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ABSTRACT

Restriction fragment length polymorphisms at 61 autosomal and 7 \-
linked loci were screened for heterozygosity in cell lines derived from 6
independent mÃ©tastasesand autologous B-cells from a patient with mel
anoma. Segregations resulting in the loss of heterozygosity were detected
in the tumor cells at 8 of 16 autosomes with at least 1 informative locus
and at the 3 informative X-linked loci. With a single exception, karyotypic
abnormalities were not detected in the region of loci where loss of
heterozygosity had been detected. Three patterns of loss were identified:
(a) unique segregations in cells from a single metastasis; (b) segregation
of the same alÃelesin different subsets of mÃ©tastases;and (c) identical
segregations in all 6 mÃ©tastases.The monoclonal derivation of the 6
mÃ©tastasesis supported by the inactivation of the same X-chromosome
and the presence of identical segregations at loci on chromosomes 9 and
X. Analysis of the patterns of segregation in the metastatic tumor cells
permitted the development of a genealogy of tumor progression in this
patient and the development of a model of tumor progression which
describes the accumulation of selectively neutral and advantageous seg
regations in metastatic tumor cells.

INTRODUCTION

Melanoma exemplifies the phenomenon of tumor progres
sion in human malignancies (1). Tumor progression (i.e., the
acquisition of discrete hereditable changes during the develop
ment and dissemination of a tumor) is associated with the
accumulation of karyotypic abnormalities during the progres
sion from the normal cell counterpart, the melanocyte, to
melanoma (2-4). The karyotype of normal melanocytes and
common acquired nevus cells is normal, while the nontumori-
genic dysplastic nevus shows only rare cytogenetic abnormali
ties. In contrast, frequent random karyotypic changes and char
acteristic abnormalities of chromosomes 1, 6, and 7 appear in
primary melanoma cells and at increased frequencies in meta
static melanoma cells (2-4).

The discovery of informative RFLP3 throughout the genome

(5) makes it possible to analyze aspects of genetic instability in
tumor cells that are not amenable to cytogenetic analysis alone.
Although many chromosomal translocations and deletions are
detected by cytogenetic methods, some abnormalities such as
chromosomal nondisjunctions and reduplication of the remain
ing homologue, somatic crossing over, and microdeletions are
cytogenetically invisible. The analysis of RFLP at constitution
ally heterozygous loci permits the identification of segregation
events which result in regions of homozygosity or hemizygosity
in tumor cells that cannot be detected by analysis of metaphase
chromosomes (6).

Received 2/4/87; revised 5/6/87; accepted 5/11/87.
The costs of publication of this anide were defrayed in part by the payment

of page charges. This Â¡miciemust therefore be hereby marked advertisement in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

1This work was supported by the Samuel Freeman Charitable Trust, by the
Alcoa Foundation, by the Louis and Anne Abrons Foundation, and by USPHS
Grants CA-44176 (N. C. D.) and GM-37090 (M. Siniscalco) awarded by the
NIH, Department of Health and Human Services.

2 Recipient of a Cancer Research Institute Award.
'The abbreviations used are: RFLP, restriction fragment polymorphism(s);

EBV, Epstein-Barr virus; SSC, standard saline citrate; SDS, sodium dodecyl
sulfate.

We have previously identified a high frequency of segrega
tions resulting in the loss of heterozygosity at loci on many
different autosomes in metastatic melanoma cells compared to
autologous B-lymphocytes (7). In this report we have analyzed
patterns of segregation in melanoma cell lines derived from 6
different mÃ©tastasesof a single patient. These data have been
used to develop a model of allelic segregation during tumor
progression and a genealogy of tumor progression in this pa
tient. This model indicates that a common mechanism may be
involved in the initiation of some pediatrie tumors, including
Wilms' tumor and retinoblastoma (6, 8), and the development

of heterogeneity during tumor progression in adult malignan
cies.

MATERIALS AND METHODS

Patient DX. DX was a 71-year-old woman who underwent excision
of a Clark's level III melanoma of the left thigh in June 1975. After a

local recurrence and removal of s.c. melanoma in July 1977 she received
chemotherapy (dacarbazine and cyclophosphamide) and Pseudomonas
vaccine (9). Multiple recurrences appeared in the skin and soft tissue
of the left thigh and inguinal region between September 1978 and
December 1980. Metastatic disease was noted on the scalp in August
1981 and the patient was restarted on dacarbazine/cyclophosphamide.
The disease continued to progress with metastatic lesions in the jejunum
and liver and the patient died in September 1981.

