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Summary

A key feature of B and T lymphocyte development is the generation of antigen receptors
through the rearrangement and assembly of the germline variable (V), diversity (D), and join-
ing (J) gene segments. However, the mechanisms responsible for regulating developmentally
ordered gene rearrangements are largely unknown. Here we show that the E2A gene products
are essential for the proper coordinated temporal regulation of V(D)J rearrangements within
the T cell receptor (TCR) v and & loci. Specifically, we show that E2A is required during adult
thymocyte development to inhibit rearrangements to the y and 3 V regions that normally re-
combine almost exclusively during fetal thymocyte development. The continued rearrange-
ment of the fetal Vy3 gene segment in E2A-deficient adult thymocytes correlates with in-
creased levels of Vy3 germline transcripts and increased levels of double-stranded DNA breaks
at the recombination signal sequence bordering V-y3. Additionally, rearrangements to a num-
ber of Vy and V& gene segments used predominately during adult development are signifi-
cantly reduced in E2A-deficient thymocytes. Interestingly, at distinct stages of T lineage devel-
opment, both the increased and decreased rearrangement of particular V& gene segments is
highly sensitive to the dosage of the E2A gene products, suggesting that the concentration of

the E2A proteins is rate limiting for the recombination reaction involving these V8 regions.

Key words:

he ability of lymphocytes to respond to a vast array of
antigens is dependent on the generation of unique sur-
face receptors with diverse binding specificities. The anti-
gen receptors are assembled during lymphocyte develop-
ment from germline variable (V), diversity (D), and joining
(J) gene segments by the process of V(D)J recombination
(1). Products of recombination activating gene 1 (Rag-1)
and Rag-2 recognize and cleave DNA at recombination
signal sequences (RSS) that flank all rearranging gene seg-
ments (2-4). The restricted expression of Rag-1 and Rag-2
to B and T cells accounts for the lymphoid specificity of
the recombinase (3, 5-7). However, within the lymphoid
lineages, the process of V(D)J recombination is ordered and
developmentally regulated at a number of different levels.
For example, 1g V region genes are fully rearranged only in
B lymphocytes and TCR V region genes are rearranged
only in T lymphocytes. In addition, assembly of the V re-
gion genes is regulated in a developmentally stage-specific

LAbbreviations used in this paper: bHLH, basic helix-loop-helix; LM, liga-
tion-mediated; RAG, recombination activating gene; RSS, recombina-
tion signal sequence(s); RT, reverse transcription.

E2A e« rearrangement « T cell receptor, y and &

manner within developing B and T lineage cells. That is,
most differentiating B cells assemble Ig heavy chain V re-
gions before light chain V regions, and developing T cells
rearrange B chain V regions before o chain V regions (8-
10). During the assembly of the Ig heavy chain and the
TCR B chain, the D to J rearrangement step normally oc-
curs before the assembly of the V regions (9, 11). These
types of regulations are proposed to be affected by altering
the accessibility of the substrate gene segments to the re-
combinase (12, 13).

Control of V(D)J recombination can also be regulated at
the level of V gene usage. During murine B cell develop-
ment, the 3'-most V gene segments are preferentially used
in pre-B cells in fetal liver and adult bone marrow, whereas
mature B cell populations use a wide range of V, segments
(14-17). A similar level of regulation exists in the rear-
rangement of the TCR +y and & genes. During thymic on-
togeny, the -y and 8 V gene rearrangements occur in waves.
V+v3 and V4, which are most proximal to the Jy gene seg-
ments, are the most frequently rearranged Vy gene seg-
ments during early fetal thymic development (18-21). Re-
arrangements to Vy3 and Vvy4 peak at approximately
embryonic day 15 and decline thereafter. In the adult thy-
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mus, V3 is rarely rearranged. In contrast, rearrangements
to the more 5’ V regions, such as Vy2, begin late in fetal
development and predominate in the adult (22). Within
the & locus, V81 rearrangements predominate during early
fetal thymic development, but are rare in the adult,
whereas V&5 usage begins later and predominates in the
adult (23, 24). Thus, within the -y and & loci there is a reg-
ulated switch in the use of V gene segments between fetal
and adult thymocyte populations. It is likely that the regu-
lation of this developmental switch is controlled, in part, by
changes in gene segment accessibility and/or selective re-
cruitment of the recombination enzymes.

Several studies have suggested that transcriptional pro-
moters and enhancers play important roles in the regulation
of VDJ recombination by modulating the accessibility of
the gene segments to the recombination machinery (13,
25). However, evidence for the involvement of specific
transcription factors in this type of regulation is lacking.
The basic helix-loop-helix (bHLH) family of transcrip-
tional regulatory proteins has been implicated in the regu-
lation of Ig and TCR gene rearrangement based on the
ability of these proteins to bind to and activate transcription
from the Ig and TCR gene enhancers (26-28). The E2A
gene products, E12 and E47, are broadly expressed mem-
bers of the HLH family of transcription factors and play im-
portant functional roles in the early stages of both B and o/
T lymphocyte development. In the absence of E2A activ-
ity, B lymphocytes are blocked at a stage before the initia-
tion of Ig gene rearrangements (29-31). Ectopic expression
of either E12 or E47 in the E2A-deficient background al-
lows the activation of several B lineage—restricted genes
(32). Interestingly, E2A-deficient mice display an incom-
plete block at a developmentally similar stage of o/ T cell
development (33). A specific role for E2A in B lineage de-
velopment is also inferred from experiments demonstrating
the induction of B cell-specific traits upon overexpression
of E47 in cell lines. Ectopic expression of E47 in non-B
cell lines results in the activation of a number of B lineage—
specific genes, including Rag-1, TdT, and A5 (34-37).
Overexpression of E47 in a pre-T cell line leads to the in-
duction of IgH DJ rearrangements as well (36).

