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Chromosome Aberrations and Cancer 
ELLEN SOLOMON, JULIAN BORROW, AUDREY D. GODDARD 

Cancer may be defined as a progressive series of genetic and the elucidation of their mechanisms of action. Consis- 
events that occur in a single clone of cells because of tent chromosome aberrations are observed not only in rare 
alterations in a limited number of specific genes: the onco- tumor types but also in the relatively common lung, colon, 
genes and tumor suppressor genes. The association of and breast cancers. Identification of additional mutated 
consistent chromosome aberrations with particular types of genes through other chromosomal abnormalities will lead 
cancer has led to the identification of some of these genes to a more complete molecular description of oncogenesis. 

ANCER IS THE RESULT OF THE ACCUMULATION OF MUL- 

tiple genetic changes (1 ) .  Each alteration, whether an 
initiating or a progression-associated event, may be medi- 

ated through a gross chromosomal change and therefore has the 
potential to be cytogenetically visible. A corollary of this idea is 
that the molecular characterization of chromosomal rearrange- 
ments will lead to the identification of genes involved in cancer. 

The authors are at the Somatic Cell Genetics Laboratory, Imperial Cancer Research 
Fund, London WC2A 3PX, United Kingdom. 
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This review will focus on those chromosomal aberrations for 
which the affected genes have been cloned and characterized. 
Readers interested in the burgeoning cancer cytogenetics litera- 
ture are referred to other reviews (2 ) .  

Tumor Cytogenetics 
The common tumor chromosome aberrations are generally classified 

as structural or numerical. Structural alterations include translocations, 
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inversions, deletions, insertions, and amplifications, whereas numerical 
abnormalities are losses or duplications of whole chromosomes (Fig. 1). 
Tumors analyzed for chromosome aberrations are broadly classified by 
cytogeneticists as hematological, which include leukemias and lympho 
mas, or solid, which include carcinomas and sarcomas. For technical 
reasons, hematological malignancies have in the past been easier to 
analyze and, as a result, their analysis occupies roughly 80% of the tumor 
cytogenetics literature although these tumors represent only about 10% 
of the total (3). The result is that our understanding of these malignan- 
cies in molecular, if not biological terms, has emerged sooner than our 
understanding of the solid rumors. Many of the &cuIties with solid 
tumors have now been overcome, and literature on these tumors is 
expanding rapidly. 

Oncogenes and Tumor Suppressor Genes 
Two classes of genes are implicated in cancer. Some cellular genes 

(the proto-oncogenes) can be activated by dominant mutations. A 
proto-oncogene can be converted from a normal cellular gene to an 
oncogene by a variety of submicroscopic events including point 
mutations, small insertions and deletions, and juxtaposition to other 
chromosome sequences. This last event can be visualized cytogenet- 
ically as a translocation or inversion; this observation led to the 
realization that it was likely that proto-oncogenes might be involved 
in structural rearrangements. At least three oncogenes, MYC, ABL, 
and REL (see below) are rearranged in this way. 

The second type of tumor genes, often referred to as tumor 
suppressor genes (4), has been isolated to date only from solid 
tumors. Like oncogenes, these are also normal cellular genes; 
however, tumor suppressor genes contribute to oncogenicity 
through their loss rather than through their activation. Their 
behavior is recessive, and both copies must be inactivated for 
tumor formation to occur. Again, there are a variety of submicro- 
scopic mutational mechanisms by which this can occur. These are 
detectable at the DNA level as loss of constitutional heterozygos- 
ity in tumor DNA. Loss of the entire gene, the region of the 
chromosome, or even the entire chromosome will also achieve this 
end, and in the case of a tumor suppressor gene, these chromo- 
somal deletions and losses are detected cytogenetically. 

In general terms, structural rearrangements that consistently 
juxtapose two different chromosomal regions are thought to 
contain dominantly acting oncogenic sequences. Deletions or 
monosomies are believed to be the site of recessive tumor sup- 
pressor genes. 

Human Gene Mapping 
The advances in the molecular understanding of chromosome 

aberrations probably owe the greatest debt to the continuing 
expansion of the human gene map. The first translocations to be 
analyzed at a molecular level, the translocation between chromo- 
somes 8 and 14 [t(8;14)] of Burkitt lymphoma (BL) and t(9;22) 
of chronic myelogenous leukemia (CML), were both cloned on 
the basis of the assignment of genes to the breakpoint regions of 
the translocation chromosomes. Similarly, and perhaps more 
remarkably, the analysis of solid tumors is now possible because of 
the enormous numbers of random DNA sequences precisely 
located on the map. Small regions of chromosomes deleted in 
some tumors can now be detected submicroscopically by the use of 
anonymous DNA probes. The cloning of tumor suppressor genes 
from these regions has depended on the mapping of probes in 
these regions. 

