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The precise function of cis elements in regulating V(D)J recombi-
nation is still controversial. Here, we determined the effect of
inactivation of the TCR� enhancer (E�) on cleavage and rearrange-
ment of D�1, D�2, J�1, and J�2 gene segments in CD4�CD8�

[double-negative (DN)] and CD4�CD8� [double-positive (DP)] thy-
mocytes. In E�-deficient mice, (i) D�1 rearrangements were more
severely impaired than D�2 rearrangements; (ii) most of the D�
and J� cleavages and rearrangements occurred in DP, rather than
in DN, thymocytes; and (iii) most of the 3� D�1 cleavages were
coupled to 5� D�2 cleavages instead of to J� cleavages, resulting in
nonstandard D�1-D�2-J�2 joints. These findings suggest that the
E� regulates TCR� rearrangement by promoting accessibility of D�
and J� gene segments in DN thymocytes and proper pairing
between D�1 and J� gene segments for cleavage and joining in DP
thymocytes.

The variable regions of Ig and T cell receptor (TCR) genes are
assembled from V, D, and J gene segments via a site-specific

DNA recombination process (1, 2). During recombination in
developing lymphocytes, two rearranging gene segments are first
juxtaposed in cis into a synapse (paired complex) (3–6). Within
the synapse, the lymphocyte-specific proteins recombination-
activating gene (RAG)1 and -2 cut DNA at the junction of
recombination signal sequences (RSSs) and coding sequences
(7), producing covalently sealed coding ends and blunt signal
ends (SEs) (8, 9). The resulting double-strand breaks are then
repaired by ubiquitously expressed proteins involved in nonho-
mologous end joining (1, 10). The sealed coding ends are rapidly
and efficiently opened, modified, and joined to produce the
continuous coding sequences. The SEs are joined directly to
produce signal joints (SJs), which are usually deleted from the
chromosomes.

V(D)J recombination is tightly regulated in the context of
lymphocyte development, exhibiting lineage, developmental
stage, and allele specificity. Although recombination at different
TCR and Ig loci is mediated by the same recombinase complex
and conserved RSSs, complete rearrangements of TCR genes
are limited to T cells, whereas complete rearrangements of Ig
genes are limited to B cells (11). Within the appropriate cell
lineage, recombination is regulated temporally and in a stage-
specific manner (12–14). For example, TCR� rearrangement
occurs in CD4�CD8� [double-negative (DN)] thymocytes be-
fore TCR� rearrangement, which occurs in CD4�CD8� [dou-
ble-positive (DP)] thymocytes. Moreover, in a given lymphocyte,
only one of two alleles usually undergoes functional rearrange-
ment, a process known as allelic exclusion (11).

Studies have shown that transcriptional regulatory cis ele-
ments, such as promoters and enhancers, play a critical role in
targeting specific gene segments for recombination (12, 14, 15).
At the TCR� locus, deletion of the PD�1 promoter immediately
upstream of the D�1 gene segment severely impairs D�1 rear-
rangement (16, 17). Deletion of the TCR� enhancer (E�)
severely impairs both D�1 and D�2 rearrangement (18, 19). To

date, most evidence suggests that promoters and enhancers
target gene segments for recombination by promoting their
access to RAG-mediated cleavage (12, 14, 15). Thus, in the
absence of the PD�1 promoter, the D�1 region in DN thymo-
cytes was hypoacetylated and hypermethylated (20). Similarly, in
the absence of the E� (E��/�), the entire D�-J� region became
hypoacetylated, hypermethylated, and inaccessible to nuclease
cleavage (21). In E��/� mice, however, it was also reported that
the levels of D� and J� joints were much more severely reduced
than the levels of D� and J� SEs (22). Based on these obser-
vations, the E� was proposed to play a significant role in
postcleavage steps of recombination.

