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Cross Talk between Immunoglobulin Heavy-Chain Transcription and
RNA Surveillance during B Cell Development

Aurélien Tinguely, Guillaume Chemin, Sophie Péron, Christophe Sirac, Stéphane Reynaud,* Michel Cogné, and Laurent Delpy
Université de Limoges, CNRS UMR 6101, Limoges, France

Immunoglobulin (Ig) genes naturally acquire frequent premature termination codons during the error-prone V(D)] recombina-
tion process. Although B cell differentiation is linked to the expression of productive Ig alleles, the transcriptional status of non-
functionally recombined alleles remains unclear. Here, we tracked transcription and posttranscriptional regulation for both Ig
heavy-chain (IgH) alleles in mice carrying a nonfunctional knock-in allele. We show that productively and nonproductively
VDJ-rearranged alleles are transcribed throughout B cell development, carry similar active chromatin marks, and even display
equivalent RNA polymerase II (RNAPII) loading after B cell stimulation. Hence, these results challenge the idea that the reposi-
tioning of one allele to heterochromatin could promote the silencing of nonproductive alleles. Interestingly, the efficiency of
downstream RNA surveillance mechanisms fluctuates according to B cell activation and terminal differentiation: unspliced non-

functional transcripts accumulate in primary B cells, while B cell activation promotes IgH transcription, RNA splicing, and
nonsense-mediated mRNA decay (NMD). Altogether, IgH transcription and RNA splicing rates determine by which RNA sur-
veillance mechanisms a B cell can get rid of nonproductive IgH mRNAs.

Development of the primary immunoglobulin (Ig) repertoire
involves DNA recombination between variable (V), diversity
(D), and joining (J) segments, and this diversity is extended by the
imprecision of VD] junctions. A collateral effect of this random
process is the occurrence of out-of-frame rearrangements inher-
ently associated with premature termination codons (PTCs) in
two-thirds of cases. Previous reports documented that around 40
to 50% of B cells carry VD] rearrangements (VDJ*/VD] ™) on
both Ig heavy-chain (IgH) alleles, while the remainder retains in-
complete DJ rearrangements on the nonproductive allele (VD] */
DJ) (18, 24, 49).

Although B cell receptor (BCR) signaling, and, hence, the ex-
pression of productively rearranged Ig alleles, governs B cell de-
velopment and survival, the transcriptional status of nonfunc-
tional alleles remains unclear. If translated, these PTC-containing
alleles might encode potentially harmful truncated Ig proteins
that could disrupt the normal assembly of the BCR or elicit the
unfolded protein response (UPR) (13, 32). Recently, it was dem-
onstrated that the stability of untranslated nonsense wH mRNAs
that escape degradation by nonsense-mediated mRNA decay
(NMD) impairs IgH allelic exclusion and pro-B cell differentia-
tion (36). Although nonsense mutations (in the leader exon) gen-
erating stable and untranslated uH mRNAs should not exist in
pro-B cells, this model suggest that the persistence of nonsense
nwH mRNAs per se could be detrimental in early B cell develop-
ment, yet the underlying mechanisms are currently unknown.

For activated B cells, it was reported previously that one IgH
allele was localized mainly in heterochromatin domains (47),
leading to the assumption that an asymmetric nuclear location
could help the silencing of VD]~ alleles (25). In addition, the
presence of a PTC on nonfunctionally recombined IgH transcripts
might induce transcriptional silencing and heterochromatin re-
positioning by a mechanism referred to as nonsense-mediated
transcriptional gene silencing (NMTGS) (8, 48). However, the
NMTGS process observed for non-B cell lines for PTC-containing
Ig genes does not take place in a pro-B cell line in which VD] * and
VD]~ alleles are transcribed at equal rates (23). Accordingly, using
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RNA-fluorescence in situ hybridization (FISH) experiments, Daly
and colleagues previously demonstrated a predominant biallelic
IgH transcription pattern in primary B cells (18). It was also re-
ported previously that the nuclear accumulation of pre-mRNAs
near the site of transcription (39) or degradation by NMD can
reduce the level of nonproductive IgH mRNAs in B cell hybrid-
omas (6, 17, 33).

The degradation of PTC-containing mRNAs by NMD is de-
pendent on translation by ribosomes and involves a complex set of
protein interactions allowing PTC recognition (14, 31). These
proteins are able to distinguish between the correct termination
codon and the PTC. The exon junction complex (EJC) plays an
important role in facilitating this, and NMD usually requires ter-
mination to occur at least 50 to 55 nucleotides (nt) upstream of the
last exon-exon junction (14, 31). Because out-of-frame VD] junc-
tions lead to the appearance of a PTC within the variable or the
first constant exon, nonproductive IgH mRNAs obey the “50- to
55-nt boundary rule” of EJC-dependent NMD. However, excep-
tions to this rule have been reported for T cell receptor B (TCRpB)
and Ig genes, with NMD triggering for mRNA containing a PTC
close to (<50 nt) or even downstream of the last exon-exon junc-
tion (9, 11, 15, 22, 30).