Here we describe a functional role for the E2A gene
products during the development of the v/& T lympho-
cytes. The absence of E2A results in the impaired develop-
ment of the v/8 T cells found in the secondary lymphoid
organs and the intraepithelial layers of the intestine. Rear-
rangements to the V regions used most predominately by
these v/ T cells are significantly reduced in E2A-deficient
thymocytes. In contrast, skin intraepithelial v/8 T cells de-
velop normally in E2A-deficient mice, and rearrangements
to Vy3 and V&1, the V regions used exclusively by the skin
~v/3 T cells, are present at wild-type levels in the E2A-defi-
cient fetal thymus. Remarkably, both V3 and V&1 con-
tinue to rearrange coordinately in the E2A-deficient adult
thymus to an adult configuration of D and J segments,
whereas developing thymocytes in wild-type adult thy-
mocytes rarely use these V regions. Interestingly, the data
indicate that the regulation of rearrangement to specific V&

gene segments is dosage sensitive, as mice heterozygous for
E2A show significant alterations in rearrangement levels.
We propose that the concentration of the E2A proteins is a
key factor in regulating, both positively and negatively, the
rearrangement of several V& and V+y gene segments.

Materials and Methods

Gene Targeting. Targeting of the E2A gene has been de-
scribed previously (29).

Flow Cytometric Analysis. Isolation of v/8 T cells from the in-
testine and skin has been described previously (38). Intestinal cells
were stained with anti-y/8 TCRPiotin (streptavidin-PE) and anti-
o/ TCRw-chrome and were gated on the basis of forward and side
scatter. Skin cells were stained with anti-Thy1.1bitin anti-CD3PE
(145-2C11), and anti-Vy3F'TC¢ (536) and were gated on the basis
of Thyl expression and forward scatter. Spleen, thymus, and
lymph node cells were stained with anti-CD4P& (RM4-5), anti-
CD8a"E (53-6.7), and anti-y/8 TCRFITC (GL3). All antibodies
were obtained from PharMingen.

Rearrangement Southern Blot. Genomic DNA was prepared
from thymocytes by DNAzol. 10 g DNA was digested with
EcoRlI, electrophoresed on a 0.8% agarose gel, and transferred to
Nytran (Schleicher & Schuell). The blot was hybridized with
probe 4, then stripped and reprobed sequentially with the V&5-,
V81-, and Vd4-specific probes (39).

Rearrangement PCR. 500 ng of adult or E18-19 fetal thymus
genomic DNA (isolated using DNAzol; GIBCO BRL) was ana-
lyzed by PCR in a 25 pl reaction volume containing 100 ng of
each primer in 10 mM Tris, pH 8.3, 50 mM KCI, and 2 mM
MgCl,. All Vy PCRs were performed for 20 cycles of 1 min at
94°C, 1 min at 58°C, and 1 min at 72°C. All V3 PCRs were per-
formed for 23 cycles of 1 min at 94°C, 1 min at 61°C, and 1 min
at 72°C. The Vy3(L3), Vy2(L2), Jy1, V5, V&1, and 152 primers
have been described previously (22, 40, 41). Other primers used
are as follows: V&5, 5'-TGCACGTACAATGCGGATTCTC-
CAA,; and J31, 5'-AGTCACTTGGGTTCCTTGTCC. For the
V-D intermediate rearrangement PCR, the following reverse
primers were used: D31 rev-2, 5'-GACCTCGTCTACTGGG-
GCTC; and D32 rev-2, 5'-CAGCAAGTGGAGGTCATAT-
CTT. For the D-J intermediate PCR, the DR6 primer de-
scribed previously was used in combination with the J81 primer
(42). A control reaction was performed using the following
p53 primers: FOR, 5'-TATACTCAGAGCCGGCCT; and REV,
5'-ACAGCGTGGTACCTTAT. The p53 PCR was performed
for 17 cycles of 1 min at 94°C, 1 min at 60°C, and 1 min at 72°C.
10 il of each PCR reaction was run on a 2.2% Nusieve (FMC
Corp.) gel and blotted to Nytran. Blots were hybridized with
gene-specific probes.

Ligation-mediated PCR.  Adult thymus genomic DNA was
prepared by incubation of thymocytes overnight at 55°C with 50
rg/ml proteinase K in 50 mM Tris, pH 8.0, 100 mM EDTA,
100 mM NaCl, and 1% SDS. The DNA was phenol/chloroform
extracted, chloroform extracted, and precipitated with 2 vol of
ethanol. The DNA was washed in 70% ethanol and dissolved in
ddH,0. 3 ng DNA was ligated to annealed BW-1/BW-2 linkers
for 12-14 h before inactivation of the ligation reaction as de-
scribed previously (43). 12 rounds of PCR were performed on
1/20 of the ligation reaction using 100 ng of the BW-1H primer
and 100 ng of the following locus-specific primer: Vy3EXT, 5'-
GGGAGTGGATGGAGATGGAAACAGGGC, in 10 mM Tris,
pH 8.3, 50 mM KCI, and 2 mM MgCl,; 1/25 of the first PCR
reaction was used in a second 25 wl PCR reaction. 27-32 rounds
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of a second PCR were performed with the BW-1H primer and
the following locus-specific primer: Vy3INT, 5'-GTCACTTG-
GCTTTTCTGGGCTCCAGCT. The Vvy3 PCR was per-
formed for 30 s at 94°C and 1 min 30 s at 66°C. Primers and
PCR conditions for the J,,2 ligation-mediated (LM)-PCR have
been described previously (43). 10 w.l of each second round PCR
reaction was run on a 2.5% Nusieve gel, transferred to Nytran,
and hybridized with gene-specific probes.

