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Abstract

Using a functional genetic approach, we previously identified a novel
genetic locus, NRC-1 (Wonpapillary /fermi Cell Carcinoma /). that medi

ated tumor suppression and rapid cell death of renal cell carcinoma
(RCC) cells in vivo. For these experiments, a defined subchromosomal
fragment of human chromosome 3p was transferred into a sporadic RCC
cell line via microcell fusion, and microcell hybrid clones were tested for
tumorigenicity in vivo. The results indicated functional evidence for a
novel tumor suppressor locus within the 3pl4-pl2 interval known to

contain the most common fragile site of the human genome (FRA3B), the
/â€¢'///'/'gene, and the breakpoint region associated with the familial form of

RCC. We now report the physical mapping of the NRC-1 critical region by

detailed microsatellite analyses of novel microcell hybrid clones contain
ing transferred fragments of chromosome 3p in the RCC cell background
that were phenotypically suppressed or unsuppressed for tumorigenicity
in vivo. The results limit the region containing the tumor suppressor locus
within chromosome 3pl2. The FHIT gene, FRA3B, and the familial RCC
breakpoint region were excluded from the NRC-1 critical region. Further
more, the NRC-1 locus falls within a well-characterized homozygous
deletion region of 5-7 Mb associated with a small cell lung carcinoma cell

line, U2020, suggesting that a more general tumor suppressor gene may
reside in this region.

Introduction

Sporadic RCC3 is characterized by high-frequency LOH and cyto-

genetic aberrations involving the short arm of human chromosome 3
(1-5). Using these strategies, as many as three to four separate regions

of 3p have been identified that may contain putative tumor suppressor
genes involved in the etiology of RCC. The telomeric region of 3p
(3p25) contains the von Hippel Lindau (VHL) gene (6). Germ-line

mutation of VHL predisposes to the development of a number of
different tumor types including spinal hemangioblastomas, retinal
angiomas, pheochromocytomas, and renal and pancreatic cysts (6).
VHL is mutated in 57% of sporadic clear cell renal carcinoma, and
methylation of the gene may account for the vast majority of RCC
without VHL mutation (7, 8). Transfection of the VHL gene into RCC
cells in vitro results in the suppression of tumorigenic growth after the
injection of transfectants into athymic nude mice, suggesting a sig
nificant role for the VHL gene as a tumor suppressor gene for sporadic
RCC (9). LOH studies, cytogenetic analyses of RCC tumors, and our
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own functional studies have implicated other regions of 3p as candi
date regions to contain important tumor suppressor genes for RCC as
well.

Studies focused on virtually all types of lung cancer as well as
ovarian, uterine cervical, and testicular carcinoma imply that a
region more centromeric than 3p25 may contain a putative tumor
suppressor gene(s). High-frequency LOH has been demonstrated
for SCLC (100%), RCC (95-100%), and ovarian carcinoma (57%)
in the 3p21-p24 region (5, 10, 11). We have previously function
ally defined a 2-Mb fragment encompassing 3p21-p22 that medi

ated tumor suppression in a mouse fibrosarcoma model system
(12). Homozygous deletions have also been documented in SCLC
lines that map into the 2-Mb region identified by functional ap

proaches (13, 14).
We have concentrated on the most centromeric region of 3p in

which high-frequency LOH has been documented in sporadic RCC
(1-3). In the rare familial form of RCC. specific translocations in

this region with breakpoints within 3pl4 have been observed (15).
The breakpoint region is near the FRA3B region containing the
most common fragile site in the human genome (16). In addition,
the FHIT gene has been isolated from the breakpoint region in
familial RCC (17). Aberrant transcripts and homozygous deletions
of FHIT in a number of cancers including lung, breast, and gas
trointestinal tumors have indicated its possible role as a tumor
suppressor gene (17). The extent of FHIT involvement in RCC has
not been clearly determined.