Many studies have reported that the inhibition of NMD factors
has strong physiological and developmental impacts (28). In the
mouse, the abrogation of the UpfI (up-frameshift 1), Upf2, and
Smgl (suppressor with morphological effect on genitalia 1) genes
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elicits embryonic lethality (37, 38, 50). Since Upf1 and other NMD
factors play significant roles in the maintenance of genome integ-
rity and in cell cycle progression (1, 4, 5), it can be difficult to
attribute the embryonic lethality to the sole inhibition of NMD.
However, in two independent studies, T cells lacking nonproduc-
tive TCRP transcripts appeared to be weakly sensitive to Upfl or
Upf2 inhibition (26, 50). Therefore, it seems complicated to def-
initely attribute the developmental arrest upon the inhibition of
NMD factors to NMD-dependent or -independent mechanisms
(28).

Although previous analyses with cell lines provided some in-
sights into the RNA surveillance of nonproductively rearranged
IgH transcripts (6, 9, 17, 23, 33, 39, 51), the regulation of this
machinery during normal B cell development remains poorly un-
derstood. Using heterozygous IgH knock-in mice harboring a
PTC on the targeted allele, we tracked both IgH alleles with regard
to transcription and posttranscriptional regulation. Altogether,
both the magnitude of IgH transcription and the rate of RNA
splicing indicate by which RNA surveillance mechanism nonpro-
ductively rearranged IgH mRNAs are downregulated.

MATERIALS AND METHODS

Mice. IgH"V* knock-in mice were described elsewhere previously and
were created by the targeted insertion of an additional frameshift-
inducing Vk exon between JH4 and Eu (44). To identify allotypic differ-
ences, IgH*? animals were obtained after crossing 129/Sv (129) and
C57BL/6 (B6) mice (129/B6 F1). Mice were maintained in our animal
facilities under specific-pathogen-free conditions. Two- to six-month-old
mice were used in all experiments. All the protocols used were approved
by our institutional review board for animal experimentation.

Purification and culture of B cells. Erythrocyte-depleted bone mar-
row and spleen cells were cultured in RPMI medium supplemented with
10% fetal calf serum, sodium pyruvate, nonessential amino acids,
B-mercaptoethanol, 100 U/ml penicillin, and 100 pg/ml streptomycin
(Invitrogen). B cell populations were sorted on a FACS-Vantage instru-
ment (BD Biosciences) after staining with anti-B220 (RA3-6B2;
e-Bioscience), anti-CD43 (S7; BD Biosciences), anti-CD138 (281-2; BD
Biosciences), anti-IgM (eB121-15F9; e-Bioscience), and a allotype-
specific anti-IgM (anti-IgM?) (DS-1; BD Biosciences) monoclonal anti-
bodies (MAbs), as indicated in Fig. 3. Spleen resting B cells were purified
by negative selection using anti-CD43 microbeads (Miltenyi Biotech) and
stimulated (0.5 X 10 cells/ml) with lipopolysaccharide (LPS) (20 ng/ml;
Sigma) for 2 to 4 days. To determine the magnitude of RNA surveillance
with regard to the proliferative response, resting B cells were labeled be-
fore LPS stimulation with 5 uM carboxyfluorescein diacetate succinimi-
dyl ester (CFSE) (Molecular Probes) for 15 min at 37°C according to the
manufacturer’s instructions. For NMD analysis, cells (<10¢ cells/ml)
were treated with 100 ug/ml of cycloheximide (CHX) (in dimethyl sul-
foxide [DMSOQ]) (Sigma) or 20 ug/ml of wortmannin (Sigma) for 4 h.
Histone deacetylase inhibitor (HDACI) treatments were performed by
using trichostatin A (TSA) (25 ng/ml; Sigma) or sodium butyrate (SB) (3
mM) for 8 h. According to the drug used, control cells were left untreated
or incubated with DMSO alone (dilution factor, 1/1,000).

Chromatin immunoprecipitation (ChIP) experiments. Erythrocyte-
depleted spleens cells from IgH®V«/*t mice were cultured (10° cells/ml) in
the presence of LPS (20 pg/ml) for 4 days. On day 3, dead cells were
eliminated by Ficoll centrifugation (Lympholyte-Mammal; Cedarlane),
and living cells were stimulated for an additional 24-h period. Chromatin
preparations were made with 5 X 107 to 1 X 108 LPS-stimulated B cells
using standard fixation and sonication methods as described previously
(29). Immunoprecipitations were performed with protein G-Sepharose
(Sigma) and 1 g of anti-RNA polymerase IT (RNAPII) (CTD4HS8; Santa
Cruz) or anti-acetyl-histone H3 (Ac-H3) (Millipore) antibody (Ab) or
nonimmune rabbit IgG (Millipore) as a control.
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PCR and RT-PCR. Genomic DNA and total RNA were prepared by
using standard proteinase K (Eurogentec) and Tri reagent (Invitrogen)
procedures, respectively. Reverse transcription-PCR (RT-PCR) was car-
ried out with DNase I (Invitrogen)-treated RNA and was checked to be
negative in the absence of reverse transcription, ruling out contamination
by genomic DNA. Reverse transcription was performed by using a high-
capacity cDNA reverse transcription kit (Applied Biosystems) on 1 to 3 ug
of total RNA. Priming for reverse transcription was done with random
hexamers. Real-time PCR using TagMan Universal or SYBR green Mas-
termix (Applied Biosystems) was performed on DNA (50 ng) or cDNA
(equivalent to 10 ng RNA) samples per reaction. Data were analyzed by
comparing threshold cycle (C;) values according to the 2~ (AACT) method.
Unless otherwise stated, values obtained for resting B cells served as a
reference, and their mean was set to 1. Primers used for analysis are de-
picted in Fig. 1A and Table S1 in the supplemental material.

