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ABSTRACT To assess the role of transcriptional enhanc-
ers in regulating accessibility of the T-cell receptor B-chain
(TCRp) locus, we generated embryonic stem cell lines in which
a single allelic copy of the endogenous TCRf enhancer (E)
was either deleted or replaced with the immunoglobulin
heavy-chain intronic enhancer. We assayed the effects of
these mutations on activation of the TCRp locus in normal
T- and B-lineage cells by RAG-2 (recombination-activating
gene 2)-deficient blastocyst complementation. We found
that EB is required for rearrangement and germ-line tran-
scription of the TCRp locus in T-lineage cells. In the absence
of EB, the heavy-chain intronic enhancer partially sup-
ported joining region B-chain rearrangement in T- but not
in B-lineage cells. However, ability of the heavy-chain in-
tronic enhancer to induce rearrangements was blocked by
linkage to an expressed neomycin-resistance gene (neo”).
These results demonstrate a critical role for ES in promot-
ing accessibility of the TCRp locus and suggest that addi-
tional negative elements may cooperate to further modulate
this process.

During the early stages of lymphocyte development, immu-
noglobulin and T-cell receptor (TCR) variable region (V)
genes are assembled from germ-line gene segments by the
variable, diversity, joining (VDJ) recombination process (1,
2). Both immunoglobulin and TCR variable region gene
segments are assembled by a common V(D)J recombinase
(3-5); however, V(D)J recombination is regulated with
respect to both lineage and developmental stage, as well as
in the context of allelic exclusion (5). Such regulation is
achieved by modulating accessibility of the different germ-
line antigen receptor loci to the common V(D)J recombinase
(3), a process that, within V(D)J recombination substrates,
has been correlated with the activity of transcriptional
enhancer elements (6-11).

Transgenic experiments have clearly demonstrated that the
heavy-chain intronic enhancer (En) and TCRp enhancer (EB)
elements can promote rearrangement of V(D)J recombination
substrates in normal developing lymphocytes (7-9). The func-
tion of enhancer elements in promoting endogenous immu-
noglobulin gene rearrangements has also been assessed by
gene-targeted mutation (12-14). Specific deletion of Eu de-
creased but did not eliminate endogenous immunoglobulin
heavy-chain joining region (Jy) rearrangements (12). In con-
trast, replacement of Ex with a neomycin-resistance gene
(neo*) led to a more substantial inhibition (13). Together, these
two studies suggested that an inserted neo® gene may interfere
with recombination by inhibiting additional cis regulatory
elements that act in concert with Eu to provide full rearrange-
ment potential.
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The minimal TCRB enhancer is located within a 0.5-kb
DNA segment that lies 7 kb 3’ of the constant region B-chain
2 (CB2) region. This enhancer was defined by its ability to
activate a heterologous promoter in a T-cell-specific manner
(15, 16). Furthermore, the minimal EB was shown to function
similarly to Ep in promoting accessibility of a transgenic
mini-locus V(D)J recombination substrate in developing T-
and B-lineage cells (8, 9). To elucidate the potential role of EB
in controlling accessibility of the endogenous TCRp locus, we
generated enbryonic stem (ES) cells heterozygous for muta-
tions in which this element was either specifically deleted or
replaced by Ex with or without a neo' gene. We then used
recombination-activating gene 2 (RAG-2)-deficient blastocyst
complementation (17) to assay effects of these mutations on
TCRpB gene rearrangement and expression.

MATERIALS AND METHODS

Targeting Vectors. A BamHI-Bgll DNA fragment contain-
ing EB was isolated from a 129vs EMBL3 genomic library and
cloned into pBluescript (Stratagene). To generate the pEBKO
targeting vector, neo® driven by the phosphoglycerate kinase
gene (PGK-1) promoter (18), flanked by the loxp sites (lox-—
neo®) (20), was cloned between the Hpal and Ncol sites of the
BamHI-Bgll genomic fragment, thereby deleting the minimal
TCRp enhancer. The final pEBKO plasmid was obtained by
cloning a thymidine kinase gene (tk) driven by the PGK-1
promoter (19) into the Sall site located between the genomic
and plasmid sequences (Fig. 14). To generate the pESR
replacement vector, the loxP-neo" cassette linked to a 700-bp
Xbal-EcoRI fragment containing the Eu enhancer (22, 29)
was cloned between the Hpal and Ncol sites of the BamHI-
Bgll genomic fragment, thereby replacing EB by Eu plus the
loxP-neo* cassette. The final pEBR plasmid was obtained by
cloning the PGK~tk cassette into the Sall site located between
genomic and plasmid sequence (Fig. 14).

