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The “Dispensable” Portion of RAG2 Is Necessary
for Efficient V-to-DJ Rearrangement
during B and T Cell Development

Hence, RAG1 plays a central role in RSS recognition,
catalysis, and assembly of the basal recombinase
complex.

In contrast, despite being absolutely indispensable
for activity of the recombinase, the precise role of RAG2
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2 Graduate Program in Immunology and specificity of interactions between RAG1 and the

RSS (Akamatsu and Oettinger, 1998; Swanson and De-Johns Hopkins University School of Medicine
Baltimore, Maryland 21205 siderio, 1998), but not through direct, sequence-specific

interaction with DNA (Eastman et al., 1999; Mo et al.,3 Duke University Medical Center
Department of Immunology 1999; Swanson and Desiderio, 1998). Although all con-

served acidic residues within RAG2 are dispensable forDurham, North Carolina 27710
catalytic activity of the RAG complex (Landree et al.,
1999), several basic residues of RAG2 have been shown
to be critical for the ability of the recombinase to formSummary
and open coding-end hairpins in vitro (Qiu et al., 2001),
as well as for DNA substrate recognition by RAG1/2Previous in vitro studies defined the minimal regions

of RAG1 and RAG2 essential for V(D)J recombination. complex (Fugmann and Schatz, 2001).
Since full-length RAG1 and RAG2 are insoluble atIn order to characterize the role of the C-terminal “dis-

pensable” portion of RAG2, we generated core-RAG2 physiological salt concentrations, all biochemical stud-
ies of RAG1 and RAG2 have relied on truncated, catalyti-knock-in mice. We found that the core-RAG2-con-

taining recombinase complex is selectively defective cally active recombinant proteins, which are readily sol-
uble. These core-RAG1 (amino acids 384–1008 of 1040in catalyzing V-to-DJ rearrangement at the IgH and

TCR� loci, resulting in partial developmental blocks residues) and core-RAG2 (amino acids 1–383 of 527
residues) proteins were initially defined as the minimalin B and T lymphopoiesis. Analysis of recombination

intermediates showed defects at the cleavage phase regions of each protein essential for near-wild-type re-
combination activity on cotransfected extrachromo-of the reaction. We also observed a reduction in overall

recombinase activity in core-RAG2-expressing thymo- somal reporter substrates in nonlymphoid cell lines (re-
viewed in Fugmann et al., 2000). Despite their apparentcytes, leading us to suggest that the interaction of a

defective recombinase with RSS sequences unique to dispensability, the non-core regions of RAG1 and espe-
cially RAG2 are evolutionarily conserved, suggestingVH and V� gene segments may underlie the specific

V-to-DJ rearrangement defect in core-RAG2 mice. that they may play important roles in the assembly of
endogenous Ig and TCR genes during lymphoid devel-
opment. These roles may include quantitative or qualita-Introduction
tive regulation of RAG activity (Kirch et al., 1998, 1996;
McMahan et al., 1997; Roman et al., 1997; Steen et al.,Immunoglobulin (Ig) and T cell receptor (TCR) gene vari-

able exons are assembled by a series of site-specific 1999), perhaps specifically suppressing aberrant recom-
bination (Sekiguchi et al., 2001). In addition, RAG2 isrecombination reactions called V(D)J recombination

(Fugmann et al., 2000; Hesslein and Schatz, 2001). Rear- subject to cell-cycle-dependent degradation, and the
conserved amino acids responsible for this posttransla-ranging gene segments are flanked by recombination sig-

nal sequences (RSSs) consisting of a conserved heptamer tional regulatory mechanism lie within the non-core re-
gion of RAG2 (Li et al., 1996).and nonamer separated by spacer DNA of conserved

length (either 12 or 23 nucleotides) but not sequence. In an attempt to identify the function of the non-core
RSSs are recognized by a common recombinase ma- region of RAG2, Kirch et al. (1998) studied the regulation
chinery containing two lymphoid-specific factors, RAG1 of V(D)J recombination by transfection of either full-
and RAG2. Both RAG1 and RAG2 have been subjected length or core-RAG2 into RAG2 null Abelson virus-trans-
to extensive mutational analyses which led to the identi- formed pro-B cell lines. While core-RAG2 was less active
fication of the catalytic center of the RAG complex, a than full-length RAG2 in this assay system, these work-
DDE motif, located within RAG1. This active site motif ers reported a disproportionate effect of the deletion on
resembles the catalytic domain of bacterial transpo- heavy-chain V-to-DJH as compared to D-to-JH or V-to-
sases and retroviral integrases. In addition, RAG1 con- J� rearrangement. Previous work had shown, however,
tains the sequence-specific DNA binding domain in- that V(D)J recombination is not appropriately regulated
volved in RSS recognition and also contributes most of in v-abl transformed cell lines (Schlissel et al., 1991),
the DNA contacts to the RSS-heptamer and the adjacent thus limiting the significance of these results.
coding segment (Akamatsu and Oettinger, 1998; East- In this study, we explore the importance of the non-
man et al., 1999; Swanson and Desiderio, 1998, 1999). core region of RAG2 in regulating V(D)J recombination

at endogenous Ig and TCR loci by generating and ana-
lyzing core-RAG2 knock-in mice.4 Correspondence: mss@uclink4.berkeley.edu
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Results ure 1B), there is an �4-fold reduction in the number of
pre-B cells (CD43�B220�IgM�) and in surface IgM� B
lymphocytes compared to wild-type littermates (FigureGeneration of Core-RAG2 Knock-In Mice

To generate mice expressing only core-RAG2 protein, 1B). The attenuation of development at the pro-B to
pre-B transition and reduction in IgM� B cells is alsowe used homologous recombination to replace the full-

length RAG2 coding sequence with core-RAG2 (Figure reflected by flow cytometric analysis (Figure 1C). This
partial developmental block occurs at the stage whenS1A [http://www.immunity.com/cgi/content/full/17/5/

