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INTRODUCTION i
During the process of translocation, a chromosome is dis-
rupted with a segment becoming attached to a different
chromosome (1). In many solid tumors, chromqsome
translocations are typicaily complex, appeaf to be ran-
dom, and therefore are not constant among tumors of the
same histological subtype (2). In these tumors, large por-
tions of chromosomes are often deleted during recombi-
nation, leading to loss of heterozygosity at the molecular
level. In contrast, in leukemia, non-Hodgkin lymphomas
(NHLs) and a subset of sarcomas (e.g., Ewing’s sarcoma)
(3), distinctive chromosomal translocations occur consis-
tently in specific neoplasms, and are thought to be inte-
grally involved in their pathogenesis. Thus, their presence
can be used to classify meoplasms, predict response to
therapy, and monitor residual disease (4).

Nonrandom chromosomal translocations are a form
of gene rearrangement, but unlike antigen receptor gene
rearrangements, occur rarely or not at all in normal cells
(1). Commonly, chromosome translocations in lym-

phoid neoplasms are reciprocal; in other words, seg-
ments from two chromosomes exchange places.
Reciprocal translocations may be further characterized
as balanced or unbalanced. In balanced translocations
there is no net loss of DNA. Primary chromosomal
translocations in NHL are generally balanced transloca-
tions, however, secondary chromosomal anomalies tend
to be unbalanced. Secondary chromosomal transloca-
tions in most types of NHL are poorly characterized at
the present time, but may constitute important events in
tumor initiation and/or progression (2).

The genes located at the breakpoint sites of a number
of chromosomal translocations have been identified.
The genes involved are usually oncogenes that encode
for several functional classes of proteins, including tyro-
sine or serine protein kinases, cell surface receptors,
growth factors, proteins involved in apoptotic pathways,
and transcriptional regulating factors (1). Transcription
factors are proteins that are involved in the initiation of
gene transcription; they recognize and bind to target
sequences located in the regulatory elements of genes,
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often functioning in a tissue-specific fashion. Mhny of
these genes were first identified as.a result of the mole-
cular characterization of their involvement in transloca-
tions in acute and chronic leukemias and NHLs.

In this review article, we provide an overview of
chromosomal translocations in NHLs and the utility of
molecular genetic methods in their assessment.

TYPES OF CHROMOSOMAL
TRANSLOCATIONS ;
IN NON-HODGKIN’S LYMPHOMAS

Chromosomal translocations in hematopoeitic tumors
can be subdivided into two types. In the first type. via
the translocation an intact gene (or intact coding region)
is juxtaposed with another gene, usually one of antigen
receptor genes (activation of oncogenes by transposition
to an active chromatin domain) (Fig. 1). The oncogene
is thus brought under control of active enhancer regions
within the antigen receptor gene locus and is over-
expressed, resulting in a quantitative increase of qualita-
tively normal oncoprotein. This type of translocation is
most common in NHLs. For example, the t(14;18) in
follicular lymphoma results in the bcl-2 gene on chro-
mosome 18q21 being juxtaposed with the immunoglob-
ulin (Ig) heavy chain gene locus at 1432 (3, 5). The bci-
2 gene encodes a protein that protects cells from pro-
grammed cell death (6).
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In the second type of translocation, two genes (usu-
ally non-antigen receptor genes) are disrupted and por-
tions of each gene are juxtaposed resulting in a fusion
gene, chimeric mRNA, and novel protein (Fig. 2). These
fusion proteins are tumor-specific as they do not exist,
or rarely exist, in non-malignant cells. The mechanisms
involved in tumorigenesis are quite variable from one
translocation to another and the specific mechanisms
resulting from many translocations remain uncertain (1,
7). This type of chromosomal translocation is most fre-
quently found in acute and chronic myeloid leukemias.
For example. the t(15;17) in acute promyelocytic
leukemia and the t(9;22) in chronic myeloid leukemia
generate the novel fusion genes pmr-rarc, and ber-abl,
respectively. This type of translocation is less common
in NHLs, but currently is known to occur in two NHL
types: the t(2;5) in T/null anaplastic large cell lymphoma
and the t(11;18) in low-grade B-cell NHL of mucosa-
associated lymphoid tissue.

