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The cytogenetic (karyotypic, chromosomal) aspects of human
leukemia and lymphoma, their clinical meaning, and their
relationshipto molecularevents thought to play a key role in
these diseases have been the subject of several articles in this
â€œPerspectivesâ€•series (1â€”3).The present article will deal with
chromosomal changes, their meaning, and their application in
solid tumors. The general themes that we shall try to develop
are (a) that akin to the situation in leukemia, appropriate
chromosomestudiesin solid tumors will prove to be, as they
have alreadydone in a few conditions, not only of diagnostic
value, but also an important tool in demonstrating that tumor
entities, like leukemic entities, can be dissected, defined, and
furthersubdividedcytogenetically into a numberof subtypes;
and (b) that beyond visual cytogenetics and its limitations lie
the promisingvistas of molecularapproachesfor furtherdefin
ing and extending the cytogenetics of solid tumor. No attempt
will be made to cover comprehensivelythe karyotypicchanges
in solid tumors, includingthose associatedwith constitutional
chromosome changes (e.g., Wilms' tumor with 1ip- and reti
noblastomawith 13q-). For this subject the readeris referred
to the proceedingsof two international workshops(4, 5) and
reviews (6â€”9)dealing with the chromosome changes in solid
tumors.

Chromosome Changes in Solid Tumors Historical Aspects and
Background

Boveri, who is credited with proposing the theory of the
chromosomal basis of neoplasia in 1914 (10), most likely had
solid tumors in mind when discussing the possibility that chro
mosome alterations might lead to the development of cancer.
In fact, cytogeneticchanges in animaland humansolid tumors
(primary and metastatic) were published before the correct
number of chromosomes in human cells was established in
1956 (7, 11). The latter event and the subsequent utilization of
marrowcellswith their relativelyhigh mitotic index(beforethe
introduction of phytohemagglutinin for the stimulation of
blood lymphocytes) for establishing the chromosome constitu
tion in various conditions led to the dominance of cytogenetic
results in leukemicstates over those in solid tumors. This was
true during the descriptive and explorative period of human
cancer cytogenetics in the prebanding era and even more so
duringthe subsequentperiod of bandingtechniques.Whether
this situation will continue to hold true during the molecular
cancer cytogenetics3 period will depend on a number of param
eters, some of which will be discussed later in this article.

A voluminousamountof literatureexistson the chromo
somal changes in leukemia describing the use of such data in
the definitionand diagnosisofthese diseases,the establishment
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of subsetswithin apparentlyexisting leukemicentities, and the
applicationin prognosis(2, 12). The cytogeneticsituationwith
solid tumors has, until recently, lagged considerably behind that
of the leukemias for several reasons to be discussed below.
Thus, the leukemias, diseases which constitute about 10% of
human neoplasia, make up the basis for more than 80% of
availablechromosome data. Furthermore, even among the solid
tumors the most reliable results on cytogenetic changes have
been established in a group of cases, primarily sarcomas and
tumors associatedwith rarecongenital chromosome disorders
such as Wilms' tumor and retinoblastoma (6). These tumors
make up less than 10%of all solid tumors, whereas some of
the common typesofcancer (breast,colon, lung, prostate)have
yet to be karyotypicallycharacterizedand classified reliably
despite studies on relatively large groups of cases.

ChromosomeChanges:Definitions

Any deviation from the morphologically defined chromo
some set present in diploid somatic cells constitutes a cytoge
neticabnormality(chromosomalchange).Such a deviationmay
concern the number of chromosomes (numerical changes) or
theirmorphology(structuralchanges).Losses (monosomies)or
gains (trisomies and polysomies) ofentire chromosomes belong
to the first category.Rearrangementswithin one chromosome
(deletions and inversions of a segment or isoduplication of a
short or long arm) or rearrangements between two or more
chromosomes(translocations)belong to the second one. These
cytogenetic abnormalities can result in cells with a balanced or
unbalanced genome, the underlying molecular consequences of
which will be different. Chromosomal and, therefore, gene
imbalance may be associated with trisomies, monosomies, dde
tions, insertions, and isochromosomes. Translocations and in
version do not necessarilymodify the genetic balancebut they
do modify the neighborhoodof Criticalsequences of the ge
nome.

Chromosome Changes in Malignant Cdls: Marker Chromo
somes and Primary versus Secondary (Additional) Changes

Every recognizable chromosome change in a defmed cell type
may be consideredas a markerallowing identificationof that
cell. Whatever is the causative agent(s) responsible for the
generation ofchromosome changes, involvement ofâ€•keygenesâ€•
by some of the changes will confer upon such a defined cell a
proliferativeadvantageover cytogeneticaily normal cells and
lead to tumor development. The chromosome change will be
conserved in the daughter cells and, thus, an entire cell popu
lation will be characterized by this change. The cytogenetic
changeconsistently found in a cell population(as the result of
its clonal derivation) will be defined as a primary chromosomal
marker.

Genetic instability of the tumor cells may lead to further
cytogenetic changes in addition to the primary one. Whereas
additional (secondary) chromosomal changes may be related to
the progressionof the tumor, primarychromosomal changes
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CHROMOSOMES IN SOLID TUMORS AND BEYOND

are probably related to the tumorigenic process itself. Addi
tionalkaryotypicchangesare oftennumerousand heteroge
neous not only from tumor to tumor but also from cell to cell
in a given tumor. Conversely, the primary karyotypic change is
one consistently found in a tumor cell population. Moreover,
the primary change is consistently shared by a tumor entity
(e.g., Ewing's sarcoma) from unrelated patients. In this article
we will focus discussion on the primary chromosome changes.
For a discussion of chromosome changes in tumor progression
the reader is referred to a previous Perspectives article (13).

