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Abstract

B cell development is linked to successful V(D)J recombination, allowing B cell receptor (BCR) 

expression and ultimately antibody secretion for adaptive immunity. Germline non-coding RNAs 

(ncRNAs) are produced at immunoglobulin (Ig) loci during V(D)J recombination but their 

function and post-transcriptional regulation are incompletely understood. Trichohepatoenteric 

syndrome (THES) patients, characterized by RNA exosome pathway component mutations, 

exhibit lymphopenia, thus demonstrating the importance of ncRNA surveillance in B cell 

development in humans. To understand the role of RNA exosome in early B cell development in 

greater detail, we generated mouse models harboring a B cell specific cre allele (Mb1cre), coupled 

to conditional inversion-deletion alleles of one RNA exosome core component (Exosc3) or RNase 

catalytic subunits (Exosc10 or Dis3). We noticed increased expression of RNA exosome subunits 

during V(D)J recombination, while a B cell developmental blockade at the pro-B cell stage was 

observed in the different knock-out mice, overlapping with a lack of productive rearrangements of 

V(D)J genes at the Ig heavy chain (Igh). This unsuccessful recombination prevented differentiation 

into pre-B cells, with accumulation of ncRNAs and upregulation of the p53 pathway. Introduction 

of a pre-arranged Igh VDJ allele partly rescued the pre-B population in Dis3-deficient cells, 

although V-J recombination defects were observed at Ig light chain kappa (Igκ), preventing 

subsequent B cell development. These observations demonstrated that the RNA exosome complex 

is important for Igh and Igκ recombination and establish the relevance of RNA processing for 

optimal diversification at these loci during B cell development.
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One Sentence Summary

The RNA exosome is crucial for B cell development.

INTRODUCTION

Adaptive immunity relies on the generation of new antigen receptors in T and B 

lymphocytes through V(D)J recombination, an antigen-independent recombination between 

variable (V), diversity (D), and joining (J) gene segments in the immunoglobulin (Ig) locus. 

Pro-B cells undergo D to JH, followed by VH to DJH recombination of their immunoglobulin 

heavy chain (Igh), inducing the expression of a pre-B cell receptor (pre-BCR) which 

provides survival and proliferation signals, and allows light chain rearrangement (1). In 

the immunoglobulin light chain loci (IgL), either Igκ or Igλ, recombination occurs in 

pre-B cells between VL and JL genes, inducing membrane expression of a functional B cell 

receptor (BCR), intracellular signaling, cell differentiation, and exit from the bone marrow 

and circulation in the periphery (2). These processes of gene rearrangement and cellular 

differentiation occur in distinct stages during B cell development and are critical to ensure a 

diverse B cell repertoire and high affinity antibody production.

Multiple mechanisms stringently regulate V(D)J recombination, including temporal and 

developmental-stage specific expression of the recombinases Rag1 and Rag2 (recombination 

activating genes), Ig gene positioning, chromosome organization, and open chromatin 

state (3). Ig genes undergo epigenetic changes before V(D)J recombination, including 

DNA demethylation, histone modification, and variations in DNase hypersensitivity. These 

changes open the chromatin to permit the RAG proteins access to the recombination signal 

sequences (RSS) (4). RAG is an evolutionarily conserved endonuclease which binds and 

cuts double-strand DNA. RAG structure (5) and mode of action (6) suggest that non-coding 

transcription could impede its DNA binding properties and cleavage activity if non-coding 

RNAs (ncRNAs) overlap RSS sites. Indeed, germline sense and antisense non-coding 

transcription is observed at different elements of Ig loci (7–9). Non-coding RNA processing 

and RNA surveillance also control loop extrusion mechanisms (10) implicated in RAG1/2 

accessibility during V(D)J recombination (11–13). Finally, RAG1 protein is negatively 

regulated via sequestration in the nucleolus and accumulated nucleolar ncRNA could inhibit 

RAG1’s Ig recombinational activity (14). Taken together, RNA surveillance of ncRNA could 

influence V(D)J recombination via multiple mechanisms.

RNA surveillance and non-coding decay are mediated by the RNA exosome, a multiprotein 

complex with 3’ to 5’ ribonuclease activity implicated in the processing and decay of 

various classes of RNAs in the nucleus (15) and DNA or chromatin-associated RNAs (10), 

(16), (17). The eukaryotic RNA exosome is composed of a catalytically inactive, nine 

essential subunit core which associates with 3’ to 5’ ribonucleases DIS3 and EXOSC10 in 

humans. Multiple myeloma (18, 19) and immunodeficiencies such as THES syndrome (20) 

have been associated with mutations in RNA surveillance genes, such as DIS3 and SKIV2L 
in humans respectively, although their precise contributions in disease development remain 

to be elucidated.
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The RNA exosome plays a fundamental role in degrading germline transcripts at repetitive 

and G-rich switch regions (necessary for class switch recombination (CSR)) during B cell 

activation, providing DNA accessibility to activation induced deaminase (AID) for optimal 

CSR (10, 21, 22). Here, we demonstrated that RNA exosome subunits were highly expressed 

during stages of antigen receptor loci diversification (both V(D)J recombination and CSR). 

The RNA exosome was required for B cell development from the pro-B cell to the pre-B cell 

stages and mediated processing of germline transcripts needed for V(D)J recombination.

Lack of RNA exosome activity led to defects during Igh locus recombination, impeding 

pre-BCR signaling, and consequently blocking B cell development at the pro-B cell stage. 

Failure of proper pre-BCR signaling in pro-B cells ultimately led to the activation of the p53 

pathway. Igk locus recombination defects also were observed, suggesting that RNA exosome 

also contributed to the generation of VJ gene rearrangements and BCR expression in pre-B 

cells. Taken together, our study provides evidence that RNA exosome-mediated surveillance 

of non-coding transcripts is important during early B cell development.

RESULTS

Expression of RNA exosome subunits during early B cell development.

B cell development is initiated in the bone marrow where V(D)J genes undergo DNA 

recombination (3). Subsequent encounter with antigen triggers another round of Ig gene 

diversification by somatic hypermutation (SHM) and CSR during the germinal center (GC) 

reaction (23). Developing B cell populations are characterized by specific transcriptomic 

programs, which control the expression of the RAG recombinases and AID to initiate 

recombination. We asked whether expression of the RNA exosome subunits changes 

during early B cell development in the bone marrow by analyzing publicly available 

transcriptomic data from the Immunological Genome Project (ImmGen). RNA exosome 

subunits were expressed in all developing B cell sub-populations; however, we observed a 

higher expression of certain subunits including Exosc3, Exosc10 and Dis3 in GC B cells 

(Figure 1A). Higher expression levels in GC cells correlated with already described crucial 

functions of RNA exosome in CSR and SHM processes (10, 24, 25). In parallel, we also 

observed higher expression of most RNA exosome subunits in pro-/pre-B cells (Hardy 

fractions B and C; note: Hardy fractions define B cell precursors into subpopulations based 

on cell surface marker expression), found during V(D)J recombination both in adult bone 

marrow (postnatal immune system) (Figure 1A) and in fetal liver (prenatal immune system) 

(Figure S1A). To investigate the importance of these observations in vivo we developed 

dedicated mouse models to delete RNA exosome components in early B cell development 

using Mb1cre mice (26) in combination with COIN alleles for Exosc3 (RNA exosome core 

subunit), Exosc10, or Dis3 (RNA exosome catalytic subunits) (Figures S1B–S1D) (10, 24, 

