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‚a y est, lÕŽcriture des remerciementsÉ Synonyme de la fin, cÕest un mŽlange curieux de sentiments : reconnaissance, 

soulagement, satisfaction mais aussi nostalgieÉ Se remŽmorer ces annŽes et les liens crŽŽs au fil du temps, se souvenir 

aussi de la personne quÕon Žtait avant de commencer et constater la diffŽrence avec la personne quÕon est devenue ˆ la 

fin de la th•se, sacrŽ chemin parcouru ˆ tous les niveaux ! Cette petite partie du manuscrit peut sembler insignifiante et 

pourtant tellement compliquŽe ˆ ŽcrireÉ Sachez que les prochains mots nÕexpriment pas la moitiŽ de la reconnaissance 

que jÕai envers vous.  

Je vais bien sžr commencer par mes directeurs de th•se, Sandrine et ƒric, merci de mÕavoir accordŽ votre confiance pour 

faire cette th•se et de mÕavoir accompagnŽ dans ce parcours pendant quatre ans. Merci de mÕavoir grandement initiŽ ˆ 

la science. ƒric, merci pour tes phrases philosophiques du style Ç Choisir, cÕest renoncer È ou encore Ç Il est urgent 

dÕattendre È. Merci pour nos discussions scientifiques et tes conseils. Promis, je vais essayer de toujours me mettre dans 

mon tube !"#$ . Sandrine, jÕadmire ta capacitŽ ̂  te balader si facilement sur lÕADN, merci pour toutes ces fois o• tu mÕas 

aidŽ ˆ me repŽrer sur ce fameux locus IgH et pour ces gal•res dÕanalyses bio-info, m•me quand tu Žtais ˆ la maternitŽ : 

Ç All™, jÕai un probl•me avec lÕanalyse de 3C, les coordonnŽes ne correspondent pas au primer ! È. Je nÕoublierai pas non 

plus tout ce temps passŽ ˆ chercher des jonctions freqcut, uncut, mapqual et jÕen passe dans les tlx filtrŽs et les tlx non 

filtrŽsÉ bonne continuation ̂  la team B-NATION, en espŽrant que ces futures annŽes soient riches en publications 

!%&'( ! 

Merci aux Drs. Ludovic Deriano & Salvatore Spicuglia dÕavoir acceptŽ de prendre de leur temps afin dÕŽvaluer mon 

travail de th•se ainsi quÕaux Drs. StŽphanie Durand & Philippe Ruminy dÕÕ•tre membres de ce jury. 

Bien Žvidemment un Žnorme merci ˆ lÕensemble de CRIBL, un labo o• je me suis Žpanouie pendant ces annŽes de th•se. 

Je souhaite spŽcialement remercier Christophe, car sans ta recommandation aupr•s de Sandrine pour mon stage de M2 

je nÕaurais certainement jamais atterri au labo !)*+, .  

Passons ˆ ces piliers du labo, sans qui CRIBL aurait une toute autre t•teÉ Tata Carrion, merci dÕavoir ri ̂  toutes (ou 

presque ?!) ces blagues (plus ou moins dr™les cÕest vrai), et plus spŽcialement, merci dÕavoir volŽ ˆ mon secours lorsque le 

trieur Žtait capricieux, et dŽsolŽe pour tous ces accidents de travail, mais tÕas vu je me suis calmŽe !)*+,  Et surtout, puisse 

la  bio molÕ  gagner ton cÏur ! Tatie Steph, merci pour tes ADIIIIIII ou tes multiples Ç BONJOUR ! È (̂ lire avec 

lÕintonation caractŽristique qui va bien) au quotidien. Merci dÕavoir allumŽ la lumi•re apr•s 19h et dÕavoir marchŽ 

jusquÕau fond du couloir, tu es une des seules ˆ lÕavoir fait de si nombreuses fois (et ce, m•me en Žtant ŽclopŽe ! Je tÕavais 

dit que je lÕŽcrirais non ?!-!./0123 ), car de toute fa•on ˆ partir dÕune certaine heure, comme tu sais si bien le dire : il ne reste 

que les meilleurs ! Merci aussi pour cette paire de collants (qui mÕa bien sauvŽ quand le mien a fondu !45678 ) et dÕen avoir 

toujours une de secours pour moi dans ton bureau !./0123  ! Une pensŽe aussi pour ma petite Cendrine, ma formatrice ELISA 

prŽfŽrŽe, merci pour ces discussions et les apŽros qui vont avec. Christelle O, la N¡1 de la cellule commÕ, un merci tout 

particulier pour cette fois o• tu mÕas aidŽ ˆ ramasser mes tubes alors que je venais de renverser mon bac ˆ glace et que 

je craquais complet et merci aussi pour tes talents dÕillustratrice !"#$ !   



Tiffany, merci dÕavoir supportŽ nos chansons, nos (mini ?) coups de gueule et nos conversations pendant un petit moment 

dans ton bureau. Merci aussi ˆ AmŽlie pour sa bonne humeur pendant les pauses repas et puis bon courage ˆ OphŽlie M 

pour la suite du projet DLBCL (tu lÕauras compris, il me tient un peu beaucoup ˆ cÏur). Merci ˆ Justine pour les 

analyses bio-info, que jÕai demandŽ de refaire (sžrement un peu trop) souvent, et ˆ Cathy pour lÕallumage du trieur ces 

(trop ?) nombreuses fois. Une pensŽe pour Laurent et Jean-Claude qui se sont bien souvent arr•tŽs dans notre bureau 

pour discuter science et un petit peu vacances, notamment randonnŽe et PyrŽnŽes. Merci aussi ˆ Patrick, pour mÕavoir 

proposŽ Ç lÕŽcran gŽant È pour la pŽriode de rŽdac, ses conseils avertis sur le choix du post-doc et pour les Ç Salut 

