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Polycomb group proteins (PcG) are epigenetic modifiers that modulate chromatin 

accessibility through covalent histone modifications. PcGs are assembled in two main 

macromolecular complexes, Polycomb Repressive Complex 1 and 2 (PRC1 and PRC2, 

respectively). Several studies have highlighted the importance of PRC1 and PRC2 in B-cell 

lymphopoiesis. To study the contribution of PRC1 to peripheral B cell maturation, B cell 

homeostasis and terminal B cell differentiation, I analyzed mutant mice allowing conditional 

Cre-dependent inactivation of PRC1 catalytic function starting from late transitional B cells, 

through combined extinction of the RING1A and RING1B proteins. 

In response to induced PRC1 inactivation, peripheral B cells displayed profound alterations 

in the surface phenotype and a major disturbance of their transcriptional profile. In 

secondary lymphoid organs (SLOs), numbers of B cells were reduced in PRC1 mutant mice. 

In particular, we observed a significant impairment in the absolute numbers of PRC1 

defective B cells expressing normal levels of marginal zone (MZ) B cell surface markers. 

PRC1 mutant peripheral B cells expressed lower levels of the Sphingosine-1-phosphate 

receptor-1 (S1pr1), which is crucial for the migration of B cells to the MZ, and displayed 

defective in vitro migration towards the S1pr1 ligand. Downregulation of S1pr1 in PRC1 

mutant B cells could depend on the increased expression of the Polycomb target microRNA 

mir-125b. 

PRC1 mutant B cells showed a reduced response to the B cell survival factor BAFF, 

reduced fitness when placed in competition with PRC1 proficient B cells in mixed bone 

marrow reconstitution experiments and heightened sensitivity to pro-apoptotic signals, 

consequent of the higher levels in these cells of the BIM protein and of the sub-optimal 

activation of the AKT kinase in response to either BAFF-R or BCR engagement.  Upon in 

vitro stimulation with lipopolysaccharide, PRC1 mutant B cells showed premature cell-cycle 

arrest and onset of the terminal differentiation program to plasma cells. This phenotype was 

associated, in vivo, with the observed de-repression of Prdm1 gene in a large fraction of 

follicular B cells. Moreover, we identified a defect of PRC1 mutant B cells in the correct 

splicing of the Ptprc gene encoding for the CD45R phosphatase. The expression of shorter 

isoforms of the CD45R at the expense of the full-length one correlated in these cells with 
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an impaired activation of the CD45R substrate, LYN kinase, a positive regulator of BCR 

signalling.  

Transcriptomic analyses revealed that the majority of genes upregulated in PRC1 mutant B 

cells overlapped with those targeted by PRC2 in resting B cells, pointing to a strict 

interdependence between PRC1 and PRC2 for correct silencing of shared targets in mature 

B cells. Our studies also unveiled a subset of PRC1-controlled genes that lacked 

H3K27me3 deposition at the promoter region. PRC1 inactivation caused the down-

regulation of a distinct subset of genes controlling DNA replication and cell cycle, possibly 

as a result of the interference with cell-cycle regulated E2F and FOXM1 transcription 

factors. Instead, our study failed to reveal major changes in chromatin accessibility at 

promoter-distal regulatory regions following PRC1 inactivation. 

In summary, this work provides evidence for a crucial role played by PRC1 in peripheral B 

cell subset differentiation, B cell homeostasis and timing of terminal B cell differentiation. 
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 Chromatin and epigenetics 

2.1.1 The chromatin architecture 

In eukaryotic cells, the DNA is organized in a complex structure with proteins and RNAs 

called chromatin. The primary function of chromatin is to condense the genetic material in 

the nucleus; however, it is actively involved also in DNA replication, cell division and 

transcriptional regulation. The primary structure of chromatin, the nucleosome, is 

constituted by 147 bp of DNA wrapped around a histone octamer, consisting of two copies 

of H2A, H2B, H3 and H4 proteins. Also through the linker histone H1, nucleosomes are 

further condensed into higher-order structures, which are only partially understood. 

Condensed chromatin is highly organized in the nucleus into discrete domains, usually 

characterized by similar transcriptional features. Chromatin condensation is a dynamic 

event, which is tightly regulated by a multitude of factors, including epigenetic modifications 

(Fyodorov et al. 2018; Kouzarides 2007). 

 

2.1.2 Epigenetics and chromatin 

The term ‘epigenetic’ indicates all the processes which influence gene expression, not 

involving changes in the DNA sequence. Epigenetic processes are categorized in events 

that alter the chromatin conformation, hence influencing the gene transcription, and in 

mechanisms which act at the post-transcriptional level, ultimately favouring or inhibiting 

mRNA translation. The former category includes histone post-translational modification, 

substitution of classical histones with histone variants, nucleosome remodelling and DNA 

methylation; the latter is mainly represented by post-transcriptional regulation by non-

coding RNAs, among which microRNAs (miRNAs) are the most investigated. 

 

2.1.2.1 The histone code 

Histones are globular proteins with a N-terminal tail that protrudes from the nucleosome, 

which can be subjected to substantial post-transcriptional modifications (PTMs), such as 

acetylation, phosphorylation, methylation and ubiquitination, and others less investigated. 
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Histone PTMs influence the transcriptional activity by two mechanisms: on the one hand, 

the introduction of charged groups favour/inhibit the interaction between histone tail and 

histone core, thus influencing the status of nucleosome compaction (this mechanism is 

mainly known for acetylation); on the other hand, histone PTMs are specifically recognized 

and bound by transcriptional activators or repressors that are indeed targeted to specific 

loci to regulate gene expression. PTMs are added to histones by a class of enzymatic 

proteins called “writers” and, vice versa, removed by “erasers” (Biswas and Rao 2018). The 

reversibility of histone PTMs constitutes a potent and plastic mechanism to control gene 

expression in response to environmental changes (e.g. induction of differentiation). 

Importantly, a single histone modification per se in not able to induce any biological change, 

whereas is the general chromatin environment, given by the combination of different histone 

PTMs, the so called “histone code”, which impacts on transcriptional regulation. There are 

two main chromatin environments in the genome, namely active euchromatin and 

repressed heterochromatin. Euchromatin is characterized by an accessible conformation 

and is generally marked by high levels of histone acetylation and specific histone PTMs, as 

tri-methylation of lysine-4 of histone H3 (H3K4me3) at gene promoters and tri-methylation 

of lysine-36 and di/tri methylation of lysin-79 of histone H3 in gene bodies (H3K36me3 and 

H3K79me2/3, respectively). On the contrary, heterochromatin is in a condensed status, less 

accessible to transcription factors (TFs), and marked by di/tri-methylation of lysine-9 and -

27 of histone H3 (H3K9me2/3 and H3K27me2/3, respectively). An exception of this dualistic 

classification is represented by the bivalent domains, which retain both activating and 

repressive PTMs (usually H3K4me3 and H3K27me3 at gene promoters) and are 

characterized by a ‘poised’, low-level of transcription. Bivalent domains are particularly 

present in stem cells or cells undergoing developmental processes, within which they lose 

either H3K27me3 or H3K4me3, reaching a stable status of transcriptional activation or 

repression, respectively (Kouzarides 2007). 
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2.1.2.2 Other chromatin-associated epigenetic marks 

Besides being modified by PTMs, canonical histones could be substituted by histone 

variants, which confer structural and functional features to the chromatin environment. 

Moreover, the position of nucleosomes along the DNA could be changed by complexes 

which move, remove and/or reshape their distribution. All these processes, named 

nucleosome remodelling, directly influence gene expression. Lastly, DNA methylation 

consists in the addition of a methyl-group to the nucleotides of DNA. In mammals, the main 

target of this epigenetic process is cytosine that is transformed into 5-methyl-cytosine. At 

promoters, especially in CpG repeats called CpG island, DNA methylation is associated 

with transcriptional repression and gene silencing. Chromatin epigenetic modifications 

influence each other, by the recruitment of different factors. For instance, it is largely known 

that the deposition of histone PTMs associated to heterochromatin favours the recruitment 

of DNA-methylases that further silence gene expression. 

All these processes contribute, together with histone PTMs, to create a chromatin 

landscape which in turn influences a large number of nuclear processes, including gene 

transcription, DNA-replication and repair, chromosome compaction and localization (Kim, 

Samaranayake, and Pradhan 2009). 

 

2.1.2.3 Micro-RNAs 

miRNAs are short non-coding RNAs of about 22 nucleotides that have emerged as 

important post-transcriptional regulators. miRNAs are usually transcribed in clusters by 

RNA polymerase (pol) III and then processed by Drosha and Dicer, in the nucleus and 

cytoplasm respectively, to obtain double-strand oligonucleotides. Next, a miRNA duplex is 

loaded onto an AGO protein to form an effector complex, named RNA-induced silencing 

complex (RISC). Within RISC, miRNA duplex is unwound, the passenger strand is removed 

(usually the 5’ strand), whereas the mature or guide miRNA is retained (usually the 3’ end). 

According to the canonical model of action of miRNAs, RISC complex is targeted to the 3’ 

UTR of one or more transcripts by the partial pairing of guide miRNA and transcript 

sequence. Upon complex binding, target transcript is either cut and degraded or its 
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translation is inhibited. Both mechanisms prevent protein synthesis, resulting in the down-

regulation of the miRNA target gene (Figure 1). 

Given their plasticity, miRNAs are involved basically in all biological processes, including 

cell differentiation and development (Ketting 2010; Lodish et al. 2008). 

 

 

 

Figure 1. MicroRNA biogenesis and function. 

miRNA genes encode long primary mRNA transcripts that in turn produce mature 

miRNAs through a ser ies of maturation steps: 1) Primary miRNA transcripts are 

processed into precursor miRNA (pre-miRNA) by Drosha; 2) The pre-miRNA is then 

actively transported to the cytoplasm by Exportin-5; 3) pre-miRNA is processed into a 

~21-nucleotide duplex. 4) The final step of miRNA maturation is the selective loading 

of the functional strand of the small RNA duplex onto the RISC complex. Mature 
miRNAs then guide the RNA-induced silencing complex to cognate target genes and 

repress target gene expression by either destabil izing target mRNAs or repressing 

their translation. Polycomb group proteins. Adapted from Lodish et al. 2008. 
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 Polycomb Repressive Complexes 

Polycomb group (PcG) proteins were initially identified in Drosophila melanogaster where, 

together with proteins of the Tritorax group (TrxG), they sustained proper development of 

embryos. In particular, PcG and TrxG proteins were respectively repressors and activators 

of the Homeotic genes (Hox), which dictate proper body segmentation (Lewis 1978; Di 

Croce and Helin 2013). Later, PcGs were characterized in all vertebrates, with orthologs 

increasing in number and in sequence divergency in correlation with the evolution of 

complex traits (Whitcomb et al. 2007). 

Different PcG interact and assemble to form macromolecular complexes that belong to two 

main families: Polycomb Repressive Complexes 1 and 2 (PRC1 and PRC2, respectively). 

PRC1 and PRC2 are both writers of histone modifications, but they have different catalytic 

activities: PRC1 carries E3-ligase activity, through which they transfer a ubiquitin group to 

the main target lysine-119 of histone H2A (H2AK119ub1) whereas PRC2 are methyl-

transferases which target lysin-27 of histone H3 (H3K27me2/3). Both epigenetic marks are 

linked to chromatin compaction and transcriptional repression. 

PRC1 and PRC2 complexes are characterized by a core component that remains constant 

in all the different variants (Figure 2). 

 

Figure 2. Composition and function of the main Polycomb complexes. 

Polycomb group proteins assemble in two main macromolecular complexes in 

mammal, PRC1 and PRC2. Core components of the two complexes are shown. 

Variability of the complexes is depicted by the availabil ity of multiple CBX, HPH, PCGF 
and catalytic subunits. Adapted from Di Croce and Helin 2013.  
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The core component of PRC1 is constituted by two subunits: the catalytic subunit RING1 

(either RING1A or RING1B/RNF2) and a subunit belonging to PCGF family (PCGF1-6), 

which fosters the catalytic activity. On the contrary, PRC2 core component is formed by the 

catalytic subunit Enhancer of Zeste Homolog 2 (EZH2) or its homolog EZH1, by the Zinc-

finger protein Suppressor Of Zeste 12 Protein Homolog (SUZ12) and by Embryonic 

Ectoderm Development (EED), which binds to tri-methylated residues by the WD40 repeat 

domain. The two cores assemble with other proteins of the PcG family that regulate the 

enzymatic activity or influence the recruitment/localization of the complexes on chromatin. 

However, while PRC2 variants are few, PRC1 complex has a very diverse composition 

(Aranda, Mas, and Di Croce 2015). 

 

2.2.1 PRC1 complexity 

The core component of PRC1 complex associates with different subunits, whose 

expression can be cell-context and developmental-stage dependent. PRC1 complexes are 

usually divided into two subfamilies of canonical and non-canonical PRC1 (cPRC1 and 

ncPRC1, respectively) (Figure 3).  

 

Figure 3. Composition of PRC1 complexes. 

The core complex of PRC1 can associate with distinct PCGF proteins, which al lows 

for an alternative nomenclature. Therefore, PCGF2 and PCGF4 are present in the 

cPRC1 complexes (PRC1.2 and PRC1.4, respectively), PCGF2 and PCGF4 are also 

associated with ncPRC1-containing RYBP or YAF proteins, PCGF3 and PCGF5 are 

present in the ncPRC1 complexes (PRC1.3 and PRC1.5), PCGF1 is present in the 
ncPRC1 complex PRC1.1 (also known as BCOR), and PCGF6 is present in the ncPRC1 

complex PRC1.6. Adapted from Mas, Mas, and Croce 2015. 
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Canonical and non-canonical complexes vary in PCGF subunit composition, with PCGF-4 

and -6 belonging to cPRC1 and PCGF-1, -2, -3, and -5 composing ncPRC1 complexes. 

Usually, PRC1 complexes are classified in six different groups according to the associated 

PCGF subunit (e.g. PRC1.6 contains PCGF6) (Gao et al. 2012). 

In cPRC1, the catalytic core is always associated to a Chromobox (CBX) protein and to a 

polyhomeotic homolog protein (HPH). The main feature of cPRC1 is that the chromobox 

domain ensures the recruitment of the complex to H3K27me3-marked chromatin regions, 

through recognition of the histone mark.  

For long time, PRC1 was believed to be recruited to chromatin in a PRC2-dependent 

manner. However, this model, named hierarchical model, has been challenged by the 

identification of ncPRC1 complexes, which implies the existence of PRC2-independent 

chromatin recruitment mechanisms of PRC1. Indeed, ncPRC1 lack a CBX subunit, which 

is instead replaced by the constant presence of the Ring1B and Yy1-binding protein RYBP, 

or its homolog YAF2 (Gao et al. 2012). These subunits are particularly able to foster the 

E3-ligase activity toward H2A and modify histones on chromatin independently on the 

presence of H3K27me3 (Tavares et al. 2012). The targeting of ncPRC1 to chromatin is still 

under investigation, but evidences suggest that it is mediated by other PcG proteins. For 

instance, the histone-demethylase KDM2B included in the ncPRC1 complex PRC1.1, also 

named BCOR, harbours a DNA-binding domain directing the complex to unmethylated CpG 

islands (Farcas et al. 2012). Additionally, PRC1.6 includes MAX (MYC-associated factor X) 

and MGA (MAX gene-associated protein), two DNA-binding proteins that can bind E-box 

sequences recognized by MYC (Hurlin et al. 1999). 

Recently, an extensive biochemical study by Gao et al. unveiled that canonical and non-

canonical PRC1 complexes have only a partially-overlapping chromatin localization. In 

particular, they showed that different PCGF proteins occupy diverse genomic loci, thus 

controlling subsets of genes associated with specific gene ontologies (Gao et al. 2012). 

Moreover, in this and other studies, alternative localization was shown for both CBX proteins 

and RYBP in embryonic stem cells (ESCs). Among CBXs, CBX7 location highly correlates 

with H3K27me3 co-occupancy and strong silencing of early lineage commitment genes, 
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whereas CBX2, 4 and 8 inhibit the expression of stem cell self-renewal genes (Morey et al. 

2013; Gao et al. 2012). RYBP partially overlaps with CBX7 for repression of developmental 

genes, whereas in the rest of the genome the two proteins are mutually exclusive. In these 

regions, RYBP is mainly associated with modest expression of genes involved in the 

regulation of metabolism and cell-cycle progression (Morey et al. 2013). Together, these 

observations indicate a complex scenario whereby PRC1 complexes differentially 

contribute to the transcriptional regulation of different subsets of genes through different 

molecular mechanisms and interactions. 

 

2.2.2 Targeting Polycomb Complexes to chromatin 

Initial studies in Drosophila have shown that the recruitment of PcG proteins to chromatin 

is dictated by the recognition of Polycomb Responsive Elements (PRE), which contain 

consensus sites for several TFs (Schwartz et al. 2006; Tolhuis et al. 2006; Negre et al. 

2006). However, the Drosphila TFs involved in this process are not conserved in mammals, 

except for YY1 and GAF, which, however, do not show major role in PcG protein recruitment 

in mammals (Mendenhall et al. 2010; Ku et al. 2008; Vella et al. 2012). Moreover, among 

the several target genes bound by Polycomb complexes, only two functional PREs have 

been identified in mammals (Sing et al. 2009; Woo et al. 2010). Considering that the 

genome-wide distribution of PRC1 does not fully correspond to the one of PRC2/H3K27me3 

(Gao et al. 2012; Tavares et al. 2012; Morey et al. 2013; O'Loghlen et al. 2012) and that, in 

some loci, it remains unaffected upon the removal of H3K27me3 (Tavares et al. 2012), it is 

very likely that multiple molecular mechanisms contribute to PcG targeting to chromatin. 

Three main molecular mechanisms of Polycomb recruitment have been elucidated so far: 

1) interaction with sequence-specific binding factors or DNA sequences; 2) recognition of 

histone modifications; 3) interaction with long non-coding RNAs (lncRNAs). 

The first mechanism of recruitment is supported by the observation that both PRC1 and 

PRC2 were found to directly interact, in particular circumstances, with DNA-binding factors, 

such as REST and RUNX1 for PRC1 (Dietrich et al. 2012; Ren and Kerppola 2011; Yu et 

al. 2012) and SNAIL, REST, PLZF for PRC2 (Herranz et al. 2008; Dietrich et al. 2012; 
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Arnold et al. 2013). Moreover, the presence of the TFs MAX and MGA in ncPRC1.6 and 

the moderate enrichment of this complex in E-boxes suggests that the chromatin 

recruitment of ncPRC1.6 can be mediated by these transcription factors (Qin et al. 2012). 

Besides this, several evidences have shown that PRC2 is able to bind to CpG islands, 

especially when they are unmethylated and in an open conformation, inducing gene 

silencing (Ku et al. 2008; Mendenhall et al. 2010; Riising et al. 2014). Accordingly, EZH2 

and SUZ12 displayed high overlapping genome occupancy with Ten-eleven translocation 

methyl-cytosine deoxygenase-1 (TET1), an enzyme that removes DNA-methylation by 

converting 5’-methyl-cytosine into hydroxymethyl-cytosine (Wu et al. 2011; Neri et al. 2013). 

Deletion of TET1 increases DNA-methylation and is corresponded by a reduction in EZH2 

binding to the genome (Wu et al. 2011). The link between CpG island and Polycomb 

recruitment is further substantiated by the observation that the abrogation of DNA-

methylation by inactivation of Dnmt1/3 in ESCs is associated with a redistribution of 

H3K27me3 and H2AK119ub1 histone marks in the genome (Reddington et al. 2013; 

Cooper et al. 2014). At the molecular level, the recruitment of PRC2 to unmethylated CpG 

islands could rely on the described ability of some PRC2-subunits to directly bind to 

unmethylated CpGs (Wu, Coskun, et al. 2010), or on the PRC1-mediated recruitment. 

Indeed, the ncPRC1 subunit KDM2B recognises unmethylated CpG islands: here, the 

recruitment of PRC1 and the subsequent deposition of H2AK119ub1 is able to recruit PRC2 

complex (Wu, Johansen, and Helin 2013; Farcas et al. 2012; Blackledge et al. 2014). 

Several studies highlighted that PcG proteins are recruited to chromatin through the 

recognition of histone modifications. The main histone modifications that drive PcG 

recruitment are the Polycomb-dependent ones, namely H3K27me3 and H2AK119ub1. As 

already mentioned, the CBX subunit of cPRC1 is crucial for its recruitment to PRC2-

occupied chromatin regions though the recognition of H3K27me3 (Kaustov et al. 2011). 

Furthermore, recent evidences have shown that PRC2 is able to recognize and bind to 

H2AK119ub1, supporting the hypothesis of a PRC1-dependent PRC2 recruitment to some 

chromatin loci (Kalb et al. 2014; Blackledge et al. 2014; Cooper et al. 2014). Details of the 

interplay between PRC1 and PRC2 are described in section 2.2.4. 
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Other, non PcG-dependent histone modifications have been described to influence 

Polycomb occupancy on the chromatin. Indeed, the H3K9 methyltransferase G9a can 

directly interact with and recruit an enzymatically active PRC2 to target genes, where they 

cooperate to establish gene silencing (Margueron et al. 2009; Mozzetta et al. 2014). On the 

other hand, the presence of acetylation on lysine-27 of histone H3 creates a chromatin 

environment non-permissive for PRC2 binding, in line with the fact that this modification is 

mutually exclusive with H3K27me3 (Morey et al. 2008; Reynolds et al. 2012). Incorporation 

of histone variants in specific regions of the chromatin has also been described to influence 

PRC1 and PRC2 occupancy (Creyghton et al. 2008; Illingworth et al. 2012; Banaszynski et 

al. 2013). 

PcG proteins, especially of PRC2 complex, have been reported to interact with several 

coding and non-coding RNAs in different cell types. Recently, Davidovich and co-workers 

showed that PRC2 interacts with different RNAs, with affinities ranging from mid to low 

nanomolar in vitro (Davidovich et al. 2015). However, the relevance of the uncovered 

affinities still needs to be established in vivo.  

In mammals, the first evidence of functional interaction between PRC2 and the lncRNA Xist 

has been described in the context of X-chromosome dosage compensation in females. Xist 

gene is located on the X chromosome; once expressed, Xist lncRNA coats the X 

chromosome and triggers the recruitment of chromatin remodelling machinery, including 

PRC2, to impose repressive DNA and histone methylation (Plath et al. 2003; Zhao et al. 

2008).  

Other two lncRNAs, HOTAIR and ANRIL, are crucial for PcG proteins recruitment to specific 

chromatin loci. HOTAIR is a conserved lncRNA transcribed from the Hoxc locus in human 

and mice and it is crucial for the maintenance of transcriptional silencing throughout the 

genome, including the Hox loci (Gupta et al. 2010; Tsai et al. 2010; Rinn et al. 2007; Chu 

et al. 2011; Li et al. 2013). This action is mediated by the HOTAIR-dependent recruitment 

of both PRC2 and the histone demethylase LSD1 to Hox and other GA-rich loci, resulting 

in H3K27me3 deposition and loss of H3K4me3, with subsequent transcriptional repression 

(Chu et al. 2011; Li et al. 2013). 
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The antisense lncRNA ANRIL is expressed form the Ink4 gene and directly interacts with 

both CBX7 and SUZ12, thus recruiting PRC1 and PRC2, respectively. This leads to the 

deposition of H2AK119ub1 and H3K27me3 and transcriptional silencing of the Ink4 locus 

(Yap et al. 2010; Aguilo, Zhou, and Walsh 2011). Notably, this process is frequently 

enhanced in tumours because the repression of this locus, encoding for a cell-cycle 

inhibitor, sustains proliferation and tumor progression. 

 

2.2.3 Transcriptional regulation by Polycomb Repressive Complexes 

2.2.3.1 Polycomb-mediated gene silencing 

Histone modifications written by Polycomb are thought to inhibit gene transcription mainly 

by three mechanisms: 1) by holding the poised RNA pol II; 2) by blocking RNA pol II 

elongation; 3) by favouring chromatin compaction (Di Croce and Helin 2013) (Figure 4). 

 

Figure 4. Mechanisms of Polycomb-mediated transcriptional repression. 

PcG complexes mediate transcriptional repression by three main mechanisms: 1) by 
holding the poised RNA pol II at TSS, 2) by blocking the RNA pol II in a poised state, 

inhibiting the acquisition of a conformation allowing transcriptional elongation and 3) 

by favouring chromatin compaction. Adapted from Mas, Mas, and Croce 2015.  

H3K27me3 is localized in transcriptional start sites (TSS), in gene bodies and distal 

enhancers. Evidences obtained in Drosophila indicate that its presence at proximal 

promoters inhibits the recruitment of RNA pol II (Chopra et al. 2011), whereas others sustain 

a preferential function in restraining the poised polymerase to promoters (Chen et al. 2012; 

Seenundun et al. 2010). Also, H2AK119ub1 is mainly found at TSS where it interferes with 

transcriptional activation by different mechanisms. In particular, in mouse ESCs Stock et al. 
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displayed that PRC1-dependent histone mark induces the retention of RNA pol II in a 

conformation with reduced activity (Zhou et al. 2008); subsequently, H2AK119ub1 was 

shown to inhibit the recruitment of FACT complex, which initiates transcriptional elongation, 

to the promoters of chemokines in macrophages (Stock et al. 2007); alternatively, in 

hepatocytes H2AK119ub1 prevents transcriptional initiation, by impeding di/tri-methylation 

of H3K4 (Brookes et al. 2012).  

Besides RNA pol II regulation, another mechanism of gene repression is the Polycomb-

induced chromatin compaction, which is mainly mediated by the presence of PRC1 and 

independent from its E3-ligase activity. Indeed, in vitro assays showed that reconstituted 

PRC1 complex induces chromatin compaction (Shao et al. 1999; Francis, Kingston, and 

Woodcock 2004; Grau et al. 2011; Trojer et al. 2011). In line with this finding, chromatin 

regions occupied by PcG proteins displayed reduced sensitivity to DNA enzymatic digestion 

compared to non-PcG domains (Bell et al. 2010; Calabrese et al. 2012; Kelly et al. 2012; 

Beck et al. 2014; Deaton et al. 2016) and decreased transcription factor and polymerase 

binding (Zink and Paro 1995; McCall and Bender 1996; Fitzgerald and Bender 2001). A 

recent work pointed out that these features are PRC1- and not PRC2-dependent and that 

they are specific for promoter regions, while distal elements bound by PcGs show no 

difference in accessibility (King et al. 2018). Together, these studies propose a model 

whereby the presence of PcG, and especially of PRC1, at gene promoters favours the 

compaction of nucleosomes, creating a chromatin environment in a “close” conformation, 

with poor accessibility for the transcriptional machinery. Interestingly, a recent work in 

Drosophila highlighted that H2AK119ub1 histone modification is dispensable for the 

transcriptional repression of PRC1: animals carrying either catalytically inactive Sce (the 

Ring1B ortholog in fly) or a mutant form of histone H2A lacking the target residue of PRC1 

activity were viable and developed without aberration of the anterior-posterior axis 

segmentation (the typical Polycomb phenotype). However, PRC1 catalytic activity was 

crucial for viability and required for tri-methylation of H3K27 in the early embryogenesis 

(Pengelly et al. 2015). The conclusions drawn for Drosophila, yet, apparently are not valid 

for mammalian organisms, at least in ESC. Indeed, Endoh and colleagues described that 
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RING1-dependent H2A ubiquitylation is required for efficient repression of PcG-target 

genes and ESC proliferation (Endoh et al. 2012).  

 

2.2.3.2 Polycomb contribution to active gene transcription 

In recent years, emerging evidences proposed a role for PRC1 in favouring transcriptional 

activation. In mouse ESCs, indeed, the switch in expression from CBX7 to CBX8 ensures 

the initial activation of developmental genes. This event correlates with the localization of 

PRC1 also in H3K36me3 active gene bodies, but the molecular mechanisms behind this 

phenomenon are still under investigation (Creppe et al. 2014). Another study in resting B 

lymphocytes proposed that PRC1 co-localizes with Aurora B at active promoters: here, 

Aurora B inhibits the ubiquitylation of histone H2A written by PRC1 and recruits the 

deubiquitinase USP16. The knock-out of either Aurora B or RING1B causes reduced 

transcription and diminished binding of RNA pol II to promoters, suggesting that in this 

scenario PRC1 does not restrain, rather favours the recruitment of the polymerase (Creppe 

et al. 2014). Another evidence of active promoter occupancy by PRC1 came from the study 

of Schaaf and co-workers. In Drosophila, the authors demonstrated that PRC1 interacts 

with cohesins, which are typically located at active promoters to sustain transcriptional 

activation. Depletion of PRC1 reduced the elongating-associated phosphorylation of RNA 

pol II with subsequent reduction of transcribed mRNA (Schaaf et al. 2013). Recently, the 

PRC1-dependent recruitment of the elongation factor Spt5 to active genes was also added 

to this model (Pherson et al. 2017). Moreover, in the central nervous system, the non-

canonical complex PRC1.5 was shown to have a dual activity in sustaining transcriptional 

activation: on the one hand, the CK2 subunit phosphorylates RING1B at serine-168, 

inhibiting its catalytic activity; on the other hand, the AUTS2 subunit recruits p300, a histone 

acetylase which creates an “open” chromatin environment. Additionally, RING1B was 

revealed to be a co-activator of gene expression by favouring the interaction of enhancer 

and promoter of the gene Meis2 (Kondo et al. 2014). Altogether, these evidences highlight 

important implications of PRC1 not only in transcriptional repression but also in 

transcriptional activation, although the molecular mechanisms are not fully understood. 
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2.2.4 The interplay between PRC1 and PRC2 function 

For long time, the hierarchical model of PRC2-dependent PRC1 recruitment to chromatin 

was believed to be the exclusive way to describe the interplay between the two Polycomb 

complexes. This model emerged from observation of chromatin co-occupancy of PcG at 

target sites and from the discovery of CBX subunits in PRC1 (Cao et al. 2002; Wang et al. 

2004). Although this mechanism is clearly important for PRC1 localization on the chromatin, 

evidences from the last ten years have challenged this dogma. Indeed, a genome-wide 

analysis of PcG-histone mark distribution in Drosophila showed that the presence of 

H3K27me3 is not sufficient to recruit PRC1 (Schwartz et al. 2006); moreover, different 

observations in mammalian cells highlighted PRC1 recruitment on chromatin and the 

subsequent ubiquitylation of H2A regardless PRC2 (Schoeftner et al. 2006; Pasini et al. 

2007; Tavares et al. 2012). This new model was further substantiated by the discovery of 

ncPRC1 complexes and their alternative mechanisms to be recruited to chromatin (Tavares 

et al. 2012; Farcas et al. 2012). Strikingly, in vitro assays indicated that H2A-ubiquitilatyon 

is able to recruit PRC2 and to promote tri-methylation of H3K27 on nucleosomes (Kalb et 

al. 2014). This evidence fostered different groups to investigate a possible inversion in the 

hierarchy of Polycomb-recruitment, leading to the discoveries that, in ESC, de novo binding 

of PRC1 and subsequent ubiquitilatyion of H2AK119 recalls PRC2, which contributes to the 

establishment of new PcG domains (Blackledge et al. 2014), and that the artificial 

recruitment of PRC1 to pericentromeric regions is followed by PRC2 binding and 

H3K27me3 deposition (Cooper et al. 2014). To further substantiate this model, the removal 

of PRC1 subunits was shown to cause H3K27me3 loss, both in Drosophila and mouse ESC 

(Pengelly et al. 2015; Blackledge et al. 2014). In summary, the mechanism of recruitment 

between PRC1 and PRC2 is reciprocal: in some regions of the genome PRC2 is the driving 

force to recall PRC1, whereas in other domains PRC1 is actively and primarly recruited to 

target sites, then followed by PRC2. Indeed, PRC2 subunits were found to interact with 

proteins of PRC1 complex (Kalb et al. 2014; Bhatnagar et al. 2014; Cao et al. 2014). 
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2.2.5 Biological processes controlled by Polycomb group proteins 

2.2.5.1 Cell cycle  

Cell cycle is the articulated series of events allowing DNA replication and cell division, 

ultimately producing two daughter cells from one. The cell cycle is divided in four main 

phases: in G1 the cell is in resting condition, in S phase the genomic material is duplicated 

by DNA-polymerases and subsequently equally divided at two poles of the cell during G2, 

while in M phase all cellular components (including DNA) are partitioned in two cells by 

meiosis. The progression through different phases of the cell cycle is ensured by the tightly-

controlled expression of Cyclin proteins, which trigger cyclin-dependent kinase (CDKs) that 

ultimately activate effectors of cell-cycle progression. For instance, the progression from G1 

to S phase is mediated by the Cyclin D/CDK6 complex which, upon mitogenic stimulation, 

activates through phosphorylation the retinoblastoma tumor suppressor protein 1 (RB1) that 

subsequently dissociates from the E2F transcription factors, thus promoteing the 

expression of a substantial number of genes, including several necessary for DNA 

replication (Nevins 2001). CDKs are restrained by a group of proteins, known as CDK 

inhibitors (CKIs), which play an important role in cell-cycle checkpoints. Cell-cycle 

checkpoints consist of strictly controlled mechanisms that temporarily block cell-cycle 

progression in case of anomalies, such as in case of damaged DNA, to avoid its propagation 

to daughter cells. The three main checkpoints are the G1/S checkpoint, the G2/M checkpoint 

and the mitotic checkpoint (Elledge 1996). 

CKIs are divided in two main families according to their structure: the INK4 family comprises 

p15INK4b, p16INK4a, p18 INK4c and p19INK4d whereas the Cip/Kip family includes p21Cip, p27Kip1 

and p57Kip2. INK4 CKIs bind and inhibit only CDK4 and CDK6, playing a major role in G1/S 

checkpoint, while Cip/Kip CKIs are broadly acting inhibitors of multiple CDKs thereby 

controlling all the three main checkpoints (Sherr and Roberts 1999). Given their role of 

inhibition of cell-cycle progression, usually CKIs are considered tumor suppressors. 

Different evidences indicated that PcG control the expression of many CKI genes, belonging 

to both families (Sauvageau and Sauvageau 2010) (Figure 5). 
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Subunits of both PRC1 and PRC2 were shown to bind to promoters of p16INK4a and p19INK4d 

and repress their expression in diverse cell types (Gil and Peters 2006; Maertens et al. 

2009). The PRC2 subunit EZH2 represses p15INK4b and p57Kip2 transcription (Kheradmand 

Kia et al. 2009; Yang et al. 2009), while the PRC1 subunit BMI/PCGF4 inhibits the 

expression of p21Cip in mouse neuronal stem cells and Drosophila (Fasano et al. 2007; 

Gong et al. 2006). In line with the latter finding, recently Bravo and co-workers showed that 

depletion of both RING1A and RING1B induces p21-dependent cell-cycle arrest in mouse 

embryonic fibroblasts (Bravo et al. 2015). 

 

Figure 5. Regulation of cell cycle by PcG proteins. 

Cell cycle and cell-cycle regulators. Cyclin-dependent inhibitors and other cel l-cycle 

regulators are indicated in different colors according to the differential PRC1-

dependent transcr iptional regulation. Re-adapted from Sauvageau and Sauvageau 

2010. 

Besides a transcriptional control on CKI genes, Polycomb complexes contribute to cell 

replication also by transcriptional-independent mechanisms. By the E3-ligase activity, 

PRC1 complex ubiquitinates Geminin, an inhibitor of the DNA-replication factor CDT1; 

ubiquitination of Geminin targets the protein to proteasomal-degradation, thereby releasing 

CTD1 for the initiation of S phase (Ohtsubo et al. 2008). Moreover, PRC1 and PRC2 localize 

at the replicating-fork during S phase, contributing to fork progression (Piunti et al. 2014; 

Bravo et al. 2015). Although all molecular mechanisms behind this contribution have not 
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been unveiled yet, recently it was proposed, at least for PRC1, that RING1B is essential to 

promote pericentromeric chromatin replication, both dependently and independently from 

the H2AK119ub1 histone mark (Bravo et al. 2015). 

Considering all the contributions of PRC1 and PRC2 to cell cycle and DNA-replication, the 

majority of PcG genes prevent the onset of senescence (Gil and Peters 2006; Jacobs et al. 

1999; Kamminga et al. 2006). 

 

2.2.5.2 Survival and apoptosis 

Apoptosis is a process of programmed cell death typical of multicellular organisms, that 

results in the removal of damaged or stressed cells. The B-cell lymphoma-2 (Bcl-2) family 

of genes encodes for pivotal regulators of this cellular process. Members of the Bcl-2 family 

are divided in three main categories according to their structure and function in the apoptotic 

pathway: the anti-apoptotic “guardian” proteins (BCL-2, BCL-XL, BCL-W, MCL-1, A1 and 

BCL-B), the pro-apoptotic “sensors” (BIM, BAD, PUMA, BID, NOXA, BMF) and the pro-

apoptotic “effectors” (BAX and BAK) (Figure 6). 

 

Figure 6. Bcl-2 family of apoptotic factors. 

The anti-apoptot ic factors can bind to pro-apoptotic sensors as well as to pro-apoptotic 

effectors, preventing their activation. The pro-apoptot ic sensors are activated by 

different stress-activated pathways, including p53. Once activated, they favour the 



 41 

activation of effectors both by directly interacting with them and by titrating away the 

anti-apoptotic factors. Pro-apoptotic effectors oligomerize, forming pores in the 

mitochondria, resulting in caspase activation and cell death. Adapted from Merino et 

al. 2016.  

In normal conditions, pro-apoptotic sensors and effectors are inhibited by the direct 

interaction with anti-apoptotic factors; however, an excess of sensors, which is induced by 

stress stimuli through p53, fosters the activation of the apoptotic pathway by activating the 

apoptotic effectors This event is mediated both by the direct interaction of sensors and 

effectors and by the fact that sensors titrate out the inhibitors, leaving the effectors free to 

oligomerize and activate the programmed cell death (Merino et al. 2016). 

The role of PcG proteins in apoptosis in not fully understood, but emerging evidences 

support a role for Polycomb complexes also in this biological process. The gene encoding 

for the mitochondrial apoptotic factor Noxa is a direct target of the PRC1 subunit BMI1 

(Yamashita et al. 2008), while Bim is targeted by PRC2 complex (Wu, Zheng, et al. 2010). 

Interestingly, Bim was found up-regulated upon deletion of Ring1B in T lymphocytes, where 

it was responsible for their apoptosis-susceptible phenotype; the authors suggest a direct 

regulation of the gene by PRC1 since they found low but significant binding of Ring1B at its 

promoter by chromatin immunoprecipitation analysis (Suzuki et al. 2010). The anti-apoptotic 

function of PcG proteins is also mediated by the expression of miRNA, as shown in a recent 

work by Zhang and colleagues. Specifically, EZH2 suppresses the expression of miR-31 

which, in turn, negatively regulates the stability of E2F transcription factor 6 (E2F6) 

transcript: as a result, the expression on the anti-apoptotic protein E2F6 is increased, hence 

conferring apoptosis resistance to cancer cells (Zhang et al. 2014). 

Besides regulation of pro- and anti-apoptotic gene expression, both PRC1 and PRC2 

repress the locus encoding for p19INK4d tumor suppressor, which induces p53-dependent 

apoptosis (Pomerantz et al. 1998; Zhang, Xiong, and Yarbrough 1998; Kamijo et al. 1998). 

Coherently with this observation, the inactivation of Bmi1 in ESCs is sufficient to block cell 

proliferation and to induce p53-dependent cell death (Park et al. 2003). Moreover, RING1A 

and RING1B were independently shown to interact directly with MDM2 and p53, favouring 

the MDM2-dependent and the RING-dependent ubiquitylation of p53, followed by its 
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degradation. Conversely, loss of either Ring1 proteins resulted in p53 stabilization and 

induction of apoptosis (Su et al. 2013; Wen et al. 2014; Shen et al. 2018). 

Lastly, PRC1 represses the expression of p21, which is a master regulator of apoptosis. 

The main function of p21 is anti-apoptotic through transcriptional inhibition of E2F and 

Cyclin-D and -E genes, by encoding for factors that promote cell-cycle progression and 

apoptotic cell-death, or through direct inhibition of c-JUN that induces c-Myc expression 

(Soria and Gottifredi 2010; Wu, Zheng, and Yu 2009; Jung, Qian, and Chen 2010). 

