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IMMUNOBIOLOGY

Basic helix-loop-helix proteins E2A and HEB induce immature T-cell receptor
rearrangements in nonlymphoid cells

Anton W. Langerak, Ingrid L. M. Wolvers-Tettero, Ellen J. van Gastel-Mol, Monique E. C. M. Oud, and Jacques J. M. van Dongen

T-cell receptor (TCR) gene rearrange-
ments are mediated via V(D)J recombina-
tion, which is strictly regulated during
lymphoid differentiation, most probably
through the action of specific transcrip-
tion factors. Investigated was whether
cotransfection of RAGI and RAGZ2 genes
in combination with lymphoid transcrip-
tion factors can induce TCR gene rear-
rangements in nonlymphoid human cells.
Transfection experiments showed that ba-
sic helix-loop-helix transcription factors
E2A and HEB induce rearrangements in
the TCRD locus (D 82-D&3 and V§2-D&3)
and TCRG locus (¥ Vy7-Jv2.3 and V8-
Jv2.3). Analysis of these rearrangements
and their circular excision products re-

vealed some peculiar characteristics. The
V82-Da3 rearrangements were formed by
direct coupling without intermediate D~ 82
gene segment usage, and most D $2-D&3
recombinations occurred via direct cou-
pling of the respective upstream and
downstream recombination signal se-
guences (RSSs) with deletion of the D 82
and D &3 coding sequences. Subsequently,
the E2A/HEB-induced TCR gene recombi-
nation patterns were compared with those

in early thymocytes and acute lympho-
blastic leukemias of T- and B-lineage ori-
gin, and it was found that the TCR rear-
rangements in the transfectants were
early (immature) and not necessarily T-
lineage specific. Apparently, some parts

of the TCRD (V82-D& region) and TCRG
genes are accessible for recombination
notonly in T cells, but also in early B-cells
and even in nonlymphoid cells if the
appropriate transcription factors are
present. The transfection system de-
scribed here appeared to be useful for
studying the accessibility of immuno-
globulin and TCR genes for V(D)J recom-
bination, but might also be applied to
study the induction of RSS-mediated chro-
mosome aberrations. (Blood. 2001;98:
2456-2465)

© 2001 by The American Society of Hematology

Introduction

Antigen recognition by lymphocytes is dependent upon successfoblignantly transformed lymphoid precursor cells, ie, B- and
rearrangement of immunoglobulin and T-cell receptor (TCR) gen&dineage acute lymphoblastic leukemias (ALES)Furthermore,
from variable (V), diversity (D), and joining (J) gene segmentsnmunoglobulin (Ig) heavy chaiiGH) rearrangements are known
through the process of V(D)J recombinatiomhe rearrangement to precede Ig kappfGK) and Ig lambda light-chain recombina-
processes are mediated by the recombination-activating geivm2 Similarly, data from human T-ALL and sorted human
(RAG)-1 and RAG2 proteins, which specifically recognize ththymocyte subpopulations indicate that TCR CRD)recombina-
recombination signal sequences (RSSs) that flank the codimgn occurs prior to TCR (TCRG)and TCRH3 (TCRB)rearrange-
regions of the V, D, and J gene segmefKRSSs are consensusment, whereas the TGRTCRA)locus is rearranged at a late stage
sequences consisting of a heptamer and nonamer separated byla®1! The ordered process is also apparent from the finding that
12-base pair (bp) or 23-bp spacer. Site-specific cleavage at BgJy or DB-JB rearrangements generally precede the coupling of
borders of RSSs and coding elements by the RAG proteinstieir respective V gene segmefg3 Finally, regulation can occur
followed by a process of rejoining of DNA ends in which thesven at the level of gene segment usage, as is apparent from murine
double-strand break-repair enzymes play a central role. Antigdtymic ontogeny where ¥ and \& gene rearrangements occur in
receptor assembly is critically dependent upon expression of twaves with different V segments being used in fetal and adult
lymphoid-specific RAG proteins; this is further illustrated by thehymocytesi*15
fact that ectopic RAG expression results in site-specific recombina- It has been suggested that the tight and hierarchical regulation
tion both in vitro and in vivg* of the rearrangement processes can be explained by differential
The whole process of V(D)J recombination is ordered anthromatin accessibility to the V(D)J recombind&gyhich in turn
tightly regulated during lymphoid differentiatiche hierarchical is controlled by transcription factors binding to promoters and
order is apparent at different levels. First, cells committed to tlenhancers. E proteins are an important class of transcription factors
B-cell lineage undergo immunoglobulin rearrangements, whereaslymphoid differentiation. They consist of a helix-loop-helix
TCR genes rearrange in T-cell precursors. Nevertheless, so-calletiH) dimerization motif and a basic DNA binding domain that
cross-lineage rearrangements might occasionally occur in prechinds to conserved E-box moatifs, as identified in immunoglobulin,
sor B and T cells; this phenomenon is particularly evident fromCRB, and CD4 enhancers. Members of the E-protein family
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include E2-2, HEB, and the E12 and E47 splice variant products @f72°C. The primers used to detd@@RDrearrangements as well as their
theE2Agenel’ E12 and E47 are differentially expressed in a widgircular excision products locus are listed in Table ICRG gene
variety of tissues, but exist as homodimers only in B-lineag&arangements were studied with the use §f-¥', Vyll-3', Vylll-3',
cells18191n T cells, E-box binding complexes are heterodimers of YV-3" Jy1.1/2.1-3, }y1.2-3, and §1.3/2.3-3 primers?> TCRBanalysis
E2A and HEB. E2A'- mice have a block in B-cell differentiation V&S Performed with 82 and \B5A family primers (A.W.L., unpublished

- . . L data, 2001) or B1 and D82 primers (T. Szczepanski, unpublished results,
prior to the start of the immunoglobulin recombination procéss. 2001) in combination with B1(2) and $2(2) primers® Deletional

