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Summary

By positional cloning, we identified two breakpoint-spanning genes in a familial clear cell renal cell carcinoma (CCRCC)-
associated t(1;3)(q32.1;q13.3): LSAMP and NORE1 (RASSF1 homolog). Both genes are downregulated in 9 of 9 RCC cell
lines. While the NORE1A promoter predominantly presents partial methylation in 6 of the cell lines and 17/53 (32%) primary
tumors, the LSAMP promoter is completely methylated in 5 of 9 cell lines and in 14/53 (26%) sporadic and 4 familial
CCRCCs. Expression of LSAMP and NORE1A proteins in CCRCC cell lines inhibited cell proliferation. These characteristics
indicate that LSAMP and NORE1A may represent new candidate tumor suppressors for CCRCC.

Introduction

Renal carcinoma is known to have different histological types
with distinct genetic profiles (Storkel et al., 1997). Worldwide,
approximately 150,000 people are diagnosed with renal carci-
noma, resulting in 78,000 deaths annually (Zbar et al., 2003). The
most common type is clear cell renal cell carcinoma (CCRCC).
Studies of familial CCRCC have led to the identification of impor-
tant tumor suppressor genes such as VHL (Latif et al., 1993).
Recently, position cloning also resulted in the discovery of other
kidney cancer-related genes, BHD, FH, and HRPTZ2 (Nickerson
et al., 2002; Tomlinson et al., 2002; Carpten et al., 2002). While
hereditary CCRCCs are mainly attributed to VHL mutations,
there are known CCRCC families and a significant proportion
of sporadic CCRCCs that are not associated with the VHL (Teh
et al., 1997; Woodward et al., 2000), thus pointing to the exis-
tence of other CCRCC-related genes. Because some CCRCC
families are associated with balanced chromosomal transloca-
tions, the translocation breakpoint-spanning genes are likely
CCRCC-related candidate genes. The first CCRCC family with
a balanced chromosomal translocation t(3;8)(p14;924) was de-

scribed by Cohen et al. (1979). To date, at least eight such
hereditary CCRCC-related chromosomal translocation families
have been reported (Cohen et al., 1979; Kovacs and Hoene,
1988; Kovacs et al., 1989; Koolen et al., 1998; Podolski et al.,
2001; Kanayama et al., 2001). Interestingly, translocation in all
these CCRCC families is linked to chromosome 3, making con-
stitutional chromosome 3 translocation a predisposing factor
(van Kessel et al., 1999; Bodmer et al., 1998, 2002c). The subse-
quent observation of the loss of translocation derivative chromo-
some 3 (der(3) chromosome) and somatic VHL mutations in a
proportion of familial tumors led to the proposal of a three-step
model of CCRCC tumorigenesis (Schmidt et al., 1995; Bodmer
et al., 1998, 2002c): initial constitutional chromosome 3 translo-
cation, subsequent somatic loss of the der(3) chromosome lead-
ing to the loss of a copy of VHL, and a third hit in the form of
random somatic mutation in the second VHL allele. However,
loss of the der(3) chromosome was observed only in a subset
of the examined samples. Most of the analyzed familial tumors
with loss of the der(3) did not carry VHL mutations. Furthermore,
neither der(3) loss nor VHL mutations were observed in several
tumor biopsies in the affected families (Eleveld et al., 2001;

of novel mechanisms of tumorigenesis.

SIGNIFICANCE

Identification of familial CCRCC genes such as the VHL tumor suppressor gene (TSG) has provided important insights into the
pathogenesis of hereditary and sporadic tumors. Here we demonstrate that LSAMP and NORE1 are the breakpoints of a familial
CCRCC-related 1(1;3) and that the expression of these genes is downregulated in RCC cell lines and sporadic CCRCCs. LSAMP has
no known activities in cancer, but Norel is a Ras effector. Further investigations of LSAMP and NORE1 may lead to the elucidation
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Figure 1. Mapping of the 1(1;3) breakpoints on chromosomes 1g32.1 and 3q13.3 by FISH and Southern blot analysis

A: A contig of nine BAC clones in a 3.6 cM region of 1g32.1 was constructed (left panel). The RP11-54L22 was first found fo span the breakpoint by FISH
split assay. Overlapped BAC clones (CTD-2245C1, -2321B11, and -2278G17) also showed split signals and confine the der(1) breakpoint region to about 30
kb (dotted box). Similarly, a contig of ten BAC clones within a 5 cM region of 3913.3 was established (right panel); and the breakpoint was found within
RP11-281N16 and was further mapped to an about 30 kb region (dotfted box) using overlapping clones (RP11-149B11, CTD-2246M24, and -2514L8).

B: Fine mapping of the 1g32.1 and 3q13.3 breakpoints by Southern blot analysis and restriction mapping. Fifteen specific DNA probes (4-10 kb) flanking
the 1g and 3q breakpoints were synthesized by long-range PCR with specific primers from known sequence RP11-54L22 and -281N16. Southern blot analyses
showed that a 5.6 kb 1g-p4 probe (left panel) and a 6.2 kb 3g-p2 probe (right panel) span the respective 1932.1 and 3q13.31 breakpoints, which narrowed
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Bodmer et al.,, 2002b). These observations suggest that the
breakpoint-spanning genes in the familial RCC-associated
chromosome 3 translocations are also likely implicated in RCC
tumorigenesis or act synergistically in the above model in the
form of genetic and/or epigenetic alterations.