Functional evidence for a tumor suppressor gene in the most
centromeric region of 3p has been demonstrated by previous ex
periments in which an intact human chromosome 3 and subse
quently a centric fragment of 3p encompassing 3pl4-3qll (by

cytogenetic analysis) were transferred into a sporadic nonpapillary
RCC cell line, SN12C.19 (18). All hybrids containing the intro
duced, intact copy of chromosome 3 (four of four) were suppressed
for tumor formation after the injection of hybrids in nude mice. A
fifth hybrid clone [SN19(3)EEE] contained terminal deletions of
both the short and long arms of the introduced chromosome 3 and
retained only the region 3pl2-q24 in the RCC background. This

hybrid formed larger tumors than did the parental control,
SN12C.19, which suggested that the 3p tumor suppressor locus
potentially mapped telomeric to 3pl2. In addition, microcell hy
brid clones were generated by the transfer of a centric 3p fragment
in the SN12C.19 background. In all experiments, the 3p fragment
mediated a dramatic tumor suppression and the induction of rapid
cell death after the s.c. injection of hybrid cells into nude mice
(18). These data functionally defined tumor suppressor locus
NRC-ÃŒwithin 3pl2-pl4 and distinct from the VHL gene at 3p25.
We now report the microsatellite polymorphism analysis of micro-

cell hybrid clones that were phenotypically suppressed or unsup
pressed for tumorigenicity in vivo. Results narrow the region on
chromosome 3p containing NRC-] to a 5-7-Mb region within 3pl2

that has also been shown to be homozygously deleted in the SCLC
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Materials and Methods
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Fig. I.a, G banded mclaphase spread of the mouse/human-interspecific hybrid HA(3)llaa.

This hybrid contains a single centric fragment of human chromosome 3 (indicated by the
arrow) in a mouse A9 fibrosarcoma background. Transfer of this fragment by microcell-

mcdiated chromosome transfer into the sporadic RCC cell line SN12C.19 resulted in tumor
suppression of the resulting hybrids in vivo. b. G banded metaphase spread of the hybrid
SNI9(3)EEE. This hybrid was constructed via microcell-mediated chromosome transfer of a

normal chromosome 3 into SN12C. 19. During this process, a terminal deletion fragment of the
transferred normal human chromosome 3 (indicated by the open arrow) was generated. The
three copies of chromosome 3 already present in the SN 12C.19 cell line are indicated by solid
arrows. The derivative chromosome 8 resulting from an unbalanced 1(3:8) is indicated by a
soliti arrowhead. This hybrid was not suppressed for tumor formation in vivo. c. ideogram
illustrating the NKC-I region as defined by the centric fragment of chromosome 3 in hybrid

HA(3)IIaa, which was suppressed for tumorigenicity in viva, and the terminal deletion of the
introduced chromosome 3 present in the hybrid SNI9(3)EEE. which was not suppressed for
tumorigenicity in vivo.

cell line U2020. This region does not include the FRA3B fragile
site, the FHIT gene, or the breakpoint region associated with
familial RCC. These data provide the first functional evidence for
a tumor suppressor locus within 3pl2.

DNA and RNA Isolation from Cell Lines and Hybrids. DNA from
cultured cells was isolated using a high salt technique. Briefly, cells were lysed
in lysis buffer I [40 mM Tris-HCl (pH 7.5), 1.3 M sucrose. 20 mm MgCI,, and
1% Triton X-100]. After centrifugaron, the pelleted nuclei were resuspended

in 4.5 ml of lysis buffer II (75 mM NaCl and 24 mM EDTA) and 0.5 ml of
sarkosyl-proteinase K solution (2 tng of proteinase K and 1 ml of 10%
sarkosyl). Samples were incubated overnight at 37Â°Cwith constant rocking.

DNA was precipitated by the addition of 1.5 ml of NaCI-saturated H2O and 6.5

ml of isopropanol. DNA was resuspended in TE [ 10 mM Tris (pH 8) and 1 mM
EDTA1 and assessed by spectrophotometry for concentration and purity. RNA
was isolated using Tri/.ol (Life Technologies, Inc., Grand Island. NY) accord
ing to the manufacturer's suggested protocol.

Cytogenetic Analysis. High-resolution G banding of metaphase spreads

was performed as described previously (19).
Microsatellite PCR. Microsatellite PCR was performed using primers

synthesi/ed by Research Genetics (Huntsville. AL). Before amplification, the
forward primer was end-labeled with '2P by T4 polynucleotide kinase (Pro-

mega. Madison, WI). PCR amplification was performed in a 25-jtd reaction

volume containing 0.63 /J.Mof forward and reverse primers. 100 ng of template
DNA. 0.2 mM deoxynucleotide triphosphates, 1.5 mM MgCI2. 0.63 units of
AmpliTaq polymerase (Perkin-Elmer Corp., Foster City, CA). and HEPES

buffer [10 mM HEPES and 50 mM KC1 (pH 8.3)]. After the initial denaturation
and the addition of Amplitaq. reaction products were subjected to 23 cycles of
94Â°Cfor 40 s. 55Â°Cfor 30 s. and 72Â°Cfor 30 s. with a final extension at 72Â°C

