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B-lymphocyte development is dictated by the protein products of
functionally rearranged Ig heavy (H) and light (L) chain genes. Ig
rearrangement begins in pro-B cells at the IgH locus. If pro-B cells
generate a productive allele, they assemble a pre-B cell receptor
complex, which signals their differentiation into pre-B cells and
their clonal expansion. Pre-B cell receptor signals are also thought
to contribute to allelic exclusion by preventing further IgH re-
arrangements. Here we show in two independent mouse models
that the accumulation of a stabilized μH mRNA that does not en-
code μH chain protein specifically impairs pro-B cell differentiation
and reduces the frequency of rearranged IgH genes in a dose-
dependent manner. Because noncoding IgH mRNA is usually rap-
idly degraded by the nonsense-mediated mRNA decay machinery,
we propose that the difference in mRNA stability allows pro-B cells
to distinguish between productive and nonproductive Ig gene
rearrangements and that μH mRNA may thus contribute to effi-
cient H chain allelic exclusion.

Developing B lymphoid cells generate Ig genes by recom-
bination of gene segments (1). This process is initiated in

pro-B cells of the bone marrow with the assembly of diversity
(D) and joining (J) gene segments at both IgH alleles. Sub-
sequently, a variable (V) gene segment can be recombined to
a preexisting DJ-joint to form a VDJ exon (1). Once a functional
VH exon has been generated, a heavy (H) chain is produced,
which assembles with the surrogate light (L) chain and the signal
molecules Igα/Igβ to form the pre-B cell receptor complex
(pre-BCR). The pre-BCR provides signals for clonal expansion,
survival, and differentiation into pre-B cells (2). Of the two IgH
alleles, only one contributes to the BCR—a phenomenon known
as allelic exclusion. This process is thought to be regulated at the
level of V-to-DJ recombination (3, 4) and ensures that each B
cell produces a single clonotypic antibody. Monospecificity of a B
cell is important, because only a monospecific BCR allows effi-
cient generation of self-tolerant B cells during B cell ontogeny,
whereas at later stages in B cell development allelic exclusion
contributes to efficient antigen-specific antibody responses.
B cell ontogeny is characterized by a biphasic induction of the

V(D)J recombinase [recombination activating gene (RAG)] and
a sequential rearrangement of IgH and IgL chain alleles. RAG is
turned off in B cells expressing a functional, self-tolerant Ig; al-
though perhaps too simplistic, this by and large explains both
allelic and isotypic exclusion at the L chain loci. Although it is
tempting to propose analogous models for allelic exclusion of IgH
and IgL chain genes, there are, in fact, great differences—not only
in temporal sequence of gene assembly, but also in strictness of
exclusion: a small percentage of B cells does express two different
L chains (5), but only one in 104 cells expresses two H chains (6).
Various competing theories on the mechanism of IgH chain

allelic exclusion have been proposed, and they are not necessarily

mutually exclusive (7). In a stochastic model, allelic exclusion is
considered to be a statistical consequence of a low frequency of
rearrangements encoding functional H chains (8, 9). In its bare-
bones form, the stochastic hypothesis seems to be disproven for
the IgH locus, because pro-B cells expressing signaling-defective
forms of the pre-BCR have a large proportion of μH chain double
producers (10). Mice with defective Ig receptor signaling support
a genetic model in which the pre-BCR controls allelic exclusion.
First, only transgenes encoding the membrane but not the cyto-
plasmic form of the μH chain mediate allelic exclusion (11). Sec-
ond, concomitant deletion of the (pre)BCR-associated Syk family
kinases Syk and ZAP-70 resulted in allelic inclusion (12), as did
mutations in Igα and Igβ (13–15), which either block their asso-
ciation with the μH chain or interfere with intracellular signaling
cascades. Similarly, allelic inclusion occurred at the T cell receptor
(TCR)-β locus in mice with disruptions of either the TCR adapter
protein SLP-76 or the TCR-associated kinase p56lck (16, 17).
In the genetic regulation model of H chain allelic exclusion, μH

