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1. General Introduction 

1.1 Historical background of renal cancer 

Renal cancer is estimated to account for 2.3 % of all cancer-related deaths in Europe in 
2006[1]. Approximately 85 % of all kidney cancers are renal cell carcinomas (RCC), 
arising from the renal epithelium. RCCs are characterized by a lack of early symptoms, 
resulting in a quarter of patients with advanced disease, including locally invasive or 
metastatic RCC at the time of diagnosis. In the management of RCC, surgery has been 
the most important therapeutic option for localized RCC. Treatment options for metas-
tatic RCC have been limited because of inherent tumour resistance to chemotherapy 
and radiotherapy. Immunotherapeutic agents, such as interleukin-2 and interferon 
have shortcomings due to their toxicity and lack of curative responses in most patients. 
However, recent advances in understanding the biology and genetics of RCC have led 
to several novel targeted approaches for the treatment of metastatic RCC, with higher 
response rates. 
Renal cell carcinoma (RCC) is not a single entity, but comprises a group of tumours with 
clinically, histologically and genetically different aspects. 
Historically, the earliest confirmed case of RCC was reported by Miriel in 1810[2]. In 
1826 the first classification of renal tumours was proposed by König. This classification 
was based on macroscopic morphology, dividing renal tumours into scirrhous, steato-
matous, fungoid and medullary forms[3]. The histogenesis of RCC was controversial for 
a long time. Kupfer suggested in 1865 that renal tumours derived from the malignant 
transformation of intrarenal Wolffian rests. However, Waldeyer thought that the tu-
mour originated from renal tubular epithelium, which was supported by Klebs in 1876 
and Lancereaux in 1889[4]. Nevertheless, a debate was initiated in 1883, when Vir-
chow and Grawitz postulated that these tumours were derived from ectopic adreno-
cortical elements in the renal tissue. The morphology of the tumour, representing as 
yellow predominantly subcapsular tumours[5] and the frequent location in the upper 
pole of the kidney, led to the erroneous belief that renal tumours originated from 
misplaced adrenal tissue. Grawitz consolidated his theory in 1884 with further illustra-
tions of intrarenal ectopic adrenal tissue[6]. Grawitz’s theory was widely accepted and 
for many years these tumours were called hypernephromas[7,8].For 14 years, the 
debate about the histogenesis of renal carcinoma persisted, with the majority of re-
ports favouring the adrenal rest origin, although some authors, such as Kelynack, still 
believed that these tumours were of renal epithelial origin[9]. 
Vigorous criticism of Grawitz was provided by Stoerk in 1908, who considered the 
adrenal origin of the renal tumours unproven. By comparing the relative frequency of 
renal tumours with the scarcity of malignant epithelial tumours of the adrenal gland he 
commented on the lack of similarity between hypernephroma and adrenal carci-
noma[10]. Despite these compelling arguments, the term hypernephroma, with its 
associated adrenal connotation, persisted in the literature. 
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The debate was finally settled by convincing evidence of Oberling et al. in 1959 who 
studied the ultrastructure of clear cells from eight renal carcinomas. They found that 
the tumour cell cytoplasm contained numerous mitochondria and deposits of glycogen 
and fat and identified cytoplasmic membranes inserted perpendicularly onto the 
basement membrane with occasional cells containing microvilli along the free borders. 
These features indicated that the tumours arose from the epithelial cells of the renal 
convoluted tubule. By this, one of the most debated issues in tumour pathology was 
ended. 
Over the years, many investigators have attempted to establish grading schemes for 
RCC, but the grading system proposed by Fuhrman et al.[11] in 1981 is still the most 
widely used in clinical practice. This four-tiered classification is based on nuclear mor-
phology (nuclear size, irregularity of the nuclear membrane and nucleolar prominence) 
and showed good correlation with clinical outcome[11].  
RCCs have historically been classified according to cell type (clear, granular, spindle or 
oncocytic) and growth pattern (acinar, papillary or sarcomatoid). This classification 
gave little insight into the clinical behavior of the carcinoma. A new histopathological 
classification of renal tumours was proposed in 1986, based on morphological, histo-
chemical and electron-microscopical data[12] and subsequently validated by cytoge-
netic and molecular studies[13-16]. During the past twenty years, studies of families 
with inherited RCC have laid the groundwork for the identification of hereditary RCC 
syndromes. The identification of genes involved in familial renal neoplasms has pro-
vided insight into the genetic basis of sporadic RCCs as well. The year 1993 marked the 
discovery of the von Hippel-Lindau (VHL) tumour suppressor gene[17], the first gene 
identified for hereditary RCC that is now known to be involved in most cases of spo-
radic RCC. Four years later, mutations in the MET proto-oncogene were identified in 
patients with hereditary papillary RCC[18] and in 2002 the gene that encodes the Krebs 
cycle enzyme fumarate hydratase (FH) was found to be mutated in renal tumours from 
patients with a rare genodermatosis termed hereditary leiomyomatosis and RCC[19]. 
Finally, new renal-cancer-predisposing genes were identified through linkage analysis 
in families with another genodermatosis, the Birt-Hogg-Dubé syndrome[20] and in 
families with hyperparathyroidism-jaw tumour syndrome[21]. 
The extensive histological and molecular evaluation of RCC has resulted in the devel-
opment of a consensus classification, which was proposed on an international work-
shop in Heidelberg in 1996[22]. This classification included different types of RCC, each 
with a different histology and caused by different gene alterations (Table 1). 
The surprisingly diverse nature of gene alterations in RCC subtypes implicates various 
mechanisms and biological pathways in RCC tumorigenesis.  
Over the past decades, the cloning of susceptibility genes that underline the familial 
predisposition has offered entry points into the signalling pathways that are deregu-
lated in sporadic RCC with concomitant identification of potential therapeutic targets. 
However, characteristics predicting the clinical behaviour and response to treatment 
are still lacking.  
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Table 1. Heidelberg classification of RCC 
Histological type Genes implicated Chromosomal abnormalities 
Clear cell RCC VHL, BHD -3p,+5q,-Y,-8p, -9p,-14q ; t(3;5)(p;q) 
Papillary RCC MET,FH,HRPT2 +7,+17,Y,+12,+16,+20 

t(X;1)(p11.2;q21.2) t(X ;17)(p11.2 ;q25.3) 
Chromophobe RCC BHD -1,-2,-6,-10,-13,-17,-21 
Collecting-duct carcinoma FH -1q32,-6p,-8p,-21q 
VHL: von Hippel-Lindau; BHD: Birt-Hogg-Dubé; FH: Fumarate hydratase; HRPT2: hyperparathyroidism 2[23] 

1.2 Hypothesis and outline of this thesis 

The highly vascularized phenotype of ccRCC suggests that angiogenesis is integral to its 
pathogenesis and clinical course.  
The hypothesis of this thesis was that differences in angiogenesis/lymphangiogenesis 
may explain variable tumour behaviour within the ccRCC subtype. Furthermore, we 
hypothesized that differences in angiogenic activity might be explained by different 
alterations in the VHL gene, a common event in ccRCC tumourigenesis and key player 
in HIF driven angiogenesis. If angiogenic behaviour in ccRCC is not directly influenced 
by VHL alterations, this suggests that additional HIF downstream events may affect 
tumour driven angiogenesis. To that end, we focused on the importance of epigenetic 
changes in ccRCC and additionally looked for epigenetically silenced tumour suppres-
sor genes, which were involved in angiogenesis. With regard to this, we investigated 
the influence of GREM1 promoter hypermethylation on angiogenesis/tumour behav-
iour and clinical outcome. 
 
Introductory to the first experimental study, we reviewed the clinical presentation of 
RCC, including epidemiology, risk factors, classification, prognosis and therapy (chapter 
2) and highlighted the current status and future perspectives of angiogenesis research 
in RCC (chapter 3). In chapter 4 we compared angiogenic activity between high grade 
and low grade ccRCC. A panel of antibodies was used for immunohistochemistry: 
CD34/Ki-67, carbonic anhydrase IX (CAIX), hypoxia-inducible factor-1α (HIF-1α) and 
vascular endothelial growth factor (VEGF). Vessel density (MVD), endothelial cell pro-
liferation fraction (ECP%) and tumor cell proliferation fraction (TCP%) were assessed. 
mRNA expression levels of angiogenesis stimulators and inhibitors were determined by 
quantitative RT-PCR. 
Subsequently, we investigated the relationship between VHL alterations and angio-
genesis/tumour behaviour in ccRCC, by means of immunohistochemistry (angiogene-
sis/tumour parameters), direct sequencing (VHL mutation status) and methylation-
specific PCR (MSP) (chapter 5). 
Chapter 6 comprises the assessment of lymphangiogenesis in ccRCCs and impact on 
lymph node metastases. Double staining with Ki67 and D2-40 was used to assess active 
lymphangiogenesis and mRNA expression levels of lymphangiogenic factors were de-
termined by real-time quantitative RT-PCR. 
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In Chapter 7 we reviewed not only the genetical background of RCC, but also high-
lighted the evolving research on epigenetical events in RCC with concomitant clinical 
implications.  
In chapter 8, we described gremlin (GREM1) gene silencing via promoter hypermethy-
lation in a group of ccRCCs and investigated the relationship between GREM1 pro-
moter hypermethylation and angiogenesis/tumour parameters, by means of immuno-
histochemistry (angiogenesis/tumour parameters) and GREM1 promoter methylation 
analysis (MSP) and bisulfite sequencing. 
Finally, in chapter 9 the experimental results, described in this thesis, and their possi-
ble implications are discussed, and future directions are given. 
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Abstract 

Renal cell carcinomas (RCCs) are responsible for 80 to 85 % of all primary renal neo-
plasms and comprise a group of tumours with different histology and clinical course, 
responding differently to therapy. 
The incidence of RCC has increased over time and varies widely from region to region. 
A number of environmental and clinical factors has been implicated in the aetiology of 
RCC. 
Slow improvement in prognosis has been observed over time. Currently, the most used 
prognostic factors for patients with RCC are performance status, tumour stage and 
Fuhrman grade. Prognostic systems, such as the Memorial Sloan-Kettering Cancer 
Center system, has enabled better clinical trial design both in the adjuvant, as well as 
the advanced metastatic disease setting. For patients with early stage disease, radical 
nephrectomy is the treatment of choice. However 30 % of these patients will relapse 
and develop future metastasis. Metastatic RCC has historically been refractory to cyto-
toxic and hormonal agents. Only interleukin-2 and interferon-α provide response in a 
minority of patients. Better understanding of RCC biology and underlying oncogenic 
pathways has led to development of novel, effective targeted therapies. 
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1. Descriptive epidemiology 

In 2002, worldwide about 210,000 cases of kidney cancer have been diagnosed and 
102,000 persons died because of kidney cancer[1]. In the European Union and in the 
United States, kidney cancer is the 9th most common cancer. Incidence and mortality 
rates are approximately twice as high for men as for women[1]. 
Incidence rates for renal cell cancer have been rising steadily each year in Europe and 
the United States over the past three decades[2]. This increase cannot be explained 
completely by the observed decrease in mean tumour size, which might indicate im-
proved detection[3], since an increasing incidence of late-stage renal cell cancers also 
has been observed[2,4]. Rates of renal cancer vary internationally more than tenfold, 
suggesting a strong role for environmental risk factors. Incidence is generally highest in 
several Western and Eastern European countries and Scandinavia, as well as in parts of 
Italy, in North America and in Australia/New Zealand. The lowest rates are reported in 
Asia and Africa[1]. 

2. Risk factors 

Several factors have been investigated in association with the risk of renal cell carcinoma 
(RCC). Some risk factors, such as cigarette smoking[5-8], obesity[5,6,8,9], hypertension 
and/or use of antihypertensive medication[7,10,11] were consistently reported to be 
positively associated with RCC risk, although risk ratios were only moderately increased. 
A recent meta-analysis on cigarette smoking in relation to RCC concluded that inhaled 
tobacco smoke is clearly implicated in the etiology of RCC. Risk was increased for for-
mer (RR: 1.21; 95% CI: 1.07-1.36) and current (RR: 1.45; 1.26-1.66) smokers with a 
strong dose-dependent increase in risk[12]. Most studies observed increasing risks, not 
only with the number of cigarettes smoked per day but also with the number of years 
smoked and decreasing risks with number of years since cessation, as is also shown in 
a meta-analysis by Hunt et al.[12]. 
A positive association between body weight and risk of renal cell cancer has been ob-
served in almost all case-control and cohort studies[7]. In a quantitative review, a cu-
mulative risk per 1kg/m2 increase in BMI of 1.07 (95% CI: 1.05-1.09) was found for 
men and women[13]. The attributable proportion of RCC for excess body weight is 
estimated to be 25 percent for both men and women in the European Union[14].  
Hypertension and antihypertensive medication have been found to be risk factors for 
RCC in many epidemiological studies[10,11]. In a meta-analysis[10] based on 13 case-
control studies a pooled adjusted odds ratio of 1.75 (95% CI, 1.61-1.90) was calculated 
for the association between hypertension and RCC. In another meta-analysis, a pooled 
odds ratio was calculated for use of diuretics and risk of RCC[11]. Based on nine case-
control studies, an average odds ratio was calculated of 1.55 (95% CI, 1.42-1.71). It is 
unclear, whether the increased risk is caused by hypertension itself, or by the use of 
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antihypertensive medication. Some recent studies showed that diuretic medication is 
no longer a risk factor after controlling for the diagnosis of hypertension[15,16], sug-
gesting that not medication but hypertension is a risk factor for RCC. It is also conceiv-
able that hypertension acts as biomarker for another disease that might be causally 
associated with RCC. 
Furthermore, dialysis patients with acquired cystic disease of the kidney showed a 30 
times greater risk than in the general population for developing RCC[17]. Whether 
prolonged ingestion of analgesic combinations (phenacetin, aspirin), leading to chronic 
renal failure, enhances the incidence of RCC remains controversial[18-20]. 
Several studies have been conducted investigating whether occupational exposures 
are associated with RCC risk. Exposure to asbestos, polycyclic aromatic hydrocarbons, 
gasoline have not been shown to be consistently associated with RCC risk[21]. Interest-
ingly, occupational exposure to trichloroethylene has been shown to be associated 
with specific mutations in the VHL-gene in RCC[22,23]. 
Reports on other factors showed less consistent associations with RCC risk. These fac-
tors include alcohol consumption, vegetable and fruit consumption, intake of micronu-
trients and vitamins[5,6,8,9]. Most studies on alcohol consumption and RCC risk ob-
serve null associations[24-30] while some more recent studies suggest an inverse asso-
ciation[31-34], although this effect may be limited to women[35]. In a recent, pooled 
analysis of 12 prospective cohort studies, intake of alcohol was associated with a de-
creased risk of renal cell cancer. Compared to non-drinkers, alcohol consumption of 
≥15 grams/day was associated with a pooled RR of 0.72 (95% CI: 0.60-0.86)[36].  
Finally, patients with certain inherited disorders such as von Hippel-Lindau disease, 
hereditary papillary renal cancer, a hereditary leiomyoma RCC syndrome and Birt-
Hogg-Dube syndrome, show an enhanced risk of RCC[37-39]. These inherited disorders 
show specific genetic abnormalities (see further chapter 7).  

3. Classification 

The majority of kidney cancers (80-85%) are RCCs originating from the renal paren-
chyma. The remaining 15-20% are mainly transitional cell carcinomas of the renal pel-
vis. Other less frequent malignant tumours of the kidney are metanephric adenosar-
comas, mesenchymal tumours, mixed mesenchymal and epithelial tumours, neuroen-
docrine tumours, hematopoietic and lymphoid tumours, germ cell tumours and metas-
tatic tumours. Though nephroblastomas (Wilms tumour) are the most common renal 
tumours of childhood, few cases have been reported in adulthood[40-42]. 
RCC is almost exclusively a cancer of adults and is rare in the first two decades of life, 
comprising only 2% of pediatric renal tumours. 
RCC is not a single entity (see figure 1), but comprises a group of tumours, which arise 
from the epithelium of renal tubules. Extensive histological and molecular evaluation has 
resulted in the development of a consensus classification of different RCC subtypes.  
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Figure 1: Classification of RCC subtypes: cell of origin 
The nephron, consists of the renal corpuscle (1) and renal tubule, which is divided into four histo-
physiological zones: proximal convoluted tubule (2), loop of Henle (3), distal convoluted tubule (4) and 
collecting tubule (5). The different RCC subtypes are thought to originate from different parts of the renal 
tubular system: mainly the proximal convoluted tubule (2a clear cell RCC and 2b papillary RCC) and the 
collecting tubule (5a chromophobe RCC, 5b collecting duct carcinoma, and 5c mucinous tubular and spindle 
cell carcinoma). For full colour picture see page 162. 

 
In 1996, the Heidelberg classification of RCC was proposed, which intends to integrate 
the understanding of genetic alterations and readily recognizable histological crite-
ria[43]. In this classification, three major histological subtypes of RCC, clear cell 
(ccRCC), papillary (pRCC) and chromophobe (chrRCC) RCC have been identified in addi-
tion to some less frequent subtypes such as multilocular ccRCC, collecting duct carci-
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nomas, medullary carcinomas and unclassified types. The latest WHO classification of 
2002 is more comprehensive and includes, in addition to the previous subtypes, renal 
carcinoma associated with neuroblastoma and two recent added subtypes, the Xp11 
translocation carcinomas and mucinous tubular and spindle cell carcinoma (Table 1). 
 
Table 1:  Histological subtypes of RCC (WHO classification, 2002) 

 Frequency (%) Age Male/female 
ratio 

Ref. 

Clear cell renal cell carcinoma 70 61a  [43] 
Papillary renal cell carcinoma 10-15 61a 1.8/1 to 3.8/1 [54-57] 
Chromophobe renal cell carcinoma 5 60a 1/1 [49-52] 
Renal cell carcinoma unclassified 4-5   [54,62] 
Multilocular clear cell carcinoma < 5 51a 3/1 [53] 
Carcinoma of the collecting ducts of Bellini < 1  55a 2/1 [59,60] 
Renal medullary carcinoma < 1  22a 2/1 [61] 
Xp11 translocation carcinomas < 1  15 b 4/7 [63,64] 
Carcinoma associated with neuroblastoma < 1 13.5b 1/1 [66] 
Mucinous tubular and spindle cell carcinoma < 1 53a 1/4 [65] 

a mean age (years), b median age (years) 

 
Clear cell carcinoma (70% of all RCCs) and pRCC (10-15%) account for the majority of 
RCCs. They are thought to arise from cells in the proximal convoluted renal tu-
bule[38,43,44]. Most cases of ccRCC are unilateral and unifocal. Invasion of perirenal 
and sinusoidal fat and/or extension into the renal vein occurs in about 45% of 
ccRCC[45]. ccRCC most commonly metastasize hematogeneously via the vena cava 
primarily to the lung, although in 7% to 17% lymphatic metastases occur[46,47]. In 5% 
of ccRCCs a predominantly cystic growth pattern is seen. These tumours are called 
multilocular cystic RCCs. Multilocular cystic RCCs mostly present with low Fuhrman 
grade and stage at diagnosis and display a favourable outcome, suggesting a tumour 
with low malignant potential[48-53]. Though no recurrences or metastasis have been 
reported, additional outcome based research is needed because of the rarity of this 
subtype and the limited number of patients reported so far in the literature. pRCC is 
subclassified in two subtypes depending on the morphology of the tumour cells cover-
ing the papillary lesions[54]. Type 1 tumours have papillae covered by a single layer of 
small cells with scant cytoplasm, whereas in type 2 tumours the papillary cores are 
covered by pseudostratified epithelium with a larger amount of eosinophilic cytoplasm 
and often higher nuclear grade. Up to 70% of pRCCs are intrarenal at diagnosis[55,56]. 
Type 1 tumours are usually of lower grade and stage than type 2 tumours[56,57]. Bi-
lateral and multifocal tumours are more common in pRCC than in the other malignant 
subtypes The chromophobe variant of RCC accounts for 5 percent of all cases of RCC 
and is thought to originate from type B intercalated cells of renal collecting 
ducts[44,58]. Only 10% of chrRCC show extension through the renal capsule into the 
surrounding adipose tissue and in only 4% there is involvement of the renal vein[58]. 
Collecting duct (Bellini duct) carcinomas are thought to arise from the collecting ducts 
within the renal medulla[44,59]. These tumours may present at any age, although they 
tend to occur in younger patients than the former subtypes. These tumours are very 
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aggressive, one third exhibiting metastases at the time of presentation. Approximately 
two-thirds of patients die of this disease within two years of diagnosis[60]. A variant of 
the collecting duct carcinoma is the so-called medullary carcinoma[61], which develops 
preferentially in young patients with sickle trait. These tumours are now widely re-
garded as a more aggressive variant of collecting duct carcinoma, with a mean survival 
time after surgery of 15 weeks[60]. The unclassified RCCs are a diagnostic category of 
renal tumours which do not fit into one of the other subtypes. In surgical series, this 
group often amounts to 4-5% of all cases[43,44]. Many of the tumours from this cate-
gory are high cyto-morphologic grade and show aggressive clinical behaviour[62]. 
Translocation-associated RCC affect predominantly children and young adults and 
present at advanced stage[63,64]. Mucinous tubular and spindle cell carcinoma is re-
cently identified as a novel entity of low-grade renal epithelial neoplasm, characterized 
by an indolent course and, in contrast with the other subtypes, female predominance. 
Its immunohistochemical and ultrastructural features are consistent with distal 
nephron origin[65]. Finally, RCC associated with neuroblastoma occurs in long-term 
survivors of childhood neuroblastoma, by which males and females are equally af-
fected. These RCCs are morphologically heterogeneous and prognosis correlates with 
tumor grade and stage[66]. 
Most cases of RCC occur sporadically. An inherited predisposition to renal cancer ac-
counts for only 1-4% of all cases[38]. Inherited renal neoplasms are more likely to be 
diagnosed at an younger age and are more likely to be multifocal and bilateral. 

4. Prognosis 

A gradual improvement in prognosis has been observed over time, with 5-year relative 
survival rates for RCC as high as 64% in 2002, compared with less than 40% in the early 
1960s[67]. The clinical behaviour of RCC results from complex interactions between 
multiple prognostic factors. Currently, patient performance status, tumour stage and 
grade are the most useful, clinical available predictors of patient outcome[68-70]. The 
performance status is measured using the Eastern Cooperative Oncology Group 
(ECOG) assessment scale. This scoring system stratifies patients on the basis of ambu-
latory status (rated 0-5), in order to denote the impact of disease on the overall health 
of the patient[71]. 
Currently, the most commonly used staging system is the International Union Against 
Cancer (IUAC) and the American Joint Committee on Cancer (AJCC) tumor-node-
metastases (TNM) staging system. The 2002 modification of this system (sixth edition) 
has recently been confirmed to have a better prognostic ability than the previous 1997 
staging system [72]. Using the 2002 staging system, the 5-year cancer specific survival 
rates ranged from 97% for pT1A to 20% for pT4. Presence of lymph node metastases 
predicts a poor prognosis, with cancer-specific survival rates of 5-30% and 0-5% at 5 
and 10 years, respectively[73]. Metastases to other organs (lung, brain, bone) are as-
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sociated with survival rates of 50%, 5-30% and 0-5 % at 1, 5 and 10 years respectively. 
Grading is based on the Fuhrman system, which consists of four grades, based on the 
nuclear size, contour and conspicuousness of nucleoli[74]. 
Kim et al. examined a cohort of 1,046 patients with localized and metastatic RCC and 
identified hypoalbuminemia, weight loss, anorexia and malaise as independent predic-
tors of poor prognosis[75]. The presence of thrombocytosis (platelet count > 
400,000/mm3) has been shown to be an independent predictor of poor outcome in 
patients with metastatic RCC treated with nephrectomy and adjuvant therapy[76]. 
Whether different histological RCC subtypes have different clinical behaviour and out-
come remains a topic of discussion. Some reports demonstrated worse outcome for 
ccRCC compared with pRCC and chrRCC[77,78]. However, in multivariate analyses, 
TNM stage, Fuhrman grade and ECOG, but not histology, were retained as independ-
ent prognostic variables[69]. Tumour necrosis was found to be a strong independent 
predictor of poor outcome for clear cell but not for chromophobe or papillary 
RCC[79,80]. Micro-vascular invasion and presence of sarcomatoid features are re-
ported negative prognostic indicators[81,82]. Since multiple factors affect prognosis, 
many centers have aimed to integrate independent prognostic indicators into compre-
hensive outcome models for both nonmetastatic and metastatic RCC to assist clinicians 
in patient counseling, management decisions and also for clinical trial compari-
sons[80,83-94]. 
The most widely accepted prognostic system is the Memorial Sloan Kettering system 
for clinical trial assessment and treatment assignment. This model was based on a 
study of 670 patients with advanced RCC treated in 24 separate clinical trials at Memo-
rial Sloan-Kettering Center (MSKCC; New York, NY) between 1975 and 1996[92]. Five 
prognostic variables for short survival were selected by univariate and multivariate 
analysis: low performance status (Karnofsky < 80%), high serum lactate dehydrogenase 
(> 1.5 times the upper limit of normal), low hemoglobin (less than the lower limit of 
normal), high corrected serum calcium (> 10 mg/dL), and absence of prior nephrec-
tomy. Patients were stratified into favourable-, intermediate-, and poor-risk groups 
according to the number of risk factors present. A subsequent analysis was performed 
in 463 patients treated with interferon alfa as first-line systemic therapy, the MSKCC 
model remained the same except time from diagnosis to treatment with IFNα of less 
than 1 year was found to be a better predictor of short survival compared with ab-
sence of prior nephrectomy[91]. In a more recent study of 251 previously treated pa-
tients with metastatic RCC, pre-treatment features associated with shorter survival 
after multivariate analyses (low Karnofsky performance status, low hemoglobin level, 
and high corrected serum calcium) were used as risk factors to categorize patients into 
favourable risk group (zero risk factor, median survival 22 months), intermediate-risk 
group (one risk factor, median survival 11.9 months) and poor risk group (two or three 
risk factors, median survival 5.4 months)[95]. These risk categories are currently used 
in clinical trial design of phase III trials for stratification and patient counselling. 
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Recent identification and incorporation of molecular markers into current staging sys-
tems may result in better prognostic tools. By measuring protein expression or gene 
copy number, several molecular factors have been identified as independent risk fac-
tors for developing RCC, including B7-H1, Smac/DIABLO, survivin, PTEN, p27 and 
VEGF[96-100]. Other reported prognostic indicators are HIF-1α, CAIX, Ki 67, gelsolin, 
vimentin, p53 and EphrinA2[101-103]. Until now, there have been no molecular mark-
ers for RCC that meet the College of American Pathologists criteria for a marker to be 
used generally in patient management or even to have been studied sufficiently bio-
logically to provide for any degree of acceptance[104].  

5. Therapy 

Current treatments of patients with RCC can be divided in local therapy and systemic 
therapy.  

5.1 Local therapy 

For patients with localized tumours, radical nephrectomy is currently the therapy of 
choice for tumours larger than four centimeters, regardless of histological sub-
type[105]. Partial nephrectomy has gained acceptance for treating tumours smaller 
than 4 cm in diameter or indications such as solitary kidney, bilateral renal tumour 
localization, renal insufficiency as well as the presence of hypertension, diabetes or 
hereditary renal cell carcinoma syndromes[105]. 
In 20-25% of patients, metastases are present at the time of diagnosis of the disease. 
Based on the results of two randomized studies, nephrectomy is standard as cytore-
ductive treatment before embarking on systemic therapy with cytokines with a survival 
advantage of 3[106] to 10 months[107]. However, since high dose interleukin-2 (IL-2) 
can be effective in patients with high metastatic burden and a relatively small primary 
tumour, some groups suggest that nephrectomy should not be offered in this group of 
patients[108]. In patients who will be treated with targeted therapy, the role of cy-
toreductive surgery is not yet known and needs to be reassessed. 
The response rate of RCC to radiotherapy is 50% and it may be useful as palliative 
therapy in patients who are not eligible for surgery or in case of bone or central nerv-
ous system metastases[109]. 

5.2 Systemic therapy 

Hormonal and chemotherapy are not standard treatment in RCC because response 
rates of these agents are low[110]. Drug resistance may be related to the expression of 
the multidrug resistance transporter in proximal tubule cells, from which ccRCC and 
pRCC originate[111,112]. For more than 20 years, immunotherapy has been the lead-
ing treatment for metastatic RCC. Prolonged stabilization of disease in the absence of 
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systemic therapy and rare spontaneous regressions suggest that host immune mecha-
nisms play a role in tumour growth regulation[113]. Therefore, RCC became attractive 
to test various immunologic manipulations, e.g. IL-2, interferon-α (IFNα), and two 
(still) experimental treatments (stem cell transfusions from HLA-compatible siblings 
following immunoablative chemotherapy[114] and tumour vaccines[115]). 
IL-2 and IFNα were first reported to have anti-tumour activity. Approximately 5 to 15% 
of cases of metastatic ccRCC respond to IFNα, however most of these responses are 
partial or of short duration[116,117]. Treatment with IL-2, the current Food and Drug 
Administration (FDA)-approved agent for patients with advanced renal carcinoma is 
associated with a complete response in 10% and partial response in 11% of pa-
tients[61]. Given the toxicity, expense and variable response to IL-2 among patients 
with metastatic RCC, several clinical, histological and molecular response predictors 
have been evaluated[108,118]. Cytokine based therapy currently remains an option for 
patients with metastatic ccRCC and good prognosis according to MSKCC-risk classifica-
tion[119]. 
Studies with targeted agents have been recently reported and some of them are now 
considered as standard treatment on the basis of proven efficacy in Phase III trials. 
Therefore, Sunitinib, Sorafenib and Temsirolimus were recently approved by the US 
FDA for treatment of metastatic RCC and are recurrently included in clinical practice. 
 Sunitinib (SU11248) is a multi-targeted tyrosine kinase inhibitor (TKI) that inhibits the 
receptor tyrosine kinases VEGFR2, PDGFR, FMS-like tyrosine kinase 3 (FLT-3) and c-KIT. 
Sunitinib was the first therapy to demonstrate superiority over standard cytokine ther-
apy (IFNα) as first line treatment in 750 patients with mainly good and intermediate 
prognosis according to MSKCC-risk classification[120]. This drug was given orally once 
daily in a dose of 50 mg followed by 2 weeks without treatment. Progression free sur-
vival (PFS) increased from 5 to 11 months and partial response by Response Evaluation 
Criteria in Solid tumors (RECIST) criteria was 37% for Sunitinib compared to 9% for 
IFNα. Overall survival difference has not yet reached statistical significance. 
Another oral multi-targeted TKI is Sorafenib (BAY 43-9006) which inhibits the non-
receptor serine threonine kinases BRAF and CRAF and the receptor tyrosine kinases 
VEGFR2, VEGFR3, FLT-3, c-KIT and PDGFR. After failure of first line treatment Sorafenib 
(given orally 2 times daily in a dose of 400 mg) showed clinical benefit as compared to 
placebo in patients with intermediate risk or low risk status according to MSKCC-
prognostic score[121]. PFS prolonged from 3 to 6 months and PR was 10% compared 
to 2% in the placebo group. There is a difference in the curves of overall survival in this 
study which is not yet statistically significant. Temsirolimus is an inhibitor of the non-
receptor tyrosine kinase mTOR which revealed activity against metastatic RCC with 
MSKCC-poor risk characteristics[122]. As compared with IFNα and IFNα-Temsirolimus 
combination therapy, Temsirolimus monotherapy (given intravenously weekly in a 
dose of 25 mg) improved overall survival from respectively 7.3 and 8.4 months, to 10.9 
months. The objective response rates were not significantly different between the 
three groups. An additional drug in the near future may be Bevacizumab, a monoclonal 
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antibody directed against VEGF. Compared to placebo this drug improved PFS[123]. 
Results of two randomized trials comparing a combination of IFNα with Bevacizumab 
with IFNα monotherapy or with a placebo are underway. 
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Abstract 

Hypoxia-inducible factor (HIF) plays an important role in renal tumourigenesis by tran-
scriptional activating genes, involved in angiogenesis, glucose metabolism and tumour 
cell proliferation. In several renal-cancer-associated syndromes and sporadic renal cell 
carcinomas (RCC), HIF is already constitutively activated. 
Further understanding of the molecular basis of renal carcinogenesis resulted in the 
development of targeted therapies, inhibiting multiple growth factor pathways, phos-
phatidylinositol 3-kinase-AKT-mTOR and RAS/RAF/MAP kinase pathways.  
However, major challenges facing targeted therapy include selection of patients who 
will benefit from this therapy and obtaining clinically applicable biomarkers to monitor 
the activity of these agents. 
In this review we discuss different aspects of angiogenesis research in RCC, including 
molecular background and clinical relevance. 
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1. Angiogenesis in Renal Cell Carcinoma 

Renal cell carcinoma (RCC) is a heterogenous disease consisting of different histological 
subtypes with distinct cytogenetic abnormalities[1]. Most sporadic RCCs are clear cell 
renal cell carcinomas (ccRCC, 75%) followed in frequency by papillary type I and II tu-
mours (pRCC, 15%) and chromophobe RCCs (chrRCC, 5%). The high vascularity of RCC 
suggests that angiogenesis, the induction of a new vasculature, is integral to its patho-
genesis.  
Hypoxia-inducible factor (HIF) plays a central role in renal tumourigenesis by acting as 
a transcription factor for genes, that are involved in angiogenesis, tumour cell prolif-
eration, cell survival and progression, metastatic spread, apoptosis and glucose me-
tabolism[2]. 
In RCC, HIF can be activated by three main mechanisms. Firstly, the HIF pathway can 
be induced by tumour hypoxia. Tumour growth exceeding a diameter of more than 1-2 
mm gives rise to hypoxia[3]. In a normal physiological situation, angiogenesis is regu-
lated by a variety of activators (such as vascular endothelial growth factor (VEGF), 
basic-fibroblastic growth factor (bFGF) and angiopoietins) and inhibitors (such as plate-
let factor-4, thrombospondin-1, endostatin and angiostatin). During hypoxia, the bal-
ance is in favour of pro-angiogenesis. Angiogenic growth factors promote degradation 
of the extracellular matrix, endothelial cell proliferation and migration, next to struc-
tural reorganization, eventually leading to formation of new blood vessels, which is 
essential for tumour growth and metastasis[3]. 
Secondly, in several RCC-associated syndromes and sporadic RCCs, HIF is already con-
stitutively activated. To that end, the association between HIF accumulation and Von 
Hippel-Lindau (VHL) gene inactivation in hereditary, and the majority of sporadic 
ccRCCs, is comprehensively illustrated in the literature. 
Finally, oncogenic signalling contributes to HIF activation through several pathways, 
induced by the interaction of growth factors with their cell-surface receptors. 
The highly vascularized phenotype of RCC makes it an interesting tumour for angio-
genesis research, especially regarding the development and application of anti-
angiogenic targeted therapy. 
In this review we highlight the advancements in the understanding of tumour driven 
angiogenesis in familial and sporadic RCC and subsequently discuss clinical implica-
tions.  
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2. Molecular basis of HIF signalling in RCC angiogenesis 

2.1 Hypoxia induced HIF signalling 

Under normoxic conditions, HIF-α is hydroxylated in reactions catalyzed by both the 
HIF prolyl hydroxylases (PHDs) and factor inhibiting HIF (FIH). Hydroxylation by the 
PHDs enables pVHL, a part of an E3 ubiquitin ligase complex to bind and ubiquitinate 
HIF-α, leading to proteosomal degradation of HIF-α[2]. PHD activity is dependent upon 
oxygen and sufficient levels of 2-oxoglutarate, iron and ascorbate. Hydroxylation by 
FIH inhibitis HIF mediated transactivation, by blocking HIF-α binding to p300/CBP. 
Under hypoxic conditions, HIF-α hydroxylation by PHDs or FIH is prevented. Unhy-
droxylated HIF-α does not bind VHL and therefore accumulates in the cell[2,5]. One of 
the two isoforms of HIF-α (HIF-1α or HIF-2α) then translocates to the nucleus and 
dimerizes with HIF-β. The HIF-α/HIF-β complex binds to hypoxia response elements 
(HRE) within the promoters of target genes (such as vascular endothelial growth factor 
(VEGF), plateled-derived growth factor (PDGF), epidermal growth factor receptor 
(EGFR), insulin-like growth factor (IGF), glucose transporters (GLUT-1), chemokine 
receptors (CXCR), and carbonic anhydrase IX (CAIX) and XII (CAXII))[2]. These genes are 
involved in cell growth, angiogenesis, anaerobic glucose metabolism, pH regulation, 
cell survival/apoptosis (Figure 1A). 
HIF may also be activated by interaction with reactive oxygen species (ROS) probably 
via inhibition of PHD hydroxylation, the source of which may be from mitochondria as 
oxygen tension drops[4]. 
 