25). COIN heterozygous mice served as the reporter system; in these mice, one allele 

remains functional while GFP/RFP expression from the other allele depends on endogenous 

Exosc3, Exosc10 or Dis3 promoters after cre-mediated inversion of the COIN allele (Figures 

S1B–S1D). We found that heterozygous mice lacked a notable phenotype, as shown by 

the percentage of B splenocytes in Mb1cre/+ Dis3C/+ compared to Mb1cre/+ Dis3+/+ mice 

(Figure S1E). To confirm the expression of the RNA subunits Exosc3, Exosc10 and Dis3 
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in B cells subsets present in the bone marrow, spleen, and Peyer’s patches, we performed 

flow cytometry using a combination of known B cell development markers. We compared 

the levels of GFP/RFP expression, which are driven by Exosc3, Exosc10 and Dis3 gene 

promoters, as a readout for the expression of RNA exosome subunits in these cells. As 

expected, GFP/RFP reporter gene expression was noted at the pro-B cell stage in bone 

marrow, when cre recombinase was expressed and COIN alleles were inverted (Figure 1B). 

Developing pre-B and immature B cells continued to express GFP/RFP proteins in the 

bone marrow (Figures 1C–1E) before exiting to the periphery. Follicular B splenocytes 

were GFP/RFP positive and activated B cells from Peyer’s patches also expressed Exosc3, 

Exosc10, and Dis3 (Figures 1F and 1G). Consistent with transcriptomic data, we detected 

increased expression of Exosc3, Exosc10 and Dis3 specifically in bone marrow developing 

pro-B and large pre-B cells during V(D)J recombination and in activated B cells (Figures 

1B, 1C, 1G and Figures S1F–S1H). We noted a distinct expression pattern for Exosc10 
which was also expressed during the transitional stages (Figure 1A) and in follicular B cells 

in the spleen (Figures 1A and 1F and Figure S1G, please see Figure S2A for schematic of 

B cell development). Expression of genes encoding RNA exosome subunits was observed 

in other cell types in a random manner, contrasting with the expression trend noted in B 

cells (Figures S2B–S2D). We also observed higher expression of other components of the 

RNA surveillance machinery, such as the RNA helicases Ddx1, Ddx19a, Ddx41 and Skiv2l 
during early B cell development and in activated GC B cells (Figure S2E). Finally, motif 

enrichment analysis revealed common transcription factors (such as Spi1, Spib and others) 

binding sites located ~250bp upstream of the ATG sequences of Exosc3, Exosc10, and 

Dis3 gene promoters explaining a similar co-regulation and co-expression profile observed 

in B cells (Figure S2F). Thus, our results suggest that RNA exosome subunit and cofactor 

expression can be temporally regulated during B cell development in vivo, and are notably 

increased during B cell developmental stages which are associated with antigen receptor 

gene diversification.

The RNA exosome supports the pro-B cell to pre-B cell transition and Igh rearrangement.

To evaluate the contribution of RNA exosome activity during B cell development, we used 

three B cell specific conditional knock-out mouse models harboring homozygous COIN 
alleles (Exosc3COIN, Exosc10COIN, Dis3COIN). Flow cytometry analyses indicated that bone 

marrow developing B cells were blocked at the pro-B cell stage, whereas B cells were poorly 

able to differentiate into pre-B cells in the absence of Exosc3, Exosc10, and Dis3 (Figure 2A 

and 2B). Bone marrow small pre-B cells and immature B cells consequently were decreased 

greatly (Figures 2C and 2D). Loss of RNA exosome subunits which led to the accumulation 

of pro-B cells in the bone marrow could be caused by an inability of pro-B cells to rearrange 

Igh genes. Indeed, Igh PCR assays detected a slight decrease in D to JH recombination 

(Figure S3A), while VH to DJH recombination was greatly decreased at VHJ558 distal or 

VH7183 proximal genes in the absence of the RNA exosome (Figures S3B to S3D).

To perform an accurate and unbiased quantification of the V(D)J recombination events 

in these cells, we sorted bone marrow pro-B cells and performed deep RNA-sequencing 

analysis. We reconstituted the Ig V(D)J sequences from RNA-seq data (using computational 

tool TRUST4) and performed a V-quest analysis using the international ImMunoGeneTics 
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information system (IMGT) database. These analyses reconstituted the unique V(D)J 

rearrangements from the RNA-seq data, and we normalized these unique rearrangements 

to the total number of reads. We were able to reconstitute 7,482 functional V(D)J junctions 

out of 648,140,008 reads in controls (11.55 per million reads) versus 1,326 functional 

V(D)J junctions out of 671,548,696 reads (1.98 per million reads) in DIS3-deficient pro-B 

cells, demonstrating a defect in V(D)J recombination in the absence of the RNA exosome, 

affecting the frequencies of both VH and JH gene usage (Figures 2E and 2F). By focusing on 

the productive rearrangements, the percentages/distribution of the different VH family was 

not altered (Figure S3E). Chromatin regulation is associated with RNA exosome activity and 

RNA exosome sensitive ncRNAs (25, 27). However, chromatin accessibility in the Igh locus, 

as measured by ATAC-seq in sorted pro-B cells (B220+ CD43+ IgM−), remained unchanged 

(Figures S3F and S3G), suggesting that this defect is not due to a lack of open chromatin 

but rather to the accumulation of non-coding transcripts in the absence of DIS3. Repertoire 

analyses revealed a decrease in CDR3 length in cells lacking RNase activity, suggesting that 

RNA processing is necessary for accurate V(D)J junctions (Figure 2G). Taken together, our 

findings highlight a role for RNA exosome in early B cell development via mechanisms that 

involve antigen receptor locus recombination.

B cell development is affected by the deletion of RNA exosome subunits.

Despite the strong block in B cell development at the pro-B stage, a small percentage of 

B cells were able to exit the bone marrow and migrate into the periphery, populating the 

spleen and Peyer’s patches. Flow cytometry analyses showed that follicular B cells were 

substantially affected by the absence of the RNA exosome subunits (Figures 3A and 3B). 

In contrast, the percentages of marginal zone (MZ) B cells were not significantly decreased 

(Figures 3A and 3C). This leads to higher MZ/follicular B cell ratios in the absence of 

RNA exosome activity (Figure 3D). In the gut-associated lymphoid tissue Peyer’s patches, 

both resting and activated B cells were decreased in the absence of the RNA exosome 

catalytic subunits (Figures 3E–3G). We also compared RNA exosome-proficient versus 

RNA exosome-deficient mice by combining all the RNA exosome-deficient genotypes 

(Exosc3, Dis3 and Exosc10) and confirmed the accumulation of pro-B cells and the 

consequent decrease of other B cell subsets. In addition, we noted an altered MZ/follicular 

ratio (Figures S4A–S4C). Further independent experiments confirmed the altered MZ/

follicular ratio in the absence of Dis3 (Figures S4D and S4E). Collectively, these data 

suggest that the functionality of RNA exosome degradation machinery is not restricted to 

the early developmental stages where B cell precursors are recombining their Ig genes. 

