Guest Editorial

Fred Gilbert'

Chromosomes, Genes, and Cancer: A Classification of Chromoscme
Abnormalities in Cancer??

That single gene changes are involved in the devel-
opment of cancer is clear from several lines of evidence,
including the existence of familial forms of cancer and
the demonstration that mutagenic agents can act as car-
cinogens. That chromosome abnormalities may also par-
ticipate in tumor initiation and progression is suggested
by the association of specific chromosome rearrange-
ments with particular cancers. However, exactly how
these karyotypic aberrations relate to the putative cancer
genes is uncertain, as are the mechanisms by which single
gene changes contribute to carcinogenesis.

Presented herein is a classification of chromosome
abnormalities in cancer. Three classes will be described:
1) reciprocal translocations, 2) deletions or nonreciprocal
rearrangements resulting in the loss of structural mate-
rial at specific sites, and 3) duplications of whole chro-
mosomes or chromosome segments. Hypotheses con-
cerning the roles played in the development of cancer
by single gene changes produced by each class will be
discussed.

A discussion of the 3 classes, with definitions and
examples, follows.

CLASS 1

Defined.—Reciprocal translocations, in which there is
no significant loss of structural material.

Examples.—The marker rearrangements associated
with particular lymphomas and leukemias, including BL
and CML.

A number of leukemias and lymphomas in man and
mouse have been characterized by specific chromosome
rearrangements. In CML, for example, the tumor cells
in approximately 90% of patients contain the Ph' (), a
small chromosome 22 in which the “missing” long arm
segment is translocated to another autosome, usually a
number 9 (2, 3). The measurement of DNA content in
cells in which the 9/22 translocation is the only cytoge-
netic abnormality, indicates that there is no appreciable
loss of DNA as a result of the rearrangement (reciprocal
translocation) (4).

Other cancers have also been found to contain char-
acteristic translocations in which at least one of the
chromosomes contributing to the rearrangement is con-
stant: with p = short arm and q = long arm, these include
acute promyelocytic leukemia, with t(15q+;17g—) (5);
acute myelogenous leukemia, with t(8q—;21q+) (6); BL,
with t(8q—;14q+) (7), rarely t(8q+;2p—) (8), or
1(8q+;22q—) (9); and non-Burkitt lymphomas, with re-
ciprocal translocations between 14q and different auto-
somes (10).

As with the 9/22 translocations in CML, the reciprocal
nature of these translocations (/1) and the specificity of
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the breakpoints involved suggest that it is the activation
of genes carried by the rearranged segments rather than
the loss of genetic information that contributes to cell
transformation. Among the genes whose activation is
presumed to play such a role are the so-called “transform-
ing sequences” or “oncogenes.”

Several laboratories have now shown that the transfer
of single genes (designated transforming sequences) from
tumor cells to certain nontransformed cells, via DNA
transfection can result in the transformation of the re-
cipient (12-14). Preliminary evidence suggests, as well,
that when transfecting DNA’s are derived from tumors
of the same differentiated cell type (e.g., human bladder
cancer cells), the gene responsible for transformation in
each instance is the same (/2). Moreover, the same
transforming sequence may be activated in tumors of the
same cell type from different species (15).

The transforming sequences from different cancers
are usually different (/6). At least one exception is
known, however. In human lung and colon cancer cell
lines, transforming sequences that appear similar to one
another have been identified (12). A number of trans-
forming sequences have also been shown to be similar to
the cellular homologues of retroviral onc genes (c-onc
genes) (17).

The c-onc genes are normal constituents of vertebrate
genomes. The coding sequences of each are similar to
those of the corresponding v-onc genes carried by retro-
viruses of different species (18). The v-onc genes are
responsible for cell transformation following retrovirus
infection.

ABBREVIATIONS USED: ALV=avian leukosis virus(es); BL=Burkitt’s lym-
phoma; CML=chronic myelogenous leukemia; DMS=double minutes;
HSR=homogeneously staining region(s); LTR=long terminal repeat;
Ph'=Philadelphia chromosome(s).
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The functional significance of the c-onc genes in the
nontransformed cell is unknown. The finding that the
same transforming sequences are present in independent
examples of tumors of the same differentiated cell type
(12, 14, 15), suggests that the c-onc genes play a role in
differentiation. Support for such a role has come from
reports that the levels of transcription of individual c-onc
genes are different during particular phases of prenatal
and postnatal development in the mouse (19) and during
liver regeneration in the rat (20).

