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Abstract

he majority of haematological cancers involve the lymphoid system. They include acute

lymphoblastic leukemias (ALL), which are arrested at variable stages of development and

present with blood and bone marrow involvement and chronic leukemias, lymphomas
and myelomas, which present with infiltration of a large variety of hematopoietic and non he-
matopoietic tissues by mature lymphoid cells which express a surface antigen receptor. The majority
involve the B-cell lineage and the vast majority have undergone clonal rearrangement of their
Igand/or TCR rearrangements. Analysis of Ig/ TCR genomic V(D)J repertoires by PCR based
lymphoid clonality analysis within a diagnostic setting allows distinction of clonal from reactive
lymphoproliferative disorders, clonal tracking for evidence of tumor dissemination and follow-up,
identification of alymphoid origin in undiagnosed tumors and evaluation of clonal evolution. Ig/
TCR VDJ errors are also at the origin of recombinase mediated deregulated expression of a variety
of proto-oncogenes in ALL, whereas in lymphoma it is increasingly clear that IgH containing
translocations result from abnormalities other than VDJ errors (somatic hypermutation and/or
isotype switching). In addition to this mechanistic contribution to lymphoid oncogenesis, it is
possible that failure to successfully complete expression of an appropriate Ig or TCR may lead
to maturation arrest in a lymphoid precursor, which may in itself contribute to altered tissue
homeostasis, particularly if the arrest occurs at a stage of cellular expansion.

Introduction

Approximately 5% of human cancers overall and over 70% of hacmatological cancers involve
the lymphoid system, with the majority involving the B-cell lineage. Lymphoid cancers include
immature, “blastic” lymphoid proliferations which involve essentially the blood and/or bone
marrow (Acute Lymphoblastic Leukemia or ALL), mature lympho-proliferations involving
predominantly secondary lymphoid organs (non-Hodgkin’s Lymphomas or NHL) or blood and
bone marrow (chronic lymphocytic leukemias or CLL) and expansions of plasmocytes, with pre-
dominant bone marrow and tissue involvement {multiple myeloma or MM). Dysimmune states
such as Hodgkin’s disease or Angioimmunoblastic lymphadenopathy (AILD), at the interface
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between reactive immune disorders and lymphoid malignancies, also exist. Whether these are
classified as lymphoid malignancies or not often depend on the techniques available for their
characterization, notably analysis of the V(D)] status of their immunoglobulin (Ig) and T-cell
Receptor (TCR) loci by techniques which will be collectively referred to as lymphoid clonality
analysis here. Lymphoid malignancies are also frequently characterized by V(D)J recombinase
errors which lead to transcriptional deregulation of lymphoid “oncogenes” by juxtapositioning
to, most commonly, Ig or TCR regulatory sequences. This represents a lymphoid specific form of
“physiological genetic instability” which includes V(D)J recombinase errors and abnormalities
of isotype switching and/or somatic mutation. Only the former will be considered here; they are
collectively, if imprecisely, referred to as V(D)J translocations. Such errors can be considered to
be, at a minimum, mechanistic elements involved in lymphoid oncogenesis. It is, however, pos-
sible that failure to successfully complete fabrication and expression of an appropriate Igor TCR
may in itself represent an oncogenic event within the multistage process that is now recognized
to preceed clinical presentation of the majority of human cancers.

Since lymphoid cancers represent homogeneous populations arrested at different stages of
development, they provide invaluable models for the study of molecular and cellular events leading
tointerruption of lymphoid development. Within this context, “reading the language” of Ig/ TCR
rearrangements can provide useful information regarding the type of lymphoid (sub)population
involved, the stage of maturation arrest and the chromatin accessibility of the different Ig/TCR
loci. It should however be emphasised that the pheno/genotype of the bulk lymphoid cancer is not
necessarily synonymous, but most probably downstream, to the lymphoid cancer stem cell. Since
any detectable clonal V(D)J rearrangement or translocation suggests at a minimum that the Ig/
TCR loci were accessible during preceeding stages of lymphoid oncogenesis, such rearrangements
represent uscful fingerprints of upstream oncogenic events. We have undertaken to review these
different, but interlinked, applications of the analysis of normal and abnormal V(D)J codingjoint
repertoires applied to understanding of lymphoid malignancies and their dysimmune close relatives.
Such an approach is by definition nonexhaustive and we apologies to all individual contributors
which we have only referenced indirectly, in the interests of brevity. We will not discuss therapeutic
aspects of V(D)J manipulation, nor analysis of transcribed, functional V(D)] repertoires and will
only briefly touch on detection of signal junction rearrangements.

