
Current Molecular Medicine 2004, 4, 855-868 855

1566-5240/04 $45.00+.00 © 2004 Bentham Science Publishers Ltd.

Hereditary Papillary Renal Carcinoma Type I
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Abstract: Germline missense mutations in the tyrosine kinase domain of the hepatocyte growth
factor/scatter factor (HGF/SF) receptor, c-Met, are thought to be responsible for hereditary papillary
renal carcinoma (HPRC) type 1, a form of human kidney cancer. In addition to extensive linkage
analysis of HPRC families localizing the HPRC type 1 gene within chromosome 7, the demonstration
that individual c-Met mutations reconstituted in cultured cells display enhanced and dysregulated
kinase activity, and confer cell transformation and tumorigenicity in mice, solidifies this conclusion.
Our prior knowledge of HGF/SF biology and c-Met signaling enabled rapid progress in unraveling the
molecular pathogenesis of HPRC type 1, and in laying the framework for the development of novel
therapeutics for the treatment of this cancer. At the same time, the study of HPRC type 1 has refined
our appreciation of the oncogenic potential of c-Met signaling, and challenges our current
understanding of HGF/SF and c-Met function in health and disease.
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INTRODUCTION
More than thirty five thousand new cases of

kidney cancer are projected to be diagnosed in the
United States in 2004, the majority of which are renal
cell carcinoma (RCC), which accounts for 3% of all
adult malignancies. More than 12,000 deaths
annually in the United States are attributed to RCC
[1]. The number of RCC cases reported per year is
also increasing: during the period from 1975-1995,
there was an annual increase in RCC incidence of
2.3% in white men, 3.1% in white women, 3.9% in
black men and 4.3 % in black women [2]. Kidney
tumors are classified into 4 main types according to
clinical and histological criteria. The most prevalent
form, clear cell RCC, accounts for 75% of the cases,
papillary renal carcinoma (PRC) accounts for 15%,
chromophobe, 5% and oncocytoma, 5%. PRC is
further classified into type 1 (5% of cases) and type
2 (10% of cases) based on additional clinical,
histological and genetic criteria [1, 2].

In an effort to establish uniform, reliable and
unambiguous criteria for classifying papillary renal
neoplasms, Kovacs and coworkers stipulated that
the tumor should be 75% papillary and/or
tubulopapillary in architecture to be classified as PRC
[3]. Delahunt and Eble refined the histopathological
classification of PRC into types 1 and 2 [4]. In this
organization, type 1 is generally characterized by
small basophilic cells with pale cytoplasm, small oval
nuclei and inconspicuous nucleoli organized in single
layers in papillae and tubular structures, whereas
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type 2 consists of pseudo-stratified papillae composed
of larger eosinophilic cells with large spherical nuclei
and prominent nucleoli [4]. In addition to histological
criteria, PRC has been distinguished from clear cell
RCC on the basis of cytogenetic alterations. These
include the gain of 2 or more of chromosomes 7, 12,
16, 17, or 20 and loss of the Y chromosome in men
[5]. Alterations that are characteristic of clear cell
RCC, such as loss of the short arm of chromosome
3, are not typically observed in PRC [2, 6].

Correlating clinical, histological, and cytogenetic
features of PRC with linkage analysis of families with
multiple affected individuals, Zbar and coworkers
described an inherited form of PRC characterized by
a predisposition to develop multiple, bilateral
papillary renal tumors, as well as autosomal
dominant transmission with frequent trisomy of
chromosome 7, and suggested that it was a
hereditary counterpart of the sporadic disease
recognized earlier by Kovacs and colleagues [7, 8].
Through linkage analysis of an extended set of
HPRC families, Schmidt and coworkers localized the
HPRC gene to chromosome 7q31-34, identified
missense mutations in the MET  gene within this
region that were homologous to those in other
receptor tyrosine kinase proto-oncogenes mutated in
human neoplasias, and proposed that gain-of-
function mutations in MET promote tumorigenesis in
HPRC type 1 [9]. Recent progress in our under-
standing of the pathogenesis of HPRC type 1, and
particularly in the role of the MET gene product, the
c-Met receptor tyrosine kinase, in this process, is the
focus of this review.

Clinically, individuals with HPRC type 1 may
develop bilateral, multifocal macroscopic and
microscopic kidney lesions; macroscopic lesions tend
to grow slowly and thus patients present symptoms
late in life, often in their 4th, 5th or 6th decades, or die
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of other causes. Rare cases with earlier onset of the
disease have been found through genetic screening
of HPRC families [2]. Patients with advanced disease
may present with hematuria, abdominal pain and
abdominal mass; many tumors have been detected
by imaging studies following positive genetic testing
or incidentally by imaging studies for unrelated
conditions. Computed tomography (CT) imaging
studies of HPRC type 1 tumors generally show
hypoenhancement following intravenous adminis-
tration of a contrast agent. Because of their
hypovascular nature, HPRC type 1 tumors can be
mistaken for kidney cysts, which increase in
incidence with age in the general population.
Abdominal CT is recommended for evaluation of
individuals at risk, as even relatively large papillary
renal tumors may go undetected by renal ultrasound.
Diagnosis is confirmed by detection of germ line
mutation of the MET  gene. Histopathologically,
HPRC renal lesions display a papillary type 1
phenotype that is distinct from other sporadic
papillary renal tumors [10]. While all HPRC lesions
display this characteristic histotype, it is important to
note that not all type 1 sporadic papillary renal
carcinomas harbor somatic MET mutations [10].

Disease management depends on the stage and
size of the tumors; HPRC type 1 tumors may become
metastatic if left untreated. Large tumors are often
treated with radical nephrectomy. Tumors discovered
at diameters less than 3 cm are generally low grade
and in these cases nephron-sparing approaches are
recommended [11]. The goals of the latter approach
are prevention of metastasis and preservation of
renal function, because of the high likelihood of
tumor recurrence, and the high mortality rate and low
quality of life seen with hemodialysis or renal
transplantation. Additional information regarding
clinical diagnosis, staging, natural history and
treatment of HPRC type 1 is available from other
sources [2, 6].

c-Met FUNCTION
The MET gene encodes the Hepatocyte Growth

Factor/Scatter Factor (HGF/SF) receptor protein
tyrosine kinase, c-Met. A brief review of the
HGF/SF/c-Met signal transduction pathway is
provided here to put into context the role of M E T
missense mutations in the molecular pathogenesis of
HPRC type 1. For further information about the
biology of HGF/SF/c-Met signaling and its roles in
development and homeostasis, the reader is referred
to more comprehensive reviews of these topics [12-
14].

HGF/SF is a pleiotropic heparin-binding protein
discovered for its mitogenic activity on hepatocytes
and epithelial cells, and independently discovered
for its ability to stimulate cell motility (scatter) [15, 16].
HGF/SF is structurally similar to plasminogen, and
undergoes proteolytic cleavage to form a biologically
active disulfide linked heterodimer [16]. Several
different proteases can catalyze this cleavage,

including tissue- and urokinase type plasminogen
activators, and coagulation factor XII. The mature
HGF alpha chain is composed of an amino-terminal
hairpin loop domain and four kringle domains similar
to those of plasminogen, while the beta chain
contains a protease-like domain which, unlike
plasminogen, is not catalytically active [16]. Two
naturally occurring truncated HGF/SF isoforms
composed of the amino-terminal domain (N) and
terminated after kringle 1 (NK1) or kringle 2 (NK2) are
encoded by alternative mRNA transcripts [17]. The
NK1 isoform possesses all of the basic biological
activities of the full-length protein and facilitated
localization of the heparin and receptor binding sites
to the N and K1 domains, respectively [18-21].
Structures for the N-domain and NK1 have been
obtained which have provided insights into the
molecular mechanism of receptor activation and the
critical role of heparan sulfate proteoglycan in that
process [22-25].

HGF/SF is typically produced by cells of
mesenchymal origin and acts in a paracrine manner
on a variety of cellular targets including epithelial and
endothelial cells, hematopoietic cells, neurons and
melanocytes during embryonic development and
throughout adulthood, in normal and pathological
processes [13]. HGF/SF is essential for embryonic
development, where it is involved in somite migration,
limb bud and limb skeletal muscle formation,
placenta formation [26, 27] and later in
organogenesis [28], in neural development [12] and
in tissue repair and regeneration [29, 30]. While the
role of HGF/SF in adult renal physiology is not yet
completely understood, the kidney is an important
source of circulating HGF/SF in adults, and a
growing body of evidence suggests that it is an
endogenous renoprotective factor with potent
antifibrotic activity [31].

The MET oncogene was isolated from a human
osteogenic sarcoma cell line that had been
chemically mutagenized in vitro. Transforming activity
was due to a DNA rearrangement where sequences
from the TPR (translocated promoter region) locus on
chromosome 1 fused to sequences from the MET
locus on chromosome 7 (TPR-MET) [32]. This
rearrangement has been found in patients with
gastric carcinoma [33]. Isolation of the full-length
MET  proto-oncogene coding sequence revealed
structural features of a membrane spanning receptor
tyrosine kinase [32]. The identification of HGF/SF as
the natural ligand for c-Met and the identity of SF
and HGF united a collection of findings
demonstrating that a single receptor transduced
multiple biological activities including motility,
proliferation, survival and branching morphogenesis
[13]. Activation of the c-Met intrinsic tyrosine kinase
(TK) activity was required for all of these activities.
Consistent with its relationship with HGF/SF, c-Met is
widely expressed early in development, deletion of
the gene is embryonic lethal in mice, and widespread
expression persists throughout adulthood [13]. Both
HGF/SF and c-Met are upregulated after kidney, liver
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or heart injury, suggestive of a general mechanism of
protection against tissue damage, as well as one of
tissue repair and regeneration [34-36].

