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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

 

The online version of this article contains supplemental material.

 

†

 

Dr. Michael Anderson died on September 20, 2002.
Address correspondence to Rachel M. Gerstein, Molecular Genetics

and Microbiology, University of Massachusetts Medical School, 55 Lake
Ave. North, S5-714, Worcester, MA 01655. Phone: (508) 856-1044;
Fax: (508) 856 5920; email: rachel.gerstein@umassmed.edu

 

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.

 on D
ecem

ber 22, 2017
jem

.rupress.org
D

ow
nloaded from

 

http://doi.org/10.1084/jem.20031800
Supplemental material can be found at: 

http://jem.rupress.org/
http://doi.org/10.1084/jem.20031800


 

E

 

rag

 

 Controls Recombinase Activity in CLPs

 

492

 

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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immediate downstream progeny in vivo, we developed a
flow cytometric assay in which V(D)J recombination of a
transgenic substrate is indicated by VEX-GFP fluorescence.
Within specific developmental subsets of lymphocytes, we
can distinguish individual cells that begin to express the re-
combinase. This approach, which has not previously been
possible in primary cells, enables us to examine in vivo the
developmental onset of expression of V(D)J recombinase
activity and the factors that regulate it. Moreover, once the
substrate is recombined VEX continues to be expressed. Be-
cause VEX acts a permanent marker of cells that have, or
had, recombinase activity, we also have the opportunity to

 

evaluate the contribution of recombinase

 

�

 

 lymphoid pro-
genitors to the B, T, NK, and DC lineages.

 

Materials and Methods

 

Mice.

 

C57BL/6 and RAG1

 

�

 

/

 

�

 

 (C57BL/6 background) mice

 

were obtained from the Jackson Laboratories. E

 

rag

 

�

 

/

 

�

 

 mice were
provided by Mark Schlissel (University of California, Berkeley,
CA) (26). RAG2 GFP NG BAC mice (FVBN) provided by
Michel Nussenzweig (The Rockefeller University, New York,
NY) (17) were backcrossed to C57BL/6 in our laboratory for 12
generations. All mice were treated humanely in accordance with
federal and state government guidelines and UMMS institutional
animal committees.

 

Construction of H2-SVEX Transgenic Mice.

 

The H2-SVEX
transgene was constructed by placing the RSS-VEX-RSS frag-
ment (Fig. 1 A) into the H2K (HIL) transgenic vector using a
unique NotI restriction site located between the H2 promoter
and the H2 exon fragment. The H2K cassette vector expresses
genes under the control of the H2K promoter/enhancer and
Moloney MuLV enhancer/poly(A), typically at high levels in
HSC and all hematolymphoid cells (32–35). Heterologous pro-
moter activation has been shown to be sufficient for directing re-
arrangement of chromosomal recombination substrates (36).
Transgenic mice were made at the UMMS transgenic facility us-
ing standard procedures. From the injected C57BL/6 embryos,
13 of 136 mice were positive for the transgene as analyzed by
PCR. Of these potential founders, six expressed VEX in periph-
eral white blood cells and four such mice were used to establish
permanent transgenic lines: SB68, SB88, SB110, and SB114.
VEX is from MFG-hu-VEX-2 (37–39). The 

 

recombination
signal sequence (

 

RSS) fragments contain consensus RSS and 16
bp from the murine DFL16.1 coding region (12-RSS) or 17 bp
from the murine JH1 coding region (23-RSS) (40).

 

Cell Sorting and Flow Cytometry.

 

Freshly isolated cells were

 

resuspended to 3 

 

�

 

 10

 

7 

 

cells/ml in staining media containing
biotin-, flavin-, and phenol red–deficient RPMI 1640 (Irvine
Scientific), 10 mM Hepes, pH 7.2, 0.02% sodium azide, 1 mM
EDTA, and 3% newborn calf serum and treated with 2.4G2 Fc
block for 10 min on ice. Cells were incubated with primary anti-
bodies for 20 min, then washed three times, incubated with
streptavidin reagents for 15 min, and then washed three more

 

times. After the final wash, samples were resuspended in 1 

 

�

 

g/ml
propidium iodide to exclude dead cells. Primary antibodies in-
cluded AA4.1 biotin or APC, B220 APC or Cy5PE or FITC,
BP-1 biotin (6C3), CD3 Cy5PE or PE, CD4 Cy5PE or PE,
CD8 APC or Cy5PE or PE, CD11b APC (M1/70), CD19
Cy5PE or FITC, CD24 Cascade blue, Alexa 594 or FITC (30-
F1), CD43 PE, CD122 biotin or PE, c-kit PE, DX5 biotin or

FITC, Ly6C biotin or FITC, Gr-1 PE (Ly6G; RB6–8C5), IgM
biotin or FITC, IL-7R PE (SB/14 or A7R34), Ly49G APC, and
NK1.1 biotin or FITC. Secondary reagents were SA-Cy5PE,
SA-Alexa 594, SA-Cy7PE or SA-APC. Antibodies were pur-
chased from BD Biosciences, eBioscience, Southern Biotechnol-
ogy Associates, Inc., or CALTAG and purified and conjugated
using established procedures (37). Flow cytometry was performed
on a 3 laser, 7 detector DIVA FACSVantage or a 3 laser 9 detec-
tor LSRII (Becton Dickinson). VEX was detected using 407 nm
excitation and a 510-nm (10-nm bandpass) filter (37). Data were
analyzed with FlowJo software (Tree Star), and all flow cytomet-
ric data is presented as 5% contour plots.

 

DNA Isolation and PCR.

 

Genomic DNA was isolated with
the QIAGEN DNeasy kit according to the manufacturer’s in-
structions. PCR amplification was performed with 10 

 

�

 

l DNA in
25 

 

�

 

l total volume with 1.6 

 

�

 

M dNTP (dATP 

 

�

 

 dTTP 

 

�

 

dCTP 

 

�

 

 dGTP), 2.5 U Taq, 4 mM MgCl

 

2

 

, 1

 

�

 

 buffer A (Fisher
Scientific), and 4 

 

�

 

M of each primer. Primers were 2011 (5

 

�

 

),
TAAAGTCCACGCAGCCCGCAGA; 2165 (3

 

�

 

), GGTG-
GAGAAGGGGCGGAGGGTC; 586 (5

 

�

 

), GCCCCGTGCT-
GCTGCCCGACA; and 200 (3

 

�

 

), CGCCGTAGCTGAAG-
GTGGTC. Primers were used in the following combinations
(refer to Fig. 1 A for primer location): H2-SVEX transgene, 2011
and 2165; coding joints (CJs), 200 and 2011; and signal joints
(SJs), 586 and 2165. PCR conditions consisted of 30 cycles unless
otherwise indicated (94

 

�

 

C for 1 min, 68

 

�

 

C for 30 s, and 72

 

�

 

C for
1 min) in an Eppendorf Mastercycler. PCR products were visual-
ized with ethidium bromine on a 1.5% agarose gel in TBE buffer.
Single cell PCR analysis for D-JH rearrangements in NK cells
was performed as described previously (23).

