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Dependence and Autonomy

In his classical review on conditioned and autonomous neo
plasms (1) Jacob Furili defined distinct stages in the develop
ment and progression of hormone-dependent tumors. His in
terest in the endocrine organs and their target tissues was based
on the insight that they provided the best available system to
analyze the relationship between well defined host factors that
regulate the number of cells in a given tissue and their targets.
He suggested that the principles derived from the study of
hormone-dependent tissues and their tumors may also be ap
plicable to other cells that are regulated by unknown homeo-
static controls. He found that an initial proliferative lesion
could be induced either by chronic overproduction of a stimu
latory hormone or by prolonged deficiency of an inhibitory
hormone. The same regulatory circuit can be affected by both,
with different consequences, as exemplified by the appearance
of thyroid tumors under the influence of thyrotropic hormone,
and by the development of thyrotropic pituitary adenomas in
animals deprived of thyroid hormone.

Much of Furth's reasoning was based on naturally occurring

or experimentally created hormonal imbalance, due to a chronic
block or other malfunction of normal hormonal circuits. Pro
longed stimulation could induce proliferation, e.g., when thy
rotropic hormone was made to act on its target tissue, the
thyroid. Disappearance or dysfunction of an inhibitor (e.g.,
thyroid hormone) could lead to proliferation in the responsive
tissue (the thyroid-stimulating hormone-secreting cells of the
pituitary).

Tumors induced by a certain hormonal imbalance are usually
dependent on the continued overproduction of the stimulatory
hormone or the persistent lack of the inhibitory hormone that
initiated them and may stop growing or regress completely
when the anomaly is corrected. Furth refers to this as the
"conditioned" or "responsive" phase. Unpredictable, mutation-

like changes that may occur in the cell population already in
the primary host or later, during serial passage in appropriately
conditioned hosts (i.e., syngeneic recipients that have a hor
monal imbalance similar to that of the original host), may give
rise to a subclone that can grow in a hormonally normal host
environment, however. Such "autonomous" clones are often

still responsive; i.e., their growth can be stimulated by the
original hormonal imbalance, even though they are no longer
dependent on it. After further changes in the cell population,
the tumor may become totally unresponsive.

Several important conclusions could be drawn from these
findings. They showed that tumors may be initiated by changes
in the regulatory mechanisms of the host, at least in genetically
susceptible animals. Once established, they could acquire an
increased growth potential, due to subsequent cellular changes.
Furth has reemphasized the earlier argument of Foulds (2) who
perceived the total growth of a cell population as the sum of its
intrinsic and responsive growth rates. Most normal cells have
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a low intrinsic and a high responsive growth rate. Tumors
develop by a series of changes, reflected by the acquisition of
greater intrinsic growth rate and diminished responsiveness.
The more malignant the cell, the greater is its intrinsic growth
and the less is its responsive growth. Furth has emphasized that
"dependency and autonomy are ... relative and quantitative
terms. Autonomy is never certain."

In 1958, Foulds (3) formulated a number of "rules" that

describe the main features of tumor progression, defined as the
stepwise evolution of a tumor through multiple changes in
several independently variable "unit characteristics" that can

reassort in many different ways. A given end point in tumor
development therefore can be attained through several alterna
tive pathways. Foulds' phenotypic traits included hormone

dependence, growth rate, invasiveness, and ability to metasta
si/e. Each step of progression may be determined by the acti
vation, mutation, or loss of specific genes. Molecular biology
has now opened the door towards their identification.

The concept that tumors are not fully autonomous has a firm
experimental basis. The most dramatic example is the appar
ently complete "normalization" of a highly malignant mouse

teratocarcinoma upon implantation into early mouse embryos
(4). This tumor line had grown progressively and killed nearly
100% of its syngeneic hosts during 8 years of serial transplan
tation. Nevertheless, it could differentiate in the inductive em
bryonic environment and participate in the formation of all
normal tissues in the chimeric mouse. Less dramatic but equally
instructive experiments showed that distinct maturation steps
can be induced by normal or artificial signals in other highly
tumorigenic lines, derived from cells with a more restricted
differentiation potential. The examples include murine (5) or
human (6-8) erythroleukemia, myeloid leukemia (9-11), and
histiocytoma (12).

The Role of Oncogene Activation in the Multistep Development
of Tumors

Activated oncogenes, transduced by the directly transforming
retroviruses or by transfection with tumor-derived DNA, appear
to act dominantly in the commonly used target cells. The latter
represent a limited and often quite artificial sample, however,
selected by the investigator for reproducible transformability
and good scorability. There is no evidence that the activation
of a single cellular oncogene can change a normal diploid cell
into an autonomously growing tumor clone by itself. The age
incidence curves and the natural history of the commonly
occurring human tumors suggest that tumor development is
usually a multistep process (for review see Ref. 13).

Normal protooncogenes may be activated to potentially tu
morigenic oncogenes by structural or regulatory changes. The
point mutations in the ras oncogene family (14, 15) are the best
illustrations of the former, while the latter can be exemplified
by the constitutive switch-on of the c-myc oncogene as a result
of retroviral insertion (16). The two best known cases of onco
gene activation by chromosomal translocation, the myc/Igjux-
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taposition in Burkitt's lymphoma and mouse plasmacytoma
and the transposition ofc-abl from chromosome 9 to 22 in Ph1
chromosome2-positive chronic myelogenous leukemia, have al

ready revealed that the distinction between structural and reg
ulatory activation also applies to these "experiments of nature."

The former is clearly a regulatory change, leading to the con
stitutive production of a normal protein (for review see Ref.
17), whereas the latter results in a structural change, reflected
by the production of a fusion protein, encoded by the 3' end of

the chromosome 22-associated sequence (her) and the trans
posed oncogene (18-23). This leads to the production of an
abnormal M, 210,000 protein that is coexpressed with its
normal M, 145,000 c-abl protein counterpart and differs from
it not only in size but also in expressing an abnormal tyrosine
kinase activity, similar to that of the protein product of the
transforming \-abl gene (24).

It is unlikely that a single oncogene activation event, e.g., a
ras mutation, can ever cause a tumor by itself, since most
humans would then die of cancer before puberty (25). The
experimental corollary of this notion has been provided by
transfection experiments on diploid embryonic fibroblasts. In
contrast to the already immortal and aneuploid NIH-3T3 cell
line, cultures of normal cells could be transformed only if the
activated ras genes were cotransfected with constitutively ex
pressed c-myc or, alternatively, with one of the DNA-viral T-
antigens, such as SV40-LT, polyoma-LT, or adenoviral EIA

(25, 26).
Retroviral (avian lymphomatosis virus) activation of the c-

myc oncogene was found to generate a preneoplastic lesion in
the chicken that could lead to the development of bursal lym
phoma, but only after further cellular changes (27). Transgenic
mice that carried a myc construct linked to a hormone-sensitive

murine mammary tumor virus promoter expressed the fusion
protein product constitutively in their mammary glands, but
only 1 among 10 glands developed a tumor, suggesting that at
least one additional cellular change was required (28, 29). A
similar pattern was found in mice derived from fertilized eggs
transfected with a construct containing the upstream region of
the rat insulin II gene, linked to SV40-LT sequences (30). Only
the /3-cells of the endocrine pancreas were T-antigen positive.
Among the approximately 100 islets of the pancreas only 4 or
5 developed into /3-celI tumors, indicating that additional events
were required for the malignant change. Regulatory changes in
growth factor production or in receptor expression were consid
ered the the most likely contributors. The activation of a second
oncogene or inactivation of a tumor suppressor gene might be
suggested as further alternatives. Most recently, transgenic mice
that carried myc constructs linked to an /g enhancer were found
to develop pre-B- or B-cell lymphomas (31). Since these lym-
phomas were mono- or bidonai and appeared only after a
considerable latency period, one or several events must have
contributed to tumor development in this case as well.