That the activation of c-onc genes can be related to the
expression of the differentiated phenotype and the pres-
ence of marker chromosome rearrangements, is sug-
gested by the increased level of transcription of RNA
specific for a single onc gene, c-myc, in certain immuno-
globulin-producing lymphomas, including BL, known to
contain specific chromosome translocations.

The genes responsible for the synthesis of human
immunoglobulins have been assigned to chromosomes 2
(kappa light chain), 14 (heavy chain gene complex), and
22 (lambda light chain), through the analysis of somatic
cell hybrids (21, 22). In both BL and CML, the marker
translocations involve breakpoints in or near the immu-
noglobulin loci assigned to each chromosome- at 2p12,
14932, and 22ql1 (23); in the BL variants, it has also
been found that cells containing t(8;22) synthesize
lambda light chains and that cells containing t(8;2) syn-
thesize kappa light chains (23).

The structural rearrangements that characterize CML
and BL involve, as well, the movement of at least two ¢-
onc genes from their positions in the normal karyotype
to positions adjacent to identified immunoglobulin loci.
In CML, the onc gene ¢-abl is moved from chromosome
9q to a position on chromosome 22q near the lambda
light chain locus (24); in BL, the onc gene c-myc is moved
from its position on chromosome 8q to a position adja-
cent to the heavy chain gene complex on chromosome
14q (25). An analogous situation exists in the mouse
plasmacytomas that contain reciprocal translocations be-
tween chromosomes 12 and 15. In these tumors, the ¢
myc gene (on chromosome 15 in the mouse) is translo-
cated close to, or within, the heavy chain gene complex
on chromosome 12 (26).

Although the submicroscopic rearrangements respon-
sible for the deletion and joining of variable and constant
region sequences of the immunoglobulin chain genes can
involve both loci on the homologous pair of chromo-
somes, only one is a productive rearrangement (i.e. able
to direct the synthesis of an intact immunoglobulin
chain). In most, if not all, instances, the marker translo-
cations in the leukemias/lymphomas involve the non-
productively rearranged member of the chromosome
pair (27).

Most important in terms of the control of onc gene
transcription, however, is the finding that following
translocation in both BL and the mouse plasmacytomas,
the myc and heavy chain genes are commonly aligned
head to head, 5’-end to 5’-end (27). In this orientation,
transcription from the myc gene would proceed in a
direction opposite to that dictated by the heavy chain
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gene promoter, if that promoter were active. How, then,
can we explain the increase in transcription of myc-
specific RNA found in almost all of the B-cell ymphomas
of man and mouse that have been analyzed (28)? [An
exception is described in (29)].

It 1s known that there are “hot spots” in the karyotype:
regions that are susceptible to breakage when exposed
to radiation or clastogenic agents (30). One can speculate
that differentiated genes that require submicroscopic
rearrangements for functional activity, such as the im-
munoglobulin genes, constitute another category of hot
spots: that these submicroscopic rearrangements,
whether productive or nonproductive (in terms of tran-
scription), produce an instability in the chromosomes
carrying the genes, predisposing to breakage and the
exchange of segments within the karyotype.

The particular segments participating in such rear-
rangements may or may not be selected at random; the
involvement of segments containing c-onc genes are likely
to be rare events, however (in light of the frequency of
these tumors in the population).

The exchange of segments between chromosomes
could, theoretically, contribute to the activation of genes
carried by those segments in several ways: through the
movement of the gene in question (e.g. a c-onc gene)
away from an adjacent cis-acting suppressor of transcrip-
tion, for example, or through the movement of that gene
next to an endogenous, active promoter of transcription,
or, if the break occurs in the sequence of the gene itself,
through an alteration in processing of the mRNA coded
for by that gene. It is the latter possibility which is
presumed to apply in the mouse plasmacytomas contain-
ing myc-specific RNA that is smaller than that found in
nontransformed cells; the plasmacytoma RNA appears
to be missing a sequence coded for by the 5’-terminal
exon of the ¢-myc gene (27, 29). The explanation for onc
gene activation in other tumors characterized by specific
translocations, is unknown.