However, it has also been shown that the interaction between p21 and NF-kB and STAT 

restricts some anti-apoptotic proteins, such as BCL-2 and BCL-XL, thus favouring the 

apoptotic process. 

 

2.2.5.3 DNA damage response 

The DNA damage response (DDR) is a complex response triggered by cells upon sensing 

DNA damage, accounting for cell-cycle arrest and check-point activation, transduction of 

the damage signal and eventually assembly of the repair machinery. Resolution of the 

damage allows cell-cycle resumption, whereas failure to repair DNA damage leads to 

senescence or apoptosis. Upon single- or double-strand breaks (SSB and DSB, 

respectively), the site of damage is marked by different post-translational modifications, 

among which the first and most important one is the phosphorylation of serine-139 of 

histone H2A.X (gH2A.X) (Ciccia and Elledge 2010). Growing evidences implicates a role for 

PcG proteins as regulators of the DDR. The ubiquitylation of H2A was found to accumulate 

at sites of damage, together with RING1B, BMI1 and other subunits of the PRC1 complex 

that contributed also to the ubiquitylation of histone H2A.X (Chou et al. 2010; Gieni et al. 

2011; Ginjala et al. 2011; Pan et al. 2011). It is still controversial whether the presence of 

PRC1-dependent histone mark is able to coordinate the DDR, for instance by fostering the 

recruitment of 53BP1. However, cells devoid of Bmi-1 displayed increased sensitivity to 

ionizing radiation, emphasizing the pivotal role of this PRC1 subunit in the DDR (Facchino 

et al. 2010; Ismail et al. 2010). Moreover, evidences sustain the involvement of 

RING1B/H2AK119ub1 in some DNA repair pathways, such as in nucleotide excision repair 
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(NER) and non-homologous end-joining (NHEJ) (Chitale and Richly 2017; Bartocci et al. 

2014). The first observation about PRC2 involvement in DDR was reported by Zeidler and 

co-workers, who highlighted a decreased expression of the homologous-recombination 

protein RAD51 upon EZH2 over-expression with a subsequent increase of aneuploidy and 

cell death (Zeidler et al. 2005). Moreover, recruitment of PRC2 subunits was reported at 

DSBs, where they possibly participate in the NHEJ repair pathway (Hong et al. 2008; 

Rouleau et al. 2007). In addition, PRC2 and EZH2 colocalize with PCNA at the replication 

fork, and the PRC2-mediated H3K27me3 modification positively correlates with late 

replication of large DNA segments (Hansen et al. 2008; Sauvageau and Sauvageau 2010). 

Indeed, the removal of PRC2 subunits increases cell sensitivity to ionizing radiations 

(Caganova et al. 2013; Campbell et al. 2013).  

 

2.2.6 Polycomb in stem cell self-renewal and cell fate determination 

ESCs are endowed of two important features: on the one hand, they have the ability to self-

renew, thereby guaranteeing the maintenance of an undifferentiated state, and, on the other 

hand, they undergo multilineage differentiation upon proper stimulation. Hence, ESC 

genome should be plastic, ensuring the expression of pluripotency-specific genes and, at 

the same time, able to quickly rewire the expression pattern in response to differentiation 

stimuli. This plasticity is largely achieved by epigenetic modulation, including the one ruled 

by PcG proteins. In ESCs, Polycomb complexes repress genes driving differentiation 

processes, like the Hox cluster gene and Dlx, Fox, Pax, Sox and Wnt genes; these loci are 

usually marked both by H3K27me3 and H2AK119ub1 at the pluripotent/multipotent stage, 

while the marks are progressively lost during ESC differentiation (Boyer et al. 2006; Lee et 

al. 2006; Ku et al. 2008). Recent observations, however, indicated that ESCs are able to 

maintain the pluripotency also in the absence of PcG proteins, while they fail to maintain 

the proper expression of lineage-specific genes in the absence of PRC1 or PRC2 (Boyer et 

al. 2006; Pasini et al. 2007; Chamberlain, Yee, and Magnuson 2008; Leeb et al. 2010; Leeb 

and Wutz 2007; Shen et al. 2008; van der Stoop et al. 2008). These notions conveyed the 

idea that PcG protein have a seminal role in the dynamics of gene expression regulation 
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during cell fate determination. Indeed, H3K27me3 and H2AK119ub1 were frequently found 

to co-localize with H3K4me3 modification in active chromatin domains, usually silent or 

minimally transcribed in pluripotent stem cells and expressed during differentiation. These 

bivalent genes, where the presence of PcG at promoters ensures the poised RNA pol II 

configuration, undergo epigenetic changes during cell-fate specification either by losing 

H3K27me3 and acquiring an active transcriptional status, or, vice versa, by losing H3K4me3 

which leads to stable silencing (Mikkelsen et al. 2007; Pan et al. 2007). Deletion of PcG 

proteins in ESCs induces the aberrant activation of lineage commitment genes, which 

contribute to abnormal differentiation and, in some instances, to impaired proliferation 

(Bernstein et al. 2006; Roman-Trufero et al. 2009). 

 

2.2.7 Polycomb control of early hematopoiesis 

Hematopoietic stem cells (HSCs) are multipotent cells endowed with the ability to self-renew 

and differentiate into all blood cell types. Similar to ESCs, also HSCs carry bivalent domains 

at promoters of lineage-specific TFs, which are differentially modulated by epigenetic 

modifications during cell specification. The essential role of the Polycomb axis in 

hematopoiesis id underlined by several studies reporting hematologic dysfunctions in 

mouse PcG mutants (Cales et al. 2008; Su et al. 2003; van der Lugt et al. 1994). The first 

PcG protein showed to be important for HSCs was BMI1, a PCGF subunit of PRC1 

complex, whose expression is elevated in stemness states, whereas decreased with cell 

differentiation. Indeed, depletion of Bmi1 causes severe post-natal anemia due to 

progressive HSCs exhaustion, despite unaltered fetal hematopoiesis (van der Lugt et al. 

1994). Upon bone marrow transplant, Bmi1-deficient HSCs were not able to self-renew and 

to sustain long-term hematopoiesis. Consistent with this phenotype, p16INK4a and p19INK4d 

were consistently up-regulated, with a consequential cell-cycle arrest and p53-dependent 

apoptosis; genes associated with stemness, cell survival and encoding for TFs were also 

altered (Park et al. 2003). Moreover, cells derived from Bmi1-deficient animals showed 

impaired mitochondrial function, with subsequent increase of reactive oxygen species levels 

and sustained activation of the DDR pathway, suggesting a protective role for Bmi1 against 
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oxidative stress (Liu et al. 2009). In addition to loss of self-renewal ability, Bmi1-/- HSCs 

prematurely expressed genes of B-cell progenitors, such as Ebf1 and Pax5, and displayed 

an accelerated lymphoid lineage specification (Oguro et al. 2010). Overall, BMI1 activity is 

crucial to sustain HSCs, by supporting their proliferation and protection from genotoxic 

damage, and by limiting lineage differentiation. 

A role in HSCs maintenance was identified also for other PCGF subunits. Removal of Pcgf1 

determines a mild expansion of progenitors ex vivo (van den Boom et al. 2013). Analogously 

to Bmi1, Mel18 knock-out mice displayed severe immunodeficiency caused by impaired 

proliferation of lymphoid precursors upon Il-7 stimulation (Akasaka et al. 1997). 

Interestingly, subsequent studies reported increased proliferation of HSCs in Mel18-

defiecent mice (Kajiume et al. 2004) or reduced proliferation of B cells in Mel18-

overexpressing mice (Tetsu et al. 1998). Collectively, these discrepancies may underline 

different functions of Mel18 depending on the stage of differentiation. 

CBX subunits show distinct patterns of expression dependent on the specific stage of HSC 

differentiation. Indeed, the removal of the different subunits in HSCs is associated with 

diverse phenotypes. Over-expression of Cbx7, which is highly expressed in HSCs, 

enhances self-renewal ability and favours leukemia; conversely, the over-expression of 

Cbx2, Cbx4 and Cbx8 promotes the differentiation and the exhaustion of HSCs (Klauke et 

al. 2013). 

The ncPRC1 subunit KDM2B is required for HSCs maintenance: the knock-out of this 

subunit in adults induces the reduction of both pools of HSCs and CLPs, in parallel with an 

accelerated differentiation towards myeloid lineage; vice versa, its over-expression 

promotes the expansion of progenitors (Andricovich et al. 2016; He, Nguyen, and Zhang 

2011). 

Selective inactivation of Ring1b in HSCs resulted in overall BM hypoplasia, with a 

concomitant enlargement of the fraction of immature linage-negative (Lin-) cells, probably 

caused by the induction of cyclin D2. The hypoplastic phenotype is induced by the selective 

up-regulation of p16INK4a with consequent cell-cycle arrest. Indeed, it is rescued by the 

concurrent inactivation of Cdkn2a locus (Cales et al. 2008). Recently, HSCs exhaustion 
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was reported upon ablation of Mysm1, a de-ubiquitylase of PRC1-dependent histone 

modification. The phenotype depends on the ability of MYSM1 to activate the commitment 

regulator Ebf1 and the cell-cycle regulator Gfi1 genes (Wang et al. 2013; Jiang et al. 2011). 

Comparing to PRC1, the role of PRC2 in hematopoiesis is mainly dependent on EZH protein 

family. EZH2 is present in all HSCs, whereas EZH1 starts to be expressed only in adults 

HSCs. Ezh2 loss-of-function studies revealed no alterations in HSCs homeostasis nor 

enhanced myeloid development. Instead, these studies highlighted that the loss of Ezh2 

resulted primarily in impaired B- and T-cell development, as a result of inefficient VDJ 

recombination (Su et al. 2003). On the other hand, the enforced expression of EZH2 

prevents HSCs exhaustion during serial transplantation. In contrast with this, loss of Eed or 

Suz12 PRC2 subunits enhances the proliferative capacity of HSCs (Majewski et al. 2008; 

Neff et al. 2012; Tanaka et al. 2012). 

Overall, these observations show that removal of PcG activity affects HSCs homeostasis, 

with different, and sometimes opposing, outcomes depending on the stage of differentiation 

where PcG function is lost and the specific PcG component that is inactivated. 

 

 B cell development 

B cell development is a step-wise tightly modulated process through which cells 

progressively differentiate from HSCs and acquire immunological competence. Research 

carried out over the past decades has dissected the main molecular events underlying B 

lineage specification, allowing now the accurate investigation of processes instructing each 

development step. 

In the description of the numerous molecular events that drive B-cell development, I will 

give particular emphasis to the part that are related to my study. 

 

2.3.1 Early B cell development 

In human and mouse, early B cell development occurs in the bone marrow (BM) where 

HSCs reside. HSCs are multipotent cells that originate all the blood cell types by 
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progressively restricting their developmental potential upon stimulation with diverse 

differentiating factors (Figure 7). 

 

Figure 7. Early B-cell development in the bone marrow. 

Schematic representation of early B-cell developmental steps, from HSC to immature 

B cells. Bars shown below the scheme represent the expression of the main TFs 

driving B-cell differentiation. HSC = hematopoietic stem cell; MPP = multipotent 

progenitor; LMPP = lymphoid multipotent progenitor; CLP = common lymphoid 

progenitor.  

The first step toward differentiation is the transition from HSCs to multipotent progenitors 

(MMP), that lose the self-renewal potential. MMPs can be of two types: lymphoid-lineage 

MMPs or erythroid-cell MMPs (Kondo, Weissman, and Akashi 1997; Akashi et al. 2000). A 

specific feature of lymphoid MMPs is the expression of FMS-related tyrosine kinase 3 

(FLT3), driven by Ikaros and PU.1 TFs (Adolfsson et al. 2001; Adolfsson et al. 2005; 

Yoshida et al. 2006). In response to Flt-3 ligand and IL-7 stimulation, MMPs start expressing 

early B cell factor 1 (EBF1) and the TF E2A, which definitely mark the entry into the common 

lymphoid progenitor (CLP) pool (Medina et al. 2004; Nutt and Kee 2007). Upon further 

stimulation of IL-7 receptor (IL-7R), CLPs up-regulate Paired box protein 5 (Pax5) also 

known as B-cell specific activator proteins (BSAP), a master regulator of B-cell development 

that drives the differentiation towards the B-cell lineage (Hagman and Lukin 2006; Cobaleda 

et al. 2007; Medvedovic et al. 2011). The expression of Pax5 fosters the differentiation to 

early B cell progenitors, mainly by repressing genes associated to multipotency as Flt3 

(Holmes et al. 2006). The progression through further stages of development, like pro-B 

cells and pre-B cells, is accompanied by the rearrangement of the immunoglobulin (Ig) 
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locus. Indeed, the ability of lymphocytes to exert their function relies on the recognition of 

pathogens, mediated by the mature immunoglobulin receptor on the surface of B and T 

lymphocytes, called B-cell and T-cell receptor (BCR and TCR, respectively). The BCR 

consists of two identical Ig heavy (H) and light (L) chains, assembled together by disulfide-

bonds. Each receptor is composed by a variable region, responsible for the recognition of 

pathogenic antigens, and by a constant region which mediates the effector functions of the 

receptor. The constant region can exist in two different conformations. In early stages of 

development, Ig H retains a transmembrane and a cytoplasmic domain, which anchors the 

receptor to the membrane and triggers a signalling cascade downstream the receptor. In 

this case the Ig molecule is also called BCR. Otherwise, upon activation of B cells, 

alternative transcriptional events exclude the trans-membrane domains from the Ig H 

transcript, thus favouring the secretion of the entire molecule, usually named secreted 

immunoglobulin or antibody. 

The variable region of Ig is assembled during the early stages of B cell development through 

a gene rearrangement process called V(D)J recombination, whereby starting from an array 

of different variable (V), diversity (D) and joining (J) gene segments, single V, D and J are 

joint together in the Ig H locus. This process takes place also in the IgL locus but involves 

only V and J gene segments (Tonegawa 1983). VDJ recombination process is initiated by 

the Recombination Activating Genes 1 and 2 (RAG1 and RAG2), which bind to and cleave 

DNA at specific recombination sequences (Recombination Sequence Signals – RSSs) 

flanking V, D and J gene segments (Eastman, Leu, and Schatz 1996; McBlane et al. 1995; 

Melek, Gellert, and van Gent 1998; van Gent et al. 1995). Upon RAG-dependent cleavage, 

DNA ends are brought in close proximity and are ultimately joined by the components of 

classical NHEJ repair pathway (Difilippantonio et al. 2000; Li et al. 1995). IgH chain is 

rearranged in the transition from pro-B cells to pre-B cells. Successful rearrangements lead 

to the expression on the surface of pre-BCR, whereby the heavy chain is combined with a 

surrogate IgL chain. This receptor is functional and the signalling, among other functions, 

inhibits further rearrangement of the IgH chain, process called allelic exclusion (Li et al. 

2018). Following clonal expansion, pro-B cells stop dividing and rearrange the IgL chain 
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genes. Once the L chain has been successfully synthesized, it is paired with IgH to form a 

functional BCR expressed on the surface of B cells. This molecular change marks the 

transition from pre-B cells to immature B cells. Immature B cells are highly sensitive to 

antigen binding to BCR: if they autoreact to antigens present in the BM, they quickly 

undergo cell death. Hence, only the non-autoreactive immature B cells egress from the BM 

and migrate to secondary lymphoid organs (SLOs) to complete their maturation (Rajewsky 

1996). 

 

2.3.1.1 Immature B cells 

Immature, or transitional, B cells that escaped from cell death in the BM migrate to SLOs 

(Allman, Ferguson, and Cancro 1992; Allman et al. 1993). Here, the vast majority of them 

die within few days, while a small fraction gives rise to the mature B cells subsets (Allman 

et al. 1993). Feature of immature B cells is the expression of the early differentiation surface 

markers CD24/HSA and CD93/AA4.1. However, while the former marker can also be 

expressed by activated B cells and marginal zone B cells, AA4.1 is specific for the immature 

population. Moreover, transitional B cells are divided in two subpopulations according to the 

expression of additional surface markers. T1 B cells are defined as CD23- CD21/35lo IgM+ 

IgD- while T2 B cells, the precursors of the long-lived mature B cell pool, acquire the 

expression of CD23, CD21/35 and IgD (Loder et al. 1999; Allman et al. 2001). An additional 

subset named T3 B cells, differing from the T2 population only for the expression of IgM, 

has been identified but its function in B cell development is still unclear (Allman et al. 2001). 

Besides surface marker expression, T1 and T2 immature B cells show diverse localizations 

and BCR reactivity. Indeed, within the spleen, T1 localize outside of the follicle, in the outer 

area of the periarteriolar lymphoid sheath, whereas T2 are embedded in the follicles with 

mature B cells (Loder et al. 1999; Liu 1997). Additionally, T1 cells retain the sensitivity to 

negative selection upon BCR activation, like immature B cells in BM; on the contrary, upon 

BCR engagement T2 cells are able to proliferate and to up-regulate pro-survival molecules 

like cyclin D2, Bcl-XL and A1 which favour their survival (Su and Rawlings 2002; Petro et al. 

2002). The difference between the two cell subsets probably relies on the acquired 
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sensitivity of T2 to T-helper stimulation (Chung, Silverman, and Monroe 2003). The antigen-

driven activation of BCR together with T-helper derived-signals seem to be the driving force 

for differentiation of T2 cells into mature B cells. However, it was also highlighted that the 

signalling from the B-cell activating factor (BAFF) receptor is crucial for T1 to T2 and T2 to 

mature B cell progression. In vivo studies with Bromodeoxyuridine (BrdU) labeling by 

Allman and colleagues showed a rapid turnover of transitional B cells, including T2 cells, in 

contrast to the one of the mature B cell compartments. These observations reflect the 

shorter lifespan of transitional B cells (1-4 days) compared to the one of long-lived mature 

B cells (80-120 days) (Allman et al. 1993). 

 

2.3.2 Peripheral B cell development 

In the mouse, mature B cells are divided in three main subsets, which are phenotypically 

and functionally different: Follicular B cells (FO), Marginal Zone B cells (MZ) and B-1 B cells 

(Figure 8). 

 

Figure 8. Peripheral B-cell development in the spleen. 

Schematic representat ion of peripheral B-cell developmental steps, from immature to 

the three main mature B cell subpopulations, namely B-2 Follicular, Marginal zone and 

B-1 B cells. Upon ant igen encountering, mature B cells are recruited in the germinal 

center reaction, which ultimately leads to the production of memory B cells and high-

affinity antibody secreting plasma cells. Mature B cells can also differentiate directly 
into short-lived plasma cells without undergoing the germinal center reaction.  
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2.3.2.1 Follicular B cells 

Follicular B cells, also called B-2 B cells, are the most abundant subset of mature B cells in 

SLOs. Phenotypically, they are identified as CD23+ CD21lo IgM+ IgD+. FO B cells derive 

directly from T2 transitional cells: once they maturate in SLOs, they localize in the follicles 

of spleen, Peyer’s patches and lymph nodes where they may present antigens to activated 

T cells; otherwise, relying on their recirculating capacity, FO B cells also home to the BM, 

where they preferentially localize around vascular sinusoids (Cariappa et al. 2007). FO B 

cells are the main mediators of the T cell-dependent immune responses to protein antigens, 

although they can also participate to T cell-independent responses (Allman and Pillai 2008; 

Casola 2007). 

 

2.3.2.2 Marginal zone B cells 

MZ B cells are identified as CD23lo CD21hi IgM+ IgD- and they are also positive for the 

markers CD38 and CD1d. Loder and collaborators proposed that MZ B cells derive from a 

MZ precursor (CD23+ CD21hi CD1dhi IgM+ IgD+), which in turn is derived from T2 transitional 

cells (Loder et al. 1999; Pillai and Cariappa 2009). Investigations in conditional Rag-2 

knock-out mice at specific times after birth suggested that MZ B cells persist longer than 

FO B cells in the spleen of mice with a block in BM influx (Hao and Rajewsky 2001). 

However, later observations clarified that MZ cells are more sensitive to radiation and to 

cyclophosphamide, indicating that their homeostasis is founded on either self-renewal or 

on the presence of proliferating precursors (Kumararatne, Gagnon, and Smart 1980). 

In the mouse, MZ B cells are sessile, residing in the marginal sinus of the spleen, where 

they are retained by the activity of two sphingosine-1-phosphate receptors, S1PR1 and 

S1PR3 (Cinamon et al. 2004; Vora et al. 2005; Cinamon et al. 2008). MZ B cells are mainly 

involved in T-cell independent immune responses and represent the first line defense 

against blood-borne pathogens: upon sensing foreign antigens through the BCR, they 

migrate out of the MZ in the red pulp where they rapidly proliferate and differentiate into 

short-lived plasma cells (Martin and Kearney 2002). Evidences argue that MZ cells can also 

mediate the transport of antigens in the form of immune complexes to FO B cells residing 
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in the nearby follicle, thus contributing also to T-cell dependent responses, as well as in 

responses to lipid antigens (Allman and Pillai 2008; Attanavanich and Kearney 2004; Song 

and Cerny 2003). 

 

2.3.2.2.1 Mechanisms sustaining the B cells cellular entry and retention in the 

marginal zone 

Homing of transitional cells to the spleen is mainly guided by selectin and integrin molecules 

which mediate the interaction between lymphocytes and endothelial cells. Once bound to 

the endothelial cells, the specific interaction between the lymphocytic integrins LFA-1 and 

a4b1 and their ligands ICAM-1 and VCAM-1 expressed by stromal cells in the spleen allows 

the entry of lymphocytes into the white pulp (Lo, Lu, and Cyster 2003). Here, cells are 

exposed to two opposite chemokine gradients which drive the migration of B cells to either 

the follicular or to the marginal zone. Chemokine (C-X-C motif) ligand 13 (CXCL13), 

released by follicular dendritic cells (FDCs), is sensed by B cells through the C-X-C 

chemokine receptor type 5 (CXCR5), thus mediating the proper formation of B cell follicles 

(Forster et al. 1996; Reif et al. 2002). Conversely, S1P, a sphingolipid highly concentrated 

in the blood, attracts cells outside the follicle towards the marginal sinus. This signalling lipid 

is sensed through S1PR1 and S1PR3, which are expressed at higher levels by MZ B cells 

than by FO B cells. Indeed, knock-out of S1PR1 or S1P in mice, as well as their treatment 

with inhibitor of the receptor (FTY720), induced mislocalization of MZ B cells into follicles. 

Notably, this phenotype is rescued by the concurrent inactivation of CXCR13 (Cinamon et 

al. 2004; Cinamon et al. 2008).  

S1PR1 is a G-protein coupled receptor molecule which activates a signalling cascade upon 

interaction with S1P ligand. Among other processes, this cascade includes a feedback 

regulatory loop mediated by the G-protein coupled receptor kinase-2 (GRK2), which 

phosphorylates the C-terminal domain of S1PR1 and subsequently induces receptor 

internalization and proteasomal-mediated degradation (Oo et al. 2007; Watterson et al. 

2002; Arnon et al. 2011). In the absence of S1P, the desensitization effect is naturally lost 

and the receptor re-expressed on the surface. These findings led to the proposal of a model 
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whereby in the spleen MZ B cells first migrate to the MZ area attracted by S1P molecule; 

here, the progressive S1P-dependent desensitization of S1PR1 favours the migration 

towards the follicle driven by the CXCL13-CXCR5 interaction. Low S1P amount in the 

follicular environment induces resensitization of S1PR1 which, in turn, guides B cells back 

to the MZ area (Arnon and Cyster 2014). The continual migratory movement of MZ B cells 

in follicles is named MZ shuttling and it is believed to be at the base of MZ B cell participation 

to T-cell dependent immune responses (Cinamon et al. 2008). 

Despite the antagonistic CXCL13 and S1P gradients, other molecules contribute to B cell 

retention into the MZ, including integrins. Deletion of signalling molecules involved in the 

integrin signalling in mice is associated to the lack of MZ (Girkontaite et al. 2001; Guinamard 

et al. 2000; Fukui et al. 2001; Sanui et al. 2003; Croker et al. 2002). Interestingly, in these 

cases the MZ subset is completely absent in the spleen of the mouse, and it is not 

mislocalized as reported for the S1PR1 knock-out mouse, suggesting that integrin signalling 

sustains the formation of MZ B cells, additionally to their localization. 

 

2.3.2.3 B-1 B cells 

In the mouse, B-1 B cells, identified as CD23lo CD19hi B220lo IgM+ IgD-, reside in the 

peritoneal and pleural cavities and at mucosal sites. Moreover, they can home from the 

peritoneum to mesenteric lymph nodes and to the intestinal lamina propria; although the 

mechanisms which drive their migration are still under investigation, a role for S1PR1 has 

been suggested (Kunisawa et al. 2007). As MZ B cells, B-1 B cells are mainly involved in 

T-cell independent immune responses against antigens that reside in the cavities or 

mucosal sites. In the peritoneal cavity (PCa), B-1 B respond to bacterial antigens to rapidly 

differentiating into short-lived IgM-secreting PCs, whereas in the intestinal mucosa they 

mainly contribute to IgA immune responses (Alugupalli et al. 2004; Fagarasan and Honjo 

2003; Hardy 2006). Based on surface marker expression of CD5, B-1 B cells are 

categorized in B-1a (CD5+) and B-1b (CD5-) B cell subsets (Stall et al. 1992). B-1a B cells 

predominantly originate from fetal liver progenitors, while B-1b derive from BM progenitors 

(Baumgarth 2017). Despite their different origin, B-1a and B-1b reside in the PCa together 
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with a small fraction of B-2 cells (Hastings et al. 2006; Berberich, Forster, and Pabst 2007). 

Moreover, while B-1a contribute to innate-like immune responses, B-1b participate to 

adaptive immunity, possibly representing a special type of IgM memory B cells derived from 

B-2 B cells in a T-cell independent fashion (Alugupalli et al. 2004; Haas et al. 2005). 

 

2.3.2.4 Molecular determinants controlling peripheral B cell homeostasis 

2.3.2.4.1 BAFF 

The B-cell activating factor (BAFF) represents one of the most important molecules that 

sustain peripheral B cell survival. There are two BAFF family ligands, the B-cell activating 

factor belonging to TNF family (BAFF also called BLyS) and the apoptosis-inducing ligand 

(APRIL). BAFF ligands are mainly expressed by mononucleated cells of the blood, whereas 

in the spleen and lymph nodes they are produced by diverse cell types, including FDCs, 

monocytes and macrophages. BAFF ligands are produced as homotrimeric transmembrane 

proteins which are proteolytically cleaved to produce trimeric soluble cytokines. BAFF 

soluble molecules are sensed by three main receptors, namely BAFF receptor (BAFF-R), 

B-cell maturation antigen (BCMA) and transmembrane activator and CAML interactor 

(TACI) (Mackay and Ambrose 2003). BAFF receptors are expressed on the surface of B 

lymphocytes (Bossen and Schneider 2006; Li et al. 2008), activated and regulatory T cells 

(Mackay and Leung 2006), monocytes and dendritic cells (Chang et al. 2006; Chang, 

Mihalcik, and Jelinek 2008). In B cells, BAFF-R is dispensable for the maintenance of T1 

transitional cells, while it is crucial for the generation of T2 cells and for the maintenance of 

FO and MZ mature B cell subsets (Schiemann et al. 2001; Schneider et al. 2001; Thompson 

et al. 2001). Conversely, it is not required for B-1 B cell persistence (Crowley et al. 2008; 

Scholz et al. 2008). 

Stimulation of BAFF-R in B cells potently activates the alternative or non-canonical NF-kB 

pathway and, to a minor extent, the classical NF-kB pathway, whereas TACI mainly 

sustains the latter one. Both pathways are crucial for B cell survival but it was showed that 

B cells can be sustained by the activation of BAFF-R alone (Mackay and Leung 2006). In 

the alternative NF-kB pathway, engagement of BAFF-R activates the NF-kB-inducing 
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kinases Nik and Ikk which lead to the phosphorylation-dependent cleavage of p100 and the 

subsequent release of p52, that dimerizes with RelB and translocates into the nucleus 

(Siebenlist, Brown, and Claudio 2005). RelB/p52 is a transcription factor targeting genes of 

the Bcl-2 family (Bcl-XL and A1), and genes encoding for cytokines and other ligands (Il-8, 

Cd40/Cd154) (Fu et al. 2009).  

 

 

Figure 9. Signalling pathways activated by BAFF receptor. 

BAFF receptor activates the alternative NF-kB pathway, which leads to the 

transcription of pro-survival genes. At the same time, BAFF-R triggers the CD19-PI3K-

AKT pathway that promotes cell survival and protein synthesis.  

Besides increasing the expression of anti-apoptotic proteins, BAFF-R signalling promotes 

B cell survival through the activation of the protein kinase mammalian target of rapamycin 

complex 1 (mTORC1) (Patke et al. 2006; Woodland et al. 2008). The activation of this 

complex relies on the ability of BAFF-R signalling to cross-talk with BCR signalling, through 

the activation of CD19 receptor (Jellusova et al. 2013) (see Paragraph 2.3.2.4.2 for BCR 

signalling). mTORC1 activates S6 kinase 1 (S6K1) and the eukaryotic initiation factor 4E 

(EIF4E), which promote mRNA translation and protein synthesis (Patke et al. 2006). 

Furthermore, the activation of BAFF-R through BCR signalling leads to the positive 
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transcription and protein stabilization of the anti-apoptotic factor MCL-1, which counteracts 

BIM at the protein level (Wang et al. 1999; Maurer et al. 2006), and prevents the nuclear 

translocation of the apoptotic inducer protein kinase Cd (Woodland, Schmidt, and 

Thompson 2006). In summary, the BAFF-R activation sustains B cell survival by promoting 

an anti-apoptotic response and, simultaneously, by favouring protein synthesis (Figure 9). 

 

2.3.2.4.2 BCR 

Continuous signalling through the BCR is critical for the survival of peripheral B cells. 

Indeed, acute ablation of BCR signalling components results in the rapid disappearance of 

the mature B cell subsets (Kraus et al. 2004; Lam, Kuhn, and Rajewsky 1997). Additionally, 

various evidences indicated that the strength of BCR signalling is important for mature B 

cell-fate determination (Casola 2007). Cells receiving strong signalling through BCR are 

thought to differentiate towards the B-1 B cell compartment, modest signalling favours the 

development of MZ B cells whereas basal signalling allows the differentiation to FO B cells 

(Casola et al. 2004; Wen et al. 2005). 

The BCR expressed on the surface of B lymphocytes is composed by immunoglobulins 

(IgH and IgL) associated with the Iga (CD79a)/Igb (CD79b) heterodimer. After BCR 

stimulation, the ITAM (immunoreceptor tyrosine-based activation motif) domains within the 

cytoplasmic portion of both Iga and Igb are phosphorylated by protein tyrosine kinases 

(PTKs) such as LYN, SYK and BTK, which are recruited at the site of activated BCR. The 

phosphorylation of ITAMs activates different signalling cascades, including the PI3K 

(phosphoinositide 3-kinase) and PLCg2 (phospholipase g-2) pathways (Figure 10). 

PI3K is activated by BCR signalling though CD19 and BCAP (Rickert, Rajewsky, and Roes 

1995; Okada et al. 2000). Active PI3K phosphorylates AKT at Threonin-508 (Y508), partially 

activating the protein, whereas the full activation is assured by phosphorylation at Serine-

473 by PDK2 (phosphoinositide-dependent protein kinase-2). AKT is a serine/threonine 

kinase with multiple targets. For instance, by phosphorylation, AKT activates mTORC1 

(Patke et al. 2006; Woodland et al. 2008) and inhibits p27 (Shin et al. 2002), GSK3b (Cross 
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et al. 1995) and the TF FOXO1, by sequestering the protein to the cytoplasm (Matsuzaki et 

al. 2003). 

 

Figure 10. Signalling pathways activated by BCR. 

BCR mainly activates two different signalling pathways: 1) the PI3K-AKT pathway and 

2) the PLCg2 pathway which leads to the release of intracellular Ca++ and the activation 

of the Ca++-dependent enzyme PKC. 

PLCg2 is activated by the SYK-dependent phosphorylation of BLNK, a modification that 

allows BLNK to interact with PLCg2, SYK and BTK. Once brought in close proximity, SYK 

and BTK phosphorylate PLCg2, which starts to produce diacylglycerol (DG) and 

phosphatidylinositol-4,5-bisphospate (PIP2). The latter are small soluble molecules that 

function as second messengers in the cell (Kurosaki 2011). Specifically, they induce the 

release of Ca++ stored in the endoplasmic reticulum, event that can differentially impact on 

diverse pathways in B cells, like the NFAT (Nuclear factor of activated T cells) and the NF-

kB pathways (Dolmetsch et al. 1997; Healy et al. 1997). 

 

2.3.2.4.2.1 CD45 receptor: structure, alternative splicing and regulation of BCR signalling 

CD45R, encoded by Ptprc gene encompassing 33 exons, is one of the most abundant cell 

surface protein in all nucleated hematopoietic cells, with increasing levels with cellular 

maturation (Thomas and Lefrancois 1988; Hermiston, Xu, and Weiss 2003). CD45R is a 

glycoprotein containing a large extracellular domain, a single transmembrane domain and 
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an intracellular part containing protein tyrosine phosphatase (PTP) domains. The 

extracellular domain can exist as multiple isoforms depending on the alternative splicing of 

three exons (exon 4, 5 and 6, usually named as A, B and C, respectively). Despite poor 

homology of the sequence (~ 35%), the ABC splicing system is conserved through multiple 

species, suggesting functional importance in vivo (Thomas 1989; Hermiston, Xu, and Weiss 

2003). Interestingly, the pattern of CD45R isoform expression on different hematopoietic 

cells is highly conserved, pointing to a physiological relevancy of the different isoforms 

(Hermiston, Xu, and Weiss 2003; Thomas and Lefrancois 1988). ABC exons contains 

multiple sites for O-liked glycosylation, whereas the remaining portion of the extracellular 

domain is endowed with sites for N-linked glycosylation; both modifications can dramatically 

influence size and charge of the surface protein. In T cells, diverse evidences support the 

hypothesis that differential extracellular glycosylation may influence the interaction of 

CD45R with lectins and their subsequent organization in microdomains, possibly altering 

their function as PTP or their interaction with substrates (Earl and Baum 2008; Hernandez 

et al. 2007; van Vliet et al. 2006; Chen, Chen, and Demetriou 2007). Alternative splicing of 

exons A, B and C potentially originates 8 different protein isoforms, named according to the 

retained exons. Myeloid cells usually express the shortest R-O isoform (lacking all exons 4, 

5 and 6) until, upon activation, they switch to R-A; naïve T cells primarily express the 

isoforms containing exon B, and they switch to the R-O upon activation. Resting B cells are 

characterized by the expression of the longest CD45-ABC isoform, also named B220, the 

pan-B cell marker, because of its molecular weight of 220 kDa (Figure 11A). Similarly to T 

cells, upon activation, they switch the expression to R-O.  

The mechanisms behind the isoform expression regulation are only partially understood. In 

2008, two research groups discovered that the heterogenous ribonucleoprotein hnRNPLL 

is a key regulator of the alternative splicing of Ptprc transcript: the over-expression of this 

protein facilitates the switching from the CD45R-ABC to shorter isoforms, whereas its 

inhibition prevents normal expression of CD45R-O in activated T cells (Oberdoerffer et al. 

2008; Topp et al. 2008). Later, this notion was further confirmed in T and in B cells by other 

groups (Yabas et al. 2011; Cho et al. 2014; Chang, Li, and Rao 2015). In particular, 
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hnRNPLL was identified as a master regulator of splicing in plasma cells, critical for tuning 

the transcriptome of terminally differentiated B cells (Chang, Li, and Rao 2015). By RNA 

immunoprecipitation assays, hnRNPLL was shown to bind to CA repeats at the beginning 

of exon 4 and 6 of Ptprc transcript, fostering their exclusion in the splicing process 

(Preussner et al. 2012). In contrast, the exclusion of exon 5 is less dependent on hnRNPLL, 

but it is regulated by the mutually exclusive DNA-methylation and CTCF binding to this 

exon. In particular, binding of CTCF to DNA slows down the processivity of RNA pol II and 

splicing machinery, which favour the inclusion of the exon in the transcript. Conversely, the 

presence of DNA methylation in the exon sequence prevents the binding of CTCF, thus 

allowing exon exclusion (Shukla et al. 2011) (Figure 11B). 

 

Figure 11. CD45R structure, expression and alternative splicing regulation. 

A. CD45R exon composition and isoform expression among B and T cells. B.  
Regulation of Ptprc/CD45R alternative spl icing by hnRNPLL and DNA methylation. Re-

adapted from Chang et al. 2015. 

CD45R intracellular domain is highly conserved in mammals and composed by two 

phosphatase domains, D1 and D2. Both domains are required for optimal phosphatase 

function in vivo, although only D1 owns the catalytic activity. Crystal structure analyses 

indicated that the dimerization of the cytoplasmic portion of CD45R could inhibit the 
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phosphatase activity, providing a further level of regulation (Bilwes et al. 1996; Majeti et al. 

1998). 

CD45R is one of the most critical phosphatases of PTKs belonging to the Src family (Src 

family kinases – SFKs) in hematopoietic cells. SFKs are localized nearby the cytoplasmic 

membrane, where they directly influence the activation of different receptor signalling, such 

as Fc receptors, growth factor receptors, immunoglobulin receptors, integrin and cytokine 

receptors (Lowell 2004). SFKs exist in an “open” and “closed” conformations, based on the 

phosphorylation of a highly conserved tyrosine residue situated in the C-terminal tail (Lowell 

2004; Palacios and Weiss 2004). The presence of the phospho-group on this residue 

favours the interaction between the C-term domain with the SH2 domain of the protein, 

leading to the “closed” conformation whereby the access to the substrate-binding site is 

blocked. Conversely, the absence of the phospho-group guarantees the “open”, yet not 

“active”, conformation whit an accessible catalytic site. The “active” conformation, with full 

kinase activity, is achieved by SFK-dependent transphosphorylation of another tyrosine 

residue located in the activation loop of the catalytic domain (Hermiston, Zikherman, and 

Zhu 2009). Hence, the activation of SFKs relies on a fine equilibrium between 

phosphorylation and dephosphorylation of their regulatory residues. In B cells, CD45R 

together with CD148, mainly dephosphorylates the C-terminal inhibitory tyrosine of SFKs, 

thus favouring the “open” conformation (Shrivastava et al. 2004; Katagiri et al. 1999).  

In B cells, the main SFKs are LYN, FYN and BLK. Of these, LYN has the unique role as 

positive and negative regulator of BCR signalling. The positive effect is mediated by the 

phosphorylation of the ITAM motifs of the Iga /Igb heterodimer, which result in the 

recruitment of SYK and the subsequent signalling cascade. Conversely, the negative effect 

relies on the phosphorylation of the ITIMs domains (immunoreceptor tyrosine-based 

inhibition motifs) of BCR. This modification recruits inhibitory molecules such as the 

phosphatases Src homology 2 (SH2) domain-containing phosphatase 1 (SHP-1) and SH2 

containing 5’-inositol phosphatase 1 (SHIP-1), that down-regulate the BCR response. While 

the positive effect on BCR is redundant with FYN and BLK activities, activation of inhibitory 

feedback loop upon BCR stimulation effect is unique of LYN. Probably due to its dual 
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function on BCR signalling, loss or constitutive activation of LYN in mice results in 

autoimmunity (Chan, Lowell, and DeFranco 1998; Hibbs et al. 1995; Hibbs et al. 2002). 

 

2.3.2.5 Transcriptional control of B cell identity and peripheral B cell subset 

differentiation 

2.3.2.5.1 PAX5 

PAX5 is a transcription factor crucial for B cell development and B-cell identity maintenance. 

Pax5 belongs to the Pax family of TFs, accounting for nine members, but is the only one 

expressed in hematopoietic cells. PAX5 can act both as transcriptional activator and 

transcriptional repressor, depending on the interacting partners and/or recruitment of 

epigenetic modifiers, including chromatin-remodelling and histone-modifying complexes 

(McManus et al. 2011). PAX5 expression begins at the pro-B stage of development where, 

together with E2A and EBF1, guarantees the activation of transcriptional programs which 

sustain the B-cell lineage commitment (Medvedovic et al. 2011). Indeed, the deletion of any 

of these TFs causes the block of B cell development at early stages (Busslinger 2004). 