Generation of Targeted ES Cells. Approximately 20 ug of
a given targeting construct was transfected into CCE ES
cells, and homologous recombinants were selected as de-
scribed (19). To delete the PGK-neo cassette from the
targeted TCRp locus, we transiently transfected a cytomeg-
alovirus (CMV) promoter-driven cre expression vector
(CMV-cre) (20, 21) into targeted ES cell clones under
described conditions and identified specifically deleted sub-
clones by Southern blot analyses (13).

Southern and Northern Blot Analyses. Southern and North-
ern blot analyses were performed as described (13).

Abbreviations: TCRpB, T-cell receptor B-chain; Eg, TCRg enhancer;

V(D)J, variable (diversity) joining; Ep, heavy-chain intronic enhancer;

ES, embryonic stem; RAG, recombination-activating gene; Cf, con-

stant-region beta chain.
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P-75724, Paris, Cedex 15, France.



7872

Immunology: Bories et al.

A

Proc. Natl. Acad. Sci. USA 93 (1996)

0L lox n;)— lox
— p:‘mm EBKONeo
R\ /
-
cp2 \ EP / Vp14
——rm wild type
i NIl
i : AT .
/o \\
CRE deletion = EBRNeo
e lox  neo lox
lox
n EBKOA
\ -
cp2 Vp14
[ VI I wild type
; L N T
T — Probe B
EBRA
u lox

v hdoa o Targeted —%» ¢

probe A

probe B

Fic. 1. Targeted mutations of the EB region. (4) Representation of EB mutations. EBKONeo, neo* replacement; EBRNeo, Eu plus neo”
replacement; EBKOA, EB deletion; and EBRA, Eu replacement. EB is represented by an open box, CB2 and V14 by hatched boxes, loxP sequences
by bold bars, neo* by hatched bars, and Eu (700-bp Xbal-EcoRI fragment) by an open bar. Arrows indicate the transcriptional orientation of the
neo® gene. Restriction sites are as follows: R, EcoRI; B, BamHI: Hp, Hpal; Nc, Ncol; Sc, Sacl. Probe A is a XmnI-Sall [from the Xmnl site up
to the poly(A) site] CB2 cDNA fragment and probe B is a HindIII-Bg/II genomic DNA fragment. (B) Southern blot analysis of the targeted ES
cells. I-8 and C-5 are EBKONeo ES cell clones; A-10 and A-23 are EBRNeo ES cell clones. Control DNA was extracted from wild-type CCE ES
cells. (Left) EcoRI-digested DNA was assayed for hybridization with probe A. The wild-type (10.5 kb) and targeted (EBKONeo: 8.8 kb and EBRNeo:
9.5 kb) alleles are indicated. (Right) DNA was digested with BamHI plus Sacl and assayed for hybridization to probe B. The wild-type (10 kb) and
targeted (9 kb) alleles are indicated. (C) Southern blot analysis of the cre-deleted clones. I-8A and C-5A clones were derived from I-8 and C-5;
A-10A and A-23A clones were derived from A-10 and A-23. DNA was digested with BamHI plus Sacl and assayed for hybridization with probe

B (Upper) and a neo* probe (Lower).

