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To investigate the role of promoters in regulating variable gene rearrangement and allelic exclusion, we
constructed mutant mice in which a 1.2-kb region of the VB13 promoter was either deleted (P13~/") or
replaced with the simian virus 40 minimal promoter plus five copies of Gal4 DNA sequences (P13%F). In
P13~/~ mice, cleavage, rearrangement, and transcription of V313, but not the flanking VP gene segments, were
significantly inhibited. In P13%'® mice, inhibition of VB13 rearrangement was less severe and was not asso-
ciated with any apparent reduction in V313 cleavage. Expression of a T-cell receptor (TCR) transgene blocked
cleavages at the normal V313-recombination signal sequence junction and V13 coding joint formation of both
wild-type and mutant V313 alleles. However, a low level of aberrant V313 cleavage was consistently detected,

especially in TCR transgenic P13%/®

mice. These findings suggest that the variable gene promoter is required

for promoting local recombination accessibility of the associated V3 gene segment. Although the promoter is
dispensable for allelic exclusion, it appears to suppress aberrant V3 cleavages during allelic exclusion.

The variable regions of immunoglobulin (Ig) and T cell
receptor (TCR) genes are assembled from variable (V), diver-
sity (D), and joining (J) gene segments. V(D)J recombination
is tightly regulated in the context of lymphocyte development,
exhibiting lineage, developmental stage, and allele specificity
(1, 13, 24, 32). Although recombination at different TCR and Ig
loci is mediated by the same recombinase complex and con-
served recombination signal sequences (RSS), complete rear-
rangements of TCR genes are limited to T cells, while com-
plete rearrangements of Ig genes are limited to B cells. Within
the appropriate cell lineage, recombination is regulated tem-
porally and in a stage-specific manner. In addition, in a given
lymphocyte, only one of two alleles of antigen receptor loci
usually undergoes functional rearrangement, a process known
as allelic exclusion.

Studies have shown that transcriptional regulatory elements,
such as promoters and enhancers, play an important role in
targeting specific gene segments for recombination. Deletion
of the enhancer at any of the TCR@B, TCR3, TCRo, IgH, and
Igk loci results in a severe reduction in the level of rearrange-
ment at the respective loci (4, 5, 7, 11, 14, 27, 31, 41, 42).
Similarly, deletion of the PDB1 promoter immediately up-
stream of the DB1 gene segment at the TCRp locus signifi-
cantly impairs DB1 rearrangement (40, 41). To date, most
evidence suggests that enhancers and promoters regulate
V(D)J recombination by modulating chromatin structures and
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rendering gene segments accessible to RAG cleavage (13, 24,
32).

Among the various levels of control, the most complex reg-
ulation is probably allelic exclusion. Like lineage- and stage-
specific regulations, allelic exclusion is apparently also
achieved through modulating access of gene segments to RAG
cleavage (13, 15, 24, 32). For example, TCRp allelic exclusion
is regulated at the VB-to-DBJB rearrangement step. In CD4~
CD8" (DN) thymocytes, where TCRP rearrangement nor-
mally occurs, VP gene segments are transcribed, sensitive to
nuclease, and associated with acetylated histones (6, 17, 35). In
CD4" CD8" (DP) thymocytes, where TCRp allelic exclusion
is in effect, VP transcription, nuclease sensitivity, and associa-
tion with acetylated histones are markedly reduced. When a
VB gene segment together with 3.6-kb 5" sequences, encom-
passing the promoter, were inserted 6.8 kb upstream of the
DpB1 gene segment, the inserted VB gene segment rearranged
at the same frequency as the natural copy but was no longer
subject to allelic exclusion control (29), indicating distinct con-
trols of the frequency and allelic exclusion of VB gene rear-
rangement. However, beyond these preliminary observations,
little is known about the specific cis elements that modulate
variable gene accessibility for rearrangement initially and then
for allelic exclusion.

Another cardinal feature of V(D)J recombination is site
specificity, which is achieved by precise cleavage of DNA at the
junction of coding sequences and RSS (9, 10). The precise
cleavages occur probably because RAG proteins interact di-
rectly with two RSS to form an enzymatically active complex,
known as a synapse (8, 34, 38). Within this synapse, RAG
proteins cleave the DNA at the junctions of RSS and coding
sequences. Studies have shown that the presence of two intact
RSS is required for synapse formation and coupled cleavages
(8, 34, 38). However, RAG proteins have also been shown to
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cleave DNA that contains only a single RSS or RSS-like se-
quence (19, 20, 36, 37), indicating that RAG proteins are
capable of uncoupled and imprecise cleavages. At the endog-
enous antigen receptor loci, gene segments are packed into
chromatin and can be separated by hundreds of kilobase pairs
on linear DNA. It is unclear whether RSS alone provide a
sufficient cis signal for synapse formation and therefore precise
and coupled cleavages. Nor is it known how aberrant cleavages
are suppressed at the endogenous antigen receptor loci.

In mice, the TCRP locus spans approximately 600 kb (22).
All VB gene segments, except VB14, are clustered together at
the 5’ end of the locus and separated from DB, JB, and CB by
at least 330 kb. The two cis elements, PDB1 promoter and E
enhancer, which have been shown to regulate DB-to-JB rear-
rangements, do not appear to play a significant role in regu-
lating VB accessibility and allelic exclusion (17, 18, 40, 41). We
have now investigated the role of a variable gene promoter in
regulating V@ rearrangement and allelic exclusion by targeted
deletion or replacement in the endogenous TCR locus. By
examining the effects of the promoter mutations on specific as
well as flanking VB gene cleavage, joining, allelic exclusion,
and transcription, our results show that the normal variable
gene promoter is required for promoting local recombination
accessibility. Although the promoter is not required for medi-
ating allelic exclusion per se, it appears to suppress aberrant
VB cleavages during allelic exclusion.