Several factors have complicated the elucidation of the precise
effects of E� inactivation on TCR� rearrangement. One factor
is the complexity of the genomic organization of the TCR� locus
and the consequent complexity of TCR� rearrangement. The
murine TCR� locus consists of many V� gene segments and two
clusters of D� and J� gene segments (Fig. 5A, which is published
as supporting information on the PNAS web site). Each J�
cluster includes six functional J� gene segments and one pseu-
dogene segment. Because of the arrangement of gene segments
in the locus, D�1 can recombine with every J� segment in both
J�1 and J�2 clusters, whereas D�2 recombines only with J�2
gene segments. Another factor is the complexity of TCR�
rearrangements during T cell development. Although TCR�
rearrangement is thought to occur in DN thymocytes (23),
studies have shown that it can also occur in DP thymocytes (16).
The precise effect of E� inactivation on D�1, D�2, J�1, and J�2
rearrangements in both DN and DP thymocytes has not been
examined comprehensively.

We have studied the effect of E� inactivation on TCR�
rearrangement by assessing cleavages and rearrangements of
D�1, D�2, J�1, and J�2 gene segments in both DN and DP
thymocytes. Complementing these analyses, we have also mea-
sured the levels of D�1 and D�2 gene segments that remain in
germ-line configuration in DN and DP thymocytes. Our findings
suggest that E� regulates TCR� rearrangement by promoting
access of D� and J� gene segments in DN thymocytes and proper
pairing between D�1 and J�2 gene segments for cleavage and
rearrangement in DP thymocytes.

Materials and Methods
Targeting Vector and Mice. The targeting vector used for electro-
poration into J1 embryonic stem (ES) cells consisted of a floxed
phosphoglycerate kinase (PGK) promoter-driven neomycin re-
sistance gene (neo) f lanked upstream by a 3.1-kb BamHI-HpaI
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fragment and downstream by a 4.3-kb NcoI-StuI fragment (Fig.
5A). We introduced eight copies of either Gal4- or LexA-binding
sequences upstream of neo. A PGK promoter-driven thymidine
kinase gene (tk) was inserted upstream of the 3.1-kb fragment.
ES clones with proper deletion of E� were identified by Southern
blotting and injected into C57BL�6 blastocysts to generate
chimeric mice, which were bred with the deleter strain to remove
the floxed neo (24). A single loxP site and Gal4 (or LexA) DNA
sequences were left in place of E� in the final mutant chromo-
somal configuration. Heterozygous mutant mice were bred with
each other to generate homozygous mutant mice and were
analyzed in a mixed 129 � C57BL�6 background at 6–8 weeks
of age. Different mouse strains were all maintained under
specific pathogen-free conditions. Thymocyte DNA of E��/�

mice was kindly provided by P. Ferrier (Centre d’Immunologie
de Marseille-Luminy, Marseille, France).

Assays for Germ-Line D�1 and D�2, Coding Joints (CJs), SEs, and SJs.
The semiquantitative nested PCR assays for JAK3, D�1-J�1,
D�1-J�2, and D�2-J�2 CJs and SJs, and the ligation-mediated
(LM)-PCR assays for 3� D�1 and 5� J�1 SEs were performed as
described (9, 16, 22). D�1-J�1, D�2-J�2, and C�1 probes were
as described (16). JAK3 oligonucleotide probe for hybridization
was 5�-GAGAGACACCTTAAGTACATC-3�. PCR products
were cloned into pCR2.1-TOPO (Invitrogen) for sequencing.
LM-PCR assays for 3� D�2, 5� J�2, 5� D�1, and 5� D�2 SEs,
D�1-D�2 CJs, and germ-line D�1 and D�2 are described in
Supporting Methods, which is published as supporting informa-
tion on the PNAS web site.

Results
E� Inactivation Preferentially Impairs D�1 Rearrangement in DN
Thymocytes. Deletion of the E� enhancer (E��/�), by removing
a 560-bp HpaI–NcoI fragment, has been shown to impair TCR�
rearrangement (18, 19). In our study, the same 560-bp E� was
replaced with a concatamer of eight copies of either Gal4- or
LexA-binding sequences to inactivate the enhancer and to afford
future opportunities to target heterologous proteins to the locus
(Fig. 5A; see Materials and Methods). Based on thymocyte
numbers, surface phenotype, and levels of D� to J� rearrange-
ments (Fig. 5 B and C and data not shown), both replacement
mutations had the same effects on TCR� rearrangement and T
cell development as the deletion mutation. Therefore, the results
from only one mutation, the Gal4 replacement (referred to as
E�R/R), are presented below.