The fact that the primary karyotypic changes observed to
date in various neoplasias characterize specific cell types mdi
cates that for a chromosomal event to play a key role in
malignant transformation it must meet a number of prerequi
sites of which the specificity of the cytogenetic change and the
specific cell type affected are crucial. Were an identical cyto
genetic change to occur in another cell type, it may either not
affect the cell phenotypically or cause cell death with the result
that malignant transformation in such a cell will not take place.
Even in the same cell type different cytogenetic events may be
required for the induction of malignant transformation depend
ing on the physiological and/or differentiation status of the
cell.

Primary andSecondaryChromosomeChangesin Solid Tumors
versusThosein Leukemias

The presence of the primary (specific) chromosome change
as the sole cytogenetic abnormality in the affected cells, as
mentioned above, is much more commonly encountered at
diagnosis in leukemia than in solid tumors. This is possibly due
to the fact that the clinical (and hence biological) manifestations
of leukemia generally become apparent at a much earlier stage
of the disease than do those of solid tumors and, therefore, the
neoplastic (leukemic) cells are often examined at a time when
they contain only the primary karyotypic change. In the case of
solid tumors, the cytogenetic changes are often complex and
numerous and tend to mask the primary karyotypic event. The
latter can be established in tumors either by ultimately exam
ining those (however rare) with only one chromosome change,
thus pointing to it as the primary one, or by establishing in a
sufficiently large number of samples of a particular tumor a
recurrent and well-defined cytogenetic change. The difficulty in
defining the primary chromosome change in solid tumors is
particularly true of carcinomas; sarcomas often have a single or
a few karyotypic events, thus facilitating the establishment of
the primary chromosomal change in such tumors.

ProblemsSpecificforSolid Tumor Cytogenetics

A significant percentage of solid tumors have a very low
mitotic index, necessitating culture of the cells, which may not
be successful in all cases or may lead to overgrowth by normal
(diploid) cells. Additionally, as often as not, the dominant cells
following prolonged culture may not necessarily represent the
major clone in the tumor in vivo and generally tend to have a
large number of chromosomes with an array of numerical and
morphological chromosomal anomalies.

The morphology of the chromosomes in solid tumors is more
often fuzzy and less than optimal for detailed analysis than the
cell morphology encountered in leukemias. This aspect of solid
tumors, however, has largely been overcome by recently intro
duced innovations in tissue culture and cytogenetic methodol
ogies (14â€”17).These innovations include a number of steps,

some of which were established in our laboratory (16, 17), the
most crucial of which consist of prolonged exposure of the cells
to collagenase, the use of a modified hypotonic solution for the
swelling of cells, the use of methotrexate for clearer banding of
chromosomes and, most importantly, frequent examination of
the cells in culture for their mitotic activity in order to establish
the peak of such activity. This means that usually cytogenetic
examination of solid tumors requires not only more time and
effort than do leukemic cells but also expertise in tissue culture
techniques and knowledge of cell morphology and behavior in
vitro.

Solid tumorsarefrequentlyinfected(jarticularlythose of the
gastrointestinal tract, lung, and cervix), so that upon culture,
even for a brief period of time, the infecting organisms destroy
the tumor material or make cytogenetic examination impossi
ble. In addition, for optimal chromosome results, viable tumor
tissue is necessary; however, some tumors are necrotic and may
not yield sufficient metaphases for analysis.

The presence of cytogenetically normal cells in tumors is not
unexpected since occasionally stromal and supporting elements
in carcinomas and sarcomas appear to be of normal tissue
origin. Another possibility is infiltration of the tumors by
normal leukocytic elements, not a rare finding in some cancers.
Although it may be contended that such cytogenetically normal
cellsareneoplastic,it isourviewthatif theyare,thechanges
are beyond the resolution of cytogenetic techniques presently
used.

Refinements in cytogenetic techniques for examining tumors
have led to higher rates ofsuccess in establishing the karyotypic
changes in solid tumors. The result is that not only are more
and more such tumors being characterized cytogenetically, but
also, as in the case of the leukemias,subtypeshavebeenshown
to exist within previously assumed types (6). Thus, it is our
contention that all cancers (or any other neoplastic entity) will
be shown cytogenetically to consist of a number of well-defined
subtypes, each being of different or unique causation or cellular
background and inviting individual approaches to their classi
fication and therapy, as will be developed below.

TumorCytogenetics,Histopathology,andBeyond

No one will deny the key role played by histopathology in
the diagnosis and management of human cancer. Taken in
conjunction with the clinical background, the histological char
acterization of a tumor and its assignment to a defined entity
often allow prediction of its biological behavior. Treatment
protocols are usually based on these criteria. The more accurate
the histological diagnosis and the more universally accepted the
classification of tumors, the more optimized will be the man
agement of the tumor. Keeping in mind this ultimate goal,
which is refinementand selection of appropriatetreatment,it
is not surprising that defining new tumor cell markers has been
a continuous effort in a number of fields. In this quest, tumor
cytogenetics is becoming an important and extremely useful
tool. The finding of chromosomally defined markers in some
tumor entities has provided insight extending not only beyond
morphological, cytochemical, and electron microscopy, but also
beyond more refined techniques such as immunohistochemis
try. The number of entities in which a specific chromosomal
pattern has been defined is still very small and often restricted
to rare tumors (Table 1). In addition, with the exception of
Ewing's sarcoma, meningioma, and mixed tumors of the sali
vary gland, the number of such rare tumors chromosomally
investigatedin eachentityrarelyexceedsa dozen. However,the
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Table 1 Specific(primary)chromosomechangesin tumors

Tumors Chromosomechanges

â€”22,22q-
t(3;8@p21;ql2),t(9;l2@pl3-22;q13-

15)
twithl2ql4
12q-,+8

results obtained are cogently demonstrative of the potential
usefulness of tumor cytogenetics as a diagnostic aid, in addition
to providing a better understanding of the origin of the cells
and their subsequent biological behavior. We will demonstrate
below this promising contribution of cancer cytogenetics to the
refinement of the diagnosis and histogenetic classification of
tumors, malignant as well as benign. Examples will be taken
from chromosome studies in Ewing's sarcoma, other sarcomas,
and lipoma. However, we will first present a tentative classifi
cation of chromosome markers in tumors in relation to the
histology of the tumors.