Translocations and Inversions 

Specific reciprocal translocations are the cytogenetic hallmarks of 
leukemias and lymphomas. These translocations, together with the 
scarcer translocations seen in solid tumors, are found in 3% of all 
tumors (5). More than 100 recurrent translocations, extracted from 
available information on more than 14,000 neoplasms with karyo- 
typic abnormalities (2), have been described (6). The consistent 
association of specific translocations with particular disease types, 
particularly when present as the sole chromosomal abnormality, has 
led to the realization that these rearrangements identify significant 
steps in the oncogenic process. Although almost all leukemias are 
thought to carry a karyotypic abnormality of one type or another, 
molecular insights have been provided mainly by the study of highly 
consistent reciprocal translocations (7). 

The first consistent chromosome aberration observed in human 
neoplasia was the Philadelphia chromosome in CML in 1960 (8). 
The proof that the Philadelphia chromosome did indeed represent a 
translocation, rather than a deletion, had to wait until improved 
chromosome banding techniques became available in 1973 (9). The 
fill description of the rearrangement as a reciprocal translocation 
between the long arm (q) of chromosome 9, band 34, and band q l l  
of chromosome 22 [t(9;22)(q34;qll)] and the subsequent molec- 
ular dissection of the disease loci it identified heralded the arrival of 
a productive era for cytogenetics. The realization that particular 
genes lie at the translocation breakpoints and that these rearranged 
genes contribute directly to the transformed phenotype has become 
the paradigm for all recurrent translocations seen in both hema- 
tological malignancies and solid rumors. 

Translocations (and inversions) can pinpoint oncogenes, but, in 
order to characterize these genes, a breakpoint clone must be 
identified from among the 5 to 10 million base pairs suggested by 
the cytogenetic assignment. The translocations for which there is 
some molecular knowledge of the causative genes are presented in 
Table 1.  The inclusion of more hematological neoplasms reflects the 
more advanced understanding of these diseases over the cytogenetics 
of solid tumors (Table 2). 

The rearrangements shown in Table 1 are divided according to 
the molecular consequence of their translocations. Translocations 
have one of two effects. They may lead to the deregulation (over- 
expression) of oncogenes by their juxtaposition to enhancer or 
promoter sequences that are active in the cell type from which the 
tumor arises, particularly the immunoglobul& (Ig) and T cell 
receptor (TCR) enhancers. Thus, in BL MYC is deregulated by the 
Ig heavy chain enhancer or light chain h or K enhancer (10). Walking 
from the Ig or TCR genes has identified more than ten similarly 
deregulated oncogenes (Table 1, A and B). Examples of deregula- 
tion unconnected with the Ig and TCR enhancers have also been 
found (Table 1C). In parathyroid adenomas, a rearrangement, most 
probably an inversion-be&en the short and long arms of chromo- 
some 11, leads to the juxtaposition of the hormone 
regulatory elements and the PRRDl putative oncogene ( I I ) ,  result- 
ing in dramatic PRADI overexpression. Furthermore, PRADI may 
b; the elusive BCLl locus because these two genes have a close 
physical linkage (12). BCLl was originally defined through its 
rearrangement with the IgH locus in B-cell chronic lymphocytic 
leukemia (B-CLL), difhse B cell lymphoma, and multiple myeloma 
(13), but a transcription unit has proved difficult to find. PRADI 
encodes a cyclin-like protein (14). Similarly, the t(8;12)(q24;q22) 
translocation in B-CLL rearranges MYC, not with an Ig enhancer, 
but rather with a locus termed BTGI on chromosome 12 that 
presumably deregulates MYC (15). 

The alternative molecular consequence of translocation is gene 
fusion, which results in a chimeric oncoprotein whose transforming 
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ability is drawn from both partners. The t(9;22) of CML leads to a 
BCR-ABL fusion message and protein (16). The tyrosine kinase 
activity of ABL is unmasked by fusion to BCR sequences (17). The 
normal BCR encodes a guanosine triphosphatase (GTPase)-activat- 
ing protein (GAP) for a Ras-related guanosine triphosphate (GTP)- 
binding protein, p21r" (18). In CML, the BCR-ABL fusion p210 is 
usually found, whereas in individuals with Philadelphia-positive 
acute lymphocytic leukemia (ALL) a variant p185 fusion protein is 
seen in approximately half of the cases. This is due to breakage in a 
different-BCR intron and leads to a more potent transfirming 
protein. Four other examples of chromosomal rearrangements lead- 
ing to fusion proteins have been described (Table ID).  - 

Functions of genes at translocation breakpoints. Proto-oncogenes 
exert their effects at many points in the cascade of information that , L 
flows from a messenger outside a cell to the nuclear transcription 
factors that ultimately determine the stage of cell cycle and degree of 
differentiation. The genes identified at translocation breakpoints act 
throughout this s&e cascade. 