Hypoxia induced HIF-α accumulation does not only occur in RCC cells, but also in tu-
mour-associated macrophages(TAMs) (Figure 1B). In RCC, high numbers of TAMs, pref-
erentially present in necrotic and hypoxic areas, correlated with a poor prognosis[6]. 
TAMs are able to promote tumour progression by production of proangiogenic cyto-
kines and growth factors, such as VEGF, TNF-α, IL-8 and bFGF in response to hy-
poxia[7]. VEGF is a chemoattractant for macrophages, resulting in a positive feedback 
loop, providing a rapid vascularization of the tumour. Additionally, TAMs express an-
giogenesis-modulating enzymes, which contribute to the degradation of the extracellu-
lar matrix, such as matrix metalloproteinases (MMP-2, MMP-7, MMP-9, MMP-12) next 
to other proteins that influence angiogenesis such as urokinase-type plasminogen 
activator (uPA) and cyclooxygenase-2 (COX-2)[8,9]. uPA and its receptor are up-
regulated in TAMs in RCC[10]. 
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Figure 1A. In ccRCC the HIF pathway can be activated by three main mechanisms: oncogenic signalling (1), 
hypoxia (2) and constitutively induced signalling (3). 
(1). Binding of a ligand to its receptor results in stimulation of several pathways, including the mitogen-
activated protein kinase (MAPK:RAS/MNK) and phosphatidylinositol 3- OH kinase (PI3K/AKT) pathways, both 
promoting translation and accumulation of HIF-α. In addition, activation of EGFR/P13K/AKT/IKKα/ NF-κB 
signalling cascade, by TGFα, can induce expression of proangiogenic factors such as interleukin-8 (IL-8) and 
VEGF. β2-microglobulin can activate cyclic-AMP-response-element-binding protein (CREB), through cAMP-
dependent Proteine Kinase A (PKA) signalling, which in turn may lead to VEGF expression. In the nucleus, 
HIF-1α can also interact with transcription factor CREB to activate transcription. 
(2). HIF degradation is dependent on hydroxylation of conserved proline residues via enzymes referred to as 
HIF prolyl hydroxylases (PHD). Molecular oxygen (O2) is required as a cosubstrate for PHD activity. Once 
hydroxylated, HIF is recognized by the Von Hippel-Lindau (VHL) protein complex and undergoes oxygen-
dependent degradation. Tumour-associated hypoxia inhibits HIF degradation by inhibiting PHD through 
tricarboxylic acid cycle generation of reactive oxygen species (ROS). HIF-α accumulates and one of the two 
isoforms of HIF-α (HIF-1α or HIF-2α) then translocates to the nucleus and dimerizes with HIF-β. The HIF-
α/HIF-β complex binds to hypoxia response elements (HRE) within the promoters of target genes and 
thereby regulates transcription of genes involved in cell growth, angiogenesis, anaerobic glucose metabo-
lism, pH regulation, cell survival/apoptosis, cell proliferation and other genes that modulate various cellular 
functions. Transcriptional co-activators are p300/CBP. 
Changes in the redox potential in hypoxic cells due to the generation of ROS in mitochondria can also result 
in NF-κB activation. 
(3). HIF-α can also accumulate via activation of other constitutively induced mechanisms. Loss of Tuberous 
sclerosis complex 1 or 2 (TSC1 or 2) function, promotes mammalian target of rapamycin (mTOR)-dependent 
translation and accumulation of HIF alpha in the cells. 
In addition, inactivation of VHL results in stabilization and accumulation of HIF-α. Accumulation of fumarate 
(as described in hereditary leiomyomatosis renal-cell cancer syndrome (HLRCC)) or accumulation of succi-
nate (hereditary paraganglioma syndrome) causes accumulation of HIF-α , through inhibition of PHD.  
TGFα = transforming growth factor α; IGF = insulin-like growth factor; MMP = matrix metalloproteinase; 
PLGF = placental growth factor; Ang-2 = angiopoietin-2; Aglike-4 = angiopoietin-like 4; COX-2 = Cyclooxy-
genase-2; VEGF = vascular endothelial growth factor; PDGF = plateled-derived growth factor; GLUT-1 = 
glucose transporter-1; CAIX = Carbonic anhydrase IX; BNIP3 = BCL2/adenovirus E1B 19kDa interacting pro-
tein 3; EGF = epidermal growth factor; NF-κB = nuclear factor-κB; IKKα = I kappa B kinase alpha; AKT = ser-
ine/threonine kinases AKT; MEK = mitogen and extracellular kinase; ERK = extracellular receptor kinase; MNK 
= MAPK-interacting protein kinase. For full colour picture see page 163. 
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Figure 1B. Pro-angiogenic signalling in tumour-
associated macrophages (TAM).A number of potent 
proangiogenic cytokines and growth factors, such as 
VEGF, tumour necrosis factor-α (TNF-α), interleukin-8 
(IL-8) and basic fibroblastic growth factor (bFGF) are 
released by TAMs in response to hypoxia, next to 
angiogenesis-modulating enzymes such as matrix 
metalloproteinases (MMP) and other proteins that 
influence angiogenesis such as urokinase-type plas-
minogen activator (uPA) and cyclooxygenase-2 (COX-
2). For full colour picture see page 164. 

2.2 Constitutively induced HIF signalling 

2.2.1 Von Hippel-Lindau gene inactivation 

RCCs in patients affected by the VHL disease as well as most sporadic ccRCCs (ap-
proximately 60 to 70 %) are associated with loss of function of both alleles of the VHL 
gene, resulting in constitutive HIF-1α/2α activation[11]. 
VHL inactivation can be the result of mutations, deletions, loss of heterozygosity or 
promoter CpG island hypermethylation[12]. The VHL gene has been demonstrated to 
behave as a tumour suppressor gene[11] and its best known function is its tight regula-
tion of HIF-1α and HIF-2α levels via ubiquitin-mediated proteosomal degradation of 
these two transcription factors by binding to the pVHL-elongin B-elongin C com-
plex[13]. The biochemical and cellular events of HIF accumulation resulting from defec-
tive VHL protein, are similar to hypoxic conditions. (Figure 1A). 
 
HIF-α expression is demonstrated to be strongly upregulated in the majority of ccRCCs, 
in contrast to other RCC subtypes[14]. 
Mandriota et al. demonstrated that in the kidneys of patients with VHL disease, HIF 
activation is an early event occurring in morphologically normal renal tubular cells, 
with progressively higher protein expression in dysplastic lesions, cystic lesions and 
ccRCC[15]. The early loss of VHL described in this study, implicates that VHL likely 
serves as an “early” gatekeeper tumour suppressor gene, and it is presumed that fur-
ther genetic alterations are needed for progression of preneoplastic renal cysts to 
RCC[15]. 
Especially HIF-2α seems to play a crucial role with respect to VHL -/- renal carcinogene-
sis. First, VHL -/- RCCs seem to produce both HIF-1α and HIF-2α or HIF-2α alone[11]. 
Second, the appearance of HIF-2α in VHL -/- preneoplastic lesions is associated with 
increased dysplasia[15]. Third, the elimination of HIF-2α is sufficient to suppress VHL -
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/- tumour growth in vivo[16]. Fourth, tumour suppression by pVHL can be overridden 
by HIF-2α but not by HIF-1α[16,17]. Examination of kidneys from VHL patients likewise 
suggests that HIF-2α is more oncogenic than HIF-1α[15]. This was also supported by 
the study of Raval et al., which showed that HIF-1α and HIF-2α have functionally dis-
tinct roles in the biology of VHL-defective RCC in contrast with other tumour types, 
with HIF-2α promoting and HIF-1α retarding tumour growth[17]. It was demonstrated 
that protumourigenic genes encoding cyclin D1, transforming growth factor-α and 
VEGF respond specifically to HIF-2α and that the proapoptotic gene encoding Bnip3 
responds positively to HIF-1α and negatively to HIF-2α[17]. These findings suggest that 
it is the overall balance of target gene activation that determines the outcome of HIF 
activation. 

2.2.2 Inactivation of fumarate hydratase gene 

Germline mutations in the fumarate hydratase (FH) tumour suppressor gene, predis-
posing to hereditary leiomyomatosis renal-cell cancer syndrome (HLRCC), can also alter 
expression levels of HIF[18]. FH encodes fumarase, an enzyme of the tricarboxylic acid 
(Krebs) cycle, which catalyzes the hydration of fumarate to form malate. In HLRCCs, HIF 
stabilization occurs via inhibition of PHDs by fumarate accumulation, due to loss of 
fumarase. Fumarate acts as a competitive inhibitor of the PHD cosubstrate 2-
oxoglutarate[18-19] (Figure 1A). 

2.2.3 Loss of tuberous sclerosis complex genes 1 and 2 

Patients with tuberous sclerosis complex develop angiomyolipomas and occasionally 
RCCs[20]. RCCs in tuberous sclerosis are heterogenous, including ccRCC (most com-
monly), pRCC and chrRCCs. [21]. Tuberous sclerosis is a genetic disorder caused by 
germline mutations in either the TSC1 (Tuberous sclerosis complex) gene or the TSC2 
gene[20]. TSC1 and TSC2 are classical tumour suppressor genes, in which a germline 
mutation inactivates one allele and a somatic mutation or loss of heterozygosity (LOH) 
inactivates the remaining allele. Several studies have implicated the role of TSC in an-
giogenesis, in which the loss of TSC1/2 is accompanied by elevated levels of HIF and 
VEGF[20,22,23]. TSC2 forms a complex with TSC1, which inactivates mTOR through 
inhibition of Rheb activity[20]. The TSC complex can be disrupted through constitu-
tively loss of TSC1/2 or by the growth factor-mediated PI3K/AKT signalling pathway. 
Enhanced activity of mTOR may explain the increased translation and activity of HIF in 
TSC-deficient cells (Figure 1A). In addition, Brugarolas et al. reported that TSC2 regu-
lates VEGF not only by mTOR-dependent but also by mTOR-independent pathways. 
The latter pathway may involve chromatin remodelling since the HDAC inhibitor 
Trichostatin A downregulates VEGF in TSC2(-/-) cells[24].  
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2.2.4 Inactivation of succinate dehydrogenase genes 

Another group of tumour suppressor mutations that shows clinical overlap with VHL-
related disease are germline mutations in genes encoding mitochondrial succinate 
dehydrogenase (SDHB, SDHC and SDHD), causing hereditary paraganglioma syndrome. 
An association between early onset RCC and mutations in SDHB is reported[25], and 
experimental evidence exists that this may activate HIF via an increase in succinate 
levels which inhibit the HIF hydroxylases[26] (Figure 1A). 

2.3 Oncogene induced HIF signalling 

HIF-α is also stabilized through oncogenic signalling pathways, such as phosphatidy-
linositol 3-OH kinase (PI3K/AKT) pathways and mitogen-activated protein kinase 
(MAPK:RAS/MNK) (Figure 1A). Activation of PI3K/AKT pathway promotes mTOR-
dependent translation and accumulation of HIF-α [27]. Activating RAS or RAF muta-
tions are rare in RCC, though MAPK pathway activation is observed[28]. 

2.4 HIF target genes 

VEGF is a known potent mediator of angiogenesis (Figure 1C)[30]. VEGF increases vas-
cular permeability, induces endothelial cell (EC) proliferation, survival, migration, dif-
ferentiation and promotes the degradation of the extracellular matrix around sprout-
ing ECs by inducing the expression of proteases.  
VEGF-A is the prototypical member of a family of factors that also consists of VEGF-B, 
VEGF-C, VEGF-D and placental growth factor (PLGF), which bind differentially to VEGF 
receptors 1,2 and 3 and neuropilin with different specificities[29]. Alternative exon 
splicing results in the production of four major isoforms of human VEGF-A, VEGF121, 
VEGF165, VEGF189 and VEGF206 differentiated by their heparin binding affinity[30]. 
VEGF-A binds with high affinity to two tyrosine kinase receptors, flt-1 (VEGFR-1)and 
KDR (VEGFR-2)[31]. 
VEGF mRNA and protein are significantly elevated in RCCs compared with normal renal 
tissues, with some evidence to suggest a relationship between level of expression and 
microvessel density[30,32]. In ccRCC, tumour epithelial as well as stromal cells showed 
elevated VEGFR-1 mRNA levels, suggesting that VEGFR-1 signalling plays a role in renal 
tumourigenesis[30].  
VEGFR-2 is generally believed to be the major mediator of the mitogenic, angiogenic 
and pro-permeability actions of VEGF-A. 
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Figure 1C. Overview of the VEGF signalling trans-
duction pathway in the endothelial cell. VEGF 
binding to a cognate receptor kinase (VEGFR1-2) 
activates the phosphatidylinositol 3-kinase (PI3K) 
and mitogen-activated protein kinase (MAPK) 
pathways. PI3K activates the downstream ser-
ine/threonine kinases AKT (also known as protein 
kinase B (PKB)) and mammalian target of rapamy-
cin (mTOR).In the MAPK pathway, the extracellu-
lar signal-regulated kinase (ERK) is activated by 
the upstream MAP/ERK kinase (MEK). These 
signalling pathways result in stimulation of angio-
genesis. For full colour picture see page 164. 

Fox et al. demonstrated that VEGFR-2 is expressed on endothelial cells as well as RCC 
cells, suggesting that tumour-derived VEGF may be a powerful autocrine and paracrine 
growth factor in these tumours[33].  
In addition to VEGF-A, VEGF-B and VEGF-C bind to tyrosine kinase receptors VEGFR-1, 
VEGFR-2 and flt4 (VEGFR-3). Gunningham et al. observed a significant increase in 
VEGF-B and its receptor VEGFR-1 but no difference in VEGF-C and its receptors be-
tween normal and renal tumour tissues [34]. These investigators also demonstrated 
that VEGF-B was not regulated by VHL, indicating VHL independent pathways in RCC 
angiogenesis.  
Glucose transporter-1 (GLUT-1) facilitates the basal transport of glucose across the 
cellular membrane and is involved in the adaptation of the energy metabolism during 
hypoxia. A significant correlation was found between high GLUT-1 expression and HIF-
1α in ccRCC[35]. Furthermore, GLUT-1 was demonstrated to be also a HIF-2α target in 
VHL-defective RCC[36]. 
Carbonic anhydrase IX (CAIX), a cytosolic transmembrane protein implicated in regulat-
ing cell proliferation in response to hypoxia, is commonly overexpressed in RCC and 
appears to be a specific HIF-1α target[36,37]. CA IX expression varies among RCC sub-
types, to the extent that high levels of CAIX expression are present in ccRCC compared 
with minimal CA IX expression in pRCC and chrRCC[37]. 
Cyclooxygenase-2 (COX-2) is another key mediator of angiogenesis, and it can be in-
duced by RAS and hypoxia. An increased expression of COX-2 in RCC is observed and a 
positive association between COX-2 immunostaining and vessel density was demon-
strated in RCC[38]. 
Other angiogenesis-related growth factors demonstrated to be overexpressed in RCC 
are angiopoietin-like 4, plateled-derived growth factor[32], placental growth fac-
tor[32], angiopoietin-2[32,39]. 
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2.5 Hypoxia related transcription factors other than HIF 

Though most research on hypoxia/angiogenesis is focused on the HIF pathway, there 
are several other transcription factors that are activated by hypoxia. These include 
cyclic-AMP-response-element-binding protein (CREB)[40] and nuclear factor-κB (NF-
κB)[41].  
Nomura et al. demonstrated, by use of a RCC celline, that β2-microglobulin can acti-
vate CREB, through cAMP-dependent Proteine Kinase A signalling[42]. Activation of 
CREB results in an increase of angiogenesis and cell proliferation via activation of VEGF 
signalling and its downstream survival pathways PI3K/Akt and MAPK[42]. 
NF-κB activation was found to stimulate angiogenesis, by inducing expression of 
proangiogenic factors such as interleukin-8 (IL-8) and VEGF[43]. In ccRCC biallelic inac-
tivating mutations of VHL induce NF-κB activity through accumulation of HIF-α expres-
sion[44]. In turn, HIF-α drives expression of TGF-α, which activates an 
EGFR/P13K/AKT/IKKα/ NF-κB signalling cascade[44]. 
Changes in the redox potential in hypoxic cells due to the generation of ROS in mito-
chondria can result in NF-κB activation[41]. Additionally, during hypoxia, activation of 
NF-κB can be mediated by decreased prolyl hydroxylation and subsequent degradation 
of IκB kinase-β[45]. 

3. Assessment of angiogenesis in RCC 

3.1 Quantification of angiogenesis 

To evaluate the implications of angiogenesis on prognosis and targeted therapy, reli-
able quantifying angiogenesis parameters are needed. Intra-tumoural microvessel 
density (MVD) is the most used quantitative parameter for angiogenesis in literature. 
MVD is measured by counting tumoural microvessels in a certain microscopic field, 
using immunohistochemical endothelial cell markers. 
CcRCCs appear to be more vascularized than papillary and chromophobe RCCs[46]. We 
and others have shown that MVD was significantly lower in high stage (pT3-4), high 
grade RCCs (Fuhrman grade 3-4) than in low stage (pT1-T2), low grade RCCs (Fuhrman 
grade 1-2)[32,47] This finding probably reflects the inability of tumour neo-
vascularization to keep up with tumour cell proliferation in less differentiated, more 
aggressive tumours. Furthermore, Delahunt et al. suggested that the vasculature of 
RCC is modified during tumour progression[48]. Low-grade tumours in early stages 
commonly have many microvessels per area, sometimes forming a syncytium of sinu-
soidal vessels, in contrast to high-grade, late stage RCCs, in which angiogenesis may be 
dependent on the development of large-diameter vascular channels, facilitating blood-
borne metastatic spread. This hypothesis is supported by our morphometry study 
confirming the presence of fewer, but larger vessels in high grade ccRCCs[32]. 
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No significant association was found between MVD and VHL alterations[49], suggesting 
that angiogenesis is probably influenced by a complex of paracrine and autocrine ef-
fects of growth factors, in addition to the interaction between VEGF and VHL/HIF. 
Moreover, Jiang et al. demonstrated that RCC cells have both VHL dependent and 
independent mechanisms to respond to hypoxic stress[50]. 
Since MVD is the net result of previous phases of tumour angiogenesis, vascular re-
modelling and regression, this implicates that MVD is not necessarily a reflection of 
ongoing tumour angiogenesis. On the contrary, EC proliferation is a better measure for 
active angiogenesis and this parameter might be of interest to select tumours for anti-
angiogenesis treatment schedules. Previously, we demonstrated a higher EC prolifera-
tion fraction in high grade versus low grade ccRCCs[32]. 

3.2 Vascular differentiation 

In addition to angiogenesis quantification, the state of vascular differentiation may 
predict therapeutic response. CcRCCs with high MVD and low EC proliferation showed 
a higher mRNA expression of angiogenic growth factors, such as plateled-derived 
growth factor B1 and angiopoietin-1, which are related to vessel maturation and stabi-
lization[32]. In addition, Xin Yao et al. reported two distinct types of blood vessels in 
ccRCC, differentiated and undifferentiated vessels, and demonstrated that a higher 
undifferentiated MVD significantly correlated with higher tumour grade[51] As imma-
ture vasculature has been shown to be more vulnerable for therapeutic targeting, a 
better response to anti-angiogenic drugs might be expected in high grade ccRCCs[52]. 
However, during tumour progression, selection of hypoxia resistant tumour cells can 
occur[53]. Nevertheless, the fact that phosphorylated VEGFR-2 is not only demon-
strated in ECs but also in renal tumour cells, independent of grade, implies that anti-
VEGF therapy may have direct anti-tumour effects[33].  

4. Prognostic value of angiogenesis parameters 

4.1 Angiogenic histologic parameters 

The value of MVD as a predictor of prognosis in RCC is controversial. Several reports 
have shown a positive correlation between MVD and survival[54,55]. Other research-
ers have reported an inverse relationship[48,56] or were unable to find a significant 
correlation between MVD and survival[57].  
A study of blood vessel maturation revealed that a higher density of undifferentiated 
microvessels was an independent predictor of shorter survival in ccRCC[51]. 

4.2 VHL status 

High pVHL expression was shown as a favourable prognostic factor in ccRCCs[58]. Stud-
ies based on genetic and epigenetic VHL alterations revealed conflicting results. While 
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one study reported VHL alterations as a favourable independent prognostic factor for 
patients with stage I to III sporadic ccRCCs[59], other studies could not detect a signifi-
cant correlation between VHL alterations or type of alterations and clinical outcome in 
sporadic ccRCC[13,60,61]. Clearly, to clarify the potential clinical implications of VHL 
alterations, additional studies should be performed and functional insight should be 
sought in the effect of mutations or methylation on VHL protein activity and HIF down-
stream pathways. 

4.3 HIF expression 

The prognostic impact of HIF-1α expression has been the subject of numerous studies, 
often with contrasting results. Though HIF-1α was reported as a favourable independ-
ent prognostic factor[62], another study showed that high HIF-1α expression appeared 
to be an adverse prognostic factor[14]. Furthermore, some investigators reported no 
significant differences in survival between low and high HIF-1α expression[63]. These 
contradictory findings may be partly due to the different methodology of HIF-1α analy-
sis. In one study only nuclear HIF-1α expression was observed and analyzed[15], 
whereas in another study cytoplasmic HIF-1α expression was evaluated[63]. This im-
plies that the subcellular compartment (nucleus or cytoplasm) is important for the 
effectiveness of HIF-1α as has been shown. HIF-1α is indeed a transcription factor that 
is active when translocated to the nucleus. Higher HIF-1α expression in the cytoplasm 
might indicate that HIF-1α is retained in the cytoplasm, does not transcribe DNA and, 
therefore leads to less aggressive tumours and better prognosis. Di Cristofano et al. 
showed that a high nuclear HIF-1α expression was correlated with a shorter tumour-
specific survival (TSS), whereas all patients with high cytoplasmic HIF-1α expression 
had a significantly longer TSS[64]. 

4.4 HIF target genes 

VEGF and its receptors appeared to be associated with tumour stage and survival, but 
did not remain independent prognostic factors [65]. 
CAIX is highly expressed in RCC and several reports have indicated that CAIX expression 
appeared to be a favourable independent prognostic marker[66]. Furthermore, a 
higher CAIX expression was associated with a higher response to interleukin 2 (IL-2) 
therapy in advanced/metastatic ccRCC[67]. However, in a larger study with 730 pa-
tients with ccRCC, in which only 11% showed metastatic disease and only 6% received 
high-dose IL-2, CAIX did not turn out to be an independent prognostic factor[37]. Nev-
ertheless, these contrasting findings raise the possibility that CAIX is predictive of fa-
vourable outcome for patients with metastatic disease who receive IL-2-based immu-
notherapy. 
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5. Targeted therapy 

Angiogenesis research contributed to the development of targeted therapy. 
The most significant progress has been made in the area of agents that target the 
VHL/HIF/VEGF pathway, which is abnormal in most patients with sporadic ccRCC. 
Several agents that inhibit either the VHL/HIF/VEGF pathway or the effects of activated 
mTOR have recently shown considerable promise in patients with advanced renal can-
cer. Sunitinib and sorafenib have been found to significantly improve progression free 
survival in clinical trials of patients with metastatic ccRCC, who had a good or interme-
diate prognosis based on Memorial Sloan-Kettering cancer Center risk factor assess-
ment (MSKCC). Therefore, these two targeted therapeutics have recently been FDA 
approved to treat advanced RCC[68-70]. Sunitinib is a multitargeted tyrosine kinase 
inhibitor of VEGFR-2, platelet-derived growth factor receptor (PDGFR), FMS-like tyro-
sine kinase 3 (FLT-3) and c-KIT. Sorafenib is another multikinase inhibitor targeting 
BRAF and CRAF, VEGFR-2, VEGFR-3, PDGFR, FLT-3 and c-KIT. 
Other prominent targeted agents are bevacizumab (VEGF binding antibody) and mTOR 
blockers such as temsirolimus and everolimus. Bevacizumab in combination with inter-
feron-alfa as first-line treatment in patients with mRCC resulted in a significant im-
provement in progression-free survival, compared with interferon-alfa alone[71]. Fur-
thermore, in metastatic RCC bevacizumab is now also under investigation in combina-
tion with interleukin-2 and targeted therapies such as erlotinib, sorafenib, sunitinib 
and temsirolimus[72]. 
As compared to interferon-alpha, the mTOR inhibitor temsirolimus significantly im-
proved overall survival in patients with metastatic RCC and poor prognosis based on 
MSKCC risk factor assessment[73]. Cho et al. showed that both phospho-S6 ribosomal 
protein and phospho-Akt expression are promising predictive biomarkers for response 
to temsirolimus[74]. Everolimus improves overall survival in patients with metastatic 
RCC who previously have been treated with a VEGF-targeted therapy[75]. These two 
mTOR inhibitors are still under investigation in combination with other therapies[72]. 
Further investigation of the molecular/pharmacodynamic effects of antiangiogenic 
drugs in patients is needed to improve the efficacy of these agents. 

6. Future perspectives 

Angiogenesis is a key event in RCC development and progression. With a myriad of 
angiogenesis inhibitors entering clinical trials for cancer treatment, stratification of 
patients to the likelihood of response is required. The effect of antivascular treatment 
is influenced by the degree of angiogenesis-(in)dependent tumour growth and the 
amount of ongoing angiogenesis. Both can be evaluated in nephrectomy specimens by 
means of suitable quantifying angiogenesis parameters. 
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Furthermore, the heterogeneity in maturation of vasculature demonstrated in 
ccRCC[51] has therapeutic implications, since an immature vasculature is believed to 
be more sensitive for therapeutic targeting[52]. In addition, evaluation of angiogenesis 
in RCC metastases can be predictive for therapy response. Heterogeneity of angiogenic 
growth patterns observed among lung metastases of ccRCC[76] may influence the 
response to antiangiogenic therapy and can explain the resistance to specific systemic 
treatment modalities. Metastases with non-angiogenic growth patterns will probably 
not respond to antiangiogenic drugs. 
Studies evaluating the prognostic relevance of angiogenic factors/parameters have 
often led to contrasting conclusions, due to different methodology of investigation. 
Until now, these variables are not used in clinical practice and the MSKCC risk factor 
assessment is still the most widely accepted prognostic system used for clinical trial 
assessment and treatment of RCC[77]. 
Antiangiogenic therapies can be fine-tuned based on further knowledge of the in-
volved dominant pathway and the mechanism of action of a particular drug. Advance-
ments in the understanding of the HIF signalling up- and downstream pathways con-
tributed to the development of effective targeted therapy. Nevertheless, the fact that 
angiogenesis parameters are not significantly associated with VHL alterations, which is 
one of the key events in the HIF signalling pathway in ccRCC, suggests that there is a 
more complex interplay of additional HIF downstream modifications, which still have 
to be elucidated. In addition to genetic changes, insight into the functional significance 
of epigenetic changes in the HIF downstream pathway may contribute to the devel-
opment of new therapeutic approaches by use of demethylating agents.  
Since current antiangiogenic therapies are evidencing target-related toxicities, there is 
an urgent need to develop and validate novel surrogate biomarkers for defining opti-
mal drug doses and schedules, monitoring drug efficiency, and predicting drug re-
sponse. 
Microarrays to study mRNA expression patterns will be helpful in identifying groups of 
genes predictive of response to anti-angiogenic treatment[78,79]. 
Current markers such as circulating plasma proteins, circulating endothelial cells and 
imaging of tumour vessels themselves or the effect of therapy on the tumour cells 
(Fluorodeoxyglucose positron emission tomography) are under investigation[80].  
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Abstract 

Clear cell renal cell carcinoma (ccRCC) is a highly vascularised tumour and is therefore 
an attractive disease to study angiogenesis and to test novel angiogenesis inhibitors in 
early clinical development. Endothelial cell proliferation plays a pivotal role in the 
process of angiogenesis. 
The aim of this study was to compare angiogenesis parameters in low nuclear grade 
(n=87) versus high nuclear grade ccRCC (n=63). A panel of antibodies was used for 
immunohistochemistry: CD34/Ki-67, carbonic anhydrase IX (CAIX), hypoxia-inducible 
factor-1α (HIF-1α) and vascular endothelial growth factor (VEGF). Vessel density 
(MVD), endothelial cell proliferation fraction (ECP%) and tumour cell proliferation 
fraction (TCP%) were assessed. mRNA expression levels of angiogenesis stimulators 
and inhibitors were determined by quantitative RT-PCR.  
High grade ccRCC showed a higher ECP% (p = 0.049), a higher TCP% (p = 0.009), a 
higher VEGF protein expression (p < 0.001), a lower MVD (p < 0.001) and a lower HIF-
1α protein expression (p = 0.002) than low grade ccRCC. Growth factor mRNA expres-
sion analyses revealed a higher expression of ANG2 in low grade ccRCC. MVD and 
ECP% were inversely correlated (Rho=-0.26, p=0.001). Because of the imperfect asso-
ciation of nuclear grade and ECP% or MVD, ccRCC were also grouped based on 
low/high MVD and ECP%. This analysis revealed a higher expression of vessel matura-
tion and stabilization factors (PLGF, PDGFB1, ANG1) in ccRCC with high MVD, a group 
of ccRCC highly enriched in low nuclear grade ccRCC, with low ECP%.  
Our results suggest heterogeneity in angiogenic activity and vessel maturation of 
ccRCC, to a large extent linked to nuclear grade, and, with probable therapeutic impli-
cations. 
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1. Introduction 

Clear cell renal cell carcinoma (ccRCC) is the most common carcinoma of the renal 
tubular epithelium accounting for approximately 75 % of cases in surgical series [1]. 
Aberrations of the von Hippel-Lindau tumour suppressor gene (VHL) have been shown 
to be an early and distinct event in the development of ccRCC [2]. In up to 70 % of 
ccRCC, somatic VHL gene inactivation occurs [3]. The VHL gene product (pVHL) binds 
the hypoxia-inducible factor 1α (HIF-1α) in normoxic cells. Lack of VHL protein leads to 
stabilization of HIF-1α, a state which is normally seen only in hypoxic cells. The in-
creased levels of HIF-1α in ccRCC [4] are thus mainly caused by genetic alterations of 
the VHL gene in addition to or despite stimulation through hypoxia. Stabilization of 
HIF-1α activates a cascade of pathways which include angiogenesis, glycolysis, prolif-
eration and alterations in microenvironmental pH ( carbonic anhydrase IX (CA IX)) [5]. 
Overexpression of angiogenic factors due to HIF-1α upregulation can explain the hy-
pervascular nature of ccRCC. 
Tumour angiogenesis is a complex process that is regulated by a balance between pro-
angiogenic and anti-angiogenic factors. This balance is influenced by tumour cells and 
the tumour's micro-environment [6,7]. The main player in angiogenesis is the endothe-
lial cell (EC), and numerous activators of EC proliferation and migration have been 
described. Most of these activators are receptor kinase ligands, such as vascular endo-
thelial growth factor (VEGF), fibroblast growth factor (FGF), plateled-derived growth 
factor (PDGF) and epidermal growth factor (EGF), but they can also be of different 
origin, such as lysophosphatic acid (LPA) or interleukin-8 (IL8), tumour necrosis factor-
α (TNF-α) [8-10]. Natural occurring angiogenic inhibitors include statins (e.g. en-
dostatin, angiostatin), Thrombospondin 1 (TSP1) and plateled derived factor 4 (PF4). 
ccRCC has an inpredictable course. The most widely used tumour-related prognostic 
factors in RCC include stage, Fuhrman nuclear grade and histological type [11]. Addi-
tional markers, still under investigation, are cellular proliferation, apoptosis and angio-
genesis, among others. 
Since the highly vascularized phenotype of ccRCC suggests that angiogenesis is integral 
to its pathogenesis, the aim of our study was to compare the angiogenic potential of 
low grade ccRCC (Fuhrman grade1-2) with high grade ccRCC (Fuhrman grade 3-4). To 
that end, EC proliferation, a measure of ongoing angiogenesis, was immunohisto-
chemically assessed and correlated with vessel density (MVD), tumour cell prolifera-
tion, HIF-1α, VEGF and CAIX expression. Additionally, the mRNA expression levels of 
VEGF (-A/B/C), bFGF, placental growth factor (PLGF), Angiopoietin 1 (ANG1), angiopoi-
etin 2 (ANG2), PDGFB1, EGF, TNF-α, transforming growth factor-α (TGF-α), transform-
ing growth factor-β (TGF-β), IL8, PF4, TSP1, vascular endothelial receptors 1 and 2 
(VEGFR1 andVEGFR2) were determined within low and high grade CCRCC and corre-
lated with immunohistochemical angiogenesis data. 
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2. Material and methods 

2.1 Patients and tissue specimens 

Tumour samples of 150 patients with ccRCC, treated with radical or partial nephrec-
tomy were collected retrospectively. The samples were derived from the archives of 
the Departments of Histopathology of the University Hospitals of Leuven and Maas-
tricht. None of the patients received any cancer-related therapy prior to surgery. The 
original histological slides, stained with hematoxylin and eosin, were reviewed to con-
firm nuclear Fuhrman grading. All patients were evaluated post-operatively at regular 
intervals by means of physical examination, chest x-ray, abdominal computed tomo-
graphy or ultrasound (median follow-up 64 months, range 1-153 months). When indi-
cated, a bone scan was performed. The clinico-pathological data of the study popula-
tion are summarized in Table 1. 
 