To determine the effect of E� inactivation on TCR� rear-
rangement, we isolated DN and DP thymocytes of wild-type and
E�R/R mice by cell sorting and measured the levels of D�1-J�1,
D�1-J�2, and D�2-J�2 CJ by semiquantitative PCR assays (Fig.
1A). The purity of sorted DN and DP populations was �97%
(Fig. 1B). In wild-type DN and DP thymocytes, diverse PCR
products, i.e., D�1 to different J�1 or J�2 rearrangements, and
D�2 to different J�2 rearrangements, were detected (Fig. 1C,
lanes 7–14). In contrast, no D�1-J�1 CJ were detected in either
DN or DP thymocytes of E�R/R mice (Fig. 1C Top). D�1-J�2 CJ
were not detectable in DN thymocytes of E�R/R mice, and their
levels in DP thymocytes of E�R/R mice were only �1% of those
in wild-type DN or DP thymocytes (Fig. 1C Middle). Although
D�2-J�2 CJ were detected in both DN and DP thymocytes of
E�R/R mice, the levels were reduced �25-fold as compared with
those in wild-type DN and DP thymocytes (Fig. 1C Bottom). The
differences in the levels of D�1-J�1, D�1-J�2, and D�2-J�2 CJ
in DN and DP thymocytes suggest that various rearrangements
are affected differently by the E� inactivation in a developmen-
tal stage-specific manner.

To confirm these observations, we measured the levels of SJ
in DN and DP thymocytes (Fig. 1 A). As expected, abundant
D�1-J�1, D�1-J�2.7, and D�2-J�2.7 SJ were detected in both

DN and DP thymocytes of wild-type mice (Fig. 1D). Consistent
with an absence of D�1 rearrangements, no D�1-J�1 and
D�1-J�2.7 SJ were detected in DN thymocytes of E�R/R mice,
and the level of D�1-J�2.7 SJ was reduced �125-fold in DP
thymocytes of E�R/R mice. D�2-J�2.7 SJ were more abundant in
both DN and DP thymocytes of E�R/R mice, but the levels were
still at least 25-fold lower than those in wild-type DN or DP
thymocytes. Nevertheless, SJ products from both wild-type and
E�R/R mice were digested equally by ApaL1, which is created by
precise ligation of two SEs. These results show that SJ levels
completely mirror CJ levels in both DN and DP thymocytes of
E�R/R mice, providing further support for the differential effects
of the E� inactivation on D�1 and D�2 rearrangements in DN
and DP thymocytes.

Most ‘‘D�1-J�2’’ Joints in E�R/R Mice Are Actually D�1-D�2-J�2
Rearrangements. To investigate the effect of E� inactivation on
the quality of D�-J� joints, we sought to clone and sequence the
rare D�1-J�1, D�1-J�2, and D�2-J�2 CJ found in E�R/R as well
as E��/� mice. Despite repeated efforts, no D�1-J�1 CJ could
be cloned from thymic DNA of both E�R/R and E��/� mice,
further supporting a critical role of the E� in D�1-J�1 CJ
formation. The low levels of D�2-J�2 CJ detected in E�R/R mice
were indistinguishable from those of wild-type mice with regard
to the frequencies and average lengths of nucleotide deletions or
additions (Fig. 6B, which is published as supporting information
on the PNAS web site) (25, 26). In contrast, many D�1-J�2 CJ
had unusually long nucleotide ‘‘additions’’ in both E�R/R and
E��/� mice and also in E�R/R mice on a p53-deficient back-
ground (E�R/Rp53�/�) (Figs. 2 and 6A). A closer examination
revealed that most of these additional nucleotides shared partial
identity to the D�2 gene segment. If a stretch of nucleotides that
share four or more identical nucleotides with the D�2 is taken
as evidence that the rearrangements involve the D�2 gene
segment, then 50 of the 63 supposedly D�1-J�2 CJ were actually
D�1-D�2-J�2 rearrangements (79%). Only 13 of the 63 CJ
appeared to be bona fide D�1-J�2 rearrangements (21%). Both
the normal D�1-J�2 and the nonstandard D�1-D�2-J�2 CJ in
E�-mutant mice had nucleotide deletions and N-region nucle-
otide additions with similar frequencies and average lengths,
indicating normal joint formation. Based on the 12�23 rule (27),
D�1-D�2 rearrangements are permissible, but their formation
has not been reported in any complete TCR� joint. The gener-
ation of the nonstandard D�1-D�2-J�2 CJ further demonstrates
a preferential effect of the E� inactivation on the normal D�1
rearrangements.