Northern blots. Northern blotting was conducted by migrating 10 ug
of total RNA on a 1% agarose denaturing gel, followed by transfer onto
nylon sheet membranes (MP Biomedicals). The blots were hybridized by
using a 3?P-labeled mouse Vk6 segment probe allowing the simultaneous
detection of IgHV* and Vk6-bearing Igk transcripts, hence helping nor-
malization. Blots were revealed with a Cyclone imager (Perkin-Elmer).

Analysis of VD] junctions. Sequencing of VD] junctions was per-
formed after the cloning of RT-PCR products (VH 4;-for/frVk-rev) into
the pCR2.1-TOPO vector (Invitrogen). DNA sequences were obtained by
using the M13 reverse primer (M13-rev) and a cycle sequencing kit to-
gether with an automated sequencer (Applied Biosystems). Sequences
from VD] junctions were analyzed by using V-QUEST software (Interna-
tional ImMunoGeneTics Information System [http://www.imgt.org/]).

Statistical analysis. Results are expressed as means * standard errors
of the means (SEM), and overall differences between variables were eval-
uated by a two-tailed unpaired Student t test using GraphPad Prism soft-
ware (GraphPad, San Diego, CA).

RESULTS

Features of VDJ rearrangements in B cells from heterozygous
IgHfV*/*t mice. To analyze both productive and nonproductive
IgH alleles with regard to transcription and posttranscriptional
regulation, we used an IgH knock-in mouse strain harboring a
“frameshift-inducing V kappa exon” (frVk) between JH and Cu
(Fig. 1A) (20, 44). After VD] recombination, this inactivating
exon was included in mature IgH transcripts between the VDJ and
the CH1u exons. Due to splicing frameshifts at both the 5" and 3’
ends of the frVk exon, any VDJ-rearranged transcript from the
IgH™V = allele is nonfunctional. Hence, homozygous (IgH®V*/frVk)
mutant animals are unable to produce any detectable w IgH and
have a developmental arrest at the pro-B cell stage. In heterozy-
gous [gH™V«"tmice, B cells develop normally through the expres-
sion of the wild-type (wt) allele (44). Because the mutation does
not introduce any exogenous regulatory element that could mod-
ify the transcriptional status of the targeted IgH locus, this mouse
strain stands as a good model to simultaneously track both pro-
ductive and nonproductive IgH alleles.

Sequencing analysis of CDR3 junctions revealed that VD] re-
arrangements on IgH™V* alleles involve all reading frames, leading
to the appearance of PTCs in VD], frVk, or CH1 exons (Fig. 1B).
By quantifying the level of Adaméa, a gene located in the V-D
intergenic region and lost upon a V-to-DJ rearrangement, we also
determined the frequency of incomplete D] rearrangements on
IgHfV« alleles. Compared to non-B cell DNA, the relative level of
Adamé6a was similarly reduced by ~4-fold in DNA from wt and
IgHV</"t B cells, suggesting that in both cases, one-fourth of I[gH
alleles were DJ rearranged (Fig. 1C). Thus, VDJ recombination
occurs normally in IgHTV<"t mice, with an equivalent proportion
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FIG 1 Normal VD] rearrangements in B cells from heterozygous IgHV**t mice. (A) Schematic representation of wild-type and targeted IgH loci. Primers are
represented by black arrows and referenced using letters in italics (a to k). Primers and probes used for allele-specific qPCR assays are represented by light gray
(IgH™) (set A) and gray (IgHV*) (set B) arrows and short rectangles. The probe used for Northern blot experiments is shown below the frVk exon (black
rectangle). (B) Analysis of VD] junctions, performed as described in Materials and Methods, after RT-PCR using the a/j PCR primer set. After VD] recombina-
tion, PTCs appeared in VD], frVk, and CH1u exons with equal frequencies in splenic B cells from IgHV«/*t mice. ORFs, open reading frames. (C) V(D)]J
recombination was analyzed by quantifying the copy number of Adam6a by qPCR (primer set b/c) after normalization to the DNA copy number of Eu (primer
set e/f). DNA amounts of Adaméa were determined for spleen B cells isolated from wild-type and IgH V<"t animals and compared to reference nonlymphoid
DNA from tail tissues (empty bar). Results from 3 to 4 independent mice are shown.

of B cells harboring either biallelic (VDJ*/VDJ~) or monoallelic
(VDJ*/D]J) VD] rearrangements.

