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Abstract

The step-wise accumulation of genetic and epigenetic alterations in cancer development includes chromosome
rearrangements and viral integration-mediated genetic alterations that frequently involve proto-oncogenes. Proto-
oncogenes deregulation lead to unlimited, self-sufficient cell growth and ultimately generates invasive and destructive
tumors. C-MYC gene, the cellular homologue of the avian myelocitic leukemia virus, is implicated in a large number
of human solid tumors, leukemias and lymphomas as well as in a variety of animal neoplasias. Deregulated MYC
expression is a common denominator in cancer. Chromosomal rearrangements and integration of oncogenic viruses
frequently target MYC locus, causing structural or functional alterations of the gene. In this article, we illustrate how
genomic rearrangements and viruses integration affect MYC locus in certain human lymphomas and solid tumors. 
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Introduction

Cancer arises from a single precursor cell by
cumulative acquisition of multiple genetic and
epigenetic alterations caused by diverse types of
damage triggered by various mutagens, oncogenic
viruses, errors in replication or the effects of aging.
Genetic alterations and changes in DNA
methylation may affect a variety of genes; proto-
oncogenes, tumor suppressor genes, DNA
mismatch repair genes and genes associated with
cell aging or apoptosis. DNA damage that can be
manifested as point mutations, chromosomal
rearrangements, amplifications and deletions
accumulate resulting in the emergence of incipient
clonal cancer cells that acquire unlimited, self-
sufficient growth and resistance to normal
homeostatic regulatory mechanisms. Step-wise
accumulation of cell alterations is necessary for the
initiation of transformation and the acquisition of
an invasive phenotype, even in cases with a
preexisting germ line mutation of a tumor
suppressor gene [1, 2].

Chromosomal abnormalities have been
implicated in cancer development since the turn of
the last century. However, only during the last two
decades, with advances in cytogenetics and
molecular biology, has the genetic basis of
neoplasia been firmly established, with
chromosomal alterations being recognized as
critical in the pathogenesis of human cancer.
Recurrent chromosomal alterations provide
cytological and molecular markers for the diagnosis
and prognosis of disease. They also facilitate the
identification of genes that are important in
carcinogenesis and, ultimately, may lead to the
development of targeted therapy. Chromosomal
changes frequently involve proto-oncogenes and
their deregulation is associated with the
development of cancer [1, 3, 4].

Members of the MYC gene family are involved
in regulation of growth and development of normal
and cancer cells. In particular, c-MYC, the cellular
homologue of the avian myelocitic leukemia virus,
is implicated in over 80% of human cancers and in
a variety of animal neoplasias [5]. The MYC
protein plays a well defined role as a component of
signal transduction pathways promoting both cell
proliferation and apoptosis. Deregulated MYC

expression is a common denominator in cancer [6].
In this article, we will highlight and present our
observations on the role of chromosome changes
and viral integration in deregulation of MYC
expression in several forms of cancer.

Chromosome translocations -
mediated alterations of the MYC
gene in lymphoma

A large number of recurrent and specific structural
alterations have been identified in leukemias, lym-
phomas, and solid tumors [3, 4]. Leukemias,
lymphomas and sarcomas commonly elicit specific
balanced translocations that mediate activation of
proto-oncogenes by their juxtaposition with
promoter sequences or generate fusion of genes. As
both oncogene products and gene fusion proteins
are often transcriptional factors, the disruption of
transcription control might be a critical and
etiologically relevant alteration in these forms of
cancer. The best known example is balanced
translocation 9;22 in chronic myelocytic leukemia
(CML) that is intimately associated with the
initiation of the disease, provides a reliable marker
for diagnosis and detection of residual disease and
lead to the development of gleevek (SU5416), a
ABL/BCR tyrosine kinase inhibitor, which is an
effective therapeutic agent in CML and possibly in
other forms of cancer [7]. The development of this
therapeutic agent illustrates how, in time, progress
in basic research leads to clinical advances.
Philadelphia chromosome, a characteristic
alteration in CML, was discovered over forty years
ago and later proved to be an equal exchange
between chromosomes 9 and 22, harboring at the
site of reunion ABL and BCR genes which, as the
result of chromosome reorganization, fused and
formed ABL/BCR chimeric gene coding a protein
with oncogenic properties.

