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We report the use of spectral karyotyping (SKY) and comparative genomic hybridization (CGH) to describe the numerous
genomic imbalances characteristic of stage IV clear cell renal cell carcinoma (CCRCC). SKY and CGH were performed on 10
cell lines established from nephrectomy specimens, and CGH on uncultured material from five of the primary renal tumors.
The mutational status of VHL (3p25) and MET (7q31), genes implicated in renal carcinogenesis, were determined for each case.
Each case showed marked aneuploidy, with an average number of copy alterations of 14.6 (�2.7) in the primary tumors and
19.3 (�4.6) in the cell lines. Both whole-chromosome and chromosome-segment imbalances were noted by CGH: consistent
losses or gains included �5q233ter (100%), �3p143ter (80%), and �7 (70%). All VHL mutations and 83% of the genomic
imbalances found in the primary tumors were also found in the cell lines derived from them. SKY showed many complex
structural rearrangements that were undetected by conventional banding analysis in these solid tumors. All cases with VHL
inactivation had 3p loss and 5q gain related primarily to unbalanced translocations between 3p and 5q. In contrast, gains of
chromosome 7 resulted primarily from whole-chromosome gains and were not associated with mutations of MET. SKY and
CGH demonstrated that genomic imbalances in advanced RCC were the result of either segregation errors [i.e., whole
chromosomal gains and losses (7.8/case)] or chromosomal rearrangements (10.7/case), of which the majority were unbalanced
translocations. © 2003 Wiley-Liss, Inc.

INTRODUCTION

Loss of chromosome arm 3p DNA including loss
of the von Hippel–Lindau (VHL) gene that maps to
3p25 is a common and early finding in the majority
of sporadic and hereditary clear cell renal cell car-
cinomas (CCRCCs) (Latif et al., 1993; Gnarra et al.,
1994). Classical cytogenetic studies have shown
that, whereas small tumors also have gains of 5q
and 7 and loss of Y, later-stage (i.e., advanced)
tumors undergo complex chromosomal rearrange-
ments associated with loss of 8p, 9p, 14, and 17
(Kovacs and Frisch, 1989; Kovacs and Kung, 1991;
Reiter et al., 1993; Zhao et al., 1995; Beroud et al.,
1996; Yang et al., 2000; Gunawan et al., 2001; Presti
et al., 2002). A comprehensive study of advanced
CCRCCs is important for understanding the chro-
mosomal mechanisms associated with aggressive
disease for which there is no effective treatment.
Recently, molecular cytogenetic techniques have
improved the characterization of chromosomal ab-
errations in solid tumors. Spectral karyotyping
(SKY) allows the simultaneous visualization of all
human chromosomes in different colors and has
particular advantages for detecting subtle rear-

rangements in highly aneuploid cancers (Schröck
et al., 1996; Knutsen and Ried, 2000). Comparative
genomic hybridization (CGH) maps DNA copy
number changes to normal chromosomes (Kallion-
iemi et al., 1992; Ried et al., 1997). Together, SKY
and CGH can be used to elucidate the structural
changes that occur in tumors and the genomic
consequence of such alterations. To characterize
more accurately the complex aberrations of high
stage CCRCC, we have applied SKY, CGH, and
mutation analysis for VHL and the proto-oncogene
MET, and 3p allelotyping to 10 CCRCC cell lines.
We were also interested in how the cytogenetic
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data of tumors in long-term culture compared with
uncultured material and have therefore applied
CGH to primary tumors from which the cell lines
were derived, where possible.