 

Online Supplemental Material.

 

Fig. S1 shows lymphocyte sub-
sets in the four independent H2-SVEX founder lines. Fig. S2
characterizes VEX expression in NK cells from C57BL/6 and

 

RAG1

 

�

 

/

 

�

 

 mice. Table S1 reports the sequence of CJs and SJs

 

from independent H2-SVEX rearrangements. Supplemental
material is available at http://www.jem.org/cgi/content/full/
jem.20031800/DC1.

 

Results

 

The H2-SVEX Transgenic Recombination Substrate.

 

To
detect the developmental onset of V(D)J recombinase ac-

 

tivity, we developed a FACS

 

®

 

 reporter gene system in
which V(D)J recombination of a transgenic substrate is in-
dicated by VEX fluorescence. VEX is a variant of GFP
(37). The V(D)J recombination substrate H2-SVEX ex-
presses VEX as a consequence of V(D)J recombination. As
shown in Fig. 1 A, the VEX gene is initially in the anti-
sense orientation and is flanked by V(D)J RSSs. RSSs in
this orientation mediate inversion such that after recombi-
nation VEX is in the correct orientation for expression.

 

Cells that undergo V(D)J recombination are VEX

 

�

 

; these
cells are easily detected and quantified by FACS

 

®

 

.
We examined VEX expression in four independent H2-

SVEX transgenic lines, SB68, SB88, SB110, and SB114.
All four transgenic lines have the same frequency and num-
ber of cells within subpopulations of hematopoietic and
lymphoid cells compared with wild-type, indicating that

 

cells that express VEX are not at a developmental or
homeostatic disadvantage (Fig. S1, available at http://
www.jem.org/cgi/content/full/jem.20031800/DC1).
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Specificity and Efficiency of the H2-SVEX Recombination
Substrate. The H2-SVEX construct is driven by an active
H2K (murine MHC class I) promoter/MoMLV enhancer
that enables robust transgene expression and, presumably,
accessibility in all hematopoietic cells (32, 33, 35). Charac-
terization of VEX expression in primary lymphoid tissue
demonstrates the specificity and efficiency of the H2-SVEX
recombination substrate. Within the B lymphocyte lineage,
94% of immature B220�IgM�CD24hiLy6C�DX5� bone
marrow B cells (23) and 84–86% of CD19�IgM� splenic B
cells (Fig. 1 B) are VEX�, indicating efficient recombina-
tion of the substrate in both the SB110 and SB88 H2-SVEX
lines. VEX expression is also high among splenic T lympho-
cytes since 91–93% of CD3� T cells are VEX�. By contrast,
0.5% of splenic myeloid cells and 0.3–0.5% of granulocytes
are VEX�, suggesting that H2-SVEX is not rearranged in
nonlymphoid lineages. Importantly, Fig. 1 B shows that the
percentage of VEX� B and T cells is nearly identical be-
tween the two independent founder lines depicted (SB88
and SB110), indicating position-independent regulation of
recombination.

To demonstrate directly that H2-SVEX undergoes V(D)J
recombination, we bred H2-SVEX mice to RAG1�/�

mice. H2-SVEX recombination in both SB110 and SB88
transgenic B220� bone marrow cells is abolished in the ab-
sence of RAG1 as the frequency of detectable VEX� cells is
diminished from 66% in wild-type H2-SVEX to 1.3% in
H2-SVEX RAG1�/� animals, comparable to background
fluorescence detected in C57BL/6 and RAG1�/� nontrans-
genic controls (Fig. 1 C and not depicted).

Together, these data demonstrate that H2-SVEX rear-
rangement (1) is restricted to the lymphoid lineages, (2) re-

combines efficiently as a V(D)J recombination substrate,
with frequencies of rearrangement approaching 90% within
splenic lymphocytes, and (3) completely depends on
RAG1 expression.

H2-SVEX Recombination Has Expected Molecular Charac-
teristics of V(D)J Recombination and Is Accurately Reflected by
VEX Expression. We examined by direct molecular anal-
ysis whether CJs and SJs, characteristic V(D)J recombina-
tion products (Fig. 1 A), are detectable after H2-SVEX
recombination. The gels in Fig. 2 A depict PCR am-
plification of transgene-specific CJ and SJ recombination
products (first and second rows), the transgene itself inde-
pendent of recombination (third row) and, as a loading and
PCR control, endogenous H2K (fourth row) in H2-SVEX
transgenic or C57BL/6 nontransgenic controls. The H2-
SVEX–specific CJs and SJs are detectable in splenocytes
from two H2-SVEX founder lines, SB88 (Fig. 2 A, lane 2)
and SB110 (lane 7), but not C57BL/6 (lane 1). Sequencing
of recombined H2-SVEX products from primary lympho-
cytes confirms that the transgene undergoes multiple, inde-
pendent rearrangements that produce highly variable CJs
(all 12 joints cloned were unique) and relatively conserved
SJs (8 out of 12 joints cloned were perfect; Table S1,
available at http://www.jem.org/cgi/content/full/jem.
20031800/DC1). Neither CJs nor SJs are detectable in
SB88 brain (Fig. 2 A, lane 4), and CJ products are only
very weakly detectable in SB110 kidney (lane 6) relative to
C57BL/6 (lanes 3 and 5). The latter is likely due to low
levels of lymphocyte contamination within this highly vas-
cularized organ, since we can readily amplify rearranged
TCR genes from kidney (not depicted). Moreover, CJ for-
mation is readily detectable in sorted VEX� but not VEX�

Figure 2. (A) PCR analysis of H2-SVEX V(D)J recom-
bination. H2-SVEX recombination products were examined
in two different transgenic lines, SB88 (left panel) or
SB110 (right panel), which express or lack RAG as indicated.
Nontransgenic C57BL/6 animals are presented as a control.
Primers specific to the transgene were used to detect the
recombination products CJs and SJs in the indicated tissues.
Primers that bind within the murine H2K gene were used
to amplify the 1-kb SVEX cassette in transgenic mice
(independent of recombination; labeled H2-SVEX in the
figure) or to amplify a distinct 250-bp PCR product in
both transgenic and wild-type mice (labeled endogenous
H2K) derived from the endogenous H2K gene. Amplifi-
cation of endogenous H2K serves as a positive control
confirming the presence of template DNA. (B) Semiquan-
titative PCR analysis of H2-SVEX recombination. SB88
H2-SVEX bone marrow was FACS® sorted into VEX�

and VEX� populations. DNA from an equivalent number
of cells was subject to PCR analysis for H2-SVEX transgene-
specific CJs, the H2-SVEX transgene, and endogenous
H2K. The PCR conditions were designed to give linear
amplification for CJs, and cell cycle number is indicated.
The data are representative of two to five experiments using
cells from independent sorts.
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BM cells from SB88 H2-SVEX transgenics even after 36
cycles of amplification (Fig. 2 B). These observations indi-
cate that FACS® detection of VEX accurately reflects
V(D)J recombination of the H2-SVEX transgene and pro-
vides strong support for the sensitivity of this GFP-based
reporter construct to reflect in vivo recombination. By
contrast, neither CJs nor SJs are detectable in any of three
independent H2-SVEX RAG1�/� mice (Fig. 2 A, lanes
8–10), confirming that H2-SVEX recombination depends
on RAG activity and, hence, the V(D)J recombinase.

Expression of V(D)J Recombinase Activity in Early Hemato-
poietic Cells. We have demonstrated that V(D)J recombi-
nase activity is detectable in the earliest B and T lineage
progenitors before IgH (and TCR) recombination (23).
One of the major implications of this result is that the re-
combinase may be expressed even before B lineage com-
mitment. To explore this possibility, we examined VEX
expression within the lin�IL-7R��AA4.1�Sca-1lo subset
of bone marrow, which contains hematopoietic precursors
that retain lymphoid (B, T, NK, and DC), but not myeloid

developmental potential (27, 28), and are designated as
common lymphoid progenitors or CLPs. VEX expression
is readily detectable in 30–45% of CLPs (Fig. 3 A and not
depicted; see also Fig. 6).

We then examined recombinase activity in earlier he-
matopoietic progenitor subsets that retain the capacity for
self-renewal. Recombinase activity is not detectable in
lin�ckithiCD27� progenitors (Fig. 3 B, left). However, VEX
expression is detectable in a minor subset (1.7%) of
ckithiCD27� progenitors, cells that include the lymphoid-
restricted early lymphoid progenitor (41), as well as a subset
(15%) of ckitintCD27� progenitors (Fig. 3 B, middle and
right), cells that include the CLP (27). Together these data
suggest that the V(D)J recombinase is first active at low levels
in hematopoietic progenitors after loss of myeloid develop-
mental potential, and recombinase activity increases through-
out the earliest stages of B lymphocyte development (23).

V(D)J Recombinase Activity in the Natural Killer Cell Lin-
eage. In addition to B and T lymphocytes, the CLP gives
rise to NK and DC, and it is possible that some VEX�

Figure 3. V(D)J recombinase activity in multipotent
hematopoietic progenitors. (A) V(D)J recombinase activity
in CLPs. The lin� subset (B220, CD11b, GR-1, Ter119,
CD3) of bone marrow obtained from SB88 H2-SVEX
transgenic or C57BL/6 control mice was examined for
VEX expression in IL-7R��AA4.1�Sca-1lo/� cells. (B) The
lin� subset of bone marrow obtained from SB110 H2-
SVEX transgenic or C57BL/6 control mice was examined
for VEX expression as a function of c-kit and CD27.
The data are representative of two to five independent
experiments.
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CLPs may give rise to these two lineages. Because VEX
permanently marks cells that have expressed the V(D)J re-
combinase, we had the opportunity to examine whether
some NK and DC have a history of recombinase activity.
We first examined VEX in NK precursors (pNK; CD122�

CD4�CD8�CD90�DX5�) (42, 43). Approximately 60%
of pNK from H2-SVEX mice express VEX versus 0% from
control B6 (Fig. 4 A, right). We also examined expression
of rag2 transcription in this subset using the NG RAG2
transgenic reporter line in which GFP replaces the major

Figure 4. Detection of V(D)J recombinase activity in natural killer cells. (A) The
CD4�CD8�CD90� subset of bone marrow was examined for CD122 and DX5 or NK1.1
expression in control B6 (top) or SB110 H2-SVEX transgenic mice (bottom). Immature
CD122�DX5� NK1.1� pNK cells (gated population in left and middle) were subse-
quently analyzed for VEX expression (right). (B) CD122�NK1.1� cells lacking CD3,
CD4, CD8, and CD19 were examined for VEX expression in bone marrow (left) or
spleen (right) obtained from SB88 H2-SVEX transgenic (top) or control B6 mice (bottom).
Identical results were obtained using SB110 H2-SVEX transgenic mice (not depicted).
(C) Bone marrow CD3�CD4�CD8�CD122�NK1.1�DX5� pNK (top) and CD3�

CD4�CD8�CD122�NK1.1�CD3�CD19� NK (bottom) were examined for GFP expres-
sion in RAG2 GFP NG transgenic (left) or control B6 mice (right). The percentage of cells
in each gate is given. (D) NK1.1�DX5�CD19�CD3�CD4�CD8� spleen cells were sorted
from C57BL/6 or 	
-TCR�/�mice were analyzed by PCR for D-JH joins. PCR analysis
of bulk sorted cells is depicted in the gel on the top. SPL refers to total splenic cells. Two
cells lines with known rearrangement patterns were used as controls. The AMLV-trans-
formed cell line A12 is derived from a RAG1�/� mouse and therefore retains germline Ig
configuration (61). The AMLV-transformed “DJH fixed” 300–35 line bears a D-JH1 rear-
rangement (62). D-JH4 was not examined. By PCR analysis of single, sorted NK cells from
C57BL/6 mice, we determined that the frequency of splenic NK that harbor D-JH rear-
rangements was 4.8% (3 D-JH� cells out of 62 NK cells analyzed) as indicated on the bot-
tom. The data in A–C are representative of two to five independent experiments. The data
in D are representative of at least two experiments using independently sorted cells.
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exon of RAG2 (17). The pNK population from these re-
porter mice had high levels of GFP expression (Fig. 4 C,
top, third row, left panel), indicative of RAG2 transcrip-
tion, supporting the idea that the pNK may have (or may
have had) an active V(D)J recombinase.

