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Abstract

The eukaryotic RNA exosome is a well-conserved protein complex with ribonuclease activity 

implicated in RNA metabolism. Various families of non-coding RNAs (ncRNAs) have been 

identified as substrates of the complex, underscoring its role as a ncRNA processing/degradation 

unit. However, the role of RNA exosome and its RNA processing activity on DNA mutagenesis/

alteration events have not been investigated until recently. B lymphocytes use two DNA alteration 

mechanisms, class switch recombination (CSR) and somatic hypermutation (SHM), to re-engineer 

their antibody gene expressing loci until a tailored antibody gene for a specific antigen is 

satisfactorily generated. CSR and SHM require the essential activity of the DNA activation 

induced cytidine deaminase (AID). Causing collateral damage to the B cell genome during CSR 

and SHM, AID induces unwanted (and sometimes oncogenic) mutations at numerous non-

immunoglobulin gene sequences. Recent studies have revealed that AID’s DNA mutator activity is 

regulated by the RNA exosome complex, thus providing an example of a mechanism that relates 

DNA mutagenesis with RNA processing. Here, we review the emergent functions of RNA 

exosome during CSR, SHM and other chromosomal alterations in B cells, and discuss 

implications relevant to mechanisms that maintain B cell genomic integrity.
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Introduction

Genomic integrity is crucial for cell homeostasis and several mechanisms converge to detect 

and repair genomes to avoid deleterious effects1. Mutagenic agents can be environmental 

(UV, chemical, viral, etc.) or endogenous (ROS, replication error, etc.); importantly, 

transcription itself can induce genome instability by opening chromatin and exposing single 

strand DNA2. The immune system negates a potentially infinite number of pathogens via 

mechanisms requiring tailor-made receptors and antibody molecules that recognize 

pathogen-derived antigens (Ag) with high specificity. However, the number of genes is 

limited and vastly disproportionate to the number of encoded receptors. Evolution has 

selected elegant recombination mechanisms to generate Ag receptor diversity from a limited 

set of genes. In mammals, the first mechanism to create Ag receptor diversity is common to 

both types of T and B lymphocytes, occurs in the thymus ‘T’ and bone marrow ‘B’ 

respectively, and is called V(D)J recombination. During V(D)J recombination, one variable 

(V), eventually one diversity (D), and one junction (J) genes are randomly assembled by 

recombination activating genes (RAG) recombinases to shape the Ag binding site and a first 

Ag receptor repertoire3. These recombination steps are tightly regulated by numerous 

criteria including loci nuclear localization4, transcription factor- and architectural protein-

induced chromosomal looping which allows promoter/enhancer interactions and synapsis 

between recombination sequences5, chromatin remodeling6, and DNA demethylation7. 

Globally, these changes induce accessible and transcribed chromatin during VDJ 

recombination in B lymphocytes8–13. As B cell development continues, B cells traverse to 

secondary lymphoid organs formed in the spleen, tonsil, or gut and undergo a second round 

of immunoglobulin (Ig) gene diversification steps that depends on the expression of the 

activation induced cytidine deaminase (AID) protein14–16. This enzyme initiates mutations 

and double strand breaks (DSB) for somatic hypermutation (SHM) and class switch 

recombination (CSR) processes respectively, vastly increasing the diversity of B cell Ag 
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receptors (BCR) and antibodies. Again, several layers of regulation ensure spatial and 

temporal specificity of these recombination steps, now implying the RNA exosome as a 

master regulator.

Somatic hypermutation, class switch recombination, and B cell fate

Following V(D)J recombination, B cells express a membrane IgM molecule, associated with 

Igα and Igβ signaling subunits to form the BCR. Transcription initiates from the V 

promoters to polyadenylation sites of constant region exon(s); thereafter, RNA splicing joins 

VDJ to IgM (and IgD in immature B cells) exons or VJ to an IgL constant exon for IgH and 

IgL mature transcripts, respectively. Ig chains are then translated and associate as double 

heterodimer proteins, with the VDJ and VJ associated to form the variable region, creating 

an Ag binding site of predefined specificity, while the IgH constant region allows 

recruitment of specific immune system actors (Figure 1, top). Antigen binding to the BCR, 

in coordination with co-stimulatory receptors, induces signaling, B cell proliferation, and 

activation that eventually lead to AID expression. AID introduces mutations at VDJ and VJ 

genes leading to SHM, and a germinal center-based process leads to selection of somatically 

mutated B cell clones that have the highest affinity for the Ag, allowing affinity maturation 

(Figure 1, middle).