E�R/R Mutation Impairs D� and J� Cleavages in DN but Not in DP
Thymocytes. To examine the molecular basis for the reduced
D�-J� rearrangements in E�R/R mice, we measured the levels of
SEs derived from RAG-mediated cleavage at the 3� end of D�
and 5� end of J� in DN and DP thymocytes by LM-PCR (Fig.
1A). In wild-type DN thymocytes, SEs of 3� D�1, 3� D�2, 5� J�1,
and 5� J�2 were readily detected (Fig. 3A Left). By comparison,
in DN thymocytes of E�R/R mice, the levels of 3� D�1 and 3� D�2
SEs were reduced �100- and 15-fold, respectively, and no J� SEs
were detected. Because there are seven J�s, the level of cleavage
at each J� might have been below the detection limit. These
results suggest that in the absence of E�, the D� and J� gene
segments are inaccessible to RAG-mediated cleavages in DN
thymocytes.

In wild-type mice, the levels of 3� D�1 SEs were similar
between DN and DP thymocytes, whereas the levels of 3� D�2
SEs were �2-fold higher in DP than in DN thymocytes (Fig. 3A
Right). In contrast, in E�R/R mice, the levels of 3� D�1 and 3� D�2
SEs were, respectively, 125- and 10-fold higher in DP than in DN
thymocytes. Sequence analysis revealed that the PCR products
were derived from precise cleavage of D�1 or D�2 gene segment
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at the junction of RSS and coding sequences (data not shown).
Compared with those in wild-type DN thymocytes, the levels of
3� D�1 SEs were �3-fold higher in DP thymocytes of E�R/R

Fig. 1. E� inactivation preferentially impairs D�1 rearrangement. (A) Sche-
matic diagrams of germ-line D� and J� gene segments and their rearrange-
ment intermediates and products. D� and J� gene segments are shown as
open and filled boxes, respectively. RSSs are shown as either open or filled
triangles. Arrows indicate directions of PCR primers used for assaying germ-
line D� gene segment, CJ, SEs, and SJ. Double lines indicate oligonucleotide
linker for LM-PCR assay. (B) Flow cytometry reanalysis of purified DN and DP

thymocytes from wild-type and E�R/R mice. CD4 and CD8 staining profiles are
shown for live cells. Numbers indicate the percentages of cells in the gated
areas. (C) PCR assays for D�1-J�1, D�1-J�2, and D�2-J�2 CJ in DN and DP
thymocytes. Various joints in purified DN and DP thymocytes of wild-type
(���) and E�R/R mice were measured by a semiquantitative PCR. DNA was
either undiluted (undil) or serially diluted every 5-fold into RAG2�/� kidney
DNA and then amplified. JAK3 was amplified to verify DNA quality and
relative amount. PCR products were separated on agarose gel and hybridized
with specific D� probes. Rearrangements to different J� are labeled. G.L.,
germ-line. Representative data from one of the four experiments are shown.
(D) PCR assays for D�-J� SJ in DN and DP thymocytes. The levels of D�1-J�1,
D�1-J�2.7, and D�2-J�2.7 SJ in DN and DP thymocyte DNA were assayed by PCR
followed by hybridization with D�-specific oligonucelotide probes. Half of the
PCR products were digested with ApaL1 before electrophoresis. Representa-
tive data from one of the four experiments are shown.