GENERAL MECHANISMS
OF CHROMOSOMAL TRANSLOCATIONS
IN NON-HODGKIN’S LYMPHOMAS

Common to many translocations in NHLs is the
involvement of an antigen receptor gene locus, which
provides enhancer or promoter elements that result in
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Figure 1. Reciprocal balanced chromosomal translocation in which an oncogene is activated by juxtaposition with the /gH gene. The chromosomal
translocation breakpoints on chromosome 14 generally occur in the joining region (J) segments. The oncogene lies on the other side of the break-
point. The oncogene is thus brought under control of active enhancer regions within the antigen receptor gene locus and is overexpressed, resultmg
in a quantitative increase of qualitatively normal oncoprotein. T = telomere. C = centromere.
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Figure 2. Chromosomal translocatlon and oncogene activation by gene fusion. In thls type of translocatlon two genes are disrupted and fused, result-
ing in chimeric mRNA which is then transported to the céll cytoplasm and translated into a novel chimeric protein.

over-expression of partner genes. The antigen receptor
loci of B-cells may be subjected to four types of modifi-
cation: recombination of the variable (V), diversity (D),
and joining (J) regions, somatic hypermutation of the V
segments, heavy chain class switching and réceptor edit-
ing. Occasional failuresiin the control of these process-
es appear to play an important role in the generation of
chromosomal translocations in B-cell NHLs. The trans-
forming events involved in the pathogenesis of B-cell
NHLs occur mainly at.two stages of B-cell develop-
ment: during variable region recombination in B-cell
precursors in the bone marrow and during B-cell differ-
entiation in the germinal center microenvironment, as
part of T-cell dependent immune responses. Chromo-
some translocations in T-cell NHLs also may arise from
analogous errors of T-cell-receptor gene V(D)J recombi-
nation. Somatic hypermutation of V segments is rare
and class Ig heavy switching does not occur in normal
T-cells.

The development of B-cells in the bone marrow is
initiated by a site-specific recombination reaction,
V(D)J recombination, of the immunoglobulin heavy and
light chain genes (8). Recombination involves the intro-
duction of double-strand breaks at specific irecognition
signal sequences (RSS):adjacent to the V, D, and J ele-
ments (3’ to the: V regions, 5’ and 3’ to the D regions,
and 5 to the J regions) by the products of the recombi-

nation-activating genes, RAG-1 and RAG-2 (9). Defects
during the phases in which these physiological breaks
are generated, or in which they are joined, can result in
chromosomal translocations. In the case of the t(14;18)
in follicular lymphoma, the chromosomal breakpoints in
the Ig loci are located in the 5° end of J gene segments
and frequently occur within or near RSS bordering DH
or JH segments (3, 5, 10). In addition, sequences resem-
bling RSS have been described in proximity to bcl-2
breakpoints at 18q21 (11). The t(7;9) (q34;q932) of pre-
cursor T-cell lymphoblastic lymphoma/ leukemia simi-
larly involves breakpoints at RSS flanking D segments'of
the TCRJ gene on chromosome 7 (12). Also reminiscent
of V(D)J coding joints is the frequent finding of non-tem-
plated nucleotide insertions at translocation breakpoints
(13). These insertions are mediated by terminal dedxynu—
cleotidy! transferase (TdT) during the process of normal
V(D‘)] recombination. Thus, some translocations proba-
bly result from mistakes of V(D)J recombination mediat-
ed by the RAG-1 and RAG-2 enzymes (14, 15).

