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ABSTRACT

Approximately 10% of all renal cell carcinomas (RCCs) present a distinctive papillary histology. Familial
papillary RCC (PRCC) has been described, but the majority of cases appear to be sporadic. Recently, germline
mutations in the MET proto-oncogene on chromosome 7 have been identified in families with hereditary
PRCC. We evaluated 59 patients with PRCC for the frequency of MET germline mutations to determine the
value of genetic screening of this patient population. Between 1976 and 1997, 165 patients were identified with
PRCC by retrospective chart review. Fifty-nine of 133 surviving patients agreed to provide a family history,
a blood specimen, and informed consent for genetic research. DNA was isolated from peripheral blood leuko-
cytes. Denaturing high-performance liquid chromatography (DHPLC) followed by genomic sequencing was
performed on eight exons of the MET proto-oncogene, including exons 5–7 of the extracellular domain, exon
14, and exons 16–19 of the tyrosine kinase domain. The 59 patients in this study included 49 men and 10
women with a mean age at diagnosis of 61 years. Bilateral and/or multifocal disease was present in 13 cases
(22%). No germline mutations were detected in the studied exons of the MET proto-oncogene (exons previ-
ously reported to contain deleterious mutations in familial PRCC). No pathological MET proto-oncogene
germline mutations were identified in 59 patients with PRCC. The germline mutation rate in this clinic-based
population of individuals with PRCC approaches 0% (CI 5 0–6.18). MET proto-oncogene germline mutation
screening does not appear to be clinically indicated in patients with PRCC without additional evidence for a
genetic predisposition (positive family history, unusual age at onset, bilateral disease).
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INTRODUCTION

PAPILLARY RENAL CELL CARCINOMA (PRCC) is a morpholog-
ically and clinically distinct subtype of renal cell carcinoma

(RCC). Second in frequency to clear-cell carcinoma, it consti-
tutes approximately 8–14% of all renal carcinomas (Mancilla-
Jimenez et al., 1976; Mydlo and Bard, 1987). PRCC also ap-
pears to be genetically distinct from clear-cell carcinoma as
well. The loss of the Y chromosome, trisomies 7 and 17, and
a specific translocation between chromosome X and chromo-
some number 1, designated t(X;1)(p11.2;q21.2), have been de-
scribed in hereditary and sporadic PRCC (Kovacs et al., 1990;
Meloni et al., 1993; Zhuang et al., 1998). These cytogenetic ab-

normalities differ from those seen in clear-cell carcinomas,
which typically exhibit a chromosomal loss at the 3p region
(Gnarra et al., 1994). However, all these findings have been
identified only as somatic (acquired) abnormalities confined to
tumors. They are not germline mutations, and, therefore, they
do not have utility as screening tools for identifying individu-
als at increased risk of PRCC.

A minority of the cases of PRCC have been identified in
families with an inherited predisposition for PRCC (Zbar et al.,
1995). Recently, germline mutations in the MET proto-onco-
gene (chromosome 7q31.1–34) were discovered in families with
hereditary PRCC (Schmidt et al., 1997) implicating the MET
proto-oncogene in the pathogenesis of hereditary PRCC. The
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MET proto-oncogene encodes a receptor tyrosine kinase that is
widely expressed in epithelial cells. Increased expression of MET
proto-oncogenes has been found in a number of human cancers
implicating MET in their pathogenesis (DiRenzoel et al., 1995;
Jeffers et al., 1996) and somatic mutations have been found in
childhood hepatocellular carcinomas (Park et al., 1999). The
prevalence of germline mutations has not been adequately stud-
ied to date in an unselected population of patients with PRCC.
Finding a germline mutation in peripheral blood would have im-
portant implications for screening family members.

Denaturing high-performance liquid chromatography 
(DHPLC) is a novel automated mutation technology. It involves
subjecting PCR products to ion-pair reverse-phase liquid chro-
matography. Heteroduplexes that form have elution profiles that
differ from their homozygous or wild-type counterparts, easily
identifying samples harboring mutations and polymorphisms.
DHPLC has been applied to mutation detection in familial
hemiplegic migraine, episodic ataxia type-2 disease (Ophoff et
al., 1996), PTEN mutations in primary glioblastomas (Liu et
al., 1997, 1998), and identification of single nucleotide poly-
morphisms (SNPs) of the Y chromosome (Underhill et al.,
1996). In addition, its use of automated instrumentation and
speed of analysis make this a unique method of screening for
large population studies. We identified a cohort of patients
treated for PRCC at the Mayo Clinic, in Rochester and Scotts-
dale, between 1976 and 1997. DHPLC and DNA sequencing
were used in an attempt to identify mutations of the MET proto-
oncogene in patients with PRCC unselected for family history,
to explore the proportion of PRCC that might be attributable to
this genetic mechanism, and to determine if screening all pa-
tients with PRCC would be clinically justifiable.