MATERIALS AND METHODS

Targeting vectors and mice. The targeting vector used for electroporation into
J1 embryonic stem cells consisted of a floxed phosphoglycerate kinase (PGK)
promoter-driven neomycin resistance gene (neo) flanked upstream by a 2.4-kb
PstI-Ndel fragment and downstream by a 7.6-kb NcoI-Clal fragment (Fig. 1A).
The targeting vector for the replacement mutation contained an additional
113-bp concatemer of five copies of Gal4 sequences and the 111-bp simian virus
40(SV40) minimal promoter downstream of neo. A PGK promoter-driven thy-
midine kinase gene (tk) was inserted downstream of the 7.6-kb fragment. Em-
bryonic stem cell clones with proper deletion of the VB13 promoter were iden-
tified by Southern blotting and were injected into C57BL/6 blastocysts to
generate chimeric mice, which were bred with deleter mice to remove the floxed
neo (25). Heterozygous mutant mice were bred with each other to generate
homozygous mutant mice. A single loxP site was left in place of the VB13
promoter in the final P13/~ mutant mice, while a single loxP site, Gal4 se-
quences, and the SV40 minimal promoter were left in place of the VB13 pro-
moter in the final P13®® mutant mice. Mutant mice were analyzed in mixed 129
X C57BL/6 backgrounds and maintained under specific-pathogen-free condi-
tions. Routine genotype analyses of the V313 promoter mutations were per-
formed by PCR of tail DNA using primers 5'-GGTCAAGCATCTACTTATTG
TTC-3' and 5'-AGCCAAGAAGCCTGGTGCCCAT-3'. All promoter mutations
were confirmed by another round of PCR using the wild-type VB13 promoter-
specific primers 5'-GGACTGTGCTAAGACTGATTC-3" and 5'-GGACTGCA
TATCTGGGAGACTG-3'. TCR transgenic mice expressing the 2C TCR (28)
were assayed by flow cytometry using an antibody specific for the 2C TCR.

Flow cytometry. Antibodies specific for CD4, CD8, Thy-1.2, V13, V8.1, and
VB12 were direct conjugates from PharMingen (San Diego, Calif.). Flow cytom-
etry was performed on a FACSCalibur apparatus (Becton Dickinson), and data
were analyzed using CellQuest software. CD4~ CD8 thymocytes were purified
by complement-mediated lysis of CD4" and/or CD8" cells followed by cell
sorting. The sorted cell populations were more than 97% pure.

PCR assays for VB CJ. The semiquantitative nested PCR assays for measuring
VB13-to-DRIB1.1 coding joints (CJ) were performed in a 50-pl reaction mixture
containing 0.2 g of thymocyte DNA, 100 ng of each primer (primer no. 1 and
2), a 0.2 pM concentration of each deoxynucleoside triphosphate, 3.5 mM
MgCl,, 10 mM Tris-HCI (pH 8.3), 50 mM KCI, and 2.5 U of Tag polymerase.
Primary reactions were run for 12 cycles of 30 s at 95°C, 30 s at 61°C, and 2 min
at 72°C. Two-microliter reaction mixtures were transferred from the primary
reactions to new tubes for secondary PCRs that were performed under identical
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conditions, except with nested primers (no. 3 and 4) and 18 cycles of amplifica-
tion. Quantitative titrations of DNA templates were performed by serially dilut-
ing wild-type thymic DNA into RAG2-deficient kidney DNA such that the final
amount of DNA remained at 200 ng per reaction mixture. Twenty-five-microliter
aliquots of secondary PCR mixtures were electrophoresed on a 1.5% agarose gel,
transferred to Zeta-probe membranes (Bio-Rad), and hybridized with 3?P-la-
beled VB13 ¢cDNA probe or **P-end-labeled oligonucleotides corresponding to
the sequence downstream of JB1.1 (primer no. 5). Filters were washed at 50°C in
5X SSC (1X SSCis 0.15 M NaCl plus 0.015 M sodium citrate) and subjected to
autoradiography. VB13-to-DBJB2.1 rearrangement was done as described above,
except with primers 1 and 6 for the primary reaction and primers 3 and 7 for the
secondary reaction. Southern blotting was done with 3?P-end-labeled oligonu-
cleotides corresponding to sequence downstream of JB2.1 (primer no. 8). VB8.1-
to-DBJB1.1 rearrangement was done with primers 9 and 2 for the primary
reaction and primers 9 and 4 for the secondary reaction. VB12-to-DBJB1.1
rearrangement was done with primers 10 and 2 for the primary reaction and
primers 10 and 4 for the secondary reaction. Southern blotting for VB8.1 to
DpJB1.1 or VB12 to DRJB1.1 was done using specific VB cDNA probes or an
oligonucleotide probe corresponding to sequence downstream of JB1.1 (no. 5).
Rearrangement products were quantified by using PhosphorImager analysis soft-
ware (Fujifilm). PCR products were cloned into pCR2.1-TOPO (Invitrogen,
Carlsbad, Calif.) for sequencing. Semiquantitative JAK3 PCR was done as pre-
viously described (40). PCR primer sequences were as follows: primer 1, 5'-CT
GCCATGGGCACCAGGCTTCTTG-3'; primer 2, 5'-AGATACTCGAATATG
GACACGGAG-3'; primer 3, 5'-GGCACCAGGCTTCTTGGCTGGGCAG-3';
primer 4, 5'-TGGACACGGAGGACATGCTTTGTC-3'; primer 5, 5'-AGAGA
GACCTGGAAATTTACCTG-3'; primer 6, 5'-GGTTTTCTGCTCCGGGGGT
CTTTG-3'; primer 7, 5'-GGTCTTTGTGGCTGACTGTCCTAC-3'; primer 8,
5'-TCTCTCCCACCTGTATGGCCTCTG-3'; primer 9, 5'-ACTCTTCTTTGT
GGTTTTGATT-3'; primer 10, 5'-GCTGGAGTTACCCAGACACCC-3'.

