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Abstract

 

Expression of V(D)J recombinase activity in developing lymphocytes is absolutely required for
initiation of V(D)J recombination at antigen receptor loci. However, little is known about when
during hematopoietic development the V(D)J recombinase is first active, nor is it known what
elements activate the recombinase in multipotent hematopoietic progenitors. Using mice that
express a fluorescent transgenic V(D)J recombination reporter, we show that the V(D)J recom-
binase is active as early as common lymphoid progenitors (CLPs) but not in the upstream pro-
genitors that retain myeloid lineage potential. Evidence of this recombinase activity is detectable

 

in all four progeny lineages (B, T, and NK, and DC), and 

 

rag2

 

 levels are the highest in progenitor
subsets immediately downstream of the CLP. By single cell PCR, we demonstrate that V(D)J

 

rearrangements are detectable at IgH loci in 

 

�

 

5% of splenic natural killer cells. Finally, we show

 

that recombinase activity in CLPs is largely controlled by the E

 

rag

 

 enhancer. As activity of the

 

E

 

rag

 

 enhancer is restricted to the B cell lineage, this provides the first molecular evidence for
establishment of a lineage-specific transcription program in multipotent progenitors.

Key words: B lymphopoiesis • V(D)J recombination • lineage restriction • hematopoiesis • 
stem cell • transcription

 

Introduction

 

Commitment of hematopoietic progenitors to the B or T
lineage is associated with the production of transcription
factors that initiate expression of proteins essential to the B
or T cell fate and repress proteins involved in alternative
fates (1, 2). The V(D)J recombinase is an enzyme complex

 

that is absolutely required for normal B and T cell production
(3, 4). In the absence of recombinase activity, lymphoid devel-

 

opment is abrogated at an early stage resulting in severe
combined immune deficiency. Therefore, characterizing
developmental regulation of V(D)J recombinase activity in
multipotential hematopoietic progenitors is fundamental to
understanding progression to the B and T cell lineages.

The V(D)J recombinase is composed of recombinase-
activating gene (RAG)1 and RAG2 as well as the DNA
repair proteins Ku70 and Ku80, DNA-PKcs, DNA ligase
IV, XRCC4, and Artemis (5–14). RAG1 and RAG2 are
tightly regulated: 

 

rag

 

 expression is limited to specific devel-
opmental subsets of B and T lymphocytes (10, 11, 15–17),
and RAG2 protein must be resynthesized and relocalized
to the nucleus with every cell cycle (18–20). Like RAG2,
nonhomologous end joining activity may also be regulated
by phosphorylation (21). Thus, 

 

rag

 

 transcription, although
required for recombinase function, is not necessarily a defin-
itive indicator of recombinase activity (15, 22, 23).

 

rag

 

 expression is differently regulated in B versus T lineage

 

progenitors, and the cis-acting elements that control both
development and lineage specificity are just beginning to
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Abbreviations used in this paper:

 

 CJ, coding joint; CLP, common lymphoid

 

progenitor; ETP, early thymic T lineage progenitor;

 

 

 

RAG, recombinase-
activating gene;

 

 

 

RSS, recombination signal sequence; SJ, signal joint.
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be resolved. The 10-kb region upstream of 

 

rag2

 

 is suffi-
cient for both complementing lymphocyte development

 

in 

 

rag2

 

�

 

/

 

�

 

 animals (24) and controlling normal expression
of 

 

rag1

 

 and 

 

rag2

 

 in B and T lineage progenitors (17). At
least two enhancers have been identified within this locus,

 

one at 

 

�

 

8 kb and a second at 

 

�

 

22 kb upstream of 

 

rag2

 

(25, 26). The latter of these, identified as E

 

rag

 

, is particu-
larly interesting because it exhibits B lineage specificity.
Mice lacking E

 

rag

 

 have severely reduced expression of 

 

rag1

 

and 

 

rag2

 

 in B lineage progenitors leading to a partial block
in B cell development, whereas T cell development re-
mains unaffected.

Both B and T lineage progenitors can be derived from
the same multipotent CLP (27, 28), and it remains un-
known whether E

 

rag

 

 begins to exert influence only in cells
committed to the B lineage. Interestingly, even though
bone marrow CLPs retain the ability to produce both B
and T cells, these multipotential progenitors may not con-
tribute to each lineage equally. Specifically, 

 

ikaros

 

 knockout

mice lack CLPs but are nonetheless able to generate near
normal frequencies of early thymic T lineage progenitors
(ETPs) (29). These and additional data suggest that CLPs
are early B lineage progenitors, whereas ETPs are early T
lineage progenitors. However, the molecular basis underly-
ing this observation remains unknown.

 

In addition to T and B cells, CLPs can give rise to NK cells
and DCs in vivo. The close developmental relationship be-
tween these cells is further supported by observations that

 

lin

 

�

 

ckit

 

lo

 

 progenitors can produce either CD19

 

�

 

 B cells or
DX5

 

�

 

 NK cells (30), B lineage precursors share developmen-
tal markers with DC precursors (28), and CD19

 

�

 

 B lympho-
cytes cultured in vitro can give rise to DEC205

 

�

 

CD11c

 

�

 

cells (31). Despite these developmental relationships and the
fact that IgH recombination events are detectable in CLPs
(29), recombinase expression is widely considered to be re-
stricted to lineage-committed B and T progenitors.

To investigate expression and control of recombinase ac-
tivity in multipotential hematopoietic progenitors and their

Figure 1. (A) The transgenic
H2-SVEX substrate contains
VEX (white rectangle) driven
by the murine H2K promoter
(black rectangle). VEX within
the substrate is initially in the anti-
sense orientation and is flanked
by V(D)J recombination signal
sequences (triangles) which direct
inversional recombination. Prim-
ers used to discriminate H2-SVEX
before and after rearrangement
are indicated (2011, 200, 586,
and 2165; as described in Materials
and Methods). (B) Splenocytes
from SB110 and SB88 H2-
SVEX animals were stained with
antibodies to detect CD19�

IgM� B cells, CD3� T cells,
CD11b�CD3�CD19�NK1.1�

myeloid cells, or Gr-1�

CD19�CD3�NK1.1� granulo-
cytes and subsequently examined
for VEX expression. The percent-
age of VEX� cells in the gate is
given, and outliers are shown.
(C) H2-SVEX recombination
depends on RAG1. B220� B cells
in the bone marrow were exam-
ined for VEX expression in
H2-SVEX SB110, H2-SVEX
RAG1�/�, RAG�/�, and non-
transgenic C57BL/6 control
mice. The percentage of VEX�

cells in the gate is given. H2-
SVEX RAG1�/� mice were
identified by PCR analysis of the
SVEX cassette as depicted in A
and Fig. 2 A. Identical results
were obtained with SB88 H2-
SVEX RAG1�/� mice (not de-
picted). The data presented are
representative of six independent
experiments.
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