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ABSTRACT 
 

Hypoxia Inducible Factor-1� in Renal Cell Carcinoma 
Departments of Surgical and Perioperative Sciences, Urology and Andrology; Radiation 

Sciences, Oncology; Medical Biosciences, Pathology; and Medical Biosciences, 
Clinical Chemistry, Umeå University, Umeå, Sweden 

 
Background: Renal cell carcinoma (RCC) accounts for approximately 2-3% of all 
human cancers. A distinguished feature of RCC is vascularisation and among the three 
dominating RCC types conventional RCC (cRCC) generally is more vascularised than 
papillary RCC (pRCC) and chromophobe RCC (chRCC). Angiogenesis is a critical step 
in tumour progression controlled by a balance involving molecules that have positive 
and negative regulatory activity. A balance distorted by metabolic stress such as 
hypoxia, acidosis, and inflammation. Hypoxia-Inducible Factor 1� (HIF-1�) is a key 
transcription factor in angiogenesis and tumour progression, targeting more than a 100 
genes involved in vascular growth and regulation, iron metabolism and erythropoesis, 
collagen matrix formation, regulation of extracellular pH, glucose uptake and 
metabolism, proliferation, apoptosis, differentiation, and cell viability.  
 
Methods: Tumour tissue and corresponding kidney cortex from nephrectomised RCC 
patients was used in order to characterize HIF-1� expression and one of its target genes, 
Glucose Transporter 1 (GLUT-1). All tumour samples were thoroughly described 
regarding tumour type, TNM stage, nuclear grade, tumour size, vein invasion, and 
patient survival. Utilizing RT-PCR, Westen Blot and Tissue micro array (TMA) we 
studied HIF-1� mRNA and protein expression as well as GLUT-1 protein expression, 
correlating them to each other and clinicopathological parameters. 
 
Results: Using Western Blot, HIF-1� protein expression differed significantly between 
the different RCC types and kidney cortex. In cRCC, high expression of HIF-1� was an 
independent prognostic factor for favourable prognosis. 
TMA is a useful method to analyze HIF-1� protein expression in RCC. HIF-1� levels 
were significantly lower in locally aggressive cRCC and patients with high levels of 
HIF-1� tended to have a better prognosis.  
GLUT-1 levels were higher in cRCC than in other RCC types and for cRCC a 
correlation to HIF-1� was seen. 
HIF-1� mRNA levels were significantly lower in cRCC compared to other RCC types 
and kidney cortex. An inverse correlation between HIF-1� protein expression and 
mRNA levels was observed. 
 
Summary: These results demonstrate a discrepancy between RCC types, highlighting 
the need to separately evaluate biological events in different RCC types. Overexpression 
of HIF-1� protein is not necessarily all bad and translational regulation appears more 
critical than anticipated. Further studies are encouraged to clarify angiogenic pathways 
in RCC. 
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ABBREVIATIONS 
 
bHLH Basic helix-loop-helix 

CAIX Carbonic anhydrase 9 

chRCC Chromophobe renal cell carcinoma 

cRCC Conventional (clear cell) renal cell carcinoma 

EC Endothelial cell 

EGF Epidermal growth factor 

EPO Erythropoietin 

FGF Fibroblast growth factor 

FIH Factor inhibiting HIF-1 

GLUT-1 Glucose transporter 1 

HIF  Hypoxia inducible factor 

HRE  Hypoxia response element 

IFN Interferon 

IGF Insulin-like growth factor 

mTOR Mammalian target of rapamycin 

MVD Micro vessel density 

PAS Per-Arnt-Sim 

PDGF Platelet derived growth factor 

PFS Progress free survival 

pRCC Papillary renal cell carcinoma 

RCC Renal cell carcinoma 

TMA Tissue micro array 

VEGF Vascular endothelial growth factor 

VHL von Hippel Lindau 
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INTRODUCTION 

RENAL CELL CARCINOMA 

Epidemiology and etiology 
Renal cell carcinoma (RCC) accounts for approximately 2-3% of all 
human cancers with a worldwide incidence of 189.000 cases in the year 
2000 (Parkin et al. 2000). The worldwide annual, incidental increase is 
roughly 2%, with exception for Denmark and Sweden where a decrease 
is observed (Lindblad 2004). The single most important explanation to 
increased incidence of people diagnosed with RCC is the use of 
improved imaging techniques. However, this only explains the increase 
in detection of early, localized RCC an increase in incidence is also noted 
for advanced disease (Chow et al. 1999). That study, looking at RCC in 
the US, also concluded that smoking, hypertension, obesity and diet 
probably contribute to the increasing incidence. These factors are also the 
ones proven to be of etiological importance for developing RCC. It has 
been shown that smoking causes 20-30% of all RCC with an increase in 
relative risk ranging from 1.2-2.3 when reviewing case-control studies 
(Martel and Lara. 2003). Obesity shows convincing links to RCC with 
relative risk increase of 1.9-5.9 (Martel and Lara. 2003, Pischon et al. 
2006). A retrospective study showed that hypertension was associated 
with RCC; the relative risk 1.9 for women and 1.8 for men, after 
adjusting for age, updated BMI and smoking (Flaherty et al. 2005).  
 
Within the European Union, the mortality was 50% among 30000 
patients diagnosed with RCC (1998) (European Network of Cancer 
Registries, 2001). However the difference is vast between different stages 
of RCC. The American Society of Cancer Surveillance Research (2004), 
reports that stage differences between local disease and advanced disease 
with distant metastases is 80% looking at 5-year survival rates (Figure 1). 
In addition, approximately 4% of RCC´s are associated with familial 
syndromes and can be found in any RCC subgroup (Cohen et al. 2005).  
 

Tumour types  
The Heidelberg classification of renal cell tumours is based on a 
combination of genetics and histology (Kovacs et al. 1997). The result of  
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Figure 1. 5-year survival rates (%) by tumour stage (Adapted and 
modified from American Society of Cancer 2004) 
 
this workshop was a subdivision of renal cell tumours into benign and 
malignant parenchymal neoplasms. The benign parenchymal neoplasms 
comprises; metanephric adenoma and adenofibroma, papillary renal cell 
adenoma, and renal oncocytoma. Malignant renal cell tumours are 
further subdivided into the following five groups;  

Common or conventional renal cell carcinoma, cRCC  
Approximately 75% of renal cell neoplasms in surgical sequences are 
cRCC, and the RCC type is separated from the other tumour types based 
on specific deletion of chromosome 3p. Deletion of chromosome arms 
6q, 8p, 9p, and 14q as well as duplication of chromosome band 5q22 are 
also characteristic. A majority of cRCCs are composed mainly of cells 
with clear cell cytoplasm in regular sections (Figure 2:1). Its growth 
pattern can be solid, trabecular, tubular, and cystic, though focal areas of 
papillary growth can be seen (Kovacs et al. 1997). A common genetic 
alteration observed in both hereditary and up to 80% of the sporadic 
cRCC, is the inactivation of the tumour suppressor VHL gene on 
chromosome 3p25 (Gnarra et al. 1994, Herman et al. 1994). Identified in 
1993, the VHL gene has come to play a central role in the pathobiology 
of cRCC (Latif et al. 1993). 
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Papillary renal cell carcinoma, pRCC  
pRCC accounts for about 10% of RCCs in surgical sequences. Trisomy 
of chromosomes 3q, 7, 8, 12, 16, 17, and 20 and loss of chromosome Y 
are the most common alterations. pRCC tumour cells may be small with 
sparse cytoplasm, but they often present with moderate to profuse 
cytoplasm (Figure 2:2). A papillary growth pattern predominates in 
nearly all of these tumours although tubulopapillary and solid structural 
design can be seen (Kovacs et al. 1997).  

Chromophobe renal cell carcinoma, chRCC  
About 5% of RCCs in surgical sequences are chRCC. A typical pattern is 
growth in large sheets with cells that are pale due to cytoplasmic 
microvesicles (Figure 2:3). ChRCC is genetically characterized by a 
combination of loss of heterozygosity and hypoploid DNA (Kovacs et al. 
1997).  
 

 
 
Figure 2. Hematoxylin-eosin staining in 1) cRCC, 2) pRCC, and 3) 
chRCC. 
 

