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review

Polymerase chain reaction procedures in the diagnosis
of lymphoproliferative disorders

Henrik Griesser

Division of Applied Cytology, Department of Pathology, University of Wiirzburg, Germany

Immunohistochemistry and olecular genetic techniques greatly contribute to our understanding of lym-
phoproliferative disease. The majority of lymphomatous lesions can be diagnosed by morphology alone but
additional diagnostic tests have to be employed when cell lineage and clonality are not obvious. Morpholog-
ic distinction of Hodgkin's from non-Hodgkin's lymphoma, or of inflammatory lesions from malignant lym-
phoma, can be challenging. Non-random chromosomal translocations may help to recognize lymphoma sub-
groups with distinct biological characteristics. This review focuses on the polymerase chain reaction (PCR)
techniques that have become an important diagnostic tool applicable to limited cellular material and paraf-
fin-embedded tissues. The effectiveness of PCR in rearrangement analyses of T cell receptor ¢ and
immunoglobulin heavy chain genes is well documented. Some of the known translocations, such as t(14;18)
or 1(2;5) can be routinely assessed by genomic PCR or by reverse-transcription PCR. Those involving the
bel-1, bel-6, and c-myc genes require more elaborate and sophisticated PCR procedures. Molecular genetic
analyses by PCR, besides their immediate diagnostic value, bear the potential to identify new criteria for
lymphoma diagnosis in conjunction with cytomorphology and immunophenotyping.
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Introduction

Clonality of B cell proliferations, B or T lin-
eage assignment, and maturation stage of
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lymphoid tumor cell populations are mainly
established by immunophenotyping. This
method largely fails to determine clonality in
T cell tumors and to assign lineage to either
very immature cells, which do not yet
express these markers, or abnormally activat-
ed cells with loss of surface antigen expres-
sion. Lymphoma tissues may also be difficult
to classify based on morphology and immuno-
histochemistry alone when the malignant
clone is obscured by reactive lymphoid cells.
The discovery of immunoglobulin (IG) gene
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rearrangements and the application of molec-
ular probes for these genes has opened a new
avenue to the diagnosis and biological under-
standing of lymphoproliferative disease. The
disco{fery that rearrangement processes in T
cell receptor (TCR) genes parallel the recom-
bination events in immunoglobulin genes,
led to the development of molecular tools
applicable to the search for clonality in T-
lymphoproliferative lesions.! Cloning of mol-
ecular breakpoints for tumor-specific chro-
mosomal translocations permits the identifi-
cation of a malignant clone using molecular
probes for analysis of DNA simply extracted
from lymphoid tumor tissue.? Data from mol-
ecular investigations with such probes now
provide information about the origin of
tumor lymphocytes as well as clues to molec-
ular mechanisms involved in blastic transfor-
mation and tumor progression.

Gene rearrangement analyses by South-
ern blot procedures have become a valuable
adjunct in the diagnosis of lymphoprolifera-
tive disorders.® This approach has serious
limitations. The DNA has to be cut with sev-
eral restriction enzymes. Hybridization with
several probes is often required to obtain
reliable and reproducible results. Large
quantities (usually more than 20 pg) of high
molecular weight DNA have to be extracted
from fresh / fresh-frozen tissue or cell sus-
pensions for these studies. The whole proce-
dure takes several days, often weeks. Appli-
cation of the polymerase chain reaction
(PCR) techniques overcomes these limita-
tions.* Specific DNA fragments can be rapid-
ly amplified with oligonucleotide primers
binding to both ends of a gene sequence of
interest. Genomic DNA amplification tech-
niques are not restricted to the analysis of
fresh-frozen tissue samples with their limit-
ed morphological quality. DNA extracted
from the more readily available formalin-
fixed, paraffin-embedded tissue samples,
even tiny areas of interest from a stained sec-
tion or single cells with approximately 10 pg

of DNA provide enough template for amplifi-
cation.

This review focuses on well characterized
PCR protocols for routine analysis of B and T
cell neoplasms. Diagnostically important
chromosomal aberrations will be considered
and the advantages and limitations of molec-
ular genetics in lymphoma diagnosis are dis-
cussed.