MATERIALS AND METHODS

Patient ascertainment

Between 1976 and 1997, 165 patients were identified by
medical history review with surgically treated PRCC. Records
indicated that 32 were deceased. Under the auspices of an in-
stitutional review board (IRB)-approved protocol, letters of in-
vitation were mailed to 133 patients not known to be deceased.
Fifty-nine patients returned a completed family history ques-
tionnaire, signed a written informed consent document, and sent
peripheral blood specimens for analysis. The questionnaire in-
cluded a detailed family cancer history. Medical records were
examined to obtain information on patient and tumor charac-
teristics. All diagnoses were based upon interpretation by a
Mayo Clinic pathologist’s review of the tumor tissue.

Mutation detection

Eight exons of the MET gene were screened for mutations,
including exons 16–19 of the tyrosine kinase domain, exons
5–7 of the extracellular domain, and exon 14. These exons were
screened because they have previously been reported to con-
tain deleterious mutations (Schmidt et al., 1998, 1999). DNA
from peripheral blood leukocytes was isolated and purified.
Samples used for mutation screening and sequencing analysis
were generated in 25-ml reaction volumes containing 50–100
ng of genomic DNA, 0.25 mM of sense and antisense primers

for c-MET exons 5–7, 14, and 16–19, 0.2 mM dNTPs (Promega,
Madison, WI), 1 unit of Taq polymerase (AmpliTaq Gold,
Perkin-Elmer), and 13 buffer supplied by the manufacturer.
Primer sequences used in this study were as described (Schmidt
et al., 1999). PCR amplifications were 35 cycles: 95°C for 30
sec, 58°C for 45 sec, and 72°C for 45 sec (final extension at
72°C for 10 min) following sample denaturation at 95°C for 9
min. Synthesis of appropriately sized PCR reaction products
was confirmed by agarose gel electrophoresis.

DHPLC analysis was carried out as described previously (Liu
et al., 1998) using the WAVE DNA fragment Analysis System
(Transgenomic, Santa Clara, CA). Briefly, PCR products were
denatured for 4 min at 95°C and then gradually reannealed by
decreasing sample temperature from 95–65°C over a period of
30 min. PCR products were then separated (flow rate 0.75
ml/min) over a period of time and through a linear acetonitryle
gradient. The column mobile phase consistent of mixture of 0.1
M triethylamine acetate, pH 7.0, with (buffer A) or without
(buffer B) 25% acetonitryle. The mobile-phase temperatures re-
quired for optimal resolution of homoduplex and heteroduplex
DNAs were determined empirically by injecting one PCR prod-
uct for each exon at increasing temperatures until a significant
decrease in sample retention time was observed. Specific val-
ues for the gradient ranges (buffer A component indicated), sep-
aration times, and mobile-phase temperatures used for analyz-
ing the amplicons are as follows: 47–38%, 6 min, and 61°C for
exon 5; 46–38%, 6 min, and 57°C for exon 6; 48–40%, 6 min,
and 54°C for exon 7; 56–48%, 6 min, and 58°C for exon 14-1;
53–45%, 6 min, and 55°C for exon 14-2; 51–43%, 6 min, and
57°C for exon 16; 46–38%, 6 min, and 59°C for exon 17;
49–41%, 6 min, and 58°C for exon 18; and 47–39%, 6 min,
and 57°C for exon 19.

PCR products that showed heteroduplex complexes by 
DHPLC analysis were directly sequenced as described previ-
ously (Yokomizo et al. 1998). Briefly, PCR products were
cleaned with exonuclease and shrimp alkaline phosphatase,
mixed with 3.2 pmol of forward or reverse primer of each exon,
and then sequenced at the Mayo Molecular Core Facilities at
the Mayo Clinic. Sequencing reactions were done in a Thermal
Cycler 9600 (Perkin-Elmer Cetus) with fluorescent termina-
tions and analyzed on an ABI377 sequencer.

RESULTS

This study cohort (Table 1) included 49 men and 10 women
(male:female ratio of 4.9:1). The mean age at diagnosis was 61
years. Mean follow-up was 5.5 years for males and 7.1 years
for females. Bilateral PRCC was noted in 4 patients (7%) and
multifocal PRCC noted in 12 patients (20%). Either multifocal
or bilateral disease was present in 11 men (22%) and 1 female
(10%). Mean age at diagnosis of multifocal disease was 63.1,
and for bilateral PRCC was 62.5 years. Of these patients, only
four had elevated preoperative creatinine values (normal range
0.8–1.2).