PCR assay for SE. Linker-mediated PCR (LM-PCR) assays for VB13, VB12,
VB8.1, 5" DRI, or 5’ DB2 signal ends (SE) were performed as described else-
where (23, 40) with slight modification. For LM-PCR, 150 ng of ligated DNA was
used as template in a 50-pl reaction mixture. In the primary reaction for V13,
VB12, and VB8.1 SE, PCR was carried out for 15 cycles of 45 s at 95°C, 30 s at
63°C, and 45 s at 72°C, followed by a 7-min extension at 72°C. Five microliters
was transferred to fresh tubes and amplified in a secondary reaction for 27 cycles
with a nested primer and BW-1H using the same conditions. PCR for 5’ D2 SE
was performed using the same conditions as for VB13 SE, except for 20 cycles in
the secondary reaction. For 5" DB1 SE, the primary reaction was 15 cycles of 30 s
at 95°C, 30 s at 62°C, and 30 s at 72°C, followed by a 7-min extension at 72°C, and
the secondary reaction was 20 cycles using the same condition as the primary
reaction. Twenty microliters of the secondary reaction mixtures was electropho-
resed on 1.6% agarose gels, transferred to nylon N* membranes (Amersham),
and probed with end-labeled oligonucleotide probes. The rest of the PCR prod-
ucts were cloned into pCR2.1-TOPO (Invitrogen) for sequencing. The specific
primers and probes used were as follows: 3'VB13 distal primer, 5'-GTCGCTT
TCAGTTTGGGGTTCTTG-3'; 3'VB13 proximal primer, 5'-AAAAAATTACT
TGGAGTCCCTGAG-3"; 3'VB13 probe, 5'-CAGAGACCTGGGACTATT-3';
3'VB12 distal primer, 5'-AAATCTCTGAACTACCTTCAAGGTC-3"; 3'VB12
proximal primer, 5'-TTTCTTAATACTCGATTATCTTCTG-3'; 3'VB12 probe,
5'-AGGATGCCCTGCCTGTGC-3"; 3'VB8.1 distal primer, 5'-AAATCTGTCA
GAATGACCTTAGTA-3'; 3'VB8.1 proximal primer, 5'-GTAAGGATGAGAC
TCATGCTGTGT-3'; 3'VB8.1 probe, 5-TGGCTTCCTTCACTCTGC-3';
5'DB1 distal primer, 5'-GGTAGACCTATGGGAGGGTC-3'; 5'DB1 proximal
primer, 5'-ACCTATGGGAGGGTCCTTTTTTGTATAAAG-3'; 5'DB1 probe,
5'-TGTAACATTGTGGAATTC-3'; 5'DB2 distal primer, 5'-GATTTACCCAG
CTTGAGACTTTTTCC-3'; 5'DB2 proximal primer, 5'-CAGCCCCTCTCAGT
CAGACAAACC-3'; 5'DB2 probe, 5'-TGCCACCTGGTCTCCCTGCCCCTG-
3.

PCR assays for SJ. The PCRs and ApaLl digestion used to measure VB13
signal joints (SJ) were performed as described previously with slight modification
(40). The primers for VB13-to-DB2 SJ were the same as primers for VB13-to-
DB2 SE. The same upstream primers and two downstream primers, SDB1A
(5'-GAACAGGGGGTAAAGAGGAAACCC-3') and 5DBIB (5'-CATTAGCT
CGCATCTTACCACCAC-3"), were used to assay VB13-to-DB1 SJ. Two micro-
grams of thymocyte DNA was used in all PCR mixtures. Both undigested and
ApaLlI-digested products were detected by Southern hybridization with the same
end-labeled VB13 probe that was used to detect VB13 SE.

PCR assays for VB GT. Total RNA was isolated using TRIzol (Invitrogen)
from thymocytes of various mice between 6 and 10 weeks of age. To remove
residual genomic DNA, 10 pg of the RNA sample was treated with 2 U of
amplification-grade DNase I (Invitrogen) for 15 min at 25°C. The reaction was
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FIG. 1. Inactivation of the normal VB13 promoter specifically
blocks development of VB13-expressing T cells. (A) Schematic dia-
grams of the TCRp locus, VB13 region, targeting vectors, and targeted
alleles. Gene segments are shown as vertical lines or filled boxes. VB
promoters are shown as open ovals. Triangles indicate loxP sequences.
Open circles represent five copies of Gal4 sequences plus the SV40
minimal promoter. Selectable neo marker was deleted from the tar-
geted alleles in mutant mice by Cre/loxP-mediated recombination. As
a result, the 1.2-kb Ndel-Ncol fragment, encompassing the V13
promoter plus transcriptional initiation sites, but not the start codon,
was replaced by one copy of the loxP sequence in deletion mutant mice
(P137/7). In replacement mutant mice (P13®%®), the promoter was
replaced by loxP followed by Gal4 sequences and the SV40 minimal
promoter. (B) CD4 versus CD8 staining profiles of thymocytes from 4-
to 6-week-old wild-type (+/+), P137/~, and P13®/® mice. Numbers
outside the plots indicate the average numbers of thymocytes from
four to six mice. Numbers inside the plots indicate percentages of cells
in each quadrant. (C) Flow cytometry analysis of VB13-expressing T
cells. Cells from lymph nodes of +/+, P13*/~, P137/~, and P13®/®
mice were stained with antibodies specific for the pan-T-cell marker
Thy-1.2 plus VB13, VB8.1, or VB12. Expression of Thyl.2 versus Vf is
shown for live cells. Numbers indicate the percentages of Thy-1.2"
cells that are also VB™. Representative data from one mouse of each
genotype are shown.
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TABLE 1. PCR primers for assaying V@ GT

