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Abstract

T he majority ofhaematological cancers involve the lymphoid system. They include acute
lymphoblastic leukemias (ALL), which are arrested at variable stagesofdevelopment and
present with blood and bone marrow involvement and chronic leukemias , lymphomas

and myelomas, which present with infiltration ofa large variety ofhematopoietic and non he­
matopoietic tissuesby mature lymphoid cellswhich expressasurface antigen receptor.The majority
involve the B-celliineage and the vast majority have undergone clonal rearrangement of their
Ig and/or TCR rearrangements. Analysis ofIglTCR genomic V(D)J repertoires by PCR based
lymphoid clonaliry analysis within a diagnostic setting allows distinction ofclonal from reactive
lymphoproliferative disorde rs, clonal tracking for evidence oftumor dissemination and follow-up,
identification ofa lymphoid origin in undiagnosed tumors and evaluation ofclonal evolution. Ig/
TCRVDJerrors are also at the origin ofrecombinase mediated deregulated expression ofavariety
ofproto-oncogenes in ALL , whereas in lymphoma it is increasingly clear that IgH containing
translocations result from abnormalities other than VD] errors (somatic hypermutation and/or
isotype switching). In addition to th is mechanistic contribution to lymphoid oncogenesis, it is
possible that failure to successfully complete expression ofan 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 ofcellular expansion.

Introduction
Approximately 5% ofhuman cancers overall and over 70% ofhaematological cancers involve

the lymphoid system, with the majority involving the B-celllineage. 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 ofplasmocytes, with pre­
dominant bone marrow and tissue involvement (multiple myeloma or MM). Dysirnrnune states
such as Hodgkin's disease or Angioirnrnunoblastic lymphadenopathy (AlLD), 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)J status of their immunoglobulin (Ig) and T-cell
Receptor (TCR) loci by techniqueswhich will be collectively referredto as lymphoid clonality
analysis here. Lymphoid malignancies are also frequendy characterized by V(D)J recombinase
errors which lead to transcriptional deregulationof lymphoid "oncogenes" by junapositioning
to, most commonly, Igor TCR regulatorysequences. This represents a lymphoidspecific formof
"physiological genetic instability"which includesV(D)J recombinase errors and abnormalities
ofisotype switchingand/or somaticmutation. Only the formerwill be consideredhere; they are
collectively, if imprecisely, referred to as V(D)J translocations. Sucherrors can be consideredto
be, at a minimum, mechanisticelementsinvolved in lymphoid oncogenesis. It is, however, pos­
siblechatfailureto successfully completefabricationand expression of an appropriateIgor TCR
mayin itselfrepresentan oncogenicevent within the multistageprocesschat is now recognized
to preceedclinicalpresentationof the majorityof human cancers.

Since lymphoid cancers represent homogeneouspopulations arrested at different stages of
development, theyprovideinvaluable modelsfor the studyofmolecularand cellulareventsleading
to interruption oflymphoiddevelopment. Within thiscontext,"readingthelanguage" ofIg/TCR
rearrangements can provideusefulinformation regardingthe type oflymphoid (sub)population
involved, the stageof maturation arrest and the chromatin accessibility of the different Ig/TCR
loci. It shouldhoweverbeemphasised that thephenol genotypeof thebulk lymphoidcancerisnot
necessarily synonymous, but mostprobablydownstream,to the lymphoidcancerstemcell.Since
any detectableclonalV(D)J rearrangement or translocationsuggests at a minimum that the Ig/
TCR lociwereaccessible duringpreceedingstages oflymphoid oncogenesis, suchrearrangements
representusefulfingerprints of upstream oncogenicevents.We haveundertaken to review these
different, but interlinked,applicationsof the analysis of normaland abnormalV(D)J codingjoint
repertoires appliedto understandingoflymphoidmalignancies and theirdysimmune close relatives.
Suchan approach isby definition nonexhaustive and we apologies to allindividualcontributors
whichwehaveonlyreferenced indirectly, in the interestsofbrevity.Wewill not discuss therapeutic
aspectsofV(D)J manipulation, nor analysis oftranscribed,functionalV(D)J repertoires and will
only briefly touch on detection of signaljunction rearrangements.