Generation and Analysis of Chimeric Mice. Heterozygous
mutant ES cells were injected into RAG-27/~ blastocysts to
generate chirheric mice, and chimerism was evaluated as
described (17). To generate B cells, spleen cells were cultured
in RPMI 1640 medium/15% fetal calf serum (Sigma)/and
bacterial lipopolysaccharide (20 pg/ml) for 4 days. More than
98% of the resulting cells were B220* (data not shown). To
generate T cells, spleen cells were cultured in RPMI 1640
medium/15% fetal calf serum (Sigma), ConA at 10 pg/ml
(Sigma)/recombinant interleukin 2 at 100 units/ml for 5 days.
More than 98% of the resulting cells were Thy-1* (data not
shown). .

DNA PCR Assays. For standard PCRs, 1 ug of DNA was
amplified in 50 pl of 200 mM TrissHCl, pH 8.8/100 mM
(NH4)2S04/100 mM KCl/20 mM MgSO,/1% Triton X-100/
bovine serum albumin at 0.2 mg/ml/0.5 units of Taq polymer-
ase (Perkin—-Elmer)/1 mM of each dNTP/100 ng of each
primer for 32 cycles (1 cycle: 94°C for 30 sec, 57°C for 2.5 min,
72°C for 2.5 min), then incubated at 72°C for 10 miin. For long
PCRs (see Fig. 4), 1 ug of DNA was amplified as described
above, except that we used 5 units of Taq polymerase (Perkin—

Elmer) and 5 units of Taq extender (Stratagene) for 32 cycles
(1 cycle: 94°C for 30 sec, 65°C for 3 min, 72°C for 3 min), then
incubated at 72°C for 10 min. One-tenth of each PCR was run
on a given gel.

RNA PCR Assays. RNA was prepared as described (23).
RNA (5 pg) was incubated for 30 min at 42°C in 50 ul of 50
mM Tris-HCl, pH 8.3/75 mM KCl/10 mM MgCl,/0.5 mM
spermidine/10 mM dithiothreitol/4 mM sodium pyrophos-
phate/1 mM of each dNTP/50 units of RNasin ribonuclease
inhibitor (Boehringer Mannheim)/0.5 pg of primers/50
units of aviari myeloblastosis virus reverse transcriptase
(Boehringer Mannheim). Four microliters of this reaction
was amplified under the same conditions as for standard
DNA PCRs. One-tenth of the reaction was assayed on a
given gel.

Oligonucleotides. Oligonucleotides used were as follows:
5'DB1, GAC AAA CCT CTC TGC CAC CTG TCT C; 5S'EB,
CCA GCT CCA GAC ACA CAC ATT GTG A; DB-130, TGG
TTT CTT CCA GCC CTC AAG; VB14-510, TCT AAG CTT
AAA TCA AGC CCT AAC CTC TAC; VB14-810, TCA
GCC AGG AAT TCA GTG GC; 3182, CAT CCT TCC TCT
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GAT TAC; 5'JB1.1, CTC CTC ATC CTA TGG CAC; CB3’,
GAT CTC ATA GAG GAT GGT TGC AGA C; pCB, CCA
CCA GCT CAG CTC CAC GTG GTGC; 5'Act, AGA GCT
ATG AGC TGC CTG ACG GCG; 3'Act, AGT AAT CTCCTT
CTG CAT CCT GTG; pAct, GTC ATC ACT ATT GGC AAC
GAG CGG; Lox, GGC CGC TAA TTC CGA TCA TAT TC.

RESULTS

Generation of ES Mutant ES cells. We used a gene-
targeting approach to generate CCE ES cells in which a single
copy of the endogenous EB was replaced with either a neo®
gene or with a neo gene linked downstream of the core En
element (Fig. 14). In both cases, neo™ gene was flanked by loxP
sites. Multiple independent targeted clones were obtained.
Two independent clones that harbored the neo* replacement
(I-8 and C-5) and two that harbored the Eu/neo* replacement
(A-23 and A-10) were selected for further analysis (Fig. 1B).
These two types of mutant ES cells will be referred to as
EBKOrneo and EBRneo, respectively.