Active transcription and absence of heterochromatin silenc-
ing of nonproductive IgH alleles. Conflicting results have been
obtained with regard to the monoallelic or biallelic transcription
of IgH alleles after B cell activation (18, 47). To address this dis-
crepancy and determine the transcriptional accessibility of both
productive and nonproductive alleles, we performed ChIP exper-
iments with LPS-stimulated B cells from IgH*V*"* mice using
anti-RNA polymerase II (RNAPII) and anti-acetyl-histone H3
(Ac-H3) Abs (Fig. 2). We found a significant binding of RNA
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polymerase II (RNAPII) on both IgH alleles, suggesting an active
transcription of nonproductive alleles after activation (Fig. 2A).
From these data, we also determined nonfunctional/functional
(NF/F) ratios in RNAPII-enriched chromatin fractions and found
an NF/F ratio of 0.68 = 0.07 (Fig. 2B). Although NF/F ratios were
found to be decreased in RNAPII-bound chromatin fractions
compared to input chromatin reference samples, these data are
consistent with an equal RNAPII loading of both VDJ-rearranged
alleles, with two times less VD]~ than VD] " alleles together with a
low level of RNAPII binding on weakly transcribed D]J-
recombined alleles (12, 18). In addition, we found that both IgH
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FIG 2 Equivalent transcription and accessibility of functional and nonfunc-
tional IgH alleles. ChIP assays were performed with spleen B cells isolated from
heterozygous IgHTV*/*t mice and stimulated with LPS for 4 days. Immuno-
precipitations were done by using antibodies to RNA polymerase IT (RNAPII)
(A and B) and acetylated histone H3 (Ac-H3) (C and D). (A and C) The
relative enrichments (percent input) were analyzed by quantitative PCR using
the allele-specific primers described in the legend of Fig. 1A (sets A and B) and
were compared to those of negative controls obtained without Ab (mock) (A)
or using a control IgG Ab (ctrl) (C). (B and D) Nonfunctional/functional
(NF/F) ratios were obtained from these data, and the mean of ratios obtained
for chromatin inputs (NF/F, ) was set to 1. Results from 5 (A and B) or 4 (C

inpu

and D) independent ChIP experiments are shown. (ns [not significant], P >
0.05; *, P < 0.05; #%, P << 0.01; ***, P < 0.001).

alleles exhibited hallmarks of active chromatin and similar Ac-H3
profiles (Fig. 2C). In these experiments, NF/F ratios were similar
in input chromatin- and Ac-H3-immunoprecipitated fractions
(NF/F ratio = 0.91 = 0.07), indicating an open chromatin struc-
ture for nonproductively VDJ- or DJ-rearranged alleles (Fig. 2D).
Hence, this quantitative analysis argues against the heterochroma-
tin repositioning and silencing of nonfunctional IgH alleles and
suggests that both VDJ-rearranged alleles display equivalent
RNAPII loading after B cell activation.

From these experiments, we can also conclude that nonfunc-
tional alleles are not silenced by NMTGS in activated B cells. Al-
though histone deacetylase inhibitor (HDACI) treatments have
been used previously to reverse the heterochromatin silencing of
nonsense Ig minigenes (8), these drugs are potent inhibitors of the
IgH enhancers Ep and 3’ regulatory region (3'RR) in B cells (35).
In agreement, we found that levels of IgH™ < mRNAs were
strongly decreased in activated B cells treated with trichostatin A
(TSA) and sodium butyrate (SB), whereas mRNA levels from a
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control gene (CD79a) were unaffected (see Fig. S1 in the supple-
mental material). Therefore, ChIP assays should be preferred over
HDACi treatments to study NMTGS of endogenous nonproduc-
tive IgH alleles.

Accumulation of nonproductive IgH pre-mRNAs during B
cell development. Next, we performed quantitative assessments
of primary transcripts from both functional and nonfunctional
IgH alleles in B cell populations sorted from IgH™V*"t mice (Fig.
3A to C). We determined NF/F pre-mRNA ratios and compared
these values to the threshold reference given by the mean of NF/F
ratios (mean NF/F ratio = 0.68) obtained from RNAPII binding
assays (Fig. 2B). This mean was considered the reference because
the analysis of RNAPII loading somehow reflects the transcription
of both IgH alleles and accounts for the equivalent proportion of B
cells harboring either biallelic (VDJ*/VD]~) or monoallelic
(VDJ*/DJ) VDJ rearrangements, together with the weak strength
of DH promoters compared to VH (12, 18).

We found that NF/F pre-mRNA ratios were between 0.75 and
2 for all B cell populations (Fig. 4A to C). These values were higher
than those obtained for RNAPII-bound chromatin fractions and
hence reinforce the idea of a biallelic IgH transcription pattern
during B cell development (47). High NF/F pre-mRNA ratios also
indicate a slower processing of NF transcripts, resembling a splic-
ing inhibition mechanism previously observed for PTC-
containing Igk or TCRp transcripts (2, 15, 34, 43) and here re-
ferred to as nonsense-mediated upregulation of pre-mRNA
(NMUP) (29). In B220" bone marrow cells, sorted before
(CD43%) or after (CD437) the pre-BCR-mediated allelic exclu-
sion (Fig. 3A), and in spleen resting B cells, NF/F values were
between 1.5 and 2 (Fig. 4A and B, empty bars). Compared to the
threshold reference (NF/F ratio = 0.68) (Fig. 2B), these data sug-
gest that NMUP increases the level of NF pre-mRNAs in primary
B cells by ~2- to 3-fold. Surprisingly, we observed significant
drops in NF/F pre-mRNA ratios for bone marrow plasma cells
(Fig. 3B and 4A) and upon B cell stimulation (Fig. 4B). According
to data shown in Fig. 2B suggesting equivalent RNAPII loading on
both VDJ-rearranged IgH alleles in LPS-stimulated B cells and,
hence, no transcriptional silencing, the fluctuations of NF/F pre-
mRNA ratios strongly indicate that NMUP displays variable effi-
ciencies during B cell development.