chain protein (as part of the pre-BCR) inhibits further rear-
rangements at the IgH locus, so that a second, functional IgH
gene cannot be assembled (18). However, how is this inhibition
accomplished? Before the rearrangement of a V gene segment,
both H chain alleles are in a DJ-rearranged configuration (19)
and are indistinguishable with regard to germ line transcription
(20), nuclear localization (21), and locus contraction (22).
Therefore, V-to-DJ recombination must either be asynchronous
to allow enough time for H chain surface expression and pre-BCR
signaling, or a productive VDJ recombination event must halt
recombination until pre-BCR signals have been initiated. Be-
cause the repair-checkpoint protein ATM is activated by re-
combination-induced DNA double-strand breaks, it is thought to
play a role in this process (23). Afterward, both IgH loci are
“decontracted” to suppress further V-to-DJ rearrangements, and
the partially rearranged IgH allele is silenced by pericentromeric
relocation, thereby making it inaccessible for Rag (21, 22, 24–27).
Given that allelic exclusion of the IgH allele is quite effective, and
double producers are less frequent than predicted in most models
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that interfere with H chain signaling, a feedback inhibition of V-
to-DJ recombination by the pre-BCR alone seems insufficient.
The recent discovery of noncoding RNA as a critical regulator

of gene expression led us to consider an additional mechanism
for H chain allelic exclusion, in which the mRNA that encodes
a productive μH chain is sensed by the pro-B cell. With the intronic
IgH enhancer in close proximity to the VH promoter, an imme-
diate consequence of any V-to-DJ recombination is a high tran-
scription rate of the rearranged locus and the appearance of μH
transcripts. Although transcription rates of productively and non-
productively rearranged IgH loci are similar (28), only transcripts
from a productively rearranged (coding) allele are stable and ac-
cumulate. In contrast, noncoding (nonsense) mRNA from a non-
productively rearranged allele is rapidly degraded by the nonsense-
mediated mRNA decay (NMD) mechanism (29–31). Thus, stable
coding μHmRNA could indicate the presence of a productive IgH
allele and exclude the rearrangement of the other allele, whereas
unstable μHmRNA encoded by a nonproductively rearranged IgH
gene would be degraded and have no effect. To experimentally
uncouple an effect mediated by the μH mRNA from any signal
transmitted by its product of translation, the μH chain protein, we
used an exception in NMD activity: When located close to the
translation start site, a premature termination codon is not rec-
ognized by the NMD (32). This exception allowed us to create IgH
alleles that are transcribed into stable untranslated μH mRNAs
and to assay their effect on B-cell development.

Results
Mice Expressing Nonsense μH mRNA That Is Not Degraded. To de-
termine the effects of a stable μH mRNA on B cell development
and/or VDJ recombination, we established three mouse lines in
which stable μH mRNA production is separated from translation
into μH chain protein. One line (designated Ter3) expresses
mRNA from the productively rearranged H chain transgene
VH17.2.25, which has been rendered nonproductive by converting
codon 3 of the leader exon into a translational stop codon (Fig.
1A). In contrast to the premature termination codons found in
most nonproductive H chain transcripts, the nonsense codon in
Ter3 transcripts triggers only a weak NMD response, resulting in
stable and abundant μH Ter3 transcripts (32). The Ter3 line
presented here has ≈10 transgene copies integrated into a geno-
mic region of chromosome 5 without annotated features and
is representative of lines established from three independent
founders. In addition, we used two H chain gene knockin lines, in
which the endogenous DQ52JH cluster was replaced by a VHB1-8
VDJ exon that was rendered nonproductive by the introduction of
a termination codon at position 5 (designated the Ter5 allele; Fig.
1B). In one Ter5 line, transcription of the targeted H chain gene is
driven by its physiological H chain promoter, whereas in the other,
transcription is driven by a weak truncated DQ52 promoter (33).
This results in high (Ter5High mouse) and low (Ter5Low mouse)
amounts of noncoding H transcripts, respectively (see below).
To determine the abundance of the nonsense VH17.2.25-Ter3