ChromosomeMarkers and Their Relation to Histology

The classification of chromosome markers in tumors pro
posed here is based on various degrees of correlation [discussed
elsewhere (6)J and, therefore, specificity which may exist be
tween the chromosome change and the histological definition
ofa tumor.

â€œSubtype-relatedâ€•Chromosome Markers. The marker chro
mosomes in this class have the highest degree of specificity
since they are associated with a precise tumor subtype as
histologically defined within a tumor type. Such a marker
chromosome can characterize the subtype and support the
histological definition. For example, within the liposarcoma
type, the histological myxoid subtype is the only one to exhibit
the translocation t(12;l6@ql3;pl 1) (18â€”20).In a recent study
of chromosomes in a series of 21 liposarcomas, this transloca
tion was found in all of the myxoid liposarcomas (6 of 6),
whereas other types of chromosome changes were observed in
the well-differentiated and pleomorphic subtypes (21). Rhab
domyosarcoma of the alveolar subtype is associated with a
translocation t(2;13)(q37;q14) (22â€”26)which is not observed in

CHROMOSOMES IN SOLID TUMORS AND BEYOND

the embryonal form (27). By extension, it is possible that the
deletion del(3)(p14p23) characterizes a subtype within lung
cancer usually of small cell histology (28). In these circum
stances we may assume that the critical chromosome re
arrangement occurred in a particular cell line already commit
ted to differentiation.

â€œEntity-relatedâ€•Chromosome Markers. Chromosome
markers may be found in association with histologically
defmed types of tumors whatever their possible subtypes.
Synovial sarcoma consistently exhibits a translocation
t(X;18)(pl1.2;ql1.2) not only in its classicalbiphasicpattern
but also in its monophasic form (spindle cell-like or epithelial
cell-like) (29â€”32).

â€œCellLine-relatedâ€•Markers. An identical chromosomal
change may be observed in a tumor derived from cells of the
same lineage but at different levels of differentiation. Germ cell
tumors of the testis, such as seminoma, teratoma, and em
bryonal cell carcinoma, are a group of tumors at various differ
entiated states but defined by their derivation from germ cells.
However, almost all of them exhibit an isochromosome for the
short arm of chromosome 12, i(12p) (33, 34).

These last two categories of markers represent evidence that
a critical chromosomal rearrangement may occur in an undif
ferentiated stem cell which under certain circumstances [e.g.,
additional genetic event(s) and/or different microenvironment]
may undergo malignant transformation at various stages of
differentiation.

Chromosome Markers Defining Tumor Subtypes. The pre
vious types of chromosomal markers were applied in support
ofhistologically already defined subtypes ofgiven tumors. TCC@
of the bladder (and other parts of the urinary tract) exemplifies
the type of tumor in which subtypes have been defined only
cytogenetically. Whereas this tumor type has not been histolog
ically subdivided into clear-cut subtypes, several chromosome
markers have been observed in association with TCC, i.e.,
trisomy 7, monosomy 9 or 9q-, an isochromosome for the short
arm of chromosome 5 or 5q-, and deletion in the short arm of
chromosome 11 (35â€”38).That the chromosome markers may
differentiate subtypes within bladder TCC with distinct biolog
ical patterns is supported by the higher aggressiveness of blad
der tumors with trisomy 7 versus monosomy 9 (39). It is clear
that a similar histological appearance of cancer cells, however
detailed and sophisticated the histological approaches, does not
necessarily mean similarity in biology. Thus, it should be ex
pected that a number of different primary cytogenetic changes
may be found within a previously defined tumor entity, each
possibly characterizing a subtype within the entity.

Chromosome Markers Associated with Various Tumor Enti
ties. Certain recurrent chromosome changes may be seen in
tumors of different origin and biology. For example, a deletion
in the short arm of chromosome 3 (common region deleted,
3p14) is shared by renal cell carcinoma (40â€”43),small cell
cancer of the lung (28), and mesothelioma (44). In the examples
just cited it has yet to be demonstrated whether the chromosome
changes are, in fact, primary or secondary in nature. Further
more, they also point to the present limitations of the cytoge
netic techniques in differentiating the location of breakpoints
within a band area, if differences, in fact, exist. Molecular
approaches of a nature to be discussed below may have to be
applied to establish possible differences in conditions in which
the chromosome changes appear to be similar if not identical.

4 The abbreviations used are: TCC, transitional cell carcinoma ES, Ewing's

sarcomaLPS,liposarcoma@kb,kilobases;PFGE,pulsedfieldgelelectrophoresis
CML, chronic myelocytic leukemia Ph, Philadelphia chromosome.

Benign
Meningioma
Mixedtumorsofsalivaryglands

Lipoma
Colonicadenomas

Adenocarcinomas
Bladder
Prostate
Lung (SCLC)a
Colon
Kidney
Uterus
Ovary

Sarcomas
Liposarcoma(myxoid)
Synovialsarcoma
Rhabdomyosarcoma(alveolar)
Extraskeletalmyxoidchondrosar

coma

Embryonalandother
Testicularand ovariandysgermi

noma(germcell tumors)
Retinoblastoma
Wilms' tumor
Neuroblastoma
Malignantmelanoma

Mesothelioma
Ewing'ssarcomaand peripheral

neuroepithelioma

i(5p),+7,â€”9/9q-,l Ip
del(1O)(q24)
del(3)(p14p23@
I2q@,b+7,b+8, +12,b17(ql I?â€•
del@3)(@11-p2l)
Iq
6q-,â€•t(6;14@q2I ;q24)

t(12;16)(q13;pl1)
t(X;I8Xpll.2;qI1.2)
t(2;l3@q37;q14)
t(9;22@q3l;ql2.2)

i(12p)

del(1l)(pl3)c
del(l@p32p36)
del(6@ql1q27),â€•i@6p)!'

del(1)(p11p22),t(1;19)(ql2;q13)
del(3)(p13-p23)
t(11;22@q24;q12)

a SCLC, small cell lung cancer.
b Not yet proved to be primary.

