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Targeted therapy for metastatic renal cell carcinoma
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Metastatic renal cell carcinoma (RCC) has historically been refractory to cytotoxic and hormonal agents; only interleukin 2 and
interferon alpha provide response in a minority of patients. We reviewed RCC biology and explored the ways in which this
understanding led to development of novel, effective targeted therapies. Small molecule tyrosine kinase inhibitors, monoclonal
antibodies and novel agents are all being studied, and phase II studies show promising activity of sunitinib, sorafenib and bevacizumab.
The results of phase III studies will determine the role of these agents in metastatic RCC.
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Malignant renal cell carcinoma (RCC) accounts for 2 – 3% of
cancer incidence and results in over 100 000 worldwide deaths
annually. In developed nations the average age-adjusted incidence
of RCC is approximately 12/100 000 in men and 5/100 000 in
women. RCC is the most lethal urologic cancer and the sixth
leading cause of cancer deaths in the developed nations. For
reasons that are unclear, RCC age-adjusted incidence has been
rising for the past 30 years within the US and most European
nations at an annual rate of approximately 3% (Chow et al, 1999).
For those who present with metastasis, the overall clinical course
of RCC varies; approximately 50% of patients survive o1 year and
10% survive for over 5 years (Motzer et al, 2004). For those who
present with early stage disease, radical nephrectomy is the
treatment of choice; however, 30% of these patients will relapse
and develop future metastasis. Chemotherapy has consistently
been an ineffective form of treatment for RCC (Motzer et al, 1996),
and until recently, the only effective treatment for metastatic
disease was cytokine-based immunotherapy with interferon
(IFN)-a or interleukin (IL)-2, which have a response rate of
approximately 15% (Rosenberg et al, 1987). 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.

RCC GENETICS
Consistent with the multistep carcinogenesis model, RCC is
thought to arise from a complex set of events during which the
tumour cells encounter a variety of selection forces. During this
evolution process, renal cancer cells acquire ‘attributes’ that allow
for an ability to resist exogenous growth-inhibitory signals, to
evade apoptosis, to proliferate without limits (i.e., to undergo
immortalisation), to thrive in a low-oxygen environment, to avoid
*Correspondence: Dr RJ Motzer; E-mail: motzerr@mskcc.org
Received 10 October 2005; revised 9 January 2006; accepted 10 January
2006; published online 7 February 2006

immunosurveillance, to recruit angiogenic factors, to invade the
basement membrane, and ultimately to spread to distant sites
(Hahn and Weinberg, 2002). During this multistep process, the
genome of the evolving cell acquires mutations within protooncogenes, tumour-suppressor genes, and other genes that
regulate cell replication and growth (Loeb, 1991). Thus, oncogenesis can be viewed as an evolutionary process associated with
multiple rounds of mutation, coupled with selection for specific
‘attributes’. Multiple lines of evidence, including conventional
cytogenetic analysis, spectral karyotype studies, and comparative
genome hybridisation analysis show that RCC cells exhibit
extensive genetic heterogeneity (Pavlovich et al, 2003; Pavlovich
and Schmidt, 2004). Identification of sentinel mutations driving
carcinogenesis and malignant transformation is crucial for
developing targeted therapeutic strategies.
RCC has several histologic types, each arising from distinct
regions of the renal epithelia, caused by a distinct set of gene
mutations and exhibiting a unique clinical course. The most
common types of epithelial renal tumours include: clear-cell renal
carcinoma (75%), type 1 (5%) and type 2 (10%) papillary,
chromophobe (5%), and oncocytoma (5%) (Motzer et al, 1996).
Both sporadic and inherited forms of clear-cell RCC are strongly
associated with mutations in the von Hippel – Lindau (VHL) gene.
In familial VHL-related RCC, the inheritance pattern is autosomal
dominant (Latif et al, 1993). This pattern is consistent with the
Knudson’s ‘two hit’ model, which states that (if an inherited
malignancy is dependent on inactivating mutation of a tumoursuppressor gene) one copy of the defective gene is inherited and
the second copy is mutated during development/growth, subsequently leading to a more rapid oncogenic transformation
(Knudson, 1971).
Other RCC histologies are also associated with specific
mutations. For example, type 1 papillary RCC is characterised by
mutations in the tyrosine kinase domain of c-Met oncogene, while
mutations in the fumarate hydratase gene of the Krebs cycle have
been found in hereditary leiomyomatosis RCC, an inherited form
of type 2 papillary RCC. Birt – Hogg – Dubé syndrome, associated
with loss of function mutation of BHD gene, predisposes affected
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individuals to chromophobe RCC and oncocytoma (for a review
see Linehan et al, 2004). It is currently not known (and subject to
intense study) how individual sets of gene changes lead to cancers
only in specific cell and tissue types. Presumably, multiple other
mutations and epigenetic changes function in concert with the
above-mentioned sentinel mutations to drive the malignant
phenotype. In this review, we focus on recent advancements in
clear-cell RCC, discussing advancements in the understanding of
its biology and subsequent development of effective targeted
therapy.
Clear cell RCC is a highly vascular tumour arising from
epithelial elements within proximal tubules of nephrons. An early
event during the evolution of clear-cell RCC is loss of function
mutation of the VHL gene (Latif et al, 1993). Individuals who
inherit one defective copy of the VHL gene have a substantial risk
for developing a variety of neoplasias, and in these patients the
specific type of VHL mutation (e.g., types of missense, frameshift,
deletion, etc) can influence the risk and type of tumour
development (for review see Kim and Kaelin, 2004). Approximately 40% of patients with inherited VHL syndrome expire from
complications of metastatic RCC. The renal tumours are of clearcell histology, typically occur at a young age, and are characterised
by the presence of multiple primary tumours and ‘premalignant’
cysts located in both kidneys. In contrast, patients with sporadic
clear-cell RCC typically have a single primary lesion. Direct
sequencing experiments form these sporadic tumour samples show
up to 75% of these patients have biallelic loss of function mutation
of VHL genes, and up to 20% exhibit expression inactivation by
hypermethylation (Herman et al, 1994). Currently, it is unknown if
prognosis in patients with sporadic RCC is related to the type of
VHL mutation/alteration. Understanding the function of VHL has
contributed to development of novel therapeutic strategies.

