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The Role ofChromosome Rearrangements, Deletions, and Point Mutations inCancerâ€”
A Pathology B Study Section Workshop1

A critical overview of the rapidly progressing field of molec
ular oncology is particularly important. It has been thought for
many years that cancer is a multistep process and during the
past few years, it has been possible to begin to understand
initiation and progression stages of this process at the molecular
level. The field of molecular oncology developed rapidly with
the description and isolation of protooncogenes and the reali
zation that mutational activation of these genes is frequently
seen in tumors. Protooncogenes may be activated to oncogenes
by point mutation, amplification, or rearrangements. Oncogene
rearrangements can be used as tumor markers to help in the
diagnosis and prognosis of human tumors. The even more
recent discovery of growth suppressor genes has further added
to our knowledge of the role of chromosomal changes in tumor
formation. Loss of function by mutation or deletion of sup
pressor genes has been found in several human cancers includ
ing retinoblastoma, Wilm's tumor and colon carcinoma. Prom
inent suppressor genes include the retinoblastoma (RB)2 gene

and the p53 gene. Molecular findings support the original
multistage concept that tumors arise as a result of a combina
tion of several chromosomal alterations. Identifying and char
acterizing the products of mutated genes and their intermolec
ular interactions as well as identifying the genetic alterations
should be of value in diagnosis and treatment of certain
neoplasias.

To explore specific issues in molecular oncology, the NIH
Pathology B Study Section sponsored a workshop entitled "The

Role of Chromosome Rearrangements, Deletions, and Point
Mutations in Cancer." The purpose of the workshop was to

review and evaluate the most recent information concerning the
relationship between chromosomal alterations and tumor de
velopment. The nature of this workshop made it possible to
obtain the facts in an organized concise fashion from experts
in the field, learn how the data were obtained technically, and
discuss how the various data interrelated.

The first session dealt directly with the importance of multi
ple genetic events in tumorigenesis in particular, including the
role of suppressor genes. E. Fearon (The Oncology Center,
Johns Hopkins University, Bethesda, MD) discussed genetic
alterations underlying colorectal tumorigenesis. Colorectal tu
mors provide an excellent system in which to search for and
study the genetic alterations involved in the development of a
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common human cancer. Such studies have suggested that co
lorectal tumor development and progression result from accu
mulated genetic alterations in protooncogenes and growth or
tumor suppressor genes, with alterations in the latter class of
genes predominating. Mutations in four to five genes are re
quired for the development of a malignant tumor; fewer changes
suffice for benign tumor formation. Although the genetic alter
ations often occur in a preferred sequence, the total accumula
tion of changes, rather than their order with respect to one
another, is responsible for determining the biological properties
of the tumor.

In colorectal carcinoma the chromosomal regions most fre
quently affected by allelic losses, and thus considered likely to
contain tumor suppressor genes, are chromosomes 17p and
18q. A number of lines of evidence suggest that the tumor
suppressor gene affected by loss of chromosome 17p sequences
is the p53 gene. Allelic deletions involving chromosome 18q
are present in over 70% of colorectal cancers, and a candidate
tumor suppressor gene from the common region of 18q allelic
loss has been identified. This gene, termed DCC, for deletion
in colorectal carcinomas, is a large gene with predicted amino
acid sequence similarity to neural cell adhesion molecules and
other immunoglobulin supergene family members. The DCC
gene is expressed in most normal tissues, including colonie
mucosa, but its expression is greatly reduced or absent in most
colorectal cancers. In some cases, the reduced expression is
associated with genetic alterations of the DCC gene. Alterations
of the DCC gene may lead to the loss of normal growth
regulation by altering cell-cell or cell-basement membrane
interactions.