C Associated with a constitutional chromosome change.
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CHROMOSOMES IN SOLID TUMORS AND BEYOND

Lesson Learnedfrom Cytogenetics in Ewing's Sarcoma

When a particular marker chromosome is confined to a tumor
cell type then the cytogenetic information can be invaluable in
the diagnosis and classification of such a tumor. ES and soft
tissue sarcomas are rare neoplasms but entities in which, at the
present time, the quest for cytogenetic markers has been most
successful.

Cytogenetics of ES and Its Diagnosis. ES is a rare tumor
occurring in children and adolescents, typically developing from
bone. The diagnostic problem presented by ES is basically due
to its monotonous cell composition made up of small, round,
and poorly differentiated cells. The cells display no distinctive
morphological features in light or electron microscopy. Even
the most sophisticated immunohistochemical methods using
antibodies directed against cell surface markers and intracyto
plasmic products or components have failed to provide specific
criteria for characterizing ES (45). Therefore, the diagnosis of
ES is often considered after elimination of other small round
cell tumors which, in childhood, include rhabdomyosarcoma,
primitive bone lymphoma, and especially neuroblastoma (46).
Unlike ES, the morphological and functional features charac
terizing these entities in combination with the clinical data
usually allow their diagnosis. However, rhabdomyosarcoma and
neuroblastoma may lack any features of differentiation; thus,
when they occur at anatomic areas common for ES, the differ
ential diagnosis may be impossible to establish. This situation
is highly undesirable because the therapeutic approaches and
their success for each type of tumor are different.

In 1983 a reciprocal translocation t(1 1;22@q24;ql2) was
described in ES cell lines and tumor cells (47â€”50).Since then,
a total of 70 ES cases have been chromosomally investigated
(51â€”60)and the translocation has been found in 90% of the
cases. RÃ§portson such a high number of cases of a rare tumor
are evidence of the interest brought about by the discovery of
the translocation. In an additional 5% of the cases, variant
translocations have been seen involving the same region on
chromosome 22 (band 22q12). The translocation t(1 1;22) has
been observed in typical skeletal ES as well as in the unusual
extraskeletal subtype. Such a chromosome abnormality has not
been described in the other tumors of the small round cell
group. The translocation t(1 1;22)(q24;q12) is therefore, at the
present time, the only positive and reliable criterion for the
diagnosis of ES.

Cytogenetics of ES and Peripheral Neuroectodermal Tumors
andtheHistogenesisof ES.As a consequenceof theabsenceof
any criteria of differentiation, the problem of the origin of ES
has been a subject of controversy since the first description of
this entity by Ewing in 1921 (61). An origin from a noncom
mitted primitive mesenchymal cell has been until recently the
favored hypothesis (62, 63). However, a neuroectodermal origin
was suggested by the demonstration of neuroectoderm-associ
ated antigens in ES cell lines carrying the translocation
t(11;22)(q24;q12)(64,65).

Cytogenetic findings in ES and peripheral neuroectodermal
tumors brought new evidence for the origin of ES cells. After
the description of the t(l l;22)(q24;q12) in ES cells, a micro
scopically identical translocation was described in peripheral
neuroepithelioma cells (58, 66). The latter is a very rare entity,
the morphological and biochemical features of which (e.g.,
neurosecretory granules and positivity to neuron-specific eno
lase) are those of neuroblastoma. The anatomic localization
(outside known sympathetic nervous system ganglia) of periph
eral neuroepithelioma distinguishes it from neuroblastoma(67).

Peripheral neuroepithelioma is considered to be derived from
neural crest cells and is included in the so-called peripheral
neuroectodermal tumors (68). On the basis of the chromosome
translocation presented in both ES and peripheral neuroepithe
lioma cells, their assignment to the same cell lineage has then
been suggested and a common origin from a neural crest cell
(neuroectodermal cell) proposed (58). Another entity, the ma
lignant small cell tumor of the chest wall described by Askin et
a!. (69), alsoexhibitsa translocationt(l 1;22@q24;ql2)(58, 70).
Neural elements have been identified in Askin's tumors which
are believed to be identical to those of peripheral neuroepithe
lioma except that Askin's tumors present as chest wall neo
plasms rather than occurring on an extremity (71). As a matter
of fact, the clinical, morphological, and histochemical distinc
tion between peripheral neuroepithelioma, Askin's tumor, and
Ewing's sarcoma is extremely subtle (72, 73), raising the hy
pothesis that ES could be a more undifferentiated form of a
group oftumors ofneuroectodermal origin including peripheral
neuroepithelioma and Askin's tumor. This hypothesis is SUP
ported by the common translocation t(l 1;22@q24;q12), al
though the identical function of this translocation in these
entities has not yet been proved. The discussion about histogen
esis and classification ofES not only is ofacademic interest but
also provides a cogent example of the practical application of
chromosome findings in the therapeutic management of tu
mors. The classification of ES within the group of neuroecto
dermal tumors has led to a reevaluation of the treatment of
peripheral neuroepithelioma and Askin's tumor. Both tumors
are treated with chemotherapeutic regimens designed for neuro
blastoma, as they were considered to be atypical neuroblastomas
rather than distinct entities (71). However, both tumors have
been shown to be particularly resistant to these therapeutic
protocols. The defmition ofthe entity â€œneuroectodermaltumor
with t(1 1;22@q24;ql2)â€•has led to the suggestion that treatment
regimens known to be effective in ES should be tried in neuro
epithelioma and Askin's tumor (71).