Charlotte È matinaux au quotidien. Eden, tu as ŽtŽ une coll•gue de bureau super sympa et surtout TRES PATIENTE, 

bonne continuation ˆ toi et merci pour ta grande gentillesse et ta touche dÕhumour toujours ˆ point. Merci Jeanne, pour 

tes corrections en anglais Žvidemment mais surtout pour ta douceur et ta gentillesse ainsi que ton bonjour matinal 

chaque jour, qui mÕont bien manquŽ cette derni•re annŽe, profite de ta retraite comme il se doit. Merci Žgalement ˆ 

Sophie, Christelle VF, Danielle, Chantal, Nathalie et Jean. Bon courage ˆ tous les thŽsards, tout spŽcialement ˆ ceux 

de la B-NATION team, Pierre & Alex, ainsi quÕˆ toi Kenza, mon petit poulain de M1 !9:;< , et bonne continuation aux 

docteurs de ma promo (pensŽes spŽciales pour LŽa) et aux suivants !"#$ . 

Merci Žgalement ̂  ces Ç personnes de lÕombre È, Julien et Christophe, pour mÕavoir permis de toujours travailler dans un 

environnement propre et agrŽable. JÕadresse mes remerciements aux personnels de lÕanimalerie, tout particuli•rement 

Magali pour sa gentillesse et sa sollicitude ainsi quÕOphŽlie, Elodie et Agn•s, qui ont grandement prit soin de mes petites 

souris pendant ces quatre annŽes. 

JÕai aussi ˆ cÏur de remercier des coll•gues un peu spŽciaux, devenus des amis chers, que la th•se a mis sur mon chemin, 

chacun dÕentre eux ayant contribuŽ ˆ rendre ce parcours de th•se un peu plus fun et jovial.  

En premier, Seb, merci pour toutes ces discussions, quÕelles fussent scientifiques ou non, elles ont toujours ŽtŽ 

enrichissantes. Merci dÕ•tre passŽ dans le bureau, pour prendre des nouvelles, demander o• jÕen Žtais et surtout pour 

parler Science et planifier des manips souris en pŽriode de rŽdac, •a mÕa permis de retrouver mes ch•res pipettes !./0123 ! Je 

te souhaite dÕavoir toujours des supers thŽsards ̂  tes c™tŽs ̂  qui transmettre tes savoirs et partager ton expŽrience comme 

tu as pu le faire avec moi et tant dÕautres avant !)*+, . JÕesp•re que tu vas continuer le fractionnŽ pour tout dŽchirer aux 

GVT  !"#$ , en espŽrant quÕon sÕy revoit un de ces jours ! 

Audrey, aka DŽdŽe, la fille la plus rayonnante que je connaisse ! Tu as toujours le sourire et cette facilitŽ ˆ voir le positif 

dans chaque situation, m•me la plus pourrie ! Tu es partie du labo il y a maintenant un bon moment mais malgrŽ •a, je 

suis reconnaissante dÕavoir partagŽ ce petit bout de route Ç doctoresque È avec toi et dÕavoir eu ta prŽsence pour les 

moments suivants. Je garde en mŽmoire tes petites impros chansons, parfaites illustrations de ta joie de vivre. Merci 

pour ces midis sushis, ces petits verres en terrasse et merci dÕ•tre la personne que tu es, je ne te souhaite que ce que tu 

mŽrites : le bonheur. Au plaisir de te recevoir avec Virgile dans ma prochaine demeure !=>?@A . 

Ma petite Gemma, mon Krapo prŽfŽrŽ, la plus Bretonne des Espagnoles ou la plus Espagnole des Bretonnes ? En fait 

je ne saurais dire quelle est ta nationalitŽ avec tes traductions un peu bancales, ta prononciation Ç approximative È 

(poupitre !!!BCDEF ) et en plus, telle une vraie Bretonne, tu cites le Mont Saint Michel comme merveille Armoricaine !GHIJK  ! 

Blague ˆ part, merci pour ta grande gŽnŽrositŽ, toutes ces bi•res partagŽes et les gossips du soir ainsi que les quelques 



sŽances de sport (je dois reconna”tre que tu mÕas initiŽ ˆ la salle !./0123 LM Bient™t ton tour viendra aussi et tu pourras te 

vanter dÕ•tre le plus mignon des mini-docteurs de CRIBL (mini par ta taille mais pas par tes connaissances, et Žcris en 

rose pour te combler de bonheur !). Bon courage pour cette derni•re ligne droite et pour la suite, on aura bien lÕoccasion 

dÕen reparler, toujours au dŽtour dÕune bi•re !./0123 . Et surtout, nÕoublie pas tu peux compter sur ma prŽsence, je serais 

toujours au bout de mes messages et puis tu es bien Žvidemment la bienvenue ˆ Kšln, si lÕenvie de boire une dŽlicieuse 

(ou pas, dŽsolŽe dÕavance ce nÕest pas moi qui la brasse !) kšlsch te prends !=>?@A .  Pour finir avec toi sur une note espagnole : 

Ç Un amigo es el que siendo ciego te puede mirar y siendo sordo te puede escucharÈ. 