VHL FUNCTION
The VHL gene is located on chromosome 3p25 – 26 (Latif et al,
1993), and functions in the hypoxia-inducible pathway (Figure 1).
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Figure 1 VHL and HIF-1 pathways. The VHL complex (composed of
von Hippel – Lindau protein, elongin B, elongin C, Cul2, and Rbx1) functions
to regulate levels of hypoxia-inducible factor (HIF)-1a. During normoxia,
HIF-1a is hydroxylated at two proline residues via an oxygen-dependent
enzymatic mechanism. The VHF complex binds to the hydroxylated HIF-1a
and polyubiquinates HIF-1a, leading to proteosome-mediated degradation
of HIF-1a. During hypoxia, HIF-1a is not hydroxylated, and thus cannot
bind with the VHL complex. HIF-1a accumulates and binds to HIF-1b, thus
forming the HIF-1 complex, which subsequently translocates into the cell
nucleus where it binds with hypoxia-responsive element (HRE) in gene
promotors and facilitates expression of hypoxia-inducible genes. Similarly,
loss of function mutations of VHL prevents ubiquitin-mediated degradation
of HIF-1a, resulting in upregulation of hypoxia-inducible genes.
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Early investigations showed the VHL gene product is found in a
multiprotein complex composed of Elongin B, Elongin C, Cul2,
and Rbx1 (Kamura et al, 1999). Sequence comparison showed that
Elongin C and Cul2 is homologous to yeast proteins Skp1 and
Cdc53, which form the so-called SCF complex (Skp1, Cdc53, and
F-box protein). This complex of proteins function in yeast in
ubiquitination, a process that ‘marks’ the targeted protein for
degradation by proteosomes (Kamura et al, 1999). Biochemically
purified VHL complex was subsequently shown to have ubiquitination activity. Specifically, the VHL complex ubiquitinates
transcriptional factor hypoxia-inducible factor (HIF)-1a (Kamura
et al, 2000). The normal function of HIF-1 complex (a heterodimer
composed of a and b subunits) is to regulate expression of several
genes in response to hypoxic stress (Wang and Semenza, 1993).
Human cells respond to hypoxic conditions through a series of
pathways, many of which are mediated by HIF-1 (Figure 1). Under
normal conditions (i.e., with wild-type VHL and normal oxygen
tension), HIF-1a is enzymatically hydroxylated at two proline
residues located in the ‘oxygen-dependent degradation domain’.
X-ray crystallography studies with VHL complexed with HIF-1a
confirm this hydroxylation allows for hydrogen bond-mediated
complex formation between the two proteins (Hon et al, 2002).
HIF-1a is subsequently ubiquinated by the VHL complex and
ultimately degraded within proteosomes. Under hypoxic conditions HIF-1a is not hydroxylated, and thus cannot bind and be
efficiently ubiquitinated by the VHL protein complex. Biallelic
inactivation of VHL would likewise prevent ubiquitination and
ultimate degradation of HIF-1a. In addition to regulation by VHL
complex, HIF-1 activity is regulated by growth factor and cell
adhesion pathways. For example, upon binding of a growth factor
to a tyrosine kinase receptor, HIF-1a protein levels increase
through at least three pathways: (1) phosphatidylinositol 3-kinaseAKT-mammalian target of rapamycin (mTOR) pathway and (2)
Ras/Raf/Map kinase pathway. Lastly, integration-mediated stimulation can also increase HIF-1a levels via PI3K/AKT-mTOR
pathway (Figure 2; for a review see Bardos and Ashcroft, 2004).
Once stabilised, HIF-1a translocates into the nucleus where it
complexes with the constitutively present HIF-1b to form the
active transcriptional factor HIF-1 heterodimer. HIF-1 binds to a
variety of additional transcriptional cofactors, forming a preinitiation complex of proteins that ultimately activates transcription of
hypoxia-inducible genes including: vascular endothelial growth
factor (VEGF; leading to angiogenesis; (Shweiki et al, 1992)),
epidermal growth factor receptor (EGFR; leading to cell growth),
platelet-derived growth factor (PDGF), glucose transporters (e.g.,
GLUT-1), transforming growth factor-a (TGF-a, ligand for EGFR)
and erythropoietin (Bardos and Ashcroft, 2004). Many of these
proteins are involved in angiogenesis, survival, pH regulation, and
glucose metabolism. As mentioned above, the multistep model for
carcinogenesis states that many of these properties are ‘acquired’
during tumour evolution (Loeb, 1991; Hahn and Weinberg, 2002).
Phenotypically, RCC is a highly vascular tumour, with increased
VEGF level, and its growth can be stimulated by factors produced
through the HIF-1 pathway. This molecular biology understanding
has facilitated the development of several therapeutic agents for
RCC.