Chromosomesand Cl&csificationof Subtypesof Soft Tissue
Sarcomas

Soft tissue (mesenchymal) tumors are rare entities represent
ing less than 1% of human neoplasms. As a consequence, they
have been the least understood and most inadequately treated
group of solid tumors (74, 75). A wide range of histological
appearances can be seen within this group and it is often difficult
to append a clear-cut designation to a soft tissue tumor. An
estimated 10 to 20% of soft tissue sarcomas cannot be accu
rately classified by light microscopy (76) although it is possible
that the use of immunohistochemical techniques may reduce
this number. Cytogenetics in this area is also emerging as a
potentially promising tool for the characterization of cells and
lineages independent of their structural and functional pheno
types. The number of soft tissue sarcomas characterized by a
consistent specific chromosome marker is still small (Table 1)
asisthenumberofcasesofchromosomallyinvestigatedtumors
of each subtype. However, these few examples have already
proven the usefulness of the cytogenetic findings, as will be
discussed below.

Myxoid Tumors of Soft Tissue. Myxoid (mucopolysaccharide
material producing) tumors of soft tissue, a small but broad
group of tumors including more than 10 histological subtypes,
may cause various problems in histological interpretation (77,
78). Among these, the distinction between myxoid LPS from
the myxoid variants of malignant fibrous histiocytoma presents
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CHROMOSOMES IN SOLID TUMORS AND BEYOND

a problem which is not negligible as both subtypes are consid
ered the most frequent of soft tissue sarcomas (76, 77). The
demonstration of the highly consistent translocation
t(l2;16@q13;p1 1) specifically restricted to myxoid LPS (2â€”5)
provides, therefore, a reliable and distinctive marker differen
tiating these two subtypes (79).

Poorly Differentiated Soft Tissue Sarcomas. A frustrating
situation in pathology is the lack of any specific cellular differ
entiation in some tumors. The undifferentiated or pooly differ
entiated soft tissue sarcomas in adults represent one of these
situations, similar to the problem encountered in small round
cell tumors in children, mentioned in a previous section. Cyto
genetics may be a powerful tool in the differential diagnosis of
these conditions. We will illustrate this by presenting an ex
ample from recent experience. There are now more than 10
synovial sarcomas in the literature in which a consistent and
specific reciprocal translocation t(X;18)(j,1 l.2;qll.2) has been
found (29â€”32).This karyotypic change was seen regardless of
the subtype, i.e., biphasic or spindle cell monophasic synovial
sarcoma. In half of the cases in which it was determined, the
diagnosis was supported by the presence of keratin proteins
(29), a fmding thought to differentiate synovial from other
sarcomas. However, in one case the histological diagnosis could
not go further than that ofan â€œunclassifiedpoorly differentiated
soft tissue sarcomaâ€•and lacked any specific immunohistochem
ical characteristics, in particular, keratin proteins. The dem
onstration of the translocation t(X;18)(j11.2;qIl.2) in this
particular case finally suggested its classification in the group
of synovial sarcomas.

It may be questioned whether the precise subclassification of
soft tissue sarcomas is of value to clinicians treating patients.
Some authors have claimed that reliable grading criteria, which
are still not available for many soft tissue tumors, will be helpful
(80). However, until the classification of these sarcomas is
rigorously established, including the information supplied by
cytogenetics, and the various conditions are specifically identi
fled, it may be impossible to plan proper therapeutic approaches
to these sarcomas and their subtypes.

Chromosomesin Lipomas and Beyond

There has been longstanding general contention that benign
tumors have a normal chromosome constitution. This assertion
was basedon the absenceof atypical nuclei and mitotic figures
in benign tumors (versus numerous and/or bizarre abnormalities
of interphasic nuclei and mitoses in malignant tumors) as well
asconclusionsbasedon occasionalcytogeneticstudiesin the
prebanding era (7) rather than on series ofcytogenetically well
documented cases.

For years the only â€œexceptionsto the ruleâ€•have been the
studies in meningioma which demonstrated in more than 50%
of the cases investigated a monosomy of chromosome 22 (or
less frequently a deletion of 22q) (81). More recently, cytoge
netic investigations in mixed salivary gland tumors (pleo
morphic adenomas of the salivary gland) have shown specific
involvement of chromosomes 3, 8, and 12 (82) in half of the
cases studied. We have recently discussed these results and their
potential meaning (6). We would like here to focus on the
cytogenetic data obtained in a series of benign adipose tissue
tumors, the results of which are all the more significant since
cytogenetic data are also available in their malignant counter
parts, a situation which is unique.

There is consensus in designating benign lipomatous tumors
as lipomas and their malignant counterparts as liposarcomas.

To be faced with the decision as to the benign versus malignant
nature of a proliferation (tumor) is probably one of the most
crucial challenges faced by histopathologists. Until the histo
logical criteria become more discriminating, it is ultimately the
clinical criteria which are used to designate as benign prolifer
ations those which may or may not recur and do not metastasize
and as malignant those which recur and/or metastasize (76,
83). Criteria which allow the differentiation of benign from
malignant tumors will not only be useful therapeutically but
also increase our understanding of the biology characterizing
benign versus malignant proliferations. The following example
will illustrate how cytogenetic results may provide new models
to investigate this crucial question of tumor behavior.

Cytogenetics of Benign Lipomas @ersasMalignant Well-Dif
ferentiated Liposarcoma. Within the adipose tissue tumors, s.c.
lipomas are undoubtedly benign proliferations according to
clinical and histological (mature, well-differentiated cells with
out atypia) criteria. Myxoid LPS, as well as the round cell and
pleomorphic LPS, are malignant proliferations (76, 83). In
contrast to this clear-cut behavior are the following prolifera
tions. Some lipomatous proliferations seated in the subcutis or
within the muscle are clinically benign. However, similar pro
liferations located in the retroperitoneum have clinically a
malignant behavior although they display histological patterns
similar to the s.c. and i.m. tumors. The label â€œwell-differentiated
liposarcomaâ€•has been applied to the retroperitoneal category.
However, the terms used to designate the nonretroperitoneal
tumors constitute a matter of controversy among histopathol
ogists. The s.c. and i.m. categories have been named â€œatypical
lipomaâ€•and â€œatypicali.m. lipoma,â€•respectively (84). In fact,
this nomenclature has been favored and used by some authors
(83). However, the label â€œwell-differentiatedlipoma-like lipo
sarcomaâ€•has been used for the last category of tumor by other
authors (76), exemplifying the difficulties encountered by his
topathologists in classifying mature fat cell proliferations.

