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A. Introduction 

Recently there has been increased interest in 
the study of chromosomal alterations in neo­
plastic cells. Such investigations have already 
begmrto contribute significantly to our under­
standing of fundamental tumor biology, 
particularly with respect to the role of specific 
genes in carcinogenesis. This brief review 
will focus on this aspect of tumor cytogen­
etics, and particularly our own recent stud­
ies, but some generalizations will be offered 
first to help provide an appropriate per­
spective. 

Based on the work from many laborator­
ies, four general statements can be made 
about karyotypic alteration in neoplasia: 
1. Most tumors have chromosome abnor­

malities. These usually are not present in 
other cells of the body. 

2. In a given tumor, all the neoplastic cells 
often have the same cytogenetic change, 
or related changes. 

3. Chromosome abnormalities are more ex­
tensive in advanced tumors. 

4. Chromosome alterations are frequently 
different between tumors, but there are 
nonrandom patterns. 
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The cytogenetic findings that support the 
first two statements represent a significant 
portion of the increasing evidence that so­
matic genetic changes are important in 
tumorigenesis. In addition, the second gen­
eralization, along with related biochemical 
and immunoglobulin data, has been the 
basis for the now generally accepted view 
that most neoplasms are unicellular in 
origin [1, 2]. The fact that in a given tumor 
all of the cells show the same chromosome 
abnormality (or related abnormalities) sug­
gests the origin of the tumor from a single 
altered cell. Presumably, the particular 
karyotypic change confers on the progeni­
tor cell a selective growth advantage, allow­
ing its progeny to expand as a neoplastic 
clone [1]. 

The third generalization listed has also 
contributed to our understanding of the 
natural history of tumor development. The 
observation that more advanced neoplasms 
typically show more extensive karyotypic 
alterations has led to the suggestion that 
clinical and biologic tumor progression 
may reflect the appearance in a neoplastic 
clone, over time, of subpopulations of cells 
with increasingly altered genetic makeup 
[1, 3]. Experimental evidence indicates that 
neoplastic cells show increased genetic in­
stability, and so are more likely than nor­
mal cells to generate genetic variants [3]. 
Occasionally, such a variant cell may have 
more aggressive biologic characteristics, 
and so its progeny may grow out as the pre­
dominant malignant population, providing 
the basis for clinical tumor progression. 

This concept has been well documented 
in chronic granulocytic leukemia, where 
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the cells in the early indolent stage of the 
disorder typically show only the Phil­
adelphia chromosome, but the terminal ac­
celerated phase of the disease apparently 
results from overgrowth of this initial popu­
lation by one or more subclones having ad­
ditional karyotypic changes [4]. A similar 
sequence of events has been documented in 
other human and experimental tumors [3]. 
It has also been possible, through cytogen­
etic studies, to demonstrate the coexistence 
of multiple variant subpopulations within 
many advanced malignancies, thus provid­
ing at least one explanation for the biologi­
cally and clinically important phenomenon 
of tumor cell heterogeneity [3, 4]. 

B. Nonrandom Chromosome Abnormali­
ties in Neoplasia 

It is the final generalization listed that has 
engendered most of the very recent interest 
in tumor cytogenetics. With improved 
staining methods, it has become increas­
ingly apparent that specific alterations in 
particular chromosomes are associated, 
with varying degrees of consistency, with 
specific types of tumors or with neoplasia 
in general [4, 5]. It has been hypothesized 
that these nonrandom karyotypic changes 
are indicating sites in the genome where 
particular genes, important in carcinogen­
esis, may be located, and also how the 
function of these "oncogenes" might be sig­
nificantly altered [4-6]. In some instances, 
the consistent abnormality has been the 
gain or loss of a whole chromosome, or 
parts of a chromosome, suggesting a critical 
role for gene dosage in oncogenesis [4-6]. 
This has also been suggested by the ob­
servation in tumor cells of unusual chromo­
some structures that include elongated 
homogeneously staining regions (HSR), 
small extrachromosomal paired chromatin 
bodies - double minutes (DM), and ab­
normal banded regions (ABR), that all ap­
parently represent alternative forms of gene 
ampUfication [7, 8). 

Specific reciprocal chromosome translo­
cations, without apparent addition or loss 
of genetic material, have also been identi­
fied as occurring nonrandomly in a variety 
of neoplasms, particularly leukemias and 
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lymphomas [1, 4, 5]. Because such translo­
cations, as well as a few of the HSR-type 
aberrations, are the only karyotypic abnor­
malities in tumor cells which thus far have 
been clearly related to altered function of 
known oncogenes, the remainder of this 
discussion will be restricted to these 
phenomena. Also, since most of the rel­
evant data have been derived from he­
matopoietic neoplasms, only limited refer­
ence will be made to findings in other types 
of tumor. 