Characteristic for Burkitt’s lymphoma (BL) are
translocations involving the MYC locus on chromo-
some 8q24 to any of the three immunoglobulin ge-
nes loci on chromosomes 14q32, 2p11 or 22q11[8].
The breakpoints in most common translocations
t(8;14) cluster within or near MYC locus [9]. Due
to the influence of immunoglobulin enhancer
sequences placed near its locus, MYC gene exhibits
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Fig. 1 Molecular cytogenetic characterization of a Burkitt’s lymphoma cell line and the derivation of an complex
abnormal chromosome from a breast carcinoma cell line. a) Classified SKY metaphase from Burkitt’s lymphoma
ST486 cell line carrying a novel translocation t(8;14;18) in addition to t(8;14). b) The derivation of this translocation
is confirmed by painting with chromosomes 8 (yellow) and 14 specific probes (red). In both panels arrows indicate
the abnormal chromosomes. c) Coamplification of ERBB2 and MYC oncogenes in an abnormal chromosome from
breast cancer cell line. Shown from left to right are: clusters of multiple copies of ERB2 and MYC genes as depicted
by two-color FISH, the pattern of SKY hybridization indicating the multi-chromosomal origin of the derivative
chromosome, the G-banding pattern showing the presence of abnormally banded regions, and the classified SKY
image showing that the abnormal derivative contains material from chromosomes 8, 3, 17 and 13. Arrows indicate
that the sites of oncogenes clusters correspond to abnormally banded regions containing material from chromosome
17. d) FISH with MYC and ERBB2 probes on extended chromatin fibers showing proximity of two sets of signals.
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abnormal expression [10, 11]. The translocations
occur at an early stage of B-cell ontogeny as a result
of V-D-J recombinase malfunction, and MYC gene
alterations mediated by translocations have
etiological significance to the development of BL
[12, 13].

In two BL cell lines, CA46 and ST486, that have
been used to clone and sequence the translocated
MYC gene, the breakpoints involve an almost
identical site within the first intron of the MYC
gene [14]. In both lines, the first noncoding exon of
the gene is retained on chromosome 8, while the
coding sequences of the second and third exon are
translocated to and rearranged with different
regions of the IgH locus on chromosome 14. We
analyzed these lines by spectral karyotyping
(SKY), G-banding, fluorescence in situ
hybridization (FISH) with chromosome painiting
and single-copy gene probes, and comparative
genomic hybridization (CGH). In addition to t(8;
14) translocation involving the MYC and IgH loci,
we identified two new complex rearrangements, a
t(7; 8; 14) translocation in CA 46 cells and t(8; 14;
18) in ST486 cells. In Fig. 1 a and b, the derivation
of t(8;14;18) translocation as depicted by SKY and
confirmed by chromosome painting with probes for
chromosome 8 (yellow) and 14 (red) is illustartred.
Both secondary translocations resulted in
transposition of MYC sequences in a new genomic
configuration [15]. When tumorigenicity of these
lines was tested in SCID mice, CA46 cells
produced tumors two weeks after cell inoculation
while ST486 cells induced only one tumor after a
long latency period. CGH and FISH analysis with
specific YAC probes revealed partial duplication of
the long arm of chromosome 1 which is the second
most common alteration in BL and is known to be
associated with aggressive tumors and poor
prognosis [16]. Duplication of the bands 1q23-24
commonly observed in Epstein-Barr virus (EBV)-
negative lines was identified only in highly
tumorigenic CA46 cells suggesting that this region
harbors gene(s) associated with tumor cell
invasiveness. These observations suggest that MYC
gene deregulation is associated with the initiation of
neoplasia while duplication of an unknown gene on
the long arm of chromosome 1 may occur during
cancer progression and confers an aggressive
phenotype.

MYC gene amplification and
overexpression in breast cancer

Comparative  genome hybridization that allows
positional identification of gains and losses of DNA
sequences in the entire tumor genome is based on
competitive FISH of differentially labeled total
genomic DNA from appropriate control tissue and
tumor DNA to normal chromosome spreads. CGH
has been applied to identify the gains and losses of
DNA sequences in breast tumors, tumor-derived
cell lines, and archival tumor material. CGH data
obtained from 698 primary tumors and 38
established tumor cell lines have recently been
compiled [17]. Despite large numbers of complex
genomic changes in breast cancer, CGH screening
showed that gain of the long arm of chromosomes 1
and 8 and loss of 13 are represented in over 90% of
the cases [18]. Regions of gain frequently affect the
distal part of the long arm of chromosome 8
containing MYC gene. Furthermore, a recent CGH
ratio measurement has revealed that gain of 8q24
correlates with poor patient survival and is
associated with mutation of the P53 tumor
suppressor gene. The association between gain at
8q24 and p53 mutation might be attributable to
transactivation of the MYC gene by the p53
promoter [19].