Examination of more mature NK cells confirms that NK
cells display evidence of recombinase activity. Within the
CD3�CD8�CD19� subset, VEX expression in CD122�

NK1.1� NK cells is readily detectable in both bone mar-
row and spleen (Fig. 4 B). Decreased expression of VEX in
mature versus precursor NK cells may reflect down-regula-
tion of reporter transgene expression with progression to
this particular lineage or may be due to preferential selec-
tion of NK cells that express little or no recombinase activ-
ity. VEX is also readily detectable in cells bearing the NK
cell–specific Ly49G receptor (Fig. S2, available at http://
www.jem.org/cgi/content/full/jem.20031800/DC1), and
as with the other lymphocytes, recombination of H2-
SVEX in NK cells depends on the presence of RAG1
(Fig. S1). We also examined rag2 expression in mature
NK cells and found that GFP is detectable only within a
moderate percentage (11–25%) of NK1.1� bone marrow
and spleen cells (Fig. 4 C, bottom left) and is quite dull
compared with expression in pNK (compare Fig. 4 C, top
and bottom). These data suggest that rag2 is likely to be
expressed and active only at a very early stage of NK de-
velopment rather than during later maturation stages in
the bone marrow.

IgH Recombination in NK Cells. To demonstrate that
the V(D)J recombinase can recombine antigen receptor
loci in NK cells, we took advantage of observations that
IgH recombination events can be detected in T cells and
thus are not B lineage restricted (44, 45). Specifically, we
examined whether D-JH recombination events could also
be found in NK cells. As shown in Fig. 4 D, sorted NK
cells from C57BL/6 mice have readily detectable D-JH
joins, suggesting that the V(D)J recombinase is active at en-
dogenous loci in NK cells. Moreover, D-JH joins are also
detectable in NK cells from TCR	
�/� animals, demon-
strating that this result is not due to contamination by ei-
ther NK T cells or classical T cells, many of which harbor
D-JH joins. To obtain a quantitative estimate of the fre-
quency of NK cells that possess rearrangement events, we
examined the frequency of D-JH joins by single cell PCR
analysis. We found that 3/62 (�5%) splenic NK cells have
detectable D-JH joins. Together, these data indicate that the
V(D)J recombinase is active at some point in the develop-
mental history of NK cells and can complete the DH to JH

joining step.
V(D)J Recombinase Activity in the DC Lineage. We ex-

tended our observations to examine recombinase expres-
sion in the DC lineage, which includes cells that also arise
from the CLP. We found that 12% of DC progenitors (28)
from H2-SVEX animals express VEX versus 0% of control
B6 animals (Fig. 5 A). DC progenitors isolated from RAG2
GFP transgenic mice also express GFP (17). Splenic DCs
can be resolved into two populations based on phenotype,

CD8�Mac-1� and CD8�Mac-1� (46–48). VEX is detect-
able in both DC populations as 6% of CD8�Mac-1� DCs
and 5.2% of CD8�Mac-1� DCs from H2-SVEX mice are
VEX� versus �2% from B6 controls (Fig. 5 B, bottom).
Thus, VEX expression, indicative of V(D)J recombinase
activity, is detectable in both NK and DC lineages.

B Lineage–specific Regulation of V(D)J Recombinase Activity
in Early Hematopoietic Cells. rag expression is controlled by
different transacting factors in B versus T cells; yet our data
show that the V(D)J recombinase is active in 30–45% of
CLPs, cells which retain the potential to produce both B
and T cells. Therefore, we wondered whether lineage-spe-
cific regulation of recombination would be evident in
CLPs. The Erag enhancer element, located �22 kb up-
stream of the rag2 gene, profoundly influences expression
of both rag1 and rag2 in a B lineage–specific manner (26).
Erag�/� animals have a twofold reduction in rag2 transcripts

Figure 5. Detection of V(D)J recombinase activity in DCs. (A) VEX
expression was examined in AA4.1�B220�CD4�CD24� bone marrow
progenitors from SB110 H2-SVEX transgenic (left) or B6 control mice
(right). (B) Splenic DCs were enriched by collagenase digestion and
Nycodenz gradient centrifugation of tissue obtained from SB110 H2-SVEX
transgenic (left) or C57BL/6 control mice (right). The CD11c�I-A� subset
was examined for expression of CD8, Mac-1, and VEX. The percentage
of cells in each gate is given. The data are representative of at least five (A)
or two (B) independent experiments, and identical results were obtained
with SB88 H2-SVEX transgenics (not depicted).
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Figure 6. Regulation of V(D)J recombinase activity in multipotential lineage progenitors. (A) Bone marrow from SB110 H2-SVEX animals
that were Erag�/�, Erag�/�, or Erag�/� was stained for IL-7R��AA4.1�Sca-1lo/�lin� CLPs (top), and cells within the CLP gate were examined for
VEX expression (bottom). Identical results were obtained when wild-type SB110 and SB88 H2-SVEX mice were compared (not depicted). (B)
VEX expression was analyzed in B220�CD43�DX5�Ly6C�IgM� CD19�CD24� pro-B cells (bottom row). (C) VEX expression was analyzed in
CD3�CD19� splenic T cells. The percentage of each population within the gate is given. The data are representative of two to five independent
experiments.
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and a 10-fold reduction in rag1 transcripts in pro- and pre-B
cells, whereas the T lineage remains unaffected. Therefore,
we examined whether Erag was important for controlling
recombinase activity in CLPs.

Fig. 6 A (top) depicts identification of CLPs (lin�

IL7R��AA4.1�Sca-1lo) in nontransgenic wild-type ani-
mals and in three transgenic mice: H2-SVEX Erag�/�, H2-
SVEX Erag�/�, and H2-SVEX Erag�/�. The percentage of
AA4.1�Sca-1lo CLP cells was similar across all four mice,
ranging from 17–26% of lin�IL7R�� cells (Fig. 6 A, top).
However, whereas 45% of CLPs from H2-SVEX transgenic
Erag�/� or Erag�/� siblings express VEX (Fig. 6 A, bottom),
the Erag�/� mice had a dramatic (fivefold) reduction in VEX
expression (9%; Fig. 6 A, bottom, far right). The decline in
recombinase activity in the CLP suggests that B cell–specific
regulation of rag gene expression already exists even at this
early stage of hematopoietic development.