Upon HGF/SF binding, c-Met autophosphorylation
occurs on two tyrosine residues (Y1234 and Y1235)
within the activation loop of the TK domain which
significantly enhance kinase activity, while
phosphorylation on two tyrosine residues near the
carboxyl terminus of the receptor (Y1349 and
Y1356) form a multifunctional docking site that
recruits a collection of intracellular signal effectors
containing Src homology-2 (SH2) domains and other
specific receptor recognition motifs that act as
adapters in transmitting signals further downstream
[14, 15]. An intact multifunctional docking site is
required to mediate transformation and induce a
metastatic phenotype [37]. Among the adapter
proteins and direct kinase substrates thus far
implicated in c-Met signaling are Grb2, Gab1,
phosphatidylinositol 3-kinase (PI3K), phospholipase
C-γ (PLCγ), Shc, Src, Shp2, Ship1, and STAT3 [14].
Gab 1 and Grb2 are considered critical effectors and
are among those which interact directly with the
receptor; through these, a larger network of adaptor
proteins are involved in signaling, presumably
contributing to the pleiotropic biological effects
elicited by HGF/SF stimulation. In particular, the
direct binding of Grb2 directly to the c-Met docking
site through Y1356 links the receptor to the
Ras/MAPK pathway regulating cell cycle progression
[14]. Gab1 is recruited to c-Met through direct
binding and indirectly via Grb2; these interactions
initiate branching morphogenesis in several epithelial
and vascular endothelial cell types [28, 38]. Gab1 is
also highly phosphorylated by the c-Met kinase,
resulting in the additional recruitment of PI3K (which
is also recruited to c-Met directly through its p85
subunit), contributing in turn to cell cycle progression,
protection from apoptosis, as well as increased cell
motility [28]. Among the many genes upregulated in
response to activation of this pathway is that of the
receptor itself, creating the potential for c-Met
overexpression in otherwise normal target cells
through persistent ligand stimulation [15]; c-Met
overexpression is widely observed in cancers of
epithelial origin.

HGF/SF and c-Met are implicated in a wide variety
of human malignancies including colon, gastric,
bladder, breast, kidney, liver, lung, head and neck,
thyroid and prostate, but also sarcomas,
hematological malignancies, melanoma and central
nervous system (CNS) tumors [13, 39]. Through
paracrine signaling, overexpression of ligand and/or
receptor, autocrine loop formation and/or receptor
mutation and gene rearrangement, this signaling
pathway can enhance tumor cell growth,
proliferation, survival, motility and invasion.
Inappropriate c-Met signaling in disease can
resemble, at least in part, developmental transitions
between epithelial and mesenchymal cell types
normally regulated by HGF/SF. Tumors of epithelial
origin show c-Met overexpression and paracrine

delivery of HGF/SF results in dysregulated signaling,
whereas cells of mesenchymal origin that normally
express HGF/SF often acquire c-Met expression, and
several sarcomas display autocrine c-Met signaling
[32]. Importantly, the c-Met pathway activates a
program of cell dissociation and increased cell
motility coupled with increased protease production
that has been shown to promote cellular invasion
through extracellular matrices, and that closely
resembles tumor metastasis in vivo [39]. In addition,
pathway activation in vascular cells stimulates tumor
angiogenesis, facilitating tumor growth for cancers
that are growth limited by hypoxia, and promoting
tumor metastasis. Hypoxia alone upregulates c-Met
expression and enhances HGF/SF signaling in
cultured cells and mouse tumor models [40].

MET MUTATIONS IN HPRC TYPE 1 AND PRC
Several missense mutations in MET have been

identified in individuals with PRC, HPRC type 1, in
other human cancers, as well as in cancer cell lines.
In this review, missense mutations in exons will be
referred to by amino acid residue, in single letter
code, followed by numerical position, while amino
acid changes (mutations) at the same position will be
indicated after the position number in single letter
code, e.g. methionine residue 1250 is M1250, and
the mutation of methionine to threonine at position
1250 is denoted M1250T. Mutations in MET  have
been reported in the context of two different
sequences archived in the Swissprot database
(accession P08581) or GenBank (accession
J02958). These sequences diverge at S755, where
the GenBank sequence contains an 18 residue
insert (TWW…FAS) resulting in a corresponding shift
in the numbering of subsequent residues, and at
Swissprot position 1191, the equivalent of GenBank
1209, where the residue is G or A, respectively. At
the time of this writing, the MET reference sequence
in LocusLink (REFSEQ accession NM_000245.2),
the curated database of the National Center for
Biotechnology Information (National Library of
Medicine, National Institutes of Health, Bethesda,
MD), is consistent with the Swissprot sequence.
Tables 1 and 2 provide a compilation of all published
M E T  mutations indicating their position in both
numbering schemes. Throughout this review,
position numbering will be consistent with the
scheme used in the cited literature. To help the
reader identify which numbering system is in use,
GenBank numbers will be distinguished by an
asterisk, e.g. M1268* (identical to Swissprot M1250).
To help clarify the identity of the mutations in the
context of both numbering schemes, they are
depicted schematically in Figure 1.

Schmidt and coworkers first reported nucleotide
changes in exons 17, 18 and 19 in the germlines of
HPRC families and also in a subset of sporadic
papillary renal carcinomas [9]. Five germ line
mutations and four somatic mutations were localized
to the c-Met TK domain (Table 1 ). Of the five
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Table 1. Missense MET mutations in HPRC and PRC tumors and RCC cell lines.

Genbank Swissprot Germline/Somatic Cancer Type /Cell lines Exon Domain References

N375S N375S Cell lines1 2 EC [107]

T1010I T992I Cell lines1 14 JM [44]

V1110I V1092I G HPRC 16 TK [44, 45]

H1112Y/L H1094Y/L S PRC 16 TK [44]

H1112Y H1094Y G HPRC 16 TK [44]

H1112R H1094R G HPRC 16 TK [43]

H1124D H1106D S2 PRC 16 TK [44]

M1149T M1131T G HPRC 17 TK [9]

V1206L V1188L G HPRC 18 TK [9]

A1209G A1191G Cell lines1 18 TK [107]

L1213V L1195V S PRC 18 TK [9]

V1238I V1220I G HPRC 19 TK [9, 44]

D1246N D1228N G HPRC 19 TK [9]

D1246H D1228H S PRC 19 TK [9]

Y1248D Y1230D G HPRC 19 TK [44]

Y1248C Y1230C G HPRC 19 TK [9]

Y1248C Y1230C S PRC 19 TK [44]

Y1248H Y1230H S PRC 19 TK [9]

M1268T M1250T S PRC 19 TK [9]

M1268T M1250T G HPRC 19 TK [44]

V1290L V1272L Cell lines1 19 TK [107]

Mutations have been reported in the context of two different sequences archived in the Swissprot database (accession P08581) or Genbank (accession

J02958). The numbering used in the original citation (rightmost column) is shown in normal type, while the corresponding position in the alternative numbering

scheme is shown in italics. Where multiple amino acid substitutions have been found at the same position, they are listed consecutively after the position

number. G indicates germline mutations, S indicates somatic mutations. TK indicates tyrosine kinase domain, JM indicates juxtamembrane domain, and EC

indicates extracellular domain. 1Human PRC cell lines ACHN and VMRC-RCW; whether these mutations were somatic or germline was not determined. The

change T1010I* has been reported both as a mutation and possible polymorphism. 2Somatic by presumption; no normal tissue was available for comparison.

germline mutations found, D1246H* and D1246N*
were located in the codon homologous to a naturally
occurring mutation in c-kit, which is responsible for
systemic mastocytosis in humans. Another mutation,
M1268T*, was homologous in position and residue
change to the human RET proto-oncogene codon
mutated in multiple endocrine neoplasia (MEN) type
2B and sporadic medullary carcinoma of the thyroid
gland. The absence of mutations at these positions
in a large panel of normal individuals indicated that
these were not likely to be polymorphisms [9].

The biochemical and biological impact of these
MET  mutants were investigated in NIH3T3 cell
transfectants [41]. Mutant c-Met receptors displayed
increased levels of tyrosine autophosphorylation
relative to wild type (WT) receptors, as well as greater
TK activity towards an exogenous substrate. Cells
expressing mutant receptors acquired focus forming

activity in monolayer culture and the ability to form
tumors in athymic nude mice, in contrast to weak
tumorigenicity displayed by WT c-Met in the same
context. The somatic mutations were generally more
active in these assays than the germ line mutations.
Subsequently the same group showed that mutant
receptors showed increased cell motility relative to
WT in the absence of HGF, as well as increased
intracellular activation of the Ras-Raf-MEK-ERK
signaling pathway [42]. Finally, these investigators
demonstrated that transgenic mice harboring the
PRC mutant c-Met constructs under the control of a
metallothionein promoter developed metastatic
mammary carcinoma, solidifying the conclusion that
these MET mutations were oncogenic [42].

A study of two large North American HPRC
families resulted in the identification of a novel germ
line mutation in exon 16 of both (H1112R*) [43]. This
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Table 2. MET mutations found in tumors and cancer cell lines.