Diagnostic Clonality Analysis
Molecular analysis of Ig/TCR genomic repertoires in diagnosticevaluation of (suspected)

human lymphoidmalignancies wasinitiallyperformedby Southern blot analysis,"?but waspro­
gressively replacedfrom the 1980sonwardsbyPCR analysis from DNA.4-9 Both arebasedon the
principal chat reactive lymphoproliferations are associated with polyclonalIgITCR repertoires
whereas the majorityof lymphoidcancersdemonstrate clonal, homogeneousrearrangements of
Igand/or TCR 10ci,IO with the pattern of clonal rearrangements reflecring the lymphoid lineage
involved and its stageof maturation arrest.lO•n

TechnicalandPracticalAspects
Southern blotting predominantly reflected homogeneous V and J segment usagewhereas

PCR V(D)J amplification also exploitsheterogeneityofVDJ junctional sequences at the third
complementarity determiningregion(CDR3).Thelongerthe CD R3,the easierthe distinctionof
clonalandpolyclonal rearrangements.I4 Detection ofVDJ, DJ,VD DD and DJ rearrangements are
possible ifappropriateprimersareused.ISThemajorityofdiagnosticsystems useconsensus primers
directed to relatively conservedframework regions, ofien in a multiplexformat.IS Predictably, the
risk of false negative results is dependent on the complexity of the repertoire (Table1) and the
degreeof homologybetween the V,D and] primersand their target sequences. Theother main
factorcontributingto false negativityissomaticmutation involving PCR primer targetsequences
but others include: presenceof inhibitors; analysis of uninvolvedtissueand DNA degradation
of fixed tissues.
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Table 1. Human IgflCR repertoires, combinatorial complexity and chromosomal
localisation

Number of Germline
Encoded Segments

v o
Approximate COR3
Length(bp)

NumberofN
Regions

Chromosomal
Localization

IgH 46-52 27 6 50 1-2 14q32.3

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

Igi.. 30-33 0 4 10 1 22qll .2

TCRII 7 3 4 5-50 1-4 14q11.2

TCRa 45-47 0 50 10 14q11.2

TCRy 9 0 5 10 7q14

TCR~ 39-47 2 13 10 1-2 7q34

ThenumberofVsegments varies. Certain Va/II segments can rearrange to bothTCRII and TCRa loci.
Number of N region varies with incomplete VD, DDor DJ rearrangements.

Distinctionofclonal. oligoclonal and polyclonal PCR productsisbasedon eithernondenarur­
ingpolyacrylamide gelelectrophoresis (PAGE). usuallyunderconditionsencouragingheteroduplex
formation.or "genescan" sizing of fluorescent PCR products.The fOrmer has the advantage of op­
timisingdistinctionof clonalhomoduplexes from polyclonal heteroduplexes but requires optimal
PAGEconditions.Genescan sizingallows precise informationregarding clonalproduct size. useful
formolecular follow-up andcomparison ofdifferent samples fromagiven tumorandcanallow iden­
tification ofV and] segment usage ifdifferently labelled primersareused(Fig. 1).Underqualitative
conditions.both havean approximate sensitivity of 1-5%. although this dependson the position
of clonaland polyclonal populations. sincea clonalpopulationwhichissituatedat the peak of the
Gaussian distributionof polyclonal PCR productswill be detectedwith lowersensitivity than one
whichiseitherlargeror smaller than thesefragments (Fig. 1).Quantitationofclonalrearrangements
by real-time PCR ispossible usingCRD3 specific probes.or moreusually primers(Fig. 2) (ref 16
and references therein) Thisrequires sequencing ofdiagnostic material and has beendeveloped es­
sentially for follow-up ofpatientswithALL.In general. diagnostic strategies aim onlyto distinguish
clonalfrom polyclonal populationsand do not attempt to identifysegmentusage. Judicious useof
appropriately situated.variably labelled fluorescent primersallows identification ofY, D and] seg­
ments from a limited number of multiplex PCR. basedon PCR product sizeand fluorescenceY
"Readingthe language" ofIgITCR rearrangements in thiswaycan contributeto identification of
the stageof maturationarrestand lineage affiliation. Suchanalyses do not allowdetermination of
functional. in-frame rearrangement. unless combinedwith sequence analysis.

