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I was very honored to be the recipient of the 15th Richard and
Hinda Rosenthal Foundation Award and am pleased to be able to
present this paper, in which I attempt to accomplish two goals. The
first is to demonstrate that staying with the problem one believes is
interesting is what one should do in science. Eventually, these areas
become practical or seem more important when they relate to human
disease, but it is important to continue to look at the fundamental
issues. Second, I show how recent results have dramatically changed
the way I think about the BCR-ABL oncogene and how it works to
cause the pathogenesis of human CML3 and ALL with the Philadel

phia chromosome. Instead of giving an overview summary, which
would describe things heard or seen before, I have tried to compress
some of that essential background and give a historical perspective on
our work in this field and that of others and then to bring the field up
to date by presenting some new material. I try to explain the thought
process that went into the experiments to show that the way this
oncogene is thought about has changed dramatically.

The story begins when I was a first-year medical student at Stan

ford. I went to work in the laboratory of Irving Weissman, and in
trying to decide on a project, Irv convinced me that the most important
thing is to pick a fundamental problem. The problem that began to
interest me was a problem in his laboratory, one that still exists, i.e.,
the nature of the pluripotent stem cell. If one could understand that cell
type, one would have a chance of understanding the genesis of the
hematopoietic system and what goes wrong with that system during
leukemogenesis. In order to study that problem, one can use a number
of approaches. One approach would be to isolate the stem cell. Irv and
many others have worked in that direction, and I think that within the
last few years it has become a reality to be able to physically isolate
pluripotent stem cells and to analyze their function. Many others have
worked in the area of growth factors and how they regulate hemato
poietic development from the stem cell, but the area I became inter
ested in was the area of leukemiaâ€”to use leukemia as a model for the

abnormal growth of stem cells, hopefully to understand how that
abnormal regulation was caused, and then to backtrack to understand
how it relates to the normal growth of such stem cells.

One type of human leukemia that provides a good model for ana
lyzing stem-cell biology is that of chronic myelogenous leukemia. In

this particular type of leukemia, the normal pathway of growth and
development is altered and the CML clone begins to dominate in the
bone marrow. There is normal maturation, but the number of cells at
each stage of the lineage becomes excessive. There are too many early
cells. Although they can progress through and mature, eventually,
secondary genetic changes occur and a blast crisis ensues, which
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resembles a more acute leukemia. This particular type of leukemia is
associated with the most classically described cytogenetic abnormal
ity of the Philadelphia chromosome. First described by Peter Nowell
(1) over 30 years ago, the detailed cytogenetics of this chromosome
was worked out by Janet Rowley (2) about 20 years ago. This chro
mosome was found to be a perfect cancer marker for CML and clearly
must be related to the pathophysiology.

The observation in the early 1980s that a specific cellular oncogene,
called ABL, was found on that portion of chromosome 9 which has
been translocated to the Philadelphia chromosome led to new insights.
This was a major step forward in focusing attention on how this
chromosomal change might in fact engineer a molecular change. Work
in my laboratory and in Ralph Arlinghouse's laboratory demonstrated

that the ABL oncogene expressed from the Philadelphia chromosome
was abnormal. Prior to that time, in my postdoctoral studies with
David Baltimore, I had been one of the people involved in character
izing the Abelson murine leukemia virus system in mice. In that more
simplified system a piece of the ABL oncogene is stolen and trans
duced into a retrovirus, and that virus when infected into susceptible
strains of mice can induce pre-B-cell leukemias and other types of

leukemias under appropriate experimental conditions.
But the most critical hallmark of this ABL gene is that it contains a

specific biochemical activity called a tyrosine-specific protein kinase.

When I made the discovery in 1980 that this gene product had this
unique type of protein kinase activity, I never dreamed of the impli
cations it would have for growth-regulatory pathways. As we now

know, there are at least 10 different receptors that signal across the cell
membrane after binding ligand by stimulating their own intrinsic
tyrosine kinase activity. There may be as many as 50 or 100 other
tyrosine kinases inside the cell that participate in cell growth regula
tion and other processes. But at the time all we knew was that it was
an unusual protein kinase activity and it was clearly necessary and
associated with the biology of the Abelson virus. When we saw this
genetic structure and the common or very similar genetic structure
from the human leukemias, we also tested and demonstrated that the
protein specific tyrosine kinase of the ABL gene was also activated
and abnormal. Hence, here was a case of, in a sense, convergent
evolution, one of viral transduction, another of chromosomal trans-

location, which resulted in the activation of a similar biochemical
phenotype.