Despite restricting the developmental options of lymphoid progenitors, PAX5 maintains B 

cell identity by activating B cell specific genes and by repressing lineage-inappropriate 

genes (Cobaleda et al. 2007). PAX5 sustains the expression of many genes contributing to 

the BCR and co-stimulatory receptors, like Cd79a, Cd19, Cd72 and Cd21, or involved in 

BCR signalling cascade, such as Blnk (Nutt et al. 1998; Kozmik et al. 1992; Horcher, 

Souabni, and Busslinger 2001; Ying et al. 1998; Schebesta, Pfeffer, and Busslinger 2002). 

Moreover, PAX5 induces the expression of TFs that sustain B cell identity, namely Irf4, Irf8, 

Bach2, Aiolos and Spib (Pridans et al. 2008; Schebesta et al. 2007). PAX5 is also crucial 

for Ig V-DJ rearrangement, by mediating a contraction of the Ig locus and subsequent 

looping (Fuxa et al. 2004; Sayegh et al. 2005), probably though the recruitment of PRC2 

(Su et al. 2003). Among PAX5-repressed genes, different studies identified myeloid and T 

cell lineage-specification genes (e.g. Csf1r and Notch1), surface receptors and signalling 

molecules of progenitors and other lineages (Flt3, Sca1, Ramp1, Lilrb4) and adhesion 

molecules involved in migration (Ccl3, Ccl5, Itgal, Cd47) (Cobaleda et al. 2007). 
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Furthermore, Pax5 prevents the expression of genes involved in the plasma cell 

differentiation program, indeed it is repressed during terminal plasma cell differentiation 

(Adams et al. 1992).  

 

2.3.2.5.2 NOTCH2 

Whereas Notch1 is crucial for driving T-cell commitment at the expenses of B cells, Notch2 

pathway plays an important role in the development of the MZ mature B cell subset in the 

spleen (Saito et al. 2003; Pillai and Cariappa 2009). Among the four Notch receptor 

molecules, Notch2 is expressed on mature B cells. Notch ligands are integral membrane 

proteins expressed by a variety of cells; they are divided in two families according to their 

structure, the Delta-like (DLL) family including DLL-1, -3 and -4 and the Jagged (JAG) family 

including JAG-1 and -2 (Radtke et al. 2004). In the spleen, DLL-1 and JAG-1 are the main 

Notch ligands, produced by FDCs (Yoon et al. 2009). Upon interaction with a ligand, the 

intracellular domain of Notch is released by proteolytic cut and translocated into the nucleus 

where it forms a ternary complex with RBP-J and Mastermind. The trimer constitutes an 

active transcription factor, targeting Notch genes (e.g. Deltex1, Hes1) for expression (Saito 

et al. 2003; Shimizu et al. 2000; Tan-Pertel et al. 2000). Besides the positive effect on 

transcription, recent work from Strobl’s group pointed to a repressive transcriptional activity 

of Notch pathway towards some genes (e.g. Klf2, Itgb7) in resting B cells (Strobl et al., 

personal communication). 

The first evidence of the involvement of Notch pathway in MZ B cell development came 

from the observation that the conditional deletion of RBP-J in B cells totally impairs the 

formation of MZ B cells, favouring instead the FO B cell compartment (Tanigaki et al. 2002). 

Successively, Notch2 knock-out studies on B-cell specific conditional mice showed that MZ 

B cells lack completely upon biallelic ablation of the receptor (Saito et al. 2003), while they 

are reduced when only one allele is inactivated (Witt et al. 2003). Knock-out mice for DLL-

1 phenocopies the full Notch2 knock-out for MZ formation (Hozumi et al. 2004). Conversely, 

the inactivation of Notch inhibitor MINT (Msx2-interacting nuclear target) correlates with 

increased number of MZ B cells to the detriment of FO B cells (Kuroda et al. 2003). 
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Altogether, these evidences indicate the involvement of Notch2 signalling pathway in MZ 

development. 

 

2.3.2.5.3 IRF4 

Interferon regulatory factor 4 (IRF4) is a transcription factor endowed with a DNA-binding 

domain, an interferon-associated domain (IAD) which supports its homo- and hetero-

dimerization with other TFs of the IRF family or other families, and a nuclear-localisation 

signal (Brass, Zhu, and Singh 1999). IRF4 is induced in response to stimuli activating the 

NF-kB pathway, such as lipopolysaccharide (LPS), interleukin-4 (IL-4) and CD40 (Gupta et 

al. 1999; Honma et al. 2005; El Chartouni, Schwarzfischer, and Rehli 2010). Besides being 

essential for early B-cell development for Ig receptor editing and central tolerance (Pathak 

et al. 2008; Cadera et al. 2009; Bevington and Boyes 2013), IRF4 is important for cell fate 

decision in mature B cells. Indeed, a recent study by Simonetti and co-workers displayed 

that IRF4 restricts the MZ B cell pool in a cell intrinsic manner. Genetic inactivation of Irf4 

in mature B cells is associated with their increased retention into the MZ area. This defect 

is mainly contributed by the induction, in the lack of Irf4, of the transmembrane receptor and 

transcriptional regulator NOTCH2, which normally favours the differentiation of B cells into 

the MZ subset and their retention into the MZ area. The aberrant activation of NOTCH2 in 

Irf4-deficient FO B cells is sufficient to cause their aberrant retention into the MZ area during 

their entry or egress from the spleen, through the induction of integrins and chemokine 

receptors, including S1PR3, known to mediate the migration and retention into this 

anatomical site. Notably, the administration of a NOTCH2-inhibitory antibody is sufficient to 

revert the Irf4-/--induced phenotype (Simonetti et al. 2013). 

 

2.3.2.5.4 KLF2 

Krüppel-like Factor 2 (KLF2) is a zinc-finger transcription factor belonging to the Krüppel-

like Factor family. KLF2 is expressed in the B-cell lineage starting from the pre-B cell stage. 

Importantly, in the three mature peripheral B cell subsets, the expression of this TF is 

diverse: its expression is the highest in B-1 B cells, it is reduced in FO B cells and it is 
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minimal in MZ B cells (Hart et al. 2011). A recent study showed that the limited expression 

of Klf2 in the MZ B cell subset is ensured by ZFP36L1, which inhibits the translation of Klf2 

transcripts at the post-transcriptional level (Newman et al. 2017). In line with the expression 

profile, genetic ablation of Klf2 in committed B cells caused a drastic reduction in B-1 B cells 

and a considerable increase in MZ and transitional B cell numbers (Hart et al. 2011). 

Notably, Hart and co-workers showed that the reduced B-1 B cell number scored in Klf2-

mutant mice is not due to impaired differentiation or short-term cell survival, rather to an 

impairment of the long-term maintenance of this subset (Hart et al. 2012). Moreover, Klf2 

was shown to be important for the maintenance of FO B cell identity, since the lack of this 

TF is associated with the acquisition by the latter population of MZ B cell characteristics, 

such as the expression of several signalling molecules. Besides sustaining B-1 B cell 

maintenance and FO B cell identity, Klf2 was shown to be crucial for B cell activation. 

Indeed, upon BCR cross-linking or LPS-stimulation, Klf2-deficient B cells displayed 

increased apoptosis and impaired cell proliferation (Hart et al. 2011; Winkelmann et al. 

2014). 

 

2.3.2.5.5 FOXO1 

FOXO proteins are members of a large group of TFs, characterized by the presence of a 

forkhead DNA binding domain. Forkhead proteins are subdivided in different families, 

alphabetically named from FOXA to FOXR. FOXO family comprises four proteins: FOXO1, 

FOXO3A, FOXO4 and FOXO6 (Calnan and Brunet 2008). Among the FOXOs, FOXO1 is 

the most abundantly expressed in B cells, where it plays a crucial role in their survival, 

differentiation as well as in the germinal center reaction (Yusuf et al. 2004). In B cells, 

FOXO1 activity is repressed by the AKT-depend phosphorylation on serine-256, which 

sequesters the protein into the cytoplasm, thus preventing it to act as TF. Besides BCR 

signalling, other cytokine receptors contribute to FOXO1 regulation. When activated, 

FOXO1 translocates into the nucleus where triggers a transcriptional program that sustains 

cell survival and proliferation (Ushmorov and Wirth 2018). In early stages of B cell 

development, FOXO1 is necessary for the induction of Il7r and Rag genes and for the 
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survival of both pre- and pro-B cells. Indeed, the knock-out of this gene in early B cell 

progenitors blocked the progression of B cell differentiation beyond the pro-B cell stage 

(Amin and Schlissel 2008; Lin et al. 2010; Ochiai et al. 2012), whereas its inactivation in 

committed B cells caused a developmental arrest at the pre-B cell stage (Dengler et al. 

2008). Subsequently, Chen and co-workers further investigated the latter mouse model, 

revealing that the ablation of Foxo1 is associated with a reduction of FO B cells, mirrored 

by an increase in the number of the MZ B cell subset (Chen et al. 2010). The ability of Foxo1 

to favour MZ B cell development was further substantiated by the observation that the lack 

of the MZ B cell subset suffered from CD19-deficient animals is reversed by the concomitant 

deletion of Foxo1 (Chen et al. 2010). 

Recently, FOXO1 has been characterized as a crucial TF for the germinal center reaction, 

and in particular for the formation of the dark zone of the GC, where it is mainly expressed. 

Opposed to PI3K signalling, which inhibits FOXO1 and that is mainly active in B cells of the 

light zone (Sander et al. 2015), FOXO1 instruct a transcriptional program that is essential 

to sustain the formation of the dark zone part of the germinal center. Indeed, its genetic 

ablation in mice abrogates the formation of the dark zone and affects both affinity maturation 

and class switch recombination (Dominguez-Sola et al. 2015). 

 

2.3.2.5.6 NF-kB 

The Nuclear Factor kappa-light-chain-enhancer of activated B cells (NF-kB) is a family of 

transcription factors, including RELA (p65), NF-kB1 (p50/p105), NF-kB2 (p52/p100), c-REL 

and RELB (Verma et al. 1995; Ghosh, May, and Kopp 1998). All these proteins contain a 

dimerization, a nuclear-localisation and a DNA-binding domain. c-REL, RELB and RELA 

proteins also harbour a trans-activation domain, which strongly activates transcription of 

target genes. Instead, the other REL proteins, lacking the trans-activation domain, 

substantially act as transcriptional repressors (May and Ghosh 1997). NF-kB proteins are 

usually retained in the cytoplasm in an inactive form, as a result of their association with the 

IkB proteins (IkBa, IkBb and IkBe). In response to different signalling pathways, IkB 

proteins, and especially IkBa, are phosphorylated by the kinases of the IKK family and 
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degraded, allowing NF-kB protein translocation into the nucleus, where they regulate the 

transcription of their targets (Verma et al. 1995). NF-kB proteins are divided in canonical 

and non-canonical signalling pathways, activated by different stimuli. The canonical 

pathway is triggered by proinflammatory cytokines such as TNFa and IL-1, leading to the 

activation of RELA- or c-REL-containing complexes (Karin and Ben-Neriah 2000). The 

alternative pathway is activated for instance by CD40L, BAFF and the receptor activator 

NF-kB ligand (Senftleben et al. 2001; Bonizzi et al. 2004; Novack et al. 2003), resulting in 

the activation of RELB/p52 complexes (Bonizzi and Karin 2004). 

In peripheral B cell development, NF-kB canonical and alternative pathways are absolutely 

essential. Indeed, compound deficient mice of NF-kB1/NF-kB2 and c-Rel/RelA displayed 

profound arrest in the transition from T1 to T2 transitional B cells and almost complete 

absence of FO and MZ mature B cells (Franzoso et al. 1997; Grossmann et al. 2000; 

Claudio et al. 2002; Gerondakis et al. 2006). Similar phenotypes were scored upon genetic 

ablation of p100/ NF-kB2 (Tucker et al. 2007) and of NEMO, the activator of the canonical 

NF-kB pathway (Pasparakis, Schmidt-Supprian, and Rajewsky 2002). A milder reduction in 

FO B cells resulted from the sole inactivation of NF-kB1/c-Rel (Gerondakis et al. 2006; Pohl 

et al. 2002). 

Among the three mature B cell subsets, the generation of the MZ subset is particularly 

sensitive to perturbations in the NF-kB activity. Single deficiency of NF-kB1, NF-kB2 or 

RelB and, to a lesser extent, RelA or c-Rel in mature B cells caused the reduction of MZ B 

cell number (Caamano et al. 1998; Franzoso et al. 1997; Cariappa et al. 2000; Weih, 

Yilmaz, and Weih 2001; Guo et al. 2007; De Silva et al. 2016). Furthermore, De Silva and 

colleagues showed that the combined inactivation of both RelB and NF-kB2 leads to a 

dramatic reduction in peripheral B cells and especially in the ones belonging to the MZ B 

cell compartment; the defects induced by the simultaneous ablation of the genes are B-cell 

intrinsic, indeed they cannot be rescued by the activation of the canonical NF-kB pathway 

under physiological conditions (De Silva et al. 2016). Similar conclusions were drawn for 

the canonical NF-kB pathway, upon the combined deletion of RelA and c-Rel. Indeed, also 

in this case, the simultaneous deletion of both genes caused a severe block in B cell 
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development in the T1 to T2 transition, and consequent reduction of mature B cells, fewer 

and smaller B-cell follicles and counterselection of the MZ B cell compartment (Milanovic et 

al. 2017). These findings, combined together, suggest that both the canonical and non-

canonical NF-kB pathways are critical to support the physiological generation and 

maintenance of mature B cells. Notably, also the inactivation of IKK2, a NF-kB activator 

kinase, abrogates MZ B cell formation (Pasparakis, Schmidt-Supprian, and Rajewsky 

2002). 

B1-B mature B cell development is also impaired when factors belonging to the NF-kB 

pathway are perturbed. Concomitant deletion of NF-kB1 and NF-kB2 (Claudio et al. 2002) 

as well as deficiency of the sole NF-kB1 reduced B-1B cell numbers, whereas the combined 

inactivation of NF-kB1 and c-Rel completely abrogated their formation (Gerondakis et al. 

2006; Pohl et al. 2002). Coherently, also IKK2 genetic inactivation was combined with 

absence of B-1 B cells (Pasparakis, Schmidt-Supprian, and Rajewsky 2002). 

 

2.3.2.5.7 NFATc1 

Nuclear factor of activated T cells (NFAT) are calcium-inducible TFs that, in B cells, are 

activated upon calcium release induced by BCR cross-linking or CD40 signalling (Ho et al. 

1995; Timmerman et al. 1997; Venkataraman et al. 1994; Verweij, Guidos, and Crabtree 

1990). The family is composed of four TFs, of whom NFATc1, c2 and c3 are expressed in 

B cells. Lack of NFATc1, but not NFATc2, in B cells leads to selective loss of the B-1a B 

cell compartment through a cell intrinsic mechanism. Notably, the role of NFATc1 in 

sustaining B-1a B cell development could not be compensated by NFATc2, as well 

expressed in this B cell subset (Berland and Wortis 2003). 

 

2.3.3 B cell immune responses 

B cells are equipped to recognize foreign antigens of different nature through the binding to 

different set of membrane-bound receptors. Whereas the BCR confers high specificity in 

the recognition of foreign antigens, innate immune receptors such as Toll-like receptors 
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(TLR) ensure all B cells to recognize conserved pathogen-associated molecular patterns. 

These include different types of microbial products including lipopolysaccharide (LPS) and 

CpG DNA, binding respectively to TLR4 and TLR9. 

The engagement of the BCR alone or in conjunction with triggering of one or more TLRs 

represent a critical step in the activation of B cells and in their subsequent recruitment into 

an immune response. There are two main types of B cell immune response, differing in the 

extent to which T cells are recruited.  

T-cell-dependent (TD) B cell immune responses are triggered in response to antigen 

(mostly in the form of protein)-driven engagement of the BCR. Antigens stimulating TD B 

cell immunity include polypeptides in the form of soluble immune-complexes or haptens 

conjugated to carrier proteins. After the binding to the antigen, BCR/antigen complexes get 

internalized and proteolytic cleaved. 11-to-30 amino acid-long peptides, resulting from 

antigenic processing, are ultimately loaded onto Major Histocompatibility Complex Class-II 

(MHC-II) molecules to be presented to CD4-positive follicular T-helper cells (TFH) 

(Rammensee, Friede, and Stevanoviic 1995). Initial T-B cell interactions are crucial for the 

subsequent recruitment of antigen-specific B cells into the GC reaction. GCs are structurally 

divided in two microenvironments, named dark zone and light zone according to their 

histological appearance (Victora et al. 2012; Victora and Nussenzweig 2012). The dark 

zone is densely packed by high-rate proliferating B cells, known as centroblasts, whereas 

the light zone is composed by resting B cells, known as centrocytes, TFH, macrophages and 

FDCs. Within the dark zone, centroblasts undergo clonal expansion and diversify the Ig 

variable region locus though a molecular process called somatic hypermutation (SHM). 

SHM is the result of point mutations within the portion of the V gene coding for the 

hypervariable regions (also called complementarity determining regions or CDRs), which 

creates the idiotype for antigen binding. Point mutations are introduced at the Ig locus by 

the Activation-induced cytidine deaminase (AID), whose expression is induced in GC B cells 

(Muramatsu et al. 2000), and fixed by low-fidelity DNA repair systems. Indeed, B cells with 

mutated BCR then migrate to the light zone, where they turn into resting centrocytes and 

they are selected on the basis of improved antigen binding via their BCR (Rajewsky 1996). 
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Only cells expressing high-affinity antigen receptors, that therefore can capture the antigen 

presented by FDCs and TFH and receive co-stimulatory signals, are positively selected 

(Vinuesa et al. 2005). TFH cells also provide signals that promote Ig class-switch 

recombination (CSR), a process whereby B cells exchange their constant region (from 

IgM/IgD to other isotypes) through a recombination mechanism initiated by AID, to improve 

the effector function of their BCR (Kawabe et al. 1994; Vinuesa et al. 2005). The end result 

of T-cell dependent immune response is the generation of high-affinity long lived antigen-

specific memory B cells and antibody-secreting plasma cells (Klein and Dalla-Favera 2008; 

Basso and Dalla-Favera 2015).   

T cell independent (TI) type-2 immune responses are triggered by proteins featuring 

repetitive structural motifs recognized by the BCR in the absence of T-cell help. BCR 

crosslinking leads to potent B cell activation followed by intense proliferation outside the GC 

and final differentiation into short-lived plasma cells. B cells can also recognize T-cell 

independent type-1 antigens that are composed of microbial products such as LPS. In this 

case the relevant inducers of B cell activation, proliferation and terminal differentiation are 

commonly TLR ligands. Antibodies produced in response to TI immune responses are on 

average of low affinity for the antigen, given the failure of the responding B cells to undergo 

extensive Ig somatic hypermutation and selection within the GC reaction. TI immune 

responses driven by bacterial products still require the integrity of BCR tonic signalling. 

Indeed, as elegantly shown by Otipoby and colleagues, conditional BCR ablation in mouse 

B cell in vitro prevents these cells to proliferate in response to LPS or CpG stimulation. 

 

2.3.3.1 T-cell independent B cell responses: innate immunity receptors 

T-cell independent immune responses are initiated by the activation of BCR or TLRs. TLRs 

are a family of non-catalytic surface receptors, which recognise structurally conserved 

molecules derived from microbes, such as LPS, lipoproteins or non-methylated CpG DNA. 

After ligand binding, TLRs dimerize and undergo a conformational change that allows the 

recruitment of the downstream signalling molecules, including the adaptor molecule myeloid 

differentiation primary-response protein 88 (MyD88), IL-1R-associated kinases (IRAKs), 
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transforming growth factor-b (TGF-b)-activated kinase (TAK1), TAK1-binding protein 1 

(TAB1), TAB2 and tumor-necrosis factor (TNF)-receptor associated factor 6 (TRAF6). All 

TLRs signalling, except for the one of TLR3, is MyD88-dependent. Indeed, MyD88 is crucial 

for the recruitment of IRAK proteins. This event triggers a signalling cascade which 

ultimately leads to the activation of the canonical NF-kB pathway and MAP kinases, 

activating cell proliferation and migration, and the expression of cytokines, chemokines and 

type I interferons (INFs), that protect the host from microbial infection (Akira and Takeda 

2004). Among the genes induced by the activation of canonical NF-kB there is also AID, 

which is critical for class-switch recombination. Alternatively, TLRs can activate also the 

MyD88-independent TRIF-dependent pathway which activates the IRF3 transcription 

factor, which triggers the expression of type I INFs. 

Despite TLR engagement is sufficient to trigger the innate immune response, recent 

evidences have shown that it synergises with BCR to induce CSR in T-cell dependent and 

T-cell independent antibody responses to microbial pathogens. Indeed, BCR triggering, 

together with simultaneous TLR engagement, leads to enhanced B cell differentiation and 

antibody responses (Pone et al. 2010; Pone et al. 2012). Furthermore, as previously 

mentioned, the presence of the BCR is critical to sustain B cell proliferation in response to 

TLR triggering (Otipoby et al. 2015). 

 

2.3.4 Plasma cell differentiation 

Plasma cells are classified in short-lived and long-lived PCs. Short-lived PCs derive from 

both MZ, FO and B-1 B cells that have been activated after antigen encounter. They resides 

in SLOs where they undergo apoptosis after few days of intense switched low-affinity 

antibody secretion (Smith et al. 1996). Conversely, long-lived PCs derive from the germinal 

center reaction, hence they secrete switched high-affinity antibodies. Long-lived PCs reside 

in bone marrow niches as well as in the spleen, where they can survive for more than three 

months (Manz, Thiel, and Radbruch 1997).   

Differentiation into functional antibody-secreting PCs is a step-wise process that requires 

the combined expression of different TFs, among which the most important are IRF4 and 
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BLIMP-1 (Tellier and Nutt 2018). IRF4 is important to sustain the initial steps of PC 

differentiation, whereas the activation of BLIMP-1 is critical for the later stages, also by 

repressing the transcriptional programs of mature B cells. PCs, being the result of a lineage 

switch, are phenotypically different from mature B cells. Indeed, they lose B-cell specific 

markers including CD19, CD23, Ig and B220. The latter is substituted by the shorter version 

of the receptor, CD45R-O, and Ptprc transcript is down-regulated. Moreover, PCs acquire 

new surface markers such as CD138/Syndecan1 (Tellier and Nutt 2017). 

 

2.3.4.1 IRF4 

IRF4 is a TF essential for PC development (Klein et al. 2006; Sciammas et al. 2006). Its 

expression is not restricted to PC, as Irf4 is required also for early developmental stages 

(Mittrucker et al. 1997; Lu et al. 2003) and for B cell activation, sustaining CSR and GC B 

cell formation (De Silva et al. 2012). Indeed, Irf4 levels are low in centroblasts but rise in 

centrocytes as a result of CD40 signalling (Sciammas et al. 2006). IRF4 binds to DNA 

weakly on its own, whereas the binding is strengthened by interaction with binding partners, 

such as NFAT and AP-1 (activator protein-1) (Glasmacher et al. 2012; Rengarajan et al. 

2002). In B cell development, Irf4 functions as a rheostat depending on its expression levels. 

Indeed, resting B cells express Irf4 at low level; in the GC reaction intermediate amounts of 

Irf4 triggers GC formation and CSR by inducing the expression of some crucial genes, 

including Aicda (encoding for AID) (Klein et al. 2006) and Bcl6 (Sciammas et al. 2006; 

Ochiai et al. 2013); at high levels, instead, Irf4 favours the activation of PC differentiation 

path, by activating Prdm1 and Xbp-1, and by repressing Bcl6 (Klein et al. 2006; Sciammas 

et al. 2006). Coherently with this crucial role in the activation of the PC differentiation 

program, Irf4 genetic inactivation in mice is associated to the lack of plasma cells (Klein et 

al. 2006; Sciammas et al. 2006; Ochiai et al. 2013).  

 

2.3.4.2 BLIMP-1 

BLIMP-1 is a TF encoded by the gene Prdm1 (positive regulatory domain containing 1). 

Within B cell development, BLIMP-1 is expressed exclusively in developing PCs and tightly 
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repressed in all the other stages, since its ectopic expression is able to induce plasmacytic 

differentiation (Turner, Mack, and Davis 1994). BLIMP-1 is required for the development of 

both short-lived and long-lived PC (Angelin-Duclos et al. 2000; Kallies et al. 2004; Shapiro-

Shelef et al. 2003), but not for the initiation of plasmablast formation. Indeed, depletion of 

BLIMP-1 in B cells arrests the PC differentiation to the pre-plasmablast stage (Kallies et al. 

2007). In GC B cells, Prdm1 is repressed by the concerted actions of BCL6 and MTA3 

(metastasis-associated 1 family member 3) (Fujita et al. 2004; Tunyaplin et al. 2004), while 

in late GC B cells the induction of the gene depends on the combined action of STAT3 and 

IRF4. Specifically, STAT3 is activated by the stimulation of IL-21 receptor, whereas Irf4 is 

transcriptionally up-regulated by CD40-induced activation of NF-kB. Together, STAT3 and 

IRF4 bind to an IL-21 responsive element upstream the Prdm1 gene and mediate its full 

expression (Kwon et al. 2009). Notably, recent evidence from our group demonstrates that 

EZH2-dependent H3K27me3 limits the induction of Prdm1 in response to IL-21 stimulation, 

thereby contributing to the persistence of B cells within the GC (Caganova et al. 2013). 

BLIMP-1 acts both as transcriptional activator and repressor. A recent evidence showed 

that BLIMP-1 induces the expression of almost hundred genes important for PC 

differentiation, including Irf4, Xbp-1, and Ell2 and Eaf2, the latter being two important factors 

acting at Ig mRNA level and promoting antibody secretion. On the other hand, BLIMP-1 is 

crucial for the repression of B-cell stage genes, such as Pax5, Myc (Lin et al. 2002), Ciita 

(encoding MHC-II), SpiB and Id3 (Shaffer et al. 2002), and for the maintenance of PC 

identity (Tellier et al. 2016). Importantly, Minnich and co-workers showed that repression of 

these genes is mediated by the BLIMP-1-dependent recruitment on the chromatin of PRC2, 

chromatin remodelling complexes like BAF and NuRD, as well as histone-deacetylates such 

as NCor and SIN3 co-repressor complexes (Minnich et al. 2016). Additionally, BLIMP-1 has 

been demonstrated to interact with histone-modifiers associated to transcriptional 

repression in non-B lymphoid cell types (Gyory et al. 2004; Su et al. 2009; Yu et al. 2000). 

Altogether, these findings indicate that BLIMP-1 represses its target genes by recruiting of 

chromatin-remodelling and histone-modifying complexes to its binding sites. 
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 Linking Polycomb group proteins to B cell development 

Accumulating evidence implicates several members of the Polycomb family in the 

regulation of lymphocyte development. Indeed, as previously mentioned, conditional 

ablation of Ezh2 results in impaired rearrangement of immunoglobulin (Ig) genes, resulting 

in B cell lymphopenia and severe immunodeficiency (Su et al. 2003). Members of PRC1 

have also been implicated in B cell development, with Mel18 dictating mitotic response to 

IL-7 stimulation in HSCs (Akasaka et al. 1997), and restraining proliferation of mature B 

cells following BCR stimulation (Tetsu et al. 1998). 

The expression of PcG proteins in mature B cells, in particular upon recruitment into an 

immune response, is known since long time (Raaphorst, van Kemenade, Fieret, et al. 2000). 

Moreover, subunits of either PRC1 and PRC2 are frequently deregulated or mutated in B 

cell Hodgkin and non-Hodgkin lymphomas derived from mature B cells (Raaphorst, van 

Kemenade, Blokzijl, et al. 2000; van Kemenade et al. 2001; Bea et al. 2001; Morin et al. 

2010). 

Apart from Mel18, other two subunits of PRC1 have been shown to be involved in early B 

cell development. Phc1, also named Rae28, encodes for a subunit of cPRC1 complex. BM 

transplantation experiments of Phc1-deficient HSCs revealed a severe B-cell maturation 

arrest, with a block between the pro-B and pre-B stages in development, despite no 

alterations in the T-cell developmental path (Tokimasa et al. 2001). On the other hand, 

conditional inactivation of Rybp in the early hematopoietic compartment results in an 

unbalance between B-1 and B-2 progenitors. Specifically, B-1 progenitors increased in 

numbers at the expenses of B-2 progenitors (pro-B and pre-B), with a subsequent skewing 

towards B-1 B cell differentiation (Cales et al. 2015). This evidence, together with the 

aforementioned observation that depletion of Bmi1 and Kdm2b associated with accelerated 

B lymphopoiesis or favoured myelopoiesis, suggests that PRC1 is critical for the choice of 

cell fate and lineage commitment. A clear example of PRC1-dependent maintenance of cell 

fate is the conversion of T-cell progenitors to B cells after the ablation of both Ring1 genes 

in T cell precursors. Specifically, upon selective ablation of Ring1 genes in T-cell 

progenitors, Ikawa and co-workers observed severe block in T-cell development at the 
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immature stage. Strikingly, after BM reconstitution of immunodeficient mice, PRC1-deficient 

progenitors generated CD19+ IgM+ functional B cells. The authors suggest that this 

phenotype is caused by the de-repression of a B-cell transcriptional program commanded 

by Pax5, although the up-regulation of this gene, by itself, is not able to reprogram T cells 

to B cells (Ikawa et al. 2016). 

In agreement with studies that reported relevant frequencies of Ezh2 gain-of-function 

mutations in human and large B cell lymphoma that originate from GC B cells (Morin et al. 

2010) and a therapeutic efficacy of molecules targeting Ezh2 in non-Hodgkin lymphomas 

(McCabe et al. 2012), recently our group has shown that Ezh2 function is crucial to prevent 

premature B cell terminal differentiation. This regulation is mainly exerted through the direct 

repression of the PC determinants Prdm1 and Irf4 (Caganova et al. 2013). Besides EZH2, 

a role for ncPRC1 complexes in the formation and maintenance of GC reaction has been 

recently established. Indeed, canonical components of PRC1 are repressed within early GC 

B cells and, in parallel, non-canonical components such as Bcor, Kdm2b or Pcgf1 are 

induced. This allows the formation of a PRC1-BCOR complex containing CBX8, which is 

recruited to target loci for repression in a PRC2- and BCL6-dependent manner. Notably, 

Cbx8 loss-of-function mirrors the effects of Ezh2 ablation in normal and malignant GC B 

cells, indicating a crucial role for this factor at this stage of B-cell development (Beguelin et 

al. 2016). 

In line with the close relationship between PRC1 and PRC2 complexes, as already 

mentioned, several evidences indicate that also PRC2 is relevant for early (Su et al. 2003) 

and peripheral B cell development and activation (Caganova et al. 2013; Beguelin et al. 

2013). 
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Polycomb proteins are largely implicated in developmental processes, including B cell 

development. In particular, several evidences support a role for PRC1 in early B-cell 

development and in the GC reaction. However, to our knowledge the understanding of 

PRC1 functions in the differentiation process between immature and mature B cells and in 

the maintenance of mature B cell subsets is still missing. Considering the variety of PRC1 

complexes and the functional redundancy of RING1 proteins, we have challenged this 

question though the characterization of compound mutants of Ring1A and Ring1B to disrupt 

any PRC1 activity. 

The initial characterization of these mice, in which the germline Ring1A knock-out is 

combined with a conditional Ring1B knock-out allele inactivated selectively in transitional B 

cells using the Cd23-cre transgene, was performed by Dr. Federica Alberghini and reported 

in her PhD thesis. PRC1-deficient resting B cells showed an aberrant transcriptional 

program with expression of several lineage determinants, besides the retention of immature 

B cell markers such as CD93/AA4.1 and CD24/HSA. Moreover, mature B cell numbers 

were marginally affected, with a detectable decrease only in FO B cells. The most relevant 

and investigated phenotype of PRC1-deficient mice was the substantial impairment of 

germinal center (GC) responses. Specifically, the GC formation was impaired in vivo upon 

T-cell dependent antigen stimulation, with subsequent severe reduction in high-affinity 

antibody responses and decreased number in long-lived plasma cells and memory B cells. 

In vitro experiments with LPS stimulation showed increased apoptosis and accelerated 

plasmablast differentiation; however, the apoptotic phenotype was not detectable in 

stimulation settings not associated with the induction of AID, suggesting AID-driven cell-

death in PRC1-deficient B cells. 

This work led some open questions, such as: 1) how does the absence of PRC1 specifically 

impact on the development of the three mature B cell subsets? 2) is the fitness of mature B 

cells affected upon PRC1 inactivation? 3) how does PRC1 influence B cell activation and 

terminal differentiation? 4) are the defects displayed by PRC1-deficient mice B-cell 

autonomous? 
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Therefore, the aim of the present study is to elucidate the role of PRC1 in resting B cell 

maturation and to unveil the mechanisms which explain the defects of B cell activation and 

terminal differentiation. 
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4. Materials and methods 
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 Mice 

BL6C57/J and Ly5.1 (B6.SJL-PtprcaPepcb/BoyCrl) mice were purchased from Charles 

River. Ring1a-/-Ring1bfl/flCD23-cre mice were generated by crossing Ring1a-/-Ring1bfl/fl mice 

(L. D’Artista, S. Casola, personal communication) with CD23-cre mice (Kwon et al. 2008). 

JHT mice were used as recipients for bone marrow transplantation assay. Mice were 

housed and bred in animal facility at the IFOM-IEO Campus Institute, Milan, Italy. 

Experimentations were performed under the protocol numbers 80/2016 and 880/2017 

approved by the Italian Ministry of Health and the IFOM OPBA Committee. 

 

4.1.1 Mutants (genetic background) 

Ring1a-/- (del Mar Lorente et al. 2000) 

Ring1bfl/fl (Cales et al. 2008) 

 

4.1.2 Cre line (genetic background) 

Cd23-cre (Kwon et al. 2008) 

 

 Genomic DNA extraction for tail biopsy 

1 cm of a tail biopsy was incubated in 400 μl of Tail lysis buffer with Proteinase K (100 

μg/ml) at 56 ˚C, shaking at 850 rpm, O/N in Thermomixer Compact (Eppendorfâ). The 

lysate was spun at 13000 rpm for 1 min, then transferred into a new tube. 1 ml of isopropanol 

was added, tube was mixed by inverting and centrifuged at 13000 rpm for 1 min. DNA pellet 

was dissolved into 300 μl of TE 1X buffer by incubation at 60 ˚C for 20 min. 

 

Tail lysis buffer: 100 mM tris-HCl pH 8.5, 5 mM EDTA, 200 mM NaCl, 0.2 % SDS, in ddH20. 

TE buffer: 10 mM Tris-HCl pH 8.1, 5 mM EDTA pH 8, in ddH20. 
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 Genotyping strategy 

The genotypes of all mice were analyzed by polymerase chain reaction (PCR) amplification 

performed on genomic DNA extracted from tails. Primers and annealing temperature (TA) 

used are listed in Table 1, while PCR reagents in Table 2. PCR conditions are summarized 

in Table 3. PCRs were run in automatic thermocycler GeneAmp PCR System9700 (Applied 

Biosystems). 

 

Table 1. Primers used for genotyping and annealing temperatures. 

PCR product Primer ID Sequence TA 

Ring1B WT vs 

fl 

Ring1b Del Fw TAATTCCATGAAAGCATCAAAGT 

58 ˚C Ring1b Fl Rv GTTCCATTTGTCTGCACAGCCTGAG 

Ring1b Del Rv AGCACTGTGCTCCTTTTTGAT 

Ring1A WT vs 

KO 

Ring1a WT Fw CTTCCGCAGACCTCTCTCAG 

60 ˚C Ring1a WT Rv TTGCGCTCATCTTAGGCTTT 

Ring1a KO Fw TGCTCGAGATGTCATGAAGG 

Cd23-cre 
Cd23-cre Fw GATGTGAGGGACTACCTCCTGTACC 

60 ˚C 
Cd23-cre Rv CCAGCATCCACATTCTCCTT 

 

Table 2. PCR reagents. 

Component Final volume (μl) 

5X Flexi buffer 5 

MgCl2 solution, 25 mM 2 

PCR Nucleotide Mix, 2.5 mM each 2 

Forward primer, 50 μM 0.2 

Reverse primer, 50 μM 0.2 

GoTaqâ DNA Polymerase (5u/μl) 0.2 

Template DNA 1 

Nuclease-Free Water 14.4 

Total 25 

 

Table 3. Genotyping PCR conditions. 

Temperature (˚C) Time (min:sec)  

94 2:30  
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94 0:30 
x 33 

cycles 
TA 0:30 

72 0:30 

72 5:00  

4 hold  

 

 Bone marrow chimeras 

JHT mice, used in bone marrow chimera experiments, are Ly5.2+ (CD45.2 allotype) 

C57BL/6 congenic mice. CD23-cre or Ring1a-/-Ring1bfl/flCD23-cre mice Ly5.2+ (CD45.2 

allotype) were used as donor mice, as test cells, in combination with C57BL/6 Ly5.1+ 

(CD45.1 allotype), as competitor cells. JHT recipient mice were sub-lethally irradiated (5 

Gy) and reconstituted with a total of 5×106 total donor bone marrow cells (test + competitors) 

+ 2x106 total splenic cells (from C57BL/6 Ly5.1+) by intravenous injection. Reconstituted 

mice were administered with antibiotics (2.5 mg/ml ampicillin, 4 mg/ml kanamycin 1.6 mg/ml 

metronidazole) in their drinking water for four weeks post-reconstitution. Transplantation 

efficiency was checked after 4 weeks by immunostaining for Ly5.1 and Ly5.2 surface 

markers on blood obtained by recipient tail bleeding. Mice were analysed 14-16 weeks post-

transplantation. 

 

 In vivo turnover assay 

BrdU (Sigma Aldrich) was administered in drinking water (0.8 mg/ml) for one week. 

Splenocytes and bone marrow cells were retrieved as indicated in 4.6.1 and stained with 

anti-BrdU antibody. 
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 Cell culture techniques 

4.6.1 Preparation of cell suspension from lymphoid organs 

For B cell analysis, mice of 4-8 months of age were used. Spleens, lymph nodes, peritoneal 

cavity wash, tibias and Peyer’s patches were collected from mice. For cell suspension, 

spleen, lymph nodes and Peyer’s patches samples were smashed between frosted slide 

glasses and subsequently filtered through 40 μl nylon meshes (Becton Dickinson, USA); 

tibias were flushed using a syringe containing 1 ml of B cell medium to obtain bone marrow 

cells. Erythrocytes lysis was performed on spleen and bone marrow preparations by 

incubating cell suspensions in 1 ml of Red Blood Cells (RBC) lysis buffer for 3 minutes on 

ice. Reaction was stopped by adding 10 ml of B cell medium; cells were washed 

(centrifugation at 1200 rpm for 5 minutes at 4 ˚C) and resuspended in B cell medium before 

counting. Live cells were counted using Erythrosine B dye to distinguish alive and dead 

cells. 

 

B cell medium: DMEM, 10% heat-inactivated FBS, 0.1 mM NEAA, 1 mM Na Pyruvate, 50 

µM b-ME and 2 mM L-glutamine (Invitrogen) 

RBC lysis buffer: 1 part solution A + 9 parts solution B 

Solution A: 0.17 M Tris-HCl pH 7.65, in ddH20. 

Solution B: 0.15 M NH4Cl, in ddH20. 

 

4.6.2 B cell purification 

Starting from splenic cell suspension, CD43-expressing B cells (activated B cells, plasma 

cells and B-1a cells), T cells, NK cells, dendritic cells, macrophages, granulocytes, and 

erythroid cells were indirectly magnetically labeled by using a cocktail of biotin-conjugated 

antibodies against CD43, CD11b, CD11c, Ter-119, CD4, CD8, and CD3 and followed by 

Anti-Biotin MicroBeads (Myltenyi Biotec) incubation (antibodies details are listed in Table 

4). B cells were then purified through LS columns (Miltenyi Biotec) following manufacturer’s 

B Cell Isolation Kit depletion protocol (Miltenyi Biotec). For antibody staining and 
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purification, cells were resuspended in MACS buffer. This procedure allows the isolation of 

untouched resting B cells from single cell suspensions of lymphoid tissues. 