Genbank Swissprot Germline/ Somatic Cancer Types /Cell line Exon Domain References

E168D E168D S SCLC 2 EC1 [66]

P791L P773L G familial gastric cancer 10 EC [59]

R988C R970C S SCLC cell lines2 14 JM [66]

P1009S P991S G primary gastric cancer 14 JM [58]

T1010I T992I S SCLC
breast cancer

lung cancer cell line3

14 JM [58, 66]

H1112R H1094R S cell line4 16 TK [63]

N1118Y N1100Y S cell line4 16 TK [63]

G1137V G1119V S glioma 17 TK [108]

T1191I T1173I S childhood hepatocellular carcinoma 17 TK [60]

A1209G A1191G S ovarian carcinoma 18 TK [109]

Y1248C Y1230C S cell line4 19 TK [61, 63]

Y1253D Y1235D S cell line4 19 TK [61, 63]

K1262R K1244R S childhood hepatocellular carcinoma 19 TK [60]

M1268I M1250I S childhood hepatocellular carcinoma 19 TK [60]

IVS13
[52-53]
ins CT

Insertional mutations SCLC 135 pre-JM [66]

Ex 10 Alternative splicing SCLC cell lines4 106 EC [66]

Mutations are reported as described for Table 1. 1Mutation falls within the Sema domain, which contains the putative ligand binding site. 2Cell lines NCI-H69

and H249; 3large cell lung cancer cell line Hop-92; 4SCLC cell line 128. 5Mutation consists of an insertion into intron 13. 6Entirety of exon 10 deleted.

mutation significantly enhanced focus formation
when ectopically expressed in NIH3T3 cells,
suggesting that it also was oncogenic. The H1112R*
mutation is located in the amino-terminus of the TK
domain close to the glycine rich region involved in
ATP binding and in stabilizing the amino- and
carboxyl-terminal lobes of the TK domain. Using an
extended panel of 79 sporadic PRC samples, 5
additional missense mutations were detected in
MET , 3 of which were also found to be germline
mutations through comparison with matched normal
samples, despite the absence of family history of
disease in those cases (Table 1) [44]. Missense
mutations reported in earlier studies of HPRC families
were also found in that panel of tumor samples. One
of these mutations, V1110I*, is also located within
the highly conserved glycine rich ATP binding region
of the tyrosine kinase domain, and was identified
independently by another group studying an Italian
HPRC family [45]. This mutation is found in the
homologous codon (V157I) of chicken c-erbB, and
triggers the sarcomagenic potential of the v-erbB
oncogene [46-48], suggestive of an oncogenic role
in HPRC type 1.

While prior studies focused on exons 16-19 of the
TK domain, the analysis of the extended panel of

tumor samples by Schmidt and coworkers included
the complete sequencing of exons 5 and 7 in the
extracellular domain, exon 13 encoding the
transmembrane domain, and exons 14-20 encoding
the bulk of the intracellular portion of the receptor
[44]. The results showed that MET mutations occur
in only a small proportion (13%) of sporadic PRC,
which is noteworthy in light of prior reports of highly
frequent (95%) trisomy of chromosome 7 in this
disease [49]. A detailed study of trisomy 7 in HPRC
showed that duplication of the mutant MET  allele
occurred in 16 of 16 tumor samples, suggesting that
MET mutation contributes to errors in chromosomal
replication during cell division, and that having two
copies of the mutant allele confers a proliferative
advantage leading to clonal expansion of the
affected tumor cells [50]. While this potential
mechanism of selective overexpression of mutant
c-Met can be viewed as providing a “second hit”
leading to tumorigenesis, the prevalence of trisomy 7
in sporadic PRC indicates that most PRC tumors
display trisomy 7 in the absence of MET mutations.
Whether the potentially increased dose of M E T
and/or HGF genes, both located on chromosome 7,
confers a proliferative advantage in the absence of
mutation is an attractive hypothesis that warrants
further investigation.
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Figure. 1. MET mutations in human cancers.

Partial sequence of the c-Met receptor protein encompassing reported missense mutations is shown. Mutations have been
reported in the context of two different sequences archived in the Swissprot Database (shown in red; accession P08581) or
GenBank (shown in black; accession J02958). The sequences diverge at S755, where the GenBank sequence contains an
18 residue insert (TWW…FAS; shown in blue) resulting in a shift in codon position numbering, and at position 1191/1209*
as indicated. The latter difference was also reported as a missense mutation (A1209G*; Tanyi et al., Pathol Oncol Res,
1999). A reference sequence obtained from the curated LocusLink Database (National Center for Biotechnology
Information, National Institutes of Health, USA; REFSEQ accession NM_000245.2) lists G at this position, so we do not
depict this difference as a missense mutation here. Boxes denote positions of Met mutations detailed in Tables 1 and 2;
blue boxes indicate germline mutations, yellow boxes indicate somatic mutations and green boxes indicate that the
mutation was reported as both germline and somatic. The gray box marks transmembrane domain, the TK domain is
underlined, and the glycine-rich ATP binding region within the kinase domain is indicated by an unshaded box. Mutations
found in HPRC type 1 and PRC are indicated by an asterisk beneath the codon position.

Several studies have addressed in detail the
mechanisms by which PRC-associated c-Met
mutations act at the cellular and molecular levels.

Bardelli and colleagues showed that the M1250T
mutation changed substrate preference in vitro,
using a panel of peptides differential ly
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phosphorylated by epidermal growth factor receptor
(EGFR), Src, or Abl; M1250T conferred the
acquisition of an Abl-like pattern of substrate
preference, similar to that displayed by the
homologous RET mutation characteristic of MEN 2B
[51]. In the context of NIH3T3 cells, the mutations
Y1230H, D1228H/N and M1250T showed
constitutive association with the key intracellular
effector Gab1. Similar to signaling by WT c-Met, the
link to Gab1 and other effectors required
phosphorylation of the carboxyl-terminal docking
sites, as did other indices of cell transformation such
as growth in soft agar [51]. The results revealed that
oncogenicity is mediated by many of the receptor-
proximal intracellular effectors involved in WT c-Met
signaling, and that interruption of key receptor-
effector interactions at the carboxyl-terminal docking
sites might be a viable strategy for blocking mutant c-
Met signaling [51].

Building upon prior studies that demonstrated
different NIH3T3 transforming abilities by different
PRC-associated mutations, Giordano and coworkers
hypothesized that different mutations may contribute
to disease pathogenesis through distinct molecular
pathways downstream of c-Met [52]. When
ectopically expressed in NIH3T3 cells or the murine
liver oval cell line MLP 29, the MET  PRC mutants
studied fell into two functional groups: M1250T and
D1228H possessed enhanced receptor kinase
activity, stimulated increased Ras pathway activation
and transformed recipient cells in focus formation
assays. Mutations L1195V and Y1230C, in contrast,
displayed lower kinase activity, Ras pathway
activation and focus forming ability, but were more
effective in PI3K pathway activation, protecting
recipient cells from apoptosis, sustaining soft agar
colony formation and promoting invasion in Matrigel
[52]. All of these effects were enhanced upon
addition of HGF/SF [52]. How these findings
correlate with different features among PRC tumors
harboring different mutations is not yet clear, but
they suggest that signal divergence downstream of
mutant c-Met forms should be considered in the
development of targeted therapeutics for HPRC
type 1.

The role of ligand binding in the oncogenic
potential of PRC-associated c-Met mutations was
extensively investigated by Michieli and coworkers
using cultured cell systems [53]. NIH3T3 cells
coexpressing mutant c-Met receptors and HGF
showed generally greater focus forming activity than
in the absence of HGF/SF expression (particularly
L1195V, Y1230H, and M1250T). It is worth noting
here that the mouse fibroblast cell line NIH3T3 has
been extensively used for the analysis of c-Met
function, probably because it lacks significant
endogenous c-Met expression, is readily transfected,
and amenable to a variety of assays correlated with
tumorigenicity in mice, such as focus formation in
monolayer culture. However, NIH3T3 cells express
and secrete HGF, and some crossreactivity between
murine HGF and human c-Met has been observed.

This provided an impetus to reconstitute c-Met
mutants in epithelial cells, which typically do not
express HGF. Indeed, c-Met mutants reconstituted in
MDCK epithelial cells required exogenously added
ligand for colony formation in soft agar [53]. c-Met
mutations reconstituted in truncated receptor
constructs lacking most of the extracellular domain
failed to induce focus formation, and M1250T
reconstituted in this context was transforming only
upon addition of a receptor-ligating monoclonal
antibody [53]. Finally, soft agar colony formation by
NIH3T3 cells bearing c-Met M1250T could be
blocked by coexpression of a soluble c-Met
extracellular domain (decoy Met), an uncleavable
form of HGF/SF, or the HGF/SF competitive
antagonist NK4 [53]. Together these results
revealed that ligand binding may contribute
significantly to oncogenesis associated with PRC
MET  mutations [53]. These investigators further
speculated that ligand dependence may explain why
patients with germline MET mutations exhibit only
kidney cancer: the kidney is an abundant source of
HGF/SF, as well as urokinase, an important activator
of secreted, immature HGF/SF [53]. The long term
combination of ligand, ligand activator, heparan-
sulfate glycosaminoglycan, and highly responsive
target cells may render these otherwise benign
receptor mutations “regionally” oncogenic.