The proof that deregulation of growth factors or their receptors 
occurs in leukemia came with the cloning of the t(5;14)(q31;q32) 
breakpoint in pre-B-cell ALL (pre-B ALL). At this breakpoint, the 
interleukin-3 (IL-3) growth factor on chromosome 5 is positioned 
next to the IgH enhancer on chromosome 14 (Table 1A). The 
ensuing overproduction of IL-3 results in an autocrine loop that 
favors le~kemo~enesis (19). Both normal counterparts of ~ ~ ; C M L  
BCR-ABL fusion act further down the signal transduction pathway. 
Tyrosine kinases such as that encoded by ABL are widely implicated 
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Fig. 1. Schematic representation of chromosomal aberrations observed in 
tumors. Shown are the t(15;17)(q22;qll.2-12) seen in APL; the 
inv(14)(qllq32.1) observed in T cell leukemia; the de1(13)(q14q14) asso- 
ciated with RB; the terminal deletions of chromosomes 17p and 18q seen in 
colorectal carcinoma; monosomy 22 associated with meningioma; and 
trisomy 8 seen in AML and myelodysplastic syndrome. 

in cancer, as are GTPase-activating proteins such as the BCR 
product and the neurofibromatosis I gene product (20). 

Evidence for involvement of a ligand receptor in leukemogenesis 
comes from the rearrangement of a member of the steroid-thvroid - 
hormone receptor superfarnily, the retinoic acid receptor alpha 
(RARA), in the t(15;17)(q22;q11.2-12) of acute promyelocytic 
leukemia (APL) (Fig. 1 and Table 1D) (21). This translocation 
fuses the NH,-terminus of a Zn finger protein PML to the 
COOH-terminus of the protein RARA that is encoded by a gene 
on chromosome 1 7  (22i. The result is a chimeric transcri~iion 

\ ,  

factor that retains the Zn fingers from both molecules and the 
ligand-binding domain of RARA. Transformation presumably 
results from the aberrant regulation of genes involved in myeloid 
differentiation that are normally regulated by PML or RARA. A 
second fusion protein derived from two transcription factors 
results from the t(1;19)(q23;p13) (p  is the short arm of the 
chromosome) translocation in pre-B ALL (Table ID) .  This 
translocation fuses E2A on chromosome 19, which encodes the 
helix-loop-helix (HLH) Ig enhancer binding proteins E l 2  and 
E47, with the homeobox PBX gene on chromosome 1 (23). The 
translocation switches the DNA binding domain of E2A with that 
of PBX, thus placing those genes usually regulated by PBX under 
the trans-activational control of E2A. Furthermore, because PBX 
is not normally transcribed in pre-B cells, the translocation results 
in ectopic expression of the PBX DNA binding domain. 

The APL and pre-B ALL fusion proteins involve three different 
families of DNA binding proteins, those with Zn fingers, HLH 
domains, and homeobox domains (21-23). Rearrangements of a 
member of a fourth family, the REL/NF-KB family, occur in some 
cases of non-Hodgkin's lymphoma (NHL) as a consequence of an 
insertion on chromosome 2, ins(2;2)(p13;p11.2-14) (Table lD) .  The 
molecular result of this insemon is the h i o n  of two genes in a manner 
similar to translocation fusions. The resultant REL-NRG fusion 
protein retains the NH,-terminal DNA binding and transcriptional 
activation domains of REL but replaces its COOH-terminus with 
NRG sequences of unknown function (24). 

The involvement of transcription factors at translocation break- 
points is a re-occurring theme Two closely related H L H  tran- 
scription factor genes LYLl (25) and TCL5 (also called TALI or 
SCL) (26) are rearranged in T cell ALL (T-ALL) (Table 1B). The 
translocation breakpoints fall within the 5 '  or 3 '  untranslated 
regions of these genes so that the coding potential remains 
unchanged. Although the t(1;14) that originally identified TCL5 
is infrequent in T-ALL, the same locus is activated by a cytoge- 
netically undetectable 90-kb deletion in 25% of individuals with 
T-ALL. This leads to the production of a fusion complementary 
DNA (cDNA) (but not fusion protein) between an undefined 
locus, SIL, and TCL5 (27). The H L H  protein MYC is deregu- 
lated in both B and T cell-derived neoplasms. Finally, the TCL3 
locus identified in t(10;14)(q24;q11)-associated T-ALL has been 
shown to encode a homeobox protein, H O X l l  (Table 1B) (28). 