 

MACS buffer: 1X PBS, 0.5 % BSA, 2 mM EDTA, in ddH20. 

 

Table 4. Antibodies used for negative B cell purification. 

Antibodies Clone Company Dilution 
Monoclonal Rat anti-mouse CD43 (biotin) S7 eBioscience 1/800 

Monoclonal Rat anti-mouse CD11b (biotin) M1/171 eBioscience 1/800 

Monoclonal Armenian hamster anti-mouse 

CD11c (biotin)  

N418 eBioscience 1/800 

Monoclonal Rat anti-mouse Ter-119 (biotin) TER-119 eBioscience 1/800 

Monoclonal Rat anti mouse CD4 (biotin)  GK1.5 eBioscience 1/400 

Monoclonal Rat anti mouse CD8 (biotin)  53-6.7 eBioscience 1/400 

Monoclonal Armenian hamster anti mouse 

CD3 (biotin)  

145-2C11 eBioscience 1/200 

 

4.6.3 In vitro B cell culture 

For survival experiments, purified B cells were cultured in B cell medium and stimulated 

with different concentration of BAFF (50, 25, 12, 6 or 0 ng/ml) (Peprotech – Recombinant 

Human BAFF – 310-10). Cells were plated at a density of 5x105 cells/ml at 37 ˚C and 5 % 

CO2. 

For activation experiments, purified B cells were cultured in B cell medium and stimulated 

with 20 μg/ml LPS (Lipopolysaccharide, Sigma Aldrich) with or without 1 ng/ml of IL-4 

(Recombinant Murine Interleukin 4, 214-14, Peprotech). Alternatively, 1 μg/ml anti-RP105 

(Monoclonal rat anti-mouse CD180, functional grade purified RP/14, eBioscience) was 

added to the medium. Cells were plated at a density of 5x105 cells/ml at 37 ˚C and 5 % CO2. 

For survival and growth curves, viable cell number was determined using Muse™ Cell 

Count & Viability Assay kit (Millipore) and MUSE Cell analyser instrument, according to the 

manufacturer’s protocol. 
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MACS buffer: 1X PBS, 0.5 % BSA, 2 mM EDTA, in ddH20. 

 

4.6.4 In vitro cell proliferation assay with CFSE 

Purified B cells were resuspended at 1x106 cells/ml final concentration in pre-warmed (37 

˚C) 1X PBS. CFSE was added (ab145291, Abcam) at a 2.5 µM final concentration and cells 

were incubated at 37 ˚C in the dark for 10 minutes. Labelling was quenched by adding five 

volumes of B-cell medium and incubating cells for 5 minutes at RT. Then, cells were 

centrifuged, washed once in medium, and plated at 5x106 cells/well in a six-well dish in the 

presence of LPS with or without IL-4, as previously described (4.6.3). Variations in the 

intensity of CFSE labelling were detected with the FACSCaliburä (BD Bioscience) at 72 

hours. Cells were collected and further stained with IgG1 or IgG3 to identify labelled B cells 

switched to IgG1/IgG3 isotype.  

 

4.6.5 In vitro chemotaxis assay 

Total splenic cell suspension, after treatment with RBC lysis, was resuspended in 

resensitization medium at 107 cells/ml and incubated at 37 ˚C for 40 min. In the meantime, 

S1P chemokine was diluted to the concentration of 10 or 100 nM in experimental medium. 

580 μl of chemokine-containing medium or chemokine-free medium were aliquoted in wells 

of a 24-well plate. Wells containing chemokine-free medium were added for inputs and to 

test the spontaneous migration. Transwells (5 μm pore size) were allocated in each well 

and then 100 μl of cell suspension was added on the top. For input, 20 μl of cell suspension 

was plated directly into the medium. Each condition was tested in triplicate. Transwell plate 

was incubated at 37 ˚C for 3 hours, avoiding vibrations. At the end of the incubation time, 

transwells were gently removed, cells were resuspended by pipetting 10 times and 

transferred into a FACS tube for counting. Migrated cells were enumerated by collecting 

events with the FACSCaliburä (BD Bioscience) for 60 sec at low speed and analysed with 

FlowJo software. Then, cells were stained with antibodies anti-CD23, -CD21, -CD19 and -

B220 and collected again. 

Migration index was calculated as follow: 
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𝑀𝑖𝑔𝑟𝑎𝑡𝑖𝑜𝑛	𝑖𝑛𝑑𝑒𝑥 =
(𝑐𝑒𝑙𝑙𝑠	𝑚𝑖𝑔𝑟𝑎𝑡𝑒𝑑	𝑖𝑛	𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒	𝑡𝑜	𝑐ℎ𝑒𝑚𝑜𝑐ℎ𝑖𝑛𝑒)− (𝑐𝑒𝑙𝑙𝑠	𝑚𝑖𝑔𝑟𝑎𝑡𝑒𝑑	𝑠𝑝𝑜𝑛𝑡𝑎𝑛𝑒𝑜𝑢𝑠𝑙𝑦)

𝑁𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑐𝑒𝑙𝑙𝑠	𝑖𝑛	𝑖𝑛𝑝𝑢𝑡 ∗ 100 

 

Resensitization medium: RPMI, 10 mM Hepes, 2 % BSA fatty-acid free. 

Experimental medium: RPMI, 10 mM Hepes, 0.5 % BSA fatty-acid free. 

 

 Imaging techniques 

4.7.1 Immunostaining for flow cytometry and cell sorting (FACS) 

For FACS, 1x106 cells were stained for 20 minutes on ice in 50 µl FACS buffer (PBS 1 %, 

BSA 0.01 %) containing the appropriate mixture of fluorescently labeled antibodies (listed 

in Table 5). For FACS-sorting, 1x107/100 µl cells were stained for 15 minutes at 4 ˚C on 

rotation in FACS buffer. Cells were then washed twice, resuspended in PBS 2% FBS and 

sorted using FACSAriaä (BD Bioscience). After sorting, cells were collected in PBS 33% 

FBS, centrifuged at 6000 rpm 4 ˚C for 5 min and immediately resuspended in the 

appropriate buffers or frozen at -80 ˚C.  

 

FACS buffer: 1X PBS, 0.01 % BSA, in ddH20. 

 

Table 5. Antibodies used for flow cytometry. 

Antibodies and antigens Company Dilution 
Monoclonal Rat-anti mouse CD19 (Cy7 PE) eBioscience 1/400 

Monoclonal Rat-anti mouse CD21/CD35 (PE) eBioscience 1/1000 

Monoclonal Rat-anti mouse CD23 (FITC) eBioscience 1/100 

Monoclonal Rat-anti mouse CD38 (APC) eBioscience 1/600 

Monoclonal Rat-anti mouse CD1d (biotin) eBioscience 1/800 

Monoclonal mouse-anti mouse CD95/Fas (PE) eBioscience 1/170 

Monoclonal Rat-anti mouse CD93/AA4.1 (APC) eBioscience 1/600 

Monoclonal Rat-anti mouse CD24/HAS (PE) eBioscience 1/400 

Monoclonal Rat-anti mouse/human CD45R (B220) 

(Cy7PE) 
eBioscience 1/400 
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Monoclonal Rat-anti mouse/human CD45R (B220) 

(FITC) 
eBioscience 1/200 

Monoclonal Rat-anti mouse CD268/BAFF-R (APC) Biolegend 1/400 

Monoclonal mouse-anti mouse CD45.2 (Cy7PE) eBioscience 1/200 

Monoclonal mouse-anti mouse CD45.1 (FITC) eBioscience 1/100 

Monoclonal hamster-anti mouse anti-TCRb (APC) eBioscience 1/600 

Monoclonal mouse-anti mouse MHC-II (PE) eBioscience 1/200 

Monoclonal Rat-anti mouse IRF4 (Alexa 488) Biolegend 1/800 

Monoclonal Rat-anti mouse IgG1 (biotin) BD Bioscience 1/2000 

Monoclonal Rat-anti mouse IgG3 (biotin) BD Bioscience 1/500 

Monoclonal Rat-anti mouse CD138 (PE) BD Bioscience 1/200 

Monoclonal Rat-anti mouse IgM clone R33.24.12 

(Alexa 488) 
Home-made 1/400 

Polyclonal Goat-anti mouse IgM Fab2 (Alexa 647) 
Jackson 

Immunoresearch 
1/800 

Monoclonal Rat-anti mouse IgD (PE) eBioscience 1/3000 

Monoclonal Rabbit-anti mouse H3K27me3 (Alexa 

647) 
Cell Signaling 1/1000 

Monoclonal Rat-anti mouse CD5 (PE) eBioscience 1/200 

Monoclonal Rat-anti Mouse PAX5 (PE) Biolegend 1/200 

Monoclonal Mouse-anti mouse BLIMP-1 (DyLight 650) Novus Biologicals 1/100 

Streptavidin (PE) eBioscience 1/600 

Streptavidin (APC) eBioscience 1/800 

 

4.7.2 Intracellular immunostaining for flow cytometry 

Cells were stained in 10 µl / 1x106 of FACS buffer containing antibodies of choice (Table 5) 

for 20 min at 4 ˚C in the dark and subsequently washed twice with 200 µl of FACS buffer as 

described before in 4.7.1. For intracellular protein stainings True Nuclear™ Transcription 

Factor kit (Biolegend) was used. Surface stained cells were fixed and permeabilized in 

Transcription Factor 1X Fix solution buffer for 40 min on ice in U bottom 96 well microplate 

and washed 3 times by Transcription Factor 1X Perm Buffer and centrifugation. Cell were 

then stained in 100 μl of Transcription Factor 1X Perm Buffer, in which antibodies listed in 

Table 5 were diluted, for 1 hour at RT shaking. Cells were washed twice with Transcription 

Factor 1X Perm Buffer and resuspended in 100 μl 1X PBS. Samples were acquired using 
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FACSCaliburä (BD Bioscience) and analysed FlowJo software. All centrifugation steps 

were performed at 400 g for 3 min at RT. 

 

4.7.3 Immunostaining of splenic sections 

Spleens were fixed in liquid nitrogen. Frozen 3 μm sections were thawed, air-dried, fixed in 

80 % ethanol for 10 minutes, washed with 1X PBS, blocked with Blocking solution for 1 

hour, and stained O/N at 4 ˚C in a humidified chamber with primary antibodies (light 

protected) diluted in Blocking solution. Sections were washed three times with 1X PBS, 

stained for 1 hour with secondary antibodies, washed, counter-stained with DAPI for 5 

minutes, washed with 1X PBS immediately after. Slides were mounted in Mowiol 

(Calbiochem) + antifade (DABCO, Sigma Aldrich) and stored at 4 ˚C until acquisition. 

Images were acquired on a Full Manual BX51 (Olympus) Microscope. Image analysis was 

performed using ImageJ software (NIH). Antibodies used are listed in Table 6. 

Quantifications of signal intensity and marginal zone width were performed using ImageJ. 

 

Blocking solution: 1X PBS, 0.02 % FBS, 0.01 % w/v BSA, in ddH20. 

 

Table 6. Antibodies used for immunofluorescent staining of splenic sections. 

Antibodies and antigens Type Company Dilution 

Monoclonal mouse-anti mouse CD45.2 

(Alexa 647) 
Primary eBioscience 1/10 

Monoclonal mouse-anti mouse CD45.1 

(biotin) 
Primary eBioscience 1/20 

Anti-mouse IgM clone R331.12 (Alexa 488) Primary Home-made 1/10 

Monoclonal Rat-anti mouse MOMA-1 (biotin) Primary eBioscience 1/10 

Streptavidin (Alexa 555) Secondary 
Life 

Technologies 
1/200 
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4.7.4 Immunostaining of in vitro activated B cells 

Cell suspensions were harvested, seeded on Polysineä Microscope Adhesion Slides 

(ThermoFisher Scientific) and air-dried for 30 minutes. Fixation was performed with 100 % 

ice-cold methanol for 10 min. Slides were washed 3 times with 1X PBS, blocked with 

Blocking solution for 1 hour, and stained with primary antibodies diluted in Blocking solution 

(light protected) in a humidified chamber at 4 ˚C O/N. Slides were washed three times with 

Washing buffer, stained for 1 hour with secondary antibody diluted in Blocking solution, 

washed, counter-stained with DAPI for 2 minutes, washed with 1X PBS immediately after. 

Cells were treated with ethanol solutions (70 %, 95 % and 100 %) to dehydrate and remove 

aspecific signals. Slides were mounted in ProLong Gold Antifade Mountant (ThermoFisher 

Scientific) and stored at 4 ˚C until acquisition. Antibodies used for stainings are listed in 

Table 7. Images were acquired on a Full Manual BX51 (Olympus) Microscope. Image 

analysis was performed using ImageJ software (NIH). Quantification of gH2A.X foci was 

performed using Cell Profiler software tools. 

 

Blocking solution: 3%BSA, 0.5% Triton-X, 3% donkey serum, in 1X PBS. 

Washing buffer: 0.2 % BSA, 0.1 % Triton-X, in ddH20. 

 

Table 7. Antibodies used for immunofluorescent staining of activated B cells. 

Antibodies and antigens Type Company Dilution 

Monoclonal Rabbit-anti mouse gH2A.X Primary Cell Signaling 1/1000 

Monoclonal Donkey-anti rabbit (Alexa 488) Secondary 
Jackson 
ImmunoResearch 

1/400 

 

4.7.5 In situ hybridization of splenic sections 

For in situ single and double-target mRNA hybridization, formalin-fixed and paraffin-

embedded (FFPE) 4 μm-thick sections were cut and air-dried O/N. Tissue sections were 

deparaffinized at 60° C for 1 hour, rehydrated and air-dried before pre-treatments. The 
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unmasking technique was performed using Target Retrieval maintained at a gentle boiling 

temperature (98 to 104° C) using a hot plate for 15 min. After protease treatment at 40° C 

for 15 min in a HybEZ hybridization oven (Advanced Cell Diagnostics), the target probes 

listed in Table 8 were incubated. Detection of specific probe binding was revealed with 

RNAScope 2.5 HD Reagent kit – brown (Advanced Cell Diagnostic) and RNAScope 2.5 HD 

Duplex Assay kit (Advanced Cell Diagnostic). 

To quantify the co-localization of Prdm1 and Pax5 signal a semiautomatic segmentation 

was performed. The segmentation should be considered semi-automatic because it 

required the initial manual sampling of some BLUE and RED spots on a random subset of 

images (10% of the whole dataset) in order to identify the appropriate threshold values to 

be used with the multiresolution approach described by Sciortino and co-workers (Sciortino, 

Tegolo, and Valenti 2017). To consider the different magnifications of the microscope, the 

fourth and fifth wavelet planes were considered. The overlap areas of BLUE and RED spots 

were measured in micrometers (μm), as well as the distances between each BLUE spot 

and all the RED spots in each image. In particular, a histogram representation allows to 

express quantitatively the number of BLUE spots at a given distance from the RED spots, 

providing indication on some kind of density. For a quicker comparison of all the results, we 

computed also the average distance. 

 

Table 8. Probes used for in situ hybridization. 

Probe Accession number Target region Usage 

Mus musculus-Prdm1 NM_007548.4 1871-2808 Experimental 

Mus musculus-Pax5-C2 NM_008782 5-1146 Experimental 

Mus musculus-Ubc  NM_019639.4 34-860 Positive control 

 

4.7.6 Immunostaining for detection of apoptosis 

For detection of apoptotic cells CaspGLOWTM Fluorescein Active Caspase Staining Kit 

(BioVision) was used with specific modifications in protocol. Ex vivo or in vivo cultured B 

cells were incubated in 100 μl of B cell medium containing 1 μl of FITC-VAD-FMK 

(carbobenzoxy-valyl-alanyl-aspartyl-[O-methyl] fluoromethylketone), a cell-permeant pan-
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caspase inhibitor that irreversibly binds to the catalytic site of caspase proteases, at 37° C 

and 5 % CO2 for 1 hour. Cells were collected by centrifugation (2000 rpm for 30 seconds) 

and washed with 200 μl of wash buffer. Subsequently, surface staining was performed as 

described before in 4.7.1. Cells were acquired by FACSCaliburä (BD Bioscience) and 

analysed using FlowJo software. 

 

4.7.7 Cell-cycle analysis 

For this procedure, cells were treated with reagents of Fixation/Permeabilization Solution 

Kit (BD Bioscience). 1x106 of in vitro activated B cells were collected by centrifugation at 

1500 rpm for 5 min, then they were resuspended in 1 ml of medium supplemented with 

BrdU (33 μM, Sigma Aldrich) and incubated at 37° C and 5 % CO2 for 40 min. Cells were 

washed in 1X PBS, fixed in 100 μl of BD Cytofix/Cytoperm™ (C/C) buffer for 20 min at RT 

and washed with Perm/Wash™ (P/W) buffer. Cells were resuspended in 70 μl of 10 % 

DMSO in FBS solution and incubated at RT for 10 minutes. After washing in P/W buffer, 

cells were re-fixed in 100 μl of C/C buffer at RT for 5 min and washed by P/W buffer again. 

Cells were resuspended in DNase solution (1X PBS, 300 μg/ml DNase) and incubated at 

37° C for 1 hour. After washing with P/W solution, cells were stained in 50 μl of P/W buffer 

with anti-BrdU (BD Bioscience) at RT for 20 min. After washing with P/W buffer, for DNA 

staining cells were resuspended in 1 ml of cold propidium iodide (50 μg/ml) + RNase (250 

μg/ml) and incubated at 4° C O/N. Samples were collected in doublet discrimination mode 

by FACSCaliburä (BD Bioscience) and analysed using FlowJo software. 

 

4.7.8 Neutral comet assay 

Neutral comet assay was performed using CometAssayÒ Reaction Kit (Trevigen), following 

manufacturer’s instructions. Briefly, 1x105 cells were resuspended in 50 μl of 1X PBS and 

mixed with prewarmed 500 μl of molten LMAgarose at 37 ˚C. 50 μl of the mixture was 

pipetted onto CometSlideTM. Slides were refrigerated at 4 ˚C for 10 min, then transferred in 

1X Lysis Solution O/N. Slides were immersed in 50 ml of ice-cold 1X Neutral 
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Electrophoresis Buffer for 30 min, then electrophoresed in 850 ml of the same buffer with 

CometAssayÒ ES unit (Trevigen), at 21 V for 45 min at 4 ˚C. Slides were then immersed in 

DNA Precipitation Solution for at RT 30 min and successively in 70% ethanol solution at RT 

for 30 min. Slides were air dried for 30 min and stained with 100 μl of diluted SYBR Gold 

Staining Solution (ThermoFisher Scientific) at RT for 30 min. Next, slides were air dried at 

RT O/N. All the passages of the procedure were performed in the dark. Samples were 

acquired on a Full Manual BX51 (Olympus) Microscope. Image analysis was performed 

using OpenComet plugin of ImageJ software (NIH). 

 

10X Neutral Electrophoresis Buffer: 1 M Tris Base, 5 M NaAc, in ddH20. 

DNA Precipitation Solution: 7.5 M NH4Ac, in 95 % ethanol. 

SYBR Gold Staining Solution: 1/10000 SYBR Gold in TE buffer, pH 7.5. 

TE buffer: 10 mM Tris-HCl pH 8.1, 5 mM EDTA pH 8, in ddH20. 

 

 Biochemical techniques 

4.8.1 Immunoblot analysis 

Primary or in vitro stimulated B cell extracts were washed once in 1X PBS, then 

resuspended in RIPA buffer containing Benzonase and incubated on ice for 1 hour. 

Sonication was performed for 5 cycles (30 sec ON/ 30 sec OFF) using BioruptorTM Next 

Gen (Diagenode). Lysates were centrifuged at 15000 rpm for 15 min at 4 ˚C, then 

transferred to a new tube. 20-30 μl of lysate was mixed with 1X Laemmli loading buffer. 

Samples and protein marker (NOVEXÒ Sharp PreStained protein standard – Invitrogen) 

were electrophoresed by 4-12 % SDS-PAGE (Invitrogen) in an XCell SurelockTM Mini-cell 

apparatus (Life Technologies) in NuPAGE MOPS or MES SDS running buffers 

(ThermoFisher Scientific) and transferred to nitrocellulose membranes (iBlotÒ Transfer 

Stuck, Invitrogen), by iBlot2Ò Dry Blotting Device (Invitrogen). After blotting, the 

membranes were stained with Ponceau S staining solution to verify equal loading and 

transfer. Membranes were briefly washed in distilled water and blocked in Blocking solution 
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at RT for 1 hour. After blocking, membranes were incubated with primary antibodies (Table 

9) diluted in Blocking solution, at 4 ˚C O/N. After three washes, of 5 min each in TBS-T, 

membranes were incubated with the horseradish peroxidase conjugated secondary 

antibody diluted in Blocking solution for 1 hour at RT. Membranes were washed three times 

in TBS-T for 5 min and the bound secondary antibody was revealed using the ECL Western 

Blotting Substrate (Pierce) and detected using the ChemidocTM XRS + imaging System 

(Biorad). Image analysis was performed using the Image LabTM 5.2.1 software tool. 

 

RIPA buffer: 50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1 % Triton, 5 mM MgCl2, 1X PMSF, 1X 

Protease inhibitor cocktail (Roche), 1/1000 Benzonase nuclease (Novagen), in ddH20. 

Laemmli loading buffer: 4X NuPAGEÒ (Invitrogen), 2 mM DTT, 4X PMSF, 4X Protease 

inhibitor cocktail (Roche). 

Ponceau S staining solution: 0.1 % Ponceau S (w/v) and 5 % acetic Acid (w/v), in ddH20. 

TBS-T: 20 mM Tris HCl pH 7.4, 500 mM NaCl, 0,1 % Tween, in ddH20. 

Blocking solution: 5 % BSA in TBS-T. 

 

Table 9. Antibody used for immunoblot protein detection. 

Primary Antibodies Clone Company Dilution 

Rabbit anti-mouse RING1A 2820S Cell Signaling 1/1000 

Rabbit anti-mouse RING1B D22F2 Cell Signaling 1/1000 

Rabbit anti-mouse BIM C34C5 Cell Signaling 1/1000 

Rabbit anti-mouse p100/p52 Polyclonal Cell Signaling 1/1000 

Rabbit anti-mouse AKT (total) C67E7 Cell Signaling 1/1000 

Rabbit anti-mouse AKT (phospho-Serine 

473) 
D9E Cell Signaling 1/1000 

Rabbit anti-mouse FOXO1 (total) C29H4 Cell Signaling 1/1000 

Rabbit anti-mouse FOXO1 (phospho-Serine 

256) 
Polyclonal Cell Signaling 1/1000 

Rabbit anti-mouse LYN (total) Polyclonal Cell Signaling 1/1000 

Rabbit anti-mouse LYN (phospho-Tyrosin 

508) 
Polyclonal Cell Signaling 1/1000 

Rabbit anti-mouse BTK D9T6H Cell Signaling 1/1000 
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Rabbit anti-mouse GSK3b D85E12 Cell Signaling 1/1000 

Rabbit anti-mouse H2A Polyclonal Merck Millipore 1/1000 

Rabbit anti-mouse H4 Polyclonal Abcam 1/1000 

Rabbit anti-mouse H2AK119ub1 D27C4 Cell Signaling 1/1000 

Rabbit anti-mouse H3K27me3 C36B11 Cell Signaling 1/1000 

Secondary Antibody Clone Company Dilution 

Goat anti-rabbit HRP-linked Polyclonal Cell Signaling 1/2000 

 

4.8.2 Chromatin immunoprecipitation (ChIP) 

1x106 cells were FACS-sorted as described previously in 4.7.1 and cross-linked with 1 % 

formaldehyde in 1X PBS for in rotation at RT 10 min. Cross-linking was quenched with 1 ml 

of 0.125 M glycine, then cells were washed twice in ice-cold 1X PBS, resuspended in SDS 

buffer and incubated at -80 ˚C at least for one O/N. Samples were defrosted gradually, 

centrifuged at 40000 rpm at 16 ̊ C for 10 min and resuspended in 130 μl of Sonication buffer. 

Sonication was performed for 10 cycles (30 sec ON/ 30 sec OFF) using BioruptorÒ 

(Diagenode) followed by sonication with Covaris M220 (peak power 175.0, duty factor 10.0, 

cycles/burst 100). Chromatin was centrifuged at 1500 rpm at 16 ˚C for 10 min and 

supernatant transferred in a new tube. 1 ml of IP buffer was added together with 8 μl of 

Rabbit anti-mouse H3K27me3 (Cell Signaling). 10 μl of chromatin were saved before 

addition of antibody as Input. Tubes were incubated in rotation at 4 ˚C O/N. 20 µl of protein 

G dynabeads (Invitrogen) were added to each sample and incubated in rotation at 4 ˚C for 

4 hours. Beads were retrieved with a magnet, washed four times with Washing buffer, once 

with TE buffer, then resuspended in 250 µl of Elution buffer. Samples were boiled at 95 ˚C 

for 5 min and supernatant transferred in a new tube (two times). 490 μl of Elution buffer 

were added to the Inputs. 10 μl of Proteinase K (20 mg/ml) were added to all samples. 

Tubes were incubated in a Thermomixer Compact (Eppendorfâ) at 55 ˚C for 4 hours and 

then at 65 ˚C O/N. DNA was purified by Phenol/Chloroform purification, followed by Na-

Acetate and ethanol precipitation. Briefly, 500 μl of Phenol/Chloroform/Isoamylalcohol 

25:24:1 (Sigma Aldrich) were added to the de-cross-linked DNA. Tubes were vortexed for 

30 sec, then pun at 10000 rpm at RT for 10 min. the upper phase was transferred in a new 
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tube containing 1 μl of glycogen. 75 μl of 3 M Na-Acetate and 1 ml of 100 % ethanol were 

added to the tube, that was subsequently vortexed for 30 sec. Tubes were incubated at -80 

˚C for 1 hour, then centrifuged at 13000 rpm at 4 ˚C for 20 min. Supernatant was discarded. 

1 ml of 70 % ethanol was added, the tube vortexed briefly and centrifuged at 13000 rpm at 

4 ˚C for 10 min. Supernatant was discarded. Tubes were air-dried for 10 min at RT. 30 μl 

of 1X TE were added on the DNA pellet and DNA dissolved in a Thermomixer Compact 

(Eppendorfâ) at 56 ˚C for 30 min. DNA was stored at -20 ˚C until library preparation. 

 

SDS buffer: 0.5 % SDS, 50 mM Tris-HCl pH 8.1, 100 mM NaCl, 5 mM EDTA pH 8, in ddH20. 

Sonication buffer: 1 % SDS, 50 mM Tris-HCl pH 8.1,10 mM EDTA pH 8, in ddH20. 

IP buffer: 0.5 % Triton X-100, 50 mM Tris-HCl pH 8.1, 150 mM NaCl, 1 mM EDTA pH 8, in 

ddH20. 

Washing buffer: 0.5 % Triton X-100, 50 mM Tris-HCl pH 8.1, 150 mM NaCl, 5 mM EDTA 

pH 8, in ddH20. 

TE buffer: 10 mM Tris-HCl pH 8.1, 5 mM EDTA pH 8, in ddH20. 

Elution buffer: 100 mM NaHCO3, 50 mM Tris-HCl pH 8.1, 150 mM NaCl, 1 % SDS, in ddH20. 

 

4.8.3 Assay for Transposase-Accessible Chromatin (ATAC) 

For ATAC-seq sample preparation, I adapted the protocol published by Buenrostro and co-

workers to primary B cells (Buenrostro et al. 2015). Specifically, I performed the set-up of 

the biochemical and library preparation part (described in 4.10.4) to get good quality 

samples also starting from a non-homogenous and resting cell population such as splenic 

B cells. 

For the characterization of PRC1-proficient and -deficient resting B cells, cells were FACS-

sorted as described previously in 4.7.1. 1x105 cells were transferred in a new tube, washed 

with 500 μl of ice-cold 1X PBS and resuspended in 300 μl of Lysis buffer, incubated at 4 ˚C 

for 15 min. Tubes were flicked every 5 min. Cells were centrifuged and washed twice with 

Lysis buffer. The nuclei pellet was then resuspended in 20 μl of Tagmentation mix. Tubes 

were incubated in a Thermomixer Compact (Eppendorfâ) at 37 ˚C, 300 rpm, for 40 min. 
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DNA was then purified by Qiagen Minelute kit according to the manufacturer’s protocol. 

DNA was eluted in 12 μl and stored at -20 ˚C until library preparation. Each centrifugation 

was performed at 500 g, 4 ˚C, 10 min. 

 

Lysis buffer: 10 mM Tris-HCl pH 7.4, 10 mM NaCl, 3 mM MgCl2, 0.01 % IGEPAL (CA-630), 

in ddH20. 

Tagmentation mix (per each sample): 10 µl 2x TD buffer, 2 µl Transposase (Illumina), 8 µl 

nuclease free H20. 

 

 Molecular biology techniques 

4.9.1 RNA and DNA extraction 

For cell pellets or sorted cells, total RNA and DNA was extracted using Qiagen RNeasy 

AllPrep Micro Kit following the manufacturer’s protocol. This kit enables the separate elution 

of total RNA and genomic DNA from one cell pellet. 

For microRNA detection and quantification, total miRNAs were extracted from cell pellets 

using Qiagen miRNeasy Mini Kit following the manufacturer’s protocol. 

 

4.9.2 cDNA synthesis 

Complementary DNA (cDNA) was produced using SuperScriptTM III Reverse Transcriptase 

Kit (ThermoFisher Scientific) following the manufacturer’s protocol. Specifically, 50-100 μg 

of RNA were incubated with Mix 1 (Table 10) at 65 ˚C for 5 minutes, then chilled on ice for 

1 minute. Mix 2 (Table 10) was added to the reaction mix. Reaction was performed 

according to the program indicated in Table 11. Eventually, cDNA was used for PCR or RT-

qPCR (real-time quantitative PCR). 

 

Table 10. cDNA synthesis reagents. 

Mix 1 Final volume (μl) 

Random primers 1 
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10 mM dNTP mix 1 

Nuclease-Free Water to 13 

Mix 2 Final volume (μl) 

10X RT buffer 2 

25 mM MgCl2 4 

0.1 M DTT 2 

RNase OUTTM (40 U/μl) 1 

SuperScriptTM III RT (200 U/μl) 1 

Total 20 

 

Table 11. cDNA synthesis conditions. 

Temperature (˚C) Time 
(min:sec) 

25 5:00 

50 60:00 

72 15:00 

4 hold 

 

4.9.3 PCR 

For gene amplification, PCR was performed using GoTaqÒ DNA Polymerase (Promega) 

following the manufacturer’s protocol. Specifically, 1.5 μl of cDNA were mixed with PCR 

reagents in Table 12. Primers and annealing temperature (TA) used are listed in Table 13, 

while PCR conditions are summarized in Table 14. 

 

Table 12. PCR reagents. 

Component Final volume (μl) 

5X Green GoTaqÒ Reaction Buffer 5 

PCR Nucleotide Mix, 10 mM each 1 

Forward primer, 10 μM 0.25 

Reverse primer, 10 μM 0.25 

GoTaqâ DNA Polymerase (5u/μl) 0.25 

Template cDNA 1.5 

Nuclease-Free Water 16.75 

Total 25 



 98 

Table 13. Primers used for PCR and annealing temperatures. 

PCR product Primer ID Sequence TA 

Ptprc exons 2-7 
Ptprc Ex2 Fw CCTTTGGATTTGCCCTTCTGGACA 

58˚ C 
Ptprc Ex7 Rv TGCTTCGTTGTGGTAGCTATGG 

 

Table 14. PCR conditions. 

Temperature 
(˚C) 

Time (min:sec)  

94 2:00  

94 0:30 
x 40 

cycles 
58 0:30 

72 0:30 

72 5:00  

4 hold  

 

4.9.4 Real time quantitative PCR (RT-qPCR) reaction and analysis 

For gene expression analysis RT-qPCR was performed using 1 μl of cDNA, 500 nM primers 

mix and 10 μl of LightCyclerÒ 480 SYBR Green I Master containing Hot-start polymerase 

(Roche) in a final volume of 20 μl per reaction in 96-well format. Reaction conditions are 

indicated in Table 15. The same conditions were used in qPCR performed on 15 ng of DNA 

to measure allelic deletions. Accumulation of fluorescent products was monitored using a 

LightCycler® 96 Real-Time PCR System (Roche). Rplp0 (cDNA analyses) or Gapdh (DNA 

analyses) were used as control house-keeping genes for normalization. Transcript fold 

enrichment was calculated by DDct method.  

 

Table 15. RT-qPCR conditions. 

Temperature (˚C) Time (min:sec)  

95 5:00  

95 0:10 
x 45 

cycles 
60 0:10 

72 0:10 

to 95 (melting curves)   
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To measure the deletion efficiency (DE) of Ring1B lox-P flanked exon 2, RT-qPCR analysis 

was performed on genomic DNA. Ring1BΔ primers were used to detect remaining Ring1B 

exon 2 and primers annealing to Gapdh gene used as a loading control. DE was calculated 

as DE (%) = 100 % - retained exon 2 (%) for Ring1Bfl/fl. Primers are listed in Table 16. 

 

Table 16. Primers used for RT-qPCR and target molecules. 

PCR 
product 

Primer ID Sequence 
Target 
molecule 

Dtx1 
Dtx1 Fw GCCACATGTATCACCTGCTC 

cDNA 
Dtx1 Rv ATGGCTTTGCAGGTTGGA 

Hes1 
Hes1 Fw AGGTGACCCGCTTCCTGT 

cDNA 
Hes1 Rv TCTGGGTCATGCAGTTGG 

Klf2 
Klf2 Fw CGGCACGGATGAGGACCTAAAC 

cDNA 
Klf2 Rv TCGGGAGGATTTTCGGCG 

S1pr1 
S1pr1 Fw GTGTAGACCCAGAGTCCTGCG 

cDNA 
S1pr1 Rv AGCTTTTCCTTGGCTGGAGAG 

Bcl2 
Bcl2 Fw TGAAGCGGTCCGGTGGATAC 

cDNA 
Bcl2 Rv GGCGGCGGCAGATGAATTAC 

Bcl-XL 
Bcl-XL Fw CACTGTGCGTGGAAAGCGTA 

cDNA 
Bcl-XL Rv CTCGGCTGCTGCATTGTTCC 

Mcl-1 
Mcl-1 Fw GGACGACCTATACCGCCAGT 

cDNA 
Mcl-1 Rv CGGAGCATGCCCTGGAAG 

Puma 
Puma Fw ATGCCTGCCTCACCTTCATCT 

cDNA 
Puma Rv AGCACAGGATTCACAGTCTGGA 

Noxa 
Noxa Fw GAGTTGTGACAAGTCAACACAAACC 

cDNA 
Noxa Rv GAAGATAAAGCGTAACAGTTGTAAGATAACC 

Bim 
Bim Fw GAGTTGTGACAAGTCAACACAAACC 

cDNA 
Bim Rv GAAGATAAAGCGTAACAGTTGTAAGATAACC 

Bax 
Bax Fw TGAAGCGGTCCGGTGGATAC 

cDNA 
Bax Rv GGCGGCGGCAGATGAATTAC 

Cd154 
Cd154 Fw AGCAAGCCAAGTGATCCACAGA 

cDNA 
Cd154 Rv ATAGGGAAGACTGCCAGCATCA 

Il8 
Il8 Fw TTCCACCGGCAATGAAGCTTCT 

cDNA 
Il8 Rv GGTCTCCCGAATTGGAAAGGGAAA 

p15 
p15 Fw GCAGGCCTTCCAAAACTTGA 

cDNA 
p15 Rv AGCTGCAGAAAATGCGTAGGA 
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p16 
p16 Fw CAATGTCCTGTGACGTTTGG 

cDNA 
p16 Rv GGCTTCAGCAGACCTTCTGCT 

p18 
p18 Fw AAATGGATTTGGGAGAACTGC 

cDNA 
p18 Rv AAATTGGGATTAGCACCTCTGA 

p21 
p21 Fw CCACAGCGATATCCAGACATTC 

cDNA 
p21 Rv CGGAACAGGTCGGACATCA 

p27 
p27 Fw CAGACAATCCGGCTGGGTTA 

cDNA 
p27 Rv GCCCTTTTGTTTTGCGAAGA 

p57 
p57 Fw CGAGGAGCAGGACGAGAATC 

cDNA 
p57 Rv GAAGAAGTCGTTCGCATTGGC 

Prdm1 
Prdm1 Fw GACGGGGGTACTTCTGTTCA 

cDNA 
Prdm1 Rv GGCATTCTTGGGAACTGTGT 

Pax5 
Pax5 Fw ATGGCCACTCACTTCCGGGC 

cDNA 
Pax5 Rv GTCATCCAGGCCTCCAGCCA 

Ptprc 

ex4 

Exon 4 Fw TTCTGCCTCAAAGTGACCCCTTAC 
cDNA 

Exon 4 Rv TGTGGTCTCTGAAGAGCCATTTCC 

Ptprc 

ex5 

Exon 5 Fw AGGAGCTGACACTCAGACAT 
cDNA 

Exon 5 Rv GTGAGTGTGGGATTGTCAGCTT 

Ptprc 

ex6 

Exon 6 Fw ATTCCTGCAGACACAGCCTTTC 
cDNA 

Exon 6 Rv TCTGTGGTGCTGACATTGGA 

Ptprc 

ex7 

Exon 7 Fw CAGCCTCACAACTCTTACACCATC 
cDNA 

Exon 7 Rv TATGGTTGTGCTTGGAGGGTCAGT 

Rplp0 
Rplp0 Fw TTCATTGTGGGAGCAGAC 

cDNA 
Rplp0 Rv CAGCAGTTTCTCCAGAGC 

Ring1bΔ 
R1bΔ Fw GTTCCATTTGTCTGCACAGCCTGAGA 

gDNA 
R1bΔ Rv AGATGCTGAAGACTGGAGGGGTGT 

Gapdh 
Gapdh Fw AGCGCTGACCTTGAGGTCTCCTTG 

gDNA 
Gapdh Rv GTTGCCTACGCAGGTCTTGCTGAC 

 

4.9.5 Quantitative RT-qPCR for microRNA  

miRNA-125b-5p was quantified using TaqMan® MicroRNA Assay (Applied Biosystems) and 

the specific probe hsa-miR-125b (A/N MI0000446). Reverse transcription was carried out 

using the TaqMan® MicroRNA Reverse Transcription Kit (A/N 4366596) according to the 

manufacturer’s instructions. Each reaction contained 15 ng DNase-treated RNA as 

template. Real-time qPCR was performed using TaqMan Universal PCR Master Mix as 
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recommend by the manufacturer. Sno135 was used as control house-keeping snRNA for 

normalization (A/N TM001230). Transcript fold enrichment was calculated by DDct method. 

Accumulation of fluorescent products was monitored using a 7900 HT Fast Real-Time PCR 

System (ThermoFisher Scientific). 

 

4.9.6 Gel purification 

PCR reactions were loaded on 0.8 % agarose gel added with DNA dye (GelRedÒ Nucleic 

Acid Gel Stain, Biotium). Samples and DNA ladder (100 bp DNA ladder, Promega) were 

electrophoresed at 100 V for 2 hours, then detected using the ChemidocTM XRS + imaging 

System (Biorad). Image analysis was performed using the Image LabTM 5.2.1 software tool. 

PCR amplicons were excised from agarose gel and purified using Qiagen Gel extraction kit 

(Qiagen) according to the manufacturer’s instructions. DNA was eluted in 20 μl. 

 

 Sequencing techniques 

4.10.1 Sanger sequencing 

DNA obtained by gel purification was sequenced by Sanger sequencing by using the same 

primers used for cDNA amplification, listed in Table 13. 