Table 1: Clinical and histopathological characteristics  
 Clinico-pathological data (N=150) 
Gender m/f 99/51 (66/34%) 
Age (years) 66.6 (12.1 SD) 
Mean tumour diameter 6.36 (± 3.45 SD) 
Median tumour diameter 6.00 (0.7-20.0 range) 
Fuhrman grade 
1 
2 
3 
4 

 
15 (10.0 %) 
72 (48.0 %) 
46 (30.7 %) 
17 (11.3 %) 

Tumour statusa 

T1 
T2 
T3 
T4 

 
82 (54.7 %) 
24 (16.0 %) 
42 (28.0) 
2 (1.3 %) 

Lymph node statusa 

1 
2 

 
4 
11 

 a  T and N status were assigned according to the TNM classification of the International Union Against 
cancer 2002 

2.2 Quantification of microvessel density (MVD), endothelial cell proliferation fraction 
(ECP%) and tumour cell proliferation fraction (TCP%) 

Serial sections of 4 micron were made from the paraffin embedded kidney tumours. A 
CD34/Ki67 double-stain procedure was performed on an automated immunohisto-
chemical (IHC) staining system (Dako Autostainer; Dako, Glostrüp, Denmark), as de-
scribed before [12]. This technique is used to simultaneously stain endothelial cells 
(cytoplasmatic CD34) and proliferating cells (nuclear Ki-67). Anti-Ki-67 (clone MIB-1, 
dilution 1/150, Dako, Glöstrup, Denmark) antibody binding was visualised with secon-
dary antibody labelled polymers containing peroxidase with DAB as a substrate. For 
detection of anti-CD34 (clone QBEnd/10, dilution 1/50, Dako) binding, secondary anti-
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body labelled with an alkaline group and fast red substrate were used. One section was 
analysed per tumour. For assessment of the vascular density within a tumour section, 
1 hotspot (most vascularized microscopic field) was selected and 4 areas were chosen 
randomly. Vessel counts were done at 200x magnification using an optical grid. The 
presence of a vascular lumen was not necessary to identify a microvessel. MVD was 
expressed as vessels per mm2. Next, a total number of approximately 500 intratu-
moural endothelial cells and 500 tumour cells were evaluated on consecutive fields at 
a 400x magnification and the fractions of proliferating endothelial cells and tumour 
cells were assessed. ECP% and TCP% were calculated according to the following formu-
las: ECP% = (the number of endothelial cells with Ki67-stained nuclei/total number of 
endothelial cells evaluated) x 100; TCP% = (the number of tumour cells with Ki67-
stained nuclei/total number of tumour cells evaluated) x 100. Furthermore, in a sub-
group of 15 grade 1 and 15 grade 4 ccRCC vessel area was determined by means of 
Leica Qwin morphometry system (Version 3.2.1, Leica Cambridge, UK). 

2.3 Assesment of HIF-1a, CA IX and VEGF 

CAIX IHC staining was automated using the Dako Autostainer (Dako). Primary antibody 
anti-CAIX (Rabbit polyclonal, diluted 1/2000, Novus Biologicals, Littleton, CO, USA) was 
incubated for 60 min at room temperature. Antibody binding was visualized with the 
ChemMate Envision+detection system (Dako). Semiquantitative analysis of CAIX ex-
pression was performed as described before [12-14]. In short, a score of 0-3 for inten-
sity of staining was given (0:no staining, 1:weak staining, 2:moderate staining, 3:strong 
staining). The percentage of immunostained tumour cells was estimated. The product 
(intensity score x the percentage of immunoreactive tumour cells) yielded a final score 
of 0-300.  
The HIF-1α IHC staining was carried out manually, as described elsewhere [12], using 
an anti-HIF-1α primary antibody (Clone 54, diluted 1/500, BD Pharmigen, Franklin 
Lake, NJ, USA). For HIF-1α expression analysis, only cells with completely and darkly 
stained nuclei were scored as positive. The fraction of HIF-1α-positive tumour cells was 
estimated. 
The VEGF IHC staining was performed with Rabbit polyclonal antisera to VEGF reacting 
with VEGF A isoforms 165 and 121 (Peprotech Inc, Rocky Hill, New York) at a 1/50 
dilution. After rinsing with TBS, the slides were blocked for aspecific antibody binding 
with 1% normal goat serum in TBS for 30 minutes, followed by incubation with the 
primary rabbit anti-human VEGF-A antibody. After washing with TBS the slides were 
incubated with Powervision poly HRP goat anti-mouse/rabbit/rat (Immu-
nologic/Klinpath,NL,DPVO-55hrp) for 30 minutes. Subsequently, an incubation was 
performed with avidine-biotin complex HRP (Dako) and developed with diaminoben-
zidine (DAB, Sigma, Zwijndrecht, The Netherlands) for 10 minutes. The slides were 
counterstained with haematoxylin (Merck, Darmst, Germany) and mounted for light-
microscopical evaluation. As negative control we used slides with normal kidney and 
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RCC tissue, without application of the primary antibody. The staining was semi-
quantitatively assessed according to a four point grading scale: 
0 absence of tumour staining, 1+ membrane staining tumour cells, 2+ strong mem-
brane staining and cytoplasmatic staining of <50% of the tumour cells and 3+ strong 
cytoplasmic staining in >50% of all tumour cells. 

2.4 RNA isolation, cDNA synthesis and qPCR analysis 

From 33 frozen tumour tissues and 16 normal renal tissues, total RNA was isolated 
from 10 cryosections (20 micron) with the RNeasy mini kit (QIAgen) according the 
supplier's protocol. Possible genomic DNA contamination was removed by on column 
DNaseI treatment for 20 minutes at room temperature. Concentration and quality of 
the RNA was analysed on the NanoDrop ND-1000 (Nanodrop Technologies Inc.) and by 
agarose gel electrophoresis, respectively. A total amount of 100 ng total RNA was used 
for cDNA synthesis with the iScript cDNA synthesis kit (Biorad) according the supplier's 
protocol. Quantitative PCR was performed with the iCycler (Biorad) in a total volume of 
25 uL on 30 ng cDNA with the iQ SYBR Green Supermix (Biorad) and 400 nM forward 
and reverse primer. The primers used for this study have been described before or 
were designed and validated as described previously [15]. Primers were synthesized by 
Eurogentec and targeted against CyclophilinA, beta-actin, 18S rRNA, VEGF (VEGF-A), 
VEGF-B, VEGF-C, bFGF, PLGF, ANG1, ANG2, EGF, PDGFB1, TNF-α, IL8, PF4, TGF-α, TGF-
β, TSP-1, VEGFR1, and VEGFR2. 

3. Statistical analysis 

Statistical analysis was performed using the SPSS 12.0 software package. A P-value ≤ 
0.05 was statistically significant, a 0.05 < P-value ≤ 0.1 was considered a trend towards 
statistical significance. Normality was tested with a Kolmogorov-Smirnov test assuming 
normality of data if P ≥ 0.2. If continuous data were normally distributed, correlations 
were analysed with Pearson’s correlation statistics, if not, with Spearman’s correlation 
statistics. In case of normal distribution in all subgroups, equality of means was tested 
with a student T-test. If data were not normally distributed, equality of medians was 
tested with a Mann-Whitney U-test. For analyzing correlations between categorical 
variables (e.g. high/low ecp%, high/low mvd, high/low grade), a χ2 test or, when the 
assumptions for the χ2 test were not met, the Fisher’s exact test was used. 
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4. Results 

4.1 Angiogenesis in low grade ccRCC compared with high grade ccRCC 

Median MVD was 181.1 (range 27.6 - 481.8), median ECP% was 0.7% (range 0 – 13.2%) 
and median TCP% was 3.8% (range 0 – 46.0%). CAIX and HIF-1α were expressed in 
respectively 97% and 88% of all tumours. VEGF immunostaining was present in all 
ccRCC and was observed mainly in tumour cells and in endothelial cels of intratu-
moural vessels (figure 1). 
 
VEGF immunostaining was graded 1+ in 59 tumours (39.3%), 2+ in 66 tumours (44%) 
and 3+ in 25 tumours (16.7%). VEGF protein expression was inversely related to MVD 
(Rho=-0.42, p<0.001). There was an inverse correlation between MVD and Fuhrman 
grade (Rho=-0.40, p<0.001). ECP% had a moderate positive correlation with Fuhrman 
grade (Rho=0.17, p=0.029). MVD and ECP% were inversely correlated (Rho=-0.26, 
p=0.001). 
Based on these results, the group of ccRCC was split in 2 groups: high grade (Fuhrman 
grade 3 and 4) and low grade (Fuhrman grade 1 and 2). Table 2 shows the differences 
in angiogenesis parameters and hypoxia-related parameters between both subpopula-
tions. High grade ccRCC had higher ECP% (Figure 2), higher TCP%, larger vessel area 
and higher VEGF protein expression. In contrast, MVD, CAIX protein expression and 
HIF-1α protein expression were lower in high grade tumours. 
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Figure 1: Overview of the immunohistochemical stainings used, in low grade (left: A,C,E,G) and high grade 
(right: B,D,F,H) ccRCC. A and B: CD34/Ki-67 IHC double-staining. Black arrows in inset show proliferating Ki-
67 positive (brown nucleus) endothelial cells (red cytoplasm). C and D: Morphometrical analyses showing an 
increased vessel area (grey) in high grade ccRCC. E and F : Membranous CA9 staining and nuclear HIF-1α 
staining (inset) of tumour cells. Although no significant difference was found between low and high grade 
tumours for CA9 expression, there was more HIF-1α expression in low grade ccRCC. G and H : predominantly 
membranous VEGF staining in tumour cells of low grade RCC (G), in contrast with dens cytoplasmatic intra-
tumoural VEGF staining in high grade RCC (H). Insets illustrate also VEGF immunoreactivity of the intratu-
moural vessels. For full colour picture see page 165. 
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Table 2: Immunohistochemical and morphometric results of angiogenesis parameters in low grade versus 
high grade ccRCC 

  MVD Hotspot ECP% TCP% CA9 HIF Vessel 
area 
(μm2) 

VEGF-A* 

Min 44.220 52.030 0 % 0 % 0 0 % 54.99 1: 57.5 % 
Median 233.870 297.865 0.6 % 2.5 % 285 40 % 122.80 2: 39.1 % 

Low 
grade 
RCC Max 481.790 741.420 5.4 % 30.9 % 300 100 % 229.83 3: 3.4 % 

Min 27.580 49.430 0 % 0 % 0 0 % 79.66 1: 14.3 % 
Median 150.880 250.520 1 % 5 % 240 15 % 148.44 2: 50.8 % 

High 
grade 
RCC Max 429.760 590.530 13.2 % 46 % 300 95 % 588.30 3: 34.9 % 
P value  < 0.001 < 0.001 0.049 0.009 0.262 0.002 0.017 < 0.001 
Abbreviations: N, number 
p-value: comparison between low grade and high grade RCC (Mann-Whitney) 
* : for VEGF-A the percentage of each of the scores is represented 

 
 

 
Figure 2: MVD and ECP% according to tumour grade. ECP%: endothelial cell proliferation fraction. 
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Table 3 and 4 illustrate the expression of angiogenic growth factors/inhibitors in ccRCC 
and normal renal tissue. In renal tumour tissues there was a significant overexpression 
of VEGF (p<0.001), VEGF-B (p=0.004), VEGF-C (p=0.032), PLGF (p<0.001), ANG2 
(p<0.001), PDGFB1 (p=0.009) and TGF-α (p<0.001) compared to normal renal tissue 
(Table 3). In contrast, renal cell carcinoma expressed less bFGF (p<0.001) and EGF 
(p<0.001) than normal renal tissue.  
When comparing the PCR data of the angiogenic growth factors in low and high grade 
tumours (Table 4), only a significant difference could be found in ANG2 expression, 
which was higher in low grade tumours (p=0.035). Low grade tumours also expressed 
more VEGFR1 and 2 than high grade ccRCC (p=0.023 and p=0.004 respectively). 
 
Table 3: Results of PCR quantification of angiogenesis-related genes in normal renal tissue versus ccRCC. 
  VEGFA VEGFB VEGFC BFGF PLGF ANG1 ANG2 EGF PDGFB1 TNFα 

N 16 16 16 16 16 16 16 16 16 16 
Min 0.055 0.012 0.003 0.092 0.002 0.007 0.001 0.004 0.009 0.000 
Median 0.124 0.020 0.004 0.882 0.006 0.010 0.003 0.048 0.018 0.001 

Normal 

Max 0.334 0.026 0.014 1.717 0.011 0.053 0.0138 0.268 0.057 0.011 
 
N 

 
33 

 
33 

 
33 

 
33 

 
33 

 
33 

 
33 

 
33 

 
33 

 
33 

Min 0.091 0.008 0.001 0.002 0.007 0.000 0.006 0.000 0.008 0.000 
Median 1.187 0.035 0.008 0.045 0.114 0.007 0.045 0.001 0.037 0.002 

 
RCC 

Max 4.326 0.209 0.073 0.251 1.945 0.098 0.123 0.042 0.220 0.006 
P value  < 0.001 0.004 0.032 <0.001 <0.001 0.486 <0.001 < 0.001 0.009 0.703 

 
  IL8 TGFα TGFβ TSP1 PF4 VEGFR1 VEGFR2 

N 16 16 16 16 16 16 16 
Min 0.001 0.004 0.023 0.003 0.000 0.001 0.007 
Median 0.003 0.009 0.241 0.158 0.000 0.008 0.016 

Normal 

Max 0.037 0.015 1.515 0.489 0.000 0.018 0.035 
 
N 

 
33 

 
33 

 
33 

 
33 

 
33 

 
33 

 
33 

Min 0.000 0.000 0.041 0.007 0.000 0.000 0.002 
Median 0.007 0.038 0.260 0.227 0.000 0.012 0.030 

 
RCC 

Max 0.110 0.169 1.148 2.158 0.000 0.052 0.205 
P value  0.875 < 0.001 0.745 0.686 0.884 0.035 0.121 

Expression values are shown as 2
-ΔCt

  
p-value : comparison between normal and RCC (Mann-Whitney) 
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Table 4: Results of PCR quantification of angiogenesis-related genes in low grade versus high grade ccRCC. 
  VEGFA VEGFB VEGFC bFGF PLGF ANG1 ANG2 EGF PDGFB1 TNFα 

N 23 23 23 23 23 23 23 23 23 23 
Min 0.094 0.008 0.001 0.002 0.009 0.001 0.012 0.000 0.009 0.000 
Median 1.187 0.044 0.008 0.045 0.130 0.009 0.053 0.001 0.048 0.002 

Low 
grade 
RCC 

Max 4.326 0.209 0.073 0.250 1.945 0.098 0.123 0.034 0.220 0.006 
 

N 10 10 10 10 10 10 10 10 10 10 
Min 0.091 0.008 0.003 0.009 0.007 0.000 0.006 0.000 0.008 0.000 
Median 0.953 0.028 0.008 0.034 0.030 0.004 0.027 0.000 0.017 0.002 

High 
grade 
RCC 

Max 4.060 0.119 0.049 0.251 0.360 0.028 0.063 0.042 0.167 0.005 
P value  0.597 0.208 0.968 0.393 0.113 0.464 0.035 0.122 0.167 0.903 

 
  IL8 TGFα TGFβ TSP1 PF4 VEGFR1 VEGFR2 

N 23 23 23 23 23 23 23 
Min 0.000 0.000 0.041 0.007 0.000 0.001 0.006 
Median 0.007 0.038 0.239 0.181 0.000 0.019 0.041 

Normal 

Max 0.045 0.169 1.148 0.757 0.000 0.052 0.205 
 

N 10 10 10 10 10 10 10 
Min 0.000 0.000 0.043 0.030 0.000 0.000 0.002 
Median 0.006 0.038 0.391 0.258 0.000 0.007 0.010 

CC RCC 

Max 0.110 0.113 0.972 2.158 0.000 0.034 0.042 
P value  0.839 0.871 0.371 0.776 0.371 0.023 0.004 

Expression values are shown as 2
-ΔCt

 
p-value: comparison between low grade and high grade RCC (Mann-Whitney) 

 

4.2 mRNA expression of angiogenesis-related factors in ccRCC grouped according to 
median MVD and median ECP% 

Because of the imperfect association of nuclear grade and ECP% or MVD (figure 3) and 
to get more insight in the biology of both vascular patterns related to the inverse asso-
ciation of MVD and ECP%, ccRCC were also grouped based on low/high MVD (cut off 
median MVD of 181) and high/low ECP% (cut off median ECP% of 0.7%). In the ccRCC 
with high MVD, there was a higher mRNA expresion of VEGF (p=0.007), ANG2 
(p<0.001), PLGF (p=0.007) and PDGFB1 (p=0.001). There was also more mRNA expres-
sion of VEGFR1 and VEGFR2 in the high MVD group (p=0.001 and p<0.001). A higher 
expression of ANG1 was found in tumours with low ECP% (p=0.008). 
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Figure 3: Scatter plot of low grade (open dots) and high grade (filled dots) ccRCC according to median MVD 
and median ECP%. Tumours with low ECP% and high MVD are mainly low grade ccRCC. Tumours with high 
ECP% and low MVD are mainly high grade ccRCC. 

5. Discussion 

The interest of our study was to compare angiogenesis parameters in low grade versus 
high grade ccRCC. In earlier studies MVD was used as a parameter for angiogenesis in 
RCC and evaluated as a possible prognostic marker, however leading to conflicting 
results [16-19]. To our knowledge, this is the first study in which the fraction of prolif-
erating endothelial cells (ECP%) is investigated within RCC. 
High grade ccRCCs were characterised by a high ECP%, which correlated strongly with 
TCP%. In spite of the higher ECP% in high grade ccRCC than the low grade subgroup, 
MVD was lower in high grade ccRCC. These results suggest that ECP% is a better indica-
tor for ongoing angiogenesis in ccRCC than MVD. Vessel density reflects intercapillary 
distance, which is determined by angiogenic factors (stimulators and inhibitors), as 
well as nonangiogenic factors, such as oxygen and nutrient consumption rates of tu-
mour cells [20]. Tumour progression is associated with a gradual reduction in the in-
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trinsic propensity of cancer cells to undergo apoptosis under a variety of noxious con-
ditions [21]. Cumulative effects of genetic alterations, by means of altered expression 
of tumour suppressor genes (PTEN, p53 and VHL) and oncogenes (ras,src,..) could af-
fect HIF-1 dependent and independent pathways of cellular respons to hypoxia [22]. In 
patients with localized RCC p53 appeared to be an independent predictor of tumour 
progression. [23]. Since a relative decrease of vascular dependence of cancer cells is 
associated with features of increased malignancy [24,25], tolerance of hypoxic condi-
tions can explain why high grade renal tumours can afford an increased intercapillary 
distance in comparison with low grade RCC. 
In our study, 88% of all ccRCC showed activation of HIF1-α throughout the whole tu-
mour section, independently of the presence of necrosis. This is consistent with the 
fact that in 70 % of ccRCC there is a constitutive activation of HIF, through VHL inacti-
vation3. Nevertheless differences in HIF-1α expression were seen between low grade 
and high grade ccRCC. The lower HIF-1α expression in high grade ccRCC could be pos-
sibly explained by a progressive switch to HIF-2α response during tumour progression. 
An earlier report stated that normal renal epithelium in vivo activates HIF-1α in re-
sponse to hypoxia and VHL loss with little or no HIF-2α [26]. HIF-2α appears to become 
progressively more evident than HIF-1α in foci of renal dysplasia, cyst formation and 
frank tumours [27]. Since HIF-1α and HIF-2α have contrasting properties [28], a possi-
ble switch to HIF-2α could increase the likelihood to proliferation and survival, during 
tumour evolution. 
Evaluation of angiogenesis growth factor/inhibitor expression levels between low and 
high grade ccRCCs, revealed only a significant difference in ANG2 expression, which 
was significantly higher in the low grade ccRCC group. ANG2 expression is often in-
duced in endothelia undergoing active remodelling or regression and is up-regulated 
by hypoxia and several growth factors, including VEGF [29,30]. Administration of in-
hibitors of ANG2 to tumour-bearing mice has been reported to result in delayed tu-
mour growth and reduced endothelial cell proliferation. Therefore, inhibitors of ANG2 
may be candidates for clinical development [31]. 
In our study there is a discrepancy between the immunohistochemical VEGF data and 
mRNA VEGF expression. Low grade ccRCC with high MVD are characterized by a lower 
VEGF protein expression and higher mRNA VEGF expression than high grade ccRCC 
with low MVD. This can be explained by the fact that in the immunohistochemical 
VEGF staining we only scored cytoplasmatic VEGF positivity in tumour cells, while 
mRNA VEGF expression also includes VEGF in stroma and at the surface of endothelial 
cells. In our case, ccRCC with high MVD showed VEGF positive staining of the numer-
ous tumoural vessels (Figure 1). 
Within our group of 150 ccRCCs the association of MVD and ECP% with nuclear grade 
was however imperfect. Therefore, to get more insight in angiogenesis biology, we 
compared the mRNA expression levels of angiogenesis-related factors between two 
subgroups, based on MVD and ECP% respectively, and leaving Fuhrman grade out of 
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account. ccRCC with high MVD revealed a significant higher PLGF and PDGFB1 expres-
sion. PLGF, a VEGF-related factor, contributes to tumour angiogenesis by providing 
increased survival function to endothelial cells [32]. PDGFB is required for recruitment 
of pericytes and maturation of microvasculature [33]. Furthermore, tumours with low 
ECP%, revealed a higher ANG1 expression, which competes with ANG2 for binding of 
Tie-2 receptor. ANG1 promotes EC sprouting and is essential for maturation and stabi-
lization of the developing vascularization [34,35]. These findings suggest that ccRCC 
with high MVD and low ECP% may have a more stabilized and mature vasculature than 
their counterpart. Our finding is concordant with a recent study, which described dif-
ferentiated and undifferentiated types of blood vessels in ccRCC [36]. They found that 
an increased density of undifferentiated vessels significantly correlated with higher 
pathologic grades and shorter patient survival. Since immature vasculature has been 
shown to be more vulnerable for therapeutic targeting [37], a better response to anti-
angiogenic drugs might be expected in the high grade ccRCC. Selection of resistant 
tumour cells can however still occur [38]. On the other hand, anti-VEGF treatment 
probably has direct effects on tumour cells of ccRCC because these cells express KDR 
that is phosphorylated, independent of grade [39]. 
In summary, the results of this suggest that high grade ccRCC have a different angio-
genic pattern than low grade ccRCC, with more endothelial cell proliferation in the 
former tumours, but lower microvessel density, with larger and more immature ves-
sels. These differences in angiogenesis biology might have impact on the effects of 
anti-angiogenic or anti-VEGF treatment of ccRCC. 

Thesis_Baldwijns_v11.pdf   64 23-3-2009   16:01:07



Angiogenic activity in clear cell renal cell carcinoma 

 65 

6. References 

1 Kovacs, G. et al. (1997) The Heidelberg classification of renal cell tumours. J Pathol 183, 131-133  

2 Kaelin, W.G., Jr. (2004) The von Hippel-Lindau tumor suppressor gene and kidney cancer. Clin Cancer 
Res 10, 6290S-6295S  

3 Clifford, S.C. et al. (1998) Inactivation of the von Hippel-Lindau (VHL) tumour suppressor gene and 
allelic losses at chromosome arm 3p in primary renal cell carcinoma: evidence for a VHL-independent 
pathway in clear cell renal tumourigenesis. Genes Chromosomes Cancer 22, 200-209  

4 Wiesener, M.S. et al. (2001) Constitutive activation of hypoxia-inducible genes related to overexpres-
sion of hypoxia-inducible factor-1alpha in clear cell renal carcinomas. Cancer Res 61, 5215-5222  

5 Semenza, G.L. (1999) Regulation of mammalian O2 homeostasis by hypoxia-inducible factor 1. Annu 
Rev Cell Dev Biol 15, 551-578  

6 Carmeliet, P. and Jain, R.K. (2000) Angiogenesis in cancer and other diseases. Nature 407, 249-257  

7 Griffioen, A.W. and Molema, G. (2000) Angiogenesis: potentials for pharmacologic intervention in the 
treatment of cancer, cardiovascular diseases, and chronic inflammation. Pharmacol Rev 52, 237-268  

8 Ruoslahti, E. (2002) Specialization of tumour vasculature. Nat Rev Cancer 2, 83-90  

9 Bergers, G. and Benjamin, L.E. (2003) Tumorigenesis and the angiogenic switch. Nat Rev Cancer 3, 401-
410  

10 Konig, B. et al. (1999) The differential expression of proinflammatory cytokines IL-6, IL-8 and TNF-alpha 
in renal cell carcinoma. Anticancer Res 19, 1519-1524  

11 Gelb, A.B. (1997) Renal cell carcinoma: current prognostic factors. Union Internationale Contre le 
Cancer (UICC) and the American Joint Committee on Cancer (AJCC). Cancer 80, 981-986  

12 Van den Eynden, G.G. et al. (2005) Angiogenesis and hypoxia in lymph node metastases is predicted by 
the angiogenesis and hypoxia in the primary tumour in patients with breast cancer. Br J Cancer 93, 
1128-1136  

13 Chia, S.K. et al. (2001) Prognostic significance of a novel hypoxia-regulated marker, carbonic anhydrase 
IX, in invasive breast carcinoma. J Clin Oncol 19, 3660-3668  

14 Chakrabarti, J. et al. (2004) The transcription factor DEC1 (stra13, SHARP2) is associated with the hy-
poxic response and high tumour grade in human breast cancers. Br J Cancer 91, 954-958  

15 Thijssen, V.L. et al. (2004) Angiogenesis gene expression profiling in xenograft models to study cellular 
interactions. Exp Cell Res 299, 286-293  

16 Gelb, A.B. et al. (1997) Appraisal of intratumoral microvessel density, MIB-1 score, DNA content, and 
p53 protein expression as prognostic indicators in patients with locally confined renal cell carcinoma. 
Cancer 80, 1768-1775  

17 Nativ, O. et al. (1998) Clinical significance of tumor angiogenesis in patients with localized renal cell 
carcinoma. Urology 51, 693-696  

18 Sabo, E. et al. (2001) Microscopic analysis and significance of vascular architectural complexity in renal 
cell carcinoma. Clin Cancer Res 7, 533-537  

19 Rioux-Leclercq, N. et al. (2001) Clinical significance of cell proliferation, microvessel density, and CD44 
adhesion molecule expression in renal cell carcinoma. Hum Pathol 32, 1209-1215  

20 Hlatky, L. et al. (2002) Clinical application of antiangiogenic therapy: microvessel density, what it does 
and doesn't tell us. J Natl Cancer Inst 94, 883-893  

21 Bedi, A. et al. (1995) Inhibition of apoptosis during development of colorectal cancer. Cancer Res 55, 
1811-1816  

22 Semenza, G.L. (2000) Hypoxia, clonal selection, and the role of HIF-1 in tumor progression. Crit Rev 
Biochem Mol Biol 35, 71-103  

Thesis_Baldwijns_v11.pdf   65 23-3-2009   16:01:07



Chapter 4 

 66 

23 Shvarts, O. et al. (2005) p53 is an independent predictor of tumor recurrence and progression after 
nephrectomy in patients with localized renal cell carcinoma. J Urol 173, 725-728  

24 Yu, J.L. et al. (2001) Heterogeneous vascular dependence of tumor cell populations. Am J Pathol 158, 
1325-1334  

25 Carmeliet, P. et al. (1998) Role of HIF-1alpha in hypoxia-mediated apoptosis, cell proliferation and 
tumour angiogenesis. Nature 394, 485-490  

26 Rosenberger, C. et al. (2002) Expression of hypoxia-inducible factor-1alpha and -2alpha in hypoxic and 
ischemic rat kidneys. J Am Soc Nephrol 13, 1721-1732  

27 Mandriota, S.J. et al. (2002) HIF activation identifies early lesions in VHL kidneys: evidence for site-
specific tumor suppressor function in the nephron. Cancer Cell 1, 459-468  

28 Raval, R.R. et al. (2005) Contrasting properties of hypoxia-inducible factor 1 (HIF-1) and HIF-2 in von 
Hippel-Lindau-associated renal cell carcinoma. Mol Cell Biol 25, 5675-5686  

29 Oh, H. et al. (1999) Hypoxia and vascular endothelial growth factor selectively up-regulate angiopoietin-
2 in bovine microvascular endothelial cells. J Biol Chem 274, 15732-15739  

30 Mandriota, S.J. et al. (2000) Hypoxia-inducible angiopoietin-2 expression is mimicked by iodonium 
compounds and occurs in the rat brain and skin in response to systemic hypoxia and tissue ischemia. 
Am J Pathol 156, 2077-2089  

31 Oliner, J. et al. (2004) Suppression of angiogenesis and tumor growth by selective inhibition of angio-
poietin-2. Cancer Cell 6, 507-516  

32 Adini, A. et al. (2002) Placental growth factor is a survival factor for tumor endothelial cells and macro-
phages. Cancer Res 62, 2749-2752  

33 Lindahl, P. et al. (1997) Pericyte loss and microaneurysm formation in PDGF-B-deficient mice. Science 
277, 242-245  

34 Distler, J.H. et al. (2003) Angiogenic and angiostatic factors in the molecular control of angiogenesis. Q J 
Nucl Med 47, 149-161  

35 Papapetropoulos, A. et al. (1999) Direct actions of angiopoietin-1 on human endothelium: evidence for 
network stabilization, cell survival, and interaction with other angiogenic growth factors. Lab Invest 79, 
213-223  

36 Yao, X. et al. (2007) Two distinct types of blood vessels in clear cell renal cell carcinoma have contrast-
ing prognostic implications. Clin Cancer Res 13, 161-169  

37 Feron, O. et al.(2004) Targeting the tumor vascular compartment to improve conventional cancer 
therapy. Trends Pharmacol Sci, 25, 536-42. 

38 Yu, J.L. et al. (2002). Effect of p53 status on tumor response to antiangiogenic therapy. Science, 295, 
1526-8 

39 Fox, S.B.et al (2004) Phosphorylated KDR is expressed in the neoplastic and stromal elements of human 
renal tumours and shuttles from cell membrane to nucleus. J Pathol, 202, 313-20. 

 

 

 

Thesis_Baldwijns_v11.pdf   66 23-3-2009   16:01:07



 

 67 

Chapter 5 

Different angiogenic potential in low and 
high grade sporadic clear cell renal cell 
carcinoma is not related to alterations in 
the von Hippel-Lindau gene 
 
 
 
 
 
 
Marcella M Baldewijns, Iris JH van Vlodrop, Kim M Smits, Peter B Vermeulen, Gert G 
Van den Eynden, Fiona Schot, Tania Roskams, Hein van Poppel, Manon van Engeland 
and Adriaan P de Bruïne 
 
Cellular Oncology 2009, in press 

Thesis_Baldwijns_v11.pdf   67 23-3-2009   16:01:08



Chapter 5 

 68 

Abstract 

von Hippel-Lindau (VHL) inactivation is common in sporadic clear cell renal cell carci-
nomas (ccRCC). pVHL is part of the ubiquitin ligase complex that targets the alpha 
subunits of hypoxia-inducible transcription factor (HIF) for degradation under well-
oxygenated conditions. In the absence of wild-type pVHL, as observed in VHL patients 
and most sporadic ccRCCs, constitutive upregulation of HIF results in transcriptional 
activation of angiogenesis-related genes, such as VEGF. Differences in angiogenic activ-
ity within the group of ccRCCs were reported and strong genotype-phenotype correla-
tions were found in patients with VHL disease, raising a question about the importance 
of VHL inactivation status in angiogenic behaviour and tumour progression. 
To address this question, we investigated the influence of VHL mutation (direct se-
quencing)/hypermethylation (methylation-specific PCR) on angiogenesis/tumour pa-
rameters (immunohistochemistry) in 150 patients with sporadic ccRCC. 
We found no significant association between VHL mutation or methylation and angio-
genesis/tumour parameters. 
These data indicate that tumour progression and angiogenesis are not directly influ-
enced by VHL alterations and that additional genetic/epigenetic events should be con-
sidered to explain the diverse angiogenic and proliferative behaviour during tumour 
progression. 
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1. Introduction 

The most widely observed genetic aberration in clear cell RCC (ccRCC) is loss of chro-
mosome 3p, harbouring the von Hippel-Lindau (VHL) tumour suppressor gene, which is 
located on chromosome 3p25 and plays an important role in hereditary and sporadic 
ccRCC [1]. 50%-75% of sporadic ccRCCs show biallelic VHL inactivation [1-3]. The VHL 
gene exists of three exons and VHL mutations are heterogeneous distributed through-
out the coding sequence, except that intragenic missense mutations are rarely seen 
within the first 50 codons [4]. In 5-20 % of reported cases the VHL gene is silenced by 
promoter hypermethylation [5-8]. The best characterized function of pVHL is its role as 
a component of the ubiquitin E3 ligase complex that targets hypoxia inducible factor 
HIF-α for ubiquitin-dependent proteasome degradation [9,10]. The α-subunits of HIF 
are rapidly degraded by the proteasome under normal conditions, but are stabilized by 
hypoxia [11]. In hypoxic cells and in RCC, lacking functional pVHL, HIF-α degradation is 
suppressed, leading to enhanced transcription of target genes, including genes in-
volved in cell proliferation, apoptosis, extra cellular matrix formation, energy metabo-
lism and pro-angiogenic genes such as vascular endothelial growth factor (VEGF) con-
tributing to the activation of the angiogenic switch [1,12-15]. Therefore it can be hy-
pothesized that a difference in angiogenesis/hypoxia can be expected in ccRCC pa-
tients with versus without functional VHL. 
Previously, we observed significant differences in angiogenesis and hypoxia parame-
ters between low grade (Fuhrman grade 1-2) and high-grade (Fuhrman grade 3-4) 
ccRCC [16]. 
Since strong genotype-phenotype correlations were found in patients with VHL dis-
ease, whereby the tumour phenotype was influenced by the nature of VHL mutations 
[17], the question emerges whether VHL alterations can explain the different angio-
genic phenotypes and different biological behaviour in sporadic ccRCC. 
Here, we examine the influence of VHL alterations (mutation/promoter hypermethyla-
tion) on angiogenesis and hypoxia parameters in ccRCC and correlate these results 
with clinical outcome. To the best of our knowledge, this is the first study investigating 
the association between VHL alterations and active angiogenesis, reflected by endo-
thelial cell proliferation measurement. 

2. Material and methods 

2.1 Patients and tissue samples 

Tumour samples of 150 patients with sporadic ccRCC, treated with radical or partial 
nephrectomy without adjuvant treatment, have been collected retrospectively. The 
samples were derived from the archives of the Departments of Histopathology of the 
University Hospitals of Leuven and Maastricht. The original histological slides, stained 
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with hematoxylin and eosin, were reviewed to confirm nuclear Fuhrman grading. All 
patients were evaluated post-operatively at regular intervals by means of physical 
examination, chest ray, abdominal computed tomography or ultrasound. When indi-
cated, a bone scan was performed. The median follow-up time was 64 months (range 
1-153 months) and mean follow-up of 9 years. The clinico-pathological data of the 
study population are summarized in Table 1. 
 