The amplification of MYC in primary breast
tumors and tumor cell lines is also associated with
the formation of a distinct type of chromosome
changes referred as double minute chromosomes
and abnormally banded or homogeneously stained
regions (HSR). Both abnormalities reflect DNA
amplification and like other structural alterations
are associated with genomic instability and
contribute to the process of carcinogenesis [1, 20-
22]. Their occurrence leads to loss of control of
copy gene number that may generate
subpopulations of tumor cells with increased
growth potential, invasiveness and refractory to
chemotherapeutic agents [20-22]. These alterations
are also viewed as an important in cancer
development because they frequently involve
proto-oncogenes which can alter the proliferation of
the cells [1]. High-level amplification MYC and
ERBB2 was demonstrated in breast cancer cell
lines by FISH with genomic probes. Clusters of
multiple copies of both genes were observed at the
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site abnormally banded regions and HSRs in highly
rearranged chromosomes, some originating from
several different chromosomes (Fig. 1c). Although
on chromosome preparations ERBB-2 and MYC
signals appeared closely spaced, FISH on DNA
fibers showed that the clusters may contain
additional amplified genes (Fig. 1d). Amplification
and overexpression of ERBB2 gene is a molecular
and cytological marker for disease recurrence and
led to the development of an anti-ERBB2
therapeutic agent, trastuzumab (herceptin), for
breast cancer [23-25]. Tumor cell lines containing
amplification of both MYC and ERBB2 as well as
having a high incidence of genomic abnormalities
were the most aggressive in nude mice [26]. 

MYC gene amplification in breast
tumorigenic cells generated in vitro

A major advance in the understanding of the
process of cell immortality and the acquisition of
malignant transformation came from the successful
and reproducible approach to generating in vitro
tumorigenic transformants by sequentially inserting
a genomic version of the SV40 large-T (LT)
oncogene, the hTERT, the telomerase catalytic
subunit and an oncogenic allele of the H-RAS gene
into normal human kidney embryo cells and
foreskin fibroblasts [27]. This strategy was
extended to transform normal mammary cells and
thus, for the first time epithelial cells from
reduction mammoplasty have been converted into
invasive, malignant cells by introducing a defined
set of genes. The cytogenetic makeup of fibroblasts,
kidney epithelial and mammary tumorigenic cells
was examined by SKY. Fibroblast tumorigenic cell
lines were highly aneuploid, kidney lines had a
large fraction of karyotipically normal cells and
mammary tumorigenic cell lines exhibited nonran-
dom alterations resulting in amplification of the
MYC gene [28, 29]. Translocation and partial dupli-
cation, trisomy and isochromosome formation
involving chromosome 8 were responsible for MYC
gene amplification and concomital elevated MYC
expression which occurred in cells derived from
different tissue samples, in low and high RAS
expressing populations and prior to cells injection
into nude mice. Missdisjunction during cell divi-

sion, chromosome translocations and formation of
isochromosomes accounted for changes in MYC
gene copy-number. These cytogenetic observations
indicate that in addition to the inactivation of the
p53 pathway and deregulation of retinoblastoma
(pRB) chromosome and MYC gene alterations are
required for tumorigenicity. MYC gene alterations
may be an early event in breast cancer development.
Noteworthy is evidence incriminating MYC gene in
the development of benign breast lesions in normal
breast tissue adjacent to breast carcinomas [30]. 

Oncogenic viruses integration at
MYC gene locus

Several DNA and RNA viruses have been
implicated as causative agents or cofactors in certain
forms of human cancer. Retroviruses, the first
filterable agents that cause cancer in chicken, are
obligate mutagens since their replication cycle and
persistence require integration into the host
chromosomal DNA [31, 32]. Unlike retroviruses,
the integration of certain DNA viruses into the
chromosomal DNA was not considered a
requirement for viral persistence. This view has
been challenged by evidence for human papilloma-
viruses (HPV’s) integration in most invasive genital
cancers, hepatitis B virus (HBV) integration in the
majority of hepatocellular carcinomas, and EBV
persistence in integrated form on infected
lymphoblastoid cells or BL. HPVs, avian, murine
and feline leukemia viruses and woodchuck
hepatitis virus (WHV) are known to integrate near
MYC locus leading to gene activation [33].