Induction of Dy-J4 and IGK rearrangements upon ectopic E2Aq,angements in tHECRD locus were studied with the use SREC-3
expression in a pre—T-cell line or even nonlymphoid human celi§qy.Jx-3' primers (Table 1§5 In all reactions, proper positive controls for
illustrates its involvement in regulation of V(D)J recombinathe various types of TCR rearrangements were included: well-defined
tion.2223 E2A~/~ mice also have a severe, though less completieukemic cell DNA and/or total thymus DNA. We used mock-transfected
defectin T-cell differentiation at the double-negative stage. Intere&OSC 23 cells and/or HeLa genomic DNA as template containing negative
ingly, in E2A~'~ mice, certain TCRS T-cell subsets are lacking, controls. We analyzed 2QL each PCR on a 2% agarose gel, followed by
owing to an impaired ability to rearrange particulBERG and ethidium bromide staining. If TCR rearrangements were detected in the

TCRDgene segment§.Targeted disruption of thdEB gene gives agarose gels, the remainder of the PCR products were subjected to
fise to a partial block in early T-cell differentiation prior to theheteroduplex analysis to discriminate between monoclonal and polyclonal

- rearrangement®. In short, heteroduplex analysis consisted of 5 minutes
development of double-positive cefts. g P 4

. . denaturation at 94°C and 60 minutes renaturation at 4°C prior to electro-
It is now generally accepted that V(D)J recombination proshoresis on 6% nondenaturing polyacrylamide gels (polyacrylamide to
cesses are also involved in the formation of particular chromosomggacrylamide, 29:1) in 0.5 TBE buffer® Ethidium bromide—stained
aberrations in human leukemi#s” This especially concerns homoduplex or heteroduplex PCR products were visualized with UV light.
aberrations in human T-ALL, in whicCRB or TCRD gene
segments are translocated to oncogenes, resulting in activatior(;aning of PCR products and sequencing
these oncogenes through TCR regulatory elemi@nédthough ) o -
little is known about the exact molecular processes, it is tempting f8/°wing amplification, PCR products were purified by means of QIA-
speculate that transcription factor—induced accessibility of t ick PCR purification kits (Qiagen, Hilden, Germany) and cloned into

. ved loci i itical step in the f ti fh b fi EM-T Easy vector (Promega, Madison, WI) according to the manufactur-
involved loci s a critical Step in the formation ot iNese aberraliongy.g ;ngirctions. Clones containing insert were sequenced on the ABI377

‘Here we show that 2 types of E proteins, E2A and HEB, have th§orescent sequencer, by means of the dye terminator cycle sequencing kit
ability to target the recombination machinery to TCR loci in nonlymand AmplitagFs (Applied Biosystems).
phoid cells. Expression of E2A or HEB in the presence of RAG1/RAG2
appeared to induce immature typesT@RD rearrangements, severalgea|_time quantitative PCR of TCR rearrangements

TCRGrearrangements, but i@CRBrecombination.
Levels of particular rearrangddCRDandTCRGPCR products were quantified

by real-time quantitative (RQ) PCR, by means of TagMan technology on the
ABI Prism 7700 Sequence Detection System (Applied Biosystems), as described

Materials and methods earlier”3 To this end, forward (F-DD2-KLON, F-VG8-KLON) and reverse
primers (R-DD3-CONS4, R-JG13/23-KLON) (Table 1) were designed by means
Cell culture of Primer Express (Applied Biosystems) and Oligo6.2 (Dr W. Rychlik, Molecu-
Nonlymphoid BOSC 23 cells were cultured in Dulbecco modified Eagl@" Biology Insights, Cascade, CO) software to select melting temperature values
medium with 10% fetal bovine serum at 37°C with 5% 0 of 58°C to 60°C and to exclude hairpin formation, dimer formation, and false

priming. Design of the primers was performed so that the primers could be used
with already present dual-labeled TagMan probes (T-DD3-CONS2, T-JG13/23-
CONS3) (Table 1). An albumin primer/probe RQ-PCR set (Applied Biosystems)
The E12 and E47 variants of the human E2A transcription factor gene wé¥as used to quantitate and normalize the amount of DNA used in the various
cloned into the piBAPNeo vector, which has been previously descrifed. transfections?

The human HEB transcription factor gene was cloned in the pXS vector,

which is derived from pcDL-Sra298.The pEBB-Ragl and pEBB-Rag2
expression vectors have been described béfore.

DNA constructs

Results

Transfection protocol E2A and HEB induce incomplete  TCRD gene rearrangements in

Transfections were performed via calcium phosphate precipitation B@nlymphoid cells

described® BOSC 23 cells were plated on the day prior to transfection at

density of 4.5x 10° cells per 10-cm dish. On the day of the transfection, 15-3?0 study the effect of E-box P”’te'“s on recombination events in
to 24 total DNA, including 6..g each expression vector or carrier DNA, the various human TCR loci, we employed the model system

was used per transfection. The cells were harvested 3 days after transfecfi@gcribed by Romanow et #.Nonlymphoid BOSC 23 cells,
which harbor their TCR loci in germline configuration, were

Po|ymerase Chain reaction ana|ysis of TCR rearrangements tranSfeCted Wlth E2A, Spllce Val’lantS (E12 or E47), or HEB, EItheI’
(coding and signal joints) alone or in combination with the RAG1/RAG2 proteins. PCR
) ) ) ) analysis of genomic DNA, isolated 3 days posttransfection, was
the various BOSC 23 pansfecied cell cutres, was analysed ime 50.PCOTMed by means of specific primers for the most frequently
' Y occurring types of incomplete and compl@@RDgene rearrange-

reaction volume containing X Tag Gold buffer (Applied Biosystems,
Foster City, CA), 1.5 mM MgGl 12.5 pmol each primer, 20Q.M ments (32-Dd3, V32-D33, D52-B1, V81-B1, Vd2-B1, Vd3-B1

deoxy—nucleoside ‘Striphosphate, and 1 U AmpliTag Gold (Applied "€combinations) (Figure 1A). Transfection of E2A or HEB alone,
Biosystems). PCR reactions were performed on an ABI480 machine & Mock transfection, did not result in activation of any of these
follows: 10 minutes preactivation at 94°C, 40 cycles of 45 seconds at 94%@arrangements. HoweverpP-D33 and \Wb2-D33 rearrangements