Analysis of the constitutional t(3;8)(p14;924) translocation
associated with familial CCRCC led to the identification and
extensive investigation of the breakpoint-spanning gene FHIT
(fragile histidine triad) on 3p14 (Ohta et al., 1996). FHIT is thought
to be a putative tumor suppressor gene, and aberrant FHIT
transcripts and FHIT genomic lesions were observed in a variety
of primary tumors and tumor-derived cell lines (Ohta et al.,
1996; Siprashvili et al., 1997; Druck et al., 1997). The partner
breakpoint-spanning gene TRC8 on the chromosome 8 shows
high homology to the Drosophila patched (PTCH) gene and
probably also functions as a tumor suppressor (Gemmill et al.,
2002). Also, another two breakpoint-spanning genes, DIRC1 on
chromosome 2q33 and DIRC2 on 3g21, disrupted, respectively,
in 1(2;3)(033;921) and t(2;3)(935;921) breakpoints, have been
identified (Druck et al., 2001; Bodmer et al., 2002a). The role of
these genes in CCRCC tumorigenesis remains to be deter-
mined.

Here we described the positional cloning of the t(1;3)
(932.1;913.3) chromosomal breakpoints and the identification
of two breakpoint-spanning genes, LSAMP (limbic system-
associated membrane protein gene) on 3q13.3 and NORET on
1932.1 in a previously reported Japanese hereditary CCRCC
family (Kanayama et al., 2001). LSAMP encodes a neuronal
surface glycoprotein that belongs to the IgLONs (immunoglobu-
lin LSAMP, OPCML/OBCAM, and neurotrimin) family and is
distributed in cortical and subcortical regions of the limbic sys-
tem (Pimenta et al., 1996). To date, very little is known about
LSAMP and its biological role remains unclear. However, its
family partner gene OPCML/OBCAM on 11925 was recently
found to be epigenetically inactivated and was regarded as a
candidate TSG in epithelial ovarian cancer (Sellar et al., 2003).
NORET1 was recently identified as a homolog of the tumor sup-
pressor gene RASSF1 at 3p21.3, which is frequently inactivated
via promoter hypermethylation in a variety of human tumors
(Dammann et al., 2000; Tommasi et al., 2002). The mouse coun-
terpart Nore1 is a Ras effector (Vavvas et al., 1998).

Results and Discussion

We have previously mapped the constitutional t(1;3)-associated
breakpoints to bands 1932.1 and 3q13.3 in a family with four
cases of CCRCC (Kanayama et al., 2001). In this study, we
cloned the breakpoints of t(1;3)(g32.1;q13.3) by using a strategy
that combined FISH, Southern blot, long-range PCR, and DNA
sequencing. FISH experiments enabled us to narrow the
breakpoint regions to a 20 to 30 kb range on both affected
chromosomes (Figure 1A). These were further refined via South-
ern blot analyses and restriction mapping to approximately 2 kb
(Figures 1B and 1C). Assisted by information from human ge-

nome sequence databases and BAC clone databases, we de-
signed several sets of specific primers around the breakpoints
and performed long-range PCR to amplify the breakpoint frag-
ments (Figure 2A). A 2.15 kb der(1) breakpoint and a 3.25 kb
der(3) breakpoint were amplified and subcloned into TA-cloning
vector (Invitrogen) (Figure 2A). Subsequent DNA sequencing of
the breakpoint fragments resulted in the identification of both
breakpoints (Figure 2; also see Table S1 of the Supplemental
Data at http://www.cancercell.org/cgi/content/full/4/5/405/DC1).

The cloning of the breakpoints led to the identification of
two breakpoint-spanning genes, NORE1 on 1932.1 and LSAMP
on 3q13.3 (Figure 2B). To investigate whether fusion proteins
resulting from the chromosome translocation are involved in
tumorigenesis of CCRCC, we carried out Northern blot analysis
and RT-PCR to detect any fusion transcript of NORE71 and
LSAMP (see Table S1 on Cancer Cell website). No detectable
fusion transcripts were found in the FRCC3 and FRCC5 cell
lines from two patients in the t(1;3) family. We also tested the
possible sequence combination from NORE1 and LSAMP. Be-
cause NORET1 lies in the positive DNA strand and LSAMP in
the reverse strand, there is little likelihood for them to form any
NORE1-LSAMP or LSAMP-NORET1 fusion proteins.

Given the association between chromosome 3 transloca-
tions and CCRCC susceptibility (van Kessel et al., 1999; Bodmer
et al., 2002c), we next investigated the gene LSAMP. LSAMP
is composed of seven exons and is disrupted in intron 2 by the
breakpoint (Figure 2B). To elucidate whether genetic changes
in LSAMP play arole in CCRCC, we performed LSAMP mutation
analysis in 9 CCRCC cell lines and in 53 sporadic and 4 familial
tumors. No LSAMP mutation was detected. However, epige-
netic silencing in association with hypermethylation, the most
common form of inactivation for many tumor suppressor genes
(Jones and Baylin, 2002), could still occur. First, by RT-PCR,
we found that LSAMP was downregulated in all 9 RCC cell lines
(Figure 3A). We further demonstrated that the LSAMP promoter
was methylated in 7/9 CCRCC cell lines (78%), 14/53 sporadic
CCRCCs (26%), and all 4 familial CCRCCs tumors from the t(1;3)
family (Figure 3B). In association with the promoter-methylation
status, LSAMP expression in ten examined tumors with LSAMP-
promoter methylation was also downregulated (Figure 3A). Of
the LSAMP-promoter-methylated cell lines and tumors, all pre-
sented complete methylation except two cell lines and one spo-
radic tumor. Furthermore, in the four familial tumors (FT1 to
FT4), one LSAMP allele was breakpoint disrupted followed by
the loss of the der(3) chromosome shown in our previous study
(Kanayama et al., 2001), and the other copy was hypermethyl-
ated (Figure 3B), implying that LSAMP may undergo bi-allelic
inactivation. These observations suggest that LSAMP may be
involved in CCRCC, though further functional studies are
needed to elucidate its mechanism.