Passons au must des lab mates : Morgane ou plut™t Morguy, ces annŽes de th•se ensemble, elles sont inoubliables et 

elles resteront ˆ jamais gravŽes dans ma mŽmoire. Ma partenaire Ç de crime È (sans intention de faire un mauvais jeu de 

mot), toutes ces manips, ces repas et les quelques pauses cafŽ, parfois tard tr•s tard, devant le trieur et aussi une pensŽe 

ˆ ces bouteilles sabrŽes (on taira ˆ quel endroit !NOPQR ). Merci pour ton aide sur les manips souris, parce-que, toi-m•me tu 

sais : Ç tu peux sacrifier 10 souris, tu peux pas en sacrifier 30 [É] Ah bah si tu peux !NOPQR ! È On sÕest payŽ de sacrŽes 

rigolades, ces longues manips nÕauraient pas ŽtŽ les m•mes sans toi. Tellement de souvenirs ensemble, et sans aucun 

doute, ce sont les meilleurs de ma th•se (on nÕoubliera pas que les meilleurs stim se lancent ˆ minuit !) ! Merci dÕavoir 

ŽtŽ ce pilier dans de nombreuses situations. Merci dÕavoir ŽtŽ cette fille aussi timbrŽe que moi, jÕai la chance dÕavoir 

partagŽ un grand morceau de ce chemin avec toi. Merci aussi pour ces blagues, je repense notamment ˆ la fois o• tu as 

cachŽ ma souris (dÕordi) et je pensais perdre la t•te ˆ cause de la fatigue !BCDEF "!Et merci dÕavoir toujours ŽtŽ au bout des 

messages pendant cette derni•re annŽeÉ Discuter avec toi a ŽtŽ un appui prŽcieux. JÕesp•re que tu quitteras de temps 

en temps ton sud MontpelliŽrain pour venir voir un peu la grisaille allemande de Cologne (pas pire que celle de Limoges 

je suis sžre) !"#$ . Je te souhaite le meilleur dans ta vie pro et perso, car cÕest tout simplement la seule chose que tu mŽrites. 

Et surtout Á Salsamente ! 

Et puis, un merci tout particulier ˆ quelques personnes extŽrieures au labo/ˆ la science, dont le soutien, lÕamitiŽ et 

lÕamour sont une force inŽbranlable au cours de ces annŽes. 

Je remercie donc Audrey P., ma fid•le amie depuis plus de dix ans maintenant (un petit coup de vieux dit comme •a 

quand m•me !!) ! On ne se voit pas beaucoup mais ˆ chaque soirŽe partagŽe ensemble cÕest comme si on sÕŽtait vu la 

veille. Merci dÕavoir toujours ŽtŽ prŽsente, m•me au bout du tŽlŽphone, et dÕavoir cru en moi, sans jamais douter de mes 

choix et de ma rŽussite. Je te souhaite le meilleur dans ta vie, tu le mŽrites tellement. 

Manon, que pourrais-je te dire ?! Ma cousine Ç coup de cÏur È par alliance ! Tu es tellement rayonnante, merci pour 

tous ces moments de joie, ces fous rires incontr™lables et mention spŽciale ˆ la mission Ninja (seuls toi et Antoine pouvez 

comprendre). Tu fais une merveilleuse maman pour Nino et merci dÕavoir ŽtŽ ˆ mes c™tŽs et de continuer ˆ lÕ•tre.  

Merci ˆ Coco, S•ve et Ma belette, pour les week-ends et moments en famille partagŽs pendant ces annŽes de th•se. Merci 

aussi de mÕavoir accueilli auparavant (en M1, •a remonte maintenant !) chez vous pour me permettre de faire mon stage 

o• je le souhaitais ! Je vous souhaite plein de bonheurs. Maintenant vous aurez une nouvelle destination de vacances, 
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Abstract

Among the multiple events leading to immunoglobulin (Ig) expression in B cells, step-
wise activation of the Ig heavy chain locus (IgH) is of critical importance. Transcription
regulation of the complexIgHlocus has always been an interesting viewpoint to unravel
the multiple and complex events required for IgH expression. First, regulatory germline
transcripts (GLT) assist DNA remodeling events such as VDJ recombination, class switch
recombination (CSR) and somatic hypermutation (SHM). Second, productive spliced
transcripts restrict heavy chain protein expression associated either with the surface
receptor of developing B cells or secreted in large amounts in plasma cells. One main
transcriptional regulator forIgH lies at its 30 extremity and includes both a set of
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enhancers grouped in a large 30regulatory region (30RR) and a cluster of 30CTCF-binding
elements (30CBEs). In this focused review, we will preferentially refer to evidence
reported for the murine endogenousIgHlocus, whether it iswt or carries deletions
or insertions within theIgH30 boundary and associated regulatory region.

1. Structure of the IgH 3 0 boundary and associated
regulatory region

Reflecting its tremendous complexity, theIgH locus spans approxi-
mately three megabases (Mb) on murine chromosome 12. Regions involved
in transcriptional regulation, mainly bidirectional VH promoters, switch
region (S) I promoters, functional enhancers and CTCF-binding elements,
stand between VH to DH clusters (IGCR elements), upstream from theC!
gene (E! enhancer andMARs elements) and downstream fromC" (the
30RR followed by the30CBEs) (Fig. 1A).

Initially identified as a locus control region stretching more than
30kb downstream from the C" gene (Lieberson, Giannini, Birshtein, &
Eckhardt, 1991), the30RR includes four transcriptional enhancers, named
hs3a, hs1Ð2, hs3band hs4(Giannini, Singh, Calvo, Ding, & Birshtein,
1993; Lieberson et al., 1991; Matthias & Baltimore, 1993; Michaelson,
Giannini, & Birshtein, 1995). The centralhs1Ð2 element is flanked by
inverted repeated intervening sequences (IRIS) that form a 25kb-long
quasi-palindrome (Chauveau & Cogn!e, 1996). Although highly divergent
in different species,IRIS sequences always stand as inverted copies on both
sides ofhs1.2,preserving a30RR quasi-palindromic symmetry (Sepulveda,
Garrett, Pricewhelan, & Birshtein, 2005). Downstream from this palin-
drome, thehs4element is the last structure within theIgH locus carrying
enhancer activity (Michaelson et al., 1995). Genomic regions that separate
murine 30enhancer elements also contain 11 Òlike switch#Ó stretches (LS1
to LS11) that share sequence identity and DNA motifs withS" regions
(Peron et al., 2012) (Fig. 1A). LS regions can, in germinal center B cells,
be targeted by activation-induced cytidine deaminase (AID) leading to
mutations (although to a lesser extent than inSregions) or to recombination
(discussed further) (Peron et al., 2012).