The Ig/myc juxtaposition by chromosomal translocation (17)
is clearly a key event for the development of BL and MPC but
it is not known whether it can trigger the development of these
tumors by itself. The regular presence of multiple EBV genomes
in the high endemic African form of BL suggests that the viral
transforming genes may also contribute (32). The development

2The abbreviations used are: Ph1 chromosome. Philadelphia chromosome;
BL. Burkitf s lymphoma: MPC. mouse plasmacytoma; EBV, Epstein-Barr virus;
AEV, avian erythroblastosis virus; AMV, avian myeloblastosis virus; RSV. Rous
sarcoma virus; LCL. Epstein-Barr virus-transformed B-cell lines: MuSV, murine
sarcoma virus; ALL, acute lymphocytic leukemia; CLL, chronic lymphocytic
leukemia; AIDS, acquired immunodeficiency syndrome; AbLV. Abelson leukemia
virus; IFN, Interferon; EGF, epidermal growth factor; IL. interleukin.

of MPC is greatly facilitated by Abelson virus, a potent trans
forming agent for pre-B-cells (33). It is remarkable that BL and
MPC contain nearly identical translocations, in spite of the
great differences in natural history, contributing virus, and
maturation stage. Primary MPC is often a conditioned tumor,
according to the criteria of Furth. It can be transplanted only
to syngeneic mice that carry the same type of intraperitoneal
foreign body granuloma as required for induction in the primary
host (33). After a few passages, MPC becomes transplantable
to unmanipulated hosts, as a rule. Serially transplanted MPCs
often have secondary transpositions that may contribute to their
progression to independence (for review see Ref. 34).

The appearance of a Ph1 chromosome is the first clearly

definable step in the development of the most common form of
chronic myelogenous leukemia which is a multistep process in
itself. Functionally, it must be involved with the early chronic
phase of the disease that has a median duration of 3 years (35).
The transition from the chronic to the acute phase is accom
panied by a decrease in cell maturity and increasing blast
proliferation. The acute phase is paralleled by the appearance
of additional nonrandom chromosomal changes classified as
major or minor pathways, depending on the frequency of their
occurrence (36).

The Tumorigenic Contribution of Activated Oncogenes Is Differ
entiation Dependent

The above examples and numerous other facts suggest that
the potentially tumorigenic activation of a certain oncogene by
structural or regulatory changes can contribute to the evolution
of a tumor only if it takes place at a specific stage of normal or
preneoplastic development. Moreover, there is direct experi
mental evidence to show that the position of a cell that carries
an activated oncogene within a given normal or deviant "differ
entiation window" is decisive in determining whether its prolif

eration can exceed the limitations of its microenvironment.
This evidence comes mainly from two sources: (a) transforma
tion experiments with temperature-sensitive viral oncogenes;
and (b) somatic hybrid and revenant studies.

It is a well established fact that the transforming activity of
the virally transduced oncogenes varies strongly between differ
ent cell types. For example, \-src is equally well expressed in
fibroblasts and macrophages but is tumorigenic only in fibro
blasts, whereas \-myc and \-myb transform macrophages but
not fibroblasts (37-39). Moreover, while \-myc and \-myb share
the ability to transform macrophages, their effects on normal
macrophage functions are very different, suggesting that they
interfere with the differentiation program at different points
(39).

Graf et al. (40) have compared the target cell specificity of
three acute avian leukemia viruses, AEV (the carrier of \-erb-A
and \-erb-B), MC24 (v-myc), and AMV (v-myb). These viruses
induce erythroblastosis, myelocytomatosis, and myeloblastosis,
respectively, in the chicken. Their target cells were separated
prior to infection, on the basis of differentiation markers. The
targets of AEV were found to belong to the erythroid lineage,
as expected. Both AMV and MC29 transformed myeloid cells,
but the targets of v-myb were more immature (41). The re
stricted tissue specificity of the three viruses was not due to
differences in the infectability of the corresponding target cell
(40), nor could it be explained by the original suggestion (42)
that it was paralleled by a differentiation stage-restricted expres
sion of the homologous c-onc gene in each target tissue and
that each viral oncogene therefore interfered with the corre-
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sponding normal differentiation-related function (43). In spite
of the lack of such simple homologies, they were found to block
specific stages of differentiation. This was most directly dem
onstrated for AEV, by using a temperature-sensitive mutant.
Transfer of the mutant-transformed erythroleukemia cells to
the nonpermissive temperature induced hemogloblin produc
tion. Superinfection with wild type AEV interfered with the
accumulation of hemoglobin, whereas the equally successful
superinfection with MC29 or AMV had no effect on hemoglo
bin synthesis. In contrast, AEV replicated readily in normal
chick macrophages but could not transform them (40).

In a particularly pertinent study with the temperature-sensi
tive virus, Weintraub's and Graf's group showed that AEV

blocks the activation of adult and embryonic globin genes (44).
The globin gene regions of AEV-transformed cells lacked the
characteristic hypomethylated and/or DNase I-hypersensitive
sites that are normally expressed in cells of the erythroid
lineage. They appeared promptly upon transfer of the cells to
the nonpermissive temperature, however, followed by hemoglo
bin mRNA synthesis and terminal differentiation.

At least some other constitutively activated oncogenes may
block the differentiation of other cell lineages at specific points
in an analogous way. Fiszman and Fuchs (45) showed that
myoblasts transformed by a temperature-sensitive RSV mutant
failed to differentiate at the permissive temperature but could
form differentiated myotubes at the nonpermissive temperature.
Holtzer et al. (46) obtained similar results and concluded that
the viral transformation did not cancel the myogenic commit
ment of the transformed cells, nor did it affect their position in
the maturation process, but it blocked further maturation and
thereby kept them in the cycle. Suppression of the transforming
gene lifted the block and permitted the myogenic program to
proceed normally. In analogous experiments with cartilage
cells, RSV suppressed the morphological and biochemical
markers of chondrocyte differentiation. The eclipsed phenotype
has reappeared promptly and with complete fidelity after the
shift to the nonpermissive temperature, however (47, 48). In a
third series of experiments, retinal melanoblasts were trans
formed with temperature-sensitive RSV (49). Transformed cells
interrupted their melanin synthesis and degraded their mela-
nosomes. At the nonpermissive temperature, melanin synthesis
was resumed and the cells became similar to normal uninfected
cultures. Both the transformed and the differentiated pheno-
types were thus temperature dependent, but in a reciprocally
exclusive fashion. There were also clear limitations to the
expression of the malignant phenotype. If the transformed cells
were kept at the nonpermissive temperature for a sufficiently
long time to accumulate melanin, they lost their ability to revert
to the transformed phenotype. When shifted to the permissive
temperature, they merely degenerated and died.

Gionti et al. (50) recently found that v-myc immortalizes
quail chondrocytes but does not interfere with the expression
of type II collagen and cartilage proteoglycans, in contrast to
v-src which inhibits the synthesis of these products, v-myc could
block the synthesis of type X collagen in epithelial-like chon
drocytes, however. Since the synthesis of the various markers
studied by these authors is distinctive for different stages of
differentiation, their findings suggest that \-myc and v-src block
chondrocyte maturation at different points.

These findings concur in showing that the oncogene-induced
eclipse of differentiation markers does not alter the differentia
tion program of the transformed cell. There are no examples
of transformed cells that would express differentiation markers
of more than one lineage, although transformed cells within a

given lineage may express an aberrant phenotype (51). Some
transforming genes can stimulate proliferation without impair
ing the expression of differentiated markers, while others also
block differentiation. Some oncogenes are more lineage specific
than others and none of them are totipotent. It is unlikely that
the blocking of differentiation is due to a direct interaction
between the oncogene and the structural gene responsible for
the synthesis of a given differentiated product. It is more likely
that oncogenes can influence pleiotropic switch mechanisms,
directly or indirectly, that are required to act before a cell can
proceed further within its differentiation or maturation pro
gram.

Superficially at least, there is a curious resemblance between
the blocking of the differentiation program by an activated
oncogene and the eclipse of specific products in somatic hybrids
derived from the fusion of highly specialized cells, like mela-
nocytes, hepatocytes, muscle cells, or immunoglobulin-produc-
ing cells, with cells that do not have the same specialization,
e.g., fibroblasts. The differentiated phenotype is extinguished,
as a rule, but may reappear after chromosome segregation (for
review see Ref. 52). The fact that this can happen even after
long periods of extinction during many cell cycles shows that
the differentiation program, or, in the terminology of Ephrussi
and Mary Weiss, the epigenotype, is highly stable and can be
retained during prolonged periods of nonexpression (53, 54).
This is compatible with the hypothesis that mammalian cells
continuously produce a large number of specific regulator sub
stances that repress the majority of all differentiated functions
and allow the expression only of a selective spectrum, charac
teristic for each cell type (52, 55). Recent evidence (56) suggests
that "tissue-specific extinguisher" (Tse) genes exist that can

regulate the expression of particular differentiation markers in
trans.