A different class of nuclear oncogene has been described in T-ALL 
with an associated t(11; 14) (Table 1B). Walking from the TCRG 
locus identified an overexpressed transcript (RBNTI or V G 1 )  
(29) that proved to contain-an LIM domain when sequence analysis 
was performed. LIM domains (30) are cysteine-rich motifs sugges- 
tive of metal-binding domains and are thought to mediate protein 
dimerization. A second LIM domain oncogene, RBNT2 (Rhom- 
botin 2), has been identified at another breakpoint in T-ALL (31). 
Although the protein encoded by RBNT1, Rhombotin 1, lacks a 
DNA binding motif, the occurrence of LIM domains in other 
proven transcription factors containing homeodomains suggests 
that Rhombotin 1 may interact with such factors and thereby 
modulate transcription. The dimerization of transcription regulators 
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Table 1. Molecularly characterized neoplastic rearrangements. (A) Oncogenes juxtaposed to Ig loci. (B) Oncogenes juxtaposed to TCR. (C) Oncogenes 
juxtaposed to other loci. (D) Fusion oncoproteins. Ref., reference; inv, inversion; deregs, deregulates; AML-M2, acute myeloblastic leukemia; and 
AML-M4, acute monomyelocytic leukemia. 

Part Disease Rearrangement Gene Protein type Ref. 

B-CLL 
Follicular lymphoma 
B-CLL 
Pre-B ALL 

B T-ALL 
T-ALL 
T- ALL 
T-ALL 
T-ALL 
T-ALL 
T-ALL 

C Parathyroid adenoma 
B-CLL 

D CML, B-ALL 

APL 

Pre-B ALL 

NHL 

BCLl (PRADl?) 
BCLZ 
BCL3 
IL-3 
MYC 
LYLl 
TCL5 (TALI, SCL) 
RBNTl 
RBNT2 
TAN1 (TCL3) 
HOXl 1 (TCL3) 
PTH deregs PRADl 
BTG 1 deregs MYC 
BCR-ABL 

PML-RARA 

DEK-CAN 

EM-PBX 

REL-NRG 

HLH domain 

PRADl is a G1 cyclin 
Inner mitochondria1 membrane 
CDClO motif 
Growth factor 
HLH domain 
HLH domain 
HLH domain 
LIM domain 
LIM domain 
Notch homolog 
Homeodomain 
PRADl is a G1 cyclin 
MYC has an HLH 
BCR, GAP for p21"' 
ABL, tyrosine kinase 
PML, Zn finger 
RARA, Zn finger 
DEK, nuclear 
CAN, cytoplasmic 
E2A, HLH 
PBX, homeodomain 
REL, NF-KB fahily 
NRG, no homology 

is not restricted to LIM domain proteins but is a widespread 
property of these factors (32). 

The role of regulators of the cell cycle in neoplasia has been 
emphasized by the elucidation of the function of the retinoblas- 
toma (RB) gene product. In  addition, the t(11;14) in B-CLL 
affects the BCLl oncogene, now possibly equated with the G1 
cyclin-like PRADI (14). Disruption of the cell cycle after over- 
production of a cyclin may lead to diseases as diverse as B-CLL 
and parathyroid adenoma (Table 1).  The deregulation of the 
BCL3 gene found at a t(14;19) in B-CLL may also deregulate the 
cell cycle (Table 1A) (33). BCL3 encodes seven tandem copies of 

Table 2. Translocations in solid tumors. 
- -  - - - 

Tumor Translocation Ref. 

Breast adenocarcinoma 
Glioma 
Ewing's sarcoma 
Leiomyoma (uterus) 
Lipoma 

Liposarcoma (myxoid) 
Melanoma 

Myxoid chondrosarcoma 
Malignant histiocytosis 
Ovarian adenocarcinoma 
Pleomorphic adenoma 

Renal cell carcinoma 
Rhabdomyosarcoma (alveolar) 
Synovial sarcoma 

the CDClO motif, a motif found in only two classes of protein. 
One class, including the three yeast genes CDC10, SW14, and 
SW16, hnctions in the initiation of the cell cycle. The second 
class, including the Drosophila melanogaster gene Notch, encodes 
proteins involved in cell lineage determination. I t  has yet to be 
determined which class BCL3 more closely resembles. The human 
homolog of the Notch gene, TANI, is disrupted in the t(7;9) in 
T-ALL (Table 1B) (34). 

The one translocation-identified oncogene that does not obvi- 
ously fit into the signal transduction cascade is BCL2 (Table 1A). 
BCLZ is consistently deregulated by the IgH enhancer in the 
t(14;18) of follicular lymphoma (35). BCL2 is localized on the 
inner mitochondrial membrane and has been shown to prolong 
cell survival by blocking apoptosis (programmed cell death) (36). 