SUNITINIB
SU11248 (Sunitinib) is an orally bioavailable small molecule that
inhibits multiple split kinase domain receptor tyrosine kinases
(RTKs) in tissue culture and in vitro experiments (including VEGF
receptor 1 and 2, PDGF receptor a and b, KIT receptor, and FLT3
receptor (Mendel et al, 2003; Fabian et al, 2005)). A general model
of how RTKs function includes: a growth factor first ligands to the
extracellular portion of a specific RTK (Figure 2). The RTKs found
at increased levels in RCC include: VEGF receptor, PDGF receptor,
British Journal of Cancer (2006) 94(5), 614 – 619
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Figure 2 Overview of signal transduction pathways and role of selective inhibitors. Binding of a ligand (e.g., VEGF) to two adjacent receptors results in an
active tyrosine kinase (e.g., VEGFR). The receptor tryosine kinase initially undergoes self-phosphorylation at specific tyrosine residues; this results in
stimulation of several pathways. For example, RTKs can stimulate the Ras/Raf/MEK pathway, as the phosphotyrosines of RTKs facilitate docking of Grb2 –
SOS complex, ultimately resulting in activation of Ras. The activated Ras binds to Raf-1; afterwards, Raf-1 is activated via a complex series of phosphorylation
and dephosphorylation steps. Ultimately, this pathway regulates expression of genes controlling apoptosis and cell proliferation. Similarly, mTOR is stimulated
by a phosphorylation cascade, which involves proteins including PI3K and AK2. Once stimulated, mTOR controls protein translation of elements involved in
cell cycle progression; in addition mTOR also controls protein synthesis in response to environmental change and starvation (including synthesis of HIF-1a in
RCC cells). The signal transduction pathways can be inhibited at several steps including: (1) inhibition of VEGF (by bevacizumab); (2) inhibition of tyrosine
kinase activity of RTK (by sunitinib and sorafenib); (3) inhibition of Raf kinase (by sorafenib); (4) inhibition of mTOR (by CCI-779).

and EGF receptor, which ligand with VEGF, PDGF, and TGF-a,
respectively. Subsequent to ligand binding, the receptor dimerises,
and the intracellular C-terminal tyrosine residues of RTKs are
phosphorylated. This step activates the kinase domain and initiates
a signal transduction cascade that ultimately results in increased
expression of several target genes (Figure 2; for a review see Krause
and Van Etten, 2005). Inhibition of specific tyrosine kinases has
been shown to be effective in treating several cancers that are
‘dependent’ on the TK pathway for proliferation/survival, including: chronic myelogenous leukaemia, gastrointestinal stromal
tumours, breast cancer, and a subset of non-small-cell lung cancer.
Sunitinib was created by rational drug design and inhibits tyrosine
kinase activity of multiple split kinase domain RTKs by
competitively binding with ATP at the tyrosine kinase active site.
In a phase I trial, sunitinib showed partial response to several
tumours including RCC and gastrointestinal stromal tumours. In
these initial studies, the agent was well tolerated, and fatigue was
the dose-limiting side effect (Raymond et al, 2003). A regimen of
50 mg daily for 4 weeks, followed by 2 weeks off was recommended
for phase II investigation (Table 1). In a phase II study with 63
cytokine-refractory metastatic RCC patients, 40% of patients had a
partial response and 27% had stable disease for at least 3 months;
the median time to progression was nearly 9 months (Motzer et al,
2005). Patients were also monitored for ‘molecular response’ by
measuring biomarker levels of VEGF receptor inhibition, including
plasma concentration of VEGF-A, VEGF-receptor 2, and PDGF.
Interestingly, inhibition of the tyrosine kinase receptors resulted in
decreased VEGF-receptor 2 levels during days 1 – 28 and concomitantly increased ligand levels during days of treatment (days
British Journal of Cancer (2006) 94(5), 614 – 619