The original work by John Groffen and Nora Heistercamp, similar
work by Eli Canaani's laboratory, work from our laboratory, as well as

from other laboratories, put together this picture of the molecular
genetics of the Philadelphia chromosome in relationship to the acti
vation and expression of this oncogene. The ABL oncogene on chro
mosome 9 is represented as a subset of its exons or coding sequences.
Another gene, now bearing the name of BCR, originally standing for
breakpoint cluster region, is also involved. A subset of its exons is
joined to the ABL gene in the process of messenger RNA splicing. The
end result is a large chimeric (two-piece) messenger RNA, which also
expresses a two-part protein. In this case, it is a M, 210,000 protein
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which we call P210 BCR-ABL. Although this dramatic joining to

gether of the two genes to make an abnormal gene product, the
expression of which is consistently associated with a specific type of
cancer, would have satisfied most people as the answer to the puzzle,
it, in fact, is not the answer; it is only the beginning of an interesting
puzzle. The puzzle I present is, how do these two genes interact, why
do they come together to form this genetic product, and what is the
consequence for growth deregulation of the cell?

The first clue to this puzzle came from the natural variation that one
finds in oncology or in all of human biology. A few years after these
observations were made, Steve Clark in my laboratory and others
independently in several groups observed that some patients with
Philadelphia-positive (Ph-positive) ALL (a very different disease be

cause it presents more aggressively in the patient as an acute leuke
mia, as its name implies) would produce a related protein of a smaller
molecular weight. This protein, which we call PI85 BCR-ABL, is

identical in its Abelson component but varies in its BCR component
by the loss of certain exons of BCR. The reason for that is because the
breakpoint in the gene is further 5' or upstream in the gene. What this

leads to is again a chimeric gene product, close in structure to P210,
but distinguishable. Thus, a number of questions arise, first among
them being: What is the difference between these gene products and
how can we evaluate it?

The approach that we took was to capture the complementary
DNAs for these genes and build them into a transmissible retrovirus
that we could manipulate in the laboratory to infect a variety of mouse
cell types in order to develop model systems for the study of these
genes. The expression of the viruses is directed from the structure
called a long terminal repeat of the retrovirus, which produces a fairly
high amount of the protein. So, in a sense, we are forcing the issue to
look for biological change.

When a comparison was made between these two gene products
expressed under identical conditions, we came to a rather straightfor
ward and quite pleasing result. All of the biological activities we
observed, including the transformation of some strains of rodent fi-
broblasts or the transformation of the specific bone marrow pre-B-cell

types, were more potent for P185 than for P210. All of the biological
changes correlated quite nicely with an increase in both autokinase
activity, which is the ability of the protein to phosphorylate itself on
tyrosine, as well as in transkinase activity, which is the ability of the
protein to phosphorylate other constituents. So here was a case in
which increased mitogenic or growth potential was correlated with an
increase in tyrosine kinase activity. That made a lot of sense, but it did
not explain the difference between CML and ALL. One possibility is
that one protein more commonly associated with ALL because it had
a specificity, or preference, for that cell type. Another is that perhaps
these different chromosomal translocations occur within different
stages of the hematopoiesis, one more commonly within the lymphoid
lineage, the other in the more pluripotent cell. To test that directly we
needed a system in which we could test a variety of cell types in
the bone marrow and know that we could infect the earliest portion
of hematopoiesis and allow the outgrowth of tumors into different
lineages.

This was accomplished in a collaborative effort with Naomi Rosen
berg, a long-time colleague and collaborator, now at Tufts University.

A graduate student in her group, Michelle Kelliher, has worked out a
technique for the infection of viral retroviruses of partially purified or
enriched bone marrow pregenitors or precursor type cells, including
quite primitive stem cells. Those cells are then injected into a lethally
irradiated mouse and then followed for the development of specific
types of pathologies. One of the outcomes from some of the mice in
such experiments is a disease which is quite similar to that of human

chronic myelogenous leukemia during the chronic phase. It is not
identical, but it does have some similarities. Most importantly, the
peripheral blood of such mice shows very high numbers of mature
granulocytes and other myeloid lineage elements. The bone marrow is
packed with early and late-stage myeloid forms, as is the spleen.