These cells can also undergo CSR after AID activity on switch donor (Sμ) and switch 

acceptor regions (Sx), leading to DNA double strand breaks. For example, a Th2 orientated 

immune response induces CSR from IgM to IgG1 to produce high affinity switched 

antibodies (Figure 1, bottom). These IgG1 class switched cells have the ability to undergo a 

second round of CSR to IgE, after re-exposure to Ag, to generate high affinity IgE 

antibodies (Figure 1, bottom), although cells can also directly switch from IgM to IgE to 

generate low affinity IgE antibodies17, these pathways resulting from a probabilistic 

transcription of Iγ and Iε non-coding transcripts18. Thus, from one V(D)J recombined clone, 

AID can generate many unswitched and switched sub-clones with increased Ag affinity, 

generating Ig diversity and optimal immune responses. Sub-clones differentiate into memory 

B cells and short-lived or long-lived plasma cells to ensure cellular and humoral memory 

and to secrete specific antibodies. IgM+ memory B cells persist for long periods of time and 

are able to re-initiate the germinal center reaction to permit new rounds of SHM and CSR19. 

Class-switched BCRs govern B cell fate by providing specific signals from their specific 

intra-cellular tails, globally promoting plasma cell differentiation for IgA20, IgG121,22 and 

IgE23,24 BCR. The IgE BCR itself dramatically impairs cellular mobility and induces 

apoptosis25,26 in order to avoid IgE memory which is potentially hazardous, as IgE-class 

antibodies are implicated in allergic reactions and anaphylactic shock. A new study also has 

demonstrated that AID, by introducing mutations in V(D)J genes, creates poly-autoreactive 

cells which are selected against over time, decreasing the longevity of such memory B 

cells22. Finally, a new AID-dependent recombination event, joining Sμ and switch-like 

regions located in the 3′RR at the end of the IgH locus, deletes all IgH constant genes and 

induces B cell apoptosis27, again regulating the B cell compartment. So AID and B cell fate 

are intrinsically linked (for review28) and precise mechanisms governing AID activity, 

subsequent B cell outcome, and humoral immune responses are important fields of 

investigation.
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The developmentally-regulated introduction of DNA mutations and breaks into the genome 

is an unusual process and is potentially catastrophic if not carefully controlled. Thus, AID 

expression, localization, activity, and targeting need to be carefully regulated by the B cell 

both intrinsically and within the germinal center environment29–31.

Interestingly immunoglobulin genes themselves have specific features restricting AID 

activity specifically to sites of DNA recombination. Some of these features, that are relevant 

to ncRNA transcription and RNA exosome function, are discussed below.

DNA elements in the immunoglobulin loci that express RNA exosome 

substrate non-coding RNAs

Ig genes include the Ig heavy (IgH) and Ig light chain (IgL) loci located on different 

chromosomes. IgL genes undergo VJ recombination during early B cell development and 

SHM in activated B cells while IgH genes undergo VDJ recombination, SHM, and also 

CSR, allowing the rearrangement of the Ig constant region and replacing Cμ with Cγ, Cα or 

Cε. The V(D)J genes span approximately 3 million base pairs in their unrecombined 

(unrearranged, germline) configuration and create a functional V(D)J cassette after V(D)J 

recombination. Global IgH organization is very complex with a total of 195 VH, 10 DH, 4 

JH gene segments32, 8 constant (C) genes preceding by switch (S) sequences (excepted for 

Cδ), with the entire locus suffused with promoters, enhancers, insulators and recombination 

sequences (Figure 1 shows a simplified scheme of the mouse IgH locus after VDJ 

recombination). Main enhancers include the Eμ intronic enhancer, downstream JH genes, 

and the 3′ regulatory region (3′RR) at the end of the constant genes. Eμ was the first 

mammalian enhancer described33,34 and mainly acts during the pro-B cell developmental 

stage by modulating V(D)J recombination35. The 3′RR is considered a B cell specific 