The 1932.1 breakpoint-disrupted gene, NORET1, also ap-
peared to be an excellent candidate CCRCC suppressor gene.
NORET1 undergoes alternative splicing, resulting in two isoforms,
NORE1A and NORE1B. The breakpoint disrupted both NORE1A

both breakpoint regions to approximately é kb. Restriction mapping refined the 1q and the 3q breakpoints to about 1.5 kb (left panel) and 2 kb regions,

respectively (right panel).

C: Representative Southern blot analyses from both chromosomes showing distinct aberrant bands (indicated by arrowheads) after restriction digestion.
DNA from two normal confrols (N1, N2) and two patients (FRCC3 and FRCCS5) were completely digested and subjected to DNA hybridization analysis.
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Figure 2. Cloning of both der(1) (1g32.1) and der(3) (3g13.31) breakpoints through long-range PCR and DNA sequencing

A: Amplification of der(1) and der(3) breakpoints via long-range PCR. A 2.15 kb der(1) breakpoint fragment (der(1)-BP) and a 3.25 kb der(3) breakpoint
fragment (der(3)-BP) were amplified. The breakpoint fragments were sequenced and are shown in the lowest boxes. The normal sequences around the
breakpoints on 1932.1 and 3q13.31 are also shown for comparison. The uppercase sequences are from 1g32.1 and the lowercase sequences are from
3g13.31. The sequences in red on 3q13.31 are deleted from the breakpoints.

B: Schematic illustration of the identification of breakpoint-spanning genes. The translocation breakpoints occur within intron 2 of both breakpoint-spanning
genes LSAMP at 1932.1 and NORE! at 3g13.31; this is accompanied by loss of 52 or 54 bp (red sequences in panel A) from LSAMP and of 2 or 0 bp from
NORE1. Aninsertion of nucleotide G (ins G) in the breakpoint junction and a loss of 2 bp (delTG) in LSAMP in the distal part of breakpoint were also observed.
NORE! has two isoforms, NORETA and NORE1B. LSAMP contains seven exons and sits in the reverse strand of chromosome 3.
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and NORE1B (Figure 2B). NORE1 is homologous to a family of
RAS binding proteins, including RASSF1, rat Maxp1, and murine
Nore1 (Vavvas et al., 1998; Dammann et al., 2000; Vos et al.,
2000; Ortiz-Vega et al., 2002; Tommasi et al., 2002) that have
been proposed to be effectors for the small GTPase or Ras.
Nore1 and RASSF1 have been shown to induce apoptosis (Vos
2000; Khokhlatchev et al., 2002). Other studies, however, have
shown that Nore1 family members are cytostatic and modulate
cyclin D1 levels, thereby influencing the activity of cell cycle-
dependent kinases (Khokhlatchev et al., 2002). RASSF1 maps
to 3p21, a region of frequent loss of heterozygosity (LOH) in
CCRCC (van den Berg and Buys, 1997; Dammann et al., 2000),
and this gene has recently been shown to be epigenetically
inactivated in kidney cancer (Dreijerink et al., 2001; Morrissey et
al., 2001; Yoon et al., 2001). Thus, we proceeded to investigate
NORET as a candidate RCC suppressor.

Similarly, we performed mutation screening and methylation
analysis on NORET in all the RCC cell lines and tumors. Two
alterations, GTG(Val189)>ATG(Met189) and CGG(Arg248)>
CAG(GIn248), were identified (see Supplemental Figure S2 on
Cancer Cell website). The former was present in 5% of the 100
tested normal subjects, whereas the latter was not found in any
of them. As both were also present in the matched normal
kidney tissues, it is likely that they represent polymorphisms.
We then perceived that NORE 1A expression was also downreg-
ulated in the 9 RCC cell lines, and the NORE1A promoter was
methylated in 6/9 RCC cell lines and 17/53 (32%) sporadic
RCC tumors (Figures 3A and 3C), whereas methylation in the
NORE1B promoter was detected only in RCC cell lines A-498
and A-704. NORE1A expression in examined 10 of the 17 af-
fected tumors was also downregulated (Figure 3A). Two normal
kidney control samples (N3 and N44) also showed NORE1A
promoter methylation at lower extents compared with their
matched tumors (3T and 44T), probably due to contamination
from the tumor tissues. Interestingly, NORE1A-promoter meth-
ylation does not overlap with LSAMP-promoter methylation ex-
cept in four tumors. These results suggest that NORETA may
be also associated with sporadic CCRCC. Yet, unlike the meth-
ylation situation in LSAMP, only 1/4 hereditary tumors showed
even slight NORE1A promoter methylation, indicating that one
wild-type allele of NORE 1A still exists in these hereditary tumors.
Whether NORE1A undergoes haploinsufficiency in tumorigene-
sis remains indeterminate.