J. C. Barrett (National Institute of Environmental Health
Sciences/NIH Research Triangle Park, NC) continued the dis
cussion of tumor suppressor genes and also provided insight
into how growth suppression may be related to cellular senes
cence. Using microcell-mediated chromosome transfer, Dr.
Barrett's laboratory, in collaboration with Dr. Mitsuo Oshi-

mura (Tottori University, Tottori, Japan) has mapped several
tumor suppressor genes for human and rodent cancers. These
studies have shown that: (a) different members of the tumor
suppressor gene family can be mapped to different chromo
somes (e.g., chromosomes 1, 3, 5, 6, 7, 9, 11, 13, 17, and 18);
(h) more than one normal chromosome can suppress the tu-
morigenicity of a given tumor line, indicating that multiple
tumor suppressor genes are involved in certain tumors (e.g.,
chromosomes 1, 6, and 9 in endometrial cancer and chromo
somes 3 and 11 in lung adenocarcinoma); (<â€¢)gene dosage effects

can be observed (i.e., one copy of a suppressing chromosome
can suppress certain tumors while other tumors require two
copies); and (d) functionally distinct tumor suppressor genes
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can be identified (suppression of tumorigenicity can occur with
or without cellular senescence or growth suppression in vitro).
The last observation has led to studies on the genetics of cellular
aging.

In culture, normal human and rodent cells exhibit a finite life
span at the end of which they cease proliferating, a process
termed cellular senescence or cellular aging. Many cancer cells
have escaped cellular senescence and can be grown indefinitely
in the laboratory, suggesting that alterations in the process of
cellular senescence is involved in the neoplastic evolution of
cancer cells. An understanding of senescence at the cellular
level may provide insights into both the cancer and aging
processes. Dr. Barrett and coworkers have shown that defects
in the senescence program in cancer cells can be corrected by
introduction of human chromosome 1 from normal cells into
immortal cells. This finding suggests that one or more senes
cence genes may be located on this chromosome. Cell cycle
control genes that regulate entry into the DNA synthetic phase
of the cell cycle must be altered in senescent cells. Senescent
cells no longer possess the capability to phosphorylate the RB
protein in response to growth stimulation. This finding impli
cates upstream modifiers of RB phosphorylation as possible
crucial regulatory elements in mediating cellular senescence,
with the end result being a block to proliferation caused by the
presence of unphosphorylated RB protein acting on its own or
through other effector molecules. Recent studies indicate that
the p34cdc2kinase, which is a candidate RB kinase, is down-

regulated in senescent hamster and human cells.
The second session of the symposium dealt predominantly

with the role of gene rearrangement and gene amplification as
examples of the importance of genetic instability in tumorigen-
esis. J. L. Sklar (Brigham and Women's Hospital, Boston, MA)

discussed mechanisms by which chromosomal rearrangements
can arise in T-cells. Since many of the translocations found in
T-cell neoplasms involve one of the four T-cell receptor (TCR)
gene loci, and the breakpoints in these genes are located at sites
normally involved in gene rearrangements, the normal recom
bination machinery may be involved. Alternatively, there may
be random breakage and translocation throughout the genome
which is followed by selection for a growth advantage. Trans-
locations involving the ÃŸchain gene of the TCR and loci on
chromosomes 9, bands q32 and q34.3, were studied to try to
discriminate among these possibilities. The 9q34.3 breakpoint
is located within the gene for a protein with homology to the
Drosophila notch gene, decapitating a putative extracellular
domain. No sequences resembling those normally used in TCR
gene rearrangements were found near the breakpoint, indicating
that perhaps random breakage with selection had occurred in
cells with this breakpoint. No transcripts corresponding to
sequences near the breakpoint on 9q32 could be found in any
cell line except for the one in which the translocation originated,
but the transcript contained no open reading frames. The break
points in several 9q32 translocations were located between two
tandem, perfect heptamer sequences of the type used in TCR
rearrangements, implying that the recombination machinery
had recognized a heptamer in trans and brought about the
chromosomal translocation. Therefore, both types of mecha
nisms were potentially involved in generating the chromosomal
translocations involving the 9q loci.

If the TCR rearrangement machinery can recognize recom
bination signals in trans, can rearrangements occur between
bona fide heptamers from T-cell receptor genes also in transÃ
The polymerase chain reaction was used to amplify re

arrangements between the TCR-y locus on chromosome 7 and
the TCR-o locus on chromosome 14. Approximately 1 in IO4

normal lymphocytes were found to carry such a trans re
arrangement. The rearrangement junctions between the y vari
able region and the o diversity and joining regions appeared
normal, and many were in-frame and could potentially code for
hybrid receptor proteins. Hybrid transcripts originating from
genes rearranged in trans were highly abundant in the thymus.
Trans rearrangements between the TCR-y and <5genes were
found to be 100-fold higher in the lymphocytes of patients with
ataxia telangiectasia than in normal individuals. These results
provide experimental proof that many chromosomal translo
cations in B- and T-cells arise as a result of the recognition of

recombination signals in trans by the immunoglobulin and TCR
rearrangement machinery. Random breakage and translocation
can also occur provided there is a strong selective growth
advantage.