“super-enhancer” (SE) and is a cluster of multiple DNase hypersensitive site (hs) enhancers: 

hs3a; hs1,2; hs3b and hs4 (for review36), which can be grouped into two distinct modules 

(the proximal element including hs3a, hs1,2, hs3b and a palindromic structure, and a distal 

element including hs4) acting in a relay-race to ensure fine-tuned BCR expression in naïve B 

cells and Ag dependent locus remodeling in mature stages37. These later events include 

SHM and CSR which are both severely decreased in the absence of the complete 3′RR 

super-enhancer38,39, whereas individual or combinatorial deletion of hypersensitivity sites 

leads to variable but less severe phenotypes40–43. A newly identified regulatory region, 

lncRNA-CSR, interacting with the 3′RR also has also been discovered approximately 2.6 

mega-base pairs downstream (Figure 1)44.

Along with the progression of CSR and SHM, different mandatory non-coding transcripts 

are induced at S and enhancer regions allowing both AID targeting and concomitant AID 

substrate generation. A mechanistic role of RNA exosome function in both AID targeting 

and AID substrate generation is emerging, and these mechanisms depend upon the 3′-end 

RNA processing/degradation of some transcripts that are expressed at the immunoglobulin 

loci. We will review specifically these newly identified functions of RNA exosome in B 

cells, restricting physiological AID activity to Ig genes.
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AID recruitment to the genome: legitimate on-targeting versus hazardous 

off-targeting

It is believed that during interphase chromosomes are confined in specific chromosomal 

territories of the nucleus45 (Figure 2, top). B cells differentiate into heterogeneous subtypes 

(pro-B, pre-B, follicular, germinal center, plasmablast, plasma cell, etc.) and can remodel 

their genomes, making nuclear organization and particularly Ig locus positioning critical. 

Thus, during B cell development and differentiation, Ig loci are localized in different nuclear 

territories, undergo contraction and looping, thereby allowing long-range interactions and 

specific configurations during precisely coordinated time-windows. During CSR both IgH 

chromosomes are activated, undergo germline transcription46, and are positioned in 

euchromatin domains47. This phenomenon results in similar AID targeting on both V(D)J 

genes during hypermutation48,49 and inter-allelic CSR in rabbits50, mice51, and humans52. 

Inter-chromosomal recombination are also observed between IgH and IgL loci 

(physiologically targeted by AID) and non-Ig genes (such as c-myc, a frequent off-target of 

AID and translocated in Burkitt lymphoma),53 via poorly understood mechanisms. Although 

some studies have found a correlation between nuclear proximity and inter-chromosomal 

translocations54,55, other complex parameters also have been shown to play major roles. 

Translocation hotspots have been mapped using different strategies: transcription56 and/or 

transcription at start site modifications57 and/or level of DNA damage58 at breakpoints as 

other parameters influence frequency of long distance chromosomal translocations. New 

findings have further refined these maps of recurrent translocation regions and implicated 

role of B cell super-enhancers and regulatory clusters59, antisense transcription at 

bidirectionally transcribed loci leading to ssDNA structures44,60, RNA polymerase collisions 

during convergent transcription61, or alternative Z-DNA structures62. So rather than only 

nuclear proximity, other parameters also contribute to AID “on-targeting” and legitimate 

repair versus “off-targeting” and translocations. Given that lymphocyte populations are 

highly heterogeneous in term of developmental stage, lifetime, localization, cell-cycle, Ag 

receptor specificity and Ag exposure (revealed by single-cell analysis of lymphocyte 

diversity63), it is conceivable that variation will occur in genomic organization and 

particularly in epigenetic chromatin states between subpopulations. So translocations 

occurring at different chromosomal positions could reflect this in vivo heterogeneity with 

specific subsets prone to precise off-targeting.

Despite all the low off-targeting frequency in the B cell genome, AID targeting still is most 

robust and specific at the Ig loci genes. Thus, AID activity and Ig chromosomes are 

intrinsically coupled via one, or potentially many, mechanisms that are not fully understood.