Downstream from the30RR, the locus border is marked by fourhssites
(hs5Ð8) that correlate with! 10 CTCF-binding elements (CBEs) (Garrett
et al., 2005); to note, one cryptic CBE was identified upstream from the
30RR enhancers in the intronic region between constant and membrane
exons of the C" gene (Thomas-Claudepierre et al., 2013) (Fig. 1A).
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Fig. 1 Immunoglobulin heavy chain loci and mouse models carrying deletions/insertions within the30RR. (A)IgHlocus. (B) Mouse models.
Light gray rectangles represent VH, DH and JH segment genes, white rectangles represent constant genes, dark gray circles represent switch
regions and black ovals represent main regulatory elements ofIgHloci. Orange circles represent CTCF Binding Elements (CBE). Gray arrows
represent the inverted repeated intervening sequences (IRIS). Blue stars represent Like-Switch (LS) regions. Red crosses represent deletions in
mouse models and white cassettes withÒNeoRÓrepresent resistant neomycin genes. Not to scale.



The 30CBE region was initially described as a border/insulator of theIgH
regulatory domain (Garrett et al., 2005; Zhou et al., 2002). In light of
genome-wide chromosome conformation capture (Hi-C) patterns, the
30CBE region has been definitively identified as the extremity of the topo-
logically associating domain (TAD) that includes the complexIgH locus
(Vian et al., 2018). The critical importance of this TAD boundary was illus-
trated by the deletion of the30CBEsin the mouse that led to increased
expression of genes located downstream from theIgH locus (Volpi et al.,
2012); this assertion was confirmed in a recent study describing intense tran-
scriptional activation of the 30 kb-dowsntream region upon the larger dele-
tion of all ! 10 30CBEs(Zhang, Yoon, Chapdelaine-Williams, Kyritsis, &
Alt, 2021).

The first disruption studies of the30RR region in the mouse suggested its
involvement in late B cell remodeling events such as CSR (Cogn!e et al.,
1994; Manis et al., 1998), although growing evidence for stepwise activation
of the 30RR (Garrett et al., 2005; Michaelson et al., 1995) encouraged
scientists to decipher the function of this fascinating 30IgH region. For this
purpose, multiple mouse knock-out (KO) or knock-in (KI) models that
disrupted various parts or modules within the 30IgH region have been
established over the last decades (Fig. 1B) and have greatly contributed to
the description of its mechanism.

2. Is the 30RR involved in early B cell development?

While transcriptional activity of the30RR in developing B cells was
initially questionable, multiple evidence supported the fact that the30RR
could be poised for transcriptional activity in bone marrow B-lineage
cells. A mouse KI model inserting an ectopic transcription unit between
hs4and the30CBEs (2I# Fig. 1B), highlighted consistent expression of
the reporter gene at the pre-B stage (Braikia et al., 2017). The presence
of enhancer RNA transcripts (e-RNAs) initiated within the30RR also
attested to the accessibility and activity of this region. Indeed, discrete levels
of e-RNAs aths3b, hs1Ð2 andhs4elements have been identified in pre-B
cells (Braikia et al., 2015; Peron et al., 2012). Recently, global run-on seq-
uencing (GRO-seq) inRag-deficient pro-B cell lines (Zhang et al., 2019)
indicated that such e-RNAs are mostly antisense transcripts.

In the wt context, the pioneering discovery of physical interactions
between the 30IgH region and other parts of the locus (Wuerffel et al.,
2007) has been of critical interest and opened the field of investigation in
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developing B cells. InRag-deficient pro-B cells, detailed 3C and 4C-seq
experiments described flexible interactions involving the30CBEsand the
whole IgH locus (Degner et al., 2011; Medvedovic et al., 2013). Multiple
evidence for long distance interactions between the30RR/CBEs and
the upstream part of the locus suggested a significant function of this regu-
latory region duringVDJ recombination, especially regarding recent data
connecting this process to chromatin loop extrusion (Zhang, Zhang, Ba,
Liang, et al., 2019). So far, only a discrete defect inVH gene contraction
associated with increased proximalVH segment usage was observed upon
homozygous deletion of the30CBEs($hs5Ð7 Fig. 1B) (Volpi et al., 2012).
This suggests that other elements can serve as a boundary in the absence of
hs5Ð7. Factually, homozygous deletion of the30RR in the mouse did not
change flexible interactions inRag-deficient pro-B cells (Medvedovic
et al., 2013) nor drastically impairVDJH joining and the choice ofVH seg-
ment usage in pre-B cells (Rouaud et al., 2012). Beyond homozygous dele-
tion models, mice carryingIgHalleles of distinct haplotypes have been useful
to study the impact of regulatory elements. In such animals carrying hetero-
zygous deletions, IgM-allotype expression in developing B-lineage cells
reflects competition between the ÒaÓ mutant (from the 129 strain) and the
ÒbÓwt (from the C57BL/6 strain)IgH alleles. Thereby, with this strategy,
the fact that newly formed/immature bone marrow B cells from F1 animals
occurred in similar proportions when the functional H chain was driven by
theIgHbwtallele competing with anIgHaallele devoid of the30RR strongly
argued for minor involvement inVDJ reshuffling (Garot et al., 2016).
However, the statement that the30RR was not involved inVDJH rear-
rangements has been elegantly challenged in a study detailing regulatory
transcripts inRag-deficient precursors (Braikia et al., 2015): while both
the D to JH event and the ordered recombination sequence remained
normal, authors highlighted a repressive effect of the30RR on the V to
DJH event. The origin of this intriguing silencing effect of the30RR is cur-
rently unknown, but this effect ceased onceV to DJH recombination was
completed (Braikia et al., 2015).