In addition, 7/14 tumors (50%) with LSAMP-promoter meth-
ylation showed LOH of the LSAMP locus. However, LOH was
also observed in 17/39 tumors (44 %) without LSAMP-promoter
methylation. Similar LOH results were obtained on NORET1A
(methylated, 5/17 [29%]; unmethylated, 8/36 [22%)), indicating
that the LOH may be correlated with CCRCC tumorigenesis but
is not methylation dependent.

Promoter methylation in both LSAMP and NORE1A may
also be linked to other types of cancers. NORE1A-promoter
methylation has recently been detected in cancer cell lines and
in 24% NSCLC (Hesson et al., 20083). Here we found that the
LSAMP promoter was methylated in 5/19 (26 %) colorectal can-
cers.

The exact role of these genes in tumorigenesis is unclear.
In the familial cases, however, the underlying mechanism is still
the three-step model of chromosome 3 translocation-related
hereditary CCRCC tumorigenesis (Bodmer et al., 1998, 2002c;

Kanayama et al., 2001). Considering the complexity of the
multistep process in tumorigenesis, the possibility exists that
the breakpoint-disrupted genes, especially LSAMP, may con-
tribute to the occurrence of familial tumors by acting as compo-
nents in the three-step model of tumorigenesis of hereditary
CCRCC. We have previously demonstrated that four examined
familial CCRCC tumors lost the der(3) chromosome and two of
them carry VHL mutations, supporting the three-step model of
tumorigenesis (Kanayama et al., 2001). Here, we supplement
this model with our LSAMP and NORE1A data. The constitu-
tional translocation t(1g;3q) and disruption of a copy each of
LSAMP and NORET1, as the first set of steps of tumorigenesis,
act as the predisposing factors in development of CCRCC.
The translocation also results in the increased susceptibility to
somatic loss of the chromosome der(3). The following nondis-
junctional loss of der(3) deletes a copy each of the RCC-related
genes in chromosome 3 (e.g., VHL, RASSF1A), which further
increases the predisposition to CCRCC. This second set of
steps will accelerate the transformation process and cellular
growth, leading to the third set of steps involving either the
inactivation of the other VHL allele (e.g., somatic mutation) or the
genetic/epigenetic alterations in other CCRCC-related genes,
including LSAMP, in the remaining copy of chromosome 3.
These factors may act synergistically and finally lead to the
occurrence of CCRCC.

Epigenetic inactivation of these genes can be reversed by
demethylation treatment with the DNA methylation inhibitor
5-aza-2’-deoxycytidine (5-aza-CdR). The demethylation treat-
ment resulted in significantly increased expression of LSAMP
and NORE?1 in eight cell lines (Figure 3A), indicating that repres-
sion is at least in part mediated by methylation.

Finally, to further evaluate the role of LSAMP and NORE1 as
tumor suppressor candidates in cancer, enhanced green fluores-
cent protein EGFP-LSAMP, -NORE1A, and -Nore1 expression
plasmids were microinjected or transfected into two RCC cell
lines, A-498 and/or Caki-1, in which the LSAMP and NORETA
promoters were methylated. Cells were then counted at indi-
cated times and were monitored for cell number and/or prolifera-
tion. Alternatively, cells were monitored by epi-fluorescence/
phase-contrast microscopy to evaluate proliferation, fluroes-
cent protein expression, or apoptosis. While cells expressing
EGFP continued to proliferate at rates similar to those of unin-
jected neighbors, cells expressing EGFP-LSAMP, -NORE1A,
and -Nore1 failed to grow (Figure 4B). There was no evidence
of apoptosis in any of the experiments. This growth inhibition
role was also demonstrated in 293-T cells stably transformed
with an inducible Nore?1 gene by lipid-mediated transfection
(see Supplemental Figure S3c on the Cancer Cell website).

We also observed that EGFP-LSAMP seemed to be cyto-
plasmic, and EGFP-NORE1A appeared in both cytosol and nu-
cleus. EGFP-Nore1 was predominantly nuclear and tended to
occupy discrete puncta within the nucleus (Figure 4A). This was
observed in both formaldehyde-fixed and living cells; thus, the
localization was unlikely to be due to a fixation artifact. Further-
more, the nuclear localization of EGFP-Nore1 was also con-
firmed in the transfected Caki-1 RCC cell line and in the 293-T
cells by nuclear fractionation (see Supplemental Figures S3a
and S3b online).

Our observations are consistent with a growth suppression
role for LSAMP, NORE1A, and Nore1. Also, despite the pres-
ence of a putative Ras-association region, our results suggest
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Figure 3. Lower expression and promoter methylation of LSAMP and NORETA in RCC cell lines and sporadic RCC tumors

A: The expression of LSAMP and NORETA in nine RCC cell lines and sporadic tumors (LSAMP: 0.06 = 0.06 for cell lines and 0.05 + 0.07 for tumors; NORETA:
0.19 = 0.10 for cell lines and 0.27 = 0.12 for tumors) is significantly lower than that in nine normal kidney fissues (LSAMP: 0.77 = 0.28; NORETA: 1.03 = 0.53)
using real-time PCR assay (t test of SSPS, p < 0.001). Right panel, eight RCC cell lines were demethylated using 5-aza-CdR and the expression of both
LSAMP and NORETA was significantly increased in each line (LSAMP: untreated, 0.35 + 0.23; 5-aza-CdR, 1.02 = 0.33; NORE1: untreated, 0.03 + 0.02; 5-azo-
CdR, 0.24 = 0.10) (t test of SSPS, p < 0.001).