However, in no group did all of the animals inoculated with the P210
retrovirus or P185 show this. There is a spread or range of different
pathologies.

To summarize the pathologies: there are leukemias of the granulo-

cytic, myelomonocytic, and lymphoid macrophage lineages for both
P185 and P210, and the percentages of those different tumors are not
strikingly different. So under these conditions, introducing either form
of the gene shows a roughly equivalent spectrum of tumors. I interpret
this to mean that there is not a cellular specificity to the causation of
ALL or CML, engineered by P210 or P185, but rather there is some
thing in the progression of those cells, down one or another lineage
from the origination of the disease, or perhaps there is a different cell
type in which the cytogenetic event occurred. That is at present an
open and, I think, quite interesting question. One striking difference,
however, between the populations of tumors we observed was the
kinetics with which they occurred. The tumors induced by P185
expression in the early stem cells came up much faster (10 to 20 days
earlier on average) than those induced by P210. So, again there are
greater mitogenic stimulae but roughly the same cell types affected.

An additional and quite striking change was seen in terms of the
invasiveness of these tumors into nonhematopoietic sites, such as the
liver or, in other experiments not discussed here, the kidney. There is
a dramatic infiltration of the liver by the myeloid forms from such
CML mice. Data that should be available in the literature soon show
that all of these tumors, PI85 and P210, in the peripheral blood and
other hematopoietic sites are clonal by the time we first examine them.
That does not mean that only a single cell was infected, but it probably
means that a single cell certainly dominated during the course of
pathogenesis. Therefore, what we must be looking at here is the
accumulated genetic damage, following the introduction of the onco
gene, and then sequential changes that we do not yet understand. That
is a fairly good model for what happens in human CML and probably
in other types of leukemias as well.

Those studies tell us that the gene is an oncogene. It has activities
in the right experimental settings, and there are variations between the
gene's potency that correlate with its natural biology. Why is it an

oncogene? What is it about this genetic structure that makes it dereg
ulate its normal function and cause the cell to respond with an abnor
mal proliferationâ€”the accumulation of new genetic damage and fi

nally the outgrowth of a lethal tumor? To think about this problem it
is necessary to compare the structures of the normal forms of the
cellular oncogene for ABL as well as the forms associated with trans
formation. C-ABL comes in two varieties, types 1A and IB. They

differ only by their first exon, their first coding sequence, the rest of
the gene is identical. What is important in each of the transforming
varieties is that they have lost that first exon and sometimes additional
sequences. P210 and P185 have lost the first exon, and the viral
Abelson form called P160-V-ABL has also lost it. Initially, it was

thought that that was all that was essential for the transformation to
occur. However, that first exon can be deleted, and the gene is no more
transforming than the normal gene itself. So what is it about these
further genetic changes that lead to activation and transformation?

There are a number of different mechanisms which have been
demonstrated to activate the cellular Abelson oncogene. The defini
tion of activation is association with the malignancy or, alternatively,
association with a chronic state of hyperphosphorylation or tyrosine,
sort of the end product of the kinase working. One event known to do
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that is the substitution of the C-ABL first exon sequences with BCR

sequences. Another change is something called deletion of the SH3
domain. Abelson, like many cytoplasmic tyrosine kinases, has a ty-

rosine kinase domain, in this case called SHI or SRC homologous 1
region, named after the Src tyrosine kinase oncogene, and there are
two regulatory sequences called SH2 and SH3 for SRC homologous
2 and 3. If you delete or mutate significantly the structure called SH3
within Abelson, within the backbone of the C-ABL form, it will lead
to an up-activation of the kinase and transforming activity. This has

been shown by several groups. A third way to activate the tyrosine
kinase activity of C-ABL is by hyperexpression of the gene to ex
traordinarily high levels, 500- or 1000-fold above the normal level

that is found in cells. This is a demonstration of that hyperexpression
using the technique of expression by Baculovirus vector. C-ABL can

now be found to have tyrosine phosphorylation. Hence, again there are
three ways to activate the SH3â€”deletion, hyperexpression in this

case, and BCR sequences. A combination of these data and a variety
of other pieces of evidence have led us to the following model.