To more specifically modify the endogenous TCRp locus, we
used the cre-loxP system (20, 21) to delete neo* from the
mutated TCRp locus, leaving only an inserted 82-bp sequence
consisting of the loxP and flanking vector sequence (refs. 20
and 21; M. Cogne and F.W.A., unpublished results). For this
purpose, we transiently transfected given clones with a CMV-
cre expression vector, resulting in excision of the neo” gene in
2-10% of the transfected cells (Fig. 1C; data not shown). By
this procedure, we generated two subclones (I-8A and C-5A)
in which the EB was specifically deleted and two subclones
(A-23A and A-10A) in which the EB was specifically replaced
with Ep (Fig. 1C). The two types of targeted/neo*-deleted
subclones will be generally referred to as EBKOA and EBRA,
respectively.

Inhibition of TCRP Rearrangement by Ef Deletion and
Rescue by Ep Replacement. EBKOA, EBRneo, and EBRA
heterozygous mutant ES cells were independently injected into
RAG-27/~ blastocysts, and the T- and B-cell populations of
the resulting chimeric mice were assayed for effects of the
mutations on expression and rearrangement of the TCRB
locus. To detect DB1JB1 and DB1JB2 rearrangements, we
assayed HindIII-digested genomic DNA for hybridization to a
Dp1-specific probe {probe C; Fig. 24; Fig. 2B Upper). A similar
strategy was used to assay for DB2JB2 rearrangements (probe D;
Fig. 2A; Fig. 2B Lower) and gave results completely in accord
with those of the DB1JB81/DB1JB2 analyses. However, analyses
of JB2 rearrangements were not as informative as those of JB1
because the JB2 portion of the locus is not completely rearranged
in many normal T-lineage cells (Fig. 2B Lower).

The majority of wild-type thymocytes and splenic T cells had
deleted the germ-line DB-hybridizing fragment, as expected,
because of rearrangement of both J B alleles, whereas wild-type
B-lineage cells retained this region in germ-line configuration
(Fig. 2B Upper). Strikingly, thymocytes and splenic T cells
from EBKOA chimeras retained a strong germ-line band and
showed no detectable DB1JB1 or DB1JB2 rearrangements
(Fig. 2B Upper). Quantitative PCR assays confirmed that the
level of DJB rearrangements in mature EBKOA T cells was
50-fold lower than in wild-type T cells (data not shown). Since
most thymocytes and mature T cells had at least reached
CD4*/CD8* double-positive stage (data not shown), they
must have undergone a functional VDJB rearrangement on
one chromosome (25, 26). Therefore, in contrast to normal T
cells, which have rearranged both TCR} alleles, most EBKOA
T cells have a VDJB rearrangement on one allele and no
rearrangemeiit on the other.

We could not detect rearrangements of the endogenous
TCRB locus in T- or B-lymphocytes from EBRreo chimeric
mice (Fig. 2B). Strikingly, however, we detected a signifi-
cant, although incomplete, level of DB1JB1, DB1JB2, and
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FiG. 2. Analysis of DB-to-JB rearrangements of EB-mutated al-
leles. (4) Representation of the TCRB locus. The DB and J B segments
are indicated by vertical bars, and constant regions are represented by
open boxes. HindIII (H) and Sacl (Sc) sites are indicated and the
locations of probe C (PstI-Bglll fragment; ref. 7) and probe D (CB1
cDNA fragment; ref. 24) are shown by thick lines. (B) Southern blot
analysis of DNA from thymus, T cells, and B cells of B6CBA, EBRA,
EBRNeo, and EBKOA chimeric mice. (Upper) DNA was digested with
HindIIl and assayed for hybridization with probe C. Bands corre-
sponding to germ-line (9.5 kb), DB1-JB1 (8.5-7 kb), and DB1-IB2
(4.5-3.5 kb) alleles are indicated by arrows. (Lower) DNA was digested
with Sacl and assayed for hybridization to probe D. The arrows show
the position of bands corresponding to nonrearranged (11 kb) and
Dp2-JB2-rearranged (10 kb) alleles.