Diagnostic Clonality Analysis

Molecular analysis of Ig/TCR genomic repertoires in diagnostic evaluation of (suspected)
human lymphoid malignancies was initially performed by Southern blot analysis,'? but was pro-
gressively replaced from the 1980s onwards by PCR analysis from DNA .4 Both are based on the
principal thar reactive lymphoproliferations are associated with polyclonal Ig/TCR repertoires
whereas the majority of lymphoid cancers demonstrate clonal, homogeneous rearrangements of
Igand/or TCR loci,'® with the pattern of clonal rearrangements reflecting the lymphoid lineage

involved and its stage of maturation arrest.!***

Technical and Practical Aspects

Southern blotting predominantly reflected homogeneous V and ] segment usage whereas
PCR V(D)J amplification also exploits heterogeneity of VDJ junctional sequences at the third
complementarity determining region (CDR3). The longer the CDR3, the easier the distinction of
clonal and polyclonal rearrangements. Detection of VDJ, DJ, VD DD and D] rearrangements are
possible if appropriate primers are used.'* The majority of diagnostic systems use consensus primers
directed to relarively conserved framework regions, often in a multiplex format.'s Predictably, the
risk of false negative results is dependent on the complexity of the repertoire (Table 1) and the
degree of homology between the V, D and J primers and their target sequences. The other main
factor contributing to false negativity is somatic mutation involving PCR primer target sequences
but others include: presence of inhibitors; analysis of uninvolved tissue and DNA degradation
of fixed tissues.
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Table 1. Human Ig/TCR repertoires, combinatorial complexity and chromosomal
localisation

Number of Germline
Encoded Segments

Approximate COR3  Number of N Chromosomal

\' D J Length(bp) Regions Localization

IgH 46-52 27 6 50 12 14932.3

IgK 31-36 0 5 10 1 2p11.2

Igh 30-33 0 4 10 1 22q11.2
TCRs 7 3 4 5-50 1-4 14q11.2
TCRa 45-47 0 50 10 1 14q11.2
TCRy 9 0 5 10 1 7q14

TCRB 39-47 2 13 10 12 7934

The number of V segments varies. Certain Vo/s segments can rearrange to both TCR3 and TCRa loci.
Number of N region varies with incomplete VD, DD or D) rearrangements.

Distinction of clonal, oligoclonal and polyclonal PCR products is based on either nondenatur-
ing polyacrylamide gel electrophoresis (PAGE), usually under conditions encouraging heteroduplex
formation, or “genescan” sizing of fluorescent PCR products. The former has the advantage of op-
timising distinction of clonal homoduplexes from polyclonal heteroduplexes but requires optimal
PAGE conditions. Genescan sizing allows precise information regarding clonal product size, useful
for molecular follow-up and comparison of different samples from a given tumor and can allow iden-
tification of V and J segment usage if differently labelled primers are used (Fig. 1). Under qualitative
conditions, both have an approximate sensitivity of 1-5%, although this depends on the position
of clonal and polyclonal populations, since a clonal population which is situated at the peak of the
Gaussian distribution of polyclonal PCR products will be detected with lower sensitivity than one
which is either larger or smaller than these fragments (Fig. 1). Q uantitation of clonal rearrangements
by real-time PCR is possible using CRD3 specific probes, or more usually primers (Fig. 2) (ref. 16
and references there in) This requires sequencing of diagnostic material and has been developed es-
sentially for follow-up of patients with ALL. In general, diagnostic strategies aim only to distinguish
clonal from polyclonal populations and do not attempt to identify segment usage. Judicious use of
appropriately situated, variably labelled fluorescent primers allows identification of V, D and J seg-
ments from a limited number of multiplex PCR, based on PCR product size and fluorescence.”
“Reading the language” of Ig/TCR rearrangements in this way can contribute to identification of
the stage of maturation arrest and lineage affiliation. Such analyses do not allow determination of
functional, in-frame rearrangement, unless combined with sequence analysis.

