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Introduction

Molecular analysis of human lymphoid neoplasms is markedly
altering our concepts of their pathogenesis and classification.
Before the era of recombinant DNA, major advances were pro-
vided by the investigation of cell surface antigens representing
maturational stages of B or T cells (1). Despite the generation
of many antibodies to B and T cell antigens, it was still impossible
to classify the cellular type of some lymphoid neoplasms. This
inadequacy frequently reflected the admixture of large numbers
of nonneoplastic cells within lymphomatous tissue. Such cells
could not be distinguished inasmuch as virtually all the lineage-
associated markers were present on normal as well as malignant
cells. In other instances, leukemias represented stages of devel-
opment prior to the expression of lineage-restricted antigens.
Frequently, it was even impossible to determine whether a lym-
phoid neoplasm was of clonal origin. ‘

The rearrangements of DNA which assemble the antigen-
specific receptor genes in B or T cells provide the necessary tools
to overcome many of these limitations. The immunoglobulin
(Ig) and T cell receptor (TCR)' genes are composed of multiple,
separated gene subsegments within their germline or embryonic
state. During lymphoid development a DNA recombination
process assembles the components of Ig genes in B cells or TCR
genes in T cells (2-4). Most of our knowledge concerning these
genes including their ordered sequence of DNA rearrangements,
mechanisms of recombination, somatic mutation, alternative
RNA splicing, and transcriptional regulation was gleaned from
established lymphoid neoplasms. In return, these contributions
to basic biology have paid dividends by resolving uncertainties
concerning the lineage commitment, clonality, stage of devel-
opment, and pathogenesis of leukemias and lymphomas. Spe-
cifically, Ig and TCR gene rearrangements create DNA-level
markers unique to each individual cell. This sensitive and specific
molecular fingerprint is capable of identifying a clonal expansion
of B or T cells. Moreover, a developmental hierarchy for both
Ig and TCR gene rearrangements occurs during early B and T
cell maturation, providing new means of categorizing neoplasms.
Most importantly, unanticipated rearrangements of Ig and TCR
loci have been discovered which directly contribute to the ma-
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receptor.
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lignant phenotype. This class of recombinations occurs between
nonhomologous chromosomes and translocates a cellular on-
cogene into the Ig or TCR locus.

Somatic rearrangement of gene subsegments generates
antigen receptor diversity

An individual can generate a seemingly unlimited number (10°
to 10°) of different antibody and TCR specificities. The central
process in receptor diversification is a somatic rearrangement
of the DNA subsegments comprising the variable portion of
these molecules. Both members of the super-Ig gene family share
the same structural motif in which genetic information for the
antigen-binding portion of the molecule exists as discontinuous
gene subsegments entitled variable (V), joining (J), and at times
diversity (D) segments (Fig. 1). Each of these gene subsegments
is flanked by an evolutionarily conserved set of signals which
help mediate their rearrangement. This recombination occurs
early in B or T cell development to juxtapose coding segments
creating contiguous V/J or V/D/J rearrangements. Each Ig locus
(heavy chain, « and X light chain) and each TCR locus (e, 8,
and v) possess a multitude of V regions, an alternative set of J
segments, and in some cases families of D regions. The choice
of segments is relatively stochastic so that each individual B or
T cell generates a unique pattern of receptor rearrangements.
These varied rearrangements can be readily identified as altered
sized DNA restriction fragments on a Southern blot (Fig. 1).

Ig and TCR rearrangements as uniformly applicable clonal
markers

The determination that a malignancy is of clonal origin has often
been used as a diagnostic aid to distinguish benign from malig-
nant proliferations (5). Historically, assessing the clonality of
lymphoid neoplasms was predominantly limited to mature B
cell tumors that displayed the exclusive presence of but one light-
chain isotype (x or A) (6). No comparable set of alternatively
expressed chains was identified on T cells. A population of nor-
mal B or T cells is polyclonal in nature and possesses numerous
different Ig or TCR gene rearrangements. None of these are
above the threshold of detectability by Southern blot analysis
(7). In contrast, a monoclonal proliferation represents the prog-
eny of a single cell, and all cells of that clone possess the same,
identifiable DNA rearrangement pattern specific to the tu-
mor (8).