DpB2JB2 rearrangements in thymocytes and T cells of EBRA
chimeric mice (Fig. 2B). This finding indicates that after
removal of the neo’ gene, the inserted Ep can function in the
absence of EB to stimulate endogenous TCRB gene rear-
rangements. However, we did not detect DBJB rearrange-
ments in B cells by Southern blot analyses (Fig. 2B), although
very low levels could be observed in DNA from EBRA B cells
by PCR (data not shown). Thus, insertion of Eu does not
promote substantial rearrangement of the TCRp locus in
developing B cells.

VB14 Rearrangement Is Inhibited on the EBKO Allele and
Restored on the EBRA Allele. To determine which allele of
the mutated T cells was actually rearranged, we designed a
PCR assay to detect VB14DB1JB rearrangements on the
mutated and wild-type alleles (Fig. 34). Amplification of
heterozygous mutant ES cell DNA with primers VB-510 and
5'EB confirmed that both types of nonrearranged, mutated
alleles and nonrearranged wild-type alleles can be detected
and discriminated both by size and by differential hybrid-
ization to a loxP versus a VB14 probe (Fig. 3B, lanes 1 and
5). VB14-to-DB1JB rearrangements were detected by a PCR
using primers 5'EB and 5'DB1 with ES cell DNA (Fig. 3B,
lanes 2 and 6) and wild-type thymus DNA (Fig. 3B, lane 4)
serving, respectively, as negative and positive controls. The
PCR on EBRA thymus DNA generated two bands of dif-
ferent sizes due to the replacement of the endogenous 500-bp
EB motif by the 700-bp Eun fragment, with the smaller
product corresponding to the wild-type allele and the other
(which hybridized with both VB14-810 and loxP probes)
corresponding to the mutated allele (Fig. 3B, lane 3).
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FiG. 3. PCR analysis of VB14-to-DBJB rearrangements. (4) Representation of the TCRp locus including the VB14 gene before and after
recombination by inversion on wild-type, EBRA, or EBKOA alleles. Recombination sequences are represented by open triangles, DB and JB
segments by open boxes, VB14 by hatched boxes, enhancers by filled boxes, and loxP sequences by bold boxes. PCR with primers 5’Eg and V3-510
(arrows) amplified the nonrearranged VB14-Ep region of wild-type and mutated alleles. After VB14 rearrangement, primers 5'EB and 5'Dp1 face
each other and amplify a product that includes the signal joint (diamond) and the wild-type or mutated EB region. Oligo-probes 3'VB-810 (thick
line) and loxP were used to differentiate the products amplified from wild-type or mutated alleles. (B) PCR analysis of V14 rearrangements. PCR
products generated by amplification of EBRA, EBKOA, and B6CBA (wild-type) DNA were assayed by hybridization with oligo-probes VB14-810
(Upper) or lox (Lower). Lanes: 1, amplification of EBRA ES cell DNA with primers VB14-510 and 5'E; 2, amplification of EBRA ES cell DNA
with primers 5'E and 5'D1; 3, amplification of EBRA thymocyte DNA with primers 5'Ep and 5'D1; 4, amplification of B6CBA thymocyte DNA
with primers 5'EB and 5'Dg1; 5, amplification of EBKOA ES cell DNA with primers VB14-510 and 5'EB; 6, amplification of EBKOA ES cell DNA
with primers 5'EB and 5'Dp1; 7, amplification of EBKOA thymocyte DNA with primers 5'Eg and 5'Dg1.