MATERIALS AND METHODS

Specimens

Ten cell lines were established from CCRCC
tumors resected by radical nephrectomy from pa-
tients with stage IV disease as part of an IRB-
approved immunotherapy protocol (Anglard et al.,
1992). Each tumor was of high nuclear grade and of
the clear-cell (“conventional”) histological type.
Archived primary tumors and cell line stocks were
maintained at �80°C, and the latter were grown in
RPMI 1640 medium supplemented with 10% FCS
(Clontech, Rockville, MD) at 37°C in a humidified
5% CO2 incubator. DNA was prepared from flash-
frozen sections of primary tumor and from the cell
lines at passages 15–25. The samples were digested
with proteinase K (Boehringer-Mannheim, Mann-
heim, Germany) at 50°C for 2 hr (cell lines) or
overnight (primary tumors), then precipitated un-
der high-salt conditions (PureGene DNA Purifica-
tion Kit; Gentra Systems, Minneapolis, MN).

Molecular Analyses

Mutations in VHL and MET were assessed by
denaturing high-performance liquid chromatogra-
phy (DHPLC), as described (Nickerson et al.,
2000), and confirmed by direct sequencing of all
three VHL exons and exons 16–19 of the MET
proto-oncogene by use of ABI Prism 310 or 3700
genetic analyzers (Applied Biosystems, Foster
City, CA). VHL promoter methylation assays for
lines UOK121 and UOK143 were reported previ-
ously, and were performed in similar fashion for
UOK171 and UOK181 (the cases without detect-
able VHL mutation) (Herman et al., 1994). In ad-
dition, UOK171 and UOK181 were assessed for
deletions of VHL by Southern blotting and fluores-
cence in situ hybridization (FISH) analysis (Stolle
et al., 1998). 3p loss of heterozygosity (LOH) for six
of the cases (UOK111, 115, 117, 121, 122, 130) was
previously demonstrated by restriction fragment
length polymorphism (RFLP) analysis (Anglard et
al., 1992), and was assessed at D3S1110 and
D3S1038 (loci flanking VHL at 3p25–26) in the
remainder of cases by fluorescence-based PCR
with an ABI Prism Sequencing machine and Gene-
scan and Genotyper software, according to pub-
lished methods (Cawkwell et al., 1993).

Cytogenetic Analyses

Metaphase chromosomes for CGH, SKY, and
FISH were obtained by routine methods (Barch et
al., 1997). SKY probes were hybridized to meta-
phase chromosomes as described (Schröck et al.,
1996; Macville et al., 1999). Images were acquired
with SkyView software (Applied Spectral Imaging,
Migdal Haemek, Israel) by use of a spectral cube
with a custom-designed SKY-3 optical filter
(Chroma Technology, Brattleboro, VT) and a
charge-coupled device camera (Hamamatsu,
Bridgewater, NJ) connected to a DMRXA micro-
scope (Leica, Wetzlar, Germany). For CGH, 1 �g
of biotin-labeled tumor DNA and digoxigenin-la-
beled normal donor DNA (sex-matched) were co-
hybridized to sex-matched normal human lympho-
cyte metaphase chromosomes and detected, and
images were acquired with Q-CGH software (Leica
Imaging Systems, Cambridge, UK). A signal ratio
of tumor to reference of �0.5 and �1.5 for a par-
ticular chromosomal region was interpreted as a
loss or gain, respectively. High-level gains (HLGs)
were defined as areas of tumor-to-signal ratios of
�2.0 (Ried et al., 1997). The average (� SD) num-
ber of copy alterations (ANCAs) was the mean
number of chromosomal or chromosomal segment
imbalances per case as detected by CGH (Ried et
al., 1999). FISH analysis was performed on se-
lected metaphase spreads from the tumor cell lines,
as described, with an FITC-labeled centromere 7
enumeration probe (CEP 7; Vysis, Downers Grove,
IL) and a cosmid 182b3 probe specific for MET
exon 16 (a generous gift from Dr. Steve Scherer,
Hospital for Sick Children, Toronto, Canada).