 

4.10.2 RNA-sequencing 

Cells were FACS-sorted as described previously in 4.7.1. Total RNA was purified from cells 

using the All prep DNA/RNA micro kit (Qiagen). RNA was quantified with a microvolume 

UV spectrophotometer (NanoDrop ND-100). 500 ng/sample of total RNA were used to 

prepare cDNA libraries for strand-specific RNA sequencing with Ion Total RNA Seq kit v2 

(ThermoFisher Scientific). Sequencing reactions was performed with an Ion ProtonTM 

instrument (Ion Torrent, ThermoFisher Scientific).  
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4.10.3 ChIP-sequencing 

Immunoprecipitated DNA was used to prepare libraries for sequencing with Library 

preparation kit for Ion Torrent (KAPA Biosystem). DNA concentration of ChIP-seq libraries 

was quantified with Qubit HS ds DNA assay (ThermoFisher Scientific). Bioanalyzer 2100 

(Agilent Technologies) run was performed to assess the size distribution of ChIP-seq 

libraries and possible contaminations by adapter dimers. Sequencing reactions were 

performed on Ion ProtonTM instrument (Ion Torrent, ThermoFisher Scientific). 

 

4.10.4 ATAC-sequencing 

Libraries were created by amplifying DNA first for 9 cycles with NEBNext High Fidelity 

enzyme (New Englan Biolabs) and Nextera PCR barcoded primers, using reagents and 

conditions listed in Table 17 and Table 18. Then, PCR products was purified with AMPure 

XP beads (Agencourt), with 0.65X and 1.8X beads ratio. Briefly, 32.5 μl of AMPure XP 

beads were added to 50 μl PCR reaction. After mixing carefully, tubes were incubated at 

RT for 5 min and magnetized for 4 min. The supernatant was transferred to a new tube, 

containing 57.5 μl of AMPure XP beads. After mixing carefully, tubes were incubated at RT 

for 4 min and magnetized for 4 min. Supernatant was discarded and beads were washed 

twice with 80 % ethanol. Tubes were air-dried at RT for 4 min, then beads resuspended in 

22 μl of EB buffer. After magnetizing for 4 min, the supernatant containing eluted DNA was 

transferred into a new tube. The second PCR reaction was performed using 10 μl of eluted 

DNA and the same conditions described for the previous PCR, with 5 cycles of amplification. 

Final PCR products were purified with AMPure XP beads (Agencourt), with 2X beads ratio. 

For this, 70 μl of AMPure XP beads were added to 50 μl PCR reaction. After mixing 

carefully, tubes were incubated at RT for 5 min and magnetized for 4 min. Supernatant was 

discarded and beads were washed three times with 80 % ethanol. Tubes were air-dried at 

RT for 4 min, then beads resuspended in 22 μl of EB buffer. After magnetizing for 4 min, 

the supernatant containing eluted DNA was transferred into a new tube. DNA concentration 

of ATAC-seq libraries was quantified with Qubit HS ds DNA assay (ThermoFisher 

Scientific). 1 μl of each sample was run on Bioanalyzer 2100 (Agilent) using High Sensitive 
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DNA kit (Agilent) for quality control. Libraries were sequenced with HiSeq 2500, 100 bp PE, 

with a coverage of 30 million reads per sample. 

 

Table 17. PCR reagents for ATAC-seq library preparation. 

Component Final volume (μl) 
2X NEBNext High Fidelity PCR Master Mix 25 

Nextera PCR Ad1_no MX primer, 25 mM 2.5 

Nextera PCR Ad2.n barcoded primer, 25 mM 2.5 

Template DNA 10 

Nuclease-Free Water 10 

Total 50 

 

Table 18. PCR conditions for ATAC-seq library preparation. 

Temperature (˚C) Time (min:sec)  

72 5:00  

98 0.30  

98 0:10 
x 9 or 5 

cycles 
63 0:30 

72 1:00 

 

 Bioinformatic analyses 

4.11.1 Bioinformatic analyses on RNA-seq data 

Reads were aligned to the mouse mm10 transcriptome using TopHat version 2.1.1 

(Trapnell, Pachter, and Salzberg 2009). Differentially expressed genes (DEGs) were called 

with DESeq2 (Love, Huber, and Anders 2014) using the read counts per transcripts 

calculated by HTSeq (Anders, Pyl, and Huber 2015). Only genes with a False Discovery 

Rate (FDR) < 0.05 and log2 fold change > +0.25 or < -0.25 were defined as DEGs. 

Unsupervised hierarchical clustering and heatmaps were made with the R/Bioconductor 

package pheatmap (Raivo Kolde (2018). R package version 1.0.1. (https://CRAN.R-

project.org/package=pheatmap). For sashimi plots, RNA-seq reads aligned to the mouse 
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mm10 genome using Bowtie 2 (Langmead and Salzberg 2012) and were analysed using 

IGV_2.4.8 (Broad Institute). 

 

4.11.2 Bioinformatic analyses on ChIP-seq data 

Reads were aligned, -end-to-end, to the mm10 genome using Bowtie 2 version 2.2.9 

(Langmead and Salzberg 2012). To identify genomic regions enriched for H3K27me3 

(peaks) in immunoprecipitated samples relative to the input samples, we used MACS2 

(version 2.1.1) (Zhang et al. 2008) with default parameters, broad option. Target genes 

were defined according to the presence of a peak in an interval of +/- 1.5 kb around the 

TSS. 

 

4.11.3 Bioinformatic analyses on ATAC-seq data 

Reads of minimum length of 50 bp were aligned to the mouse reference genome mm10 

with Bowtie 2 version 2.2.9 (Langmead and Salzberg 2012), with the parameters -end-to-

end and -X2000 which allowed to map fragments of length up to 2 kilobases. Reads marked 

as unmapped, as PCR or optical duplicates, with multiple alignments, with quality score < 

30 and mapping to mitochondrial chromosome were removed. Peaks were called with 

MACS2 (version 2.1.1) (Zhang et al. 2008) setting the parameters –nomodel—shift 37—

extsize 73. Peaks mapping to a set of regions known to give false positive were filtered out. 

Target genes were defined according to the presence of a peak in an interval of +/- 1.5 kb 

around the TSS.  

 

4.11.4 Enhancer analysis 

Genomic regions defined enhancer are endowed with the following requirements: 1) peak 

of H3K27ac1+, using the broad peaks called in CD19+ resting wild-type B cells extended of 

100 bp at each end before their intersection with the intersectBed utility of BEDTools v2.27.1 

(Quinlan and Hall 2010); 2) peak of H3K4me1+, using the narrow peaks called in CD19+ 

resting wild-type B cells extended of 100 bp at each end before their intersection with the 
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intersectBed utility of BEDTools v2.27.1 (Quinlan and Hall 2010); 3) not mapping in 

promoters (TSS +/- 5 kb); 4) FANTOM5 mouse enhancers. The mm9 robust phase 1 and 

2 CAGE peaks for mouse enhancers were downloaded from FANTOM5 (Lizio et al. 2015) 

(http://fantom.gsc.riken.jp/5/tet/#!/sources) and subsequently converted to the mouse 

genome mm10 assembly with the liftOver utility of the UCSC Genome Browser. The target 

genes of FANTOM5 enhancers mapping within the H3K27ac+/H3K4me1+ regions in both 

PRC1+/+ and PRC1-/- CD19+ B cells were defined by identifying the closest TSS with the 

closest utility of BEDTools v2.27.1 (Quinlan and Hall 2010).  

 

4.11.5 Intersection of RNA-seq, ChIP-seq and ATAC-seq data 

Venn diagrams displaying the overlap among different list of genes were produced using 

the VennDiagram package (Chen and Boutros 2011) (https://CRAN.R-

project.org/package=VennDiagram). Enrichment analyses and pathways analyses were 

performed using the EnrichR tool (Chen et al. 2013; Kuleshov et al. 2016) 

(http://amp.pharm.mssm.edu/Enrichr/). The Gene lists provided by EnrichR were ranked 

based on the p-value.  

 

 Statistical analysis 

Statistical analysis of normally distributed values (Gaussian) was performed by two-tailed 

unpaired Student’s t-test. Mann-Whitney test was applied in case of non-normal distribution, 

whereas Welch test was used for unequal variances. Chi-squared test was used to test 

different distribution of B and T cells in bone marrow chimeras. Differences were considered 

significant at p-value < 0.05. 
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5. Results 
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 The PRC1 complex regulates B cell homeostasis and 

maturation in secondary lymphoid organs 

5.1.1 Targeting PRC1 function in mature B cells in the mouse model  

To study the role of PRC1 in peripheral B cell maturation, given the diversity of PRC1 

complexes, we decided to inactivate them all through the inhibition of the catalytic activity 

of the complex. To this aim, we considered a series of data available in our laboratory at 

the time of the start of the project. First, it was shown that the Ring1A catalytic subunit of 

PRC1 is dispensable for embryogenesis and post-natal life (del Mar Lorente et al. 2000). 

Moreover, our laboratory had shown that Ring1A mutant mice display normal B cell 

development and germinal center responses (Dr. Federica Alberghini, PhD thesis work). 

Second, we observed that conditional inactivation of the other PRC1 catalytic subunit 

Ring1B, using the Cr2-Cre strain, was dispensable for peripheral B cell maturation. Most 

importantly, mice mutants in B cells for either of the two E3 ligases contributing to PRC1 

function displayed normal levels of Histone H2A lysine-119 mono-ubiquitylation (L. D'Artista 

master thesis; Dr. F. Alberghini, PhD thesis work). The latter result suggested functional 

redundancy between Ring1B and Ring1A in B cells, which is in line with previous evidences 

obtained from the analysis of other cell types (Roman-Trufero et al. 2009; Posfai et al. 2012; 

de Napoles et al. 2004). 

 

 

Figure 12. Structure of conditional Ring1A-null and Ring1B alleles in PRC1 mutant mice. 

Schematic representation of the inactivated Ring1A allele (Ring1A-) and of the floxed 
Ring1B locus (Ring1Bf l).  
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To overcome this, we developed a PRC1 conditional knock-out mouse model in which a 

germline Ring1A mutation (Ring1AKO or Ring1A-) was combined to a conditional 

Ring1B/Rnf2 knock-out allele (Ring1Bfl) (Figure 12). Inactivation of PRC1 in late transitional 

B cells was achieved using the Cd23-Cre BAC transgene (Kwon et al. 2008). In the latter 

strain, the Cre transgene is under the control of Cd23/FceRII regulatory regions, leading to 

recombinase expression starting from late, T2 stage, immature B cells. This approach 

allowed us to follow immature B cells lacking PRC1 function in their commitment to 

differentiate into the three major subsets of mature B cells (Figure 13), namely Follicular 

(FO)/B-2, Marginal Zone (MZ) B and B-1 B cells.  

 

Figure 13. Schematic view of B cell development and timing of CD23-Cre mediated deletion. 

In blue are indicated the mature B cell subsets in which the activation of Cre, under 

the control of Cd23 gene, induces the recombination of LoxP sites flanking exon 2 of  

Ring1B alleles. This genetic recombination ultimately inhibits the expression of 

RING1B protein.  

 

Quantitative PCR performed on genomic DNA retrieved from splenic CD19+ B cells of 

representative Ring1A-/-; Ring1Bfl/fl; Cd23-cre, compound mutant animals displayed close-

to-complete Cre-mediated recombination at the Ring1Bfl locus (Figure 14). In line with these 

results, immunoblotting analyses revealed over 70% reduction in RING1B protein levels, 

and around 50% less H2AK119 mono-ubiquitylation when compared to control wild-type 

and to Ring1A knock-out B cells (Figure 15).  
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Figure 14. Ring1B allele inactivation in conditional mutant mice. 

Genomic qPCR analysis to quantify Ring1B gene copy number in CD19+ splenic B cells 

purif ied from R1A-/ -R1Bf l / f l  and R1A-/ -R1Bf l / f lCD23-Cre mutant mice (n=3). Data are 

normalized to Gapdh gene and shown as relative to R1A-/ -R1Bf l / f l  control sample.  

 

Figure 15. Verification of the mouse model. 

A. Immunoblotting analysis and B. quantif icat ion of RING1A, RING1B protein and 
H2AK119ub1 histone mark levels in purif ied CD19+ B cells of representative 

R1A+/+R1B+/+ control, R1A-/ -R1Bf l / f l and R1A-/ -R1Bf l / f lCD23-Cre mutant mice. H4 was 

used as loading control.  



 111 

These results indicate that inactivation of PRC1 is achieved in the vast majority of B cells 

present in the spleen of Ring1A-/-; Ring1Bfl/fl; Cd23-Cre mice. Hereafter the latter animals 

will be referred to as PRC1-/- mice and will be compared to PRC1+/+ control animals, which 

will carry only the Cd23-Cre transgene (Figure 16). 

 

 

 

Figure 16. Genetic background of the mice used in the experiments. 

Schematic representation of the control (CD23-Cre) and PRC1 mutant mice (Ring1A-

/ -Ring1Bf l / f lCD23-Cre) used in the experiments. Hereafter, the mice will be referred to 

as PRC1+/+ and PRC1-/ -, respectively. 

 

5.1.2 PRC1 sustains B cell homeostasis in secondary lymphoid organs 

Flow cytometric analysis of cell suspensions retrieved from secondary lymphoid organs 

(SLOs) revealed lower frequencies and absolute numbers of CD19+ B cells in the spleen 

and in Peyer’s patches of PRC1-/- mice when compared to controls (Figure 17). For lymph 

nodes and peritoneal cavity, CD19+ B cells frequencies were reduced, whereas the trend 

was maintained for absolute numbers although the difference was not significant. 
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Figure 17. Absolute numbers and frequencies of CD19+ B cells in secondary lymphoid organs 
of control and mutant animals. 

A. Frequencies and B. absolute numbers of gated CD19+ B cells of PRC1+/+ control 

and PRC1-/ - mutant mice in animals from 4 to 8-months of age. Bars represent the 

mean value ± SD. Mann-Whitney non-parametric test: * p<0.05; ** p<0.01; *** p<0.001; 

**** p<0.0001; ns = not significative. 
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Instead, in the bone marrow, we failed to score differences between mice of the two PRC1 

genotypes, in line with the fact that the Cd23-cre transgene is yet not active in the majority 

of the B cells residing in these sites (Figure 18). 

 

 

Figure 18. Absolute numbers of B220+ B cells are not altered in bone marrow of mutant 
animals. 

Absolute numbers of gated B220+ B cells of PRC1+/+ control and PRC1-/ - mutant mice 

in animals from 4 to 8-months of age. Bars represent the mean value ± SD. P value is 

indicated within the plot (Mann-Whitney non-parametric test). 

Overall, these data indicate that acute ablation of PRC1 complex starting from late 

transitional B cells alters their distribution in SLOs. 

 

5.1.3 PRC1 deficiency alters the surface phenotype of peripheral B cells 

and their full maturation 

To obtain a better understanding of the effects of PRC1 inactivation in developing B cells, I 

performed a comprehensive immunophenotypical analysis, using flow cytometry 

technology, staining with a combination of fluorescent-labelled antibodies cell suspensions 

retrieved from several SLOs. In the spleen of PRC1 mutant mice, resting B cells expressed 

the surface markers CD19, major histocompatibility complex of class II (MHC-II) and BAFF 

receptor (BAFF-R) to similar levels than their wild-type counterparts (Figure 19A). similar 

levels of expression were found also for the immature B cell marker HSA/CD24. 

Surprisingly, the same mutant B cells expressed, however, at higher levels than controls 

the immature B cell markers CD93/AA4.1 (Figure 19B). 
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Figure 19. Levels of surface markers associated to mature and immature stages of 
development in PRC1-proficient and -deficient splenic B cells. 

Representative flow cytometric expression of surface markers A. CD19, major 

histocompatibil ity complex class II (MHC-II) and BAFF receptor (BAFF-R) and B. CD24 
and AA4.1 on CD19+ splenic B cells from PRC1+ /+ control (dark l ine) or PRC1-/ - mutant  

animals (l ight grey line and fill). Data are representative of 9 independent experiments. 

Moreover, surface IgM and IgD expression patterns revealed consistent differences 

between PRC1 control and mutant B cells. Specifically, in PRC1-/- splenic B cells the fraction 

of IgM+ IgD+ as well IgM+ IgDlo B cells were increased in comparison to control B cells, 

whereas the more mature IgD+ IgMlo B cells were overrepresented in the control B cell 

population (Figure 20).  

 

Figure 20. PRC1-deficient animals are characterized by an unbalance between IgM/IgD 
surface expression. 

A. Representative flow cytometric analysis of  splenic CD19+ B cell subsets from 
control PRC1+/+ (left) and PRC1-/ - mutant animals (right). Data are representative of 6 
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independent experiments. Numbers in red represent the frequencies of gated cells. B. 
Frequencies of IgMlo IgD+, IgM+ IgD+ and IgM+ IgDlo gated CD19+ splenic B cells. Bars 

represent the mean values ± SD. Data are form 6 independent experiments. Mann-

Whitney non-parametric test: * p<0.05; ** p<0.01; ns = not significative. 

These observations suggest an overall disturbance imposed by PRC1 inactivation on the 

expression of the full repertoire of surface markers defining a bona fide mature B cell. 

Moreover, inactivation of PRC1 appears to prevent a correct temporal regulation in the 

expression of markers associated to consecutive stages of B cell differentiation, with mutant 

B cells expressing at the same time both immature and mature B cell markers. 

To further explore the molecular basis of the developmental disturbance suffered by PRC1 

mutant B cells, I compared RNA-seq data generated from sorted splenic B220+ AA4.1+ 

immature and B220+ AA4.1- mature control B cells to that of the entire population of CD19+ 

PRC1-/- B cells (most of which express high AA4.1 levels). I performed unsupervised 

hierarchical clustering analysis on the three RNA-seq datasets, selecting a gene signature 

distinguishing (q value < 0.05) immature from mature wild-type B cells. Despite clustering 

closer to mature B cells, PRC1-deficient B cells retained similar expression as immature B 

cells for a substantial number of genes of the signature (Figure 21). 
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Figure 21. PRC1-deficient B cells show an expression profile in between immature and mature 
wild-type B cells. 

Hierarchical cluster ing and heat map of 930 genes differentially expressed (p<0.05) 

between CD19+B220+AA4.1+ immature and CD19+B220+AA4.1- mature control B cells 

(n=3) from PRC1+/+ animals and of CD19+ splenic B cells (n=4) from PRC1-/ - mice.  

Expression values are relative to the median expression value across al l samples (log2 

scale).  

These results are coherent with the immunophenotypical analyses and together with the 

latter data, suggest that late transitional B cells losing PRC1 function can progress to 

become mature B cells. However, such transition is accompanied with an inefficient 

repression of transcriptional programs typical of the immature B cells. Interestingly, PRC1 

mutant B cells reactivated a substantial set of genes expressed at high levels in embryonic 

and hematopoietic stem cells (Figure 22). This result points to a role for PRC1 in sustaining 

the identity of a differentiated somatic cell by ensuring stable repression of gene programs 

active in pluripotent and/or totipotent stem cells. 

 

Figure 22. PRC1-deficient B cells up-regulate stem cell genes. 

Hierarchical clustering and heat map of up-regulated genes (p<0.05, log2 fold change 

> 0.25) in PRC1-/ - CD19+ cells when compared to PRC1+/+ CD19+ cells among 
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hematopoietic stem cells (HSC), embryonic stem cells (ESC), progenitor B cells (Pro-

B B220+IgM-CD43+CD25- and Pre-B B220+IgM-CD43-), splenic B cells (CD19+), 

marginal (CD19+CD23loCD21+; MZ) and follicular zone (CD19+CD23hiCD21-; Fo) cells 

and transitional cells (T1 B220+AA4.1+IgMhiCD23-; T2 B220+AA4.1+IgMhiCD23+; T3 

B220+AA4.1+IgMloCD23+). Expression values are relative to the median expression 

value across all samples (log2 scale).  

 

5.1.4 PRC1 mutant B cells display altered B220 expression  

Together with the atypical co-expression of immature and mature B cell markers, PRC1 

mutant B cells displayed aberrant levels of the pan-B cell marker B220. Specifically, in all 

SLOs of PRC1 mutant mice, CD19+ B cells belonged to two major subsets represented 

respectively by B220+ and B220lo cells (Figure 23). 

 

Figure 23. B220lo B cells are present in all secondary lymphoid organs. 

Representative flow cytometric expression of the surface marker B220 in gated CD19+ 

cells in spleen, inguinal and mesenteric lymph nodes and Peyer’s patches, in CD19+ 

CD43- gated cells in peritoneal cavity and in CD23+ IgD+ gated cells in the bone 

marrow. Numbers represent the frequency of B220lo cel ls in the gated population. Data 

are representative of 9 independent experiments. 
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Interestingly, whereas B220+ mutant splenic B cells, as their control counterparts, mainly 

consisted of IgMlo IgD+ B cells, PRC1-defective B220lo cells where mostly IgM/IgD double 

positive B cells (Figure 24). Hence, lower B220 expression in PRC1 mutant B cells 

correlates with a more immature B cell phenotype.  

 

Figure 24. B220lo cells are mainly IgM IgD double positive. 
Flow cytometric analysis of IgM and IgD isotype expression on the surface of CD19+  

cells, sub-gated in B220+ (middle) and B220l o (right) in PRC1-/ - mutant mice. Numbers 

indicate the frequency of the gated populat ions. Data are representative of 6 

independent experiments. 

To investigate the determinant(s) responsible for the differences in B220 levels seen among 

PRC1 mutant B cells, the B220+ and B220lo subsets were isolated by cell-sorting from the 

spleen of PRC1 deficient mice, in parallel with the splenic B220+ B cell population of 

controls. From these cells, both genomic DNA and protein lysates were prepared. 

Quantitative genomic PCR revealed comparable efficiency in Cre-mediated recombination 

at the Ring1bfl locus between the B220+ and B220lo subsets of PRC1 mutant B cells (Figure 

25A). Instead, immunoblotting analyses revealed a close-to-complete loss of RING1B 

protein expression and a strong decrease in global H2AK119ub1 levels only in B220lo B 

cells (Figure 25B, C, D). 
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Figure 25. B220lo PRC1-/- B cells are deleted for Ring1B also at the protein level. 

A. Genomic qPCR analysis to quantify Ring1B gene copy number in CD19+ B220+ and 

CD19+ B220+/ lo splenic B cells sorted from PRC1+/+ and PRC1-/ - mice, respectively 

(n=3). Data are normalized to Gapdh gene and shown as relative to PRC1+/+ control 

sample. B. Immunoblotting analysis and C-D. quantif ication of RING1B protein and 

H2AK119ub1 histone mark levels in sorted CD19+ B cells of representative PRC1+/+ 

control and PRC1-/ - mutant mice. H2A was used as loading control. Data are 

representative of 3 independent experiments.  

 

These results, are compatible with a scenario in which B220lo cells derive from B220+ PRC1 

mutant B cells as a result of full extinction of RING1B protein expression. In the same two 

B220 B cell subsets found in PRC1 mutant mice, I also measured by immunoblotting 

analysis the global levels of H3K27me3 catalyzed by the PRC2 complex. Quantification of 

the data gave an unexpected result. Indeed, H3K27me3 levels consistently dropped in the 

B220+ fraction of PRC1 mutant B cells when compared to controls. Instead, in the B220lo 

subset H3K27me3 levels returned more similar to those of control B cells (Figure 26). 
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Figure 26. Global H3K27me3 is reduced in B220+ cells of PRC1-deficient mice and re-gained 
in B220lo. 

A. Immunoblotting analysis and B. quantif ication of H3K27me3 histone mark levels in 

sorted CD19+ B cells of representative PRC1+/+ control and PRC1-/ - mutant mice. H2A 

was used as loading control.  Data are representative of 2 independent experiments. 

These findings were confirmed by measuring H3K27me3 levels in the various PRC1 control 

and mutant B cell subsets by intracellular flow cytometric analysis (Figure 27). 

Figure 27. Global H3K27me3 is reduced in B220+ cells of PRC1-deficient mice and increased 
in B220lo compared to controls. 

A. Representative flow cytometric expression of H3K27me3 histone mark in gated 

B220+ CD19+ splenic B cells from control PRC1+/+ mice (black line) or B220+/ lo CD19+ 

splenic B cells from PRC1-/ - mutant animals (blue and green line, respectively). Data 
are representative of 5 independent experiments. B. Mean fluorescence intensity (MFI) 

of H3K27me3 histone mark (n=5). Lines join data acquired on the same day by flow 

cytometry.  

These results together with the data on RING1B protein levels suggest that PRC2 activity 

is transiently reduced in newly generated PRC1 mutant B cells, while it is restored (possibly 

as a result of a compensatory mechanisms) in PRC1 mutant B cells displaying a more 

complete inhibition of PRC1 activity. 
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To investigate in more detail the relationship between B220+ and B220lo PRC1 mutant B 

cells, the latter subsets were purified together with control B cells from the spleen by cell-

sorting and cultured in vitro for several days in the presence of B-cell activating factor 

(BAFF) to sustain their survival. Flow cytometric analyses performed on consecutive days 

of the in vitro culture revealed that B220+ control B cells as well as B220lo B cells from PRC1 

mutant mice retained the same B220 levels. Instead, strikingly, B220+ PRC1 mutant B cells 

showed a gradual decrease in the levels of B220 over the eleven days of in vitro culture 

(Figure 28). These data support the hypothesis that PRC1 mutant B220lo cells derive from 

their B220+ counterparts, whereas the contrary does not likely occur. 

 

Figure 28. B220lo can derive from B220+ of PRC1-deficient animals over time. 

Flow cytometric analysis of B220 surface marker expression in sorted B220+ B cells 
from PRC1+/+ control animals (n=2) and in sorted B220+ and B220lo B cells from PRC1-

/ - mutant animals (n=2). Cells were cultured in vitro with 50 ng/ml of BAFF and 
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analysed 0, 6 and 11 days after sorting. Numbers represent the frequencies of B220+ 

and B220lo gated cells. Data are representative of 2 independent experiments.  

To understand the correlation between the acquisition of a B220lo phenotype and the loss 

of PRC1, I measured by immunoblotting analysis RING1B and H2AK119ub1 levels in B220+ 

PRC1 mutant B cells, at the onset of the in vitro culture and eight days later. For both 

proteins we observed a clear reduction in the expression levels comparing B cells from day-

0 and day-8 of in vitro culture (Figure 29). The unperturbed expression of RING1B and 

H2AK119ub1 in PRC1-proficient B cells cultured for eight days excludes any effect of the 

in vitro culture conditions on RING1B and H2AK119ub1 expression. 

 

Figure 29. B220+ of PRC1-decient animals loose RING1B protein and H2AK119ub1 histone 
mark over time. 

Immunoblotting analysis of RING1B protein and H2AK119ub1 histone mark levels in 

sorted B220+ B cells from PRC1+/+ control animals (n=2) and in sorted B220+ and 

B220lo B cells from PRC1-/ - mutant animals (n=2). Cells were cultured in vitro with 50 

ng/ml of BAFF and analysed 0 and 8 days after sorting. Data are representative of 2 

independent experiments. 

In summary, our data indicate that B220+ PRC1 mutant B cells do not represent a steady-

state population but rather a subset which continuously evolves into a B220lo derivative with 

stronger reduction in RING1B and H2AK119ub1 levels, and hence with a higher degree of 

PRC1 inactivation. The finding that in PRC1 conditional mutant mice, B220+ B cells already 

display a number of immunophenotypic alterations suggests that the developmental defects 
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resulting from PRC1 inhibition precede the down-regulation of B220 and don't require full 

extinction of PRC1 activity. 

Finally, our findings identify B220 as a useful marker to monitor at single cell resolution the 

fraction of PRC1 mutant B cells with the strongest inhibition of PRC1 activity. 

 

 Peripheral B cell differentiation in the absence of PRC1 

To understand how PRC1 inactivation may affect later peripheral B cell differentiation, we 

performed an immunophenotypical characterization, by flow cytometry, of the three main 

mature B cell subsets, namely FO, MZ and B-1 B cells. Whereas FO and MZ B cells were 

analysed in the spleen of control and mutant animals, B-1 B cells were retrieved from 

peritoneal cavity lavages. In the spleen of PRC1 mutant mice, we found on CD19+ B cells 

a substantial alteration in the expression levels of the CD23/FceRII and CD21/CR2 markers. 

Specifically, PRC1 defective B cells expressed CD23 and CD21 levels lower than FO and 

MZ B cells, respectively (Figure 30). 

 

 

Figure 30. Follicular and marginal zone mature B cells are affected by the lack of PRC1. 

Representative flow cytometric analysis of splenic fol licular (CD19+ CD23+ CD21lo)  

and marginal zone (CD19+ CD23l o CD21hi) B cell subsets from control PRC1+/+ (left) 

and PRC1-/ - mutant animals (right). Data are representative of 8 independent 

experiments. Numbers represent the frequencies of gated cells.  
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Based on gates set on splenic B cells of PRC1+/+ mice, in the spleen of PRC1-/- mice we 

observed a substantial reduction in the fractions of FO (CD19+ CD23+ CD21lo) and MZ 

(CD19+ CD23lo CD21hi) B cells (Figure 31A). This decrease, combined with a reduction in 

the frequency of total CD19+ splenic B cells, reveals a detrimental effect of PRC1 

inactivation on the size of both the FO and MZ B cell subsets (Figure 31B). 

 

 

Figure 31. Frequencies and absolute numbers of splenic mature B cells are decreased in 
PRC1 mutant animals. 

A. Frequencies and B. absolute numbers of gated foll icular (CD19+ CD23+ CD21lo) and 

marginal zone (CD19+ CD23lo CD21hi) mature B cells of PRC1+/+ control and PRC1-/ -  

mutant mice in spleen of animals from 4 to 8-months of age. Bars represent the mean 

value ± SD. Mann-Whitney non-parametric test: * p<0.05; ** p<0.01; *** p<0.001.  

 

In the peritoneal cavity, CD23 levels in PRC1 mutant B-2 B cells were comparable to those 

of controls, with frequencies of both B-1 (CD19+ CD23-) and B-2 (CD19+ CD23+) B cells 

slightly altered compared to those of PRC1 controls (Figure 32). 
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Figure 32. B-1 mature B cells are not affected by the lack of PRC1. 

Representative flow cytometric analysis of B-1 (CD19+ CD23-) and B-2 (CD19+ CD23+) 

B cell subsets in peritoneal cavity from control PRC1+/+ (left) and PRC1-/ - mutant 

animals (r ight). Data are representative of 7 independent experiments. Numbers 

represent the frequencies of gated cel ls. 

Given the changes in B220 levels suffered by PRC1 mutant B cells, we chose not to use 

this marker for assigning B cells respectively to the B-1 and B-2 B cell populations in the 

peritoneum. As shown in Figure 33, the frequency and absolute numbers of B-1 and B-2 B 

cells in PRC1 mutant mice were reduced, although not significantly. 

 

Figure 33. The lack of PRC1 marginally affects B cell development in the peritoneal cavity. 
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A. Frequencies and B. absolute numbers of gated B-1 (CD19+ CD23-) and B-2 (CD19+ 

CD23+) mature B cells of PRC1+/+ control and PRC1-/ - mutant mice in peritoneal cavity 

of animals from 4 to 8-months of age. Bars represent the mean value ± SD. Mann-

Whitney non-parametric test: ns = not significative. 

 

B-1 B cells can be classified respectively in B-1a and B-1b B cells according to the levels 

of CD5 expression. Interestingly, PRC1 mutant mice displayed a higher contribution of B-

1a (CD19+ CD23- CD5+) B cells to the whole population of peritoneal cavity B-1 B cells than 

the controls (Figure 34 and Figure 35A). 

 

 

Figure 34. B-1a and B-1b mature B cells are affected by the lack of PRC1. 

Representative flow cytometric analysis of B-1a (CD19+ CD23- CD5+) and B-1b (CD19+ 

CD23- CD5-) among B-1 B cel ls in peritoneal cavity from control PRC1+/+ (left) and 

PRC1-/ - mutant animals (right). Cells were pre-gated on CD19+ CD23- cells. Data are 

representative of 6 independent experiments. Numbers represent the frequencies of  

gated cel ls. 

 

In line with the general reduction of B-1 B cells seen in the peritoneum of PRC1 mutant B 

cells, the numbers of B-1a and B-1b B cells were reduced when compared to controls, with 

the B-1b subset suffering from a stronger decrease (Figure 35B). 
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Figure 35. B-1b cells frequencies and absolute numbers are decreased in PRC1 mutant 
animals. 

A. Frequencies and B. absolute numbers of gated B-1a (CD19+ CD23- CD5+) and B-

1b (CD19+ CD23- CD5-) B cells of PRC1+/+ control and PRC1-/ - mutant mice in animals 

from 4 to 8-months of age. Bars represent the mean value ± SD. Mann-Whitney non-

parametric test: ** p<0.01; ns = not significative. 

 

Overall, these results suggest that upon PRC1 inactivation in late immature B cells, their 

differentiation into the three main mature B cell subsets is substantially disturbed. 

 

5.2.1 Reduced B cells with a marginal zone surface phenotype in PRC1 

conditional mutant mice 

Among the PRC1 mutant mature B cell subsets, the MZ B population suffered from the 

strongest impairment. To exclude that the reduction in the MZ B cell subset was due to 

changes in the expression of the Cr2/CD21 marker, we extended the flow cytometric 

analysis of MZ B cells assessing the status of the CD1d and CD38 surface markers. As 

observed for CD21, expression CD1d and CD38 was fairly homogeneous among splenic 
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PRC1 mutant B cells, reaching levels that were intermediate between those of control FO 

and MZ B cells (Figure 36). 

 

 

Figure 36. Marginal zone B cell surface marker expression is altered in PRC1-deficient splenic 
B cells. 

Representative flow cytometric expression of the surface markers CD21, CD1d and 

CD38 on CD19+ splenic B cells from PRC1+/+ control (black l ine) and PRC1-/ - mutant  

mice (light grey line and fil l). Data are representative of 9 independent experiments. 

 

When the same type of flow cytometric analysis was performed on PRC1-/- B cells dividing 

them into the two subsets according to B220 expression, the B220+ fraction resembled more 

closely FO B cells, whereas the B220lo cells displayed a pattern of CD21, CD1d and CD38 

expression that was closer to normal MZ B cells (Figure 37). 
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Figure 37. B220lo of PRC1-deficient animals are phenotypically more similar to wild-type 
marginal zone B cells than their B220+ counterpart. 

Representative flow cytometric analysis of splenic CD19+ B cell subsets from PRC1+/+ 

control (n=9) and PRC1-/ -  mutant mice (n=9). PRC1-mutat CD19+ cells are sub-gated 

in B220+ (middle) and B220lo (r ight). A. Follicular (CD19+CD23+CD21lo) and marginal 

zone (CD19+CD23-CD21hi) cells are gated. B. Follicular (CD19+CD23+CD1dlo) and 
marginal zone (CD19+CD23-CD1dhi) cells are gated. C. Follicular 

(CD19+CD23+CD38lo) and marginal zone (CD19+CD23-CD38hi) cells are gated.  

Numbers represent the frequencies of gated cells.  

To confirm the reduction in the MZ B cell subset seen in PRC1 mutant mice, I performed 

immunofluorescence analysis of splenic sections staining for IgM, and using the MOMA-1 

antibody to label metallophilic macrophages lining the marginal sinus. As shown in Figure 

38, quantification of the data revealed that the average size of the area where MZ B cells 

reside was significantly reduced in the spleen of PRC1 mutant mice. 
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Figure 38. The lack of PRC1 affects marginal zone formation. 

A. Representative immunofluorescence analysis and B. quantif ication of MZ width of 

spleen sections from PRC1+/+ control (left; n=3) and PRC1-/ - mutant (right; n=3) mice, 

stained with anti-IgM (green) and anti-CD169 (MOMA-1; red). Original magnification, 

x10; scale bars, 50 μm. Bars represent the mean value ± SEM. White arrows indicate 

the marginal zone. Unpaired T test: **** p<0.0001. Data are representat ive of 3 
independent experiments. 

The proportion of MOMA-1+ metallophilic macrophages appeared also to some extent 

under-represented in the spleen of PRC1 deficient animals. In contrast, PRC1 inactivation 

did not prevented B cells from localizing to primary follicles. Together, these data indicate 

that PRC1 conditional mutant mice suffer from a defect in the formation and/or maintenance 

of the marginal zone B cell population. 

 

5.2.2 The Notch2 pathway is active in B cells lacking PRC1 

Since the Notch2 signalling pathway is crucial for MZ B cell development (Saito et al. 2003), 

we compared between PRC1 control and mutant splenic B cells Notch2 transcript levels 

and those of a representative set of Notch2 target genes. Analysis of RNA-seq data 

revealed that, whereas Notch2 gene expression was unaffected, transcripts levels of 
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Notch2-induced targets Dtx1 and Hes1 resulted higher, and Notch2-repressed targets (Klf2 

and Itgb7; U. Strobl et al., personal communication) lower in PRC1 mutant B cells, when 

compared to the bulk of B220+ AA4.1- mature B cells of control mice (Figure 39). 

 

Figure 39. Notch2 positive-target genes are induced in PRC1-deficient B cells, while Notch2 
negative-target genes are repressed compared to wild-type follicular B cells. 

Floating bar analysis of Notch2 and Notch2-target Log2 normalized reads in CD19+ 
B220+ B cell from PRC1+/+ control (n=3) and in CD19+ B220+ (n=2) and B220lo (n=2) 

from PRC1-/ - mutant mice. A. Notch2 gene. B. Notch2 positive-target genes. C. Notch2 

negative-target genes. Horizontal bars indicate the medians, boxes indicate min and 

max values. Unpaired t test with Welch’s correction: * p<0.05; ** p<0.01*** p<0.001.  

The more substantial changes in gene expression were observed in the fraction of B220lo 

PRC1 mutant B cells, which are highly enriched for PRC1 defective cells. Expression 
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analysis for a representative set of Notch2 targets was confirmed by quantitative RT-qPCR 

analysis, comparing their expression in splenic B220+ and B220lo mutant B cells to the one 

of FO and MZ B cells of control mice. Specifically, PRC1 deficient B cells showed Dtx1 and 

Klf2 transcript levels that were intermediate between control FO and MZ B cells. Instead, 

Hes1 expression in PRC1 mutant B cells was even higher than that of control MZ B cells 

(Figure 40). 

 

Figure 40. Notch2 signalling pathway is active in PRC1-deficient B cells. 

A. RT-qPCR of Dtx1, Hes1 and Klf2 genes in CD23+CD21lo Follicular and CD23loCD21+ 

Marginal Zone CD19+ splenic B cells from PRC1+/+ control animals and in B220+ and 
B220lo CD19+ splenic B cells from PRC1-/ - mutant animals. Gene transcript levels were 

normalized to the housekeeping Rplp0 gene and to follicular PRC1+/+ sample. Data 

are representative of 2 independent experiments. Unpaired t test with Welch’s 

correction: * p<0.05; *** p<0.001; **** p<0.0001. 

To corroborate our results, we extended the transcriptional analyses to PRC1+/+ and PRC1-

/- B cells isolated from lymph nodes. Under-representation of Notch2 ligands in these sites 

rendered difficult the detection of transcripts for Notch2 target. Nevertheless, higher 

expression of Notch2 induced targets were still detectable in B220lo PRC1 mutant B cells 

when compared to control B cells, which mainly consist of B-2 B cells (Figure 41).  
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Figure 41. The activation of Notch2 pathway in PRC1-deficient B cells partially requires the 
presence of Notch2 ligands. 

RT-qPCR of Dtx1, Hes1 and Klf2 genes in B220+ CD19+ inguinal lymph nodes B cells 

from PRC1+/+ control animals and in B220+ and B220lo CD19+ inguinal lymph nodes B 

cells from PRC1-/ - mutant animals. Gene transcript levels were normalized to the 

housekeeping Rplp0 gene and to B220+ PRC1+/+ sample. Data are representative of  

one independent experiments. Unpaired t test with Welch’s correction: *** p<0.001; 
**** p<0.0001; ns = not significative. 

In summary, these results exclude that the reduction in MZ B cells seen in PRC1 mutant 

mice is due to defects in Notch2 signalling and transcriptional activity. In fact, in line with 

immunophenotypic data, B220lo PRC1 mutant B cells, which display the strongest PRC1 

inhibition, display strong resemblance with control MZ B cells on the basis of Notch2-

regulated gene expression. 

 

5.2.3 PRC1 mutant B cells express lower levels of Sphingosine-1-

phosphate receptor-1 

The integrity of the Notch2 pathway in PRC1 deficient B cells hints that other defects are 

responsible for the failure of these cells to reach the marginal zone. Given the importance 

of Sphingosine-1-phosphate receptor-1 (S1pr1) in driving migration of B cells to the 

marginal zone (Cinamon et al. 2004), I measured S1pr1 transcript levels in both B220+ and 

B220lo splenic PRC1-/- B cells and compared it to that of control FO and MZ PRC1+/+ B cells. 