Derivation and Maintenance of Cell Lines. Six metastatic melanoma
cell lines, designated DX-1 to DX-6, were established from individual
cutaneous and soft tissue lesions of the thigh, inguinal region, and
abdominal wall appearing between September 1978 and December 1980
(9, 10). During this period, a permanent cell line of autologous B-cells,
designated DX-B, was established by transformation with EBV. Mela
noma cells were grown in Eagle's minimum essential medium supple

mented with 7.5% fetal bovine serum. The EBV-transformed B-cells
were grown in RPMI 1640 supplemented with 15% fetal bovine serum.

DNA Isolation and Southern Blot Analysis. High molecular weight
DNA was prepared from the melanoma cells and EBV-transformed B-
cells. The earliest available passages of the cultured melanoma cell lines
were used as a source of DNA: DX-2 (passage 7); DX-3 (passage 10);
DX-4 (passage 7); DX-5 (passage 11); and DX-6 (passage 10). DNA
was extracted from DX-1 at passage 40 and from additional late
passages of DX-2 (passage 66) and DX-4 (passage 28).

Ten ng of DNA were digested with a 5-fold excess of the appropriate
restriction enzyme and tested for complete digestion on minigels. DNA
fragments were separated by electrophoresis in horizontal agarose gels
and transferred to Nytran filters (Schleicher & Schnell) by Southern
blotting (11). The fillers were baked for 2 h at 80"C and prehybridized
at 42"C overnight in 6 x SSC, 10 x Denhardt's solution, 1% SDS, and

50 Mg/m' low molecular weight denatured DNA. Probes were prepared
from insert fragments excised from plasmid clones and isolated in low
melting point agarose gels (12). Approximately 25 ng insert DNA were
labeled to high specific activity (>109 cpm/Â¿ig)with [32P|dCTP using

Klenow fragment of DNA polymerase I and random primers (12).
Filters were hybridized at 42Â°Cfor 24 h in 50% formamide, 6 x SSC,

1% SDS, and 50 ng/ml low molecular weight denatured DNA. After
hybridization, the filters were sequentially washed in 1 x SSC/1% SDS
(4 x 15 min at room temperature) and 0.1 x SSC/1% SDS (2 x 30
min at 65 Â°C).The filters were dried and exposed to Kodak XAR-5 film
with Dupont Cronex intensifying screens at -70Â°Cfor 1 to 5 days.
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MELANOMA TUMOR PROGRESSION

Cytogenetics. Metaphase cells were harvested and stained with
Wright-Giemsa stain according to standard procedures (13). The
metaphase spreads were prepared from cells collected at the same time
as the cells used for DNA extraction. A total of 10 metaphases were
karyotyped for each of the melanoma cell lines and the EBV-trans-
formed B cells, except for DX-5 which was typed for only 5 metaphases.

RESULTS

RFLP Analysis. Ninety-five RFLP at 61 autosomal loci and
7 X-linked loci were typed for heterozygosity in the EBV-
transformed B-cells and autologous metastatic melanoma cells
from DX. At least one, and usually two or more, polymorphic
loci were screened on every chromosome (Table 1). The consti
tutional genotypes were established by the analysis of DX-B
cells. Forty-one loci were homozygous, while 24 autosomal loci
on 16 different chromosomes and 3 X-linked loci were hetero
zygous. Loss of alleile restriction fragments at constitutionally
heterozygous loci was detected at 36 of the 162 informative loci
in the 6 independent mÃ©tastases(Table 2). This loss of hetero
zygosity was detected at 10 autosomal loci (Fig. 1) on 8 different
chromosomes and at the 3 informative X-linked loci in this
patient (Fig. 2).

The chromosomal position of loci does not have a major
effect on the frequency of autosomal segregations. Sixteen of
the informative loci have been mapped with sufficient precision
so that they can be placed on either the centromeric or telomeric
halves of the chromosome arms (5). Loss of heterozygosity was
detected at 5 of 10 (50%) telomeric loci (LMYC, SST, D9S3,
D Â¡4SI, and D17S1) and at 2 of 6 (33%) centromeric loci (CGA
and D15S1/D15S2).

The loss of heterozygosity at different loci can be divided
into 3 categories according to their frequency and distribution
in the 6 mÃ©tastases(Table 2).