RESULTS

VHL and MET Studies

Of the 10 CCRCC cell lines studied, eight (80%)
had evidence of VHL inactivation by mutation or
promoter methylation (Table 1). These cases all
had 3p LOH near the VHL locus and are referred to
as VHL(�/�), to signify inactivation and loss of the
two copies of the gene, respectively (Table 1) (An-
glard et al., 1992). Five uncultured tumors
(UOK121, 130, 143, 154, and 181) were available
for analysis and demonstrated the same VHL gene
status (data not shown). The other two lines
(UOK171 and UOK181) had no detectable meth-
ylation, deletion, or mutation of VHL, and are cor-
respondingly referred to as VHL(�/�) (Table 1).
By FISH, we found a mean of one to three extra
copies of chromosome 7 in all 10 of the CCRCC
lines, which suggested a possible role for MET
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(7q31) (data not shown). However, direct sequenc-
ing and DHPLC of MET exons 16–19 in each did
not reveal any activating MET mutations (Table 1).

SKY Analysis

SKY analysis revealed the 10 cell lines to be
either near-triploid or tetraploid and to have mul-
tiple unbalanced translocations. No examples of
reciprocal, balanced translocations were noted.
Complete clonal karyotypes are listed in Table 2,
with the corresponding color SKYGRAMS avail-
able online (http://www.ncbi.nlm.gov/sky/skyweb.
cgi) (also see Fig. 1). In the eight VHL(�/�) lines,
translocations or deletions of 3p (8/8 cases, break-
points 3p11 to 3p13, with telomeric loss) and extra
copies of chromosome 7 (7/8 cases) were seen. In
the VHL(�/�) cell lines, no gains of chromosome 7
or 7q were observed. Although no whole-arm de-
letions were seen, a del(3)(p25) was seen in
UOK181, and, in UOK171, two unbalanced trans-
locations involving chromosome 3 [der(3)t(3;17)
and der(3)t(3;11)x2] were present. Both VHL(�/�)
lines had the following recurrent structural aberra-
tions: i(8)(q10), translocations involving chromo-
some 14, and losses of chromosomes 14 and 22.

SKY refined previously published G-banded
karyotypes of four of these CCRCC lines
(UOK117, UOK121, UOK122, and UOK130)
(Zhao et al., 1995) (Table 2). Numerous unbal-
anced translocations that were undetected by con-
ventional banding were revealed by SKY (Table 2
and Fig. 2). SKY was most helpful in unequivocally
resolving the donor moiety of derivative chromo-
somes; for example, the donor arm for the 3p de-
rivative chromosome in UOK122 was previously
thought to be 7q, but, by SKY, the derivative
proved to be a der(3)t(3;5)(p12;q13). In addition,
SKY identified telomeric breakpoints that were not
detected with conventional banding (see 10qter,
14, 15, 17qter, and 22 breakpoints, Fig. 2, and
online SKYGRAMS).

CGH Studies

We performed CGH to assess the global
genomic imbalances in the DNA copy number as a
result of the chromosomal rearrangements identi-
fied by SKY, especially those rearrangements of
low frequency (�50% of metaphase cells) or of
unclear origins (Fig. 3 and at http://www.ncbi.
nlm.gov/sky/skyweb.cgi). The VHL(�/�) lines
demonstrated loss of chromosome segments
3p11–13 to 3pter (8/8 cases) and gains of chromo-
some 7 (7/8 cases). Four of the cases showed HLG
of 7 or of 7q. In contrast, the two VHL(�/�) lines
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had no detectable 3p loss or chromosome 7 gain.
UOK171 [VHL(�/�)], which, by SKY, had a clonal
non-reciprocal translocation involving a breakpoint
at 3p21, had no net gain or loss of DNA from the 3p
arm by CGH. All 10 cell lines evidenced gains at
the minimally overlapping region of 5q23 to 5qter.
Copy number abnormalities that occurred in �50%

of the lines overall included loss of 4, 6q, 8p, 9q,
11q, 14, and Y, and gain of 5p, 12, 17, 19, 20, and X.