90 seconds at 60°C, 2 minutes at 72°C, followed by a 10-minute extensimere clearly induced upon transfection of either E2A or HEB in
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Table 1. Primers and probes used for polymerase chain reaction amplification of TCRD rearrangements and real-time quantitative
polymerase chain reaction

Primer Sequence (5'-3') Reference

Coding joint PCR

V31-5"" ACT CAA GCC CAG TCA TCA GTA TCC 33
V32-5' ACC AAA CAG TGC CTG TGT CAA TAG G 33
V33-5 GAC CAG ACG GTG GCG AGT GGC 33
D32-5' RO2 CCA CAT TGG GAG TGT CAA CAT TT This study
D33-3' N CTT CCT GCT ATC CCT TCC AGG 33
D33-5’ CGC GTC GAC CAT ATA GTG GAA ACC GAG GGG This study
J51-3' ACC TCT TCC CAG GAG TCC TCC 33
J33-3’ CGC GTC GAC TCA AAT TAT CCC AGA AAT ATA GG 44
SREC-3' GCA ACA TCA CTC TGT GTC TAG C 35
YJa-3' CCT GAA GCT TAA GGC ACA TTA GAA TCT CTC ACT G 35
Signal joint PCR
V32-sj 3’ CTG GTC AGT GGT TTT TGA GCT GCT This study
D32-5' XBg GTA GAT CTA GAA GAG GGT TTT TAT ACT GAT GTG This study
D32-lower TCC CAA TGC TGA GAC ATA CAT This study
D&3-upper CAG GGG CCA TAT AGT TGT GAA This study
D33-5' S CGC GTC GA CCA TAT AGT GTG AAA CCG AGG GG This study
D33-3' N CTT CCT GCT ATC CCT TCC AGG 33
J3lsj5’ GTC CCT ACC TGC AGA TGA TTA ACC This study
J33sj5’ CCC TTG GTC TCA TCA AGA GCA GC This study
Real-time PCR
F-DD2-KLON GAA GAA GAG GGT TTT TAT ACT GAT GTG TT This study
R-DD3-CONS4 TTG CCC CTG CAG TTT TTG TAC This study
T-DD3-CONS2 ATA CGC ACA GTG CTA CAA AAC CTA CAG AGA CCT This study
F-VG8-KLON TCT ATT ACT GTG CCA CCT GGG ATA This study
R-JG13/23-KLON TTC CTG CCT TCC CTC TAT TAC CTT This study
T-JG13/23-CONS3 TGT CAC AGG TAA GTA TCG GAA GAA TAC AAC ATT TCC This study

PCR indicates polymerase chain reaction; sj, signal joint.

combination with the 2RAG genes (Figure 1B-C). In contrast todeleted nucleotides at both sides and occasionally introduction of
V82-D33 rearrangements,d2-D33 recombination products were alsopalindromic (P) nucleotides (Table 2). Strikingly, virtually all sequenced
detectable in transfectants with the 2 RAG genes only. Howev8$2-D33 rearrangements of the transfected cells were found to be
quantification by RQ-PCR with the TagMan technology revealed thigientical, showing complete deletion of th&Z2and >3 gene segments
the D52-Dd3 rearrangement levels were essentially higher (5- #nd direct coupling of the upstream RSS of ti&3egment to the
10-fold) in the HEB-plus-RAG transfectants than in the RAG1/RAG2downstream RSS of thed3 segment (Table 2, Figure 2). This so-called
only transfectants. Further cloning and sequencing of the PCR prodwsitgal joint, which is normally present in excision circles, was only
from the various transfectants showed heterogene®@sD3d3 junc- occasionally found in normal thymocytes (Table 2, Figure 2).

tional regions in all transfection combinations, with variable numbers of In contrast to the B2-D83 and \62-D&3 rearrangements, we did not

A

Va V31 Va B8REC Vb2 D& J& Cé Va3 wla Ja Ca

et LR e, L

12 31 42 3

-—-a--a----——H—H—iH—a—a—HHHE

B C

BOSC 23
HEB/RR
BOSC 23

D52-D53 V§2-Da3

Figure 1. Induction of TCRD recombination by E2A or HEB in the presence of RAG1 and RAG2. Both E2A and HEB in combination with RAG1 and RAG2 have the ability
to induce TCRD recombination in nonlymphoid cells. (A) Schematic diagram of the human TCRD/TCRA locus. Presented are the V3, D3, and J3 gene segments that are
positioned between the Va and Ja-Ca regions in the TCRA locus. The SREC and 1Ja gene segments that flank the TCRD locus are involved in deletion of the TCRD gene prior
to TCRA recombinations. (B) (C) BOSC 23 cells were transfected with E47, HEB, RAG1, and RAG2 expression vectors. Following genomic DNA isolation, 200 ng DNA of the
various transfectants was used for PCR amplification by means of D32-5' RO2 plus D33-3' N (panel B) or V32-5’ plus D33-3’ N (panel C) primers, which are used for specific
detection of D82-D33 and V52-D33 rearrangements, respectively. Thymus DNA was used as positive control, and mock-transfected BOSC 23 as nonspecific template control.
PCR products were run on a 2% agarose gel and stained with ethidium bromide. Rearranged D32-D33 and V52-D33 PCR products were observed upon combined transfection
of either E2A or HEB together with RAG1 plus RAG2 (RR). D32-D33 PCR products were also detectable in genomic DNA derived from transfectants expressing RR only (lane
RR), though at much lower levels as quantitated via RQ-PCR (see “Results”).
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Table 2. Sequences of cloned TCRD recombination products
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Sample 5’ gene segment*