IG and TCR gene rearrangement

Mechanisms and methods

The only known rearranging genes are lym-
phocyte receptor genes for antigen, coding
for either IG or TCR chains. Rearrangement
involves random assembly of different vari-
able (V), sometimes diversity (D), and joining
(J) gene segments, which are discontinuously
spread out within a chromosomal location in
germ line configuration.’ The recombinase
activity is at least in part initiated by prod-
ucts of two recombinase activating genes,
RAG1 and RAG2. Expression of these genes
strictly correlates with V(D)] recombinase
activity. Their transcripts occur in pre-B and
pre-T cells, and are re-expressed during B cell
selection in germinal centers where they may
be involved in V gene replacement of
rearranged IG genes.® A set of conserved
nucleotides, heptamers and nonamers flanks
the germline V, D, and ] segments. They
function as recombination signal sequences
for V-D, D-J, or V-] joining, and are recog-
nized by a recombinase enzyme system.
These signal sequences are separated by a
nonconserved spacer. The spacer situated 3'
of the V or D gene segment is 21-23 bp long
(about two turns of the DNA helix). It is 11-
12 bp long (about one turn of the double
helix) when located 5' of the D or J gene seg-
ment. Flanking sequences with a one-turn
spacer signal can only rearrange to a two-
turn signal. This probably ensures joining of
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appropriate gene segments. Thus, one V and
one ] can recombine, but more than one D
segment can join. TCR Vf and JP heptamers,
however, are virtually indistinguishable from
those found next to immunoglobulin genes
suggesting that the recognition devices for IG
and TCR gene rearrangements are very simi-
lar. This explains the observation that T cells
have occasionally D-] rearrangements of the
IG heavy chain genes. Most commonly, the
coding joint stays in the chromosome and a
circular DNA molecule containing the signal
joint and intervening sequences is excised.
Intervening DNA stretches are retained if the
two segments are joined in an opposite tran-
scriptional orientation (conversion). At the
coding ends, the joining is commonly impre-
cise. This happens through differential trim-
ming of recombining gene termini by exonu-
cleases and through duplication of one or
two nucleotides at the recombination cleav-
age sites (P-nucleotides). Introduction of up
to 15 nucleotides between V-D, D-D, D-J or
V-] junctions in every possible random
sequence generates non-template (N-) diver-
sity. The enzyme terminal desoxynucleotidyl
transferase (TdT) probably mediates addition
of these nucleotides. N diversity contributes
most significantly to the variability of the
immune receptors, but it may also result in
the generation of stop codons at the coding
junctions.” In B cells, affinity maturation of
the IG receptor to antigen in germinal centers
is managed by extensive base substitutions in
the rearranged V segments. Most of these
mutations accumulate in the three comple-
regions (CDRs). This
process of somatic hypermutation apparently
does not occur in TCR genes. Rearrange-
ments involve different TCR and IG chains at
different stages of lymphocyte ontogeny as

ment-determining

defined by immunophenotyping. The first
step in B cell development involves the D to ]
joining of the IG heavy chain genes (incom-
plete rearrangement) which precedes the V to
DJ joining (complete rearrangement) forming

a functional V region gene on one allele of
the pre-B cell with cytoplasmic IGu expres-
sion. Later during B cell ontogeny, the IG
light chain (IGL) genes rearrange. Immature
B cells, expressing either pk or (A on the sur-
face, result from the successful completion of
heavy and light chain gene rearrangements.
Similarly, a stepwise rearrangement of the
immune receptor genes is found in cells com-
mitted to T lineage. Ninety to 95% of mature
T cells carry the TCRof receptor on their sur-
face, the remainder having TCRYd chain het-
erodimers. Studies of precursor T-cell leu-
kemia suggest that the TCRS genes rearrange
before the TCRy genes. It is known that an
incomplete DJ joining of the TCRP chains is
the next event and that a complete rearrange-
ment of this gene locus follows. Finally, the
TCRow chains rearrange. T cells expressing
the TCRYS receptors may not have rearranged
their TCRo chain genes on both alleles, since
the TCRd locus is nested between the Va and
the Ja segments on chromosome 14qll, and
rearrangement of these segments would result
in a deletion of the TCRS locus.

As a result of the maturation of lympho-
cyte progenitor cells, individual T cells with
uniquely rearranged TCR genes and individ-
ual B cells with uniquely rearranged IG genes
arise. Antigenic stimulation generates a poly-
clonal or oligoclonal lymphoproliferation
under control of the immune system. Clonal
populations will emerge if immune surveil-
lance fails to control the lymphoproliferation.
Clonality indicates autonomous growth of
tumor cells which is an important diagnostic
criterion for malignant lymphomas. TCR and
IG gene rearrangement studies are therefore
extremely valuable in the diagnosis of lym-
phoproliferative disease.

PCR primers for IG and TCR genes

PCR amplification requires less than 1 pg of
template DNA. Degradation of the DNA as



174 Griesser H

present in formalin-fixed, paraffin-embedded
material, stained sections or archival cytology
smears does not seriously affect the reaction
as long as the cell morphology is sufficiently
preserved. Therefore, even small areas of
interest in a stained tissue section can be
scraped off and used as DNA source.®
Rearranged IGH genes of single lymphoid
cells from sections of fresh-frozen or fixed
tissue specimens have been successfully
amplified with V gene family-specific and
consensus ] region primers.” Prolonged over
a week long with formalin or with B5 general-
ly results in a less reliable amplification when
compared to shorter formalin fixation times.
Certain fixatives, such as Bouin's solution, or
decalcification of tissue with ethylenedi-
aminetetraacetic acid (EDTA) results in
extensive DNA degradation so that, at best,
only very short sequences can be amplified.
Visualization of PCR amplification products
on a high percentage agarose or a polyacry-
lamide gel normally identifies a clonal popu-
lation, and rarely is Southern blot analysis or
sequencing of the gene products necessary
for routine applications. Because of its speed
and simplicity, the PCR analysis is given pri-
ority for the diagnostic assistance in a diffi-
cult case. The rate of false-negative results is,
however, higher than in Southern blot stud-
ies, so that the latter technique is still valu-
able in the case of unsatisfactory PCR results.