B: Methylation analysis of the LSAMP promoter. Bisulfite-treated DNA from 53 matched pairs of human CCRCC tumors and normal DNA samples, 9 RCC
cell lines, 2 t(1;3)-positive lymphoblastoid cell lines, and 2 control lymphoblastoid cell lines (NC1 and NC2) were amplified and digested with Hhal. The
LSAMP promoter (540 bp) contains 28 CpG islands. The analyzed 231 bp fragment of the LSAMP promoter contains one Hhal site, and digestion leads to
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Figure 4. Suppression of LSAMP, NORETA, and
Norel re-expression on cell proliferation charac-
teristics

A: Re-expression and localization of EGFP-
LSAMP, -NORE1TA, and -Nore1 fusion protein 2 hr
after microinjection or 24 hr after lipid-mediated
fransfection of pEGFP-LSAMP, -NOREITA, and
-Nore 1 plasmids.

B: Growth inhibition assay. A-498/Caki-1 cells
were microinjected with pEGFP-LSAMP, -NORETA,
-Norel, or pEGFP-C1/-N1 vector (negative con-
frol). Cell proliferation analysis was performed 2
hr after microinjection. Cells were counted at the
indicated times. The “proliferation index™ on the
y axis represents the number of cells counted
at those times divided by the number of cells
counted 2 hr after injection.
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that this nuclear Nore1 protein may not be a bona fide Ras
effector, whose family members tend to be lipid modified, mem-
brane bound positive regulators of cell proliferation. Further
investigation into its role in growth regulation (potentially through
the regulation of cyclin D1 and G1/S progression) and its role
in the nucleus are needed.

Based on these data, LSAMP and NORE1A (a homolog of
3p21 tumor suppressor RASSF1A) may represent new tumor
suppressor candidates and may act as components in the
multistep process of CCRCC tumorigenesis. Inactivation or re-
duced expression of both LSAMP and NORE1A may be also
involved in the occurrence of other types of tumors. Further

30 40 50

Time (hrs)

studies of these genes may lead to the elucidation of novel
mechanisms of tumorigenesis.

Experimental procedures

Family with CCRCC and t(1;3)(q32.1;q13.3), paired CCRCC
tumors/normal kidney tissues, and cell lines
The clinical and genetic details of the Japanese kindred with familial CCRCC
have been previously published (Kanayama et al., 2001). The EBV-trans-
formed lymphoblastoid cell lines FRCC3 and FRCC5 used in this study were
established from two affected translocation carriers.

Four tumors were from three members of the t(1;3) family, and 53
matched pairs of CCRCC were collected from the University of Tokushima
in Japan.

fragments of 162 bp and 69 bp. Representative aberrant methylation of the LSAMP promoter in sporadic and familial CCRCC samples and in RCC cell

lines are shown.

C: Methylation analysis of the NORETA promoter by restriction digestion with Taqgl in the same cohort of samples. The examined 335 bp of the promoter
contains 35 CpG sequences. The methylated fragment contains two Tagl sites and digestion results in bands of 202, 123, and 10 bp. The sizes of molecular

weight markers (M) are shown on the left. N, normal kidney sample; T, RCC.
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Nine established RCC cell lines were purchased from ATCC: A-498,
A-704, Caki-1, Caki-2, SW-839, ACHN, 786-0, 769-P, and SW-156.

Construction of BAC contigs and FISH analyses

Fourty-four 1932.1 and 3q13.3 BAC clones were obtained from the BACPAC
Resource Center (Children’s Hospital, Oakland Research Institute) or Res-
Gen Invitrogen Corporation. The clones were selected based on information
in the BAC clone mapping databases and Human Genome Sequence Draft
database. The details of the BACs are listed in the Supplemental Experimen-
tal Procedures available on the Cancer Cell website.

Standard dual-color FISH was performed by hybridizing each of the 44
BAC clones to metaphase slides prepared from FRCC3 or FRCC5. In all
hybridizations, the PAC clone 160H23 from the 1q subtelomere (Cytocell
Ltd, United Kingdom) was included as a marker of the normal chromosome
1 and the der(3) chromosome.

Long-range PCR, Southern blot analysis,

and Northern blot analysis

Long-range PCR was used for the amplification of the breakpoints and the
generation of DNA probes for Southern blot analysis with an Advantage
Genomic PCR kit (Clontech). PCR was carried out following the manufactur-
er’s user manual. Southern blot and Northern blot analyses were performed
following the standard protocol. Human multiple tissue Northern blots were
purchased from Clontech (Cat. #7780-1). Details of these analyses can be
found in the Supplemental Experimental Procedures online.

Mutation analysis

Mutation analysis of LSAMP, NORE1A, and NORE1B was performed in the
53 sporadic CCRCCs and 9 RCC cell lines. Each exon of LSAMP, NORE1A,
and NORE1B was amplified by PCR using primers derived from the flanking
intronic or UTR sequences (see Supplemental Table S1 on the Cancer Cell
website). The PCR products were then purified and subjected to direct DNA
sequencing using PE Applied Biosystems.