P nucleotides 3’ gene segment*

V382-Da3 rearrangements

Germlinet TGT GCC TGT GAC ACC
E47/RR transfectant 0

0
HEB/RR transfectant -2

-1

-1

-2

0

D32-D33 rearrangementst

Germline§ c att gtg CCT TCC TAC
E12/RR transfectant (4/4)# c att gtg
E47/RR transfectant (10/11)# c att gtg
E47/RR transfectant (1/11)# c att gtg CCT TCC TAC
HEB/RR transfectant (7/7)# c att gtg
Thymus c att gtg CCT TCC TAC

c att gtg CCT TCC TA

c att gtg

D32-D33 excision circlest

Germlinef c act gtg
E12/RR transfectant c act gtg ACT GGG GGA
E47/RR transfectant c act gtg ACT GGG GGA TAC G
HEB/RR transfectant c act gtg ACT GGG GGA

c act gtg ACT GGG GGA TAC
Thymus c act gtg

c act gtg

¢ act gtg

c act

ACT GGG GGA TAC G cac agt g

ACT GGG GGA TAC G cac agt g
cac agt g
cac agt g
CT GGG GGA TAC G cac agt g
cac agt g
N region T GGG GGA TAC G cac agt g
ACT GGG GGA TAC G cac agt g
cac agt g

cac aca g

T TCC TAC cac aca g
C TAC cac aca g
TAC cac aca g

cac aca g

cac aca g
N region cac aca g
N region AC cac aca g
N region cac aca g

RSS indicates recombination signal sequence; RR, RAGL1 plus RAG2.

*Indicated are the number of nucleotides deleted at the 5’ and 3’ gene segments. Lower case represents RSS nucleotides; upper case, nucleotides of gene segments.
TFor 5’ gene segment, this is V32 (coding); for 3’ gene segment, this is D33 (coding + 3’ RSS).

FSee Figure 2 for the D32-D33 rearrangement and excision circle composition, such as they occur in the classical and alternative recombination mechanisms.

§For 5’ gene segment, this is D32 (5’ RSS + coding); for 3’ gene segment, this is D33 (coding + 3’ RSS).

fIFor 5’ gene segment, this is D83 (5’ RSS); for 3’ gene segment, this is D32 (3’ RSS).

#Indicated are the number of PCR products of the total number of sequenced PCR products.

detect the other 4 frequently occurring type§ @RDrearrangements,
which all involve the 31 gene segment (Table 3)3®-D33 recombina-

3A) were indeed detected in the same transfection combinations (E2A or
HEB plus RAG) in which the correspondingd®-D33 coding joints

tions can be formed only by direct rearrangement of the 2 neighboriwgre found (Figure 3B). Sequencing of these excision circle products
D32 and »3 segments. The intermediate circular excision products foom transfected cells showed a coding joint-like configuration, confirm-
signal joints that are formed as a side product during this process (Figimge the less common mechanism ad23D3d3 recombination (Table 2;

D&2-D&3 D&2-D&3
classical V(D)J recombination alternative recombination

Daz Da3 D&2 D&3

Figure 2. Scheme of classical V(D)J recombination and alternative recombina-

tion mechanisms resulting in D $2-D&3 rearrangement products and circular
excision products. In classical recombination, D32 and D33 coding sequences are
coupled to a coding joint, whereas the intervening sequence is coupled via the
downstream D32 RSS and the upstream D33 RSS to a signal joint on the circular
excision product. In the alternative mechanism that was observed in the transfected
BOSC 23 cells on the basis of the sequencing of the rearrangements, a signal joint of
the upstream D32 RSS and the downstream D33 RSS is formed, whereas the D32
and D33 coding sequences are deleted out on the excision circles. Primers
mentioned are as follows: 1, D82-5' RO2; 2, Dd2-lower; 3, Dd3-upper; 4, D33-3" N.

Figure 2); similar products were occasionally found in thymocytes as
well. V32-D33 rearrangements can be formed either by direct coupling
or via a 2-step mechanism involving thé23D33 joint as an intermedi-
ate. In the former case,d2-D33 signal joints should be detectable,
whereas in the latter option both thé2D33 signal joints as well as
V82-Dd2 signal joints should be observed. PCR analysis did show
V82-Dd3 signal joints in the E2A or HEB plus RAG transfectants
(Figure 3A,C), whereasd2-D32 signal joints were not found, indicat-
ing that the observed 32-D33 recombination takes place via direct
coupling of the 2 gene segments, rather than as a 2-step process in which
D&2-D33 coding joints act as intermediates.

TCRD recombination involving J & gene segments cannot be
induced by E2A and HEB

From various studies, it is known tha®\d rearrangements are
formed via multiple (consecutive) couplings involvingd Beg-
ments, rather than as a direct joining 03 Yo B gene segments.
This even applies to &-®1 joints that are known to be formed in
2 steps, given the presence of identifiabRB3egment sequences
in virtually all of these coding joint4?4! To determine whether
E2A or HEB can induce recombination t81] we studied a rarer
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Table 3. TCRD rearrangements in various E2A- or HEB-transfected BOSC 23 cells

Rearrangement E47 E47/RR E12 E12/RR HEB HEB/RR RR BOSC-23* Thymus
D32-D33 - + - + - + +/— - ++
V32-D33 - + - + - + - - ++
D32-J51 - - - - - - - - ++
V581-J31 - - - - - - - - ++
V82-331 - - - - - - - - ++
V383-J51 - - - - - - - - ++
D3§2-D33 signal joint - + - + - + +/— — 44
V32-D32 signal joint - - — - — — — _ .
V52-D33 signal joint - + - + — + — _ 4+
D33-J51 - - - - - - - - ++
D83-J33 - - - - - - - - ++
D33-J51 signal joint - - — — — — — _ 4+
D33-J33 signal joint - - - - — - — _ .