T. Tlsty (University of North Carolina, Chapel Hill, NC)
discussed gene amplification in cell lines and primary diploid
cells. Both gene rearrangement and amplification are examples
of genetic instability that are important in the neoplastic proc
ess. Dr. Tlsty described a clonogenic assay in which rat liver
epithelial cells were exposed to PALA, a drug which specifically
inhibits the aspartate transcarbamylase activity of the multi
functional CAD enzyme and selects for amplification of the
CAD gene. In this study, highly tumorigenic cell lines became
resistant to PALA almost 100 times more frequently than
nontumorigenic cell lines. Molecular analysis of the PALA-
resistant subclones confirmed that, in each case, the resistance
was due to amplification of the CAD gene. When the Luria-
Delbruck fluctuation analysis was used to distinguish between
variant cells that originated from rare spontaneous mutation
and those that arose by adaptation to an environmental selec
tion, it was determined that CAD gene amplification occurred
spontaneously in cell lines that demonstrated no tumorigenic
ity, moderate tumorigenicity, or high tumorigenicity. The rate
of spontaneous CAD gene amplification in the highly tumori
genic cells was more than 70 times higher than that for the
nontumorigenic cells, reaching almost 1 x IQ~* events/cell/

generation.
Studies were also discussed in which gene amplification was

examined in primary diploid cells, both human and rodent, and
compared with their transformed counterparts. The frequency
of amplification in transformed cells was at least four orders of
magnitude greater than that in normal cells. Of 29 different
cell populations studied, 7 primary, diploid cell populations
exhibited no detectable amplification frequency, while 22 trans
formed cell lines demonstrated amplification frequencies be
tween 10~3-10~7. In these same cell lines, the frequency of

generation of ouabain-resistant mutants was identical, indicat
ing that the clonogenic capacity of the diploid cells was not the
limiting factor. These results demonstrate that a dramatic dif
ference exists between primary, diploid cell populations and
immortalized cell populations in their ability to amplify gen-
omic sequences.

The third session included a series of reports reviewing the
most current data on genetic instability in specific neoplasms.
R. Dalla-Favera (College of Physicians and Surgeons, Columbia
University, New York, NY) discussed the role of oncogenes, in
particular, c-myc and tumor suppressor genes in B-cell lym-
phoma pathogenesis. A group of B-cell malignancies, including
Burkitt's lymphoma, L3-type ALL and AIDS-associated NHL

are associated with specific chromosomal translocations involv-
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ing the c-myc and immunoglobulin loci. The consequences of
these abnormal recombinations are: (a) the juxtaposition of the
c-myc gene to immunoglobulin regulatory domains; and (b)
structural lesions, including truncations and mutations of the
5' regulatory region of translocated c-myc alÃeles.Both these

events are thought to be necessary to cause deregulation of c-
myc gene expression. Constitutively expressed c-myc alÃeles
have been shown to transform EBV-immortalized human B-
lymphoblasts in vitro and to cause B-cell tumors in transgenic
mice. Deregulated c-myc expression leads to changes in the
regulation of genes that are regulated by c-myc. It has been
found that the gene coding for the aL chain of LFA-1 (oiL/ft)
integrin receptor is specifically modulated by c-myc by a post-
transcriptional mechanism in B-lymphoblastoid cells trans-
fected with c-myc oncogenes as well as in Burkitt lymphoma
cells which carry activated c-myc oncogenes. Since LFA-1 is
involved in B-cell adhesion to cytotoxic T-cells and natural
killer cells, as well as to vascular endothelia, these results imply
novel functions for the c-myc gene both in controlling normal
B-cell development and in determining the ability of tumor cells
to escape immunosurveillance and metastasize. Consistent with
this notion, transformation by c-myc oncogenes has been found
associated with resistance to autologous T-cell mediated cyto-
toxicity in vitro.