Somatic hybrid studies have also contributed important in
formation with regard to the expression of the tumorigenic
phenotype. Fusion of high malignant with normal or with low
tumorigenic cells generated low or nontumorigenic hybrids in
the majority of all tested combinations, but the high malignant
phenotype reappeared, as a rule, after chromosome losses (57-
64). It is not clear whether the suppression of the tumorigenic
phenotye is akin to the suppression of differentiation markers
in somatic hybrids. Each malignant cell can be regarded as
representing an abnormal (or blocked) differentiation pheno
type. The eclipse of tumorigenicity after hybridization with
normal cells may therefore reflect the same mechanism as the
eclipse of normal differentiation traits. It is likely that this is
one of several possible mechanisms. Simple genetic comple
mentation would be another model, particularly for tumors that
arise after a distinct genetic loss, like retinoblastoma (65-68)
or Wilms' tumor (69, 70). The recent findings of Harris (71)

provide another and more complex complementation model.
In agreement with the earlier work of Stanbridge and Ceredig
(72) he showed that fibroblasts suppress the tumorigenicity of
melanoma cells, lymphoma cells, and NIH-3T3 cells trans
formed by a tumor-derived H-ras oncogene, by providing each
of these malignant partners with the ability to produce a col lan
e-nous extracellular matrix under /// vivo conditions that they

are unable to produce by themselves. Concomitantly, they shift
from a proliferative to a differentiating pathway. High tumori
genic segregants that may arise as distinct sectors or foci within
the inoculated mass culture are unable to make the same matrix.

The suppression of the malignant growth of the aneuploid
NIH-3T3 fibroblast line, transformed by a dominantly acting
raj oncogene, by fusion with a normal fibroblast is a particularly
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interesting case, since it may be akin to the conditioned tutnor-
igenic expression of activated oncogenes, discussed above. It
shows that fusion with a normal fibroblast may shift the posi
tion of the transformed cell to a more advanced stage of
maturation where the transforming oncogene, although still
active, is not able to function in a tumorigenic capacity. Alter
natively, the transformed phenotype may be suppressed by a
direct down-regulation of the relevant oncogene. While this
remains an open question as far as the hybrid system of Harris
is concerned, there are examples of both mechanisms in other
systems. Croce's group has shown (73) that the transcription

of the translocated, /^-juxtaposed c-myc gene, which is believed
to bear the responsibility for an essential step in the develop
ment of BL, as discussed below, is switched off after hybridi
zation with fibroblasts, together with the transcription of the
immunoglobulin genes. This is fully in line with the current
interpretation that subordinates the /g-juxtaposed myc gene to
the regulatory control of the Ig locus (17). More unexpected
was the fact that the translocated myc gene was also switched
off when the BL cells were fused with LCLs that represent a
more advanced stage of B-cell differentiation than BL (74).
Although immortalized by EBV, the LCLs are nontumorigenic
in nude mice as long as they are diploid and have a low agarose
clonability, in contrast to the BL lines. The BL/LCL hybrids
were phenotypically similar to their LCL parent. They also
continued to express the normal LCL-derived myc gene. While
the mechanism of these regulatory interactions is unknown, the
suppression of the more by the less malignant phenotype is in
line with the predominant experience in other systems. The
parallel down-regulation of the translocated myc gene is com
patible with the assumption that its expression is essential for
the BL phenotype.

A contrasting example where the suppression of tumorigenic-
ity was not paralleled by the down-regulation of the transform
ing oncogene has been reported by Noda et al. (75). They have
isolated phenotypic (flat) revenants from Kirsten MuSV-trans-
formed NIH-3T3 cultures, after mutagenization. Similar re
venants have been isolated previously from a wide variety of
transformants. The earlier work has also shown that expression
of the transformed phenotype was paralleled by the amplifica
tion in the number of certain chromosomes and a reduction of
others, whereas reversion was accompanied by changes in the
opposite direction (76). Noda et al. found that their revenants
continued to carry the viral oncogene and had high levels of its
M, 21,000 protein product similar to those of the transform-
ants. They were resistant to retransformation by v-Ki-ras. They
suppressed the transformed phenotype of Kirsten MuSV-,
Harvey MuSV-, or BALB MuSV-transformed cells in hybridi
zation experiments. When fused with cells transformed by other
retroviruses, the revenant line suppressed the transformed phe
notype of fes and src transformants. Theses oncogene product
was fully expressed in the suppressed hybrids. Cells transformed
by the mos and si's oncogenes were not suppressed.

These experiments may be interpreted by assuming that the
revenants were originally selected for a dominant cellular
change that could block the v-Ki-ras-induced transformation at
some point beyond the expression of the M, 21,000 protein.
The same cellular mechanism is apparently capable of antago
nizing the phenotypic effect of certain other oncogenes, at least
part of which are closely related to Ki-ras, but is unable to
suppress the transforming effect of some others. At least one
of the oncogenes in this latter category, c-sis, is known to act

by a totally different mechanism.
Suppression experiments of this type may lead to a new type

of functional oncogene classification, based on suppressor sen
sitivity. It is reasonable to expect that the cellular suppressor
genes will be as equally diversified as the oncogenes, if not
more. Their genetic analysis has been initiated by relating the
suppression versus the expression of tumorigenicity to the pres
ence and/or absence of certain normal versus tumor cell-derived
chromosomes in somatic hybrids and in revenants (59, 60, 62,
64, 76).

If the notion is correct that at least some of the known
oncogenes influence the expression of differentiated functions
in the normal cell, it is understandable that their illegitimate
expression, at the wrong time or in the wrong cell, may block
a specific step in the normal maturation process of a given cell
lineage. The details of such blocking phenomena may be ex
pected to differ for different oncogenes and for different cell
types. In view of this complexity, we shall refrain from gener
alities and will focus the following discussion on a specific case,
the activation of the myc oncogene by chromosomal transloca
tions in certain B-cell-derived tumors.

Chromosomal Translocations in B-Cell-derived Tumors: A Spe
cial Case of Oncogene Activation in Cells with a Restricted
Phenotype

In 1981, Mitelman (77) reviewed the literature on 14q+
markers in human B-cell-derived tumors, first discovered in BL
by Manolov and Manolova in 1972 (78) and later also found in
a variety of other leukemias and lymphomas. They arise by the
translocation of a terminal chromosome fragment to the distal
part of the long arm of one chromosome 14. The breakpoint
on chromosome 14 is at band q32, the site of the immunoglob
ulin heavy chain (Igff) locus (79). The transposed piece can
originate from chromosomes 1, 4, 6, 8, 10, 11, 13, 14, 18, and
20, depending on the histological type of the tumor. Chromo
somes 1,8, 11, and 18 are the most frequent donors. The BL-
associated 14q+ marker is always generated by the transposi
tion of the distal piece of chromosome 8 that breaks at band
q24 (80). This translocation is unique among the lymphoma-
associated 14q+ markers in being exclusively confined to B-cell
tumors (78). No other lymphoma- or leukemia-associated chro
mosome marker is similarly restricted, including the Ph' chro

mosome (77). Nevertheless, a broad analysis of chromosomal
rearrangements in hemopoietic and other tumors led Rowley
(81, 82) to conclude that each type of chromosomal rearrange
ment appeared to provide a proliferative advantage predomi
nantly to a particular lineage of cells and only at certain states
of maturation.

The 8; 14 marker is most commonly found in BL where it
represents the "typical" translocation. It is present in approxi

mately 80% of all cases, including both the high endemic,
largely EBV-carrying and the sporadic, usually EBV-negative
forms (83). It is also frequently found in the L3 type of B-cell
ALL or "Burkitt leukemia" that originates from the same type

of cell as BL (84, 85). The 8; 14 translocation has also been
found occasionally in histiocytic lymphoma, mixed cell type
lymphoma, lymphosarcoma, B-CLL, and angioimmunoblastic
lymphadenopathy (77) but it is not a regular marker of any of
these tumors. Next to 8; 14, the 11:14 and 14; 18 translocations
are most common among the B-cell lymphoma-associated 14q+
markers. They occur in different types of malignant lympho
mas, in lymphocytic leukemias, and occasionally in myelomas.
They are not as regularly associated with any tumor as the BL
translocations.