RNA exosome activity potentially is required for regulating the expression levels of genes 

controlling fate decision as B cells enter the follicles or the marginal zone in the secondary 

lymphoid organs.

Dis3 deletion leads to an accumulation of non-coding transcripts and upregulation of the 
p53 pathway.

To determine whether non-coding RNA accumulation could occur during defective B cell 

development in RNA exosome-deficient B cells, we investigated the transcriptome of 

Mb1cre/+ Dis3C/C pro-B cells. The transcriptome from RNA exosome-deficient cells is a 

robust tool for detecting transiently expressed non-coding RNAs that are normally expressed 
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but difficult to detect in RNA exosome-proficient cells (10, 24, 25). We validated efficient 

depletion of Dis3 mRNA in vivo in homozygous cells (Figure S5A) and analyzed DIS3-

sensitive RNA substrates. In bone marrow derived developing pro-B cells, long non-coding 

RNAs (lncRNAs, Figure 4A), intergenic and intragenic enhancer-associated RNAs (eRNAs, 

Figure 4B), and antisense transcription start site at promoters (aTSS-RNAs, Figure 4C) 

have altered expression, and were perturbed genome-wide (Figure 4D). We also confirmed 

accumulation of antisense RNAs (asRNAs) while messenger RNA (mRNA) levels were not 

pervasively perturbed (Figure 4D), consistent with our previous observations in activated 

B cells (10, 24, 25). We showed multiple examples of ncRNAs, including aTSS-RNAs, 

antisense RNAs in gene bodies (Figures S5B and S5C), and eRNAs (Figure S5D) which 

were sensitive to DIS3 activity. RNA exosome deficiency did not reduce the expression of 

pro-B cell essential genes, like Irf4, Il7r or the Rag1/2 recombinases (Figures S5B, S5C, and 

S5E), while ncRNAs consistently accumulated at different regions of the genome (Figure 

S5F).

Non-coding transcription at Ig genes during V(D)J recombination (9) correlates with 

chromatin accessibility to the transcription and recombination machineries (3, 4). The 

processing machinery of Ig locus/V(D)J recombination-associated ncRNAs is known, 

however direct implication of ncRNAs in V(D)J recombination events has not been 

evaluated thus far. By focusing our RNA-sequencing analysis specifically on the Igh locus, 

we observed an increase in antisense germline transcription overlapping JH (Figure 4E) and 

D genes (Figure 4F), potentially impeding the first step of D to JH recombination (Figure 

S3A). While we observed weak germline non-coding transcription at VH genes in control 

cells, we found a significant accumulation of ncRNAs spread over all the VH genes in the 

absence of RNA exosome activity (Figures 4G–4I). These transcripts were mainly antisense 

ncRNAs overlapping RSS and VH genes (Figures 4G, 4H and Figures S6A–S6D) that 

may interfere with RAG binding, cleavage and/or accessibility at these recombination sites. 

Notably, we showed an inverse correlation between ncRNA accumulation and decreased 

coding of VH expression in the absence of DIS3 (Figure S6E). These data suggest that Igh 
germline transcription is sensitive to DIS3 activity and in the absence of ncRNA processing 

V(D)J recombination at Igh loci is decreased.

Next, we analyzed differentially expressed genes in pro-B cells (Figure S6F and Table S1) 

and evaluated overall impact of the RNA exosome in pro-B cell biology by performing gene 

set enrichment analysis. Affected KEGG pathways were related to pro-B cell maturation 

including hematopoietic cell lineage or MAPK signaling pathways, for example (Figure 4J). 

DIS3-deficient cells have increased expression of p53 pathway-associated genes (Figure 

4J), leading to programmed cell death in order to avoid the accumulation of pro-B 

cells harboring unproductive V(D)J recombination (28) along with mRNA expression 

perturbations and/or DNA damage response (25). We showed the increased expression of 

Trp53 (Figure 4K) and associated genes from RNA-seq data (Figure 4L). We performed 

independent experiments to confirm the increased expression of the p53 pathway-associated 

genes observed in the RNA-seq data (Figure S6G) by RT-qPCR. Increased expression of p53 

pathway-associated genes, ultimately led to apoptosis in the absence of DIS3 and ncRNA 

processing (Figure S6H). These observations corroborate the pro-B cell blockade phenotype 

and pre-B cell differentiation defect in the absence of RNA exosome. Of note, V(D)J 
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recombination components themselves (including Rag recombinases expression) and related 

pathways were not affected in DIS3 deficient cells. Taken together, these results suggest 

that the V(D)J recombination defect in the absence of DIS3 is not caused by abnormal 

gene expression of V(D)J recombination regulatory pathways, as deregulated pathways in 

DIS3-deficient B cells were not related to DNA recombination or programmed DNA repair 

themselves (Figure 4J). Rather, our data reveal genome-wide accumulation of ncRNAs 

(Figure 4D), especially of germline transcripts at the Ig loci (Figures 4E–4I), raising the 

possibility of a crucial role of the RNA exosome in the regulation of expression of ncRNAs 

enabling proper V(D)J recombination.

A rearranged Igh allele rescues pro-B to pre-B cell differentiation.

Defects in V(D)J recombination can be rescued using a pre-arranged TCR/BCR, even in 

the absence of RAG recombinases (29). We introduced a pre-arranged Igh V(D)J gene, 

i.e. VHB1–8 allele (30) (Figure 5A, S7A) in the Mb1cre Dis3COIN mice to evaluate a 

potential rescue in B cell development in the absence of RNA exosome activity. We 

confirmed an efficient deletion of the Dis3 COIN alleles in the VHB1–8KI/KI Mb1cre/+ 

Dis3COIN B splenocytes. First, we used flow cytometry to directly visualize Dis3 relative 

expression. VHB1–8KI/KI Mb1cre/+ Dis3C+/ B cells demonstrated expression of GFP (i.e. 

Dis3), in experiments using VHB1–8KI/KI Mb1cre/+ Dis3+/+ B cells as control (Figure 5B). 

Indeed, VHB1–8KI/KI Mb1cre/+ Dis3C/C have stronger GFP expression than heterozygous 

cells, as would be predicted on the basis of two Dis3COIN inverted alleles (Figure 5B). We 

sorted B cells, and qPCR quantification confirmed a robust deletion of the Dis3COIN allele, 

specifically in B cells expressing a cre recombinase, with ~50% of deletion in heterozygous 

cells and ~95% of deletion in homozygous cells (Figure S7B). These data suggest that a 

fraction of B cells was able to develop efficiently in the absence of DIS3 when they express 

a knock-in transgenic BCR and restore the small pre-B cell population.

In these conditions VHB1–8KI/KIMb1cre/+ Dis3C/C B cells were able to differentiate to a 

similar level as VHB1–8KI/KI Mb1cre/+ Dis3C/+ progenitors from the pro-B to the small 

pre-B stage (Figures 5C and 5D), suggesting the role of the RNA exosome complex in 

V(D)J recombination and subsequent differentiation into pre-B cells. In this model, VL 

to JL recombination is dependent on endogenous Igl genes in pre-B cells. Thus, in the 

absence of IgL rescue, the subsequent differentiation into immature B cells was reduced in 

bone marrow (Figures 5C and 5D), with fewer peripheral B cells observed in spleen in the 

absence of DIS3 (Figures S7C and S7D). Additionally, the MZ/follicular B cells ratio was 

also higher in this VHB1–8KI/KI Mb1cre/+ Dis3C/C model (Figure S7E).