We also analyzed NF/F pre-mRNA ratios in activated B cells
(B220* CD1387) and plasmablasts (B220* CD138") sorted 4
days after LPS stimulation (Fig. 3C and 4C). We found a weak
accumulation of NF pre-mRNAs in both activated B cells and
plasmablasts (Fig. 4C) and NF/F ratios similar to those of the bulk
of LPS-stimulated cells (Fig. 4B). Furthermore, NF/F pre-mRNA
ratios were significantly lower for plasmablasts than for activated
B cells (Fig. 4C), as previously observed for bone marrow plasma
cells compared to B cells (Fig. 4A). Therefore, these data demon-
strate that the efficiency of NMUP decreases after B cell activation
and during plasma cell differentiation.

Previous studies have documented that IgH transcription rates
are increased after LPS stimulation and in terminally differenti-
ated plasma cells (16, 45). To confirm these findings, we deter-
mined pre-mRNA levels of functional IgH alleles that are PTC free
and therefore not sensitive to NMUP. We found that these levels
were significantly increased in bone marrow plasma cells com-
pared to those in B cells, in LPS-stimulated cells compared to
those in resting B cells, and, more strikingly, in plasmablasts com-
pared to those in activated B cells (Fig. 3D). Altogether, our data

Molecular and Cellular Biology


http://mcb.asm.org

A
Gated on B220* cells

61.8+7.2 31.9+54

a4
|
I

Counts

109

10
FL4H

—» B220

IgH Transcription and RNA Surveillance in B Cells

B Plasma cells

(B220-CD138") Total B220*

10¢

10

FL2Log

51203
10° 0

— CD138

IgMa

17.9+2.1

108 104

IgM2
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indicate that the efficiency of NMUP decreases as the level of IgH
transcription increases.

Levels of mature transcripts from nonproductively VDJ- and
DJ-rearranged IgH alleles are efficiently lowered by NMD. To
determine whether mRNAs from nonproductively rearranged
IgH alleles were sensitive to NMD, B cells were isolated from
IgHTV*"t and wt mice and were stimulated with LPS. Cells were
then treated or not with cycloheximide (CHX), a protein synthesis
inhibitor used to prevent degradation by NMD (10). In B cells
isolated from IgH™V«/*t mice, Northern blot analysis revealed that
levels of nonfunctional VDJ-rearranged mRNAs were strongly in-
creased after CHX treatment and, hence, that a very efficient
NMD process allowed an almost complete disappearance of non-
productive I[gH™V* transcripts (Fig. 5A). Likewise, we found a ro-
bust NMD of IgH V< mRNAs in B cells harboring class switch
recombination (CSR) to Cy3 (Fig. 5B). Next, we confirmed that
NMD degrades almost all nonproductive VDJ-rearranged IgH
mRNAs in wt (129/B6 F1) mice harboring allotypic differences on
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their IgH alleles (IgH*?) (Fig. 5C). To this aim, IgM?-positive B
cells were sorted by fluorescence-activated cell sorter (FACS) (Fig.
3D) and stimulated with LPS for 3 days. RT-PCR was then per-
formed by using a reverse Cy2b primer specific for the b allotype.
As shown in Fig. 5C, levels of nonproductive VDJ-Cy2b® mRNAs
were strongly increased after CHX treatment. Regarding DJ-
recombined mRNAs, they were extremely rare and undetectable
by Northern blotting (Fig. 5A); as PTC-containing transcripts,
they were also shown to be degraded by NMD (Fig. 5D). Thus,
mRNAs arising from nonproductive VDJ- or DJ-rearranged IgH
alleles are highly sensitive to NMD in LPS-stimulated B cells.
Levels of both RNA splicing and NMD of nonproductive IgH
transcripts are increased upon B cell stimulation. Next, we
sought to determine whether variations in the NMD efficiency
occur during B cell development. For this purpose, B cell popula-
tions were isolated from heterozygous (Fig. 3A to C) and homozy-
gous (pro-B cells) IgH™V* mice and were treated or not with CHX.
We measured nonfunctional Iguw mRNAs by quantitative PCR
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values obtained for RNAPII-bound fractions (NF/F ratio = 0.68) (Fig. 2B). This value was used as a threshold reference and reflects the RNAPII loading on both
VD]J-rearranged IgH alleles in B cell populations harboring either biallelic (VDJ*/VDJ] ™) or monoallelic (VD] */DJ) VD] rearrangements. (D) Relative levels of
functional IgH pre-mRNAs (IgH"!) in B and plasma cells were determined by using allele-specific primers (set A in Fig. 1A) after normalization to B-actin gene
transcripts. Values obtained for resting B cells were set to 1. Results from 5 to 7 independent cell sorting experiments are shown. (*, P < 0.05; #:, P << 0.01; s,
P <0.001).

(qPCR), and the fold increase obtained after CHX treatment was
used to determine the NMD efficiency (Fig. 6A to C and see Fig.

served upon LPS stimulation, leading to a 20-fold degradation
(i.e., ~95%) of nonproductive Igu mRNAs (Fig. 6B). In addition,

S2A in the supplemental material). In bone marrow, sorted B and
plasma cell populations exhibited similar NMD efficiencies,
which ensured about a 5-fold degradation (i.e., ~80%) of non-
productive Igu mRNAs (Fig. 6A). However, the NMD efficiency
dropped significantly in resting B cells, with only a 2-fold increase
(i.e., ~50% degradation) upon CHX treatment (Fig. 6B). Inter-
estingly, a strong improvement of the NMD efficiency was ob-

we found a strong and similar NMD efficiency for activated B cells
and plasmablasts sorted 4 days after LPS stimulation (Fig. 3C and
6C). Therefore, the equivalent degradations by NMD observed for
activated B cells and plasmablasts (Fig. 6C) and for bone marrow
B and plasma cells (Fig. 6A) indicate that the NMD efficiency is
not further enhanced during plasma cell differentiation.