Analysis of RT-qPCR data revealed significantly lower S1pr1 transcripts in PRC1 mutant B 

cells (Figure 42). 
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Figure 42. S1pr1 expression is reduced in PRC1-deficient B cells. 

RT-qPCR of S1pr1 gene in CD19+ B220+ B cells from PRC1+/+ control animals and 

CD19+ B220+ and CD19+ B220lo B cells from PRC1-/ - mutant animals. Gene transcript  

levels were normalized to the housekeeping Rplp0 gene and to the B220+ PRC1-/ - 

sample. Data are representative of 2 independent experiments. Unpaired t test with 

Welch’s correction: **** p<0.0001.  

To verify that transcriptional down-regulation of S1pr1 correlates with a migratory defect of 

PRC1 mutant B cells, we tested in a transwell assay the chemotactic response of these 

cells to soluble sphingosine-1-phosphate (S1P). PRC1 inactivation prevented B cells from 

a vigorous, dose-dependent, migration of mutant B cells towards a gradient of S1P. Indeed, 

PRC1 mutant B cells migrated similarly to control FO B cells and substantially worse than 

control MZ B cells (Figure 43). 

 

 

Figure 43. The chemotactic response of PRC1-deficient B cells to S1P is similar to the 
response of wild-type follicular B cells. 

The chemotactic response to S1P chemochine of PRC1+/+ and PRC1-/ -  B cells was 
determined by enumerating, by flow cytometry, splenic cells transmigrated for 3 hours 

across the uncoated 5-µm transwell to S1P or media. Transmigrated cel ls were further 

analysed for CD19, CD23, CD21 and B220 surface marker expression by flow 

cytometry. Chemotactic response is shown as the percentage of input cel ls that  

transmigrated to the lower chamber. Bars represent the mean value ± SD (n=3). Data 

are representative of 4 independent experiments. 

This result is compatible with a scenario whereby reduced S1pr1 expression prevents the 

migration and possibly the transient residence of PRC1 deficient B cells in the MZ (Arnon 
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and Cyster 2014; Cinamon et al. 2008), thereby preventing the acquisition of a full-blown 

MZ B cell surface phenotype. 

A recent report has identified S1pr1 as a target of the microRNA miR-125b (Li et al. 2018). 

Specifically, enforced miR-125b expression in B lineage cell inhibited the egress of 

immature B cells from the bone marrow through the inhibition of S1pr1 expression (Allende 

et al. 2010). Interestingly, expression of miR-125b is negatively controlled by H3K27me3 

deposition at the promoter region. To investigate whether miR-125b was induced in PRC1 

mutant B cells, levels of its processed form (miR-125b-5p) were quantified in mature B220+ 

AA4.1- control B cells and in B220+ and B220lo PRC1 mutant B cells. As shown in Figure 

44, miR-125b levels were between 2 and 3-fold increased in B cells lacking PRC1. 

 

 

Figure 44. miR-125b expression is increased in PRC1-deficient B cells. 

Box-plot analysis of transcript levels of candidate miR-125b gene (relative to sno-135) 

quantif ied in B220+ B cells from PRC1+/+ control animals (n=9) and B220+ and B220l o  

B cells from PRC1-/ - mutant animals (n=9). Quantif ication was performed by TaqMan 
MicroRNA Assay. In box-plots, horizontal bars indicate the medians, boxes indicate 

5th to 95th percenti les. Unpaired Student’s t test: *** p<0.001; **** p<0.0001. 

This result suggests that PRC1 participates with PRC2 to the repression of miR-125b gene 

expression. Once PRC1 is inactivated, PRC2 inhibition of miR-125b is interfered, favouring 

expression of the miRNA. Future experiments will validate this hypothesis. In summary, in 

the absence of PRC1, we show that expression of the S1pr1 gene is reduced leading to a 

failure of B cells to effectively migrate to the marginal zone attracted by soluble S1P. 
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 The PRC1 complex sustains mature B cell homeostasis  

5.3.1 Reduced in vivo turnover and in vitro survival of PRC1-deficient B 

cells  

In Figure 17 we show that PRC1 inactivation leads to a reduction in the fraction and absolute 

number of B cells present in SLOs. To gain more insight into the PRC1-controlled 

mechanisms that could influence the maintenance of the mature B cell pool, I analysed 

again bromodeoxyuridine (BrdU) in vivo labelling experiments data that were previously 

generated in our laboratory (Alberghini and Casola, personal communication). For these 

experiments, control and PRC1 mutant mice had been sacrificed one week after constant 

administration of BrdU in the drinking water. Flow cytometric assessment of BrdU 

incorporation indicated that the turnover of AA4.1- B220+ mature B cells both in the spleen 

and bone marrow was increased in PRC1 conditional mutant mice (Figure 45). 

 

Figure 45. In vivo turnover is altered in PRC1-deficient B cells. 

A. Percentage of CD19+ BrdU+ cells in spleen and B. bone marrow of PRC1+/+ control 

(n=3) and PRC1-/ - mutant mice (n=3) analysed by flow cytometry. Bars represent the 

mean value ± SD. Unpaired t test with Welch’s correction: * p<0.05. 

Taking advantage of these data, I performed a further analysis looking for possible 

differences in the extent of BrdU incorporation between B220+ and B220lo B cells PRC1-/- B 

cells. In PRC1 mutant mice the fraction of BrdU+ cells was significantly higher in the B220+ 

subset as compared to that of B220lo B cells (Figure 46). 
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Figure 46. B220+ of PRC1-decient animals show increased fraction of BrdU+ cells than B220lo. 

A. Percentage of CD19+ BrdU+-B220+ or -B220lo cells in spleen of PRC1-deficient mice 

(n=3) analysed by flow cytometry. Bars represent the mean value ± SD. Unpaired t  

test with Welch’s correction: * p<0.05. 

This result supports previous conclusions, confirming the view that the B220lo subset 

derives from B220+ PRC1 mutant B cells as a result of progressive loss of PRC1 activity 

through the extinction of RING1B protein. 

Overall, the accelerated B cell turnover scored in PRC1 mutant animals, combined with the 

reduction of the absolute B cell numbers monitored in SLOs, suggests a defect in mature B 

cell maintenance in these animals. To address this further, we measured the in vitro 

response of PRC1 control and mutant B cells to the survival factor BAFF. Flow cytometric 

analysis combined with cell counting at different days of the in vitro culture revealed a 

significantly weaker response of PRC1-deficient B cells to BAFF, which was dose-

dependent (Figure 47A). In particular, PRC1 mutant B cells suffered from two distinct 

defects. First, PRC1-deficient B cells underwent a significantly stronger reduction in cell 

numbers within the first 24 hours of in vitro culture (Figure 47A). 
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Figure 47. PRC1-deficient B cells show sub-optimal response to BAFF in vitro. 

In vitro survival curves of CD19+ B cells pur if ied from spleen of PRC1+/+ control (n=3;  

continuous line) and PRC1-/ - mutant mice (n=3; dashed line), treated without or with 

BAFF at the indicated concentrations. Markers represent the mean value ± SD. Data 

shown are representat ive of 4 independent experiments. A. Data are represented as 

percentage of the number of plated cells at  day-0. B. Data are represented as 

percentage of the number of lost cel ls compared to the day before. 

Second, in saturating concentrations of BAFF, the number of control B cells remained 

relatively stable between day-2 and day-4 of the culture, whereas PRC1 mutant B cells 

displayed a daily loss of about 20% (Figure 47B). Both observations are suggestive of a 

defect in the survival of PRC1-deficient B cells. 

To test this hypothesis, we first analysed ex vivo isolated B cells retrieved from the spleen 

of PRC1 control and mutant mice, and tested them for the expression of markers of ongoing 

apoptosis. Specifically, cell suspensions from control and mutant animals were labelled with 

fluorescent-labelled VAD-FMK (CaspGLOWä) which binds to activated caspases and 

analysed by flow cytometry. This experiment failed to detect major differences in the fraction 

of apoptotic cells between PRC1 control and mutant B cells (Figure 48). 

 

 

Figure 48. The fraction of apoptotic cells is comparable between control and mutant resting 
B cells. 

Frequencies of Caspase Glow+ cells by flow cytometric analysis of PRC1-proficient  

and -defic ient splenic resting CD19+ B cells (n=3). Horizontal bars indicate the 

medians, boxes indicate min and max values.  

Consistent with this finding, the expression of apoptotic genes belonging to Bcl-2 family was 

not altered in resting B cells from PRC1-/- mice (Figure 49). 
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Figure 49. Unaltered expression of apoptotic genes in resting PRC1-deficient B cells. 

Box-plot analysis of transcript levels of Bcl2 family apoptotic genes (relative to Rplp0)  

quantif ied in control PRC1+/+ and mutant PRC1-/ - resting B cells. A. Anti-apoptotic 

genes. B. Apoptotic sensor genes. C. Pro-apoptotic gene. Bcl2, Bcl-XL n=12; Bim, Bax 

n=9; Mcl-1, Puma, Noxa n=6. In box-plots, horizontal bars indicate the medians, boxes 

indicate 5th to 95th percentiles. P values are indicated within each plot (unpaired 
Student’s t test).  

 

Despite the failure to detect changes at the transcriptional level of effectors of the intrinsic 
apoptotic program, immunoblotting analysis on protein extracts isolated from the same 

cells revealed a moderate, yet consistent, increase in the expression of the extra-long and 
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long isoforms of the pro-apoptotic sensor BIM (BIMEL and BIML, respectively) (

 

Figure 50). 

 

Figure 50. Over-expression of BIM in PRC1-deficient resting B cells. 

A. Immunoblotting analysis and B. quantif ication of BIMEL and BIML protein levels in 

purif ied splenic B cel ls from PRC1+/+ control and PRC1-/ -  mutant mice. H4 was used 
as loading control. Data are normalized on values of PRC1+/+ resting B cells. Data are 

representative of 3 independent experiments.  

Collectively, these results indicate that PRC1 mutant B cells express in basal conditions 

higher levels of the pro-apoptotic factor BIM, which, however, under in vivo conditions, does 

not appear to substantially reduce their survival.  

We then investigated whether PRC1 mutant B cells suffered from increased susceptibility 

to undergo apoptosis in vitro, under more controlled experimental conditions. Indeed, from 

monitoring the resistance of ex vivo isolated B cells we switched to harsh in vitro growth 

culture conditions, such as keeping B cells in complete B cell medium without soluble BAFF. 

Under this experimental settings, PRC1 deficient B cells showed a significantly higher 

fraction of apoptotic cells when compared to controls (Figure 51).  
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Figure 51. Increased apoptosis upon in vitro BAFF stimulation of PRC1-deficient B cells. 

Frequencies of Caspase Glow+ cells by flow cytometric analysis of PRC1-proficient  

and -deficient purif ied B cells, cultured in vitro for 2 days A. with 50 ng/ml of BAFF or 

B. without BAFF. Horizontal bars indicate the medians, boxes indicate min and max 
values. Data are form one experiment. Unpaired t test with Welch’s correction: * 

p<0.05; ns = not significative. 

Moreover, PRC1 mutant B cells cultured in vitro for 48 hours in the presence of BAFF 

revealed increased expression, when compared to controls, of the pro-apoptotic sensors 

Puma, Noxa and Bim (Figure 52). Expression of other Bcl-2 family members remained 

unaffected by PRC1 inactivation (Figure 52). 

In line with the data obtained from ex vivo isolated B cells, BAFF stimulated PRC1 mutant 

B cells expressed higher BIMEL and BIML protein levels, reaching a 2-fold up-regulation 

compared to controls when B cells were treated with the lower dose of BAFF (Figure 53). 
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Figure 52. Up-regulation of apoptotic sensors in PRC1-mutant B cells stimulated with BAFF 
in vitro. 

Box-plot analysis of transcript levels of Bcl2 family apoptotic genes (relative to Rplp0)  

quantif ied in control PRC1+/+ and mutant PRC1-/ - B cells stimulated with 50 ng/ml BAFF 

in vitro for 2 days. A. Anti-apoptotic genes. B. Apoptotic sensor genes. C. Pro-

apoptotic gene. Bcl2, Bcl-XL n=12; Bim, Bax n=9; Mcl-1, Puma, Noxa n=6. In box-plots, 

horizontal bars indicate the medians, boxes indicate 5th to 95th percenti les. P values 
are indicated within each plot (unpaired Student’s t test).  

 

Figure 53. Over-expression of BIM in PRC1-deficient B cells stimulated with BAFF in vitro. 
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A. Immunoblotting analysis and B. quantif ication of BIMEL and BIML protein levels in 

purif ied splenic B cells from PRC1+/+ control and PRC1-/ -  mutant mice, stimulated with 

50 or 6 ng/ml BAFF in vitro for 2 days. H4 was used as loading control. Data are 

representative of 3 independent experiments.  

Altogether, these results suggest that B cells lacking a functional PRC1 complex are more 

sensitive to apoptotic signals due to higher basal expression of the pro-apoptotic factor BIM. 

Increased susceptibility to death signals may also come from higher expression in PRC1 

mutant B cells of the tumor suppressor p21, both in resting conditions and after the 

stimulation with BAFF (Figure 54). 

 

Figure 54. p21 up-regulation in resting and BAFF-stimulated PRC1-deficient B cells. 

RT-qPCR of p21 gene in B cel ls from PRC1+/+ control and PRC1-/ - mutant animals. 

After purif ication, B cells were stimulated in vitro with 50 or 6 ng/ml BAFF. Gene 
transcript levels were measured at day-0 and -2 after stimulation. Data were 

normalized to the housekeeping Rplp0 gene and to the t=0 PRC1+/+ sample. Data are 

representative of one experiment.  

 

5.3.2 Increased susceptibility to apoptosis correlates with extinction of 

RING1B protein  

To understand whether residual RING1B protein in the bulk of PRC1 mutant B cells could 

partially protect these cells from apoptosis, we divided PRC1-/- B cells respectively into the 

B220+ and B220lo subsets, with only the latter displaying full extinction of RING1B 

expression. Both subsets were isolated from the spleen of PRC1 mutant mice and kept 

shortly in culture with or without BAFF. In both experimental conditions the survival of B220lo 

was more impaired than that of the B220+ counterpart (Figure 55). 
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Figure 55. In vitro survival of PRC1-deficient B220lo cells is more impaired than the one of 
PRC1-deficient B220+. 

In vitro survival curves of CD19+ B220+ (black l ine and dots) and CD19+ B220lo (grey 

line and dots) B cells sorted from the spleen of PRC1-/ - mutant mouse and treated A. 
with 50 ng/ml of BAFF or B. without BAFF. Markers represent the mean value ± SD. 

Data shown are representative of 2 independent experiments. Data are represented 

as percentage of the number of plated cells at day-0. Unpaired Student’s t test: **** 

p<0.0001. 

 

Conversely, the fraction of apoptotic B cells was significantly higher among B220lo B cells, 

even under conditions of BAFF excess (Figure 56).  

 

Figure 56. B220lo are more sensitive to apoptosis than B220+ cells from PRC1-deficient mice. 

Frequencies of Caspase Glow+ cel ls by flow cytometric analysis of B220+ or B220lo  

PRC1-/ - purif ied B cells, cultured in vitro for 2 days A. with 50 ng/ml of BAFF or B. 
without BAFF. Horizontal bars indicate the medians, boxes indicate min and max 
values. Data are form one experiment. Unpaired t test with Welch’s correction: * 

p<0.05; ** p<0.01. 

 

Notably, in resting conditions, BIMEL protein levels were higher in B220lo B cells (Figure 57).  
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Figure 57. BIM is over-expressed in B220lo of PRC1 deficient animals. 

A. Immunoblotting analysis and B. quantif ication of BIMEL protein levels in resting 

splenic B cells from PRC1+/+ control and PRC1-/-  mutant mice. H4 was used as loading 

control. Data are representative of 2 independent experiments. 

 

Together, these data suggest that upon genetic inactivation of PRC1, mutant B cells benefit 

from a transient phase where they are protected from apoptotic stimuli as a result of residual 

RING1B protein. Once levels of RING1B fall beyond the limit of detection, PRC1 mutant B 

cells acquire higher sensitivity to apoptotic stimuli. 

 

5.3.3 PRC1 mutant B cells fail to fully activate AKT in response to BAFF 

stimulation 

We show that B cells lacking PRC1 respond less effectively to the pro-survival factor BAFF. 

The most important survival pathway activated in B cells by the BAFF receptor is the 

alternative/non-canonical NF-kB pathway. To test the effect of PRC1 inactivation on this 

signalling pathway, I measured the levels of NF-kB2/p100 and its cleaved form p52 in in-

vitro cultured B cells stimulated with BAFF. When compared to controls, PRC1-defective B 

cells displayed comparable expression and processing of p100, both in resting conditions 

and after two days of stimulation with two different concentrations of BAFF (Figure 58). 
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Figure 58. Processing of p100 to p52 of alternative NF-kB signalling pathway is unperturbed 
in PRC1-deficient B cells. 

A. Immunoblotting analysis of p100 and p52 protein levels in PRC1+/+ control and 
PRC1-/ -  mutant splenic B cells. Cells were cultured in vitro with 50 or 6 ng/ml of BAFF 

and analysed 0 and 2 days after purif ication. H4 was used as loading control. B. 
Quantif ication of p52 and p100 protein levels. Data are normalized on H4 protein levels 

and indicated as ratio of p52/p100, relative to PRC1+/+ day-0. Data are representative 

of 3 independent experiments. 

 

This observation was supported by comparable transcriptional induction of NF-kB target 

genes in PRC1 control and mutant cells, following two days of BAFF stimulation (Figure 

59). 

 

Figure 59. BAFF-target genes are induced comparably in control and mutant B cells. 

RT-qPCR of Bcl-XL, Cd154 and I l-8 genes in B cells from PRC1+/+ control and PRC1-/ -  

mutant animals. After purif ication, B cells were stimulated in vitro with 50 or 6 ng/ml 

BAFF. Gene transcript levels were measured at day-0 and -2 after stimulation and they 
were normalized to the housekeeping Rplp0 gene and to the t=0 PRC1+/+ sample. Data 

are representative of 3 independent experiments.  

Since the non-canonical NF-kB pathway is unperturbed in mutant B cells, we sought to 

identify defects in other pathways triggered by the BAFF receptor (BAFF-R), which are 
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crucial for cell B survival. In B cells, BAFF-R signalling sustains the activation of the CD19-

PI3K-AKT pathway which supports cell survival both in vivo and in vitro (Jellusova et al. 

2013). Hence, we measured in BAFF-stimulated control and PRC1 mutant B cells, AKT 

phosphorylation on serine-473, which is associated with activation of the kinase. 

Quantification of immunoblotting data revealed that: 1) total AKT levels were comparable 

between PRC1+/+ and PRC1-/- B cells; 2) p-AKT (Ser-473) levels were reduced in PRC1-

deficient B cells (Figure 60). 

 

Figure 60. PRC1-deficient B cells show sub-optimal phosphorylation of AKT upon BAFF-R 
activation. 

A. Immunoblotting analysis of AKT serine-473-phosphorylation (pAKT) and of total 

AKT in PRC1+/+ control and PRC1-/ -  mutant splenic B cel ls, stimulated with 50 or 6 

ng/ml of BAFF in vitro for 2 days. H4 was used as loading control. B. Quantif ication of 

pAKT and AKT protein levels. Data are normalized on H4 protein levels and indicated 

as ratio of pAKT/AKT. Data are representative of one experiment. 

Thus, the lack of PRC1 affects the activation of AKT upon BAFF stimulation. In the same 

samples, total levels of the AKT downstream target FOXO1 were increased in mutant cells, 

while the levels of its inhibited form (through phosphorylation on serine-256) were 

comparable to controls (Figure 61). 

 

 

Figure 61. FOXO1 is over-expressed in PRC1-mutant B cells upon BAFF-R activation. 
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A. Immunoblotting analysis and of FOXO1 serine-256-phosphorylation (pFOXO1) and 

of total FOXO1 protein levels in PRC1+/+ control and PRC1-/ -  mutant splenic B cells, 

stimulated with 50 or 6 ng/ml of BAFF in vitro for 2 days. H4 was used as loading 

control. B. Quantif ication of pFOXO1 and FOXO1 protein levels, indicated as ratio of 

pFOXO1/FOXO1 normalized to control. Data are representative of one experiment.  

 

Therefore, PRC1-deficient B cells stimulated with BAFF are characterized by a reduced 

pFOXO1/FOXO1 ratio, which could reflect the sub-optimal activation of AKT in response to 

BAFF stimulation. 

In summary, the accelerated turnover of PRC1 mutant B cells in vivo is compatible with 

mutant B cells suffering from an interference with BAFF-induced mature B cell survival. The 

latter impairment is not caused by disturbances in the alternative NF-kB signalling pathway, 

but rather by sub-optimal BAFF-dependent activation of the CD19-PI3K-AKT signalling 

pathway. 

 

 PRC1-deficient B cells are counter selected under a 

competitive setting 

So far, we have shown that PRC1 mutant B cells display: 1) an accelerated turnover in vivo, 

2) an enhanced sensitivity to apoptotic triggers, and 3) an impaired response to the survival 

factor BAFF in vitro. These behaviours, combined with a general disturbance of 

development-related transcriptional signatures seen through transcriptomic analyses, could 

affect the fitness of PRC1-deficient resting mature B cells. To address this point, we 

performed competitive bone marrow reconstitution experiments. Specifically, we 

transplanted into B-cell deficient JHT mice bone marrow suspensions from C57BL/6 Ly5.1+ 

congenic mice mixed at 1:1 ratio with those of Ly5.2+ mice, respectively proficient (CD23-

cre) or mutant (Ring1A-/-; Ring1Bfl/fl; Cd23-cre) for PRC1 in mature B cells. Hereafter, 

reconstituted mice will be referred to as PRC1 control and PRC1 mutant chimeras, 

respectively (Figure 62). 
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Figure 62. Generation of bone marrow chimera mice. 

A. Schematic representation of the procedure to generate bone marrow chimera mice. 
Recipient mice belong to the JHT strain. Control chimera were transplanted with a 

mixture of Ly5.1-C57BL/6 cells + Ly5.2-PRC1+/+ cells (n=3); mutant chimeras were 

transplanted with a mixture of Ly5.1-C57BL/6 cells + Ly5.2-PRC1-/ - cells (n=4). B. Flow 

cytometric analysis of Ly5.1 and Ly5.2 surface marker expression in C57BL/6-PRC1+/+  

(left) or C57BL/6-PRC1-/ - (right) bone marrow cell mixtures before injection in JHT 

recipient mice. 

 

Four months after transplantation, we analysed the contribution of the Ly5.1+ and Ly5.2+ 

hematopoietic stem cells to the establishment of the peripheral B- and T-cell pools (the 

latter serving as internal controls). For this, we performed a comprehensive 

immunophenotypical and histological analysis of the B cell populations residing in the 

spleen and in the lymph nodes. Control chimeras exhibited Ly5.1/5.2 ratios among B- and 

T-cell populations that were similar to those detected in the bone marrow donor pools 

(Figure 63, left columns). Instead, mutant chimeras showed a skewing for Ly5.1+ PRC1-

proficient B cells, with T-cells being instead equally represented by both Ly5.1+ and Ly5.2+ 

cells (Figure 63, right columns). 
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Figure 63. Counter-selection of PRC1-deficient B cells under a competitive setting. 

A-B. Flow cytometric analysis of Ly5.1 and Ly5.2 surface marker expression on CD19+ 

B cells (A.) and TCRb+ T cells (A.) in spleens of control (left; n=3) and mutant (right;  

n=4) bone marrow chimera mice. C-D. Flow cytometric analysis of Ly5.1 and Ly5.2 

surface marker expression of CD19+ B cells (C.) and TCRb+ T cells (D.) in inguinal 

lymph nodes of control (left; n=3) and mutant (right; n=4) bone marrow chimera mice. 

A-D. Bars represent the mean value ± SD. Chi-squared test: *** p<0.001; **** 

p<0.0001. 

In mutant chimeras, the identity of PRC1 mutant Ly5.2+ B cells was confirmed by genomic 

qPCR analysis, revealing a significant reduction in the copy number of functional Ring1B 

alleles (Figure 64). 

 

Figure 64. Ring1B allelic deletion in Ly5.2 cells derived from PRC1-/- donors. 
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Genomic qPCR analysis to quantify Ring1B gene copy number in CD19+Ly5.1+ and 

CD19+Ly5.2+ populations sorted from spleens of control (left; n=1) and mutant (right;  

n=4) bone marrow chimera mice. Data are normalized the Gapdh gene and shown as 

relative to Ly5.1+ cel ls.  

Immunofluorescence analyses of spleen sections from control and mutant chimeras 

confirmed the under-representation of Ly5.2+ cells in the follicles of mutant chimeras when 

compared to the control counterparts (Figure 65). 

 

Figure 65. Counter-selection of PRC1-deficient B cells under a competitive setting by 
immunofluorescence. 

Representative immunofluorescence analysis of spleen sections from a control 

chimera ( left) or mutant chimera (middle and right) transplanted mice, stained with 
anti-Ly5.1 (CD45.1; magenta) and anti-Ly5.2 (CD45.2; cyan). Original magnif ication,  

x10; scale bars, 50 μm. 

Notably, the remaining Ly5.2+ cells in mutant chimeras were mainly localised in the central 

part of the follicle, possibly marking the T-cell zone. This observation was confirmed through 

a quantification of the anti-Ly5.1- and anti-Ly5.2 reactivity seen in the follicular area of 

control and mutant chimeras with milder phenotype. Specifically, whereas positivity for the 

Ly5.2 staining was homogeneously distributed in follicular areas of control chimeras, the 

same reactivity decreased moving from the central arteriole of the follicle (rich in T cells) 

towards the periphery (rich in B cells) (Figure 66) (Steiniger 2015). Altogether, these 

findings indicate that PRC1 inactivation in late transitional B cells leads to the generation of 

a pool of resting bona fide mature B cells with significantly impaired fitness when placed in 

competition with their PRC1 proficient counterparts. 
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Figure 66. Ly5.2 PRC1-deficient cells localize only in the central area of the follicles. 

A. Immunofluorescence analysis of spleen sections from control chimera (left) or 
mutant chimera (right) transplanted mice, stained with anti-Ly5.1 (CD45.1; magenta) 

and anti-Ly5.2 (CD45.2; cyan). Images exemplify the strategy used for quantif ications.  

Lines are the edges of concentric sections considered for quantif icat ion of Ly5.1 and 

Ly5.2 signal intensity. B. Quantif ication of Ly5.1 and Ly5.2 signal intensity in splenic 

sections of control and mutant bone marrow chimeras. Values represent the average 

of the intensity in each concentric section normalized on the intensity of the central 

area. Data are represented or iented from the centre of the follicle towards the edges. 
Welch’s t test: *** p<0.001. 

 

 Developmental defects of PRC1 mutant B cells are B-cell 

autonomous 

5.5.1 Aberrant surface phenotype of PRC1 mutant B cells is cell intrinsic 

The immunophenotypic analysis of B cells from PRC1 deficient mice revealed an aberrant 

expression of several surface markers. Specifically, PRC1 mutant resting peripheral B cells 
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could be assigned to two subpopulations on the basis of the expression of B220; 

furthermore, they expressed higher levels of CD93/AA4.1 and failed to down-regulate IgM 

expression at the expense of IgD remaining therefore IgM/IgD double positive. To determine 

whether the changes in marker expression were influenced by Ring1A deficiency in non-B 

cells, we tested the expression of the same markers in lethally irradiated PRC1 proficient 

mice reconstituted with bone marrow cells from conditional PRC1 mutant mice. Flow 

cytometric analysis on cell suspensions retrieved from lymphoid organs of reconstituted 

animals confirmed the aberrant expression of the B220, IgM, IgD and CD93 markers on the 

surface of PRC1 mutant B cells (Figure 67).  

 

Figure 67. Defects in surface marker expression of B cells lacking PRC1 in bone marrow 
mutant chimeras. 

A. Representative flow cytometric expression of surface markers B220 and AA4.1 on 
CD19+ Ly5.1+ control (dark line) or CD19+ Ly5.2+ mutant (light grey line and fill) splenic 

B cells. B. Representative dot plot analysis of the combined surface expression of IgM 

and IgD immunoglobulin isotypes. Data are representative of 4 analysed transplanted 

mice.  

These results indicate that PRC1 inactivation in B cells is sufficient to cause aberrant 

expression of the B220, IgM, IgD and CD93 markers on the surface of these cells. 
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5.5.2 The splenic marginal zone is devoid of B cells in mutant bone 

marrow chimeras 

In chapter 5.3, we show that PRC1 mutant B cells display a reduced capacity to reside in 

the MZ of the spleen. To establish whether PRC1 mutant B cells can home to the MZ under 

a competitive setting, I analysed, by immunofluorescence and flow cytometric analyses, the 

identity and distribution of splenic B cells in control and mutant mixed bone marrow 

chimeras. As shown in Figure 68, Ly5.2+ PRC1 mutant B cells were largely undetected in 

the MZ area of mutant chimeras. 

 

Figure 68. The marginal zone is devoid of Ly5.2 PRC1-deficient B cells. 

Representative immunofluorescence analysis of spleen sections from control chimera 

(left) or mutant chimera (centre and right) transplanted mice, stained with anti-Ly5.2 

(CD45.2; green) and anti-CD169 (MOMA-1; red). Original magnification, x10; scale 

bars, 50 μm. 

Moreover, these B cells retained an aberrant surface phenotype, showing levels of the 

CD21, CD1d and CD38 markers that were intermediate between wild-type FO and MZ B 

cells, similarly to what was seen in PRC1 deficient mice (Figure 69). Thus, PRC1 deficiency 

prevents B cells from residing in the MZ in a B-cell autonomous fashion. 
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Figure 69. Marginal Zone surface marker expression is altered in PRC1-deficient B cells which 
develop in a Ring1A-proficient environment. 

Representative flow cytometric expression of surface markers CD21, CD1d and CD38 

on CD19+ Ly5.1+ control (dark l ine) or CD19+ Ly5.2+ mutant (light grey line and fill)  

splenic B cells. Data are representative of 4 analysed transplanted mice. 

 

 PRC1 is required to sustain B cell activation 

Flow cytometric analysis of cell suspensions from mesenteric lymph nodes and Peyer’s 

patches of PRC1 control and mutant mice revealed a significant reduction of the fraction of 

CD19+ CD95/FAShi CD38lo germinal centres (GC) B cells in the latter animals (Figure 70). 

 

Figure 70. Germinal centres are reduced in lymph nodes of PRC1-deficient animals. 
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A-B. Representative flow cytometric analysis of gated CD19+ CD95/FAShi CD38lo GC 

B cell frequencies in the mesenteric lymph nodes (A.) and Peyer’s patches (B.) of 

PRC1+/+ control and PRC1-/ - mutant mice. C. Frequency of gated CD19+ Fashi  CD38lo 

GC in mesenteric lymph nodes in PRC1+/+ control (n=6; left) and PRC1-/ - mutant mice 

(n=6; left). Bars represent the mean value ±  SEM. Unpaired T test: * p<0.05. D. 
Frequency of gated CD19+ FashiCD38lo GC in Peyer’s patches in PRC1+/+ control (n=7; 

left) and PRC1-/ - mutant mice (n=7; left). Bars represent the mean value ± SEM. Mann-

Whitney non-parametric test: *** p <0.001; ns = not significative. 

Furthermore, previous experiments from our laboratory demonstrated a significant defect 

in GC formation/maintenance in PRC1 conditional mutant animals upon immunization with 

the T-cell dependent antigen NP-CGG. Similar defects were observed when PRC1-/- B cells 

were stimulated in vitro with CD40 ligation in the presence of interleukin-4 (IL-4) (Dr. F. 

Alberghini, PhD thesis work). These observations pointed to a potential problem of PRC1 

mutant B cells in getting activated and in proliferating in response to mitogenic stimulation. 

To get more insight into this, B cells purified from PRC1-proficient and -deficient animals 

were activated in vitro through stimulation with lipopolysaccharide (LPS), which binds to 

and activates signalling from Toll-like receptor-4 (TLR-4). I added IL-4 to the culture to 

stimulate B cells to undergo IgG1 and IgE immunoglobulin (Ig) class-switch recombination 

(CSR). As shown in Figure 71, the growth of PRC1 mutant B cells was significantly delayed 

until day-2 when compared to control cultures, and was completely stalled at day-3 of 

stimulation. 

 

Figure 71. Impairment of cell replication in PRC1-deficient B cells stimulated in vitro with LPS 
and IL-4. 

Growth curve of CD19+ splenic B cells purif ied from PRC1+/+ control and PRC1-/ - 

mutant mice, stimulated in vitro with LPS and IL-4 for 3 days. Markers represent the 

mean value of three technical replicates ± SD. Unpaired T test: * p<0.05; ** p<0.01.  

Data shown are representative of 3 independent experiments.  
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The observed growth inhibition can be attributed to three main causes, namely to 

proliferation defects, to increased cell death and/or to enhanced terminal differentiation to 

plasma cells (PC).  

 

5.6.1 PRC1 favours cell-cycle progression ensuring transcriptional 

repression of CDK inhibitors 

To assess the effects of PRC1 inhibition on cell proliferation, I performed cell-cycle 

distribution analyses. Specifically, I combined pulsed BrdU-labelling with propidium iodide 

(PI) staining in B cell cultures stimulated with LPS+IL4. Strikingly, both at day-2 and -3, 

PRC1-deficient B cells accumulated preferentially in the G0/G1 phase of the cell cycle with 

a correspondent reduction of the fraction of cells actively replicating DNA in S-phase (Figure 

72).  

 

Figure 72. Impairment of cell-cycle progression in PRC1-mutant B cells stimulated in vitro 
with LPS and IL-4. 

A. Flow cytometric analysis and B. quantif ication of cell-cycle distribut ion of PRC1+/+  

control (left; n=2) and PRC1-/ - mutant (right; n=2) B cell cultures, at day-2 and -3 of in 

vitro stimulation with LPS and IL-4. Bars represent the mean value ± SD. Unpaired 
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Mann-Whitney non-parametric test: * p<0.05; ** p<0.01; *** p<0.001. Data are 

representative of 2 independent experiments. 

The fraction of cells in the G2-phase was also increased in the mutant B cell cultures. These 

data point to a strict requirement of PRC1 function in B cells undergoing proliferation in 

response to mitogens. Expression analyses in resting PRC1 mutant B cells revealed a 

substantial up-regulation of the Polycomb targets encoding for the cyclin-dependent kinase 

(CDK) inhibitors p15Cdkn2b, p16INK4a, p19ARF, p21Cdkn1a and p57Kip2 (Figure 73A). Upon 

LPS+IL4 activation, the latter cells also up-regulated p18INK4c and p27Kip1 which may 

contribute to the G1-to-S cell cycle arrest suffered by the inhibition of PRC1 (Figure 73B) 

(Sauvageau and Sauvageau 2010). 
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Figure 73. Up-regulation of cyclin-dependent kinase inhibitor transcripts in PRC1-deficient B 
cells in resting state and upon in vitro stimulation with LPS and IL-4. 

Box-plot analysis of transcript levels of cycl in-dependent kinase inhibitor genes 

(relative to Rplp0) quantif ied in control PRC1+/+ (n=6) and mutant PRC1-/ - (n=6) B cells 

A. in resting state and B. after 3 days of in vitro stimulation with LPS and IL-4. In box-

plots, horizontal bars indicate the medians, boxes indicate 5th to 95th percentiles. P 

values are indicated within each plot (unpaired Student’s t test).  

 

Overall, these results indicate a major inhibition of the G0/G1-to-S cell cycle transition in B 

cells lacking PRC1 caused by a significant up-regulation of CDK inhibitors. 

The strong impairment in cell cycle-progression could affect the capacity of LPS+IL-4-

stimulated B cells to undergo immunoglobulin isotype switching. To test this hypothesis, ex 

vivo isolated control and PRC1 mutant B cells were first labelled with CFSE followed by 

their stimulation with LPS + IL-4. Flow cytometric analysis of B cells activated for four days 

revealed a significant reduction in the proportion of PRC1 mutant B cells that had undergone 

three or more cell divisions. This defect correlated with a striking reduction in the frequency 
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of IgG1-expressing B cells (Figure 74A-B). A similar result was observed analysing IgG3-

expressing B cells after 4-days of LPS stimulation, although the block in cell-cycle transition 

was weaker and the difference in the fraction of IgG3-class-switched cells between control 

and mutant cultures was less remarkable (Figure 74C-D). Altogether, these data highlight 

the importance of PRC1 in the control of Ig isotype switching, possibly by facilitating the 

cell-cycle G1-to-S transition. 

 

Figure 74. Class switching to IgG1 and IgG3 is defective in PRC1-mutant B cells in vitro. 

A. Flow cytometric analysis displaying IgG1+ cell frequencies of CFSE-labelled 

PRC1+/+ control (left; n=2) and PRC1-/ - mutant (right; n=2) cell cultures, at day-4 of in 

vitro stimulation with LPS and IL-4. B. Quantif ication of class switched IgG1+ cell 

frequencies in PRC1+/+ control ( left; n=2) and PRC1-/ - mutant (right; n=2) cell cultures, 

at day-4 of in vitro stimulation with LPS and IL-4. C. Flow cytometric analysis 

displaying IgG3+ cel l frequencies of CFSE-labelled PRC1+/+ control (left; n=2) and 

PRC1-/ - mutant (right; n=2) cell cultures, at day-4 of in vitro stimulation with LPS. D. 
Quantif ication of class switched IgG3+ cell frequencies in PRC1+/+ control (left; n=2) 
and PRC1-/ - mutant (right; n=2) cell cultures, at day-4 of in vitro stimulation with LPS. 

Bars represent the mean value ± SD. Unpaired t test with Welch’s correction: ** 

p<0.01; ns = not significative. Data are representative of 3 independent experiments. 
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5.6.2 PRC1 protects B cells from apoptosis and genotoxic DNA damage 

To investigate the effect of PRC1 deficiency on cell-death, LPS+IL4 stimulated B cells were 

labelled with CaspGLOWä, as described previously. By flow cytometry, we scored an over 

4-fold increase in the percentage of apoptotic cells in PRC1 mutant B cell cultures relative 

to controls (Figure 75).  

 

 

Figure 75. Frequency of apoptotic cells is increased in PRC1-mutant B cells stimulated in 
vitro with LPS and IL-4. 

A-B. Flow cytometric analysis of Caspase glow+ cells of PRC1+/+ control (left; n=2) 

and PRC1-/ - mutant (right; n=2) cell cultures stimulated in vitro with LPS and IL-4. 
Cells were analysed at day-2 (A.) and day-3 (B). Numbers represent the frequency of 

Caspase Glow+ cells. Data are representative of 2 independent experiments.  
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Consistently with previous observations, after 3-days of stimulation transcripts for the 

apoptotic sensors Puma, Noxa and Bim were substantially up-regulated, suggesting 

enhanced sensitivity to apoptotic cell-death of PRC1 mutant B cells (Figure 76). 

 

 

Figure 76. Up-regulation of apoptotic sensors in PRC1-mutant B cells stimulated with LPS 
and IL-4 in vitro. 

Box-plot analysis of transcript levels of Bcl2 family apoptotic genes (relative to Rplp0)  

quantif ied in control PRC1+/+ and mutant PRC1- / - B cells stimulated with LPS and IL-4 

in vitro for 3 days. A. Anti-apoptotic genes. B. Apoptotic sensor genes. C. Pro-

apoptotic gene. In box-plots, horizontal bars indicate the medians (n=6), boxes 

indicate 5th to 95th percentiles. P values are indicated within each plot (unpaired 
Student’s t test).  

LPS stimulation triggers the expression of activation-induced cytidine deaminase (AID) 

(Dedeoglu et al. 2004), which promotes Ig CSR as a result of cytosine deamination at Ig 
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switch regions, followed by DNA double-strand breaks which ultimately are repaired by the 

DNA repair machinery leading to the joining of heterologous switch regions. We 

hypothesized that DNA damage induced in LPS activated B cells by AID (Caganova et al. 