mRNA, we bred Ter3 mice to quasi-monoclonal (QM) mice, in
which the endogenous DQ52JH cluster is replaced with the func-
tional VH17.2.25 exon (34) (i.e., QM mice express “Ter3”
mRNA without a nonsense codon) (SI Appendix, Fig. S1A). The
mice used for our determination thus had the genotype Ter3Tg,
IgHQM/wt, and they expressed both sense and nonsense VH17.2.25
μH mRNA. From these mice we FACS-sorted pro-B and splenic
B cells and amplified both H chain transcripts in one reaction by
RT-PCR. Although the promoter and VDJ exons are nearly
identical, a codon change in the Ter3 transgene created a specific
restriction site, which enabled us to estimate the respective
mRNA abundances from the fragment intensities (SI Appendix,
Fig. S1B). Compared with coding QM mRNA, the amount of
noncoding Ter3 mRNA in splenic B cells was almost identical

(Fig. 1C and SI Appendix, Fig. S1B); in pro-B cells, for unknown
reasons the amount was three times higher.
For the Ter5 mice we compared the abundance of μH mRNA

in splenocytes from heterozygous Ter5High mice, Ter5Low mice,
and mice with the same VDJ knockin allele but no premature
termination codon. In Ter5Low mice, we detected no transcripts;
in Ter5High mice, the Ter5 mRNA accumulated up to 60% of the
transcripts encoded by the sense allele (Fig. 1D). Therefore, the
abundance of nonsense μH mRNA in the Ter3 and Ter5High

mice was by and large within the physiological range of μH
mRNA that is translated.

Ter3 and Ter5 μH mRNAs Are Not Translated into μH Chain Protein.
We also confirmed that no truncated μH chain was produced
in any of these mice. Accordingly, we bred the Ter3 mouse to
a Rag2-deficient mouse. In the resulting recombination-deficient
Ter3 mice, the further differentiation of pro-B cells ought to be
completely blocked. Indeed, this was the case: just as in the Rag2-
deficient mouse, none of the (c-kit+, CD19+) pro-B cells pro-
duced any intracellular μH chain. In the wild-type control mouse,
however, almost 40% of all cells stained with a polyclonal anti-
IgM antibody (SI Appendix, Fig. S2A). We also analyzed lysates
from bone marrow cells of homozygous Ter5Low and Ter5High

mice byWestern blotting with a polyclonal anti-IgM serum. Again,
although the wild-type produced large amounts of μH chain, there
was none present in the Ter5 mice or the Rag-deficient mice (SI
Appendix, Fig. S2B). Nonsense μH mRNA from both Ter3 and
Ter5 mice also lack larger out-of-frame ORFs, which could result
in the accumulation of a stress-inducing polypeptide.
Because they are neither degraded nor translated, the non-

coding Ter3 and Ter5 μH mRNAs serve as a valid surrogate of
a μH mRNA stabilized by translation; therefore, they enable us
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Fig. 1. Construction of mice expressing stabilized noncoding (nonsense) μH
mRNA. (A) The Ter3 transgene consists of a mutated VH17.2.25 VDJ exon, in
which codon +3 in the leader has been changed to a stop codon (Ter3),
followed by the intronic IgH enhancer (iEμ) and the complete genomic Cμ
region. (B) Schematic organization of the targeted IgH locus in three strains
of knockin mice expressing VHB1-8 μH mRNA either as a sense variant (VHB1-
8, Top) or as nonsense variants with a translational stop codon at position 5
(Ter5High and Ter5Low, Middle and Bottom) under the control of either the
endogenous VH promoter (VHP, Top and Middle) or a weak truncated DQ52

promoter (DQ52P, Bottom). (C) Ter3 mRNA abundance was determined in
FACS-sorted pro-B and splenic B cells from Ter3, IgHQM/wt mice that express
both nonsense VH17.2.25 μH mRNA from the Ter3 transgene and sense
VH17.2.25 μH mRNA from the knockin IgH locus of the QM mouse. Both μH
transcripts were amplified in one reaction by RT-PCR, and their abundances
were estimated from the fragment intensities after a Ter3 transgene-specific
restriction digest (SI Appendix, Fig. S1). (D) Quantification of VHB1-8 μH
mRNA in splenocytes from heterozygous VHB1-8, Ter5