Amplification of EBKO thymus DNA resulted in only one
band similar in size to the one detected in the wild-type
control. Moreover, this PCR product hybridized with the
VB14-810 probe and not with the loxP probe, demonstrating
that detected rearrangements occurred on the wild-type
allele (Fig. 3B, lane 7). For both mutations, the same results
were obtained when rearrangements of V14 to DB2JB were
assayed (data not shown). These results confirm that EBKO
T cells did not rearrange the VB14 segment on the mutated
allele and that VDJB recombination is, at least partially,
restored on the targeted allele of EBRA T cells.
Transcription of the Nonrearranged TCRB Allele in
EBKOA T-Lineage Cells. To assay for transcription of the
germ-line TCRB locus, we designed a quantitative reverse
transcriptase-PCR assay using primers located 5’ of JB1 and in
the CB regions (Fig. 44). No transcripts were found in RNA
from nonlymphoid cells (Fig. 4, lane 1) or B cells (Fig. 4, lane
7). In accord with previous findings (30), RAG2~/~ thymo-
cytes (which are CD4~/CD8~ with germ-line TCRp alleles)
have readily detectable levels of germ-line TCRB transcripts
(Fig. 4, lane 2), whereas wild-type thymocytes do not (Fig. 4,
lane 1) because they generally have rearranged both J alleles.
Thymuses from RAG-2~/~ mice complemented with a TCRB
transgene contain large numbers of CD4*/CD8* thymocytes
with germ-line TCR loci (25, 26) and generate substantial
levels of germ-line transcripts (Fig. 4B; lanes 3-6 represent
successive 10-fold dilutions). However, the level of germ-line
transcripts in EBKO thymocytes (which are predominantly
CD4+/CD8* cells) was at least 1000-fold lower (Fig. 4B;
compare lanes 6 and 8). Assuming that the EBKO CD4*/
CD8* thymocytes have a productive V(D)J rearrangement of
their wild-type allele and no rearrangement of the mutant
allele, these findings indicate that the EB enhancer is required
for efficient transcription of nonrearranged TCRp alleles.
The TCR Locus Is Transcribed in EBRA-Derived B Cells.
The Ep element can activate transcription and rearrangement
of the DB and JB segments of a transgenic mini-locus recom-

bination substrate in both B- and T-lineage cells (7). To
determine whether Eu could similarly activate transcription of
the endogenous TCRp locus in B-lineage cells, we assayed
total RNA from EBRA splenic B cells for hybridization to a
constant-region B chain (CB) probe (Fig. 5). Strikingly, an
approximately 1-kb CB-hybridizing transcript was readily de-
tectable in RNA from EBRA B cells (Fig. 5, lane 2) and
RAG-2"/~ thymocytes (Fig. 5, lane 3) but was not detectable
in that from wild-type B cells (Fig. 5, lane 1). This finding
indicates that replacement of EB with Eu can activate germ-
line transcription of the TCRp locus in B lymphocytes.

DISCUSSION

Gene targeting provides a powerful tool for analyzing en-
hancer function in the regulation of V(D)J recombination
(12-14). In this context, a “hit and run” strategy was used to
delete Ep without leaving exogenous DNA in the mutated
locus (12). Such an approach is important because insertion of
expressed genes, such as neo”, may influence expression and
rearrangement of targeted loci (12, 13). In the present study,
we have used the cre-loxP system to excise the inserted neo”
gene from the targeted locus, leaving only a small, presumably
inert, inserted sequence. We have used this approach to
analyze effects of both EB deletion and replacement of EB with
Ep on expression and rearrangement of the TCRp locus.
We found that EB is essential for efficient TCRpB gene
rearrangement, as its specific deletion reduced D-to-JB
rearrangements on the targeted allele by >95%. This dra-
matic inhibition contrasts with the effects of targeted dele-
tion of the Eu element, which only reduced Jy rearrange-
ment by 20-50% (12). The different effects of Ex and EB
deletions on their respective loci suggest that additional
elements act with Eu to promote heavy-chain joining region
rearrangements, whereas Ep is the primary element involved
in activation of JB rearrangement. Although we did observe
low-frequency D-to-JB joinings in the absence of EB, we did
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FiG. 4. Reverse transcriptase-PCR analysis of TCRp locus germ-
line transcription. (4) Representation of the reverse transcriptase-
PCR assay used to detect germ-line JBCPB transcripts. DB and JB
segments are represented by thin bars and CB exons are indicated by
open boxes. The uncharacterized start site is shown by a dotted line;
the actual transcript is shown by a thick line. Positions of the oligo-
nucleotides are indicated by arrows (PCR primers) or by short lines
(oligonucleotide probe). The amount of cDNA was standardized by
amplification of actin transcripts. (B) Analysis of PCR products. RNA
from the following sources were reverse-transcribed and amplified.
Lanes: 1, wild-type B6CBA thymocyte cDNA; 2, RAG-2~/~ thymocyte
cDNA; 3, RAG-27/~ transgenic B-chain thymocyte cDNA; 4-6, 1071,
102, and 103 dilutions of RAG2~/~ transgenic B-chain cDNA into
B-cell cDNA, respectively; 7, B-cell cDNA; 8, EBKOA thymocyte cDNA.
The membrane was first hybridized with the 32P-labeled pCB oligonu-
cleotide (Upper) and then stripped and hybridized with the labeled pAct
oligonucleotide (Lower).