3. Involvement of the 3 0RR in Ig ! heavy chain
production and B cell receptor expression

Once a functionally recombined! heavy chain is expressed in large
pre-B cells, the question of the involved enhancer(s) points to the 30IgH
region. Singularly, a decrease in BCR surface expression on resting B cells
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was a phenotypic feature of all KO mouse models that deleted thehs4
enhancer (Pinaud et al., 2001; Vincent-Fabert et al., 2010, 2009); this recur-
rent ÒBCRlowÓ phenotype was assigned to a defect in! heavy chain tran-
scription. This suggested that, in resting splenic B cells,hs4was a privileged
partner of theVH promoter belonging to the rearrangedVDJH transcription
unit. Since it is involved in long distance interactions in developing B cells
(Degner et al., 2011; Medvedovic et al., 2013), it was also questionable
whether the30CBEs could be involved in optimizing functional! H chain
expression. The answer is clearly not; this statement again came from mouse
models carryingIgHaandIgHbhaplotypes in whichwtandhs5Ð7 KO alleles
produced identical BCR surface expression ($hs567Fig. 1B (Volpi et al.,
2012)). Evidence thaths4by itself was required for optimal BCR expres-
sion in developing B cells was also provided by heterozygousa/b mice that
measured competition betweenwtand various KO alleles within the30RR:
$hs3b-4,$PAL and$30RR. (Garot et al., 2016). In this study, IgMa surface
expression was constantly decreased when the allele was devoid ofhs4
($hs3b-4and $30RR) in B-lineage cell subsets that carry a functional
IgM-BCR at their surface: newly-formed/immature and recirculating bone
marrow B cells as well as splenic transitional, marginal zone, follicular and
B1 B cells. As expected, such a decrease in IgM-BCR levels at the surface
of developing B cells impaired peripheral B cell fate and limited their num-
bers (Garot et al., 2016; Ghazzaui et al., 2018; Saintamand et al., 2015). This
decreased BCR expression, a common feature of naõ¬ve B cells lackinghs4
(Garot et al., 2016; Vincent-Fabert et al., 2009), could predict impaired
signaling in peripheral B cell populations. Factually, the impact was not dras-
tic but a mild reduction in phosphorylated tyrosine targets was observed in
resting and BCR-challenged splenocytes devoid of the30RR (Saintamand,
Rouaud, Garot, et al., 2015).

Peripheral B2 B cell subsets missing the30RR displayed a normalVDJH

repertoire (Ghazzaui et al., 2018); this was not the case for the peritoneal B1
cell population that, when lacking the30RR, limited its H chain repertoire to
the use ofVH1 andVH11 segment subtypes (Ghazzaui et al., 2018). In line
with locus wide loops and interactions that highlighted physical proximity of
IgH elements (Vian et al., 2018; Wuerffel et al., 2007; Zhang, Zhang, Ba,
Liang, et al., 2019), one undeniable conclusion was that the distalhs4
enhancer combined with the30CBEsare sufficient to drive optimal expres-
sion of the functional! H chain. Therefore, this distal part of theIgH locus
(hs4to 30CBE) could be classified as a functional unit dedicated to regulation
of IgM-BCR expression in immature and naive B cells.
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4. Individual 3 0IgH enhancers control CSR by providing
accessibility of acceptor switch regions

It is manifest that some specific30RR activity was induced upon B
cell activation (Oudinet, Braikia, Dauba, & Khamlichi, 2020), given that
the region accumulated RNA pol II (Yamane et al., 2011) and engaged
in sense and antisense transcription (Garot et al., 2016; Peron et al., 2012;
Saintamand et al., 2017; Zhang et al., 2019).