Table 1

Clinical trials involving targeted agents for RCC

Agent
Sunitinib
Phase II
Sorafenib
Phase III
Bevacizumab
High-dose arm
Bevacizumab and erlotinib
CCI-779 and IFNa

No. of
patients

Overall
responsea
(%)

Time to
progression
(months)

63

40

8.7

335

2

6.0

39

10

59
71

25
11

4.8 (Po0.001
vs placebo)
11.1
9.1

a
Summation of partial and complete response based on response evaluation criteria
in solid tumours (RECIST).

1 – 28), with some recovery of levels during the 2-week rest period.
The clinical significance of this effect by the drug on the
downstream elements of the VHL/HIF pathway is under investigation. Computed tomography imaging of responders shows findings
consistent with necrosis, and it is likely that this agent has direct
cytotoxic effects on tumour cells in addition to potentially
inhibiting neovascularisation (Motzer et al, 2005).
A follow-up phase II trial completed accrual in 11/04 with 106
patients, and preliminary results are available (as of May 2005;
Table 1). Notable difference between the two phase II trials: The
second was limited to patients with clear-cell metastatic RCC,
& 2006 Cancer Research UK
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while the first trial included a small minority of patients with the
papillary cell subtype. The overall response rate was similar,
confirming the high response rate observed in the first trial. An
international randomised phase III trial of sunitinib (administered
in repeated cycles of 50 mg daily for 4 weeks then 2 weeks off) vs
IFN-a (administered three times weekly) has recently completed
accrual; interim analysis results will be available soon.
In the two phase II trials, sunitinib has been generally well
tolerated, with compliance rate during the first 6 months of
treatment of at least 95%; fatigue is the most common doselimiting effect (incidence of grade 2 – 3 fatigue from the phase II
trial is 38%). Other grade 2 or 3 side effects include diarrhoea
(24%), nausea (19%), and stomatitis (19%). A rarer complication
includes erythema is the soles of the feet and palms of the hands
(8%); the pathophysiology of this side effect is currently under
investigation.

SORAFENIB
BAY 43 – 9006 (Sorafenib) is an orally bioavailable small molecule
in the class of bis-aryl ureas that was initially found to potently
inhibit the serine/threonine Raf-1 kinase (which phosphorylates
proteins b-raf and c-raf); in tissue culture experiments, it has also
subsequently been found to inhibit several RTKs including VEGF
receptor-2 and VEGF receptor-3, FLT3 receptor, and PDGF
receptor-b and c-KIT receptor (Wilhelm et al, 2004; Fabian et al,
2005). The Ras/Raf/MEK pathway leads to increased production of
the HIF-1 complex; in addition, this pathway plays a central role in
cell proliferation and apoptosis (Figure 2). The Ras/Raf/MEK
pathway is initially activated following ligand binding with a RTK.
This leads to a signal cascade which results in Ras activation, with
subsequent formation of an active Ras/Raf protein complex;
following propagation of this cascade, the final effect is upregulation of genes associated with cell proliferation and angiogenesis
(Sebolt-Leopold and Herrera, 2004).
In a phase I trial, sorafenib had activity in a small sample of RCC
patients (n ¼ 11) and a dose of 400 mg twice a day was found to be
generally well tolerated (Strumberg et al, 2005). In a recently
completed phase II study, 202 patients with metastatic clear-cell
RCC were treated with sorafenib 400 mg b.i.d. for 12 weeks;
afterwards, RCC patients with stable disease (o25% tumour
shrinkage and o25% tumour growth) were randomised to either
continue BAY43 – 9006 (n ¼ 32) or receive placebo (n ¼ 33).
Following a 12-week induction, those with 425% tumour
shrinkage continued on sorafenib as part of open-arm (n ¼ 73)
and those with 425% growth (n ¼ 51) were taken off the study. Of
the patients in the stable-disease arm who were randomised to
receive sorafenib, the median progression-free survival was 24
weeks after randomisation, relative to 6 weeks in the placebo group
(Ratain et al, 2005).
Currently, a randomised phase III trial comparing sorafenib vs
placebo is under way involving approximately 900 patients with
metastatic clear-cell RCC. A recent interim analysis (n ¼ 335 in
sorafenib arm and n ¼ 337 in placebo arm) showed the median
duration of progression-free survival was 24 weeks in patients
treated with sorafenib compared to 12 weeks in the placebo group
(Table 1). After at least 6 weeks of treatment, 79% of patients were
progression free in the sorafenib arm (2% with partial response
defined by RECIST criteria and 78% with stable disease, defined as
between 25% reduction and 25% growth), compared to 55% in the
placebo arm (0% with partial response and 55% with stable
disease) (Escudier et al, 2005). The most common side effects
included hand – foot skin reaction (26%), diarrhoea (30%),
alopecia (23%), fatigue (18%), nausea (14%), and hypertension
(8%) (Escudier et al, 2005; Ratain et al, 2005). Together, these data
show that sorafenib shows efficacy in metastatic RCC. The
majority of patients had stable disease with prolonged progres& 2006 Cancer Research UK