The CDR3 region of the VH gene seg-
ments, formed by the D gene segment and
the V-D as well as the D-J junctions with the
variable nucleotide deletions/insertions, can
be amplified by PCR with primers that bind
to consensus gene regions in IGH V frame-
work regions (FR1, 2 or 3) and FR4 in the ]
regions.!® Only complete VD] rearrangements
with the V and ] sequences in the right orien-
tation are amplified. Clonal incomplete DJ
rearrangements, readily detectable by South-
ern blot using appropriate ] and C region gene
probes, cannot be amplified by PCR since the
V regions are separated from the ] segments

by intervening sequences which are too long
to be amplifiable. The use of other primers
residing in the FR2 region is helpful in those
cases where the FR3 primers fail to bind. V
gene family-specific primers derived from the
FR1 region are used in separate PCR reactions
or combined in one so-called multiplex PCR,
but they require a template DNA of reason-
ably good quality to allow for the longer PCR
products (about 350 bp as compared to 120
bp when CDR3 region primers are used).

Similar to Southern Blot analyses, a back-
ground smear of amplified DNA is detected
when polyclonal B cells are analyzed, since the
length of the amplified fragment varies
between individual B cells due to the different
D gene sequences and the diversity of the
flanking N regions. PCR products of one or two
predominant sizes separated from the polyclon-
al background smear by gel electrophoresis are
evidence of a clonal B cell population. This
implies that the sensitivity of the (quantitative)
PCR approach to recognize clonal immune
receptor rearrangements at least matches the
sensitivity of Southern Blot analyses.

TCR rearrangements are detected by an
approach based on the same principles as the
IGH gene analysis.”! Mostly TCRY gene
rearrangements have been studied in T cell
lymphomas. Even though it is impossible to
find consensus primers for all the different V
and ] regions, the limited repertoire of these
genes allows the use of primer mixes in a
multiplex PCR which identifies most
rearrangements of this gene. Given the lack
of D region genes in the TCRyY locus, the size
variability of the amplified V gene segments
is based on the imprecise V-J joining only and
therefore considerably lower than in IGH V
segments. Another strategy is to use consen-
sus primers and differentially cut the amplifi-
cation products with restriction enzymes or
determine the differences of the individual
PCR products by gradient gel electrophoresis
or single-strand conformational polymor-
phism (SSCP) analyses.
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Primer sequences have also been estab-
lished for the amplification of TCRB genes.
Several primers have been developed which
recognize a set of different V, D and ] region
genes. Even though a substantial number of
cases with clonal TCRf gene rearrangements
are missed, this methods seems to be useful
as an additional test for clonally expanded T
cells expressing the off heterodimer. TCRS
PCR has widely been used for the detection
of clone-specific rearrangements in acute
lymphoblastic leukemia. Primers established
from the unique sequences of the VD] or
VDDJ junctions of leukemia blasts are clone-
specific.” With such a clone-specific, quanti-
tative PCR approach a sensitivity level of one
in 10° cells can be reached which is well suit-
ed for minimal residual disease (MRD) detec-
tion. Amplification of TCRS gene sequences
has not been performed in a large series of
lymphoma cases since the TCRS genes are
frequently deleted in mature T cell neo-
plasms.

Consensus Va and Ja region primers for
genomic amplification of TCRo gene recom-
binations are not used. Reverse transcribed
cellular RNA can be amplified using C region
oligonucleotides and degenerate 5' end
primers for the cDNAs in a so-called RT-
PCR.™ Cloning and sequencing of the ampli-
fication products or separation of the frag-
ments on a gradient gel or by SSCP analysis
allows the detection of a predominant, clonal
rearrangement. The PCR procedures for
TCRa gene rearrangement detection are
hence more sophisticated than TCRY/8 PCR,
require cell suspensions or fresh/fresh-frozen
tissue and may not be widely applicable for
routine diagnostic purposes.

PCR detection of IGH and TCR rearrange-
ments in lymphoproliferative disease

The sensitivity and specificity of the PCR
approach for the detection of T and B cell