Mechanisms of oncogene deregulation. Oncogenes are activated 
either by fusion or overexpression at translocation or inversion 
breakpoints. However, overexpression of a gene induced by Ig or 
TCR enhancers may not be the only mechanism by which genes 
are deregulated. The discovery of further Ig enhancers in the 
mouse (37) suggests that, at least in BL, an enhancer is consis- 
tently associated with the derivative chromosome carrying MYC, 
although the distances between the enhancer and MYC may be 
greater than 100 kb. The debate over BL has therefore focused on 
the necessity for somatic mutations in the 5' noncoding and 5' 
coding regions. In particular, mutations in the first MYC exon 
may alleviate a block to transcriptional elongation (38). For other 
translocations involving TCR enhancers, it appears that the 
oncogene is left on the derivative chromosome, which lacks any 
known enhancer. This is the case for RBNTI, RBNT2, and 
occasionally TCL5. Two explanations are possible: either the 
enhancer responsible remains to be discovered, or deregulation 
occurs as a consequence of the removal of silencer or promoter 
sequences or because of exon deletion. In these latter scenarios, the 
TCR would still provide the heptamer-nonamer sequences re- 
quired for the VDJ recombinase. The VDJ recombinase, normally 
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required for antigen receptor rearrangement, is thought to medi- 
ate the illegitimate rearrangements between the Ig-TCR loci and 
the genes these loci deregulate. 

The causality of recurrent translocations for their respective 
neoplasias is now ironclad, but their ability to function alone is 
debatable. BL and adult T cell leukemia are associated with the 
Epstein-Barr virus and human T cell leukemia virus, respectively. 
The viruses may serve to expand the cell population so a mutation, 
such as a translocation, can occur as a secondary event. Further- 
more, karyotypes frequently develop further abnormalities as the 
disease progresses, presumably reflecting further mutations that 
increase growth potential. Another line of evidence is provided by 
data from mice made transgenic with constructs that mimic 
translocation rearrangements (39). Each trans-oncogene engen- 
ders a pathology similar but not identical to the human disease 
counterpart. Again, tumorigenesis requires additional mutations 
to complement the transgene (40). However, the best evidence for 
the insufficiency of translocations alone to cause cancer is provided 
by ataxia telangiectasia, an inherited disorder affecting multiple 
systems, in which individuals have an increased likelihood of 
developing leukemia. In these individuals, pre-leukemic clonal 
expansions of T lymphocytes carrying translocations are observed 
that may not progress to full leukemia for several years (41). 
Additionally, there is evidence for BCL2 rearrangement in benign 
follicular hyperplasia (42). 

Chromosomal Deletions and Monosomies 
The cytogenetic rearrangements observed in solid tumors fall 

into three broad categories based on the mechanisms through 
which they promote malignant growth: (i) translocation, inser- 
tion, and inversion (Table 2); (ii) interstitial deletion and chro- 
mosome monosomy (Table 3); and (iii) amplification (trisomies, 
isochromosomes, double-minute chromosomes, and homogene- 
ously staining regions). As discussed above, translocations, inser- 
tions, and inversions affect genes within a limited distance of the 
translocation breakpoint a i d  can result in the deregulation of 
normal cellular genes or the formation of oncogenic chimeric 
genes. So far none of the translocations consistently observed in 
solid tumors have been molecularly cloned. Numerical changes, 
visible deletions, and amplification cause alterations in the dosage 
of large blocks of genes, and therefore the specific gene or genes 
responsible for inducing phenotypic changes in the cell are more 
difficult to identifv. 

Deletion of genomic material is usually suggestive of a gene 
whose loss of function is important in the initiation or progression 
of malignancy. More than 20 solid tumors (Table 3) and the 
myelodysplastic syndromes have been shown to have karyotypic 
aberrations that implicate loss of specific chromosomal material. 
An understanding of the roles gene inactivation plays in the 
etiology of neoplasia requires identification of the genes that are 
targets of this form of mutagenesis during the malignant process. 
Consistent and specific chromosomal deletions in tumors are a 
powerful tool in delineating regions of the genome harboring 
tumor suppressor genes and have led to  the cloning of a number 
of these loci. 

Tumor-specijic chromosome deletion. A number of chromosome 
deletions are specific to a single tumor type. The de1(13)(q14q14) 
deletion, for example, is observed only in RB (Fig. 1) and l l p 1 3  
deletions are restricted to Wilms tumor (WT) (Table 3). The 
kinetics of RB and WT development and the association of 
predisposition to RB or WT with specific congenital chromosomal 
deletions and translocations affecting 13q14 and l lp13,  respec- 

tively (43, 44), led to the hypothesis that these embryonic tumors 
arise as the result of inactivation of normal diploid suppressor loci 
(4, 45). Because only a minute proportion of the predisposed cells 
develop into tumors, the predisposing lesions were proposed to be 
recessive loss-of-function mutations. In predisposed cells, the 
single normal allele is sufficient for the maintenance of a normal 
phenotype and a second mutation inactivating the remaining 
normal allele is required to initiate malignant growth. Loss of a 
chromosome, chromosome arm, or subchromosomal band is 
considered to be a cytogenetic hallmark of this mechanism. The 
loss of one allele of a specific gene by a chromosomal mechanism 
is coupled with a second mutational event, such as a point 
mutation, insertion, translocation, or submicroscopic deletion, so 
that both alleles of the tumor suppressor are inactivated or deleted. 