Long-range interactions and DNA element synapsis for optimal CSR

Besides their linear sequences, genes are folded in more complex and specific 3D chromatin 

structures to ensure fine-tuning of gene expression64. A closer view of chromosomes reveals 

chromosomal folding into “topologically associated domains” in which long-range 

interactions between regulatory elements create DNA loops, associating promoters and 

enhancers and also creating synapsis for VDJ recombination65 and CSR66 (Figure 2, 
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middle). These loops are created by interactions between DNA sequences and transcription 

factors and/or architectural proteins. For example CTCF-binding elements and CTCF 

proteins create loops that confine RAG activity during VDJ recombination. Deletion of such 

elements disrupts RAG on- and off-targeting in B cells67. An intergenic control region, 

located between V and D genes and containing two CTCF-binding elements, mediates long 

distance IgH chromosomal loops and ensures balance in Ag receptor repertoire68. Other 

architectural proteins likewise contribute to IgH locus contraction and long-range 

interactions at different stages of B cell development and recombination. For example, 

during CSR, cohesin complex proteins and mediator complex proteins are dynamically 

recruited to the IgH locus to ensure long-range interactions and to complete CSR, and their 

absence disregulates CSR69,70. Globally, several proteins are implicated in control of IgH 

long-range interactions, including Pax5, YY1, EZH2, Ikaros, condensin and the above-

mentioned CTCF, cohesin and mediator complexes, at different levels of structural 

organization71. These factors contribute to IgH locus contraction and interactions of 

regulatory regions, recombination substrates, and proteins during VDJ recombination and 

CSR, establishing some “recombination factories” prone to RAG or AID mediated 

recombination (Figure 2, middle). AID is the mandatory factor for CSR, it initiates the 

generation of DSB and, due to the consequence of generating DNA lesions, facilitates the 

recruitment of DNA damage repair factors. Additionally, some studies have suggested that 

AID, via its C-terminal, plays a direct role in the recruitment of DNA damage repair factors 

such as DNA-PKcs72. Regulatory elements are also important to control and complete CSR. 

Insertion of a cassette including S regions at the IgL locus (an AID physiological target), 

strongly induces AID targeting (mutations and internal deletions to these S regions) but very 

few long distance CSR-like events are observed between them, probably because of the 

absence of the 3′RR on the IgL containing chromosome73, suggesting additional levels of 

regulation to create an efficient synapsis for CSR.

So globally it appears important to create a bona fide “synapsis” for CSR, which implies that 

specific DNA sequences functionally interact with proteins, regulatory regions, AID and its 

cofactors, including now the RNA exosome.

The RNA exosome complex: current understanding of structure and 

function

RNA exosome is an essential protein complex that maintains the homeostasis of various 

RNA species in the cell. Since the identification of eukaryotic RNA exosome as an RNA 

processing complex in 1997, it has been demonstrated to be involved in multiple events of 

RNA metabolism. RNA exosome participates in RNA processing and surveillance 

mechanisms such as the maturation of rRNAs, snRNAs, snoRNAs, mRNAs and ncRNAs 

and degradation of aberrant RNAs in the nucleus (Figure 3)74–81. RNA exosome also 

participates in translational quality control and regulated turn-over in processes such as no 

go decay (NGD), nonsense-mediated mRNA decay (NMD), nonstop mRNA decay (NSD), 

deadenylated RNA, histone mRNA and ARE-containing mRNA in the cytoplasm82–90. 

Although these various RNA processing events have been reported to involve RNA 

exosome, primarily from literature generated using yeast as a model system, it has been 
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difficult to unravel which effects are caused by RNA exosome deletion and which from the 

indirect effects of RNA complex deletion. In addition, which of these functions are also seen 

in mammalian cells that have a disproportionately large non-coding genome, unlike yeast, 

remains to be systematically investigated.