Real-time quantitative RT-PCR

Total RNA from normal kidney tissues, RCC cell lines, and sporadic tumors
was subjected to real-time quantitative PCR using an ABI PRISM 7700
Sequence Detection System. Specific primer and probe were designed for
LSAMP and NORE1A using Primer Express v1.5a (Applied Biosystems). The
primer sequences and the details of the real-time RT-PCR analysis are
described in the Supplemental Experimental Procedures online.

DNA methylation analysis and demethylation treatment

by 5-aza-2'-deoxycytidine (5-aza-CdR)

Methylation analysis was performed for the promoter CpG islands of LSAMP
and NORET1A. Bisulfite-PCR followed by restriction enzyme digestion analy-
sis was used. Eight RCC cell lines were demethylated by 5-aza-CdR (Sigma)
treatment. The primers and the details of the analyses are given in the
Supplemental Experimental Procedures.

LOH analysis

LOH detection for LSAMP and NORE1 was performed by genotyping the
53 paired normal/tumor DNA samples. The microsatellite markers flanking
the LSAMP locus are D3S3681, D3S1271,D3S1267, and D3S1292. NORE1
locus markers include D1S413 and D15249. All the markers were obtained
from ABI Prism Linkage Mapping Set version 2, panels 1 and 2 (Applied
Biosystems). The details of LOH analysis are described in the Supplemental
Experimental Procedures available online.

Cell growth assay

Expression plasmids pEGFP-LSAMP, -NORE1A, and -Nore1 were generated
by ligating cDNAs of LSAMP, NORE1A, and murine Nore1 to N- or C-terminal
enhanced green fluorescent protein vectors (pEGFP-N1/-C1) (Clontech). Ex-
pression plasmids were microinjected and transfected into two RCC cell
lines, A-498 and/or Caki-1, for cell growth-suppression assay. Inducible
experiments and nuclear fractionation assays were also performed for the
nuclear location of Nore1. Detailed methods are provided in the online Sup-
plemental Data.

Acknowledgments

We are indebted to our study family members for their collaboration; to the
Kazusa DNA Research Institute, Chiba, Japan for providing cDNA clones
(KIAA0456 and KIAAO151) in our preliminary study; and to Magnus Norden-
skjold of the Karolinska Institute for his assistance in cytogenetic techniques.
This work was partially supported by grants from the Torsten and Ragnar
Soderberg Foundation and the Swedish Cancer Foundation. We thank David
Nadziejka, Chao-Nan Qian, Jason Yuhas, and Jun Peng for their technical
help. URLs used in the paper are as follows: University of California, Santa
Cruz (UCSC) Human Genome Browser: http://genome.ucsc.edu; Celera Dis-
covery System Human Genome Browser: http://cds.celera.com; Human Ge-
nome Browser NCBI: http://www.ncbi.nim.nih.gov.

Received: May 21, 2003
Revised: August 26, 2003
Published: November 24, 2003

References

Bodmer, D., Eleveld, M., Kater-Baats, E., Janssen, |., Janssen, B., Weterman,
M., Schoenmakers, E., Nickerson, M., Linehan, M., Zbar, B., and van Kessel,
A.G. (2002a). Disruption of a novel MFS transporter gene, DIRC2, by a
familial renal cell carcinoma-associated t(2;3)(935;921). Hum. Mol. Genet.
11, 641-649.

Bodmer, D., Eleveld, M., Ligtenberg, M., Weterman, M., van der Meijden,
A., Koolen, M., Hulsbergen-van der Kaa, C., Smits, A., Smeets, D., and
Geurts van Kessel, A. (2002b). Cytogenetic and molecular analysis of early
stage renal cell carcinomas in a family with a translocation (2;3)(q35;921).
Cancer Genet. Cytogenet. 134, 6-12.

Bodmer, D., Eleveld, M.J., Ligtenberg, M.J., Weterman, M.A., Janssen, B.A,,
Smeets, D.F., de Wit, P.E., van den Berg, A., van den Berg, E., Koolen,
M., and Geurts van Kessel, A. (1998). An alternative route for multistep
tumorigenesis in a novel case of hereditary renal cell cancer and a
1(2;3)(035;921) chromosome translocation. Am. J. Hum. Genet. 62, 1475-
1483.

Bodmer, D., Van Den Hurk, W., Van Groningen, J.J., Eleveld, M.J., Martens,
G.J., Weterman, M.A., and Geurts Van Kessel, A. (2002c). Understanding
familial and non-familial renal cell cancer. Hum. Mol. Genet. 17, 2489-2498.

Carpten, J.D., Robbins, C.M., Villablanca, A., Forsberg, L., Presciuttini, S.,
Bailey-Wilson, J., Simonds, W.F., Gillanders, E.M., Kennedy, A.M., Chen,
J.D., et al. (2002). HRPT2, encoding parafibromin, is mutated in hyperpara-
thyroidism-jaw tumor syndrome. Nat. Genet. 32, 676-680.

Cohen, A.J., Li, F.P., Berg, S., Marchetto, D.J., Tsai, S., Jacobs, S.C., and
Brown, R.S. (1979). Hereditary renal-cell carcinoma associated with a chro-
mosomal translocation. N. Engl. J. Med. 307, 592-595.

Dammann, R., Li, C., Yoon, J.H., Chin, P.L., Bates, S., and Pfeifer, G.P.
(2000). Epigenetic inactivation of a RAS association domain family protein
from the lung tumor suppressor locus 3p21.3. Nat. Genet. 25, 315-319.