Family history was assessed first by chart review on all 165
patients with documented PRCC (included those known to be
deceased). A positive family history for kidney cancer was
noted in only three cases. Next, all 59 consented study partic-
ipants completed a family history questionnaire that asked for
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cancer history on all first- and second-degree relatives and
through this, two additional family histories positive for kidney
cancer were found. Looking at these five cases (three of whom
were participants in this study), there were 3 females and 2
males with ages at diagnosis of 34, 58, and 68 for the women,
and 58 and 64 for the men. In all instances, there was only one
kidney cancer reported in the family history.

One history was suggestive of hereditary nonpolyposis colon
cancer syndrome (HNPCC) and the others were unremarkable.
One case with a positive family history had multifocal (but uni-
lateral) PRCC; the other four cases had only single tumors. Con-
firmation of the kidney cancers reported in relatives and infor-
mation about the pathology of the cancers were not available.
We also looked for over-representation of other site-specific
cancers, and saw no definite evidence for this, although of the
6 participants whose fathers had prostate cancer, 4 occurred in
the subset of patients with multifocal/bilateral disease.

Denaturing HPLC analysis followed by genomic sequencing
in the eight exons of the MET gene including exons 16–19, ex-
ons 5–7, and exon 14 revealed no pathological mutations. Two
previously reported polymorphisms were identified. One was
A2138G, in exon 7 (Schmidt et al., 1997), and the other was
C3223T, in exon 14 (Schmidt et al., 1999). The frequency of
the polymorphisms was 19/59 in exon 7, and 3/59 in exon 14.

DISCUSSION

In the past decade, researchers have shown that a small but im-
portant subset of individuals develops a particular cancer because
of a genetic predisposition caused by a germline mutation in im-
portant growth-regulating genes. Around 5% of women who de-
velop breast cancer have a germline mutation in the highly pen-
etrant BRCA1 and BRCA2 genes (Ford and Easton, 1995).
Two-to-five percent of individuals with HNPCC have a germline
mutation in one-of-five DNA mismatch repair genes (Burt and
Petersen, 1996; Wijnen et al., 1998). Over 35 cancer predispos-
ing syndromes have been recognized (for review, see Lindor and
Greene, 1998), and likely many more will be discovered.

Germline mutations are detectable in DNA derived from pe-
ripheral blood leukocytes and may be potentially valuable for
screening populations at risk. The significance of identifying
carriers of germline cancer predisposing mutations is multifold.
The patient involved may have high risk of multiple primary

tumors of the primary target organ; such knowledge may affect
treatment recommendations. For example, patients with hered-
itary PRCC are at increased risk of cancer involving both kid-
neys; this understanding has led to the use of partial rather than
total nephrectomy for persons so affected. In addition, the can-
cer predisposition may include several organ systems for which
prospective surveillance may be necessary. For example, pa-
tients with HNPCC are at increased risk of endometrial, gas-
tric, ovarian, renal pelvic, and ureteral cancers, in addition to
colorectal cancer. Finally, the patient’s family and relatives may
be at higher risk of cancers and might benefit from earlier and
aggressive site-specific cancer surveillance.

PRCC accounts for approximately 15% of renal cancers. A
family history of PRCC has been described, but the majority of
cases appear to be sporadic. Germline mutations in the MET
proto-oncogene have now been reported in families with auto-
somal dominant PRCC (Schmidt et al., 1999). Schmidt et al.
(1997) also analyzed 129 PCRRs. MET proto-oncogene muta-
tions were found in 17 tumors. Of these, eight were germline,
suggesting that 6.2% of “sporadic” tumors had germline muta-
tions. This incidence, albeit low, might suggest that screening
for germline mutations in all patients with PRCC may be of
benefit in identifying individuals and family members at in-
creased risk of PRCC.