Diagnostic PCR have been developed for allloci other than TCRa. The most widely used loci for
diagnostic clonality analysis are IgH VD] and TCRy V], since both rearrange relatively early during
normal B and T-lymphoid development respectively, including in all subsets of each lineage. Backup
loci for the B-cell lineage include Igk and IgH DJ rearrangements, whereas Igh clonality analysis
within a diagnostic setting is complex and rarely adds additional information. For suspected T-cell
malignancies, TCRy can be complemented by TCRB VD] analysis, which is a more appropriate target
than TCRS; due to the deletion of this locus during TCRa rearrangement and the consequent risk
of pseudo-clonality from rare residual TCR3 rearrangements. Use of TCR$ is essentially restricted to
clonality analysisin ALL and rare suspected TCRy lymphoproliferative disorders. Details regarding
the incidence and patterns of 1g/ TCR rearrangements in the main categories of lymphoproliferative
disorders (LPD) can be found in Table 2.!%'#2 Succinctly, mature B lineage LPD rearrange IgH and
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JUNCTIONAL REGIONS (CDR3 region) ARE USED AS TARGETS FOR MRD-PCR

T B

T

mmm— 50 primer, alele specilc digunudeoide (lrward or reverse)
o————«  Fluorescent probe (as Tagman probe)

Figure 2. Real time quantitative Ig/TCR CDR3 specific strategies. Quantification by RQ-PCR
of the tumor load or minimal residual disease (MRD). For each Ig/TCR rearrangement, the
junctional region is amplified, sequenced and several “clone-specific” primers or allele spe-
cific oligonucleotides (ASO) are designed. Specific CDR3 specific primers are then used for
clone specific amplification of follow-up material using CDR3 and V, D or | primers and V
or | Tagman probes. Quantification is performed using a standard curve constructed from
the RQ-PCR assay by serial dilutions of patient’s blasts in a peripheral blood mononuclear
cell pool (10 to 10-).

Igk (V] or Kappa deleting element—KDE) in the vast majority of cases, with extensive repertoires
which lead to little risk of false positive resules and a risk of false negative resules which is proportional
to the degrec of somatic mutation. Mature T lineage LPD rearrange TCRyand TCRB and occasionally
TCRS. The restricted repertoire of TCRy V] rearrangements leads toa risk of false positive detection
of pseudoclonality, particularly if PAGE conditions are suboptimal.’ PAGE heteroduplex analysis
is preferable to fluorescent genescan analysis in a diagnostic setting, since there is alower risk of false
positives. The presence of canonical “invariant” rearrangements, such as Vy9-JP rearrangements in
circulating TCRy3 lymphocytes, can also be erroneously interpreted as indicating clonal expansion by
inexperienced operators and for this reason not all diagnostic multiplex strategies include a JP (also
referred to as Jy1.2) specific primer." Two classifications for human TCRy V and ] segments exist.'s
The presence of minor normal clonal/invariant populations is well recognised in circulating CD8+
T-lymphocytes from older individuals and in reactive disorders such as lymphomatoid papulosis. The
risk of false positive results can be minimised by simultaneous use of TCR@ analysis'® and restriction
of these analyses to high throughput laboratories, in order to maximise experience. Interpretation of
lymphoid clonality profiles should be undertaken in close interaction with the prescribing physician
or pathologist and with knowledge of the clinical context.