Collectively, these results directly demonstrated RNA exosome’s function in V(D)J 

recombination specifically during the pro-B to pre-B transition.

Dis3 deletion leads to decreased recombination in the Igκ light chain.

While pro-B cells are differentiating from lymphoid progenitors with Igh genes accessible 

and primed to undergo V(D)J recombination, Igκ recombination depends on successful 

recombination and expression of the pre-BCR. To understand whether open chromatin 

(accessibility) of the Igκ locus is widely affected in DIS3-deficient B cells, we performed 
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ATAC-seq assays in sorted pro-B cell populations. Genome-wide analyses reveal a selective 

impact of DIS3 loss on chromatin accessibility, with more than 6,000 peaks decreased in 

the absence of RNA processing and fewer than 1,000 peaks showing increased accessibility 

(Figures S8A and S8B and Table S2). 175 peaks were decreased at CTCF-binding elements 

(CBEs) while only 7 were increased; 162 peaks showed less accessibility at promoters while 

175 peaks gained accessibility. These differences in accessibility could reflect different 

maturational stages, with DIS3-proficient cells prone to differentiate while DIS3-deficient 

cells are blocked at the pro-B stage. Finally, 606 peaks were decreased at enhancer regions, 

but no gains were observed at enhancers (Figure S8C). We evaluated DNA accessibility 

at the Igκ alleles in DIS3-proficient versus DIS3-deficient cells and observed decreased 

accessibility in some parts of this locus. However, the majority of Igκ still had open 

chromatin (Figure 6A). Thus, chromatin accessibility was mostly intact during Vκ to Jκ 
gene rearrangements in DIS3-deficient B cells. In contrast, Vκ recombination was decreased 

across the Igκ locus in DIS3-deficient B cells (Figures 6B and 6C). Total productive Igk 
rearrangements were decreased from 4,566 functional VκJκ junctions out of 648,140,008 

reads in controls (7.05 per million reads) to 933 out of 671,548,696 reads (1.39 per million 

reads) in the absence of DIS3, approximately a factor of 5 (Figures 6B and 6C), but 

Igλ recombination level was affected only from 207 functional VλJλ junctions out of 

648,140,008 reads in controls (0.32 per million reads) to 98 out of 671,548,696 reads (0.15 

per million reads), approximately a factor of 2, (Figures 6D and 6E), resulting in a higher 

proportion of Igλ recombination (Figure 6F) in our repertoire analysis. Of note, Vk and 

Vλ usages were not skewed (Figures S8D and S8E). As previously mentioned, VHB1–8KI 

mice harbor a prearranged V(D)J gene and still have to recombine the Ig light chain to 

develop immature and mature B cells. We evaluated Igκ recombination in these cells by 

flow cytometry and again found fewer Igκ+ mature B cells in the periphery compared to 

the control (Figures 6G and 6H). Taken together, our data revealed a critical contribution of 

DIS3 to successful recombination of Igk genes, while Igλ was less affected.

DISCUSSION

The RNA exosome complex has critical functions during B cell activation, including (a) 

critical regulation of ncRNAs overlapping switch sequences, (b) giving accessibility to both 

DNA strands for AID-mediated cytidine deamination for efficient CSR (21, 22, 24), and 

(c) by controlling chromosomal architecture (10). Outside the Igh locus, super-enhancer-

associated RNA exosome-sensitive ncRNA transcription recruits AID activity causing 

oncogenic mutations (24, 25). In agreement with these important functions, expression 

profile analyses of RNA exosome complex subunits demonstrated enhanced expression 

in the germinal center. Strikingly, we found that RNA exosome subunit expressions are 

also increased during V(D)J recombination in immature bone marrow B cells, piquing 

our interest in their function in early B cell development. Our observations indicate an 

evolutionarily designed mechanism to co-regulate the expression of the different RNA 

exosome subunits during two crucial steps of B cell development.

We observed that some of the RNA exosome subunit promoters share common transcription 

factor binding sites, suggesting their concomitant regulation in B cells whereas other, 

additional regulatory elements potentially add function in a cell-specific manner. Most of 

Laffleur et al. Page 8

Sci Immunol. Author manuscript; available in PMC 2022 August 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the RNA exosome subunits also have increased expression in B1a B cells in the spleen. 

B1a B cells are long-lived, self-renewing innate-like B cells, and have potential implications 

in viral clearance (31), suggesting that increased expression of the RNA exosome subunits 

could be implicated in anti-viral immunity, potentially by directly degrading viral RNAs 

(32). RNA exosome-deficient mice have a severe defect in B cell development, with B cell 

accumulation at the pro-B cell stage. Consequently, development of peripheral follicular 

B cells is strongly affected because RNA exosome-deficient B cells cannot migrate and 

survive in the periphery. However, we observe normal MZ B cell compartments. These 

differences in follicular B cells versus marginal zone B cells could be due to differences in 

the kinetics of RNA exosome subunit deletion in our mouse model or could be a due to a 

more mechanistic and biological reason that we do not yet understand.

Tonic BCR signaling controls B cell fate, with low tonic signaling usually favoring MZ 

differentiation (2, 33). We observed weak expression of the BCR in the absence of the 

RNA exosome, and postulate that this arises due to a suboptimal 3D configuration of 

the Igh locus and accumulation of ncRNAs at the 3’RR and Eμ enhancers, with Eμ 

controlling heavy chain expression (34). Thus, it is possible that weak BCR expression 

induces low tonic signaling and promotes MZ B cell differentiation in our models. Further 

investigation will determine how the RNA complex could specifically regulate B cell fate 

and whether its activity is more dispensable for MZ B cells. We sequenced the non-coding 

transcriptome from primary pro-B cells in which Dis3 gene deletion was very efficient in 
vivo. In activated B cells, lncRNAs, eRNAs, aTSS-RNAs, and antisense RNAs are DIS3 

substrates (10). The RNA exosome has the ability to degrade these categories of ncRNAs 

ubiquitously (independent of the cell type), while specific functions are ensured by distinct 

expression patterns of RNA exosome sensitive-ncRNAs (i.e. germline ncRNAs at VH genes, 

or germline ncRNAs at switch regions).

A complete understanding of the interplay between RNA processing and chromatin 

modifications remains elusive, although circumstantial evidence indicates that chromatin-

associated RNAs can influence epigenetic and transcriptional outcomes (17, 35–38). 

Chromatin-associated lncRNAs also have been shown to function in CTCF site regulation 

and local chromosomal architecture (39). In developing pro-B cells, we observed a moderate 

impact of RNA exosome mediated RNA processing on chromatin accessibility, with both 

Igh and Igκ having strong recombination defects but mild effects on ATAC-seq-measured 

chromatin accessibility in DIS3-deficient cells.