The hypothesis of oncogene activation by chromosomal
3214
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A

translocation was based on the postulate that the BL- and the
closely analogous MFC-associated chromosomal translocations
act by bringing an oncogene under the constitutively activating
control of an immunoglobulin locus (86). We have also sug
gested that the same oncogene is activated in BL and in MPC
and that the translocation is an essential step in the tumorigenic
process. These ideas were based on the following facts, (a)
Chromosome 8 breaks always at the same band (q24) in all the
BL-associated translocations. Its telomeric fragment moves to
one of the three chromosomes that carry immunoglobulin loci,
namely chromosome 14 (IgH), chromosome 2 (K), and chro
mosome 22 (X) (for review see Refs. 77 and 86). (b) The MPC
translocations are closely similar to the BL translocations, in
spite of the fact that these tumors arise in a different species
and affect a more mature, secretory type of B-cell. Chromosome
15 always breaks at the D2-D3 interface. The telomeric frag
ment moves to the /^//-carrying chromosome 12 in the typical
translocations, or to the K-bearing chromosome 6 in the less
frequent variants (87, 88). (c) Our studies on trisomy 15 in
murine T-cell lymphomas have suggested that the distal seg
ment of chromosome 15 harbors a gene or genes that play an
important role in the leukemogenic process (89-91).

Subsequent molecular studies (27, 92-104) fully confirmed
this hypothesis. They showed that both the MPC- and BL-
associated translocations lead to the juxtaposition of c-myc and
sequences derived from one of the three immunoglobulin loci.
In the great majority of the cases, the oncogene is placed 5' of

a constant region. There is a consistent difference in the topog
raphy of the typical translocations that involve the IgH locus
in both species, on the one hand, and the less frequent variant
translocations that involve the light chain loci, on the other. In
the typical translocations, the chromosome breaks on the cen-
tromeric, 5' side of the oncogene, whereas the variant translo
cations arise after a break on the telomeric, 3' side. There are

some minor differences between the MPC and the BL translo
cations at the molecular level, as reviewed elsewhere (17), but
the similarities are much greater than the differences. They
have a number of conceptual implications that are relevant for
the present discussion.

The molecular analysis of the translocation breakpoint in a
large number of MPC and BL biopsies and derived lines led to
the identification of certain preferred recombination sites
within the Ig loci, in contrast to the myc region that appears to
break more at random (for review see Ref. 95). The switch
recombination sites of the IgH cluster are the favored hot spots
of the typical translocations in both species. This has led to the
speculation that switch recombination enzymes may be involved
in the translocation process. The absence of switch sites from
the light chain loci may account for the fact that the heavy
chain locus is 10 to 20 times more frequently involved in the
translocations in both mice and humans.

The wye-carrying chromosome may break within or outside
the gene. Breakage within the gene occurs more frequently in
MPC than in BL. It affects the noncoding first exon or the first
intron but never the coding second or third exon. This suggests
that an intact myc protein is essential for the selective advan
tage, i.e., the tumorigenicity of the translocation-carrying clone.
Initially, it was thought that damage or decapitation of the first
exon is important in deregulating the gene. This notion was
abandoned, however, when it was found that the break could
also occur outside the intact myc gene, upstream in the typical
and downstream in the variant translocation. Possible reasons
for this consistent geometrical difference have been discussed
elsewhere (17, 105).

These findings suggest that the breakage of the myc-carrying
chromosome may be due to a randomly occurring genetic
accident. The common denominator that may predispose the
precursor cells of BL and MPC for such an accident, in contrast
to the precursors of most other B-cell tumors, may be sought
in the chronic stimulation of their mitotic activity during the
long preneoplastic period (32, 106). The risk of all genetic
accidents increases in direct relation to the number of cell
divisions. The tumorigenic myc/Ig translocation is probably a
very rare accident, but with a high selective value. In the African
endemic form of BL, EBV and chronic malaria may act as the
main predisposing combination. EBV extends the life of the
short-lived B-cell toward potential immortality. The heavy par

asite load associated with the hyperendemic form of tropical
malaria may increase the likelihood of the translocation event
by a continuously ongoing process of B-cell activation and may
facilitate the outgrowth of the highly immunogenic EBV-car-
rying cells by a relative T-cell suppression. Human T-cell leu-
kemia/lymphoma virus III may play an analogous immunosup-
pressive role for the AIDS-associated, EBV-carrying form of
BL (107) that carries the same translocations (108).3 The nu
merous other infections responsible for the chronic lymphade-
nopathy in AIDS may act as B-cell activators. In contrast to
the high endemic African BL that is essentially a childhood
disease, AIDS-BL affects adults between 20 and 40 years of
age. This age difference may reflect the time difference in the
impact of the postulated cofactors. In hyperendemic malaria
regions where the majority of the population is continuously
reinfected with new parasites, the immune system does not
attain a proper equilibrium with the parasite load until the late
teens, as reflected by the cessation of parasitemia.

Mouse plasmacytoma induction is dependent on the estab
lishment of a chronic foreign body granuloma (33). Inhibition
of the granuloma, e.g., by corticosteroids, prevents the devel
opment of MPC. Infection with AbLV has the opposite effect;
it shortens the latency period and increases the tumor fre
quency. Since AbLV is an immortalizing agent for pre-B-cells,
it may play an analogous role as EBV in high endemic BL, i.e.,
raise the number and prolong the life span of the precursor
cells and thereby increase the risk for genetic error. Neither of
the two viruses are necessary to generate the tumor and it is
unlikely that they play any direct role in inducing the translo
cation.

Primary MPC is frequently a conditioned tumor, in Furth's

sense (1), because it is transplan table to syngeneic recipients
only if they carry the same type of oil granuloma as the primary
host (33). After a few passages, they usually become transplant-
able to untreated hosts. It may be relevant in this context that
a variety of secondary transpositions were found in serially
propagated MFCs that may contribute to an increasingly au
tonomous phenotype (for review see Ref. 106). Examples found
in at least two independently induced tumors include activation
of c-mos by transposon (intracisternal A-particle) insertion
(109, 110), translocation of a chromosome 10 derived-coding
sequence, perhaps a previously unknown oncogene, to an iden
tical position within the Kgene (111) and 12; 14 translocations
that affect the IgH region (112).

These and other secondary translocations were found in
tumors that also contained a typical or variant myc/Ig translo
cation. Since this is the only regular change, not only in MPC

31. Ernberg, M. BjÃ¶rkholm,L. Zech, B. Sandstedt, R. Szigeti, J. Andersson,

W. Henle, and G. Klein. An EBV genome carrying pre B cell lymphoma in a
homosexual man with an unusual chromosome abnormality and impaired EBV-
specific immunity, submitted for publication.
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but also in Burkitt's lymphoma, and, according to the most

recent evidence, also in the spontaneous immunocytoma of the
Louvain rat (l 13),4 it must be considered as the key event. This

conclusion is further reinforced by the finding that identical or
closely analogous juxtapositions were found in cytogenetically
very complicated situations, e.g., in MFCs induced in mice with
Robertsonian 6; 15 translocations. An identical pericentric in
version was found in three independently induced tumors that
has led to the exchange of the two distal fragments of the single
centromerically fused chromosome (114). In situ hybridization
experiments showed that c-myc remained on the centromeric
fragment of chromosome 15, whereas the K gene moved with
the distal segment of chromosome 6 and joined the 15 D2-D3
breakpoint telomerically (105). The end result is the same as in
the MFC-associated variant translocation where the exchange
occurs between the separate chromosomes 6 and 15, and the
breakpoints are identical. In addition to the demonstration that
the same translocations can occur under these cytogenetically
exceptional conditions, these findings were also interesting
because they showed that the MFC-associated variant translo

cation has the same basic topography, with a myc telomeric
break, as the BL-associated variant translocations and the op
posite topography compared to the typical translocations in
both species.

A small proportion of the MFCs carry no detectable trans-
locations. In some of these exceptional tumors we have detected
an interstitial deletion in the c-myc region of chromosome 15,
accompanied by a rearrangement of the c-myc-carrying DNA
fragment and a high level of myc transcription (115). Cloning
and sequencing of the rearranged fragment from one such
tumor, ABPC45, showed that the myc gene was intact, but its
5'-end faced an S-a region head to head, as in the typical

translocations, in spite of the fact that there was no cytogenet
ically detectable change on chromosome 12 (116). The S-a
sequence was attached, tail to tail, to another /Â¿Â»//-derived
sequence that contained S-M and the IgH enhancer region
further upstream. This complex rearrangement requires at least
three cytogenetic events, two translocations and one inversion.
The fact that it has nevertheless led to the juxtaposition of myc-
and /^//-derived sequences including the enhancer lends further
strong support to the conclusion that myc/Ig juxtaposition
plays an essential role in the genesis of MFC.