C. Chromosome Translocations 
and Oncogenesis 

Cytogenetic details of a number of the 
translocations recognized in various human 
leukemias and lymphomas have been the 
subject of several recent reviews [4, 5]. It 
has been suggested that their importance in 
carcinogenesis results from position effects, 
with the translocation bringing an inactive 
"proto-"oncogene into juxtaposition with 
"activating" sequences elsewhere in the ge­
nome [4, 6]. This hypothesis has now been 
investigated in cells of Burkitt's lymphoma, 
with very recent extension of such concepts 
to other leukemias and lymphomas. Cur­
rent findings will be summarized in the 
subsequent sections. 

1. Burkitt's Lymphoma 

In most cases of Burkitt's tumor [9, 10], 
there is a reciprocal translocation between 
chromosomes 8 and 14. Variant translo­
cations have been described in a small mi­
nority of these neoplasms [11, 12], one in­
volving chromosomes 8 and 22, the other 
involving chromosomes 2 and 8. In all in­
stances, the breakpoint in chromosome 8 is 
the same, at band q24 in the terminal por­
tion ofthe long arm of the chromosome. 

It has also been shown [13-16] that the 
genes for human immunoglobulin heavy 
chains map to chromosome 14, for A light 
chain genes to chromosome 22, and for the 
x light chain genes to chromosome 2. At 
the same time, one of the human homologs 
of known retroviral oncogenes, the so­
called c-myc gene that is homologous to the 
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avian virus oncogene v-myc, was found (17, 
18] to be located on the terminal portion of 
the long arm of chromosome 8. These ob­
servations suggested that the im­
munoglobulin genes and the c-myc onco­
gene might have important roles in the 
development of Burkitt's tumor, and this 
has subsequently been demonstrated, in 
our laboratory and by others, to be the 
case. 

It was first shown, in a Burkitt's tumor 
cell line [19], that the immunoglobulin 
heavy chain locus in these cells was split, 
with a portion translocated to the involved 
chromosome 8, and a portion retained on 
chromosome 14. Subsequently, similar 
methods were used to show that the seg­
ment of chromosome 8 translocated to the 
long arm of chromosome 14 contained the 
c-myc oncogene [17, 18, 20], as shown in 
Fig. 1. It was also demonstrated [21] that in 
its new location, adjacent to a tran­
scriptionally active immunoglobulin gene, 
the c-myc oncogene showed markedly in­
creased transcription. 

These studies have since been extended 
to Burkitt's lymphomas with the variant 
8; 22 and 2; 8 chromosome translocations, 
using both somatic cell genetic and in situ 
hybridization methods [22-25]. In these 
circumstances, the results again indicate in­
volvement of both the c-myc gene and an 
immunoglobulin gene, but with interesting 
differences in the apparent mechanism of 
activation of the oncogene. In a study of a 
Burkitt's lymphoma cell line with the 8; 22 
translocation, we found [23] that the c-myc 
gene remains on the number 8 chromo­
some, and the constant region portion of 

Fig. 1. Diagram of the t(8; 14) chro­
mosome translocation in a Burkitt's 
lymphoma cell line. The VH genes 
translocate from chromosome 14 to 
the involved chromosome 8 (8q-), 
while the c-myc oncogene translocates 
to the heavy chain locus, and shows 
greatly increased transcriptional ac­
tivity in its new location. Reproduced 
from [21] 

the A light chain gene is translocated from 
chromosome 22 to this chromosome 8. The 
c-myc oncogene on the rearranged chromo­
some 8 (8q +) shows enhanced transcrip­
tional activity as a result of the translo­
cation, whereas the c-myc oncogene on the 
normal chromosome 8 is transcriptionally 
silent [23]. Similar results have been ob­
tained with a Burkitt's cell line containing 
the variant 2; 8 chromosome translocation 
that involves the", light chain locus [24, 25], 
and here again it was possible to demon­
strate that high levels of transcripts of the 
c-myc gene were found when it resided on 
the 8q + chromosome, but not on the nor­
mal chromosome 8. 