Chromosomal studies performed on lipomas (>33 cases stud
ied to date) (21, 85â€”88)have revealed consistent chromosome
rearrangements in 70% of the cases. In 50% of the cases the
nonrandom chromosome change is a reciprocal translocation
involving the region q13 or q14 of chromosome 12, which is
exchanged with various segments of other chromosomes (21,
85â€”87).In 15%of the cases,oneto severalcopiesof a ring
chromosome have been observed (88). Therefore, three
subgroups of lipoma may be characterized cytogenetically: (a)
those with a normal diploid chromosome set (b) those with
translocations involving l2ql 3 or q14; and (c) others with ring
chromosome(s). All ofthese lipomas are considered true benign
lipomas. The first lesson to be taken from these studies is that
a consistently abnormal chromosome pattern may characterize
a benign entity and that the finding of chromosome abnormal
ities in a tissue proliferation is no longer a criterion for malig
nancy. Such results confirm the conclusions arrived at by those
studying meningiomas and pleomorphic adenomas of the sali
vary glands (81â€”82).Other conclusions from the cytogenetics
of lipomas may be drawn when their histological subclassifica
tion is considered. It then appears that atypical i.m. lipomas
may be cytogenetically subdivided into 2 subcategories. One
has a translocation with 12q13 or q14, an abnormality which
is shared with typical s.c. lipomas, and another is characterized
by ring chromosomes. In the absence of a precise definition of
the constitution of the ring chromosome(s), one must be cau
tious in giving a specific significance to such an abnormality.
However, the situation is extremely puzzling in that we have
also observed ring chromosome(s) (as the only anomaly in 2
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cases) in all (except one) of 8 well-differentiated liposarcomas
(21). Moreover, these well-differentiated LPSs were all retro
peritoneal, a localization that Evans et al. (84) have used to
differentiate this malignant entity from the atypical i.m. lipoma.
Whether these atypical i.m. lipomas with ring chromosome(s)
have a malignant behavior and fall into the category of â€œwell
differentiated lipoma-like liposarcomasâ€•has yet to be investi
gated. A long-term follow-up of these patients and careful
reexamination of the histological pattern, as well as more
cytogenetic studies, may lead to a more accurate definition and
identification of the ring chromosomes. Alternatively, it is also
possible that retroperitoneal well-differentiated LPSs evolve
from preexisting clinically silent atypical lipomas in the retro
peritoneal area.

Cytogenetics in Benign Lipomas versus Malignant Myxoid
Liposarcomas. In regard to the question of the possible trans
formation of benign into malignant lipomatous proliferations,
even more puzzling are the cytogenetic patterns shared by
lipomas and myxoid liposarcomas. Most authorities seem to
concur that in general very few benign neoplasms of soft tissues
can be regarded as precancerous in nature and that, specifically,
the vast majority ofmalignant lipomatous tumors are malignant
from the very beginning (76, 89).

Against this background are the very interesting and provoc
ative cytogenetic data obtained in myxoid liposarcomas and
typical lipomas. Both entities share a consistent chromosomal
translocation involving very close, if not identical, regions on
chromosome 12, i.e., band l2ql3 in myxoid LPS and region
l2ql3 or q14 in typical lipoma (Fig. 1). As already pointed out
earlier in this section, typical lipoma and myxoid LPS are
unanimously considered as benign and malignant prolifera
tions,respectively.Thus,althoughthe chromosomechanges
cannot serve as reliable differentiating criteria of lipomas versus
myxoid liposarcomas, they have nevertheless pointed to a spe
cific area on chromosome 12 to which studies should be di
rected. The fact that both the benign and malignant prolifera
tions share the same chromosome region in their consistent
rearrangements may serve as an excellent model for the study

12

of molecular events underlying benign versus malignant prolif
eration. One of the first steps is to investigate at the molecular
level the proximity of the breakpoints in these two entities and
to ascertain whether these breakpoints fall within the same
gene. From these investigations, at least in adipose tissue tu
mors, light may be thrown on the benign and malignant phe
notypes and behavior as well as on the interrelationship between
these conditions, particularly in regard to the question ofâ€•spon
taneousâ€•transformation of a benign into a malignant state.

MolecularCancerCytogeneticsbeyondChromosomeBands

Malignant Genotypeand Phenotype

The malignant phenotype is the ultimate result of changes in
the genotype of the cell. One major problem in cancer research
is to definepreciselythegenotypechangesin malignantcells
and how these changes may influence the phenotype.

Molecular genetics provides a set of techniques theoretically
capable of isolating any gene from the genome. Thus, molecular
genetic studies can potentially provide a detailed understanding
of genotype changes. However, these techniques are not often
directly useful for identifying the altered DNA sequences in
neoplasia. Clues from other information sources must be used
to direct the molecular efforts to the correct region of the
genome. How can the gene or genes that have been affected by
the genotype change be identified? Moreover, once affected
genes have been identified, how can the primary change respon
sible for malignant transformation be distinguished from see
ondary changes that may relate to metastatic potential or tumor
progression?

Cytogenetic analysis provides a most useful and widely used
tool for identification of genotype changes and is the only
approach that can distinguish between primary and secondary
changes. In addition, this analysis can provide clues to distin
guish between dominant and recessive mechanisms of neoplas
tic transformation. In the spectrum of possible genotype
changes, cytogenetic analysis can detect those changes that
affect regions greater than about 3000 to 5000 kb (Fig. 2). If
the change affects less than this amount, cytogenetic analysis
will fail to detect it.

Visible cytogenetic changes in tumors can be divided into two
broad categories and several subcategories, as described prey
ously. Numerical changes, which consist of additions or losses
ofwhole chromosomes, will result in either minor amplification
or loss of heterozygosity for complete chromosomal sets of
genes. Such changes will affect gene dosage for thousands of
genes simultaneously. Structural abnormalities include trans
locations, inversions, deletions, insertions, and amplifications.
These changes can alter specific genes that are located at the
breakpoints or they can affect dosage (90).