Collecting duct carcinomas  
1 % of renal cell carcinomas in surgical sequences belong to this 
subgroup. Comprising carcinomas with differing appearances this group 
presents morphological features characterized by uneven channels lined 
by highly atypical epithelium (Kovacs et al. 1997).  
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Renal cell carcinomas unclassified  
Those renal cell tumours not finding its place in any other category, adds 
up to 3-5% of all cases in surgical series. This group is not predisposed to 
a certain definition since its members carry a variety of morphological 
and genetic lesions (Kovacs et al. 1997).   
 

RCC in the clinic 

Symptoms  
The classical manifestation of RCC, a triad of hematuria, flank pain, and 
abdominal mass is now uncommon since this can only be observed in 
less than 10% of the cases in the onset of RCC. 50% of RCCs present as 
incidental radiographic findings revealed during workup of not related 
conditions (Cohen and McGovern 2005). In symptomatic patients, more 
than 50% have hematuria, approximately 40% have pain, 40% have an 
abdominal mass, and 10% have symptoms related to an advanced 
disease. RCC patients often have nonspecific signs and symptoms such 
as weight loss, fever, malaise, hypercalcemia, anemia, or erythrocytosis 
(Martel and Lara 2003). Approximately 33% of patients have at 
presentation a metastatic disease, and 40% of individuals undergoing 
nephrectomy eventually will develop metastases (Bukowski 1997). In 
patients presenting with metastatic disease there are, 75% lung 
metastases, 36% soft tissue metastases, 20% bone metastases, 18% liver 
metastases, and 8% each have skin and CNS metastases (Maldazys and 
deKernion 1986). 
 

Prognosis 
Tumour stage is the single most important factor for most RCC and the 
latest update of American Joint Committee on Cancer (2002) staging is 
presented in Table 1. In general, localized RCC has a good prognosis 
while distant disease is more or less incurable. The five year survival 
ranges from 91-100%, 74-96%, 59-70% and 16-32% for stage I-IV 
respectively as reviewed by Pantuck et al. (2001). The weaknesses in the 
TNM staging system are debated and some authors propose a 
reclassification of the system (Ficarra et al. 2007). 
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Table 1. Stage grouping according to TNM classification. 
 
Stage 
grouping TNM Definition 

Stage I 

T1N0M0 Tumour 7 cm or less in greatest 
dimension, limited to the kidney 
with no regional lymph node 
metastases nor distant 
metastasis 

 
 
Stage II 

T2N0M0 Tumour more than 7 cm in 
greatest dimension, limited to 
the kidney with no regional 
lymph node metastases nor 
distant metastases 

Stage III 

T1-T2N1M0 
 
T3N0-1M0 

Tumour limited to the kidney 
but with lymph node metastases 
Tumour invading adrenal gland, 
perirenal and/or renal sinus fat 
(but not beyond Gerota´s fascia) 
or  renal vein 

 
 
Stage IV 

T4 (any N or M) 
 
N2 (any T or M) 
 
M1 
 

Tumour invades beyond 
Gerota´s fascia 
Metastasis in more than one 
regional lymph node 
Distant metastasis 

 
The debate of to what extent histologic subtype is a determinant for 
prognosis is also ongoing and there is some prognostic information to be 
found. 5-year survival ranging from 43-76%, 61-86%, and 91-100% for 
cRCC, pRCC, and chRCC respectively (Ljungberg et al. 1999, Moch et 
al. 2000 and Amin et al. 2002). 
 
Selections of patient-related factors that have been associated with a poor 
clinical course, including symptomatic presentation, significant weight 
loss, a poor performance status, and anemia as reviewed by Gold et al. 
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(1996). A prognostic value for thrombocytosis was noted in localized as 
well as metastatic disease (Bensalah et al. 2006, Suppiah et al. 2006) 
 
Nuclear grade is one of the most authoritative prognostic factors in 
patients with RCC. Skinner et al. wrote that: “it is easier to invent one’s 
own classification than to abide by another’s”. However, at present the 
majority of pathologists use the Fuhrman (Fuhrman et al. 1982) nuclear 
grading, though the difference against Skinner is slight. Four nuclear 
grades are (1-4) defined in order of increasing nuclear size, irregularity 
and nucleolar prominence. Fuhrman reported 5-year overall survival rates 
of 64%, 34%, 31% and 10% for grades 1 through 4, respectively. The 
discrepancy between grade 1 and 2 however, needs to be further 
elaborated. 
 
Emerging biomarkers are within the field of cell cycle regulation (Weiss 
et al. 2007, Pertia et al. 2007), angiogenesis (Jacobsen et al. 2000, 
Tawfik et al. 2007, Lidgren et al. 2005) and apoptosis (Kempkensteffen 
et al. 2007) among others. 

Treatment 
Surgery is still the only curative therapy for localized disease. Ever since 
1969, the standard is open radical nephrectomy, which is defined as 
removal of the kidney and adrenal gland, leaving the fascia of Gerota’s 
intact, and associated extended lymphadenectomy (Robson et al. 1969). 
Laparoscopic nephrectomy is now generally accepted as equivalent to 
open radical nephrectomy for local control of RCC. Renal sparing 
surgeries can be performed for patients without unconditional indications 
for renal preservation and minimal invasive techniques are being tested 
for these patients as well. Patients with genetic syndromes predisposing 
to RCC require maximal renal preservation through utilization of these 
new techniques (Nelson et al. 2007). 
 
For metastatic RCC, surgery is only applicable when a solitary metastasis 
is present along with the primary tumour, and mainly for lung, brain or 
liver metastases (Kavolius et al. 1998).  
Due to RCCs radioresistance, radiation serves only as palliation for 
metastatic disease (Di Biase et al. 1997). No cytotoxic agent has proved 
adequate response rates to validate its use in the treatment of metastatic 
RCC, as reviewed by Motzer and Russo (2000). Cytokine therapy 
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through Interleukin-2 (IL-2) and Interferon (IFN) opened interesting new 
pathways for treating metastatic RCC. An efficacy of high-dose 
interleukin-2 (HDIL-2) in RCC demonstrated up to a 20% response rate 
with 7% of patients achieving a full response, some of which were long-
lasting (Rosenberg et al. 1994, Fyfe et al. 1996). Unfortunately HDIL-2 
is significantly toxic requiring inpatient administration and often 
intensive care due to capillary leakage leading to a decrease in its clinical 
applicability. Interferon response rates are probably between 5% and 
15% though patients that responded were limited to 4-6 months and 
complete responses were rare (Fossa 2000). 
Future studies are ongoing in this field combining the two or utilizing the 
promising future of targeted RCC therapies.  
 
Focusing on the cause of RCC, that VHL defects leads to increased HIF-
� expression several rapamycin analogues have entered clinical trials. 
Temsirolimus (CCI-779) antagonizes mTOR and associated signaling 
pathways in preclinical trials (Lee et al. 2005). A Phase II trial of 
Temsirolimus showed 7% response rate and a progress free survival 
(PFS) of 5.8 months in patients with metastatic RCC refractory to 
cytokine therapy (Atkins et al. 2004).  
Antibodies targeting angiogenic factors utilizing the hypervascular nature 
of RCC have been tested. Bevacizumab (Avastin) is a monoclonal 
antibody against VEGF. Studies in animal models demonstrate that it 
drains plasma of VEGF and inhibits angiogenesis, thus inhibiting tumour 
growth (Kim et al. 1993, Borgström et al. 1998). Yang et al. (2003) 
showed prolonged time to progression using high-dose bevacizumab 
compared to placebo, however no difference in survival could be seen. 
Tyrosine kinase inhibitors sunitinib and sorafenib are approved by 
U.S.food and drug administration (FDA) for use in advanced RCC and 
sunitinib shows an almost twice as long PFS when compared to IFN 
(Motzer et al. 2007). Sorefenib demonstrated similar figures with a PFS 
of 5.5 months compared to 2.8 months in the placebo group. 