Table 1: Clinical and histopathological characteristics 
 Clinicopathological data (N = 150) 
Gender   
  male/female 99/51 (66/34%) 
Agea (years) 66.6 (± 12.1 s.d.) 
Mean tumour diameter (cm) 6.36 (± 3.45 s.d.) 
Fuhrman grade  
  1 15 (10%) 
  2 72 (48%) 
  3 46 (30.7%) 
  4 17 (11.3%) 
Tumour stagea  
  I 82 (54.7%) 
  II 24 (16%) 
  III 42 (28%) 
  IV 2 (1.3%) 
Lymph node statusa  
  1  4 
  2 11 
 a T and N status were assigned according to the TNM classification of the International Union Against cancer 
2002 

2.2 VHL mutation analysis 

Tumour tissue was selected on the basis of haematoxylin and eosin stained sections to 
ensure a minimum of 80% tumour cells in the samples. Genomic DNA was extracted 
from 20 μm slides from each case. After dewaxing of the tumour slides in xylene and 
rehydration through sequential changes of alcohol, DNA was isolated and purified with 
Puregene® DNA purification kit (BIOzym, Landgraaf, The Netherlands). PCR primers 
used for amplification are available upon request. DNA was amplified using a (multi-
plex) semi-nested PCR approach. The first (multiplex) PCR was performed using 200 ng 
of the extracted DNA and subjected to 35 cycles of PCR: 30 sec at 94°C, 30 sec at 66°C 
and 30 sec at 72°C. The second PCR with 4 μl diluted (1:100) PCR product was sub-
jected to 35 cycles of PCR: 30 sec at 94°C, 30 sec at Tm and 30 sec at 72°C. Exon ampli-
fication was performed in 25 μl (1x PCR buffer, 0.2 mM dNTP, 1.5 mM MgCl2 , 0.2 μl 
Primer (each), 1 unit Platinum® Taq DNA polymerase (InvitrogenTM , Breda, The Nether-
lands) and template DNA). The products were analyzed by agarose gel electrophoresis 
and visualized by Gelstar® (Cambrex, New Jersey, USA). 
For direct sequence analysis, the PCR products were purified using multiscreen®HTS 96 
wells plate (Millipore, Billerica, USA) and collected in 50 μl sterile water. For the se-
quence reaction, 2 μl purified DNA, BigDye vl.1, sequence buffer and primers (3.2 
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pmol) were used. The PCR was subjected to 25 cycles of PCR: 10 sec at 96˚C, 5 sec at 
50˚C and 4 min at 60˚C. The sequence products were precipitated with ethanol in a 96 
well plate and dissolved in 20 μl sterile water and measured with the ABI 3710 Genetic 
Analyzer. Mutations were identified by Mutation Surveyor DNA Variant Analysis Soft-
ware version 3.0 (Soft Genetics LLC, USA) and checked manually. VHL mutation analy-
sis succeeded in 127 of 150 tumour samples. 

2.3 VHL promoter CpG island methylation analysis 

DNA methylation in the CpG island of the VHL gene promoter was determined by 
chemical modification of genomic DNA with sodium bisulfite and subsequent methyla-
tion-specific PCR (MSP) as described in detail elsewhere [18,19]. Briefly, 0.5 μg of DNA 
was modified by sodium bisulfite using the EZ DNA methylation kit (Zymo Research) 
according to the manufacturer’s instruction. To facilitate MSP analysis on DNA re-
trieved from formalin-fixed, paraffin embedded tissue, DNA was first amplified with 
flanking PCR primers that amplify bisulfite-modified DNA but do not preferentially 
amplify methylated or unmethylated DNA. The resulting fragment was used as a tem-
plate for the VHL MSP reaction. Primer sequences and PCR conditions are available 
upon request. 
All PCRs were performed with controls for unmethylated alleles (DNA from normal 
lymphocytes), methylated alleles (normal lymphocyte DNA treated in vitro with SssI 
methyltransferase (New England Biolabs)), and a control without DNA. Ten μl of each 
MSP reaction were directly loaded onto 2% agarose gels, stained with Gelstar (Cam-
brex), and visualized under UV illumination. MSP reactions succeeded in 134 of 150 
tumour samples. To assess reproducibility, MSP reactions have been performed in 
duplicate starting from DNA amplification with flanking PCR primers. The reproducibil-
ity was 96 %.  

2.4 Assessment of angiogenesis and hypoxia parameters 

Serial sections of 4 micron were made from the paraffin embedded kidney tumours. 
Methods for quantification of microvessel density (MVD), endothelial cell proliferation, 
tumour cell proliferation and assessment of HIF-1α, carbonic anhydrase IX (CAIX), VEGF 
expression are described more in detail elsewhere [16].  
Briefly, by means of a CD34/Ki67 double-stain procedure[20] MVD, the fraction of 
proliferating endothelial cells and tumour cells were evaluated. One section was ana-
lyzed per tumour. For assessment of the vascular density within a tumour section, 1 
hotspot (most vascularised microscopic field) was selected and 4 areas were chosen 
randomly. Vessel counts were done at 200x magnification using an optical grid. The 
presence of a vascular lumen was not necessary to identify a microvessel. MVD was 
expressed as vessels per mm2. Since, the mean vessel density of the tumour gives an 
estimate of the net result of phases of angiogenesis and angioregression a tumour 
went through, we also assessed the fraction of proliferating endothelial cells, which is 

Thesis_Baldwijns_v11.pdf   71 23-3-2009   16:01:08



Chapter 5 

 72 

a better measure for active angiogenesis. A total number of approximately 500 intra-
tumoural endothelial cells and 500 tumour cells were evaluated on consecutive fields 
at a 400x magnification and the fractions of proliferating endothelial cells (ECP%) and 
tumour cells (TCP%) were assessed. ECP% and TCP% were calculated according to the 
following formulas: ECP% = (the number of endothelial cells with Ki67-stained nu-
clei/total number of endothelial cells evaluated) x 100; TCP% = (the number of tumour 
cells with Ki67-stained nuclei/total number of tumour cells evaluated) x 100.  
For CAIX immunohistochemical staining [20], a score of 0-3 for intensity of staining 
within the tumour was given (0:no staining, 1:weak staining, 2:moderate staining, 
3:strong staining). The percentage of immunostained tumour cells was estimated. The 
product (intensity score x the percentage of immunoreactive tumour cells) yielded a 
final score of 0-300.  
The HIF-1α immunohistochemical staining was carried out as described elsewhere 
[20]. For HIF-1α expression analysis, only tumour cells with completely and darkly 
stained nuclei were scored as positive. The fraction of HIF-1α-positive tumour cells was 
estimated. 
Furthermore, a VEGF immunohistochemical staining was performed [16] and VEGF 
expression was semi-quantitatively assessed according to a four point grading scale: 0 
absence of tumour staining, 1+ membrane staining tumour cells, 2+ strong membrane 
staining and cytoplasmic staining of <50% of the tumour cells and 3+ strong cytoplas-
mic staining in >50% of all tumour cells. 
The assessments of all the higher mentioned immunohistochemical stainings were 
made by two independent observers (inter-observer variability < 5 %). 

3. Data analysis 

For statistical analysis, ccRCCs were first categorized according to presence or absence 
of loss of function mutations (defined as truncating mutations, predicted to alter the 
open reading frame, including nonsense mutations and frameshift mutations) on the 
one hand and presence or absence of VHL promoter methylation on the other hand. 
Secondly ccRCCs were subdivided into a group with no mutations or silent mutations, a 
second group with loss of function mutations and a third group with mutations of 
unknown biological significance (missense mutations without abrogating the VHL start 
codon, in-frame mutations). Thirdly, ccRCCs were categorized according to presence or 
absence of VHL changes, by which VHL change was defined as a loss of function muta-
tion and/or VHL promoter methylation.  
Since angiogenesis and hypoxia parameters were not normally distributed, non-
parametric statistics were used to compare continuous variables (e.g. vessel density, 
endothelial or tumour cell proliferation, percentage of HIF-1α immunoreactive tumour 
cells, CAIX score, VEGF score) between tumours with different VHL mutation or methy-
lation status. To compare two groups Mann-Whitney and more than two groups 
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Kruskall-Wallis tests were used, respectively. For the association between non-
continuous variables (e.g. Fuhrman grade, tumour stage) and VHL mutation or methy-
lation status, a Chi-square test was used. The above mentioned statistical analyses 
were performed using the SPSS 12.0. software package. 
The survival analyses were performed by use of the statistical package STATA 10.0.  
Cause-specific overall survival (OS) was defined as the time from nephrectomy until 
renal cancer-related death or until the end of follow-up. Metastatic-free survival (MFS) 
was defined as the time from nephrectomy until the occurrence of a metastasis or 
until the end of follow-up. Kaplan-Meier curves and log-rank tests were used to esti-
mate the overall influence of VHL loss of function mutations, VHL promoter hyper-
methylation and VHL changes on OS and MFS. Hazard ratios (HRs) and corresponding 
95%-confidence intervals (CI) were assessed by use of Cox proportional hazard models. 
Factors were considered possible confounders if they were known prognostic factors 
for renal cancer and influenced the crude HR. Confounders that were eventually in-
cluded in the model were sex, age at diagnosis, cancer stage, tumour size (cm), Fuhr-
man grading, endothelial cell proliferation, tumour cell proliferation, HIF-1α, VEGF 
score and vessel density. CA IX score was evaluated as a possible confounder, how-
ever, was observed to have no influence, therefore CAIX score was not included in the 
model. As the number of stage IV cancers was small (n=2), we decided to exclude 
these cases from the analyses that were adjusted for cancer stage. The proportional 
hazard assumption was tested using the Schoenfeld residuals.  
In all statistical analyses all quoted p-values are two sided, and p-value ≤ 0.05 was 
considered statistically significant.  

4. Results 

4.1 VHL mutation and promoter CpG island methylation is mutual exclusive in ccRCC 

Eighty-seven of 127 ccRCCs (68%) showed VHL mutations. In the 87 VHL mutant 
ccRCCs, 108 mutations were observed. Seventeen ccRCC cases had two mutations and 
two ccRCC cases showed three mutations. Figure 1 shows the type of mutation plotted 
against the codon number. Except for one single nucleotide polymorphism at codon 25 
and silent mutation at codon 40, no further mutations were seen within the first 57 
codons. 
Forty-three of 108 (39.8%) VHL mutations were missense mutations, 45/108 (41.7%) 
were truncating mutations (of which 38 frameshift and 7 nonsense mutations), 17/108 
(15.7%) were silent mutations and 2 (1.9%) were in-frame deletions. Forty-seven of 
108 (43.5%) mutations affected exon 1, 36/108 (33.3%) mutations were located within 
exon 2 and 25/108 (23.1%) mutations were detected within exon 3. Deletions were 
more common in exon 1 (n=47) than exon 2 (n=36) and exon 3 (n=25). 
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In 11 of 134 (8%) ccRCCs methylation of the VHL promoter CpG island was present. In 
38 of 134 ccRCCs (28%) mutations nor methylation of the VHL promoter CpG island 
was found. Both the frequencies of VHL mutations and VHL promoter methylation, as 
well as types of mutations are in accordance with ranges described in literature [1-3,5-
7,21]. 
 

 
Figure 1: Type of mutation plotted against the codon number. Codon 1-114 encodes exon 1, codon 114-155 
encodes exon 2 and codon 155-213 encodes exon 3. 

 

Thesis_Baldwijns_v11.pdf   74 23-3-2009   16:01:08



Different angiogenic potential 

 75 

Table 2 shows that VHL mutation and VHL promoter methylation are almost mutually 
exclusive. 
 
Table 2a:  The presence of VHL loss of function mutations in relation to VHL promoter methylation  
VHL mutation VHL promoter methylation 

Absent present 
 
Total 

0 
1 

38  8 
44  1 

46 
45 

Total 82  9 91 
0: no mutation or silent mutation, 1: loss of function mutation (frameshift, nonsense)  
Pearson chi2 = 5.8732 Pr = 0.015 

 
Table 2b: The presence of VHL mutations in relation to VHL promoter methylation  
VHL mutation VHL promoter methylation 

Absent present 
 
Total 

0 
1 
2 

38 8 
44 1 
34 2 

46 
45 
36 

Total 116 11 127 
0: no mutation or silent mutation, 1: loss of function mutation, 2: mutation of unknown biological  
significance (missense mutations without abrogating the VHL start codon, in-frame mutations) 
Pearson chi2 = 7.2287 Pr = 0.027 

4.2  Immunohistochemical results 

As reported previously [16], high-grade ccRCC showed a significant higher ECP% (P = 
0.049), higher TCP% (P = 0.009), higher VEGF protein expression (P < 0.001), lower 
MVD (P < 0.001) and lower HIF-1α protein expression (P = 0.002) than low grade 
ccRCC. No significant differences were seen in CA-IX expression between both groups. 
Furthermore, a strong positive correlation was found between ECP% and TCP% 
(Rho=0.82, p<0.001).  

4.3 Alterations in the VHL gene do not influence tumour or angiogenesis/hypoxia 
parameters 

No significant differences were observed between the presence/absence of VHL pro-
moter methylation and/or mutations when examined with regard to Fuhrman grade, 
tumour stage, TCP%, angiogenesis and hypoxia related parameters (MVD, ECP%, VEGF 
protein expression, HIF-1α protein expression) (table 3-4). The type of VHL mutation 
was not significantly associated with angiogenesis/hypoxia and clinical variables (table 
4). Only a significant correlation was present between CA-IX expression and VHL 
change (table 4). 
 

Thesis_Baldwijns_v11.pdf   75 23-3-2009   16:01:08



Chapter 5 

 76 

Table 3: Tumour parameters stratified by VHL mutation/methylation status 
 N No 

mutation 
Silent VHL 
mutation 

Loss of function 
VHL mutation 

VHL mutation of 
unknown biological 
significance 

VHL promoter 
methylation 
absent 

VHL promoter 
methylation 
present 

Grade  
1 
2 
3 
4 

 
12 
64 
43 
15 

 
  7 (58%) 
16 (25%) 
15 (35%) 
  5 (33%) 

 
0 (0%) 
5 (8%) 
10 (23%) 
2 (13%) 

 
  2 (16%) 
23 (35%) 
15 (35%) 
  5 (33%) 

 
  3 (25%) 
18 (28%) 
10 (23%) 
  5 (33%) 

 
11 (92%) 
58 (91%) 
40 (93%) 
14 (93%) 

 
1 (8%) 
6 (9%) 
3 (7%) 
1 (7%) 
 

Stage 
1 
2 
3 
4 

 
73 
23 
37 
 1 

 
26 (36%) 
  8 (35%) 
  8 (22%) 
  1 (100%) 

 
7 (9%) 
1 (4%) 
9 (24%) 
0 (0%) 

 
22 (30%) 
  7 (30%) 
16 (43%) 
  0 (0%) 

 
18 (25%) 
  7 (30%) 
11 (30%) 
  0 (0%) 

 
64 (88%) 
22 (96%) 
36 (97%) 
  1 (100%) 

 
9 (12%) 
1 (4%) 
1 (3%) 
0 (0%) 

 
Table 4: Relationship between VHL alterations and angiogenesis/tumour parameters 
 1. VHL promoter  

methylation 
(n=134) 
0=123;1=11 

2. VHL mutation 
(n=91) 
0=46; 1=45 

3. VHL mutation 
(n=127) 
0=.46; 1=45 ; 2=36 

4. VHL change 
(n=93) 
0=38; 1=55 

 p-value p-value p-value p-value 
Angiogenesis parameters     
MVD 0.277 0.499 0.798 0.937 
ECP% 0.300 0.817 0.464 0.248 
HIF-1α  0.789 0.151 0.255 0.150 
CAIX 0.909 0.087 0.150 0.047 
VEGF 0.650 0.267 0.503 0.147 

 
Tumour parameters  
TCP% 0.113 0.817 0.867 0.409 
Fuhrman grade (1-4) 0.686 0.762 0.944 0.953 
Tumour stage (1-4) 0.108 0.212 0.424 0.437 
1.VHL promoter methylation: 0 = unmethylated; 1 = methylated 
2.VHL mutation : 0 = no or silent mutation; 1 = loss of function mutation 
3.VHL mutation : 0 = no or silent mutation; 1 = loss of function mutation; 2= mutation of unknown signifi-
cance  
4.VHL change: 0 = no methylation and/or loss of function mutation; 1 = VHL methylation and/or loss of 
function mutation 
MVD: microvessel density; ECP%: endothelial cell proliferation fraction; TCP%: tumour cell proliferation  frac-
tion. 

4.4 Alterations in the VHL gene do not influence clinical outcome  

The median OS was 64 months (range 1-153) and the median MFS was 56 months 
(range 0-153). Median OS in the patients with VHL loss of function mutations was 63 
months, median OS in patients with VHL wildtype was 61.4 months. Median MFS in the 
patients with VHL loss of function mutations was 54 months, median MFS in patients 
with VHL wildtype was 56 months. 
Kaplan-Meier curves showed no statistically significant difference in OS for VHL loss of 
function mutations (log-rank p = 0.552), VHL mutations (including loss of function mu-
tations and mutations of unknown biological significance, log-rank p = 0.489) or VHL 
changes (log-rank p = 0.424) (Figure 2a,c,e). For MFS no statistically significant differ-
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ences were observed for VHL loss of function mutations (log-rank p = 0.661), VHL mu-
tations (including loss of function mutations and mutations of unknown biological 
significance, log-rank p = 0.758) or VHL changes (log-rank p = 0.400) either (Figure 
2b,d,f). 
 
Results from the age and sex adjusted Cox proportional hazard analyses did not show a 
statistically significant influence of VHL mutation (HR 1.18, 95%-CI 0.57-2.44), VHL 
promoter methylation (HR 0.89, 95%-CI 0.27-2.95) or VHL changes (HR 1.37, 95%-CI 
0.64-2.96) on OS or MFS (VHL mutation HR 1.16, 95%-CI 0.59-2.25; VHL promoter me-
thylation HR 1.00, 95%-CI 0.36-2.78; and VHL changes HR 1.33, 95%-CI 0.67-2.64). In 
the multivariate analyses, neither VHL mutations nor VHL promoter methylation had a 
statistically significant influence on OS (VHL mutation: HR 0.39, 95% CI 0.14-1.11; VHL 
promoter methylation: HR 0.44, 95%-CI 0.06-3.11; VHL changes: HR 0.42, 95%-CI 0.14-
1.23) or on MFS (VHL mutation: HR 0.88, 95% CI 0.35-2.21; VHL promoter methylation: 
HR 1.29, 95%-CI 0.33-5.06; VHL changes: HR 1.21, 95%-CI 0.46-3.19). 
Clinicopathologic parameters did have a significant influence on OS and MFS in the 
multivariate analyses. Mortality and metastasis risk was increased for patients with a 
higher cancer stage (OS stage II cancer HR 3.48 95%-CI 1.14-10.63; OS stage III cancer 
HR 6.39 95%-CI 2.49-16.39; MFS stage II cancer HR 2.84 95%-CI 1.11-7.28; MFS stage III 
cancer HR 4.12 95%-CI 1.83-9.24) and patients with higher tumour cell proliferation 
(increment of 1%: OS HR 1.10 95%-CI 1.03-1.17; MFS HR 1.05, 95%-CI 0.99-1.12). 
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Figure 2. Kaplan-Meier survival analyses. VHL change = loss of function mutation and/or VHL promoter 
methylation 
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5. Discussion 

The aim of our study was to investigate whether VHL mutation and methylation status 
can explain differences in angiogenic potential between low and high grade ccRCCs. 
In agreement with most other studies [5,22-25] we found no significant relationship 
between VHL mutation (presence or type) or VHL promoter methylation and tumour 
parameters (grade, stage, tumour cell proliferation). In our previous study [16], we 
observed that high grade ccRCCs were characterized by a higher angiogenic activity 
than low grade ccRCCs. This difference cannot be explained by presence/absence of 
alterations in the VHL gene. No significant association could be found between VHL 
alterations and angiogenesis (ECP%, MVD,VEGF) or HIF-1α expression. Only a signifi-
cant association was observed between presence of VHL change (VHL promoter me-
thylation and/or VHL loss of function mutation) and CAIX expression. However with a 
p-value of 0.047, it is not a strong significant correlation and it can be questioned 
whether it has any biological significance, since no significant association is found be-
tween CAIX expression and VHL promoter methylation or CAIX expression and VHL 
mutation status separately. CAIX plays an important role in allowing cancer cells to 
buffer their intracellular pH in hypoxic and/or in extensive glycolysis conditions [26,27], 
but no effect of CAIX on active angiogenesis has been shown in literature. An earlier 
study showed that CAIX expression is not solely regulated by HIF-1α accumulation 
(through hypoxia and/or defective VHL), resulting in binding to hypoxia response ele-
ment (HRE), but also by factors binding to the juxtaposed SP1/SP3 site PR1 of the CAIX 
promoter, whereby induction of CAIX may be the result of a cooperation between 
SP1/SP3 and HIF-1α transcription factors[28]. 
An earlier report investigated the effect of VHL mutation status on vessel density and 
also showed that these two features are not associated with one another [22]. Addi-
tionally, in accordance with other reports [29,30], no significant correlation was found 
between presence/absence or type of VHL alterations and clinical outcome. However, 
contrasting results about the prognostic relevance of VHL alterations are present in 
literature [31,32]. Differences between studies may be due to low samples sizes or 
small effect sizes [33-35], length of follow-up and postoperative treatment. 
Our results suggest that regulation of angiogenesis and tumour progression of ccRCC is 
apparently not directly influenced by VHL alterations. The equal frequencies of VHL 
alterations between tumour stages 1, 2 and 3 supports the belief that VHL gene inacti-
vation is an early event in ccRCC tumourigenesis [36,37]. Subsequent to this inactiva-
tion, additional genetic and epigenetic events might cause the diverse angiogenic and 
proliferative behavior during tumour progression. To that end, the strong association 
between tumour cell proliferation rate and endothelial cell proliferation rate, observed 
in our study, implies that tumour angiogenesis and tumour cell proliferation in ccRCCs 
may be driven by similar mechanisms. 
The HIF pathway, involved in renal angiogenesis and carcinogenesis, is complex. Tu-
mour behavior may be dictated by additional genetic defects in the hypoxia-HIF-VHL 
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upstream, non-VHL oncogenic pathways on HIF activation (P13 kinase pathway 
[38,39]/ MAPK kinase pathway [40,41]), and downstream pathways (VEGF and other 
target genes). For instance, VEGF by itself acts through multiple cell surface receptors 
and signaling pathways to stimulate endothelial cell proliferation, survival, and migra-
tion [42]. By inducing other growth factor expression, VEGF stimulates a cascade of 
angiogenic activity [42]. 
Studies of HIF target genes have defined examples with putative antitumourigenic 
properties [43]. Also contrasting properties of HIF-1α and HIF-2α were observed in 
VHL-defective RCC cells, whereby, HIF-2α yielded more protumourigenic effects than 
HIF-1α [44], suggesting that it is the overall balance of target gene activation that de-
termines the outcome of HIF activation. 
Besides the HIF transcriptional cascade, often considered as the regulating system of 
tumour angiogenesis, accumulating evidence indicates that HIF-independent pathways 
also can control angiogenesis [45]. These mechanisms still have to be elucidated in 
sporadic ccRCC. 
In our study, the lack of a direct association between VHL inactivation status and HIF-
1α expression can be explained by an earlier report of Jiang et al. This study demon-
strated the expression of a different number of hypoxia-inducible genes between RCC 
786-0 VHL+ and 786-0 VHLˉ cell lines. Four genes were induced in both cell lines. These 
findings suggest VHL-dependent and VHL-independent mechanisms in RCC cells in 
response to hypoxic stress [46]. Other studies reveal that, even in the absence of VHL 
mutations, the frequency of HIF-1α protein expression still varies from 14 to 75% 
[14,47,48]. In this case, loss of HIF-1α protein was not only associated with truncated 
HIF-1α mRNA transcripts, but also with transcriptional silencing [49]. In these HIF-1α 
defective cell lines, the knockdown of the HIF-2α gene demonstrated that HIF-2α regu-
lated the VEGF production, irrespective of the VHL gene mutation status [49]. 
Finally, 27% of our patient group showed no VHL mutations or VHL promoter methyla-
tion. In the literature, in approximately 25-50% of sporadic ccRCC no alterations in the 
VHL alleles were detected [25,50,51].These findings indicate that VHL alterations may 
be central to the development of the vast majority of ccRCC, but not the only tumouri-
genic pathway. Additional inactivation of 3p12-p21 tumour suppressor genes appears 
to be necessary in the development of ccRCC irrespective of VHL gene inactivation 
[52,53]. Furthermore, though 3p is the most frequently lost chromosome arm in 
ccRCC, other regions of genetic loss on other chromosomes have been identified in 
ccRCC [54-56]. The presence of multiple genetic losses in ccRCC is associated with a 
poor prognosis [53,55]. 
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In conclusion, our data suggest that VHL alterations, though one of the key events in 
both hereditary and sporadic ccRCCs, may not independently influence angiogenesis, 
tumour proliferation or prognosis. The variable nature of ccRCC is most likely strongly 
determined by the complex interplay of additional downstream modifications, among 
which the role of epigenetic alteration of gene expression is becoming more and more 
acknowledged. Elucidation of these modifications will be necessary for successful tar-
geted therapy. 
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Abstract 

Objective: To assess ongoing lymphangiogenesis in renal cell carcinomas (RCC) by his-
tomorphometry and by quantifying mRNA expression levels of lymphangiogenesis-
related factors.  
Materials and methods: Using D2-40 antibody as a lymphatic marker, lymph vessel 
count was performed in tissue sections of 150 clear cell RCCs (ccRCC) and 61 non-
neoplastic controls, by means of the Chalkley method, which in fact measures the 
relative lymph vessel area (LVA). Double staining with Ki67 and D2-40 was used to 
assess active lymphangiogenesis. In a subset of ccRCCs (n=25) and non-neoplastic con-
trols (n=9) mRNA expression levels of lymphangiogenic factors were determined by 
real-time quantitative RT-PCR. 
Results: LVA was higher in normal renal tissue compared to both intra- and peritu-
moural LVA (p<0.001). LVA in the tumour periphery was higher than in the tumour 
parenchyma (p<0.001). Lymphatic endothelial cell proliferation was identified in 8.2 % 
of the control sections and was higher than the intratumoural lymphatic endothelial 
cell proliferation fraction (LECP%, 2.6 %) (p=0.02) and the peritumoural LECP% (6.5 %) 
(p=n.s.). Compared to controls, ccRCC specimens showed higher mRNA expression 
levels of VEGF-A (p<0.001) and VEGF-C (p<0.001), but lower expression levels of VEGF-
D (p<0.001) and Prox-1 (p<0.001). 
Conclusion: Our data demonstrate that there is only limited ongoing lymphangiogene-
sis present in ccRCC. Given the dual activity of several growth factors, stimulating both 
angiogenesis and lymphangiogenesis, our observation indirectly points to the fact that 
haemangiogenesis predominates in ccRCC. This finding may provide a clue to better 
understand why ccRCCs prefer haematogenous dissemination to lymphatic spread. 
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1. Introduction 

Although haematogenous spread is the most common route of tumour dissemination 
in renal cell carcinoma (RCC), 7-17 % of patients with RCC have hilar or locoregional 
lymph node metastases[1-3]. Tumour cells may either get access to the lymphatic 
system by inducing intratumoural lymphangiogenesis or by invading pre-existing lym-
phatics in the surrounding tissue [4-6]. Although sprouting of new lymphatic microves-
sels from pre-existing ones is a key process of intratumoural lymphangiogenesis, it is 
still unclear whether recruitment of precursor lymphatic endothelial cells participates 
in the formation of intratumoural lymphatic vessels [7,8]. The growth of new lymphatic 
vessels (lymphangiogenesis) is a complex process, regulated by multiple factors. In 
vitro and in vivo studies have demonstrated that both vascular endothelial growth 
factors-C and D (VEGF-C and –D) act directly on lymphatic endothelial cells via activa-
tion of vascular endothelial growth factor receptor (VEGFR-3) [9]. Indeed, overexpres-
sion of VEGF-C and –D promotes lymphatic metastasis [4,5]. Recent studies in animal 
models have shown that vascular endothelial growth factor-A (VEGF-A) can also stimu-
late lymphatic vessel growth, by inducing the release of VEGF-C and –D by activated 
inflammatory macrophages [10,11]. Furthermore, VEGFR-2 is occasionally expressed 
on lymphatic endothelial cells (LEC), suggesting a direct stimulatory effect of VEGF-A 
on lymphatic vessels through binding to VEGFR-2 [12]. Cao et al (2004) suggested that 
platelet derived growth factor-B (PDGF-B) may be a survival factor for newly formed 
lymphatics, by activating the AKT kinase, which promotes anti-apoptotic signalling. 
PDGF-B induced lymphatic endothelial cell differentiation and assembly of lymphatic 
vessels are mediated via a Prox-1 independent pathway [13]. The homeobox gene 
Prox-1 is an essential early transcription factor for lymphatic development and can be 
used as a specific marker for normal and tumour-associated lymphatic vessels[14]. 
The identification of molecular markers with high specificity for LECs relative to blood 
vessel endothelium, e.g. LYVE-1, podoplanin or D2-40, allows for the quantification of 
lymphangiogenesis in human tumours[15]. By measuring the fraction of proliferating 
LECs, based on double-immunostaining tumour sections with antibodies directed at 
D2-40 and Ki67, ongoing lymphangiogenesis has been described in breast adenocarci-
nomas, with more aggressive phenotypes having elevated LEC proliferation frac-
tion[16]. 
Recent studies have investigated lymph vessel density in conventional RCC, using D2-
40 as a lymphatic marker[17-19]. Lymph vessel density (LVD) is the net result of previ-
ous phases of tumour lymphangiogenesis and of lymphatic remodelling or regression, 
which implicates that the measurement of LVD is not necessarily a reflection of the 
ongoing tumour lymphangiogenesis. In the present study lymphangiogenesis was 
quantified in clear cell RCC (ccRCC), not only by evaluating LVD, but also by assessment 
of LEC proliferation fraction, a measure of ongoing lymphangiogenesis, and by quanti-
fying mRNA (quantitative real-time RT-PCR) of lymphangiogenesis-related factors (Ta-
ble 1). 
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Table 1: Lymphangiogenesis-related factors 
Gene Function Effect/ 

presence on 
lymph vessels 

Effect/ 
presence on blood 

vessels 

Reference 

VEGF-A 
 

Growth factor 
Induces lymphangiogenesis and 
haemangiogenesis 

+ + [15,23,26] 

VEGF-C 
 

Growth factor 
Promotes the growth of intratumoural blood 
vessels(via activation of VEGFR-2 (a)) and lymph 
vessels 

+ + [5,15] 

VEGF-D 
 

Growth factor 
Induces the formation of lymphatic vessel 
within the tumour  
Promotes haemangiogenesis via activation of 
VEGFR-2  

+ + [4,15] 

VEGFR-3 
 

Growth factor receptor 
Plays an important role in the development of 
lymphatic vasculature 
Induces proliferation of cultered LECs  
Ligands are VEGF-C and VEGF-D 

+ + (b) [9,15] 

PDGF-B 
 

Survival factor for newly formed lymphatics 
Induces LEC differentiation and assembly of 
lymph vessels 
Maturation factor for newly formed tumoural 
blood vessels 

+ + [13,26] 

PROX-1 
 

Homeodomain protein involved in the 
formation of lymphatics 

+ (+)(c) [14] 

a: VEGFR-2 is present on blood vessel and lymphatic endothelial cells ; b: VEGFR-3 is normally only expressed 
in lymphatics but in tumour vessels it becomes; abnormally upregulated. c: PROX-1 is only detected in em-
bryonic veins  

2. Materials and methods 

2.1 Tissue samples and patient characteristics 

Tumour samples of 150 patients with ccRCCs were obtained during radical or partial 
nephrectomy, from the archives of the Departments of Histopathology of the Univer-
sity Hospitals of Leuven and Maastricht. Tissue samples were snap-frozen or formalin 
fixed and paraffin embedded. None of the patients had received neo-adjuvant therapy 
at the time of nephrectomy. Regional lymphadenectomy was not routinely performed 
without clinical evidence of regional lymph node involvement. In our study group 58 of 
150 patients underwent lymph node dissection, of which 10 patients showed histologi-
cal proven lymph node metastases. All patients were evaluated post-operatively at 
regular intervals by means of physical examination, chest x-ray, abdominal computed 
tomography or ultrasound and blood chemistry. The median follow-up time was 64 
months (range 1-153 months). Five patients showed lymph node metastases at the 
time of recurrence. Specific clinical-pathological data of the study population are 
summarized in Table 2. The control population consisted of 61 samples of tumour-free 
tissue, collected in the opposite tumour-free kidney pole of the nephrectomy speci-
mens. 
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Table 2: Clinical and histopathological characteristics  
 Immunohistochemistry 

Clear cell RCC 
Real-time RT-PCR 
Clear cell RCC 

Number of patients 150 25 
Gender  M/F 99/51 (66/34%) 13 (52%) 
Agea (years) 60.6 (22-82) 63.1 (32-78) 
Tumour diametera (cm) 6.36 (0.7-20.0) 6.34 (3.0-13.0) 
Fuhrman grade   
  1 15 (10%) 4 (16%) 
  2 72 (48%) 15 (60%) 
  3 46 (30.7%) 5 (20%) 
  4 17 (11.3%) 1 (4%) 
Tumour stageb   
  I 82 (54.7%) 14 (56%) 
  II 24 (16%) 5 (20%) 
  III 42 (28%) 6 (24%) 
  IV 2 (1.3%) 0 (0%) 
Lymph node status   
  Negative/positive 135/15 (10%) 22/3 (12%) 
a mean (range); b T and N status were assigned according to the TNM classification of the International Union 
Against cancer 2002 

2.2 Immunohistochemical staining 

To assess lymph vessel density and to analyse proliferating LECs, double immuno-
staining for D2-40 and Ki-67 was performed by a Dako Autostainer (Dako), as described 
before [16]. Serial 4 micron thick sections were cut from formalin fixed paraffin-
embedded tumour tissue (n=195) and from normal renal tissue paraffin blocks (n=61). 
After dewaxing in toluene and rehydration through sequential changes of alcohol and 
distilled water, sections were first incubated with the Ki-67 (clone MIB-1, dilution 
1/150, Dako, Glöstrup, Denmark,) primary antibody which was visualized with Envision 
+ dual link system (Dako). A second primary antibody against podoplanin (clone D2-40, 
dilution 1/20, Dako) was then applied and visualized with Envision G/2 system/AP 
(Dako).  

2.3 Assessment of lymph vessel area and lymphatic endothelial cell proliferation 

Immunostained tumour and normal renal sections were scanned at low magnification 
(100x). For quantification, regions with the highest lymphatic density (hot spots) were 
chosen both in tumoural and peritumoural tissue. Intratumoural lymph vessels were 
defined as D2-40 positive vessels that were in close contact with tumour cells or lo-
cated in fibrous tissue surrounding tumour cells. Peritumoural lymph vessels were 
defined as D2-40 positive vessels in the fibrous capsule, at the interface of tumour and 
adjacent kidney or pre-existing normal renal tissue at a maximal distance of 2 mm 
from the tumour periphery. The presence of a lumen was not necessary to identify a 
lymph vessel in order not to exclude small sprouting lymph vessels. At higher magnifi-
cation (200x), quantification of lymph vessels was performed according to the Chalkley 
point overlap morphometric technique [20]. This method involves the use of an eye-
piece graticule containing 25 randomly positioned dots, which is rotated so that the 
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maximum number of points is on or within the vessels of the vascular “hot spot”. Thus, 
the Chalkley count is the number of grid points that hit stained lymph vessels. It is a 
relative area estimate rather than a true vessel count. In every section of normal or 
renal tumour tissue, in three hot spots (areas of highest lymph vessel density), the 
eyepiece graticule was rotated so that the maximum number of points was on or 
within the vessels of every vascular hot spot. The mean value of the counts in the three 
hot spots was considered as the Chalkley count of that specimen and taken for further 
analysis. 
The fraction of proliferating lymphatic endothelial cells (LECP%) was calculated in each 
hot spot as the number of LECs with Ki-67 stained nuclei per 100 lymphatic endothelial 
cells x 100 (%). Furthermore, intra- and peritumoural lymph vessels were scanned for 
the presence of tumour emboli. All these assessments were made by two independent 
observers (inter-observer variability < 5 %). 