639/DC1]). To preserve as closely as possible the en- developing B cells are assembling their Ig heavy-chain
(IgH) gene. Productive complete heavy-chain gene re-dogenous regulation of RAG2 at the posttranscriptional

level, the 3� untranslated region (UTR) of RAG2 was arrangement is required for progression from the pro-B
to the pre-B stage of development (Hesslein and Schatz,retained 3� of the truncated gene to provide polyadenyl-

ation signals and to maintain normal RNA metabolism. 2001). As shown in Figure S1D (http://www.immunity.
com/cgi/content/full/17/5/639/DC1), the numbers of to-We used the Cre-loxP strategy (Naramura et al., 1998)

to achieve deletion of the floxed-neor gene in vivo by tal nucleated bone marrow cells and thymocytes in the
core-RAG2/null hemizygote (�/�) are more affectedcrossing chimeras generated from core-RAG2-NEO tar-

geted ES clones (�/N) with Cre recombinase transgenic than core-RAG2 homozygote (�/�). This dosage effect
of core-RAG2 protein suggests that the deleterious ef-mice (Figure S1B [http://www.immunity.com/cgi/

content/full/17/5/639/DC1]), resulting in mice carrying fect caused by truncation of the RAG2 gene might be
related to reduced recombinase activity. It is also nota-only the core-RAG2 mutation and a loxP site between

the core-RAG2 stop codon (aa 384) and the endogenous ble that the core-RAG2 heterozygote (�/�) mice show
a modest block at the pro-B to pre-B transition as evi-3� UTR (Figure S1A). Subsequent mating of heterozy-

gous (�/�) mice generated wild-type RAG2 (�/�), het- denced by an increased percentage of CD43� B220�

cells while the RAG2 null heterozygote (�/�) exhibitserozygous core-RAG2 (�/�), and homozygous core-
RAG2 (�/�) mice for analysis (Figure 1A). Hemizygotes no such block (Figure 1C and data not shown). This

observation suggests that core-RAG2 protein can inter-with full-length (�/�) or core-RAG2 (�/�) were also gen-
erated by crossing RAG2 null (�/�) with heterozygous fere with the function of wild-type RAG2.

To determine if IgH gene assembly is affected in core-core-RAG2 (�/�) mice (Figure S1C). To assess the ex-
pression of core-RAG2 protein in the mutant mice, we RAG2 mice, we sorted pro-B cells from core-RAG2 ani-

mals and wild-type controls. The extent of DJH joiningperformed Western blot analysis on adult thymocyte
whole-cell lysates (Figure 1A). A polyclonal antiserum in pro-B cells was measured by a standard semiquanti-

tative PCR strategy (Schlissel et al., 1991). We found that(Lin and Desiderio, 1993) against a murine RAG2
N-terminal peptide (aa 156–171) was used since this D-to-JH recombination proceeds in an indistinguishable

fashion in pro-B cells expressing either full-length orepitope exists in both full-length and core-RAG2. Al-
though transcription of the core-RAG2 gene is regulated core-RAG2 proteins (Figure 2A). In contrast, VH-to-DJH

joining is severely impaired in core-RAG2 pro-B cellsby endogenous sequences, we observed an increase in
steady-state amounts of core-RAG2 protein compared (Figure 2B). Unlike the progressive impairment of VH-to-

DJH rearrangement observed in IL-7R�-deficient miceto wild-type RAG2 protein. Taking into consideration the
increase in DN cells and slight reduction in DP cells (Corcoran et al., 1998), core-RAG2 mice are defective

in mediating V-to-DJ rearrangement across the entireobserved in mutant thymocytes (see below), we concluded
that, on a single-cell basis, there is at least 2-fold more IgH locus regardless of the distance between the spe-

cific VH family and downstream DJH segment (Figure 2B).core-RAG2 protein in mutant thymocytes than full-length
RAG2 in wild-type thymocytes. Removal of the C termi- This global defect results in a �10-fold reduction in

the frequency of complete heavy-chain gene assemblynus of RAG2 eliminates its well-characterized degrada-
tion signal (Li et al., 1996), and thus the prolonged half- (Figure 2C).

To determine whether a similar defect exists withlife of core-RAG2 likely contributes to its accumulation
in developing thymocytes. other rearranging loci, pre-B cell DNA was assayed by

PCR for VJ� rearrangements. Analogous to D-to-JH re-We observed a reduction of cellularity in bone marrow,
spleen, and thymus in animals carrying the core-RAG2 arrangement, we found no effect of the absence of the

RAG2 C terminus on rearrangement at the Ig� locusmutation (Figure S1C [http://www.immunity.com/cgi/
content/full/17/5/639/DC1]). Except for a reduction of (Figure 2D). Since V�-to-J� rearrangement occasionally

precedes the completion of IgH gene assembly, we alsomature splenic B cells in hemizygous core-RAG2 mice,
there was no significant difference in the ratio of T and compared V-to-J� joining events mediated by full-length

and core-RAG2 in pro-B cells. We detected comparableB cell populations, the percentage of CD4� and CD8�

populations, or the percentages of CD4�CD8� and pre- levels of VJ� rearrangement in wild-type and mutant
pro-B cells, suggesting that the defect in IgH V-to-DJB (B220�IgM�) cells in the spleen (data not shown),

suggesting that the truncation of RAG2 most likely af- rearrangement is specific to that particular rearrangement
event and not the pro-B cell stage of development itselffects early lymphocyte development.
(data not shown).

A Partial Block in B Lymphocyte Development and Ig
Gene Rearrangement in Core-RAG2 Mice Reduced VH-to-DJH Recombination Reaction

Intermediates in Pro-B Cells from Core-RAG2 MiceB lymphopoiesis is impaired at an early stage in the
bone marrow of core-RAG2 mice (Figure 1). While the Recombination intermediates (broken signal ends, SBE)

within the IgH and IgL loci were examined using a pre-number of CD43�B220�IgM� pro-B cells is normal (Fig-