To predict how PRC c-Met mutations might alter
catalytic function, Miller and colleagues aligned the
TK domain of c-Met with that of the insulin receptor
(IR), the most closely related receptor for which a
crystal structure had been obtained [54]. Using
computer modeling methods, the aligned c-Met
sequence was superimposed on the IR crystal
structure coordinates, generating 3D models of WT
and mutant c-Met molecules in basal and catalytically
active conformations. The results predicted that
certain HPRC type 1 mutations could disrupt the
normal mechanism of TK autoinhibition, thereby
stabilizing the active form of the receptor [54]. In the
unphosphorylated form of the WT receptor, residues
in the A-loop of the TK domain normally block access
to ATP and to peptide substrates, while
phosphorylation of specific tyrosine residues leads to
stabilization of the open, active conformation.
Notably, the HPRC type 1 mutation M1268T* was
predicted to stabilize the active conformation of the
A-loop, thereby increasing the interaction of the
catalytic pocket with the carboxyl-terminal
phosphorylation/docking sites and other peptide
substrates [54]. Phosphorylation of Y1248* in WT
c-Met is thought to stabilize the open TK
conformation by facilitating ionic and/or hydrophilic
interactions by this otherwise buried residue, a state
that is highly reversible through the action of closely
associated protein tyrosine phosphatases. Mutation
of Y1248* to the more hydrophilic residues C, D, or H
would be predicted to more permanently stabilize the
active TK conformation by rendering the site
resistant to phosphatase action. Other mutants
appeared to facilitate flexibility in critical points
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among molecular modules, enabling subdomain
movements that might change substrate binding
ability [54]. Overall, these findings predicted that
mutant c-Met forms might be more easily activated
than WT c-Met, and more likely to remain active once
activated, but did not provide a mechanism that
clearly obviated the need for an initiator of kinase
activation, such as ligand binding, activation by
receptor cross-talk, or other environmental cue.

In a study that functionally complements the work
of Miller et al., Chiara and colleagues compared the
autophosphorylation events in WT and mutant c-Met
receptors expressed in cultured cells using
phosphorylation-site specific antibodies, and
proposed that mutant receptors possessed a lower
threshold for kinase activation [55]. Earlier studies
established that WT c-Met triggered by HGF/SF
binding undergoes autophosphorylation of Y1235
and Y1234 in the TK activation loop; substitution of
F for Y at either position severely impairs kinase
function, suggesting that phosphorylation at both
sites is required for kinase activation [56, 57]. Unlike
WT c-Met, Chiara et al. found that D1228H/N and
M1250T c-Met mutants did not undergo Y1234
phosphorylation, and were not catalytically impaired
by F substitutions at that site. Thus these mutants
were not constitutively active, but mutation overcame
the normal requirement for a second phosphorylation
step leading to kinase activation [55]. Chiara and
colleagues also speculated that an apparent
requirement for HGF is consistent with the restriction
of HPRC type 1 to the kidneys of individuals carrying
germline MET mutations, where both HGF/SF and
urokinase capable of HGF/SF activation are relatively
abundant [55].

MET  MUTATIONS IN OTHER HUMAN
TUMORS

Beyond PRC, the HGF/SF-c-Met pathway has
been implicated in a wide range of human cancers
primarily through inappropriate or abnormally high
expression not associated with receptor mutation.
However, MET mutations have been found in some
non-PRC cancers (Table 2). Lee and colleagues
screened 85 cases of primary gastric cancer for MET
mutations and identified a novel germline missense
MET mutation, P1009S*, in the juxtamembrane (JM)
domain [58]. When expressed in NIH3T3 cells, c-Met
P1009S* was not constitutively phosphorylated, but
displayed increased and persistent HGF/SF-
stimulated autophosphorylation, as well as
enhanced tumorigenicity in nude mice, relative to WT
c-Met [58]. Consistent with these observations, the
JM domain contains a protein kinase C
phosphorylation site, a PEST sequence, and a
recognition site for c-Cbl, all three of which may
negatively regulate normal c-Met signaling. Also
noted in a breast cancer sample was the change
T1010I*, which had been observed earlier in PRC
and large cell lung cancer cell lines as well as in the
germline of an individual with a family history of PRC,

but had been considered a polymorphism because it
did not segregate with disease in that family. The
T1010I* mutation did not enhance c-Met
phosphorylation in NIH3T3 cells but was weakly
tumorigenic in nude mice [58].

In a screen of 21 Korean families affected with
diffuse familial gastric cancer, Kim and coworkers
found one germ line missense mutation, P791L*, in
exon 10 of the MET extracellular domain [59]. The
low frequency of this mutation and the absence of
data supporting an oncogenic mechanism render its
overall functional significance to disease onset and
progression unclear at this time. Park and colleagues
screened a panel of 75 primary liver carcinoma
samples for MET mutations in exons 15-19 of the TK
domain [60]. They found three somatic missense
mutations, T1191I*, M1268I*, and K1262R*, among
10 childhood hepatocellular carcinoma (HCC) cases,
but no mutations in 16 adult HCC samples, 21
cholangiocarcinomas, or 28 hepatoblastomas [60].
The M1268I* mutation occurred at the same site as
somatic and germline PRC mutations, while the other
two were novel mutations in the TK domain with
unknown functional impact. The absence of
mutations in 16 adult HCC cases contrasted strikingly
with the relatively high frequency (3/10) of mutations
in childhood HCC, leading Park et al. to speculate
that MET  mutation may contribute to the earlier
onset of the childhood disease [60].

The hypothesis that aberrant activation of the
HGF/SF-c-Met pathway during tumor progression
promotes metastasis is extensively supported by
studies in model systems [39]. Consistent with this
hypothesis, Di Renzo and colleagues found two
activating somatic MET  mutations, Y1230C and
Y1235D, well-represented in lymph node metastasis
of head and neck squamous cell carcinoma
(HNSCC), but absent from primary tumors [61]. Of
these, the novel Y1235D mutation showed
enhanced kinase activity and promoted colony
formation in soft agar when reconstituted in cultured
cells [61]. Y1234 and Y1235 are the two essential
phosphorylation sites involved in c-Met TK activation,
and several studies suggest that Y1235D may lower
the threshold for kinase activation, as well as render
the activation loop resistant to closure through
dephosphorylation, providing hypersensitive and
persistent signaling [54, 55, 57, 61, 62]. The
observations of Di Renzo et al. strongly suggest that
activat ing M E T  mutations acquired in a
subpopulation of primary HNSCC tumor cells
promotes their clonal expansion and lymph node
metastasis [61]. In a follow-up study by the same
group, Lorenzato et al. reported the Y1253D*
(identical to Y1235D) mutation in a lung metastasis
of a colorectal carcinoma, and identified a novel
mutation, N1118Y*, in a lung metastasis in a patient
with HNSCC [63]. The latter mutation was just
carboxyl-terminal to the glycine rich region involved in
ATP binding and the H1112Y/L/R* mutations found
in PRC patients. Consistent with metastatic potential,
this mutation promoted increased motility and matrix
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invasion when reconstituted in cultured cells [63].
Together, the two studies encompassed the analysis
of 153 sporadic human cancer samples and 25
cancer cell lines, uncovering little evidence of MET
mutation in primary tumors, but mutations in 10 of 46
lymph node metastases (from 4 patients) and 2 of 14
pulmonary metastases [61, 63]. Thus for tumors
other than PRC, MET  TK domain mutations have
been observed predominantly in metastases rather
than in primary lesions [63].

Prior studies have shown that the c-Met pathway
is functional and relevant in small cell lung cancer
[64, 65]. Ma and colleagues performed mutational
analysis of the entire MET gene in 10 SCLC cell lines
and 32 SCLC samples with paired normal tissues,
and identified novel somatic missense mutations and
alternatively spliced mRNA transcripts [66]. Mutations
R988C*, found in NCI-H69 and H249 cell lines, and
T1010I*, found in a SCLC tumor sample, were both
located in the JM domain [66]. Another mutation,
E168D*, identified in a tumor sample, was located in
the putative ligand binding domain [66]. When
reconstituted in cultured cells, the JM mutations
abrogated cytokine dependence, increased motility
and promoted colony formation in soft agar,
suggestive of oncogenicity [66]. While the precise
mechanism(s) by which JM mutations may enhance
c-Met signaling are not yet defined, they include the
loss of negative regulatory events such as c-Cbl
interaction, and/or constitutive association with
positive downstream intracellular effectors, many of
which have been implicated in human cancers both
independently of, and in the context of, c-Met
signaling.

c-Met ASSOCIATED MOLECULES IMPLI-
CATED IN CANCER

An increasing amount of work has revealed
regulation of c-Met TK activation through other
receptors able to form multiprotein complexes on the
cell surface. The ability of ligand activated EGR
receptor to transphosphorylate c-Met and initiate its
intracellular signaling pathway has been
demonstrated in cultured cells and implicated in
oncogenesis [67]. Semaphorin 4D, a soluble factor
best characterized in the regulation of axonal
guidance, binding to its cell surface receptor plexin
B1, also stimulates c-Met TK activity independent of
HGF/SF, and requires this interaction to elicit an
invasive growth response [68]. Cell adhesion and
spreading itself has been shown to activate c-Met
[69, 70], and c-Met signaling in anchorage-
dependent cell types is very likely to cooperate with
extracellular cues from matrix components and
intercellular contacts [71]. Thus signaling from these
sources may contribute to the pathologies
associated with c-Met mutations. While mutations in
c-Met-associated molecules and/or effectors have
not yet been found in PRC, gastric cancer, or SCLC,
changes in effector expression level, intracellular
localization or turnover have been implicated in

human cancers and may contribute to oncogenesis
associated with MET mutations.