sion-free survival, albeit only 2% have a partial response based on
RECIST criteria. Interestingly, the partial response rate of
sorafenib is less relative to that of sunitinib, and the stable disease
rate is similar. The relatively lower partial response rate of
sorafenib may be related to the apparent binding affinity of RTKs
including VEGF-receptor-2 and PDGF-receptor-b is weaker for
sorafenib relative to sunitinib (Fabian et al, 2005).

BEVACIZUMAB/ERLOTINIB
As discussed, RCC is a highly vascular tumour associated with high
VEGF and EGF receptor levels. Early studies attempted to block
tumour vasculature with bevacizumab (Avastin), a recombinant
monoclonal antibody that binds VEGF, thus blocking its interaction with the VEGF receptor. A phase II trial comparing placebo
(n ¼ 40), low dose (4.5 mg kg1 loading dose and 3 mg kg1 day 7
and every 2 weeks afterward; n ¼ 37) and high dose (15 mg kg1
loading dose, 10 mg kg1 on day 7 and every 2 weeks afterward;
n ¼ 39) showed modest partial response (10%) with the high-dose
regimen. Median time to progression was 2.5 months with placebo,
3 months with low dose, and 4.8 months with high-dose
bevacizumab (Yang et al, 2003). As noted above, TGF-a and its
receptor, EGFR, are frequently overexpressed in RCC. However,
single-agent clinical trials in RCC patients with either monoclonal
antibodies or single molecules that block EGFR tyrosine kinase
activity (e.g., with erlotinib) have been disappointing.
A compelling approach is to combine agents that block
important pathways (e.g., inhibit VEGF and EGFR) simultaneously. In a recently published phase II trial with bevacizumab
(10 mg kg1 every 2 weeks) and erlotinib (Tarceva; 150 mg daily),
of the 59 evaluable clear-cell RCC patients, 3% had complete
response, 22% partial response, and 61% stable disease following 8
weeks of treatment. The median time to progression was 11
months. The most significant reported side effects of the combined
regimen included hypertension, proteinuria, diarrhoea, and acnelike rash (Hainsworth et al, 2005). A randomised phase II trial of
bevacizumab alone vs bevacizumab and erlotinib recently completed accrual. The results are anticipated soon, and will assess the
benefit of combination therapy vs bevacizumab alone. Interestingly, erlotinib was originally shown to be effective in patients with
non—small-cell lung cancer; a large percentage of the patients who
respond to erlotnib have an activating mutation within the EGFR
tyrosine kinase domain (Pao et al, 2004; Tsao et al, 2005). It is
currently unclear if RCC patients who respond to the combination
of erlotinib and bevacizumab similarly have a gain-of-function
mutation within the tyrosine kinase active site and/or if they
simply overexpress EGFR/ligand or VEGF/receptor.

CCI-779 (TEMSIROLIMUS)
Mammalian target of rapamycin is a serine/threonine kinase
involved in the PI3K and AKT pathways (Figure 2). This pathway
is activated upon binding of a growth factor (e.g., VEGF, PDGF) to
a RTK. AKT is inhibited by the tumour-suppressor PTEN; hence
this pathway is activated in tumour cells containing a mutated
PTEN. A downstream effect of this pathway is mTOR phosphorylates a component of the mRNA translation initiation, resulting in
increased translation of several proteins involved in cell cycle
progression; in addition, there is increased translation of HIF-1a.
CCI-779, a derivative of the immunosuppressive agent rapamycin,
forms a complex with FK-506-binding protein-12, and this
complex inhibits mTOR kinase activity (Meric-Bernstam and
Mills, 2004).
Phase I study with CCI-779 showed reversible, tolerable side
effects including acne, mucositis, hyperlipidaemia, asthenia,
diarrhoea, and nausea. Interestingly, immune suppression was
apparently not a major side effect at doses tested. In a phase II
British Journal of Cancer (2006) 94(5), 614 – 619
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study involving 111 patients with refractory metastatic RCC,
partial response was seen in 7% and clinical benefit rate (i.e.,
patients who either exhibited a complete response, a
partial response, or had stable disease) for at least 24 weeks was
51%, with median time to progression of 5.8 months (Atkins et al,
2004).
A combination of CCI-779 and IFNa was tested in a phase I/II
trial involving 71 patients with metastatic RCC. The maximum
tolerated dose was CCI-779 15 mg IV weekly and IFNa 6 million
units three times weekly. Of the 71 enrolled patients, partial
response was seen in 11% and stable disease in 30%; median time
to progression was 9.1 months (Smith et al, 2004). The most
common side effects included: leukopenia (25%), hyperlipidaemia
(15%), asthenia (13%), AST increase (8%), mucositis (6%),
anaemia (6%), thrombocytopenia (6%), and rash (6%). A phase
III clinical trial comparing CCI-779, IFN-a, or a combination of
both is under way, with results pending.