Fig. 2. Most of the rare D�1-J�2 joints in E�-mutant mice are actually
D�1-D�2-J�2 rearrangements. PCR assays for D�-J� rearrangements in thy-
mocytes of wild-type (���), E��/�, E�R/R, and E�R/Rp53�/� mice were carried
out as in Fig. 1C. Rearrangement products were cloned and sequenced.
Sequences of D�1-J�2.7 joints are shown, and the rest is shown in Fig. 6.
Germ-line sequences are shown for comparison. N-nucleotides are indicated,
and possible P-nucleotides are underlined.
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mice, whereas the levels of 3� D�2 SEs were about the same.
Compared with those in wild-type DP thymocytes, the levels of
3� D�1 SEs were about the same, whereas the levels of 3� D�2
SEs were �5-fold lower in DP thymocytes of E�R/R mice. Thus,
in DP thymocytes of E�R/R mice, both D�1 and D�2 gene
segments are accessible to RAG-mediated cleavage.

3� D�1 and 5� D�2 Cleavages Are Coupled in DP Thymocytes of E�R/R

Mice. As in DN thymocytes, the presence of 3� D� SEs in DP
thymocytes of wild-type mice was associated with the presence
of a proportional 5� J� SEs (Fig. 3A Right). Although the levels

of J�1 SEs were slightly lower in DP than in DN thymocytes, the
levels of J�2 SEs were slightly higher in DP than in DN
thymocytes. In contrast, whereas the overall levels of 3� D�1 and
3� D�2 SEs in DP thymocytes of E�R/R mice were similar to
those in DN or DP thymocytes of wild-type mice, the levels of
J�1 and J�2 SEs in DP thymocytes of E�R/R mice were �25- and
5-fold lower, respectively. Thus, most of 3� D�1 cleavages in DP
thymocytes of E�R/R mice are not associated with corresponding
J� cleavages.

Because most of the D�1 rearrangements in DP thymocytes
of E�R/R mice involve D�1-D�2-J�2 joint formation, 3� D�1
cleavage might be coupled to 5� D�2 cleavage. To test this
possibility, we measured the levels of SEs derived from cleavages
at 5� D�1 and 5� D�2 in DN and DP thymocytes. Abundant 5�
D�1 and 5� D�2 SEs were detected in both DN and DP
thymocytes of wild-type mice, whereas very few 5� D� SEs were
detected in DN thymocytes of E�R/R mice (Fig. 3A). Although
almost no 5� D�1 SEs were detected in DP thymocytes of E�R/R

mice, abundant 5� D�2 SEs were detected. Sequence analysis of
the PCR products confirmed that they were derived from
cleavage at the junction of RSS and 5� D�2 coding sequence
(data not shown). Consistently, the levels of D�1-D�2 rear-
rangements were �5-fold higher in DP thymocytes of E�R/R

mice than in DP or DN thymocytes of wild-type mice (Fig. 3B).
These findings suggest that most of 3� D�1 and 5� D�2 cleavages
are coupled and involved in the nonstandard D�1-D�2
rearrangements.

D� Cleavages Occur in a Small Fraction of DP Thymocytes of E�R�R

Mice. Because SEs tend to accumulate in nondividing DP thy-
mocytes (7, 9, 28), the steady-state levels of SEs measured by
LM-PCR might overestimate the actual cleavages at a specific
locus. To estimate the extent of D� cleavage in DP thymocytes
of E�R/R mice, we measured the levels of germ-line D�1 by
Southern blotting. The levels of germ-line D�1 in DN and DP
thymocytes of E�R/R mice were as high as in RAG2�/� kidney
DNA, whereas the levels were reduced �10-fold in DN and DP
thymocytes of wild-type mice (Fig. 4A). Thus, most of the D�1
gene segment remains in germ-line configuration in DN and DP
thymocytes of E�R/R mice but has undergone rearrangement in
DN and DP thymocytes of wild-type mice.