Eukaryotic RNA exosome is composed of highly conserved core subunits and catalytic 

subunits (Figure 3). Core subunits composing the ring structure include Rrp41, Rrp45 (also 

known as PM/Scl75), Rrp42, Rrp43 (also known as OIP2), Mtr3 and Rrp46 and the cap 

structure is composed of Rrp4, Rrp40 and Csl491. Catalytic subunits Rrp44 (also known as 

Dis3) and Rrp6 are bound to core subunits92. Rrp6 bound on the cap structure of the RNA 

exosome core possesses 3′ to 5′ exonuclease activity and Rrp44 bound “under” the ring 

structure of the core has both 3′ to 5′ exonuclease and endonuclease activities (Figure 

3)93–96. Although eukaryotic RNA exosome core subunits are highly conserved, recent 

studies have shown substantial differences in catalytic subunits and cofactors between the 

yeast and human RNA exosome complexes. For example, three human Dis3 isoforms 

(hDis3, hDis3L1 and hDis3L2) were identified unlike the sole Rrp44/Dis3 moiety in yeast, 

and hDis3 and hDis3L1 associate with core subunits exclusively97,98. Furthermore, the 

subunits tend to localize to different compartment, the nucleus for hDis3 and the cytoplasm 

for hDis3L1 and hDis3L2 while in yeast the sole isoform can position itself in both 

compartments97,98. Human and yeast Dis3 have both endo- and exo-ribonuclease activities 

unlike human Dis3L198. hRrp6/PM/Scl100 degrades structured RNA substrates more 

effectively than yRrp699 and while both human and yeast Rrp6 have the same exonuclease 

activity, only hRrp6 is localized in nucleus and cytoplasm unlike yeast Rrp6100. Recently, 

cofactors of human RNA exosome have been identified as being important for targeting 

various RNA substrates. The nuclear exosome targeting (NEXT) complex containing hMtr4, 

ZCCHC8 and RBM7 was identified as a human nuclear exosome cofactor, responsible for 

degrading promoter upstream transcripts (PROMPTs)75. The proposed TRAMP-like 

complex consisting of hMtr4, ZCCHC7 (Air2p) and PAPD5/hTRF4-2 (Trf4p) in human 

cells was found to be associated with hRrp6101–103. Rrp47 (C1D), MPP6 and hMtr4 are also 

known as cofactors which recruit hRrp6 to RNA substrates101,104. Accordingly, it seems that 

human RNA exosome has functions which have diverged from those observed in yeast RNA 

exosome, possibly to accommodate the new requirements that evolved with the increased 

size and complexity of the human genome.

The role of RNA exosome in affecting DNA regulation, either via a transcription-coupled 

mechanism or via a post-transcriptional mechanism that depends on non-coding RNA 

processing/trimming with eventual effect on DNA mutagenesis is only beginning to be 

understood. New mammalian models have now been developed to investigate these 

questions and to extend the list of RNA exosome functions.

New mouse models to reveal unexpected RNA exosome functions

Mouse models have been generated to evaluate the contribution of different RNA exosome 

subunits deletion in B lymphocytes and ES cells. These mice express the Exosc10 or Exosc3 
COIN (conditional inversion) alleles which are functional before cre-mediated inversion and 

inactivation44,60. Then a reporter fluorescent protein is expressed after this inversion process, 
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allowing monitoring of the inactivation efficiency as well as sorting of the KO cells. 

“Exotome” (transcriptome of RNA exosome deficient cells) analyses from these mice reveal 

accumulation of new RNA exosome substrates including lncRNAs, antisense RNAs and 

eRNAs. [These data are available in a easily analyzable format on the exotome browser: 

https://rabadan.c2b2.columbia.edu/cgi-bin/hgGateway?hgsid=258127] Functional studies 

reveal the importance of RNA exosome in the prevention of genomic instability at eRNAs 

expressing regions. In the absence of RNA exosome these enhancer sequences accumulate 

R-loops (detected by DRIP assay) and DNA DSB (evidenced by γH2AX ChIP experiments) 

and failed to accumulate chromatin silencing markers (H3K9me2 and HP1γ ChIP 

experiments). Importantly some of these x-eRNAs expressing divergently transcribed 

enhancers are translocation hot-spots with the IgH locus in B cells (Birc3 and Ncoa3 
enhancers). Molecular analyses reveal super-enhancer characteristics of some of these 

expressing enhancers44.