SKY and CGH analysis identified the copy num-
ber changes as resulting primarily from either nu-
merical (42%) or structural aberrations (58%), the
majority of which were non-reciprocal transloca-
tions (Table 3). Compared to the eight VHL(�/�)

TABLE 2. Karyotypes Determined by SKY*

A. VHL(�/�) lines

i. UOK111: 72–75��3n�,XXX,�X,
i(1)(p10)	2,der(1)t(1;17)(p13;q11.2),�der(1)t(1;17)(p13;
q11.2),�der(1)t(1;5)(p22;q22)	2,der(3)t(3;8)(p13;q11.2),
�der(3)t(3.8)(p13;q11.2),�4,�6,�7,�8,�10,�14,�17,
i(18)(p10),�20,dic(9;22)(?p12;q13)del(9)(p?22)del(22)
(p12)	2[3],dic(22;22)(p11.2;p11.2)del(22)(q13.3),
�dic(22;22)(p11.2;p11.2)del(22)(q13.3)[2] [cp5]

v. UOK122: 70–78��4n�,XX,�Y,�Y,
der(1)t(1;22)(p12;q11.2),der(3)t(3;5)(p12;q13)�2,
�4,del(4)(q12q31.1),�6,der(6)t(6:9)(p11.2;q22.1),�7,
�8,i(8)(q10),�9�2,i(11)(p10),del(11)(q14),
del(12)(q24),�del(12)(q24)�2,�13,�13,�14,�14,
i(15)(q10),�16, �del(16)(q23q23.2),�17,i(17)(q10),
�18,�18,�19,i(19)(q10),�21,�22,�22 [cp5]

ii. UOK115: 41–86��4n�,XX,�Yx2,
i(1)(q10),del(3)(p21),der(3)t(3;5)(p11;p12)	2,
�4,i(5)(p10),der(6)t(5;6)(q22;q21)	2,
del(7)(q11.2q22),del(9)(p12),del(12)(q22),
�13,der(13)t(X;13)(?;p11.2),
�14	2,der(18)t(5;18)(?;p11.2) [cp8]

vi. UOK130: 52–82,XXY��3n�,dic(1)(p12p22),
�dic(1)(p12p22),der(2)t(2;9)(q31;?)del(2)(p23)�2,
�3,del(3)(p12),�4,�6,i(7)(q10),�8,
der(9)t(5;9)(p13;q32)	3,�10,�12,�13,
�15,dic(15;15)(qter;qter),del(17)(p13),
der(18)t(13;18)(q14;q11.2)�2,�19,�19 [cp3]

iii. UOK117: 49–71��3n�,XXY,der(3)t(3;5)(p12;q21),
�der(3)t(3.5)(p12;q21),i(5)(p10),�del(7)(q32),
�i(8)(q10),i(9)(q10),�1(9)(q10),�10
�15,�i(16)(q10),�17,�20,der(22)t(2;22)(q11.2;p11.2)
[cp8]

vii. UOK143: 43–76��3n�,XX,�Y,
�der(1;14)(q10;q10)[2],der(3)t(3;5)(p12;q11.2),
�6,�7,�7,i(8)(q10),�9,del(11)(q12),
�der(11)t(9:11)(q13;q13),�12,�del(12)(q22),
�13,der(14)t(11;14)(q11.2;p11.2),
der(14)t(5;14)(?;p11.2),�15,�17,�del(19)(p13.2),
�20 [cp9]

iv. UOK121: 50–80��3n�,XXY,i(2)(p10),
�i(2)(p10),der(3)t(3;5)(p13;q13),
der(4)t(4;4)(q35;p12),dup(4)(p16p12),
del(5)(q11,2),�der(6)t(6;11)(q21;q14),�7,�8,
�9,�del(11)(q12),�13,�14
der(14)t(9;14)(p13;p11.2)�2,�15,�15,�17,�18,
�del(18)(q12.3q21.2),del(19)(p13.1),�del(20)(p11.2),
�21,�22 [cp10]

viii. UOK154: 82–95��4n�,XXXX,�X,
�der(1)t(1;8)(p36;q11.2),del(2)(q11.2),der(3)t(3;5)(p12;
q13),�der(3)t(3;5)(p12;q13),
�4,del(5)(q15),�6,�6,�7,�7,�der(7)del(p21)del(q21),
�10,der(11)t(1;11)(q12;q21)	2,�13,
�14	2,der(14)t(9;14)(?;q32),�15,
del(17)(p13)	2,�del(17)(p13),
�18	2,18,�19,�20,�20,�20,der(21)t(21;22)(p11.2;p12)	2
[cp6]