Integration of the viral genome into cellular
DNA can trigger a variety of interactions with their
host cells that may be relevant for the induction of
cell transformation, the maintenance of the
transformed phenotype and tumor progression [34-
35]. Viral integration leads to the acquisition by the
host genome of viral transforming genes with new
regulatory elements involving either the loss of
viral regulatory mechanism or the addition of others
of cellular origin. In the latter case, alterations of
the cellular genes may result from the integrated
viral sequences either as a consequence of the viral
insertion per se or by the effect of viral regulatory
elements on nearby cellular genes.
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The specificity of viral integration is
fundamental in determining the biological
significance of the phenomenon to various
pathological conditions including cancer [33-35].
The concept of nonrandom viral integration at
fragile sites (FS) and regions of growth regulatory
genes introduced nearly ten years after the first
demonstration of HPV integration at FS in HeLa
cells and the realization that most, if not all,
oncogenic viruses preferentially integrate at FS and
loci of genes involved in cell growth regulation [36,
37]. FS are regions susceptible to breakage under
specific experimental conditions. Antifolates,
fluorodeoxyuridin, methotrexate and aphidicolin, a
DNA polymerase inhibitor induce the expression of
FS during metaphase as nonstaining gaps or breaks
usually involving both chromatids. Although FS are
dispersed throughout the genome they tend to
cluster at G-light chromosome bands that are
known to contain GC-rich Alu repeats and are
constitutionally more relaxed and unfolded during
transcription. FS also correspond to nuclease
sensitivity sites and zinc finger protein domains,
indicating that FS reflect an aberrant state of
genetic activity at areas associated with
transcriptional regulation. FS tend to replicate late
during cell cycle thus being limited available
targets for breakage and recombination (38). Viral
transforming genes E6, E7, and E1 and the
regulatory region of HPV18 located near MYC
genes were amplified and MYC constitutively
expressed, possibly contributing to the acquisition
of immortality and proliferative capacity in HeLa
cells [39]. Subsequently, others and we provided
compelling cytogenetic and molecular evidence for
HPV and other viruses integration at preferred sites
of fragility and regions of growth regulatory genes
[40, 41]. Forty per cent of the HPV integration sites
localized in cervical carcinomas cluster at FS 8q24
and the locus of MYC gene [42]. Invariably, HPV
integration at 8q24 is accompanied by amplification
of the viral sequences and MYC overexpression,
which is considered to be a prognostic marker for
invasiveness and metastatic potential in cervical
cancer [39, 43].

Unexpected observations have been made with
recombinant adeno–associated virus (AAV) in
HeLa cells. The introduction of genes to correct
hereditary defects or to suppress cancer is an
emerging area of research. Retroviruses or

genetically engineered vectors containing subgeno-
mic viral domains need to be analyzed for delivery
efficiency and possible adverse effects. Compelling
evidence for chromosomal site-specific integration
has been provided for AAV genome on a specific
region of the chromosome 19. AAV high specificity
for site integration has implications not only in
understanding molecular mechanisms of viral
integration but also for targeted gene transfer in
human gene therapy [44, 45].

In contrast to the wild type virus, recombinant
AVV did not integrate in chromosome 19 as
demonstrated by Southern blot analysis and FISH of
selected HeLa clones. However, integration did not
appear to be random; 3 of the 5 unique clones
studied had similar integration sites in areas close to
known proto-oncogenes and FS which included
integrations near MYC locus. These observations
are relevant to the understanding of the mechanism
involved in both the site–specific integration of the
wild type AAV as well as this nonrandom integra-
tion of recombinant AAV that should allow safer
approaches for genetic manipulation of cells [46].

MYC gene alterations in liver cancer

WHV, which has a genomic structure similar to that
of HBV, which is closely associated with the
development of HCC, exhibits striking similarities
to retroviruses in terms of integration and
requirements of RNA intermediate and reverse
transcriptase for replication. WHV is most
oncogenic of the hepandaviruses and is also known
to integrate near MYC locus and cause gene
activation. WHV-mediated rearrangements and
activation of MYC mirror those resulting from
chromosome translocations in hematological
malignancies [47, 48].

This may also be the case in HCC developed in
patients chronically infected with HBV. However,
due to the inherent capacity of HBV to cause
secondary chromosomal rearrangements, the
localization of HBV integration sites in HCC may
not represent the initial site of integration [49].
Independent of HBV integration near MYC locus,
gains at 8q24 are recurrent in both HCC cell lines
and primary tumors and involves MYC gene [49].
The importance of MYC gene in hepatocarcinoge-
nesis has been firmly demonstrated both in human

156



tumors and in a transgenic mice model.
Coexpession of MYC and transforming growth
factor (TGF) alpha enhances the development of
HCC in transgenic mice, through the disruption of
the pRb/EF2 pathway. In addition, TGF alpha may
function as a survival factor for neoplastic cells and
thereby accelerates the neoplastic process [50-53].
Gain at 8q24 and MYC gene amplification in
human HCC is frequently due to isochromosome
formations and complex rearrangements of 8q [54].

Substantial progress has been achieved both in
the identification of genes located at sites of
recurrent chromosomal alterations and in profiling
gene expression through the application of
powerful cytogenetic and functional genomic
techniques. Characterization of the molecular
pathology and gene expression profiles of various
cancers should provide both new clinical tools for
the accurate diagnosis and prediction of prognosis
as well as new targets for the development of
therapeutic agents [55]. The MYC signaling
network is indeed a very attractive molecular target
in a variety of cancers.
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