RR indicates RAG1 plus RAG2.
*In some experiments, GFP-transfected cells were used as nonspecific template control.

type of TCRDrearrangement, 8-X%1, which can occur only as a V-J rearrangements inthe  TCRG locus are induced by E2A and

direct coupling and which is known to be present in humaHEB in cooperation with the RAG proteins

thymocytes (T. M. Breit et al, unpublished observations, 2001).

Although readily detectable in thymocytes, this rearrangé8-D Although theTCRDIlocus is generally believed to be the first TCR
J31 product could not be detected in any of the transfected cédlcus that is rearranged during T-cell differentiation, we wished to
populations; the only PCR product apparent was the largascertain whether in the transfected BOSC 23 cells recombination
germline fragment encompassing the nonrearrangg®ldhd 81 events would also be detectable in fR€RGlocus, which starts
segments that lie within 1 kb (Table 3). Even after nested PCR, rearranging later thaRCRDduring thymocyte differentiation, but
clear signs of B3-®1 rearrangements were found (data nogarlier than th@ CRBandTCRAgene< 1 The humanTCRGlocus
shown), and also no &-X»1 signal joints were detectable (Tableis composed of a limited set of\Wgene segments that are grouped
3). To fully exclude recombination t®&ene segments, we studiedin Vy families and 53 gene segments clustered in the homologous
another type ofTCRD rearrangement, &-X»3, which is also Jyl and 32 regions (Figure 4A). To analyzeWwJ}y recombina-
formed in a 1-step reaction and occurs in thymocytes as well. Alsons, we employed 4 ¥ family primers in combination with 3
this type of coupling (either coding joint or signal joint) could noprimers known to recognize they1.1/2.1, 31.2, and 31.3/2.3

be observed in any of the transfected combinations (Table 3ggments. ¥I-Jy1.3/2.3 products were found to be induced by the
Collectively, these data illustrate that E2A and HEB have theasic HLH (bHLH) proteins E2A or HEB in the presence of RAG
ability to induce recombination in thECRD locus, but that this proteins as compared with RAG proteins only (Figure 4B). Similar
concerns only 1-step rearrangements in th2D3 region, and not to D32-D33 recombination levels, TagMan RQ-PCR revealed an
in the more downstreand Jegion. inducing effect (3- to 5-fold) in the E2A or HEB plus RAG

Figure 3. Analysis of intermediate excision circles or

A signal joints. Analysis of intermediate excision circles or

germline TCRA/TCRD signal joints illustrates that E2A and HEB induce single-

Va V&1 Va SREC V52 - D3 - J‘Ez - Cd Va3 yla Jo Ca tsr:ep TCR? re;:o\r;\;;n;tsigns in nonlympt:oti;i ceIIZ.. (A) I;
e example of a V32- rearrangement, the coding an

- . HHHH—- signal joints formed during direct coupling of the V32 and

D33 segments are shown. (B,C) Analysis of signal joints

in BOSC 23 cells transfected with E47, HEB, RAG1, and

V&2-Dé3 rearrangement e
nas V52-D53 D5, RAG2 expression vectors. Genomic DNA (200 ng) of the
Va V&1 Va 8REC Jé Cé V&3 yla Ja " Ca 12 various transfectants was used for PCR amplification by
42 3 means of D32-lower plus D33-upper (panel B) or V32-sj
. " . m . i I i 4 +
s @ 3’ plus D33-5’ S (panel C) primers that specifically detect
joint

D82-D33 and V32-D33 signal joints, respectively. Thy-
mus DNA was used as positive control, and GFP- or
mock-transfected BOSC 23 DNA as nonspecific template
control. PCR products were run on a 2% agarose gel and
stained with ethidium bromide. Similar to the coding joints
shown in Figure 1, D32-D33 and V32-D33 signal joints were
observed upon combined transfection of either E47 or
HEB together with RR. In line with the data on D52-D33
PCR products, D82-D33 signal joints were also detectable
in genomic DNA derived from transfectants expressing RR
only (lane RR). Importantly, transfection with 2 ng RAG
expression vectors (lane RR2) did not result in detectable
signal joints; this amount of RAG1/RAG2 vector leads to
RAG activity levels that are more in line with the RAG
activity levels in those cases in which 6 ng RAG1/RAG2

D&2-D33 signal joint \Vé62-D&3 signal joint is cotransfected with E2A or HEB (W. J. Romanow,
personal communication, 2001).

signal joint

BOSC 23
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Figure 4. Induction of V y-Jvy rearrangements by E2A or HEB in the presence of RAG1 and RAG2. (A) Schematic diagram of the human TCRG locus. The human TCRG
locus comprises 2 constant region gene segments (Cv) preceded by 2 or 3 joining gene segments (Jy) and at least 14 variable gene segments (V) belonging to 4 subgroups.
Nine Vv gene segments (5 functional genes and 4 pseudogenes) belong to subgroup |, whereas subgroups Il, I, and IV each consist of a single gene segment designated V9,
Vv10, and Vy11, respectively. Two pseudogenes, VyA and VyB, located upstream of Vy9 and V+v11, respectively, belong to none of these subgroups. Five joining segments
have been identified: Jy1.1, Jy1.2, and Jy1.3 upstream of Cy1; and Jy2.1 and Jy2.3 upstream of Cy2. In addition to the 6 functional Vy gene segments (solid blocks), 3
pseudogenes (shaded blocks) can also rearrange to Jy gene segments. (B) Following transfection of BOSC 23 cells, PCR amplification with 200 ng genomic DNA of the
transfected cells was performed by means of Vyl-3'— and Jy1.3/2.3-3'—specific primers. Thymus DNA and BOSC 23 DNA were used as positive and nonspecific template
controls, respectively. Electrophoresis of PCR products on 2% agarose gels shows that E47 or HEB and RAG1 plus RAG2 proteins can promote Vyl-Jy1.3/2.3 rearrangements
at high levels as compared with transfectants expressing RR only (lane RR) as quantitated by RQ TagMan PCR analysis.