VEX expression is also dramatically reduced in pro-B
subsets from H2-SVEX Erag�/� transgenics. The percent-
age of VEX expression in pre-pro-B cells is reduced from
17% in H2-SVEX Erag�/� to 6% in Erag�/� and to 3.2% in
Erag�/� animals (not depicted), a fivefold reduction com-
parable to the magnitude of decrease observed in CLPs.
VEX expression in later pro-B cells is reduced from �90%
in H2-SVEX Erag�/� and Erag�/� mice to 24% in Erag�/�

(Fig. 6 B). In contrast, VEX expression in CD3� T cells is
only modestly reduced (1.2-fold) from 92% H2-SVEX
Erag�/� and in Erag�/� to 70% in Erag�/� animals (Fig. 6
C), confirming that V(D)J recombinase activity in the B
but not T lineage strongly depends on the Erag element.

Discussion
To examine developmental control of V(D)J recombi-

nase activity in single, multipotent hematopoietic progeni-
tors, we developed mice that express the fluorescent V(D)J
recombination substrate H2-SVEX. Once recombined, the
fluorescent substrate is permanently expressed and provides
a useful marker of the developmental history of lympho-
cytes. We use this marker to show that V(D)J recombinase
is active as early as the CLP stage of hematopoietic of de-
velopment, and evidence of this activity is detectable in all
four potential progeny lineages: B, T, NK, and DC. By
single cell PCR, we also demonstrate the presence of D-JH
rearrangements in 4.8% of splenic NK cells. We take ad-
vantage of the sensitivity of H2-SVEX to characterize reg-
ulation of V(D)J recombinase expression in CLPs. We
demonstrate that recombinase activity in this multipotent
population depends on the B lineage enhancer of rag ex-
pression, Erag. This surprising result demonstrates that lin-
eage-specific regulation of rag is already established in this
multipotent progenitor and suggests one mechanism un-
derlying recent observations that the CLP may be biased
toward a B rather than T lineage fate.

V(D)J Recombinase Activity in the CLP. Detection of
V(D)J recombinase activity as early as the CLP stage of he-
matopoietic development extends previous findings that

RAG is expressed not only in progenitors that retain the
capacity to produce B lymphocytes and NK cells (41) but
also in fraction A1 DC precursors (17). These results were
unexpected because recombinase expression was previously
considered restricted to committed B and T cell progeni-
tors. Initiation of V(D)J recombinase expression in CLPs
before progression to the B or T lymphocyte lineage is
consistent with evidence that hematopoietic development
can be very plastic. For example, in pax5�/� mice (49)
B220� bone marrow cells bearing D-JH rearrangements and
previously considered restricted to the B lineage retain the
capacity to give rise to nearly all other blood cells. Even the
classically defined CLP (lin�IL-7R�Thy-1�Sca-1loc-kitlo)
that produces B, T, and NK cells has latent myeloid poten-
tial that is induced by ectopic expression of IL-2 and GM-
CSF receptors (50).

V(D)J Recombinase Activity in NK Cells. Our analysis of
NK and DC cells indicates that V(D)J recombinase activity
in the lymphoid compartment is not restricted to the B or
T lineage (Figs. 4 and 5). The intriguing possibility that the
V(D)J recombinase operates in cells other than B and T
progenitors finds additional support in observations that (1)
rag1 transcription is detectable in c-kithiSca-1hiCD27� pro-
genitors that give rise to both lymphocytes and NK cells
(41), (2) incomplete TCR-	 rearrangements are detectable
at low levels in some murine NK cells (51), and (3) D-JH
rearrangements are detectable in a subset of murine plasma-
cytoid and thymic DCs (52). Whether the V(D)J recombi-
nase recombines loci other than IgH (Fig. 4 D) and TCR
in the NK lineage remains unknown.

Expression of recombinase activity and, hence, D-JH rear-
rangements in NK may simply be a developmental relic
stemming from recombinase activity in the CLP. The re-
combinase may be expressed in CLPs that have not yet com-
mitted to a specific lymphoid lineage fate (that is, B, T, or
NK, or DC) and may be repressed in more committed NK
cell or DC progenitors. High expression of the RAG2 GFP
transgenic reporter in pNKs but not in later stages of NK de-
velopment (Fig. 4 C) indicates that this repression occurs af-
ter the pNK stage. Moreover, our observation that pNK de-
rived from Erag�/� mice have normal levels of VEX
expression (not depicted) even though recombinase activity
in the CLP is significantly decreased (Fig. 6), suggests that
V(D)J recombination could take place during the earliest
stages of NK cell development. Numerous malignancies in-
volving both NK leukemias and lymphomas have been iden-
tified (53–55). Because V(D)J recombination is associated
with chromosomal transposition in vitro (56) and in vivo
(57) as well as chromosomal translocations (58), our observa-
tions raise the possibility that recombinase expression in pNK
cells may contribute to some of these forms of oncogenesis.

Regulation of V(D)J Recombinase Activity in Multipotent He-
matopoietic Progenitors. Given our observation that a pro-
portion of CLPs from H2-SVEX mice express the recom-
binase, we examined whether lineage-specific regulation of
recombination would be evident at this early stage of he-
matopoietic development. The Erag enhancer controls rag
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expression in B but not T precursors (26). Surprisingly, we
found that Erag also controls recombinase activity in CLPs
as deletion of this enhancer reduced VEX from 45% in
wild-type mice to 8.7% in the Erag�/� mice (Fig. 6). Thus,
the B lineage–specific control exerted by the Erag enhancer
is apparent even in multipotential progenitors. These ob-
servations predict that the CLP, or the upstream (as yet un-
characterized) pre-CLP (59), is the target of inductive sig-
nals required for rag expression (60).

The observation that the Erag enhancer influences re-
combinase activity in CLPs has implications for our under-
standing of hematopoietic cell development. Initial models
predicted that CLPs from unmanipulated mice have an
equal chance of adopting a B cell or a T cell fate in vivo
(27, 28). However, a recent report shows that ikaros knock-
out mice lacking CLPs are nonetheless able to generate
near normal frequencies of early thymic T lineage progeni-
tors (29), suggesting that CLPs are early B lineage progeni-
tors that do not contribute significantly to thymic T cell
development despite a residual T lineage potential. Our
data are consistent with this hypothesis and provide the first
molecular evidence supporting the idea that the BM CLP
may have a default B cell fate in vivo.