Unique losses in a single metastasis were identified at 6 loci
(LMYC, CGA, D14S1, D17S1, D17S3, and D19S8) on 6 of 16
autosomes with informative loci. These segregations accounted
for only 16.7% of the total observed losses.

Two instances were observed where the same allelic restric-

Table 1 List of 68 polymorphic loci used in the analysis of cells from patient DX
HÃ©tÃ©rozygoteswere detected at restriction sites at 24 autosomal loci and 3 X-

chromosome loci in DX-B cells (constitutional genotype). Informative loci were
detected on all chromosomes except 5, 8, 10, 12, 16, and 20. The full description
of the restriction site polymorphisms (including probe, polymorphic restriction
site, allelic fragment sizes, and frequency) at these loci is given in the "Report of
the Committee on Human Gene Mapping by Recombinant DNA Techniques" at

Human Gene Mapping 8 (S).

Chromosome12345678910111213141516171819202122XHomozygouslociDIS2,

DIS4,NRASD3SS,

DNF15S3D5S1,

D5S4,FMSD6S3,
MYBD7S8CA2,

PLATD9SÃŒ,
ABL,ASSP3DÃ¬

OSI,PLAUD12S4,

D12S6,ATMD13S2,
D13S3,D13S4D1SS3HP2ADI8S3DI9S7,

D19S9,D19S11D20S4,
D20S6,D20S8D2ÃŒS56,

D21S58Â¡GLV.SISDXS17,

DXSS1, DXYS1, F9Heterozygous

lociNGFB,

LMYCD2S1,
D2S3SSTD4S12,

ALBCGA,

DQAD7S1D9S3DHS12.APOAI.HRASD13S4DI4S1DISSI.

DISS2D17S1.D17S3DISSIDI9S8D21SS2D22SIDXS7,

DXS52, OTC

tion fragment was segregated in 2 mÃ©tastases.The A2 alÃele
was segregated at the SST locus on chromosome 3 in DX-2
and DX-3 cells, and the same allelic fragments were also
segregated at loci DISSI and D1SS3 on chromosome 15. These
segregations accounted for only 16.7% of the total observed.

The great majority of the segregations (66.7%) were ac
counted for by loss of the same allelic fragments in all 6
mÃ©tastasesat locus D9S3 on chromosome 9 and at the 3
informative loci on the X chromosome (DXS7, DXS52, and
OTQ.

Samples from early and late culture passages of DX-2 and
DX-4 cells were tested to determine the stability of heterozy
gosity at these loci. DX-2 was tested at passages 7 and 66, while
DX-4 was tested at passages 7 and 28. The genotypes at the 27
informative loci in both early and late passage cultures were
identical. Additional evidence for the relative stability of the
RFLP in cultured cells comes from DX-1 which was available
only at passage 40. Segregations at loci on chromosomes 9, 15,
and X in DX-1 cells were not restricted to DX-1 cells, since
they were shared with cells from at least 1 other metastasis.
Consequently, additional segregations had not been dissemi
nated throughout the DX-1 culture during 40 passages of in
vitro growth.

Cytogenetic Analysis. In contrast to the normal karyotype of
the DX-B cells, the cells derived from the 6 melanoma mÃ©tas
tases were all aneuploid. The numbers of autosomes, X-chro-
mosomes, and marker chromosomes in cells from the 6 mÃ©tas
tases are presented in Table 3. The mean chromosome numbers
varied from 83.7 in DX-1 to 63.3 in DX-3. The X-chromosome
was present in many fewer copies than individual autosomes in
each of the 6 melanoma cell lines, and the sex chromosome
ploidy was always approximately one-half the mean copy num
ber of autosomes (Table 4).

In addition to aneuploidy, rearranged chromosomes were
identified in each of the 6 melanoma cell lines. Most of the
marker chromosomes occurred in isolated metaphases, and no
common abnormalities were identified in each of the 6 cell
lines. However, a del(l)(:p32-qter) marker chromosome was
present in cells from all cell lines except DX-6. Cell lines with
demonstrable loss of heterozygosity were examined for kary-
otypic abnormalities in the region of the segregated loci. With
a single exception, karyotype abnormalities were not detected
in the region of the segregated loci. This exception occurred at
the CGA locus (chromosome 6q 12-21) in DX-4. These cells
contained multiple copies of the normal chromosome 6 and an
abnormal homologue with an undefined insertion in the prox
imal long arm of chromosome 6. This marker chromosome
appeared in only 40% of the cells in DX-4 cells and was not
found in any of the other cell lines.