The concept that multiple genetic alterations, in addition to
c-myc oncogene activation, are likely to be required for lym-
phomagenesis was also discussed. While EBV infection is likely
to play a role in Burkitt's lymphoma and AIDS-NHL, recent

evidence indicates that loss/mutation/inactivation of p53 and
RB tumor suppressor genes may also be involved. In particular,
loss/inactivation of thep53 gene is associated at high frequency
(50-70%) with all types of neoplasms carrying activated c-myc
oncogenes including L3-type ALL, whereas it is very rarely
found in other types of ALL and NHL. These results suggest
that specific interactions may exist between c-myc and p53 in
B-cell lymphomagenesis.

S. Korsmeyer (Washington University School of Medicine,
St. Louis, MO) then discussed the role of the oncogene Bcl-2
in B-cell lymphoma development. The t(14;18) (q32;q21) is
associated with follicular lymphoma, an initially low grade
disease consisting of small resting B-cells. Over time, a histo-
logical conversion to diffuse large cell architecture and aggres
sive high grade lymphoma frequently occurs. The translocation
occurs early in pre-B-cell development and juxtaposes a new
putative protooncogene, Bcl-2, with the immunoglobulin heavy
chain locus at 14q32, resulting in inappropriately elevated levels
of Bcl-2 protein. Bcl-2 encodes a novel M, 25,000 integral
protein of an intracellular organelle. Interesting data were pre
sented to support the concept that Bcl-2 extends cell survival
independent of promoting proliferation, that prolonged B-cell
life is tumorigenic, and that Bcl-2 is a regulator of programmed
cell death. A Bcl-2 expression vector was placed into a series of
interleukin-dependent cell lines to determine if overproduced
Bcl-2 would spare the need for a specific ligand receptor inter
action. Bcl-2 consistently spared the death and extended the
survival of certain interleukin-deprived cells. Bcl-2 did not
influence cell cycle progression. The presence of deregulated
Bcl-2 blocks programmed cell death. Cells return to G0 but do
not die. The distribution of Bcl-2 in normal lymphoid tissue
was described and the results suggest a prominent role for Bcl-
2 in a B-cell survival pathway.

The generation of transgenic mice bearing a Bcl-2-Ig mini-

gene that recapitulates the pathological consequence of the

t(14;18) was also discussed. The expanded lymphocytes in the
transgenics were predominantly small, resting B-cells. Cell cycle
analysis confirmed that about 97% of the expanded B-cells
resided in G0-Gi. Transgenics possessed a 3- to 4-fold excess of
small resting B-cells in spleen, lymph node, and bone marrow.
These recirculating IgM/IgD B-cells accumulated due to ex
tended survival rather than increased proliferation. Bcl-2-lg
transgenic mice were initially healthy with expanded follicular
center B-cell zones of the spleen and fusion of adjacent regions
of white pulp. Autopsies of asymptomatic mice revealed evi
dence for oligoclonality of B-cells by 1 year of age, but none of
these tissues showed evidence of lymphoma. Bcl-2-lg transgenic
mice progressed to malignant lymphoma after a long latency
period of greater than 1 year. The most common lymphoma
was a high-grade diffuse large cell that was immunoblastic
(DHL-I). This progression from polyclonal hyperplasia to
monoclonal high grade lymphoma with a long latency period
suggested that secondary genetic changes play a role. Indeed,
one-half of the DHL-I tumors had a rearranged c-myc.

R. Baer (University of Texas Southwestern Medical Center
at Dallas, Dallas, TX) discussed site-specific recombination of
the tal-1 gene in human T-cell leukemia. The tal-l gene was
initially identified upon analysis of t(l;14) (p34;ql 1), a chro
mosome translocation found in the malignant cells of patients
with T-ALL. As a consequence of the translocation, tal-1 is
transposed from its normal location on chromosome 1 into the
T-cell receptor a/o chain locus on chromosome 14. The amino
acid translation of tul-1 includes sequences homologous to the
helix-loop-helix motif, a DNA-binding domain present in a
family of proteins involved in the control of cell growth and
differentiation. Since the t(l;14) (p34;qll) marker has only
been observed in 3% of T-ALL patients, activation of the tal-1
gene by chromosome translocation is an uncommon feature of
T-cell leukemia. Dr. Baer reported that an additional 25% of
T-ALL patients bear tal-1 gene rearrangements that are not

