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Renal-cell cancer (RCC) is an heterogeneous disease consisting of different subtypes that

show peculiar histological features and genetic alterations. Although inherited or familial

predisposition occurs in less than 4% of renal cancers, most of the available information on

the genetic alterations involved in the pathogenesis of RCC derives from the study of the

inherited forms of kidney cancer: von Hippel-Lindau (VHL gene), hereditary papillary renal

carcinoma (MET proto-oncogene), hereditary leiomyomatosis and renal-cell cancer (fuma-

rate hydratase gene), and Birt–Hogg–Dube (BHD gene) syndromes. Such genetic alterations

have also been detected in sporadic RCCs. In particular, inactivation of VHL gene by muta-

tion or hypermethylation has been found in up to 70% of sporadic clear-cell RCC, and it has

been associated with increased hypoxia-inducible factor (HIF) activity. The knowledge of

these deregulated genes and their downstream pathways provides the rationale for the

development of target-based approaches for RCC.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction 2. The VHL gene and clear-cell renal cancer
Renal-cell cancer (RCC) is an heterogeneous disease consist-

ing of different subtypes that show peculiar histological

features and genetic alterations. Clear-cell RCC is the most

frequent form of renal cancer with an incidence of 75%,

followed by papillary types I and II tumours (10%), chromo-

phobe tumours (5%), carcinoma of the collecting ducts of

Bellini (1%) and other rare types.1 The genetic alterations of

the RCC subtypes have been defined and extensively studied

in the hereditary forms of renal tumours, although inherited

or familial predisposition occurs in less than 4% of renal

cancers.1 However, the data obtained from the studies of

hereditary forms led to the subsequent identification of the

genes and the mechanisms involved in the pathogenesis of

sporadic RCCs. The knowledge of these deregulated genes

and their downstream pathways provides the rationale for

the development of target-based therapeutical approaches

for renal cancer.
er Ltd. All rights reserved
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The von Hippel-Lindau (VHL) syndrome is an inherited autoso-

mal-dominant disease (Table 1). Individuals with the VHL syn-

drome are at risk to develop different cancer types, including

tumours of the central nervous system, retina, adrenal glands

(pheochromocytoma) and bilateral, multifocal clear-cell RCC.2

The VHL tumour suppressor gene that leads to this cancer syn-

drome is located at chromosome 3p25-26.3 Individuals with

VHL syndrome carry one wild-type and one inactivated VHL

allele. Tumour development in VHL disease is associated with

somatic inactivation or loss of the remaining wild-type VHL al-

lele. VHL mutations are extremely heterogeneous, i.e. large or

partial germline deletions, missense or nonsense or frameshift

mutations have been detected.4 In total, more than 150 differ-

ent germline VHL mutations associated with VHL disease have

been reported.4 Clinically, VHL patients were subdivided into

different subtypes, with respect to the correlation between

VHL mutations and the risk of development of different VHL-
.
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Table 1 – Heritable syndromes most frequently associated with renal-cell carcinoma

Inherited disease Gene Locus RCC subtype

Von Hippel-Lindau disease (VHL) VHL 3p25 Clear-cell RCC

Hereditary papillary renal cancer (HPRC) MET 7q31 Type-1 papillary RCC

Hereditary leiomyomatosis and renal-cell cancer (HLRCC) FH 1q42 Type-2 papillary RCC

Birt–Hogg–Dubè syndrome (BHD) BHD 17p11 Chromophobe RCC hybrid oncocytic

RCC clear-cell RCC oncocytoma
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associated tumours. In particular, type-1 families have non-

sense VHL mutations and deletions, which cause total loss of

VHL function and predispose to the entire spectrum of VHL-

syndrome manifestations, except to pheochromocytoma.

Type-2 families almost invariably have missense VHL muta-

tions that reduce VHL function and predispose to all the

different manifestations of VHL syndrome, including pheo-

chromocytoma with or without RCC. Type-2 families have been

subdivided into type-2A (low risk of RCC), type-2B (high risk of

RCC) and type-2C (familial pheochromocytoma without RCC).

VHL alleles linked to types-1, -2A and -2B VHL disease causing

RCCs encode proteins that are at least partially defective with

respect to hypoxia-inducible factor (HIF) regulation, whereas

the proteins associated with type-2C disease show normal abil-

ity to regulate HIF, but lack other functions of pVHL.5,6 These

findings suggest that the VHL–HIF interaction plays a funda-

mental role in RCC pathogenesis.

