This is a review article Stan wrote in 1988 while he was researching at Washington University,
St. Louis. In it he describes several of the recognized chromosomal and DNA rearrangements
within the immunoglobulin synthesis regions that cause and define many white blood cell
cancers. The capability to identify the precise molecular genetic changes was available after
1975. The chromosomal and DNA changes described here are used at Barnes (Washington
University) Hospital and elsewhere to diagnose, treat, and follow patients with lymphoma and
leukemia.
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number of neoplasms represented cells early in differentiation, prior to the
expression of lineage-restricted markers. Other problems included lympho-
mas possessing large numbers of normal cells admixed with the neoplastic
cells. Indeed, the ability to decide that a lymphoid neoplasm was of mon-
oclonal origin was usually limited to mature B-cell malignancies displaying
the exclusive presence of cell surface wk of \ immunoglobulin (Ig) light
chain. A
We will explore the contribution of molecular biology in resolving un-
certainties concerning cellular lineage, clonality, stage of development, and
pathogenesis of lymphoid neoplasms. This review will focus upon the DNA
rearrangements that assernble an lg gene as a molecular marker for B-cell
tumors. Much of our knowledge concerning the basic mechanisms of lg
gene recombination, expression, and selection was gleaned from examin-
ing clonal expansions of cells provided by lymphoid tumors. This infor-
mation indicated an ordered sequence o Ig gene rearrangement and re-
vealed that acute lymphoblastic leukemia (ALL) and the lymphoid blast
crisis phase of chronic myelogenous leukemia (CML) were developmental
stages of B-cell precursors. Moreover, the lg gene rearrangement paftern
was unique to each tumor and served as a marker 0 follow its natural
history and search for low levels of residual tumor. Some neoplasms of
uncertain origin could now be classified by the determination of their gene
rearrangement pattern. Moreover, errors were defined in lg rearrangement
and expression that accounted for the truncated peptides of heavy chain
disease. Finally, unanticipated rearrangements of the Ig genes have been
discovered, which account for disease-associated interchromosomal trans-
locations. This type of rearrangement juxtaposes the Ig locus with a cellular
oncogene and directly contributes to the malignant phenotype.

Immunoglobulin Gene Subsegments Recombine
to Generate Antibody Diversity

Humans can generate a seemingly unlimited number of different antibody
specificities Somiwoj.m_ 3 The antibody molecule is composed of two iden-
tical heavy chains that can theoretically assort with any two identical light
chain molecules. The antigen recognition portion of the molecule is located
in the N terminal variable (V) @9\905 of the molecule, while the C termina
constant (C) portion is invariant and performs effector functions. This un
usual immunoglobulin molecule is encoded by multiple gene subsegments
as Dreyer and Bennett first Eonomma.» Within their germline or embryoni
form, lg genes are organized as discontinuous pieces of separa
that are assembled by a process of DNA rearrangement (Fig 1). The vatt
able portion of the human heavy chain gene is generated from families 9
variable (Vi) regions, a set of internal diversity {Dy) regions, and a strip
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Rearrangement of Immunoglobulin Genes as Clonal Markers

The molecular event that moves and combines a V and J segment results
in the relocation of restriction endonuclease sites at the DNA level. Thus,
the DNA restriction fragment that bears an Ig gene in ifs rearranged form
is of altered size compared with the germline form of the gene (Fig 2).
Recause B-cell malignancies represent clonal expansions of a single pro-
genitor cell, each tumor will possess multiple copies of an identical V/J type
rearrangement. This expanded copy number makes it possible to detect
such rearrangements by routine Southern blots and has facilitated the mo-
lecular cloning of these recombinations (see Fig 2). Because each individ-
ual B cell will use only one V, one D, and one J of many possibilities, the
pattern of gene rearrangement will be unique to that cell. Thus, these rear-
rangements serve as turnor-associated molecular markers useful in deter-

mining clonality and lineage noBB.:Bm:ﬁi

Non-T, Non-B Cell Acute Fcaﬂfozmmmﬁ Leukemia:
A Developmental Series of B-Cell Precursors