Reverse-transcription PCR.  Total RNA was prepared from
thymocytes isolated from 4-6-wk-old E2A-deficient mice and
heterozygous littermates by TriZOL (GIBCO BRL). 10 g of
total thymocyte RNA was DNase treated, and 3 g of the
DNase-treated RNA was reverse transcribed as described previ-
ously (29). The PCR reaction was run on a 2.5% Nusieve gel,
transferred to Nytran, and hybridized with gene-specific probes.
The actin and V3 primers and PCR conditions have been de-
scribed previously (22, 32).

Results

Impaired Development of /8 T Lymphocytes in E2A-defi-
cient Mice. The E2A proteins are expressed at high levels
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in prothymocytes and are important in the development of
committed o/B T cells from uncommitted progenitors (33,
44). Since both o/B and /8 T lymphocytes develop from
the same progenitor thymocytes, we analyzed E2A-defi-
cient mice for the presence of v/d T cells by flow cytome-
try (45-47). E2A-deficient mice display significantly re-
duced numbers of v/& T lymphocytes in the thymus,
spleen, and lymph node compared with their heterozygous
littermates (Fig. 1 A, and data not shown). In the thymus
and lymph nodes, y/8 T cell numbers are reduced from 8-
to 40-fold (Fig. 1 A). Similarly, the number of v/8 T cells
is decreased ~20-fold in the intestinal epithelium of E2A-
deficient mice (Fig. 1 B). Surprisingly, mice that lacked
E2A showed almost normal numbers of skin intraepithelial
lymphocytes, suggesting that the E2A gene products differ-
entially control v/3 T cell development (Fig. 1 C).
E2A-deficient Mice Display an Altered Pattern of V& Gene
Usage. /8 T lymphocytes can be divided into two broad
subtypes which differ in the type of V region used, their
junctional diversity, and their ability to home to specific
sites (48; Fig. 2 A). Skin intraepithelial lymphocytes repre-
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Figure 1.

Flow cytometric analysis of v/8 T cell populations in E2A-deficient mice.
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Flow cytometric analysis of thymus and lymph node (LN) cells from a 6-wk-old E2A-
deficient mouse and a heterozygous littermate (A). Cells were stained with anti-CDA4PE,
anti-CD8PE, and anti—y/d TCRFTC, The number shown above each FACS® profile
represents the total number of cells isolated from that tissue. The percentages of y/3 cells
are indicated. The total number of y/3 cells is decreased 10-20-fold in the thymus and
lymph nodes of E2A-deficient mice. (B) Intestinal T cells from an E2A-deficient mouse
and a heterozygous littermate were stained with anti-a/g TCR®-¢home and anti—y/d
TCRPtin (streptavidin-PE). The total number of intestinal lymphocytes (top) is de-
creased approximately sevenfold in the E2A-deficient mice (3 vs. 23%). Bottom panels
show the a/B versus v/ staining of the lymphocytes gated in the top panels with the
percentages of each population indicated. (C) Cells isolated from the skin of an E2A-defi-
cient mouse and a heterozygous littermate were stained with anti-Thy1.1betin (streptavi-
din—Red 670), anti-CD3PE, and anti-Vy3F'TC, T cells were gated on the basis of forward
scatter and Thy1.1 expression (top), and the gated cells were analyzed for the expression
of CD3 and V3 (bottom).



sent one subtype, while v/ T cells in the secondary lym-
phoid organs and the intestinal epithelium are members of
the second subtype (48). The first yv/8 T cells to develop in
the thymus express an invariant receptor composed of
and & chains that have used exclusively Vy3 and V81 (19,
20, 40, 49-51). These y/3 cells migrate to the skin (50). v/&
T cells that populate the secondary lymphoid organs ex-
press variable receptors using predominately the v2, 1,
and 85 V regions, and intestinal /& cells express variable
receptors often using Vy5 and V&4 (23, 41, 52, 53; Fig. 2
A). Rearrangements to these V regions begin late in fetal
development and predominate in the adult (48). Since the
development of each subtype of v/ cells is associated with
specific -y and & rearrangements, the development of only a

subset of v/& T cells in the E2A-deficient mice suggests
that -y and/or 8 rearrangements may be affected. Commit-
ted o/B T lymphocytes retain previously rearranged &
genes in both chromosomal and extrachromosomal DNA
(39, 47, 54). Thus, the frequency of specific Vd rearrange-
ments can be analyzed in total thymus DNA despite the
fact that 95% of the cells are committed to the «/B T cell
lineage. To determine the relative frequency of V& gene
usage, we analyzed adult thymus DNA from E2A-deficient
mice and heterozygous littermates by Southern blotting. As
a probe, we used a genomic DNA fragment, termed probe
4(J51-J82), which is located between the J31 and J52 gene
segments and allows for the detection of TCR & genomic
rearrangements (39; Fig. 2 A). Southern blot analysis with

Figure 2. E2A-deficient mice
display an altered pattern of V&
gene rearrangements. (A) Sche-
matic diagram of the TCR & and
v loci showing the relative lo-
cation of the V, D, and J gene
segments. The arrows in the v
locus indicate the V3 region that
normally pairs with that Vy and
the site to which the cells
expressing that specific TCR
home. s-IEL and r-1EL, skin in-
traepithelial lymphocytes and re-
productive tract intraepithelial
lymphocytes, respectively. (B-D)
Southern blot analysis of EcoRI-
digested total thymus DNA from
two E2A-deficient mice and
their heterozygous littermates to
determine the types of V3 rear-
D rangements detectable. (B) The
blot hybridized with probe 4

which is located between J31

.t and 182 (A, & locus). The band
marked by the bent arrow is de-
tectable only in the E2A-defi-
cient DNA samples. The probe
4(J81-J82) blot was stripped and
rehybridized sequentially with a
Vd5-specific (C) or V31-specific
(D) probe. V85DJ81 rearrange-
ments are present in the control
DNA samples (C, arrow). The
V85 germline fragment is also
indicated. Wild-type DNAs
show only the germline band
when hybridized with a V31
probe (D), but two rearrange-
ments are detectable in the E2A-
deficient DNAs. Based on the
size of the two rearranged bands
(~8.8 and 9.5 kb) and the fact
that they also hybridize with
probe 4, they likely represent
V31D intermediate rearrange-
ments and V81DJ31 rearrange-