ANGIOGENESIS AND HYPOXIA 

Angiogenesis
Angiogenesis describes the development of new vessels from existing 
vessels and occurs both in the embryo as well as post partum throughout 
life. It is based on endothelial sprouting where proteolytic degradation of 
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the extracellular matrix is trailed by chemotactic migration and 
proliferation of local endothelial cells (EC), forming a lumen and a 
mature, functional endothelium (Risau 1997). Angiogenesis can also 
occur independent of local EC proliferation and capillary sprouting, a so 
called non-sprouting microvascular growth. Non-sprouting angiogenesis 
involves intussusception, endothelial progenitor cell recruitment, vessel 
co-option, lymphangiogenesis, and vasculogenic mimicry. It has been 
demonstrated that these alternative ways are more important than 
previously believed since they independently can build up tumour 
vasculature (Hillen et al. 2007).  
The range of diseases in which angiogenesis occurs is diverse and the 
two major killers of Western populations are included, cancer and 
atherosclerosis. 
 
In the early 70´s, Folkmans group demonstrated that tumours implanted 
in non-perfused organs did not grow, however if implanted close to blood 
vessels angiogenesis was induced along with growth and metastasis. 
Hence they anticipated that solid tumours could not grow beyond 2 mm 
in size if they did not develop new blood vessels (Bicknell, Lewis and 
Ferrara 1997). So the thrilling idea of preventing tumour growth by 
controlling angiogenesis was woken. The following presentation will 
focus on angiogenesis in tumour biology and RCC. 

Angiogenic regulation, the angiogenic switch 
Angiogenesis is controlled by a balance involving molecules that have 
positive and negative regulatory activity (Table 2). Changing this balance 
towards angiogenesis is often referred to as the “angiogenic switch”, an 
angiogenic phenotype manifested by a tumour in order to progress from a 
dormant state (Folkman et al. 1991). The balance is distorted by 
metabolic stress such as hypoxia, acidosis, and inflammation or immune-
cell activation (Charlesworth et al. 2006). Increased activator gene 
expression, changes in bioavailability/activity of the initiating proteins, 
or reduction in concentrations of endogenous angiogenesis inhibitors 
through changes in gene expression or processing also alters the 
equlibrium (Hanahan et al. 1996, Bouck et al. 1996, Pandaya et al. 2006 
and Ribatti et al. 2007).  
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Table 2. Molecules involved in the angiogenic switch. 
 

Positive regulatory acitivity Negative regulatory activity 
Adiponectin Angiostatin 

Adrenomedullin Anti-thrombin III 
Angiogenin Canstatin 

Angiopoietin-1 Endostatin 
Angiotensin II Fibronectin fragment 

Endothelins Ghrelin 
EPO Heparinases 
FGF IFN-�,�,� 
IL-8 IL4, IL12, IL18 

Leptin Natriuretic peptides 
MCP-1 PAI 
MMPs PEDF 
NOS Prolactin 16 kDa fragment 

PDGF Retinoids 
Resistin Somatostatin 

TGF TSP-1 
TNF-�  

Urotensin-II  
VEGF  

�-Estradiol  
 
 
Abbreviations: EPO, erythropoietin; FGF, fibroblast growth factor; IL-8, 
interleukin 8; IFN-�,�,�, interferon; MCP-1, macrophage chemoattractant 
protein; MMPs, matrix metalloproteases; NOS, nitric oxide synthase; PDGF, 
platelet derived growth factor; TGF, transforming growth factor; TNF, tumour 
necrosis factor; PAI, plasminogen activator inhibitor; PEDF, pigment 
epithelium derived growth factor; TSP-1, thrombospondin-1; VEGF, vascular 
endothelial growth factor. 
  
A few of these regulators need to be addressed since their discovery has 
had a major impact in understanding the endogenous regulation of 
angiogenesis. Vascular endothelial growth factor (VEGF) is an 
angiogenic factor with mitogen effect on ECs. It is central in the control 
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of blood vessel development and pathological angiogenesis since VEGF 
and its receptors are the first EC specific signals activated during 
vascular development (Ferrara et al. 2003). Elevated levels of VEGF are 
found when angiogenesis is high and vice versa (Ferrara 2004, Hoeben et 
al. 2004). Fibroblast growth factor (FGF) is another pro-angiogenic 
growth factor that induces proliferation, migration, and protease 
production in ECs in vitro and promotes neovascularisation in vivo 
(Basilico and Moscatelli, 1992).    
 
A number of endogenous inhibitors of angiogenesis have been found and 
thrombospondin-1 (TSP-1) was the first to be discovered (Good et al. 
1990). It inhibits EC proliferation and undermines EC adhesion. Animal 
studies show that tumours in TSP-1 knock-out mice grow significantly 
faster than wild type (Ribatti et al. 2007).  
Angiostatin and endostatin were found in the Folkman laboratory by 
O'Reilly et al. in 1994 and 1997, respectively. Angiostatin inhibited 
growth in 98% of human primary tumours in mice and sustained 
dormancy in these tumours (O'Reilly et al.1996). As reviewed by Ribatti 
et al. (2007), endostatin diminish VEGF and FGF effects and induce 
apoptosis in ECs. Ribatti et al. (2007) also lists several less known 
angiogenic regulators and their corresponding receptors, many of which 
exert their function through a direct crosstalk to VEGF and FGF either 
inhibiting or augmenting their effects. In addition, tumour cells attract 
inflammatory cells. These cells are utilized by the tumour to release pro-
angiogenic factors. One example is that VEGF, FGF, and platelet derived 
growth factor (PDGF) stimulate mast cells to degrade extra-cellular 
matrix, hence enabling sprouting (Ribatti et al. 2007).  

Hypoxia
Hypoxia, defined as the reduction of normal oxygen tension in a tissue, 
such that cellular mechanisms are compromised or an adaptive response 
occurs. It occurs in cancer, pulmonary disease, and acute as well as 
chronic vascular disease. In 1955 Thomlinson and Gray presented 
evidence that tumours grew as threads around blood vessels and that they 
could not grow further away than 180 �m from a vessel. Being a 
radiation biologist Gray knew that hypoxia reduced the efficacy of 
radiotherapy. These findings applied to chemotherapy treatment as well 
since poor perfusion limits the access to the tumour and hypoxia itself 
decreases the proliferation rate or even halts it.  
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Mammalian cells have developed adaptive systems restoring oxygen 
homestasis, enabling them to endure moderate or even severe hypoxia. 
The systems engaged involve cell survival, glycolysis, erythropoiesis, 
iron metabolism, and angiogenesis, as reviewed by Semenza (2001). The 
molecular response to hypoxia is mediated by a transcription factor 
called HIF along the hypoxic response pathway. 

Hypoxic response pathway and HIF 
In 2001 a direct link between the availability of oxygen and an important 
transcriptional cascade that regulates many responses to hypoxia in 
higher organisms, including humans, was found. Ivan et al. (2001) and 
Jaakkola et al. (2001) showed that prolyl residues were attached to a key 
molecule in hypoxia, HIF-1�. The enzyme prolyl hydroxylase utilize 
oxygen as a substrate so that enzymatic activity is modulated by changes 
in oxygen concentration under physiological conditions (Epstein et al. 
2001, McNeill et al. 2002). 
 
The transcription factor HIF (Wang et al. 1993; 1995) is a heterodimer 
consisting of two subunits, the �- and the constitutively expressed �-
subunit which is situated in the nucleus (Chilov et al. 1999). Both belong 
to the PAS (Per-Arnt-Sim) subfamily of basic helix-loop-helix (bHLH) 
transcription factors (Wang et al. 1995). Three isoforms of the �- and 
three of the �-subunits of HIF involved in the hypoxic response have 
been described (Brahimi-Horn et al. 2005, Gruber et al. 2006).  
 
The HIF-� subunit isoforms are expressed by individual loci, however 
there is considerable similarity in the protein sequences of HIF-1� and 
2� (also referred to as EPAS-1) and both are subject to the same 
posttranslational regulation and the same target genes (Wiesener et al. 
1998, Gruber et al. 2006).  
Data to suggest that HIF-1� and -2� may be selective in the genes they 
induce or repress has been provided (Raval et al. 2005, Carroll et al. 
2006), however the extent of overlap is still to be clarified.  
HIF-3� (also referred to as IPAS) can exist as six splice variants 
(Maynard et al. 2003) and appears to play a negative role in the hypoxic 
response. It is also part of a negative feedback regulatory loop since it is 
transcribed by HIF-1 (Makino et al. 2001; 2007). Despite its rousing 
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function HIF-3 is less studied than its cousins only receiving 1/3 as many 
hits on Pubmed. 
 