clonality has been tested extensively in the
past. In several large series encompassing
several hundred B cell non-Hodgkin's lym-
phoma (NHL) specimens 70-80% of cases
studied with IGH PCR revealed clonal ampli-
fication products. Serial dilution experiments
of clonal with polyclonal DNA suggest a clon-
al detection limit of 1% or lower. False posi-
tive results seem to be exceedingly rare when
cross-contamination is avoided and appropri-
ate controls are run with the clinical samples.
Even though the amount of target DNA need-
ed for successful amplification is low, it is
advisable to use DNA concentrations corre-
sponding to more than a hundred B cells.
This helps to avoid preferential primer bind-
ing which may lead to a pseudoclonal ampli-
fication result with the IGH primers.*
Immunohistochemical analysis of the speci-
men which should always be done prior to
molecular analysis, provides an estimate of
the proportions of T and B lymphocyte popu-
lations in the lymphoma tissue. Additional
use of primers directed against the FR2
region of the IGH variable gene results in a
higher detection rate of clonality (greater
than 85%) in B-cell lymphoma cases than the
employment of FR3-region primers only
(about 75%). This is explained by a lack of
primer binding due to deletions and exten-
sive hypermutations occuring predominantly
in the FR3 and less so in the FR2 region
sequences. Alternatively, the consensus V
region primers may not anneal to some rare
or unknown VH genes participating in the
IGH rearrangement. With FR3 primers, low-
grade B-NHL with the exception of centrob-
lastic/centrocytic lymphomas and those of
mucosa-associated lymphoid tissue (MALT)
nearly always have detectable clonal PCR
products. The detection rate in high-grade B
cell lymphomas ranges from 75 to more than
80%. The percentage of positive cases tends
to be lower among centroblastic lymphomas
(60 -70%) but not in large cell anaplastic lym-
phomas of B-type (B-LCAL) [Griesser, unpub-
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lished]. Using both FR3/FR4 and FR2/FR4
primer sets we also detected clonal IGH
rearrangements in 2 of 12 cases of nodular
sclerosing and 4 of 8 mixed cellularity
Hodgkin's disease (HD) in a recent study.'
Among 7 samples of nodular lymphocyte
predominant HD, only one case with a high-
grade B cell lymphoma component showed
clonal IGH rearrangement. Detection of B-
cell clonality thus helps to distinguish B-NHL
from lymphocyte predominant HD and
favors a B-NHL over nodular sclerosing HD,
but it is certainly not a reliable criterion in
the differential diagnosis of mixed cellularity
HD and T-cell rich B-cell lymphoma (TCRBL).
The finding of more than three clonal PCR
products indicates that more than one B-cell
clone is present. Such biclonal or oligoclonal
rearrangements are detectable in rare cases
of follicular center cell-derived lymphomas
and acute lymphoblastic leukemias (ALL).16
The majority of B-NHL, however, has only
one predominant clonal band in routine PCR
examinations detectable with simple size
selection procedures on agarose or non-dena-
turing polyacrylamide gels. Amplification of
short PCR products with FR3 and FR2
primers is as effective with DNA extracted
from well-preserved formalin-fixed tissues as
with cellular DNA from fresh/fresh frozen
samples. Even though clonality is detected in
nearly all B-cell lymphoma cases by Southern
Blot but missed by PCR in 10-20% of cases,
we have seen rare cases that were PCR-posi-
tive and Southern Blot negative.l® Primers
established from the unique sequences of the
VDJ junctions of leukemic lymphoma cells
are clone-specific. With such a allele-specific
primers PCR detection of MRD reaches a
sensitivity level of one in 10 cells.!”

TCRy PCR findings have been reported for
a few hundred cases of T-NHL. Clonality is
found in more than 85% of the lymphoma
samples with no false-positive results. A
combined investigation of T cell neoplasms
with primers for both, TCRy and TCRp, may

lead to even superior results. Our studies on
48 LCAL cases has shown that TCRy-PCR
helps to identify T lineage in more than half
of the tumor cell populations lacking surface
expression of T cell markers in routinely-
fixed samples.18 Investigations of ALL sam-
ples were mostly performed for MRD detec-
tion. A positive result in bone marrow-
derived DNA seems to have clinical relevance
in predicting relapse. Detection of circulating
tumor cells, however, appears clinically
insignificant for lymphoma patients in other-
wise complete remission.'?

Biclonal or oligoclonal TCRg rearrange-
ments are sometimes detected by PCR in
angioimmunoblastic lymphadenopathy (AIL)-
like T-cell lymphomas and rarely in cuta-
neous T-cell lymphomas. A considerable pro-
portion of CD3", CD56" natural killer cell-like
large granular lymphocyte (NK-LGL) leu-
kemias/lymphomas lack TCR rearrange-
ments by PCR as well as Southern blot stud-
ies. At least some cases from female patients
can be studied for clonality with alternative
PCR methods, such as analyses for methyla-
tion patterns of the human androgen recep-
tor genes.?’

Unexpected results in rearrangement
analyses by PCR

Failure to detect clonal rearrangements can
have technical reasons. A clonal cell popula-
tion may not be well represented in the speci-
men used for DNA extraction; the DNA may
be severely degraded and not even suitable
for PCR amplification; DNA preparations
from routinely processed tissue may contain
PCR inhibitors. In the latter two instances
PCR amplification of ubiquitous genes will
fail in control experiments. Some AIL-type T-
NHL and stage I and II mycosis fungoides
may not contain molecularly detectable T cell
clones. The absence of a clonal gene rearr-
angement in the presence of a histologic pic-
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ture typical for malignant lymphoma is diag-
nostically irrelevant. Examinations can be
repeated in subsequent biopsies or speci-
mens taken from a different site if molecular
genetical support of the diagnosis is crucial.