At the cell surface, c-Met has been shown to
interact with α6β4 integrin, and to induce tyrosine
phosphorylation of the β4 subunit resulting in the
recruitment of other intracellular effectors such as
Shc and PI3K, thereby enhancing HGF-stimulated
invasiveness and transforming activity in cultured
cells [72]. This integrin complex is normally involved
in the formation of epithelial junctions called
hemidesmosomes [73], but by binding to the actin
cytoskeleton in pathological situations, participates
directly in cell migration [74]. Whether α6β4-c-Met
interaction is required for c-Met-mediated
transformation remains controversial [75]. c-Met is
also physically associated with CD44, a widely
expressed class 1 transmembrane glycoprotein
produced in a variety of isoforms and sufficient to
confer metastatic potential in vitro [76, 77]. The role
of CD44 in this context may be related to its
abundance on the surfaces of transformed cells,
which also overexpress c-Met [78, 79] and the pre-
sentation of HGF to c-Met by CD44 heparan sulfated
side chains [80], promoting receptor activation. In
addition, the intracellular domain of CD44 interacts
with cytoskeletal proteins (e.g. actin) and signal
transducers (e.g. Src and MAPK), bringing these
targets in close proximity of c-Met to form a
cytoplasmic supramolecular complex [81].

Acting as an intercellular junction component and
signaling molecule in several pathways including
downstream of c-Met, β-catenin has been implicated
in human cancers though at least four mechanisms:
mutations of β-catenin, adenomatous polyposis coli
(APC) or axin genes, and activation of Wnt signaling
[82-84]. Normally cytoplasmic β-catenin is quickly
targeted for degradation via interactions with APC,
axin, and other proteins [82]. In the canonical Wnt
pathway, Wnt binding at the cell surface destabilizes
the APC/axin/β-catenin complex leading to the
accumulation of cytoplasmic β-catenin, interaction
with transcription factors such as Tcf4 and
subsequent transcription of a variety of target genes
involved in cell cycle progression, matrix remodeling,
cell polarity and morphogenic changes [82, 85].
Defective APC genes found in families with the
genetic cancer syndrome familial adenomatous
polyposis (FAP) fail to target β -catenin for
degradation resulting in constitutive Tcf4 activity;
inactive mutant APC alleles are also found in most
sporadic colorectal cancers [86]. Somatic mutations
in β-catenin are widespread in human tumors,
including melanoma, liver, colon, prostate, ovarian,
and endometrial cancers [87]. Interestingly, ectopic
expression of MET PRC/HPRC mutant M1268T* was
associated with cytoplasmic accumulation of β-
catenin, constitutive activation of the transcription
factor Tcf-4, and Tcf-dependent accumulation of c-
myc and cyclin D1 proteins, implicating β-catenin in
oncogenesis via the M1268T* mutation [88]. The
availability of small-molecule antagonists of the
oncogenic Tcf/β-catenin complex should allow further
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analysis of the potential role of β-catenin signaling
downstream of MET mutations [89].

In normal cells, attenuation of HGF/SF-c-Met
signaling is though to occur through several
mechanisms, including ligand-stimulated receptor
ubiquitination and subsequent proteosomal
degradation [90]. c-Cbl, an E3 ubiquitin-protein
ligase, negatively regulates signaling downstream of
several receptor TKs including those for EGF,
platelet-derived growth factor, colony stimulated
factor-1, and as recently demonstrated, HGF/SF
[91]. Preschard and coworkers identified Y1003 in
the c-Met JM domain as critical for c-Cbl/c-Met
interaction; it is noteworthy that TPR-MET does not
contain Y1003 and does not interact with c-Cbl, and
that TPR-MET is no longer transforming when the JM
region is inserted [92]. Recombinantly engineered
mutation of Y1003 to F resulted in the loss of c-Met
polyubiquitination and the acquisition of oncogenic
properties by transfected cells [91]. The homologous
position of Y1003 is conserved in the c-Met family
member avian c-Sea, but missing from its retroviral
oncogenic counterpart env-sea. A putative c-Cbl site
is also deleted in v-fms, the oncogenic variant of the
CSF-1 receptor, and in several TrkC  oncogenic
variants generated by chromosomal rearrangements
in acute myeloid leukemia and congenital
fibrosarcoma, leading Peschard and colleagues to
propose that loss of this regulatory arm may be an
important contribution to oncogenicity of receptor
TKs generally [91].

INSIGHTS INTO THERAPEUTIC DEVELOP-
MENT

In addition to improving our understanding of
disease pathogenesis, the study of oncogenic
mechanisms associated with MET  mutation has
provided constructive insights into strategies for
therapeutic development. Certainly further analysis
of these mutations in model systems, such as the
development of mouse models with inducible and
reversible point mutations, will strengthen our
understanding of the earliest oncogenic events, as
has been suggested in general for the study of
oncogenic kinase signaling [93]. In parallel, the
continued study of affected families will help uncover
complexities inherent in the biology of humans that
affect the rate of disease progression, its severity
and metastatic spread. Our present understanding
of oncogenesis mediated by MET mutation supports
at least three avenues of therapeutic development:
direct inhibition of TK catalytic activity, antagonism of
ligand/receptor interaction, and inhibition of
receptor/effector interactions. In addit ion,
combinations of conventional therapies or
conventional and targeted therapies may offer
promise for specific cancers. For example, Aebersold
and coworkers found that the c-Met Y1253D*
mutation in patients with squamous cell carcinoma of
the oropharynx correlated with a significantly lower
probability of progression-free survival following

radical radiotherapy, suggesting that this M E T
muta t i on  may  i n te r f e re  w i t h  t umor
radioresponsiveness, and that targeting c-Met
signaling might afford radiosensitization for HNSCC
[94].

Much evidence indicates that MET TK mutations
enhance kinase activity, suggesting that selective TK
inhibition is a viable therapeutic strategy for the
treatment of PRC and HPRC type 1. In general, the
importance of receptor and non-receptor TKs in
cancer onset and progression has stimulated
mechanism- and structure-based drug design
approaches for the development of potent and
selective therapeutics targeting these domains,
particularly the region encompassing the ATP
binding site and the activation loop. Morotti and
colleagues demonstrated that one such kinase
inh ib i to r ,  K252a,  cou ld  inh ib i t  c -Met
autophosphorylation, MAPK activation and Akt
activation thereby preventing HGF-induced cell
motility and proliferation, and reverting the highly
transforming phenotype of the TPR-MET oncogene
[95]. Pretreatment of T P R - M E T  transformed
fibroblasts or GTL-16 gastric carcinoma cells (which
overexpress WT c-Met) with K252a blocked their
ability to form lung metastases in mice [95]. K252a is
a staurosporine-like alkaloid and potent (nM)
antagonist of ATP binding by Trk family kinases [96],
and while these results reveal its relatively low
selectivity among c-Met and Trk kinases, they
strongly suggest that TK inhibition of PRC c-Met
mutants is a viable avenue for therapeutic
development. Moreover, K252a appeared to have
greater potency on c-Met M1268T* [95], an effect
also displayed by the EGFR-directed TK inhibitor
Iressa (gefitinib, ZD1839) on mutated EGFR found in
recent clinical trials for non-small cell lung carcinoma
[97], and a fortuitous finding when considering the
possible toxicity arising from c-Met pathway blockade
in patients with PRC and other cancers [95].

Recently, more selective synthetic inhibitors of
ATP binding by the c-Met kinase, effective in the 10
nM concentration range in cultured cells, have been
developed and tested in various model systems [98-
100]. Of these, the novel pyrrole indolinone
compound SU11274 displayed a minimum of 50-fold
selectivity for c-Met relative to several related tyrosine
kinases, and blocked T P R - M E T - m e d i a t e d
transformation of the mouse myeloid BaF3 cell line,
leading to both cell cycle arrest and apoptosis [99].
Further analysis of SU11274 using NIH3T3 cells
expressing the MET mutants M1268T*, H1112Y*,
L1213V* and Y1248H*, including kinase activity,
intracellular effector activation, morphological
transformation, cell cycling and motility assays
revealed interesting differences in the susceptibility
of the various mutants to this compound [100]. While
the mutants M1268T* and H1112Y* were potently
inhibited by this compound, L1213V* and Y1248H*
were largely resistant [100]. These results reinforce
the notion that these mutations affect different
facets of TK activation and that genetic screening of
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PRC patients may be important in predicting the
therapeutic value of c-Met TK inihbitors. While the
reasons for these differences in susceptibility are
unclear at present, future crystallographic studies of
the c-Met TK domain in the presence of SU11274
and other inhibitors will probably resolve this
question and accelerate the development of c-Met
inhibitors generally.

Antagonism of ligand binding is another potential
therapeutic strategy for HPRC type 1 and PRC, as
well as other malignancies where c-Met is not
mutated but active. Indeed, several lines of evidence
support a role for HGF/SF in promoting oncogenesis
by c-Met mutations such as L1195V, Y1230H, and
M1250T, including the inability of mutant receptors to
transform epithelial cells, where HGF/SF is not
expressed, restoration of this property upon ligand
addition, and the ability of ligand antagonists, such
as NK4, to block cell transformation [52, 53, 55]. As
noted above, the prevalence of trisomy 7 in sporadic
PRC in the absence of MET  mutation may occur
through a selection for increased dose of the HGF
gene as well as MET , since both are located on
chromosome 7. Finally, the increased risk for
polycystic kidney disease and RCC, including PRC,
in individuals receiving long term hemodialysis
therapy, where significantly elevated levels of
circulating HGF/SF have been reported, further
implicates HGF/SF in the pathogenesis of these
renal cancers [101].