detected by karyotype analysis. These rearrangements result
from a precise 90-kilobase pair deletion (designated taf) that
arises independently in different patients by site-specific DNA
recombination. Since the deletion junctions resemble the coding
joints of assembled immunoglobulin genes, taf rearrangements
are likely to be mediated by aberrant activity of the immuno
globulin recombinase. Hence, alteration of the tal-1 gene, either
by t(l;14) (p34;ql 1) rearrangement of taf recombination, rep
resents the most common genetic lesion associated with human
T-ALL.

M. O. Diaz (University of Chicago, Chicago, IL), discussed
the role of deletions of 9p in leukemia and solid tumors.
Deletions or unbalanced translocations of the short arm of
chromosome 9 are associated with several kinds of human
neoplasia including ALL, gliomas, melanoma, and lung cancer.
The shortest region of overlap of these deletions is band 9p22.
Dr. Diaz provided new information concerning this region of
the chromosome. Deletions of the IFN gene cluster, located on
chromosome 9, are found in cell lines and primary samples
derived from patients with ALL, gliomas, or lung cancers.
Rearrangements of a large Not\ restriction fragment that con
tains the IFN gene cluster, without IFN gene deletion, were
also found in ALL, gliomas, and melanomas. A deficiency of
the enzyme methylthioadenosine phosphorylase (MTAP) is
associated with most cases of IFN gene deletion, suggesting
that the gene controlling the expression of this enzyme is closely
linked to the IFN genes, and that these genes are located at
band 9p22. A complete physical map of the IFN gene cluster
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was constructed. Studies with somatic cell hybrids suggest that
a tumor suppressor gene is located within the shortest region
of overlap of the 9p deletions; this tumor suppressor gene is
different from the IFN or MTAP genes.

M. L. Tykocinski (Case Western Reserve University, Cleve
land, OH) described gene transfer studies which exemplify the
way antisense and sense RNA expression can be effectively
combined to elucidate the function of cell surface molecules on
human cells. Two categories of episomal expression vectors,
based upon EBV and BK virus replicative signals, respectively,
have been assembled and used efficiently in this context; these
vectors provide significant advantages over integrating vectors
for certain stable gene transfer applications, including antisense
RNA-mediated gene inhibition in cultured cells. Using immu-
noregulation as an experimental paradigm, recent gene transfer
experiments were detailed which reveal a new function for the
human T-cell surface molecule CDS. According to these find
ings, CDS, normally thought of as a receptor/adhesin capable
of receiving activating signals, can also function as a ligand to
send inhibitory signals to other cells. This conception of CDS
as an immunoregulatory molecule illustrates another form of
molecular multifunctionality that can be associated with euka-

ryotic proteins and raises the possibility of analogous regulatory
functions for other cell surface molecules. Furthermore, there
is the prospect of exploiting the regulatory properties of such
proteins by artificially delivering them to the surface of cells to
be used therapeutically. Technologies under development for
accomplishing this and thereby engineering the cell surface
phenotype of human cells were discussed. While one obvious
technological approach is based upon gene transfer, a promising
alternative approach is based upon the direct delivery of pro
teins to the cell surface. This strategy is of particular interest
for primary, nontransformed cells that are generally poor can
didates for gene transfer. The prospects for such "protein
transfer," using selected proteins such as CDS that have been
artificially engineered to incorporate glycoinositol-phospho-
lipid moieties for membrane anchorage, were discussed.