More specifically, obvious strong CSR defects were initially observed as
a common feature of the first mouse models that introduced a selection
marker within the30RR and specifically upstream from thehs4element
(hs3aN, hs1Ð2N andhs3b4Non Fig. 1B (Cogn!e et al., 1994; Manis et al.,
1998; Pinaud et al., 2001)). Such a drastic effect, induced by the activation
of a neomycin-selection cassette, can now be interpreted as a global disrup-
tion of the 30RR unit since further studies describing individual ÒcleanÓ
deletions of single enhancer elements within this region did not significantly
affect CSR (eitherhs3a, hs1Ð2 (Manis et al., 1998), hs3b(B!ebin et al., 2010)
or hs4(Vincent-Fabert et al., 2010)). The suppression of at least two ele-
ments such ashs3bandhs4confirmed a functional role for 30IgH enhancers
on CSR by inducing a global decrease in GLT synthesis atI promoters of
mostS acceptor regions (except forS"1) (Pinaud et al., 2001). The larger
$PAL deletion (! 20kb fromhs3a to hs3b) also resulted in CSR and associ-
ated GLT defects (includingS"1) but maintained consistent class switching
to IgG2b and IgA, suggesting a specific function for the distalhs4element
in maintaining residual CSR (Garot et al., 2016). Suppression of the entire
(! 30kb) 30RR almost completely abrogated CSR events, including
switching to IgG1, due to a drastic defect in GLT of all constant genes
(Vincent-Fabert et al., 2010). The impact of the30RR on globalS region
chromatin patterns was also examined in the same model with the conclu-
sion that this region was critical in providing efficient accessibility to tran-
scription and AID-targeting of acceptorS regions but barely affected the
donorS! region (Saintamand et al., 2015). In agreement with the impaired
targeting of allSacceptor regions, absence of the30RRcuriously highlighted
the occurrence of class switching to IgD as a discrete but physiological
phenomenon (Issaoui et al., 2018; Rouaud et al., 2013). Whereas the
increase in CSR defects upon gradual enhancer deletions confirmed func-
tional redundancies of its components, it also aroused curiosity concerning a
possible function for intervening regions that separate core-enhancers.
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Several mouse models were created to answer this question by partially
or completely removing the 30palindromic architecture (Fig. 1): the large
$PAL deletion (20kb fromhs3ato hs3b) globally deleted the proximal
30RR module (Garot et al., 2016), the $leftPAL (11.5kb fromhs3ato
hs1Ð2) suppressed the left half part of the palindrome, the$IRIS model
suppressed the same half part but reintroduced corehs3aandhs1Ð2 while
avoiding inverted structures (Saintamand et al., 2016) and lastly thec30RR
model minimized the region to its four core enhancers (Le Noir, Boyer,
et al., 2017, Le Noir, Laffleur, et al., 2017). Comparison of these models
helped clarify the function of core enhancers in CSR. The consistent
CSR defects observed, at least for IgG3 and IgG1 subclasses, following
$PAL and $leftPAL deletions confirmed involvement of the proximal
hs3aand hs1Ð2 enhancers in CSR to main isotypes (Garot et al., 2016;
Saintamand et al., 2016). Interestingly, reintroduction of proximalhs3a
andhs1Ð2 in the$IRISmodel rescued CSR to IgG3 and IgG2b when com-
pared to$leftPAL, suggesting that core enhancers by themselves could
improve CSR efficiency independently of the left palindromic part. This
statement was nicely confirmed by thec30RR model that almost restored
CSR efficiency to normal for all isotypes upon reintroduction of the four
core enhancers without anyIRIS region. (Le Noir, Boyer, et al., 2017,
Le Noir, Laffleur, et al., 2017). In the light of models harboring large dele-
tions ($PAL, $IRIS, $leftPAL),one striking observation is that CSR to IgA
was never compromised whenhs4was conserved, suggesting that the distal
part of the30RR is sufficient for this particular event (Garot et al., 2016;
Saintamand et al., 2016). Furthermore, in the particular B1a compartment,
CSR to IgA even occurs independently of the30RR (Issaoui et al., 2018). By
analyzing the multiple KO models cited above, the question of the specific-
ity of activation of the different acceptor-S regions by distinct30RR
enhancers is still difficult to unravel. Indeed, some compensatory mecha-
nisms, a potential consequence of redundancy between elements and/or
the structure of their surrounding chromatin, might obscure any potential
clearcut effect.

Nonetheless, recent advances reported that chromatin loop extrusion
could account for dynamic and region-specific optimal locus configurations
for CSR (Zhang, Zhang, Ba, Kyritsis, et al., 2019). This model proposes
the30RR as anIgH locus entry point for cohesin complexes. Once loaded,
the complex promotes loop extrusion moving towards the constant reg-
ions until it becomes impeded by theE! -S! region in resting B cells.
The resultingE! -30RR interaction, previously described by 3C (Wuerffel
et al., 2007), isolates theIgH constant regions in a! 200kb loop. The
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30RR of CSR-activated cells could load additional extrusion complexes to
form internal loops towards a given and impeding acceptor-Sregion, leading
to a CSR complex that juxtaposes AID targets and 30enhancers (Zhang,
Zhang, Ba, Kyritsis, et al., 2019). Using the30RR as an entry point for
cohesin complexes, dynamic and successive loop extrusions turn out to
be a convincing mechanism for GLT regulation during CSR. This hypoth-
esis was strongly supported by a study published by the Alt group (during the
review process of this manuscript) describing a consistend CSR defect to
most isotypes (excepted for IgG1) in a mouse model devoid of all! 10 con-
secutive3ÕIgH CBEs(Fig. 1) (Zhang et al., 2021), arguing that cohesin com-
plexes entry point located within the 30 boundary. Although, some
additional findings need to be reconciled with this model. A first example
is the modest but striking increased CSR (to IgG1 mostly) obtained upon
deletion of thehs5Ð7 CBEs(Volpi et al., 2012) that could account for a
potential negative effect of the30IgHboundary. A second interesting exam-
ple, highlighted by the Khamlichi group, is the potential blocking function
of the CBE located immediately upstream from the30RR (Thomas-
Claudepierre et al., 2013). Since the mouse model lacking this50hs1RI
displayed constitutive activation ofS"3 GLT (Braikia et al., 2017) one could
suppose that thisCBE might prevent extrusion/looping ofC genes in
resting B cells. A third example, described by the same group, is the variable
co-induction of GLT from twoI promoters of the same allele: frequentS"3-
S"2bGLT and rareS"1-S%or S#-S"2bGLT occurring upon respectively
LPS, IL4 and TGF-$ induction (Santos, Braikia, Oudinet, Dauba, &
Khamlichi, 2019). Such events, described as a30RR-mediated coactivation
of I promoters, imply that multiple internal loops juxtapose simultaneously
one 30RR and severalS-acceptor regions. Another striking observation is
that a functional30RR, located on an unexpressedIgH allele, could rescue
significant CSR events on a30RR-defective allele (Dougier et al., 2006; Le
Noir, Boyer, et al., 2017; Le Noir, Laffleur, et al., 2017). This30RR potency
for trans-allelic complementation, formerly called transvection in drosophila
(Lewis, 1954), implies physical crosstalk orchestrated by the 30 region; this
hypothesis was supported by the consistent decrease inIgH allele pairing
upon 30RR deletion in activated B cells (Le Noir, Boyer, et al., 2017, Le
Noir, Laffleur, et al., 2017).