Complete IGH rearrangements are a fea-
ture of B-cells, complete TCR rearrangements
highly characteristic of T- cells. Cross-lineage
rearrangements detected in Southern blot
experiments mostly represent incomplete
erroneous immune receptor gene rearrange-
ments or, more rarely, translocation events
involving the IGH or TCR gene locus. The
detection of clonal IGH rearrangements by
PCR has an advantage over the Southern blot
procedure since only complete VD] rearr-
angements will be amplified enzymatically,
but not incomplete rearrangements or
rearrangements resulting from chromosomal
translocations involving the IGH gene locus.
Incomplete cross-lineage IGH rearrangements
in neoplastic T cells, which are detectable in
Southern Blot analyses, will not be amplified
by PCR which makes lineage assignment to
the B cell series straightforward. However,
complete TCR cross-lineage rearrangements
may be detectable by PCR in cases of com-
mon ALL and pre-B lymphoblastic lym-
phoma. In addition to the IG genes, several
TCR loci frequently undergo rearrangement
and these illegitimate rearrangements may be
complete. This renders genotypic lineage
determination in such cases by Southern blot
procedures or PCR unreliable.

In AIL-type T cell lymphomas IGH rearr-
angements are not infrequently detected by
PCR and are likely to be due to the existence
of a true B cell clone coexisting with the neo-
plastic T cell population. Recently we found
some cases among TCRBL samples with clon-
al IGH as well as TCRY rearrangement in
PCR studies. Morphology and immunohisto-
chemical results suggested that these cases
were indeed composite lymphomas with a
high-grade B-cell and a low-grade T-cell com-
ponent.?1/22

The occurrence of clonal TCR rearrange-
ments is diagnostically challenging in lym-
phoproliferative T cell disorders which are
clinically considered non-malignant. Activat-
ed T cell clones especially in lymphoprolifera-
tions of the skin may expand to a point
where they become detectable by rearrange-
ment studies but remain localized and con-
trolled by the immune system. Clonal cuta-
neous lymphoproliferations such as lym-
phomatoid papulosis (LYP) lesions, however,
may coincide with or transform into a malig-
nant T cell lymphoma. A clonal TCR rearr-
angement is of limited value for the differen-
tial diagnosis between LYP and a cutaneous
LCAL. T lymphocyte clones may also expand
due to persistent antigen exposure. These
lymphoproliferations are mainly oligoclonal
but it was shown that single reactive cytotox-
ic T cell clones may be detectable in healthy,
elderly individuals.?

Molecular genetical studies require a dedi-
cated laboratory with sufficient volume of
samples and significant test experience. Fail-
ure to detect clonality, or the finding of unex-
pected or illegitimate TCR rearrangements is
rare under these circumstances. Diagnostic
problems arise particularly when molecular
results are not correlated with histological
and immunophenotypical findings. Problems
with unexpected results are mostly avoided
when molecular studies in a routine laborato-
ry setting are restricted to diagnostically chal-
lenging cases and the search for minimal dis-
ease.

Common chromosomal translocations in
malignant lymphomas

Different from stepwise rearrangement
processes during B cell ontogeny, chromoso-
mal translocations involving bcl-2, bel-1, bel-
6 and c-myc can be viewed as an accident
during B cell development and activation.
They most frequently involve the IGH gene
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locus on chromosome 14q32 and sometimes
the IGL gene loci. In the majority of cases
involving bcl-1 and bcl-2, translocations can
be pinpointed to an early stage of B cell dif-
ferentiation before the heavy chain genes
have completed their rearrangement. Translo-
cations of the bcl-6 gene can involve a num-
ber of chromosomes besides those harboring
immune receptor genes. These chromosomal
abnormalities not only serve as clonal mark-
ers but also aid in the classification of lym-
phoma subtypes.?* Bcl-2/JH recombination is
highly characteristic of germinal center cell
derived lymphomas and bcl-1/JH recombina-
tion is mainly detected in mantle zone cell-
derived lymphomas. The t(11;14) is not
observed together with the t(14;18) transloca-
tion and bcl-2 rearrangements are unde-
tectable in mantle cell lymphomas. The find-
ing of one of these translocations is therefore
useful in the differential diagnosis of follicu-
lar lymphomas and mantle cell lymphomas
with a nodular growth pattern. Bcl-1 rearr-
angement analyses also aid in the identifica-
tion of blastic variants of mantle cell lym-
phoma.?> Among the high-grade NHL, c-myc
rearrangements are a constant feature in
Burkitt's lymphoma and bcl-6 translocation is
frequently detected in centroblastic lym-
phomas. The only common and consistent
translocation in T-lineage lymphomas results
in the NPM/alk fusion which is almost exclu-
sively found in T- LCAL.

Molecular probes are being generated
through isolation and sequence analysis of
regions flanking the chromosomal break-
points. These probes are useful for the detec-
tion of chromosomal translocations in South-
ern blot analyses if the breakpoints are clus-
tered and not spread out over a large chromo-
somal region. After identification and
cloning of specific chromosomal breaks their
sequences can be analyzed and tumor-specif-
ic PCR primers flanking the breakpoint be
designed. This PCR approach is highly suit-
able for molecular follow-up studies in a par-

ticular patient since amplification products
are only generated from cellular DNA carry-
ing this translocation. Fusion gene tran-
scripts from reciprocal chromosomal translo-
cations are detectable by PCR amplification
of cDNA (RT-PCR).