In order to respond rapidly to hypoxia, cells continuously synthesize, 
ubiquitinate, and degrade HIF-� protein under non-hypoxic conditions. A 
hydroxylation of two prolyl residues on HIF-� mediates interaction with 
pVHL and an ubiquitin ligase complex target HIF-� for proteasomal 
degradation (Cockman et al. 2000, Ohh et al. 2000, Kamamura et al. 
2000, Tanimoto et al. 2000).  When the alpha subunit is exposed to 
hypoxia or to hypoxia-mimicking reagents (cobolt chloride, iron 
chelators) it instantaneously stabilizes and translocates to the nucleus 
where it dimerises with the constitutively expressed �-subunit, forming 
an active transcription factor (Kallio et al. 1998). 

HIF-1�, regulation and target genes 
Hypoxia is considered to be the major regulator of HIF activity, however 
a number of non-hypoxic-dependent modes of regulation have been 
described (Brahimi-Horn et al. 2005). Growth factors, such as insulin, 
insulin-like growth factor (IGF-1 and -2), epidermal growth factor 
(EGF), PDGF, and FGF, have been shown to increase the levels of HIF-
1� protein in some cell types. They are associated to tyrosine kinases that 
phosphorylate tyrosine residues on substrates signalling through the 
mitogen-activated protein kinase (MAPK) and phosphatidylinositol 3-
kinase (PI3K) pathways (Gschwind et al. 2004). Other factors involved, 
affecting these pathways are vast and the combinatory effects are 
countless. 
 
Loss of the tumour suppressor PTEN results in accumulation of HIF-1� 
as well as the oncogenes H-Ras, v-Src, and HER2neu. The latter even 
proved to induce VEGF expression through HIF-1� (Brahimi-Horn et al. 
2005). Studies indicate that HIF-1� increases as a result of increased 
synthesis /translation (van den Buecken et al. 2006). Translational 
control of HIF-1� is intensively studied since the old belief that HIF-1� 
mRNA levels and translational activity of HIF-1� is constant (Huang et 
al. 1996, Lang et al. 2002) regardless of oxygen pressure is possibly 
obsolete (van den Buecken et al. 2006, Lidgren et al. submitted 2007). 
Posttranslational modification regulates cellular localization of proteins, 
protein–protein 
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Table 3. A selection of HIF-1 target genes.  
 

ABCG2/BCRP 
BREAST CANCER RESISTANCE 

PROTEIN 
ENOLASE 1 MDR 1 

MULTI DRUG RESISTANCE 1 

�1B-ADRENERGIC 
RECEPTOR 

ENOS 
ENDOTHELIAL NITRIC-OXIDE 

SYNTHASE 

MCL-1 
MYELOID CELL FACTOR 1 

ADENYLATEKINASE-
3 

EPO, 
ERYTHROPOEITIN 

NOS-2 
NITRIC OXIDE SYNTHASE 2 

ADRENOMEDULLIN GLUT 1, 
GLUCOSE TRANSPORTER 1,3 

NIP3 

ALDA,C 
ALDOLASE A,C 

GAPDH 
GLYCERALDEHYDE-3-PHOSPHATE 

DEHYDROGENASE 
NUR77 

ANP 
ATRIAL NATRIURETIC PEPTIDE 

GRP94, 
GLUCOSE REGULATED PROTEIN 

94-kDa 

CITED2 
p35srj 

CAIX 
CARBONIC ANHYDRASE 9 

HO-1, 
HEME OXYGENASE-1 

PGK-1 
PHOSPHOGLYCERATE KINASE 1 

CD18 
INTEGRIN �-2 

EGLN3 
HIF-1� PROLYL HYDROXYLASE 

PHD3 

PFKFB3, PFKFB4 
6-PHOSPHOFRUCTO-2-
KINASE/FRUCTOSE-2,6-
BISPHOSPHATASE-3,4 

CERULOPLASMIN 
EGLN1 

HIF-1� PROLYL HYDROXYLASE 
PHD2 

PAI-1 
PLASMINOGEN ACTIVATOR 

INHIBITOR 1 

C-MET 
HGTD-P 

HUMAN GROWTH AND 
TRANSFORMATION-DEPENDENT 

PROTEIN 

PH�(I) 
PROCOLLAGEN PROLYL-4-

HYDROXYLASE �(I) 

CTGF 
CONNECTIVE TISSUE GROWTH 

FACTOR 

ID2 
INHIBITOR OF 

DIFFERENTIATION/DNA BINDING 

ROR� 
RETINOIC ACID RECEPTOR-

RELATED ORPHAN RECEPTOR� 

CYP3A6 
CYTOCHROME P450 SUBGROUP 

IGF-2 
INSULIN-LIKE FROWTH FACTOR-2 

SDF-1 
STROMAL DERIVED FACTOR 1 

CXCR4 
CHEMOKINE RECEPTOR 4 

INTEGRIN �2 TERT 
TELOMERASE 

DEC1,2 
DELETED IN ESOPHAGEAL 

CANCER 1,2 

INTESTINAL TREFOIL 
FACTOR TRANSFERRIN 

CD73 
ECTO-5�-NUCLEOTIDASE 

LDHA 
LACTATE DEHYDROGENASE A 

TRANSFERRIN 
RECEPTOR 

ENDOCRINE GLAND-
DERIVED VEGF LACTASE TGF-�,� 

TRANSFORMING GROWTH 
FACTOR �, � 

ENDOGLIN LEPTIN 
VEGF 

VASCULAR ENDOTHELIAL 
GROWT FACTOR 

ET-1 
ENDOTHELIN-1 

 

MEMBRANE TYPE-1 
MATRIX 

METALLOPROTEINASE
FLT-1 

VEGF RECEPTOR-1 
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interactions, protein stability, DNA binding, and transcriptional activity. 
HIF-1� undergoes multiple posttranslational alterations. These 
modifications include phosphorylation, proline, and asparagine (factor 
inhibiting HIF-1, FIH) hydroxylation, ubiquitination, SUMOylation, 
acetylation, and S-nitrosation (Mazure et al. 2004, Brahimi–Horn et al. 
2005, Ke et al. 2006). Acetylation, prolyl-hydroxylation, and 
ubiquitination controls stability and the remainders regulate activity. In 
addition, the prolyl hydroxylases are targets to HIF thereby creating a 
negative feedback loop (van den Buecken et al. 2006).  
 
As mentioned previously, HIF-1� and HIF-2� share the same target 
genes but their relationship is to some extent reciprocal. In the following 
text only HIF-1 will be addressed. Once HIF-1 is activated it binds to 
hypoxia-response elements (HREs), initiating transcription of more than 
one hundred genes. A selection of these is presented in table 3. The genes 
are involved in vascular growth and regulation, iron metabolism and 
erythropoesis, collagen matrix formation, regulation of extracellular pH, 
glucose uptake and metabolism, proliferation, apoptosis, differentiation 
and cell viability, excellently summarized by Hirota et al. and Ke et al. 
(2006). In fact it is proven in a global gene expression study that HIF-1 
regulates 2% of all genes in arterial endothelial cells in humans, either 
direct or indirect (Manalo et al. 2005). Looking at the target genes of 
HIF-1 it is clear that HIF-1 is involved in almost every step of the 
endothelial sprouting process of angiogenesis. 

 
GLUT-1 was first discovered in 1986 (Birnbaum et al. 1986) and it 
facilitates the basal transport of glucose across the cellular membrane. 
The GLUT-1 promoter holds a HRE and is therefore at least to a certain 
extent regulated by HIF-1 (Ebert et al. 1995). Overexpression of GLUT-
1 has been observed in a number of different malignancies as well as 
RCC (Yamamoto et al. 1990, Nagase et al. 1995, Lidgren et al. 2007) 
and is fundamental for the neoplastic process. 

Angiogenesis, hypoxia, and HIF-1�  in RCC 
A number of studies show that initiation of the “angiogenic switch”, and 
a resulting angiogenic phenotype, through angiogenic factors such as 
vascular endothelial growth factor (VEGF), carbonic anhydrase 9 
(CAIX), glucose transporter 1 (GLUT-1) and micro-vessel density 
(MVD) correlate to a poor prognosis in a number of malignancies (Borre 
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et al. 2000, Birner et al. 2000, Schindl et al. 2002, Bono et al. 2002 and 
Hoskin et al. 2003).  
 