Core-RAG2 Knock-In Mice
641

Figure 1. B Cell Development in Core-RAG2 Knock-In Mice

(A) Full-length RAG2 and core-RAG2 protein expression in the thymus. An anti-N�RAG2 Western blot analysis of adult thymocyte lysates from
the indicated genotypes is shown with the positions of wild-type (WT) and core-RAG2 mutant (core) proteins indicated.
(B) Size of developing B cell subpopulations from wild-type (�/�, solid bars) and core-RAG2 (�/�, hatched bars) mice. RBC-free bone marrow
cells from both femurs and tibiae of individual mouse were analyzed by flow cytometry, and developmental fractions were determined according
to Hardy’s scheme (Hardy et al., 1991). Data represent the means and standard deviation (error bars) from six independent analyses. Insert,
cell numbers of early pro-B fractions (Fr. A and B/C) in wild-type and core-RAG2 BM were further determined by HSA staining (N � 2).
(C) FACS analysis of BM cells from hemizygous (�/�, �/�) mice and wt (�/�), heterozygous (�/�), or homozygous core-RAG2 (�/�) littermates
stained with FITC-anti-IgM, PE-anti-B220, and bi-anti-CD43 followed by SA-QR. Pro-B and pre-B cells were further distinguished by CD43
marker expression (lower panel) as in Hardy et al. (1991). IgM� gated cells are shown as fraction A-C pro-B cells (B220�CD43�) and fraction
D pre-B cells (B220�CD43�). Percentages in each case represent the means and standard deviations of live-gated subpopulations from six
mice of each genotype.

viously described LMPCR approach (Schlissel et al., V(D)J recombinase fails to efficiently initiate RSS cleav-
age 5� of DH RSS in the IgH locus, resulting in the impair-1993). Figure 2E shows that dsDNA breaks 5� of DH RSS,

which are associated with VH-to-DJH rearrangement, ment of VH-to-DJH rearrangement in mutant pro-B cells.
Despite its defect in initiating VH-to-DJH rearrangement,were dramatically reduced in DNA purified from core-

RAG2-expressing pro-B cells, whereas dsDNA breaks core-RAG2 apparently preserves the ability to respond
to stage-specific developmental regulatory cues. Wederived from the 3� of DH RSS, which are associated

with DH-to-JH assembly, were not affected. Intermedi- observed neither precocious J� or J� RSS cleavage in
core-RAG2 pro-B cells nor the extension of DH RSSates derived from � or � light chain rearrangements

involving 5�J�1 23-RSS and 5�J� 12-RSS were also unaf- cleavage into the pre-B cell stage (Figure 2E). Quantifi-
cation of 5�DH SBEs revealed that core-RAG2 has anfected. This indicates that the core-RAG2-containing
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Figure 2. Impaired VH-to-DJH Rearrangement in Pro-B Cells Expressing Core-RAG2

(A) PCR analysis of DH-to-JH rearrangement was performed on the indicated amounts of genomic DNA purified from FACS-sorted pro-B cells
from homo- or hemizygous wild-type or core-RAG2 knock-in mice. A Southern blot of PCR products is shown, probed with an oligo specific
for the JH region. The lower panel shows control amplifications of a nonrearranging genomic locus (CD14; EtBr stained gel photograph).
(B) Pro-B cell genomic DNA from mice of the indicated genotypes was amplified by PCR using three sets of degenerate primers corresponding
to VHJ558 (DH-distal), VHQ52, and VH7183 (DH-proximal) segments in combination with a single JH primer to detect VH-to-DJH rearrangements
spanning the IgH locus. The Southern blot shown was probed as in (A).
(C) Three-fold serially diluted genomic DNA samples from homozygous core-RAG2 (�/�) or wt (�/�) pro-B cells were amplified with an equal-
molar mixture of degenerate VHJ558, VHQ52, and VH7183 primer set (VHmix) paired with a single JH primer. A Southern blot is shown as in (B).
(D) Either 50 ng or 10 ng of genomic DNA from sorted pre-B cells was amplified with a degenerate Vk primer and a primer downstream of the
Jk2 segment. A probe derived from J�2 coding sequence was used to detect amplified VJk rearrangements by Southern blot.
(E) LMPCR was used to detect RSS signal ends generated by the full-length or core-RAG2 recombinase complex at either the pro-B or pre-
B stage of B cell development. Shown are the analyses of the 3� DH and 5� DH 12-RSS, the 5� J�1 23-RSS, and the 5� J� 12-RSS broken signal
end (SBE) amplified products. CD14 denotes direct PCR amplification of a control locus using linker-ligated DNA.
(F) LMPCR of 3-fold serially diluted linker-ligated DNA from mutant (�/�) or wt (�/�) pro-B cells was used to compare the amounts of 5� DH

signal ends generated by full-length or core-RAG2.
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Figure 3. T Cell Development in Core-RAG2
Knock-In Mice

(A) Thymocytes from mice of the indicated
genotypes were stained with FITC-anti-CD4
and PE-anti-CD8.
(B) Thymocytes were stained with FITC-anti-
CD4, FITC-anti-CD8, PE-anti-CD25, and Cyc-
anti-CD44. Upper, distribution of gated
CD4�/CD8� thymocytes from various geno-
types. Percentages indicated in each quad-
rant are the mean and standard deviation of
five independent repetitions of this experi-
ment. Lower, histogram displaying forward
scatter analysis of DN3 (CD25�CD44�) cells
of each genotype. The gate indicates the per-
centage of “large” (cycling) cells.

�20-fold reduction in RSS cleavage efficiency relative mental phenotype observed in core-RAG2 mice sug-
gests that, despite the accumulation of core-RAG2to full-length RAG2 (Figure 2F) which correlates with the

observed reductions in VH-to-DJH rearrangements and protein in thymocytes (Figure 1A), mutant DN3 cells have
difficulty assembling a complete TCR	 chain.the production of pre-B cells.

T Cell Development in Core-RAG2 Mice Impaired V�-to-DJ� Rearrangement Mediated
by Core-RAG2The physiologic consequences of the absence of the

RAG2 C terminus on developing T cells were examined To elucidate the underlying mechanism causing this par-
tial developmental block at the DN3 to DN4 transition,in thymocytes from core-RAG2 mice and their lit-

termates. We found that the CD4 and CD8 staining pro- we compared the frequency of TCR	 rearrangements
in sorted DN3 T cells from wild-type and core-RAG2files were similar for core-RAG2 (�/�) mice and wild-

type littermate (�/�) controls (Figure 3A), except for an mice. Similar to the defect observed in IgH re-
arrangement, core-RAG2 is defective in V	-to-DJ	 re-attenuation of the DN to DP transition, resulting in a

modest accumulation of DN cells in core-RAG2 mice. arrangement but mediates normal D	-to-J	 joining (Fig-
ures 4A and 4B). Using different V	 gene-specificIn order to assess the significance of this increased

fraction of DN cells, we proceeded to analyze DN thymo- primers, including ones specific for the most distal V	2
gene (�650 kb upstream of the D	 elements) and thecytes using antibodies to CD25 and CD44. We found a

partial but significant block in core-RAG2 thymocyte proximal V	14 gene (�10 kb downstream of the C	2
region), we found that V	-to-DJ	 rearrangement involv-development at the transition from the CD25�CD44�

DN3 stage to the CD25�CD44� DN4 stage (Figure 3B). ing V	 segments across the entire locus was impaired
in mutant DN3 cells (�4-fold reduction, Figure 4B). WeWe also observed a striking reduction in the percentage

of large cycling cells within the DN3 population of core- used LMPCR to determine whether diminished V	-to-
DJ	 rearrangement is due to a defect at the cleavageRAG2 thymocytes (Figure 3B, bottom; also revealed by

measurements of the percentage of cells in the S and or at a postcleavage step of the reaction. Figures 4D
and 4E show that cleavage of the 3�D	 23-RSS was notG2/M phases of the cell cycle after DNA content staining,

data not shown). At the DN3 stage, productive V-to-DJ	 affected by the core-RAG2 mutation as measured by the
abundance of SBE. In contrast, core-RAG2-mediatedgene rearrangement leads to expression of the pre-TCR

on the cell surface and consequent pre-TCR signaling cleavage of 5�D	 12-RSS was reduced corresponding
to the defect observed in V	-to-DJ	 rearrangement (Fig-permits cell survival, proliferation, and differentiation (re-

viewed in von Boehmer et al., 1999). As a result, the ures 4C and 4D). We went on to compare the levels of
SBE at two specific V	 23-RSS sequences in wild-typeDN3 population is selected for in-frame TCR	 re-

arrangement, a process called 	-selection. The develop- and core-RAG2 mutant DN3 and DN4 thymocytes. In
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Figure 4. Impaired V	-to-DJ	 Rearrangement in Pro-T Cells Expressing Core-RAG2

(A) Indicated amounts of DNA purified from sorted DN3 cells from wild-type or core-RAG2 littermates were analyzed by PCR for D	2-to-J	2.1
or -J	2.2 rearrangement. GL indicates the PCR product from the germline TCR	 locus. CD14 control PCR reactions are as in Figure 2.
(B) PCR analysis of V	-to-DJ	 coding joints using various V	 gene-specific primers on the indicated amounts of wild-type and core-RAG2
DNA purified from sorted DN3 pro-T cells.
(C) Diagram of reaction intermediates during TCR	 rearrangement with the blunt-ended linker (BW) shown ligated to cleaved 3� D	, 5� D	,
and 3� V	 RSS ends. The linker primer BW-H and locus-specific primers (arrowheads) used in LMPCR are also shown.
(D) Linker-ligated DNA from wild-type or mutant DN3 and DN4 T cells was assayed by LMPCR for cleavage at the indicated RSS as depicted in (C).
(E) Comparison of 3�D	 SBE in wild-type and mutant DN3 T cells as assayed by serial dilution followed by LMPCR as shown in (D).

each case, the frequency of dsDNA breaks was dimin- VDJ
 rearrangement occurs during or before the DN4
stage of development (Hernandez-Munain et al., 1999).ished in the mutant, but the appearance of breaks was

appropriately limited to the DN3 stage. Finally, using an PCR analysis using V
 and J
 primers revealed a de-
crease in VDJ
 rearrangement in core-RAG2 mutant DN3inverse PCR assay to detect signal joints, we ruled out

the possibility that the decrease we observed in the and DN4 thymocytes (Figure S2B). In the TCR 
 locus,
V
-to-D
 rearrangement often precedes VD
-to-J
 re-frequency of SBEs in mutant cells was the result of

unusually rapid generation of V	/D	 signal joints (data arrangement, but the enhancer-dependent develop-
mental regulation of the latter step makes it comparablenot shown). Thus, the defect in TCR	 gene assembly in

mutant thymocytes is remarkably similar to the defect to the V-to-DJ step in IgH and TCR	 rearrangement
(Lauzurica and Krangel, 1994). Further analysis of re-in IgH gene assembly in mutant developing B cells.
arrangement intermediates (Figure S2D) revealed that
core-RAG2 thymocytes are defective in VD
-to-J
 re-�� TCR Rearrangements in Core-RAG2 Mice

Along with attenuation of the DN3 to DN4 transition, we arrangement due to diminished cleavage at specific
RSSs involved in this process.also observed a significant reduction of �
 T cells in

core-RAG2 thymus (Figure S2A [http://www.immunity.
com/cgi/content/full/17/5/639/DC1]). We found that Reduced Recombinase Activity

in Core-RAG2-Expressing CellsTCR � chain gene rearrangement was not affected but
TCR
 rearrangement was affected by the core-RAG2 We considered several potential mechanisms to ac-

count for the selective defect in V-to-DJ rearrangementmutation (Figure S2C). Previous studies have shown that
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Figure 5. Diminished Core-RAG2 Recombinase Catalytic Activity Assayed Using a Retroviral Recombination Reporter

(A) Schematic representation of the retroviral vectors used as recombination reporters. The construct contains an anti-sense-oriented RSS-
flanked EGFP reporter and an internal ribosomal entry site (IRES)-linked human CD4 (hCD4) cassette in the sense orientation. The 12- and
23-RSS are represented as open and closed triangles, respectively.
(B and C) MACS-purified DN thymocytes from adult wt (�/�) or core-RAG2 mutant (�/�) mice and total E17.5 embryonic thymocytes were
infected with pseudotyped reporter viruses. At 48 or 72 hr postinfection, cells infected with either 12�23 RSS-GFP (left panel) or 23�23 RSS-
GFP (right panel) reporter viruses were stained with PE-anti-hCD4, and simultaneous detection of GFP expression was performed by flow
cytometry. Percentages shown are hCD4� and hCD4�GFP� population out of live DN thymocytes. The RAG activity index was defined as the
percentage of GFP� cells divided by the percentage of total hCD4� cells.