INSIGHTS FROM CLINICAL TRIAL RESULTS
Characterisation of the VHL and HIF pathways has led to a more
detailed understanding of RCC biology, with subsequent development of effective therapy. Many VHL/hypoxia-induced regulated
proteins are RTKs and their ligand; inhibition of RTK(s) shows
promise in treatment of RCC. It is currently unclear whether the
major effect of these agents is through inhibition of RTKs residing
within the tumour cells or the surrounding stromal cells; thus it is
unknown if these agents are directly cytotoxic to cancer cells, or
rather these agents arrest proliferation of tumour stroma (e.g., by
blocking angiogenesis). Our experience with sunitinib is that
responding patients generally exhibit evidence of tumour necrosis
within the first few treatment cycles; although this finding is
consistent with significant direct tumoricidal effect, we do not yet
know the contribution of angiogenesis blockade within these
patients. It should be noted that because these therapeutic agents
inhibit multiple RTKs and pathways, it is difficult to discern which
receptor(s) are the most physiologically relevant in RCC. One
hypothesis is RCC tumour (and surrounding stroma) proliferation
is driven by stimulation of multiple RTK receptors/pathways; thus,
an effective therapeutic agent must simultaneously inhibit multiple
RTKs. Alternatively, perhaps the tumour cells and vascular
endothelial cells are all stimulated by one set of ligand/receptor
pair (i.e., VEGF and its receptor(s)). The most relevant RTK(s) for
RCC growth will likely become more apparent over the next few
years as results from clinical trails and laboratory experiments
mature.
Unfortunately, the clinical response to these agents is not
permanent; rather the time to progression is, on average,
approximately 6 – 12 months. Tumours adapt; the genes and
mutations responsible for this resistance are unknown. One
thought is, since resistance occurs, these agents may not solely

act on normal endothelial and stromal cells to block angiogenesis;
rather these agents may act directly on the evolving cancer cells
(e.g., to block proliferation signals), and over time, the tumours
mutate and evolve. Consistent with this hypothesis, resistance to
other RTK inhibitors in diverse tumours (e.g., imatinib in chronic
myelogenous leukaemia and erlotinib in non-small-cell lung
cancer) can occur via active site RTK mutations within tumour
cells, such that the binding affinity of the inhibitor is diminished.
Alternatively, assuming that the major action of these agents is
blockage of angiogenesis, the cancer cells may adapt by simply
releasing higher concentration of ‘growth factors’, sufficient to
overcome RTK inhibition by these drugs. Comprehensive studies
to address mechanism of resistance are required to reconcile
between the competing theories.

CONCLUSION AND FUTURE DIRECTIONS
Over the past 5 years, we have witnessed rapid advances in the
understanding of RCC biology. This understanding has translated
into development of therapies with improved clinical response. In
phase II clinical trials these therapies have an overall response rate
approaching 40% (Table 1); in contrast the current standard of
care (IFN-a or IL-2) has a response rate of approximately 10 – 15%.
We await the results of phase III trials to precisely define the role
of the targeted agents in metastatic clear-cell RCC. Unfortunately,
following targeted therapy, response is not permanent, and not all
patients benefit clinically from these agents. In the near future, we
will attempt to identify molecular markers that are associated with
good clinical response. In addition, efforts will be made to
determine the most effective dosing schemes. These agents will be
given to patients with other forms of renal cancers, including
papillary renal cell cancers, as part of a phase II clinical trial. In
order to further enhance response rates, we look for combination
treatment strategies that concurrently inhibit multiple growth
factor pathways including RTKs (e.g., receptors for VEGF, PDGF,
and EGF), phosphatidylinositol 3-kinase-AKT-mTOR, and Ras/
Raf/Map kinase pathways. In addition, we look for the development of specific HIF-1 inhibitors; to our knowledge there are no
reports of an effective HIF-1 inhibitor in animal models.
Ultimately, we expect to learn that the evolution of RCC is not
entirely dependent on HIF-1 and RTKs, and other pathways that
drive clear-cell RCC progression will need to be discovered and
novel inhibitors synthesised and tested clinically.