Diagnostic PCRhavebeendevelopedforalllociother than TCRn.The mostwidely usedlocifor
diagnostic clonality analysis areIgHVD] and TCRyV].sinceboth rearrange relatively earlyduring
normalBandT-lymphoiddevelopment respectively. includinginallsubsets ofeachlineage.Backup
loci for the B-celllineage include IgK and IgHD] rearrangements. whereas Igt.. clonality analysis
within adiagnostic settingiscomplex and rarely addsadditionalinformation. Forsuspected T-cell
malignancies.TCRycanbecomplementedbyTCRj3 VDJanalysis.whichisamoreappropriate target
than TCRb; due to the deletionof thislocusduringTCRn rearrangement and the consequent risk
ofpseudo-clonaliryfrorn rareresidualTCRI)rearrangements. UseofTCRI)isessentially restricted to
clonaliryanalysis inALLandraresuspectedTCRyl) lymphoproliferativedisorders.Detailsregarding
the incidence andpatternsofIglTCR rearrangements in the main categories oflymphoproliferative
disorders (LPD) canbefoundinTable2.15,18.24 Succinctly. matureBlineage LPD rearrange IgHand
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JUNCTIONAL REGIONS (CDR3region)ARE USED AS TARGETS FOR MRD·PCR
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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 J primers and V
or JTaqman 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 (10-1 to 10-5).

IgK (VJ or Kappadeletingelement-KDE) in the vastmajorityof cases. with extensive repertoires
whichleadto littlerisk.offalsepositive results andariskoffalsenegative results whichisproportional
to thedegreeofsomatic mutation.MatureT lineageLPDrearrangeTCRyandTCRf3 andoccasionally
TCRb.The restricted repertoireofTCRy VJ reartangements leadsto ariskoffalsepositive detection
of pseudoclonaliry, particularly ifPAGEconditionsaresuboptimal.IS PAGEheteroduplex analysis
ispreferable to fluorescent genescan analysis in adiagnostic setting.sincethereisalowerriskoffalse
positives. The presence of canonical "invariant" rearrangements. suchasVy9-]P rearrangements in
circulatingTCRyblymphocytes.canalso beerroneously interpretedasindicatingdonalexpansion by
inexperienced operatorsand for this reasonnot alldiagnostic multiplex strategies includea]P (also
referred to as]y1.2)specific primer.IS Twoclassifications forhumanTCRyVand] segments exist."
Thepresence of minor normalclonal/invariant populationsiswellrecognised in circulating CD8+
T-Iymphoeytes fromolderindividualsandin reactivedisorders suchaslymphomatoidpapulosis.The
riskoffalsepositiveresults canbeminimisedbysimultaneous useofTCRf3analysis" andrestriction
of theseanalyses to high throughputlaboratories. inorder to maximise experience. Interpretationof
lymphoidclonaliryprofiles shouldbe undertakenin close interactionwith theprescribingphysician
or pathologistand with knowledge of the clinical context.