The lncRNA-CSR has been identified as a regulatory element associated noncoding RNA, 

using this strategy. The lncRNA-CSR region accumulates transcripts in the absence of 

Exosc3 or Exosc10 in B cells. This region interacts with hs4 located in the IgH 3′RR SE, as 

demonstrated directly by 3C experiments. CRISPR/Cas9 mediated deletion of lncRNA-CSR 

in CH12F3 B cell lines impairs this interaction, decreases germline transcripts at S acceptor 

region Sα, and CSR to IgA. These results demonstrate for the first time that a very far (~2.6 

mega-base pairs) regulatory region, outside of the IgH locus, is able to regulate activity of a 

super-enhancer and functionally affect CSR44. This region is important to create and/or 

stabilize chromosomal loops, implicating 3′RR and probably Eμ, Sμ and Sα in CSR 

synapsis and optimal IgA CSR. Impact of lncRNA-CSR deletion on CSR to other classes 

has to be investigated in different models (because CH12F3 cells can only switch to IgA). 

Potentially, other regions may contribute to control of 3′RR activity, making it possible that 

one region is specific purely for one Ig class or alternatively that one region is specific for all 

isotypes. The lncRNA-CSR region could also contribute to control of SHM, VDJ 

recombination, and B cell development and differentiation by modulating 3′RR activity, Eμ 

activity, or other regulatory regions. Surprisingly, all of the hypersensitivity sites on the 

3′RR and the lncRNA-CSR locus accumulate DNA double strand breaks in B cells27,44, that 

are detectable by “Translocation Capture” technique based assays 44. Thus, these RNA 

exosome substrate expressing enhancers/super-enhancers are not only vital cogs in antibody 

gene diversification control mechanisms but also susceptible sites for genomic instability 

due to programmed DNA recombination induced collateral damage. Interestingly, a long 

non-coding RNA (ncRNA) has been identified as an important partner to establish and 

maintain long-range interactions at the HOXA locus105. So, mechanisms of interaction, such 

as RNA/protein, RNA/RNA or RNA/protein/RNA could be involved in chromosomal 

looping. RNA exosome could be involved in the control of such non-coding transcripts and 

could participate in long-range interactions globally across the genome or specifically at the 

IgH locus during CSR.
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RNA exosome cooperates with AID to promote DNA deamination during 

SHM and CSR

Another prerequisite for CSR is non-coding transcription of S targeted regions, which could 

be induced after chromosomal looping or participate in loop creation and/or maintenance. 

This transcription is induced by specific transcription factors that bind I promoters and 

activate germline transcription106. The resulting germline transcripts spans the I exon 

(upstream of the S region) as well as the S region, linking transcription, AID targeting, and 

CSR106. Epigenetic changes are also induced by the 3′RR, in particular at S acceptor 

regions107 and could participate in folding and/or recruitment of AID and cofactors. It has 

been proposed that intronic switch ncRNA, generated during this non-coding transcription 

and be processed into a G-quadruplex RNA structure, can be bound by AID and targets it to 

S regions in a sequence-specific manner108. The transcription of highly repetitive S regions 

creates DNA:RNA hybrids, called R-loops, and G-quartets, stabilizing ssDNA of the non-

transcribed strand (Figure 2, bottom, upper panel). S regions (1 to 12kb) are prone to form 

R-loops, due to their highly repetitive G-rich composition, sense and anti-sense 

transcription109, and frequent RNA polII pausing (brought about by the G-rich composition). 

Moreover, the suitability of S regions for CSR is determined by their ability to form R-loops 

and the number of AID target sites110. RNA polII pausing is induced by Spt5111 and 

contributes to the creation and maintenance of these structures. Importantly, the paused 

polymerases generate ssDNA, an efficient target for AID. RNA polII abundance also 

correlates with SHM in germinal center cells112. At this time AID can act on the non-

transcribed strand but cannot access the transcribed strand, although access to the 

transcribed strand is necessary to introduce DSB at S regions.