=N

cd

Vyl.2 vyl

Cy4

Ji

V5 (others),
spleen, LN

- -4 ValD
- uis

-— germline

A
TCR 3 locus: pmbe 4 (31582)
JR7R | |
m A
Va3 Va2 Vd Vil 182
TCR ylocus:
V5 VY2 Vi < Wl Ccyl R
Va4, Va5 (others), Va1, Vi,
intest. epith. spleen, LN, r-IELs s-IELs
thymus
B C
1 L a I;
- - - aana .... -a—— germline
- - N — i
- . - - “'_\ VESLA1
- ® -
10151
- - il
probe: 4 (Jal-]62) Vas

292

ments.

E2A Regulates y and 8 Rearrangements



radiolabeled probe 4(J31-J32) identified a series of bands
present in both heterozygous controls (Fig. 2 B). Several of
these bands have been previously identified and are indi-
cated by arrows (23, 39). Interestingly, thymus DNA from
the E2A-deficient mice gave a distinctly different pattern of
DNA fragments hybridizing to probe 4 (Fig. 2 B). Many of
the bands that are clearly visible in the wild-type DNA
samples are nearly undetectable in the E2A-deficient DNA
samples. However, there are two strongly hybridizing frag-
ments in the E2A-deficient DNAs, one of which is unde-
tectable in wild-type DNAs (Fig. 2 B, fragment indicated
by a bent arrow). To determine the identity of the bands,
the blot was rehybridized with V85-, Vd4-, and V31-spe-
cific probes (Fig. 2, C and D, and data not shown). Bands
corresponding to V85DJ3 and V34DJS rearrangements
were detectable in both heterozygous DNASs but were vir-
tually absent in the E2A-deficient DNA samples (Fig. 2 C,
and data not shown). These data demonstrate that the pre-
dominate & rearrangements in a wild-type adult thymus,
which involve the 85 and 84 V regions, are significantly
underrepresented in thymocyte DNA derived from E2A-
deficient mice.

The flow cytometric data showed that the v/8 T cells in
the skin, which express a TCR composed exclusively of
Vv3 and V31, are readily detectable at close to wild-type
levels in E2A-null mutant mice (Fig. 1 C). V31 rearrange-
ments occur predominately during fetal development, and
a significant proportion of V81 rearrangements use the J52
region, which results in the deletion of the DNA hybridiz-
ing to probe 4(J81-J82) (24, 41, 48; Fig. 2 A). Thus, V31
rearrangements are not normally detectable in wild-type
adult thymus DNA (23). Consistent with these data, only
the germline band is visible in the heterozygous DNA sam-
ples when hybridized with a VV81-specific probe (Fig. 2 D).
Surprisingly, the V81 probe hybridized to two DNA frag-
ments in the E2A-deficient DNA samples (Fig. 2 D). These
Vd1-specific rearrangements comigrate with the two pre-
dominate fragments recognized by probe 4(J51-J52) (Fig.
2, B and D). Based on their sizes, the bands likely represent
V81DJd1 rearrangements and V81Da2 intermediate rear-
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rangements (23). These data indicate that rearrangements
involving V31, which are normally not detectable in wild-
type mice, make up the majority of the rearrangements in
adult E2A-deficient thymocytes. The appearance of V81
rearrangements and the lack of V&5 and V&4 rearrange-
ments indicate that a deficiency in E2A leads to a deregula-
tion of V region usage at the TCR & locus in adult thy-
mocytes.

Absence of E2A Leads to Alterations in Both V& and Vy
Gene Rearrangements.  To confirm the & rearrangement data
described above and to examine the level of v gene rear-
rangements, we analyzed total thymus DNA for Vy and V&
rearrangements by PCR using forward primers specific for
the V regions and reverse primers recognizing the J gene
segments. Only upon rearrangement are the primers
brought into sufficient proximity to allow PCR amplifica-
tion. The data shown are derived from three independent
sets of littermates, designated as a, b, and ¢ (Fig. 3, A and B).
As expected, all E2A-deficient mice analyzed displayed re-
duced levels of V85DJ rearrangements, although the de-
creases varied from 3- to 50-fold (Fig. 3 B). As predicted
from the Southern blot analysis, V81 rearrangements were
increased ~~10-50-fold in thymus DNA derived from E2A-
deficient mice compared with control littermates (Fig. 3 B).

The differential V gene usage observed in the & locus in
E2A-deficient mice was evident in the y locus as well.
PCR analysis using specific VVy forward primers in con-
junction with a Jy reverse primer demonstrated significant
decreases in the levels of VVy2 rearrangements in E2A-defi-
cient adult thymus DNAs (Fig. 3 A). The decreases in the
level of Vv2 rearrangements from 10 independent E2A-
deficient mice ranged from 2- to 10-fold. Within any one
E2A-deficient thymus, rearrangements to V85 were gener-
ally more significantly decreased than rearrangements to
Vv2. Analysis of E2A-deficient thymus DNA for recombi-
nation to the V5 gene segment demonstrated that V5 re-
arrangements are not significantly affected by the absence
of E2A (Fig. 3 A). These data demonstrate that the proper
V(D)J rearrangement of particular V' gene segments in both
the v and & locus requires the E2A gene products.