Cross lineagerearrangements. alsoreferredto as"illegitimate rearrangements" (Igrearrange­
ments in aT LPD or viceversa) arerarein matureLPD.Theyarecommonin acutelymphoblastic
leukemias. with the majorityofB lineage ALLdemonstratingTCRyrearrangement and/or TCRb
or.morerarelyTCRf3 rearrangements. Igrearrangements inT-ALLareless commonand arepref­
erentiallyfound in the TCRyb lineage.2S•27 illegitimaterearrangements reflectthe fact that ALLs
remain recombinase competent and consequently rearrangeall loci in an accessible chromatin
configuration. Rearrangement patterns differwith oncogenicsubtype.with stageof maturation
arrest and with patient age.funongst B-cellprecursorALLs. for example. relatively maturecases
which express Igeyt /.I. rarelydemonstrateTCRy rearrangements. whereas the majorityof CD 1O'
cyt /.1.- ETV6-RUNXl or BCR-ABLcases do SO.28,29DetailsofIglTCR reartangementprofiles in
ALLcanbe foundinTable2.Detectionoflymphoiddonaliry israrelyrequiredto makeadiagnosis
of ALL and isessentially usedfor molecularfollow-up (seebelow)." Extensive sequenceanalysis
of these clonal rearrangements has,however. allowedaccumulationof a largedatabank allowing
analysis of V;D and] segmentusage and CDR3 diversity. whichmayeventually leadto improved
understandingofthe pathogenicstages leadingto ALL development.
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Table 2. Approximate incidenceof clonallgnCR rearrangement in lymphoid
malignancies, asdetected by PCR from DNA. Only diagnostic PCR targets
arecited

185

IgH IgK Igl.. TCRli 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

AllT 30 30 5 35 90 90

Abbreviations: BCP-All: B-cell precursor Acute Lymphoblastic Leukemia; Cl.L: 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.

ClinicalApplications
Diagnosticclonaliry analysis ismainlyusedto distinguishreactive.polyclonalLPD fromclonal.

probablybut not necessarily. malignantLPD. Once a clonalpopulation has been identified. it is
possible to trackthis clonein differenttissuesamples. in order to assess dissemination at diagnosis.
or to determine clonal identity at relapse. Clonal trackinghas also been used within a minimal
residual disease setting in ALL and certain NHL. once apparent complete remission has been
obtained. to stratify individualpatient management.basedon the cineticsof response to remis­
sion induction at diagnosis. Succinctly. clonaltrackingwith CDR3 specific probes. usedwithin a
strictlystandardised. quantitativesetting, allowthe detection of minor clonalpoulations with a
reproduciblesensitivity ofat least 10-4 (1 malignantcellamongst 10000normal cells). It has also
beenusedto "back-track"preclinical development ofALL.in conjuctionwith molecular oncogenic
markers. allowingthe identificationof leukemicclonesmanyyears beforeclinicalpresentation.
including in postnatal samples prior to developmentof pediatricALL,30,31

Recombinase Mediated Oncogenesis
Analysis of structural chromosomalabnormalitiesby classical morphologicalkaryotypingin

lymphoid malignancies allowed the identification of recurrent translocations involvingthe Ig
loci in B lymphoid malignancies and TCR loci in T-cellmalignancies. The adventofmolecular
techniquesled to identificationof the IgITCR partner genesand the demonstration that karyo­
typicanalysis largelyunderestimatedthe incidenceand complexityof these rearrangements. The
largenumber of partner genesidentifiedhas allowednumerous insightsinto normal and patho­
logicallymphoid developmentand function. but their verynumber precludes their description
here and readersare invited to consult the followingreviews on the subjeet.32-36 Only general
aspects relevant to V(D)J rearrangementwill be detailed here.Within the context oflymphoid
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Figure3. Type 1 and 2 Ig/TCR rearrangements. Recognitionsignalsequences (RSS) are repre­
sentedby trianglesat V, D and Jsegmentextremities. Gray trianglesrepresent cryptic RSS. In
TypeI rearrangements, RAGtargetsboth thebona-fideandthecryptic RSS.ln Type2 junctions,
the break in the proto-oncogene is targetedby 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 isusually reserved for cross-lineage intralocus
rearrangements, such as the TCR rearrangements identifiedin B lineageALL describedabove.
"Trans-rearrangement" refers to rearrangement betweendistinct Igand TCR loci,abnonnalities
which havebeen principallydescribedin patients with AtaxiaTelangiectasia." V(D)J transloca­
tions usually impliesstructuralkaryotypicabnormalities involving aproto-oncogeneand an Igor
TCRlocus(Fig.3 and Table3).Theincreasing recognitionofrecombinase mediatedderegulation
ofgeneswith no involvement of an IgITCR locus,including those resultingfrom microscopic,
intragenicrearrangements not associated withevidentkarytoypic abnormalities, justifies useof the
moregeneralterm "recomblnase mediatedoncogenesis". Comparativegenomichybridizationhas
demonstratedthat in pediatricBlineageALL,manyofthesedeletions involve genes whichregulate
B-celldevelopment,includingTCF3 (alsoknown asE2A),EBFI, LEFI, IKZFI (IKAROS) and
IKZF3 (AIOLOS).38 At leasta proportion of these aremediated by the recombinase.