There are at least two other mechanisms not involving
translocation by which activation of an endogenous onc
gene might be achieved: point mutation and “promoter
insertion”.

The nucleotide sequences of the oncogenes from two
human bladder cancer lines (E] and T24) have been
found to differ from that of the homologous c-onc gene
cloned from normal tissue (c-Ha-ras") at a single site (31,
32). The base substitution (thymidine for guanosine)
results in the incorporation of valine instead of glycine
in the bladder oncogene-encoded protein, p21. Because
the amount of Ha-ras-specific RNA is essentially the same
in the bladder cancer lines as in normal cells (31), it is
probable that the altered ras gene activity found in the
cancer cells is the direct result of mutation-induced
changes in one or more properties of the gene product.
(One caveat must be added, however. Before a role in
tumorigenesis can be postulated for any point mutation
in an oncogene, it must first be established that such a
change is not simply a population polymorphism.)

“Promoter insertion” refers to the integration of a
sequence directing the active transcription of mRNA
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next to a structural gene (33). The infection of certain
chicken cells by retroviruses known to lack their own
transforming sequences, such as ALYV, is associated with
the insertion of the viral LTR next to an endogenous
onc gene, C-myc. The LTR includes a putative promoter
of transcription; in the lymphomas that follow ALV
infection, an RNA containing both leukosis virus and ¢-
myc information can be detected at levels thirtyfold to
one hundredfold higher than that of c-myc-specific RNA
in normal tissues. This phenomenon suggests a direct
relationship between insertion of the viral promoter and
activation of the endogenous c-onc gene.

Though transfection of the mouse cell line NIH 3T3
by the cloned c-Ha-ras’ gene alone is insufficient to
induce transformation, transformation can be achieved
following transfection by the chimeric DNA resulting
from the ligation of retrovirus-derived L'TR sequences
to the c-Ha-ras' gene (34). However, when DNA from
several tumor cell lines was used to transfect NIH 3T3,
the transformants produced did not contain viral se-
quences linked to the identified oncogenes (35, 36).
Promoter insertion is, therefore, unlikely to account for
oncogene activation in most cancers.

The question remains as to whether activation of an
oncogene is, by itself, sufficient for transformation (i.e.,
are single oncogenes “dominant” genes for cancer?) (12—
14). Against the dominant gene hypothesis is the obser-
vation that the only cell lines that have been transformed
following transfection are certain permanently dividing,
aneuploid lines such as NIH 3T3. It can be argued that
these cells already carry one or more preneoplastic gene
changes and that the transfected oncogene represents
the final step in a multistep process. It has yet to be
demonstrated that the integration of a single exogenous
oncogene into the genome of a completely normal cell
will directly result in the expression of the malignant
phenotype.

Moreover, the identified transforming sequences iso-
lated from cancer cell lines from two different species
were clearly different from the onc genes, which were
activated in these lines. In chicken lymphomas, for ex-
ample, though myc-specific RNA was found to be synthe-
sized at high levels (33), the transforming sequence, as
defined by the transfection-induced transformation of
NIH 3T3, was not myc (36). [ The nucleotide sequence
of the transforming gene, now designated B-lym, appears
to specify a protein that is homologous to part of another
normal constituent of the chicken genome, transferrin
(37).]

Also, in a human leukemia line known to contain high
levels of a c-abl-specific RNA (SMS-SB), the transforming
sequence was shown to be different from c-abl (38). Both
the chicken lymphomas and SMS-SB, therefore, contain
at least two activated genes, each of which is presumed
to be capable of modifying the normal pattern of cell
growth and division.

In summary, reciprocal translocations in cancer cells
are postulated to produce the activation of specific genes,
now termed oncogenes. Oncogenes are likely to be genes
whose expression is normally restricted to particular
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stages of development; once activated, however, they are
expressed constitutively and act to alter the normal pat-
tern of cell growth and division. Whereas an increase in
activity of specific genes can, in theory, be produced by
point mutations in structural genes, by gene multiplica-
tion, and by alterations in mRNA processing or by an
induction of mRNA transcription, it is likely to be the
induction or alteration of specific mRNA that accounts
for oncogene activation in cancers characterized by spe-
cific reciprocal translocations.