Dreijerink, K., Braga, E., Kuzmin, I, Geil, L., Duh, F.M., Angeloni, D., Zbar,
B., Lerman, M., Stanbridge, E.J., Minna, J.D., et al. (2001). The candidate
tumor suppressor gene, RASSF1A, from human chromosome 3p21.3 is
involved in kidney tumorigenesis. Proc. Natl. Acad. Sci. USA 98, 7504-7509.

Druck, T., Hadaczek, P., Fu, T.B., Ohta, M., Siprashvili, Z., Baffa, R., Negrini,
M., Kastury, K., Veronese, M.L., Rosen, D., et al. (1997). Structure and
expression of the human FHIT gene in normal and tumor cells. Cancer Res.
57, 504-512.

Druck, T., Podolski, J., Byrski, T., Wyrwicz, L., Zajaczek, S., Kata, G., Bo-
rowka, A., Lubinski, J., and Huebner, K. (2001). The DIRC1 gene at chromo-
some 2033 spans a familial RCC-associated t(2;3)(q33;921) chromosome
translocation. J. Hum. Genet. 46, 583-589.

Eleveld, M.J., Bodmer, D., Merkx, G., Siepman, A., Sprenger, S.H., Weter-
man, M.A., Ligtenberg, M.J., Kamp, J., Stapper, W., Jeuken, J.W., et al.

412

CANCER CELL : NOVEMBER 2003



REPORT

(2001). Molecular analysis of a familial case of renal cell cancer and a
1(3;6)(q12;915). Genes Chromosomes Cancer 37, 23-32.

Gemmill, R.M., Bemis, L.T., Lee, J.P., Sozen, M.A., Baron, A., Zeng, C.,
Erickson, P.F., Hooper, J.E., and Drabkin, H.A. (2002). The TRC8 hereditary
kidney cancer gene suppresses growth and functions with VHL in a common
pathway. Oncogene 271, 3507-3516.

Hesson, L., Dallol, A., Minna, J.D., Maher, E.R., and Latif, F. (2003). NORE1A,
a homologue of RASSF1A tumor suppressor gene is inactivated in human
cancers. Oncogene 22, 947-954.

Jones, P.A., and Baylin, S.B. (2002). The fundamental role of epigenetic
events in cancer. Nat. Rev. Genet. 3, 415-428.

Kanayama, H., Lui, W.O., Takahashi, M., Naroda, T., Kedra, D., Wong, F.K,,
Kuroki, Y., Nakahori, Y., Larsson, C., Kagawa, S., and Teh, B.T. (2001).
Association of a novel constitutional translocation t(1q;3q) with familial renal
cell carcinoma. J. Med. Genet. 38, 165-170.

Khokhlatchev, A., Rabizadeh, S., Xavier, R., Nedwidek, M., Chen, T., Zhang,
X.F., Seed, B., and Avruch, J. (2002). Identification of a novel Ras-regulated
proapoptotic pathway. Curr. Biol. 72, 253-265.

Koolen, M.1., van der Meyden, A.P., Bodmer, D., Eleveld, M., van der Looij,
E., Brunner, H., Smits, A., van den Berg, E., Smeets, D., and Geurts van
Kessel, A. (1998). A familial case of renal cell carcinoma and a t(2;3) chromo-
some translocation. Kidney Int. 53, 273-275.

Kovacs, G., and Hoene, E. (1988). Loss of der(3) in renal carcinoma cells of
a patient with constitutional t(3;12). Hum. Genet. 78, 148-150.

Kovacs, G., Brusa, P., and De Riese, W. (1989). Tissue-specific expression
of a constitutional 3;6 translocation: development of multiple bilateral renal-
cell carcinomas. Int. J. Cancer 43, 422-427.

Latif, F., Tory, K., Gnarra, J., Yao, M., Duh, F.M., Orcutt, M.L., Stackhouse,
T., Kuzmin, I., Modi, W., Geil, L., et al. (1993). Identification of the von Hippel-
Lindau disease tumor suppressor gene. Science 260, 1317-1320.

Morrissey, C., Martinez, A., Zatyka, M., Agathanggelou, A., Honorio, S.,
Astuti, D., Morgan, N.V., Moch, H., Richards, F.M., Kishida, T., et al. (2001).
Epigenetic inactivation of the RASSF1A 3p21.3 tumor suppressor gene in
both clear cell and papillary renal cell carcinoma. Cancer Res. 61, 7277-7281.

Nickerson, M.L., Warren, M.B., Toro, J.R., Matrosova, V., Glenn, G., Turner,
M.L., Duray, P., Merino, M., Choyke, P., Pavlovich, C.P., et al. (2002). Muta-
tions in a novel gene lead to kidney tumors, lung wall defects, and benign
tumors of the hair follicle in patients with the Birt-Hogg-Dube syndrome.
Cancer Cell 2, 157-164.

Ohta, M., Inoue, H., Cotticelli, M.G., Kastury, K., Baffa, R., Palazzo, J.,
Siprashvili, Z., Mori, M., McCue, P., Druck, T., et al. (1996). The FHIT gene,
spanning the chromosome 3p14.2 fragile site and renal carcinoma-associ-
ated t(3;8) breakpoint, is abnormal in digestive tract cancers. Cell 84, 587-
597.