2.4 RNA isolation, cDNA synthesis and qPCR analysis 

Quantitative real-time RT-PCR was performed to determine mRNA expression levels in 
25 clear cell RCC (ccRCC) tissues and 9 normal renal tissues. For this, total RNA was 
isolated using the RNeasy mini kit (QIAgen) from 10 cryosections (20 μm thick) of fro-
zen tissue samples. On column DNAse treatment was performed to remove any ge-
nomic DNA contaminations. Concentration and quality of the RNA was analysed on the 
NanoDrop ND-1000 (NanoDrop Technologies, Inc., Wilmington, USA) and by agarose 
gel electrophoresis, respectively. cDNA synthesis was performed with the iScript cDNA 
synthesis kit (Biorad, Hercules, CA) on 100 ng RNA according to the suppliers protocol. 
Following cDNA synthesis, nuclease free water was added to a final volume of 50 μl 
and samples were stored at -20°C. Quantitative real-time RT-PCR was performed on 
the iCycler (Biorad) with 2 μl cDNA and the iQ SYBR green Supermix (Biorad) as de-
scribed previously[21]. Primers were synthesized by Eurogentec and targeted against 
VEGF-A, VEGF-B, VEGF-C, VEGF-D, VEGFR-3, PDGF-B and Prox-1. Primers targeted 
against cyclophilin A, beta-actin and 18S rRNA were used as reference genes for nor-
malization of the Ct values. Relative gene expressions were presented as 2-ΔCt [22].  

3. Statistical analysis 

Statistical analysis was performed with the SPSS 12.0 software package. A p-value < 
0.05 was considered statistically significant. Normality was tested with a Kolmogorov-
Smirnov test assuming normality of data if p ≥ 0.2. If continuous data (e.g. RT-PCR 
expression, LECP%) were normally distributed, correlations were analyzed with Pear-
son correlation statistics, if not with Spearman correlation statistics. In case of normal 
distribution in all subgroups, equality of means was tested with a student T-test, if data 
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were not normally distributed equality of medians was tested with a Mann-Whitney U 
test.  

4. Results 

4.1 Immunohistochemical quantification of lymph vessels 

The D2-40 antibody showed strong immunoreactivity with lymph vessel endothelium, 
both in the tumour (center and periphery) as well as the surrounding normal renal 
tissue. Of the renal tumours, 36 % revealed D2-40 positive intratumoural lymph vessels 
and 83 % D2-40 positive peritumoural lymph vessels. In 98 % of the normal renal tissue 
samples, D2-40 positive lymph vessels were present. In normal renal tissue sections 
lymph vessels were abundant around intrarenal blood vessels. In the interstitium only 
a few lymph vessels were present around tubules and glomeruli, except in case of 
interstitial inflammation when clusters of lymph vessels were seen (Figure 1). 
The intra- and peritumoural lymph vessels were often irregularly shaped and col-
lapsed. No intralymphatic tumour emboli could be found. Hot spots of intratumoural 
lymph vessels were especially seen in inflammatory response areas within the sub-
stance of the tumour and in the neighbourhood of blood vessels (Figure 1). Hot spots 
of peritumoural lymph vessels were in 95 % of all cases present in the peritumoural 
fibrous capsule (Figure 1). 
 
Table 3 shows the results of the lymphangiogenesis parameters in normal renal tissue 
and clear cell RCC. The Chalkley count of the control non-neoplastic renal tissue was 
significantly higher than the intra- or peritumoural LVA (p<0.001). Peritumoural LVA 
appeared to be significantly higher than the intratumoural LVA (p<0.001). Neither 
intratumoural LVA nor peritumoural LVA correlated significantly with clinicopathologi-
cal variables (lymph node status, Fuhrman grade and tumour stage) (data not shown). 
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Figure 1: Overview of the D2-40/Ki-67 double immunostainings. A: non-neoplastic renal tissue with the 
presence of lymph vessels (red) around intrarenal veins and arteries. Inset illustrates lymphatic capillaries in 
the neighbourhood of a glomerulus, in the background of an inflammatory interstitium of the tumor-free 
renal tissue. B: Intratumoural lymph vessels were observed especially in inflammatory areas. C: Black arrows 
show proliferating Ki-67 positive (brown nucleus) endothelial cells. D: Hot spots of peritumoural lymph 
vessels were present in the peritumoural fibrous capsule. Lymphatic capillaries were often irregularly shaped 
and collapsed (inset). For full colour picture see page 166. 

 
Table 3: Immunohistochemical quantification of lymph vessels (LVA) and proliferating lymph endothelial 
cells (LECP%) in normal renal tissue and clear cell RCC. 

Clear Cell RCC (n=150)  Normal  
(n = 61) intraT periT 

LVA 
  Mean (SD) 
  Median (range) 

 
6.8 (2.6) 
6.7 (0-13) 

 
1.3 (2.1) 
0.0 (0-8) 

 
3.7 (2.0) 
4.0 (0-9) 

P-value <0.001a <0.001b 

LECP% 
 Mean (SD) 
 Median (range) 

 
0.2 (0.9) 
0.0 (0-6) 

 
0.1 (0.8) 
0.0 (0-7.6) 

 
0.3 (1.3) 
0.0 (0-9.2) 

P-value 0.02 c (0.22 c) 0.57b 

P-value:  a comparison between normal and intra- or peritumoural variables (Mann-Whitney). 
 b comparison between intratumoural (intraT) and peritumoural (periT) variables (Mann-Whitney). 
 c comparison between normal and intraT LECP% (between normal and periT LECP%) 
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4.2 Lymphatic endothelial cell proliferation (LECP%) 

Lymphatic endothelial cell proliferation (LECP%) was identified in 8.2 % of the normal 
renal tissue sections. Proliferating LECs were seen in lymph vessels surrounding in-
trarenal arteries and veins as well as in lymphatic capillaries located in an inflamma-
tory interstitium. The fraction of proliferating LECs was significant lower than in intra-
tumoural lymph vessels (p=0.02) (Table 3). There were no significant differences be-
tween LECP% of normal renal tissue and of peritumoural lymph vessels. In only 2 % of 
the ccRCCs intratumoral lymph vessels revealed proliferating LECs and in 6 % of the 
renal tumours proliferating LECs were present in the peritumoural lymph vessels. 
There were no significant differences between LECP% of intra- and peritumoural lymph 
vessels.  
A significant association between peritumoural LECP% and tumour stage was found 
(p= 0.04), with a mean peritumoural LECP% of 0.00214 in stage 1-2 RCCs and 0.0049 in 
stage 3-4 RCCs. However, after making a scatterplot (not shown), no real visual differ-
ences were seen comparing both tumour stage groups, presuming that this finding has 
no biological significance. No further significant correlations were present between 
LECP% and lymph node status, Fuhrman grade or tumour stage (data not shown). 

4.3 Differential expression of genes related to lymphangiogenesis 

In ccRCC a significant overexpression of VEGF-A (p< 0.001) and VEGF-C (p=0.004) was 
detected compared with normal renal tissue (Figure 2). In contrast, VEGF-D (p<0.001) 
and Prox-1 (p<0.001) expression was significantly lower. There were no significant 
differences of PDGF-B or VEGFR-3 expression between normal renal tissue and renal 
tumour. VEGF-C expression in RCC was significantly lower than VEGF-A expression 
(p<0.001). Except for a lower PDGF-B and VEGFR-3 expression in Fuhrman grade 3-4 
RCCs, compared with Fuhrman grade 1-2 RCCs (p=0.007 and p=0.03, respectively), no 
further significant correlations were found between lymphangiogenic factor expres-
sion and clinicopathological para-meters (data not shown). No association was present 
between the expression of lymphangiogenesis-related factors and LVA (intra- and 
peritumoural) or LECP% (intra- and peri-tumoural). 
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Figure 2: Box plot of real-time quantitative RT-PCR results of lymphangiogenesis related genes in non-
neoplastic renal tissue (light-coloured bar) and renal tumour (dark grey bar). 

5. Discussion 

Recent studies have revealed that tumour lymphangiogenesis promotes lymph node 
metastasis in an experimental cancer metastasis model[4,5]. Since lymph node metas-
tases are diagnosed in 7-17 % of patients with RCC[3], the aim of our study was to 
investigate whether active lymphangiogenesis occurs in ccRCCs.  
The main conclusion of the histomorphometrical part of this study is that in ccRCC 
there is very limited ongoing lymphangiogenesis. In only 2 % of the ccRCC proliferating 
LECs could be demonstrated, resulting in a median proliferation fraction of 0. With 
identical methodology, we have shown significantly higher LECP% in breast carcino-
mas[16], with median values, depending on tumour biotype and area, ranging from 1.8 
% to 8.6 %. This tumour type is known to metastasize to regional lymph nodes. 
Furthermore, intratumoural LVA in ccRCC was significantly lower than in the normal 
renal tissue and peritumoural tissue, which was defined as the fibrous capsule sur-
rounding the tumour and which actually corresponds with compressed normal renal 
tissue, since most of ccRCCs are expansively growing tumours. 
The absence of significant lymphangiogenesis in RCC was further supported by the 
mRNA expression level study in which VEGF-D expression and Prox-1 expression were 
lower in RCC compared to control tissue. No significant differences were found for 
VEGF-R3 and PDGF-B. VEGF-A levels were much higher than VEGF-C levels in RCC, and 
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VEGF-A has been shown to be positively related with blood vessel density in RCC[23]. 
Moreover, no significant correlations between the expression levels of lymphangio-
genesis related factors and LVA or LECP% could be demonstrated. The lack of an asso-
ciation between LVA and the presence/absence of lymph node metastases can be 
explained by the small number of intratumoural lymph vessels and by the fact that 
these vessels may not be functional[24]. In earlier studies, performed on ccRCCs, an 
association with lymph node involvement was demonstrated only in case of lymphatic 
invasion in the periphery or outside the tumour[17,25]. Clear cell RCCs are highly an-
giogenic tumours[26] and grow by compressing the renal parenchyma forming a new 
stromal tissue component with high density of proliferating capillary blood vessels. 
Normal tubuli or glomeruli are rarely present in the tumour parenchyma. Angiogenesis 
in ccRCC is to a large extent driven by VHL protein dysfunction creating a hypoxia-
mimicking signal that leads to upregulation of VEGF-A and other angiogenic growth 
factors[27]. These growth factors exhibit overlapping haemangiogenic and lymphan-
giogenic activity. Exposure of blood vessels and lymphatic vessels to these growth 
factors leads to simultaneous stimulation of angiogenesis and lymphangiogenesis[28]. 
Given the dual activity of several angiogenic factors and receptors, lymphangiogenic 
activity in ccRCC might be expected. However, our results indicate that there is no 
significant lymphangiogenesis in ccRCCs, presuming a preferential haemangiogenic 
response to these growth factors. The molecular mechanisms underlying the differen-
tial effects of the same growth factors on blood- and lymph vessels is currently un-
known. Earlier observations indicated that lymphangiogenesis can occur independently 
from haemangiogenesis and that haemangiogenic/lymphangiogenic factors may, de-
pending on where they are expressed in a tissue, differentially induce haemangiogene-
sis or lymphangiogenesis[28]. This may explain differential angiogenic and/or lym-
phangiogenic response in different tumour subtypes. 
Regarding the significantly lower VEGF-D and Prox-1 expression in RCC compared with 
normal renal tissue, one could even postulate an inhibition of lymphangiogenesis 
within clear cell RCC. It is described that certain tumours, such as fibrosarcomas ap-
pear to produce circulating lymphangiogenesis inhibitors[28]. 
The presence of proliferating LECs in non-neoplastic renal tissue can be partly ex-
plained by the fact that proliferating lymph vessels were often seen in inflammatory 
regions. Stuht et al. found a close association between lymphangiogenesis and the 
presence of inflammatory infiltrates in transplanted kidney [29]. It was suggested that 
cellular infiltrates and their inflammatory potential may be a cause of lymphangio-
genesis. VEGF-A recruitment of macrophages plays a important role in inducing lym-
phangiogenesis [11]. In addition to the paracrine release of VEGF-C and VEGF-D by 
activated inflammatory macrophages, in vitro experiments have demonstrated that 
CD11b-positive macrophages alone were capable of forming tubular like structures, 
which expressed markers of LEC [30]. 
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In summary, the results of this study strongly suggest that there is only limited intra-
tumoural lymphangiogenesis in clear cell RCC, which is not related to Fuhrman grade 
or tumour- and lymph node stage. These findings, together with the results of our 
earlier study[26], suggest that during renal tumourigenesis, haemangiogenesis rather 
than lymphangiogenesis occurs. This may explain why haematogenous spread is in-
deed the most common route of tumour dissemination in RCC. 
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Abstract 

Renal cell carcinoma (RCC) is not a single disease, but comprises a group of tumours of 
renal epithelial origin, each with a different histology, displaying a different clinical 
course and caused by different genetic alterations. Since cure rates are inversely asso-
ciated with stage and response to the available treatment regimes is limited to a sub-
group of patients, diagnostic methods facilitating early detection and new therapeutic 
modalities are necessary. Increased knowledge of the underlying pathophysiology of 
RCC has resulted in the identification of genetic alterations involved in renal cell cancer 
carcinogenesis. Promising agents to target these pathways, especially the angiogenesis 
pathway, are being developed, some of which are already standard of care. In addition 
to genetics, knowledge on epigenetics in the process of renal tumourigenesis has been 
significantly increased in the last decades. Epigenetics will play an increasing role in the 
development of new therapeutic modalities and may deliver new prognostic and early 
diagnostic markers. 
In this review we discuss the background of RCC and the clinical applications of RCC 
genetics and epigenetics. 
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1. Genetics of RCC 

During the past two decades, genetic and clinical studies have shown that RCCs are not 
only heterogeneous in their histology and clinical behaviour, but also in their genetic 
alterations. The identification of families with distinct histological subtypes of RCC has 
permitted a better understanding of the molecular mechanism of carcinogenesis of the 
different subtypes, and for each subtype one or more important mutations have been 
described. 
Clear cell, papillary, and chromophobe RCC cover the majority of all renal cancers and 
are mostly investigated, therefore (genetic) knowledge of the other subtypes, with a 
very low prevalence, is limited. The genetics of the three most common subtypes will 
be discussed in this review.  

1.1 Clear cell renal cell carcinoma – von Hippel-Lindau (VHL) tumour suppressor gene 

The most and probably best studied adult renal neoplasm is ccRCC, and particularly the 
inherited form, related to the von Hippel-Lindau (VHL) syndrome. RCC in the heritable 
VHL-syndrome is uniformly of the clear cell subtype[1,2]. In 1988 the VHL gene was 
mapped to the short arm of chromosome 3 by linkage analysis[3] and in 1993 the gene 
was identified as a result of positional cloning strategies performed in VHL kindreds[4]. 
Heritable ccRCC is caused by a germline mutation of one allele (80% is inherited of one 
of the parents and 20% is a ‘de novo’ mutation) and an acquired mutation of the sec-
ond allele. Germline VHL mutations are identified in nearly 100% of VHL-families[5]. 
The VHL gene has been found to have characteristics of a tumour suppressor gene 
(TSG), in which >150 different germline mutations linked to VHL disease have been 
identified since 1993[1,2,6,7]. VHL mutations are extremely heterogeneous and are 
distributed throughout the coding sequence, except that mutations are rarely ob-
served within the first 50 codons[2,8].  
In the majority (50%-75%)[8-10] of sporadic ccRCCs, VHL inactivation of both alleles 
have been observed[11], whereby loss of heterozygosity (LOH) of a VHL allele is de-
tected in almost all (90%) sporadic clear cell tumours[12]. Inactivation can be a result 
of somatic mutations, deletions, LOH or epigenetic inactivation such as promoter DNA 
methylation (see also chapter 3). Although mutations in the VHL gene are mostly re-
stricted to ccRCC[13], van Houwelingen et al. reported mutations in the other sporadic 
RCC subtypes, although in much smaller proportions[8].  
Heritable and sporadic ccRCC often show two inactivated or silenced VHL alleles, which 
indicates that the loss of function of the VHL gene is an important event in the patho-
genesis of ccRCC[10]. 
 
The VHL protein (pVHL) is the product of the VHL gene. Cultured cells produce two 
proteins, a protein consisting of 213 amino acid residues with a molecular weight of 30 
kDa (pVHL30) and a variant which corresponds to pVHL residues 54-213 of pVHL30. The 
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latter migrates with a molecular weight of 18/19 kDa (pVHL18/19) and is most likely 
generated by internal transcription initiation from the second methionine start site 
within the VHL open reading frame (Met-54)[14-16]. 
Insights into the function of pVHL have come from studying the effects of reintroduc-
ing the wildtype VHL gene into cultures of cells which lack functional pVHL[7,13,17]. In 
these experiments, several aspects of cellular behaviour, related to tumour suppressor 
function, like growth inhibiting, cell cycle arrest, and increased susceptibility to apop-
tosis, were restored upon reintroduction of the wildtype VHL gene[7,13]. 
 
Probably the best known alteration in VHL defective cells is the failure to 
(poly)ubiquitinate and degrade hypoxia inducible factor α (HIF-α) in the presence of 
oxygen. HIF-1α and HIF-2α, which are unstable but continuously transcribed and trans-
lated, are key mediators in the complex cellular and systemic oxygen adaptation cas-
cade triggered by hypoxia[18]. Under normoxic conditions, HIF-α subunits become 
hydroxylated, enabling binding and ubiquitination by pVHL. Under hypoxic conditions, 
HIF-α subunits remain non-hydroxylated and are able to complex with stable β-
subunits. HIFα −β heterodimers bind DNA at hypoxia responsive elements (HREs) and 
transcriptionally activate genes involved in acute and chronic adaptation to hypoxia, 
normally inhibited by pVHL[18,19]. The proteins regulated by hypoxia-inducible genes 
are involved in angiogenesis (vascular endothelial growth factor (VEGF)), cell growth 
(transforming growth factor α (TGF-α) and platelet derived growth factor (PDGF)), 
glucose uptake (glucose transporter GLUT-1), and acid-base balance (carbonic anhy-
drase IX (CAIX)). Thus, like in hypoxic conditions, absence of (functional) pVHL leads to 
accumulation of HIF-α subunits, forming heterodimers with HIF-β, resulting in overex-
pression of the above mentioned proteins, which creates a microenvironment favour-
able for tumour proliferation[13,18]. In addition, the above mentioned proteins act on 
the neighbouring vasculature to promote tumour angiogenesis[13]. 
Both VHL gene products, pVHL30 and pVHL18/19, can inhibit the production of the hy-
poxia-inducible proteins when reintroduced into renal carcinoma cells that lack the 
wild-type VHL allele. Therefore, mutations 5’ of codon 54 may not lead to a function-
ally inactive protein, however mutations in the first 50 codons are rarely observed[8]. 
It has been observed early that RCCs are highly angiogenic tumours with aberrant 
expression of HIF proteins, however, Maxwell et al. were the first to report (1999) the 
relationship between VHL disease and HIF-α in RCC[20]. They reported that cells lack-
ing pVHL are unable to degrade HIF-α under both normoxic and hypoxic conditions, 
thus cells deficient in pVHL behave as being hypoxic (pseudohypoxia), even in nor-
moxic conditions, due to continuous HIF-α activation[9,13,20]. 
Although the HIF-α accumulation is important for pathogenesis or progression, it is not 
per se sufficient to induce tumourigenesis of ccRCC. In VHL disease only a subgroup of 
VHL mutation carriers develops RCC.[13,21] In addition, in approximately 25%-50% of 
sporadic ccRCC no alteration in the VHL gene was detected[8-10]. This suggests in-
volvement of other genes that may also predispose to tumourigenesis of ccRCC, possi-
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bly affecting the same signalling pathway as VHL, or other mechanisms to inactivate 
VHL. 

1.2 Papillary renal cell carcinoma – MET proto-oncogene  

The second most prevalent kidney cancer is pRCC, which was first reported by Zbar et 
al in 1994[22], who observed kidney cancer in a family setting, which differed in sev-
eral aspects from familial ccRCC. All tumours displayed a papillary histology without 
evidence of VHL mutations. A novel inherited form of kidney cancer was detected, 
namely hereditary papillary renal cell carcinoma[22,23]. Genetic studies in kindreds of 
familial pRCC led to the identification of the MET proto-oncogene gene, located on the 
long arm of chromosome 7[24]. Patients with (germline) mutations in the MET gene 
develop so-called pRCC type 1 tumours. Activating (gain of function) germline muta-
tions in the tyrosine kinase domain of MET were found in familial pRCC pa-
tients[10,25]. MET encodes a transmembrane receptor tyrosine kinase with hepato-
cyte growth factor (HGF) as its ligand[6,23]. Activation of MET by HGF activates the 
tyrosine kinase activity, which initiates several signal transduction cascades, resulting 
in multiple cellular processes like mitogenesis and migration[23]. 
Only a small percentage (~5%)[24,25] of sporadic pRCC cases have MET muta-
tions[10,24,25]. Cytogenetically, trisomy of chromosome 7 is observed in ~75% of the 
sporadic papillary cases[13]. Since this chromosome is harbouring the MET gene, the 
gene dose is increased. Pathogenesis of pRCC is different in the heritable and sporadic 
form, and as in ccRCC there may be a role for other genes in the tumourigenesis. 

1.3 Papillary renal cell carcinoma – fumarate hydratase (FH) tumour suppressor gene 

In addition to the MET gene, a second gene involved in pRCC has been identified; the 
fumarate hydratase (FH) gene, located on chromosome 1q42.3-43. This gene encodes 
FH, an enzyme part of the tricarboxylic acid (Krebs) cycle, which catalyzes the conver-
sion of fumarate to malate. Little is known on the etiology and pathogenesis of these 
cancers: the gene is thought to act as a tumour suppressor gene[1,26] as loss of the 
wildtype allele is found frequently in pRCC. Tomlinson et al. evaluated seven familial 
pRCCs of which five showed allelic loss, one family had a 2-bp deletion and one family 
carried a missense mutation[27]. 
In patients with (germline) FH mutations, papillary tumours are of type 2. Tumours of 
affected families have reduced or undetectable FH activity, and show an angiogenic 
phenotype[27]. These renal tumuors overexpress HIF proteins as well as products of 
the HIF-regulated target genes (like VEGF and GLUT1). Isaacs et al. reported that ex-
cess intracellular fumarate, due to loss of FH, upregulates VEGF and GLUT1 transcripts 
in a HIF-dependent manner[28]. They further demonstrated a link between fumarate 
dysregulation and impaired HIF hydroxylation, due to inhibited HIF prolyl hydroxylase 
(HPH) activity by fumarate. Because VHL recognition of HIF requires hydroxylation by 
HPH, which is impaired in FH mutation-bearing tumours, HIF proteins accumulate and 
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contribute to the development of these renal tumours.[28] Pollard et al. confirmed this 
pseudo-hypoxia phenomenon in a Fh1 “knock-out” mouse model. They showed induc-
tion of hypoxia pathway components, resulting from HIF protein overexpression, as a 
direct consequence of Fh1 inactivation[29]. 
It is clear that FH germline mutations are associated with the development of pRCC, 
but the role of FH alterations in sporadic kidney cancer remains to be determined since 
there is no conclusive evidence that somatic mutations of FH have a significant role in 
sporadic kidney cancers[26]. 

1.4 Chromophobe renal cell carcinoma – Birt-Hogg-Dubé (BHD) tumour suppressor 
gene  

Birt-Hogg-Dubé (BHD) is a hereditary cancer syndrome characterized by kidney tu-
mours in 15-25% of the affected patients[30]. BHD syndrome was first characterized in 
1977,[31] but renal manifestations were not described as part of BHD until Roth et al 
[32] suggested an association in 1993. In 1999, Toro et al [33] denominated BHD as a 
novel marker of kidney neoplasia. The predominant pathology of BHD-related kidney 
tumours is chromophobe[23]. 
The BHD gene, or FLCN, is located on the short arm of chromosome 17. In approxi-
mately 80% of BHD kindreds, a germline mutation is found. The gene contains a hot-
spot for germline mutations in a mononucleotide tract of eight cytosines at exon 11 
and approximately all these mutations result in truncated BHD protein, folliculin 
[23,30]. Folliculin is suggested to have a tumour suppressor function, since germline 
mutations combined with somatic mutations or LOH resulted in truncation mutants of 
the folliculin protein. In addition, low to undetectable levels of BHD mRNA were found 
by Warren et al in kidney tumours from BHD patients, suggesting a classical TSG[34]. 
The identification of candidate genes involved in familial kidney cancers may provide 
insight into sporadic kidney cancers. Examination of the possible role of the BHD gene 
in sporadic chrRCC confirmed alteration of chromosome 17, but mutations in the BHD 
gene could not be detected[35,36]. Recently Gad et al. published the (first) report of 
four different somatic BHD mutations in two (out of 46 chrRCC) sporadic chrRCC. [37]. 
Interestingly, no exon 11 hotspot mutations as reported in BHD patients have been 
observed, indicating difference in tumourigenesis in the familial and sporadic form, as 
in pRCC. 
A lack (or low incidence) of somatic mutations in the BHD gene suggests that the fol-
liculin pathway may contain other causative genes in sporadic chrRCC, or other 
mechanisms of inactivation may be involved. 
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1.5 Renal cell carcinoma in tuberous sclerosis – Tuberous sclerosis complex 1 (TSC1) 
and 2 (TSC2) tumour suppressor genes 

Tuberous sclerosis complex (TSC) patients have an increased risk for development of 
malignant RCC.[38,39]. In contrast to the other genetic syndromes, renal carcinomas in 
TSC constitute a heterogeneous group, including ccRCC, pRCC, and chrRCC[40]. 
TSC is a genetic disorder, affecting 1 in 6,000-11,000 live births, and is characterized by 
hamartomatous lesions in multiple organs, involving the kidney in ~60% of which RCC 
occurs in ~4%[41-43]. 
TSC has been linked to the germline inactivating mutations of either of two tumour 
suppressor genes TSC1 (9q34), coding for hamartin or TSC2 (16p13.3), coding for tu-
berin. TSC2 forms a complex with TSC1 which functions to integrate growth factor, 
nutrient, and energy depletion signals with the energy requiring protein translation 
apparatus through the regulation of the mTOR (mammalian target of rapamycin) pro-
tein.[38,39] The TSC1/TSC2 protein complex inhibits mTOR and is involved in signalling 
pathways that regulate cell growth[40]. 
Only small numbers of TSC patients with RCC have been studied because of the low 
prevalence. However, rodent models (the Eker rat / knockout mice) show evidence for 
a role of the TSC1 and TSC2 orthologues in RCC[44,45]. 
A report concerning TSC mutations in sporadic RCC did not support a role for TSC inac-
tivation in sporadic tumourigenesis. They found LOH in 8 out of 33 cases, however 
expression (of the other allele) was confirmed by RT-PCR[46]. 
Interestingly, Liu et al. reported that loss of Tsc-2 tumour suppressor gene, in Eker rats 
which retain wild-type Vhl, up-regulates VEGF via a HIF2α-mediated mechanism. In 
contrast to human RCC, the Tsc-2 tumour suppressor gene is the primary target for 
RCC in rodents. They suggest that loss of Tsc-2 and VHL tumour suppressor gene func-
tion have similar consequences in Eker rats and humans respectively. This marks the 
HIF-regulated pathway to be important for the development of RCC in different species 
and in tumours with different molecular etiologies[47]. 

1.6 Clinical applications 

A growing understanding of the underlying molecular biology of RCC has established 
new potential therapies. The most significant progress has been made in the area of 
agents targeting the angiogenesis pathway (see chapter 3). 
It has been suggested that the resistance of RCC to chemo- and radiotherapy might be 
partly due to increased levels of the transcription factor nuclear factor κB 
(NFκB)[48,49]. Loss of VHL leads, through HIF-α dependent and HIF-α independent 
pathways, to increased NFκB activity and resistance to apoptosis[50-53]. These find-
ings support the idea that drugs targeting HIF or HIF-responsive gene products should 
be effective in the treatment of renal carcinomas. A number of drugs have been identi-
fied that indirectly down-regulate HIF-α, including drugs that inhibit mTOR[54], 
HSP90[55] and histone deacetylases[56]. mTOR is a downstream component in the 
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P13K/Akt pathway and has been identified as an upstream activator of HIF, enhancing 
translation of the HIF mRNA and preventing degradation[57,58]. Overexpressed wild-
type histone deacetylase 1 downregulates expression of TP53 and VHL tumour sup-
pressor genes and stimulates angiogenesis[56]. HSP90 stabilizes HIF-1α, EGFR and c-
MET[59]. 
Other VEGFR targeted tyrosine kinase inhibitors (Pazopanib, AG013736, VEGF-trap) 
and mTOR inhibitor (RAD001) are still under study in RCC[60-62]. Through combining 
agents that target different points in the VHL-hypoxia-inducible gene pathway the 
activity of the targeted approach to RCC therapy may be enhanced[63]. 
In addition, a number of approaches are under study to block the signal transduction 
pathway in c-Met associated tumours[64,65]. Small molecules inhibiting c-MET (PHA-
665752, SU11274) have been shown to inhibit proliferation and growth of c-MET-
overexpressing cell lines in mouse xenograft models[66,67]. 
Further gene expression profiling of tumour specimens will help to identify new candi-
date genes or patterns of gene expression that can predict response to new and pre-
existing therapies, leading to an appropriate patient selection for certain therapies. 
Combinations of FDA-approved and other targeted therapies may overcome resistance 
that develops with single-agent therapy. Also combinations of targeted agents and 
cytokine therapy are under investigation. Phase I and II trials evaluating the safety and 
efficacy of these combinations are underway.  

2. Epigenetics of RCC 

Recently, it has become clear that gene function can be altered by epigenetic altera-
tions. Epigenetics refers to mechanisms that initiate and maintain heritable (reversible) 
changes of gene expression and gene function in an inheritable manner without chang-
ing the sequence of the genome[68,69]. Epigenetic regulation of gene expression is 
organized at the level of DNA (postreplicative DNA methylation), RNA (RNA interfer-
ence (RNAi)), and protein (posttranslational histone modifications and polycomb group 
(PcG) protein complexes, the latter mediate long-term transcriptional silencing)[68-
71]. 
DNA methylation is the most widely investigated epigenetic hallmark involving a 
postreplicative covalent DNA modification, whereby a methyl group is added to the 
cytosine ring by DNA methyltransferases (DNMTs) to form methyl-cytosine. In mam-
malian cells, DNA methylation occurs at so-called CpG dinucleotides, cytosines preced-
ing a guanine[72]. CpG dinucleotides are not uniformly distributed throughout the 
human genome, the prevalence is low, except in CpG-rich regions called CpG islands, 
which span the 5’ end region (promoter, untranslated region, exon 1) of approximately 
half of all genes, and within repeat sequences and transposable elements[73]. Methy-
lation of cytosines enables the formation of a complex of proteins, including methyl 
cytosine-binding proteins (MBDs), DNMTs, histone deacetylases (HDACs), and histone 
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methyl transferases (HMTs) (see figure 1) to mediate the transcriptional repressive 
activities of DNA methylation[69,72,74-76]. 
 
 

 
Figure. 1:. Epigenetic modifications and their interplay 
The two main epigenetic hallmarks are postreplicative DNA methylation and posttranslational histone modi-
fications, which both play a role in gene silencing and interact to repress gene transcription. (Additional 
histone modifications are known but not depicted here; histone methylation and acetylation are the most 
understood.)  
DNA methylation is catalyzed by DNA methyltransferases (DNMTs) and characterized by the addition of a 
methyl group (CH3) to a cytosine preceding a guanine (CpG). Histone (de)acetylation results from an imbal-
ance between histone deacetylases (HDACs) and histone acetyltransferases (HATs), whereby deacetylation is 
associated with gene repression. HDACs and histone methyltransferases (HMTs) are recruited by methyl-
binding proteins (MBPs), which bind methylated CpGs, or are directly bound to DNMTs to epigenetically 
modify histone tail residues and regulate gene expression. For full colour picture see page 167. 

 
 
DNA methylation is linked to aberrant patterns of post-translational histone modifica-
tions[75,77], including acetylation, methylation, phosphorylation, ubiquitination, and 
sumoylation[68,69,75]. These modifications occur primarily at specific positions within 
the N-terminal histone tails[78]. Specific combinations of histone modifications confer 
to the overall expression status of a certain chromatin region, which is known as the 
‘histone code’ hypothesis[75]. Modifications on histones are dynamic and rapidly 
changing, depending on the signaling conditions within the cell[78]. 
The vast majority of all modifications remain poorly understood, although considerable 
progress in the understanding of histone (de)acetylation and (de)methylation has been 
made recently. An imbalance between histone deacetylases (HDACs) and histone ace-
tyltransferases (HATs) results in (de)acetylation of histone lysine residues, whereby 
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deacetylation is associated with gene repression. In addition, histone lysine methyla-
tion (mono-, di-, and trimethyl lysine) and arginine methylation (mono-, and 
(a)symmetrical dimethyl arginine) are catalyzed by histone methyltransferases (HMTs). 
Unlike histone acetylation, histone methylation has long been considered as a perma-
nent modification. However, recent discovery of more than ten (potential) histone 
demethylases, mediating the reversal of methylation at specific histone residues, has 
been documented[79,80]. 
Both histone modifications contribute to both active and repressive effects on chroma-
tin function, depending on which residue is modified[81]. HDACs and HMTs are both 
associated with complexes involving DNMTs and MBDs, mediating DNA packaging and 
gene expression[76]. Depending on the histone residue modified, and the interaction 
with DNA methylation to form a complex regulatory network, it correlates (among 
other effects) with chromatin structure/accessibility, transcriptional activity and ge-
nome function[70,78,82]. 
The importance of epigenetics in the process of tumourigenesis has been increasingly 
discovered during the last decades and has been accepted as a true alternative for 
mutations and deletions associated with a loss of gene function that can provide a 
selective advantage for neoplastic cells. Epigenetic changes could well be as important 
as changes in DNA sequence or copy number in altering gene expression, and the in-
terplay between genetics and epigenetics during the progression of cancer is becoming 
more and more a focus of research interest[83-85]. Regarding RCC, mutations do not 
cover 100% of the cases and are less often found in sporadic RCC compared to herita-
ble RCC. Also, sporadic cancers are known to arise from multiple (epi)genetic events, 
and additional aberrations remain to be discovered. Therefore, promoter hypermethy-
lation of genes is thought to be involved in sporadic and/ or hereditary forms of RCC. 
Here, we are focusing on the role of promoter methylation of tumour suppressor 
genes in the three most prevalent histological types of RCC, ccRCC, pRCC and chrRCC. 
Recently, many (candidate) tumour suppressor genes silenced by DNA methylation and 
associated with one or more histological subtypes have been reported for primary RCC 
cases (Table 1a) and/or analyzed in RCC cell lines (Table 1b). 
Different techniques to analyze methylation were used to obtain the gene promoter-
specific methylation data. An initial approach includes restriction enzyme digestion 
with Southern hybridization techniques, based on the (in)ability of methylation sensi-
tive restriction enzymes to digest methylated cytosines. Later, bisulfite treatment of 
DNA, which converts unmethylated cytosines to uracil, whereas methylated cytosines 
remain unchanged, allowed combined bisulfite restriction analysis (COBRA), (nested) 
methylation specific PCR (MSP), and bisulfite sequencing[75]. MSP is a very sensitive 
approach to detect DNA methylation, enabling detection of one methylated allele in a 
background of 1,000 unmethylated alleles, while nested MSP allows detection of one 
methylated allele in 50,000 unmethylated alleles[86].  
The genes reported to be associated with RCC (Tables 1a and 1b) can be grouped by 
the biological function/pathways involved in tumourigenesis and/or may be important 
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targets for anti tumour therapy, i.e. interference in cell cycle, DNA-repair mechanisms, 
extra-cellular matrix molecules with adhesion and/or invasion mechanisms, angio-
genesis, apoptosis, metabolism, proliferation, transport, WNT-signaling, or genes with 
a known role in the oncogenesis of other types of cancer, without a known specific 
function. 