Cross lineage rearrangements, also referred to as “illegitimate rearrangements” (g rearrange-
mentsin a T LPD or vice versa) are rare in mature LPD. They are common in acute lymphoblastic
leukemias, with the majority of B lineage ALL demonstrating TCRy rearrangement and/or TCR
or, more rarely TCRB rearrangements. Ig rearrangements in T-ALL are less common and are pref-
erentially found in the TCRy? lineage.”” Illegitimate rearrangements reflect the fact that ALLs
remain recombinase competent and consequently rearrange all loci in an accessible chromatin
configuration. Rearrangement patterns differ with oncogenic subtype, with stage of maturation
arrest and with patient age. Amongst B-cell precursor ALLs, for example, relatively mature cases
which express Ig cyt  rarely demonstrate TCRy rearrangements, whereas the majority of CD10*
cyt u- ETV6-RUNX1 or BCR-ABL cases do s0.% Details of I/ TCR rearrangement profiles in
ALL can be found in Table 2. Detection of lymphoid clonality is rarely required to make a diagnosis
of ALL and is essentially used for molecular follow-up (see below).!¢ Extensive sequence analysis
of these clonal rearrangements has, however, allowed accumulation of a large databank allowing
analysis of V, D and ] segment usage and CDR3 diversity, which may eventually lead to improved
understanding of the pathogenic stages leading to ALL development.
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Table 2. Approximate incidence of clonal Ig/TCR rearrangement in lymphoid
malignancies, as detected by PCR from DNA. Only diagnostic PCR targets

are cited
IgH IgK igh TCRs TCRy TCRp

B-Cell Proliferation

BCP-ALL 90 30 20 30 60 30

CLL 100 100 30 10 20 25
Non-Hodgkin’s Lymphoma

FL 90 85 20 5 5 5

MCL 100 100 45 5 10 10

BLBCL 85 80 30 15 15 20

MZL 95 80 30 10 15 20
T-Cell Proliferation

T-ALL 5 0 0 50 90 90

T-LGL 0 5 5 30 95 95

AILT 30 30 5 35 90 90

Abbreviations: BCP-ALL: B-cell precursor Acute Lymphoblastic Leukemia; CLL: Chronic
Lymphocytic leukemia; FL: Follicular Lymphoma; MCL: Mantle Cell Lymphoma; BLBCL: Diffuse
Large B-Cell Lymphoma; MZL: Marginal Zone Lymphoma; T-ALL: T-cell acute lymphoblas-
tic leukaemia; T-LGL: T-Large Granular lymphocytic leukaemia; AILT: Angioimmunoblastic
T-Cell Lymphoma.

Clinical Applications

Diagnostic clonality analysis is mainly used to distinguish reactive, polyclonal LPD from clonal,
probably but not necessarily, malignant LPD. Once a clonal population has been identified, it is
possible to track this clone in different tissue samples, in order to assess dissemination at diagnosis,
or to determine clonal identity at relapse. Clonal tracking has also been used within a minimal
residual disease setting in ALL and certain NHL, once apparent complete remission has been
obtained, to stratify individual patient management, based on the cinetics of response to remis-
sion induction at diagnosis. Succinctly, clonal tracking with CDR3 specific probes, used within a
strictly standardised, quantitative setting, allow the detection of minor clonal poulations with a
reproducible sensitivity of at least 10-* (1 malignant cell amongst 10000 normal cells). It has also
been used to “back-track” preclinical development of ALL, in conjuction with molecular oncogenic
markers, allowing the identification of leukemic clones many years before clinical presentation,
including in postnatal samples prior to development of pediatric ALL. 3!