There is a reasonable amount of evidence for a cellular inhibitor, a
molecular structure unknown at this point, which somehow interacts
with the normal C-ABL molecule and leads it to become inhibited, to
down-regulate it and to suppress its activity. If this inhibitor cannot
bind, the gene is up-activated and it leads to transformation. However,
in the BCR-ABL oncogene, the SH3 domain is present, but it is an

oncogene. That combination of reasoning led Ann Marie Pendergast
and Alex Muller in the laboratory to make a number of very specific
predictions about the relationship of BCR-ABL, all of which were

tested and all of which turned out to be true. This led us to believe that
the way BCR sequences activate ABL is to bind directly to their kinase
regulatory domain, blocking the action of an inhibitor, or perhaps by
using some other mechanism, which leads to a chronic up-stimulation

of the Abelson kinase, the deposition of phosphotyrosine, and the
creation of a transforming gene.

The first prediction of this model was that BCR sequences are
functioning through ABL, but they require an intact and functional
Abelson kinase for their activity. That can be shown by making a
site-directed mutant in the Abelson kinase segment. The normal P2IO

oncogene transforms both rat fibroblasts or rat fibroblasts in combi
nation with a MYC oncogene, another gene that can potentiate the
action of ABL. It can also transform hematopoietic cells in long-term

bone marrow culture. If, however, you make a mutation in which a
critical lysine residue is mutated to an arginine, this kills the kinase
activity and it kills the biological activity. The BCR sequences are still
present, so they alone cannot be responsible for the action of the gene.
Kinase activity from the Abelson region is required. An interesting
second experiment came out of this analysis in which another muta
tion was made. In this case a tyrosine residue was converted to a
phenylalanine. That phenylalanine residue is unable to accept phos
phate from the y position of ATP and consequently the protein prod
uct, although kinase active for the phosphorylation of cellular proteins
is inactive or weak for the autophosphorylation of Abelson. Interest
ingly, and somewhat surprisingly, this also dramatically reduces bio
logical potency. Although it is not zero, because there is some residual
activity left in cooperation with the MYC oncogene, the overall ac
tivity is down by at least an order of magnitude, suggesting that both
the kinase activity of Abelson is required as well as the ability of the
protein to bear phosphoryltyrosine on its surface. This may be impor
tant for action with other cellular signaling components.

The second prediction of this model is that the BCR sequences
themselves must be genetically essential. These data were recently
published by Alex Muller and other colleagues in our group. In the
critical experiment, P210 and P185 wild-type structures can transform

rodent fibroblasts in culture. If you alter the first exon of BCR, which
is the only sequence of BCR expressed and retained in the P185 form,
you completely obliterate the transforming activity of the residual
Abelson-BCR partner. In other words, mutations within the BCR
sequences destroy the ability of the BCR-ABL gene to transform if

they are fairly large block deletions. Two portions of the proposal
are fulfilled: (a) you need ABL kinase; and (b) BCR is genetically
essential.

To approach the problem of the third part, i.e., that there should be
a direct interaction of BCR with the regulatory domain of the kinase,
Ann Marie Pendergast, Marie Havelik, and Alex Muller created a
series of test ligands, using a bacterial expression system called the
GST expression system. It is a wonderful system for attaching small
pieces of proteins you are interested in to a carrier protein which can
be expressed at very high levels in bacteria and rapidly isolated. This
is the GST protein itself, the GST protein with the SH2 domain of
ABL hooked to it, the SH3 domain, the SH2 domain, and the com
bination of the SH2 and SH3 domains together. They serve as one
partner in a binding experiment.

The M, 160,000 C-BCR protein is known to be a serine- and
threonine-containing phosphoprotein, but its normal function in the

cell is not known, a point I will address at the end of this paper. When
this molecule is added in solution to Sepharose beads on which these
ligands are bound, we see very specific and very strong binding only
to those beads which contain the Abelson SH2 segment, or the SH2
segment with the SH3 segment nearby. This is actually a rather dra
matic and, to us, a very surprising result. We had predicted that the
SH3 segment might bind this portion of BCR, and we were surprised
to find the SH2 binding. It is widely known that SH2 segments are
found in a wide variety of cellular proteins, and in some kinases, as
well as in other classes of molecules, and it is probably important in
mediating intracellular signaling processes as a portion of the dimer-

ization domain. So here we had a function for BCR where a portion
of its sequence seems to bind SH2.