2.1 Methylation of the VHL promoter 

Somatic VHL mutations are found in 50-75% of sporadic ccRCC[9-11,87]. The absence 
of VHL mutations in a proportion of sporadic ccRCCs indicates a role for alternative 
methods of VHL inactivation[88]. Herman et al. investigated VHL promoter CpG island 
methylation and associated inactivation by RT-PCR and restriction enzyme analysis and 
Southern hybridization techniques[74]. None of the examined VHL hypermethylated 
tumours expressed the VHL gene and treatment of a renal cell culture line with 5-aza-
2’-deoxycytidine (5-aza-dc, a demethylating agent) resulted in reexpression of the VHL 
gene. Methylation analysis of the wildtype VHL alleles revealed promoter methylation 
in 19% of the examined RCC tumours. These were the first data suggesting that aber-
rant DNA methylation of the VHL gene, in addition to LOH or gene mutations, is in-
volved in ccRCC carcinogenesis. These data were confirmed by other groups reporting 
VHL methylation in 20%[89], 16%[90], and 17%[91] in ccRCC.  
In addition to ccRCC, involvement of VHL promoter hypermethylation in other sub-
types is mostly unknown[90,91]. As Van Houwelingen et al. reported VHL mutations 
also in other subtypes of RCC[8], Banks et al. reported methylation of VHL in pRCC 
analyzed by MSP[89]. 

2.2 Methylation of the FH promoter 

One report regarding epigenetic silencing of FH in renal cancers has been published, 
indicating absence of FH promoter CpG island methylation as analyzed by bisulfite 
sequencing, in fifteen pRCCs [90]. 

2.3 Methylation of the BHD promoter 

So far, only three groups investigated BHD (FLCN) promoter methylation and associ-
ated silencing in chrRCC[36,37,92]. da Silva et al. analyzed promoter methylation in 
twenty primary RCCs by COBRA and bisulfite sequencing. Promoter hypermethylation 
was not detected in the primary RCCs[92] and six tested RCC cell lines. In addition, no 
significant changes in expression after treatment of the demethylating agent 5-aza-
dc[92] were observed. In contrast, Khoo et al. observed methylation in a wide spec-
trum of primary renal tumours, using MSP: 11% of chrRCC (n=9), 36% in pRCC (n=11), 
and 33% in ccRCC (n=12), while none of the tested kidney cancer cell lines showed 
methylation [36]. On the other hand, Gad et al. analyzed methylation status of the BHD 
promoter using restriction enzyme analysis on 39 chrRCC and seven ccRCC, but no 
evidence of promoter methylation was found[37]. 
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Table 1a: Overview of TSG methylation frequencies in RCC 
Function Gene  Map locus RCC 

(%) 
ccRCC 
(%) 

pRCC 
(%) 

chrRCC 
(%) 

Norm 
(%) 

Ref. 

Adhesion CDH1  16q22.1 - 55 
(14-
83) 

36 
(16-69) 

13* 
(0-20) 

8** [90,95,98] 

 CDH13 16q24.2-
q24.3 

3 - - - - [96] 

 CTNNB1 3p21  - 0 0 0* 0** [98] 
 EPB41L3 8p11.3 - 45 - - - [97] 
 JUP 17q 87 

(83-
91) 

- - - 10 
(9-11) 

[93] 

 LSAMP 3q13.2-q21 n.a 26 - - - [94] 
Angio-genesis VHL 3p26-25 5 18 

(16-
20) 

12* 
(0-50) 

0* 0* [74,89,90,91, 
106] 

Apoptosis APAF1 12q23 97 - - - 15 [99] 
 CASP8 2q33-q34 6 

(0-16) 
- - - 0 [96,99] 

 DAPK1 9q34.1 35 
(24-
41) 

- - - 5 [96,99] 

 RARB 3p24 - 10 
(2-52) 

12 
(0-20) 

6* 
(0-17) 

0*/** [90,95,96,98] 

 XAF1 17p13.2 14 
(10-
30) 

- - - - [100,101] 

Cell cycle CDKN2 
(P14ARF) 

9p21 71 12 
(10-
23) 

18* 
(8-33) 

27* 
(10-
100) 

23*/**
(0-27) 

[90,91,95,98] 

 CDKN2 
(P16INK4)  

9p21 5 
(0-7) 

10 
(0-35) 

13* 
(0-33) 

9* 
(0-50) 

0*/** [90,91,95,96, 
98,102,106] 

 FLCN 
(BHD) 

17p11.2 - 20 
(0-33) 

36 2* 
(0-11) 

- [36,37,92] 

 RASSF1 3p21.3 37 
(20-
98) 

51 
(23-
91) 

71* 
(44-
100) 

27* 
(0-40) 

78*/**
(0-
100) 

[90,91,95,98, 
104-
108,110]] 

 RASSF5 19q31.1 19 32 - - - [94,96] 
DNA- repair MGMT 10q26 - 4 

(2-6) 
6 
(0-10) 

0* 10* 
(0-11) 

[90,95,96,98] 

Invasion COL1A1 17q21.31-
q22 

- 65 40* 50* - [112] 

 TIMP3 22q12.1-
q13.2 

78 45 
(19-
71) 

38* 
(23-50) 

44* 
(0-100) 

21*/**
(0-24) 

[90,91,95,98, 
111] 

Krebs cycle SDHB 1p36.1-p35 4 - - - - [96] 
Metabolism ABCB1 7q21.1  - 87 85 80 97** [98] 

 ESR1 6q25.1  - 67 77 60 77** [98] 
 ESR2 14q23.2  - 56 46 50 44** [98] 
 FHIT 3p14.2  - 52 54 50 69** [98] 
 GSTP1 11q13 - 8 

(6-12) 
18 
(15-20) 

0* 0*/** [90,95,98] 

 MTHFR 1p36.3  - 100 100 100 100** [98] 
 PTGS2 1q25.2-q25.3  - 96 92 90 100** [98] 
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Proliferation APC 5q21-q22 - 15 
(10-
29) 

26* 
(20-50) 

0* 0*/** [90,95,96,98] 

 DLC1 8p22-p21.3 35 - - - 3 [116] 
 HOXB13 17q21.2 30 - - - 0*** [115] 
 IGFBP3 7p14-p12 3 35 40* 50* 0 [112,221] 
 IGFBP1 7p14-p12 - 35 20 50* - [112] 
 MT1G 16q13 20 - - - - [96] 
 PML 15q22 3 - - - 0 [221] 
 SLIT2 4q15.2 25 - - - - [113] 
 SPINT2 19q13.1 - 30 40 - - [114] 

Transport RBP1 3q21-q22 9 - - - - [96] 
Wnt- signaling DKK3 11p15.2 25 - - - 9** [117] 

 SFRP1 8p12-8p11.1 34 
(13-
68) 

- - - 2** [117] 

 SFRP2 4q31.3 40 - - - 26** [117] 
 SFRP4 7p14-p13 14 - - - 6** [117] 
 SFRP5 10q24.1 41 - - - 32** [117] 
 WIF1 12q14.3 37 - - - 26** [117] 

Gene nomenclature according to HUGO Gene Nomenclature Committee 
Frequencies are weigthed averages in case of ≥1 studies, range from frequencies are between brackets. 
- not analyzed 
*   n ≤ 10 (in ≥1 studies) 
**  normal tissue from tumour-bearing kidney 
***  n unknown 
RCC: renal cell carcinoma, without dividing in subtypes; ccRCC: clear cell renal cell carcinoma; pRCC: papillary 
renal cell carcinoma, chrRCC: chromophobe renal cell carcinoma 

 
Table 1b: Overview of TSG methylation frequencies in RCC cell lines vs primary RCC 
Gene  Cell line 

 %  n 
Ref. RCC (%) ccRCC (%) pRCC (%) chrRCC (%) Ref. 

DLC1 14 7 [116] 35 - - - [116] 
EPB41L3 47 19 [97] - 45 - - [97] 
FLCN 
(BHD) 

0 6-9 [36,92] - 20 
(0-33) 

36 2 (0-11) [36,37,92] 

HOXB13 73 15 [115] 30 - - - [115] 
JUPa 100 3 [93] 83 - - - [93] 
LSAMP 78 9 [94] - 26 - - [94] 
RARB 33 6 [129] - 18 (8-52) 20 17* [90,95] 
RASSF5 67 9 [94] 19 32 - - [94,96] 
SPINT2b 45 11 [114] - 30 40 - [114] 
TIMP3 33 12 [101, 

111] 
78 60 (54-71) 46* (45-50) 100* [90,91,95,1

10] 
XAF1a 67 15 [101] 14 (10-30) - - - [100,101] 
Gene nomenclature according to HUGO Gene Nomenclature Committee 
Frequencies are weigthed averages in case of ≥1 studies, range from frequencies are between brackets. 
-  not analyzed 
*  n ≤ 10 (in ≥1 studies) 
a  indirect measurement of methylation status; (mRNA) expression measurements 
b  indirect measurement of methylation status; upregulation after demethylation treatment  
RCC: renal cell carcinoma, without dividing in subtypes; ccRCC: clear cell renal cell carcinoma; pRCC: papillary 
renal cell carcinoma, chrRCC: chromophobe renal cell carcinoma 
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2.4 Methylation of other tumour suppressor gene promoters 

In addition to the genes described above, other TSGs have been investigated (mainly 
by MSP), which are known to be involved in common cancer types, or which have been 
identified by microarray studies (see Tables 1a and 1b for details).  
Several adhesion molecules (CDH1, CDH13, CTNNB1, EPB41L3, JUP, and LSAMP) were 
analyzed for promoter methylation in RCC, revealing methylation frequencies ranging 
from 3% (CDH13) to 87% (JUP)[90,93-98]. 
Many genes associated with apoptosis (APAF1, CASP8, DAPK1, RARB, and XAF1) have 
been recently investigated for their methylation frequencies in RCC, and approximately 
10-30% methylation is observed for the majority of genes, except for APAF1, which is 
methylated in 97% of the tested RCCs[90,95,96,98-101]. 
The cell cycle genes CDKN2a (p14ARF and p16INK4A) were methylated in ~10-20% of 
the RCC cases, while normal renal tissue was mostly unmethylated [90,91,95,96,98, 
102]. The RAS association domain family 1A (RASSF1) gene at 3p21.3, though to be 
involved in the cell cycle, apoptosis and/or proliferation[103], has been implicated in 
the pathogenesis of a wide spectrum of tumours[103], including different RCC sub-
types. Methylation is observed in ~40-50% (weighted mean) in RCC[90,91,95,98,104-
108], however some studies detect high methylation frequencies in normal renal tis-
sues. These histological normal samples were obtained from tumour-bearing kidneys, 
therefore a field effect[109] can cause this methylation and/or as reported before 
RASSF1 might be an early marker for RCC tumourigenesis[110]. In addition, RASSF1 
methylation was detected in urine obtained from kidney cancer patients[95]. Potential 
importance of RASSF1 in early diagnosis is already highlighted in breast/lung cancer 
patients[103]. For a second RAS association domain family member, 5 (RASSF5), a 
methylation frequency of ~20-30% has been ob-served[94,96]. 
The DNA-repair gene O6-methylguanine-DNA methyltransferase (MGMT) is methy-
lated in ~5% of the renal tumours[90,95,96,98].  
Genes involved in invasion/metastasis, such as COL1A1 and TIMP3, showed methyla-
tion in a high percentage (~50%) in all RCC subtypes[90,91,95,98,111,112]. 
For the Krebs cycle gene (SDHB) a very low methylation percentage (4%) was ob-
served[96]. 
The role of the detoxification gene Glutathione S-Transferase P1 (GSTP1) is not clear in 
RCC, but is it is methylated in 10-15% of the tumours[90,95,98]. Several other metabo-
lism genes (ABCB1, ESR1, ESR2, FHIT, MTHFR, and PTGS2) have been analyzed by Costa 
et al. by MSP, which are all methylated in high percentages (≥50%), however, also the 
normal renal samples show frequent methylation [98]. 
A methylation frequency of ~30% is reported for several proliferation genes (see table 
1a for details) [90,95,96,98,99,112-116]. Also a gene involved in transport of retinol 
(RBP1) was analyzed and a methylation frequency of 9% was observed[96]. 
Very recently, Urakami et al reported methylation analyses of six WNT- antagonist 
family genes (SFRP1, SFRP2, SFRP4, SFRP5, WIF1, and DKK3) in RCC (mostly ccRCC), 
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analyzed by MSP. In this study all Wnt antagonist genes had significantly higher methy-
lation frequencies in RCC compared to matched normal renal tissue. Methylation fre-
quencies RCC versus normal were: SFRP1: 13% vs. 1,5% , SFRP2: 40% vs. 25.5% , SFRP4: 
13.5% vs. 5.5%, SFRP5: 41% vs. 31.5%, WIF1: 37% vs. 25.5%, and DKK3: 25.5% vs. 9% 
(all p<0.005). mRNA expression for most WNT-antagonists was increased in two (out of 
two) RCC cell lines after treatment with 5-aza-2’deoxycytidine and confirmed to be 
methylated by bisulfite sequencing[117].  

2.5 Variables in promoter methylation studies 

Comparison of data from different studies on methylated tumour suppressor genes in 
RCC (Tables 1a and 1b) is complicated by a considerable number of variables. First, 
instead of considering different subtypes of kidney cancer, RCC is considered as one 
single entity in some studies. Since RCCs are heterogeneous in histology, clinical behav-
ior, genotype, prognosis and response to therapy, data should be presented for the 
different subtypes. An interpretation of the diagnostic or therapeutic value of these 
results is only possible when subtyping is taken into account. Recently, Costa et al. 
emphasized this importance of subtyping by reporting a gene panel which could dis-
criminate between RCC subtypes by the presence/absence of methylation[98]. In addi-
tion to subtyping, consideration of tumour grade/stage is of importance in interpreting 
(epi)genetic alterations in RCC. The composition of tumour series used to study 
(epi)genetic alterations in RCC varies between different research groups, therefore it is 
important to include this variable. 
In addition, different methods of measuring promoter methylation can account for 
part of the differences in results. Since MSP is very sensitive, especially when nested 
PCR has been performed [86], results might differ from those obtained by restriction 
enzyme-based methods. Furthermore, the position of measuring promoter methyla-
tion in a certain CpG island might differ between studies. Therefore, optimal and con-
sensus primer location and design is critical to achieve reliable results[118]. 
Finally, when analyzing promoter methylation, the origin of normal renal tissue should 
be considered[109], and the number of RCC cases investigated should be sufficient to 
draw valid conclusions. 

2.6 Clinical applications 

DNA methylation markers have a promising future in clinical diagnostics, since DNA 
methylation changes have been reported to occur early in carcinogenesis[119] and 
early detection of disease results in an improved clinical outcome. In case of RCC, clini-
cal signs and symptoms are often not useful in making an early diagnosis. The classic 
triad of pain, hematuria and a palpable flank mass is encountered in only 10% of pa-
tients and is usually associated with advanced disease[120]. Since identification of 
patients with organ-confined RCC is important for long-term disease-free survival after 
radical or partial nephrectomy[121], development of novel diagnostic noninvasive 
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approaches for the early detection of kidney cancer is imperative, especially in patients 
with inherited predisposition. Cancer specific DNA methylation patterns can be found 
in detached tumour cells in bodily fluids, such as blood and urine and detection of 
methylated DNA by the very sensitive (nested) MSP is noninvasive and relatively 
cheap. 
Table 2 shows the results of studies of DNA methylation markers in urine and serum 
from patients with RCC[91,95,117]. 
Furthermore, Urakami et al reported a higher frequency of methylation in serum DNA 
from RCC patients with higher-grade/stage tumours compared to lower-grade/stage 
tumours, indicating putative progression markers[117]. Other studies have demon-
strated independent prognostic values for DNA methylation markers in RCC 
(PTEN[122], JUP[93], EPB41L3[97], APAF1 and DAPK1[99]), being predictors of poor 
prognostic outcome. Inactivation of RASSF1 is often because of promoter methylation 
and this gene has the potential to be used as a marker for early detection and tumour 
surveillance/monitoring of (RCC) cancer patients (along with a panel of other TSGs to 
obtain a higher sensitivity).  
Obviously, methylation markers with a high sensitivity and specificity in urine and/or 
serum would be a significant improvement, as this would offer a non-invasive method 
for (early) diagnosis, prognosis, or response on therapy[109]. 
The quest for DNA methylation markers that are predictive for therapy response is still 
in its infancy[123-125], and such markers in RCC have not been reported. A better 
understanding of the molecular pathways involved in renal carcinogenesis and insight 
into the functional significance of methylation changes, will allow development of new 
therapeutic approaches by use of demethylating agents. Resistance of several tumour 
types, including RCC, for certain anti-cancer agents such as chemotherapeutics, might 
be a result of epigenetic mechanisms that regulate genes involved in resistance, e.g. 
proapoptotic genes silenced by DNA methylation and/or histone acetylation. De-
methylating agents or HDAC inhibitors might reverse these repressive effects[126]. 
Reu et al. demonstrated augmentation of immune response by DNA methyltransferase 
1 inhibitors, through reactivation of apoptosis-associated Interferon response gene 
XAF1[127]. The overcoming of resistance to Interferon-induced apoptosis in RCC cells 
by demethylating agents may have clinical significance for cytokine therapy response. 
Shang et al. reported a synergistic growth suppression of RCC (in vitro), caused by the 
DNA methyltransferase inhibitor, 5-aza-2′-deoxycytidine, and a chemotherapeutic 
agent, Paclitaxel (PTX). They suggest that 5-aza-2′-deoxycytidine could increase the 
susceptibility of RCC to PTX and that combination chemotherapy with this inhibitor and 
PTX might be a novel strategy to improve the clinical response rate of RCC[128]. 
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Table 2: Studies of DNA methylation markers in urine and serum from patients with RCC 
Samples DNA 

source 
Markers Analytical 

sensitivity (%) 
Clinical  
Sensitivity (%) 

 
Specificity (%) 

 
Ref. 

urine APC 
CDH1 
GSTP1 
MGMT 
P16 
RARB 
RASSF1 

4/5 (80) 
6/10 (60) 
1/2 (50) 
0/1 (0) 
4/6 (67) 
4/9 (44) 
11/15 (73) 
  

10/26 (38) 
10/26 (38) 
4/26 (15) 
2/26 (8) 
9/26 (35) 
8/26 (31) 
17/26 (65) 

96 
95 
100 
100 
100 
91 
89 

[95] 23 ccRCC,  
1 pRCC,  
1 chrRCC,  
1 collecting 
duct 

serum APC 
CDH1 
GSTP1 
MGMT 
P14 
P16 
RARB 
RASSF1 

1/5 (20) 
06/10 (60) 
0/2 (0) 
0/1 (1) 
1/4 (25) 
3/6 (50) 
1/9 (11) 
2/15 (13) 
 

1/18 (6) 
6/18 (33) 
1/18 (6) 
0/18 (0) 
1/18 (6) 
4/18 (22) 
1/18 (6) 
2/18 (11) 
 

97 
93 
100 
97 
97  
100 
100 
97 
 

 

35 ccRCC, 
6 pRCC,  
2 chrRCC 

urine APC 
P14 
P16 
RASSF1 
TIMP3 
VHL 

7/7 (100) 
8/8 (100) 
4/5 (80) 
23/24 (95) 
23/26 (88) 
6/6 (101) 

9/50 (18) 
9/50 (18) 
5/50 (10) 
26/50 (52) 
30/50 (60) 
6/50 (12) 
 

100 
100 
100 
100 
100 
100 
 

[91] 

33 RCC 
 
 
 
 
 

serum DKK3 
SFRP1 
SFRP2 
SFRP4 
SFRP5 
WIF1 

6/10 (60) 
5/8 (62) 
12/13 (92) 
5/15 (33) 
9/16 (56) 
5/13 (38) 
 

9/33 (27) 
9/33 (27) 
7/33 (21) 
8/33 (24) 
15/33 (45) 
9/33 (27) 
 

100 
100 
100 
100 
100 
100 
 

[117] 

Gene nomenclature according to HUGO Gene Nomenclature Committee 
Analytical sensitivity is defined as the fraction of cases in which methylation of a marker is found in serum or 
urine for cases with confirmed methylation of the same marker in the associated tumour.  
Clinical sensitivity is defined as the fraction of confirmed cases of disease, in which methylation of a marker 
is found in serum or urine, regardless of whether methylation of that marker is present in the associated 
tumour. 
 Specificity is defined as the fraction of controls without the disease that show a lack of detectable methyla-
tion in serum or urine. 
RCC: renal cell carcinoma, without dividing in subtypes; ccRCC: clear cell renal cell carcinoma; pRCC: papillary 
renal cell carcinoma, chrRCC: chromophobe renal cell carcinoma 

3. Conclusion 

RCC is the most important tumour of the kidney in adults. In etiological, biological and 
clinical characteristics it represents a heterogeneous entity, which, through lack of 
clinical symptoms, may be difficult to detect in an early stage. Surgery is the first 
treatment of choice, and most successful if the tumour is confined to the kidney. Sys-
temic treatment of RCC has made considerable progress in patients with metastatic 
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RCC, e.g. by development of new emerging strategies (targeted agents) in recent years. 
Further studies are needed to address the questions regarding the efficacy of new 
targets and the efficacy of combination treatments. 
Developing knowledge of genetic and epigenetic changes implicated in tumour devel-
opment and behaviour is becoming increasingly important for advancing the efficacy 
of disease management.  
Defective VHL functioning appears to be the key event, in both hereditary and sporadic 
cases. However, the variable nature of the resulting neoplasm is most likely strongly 
determined by the complex interplay of additional downstream modifications, among 
which the role of epigenetic alteration of gene expression is becoming more and more 
acknowledged. 
Elucidation of epigenetic modifications in RCC holds great promise for early detection, 
prediction of sensitivity for non-surgical therapy, but also for therapeutical interven-
tions through reversal of epigenetic gene silencing. However, for definitive progress to 
be made in this field of research, uniformity in study design and consensus in clinico-
pathological definitions and scientific methods is a prerequisite. 
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Abstract  

Gremlin1 (GREM1), a bone morphogenetic protein (BMP) antagonist and putative 
angiogenesis-modulating tumour suppressor gene, is silenced by promoter CpG island 
hypermethylation in several human malignancies. GREM1 promoter CpG island methy-
lation in clear cell renal cell carcinoma (ccRCC)and its impact on tumour characteristics 
and clinical outcome has not yet been evaluated. 
We analyzed three loci (GREM1 region-i, -ii, -iii) within the GREM1 promoter CpG is-
land for CpG methylation by methylation specific PCR (MSP) and/or bisulfite sequenc-
ing in four ccRCC cell lines, and in tumour samples derived from two independent 
(n=150 and n=185), well characterized ccRCC patients series. Results were correlated 
with clinicopathological- and angiogenesis parameters. All statistical tests were two-
sided. 
Bisulfite sequencing and MSP analysis of ccRCC cell lines showed dense methylation of 
the GREM1 promoter CpG island, which was associated with absence of GREM1 mRNA. 
Tumour specific GREM1 promoter CpG island methylation prevalence in ccRCC varied 
between the three loci: 55%, 24%, and 20% methylation for regions i, ii, and iii, respec-
tively. GREM1-region iii methylation was associated with increased tumour size 
(p=0.02), stage (p=0.013), Fuhrman grade (p=0.04), tumour cell proliferation (p=0.001), 
endothelial cell proliferation (p=0.0001), and decreased mean vessel density (p=0.001). 
In the univariate analysis, GREM1-region iii methylated ccRCCs had a significant worse 
survival as compared to unmethylated ccRCCs (hazard ratio (HR) =2.35 (95% CI: 1.29-
4.28)), but not in the multivariate analysis (HR=0.88, 95% CI: 0.45-1.74). In a validation 
series, GREM1-region iii methylation was associated with increased Fuhrman grade 
(p=0.03) and decreased overall survival (p=0.001) in both univariate and multivariate 
analyses (HR= 2.32, 95% CI: 1.52-3.53 and HR=2.27, 95% CI: 1.44-3.59, respectively).  
The strong correlation between GREM1-region iii promoter methylation and increased 
malignancy in two large independent series of ccRCCs as well as a correlation with 
active angiogenesis indicates a putative role for GREM1 in ccRCC carcinogenesis and 
tumour angiogenesis. 
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1. Introduction 

Clear cell renal cell carcinoma (ccRCC), the most common subtype of renal cell cancer 
accounting for ~75% of all cases[1], is characterized by increased vascularization and 
an unclear clinical prognosis. Currently, patient performance status, TNM stage and 
Fuhrman nuclear grade are the most useful clinical available predictors of patient out-
come[2]. However, interest in additional prognostic molecular markers is growing. 
Inactivation of the von Hippel-Lindau (VHL) gene has been shown to be a common and 
early event in the carcinogenesis of ccRCC[3-5]. 50 to 70% of ccRCC tumours harbour a 
VHL mutation[5, 6] and in 5 to 20% of ccRCCs VHL is silenced by promoter CpG island 
hypermethylation[7-9]. Although defective VHL functioning is a key player in sporadic 
and hereditary ccRCCs, tumour cell proliferation and prognosis appear not to be di-
rectly associated with alterations in the VHL gene[10,11]. This finding suggests a more 
complex interplay of additional modifications, among which epigenetic silencing of 
other tumour suppressor genes may play a role.  
An interesting candidate gene associated with angiogenesis[12] is the highly conserved 
Gremlin1 (GREM1), of which we have found an upregulated mRNA expression in a 
epigenome-wide screen with the demethylating agent 5’aza-2-deoxycytidine (DAC) in 
four ccRCC cell lines. GREM1 is a secreted glycoprotein that binds and antagonizes 
bone morphogenetic proteins (BMP) –2, -4, and -7, thereby preventing the ability of 
these ligands to interact with their receptors. This results in subsequent inhibition of 
downstream transforming growth factor-β (TGF-β) signalling [13-17]. BMPs, the largest 
subfamily of the TGF-β superfamily, are pleiotropic growth factors serving multiple 
functions in many cell and tissue types including angiogenesis, proliferation, apoptosis, 
differentiation, chemotaxis, and extracellular matrix production during development 
as well as in adult life[18]. BMPs and BMP-antagonists such as Gremlin1, have been 
demonstrated in regulating renal development [19-24] and in the pathogenesis of 
nephropathy[25-28]. BMP-independent activities of GREM1 in cancer[14,15] and an-
giogenesis[12] have also been demonstrated. However, the role of GREM1 in renal 
cancer pathogenesis and the mechanism regulating GREM1 gene expression is not 
known.  
GREM1 has been identified as a target of SUZ12[29], a Polycomb Repressive Complex 2 
(PCR2) subunit, which is expressed during embryonic stem cell differentiation. Stem 
cell Polycomb group (PcG) targets are up to 12-fold more likely to have cancer-specific 
promoter CpG island hypermethylation[30] when compared to non-targets, suggesting 
epigenetic regulation of GREM1 expression in cancer. GREM1 promoter CpG island 
methylation has been reported in gastric-[31], bladder- and prostate cancer[32].  
The aim of this study was to investigate GREM1 promoter CpG island methylation and 
its association with clinicopathological- and angiogenesis parameters in ccRCC.  
 

Thesis_Baldwijns_v11.pdf   125 23-3-2009   16:01:12



Chapter 8 

 126 

2. Materials and methods 

2.1 Cell lines, study populations, and clinical specimens 

Four ccRCC cell lines (SKRC1, SKRC10, SKRC52, SKRC59), kindly provided by Dr. E. 
Oosterwijk, Nijmegen Center for Molecular Life Sciences (NCMLS), Nijmegen, The 
Netherlands, were cultured in RPMI 1640 media (Invitrogen) supplemented with 10% 
heat-inactivated fetal bovine serum (FBS). 
Formalin-fixed and paraffin embedded tumour samples (n=150) from patients with 
sporadic ccRCC, treated with radical or partial nephrectomy without any neo-adjuvant 
therapy, were collected retrospectively and further referred to as hospital-based se-
ries. Of 20 ccRCC patients also histologically normal renal tissue was available. In addi-
tion, histologically normal renal tissue samples (formalin-fixed, paraffin embedded) of 
18 non-RCC patients was collected. All samples were derived from the archives of the 
Department of Histopathology, University Hospital of Leuven and Department of Pa-
thology, Maastricht University Medical Center. Hematoxylin eosin-stained slides were 
revised by an experienced genitourinary pathologist to confirm nuclear Fuhrman grad-
ing. Tissues were sectioned into 20 μm slides and genomic DNA was isolated and puri-
fied using the Puregene DNA purification kit according to the manufacturers instruc-
tions (BIOzym, Landgraaf, The Netherlands). Data of postoperative follow-up (median 
follow-up 64 months, range 1–153 months) at regular intervals by means of physical 
examination, chest X-ray, abdominal computed tomography or ultrasound, and when 
indicated a bone scan, was available (for patient characteristics see table 1A).  
A second independent, population-based validation series of formalin-fixed, paraffin 
embedded ccRCC samples (n=185) was obtained from the Netherlands Cohort Study 
on diet and cancer (NLCS)[33] and collected from 51 pathology laboratories through-
out the Netherlands with a median follow-up period of 79 months, range 0–218 
months. This series will be further referred to as population-based series. Tissue collec-
tion and DNA isolation have been described in detail elsewhere[34]. Hematoxylin eo-
sin-stained slides were revised by an experienced genitourinary pathologist. Informa-
tion on tumour size and stage was available from the pathological reports and cancer 
registries. Follow-up was accomplished by record linkage to the municipal population 
registry and the causes of death registry from Statistics Netherlands[11] (for patient 
characteristics see table 1B). This study was approved by the Medical Ethical Commit-
tee of the Maastricht University Medical Center.  

2.2 Drug treatment and gene expression analysis 

ccRCC cell lines SKRC1, SKRC10, SKRC52, and SKRC59 were treated with 5’aza-2-
deoxycytidine (DAC) or Trichostatin A (TSA), which inhibit DNA methylation and his-
tone deacetylases, respectively. ~10% confluent RCC cells were cultured in RPMI 1640 
media containing 10% FBS with 5μM (DAC) (Sigma; stock solution: 1mM in PBS) for 96 
hours, replacing media and DAC every 24 hours. Cell treatment with 300nM TSA 
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(Sigma; stock solution: 5mM dissolved in ethanol) was performed for 18 hours, starting 
at ~30% cell confluency. Mock treated cells were grown in parallel with the DAC treat-
ment by addition of equal volumes of PBS without drugs.  
 
Table 1.A: GREM1 promoter CpG island methylation associated with clinical, histopathological, and angio-
genesis-related patient characteristics (hospital-based series) 
 All ccRCC  

 
n=150 (100%) 

Methylated 
GREM1-region i 

n=77 (55%) 

Methylated 
GREM1-region ii 

n=33 (24%) 

Methylated 
GREM1-region iii 

n=28 (20%) 
Sex 
 Male  
 Female  
  P (U versus M) 
 

 
 99 (66%) 
 51 (34%) 

 
 50 (65%) 
 27 (35%) 

 0.38 

 
 22 (67%) 
 11 (33%) 

 0.95 

 
 22 (79%) 
  6 (21%) 

 0.11 

Age (mean) 
  P (U versus M) 
 

60.1 (± 12.1 SD) 60.3b (± 12.6 SD) 
 0.80

62.3 (±11.6 SD) 
 0.33 

60.3 (±10.4 SD) 
 0.96 

Tumour size in cm (mean) 
  P (U versus M) 
 

6.36 (± 3.45 SD) 
 

6.91 (± 3.55 SD) 
 0.01 

7.25 (± 3.54 SD) 
 0.08 

7.72 (± 3.17 SD) 
 0.02 

Fuhrman grade 1 
 2 
 3 
 4 
  P (U versus M) 
 

 15 (10%) 
 72 (48%) 
 46 (31%) 
 17 (11%) 

  5 ( 6%) 
 36 (47%) 

 26 (34%) 
 10 (13%) 

 0.54 

  2 ( 6%) 
 15 (46%) 
 10 (30%) 
  6 (18%) 

 0.61 

  1 ( 4%) 
 11 (39%) 
 9 (32%) 

  7 (25%) 
 0.04 

Tumour stage 1 
 2 
 3 
 4 
  P (U versus M) 
 

  8 ( 5%) 
 89 (60%) 
 30 (20%) 
 22 (15%) 

  3 ( 4%) 
 42 (54%) 
 16 (21%) 
 16 (21%) 

 0.23 

  0 ( 0%) 
 17 (53%) 
  9 (28%) 
  6 (19%) 

 0.32 

  0 ( 0%) 
 12 (43%) 
  7 (25%) 
  9 (32%) 

 0.013 

ECP % (mean)  
  P (U versus M) 
 

1.4 (±2.17SD) 1.8 (±2.72 SD) 
 0.097

2.5(±3.37 SD) 
 0.004

3.0 (±2.97 SD) 
 0.0001 

TCP % (mean) 
  P (U versus M) 
 

6.7 (±9.25 SD) 8.2 (±11.40 SD) 
 0.13 

9.0 (± 12.70 SD) 
 0.16

12.0 (± 11.90 SD) 
 0.001 

MVD per mm2 (mean) 
  P (U versus M) 
 

197.5 (± 91.0 SD) 177.4 (± 81.70 SD)
 0.01 

174.8 (± 89.20 SD)
 0.09

152.5 (± 92.2 SD) 
 0.001 

Tumour stage based on International Union against Cancer (UICC) TNM classification of malignant tumours, 
fourth, fully revised edition, 1987; P: p-value for comparison of methylated and unmethylated cases; ECP: 
endothelial cell proliferation; TCP: tumour cell proliferation; MVD: microvessel density. 

 
RNA of mock-, DAC-, and TSA-treated cells was isolated using the RNeasy kit (Qiagen) 
according to the manufacturers’ instructions. For real time RT-PCR, 1 µg of total RNA 
was reverse transcribed by using Ready-To-GoTM You-Prime First-Strand Beads (Amer-
sham Biosciences/ GE Health care) with addition of random hexamers (0.2 µg per reac-
tion). (Primer sequences and PCR conditions are provided in supplemental table S1). 
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Table 1.B: GREM1 promoter CpG island methylation associated with clinical, histopathological, and angio-
genesis-related patient characteristics (population-based series) 
  All ccRCC  

 
 n=185 (100%) 

       Methylated 
   GREM1-region iii 
 n=68 (40%) 

 

Sex 
 Male  
 Female  
 P (U versus M) 

 
 108 (59%) 
  74 (41%) 

 
 44 (65%) 
 24 (35%) 
 0.32 

 

Age (mean) 
 P (U versus M) 

 67.4  (± 4.7 SD)  67.2 (± 5.2 SD) 
 0.49 

 

Tumour size in cm (mean) 
 P (U versus M) 

 7.9  (± 3.9 SD) 
 

 7.5  (± 3.17 SD) 
 0.16 

 

Fuhrman grade 1 
 2 
 3 
 4 
 P (U versus M) 

 42 (23%) 
 66 (36%)  
 47 (26%) 
 27 (15%) 

 10 (15%) 
 22 (32%) 
 23 (34%) 
 13 (19%) 
 0.03 

 

Tumour stage 1 
 2 
 3 
 4 
 P (U versus M) 

  4 ( 2%) 
 81 (45%) 
 63 (35%) 
  32 (18%) 

 0 ( 0%) 
 27 (40%) 
 23 (34%) 
 18 (26%) 
 0.08 

 

Tumour stage based on International Union against Cancer (UICC) TNM classification of malignant tumours, 
fourth, fully revised edition, 1987; P: p-value for comparison of methylated and unmethylated cases; ECP: 
endothelial cell proliferation; TCP: tumour cell proliferation; MVD: micro vessel density. 