We also measured the levels of germ-line D�1 and D�2 by
PCR. In RAG2�/� mice, germ-line D�1 was detected faintly by
PCR after 125-fold dilution of kidney DNA (Fig. 4B, lane 5). In
DP thymocytes of wild-type mice, germ-line D�1 was not
detected in undiluted DNA (lane 7), indicating that less than one
in 125 of D�1 remains in germ-line configuration. In DN
thymocytes of wild-type mice, germ-line D�1 was detected after
5-fold but not 25-fold dilution (lane 3). Based on the intensities
of PCR and Southern blot products, �10% of D�1 remains in
germ-line configuration in DN thymocytes. In contrast, the
levels of germ-line D�1 in DN thymocytes of E�R/R mice were
as high as in RAG2�/� mice (lanes 2–6), consistent with
Southern blotting analysis. In DP thymocytes of E�R/R mice,
D�1 product was detected after 25- but not 125-fold dilution of
DNA sample, suggesting �10% of D�1 are cleaved. By an
analogous comparison, most of D�2 remained in germ-line
configuration in DN and DP thymocytes of E�R/R mice, whereas
significant fractions of D�2 gene segment had undergone rear-
rangements in DN and DP thymocytes of wild-type mice.
Together, these results show that in E�R/R mice, most D�1 and
D�2 remain in germ-line configuration in DN thymocytes and a
small fraction (�10%) of D�1 and D�2 are cleaved in DP
thymocytes.

Discussion
We report here a comprehensive analysis of the effect of E�
inactivation on cleavage and rearrangement of D�1, D�2, J�1,

Fig. 3. E� inactivation preferentially impairs D� and J� cleavages in DN
thymocytes. (A) LM-PCR assays for D� and J� SEs. DNA from DN and DP
thymocytes of wild-type and E�R/R mice was diluted and used to assay for SEs
derived from cleavages at 3� D�1, 3� D�2, 5� J�1 (J�1.1, J�1.2, J�1.3, and J�1.4),
5� J�2 (J�2.1, J�2.2, J�2.3, J�2.4, and J�2.5), 5� D�1, and 5� D�2 by LM-PCR. PCR
products were separated by agarose gels and hybridized with specific D� or J�

probes. For J�1 and J�2 SEs, only the most abundant J�1.1 and J�1.2 or J�2.1
and J�2.2 are shown (marked). The numbers indicate the band intensities
normalized to JAK3 (C), with the level of SEs in wild-type DN thymocytes as 1.
Representative data from one of the four experiments are shown. (B) PCR
assays for D�1-D�2 CJ. The levels of D�1-D�2 CJ in DN and DP thymocytes of
wild-type and E�R/R mice were assayed by PCR followed by hybridization with
a D�1 oligonucleotide probe. Representative data from one of the four
experiments are shown. (C) Controls for PCR assays. Efficiencies of the LM-PCR
were controlled by assaying for J�50 SEs. The relative amounts of DNA in
different samples were estimated by PCR assays for JAK3. The linear range
values (25-fold dilution) were used for normalization. Representative data
from one of the four experiments are shown.
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and J�2 in both DN and DP thymocytes. Consistent with
previous reports (18, 19, 22, 29, 30), we found that E� inacti-
vation results in a severe reduction of D� to J� rearrangement,
a diminished D� cleavage in DN thymocytes, and a block of ��
T cell development. Our detailed analyses also reveal additional
effects of E� inactivation on TCR� rearrangement. We found
that in E�R/R mice, (i) D�1 rearrangements are more severely
impaired than D�2 rearrangements; (ii) most of the D� and J�
cleavages and rearrangements occur in DP, rather than in DN,
thymocytes; and (iii) most of the 3� D�1 cleavages are coupled
to 5� D�2 cleavages, instead of to J� cleavages, resulting in the
nonstandard D�1-D�2-J�2 joints. However, we did not find any
significant evidence for a role of E� in postcleavage steps of
recombination. These findings help elucidate the precise roles of
E� in regulating TCR� rearrangement during different stages of
T cell development.

E� Regulates Accessibility of D� and J� Gene Segments in DN
Thymocytes. In DN thymocytes of E�R/R mice, almost all D�1 and
D�2 gene segments were in germ-line configuration (Fig. 4). The
levels of D�1 and D�2 SEs were reduced �100- and 15-fold,
respectively, as compared with those in DN thymocytes of
wild-type mice (Fig. 3). These findings suggest that in the
absence of E�, both D�1 and D�2 gene segments in DN
thymocytes are inaccessible to RAG-mediated cleavage. The
significantly higher level of D�2 than D�1 cleavages observed in
DN thymocytes of E�R/R mice is consistent with a higher level
of D�2 than D�1 rearrangements (Fig. 1). It is also consistent
with previous findings showing that in DN thymocytes of E��/�

mice, the D�1-J�1 region was more hypermethylated, more
hypoacetylated, and less accessible to restriction enzyme diges-
tion than the D�2-J�2 region (21). Recombination accessibility

has often been correlated with increased transcription, hypo-
methylation, histone acetylation, and nuclease sensitivity (12–
14). Thus, in DN thymocytes, the major mechanism by which E�
regulates TCR� rearrangement is to promote access of D� and
J� gene segments, especially D�1 and J�1, to RAG cleavage.