Somatic hypermutation is a process by which muta-
tions, mainly single-nucleotide exchanges or small
insertions or deletions of DNA, are introduced at a high
rate into the Ig V segments in the normal germinal cen-
ter after exposure to antigen (16-18). These mutations
require double-stranded DNA breaks prior to the muta-
tional event and thus increase the likelihood that translo-
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cations occur (16). Others (16, 19) recently have sug-
gested that translocations involving the c-myc gene in
endemic Burkitt’s lymphoma probably arise as byprod-
ucts of somatic hypermutation, and are less likely to
originate from erroneous V(D)J recombination in B-cell
precursors, as had been suggested previously. Normal
somatic mutation explains the well-known phenomenon
that antibody affinity to antigen increases with repeated
antigen exposure. Mutations that result in increased
affinity are positively selected. 1

Ig heavy chain switching is a process by which B-
cells in the germinal center normally switch their Ig
heavy chain constant IgM and IgD regions to IgG. IgA,
or IgE (20). This process is mediated by a recombination
event that occurs after antigen exposure that results in
deletion of DNA between involved switch (S) regions.
which are arrays of short tandem repeats, located
upstream of each constant-region gene (with the excep-
tion of C9). This results in a change in the effector func-
tions of the antibody but leaves the V(D)J region unal-
tered. For several types of B-cell NHL, chromosomal
translocations into immunoglobulin heavy chain switch
regions have been described, such as c-myc transloca-
tion in sporadic Burkitt’s lymphoma (21-23).

Receptor editing is a process by which an expressed
antibody polypeptide chain, usually x or A, is replaced by
another one. The process of Ig light-chain loci receptor
editing is mediated by secondary rearrangements of the
variable-region gene, usually involving upstream V seg-
ments and downstream J segments (24). This process also
mvolves DNA-strand breaks and may play a role in the
generation of chromosomal translocations.

It also has been suggested that translocations can
occur through elements such as ¥ sequences or alternat-
ing purine-pyrimidine tracts, which promote recombina-
tion. These elements form negative supercoiled regions
(Z-DNA) making DNA more accessible to the enzymat-
ic machinery (25). Alu sequences also have been impli-
cated in recombinations and translocations, such as in
the t(9:22), where both abl and bcr introns contain Alu
sequences in opposite orientation (26).

METHODS FOR DETECTION
OF CHROMOSOMAL TRANSLOCATIONS

Nonrandom chromosomal abnormalities are a central
feature of the pathogenesis of many types of leukemia
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and NHL and their detection is presently the standard of
care for the diagnosis of certain tumors. The standard
technique for detecting chromosomal translocations has
been conventional cytogenetic analysis. Chromosome
translocations are detected cytogenetically as a fusion of
different chromosomes or of non-contiguous segments
of a single chromosome, the latter occurring after struc-
tural rearrangement, for example, inversion. These stud-
ies represent the first step, often localizing the abnor-
mality to a relatively small chromosome locus, where
research efforts can be focused to identify the exact
genes involved. Once the genes are recognized, the
translocations are cloned, and their breakpoints
sequenced. Molecular genetics approaches such as
Southern blot hybridization, polymerase chain reaction
(PCR) and fluorescence in sifu hybridization (FISH) can
then be applied to the study of specific chromosomal
translocations in NHLs in greater detail. For diagnostic
purposes, the best method to assess for a specific chro-
mosomal translocation depends on a number of factors,
most importantly the structure of the involved genes, but
also the type of sample available for study and the con-
venience of various methods.

Restriction fragment length analysis
(Southern Blot Hybridization)