We also analyzed whether the degradation of nonproductive

A IgHfVeWt mijce # #2 C IgH*® mice
CHX - + - + IgH? positive cells {o
28§ — . CHX - + Q¥
; s - a allotype
e .};y:\ - Ig” mRNA “ V|.|”"_for
185 — R M g b allotype | /CY2bTEV
: ,:_ Igx mRNA
‘ N w Actin-for/rev
o { |
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B D
CHX - + CHX - +
Bx —— [Bx —o Bx————  [Bx—-+

FIG 5 Nonfunctional VDJ- and DJ-rearranged IgH mRNAs are efficiently degraded by NMD. mRNA levels from nonproductively rearranged IgH™V* or IgH"*
alleles in LPS-stimulated B cells treated or not with CHX on day 4 were determined. (A) Northern blotting was performed by using the frVk probe that is specific
for Vk6 segments and allows the simultaneous identification of IgH™V* and Igk (normalization) mRNAs. The stimulation of B cells with LPS in the absence of
additional cytokines induces preferential class switch recombination (CSR) to y2b and 3 isotypes. (B) Nonproductive mRNAs from switched IgHV alleles
were assessed by semiquantitative PCR using primers frVk-for and Cy3-rev (primer set k/h in Fig. 1A). (C) IgM?-positive B cells were sorted from 129/B6 F1
(IgH®) mice (as described in the legend to Fig. 3D) and stimulated with LPS for 4 days. Nonproductive VDJ-rearranged mRNAs from switched IgHP alleles were
then analyzed by using a consensus VH, 55 forward primer (VH,, 35-for) and allotype-specific Cy2b reverse primers (primer set a/i in Fig. 1A). (D) Degradation
of DJ-Cu mRNAs by NMD was assayed with wt mice by semiquantitative RT-PCR using a consensus forward primer (DHL-for) located at the 5’ end of most DH
segments (primer set d/gin Fig. 1A). Representative results from 3 to 4 different mice (A, B,and D) or from 2 independent cell sorting experiments (C) are shown.
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(primer set k/g in Fig. 1A). Relative mRNA levels were normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene transcripts, and the NMD
efficiency corresponds to the fold increase in levels of nonproductive Igu mRNAs upon treatment with inhibitors (see Fig. S2A in the supplemental material). (E)
Relative expression levels of Upfl, Upf2, Upf3a, Upf3b, and Smgl were determined for resting B cells (with a mean set to 1) and LPS-stimulated B cells after
normalization to GAPDH gene transcripts. (F) Splicing rates correspond to the nonproductive mRNA/pre-mRNA ratio obtained for CHX-treated cells. Values
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F) and those from activated B cells and plasmablasts (C; also see Fig. S2B in the supplemental material). Results from 3 (A, pro-B cells) or 5 to 7 independent cell

sorting experiments are shown. (ns, P > 0.05; *, P < 0.05; s, P < 0.01; ##x, P < 0.001).

Iguw mRNAs was sensitive to wortmannin (Fig. 6D). This drug
inhibits the phosphorylation of Upfl by the phosphatidylinositol
3-kinase (PI3K)-related kinase Smg-1 and prevents the activation
of the canonical Upfl-dependent NMD pathway (41). For resting
and LPS-stimulated B cells, we found that the NMD efficiencies
were similar upon CHX (Fig. 6B) and wortmannin (Fig. 6D) treat-
ments. Therefore, we conclude that the degradation of nonpro-
ductive Igu mRNAs involves the canonical Upfl-dependent
NMD pathway. It was previously reported that the NMD effi-
ciency does not correlate with the expression levels of genes en-
coding NMD factors (52). Likewise, we found that the level of
expression of the Upf1, Upf2, Upf3, and Smgl genes was decreased
in LPS-stimulated B cells (Fig. 6E), whereas the degradation by
NMD was strongly enhanced (Fig. 6B). Hence, the absence of a
correlation between the expression of genes involved in NMD and
the NMD efficiency indicates that these NMD factors (Upfl, Upf2,
Upf3, and Smgl) are not rate limiting in B cells.

Next, we examined whether a correlation exists between the
level of RNA splicing and the efficiency of NMD. We determined
mRNA/pre-mRNA ratios as previously described to measure
splicing rates (3, 27). Because almost all nonproductive Igu

January 2012 Volume 32 Number 1

mRNAs were degraded by NMD, splicing rates were quantified by
using CDNAs from CHX-treated cells. We observed efficient RNA
splicing in LPS-stimulated B cells compared to resting B cells (Fig.
6F). We also found similar splicing rates for activated B cells and
plasmablasts (see Fig. S2B in the supplemental material), and
these data are consistent with the equivalent NMD efficiencies
observed for those cells (Fig. 6C). Altogether, the positive correla-
tion retrieved after the plotting of the NMD efficiency against the
splicing rate (Fig. 6G) indicates that the level of RNA splicing may
influence the downstream degradation of nonproductive Igu
mRNAs by NMD.