2.3 GREM1 methylation-specific PCR and bisulfite sequencing 

The highly conserved human GREM1 gene (accession number NM_013372) is located 
on chromosome 15q13-q15. For CpG island prediction, EMBOSS  
(http://bioinfo.hku.hk/EMBOSS) software using the following criteria (Obs/Exp: 0.6, 
MinPC: 50, length: 200) was used. This resulted in three closely located CpG islands 
from -650 bp to +1671 bp relative to the transcription start site (TSS) (figure 1A), which 
will be further considered as one island. To cover a large part of the promoter region 
for GREM1 methylation analysis, three different nested methylation-specific PCR 
(MSP) primer sets (GREM1-region i, -region ii, and -region iii) were designed (see figure 
1A). GREM1 promoter CpG island methylation was determined by chemical modifica-
tion of genomic DNA with sodium bisulfite and subsequent MSP as described in detail 
elsewhere[35-37]. In brief, 500 ng of DNA was modified by sodium bisulfite using the 
EZ DNA methylation kit (Zymo Research, Orange, California) according to the manufac-
turer’s instruction. To facilitate MSP analysis on DNA retrieved from formalin-fixed 
paraffin embedded tissue, DNA was first amplified with flanking PCR primers that am-
plify bisulfite-modified DNA but do not preferentially amplify methylated or unmethy-
lated DNA. The resulting fragment was used as a template for the MSP reaction. 
GREM1-region i, -region ii, -region iii methylation was analyzed on the hospital-based 
series of ccRCCS. On the population-based series, GREM1-region iii MSP was per-
formed. All PCRs were performed with controls for unmethylated alleles (DNA from 
normal lymphocytes or DNA from human umbilical vein endothelial cells (HUVEC), 
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methylated alleles [normal lymphocyte DNA treated in vitro with SssI methyltrans-
ferase (New England Biolabs)], and a control without DNA. Primer sequences and PCR 
conditions are provided in supplemental table S1. Ten μl of each MSP reaction was 
directly loaded onto 2% agarose gels containing GelStar Nucleic Acid Gel Stain (Cam-
brex, New Jersey, USA), and visualized under UV illumination. The methylation status 
of the hospital-based ccRCC series was successfully obtained in 93-95% (138-141 of 
149, one sample failed to provide a sufficient amount of DNA), dependent on the 
primer set used, and in 91% (168 of 185) of the population-based series. To assess 
reproducibility, MSP reactions have been performed in duplicate or triplicate starting 
from DNA amplification with flanking PCR primers. The reproducibility was 82%, 95%, 
and 97% for primer set i, ii, and iii, respectively in the hospital-based series and 84% in 
the population-based series. Non-concordant MSP results were analyzed a third time 
and a two out of three concordance was used as end result.  
For bisulfite sequencing, PCR products were cloned using the TOPO TA cloning kit (Invi-
trogen, Breda, the Netherlands), single colonies were sequenced using M13 primer, 
BigDye Terminator v1.1 Cycle Sequencing Kit in accordance to the manufacturer’s 
instruction. Primer sequences and PCR conditions are provided in supplemental table 
S1.  

2.4 Assessment of angiogenesis and tumour parameters 

Quantification of microvessel density (MVD), endothelial cell proliferation (ECP), and 
tumour cell proliferation (TCP) in the hospital-based series has been described in detail 
elsewhere[38].  
Briefly, CD34/Ki67 double immunohistochemical staining[39] was used to analyze 
MVD, ECP and TCP. One tissue slide was analyzed per tumour. For assessment of the 
vascular density within a tumour tissue slide, 1 hotspot (most vascularized microscopic 
field) was selected and 4 areas were chosen randomly. Vessel counts were performed 
at 200x magnification using an optical grid. The presence of a vascular lumen was not 
necessary to identify a microvessel. MVD was expressed as vessels per mm2. Next, a 
total number of at least 500 intratumoural endothelial cells and 500 tumour cells were 
evaluated in consecutive fields at a 400x magnification and the fractions of proliferat-
ing endothelial cells (ECP%) and tumour cells (TCP%) were assessed. ECP% and TCP% 
were calculated according to the following formulas: ECP% = (the number of endothe-
lial cells with Ki67-stained nuclei/total number of endothelial cells evaluated) x 100; 
TCP% = (the number of tumour cells with Ki67-stained nuclei/total number of tumour 
cells evaluated) x 100.  

2.5 Statistical analysis 

Cause-specific survival was defined as the time from cancer diagnosis until renal can-
cer-related death or until the end of follow-up. Differences in clinicopathological and 
angiogenesis characteristics between ccRCCs with and without GREM1 promoter CpG 
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island methylation were evaluated with the Student’s t-tests and Pearsons χ2 tests. 
Kaplan-Meier analyses and log-rank tests were used to estimate the overall influence 
of GREM1 promoter CpG island methylation on cause-specific survival. Hazard ratios 
(HR) and corresponding 95% confidence interval (CI) were assessed by use of Cox pro-
portional hazard models. Factors were considered possible confounders if they were 
known prognostic factors for renal cancer and influenced the crude HR. Possible con-
founders that were included in the model for both series were sex, age at diagnosis, 
cancer stage, tumour size and nuclear grade. The proportional hazard assumption was 
tested using the Schoenfeld residuals. Analyses were performed by use of the statisti-
cal package STATA 9.0. All reported P values are two-sided and P values ≤0.05 were 
considered statistically significant. 
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Figure 1 
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3. Results 

3.1 Promoter CpG island methylation and downregulation of GREM1 mRNA expression 
in ccRCC cell lines 

GREM1 promoter CpG island methylation and mRNA expression were analyzed by MSP 
and real time RT-PCR in the ccRCC cell lines SKRC1, SKRC10, SKRC52, SKRC59. All four 
cell lines were heavily methylated at region i, ii and iii of the CpG island (figure 1C). 
MSP data were confirmed by bisulfite sequencing of region i (279 bp, 30 CpGs), ii 222 
bp, 14 CpGs) and region iii (268 bp, 22 CpGs). Methylation at the TSS (279 bp, 43 CpGs) 
was assessed by bisulfite sequencing (figure 1B). As shown in figure 1D, little or no 
mRNA expression is observed in SKRC1, SKRC10, SKRC52, and SKRC59. mRNA expres-
sion could be induced in all four cell lines by DAC but not, or to a much lesser extent, 
by TSA.  

3.2 GREM1 promoter CpG island hypermethylation in ccRCCs varies at different 
regions in the promoter CpG island 

To analyse GREM1 promoter CpG island methylation in primary ccRCCs, a hospital-
based series of ccRCCs was analyzed for methylation at three loci in the promoter. 63% 
(93/147, 3 samples did not yield a MSP result in region i, ii and iii) of the ccRCCs 
showed methylation of one or more of the three analyzed regions. A decrease of me-
thylation prevalence is seen more downstream in the analyzed area, with 55% 
(77/141) methylation for region i (-648 - -462), 24% (33/139) for region ii (-236 - -140), 
and 20% (28/138) for region iii (+311 - +472) (Table 1A). Methylation in matching his-
tologically normal renal tissues was observed in region i (50%, 10/20), while lower 
methylation frequencies were observed in region ii and iii (5%, 1/20 and 10%, 2/20, 
respectively), data not shown. In histologically normal renal tissues from non-cancer 
patients, 0-6% methylation was observed in the subregions (i: 1/18, ii:1/18, iii: 0/18) 
(data not shown).  

3.3 GREM1 promoter CpG island methylation at region iii is associated with increased 
tumour size, tumour grade and -stage, angiogenesis and poor prognosis 

Next, we studied the association of GREM1 promoter CpG island methylation and pa-
tient characteristics and clinical outcome. In table 1A, patient and tumour characteris-
tics for the 150 ccRCC cases included in the GREM1 promoter hypermethylation analy-
ses are presented; methylated cases were stratified by methylation site. No differences 
among methylated and unmethylated cases were observed in the distribution of age 
and sex (p-values > 0.05, see table 1A). Consistent with the number of methylated 
cases, associations between GREM1 promoter methylation and clinical-, histopa-
thological- and angiogenesis related patient characteristics are dependent on the re-
gion of methylation. GREM1-region i methylation was associated with tumour size 
(p=0.01) and MVD (p=0.01). The median OS and MFS for unmethylated versus methy-

Thesis_Baldwijns_v11.pdf   132 23-3-2009   16:01:12



Prognostic significance of Gremlin1 

 133 

lated cases at regio i is 60.5 (1-143) versus 64.5 (range 2-153) and 58.5 (1-143) versus 
41 months (0-143), respectively. The Kaplan-Meier curve for GREM1-region i methyla-
tion (Figure 2A) shows a borderline statistically significant difference in OS for methy-
lated and unmethylated cases (log-rank, p=0.05 log-rank MFS, p=0.73, data not 
shown). Age and sex adjusted Cox proportional hazard analyses show a statistically 
significant association between GREM1-region i methylation and OS (HRi= 1.84; 95% 
CI, 1.02-3.32, but not for MFS (HRi= 1.08; 95% CI, 0.76-1.54). Multivariate analyses 
however, show no association between GREM1-region i and OS or MFS (HRi= 0.66; 
95% CI, 0.33-1.33, and HRi= 0.82; 95% CI, 0.55-1.21, respectively) 
GREM1-region ii methylation was only significantly associated with ECP (p=0.004). The 
median OS and MFS for unmethylated versus methylated cases at regio ii is 60.5 (1-
153) versus 76 (range 1-153) and 56 (1-153) versus 60 months (0-153), respectively. 
Figure 2B shows the Kaplan-Meier curve for GREM1-region ii; no difference was ob-
served between methylated and unmethylated cases (log-rank p=0.84, log-rank MFS, 
p=0.15, data not shown). Methylation of GREM1-region ii was not significantly associ-
ated with OS or MFS in the age and sex adjusted Cox regression analyses (HR(OS)ii= 
0.93; 95% CI, 0.48-1.80, and HR(MFS)ii=0.74; 95% CI, 0.49-1.12) nor in the multivariate 
analyses (HR(OS)ii= 0.55; 95% CI, 0.26-1.18, and HR(MFS)ii=0.56; 95% CI, 0.36-0.87). 
In contrast, methylated ccRCCs at region iii are statistically significant larger in tumour 
size (p=0.02), and have a statistically significant higher tumour grade (p=0.04), tumour 
stage (p=0.013), ECP ratio (p=0.0001), and TCP ratio (p=0.001), as compared to un-
methylated tumours at region iii, and methylated cases have a lower MVD (per mm2, 
p=0.001). The median OS and MFS for unmethylated versus methylated cases at region 
iii is 65.5 (1-153) versus 56 (range 2-138) and 60 (1-153) versus 23 months (0-138), 
respectively. Figure 2C shows the Kaplan-Meier curve for cause-specific survival and 
GREM1-region iii methylation, and methylated cases had a statistically significant 
worse survival as compared to unmethylated cases (log-rank p=0.002, log-rank MFS 
p=0.05, data not shown). Age and sex adjusted Cox proportional hazard analyses also 
show a significant association between GREM1-region iii methylation and OS (HR= 
2.35; 95% CI 1.29-4.28); the association with MFS was borderline significant (HR= 1.54; 
95% CI 0.99-2.39). However, in multivariate analyses adjusted for age, sex, grade, 
stage, and tumour size, GREM1-region iii methylation does not seem to be an inde-
pendent prognostic factor: HR(OS)=0.88, 95% CI: 0.45-1.74, and HR(MFS)=1.04, 95% CI: 
0.65-1.68  
 
Due to the greatest cancer specificity of GREM1 promoter CpG island methylation at 
region iii, we wanted to validate the results obtained for the GREM1-region iii region, 
in an independent population-based series of ccRCC (table1B). Age and sex were 
equally distributed among the methylated and unmethylated cases in this series, (P-
values >0.05, see table 1B). 40% (68 of 168) of the ccRCCS with MSP results were me-
thylated and methylated tumours more often had a higher tumour grade (p=0.03) as 
compared to unmethylated tumours. A similar trend was seen for tumour stage 
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(p=0.08). The median OS for unmethylated versus methylated cases at region iii is 96 
(1-218) versus 42 (range 1-212), respectively. Figure 2D shows the Kaplan-Meier curve 
for cause-specific survival and GREM1-region iii methylation, and methylated cases 
had a statistically significant worse survival as compared to unmethylated cases (log-
rank test p=0.0001). Cox regression analyses also showed a statistically significant 
association between methylation and OS with an age and sex adjusted HR of 2.32 (95% 
CI: 1.52-3.53) and a multivariate HR of 2.27 (95% CI: 1.44-3.59, adjusted for age and 
sex, grade, stage and size).  
 

 
Figure 2. Overall cause-specific survival curves for ccRCC patients according to GREM1 promoter CpG island 
methylation at region i (A), ii (B), and iii (C, D), with A, B, and C for patients of the hospital-based series and D 
for patients of the population-based series.  

4. Discussion 

Epigenetic silencing of GREM1 by promoter CpG island methylation is present in ccRCC 
cell lines, and can be reversed by inhibiting DNA methyltransferases, indicating that 
DNA methylation is involved in GREM1 silencing. We have also shown an association 
between GREM1 promoter CpG island hypermethylation and increased malig-
nancy/angiogenesis in primary ccRCCs, while methylation in histologically normal renal 
tissue is an infrequent phenomenon. Interestingly, GREM1 promoter CpG island me-
thylation in primary ccRCCs varies within the CpG island, with frequencies of 55%, 24%, 
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and 20% for region i, ii, and iii, respectively. We showed that within one CpG island, 
CpG methylation at loci only a few hundred base pairs apart can differ strongly. As 
previously shown for hMLH1 in colorectal cancer, methylation associated transcrip-
tional silencing can occur in a region-specific manner[40], indicating that also clinical 
effects may be methylation-region specific.This observation emphasizes that the loca-
tion of CpG dinucleotides to be analyzed and with this, MSP primer location and –
design, can influence the observed methylation prevalence and clinical association[41]. 
Analyses of clinicopathological characteristics revealed that significant differences 
between GREM1 methylated and unmethylated ccRCCs are also dependent on the 
region analyzed. Only for the most downstream region (iii), CpG methylation was sta-
tistically significant associated with increased malignancy, i.e.larger tumours, higher 
tumour grade and -stage, and a worse prognosis. These data suggest that the effect of 
GREM1 promoter CpG island methylation on ccRCC biology depends on the region 
methylated within the CpG island. Whether GREM1 promoter CpG island methylation 
initiates at region i and than spreads downstream towards the TSS and region iii or 
starts in region iii and than retroverts towards region i can not be deduced from these 
data. 
 
The second series is derived from the population-based prospective Netherlands Co-
hort Study, and therefore appropriate for validation of the results. This series con-
firmed the associations between region iii methylation and tumour grade and progno-
sis which were found in the hospital-based series. In addition, this validation points to 
GREM1 as a gene independently influencing the progression of ccRCCs when methy-
lated at region iii (figure 3B), which was not found in the hospital-based series to the 
same extent (figure 3A). Possible differences between the two ccRCC series were not 
apparent, but could perhaps account for this observation. Nevertheless, both series do 
indicate a significant effect of GREM1-region iii methylation on increased malignant 
behaviour and a worse prognosis of ccRCC.  
 

Thesis_Baldwijns_v11.pdf   135 23-3-2009   16:01:13



Chapter 8 

 136 

 

 

GREM1 

Grade 

Stage 

Size 

ECP 

TCP 

MVD 

prognosis /  

survival 

GREM1 
prognosis /  

survival 

Hospital-based ccRCC series: GREM1 dependent prognostic factor 

Population-based ccRCC series: GREM1 independent prognostic factor 

 
Figure 3. Prognostic significance of GREM1 promoter CpG island methylation in hospital-based and popula-
tion-based ccRCC patient series 

 
 
 
Our data also show that GREM1-region iii methylation is significantly associated with 
increased ECP, TCP and lower MVD, suggesting that GREM1 silencing promotes active 
angiogenesis, pointing to GREM1 as an anti-angiogenesis factor. Similar observations 
showing that BMP2 and BMP4 exert angiogenic activity, which may increase with inac-
tivation of the BMP-antagonist GREM1 have been reported[42-44]. However, a recent 
study by Stabile et al. indicated a BMP-independent, pro-angiogenic function of 
GREM1 by showing GREM1 expression in human lung tumour endothelium and bind-
ing of GREM1 to the endothelial cell surface thereby activating intracellular signalling 
and cell motility[12]. An angiogenic role of GREM1 may be tissue specific and/or dose-
dependent. ECP also may be indirectly influenced by GREM1 through its strong correla-
tion with TCP (Rho=0.82, p<0.001). Moreover, during tumour progression, cumulative 
genetic/epigenetic events can activate additional angiogenic growth factors, resulting 
in an increased tumour driven angiogenesis. Additionally, GREM1 promoter CpG island 
methylation may affect maturation of intratumoural blood vessels in ccRCC, as Maciel 
et al. reported induction of vascular smooth muscle cell (VSMC) proliferation and mi-
gration by Gremlin[45]. This is supported by the fact that ccRCC with high ECP, repre-
senting high grade ccRCC, are shown to be characterized by a less stabilized, less ma-
ture vasculature[38]. Therefore, GREM1 inactivation may impede tumour vessel matu-
ration, as observed in high grade tumours, in which less differentiated vessels provide 
an easier access for cancer cells to the circulation. 
Except for sclerostin domain-containing-1 (SOSTDC1), another BMP antagonist which 
suppresses proliferation of RCC cells and is downregulated in RCC[46], no other BMP 
antagonists have previously been implicated in RCC. GREM1 has been shown to be 
down regulated in several tumour cell lines i.e. neuroblastoma, fibrosarcoma, colon 
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adenocarcinoma, breast carcinoma, suggesting a tumour suppressor function[14,47]. 
However, the role of GREM1 in renal carcinogenesis has not yet been elucidated. Si-
lencing of GREM1 by promoter CpG island methylation may play a role in carcinogene-
sis both by affecting cell cycle and by upregulation of BMP signalling. Earlier studies 
have linked BMPs and BMP receptors (BMP-RI and BMP-RII) to cancer[48-50]. Biologi-
cal responses to BMP are cell type-specific and divergent effects with both oncogenic 
and tumour suppressor activities have been described[49]. Despite the progress 
achieved in delineating the functional significance of BMP pathways in carcinogenesis 
in general during the last decade[51-57], little is known about the importance of BMP 
signalling in RCC. 
In conclusion, our results indicate that GREM1 could act as a tumour suppressor gene 
in ccRCC, and that DNA promoter methylation of GREM1 has an impact on the biology 
and outcome of this type of cancer. Notably, GREM1-region iii promoter CpG island 
hypermethylation appears to be independently associated with aggressive tumour 
behaviour and increased angiogenesis and therefore could be an interesting prognostic 
biomarker. Probably, this prognostic effect is mediated through an increase TCP and 
ECP. However, the exact mechanism of GREM1 inactivation and its relation to tumour 
progression as well as its role in angiogenesis need to be further clarified. In addition, 
further studies are needed to explore whether GREM1 promoter CpG island methyla-
tion can also be detected in urine or serum samples for use as a possible noninvasive 
marker for aggressive ccRCC. 
 
Supplemental table S1. PCR primers and conditions for GREM1 
method  Forward 5’>3’ Reverse 5’>3’ Tm 

(°C) 
cycles 
(n) 

length 
(bp) 

RT  CAGCCTACACGGTGGGAGC CTGCTCTGAGTCATTGTGCTGG   128 
MSP i Fl TGGYGATAGGTTTTTGTTGG CCCCTCTAAAAAAAACRAAACTA 56 35 156 
 U GTTTTTGTTGGTGGTTAGTGAGTT

T 
AACAAAACTACAAAATACTCTAAT
CAAACA 62 30 134 

 M TGTTGGCGGTTAGCGAGTTC GAAACTACGAAATACTCTAATCGA
ACG 62 30 126 

MSP ii Fl TTTTGGGGTGATTTTTTTTAGT CACCCCTCCTACTTCCCC 56 35 96 
 U GTGATTTTTTTTAGTTGGTTTGGG

T 
ACCCCTCCTACTTCCCCACA 

64 35 88 
 M ATTTTTTTTAGTCGGTTCGGGC CCCTCCTACTTCCCCGCG 64 35 83 
MSP iii Fl GGGGTTTTTTTTGTTGAGGT CTACTACCACCAACACCAAAAAC 56 35 161 
 U TTTTTTTGTTGAGGTTGTGGATATTCAAAAACATATTCAAAAACCTCCA 65 25 140 
 M TTTGTTGAGGTCGCGGATATC AAAACGTATTCGAAAACCTCCG 65 25 134 
BSseq i  TGGYGATAGGTTTTTGTTGG CCCAAATCTAAACTTTCCCTATC 60 35 279 
BSseq ii  GATAGGGAAAGTTTAGATTTGGG CACCCCTCCTACTTCCCC 64 35 222 
BSseq iii  AGGGTYGTAAATTAATTTAGGATT CTACTACCACCAACACCAAAAAC 60 40 268 
BSseq TSS  GGYGTTTGGTTAATGGAGAGG CRCCCACTCACATCCCTACC 62 35 279 
RT: real-time reverse transcriptase PCR; MSP i, ii, iii: methylation specific PCR GREM1-region i, GREM1-region 
ii, GREM1-region iii, respectively; M: methylation sensitive primers; U: non-methylation sensitive primers; 
BSseq i, iii: bisulfite sequencing region i and iii. 
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General discussion and conclusions 

Renal cell carcinoma (RCC), originating in the renal cortex, accounts for 2-3 % of cancer 
incidence and results in over 100 000 worldwide deaths annually. RCC is the most le-
thal urologic cancer and the sixth leading cause of cancer deaths in the developed 
nations. For those who present with metastasis, the overall clinical course of RCC var-
ies; approximately 50 % of patients survive < 1 year and 10 % survive for over 5 
years[1]. For those who present with early stage disease, 30 % of these patients will 
relapse after radical (partial) nephrectomy and will develop future metastasis. Stan-
dard chemotherapy has not been useful[2], and until recently, the only effective 
treatment for metastatic disease was cytokine-based immunotherapy with interferon-
α (IFN-α) or interleukin-2 (IL-2), which have a response rate of approximately 15 %[3]. 
Over the past few years, characterization of the VHL and HIF pathways has led to a 
more detailed understanding of RCC biology, with subsequent development of effec-
tive anti-angiogenic targeted therapy. Many VHL/hypoxia-induced regulated proteins 
are receptor tyrosine kinases (RTKs) and their ligands, involved in tumour driven an-
giogenesis, and small molecule RTK inhibitors (such as sunitinib, sorafenib and bevaci-
zumab) show promising results in the treatment of metastatic RCC (chapter 3 and 7). 
The high vascularization, characteristic for ccRCC, already suggests that angiogenesis is 
integral to its pathogenesis and explains why ccRCC is an attractive disease for angio-
genesis research and application of anti-angiogenic targeted therapy.  
Therefore, the first interest of this thesis was to assess angiogenesis parameters in 
ccRCC and to investigate whether these variables can serve as a measure or predictor 
of anti-angiogenesis therapy response and to examine whether differences in angio-
genic activity can explain variable biological behaviour among ccRCCs. 
The first experimental study (chapter 4) assesses the angiogenic activity of low-grade 
and high-grade ccRCC by means of morphological quantification (vessel density, endo-
thelial cell proliferation) and qRT-PCR mRNA expression profile of angiogenic activators 
and inhibitors. This study showed higher active angiogenesis, reflected by a higher 
endothelial cell proliferation fraction (ECP%), in high-grade when compared to low-
grade ccRCC. In concordance, ECP% strongly correlated with a higher tumour cell pro-
liferation rate (TCP%). This strong association implies that ECP% and TCP% in ccRCCs 
may be driven by similar mechanisms. Alternatively, the growth rate of tumour cells 
may determine the angiogenic potential of the endothelial cells (EC) because our study 
demonstrated enhanced protein VEGF expression in high-grade ccRCC. 
In contrast, microvessel density (MVD) appeared to be significantly lower in high-grade 
ccRCC versus low-grade ccRCC. This finding indicates that MVD is not a good parame-
ter for tumour growth rate or for active angiogenesis in ccRCC. MVD is only a measure 
of the intercapillary distance in a certain microscopic field, but not a reflection of the 
angiogenic activity of a tumour[4]. This means that MVD is not a valid indicator to 
evaluate therapeutic angiostatic response in ccRCC. It is interesting that high-grade 
ccRCCs can exist with low MVD. Köhler et al[5] pointed out that MVD in normal renal 
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cortex and medulla is already high and only slightly increased in Fuhrman grade 1 
ccRCC. The decrease of MVD with increasing grade probably reflects the inability of the 
neovascularization to keep up with tumour cell proliferation. In spite of the low MVD, 
the vascular bed seems to give an adequate supply to the tumour tissue, as the maxi-
mum tumour diameter increases with grade. Though the amount of total tumour vas-
cularization must increase rapidly in fast-growing tumours to support a rapidly increas-
ing tumour mass, the density of the vessels does not need to be high. This is because 
of the fact that MVD is influenced by angiogenic as well as by non-angiogenic factors, 
such as the oxygen and nutrient consumption rates of the tumour cells. In human tu-
mours the oxygen consumption rate is often substantially lower than that of the corre-
sponding normal tissue[6]. In addition, tumour cells are known to tolerate oxygen 
deprivation and to be resistant to apoptosis under hypoxic conditions[7]. Furthermore, 
in previous experiments, the relative decrease of vascular dependence of cancer cells 
appears to be associated with features of increased malignancy[8,9]. Both the lowered 
oxygen consumption rate of tumour cells and their tolerance of hypoxic conditions 
permit increased intercapillary distance in tumours compared with their hypoxia-
sensitive counterparts and normal tissue. Alternatively, in high-grade ccRCC larger 
vessels are observed[10] with probable increased permeability of the vessel wall and 
altered fluid dynamic properties, both compensating the reduced vascular bed[11,12]. 
Another interesting finding of our first study was that high-grade ccRCCs were charac-
terised by a significantly lower HIF-1α expression than low-grade ccRCC. This may be 
due to a progressive switch to HIF-2α response during tumour progression. Earlier 
reports indicated that during renal tumourigenesis, HIF-2α becomes progressively 
more evident than HIF-1α[13,14]. In ccRCC it is suggested that HIF-2α has more onco-
genic properties than HIF-1α, encoding protumorigenic genes such as cyclin D1, trans-
forming growth factor-α and VEGF[13,15]. Consequently, HIF-2α driven expression of 
VEGF, a potent mediator of EC activation, can explain the high ECP% in high-grade 
ccRCC. 
Furthermore, we demonstrated that ccRCC with high MVD and low ECP%, largely rep-
resenting low-grade ccRCC, revealed significantly higher expression of placental 
growth factor, plateled-derived growth factor and angiopoietin-1, which are related to 
vessel maturation[16-19]. This finding suggests the presence of more immature vessels 
in high-grade ccRCC. Poorly differentiated vessels may provide easier access for cancer 
cells to the circulation, explaining the high metastatic potential of high-grade ccRCC. 
Yao et al demonstrated that an increased number of undifferentiated microvessels in 
ccRCC significantly correlated with higher tumour grades and multivariate analyses 
even showed that undifferentiated MVD was an independent prognostic factor[20]. In 
contrast with microvessel density, the state of vascular differentiation may be a valid 
indicator for therapeutic response. Previously, the identification of angiopoietins[21] 
and the phenotype of plateled-derived growth factor-β-deficient mice (inability to 
recruit pericytes)[17] has focused attention on the molecular mechanisms of blood 
vessel maturation mediated by recruitment of pericytes. The mature phenotype of the 
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quiescent organ vasculature in most normal organs is characterized by an extensive 
coverage with pericytes that appear to play a role in controlling the quiescent endo-
thelial cell phenotype. The concept that tumour vessels can be selectively targeted 
without affecting the quiescent organ vasculature is based on the fact that the molecu-
lar phenotype of immature, angiogenic intratumoral blood vessels (with less or ab-
sence of pericytes) is distinctly different from that of resting blood vessels. Numerous 
animal studies have shown that the activated, angiogenic intratumoral neovasculature 
can be selectively targeted without affecting the normal organ vasculature[22]. 
Antiangiogenic therapies are thought to induce the pruning of immature and ineffi-
cient vessels and to promote the maturation of the remaining vessels[23]. As imma-
ture vasculature is believed to be more vulnerable for therapeutic targeting[24], a 
better response to antiangiogenic drugs might be expected in high-grade ccRCC. How-
ever, antiangiogenic therapy can cause resistance to therapy response, by selection 
and overgrowth of tumour-cell variants that are hypoxia resistant and thus less de-
pendent on angiogenesis[25]. Considering the hypothesis that high-grade ccRCC be-
come less vascular dependent, response to antiangiogenic drugs may yet be disap-
pointing in this RCC subgroup. On the other hand, anti-VEGF treatment probably has 
direct effects on the tumour cells of RCC, since activated (phosphorylated) VEGFR-2 
has been shown to be expressed on RCC cells, independent of grade[26]. Low-grade 
ccRCC with low ongoing angiogenic activity may not benefit much from antiangiogenic 
therapies that depend on the rate of EC proliferation. 
This stresses the importance of assessing the composition of the tumour vessels (e.g., 
the angiogenic status (ECP%) and maturity (such as presence of pericytes) in clinical 
practice to identify patients that will benefit most from antiangiogenic therapy. 
The second interest of this thesis was to investigate whether differences in angiogenic 
activity and biological behaviour can be explained by different alterations in the VHL 
gene, a common event in ccRCC tumorigenesis and key player in HIF driven angiogene-
sis (chapter 5). For this, VHL mutation analysis (by means of direct sequencing) and 
VHL promoter CpG island methylation analysis (by means of methylation-specific PCR) 
were performed. No significant correlations were found between VHL mutation (pres-
ence/type) or VHL promoter hypermethylation and tumour parameters (grade, stage, 
TCP%) or angiogenesis related variables (MVD, ECP%,VEGF, HIF-1α). Regulation of 
angiogenesis and tumour progression of ccRCC is apparently not directly influenced by 
VHL alterations. The equal frequencies of VHL alterations between tumour stages 1,2 
and 3 support the hypothesis that VHL inactivation is an early event in ccRCC tumori-
genesis. However, subsequent to this inactivation, further genetic and probably also 
epigenetic events in the HIF pathway, which plays a central role in renal angiogenesis 
and carcinogenesis, are needed for tumour progression. The HIF pathway is complex 
and not only regulated by constitutive HIF signalling through defective VHL in case of 
ccRCC or by hypoxia. Oncogenic HIF signalling (PI3K/AKT pathway[27,28]/MAPK path-
way[29,30]), as well as modulations in HIF downstream pathways (including a complex 
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of paracrine and autocrine effects of angiogenic growth factors) can modify tumour-
driven angiogenesis. 
Another potential insight from patients with ccRCC with different VHL mutations is that 
there are some mutations which disturb HIF regulation but appear to be associated 
with no excess risk of ccRCC, or reduced risk[31]. One explanation for this may be that 
the effect of these mutations do not completely abolish the ability of pVHL to regulate 
HIF. Alternatively, it may be that some other aspect of VHL function is preserved when 
these mutations occur, and that HIF dysregulation alone is not sufficient to predispose 
to ccRCC. 
As stated above, VHL inactivation is common in sporadic ccRCC (in about 70-80% of 
sporadic ccRCC, including 50%-75% VHL mutations[32-34] and 5-20% VHL promoter 
hypermethylation[35-38]). An interesting question is whether the remaining 20 % of 
ccRCC (27% in our study) have a VHL-HIF pathway which functions normally. It appears 
likely that they do, since this subset of tumours show patchy HIF activation, especially 
in the hypoxic regions around areas of necrosis, in contrast with the more diffuse HIF 
expression in the VHL defective ccRCC[39,40]. Furthermore some ccRCC derived cell 
lines regulate HIF normally, for example, Caki-1[40]. The absence of somatic VHL al-
terations in some ccRCCs also implies the involvement of other genetic events in renal 
carcinogenesis. Additional inactivation of tumour suppressor genes located at chromo-
some 3p12-p21 appears to be necessary in the development of ccRCC, irrespective of 
VHL inactivation[41,42]. Also other regions of genetic loss on chromosomes other than 
the frequently involved chromosome 3p, have been identified in ccRCC[43-45]. Re-
cently, an array-based comparative genomic hybridization analysis indicated that in 
addition to loss of chromosome 3p, gain of chromosomes 5q and 7 may be indispensa-
ble for the development of ccRCC in both identified clusters. Additional loss of chro-
mosomes 1p, 4, 9, 13q and 14q may promote the genetic pathways to more malignant 
ccRCCs[46]. 
Since hemangiogenesis is a key feature in renal carcinogenesis, the interest of our third 
experimental study (chapter 6) was to investigate whether there is also lymphangio-
genesis present in ccRCC. This study was performed by means of a Ki67-D2-40 double 
immunohistochemical staining (lymph vessel density and lymph endothelial prolifera-
tion fraction (LECP%)) and qRT-PCR mRNA expression profile of lymphangiogenic fac-
tors. 
Because ccRCC appear to be angiogenic tumours and angiogenic growth factors exhibit 
overlapping lymphangiogenic and hemangiogenic activity[47], lymphangiogenesis 
might be expected in ccRCC. Recent studies have revealed that tumours can actively 
induce the formation of lymphatic vessels, and that tumour lymphangiogenesis is cor-
related with lymph node metastasis in experimental cancer models and in several 
types of human cancers[48]. Studies in animal tumour models showed that increased 
levels of VEGF-C and/or VEGF-D promote active tumour lymphangiogenesis and lym-
phatic tumour spread to regional lymph nodes, and that these effects can be sup-
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pressed by blocking VEGFR-3 signalling[49-52]. VEGF-A can also act as a tumour lym-
phangiogenesis factor[53]. 
In ccRCC, however, only limited ongoing intratumoral lymphangiogenesis (LECP%) was 
observed. As the extent of tumour-associated lymphangiogenesis can serve as a potent 
predictor of lymph node metastasis[54], our finding may explain the low prevalence of 
lymph node metastasis in ccRCC. Furthermore, this finding, together with the result of 
our first experimental study, indicates that during renal tumourigenesis, lymphangio-
genesis is of less consequence and hemangiogenesis predominates. This observation 
may provide a clue to better understand why ccRCC prefer hematogenous dissemina-
tion to lymphatic spread. 
Since no evident lymphangiogenesis can be demonstrated in ccRCC, the lymph vessels 
located in the center and at the margin of the tumor are probably preexisting lymph 
vessels. 
The lack of a relationship between the number of lymph vessels and lymph node me-
tastases can be explained by the small number of intratumoral lymphatic vessels and 
by the fact that intratumoral lymphatic vessels may not be completely functional. At 
least in animal models, these vessels collapse under high intratumoral pressure and in 
at least one study they were not conductive of lymphatic metastasis[55,56]. Further-
more peritumoral lymphatics within the pseudocapsule or invasive edge of the investi-
gated ccRCC were irregular and often collapsed and might not be able to serve lym-
phatic spread. This hypothesis is supported by an earlier study of Bonsib et al. who 
observed intralymphatic tumour emboli in 7 of 40 ccRCCs. In 4 of these 7 cases, intra-
lymphatic tumour emboli were detected in lymph vessels outside the tumour (mostly 
renal hilus), and their presence correlated with lymph node involvement. However, 
intralymphatic tumour emboli, localized in peritumoral lymph vessels, were not associ-
ated with lymph node involvement[57,58]. 
As stated above, angiogenic capacity in ccRCC is not directly influenced by VHL altera-
tions and this suggests that additional HIF upstream and downstream events interfere 
with tumour driven angiogenesis. The past few years there is an explosion of interest 
in the epigenetic regulation of gene expression in cancer. Epigenetic silencing of tu-
mour suppressor genes by promoter DNA hypermethylation and/or histone modifica-
tions plays an important role in the pathogenesis of sporadic and/or hereditary forms 
of RCC, and are correlated with tumour aggressiveness and poorer patient outcome 
(chapter 7). Moreover, regional DNA hypermethylation in precancerous conditions 
appears to generate more malignant RCCs[59] and a significant association is demon-
strated between regional DNA hypermethylation and genetic clustering of ccRCC, 
based on copy number alterations[46]. 
Since the role of epigenetic alteration of gene expression is becoming more and more 
acknowledged in renal carcinogenesis, we were interested in epigenetically silenced 
tumour suppressor genes, which were also involved in angiogenesis. To that end, our 
fourth experimental study (chapter 8) was focused on Gremlin 1 (GREM1), a bone 
morphogenic protein (BMP) antagonist and member of the transforming growth fac-
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tor-β (TGF- β) family, described to be silenced via promoter CpG island hypermethyla-
tion in several other human malignancies[60,61]. BMP-independent tumour suppres-
sor (-like) functions of GREM1 are demonstrated in other tumour cell lines[62] and a 
potential role of GREM1 in tumour-driven angiogenesis has been postulated[63]. No 
data of GREM1 promoter CpG island methylation were reported before, so we evalu-
ated the presence of GREM1 promoter hypermethylation in ccRCC cellines and sam-
ples of patients with primary ccRCCs, and investigated whether GREM1 silencing is 
related to variable tumour behaviour and angiogenesis. A strong positive correlation 
was observed between GREM1 promoter hypermethylation and active angiogenesis 
(ECP) as well as tumour behaviour (tumour stage, Fuhrman grade and overall survival), 
indicating a putative role for GREM1 in ccRCC progression and tumour-driven angio-
genesis. This was also confirmed by a second independent population based series, in 
which GREM1 appeared to be an independent prognostic factor. 
The exact mechanism on how GREM1 acts as a putative tumour suppressor gene and 
modulating tumour-driven angiogenesis in ccRCC needs to be unravelled in future 
assays. Furthermore, in general, current understanding of epigenetic alterations occur-
ring during renal carcinogenesis is far from complete and has to be elucidated in fur-
ther research, which will contribute to development of targeted epigenetic therapy. In 
vitro and preclinical studies showed that the clinical application of reversing epigenetic 
aberrations in tumour cells, called epigenetic therapy, is an exciting strategy for cancer 
treatment[64]. Many agents have been discovered that inhibit DNA methylation 
(DNMT inhibitors) or histone deacetylation (HDAC inhibitors), and the value of these 
compounds will be established by ongoing clinical trials[65]. As some of the tumour 
suppressor genes, which are epigenetically silenced in tumour cells, may exhibit angio-
genesis inhibiting properties, indirect angiostatic effects of demethylating agents and 
HDAC inhibitors might be expected[65]. Some reports related the angiostatic activity of 
HDAC inhibitors to repression of HIF-1α and/or VEGF in tumour cells[66-69]. Previous 
studies also showed that HDAC inhibitors are potent angiostatic agents, directly inhib-
iting endothelial cell growth and angiogenesis in vitro and in vivo[65,66,70]. However, 
in contrast with the extensively described effects of DNMT and HDAC inhibitors on 
gene expression in tumour cells, there is more to learn about the direct effects of 
these drugs on EC gene expression, as well as on the role of epigenetic mechanisms in 
regulating transcription of EC genes during tumour angiogenesis. 
 