A distinguished feature of RCC is vascularisation and among the three 
dominating RCC types, cRCC generally is more vascularised than pRCC 
and chRCC (Kovacs et al. 1997, Briger et al. 1999); though it is not 
obvious that increased angiogenesis is all bad, at least not in cRCC. A 
relationship between increased MVD and a favorable outcome has been 
implied in RCC (Yagasaki et al. 2003). High levels of other angiogenic 
markers such as CAIX (Bui et al. 2004, Sandlund et al. 2007) and HIF-
1� (Lidgren et al 2005) also correspond to better survival in cRCC.  
 
Why cRCC present differently than other malignancies and why it is 
more vascularised than its siblings might in part be explained by the von 
Hippel Lindau tumour suppressor gene (VHL). Mutation of VHL or loss 
of VHL expression occurs in approximately 80% of cRCC (Pantuck et al. 
2003). The alterations of the VHL gene in cRCC leads to a defect protein 
(pVHL) that fails to exert its role as an oxygen-dependent degrader of 
HIF-1/2�. In the absence of a functional pVHL, HIF-1� incorrectly 
amplifies and initiates the angiogenic response to hypoxia by transcribing 
a number of oxygen-regulated factors such as VEGF, VEGF-receptor 1 
(Flt-1), GLUT-1, and erythropoietin (EPO) (Maxwell et al. 1999, 2001).  
Overexpression of HIF-1� is found in many human cancers (Zhong et al 
1999, Talks et al. 2000) including RCC (Lidgren et al. 2005, 2006), most 
likely as a result of intratumoural hypoxia and the genetic alterations 
mentioned above. HIF-1� target gene upregulation of VEGF and GLUT-
1, has also been observed in cRCC (Jacobsen et al. 2004, Lidgren et al. 
2007).  
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AIMS OF THESE INVESTIGATIONS 
 
 
I To quantify and characterize the expression of HIF-1� 
 protein in renal cell carcinoma and kidney cortex using 
 Western Blot, and to correlate the expression to 
 clinicopathological parameters 
  
 
II To investigate a large number of renal cell carcinomas 
 utilizing TMA to quantify the expression of HIF-1� 
 protein in order to verify any association to clinical 
 parameters 
 
 
III To evaluate HIF-1� activity by studying the expression 
 of GLUT-1 in renal cell carcinoma, and correlate 
 GLUT-1 to  HIF-1� protein expression in the different 
 RCC types 
 
 
IV To quantify HIF-1� mRNA expression in renal cell 
 carcinoma and correlate it to HIF-1� protein 
 expression and clinical parameters in the different RCC 
 types 
 
 
 
 
 
 
 
 
 
 



 25

MATERIAL AND METHODS 
 
PAPER I: The expression of hypoxia-inducible factor 1� is a 

favourable independent prognostic factor in renal cell 
carcinoma 

 
PAPER II: Hypoxia-inducible factor 1� expression in renal cell 
 carcinoma analyzed by tissue microarray 
 
PAPER III:  Glucose transporter 1 expression in renal cell 
 carcinoma and its correlation with hypoxia-inducible 
 factor 1�  
 
PAPER IV: Hypoxia inducible factor-1� mRNA and protein levels in 
 renal cell carcinoma and in relation to kidney cortex tissue 
 kidney cortex and papillary renal cell carcinoma   
 

Patients 

The studies were approved by the ethical committee of Umeå University 
All patients were nephrectomised at the Department of Urology, Umeå 
University Hospital between 1985 and 2003; 1987-1998 in paper I, 1982-
1997 in paper II and III, and 1985-2003 in paper IV. Informed consent 
was obtained from all patients. All RCC patients were 
histopathologically verified. From surgical specimens’ tumour and 
kidney cortex samples were obtained, divided into two parts, one for 
formalin fixation and the other for PAD, snap frozen in liquid nitrogen 
and stored in -80�C until analysis. 
 
Paper I 
Ninety-two patients (66 cRCC, 20 pRCC, and 6 chRCC) were included. 
Non-malignant kidney cortex tissues samples from fifteen corresponding 
patients and five other patients (two with cRCC and three oncocytomas) 
were also analyzed. There were 53 men and 39 women, with a mean age 
of 66.0 years (range: 25-87 years).  
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Paper II 
216 patients (176 conventional, 26 papillary, and 14 chromophobe), 127 
men and 89 women with mean age 65.3 years, ranging from 25-87 years 
were included.  

Paper III 
187 patients were included in the study, (148 cRCC, 26 pRCC, and 13 
chRCC), 108 men and 79 women with mean age 65.0 years (range 25-87 
years). 
 
Paper IV 
202 patients were included (168 cRCC, 23 pRCC, and 11 chRCC), 117 
men and 85 women with a mean age of 65.8 years, ranging from 34-85 
years. Non-malignant kidney cortex tissues samples from 49 
corresponding patients (37 with cRCC, nine with pRCC and three chRCC) 
were also analyzed. 

Staging, grading, vein invasion, tumour type, and follow up  

Staging procedures included physical examination, chest radiography, 
ultrasonography, and computerized tomography of the abdomen. Tumour 
staging was performed according to the TNM stage classification system 
1997 (Sobin et al. 1997/2002). Tumour grade classification was 
performed according to Skinner et al. (1971). RCC type was defined 
according to the Heidelberg consensus conference (Kovacs et al. 1997). 
All patients were followed with clinical and radiological examinations. 
Tumour size was measured on the surgical specimens and/or on 
computerized tomographies. Vein invasion was defined as tumour 
invasion in major renal veins verified microscopically in renal hilum. 
 
Follow up, paper I 
Thirty-five of 66 patients with conventional RCC had died of the disease, 
13 diseased of other causes and 18 were alive at the end of the follow-up. 
Patients alive had a median follow-up time of 98 months, ranging from 
67 – 142 months. 
 
Follow up, paper II 
Among the 216 patients, 110 had died of the disease, 60 diseased of other 
causes, and 46 were alive at the end of the last follow-up with a median 
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survival of 152 months, range 59 to 272 months. 
 
Follow up, paper III 
Amongst the 187 patients, 97 had died of the disease, 53 died of other 
causes, and 37 were alive at the end of the last follow-up with a median 
survival of 161 months, range 91 to 281 months. 
 
Follow up, paper IV 
Out of 202 patients, 106 had died of the disease, 40 diseased of other 
causes, and 56 were alive at the end of the last follow-up with a median 
survival of 106 months, range 49 to 254 months. 
 

Protein extraction and quantification, paper I. 

All tumour samples were collected immediately after the nephrectomy, 
snap frozen in liquid nitrogen, and stored at -80 °C. Sections of the fresh 
frozen tissues were fractionated and homogenized in two different 
extraction buffers, containing urea or tris. The urea buffer contained 7 M 
urea, 10 % glycerol, 10 mM Tris-HCl (pH 6.8), 1 % SDS, Complete� 
Mini protease inhibitors (Roche Diagnostics GmbH, Mannheim, 
Germany) and was slightly modified from a protocol published by 
Wiesener et al. (1998). The procedure for the tris extraction has been 
described earlier (Hedberg et al. 1999). Protein expression levels were 
quantified by chemiluminescence (RPN 2135, ECL Advance, 
Amersham, England) detection using QuantityOne, Fluor-S Multi Imager 
(BIO-RAD, CA, USA).  

Western blot analysis, paper I  

Electrophoresis with protein extract from each sample was performed on 
7.5 % SDS-polyacrylamide gels and transferred to nitrocellulose 
membranes (Hybond-N, Amersham). The membranes were probed with 
anti-�-actin (1:3000, Chemicon International, CA, USA) and anti-HIF-1� 
(1:250, Transduction Laboratories, KY, USA) monoclonal primary 
antibodies. A second incubation was performed with an anti-mouse 
antibody (NA 931 Amersham, 1:1000 for HIF-1�, 1:4000 for �-Actin,). 
The proteins were detected according to recommendations from the 
manufactures using ECL Advance� (Amersham) and Fluor-S Multi 
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Imager (BIO-RAD, CA, USA) and quantified by Quantity One® (BIO-
RAD). To ensure that equal amounts of protein were loaded, the 
membranes were stained with Ponceau-red and �-actin was detected.  
The protein expression of HIF-1� was quantified using HeLa CoCl2 Cell 
lysate, (Transduction Laboratories) as a positive control (PC). Thus, 5 
μg, 10 μg, and 15 �g PC were loaded on each gel to create the standard 
curve. The relative HIF-1� concentration in the samples was thereafter 
calculated according to the linear regression standard curve based on 
HIF-1� expression of the PC. 
 