Restriction fragment length analysis can be used to
detect chromosomal translocations, although it is not
usually the method of choice. Translocations are suited
to detection by this method because the presence .of a
translocation alters the germline configuration and cor-
responding restriction enzyme sites of the involved
genes (27). To prove the presence of a chromosomal
translocation, the cells must be analyzed with probes
specific for each chromosome involved. The detection
of a non-germline fragment that hybridizes with both
probes is evidence of the translocation. For example, to
detect the t(14:18) probes specific for the IgH on 14q32
and the bcl-2 gene on 18q21 are used. A single probe
also can be used to assess for gene translocations (28).
However, this approach only demonstrates the presence
of a breakpoint within the gene, and does not allow
detection of the partner chromosome. For example, if
analysis with a bcl-6 probe demonstrates rearrangement,
then an alteration in 3q27 is present. However, no infor-
mation regarding the partner chromosome is generated.
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There are at least two disadvantages of using restric-
tion fragment length analysis to detect chromosomal
translocations. These methods are only sensitive to the
level of approximately 1-5%, signjficantly; less ‘then
PCR, and therefore are not sufficiently sensitive to
detect minimal residual disease following therapy. Also,
these methods are relatively time-consuming, labor
intensive and are limited by the need for large amounts
of high-quality DNA.

Polymerase chain reaction

The polymerase chain reaction (PCR) is a technique that
allows massive amplification of specific nucleic- acid
fragments, and can performed in a single test tube (Figs.
3-5). PCR methods are far more convenient than restric-
tion fragment length analysis for detecting chromosomal
translocations if the partner chromosomes are constant
and the breakpoints are jtightly clustered (29). PCR is
advantageous because this technique is rapid compared
with more laborious methods, such as restriction frag-
ment length analysis, and DNA extracted from archival
specimens can be used (30). |
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There are disadvantages to using PCR to assess for
some types of chromosomal translocations. Standard
PCR assays can efficiently amplify only small fragments
of DNA of less than 1 kb. Thils, PCR is not well suited
to assess translocations with widely scattered break-
points. Furthermore, translocations that involve one
constant chromosome with many different partner chro-
mosomes require primers for each chromosome poten-
tially’ involved. Chromosomal translocations involving
the c-myc gene in Burkitt’s lymphoma exemplify the
problems of both widely scattered breakpoints and mul-
tiple-partner chromosomes. In Burkitt’s lymphoma,
translocations involving c-myc at 8q24 can be identified
in viftually all cases (31). However breakpoints on chrb—
mosome 8 are variable and widely scattered (31).
Furthermore, c-myc may be translocated to one of three
chromosome loci, 14q32 (IgH), 2p12 (Ig)k, or 22q11
(IgA). Standard diagnostic PCR assays thus become
impractical because numerous primers sets are needed
to amplify all the possible variations of t(8;14) and the
variant translocations involving Igx and IgA.
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Figure 3. Polymerase chain reaction leads to amplification of the target sequences. The starting material is double-stranded DNA molecule [a]. The
strands are denatured (separated) by heating the reaction mixture at a high temperature and then cooling allowing the primers to anneal to DNA
flanking the target region, one on each strand [b]. Tag polymerase synthesizes new compiementary strands of DNA, including the target sequence
[c]. The reaction mixture is heated again; the original and newly synthesized DNA strands separate. Four binding sites are now available to the
primers, one on each of the two original strands and the two new strands [d] (subsequent events involving the original strands (os) are omitted). Tag
polymerase synthesizes new complementary strands but the extension of these chains is limited to the target sequence [e]. Primers anneal to the
newly synthesized strands [f]. The first of the completely synthesized double-stranded DNA target fragments is shown in [g]. '
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Figure 4. This figure illustrates geometric doubling of target DNA beginning after the third cycle of the PCR reaction. The first of the target fragments

completely synthesized after three PCR cycles is shown in [a]. -

Long-range PCR

Long—range PCR is an alternative approach for' the de-
tection of chromosomal translocations that have widely
scattered breakpoints. In this technique, primers and
conditions are designed, to optimize the efficiency of
PCR, allowing amplification of relatively long segments
of DNA (32).