Biallelic VHL inactivation is involved in the pathogenesis of

sporadic clear-cell RCC. In fact, somatic mutations of the VHL

gene have been detected in approximately 50% of sporadic

clear-cell carcinoma. However, hypermethylation that leads

to functional inactivation of the gene has also been observed

in 10–20% of sporadic clear-cell RCC. Therefore, inactivation

of the VHL pathway is involved in up to 70% of sporadic

clear-cell carcinoma, whereas alterations of the VHL gene

are rarely detected in other histologic subtypes.4

The VHL gene product, pVHL, is part of an intracellular

multiprotein complex that contains elongin C and B, Cul2

and Rbx1 and functions as the substrate recognition compo-

nent of an E3-ubiquitin ligase.7 This complex selects specific

substrates for ubiquitination and targets them for destruction

through the proteasome. Among the different targets, pVHL is

able to induce proteosomal degradation of HIF. This protein is

an heterodimer consisting of unstable a-subunits and stable

constitutively expressed b-subunits. There are three HIF-a

genes in human genome, HIF-1a and HIF-2a, which activate

the transcription in mammalian cells and HIF-3a, whose

splice variants, such as HIF-3a4, act as dominant-negative

inhibitors of HIF activity.5,8 In normoxia, the a-subunits are

the target for prolyl hydroxylation that generates a binding

site for pVHL. The interaction between the two proteins

causes the polyubiquitynation and subsequent proteosomal

degradation of HIF-a.5 Maxwell et al., demonstrated the key

role for pVHL in the HIF regulation. In cells with normal

VHL function, the a subunits of HIF are rapidly degraded by

the proteasome whereas in VHL-defective cells HIF-a subunits

are constitutively stabilized.9 Therefore, the absence of pVHL

mimics hypoxia and results in a constitutive up-regulation of

HIF that produces a transcriptional activation of several genes
involved in tumour growth and angiogenesis, such as vascu-

lar endothelial growth factor (VEGF), platelet-derived growth

factor-b (PDGF-b), transforming growth factor-a (TGF-a),

erythropoietin and glucose-transporter-1 (GLUT-1). In particu-

lar, the enhanced angiogenesis appears as a fundamental

phenomenon in the pathogenesis and progression of this type

of cancer. Recently, it has been shown that VEGF protein

expression in VHL-defective renal cancer cells is mainly in-

duced by HIF-2a activity.10 The expression of other HIF tar-

gets, such as GLUT-1, urokinase-type plasminogen activator

receptor (uPAR), and plasminogen activator inhibitor-1 (PAI-

1), was also regulated by HIF-2a in these cells.10 Taken to-

gether, these data suggest a key role of HIF-2a in tumourigen-

esis mediated by loss of VHL.

It is important to underline that growth factors up-regu-

lated by HIF, such as VEGF and TGF-a, might bind to the respec-

tive tyrosine kinase receptors (EGFR and VEGFR-1) that are

expressed in renal cancer cells.11,12 Tyrosine kinase receptors

trigger activation of signal transduction pathways involved

in cell proliferation and survival of RCCs.13 In this respect, con-

stitutive activation of the Raf/MEK/Erk pathway has been

demonstrated in approximately 50% of RCC samples.14

In further studies, it has been shown that VHL loss drives

nuclear factor-kB (NF-kB) activation, resulting in accumula-

tion of HIF-a.15 In contrast, Sourbier et al., found that intrinsic

resistance of RCCs to cell apoptosis converges on NF-kB inde-

pendently on the VHL status, thus suggesting that NF-kB

activity might be regulated in a VHL-independent manner in

RCC cells.16 Thus additional experiments focusing on that

particular point are needed to more precisely define the role,

if any, of the VHL gene in the regulation of NF-kB during RCC

tumourigenesis.

3. The MET proto-oncogene and type-1
papillary renal cancer

Individuals with hereditary papillary renal cancer syndrome

(HPRC) are at risk to develop multifocal, bilateral type-1 pap-

illary RCC (Table 1).2 This cancer syndrome is inherited with

an autosomal-dominant pattern. The disease locus was

mapped on chromosome 7q31, where the MET proto-onco-

gene is located.17 The MET proto-oncogene encodes a receptor

tyrosine kinase that is physiologically activated by hepatocyte

growth factor/scatter factor (HFG/SF). Binding of HFG/SF to

the extracellular portion of the MET receptor triggers auto-

phosphorylation of critical tyrosines in the intracellular tyro-

sine kinase domain, thus activating a downstream signalling

cascade.18 Activation of the MET/HGF signalling pathway has

been shown to be involved in a number of biological activities
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including cell proliferation, cell motility, branching morpho-

genesis and epithelial-mesenchymal transition.18,19

Mutations of the MET proto-oncogene were detected in

germline of HPRC patients and in a subset of sporadic papil-

lary renal carcinomas. All mutations were missense muta-

tions and were located in the tyrosine kinase domain of

MET.17 Trisomy of chromosome 7 with duplication of the chro-

mosome carrying the mutated MET gene is characteristic of

type-1 papillary RCCs, suggesting that such duplication might

represent a mechanism of further oncogene activation. In this

regard, 95% of sporadic papillary renal carcinomas also

showed trisomy of chromosome 7.20 Otherwise, in sporadic

type-1 papillary RCCs, MET mutations were observed only in

a 13% of patients.21 These observations indicate that tumori-

genesis of most sporadic papillary RCCs are not be induced

only by MET mutations, but mostly by MET and chromosome

7-related genes dosage.