Additionaly we tried to perform a protein detection of pVHL using 
monoclonal anti-VHL antibodies (ab11191, Abcam  and 550829, BD 
Pharmingen, but the signal was absent and even though different 
incubations, secondary antibodies, protein concentrations, gel 
concentrations, RCC types/other tumours, filters and extraction buffers 
were tested they rendered no results (data not presented). 

TMA, antibody, and staining procedure, paper II and III 

Paper II 
Tumour sections were screened by a pathologist and arranged pair-wise 
in tissue micro array blocks, as described by Hedberg et al. (2003). Each 
tumour was represented by two valid tissue cores on a tissue micro array 
(TMA). Out of 237 tumous in the TMA, 21 were excluded due to 
necrosis, defect cores, or more than 25% difference between the cores 
when quantified. The formalin fixed tumour blocks used had been stored 
for 3-19 years before TMA construction. Paraffine sections (4 �m) from 
the TMA blocks were deparaffinised and microwaved according to 
standard procedures before being processed in an automatic 
immunohistochemical staining machine (Ventana 320-202, Ventana Inc., 
Tucson). Expression of HIF-1� was detected by a monoclonal antibody 
diluted 1/2000 (Novus Biologicals), 1/20 dilution as well as another 
antibody was tested, however without sucess. In order to verify that the 
results were not dependent on tissue storage time, the percentage of 
positively stained tumour cells were plotted for each year (data not 
shown). The percentage was uniform throughout the study period and the 
staining was therefore regarded as stable. The evaluation was performed 
within one week after staining and HIF-1� expression was evaluated in 
four groups according to staining intensity (0-3). Tumours that lacked 
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staining were defined as group 0. Subsequent groups (1-3) were all HIF-
1� positive but separated depending on intensity (1 = weak, 2 = medium, 
3 = strong). The sections demonstrated very homogenous expression of 
HIF-1� and no consideration to hot-spot evaluation had to be taken. 
 
Paper III 
The TMA was arranged in the same way and stored as long as in paper 
II. Out of 237 tumours in the TMA, 50 were excluded due to defect cores 
or necrosis. More than 25% difference in staining intensity between the 
cores when quantified was also an exclusion criteria, however none of 
the tumours were excluded due to these criteria. Expression of GLUT-1 
was detected by a monoclonal antibody diluted 1/100 (Alpha Diagnostics 
International). Verification of storage time was performed as in paper II. 
GLUT-1 expression was evaluated in four groups depending on staining 
intensity, as described in paper II (Lidgren et al. 2006) and the HIF-1� 
expression pattern from that study was used in this study as well.  
Due to the same exclusion criteria as described in paper II, 14 tumours 
failed to match when comparing GLUT-1 and HIF-1�, thus 173 (137 
cRCC, 23 pRCC, 13 chRCC) samples had a counterpart. 

RNA - cDNA preparation and mRNA quantification, paper IV 

Total RNA was isolated from frozen specimens using the TRIzol method 
(Invitrogen, Stockholm, Sweden). RNA concentrations were measured 
spectrophotometrically at 260 nm (Lambda 2 UV/VIS, Perkin Elmer, 
Stockholm, Sweden). Electrophoresis was then run and RNA verified by 
ethidiumbromide staining of 18S and 28S rRNA. Complementary DNA 
(cDNA) was made, all samples in duplicates by Superscript II reverse 
transcriptase (Invitrogen, Stockholm, Sweden). 250 ng total RNA was 
transcribed in 20 �l reaction according to the manufacturer. 
 
Quantification of HIF-1� mRNA was done using LightCycler FastStart 
DNA Master SYBR Green I technology (Roche Diagnostics). PCR was 
conducted in 20 �l reaction volume, containing 3 mM MgCl2, cDNA, 2 
�l DNA Master SYBR Green I and 0.5 �M of each primer (HIF-1� Left: 
5’ – agg agg atc acc ctc ttc gt – 3’ Right: 5’ - gaa agg caa gtc cag agg tg – 
3’). The PCR activation step was done by LightCycler instrument 1.0 
(Roche). 10 min pre-incubation at 95 °C to activate the Hot Start DNA 
polymerase and denaturation of DNA followed by amplification of the 
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target DNA by 45 cycles at 95 °C, denaturation for 15 s, annealing 62 °C 
“primerdependent”, and 72 °C  extension for 10 s. A melting curve 
program was run to verify PCR product specificity. Negative controls 
were run to confirm that samples not were cross contaminated. Relative 
mRNA values of HIF-1� in the samples were calculated from a standard 
curve of five-fold serial dilution from one reference sample. Target 
values are presented as relative values in comparison to reference sample.  

Statistical analysis 

Spearman’s test of correlation, Fisher’s exact test, Chi-square test and the 
Mann-Whitney U-test were used for statistical analyses. The Kaplan-
Meier method was used for construction of survival curves and the log-
rank test for survival analyses. Multivariate analysis was performed 
according to Cox proportional hazard model. The significance level was 
set to 0.05 and all tests were two-sided. Statistical analyses were 
performed using SPSS statistical software, version 11.0 (statistical 
package for social sciences, SPSS Inc, Illinois).  
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RESULTS AND DISCUSSION 
 

PAPER I 

Protein extraction and mobility shift 
Initially there were some methodological challenges due to the absence 
of commercially existing antibodies at this time. A monoclonal antibody 
from Novus Biologicals (NB100-123) against HIF-1� was also tested, 
unfortunately without success (data not presented). Protein extractions 
were performed using two buffers containing urea or tris. Using tris 
extraction buffer the HIF-1� signal came out weak so proper 
measurements were taken in order to amplify the signal. Amersham’s 
biotin/avidin system gave rise to unspecific signals; hence the method 
was not feasible. A third approach using Amersham’s AMDEXTM-poly-
HRP secondary antibody was tested. Due to extensive background this 
approach rendered no acceptable solution. 
In contrast, using urea extraction buffer, the magnitude of the signal 
became evidently stronger in comparison to tris extraction. Both HIF-1� 
bands were persistently shifted towards a higher molecular weight in the 
urea extracts compared with the tris extracts. Several, parallel gels were 
run, using the same tumour but different extraction buffers and the results 
were comparable except for the mobility shift and signal intensity. 
In both buffers HIF-1� was detected and quantified as two distinctly 
separated bands. Our results confirm that in RCC and its corresponding 
non-malignant kidney cortex, two distinct HIF-1� bands can be detected 
with immunoblotting and that they are thought to represent different 
posttranslational modifications (Powell et al. 2002, Wang et al. 1995). 
As mentioned previously, these modifications regulate HIF-1� stability 
and activity.  
 
HIF-1� expression 
In the RCC tissue and in the kidney cortex samples, HIF-1� was detected 
by Western blot as two distinct bands at �116 kDa. In contrast, in the 
positive control sample only a single band was detected. The larger HIF-
1� band in the RCC samples was defined as HIF-1�Upper and the band 
with a slightly lower molecular weight was defined as HIF-1�Lower. In 
order to enable quantification 5, 10, and 15 �g PC protein was loaded on 
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each gel. The PC values obtained were used for quantification of the 
tissue samples by construction of a linear regression standard curve, the 
average r-value for the positive controls on all gels were 0.97. Analysis 
of 1, 5, 10, 20, 50, 100, and 200 �g PC showed a linear expression of 
HIF-1� thus enabling extrapolation within the protein range. The relative 
values of HIF-1�Upper and HIF-1�Lower protein-expression significantly (r 
= 0.906, p < 0.001) correlated and were uniform between the different 
RCC types. Hence they were added together, defined as HIF-1�Total and 
evaluated as a single value. 
 