CLASS 2

Defined.—Deletions or nonreciprocal rearrangements
resulting in the loss of structural material at specific sites.

Examples.—Deletions in chromosomes 13q and 11p in
retinoblastoma and Wilms’ tumor, respectively.

Three solid tumors of children—retinoblastoma,
Wilms’ tumor, and neuroblastoma, occur in familial and
sporadic forms (39, 40). In familial cases, predisposition
to development of the cancer is transmitted as a domi-
nant trait from parent to child. The inherited gene is,
however, not sufficient for carcinogenesis because not
everyone who receives it develops the cancer and not
every susceptible cell carrying it becomes transformed.
To explain these observations, Knudson proposed the
“two-hit” hypothesis (40), which states that in certain
cancers, at least two gene changes are required for
expression of the malignant phenotype. One can inherit
the predisposing germ line gene (“first hit”), but only
after (at least) a second gene change (“second hit”) has
occurred in a susceptible cell (e.g., a neuroblast) will that
cell become transformed. (In sporadic cases, the neces-
sary “two hits” are assumed to occur as chance events in
the same somatic target cell.)

Consistent chromosome abnormalities have now been
identified in tumor cell karyotypes from each of these
cancers, both from individuals whose constitutional kar-
yotypes are normal and in association with constitutional
deletion syndromes [i.e., the Wilms’ tumor-aniridia syn-
drome (41) and the 13q deletion syndrome (42)]. In each
instance, the chromosome rearrangement (deletion,
translocation) results in the loss of structural material
from a specific site or segment in the genome, in Wilms’
tumor, at 11p13 (43); in retinoblastoma, at 13q14 (44);
and in neuroblastoma, in chromosome 1, distal to 1p31
(45).

Not every example of each tumor type contains the
deleted marker chromosome; in neuroblastoma, for in-
stance, 1p deletions and or rearrangements were present
in only 11 of 14 tumors in one series (45) (Gilbert F:
Unpublished observations). That the same gene may,
however, be involved in the development of all cases of
at least one of these tumors is indicated by family studies
linking a gene for retinoblastoma in chromosomally nor-
mal individuals to another gene (that for esterase D) at
13q14, the site previously identified in the constitutional
deletion cases (46). If the loss of activity of specific genes
is a prerequisite for transformation in particular cell
types (e.g., genes at lp, 1lp, 13q in neuroblastoma,
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Wilms’ tumor, and retinoblastoma, respectively), this
finding suggests that such losses can be achieved through
submicroscopic changes (such as point mutations), as well
as by visible chromosome rearrangements.

How might the single gene changes resulting from
class two abnormalities predispose to carcinogenesis?
The association of particular deletions with cancers of
specific differentiated cell types suggests that contained
within the deleted segments are genes whose normal
responsibility is the control of differentiated function.
Included in this category are genes modifying cell growth
and division, inasmuch as full expression of the differ-
entiated phenotype in certain cell types can be related
to the cessation of cell division (47).

A decrease in activity of such a differentiation-associ-
ated gene could presumably be achieved by deletion of
the structural locus or by point mutation; an increase in
transcriptional activity would likely result from the dele-
tion of a cis-acting suppressor. Among the genes whose
expression might play a role in cellular differentiation,
as noted previously, are the c-onc genes; among these is
c-Ha-ras' (18), which has been mapped to the site of the
deletion in patients with Wilms’ tumor-aniridia syn-
drome, 11p13 (48). Because each band in the normal
human karyotype contains millions of base pairs of DNA,
it is not clear whether the 11p deletion in Wilms’ tumors
results in the loss of all, part, or none of the ¢-Ha-ras’
gene or of a suppressor of onc gene activity.