Cooperation between RNA surveillance mechanisms. Com-
pared to resting B cells, NMUP decreased (Fig. 4B) whereas the
NMD efficiency was strongly enhanced (Fig. 6B) after LPS stimu-
lation. These data strongly suggest that the magnitude of RNA
surveillance mechanisms is linked to B cell activation. To model
this issue with closely related cells, resting B cells were stained with
carboxyfluorescein diacetate succinimidyl ester (CFSE) before
LPS stimulation, and the transcription and RNA surveillance of
nonproductive IgH alleles in undivided (CFSEMsgh) and divided
(CESE!*v) cells, sorted at day 2, were then analyzed (Fig. 7A). As
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FIG 7 Regulation of RNA surveillance mechanisms in undivided and divided cells. (A) Resting B cells from IgHfV<"t mice were stained with CFSE and then
stimulated with LPS for 2 days. A representative dot plot indicates the frequency of divided (CFSE'**) and nondivided (CFSEMh) B cells and the gates used for
cell sorting. (B and C) In those sorted cells, NF/F pre-mRNA ratios (B) and relative levels of functional IgH pre-mRNA (C) were obtained as described in the
legend to Fig. 4. (D) The NMD efficiency was assessed as described in the legend to Fig. 6 and corresponds to the fold increase in levels of nonproductive Igu
mRNAs upon treatment with CHX. (E) For each sorted population, the splicing efficiency of nonfunctional IgHfV* transcripts was calculated for CHX-treated
cells by dividing mRNA by pre-mRNA levels, as described in the legend to Fig. 6F. Values obtained for CFSEPigh cells were set to 1. (F) Relative levels of
nonproductive Ign mRNAs were calculated for cells treated (+) or not treated (—) with CHX after normalization to GAPDH gene transcripts. Values obtained
for CFSEMigh cells (without CHX) were set to 1. Results from 7 independent cell sorting experiments are shown. (ns, P > 0.05; *, P < 0.05; #*, P < 0.01; ##k, P <

0.001).

expected, the vast majority of cells performed cellular divisions
after stimulation (Fig. 7A and see Fig. S3 in the supplemental
material). Compared to undivided (CFSEPigh) cells, we found a
significant drop in NF/F pre-mRNA ratios (Fig. 7B) and an ele-
vated IgH transcription level (Fig. 7C) in divided (CFSE!*") cells.
Likewise, the level of degradation by NMD was significantly in-
creased in CFSE!*Y cells compared to undivided cells (Fig. 7D),
and this increase did not correlate with the expression of the UpfI,
Upf2, Upf3, and Smgl genes (see Fig. S4 in the supplemental ma-
terial). RNA splicing rates were also higher in CFSE'" than in
CFSEPigh cells (Fig. 7E), and this is consistent with the link be-
tween RNA splicing and NMD (Fig. 6G). Lastly, we found that
while CFSE'"*" and CFSEMsh B cells exhibited strong variations in
NMUP and NMD efficiencies, the levels of nonproductive Igu
mRNAs remained remarkably constant in those populations
(without CHX) (Fig. 7F) and extremely low, as indicated by
Northern blotting, in LPS-stimulated B cells (without CHX) (Fig.
5A). The same observation was made for activated B cells com-
pared to plasma cells (without CHX) (see Fig. S2A in the supple-
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mental material). Therefore, these data reveal compensatory ef-
fects of NMUP and NMD mechanisms and that B cell activation
and/or proliferation triggers qualitative changes in the RNA sur-
veillance machinery.

DISCUSSION

In the present study, we confirm that IgH transcription is mainly
biallelic during B cell development (18), and we show that the
RNA surveillance machinery ensures the monoallelic expression
of functional IgH proteins by lowering the mRNA amount of non-
productively rearranged alleles. Furthermore, upon B cell activa-
tion and plasma cell differentiation, we observed a strong correla-
tion between the magnitude of IgH transcription, the level of RNA
splicing, and the degradation of nonproductive IgH mRNAs by
NMD (Fig. 8).

The IgH™V*"t mouse model proves very useful to track both
productive and nonproductive IgH alleles simultaneously. Our
ChIP data show that both IgH alleles exhibit hallmarks of active
chromatin and display equivalent RNAPII loading after B cell
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Igu mRNAs and hence might minimize the overall splicing rate by excluding alternatively spliced mRNAs (see also Discussion).

stimulation (Fig. 2). Likewise, we previously found a similar
frequency of transcription-dependent somatic hypermutation
(SHM) on both VD]J-rearranged alleles in germinal center B cells
(21). This finding is in contrast to previously reported observa-
tions by Skok and coworkers showing that IgH alleles displayed a
monoallelic expression pattern 4 days after B cell activation (47).
For LPS-stimulated cells, we also found that pre-mRNA levels
from both IgH alleles were strongly increased in plasmablasts
compared to activated B cells, arguing against a transcriptional
silencing of nonfunctional alleles in terminally differentiated
plasma cells (Fig. 4D and see Fig. S2C in the supplemental mate-
rial). Furthermore, the analysis of NF/F pre-mRNA ratios demon-
strates that nonproductive IgH alleles are transcribed throughout
B cell development and accumulate as unspliced transcripts (Fig.
4). Another major conclusion from our study is the lack of a phys-
iological role of NMTGS during B cell development. These data
are consistent with previously reported observations of NFS70
pro-B cells (23) and suggest that the transcriptional silencing by
NMTGS might be restricted to nonproductive Ig transgenes in
non-B cell lines (8, 48).