The detection of an Ig or TCR rearrangement is a relatively
sensitive as well as specific marker, capable of identifying even
minority populations (1-5%) of clonal cells in tissues of mixed
cellularity. For example, analysis of TCR and Ig genes has un-
covered minority populations of neoplastic B cells in malignant
lymph nodes in which T cells predominated, thus enabling the
correct diagnosis to be made (8). This approach has also dis-
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Figure 1. A schematic presentation of the human « gene locus is
shown at the right with multiple variable (V) regions, five functional
joining (J,) regions, and but a single constant (C,) segment. A DNA
rearrangement juxtaposes a ¥, and J, region on an activated allele re-

covered clonal B cell subpopulations in lymph nodes in which
the histologic impression was a benign hyperplasia or in lym-
phoproliferations felt to be polyclonal (8, 9). Consequently, it
should be stressed that the determination of clonality is not nec-
essarily tantamount to a verdict of malignancy. This is partic-
ularly true in the setting of immunodeficiency in which lym-
phoproliferation can result in transient clones, but these clones
may still be under some regulatory control. Importantly, the
accompanying clonal rearrangements are unique to these cells
and provide the capacity to follow the natural history of such
lymphoproliferations. As these DNA level markers do not require
the expression of a final product, they are applicable to the entire
spectrum of neoplasia including pre-B and pre-T cells.

Developmental hierarchy of Ig and TCR rearrangements

Mature B cells that bear surface Ig possess the obligate Ig heavy-
and light-chain rearrangements (8, 10). Similarly, mature T cells
bearing the cell surface T3 molecule have in general rearranged
and expressed the a and 8 TCR genes to form the a,8 hetero-
dimer that completes the T3-Ti (idiotype) complex (11-16). Pre-
B and pre-T cell clonal populations representing early differ-
entiation at the time of gene joining were discovered in acute
lymphoblastic leukemia (ALL). Before the use of gene rear-
rangements the majority of ALLs were referred to as “non-T,
non-B” because they failed to express T cell surface antigens
and also lacked surface Ig. However, Ig genes analysis revealed
that these leukemias represented distinct stages of B cell precursor
development. The earliest pre-B cells had rearranged heavy
chains, but retained germline light-chain genes, establishing a
heavy before light-chain order. Moreover, the light-chain gene
rearrangement pattern indicated a x before A usage (7, 17, 18).
If initial attempts to make a x gene were unsuccessful, the « gene
complex was eliminated by a novel recombinatorial segment
termed the “k-deleting element” (xde), before the A light-chain
genes were used. Indeed, human pre-B cell leukemias provided
a clonal expansion of cells at the appropriate stage of develop-
ment that allowed the molecular cloning of this x-deleting ele-
ment (19).

An examination of fetal thymus and ALL of the T cell type
(T-ALL) also revealed a developmental sequence to TCR rear-
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Rearranged K gene, altered size
Bam HI fragment

sulting in the introduction of a new 5' Bam HI site. The C, probe sees
an altered size Bam HI fragment on the rearranged vs. the germline
allele as demonstrated by the Southern blot at the left.

rangements (20-24). The T cell precursor forms of ALL indicated
that the 8 TCR genes were activated early in intrathymic on-
togeny before the a TCR genes (23-24). Most T-ALLs were of
adequate maturity to have rearranged their S-chain gene and
express it. However, only one half of the ALLs were of sufficient
maturity to express the « TCR. This more mature subset is
capable of expressing a complete T3-Ti complex. Most T-ALLs
with 8 TCR rearrangements have also rearranged v TCR genes
although few still express v. Exceptional cells were noted that
rearranged v but not 8, or in contrast, rearranged § but not v
(24). Thus the earliest events in TCR activation appear not to
be invariant. Furthermore, rare T-ALLs exist that possess the
T3 molecule but fail to express the classic o plus 8§ TCR het-
erodimer (24). These T-ALLs provide an important opportunity
to characterize T cell subsets that utilize novel TCR complexes
(25, 26).