The requirement of the carboxyl-terminal docking
site for mutant c-Met transforming activity in cultured
cells, as well as enhanced association of Gab1 and
activation of the Ras/ERK and PI3K pathways,
suggests that many of the effectors of WT c-Met
signaling also promote oncogenesis by c-Met
mutants [51, 52]. These findings, coupled with other
studies that demonstrate the importance of receptor-
proximal effectors such as β-catenin, Grb2, Shc and
STAT3 in models of WT c-Met-mediated cell
transformation [14, 15, 39], suggest that targeting
one or more of these interactions could disrupt
oncogenesis driven by MET  mutation. One such
approach targets Src homology 2 (SH2) domain
binding, the means by which most effectors interact
with the c-Met carboxyl-terminal docking site. SH2
domains directly recognize phosphotyrosine (pY),
with additional secondary binding interactions within
two or three amino acids C-proximal to the pY
residue introducing differential affinity toward SH2
domain subfamilies [102]. These and other
observations have led to the development of potent,
low molecular weight, synthetic inhibitors of specific
SH2 domain interactions [103, 104]. For example,
inhibitors of the Grb2 SH2 domain potently block
HGF/SF-stimulated cell motility, matrix invasion and
branching morphogenesis in epithelial and
hematopoietic as well as HGF/SF-, basic fibroblast
growth factor-, and vascular endothelial cell growth
factor-stimulated angiogenesis [105, 106]. Targeting
key signaling interactions downstream of several
growth factor receptors implicated in tumor

progression, in both tumor and vascular cells, could
potentially inhibit tumor growth, invasion and
metastasis as well as the recruitment of new blood
vessels needed to sustain these processes. Insights
gained from the refinement of Grb2 SH2 domain
binding antagonists should also aid in the
development of SH2 domain antagonists selective
for other critical c-Met effectors, such as STAT3, Shc
and PI3K, with potential application to PRC and
other cancers driven by TK signaling.

SUMMARY
M E T  mutations occur in a limited subset of

cancers where the HGF/SF-c-Met signaling pathway
is thought to contribute significantly to tumor
progression and metastasis. Somatic and/or germline
MET mutations have been found in HPRC type 1,
PRC, HNSCC, SCLC, HCC, gastric cancer, ovarian
cancer and glioma. Among those cancers where
M E T  mutations have been found, a role for
oncogenesis has been most clearly established in
HPRC type 1. The germline missense MET mutations
found in HPRC type 1 localize predominantly to the
TK domain. Some of these mutations are
homologous in position and/or substitution to
mutations found in other TK receptors and
associated with other human cancers or neoplastic
diseases. The TK mutations found in HPRC type 1
appear to lower the threshold for receptor activation,
stabilize the active conformation of the kinase, and
in some cases render it less susceptible to
inactivation by phosphatases. In other cancers, such
as SCLC, the majority of mutations occur in the JM
domain, where sites which mediate polyubiquitination
and receptor degradation negatively regulate c-Met
function. The significance of the apparent
association of different MET mutations with distinct
types of cancer is not yet fully understood. Trisomy
of chromosome 7, where both MET and HGF genes
are located, occurs frequently in PRC as well as in
HPRC type 1, but its contribution to disease
progression also remains to be defined. Ongoing
investigations continue to address these and other
important questions regarding the pathogenesis of
HPRC type 1, such the cellular origin of renal tumors,
the relationship of the MET  TK mutations to the
distinct papillary tumor architecture of HPRC type 1,
and the molecular events predisposing HPRC type 1
tumors to metastasis.

Our basic understanding of the HGF/SF-c-Met
signaling pathway, together with extensive analyses
of tumor-associated mutant c-Met forms in model
systems, suggest at least three general strategies of
targeting the pathway for therapeutic development:
blockade of receptor activation, inhibition of TK
activity, and disruption of receptor-effector
interactions. Of these, recent success in the
treatment of other cancers, such as chronic myeloid
leukemia, has proven in principle that inhibition of TK
activity can be safe and effective. The remaining
strategies, not far behind in development, also offer
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promise for effective treatment. The HPRC type 1
patient population are the most likely to benefit from
drugs that effectively target the HGF/SF-c-Met
signaling pathway, and although they represent only
a fraction of RCC cases, information gained from the
treatment of these patients will be relevant to other
cancers where c-Met signaling is likely to contribute
to tumor progression and metastasis, such as
HNSCC, SCLC, and several others. The HPRC type
1 patient population also provides an opportunity for
cancer prevention trials, as individuals with germline
MET mutations and family history of RCC are clearly
at high risk to develop tumors. Our knowledge of the
oncogenic molecular pathways, combined with a
better understanding of the role of HGF/SF in adult
homeostasis, tissue repair and regeneration, will aid
in the development of efficacious targeted therapies
with safety profiles consistent with long term
administration. At the same time, ancillary biological
studies should help identify surrogate markers
predictive of disease stabilization, progression, and
metastasis.

REFERENCES
[1] Jemal, A., Clegg, L. X., Ward, E., Ries, L. A., Wu, X., Jamison,

P. M., Wingo, P. A., Howe, H. L., Anderson, R. N., and Edwards,
B. K. (2004) Cancer, 101, 3-27.

[2] Linehan, W. M., Walther, M. M., and Zbar, B. (2003) J. Urol.,
170, 2163-2172.

[3] Kovacs, G. (1989) Am. J. Pathol. 134, 27-34.
[4] Delahunt, B. and Eble, J. N. (1997) Mod. Pathol., 10, 537-544.
[5] Kovacs, G., Fuzesi, L., Emanual, A., and Kung, H. F. (1991)

Genes Chromosomes Cancer, 3, 249-255.
[6] Vogelzang, N. J., Scardino, P. T., Shipley, W. U., Coffey, D. S.

(2000) Comprehensive Textbook of Genitourinary Oncology, 2nd
Ed., Lippincott Williams and Wilkins.

[7] Zbar, B., Tory, K., Merino, M., Schmidt, L., Glenn, G., Choyke,
P., Walther, M. M., Lerman, M., and Linehan, W. M. (1994) J.
Urol., 151, 561-566.

[8] Zbar, B., Glenn, G., Lubensky, I., Choyke, P., Walther, M. M.,
Magnusson, G., Bergerheim, U. S., Pettersson, S., Amin, M.,
and Hurley, K. (1995) J. Urol., 153, 907-912.

[9] Schmidt, L., Duh, F. M., Chen, F., Kishida, T., Glenn, G.,
Choyke, P., Scherer, S. W., Zhuang, Z., Lubensky, I., Dean, M.,
Allikmets, R., Chidambaram, A., Bergerheim, U. R., Feltis, J.
T., Casadevall, C., Zamarron, A., Bernues, M., Richard, S., Lips,
C. J., Walther, M. M., Tsui, L. C., Geil, L., Orcutt, M. L.,
Stackhouse, T., Lipan, J., Slife, L., Brauch, H., Decker, J.,
Niehans, G., Hughson, M. D., Moch, H., Storkel, S., Lerman, M.
I., Linehan, W. M., Zbar, B. (1997) Nat. Genet., 16, 68-73.

[10] Lubensky, I. A., Schmidt, L., Zhuang, Z., Weirich, G., Pack, S.,
Zambrano, N., Walther, M. M., Choyke, P., Linehan, W. M., and
Zbar, B. (1999) Am. J. Pathol., 155, 517-526.

[11] Herring, J. C., Enquist, E. G., Chernoff, A., Linehan, W. M.,
Choyke, P. L., and Walther, M. M. (2001) J. Urol., 165, 777-781.

[12] Birchmeier, C. and Gherardi, E. (1998) Trends in Cell Biology,
8, 404-410.

[13] Birchmeier, C., Birchmeier, W., Gherardi, E., and Vande
Woude, G. F. (2003) Nat. Rev. Mol. Cell. Biol., 4, 915-925.

[14] Zhang, Y. W. and Vande Woude, G. F. (2003) J. Cell. Biochem.,
88, 408-417.

[15] Comoglio, P. M. and Boccaccio, C. (2001) Seminars in Cancer
Biology, 11, 153-165.

[16] Funakoshi, H. and Nakamura, T. (2003) Clinica Chimica Acta,
327, 1-23.

[17] Rubin J. S., Bottaro D. P., and Aaronson, S. A. (1993) Biochim.
Biophys. Acta, 1155, 357-371.

[18] Stahl, S. J., Wingfield, P. T., Kaufman, J. D., Pannell, L. K.,
Cioce, V., Sakata, H., Taylor, W. G., Rubin, J. S., and Bottaro, D.
P. (1997) Biochem. J., 326, 763-772.

[19] Montesano, R., Soriano, J. V., Malinda, K. M., Ponce, M. L.,
Bafico, A., Kleinman, H. K., Bottaro, D. P., and Aaronson, S. A.
(1998) Cell Growth Differ., 9, 355-365.

[20] Sakata, H., Stahl, S. J., Taylor, W. G., Rosenberg, J. M.,
Sakaguchi, K., Wingfield, P. T., and Rubin, J. S. (1997) J. Biol.
Chem., 272, 9457-9463.