High, and Ter5Low mice
by quantitative TaqMan RT-PCR using primers specific for the VHB1-8 se-
quence. ND = not detected.
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Fig. 2. Noncoding μH mRNA impairs pro-B cell differentiation. (A) Bone marrow cells of 6-wk-old Ter3 mice and wild-type littermates were membrane
stained with the indicated antibodies, and fluorescence intensities (FI) of cells in the lymphocyte gate were determined by flow cytometry. Percentages of cells
in the individual gates are indicated. (B) Pro-B cells (c-kit+/CD19+) analyzed for intracellular μH chain. Bone marrow cells were membrane stained with
antibodies against c-kit and CD19, permeabilized, and restained with antibodies against μH chain. (C and D) Bone marrow cells of 6-wk-old wild-type and
heterozygous Ter5Low and Ter5High mice were stained as described above. Right: Results of an entire litter (A and B) or of multiple litters (C and D) are
summarized in these diagrams; one dot represents one mouse.
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to study their effect on B cell development in the absence of μH
chain protein and pre-BCR signals. Especially the Ter5High

mouse with its physiological IgH promoter starts with pro-B cells
that closely mimic wild-type pro-B cells that have just pro-
ductively rearranged their IgH locus. The two types of cells differ
only in the translatability of their in-frame rearrangement.

Pro-B Cell Differentiation Is Impaired by Stable Noncoding μH mRNA.
If the accumulation of a stable μH mRNA interfered with B cell
differentiation and/or VDJ rearrangement, we would expect to
find an impaired transition of B lymphoid precursors from the
μH chain-negative pro-B to the μH chain-positive pre-B cell
stage. Indeed, the number of c-kit+ pro-B cells was increased,
and the number of subsequent developmental stages was de-
creased in Ter3 and Ter5High mice, both relatively and in abso-
lute numbers (Fig. 2 A and C and SI Appendix, Table S1). The
impairment of early B cell development was dose dependent
(i.e., more noncoding mRNA inhibited B cell development to
a greater degree) (Ter3Tg/Tg vs. Ter3Tg). In addition, the fre-
quency of cells with newly synthesized intracellular μH chains in
the c-kit+ pro-B population was decreased in both Ter3Tg and
Ter5High mice (Fig. 2 B and D), indicating that stable noncoding
μH mRNA interferes with B cell development before or at the
stage of V-to-DJ rearrangement. We note that IgH rearrange-
ment in Ter5 mice is restricted to a single IgH allele and,
therefore, is only half as likely to be productive as rearrangement
in wild-type mice. This may explain the phenotypic difference
between Ter5Low and wild-type mice, but it does not account for
the pronounced difference between Ter5Low and Ter5High mice.
The Ter3 allele, on the other hand, was introduced as a con-
ventional transgene; in Ter3 mice, both endogenous IgH alleles
are thus unchanged and can rearrange. Therefore, the differ-
ences in pro-B cell differentiation between wild-type, Ter3Tg,
and Ter3Tg/Tg mice ought to be due to the amount of noncoding
μH mRNA transcribed from the transgene.