B. VHL(�/�) Lines

i. UOK171: 45–129��3n�,X,�X,
�X,del(2)(p23)	3,der(3)t(3;17)(q29;q11.2),
der(3)t(3;11)(p21;p15)	2,
der(4)t(2;4)(p?23;q35)	2,del(5)(q12q22),
�del(5)(q12q22),der(6)t(3;6)(p21;p12),i(8)(q10),
dic(8;9)(p12p12),der(9)t(9;21)(p12;q11.2),
�10,der(11)t(3;11)(q21;q14),
�der(12)t(9;12;9;12;9;12;9)(9?::12p123
12q12::9?::12?::9?::12?::9?),�13	2,�14,
der(14)t(14;20)(p11.2;p11.2)	2,
der(16)t(12;16)(?;q12.1)�der(16)t(12;16)(?;q12.1),
�i(16)(q10),�17,�19,�20,�21,�22 [cp13]

ii. UOK181: 60–67��3n�,X,i(X)(p10),
�Y,del(1)(p32),�dic(1;1)(:p123q32::p113
q32:),�dic(1;21)(21qter321p13::1p323
q11:),der(2)t(2;15)(q33;q24),del(3)(p25),�4,�5,
�6,der(6)t(6;12)(q25;q15),
del(7)(q11.23q22),der(7)t(6;7)(?;q11.2),del(8)(p22),
�i(8)(q10),i(9)(p10),der(10)t(10;22;22)(10qter3
10p13::22qter322q12::22q123qter),
der(10)t(10;12)(p12;pter?),
�der(10)t(10;12)(p12;?p13.3),del(11)(q13),
�14,der(14)t(14;18)(p11.2;p11.2),�15,
�16,der(16)t(10;16)(?qter;p13.3),�del(17)(q25),�18,
�22,der(22)t(5;22)(q13;p11.2) [cp9]

*Cell lines in boldface are those with previously published G-banded karyotypes (see Zhao et al., 1995). The aberrations refined and/or revealed by
SKY and not seen by G-banding are shown in boldface.
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CCRCC lines, the two VHL(�/�) cases had a
greater number of structural alterations/case, pri-
marily the result of unbalanced translocations, al-
though the sample size precluded any statistical
validation.

To determine the possible consequences of cul-
ture conditions as contributors toward the aneu-
ploidy often observed in established cell lines, we
performed CGH on DNA from five available pri-
mary renal tumors (cases UOK121, 130, 143, 154,
and 181). The majority of the chromosomal gains
and losses detected in the primary tumors were
maintained in the derived cell lines. Consistent
alterations between the primary tumors and the
cell lines included gains of chromosomes and chro-
mosome arms 5, 7, 9p, 12, 17, 20, 21, and X, and
losses of 2q, 3p, 9q, 14, 15, 18q, and Y. Overall, 72
copy number alterations were noted in the five
primary CCRCC tumors, only 12 of which were not
present in the corresponding cell lines (83% con-
cordance). Gains of 4q (two tumors) and 13 (two
tumors) were among the few CGH changes unique
to the primary tumors. Only two HLGs were noted
in the primary tumors: the X chromosome in

UOK121 and 9p in UOK181, both of which were
maintained in the corresponding cell lines. The
ANCA of the five primary tumors and of the five
cell lines derived from them was 14.6 � 2.7 and
21.0 � 2.4, respectively. The ANCA of all 10 RCC
lines was 19.3 � 3.3, which reflects a high amount
of chromosome-level genetic imbalance (Table 3).