DISCUSSION

This study extends our original observation of the frequent
loss of heterozygosity at autosomal loci in melanoma cells (7)
to a detailed analysis of autosomal and X-linked loci in 6
melanoma cell lines derived from different mÃ©tastasesof a
single patient. Segregation, or allelic loss, at an informative
locus in somatic cells results from the loss of either constitu
tional alÃeleand the retention of one or more copies of the
remaining alÃele.Segregation may be due to mitotic errors
(including chromosomal nondisjunction and somatic crossing
over) or somatic deletions (14). Mutation and gene inactivation
are not considered segregation events in this sense because they
do not involve the loss of one constitutional alÃeleand may
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MELANOMA TUMOR PROGRESSION

Table 2 Genotypes at 27 informative loci in the 6 melanoma cell lines and autologous B-cellsfrom DX
The nomenclature for the genotypes at these loci is defined in the "Report of the Committee on Human Gene Mapping by Recombinant DNA Techniques" at

Human Gene Mapping 8 (5).

ChromosomeIp22.1Ip322p252q35-q373q284pter-q264qll-ql36p216ql2-q2179pter-p24llplSllpI5llq!3-qter13ql2-ql414q3215ql4-q2115ql5-q2217pl3-pter17181921q2322qll-ql3XpllXp21Xq28LocusNGFBLMYCD2S1D2S3SSTD4S12ALBDQACGAD7SID9S3DJISI2HRASAPOA1D13S1DJ4SIDISSID15S2DÃŒ7S1D17S3DISSIDI9S8D21SS2D22S1DXS7OTCDXS52DX-BA1/A2A1/A2B1/B2E1/E2A1/A2A1/A2F1/F2A1/A2A1/A2A1/A2A1/A2A1/A2A1/A2A1/A2A1/A2A1/A2A1/A2A1/A2A1/A2A1/A2A1/A2A1/A2B1/B2B1/B2A1/A2B1/B2A4/A5DX-1A1/A2A1/A2B1/B2E1/E2A1/A2A1/A2F1/F2A1/A2A1/A2A1/A2A2A1/A2A1/A2A1/A2A1/A2A1/A2A2A2A1/A2A1/A2A1/A2A1/A2B1/B2B1/B2A2B2A5DX-2A1/A2A1/A2B1/B2E1/E2AlA1/A2F1/F2A1/A2A1/A2A1/A2A2A1/A2A1/A2A1/A2A1/A2A1/A2A1/A2A1/A2AlA1/A2A1/A2AlB1/B2B1/B2A2B2ASGenotypeDX-3A1/A2A1/A2B1/B2E1/E2AlA1/A2F1/F2A1/A2A1/A2A1/A2A2A1/A2A1/A2A1/A2A1/A2A1/A2A1/A2A1/A2A1/A2A1/A2A1/A2A1/A2B1/B2B1/B2A2B2A5DX-4A1/A2AlB1/B2E1/E2A1/A2A1/A2F1/F2A1/A2AlA1/A2A2A1/A2A1/A2A1/A2Al/AlA1/A2A2A2A1/A2A1/A2A1/A2A1/A2B1/B2B1/B2A2B2A5DX-5A1/A2A1/A2B1/B2E1/E2A1/A2A1/A2F1/F2A1/A2A1/A2A1/A2A2A1/A2A1/A2A1/A2A1/A2A2A1/A2A1/A2A1/A2A2A1/A2A1/A2B1/B2B1/B2A2B2ASDX-6A1/A2A1/A2B1/B2E1/E2A1/A2A1/A2F1/F2A1/A2A1/A2A1/A2A2A1/A2A1/A2A1/A2A1/A2A1/A2A1/A2A1/A2A1/A2A1/A2A1/A2A1/A2B1/B2B1/B2A2B2AS

escape detection in comparisons of tumor and constitutional
genotypes by RFLP analysis.