Recombinase mediated eventscan occur at the site of any RSS-like sequence which is in an
accessible chromatinconfigurationduringrecombinase activity. One ofthe beststudiedexamples
outside the lymphoid oncogenesis context is deletionsof the HPRT locus.39-42These havebeen
usedasameasureofgenomicinstability,someofwhicharemediatedbythe recombinase complex.
Within the present context,onlyV(D)J recombinase mediatedeventswith oncogenicpotential
will be detailed.The role of recombinase abnormalities in IgiTCR rearrangements is illustrated
by their high incidencein patientswith AtaxiaTelangiectasia and similardisorders."

VD]Errors in LymphoidMalignancies
During lymphoid development, recombinase activity targeted to recombination signal se­

quences(RSS)would ideally be restrictedto legitimatetargetswithin IgITCR loci and allgenes
controlling tissuehomeostasis would be protected from this lymphoid specific fonn of "physi­
ologicalgenomic instability". The existence, however, of a large number of RSS-like sequences
throughout the genome (10 million or I cryptic RSSevery 1-2 kb on average) meansthat non­
specific targeting of RAGI can induce double stranded breaksoutside IgITCR loci, leadingto



NormalandPathologicalV(D)j Recombination 187

Table 3. Deregulation of lymphoid oncogenesby IglTCR juxtapositioningin ALL

Oncogene (Ig1tcr Translocations
Partner Genes) Protein Family Group Involved References

B-ALL Translocation InvolvingIg Genes

104 Inhibitor of DNA t(6; 14)(p21;q32) 61

binding(lD)HLH

LHX4 L1M-homeodomain t(l; 14)(q25; q32) 60

BCL9 Not identified t(l ; 14)(q21 ; q32) 59

ILJ 4H Cytokine t(5; 14)(q32; q32) 62

c-Myc bHLH-Zip t(8; 14)(q24; q32) 58,55

t(2;8)(p1 2; q24) 56

t(8; 22)(q24; qll) 57

CEBP bZIP t(1 4; 19)(q32; q13); 63

t(8; 14)(q11 ; q32);

Inv(14)(ql1 ; q32)!

t(14; 14)(qll; q32)

t(14; 20)(q32; q13)

T-ALL Translocation Involving TCR Genes

HOXA cluster Class I homeodomaincontaining Inv(7)(p15q34)t(7; 7) 90,91

TLXI(HOXII) Class" homeodomaincontaining t(7; 1O)(q34; q24) 65,66

t(lO; 14)(q24; q11)