GT Primer Sequence

VE8.1 F TCC TGT GTG CAA AAC ACA TGG AGG T
R1 TCT TAC AGA GGC AGA CAC TTC CTG G
R2 TCC TGG GGT ACA CAG AGA G

VB12 F1 TTC TGA TAG CAA ATC ACA CAG ATG T
F2 CAG ACA CCC AGA CAT GAG
R AGG AGC ACA GAA AAG TTC AGA ACT G

V13 F TTC TTG ACA CAG TAC TGT CTG AAG C
R1 CTC TGG ATA CAC GCA GCA TGG CCT
R2 GTC CCA GGT CTC TGC TGA AAG CTG G

B-actin  B-F  CCT AAG GCC AAC CGT GAA AAG
B-R  CAT GGT GCT AGG AGC CA

inactivated by the addition of 2 ul of 25 mM EDTA (Invitrogen) and incubation
at 65°C for 15 min. First-strand cDNA was synthesized from 50 ng of starting
RNA (and 5- and 25-fold dilutions of each of these RNAs) using the Titan
One-Tube RT-PCR System (Roche, Indianapolis, Ind.), following the manufac-
turer’s instructions. PCR cycling parameters were 30 min at 50°C, 30 s at 94°C,
45 s at temperatures specific for each primer pair (Tables 1 and 2), and 1 min at
72°C for 15 (VB genes) or 24 (B-actin) cycles. Twenty microliters of B-actin
primary PCR mixture was directly loaded onto an agarose gel without further
amplification. To amplify VB germ line transcripts (GT), 5 ul of cDNA from the
primary reverse transcription-PCR (RT-PCR) mixture was used as template for
seminested PCR. PCR amplification was performed for 30 s at 94°C, 45 s at
temperatures specific for each pair of primers, and 1 min at 72°C. Twenty-two to
30 cycles were normally used. PCR products were run on 1% agarose gels and
visualized by ethidium bromide staining. Quantification was performed using the
software IQ Mac version 1.2. Signals were first normalized to B-actin and ex-
pressed relative to that of the wild type, which was given the value of 1.0.

Rapid amplification of 5’ ¢cDNA ends (5" RACE). One microgram of DNase
I-treated total thymic RNA from various mice was reverse transcribed with
random hexamers by using the SMART RACE cDNA amplification kit (Clon-
tech, Palo Alto, Calif.), according to the manufacturer’s instructions. cDNA was
amplified according to the instructions for primary PCRs, with 2.5 ul of cDNA,
UPM, and VI13-5 (5'-CTGCTGGCACAGAGATAGGTGGCTGTGTC-3')
primers for 20 cycles. Five microliters of the primary reaction mixture (diluted
1:50 in Tris-EDTA buffer) was used in secondary PCRs with NUP and V13-4
(5'-CTGCTTTGCAGACTGGATCTTGAGAGTGGA-3") primers at 94°C for
5's, 68°C for 10 s, and 72°C for 3 min for 20 cycles. Twenty microliters of PCR
product was electrophoresed on a 1% agarose gel, followed by hybridization with
a VB13-specific probe.

RESULTS

Effect of promoter mutations on V(313-expressing T-cell de-
velopment. We constructed mutant mice in which a 1.2-kb
region, encompassing the known promoter and transcription
initiation site, but not the translation start codon, of the V313
gene segment, was deleted (P137/7) (Fig. 1A). The same pro-
moter region was also replaced with the SV40 minimal pro-
moter plus five copies of the Gal4 DNA sequences (P13%%) in
order to inactivate the promoter and potentially afford future
opportunities to target heterologous proteins to the site. The
effects of the promoter mutations on VB13 rearrangement and
expression were examined, using the flanking VB8.1 and V12
gene segments, each of which has its own independent pro-
moter, as controls.

In both homozygous P13/~ and P13®® mice, cell numbers
in the thymi and CD4 and CDS staining profiles of thymocytes
were indistinguishable from those of wild-type mice (Fig. 1B).
In peripheral lymphoid organs, the number of T cells, the
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TABLE 2. PCR conditions for assaying VB GT
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TCR VB segment

RT-PCR conditions

Nested PCR conditions

Primers VB8.1F and VB8.1R2; 62°C; 26X
Primers VB12F2 and VB12R; 58°C; 27X
Primers VB13F and VB13R2; 62°C; 28X

Vp8.1 Primers VB8.1F and VB8.1R1; 60°C; 15X
VB12 Primers VB12F1 and VBI12R; 56°C; 15X
V13 Primers VB13F and VB13R1; 60°C; 15X
B-actin Primers B-F and B-R; 60°C; 24X

relative ratio of CD4™" versus CD8™ T cells, and frequencies of
VB8.1- or VB12-expressing T cells were also similar between
wild-type and promoter-mutant mice (Fig. 1C and data not
shown). However, in contrast to wild-type mice, which had an
average of 2.7% Vp13-expressing T cells, very few V13" T
cells were detected in homozygous P137/~ or P13®® mice
(Fig. 1C). In heterozygous P13/~ and P13*/® mice, the per-
centage of VB13-positive T cells was reduced by half compared
to that in wild-type mice (Fig. 1C and data not shown). Thus,
the promoter mutations specifically impaired development of
VB13-expressing T cells.

Effect of promoter mutations on V313 rearrangement. To
investigate the mechanisms underlying the diminished VB13™
T-cell development, the effect of the promoter mutations on
VB13 rearrangement was examined by semiquantitative PCR
assays (Fig. 2A). Compared to levels in wild-type mice, CJ of
VB13 to DR1JB1.1 or to DBJR2.1 in total thymocyte DNA
were decreased approximately 2-fold in P13™/~ mice and 5- to
10-fold in P137/~ mice (Fig. 2B, left panel). In P13%® mice,
the levels of VB13 CJ were reduced approximately twofold.
Similar results were also obtained with DNA from purified DN
thymocytes (Fig. 2B, right panel), in which TCRp rearrange-
ment usually occurs and TCRB-expressing thymocytes have
not yet undergone B-selection (16). In contrast, there was no
significant difference in the levels of VB8.1 and VB12 CJ be-
tween wild-type and mutant mice. Sequence analysis of the CJ
products revealed that the frequencies and lengths of nucleo-
tide deletions and additions at the VB13-DB1JB1 junction
were indistinguishable among wild-type, P137/~, and P13®/R
mice (unpublished data). Despite the substantial VB13 rear-
rangements, both P137/~ and P13®® mice had virtually no
VB13-expressing T cells (Fig. 1C), indicating that the variable
gene promoter is required for efficient rearrangement as well
as expression of the rearranged products of specific variable
genes.