Recently, two chromosomal translocations with
widely scattered breakpoints have been studied by long-
range PCR with promising results. Basso er al. (33) have
shown that PCR can detect the t(8;14) in approx1mate]y
80% of pediatric sporadic Burkitt’s lymphoma using a
multiplex long-range PCR method. A nested long-range
PCR technique also has been applied for the detection of
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Figure 5. This figure illustrates PCR ampilification of the t(14;18)(q32;g21) using one set of primers. If the translocation is not present, the primers
are located on different chromosomes. Although these primers will initiate synthesis of new DNA strands on the normal chromosome 14 and chro-.
mosome 18, respectively, these strands accumulate at a linear rate because they can be synthesized using only the starting DNA as a template and’
they are of variable length because their 3’ ends are not defined. In contrast, the t(14;18) brings the two primers close together on the same double-;
stranded DNA molecule. This defined fragment doubles in quantity with each cycle.
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the t(2;5) in T/null anaplastic large cell lymphoma in our
laboratory (34). Similar to standard PCR, the unique
breakpomts yield d1fferently sized amplification prod—
ucts that allow one to exclude contamination of a series
of reaction when it occurs (34, 35). Dlsadvantaoes to
long-range PCR are that this technique requires high
quality DNA, which is‘ usually not obtaiﬁable from
archival specimens, and i is more technically demandmcr
than standard PCR.

Reverse-transcriptase PCR

An alternative approach to the problem of widely scat-
tered breakpoints is to synthesize complementary DNA
(cDNA) from mRNA by using reverse transcriptase
(36). In the process of normal transcription, introns are
spliced out of mRNA and exons are brought into close
proximity (Fig. 6). PCR primers specific for these exons
therefore anneal in close proximity cDNA, allowing
standard PCR methods ‘to be used. However, 'reverse
transcriptase PCR (RT-PCR) has its drawbacks. Work-
ing with RNA is technically demanding and requires
ribonuclease-free conditions. In addition, RT-PCR meth-
ods generate amplicons of the same size and thus, cont-
amination of a series of RT-PCR reactions cannot be
excluded easily.

Chromosomal transiocarions in non-Hodgkin’s Iymphomas (1)

5'1—3’* exonuclease-based real-time PCR

Recently, we developed real-time PCR assays based on
the 5°—3" exonuclease activity of 7aq polymerase to
detect the t(14;18) (37) and t(11;14) (37-39). These
methods. permit, amplicon-detection without post-PCR
processing. The theory and methods of real-time PCR
assays have been described in detail (39-41). Briefly, a
nonextendable oligonucleotide probe internal to the
primer set, labeled with a 5 reporter fluorescent dye and
a 3’ quencher fluorescent dye, is included in each PCR
assay. When the probe is intact, the reporter dye emis-
sion is quenched owing to the physical proximity of the
reporter and quencher dyes (41). However, with DNA
synthesis the 5° exonuclease activity of Tag polymerase
hydrolyzes the probe during the extension phase of
PCR, releasmv the reporter dve from the probe and 3’
quenching dye (Fig. 7). Consequently, fluorescence
increases in proportion to the concentration of the DNA
templates, which rises geométrically in the presence of
DNA amplification. but only linearly in its absence (FIU
8). Therefore, real-time PCR assays allow accurate
quantification of the ampliﬁcgtion products, and there is
emerging evidence to suggest that amplicon quantity, in
addition to its presence or absence, may convey useful
clinical information.
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Figure 6. Schematic illustration of reverse-transcriptase PCR for the t(2;5)(p23;g35). The translocation occurs within introns and the breakpoints are
widely scattered (not shown here), preciuding amplification of genomic DNA using standard PCR methods. The exons are constant, allowing the use of
a set of exon-specific primers, but the distance between the exons is too great to perform standard PCR. However, if messenger RNA s transcribed into
complementary DNA by reverse transcriptase, exon-specific primers are brought in close proximity allowing PCR amplification using standard methods.
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53’ exonuclease cleavage of-the fluorescent dye-labeled probe. (A)
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Fluorescence in situ hybridization o

One of the recent advances in cytogenetic analysis that
has greatly facilitated our ability to detect chromosomal
abnormalities is fluorescence in situ hybridization
(FISH). FISH allows the analysis of both dividing and
non-dividing cells (27). FISH can be performed on
peripheral blood and bone marrow aspirates smeérs,
cytdspin cell preparations, colony assays, nuclei extract-
ed from imprints made from fresh tissue or frozen tissue,
and nuclei obtained from formalin-fixed paraffin-
embedded tissue sections (42-44).