[21] Rubin, J. S., Day, R. M., Breckenridge, D., Atabey, N., Taylor,
W. G., Stahl, S. J., Wingfield, P. T., Kaufman, J. D., Schwall, R.,
and Bottaro, D. P. (2001) J. Biol. Chem., 276, 32977-32983.

[22] Zhou, H., Mazzulla, M. J., Kaufman, J. D., Stahl, S. J., Wingfield,
P. T., Rubin, J. S., Bottaro, D. P., and Byrd, R. A. (1998)
Structure, 6, 109-116.

[23] Zhou, H., Casas-Finet, J. R., Heath, C. R., Kaufman, J. D.,
Stahl, S. J., Wingfield, P. T., Rubin, J. S., Bottaro, D. P., and
Byrd, R. A. (1999) Biochemistry, 38, 14793-14802.

[24] Ultsch, M., Lokker, N. A., Godowski, P. J., and de Vos, A. M.
(1998) Structure, 6, 1383-1393.

[25] Chirgadze, D. Y., Hepple, J. P., Zhou, H., Byrd, R. A., Blundell,
T. L., and Gherardi, E. (1999) Nat. Struct. Biol., 6, 72-79.

[26] Schmidt, C., Bladt, F., Goedecke, S., Brinkmann, V.,
Zschiesche, W., Sharpe, M., Gherardi, E., and Birchmeier, C.
(1995) Nature, 373, 699-702.

[27] Uehara, Y., Minowa, O., Mori, C., Shiota, K., Kuno, J., Noda, T.,
and Kitamura, N. (1995) Nature, 373, 702-705.

[28] Rosario, M. and Birchmeier, W. (2003) Trends Cell Biol., 13,
328-335.

[29] Jin, H., Yang, R., Li, W., Ogasawara, A. K., Schwall, R.,
Eberhard, D. A., Zheng, Z., Kahn, D., and Paoni, N. F. (2003) J.
Pharmacol. Exp. Ther., 304, 654-660.

[30] Huh, C. G., Factor, V. M., Sanchez, A., Uchida, K., Conner, E.
A., and Thorgeirsson, S. S. (2004) PNAS, 101, 4477-4482.

[31] Liu, Y. (2004) Am. J. Physiol. Renal Physiol., 287, F7-16.
[32] Furge, K. A., Zhang, Y. W., and Vande Woude, G. F. (2000)

Oncogene, 19, 5582-5589.
[33] Yu, J., Miehlke, S., Ebert, M. P., Hoffmann, J., Breidert, M.,

Alpen, B., Starzynska, T., Stolte, P. M., Malfertheiner, P., and
Bayerdorffer, E. (2000) Cancer, 88, 1801-1806.

[34] Matsumoto, K. and Nakamura, T. (2001) Kidney International,
59, 2023-2038.

[35] Michalopoulos, G. K. and DeFrances, M. C. (1997) Science,
276, 60-66.

[36] Nakamura, T., Mizuno, S., Matsumoto, K., Sawa, Y., Matsuda,
H., and Nakamura, T. (2000) J. Clin. Invest., 106, 1511-1519.

[37] Giordano, S., Bardelli, A., Zhen, Z., Menard, S., Ponzetto, C., and
Comoglio, P. M. (1997) PNAS, 94, 13868-13872.

[38] Gu, H. and Neel, B. G. (2003) Trends in Cell Biology, 13, 122-
130.

[39] Birchmeier, W., Brinkmann, V., Niemann, C., Meiners, S.,
DiCesare, S., Naundorf, H., and Sachs, M. (1997) Ciba Found.
Symp., 212, 230-240.

[40] Pennacchietti, S., Michieli, P., Galluzzo, M., Mazzone, M.,
Giordano, S., and Comoglio, P. M. (2003) Cancer Cell, 3, 347-
361.

[41] Jeffers, M., Schmidt, L., Nakaigawa, N., Webb, C. P., Weirich,
G., Kishida, T., Zbar, B., and Vande Woude, G. F. (1997) PNAS,
94, 11445-11450.

[42] Jeffers, M., Fiscella, M., Webb, C. P., Anver, M., Koochekpour,
S., and Vande Woude, G. F. (1998) PNAS, 95, 14417-14422.

[43] Schmidt, L., Junker, K., Weirich, G., Glenn, G., Choyke, P.,
Lubensky, I., Zhuang, Z., Jeffers, M., Vande, W. G., Neumann,
H., Walther, M., Linehan, W. M., and Zbar, B. (1998) Cancer
Res., 58, 1719-1722.

[44] Schmidt, L., Junker, K., Nakaigawa, N., Kinjerski, T., Weirich,
G., Miller, M., Lubensky, I., Neumann, H. P., Brauch, H.,
Decker, J., Vocke, C., Brown, J. A., Jenkins, R., Richard, S.,
Bergerheim, U., Gerrard, B., Dean, M., Linehan, W. M., and
Zbar, B. (1999) Oncogene, 18, 2343-2350.

[45] Olivero, M., Valente, G., Bardelli, A., Longati, P., Ferrero, N.,
Cracco, C., Terrone, C., Rocca-Rossetti, S., Comoglio, P. M.,
and Di Renzo, M. F. (1999) Int. J Cancer, 82, 640-643.

[46] Shu, H. G., Pelley, R. J., and Kung, H. (1990) PNAS, 87, 9103-
9107.

[47] Shu, H. K., Pelley, R. J., and Kung, H. J. (1991) J Virol., 65,
6173-6180.

[48] Shu, H. K., Chang, C. M., Ravi, L., Ling, L., Castellano, C. M.,
Walter, E., Pelley, R. J., and Kung, H. J. (1994) Mol. Cell Biol.,
14, 6868-6878.



Hereditary papillary renal carcinoma Current Molecular Medicine,  2004, Vol. 4, No. 8     867

[49] Kovacs, G. (1993) Adv. Cancer Res., 62, 89-124
[50] Zhuang, Z., Park, W. S., Pack, S., Schmidt, L., Vortmeyer, A. O.,

Pak, E., Pham, T., Weil, R. J., Candidus, S., Lubensky, I. A.,
Linehan, W. M., Zbar, B., and Weirich, G. (1998) Nat. Genet., 20,
66-69.

[51] Bardelli, A., Longati, P., Gramaglia, D., Basilico, C., Tamagnone,
L., Giordano, S., Ballinari, D., Michieli, P., and Comoglio, P. M.
(1998) PNAS, 95, 14379-14383.

[52] Giordano, S., Maffe, A., Williams, T. A., Artigiani, S., Gual, P.,
Bardelli, A., Basilico, C., Michieli, P., and Comoglio, P. M.
(2000) FASEB J., 14, 399-406.

[53] Michieli, P., Basilico, C., Pennacchietti, S., Maffe, A.,
Tamagnone, L., Giordano, S., Bardelli, A., and Comoglio, P. M.
(1999) Oncogene, 18, 5221-5231.

[54] Miller, M., Ginalski, K., Lesyng, B., Nakaigawa, N., Schmidt, L.,
and Zbar, B. (2001) Proteins, 44, 32-43.

[55] Chiara, F., Michieli, P., Pugliese, L., and Comoglio, P. M. (2003)
J. Biol. Chem. 278, 29352-29358.

[56] Longati, P., Bardelli, A., Ponzetto, C., Naldini, L., and Comoglio,
P. M. (1994) Oncogene, 9, 49-57.

[57] Rodrigues, G. A. and Park, M. (1994) Oncogene, 9, 2019-2027.
[58] Lee, J. H., Han, S. U., Cho, H., Jennings, B., Gerrard, B., Dean,

M., Schmidt, L., Zbar, B., and Vande Woude, G. F. (2000)
Oncogene, 19, 4947-4953.

[59] Kim, I. J., Park, J. H., Kang, H. C., Shin, Y., Lim, S. B., Ku, J. L.,
Yang, H. K., Lee, K. U., and Park, J. G. (2003) J Med. Genet., 40,
e97-e99.

[60] Park, W. S., Dong, S. M., Kim, S. Y., Na, E. Y., Shin, M. S., Pi, J.
H., Kim, B. J., Bae, J. H., Hong, Y. K., Lee, K. S., Lee, S. H., Yoo,
N. J., Jang, J. J., Pack, S., Zhuang, Z., Schmidt, L., Zbar, B., and
Lee, J. Y. (1999) Cancer Res, 59, 307-310.

[61] Di Renzo, M. F., Olivero, M., Martone, T., Maffe, A., Maggiora,
P., Stefani, A. D., Valente, G., Giordano, S., Cortesina, G., and
Comoglio, P. M. (2000) Oncogene, 19, 1547-1555.

[62] Ponzetto, C., Bardelli, A., Zhen, Z., Maina, F., dalla, Z. P.,
Giordano, S., Graziani, A., Panayotou, G., and Comoglio, P. M.
(1994) Cell, 77, 261-271.

[63] Lorenzato, A., Olivero, M., Patane, S., Rosso, E., Oliaro, A.,
Comoglio, P. M., and Di Renzo, M. F. (2002) Cancer Res., 62,
7025-7030.

[64] Maulik, G., Shrikhande, A., Kijima, T., Ma, P. C., Morrison, P.
T., and Salgia, R. (2002) Cytokine Growth Factor Rev., 13, 41-
59.