Protein expression of HIF-1� in RCC types and non-malignant kidney 
cortex tissue 
The relative concentration of HIF-1�Upper, HIF-1�Lower, and HIF-1�Total 
varied between the different RCC types and non-malignant kidney 
cortex. cRCCs had significantly higher levels of all three HIF-1�-
parameters (HIF-1�Upper, HIF-1�Lower, and HIF-1�Total), compared with 
the other RCC types and with kidney cortex. pRCC also expressed 
significantly higher relative values of all HIF-parameters compared with 
chromophobe RCC. When comparing pRCC and kidney cortex tissue, 
significant differences were observed only for HIF-1�Upper and HIF-
1�Total. There was no difference in HIF-1� levels between chRCC and 
kidney cortex. A comparison between 12 cRCC and their corresponding 
non-malignant kidney cortex tissue demonstrated significantly higher 
HIF-1� expression in cRCC for all three parameters.  
 
The accumulation of HIF-1� in cRCC is very likely due to the loss of 
function in pVHL as described earlier and this is supported by other 
studies from our group (Jacobsen et al. 2004, Sandlund et al. 2007). The 
fact that pRCC expressed HIF-1� levels higher than kidney cortex might 
simply mirror a hypoxic environment in this tumour type. The divergence 
seen between pRCC and cRCC could reflect an additive effect of hypoxia 
and VHL-defects in cRCC. Wiesener et al. (2001) showed that HIF-1� 
immunostaining was most intense in regions related to areas of necrosis 
in a majority of their tumours. In contrast, in cRCC we observed HIF-1� 
immunoreactivity in cells throughout the tumour.  
 
HIF-1�Total and clinicopathological parameters 
When using mean, median, or upper quartile (22.9 and 12.2 relative 
concentration in chRCC and pRCC, respectively) HIF-1�Total as cut-off 
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values, no correlation between HIF-1�Total expression and tumour stage, 
nuclear grade, gender, tumour size, vein invasion, or DNA ploidy was 
noted neither in conventional (n = 66) nor in papillary RCCs (n = 20). 
One could have expected that HIF-1� levels would have an inverse 
correlation to tumour stage and grade but as described no correlation was 
observed. No statistical analysis was performed in chRCC due to the 
relative low number of patients. 
The mean relative concentration of HIF-1�Total expression value of 
kidney cortex + 2 SD (4.4 ± 3.6) was defined as the cut-off of normal 
value (corresponding to 11.6 μg PC protein). Based on this cut-off value 
two groups of tumours were defined as high HIF-1�Total and low HIF-
1�Total. In patients with conventional RCCs, those 44 with high HIF-
1�Total tumour survived significantly longer than the 22 patients with low 
HIF-1�Total (p = 0.024). In the 20 patients with pRCC no such survival 
difference could be seen (p = 0.224). In a multivariate analysis of cRCC 
only, tumour stage but also HIF-1� remained as an independent 
prognostic factor when stratified to stage. The fact that high levels of 
HIF-1� represents a better prognosis can probably in part be explained 
by HIF-1�´s inverse correlation to HIF-2�, which also appears to be 
dependent on VHL functional ability (Raval et al. 2005). Furthermore it 
has been shown that in VHL-patients, lacking a functional VHL, HIF-1� 
expression is an early feature of the disease whereas HIF-2� upregulation 
occurs later in larger and more dysplastic lesions (Mandriota et al. 2002). 
Previous studies from our group have shown both adverse (Jacobsen et 
al. 2000) and favourable (Sandlund et al. 2007) survival for high 
expression of HIF-1� target genes. This highlights the complexity in 
regulation and expression of HIF in RCC. 

 

PAPER II 

HIF-1� expression on TMA 
TMA was first described by Kononen et al. (1998) and is a brilliant 
technique for determining protein expression in clinical samples. Even 
though only 0.6 mm of tumour mass is analyzed the correlation to whole 
tissue sections are surprisingly high (Camp et al. 2000, Nocito et al. 
2001, Torhorst et al. 2001 and, Fernebro et al. 2002). This makes the 
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method fast and inexpensive both in terms of tumour tissue used as well 
as actual money spent. 
Utilizing this technique we found HIF-1� staining mainly in the 
cytoplasm. Given the fact that HIF-1� is a transcription factor it would 
have been very exciting to identify nuclear staining. However, despite 
attempts with different antibodies and dilutions, nuclear staining was 
observed only sparsely and therefore not further evaluated. Zagzag et al. 
(2005) successfully studied HIF-1� immunhistochemical nuclear staining 
in RCC. The only methodological difference from our study was the 
length of time in target retrieval solution. 
The tumours were subdivided according to HIF-1� expression into two 
groups where negative (0, n=43) and weak stained (1, n=50) were 
gathered and defined as HIF-1�LOW. Tumours with medium (2, n=87) 
and strong HIF-1� staining (3, n=36) were defined as HIF-1�HIGH. The 
distribution of HIF-1� LOW expression versus HIF-1�HIGH expression did 
not differ between the three RCC types. Neither was there any statistical 
difference between the RCC types comparing negative versus stained 
tumours nor those with strong HIF-1� staining compared with weaker 
HIF-1� staining.  
 
Our result contradicts previous studies showing higher levels of HIF-1� 
in cRCC compared with other RCC types (Wiesener et al. 2001, Lidgren 
et al. 2005). The lack of consistency between the studies might be due to 
the use of different methods to detect HIF-1� protein expression. A 
similar discrepancy was also noticed by Jacobsen et al. (2004, 2005) 
when analyzing VEGF protein expression and comparing Western blot to 
immunohistochemical analysis. Our study shows that TMA is a feasible 
method to analyze HIF-1� expression in a large number of RCCs. By the 
use of two tissue cores from the same tumour the immunohistochemical 
information could be validated. However, the limited tumour areas that 
are analyzed need to be recognized when interpreting the data.  
 
RCC and clinicopathological parameters 
There was no correlation between HIF-1� expression and age or gender 
in cRCC. For patients with HIF-1� HIGH staining, a trend (p=0.055) 
towards better survival was observed compared to those with HIF-1�LOW.  
This supports our previous finding using Western blot analysis, where 
high HIF-1� expression was found to be an independent inverse 
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prognostic factor in cRCC in contrast to findings in papillary RCC 
(Lidgren et al. 2005). Thus an upregulation of HIF-1� is not necessarily 
all negative, at least not in cRCC. 
When comparing HIF-1�LOW versus HIF-1�HIGH to TNM stage we saw 
that locally advanced cRCCs had significantly (p=0.024) lower HIF-1� 
expression compared with tumours confined to the kidney and those with 
metastatic spread. Looking at nuclear grade, vein invasion and tumour 
size (p=0.009, p=0.0041, p=0.012) respectively, it appeared as if less 
aggressive tumours, based on these parameters, had high HIF-1� 
expression. Supporting these findings are studies on vascular density 
(Kohler et al. 1996, Delahunt et al. 1997, and Sandlund et al. 2006).   
In pRCC, HIF-1� expression did not correlate to age, gender or tumour 
size. There was no difference in survival between HIF-1�LOW and HIF-
1�HIGH pRCCs also supporting previous findings where we could not 
observe any survival differences in pRCC (Lidgren et al. 2005). HIF-1� 
expression differed significantly in pRCC when compared to tumour 
grade (p=0.05) but not to TNM stage or vein invasion. 14 chRCCs 
disabled further statistical analyses for that tumour type. 
 

PAPER III 

GLUT-1 expression on TMA 
In order for tumours to maintain their proliferative characteristics, a main 
task of HIF-1� is to ensure the rapid delivery of energy; hence glucose 
transport is very important. As presented in paper II we showed that 
TMA was a feasible method in RCC. In this paper our aim was to 
quantify GLUT-1 utilizing the same technique and correlate GLUT-1 to 
HIF-1� expression. Some of the advantages of TMA were mentioned 
previously but an additional strength is the relative obviation of 
heterogeneity, a widespread problem when studying tumour tissue 
(Ljungberg et al. 1985), since consecutive, thin sections of the same 
tissue core are used when following a series of intracellular events, e.g. 
HIF-1� and its target gene GLUT-1.  
 