Three constitutionally heterozygous loci were identified in
patient DX on the X-chromosome. Segregation occurred at
each locus and the same haplotype combination was found in
all 6 DX melanoma cell lines (Fig. 2). Since these loci exist on
both sides of the centromere, it is likely that these segregations
are due to a single chromosomal nondisjunction and not to
independent segregations on both arms of the chromosome. It
is evident that the segregated chromosome is the inactive X,
because cells retaining only an inactive chromosome are not
viable. The probability of the independent inactivation of the
same X-chromosome in the 6 mÃ©tastasesis only 0.02. Despite
segregation of the inactive X, the relative copy number of active
X-chromosomes has been retained at approximately one-half
the mean autosomal ploidy in each metastasis (Table 4). The
absence of late replicating sex chromosomes appears to be a
common chromosomal abnormality in many different types of
malignancies (15, 16). The high segregation frequency of the
inactive X- or Y-chromosomes may be tolerated in tumor cells
because there is very little selective pressure to retain them and
because the probability of nondisjunction may be much greater
for the late replicating sex chromosomes than for the autosomes
in tumor cells continuously undergoing mitosis. Furthermore,
the segregation of the late replicating chromosomes will be of
proliferative advantage to a tumor cell because of the reduction
of mitotic S phase and concomitant shortening of the cell cycle
(15).

Loss of heterozygosity in the melanoma cells was also de
tected at many autosomal loci of patient DX. Segregation was
detected at 10 of 24 informative loci in cells from at least one
metastasis. The 6 unique losses at loci on 5 different chromo
somes (Table 2) presumably arose independently in each of the
metastatic clones, although it cannot be established if they arose
before the cells were placed in culture. Populations of tumor
cells, whether in vivo or in vitro, continue to evolve as new
mutations and segregations occur, and the stochastic processes

resulting in the expansion of some subclones at the expense of
others will continue in vitro. It is likely that some selectively
neutral segregations will accumulate in cell cultures as they are
grown through successive passages. However, the RFLP geno
types in early and later passages of DX-2 and DX-4 and data
from a previous study of pairs of autologous melanoma and B-
cells (7) demonstrate extensive stability during growth in vitro.
In contrast to the unique losses, the majority of segregations
were shared by more than 1, and usually all 6, DX melanoma
cell lines. Identical segregations affecting more than 1 metas
tasis were identified at autosomal loci on 3 different chromo
somes and account for 67% of the autosomal and 83% of the
total segregations observed in the 6 mÃ©tastases.It is extremely
unlikely that these matching segregations occurred as inde
pendent events after cells from the metastatic tumors had been
placed in culture.

Analysis of multiple informative markers on the same chro
mosome permits the distinction of chromosomal nondisjunc
tion from events which affect only a limited region of the
chromosome. Multiple informative markers were available on
7 autosomes in DX cells (Table 2). Segregations were not
detected at these loci on chromosomes 2, 4, and 11. Segrega
tions were identified at a single member of a pair of informative
loci on chromosomes 1, 6, and 17 and at both informative loci
on chromosome 15. Cytogenetic abnormalities involving chro
mosome 17 were not detected in DX-2 or DX-5, suggesting
that the segregations at D17S1 and D17S3 are due to different
somatic crossing-over events or microdeletions affecting only a
single locus. Cytogenetic abnormalities of chromosome 1 are
very common in melanoma cells (2-4) and a marker chromo
some 1, del(l)(:p32-qter), was identified in all the mÃ©tastases
except DX-6. It is unlikely that this abnormality is related to
the segregation of the A2 alÃeleat the LMYC locus at band
Ip32 since the segregation occurred only in DX-4 cells. Heter
ozygosity was retained at the NGFB locus in band Ip22 in DX-
4 cells, indicating that this segregation only affected loci distal
to this band. A similar analysis of chromosome 6 in DX-4 cells
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A.

Locus/
Probe/
Restr.Enz.

SST
pgHS7-2.7

EcoRI

B.

Kb (AlÃele)

-12.0 (Al)

-6.4 (A2)

-10.0 (AD

CGA
pCGa
EcoRI

-5.0 (A2)

D.

D9S3
DR6
Hindi

D13S1
p7F12
Mspl

â€”2.4
-2.1

-4.3

-3.4

(A2)
(AD

(AD

(A2)

E.

