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ABSTRACT

In an attempt to quantify the nonrandomness of primary neoplasia-
associated acquired chromosomal aberrations in humans, we have re
trieved information from a computerized data base on the chromosomal
abnormalities of 9069 human neoplasms. By restricting the survey to the
1985 cases with a solitary structural rearrangement, we attempted to
limit the analysis to only those aberrations that were most likely to
represent pathogenetically important, primary changes. The breakpoints
of the primary abnormalities thus identified clustered to 71 bands. It
furthermore turned out that 27 of the 41 oncogene sites known with
reasonable precision (i.e., localized within one or two bands) coincide
with bands consistently involved in neoplasia-associated rearrangements.
These comparisons add to the evidence that acquired, cancer-associated
chromosomal aberrations are nonrandom in distribution, that only a
limited number of genomic sites are consistently involved in primary
neoplasia-associated aberrations, and that the concordance between the
breakpoints of primary aberrations and the location of cellular oncogenes
is greater than predicted by chance.

INTRODUCTION

Overwhelming evidence now indicates that the genomic re
arrangements encountered in human neoplasia are nonrandom,
and that at least a major proportion of them are of a sufficiently
large-scale nature to be visible as chromosomal anomalies in
dividing tumor cells (1-3). The considerable aberration pattern
specificity in different leukemias, lymphomas, and benign and
malignant solid tumors strongly argues that the underlying
DNA changes are important steps in tumorigenesis. Independ
ent, albeit admittedly still indirect, confirmation of this hypoth
esis has in the recent past come from investigations of cellular
onco^enes and their recessive, tumor-suppressing counterparts,
the antioncogenes or emerogenes. Both these gene systems are
localized at neoplasia-associated breakpoints and can be acti
vated or inactivated by acquired chromosomal aberrations (4-
6).

It seems equally clear, however, that not all tumor cell chro
mosomal anomalies are pathogenetically essential. In spite of
the overall cytogenetic nonrandomness in human neoplastic
disorders, numerous examples exist of otherwise indistinguish
able tumors or leukemias that have widely different karyotypic
profiles. At times, the sheer complexity of the genomic reshuf
fling defies all attempts to determine what changes are present,
let alone what temporal sequence they occurred in and what
their relative tumorigenic impact might have been.

Acquired chromosomal abnormalities in neoplastic cells may
belong to any of the following 3 categories, (a) They may be
primary abnormalities, by which is meant pathogenetically es
sential changes that are in most cases specific for the tumor
type in question. Such aberrations may be found as sole anom
alies and will, by virtue of their tumorigenetic importance, be
present already in the earliest disease phases, (b) Secondary
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abnormalities may accrue in later disease phases, often as the
result of reduced genomic stability in the neoplastic cells. These
anomalies are important in creating the genetic variability from
which, through selective competition, clonal evolution occurs.
Although often nonrandom, their specificity is less than that
seen for primary changes. By definition, secondary abnormali
ties do not occur alone, (c) Cytogenetic noise includes aberra
tions without long-term selection value, many of which will
hence appear as nonclonal. The more genetically unstable a
tumor cell population is, the greater the likelihood that many
of the developing anomalies will fail to be of consequence in
tumor progression. Of necessity, the borderline between sec
ondary changes and cytogenetic noise may at times be unclear.

In this paper we have tried to quantitatively assess the occur
rence of primary changes in human neoplasms by retrieving
from a computerized data base those cases that have only a
single structural chromosomal abnormality. Since these are sole
anomalies, they fulfill the requirement for a primary tumori
genic change and, hence, ought to identify pathogenetically
important rearrangements. It turns out that the breakpoints
thus identified cluster to only 71 of the 329 bands of the human
genome, and that these 71 bands also harbor 27 of the 40
cellular oncogenes which have been exactly mapped.

MATERIALS AND METHODS

All neoplasms with a single structural chromosomal abnormality
were ascertained from the third edition of the Catalog of Chromosome
Aberrations in Cancer (7). This data base comprises 9069 human
neoplasms with chromosomal changes identified by banding technique
in direct preparations or after short-term in vitro culture. The vast
majority of data come from published reports totalling 2156 references.
About 5% of the cases are unpublished tumors of particular cytogenetic
or clinical interest, either kindly communicated by colleagues in the
field, or studied in our laboratory during the last IS years.