Cell Specificity of Stable μH mRNA Effect. The question arose as to
whether the effect of stable μH mRNA on B cell development is
nonspecific. However, μH mRNA itself is a transcript unique to

B cells; as long as the stable μH mRNA contains a regular VDJ
exon and is expressed in the same amounts as in wild-type cells,
its activity ought to faithfully reflect that of translatable μH
mRNA in wild-type B cells. Nevertheless, we ruled out some
explanations for the impairment in pro-B cell differentiation.
According to one hypothesis, increased competition for ribo-
somes or transcription factors (like Pax5) in the transgenic mice
would reduce the expression of μH chain from the productively
rearranged endogenous locus and/or the Pax5 target gene CD19,
thereby inhibiting pro-B cell development. However, there was
no difference in the expression of intracellular μH chain between
pro-B cells from wild-type, Ter3tg (Fig. 2B, histogram), and
heterozygous Ter5High mice (Fig. 2D, histogram), or between
total bone marrow cells from Ter3Tg and wild-type mice, or from
IgHQM/wt and IgHQM/wt/Ter3Tg mice (SI Appendix, Fig. S3A).
Nor was there any difference in membrane expression of CD19
between pro-B cells from JH

−/− and JH
−/−/Ter3Tg mice (SI Ap-

pendix, Fig. S3B), in which B cell development is arrested at the
pro-B cell stage. Therefore, the expression of nonsense μH
mRNA from a single endogenous locus (Ter5 mouse) or multi-
ple transgenes (Ter3 mouse) does not reduce the availability of
transcription factors involved in the expression of the endoge-
nous IgH and CD19 locus.
In another experiment, we differentiated between the splenic

B cell populations in Ter3 transgenic mice and found them un-
altered, compared with wild-type. These populations included
recirculating naive B cells (population a in Fig. 3A), transitional
type II B cells (population b in Fig. 3A), and marginal zone,
immature transitional type I, B1 and memory B cells (population
c in Fig. 3A). Finally, we looked at T cell development, which
requires recombination of the TCR-β locus at the pro-T cell
stage (the double-negative DN III stage). Pre-T cells of Ter3Tg/Tg

mice express μH mRNA at levels approximately one fifth of that
in pre-B cells (Fig. 3B) and two fifths of that in Ter3 heterozy-
gous pre-B cells. VDJ recombination at the TCR-β locus occurs
in the DN III population (pro-T cell stage), and impaired re-
combination should increase this population (35). However, this
and the other thymic cell populations were unaltered (Fig. 3C).

a: Recirculating naive B cells

b

c

a

FI (IgM)

FI
 (I

gD
)

b: Transitional type II B cells

c: Marginal zone-, immature transitional
type I, B1 and memory B cells

FI (IgM)

FI
 (I

gD
)

10.4 10.9 11.6

4.2 5.3 5.0

8.4 9.3 5.8

65.6 1.2

28.4 4.8

CD44

C
D

25

DN III DN II

DN IV DN I

CD8

C
D

4

CD4+

DN CD8+

DP

CD44

C
D

25

CD8

C
D

4

pre-B pre-T
0

5

10

15

20

25

qR
T-

PC
R

 s
ig

na
l o

f μ
H

 m
R

N
A 

/ H
PR

T 
m

R
N

A 16.1x 3.5x
10.3

1.8 2.5

10.1

1.5 2.4

10.1

1.4 2.5

66.7 4.8

22.9 5.6

67.2 1.1

25.8 5.9

Ter3Tg/TgTer3Tgwt

Ter3Tg 3reTtw Tg/Tg

A

B C

Fig. 3. Ter3 mRNA does not affect later B cell stages and thymic development. (A) Splenocytes from 6-wk-old mice membrane stained with the indicated
antibodies. Fluorescence intensities (FI) of cells in the lymphocyte gate were determined. Percentages of cells in the individual gates are indicated. The
following populations are marked clockwise by squares in the dot plot diagram and explained in the schematic diagram to the right: population a, recir-
culating naive B cells (IgMdull, IgDhigh); population b, transitional type II B cells (IgMhigh, IgDhigh); and population c, IgMhigh, IgDdull cells including marginal
zone, immature transitional type I, B1 and memory B cells. (B) Ter3 μH mRNA and hypoxanthine phophoribosyltransferase (HPRT) mRNA abundances were
measured by quantitative RT-PCR in sorted pre-B and pre-T cells from three Ter3Tg/Tg mice. (C) Thymocytes from 6-wk-old mice were membrane stained with
the indicated antibodies, and fluorescence intensities of cells in the lymphocyte gate were determined. Percentages of cells in the individual gates are in-
dicated. Upper: Cells were analyzed for CD4 and CD8 expression. Lower: Double-negative (DN) population indicated in the upper diagrams was divided into
stages DN I–IV, according to CD25 and CD44 expression.