In conclusion, the broad utility of H2-SVEX recombi-
nation substrate lies in the fact that it (1) sensitively quanti-
fies recombinase activity in vivo, (2) enables analysis at the
single cell level, supporting characterization even of very
rare progenitor populations, and (3) can be assayed simulta-
neous with other GFP transgenic reporters. As one exam-
ple, we successfully quantified recombinase activity in
CLPs (Fig. 3 A), a progenitor population representing
�0.1% of total bone marrow cells (28), and characterized
the role of the Erag enhancer in this population. Our ap-
proach is broadly generalizable since H2-SVEX mice can
be readily used in combination with other genetically mu-
tated strains that affect B and T lymphocyte development.

We gratefully acknowledge Ranjan Sen, Michel Nussenzweig,
Richard Hardy, Avinash Bhandoola, Janet Stavnezer, Bob Wood-
land, Madelyn Schmidt, and Joe Labrie for thoughtful discussions
and/or critical reading of the manuscript, and Morgan Wallace, Kim
Martin, Cherie Fontaine, Uma Phatak, Neal Gehani, Angela Ariza,
Kris Biber, Rebecca Symmes, Gwen Graziano, Ira Whitten and Julie
O’Connor for invaluable assistance with experiments. Naomi
Rosenberg (Tufts University School of Medicine, Boston, MA) and
Chris Roman (State University of New York-Downstate Medical
Center, Brooklyn, NY) kindly provided the 300-35 and A12 cell
lines, respectively. 	
-TCR�/� animals were a kind gift from Ray
Welsh (University of Massachusetts Medical School, Worcester,
MA) and Eva Szomolanyi-Tsuda (University of Massachusetts Med-
ical School). We thank Dr. Irving Weissman (Stanford University
School of Medicine, Stanford, CA) for the generous gift of the H2K
(HIL) transgenic vector, the Stanford Shared FACS facility and, in
particular, Aaron Kantor for advice and encouragement and Gina
Jager for assistance during the early stages of this work. We are also
grateful to Joseph Gosselin and Steve Jones for useful advice and as-
sistance with construction of transgenic mice. Finally, we thank the
UMass Flow Cytometry Facility, UMass Nucleic Acid Facility, and
UMass Transgenic Facility for their excellent help.

This work is supported by National Institutes of Health grant
RO1 AI043534-03 (to R.M. Gerstein), National Institutes of
Health grant RO1 HL48702 (to M.S. Schlissel), training grant
AI007349-14 (L. Borghesi), and NIDDK 5 P30 DK32520 to the
UMMS Diabetes and Endocrinology Center.

Submitted: 16 October 2003
Accepted: 19 December 2003

References
1. Nutt, S.L., D. Eberhard, M. Horcher, A.G. Rolink, and M.

Busslinger. 2001. Pax5 determines the identity of B cells from
the beginning to the end of B-lymphopoiesis. Int. Rev. Immu-
nol. 20:65–82.

2. Rothenberg, E.V., and C.J. Dionne. 2002. Lineage plasticity
and commitment in T-cell development. Immunol. Rev. 187:
96–115.

3. Mombaerts, P., J. Iacomini, R.S. Johnson, K. Herrup, S.
Tonegawa, and V.E. Papaioannou. 1992. RAG-1-deficient
mice have no mature B and T lymphocytes. Cell. 68:869–877.

4. Shinkai, Y., G. Rathbun, K.P. Lam, E.M. Oltz, V. Stewart,
M. Mendelsohn, J. Charron, M. Datta, F. Young, A.M. Stall,
et al. 1992. RAG-2-deficient mice lack mature lymphocytes
owing to inability to initiate V(D)J rearrangement. Cell. 68:
855–867.

5. Gao, Y., J. Chaudhuri, C. Zhu, L. Davidson, D.T. Weaver,
and F.W. Alt. 1998. A targeted DNA-PKcs-null mutation
reveals DNA-PK-independent functions for KU in V(D)J re-
combination. Immunity. 9:367–376.

6. Grawunder, U., D. Zimmer, S. Fugmann, K. Schwarz, and
M.R. Lieber. 1998. DNA ligase IV is essential for V(D)J re-
combination and DNA double-strand break repair in human
precursor lymphocytes. Mol. Cell. 2:477–484.

7. Gu, Y., K.J. Seidl, G.A. Rathbun, C. Zhu, J.P. Manis, N.
van der Stoep, L. Davidson, H.L. Cheng, J.M. Sekiguchi, K.
Frank, et al. 1997. Growth retardation and leaky SCID phe-
notype of Ku70-deficient mice. Immunity. 7:653–665.

8. Ma, Y., U. Pannicke, K. Schwarz, and M.R. Lieber. 2002.
Hairpin opening and overhang processing by an Artemis/
DNA-dependent protein kinase complex in nonhomologous
end joining and V(D)J recombination. Cell. 108:781–794.

9. Nussenzweig, A., C. Chen, V. da Costa Soares, M. Sanchez,
K. Sokol, M.C. Nussenzweig, and G.C. Li. 1996. Require-
ment for Ku80 in growth and immunoglobulin V(D)J re-
combination. Nature. 382:551–555.

10. Oettinger, M.A., D.G. Schatz, C. Gorka, and D. Baltimore.
1990. RAG-1 and RAG-2, adjacent genes that synergistically
activate V(D)J recombination. Science. 248:1517–1523.

11. Schatz, D.G., M.A. Oettinger, and D. Baltimore. 1989. The
V(D)J recombination activating gene, RAG-1. Cell. 59:
1035–1048.

12. Taccioli, G.E., A.G. Amatucci, H.J. Beamish, D. Gell, X.H.
Xiang, M.I. Torres Arzayus, A. Priestley, S.P. Jackson, A.
Marshak Rothstein, P.A. Jeggo, and V.L. Herrera. 1998.
Targeted disruption of the catalytic subunit of the DNA-PK
gene in mice confers severe combined immunodeficiency
and radiosensitivity. Immunity. 9:355–366.

13. Li, Z., T. Otevrel, Y. Gao, H.L. Cheng, B. Seed, T.D. Stam-
ato, G.E. Taccioli, and F.W. Alt. 1995. The XRCC4 gene
encodes a novel protein involved in DNA double-strand
break repair and V(D)J recombination. Cell. 83:1079–1089.