The notion that the breakage of the /wye-carrying chromo
some occurs at random, as a rare accident of chronically stim
ulated cell divisions in long-lived B-cells, leads to an interesting
dilemma. Why is the involvement of c-myc so exclusive? Why
are other oncogenes not equally liable to translocate to the Ig
loci in an analogous way? Or, if they are, why don't the resulting

translocations have the same selective advantage? The second
ary MFC rearrangements mentioned above indicate that proven
or putative oncogenes can actually rearrange in analogous ways.
It is also noteworthy that "plasmacytoid lymphosarcomas" that

arose in a proportion of BALB/c mice exposed to combined
treatment with Abelson virus and mineral oil showed retroviral
activation of the myb oncogene, as their common denominator
without any myc/Ig translocations (117). However, the B-cell
origin of these tumors has not been decisively settled and is
actually quite questionable.

The possible involvement of oncogenes other than c-myc in
the genesis of B-cell-derived tumors is also shown by the human

4 W. Pear, S. Ingvarsson, D. Steffen, H. Bazin, M. G. Nilsson, U. Francke, G.
Klein, and J. SÃ¼megi.A novel head-to-tail recombination places the c-myc
oncogene into the 5' flanking sequences of the C gamma genes in a rat immu

nocytoma, submitted for publication.

B-cell-derived non-BL lymphomas or leukemias with 14q+
markers where other sequences have translocated to the IgH
locus. Croce's group has identified two putative new oncogenes,
bcl-1 and bd-2, by analyzing leukemias with 11;14 and 14;18
translocations, respectively (118-122). bcl-1 is located on chro
mosome Ilql3 and bd-2 is located on 18q21. Both sequences
were found to recombine with a JH region on chromosome 14.
There was considerable sequence homology between the donor
and the recipient regions and it was therefore suggested that
these translocations may utilize the VDJ recombination mech
anism (121). As already mentioned, neither of the two translo
cations is restricted to a single histological tumor type like the
BL translocations. They have been found in a certain proportion
of cases with diffuse large cell lymphoma, diffuse small cell
lymphoma, follicular lymphoma, B-CLL, and also multiple
myeloma (for references see Ref. 119). They do not occur with
equal regularity in any of these tumors as the myc/Ig translo
cations in BL, but the potential significance of the bcl-2 locus
has been reinforced by the recent finding (122) that 60% of the
follicular lymphomas have DNA rearrangements within a 2.1-
kilobase-wide region that hybridized with a B-ALL transloca-
tion-derived probe containing chromosome 18 breakpoint
flanking regions.

Taken together, these data suggest that the precursor cell of
both BL and MFC (and probably of the less extensively inves
tigated rat immunocytoma as well) can escape growth control
only if myc rather than any other oncogene is activated by
juxtaposition to an Ig locus. Analogous translocations that
involve other oncogenes must necessarily occur, but they do not
generate tumors in the same precursor cell and/or with the
same phenotypic pattern. Conceivably, the BL/MPC precursor
cell may not be liberated from its growth control if other
protooncogenes are activated. Alternatively, it is possible that
the majority of the other known protooncogenes cannot cause
neoplastic growth after purely regulatory changes like myc but
require specific structural changes as well. It would be very
unlikely that these rare events would coincide in the same cell.

If the constitutively activated myc gene generates BL and
MFC by blocking the maturation of the precursor cell, it is
important to define the maturation stage at risk and to explain
its vulnerability. This will be attempted in the following section.

What Is the Reason for the Nearly Exclusive Vulnerability of
the BL and MFC Precursor Cell to the myc/Ig Translocation
and/or Its Tumorigenic Effect?

Before trying to answer this question, it may be useful to
consider the position of the BL and MFC cell in the B-cell
maturation lineage and to review some of the current knowledge
on the relationships between myc expression, cell proliferation,
and differentiation in various cell types.

A differentiation window may be defined as a specific sector
in the program of a given cell lineage. Each cell arrives at a
given window after having passed through a series of signal-
receptor interactions, following programmed steps of differen
tiation or maturation, with or without interposed cell divisions.
Maturation steps lead to the expression of new signal receptors.
Concomitantly, the cell becomes competent to respond to the
corresponding signals that can induce proliferation and/or trig
ger the next maturation step (123). Unless the cell finds itself
in the rare and, for B-cells, perhaps nonexistent end stage of
terminal differentiation, where the capacity to divide has been
irreversibly lost, it may be regarded as a transitory type that
awaits the signal to trigger the next step.
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It has been repeatedly emphasized that the B-cell maturation
pathway is not simply linear. It may branch off in different
directions and can lead to unexpected marker reassortments.
According to Godal (124), B-cells are faced with multiple
choices at most stages of differentiation. Their choice depends
frequently on signals received from T-cells. A given receptor,
such as surface IgM, may serve different functions, depending
on the developmental stage of the responding cells. Therefore,
conditions of activation may differ from one subset to the next.
In comparing the position of the BL versus the MPC cell in the
maturation cycle, it is particularly important to note that
plasma cells can develop from a variety of phenotypically dif
ferent B-cells.

Is it conceivable that the precursor cells of BL and MPC are
at a comparable stage of maturation? At first sight, this appears
very unlikely. MPCs are secretory, with a well developed Golgi
apparatus (33). The BL cell is usually regarded as a relatively
early B-cell, with mainly surface immunoglobulin, poor secre
tory capacity, and a correspondingly underdeveloped Golgi
system (125). Wide as they are, these differences do not exclude
that the precursor cell of both tumors may be at a similar
developmental stage at the time of the translocation. The sim
ilarity may be confined to some crucially important feature that
would be responsible for the fact that the precursor cells of
these two tumors, but not differently positioned B-cells, are
prone to become tumorigenic if and when the myc/Ig juxtapo
sition occurs. Before trying to define the postulated common
developmental position of the BL and MPC precursor, we shall
consider some current information concerning the expression
of wye in relation to cell proliferation and maturation.

Pulse chase experiments indicate that both the avian \-myc
and the human c-myc protein have extremely short half-lives
(20-30 min) (126). There is no significant change in the appar
ent turnover of the c-myc protein during the cell cycle (127).

Resting (G0) cells do not transcribe c-myc, as a rule. After
activation, wye-transcripts appear within a few hours in both
lymphocytes and fibroblasts (128, 129). This increase is only
transient, however, and myc expression returns quickly to a
constant basal level. Continuously growing cells express c-myc
without any detectable cycle-related variation (127, 130). In the
view of Campisi et al. (128), c-myc expression reflects the
competence of the cell to enter and progress through the cycle.
If appropriate growth factors are present, the proliferative
competence and the expression of c-myc are maintained at a
steady level.

Gonda and Metcalf (131) induced monocytic differentiation
in a murine myeloid leukemia line by granulocyte-colony-stim-
ulating factor and actinomycin D. The transcription of myc and
myb decreased during the later stages of maturation whereas
the expression of/0s increased. It was concluded that myb and
myc do not control myeloid differentiation but are somehow
involved in the maintenance of the proliferative state.

Studies on the relationship between c-myc expression and
dimethyl sulfoxide-induced terminal differentiation of cultured
mouse erythroleukemia cells have led to similar conclusions
(132). A rapid, protein synthesis-dependent biphasic change of
myc transcription took place during the first few hours after
induction. It was suggested that these changes were important
for the irreversible commitment of the cells to terminal ery-
throid differentiation.

In somatic cells, myc transcription correlates fairly well with
the rate of cell division, but testicular tissue has a low myc
expression, in spite of a high proliferative activity (28). Age-
dependent changes in the myc expression of different cellular

populations in the postnatal testis suggest that the mitotically
dividing germ cells have an extremely low level of myc mRNA,
in contrast to the proliferating Sertoli cells that have a high
myc expression. This difference was attributed to the fact that
somatic cells continue to divide until they are stopped by
senescence or specific maturation signals while most sperma-
togonia are programmed to go through a limited number of cell
divisions before meiosis and terminal differentiation. Cells that
have been initiated to enter a final developmental pathway do
not appear to require myc transcription any longer, even if they
still have to pass through mitotic divisions before reaching the
terminal stage.

Falcone et al. (133) compared the effect of the virally trans
duced /wye, erb,fos, and src oncogenes on myogenic differentia
tion and concluded that v-wyc was most widely effective, since
it could affect both the control of proliferation and the compe
tence for differentiation in an irreversible fashion. Expression
of the differentiation program required the cessation of the cell
cycle. Therefore, the v-wyc-induced differentiation block was
regarded as an indirect consequence of continuous proliferation.
In other types of cells where the expression of a differentiation
program was compatible with cell proliferation, v-wyc could
induce continuously sustained proliferation, without blocking
the synthesis of specific differentiation products.