The material in the Catalog (7) is classified into 163 diagnostic
categories based on the diagnosis given by the original investigator. For
the purpose of the present study the various diseases have been grouped
into the following 12 classes: ANLL;3 MDS; MPD; ALL; CLD; ML;

BEN; MEN; BMN; MMN; BNN; and MNN. To enable the simplifi
cation this classification represents, several somewhat arbitrary deci
sions were made: both Ph'-negative and Ph'-positive CMLs were clas
sified as MPD; and variant Ph'-producing translocations were not
considered. Wilms' tumor and germ cell neoplasms were accepted as
epithelial, and Ewing's sarcoma was included among the mesenchymal

tumors.
For any cytogenetic aberration to be accepted as a primary re

arrangement consistently associated with a particular type of neoplasia,
the following requirement had to be met: the rearrangement must by at
least 2 independent investigators have been described as the sole anom
aly in 2 or more neoplasms of the same morphological or clinical entity.
For deletions the inclusion criteria were more rigorous: identical break
points in at least 4 cases as described by 2 investigators were required.

1The abbreviations used are: ANLL, acute nonlymphocytic leukemia; MDS,
myelodysplastic syndromes; MPD, myeloproliferative disorders; ALL, acute lym-
phocytic leukemia; CLD, chronic lymphoproliferative disorders; ML, malignant
lymphomas; BEN, benign epithelial neoplasms; MEN, malignant epithelial neo
plasms; BMN, benign mescenchymal neoplasms; MMN, maligant mesenchymal
neoplasms; BNN, benign neurogenic neoplasms; MNN, malignant neurogenic
neoplasms; CML, chronic myeloid leukemia.
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RESULTS

Of the 9069 cases in the data base, 2950 (32.5%) had only a
single aberration. Of these, 1985 (21.9% of the total) were
structural changes, i.e., translocations (t), deletions (del), dupli
cations (dup), inversions (inv), isochromosomes (i), and ring
chromosomes (r). The distribution of the various structural
aberration types broken down by diagnosis is presented in Table
1. The total number of primary aberrations as defined by the
criteria outlined above was 71 (Table 2), with the following
distribution among the different diagnostic categories: 32 in
ANLL; 20 in ALL; 16 in MDS; 10 in MPD; 9 in ML; 6 in
CLD; 4 in MMN; 3 in MEN; 2 in BMN; 2 in BEN; and 2 in
MNN. Each aberration will normally contain 2 breakpoints,
but since many of the bands thus identified are affected in more
than one aberration, the number of consistently involved chro
mosome bands will be less than double the number of aberra
tions. The number of breakpoints (Fig. 1) turned out to be 71;
the circumstance that this is exactly identical to the number of
aberrations is of course coincidental.

In Fig. 2, the 71 breakpoints are compared with the chro
mosomal location of the 40 cellular oncogenes so far precisely
mapped (that is to within 1 or 2 bands) in the human genome
(for a recent review, see Ref. 3. Additional references in Human
Gene Mapping 9.5, Cytogenet. Cell Genet., in press). Whenever
an oncogene has been localized to 2 adjacent bands, its position
in the figure is given at the interface between them. Of the 41
oncogene sites (c-mos has been mapped to both 8ql 1 and 8q22,
hence 41 and not 40 sites), 27 are in bands consistently involved
in primary neoplasia-associated breakpoints.

DISCUSSION

Critical evaluation of a data base comprising more than 9000
cytogenetically characterized human neoplasms leads to the
conclusion that no more than 71 of the human genome's 329

bands are consistently involved in primary structural chromo
somal abnormalities.

Several objections can be raised as to the validity of the
approach chosen by us for the identification of genomic sites
of primary importance in tumorigenesis. One question concerns
the requirements for consistency. As a compromise between
being too restrictive and too permissive, we have accepted as
consistent only those sole anomalies that have been reported at
least twice in the same disease. Central to this decision is the
consideration that cytogenetic changes may not always be the
pathogenetically essential event even when present as single

Table I Number of neoplasms with a sole structural chromosome anomaly
broken down by diagnosis

Table 2 Seventy-one structural chromosomal aberrations found as the sole
anomaly in at least two neoplasms (four cases required for deletions) of similar

morphology reported by at least two investigators

AberrationtypeDiagnosisANLLMDSMPDALLCLDMLBENMENBMNMMNBNNMNNTotaltS1855712515814142212116721203del170212674644312122456601inv86522421102i17119162349dup337123120r