in core-RAG2 mice. First, it is possible that the catalytic exist between the full-length and core-RAG2 containing
recombinase complexes, we designed a reporter assayactivity of the core-RAG2-containing recombinase is

significantly diminished and that the V-to-DJ recombina- utilizing retroviral vectors to directly measure recombi-
nase activity in developing lymphocytes (Figure 5A). Thetion reaction requires optimal recombinase activity. Sec-

ond, the non-core region of RAG2 may be involved in retroviral reporter integrates into the genome as proviral
DNA, and the proviral LTR drives the production of aan aspect of RSS recognition, synapsis, or cleavage

which is unique to V-to-DJ rearrangement. Finally, the bicistronic transcript which allows for the simultaneous
assessment of recombination (inversion of the RSS-GFPnon-core domain of RAG2 might be involved in the spe-

cific recruitment of the recombinase to VH and V	 gene cassette and subsequent GFP expression) and infection
efficiency (surface expression of hCD4 marker) on asegments. Perhaps more likely, the mutant phenotype

might be due to a combination of these potential de- single-cell basis.
The specificity and sensitivity of this assay was firstfects.

To examine whether differences in catalytic activity confirmed by infecting thymocytes with either the 12�23
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Figure 6. Most VH and V	 Gene Segments Show Relatively Inefficient Recombination Activity in Both Wild-Type and Core-RAG2 Mutant
Lymphocyte Progenitors

(A) Comparison of consensus features of the 23-RSS from the V�/V�/V�/V
 genes with those of VH/V	 origin. The shaded area represents
nucleotides that show the most consistent differences between the two sets of 23-RSS (Cowell et al., 2002). Nucleotides characteristic of the
V�/V�/V�/V
 consensus are underlined, and those of the VH/V	 consensus are in outline.
(B) Sequence comparison of the two groups of 23-RSS derived from VH/V	 genes used in this study. Within each group, the consensus
nucleotides are highlighted (underlined capitals, V�/V�/V�/V
-like; hollow capitals, VH/V	 consensus). Heptamer nucleotides which differ from
the canonical sequence are shown in lower case.
(C) PCR analysis of V-to-DJH coding joints utilizing four different VH-gene-specific primers, VHQ52, VH23, VH6, and VH186-2, individually paired
with a single downstream JH primer. Twenty-three cycle PCR reactions were performed on 200 or 50 ng aliquots of genomic DNA purified
from primary pro-B cell cultures. CD14, a 25-cycle control PCR visualized by EtBr gel; bottom, a 27-cycle control PCR on 250 ng 63-12 cell
genomic DNA mixed with 1 ng, 50 pg, or 2.5 pg linearized pCR-XL plasmid containing a rearranged V*DJH3 insert amplified by the corresponding
VH-specific primer and downstream JH primer. The same primer sets were also used to amplify the rearranged V*DJH3 fragments individually
which were cloned into pCR-XL plasmid to serve as control templates.
(D) Thymocytes from 4-week-old wild-type (N � 6) or mutant (N � 4) mice were stained with FITC-anti-V	8.3 and PE-anti-TCR	 antibodies.
Percentages are out of total live-gated thymocytes.
(E) DNA from either an in vitro RAG-mediated cleavage reaction (lanes 1–4) or from sorted wild-type (�/�) and core-RAG2 mutant (�/�) DN3
thymocytes (lanes 5–8) was analyzed by LMPCR for signal broken ends (SBE) at the indicated RSS. Three-fold serial dilutions of the linker-
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Figure 7. Overexpression of Non-Core RAG2
Is Associated with Increased Levels of V-to-
DJH Rearrangement in v-abl-Transformed
Core-RAG2 Pro-B Cells

(A) Diagram of the RAG2 non-core domain
expression vector.
(B) Two AMuLV-transformed pro-B cell lines
(CR2-6 and CR2-25) generated from core-
RAG2 mutant bone marrow were transiently
transfected with the non-core RAG2 expres-
sion vector (NC, 10 or 20 
g) or empty vector
control (V, 10 
g). Genomic DNA was har-
vested at the indicated times and assayed for
D-to-J and V-to-DJ rearrangements by PCR.
Transfection efficiency was �5% as deter-
mined by cotransfection of pEF/Nuc/GFP (In-
vitrogen).

(left panels) or the 23�23 (right panels) reporter viruses The Role of Recombination Signal Sequences
in V-to-DJ Rearrangement(Figures 5B and 5C). These two vectors supported simi-

lar levels of infection (total % of hCD4� cells), but the Our observation that the core-RAG2-containing recom-
binase has reduced activity but the mutation shows dis-23�23 vector failed to yield any detectable GFP signal,

as expected. We used these reporter viruses to infect proportional effects on different gene rearrangement
events raised the possibility that subtle differences mayeither adult DN (Figure 5B) or total fetal (Figure 5C) thy-

mocytes from wild-type and core-RAG2 mice and calcu- exist between RSSs associated with different groups of
gene segments, and these differences may contributelated a RAG activity index as the percentage of GFP�

cells divided by the percentage of total hCD4� cells. We to the core-RAG2 mutant recombinase phenotype. We
hypothesized that core-RAG2, a poor recombinase,found that core-RAG2 (�/�)-expressing cells display an

approximately 2-fold reduction in recombinase activity might create a threshold effect among different RSS
groups, and those affected by the core-RAG2 mutationrelative to wild-type cells (Figure 5B, �/� DN � 21% and

�/� DN � 10%, respectively). The extent of reduction in during V-to-DJ rearrangement (3�VH RSS and 3�V	 RSS,
specifically) might display some unique feature in theirthe RAG activity index was even higher at an earlier time

point (�3.7-fold at 48 hr), indicating that the kinetics of nucleotide sequence when compared to other RSS
groups which are recombined efficiently in the core-the core-RAG2-mediated reaction are slower. Similar

results were obtained in assays using fetal thymocytes, RAG2 mouse.
Based on this hypothesis, we simply divided 23-RSSalthough infection efficiencies were higher in this case

(Figure 5C). from different V gene sets into two groups: VH/V	 and
V�/V�/V�/V
. This grouping is determined by whetherWe also noticed that the infection efficiency of core-