DISCUSSION

Advanced CCRCC has no effective treatment.
We therefore conducted a genome-wide screening
for genomic imbalances and chromosomal translo-
cations of 10 CCRCC cell lines and primary tu-
mors, potentially to guide the search for critical
disease loci. With this aim, we used molecular
cytogenetic techniques to complement 3p LOH
and molecular analysis of the VHL and MET genes
in 10 cases of advanced (stage IV) CCRCC. Our
plan was to define the patterns of aneuploidy
present in these cell lines, compare the lines with
the tumors from which they were derived, and
assess for any obvious differences between
VHL(�/�) and VHL(�/�) cases. SKY proved in-
valuable for detecting and categorizing subtle chro-
mosomal rearrangements, such as complex translo-
cations and insertions not identifiable by banding-
based analysis (Fig. 3 and online CGH and
SKYGRAMS). CGH complemented and rein-
forced the SKY data, particularly where the inter-
cellular chromosomal copy number varied widely
in large metaphase spreads.

Cell lines have been suspected of harboring ab-
errations not relevant to tumorigenesis. Our find-
ings revealed, however, that cell lines at passages
15–25 have the same VHL inactivation status, and
maintain 3p loss, 5q gain, and 7 gain (when
present) and the majority of copy number aberra-
tions in culture compared to the uncultured pri-
mary tumors. Only 17% of the genomic imbalances
found in the primary tumors were not detectable in
their respective cell lines. An additional 40% of
chromosomal imbalances were found in the cell
lines and may represent a selection of aggressive
subclones from the primary tumor that have re-
tained most of their genetic aberrations but ac-
quired others in vitro. It is evident that the majority
of changes present in the original tumor are main-
tained in the cell line, validating the use of such
lines for research purposes. However, the addi-
tional chromosomal imbalances encountered in the
cell lines should be considered whenever scientific
conclusions are made based solely on data from
cells in long-term culture.

Figure 2. Breakpoints as determined by G-banding (*) or SKY
analysis for the RCC cell lines [black boxes, VHL(�/�) cases; gray
boxes, VHL(�/�) cases]. As indicated, SKY detected numerous break-
points that were not identified by conventional G-banding.
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By use of SKY analysis, we found differences
from the previously published karyotypes obtained
by classical G-banding (Zhao et al., 1995). Our
results for stage IV tumors show that VHL inacti-
vation, loss of 3p, and gain of 5q are commonly
maintained through tumor progression to stage IV.
However, the near diploidy of the early cancer cell

is replaced by a high degree of polyploidy and, on
average, �10 numerical and/or structural aberra-
tions per cell. The VHL inactivation status appears
to suggest an influence on the pattern of aneu-
ploidy. CCRCCs with inactive VHL always had 3p
loss as a result of 3p terminal deletions, either
isolated or arising from non-reciprocal transloca-

Figure 3. Composite CGH result of 10 RCC cell lines from cases of stage IV CCRCC. The cell lines are
abbreviated as follows: UOK111 as “11,” UOK115 as “15,” and so forth. The vertical lines to the right and
left of each chromosomal ideogram represent chromosomal gains and losses, respectively. The thicker bars
indicate high-level gains. The VHL(�/�) cases, UOK171 and UOK181 (“71” and “81,” respectively), have
gray gain and loss bars placed lateral to the bars of the eight VHL(�/�) cases.
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tions (typically with chromosome arm 5q), consis-
tent with previous reports (Kovacs and Frisch,
1989; Kovacs and Kung, 1991). On the other hand,
both cases of VHL(�/�) wild-type cancers had
retention of 3p material surrounding the VHL locus
by CGH and LOH, and exhibited recurrent gains
of chromosome arm 8q (resulting from isochromo-
some 8q), unbalanced translocations involving
chromosome 14, and losses of chromosomes 14, 15,
18, and 22.