14. Frank, K.M., J.M. Sekiguchi, K.J. Seidl, W. Swat, G.A.

 on D
ecem

ber 22, 2017
jem

.rupress.org
D

ow
nloaded from

 

http://jem.rupress.org/


Borghesi et al.501

Rathbun, H.L. Cheng, L. Davidson, L. Kangaloo, and F.W.
Alt. 1998. Late embryonic lethality and impaired V(D)J re-
combination in mice lacking DNA ligase IV. Nature. 396:
173–177.

15. Grawunder, U., T.M. Leu, D.G. Schatz, A. Werner, A.G.
Rolink, F. Melchers, and T.H. Winkler. 1995. Down-regu-
lation of RAG1 and RAG2 gene expression in preB cells af-
ter functional immunoglobulin heavy chain rearrangement.
Immunity. 3:601–608.

16. Monroe, R.J., K.J. Seidl, F. Gaertner, S. Han, F. Chen, J.
Sekiguchi, J. Wang, R. Ferrini, L. Davidson, G. Kelsoe, and
F.W. Alt. 1999. RAG2:GFP knockin mice reveal novel as-
pects of RAG2 expression in primary and peripheral lym-
phoid tissues. Immunity. 11:201–212.

17. Yu, W., Z. Misulovin, H. Suh, R.R. Hardy, M. Jankovic,
N. Yannoutsos, and M.C. Nussenzweig. 1999. Coordinate
regulation of RAG1 and RAG2 by cell type-specific DNA
elements 5� of RAG2. Science. 285:1080–1084.

18. Lin, W.C., and S. Desiderio. 1993. Regulation of V(D)J re-
combination activator protein RAG-2 by phosphorylation.
Science. 260:953–959.

19. Li, Z., D.I. Dordai, J. Lee, and S. Desiderio. 1996. A con-
served degradation signal regulates RAG-2 accumulation
during cell division and links V(D)J recombination to the cell
cycle. Immunity. 5:575–589.

20. Ross, A.E., M. Vuica, and S. Desiderio. 2003. Overlapping
signals for protein degradation and nuclear localization define
a role for intrinsic RAG-2 nuclear uptake in dividing cells.
Mol. Cell. Biol. 23:5308–5319.

21. Douglas, P., G.B. Moorhead, R. Ye, and S.P. Lees-Miller.
2001. Protein phosphatases regulate DNA-dependent protein
kinase activity. J. Biol. Chem. 276:18992–18998.

22. Lin, W.C., and S. Desiderio. 1994. Cell cycle regulation of
V(D)J recombination-activating protein RAG-2. Proc. Natl.
Acad. Sci. USA. 91:2733–2737.

23. Borghesi, L., and R.M. Gerstein. 2004. Developmental sepa-
ration of V(D)J recombinase expression and initiation of IgH
recombination in B lineage progenitors in vivo. J. Exp. Med.
199:483–489.

24. Monroe, R.J., F. Chen, R. Ferrini, L. Davidson, and F.W.
Alt. 1999. RAG2 is regulated differentially in B and T cells
by elements 5� of the promoter. Proc. Natl. Acad. Sci. USA.
96:12713–12718.

25. Wei, X.C., H. Kishi, Z.X. Jin, W.P. Zhao, S. Kondo, T.
Matsuda, S. Saito, and A. Muraguchi. 2002. Characterization
of chromatin structure and enhancer elements for murine re-
combination activating gene-2. J. Immunol. 169:873–881.

26. Hsu, L.-Y., J. Lauring, H.-E. Liang, S. Greenbaum, D.
Cado, Y. Zhuang, and M.S. Schlissel. 2003. A conserved
transcriptional enhancer regulates RAG gene expression in
developing B cells. Immunity. 19:105–117.

27. Kondo, M., I.L. Weissman, and K. Akashi. 1997. Identifica-
tion of clonogenic common lymphoid progenitors in mouse
bone marrow. Cell. 91:661–672.

28. Izon, D., K. Rudd, W. DeMuth, W.S. Pear, C. Clendenin,
R.C. Lindsley, and D. Allman. 2001. A common pathway
for dendritic cell and early B cell development. J. Immunol.
167:1387–1392.

29. Allman, D., A. Sambandam, S. Kim, J.P. Miller, A. Pagan, D.
Well, A. Meraz, and A. Bhandoola. 2003. Thymopoiesis in-
dependent of common lymphoid progenitors. Nat. Immunol.
4:168–174.

30. Kouro, T., V. Kumar, and P.W. Kincade. 2002. Relation-

ships between early B- and NK-lineage lymphocyte precur-
sors in bone marrow. Blood. 100:3672–3680.

31. Bjorck, P., and P.W. Kincade. 1998. CD19� pro-B cells can
give rise to dendritic cells in vitro. J. Immunol. 161:5795–
5799.

32. Domen, J., K.L. Gandy, and I.L. Weissman. 1998. Systemic
overexpression of BCL-2 in the hematopoietic system pro-
tects transgenic mice from the consequences of lethal irradia-
tion. Blood. 91:2272–2282.

33. Kondo, M., K. Akashi, J. Domen, K. Sugamura, and I.L.
Weissman. 1997. Bcl-2 rescues T lymphopoiesis, but not B
or NK cell development, in common gamma chain-deficient
mice. Immunity. 7:155–162.

34. Roederer, M., S. De Rosa, R. Gerstein, M. Anderson, M.
Bigos, R. Stovel, T. Nozaki, D. Parks, and L. Herzenberg.
1997. 8 color, 10-parameter flow cytometry to elucidate
complex leukocyte heterogeneity. Cytometry. 29:328–339.

35. Kee, B.L., G. Bain, and C. Murre. 2002. IL-7Ralpha and
E47: independent pathways required for development of
multipotent lymphoid progenitors. EMBO J. 21:103–113.

36. Sikes, M.L., C.C. Suarez, and E.M. Oltz. 1999. Regulation
of V(D)J recombination by transcriptional promoters. Mol.
Cell. Biol. 19:2773–2781.

37. Anderson, M.T., N. Baumgarth, R.P. Haugland, R.M. Ger-
stein, T. Tjioe, and L.A. Herzenberg. 1998. Pairs of violet-
light-excited fluorochromes for flow cytometric analysis. Cy-
tometry. 33:435–444.

38. Galbraith, D.W., M.T. Anderson, and L.A. Herzenberg.
1999. Flow cytometric analysis and FACS sorting of cells
based on GFP accumulation. Methods Cell Biol. 58:315–341.