To better understand this paradoxical situation, AID co-immunoprecipitation experiments 

were undertaken which identified RNA exosome as an AID partner during CSR113. In fact, 

as we will see, RNA exosome degrades these hybridized ncRNAs, giving AID access to the 

DNA and permitting DNA deamination of both DNA strands60,113 (Figure 2, bottom, lower 

panel). DNA repair then introduces DSB in these S regions and finally CSR results114. This 

new RNA exosome function allows degradation of the RNA bound to the transcribed strand 

DNA during CSR through RNA exosome’s 3′-5′ exoribonucleolytic activity. During CSR, 

RNA exosome is recruited to S regions by an AID-dependent and transcription-dependent 

mechanism. In vitro deamination assays demonstrate that RNA exosome cooperates with 

AID to deaminate dsDNA cytidines on SHM substrates (RGYW-rich artificial substrates), 

R-loops, and core Sμ substrates. Importantly, strand specific assays show that RNA exosome 

is required to deaminate the template strand and in the absence of RNA exosome (Rrp40 

subunit) CSR is decreased in vitro113. Exosc3 mouse model confirms and extends these data 

in vivo and ex vivo60. These Exosc3 deficient B cells also are defective in CSR ex vivo and 

SHM in vivo, over-express non-coding germline transcripts, and accumulate RNA:DNA 

hybrids at S regions, decreasing AID accessibility to the hybridized DNA strand and 

subsequent CSR60.

Recently, it has been demonstrated that antisense transcription can promote R-loops115. 

Genome-wide analysis further reveals that R-loops are enriched at sites expressing antisense 

Laffleur et al. Page 9

J Mol Biol. Author manuscript; available in PMC 2018 October 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



RNA116 and are sensitive to RNA exosome. Globally, R-loops are more widespread and 

have more functions than previously predicted (for review117). Importantly, the study of 

Exosc3 deficient transcriptomes has revealed new RNA exosome substrates, including 

transcription start site-associated antisense transcripts (xTSS-RNAs) and antisense RNAs 

inside the bodies of genes (asRNAs) that can be longer than 500 bps and are transcribed 

bidirectionally/divergently from cognate coding gene transcripts. Strikingly these xTSS-

RNAs and asRNAs are associated with AID off-target translocation hot-spots (and other 

sites of DNA double strand breaks) across the B cell genome. ChIP experiments demonstrate 

AID recruitment to some of these divergently transcribed regions. In the absence of RNA 

exosome these promoters and gene bodies accumulate R-loops, directly detected by DRIP 

assays or indirectly by H3S10ph ChIP or RPA-seq data (RPA binds to DNA breaks118), and 

deletion of these regions decreases AID off-targeting60. So RNA exosome has an important 

function in removing non-coding transcripts initiating from bidirectionally transcribed 

regions, thereby avoiding R-loop accumulation, and accordingly limiting AID off-targeting, 

and genomic instability in these regions.

AID-independent mechanisms of R-loop/RNA exosome associated DNA 

damage in B cells

DNA/RNA hybrids induced genome structural alterations, like R-loops or G-quartets, 

expose single-strand DNA to enzymes, such as AID in B cells, but also to other deaminases 

such as the APOBEC family119 or various mutagenic agents120, inducing genome 

mutagenesis. R-loops can also create genome instability by mechanisms associated with 

transcription-associated recombination (for review121) and those that are eventually 

mediated by transcription-coupled nucleotide excision repair122. Finally R-loop structures 

can induce RNA pol II stalling and collision with replisome, in head-on or co-directional 

orientation, perturbing fork progression123 and inducing DNA damage and genomic 

instability124. Different factors contribute to remove R-loops, avoid their accumulation and 

these deleterious effects, including topoisomerases, helicases, RNase H family of enzymes 

(for reviews117,125) and the relationship of these pathways with RNA exosome function will 

be an important topic of investigation in the future. It is likely that many mutations, DNA 

double strand breaks and translocations seen in the B cell genome are not associated with 

AID’s DNA mutagenic activity; and conversely, RNA exosome mediated processing of 

ncRNAs in the B cell genome may be equally important for preventing DNA insults by 

various other mechanisms that are not directly associated with AID in B cells44.

Conclusion

RNA exosome functions were first established in the context of yeast and Drosophila 
studies, revealing important roles in RNA metabolism and processing. Investigating RNA 

exosome’s contributions in mammalian B cells during CSR reveals new and unexpected 

functions as an AID mandatory co-factor for optimal physiological DNA recombination. 