RAG2 thymocytes was consistently lower than that of the rearrangement of a specific V gene set was affected
by the core-RAG2 mutation. Then, using a novel statisti-wild-type targets. Given the fact that integration of the

proviral reporter into the genome occurs only in dividing cal model of the RSS (Cowell et al., 2002), we analyzed
23-RSS within the VH/V	 group (affected) and the V�/cells, we interpret this as being a reflection of the fact

that fewer proliferating cells exist in the mutant sample. V�/V�/V
 group (unaffected). As summarized in Figure
6A, the most consistent differences between the twoThis is consistent with the defective 	-selection ob-

served in core-RAG2 thymus, which prevents the mutant groups are: V�/V�/V�/V
 with CAAG at positions 23
through 26, and GAACA at positions 29 through 33; VH/DN3 cells from entering the proliferative phase (Figure 3B).

ligated in vitro-cleaved DNA (lanes 1–4) or two different amounts of DN3 cell DNA (lanes 5–8) were used to compare the relative abundance
of different V	 signal ends. Detection of 5�D	 (12-RSS) signal ends from the same template DNA served as a positive control. RSS-3�V	,
germline sequences 3� of different V	 genes were amplified by a 25-cycle PCR on 63-12 genomic DNA (100 ng) using RSS primers and the
locus-specific primers used in primary LMPCR.
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V	 with TG at positions 9 and 10, and GTCAG or GTGCA These biochemical results led us to predict that V	
at positions 29 through 33. gene segments whose RSSs more closely match the

These analyses led us to predict that gene segments V�/V�/V�/V
 consensus would be expressed more fre-
containing RSSs resembling the VH/V	 consensus quently in core-RAG2 mice than in wild-type mice. FACS
should recombine less frequently when compared to analysis revealed just such an increase in the frequency
gene segments containing RSSs that more closely re- of V	8.3� T cells (�1.8-fold, Figure 6D) and of V	2� cells
semble the V�/V�/V�/V
 consensus. Figure 6B shows a (�1.6-fold; data not shown) in core-RAG2 thymus. Thus,
collection of different VH/V	-associated RSSs that were although the overall frequency of V-to-DJ	 rearrangement
categorized by their resemblance to either the VH/V	 or is diminished in core-RAG2 mice, V	 gene segments
V�/V�/V�/V
 consensus. The J�1 and 3�D	1 RSSs were with V�/V�/V�/V
 consensus RSS fare the best, as pre-
found to be homologous to the V�/V�/V�/V
-like con- dicted (Figure 6B). Taken together, these results lead
sensus, also suggesting that this set of genes might us to conclude that, at least in part, the defect in V-to-
display higher recombination efficiency since Ig� and DJ rearrangement observed in core-RAG2 mice reflects
TCR D-to-J	 rearrangement were not affected by the an effect of conserved features of most VH/V	 RSS
core-RAG2 mutation. which make them uniquely sensitive to decreased re-

To test our prediction, we compared the recombina- combinase activity.
tion efficiency of individual VH/V	 gene-associated
RSSs that either matched or diverged from the VH/V	
consensus both in vivo and in vitro. Using a series of The Non-Core Domain of RAG2 Can Complement
PCR assays designed to detect specific V-to-DJ gene the V-to-DJH Rearrangement Defect Found
rearrangements, we found that one specific VHQ52 fam- in Core-RAG2 Pro-B Cells
ily gene (which has a V�/V�/V�/V
-like RSS) rearranged In an attempt to further probe the role of the RAG2
more frequently in wild-type pro-B cells than those VH non-core domain in V-to-DJ rearrangement, we tested
gene segments (VH23, VH6, and VH186-2; all from J558 whether expression of the non-core domain of RAG2
family) flanked by the perfect VH/V	 consensus RSS could complement the core-RAG2 mutant phenotype.
(Figure 6C, compare lanes 1 and 2 to 5 and 6, 9 and We first generated progenitor B cell lines from core-
10, and 13 and 14, respectively). Control experiments RAG2 (�/�) mice by transforming mutant bone marrow
showed that each of these PCR assays was similarly with Abelson-murine leukemia virus (AMuLV). We
efficient (Figure 6C, bottom) and displayed the intended screened cloned mutant AMuLV lines by PCR for the
VH gene specificity based on PCR product sequencing presence of preexisting VDJH coding joints. Two-thirds
(data not shown). of the clones (13 out of 20 clones, data not shown) had

We found that each individual VH gene rearrangement at least some level of VDJH rearrangement, but all of
was reduced dramatically in core-RAG2 pro-B cells them possessed DJH rearrangements on both IgH alleles
when compared to wild-type cells (lanes 1 and 2 versus (data not shown). We selected two clones that initially
3 and 4 and lanes 5 and 6 versus 7 and 8, respectively), had DJH but not VDJH alleles for further study. We tran-
confirming the previously observed defect in V-to-DJ siently transfected these core-RAG2 pro-B cell lines with
rearrangement. Most interestingly, preferential usage of either an empty expression vector or an expression vec-
the specific VHQ52 gene segment was preserved in mu- tor encoding the non-core domain of RAG2 (Figure 7A).
tant cells, suggesting that the core-RAG2 complex could We observed a non-core RAG2 dosage- and time-
also distinguish between VH/V	 consensus and noncon- dependent complementation of the mutant phenotype
sensus RSSs. (Figure 7B, compare lanes 12, 13, 15, and 16 to 18 and

We next extended our analysis to V	 gene segment- 19, respectively). The ability of the non-core RAG2 to
associated RSS. First, we assayed the preference of the act in trans in cooperation with the core region of RAG2
recombinase for individual V	 RSS (V	 2, 8.1, 8.3, 11,

has implications for its role in facilitating V(D)J recombi-
12, and 15) by reacting purified genomic DNA from a

nation which might involve the interaction of this non-
RAG-deficient pro-B cell line (germline configuration)

core RAG2 domain with RAG proteins and with otherwith recombinant core-RAG1 and core-RAG2 in vitro.
cellular targets.SBEs were assayed by V	-specific LMPCR assays (Fig-

ure 6E, lanes 1–4, and data not shown). We found that
RSSs that matched the VH/V	 consensus (V	11, V	12,

Discussionand V	15) were cleaved less efficiently (about 3-fold)
than those that more closely matched the V�/V�/V�/V