Most (80%) ALLs were of uncertain cellular origin prior to the era of gene
analysis, because they lacked T-cell-associated surface antigens and also
failed to display cell surface lg. Therefore, they had been referred to as
non-T, non-B, or aull cell ALL. Analysis of their g genes revealed that
AlLLs displayed a developmental cascade of gene rearrangements.
Almost all of these cells demonstrated immunoglobulin heavy chain
gene rearrangement, and 60% retained germline and X light chain genes
{Fig 3).18 1% The 40% that had moved on fo the later event of light chain
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For this reason we turned to their lg gene rearrangement pattern as a
turnor-specific marker to follow the natural history of such ALLs.® We
noted that most patients (11 of 15) had identical gene patterns at diagnosis
and subsequent relapses indicating that all leukemic episodes represented
the same clone. The four patients’ that displayed clonal variations in Ig
genes over fime always shared at least one identical Ig gene rearrange-
ment. Thus, all episodes of leukemia in a single patient arose from a com-
mon clonal progenitor cell. None of these leukemias were really biclonal
in that they did not arise from separate transformation events. However,
just as pre-B ALL as a collective group demonstrates a developmental
series of cells, individual cases can evolve over time.

identifying Minimal mwmmaﬁwm Disease by Immunoglobulin

Gene Rearrangemenis

The stochastic nature of Ig gene rearrangement creates a molecular marker
unique to that cell. In order for a DNA rearrangement to be detected by
Southern blot analysis, however, it must be present in 1% to 5% of all
cells present. Thus, Ig gene rearrangement within a tissue represents a very
specific and a moderately sensitive measure of clonal cells. We utilized
gene rearrangement o 1600k for residual leukemia 28 days following the
induction of ojmaoﬁrm«wﬁc.mw There was a perfect correlation with the his-
topathologic identification of lymphoblasts and the molecular detection of
clonality. Those patients without lymphoblasts displayed no rearrange-
ments, indicating that leukemic cells were actually eliminated rather than
Bo«ﬁrowowwowsc altered. Several bone marrow aspirates obtained during
remission revealed molecular clonality in the absence of lymphoblasts, and
these patients subsequently relapsed. Moreover, significant negatives were
noted. Several patients with equivocal evidence for disease (1% to 6%
lymphoblasts, sheets of lymphocytes, scattered islands of EB@TOQ%E
had entirely germline gene configurations, and none of these patients has
subsequently ﬁ&mﬁmma.mw The examination of T-cell receptor genes, chro-

mosomal translocation breakpoints, in addition to 1g genes will place DNA

markers on a large number of neoplasms and expand this approach for
looking for minimal residual disease.

Pre-B Cell Lymphoid Blast Crisis in O?—ﬁ

The clonal progenitor cell of CML is apparently a rather Eca@oﬁm:amﬁ stem
cell. Assessment of G-6-PD alleles and the t(9:;22) Philadelphia chromo:
somal marker has indicated that numerous hematopoietic lineages can be
clonally affected 2* Because of the multipotential involvement of this dis
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AR

ts in Human Heavy Chain Disease

W&ﬂ& Defec

A subset of B-cell lymphoproliferative disorders display only surface Ig
heavy chain and no associated light chain.*® Furthermore, the heavy
chains are abnormally truncated in size. Protein studies indicated that these
heavy chains lacked all or most of the variable region and often began at
the sites of constant region domains. One could envision three general
forms of molecular defects that could account for these shortened heavy
chains: (1) postsynthetic degradation; {2) DNA deletion; (3) RNA-splicing
abnormality. The initially synthesized proteins in heavy chain disease
(HCD) are always small, indicating that no extensive protein degradation
occurs and implicating DNA or RNA level defects.

A number of different defects in the complex process of correctly ex-
pressing a heavy chain are proving to account for HCD. Mistakes in
V/D/J rearrangernent or in heavy chain class switch might delete important
areas and result in an incorrectly initiated RNA or an RNA-splicing abnor-
mality. Alternatively, somatic mutation could also alter the donor or accep-
tor splice sites and thus eliminate the corresponding variable and constant
region subsegments. We observed that a p HCD protein arose from an
aberrant RNA splice between the leader sequence and the Cp region (Fig
4).%* An unexpected DNA insertion/deletion event eliminated a Jy donor
splice site and forced the leader to be juxtaposed with the Cp region. This
molecular defect accounted for the truncated . chain that lacked variable
information and lacked associated light chains. Gamma-type heavy chain
diseases have also been analyzed and possess abnormal DNA rearrange-
ments that remove portions of their variable regions.®® % In addition, an
abnormal heavy chain class switch has been implicated in removing the
portions of the Cv region that are missing in the protein. Overall, a variety
of defects at a number of the multisteps of Ig gene assembly and expres-
sion can account for the proteins of HCD.