Total5

7992861543

3041122

18144362521121110

1985%â€¢31.931.432.335.118.117.953.75.150.015.09.24.921.9

Aberration
typet(l;3)(p36;q21)t(l;6)(q23;p23)t(l;7)(Pll;pll)t(l;ll)(p32;q23)t(l;ll)(q21;q23)t(l;19)(q23;P13)"(lq)dup(l)(q21q32)I(2;8)(pl2;q24)t(2;ll)(p21;q23)t(2;13)(q37;ql4)t(3;3)(q21;q26)t(3;5)(q21;q31)t(3;8)(P21;ql2)t(3;12)(q27;ql3-14)inv(3)

(q21q26)del(3)(pl2)t(4;ll)(q21;q23)del(5)(ql3q33)del(5)(ql3q31)del(5)(ql5q33)del(5)(q31q35)t(6;9)

(p23;q34)i(6p)del(6)(ql5)del(6)(q21)del(6)

(q23)t(7;ll)(pl5;pl5)Â¡(7q)del(7)

(q22)del(7)
(q32)t(8;9)(pll;q34)t(8;14)

(q24;q32)t(8;16)(pll;pl3)t(8;21)(q22;q22)t(8;22)(q24;qll)t(9;ll)(p21;q23)t(9;ll)(q34;ql3)t(9;12)(P21;pl2)t(9;12)(pl3-22;ql3-15)t(9;22)(q34;qll)del(9)(p21)del(9)(ql2q31)t(10;ll)(pll;q23)t(10;ll)(pl5;ql3)t(10;14)(q24;qll)t(ll;14)(pl3;qll)t(ll;14)(ql3;q32)t(ll;14)(q23;q32)t(ll;19)(q23;pl3)t(ll;20)(pl5;qll)t(ll;22)(q24;ql2)del(ll)(pl3)del(ll)(q23)t(12;14)(ql4-15;q23-24)t(l2;16)(ql3-14;pll)del(12)(pl2)del(13)(ql2ql4)del(13)(ql2q22)del(13)(ql4)t(14;18)(q32;q21)t(14;22)(q32;qll)inv(14)(qllq32)t(15;17)(q22;qll)inv(16)(pl3q22)del(16)(q22)i(17q)del(20)(qll)del(20)(qllql3)del(22)(qll)t(X;18)(pll;qll)Neoplastic

disorderANLL,

MDSMPDANLL,

MDS,MPDALLANLLALLCaÂ°MPDALL,

MLANLL,
MDSRmsANLL,

MDSANLLAdLiANLLCaALL,

ANLLANLL,
MDSMDSMDSMDSANLLRbALL.

CLD,MLALL,
CLD,MLALL,
CLD,MLANLLANLL,

MDSANLL,
MDSANLLMPDALL,

MLANLLANLLALL,

MLANLL,
ALLANLLALLAdANLL,

CML, MDS, MPD,ALLALLANLLANLLANLLALLALLML,

CLDALLANLL,

ALLANLLESWTANLL,

MDSLmLsANLL,

MDS,ALLMDS,
MPDMPDRbCLD,

MLALLCLD,

MLANLLANLLANLLANLL,

MDS,MPDANLL,
MDS,MPDANLLALLSys

" The percentages refer to the proportion of cases with a single cytogenetic

anomaly within each diagnostic entity.

Â°Ca, carcinoma; Rms, rhabdomyosarcoma; Ad, adenoma; Li, lipoma; Rb,
retinoblastoma; ES, Ewing's sarcoma; WT, Wilms' tumor; LM, leiomyoma; LS,

liposarcoma; Sys, synovial sarcoma.

anomalies. Even if one accepts the premise that all primary
tumorigenic changes involve genetic alterations, submicros-
copic rearrangements may confuse the issue. However, in that
case the chromosomal changes would statistically tend to be
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Fig. 1. Distribution of breakpoints in the 71 pri
mary cancer-associated structural chromosomal aber
rations. The breakpoints are restricted to 71 bands.
â€¢¿�4), myeloid disorders; <], lymphoid disorders; â€¢¿�,

mesenchymal neoplasms; O, epithelial neoplasms.
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FMS

Fig. 2. Chromosomal sites of the 40 currently
mapped cellular oncogenes (*) and localizations of
the 71 bands involved in primary cancer-associated
rearrangements ( ^ ).
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unique events. The simple repetition requirement therefore
substantially reduces the risk that unimportant chance aberra
tions might feature in the final analysis.