The subject matter of the next talk introduced a discussion
of new types of tumors. S. Bigner (Duke University Medical
Center, Durham, NC) discussed chromosomal abnormalities in
human glioblastoma and medulloblastoma. Chromosomal and
molecular analyses of glioblastoma multiform and medullo
blastoma have demonstrated that these tumors frequently con
tain gene amplification and regional chromosomal loss. Forty
to 50% of glioblastoma multiform contain gene amplification
which is manifested cytogenetically as double minute chromo
somes. The gene which is most frequently amplified codes for
the EGFR gene but in a small number of cases there is ampli
fication of the N-myc or GLI genes. The amplified EGFR gene
is often rearranged as well with in-frame deletions in the extra
cellular domain. Chromosomal and restriction fragment length
polymorphism analyses have demonstrated frequent gains of
chromosome 7 and losses of chromosomes lOq, 8q, 17p, and
22; 17p loss is associated with point mutations of the p53 gene
but the relevant genes in the other chromosomal regions remain
to be identified. Three to 5% of medulloblastomas contain
double minute chromosomes and gene amplification, c-myc is
the gene which is most frequently amplified, although occa
sional cases of N-myc and EGFR gene amplification have been
reported as well. More than 90% of established medulloblas
toma cell lines have amplification and/or rearrangement of one
of these genes, suggesting that these genetic alterations provide
a growth advantage for these cells in vitro. Fifty to 60% of

medulloblastoma contain i(17q). Although restriction fragment
length polymorphism analyses have confirmed that loss of
heterozygosity for 17p is common in these tumors, point mu
tations in the regions of the p53 gene which are altered in many
solid adult tumors have not been demonstrated in medulloblas
toma to date. It is possible that these tumors contain point
mutations in other regions of the p53 gene, but an alternative
possibility is that there may be a gene or genes on 17p other
than/?5J which is altered in medulloblastoma and that this gene
is the target of loss of heterozygosity for 17p in this tumor type.

The final talk moved into the related subject of metastasis.
R. Kerbel (Sunnybrook Health Science Centre, Toronto, Can
ada) discussed the concept that metastatic tumor cell variants
which emerge during the expansion of primary tumors do not
necessarily remain as a small minority subpopulation but, in
time, come to dominate the primary tumor cell population. In
this way, the numbers of cells spawned by primary tumors
having metastatic potential can be considerably augmented.
This increase may often be necessary, though not necessarily
sufficient, for the formation of distant mÃ©tastases.It also ex
plains why the tumor cells populating distant mÃ©tastasesand
primary tumors (or at least advanced late-stage primary tumors
such as Dukes D colorectal carcinomas, or thick vertical growth
phase melanomas) may be difficult to distinguish, phenotypi-

cally or genotypically.
The overall hypothesis that cancer cells can become increas

ingly refractory to growth inhibitors and conversely, increas
ingly sensitive to growth stimulators, as a function of tumor
progression, was also discussed. When melanoma cells are
mixed in vitro with irradiated dermal fibroblasts, or with con
ditioned media from cultures of such cells, the proliferation of
the melanoma cells is almost always suppressed, provided they
were obtained from early-stage metastatically incompetent le
sions, such as radial growth phase or most thin (<0.76 mm)
vertical growth phase primary lesions. In contrast, stimulation
of melanoma cell proliferation is observed under the same
coculture conditions if the melanoma cells were derived from
more advanced ("thick") lesions or from distant mÃ©tastases.

The inhibitor is effective only on early-stage melanoma cells,

whereas the stimulator is functionally active only on metastatic
melanoma cells. Together, the sustained action of such para-
crine growth factors would help provide metastatically compe
tent cells with a growth advantage over their more benign
counterparts, and thereby facilitate clonal dominance of the
former at the primary site and quite possibly in distant foreign
tissues and organs as well.

It was apparent at the end of the workshop that the role of
genetic instability in cancer encompasses many different areas
of research and that information in this field is accumulating
at a rapid pace. It was also evident that certain common links
are beginning to be seen. We learned that in-depth molecular
analyses are beginning to yield information on mechanisms
involved in gene rearrangement and amplification. Similarly,
molecular studies have revealed that some of the genes that
become altered or are unstable, in particular, suppressor genes,
are genes that have specific roles in the normal cell, including
integrin receptors, genes that are involved in cell-cell interac
tions and genes involved in senescence. Whether the studies
were done by using tumor material from many different human
tumors or in vitro human or animal culture systems, genetic
instability was found to be important. The genetic changes vary
with tumor type but one of the key findings is the multiplicity
of genetic changes that is seen. Future studies to investigate
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genetic instability are critical to understanding tumorigenicity,
metastasis, and drug-resistant variants that elude chemo
therapy.
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