In summary, the results of this thesis suggest heterogeneity in angiogenic activity and 
vessel maturation of ccRCC, which to a large extent is linked to nuclear grade. These 
differences in angiogenesis biology might have impact on the effects of antiangiogenic 
treatment of ccRCC. Because of the limitations of MVD as a surrogate end point, sup-
plementary assays for evaluating the efficacy of antiangiogenic agents are needed. To 
that end, assays that reflect the angiogenic status (ECP%) or quantify the maturation 
state of tumour blood vessels (such as presence of pericytes, concentration ratio of 
angiopoietins (Ang-1 and Ang-2)[21]), may be used in clinical practice. In contrast with 
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hemangiogenesis, limited intratumoral lymphangiogenesis occurs in ccRCC. This may 
explain the low prevalence of lymph node metastasis in ccRCC and common hemato-
genous metastatic route. 
The absence of a direct association between VHL alterations and angiogenesis/tumour 
variables indicates that additional genetic/epigenetic events should be considered to 
explain angiogenic heterogeneity and diverse tumour behaviour. To that end, epige-
netic changes were explored in ccRCC and GREM1 promoter hypermethylation was 
demonstrated to be associated with angiogenic activity and variable tumour behav-
iour. 
Current understanding of the genetic and epigenetic alterations occurring during renal 
carcinogenesis and their relation with tumour driven angiogenesis, however, is far 
from complete. 
Each step in the angiogenic regulatory pathway represents a potential target for ther-
apy and antiangiogenesis has become an important component of cancer treatment in 
RCC. However, despite the positive results with angiogenesis inhibitors, clinical resis-
tance remains an issue as these compounds block only one proangiogenic protein 
(such as for instance VEGF), whereas during renal tumourigenesis multiple proangio-
genic proteins are produced, which allow the tumour to evade angiogenic blockade. 
Therefore, additional targets and pathways need to be exploited to broaden the 
antiangiogenic spectrum. Unravelling of the global network of multi-factorial stimula-
tory and inhibitory circuits regulating the angiogenic switch will serve the means to 
sustainably suppress angiogenesis, using pharmacological agents that block both pri-
mary and secondary/alternative proangiogenic signalling pathways, and/or hyperacti-
vate endogenous antiangiogenic signals. 
With antiangiogenic therapy, the challenge comes in providing the proper guidelines 
for using combination therapies (such as several antiangiogenic agents and epigenetic 
targeted therapy, in combination or combined with immunotherapy), optimisation of 
treatment schedules, and accurately assessing patient response (development of ap-
propriate surrogate markers[71]). 
Ultimately, the evolution of RCC is probably not entirely dependent on HIF and RTKs, 
and also other pathways, that drive ccRCC progression, need to be discovered with 
novel inhibitors to be synthesised and tested clinically. 
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Summary 

Renal cell carcinoma (RCC) is a heterogenous disease, comprising different histological 
subtypes, each with a different underlying biology, different clinical course and differ-
ent response to therapy. Most sporadic RCCs are clear cell renal cell carcinomas 
(ccRCC, 75%) followed in frequency by papillary type I and II tumours (pRCC, 15%) and 
chromophobe RCCs (chrRCC, 5%).  
RCCs are characterized by a lack of early symptoms, resulting in a quarter of patients 
presenting with advanced disease. It is the most lethal urological cancer and the sixth 
leading cause of cancer death in the developed nations. Surgery is the only time-
proven therapeutic option in localized RCC. Standard chemotherapy has not been 
succesful, and until recently, the only effective treatment for metastatic disease was 
cytokine-based immunotherapy with interferon-α (IFN-α) or interleukin-2 (IL-2), with a 
response rate of only 15 % (chapter 2). 
The high vascularization, which is characteristic for ccRCC, suggests that angiogenesis, 
the induction of a new vasculature, is integral to its pathogenesis. To that end, hy-
poxia-inducible factor (HIF) plays an important role in renal tumourigenesis by tran-
scriptional activation of genes involved in angiogenesis, glucose metabolism and tu-
mour cell proliferation (chapter 3). Over the past few years, characterization of the 
VHL and HIF pathways has led to a more detailed understanding of RCC biology, with 
subsequent development of effective anti-angiogenic targeted therapy. Many 
VHL/hypoxia-induced regulated proteins are receptor tyrosine kinases (RTKs) and their 
ligands, involved in tumour driven angiogenesis, and small molecule RTK inhibitors 
(such as sunitinib and sorafenib) show promising results in the treatment of metastatic 
RCC. 
The first interest of this thesis was to assess angiogenesis parameters in ccRCC and to 
investigate whether differences in angiogenic activity can explain variable biological 
behaviour among ccRCCs. In our first experimental study, we demonstrated a higher 
angiogenic activity in high grade ccRCC, compared to low grade ccRCC, with heteroge-
neity in vessel maturation between both subgroups (chapter 4). Differences in angio-
genesis might have impact on the effects of anti-angiogenic or anti-VEGF treatment in 
ccRCC. 
The second interest of this thesis was to investigate whether differences in angiogenic 
activity and biological behaviour can be explained by specific alterations in the VHL 
gene, a common event in ccRCC tumourigenesis and key player in HIF driven angio-
genesis. In this study, no significant associations were found between VHL alterations 
and tumour progression/angiogenesis suggesting that additional genetic and epige-
netic events should be considered to explain diverse angiogenic and tumour prolifera-
tive behaviour (chapter 5). 
Since hemangiogenesis is a key feature in renal carcinogenesis and since angiogenic 
growth factors exhibit overlapping lymphangiogenic and hemangiogenic activity, the 
aim of our third experimental study was to investigate the occurrence of lymphangio-
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genesis in ccRCC (chapter 6). The results of this study strongly suggest that limited 
intratumoural lymphangiogenesis occurs in ccRCC, which is not related to Fuhrman 
grade or tumour- and lymph node stage. Given the dual activity of several growth 
factors, stimulating both angiogenesis and lymphangiogenesis, this finding indirectly 
points to the fact that during renal tumourigenesis, hemangiogenesis predominates, 
probably explaining the common hematogenous spread of ccRCC and low prevalence 
of lymph node metastasis. 
As stated above, the absence of significant associations between angiogenic parame-
ters and VHL alterations in ccRCC, suggests that additional HIF upstream and down-
stream events interfere with tumour driven angiogenesis. In the last decades, knowl-
edge on the role of epigenetics in the process of renal carcinogenesis has increased 
(chapter 7). Therefore, we were interested in epigenetic silencing of putative angio-
genesis-modulating tumour suppressor genes. A genome-wide epigenetic screen iden-
tified Gremlin1(GREM1) as a gene frequently inactivated by promoter CpG island me-
thylation in ccRCC. Therefore we investigated the influence of GREM1 promoter hy-
permethylation on angiogenesis/tumour behaviour and clinical outcome in ccRCC 
(chapter 8). This study showed a strong association between GREM1 promoter CpG 
island hypermethylation and increased angiogenesis and tumour progression, indicat-
ing a putative role for GREM1 in ccRCC carcinogenesis and tumour angiogenesis. How-
ever, the exact mechanism of GREM1 inactivation and its relation to tumour progres-
sion as well as its role in angiogenesis need to be further clarified. 
In general, current understanding of epigenetic alterations occurring during renal car-
cinogenesis is far from complete and has to be elucidated in further research, which 
will contribute to development of targeted epigenetic therapy and may deliver new 
prognostic and early diagnostic markers. 
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Samenvatting 

Na prostaat- en blaaskanker, is het niercelcarcinoom de meest voorkomende kwaad-
aardige urologische tumor bij de volwassene. Niercelcarcinomen ontstaan in de nier-
schors en vormen een heterogene groep van tumoren met een verschillende geneti-
sche achtergrond. Binnen de groep van de niercelcarcinomen, worden er meerdere 
histologische subtypes onderscheiden, waarbij de heldercellige niercelcarcinomen het 
meest frequent voorkomen.  
Niercelcarcinomen worden, wegens het ontbreken van symptomen, vaak laattijdig 
gediagnosticeerd. Hierdoor is 25% van deze tumoren reeds gemetastaseerd bij diagno-
sestelling. Het gemetastaseerde niercelcarcinoom is resistent tegen chemo- en radio-
therapie en er is slechts een geringe tumor respons (15 %) op immunotherapie (Inter-
feron, Interleukine-2). Tot op heden, is operatieve verwijdering van de niertumor (tu-
mor nefrectomie) bij een gunstige tumorstadiering de enige adequate curatieve thera-
pie.  
Het feit dat niercelcarcinomen zeer vaatrijke tumoren zijn, suggereert dat angiogenese 
een belangrijke rol speelt in de ontwikkeling van deze tumoren. Zowel preklinisch als 
klinisch onderzoek heeft aangetoond dat tumorgroei en metastasering afhankelijk zijn 
van angiogenese, een proces van vaatnieuwvorming vanuit voorafbestaande bloedva-
ten. Zodra een tumor groter wordt dan 2-3 mm3, ontstaat hypoxie (tekort aan zuurstof 
) in het binnenste gedeelte van de tumor. De tumor kan dan uitsluitend verder groeien 
door de aanmaak van nieuwe bloedvaten. Hypoxie leidt tot activering van de transcrip-
tiefactor ‘hypoxie induceerbare factor’ (HIF), die op zijn beurt een heel scala aan genen 
activeert, welke ondermeer tumorcelgroei, tumorcel overleving en angiogenese stimu-
leren. De belangrijkste angiogene groeifactor, die gereguleerd wordt door HIF, is de 
vasculaire endotheliale groeifactor (VEGF). Recente nieuwe inzichten in de pathogene-
se van niercelcarcinomen en meer bepaald van het heldercellige niercelcarcinoom, 
laten zien dat HIF en VEGF een sleutelrol spelen in de stimulatie van de tumor angio-
genese. Bovendien treedt er bij de heldercellige niercelcarcinomen vaak een geneti-
sche fout op in het Von-Hippel-Lindau-tumorsuppressorgen. Tumor suppressorgenen 
zijn genen die de celgroei remmen en dus het ontstaan van een maligniteit helpen 
voorkomen. Uitschakeling van het VHL-gen zorgt ervoor dat HIF niet meer afgebroken 
kan worden en bijgevolg actief blijft. In dit geval wordt de angiogenese op eenzelfde 
manier gestimuleerd als bij hypoxie. Het feit dat niertumoren afhankelijk zijn van angi-
ogenese, suggereert dat remming van angiogenese een veelbelovende manier van 
kankertherapie kan zijn bij deze groep van tumoren.  
Anti-angiogenese onderzoek heeft geleid tot het ontwikkelen van een aantal nieuwe 
gerichte behandelingen, zoals blokkade van VEGF door middel van monoklonale antili-
chamen (bevacizumab) en remming van VEGF-receptortyrosinekinases (sunitinib, sora-
fenib). Ook het remmen van andere tumorale intracellulaire signaaltransductieroutes 
zoals de MAP-kinaseroute (met het oraal beschikbare sorafenib) of de AKT-mTOR rou-
te (met intraveneus temsirolimus) bieden nieuwe mogelijkheden voor de behandeling 
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van patienten met gemetastaseerde niercelcarcinomen. In dit proefschrift geven 
hoofdstukken 2 en 3 een uitgebreider overzicht van de klinische en morfologische 
kenmerken, centrale rol van HIF en anti-angiogenese therapie bij niercelcarcinomen.  
Het biologische gedrag van niercelcarcinomen blijft, ondanks de standaard stagering- 
en gradering parameters, moeilijk voorspelbaar. Aangezien angiogenese een belangrij-
ke rol speelt in de ontwikkeling van deze tumoren, werd in hoofdstuk 4 van dit proef-
schrift nagegaan of verschillen in angiogene activiteit het variabele gedrag van niertu-
moren kunnen verklaren. Hiervoor werden angiogenese parameters gemeten en ver-
geleken binnen een groep van 150 heldercellige niercelcarcinomen. Uit dit onderzoek 
blijkt dat hooggradige niercelcarcinomen een hogere angiogene activiteit tonen dan 
laaggradige tumoren, waarbij er ook aanwijzingen zijn voor verschillen in vaatmatura-
tie. Deze verschillen in angiogenese kunnen een rol spelen in de respons op anti-
angiogenese therapie. 
Vervolgens werd in hoofdstuk 5 onderzocht of de verschillen in angiogene activiteit 
gerelateerd zijn aan defecten in het VHL-tumorsuppressorgen. Bij deze studie werden 
er echter geen significante associaties gevonden tussen angiogene parameters en VHL-
inactivatie. Dit resultaat suggereert dat bijkomende genetische veranderingen nodig 
zijn voor de ontwikkeling en progressie van niertumoren.  
Naast angiogenese, kan ook lymfangiogenese van belang zijn bij het metastaserings-
proces van tumoren. Angiogene groeifactoren kunnen zowel angiogenese als lymfan-
giogenese (de vorming van nieuwe lymfevaten) stimuleren. Gezien de verhoogde ex-
pressie van angiogene groeifactoren binnen de groep van heldercellige niertumoren 
(hoofdstuk 4), zou in deze tumorgroep ook een verhoogde lymfangiogenese verwacht 
kunnen worden. Hoofdstuk 6 illustreert echter een beperkte lymfangiogenese, die niet 
geassocieerd is met tumorgraad, tumorstadium of lymfeklier metastasen. Deze bevin-
ding vormt een mogelijke verklaring voor de lage incidentie van lymfeklier metastasen 
bij heldercellige niercelcarcinomen. Dit resultaat suggereert ook dat binnen de groep 
van de heldercellige niercelcarcinomen, de angiogene groeifactoren bij voorkeur de 
angiogenese stimuleren, wat ook zou kunnen verklaren waarom deze niertumoren 
frequenter via de bloedvaten metastaseren. 
Het ontstaan van niercelcarcinomen is een complex proces, waarbij er naast het be-
kende en vaak uitgeschakelde VHL-tumorsuppressorgen, ook andere fenomenen een 
rol spelen. 
De laatste jaren verovert de epigenetica terrein in de zoektocht naar processen die 
verantwoordelijk zijn voor het ontstaan van kanker. Niet alleen veranderingen in de 
DNA sequentie zelf (genetica) kunnen leiden tot het ontstaan van kanker, maar ook 
veranderingen in de regulatie van genexpressie door modificaties van DNA transcrip-
tie, de zogenaamde epigenetische processen, beïnvloeden in belangrijke mate de acti-
viteit van genen. Waar de genetica refereert naar de overerving van informatie door 
middel van veranderingen in de nucleotidesequentie, refereert epigenetica naar over-
erfbare veranderingen in genfunctie die niet verklaard worden door veranderingen in 
nucleotidesequentie. Het Griekse woord “epi”, wordt in het Nederlands vertaald als 

Thesis_Baldwijns_v11.pdf   159 23-3-2009   16:01:14



Samenvatting 

 160 

‘op’ of ‘bij’. Epigenetica zou verwoord kunnen worden als ‘dat wat bovenop of bij de 
genetica’ komt. Epigenetische veranderingen kunnen gezien worden als een soort 
schakelaar die de activiteit van genen in een cel kan reguleren. Er zijn aanwijzingen dat 
een gezonde voeding een gunstig effect kan hebben op het optreden van epigeneti-
sche veranderingen. DNA-methylering geldt als een van de belangrijkste epigenetische 
processen en blijkt zelfs een even frequent voorkomende oorzaak te zijn van inactiva-
tie van tumor suppressorgenen als mutaties (genetische veranderingen). Promoterhy-
permethylering van tumorsuppressorgenen zorgt voor inactivatie van genen die on-
dermeer de celgroei en angiogenese controleren. Ook bij niertumoren zijn er naast 
genetische defecten tal van epigenetische veranderingen beschreven, waarbij tumor-
suppressorgenen uitgeschakeld worden, ten gevolge van promoterhypermethylering.  
Hoofdstuk 8 van dit proefschrift beschrijft de promoter methyleringsstatus van het 
Gremlin1(GREM1) gen, dat een belangrijke rol speelt in de embryonale nierontwikke-
ling. In de literatuur zijn er aanwijzen dat dit gen een tumorsuppressor functie zou 
kunnen vervullen en een rol zou kunnen spelen bij de tumorangiogenese. Reeds in 
andere tumoren werd aangetoond dat promoterhypermethylering van GREM1 kan 
optreden, maar bij de niercelcarcinomen was dit voorheen nog niet onderzocht. In 
onze studie wordt er bij de heldercellige niercelcarcinomen GREM1-promoter-
hypermethylering aangetoond, waarbij niertumoren met GREM1-promoterhyper-
methylering gekenmerkt worden door een toegenomen tumor angiogenese en tumor-
progressie. Dit werd bevestigd in een tweede serie van heldercellige niercelcarcino-
men, waarin GREM1-promoterhypermethylering zich zelfs als een onafhankelijke 
prognostische factor bleek te gedragen. De exacte functie van GREM1- uitschakeling 
bij de ontwikkeling van nierkanker dient echter nog nader onderzocht te worden. Ook 
zal er binnen de groep van de niercelcarcinomen nog verder onderzoek naar de me-
chanismen van andere door methylering uitgeschakelde potentiele tumorsuppressor 
genen moeten gebeuren. Dit onderzoek kan zowel gevolgen hebben voor (vroeg-) 
diagnostiek als nieuwe medicamenteuze therapievormen.  
DNA methylering treedt namelijk in de vroege fase van de tumorontwikkeling op en is 
mogelijk reeds aanwezig voordat er macroscopische of microscopische tumorgroei 
zichtbaar is. Dit maakt methylering een interessante biomarker voor vroegtijdige 
screening van kwaadaardige tumoren. Tot slot is methylering een proces dat farmaco-
logisch reversibel is. Hierdoor is methylering ook een interessant doelwit voor antikan-
kerbehandeling. 
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Figure 1: Classification of RCC subtypes: cell of origin 
The nephron, consists of the renal corpuscle (1) and renal tubule, which is divided into four histo-
physiological zones: proximal convoluted tubule (2), loop of Henle (3), distal convoluted tubule (4) and 
collecting tubule (5). The different RCC subtypes are thought to originate from different parts of the renal 
tubular system: mainly the proximal convoluted tubule (2a clear cell RCC and 2b papillary RCC) and the 
collecting tubule (5a chromophobe RCC, 5b collecting duct carcinoma, and 5c mucinous tubular and spindle 
cell carcinoma). 
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Figure 1A. In ccRCC the HIF pathway can be activated by three main mechanisms: oncogenic signalling (1), 
hypoxia (2) and constitutively induced signalling (3). 
(1). Binding of a ligand to its receptor results in stimulation of several pathways, including the mitogen-
activated protein kinase (MAPK:RAS/MNK) and phosphatidylinositol 3- OH kinase (PI3K/AKT) pathways, 
both promoting translation and accumulation of HIF-α. In addition, activation of EGFR/P13K/AKT/IKKα/ NF-
κB signalling cascade, by TGFα, can induce expression of proangiogenic factors such as interleukin-8 (IL-8) 
and VEGF. β2-microglobulin can activate cyclic-AMP-response-element-binding protein (CREB), through 
cAMP-dependent Proteine Kinase A (PKA) signalling, which in turn may lead to VEGF expression. In the 
nucleus, HIF-1α can also interact with transcription factor CREB to activate transcription. 
(2). HIF degradation is dependent on hydroxylation of conserved proline residues via enzymes referred to 
as HIF prolyl hydroxylases (PHD). Molecular oxygen (O2) is required as a cosubstrate for PHD activity. Once 
hydroxylated, HIF is recognized by the Von Hippel-Lindau (VHL) protein complex and undergoes oxygen-
dependent degradation. Tumour-associated hypoxia inhibits HIF degradation by inhibiting PHD through 
tricarboxylic acid cycle generation of reactive oxygen species (ROS). HIF-α accumulates and one of the two 
isoforms of HIF-α (HIF-1α or HIF-2α) then translocates to the nucleus and dimerizes with HIF-β. The HIF-
α/HIF-β complex binds to hypoxia response elements (HRE) within the promoters of target genes and 
thereby regulates transcription of genes involved in cell growth, angiogenesis, anaerobic glucose metabo-
lism, pH regulation, cell survival/apoptosis, cell proliferation and other genes that modulate various cellular 
functions. Transcriptional co-activators are p300/CBP. 
Changes in the redox potential in hypoxic cells due to the generation of ROS in mitochondria can also result 
in NF-κB activation. 
(3). HIF-α can also accumulate via activation of other constitutively induced mechanisms. Loss of Tuberous 
sclerosis complex 1 or 2 (TSC1 or 2) function, promotes mammalian target of rapamycin (mTOR)-dependent 
translation and accumulation of HIF alpha in the cells. 
In addition, inactivation of VHL results in stabilization and accumulation of HIF-α. Accumulation of fumarate 
(as described in hereditary leiomyomatosis renal-cell cancer syndrome (HLRCC)) or accumulation of succi-
nate (hereditary paraganglioma syndrome) causes accumulation of HIF-α , through inhibition of PHD.  
TGFα = transforming growth factor α; IGF = insulin-like growth factor; MMP = matrix metalloproteinase; 
PLGF = placental growth factor; Ang-2 = angiopoietin-2; Aglike-4 = angiopoietin-like 4; COX-2 = Cyclooxy-
genase-2; VEGF = vascular endothelial growth factor; PDGF = plateled-derived growth factor; GLUT-1 = 
glucose transporter-1; CAIX = Carbonic anhydrase IX; BNIP3 = BCL2/adenovirus E1B 19kDa interacting 
protein 3; EGF = epidermal growth factor; NF-κB = nuclear factor-κB; IKKα = I kappa B kinase alpha; AKT = 
serine/threonine kinases AKT; MEK = mitogen and extracellular kinase; ERK = extracellular receptor kinase; 
MNK = MAPK-interacting protein kinase.  
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Figure 1B. Pro-angiogenic signalling in 
tumour-associated macrophages
(TAM). A number of potent proangio-
genic cytokines and growth factors, 
such as VEGF, tumour necrosis factor-α 
(TNF-α), interleukin-8 (IL-8) and basic 
fibroblastic growth factor (bFGF) are 
released by TAMs in response to 
hypoxia, next to angiogenesis-
modulating enzymes such as matrix 
metalloproteinases (MMP) and other 
proteins that influence angiogenesis 
such as urokinase-type plasminogen 
activator (uPA) and cyclooxygenase-2 
(COX-2).  

 
Figure 1C. Overview of the VEGF 
signalling transduction pathway in the 
endothelial cell. VEGF binding to a 
cognate receptor kinase (VEGFR1-2) 
activates the phosphatidylinositol 3-
kinase (PI3K) and mitogen-activated 
protein kinase (MAPK) pathways. PI3K 
activates the downstream ser-
ine/threonine kinases AKT (also 
known as protein kinase B (PKB)) and 
mammalian target of rapamycin 
(mTOR).In the MAPK pathway, the 
extracellular signal-regulated kinase 
(ERK) is activated by the upstream 
MAP/ERK kinase (MEK). These signal-
ling pathways result in stimulation of 
angiogenesis.  
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Figure 1: Overview of the immunohistochemical stainings used, in low grade (left: A,C,E,G) and high grade
(right: B,D,F,H) ccRCC. A and B: CD34/Ki-67 IHC double-staining. Black arrows in inset show proliferating Ki-
67 positive (brown nucleus) endothelial cells (red cytoplasm). C and D: Morphometrical analyses showing an 
increased vessel area (grey) in high grade ccRCC. E and F : Membranous CA9 staining and nuclear HIF-1α
staining (inset) of tumour cells. Although no significant difference was found between low and high grade 
tumours for CA9 expression, there was more HIF-1α expression in low grade ccRCC. G and H : predominantly 
membranous VEGF staining in tumour cells of low grade RCC (G), in contrast with dens cytoplasmatic intra-
tumoural VEGF staining in high grade RCC (H). Insets illustrate also VEGF immunoreactivity of the intratu-
moural vessels. 
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Figure 1: Overview of the D2-40/Ki-67 double immunostainings. 
A: non-neoplastic renal tissue with the presence of lymph vessels (red) around intrarenal veins and arteries. 
Inset illustrates lymphatic capillaries in the neighbourhood of a glomerulus, in the background of an inflam-
matory interstitium of the tumor-free renal tissue. B: Intratumoural lymph vessels were observed especially 
in inflammatory areas. C: Black arrows show proliferating Ki-67 positive (brown nucleus) endothelial cells. D: 
Hot spots of peritumoural lymph vessels were present in the peritumoural fibrous capsule. Lymphatic capil-
laries were often irregularly shaped and collapsed (inset). 
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Figure. 1:. Epigenetic modifications and their interplay 
The two main epigenetic hallmarks are postreplicative DNA methylation and posttranslational histone modi-
fications, which both play a role in gene silencing and interact to repress gene transcription. (Additional 
histone modifications are known but not depicted here; histone methylation and acetylation are the most
understood.)  
DNA methylation is catalyzed by DNA methyltransferases (DNMTs) and characterized by the addition of a 
methyl group (CH3) to a cytosine preceding a guanine (CpG). Histone (de)acetylation results from an imbal-
ance between histone deacetylases (HDACs) and histone acetyltransferases (HATs), whereby deacetylation is
associated with gene repression. HDACs and histone methyltransferases (HMTs) are recruited by methyl-
binding proteins (MBPs), which bind methylated CpGs, or are directly bound to DNMTs to epigenetically
modify histone tail residues and regulate gene expression. 
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Dankwoord  
 
 
“Wanneer je in het leven iets wil bereiken, moet je eerst beginnen met in jezelf te 
geloven”.  
 
Deze uitspraak heb ik gaandeweg in mijn Maastrichtse loopbaan ervaren en leren 
waarderen. 
Ik moet eerlijk bekennen dat ik met een heel klein hartje op weg ging in dit voor mij 
onbekend wetenschappelijk avontuur. De combinatie met mijn drukke klinische taken 
en gezinsleven maakte dit zeker niet evident.  
Het is uiteindelijk een tocht geworden van vallen en opstaan, waarbij elke tegenslag 
ook weer een leerschool was in volharding en iedere geslaagde publicatie een welko-
me opsteker. 
Deze weg was ook niet mogelijk geweest zonder de hulp van vele anderen, die ik hier-
bij even wil bedanken. 
  
Promotor Prof. Dr. Adriaan de Bruïne, beste Adriaan, je was voor mij een geweldige 
begeleider en collega. Onze overlegmomenten inspireerden mij enorm in het schrijven 
van artikels en bij tegenslagen wist je me altijd weer aan te moedigen. Het was voor 
mij rustgevend dat ik op jouw steun kon rekenen, niet enkel in de wetenschap, maar 
ook in de klinische taken. Ik was je erg dankbaar als je op piekmomenten mijn uro-
praktijkje wou overnemen, zodat ik aan mijn onderzoek kon werken. Jammer genoeg, 
is er een einde gekomen aan onze professionele samenwerking. Ik zal je als mens en 
als collega missen. Veel geluk in je nieuwe loopbaan! 
 
Copromotor Dr. Manon van Engeland, beste Manon, ik ben je heel erg dankbaar dat ik 
destijds bij jouw onderzoeksgroep kon komen en dat je mij ten volle in mijn onder-
zoekstraject gesteund en begeleid hebt. Epigenetica was werkelijk een nieuwe wereld 
die voor mij openging. Je hebt een fijne onderzoeksgroep, die je geweldig aanstuurt en 
waar de sfeer goed zit. 
 
Copromotor Dr. Peter Vermeulen, beste Peter, ik herinner mij nog zeer goed het mo-
ment dat ik, vertoevend in een serieuze onderzoeksdip, bij jou aanklopte. Je was 
meteen luisterbereid en bood mij nieuwe ideeën en onderzoeksmiddelen aan binnen 
je eigen labo, waarvoor ik je nog steeds heel erg dankbaar ben. Ik kan je niet beschrij-
ven hoe gelukkig ik was toen ons eerste artikel aanvaard werd voor publicatie.  
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Ik zou ook graag alle co-auteurs, die hun steentje bijgedragen hebben aan de artikels 
en ook iedereen van de angiogenese groep in Maastricht en Antwerpen, die een bij-
drage geleverd hebben aan mijn onderzoek, willen bedanken. Hierbij wil ik vooral Gert 
in de bloemetjes zetten. Zijn efficiënte aanpak en hulp hebben mij destijds heel erg 
vooruit geholpen. 
 
Vervolgens is er ook nog de epigenetica onderzoeksgroep, waar ik vooral Fiona, Kim en 
zeker Iris even wil aanhalen. Fiona, bedankt voor alle ondersteuning in het lab. Kim, ik 
was heel blij dat je je wou ontfermen over de statistische kant van het onderzoek. Iris, 
je was voor mij een grote steun en hulp en samen met jou een review schrijven was 
een spannend avontuur met een geweldig einde. Het nieronderzoek is bij jou in goede 
handen en ik hoop dat we nog lang kunnen samenwerken. Daarenboven kijk ik er al 
naar uit om jou, als paranimf, aan mijn zijde te hebben. 
 
Mat Daemen die, tot mijn grote vreugde toestemde om zich te ontplooien tot mijn 
andere paranimf, ben ik ook in vele opzichten dankbaar. Mat, het feit dat ik op je steun 
en begeleiding vooral bij de start van mijn onderzoek kon rekenen en je onafgebroken 
vertrouwen in mijn kunnen, gaven mij de nodige ruggesteun. Je “peptalks” werkten 
inspirerend! 
 
Mijn collega-pathologen wil ik bedanken dat ze mij gedurende die zes jaren ruimte 
gegeven hebben om mijn onderzoek waar te maken. Ik kon altijd rekenen op hun 
steun en hulp in klinisch werk bij moeilijke momenten. 
 
Ik zou het harde werken nooit volgehouden hebben zonder mijn gedreven passie voor 
de muziek. Elke letter van dit proefschrift werd geschreven met rustgevende en inspi-
rerende pianomuziek op de achtergrond. Dankzij het enthousiasme van Jos, mijn pia-
noleraar, kon ik mij uitleven in de pianoconcerto’s van Haydn en Grieg.  
 
Verder zou ik zonder de hulp en steun van mijn ouders en schoonouders mijn medi-
sche carrière nooit op een dergelijk peil hebben kunnen uitbouwen. 
Bedankt dat jullie altijd voor me klaarstonden! 
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Robin en Lindsey, mijn twee schatten van kinderen, dank voor jullie begrip als mama 
weer eens een weekendje haar bureauwerk moest trotseren. Jullie spontane hulp in 
huishoudelijke taken en interesse hebben mij erg verrast. Robin, ik vond het geweldig 
dat je mee op zoek ging naar een mooie frontpagina voor mijn boekje. Lindsey, je pla-
gende snoet deed me telkens weer lachen. 
 
And… last but not least, is er mijn lieve echtgenoot en “mijn rots in de branding”.  
Johan, zonder jou had ik het niet gered! Ondanks je drukke huisartsenpraktijk, steunde 
je mij door dik en dun. Je gevatte humor en je latino danspassen zijn de bubbels in 
mijn leven!  
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