ACKNOWLEDGEMENTS
We thank Carol Pearce for her assistance in preparing the
manuscript. The manuscript is dedicated to the memory of
Harshadray B Patel.

REFERENCES
Atkins MB, Hidalgo M, Stadler WM, Logan TF, Dutcher JP, Hudes GR, Park
Y, Liou SH, Marshall B, Boni JP, Dukart G, Sherman ML (2004)
Randomized phase II study of multiple dose levels of CCI-779, a novel
mammalian target of rapamycin kinase inhibitor, in patients with
advanced refractory renal cell carcinoma. J Clin Oncol 22: 909 – 918
Bardos JI, Ashcroft M (2004) Hypoxia-inducible factor-1 and oncogenic
signalling. Bioessays 26: 262 – 269
Chow WH, Devesa SS, Warren JL, Fraumeni Jr JF (1999) Rising incidence of
renal cell cancer in the United States. JAMA 281: 1628 – 1631
Escudier B, Szczylik C, Eisen T, Stadler WM, Schwartz B, Shan M, Bukowski
RM (2005) Randomized Phase III trial of the Raf kinase and VEGFR

British Journal of Cancer (2006) 94(5), 614 – 619

inhibitor sorafenib (BAY 43 – 9006) in patients with advanced renal cell
carcinoma (RCC). J Clin Oncol (abstract 4510)
Fabian MA, Biggs WH, Trieber DK, Atteridge CE, Azimioara MD,
Benedetti MG, Carter TA, Ciceri P, Edeen PT, Floyd M, Ford JM,
Galvin M, Gerlach JL, Grotzfeld RM, Herrgard S, Insko DE,
Insko MA, Lai AG, Lelias JM, Mehta SA, Milanov ZV, Velasco AM,
Wodicka LM, Patel HK, Zarrinkar PP, Lockhart DJ (2005) A small
molecule – kinase interaction map for clinical kinase inhibitors. Nat
Biotech 23: 329 – 336
Hahn WC, Weinberg RA (2002) Rules for making human tumor cells.
N Engl J Med 347: 1593 – 1603

& 2006 Cancer Research UK

Targeted therapy for metastatic renal cell carcinoma
PH Patel et al

619
Hainsworth JD, Sosman JA, Spigel DR, Edwards DL, Baughman C, Greco A
(2005) Treatment of metastatic renal cell carcinoma with a combination
of bevacizumab and erlotinib. J Clin Oncol 23: 7889 – 7896
Herman JG, Latif F, Weng Y, Lerman MI, Zbar B, Liu S, Samid D, Duan DS,
Gnarra JR, Linehan WM, Baylin SB (1994) Silencing of the VHL tumorsuppressor gene by DNA methylation in renal carcinoma. Proc Natl Acad
Sci USA 91: 9700 – 9704
Hon WC, Wilson MI, Harlos K, Claridge TD, Schofield CJ, Pugh CW,
Maxwell PH, Ratcliffe PJ, Stuart DI, Jones EY (2002) Structural basis for
the recognition of hydroxyproline in HIF-1 alpha by pVHL. Nature 417:
975 – 978
Kamura T, Koepp DM, Conrad MN, Skowyra D, Moreland RJ, Iliopoulos O,
Lane WS, Kaelin Jr WG, Elledge SJ, Conaway RC, Harper JW, Conaway
JW (1999) Rbx1, a component of the VHL tumor suppressor complex
and SCF ubiquitin ligase. Science 284: 657 – 661
Kamura T, Sato S, Iwai K, Czyzyk-Krzeska M, Conaway RC, Conaway JW
(2000) Activation of HIF1alpha ubiquitination by a reconstituted von
Hippel – Lindau (VHL) tumor suppressor complex. Proc Natl Acad Sci
USA 97: 10430 – 10435
Kim WY, Kaelin WG (2004) Role of VHL gene mutation in human cancer.
J Clin Oncol 22: 4991 – 5004
Knudson Jr AG (1971) Mutation and cancer: statistical study of
retinoblastoma. Proc Natl Acad Sci USA 68: 820 – 823
Krause DS, Van Etten RA (2005) Tyrosine kinases as targets for cancer
therapy. N Engl J Med 353: 172 – 187
Latif F, Tory K, Gnarra J, Yao M, Duh FM, Orcutt ML, Stackhouse T,
Kuzmin I, Modi W, Geil L, Schmidt L, Zhou F, Li H, Wei M, Chen F,
Glenn G, Choyke P, Walther MM, Weng Y, Duan D-SR, Dean M, Glavac
D, Richards FM, Crossey PA, Ferguson-Smith MA, Le Paslier D,
Chumakov I, Cohen D, Chinault AC, Maher ER, Linehan WM, Zbar B,
Lerman MI (1993) Identification of the von Hippel – Lindau disease
tumor suppressor gene. Science 260: 1317 – 1320
Linehan WM, Vasselli J, Srinivasan R, Walther MM, Merino M, Choyke P,
Vocke C, Schmidt L, Isaacs JS, Glenn G, Toro J, Zbar B, Bottaro D,
Neckers L (2004) Genetic basis of cancer of the kidney: disease-specific
approaches to therapy. Clin Cancer Res 10: 6282S – 6289S
Loeb LA (1991) Mutator phenotype may be required for multistage
carcinogenesis. Cancer Res 51: 3075 – 3079
Mendel DB, Laird AD, Xin X, Louie SG, Christensen JG, Li G, Schreck RE,
Abrams TJ, Ngai TJ, Lee LB, Murray LJ, Carver J, Chan E, Moss KG,
Haznedar JO, Sukbuntherng J, Blake RA, Sun L, Tang C, Miller T,
Shirazian S, McMahon G, Cherrington JM (2003) In vivo antitumor
activity of SU11248, a novel tyrosine kinase inhibitor targeting vascular
endothelial growth factor and platelet-derived growth factor receptors:
determination of a pharmacokinetic/pharmacodynamic relationship.
Clin Cancer Res 9: 327 – 337
Meric-Bernstam F, Mills GB (2004) Mammalian target of rapamycin. Semin
Oncol 31: 10 – 17; discussion 33.
Motzer RJ, Bacik J, Mazumdar M (2004) Prognostic factors for survival of
patients with stage IV renal cell carcinoma: memorial sloan-kettering
cancer center experience. Clin Cancer Res 10: 6302S – 6303S
Motzer RJ, Bander NH, Nanus DM (1996) Renal-cell carcinoma. N Engl J
Med 335: 865 – 875
Motzer RJ, Michaelson MD, Redman BG, Hudes GR, Wilding G, Figlin RA,
Ginsberg MS, Kim ST, Baum CM, DePrimo SE, Li JZ, Bello CL, Theuer
CP, George DJ, Rini BI (2005) SU11248, a multi-targeted inhibitor of
vascular endothelial growth factor receptor and platelet-derived growth
factor receptor, demonstrated antitumor activity in patients with
metastatic renal cell carcinoma. J Clin Oncol 24: 1 – 8
Pao W, Miller V, Zakowski M, Doherty J, Politi K, Sarkaria I, Singh B,
Heelan R, Rusch V, Fulton L, Mardis E, Kupfer D, Wilson R, Kris M,