Mechanisms and methods

The bcl-2 oncogene is located on chromo-
some 18q21. The breakpoints on chromo-
some 18 in the t(14;18) translocation, which is
very characteristic of germinal center cell
derived lymphomas irrespective of the
growth pattern and blast cell content, are
clustered around two regions.?®?7 In about
70% of cases the breakpoint occurs in the
major breakpoint region (MBR) which is
located in the 3' untranslated region of bcl-2
exon III. In most of the remaining cases it
occurs in the minor cluster region (mcr) locat-
ed more than 20 kb 3' of the mbr. The break-
point on chromosome 14q32 is found within
the JH gene cluster. Translocation of the bcl-2
gene is found rarely in chronic B-lymphocytic
leukemia involving predominantly IGL gene
loci rather than the IGH gene locus; the
breaks on chromosome 18 tend to be outside
and usually 5' of the mbr/mcr. The bcl-20.
and bcl-2f proteins are involved in cell death
regulation and have been shown to block
apoptosis. Bcl-2 overexpression as a result of
the translocation t(14;18) may lead to inade-
quate survival of B cells and render them sus-
ceptible to additional genetic aberrations.
The bcl-1 locus resides on chromosome
11913 and is involved in the translocation
t(11;14). The chromosome 11 sequences join
within the ] region cluster of the IGH gene
locus on chromosome 14g32. Again, one pre-
dominant breakpoint region is described
(major translocation cluster, mtc) on chromo-
some 11.28 At least two more sites have been
identified where breakpoints occur within
chromosome 11q13. Aside from occasional
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cases of B-CLL and multiple myelomas this
translocation is characteristic of mantle zone
derived B-cell lymphomas where it is found
in about 50% of the mantle cell lymphoma
cases with mtc probes. With the additional
use of probes for the minor breakpoint clus-
ter regions the percentage may be even high-
er than 70%. In contrast to the bcl-2 onco-
gene, the bcl-1 locus does not harbor an
oncogene but likely is linked to a regulatory
gene sequence of PRAD1, which is telomeric
to the breakpoint region. The translocation
leads to constitutive expression of the gene
product cyclin D1 which promotes passage
through the G1 phase of the cell cycle.
Translocations involving the c-myc locus
on chromosome 8q24 are somewhat more
complex.?? They are a constant finding in
sporadic and endemic Burkitt' lymphoma
cases and most frequently involve the IGH
genes in a t(8;14). Rarely the IGx genes on
chromosome 2p12 or IGA genes on chromo-
some 22qll can also be translocated to the
myc locus. The breakpoint on chromosome 8
in the t(8;14) generally lies 5' or within the c-
myc gene, whereas in variant translocations
t(2;8) or t(8;22) involving IGL chain loci the
break occurs 3' of the c-myc gene at distances
up to 300 kb. Translocations t(8;14) are char-
acteristic of Burkitt's lymphoma. Two differ-
ent breakpoints occur depending on the type
of Burkitt's lymphoma. In most endemic
cases (eBL), the break occurs more than 20
kb upstream of the myc locus and involves
either the Ji; or the switch m region on chro-
mosome 14. In most sporadic types (sBL)
exon I of the c-myc gene or 5' flanking
sequences are involved, and more often the
switch m or switch g regions than the ]
region take part on chromosome 14. Translo-
cation into the JH or JL region suggest that
the translocation occurs at a pre-B cell stage
whereas translocation into the IG switch
sequences potentially take place throughout
the B cell differentiation process. Expression
of c-myc is high in proliferating cells and

rapidely induced in quiescent cells on mito-
genic stimuli. In addition to mediating cell
proliferation, c-myc is also implicated in
blocking the cellular programs of differentia-
tion. Highly proliferating cells with a differ-
entiation block are prone to apoptosis.
Translocation of c-myc gene generally results
in constitutive expression of this otherwise
tightly regulated oncogene. Besides translo-
cations, mutations in certain cluster regions
of the c-myc gene have a similar effect and
are detected in more than 50% of Burkitt's
lymphomas.3C

Chromosomal alterations affecting the bcl-
6 gene at band 3q27 are a frequent recurrent
abnormality in high-grade B-cell lympho-
mas.®! Several partner chromosomes are
involved including the sites of the IGH genes
at 14q32, the IGk genes at 2p11 and the IGA
genes at 22qll. Bcl-6 seems to function as a
transcription factor that binds specific DNA
sequences and represses transcription from
linked promoters.32 High Bcl-6 expression is
restricted to mature B-cells inside the germi-
nal centers and has been shown to be a key
regulator of germinal center formation and B-
cell immune response. Chromosomal translo-
cations usually disrupt the gene in and
around the first exon leaving the coding
domain intact. On the partner chromosome
the bcl-6 coding domain is juxtaposed to a
heterologous promoter resulting in a new
chimeric transcript which encodes a normal
bcl-6 protein. The promoter substitution pre-
vents bcl-6 downregulation and blocks post-
germinal center maturation of B-cells. Bcl-6
rearrangements are highly specific for high-
grade B-NHL of centroblastic type where
they are detected in 35% of cases. Additional-
ly they are found in a small fraction of follicu-
lar lymphomas. Additionally, in about 70% of
the high-grade B-NHL and 50% of follicular
lymphomas the bcl-6 gene is affected by mul-
tiple, often biallelic mutations clustering
within the 5' non-coding sequences.3® It has
been suggested that those large cell lym-
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phomas only with bcl-6 rearrangement may
represent de-novo high-grade B-NHL where-
as those with bcl-6 and/or bcl-2 alterations
may be secondary high-grade lymphomas
with a less favorable prognosis.343