Ortiz-Vega, S., Khokhlatchev, A., Nedwidek, M., Zhang, X.F., Dammann, R.,
Pfeifer, G.P., and Avruch, J. (2002). The putative tumor suppressor RASSF1A
homodimerizes and heterodimerizes with the Ras-GTP binding protein
Nore1. Oncogene 27, 1381-1390.

Pimenta, A.F., Fischer, ., and Levitt, P. (1996). cDNA cloning and structural
analysis of the human limbic-system-associated membrane protein (LAMP).
Gene 170, 189-195.

Podolski, J., Byrski, T., Zajaczek, S., Druck, T., Zimonjic, D.B., Popescu,
N.C., Kata, G., Borowka, A., Gronwald, J., Lubinski, J., and Huebner, K.
(2001). Characterization of a familial RCC-associated t(2;3)(q33;921) chro-
mosome translocation. J. Hum. Genet. 46, 685-693.

Schmidt, L., Li, F., Brown, R.S., Berg, S., Chen, F., Wei, M.H., Tory, K.,
Lerman, M.l., and Zbar, B. (1995). Mechanism of tumorigenesis of renal
carcinomas associated with the constitutional chromosome 3;8 transloca-
tion. Cancer J. Sci. Am. 1, 191.

Sellar, G.C., Watt, K.P., Rabiasz, G.J., Stronach, E.A., Li, L., Miller, E.P.,
Massie, C.E., Miller, J., Contreras-Moreira, B., Scott, D., et al. (2003). OPCML
at 11925 is epigenetically inactivated and has tumor-suppressor function in
epithelial ovarian cancer. Nat. Genet. 34, 337-343.

Siprashvili, Z., Sozzi, G., Barnes, L.D., McCue, P., Robinson, A.K., Eryomin,
V., Sard, L., Tagliabue, E., Greco, A., Fusetti, L., et al. (1997). Replacement
of Fhit in cancer cells suppresses tumorigenicity. Proc. Natl. Acad. Sci. USA
94, 13771-13776.

Storkel, S., Eble, J.N., Adlakha, K., Amin, M., Blute, M.L., Bostwick, D.G.,
Darson, M., Delahunt, B., and Iczkowski, K. (1997). Classification of renal
cell carcinoma: Workgroup No. 1. Union Internationale Contre le Cancer
(UICC) and the American Joint Committee on Cancer (AJCC). Cancer 80,
987-989.

Teh, B.T., Giraud, S., Sari, N.F., Hii, S.I., Bergerat, J.P., Larsson, C., Limacher,
J.M., and Nicol, D. (1997). Familial non-VHL non-papillary clear-cell renal
cancer. Lancet 349, 848-849.

Tomlinson, I.P., Alam, N.A., Rowan, A.J., Barclay, E., Jaeger, E.E., Kelsell,
D., Leigh, I, Gorman, P., Lamlum, H., Rahman, S., et al. (2002). Germline
mutations in FH predispose to dominantly inherited uterine fibroids, skin
leiomyomata and papillary renal cell cancer. Nat. Genet. 30, 406-410.

Tommasi, S., Dammann, R., Jin, S.G., Zhang, X.F., Avruch, J., and Pfeifer,
G.P. (2002). RASSF3 and NORET1: identification and cloning of two human
homologues of the putative tumor suppressor gene RASSF1. Oncogene 27,
2713-2720.

van den Berg, A., and Buys, C.H. (1997). Involvement of multiple loci on
chromosome 3 in renal cell cancer development. Genes Chromosomes Can-
cer 19, 59-76.

van Kessel, A.G., Wijnhoven, H., Bodmer, D., Eleveld, M., Kiemeney, L.,
Mulders, P., Weterman, M., Ligtenberg, M., Smeets, D., and Smits, A. (1999).
Renal cell cancer: chromosome 3 translocations as risk factors. J. Natl.
Cancer Inst. 97, 1159-1160.

Vavvas, D., Li, X., Avruch, J., and Zhang, X.F. (1998). Identification of Nore1
as a potential Ras effector. J. Biol. Chem. 273, 5439-5442.

Vos, M.D., Ellis, C.A., Bell, A., Birrer, M.J., and Clark, G.J. (2000). Ras uses
the novel tumor suppressor RASSF1 as an effector to mediate apoptosis.
J. Biol. Chem. 275, 35669-35672.

Woodward, E.R., Clifford, S.C., Astuti, D., Affara, N.A., and Maher, E.R.
(2000). Familial clear cell renal cell carcinoma (FCRC): clinical features and
mutation analysis of the VHL, MET, and CUL2 candidate genes. J. Med.
Genet. 37, 348-353.

Yoon, J.H., Dammann, R., and Pfeifer, G.P. (2001). Hypermethylation of the
CpG island of the RASSF1A gene in ovarian and renal cell carcinomas. Int.
J. Cancer 94, 212-217.

Zbar, B., Klausner, R., and Linehan, W.M. (2003). Studying cancer families
to identify kidney cancer genes. Annu. Rev. Med. 54, 217-233.

Accession numbers

The NORE1A, NORE1B, and LSAMP cDNA sequences have been deposited
in GenBank with accession numbers NM_182663, AF445801, and
NM_002338, respectively; RASSF1A, AF132675; Nore1, AF053959; VHL,
NM_000551.

CANCER CELL : NOVEMBER 2003

413