Careful comparison of tumor DNA samples with normal DNA 
from the same individuals by means of restriction fragment length 
polymorphisms (RFLPs) provided molecular confirmation of the 
involvement of recessive inactivating mutations in cellular trans- 
formation. Loss of constitutional heterozygosity detected by 
RFLPs in the same regions indicated by chromosomal deletions 
and monosomies has revealed that loss of genetic information also 
occurs by cytogenetically invisible mechanisms. In RB, the use of 
RFLPs revealed that tumors lacking obvious chromosome aber- 
rations lost allelic variation in the same region of 13q as was lost 
by interstitial chromosome deletion in a subset of individuals. 
Loss of heterozygosity has confirmed the location of suppressor 

Table 3. Deletion and loss of heterozygosity in solid tumors. NT, not 
tested. 

Tumor 

- - 

Chromosomal 
deletion in tumor Allele loss Ref. 

Cloned 
RB 13q14 
Colorectal carcinoma 1 7 ~  

Noted 
Bladder adenocarcinoma 1q21-23 

Monosomy 9 
Breast adenocarcinoma lpll-13 

3pll-13 
3qll-13 

Glioma 1p32-36 
6p15-q27 
7q22-q34 
8821-23 
9p24-p13 

Leiomvosarcoma (intestine) 1~12-12 
Leiomyoma (uterus) ' 6b21 

Lipoma 
Lung adenocarcinoma 
Lung small cell carcinoma 
Mesothelioma 
Mesothelioma (pleura) 
Malignant fibrous 

histiocpoma 
Melanoma 

Meningioma 

Neuroblastoma 
Ovarian adenocarcinoma 

Prostatic adenocarcinoma 

Renal cell carcinoma 
Uterine adenocarcinoma 

7421-31 
13q12-13 
3p13-23 
3p13-23 
3p21-25 
lpll-13 
l q l l  

lpll-22 
6q11-27 
Monosomy 22 
22q12-13 
1p32-36 
3p13-21 
6q15-23 
7q22 
10q24 
3p13-21 
1q21-23 

9q; l lp ;  17 92 

lp; lq; 3p; l lp ;  93 
13q; 16q; 17p; 
17q; 18q 

17 94 

IP  104 
3p; 6q; l lp ;  17q 105 
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loci originally detected by chromosomal aberration in a number of 
different cancers (Table 3). 

The delineation of cytogenetically small regions of the genome 
defines a rather large area in molecular terms. However, this has 
been sufficient to lead to the identification and cloning of tumor 
suppressor genes implicated in the initiation of RB and WT (46) 
and in the initiation and progression of colorectal carcinoma (Fig. 
1) .  The gene whose inactivation predisposes to RB, RBI, encodes 
a ubiquitously expressed nuclear phosphoprotein that appears to 
be involved in both transcriptional regulation and cell cycle 
control (47). WT1, on the other hand, is a highly tissue-specific 
and developmentally regulated gene encoding a protein with a 
structure suggestive of a transcription factor (48). The association 
of WT witk~eckwith-weidmain syndrome and rearrangements 
of 11p15 (49) and the lack of linkage of some cases of familial WT 
with chromosome 11 (50) implicate two additional loci in the 
etiology of WT. 

Visible deletions of 5q are observed in a number of hematolog- 
ical conditions (refractory anemias, acute nonlymphocytic leuke- 
mia, treatment-induced leukemias, lymphoproliferative disor- 
ders, and chronic myeloproliferative disorders) but are almost 
never seen in solid tumors (51). The region commonly deleted 
includes 5q21-31, a region rich in genes encoding growth fac- 
tors and growth factor receptors (52), some of which have been 
implicated in myeloid lineage development. Loss of one allele 
of B critical growth factor or receptor may be sufficient to per- 
turb normal development and lead to malignant growth, or 
alternatively interstitial deletion may be accompanied by a cyto- 
genetically invisible alteration inactivating a key suppressor lo- 
cus. 

Chromosome deletions shared by multiple tumors. Certain chromo- 
somal aberrations are common to tumors of different cellular 
origin. For example, the 3p13-23 region is commonly affected by 
deletions in small cell carcinoma and adenocarcinoma of the lung, 
renal cell carcinoma, and ovarian adenocarcinoma (Table 3). 
Unfortunately, because of the limitations of cytogenetic resolu- 
tion, it has not been possible to determine if these interstitial 
deletions are identical or if they represent distinct molecular 
locations, but the observation that all these tumors show loss of 
heterozygosity in the region of 3p21 suggests that functional 
inactivation of the same suppressor gene might be involved in the 
etiology of these malignant epithelial tumors. Although no tumor 
suppressor gene has yet been identified in this region, a potential 
candidate gene P T P G ,  encoding a receptor protein with tyrosine 
phosphatase activity, has been mapped to the smallest region of 
allele loss observed in lung carcinomas in the 3p21 region (53). 
Two tumors of neuroectodermal origin, neuroblastoma and 
glioma, both show deletions of the 1p32-36 region (Table 3), 
implicating a common regulatory locus that must be inactivated 
for neuroectodermal tumors to develop. 