Effect of promoter mutations on V(313 allelic exclusion. To
investigate the effect of the promoter mutations on allelic ex-
clusion, functionally assembled TCR transgenes, encoding
both the a and B chains of a TCR called 2C (28), were intro-
duced into the promoter-mutant mice. As shown for other
TCRs, expression of the 2C TCR reduced the fraction of DP
thymocytes slightly and promoted T-cell development into ei-
ther the CD4 or CDS8 lineage (28). However, the number and
CD4 and CDS staining profiles of thymocytes were similar in
2C TCR transgenic mice on either the wild-type or the pro-
moter-mutant background (data not shown). As expected, ex-
pression of the TCR transgene blocked VB8.1 and VB12 CJ
formation in wild-type, P13*/~, P137/~, P137/®, and P13R*®
mice (Fig. 2C). Similarly, expression of the TCR transgene also
blocked the CJ formation of both the wild-type and the mutant
VB13 alleles in wild-type, P13™/~, P137/~, P13"/® and P13%/R
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FIG. 2. Promoter mutations diminish V313 rearrangement but not
allelic exclusion. (A) Schematic diagram of recombination reaction
and assays for CJ, SE, and SJ. Gene segments are shown as open boxes.
RSS are shown as open or filled triangles. Arrows indicate the position
and direction of PCR primers. (B) VB13 CJ formation is inhibited in
promoter-mutant mice. VB13, VB8.1, and VB12 CJ were amplified by
PCR in DNA from total or purified DN thymocytes of +/+, P13*/~,
P137/~, and P13®R mice. PCR products were separated on agarose
gels and then transferred and hybridized with specific V3 probes. DNA
from total or DN thymocytes of wild-type mice was serially diluted into
RAG27/~ kidney DNA and then amplified to determine the linear
range of the PCR assay. JAK3 was amplified to verify DNA quality and
relative amount. Numbers indicate the band intensities normalized to
that of JAK3. The level of rearrangement in wild-type DNA was
arbitrarily defined as 1. PCR assays were performed five times with two
independently isolated total thymocyte DNA samples and three times
with DN thymocyte DNA. Representative results from one set of the
PCR assays are shown. (C) VB13 CJ formation is inhibited by expres-
sion of a TCR transgene. VB13-to-DB1JB1 CJ of the wild-type (wt) or
the mutant (mt) VB13 allele were assayed separately using primers
specific for the promoter sequences in the wild-type allele or the loxP
sequences in the mutant allele, respectively. PCR assays for V8.1 and
VB12 rearrangements and for JAK3 were the same as in panel B.
Representative results from three independent assays are shown.
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FIG. 3. Expression of a TCR transgene abolishes VB13 SJ forma-
tion in promoter-mutant mice. (A) Analysis of VB13 SJ in various
types of mice. VB13-to-DB1 or -to-DB2 SJ were assayed by PCR in
thymocyte DNA from RAG2™/~ mice or +/+, P137/7, and P13R®
mice in the presence or absence of the 2C TCR transgene. Half of the
PCR products were digested with ApaLl before separation on agarose
gels. PCR products were hybridized with a VB13-specific oligonucle-
otide probe. Shown are representative data from three experiments.
(B) Comparison of the levels of V13 SJ in wild-type and promoter-
mutant mice. DNA samples were serially diluted and then used to
assay for VB13-to-DB1 or -to-DBR2 SJ. Numbers indicate the band
intensities normalized to that of JAK3. The level of V13 SJ in wild-
type DNA was arbitrarily defined as 1. Shown are representative data
from three experiments.

mice. When a TCRB transgene alone was introduced into
P13™/~ mice, rearrangement of both the wild-type and the
mutant VB13 allele was also inhibited (data not shown). Thus,
in the absence of the normal variable gene promoter, the V313
gene segment appears to undergo allelic exclusion.

Effect of promoter mutations on V313 SJ formation. During
V(D)J recombination, SE are joined to form SJ (Fig. 2A). The
diminished VB13 rearrangement in promoter-mutant mice is
expected to be accompanied by a corresponding decrease in
V13 SJ. In wild-type mice, SJ resulting from VB13-to-DB1 or
-to-DB2 rearrangements were readily detected (Fig. 3A, lanes
14 to 17). Most of these SJ were cleaved by ApaLl (lane 13),
indicating precise joining of two SE. In the presence of the
TCR transgene, only a low level of VB13-to-DR1 SJ was de-
tected (lanes 11 and 12), consistent with inhibition of VB13
rearrangement under allelic exclusion. In both P13/~ and
P13®® mice, VB13 (to DB1 or to DB2) SJ were detected, but
the levels were reduced approximately nine- and threefold,
respectively, compared to those in wild-type mice (Fig. 3). As
in wild-type mice, the majority of these SJ were cleaved by
ApaLl. In the presence of the TCR transgene, no VB13 SJ
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were detected in the promoter-mutant mice (Fig. 3A, lanes 3,
4,7, and 8). Thus, diminished V13 rearrangement in promot-
er-mutant mice is associated with a corresponding reduction in
the level of VB13 SJ, in either the presence or the absence of
a TCR transgene.

Effect of promoter mutations on V13 cleavages. To exam-
ine whether reduced VB13 CJ and SJ formation in promoter-
mutant mice is associated with diminished VB13 cleavage, we
measured the levels of VB13 SE in thymocyte DNA using
LM-PCR (Fig. 2A). Compared to that in wild-type mice, a
similar level of VB13 SE was detected in P13®/® mice, whereas
the level of VB13 SE in P137/~ mice was reduced approxi-
mately threefold (Fig. 4A). In general, the same relative levels
of VB13 SE were detected in wild-type, P13/, and P13®/®
mice using independently isolated DNA samples, although
there were variations in specific amounts of SE detected in
different experiments. The smaller-than-expected reduction in
SE in P137/~ and in P13®® mice could be because the LM-
PCR assay for SE is not as sensitive as PCR assays for CJ and
SJ. As a result, the assay may not be sufficiently sensitive to
detect the difference in VB13 SE corresponding to a twofold
difference in VP13 rearrangement in P13%® mice. It is also
possible that in P13®/R mice the introduced Gal4 sequences
and SV40 minimal promoter may have impaired VB13 CJ
formation without significantly affecting V13 cleavage. Nev-
ertheless, in P137/~ mice, the reduced VB13 rearrangement is
correlated in large part with a reduced level of VP13 cleavage
(accessibility).