Chromosomal translocations may result in
a novel fusion transcript that can be detected
by RT-PCR. This is the case in LCALs with the
translocation t(2;5) (p23; q35).2¢ The nucleolar
phosphoprotein nucleophosmin (NPM) gene
on chromosome 5q35 is translocated to the
anaplastic lymphoma kinase (alk) on chromo-
some 2p23 in about 60% of adult and over
80% of childhood LCAL of T- or O-type.3” The
result is a chimeric protein with the amino
terminus of the gene coding for NPM and the
carboxy terminus coding for alk. Replacement
of the 5' alk sequences switches the transcrip-
tion regulation of the catalytic sequences of
alk to the NPM promoter. Regulatory
sequences of the NPM gene, which is tran-
scriptionally most active before the cell entry
into the S phase, may activate the alk gene.
This kinase gene is physiologically not tran-
scribed in lymphocytes. The fusion protein of
the two genes could potentially phosphory-
late intracellular substrates which are normal-
ly under control of lymphoid lineage-specific
kinases only. This deregulation eventually
triggers the malignant transformation of T-lin-
eage cells.

PCR detection of chromosomal
translocations

The molecular detection of these abnormali-
ties is most reliably done by conventional
Southern blot identifies
abnormal restriction fragment gel mobilities.
The use for routine analysis, however, is lim-
ited since the variability of the breakpoints
requires the application of several probes and
DNA restriction with several enzymes. This
also explains why rearrangements are less
frequently detected by PCR, which is per-

technique that

formed with a limited set of primers (since
not all the sequence data for the exact break-
point locations are available) and can only
amplify short DNA stretches in routine appli-
cations. On the other hand, once a transloca-
tion is detected by the PCR approach in indi-
vidual patients, it is far more sensitive as a
clonal marker than the Southern Blot proce-
dure.

Translocations t(14;18) involving the IgH
gene locus and the bcl-2 gene region are
detected by PCR with consensus primers for
the JH region of the mbr or the mcr region.38-40
Sensitivity and specificity are enhanced if
sets of outer and inner primers are sequen-
tially applied in the so-called nested PCR
reaction. Alternatively, Southern blotting of
PCR products with subsequent probing can
be done using a radioactive-labeled internal
oligonucleotide.

Chromosomal rearrangements of the bcl-1
gene locus have been amplified by PCR using
mtc breakpoint oligonucleotides.*42 This
approach is not reliable enough for routine
diagnostic purposes since various minor
breakpoint sites are also involved in mantle
cell lymphomas. Designing, testing and using
many different primer sets for these addition-
al breakpoint locations is impracticable in a
routine laboratory setting.

A limited number of cell lines and some
Burkitt's lymphoma samples have been ana-
lyzed by PCR using primers for the switch
region of the [ heavy chain gene, and
sequences flanking and inside exon I of c-
myc. With this approach it is possible to
detect some of the translocations t(8;14) in
sBL cases.*> With new generations of Taq
polymerases it has become possible to ampli-
fy sequences of more than 10 kb length.
Using primers for IG constant region genes
and primers flanking sequences 5' to break-
point cluster regions it is possible to amplify
a considerable proportion of those c-myc and
bcl-6 translocations by long-distance (LD-)
PCR that were formerly only detectable by
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Southern blot.** However, template DNA has
to be extracted from fresh/fresh-frozen tissue
samples or cell suspensions and routinely-
processed specimens cannot be analyzed.

The presence of chimeric mRNA from the
NPM/alk fusion is detected by RT-PCR.%
Even though RNA extracted from routinely-
processed specimens is strongly degraded
reverse transcribed cDNA fragments of 300
bp are readily amplifiable. This leads to the
detection of fusion transcripts in 40-60% of T-
LCAL cases by RT-PCR.

Advantages and drawbacks of translocation
analyses by PCR

Most of the experience with the detection of
translocations by PCR in malignant lym-
phoma has been accumulated for the t(14;18)
abnormality. About 80% of the Southern blot-
positive follicular lymphomas are PCR posi-
tive suggesting that PCR analysis for bcl-
2/IGH translocation is a good molecular
marker for the t(14;18) abnormality in follicu-
lar lymphomas. The PCR technique is more
sensitive in the detection of qualitative rather
than quantitative abnormalities such as clon-
al immune receptor gene rearrangement on a
background of polyclonal cells. It is therefore
well suited for analysis of minimal disease in
lymphomas carrying the t(14;18). Reports
about positive PCR results in follicular hyper-
plasia should be considered when looking for
MRD.#647 The (overly) high sensitivity may
be achieved by using high amounts of tem-
plate DNA (> 1ug) in the reaction and very
efficient primers and cycling conditions. Sim-
ilarly, the high degree of sensitivity may also
be responsible for some reports about sur-
prisingly frequent detection of t(14;18) PCR
products in Hodgkin's lymphomas. False-
positive PCR results have to be avoided in
MRD detection. DNA from the original
tumor should be run in parallel when looking
for minimal infiltration. Identity of the ampli-

fication products is confirmed by identical
size on polyacrylamide gels and/or by
sequencing. A quantitative PCR approach
would also help to establish the relative num-
ber of cells in the sample which contain the
rearrangement, but this approach usually
goes beyond routine analysis.