D15S1
pMSH4
Mspl

-120 (AD

-4.3 (A2)

Fig. 1. Southern blot of the B-cells (DX-B) and 6 melanoma cell lines (DX-1
to DX-6) hybridized with probes to S informative autosomal loci. Left ordinate,
locus, probe, and restriction enzyme; right ordinate, sizes [in kilobases (kb)] of
the polymorphic fragments and allelic designations. A, segregation of the A2
alÃeleat SST in DX-2 and DX-3; B, segregation of the A2 alÃeleat CGA in DX-
4; C, segregation of the AI alÃeleat D9S3 in all 6 cell lines; D, retention of
heterozygosity at DIÃŒSIin all 6 cell lines. The Al alÃelein DX-2 and the .!-'
alÃelein DX-4 which both show relatively low gene dosages are completely
segregated from later passages of these cells (7); E, segregation of the Al alÃeleat
0/5S/inDX-l and DX-4.

showed that heterozygosity was retained at the HLA-DQ locus
on the short arm, while a segregation involving the CGA locus
may be related to the presence of a marker chromosome with
an undefined karyotypic abnormality affecting the region 6ql2-
22. These data demonstrate that the segregations at loci on
chromosomes 1,6, and 17 are the result of genetic abnormalities
involving only part of the chromosome and that they are not
the result of chromosomal nondisjunction.

The frequent loss of heterozygosity at autosomal and X-

Locus/
Probe/

A Resfr. Enz.

B.

C.

DXS7
PL1.28
TaqI

OTC
pH0731
Mspl

DXS52
pSt14-1

TaqI

Kb (AlÃele)

12.0 (Al)
9.0 (A2)

-6.2 (A2)

5.4
5.1 (BD

(B2)

55
45 (A4)

-4.1 (A5)

3.8

<o to

Fig. 2. Southern blot of the B-cells (DX-B) and 6 cell lines (DX-1 to DX-6)
hybridized with probes to 3 informative X-linked loci. Left ordinate, locus, probe,
and restriction enzyme; right ordinate, sizes [in kilobases (kb)] of the polymorphic
fragments and allelic designations. I. segregation of the Al alÃeleat DXS7 in all
6 cell lines; B, segregation of the HI alÃeleat O7"Cin all 6 cell lines; C segregation

of the A4 alÃeleat DXS52 in all 6 cell lines.

linked loci in melanoma contrasts with data from other tumors.
Analyses of retinoblastoma (6), Wilms' tumor, hepatoblastoma,

rhabdomyosarcoma (8, 20), acoustic neurofibromatosis (21),
and ductal breast carcinoma (22) have all identified loss of
heterozygosity at specific loci which are presumed to be closely
linked to recessive tumor genes. The frequent, random loss of
heterozygosity in melanoma has not been detected in these
primary tumors. This dichotomy may be the result of comparing
data from primary tumors with data from metastatic melanoma
and can be reconciled by a model of allelic segregation during
tumor progression (Fig. 3).

Segregations in transformed cells are likely to have negative
or neutral effects on cell growth. Those segregations resulting
in the exposure of recessive lethal alÃeleswill cause the death
of the cell in which they occur but will have no discernible effect
on the tumor as a whole (Fig. 3). In contrast, segregations
having selectively positive, neutral, or weakly negative effects
will accumulate in tumor cells and be passed to their clonal
descendants, including those involved in the initiation of met
astatic foci (Fig. 3). Primary tumors eventually will consist of
a heterogeneous mixture of subclones containing segregations
at many different loci. Since mÃ©tastasesare clonal expansions
of either single cells or small numbers of cells derived from a
metastatic subclone in the heterogeneous primary tumor (17),
they will be homogeneous for any novel characteristics of the
progenitor cells. Therefore, the high frequencies of segregations
in the melanoma mÃ©tastasesreflect a spectrum of genetic ab
normalities that are present, but undetectable, in the primary
tumor.

This model of allelic segregation is applicable to a wide range
of malignancies. It predicts that the random, post transforma
tional segregations resulting in loss of heterozygosity at many
loci will be detected at much higher frequencies in mÃ©tastases
than in primary tumors. The high frequencies of loss of heter
ozygosity detected at 10 polymorphic isozyme loci in a large
number of tumors (including lung, breast and colon carcinomas)
(18) and at the Ha-ros-1 and c-myb oncogene loci in various
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Table 3 Chromosomal content of cell lines derived from 6 different melanoma mÃ©tastasesin patient DX
The mean chromosome numbers in each cell line were calculated after the analysis of 10 metaphase spreads. All chromosomes with deletions or rearrangements

are listed as marker chromosomes; therefore the mean chromosome numbers in the other columns refer only to karyotypically normal chromosomes.