Where was this portion of BCR that bound to the SH2 domain? By
creating a series of constructs, we could evaluate whether the se
quence, a full-length molecule, a molecule which represents the por

tion of BCR found in P210, or a portion of molecule found in P185
could bind to the SH2 domain. The result is really quite clear. The very
place of the BCR protein, which is found in the oncogenic chimera,
has the binding activity which binds back to the Abelson segment.

A series of constructions were made, and the striking take-home

point of this is that when we removed that portion of the BCR
sequence which is required to bind to the Abelson kinase regulatory
domain, the ability of that protein to transform in all the assays we
evaluated was lost. Hence, here lies the molecular mechanism for the
activation of ABL by BCR. A direct physical binding between two
protein components, proteins which may have nothing to do with each
other in the normal cell, now occurs because they are linked to each
other genetically by the active translocation.

To further characterize this, we began by noticing that the segment
which seemed to be involved in the binding activity could be broken
up into smaller segments. These are not absolutely hard and fast
boundaries, but roughly mapped from some deletion mutants. Both of
these segments are extremely high in serine threonine residues and,
hence, are a site of protein phosphorylation, a fact which caused us to
ask whether their protein phosphorylation was involved in the nature
of this specific binding.

The answer is yes. If you dephosphorylate the protein using a
phosphatase, you can see that the protein shifts slightly in size, as you
dephosphorylate. It not only shifts in size, but it completely loses its
ability to bind to the SH2 segment. Proteins which retain phosphate
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bind quite avidly. So, phosphorylation is important and the next ques
tion is, what type of phosphorylation?

All previous examples of SH2 binding protein interactions, e.g.,
those found between SRC, phosphoinositol-3-kinase, and others, were

shown to be mediated through interactions with other proteins which
bore on their surface phosphorylated tyrosine residues. We anticipated
that when we examined BCR in detail we would also find that it was
phosphorylated on tyrosine and hence that was one of the mechanisms
it used to bind back to SH2. But the results came out to be the opposite
of our expectation.

Although we could easily demonstrate high levels of phosphoserine
and phosphothreonine in that portion of the BCR fragments which
would bind to SH2, we were unable to detect any phosphoryl tyrosine
at all on this protein. This has been confirmed in a number of inde
pendent ways, including various procedures. So, for the first time, we
have an example of a nonphosphoryl tyrosine protein segment which
can bind to an SH2 segment. I believe this is important for a number
of reasons. First of all, it increases the number of cellular proteins,
which we can now think about as interacting with phosphoryl ty-
rosine-containing growth factor receptors and other molecules. It in

creases the complexity of what cells can do and it increases the
potential for interfering with those types of signaling pathways. An
other reason I think it is important is that it gives us some very
directed things to test for new types of SH2 binding domains, e.g.,
specific serine and threonine residues within those stretches which
may provide different types of contacts for SH2 domains.

I hope I have been able to convincingly show that BCR is an
important component to the oncogene. It is not simply a passenger
piece of protein which is stuck onto ABL and has no logical function.
This, of course, piqued our interest in BCR. What is the normal
function of this gene? Does it participate in other signaling pathways
inside the cell, and is this simply an abnormal reflection of those
signaling pathways?

To begin to approach this issue, Yoshiro Maru, a postdoctoral
student in the laboratory, has taken on the difficult project of trying to
identify a function for a protein we know only because it ended up in
a chromosome translocation. There were a couple of hints in the
literature about BCR. A few years ago, one group published an inter
esting paper saying that BCR was associated with a serine and thre
onine kinase activity. Certainly seeing that serine and threonine phos
phorylation was important for the binding activity, we wish to really
investigate the possibility that BCR might be a specific kinase. The
trouble with that idea is that when you look through the sequence of
BCR, although you can find some interesting sequence motifs, the
overall similarity of the BCR DNA and protein structure to the protein
kinase family is very remote. So remote, in fact, that it scores essen
tially as a zero when you do sequence homology searching and set the
matrix level at a reasonable height. However, there were some inter
esting motifs. There were some phosphate-binding motifs, which are

known to occur in proteins like ATPases and in some kinases as well.
There were some motifs that were found in other kinase family mem
bers, like the cyclic AMP protein kinase family. But they are not really
that strong. All those sequence motifs were in the first exon of BCR,
the portion retained in PI85. There are other sequence motifs to other
interesting protein molecules that were picked up, which I will not
discuss here.