MolecularStudiesofGenotypeChangesin Neoplasia

Molecular genetics techniques have been very effective when
applied to structural rearrangements in neoplastic cells that
alter specific known genes (91). Many types of dosage changes
have also been studied molecularly. However, because dosage
changes often involve simultaneous alteration of large blocks
of genes, as in the addition or loss of whole chromosomes or
chromosome arms, the specific genes responsible for altering
the cellular phenotype have been difficult to identify.

A major problem exists that can be stated as follows. How
can cytogenetic data be used to consistently identify and isolate
the genes affected by the rearrangement in question? When
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breakpoints occur in chromosomal regions that contain few or
no mapped genes, standard Southern blot analysis cannot hope
to identify the rearranged sequences without serendipity. The
crux of this problem is the resolution gap that exists between
the largest region that can be studied molecularly and the
smallest region that can be discerned cytogenetically (Fig. 2).
Thegaprangesfromabout100kbatthemolecular(small)end
to around 3000â€”5000kb at the cytogenetic (large) end, espe
cially considering the poorer chromosome morphology in solid
tumors.

An understanding of the biology of a tumor cell will require
an understanding of the genotype changes that are present in
the tumor cell. To do this most efficiently, one would like to
start with cytogenetic identification of a consistent and specific
change in the tumor. Then, one would like to apply a set of
techniques with increasingly finer resolution ultimately to iden
tify and study the genes that are affected by the observed
changes. It has not been possible to do this consistently until
the recent introduction of new technologies, especially PFGE
(92, 93). The following sections briefly review the molecular
approaches that have been used to study genotype changes in
neoplasia. The final section will discuss the applications of
PFGE to chromosome rearrangements in neoplasia. Other
technological innovations, such as construction of hopping
libraries (94â€”96)and artificial yeast chromosomes (97), may
ultimately prove useful in this endeavor but will not be discussed
here.

NIH 3T3 Assay

Apparently dominant oncogenes have been isolated using
transfection of tumor DNA into NIH 3T3 cells (98). This assay
has permitted isolation of activated ras oncogenes that are
capable of converting the preneoplastic phenotype of NIH 3T3
cells into a full-blown malignant phenotype. Occasionally, a
new transforming gene has also been identified (99). The NIH
3T3 transformation assay is unique in that no previous knowl
edge about karyotypic changes in the tumor cells is necessary.
However, this approach cannot distinguish between primary
and secondary changes.

Amplified Sequences

Nearly all other molecular genetic approaches benefit greatly
from careful cytogenetic evaluation of the malignant cell. For
example, cytogenetic analysis can detect homogeneously stain
ing regions or double-minute chromosomes, hallmarks of gene
amplification. The amplified sequences can then be isolated
and studied using molecular techniques, as recently described
for a glioma-specific gene, GLI (100). Such large-scale ampli
fication is generally thought to result in the dominant transfor
mation of neoplastic cells.

RecessiveOncogenes

Certain malignancies such as retinoblastoma and Wilms'
tumor are thought to arise through a recessive or â€œantionco
geneâ€•mechanism (101). Loss ofa gene that codes for a negative
regulatory protein could lead to uncontrolled synthesis of other
gene products. Ifthese gene products are involved in the cellular
proliferation pathway, uncontrolled growth and cell division
could result. The cytogenetic hallmark of gene loss is loss of a
chromosome or subchromosomal band. Thus, various types of
deletions, including monosomy, when present as primary
changes in specific tumor types, suggest that recessive mecha
nisms may be responsible for the transformation events. Cyto
genetic analysis of normal cells from certain retinoblastoma
and Wilms' tumor patients revealed constitutional deletions of
particular chromosomal regions: 13q14 and 11p13 in retino
blastoma and Wilms' tumor, respectively. These observations
provided the impetus to look carefully in tumor DNA for loss
of heterozygosity. Southern blot analysis of DNA from retino
blastoma patients and their corresponding tumors using restric
tion fragment length polymorphism-detecting DNA probes
ultimately revealed the loss of heterozygosity consistent with a
recessive transformation mechanism (102). Restriction frag
ment length polymorphism analysis of tumor DNA could be
applied in this way to a variety oftumors that display consistent
loss of particular chromosomal regions including small cell
carcinomas of the lung and renal cell carcinomas (103, 104).
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Rearrangement Breakpoints: Lessons from Leukemia and of a normal gene product, from the rearrangement in CML
Lymphoma@ whichproducesa novelchimericgeneand geneproduct.

A primary function for cancer cytogenetics has been the
detection of consistent chromosome rearrangements in malig
nant cells: translocations, inversions, duplications, and inser
tions. Given these cytogenetic clues, it has been possible in
certain cases to identify and study the genes directly affected by
the rearrangement. Results from leukemias and lymphomas
form the paradigm for this analysis and will be briefly reviewed
here since similar extensive analyses from solid tumor examples
do not yet exist.

CML and the Ph Chromosome. The cytogenetic hallmark of
CML is the Ph, the result of a consistent and recurrent trans
location between chromosomes 9 and 22, t(9;22@q34;q1 1)
(105). When the oh! oncogene was mapped to 9q34, it suggested
that this oncogene might have a role in CML (106). Subsequent
analysis of a Ph chromosome isolated in a somatic cell hybrid
demonstrated that aM was translocated from chromosome 9 to
the Ph (107). In situ hybridization was used to show that the
immunoglobulin A light chain gene was retained on the Ph
chromosome (108) while the sis oncogene was translocated to
the distal tip of 9q (109). Thus, the Ph chromosome was shown
to be a reciprocal translocation that moved specific oncogenes.
Although in situ hybridization played a key role in these studies,
results obtained with this technique need to be confirmed by
Southern blot analysis of appropriate somatic cell hybrids be
cause of the possibility of errors (1 10, 111).