5153

T-Cell Receptor (TCR) Genes

T cells also demonstrate antigen-specific recognition through a cell surface
T3-Ti (idiotype) complex. The Ti portion is the antigen receptor and is
comprised of o and B TCR peptides. The genes for both the a and B
chain of the TCR have been cloned and characterized.> % Like the Ig
gene, the TCR genes also rearrange to assemble. The B TCR is located at
chromosome segment 7¢35 and bears only an evolutionary homology to
the Ig locus. It has two available constant regions (CB1) and (CR2), sets
of diversity (DB} and joining (JB) segments as well. The o TCR gene is
located at 14g11 and has a single constant region (Ce), a very long stretch
of joining (Ja) segments, and many varable (Va) regions. These genes
have rearranged in mature T cells to produce the «, B chain heterodimer
that is complexed with cell-surface Ts. In addition, there is a third TCR
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FIG 4.

A small DNA deletion eliminates the J4 donor splice site of a patient with a . heavy
chain disease. This results in an aberrant splice between the leader (L) and Cun
region. A new recognition amino acid sequence for signal peptidase is created and
results in a truncated w chain that begins at amino acid 5 of CH; of Cp..

pressed early in T-cell development and later is present on only a minority
of cells bearing a Tz molecule.

T-cell receptor gene rearrangement provided the sorely needed marker
that proved most T-cell malignancies to be of clonal origin. Furthermore,
analysis of TCR genes has demonstrated clonality in some T-cell disorders
such as the Tg lymphocytosis with associated hematocytopenias that were
not previously known to malignant.* While the demonstration of clonality
is not tantamount to a verdict of malignancy nor necessarily a warrant for
therapy, it does indicate the single-cell origin of these disorders.

Immunoglobulin and T-Cell Receptor Rearrangements
Spillover to the Opposite Lineage

While rearrangement of « and g TCR genes are required in mature T cells,
we have noted that a. 8 and v TCR activation mau occiir at times in R
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cells. 4t #2 Moreover, approximately 10% of bona fide T cells and occa-
sionally myeloid cells will display an Ig heavy chain ﬁmmﬁw:wmam:ﬂ.i. 19,42
Fortunately, the later developmental event of Ig light chain rearrangement
is restricted to the B series. This lineage crossover of antigen receptor rear-
rangements is seen within normal as well as malignant cells. This may
reflect the fact that a single recombinase enzyme mediates rearrangement

¢ both the Ig and TCR loci. Such rearrangements may occur early in
development before full lineage commitment has occurred. Consistent with
this notion, early B-cell precursor forms of ALL have a higher incidence of
B and y TCR rearrangement (20% and 45%) than more mature B cells.*?
Because of the lineage spillover of TCR and lg gene rearrangement, cau-
tion must be used when applying such markers to determine cellular type.
The presence of Ig k or A light chain rearrangement is strong evidence of
a B-cell commitment. Similarly, the presence of TCR activation in the ab-
sence of Ig gene rearrangement is conclusive for a T-cell origin. With these
general guidelines in place, the application of Ig and TCR rearrangements
may frequently resolve the cell type of lymphoid biopsy tissues containing
large numbers of admixed normal cells. In this setting the truly neoplastic
cells of origin will display clonal rearrangements, while the infiltrating nor-
mal cells will be polyclonal in nature.

Chromosomal Translocations DOce
Gene Loci

ur at the Immunoglobulin

Distinct interchromosomal translocations are uniquely or frequently found
with specific types of neoplasms. B-cell tumors possess chromosomal
translocations at the exact cytogenetically defined bands that possess the
Ig wm:mm.@ﬁ Indeed, in Burkitt's lymphoma the exact site of chromo-
somal juncture landed within the Ig gene loci. The most frequent translo-
cation in Burkitt's lymphoma t(8;14) usually breaks at the p switch region
or the joining (Jy) region of the heavy chain gene at Hb@wm.ﬁ The variant
10% of Burkitt's that break elsewhere choose to use the site of the Ig light
chain gene, x at 2pl1 or A at 22q11.% The other partner in this reciprocal
translocation was chromosome 8 at band q24, the site of the c-myc cellular
oncogene (Fig 5). The introduction of c-myc into the foreign location of
an immunoglobulin locus leads to its deregulation during the cell cycle and
presumably results in a transformation event.