Figure 3. Differential usage of the Vy and V& gene segments in
E2A-deficient mice. (A and B) PCR analysis of total thymus DNA
from adult (6-wk-old) E2A-deficient mice and their heterozygous lit-
termates to determine the relative level of Vy (A) and V3 (B) gene re-
arrangements. Forward primers were specific for each V region. The
Jy1 reverse primer used recognizes all Jy gene segments, whereas the
reverse J3 primers are specific for either J31 or J32. The 8 PCRs were
performed with both reverse primers, and the results were identical. A
control reaction was performed with p53 primers. Shown are three in-
dependent knockouts (designated a, b, and c) and their heterozygous
littermates.



The TCR v V gene segment, Vy3, recombines coordi-
nately with V31 during early embryogenesis. To determine
whether V3 rearrangements, like those of Va1, are in-
creased in adult thymocytes derived from E2A-deficient
mice, genomic DNA was analyzed by PCR using a primer
specific for Vy3 (Fig. 3 A). Remarkably, rearrangements to
V3 are also significantly increased in DNA isolated from
E2A-deficient thymocytes (Fig. 3 A). Thus, the absence of
E2A leads to a coordinate increase in the rearrangement of
the y and & V gene segments normally used predominately
during early fetal development to an adult configuration of
D and J segments. These data suggest that during adult thy-
mocyte development, the E2A gene products act as both
positive and negative regulators of y and 8 V gene usage,
and are essential for the temporally ordered recombination
of the TCR y and 3 loci.

Altered Frequency of V& and V+y Rearrangements in E2A-
deficient Fetal Thymi. Because the fetal and adult thymus
differ with respect to the V regions predominately rear-
ranged and expressed, we analyzed DNA from E19 fetal
thymocytes for the presence of vy and & rearrangements. As
in the adult, V5 rearrangements were present at relatively
normal levels in DNA derived from E2A-deficient fetal
thymi, whereas Vy2 rearrangements were decreased an av-
erage of three- to fourfold (Fig. 4 A). Additionally, we ob-
served a striking decrease in the level of V&5 rearrange-
ments in the E2A-deficient fetal thymus DNAs compared
with the wild-type littermates (~ 50-fold; Fig. 4 B). Sur-
prisingly, we consistently detected three- to fourfold de-
creases in the level of Va5 rearrangements in fetal thymus
DNAs derived from mice heterozygous for E2A compared
with wild-type littermates (Fig. 4, B and C). Thus, the ab-
sence of the E2A gene products during fetal thymocyte de-
velopment appears to have a more significant effect on re-
arrangement to the 85 V region than to the y2 V region. In
addition, the frequency of rearrangement to the 85 V gene
segment during fetal thymocyte development is sensitive to
the dosage of the E2A proteins.

V3 and V31 rearrangements, which are virtually unde-
tectable in the adult thymus, predominate during fetal thy-
mic development. As analyzed by PCR, the frequency of
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usage of these V regions was similar in fetal thymus DNA
derived from E2A-deficient and control mice (Fig. 4, A
and B). These data suggest that the E2A gene products play
multiple and distinct roles in regulating vy and & V(D)J re-
combination. The E2A gene products are nonessential in
the initiation of V81 and V3 rearrangements early in fetal
thymic development. However, the presence of the E2A
gene products is required at the later stages of thymocyte
differentiation to inhibit the usage of V3 and V81, which
are normally dormant in wild-type mice. Additionally, ac-
tivity of the E2A gene products is important for initiating
the proper rearrangement of the 85 and y2 V regions.

The observation that the frequency of V85 usage in fetal
thymus development is dependent on the dosage of the
E2A proteins led us to examine more carefully whether V
region usage during adult thymocyte development is corre-
spondingly dosage sensitive. Thus, we analyzed DNASs
from wild-type and heterozygous littermates by PCR to
determine the relative levels of V gene rearrangements.
Unlike in the fetal thymus DNAs, V&5 rearrangements
were comparable in adult thymocyte DNA derived from
E2A heterozygous and wild-type mice (Fig. 4 C). Simi-
larly, rearrangements involving all other V regions were
unaffected in E2A heterozygous mice compared with wild-
type littermates, with the exception of V81 (Fig. 4 C, and
data not shown). Unexpectedly, we found that the fre-
quency of V81 gene usage is increased dramatically in E2A
heterozygous mice compared with wild-type littermates
(Fig. 4 C). Therefore, the proper inhibition of V31 rear-
rangement during adult thymus development is addition-
ally dosage dependent. In summary, the data indicate that
the activity and concentration of the E2A gene products in
thymocytes undergoing site-specific recombination are key
factors in inducing proper Va5 rearrangement during fetal
thymus development and for inhibiting rearrangements to
V31 during adult thymocyte development.

E2A Is Required at the Initial Step of 6 Gene Recombina-
tion. The process of V(D)J recombination is tightly regu-
lated and proceeds in well-defined stages. During the as-
sembly of the Ig heavy chain and the TCR B chain, the D
to J rearrangement step normally precedes the assembly of

Figure 4. PCR analysis of V gene re-

arrangements in E2A-deficient fetal thy-

mus DNAs. Vy (A) and V3 (B) gene re-

arrangements from E19 fetal thymus
4 DNAs. All fetal thymus DNA samples
shown are from the same litter. (C)
PCR analysis of V85 and V31 gene re-
arrangements from two independent
adult (6-wk-old) E2A heterozygous
mice and their wild-type littermates.
V&5 rearrangements from five E19 fetal
thymocyte DNAs are shown for com-
parison. The number of PCR cycles
used for the adult V31 rearrangements
in C was increased (compared with Fig.
3 B) in order to enhance the signal from
the heterozygotes.