Lutz et al. PNAS | June 28, 2011 | vol. 108 | no. 26 | 10647

IM
M
U
N
O
LO

G
Y

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1019224108/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1019224108/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1019224108/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1019224108/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1019224108/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1019224108/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1019224108/-/DCSupplemental/sapp.pdf


Frequency of Recombined IgH Alleles Is Decreased by Stable μH
mRNA. As far as we could determine, stable μH mRNA af-
fected only the numbers of pro-B and pre-B cells. In pro-B cells,
it also reduced the number of μH chain-expressing cells (Fig. 2 B
and D), presumably because of a reduced frequency of recom-
bined IgH alleles. To measure this frequency directly, we isolated
DNA from pro-B cells and determined the ratio of VDJ rear-
rangements vs. germ line configuration by quantitative TaqMan
PCR. The forward primer was specific for the most abundant
VH1 (J558) family, and the reverse primer was specific for the
JH3 segment, which is used in neither the Ter3 nor the Ter5 trans-
gene. Both homozygous Ter3Tg/Tg and heterozygous Ter5High mice
had approximately half as many VH1-DJH3 rearrangements as
wild-type and heterozygous Ter3Low mice, respectively (Fig. 4A).
These results correlate closely with the decreased frequency
of μH chain-positive cells in the pro-B cell populations of the
respective mice (Fig. 2 B and D).
In a second TaqMan PCR, we assessed the relative frequency

of DQ52 elements that still contained their upstream recom-
bination signal (i.e., IgH alleles that were either in the germ
line configuration or had a DQ52JH rearrangement) (Fig. 4B). In
this assay, DNA from heterozygous Ter5High mice gave a three-
fold stronger signal than DNA from heterozygous Ter5Low mice,
indicating a higher proportion of pro-B cells with either a non-
rearranged H allele or an allele with a DQ52-to-JH rearrangement
in Ter5High mice. Furthermore, the frequency of immature B
cells with a VH-replaced QM allele was lower in QM mice with
a transgenic Ter3 allele than in QM mice without it (SI Appendix,
Fig. S4). These observations support our hypothesis that de-
velopmental inhibition occurs before or at the stage of V-to-DJ
recombination.

VDJ Recombinase Is Unaffected by Stable μH mRNA. To determine
whether stable μH mRNA interferes with VDJ recombination by
directly inhibiting the RAG recombinase, we transduced sorted
pro-B cells from the bone marrow of homozygous Ter5High and

Ter5Low mice with a VDJ recombination plasmid that contains
an inverted EGFP gene. The EGFP cassette is flanked by re-
combination signal sequences (RSS) and can be activated upon
RAG-mediated reversion (35). RAG activities in pro-B cells
from both wild-type and Ter5High mice were similar (Fig. 5).
Hence, the accumulation of noncoding μH mRNA does not di-
rectly affect the VDJ recombinase, a finding consistent with the
normal development of B cells beyond the pre-B cell stage.

Discussion
Currently, allelic exclusion at the IgH locus is explained by a
feedback mechanism that presumes signaling via the pre-BCR
containing the μH chain encoded by a productive allele. An
analysis of mice with a deletion including the μ membrane exons
(μMT mice) shows that sequences spanning and flanking the
membrane exons are needed for IgH allelic exclusion (10).
However, from this experiment it is not clear whether these
sequences are only necessary to generate the μH chain protein or
whether the (stable) μHmRNA, or even the untranslated regions
of the mRNA, also contribute to allelic exclusion.
In this study, we investigated the potential role of μH mRNA