for 2 min. Samples were then denatured and loaded on a 6% acrylamide gel
with 33% formamide and 6 M urea. Electrophoresis was performed at 60 W for
approximately 2-3 h. Subsequently, gels were vacuum-dried and exposed to

autoradiography film overnight at room temperature.
RT-PCR. The RT reaction was performed using the Superscript Preampli-

fication kit (Life Technologies. Inc.) and an oligodeoxythymidylic acid primer
according to manufacturer's instructions. PCR amplifications for the FHIT

gene were carried out in 500-/il microcentrifuge tubes containing 2 Â¡Ãºof RT
reaction products. 1.5 mM MgCU. 0.2 /AMof each primer [5'-TGAGGACAT-
GTCGTTCAGATTTGG-3' and 5'-CTGTGTCACTGAAAGTAGACC-3'.

described by Ohta et al. (17)]. 0.2 /IM deoxynucleotide triphosphates. and 2.5
units of Amplitaq polymerase in a buffer |10 mM Tris-HCl (pH 8.3). 50 mM

KC1. and 0.001% gelatin]. Thermal cycling consisted of an initial denaturation
at 95Â°Cfor 5 min followed by 40 cycles of 94Â°Cfor 30 s. 55Â°Cfor 30 s. and
72Â°Cfor 45 s. with a final elongation at 72Â°C for 5 min. Samples were

analy/ed on 2% NuSieve agarose gels and visualized by ethidium bromide
staining.

Results

Physical Mapping of the NRC-1 Locus. To limit the region
containing NRC-ÃŒin suppressed and unsuppressed clones, the follow
ing cell lines were analyzed by high-resolution cytogenetics as well as
by microsatellite polymorphism analysis. The recipient cell line
(SN12C.19) for these studies is a subcloned cell line of the original
RCC cell line (SN12C) derived from a sporadic, mixed clear cell and
granular cell, nonpapillary RCC. Cytogenetic analysis of this cell line
indicated that it contains multiple copies of chromosome 3 as well as
an unbalanced t(3;8) translocation,4 resulting in a derivative chromo

some composed of most of the p arm of chromosome 3 (3pter-3pl4.3
or 3pl4.2) fused to the centromere and q arm of chromosome 8
[der(8)(3pter->3pl4.3 or 3pl4.2::8cen->8qter)]. Also, nucleotide se
quence analysis indicated that SN12C.19 is wild-type for VHL (data
not shown).

One of the donor cell lines for microcell fusion into SN 12C.19 was
HA(3)IIaa. a microcell hybrid containing an introduced 3p centric
fragment in the A9 mouse fibrosarcoma cell background. The original
characterization of HA(3)IIaa by Cytogenetic analysis was hampered
because of the small size of the fragment. FISH studies using

4 S. Pathak. personal communication.
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Fig. 2. Microsatellite marker analysis of the donor chro
mosome 3 \HA(3)BB\. the donor centric fragment
[HA(3)/laa], and the unsuppressed SNI2C.19 hybrid
[SNI9(3)EEE]. +, marker was present; â€”¿�,marker was

absent; NI. not informative.

LocusD3S1261D3S1210D3S1598D3S1284D3S2484D3S2563D3S2537D3S2540D3S1542D3S1757D3S1758D3S2375D3S2389GATA88E12D3S2323D3S2438GATA67F08D3S1577D3S1254D3S2555D3S2429D3S2560D3S2372D3S2451D3S1595Chromosomal
Location3pl2-3pl4.13pl2-3pl4.13pl23pl23pl23pl23pl23pl23pl23pl23pl23pl23pl23pl23pl23pl23pl23pl23pl23pl23pl23pl23pl23pll.2-3pl23pll.2-3pl2HA(3)BB++++++++++++-f+++HA(3)IIaa-----------+++++SN19(3)EEE----NININININININI+

HA(3)IIaa as a probe onto normal human metaphases indicated that
the 3p fragment mapped exclusively to the centromeric regions of 3p
and 3q. Estimation of the telomeric breakpoint of the centric fragment
was based on positive FISH results using D3S3 as a probe for 3pl4 on
the 3p centric fragment (18). However, the original map location for
D3S3 was incorrect, and D3S3 has been physically mapped much
more centromeric at 3pl2 within the region shown to be homozy-

gously deleted in the SCLC cell line U2020 (20, 21). This finding
prompted a reexamination of the centric fragment using microsatellite
markers to determine whether it encompassed the 3pl4 fragile site or
was smaller than originally estimated.