The potential functions of the highly conserved non-consensus (V	 8.1, 8.3, and V	 2 RSS), while similar
core region of RAG2 are of substantial interest (reviewedPCR efficiency was observed among the different
by Fugmann et al., 2000). We report here that endoge-assays (Figure 6E, bottom). DNA samples purified from
nous IgH and TCR	 V-to-DJ rearrangement is greatlyDN3 thymocytes sorted from wild-type and core-RAG2
depressed in the absence of the RAG2 C terminus andmice were also used to measure in vivo cleavage activity
that this selective defect affects proximal and distal VH/on specific V	 RSS. The ex vivo results resemble those
V	 gene segments equivalently. Inefficient IgH andfrom in vitro cleavage assay in that the V	 consensus
TCR	 gene assembly results in a partial block in earlyRSSs are relatively poor substrates (Figure 6E, lanes
B and T cell development at the precise stage when5–8). Also consistent with previous observations (Figure
productively rearranged IgH and TCR	 gene products4D), core-RAG2 DN3 cells are defective in cleaving the
are essential for delivering developmental cues and pro-5�D	 12-RSS and all the V	 23-RSS tested (Figure 6E,

compare lanes 5 and 6 to 7 and 8). moting further differentiation.
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Regulation of Recombinase Accessibility titative alterations of core-RAG2 recombinase activity
per se as compared to that of full-length RAG2. Thein Core-RAG2 Mice

The V(D)J recombination reaction is regulated in a tissue, differential susceptibility among rearranging loci to this
reduced catalytic activity suggests that unique featureslineage, and developmental stage-specific manner (Hess-

lein and Schatz, 2001; Sleckman et al., 1996). Although of RSS associated with affected genes might also con-
tribute to the phenotype. This hypothesis is consistentin some cases this regulation may occur at postcleavage

steps (Hempel et al., 1998), it is primarily the DNA recog- with mounting evidence for genetic patterning of the
naive receptor repertoire including the biased use ofnition/cleavage step of the reaction that is regulated by

controlling the accessibility of RSSs to the common certain gene segments within a given locus (Connor et
al., 1995; Williams et al., 2001) and preferential synapselymphoid recombinase (Stanhope-Baker et al., 1996).

This occurs through, among other things, changes in formation between certain pairs of RSSs (Bassing et al.,
2000). In these cases, the control elements appear tochromatin structure, DNA methylation, or germline tran-

scription that restrict or enhance RSS cleavage by the be related to the specific nucleotide composition of the
flanking RSS.recombinase (Hesslein and Schatz, 2001; McMurry and

Krangel, 2000; Sleckman et al., 1996). To test our hypothesis, we applied a novel statistical
model that predicts the ideal RSS and quantifies theBy analyzing V(D)J recombination intermediates in

DNA purified from sorted B and T cells at different devel- variation between any sequence and this ideal (Cowell
et al., 2002). Of particular interest is the ability of thisopmental stages, we found that the control of recombi-

nase accessibility among the various rearranging loci is model to predict the recombination efficiency of RSS
sequences that differ at the 23-spacer. This model pre-not perturbed by the truncation of RAG2. We failed to

observe precocious cleavage products derived from IgL dicts the preferential gene usage within a given locus
shown in previous studies including the superiority ofchain gene segments in pro-B cells or the persistence

of TCR	 locus or IgHC locus cleavage products in DN4 the RSS from VH7183 family over those from VHJ558
family (Williams et al., 2001) and in vivo RAG cleavageor pre-B cells, respectively (Figures 2E and 4D). Thus,

the lineage and stage specificity, and allelic exclusion activity among different V	 segments (Tillman et al.,
2002, and this study). In addition, this model predictsof V(D)J recombination are not affected by the core-

RAG2 mutation. Rather, the locus- and stage-specific that most VH and V	 23-RSSs are relatively poor recom-
bination substrates as compared to V�, V�, and J� 23-recombination phenotype reported here arises from de-

fective recognition or cleavage of RSSs associated with RSSs. Thus, perhaps in addition to other factors, we
propose that a synthetic interaction between an ineffi-the V-to-DJ step in antigen receptor gene assembly

(Figures 2F and 4D). cient enzyme (core-RAG2) and poor substrates (VH and
V	 RSS) may contribute to the core-RAG2 V-to-DJ re-
arrangement phenotype. In the case of the unaffectedPossible Mechanisms for the Selective Effects
gene rearrangements (D-to-J and V-to-J), even dimin-of Core-RAG2 Protein on V-to-DJ Rearrangement
ished levels of enzyme activity appear sufficient to cata-A number of models could explain the dependence of
lyze normal amounts of recombination.efficient V-to-DJ rearrangement on the RAG2 C termi-

nus. Full-length RAG2 might rely on this region to gain
Complementation of the Core-RAG2direct access to the site of rearrangement, perhaps by
Mutant Phenotypedisplacing previously bound factors. Alternatively, the
To our surprise, we found that the non-core domain ofinsolubility of full-length RAG2 in vitro along with the
RAG2 was able to complement the V-to-DJ rearrangementclustering of acidic residues within the non-core region
phenotype of the core-RAG2 mutant recombinase inalso suggests the potential engagement of this region
a cell line-based assay system (Figure 7). This resultof the protein with other structures in vivo (Levchenko
suggests that the non-core domain of RAG2 is solubleet al., 1997; Steen et al., 1999). In the context of V-to-
and sufficiently stable within the cell to physically inter-DJ rearrangement, the non-core region of RAG2 may
act with the mutant recombinase and perhaps with otherplay a significant role in the recruitment of other factors
nuclear components as well. This non-core domain,involved in targeting recombination, for example chro-
however, is insoluble in vitro, thus precluding a biochem-matin remodeling activities as suggested previously
ical investigation of its interaction with the recombinase(Kirch et al., 1998). Alternatively, the non-core region
(data not shown). We are currently examining wild-typemight interact with lineage- or locus-specific transcrip-
developing B cells in which we have overexpressed thetion factors, helping recruit the recombinase complex to
non-core domain of RAG2 by transgenesis for potentialspecific gene segments in a developmentally regulated
dominant-negative phenotypes which might reveal thefashion. It is also possible that the core-RAG2 mutation
nature of its interacting partners in the cell.results in delayed cell cycle progression or enhanced

cell death among early, cycling pre-B and pre-T cells
due to the absence of its C-terminal degradation signal Potential Implications

Allelic exclusion, the observation that a functional gene(Li et al., 1996).
We observed an approximately 2- to 3-fold reduction product is produced by only one of the alleles of a

rearranging locus in a given cell is most tightly enforcedin catalytic activity of the core-RAG2-containing recom-
binase using a novel assay that directly measures re- at the V-to-DJ step of IgH and TCR	 gene assembly.