transfectants as compared with transfections with the RAG gertbsless, rearrangements between thédWsegment and the more
alone. Heteroduplex analysis of theyMy PCR products to proximal Jy segments ¢J1.1 and 32.1) were not seen. Moreover,
discriminate between polyclonal and clonal recombination prodecombination products between any of the othegr déne seg-
ucts revealed some level of heterogeneity in the various transfegents and theseyd.1 and 2.1 segments were not detectable at all
tion combinations (data not shown). Since thel\gene family in the BOSC 23 transfectants. The same was true fg-%1.2
consists of many distincty/gene segments that can rearrange, wearrangements, which are frequently found in peripheral blood
sequenced theseWJy1.3/2.3 recombinations to study the diver-TCRyd" T cells. The E2A and HEB bHLH proteins thus not only
sity of V gene segment usage (Table 4). All (approximately 20)duce TCRDrecombination, but also direct the RAG proteins to
sequenced products were found to contain 3 gene segment, rearrange particular VV and J gene segments withiT@RGlocus.
which is discernible from~lL.3 at a single nucleotide position. At

the v S_Ide’ 2 Qe_”e segments were identifigd!y7 and W8. Absence of TCRB rearrangements and TCRD deletions in E2A
Intergstlngly, within the Yyl clyster, these 2 segments are mosf 1 ep transfectants

proximal to the § segments (Figure 4A), which might explain their

predominance. Rearrangements betweghV\V y11) and 31.3/ To further analyze potential effects of E2A and/or HEB on V(D)J
2.3 gene segments were also observed in the E2A or HEB phggombination in the TCR loci that are normally rearranged in later
RAG transfectants, but they could be found at similar levels in tretages of T-cell differentiation (late double-negative and immature
RAG1/RAG2 alone transfectants (data not shown). Apparently, teengle-positive stages), we first studied rearrangements in the
VvIV and }y2.3 gene segments are relatively easily accessible tamanTCRBIlocus. Unlike theTCRG locus, theTCRBIlocus is

the action of the RAG proteins, even without the presence btiilt up of a large number of distinctp/segments, clustered in
lymphoid transcription factors. The position of theylV gene approximately 25 ¥ families, and 2 [B segments each lying
segment just proximal to theyJene segments might explain theupstream of a cluster of 6 or B@ene segments. The presence of V,
finding of the otherwise rareyV-Jy1.3/2.3 recombination. Never- D, and J segments in ti&CRBlocus implies that both incomplete

Table 4. Sequences of cloned TCRG recombination products

E12/RR E47/RR HEB/RR
5" del P region 3" del 5" del P region 3’ del 5’ del P region 3’ del
Vvy7-Jy2.3 rearrangement
0 C -4 -2 0 0 cc -7
-2 0 -9 -4
Vvy8-Jy2.3 rearrangement
-3 —15 -1 0 0 C -7
-5 -2 -2 C 0 -2 -4
-5 -3 -4 -4
—4 -2
-6 0

RR indicates RAG1 plus RAG2.
Indicated are the number of nucleotides deleted at the 5’ and 3’ gene segments.
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and complete rearrangements can occur. Incomi€RB rear-
rangements almost exclusively concerf-0p recombinations, as Djscussion
incomplete \B-DB joints are rarely found in T cells. For this
reason, we studied f1-J31, DB1-32, and B2-J2 rearrange- In this study, we provide evidence that the bHLH transcription
ments, which can readily be detected in thymocytes. However, figetors E2A and HEB play a role in the induction of V(D)J
could not find either one of these products in any of the transfectastombination in humarTCRD and TCRG loci, employing a
cell populations, even after nested PCR reactions (data not showrgnsfection-based model of nonlymphoid cells. E2A and HEB
Given these results and also the results fromT&RD analysis were found to induce immatured2-D33 and \62-D33 rearrange-
concerning 2-step recombinations, we anticipated th@tJ¥ ments upon cotransfection with RAG proteins in nonlymphoid
joints, which normally include B sequences, would not becells. Rearrangements ofy/family (especiallyysVy7 and \A8)
detectable either. Employing3d or J32 primers in combination gene segments toyd.3 were also easily induced by the action of
with specific primers for the frequently usedB¥ and V35 both transcription factors. All except thed®-D33 rearrangements
families#? we indeed could not observe complet@®-VB joints were very similar to the majority of rearrangements found in
(data not shown). lymphoid cells, with junctional regions characterized by nucleotide
To further substantiate the absence of other mature TCR gafeetion and occasionally P nucleotides. The lack of N regions can
rearrangements, we studi€@@RDdeletional rearrangements medi-be explained by the absence of terminal deoxynucleotidy! trans-
ated by the nonfunction@REC andjiJa segments, which flank the ferase, which mediates nontemplated nucleotide insertion. Remark-
coding elements of th&CRD locus (Figure 1). Thes8CRD ably, the junctions of virtually all B2-D33 rearrangements from
deletions precede rearrangements in the huii@RAlocus, and the transfected cells were found to be identical, because of an
they are known to occur at a relatively late stage in T-celinusual direct coupling of the intact upstream RSS of tl& D
differentiation. However, ndREC-+sJa rearrangements were iden-segment to the intact downstream RSS of tl&8 Begment. This
tified in transfected BOSC 23 cells (data not shown). Takemusual type of rearrangement shares similarity to atypic#l
together, these data do not provide any evidence for a role for Eg&ne recombinations betweek Segments and an isolated RSS-
or HEB in inducing TCRB rearrangements of CRD deletional like sequence in the J«dntron#3In fact, both types of recombina
rearrangements. tions represent signal joints, which normally are not found on the

Table 5. Detection of cloned TCRD, cloned TCRG, and cloned TCRB gene rearrangements in E2A/HEB-transfected cells as compared with human thymocytes
and acute lymphoblastic leukemias

E2AHEB Thymocytes T-ALL, %*
Rearrangement transfectants CD34* la~ CD34* la* Total CD3~ TCRyd* TCRaB™ Precursor B-ALL, %*