To examine the centric fragment in detail, high-resolution cytoge-

netic analysis was used. Detailed cytogenetic analysis of the 3p centric
fragment, both in the donor line for microcell fusion [HA(3)IIaa, Fig.
\a] and after transfer into the SN12C.19 background, suggested a
fragment of 15-20 Mb that was inclusive of the centromere.

To further characterize the centric fragment, detailed microsatellite
polymorphism analysis was carried out on donor cell line HA(3)IIaa
and hybrid cell line HA(3)BB containing an intact copy of chromo
some 3 using 25 markers spanning the 3pl 1-13 region (Fig. 2). Of the

25 markers examined, 13 were missing in the HA(3)IIaa 3p fragment,
limiting the telomeric boundary to within 3pl2 between CATA88EI2
and D3S2389.

The NRC-1 Critical Region Excludes FRA3B and FHIT. Be
cause this data effectively eliminates the fragile site, the familial RCC
translocation breakpoint, and the FHIT gene from the NRC-1 critical

region, we formally excluded this region from the 3p centric fragment.
To definitively exclude the familial RCC translocation breakpoint
region within microcell hybrid clones, microsatellite PCR was per
formed on HA(3)IIaa using primers for D3S1480 and D3S1481,
markers that flank the t(3;8) breakpoint with D3SÃŒ480centromeric
and D3SÃŒ481telomeric to the break. Both markers were absent in the
HA(3)IIaa centric fragment (Fig. 3A). D3S1480 and D3S1481 lie in
the intron between exons 3 and 4 of the FHIT gene. The FHIT gene,
which spans the translocation breakpoint region t(3;8) (3pl4.2) asso
ciated with the familial form of RCC, is therefore not a part of the
centric fragment (17). In addition, the expression of FHIT was deter
mined by RT-PCR in SN12C.19 that contains a t(3;8) with a break

point within 3pl4.2. Primers described by Ohta et ai. (17) for the
coding exons (exons 5-9) of the FHIT gene were used to amplify a
456-bp product in SN12C.19, which indicated that the gene was

expressed with no aberrant transcripts detected (Fig. 3ÃŸ).After PCR
amplification, the band was excised and sequenced. Sequence analysis
of exons 5-9 failed to detect a mutation in the coding region of the

FHIT gene (data not shown).
NRC-I Maps within 3pl2 and the I 2020 Homozygous Deletion

Region. One of the dramatic results of previous studies was the
finding that one microcell hybrid [SN19(3)EEE] suffered terminal
deletions of the intact chromosome 3 after microcell fusion into
SN12C.19 and as a result formed tumors in nude mice that were twice
as large as those formed by parental RCC cells (18). Cytogenetic
analysis of SN19(3)EEE indicated that the telomeric breakpoint re
sided within 3pl2 (Fig. \b). FISH analyses using D3S3 as a probe
failed to detect a signal on the introduced chromosome 3 fragment in
SN19(3)EEE (data not shown). Twelve microsatellite markers span
ning the 3pl l-pl3 region were then used to screen SN19(3)EEE (Fig.

2). The results indicate that the SN19(3)EEE break is in the 3pl2

D3S1481

12345

FHIT

Fig. 3. A. the microsatcllile locus D3SÃŒ4HÃŒ.which lies immediately telomeric to the
t(3;8) translocation breakpoint in familial RCC, was amplified by PCR in the following
cells: Lane I. A9 (the mouse background line); IMHC2. HA(3)BB (monochromosomal
hybrid with an intact human chromosome 3); Lane 3. HA(3)!Iaa (monochromosomal
hybrid with a 3pl4-3ql I centric fragment of human chromosome 3); Ã•Mne4, SNI2C.19
(the RCC recipient cell line); and Lane 5, SNI9(3)EEE (an SN12C.I9 hybrid with an
introduced 3pl2-3q24 that was not suppressed for tumor formation). B. the FHIT gene
was amplified by RT-PCR using primers that flank exons 5-9. Reaction products were
electrophoresed on an agarose gel. A normal band of 456 hp was obtained. M. pBR322
Hae\\] digest molecular weight marker; /. SNI2C. I9 amplification products.
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region. Because of the presence of several noninformative markers
within the SN19(3)EEE 3p fragment, the exact 3pl2 breakpoint could
not be determined: however, the boundary lies distal to D3SI595 (Fig.
2). Furthermore, these data map the NRC-l critical region within the
5-7-Mb homozygous deletion region described in the U2020 SCLC

cell line (22). Thus, the region of nonoverlap between suppressed and
unsuppressed clones lies within 3pl2 and is a much smaller region of
human chromosome 3p than originally estimated (Fig. It1). Further

more, these data provide the first functional evidence for a tumor
suppressor locus within 3pl2.