VB13 cleavages under allelic exclusion. Allelic exclusion is
associated with an inhibition of variable gene cleavage (33).
Corresponding to the block of CJ formation, no VB13 SE was
detected in thymocyte DNA of TCR transgenic mice on the
wild-type background (Fig. 4B and C). In 2C* P13/~ mice,
although a V13 cleavage product was consistently detected,
the level was reduced approximately 15- to 20-fold and another
3-fold compared to those in P13/~ and wild-type mice, re-
spectively. Noticeably, the size of the cleavage products was
altered compared to that in P13~/ mice (Fig. 4A and C).
Similarly, VB13 cleavage products were detected in 2C*
P13®® mice, but the levels varied considerably in independent
experiments using thymocyte DNA from different mice, de-
spite our best efforts (Fig. 4A and data not shown). Because
the sizes of PCR products varied in some of the assays with
different DNA, the PCR product may represent amplification
of rare cleavage products. Nevertheless, in all 2C* P137/~ and
2C* P13®/® samples analyzed (>5 for each), VB13, but never
VB8.1 or VB12, cleavage products were always detected (Fig.
4 and unpublished data). When a different TCR transgene was
expressed in P13/~ mice, a low level of VB13 cleavage prod-
ucts was also detected (data not shown).

VB13 cleavage products were cloned and sequenced. In
wild-type mice, among 31 VB13 SE products sequenced, 26
started with the heptamer (CACAGTA) at the 5" end (Table
3), 3 started with ACTCAGA 8 nucleotides downstream of the
heptamer (the first C of the heptamer is counted as nucleotide
—1), and 2 started within the VP13 coding sequences. These
results indicate that the majority of VB13 cleavages in wild-
type thymocytes occur precisely at the junction between RSS
and coding sequences and only a small fraction of the cleavages
is imprecise (13%). As in wild-type mice, most of V13 SE in
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TABLE 3. Comparison of V13 cleavage sites in wild-type and

A 2C'P13* P13+ 2C'P13W P13 4 promoter-mutant mice
B i E 2ay g fay E aa E% @2 ,N_g @a E Genotype Cleavage site® No. sequenced % Aberrant cleavages
VB13 = Suew DB O Oow +/+ CACAGTA (Hep) 26 13
u 28 23 B8 _o3 CTCCACT (+68) 1
c s ~o - o © S o CACCTAT (+26) 1
JAKS w- - = - L ACTCAGA (-8) 2
Sl . P13/~ CACAGTA (Hep) 23 18
- _— TR ACTAACT (+73) 3
vp13 See "z S (- ACTCAGA (~8) 2
3 3§ B8 8§88 - E 2C* P137/~ ACTAACT (+73) 5 100
S Scso oo = oo S CACTCTC (+65) 19
JAKS = - = - e ACTCCTC (+69) 3
CACCTAT (+26) 2
ACTCAGA (-8) 1
B + 2CH, +4+  ++ 2C*, +i+ PI3RR CACAGTA (Hep) 10 47
= = B ~ B ~ 3 ~ ACTAACT (+73) 2
FRaTgnavsn@d e ACTCCAC (+69) 3
_ . ACACAGC (+33) 3
VB3 e - ACTCAGA (-8) 1
2C* P13RR ACTAACT (+73) 2 100
WIS . = - = CACTCTC (+65) 8
ACACAGC (+33) 2
ACTCAGA (-8 10
c __RAGI* DN (=8)
%: B P13* P13%* P13% P13+ 44 P13+ “ Boldface indicates the normal heptamer (Hep) of RSS.
a
SEQ-8- RR8RK8- 8-
= -nn-
V13 -8= &% » cycles RSS. Furthermore, in P13®/R mice in the absence of the TCR

» ol lod.
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FIG. 4. Expression of a TCR transgene fails to abolish V313 cleav-
ages in promoter-mutant mice. (A and B) Comparison of the levels of
V13 SE in wild-type and promoter-mutant mice. The levels of V313
SE were assayed by LM-PCR in thymocyte DNA from +/+, P137/,
and P13®/R mice with or without the TCR transgene. DNA was either
undiluted (undil) or serially diluted (every threefold) and then ampli-
fied. PCR products were separated on agarose gels and hybridized with
an oligonucleotide probe. JAK3 was amplified as in Fig. 2B and then
hybridized with an oligonucleotide probe. Numbers indicate the band
intensities normalized to that of JAK3. The level of VB13 SE in
wild-type DNA was arbitrarily defined as 1. Shown are representative
data using two sets of independently isolated DNA samples of each
genotype. (C) VB13 cleavages in TCR transgenic promoter-mutant
mice are RAG1 dependent. VB13 SE were assayed by LM-PCR in
thymocyte DNA of RAG2™/~ mice, +/+, P13*/~, and P13~/ mice
with or without the 2C TCR transgene and 2C* P13/~ RAG1~/~ and
2C* P13*~ RAG1~/" mice. Lanes 13 and 14 are DNA from purified
DN thymocytes of 2C* P137/~ and P13/~ mice, respectively. One set
of PCR assays was carried out for 27 cycles, and the other set was
carried out for 40 cycles. Shown are representative data from three
experiments.

P137/~ mice were derived from precise cleavages at the V13-
RSS junction, and a similar fraction of the cleavages was ab-
errant (18%). In contrast, in the presence of the TCR trans-
gene, all 30 VB13 cleavage products in P137/~ mice were
derived from imprecise cleavages either within the V313 cod-
ing sequences or the RSS. Similarly, in 2C* P13®® mice, all 24
VB13 cleavage products sequenced were derived from impre-
cise cleavages within either the VB13 coding sequences or the

transgene, among 19 VB13 SE products sequenced 9 were
derived from aberrant cleavages (47%).

Although cleavage products that have ends starting within
the RSS might have been generated by nuclease processing of
SE derived from cleavage at the normal VB13-RSS junction,
the postcleavage processing of normal SE does not generate
products that have ends starting within VB13 coding se-
quences. The aberrant V13 cleavages observed in TCR trans-
genic promoter-mutant mice are RAG dependent, because in
the absence of RAGI1 no VB13 cleavage products were de-
tected in thymocytes of 2C* P137/~ or 2C* P13*/™ mice, even
when PCRs were carried out for 40 cycles (Fig. 4C, lanes 7 to
11). In addition, the aberrant VB13 cleavage products were
detected in both DN and DP thymocytes of 2C* P137/~ and
2C* P13®® mice (Fig. 4C, lanes 13 and 14, and data not
shown). Thus, the observed VB13 SE in TCR transgenic pro-
moter-mutant mice most likely reflects rare aberrant cleavages
of VB13, consistent with a lack of VB13 CJ and SJ formation.