Mean chromosome no. for followingchromosomesMetastasis

Passage 123456789 1011DX-1DX-2

DX-3
DX-4
DX-5
DX-6Table

440

3.0 2.4 3.7 3.3 2.8 2.9 3.7 2.5 3.3 2.43.37
0.8 1.9 3.4 1.7 1.9 3.2 3.7 1.6 2.6 2.7 1.9

10 27 22 30 23 24 26 32 2.6 2.1 3.02.78
3.2 2.7 3.4 3.1 2.8 2.6 2.6 2.5 2.9 3.2 2.4

11 1.4 3.6 2.2 2.8 2.0 3.2 3.0 1.2 2.6 3.22.211
2 3 24 1 8 1 5 1 7 1 5 2.1 0.8 2.3 3.22.3Relative

ploidy of the autosomes and the X-chromosome in the 6
metastatic melanoma cell lines from patient DX12

133.5

2.62.6
2.3

2.33.03.5
1.8

3.03.02.7
3.7DateA

12/80144.02.2

782.2

18?
8152.91.7

713.278">8163.33.1">63.1

1630175.62.71

q4.5

1843183.32.5â€¢>

64.4

1435193.73.4i

i4.2

?<Â»3?203.53.7

194.57776212.43.2703.7
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deviation (in parentheses) of the autosomal ploidy were determined by analysis
of 10 metaphases. The relative ploidy of the X-chromosome is less than one-half
the mean autosomal ploidy in each melanoma cell line.

Metas
tasisDX-1

DX-2
DX-3
DX-4
DX-5
DX-6Relative

ploidyAutosomes
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Fig. 3. Model of tumor progression to illustrate the development of genetic
heterogeneity in primary tumors and the dissemination of homozygous mÃ©tas
tases. In this case, the constitutionally heterozygous marker locus (codominant
alÃelesA and a) is closely linked to a recessive lethal locus. After transformation,
the cell begins to proliferate and develop the genetic instability characteristic of
malignant cells. A mitotic nonsegregation results in one viable aneuploid daughter
cell (AAa) and a nonviable cell (a) which is hemizygous at the recessive lethal
gene. Additional proliferation results in the opposite nondisjunction giving rise
to an aneuploid cell (Aaa) and a viable haploid cell (A). The dissemination of
cells from the heterogeneous primary will result in aneuploid heterozygous
mÃ©tastasesbut will also produce homozygous mÃ©tastasesif they are derived from
viable segregated cells in the primary tumor.

mÃ©tastases(19) support the generality of this model. Conse
quently, it is not surprising that the analysis of metastatic
melanoma cells reveals a spectrum of random, posttransfor-
mational segregations that have not been detected in primary
tumors of retinoblastoma (6), Wilms' tumor, hepatoblastoma,

rhabdomyosarcoma (8, 20), acoustic neurofibromatosis (21),
and ductal breast carcinoma (22).

The distribution of the posttransformational segregations can
be used to trace the evolution of a tumor in an individual
patient. The genealogy of tumor progression in DX has been
determined by comparing subsets of mÃ©tastaseswhich share
common segregations (Fig. 4). The branching points in the
genealogy are determined by the occurrence of segregations in
the individual mÃ©tastasesand the segregations of identical
haplotypes at autosomal loci in more than 1 metastasis are
presumed to be due to common descent and not to have
occurred independently. This genealogy shows that the 6 DX

8/80

7/79

9/78

[D9S31
[DXS7 / DXS52 / OTC1

I

Fig. 4. Proposed genealogy of the 6 melanoma mÃ©tastasesin patient DX.
Right ordinate, duration of tumor progression; left ordinate, date at which the
metastatic lesion was removed and cells were placed into culture. The branching
points in the genealogy are determined by the occurrence of segregations in the
mÃ©tastases.Segregations of identical haplotypes at autosomal loci shared by
different mÃ©tastasesare presumed to be due to common descent and not to have
occurred independently. The segregations of chromosome 9 and, most likely, the
inactive X took place in a highly metastatic subclone present in the primary
tumor. The additional 9 cases of autosomal segregation occurred during the
dissemination of these metastatic subclones to distant sites.

melanoma cell lines are derived from 4 metastatic lineages
which arose in the primary tumor and that the 36 segregations
detected in the different metastatic cell lines can be accounted
for by a minimum of 10 events occurring at different stages of
tumor progression.
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