Discussion

At least three separate regions of chromosome 3p have been im
plicated by LOH studies and cytogenetics to contain possible tumor
suppressor genes for RCC. The most distal region contains the VHL
gene, which seems to play an integral role in the pathway to tumor-

igenesis in the kidney. The FHIT gene at 3pl4.2, identified from the
breakpoint region associated with familial RCC and containing the
most common fragile site in the human genome, is also a candidate
tumor suppressor gene. In this repon, the first functional evidence to
limit the region containing a tumor suppressor gene for RCC distinct
from either VHL or FHIT is presented. Physical and functional map
ping of the NRC-l locus places it within the most proximal region of
high-frequency LOH within 3p and within a region of homozygous

deletion in SCLC.
There are many questions to be answered with regard to the

relationship between VHL, NRC-l. and other genes involved in kidney

cancer that map to the short arm of chromosome 3. Clearly, mutation
of the VHL gene is widespread in sporadic RCC, and the replacement
of VHL in RCC cell lines suggests a function as a tumor suppressor.
However, a major question arises with respect to the diversity of
tumor types associated with VHL disease that do not appear in familial
RCC. Is VHL the tumor suppressor gene for familial and sporadic
RCC within 3p? If so, then what is the role for NRC-l?

Much information has accumulated recently that suggests a novel
role for the VHL gene in the development of hyperplasia in a number
of tissues, including the kidney. LOH of the VHL gene has been
documented in the single cell lining of a benign renal cyst from a
V7/Â¿-affectedindividual, suggesting that additional genetic alterations

may occur that result in malignant conversion in VHL disease (23). In
addition, binding of the VHUEIongin B. C complex with Hs-CUL-2,

a member of the Cdc53 protein family, has been shown (24). The
Cdc53 gene in yeast has been implicated in the targeted degradation
of cell cycle proteins and as a putative gatekeeper gene that carefully
monitors the balance between controlled cell division and cell death
(25). Null mutation of the Ce-cul-1 homologue in Caenorhahditis

elegans produced hyperplasia in all tissues (26). Support for the role
of the VHL gene in the initiation of hyperplastic growth, rather than
malignant conversion, is also indicated by the development of pri
marily benign tumors associated with VHL. Only a subset of tumor
types, most commonly RCC and pancreatic islet cell tumors, progress
to malignancy in VHL. Thus, for those tumor types that progress to
malignancy, additional genetic alterations might be required for ma
lignant conversion. We have recently shown that introduction of the
3p fragment containing NRC-I into histologically diverse RCC tumor
lines with and without VHL mutation results in tumor suppression.5 In

addition, investigation of a VHL family with a preponderance of
pancreatic islet cell tumors has shown high-frequency LOH for 3p loci

distinct from VHL that correlated with conversion to malignancy and
implicated a stepwise mutation mechanism for VHL tumorigenesis.6

Thus. VHL mutation could represent an initial hyperplastic event in
VHL disease with subsequent 3p LOH or deletion events signaling
malignant conversion in those tumor types that progress to malig
nancy. One candidate gene that could play a role in malignant RCC
conversion in VHL and yet also be a component of an independent
pathway to tumorigenesis in sporadic RCC is NRC-l. In this report,

we present data that narrows the region on chromosome 3p containing
NRC-l to within a 5-7-Mb region shown to be deleted in the SCLC

cell line U2020. LOH of this region has also been observed in clear
cell RCC by Lubinski et al. (27). In a study of 30 RCC tumors, a
complex pattern of LOH in RCC tumors was observed, with LOH
flanking the t(3;8) breakpoint, and with some tumors exhibiting ad
ditional losses within the U2020 region. Clearly, the location of
NRC-l within a homozygous deletion region for SCLC might imply

that this locus could function more broadly in a number of tumor types
or that there are several very interesting genes in this 5-7-Mb interval.
Definitive conclusions await the identification of NRC-l and the

determination of its role in the genesis of kidney cancer.
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