In a previous study (22), abundant D� and J� SEs were
detected in DN thymocytes of E��/� mice. What might account
for the apparently different results between our study and the
previous ones? In our study, DN and DP thymocytes were
purified directly from either wild-type or E�R/R mice, whereas in
the previous study, DN thymocytes were obtained by breeding
the E��/� mutation onto a CD3��/� or TCR��/� background.
One possibility is that the forced arrest of thymocyte develop-
ment at the DN stage by either the CD3��/� or TCR��/�

mutation in E��/� mice might have prolonged the survival of
DN thymocytes, leading to D� and J� cleavages that would
otherwise have occurred in DP thymocytes.

E� Confers Accessibility to an Extended D�1-J�1 Region in DP Thy-
mocytes. Based on the significant levels of 3� D�1 and 3� D�2 SEs
and diminished germ-line D�1 and D�2 gene segments (Figs. 3
and 4), both D�1 and D�2 gene segments become more
accessible to RAG-mediated cleavage in DP thymocytes of
E�R/R mice. These findings suggest that E� is not essential for
D� accessibility in DP thymocytes. In DP thymocytes of E�R/R

mice, J�1 and J�2 SEs also became detectable, although the
levels were significantly lower than in wild-type DN or DP
thymocytes. In particular, only a low level of J�1 SEs was
detected (Fig. 3), and no D�1-J�1 joints were ever detected (Fig.
1). Besides the E�, access of both the D�1 and J�1 gene
segments also depends on the presence of the PD�1 promoter
(16, 17, 20). In the absence of the E�, the PD�1 might confer
some degree of access to the proximal D�1 gene segment but not
the more distal J�1 gene segments in DP thymocytes. Extending
the accessible region to J�1 gene segments in DP thymocytes
evidently still requires the presence of a functional E�.

E� Promotes Proper Pairing of D�1 and J�2 Gene Segments for
Cleavage and Rearrangement. Compared with J�1, J�2 gene
segments in DP thymocytes of E�R/R mice were more accessible
(Fig. 3) and were involved in D�2-J�2 rearrangements (Figs. 1
and 2). However, only 20% of D�1 rearrangements observed in
DP thymocytes of E�R/R mice were the normal D�1-J�2 joints
(Figs. 2 and 6). These findings suggest that most of 3� D�1
cleavages are not coupled with J�2 cleavages in the absence of
E�, despite the lack of competition from J�1 gene segments.
Instead, �80% of D�1 rearrangements were the nonstandard
D�1-D�2-J�2 joints (Fig. 2) and the levels of D�1-D�2 joints in
DP thymocytes were �5-fold higher in E�R/R than in wild-type
mice (Fig. 3B). These results suggest that most 3� D�1 cleavages
are coupled with 5� D�2 cleavages. In support of this interpre-
tation, high levels of both 3� D�1 and 5� D�2 SEs were detected
in DP thymocytes of E�R/R mice (Fig. 3). These findings suggest
that E� is required for proper pairing between D�1 and J�2 gene
segments for subsequent cleavage and rearrangement. In the
absence of E�, D�1 appears to pair mostly with D�2 for cleavage
and rearrangement in DP thymocytes, either because the D�2
gene segment is more accessible than the J�2 or because the D�2
is closer to the D�1 than the J�2 gene segments.