2013) and/or other genotoxic processes such as DNA replication (Piunti et al. 2014; Bravo 

et al. 2015; Klusmann et al. 2018) could be repaired through mechanisms that required 

PRC1 activity. To investigate this, control and PRC1 mutant B cell cultures, stimulated with 

LPS+IL4 were assessed by immunofluorescence for the presence of gH2A.X foci, indicating 

the activation of a DNA damage response counteracting the occurrence of DNA double-

strand breaks. To detect ongoing genotoxic damage, we also performed the neutral comet 

assay (Ostling and Johanson 1984; Lemay and Wood 1999). Both techniques revealed a 

slight but consistent increase of DNA damage in B cells lacking PRC1. Specifically, while 

the quantification of gH2A.X foci revealed an increased number of foci per PRC1 mutant 

cell (Figure 77), for the same cells, the comet assay showed marked DNA tail lengthening 

relative to control (Figure 78A-B). Additionally, the amount of PRC1 mutant DNA contained 

in comet tails was significantly higher than in controls (Figure 78C). Altogether, these data 

suggest an accumulation of DNA damage in LPS-activated B cells lacking PRC1, possibly 

increasing the sensitivity of these cells to apoptosis. 

 

 

Figure 77. Increased gH2A.X foci in PRC1-deficient B cells stimulated in vitro with LPS and IL-
4.  

A. Representative immunof luorescence staining of cells stained with anti-gH2A.X and 

B. quantif ication of immunofluorescent gH2A.X foci in PRC1+/+ control (left) and PRC1-

/ - mutant (right) cell cultures, at day-2 of in vitro stimulation with LPS and IL-4. Original 



 164 

magnification, x63; scale bar, 5 μm. Data are representative of 2 independent 

experiments. 

 

 

Figure 78. Accumulation of DNA double-strand breaks in PRC1-deficient B cells stimulated in 
vitro with LPS and IL-4. 

Neutral comet assay data is shown for PRC1+/+ and PRC1-/ - purif ied B cells stimulated 

in vitro with LPS and IL-4 for 2 days. A. Representative single cel l images used for 

scoring within the two categories are shown next to the quantitation. B. Scoring of the 

length (pixel) of the comet tails in PRC1+/+ sample (n=20) and PRC1-/ - sample (n=22). 

C. Scoring of the amount of DNA in the comet tail (pixel intensity) in PRC1+/+ sample 

(n=20) and PRC1-/ - sample (n=22). In box-plots, horizontal bars indicate the medians,  

boxes indicate 5th to 95th percentiles. P values are indicated within each plot  

(Unpaired t test with Welch’s correction). Data are representative of one experiment. 

 

5.6.3 Cell-cycle inhibition and apoptosis are independent from AID 

induction 

Previous work from our group has linked PRC2 to the protection of B cells from genotoxic 

damage induced by AID (Caganova et al. 2013). To test whether PRC1, as PRC2, confers 

protection from AID-induced mutagenesis, or rather, contributes to preserve B cells from 

other sources of DNA damage, we stimulated PRC1 mutant B cells with an agonistic anti-
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RP105 antibody. The latter stimulation triggers potent proliferation of the B cells without 

inducing either AID expression or terminal differentiation (Ogata et al. 2000; Callen et al. 

2007). Strikingly, similar to what observed for the LPS stimulation setting, PRC1 mutant B 

cells displayed severe growth impairment (Figure 79), cell-cycle defects (Figure 80) and 

increased apoptosis upon anti-RP105 stimulation (Figure 81). These findings indicate that 

PRC1 deficient B cells, upon mitogenic stimulation, suffer from substantial defects in cell 

proliferation even in the absence of AID expression. 

 

Figure 79. Impairment of cell replication in PRC1-deficient B cells stimulated in vitro with anti-
RP105. 

Growth curve of CD19+ splenic B cells purif ied from PRC1+/+ control and PRC1-/ - 

mutant mice, stimulated in vitro with anti-RP105 for 3 days. Markers represent the 

mean value of three technical replicates ± SD. Unpaired T test: * p<0.05; **** 

p<0.0001. Data shown are representative of 3 independent experiments. 
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Figure 80. Impairment of cell-cycle progression in PRC1-mutant B cells stimulated in vitro 
with anti-RP105. 

A. Flow cytometric analysis and B. related quantif ication of cell-cycle distribution of 

PRC1+/+ control (left; n=2) and PRC1-/ - mutant (right; n=2) B cell cultures, at day-2 and 

-3 of in vitro stimulation with anti-RP105. Bars represent the mean value ± SD. 

Unpaired Mann-Whitney non-parametric test: * p<0.05; ** p<0.01; *** p<0.001. Data 
are representative of 2 independent experiments. 
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Figure 81. Frequency of apoptotic cells is increased in PRC1-mutant B cells stimulated in 
vitro with anti-RP105. 

A-B. Flow cytometric analysis of Caspase glow+ cells of PRC1+/+ control (left; n=2) 

and PRC1-/ - mutant (right; n=2) cell cultures stimulated in vitro with anti-RP105. Cells 

were analysed at day-2 (A.) and day-3 (B.). Numbers represent the frequency of  

Caspase Glow+ cells. Data are representative of 2 independent experiments. 

To understand if heightened cell-cycle arrest and apoptosis in PRC1 mutant B cell cultures 

stimulated with anti-RP105 correlated with increased genotoxic damage, I measured 

gH2A.X foci by immunofluorescence analysis. Interestingly, quantification of the data 

revealed a decrease in the number of gH2A.X foci per cell in PRC1 mutant B cell cultures 

relative to controls (Figure 82). This difference probably mirrors the different extent of 

replication-stress suffered respectively by control and mutant B cell cultures, which showed 

different replication rates.  
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Figure 82. DNA damage is reduced in PRC1 deficient B cells stimulated with anti-RP105. 

Quantif ication of immunofluorescent gH2A.X foci in control ( left) and mutant (right) cell  

cultures, at day-2 of in vitro stimulation with anti-RP105. Bars represent the mean 

value ± SD. Mann-Whitney non-parametric test: **** p<0.0001. 

All together these results highlight the property of PRC1 to protect B cells from the genotoxic 

damage generated during cell proliferation, possibly in relationship to DNA replication. 

 

 PRC1 deficiency facilitates onset of plasma cell 

differentiation  

5.7.1 In vitro plasma cell differentiation in the absence of PRC1 

Interference with cell proliferation shown by PRC1 mutant B cells stimulated in vitro with 

LPS could result from an acceleration of terminal differentiation. To address this point, B 

cells stimulated for four days with LPS+IL4 were analysed by flow-cytometry. Despite the 

marked interference with cell proliferation caused by PRC1 inactivation, the fraction of 

IRF4hi CD138+ bona fide plasma cells (PCs) was comparable between control and PRC1-/- 

cultures (Figure 83). Moreover, we observed that the PRC1 mutant B cells falling within the 

IRF4hi CD138- gate established on LPS+IL-4-stimulated control B cells, expressed low, yet 

detectable, levels of CD138. This result is suggestive of an attempt of PRC1 mutant B cells 

to complete PC differentiation despite the strong proliferative defect suffered by these cells. 
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Figure 83. PRC1-deficient B cell differentiation to plasma blasts is comparable to control upon 
LPS and IL-4 stimulation. 

Flow cytometric analysis displaying CD138-  IRF4lo, CD138- IRF4hi and CD138+ IRF4hi  

frequencies in PRC1+/+ control ( left; n=2) and PRC1-/ - mutant (right; n=2) cell cultures, 
at day-4 of in vitro stimulation with LPS and IL-4. Data are representative of 3 

independent experiments. 

We repeated the same experiments stimulating in vitro PRC1 control and mutant B cells 

only with LPS. In these experiments, we observed an even higher proportion of IRF4hi 

CD138+ bona fide PCs in the cultures of PRC1 defective B cells (Figure 84). Conversely, 

the fraction of IRF4hi CD138- was significantly reduced in PRC1 mutant cultures, consistent 

with a direct transition of B cells from one resting state to another, which expressed markers 

of PCs (IRF4hi CD138+). 

 

Figure 84. PRC1-deficient B cell differentiation to plasma blasts is enhanced compared to 
control upon LPS stimulation. 

Flow cytometric analysis displaying CD138-  IRF4lo, CD138- IRF4hi and CD138+ IRF4hi  

frequencies in PRC1+/+ control ( left; n=2) and PRC1-/ - mutant (right; n=2) cell cultures, 
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at day-4 of in vitro stimulation with LPS. Data are representative of 2 independent 

experiments. 

In support of the idea that PRC1 inactivation facilitates the onset of the PC differentiation 

program in activated B cells, we found that PRC1 mutant B cells, even when stimulated with 

agonistic anti-RP105 which fails to induce terminal differentiation (Callen et al. 2007; Ogata 

et al. 2000), up-regulated the PC marker CD138 (Figure 85). 

 

Figure 85. CD138 is over-expressed in PRC1 mutant B cells stimulated with anti-RP105. 

Representative flow cytometric expression of the surface marker CD138 in CD19+ B 

cells from PRC1+/+ control (black line) and PRC1-/ - mutant animals (grey l ine and fil l)  

stimulated with anti-RP105 in vitro for 4 days. Data are representative of 2 

independent experiments. 

Together these results indicate that PRC1 plays an important role in delaying onset of 

terminal differentiation in B cells stimulated with TLR agonists, possibly by ensuring the full 

epigenetic reprogramming of these cells. 

 

5.7.2 The plasma cell master regulator BLIMP-1 in PRC1 deficient 

resting and activated B cells 

The facilitated generation of CD138-expressing bona fide plasma blasts in in-vitro cultures 

of PRC1 mutant B cells stimulated with LPS hypothesized changes in the expression of the 

master transcription factor required for PC differentiation, Prdm1/BLIMP-1. To address this 

point, we performed RT-qPCR measurements of Prdm1 transcripts in control and PRC1 

mutant B cell cultures, before and three days after LPS+IL4 activation. Both control and 
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PRC1 mutant B cells showed a substantial induction of Prdm1 in response to LPS+IL4 

stimulation (Figure 86), reaching similar levels at the end of the culture period.  

 

Figure 86. Prdm1 is induced in PRC1-deficient B cells stimulated in vitro with LPS and IL-4. 

Box-plot analysis of transcript levels of Prdm1  gene (relative to Rplp0) quantif ied in 

PRC1+/+ (n=6) and PRC1-/ - (n=6) B cell cultures, at day-0 and -3 of in vitro stimulation 

with LPS and IL-4. In box-plots, horizontal bars indicate the medians (n=6), boxes 
indicate 5th to 95th percenti les. Unpaired Student’s t test: ** p<0.01; **** p<0.0001.  

These data were confirmed assessing BLIMP-1 protein levels at single cell resolution by 

flow cytometric analysis (Figure 87). 

 

Figure 87. BLIMP-1 is unperturbed in PRC1-deficient in vitro stimulated B cells with LPS and 
IL-4. 

A. Representative flow cytometric expression of BLIMP-1 intracellular transcript ion 

factor of B cells from PRC1+/+ control (black l ine) or PRC1-/ - mutant animals (grey l ine 

and fil l) at day-4 of in-vitro activation with LPS and IL-4. Data are representative of 2 

independent experiments. B. Mean fluorescence intensity (MFI) of BLIMP-1 protein 
(n=4). In box-plots, horizontal bars indicate the medians, boxes indicate 5th to 95th 

percenti les. P value is indicated within the plot (unpaired Student’s t test).  

Notably, we observed higher Prdm1 transcript levels in ex vivo resting PRC1 mutant B cells 

in comparison to controls (Figure 86). This result, together with the marked impairment in 

cell-cycle progression and the comparable induction of Prdm1 gene expression in response 
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to LPS stimulation, is suggestive of a scenario in which the lack of PRC1 enhances the 

differentiation of B cells into terminally differentiated PCs by contributing to create a 

permissive chromatin state, ensuring rapid and efficient induction of Prdm1. Premature 

expression of Prdm1/BLIMP-1 in activated B cells may also contribute to interfere with the 

growth of these cells through direct repression of the c-MYC gene (Lin, Wong, and Calame 

1997). 

 

5.7.3 Normal expression of IRF4 in PRC1 deficient resting and LPS-

activated B cells 

Basal increased expression of Prdm1 was accompanied by a premature induction of CD138 

in PRC1 mutant B cells stimulated in vitro with LPS. These analyses revealed that also 

IRF4, the other major transcription factor required for PC differentiation (Sciammas et al. 

2006; Ochiai et al. 2013; Klein et al. 2006), followed an atypical induction kinetics after 

stimulation of the mutant B cells with LPS. Indeed, differently from LPS-activated control B 

cells, which first up-regulated IRF4 and later induced CD138 expression, PRC1 mutant 

cultures showed concomitant induction of both proteins (Figure 83 and Figure 84). This 

result could be explained by the dramatic impairment of LPS-stimulated PRC1 mutant B 

cells to undergo proliferation, during which IRF4 gets normally up-regulated (Scharer et al. 

2018). These results, combined with normal Irf4 transcript and protein levels detected both 

in resting (Figure 88) and LPS-activated (Figure 88 and Figure 89) PRC1 mutant B cells, 

indicate that up-regulation of IRF4 needed to trigger PC differentiation does neither require 

cell proliferation nor PRC1 activity. 
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Figure 88. Irf4 is unperturbed in PRC1-deficient B cells both in resting conditions and upon 
in vitro stimulation with LPS and IL-4. 

Box-plot analysis of transcript levels of Irf4 gene (relative to Rplp0) quantif ied in 

PRC1+/+ (n=6) and PRC1-/ - (n=6) B cell cultures, at day-0 and -3 of in vitro stimulation 

with LPS and IL-4. In box-plots, horizontal bars indicate the medians (n=6), boxes 

indicate 5th to 95th percentiles. Unpaired Student’s t test: not significative for all  

comparisons. 

 

Figure 89. IRF4 is unperturbed in PRC1 mutant B cells stimulated in vitro with LPS and IL-4. 

A. Representative flow cytometric expression of IRF4 intracellular transcription factor 

in B cells from PRC1+/+ control (black line) or PRC1-/ - mutant animals (grey line and 

fill) activated in vitro with LPS and IL-4 for 4 days. Data are representative of 2 

independent experiments. B. Mean fluorescence intensity (MFI) of IRF4 protein (n=4). 

In box-plots, horizontal bars indicate the medians, boxes indicate 5th to 95th 
percenti les. P value is indicated within the plot (unpaired Student’s t test).  

 

5.7.4 Blimp1 and PAX-5 are co-expressed in a subset of PRC1 deficient 

resting B cells in vivo 

Our studies have unveiled a modest, yet consistent, de-repression of the Prdm1 locus in 

PRC1 mutant resting B cells. To confirm this result, trying at the same time to track within 

the spleen the location of Prdm1-expressing resting PRC1 mutant B cells, we performed in 

situ RNA hybridization assays. In control mice, Prdm1 transcripts were mainly found in the 

extra-follicular area, in agreement with the localization at these sites of BLIMP-1-expressing 

PCs. Instead, strikingly, in the spleen of PRC1 mutant mice, Prdm1 transcripts were 

detected in a substantial fraction of the cells homing to primary follicles (Figure 90). 
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Figure 90. Prdm1-positive cells localise also inside the follicles in PRC1-deficient animals. 

In situ hybridisation analysis showing the expression of Prdm1 transcript in splenic 

sections of PRC1+/+ control and PRC1-/ - mutant mice. For each genotype, two 
representative pictures are reported. Prdm1-positive cells are in brown, eosin-positive 

nuclei in blue. Dashed lines mark the edge of the foll icles. Data are representative of 

2 independent experiments. Original magnif ication, x10; scale bars, 50 μm.  

 

Double in situ hybridization to concomitantly detect Prdm1- and Pax5-expressing cells 

revealed co-expression of the two TFs in a considerable proportion of follicular B cells 

(Figure 91). 
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Figure 91. Pax5 and Prdm1 signals tend to colocalize in PRC1 deficient spleens. 

A. In situ hybridisation analysis showing the expression of Pax5 (magenta) and Prdm1  
(cyan) transcripts in splenic sections of PRC1+/+ control and PRC1-/ - mutant mice.  

Nuclei were stained by eosin solution. Data are representative of 2 independent 

experiments. Original magnification, x20; scale bars, 25 μm. B. Quantif ication of Pax5  

and Prdm1 signal overlap and C. quantif ication of the average distance between Pax5  

and Prdm1 signals in control and mutant splenic sections. In box-plots, horizontal bars 

indicate the medians, boxes indicate 5th to 95th percenti les. Data are representat ive 

of 10 measurements per sample type. Unpaired Student’s t test: * p<0.05; ** p<0.01. 

Overall, these data highlight the premature in vivo expression of Prdm1/BLIMP-1 in resting 

B cells lacking PRC1 activity, which, in turn may facilitate/accelerate the induction of the B 

cell terminal differentiation program in response to triggering of TLRs and possibly other 

receptors such as CD40 and BCR.  

 

5.7.5 Pax5 is correctly silenced in LPS-stimulated PRC1 mutant B cells  

BLIMP-1 negatively regulates the expression of the PAX5 gene by binding to promoter-

proximal regions, where it recruits chromatin-remodeling complexes and PRC2 to induce 

transcriptional repression (Minnich et al. 2016). To understand whether 1) the expression 
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of Prdm1 in resting condition could affect the expression of Pax5 and 2) the repression of 

Pax5 is affected in PRC1 mutant B cells undergoing terminal differentiation, I compared by 

RT-qPCR analysis the expression of the Pax5 gene in control and mutant B cell cultures 

before and three days after the stimulation with LPS and IL-4. Upon triggering of PC 

differentiation, PRC1 mutant B cells succeeded to down-modulate Pax5 gene expression, 

although levels remained slightly higher than those measured in control cultures (Figure 

92). 

 

Figure 92. Pax5 is down-regulated in PRC1-deficient B cells stimulated in vitro with LPS and 
IL-4. 

Box-plot analysis of transcript levels of Pax5 gene (relat ive to Rplp0) quant if ied in 

PRC1+/+ (n=6) and PRC1-/ - (n=6) B cell cultures, at day-0 and -3 of in vitro stimulation 
with LPS and IL-4. In box-plots, horizontal bars indicate the medians (n=6), boxes 

indicate 5th to 95th percenti les. Unpaired Student’s t test : * p<0.05; **** p<0.0001. 

In resting B cells, PRC1 inactivation did not interfere with either Pax5 transcript (Figure 92) 

nor protein (Figure 93) levels, suggesting that the low Prdm1/BLIMP-1 expression 

measured in these cells is not sufficient to negatively influence Pax5 expression. 

 

Figure 93. PAX5 expression is comparable between PRC1-proficient and deficient resting B 
cells. 

Representative flow cytometric expression of PAX5 intracellular protein in CD19+ 

splenic B cells from PRC1+/+ control (B220+ -  black l ine) or PRC1-/ - mutant animals 
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(B220+ and B220lo - blue and green l ine, respectively). Data are representative of 2 

independent experiments. 

Overall, these results exclude a major contribution of PRC1 in promoting the repression of 

Pax5 in B cells stimulated to undergo terminal differentiation in response to TLR stimulation. 

 

 PRC1 regulates BCR signalling through modulation of 

CD45R function 

5.8.1 PRC1 is critical for Ptprc splicing 

PRC1 mutant B cells can be subdivided into two subsets differing in the expression of the 

B220 surface marker. B220, also defined as CD45R-ABC, corresponds to the CD45R 

isoform with the highest molecular weight (220 kDa). The expression of CD45R-ABC and 

the other isoforms of CD45R is controlled at the mRNA level, through alternative splicing of 

the exons 4-5-6 of Ptprc transcript (Figure 94A). Specifically, the inclusion of all exons in 

the transcript encodes for the CD45R-ABC protein, while the exclusion of one, two or three 

exons produces lower molecular weight isoforms. In B cells, Ptprc splicing is markedly 

changed at the transition from resting B cells to PCs. Indeed, resting B cells expressing the 

CD45R-ABC isoform differentiate into PCs which start expressing the shortest isoform 

CD45R-0, lacking exons 4-5-6, phenotypically resulting in B220lo cells (Jensen et al. 1989; 

Hathcock et al. 1992). To understand whether, in the absence of PRC1, skipping of exon 

4-to-6 of the Ptprc gene is anticipated in resting B cells, I amplified by RT-PCR a region of 

the Ptprc cDNA, spanning exon 2 to 7 from control B220+ B cells, and PRC1 mutant B220+ 

and B220lo B cell subsets. Interestingly, B220lo mutant B cells expressed two shorter 

versions of Ptprc (hereafter named as fragment A and B), while B220+ B cells from control 

and mutant animals mainly expressed the full-length version of the transcript (Figure 94B). 

Fragment A was also present in B220+ B cells of both controls and mutants, whereas 

fragment B was detected only in moderate amounts in PRC1 mutant B220+ B cells. Based 

on size estimations, fragments A is supposed to have lost exon 4, while fragment B lacks 

exon 4 and 6 (Figure 94C).  
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Figure 94. B220lo of PRC1-deficient mice express aberrant Ptprc isoforms, which are splicing 
variants of the full-length transcript. 

A. Schematic view of the first part of Ptprc transcript, spanning from exon 2 to exon 

7. Exons in yellow (4, 5 and 6) can be alternatively spl iced. Primer positions are 

indicated by arrows. B. RT-PCR of Ptprc gene using oligonucleotide PCR primers 

located in exons 2 and 7, amplifying across the region of possibly spliced exons 4, 5 

and 6. The reaction was performed on cDNA from sorted B220+ B cells from PRC1+/+  
control animal and B220+ and B220lo B cells from PRC1-/ - mutant animal. C. Table 

summarizing the predicted length (bp) of the PCR amplicons, according to possible 

exon skipping. D. RT-qPCR of Ptprc exons on cDNA from sorted B220+ B cells from 

PRC1+/+ control mouse and B220+ and B220lo  B cells from PRC1-/ - mutant mouse. 

Gene transcript levels were normalized to the housekeeping Rplp0 gene and to the 

B220+ PRC1+/+ sample. Data are representative of one experiment. 

This prediction was confirmed by RT-qPCR analysis of Ptprc exons, highlighting a strong 

decrease in the expression of exon 4 and 6 in B220lo cells, and partly also in B220+ mutant 

B cells (Figure 94D). To establish the identity of fragments A and B, we subjected PCR 

products to Sanger sequencing. As shown in Figure 95, fragment A lacked the sequence 

corresponding to exon 4 while the fragment B missed sequence information relative to 

exons 4 and 6. 
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Figure 95. B220lo of PRC1-deficient animals express aberrant splicing variants of Ptprc gene, 
which lack exon 4 or exon 4 and 6. 

Sanger sequencing of A. fragment A and B. fragment B, that were excised from 

agarose gel. Sequences are al igned to the reference mRNA sequence of Ptprc gene. 
Exons are marked by different colours. Red dashed-stretches represent the missing 

parts of the sequence.  

Sashimi plot analysis of RNA-seq data further confirmed the skipping of exons 4 and 6 in 

Ptprc transcripts derived from PRC1 mutant B cells, in particular in the B220lo subset (Figure 

96). 

 

Figure 96. The aberrant splicing of Prptc gene in B220lo B cells of PRC1-deficient animals is 
revealed also by RNA-seq data analysis. 
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Sashimi plots depict the junctional reads for exons 3, 4, 5, 6 and 7 of Ptprc transcript. 

From top to bottom are sorted B220+ B cells from PRC1+/+ control animals and B220+ 

and B220lo B cells from PRC1-/ - mutant animals. Numbers represent the frequency of 

exon-to-exon junctions.  

Alternative splicing is controlled by a group of RNA binding proteins also termed as 

heterogeneous nuclear RNA-binding proteins (hnRNPs). Among them, several studies 

have identified hnRNPLL as a critical regulator of Prptc alternative splicing, both in T and B 

cells (Oberdoerffer et al. 2008; Topp et al. 2008; Wu et al. 2008; Chang, Li, and Rao 2015). 

To this end, we measured Hnrnpll expression by RT-qPCR in PRC1 control and mutant B 

cells. Importantly, transcripts levels for Hnrnpll were more than four-fold increased in the 

B220lo subset of PRC1 mutant B cells (Figure 97). Together, these data demonstrate that 

the lack of PRC1 interferes with the correct splicing of the Ptprc gene in B cells, possibly as 

a result of the up-regulation of the splicing factor hnRNPLL. 

 

Figure 97. Hnrnpll gene is over-expressed in PRC1-deficient B cells. 

RT-qPCR of Hnrnpll gene in B220+ B cells from PRC1+/+ control animal and B220+ and 

B220lo B cells from PRC1-/ - mutant animal. Gene transcript levels were normalized to 

the housekeeping Rplp0 gene and to the B220+ PRC1-/ - sample. Data are 

representative of one experiment. n.d. = not detectable.  

 

5.8.2 BCR signalling is interfered in B cells lacking PRC1 

Ptprc encodes for a protein tyrosine phosphatase (CD45R), that, in B cells, controls the 

phosphorylation status of the Src tyrosine kinase LYN (Katagiri et al. 1995). Specifically, 

CD45R regulates LYN activity by dephosphorylating tyrosine-508 (Y508) (Katagiri et al. 

1999; Shrivastava et al. 2004). To date, it is not clear whether different isoforms of CD45R 
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could have a diverse intracellular activity, in particular towards LYN. To understand whether 

the alternative splicing of Ptprc induced by the lack of PRC1 could influence LYN Y508-

phosphorylation, protein lysates of splenic resting B cells from control and PRC1 conditional 

animals were examined by immunoblotting analysis. Strikingly, I found a consistent 

increase of phospho-Y508 in PRC1 mutant samples, despite unchanged expression of LYN 

protein levels (Figure 98). 

 

Figure 98. Phosphorylation of LYN on tyrosine-508 is increased in PRC1-deficient B cells. 

A. Immunoblotting analysis and B. quantif ication of LYN tyrosine-508-

phosphorylation (pLYN) and of total LYN protein levels in PRC1+/+ control and 

PRC1-/ -  mutant splenic B cells. H4 was used as loading control. Quantif ications 
of pLYN/LYN are relative to control. Data are representative of 3 independent 

experiments. Unpaired Student’s t test : * p<0.05. 

 

This result points to a reduced activation of LYN protein in B cells lacking PRC1. To test 

possible interference of LYN activation in BCR signalling, PRC1-proficient and -deficient B 

cells were subjected to BCR crosslinking using an anti-Igk antibody. As readout of BCR 

signalling we measured the levels of AKT phosphorylation on serine-473 (S473) by 

immunoblotting analyses, at different time points after Ig cross-linking. In line with a reduced 

activation of LYN, in PRC1 mutant B cells we found a sub-optimal activation of AKT that 

was not improved by longer BCR stimulation (Figure 99). 
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Figure 99. PRC1-deficient B cells show sub-optimal phosphorylation of AKT upon B-cell 
receptor cross-linking. 

A. Immunoblotting analysis and B. quantif ication of AKT serine-473-phosphorylation 

(pAKT) and of total AKT protein levels in PRC1+/+ control and PRC1-/ -  mutant splenic 

B cells after 0, 3, 10 and 20 minutes upon B-cell receptor cross- linking with IgK. H4 

was used as loading control. Quant if ications of pAKT/AKT are relative to control. Data 
are representative of 2 technical replicates.  

 

Overall, these results suggest that the expression of different isoforms of CD45R in resting 

B cells lacking PRC1 reduces LYN activity, which consequently dampens the capacity of 

the cells to effectively signal through the BCR. Notably, the levels of total BTK and GSK3b 

proteins, two players downstream the BCR, were slightly but consistently increased in 

PRC1 mutant B cells, suggesting a compensatory mechanism triggered in response to 

weakened BCR signalling (Figure 100). 
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Figure 100. PRC1-/- B cells over-express some B-cell receptor signalling molecules. 

A. Immunoblotting analysis and B-C. quantif ication of BTK and GSK3b protein levels 

in PRC1+/+ control and PRC1-/ -  mutant splenic B cells. H4 was used as loading control. 

Quantif ications of BTK and GSK3b protein levels are relative to control. Data are 

representative of 3 independent experiments. Unpaired Student’s t test : * p<0.05; ns 

= not significative.  

 

 The epigenetic landscape of PRC1 mutant peripheral B 

cells and its implication on the transcriptional profile of 

these cells 

5.9.1 Transcriptional deregulation of PRC1 deficient B cells is not 

caused by changes in chromatin accessibility of regulatory 

regions 

In an attempt to identify the molecular mechanisms underlying the developmental defects 

observed in PRC1 conditional mice, transcriptome analysis of splenic CD19+ B cells from 

control and mutant mice was previously performed in the lab (Dr. F. Alberghini, PhD thesis 

work). Such analysis revealed an extensive alteration of gene expression in PRC1 mutant 

B cells, with more than 1000 genes deregulated. In particular, in line with the repressive 

activity of PRC1, the majority of differentially expressed genes (DEGs) was up-regulated in 

PRC1 deficient B cells (n=705, 69%), while only one third was down-regulated (n=319, 

31%) (Figure 101). 
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Figure 101. Gene deregulation in PRC1-deficient resting B cells. 

Volcano plot displaying differentially expressed genes between CD19+ resting B cel ls 
from PRC1+/+ control (n=3) and PRC1-/ - mutant mice (n=2). Red dots represent the 

significantly up-regulated transcripts (FDR < 0.05, log2 fold change > +0.25); blue dots 

represent the significantly down-regulated transcripts (FDR < 0.05, log2 fold change > 

-0.25); grey dots represent the transcripts whose expression levels did not reach 

statistical significance (q > 0.05). 

 

However, the mechanisms causing the transcriptional deregulation were still not 

understood, neither how the perturbation of gene expression could correlate with the 

phenotypes exhibited by PRC1 mutant B cells. In order to gain insight into these problems, 

I studied the profile of open-accessible chromatin regions in control and mutant resting B 

cells by the assay for transposase-accessible chromatin with high-throughput sequencing 

(ATAC-seq). The analyses were carried out at the qualitative level, only considering the 

presence/absence of peaks at different genomic positions. First, we focused the attention 

on ‘accessible’ promoters, defined as genomic regions tagged by Tn5 transposase which 

overlap with annotated transcriptional start sites (TSS). Surprisingly, we found a substantial 

overlap between the repertoire of active promoters in control and PRC1 mutant B cells 

(Figure 102). 
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Figure 102. Chromatin accessibility at TSS is comparable between control and mutant resting 
B cells. 

Venn diagram showing the intersection of gene lists with chromatin accessibility at  
TSS in B cells from PRC1+/+ control (n=2) and PRC1-/ - mutant mice (n=2). Numbers 

indicate the number of genes within each category. 

Moreover, differentially accessible promoters (DAPs) accounted only for minor fractions of 

up- and down-regulated genes in PRC1 deficient B cells, which instead were highly 

enriched for accessible promoters shared between control and mutant cells (Figure 103).  

 

Figure 103. The majority of deregulated genes in PRC1-deficient B cells show no changes in 
chromatin accessibility at TSS compared to wild-type B cells. 

Donut charts displaying the relative enrichment of ATAC peaks at TSS among the 

genes deregulated upon loss of PRC1 in B cells. ATAC peaks at TSS in control and 
mutant B cells were intersected, allowing to determine the fol lowing categories: ATAC+ 

shared = peak shared between control and mutant B cells; ATAC+ PRC1+/+ = peak 

present only in PRC1+/+ control B cells; ATAC+ PRC1-/ -  = peak present only in PRC1-/ -  

mutant B cells; ATAC- = peak not present in either control and mutant B cells. These 
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categories were intersected with the lists of up- and down-regulated genes and the 

enrichment based on the proportion of genes marked by ATAC+ within each category. 

A similar analysis was subsequently performed for enhancer regions, looking for a 

differential activation possibly induced by the lack of PRC1. Briefly, enhancers were 

mapped by intersecting ChIP-seq profiles of H3K27ac+ and H3K4me1+ regions in wild-type 

resting B cells available in the lab (Sormani and Casola, personal communication) with 

enhancer regions transcribed in CD19+ B cells according to the FANTOM database. 

Genomic coordinates of enhancer regions were intersected with ATAC-seq profiles of 

PRC1-proficient and -deficient resting B cells, ultimately defining open/active enhancers in 

both populations. The comparison between these datasets highlighted a strong overlap, 

indicating that open/active enhancers are essentially shared between control and mutant 

cells (Figure 104). 

 

Figure 104. The majority of open-enhancers is in common between PRC1+/+ and PRC1-/- B 
cells. 

Stacked column chart displaying the ATAC+ enhancer distribution between control and 

mutant B cells. Enhancers were determined as chromatin region H3K4me1-positive, 

H3K27ac-positive and having at least one read in CD19+ cel ls in FANTOM database. 

Enhancer regions were intersected with ATAC+ regions of PRC1+/+ control and PRC1-

/ - mutant B cells to generate the final lists of genomic enhancer regions. The two l ist 

were further intersected to determine shared enhancers, enhancers active only in 

PRC1+/+ cells and enhancers active only in PRC1-/ - cells.  

 

Also in this case, a negative correlation was found between PRC1 DEGs and genes 

controlled by differentially accessible enhancers (Figure 105). 

 



 187 

 

Figure 105. Differentially accessible enhancers do not control DEGs. 

Venn diagram showing the intersection of A. enhancers active only in PRC1-/ - mutant 

B cells and up-regulated genes and B. enhancers inactivated only in PRC1-/ - mutant 

B cells and down-regulated genes. Numbers indicate the number of genes within each 

category. 

Collectively, these data indicate that the alteration of gene expression induced by the 

absence of PRC1 is not caused by substantial changes in chromatin accessibility both at 

TSS and enhancer regions, suggesting that transcriptional deregulation is the consequence 

of subtle, yet functionally relevant, changes in the expression level of selected genes, which 

include regulators of B cell maturation and peripheral B cell homeostasis. Remarkably, 

among the genes linked to the phenotypes observed in PRC1 mutant B cells, discussed in 

the previous chapters, only Cd93, S1pr1, Hes1 and Cdkn2a/b genes were significantly 

deregulated at the expression level. Instead, important molecular players like miR-125b and 

Hnrnpll were not detected from the bioinformatics analysis of RNA-seq data.  

 

5.9.2 Establishment of a gene classification method based on the 

epigenetic landscape in resting B cells 

So far, we showed that transcriptional deregulation of PRC1-deficient B cells is not 

associated to major changes in chromatin accessibility in gene regulatory regions. To 

dissect the possible contribution of histone marks to gene expression deregulation found in 

PRC1 mutant B cells, I intersected ATAC-seq data with ChIP-seq data profiles of 

H3K27me3 and of H3K4me3 at TSS in wild-type resting B cells (the latter dataset was 
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already available in the lab; Carrisi and Casola, personal communication). These ChIP-seq 

datasets were chosen because the two histone marks correlate with active and repressed 

transcription, respectively. Hence, different subsets of genes differentially marked by 

H3K4me3 and H3K27me3 and with accessible or inaccessible promoter were defined 

(hereafter, the latter are referred to as ATAC+ and ATAC-, respectively) (Figure 106). 

 

Figure 106. Distribution of ATAC peaks and H3K4me3 and H3K27me3 histone mark peaks at 
TSS in wild-type B cells. 

Venn diagram showing the intersection of a) genes marked by ATAC+ at the TSS; b) 

genes marked by H3K4me3+ at TSS; c) genes marked by H3K27me3+ at TSS. The 

three datasets were obtained by ATAC-seq and ChIP-seq on control resting B cells 

(n=2). Numbers indicate the number of genes within each category.  

As expected, the vast majority of promoters marked by H3K4me3 had also open chromatin 

conformation, compatible with actively transcribed regions (Figure 107A). Instead, genes 

marked by H3K27me3, which is catalysed by PRC2, fell into two major subsets, according 

to chromatin accessibility data (Figure 107B). 

 

Figure 107. Chromatin accessibility among genes marked by H3K4me3 or H3K27me3 at TSS. 
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Pie charts displaying the relative enrichment of ATAC+ mark at TSS among genes 

marked by H3K4me3 and by H3K27me3 in resting wild-type B cells.  

Interestingly, among the H3K27me3-marked genes which retained an accessible promoter, 

about half were also marked by H3K4me3 while the rest were lacking the latter histone 

mark. These two subsets probably correspond to poised and repressed genes respectively, 

both still displaying an accessible promoter. To verify that the combinatorial analysis of 

chromatin accessibility and histone marks was meaningful, we compared the transcription 

levels of genes belonging to the different categories in wild-type mature B cells. Indeed, 

expression of gene in ATAC+ categories was higher than the ATAC- relative counterparts 

(Figure 108). 

 

Figure 108. Gene expression is influenced by chromatin accessibility and histone marks at 
TSS.  

Transcriptomic data were divided in different categories according to the 

presence/absence of ATAC+, H3K4me3+ and H3K27me3+ marks at TSS. Box-plot 

analyssi show the expression of genes, as log of DeSeq2 normalized reads, within 

each category. Horizontal bars indicate the medians, boxes indicate 5th to 95th 

percenti les. Mann-Whitney non-parametric test: *** p<0.001; **** p<0.0001.  

Moreover, among H3K27me3-marked genes, the ones that were also marked by H3K4me3 

showed the highest expression levels. Hence, we conclude that the classification of genes 

based on the combination of chromatin accessibility profiles and histone marks at TSS is a 

powerful tool for clustering genes according to their expression. 
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5.9.3 Gene expression is differentially modulated by PRC1 according to 

the epigenetic landscape 

We applied the gene classification method described in 5.9.2 to assess the status of genes 

respectively up- and down-regulated in PRC1 mutant B cells. As shown in Figure 109 , the 

analysis showed that down-regulated genes in PRC1 deficient B cells mainly fall within the 

category of active genes with accessible promoter in wild-type resting B cells (~ 63%). Only 

minor fractions of genes down-regulated in PRC1 mutant B cells are bivalent (H3K27me3+ 

H3K4me3+) genes with accessible promoter (~ 15%) or genes in which only promoter 

accessibility was detected (9%). 

 

Figure 109. Down-regulated genes are mainly ATAC+ H3K4me3+. 

Pie chart displaying the relative enrichment of the categories derived from intersection 

of ATAC-seq and ChIP-seq data at TSS in down-regulated genes. H3K27me3-positive 

categories are in shades of red, while H3K27me3-negative in shades of blue. Genes 

with no ATAC or ChIP-seq mark at TSS are in black.  

In summary, these data indicate that PRC1 positively controls the expression of a 

substantial subset of transcription competent genes in mature B cells. We then subjected 

ATAC+ H3K4me3+ genes down-regulated in PRC1 mutant B cells to gene ontology (GO) 

analysis, finding a consistent enrichment in categories related to cell-cycle regulation, 

especially in mitosis and G2/M transition, and DNA replication (Figure 110A). Indeed, DEGs 

belonging to this group are genes encoding DNA polymerases (PolD1, PolH, PolE), factors 

that act at the replication fork (Brca1, Rad51), and regulators of the spindle checkpoint 

(Plk1, Bub1, Cdc25). Categories related to processes which happen in mitosis, namely 

kinetochore organization and microtubule polymerization and depolymerization, were also 
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found among H3K4me3+ H3K27me3+ bivalent genes with accessible promoter (Figure 

110B). The latter group was also particularly enriched for genes involved in cholesterol 

biosynthesis (Dhcr24, Fdft1, Sc5d, Sqle), suggesting a possible interference of PRC1 

deficiency with lipid metabolism. 

 

Figure 110. Down-regulated genes in PRC1-deficient B cells belong to cell-cycle and DNA 
replication GO categories. 

Gene ontology analysis of down-regulated genes, A. marked ATAC+ H3K4me3+ and B. 
marked ATAC+ H3K4me3+ H3K27me3+ in control B cells. The first 15 categories of GO 

Biological Processes are reported.  

Notably, down-regulated genes marked by ATAC+ H3K4me3+ were also enriched for targets 

of the E2F family transcription factors and FOXM1 TF (Figure 111). Considering the 

consistent induction of CKI genes upon inactivation of PRC1, it is possible that a fraction of 

down-regulated genes in PRC1-/- resting B cells is the indirect result of the cell-cycle block 

experienced by these cells. 