& 2006 Cancer Research UK

Varmus H (2004) EGF receptor gene mutations are common in lung
cancers from ‘never smokers’ and are associated with sensitivity
of tumors to gefitinib and erlotinib. Proc Natl Acad Sci USA 101:
13306 – 13311
Pavlovich CP, Padilla-Nash H, Wangsa D, Nickerson ML, Matrosova V,
Linehan WM, Ried T, Phillips JL (2003) Patterns of aneuploidy in stage
IV clear cell renal cell carcinoma revealed by comparative genomic
hybridization and spectral karyotyping. Genes Chromosomes Cancer 37:
252 – 260
Pavlovich CP, Schmidt LS (2004) Searching for the hereditary causes of
renal-cell carcinoma. Nat Rev Cancer 4: 381 – 393
Ratain MJ, Eisen T, Stadler WM, Flaherty KT, Gore M, Desai A, Patnaik A,
Xiong HQ, Schwartz B, O’Dwyer P (2005) Final findings from a Phase II,
placebo-controlled, randomized discontinuation trial (RDT) of sorafenib
(BAY 43 – 9006) in patients with advanced renal cell carcinoma (RCC).
J Clin Oncol (abstract 4544)
Raymond E, Faivre S, Vera C (2003) Final results of phase I and
pharmokinetic study of SU11248, a novel multi-target tyrosine kinase
inhibitor, in patients with advanced cancers. Proc Am Soc Clin Oncol 22:
192 (abstract 768)
Rosenberg SA, Lotze MT, Muul LM, Chang AE, Avis FP, Leitman S, Linehan
WM, Robertson CN, Lee RE, Rubin JT (1987) A progress report on the
treatment of 157 patients with advanced cancer using lymphokineactivated killer cells and interleukin-2 or high-dose interleukin-2 alone.
N Engl J Med 316: 889 – 897
Sebolt-Leopold JS, Herrera R (2004) Targeting the mitogen-activated
protein kinase cascade to treat cancer. Nat Rev Cancer 4: 937 – 947
Shweiki D, Itin A, Soffer D, Keshet E (1992) Vascular endothelial growth
factor induced by hypoxia may mediate hypoxia-initiated angiogenesis.
Nature 359: 843 – 845
Smith JW, Ko YJ, Dutcher J, Hudes G, Escudier B, Motzer R, Négrier S,
Duclos B, Galand L, Strauss L (2004) Update of a phase 1 study of
intravenous CCI-779 given in combination with interferon-á to
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