Does E� Play a Role in Postcleavage Steps of V(D)J Recombination?
Based on significantly higher levels of D� and J� SEs than D�-J�
CJ in both total and DN thymocytes of E��/� mice, it was
previously suggested that the E� plays a significant role in
postcleavage steps of recombination (22). Although we also
found significant levels of D�1 and D�2 SEs but little D�1 and
D�2 CJ in DP thymocytes of E�R/R mice (Figs. 1 and 3), most
D�1 and D�2 gene segments were in germ-line configuration

Fig. 4. Most of D�1 and D�2 gene segments are in germ-line configuration
in E�R/R thymocytes. (A) Southern blotting assays for germ-line D�1 levels. Ten
micrograms of DNA from DN and DP thymocytes of wild-type and E�R/R mice
were digested with HindIII followed by hybridization with a D�1-J�1 intronic
probe and then a �-actin probe. The numbers indicate the relative levels of
germ-line D�1 after normalization to the �-actin levels. (B) The levels of
germ-line D�1 and D�2 in DN and DP thymocyte DNA were assayed by PCR and
compared with those in kidney DNA of RAG2�/� mice. DNA samples were
either undiluted (undil) or diluted every 5-fold before PCR assay. JAK3 ampli-
fication was as in Fig. 1. The PCR assays were performed twice with the same
results. One set of data is shown.
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(Fig. 4), indicating that D�1 and D�2 are cleaved only in a small
fraction of DP thymocytes of E�R/R mice. The apparently high
levels of D�1 and D�2 SEs observed in DP thymocytes of E�R/R

mice as compared with those in wild-type DN thymocytes are
probably because SEs tend to accumulate in nondividing DP
thymocytes (7, 9, 28). Furthermore, because most 3� D�1
cleavages were coupled with 5� D�2 cleavages, the levels of D�1
to J� rearrangements would be expected to be reduced. Based
on these considerations, it is questionable whether E� plays any
significant role in postcleavage steps of recombination. Never-
theless, because of difficulties in qualifying the precise levels of
SEs and CJ and in directly comparing the levels of SEs and CJ
in DN and DP thymocytes, further studies are required to resolve
this issue.

The Observed Effects Likely Reflect the Normal Function of E� in TCR�
Rearrangement. As with E��/� mice (29), thymocytes in E�R/R

mice consist of DN and DP cells, with almost no SP cells (Fig.
5C). Studies have shown that the development of DP thymocytes
in E��/� mice requires the presence of an intact TCR� gene (29).
Most likely, functional rearrangement and expression of the
TCR� (and probably TCR�) lead to differentiation of thymo-
cytes from DN to DP stage in E��/� mice. The question that
arises is whether the observed effect of E� inactivation on D�
and J� rearrangement in DP thymocytes of E�R/R mice is an
artifact resulting from the anomalous DP thymocyte differenti-
ation or reflects a genuine role of E� in normal TCR� rear-
rangement. The existing evidence supports the latter possibility.

During normal T cell development, TCR�, -�, and -� rear-
rangements occur simultaneously in DN thymocytes (31, 32).
Although the precise mechanism by which a developing thymo-

cyte chooses to become an �� or �� T cell is unknown, expression
of preTCR, consisting of TCR�, pT�, and CD3 proteins, appears
to be critical for �� T cell commitment (33, 34). However, ��
lineage-committed thymocytes can be rescued by �� TCR in the
absence of TCR� chain (35). Thus, DP thymocytes generated in
E�R/R or E��/� mice might have committed to �� T cell lineage.
In support of this interpretation, DP thymocytes of E��/� mice
rearrange and express TCR� (29), which normally occurs only in
�� but not in �� T cells. Furthermore, we found significant levels
of D�1, D�2, J�1, and J�2 SEs in DP thymocytes of wild-type
mice (Fig. 3). Because SEs are ligated to form SJ before cell cycle
progression (7, 9, 28), as occurs during normal DN to DP
thymocyte development (36), D� and J� SEs detected in wild-
type DP thymocytes are likely generated de novo in DP thymo-
cytes. In support of this interpretation, residual germ-line D�1
gene segments observed in DN thymocytes were all gone in DP
thymocytes (Fig. 4). The levels of germ-line D�2 gene segments
were further reduced during DN to DP transition. Together,
these observations strongly suggest that the observed effect of
E� inactivation on D� and J� rearrangement in DP thymocytes
of E�R/R mice reflects the normal function of the E� in TCR�
rearrangement.
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