39. Anderson, M.T., I.M. Tjioe, M.C. Lorincz, D.R. Parks, L.A.
Herzenberg, and G.P. Nolan. 1996. Simultaneous fluores-
cence-activated cell sorter analysis of two distinct transcrip-
tional elements within a single cell using engineered green flu-
orescent proteins. Proc. Natl. Acad. Sci. USA. 93:8508–8511.

40. Gerstein, R.M., and M.R. Lieber. 1993. Extent to which ho-
mology can constrain coding exon junctional diversity in
V(D)J recombination. Nature. 363:625–627.

41. Igarashi, H., S.C. Gregory, T. Yokota, N. Sakaguchi, and
P.W. Kincade. 2002. Transcription from the RAG1 locus
marks the earliest lymphocyte progenitors in bone marrow.
Immunity. 17:117–130.

42. Kim, S., K. Iizuka, H.S. Kang, A. Dokun, A.R. French, S.
Greco, and W.M. Yokoyama. 2002. In vivo developmental
stages in murine natural killer cell maturation. Nat. Immunol.
3:523–528.

43. Rosmaraki, E.E., I. Douagi, C. Roth, F. Colucci, A. Cu-
mano, and J.P. Di Santo. 2001. Identification of committed
NK cell progenitors in adult murine bone marrow. Eur. J.
Immunol. 31:1900–1909.

44. Cory, S., J.M. Adams, and D.J. Kemp. 1980. Somatic rear-
rangements forming active immunoglobulin mu genes in B
and T lymphoid cell lines. Proc. Natl. Acad. Sci. USA. 77:
4943–4947.

45. Born, W., J. White, J. Kappler, and P. Marrack. 1988. Rear-
rangement of IgH genes in normal thymocyte development.
J. Immunol. 140:3228–3232.

46. Manz, M.G., D. Traver, T. Miyamoto, I.L. Weissman, and
K. Akashi. 2001. Dendritic cell potentials of early lymphoid
and myeloid progenitors. Blood. 97:3333–3341.

47. Vremec, D., M. Zorbas, R. Scollay, D.J. Saunders, C.F. Ar-
davin, L. Wu, and K. Shortman. 1992. The surface pheno-
type of dendritic cells purified from mouse thymus and

 on D
ecem

ber 22, 2017
jem

.rupress.org
D

ow
nloaded from

 

http://jem.rupress.org/


Erag Controls Recombinase Activity in CLPs502

spleen: investigation of the CD8 expression by a subpopula-
tion of dendritic cells. J. Exp. Med. 176:47–58.

48. Vandenabeele, S., and L. Wu. 1999. Dendritic cell origins:
puzzles and paradoxes. Immunol. Cell Biol. 77:411–419.

49. Nutt, S.L., B. Heavey, A.G. Rolink, and M. Busslinger.
1999. Commitment to the B-lymphoid lineage depends on
the transcription factor Pax5. Nature. 401:556–562.

50. Kondo, M., D.C. Scherer, T. Miyamoto, A.G. King, K.
Akashi, K. Sugamura, and I.L. Weissman. 2000. Cell-fate
conversion of lymphoid-committed progenitors by instruc-
tive actions of cytokines. Nature. 407:383–386.

51. Tutt, M.M., W.A. Kuziel, J. Hackett, Jr., M. Bennett, P.W.
Tucker, and V. Kumar. 1986. Murine natural killer cells do
not express functional transcripts of the alpha-, beta-, or
gamma-chain genes of the T cell receptor. J. Immunol. 137:
2998–3001.

52. Corcoran, L., I. Ferrero, D. Vremec, K. Lucas, J. Waithman,
M. O’Keeffe, L. Wu, A. Wilson, and K. Shortman. 2003.
The lymphoid past of mouse plasmacytoid cells and thymic
dendritic cells. J. Immunol. 170:4926–4932.

53. Loughran, T.P., Jr., K.G. Hadlock, Q. Yang, R. Perzova, R.
Zambello, G. Semenzato, S.K. Foung, and B.J. Poiesz. 1997.
Seroreactivity to an envelope protein of human T-cell leuke-
mia/lymphoma virus in patients with CD3� (natural killer)
lymphoproliferative disease of granular lymphocytes. Blood.
90:1977–1981.

54. MacLeod, R., S. Nagel, M. Kaufmann, K. Greulich-Bode,
and H. Drexler. 2002. Multicolor-FISH analysis of a natural

killer cell line (NK-92). Leuk. Res. 26:1027–1033.
55. Santucci, M., N. Pimpinelli, D. Massi, M.E. Kadin, C.J.

Meijer, H.K. Muller-Hermelink, M. Paulli, J. Wechsler, R.
Willemze, H. Audring, et al. 2003. Cytotoxic/natural killer
cell cutaneous lymphomas. Report of EORTC cutaneous
lymphoma task force workshop. Cancer. 97:610–627.

56. Hiom, K., M. Melek, and M. Gellert. 1998. DNA transposi-
tion by the RAG1 and RAG2 proteins: a possible source of
oncogenic translocations. Cell. 94:463–470.

57. Messier, T.L., J.P. O’Neill, S.M. Hou, J.A. Nicklas, and B.A.
Finette. 2003. In vivo transposition mediated by V(D)J recom-
binase in human T lymphocytes. EMBO J. 22:1381–1388.

58. Bassing, C.H., W. Swat, and F.W. Alt. 2002. The mecha-
nism and regulation of chromosomal V(D)J recombination.
Cell. 109:S45–S55.

59. Montecino-Rodriguez, E., and K. Dorshkind. 2003. To T or
not to T: reassessing the common lymphoid progenitor. Nat.
Immunol. 4:100–101.

60. Baird, A.M., R.M. Gerstein, and L.J. Berg. 1999. The role of
cytokine receptor signaling in lymphocyte development.
Curr. Opin. Immunol. 11:157–166.

61. Roman, C.A., S.R. Cherry, and D. Baltimore. 1997. Com-
plementation of V(D)J recombination deficiency in RAG-
1(�/�) B cells reveals a requirement for novel elements in
the N-terminus of RAG-1. Immunity. 7:13–24.

62. Ramakrishnan, L., and N. Rosenberg. 1988. Novel B-cell
precursors blocked at the stage of DJH recombination. Mol.
Cell. Biol. 8:5216–5223.

 on D
ecem

ber 22, 2017
jem

.rupress.org
D

ow
nloaded from

 

http://jem.rupress.org/