The function of the c-wyc-related N-wyc gene and its possible
role in oncogenic transformation is even less well known, but
it is nevertheless interesting to note that it can behave in an
analogous fashion. Thiele et al. (134) studied the expression of
amplified N-wyc genes (135) in human neuroblastoma cells,
before and after retinoic acid-induced morphological differen
tiation. Retinoic acid inhibits the growth and clonability of
neuroblastoma cells in agar and induces neurite outgrowth. N-
myc transcription decreased within 6 h, prior to any detectable
differentiation- or cycle-related changes. There was no loss of
amplified N-wyc sequences and no change in c-myc expression.
Growth arrest in GÃ¬by serum starvation or isoleucine depletion
did not down-regulate their N-wyc expression.

Modulation of proliferating activity in cultured cells by var
ious inhibitors or stimulators may influence c-wyc expression
in certain systems, but not with the same regularity as terminal
differentiation. Einat et al. (136) found that IFN-a arrested the
growth of Daudi cells in Go-GÂ¡and reduced their c-wyc tran
scription in parallel. A variant Daudi subline that was resistant
to the growth-inhibitory effect of IFN-a did not down-regulate
c-wyc. Other IFN-a-sensitive cells, like HL60 and U937, main
tained their high c-wyc transcription in the presence of IFN,
however, but turned it off promptly when they were induced to
differentiate.

Modulation of proliferative activity in continuously growing
cells may be associated with a parallel modulation of c-wyc
expression, but only in systems that have been specially de
signed to make wye expression the major limiting factor. This
can be exemplified by the transfection of 3T3 fibroblasts with
plasmids that carried c-wye attached to a hydrocortisone-re-
sponsive murine mammary tumor virus promoter (137). The
frequency of cell division in the absence of platelet-derived
growth factor and the sensitivity of the cells to the mitogenic
activity of EGF increased in parallel with the hydrocortisone-
induced c-myc messenger level.

These examples suggest that wye plays an important role in
cell growth and differentiation, but the experimental demon-
strability of this role depends on the programming of the cell
and the constellation of proliferation-limiting versus -inducing
factors in its actual environment. In spite of the wide variability
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of the experimental systems thus far investigated in this respect,
there is one consistently recurring theme that deserves special
emphasis, myc expression appears to be regularly associated
with continuous proliferation and is turned off in terminally
differentiated and other cells that are indefinitely arrested in
Go-Ci.

If the illegitimate constitutive activation of myc by retroviral
insertion or by chromosomal translocation is considered against
this background, it seems most plausible to assume that it acts
by preventing the normal transition of cells from the prolifera-
tive to the resting stage. It is noteworthy that the tumorigenic
role of c-myc in natural or experimental systems is almost
entirely restricted to B-lymphocytes. The significance of this
association is further emphasized by its transcendence of species
barriers. Illegitimate activation of c-myc by retroviral insertion
is an essential component in the genesis of the avian lympho-
matosis virus-induced bursal lymphoma of the chicken (16),
while myc/Ig juxtaposition by chromosomal translocation is
the single and therefore probably most important common
denominator of BL in humans, MPC in mice, and the sponta
neous immunocytoma of the Louvain rat (112, 138).4-5 If the
translocation-induced blocking of myc down-regulation acts by
preventing the transition of proliferating to resting cells, it may
lock the B-lymphocyte at a point where such a shift would
occur normally. Terminal differentiation, senescence, or the
transition of the clonally expanding immunoblast to the resting
memory cell may be considered in this connection.

The postulate that the translocation prevents the normal
down-regulation of myc in a cell where it was programmed to
occur is in line with the fact that the normal nontranslocated
myc alÃeleis regularly switched off in both BL and MPC. The
candidacy of the memory cell for the role as a likely tumor
precursor is supported by the fact that no high endemic or
sporadic BLs were found that would fail to make a heavy chain
(reviewed in Ref. 17). We have recently found an AIDS-BL
case, however, that carried EBV and a typical 8; 14 transloca
tion, had rearranged lg genes, but did not produce immuno-
globulin.3 This unusual case resembles the B-cell precursor

leukemias with aberrant heavy chain rearrangements described
by Korsmeyer et al. ( 139) and is quite different from the usual
high endemic or sporadic BLs. The fact that no tumors of the
latter category fail to make a heavy chain is unexpected because
the myc translocation leads to a nonfunctional rearrangement
of an IgH locus by itself. Since the second IgH locus is equally
likely to undergo a functional or a nonfunctional rearrange
ment, a considerable proportion of the translocation-carrying
tumors would be expected to have two nonfunctionally rear
ranged loci and produce no heavy chains. The fact that no such
BLs have been found suggests that cells with a functional heavy
chain have a selective advantage. This would be understandable
if BL arose from memory B-cells that have been ready to enter
Go upon the waning of their antigenic stimulus but were blocked
by the translocation. This scenario would also suggest that the
translocation takes place in a mature B-cell rather than in a
pre-B-cell, as previously suggested. Alternatively, the regular
heavy chain production of all BLs could be reconciled with the
pre-B-cell translocation hypothesis by assuming that the trans-
location-carrying cell can grow into a tumor only if exposed to
an appropriate antigenic stimulus. A third possibility is that B-
cells without a functional heavy chain are eliminated by a
physiological scavenging process, whether they are transloca
tion carriers or not.

The possibility that the translocations may occur in mature
B-cells is favored by the frequent involvement of an IgH switch
region, in contrast to the documented but very rare involvement
of a y or V region. This tends to incriminate the relatively late
process of heavy chain switching rather than the early VDJ
joining process as the most translocation-prone stage. The
variant (light chain/wye) translocations involve obviously no
switch sites, but this does not change the main argument, since
the variant BLs have a somewhat more mature phenotype than
the typical translocation carriers (140).

These and other findings suggest that the myc/Ig transloca
tions are not always or not necessarily linked to the DNA
rearrangement during early B-cell differentiation. This is also
suggested by the recent analysis of some exceptional lines. Two
8;22 translocation-carrying lines were found that make Krather
than Xchains, in contrast to all 22 other analyzed 8;22 variants
(100).6 Since X genes do not rearrange in Â«-producing B-cells,

these translocations must have taken place independently of
the normal rearrangement of chromosome 22.

Similar considerations may apply to MPC. In view of the
fact that B-cells of many different types can switch to plasma

cells (124), the highly secretory nature of the MPC cell does
not exclude that a memory B-cell could serve as the precursor
of MPC, as postulated for BL. The fact that the majority of the
BLs make IgM, MPCs mostly make IgA, and the rat immu-
nocytomas that develop in helminth-infested Louvain rats pro
duce IgE would also fit with the memory cell precursor concept.

The i.p. foreign body reaction that is a prerequisite of MPC
induction (33) is known to favor the large scale production of
mature plasma cells. The tumor-accelerating Abelson leukemia
virus may increase the probability of the translocation in a way
similar to that of EBV in BL, i.e., by expanding the target cell
population and prolonging the life span of the individual cells.
It is noteworthy that both viruses transform cells of the B-cell
lineage, but at very different levels of maturation. AbLV trans
forms pre-B-cells, whereas EBV is most effective in immortal
izing relatively mature B-cells although it can very rarely also
transform pre-B-cells (141). The fact that there is no obvious
relationship between the stage of maturation that characterizes
the target cells of these two widely different B-lymphotropic
viruses and the maturation stage of the two tumors that arise
later by myc juxtaposition is in line with the notion that they
pave the way for an event that occurs largely if not entirely
beyond the physiological DNA rearrangement.

In addition to the interactions between transforming viruses
and chromosomal translocations, there are now some interest
ing cases where two independent translocations were found to
interact in the development and/or progression of certain leu
kemias. The cases where a 14; 18 and a BL-type translocation
are found in the same neoplastic clone are particularly interest
ing. In one case, a B-type ALL with a 14;18 and an 8;14
translocation, the 14; 18 translocation has probably occurred
first in an activated B-cell (119). This has led to the break of a
nonfunctionally rearranged heavy chain locus at 14q32 and the
transposition of the bel-2 locus from chromosome 18 to the
neighborhood of the IgH enhancer.