We evaluated a cohort of Mayo Clinic-based individuals with
pathologically proven PRCC, unselected with regard to family
history, to understand further the role of the MET proto-onco-
gene in PRCC, as well as to assess further whether screening
of all patients with PRCC might be clinically valuable. Our
evaluation of 59 patients with PRCC included 49 men and 10
women (4.9:1 ratio). Others have reported a very similar and
striking male preponderance with male:female ratios ranging
from 5:1 to 8:1 (Kovacs, 1993, 1994). Whereas it is possible
that this reflects some unidentified lifestyle differences, it seems
more likely to suggest a true gender-specific predisposition. In
this regard, little is known about the role of hormones with re-
spect to renal tumors. Kovacs et al. (1994), reported that 84%
of PRCC in men showed loss of Y-chromosome-specific DNA,
compared to 22% with loss in nonpapillary RCC. It is also note-
worthy that the male:female ratio in nonpapillary RCC is 1.5:1.
On the basis of these observations, Kovacs (1994) suggested
that a tumor suppressor gene may be located at one of the ho-
mologous regions of the X and Y chromosomes and that ho-
mozygous inactivation is associated with development of
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TABLE 1. CHARACTERISTICS OF THE COHORT OF PATIENTS WITH PRCC IN THIS STUDY

Mean age at Mean years of
M ; F numbers (ratio) diagnosis follow up

165 PRCC patients 135 ; 30 (4.5 ; 1) 61.1 (M); 57.4 (F) NA
Presumed living 111 ; 22 61.0 (M); 58.5 (F) 8.2 (M); 9.0 (F)

PRCC patients per
history review

Final study 49 ; 10 (4.9 ; 1) 63.3 (M); 59.3 (F) 5.5 (M); 7.1 (F)
participants

Known deceased 24 ; 8 (3 ; 1) 61.5 (M); 54.5 (F) NA
PRCC patients

See Materials and Methods for additional details. M, Males; F, Females.



PRCC. Preferential loss of the Y chromosome by nondisjunc-
tion (compared to the X chromosome, which is larger and there-
fore less likely to be lost) might account for some of the male
predilection of PRCC.

Further evidence to support X-linked gene involvement in
PRCC is the specific chromosome translocation found in a few
PRCC tumor cell lines: t(X;1)(p11;q21) (Meloni et al., 1993;
Sidhar et al., 1996). Sidhar et al. (1996) showed that in PRCC
associated with the translocation t(X;1)(p11.2;q21.2), the TFE3
gene, a member of the helix–loop–helix family of transcription
factors, is fused with a gene on chromosome 1, designated as
the PRCC gene. This group demonstrated the presence of a
PRCC-TFE3 hybrid transcript in three PRCCs that contained
the cytogenetic translocation and, thus, concluded that the
PRCC-TFE3 fusion protein apparently represents an amino-

terminal transcriptional activation domain adjacent to a TFE3
DNA-binding domain. Weterman et al. (1996) cloned the PRCC
gene. PRCC is ubiquitously expressed in normal adult and fe-
tal tissues and encodes a protein of 491 amino acids with a rel-
atively high content of proline. No relevant homologies with
known sequences at either the DNA or protein level were found
and its function is unknown.

Zbar et al. (1995) reported on nine families with two or more
individuals with PRCC, and we note that in their series the
male:female ratio of affected individuals was 28:12 (2.33:1),
which is much lower than the ratio reported in PRCC in gen-
eral. Clearly, the gender difference in PRCC provides potential
clues to tumor etiology that merit additional molecular and epi-
demiological exploration.

Our mutation analysis revealed no missense mutations within
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TABLE 2. SUMMARY OF STUDY PARTICIPANTS WITH BILATERAL OR MULTIFOCAL PRCC

Age PRCC Pre-op renal Family history of
Sex of Dx tumors statusa Other medical problems cancer

1 F 58 Bilateral Creat 5 0.9; None Mo: breast
malrotation of Fa: prostate
right kidney

2 M 48 Multifocal Creat 5 1.5; Hypertension for 30 years; Fa: prostate
(L) mild clear cell RCC 4 years before Mo: breast

proteinuria PRCC; glomerulosclerosis
with focal segmental
sclerotic/proliferative lesions.

3 M 55 Multifocal ? Crohn’s disease with Fa: colon
sclerosing cholangitis, post
liver transplant; colon polyps

4 M 60 Multifocal Creat 1.2; Mo; throat/tongue
congenital Bro: prostate
solitary
kidney (R)

5 M 63 Multifocal Creat 5 1.2; no Melanoma; prostate CA Fa, Mo, Sis:
(L) proteinuria unknown cancers

6 M 67 Multifocal Creat 5 1.1; no Bro: kidney (?type)
(L) proteinuria; age 72

one simple Sis: “defective”
cyst kidney

7 M 68 Multifocal Three renal cysts (L); colon polyps; Fa: prostate
(R) cavernous hemangioma in liver

8 M 71 Multifocal Creat 5 1.3; Prior clear cell RCC.; (L) Fa: prostate
(L) UA normal pelvicolithotomy for calcium

stones
9 M 71 Bilateral Creat 1.5 Coronary disease; diabetes; No family history

(20 in hypertension; claudication of cancer
right; 6
in left)