Specific chromosomal alterations that were pre-
viously associated with a poor clinical outcome
were found in our lines, consistent with their being
derived from patients with metastatic disease:
losses at 8p, 9p, and 14, and gains of 10 and 17
(Beroud et al., 1996; Reutzel et al., 2001; Presti et
al., 2002). Some changes previously associated with
a good-prognosis CCRCC (gains of 5q31-ter) were
present in all 10 cases, irrespective of VHL status,
whereas others (chromosome 7 gains) were found
in all eight VHL(�/�) cases, but not in either
VHL(�/�) case (Moch et al., 1996; Gunawan et al.,
2001). Because our tumors were all metastatic
(stage IV) at presentation, neither 5qter nor chro-
mosome 7 gains appeared protective from meta-
static disease in these cases. The identification of
genes mutated or up-regulated at 5qter, 7, 10, and
17 may lead to a better understanding of their
specific roles in the genesis and/or progression of
renal neoplasia (Bugert et al., 2000; Amare Kadam
et al., 2001). One candidate gene may be the proto-
oncogene MET, which has demonstrated impor-
tance in hereditary and sporadic papillary RCC and

which maps to 7q31 (Schmidt et al., 1997; Zhuang
et al., 1998). Although we found no activating mu-
tations of MET, we did not exclude the possibility
that an increased MET copy number alone may
play a role in the pathogenesis of CCRCC.

In the generation of the highly aneuploid ge-
nome of stage IV CCRCC, our data show that the
major mechanisms leading to copy number change
are segregation errors (resulting in whole-chromo-
some losses or gains) and non-homologous chroma-
tid exchange (resulting in non-reciprocal transloca-
tions and DNA losses). Amplifications arising from
genome-wide reduplication of marker chromo-
somes were not seen and do not appear to be the
mechanism for DNA gain in CCRCC. No balanced
translocations were noted. Through LOH and
CGH analyses, a recent report implicated sister
chromatid exchange as the cause of interstitial 3p
LOH in RCC (Alimov et al., 2000). Our genome-
level SKY and CGH analyses support other mech-
anisms; however, our data do not specifically ex-
clude the possibility that interstitial chromosomal
deletions may be a precursor to more widespread
genomic instability. More thorough LOH analyses
along the whole 3p arm, in conjunction with CGH
and SKY from early-stage and late-stage tumors,
would be required to address this question.

In summary, our results demonstrate that molec-
ular cytogenetics can be used to quantitate and
finely characterize the aneuploidy of the high-stage
solid tumor. The tumors analyzed here represent
the terminal aspects of CCRCC development, and
lie in stark contrast to their near-diploid pre-meta-

TABLE 3. Aberrations in Ten Advanced-Stage Cell RCC Lines

Case
(UOK no.)

Types of aberrations (SKY)a Genomic aneuploidy (CGH)

Numerical Structural No. of Alterationsb No. of HLGc

111 8 7 18 2
115 4 10 9 2
117 4 7 15 7
121 9 11 22 1
122 13 12 21 0
130 7 8 19 4
143 9 10 20 1
154 15 9 20 3
171 7 14 24 6
181 2 19 25 7

Sum 78 107 193 33
Mean 7.8 10.7 19.3 3.3

aNumerical 
 aberrations due to gains or losses of whole chromosomes unrelated to structural abnormalities, and resulting in copy number alterations
on CGH; Structural 
 aberrations including unbalanced translocations, deletions, isochromosomes, and dicentrics resulting in copy number alterations
on CGH.
bDetermined by ANCA (average number of copy alterations by CGH).
cHLG 
 number of high level gains by CGH.
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static progenitors (Presti et al., 1998; Phillips et al.,
2001). That VHL inactive (�/�) and VHL wild-
type (�/�) RCCs achieve the same histology (clear
cell) and clinical disease (chemotherapy-refractory,
metastatic) demonstrates that divergent tumors
may share common pathways of genetic signaling
to achieve a similar phenotypic result (Clifford et
al., 1998). Combining these cytogenetic data with
cDNA global expression profiling will help deter-
mine which genes are the targets of DNA copy
number change in advanced tumors as the basis for
diagnostic and therapeutic manipulation.
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