Chromosome segment 14932 is repeatedly associated with sites of
translocation in mature B-cell neoplasms. A translocation between the
heavy chain locus and a putative gene at 11q13, Bcl-1 is found frequently
in multiple myeloma and occasionally in other B-cell tumnors.?’ Similarly,
human follicular lymphomas possess a t(14:18) (q32;q21) translocation
that is present in perhaps 85% of small-cell type follicular lymphomas. We
and others have cloned this chromosomal breakpoint and characterized a

TN
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:w o is w mature B cell, ,_.v:m“ a transformation event occurs much earlier
n mrcm opment than the final phenotypic stage of the ultimate tumor. The
; mmrw on nra.030m03m segment 18q21 are focused in a 2.8-Kb ﬁ.:m.ow
«o«m.m vo,w,:ﬁ region Q.oﬁwov“ and most of these fall in a small 150-bp n_:mw@\
0<@o:” he mechanism of breakage on 18q21 appears to be a naturall
omﬁu%m@m mﬁmwwﬁm_,ﬁm% me_uZ} break unrelated to Ig recombinase. The gmwm
interrupts the 3’ exon of the Bcl-2 gene and places i i .
int . . es it in th
wmnmn:ﬁ:o:m_ o:mimgo: as the lg gene locus. This mmmc:.m ,5H a mmw.wﬂm
wmmbwﬁ mmz% :m:mnEu.ﬁ. However, the portion of the messenger RNA m:nonm
M:wm QME cuw% Eoﬁm% product is not interrupted. Instead, this event results
H . - . '
ne gulation and overexpression of this gene in the follicular lympho-
The clustering of chromosomal breakpoi
. reakpoints allows the placement of
M%%ﬂmﬂ mmmﬁqw‘w:mmﬁ:m:ﬁ marker on each chromosomal :m%&ogmo: %,rm
ranslocation event to be followed throughout the ¢ .
: ou
tumor. Such studies revealed that the translocation breakpoint HmMM%M w_wm.
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4 — 18q21 Element
Bel-2

3 Jy
@ 18q21 Element
Bcl-2

der 14

der 18

FIG 6.

Follicular lymphoma with (14;18)(q32;q21) wm:m_ogmo.:. The E.u:d% nrﬁoﬂo-
some 14 contains a V/D/J responsible for immunoglobulin E.oacodo:. The amw_c-
ative 14 (der 14) chromosome has introduced a new m-mm= associated transforming
gene into Jiy near the enhancer (E} element. The reciprocal der 18 partner has
received Dy and Vy portions of chromosorme 14

changed throughout the disease, while the normal Ig genes may undergo
secondary rearrangements.”’ These result from evolving tumor heteroge-
neity, and not the biclonal emergence of new Qo:.mm. Moreover, the Qoa-
ing of such breakpoints allows the molecular refinement of cytogenetic
classification. We have found t(14;18) rearrangements at ﬁrm.wm:m ,ﬂmcmﬂ
that were missed, internally hidden, or indeterminant by «oESm cytoge-
netics.>? The molecular definition of chromosomal c‘mzﬂoﬂw:o:m has de-
fined new potential transforming genes and w_mn provided important tools
in improving our understanding of tumor behavior.

Summary

The basic rules of lg gene recombination that were _mw«:ma .:9.: examin-
ing clonal proliferations of B cells have paid enormous dividends in im-
proving our understanding of B-cell malignancy. The DNA nmmﬁw,:w.mﬂdmsm
of lg genes creates a tumor-specific marker capable of mwﬁwg_m.?:m the
clonality, cellular lineage, and stage of development of a Faﬁjo.a tumor.
Most importantly, the Ig genes have proved to be the sites of interchro-
mosomal translocations that contribute directly to %.m malignant .ﬁ.jmdo-
type. These genetic tools hold the promise of improving our classification

B-Lymphoid Neoplasms: Immunoglobulin Genes as Molecular Determinanis / 13

schemes, providing sensitive and specific approaches to following the clin-
ical course, and providing insights into pathogenesis that will prompt im-
Qo<ma therapies.
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