While there is clear evidence that accessibility of thecombinase activity in developing lymphocytes (Figure
5). This diminished activity leads us to suggest that the heavy-chain locus is diminished in pre-B cells, the exis-

tence of an allele-specific or even reversible regulatoryV-to-DJ phenotype might be due at least in part to quan-
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tains a 23�23 pair of RSSs derived from p23�23 (Eastman et al.,mechanism controlling the accessibility of VH/V	 RSSs
1996). An IRES-human CD4 (IRES-hCD4) cassette from the pMSCV-during V-to-DJ step in pro-B cells has yet to be demon-
IRES-hCD4 (a gift from Drs. Ken Murphy and Bill Sha) was placedstrated (Hesslein and Schatz, 2001). Our results strengthen
downstream of the RSS-EGFP reporter to generate pMX-RSS-

the possibility that V-to-DJ rearrangement is inherently EGFP/IRES-hCD4 and pMX-RSS-EGFP.23x23/IRES-hCD4 retroviral
inefficient in comparison to V-to-J� or V-to-J� rearrange- vectors. Recombination reporter viruses were produced in a pack-

aging cell line by transient transfection. Pseudotyped virus wasment due to unique features conserved among most VH

harvested at 48 hr posttransfection and used directly for infectingand V	 RSSs. This inefficiency likely contributes to the
both adult DN thymocytes and total fetal thymocytes (E17.5) fromallelic exclusion of IgH and TCR	 expression since it
wt or mutant mice. Target cells were incubated with viral supernatantdecreases the likelihood of near-simultaneous V-to-DJ
containing 4 
g/ml polybrene (SIGMA), 50 ng/ml r-mIL-7, and 50

rearrangement on both alleles. This model predicts that ng/ml recombinant stem-cell factor (r-SCF) (R&D Systems) at 106

the rare B and T cells which show allelic inclusion would cells/ml in 24-well plate. Spin infection was performed at 1400�g,
30�C for 90 min. Flow cytometric analysis of thymocyte cultures wascontain at least one VDJ-rearranged allele which utilizes
performed at 48 and 72 hr postinfection.a VH or V	 gene segment associated with an RSS that

more closely resembles the V�/V�/J� RSS consensus.
In Vitro RSS Cleavage Assays
The efficiency of RAG-mediated cleavage at different 3�V	 RSS wasExperimental Procedures
measured by in vitro cleavage assay on purified 63-12 genomic DNA
followed by LMPCR exactly as described (Stanhope-Baker et al.,Targeting Vector Construction, Generation of Core-RAG2
1996), and individual V	-specific primers were used (Tillman et al.,Knock-In ES Cells, and Mice
2002).Detailed procedures are given in the supplemental data available

at http://www.immunity.com/cgi/content/full/17/5/639/DC1.
Oligonucleotides
VH gene-specific primers (derived from CDR2 region) for VDJH codingFlow Cytometry
joints PCR are: VHQ52 (VH101), 5�GTGATATGGAGTGGTGGAAGCASingle-cell suspensions depleted of RBC by buffered NH4Cl solution
CAGAC 3�; VH186-2, 5�AATAGTGGTGGTACTAAGTACAATGAG 3�;or Lympholyte-M sedimentation (Cedarlane) were first incubated
VH6, 5�GGTAGTAGTAGTACTAACTACAATGAG 3�; VH23, 5�AGCAATwith FcR blocker (2.4G2) and then stained with FITC-, PE-, PE-TxR-,
GGTGGTACTAACTACAATGAG 3�. Accession numbers for individ-Cyc-, and biotin-conjugated (bi) antibodies and analyzed by an Epics
ual VH genes are: J00502, J00530, J00535, and J00534. Primers usedXL-MCL (Beckman Coulter). The following antibodies were used
in germline control PCR reactions are from positions 1-20 of each(BD PharMingen and CALTAG): FITC-anti-IgMa/b (II/41), -CD4
V	-RSS (Figure 6B).(RM4-5), -CD3� (145-2C11), -V	8.3; PE-anti-B220 (RA3-6B2), -CD24/

HSA (M1/69), -CD25 (PC61), -CD8 (53-6.7), -human CD4 (RPA-T4),
Generation and Transfection of v-abl Transformed B Cell LinesCyc-anti-CD44 (IM7), bi-anti-CD43 (S7, prepared by authors), -CD4
Bone marrow cells were obtained from a 4-week-old core-RAG2(RM4-5), and -CD8 (53-6.7) were also used. SA-conjugated Cyc or
(�/�) mouse and transformed with AMuLV (produced by transientQuantumRed (SIGMA) was used to reveal bi-antibodies. For most
transfection of packaging cells with v-abl retroviral vector) underFACS plots, �100,000 events were collected; dead cells were ex-
the guidance of Dr. Naomi Rosenberg. Non-core RAG2 cDNA (aacluded by propidium iodide (SIGMA) staining or by forward and side
384–527, with an engineered start codon) was subcloned into pEF/scatter gating. Data were analyzed with either CellQuest (Beckton-
Nuc/Myc (Invitrogen) to generate pEF/NC/Nuc/Myc, which encodesDickinson) or FlowJo (Tree Star, Inc.) software. For sorting pro-/
the recombinant non-core RAG2 protein with exogenous nuclearpre-B cells, BM IgM� cells were first depleted by rat-anti-mouse
localization sequences and Myc-tag at C terminus. Transient trans-IgM microbeads on AutoMACS column (Miltenyi Biotec) according
fection of 5 � 106 AMuLV cells with pEF/NC/Nuc/Myc vector wasto the manufacturer’s instruction. For DN3/DN4 pro-T cells, thymo-
performed by electroporation (280V, 950 
F).cytes were first enriched for DN cells by depleting SP and DP cells

with bi-anti-CD4 and bi-anti-CD8 followed by SA-microbeads and
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