For chromosomal translocations with widely dispersed
breakpoints, FISH methods are advantageous because
large probes can be used that span large regions of DNA
(>100 kb), thereby detecting widely dispersed break-
points. Recently, the feasibility and validity of two-color
FISH for the detection of chromosomal transiocations has
been well illustrated (45). DNA probes for the fusion
genes involved in many of the chromosomal transloca-
tions involved in leukemia and NHLs are now commer-
cially available.

For detection of translocations by FISH, three ap-
proaches can be used. The simplest one is a colocalization
assay, using two probes (one from each of the fusion

0.000
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Figure 8. t(11;14)(q13;g32). Linear amplification plots of real-time PCR assays for detecting bei-1 MTC/JH in lymph node (LN} and peripheral blood
(PB) samples from a patient with mantle cell lymphoma. The fluorogenic probe is hydrolized emitting fluorescence only if the bcl-1 MTC/JH DNA
fusion sequences are present. Note that a lower fluorescent signal was observed in the PB compared with the LN specimen. When these specimens
were analyzed for B-actin, superimposed amplification plots were observed, indicating that the difference in bcl-1 MTC/JH DNA fusion sequence flu-
orescence signal between the two specimens was a true reflection of the number of tumor cells and not due to variation in the initial quantity of DNA

in the two reactions.
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genes), differentially labeled and detected with two dif-
ferent-colored fluorochromes (red and green, respective-
ly). An interphase cell positive for the translocatiion‘ will
exhibit a red-green (yelloW) fusion signal representing the
translocation, and single red and green signals éonespond
with the normal chromosome homologs. However, the
false-positive rate using this approach is relatively high,
approximately 5% (46). A second approach is a segrega-
tion assay, with one probe telomeric and one centromeric
to the breakpoint region also labeled in two different col-
ors. The presence of the translocatwn separates these sig-
nals. The third approach i is three-color FISH, comblmng
segregation and colocalization detection assays

The ability to combine interphase FISH analysis with
immunological staining for cell surface antigéns, such as
the fluorescence immunophenotyping and ;interphase
cytogenetics as a tool for investigation of ;ne(;)plasms
(FICTION) technique, (47) provides a powerful method
to combine cell by cell analysis with morpholo y and
immunophenotype.

The term DNA fiber-FISH is used to describe a col-
lection of methods for performing FISH' on DNA
stretched out as fibers on a glass slide. These methods
are powerful tools for ‘the analysis of chromosomal
translocations with widely scattered breakpoints (48,
49). Individual DNA fibers can be released from the
nucleus and fixed on a slide. Because of the linearity of
the template, adjacent probes generate adjacent linear
signals without overlap. Thus, hybridization with multi-
ple, contiguous differently colored probes Oenerates a
linear, easily recognizable signal referred to as “color
barcode”
this barcode are easily detected and due to the linear

. In cases with a translocation. brcal\s within

relationship between physical and genomic distance in
DNA fibers, each breakpoint can be accuratély hépped
relative to well defined markels in a range of 1 10 500 kb
(50). Co-localization of the translocated sequences on
single DNA fibers can be visualized by using color bar-
codes for both loci. This method has great potential for
mapping and detecting thomosomal breakpoints within
large genomic regions of several hundreds of kilobases.
The usefulness of this technique has been demonstrated
by the mapping of 11q13 breakpoints in mantle cell lym-
phoma (50). ‘

There also disadvantages to using FISH methods. As
compared with PCR, FISH methods are less sensitive
for following minimal residual disease and are relative-

Chromasomal translocations in non-Hodgkin’s lymphomas (I
8

ly time consuming. Unlike conventional cytogenetics;
which allows assessment of the entire genome, FISH is

highly focused and therefore allows assessment of only
a limited portlon of DNA.
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