TLX3* (HOXIIL2j Class " homeodomaincontaining t(5; 14)(q35; q32) 86,87

LM01 LIM-only domain till ; 14)(p15; qll ) 68

LM02 LIM-only domain t(ll ; 14)p13; ql l), 69

t(7; 11)(q35; q13) 71

TALI b HLH Type " t(l; 14)(p32; qll ), 100

t(l ; 7)(p32; q34) 91

TAL2 b HLH Type" t(7; 9)(q34; q32) 75

LCK SRC family of tyrosine kinase t(l; 7)(p34; q34) 95,101

BHLHB1 b HLH Type" t(14; 21)(qll .2; q22) 76

LYLI b HLH Type" t(7; 19)(q34; p13) 74

CCN02 D-type cyclin t(7; 12)(q34; p13) 102

t(l2; 14)(p13; q11) 103

NOTCH1 Notch receptor family t(7; 9)(q34; q34.3) 94

*TLX3 is included desp ite the fact that the predominant tiS; 14) involves BeU1B, not IgH,
since these BCL11B-TLX3 translocations are med iated by the recombinase and since rare
translocations involving TLX3 and TCRalfJ are descr ibed .
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intergenic rearrangements and deregulationof genesby junapositioning to IgITCR regulatory
sequences (promoters or enhancersj." This can lead to increasedexpression or nonextinction of
the juxtaposed"proto-oncogene"bypromoter/enhancer substitution or byseparationof coding
sequences fromnegative regulatorydements.Onlythoserearrangements whichleadto deregulated
tissuehomeostasiswill beassociated with lymphoidmalignancies.Ifthe deregulatedgenes induce
a survival or proliferative advantage or a block to maturation, the clonebearingthe translocation
will be transformed,or at least immortalised.Basedon 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 phaseofrecombinase activity.

It isincreasinglyrecognised that the transcriptional and phenotypicprofileobservedinacancer
at diagnosis isnot necessarily identical,but isprobablymoremature,whencomparedto the cancer
initiating or stem cell.Genetic modifications which occur in this cancerstem cellare, however,
transmitted to allclonaldescendants. Within thiscontext,both bona-fideIgITCR rearrangements
and recombinase mediatedoncogenicrearrangements detectedindiagnostic material canrepresent
genetic fingerprints of earliereventswhich haveoccurred in lymphoid cancer stem cells, or in
intermediate malignantprecursorpopulations.Ifsuchmarkers arepresent in the majorityof the
tumor at diagnosis, it is likely that they reflectan upstreameventduringoncogenicdevelopment,
wherasthosepresentin minor subclones aremorelikdy to representdownstreameventsoccurring
in tumor subclones. The capacityto accurately evaluatethe proportion of cells demonstratinga
givenmarkerdependson the techniquesused.Briefly, molecularPCRand CGH basedtechniques
usingextractedDNA arepoorlyadapted to precisequantificationand cytogeneticanalysis of mi­
totic materialisbiasedbypotential nonrepresentativity of the cells undergoingmitosisunder the
culture conditions used. FISH analysis of interface nucleihas the advantage of beingcellbased,
but is only applicable to certain oncogenicmarkers, not to V(D)J rearrangements and is heavily
dependent on the qualityof materialanalysed (barenucleivs.tissuesections, for example). Given
these reserves, detection of an Igor TCR rearrangementin an apparentlynonlymphoid cancer,
impliesprior exposure of malignantprecursorsto recombinase activity. Identification ofIglTCR
rearrangements in Acute Mydoid leukaemia, for example, is preferentially found in cases with
MLL generearrangement, with the MLL fusion transcriptparmers beingassociated with differ­
ent Ig/TeR profiles." Similarly, detection of a recombinase mediatedoncogenicmarkerimplies
chromatin accessibility of the parmer geneduring a phase of recombinase competenceprior to
tumor development,What levd ofqualitativeand/or quantitativerecombinase competenceand/
or RAG1/2 activityisrequiredfor theserecombinase errorsisnot clear. Rearrangement ofTCRb
and TCRy can occur in the presenceof much lowerlevels of RAG1 activitythan that required
forTC~ rearrangement46 and it is possible to induce TCRb rearrangement in kidney cellsin
the presenceofE2A and HEB.47.48