Careful analysis of the oh! gene in CML patients led to the
discovery of a molecular rearrangement that affected this gene
and juxtaposed it with a specific region of chromosome 22
termed her (91). Nearly 100% of Ph-positive CML cases have
molecular rearrangements that affect a 5.8-kb her region (91,
112) and generate a chimenc gene consisting of the 5' region
of her linked to the 3' region of abl (1 13, 114). This CML
specific chimera produces a novel mRNA (1 15) and a novel
protein with a kinase activity specific for tyrosine residues (116,
117). It is felt that the production of the her/aM chimeric gene
is essential for the initiation of CML.

The chronic phase of CML inevitably transforms into the
terminal phase or blast crisis. Cytogenetic analysis of cells in
blast crisis has revealed a set of frequently observed secondary
chromosome changes which include extra Ph chromosomes,
+8, and an isol7q (2). Thus, cytogenetic analysis suggests that
the appearance of the Ph chromosome is the primary event in
the malignant transformation of CML and that the extra Ph,
+8, or isol7q changes are secondary events that may presage
the transformation to blast crisis.

Burkitt's Lymphoma. Another well-studied example comes
from the B- and T-cell malignancies, especially Burkitt's lym
phoma. In this lymphoma, translocations involving 8q24 with
either 14q32, 2p13, or 22q1 1 have been consistently observed
(reviewed in Ref. I). It is now well established that these
translocations juxtapose the myc oncogene, which is located in
band 8q24, with genes of the immunoglobulin system, x (on
chromosome 2) or A (on chromosome 22) light chains or the
heavy chain locus (on chromosome 14). The effect of these
rearrangements is to cause constitutive overexpression of the
mycgeneproductin cellsbearingthe translocation.High levels
of myc protein, which is thought to be involved in DNA
replication (1 18), may lead to uncontrolled proliferation of
affected cells. Thus, the rearrangement in Burkitt's lymphoma
has a completely different consequence, i.e., the overexpression

RearrangementBreakpoints: Solid Tumors

There are now several examples of cytogenetic re
arrangements, especially in solid tumors, for which the genes
affected remain unknown even when known DNA sequences
have been mapped to the chromosome bands involved. For
example, as we have discussed previously, Ewing's sarcoma is
characterized by a t(1 1;22@q24;q12). Several genes are known
from the approximate regions of the breakpoints on each chro
mosome, as shown in Fig. 3 (47â€”50).Both the etsl oncogene
(1 19, 120) and neural cell adhesion molecule (NCAM) gene
(121, 122) are close to the breakpoint on chromosome 11, yet
neither gene shows evidence of rearrangement on standard
Southern blots. The sis oncogene, which is distal to the break
point on chromosome 22, has also been examined for re
arrangements and the results are again negative (123). In ad
dition, sis is not expressed in ES (124). The her gene remains

Applications oIPFGE to Chromosome Changes in Solid Tumors

PFGE is an electrophoretic method for the separation of very
large DNA moleculeson agarosegels(92, 93). Standard agarose
gel electrophoresis cannot separate DNA molecules that are
larger than about 30 to 40 kb in size. PFGE can separate
molecules that are over 1000 kb in size and under certain
conditions may be able to resolve molecules far larger. The size
range of molecules resolved well by PFGE, 50 to 2000 kb, falls
precisely into the gap in the resolving power between standard
recombinant DNA techniques and cytogenetics (Fig. 2).

Southern blots prepared from DNA resolved on PFGE gels
can theoretically be used to generate large-scale restriction maps
surrounding any cloned DNA molecule (125â€”130).Such maps
caneasilyexceed1000kbinsize,dependingontheprecise
nature of the DNA sequences in the surrounding area of the
chromosome. Maps of this size, constructed using several

to be examined.

15

12

13

2211
Fig. 3. Schematic presentation showing the breakpoints (arrows) in the trans.

location t(l I;22@q24;ql2) in Ewing's sarcomaand geneslocated at or near the
breakpoints.
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mapped to the approximate region ofthe rearrangement can be
used to examine a large area ofthe genome via PFGE mapping.
It is a significant probability that long-range physical maps
made from clones that are currently available will allow detec
tion of many rearrangement breakpoints. Given this informa
tion it then becomes possible to design experiments to clone
the region of the break itself. In addition, it should be possible
to determine how consistent the breakpoint is with respect to
the genome in a number of independent tumors of the same
typewiththesamefundamentalchange.Theadditionofpulsed
field gel technology to the study ofgenetic changes in neoplasia
should significantly improve our ability to proceed from cyto
genetic information to molecular genetic information, and it
should allow this to happen in a logical and consistent way.
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the degree of heterogeneity at the molecular level. If a chro
mosome band contains 5,000 to 10,000 kb of DNA, then a set
of rearrangements that appear identical cytogenetically may be
spread over a vast region ofDNA. The rearrangement of 12q13
or 14 seen in both lipoma (85â€”87)and liposarcoma (Fig. 1)
(18â€”21)appearsto be difficult to characterize using cytogenetics
only. The actual difference, if any, between these breakpoints
could be assessed by PFGE. Second, identification of the trans
location-bearing DNA fragment should permit direct isolation
of this fragment for cloning purposes.

PFGE holds great promise as a tool for more refined analysis
ofchromosome rearrangements. This higher resolution analysis
should expedite further molecular investigation of the DNA
sequences directly involved in such rearrangements. Because
PFGE is a recent innovation, it has not yet been widely applied
to the problem ofbreakpoint analysis in neoplasia. In fact, there
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order for this technique to be widely applied to solid tumors.
The most important of these is the need to generate single-cell
suspensions for preparation of samples suitable for PFGE. A
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noma. Using PFGE, we have constructed a map that covers
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134) and the bcr gene (135) and to examine translocations of
these genes in Ph-positive CML and acute lymphoblastic leu
kemia patients.

These examples are only the beginning of the applications of
PFGE technology to study cancer chromosome re
arrangements. Given a consistent chromosome change in a
tumor, a set of cloned DNA sequences that have already been
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