not detect VBDJB rearrangements on the EB-deleted allele,
which suggests either that EB is required for VB-to-DJB
rearrangement, that the D-to-JB rearrangement step is rate
limiting (or both).

Previous analyses of transgenic recombination substrates
implicated transcriptional enhancers in the tissue-specific con-
trol of V(D)J recombination (7-11). Our current studies

probe C

EtBr

FiG.5. Northern blot analysis of TCRp transcripts. Approximately
10 pg each of total RNA from wild-type B6CBA B cells (lane 1), EBRA
B cells (lane 2), and RAG-2-deficient thymocytes (lane 3) was
fractionated on a 1% formaldehyde-agarose gel and assayed for
hybridization with a CB cDNA probe (24). The amount of RNA was
estimated by ethidium bromide staining (Lower).
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showed that in T-lineage cells, Ep (in the absence of Ep)
maintained germ-line transcription of the unrearranged J3
locus and activated DB-to-JB and VB-to-DJB rearrangements
in cis. These results indicate that EB and Eu share elements
that can activate the endogenous TCRp locus. We also found
that the ability of Eux to promote rearrangement of the
endogenous TCRp locus was inhibited by inclusion of a linked
neo® gene. By analogy to other systems, the promoter of the
inserted neo® gene may exert an inhibitory effect by competing
for the activity of the enhancer (27, 28).

It is notable that replacement of EB by Eu activates con-
stant-region B chain (CB) transcription but does not activate
DB-to-JB rearrangement in B-lineage cells. While it remains to
be determined whether transcription is activated in progenitor
B cells at the point where rearrangement occurs, this result is
reminiscent of the finding that enhancer-promoted activation
of transcription does not activate VB-to-DJB rearrangement in
a transgenic recombination mini-locus (8, 9). However, the
result contrasts with those obtained with transgenic TCR
VBDBJB mini-locus recombination substrates in which Ex and
EB both promoted D-to-JB rearrangement in B and T cells
(7-9). One possible explanation for this difference is that
additional negative elements, which could modulate rear-
rangement activity in B cells, may be present in the endogenous
TCRB locus but not in the mini-locus. Identification of such
putative elements should further elucidate mechanisms that
regulate V(D)J recombinational accessibility.

We thank Barry Sleckman, Scott Snapper, Chris Bardon, Harvey
Cantor, and Jianzhu Chen for critically reading this manuscript.
Gancyclovir was a generous gift of Syntex (Palo Alto, CA). This work
was supported by the Howard Hughes Medical Institute and by
National Institutes of Health Grant A.1.20047 (to F.W.A.)

1. Tonegawa, S. (1983) Nature (London) 302, 575-581.

2. Alt, F. W, Oltz, E. M,, Young, F., Gorman, J., Taccioli, G. &
Chen, J. (1992) Immunol. Today 13, 306-314.

3. Yancopoulos, G. D., Blackwell, T. K., Suh, H., Hood, L. & Alt,
F. W. (1986) Cell 44, 251-259.

4. Oettinger, M. A,, Shatz, D. G., Gorka, C. & Baltimore, D. (1991)
Science 248, 1517-1523.

5. Okada, A. & Alt, F. W. (1994) Semin. Immunol. 6, 185-196.

6. Demengeot, J., Oltz, E. M. & Alt, F. W. (1996) Int. Immunol. 7,
1995-2003.

7. Ferrier, P., Krippl, B., Blackwell, T. K., Furley, A. J. W., Suh, H,,
Winoto, A., Cook, W. D., Hood, L., Constantini, F. & Alt, F. W.
(1990) EMBO J. 9, 117-125.