Accessibility at promoter sequences was variable, with gain and loss, possibly because of 

different differentiation stages. Enhancer-expressed ncRNAs (eRNAs) (40) are processed by 

the RNA exosome (25). In the absence of RNA processing we observed an accumulation 

of eRNAs along with decreased chromatin accessibility at some enhancers, while almost no 

gain was seen, suggesting that ncRNA accumulation at enhancers mostly leads to decreased 

accessibility. The RNA exosome is associated with transcription elongation and termination 

(41, 42) and chromatin accessibility at enhancers could be perturbed by an alteration of 

RNA polymerase II configuration at these sites. However, widespread effects on chromatin 

accessibility may not occur following RNA exosome deficiency or are not observable in our 

in vivo model systems due to experimental limitations.
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We demonstrated that DIS3 regulates germline transcripts, strongly expressed during V(D)J 

recombination, and normally processed by the RNA surveillance machinery. Many factors 

contribute to and regulate V(D)J recombination including RSS sequences composition, 

chromatin accessibility, epigenetic chromatin marks, transcription factor binding, chromatin 

architecture protein occupancy (including cohesin and CTCF), or sense and antisense 

transcription (43, 44). We propose now that RNA processing of ncRNAs by the RNA 

exosome and its cofactors is an important additional requirement for optimal V(D)J 

recombination.

It seems non-coding transcription could be critical for appropriate chromatin structure and 

nucleosome positioning (45) before V(D)J recombination. RNA exosome-deficient cells 

tend to accumulate chromatin-associated RNAs (10, 16) which may interfere with RAG1/2 

DNA binding necessary for catalysis of DNA breaks at RSS sequences. Decreased V(D)J 

recombination in the absence of DIS3 may explain why V(D)J recombination can occur 

in the absence of transcription (46–48), as germline transcription is likely a consequence 

of accessible chromatin but is not absolutely required for recombination. We propose that 

germline ncRNAs might be resolved by the RNA processing machinery to complete this 

process. To reach a definitive conclusion on the impact of RNA exosome deficiency on 

V(D)J recombination we rescued the developmental defect at the pro-B/pre-B cell transition 

by introducing a pre-arranged Igh VHB1–8 allele. Notably, the expression of this transgenic 

V(D)J allele partly restores normal levels of pre-B cells. While RNA exosome activity could 

control many other aspects of the pro-B to pre-B cell transition, this rescue experiment 

clearly suggests a direct implication of the RNA exosome complex in V(D)J recombination. 

Moreover, alteration of CDR3 length also suggests that ncRNA processing is necessary 

to generate physiological CDR3 junctions, while chromatin associated ncRNA and/or 

RNA:DNA hybrids accumulation eventually interferes with the DNA repair machinery (25, 

49).

While cellular proliferation could be affected in the absence of DIS3 it is unlikely to 

impact RAG-mediated DNA breaks and DNA repair which occur in non-proliferative 

pro-B cells. RAG scanning during V(D)J recombination is dependent on chromatin loop 

extrusion mediated by CTCF binding at CBEs in concert with cohesin translocation on the 

Ig loci (11–13). DIS3 deficiency leads to an accumulation of chromatin-associated ncRNAs 

along with disorganized cohesin localization in activated B cells, thus ncRNA transcription 

and processing that may generate non-B DNA structures are possible mechanisms for 

regulating loop extrusion kinetics (10). It is possible that a similar mechanism due to 

aberrant ncRNA accumulation interferes with physiological loop extrusion kinetics during 

V(D)J recombination and RAG scanning, thereby impeding RAG-mediated DNA cleavage 

and V(D)J recombination in the absence of the RNA exosome. These possibilities will be 

experimentally tested in future studies.

Finally, we consider the pathological consequence of RNA exosome function deficiency 

in humans where mutations in the RNA helicase SKIV2L (an RNA helicase cofactor 

of the RNA exosome complex) have been associated with THES syndrome (20), a rare 

disease characterized by immunodeficiency and very low antibody titers. A mouse model 

demonstrates that THES2-like phenotypes can be created successfully by specifically 
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deleting Skiv2l during early B cell development, using the same Mb1Cre/+ mice crossed 

with Skiv2l floxed alleles (shown in the companion manuscript (50)). THES2 patients 

demonstrate inflammatory responses and a lack of antibody production, but the molecular 

explanation of antibody deprivation is unknown. Following Skiv2l deletion through specific 

flox targeting and cre-expression in pro-B cells, a developmental defect similar to what 

we report in core RNA exosome knockout mouse models is observed. However, SKIV2L 

depletion in mature B cells did not cause class switching defects (50). SKIV2L activity 

is primarily important for supporting RNA exosome-mediated co-translational decay of 

mRNAs in the cytoplasm (51) by extracting mRNA from stalled 80S ribosomes (52) and 

this activity has been validated at a structural level (53). Moreover, in SKIV2L mutant 

immature B cells, nuclear non-coding RNA stabilization was not observed. Thus, SKIV2L 

action may indirectly promote nuclear exosome localization and function during early B cell 

development by keeping the cytoplasmic RNA exosome pool active.

In this study, we show that core RNA exosome component loss leads to a developmental 

defect in immature B cells similar a to previous study where we showed its function 

in mature B cells and class switch recombination (24). During CSR, the accompanying 

RNA helicase is MTR4, a component of the NEXT complex that unwinds RNA/RNA and 

DNA/RNA hybrids in the nucleus to facilitate Igh DNA recombination (22, 54). Thus, 

the core RNA exosome functions with different RNA helicases and associated complexes 

during different steps of Igh recombination, namely with the MTR4/NEXT and other 

nuclear helicases during CSR and indirectly via the SKI complex during early B cell 

development. Discovery and characterization of RNA exosome-associated specific nuclear 

helicases and other cofactors during V(D)J recombination will be important steps forward in 

understanding the role of ncRNA processing during V(D)J recombination.

MATERIAL AND METHODS

Study Design

This study aimed to understand the role of non-coding RNA processing during the early 

steps of B cell development and the processes of V(D)J recombination. We developed 

dedicated mouse models to dissect the functions of the RNA exosome complex, allowing 

genetic deletion in pro-B cells (Mb1cre/+) of one core subunit gene (Exosc3) or the 

catalytic subunit genes (Exosc10 and Dis3), and another model (VHB1–8KI/KI) to rescue 

the observed developmental blockade at the pro-B cell stage. These mice were analyzed by 

flow cytometric analyses and deeper investigation of ncRNA accumulation were performed 

through RNA-sequencing while chromatin accessibility was evaluated by ATAC-sequencing.

Mice

Mb1cre/+ mice (26) were obtained from Prof. Michael Reth (University of Freiburg). VHB1–
8high knock-in mice (named in this study VHB1–8KI/KI) (30) were provided by Prof. 

Michel Nussenzweig (Rockefeller University). Exosc3, Exosc10, and Dis3 COIN alleles 

have been previously described (10, 24, 25)), and are presented in Figures S1B–S1D. We 

used heterozygous mice as control (e.g. Dis3COIN/+, named as Dis3C/+) and homozygous 

mice as conditional KO (e.g. Dis3COIN/COIN, named as Dis3C/C).
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8 to 12 weeks male and female mice were used for experiments. Mice experiments were 

approved by the Columbia University IACUC committee and performed following the 

recommended guide line of Columbia University (protocol number AC-AABP7556).

Flow cytometry and cell sorting

Bone marrow, spleen, and Peyer’s patches were collected from the different mice, red blood 

cells were removed by hypotonic lysis (ACK buffer) from bone marrow and spleen, before 

saturation in FACS buffer with Fc block (clone 2.4G2, BD Biosciences 553141) for 10 

minutes at room temperature. Then cells were stained with antibodies for 30 minutes at 4°C 

in FACS buffer (PBS with 3% FBS), washed, and analyzed.