Recombinase Mediated Oncogenesis

Analysis of structural chromosomal abnormalities by classical morphological karyotyping in
lymphoid malignancies allowed the identification of recurrent translocations involving the Ig
loci in B lymphoid malignancies and TCR loci in T-cell malignancies. The advent of molecular
techniques led to identification of the Ig/TCR partner genes and the demonstration that karyo-
typic analysis largely underestimated the incidence and complexity of these rearrangements. The
large number of partner genes identified has allowed numerous insights into normal and patho-
logical lymphoid development and function, but their very number precludes their description
here and readers are invited to consult the following reviews on the subject.’** Only general
aspects relevant to V(D)] rearrangement will be detailed here. Within the context of lymphoid



186 V(D)] Recombination
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Figure 3. Type 1 and 2 Ig/TCR rearrangements. Recognition signal sequences (RSS) are repre-
sented by triangles at V, D and ) segment extremities. Gray triangles represent cryptic RSS. In
Type | rearrangements, RAG targets both the bona-fide and the cryptic RSS. In Type 2 junctions,
the break in the proto-oncogene is targeted by unknown mechanisms. In both cases, there is
excision of intervening DNA, in the signal joint shown at the bottom right hand corner.

malignancies, the term “illegitimate” rearrangement is usually reserved for cross-lineage intralocus
rearrangements, such as the TCR rearrangements identified in B lineage ALL described above.
“Trans-rearrangement” refers to rearrangement between distinct Ig and TCR loci, abnormalities
which have been principally described in patients with Ataxia Telangiectasia.’” V(D)] transloca-
tions usually implies structural karyotypic abnormalities involving a proto-oncogene and an Igor
TCRlocus (Fig. 3 and Table 3). The increasing recognition of recombinase mediated deregulation
of genes with no involvement of an Ig/TCR locus, including those resulting from microscopic,
intragenic rearrangements not associated with evident karytoypic abnormalities, justifies use of the
more general term “recombinase mediated oncogenesis”. Comparative genomic hybridization has
demonstrated that in pediatric B lineage ALL, many of these deletions involve genes which regulate
B-cell development, including TCF3 (also known as E2A), EBF1, LEF1, IKZF1 (IKAROS) and
IKZF3 (AIOLOS).® At least a proportion of these are mediated by the recombinase.

Recombinase mediated events can occur at the site of any RSS-like sequence which is in an
accessible chromatin configuration during recombinase activity. One of the best studied examples
outside the lymphoid oncogenesis context is deletions of the HPRT locus.**# These have been
used asa measure of genomic instability, some of which are mediated by the recombinase complex.
Within the present context, only V(D)] recombinase mediated events with oncogenic potential
will be detailed. The role of recombinase abnormalities in Ig/TCR rearrangements is illustrated
by their high incidence in patients with Ataxia Telangiectasia and similar disorders.®

VDJ Errors in Lymphoid Malignancies

During lymphoid development, recombinase activity targeted to recombination signal se-
quences (RSS) would ideally be restricted to legitimate targets within Ig/TCR loci and all genes
controlling tissue homeostasis would be protected from this lymphoid specific form of “physi-
ological genomic instability”. The existence, however, of a large number of RSS-like sequences
throughout the genome (10 million or 1 cryptic RSS every 1-2 kb on average) means that non-
specific targeting of RAGI can induce double stranded breaks outside Ig/TCR loci, leading to
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Table 3. Deregulation of lymphoid oncogenes by Ig/TCR juxtapositioning in ALL
Oncogene (Ig/tcr Translocations
Partner Genes) Protein Family Group lnvolved References
B-ALL Translocation Involving 1g Genes
ID4 Inhibitor of DNA t6; 14)(p21; §32) 61
binding(ID)HLH
LHX4 LIM-homeodomain t(1; 14)(q25; q32) 60
BCL9 Not identified t(1; 14)(q21; g32) 59
i3 4H Cytokine t(5; 14)@32; q32) 62
c-Myc bHLH-Zip 18; 14)(q24; q32) 58,55
1(2; 8)(p12; q24) 56
t(8; 22)(q24; q11) 57
CEBP bZIP t(14; 19)(g32; q13); 63
t(8; 14)(q11; g32);
Inv(14)(q11; q32)/
1(14; 14)(q11; q32)
t(14; 20)(q32; q13)
T-ALL Translocation Involving TCR Genes
HOXA cluster Class | homeodomaincontaining Inv(7)(p15q34t(7; 7) 90,91
TLXI(HOXI) Class Il homeodomaincontaining (7; 10)(q34; q24) 65,66
t(10; 14)(g24; q11)
TLX3* (HOXIIL2) Class I} homeodomaincontaining t(5; 14)(q35; 932) 86,87
LMOT1 LIM-only domain t(11; 14)(p15; q11) 68
LMO2 LIM-only domain t(11; 14)p13; q11), 69
t(7; 11)(g35; q13) 71
TALT b HLH Type Il t(1; 14)(p32; q11), 100
t(1; 7)(p32; q34) N
TAL2 b HLH Type Il H7; 9)(q34; q32) 75
LCK SRC family of tyrosine kinase t(1; 7)(p34; q34) 95,101
BHLHB1 b HLH Type I} t(14; 21)(q11.2; g22) 76
Lyt b HLH Type Ii H7; 19)(q34; p13) 74
CCND2 D-type cyclin t(7; 12)(q34; p13) 102
t(12; 14)(p13; q11) 103
NOTCH1 Notch receptor family t(7; 9)(q34; q34.3) 94