Effect of promoter mutations on V13 GT. To examine the
effect of the promoter mutations on VB13 transcription, we
measured the levels of VB13 GT in thymocytes by RT-PCR.
VB13 GT was readily detected in wild-type thymocytes (Fig.
5A, lanes 17 to 19). In the presence of the 2C TCR transgene,
the level was decreased approximately 10- to 20-fold (lanes 2 to
4), consistent with previous observations (6, 26). In P13/~
thymocytes, the levels of V13 GT were about fivefold lower
than in wild-type mice (lanes 5 to 7). In the presence of the
TCR transgene, the level was further reduced two- to threefold
(lanes 8 to 10). Similarly, the level of VB13 GT was about
fivefold lower in P13®® mice than in wild-type mice (lanes 11
to 13). However, expression of the TCR transgene in P13®/®
mice did not result in any further reduction in the levels of
VB13 GT (lanes 14 to 16). As controls, similar levels of V12
and VB8.1 GT were detected in thymocytes of wild-type,
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FIG. 5. Initiation sites of V13 germ line transcription are altered
by the expression of a TCR transgene. (A) VB13 germ line transcrip-
tion occurs in promoter-mutant mice. GT of V13, VB12, and VB8.1
were assayed by nested RT-PCR in thymocyte RNA from +/+,
P137/~, and P13®R mice with or without the 2C TCR transgene.
cDNA was serially diluted before the PCR assay. The levels of B-actin
transcript were assayed to verify RNA quality and relative amounts.
Numbers indicate the band intensities normalized to that of B-actin.
The level of VB13 GT in wild-type thymocytes was arbitrarily defined
as 1. Data from two separate experiments are shown. (B) Initiation
sites of VB13 germ line transcription are altered by the expression of
a TCR transgene. RNA from +/+, P137/7, P13®*® and RAG2™/~
mice with or without the 2C TCR transgene was reverse transcribed
into cDNA. The initiation sites were then determined by RACE-PCR
using the cDNA samples. PCR products were separated on agarose
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P137/~, and P13®® mice. Expression of the TCR transgene
resulted in a 10- to 20-fold decrease in the levels of VB12 and
VB8.1 GT in wild-type and P13™/~ mice, but somewhat less in
P13®® mice. Thus, germ line V13 is transcribed in the ab-
sence of the normal promoter, and most of the residual tran-
scription is inhibited by the expression of a TCR transgene in
P137/~, but not in P13%'R, mice.

In promoter-mutant mice, a 1.2-kb region including the
known promoter and transcription initiation site was deleted
or replaced. V13 GT in P13®® mice might have been initi-
ated from the SV40 minimal promoter that was used to replace
the endogenous promoter. However, VB13 GT in P13/~ mice
must have been initiated from previously unknown sites up-
stream of the VB13 coding sequence. To map the transcription
initiation sites in the absence of the normal promoter, we
carried out RACE assays. In RAG2™/~ thymocytes, most
VB13 transcription was initiated from one major site (Fig. 5B,
lane 8), which corresponds to the correct promoter and is
consistent with a previous report (2). In P13/~ and P13®/®
thymocytes, however, two major RACE products were de-
tected (lanes 4 and 6), suggesting that V13 transcription is
initiated from two major sites. Noticeably, in the presence of
the TCR transgene, the sizes of the RACE products were
dramatically altered in RAG2™/~, P137/~, and P13®/R mice.
Based on the sizes and sequences of the RACE products (data
not shown), most VB13 transcription initiation sites were
mapped to the normal promoter region in RAG2™'~ and wild-
type mice (Fig. 5C) and to a 1.5-kb region immediately up-
stream of the normal promoter in P137/~ and P13®/® mice.

DISCUSSION

The variable gene promoter is required for efficient V3
cleavage, rearrangement, and transcription. In mice, the V13
gene segment resides approximately in the middle of the V@
cluster and is closely flanked by VB8.1 and VB12 gene seg-
ments (22). In the promoter-mutant mice, V8.1 and VB12
rearrangements were not significantly affected, as indicated by
their normal cleavage, joining, allelic exclusion, and expres-
sion. In contrast, deletion of the V313 promoter resulted in a
significant reduction of VB13 CJ formation (5- to 10-fold)
(Table 4). Correspondingly, the levels of VB13 SJ, SE, and GT
were reduced ~9-, ~3-, and ~5-fold, respectively. The smaller-
than-expected reduction in the levels of VB13 SE could be due
to the limitations of semiquantitative LM-PCR assays for
steady-state levels of SE. Furthermore, the residual VB13 re-
arrangements in P13/~ mice had normal levels of nucleotide
deletions and additions, indicating that the promoter deletion
did not affect the recombination reaction per se. Together,

gels and hybridized with a VB13-specific probe. The sizes of the
marker DNA are indicated. Shown are representative data from three
experiments. (C) Schematic diagrams of initiation sites of V13 GT in
various mice. PCR products from the experiment shown in panel B
were cloned and sequenced (results not shown). The initiation sites
were determined based on sequencing and the sizes of the PCR prod-
ucts in panel B. The leader and VP13 exon are depicted. Triangles
indicate loxP sequences. Open circles represent five copies of Gal4
sequences plus the SV40 minimal promoter. The higher arrows indi-
cate the major initiation sites.
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TABLE 4. Reduction of VB13 CJ, SJ, SE, and GT in P137/~ and
P13®/R mice compared to wild-type mice

Fold reduction

Segment
P13/~ 2C* P137/~ P13RR 2C* PI13RR
CJ 5-10 ND“ 2 ND
SJ 9 ND 3 ND
SE 3 45-60 No 2-10
change
GT 5 10-15 5 5

“ND, not detectable.

these findings suggest that the variable gene promoter regu-
lates VB rearrangement by promoting access of its associated
VB gene segment to RAG-mediated cleavage.