To study B cell development of Exosc3COIN, Dis3COIN mice (both expressing GFP after 

COIN alleles inversion), and VHB1–8KI/KI mice we used the following panel of antibodies: 

anti-B220 BV510 (clone RA3–6B2, BD Biosciences 557683), anti-CD43 PE (clone S7, 

BD Biosciences 553271), anti-CD25 APC (clone PC61, BD Biosciences 557192), anti-IgM 

PE-Cy7 (clone R6–60.2, BD Biosciences 552867), anti-CD21 APC (clone 7E9, BioLegend 

123411), anti-CD23 PE (clone B3B4, BD Biosciences 553139), anti-GL7 PE (clone GL7, 

eBioscience 12–5902-82), anti-Igk V450 (clone 187.1, BD Biosciences 561354), anti-CD19 

APC (clone 1D3, BioLegend 115530). Live cells were gated as lymphocytes and single 

cells; dead cells were stained with 7AAD or DAPI and excluded from the analyses.

For B cell development analyses of Exosc10COIN mice (expressing RFP after COIN allele 

inversion), the same panel of antibodies was employed, substituting anti-B220 Alexa 700 

(clone RA3–6B2, BD Biosciences 557957), anti-CD43 FITC (clone S7, BD Biosciences 

553270), anti-CD23 FITC (clone B3B4, BD Biosciences 561772), anti-GL7 FITC (clone 

GL7, BD Biosciences 562080). Live cells were gated as lymphocytes and single cells; 

dead cells were stained with DAPI and excluded from the analyses. For CD19 cell sorting 

we used anti-CD19 PerCP-Cy5.5 (clone 6D5, BioLegend 115533). Data were acquired 

on Fortessa, LSR2 or Accuri C6 (BD) machines with subsequent analysis using FlowJo 

software, and cell sorting was performed on Aria II (BD).

PCR and qPCR

For DNA extraction, cells were suspended in proteinase K buffer with proteinase K and 

incubated overnight at 56°C. Genomic DNA was extracted by ethanol precipitation, washed 

in 70% ethanol and suspended in TE buffer. Bone marrow cells were employed to evaluate 

the usage of the different VH family of genes (distal VHJ558 versus proximal VH7183) and 

D to JH3 recombination.

PCR was performed on 100 μg, 10 μg and 1 μg of genomic DNA using the following 

primers: VHJ558 for gcgaagcttargcctgggrcttcagtgaag and JH4 rev aggctctgagatccctagacag; 

VH7183 for cggtaccaagaasamcctgtwcctgcaaatgasc and JH4 rev aggctctgagatccctagacag; D 

for aggctctgagatccctagacag and JH3 rev gtctagattctcacaagagtccgatagaccctgg as previously 

described (55, 56). As loading control, Cμ primers: Cμ for tggccatgggctgcctagcccgggactt 

and Cμ rev gcctgactgagctcacacaaggagga.
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qPCR was performed on genomic DNA from CD19+ and CD19− sorted splenocytes. 

For Dis3 COIN allele inversion the following primers were used: Dis3COIN for 

caaggaaaccctggactactg and Dis3COIN rev aatgggtctagcacatgcacatc; the qPCR signals 

were normalized using Myc primers: Myc for agcgcagcatgaattaactgc, Myc rev 

gtatacgtggcagtgagttg. qPCR was performed on 50 ng of gDNA using SYBR Green and 

Roche Lightcycler II apparatus.

RNA extraction, cDNA synthesis, and qPCR

Total RNA was extracted from FACS-sorted pro-B cells from Mb1+/+ Dis3C/C and Mb1cre/+ 

Dis3C/C mice using the RNeasy Mini Kit (QIAGEN). cDNA was synthetized using Oligo 

DT primers and SuperScript IV Reverse Transcriptase (Thermo Fisher Scientific). qPCR 

was assembled using Maxima SYBR Green Mix (2X) (Thermo Fisher Scientific) in 

triplicates. Gene expression levels were normalized by GAPDH and gene expression levels 

for individual genes are presented as 2^-(Delta CT), using the following oligonucleotides:

Bbc3 for (gtgaccactggcattcattg), Bbc3 rev (ctcctccctcttctgagactt),

Cdkn1 for (ctggtgatctgctgctcttt), Cdkn1 rev (ccctgcatatacattcccttcc),

Bax for (ggagatgaactggacagcaata), Bax rev (gaagttgccatcagcaaacat),

Trp53 for (aagatccgcgggcgtaa), Trp53 rev (catcctttaactctaaggcctcattc),

GAPDH for (acttcaacagcaactcccactcttc), GAPDH rev (tccagggtttcttactccttggag).

RNA sequencing

Bone marrow were collected from mice, red blood cells were removed by hypotonic lysis 

(ACK buffer) and cells were saturated in FACS buffer (PBS with 3% FBS) with Fc block 

(clone 2.4G2) for 10 minutes at 4°C. Then cells were stained with antibodies for 30 minutes 

at 4°C in FACS buffer, washed, and pro-B cells were sorted as B220+, CD43+, CD25−, 

IgM−, live singlet cells using a BD Aria cell sorter. RNA was extracted using TRIzol 

(Invitrogen™ TRIzol™ Reagent), RNA quality was evaluated by Bioanalyzer (Agilent) 

and RNA samples were sequenced using the RNA Ribozero 90M 100PE sequencing kit 

(Illumina) at the Columbia University Genome Center.

Chromatin Accessibility Assay (ATAC-Seq)

Bone marrow preparations from two Mb1cre/+ Dis3C/+ and Mb1cre/+ Dis3C/C littermate mice 

were FACS-sorted to isolate the pro-B cell population (B220+ CD43+ IgM−). An average 

of 100,000 pro-B cells were isolated from each mouse. Nuclei isolation and transposition 

was performed as previously described in the Omni-ATAC protocol (57). The total of four 

samples had libraries synthetized using NEBNext® High-Fidelity 2X PCR master mix with 

Nextera transposase adapter primers containing different indexes. Indexed libraries were 

multiplexed before and pair-ended sequenced using an Illumina NextSeq instrument.
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Statistical Analysis

Statistical analyses were performed using GraphPad Prism software, including two-tailed 

t-tests (paired or unpaired), and two-tailed proportion tests (Khi2) ns = non-statistically 

significant; * P-value < 0.05; ** P -value < 0.01; *** P -value < 0.001; **** P -value < 

0.0001.

Bioinformatic analyses

RNA exosome subunits expression.—The expression levels of the RNA 

exosome subunits were extracted from the “ImmGen data browsers microarray” (http://

www.immgen.org), and the values were plotted as heat maps.

Motif enrichment (MEME) analysis.—Motif enrichment analysis was performed 

using MEME Suite 5.4.1. Sequence regions 250 base pairs upstream of ATG were 

retrieved for Dis3 (chr14:99,099,669–99,099,907), Exosc3 (chr4:45,320,580–45,320,829) 

and Exosc10 (chr4:148,558,216–148,558,471) genes. The following settings were used for 

motif discovery: Motif discovery mode, classic mode; selected site distribution, any number 

of repetitions; number of motifs, 3.