TCRD
D52-D33 + ++ ++ + — — 13
V$2-D33 + + + + 6 4 — 67
D32-J51 - + ++ + 10 15 7 —
V31-J31 - - + + 24 56 13 —
V52-J51 - - + + 10 6 20 —
V383-J51 - - + + 5 8 7 —
Other NT NT NT NT 40 10 53 20

TCRG
Vyl-Jy1.1/2.1 - NT NT + 8 9 20 18
VAyll-Jy1.1/2.1 - NT NT + — — — 1
Vylll-dy1.1/2.1 - NT NT + 1 — 1 —
VylV-Jy1.1/2.1 - NT NT + 1 4 — 1
Vyl-Jy1.2 - NT NT + — — — 1
Vyll-Jy1.2 - NT NT + 2 — — —
Vylll-Jy1.2 NT NT NT + — — — —
VyIV-Jy1.2 NT NT NT + — — — —
Vyl-Jy1.3/2.3 + - + + 69 52 58 56
Vyll-Jv1.3/2.3 - - + + 7 24 6 18
VAylll-Jy1.3/2.3 - - + + 4 7 9 —
VyIV-3v1.3/2.3 +/— - + + 4 4 5 5
Other NT NT NT NT 4 1 — —

TCRB
DBR1-JB1 - - + + 12 16 9 —
DB1-JB2 - - + + 4 14 3 16
DB2-JB2 - - + + 11 5 17 17
VB-JB1 - - - + 18 13 28 —
VB-Jp2 - - - + 47 45 30 53
Other NT NT NT NT 9 7 13 14

Data on thymocytes and acute lymphoblastic leukemia compiled from Southern blot and/or polymerase chain reaction data from this study and earlier reports from our
laboratory.5:11:44.45.47

T-ALL indicates T-lineage acute lymphoblastic leukemia; B-ALL, B-lineage ALL; TCR, T-cell receptor; TCRD, TCRS; TCRG, TCRy; TCRB, TCRp; NT, not tested.

*Frequencies defined as percentage of detected TCRD rearrangements (on the basis of TCRDJ1 probe hybridization), percentage of detected TCRG rearrangements, and
percentage of TCRB rearrangements (involving both the JB1 and JB2 regions).
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genome, but rather on the excision circles that are formed during Although recombination can be induced relatively easily in this
V(D)J recombination (see Figure 2). transfection system, the efficiency seems to be too low to allow

The virtually identical patterns of TCR gene recombinations idetection of recombination events that occur in 2 consecutive steps.
both the E2A plus RAG- and the HEB plus RAG—transfected cellhis is best illustrated by our study on circular intermediate
showed a striking similarity to the most immature types ofroducts that are formed during recombination. Upon study of
rearrangements seen in human thymocyte subpopulations (Tabi2-D33 recombinations, we exclusively foun®®-D33 signal
5). D32-D33 and Wb2-Dd3 rearrangements represent the earliefdints and no \2-Dd2 plus 32-D33 circular intermediates.
TCRDrearrangements in thymocytes, being clearly detectable vdthough we cannot formally exclude that, eg, 2-stefl\®1 or
Southern blot analysis next todR2-B1 rearrangements in sortedV$2-B1 rearrangements can be induced at very low levels, the fact
cells of the most immature CD3ACD1a subset!Inthe CD34/ that the single-step -%1 and 33-%3 recombinations are also
CD1a" fraction, complete ¥1-B1 and W2-B1 rearrangements undetectable strengthens our view ttt dearrangements are truly
become more prominent. However, rearrangemen@&sedments, absent in E2A- or HEB-transfected cells rather than being an
even simple single-step couplings liked®XH1 and 33-B3 as artifact in the model system. The same seems to be truefeiD
also seen in thymus, could not be induced in the transfected celiad \B-JB rearrangements, as well BREC+1Ja TCRDdeletionall
TCRG rearrangements involvingyl.3/2.3 segments anfiCRB rearrangements. THECRD recombination data thus suggest that
rearrangements (most probably, incomplefe-IB joinings) were E2A and HEB are able to regulate recombination of, especially, the
clearly detectable only in CD34CD1a" cells (Table 5), although D33 gene segment, but that other factors are required to open up the
low levels of (other)TCRD, TCRGand/orTCRBrecombinations downstream region of thed kegments to the V(D)J recombinase.
in the CD34/CD1a subset cannot be fully excluded. TRERD The area betweend3 and the 3 region might harbor important
rearrangement pattern of the transfectants was also compared \éi§ulatory elements that can bind factors mediating the truly
TCR recombination data in human T-ALL (CD3TCRap*, and  T-cell-specific types ofTCRD recombinationg? Interestingly,
TCRy3") and precursor B-ALL samples, as investigated in ows-D3 intermediates are lacking in E2A mice, but B-J
laboratory (Table 53:*+47In T-ALL, J3 recombinations are predomi intermediates do still occdf,which indeed suggests the involve
nant, especially in CD3T-ALL, whereas [32-D83 and \62-D33  ment of one or more yet unknown transcription factors. From
rearrangements are found only at low frequencies in immatup@A-/~ mice, it is further deduced that E2A plays a role in
CD3T-ALL. %4144 Interestingly, these latter ZCRD rearrange regulation of W/V& subsets during ontogeny by activating and
ments are very characteristic in precursor B-ALL, where theyepressing V segmentsThese data fit perfectly with our model
constitute approximately 80% of the identified (cross-lineaggystem, in which E2A can induce rearrangements of specific V
TCRD recombination§:** Rearrangements involving have not gene segments and3\Dd rearrangements, but not incomplete
been found in precursor B-ALf4448 The data thus suggest thatDﬁ_‘]B or Comp|ete \B3-1 rearrangementsl
E2A or HEB can induce the very eariCRDrecombinations that  From the initial V(D)J recombination study in this nonlymphoid
carry a less T-cell-specific character, as they are also readiiydel system, it is known that induction of recombination by, eg,
observed in precursor B-ALL (Figure 5). E2Ais critically dependent on activation domafihis has led to