[65] Maulik, G., Kijima, T., Ma, P. C., Ghosh, S. K., Lin, J., Shapiro,
G. I., Schaefer, E., Tibaldi, E., Johnson, B. E., and Salgia, R.
(2002) Clin. Cancer Res 8, 620-627

[66] Ma, P. C., Kijima, T., Maulik, G., Fox, E. A., Sattler, M., Griffin,
J. D., Johnson, B. E., and Salgia, R. (2003) Cancer Res., 63,
6272-6281.

[67] Jo, M., Stolz, D. B., Esplen, J. E., Dorko, K., Michalopoulos, G.
K., and Strom, S. C. (2000) J. Biol. Chem. 275, 8806-8811.

[68] Giordano, S., Corso, S., Conrotto, P., Artigiani, S., Gilestro, G.,
Barberis, D., Tamagnone, L., and Comoglio, P. M. (2002) Nat.
Cell Biol., 4, 720-724.

[69] Wang, R., Kobayashi, R., and Bishop, J. M. (1996) PNAS, 93,
8425-8430.

[70] Wang, R., Ferrell, L. D., Faouzi, S., Maher, J. J., and Bishop, J.
M. (2001) J. Cell Biol., 153, 1023-1034.

[71] Comoglio, P. M., Boccaccio, C., and Trusolino, L. (2003)
Current Opinion in Cell Biology, 15, 565-571.

[72] Trusolino, L., Bertotti, A., and Comoglio, P. M. (2001) Cell, 107,
643-654.

[73] Borradori, L. and Sonnenberg, A. (1999) Journal of Investigative
Dermatology, 112, 411-418.

[74] Rabinovitz, I. and Mercurio, A. M. (1997) J. Cell Biol., 139, 1873-
1884.

[75] Chung, J., Yoon, S. O., Lipscomb, E. A., and Mercurio, A. M.
(2004) J. Biol. Chem., 279, 32287-32293.

[76] Gunthert, U., Hofmann, M., Rudy, W., Reber, S., Zoller, M.,
Haussmann, I., Matzku, S., Wenzel, A., Ponta, H., and Herrlich,
P. (1991) Cell, 65, 13-24.

[77] Ponta, H., Sherman, L., and Herrlich, P. A. (2003) Nat. Rev. Mol.
Cell. Biol., 4, 33-45.

[78] Mulder, J. W., Kruyt, P. M., Sewnath, M., Oosting, J., Seldenrijk,
C. A., Weidema, W. F., Offerhaus, G. J., and Pals, S. T. (1994)
Lancet, 344, 1470-1472.

[79] Di Renzo, M. F., Olivero, M., Giacomini, A., Porte, H., Chastre,
E., Mirossay, L., Nordlinger, B., Bretti, S., Bottardi, S., and
Giordano, S., Plebani, M., Gespach, C., and Comoglio, P. M.
(1995) Clin. Cancer Res., 1, 147-154.

[80] van der Voort, R., Taher, T. E., Wielenga, V. J., Spaargaren, M.,
Prevo, R., Smit, L., David, G., Hartmann, G., Gherardi, E., and
Pals, S. T. (1999) J. Biol. Chem., 274, 6499-6506.

[81] Orian-Rousseau, V., Chen, L., Sleeman, J. P., Herrlich, P., and
Ponta, H. (2002) Genes Dev., 16, 3074-3086.

[82] Polakis, P. (1999) Current Opinion in Genetics & Development,
9, 15-21.

[83] Liu, W., Dong, X., Mai, M., Seelan, R. S., Taniguchi, K.,
Krishnadath, K. K., Halling, K. C., Cunningham, J. M.,
Boardman, L. A., Qian, C., Christensen, E., Schmidt, S. S.,
Roche, P. C., Smith, D. I., and Thibodeau, S. N. (2000) Nat.
Genet., 26, 146-147.

[84] Satoh, S., Daigo, Y., Furukawa, Y., Kato, T., Miwa, N.,
Nishiwaki, T., Kawasoe, T., Ishiguro, H., Fujita, M., Tokino, T.,
Sasaki, Y., Imaoka, S., Murata, M., Shimano, T., Yamaoka, Y.,
and Nakamura, Y. (2000) Nat. Genet., 24, 245-250.

[85] Huelsken, J. and Birchmeier, W. (2001) Current Opinion in
Genetics & Development, 11, 547-553.

[86] Kinzler, K. W. and Vogelstein, B. (1996) Cell, 87, 159-170.
[87] Morin, P. J. (1999) Bioessays, 21, 1021-1030.
[88] Danilkovitch-Miagkova, A., Miagkov, A., Skeel, A., Nakaigawa,

N., Zbar, B., and Leonard, E. J. (2001) Mol. Cell. Biol., 21, 5857-
5868.

[89] Lepourcelet, M., Chen, Y. N., France, D. S., Wang, H., Crews,
P., Petersen, F., Bruseo, C., Wood, A. W., and Shivdasani, R. A.
(2004) Cancer Cell, 5, 91-102.

[90] Jeffers, M., Taylor, G. A., Weidner, K. M., Omura, S., and Vande
Woude, G. F. (1997) Mol. Cell. Biol., 17, 799-808.

[91] Peschard, P., Ishiyama, N., Lin, T., Lipkowitz, S., and Park, M.
(2004) J. Biol. Chem., 279, 29565-29571.

[92] Vigna, E., Gramaglia, D., Longati, P., Bardelli, A., and Comoglio,
P. M. (1999) Oncogene, 18, 4275-4281.

[93] Blume-Jensen, P. and Hunter, T. (2001) Nature, 411, 355-365.
[94] Aebersold, D. M., Landt, O., Berthou, S., Gruber, G., Beer, K. T.,

Greiner, R. H., and Zimmer, Y. (2003) Oncogene, 22, 8519-
8523.

[95] Morotti, A., Mila, S., Accornero, P., Tagliabue, E., and Ponzetto,
C. (2002) Oncogene, 21, 4885-4893.

[96] Tapley, P., Lamballe, F., and Barbacid, M. (1992) Oncogene, 7,
371-381.

[97] Paez, J. G., Janne, P. A., Lee, J. C., Tracy, S., Greulich, H.,
Gabriel, S., Herman, P., Kaye, F. J., Lindeman, N., Boggon, T.
J., Naoki, K., Sasaki, H., Fujii, Y., Eck, M. J., Sellers, W. R.,
Johnson, B. E., and Meyerson, M. (2004) Science, 304, 1497-
1500.

[98] Wang, X., Le, P., Liang, C., Chan, J., Kiewlich, D., Miller, T.,
Harris, D., Sun, L., Rice, A., Vasile, S., Blake, R. A., Howlett, A.
R., Patel, N., McMahon, G., and Lipson, K. E. (2003) Mol.
Cancer Ther., 2, 1085-1092.

[99] Sattler, M., Pride, Y. B., Ma, P., Gramlich, J. L., Chu, S. C.,
Quinnan, L. A., Shirazian, S., Liang, C., Podar, K., Christensen,
J. G., and Salgia, R. (2003) Cancer Res., 63, 5462-5469.

[100] Berthou, S., Aebersold, D. M., Schmidt, L. S., Stroka, D., Heigl,
C., Streit, B., Stalder, D., Gruber, G., Liang, C., Howlett, A. R.,
Candinas, D., Greiner, R. H., Lipson, K. E., and Zimmer, Y.
(2004) Oncogene, 23, 5387-5393.

[101] Sugimura, K., Kim, T., Goto, T., Kasai, S., Takemoto, Y.,
Matsuda, J., Yoshimoto, M., Yamagami, S., and Kishimoto, T.
(1995) Nephron, 70, 324-328.

[102] Pawson, T. and Scott, J. D. (1997) Science, 278, 2075-2080.
[103] Shi, Z. D., Wei, C. Q., Lee, K., Liu, H., Zhang, M., Araki, T.,

Roberts, L. R., Worthy, K. M., Fisher, R. J., Neel, B. G., Kelley,
J. A., Yang, D., and Burke, T. R., Jr. (2004) J. Med. Chem., 47,
2166-2169.

[104] Shi, Z. D., Lee, K., Wei, C. Q., Roberts, L. R., Worthy, K. M.,
Fisher, R. J., and Burke, T. R., Jr. (2004) J. Med. Chem., 47,
788-791.

[105] Atabey, N., Gao, Y., Yao, Z. J., Breckenridge, D., Soon, L.,
Soriano, J. V., Burke, T. R., Jr., and Bottaro, D. P. (2001) J. Biol.
Chem., 276, 14308-14314.

[106] Soriano, J. V., Liu, N., Gao, Y., Yao, Z. J., Ishibashi, T.,
Underhill, C., Burke, T. R., and Bottaro, D. P. (In press)
Molecular Cancer Therapeutics.



868    Current Molecular Medicine,  2004, Vol. 4, No. 8 Dharmawardana et al.

[107] Nakamura, T., Kanda, S., Yamamoto, K., Kohno, T., Maeda, K.,
Matsuyama, T., and Kanetake, H. (2001) Oncogene, 20, 7610-
7623.

[108] Moon, Y. W., Weil, R. J., Pack, S. D., Park, W. S., Pak, E.,
Pham, T., Karkera, J. D., Kim, H. K., Vortmeyer, A. O., Fuller, B.
G., and Zhuang, Z. (2000) Mod. Pathol., 13, 973-977.

[109] Tanyi, J., Tory, K., Rigo, J., Jr., Nagy, B., and Papp, Z. (1999)
Pathol. Oncol. Res., 5, 187-191.