Beyond transcription-induced accessibility for CSR,IgH cis-regulatory
elements could potentially influence the outcome of DNA double strand
breaks. Analysis of CSR junctions, facilitated by a dedicated bioinforma-
tic pipeline (Boyer et al., 2017), is a convenient method to examine the
involvement of protein partners involved in joining. CSR junctions

103Stepwise involvement of the IgH 3ÕRR



occurring in the! 30RR model displayed a similar pattern when compared
to wt mice (Saintamand, Rouaud, Saad, et al., 2015), suggesting that the
few CSR-induced DNA breaks occurring in the absence of the30RR
could be resolved by the predominant non-homologous end joining path-
way (Stavnezer, Bj"orkman, Du, Cagigi, & Pan-Hammarstr"om, 2010; Yan
et al., 2007). The non-conventionalS! -S&junctions, overrepresented in this
same! 30RR model, were also identical to these rare physiological events
since they displayed frequent microhomologies (Rouaud et al., 2013).
This also suggests that the alternative-end joining (AEJ) pathway, invol-
ved to some extent in CSR, could also be efficiently recruited in the absence
of the 30RR (Stavnezer et al., 2010; Yan et al., 2007). To note, AEJ has
also been shown to be the preferential joining mechanism for the rare
LSR events involving LS regions within the30RR (Boutouil, Boyer,
Cook-Moreau, Cogn!e, & P!eron, 2019).

Moreover, theIgH 30RR is itself targeted by AID during locus suicide
recombination (LSR). This event, in analogy with CSR, consists of the
recombination between theS! donor and one of the 11 0.5- to 1-kb-long
LSacceptor-regions spread throughout the30RR (Peron et al., 2012). In the
mouse, LSR leads to complete deletion of all constant segment genes and
results in the loss of BCR expression when the targeted allele is functional.
By depriving the B cell of its own surface receptor, such a drastic event abro-
gates survival signals and provokes cell death.

Studying such an event that leads to the disappearance of a targeted cell
population is obviously a difficult task. Recently developed sensitive tech-
niques, such as ligation amplification mediated high throughput genome-
wide translocation sequencing (LAM-HTGTS), detected consistent LSR
genetic hallmarks in activated B cells eitherin vitro, in datasets published
by colleagues (Dong et al., 2015) or in our own datasets from chroni-
cally activated PeyerÕs patch B cells(Sandrine Le Noir, unpublished
observations).

5. Involvement of the quasi-palindromic structure
in somatic hypermutation

Within the IgH locus, somatic hypermutation (SHM) preferentially
targets the coding-VDJ transcription unit and its immediate downstream
non-coding intronic region. To a lesser extent, significant levels of base
substitutions are observed in otherIgH non-coding regions, such as donor
and acceptorSregions and the30RR LSregions for which the SHM-related
process is still debatable. Since transcription is required for deamination
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of these physiological targets by AID (Chaudhuri et al., 2003; Fukita,
Jacobs, & Rajewsky, 1998; Peters & Storb, 1996), IgH regulatory regions
play a crucial function in the process. Beyond cytidine to uracil conversion
by AID, SHM mechanisms include specific processing of the resulting dU:
dG mismatch by actors of the DNA base excision-(BER) and mismatch
repair (MMR) pathways (for reviewMaul & Gearhart, 2010). BER- and
MMR-associated factors promote unfaithful repair and efficiently increase
mutations inIgloci targeted regions; this singular process raises the question
of thecis-acting elements involved in recruiting dedicated actors. In immu-
nized mice devoid of the3ÕCBE, SHM was tested in spleen GC B cells and
only decreased slightly (Volpi et al., 2012). In other murine models, SHM
was evaluated in intronic regions flanking rearrangedVDJsegments of spon-
taneous GC B cells sorted from PeyerÕs patches. Single deletions ofhs3bor
hs4core enhancers (B!ebin et al., 2010; Vincent-Fabert et al., 2009) did not
impact the SHM rate inVDJrearranged segments. Once more, by showing
that individual enhancers are dispensable for SHM, such models highlighted
some functional redundancies between elements of the30RR. Dual suppres-
sion of bothhs3andhs4led to intermediate phenotypes. SHM was normal
when evaluated in the mutated allele of heterozygous mice (Morvan, 2003),
but reduced by twofold when SHM was assessed in homozygous animals
by NGS using an efficient pipeline (Bruzeau and Le Noir, unpublished
observations), that quantifies global SHM for all IgH alleles (Martin et al.,
2018). This then potentially accounts for an increased proportion of
unmutated alleles. By contrast, deletion of the entire region proved that
the30RR is mandatory for SHM since mutations withinIgH V and flanking
regions were almost abrogated in this model (Rouaud et al., 2013). Indeed, a
straightforward interpretation could assign the mutation defect to a two-to-
three-fold drop in primary transcription initiated at theVH promoter. In
addition, a singular observation in these mice was that almost allIgH alleles
in GC B cells remained unmutated, highlighting the incapacity of30RR
deficient alleles to recruit an AID-associated SHM complex. However,
when considering the few mutated alleles (about 6%), their mutation fre-
quency was reduced by threefold (Rouaud et al., 2013). Strikingly, a similar
threefold decrease in SHM frequency coupled to a two- to threefold
decrease inIgHprimary transcription was also observed in the model lacking
the quasi-palindromic region$PAL (Garot et al., 2016). When compared
side by side, these two models suggest that the proximal quasi-palindromic
region (containinghs3a, hs1Ð2, hs3benhancers and their flanking regions) is
required for optimal primary transcription and AID targeting in order to
reach an optimal SHM level. Whilehs4does not enhance SHM in the