Gold standards of lineage determination

The validity of utilizing Ig and TCR gene rearrangements to
assign B or T cell lineage depends in part upon the lineage re-
striction of these events. Unfortunately, lineage spillover of cer-
tain types of gene rearrangement clearly occurs. Intermediate
(D/J) rearrangements of Ig heavy-chain genes have been noted
in ~ 10% of T cell neoplasms in addition to some nontrans-
formed T cell lines (18, 27, 28). Conversely, rearrangement of
a and B TCR genes and even expression of a have been noted
in B cell lineage neoplasms (12, 24, 29). The « and g events in
B cells are at a comparably low frequency. However, pre-B cell
ALLs displayed a surprisingly high incidence (45%) and a rather
unique pattern of ¥ TCR rearrangement (24). The higher inci-
dence of this TCR rearrangement in pre-B cell ALLs may reflect
the maturational arrest of these cells at an early stage of matu-
ration when rearrangements of both types of receptor genes might
be allowed. The canonical recombinational signals (heptamer
[CACAGTG]-spacer-nonamer [ACAAAAACC]) that flank
these gene subsegments are highly homologous in Ig and TCR
genes and appear to be the recognition template for a common
recombinase capable of rearranging either Ig or TCR genes (30).
The crossover of both Ig and TCR gene rearrangements into the
opposite lineage is apparently a normal event and represents



remnants of an early decision-making process that occurs prior
to absolute lineage commitment (31).

The lack of complete lineage fidelity of Ig and TCR gene
rearrangements requires some caution when using these markers
to assign a lineage designation. Ig light-chain gene rearrangement
as a later event in maturation has to date been restricted to the
B cell series. However, the most immature pre-B cells will have
only Ig heavy chain rearrangement. In this situation the presence
of the B cell-associated surface antigens B4, B1, and HLA-DR
provides useful confirmatory data (18, 32). The absence of TCR
rearrangement is compatible with B cell commitment, but some
cells that are otherwise pre-B cells will have rearranged especially
the ¥ TCR gene. Conversely, the activation of TCR loci is a
prerequisite for a T cell assignment. The lack of Ig heavy- and
light-chain rearrangement is an important aid to T cell lineage
determination. When Ig heavy-chain and TCR genes are si-
multaneously rearranged the assessment of surface antigens is
required. The combination of Ig gene, TCR gene, and surface
antigen determinations can correctly assign lineage in nearly all
leukemias and lymphomas. The rare exceptions to this doctrine
include genetically uncommitted progenitors lacking either Ig
or TCR rearrangement and provide the substrate to assess mo-
lecular events preceding gene recombination (24).

Tumor differentiation and clonal evolution

The pre-B and T cell ALLs are maturationally arrested clones
that revealed some of the earliest knowledge of human lympho-
cyte differentiation. Individual cases of pre-B and pre-T cell leu-
kemia are not always static either, but can display developmental
progressions. For example, two separate lymphoid blast crises
in a chronic myelogenous leukemia patient both arose from a
common lymphoid progenitor because they shared identical Ig
heavy rearrangements. However, one episode had progressed to
A light-chain rearrangement while the other retained germline
light-chain genes. Thus, despite being neoplastic these cells were
capable of a normal differentiative event (33). Similarly, Abelson
murine leukemia virus-transformed pre-B cells have been shown
to undergo genetic progression from heavy to light chain and
for DJ intermediate to completed V/D/J rearrangements (34).

ALLs and lymphomas have also been noted to display vari-
ations in Ig gene patterns over time. The emergence of these
different rearrangements has raised the possibility that these tu-
mors might be biclonal (35). Do these changes reflect the emer-
gence of truly separate tumors with unique transformation events
in a host predisposed to such malignancies? Alternatively, do
they result from evolving subclones of a single malignant pro-
genitor? By analyzing multiple clonal markers including trans-
location breakpoints as well as all possible receptor rearrange-
ments, most of these changes can be shown to represent evolving
tumor heterogeneity (36-38). Variations in Ig genes are often
secondary rearrangements occurring at a mature B cell stage.
Perhaps mature B cell neoplasms can actually reactivate recom-
binase to produce these additional rearrangements. Idiotypic
variation has also been noted to result from well-documented
somatic mutation mechanisms (39). All of these examples of
tumor variation may be attempts to escape from immunoreg-

ulatory control by altering one target of regulation, the antigen
receptor.