In the transfected cells, W-Jy1.3/2.3 rearrangements werethe hypothesis that E-box proteins such as E2A are involved in
readily observed; such recombinations are also frequent in beByuylating chromatin accessibility by relieving the repressive effect
T-ALL and precursor B-ALL, albeit in the lattery2.3 is less of nucleosomes, most probably through recruitment of complexes
frequently involved thaml.3; VyIV-Jv1.3/2.3 couplings are less containing histone acetyl transferase activ#§? We therefore
prominent in both ALL subsets. Finally, incomplete303 and  pypothesize that the interaction of E2A and HEB with chromatin
complete \B-J@ recombinations were not detected in the transfegaads to accessibility of RSS sequences of TCR loci as well, which
tants, but occur in all 3 T-ALL subtypes and at a lower frequency i supported by the observation ofyMand V82 germline tran-
human precursor B-cell leukemias (approximately 35% of c&seSjcripts upon E2A or HEB transfection (J. K. Ghosh et al, personal
Together, these data illustrate that the TCR gene recombi“afk%}nmunication, 2001). The proximity of gene segments, as in the
pattern as observed in the E2A or HEB plus RAG-transfected ceigse of 32 and 33 and alsofVy7 and W8 within the
concerns the more immature types of TCR recombinations, &gnily, might be another relevant factor. Finally, the exact nucleo-
observed in CD3#/CDla thymocytes and also in precursorijje sequence of the RSS might also influence recombination,
B-ALL, with the exception of the lack of CRBrearrangements although the RSSs of, eg, the variougl¥amily gene segments are

(Figure 5). equally perfect in that respect.
The observations in this study raise the issue of how E2A and
Ve V81 Vo smec Ve2 o5 s o Ve3  w ” o HEB are involved in regulating TCR recombination during in vivo

e B - TR B, T-cell differentiation. Both E2A and HEB knock-out mice show a
block, though not complete, in the early double-negative stages of

E2A/HEB + RR transfectants

034 GO thymocylos T-cell differentiation. The phenotype of these mice thus illustrates

GD34 CO thymocytes the important role of both E2A and HEB in the earliest phases of
mImIn ODITALL T-cell differentiation, although the incompleteness of the differen-

TORTALL tiation arrest indicates some degree of redundancy by other

irIzzzz IIiznizizi TCRap' T-ALL

regulatory factors. Using the in vitro model, we show that some
Figure 5. Compilation of TCRD recombination patterns. Indicated are the parts of types of immature TCR rearrangements can be induced by _EZA or
the TCRD locus that can rearrange in the E2A and HEB transfectants described in HEB, whereas the absence of these rearrangements in E2A
this study, CD34+/CD1a~ and CD34+/CD1a* thymocyte subsets, CD3~ and TCRyd  knock-out mice shows that E2A and HEB are probably also
and TCRap T-ALL, and precursor B-ALL. The pattern observed in the E2A/HEB-plus- involved in stimulating the immature TCR recombination in vivo.
RR-transfected cells is strikingly similar to that of the most immature thymocytes and . . L.
the cross-lineage pattern of precursor B-ALL, illustrating that E2A and HEB can For induction of further (more mature) rearrangements, additional

induce the immature and less T-cell-specific rearrangements in the TCRD locus. cofactors or transcription factors might be required or negative

precursor B-ALL
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regulatory elements might have to be downregulated at cert@irgued that detection ofAL1 deletions in this model system
differentiation stages. Moreover, we cannot fully exclude a coopesould be very difficult. However, it might also be that transcrip-
ative action of both E2A and HEB in particular recombinations ition factors other than E2A and HEB regulate accessibility
vivo, although we have not seen a synergistic effect of combinedthe TAL1gene and that an aberrant combination of regulatory
transfection of E2A and HEB with RAG proteins (data not shownfactors is required to induce these unwanted oncogenic
Besides mediating physiological immunoglobulin/TCR gen&AL1 deletions.
rearrangements, V(D)J recombination is also thought to be In summary, our data demonstrate a role for the bHLH proteins
involved in the formation of particular chromosome aberrationS2A and HEB in induction of TCR rearrangements. Comparison
in human leukemia3>26 This especially concerns chromosomewith the TCR-rearrangement patterns found in thymocyte subsets
aberrations in T-ALL, in whichTCRBor TCRDgene segments and in T- and B-lineage leukemias indicates that the identified
and their regulatory elements are translocated to oncogenesrearrangements in, especially, th€RD locus are immature and
partner chromosomes, resulting in activation of the oncogenesrry a less T-cell-specific character (Figure 5). A challenge for
Examples include translocations t(1;14) and t(11;14), involvinfyiture studies remains the identification of factors that are involved
the genes encoding the TAL1 and LMO1/LMO2 transcriptioin induction of more T-cell-specific TCR rearrangements, such as
factors, respectivel$#°! As the breakpoint regions on these(complete) TCRD recombinations involving al couplings and/or
chromosomes have been found to be located near RSST&@RB recombinations. Furthermore, it will be interesting to see
RSS-like sequence$;?7it is suggestive that accessibility of thewhether the here-described model system will be helpful in
involved oncogenes to RAG protein activity might be a criticadlissecting the molecular processes regulating RSS-mediated chro-

step in the formation of these chromosome aberrations as wetlosome aberrations in human lymphoid leukemias.
We therefore also studieBAL1 deletions, which are V(D)J-like
rearrangements that are found exclusively in T-ALL, particu-
larly in T-ALL with TCRD deletions®> However, such RSS- Acknowledgments
mediatedTAL1 deletions were not induced upon E2A or HEB
transfection (data not shown). Given the relatively low frebr R. Benner for continuous support and Drs F. J. T. Staal and T.
quency of V(D)J recombinations in nonlymphoid cells, it can b&8zczepanski for critical reading and valuable comments.
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