Data processing.—We use RTA (Illumina) for base calling and bcl2fastq2 (version 2.17) 

for converting BCL to fastq format, coupled with adaptor trimming. The resulting reads 

were mapped to mm9 genome of house mouse by hisat2 (version 2.1.0) (58) with default 

parameters. We used StringTie (version 1.3.3b; parameter “--rf”) (59) for transcript assembly 

and expression quantification. The read/fragment counts of features were quantified by 

FeatureCounts and the differential features were detected by DEseq2 with criterion of fold 

change ≥2 and FDR <0.05. For visualization in IGV, we merged bam files from replicates 

by Samtools and generated normalized and strand-specific bedgraph files using Bedtools 

and properly calculated scaling factors. The bedgraph files were then converted to bigwig 

by bedGraph2bigWig utility from UCSC. For RNA-seq, we used depth-1x normalization 

method which normalized the sequencing depth to 1x coverage. For ATAC seq, we use RPM 

(reads per million mapped reads) normalization.

Differential analysis of lncRNA, eRNA and aTSS-RNA.—lncRNAs that do not 

overlap with protein-coding exons and with length larger than 200nt were collected. These 

RNAs were merged across all samples if they overlapped with each other. The merged 

transcripts were re-quantified using FeatureCounts (parameter “-s 2 -p”) to obtain the 

fragment counts table. DEseq2 was applied to the fragment counts table to obtain the 

differentially expressed lncRNAs (fold change>=2 and FDR<0.05). These lncRNAs were 

shown in the heatmap of FPKM. We collected non-coding RNAs that overlap with enhancer 

regions as enhancer RNA (eRNA). The enhancer regions were defined by H3K27Ac and 

H3K4me1 markers from public ChIP-seq (GSM2184223 and GSM2184242). The aTSS-

RNA expression was quantified as the non-coding RNA expression in the anti-TSS region 

(within 2kb upstream of TSS but in the antisense strand). The differentially expressed 

eRNAs and aTSS-RNAs were selected with the same strategy as in the situation of the 

lncRNA and also are shown in the heatmaps.
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Pathway enrichment analysis.—The up- and down-regulated gene sets were submitted 

to DAVID (60) for KEGG pathway enrichment analysis. The -log10(P-value) of each 

significant (P-value<0.05) pathway is shown in the bar graph.

Immune repertoire reconstruction analysis.—TRUST4 (61) with parameters “--

abnormalUnmapFlag” was used to reconstruct the immune repertoire.

ATAC-sequencing analysis.—Raw sequencing reads were subjected to adapter 

trimming by Cutadapt (62) with parameters “--trim-n -q 5,5 -m 20 -e 0.1”. The resulting 

reads were mapped to the reference genome of mm9 by bowtie2 (63) (version 2.2.9) 

with parameter “-k 4 -X 2000 --local”. Duplicate, multi-mapped reads and reads that 

mapped to mitochondria were removed. Peak calling was performed using MACS2 (64) 

(parameter “--nomodel --shift −100 --extsize 200 --broad -f BAMPE”). Bigwig files with 

RPM (reads-per million-mapped) normalization were generated for visualization via the 

IGV or UCSC genome browsers. The peaks across all samples were merged and quantified 

by featureCounts to obtain the read count table. DEseq2 was used to identify the differential 

peaks. ATAC signals around the summit of differential peaks were plotted in white-blue 

heatmap.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Dynamic RNA exosome subunits expression during B cell development.
(A) Heat map showing RNA exosome subunit expression in mouse B cells, data were 

obtained from “ImmGen” databank. Relative transcriptomic expression of the RNA exosome 

subunits is shown in the main B cell populations from various lymphoid organs in adult 

mice. (B to G) Flow cytometry analysis of Mb1cre/+ Exosc3COIN/+, Mb1cre/+ Exosc10COIN/+ 

and Mb1cre/+ Dis3COIN/+ B cell populations. Cells were collected form bone marrow, spleen 

and Peyer’s patches and the B cell populations were identified as: (B) pro-B cells (CD43+, 

B220+, CD25−, IgM−), (C) large pre-B cells (FSC-Ahigh, CD43low, B220+, CD25low), 
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(D) small pre-B cells (CD43−, B220+, CD25+, IgM−), (E) immature B cells (CD43−, 

B220+, CD25−, IgM+), (F) follicular B cells (B220+ CD23+ CD21dim), and (G) activated 

B cells (B220+, GL7+). GFP or RFP expression is shown in each subpopulation after 

specific gating. Mb1cre/+ mice were used as control for GFP/RFP expression, show as grey 

histograms. The dashed line represents the threshold for high GFP/RFP expression. Mean 

fluorescent intensities (MFI) of GFP+/RFP+ cells are indicated in blue (see also Fig. S1F–

S1H). These data are representative from at least 3 independent experiments per genotype, 

using a total of at least 3 mice per group.
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Fig. 2. RNA exosome is mandatory for early B cell development and Igh recombination.
(A) Flow cytometry analysis of bone marrow pro-B cell populations from Mb1cre/+ Dis3C/+ 

and Mb1cre/+ Dis3C/C mice. (B) Quantification of bone marrow pro-B cells (CD43+, B220+, 

CD25−, IgM−), from Mb1cre/+ Exosc3C/+, Mb1cre/+ Exosc3C/C, Mb1cre/+ Exosc10C/+, 

Mb1cre/+ Exosc10C/C, Mb1cre/+ Dis3C/+ and Mb1cre/+ Dis3C/C mice. (C) Quantification of 

bone marrow small pre-B cells (CD43−, B220+, CD25+, IgM−). (D) Quantification of bone 

marrow immature B cells (CD43−, B220+, CD25−, IgM+). These results are representative 

from at least 3 independent experiments, using a total of at least 3 mice per group. 

Bar graphs show mean value +/− SEM, analyzed with two-tailed unpaired t-test. (E) VH 
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repertoire in Mb1cre/+ Dis3C/+ and Mb1cre/+ Dis3C/C pro-B cells. Mean is shown, +/− SEM. 

(F) JH repertoire in Mb1cre/+ Dis3C/+ and Mb1cre/+ Dis3C/C pro-B cells. Mean is shown, 

+/− SEM. The V(D)J repertoire was determined by RNA-sequencing of pro-B cells (3 

independent experiments), and the number of productive V(D)J rearrangements compared to 

the total number of reads was used to perform statistical analyses (khi2 proportion test). (G) 

CDR3 length was analyzed and the violin plots show their distribution in the presence or 

absence of DIS3 (two-tailed unpaired t-test on combined data from 3 mice).
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Fig. 3: RNA exosome affects mature B cell development.
(A) Flow cytometry analysis of spleen B cell populations from Mb1cre/+ Dis3C/+ and 

Mb1cre/+ Dis3C/C mice. Fo = follicular B cells, MZ = marginal zone B cells. (B) 

Quantification of spleen follicular B cells (B220+ CD23+ CD21dim). Data from Mb1cre/+ 

Exosc3C/+, Mb1cre/+ Exosc3C/C, Mb1cre/+ Exosc10C/+, Mb1cre/+ Exosc10C/C, Mb1cre/+ 

Dis3C/+ and Mb1cre/+ Dis3C/C mice are shown. (C) Quantification of spleen marginal 

zone B cells (B220+ CD23− CD21+). Data from Mb1cre/+ Exosc3C/+, Mb1cre/+ Exosc3C/C, 