An alteration in activity of these differentiation-asso-
ciated genes, or their expression at an inappropriate time
in development, could affect the preprogrammed pat-
tern of cell division, which is characteristic of each dif-
ferentiated lineage (49). Such an alteration could lead to
the continued proliferation of certain cell populations
and might produce the so-called “intermediate” lesions
which have been described as preceding cancer in a
number of genetic disorders. Examples of intermediate
lesions include nodular renal blastema (which may pre-
cede Wilms’ tumor) and neuroblastoma-in situ; other
benign lesions which may also become malignant over
time, include the intestinal polyposes in familial polyposis
syndromes and neurofibromas in neurofibromatosis pa-
tients. Presumably, it is the accumulation in individual
dividing cells of these lesions of the gene changes re-
sponsible for malignant transformation, that produces
the cancer.

One can also speculate that the effect specified by
certain “first hits” is a self-limited one, allowing the
somatic target cell (e.g. a neuroblast) to go through a
finite number of divisions before it differentiates or dies.
Indeed, maturation to a benign, more differentiated
tumor, ganglioneuroma, has been reported in cases of
neuroblastoma (50), and spontaneous regression of tu-
mor has been documented in both neuroblastoma and
retinoblastoma (51). Though restricting the number of
divisions a cell could go through would reduce the sta-
tistical likelihood of any “second hit”, it would never be
zero; this fact could account for the coexistence of neu-
roblastoma and ganglioneuroma in the same pedigree.

The loss of specific chromosomes or chromosome
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segments has been associated with only a few other
cancers or conditions predisposing to cancer. These in-
clude meningioma (monosomy 22 or 22q—) (52), small
cell carcinoma of the lung (3p—) (53), and the preleuke-
mias (particularly monosomy 7 and 5, or 5q—) (54). In
the preleukemias, the chromosome change may precede
frank cancer by months to years, again indicating that
the loss of single copies of particular genes (the effect of
deletion or monosomy) is, by itself, insufficient for ma-
lignant transformation.

If it is correct that the gene changes produced by
individual class 2 abnormalities cannot induce cell trans-
formation by themselves, one would predict that the
homologous normal gene from a nontransformed cell
would be capable of correcting the alteration in gene
activity resulting from a class 2 rearrangement (a form
of complementation). The fusion, then, of a nontrans-
formed cell with a tumor cell in which transformation
was the result of multiple gene changes produced by
class 2 abnormalities should initially lead to the suppres-
sion of the malignant phenotype in the hybrids that are
generated. Over time, as chromosomes randomly segre-
gate from the hybrids, the loss of complementing normal
gene activity could result in the reexpression of tumori-
genicity. Evidence supporting the hypothesis that com-
plementation leading to the reversible suppression of the
malignant phenotype can occur in cell hybrids is sum-
marized in (55).

CLASS 3

Defined.—Duplication of whole chromosomes or chro-
mosome segments.

Examples.— Trisomies for chromosomes 8 and 9 and
for 1q and 17q.

“Clonal evolution” (56) refers to the stepwise selection
over time of mutant subpopulations derived from a
common precursor cell. In CML, for example, when
patients enter the terminal acute phase of their illness,
chromosome abnormalmes, in addition to the postulate
class 1 change, the Ph’, are evident in 80% of cases (11).
The most common abnormalities are an extra chromo-
some 8, an extra Ph', a duplication of 17q (either as an
iso(17q) or as an extra No. 17), and an extra chromosome
19. The change in karyotype in such patients is a grave
prognostic sign, with death usually occurring within 3
months (57).

Other nonrandom chromosome changes reported in
the evolution of lymphoproliferative and myeloprolifer-
ative disorders, either preceding or following tumor
initiation, include trisomies for numbers 1q, 17 (or 17q),
8,and 9 (58, 59). Extra chromosomes 1q and 17q have
also been found in solid tumors, including neuroblasto-
mas (59); (Gilbert F: In preparation).

The fact that particular class 3 abnormalities are not
limited to any one tumor type suggests that the genes
involved are not cell type specific. The fact that they
may precede or follow the development of cancer by
months to years (in polycythemia vera, for example,
which predisposes to the development of acute leuke-
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mias), is consistent with the hypothesis that they need
not be directly responsible for carcinogenesis.