Minimal residual disease

A major remaining challenge in leukemia research is to detect
minimal residual disease in the hope of identifying the subset
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of patients who will subsequently relapse. Ig and TCR rear-
rangements have the requisite specificity to cleanly identify per-
sistent or recurrent leukemic clones in the midst of large numbers
of normal cells. The major question is whether the sensitivity
of this technique (1-5%) is sufficient to detect disease before
histopathologic evidence of relapse. Pre-B ALL patients exam-
ined during early induction phases of chemotherapy revealed
that those lacking lymphoblasts had returned to germline Ig gene
patterns (36). This indicates that therapy actually eliminates
leukemic cells rather than simply altering their morphology or
maturation. The most crucial group to follow are those patients
receiving maintenance chemotherapy who are felt to be in clinical
remission because some of these cases will relapse. Clonal Ig
gene rearrangements have been noted in occasional patients
during such presumed remissions and those followed longitu-
dinally relapsed (36, 40). Important clinical information is also
provided when gene rearrangements are absent in bone marrows
suspicious for relapse (unexplained lymphocytosis, focal aggre-
gation of lymphoblasts, or slightly elevated [2-6%] lymphoblasts)
(36). Other rearrangements that are unique to tumor cells in-
cluding defined breakpoints of chromosomal translocations will
make this approach to minimal residual disease feasible in non-
lymphoid cancer. Technical innovations that amplify the sen-
sitivity beyond the 1-5% range yet retain specificity will be im-
portant to make this an effective clinical tool.

Antigen receptor genes are the sites of chromosomal
translocation

The association of specific chromosomal translocations with
histologically distinct neoplasms prompted the thesis that genes
flanking these breakpoints would participate in malignant trans-
formation (41). Within lymphoid neoplasms the same genes that
normally rearrange to create antigen receptors (Ig in B cells,
TCR in T cells) also mediate interchromosomal translocations.
Unexpected rearrangements of these loci have provided a bridge
to walk across such chromosomal translocations to the opposite
side and identify new genes. Burkitt lymphoma was the first
instance in which the chromosomal breakpoint was placed at
the Ig gene loci (heavy chain at 14q32, x at 2p11 or X at 22q11)
(42-46). The other partner was uniformly the c-myc cellular
oncogene at 8q24. The introduction of c-myc next to an Ig gene
locus altered the regulatory control of this gene contributing to
uncontrolled growth (47).

Of interest, chromosomal breakpoints at 14q32 occur re-
peatedly in other mature B cell neoplasms (48). A translocation
between 11q13 and 14q32 has been noted in multiple myeloma
and other B cell neoplasms. The most common lymphoma
translocation typifies follicular lymphoma and places a new B
cell-associated gene from chromosome segment 18g21 into
14q32 (Fig. 2). Several groups have documented that the break-
points focus at the 5' ends of Jy; regions on the 14q* chromosome
(49-51), whereas the breakpoints on the 18q~ chromosome are
at the 3’ ends of Dy regions (52). The recombinatorial signals
are eliminated and “N” segment extranucleotides are introduced
at the site of chromosomal juncture just as occurs in normal
D/J rearrangements (49-52). Despite the fact that follicular
lymphomas are phenotypically mature B cells, these findings
indicate that the translocation occurs at the D/J rearrangement
step early in pre-B cell development. The site of chromosomal
breakage is also focused on chromosome 18. Over 70% of t(14;18)
translocations occur within a 2.8-kb major breakpoint region
and most of these cluster within 150 base pairs (37, 52). No
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Figure 2. Typical follicular lymphoma with t(14;18) (q32:q21) translo-
cation. The normal chromosome 14 contains the V/D/J rearrange-
ment responsible for immunoglobulin production. The derivative
(der) 14 chromosome has introduced a new B cell-associated gene
from 18q21 (Bcl-2) into Jy near the enhancer (E) element. The recip-
rocal (der) 18 partner has received Dy and V portions of chromo-
some 14,