Va1jez

adult

Va5]61
adult

Vas]a1

fetal
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the V regions (9, 11). However, recombination at the 3 lo-
cus is unique in that V to D rearrangement normally repre-
sents the initial recombination event and precedes rear-
rangement to the downstream J regions (24). As described
above, the end products of the recombination reaction in-
volving V&5 are significantly decreased in adult thymus
DNA from E2A-deficient mice, whereas those involving
Va1 are strikingly increased. To further define the stage at
which the recombination events involving these V regions
are deregulated, we analyzed total thymus DNA from
E2A-deficient mice and wild-type controls for the presence
of rearrangement intermediates. V to D rearrangement in-
termediates can be detected using a V region-specific for-
ward primer and a reverse primer located 3’ of the D&2
coding sequence (Fig. 5 A). Since fully rearranged VD)
products result in the deletion of the DNA hybridizing to
the reverse 3’ D&2 primer, only intermediate V-D rear-
rangements can be PCR amplified (Fig. 5 A). Like the fully
rearranged products, V85-D82 intermediate rearrangement
products are present at significantly reduced levels in E2A-
deficient adult thymus DNA (Fig. 5 C). Likewise, the V81-
D32 intermediate rearrangements are increased to a similar
extent as the fully rearranged V81DJ products in thymus

germline: NO PCR amplification
—

— H {1

Va4 Vil D§1 D32 181 182

V81D82 intermediate rearrangement: 445 bp product amplified

— {0

V54 V51 D82 781 J82

VD32J8 complete rearrangement: NO PCR amplification

—>
—{ H Wt
L

V4 Va1 D52J31 162

germline: NO PCR amplification
7 . Dq— D
Va4 V51 D51 D62 JoL J82

D52-]81 partial rearrangement: 160 bp product amplified

<—
Ve Vsl D81 D&2J51  Js2

VD82]81 complete rearrangement: NO PCR amplification

—{ —{ {1

P~ —
A V51 D82J81 182
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DNA lacking E2A (Fig. 5 C). Similar results were obtained
using a reverse primer located 3’ of D81 (data not shown).
Interestingly, the presence of V31D&1 rearrangements in
the E2A-deficient thymus demonstrates that these Va1 re-
arrangements are not from residual fetal cells, as fetally de-
rived V81 rearrangements use exclusively the D82 gene
segment. These data suggest that the deregulation of TCR
d V to D rearrangement is not D region specific.

Although recombination at the & locus normally in-
volves an initial V to D rearrangement step, the Dd2 and
J31 elements have been shown previously to be involved in
D32-J31 and D31-D&2-J81 intermediate rearrangements
which do not involve V gene rearrangement (54, 55). To
examine the efficiency of D to J joining, we analyzed total
thymus DNA by PCR using a forward primer located 5’ of
the D32 RSS and a reverse primer specific for Jd81 (Fig. 5
B). Since rearrangement of any gene segment to D82 re-
sults in the deletion of the DNA hybridizing to the forward
primer, only D82-J31 intermediates can be PCR amplified
(Fig. 5 B). As shown, D82-J81 and D31-J31 intermediate
rearrangements are present at normal levels in adult thymus
DNA derived from E2A-deficient mice (Fig. 5 D, and data
not shown). Thus, E2A plays an important role in regulat-

C D
1 b a b ¢

vil-ps: R - - DE2-]81 - =

34 1 ;

b

VAS-162 .

34

Figure 5. Detection of & gene intermediate rearrangement products in

E2A-deficient mice and their heterozygous littermates. (A) Schematic di-
agram of the & locus showing the relative location of the forward and re-
verse primers used to detect VV-D intermediate rearrangement products. A
fully rearranged V-D-J allele results in the deletion of the reverse primer,
which is located 3" of D32. As a result, only the intermediate V-D rear-
rangements can be PCR amplified. (B) Diagram showing the location of
the PCR primers used in the detection of D-J intermediates. Rearrange-
ment of any V region to D32 results in the deletion of the forward PCR
primer. Thus, only D-J intermediates can be PCR amplified. (C) V&1-
D32, V35-D32, and D32-J31 PCR analysis of total thymus DNA from
three independent 6-wk-old E2A-deficient mice (designated a, b, and c)
and their heterozygous littermates.



ing the rearrangement of the V gene segments within the
TCR 3 locus, but is dispensable for normal D3-J3 rear-
rangement.

Increases in V3 Gene Usage Correlate with Increases in the
Level of Double-strand Breaks at the Vy3 RSS. The recom-
bination process that assembles the functional vy and &
TCR genes involves cleavage at the RSS that border the
coding segments and then joining of the coding ends (56,
57). The RAG-1 and RAG-2 proteins were previously
shown to be sufficient for cleavage of the V(D)J recombi-
nation signal on extrachromosomal and in vitro substrates
(3, 4, 58). As described above, rearrangement to several Vy
and V& gene segments is deregulated in the absence of
E2A. In adult E2A-deficient mice, the most dramatic phe-
notype observed is the increased rearrangement to Vy3 and
V31. To determine whether the increased usage of V3 re-
flected an increase in the cleavage of the Vy3 RSS, we as-
sayed for the presence of double-stranded breaks at the
RSS 3’ of Vy3 using LM-PCR (Fig. 6 A). Double-
stranded breaks at Vy3 were absent in E2A heterozygous
and wild-type adult thymus DNA, but could be detected in
the E2A-deficient thymus DNA (Fig. 6 B). In contrast,
both the E2A-deficient DNA and the control DNA dis-
played similar levels of broken ends at the RSS 5" of J,,2
(Fig. 6 B). These data suggest that the E2A gene products
inhibit rearrangement of the y3 V region by modulating
the accessibility of y3 gene segments to the recombination
machinery.