It is even better not only to detect chromo-
somal abnormalities with high sensitivity but
also to identify the cells carrying the genetic
abnormality. This is possible using another
fast molecular diagnostic approach: the
detection of translocations by non-radioac-
tive, wusually fluorescence-based, in-situ
hybridization of chromosomes (FISH). The
probes detect chromosomal DNA either from
metaphase spreads or non-mitotic cells.*
The latter so-called interphase cytogenetic
analysis can be done even on previously
stained cells. Simultaneous immunopheno-
typing of the cells helps to focus the interpre-
tation of the results on the tumor cell popula-
tion.# Genomic DNA probes flanking the
breakpoint on both sides and derived from
different chromosomes are labelled with two
different fluorochromes.’® The two signals
would be located on different chromosomes
in a metaphase spread or found far apart in
interphase cells if the translocation is absent.
Joining of genetic material from the two chro-
mosomal localizations, in contrast, leads to a
doublet fluorescence signal after hybridiza-
tion. Results from FISH analysis are usually
available within two days, which favourably
compares to the Southern blot procedures.
When more translocation-specific probes
become available, molecular cytogenetics
promises to be a fast and simple technique
for the detection of nonrandom chromosomal
abnormalities. Though less sensitive than
PCR detection, FISH is potentially of higher
specificity in tracing single tumor cells carry-
ing a specific anomaly. The hybridization effi-
ciency of FISH probes in sections from
archival material depends on the fixative and
the age of the paraffin blocks. A negative
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result in these instances is diagnostically not
helpful.

Conclusions

Molecular genetic analysis has become rou-
tine for laboratories involved in lymphoma
diagnosis. If precautions against sample cont-
amination are taken, the PCR technique gen-
erates reliable results within one or two days
when applied to routinely processed biopsy
samples and cytology specimens containing
only a hundred cells. Standard PCR proce-
dures include assessment of lymphocyte
clonality using primers for TCRy and IGH
genes as well as the search for a t(14;18) in B
cell neoplasms of putative follicular center
cell origin. If the results are unsatisfactory,
additional primer combinations may be used
and/or fresh/fresh-frozen tissue has to be
used for DNA studies with Southern Blot
techniques. Since no primer sequences suit-
able for PCR amplification of TCRe and IGL
rearrangements are available, these tests are
performed by Southern blotting. This is also
the method of choice for an in-depth analysis
of chromosomal translocations involving the
c-myc, bcl-1, bel-6 or bel-2 loci, for example in
the setting of prospective clinical studies. RT-
PCR is successfully applied for the detection
of t(2;5) translocations in LCALs because of
the fusion transcripts generated by this
abnormality. Limitations of the molecular
techniques are well recognized and can be
handled in an experienced laboratory. The
diagnostic process should begin with the
cytomorphological evaluation of the speci-
men. Even if microscopic examination does
not lead to a conclusive diagnosis, it provides
a hypothesis for immunohistochemical and,
ultimately, molecular genetic testing. Molecu-
lar test results have to be viewed in the con-
text of morphology and immunohistochem-
istry. The detection of a clonal lymphocyte
population in clinical samples is always

abnormal but it should never be considered a
proof of malignancy. Similarly, genomic
instability may result from abnormal lympho-
cyte activation or destabilizing influences
upon chromosomal DNA leading to translo-
cations. Some of these translocations seem to
be necessary but are not sufficient for lym-
phomagenesis. Thus, the detection of translo-
cations in rare cells by a highly sensitive PCR
procedure should not be taken as evidence of
malignant lymphoma out of the cytomorpho-
logical context. On the other hand, a PCR
result can be negative for clonality for many
reasons besides the absence of a clonal lym-
phocyte population, such as lack of primer
binding, suboptimal PCR conditions or prob-
lems related to the extraction of suitable tem-
plate DNA or RNA.

Keeping the limitations in mind, immune
receptor gene rearrangement studies are well
suited to define lineage and clonality of a
lymphoproliferation. Analyses of chromoso-
mal translocations, in addition, provide infor-
mation about the lymphoma subtype, its bio-
logic behavior and mechanisms of lym-
phomagenesis. Furthermore, the high sensi-
tivity and specificity of the PCR-based molec-
ular tests are most helpful for monitoring
lymphoma therapy, identification of MRD
and early diagnosis of relapse. In an optimal
laboratory setting, cytomorphologic,
immunophenotypic and molecular results
are interpreted jointly by individuals with
expertise in all three methods in order to
achieve the best diagnosis possible for the
patient.
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