highly conserved recombinatorial signals exist at this site on
chromosome 18; instead, analysis of both reciprocal chromo-
somal partners favors a random double-stranded DNA breakage
event upon 18 (52). Yet, such breakpoint clustering must have
a functional role. Consequently, these breaks on 18 were shown
to interrupt a 3’ exon of a B cell-associated gene (Bcl-2) generating
a fusion transcript with the Ig Jy region (53-55). The normal
Bcl-2 gene is highly transcribed at a pre-B cell stage of devel-
opment when this translocation occurs. The RNA remains el-
evated in t(14;18) bearing mature B cell neoplasms in contrast
to its normal down-regulation in other mature B cells (55).
The clustering of the t(14;18) breakpoints creates unique
rearrangements representing the site of chromosomal juncture.
This event can be exploited to refine lymphoma cytogenetics
and has revealed that many 14q* lymphomas lacking obvious
reciprocal chromosomal partners are t(14;18) when examined
for such DNA rearrangements (56). In addition, some of the Jy
rearrangements found in T cell neoplasms have proven to be
t(14;18) translocations (57). Thus, if D/J Ig gene rearrangements
can spillover to the T cell lineage, it appears that B cell-associated
translocations can also occur at this site within T cells. However,
the malignancy-associated translocations in T cells classically
occur at the TCR loci. The a TCR at 14q11 is particularly prone
to translocation (58). Thus, an overwhelming association exists
between TCR translocations in T cells and Ig gene translocations
in B cells. The high incidence of these translocations in tumors,
and of their absence from normal cellular counterparts, leaves
no doubt about their major role in malignancy. However, ques-
tions do exist as to whether their high degree of lineage association
is a primary or secondary event. Do these translocations occur
early in development at the time of Ig or TCR assembly and in
a prospective fashion direct the neoplasia into a particular cell
type? Alternatively, do such translocations secondarily select
these loci because they have already rearranged and are vulner-
able to further recombination in cells already committed to the
B or T lineage? Rare examples of inherited, familial transloca-
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Table I. Uses of Gene Rearrangement in Hematopathology

1. Distinguish clonal from polyclonal lymphoproliferations.

2. Determine the B or T cell identity of malignancies with admixed
normal cells.

3. Determine the genetic lineage of neoplasms lacking definitive
surface antigens.

4. Determine the developmental stage of early B or T cell precursors.

5. Identify unanticipated stages of development not appreciated
within normal cell populations.

6. Tumor-specific markers to follow the natural history of neoplasms.

7. Search for minimal residual disease during clinical remission.

8. Molecularly mark chromosomal translocations and identify new
transforming genes.

tions that involve these receptor loci do exist. These experiments
of nature together with the introduction of isolated genes trans-
genically into the germline of mice should help to unravel the
prospective ability of translocations to cause neoplasia and dictate
its cellular type (59, 60).

Future challenges

The application of recombinant DNA technology to human
lymphoid neoplasms has resolved many uncertain issues and
made it possible to approach many more (Table I). Neoplastic
cells are clonal expansions at distinct developmental steps and
thus provide multiple copies of the somatic alterations that result
in transformation. Major challenges remain in utilizing these
events to better define tumor pathogenesis, refine diagnosis, pre-
dict prognosis, and improve therapy. Improved sensitivity in
identifying minimal residual disease and better specificity in di-
recting therapy to such neoplastic cells is sorely needed. The
creation of new amino acids at the site of the Bcr-Abl fusion
peptide in chronic myelogenous leukemia provides one example
of a tumor .specific molecule with which to develop new ap-
proaches (61). Large prospective studies are needed to determine
whether any of the molecular refinements in pinpointing lineage
and stage of development are of prognostic significance. The
molecular definition of chromosomal breakpoints may allow
routine cytogenetics to be essentially replaced with distinct mo-
lecular characterizations performed by Southern blot, pulsed
field gel electrophoresis, and chromosomal in situ hybridization
(62). Finally, the most important goal would be the capacity to
precisely define all the transformation events within individual
neoplasms. This information may hold the key to improving
predictions of biologic behavior and will perhaps form the basis
of tomorrow’s therapies.
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