Increased V3 Germline Transcripts in E2A-deficient Adult
Thymus. Several studies have demonstrated that gene re-
arrangement is correlated with prior transcription of the
unrearranged genes. Indeed, there is a striking correlation
between the level of gene rearrangement and the level of
expression of the unrearranged genes (59-65). In fact, pro-
duction of sterile transcripts has been postulated to direct
recombination through the alteration of gene segment ac-
cessibility. In the -y locus, decreases in Vy3 rearrangements
correlate with decreases in the level of Vy3 germline tran-
scripts (22). To determine whether the increased cleavage

Vi3
M~
1 I
v 2
cleavage at the Vy3 RSS:

linker primer T2

] e -

- locus prirner L

v m

Figure 6.

of the y3 V region is paralleled by increases in Vy3 germ-
line transcripts, we analyzed total thymus RNA from E2A-
deficient mice and wild-type littermates by reverse-tran-
scription (RT)-PCR. Consistent with the presence of y3
rearrangements, V3 sterile transcripts were readily detect-
able in the thymus of the E2A-deficient mice, but were ab-
sent from the thymus of control littermates (Fig. 6 C).
Thus, the absence of the E2A proteins during adult thy-
mocyte development allows for the continued transcription
of the unrearranged y3 V gene segment, likely rendering
this V region accessible to the recombination machinery.

Discussion

The E2A gene products have the ability to bind to the
enhancer elements within the Ig heavy and light chain
genes as well as the TCR o and 3 genes (66—69). The abil-
ity of these enhancer elements to promote lineage-specific
activation of recombination suggests that the E2A gene
products might be involved in regulating Ig and TCR gene
rearrangements (70-73). However, whether the E2A pro-
teins are important for recombination of the Ig or TCR «
and B loci is still unclear. Here we have examined the rear-
rangement efficiency of the two other TCR genes, the y
and 3 genes, within E2A-deficient o/B T cells. Committed
o/B T cells, which represent >90% of total thymocytes,
retain previously rearranged vy and & genes in both chro-
mosomal and extrachromosomal DNA (39, 47, 54). Im-
portantly, committed o/ T lymphocytes are selected and
expanded on the basis of 3 chain rearrangements, and not
on the basis of -y and & rearrangements (74-76). Thus, the
relative level of Vy and V& gene rearrangements in total
thymus DNA reflects the frequency of Vy and V8 gene us-
age during double-negative thymocyte development. The
data presented here demonstrate that the E2A gene prod-
ucts are critical regulators of v and & V(D)J rearrangement
during fetal and adult thymocyte development. First, they
are required during fetal development to allow efficient re-
arrangement of at least one TCR V8 gene segment and to a

e C -RT  +R1T -RT +RT

Vi @ 3

/. 1 2 3 4 1 2 3 4
actin - -
1 2 3 4 1 2 3 4

Analysis of the level of double-stranded DNA breaks at the Vy3 and J;2 RSS and the level of Vy3 germline transcripts in E2A-deficient

mice. (A) Schematic diagram of the linker-ligation assay for detecting broken ends at the VVy3 RSS. The thick line represents the ligated BW-1/BW-2
linker. (B) Total thymus DNA from an E2A-deficient mouse and a heterozygous littermate was analyzed for broken ends at the RSS 3’ of Vy3 and 5’ of
Jy2 using LM-PCR. The same linker-ligated DNA was used for each of the PCR reactions. (C) Total thymocyte RNA from adult E2A-deficient mice
and heterozygous littermates was analyzed by RT-PCR for the presence of V3 sterile transcripts. Positive control RT-PCR reactions were performed

with B-actin primers.
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lesser extent a TCR V+y gene segment. Second, the pres-
ence of the E2A proteins during adult thymocyte develop-
ment is required to prevent the inappropriate rearrange-
ment of V regions that primarily recombine in fetal
thymocytes. The decreased usage of particular V gene seg-
ments correlates well with the deficiency of the v/8 sub-
populations expressing TCRs that use those V regions.
Thus, the E2A gene products, which are required at two
distinct stages of v/& T cell development, regulate the de-
velopment of the /8 subpopulations through the ability to
influence V gene usage during the recombination process.

Positive Regulation of V(D)J Recombination by the E2A
Gene Products. E2A-deficient mice have significantly re-
duced levels of rearrangements to particular V regions, in-
cluding V&5 and V2. There are various ways in which the
bHLH proteins might positively regulate VDJ rearrange-
ment. Several studies have suggested that transcriptional
enhancers play important roles in modulating the accessi-
bility of the gene segments to the recombination machin-
ery, and E2A protein binding sites have been identified in
the enhancer element of the & locus (13, 25, 77, 78). How-
ever, others have shown that the TCR & enhancer is im-
portant for J segment accessibility (79). In transgenic mice
lacking the & enhancer, V to D rearrangement is intact, but
V-D to J rearrangement is inhibited (79). Since this pheno-
type is clearly distinct from that observed in the E2A-defi-
cient mice, it is unlikely that bHLH proteins are function-
ing through the TCR & enhancer.

The data described here raise the possibility that bHLH
proteins play a role in the initiation of germline transcrip-
tion. Indeed, there are several E box elements in the V2
upstream sequences but not in the V3 upstream sequences
(Raulet, D., personal communication). However, we have
examined for the presence of Vy2 germline transcripts in
E2A-deficient and wild-type thymocytes and have not
found a tight correlation between the level of Vvy2 rear-
rangements and the level of Vy2 germline transcripts (Bain,
G., unpublished observations). An alternative mechanism is
that bHLH proteins directly target the recombinase to the
RSS. We note the presence of consensus E box binding
sites in the linker sequences separating the heptamer and
nonamer of almost all Vy and V8 gene segments. E2A and
HEB proteins bind to these sites with relatively high affin-
ity using nuclear extracts derived from thymocytes (Bain,
G., and C. Murre, unpublished results). To determine how
the E2A proteins positively regulate V(D)J recombination,
it will be important to examine the functional significance
of the E box binding sites in the promoter and spacer re-
gions by mutational analysis using knock-in strategies, and
to determine the transcriptional activity of particular V re-
gion promoters in the absence of all E box binding activity.