Studies have shown that the V8 gene segments themselves
as well as the sequences between gene segments are associated
with acetylated histones in DN thymocytes (35). Based on
these data, the presence of a global regulator has been pro-
posed to control the accessibility of the entire VB cluster (35).
While the putative global regulator might have contributed to
the residual VB13 accessibility and rearrangement observed in
P137/~ mice, our results strongly suggest that the individual
promoter also plays a critical role in targeting specific VB gene
for rearrangement. Previously, our investigators have shown
that when the VB13 gene segment together with the promoter
were inserted upstream of the DB1 gene segment, the inserted
VB13 gene segment rearranged at the same frequency as the
natural copy (29). Together, these findings strongly suggest
that the variable gene promoter plays an essential role in reg-
ulating local access of gene segments for rearrangement.

Regulation of local recombination accessibility by the vari-
able gene promoter is analogous to the PDB1 promoter that
regulates access and rearrangement of the proximal DB1 and
JB1, but not the distal DB2 and JB2, gene segments (22, 40,
41). Thus, a general mechanism of promoter control of V(D)J
recombination is probably by regulating local accessibility. The
local control of accessibility may also contribute to the ob-
served differences in usages and recombination efficiencies
among different VB gene segments (21). Different VB promot-
ers share conserved sequence motifs but also exhibit significant
sequence differences (2, 12). The conserved cis elements may
contribute to the overall regulation, and the different cis ele-
ments may underlie the differences among gene segments. As
in the TCRp locus, each variable gene segment in other anti-
gen receptor loci is associated with its own promoter. It is
possible that these promoters also regulate their associated
variable gene rearrangement by a similar mechanism (3).

A critical role of the variable gene promoter in mediating
VB cleavage, joining, and allelic exclusion is further supported
by the differences observed between the deletion and replace-
ment mutations of the VB13 promoter. Higher levels of V313
CJ and SE were observed in P13®/® mice than in P13~/ mice
(Table 4), indicating that the inserted SV40 minimal promoter
and/or Gal4 sequences can partly compensate for the loss of
the normal promoter. However, no significant difference in the
level of VB13 SE was detected between P13®® and wild-type
mice. Several nonexclusive mechanisms could account for this
discrepancy. First, the LM-PCR assay may not be sufficiently
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sensitive to detect differences in SE corresponding to twofold
differences in VP13 rearrangement. Consistent with this pos-
sibility, reduction of VB13 SE in P13/~ mice was also less
than expected from the reduction in the levels of V313 CJ and
SJ. Second, VB13 SJ could be recleaved, resulting in an ele-
vated level of SE. Third, some of the VB13 cleavages may not
lead to CJ formation either because the normal variable gene
promoter is required for efficient CJ formation or because the
cleavages were aberrant. In support of the latter possibility, a
significantly higher fraction of VB13 cleavages in P13®/® mice
was imprecise, and these cleavages did not contribute to CJ
formation as indicated by PCR amplification and sequencing
(unpublished data). Regardless of the precise mechanisms, the
observed differences in VP13 cleavage and rearrangement in
P13/~ and P13®® mice suggest a critical influence of the
sequences in the promoter region on V[ accessibility and
cleavage.

The variable gene promoter is not required for allelic exclu-
sion. One of the remarkable regulations of antigen receptor
gene assembly is allelic exclusion. TCRp allelic exclusion is
controlled at the step of VB gene rearrangement and is initi-
ated by expression of the pre-TCR complex, consisting of
TCRB, pTa, and CD3 proteins (39). Studies have shown that
TCRp allelic exclusion is associated with changes in V@ chro-
matin structures and accessibility to nuclease (6, 17, 26, 35).
However, cis elements that mediate allelic exclusion are not
known. When the VB13 gene segment together with the pro-
moter were inserted upstream of the DB1 gene segment, the
inserted VB13 gene segment continued to rearrange in the
presence of a TCR transgene expression (29), indicating that
the promoter alone is not sufficient to mediate allelic exclusion.
Complementary to this observation, we have now shown that in
the absence of the normal promoter in both P137/~ and
P13®® mice, VB13 rearrangement was excluded by the expres-
sion of a TCR transgene. These findings suggest that the nor-
mal variable gene promoter is dispensable for allelic exclusion.

Unexpectedly, VB13 cleavage products were detected in
both 2C* P13/~ and 2C* P13®*'® mice (Fig. 4). Although the
levels of cleavage were variable and low, especially in 2C*
P137/~ mice, VB8.1 and VBI12 cleavage products were never
detected in the same DNA samples. The more-abundant cleav-
ages in 2C" P13®/R mice seem to correlate with a higher level
of germ line VB13 transcription and a lack of inhibition of this
transcription by the TCR transgene. Although RAG depen-
dent, all VB13 cleavages in 2C* P13/~ and 2C* P13®'® mice
took place within VB13 coding sequence and RSS and did not
result in CJ or SJ formation, suggesting aberrant cleavage of
the VB13 gene segment alone. In addition, we found that
initiation sites of V13 germ line transcription were altered by
the expression of the TCR transgene in RAG2 ™/~ mice as well
as in P137/~ and P13®® mice. Because of the promoter mu-
tations, the initiation sites and their alterations following TCR
transgene expression were different between wild-type and mu-
tant mice. These differences might underlie the occurrence of
aberrant VB13 cleavages in promoter-mutant mice. Consistent
with this hypothesis, a recent study showed that D1 accessi-
bility in a recombination substrate is determined by position
and orientation of the PDB1 promoter but not by histone
acetylation (30).

Because of the low frequency and variability, the implication
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of the observed aberrant VB cleavages on the role of the
variable gene promoter in V(D)J recombination is unclear at
the present time. Findings reported here suggest a need to
further investigate whether the variable gene promoter sup-
presses aberrant V@ cleavage during allelic exclusion. Impor-
tantly, our findings, for the first time, demonstrate that the
normal variable gene promoter is required for efficient cleav-
age, rearrangement, and transcription of its associated Vf
gene segment, but not for allelic exclusion.
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