*TLX3 is included despite the fact that the predominant t(5; 14) involves BCL11B, not igH,
since these BCLT1B-TLX3 translocations are mediated by the recombinase and since rare

translocations involving TLX3 and TCRa/s are described.
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intergenic rearrangements and deregulation of genes by juxtapositioning to Ig/TCR regulatory
sequences (promoters or enhancers).* This can lead to increased expression or nonextinction of
the juxtaposed “proto-oncogene” by promoter/enhancer substitution or by separation of coding
sequences from negative regulatory elements. Only those rearrangements which lead to deregulated
tissue homeostasis will be associated with lymphoid malignancies. If the deregulated genes induce
a survival or proliferative advantage or a block to maturation, the clone bearing the translocation
will be transformed, or at least immortalised. Based on these considerations, V(D)]J errors will
only occur in cells which are recombinase competent and will target proto-oncogenes which are
accessible during this phase of recombinase activity.

Ieisincreasingly recognised that the transcriptional and phenotypic profile observed ina cancer
at diagnosis is not necessarily identical, but is probably more mature, when compared to the cancer
initiating or stem cell. Genetic modifications which occur in this cancer stem cell are, however,
transmitted toall clonal descendants. Within chis context, both bona-fide Ig/TCR rearrangements
and recombinase mediated oncogenic rearrangements detected in diagnostic material can represent
genetic fingerprints of earlier events which have occurred in lymphoid cancer stem cells, or in
intermediate malignant precarsor populations. I such markers are present in the majority of the
tumor at diagnosis, it is likely that they reflect an upstream event during oncogenic development,
wheras those present in minor subclones are more likely to represent downstream events occurring
in tumor subclones. The capacity to accurately evaluate the proportion of cells demonstrating a
given marker depends on the techniques used. Briefly, molecular PCR and CGH based techniques
using extracted DNA are poorly adapted to precise quantification and cytogenetic analysis of mi-
totic material is biased by potential nonrepresentativity of the cells undergoing mitosis under the
culture conditions used. FISH analysis of interface nuclei has the advantage of being cell based,
but is only applicable to certain oncogenic markers, not to V(D)J rearrangements and is heavily
dependent on the quality of material analysed (bare nuclei vs. tissue sections, for example). Given
these reserves, detection of an Ig or TCR rearrangement in an apparently nonlymphoid cancer,
implies prior exposure of malignant precursors to recombinase activity. Identification of Iy TCR
rearrangements in Acute Myeloid leukaemia, for example, is preferentially found in cases with
MLL gene rearrangement, with the MLL fusion transcript partners being associated with differ-
ent Ig/ TCR profiles.* Similarly, detection of a recombinase mediated oncogenic marker implies
chromatin accessibility of the partner gene during a phase of recombinase competence prior to
tumor development. What level of qualitative and/or quantitative recombinase competence and/
or RAG1/2 activity is required for these recombinase errors is not clear. Rearrangement of TCR
and TCRy can occur in the presence of much lower levels of RAG1 activity than that required
for TCRP rearrangement * and it is possible to induce TCRS rearrangement in kidney cells in
the presence of E2A and HEB.9#