Four other chromosomal regions are the targets of deletions in 
tumors of multiple histological types (Table 3). Melanoma, breast 
adenocarcinoma, intestinal leiomyosarcoma, pleural mesothe- 
lioma, and malignant fibrous histiocytoma are all affected by 
deletion of the lp l l -22  region. The 1q21-23 region is deleted in 
uterine and bladder adenocarcinomas and is the target for transloca- 
tion in breast adenocarcinoma; deletions of 6qll-27 are observed in 
melanoma, glioma, and adenocarcinoma of the ovary; and the 7q21- 
34 region is~ommonly lost in uterine leiomyoma, adenocarcinoma of 
the prostate, glioma, acute myeloid leukemia (AML), and myelodys- 
plastic syndrome. Tumor suppressors in these regions must function 
to regulate growth in a number of tissues, and their inactivation must 
therefore be required in the development of multiple tumor types. 

Germ line chromosomal aberrations in familial cancer. It is difficult to 

differentiate between the primary initiating events in the malignant 
process and the secondary progression-assbciated changes. ~ o w e v -  
er, a number of tumor-specific aberrations have been identified as 
initiating events through the observation of similar rearrangements 
in somatic cells of individuals with a congenital predisposition to 
cancer and sporadic cases of the same tumor. Deletions and trans- 
locations of 13q14 in familial RB .(43), deletions and translocations 
of l l p 1 3  in familial WT (44), and translocations involving 3p21 in 
inherited renal cell carcinoma (Table 2) (54) support the identifica- 
tion of these mutations as early rate-limiting steps in the evolution 
of each tumor. 

Inherited colorectal carcinoma (familial adenomatous polypo- 
sis) associated with constitutional deletion of the long arm of 
chromosome 5 has been observed, and although this Zq  is not 
visibly deleted in sporadic cases, the 5q22 region is affected by 
molecular events resulting in allelic loss (55) and presumably 
inactivation of a suppressor locus in early stages of colorectal 
carcinoma development (56). Two candidate tumor suppressor 
genes, M C C  (mutated in colorectal carcinoma) and A P C  (ade- 
nomatous polyposis coli), have been isolated from this region (57, 
58). Mutations in A P C  have been observed in both sporadic and 
familial colorectal carcinomas (57, 59), whereas M C C  mutations 
have only been observed in sporadic cases (57, 59), suggesting that 
although both genes may be involved in the development of 
colorectal carcinoma, only germ line mutations of A P C  predis- 
pose individuals to the disease. 

Although tumor-specific chromosomal abnormalities have not 
been detected in neurofibromatosis type I (NF1)-associated tumors, 
possibly because of the polyclonal nature of these tumors, the 
characterization of translocations involving 17q11.2 (60) in the 
somatic cells of two individuals with NF1 proved instrumental in 
isolating the gene responsible (61). The NFI  gene product shows 
significant homology to GTPase-activating proteins (20), suggesting 
a role in signal transduction. - 

Tumor progression and chromosomal alterations. Some chromo- 
somal aberrations appear to correlate with later stages of malig- 
nancy. Structural rearrangements of chromosome 1 are observed 
in a range of tumors including RB, WT, colorectal carcinoma, 
ovarian adenocarcinoma, uterine adenocarcinoma, bladder adeno- 
carcinoma, and breast adenocarcinoma (5). It is likely that a gene 
located on chromosome 1 is important in the acquisition of a more 
aggressive or metastatic g o w t h  potential. h o t h e r  chromosomal 
change involved in progression is the i(6p) (two short arms of 
chromosome 6 fused at the centromere) isochromosome frequent- 
ly seen in RE3 and also observed in melanoma, acute lymphoblastic 
leukemia, and malignant lymphoma (62). 