The requirement for accepting deletion breakpoints as con
sistent was deliberately stricter, namely, that they have been
mapped to the same bands in at least 4 cases. The rationale for
the more rigorous criteria for deletions than for apparently
balanced rearrangements is that, in the former case, the essen
tial outcome may well be loss of genetic material (in which case
the exact breakpoints would be inconsequential) rather than a
position effect on genes in the 2 breakpoint regions. For both
balanced and unbalanced rearrangements an additional require
ment was that the aberration should have been reported by at
least 2 groups. This was on account of the technical difficulties
inherent in tumor cytogenetics and serves to reduce the risk
that erroneous breakpoint mapping should falsely inflate the
number of tumor-associated genomic sites.

The conclusion that only a limited number of bands are
involved in primary neoplasia-associated anomalies has, based

on the assessment of smaller collections of data, been reached
before (8, 9). The present study demonstrates that, although
the data base is now doubled, the number of bands remains at
about the same order of magnitude as in the 2 earlier investi
gations. This further strengthens the long-held impression that
the chromosomal abnormalities of tumors are nonrandom, that
they are pathogenetically important, and ultimately, that they
point to DNA sequences of essence in neoplastic transforma
tion. The fact that the number of bands arrived at in this paper
is actually lower than the number given in Ref. 9 reflects 2
circumstances, (a) The more rigorous criteria for deletion
breakpoints reduce the impact of deletion-related bands on the
final sum. (Â¿>)For a few well-known balanced rearrangements,
only the breakpoints that are now known to be correct have
been entered, even though earlier reports may have mapped the
rearrangements differently. For example, for the 9;22 translo
cations in CML all breakpoints are placed at 9q34 and 22ql 1
despite previous claims to the contrary, and in pre-B-acute
lymphocytic leukemia the translocation between Iq and chro
mosome 19 is now known to be to 19pl3, not to 19ql3.
Likewise, all t(15;17) in acute promyelocytic leukemia have
been given as t(15;17) (q22;qll), t(9;ll) in acute monocytic
leukemia as t(9; 11) (p21 ;q23), and t( 11;14) in B-lineage chronic
lymphocytic leukemia and ML as t(l 1;14) (ql3;q32). By apply
ing this kind of modest "quality control" on the various break

point designations in the literature, we hope to have reduced
the inflation of breakpoint numbers that may have been caused
by erroneous reporting as much as presently possible.

A final question that might be brought up when assessing the
reliability of the data on which the present investigation de
pends is to what extent it is justifiable to lump together as
identical breakpoints that affect the same chromosomal band.
Do not the sheer size of each band (on average, IO7base pairs)

and the inherently low resolution power in cytogenetics invali
date all attempts to compare the DNA level similarity of even
identical-looking breakpoints? This point is valid in one sense;
of course cytogenetic similarity does not prove base sequence
similarity. However, it is imperative to avoid level confusion in

this kind of argument. By no means is it certain or even probable
that the primary structure of the DNA string is the only
parameter of importance in deciding the biological activity of a
given chromosomal segment. For instance, when the novel abl/
ber hybrid genes that result from t(9;22) (q34;ql 1) in CML are
produced, considerable breakpoint variability is detected when
the rearrangements are studied at the base sequence level (10).
Thus, the basic pathogenetic similarity between the different
CML cases could easily be overlooked if the primary DNA
structure were the only level of genetic organization examined.
Since the chromosome so obviously is an important organiza
tional entity in the human genome, evaluation of chromosome-
scale disturbances is by itself a legitimate goal. Indeed, some
arguments have been put forward that cytogenetic aberrations
may be more important in the context of neoplastic transfor
mation than point mutations (11).

All these reservations and considerations notwithstanding,
there is now good evidence that the pattern of chromosomal
breakpoints in neoplasia-associated aberrations reveals impor
tant information about some of the classes of genes that are
important in tumorigenesis. The only 2 reasonably well-char
acterized gene types so far are the antioncogenes and the
oncogenes. Both the retinoblastoma-osteosarcoma locus in
13ql4 and the Wilms' tumor locus in 1Ipl3 turn up as cancer

associated by the breakpoint-defining criteria used in this study.
Finally, of the 40 cellular oncogenes that have been localized
to specific chromosomal bands or band pairs (since c-mos has
been mapped to both 8ql 1 and 8q22, the number of bands is
41), no less than 27 correspond to neoplasia-associated break
points (Fig. 2). This highly significant correlation (Fischer's

exact test; 27 of 41 compared to 71 of 329) supports the
cytogenetic conclusion that the distribution of consistently can
cer-associated breakpoints reflects the genomic position of
genes that, either directly or through the control function they
exert, are essential in the proliferation and differentiation of
human cells.
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