8. Capone, M., Watrin, F., Fernex, C., Horvat, B., Krippl, B., Wu,
L., Scollay, R. & Ferrier, P. (1993) EMBO J. 12, 4335-4346.

9. Okada, A., Mendelsohn, M. & Alt, F. W. (1994) J. Exp. Med. 180,
261-272.

10. Oltz, E., Alt, F. W., Lin, W. C,, Chen, J., Taccioli, G., Desiderio,
S. & Rathbun, G. (1993) Mol. Cell. Biol. 13, 6223-6230.

11. Lauzurica, P. & Krangel, M. (1994) J. Exp. Med. 179, 43-55.

12. Serwe, M. & Sablitzky, F. (1993) EMBO J. 12, 2321-2327.

13. Chen, J,, Young, F., Bottaro, A,, Stewart, V., Smith, R. S. & Alt,
F. W. (1993) EMBO J. 12, 4635-4645.

14. Tekeda, S., Zou, Y.-R., Bluethmann, H., Kitamura, D., Muller,
U. & Rajewsky, K. (1993) EMBO J. 12, 2329-2336.

15. Krimpenfort, P., de Jong, R., Uematsu, Y., Dembic, Z., Ryser, S.,
von Boehmer, H., Steinmetz, M. & Berns, A. (1988) EMBO J. 7,
745-748.

16. McDougal, S., Peterson, C. L. & Calame, K. (1988) Science 241,
205-207.

17. Chen,J., Lansford, R., Stewart, V., Young, F. & Alt, F. W. (1993)
Proc. Natl. Acad. Sci. USA 90, 4528-4532.

18. Tybulewicz, V. L.J., Crawford, C. E., Jackson, P.J., Bronson,
R. T. & Mulligan, R. C. (1991) Cell 65, 1153-1163.

19. Mansour, S. L., Thomas, K. R. & Capecchi, M. R. (1988) Nature
(London) 336, 348-352.

20. Sauer, B. & Henderson, N. (1988) Proc. Natl. Acad. Sci. USA 85,
5166-5170.



7876

21.
22.
23.
24.

2s.

Immunology: Bories et al.

Gu, H., Zou, Y. R. & Rajewsky, K. (1993) Cell 73, 1155-1164.
Banerji, J., Olson, L. & Schaffner, W. (1983) Cell 33, 729-740.
Chomczynski, P. & Sacchi, N. (1987) Anal. Biochem. 162, 156-159.
Anderson, S.J., Abraham, K. M., Nakayama, T., Singer, A. &
Perlmutter, R. M. (1992) EMBO J. 11, 4877-4886.

Mombaerts, P., Clarck, A.R., Rudnicki, M. A., Iacomini, J.,
Itphara, S., Lafaille, J. J., Wang, L., Ichikawa, Y., Jaenisch, R.,
Hooper, M. L. & Tonegawa, S. (1992) Nature (London) 360,
225-229.

26.

27.
28.

29.

30.

Proc. Natl. Acad. Sci. USA 93 (1996)

Shinkai, Y., Koyasu, S., Nakayama, K., Murphy, K. M., Loh, D,
Reinhertz, E. & Alt, F. W. (1993) Science 259, 822-825.
Madison, L. & Groudine, M. (1994) Genes Dev. 8, 2212-2226.
Cogne, M., Lansford, R., Bottaro, A., Zhang, J., Gorman, J.,
Young, F., Cheng, H. & Alt, F. W. (1994) Cell 77, 737-7417.
Gillies, S. D., Morrison, S., Oi, V. & Tonegawa, S. (1983) Cell 33,
717-728. _

Godfrey, D. 1., Kennedy, J., Mombaerts, P., Tonegawa, S. &
Zlotnik, A. (1994) J. Immunol. 150, 4783-4792.