Previous reports, including ours, have documented NMUP for
Igk, Igu, and TCRP transcripts, showing that the presence of a
PTC induces a specific accumulation of pre-mRNAs (2, 15, 30, 34,
39). The present study provides evidence for a decrease in NMUP
as the level of IgH transcription increases. Accordingly, NMUP is
downregulated upon B cell stimulation and during plasma cell
differentiation. Compared to resting B cells, which exhibited high
NE/F pre-mRNA ratios, a low level of accumulation of NF pre-
mRNAs was found for LPS-stimulated B cells. This decrease of
NEF/F pre-mRNA ratios should help to reconcile previous find-
ings, since it confirms that pre-mRNAs from one IgH allele de-
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crease after B cell activation (47). However, our data strongly sug-
gest that it is caused by variations of NMUP rather than the
transcriptional silencing of nonproductively rearranged IgH al-
leles. Further studies using the IgHV*</*t mouse strain should help
to determine whether nonfunctional IgH pre-mRNAs accumulate
near the site of transcription in primary B cells, as observed pre-
viously for hybridomas (39).

Although it has been demonstrated that the NMD efficiency
displays variability among different mouse tissues (52), less is
known about the importance of NMD during B cell differentia-
tion. Here, we show that nonproductive VDJ- or DJ-rearranged
alleles are degraded by NMD. Interestingly, we provide evidence
that the degradation of nonproductive Igu mRNAs by NMD fluc-
tuates according to the proliferation and/or activation status of B
cells. Since the level of degradation by NMD is high (>80%) in
long-lived bone marrow plasma cells compared to resting B cells
(~50%), we posit that the NMD efficiency is not intrinsically
linked to B cell proliferation and is rather influenced by the acti-
vation status. Although they deserve further investigations, the
proliferative response and B cell activation are inherently con-
nected, and it can be difficult to definitely distinguish between
their respective influences.

Bruno et al. have recently shown that microRNA-128 (miR-
128) represses NMD by decreasing the level of expression of Upfl
(by ~5-fold) during brain development (7). However, we ob-
served no correlation between the NMD efficiency and the expres-
sion of genes involved in NMD (Fig. 6E and see Fig. S4 in the
supplemental material), suggesting that the regulation of NMD
might be different in B cells. In addition, Upfl mRNA levels de-
creased by ~4-fold upon LPS stimulation, whereas we found that
the NMD efficiency increased by ~10-fold (Fig. 6B). Likewise, a
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strong expression of NMD factors and a low NMD efficiency in
testis were found previously, and these factors obviously do not
appear to be rate limiting (52).

Compared to resting B cells, we also found that the RNA splic-
ing efficiency was strongly increased upon B cell activation and
that the magnitude of NMD was correlated with RNA splicing
rates (Fig. 6G). Hence, these results are consistent with data from
Gudikote and coworkers showing that RNA splicing promotes
translation and RNA surveillance of nonsense transcripts in HeLa
cells (27).

It is now well accepted that transcription and splicing are con-
nected (19, 42) and that the RNAPII elongation rate can influence
the splicing efficiency (40, 46). Although our analysis is limited to
one location (i.e., the JH-Cu region) and is not representative of
the activity of the whole expressed IgH gene, we speculate that
cotranscriptional splicing occurs on highly transcribed IgH alleles
and precludes strong NMUP in plasma cells and LPS-stimulated B
cells. Since introns can vary in their rates of splicing, and the
RNAPII density can vary across genes, other models are required
to analyze whether transcription and splicing are similarly corre-
lated all along the IgH locus.

It was reported previously that the rate of RNAPII elongation
shows some increase in plasma cells (45). We indeed observed a
boost of the IgH transcription level and a low level of NMUP in
plasma cells compared to B cells (Fig. 4). However, upon the
quantification of full-length nonproductive Igu mRNAs, we
found similar levels of RNA splicing in plasmablasts and activated
B cells (see Fig. S2 in the supplemental material). Because our
methodology excludes the analysis of alternatively spliced mRNAs
with skipped frVk or CH1u exons, we hypothesize that high levels
of nonsense-associated altered splicing (NAS) in plasma cells
might underestimate the overall splicing rate of nonproductive
Igu transcripts. Although nonproductive transcripts that have
skipped the frVk exon are hardly distinguishable from productive
Igu mRNAs, this assumption is in agreement with our previous
findings with cell lines showing that plasma cells exhibit a higher
NAS efficiency than B cells (15).

In summary, our study provides evidence for an equivalent
biallelic transcription of VDJ-rearranged IgH alleles rather than a
transcriptional silencing of nonfunctional alleles and that cumu-
lative RNA surveillance mechanisms ensure an almost complete
disappearance of nonproductively rearranged IgH mRNAs
throughout B cell development. In addition, our data indicate that
the increased IgH transcription after B cell activation correlates
with a low NMUP efficiency and also with strong RNA splicing
and degradation of nonfunctional IgH mRNAs by NMD. Alto-
gether, RNA surveillance mechanisms can somehow relay to each
other to finally achieve the monoallelic expression of functional
IgH proteins during B cell development.
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