According to the scenario of the authors, relatively low ma
lignant cells were generated and expanded clonally, in analogy
with the postulated role of EBV-transformed cells in the BL
scenario. The 8; 14 translocation would have occurred as a
second change, leading to the overgrowth of a highly malignant
subclone.

5W. J. Pear, C. Perlmann, J. Szpirer, G. Levan, G. Klein, and J. Sumegi. The
IgH chain gene maps to the chromosome 6 in rat, submitted for publication. 'G. M. Lenoir, personal communication.
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An analogous but somewhat different case of a common ALL
with pre-B-cell features that contained both an 8; 14 and a 14; 18
translocation was reported by Mufti et al. (142). This case is
important in showing that an 8; 14 translocation can occur in a
pre-B-cell. An earlier case of a pre-B-cell leukemia with an 8; 14
marker has been reported by Kaneko et al. (143).

Geisler et al.1 have described a case of CLL that carried a
14; 18 and 2;8 variant BL type of translocation. An EBV-
immortalized B-cell line from the same patient contained only
the 14; 18 but not the 2;8 marker. All examined leukemia cells
contained both translocations, however. The 14; 18 transloca
tion was regarded as the primary cytogenetic event, with 2;8 as
a later, progression-related step. However, the double translo-
cation-carrying CLL cell was not as malignant as a primary 2;8
translocation-carrying BL cell. The authors believed that the
2;8 translocation occurred at the time of the progression to
leukemia, when the first chromosomal studies were done. If
this conclusion is correct, the 2;8 translocation must have
occurred in a functional immunoglobulin-producing cell and,
therefore, in the absence of any physiological Krearrangement.

Hecht et al. (144) described an ALL case that has progressed
to leukemia from a lymphocytic lymphoma after 8 years. It had
a 14; 18 and a 2;8 (variant BL type) translocation. Unexpectedly,
the cells made Xrather than Â«light chains. Previously, only one
other 2;8-carrying BL was found that made X chains. The
authors suggested that the 14; 18 translocation occurred first,
giving rise to the original, poorly differentiated but relatively
nonaggressive lymphocytic lymphoma. Progression to leukemia
may have been due to the second translocation.

These examples are well in line with the broader knowledge
on the sequential, cumulative transformation events that can
lead to B-cell malignancies (145). They suggest that the myc/
Ig juxtaposition may also play a progression-related role in
already established lymphomas and leukemias. Such a "late"

role is even more obvious in relation to the amplification of
myc sequences, discussed in the following section.

Oncogene Amplification

Human and animal tumors of many different kinds were
found to contain amplified oncogenes. This amplification did
not affect all or most tumors of a given histolÃ³gica! type; rather,
it appeared as a variable and often relatively late, progression-

related event.
Oncogene amplification may be manifested at the cytogenetic

level in the form of double minutes or homogeneously staining
regions (reviewed in Refs. 146 and 147). N-wyc and c-myc were
the most frequently amplified oncogenes among all cell lines or
tumors thus far tested. Amplification of c-Ki-ras- or the erb-B-
related EGF receptor gene was found more occasionally. We
shall consider myc amplification, in relation to the points
discussed earlier in this article.

c-myc amplification has been found in the human promye-
locytic HL60 leukemia line (148, 149), a neuroendocrine line
derived from a colon carcinoma (150), small cell lung carcino
mas (151), plasmaceli leukemia(152), rat hepatoma(153), and
the murine SEWA sarcoma line that was originally induced by
polyoma virus (154). Amplification is regularly associated with
a high level of transcription (150).

It is of particular interest that myc amplification could be
correlated with changes in the cell phenotype and/or with tumor

7C. Geisler, P. Philip, T. Plesner, P. Andersson, J. Zeuthen, B. Guldhammer,
and M. M. L. Hausen. Simultaneous presence of translocations (14;18) and (2;8)
in a case of chronic lymphocytic leukemia, submitted for publication.

progression in some of these systems. Amplification of either
c-myc or of N-myc could be related to the appearance of a
variant phenotype in small cell lung carcinomas. The variants
grew faster and in a looser, less clustered pattern; they showed
an increased agarose clonability and decreased expression of
certain enzymatic markers, in comparison with the more usual
prototype (151). The variants were also more metastatic (155).
In some patients, amplification and rearrangement of myc
sequences were found in the mÃ©tastasesbut not in the primary
tumor. The fact that the variant phenotype was associated with
either c-myc or N-/wyc amplification supports the notion of a
functional relationship between the two genes. This is also
supported by the finding that N-wyc can replace c-myc as the
partner of activated ras in transformation experiments with
normal embryonic fibroblasts, exposed to two different acti
vated oncogenes by cotransfection (146).

c-myc amplification was also found in plasma cell leukemia,
the most highly malignant form of human plasma cell tumor,
but not in a large number of solid plasmacytomas (152). This
suggests that myc amplification may contribute to the widely
disseminating phenotype. In neuroblastomas, N-myc amplifi
cation was associated with stage III and IV but not stage I and
II tumors (135). Retinoblastomas, where the loss of both alÃeles
of the same (rbl-1) gene is known to represent the primary
tumorigenic event, may also show N-myc amplification, sug
gesting an additional progressional change (156). In the murine
SEWA sarcoma, myc amplification could be favored by selec
tion for the dissociated ascites form of growth (154).

It is interesting to note that even the amplified and highly
transcribed c-myc or N-myc genes can be turned off by appro
priate differentiation-inducing stimuli (11, 134). This regula-
bility is in contrast to the apparently irreversible dysregulation
of the translocated myc gene in BL and MPC. This difference
may be due to the fact that the amplified oncogene stays in its
normal regulatory environment, since the DNA sequences are
very large in comparison with the gene (for review see Ref.
146).

How would myc amplification contribute to the progression
of an already established tumor? If it is correct that the expres
sion of the myc gene antagonizes the entry of the cell into a
terminal differentiation pathway, myc amplification may con
tribute to tumor progression and/or to the ability of the cells
to grow as continuous in vitro lines, or as ascites tumors, by
tipping the balance between "intrinsic" and "responsive"

growth, i.e., the mechanisms that favor proliferation and those
that respond to differentiation-inducing or other growth-limit
ing signals, favoring the former. This may facilitate progressive
growth in a wider variety of microenvironments. The diversity
of regulatory signals in different microenvironments has been
particularly well demonstrated in the myeloid cell lineage (9).

The HL60 leukemia line is particularly interesting in this
context. Promyelocytic leukemias do not readily grow as cell
lines, perhaps because they tend to differentiate. The extensive
amplification of c-myc in HL60 leukemia (148, 149) may be
crucial for its establishment in vitro, perhaps by counteracting
the inclination of the cell to enter the differentiation pathway.
Strong differentiation-inducing signals can actually reverse the
balance. Exposure of HL60 cells to a vitamin D metabolite can
induce prompt down-regulation of the amplified myc genes,
followed by terminal differentiation (11). This suggests that the
relative balance between myc expression and differentiation-
inducing signals may be decisive for the choice between a
proliferative and a differentiating pathway. An analogous ex
planation may apply to the B-cell leukemias that carry a 14; 18
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translocation and also a typical or variant BL type transloca
tion, discussed in the previous section. The myc/lg juxtaposi
tion, believed to occur as the second event in the evolution of
these leukemias, may facilitate progressive growth in a larger
variety of microenvironments, leading to a more aggressive and
more readily disseminating pattern.

Epilogue

We have discussed a number of examples where the trans
forming or tumorigenic effect of activated oncogenes was par
alleled by and perhaps due to the blocking of a specific matura
tion step. Some oncogenes like myc can transform a wider
variety of cell types than others (e.g., myb) but even the former
are limited in their action to specific maturation steps or
"differentiation windows'" within a susceptible lineage.

Do all oncogenes act by blocking a differentiation step?
Probably not. The autocrine sw/platelet-derived growth factor
model may exemplify a different mechanism. However, the
validity of the appealing concept that the illegitimate activation
of a growth factor gene in a cell that is normally the target, not
the producer of the factor, can transform the cell by self-
stimulation remains to be proved, not only for naturally occur
ring tumors but even for the artificial scenario of the virally
transduced (\-sis) oncogene. It is equally important to check
the in vivo relevance of the interesting finding that the tumori
genic \-erb-B gene codes for a truncated EGF receptor (157).
The identification of similarly truncated receptors on a human
carcinoma line is encouraging, however (158). A truncated
growth factor receptor may act by providing continuous pro
liferation-inducing signals from a permanently "locked" posi

tion. This does not exclude interference with the maturation
program of the cell. In the case of AEV, the carrier of the v-erb
oncogenes, temperature-sensitive mutant studies have shown
that transformation is paralleled, and perhaps caused, by the
blocking of the normal pathway of differentiation (40, 44).