GLUT-1 staining was present mainly in the cell membrane and the 
cytoplasm; there was only sparse nuclear staining and this was not further 
evaluated. The tumours were subdivided according to GLUT-1 
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expression into two groups where the negative (0, n=5) and weak stained 
(1, n=68) were gathered and defined as GLUT-1LOW. Tumours with 
medium (2, n=76) and strong GLUT-1 staining (3, n=38) were defined as 
GLUT-1HIGH.  
A striking discovery in the present study was that cRCC had significantly 
higher incidence of GLUTHIGH expression than both chRCC (p<0.001) 
and pRCC (p=0.002). This supports our previous findings (Lidgren et al. 
2005), showing the importance of separating the different RCC types 
when assessing protein expression in RCC. The difference in GLUT-1 
expression is once again probably explained in part by a functional VHL 
gene in most of both chRCC and pRCC, in contrast to cRCC, where up to 
80% has a dysfunctional pVHL, causing loss of HIF-1� degradation 
(Gnarra et al. 1994, Herman et al. 1994). 
 
RCC and clinicopathological parameters 
In the present study, out of 148 cRCC’s 103 had GLUT-1HIGH expression. 
This finding support previous studies showing GLUT-1 overexpression 
in most solid tumours, including cRCC (Yamamoto et al. 1990, Nishioka 
et al. 1992, Nagase et al. 1995 and, Wang et al. 2000). Furthermore, 
GLUT-1 was overexpressed mainly in cRCC but not in pRCC, indicating 
other pathways for glucose metabolism in the different RCC types. 
Neither in pRCC nor cRCC was there a correlation between GLUT-1 
HIGH and LOW expression and age, gender, grade, tumour size, or vein 
invasion. However, in pRCC but not in cRCC a significant (p=0.043) 
correlation between tumour stage and GLUT-1 expression was observed. 
pRCC and cRCC patients with GLUT-1 LOW staining had a non- 
significant trend (p=0.14, p=0.44 respectively) towards better survival 
compared to those with GLUT-1HIGH. This finding, possibly indicating, 
that high GLUT-1 is associated with adverse survival in both cRCC and 
pRCC, has not been reported previously. 
Since there were only 13 chRCCs, no further statistical analyses were 
performed though they served excellently when illustrating the difference 
between tumour types. 
These results show a discrepancy between the RCC types, highlighting 
the need to separately evaluate biological events in different RCC types. 

 
GLUT-1 versus HIF-� expression 
When comparing GLUT-1 versus HIF-1� expression in 137 cRCC´s and 
23 pRCC´s a significant (p=0.007) correlation was observed in cRCC. 
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Thus high levels of GLUT-1 correlated to high levels of HIF-1�. For 
pRCC no correlation could be observed. Although there was a correlation 
between GLUT-1 and HIF-1�, as reported previously, it is perplexing 
that the clinical outcomes for patients with these two proteins are so 
different, especially regarding survival. This might be because the HIF-
1� staining reported here was mainly in the cytoplasm; in most tumours 
nuclear staining was weak or absent, and this might be due to the 
antibody or technique used in the present analysis (Lidgren et al. 2006). 
However, several different antibodies were tested to achieve nuclear 
staining. It is possible that nuclear staining might have given other 
survival information in addition to that from cytoplasmic HIF-1� 
staining.  

PAPER IV 

HIF-1�  mRNA expression in different RCC types and kidney cortex. 
HIF-1� mRNA association to HIF-1� protein  
In RCC, only limited information is available on HIF-1� mRNA 
expression and the data is scattered with results that claim both higher 
HIF-1� mRNA levels in tumours compared to kidney cortex (Turner et 
al. 2002), as well as comparable HIF-1� expression between tumour 
types and kidney cortex (Wiesener et al. 2001). Furthermore, in a number 
of in vitro studies, it has been reported that HIF-1� mRNA levels (Huang 
et al. 1996) as well as the translational activity of HIF-1� mRNA (Lang 
et al. 2002) remain constant, despite difference in oxygen pressure.  
 
Relative HIF-1� mRNA levels in this study ranged from 0 to 217.2 
(median 18.0) in all RCCs. In our study cRCC HIF-1� mRNA levels 
were significantly lower compared with pRCCs and kidney cortex tissues 
(p=0.001 and p=<0.000, respectively), a trend (p=0.077) was observed 
when compared to chRCCs. There was no significant difference in HIF-
1� mRNA levels between pRCC, chRCC and kidney cortex tissue. When 
comparing the HIF-1� mRNA levels in the RCC types with their 
corresponding kidney cortex tissues only cRCC had significantly lower 
HIF-1� levels than its corresponding kidney cortex tissue (p=<0.000). 
We have previously shown (Lidgren et al. 2005) that HIF-1� protein 
levels are higher in cRCC in comparison to kidney cortex and other RCC 
types. Low mRNA levels of HIF-1� in cRCC could reflect a 
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compensatory state due to VHL-mutations since we also observed a high 
HIF-1� protein/low HIF-1� mRNA relationship. This theory is in line 
with the results of Krieg et al. (2000) where HIF-1� mRNA levels were 
elevated in the presence of a functional VHL protein in renal carcinoma 
cells. The differences in HIF-1� mRNA levels seen between tumour 
types and kidney cortex, as well as the HIF-1� protein/mRNA 
association as in pRCC makes one theoretically assume that this reflects 
a hypoxic response and an autocrine stimulation restraining the cellular 
reply through a regulation in the internal ribosome entry site (IRES).  
 
HIF-1� mRNA and clinicopathological parameters 
Looking at the clinic for the patients in this study we observed that males 
with cRCC had significantly lower HIF-1� mRNA levels (p=0.024) 
compared with females. Older patients with cRCC had significantly 
higher HIF-1� mRNA levels (p=0.047) than younger patients though 
there was no difference in age between genders. In pRCC no correlation 
to age or gender and HIF-1� mRNA expression could be seen. 
 
Using the median HIF-1� mRNA level for each tumour type, two groups 
were created in order to proceed with additional statistical analyses.  
Neither for cRCC nor pRCC could any differences be observed when 
HIF-1� mRNA was compared to tumour size, tumour stage, or nuclear 
grade. Looking at survival there was no statistical difference between the 
groups in cRCC, but for pRCC it appeared as if patients with low HIF-1� 
mRNA levels had a better prognosis (p=0.076). The finding in this study 
regarding HIF-1� mRNA/protein relation along with previous results 
(Lidgren et al. 2006) supports this discovery. Additionally, high micro-
vessel density has also been shown to be related to favourable outcome in 
RCC (Yagasaki et al. 2003, Sandlund et al. 2006) further supporting this 
finding. This indicates that angiogenesis may not be all bad, at least not 
in RCC. 
 
Given HIF´s position in angiogenesis its tempting to try to find ways to 
inhibit its expression. Mammalian target of rapamycin (mTOR) is 
activated through the PI3K/AKT pathway and is an inducer of HIF� 
expression as well as translational activity in general (Nelson et al. 
2007). Rapamycin analogues such as temsirolimus have displayed 
antagonizing activity towards mTOR in phase II trials, with a response 
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rate of 7% (Atkins et al. 2004). The response to mTOR inhibition 
appears to be determined by the tumour type dependence of mTOR 
(Thomas et al. 2006). However, it remains to be elucidated when to strike 
against angiogenesis in tumours, given the fact that the overall amount of 
angiogenesis is diverse in different RCC types, maybe at different times, 
and may not always be all bad. 
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CONCLUSIONS 
 

� Using Western Blot in order to study HIF-1� protein expression 
in RCC renders two forms that correlate significantly to each 
other, and can be added together when analyzing HIF-1� in RCC. 

 
� Protein expression of HIF-1� in renal cell carcinoma differs 

significantly between RCC types and corresponding kidney 
cortex. 

 
� Increased expression of HIF-1� appears to correspond to a better 

prognosis for patients with pRCC and cRCC. 
 

� TMA is a feasible method for studying angiogenic factors and 
their relationship in renal cell carcinoma. 

 
� GLUT-1 protein is highly expressed in renal cell carcinomas and 

correlates to HIF-1� protein expression. 
 
� GLUT-1 protein levels differs significantly between RCC types. 

 
� HIF-1� mRNA expression is significantly lower in cRCC in 

comparison to other RCC types and corresponding kidney cortex. 
 

� High HIF-1� protein levels correspond to low HIF-1� mRNA 
levels in pRCC and cRCC. 
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