Taken together, these various findings 
with Burkitt's lymphomas clearly suggest 
that a chromosomal rearrangement in a B 
lymphocyte that places the c-myc oncogene 
adjacent to a transcriptionally active im­
munoglobulin gene can lead to markedly 
increased transcription of the oncogene in 
circumstances where it is not normally ac­
tive. Additional support for this conclusion 
comes from concurrent observations with 
mouse plasmacytomas, in which it recently 
has been shown that a characteristic non­
random chromosomal translocation in­
volves the same immunoglobulin and myc 
genes as in Burkitt's tumor [26J, with the 
same effect of increased transcription of 
c-myc [27J. The same circumstance may al­
so obtain in the rat [28]. It is not yet clear to 
what extent such findings may be appli­
cable to other hemic tumors, but the results 
have stimulated initial investigations in a 
number of directions. Several of these will 
be summarized briefly in the next section. 
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II. Other Human Leukemias and 
Lymphomas 

A number of lymphomas have translo­
cations that involve the terminal portion of 
14q (band q32) and either the long arm of 
chromosome 11 (q 13) or the long arm of 
chromosome 18 (q2I) [29, 30]. It appeared 
very likely that these rearrangements might 
involve the immunoglobulin heavy chain 
locus, as in the 8; 14 translocation of Bur­
kitt's tumor. At present, however, there is 
no candidate oncogene that has been 
mapped to the relevant regions of 11q and 
18q that might be activated in the same 
fashion as the c-myc gene in Burkitt's tu­
mor. 

We have recently begun to study a num­
ber of these translocations, and have cloned 
the chromosomal breakpoint of a human B 
cell tumor with the characteristic 11; 14 
translocation already mentioned [31J. We 
have found [32J that the breakpoint is in­
deed within the immunoglobulin heavy 
chain locus on chromosome 14. Further­
more, it was possible to demonstrate that 
DNA sequences from chromosome 11 had 
been translocated immediately adjacent to 
the breakpoint on the involved chromo­
some 14 and that these chromosome 11 se­
quences were rearranged. This rearranged 
DNA segment was also present in the cells 
of another B cell lymphoma with the same 
11; 14 translocation, but not in Burkitt's 
lymphoma cells with the 8; 14 translocation 
or in non-neoplastic human lymphoblas­
toid cells [31]. Thus, it may be possible to 
identity and characterize a gene, for which 
we have suggested the name bcl-l, located 
at band q 13 of chromosome 11, which ap­
pears to be involved in the malignant trans­
formation of human B cells carrying the 
11; 14 translocation. Similar studies are 
now under way with neoplastic B cells hav­
ing the 14; 18 translocation that also occurs 
nonrandomly in a significant number of 
non-Hodgkin's lymphomas. 

A different situation is found in several 
types of human myeloid leukemia. In these 
disorders, characteristic chromosomal 
translocations have been identified that ap­
pear to involve the human homolog of a 
known retroviral oncogene, but a mecha­
nism for activation, analogous to the role of 
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the immunoglobulin genes in the B cell tu­
mors, has not been readily apparent. 

For example, in chronic myelogenous 
leukemia (CML), several laboratories [33, 
34] have now demonstrated that the typical 
t(9 ; 22) (q34; q 11) translocation, which 
produces the Philadelphia chromosome, 
uniformly involves translocation of the 
c-abl oncogene from its normal site on 
chromosome 9 to a position adjacent to the 
breakpoint on chromosome 22. In this new 
location, the c-abl oncogene is close to the 
immunoglobulin A light chain locus, which 
remains on chromosome 22 (unlike the cir­
cumstance in the 8; 22 translocation of the 
variant Burkitt's tumors) [35]. There is, 
however, evidence that in most CML cells 
the A light chain gene is not rearranged or 
transcriptionally active, and so it does not 
appear to be a likely candidate for "activat­
ing" the newly juxtaposed c-abl [36]. Nor is 
there yet strong evidence that there is an 
alteration in the structure or function of the 
translocated c-abl oncogene, except for one 
report of an abnormal RNA transcript [37J. 
At present, the role of c-abl in the patho­
genesis of CML remains under active in­
vestigation. 

Similar circumstances may obtain with 
respect to the 15; 17 chromosome translo­
cation commonly seen in acute promyelo­
cytic leukemia (APL) and the 8; 21 translo­
cation that characterizes a subgroup of pa­
tients with acute myelogenous leukemia 
(AML) [4]. Several laboratories have been 
investigating the possibility that a human 
homolog of the retroviral oncogene erbA 
might be involved in the typical translo­
cation of APL [38, 39]. We have recently 
obtained evidence [39] that supports the 
localization of this gene to the q21-22 re­
gion of human chromosome 17, closely 
proximal to the breakpoint in the t(15; 
17)(q22;q21-22) translocation in APL [4]. 
Perhaps unidentified "activating" se­
quences are translocated from chromosome 
15 and are influencing the erbA oncogene 
on chromosome 17, but there are as yet no 
specific data to support this hypothesis. 