Categories of Recombinase Errors

Two categories of recombinase errors are recognised:#*#*° Type I rearrangements demonstrate
breaks at RSS at both loci, one of which is usually an Igor TCR; in Type II rearrangements, only the
Ig/TCR break is mediated by RAG and the mechanisms targeting the double stranded break on the
partner gene are incompletely understood (Fig. 3). Once generated, this DNA fragment becomes
included in the recombinase complex, with the translocation resulting from a DNA repair error,
rather than mistargetting of the recombinase. A recombinase mediated error is characterized by i)
involvement of an Ig/ TCR locus; ii)) recurrent genomic breakpoints; iii) identification of a bona-fide
RSS-like sequence at the breakpoint on the partner chromosome iv) addition of nongermline encoded
nucleotides at the translocation breakpoint and v) generation of a signal joint. Recombinase medi-
ated translocations were first identified in B lymphoid non-Hodgkin’s lymphoma (NHL) with the
t(14; 18) translocation involving IgH and BCL2.>"*3 Translocations involving Ig loci preferentially
involve the IgH locus and are found in relatively mature, slg+ lymphomas. These translocations are
essentially Type II and primarily involve abnormalities of class switch and somatic hypermutation;
5 as such, they are beyond the scope of this article, which is restricted to V(D)J recombinase errors
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in immature lymphoproliferative disorders, essentially ALL. A proportion of these abnormalities are
also found in certain lymphomas, notably those involving MYC in Burkitt’s lymphoma and those
involving HOX11/TLX] in T-lymphoblastic lymphoma.

VD] Deregulation with Oncogenic Potential

Ig translocations are found in approximately 1% of B lineage ALL, when they are virtually
restricted to mature, sIg + cases. Partner genes include MYC,’5% BCL-9,” LHX4,% ID4,% IL3%
or the different members of the CEBP family®* ('Table 3). In contrast, chromosomal abnormalities
involving the TCR loci are among those most frequently encountered in T-ALL. Most involve the
TCRa/8 locus on chromosome 14q11 or more rarely, TCR on chromosome 7q34; % rearrange-
ments involving TCRy are exceptional. The first TCR translocations to be described in T-ALL were
those involving HOX11/TLX1 at chromosome 10q24%%” and LMO1/2 on chromosome 11p.%”!
The incidence of TCR translocations by classical, morphological karyotyping was underestimated
and it was only with the advent of screening by FISH that the true incidence was appreciated.
Screening for TCR translocations demonstrated that approximately 45% of T-ALLs demonstrate
translocations, including a minority with as yet unidentified partners. Predominant known TCR
partner genes can be divided into those of the BHLH, LMO and HOX/TLX families.

The most commonly encountered bBHLH partner is TAL1/SCL, which was initially described
in the rare t(1; 14)(p32; q11).”> Much more frequent is the SIL-TAL1 recombinase mediated in-
trachromosomal deletion, which places the entire TAL1 coding sequence under control of the SIL
promoter.” SIL-TAL1 deletions are found in 20% of pediatric and 5-10% of adult T-ALLs. Other
bHLH translocations include the rare t(7; 19)(q34; p13).7 t(7; 9)(q34: ¢32)° and ¢(14; 21)(q1 1;
q22)¢involving LYL-1, TAL2 and bHLHB1 respectively. The frequent involvement of members
of the bHLH family of transcriptional regulators is coherent with the fundamental role of bLHLH
proteins in regulation of T and B lymphoid lineage development . This is further emphasised by
the fact that the LMO proteins deregulated by TCR juxtapositioning in translocations involving
LMOI1 (11p15)® or LMO2 (11p13)®7! form part of a complex which also includes TALI and
its bHLH partner, E2A.77!