in the remarkable strictness of exclusion at the IgH locus. Our
data show that a stable μH mRNA impairs pro-B cell de-
velopment in the absence of a μH chain signal. We cannot ex-
clude that a nontranslatable but stable mRNA other than that
encoding μH chain would have the same effect. However, with
the many stable translated mRNAs encoding functional proteins
already present in a cell, just adding any other one might not be
expected to make a difference. At any rate, because we did not
detect an effect on the development of pre-B and immature B
cells into mature B cell subsets (Fig. 3A), or on T cell de-
velopment in the thymus (Fig. 3C), the effect would have to be
restricted to pro-B cells. One could also argue that a well-tran-
scribed IgH allele will sequester transcription factors for target
genes whose expression levels are critical at an early stage in
B cell development, like the genes for μH chain and CD19.
However, because the expression levels of μH chain and
CD19 were not affected by the expression of Ter3 and Ter5
mRNA (Fig. 2 B and D and SI Appendix, Fig. S3), we think
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that the observed phenotype is not caused by transcription
factor sequestration.
Our results rather fit the observations in mice with decreased

NMD, which are reported in the accompanying article by
Frischmeyer-Guerrerio et al. (36). Their study demonstrated
a critical role for the NMD in T and B lymphocyte development.
B cells may thus distinguish between productively and non-
productively rearranged IgH alleles at the RNA level, and this
distinction may help in allelic exclusion. However, how can μH
mRNA contribute to allelic exclusion? We demonstrated the
effect of a μH mRNA on B cell differentiation in mice with ei-
ther a conventional IgH transgene (the Ter3 mouse) or a VDJ
exon knockin (the Ter5 mouse). One explanation for the ob-
served phenotype could be that expression of a μH mRNA
simply confers a growth disadvantage to pro-B cells. In this case,
pro-B cells with a productive IgH gene, and thus expressing
a stable coding μH mRNA, would grow more slowly than cells
that have not yet rearranged; but cells without a productive VDJ
rearrangement do not progress anyway, because they do not
receive a differentiation signal from a μH chain protein. A cell
with two productive VDJ rearrangements would grow even more
slowly and would be at a disadvantage compared with a cell with
only one productive VDJ rearrangement.
Alternatively, we propose a model in which stable μH mRNA

has a suppressive effect on VDJ recombination, even in the ab-
sence of μH chain protein. Because NMD selectively degrades
noncoding transcripts from nonproductive IgH alleles, only sense
μH transcripts accumulate and are capable of inhibiting, directly
or indirectly, V-to-DJ rearrangements. Because we excluded a
direct effect on RAG activity, μHmRNAmight interfere with the
opening and/or the accessibility of the second IgH allele, for ex-
ample, in combination with antisense RNA transcribed during

VDJ recombination from the IgH locus (20). Alternatively, abun-
dant μH transcripts could act similarly to Xist, which mediates X
chromosome inactivation (37). In this model, suppression of re-
combination at the other IgH allele is followed by the strong
feedback signal from the pre-BCR, which would shut it down
permanently. Such an adapted feedback model of allelic exclusion
could bridge the time gap between a productive VDJ rearrange-
ment and the initiation of an H chain-dependent pre-BCR signal.
In summary, we have identified a specific μHmRNA-dependent

process that—independent of a μH chain signal—distinguishes
between a productive and a nonproductive IgH allele and thereby
may contribute to the establishment of allelic exclusion at the
IgH locus.

Materials and Methods
Standard procedures and methods, such as animal handling, flow cytometry,
and RNA analyses, as well as statistical methods, are described in SI Appendix,
SI Materials and Methods.

RAG Activity Assay in Primary Pro-B Cells. The viral vectors pMX-RSS-GFP/IRES-
hCD4 and pMX-RSS-GFP.23x23/IRES-hCD4 (35) (kindly providedbyM. Schlissel,
Department of Molecular and Cell Biology, University of California, Berkeley,
CA) were packaged in PlatE cells and used to infect total bone marrow cells
from homozygous Ter5L and Ter5H mice. Frequency of GFP-positive cells in
the hCD4-positive population was measured by flow cytometry 48 h after
infection and is depicted as recombination activity index.
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