A similar phenomenon might also be oc­
curring in those cases of AML with a 
characteristic t(8; 21)(q22; q22) translo­
cation [4J. In this instance, the candidate 
proto-oncogene for activation is c-mos, 



which has been mapped to the q22 region 
of chromosome 8, with the suggestion that 
sequences from 21q might be serving in the 
activating role [4, 5, 18]. Again, no direct 
data are currently available to support this 
concept, but our study of the c-erbA onco­
gene may have provided some relevant in­
formation. In that investigation [39], we 
were also able to study leukemic cells with 
an unusual t(17;21)(q21-22;q22) translo­
cation involving the breakpoints on chro­
mosomes 17 and 21 typically observed in 
the 15; 17 translocation of APL and the 
8; 21 translocation of AML [40]. Here 
again, the erbA oncogene appeared to be 
located closely proximal to the breakpoint 
on chromosome 17, suggesting the possibil­
ity that activating sequences, in this case 
from chromosome 21, were being brought 
adjacent to it. These would be the same ac­
tivating sequences presumably brought ad­
jacent to c-mos in the 8; 21 translocation of 
AML. 

At present, these studies of trans locations 
in hematopoietic tumors other than Bur­
kitt's lymphoma are still in their early 
stages. It does already appear, however, 
that they will provide important informa­
tion on other oncogenes and other activat­
ing mechanisms that could have wide ap­
plicability in tumor biology. 

D. Chromosome Alterations and 
Oncogene Amplification Units 

As already indicated, the types of visible 
chromosomal changes in malignant tu­
mors, other than translocations, that have 
been most definitely associated with known 
oncogenes to date are certain of the HSR, 
DM, and ABR that appear to represent 
gene amplification units. In earlier studies 
of tissue culture cell lines, it was demon­
strated that these unusual cytogenetic 
structures represented, in some cases, mul­
tiple copies of genes necessary for cell 
growth under specific culture conditions [8, 
41]; and also that they might be alternative 
forms of gene amplification, with HSR 
breaking down to form DM, and DM in­
tegrating into various chromosomal sites to 
generate HSR and ABR [7, 8]. Although 
these structures do not show the same con-

sistent localization within the genome as do 
the nonrandom chromosome transloca­
tions, it has been shown that they can in­
volve human homologs of retroviral on­
cogenes. 

Perhaps most interesting is the recent re­
port [42] that the HSR observed in a signifi­
cant proportion of cases of freshly isolated 
neuroblastoma cells involved DNA se­
quences related, but not identical, to the 
c-myc oncogene. This new gene, which they 
designated N-myc, maps to the short arm of 
chromosome 2 in normal cells, but in the 
neuroblastoma cells studied, the amplified 
N-myc was found to be located at a variety 
of sites within the genome [42]. 

Related observations have been made in 
our laboratory and elsewhere on several 
cell lines derived from human carcinomas 
and leukemias [43-45]. For example, it has 
recently been demonstrated that in cells of 
the HL-60 cell line, originally established 
from a patient with APL, there are 20-40 
copies of the c-myc gene [46, 47], and that 
these are associated with an ABR on chro­
mosome 8 in the normal location of c-myc 
[45] (Fig. 2). Alitalo et al. [43] have shown 
similar amplification of c-myc in a human 
intestinal carcinoma cell line, related either 
to an HSR at an abnormal location in the 
genome or to DM chromosomes. In a study 
involving another oncogene, we have been 
able to demonstrate that multiple copies of 
the c-abl oncogene in the K562 cell line 
(from a case of CML), as well as similarly 
amplified copies of the C-A im­
munoglobulin gene, are associated in an 
ABR located on what appears to be a 
modified Philadelphia chromosome [44]. 

These various data, although still limited, 
certainly suggest that gene amplification 
units, recognizable cytogenetically as HSR, 
DM, and ABR, can represent another 
mechanism by which oncogene function 
may be so altered as to play a singificant 
role in tumorigenesis. This appears already 
well documented with respect to chromo­
somal translocations. As additional studies 
of oncogene structure and function are 
linked in the near future to various other 
types of nonrandom chromosomal alter­
ations in neoplasia, it may be expected that 
similar associations will be made with re­
spect to specific additions and losses of 
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chromosomal material as well. It is equally 
clear that not all specific genetic changes 
important in carcinogenesis will be demon­
strable through karyotypic studies, and that 
many will be submicroscopic, but mean­
while a wealth of visible changes are avail­
able for exploitation by combining modem 
c~togenetic and molecular genetic tech­
mques. 
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