Negative Regulation of V(D)J Recombination by the E2A
Proteins. Normally, Vy3 and V&1 rearrange coordinately
during early thymic development and give rise to v/3 T
cells that migrate to the epithelium of the skin (20, 48). In
thymocytes that develop in the adult mouse, rearrange-
ments to these V regions occur only at a very low fre-
quency (23). Interestingly, we show here that both V3
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and Va1 gene rearrangements are significantly overrepre-
sented in DNA derived from E2A-deficient adult thymi.
Thus, the presence of E2A is essential in order to properly
regulate the ordered rearrangement of these TCR loci in
adult thymocytes.

The question then becomes, how does E2A restrict the
usage of the 81 and 3 V regions in wild-type thymocytes?
As discussed above, positive regulation of recombination to
the 85 and y2 V gene segments is impaired in E2A-defi-
cient mice. It is conceivable that the differences in V region
usage observed in the E2A-deficient thymus are simply the
result of competition between V gene segments. That is, if
V35 and V2 are prevented from rearranging efficiently in
the absence of E2A, then Vy3 and V31 rearrangements,
which don’t require E2A, might continue to rearrange and
be overrepresented. However, we consider it unlikely that
a competition model could explain the data observed, par-
ticularly within the & locus, for the following reasons. First,
thymus DNAs isolated from adult E2A heterozygous mice
show normal levels of V&5 rearrangements, but at the same
time display significantly increased levels of V81 rearrange-
ments compared with wild-type littermates (Fig. 4 C).
Thus, we observe increased recombination to the 81 V re-
gion in the absence of a decrease in rearrangement to the
85 V region. In addition, Va5 rearrangements are signifi-
cantly decreased in fetal thymus DNAs derived from E2A-
deficient and E2A heterozygous mice despite the fact that
the V381 rearrangements in these mice occur at a similar
frequency as in the wild-type fetal thymus (Fig. 4 B).
Taken together, we favor a model in which the E2A gene
products normally function in restricting the accessibility of
V31 and V3 to the recombinase.

Previous studies have identified a repressor element lo-
cated in the Vvy3-Vv4 intergenic region that functions on
heterologous promoters in transient transfection assays (80).
It has been proposed that the activation of this repressor el-
ement during adult thymocyte development renders the y3
gene segment inaccessible to the recombinase (80). Several
consensus protein binding sites have been identified in the
repressor region; however, no E2A protein binding sites
are present. Nevertheless, it will be important to examine
whether E2A activity is required, indirectly, for the Vy3-
V4 repressor activity. Additionally, it will be interesting to
determine whether a similar repressor element exists in the
d locus. Taken together, we favor a model in which the
absence of the E2A proteins during adult thymocyte devel-
opment allows for the continued transcription of unrear-
ranged fetal V gene segments, rendering continued access
to the recombination machinery.

Dosage-dependent Regulation of V(D)J Recombination by the
E2A Proteins.  An intriguing result of the data presented
here is that the regulation of 85 rearrangement during fetal
thymic development appears to be highly sensitive to the
dosage of E2A. We would like to consider the possibility
that the concentration of E2A molecules in a double-nega-
tive T cell actively undergoing Va5 rearrangement is limit-
ing to the recombination process. Site-specific recombina-
tion in B lymphocytes is controlled in such a way that if the



initial V, to DJ,, rearrangement results in the production of
a functional heavy chain, a signal is sent to shut down the
heavy chain rearrangement process. As a result, an individ-
ual B cell expresses only one functional heavy chain. How-
ever, if the initial rearrangement is nonproductive, an addi-
tional Vy to DJy rearrangement can be initiated on the
other allele (9). This model predicts that V,, gene rear-
rangement occurs only on one allele at a time. These data
raise the question whether a limiting concentration of some
factor is important in regulating this aspect of V(D)J re-
combination. The results described here indicate that the
concentration of E2A proteins present in fetal thymocytes
undergoing TCR 3 rearrangements is rate limiting. Thus,
it is conceivable that, within any one T lymphocyte, the
level of E2A is such that only one allele of the TCR 8 lo-
cus is undergoing rearrangement. In addition, these data
suggest that the level of E2A activity is significantly lower
in fetal thymocytes and relatively higher in adult thy-
mocytes. Although E2A transcript levels are comparable

between fetal and adult thymus RNAs, 1d-2 transcript lev-
els are threefold higher in fetal thymocytes compared with
adult thymocytes (Bain, G., and C. Murre, unpublished
data). Since the 1d-2 protein can function as a negative reg-
ulator of E2A activity, it is likely that E2A activity is signif-
icantly lower during fetal thymocyte development.

Like the TCR vy and 3 loci, the murine Ig heavy chain
locus displays preferential rearrangement of particular V
gene segments. For example, B cell precursors characteristi-
cally use a restricted set of Vi segments, with the 3" V gene
segments being preferentially rearranged, whereas mature B
cell populations use a wide range of Vy, segments (14-17).
There is a dosage-dependent effect of E2A on differentia-
tion through the B cell lineage as well, since mice het-
erozygous for E2A have ~50% of the wild-type numbers
of progenitor B cells (31, 81). These data raise the question
of whether the E2A gene products control Ig gene rear-
rangements in a similar dosage-dependent fashion as de-
scribed here for the TCR 3 locus.
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