Also consistent with this hypothesis is the fact that
constitutional trisomies for chomosomes 8, (parts of ) 9,
13, and 18 are not associated with an increased fre-
quency of cancer. Trisomy 21 (Down’s syndrome) would
appear to be an exception, in that both an increased
frequency of acute leukemias and an unusual hemato-
logic disorder have been reported in a significant fraction
of these patients (60, 61). The neonatal disorder results
from the proliferation of primitive myeloid elements and
resembles a leukemoid reaction. It usually regresses
spontaneously. In individuals mosaic for trisomy 21, the
leukemoid reaction involves cells containing the addi-
tional chromosome (62). Regression of the disorder in
these individuals is paralleled by a decrease in the num-
ber of marrow cells containing the extra number 21.

Trisomy 21 is by itself, therefore, insufficient for
carcinogenesis. The increase in acute leukemias seen in
Down’s patients suggests that the extra chromosome 21
alters the proliferative capacity of a particular cell pop-
ulation, and it is in these cells that the additional gene
change(s) required for transformation occur.

Two novel chromosome abnormalities have also been
associated with the multiplication of single genes in cells.
These abnormalities, HSR and DMS, share unusual
staining properties (63) and have been reported in many
human and experimental animal tumors (64). Evidence
has been presented that indicates that DMS can be
derived from the breakdown of HSR (65).

The functional significance of HSR and DMS has been
established for only a few cell lines; in each instance, the
abnormal segments have been shown to contain multiple
copies of (as few as) a single gene, usually one conferring
resistance to specific drugs (65, 66). This finding has led
to the hypothesis that all HSR and DMS are sites of gene
amplification (63). In most cell lines the particular genes
that have been amplified are unknown. Because most of
the cell lines containing HSR or DMS were from tumors
from untreated patients, it is reasonable to predict that
amplification encompasses a number of genes other than
those conferring drug resistance.

Recently, the human promyelocytic leukemia line HL-
60 has been shown to contain multiple copies of the onc
gene c-myc (67, 68). This line also contains DMS, and
though it has yet to be proved, it is likely that the DMS
carry the multiple copies of c-myc. Two other cell lines
containing HSR-DMS have also been found to contain
multiple copies of particular c-onc genes; the mouse ad-
renocortical tumor line Y1, containing amplified ¢-Ki-ras
(69), and the human colon carcinoma line COLO 320,
containing amplified c-myc (70). In the latter 2 lines it
has been demonstrated (by in situ hybridization) that the
HSR-DMS contain the amplified c-onc gene sequences.

One can conclude that class 3 abnormalities alter the
division of both normal and malignant cells through a
dosage effect. {A possible association between tumor
progression and alterations in gene dosage resulting
from abnormalities in chromosome constitution had ear-
lier been proposed by Ohno (71) and Hsu (72).] The
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fact that class 3 abnormalities tend to accumulate as a
tumor spreads and becomes more refractory to therapy
suggests that the duplication—amplification of particular
genes confers a selective growth advantage on cells in
which such changes occur.

CONCLUSION

Since the first proposal, by Boveri in 1914 (73), of a
possible role for chromosome abnormalities in the de-
velopment of cancer, the precise definition of that role
has remained an important, though elusive, goal of can-
cer biology. The classification I discuss is both an orga-
nization of the nonrandom karyotypic changes that have
been associated with cancer and an attempt to define the
possible genetic consequences of such changes.

Individual cancers, in this classification, are presumed
to be the product of a multistep process; to result from
the accumulation of single gene changes, each of which
alters the proliferative capacity of the involved cell.
[Possible mechanisms by which single gene changes
might contribute to carcinogenesis have also been dis-
cussed in several recent reviews (74-77)].

The first gene change, which can result from chro-
mosome abnormalities of class 1, 2, or 3, as well as from
submicroscopic changes (including point mutations), is
postulated to produce the limited expansion of a partic-
ular cell population. Only after one or more additional
gene changes have occurred in the same cell, however,
will that cell be transformed.