Recent biochemical evidence suggests that the ras oncogene
family may play a regulatory role in the phosphoinositol cycle
( 159). It is not clear if and in what way the activated, structurally
changed ras product interferes with normal growth and differ
entiation processes.

Among the virally transduced oncogenes, a differentiation-
blocking role is well established for \-src, \-myc, \-myb, and v-
erb. On the basis of the evidence discussed in this article, we
suggest that the translocated, /Â¿Â»-juxtaposedc-myc gene may
act in a similar way in causing BL and MPC. More specifically,
it may inhibit the return of an actively proliferating B-cell to
Go, e.g., at the time when the waning of an antigenic stimulus
would normally favor the transition of an expanding B-cell
clone to resting memory cells, with continued constitutive
expression of surface immunoglobulin but down-regulated myc.
In contrast to its normal alÃelethat is regularly turned off in
both MPC and BL cells, the translocated myc cannot obey this
program, due to its subordination to the cis control of the
illegitimately linked Ig locus.

Blocking of terminal differentiation may be also responsible
for the rare childhood tumors that require the loss of both
alÃelesof a single gene, namely retinoblastoma, Wilms' tumor,

and the osteosarcomas that tend to appear in successfully
treated retinoblastoma patients (65-67, 69, 70, 160). It has
been suggested that the deleted gene may code for a function
that is essential for the terminal differentiation step (67).

Heterozygous cells that contain one normal and one defective
alÃeleof the retinoblastoma (rbl-I) gene are nonmalignant. One

may therefore regard the normal alÃeleof this gene as a potential
"antioncogene." Antioncogenes or tumor suppressor genes un

doubtedly exist but they may turn out to be equally or more
heterogeneous than the oncogenes. In the retinoblastoma ex
ample, the normal alÃeleof rbl-l can provide the missing
structural information by simple genetic complementation. The
nonfunctional "cancer gene" appears therefore as a "recessive,"
in contrast to the "dominantly" acting oncogenes that have

been identified by viral transduction and/or by DNA transfec-
tion. The tumorigenic expression of such dominant oncogenes
can also be suppressed by cellular genes, however, as shown by
the hybridization of normal and tumor cells (57-61, 64) and by
revenant (10, 75) studies. Using the former approach, Stan-
bridge and Ceredig (72) and Harris (71 ) suggested that normal
cells suppress the tumorigenicity of their malignant fusion
partner by lifting a differentiation block, even in cases where
this has been imposed by a known, activated oncogene (71).
Revenants may arise by similar mechanisms. The recent study
of Noda et al. (74) is the first experimental attempt to define
the cellular genes that can suppress the transformed phenotype,
on the basis of their ability to specifically counteract the trans
forming action of different oncogenes. The gene or genes that
were responsible for the suppression of a v-Ki-ros transformant
could also suppress the phenotypic expression of other activi-
tated ras, fes, and src genes but not the transforming effect of
mos or sis. This suggests that the oncogenes of these two groups
interfere with the normal program of the same target cell at
different points. Further analysis of the interactions between
activated oncogenes and cellular genes that can oppose their
tumorigenic expression will be helpful in defining these points
in molecular terms.

At the time of Jacob Furth (1), the endocrine organs and
their target tissues represented the only cell types that permitted
the study of the relationships between normal cells and super
imposed host controls and the changes of these relationships
during tumor development and progression in relatively con
crete terms. Such studies can now be performed on many
different cell types. Information is rapidly accumulating on
growth- and differentiation-controlling host factors and the
corresponding cellular receptors. The "multiple stepwise
changes in different unit characteristics" that describe the nat

ural history of most cancers (3) will become increasingly defin
able in relation to these parameters. The hemopoietic system
appears particularly suitable for such analyses (9, 10). Its cells
are intrinsically incapable of unstimulated cell division. Their
proliferation is therefore dependent on continuous stimulation
by specific regulatory molecules that have been defined now in
some detail, particularly for the myeloid system (9). Autocrine
models of transformation, analogous to the recently suggested
model of EBV immortalization (161), are of special interest in
this connection. Another and perhaps more important alterna
tive is the abrogation of growth factor dependence by oncogene
activation. A recent example is the demonstration of Rapp et
al. (162) that v-mye-carrying murine retroviruses can abrogate
the IL-2 and IL-3 requirement of dependent murine cell lines
of hemopoietic origin. No autocrine mechanism is involved.
Rather, it appears that the constitutively active v-myc gene
obviates the growth factor requirement by assuming a corre
sponding proliferation-maintaining function "from within."

The parallelism with the translocations may be more than
accidental, particularly since Rapp et al. found that the normal
c-myc alÃelewas down-regulated in their transfected lines. Pos
sibly analogous findings concern the abrogation of myelo-
monocytic growth factor dependence in v-src-superinfected
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avian myeloid cells, originally transformed by \-myb (163); the
abrogation of IL-3 dependence in cultured mast cells by Abelson
virus infection (164); and the malignant (tumorigenic) transfor
mation of a growth factor (granulocyte-macrophage-colony-
stimulating factor or IL-3)-dependent myeloid cell line by Abel-
son virus (165). The first example, but not the second and the
third, was shown to be mediated by an autocrine mechanism.

Furth's immense conceptual contribution to this area is thus
more valid than ever. His and Foulds' ideas on the importance

of the balance between intrinsic and responsive growth in tumor
development is now open for discriminative analyses in the
concrete terms of growth and differentiation factors, receptors,
oncogenes, and antioncogenes.

Summary

Virally transduced oncogenes (v-onc) have a restricted target
cell spectrum. They transform only a small part of the cell types
in which they are expressed. Temperature-sensitive (is) mutant
studies have shown that some of them may act by blocking
specific steps of maturation. If the cell can bypass the block,
e.g., by a temporary switch off of the temperature-sensitive
transforming protein, reexpression of the oncogene product at
the permissive temperature may be unable to restore the trans
formed phenotype. Consideration of these facts, together with
evidence concerning the reversion of the transformed phenotype
and the suppression of tumorigenicity in hybrids derived from
the fusion of normal and malignant cells, leads to the concept
of "conditioned tumorigenicity." It states that the transforming

and/or tumorigenic effect of a given oncogene, activated by
structural or by regulatory changes, is restricted to specific and
often quite narrow differentiation or maturation windows
within each susceptible lineage.

A similar restriction seems to apply to oncogenes activated
by chromosomal translocation. The regular juxtaposition of the
c-myc gene to one of the three immunoglobulin loci in Burkitt's

lymphoma, mouse plasmacytoma, and rat immunocytoma is a
case in point. The wye-carrying chromosome can break at many
different places, within, upstream, or downstream of the gene,
but not within its coding exons. This suggests that the break
occurs at random and the myc protein plays an essential role in
the selective, i.e., tumorigenic process. If so, other oncogenes
should be equally transposable to the "Ig hot spots" during the

long series of cell divisions in the preneoplastic target cell
population that characterizes the prehistory of both BL and
MPC. In other human B-cell leukemias and lymphomas, other
(e.g., 11;14 and 14;18) translocations have been found, confirm
ing that this can actually occur, but only in histologically
different neoplasms. The exclusive involvement of myc in BL
and MPC must be relatable to the specific functional features
of the precursor cells and to the normal role of the myc protein.
Recent evidence indicates that the myc gene is regularly turned
off before or at the time when the cell enters a pathway that is
programmed to lead it towards a resting G0 state. Clonally
expanded B-cells are believed to turn into resting memory cells
upon waning of the antigenic stimulus. The normal, non-
translocated myc alÃeleis regularly switched off in both BL and
MPC, indicating that the cell has already obeyed a program
involving the down-regulation of myc. The /^-juxtaposed, trans
located myc remains highly expressed, however, and may be
responsible for keeping the cells in cycle. The possibility that
BL and MPC may arise from candidate memory cells, rather
than pre-B-cells, is also suggested by the fact that all BL tumors
and derived lines make a heavy chain. Since the myc/'Ig juxta

position is a special case of a nonfunctional rearrangement, this

is expected only if the precursor cell would have been prese
lected for a functional Ig product. The memory cell is further
incriminated by the fact that the majority of BLs make IgM;
most MPCs produce IgA; and rat immunocytomas, known to
arise in parasite-infested Louvain rats, make IgE.
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