1 M 74 Bilateral Creat 1.6; Prostate and skin cancer Bro: testicular
0 history of

renal stones
1 M 47 Bilateral History of Exposure to a flourescent MGM: leukemia
1 stones; chemical later removed from 1/2 sis: endometrial

normal market due to suspected
function carcinogenicity

1 M 73 Multifocal Creat 1.1; Prior clear cell RCC; Mo: breast
2 (9 grade 1 mult small alcoholism; hypertension Mat aunt: breast

lesions) bilat renal MatG-aunt:
cysts leukemia

aSerum creatinine normal values: adult female 5 0.6–0.9 mg/dl; adult males 5 0.8–1.2 mg/dl.



eight exons of the MET gene, including exons 5–7, 14, and
16–19. All previously reported missense mutations have been
discovered within exons 16–19 of the tyrosine kinase domain
of the MET gene. These mutations have not been detected in
chromosomes from normal individuals (Schmidt et al., 1997).
Additionally, the mutation detection technique used, DHPLC,
has been applied to mutation detection in many syndromes
(Ophoff et al., 1996; Underhill et al., 1996; Liu et al., 1997,
1998) with a sensitivity of $98% (Liu et al., 1998; Arnold et
al., 1999). Given this, we must conclude that the germline mu-
tations in a clinic-based population of individuals with PRCC
approaches 0% (CI 5 0–6.18).

Why were no germline mutations detected? In the analysis
by Schmidt et al. (1999), 6.2% of the cases of sporadic PRCC
had mutations in the MET proto-oncogene. According to that
paper, these cases were obtained from a number of contribu-
tors who referred their subjects to a center renowned for its in-
terest in hereditary renal cancer syndromes. Did this represent
all samples available to the referring collaborators or was there
a bias towards referral of younger patients with bilateral or mul-
tifocal tumors, features known to be associated with inherited
predispositions? Limited information was given on patient and
tumor characteristics by Schmidt and colleagues. Of their 8 pa-
tients with germline mutations, some additional data are pro-
vided for 5 patients. One patient was noted to have a positive
family history and all but 1 patient had bilateral disease (80%).
The average age of the patients with germline mutations was
47 years old (range 39–55) and no information is provided on
the incidence of multifocality.

In contrast, our study was a clinic-based population of indi-
viduals that included 13 patients (22%) with bilateral and/or
multifocal PRCC with no germline mutations detected. The av-
erage age of diagnosis was 61 years, which differs significantly
from the 47 years noted by Schmidt et al. (1999), suggesting
existence of a different mechanism for disease.

We considered whether there could be other explanations for
those patients in our study that had bilateral or multifocal dis-
ease, yet had no family history of PRCC or germline mutations
in the MET proto-oncogene that would account for this. It is
known that acquired cystic disease (ACD) develops in 40% of
patients with end-stage renal disease, and ACD is associated
with a 40-fold increased risk for RCC, evenly divided between
papillary and nonpapillary types (Kovacs, 1995). ACD is three-
fold more likely to develop in males than females, and cancer
is seven times more likely to develop in males than females
with end-stage kidneys. A high incidence of bilateral and/or
multifocal PRCC has been reported in ACD (Amin et al., 1997),
so this could be a confounding factor in our search for genetic
etiology.

Table 2 shows the clinical features of the subset of patients
in our study with bilateral or multifocal disease. Although no
clear pattern is apparent, in the aggregate there does seem to
be a high rate of associated renal disease, including mild renal
insufficiency, renal cysts, renal stones, prior clear cell carcino-
mas of the kidney, and congenital anomalies of the kidney. (We
have also evaluated a man not included in this study group who
had bilateral and multifocal PRCC and a normal MET proto-
oncogene analysis, and who had multiple and bilateral calcium
oxalate renal calculi presumably due to a prior resection of his
ileum for inflammatory bowel disease.)

All these observations support the clinical impression that
local factors in the kidney unrelated to the MET gene are likely
important in the etiology of at least some PRCCs. Larger, care-
fully designed epidemiological studies with matched controls
will be needed to determine the magnitude of risk associated
with each of these features individually and additively.

Differences in patient ascertainment are likely to explain the
different results in our study that differ from previous published
data. Our study reflects a clinically based patient population not
preselected for characteristics that might be associated with a
higher probability of hereditary predisposition. In this popula-
tion, we must conclude that MET proto-oncogene germline test-
ing is not clinically indicated unless there are additional find-
ings that suggest an inherited predisposition such as a young
age at diagnosis, a positive family history for PRCC, and, per-
haps, bilateral disease or multifocal disease.
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