The next question I would like to address is: Is BCR a kinase? To
approach this we performed three types of experiments: (a) we hyper-

expressed the molecule, purified it to eliminate the association of
another cellular kinase and tested it; (b) we evaluated whether specific
chemical analogues of nucleotides, previously shown to bind and
inactivate kinases and other molecules which work with nucleotides,

could bind and inactivate BCR; and (c) we site directed mutagenesis
to identify specific chemical residues within BCR which might play a
role.

The first point is that BCR appears to copurify with the kinase,
either by immunoprecipitation or after hyperexpression and purifica
tion through several Chromatographie steps. Now we have the unusual
problem of a molecule whose sequence is completely dissimilar from
normal kinases, yet it seems to be tracking with the kinase activity. It
was still possible that there was a kinase activity associated with it
even though it looked highly purified, and we wanted to test further.

The strategy that was used here was to use a molecule called FSBA.
It is an analogue of ATP, which, when it gets into the active site of a
kinase or ATPase, can react with a variety of amino acids. Most
kinases have in their active site an essential lysine residue. When that
lysine residue reacts with FSBA, it leads to a covalent binding of the
chemical and total inactivation of the kinase activity. That works just
the way we expect it. However, BCR works differently. It is a unique
and very different kind of kinase. It does not have an available lysine
for the reaction to work with, but instead has a cystine residue. In fact,
it not only has one cystine residue, it has a pair of cystine residues in
the active site of the enzyme. The pair of cystine residues reacts with
the FSBA molecule to first form an unstable chemical adduci between
FSBA and one of the cystines. That molecule, although it is short
lived, leads to a disulfide bond within the active site of the enzyme.
That disulfide bond also inactivates the enzyme, but it can be reacti
vated by the inclusion of a reducing agent, in this case dithiothreitol.
Thus, you have a cycle in which the nucleotide analogue is inacti
vated, and then reactivated by adding the reducing agent. Although
this is a unique sequence and a unique chemical reactivity, it is not
unprecedented. A molecule called pyruvate kinase, which all of us
remember from introductory biochemistry, also uses this form of
double cystines in the active site to help approximate nucleotides.

In order to truly demonstrate that those cystine residues are critical
components of the catalytic cleft of this molecule, Yoshiro did addi
tional site-directed mutagenesis. The full-length molecule has kinase

activity, as well as a truncation, which represents the first exon
onlyâ€”in other words, the portion found in P185 BCR. Mutation of

one of those essential cystines completely obliterates the kinase ac
tivity. So, by all these criteria, BCR does not appear to be a protein
kinase, but a unique and unusual member of the protein kinase family.
Why is this important? What is this stimulating us to think? That we
have two different elements coming together to form this oncogene,
Abelson and its tyrosine kinase BCR and its serine kinase activity as
well as its SH2 binding activity.

The final point I would like to make, because I think it has rami
fications for a variety of other things which are now happening in
cytogenetics and our study of other translocations, is that we should
not think about these translocation events as having an action on one
gene but in fact should think about them as having an action on both
genes and that these two genes interact in a genetic and physical
manner to give rise to the transforming agentâ€”in this case a serine

kinase, an SH2 binding domain, and a tyrosine kinase. However, there
are other examples of chimeric oncogenes. In acute lymphocytic leu
kemia patients with the 1;19 translocation, functional elements are
present. Homeobox enhancer binding and a helix loop helix domain
are all components which are associated with transcription factors. In
promyelocytic leukemia with the 15;17 translocation, two genes, PML
and RAR, bring together probably some form of an unknown tran
scription factor and a well-studied example of one form of the retinoic

acid receptor. These are not genetic systems working independently.
They are now interacting, both by their protein proximity and by their
biological selection. I do not believe one would get the leukemia if
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there were not a special combination of genes being put together. We about things which inhibit or deregulate the ability of BCR to function
do not find Abelson, for example, activated by five or six other genes to up-regulate the Abelson tyrosine kinase activity. It may be far better

in other translocations. I think that would have turned up by now. I to regulate the regulator than it is to try to kill the kinase.
think there must be very specific restrictions on the nature of the
proteins that can interact in these chimeric oncogenes. References
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