105Stepwise involvement of the IgH 3ÕRR



$PAL model, the presence of this enhancer increased the proportion of
mutated alleles (up to 27%) among GC B cell populations (Garot et al.,
2016). It was then tempting to speculate thaths4participates in the recruit-
ment of SHM machinery on its own allele. More recently, studies in mouse
models that conserved the distal3ÕRRmodule (! IRIS, ! leftPAL and
c3ÕRR) provided some clear-cut evidence for the critical role of this partic-
ular quasi-palindromic construction for SHM. First,! LeftPALand! IRIS
models indicated that disruption of the 50part of the quasi-palindrome was
sufficient to induce a consistent SHM defect, confirming the requirement of
the 30RR structure for the process (Saintamand et al., 2016). Second, once
the palindromic structure was disrupted, reintroduction ofhs3aandhs1Ð2
elements in the! IRISmodel was not sufficient to restore SHM and primary
transcription to normal levels (Saintamand et al., 2016). In agreement with
such statements, a dramatic decrease in SHM was observed in the comple-
mentaryc30RR model, devoid of the intervening packaging DNA and pre-
serving the four enhancers intact (Le Noir, Boyer, et al., 2017; Le Noir,
Laffleur, et al., 2017). Displaying a SHM defect similar to that observed
in ! 30RR, this novel model attests that while30RR core enhancers weakly
contribute to optimal SHM, the singular DNA structure of this region plays
a major role in this process. Although core enhancers are mandatory for full
activity of the30RR super-enhancer, the surrounding sequences do not
constitute useless random DNA regions, but obviously upgrade the30RR
activity for SHM.

Since the nature of base substitutions downstream from AID deam-
ination is nonrandom but dictated by error prone repair pathways,
base-substitution patterns in Ig gene regions not selected by antigen could
constitute interesting hallmarks but remain difficult to decode. So far,
almost all30RR mutant models described inFig. 1B displayed normal base
substitution patterns, suggesting that BER and MMR pathways could be
efficiently recruited downstream from cytidine deamination by AID, even
when, depending on the model, SHM frequency was decreased.

6. Plasma cell Ig heavy chain production depends on the
full palindromic IgH 3 0RR

Being largely involved in CSR and SHM, theIgH 30RR is also abso-
lutely required for efficient Ig heavy chain production during the ultimate
developmental stage of B cell development. Straightforward and simple
readouts were provided by IgM levels in the serum of mouse models.
Here again, while individual or dual enhancer deletions did not impact
IgM secretion (B!ebin et al., 2010; Manis et al., 1998; Pinaud et al., 2001;
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Vincent-Fabert et al., 2010), larger deletions within the30RR led to severe
decreases. Basic IgM serum production was lowered by 10-fold in! 30RR
and ! PAL mice; such models also displayed an impaired antigen-driven
IgM response (Garot et al., 2016; Vincent-Fabert et al., 2010) emphasizing
a critical function of the proximal quasi-palindromic module of the30RR.
The Ig secretion defect in plasma cells was demonstrated in heterozygousa/b
mice in which intracellularIgMa production was strongly decreased when
driven by a! PAL allele (Garot et al., 2016). Disorganization of the
30RR structure, carried out in! LeftPALand ! IRIS mice, also led to a
decrease in serum IgM production but a lesser extent (Saintamand et al.,
2016), indicating that the full palindromic configuration is required for opti-
mal antibody secretion. This statement was later confirmed in thec30RR
model lacking the30RR DNA packaging. Mice displayed a strong defect
in IgM secretion (Le Noir, Boyer, et al., 2017, Le Noir, Laffleur, et al.,
2017), comparable to that observed in! 30RR or ! PAL models (Garot
et al., 2016; Le Noir, Boyer, et al., 2017; Le Noir, Laffleur, et al., 2017).
This severe Ig secretion defect in thec30RR model also indicated that core
30enhancers are not sufficient to support optimal Ig production (Le Noir,
Boyer, et al., 2017, Le Noir, Laffleur, et al., 2017). The consistent reduction
in Ig! secreted transcripts in! PAL, c30RR and ! 30RR homozygous
mutants indicated obvious transcription failure in secreting B cells of these
models (Garot et al., 2016; Le Noir, Boyer, et al., 2017; Le Noir, Laffleur,
et al., 2017). Taken together, these elements pinpoint the essential function
of the30RR in plasma cells: both enhancers and the full palindromic struc-
ture are required for optimal Ig transcription, potentially by optimizing
the enhancing function of the core30RR elements. It should be noted that
high levels of30RR eRNA transcripts aroundhs1-andhs4are detectable in
plasma cells (Peron et al., 2012), although this does not compulsorily predis-
pose to strong enhancer activity (Li, Notani, & Rosenfeld, 2016). In line
with observations made by the Birshtein group in plasmocytoma cell lines
( Ju et al., 2007), an attractive mechanistic picture could be that the singular
palindromic structure favors long distance linking between the30RR and
the VDJH transcription unit.

7. Concluding remarks: Panorama of IgH 30RR stepwise
activation

The rich collection of mouse models mutated within theIgH 30RRhas
been accumulated over years and has helped to establish quite a large pan-
orama of specific activities of its multiple components during B cell devel-
opment (Fig. 2). The concept of functional modules within this complex
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