Categories ofRecombinase Errors
Two categories of recombinase errorsarerecognised:44•49.50 TypeI rearrangements demonstrate

breaksat RSSat both loci,oneofwhichisusually an Igor TCR; in TypeII rearrangements, onlythe
IgITCR breakismediatedbyRAGand the mechanisms targetingthedoublestrandedbreakon the
parmer geneare incompletely understood(Fig. 3). Once generated, thisDNA fragment becomes
included in the recombinase complex, with the translocation resulting from a DNA repairerror,
rather thanmistargetting of the recombinase. A recombinase mediatederror is characterized by i)
involvement ofan IgITCRlocus;ii)recurrentgenomic breakpoints; iii) identification ofa bona-fide
RSS-likesequence at thebreakpoint on theparmerchromosomeiv)additionofnongermline encoded
nucleotides at the translocation breakpointand v) generation of a signal joint. Recombinase medi­
ated translocations werefirstidentified in Blymphoidnon-Hodgkins lymphoma (NHL) with the
t(14; 18) translocation involving IgH and BCU,5l-53 Translocations involving Iglocipreferentially
involve the IgH locusand arefound in relativdy mature,sIg+lymphomas.Thesetranslocations are
essentially TypeII and primarily involve abnormalities of class switchand somatic hypermutation;
54 assuch, theyarebeyondthe scopeof thisarticle,whichisrestricted to V(D)J recombinase errors



Normaland Pathological V(D)j Recombination 189

in immature lymphoproliferative disorders, essentiallyALL.Aproportionoftheseabnormalities are
also found in certainlymphomas, notablythoseinvolvingMYC in Burkitt's lymphoma and those
involvingHOXII/TLXI in T-Iymphoblastic lymphoma.

VD]Deregulation with Oncogenic Potentiat
Ig translocations are found in approximately I% of B lineage ALL, when they are virtually

restrictedto mature,slg+ cases. Partnergenes includeMYC,55.58 BCL-9,59 LHX4/,() ID4,61 IL362

or thedifferentmembers of theCEBPfamily63 (Table3). In contrast, chromosomal abnormalities
involving theTCR lociareamongthosemostfrequently encounteredinT-ALL.Mostinvolve the
TCRa/b locuson chromosome 14qII or morerarely, TCRf3 on chromosome 7q34;35.64 rearrange­
mentsinvolvingTCRyareexceptional.ThefirstTCRtranslocations to bedescribed inT-ALLwere
thoseinvolvingHOXI1/TLXI atchromosome IOq2465-67andLMO1/2 on chromosome IIp.68-71
Theincidence ofTCR translocations byclassical, morphological karyotypingwas underestimated
and it wasonly with the adventof screening by FISH that the true incidencewasappreciated.
ScreeningforTCR translocations demonstratedthat approximately45%ofT-ALLsdemonstrate
translocations, includinga minoritywith asyetunidentifiedpartners.PredominantknownTCR
partner genes can bedividedinto thoseof the bHLH, LMO and HOX/TLX families.

ThemostcommonlyencounteredbHLH partner isTALI/SCL,whichwasinitiallydescribed
in the rare t(l; 14)(p32;ql I)." Muchmorefrequent is the SIL-TALlrecombinase mediatedin­
trachromosomal deletion,whichplaces theentireTALI codingsequence undercontrolof the SIL
promoter;" SIL-TALldeletions arefound in20%ofpediatricand 5-10%ofadultT-ALLs. Other
bHLH translocations includethe raret(7; 19)(q34;p13),74t(7; 9)(q34:q32)75 and t(14; 21)(qll;
q22)76 involvingLYL-I, TAL2and bHLHB I respectively. Thefrequentinvolvement ofmembers
of the bHLH family oftranscriptional regulators iscoherentwith the fundamentalroleofbHLH
proteins in regulationofT and Blymphoidlineagedevelopment. Thisis further emphasised by
the fact that the LMO proteinsderegulatedbyTCRjuxrapositioning in translocations involving
LMOI (llpI5)68 or LM02 (llp13)69.71 form part of a complex which also includes TALI and
its bHLH partner, E2A.77.81