Deregulation of homeobox gene expression is increasingly recognised in T-ALL. The orphan
homeobox gene, HOX11/TLX1, is predominantly involved in the t(10; 14)(q24; q11) and more
rarely the £(7; 10)(q34; q24).5%" Forced expression of TLX1 in murine bone marrow gives rise to
T-ALL-like malignancies with long latency, suggesting that other cvents are necessary to induce
leukemia; but with TLX1 expression representing an early event.$%® TLX1 regulates the G1/S
checkpoint of T-ALL via its biding capability to the protein serine/threonine phosphatases PP2A
and PP1.5*%> Chromosomal translocations t(10; 14)(q24; q11) involving TLX1 are amongst the
clearest example of recombinase involvement in T-ALL. Deregulated expression of HOX11L2/
TLX3 is frequently found in pediatric T-ALL, due in most cases to a t(5; 14) involving the TLX3
locus at 5935 and CTIP2/ BCL11B at 14932, 7000 kb proximal to the IgH locus.*¥ Despite
the absence of Ig/TCR involvement, this translocation is mediated by the recombinase and rare
translocations involving TLX3 and TCRa/8 have been described.® TLX3 has very close homol-
ogy to TLX1, as evidenced by microarray studies showing that TLX1 and TLX3 T-ALLs cluster
together.?*® TCR translocations involving the HOXA cluster on chromosome 7 predominantly
involve the TCRB locus, leading to a cryptic intrachromosomal inversion. ! Another common
abnormality in T-ALL is deletion of the p16/INK4/Cdk2 gene; ®» this is recombinase mediated
in at least a proportion of cases. Other rare recombinase mediated abnormalities include transio-
cations involving TCRP and Notch1 in the t(7; 9)(q34; q34)* and t(1; 7)(q34: q34) involving
LCK and TCRB.%

In general, these recombinase mediated errors are restricted to T-ALLs of the TCRof
lineage, which express RAGI and have undergone extensive TCR rearrangement. The HOX/
TLX cases are arrested prior to TCRa rearrangement, in contrast to SIL-TALI cases, which
have undergone TCRa rearrangement on at least one allele. They are rarely found in TCRyS
expressing T-ALLs, with the exception of TLX3 expressing cases, which frequently express both
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TCRyd and cytoplasmic TCRB.” Recombinase V(D)] errors are clearly an important mechanism
in the development of immature T-cell malignancies. Attempts to recreate these malignancies
in murine models have frequently demonstrated long latency and/or a low proportion of mice
developing leukaemia/lymphoma, in keeping with multistage oncogenesis.”** In keeping with
this, low levels of translocations involving LMO2 have been identified in normal thymus.*

Conclusion

The aforementioned abnormalities represent a mechanistic role for the recombinase in develop-
ment of lymphoid malignancies. It is however also possible that failure to complete production
of a mature, functional Ig or TCR may favour malignant expansion, particulaly if the cells are
arrested at a stage when the pre B or TCR is expressed and capable of mediating ligand driven
cellular expansion. The majority of acute leukaemias do not express a surface Ig/TCR, despite
having undergone extensive Ig/TCR rearrangement, This failure to complete successful Ig/TCR
rearrangement is likely to be at least partially at the origin of the recombinase competence and the
maintenance of RAG1 expression. It is therefore at least theoretically possible that abrogation of
the factors blocking completion of Ig or TCR assembly could lead to expression of the appropriate
Ig/TCR at the surface, downregulation of RAG expression and possibly even leukemic cell death
by differentiation. As mentioned above, a significant proportion of HOX11L2/TLX3+ T-ALLs
express unusual TCRyS receptors and cytoplasmic TCRB. These T-ALLs maintain high levels
of RAGI transcripts, despite the expression of a surface TCR, suggesting that expression of an
“inappropriate, default” TCRyS in cells having undergone beta selection is insufficient to allow
extinction of the recombinase. Exploration of the mechanisms underlying the failure to rearrange
TCRo may further our understanding of T-ALL oncogenesis.

In conclusion, understanding and exploiting normal and abnormal recombinase activity can be
used both in individual patient management and in understanding lymphoid oncogenesis.
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