Mb1cre/+ Exosc10C/+, Mb1cre/+ Exosc10C/C, Mb1cre/+ Dis3C/+ and Mb1cre/+ Dis3C/C mice 
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are shown. (D) The ratios of marginal zone / follicular B cells (Fig. 3C, 3D) were quantified 

from these mice. (E) Flow cytometry analysis of Peyer’s patches B cell populations 

from Mb1cre/+ Dis3C/+ and Mb1cre/+ Dis3C/C mice. (F) Quantification of Peyer’s patches 

resting B cells (B220+ GL7−). Data were obtained from Mb1cre/+ Exosc10C/+, Mb1cre/+ 

Exosc10C/C, Mb1cre/+ Dis3C/+ and Mb1cre/+ Dis3C/C mice. (G) Quantification of Peyer’s 

patches activated B cells (B220+ GL7+). Data were obtained from Mb1cre/+ Exosc10C/+, 

Mb1cre/+ Exosc10C/C, Mb1cre/+ Dis3C/+ and Mb1cre/+ Dis3C/C mice. These results are 

representative from at least 3 independent experiments, using a total of at least 3 mice 

per group. Bar graphs show mean value +/− SEM, analyzed with two-tailed unpaired t-test.
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Fig. 4. RNA-sequencing reveals RNA exosome substrates from pro-B cells in vivo.
RNA-sequencing of pro-B cells from Mb1cre/+ Dis3C/+ and Mb1cre/+ Dis3C/C mice. 

(A) Heat map showing the lncRNAs upregulated (in yellow, 2544) and downregulated 

(purple, 1405) in the absence of DIS3. (B) Heat map showing the eRNAs upregulated 

(157) and downregulated (60) in the absence of DIS3. (C) Heat map showing the aTSS-

RNAs upregulated (461) and downregulated (35) in the absence of DIS3. Unsupervised 

hierarchical clustering is shown. (D) Genome-wide analysis of DIS3-sensitive RNA 

substrates in pro-B cells in vivo. The fold increase for the different classes of non-coding 
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RNAs is shown, including antisense transcription start site associated RNAs (aTSS RNA), 

antisense RNAs (asRNA), enhancer RNAs (eRNAs), and messenger RNAs (mRNA), 

Wilcoxon rank sum test. (E to I) 3 independent RNA-sequencing experiments were 

performed showing similar results. The data were combined for a better visualization using 

the IGV viewer and to present the RNA tracks. Owing to strand specific sequencing, + 

(blue) tracks represent the RNA corresponding to the Watson DNA strand and – (red) 

tracks represent the RNA corresponding to the Crick DNA strand, black arrows indicate 

the direction of coding transcription. (E) Accumulation of non-coding RNAs at the JH1 to 

JH4 genes region in the absence of RNA exosome activity. (F) Accumulation of non-coding 

RNAs at the D genes region in the absence of RNA exosome activity. (G) Example of 

non-coding RNA accumulation at VH (Ighv7–3) gene in the absence of RNA exosome 

activity, while coding gene expression is decreased. (H) Example of non-coding RNA 

accumulation at VH (Ighv1–67) gene in the absence of RNA exosome activity, while coding 

gene expression is decreased. (I) Non-coding RNA accumulation at the Igh locus in DIS3-

deficient pro-B cells. The Igh locus is shown from the first to the last VH genes. Sense 

(red) and antisense (blue) ncRNAs are shown in Mb1cre/+ Dis3C/+ and Mb1cre/+ Dis3C/C 

pro-B cells, these tracks represent ncRNAs only, after removal of VH coding transcripts. (J) 

Gene set enrichment analyses are shown from these lists of differentially expressed genes. 

The downregulated (grey) and upregulated (black) KEGG pathways are shown. (K) Trp53 
expression in the absence of DIS3. (L) Over-expression of Trp53 and associated genes in the 

absence of DIS3 (two-tailed unpaired t-test).
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Fig. 5: Introduction of a pre-arranged V(D)J gene restores pre-B cell population.
(A) Schematic of the VHB1–8 knock-in (VHB1–8KI) allele. Mb1cre/+ Dis3COIN mice 

were crossed with VHB1–8KI mice to generate the VHB1–8KI/KI Mb1cre/+ Dis3C/+ and 

VHB1–8KI/KI Mb1cre/+ Dis3C/C mouse models. (B) Representative FACS plots showing the 

GFP expression (i.e. Dis3 expression) from VHB1–8KI/KI Mb1cre/+ Dis3+/+, VHB1–8KI/KI 

Mb1cre/+ Dis3C/+ and VHB1–8KI/KI Mb1cre/+ Dis3C/C cells. The grey histograms represent 

GFP expression in control cells (B220−) while the green histograms show GFP expression 

in B cells (B220+ Igk+). (C) Flow cytometry analyses of bone marrow pro-B cells (CD43+, 
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B220+, CD25−, IgM−), small pre-B cells (CD43−, B220+, CD25+, IgM−) and immature B 

cells (CD43−, B220+, CD25−, IgM+) populations from VHB1–8KI/KI Mb1cre/+ Dis3C/+ and 

VHB1–8KI/KI Mb1cre/+ Dis3C/C mice. (D) Quantification of bone marrow pro-B, small pre-

B, and immature B cell populations from VHB1–8KI/KI Mb1cre/+ Dis3C/+ and VHB1–8KI/KI 

Mb1cre/+ Dis3C/C mice. These results are representative from 6 independent experiments, 

using a total of 9 mice per group. Bar graphs show mean value +/− SEM, analyzed with 

two-tailed unpaired t-test.
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Fig. 6: Chromatin accessibility in the absence of RNA processing.
(A) ATAC-seq experiments were performed on pro-B cells from Mb1cre/+ Dis3C/+ and 

Mb1cre/+ Dis3C/C mice, accessibility of Vk genes is shown (2 independent experiments). (B) 

Vk repertoire in Mb1cre/+ Dis3C/+ and Mb1cre/+ Dis3C/C pro-B cells. (C) Jk repertoire in 

Mb1cre/+ Dis3C/+ and Mb1cre/+ Dis3C/C pro-B cells. (D) Vλ repertoire in Mb1cre/+ Dis3C/+ 

and Mb1cre/+ Dis3C/C pro-B cells. (E) Jλ repertoire in Mb1cre/+ Dis3C/+ and Mb1cre/+ 

Dis3C/C pro-B cells. The VJ repertoire was determined by RNA-sequencing of pro-B cells 

(3 independent experiments, mean is shown, +/− SEM), and the number of productive 
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VJ rearrangements compared to the total number of reads was used to perform statistical 

analyses (khi2 proportion test). (F) The number of productive Igλ rearrangements among 

the total number of productive IgL rearrangements was determined (three independent 

experiments, two-tailed paired t-test). (G) Flow cytometry analyses of Igk expression on 

B splenocytes (CD19+) from VHB1–8KI/KI Mb1cre/+ Dis3C/+ and VHB1–8KI/KI Mb1cre/+ 

Dis3C/C mice. (H) Quantification of Igk expression on B splenocytes (CD19+) from 

VHB1–8KI/KI Mb1cre/+ Dis3C/+ and VHB1–8KI/KI Mb1cre/+ Dis3C/C mice. 6 independent 

experiments (n=11 to 12 mice), mean is shown +/− SEM, two-tailed unpaired t-test.
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