Deregulationofhomeoboxgeneexpression is increasingly recognised in T-ALL.Theorphan
homeoboxgene,HOXI1/TLXI, ispredominantlyinvolved in the t(10;14)(q24;qII) and more
rarelythe t(7; 10)(q34;q24).65-67Forcedexpression ofTLXI in murinebone marrowgives riseto
T-ALL-like malignancies with longlatency, suggesting that other eventsare necessary to induce
leukemia; but with TLXI expression representing an earlyevent.82.83 TLXI regulates the G1/S
checkpointofT-ALLviaitsbidingcapability to the protein serine/threoninephosphatases PP2A
and PP1.84.85 Chromosomaltranslocations t(lO; 14)(q24;ql l ) involvingTLXI are amongstthe
clearest example of recombinase involvement in T-ALL.Deregulatedexpression ofHOXIIL2I
TLX3 isfrequently found inpediatricT-ALL,due in mostcases to at(5; 14)involving the TLX3
locusat Sq3S and CTIP2I BCLllB at 14q32,7000 kb proximalto the IgH locus.86.87Despite
the absence of IgITCR involvement, this translocation is mediatedby the recombinase and rare
translocations involving TLX3 and TCRa/b havebeendescribed."TLX3 hasveryclose homol­
ogyto TLXI, asevidenced bymicroarray studiesshowingthat TLXI and TLX3 T-ALLs cluster
together.89.9OTCR translocations involving the HOXA clusteron chromosome 7 predominantly
involve theTCR~ locus,leadingto a crypticintrachromosornal inverslon.Y" Another common
abnormalityin T-ALLisdeletionof the p16/INK4/Cdk2 gene;92.93this isrecombinase mediated
in at leasta proportion of cases. Other rarerecombinase mediatedabnormalities includetranslo­
cationsinvolving TCRf3 and Notchl in the t(7; 9)(q34; q34)94 and t(l; 7)(q34; q34) involving
LCK and TCRf3.95.%

In general, these recombinase mediated errors are restricted to T-ALLs of the TCRa~
lineage,which express RAGI and haveundergone extensive TCR rearrangement. The H OX/
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 rarelyfound in TCRyb
expressingT-ALLs,with the exceptionofTLX3 expressing cases, whichfrequentlyexpress both
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TCRyband cytoplasmic TCRfl.97 RecombinaseV(D)Jerrorsareclearlyan important mechanism
in the development ofimmature T-cell malignancies. Attempts to recreate these malignancies
in murine models havefrequentlydemonstrated long latency and/or a low proportion of mice
developingleukaemia/lymphoma, in keepingwith multistage oncogenesis.9B•99Inkeepingwith
this, low levels oftranslocations involvingLM02 havebeen identified in normal thymus."

Conclusion
Theaforementioned abnormalities represent amechanistic rolefor the recombinase indevelop­

ment oflymphoid malignancies. It is howeveralsopossible that failureto completeproduction
ofa mature, functional Ig or TCR may favourmalignant expansion, particularlyif the cellsare
arrested at a stagewhen the pre B or TCR is expressed and capable ofmediatingligand driven
cellularexpansion. The majorityof acute leukaemias do not express a surface Ig/TCR, despite
havingundergoneextensive Ig/TCR rearrangement. This failure to completesuccessful Ig/TCR
rearrangementislikely to be at leastpartiallyat the originof the recombinase competenceand the
maintenanceofRAGI expression. It is thereforeat least theoreticallypossible that abrogationof
the factorsblockingcompletionofIg or TCR assembly couldleadto expression ofthe appropriate
Ig/TCR at the surface, downregulationof RAGexpression and possibly evenleukemiccelldeath
bydifferentiation. As mentioned above, a significant proportion ofHOXllL2/TLX3+ T-ALLs
express unusual TCRyb receptorsand cytoplasmic TCRfl. TheseT-ALLsmaintain high levels
of RAG1 transcripts, despite the expression of a surfaceTCR, suggesting that expression of an
"inappropriate,default"TCRyb in cells havingundergone beta selectionis insufficient to allow
extinction of the recombinase. Explorationof the mechanisms underlyingthe failure to rearrange
TCRa mayfurther our understandingofT-ALL oncogenesis.

Inconclusion, understandingand exploitingnormaland abnormalrecombinase activitycanbe
used both in individualpatient managementand in understandinglymphoidoncogenesis.
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