Progression-associated events in colorectal carcinoma have been 
well characterized because the development of normal colonic 
epithelium into a carcinoma proceeds through a series of well- 
defined stages (56). Two cytogenetic abnormalities associated with 
later stages are the 17p- and 18q- chromosome deletions (Fig. 1 
and Table 3). The chromosomal regions important for progression 
were localized further through allelic loss studies to 17p13 and 
18q21-qter (qter indicates the terminus of arm q). The D C C  gene 
(deleted in colorectal carcinoma) on chromosome 18 was isolated 
on the basis of this knowledge. D C C  encodes a protein with 
homology to the Ig superfamily in general and to the neural cell 
adhesion molecules (N-CAMS) in particular (63). Loss of D C C  
hnction at a late stage in colon cancer may reflect the requirement 
for escape from normal cell-cell contact regulation mediated 
through N-CAMS, especially at the transition from the benign 
state to a fully malignant carcinoma with metastatic ability. 
Involvement of the well-characterized tumor suppressor gene p53 
in colorectal carcinoma was suggested by the 17p- abnormality 
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and allele loss affecting 17p in over 75% of colon carcinomas (64). 
Inactivation of p53, a protein involved in the cell cycle and 
potentially in apoptosis (65), could mediate the transition from 
adenoma to carcinoma. Initial mutation of one p53 allele could 
reduce functional protein amounts much more than 50% through 
proposed dominant-negative interactions between normal and 
mutant proteins (66). The loss of the remaining normal allele as 
the adenoma progresses into a carcinoma would eliminate the 
remaining wild-type p53 activity. 

Amplification 
Low-level and high-level gene amplification may result in 

functionally distinct physiological effects. Minor changes in gene 
dosage brought on by the acquisition of one or two extra copies of 
a chromosome or chromosome arm will affect hundreds or 
thousands of genes. Increased dosage of one or more loci may be 
involved or the balance between the gene product of a locus 
present in three or four copies relative to another present in the 
diploid state may be important. Low-level amplification could 
alternatively be linked to parental imprinting, representing a 
mechanism for increasing the dosage of blocks of genes expressed 
in low amounts or not at all because of a parentally programmed 
suppression of expression. Hematological malignancies are asso- 
ciated with low-level amplification. In solid tumors, greatly in- 
creased copy numbers of much smaller chromosomal regions are 
more frequent; the increased copy number and enhanced expres- 
sion of cellular oncogenes appear to correlate with more advanced 
and aggressive stages of malignancy. 

The most commonly observed trisomy is that of chromosome 8 
(Fig. 1)  in myelodysplastic syndrome, myeloproliferative disease, 
AML, and ALL. Trisomy 21  occurs to a lesser extent in these same 
conditions. Also, trisomy 9 is seen in myeloproliferative disorders, 
trisomy 12 is associated mainly with chronic lymphoproliferative 
disorders, malignant lymphoma, and benign mesothelial tumors, 
and trisomy 3 is associated with malignant lymphoma. Among 
solid tumors, the only commonly observed trisomy is that of 
chromosome 7 in benign and malignant epithelial tumors and 
malignant neurogenic tumors (62). 

Isochromosome formation is another mechanism through 
which low-level amplification (two- to threefold) is achieved. In 
many cases, the presence of a specific isochromosome is observed 
in a number of malignancies of different histological type, sug- 
gesting the isochromosomes provide a rather non-tissue-specific 
growth advantage. The exception is i(12p), which is specific to 
germ-cell tumors and is the only consistently observed abnormal- 
ity in these tumors (67). 

High levels of gene amplification manifest cytogenetically as 
homogeneously staining regions and double-minute chromo- 
somes and often result in 10- to 100-fold or greater amplification 
of a small number of genes, usually only one of which is believed 
to contribute in a dominant manner to the malignant phenotype. 
Few of the amplification units reported have been repeatedly 
observed in primary tumors at clinical presentation. The oncogene 
MYCN is amplified in stage I11 and IV neuroblastomas, where 
amplification is associated with a poorer prognosis, and is occasion- 
ally amplified in RBs (68). Amplification of the epidermal growth 
factor receptor gene has been seen in brain tumors of glial origin and 
a related gene EIIBB2 (HER-2/NEU) is amplified in the more 
advanced stages of adenocarcinoma of the breast and ovary (69). The 
region of l l p  encompassing INT2, HST1, and PRAD1 is also 
amplified in 15 to 20% of breast carcinomas, squamous cell tumors, 
and melanomas (70). 

Conclusions 

Studies of the chromosomal rearrangements in cancer have served 
to reinforce the view that cancer is caused by a progressive series of 
genetic changes. Cloning of the disease loci suggested by cytoge- 
netic analyses has led to the isolation of a host of new oncogenes and 
tumor suppressor genes, as well as implicating previously character- 
ized genes whose contribution to tumorigenesis had before been 
unrecognized. The molecular characterization of rearranged genes 
suggests new therapies (for example, the treatment of t(5;14) 
positive pre-B ALL individuals with IL-3 antagonists) or helps 
explain the molecular basis of previous empirically administered 
treatments (for example, differentiation therapy with retinoic acid in 
acute promyelocytic leukemia). Lastly, the consistency of some 
rearrangements with particular disease states has led to the use of 
that abnormality f o r  improved diagnosis, as illustrated by the 
polymerase chain reaction detection of the BCR-ABL fusion mes- 
sage in CML (71). 
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