Conditional KO of different RNA exosome subunits in ES cells and B lymphocytes 

demonstrates its crucial role in maintenance of genome stability, chromatin modification, 
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and control of enhancer activity. Further investigations should extend the list of RNA 

exosome co-factors and functions in both global and specific biological pathways.
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Figure 1. Genomic organization of the IgH locus and immunoglobulin structure
Top. The mouse IgH locus is represented after VDJ recombination (not to scale). The 

recombined VDJ gene and constant (C) genes are represented as outlined boxes. 

Horizontally-oriented ovals portray switch (S) regions (preceded by promoters and I exons, 

not shown) preceding each constant gene (excepted Cδ). Black ovals portray regulatory 

elements: intronic enhancer μ (Eμ), 3′ regulatory region (3′RR) and the newly identified 

lncRNA-CSR region, located approximately 2.6 mega-bases downstream of the 3′RR. The 

resulting immunoglobulin (Ig) protein is IgM, shown on the right.

Middle. After B cell activation, AID is expressed and induces its mutagenic activity on the 

VDJ gene, allowing production of IgM antibodies with increased affinity for the antigen. 

Then AID is targeted to S regions to initiate double strand breaks, thereby permitting 

recombination between two S regions, here Sμ and Sγ1. This process generates high affinity 

IgG1 antibodies and a diversified B cell repertoire.

Bottom. Cells can re-express AID after re-exposure to antigen and undergo a second class 

switch recombination event, from γ1 to ε here, to produce high affinity IgE antibodies 

(direct class switching from μ to ε is also possible). All these AID-mediated events shape the 

Ig repertoire to improve antigen affinity and to adapt the Ig class for an optimal immune 

response.
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Figure 2. RNA exosome-dependent resolution of R-loops during class switch recombination
Top. B lymphocyte is shown with nucleus and chromosomes folded in specific 

chromosomal territories. Mouse IgH loci are located on chromosome 12 (green). AID 

mutagenic activity is represented as purple stars. Microorganism (for example: an 

adenovirus) invasion is represented with immunoglobulin production to neutralize pathogen 

(figure not to scale).

Middle. Chromatin (green) is folded in several loops, induced by transcription factors and 

architectural proteins, like CTCF, cohesin, mediator or other (hexagons), which bind DNA 

sequences from distant elements, creating topologically associated domains. Transcription is 

induced at switch regions and enhancers by RNA polymerase II (grey) producing non-
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coding RNA (blue lines). RNA exosome (yellow) regulates enhancer activity by degrading 

eRNA and removes RNA from DNA/RNA hybrids at switch donor (Sμ) and acceptor (Sx) 

regions. Regulatory elements Eμ, 3′ regulatory region (3′RR), lncRNA-CSR, Iμ and Ix 

create a hub connecting both switch regions in close conformation and establishing a 

synapsis for CSR. AID (red) targets switch regions leading to double strand breaks, DNA 

repair and CSR. These events occur into “recombination factory” (red oval).

Bottom. Switch regions are transcribed by RNA polymerase II (grey). Stalled RNA polII 

generates RNA/DNA hybrids (R-loops, blue-green hybrid DNA-RNA strand) that prevent 

DNA accessibility to AID on the transcribed strand. AID indeed targets cytosines (C) on the 

accessible single strand DNA (ssDNA) of the non-transcribed strand but cannot access the 

cytosines involved in the R-loops. However, RNA exosome degrades the RNA hybridized to 

the DNA, generating a new ssDNA and allowing AID accessibility to the second DNA 

strand. The cytosines are then deaminated to uraciles (U) on both strands and processed by 

DNA repair mechanisms, leading to double strand breaks in S regions. DNA repair then 

joins the two S regions to create a new recombined IgH locus utilizing a new constant gene.
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Figure 3. RNA exosome structure and functions
The eukaryotic RNA exosome and cofactor complex are represented in the arrow. The RNA 

exosome core consists of a ring (Rrp41, Rrp42, Rrp43, Rrp45, Rrp46 and Mtr3) and a cap 

(Rrp4, Rrp40 and Csl4) structure and two catalytic subunits, Rrp6 and Dis3. General RNA 

exosome functions (black text) and newly identified functions (red text) are shown in the 

circle.
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