Virus infections may also play a role in the sequence
of changes responsible for carcinogenesis. Epstein-Barr
virus infection, for example, has been associated with
certain human B-cell lymphomas containing a class 1
change—an 8;14 translocation (78). One can hypothe-
size that infection induces the division of certain suscep-
tible cells, and it is in these dividing cells that the accu-
mulation of changes required for cell transformation,
among which may be the gene change resulting from
the 8;14 translocation, occurs.

The gene changes produced by chromosome rear-
rangements of class 2, as discussed, are likely to be cell
type specific. Those produced by class 3 may be cell type
related (as with trisomy 21 and the neonatal leukemoid
reaction), but they are more commonly cell type inde-
pendent. Class 1 changes are cell type associated in that
they can result from breaks at sites involved in the
expression of specific differentiated functions.

Because an increase in gene transcription, or the loss
of gene activity, can also be produced by submicroscopic
changes, it is not necessary that every tumor contain
visible chromosome abnormalities. This is consistent with
the observation that up to 50% of acute leukemias appear
to have normal karyotypes (/1). It is also possible that
this reflects the limitations of previous banding tech-
niques; Yunis et al. (79) have recently indicated that with
high-resolution banding, one can identify chromosome
rearrangements in every acute leukemia.

Because more than one gene is likely to be involved in
the control of differentiation or proliferation in any one
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cell type, the pattern of gene changes responsible for
carcinogenesis in individual cancers may differ (even
within a single type of cancer). Because gene changes
and chromosome rearrangements can develop sponta-
neously following transformation, either or both may
differ in serial tumor samples obtained from the same
patient at different points in his illness. It is also possible
that more than one class of chromosome change may
result from a single event; the nonrandom occurrence
of iso(17q) in hematopoietic disorders, for example, may
reflect both an increase in dosage of genes on 17q (class
3 change) and the loss of genes on 17p (class 2 change).

Reports of specific transforming sequences in only 2
out of several human bladder cancers (12) and in 1 out
of 3 human neuroblastomas (12, 13) would also be
consistent with the development of a class 1 change as
either one of the primary events in tumorigenesis or as
a secondary event following tumorigenesis. The fact that
chromosome abnormalities of all 3 classes, especially class
3, tend to accumulate as cells continue to divide, suggests
that the gene changes produced following transforma-
tion can contribute to tumor progression; that is, to the
capacity of a tumor to invade locally, to metastasize, and,
ultimately, to kill the host.

That abnormalities of both class 1 and class 3 can
produce changes in a single category of normal genes,
the c-onc genes, has been demonstrated in tumors con-
taining specific translocations, such as CML or BL, and
in those containing HSR-DMS, such as HL-60 and
COLO 320; that abnormalities of class 2 may likewise
affect the same category of genes is suggested by the
position of the specific deletion in Wilms’ tumor-aniridia
patients. This raises the possibility that alterations in a
limited number of gene families may be responsible for
tumorigenesis and tumor progression in all cancers.

The classification proposed provides a framework for
future discussions of the significance of chromosome
abnormalities in cancer; the hypotheses generated con-
cerning the roles played by the single gene changes
produced by each of the 3 defined classes of chromosome
abnormalities in cancer can be tested with the use of
current techniques of somatic cell genetics and molecular
biology. Comparisons of the chromosome complements
of individual cancers with clinical course and outcome
should also make it possible to determine whether par-
ticular chromosome abnormalities are of value in defin-
ing prognosis and therapeutic responsiveness.

NOTE ADDED IN PROOF

The product of the oncogene v-sis has recently been
shown to be at least partially homologous to an identified
cellular growth factor, platelet-derived growth factor;
this is the first association between an oncogene and a
protein with a known physiological function in normal
cells (80, 81).

Several laboratories have also demonstrated that the
interaction of at least two transforming agents is required
for the transformation of primary diploid cells from a
number of species. In embryonic rat fibroblasts and baby
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rat kidney cells, for example, the transfection of cloned
DNA from at least two different oncogenes (of viral or
cellular origin) is necessary for transformation (82, 83),
and in hamster fibroblasts, DNA from a cloned oncogene
would produce transformation only in cells already “im-
mortalized” (capable of continuous growth) by exposure
to chemical carcinogens (84). These observations are
consistent with the hypothesis discussed herein that
tumorigenesis is a multistep process.
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