Since the frequency of MET mutations in sporadic papil-

lary RCCs is low, it is possible that other genes might be in-

volved in this form of renal cancer. In this respect,

mutations of the KIT proto-oncogene have been described in

68% of papillary RCC patients (Catalogue of Somatic Muta-

tions, release 37, Wellcome Trust Sanger Institute). A recent

paper by Lin et al. confirmed these findings.22 However, the

role of KIT in the pathogenesis of this disease needs to be con-

firmed by functional studies.
4. The fumarate hydratase gene and type-2
papillary renal cancer

Hereditary leiomyomatosis and renal-cell cancer (HLRCC) is

an autosomal-dominant cancer syndrome (Table 1). Individu-

als with HLRCC have an increased risk to develop cutaneous

and uterine leiomyomas, uterine leiomyosarcoma and soli-

tary, unilateral type-2 papillary RCCs. Type-2 papillary RCC

is an aggressive cancer that differs from type-1 in morpho-

logic and cytogenetic features.1,23 In fact, papillary RCC

type-1 is characterised by cells with scant cytoplasm that

are arranged in single layers on papillary cores and often con-

tain foamy macrophages, whereas papillary RCC type-2 is

characterised by larger cells with eosinophilic cytoplasm

and pseudostratified nuclei.24

The gene predisposing to HLRCC was located on chromo-

some 1q42–4325, and later identified as the fumarate hydra-

tase gene (FH).26 Different mutations have been identified in

FH that predispose to cutaneous and uterine leiomyomas

and renal cancer.6 FH mutations include protein-truncating

mutation, large germline deletions, missense changes and

an in frame deletion that all produce severe reduction in en-

zyme activity.26 Loss of the wild-type allele and acquired so-

matic mutations have been observed in papillary RCC from

patients with HLRCC, thus indicating that FH acts as a tumour

suppressor gene.6 In sporadic tumours mutations of the FH

gene appear to be extremely rare.27

With respect to the pathogenesis of renal cancer in FH-

deficient patients, it has been proposed that the inactivation

of this enzyme might lead to an hypoxic environment that

can favour renal carcinogenesis. In fact, FH is an enzyme

component of the mitochondrial tricarboxylic acid or Krebs
Cycle that has an important role in energy metabolism. FH-

inactivating mutations increase fumarate levels, and conse-

quently the concentration of the fumarate precursor succi-

nate. The high levels of succinate in the cytoplasm lead to

stabilization of HIF-1a subunits and transcriptional upregula-

tion of hypoxia-inducible genes.7

More recently, a role of MYC gene in the pathogenesis of

papillary type-2 RCC has been hypothesised. In particular,

Furge et al. established that type-2 papillary RCC is associated

with amplification of chromosome 8q and subsequent over-

expression of the MYC gene, that leads to activation of MYC

signalling.28
5. The Birt–Hogg–Dubè gene and renal
carcinoma

The Birt–Hogg–Dubè (BHD) syndrome is an autosomal-domi-

nant disease (Table 1). Affected individuals are at risk to de-

velop fibrofolliculomas, spontaneous pneumotorax, lung

cysts and RCCs, in particular chromophobe RCC (33%), hybrid

oncocytic renal-cell carcinoma (50%), clear-cell RCC (9%) and

oncocytomas (5%).2 The BHD locus was mapped on chromo-

some 17p11.2.29,30 The BHD gene encodes for a protein called

folliculin, which has no significant homology to any known

human protein, although it is highly conserved across the

species.31 All germline BHD mutations are insertions, dele-

tions, nonsense and splice-site mutations that predict trunca-

tion of the protein.32 In addition, somatic mutations in the

second copy of BHD or loss of heterozygosity at the BHD locus

were observed in 70% of patients with germline BHD muta-

tions, thus suggesting a role for BHD as tumour suppressor

gene.33 In sporadic cases, somatic BHD mutations are rare,

but BHD promoter methylation has been observed, indicating

the involvement of BHD in sporadic RCC tumorigenesis.34

The function of folliculin has not been completely eluci-

dated yet. Recently, folliculin has been shown to interact with

FNIP1, which binds to the 5 0 AMP-activated protein kinase

(AMPK), an energy sensor that negatively regulates mamma-

lian target of rapamycin (mTOR).35 Therefore, these findings

suggest a potential role of folliculin in regulating the activa-

tion of this pathway that is involved in cell survival.

Finally, recent papers have shown the involvement of TP53

in RCCs. Interestingly, the TP53 gene is located at 17p13.1,

near BDH. TP53 mutations occur preferentially in chromo-

phobe RCCs, suggesting a specific role of TP53 in this

subtype.36
6. Conclusions

Identification of the genes deregulated in inherited and in

sporadic forms of renal cancer allowed the understanding of

the molecular basis of the different subtypes and the develop-

ing of therapies against specific targets involved in the altered

signalling pathways. In particular, the agents that target HIF-

up-regulated factors and pathways are in clinical develop-

ment or have been approved for the treatment of clear-cell

RCCs. Deregulated HIF pathway is also associated with FH

mutations. Therefore, the agents used for the treatment of
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clear-cell RCC might be effective for inherited type-2 papillary

RCC. Inhibitors against the wild-type or some mutant forms

of MET are currently under investigations. Finally, recent find-

ings on BHD pathway should provide the rationale for the

development of therapy for the different subtypes, carrying

BHD mutations.
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