 

Figure 111. Down-regulated genes in PRC1-/- resting B cells are target of E2F TFs. 

ChEA analysis of down-regulated genes in PRC1-defic ient B cells and marked by 

ATAC+ H3K4me3+ in wild-type resting B cells. The first 18 entries of ChEA are 

reported.  
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The most striking data emerging from the analysis of the genes up-regulated in PRC1 

mutant B cells is that around two third of them are bona fide PRC2 targets in wild-type B 

cells (Figure 112). 

 

 

Figure 112. Up-regulated genes are mainly ATAC+ H3K4me3+ H3K27me3+ bivalent genes. 

Pie chart displaying the relative enrichment of the categories derived from intersection 

of ATAC-seq and ChIP-seq data at TSS in up-regulated genes. H3K27me3-positve 

categories are in shades of red, while H3K27me3-negative in shades of blue. Genes 

with no ATAC or ChIP-seq mark at TSS are in black.  

 

This enrichment was not detectable among the down-regulated genes in PRC1 defective B 

cells, where only a minor fraction (22%) was marked with H3K27me3 (Figure 109). These 

data are coherent with the closely coordinated activity of PRC1 and PRC2 in mediating 

gene repression. Indeed, the results support a scenario whereby the lack of PRC1 

substantially affects the efficiency of PRC2-dependent gene silencing. Indeed, regardless 

of promoter accessibility status, the genes up-regulated in PRC1 mutant B cells and marked 

by H3K27me3 alone or in combination with H3K4me3 were preferential targets of PRC2 

components (Figure 113). 
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Figure 113. Up-regulated genes marked by H3K27me3 in wild-type cells are target of PcG 
proteins. 

ChEA analysis of up-regulated genes, marked A. by ATAC+ H3K4me3+ H3K27me3+ B.  
by ATAC+ H3K27me3+ and C. by H3K27me3+ only in control B cells. The first 15 entries 
of ChEA are reported.  

Interestingly, genes up-regulated in PRC1 mutant B cell with accessible promoters and 

marked at least by H3K27me3 were involved in pathways relevant for embryonic 

development (Figure 114). In addition to several Hox genes (Hoxa2-7, 10, 11, and 13; 

Hoxb3-7; Hoxc4-9), which coordinate the early stages of embryogenesis, we found that 

PRC1 de-repressed genes belonged to functional categories controlling proliferation and 

cell-growth, like the Hippo and Wnt signalling. 

 

Figure 114. Up-regulated genes marked by H3K27me3 in wild-type cells belongs to pathways 
active in early stages of development. 

KEGG analysis of up-regulated genes, marked by ATAC+ H3K27me3+ regardless the 

status of H3K4me3 in control B cel ls. The first 10 entries of KEGG are reported. 

The up-regulation in PRC1 mutant B cells of genes lacking H3K27me3 deposition is 

compatible with PRC2-independent, PRC1-driven gene repression, and/or with the aberrant 
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activation of one or more transcription factors (TFs). To test the latter hypothesis, since data 

on the genome-wide occupancy of PRC1 in B cells are, yet, not available, we investigated 

whether the promoter region of H3K27me3- genes that were up-regulated in PRC1 mutant 

B cells was enriched for binding sites for specific transcription factors. This analysis 

revealed an enrichment for targets of several hematopoietic transcription factors including 

PU.1, EGR1, MITF, SOX2, MYB and RUNX2 (Figure 115).  

 

Figure 115. Up-regulated genes not marked by H3K27me3 in wild-type cells are target of 
transcription factors of macrophages and T cells. 

ChEA analysis of up-regulated genes, marked by ATAC+ H3K4me3+ in control B cel ls. 

The first 20 entries of ChEA are reported.  

The same bioinformatics analysis identified also components of PRC1, including RING1B 

and KDM2B as significantly enriched at H3K27me3- genes up-regulated in PRC1 mutant B 

cells. This result supports the knowledge that PRC1 represses a subset of its target genes 

in a PRC2-independent fashion. 
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6. Discussion 
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The PRC1 complex plays a pivotal role in several cellular processes, including maintenance 

of cell-identity and cell fate-determination (Di Croce and Helin 2013; Aloia, Di Stefano, and 

Di Croce 2013; Laugesen and Helin 2014; Ringrose and Paro 2004). In hematopoiesis, 

PRC1 is crucial for HSC self-renewal and maintenance (Cales et al. 2008; Vidal and 

Starowicz 2017; Andricovich et al. 2016; Arranz et al. 2012), proliferation of early 

hematopoietic progenitors including pro/pre-B cells (Park et al. 2003; Cales et al. 2008; van 

den Boom et al. 2013; Iwama et al. 2004; Rossi et al. 2016), for lineage specification 

(Andricovich et al. 2016; Oguro et al. 2010) and for T-cell lineage identity (Ikawa et al. 2016).  

Using a cell-type and stage-specific conditional knock-out approach, we show that PRC1 

regulates the maturation and persistence of B cells within SLOs. As a result of PRC1 

inactivation starting from late transitional B cells, the pool of peripheral B cells is 

substantially reduced in numbers and displays an aberrant surface immunophenotype. 

PRC1 mutant resting B cells suffered from sub-optimal response to BAFF stimulation and 

BCR signalling. They also showed significantly impaired responses to stimulation with TLR 

agonists and premature onset of terminal differentiation. The defects suffered by PRC1 

mutant B cells were cell intrinsic as indicated by mixed bone marrow reconstitution assays. 

 

 Dynamics of resting peripheral B cells progressively losing 

PRC1 activity 

Following inducible PRC1 inactivation, we identified two major subsets of CD19+ B cells in 

SLOs, differing in the levels of the pan-B cell marker B220. Although both populations 

showed efficient Cre-mediated recombination of the conditional Ring1B allele, residual 

levels of RING1B protein and global H2AK119ub1 levels were still detected in the B220-

expressing subset, despite being dramatically reduced when compared to controls. Instead, 

the B220lo subset of PRC1 mutant B cells lacked detectable levels of both RING1B and 

H2AK119ub1 levels, possibly representing cells that persisted beyond the extinction of 

RING1B protein expression. In line with this hypothesis, in vitro cultures of pure populations 

of PRC1 mutant B220+ B cells revealed their progressive transformation into the B220lo 
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counterparts, which correlated with a loss of residual RING1B protein. Instead, ex vivo 

isolated B220lo B cells from PRC1 mutant B animals remained stable in their B220 

phenotype even after eleven days of in vitro culture. Based on these results, we conclude 

that upon genetic inactivation of PRC1, peripheral B cells undergo a transient stage featured 

by residual RING1B protein and PRC1 activity. Over time, the residual levels of RING1B 

protein extinguish and this correlates with the evolution of B220+ B cells into its B220lo 

derivative, which fully lacks PRC1 activity. This scenario is supported by in vivo BrdU 

labelling assays. Indeed, the fraction of splenic B cells that had incorporated BrdU in PRC1 

mutant animals was more represented in the B220+ B cell subset, consistent with a direct 

derivation of these cells from newly generated immature B cells.  

The proposed model is compatible with a slow turnover of the RING1B protein within resting 

mature B cells, and an extended latency before PRC1 inactivation causes phenotypic 

changes of the mutant B cell. Based on BrdU incorporation rates, we estimate that only 2% 

of the labelled immature B cells become B220lo mature B cells after one week of BrdU 

labelling, in contrast to the 8 % scored in wild-type mice. We cannot formally exclude that 

B220lo B cells detected in PRC1 mutant mice derive directly from transitional T2 cells.  

 

 PRC1 in B cell maturation and B cell identity 

Regardless of surface B220 levels, PRC1 mutant B cells present in SLOs showed features 

of incomplete maturation, including concomitant expression of transcriptional signatures 

and surface markers typical of both immature (eg. Cd93, Sox4, Cebpb) and mature (e.g. 

Hcst, Pik3r4, Cybb) B cells. In agreement with the repressor activity of PRC1 and PRC2 

(Aranda, Mas, and Di Croce 2015), the genes up-regulated in PRC1 knock-out, and marked 

by H3K27me3 in wild-type B cells, were highly enriched for bona fide targets of RING1B 

and other PRC1 and PRC2 components. While some of these genes are expressed at 

higher levels in normal immature B cells when compared to their mature counterparts (e.g. 

Serinc5, Atpb1, Rag1, Sox4, Cd93) (Kleiman et al. 2015), others belong to an 

embryonic/hematopoietic stem cell signature that gets silenced during B-lineage 
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commitment (e.g. cluster of Hox genes, Fzd4, Igf1r, Efnb2) (Ivanova et al. 2002; Painter et 

al. 2011). Moreover, PRC1-deficient B cells displayed higher expression levels of a group 

of genes that is not marked by H3K27me3 in wild-type B cells. Interestingly, these genes 

are enriched for targets of transcription factors such as PU.1, EGR1, MITF, SOX2, MYB 

and RUNX2 that are (also) expressed by other hematopoietic lineage cells including 

myeloid cells and T lymphocytes. This result hints to aberrant activation in PRC1 mutant B 

cells of transcriptional programs typical of other blood cell lineages. However, coherent with 

findings by Ikawa and colleagues, PRC1 inactivation starting from late transitional immature 

B cells was insufficient to trans-differentiate these cells into other blood cell lineages and/or 

for their reprogramming into pluripotent hematopoietic stem cells. This observation is 

coherent with the demonstration that Ring1A/Ring1B inactivation in differentiating T cells 

induces the reprogramming to B cells, supporting the idea that the B-cell lineage 

specification transcriptional program is dominant on other blood-cell lineage specification 

programs in the lack of PRC1 (Ikawa et al. 2016). Therefore, PRC1 is dispensable to mature 

B cells to maintain their lineage identity, while it contributes to ensure epigenetic silencing 

of transcriptional programs active in earlier stages of B cell ontogeny. Besides the general 

reactivation of genes of early B-cell developmental stages, we found a specific up-regulation 

of PAX-5-repressed genes. Indeed, despite the normal expression of the B cell master 

regulator PAX5 in PRC1 mutant B cells, a subset (23 out of 183) of the genes silenced by 

this transcription factor in mature B cells (Revilla et al. 2012) was up-regulated in the 

absence of Ring1A/Ring1B expression. Notably, the majority of these genes are normally 

expressed in progenitor B cells and get silenced during B cell maturation, also by Polycomb 

repressive proteins. Indeed, 70% of these genes were marked by H3K27me3 in resting 

wild-type B cells. These observations suggest that PRC1 contributes to maintain the 

repression of early B-cell lineage developmental genes established by PAX5. Additionally, 

we also found that up-regulated genes in PRC1 mutant B cells account for 10% of the 

targets normally repressed by PU.1 in pro-B cells (Batista et al. 2017). Considering that 

PU.1 has been described to recruit PcG proteins to chromatin (Ridinger-Saison et al. 2013), 
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it is possible that PRC1 contributes to enforce PU.1 transcriptional repression also in mature 

B cells. 

 

 Role of PRC1 in mature B cell differentiation 

Despite the aberrant transcriptional profile, PRC1 mutant B cells succeeded to transit from 

short-lived immature B cells to resting mature B cells residing in primary follicles of SLOs. 

Furthermore, PRC1 mutant follicular B cells succeeded to express IgD and displayed a 

BrdU incorporation profile closer to that of PRC1 proficient mature B cells, regardless the 

aberrant expression of markers identifying B-2 B cells, including CD21 and CD23. Follicular 

B cells were present also in the lymph nodes, and peritoneal cavity, although at reduced 

numbers. These results suggest that differentiation of short-lived immature B cells into 

follicular B cells can proceed despite the interference with PRC1 activity. However, given 

the gradual disappearance of Ring1B protein in developing mature B cells of PRC1 

conditional mice discussed in section 6.1 of the Discussion, we cannot exclude that the 

transition from immature to mature B cell proceeded thanks to residual PRC1 activity.  

The lack of PRC1 function had a detrimental effect on the generation of splenic B cells 

displaying an immunophenotype of MZ B cells on the bases of the CD23, CD21, CD1d and 

CD38 markers. This result was confirmed performing immunofluorescence analyses on 

splenic sections, which showed a contraction of the marginal zone area in PRC1 mutant B 

animals. Given the relevance of Notch2 signalling for the development of MZ B cells (Saito 

et al. 2003; Pillai and Cariappa 2009), we measured the expression of representative 

Notch2 target genes in mutant PRC1 B cells. Surprisingly, the Notch2 target genes Hes1 

and Dtx1 were expressed in PRC1 mutant splenic B cells, especially in the B220lo 

subpopulation, at levels comparable to those of wild-type MZ B cells. Comparable 

expression between wild-type MZ B cells and PRC1 mutant splenic B cells was also seen 

for genes negatively regulated by Notch2 activity, including Klf2 and Itgb7 (U. Strobl et al., 

personal communication). Interestingly, the B220lo splenic B cell subset represented the 

fraction of PRC1 mutant B cells that resembled more closely MZ B cells in terms of Notch2 
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target gene regulation (Saito et al. 2003). This observation is in line with the evidence that 

B220lo cells expressed levels of the MZ B cell markers CD21, CD1d and CD38 that were 

closer to those of control mice. 

The analyses on Notch2 target gene expression were extended to B cells isolated from 

lymph nodes. Consistent with the modest availability of Notch ligands, the expression of 

Notch target genes was overall significantly weaker in both PRC1-proficient and -deficient 

lymph node B cells. However, even in the lymph nodes, B220lo PRC1 mutant B cells 

displayed stronger expression of Notch2 induced genes. Collectively, these results suggest 

that PRC1 deficient mature B cells can successfully activate Notch2 signalling which is 

necessary for the commitment and persistence of B cells within the MZ B cell subset (Saito 

et al. 2003; Tanigaki et al. 2002; Witt et al. 2003). Despite this, the lack of functional PRC1 

activity prevents B cells from populating the MZ area. 

A possible explanation for the defect in the homing of PRC1 mutant B cells to the MZ comes 

from expression analyses indicating lower levels of the transcripts for the Sphingosine-1 

phosphate receptor-1 (S1pr1) gene measured in PRC1 mutant B cells. The latter receptor 

is required for the migration of B cells to the splenic MZ and for the shuttling of MZ B cells 

to the follicular areas (Cinamon et al. 2004; Cinamon et al. 2008). In support for a role of 

PRC1 in the positive regulation of S1PR1 expression, PRC1 mutant B cells displayed 

reduced migration towards a gradient of S1P in chemotaxis assays in vitro, mirroring the 

behavior of wild-type FO B cells. The reduced expression of S1pr1 in B cells lacking PRC1 

correlated, in these cells, with the concomitant higher expression of microRNA miR-125b, 

which directly targets S1pr1 transcripts, thus interfering with its translation. Interestingly, 

miR-125b is highly expressed in multipotent progenitors and gets progressively silenced 

during B-cell development by epigenetic repression, through the acquisition of H3K27me3 

and the loss of active histone marks at the promoter region (Li et al. 2018). Hence, the 

increased expression of miR-125b in PRC1 deficient B cells may be caused by de-

repression of the gene due to interfered PRC2 repression of the locus. Future investigations 

will clarify whether PRC1 targets the miR-125b locus and whether its absence interferes 

with local recruitment of PRC2. 
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Similarities between control MZ B cells and B220lo PRC1 mutant B cells in terms of CD21, 

CD1d and CD38 expression and of comparable activation of Notch2 target genes 

contrasted with the observation that the same PRC1 mutant B cell subset expressed 

together with IgM high levels of IgD, which is absent in wild-type MZ B cells. The latter result 

may be influenced by the substantial rewiring of surface Ig expression and signalling 

resulting from aberrant splicing of CD45R seen in PRC1 mutant B cells. Indeed, the pattern 

of IgM/IgD surface staining of B220lo PRC1 mutant B cells is largely reminiscent of the one 

described for CD45 deficient B cells, displaying a substantial increase of IgM+ IgD+ double 

positive cells (Byth et al. 1996).  

The inactivation of PRC1 in late transitional B cells was still compatible with the 

differentiation of these cells into B-1 B cells residing in the peritoneal cavity. However, both 

frequency and absolute numbers of B-1 B cells in the peritoneum were decreased pointing 

to a possible interference with their persistence. The CD5- B-1b B cell subset was the main 

subset of B-1 B cells affected by PRC1 inactivation. The exquisite loss of B-1b B cells 

consequent to PRC1 inactivation could depend on the different requirements for PRC1 of 

the two distinct immature B cell type giving rise respectively to B-1a and B-1b B cells 

(Beaudin et al. 2016; Esplin et al. 2009; Beaudin and Forsberg 2016). The contribution of 

PRC1 to the developmental path of B-1a and B-1b will be addressed in the future. 

All together, these studies have assigned to PRC1 an important role in sustaining the 

effective homing of developing B cells to the marginal zone, as well as the reaching of 

multiple lymphoid organs. The changes in the expression pattern of biologically-relevant 

surface receptors such as IgM and IgD, Cr2/CD21 and of membrane-associated signalling 

molecules such as CD45 is predicted to have a profound effect on the capacity of the cells 

to respond to environmental antigens as well as to persist within secondary lymphoid organs 

as resting mature B cells. 
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 PRC1 regulation of peripheral B cell maintenance 

The reduced percentage and absolute number of B cells in SLOs of PRC1 conditional 

mutant mice indicated a possible interference with the homeostasis of mature B cells. This 

hypothesis is supported by in vivo BrdU incorporation assays indicating an increased 

turnover for PRC1 deficient resting mature B cells. Moreover, competitive bone marrow 

chimera experiments revealed a significant exclusion of PRC1 mutant cells from the pool of 

mature B cells residing in follicles of SLOs. Altogether these observations are suggestive of 

an impairment in the fitness/maintenance of PRC1 mutant mature B cells. At least three 

mechanisms could help to explain the reduced fitness of PRC1 mutant B cells: 1) 

heightened basal expression of the pro-apoptotic sensor BIM; 2) reduced AKT activation 

upon BAFF stimulation; 3) sub-optimal BCR signalling. 

Ex vivo isolated PRC1 control and mutant resting B cells displayed similar fractions of cells 

expressing active forms of caspases. In sharp contrast, when PRC1 mutant B cells were 

isolated ex vivo and thereby acutely deprived of survival signals coming from the 

microenvironment, the fraction of cells activating caspases to undergo apoptosis was 

significantly higher than in control cultures. Addition of BAFF to the culture medium did not 

rescued the survival defect observed in PRC1 mutant B cells, as the latter were consistently 

less represented than their PRC1 proficient counterparts when counted at different days 

after the initial stimulation. This result could be explained by the higher basal levels of the 

pro-apoptotic protein BIM expressed by PRC1 mutant B cells. Increased BIM protein levels 

in PRC1 mutant B mirrors what has been shown for PRC1 deficient T cells (Suzuki et al. 

2010). However, in contrast to previous findings (Suzuki et al. 2010) showing a direct 

negative regulation imposed by PRC1 on Bim expression, in preliminary data I could not 

score by ChIP-qPCR assays significant deposition of both H2AK119ub1 and H3K27me3 

repressive marks at the promoter of this gene. Hence our data are suggestive of a regulation 

by PRC1 on BIM protein levels. In BAFF stimulated PRC1 mutant B cells, the increased 

expression of BIM was accompanied by higher transcript levels of Bim itself and of other 

pro-apoptotic sensors such as Puma and Noxa and of the master regulator of apoptosis 

p21. Considered an anti-apoptotic factor for its ability to block cell-cycle progression, p21, 
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by forming a complex with p53, can also activate the apoptotic pathway by titrating anti-

apoptotic proteins away from pro-apoptotic factors (Kim et al. 2017). It is plausible that in 

non-proliferating mature B cells, p21 mainly assumes a function of pro-apoptotic factor, thus 

favouring the activation of programmed cell-death (Karimian, Ahmadi, and Yousefi 2016). 

Surprisingly, the survival defect scored in PRC1 mutant B cells stimulated with BAFF was 

neither due to defects in the activation of the alternative NF-kB pathway (Gardam and Brink 

2014), nor to an impairment in BAFF-induced expression of pro-survival genes including 

Bcl-XL (Fu et al. 2009). BAFF-R signalling could sustain B cell survival through additional 

mechanisms, including the stabilization of the anti-apoptotic protein MCL-1 (Maurer et al. 

2006) and the activation of the mammalian target of rapamycin complex 1 (mTORC1) 

kinase (Patke et al. 2006), which favours protein synthesis. Both mechanisms depend on 

the AKT kinase, whose activation is ensured by the cross-talk between BAFF receptor and 

BCR signalling (Mackay and Schneider 2009). Indeed, the BCR co-receptor CD19 is 

required for the activation of the PI3K-AKT pathway by BAFF-R engagement (Jellusova et 

al. 2013). We found that PRC1 mutant mature B cells exposed to BAFF in vitro displayed 

reduced activation of the AKT kinase, which resulted in a corresponding increase in total 

FOXO1 levels which are negatively regulated by AKT (Huang and Tindall 2011). These 

observations suggest that PRC1 inactivation in B cells impairs BAFF-controlled activation 

of AKT, thereby weakening its pro-survival function. Future studies will be focused on 

investigating whether PRC1 deficient B cells suffer also from disturbances in MCL-1 protein 

stabilization and mTORC1 activation. 

Another crucial signalling pathway for mature B cell survival is the so-called ‘tonic’ signal 

emanating from surface BCR. Indeed, ablation of BCR or of its signalling subunit CD79 

promotes rapid disappearance in vivo of resting mature B cells (Lam, Kuhn, and Rajewsky 

1997; Kraus et al. 2004). The BCR-dependent survival signal depends on activation of a 

PI3K/AKT signalling axis preventing nuclear localization of the Foxo1 transcription factor 

(Srinivasan et al. 2009; Calamito et al. 2010). To assess the status of the tonic BCR 

signalling, we tested levels of AKT phosphorylation in unstimulated resting B cells. 

However, the low basal levels of AKT phosphorylation emanating from the BCR in resting 
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state were not consistently detected by immunoblotting analyses. Therefore, to investigate 

the state of AKT activation in PRC1 mutant B cells we stimulated these cells through the 

BCR using anti-Ig light chain antibodies. These results revealed lower activation state of 

AKT as assessed by reduced levels of its phosphorylation on serine-473. 

Overall, our results point to an interference in the capacity of both the BCR and BAFF to 

effectively activate the AKT kinase function. This defect could depend on the LYN kinase 

whose function we found partially inhibited in PRC1 mutant B cells (for further details check 

section 7 of the Discussion). 

The LYN kinase possibly intersects both BCR and BAFF signalling. LYN kinase activity is 

involved in the initiation of the signalling cascade triggered by the BCR (Yamamoto, 

Yamanashi, and Toyoshima 1993; Campbell and Sefton 1992). Moreover, LYN directly 

interact with PI3K, leading to a consistent increase of the PI3K kinase activity (Pleiman, 

Hertz, and Cambier 1994). Since PI3K is important for both BCR and BAFF signalling and 

directly activates AKT, it is likely that the increased inhibition of LYN observed in PRC1 

mutant B cells affects PI3K and subsequently leads to a dampened AKT activation upon 

both BCR and BAFF-R triggering. At the moment, however, we cannot exclude alternative 

mechanisms by which PRC1 inactivation contributes to negatively influence AKT 

phosphorylation. The elucidation of the molecular mechanisms underlying the sub-optimal 

activation of AKT will be a topic of our future investigations. 

The limited extent of spontaneous apoptosis seen among ex vivo isolated PRC1 mutant B 

cells could depend on the fact that a substantial subset of these cells still retains residual 

RING1B protein. In support to this reasoning, we observed that BIM protein levels were 

substantially higher in the B220lo subsets of PRC1 mutant B cells (lacking RING1B protein) 

when compared to the B220+ counterparts (carrying residual RING1B proteins). B220lo 

PRC1 defective B cells displayed also a remarkably poorer in vitro survival response to 

BAFF when compared to B220-expressing mutant cells. Hence, future experiments aimed 

to understand the apoptotic signals involved in the killing of PRC1 mutant B cells will focus 

preferentially on the study of B220lo B cells. 
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In summary, mature B cells lacking functional PRC1 are more sensitive to pro-apoptotic 

insults as a result on the one side of heightened expression of pro-apoptotic factor including 

BIM, Noxa, Puma and p21, and on the other of an impaired capacity to respond to the pro-

survival factor BAFF, and possibly to signals emanating from the BCR, due to an 

interference with AKT activation. These defects may contribute to alter peripheral B cell 

homeostasis in PRC1 mutant mice. 

 

 PRC1 in B cell activation 

The developmental defects associated to PRC1 inactivation may impinge on the ability of 

mutant mature B cells to respond to mitogenic stimulation. This hypothesis is supported by 

unpublished work by our laboratory showing impaired GC B cell responses in PRC1 mutant 

B cells (Dr. F. Alberghini, PhD thesis work). To closely monitor the influence of PRC1 

inhibition on B cell activation, we performed a series of in vitro stimulations with the TLR 

agonist lipopolysaccharide. These studies revealed a significant impairment in the growth 

potential of PRC1-defective B cells. The severe growth retardation seen in PRC1 mutant B 

cell cultures was linked to a significant arrest of the cells in the G0/G1 stage of the cell cycle, 

reminiscent of previous observations highlighting a crucial control exerted by PRC1 in 

sustaining G1-to-S transition of the cell cycle (Gil and Peters 2006; Maertens et al. 2009; 

Fasano et al. 2007; Bravo et al. 2015; Ohtsubo et al. 2008; Piunti et al. 2014). The 

established repression operated by PRC1 and PRC2 on the expression of cyclin-dependent 

kinase inhibitors (CKI) (Gil and Peters 2006; Gong et al. 2006; Fasano et al. 2007; Maertens 

et al. 2009; Kheradmand Kia et al. 2009; Yang et al. 2009) prompted us to test the levels of 

different CKIs in PRC1 mutant B cells, under resting conditions and after stimulation with 

LPS. These experiments revealed a strong and consistent up-regulation in the transcript 

levels of Cdkn1a/p21Cip, Cdkn2a/p16INK4a and p19INK4d, Cdkn2b/p15INK4b, Cdkn1c/p57Kip2 

Cdkn2c/p18INK4c, which was detectable already in PRC1 mutant resting B cells. Moreover, 

we scored an induction of Cdkn1b/p27Kip1 gene only in LPS-stimulated PRC1 mutant B cells. 
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These results are strongly suggestive of a major impairment in cell-cycle progression 

imposed on B cells by functional PRC1 inactivation.  

The impaired proliferation of PRC1 mutant B cells stimulated with LPS and IL-4 could 

negatively impact on Ig isotype class-switch recombination (CSR). Indeed, it was shown 

that a minimum of two rounds of cell division are required for IgG and IgA CSR, and perhaps 

additional rounds for IgE CSR (Hodgkin, Lee, and Lyons 1996; Hasbold et al. 1998; 

Deenick, Hasbold, and Hodgkin 1999; Rush et al. 2005). We found that ex vivo isolated 

PRC1 mutant splenic B cells displayed a severe reduction in the fraction of IgG1-switched 

B cells when stimulated with LPS and IL-4. An impairment in IgG3 CSR was also detectable 

in PRC1 mutant B cell cultures stimulated in vitro with LPS alone. These results are in 

accordance with previous findings by our group showing a defect in IgG1 CSR observed 

both in vitro and in vivo analyzing B cells lacking the PRC2 catalytic subunit EZH2 

(Caganova et al. 2013). Importantly, however, we cannot exclude that other molecular 

mechanisms, besides cell-cycle block, could explain the defect in class-switch 

recombination suffered from PRC1-deficient B cells. 

Together with the reduced proliferative potential, causing a severe defect in Ig isotype 

switching, B cells lacking PRC1 suffered from increased apoptosis after stimulation with 

LPS and IL-4. In support of this, we observed higher expression in PRC1 mutant B cells 

cultures stimulated with LPS of genes encoding for the pro-apoptotic proteins Puma, Noxa 

and Bim. This phenotype was associated to a significant increase in the genotoxic damage 

suffered by B cells lacking PRC1, when compared to the proficient counterparts.  

The accumulation of DNA damage in PRC1 mutant B cells is possibly contributed by 

Activation Induced cytidine Deaminase (AID), as it was substantially reduced when the 

same cells were stimulated with an agonistic anti-RP105 antibody, which triggers vigorous 

B cell proliferation without inducing AID expression (Callen et al. 2007). Defective repair 

resulting from DNA replication-associated DNA damage could represent another 

mechanism contributing to increased apoptosis of PRC1 mutant B cells (Piunti et al. 2014; 

Bravo et al. 2015; Klusmann et al. 2018), as suggested by the higher fraction of cells 

expressing activated caspases after stimulation with anti-RP105.  
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Overall, our results are compatible with a scenario whereby the absence of PRC1 

precludes/limits B cells from transiting from the G0/G1 to the S-phase of the cell cycle upon 

mitogenic activation. This effect is likely mediated by de-repression of several CDK 

inhibitors in the absence of PRC1. Such condition could prolong the exposure of mutant B 

cells to the action of AID (Wang et al. 2017), increasing the genotoxic damage caused by 

its action. Prolonged exposure to AID could ultimately favour the death of PRC1 mutant B 

cells, which is in line with the substantial reduction in the fraction of GC B cells seen when 

either PRC1 or PRC2 are specifically inactivated in GC B cells (Caganova et al. 2013 and 

Dr. F. Alberghini, PhD thesis work). 

On the other hand, PRC1 mutant B cells succeeding to enter into S-phase upon LPS or 

CD40L stimulation may suffer from genotoxic damage associated to DNA replication, which 

could in turn contribute to the apoptotic response or to growth inhibition by activating an 

intra-S phase and/or a G2/M cell-cycle checkpoint. 

 

 PRC1 and terminal B cell differentiation 

Activation of B cells through the TLR 4-ligand LPS ultimately triggers a transcriptional 

network promoting terminal B cell differentiation. This process is accompanied by changes 

in the surface marker repertoire of the cells and the secretion of immunoglobulins. These 

changes are orchestrated by a transcriptional network centered around two transcription 

factors, IRF4 and BLIMP-1 whose expression is strongly increased upon LPS stimulation. 

Strikingly, the strong cell-cycle inhibition caused by PRC1 inactivation correlated with highly 

efficient generation of plasmablasts that succeeded to up-regulate IRF4 expression and to 

induce the expression of the plasma cell surface marker CD138/Syndecan-1. Hence, 

considering the dramatic reduction in the total output of B cells generated in vitro over the 

four days of LPS stimulation, the proportion of CD138+ plasmablasts produced by PRC1 

mutant cultures was greatly enhanced when compared to control cultures. In line with this 

result, we observed that PRC1 mutant B cells induced expression of CD138, even after 

stimulation with anti-RP105, which does not induce terminal differentiation (Ogata et al. 
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2000; Callen et al. 2007). Altogether, these observations indicate that upon PRC1 inhibition, 

B cells more efficiently activate the developmental program leading to plasma cell 

differentiation. 

Enhanced in vitro generation of bona fide PCs after LPS stimulation could be the 

consequence of two non-mutually exclusive processes induced by the lack of PRC1 in B 

cells: 1) the premature exit from the cell-cycle and 2) improved up-regulation of the PC 

master regulator BLIMP-1. 

Inhibition of cell proliferation has been linked to PC differentiation previously. In particular, 

the up-regulation of the CKI gene p18INK4c is required for activated-B cells to stop the 

proliferation and to undergo differentiation into Ig-secreting PCs (Tourigny et al. 2002). The 

significant induction of all CKI genes, including p18INK4c, experienced by LPS-activated 

PRC1 mutant B cells could therefore contribute to the premature triggering of the PC 

differentiation program. Measurements of Prdm1/Blimp-1 transcripts in sorted PRC1 mutant 

resting B cells present in the spleen revealed consistently higher levels as compared to 

control B cells. Tracking individual Prdm1-expressing cells using RNA in situ hybridization 

on splenic sections confirmed the existence of a substantial portion of FO B cells that 

expressed at the same time Pax5 and Prdm1 in PRC1 mutant B cells. This result contrasted 

sharply with the mutually exclusive pattern of Pax5 and Prdm1 expression seen respectively 

in FO B cells and extra follicular PCs present in the spleen of control mice. Altogether, our 

data are consistent with a pre-mature de-repression of the Prdm1/Blimp-1 locus in resting 

B cells, in the absence of PRC1. The levels of Prdm1 in these cells were significantly lower 

than those measured in wild-type and PRC1 mutant PCs, pointing to the need of 

environmental antigens to trigger B cells for the full-blown activation of the terminal 

differentiation program. A possible direct control exerted by PRC1 on the Prdm1 locus is 

suggested by previous work from different laboratories, including ours, indicating that PRC2 

directly binds to and represses the Prdm1 gene (Caganova et al. 2013; Beguelin et al. 2013; 

Scharer et al. 2018). Our work suggests that Prdm1 repression operated by the Polycomb 

axis strictly requires also the activity of PRC1. In support of the latter statement, in PRC1 
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deficient resting B cells we scored a reduction of H2AK119ub1 histone mark at the Prdm1 

promoter by preliminary ChIP-qPCR assay.  

The premature expression of Prdm1 in PRC1 mutant resting B cells, combined with the 

normal expression of Irf4, could anticipate in these cells the acquisition of, at least some, 

PC phenotypes. For instance, the B220lo B cell subset of PRC1 mutant B cells displayed a 

significant increase in the expression of the Hnrnpll gene, which is in common with 

terminally differentiated PCs. In these cells as in others, including T cells, Hnrnpll plays a 

crucial role in the regulation of alternative splicing (Chang, Li, and Rao 2015) (Oberdoerffer 

et al. 2008). According to the Immgen database (www.immgen.org), in B lineage cells 

Hnrnpll is transiently expressed in pro-B cells before getting silenced throughout the later 

stages of B cell lymphopoiesis. The expression of Hnrnpll is strongly induced upon 

triggering of plasma cell differentiation (data obtained from the Immgen database, 

www.immgen.org), where it contributes to modulate the splicing of thousands of different 

types of transcripts including Irf4 (Chang, Li, and Rao 2015), the IgH chain (Peng et al. 

2017) and the membrane-bound Ptprc phosphatase, also called CD45R (Oberdoerffer et 

al. 2008; Preussner et al. 2012). Specifically, Hnrnpll leads to the skipping of exons 4 and 

6 of the Ptprc transcript, promoting the expression of alternative isoforms, which are no 

further recognized by the anti-B220 antibody. The premature induction of Hnrnpll in PRC1 

mutant resting B cells is likely the cause for the reduced reactivity of these cells to the anti-

B220 antibody. In support of this result, RT-qPCR analyses revealed that PRC1 mutant B 

cells expressed Ptprc transcripts lacking either exon-4, or exon-4 and -6. The results were 

confirmed applying dedicated bioinformatic tools to RNA-seq data to reconstruct the 

expression of alternatively spliced transcripts respectively in control and PRC1 mutant 

B220lo B cells. 

By using the same tool, we discovered that, similarly to PCs (Chang, Li, and Rao 2015), 

PRC1 deficient resting B cells displayed the skipping of exon 8 of the Irf4 transcript, further 

supporting a premature expression of Hnrnpll and the induction of PC 

transcriptional/splicing features.  
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Collectively, our results indicate that, in resting B cells, the mild de-repression of the Prdm1 

locus has two consequences. First, resting B cells lacking PRC1 aberrantly acquire 

phenotypical and molecular traits of PCs, which correlate with the premature activation of 

the splicing factor hnRNPLL. Second, PRC1 mutant B cells are facilitated to undergo 

terminal differentiation upon stimulation with TLR ligands. 

Although PRC1 mutant B cells are more prone to trigger the PC differentiation program, the 

failure to accompany this process with an intermediate phase of cell proliferation, may 

impair the full implementation of this developmental transition. In particular, cell division 

preceding PC differentiation appears to be crucial for the full epigenetic reprogramming 

needed to enforce the transcriptional program sustaining the identity and function of 

terminally differentiated B cells.  

In particular, during the first cell divisions following B cell activation, the progressive loss of 

DNA-methylation at critical enhancers is needed to sustain the transcriptional changes 

accompanying terminal differentiation (Barwick et al. 2016). Additionally, in later cell 

divisions, PBs undergo a consistent change in the repertoire of chromatin accessible 

regions featuring promoter-proximal and -distal regulatory regions, induced by the 

concerted action of a new set of TFs and genome wide redistribution of chromatin factors 

including PRC2 (Scharer et al. 2018).  

Considering the substantial impairment in B cell proliferation caused by PRC1 inactivation 

in response to LPS stimulation, it is very likely that under these conditions, epigenetic 

reprogramming of terminally differentiated plasma cells is incomplete. This condition may 

ultimately impair the secretory capacity of the PCs lacking PRC1. In support of this, previous 

work in our laboratory could show that PRC1 mutant mice suffer from lower basal Ig serum 

titers (including IgM) and, upon immunization with the T-cell dependent antigen NP-CGG, 

these animals were unable to produce both low and high-affinity antigen-specific IgM and 

IgG1 antibodies (Dr. F. Alberghini, PhD thesis work). 

The triggering of the PC differentiation program requires at the same time the induction of 

the PC-associated transcription factor Prdm1/BLIMP-1, and the silencing of the B-cell 

identity PAX5 transcription factor. Given the importance of PRC2 in supporting the 
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repressive activity of BLIMP-1 on its targets (Minnich et al. 2016), and given that PAX5 is 

repressed by BLIMP-1 (Lin et al. 2002), we asked whether PRC1 mutant B cells could still 

silence PAX5 upon LPS stimulation. qRT-PCR determination of Pax5 transcripts revealed 

a down-regulation of the gene in LPS-activated B cells despite the absence of PRC1 

activity. This data excludes a major contribution of PRC1 in the active repression of the 

Pax5 gene when B cells are triggered to undergo PC differentiation in response to LPS 

stimulation. Whether PRC1 catalytic activity is needed for stable silencing of at least a 

subset of BLIMP-1 repressed genes will represent a major focus of our future investigations.  

 

 Hnrnpll, CD45R and B cell signalling 

The interference with normal regulation of Hnrnpll expression in mature B cells in response 

to PRC1 inactivation represents a major finding of our investigations. This defect could have 

a major impact both on normal B cell homeostasis, as well as on the triggering of terminal 

B cell differentiation. How is PRC1 regulating Hnrnpll expression? Preliminary data based 

on ChIP-qPCR experiments discourage a direct regulation of Hnrnpll expression by PRC1 

and/or PRC2. Specifically, I did not score changes in H3K27me3 levels at the promoter of 

the Hnrnpll gene after PRC1 inactivation, whereas H2AK119ub1 levels were barely 

detected in the same genomic region even in control B cells. A candidate TF to control 

Hnrnpll expression is BLIMP1. Indeed, transcriptional analyses of B-lymphoma cells in 

which the BLIMP-1 expression was induced by retroviral complementation, or LPS 

stimulation revealed induction of Hnrnpll expression (Sciammas and Davis 2004). However, 

Hnrnpll was not included in the list of genes directly bound by BLIMP-1 at the promoter 

region in LPS-stimulated plasmablasts constitutively expressing Prdm1 in a recent 

investigation (Minnich et al. 2016). Hence, BLIMP-1 favours Hnrnpll expression either 

indirectly or by binding to Hnrnpll distal regulatory regions. The latter hypothesis is 

supported by the observation that half of the identified BLIMP-1 binding sites in the 

chromatin of LPS-stimulated plasmablasts are located in putative enhancers (Minnich et al. 

2016).  
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In PRC1 mutant B cells, the premature induction of Hnrnpll correlated with alternative 

splicing of Ptprc-specific transcripts, encoding for the CD45 receptor (CD45R). CD45R is a 

transmembrane protein endowed with tyrosine phosphatase activity. It regulates 

intracellular signalling pathways by activating Src family kinases (Hermiston, Zikherman, 

and Zhu 2009). Src-like kinases expressed in B cells include LYN, FYN and BLK (Saijo et 

al. 2003). The splicing induced by Hnrnpll promotes the expression of shorter CD45R 

isoforms, alternative to CD45R-ABC which is recognized by the anti-B220 antibody 

(Hathcock et al. 1992; Oberdoerffer et al. 2008). Importantly, different CD45R isoforms 

show diverse capacity to dimerize, with the shorter isoforms displaying the strongest 

dimerization potential (Xu and Weiss 2002). In its dimeric form, the intracellular protein 

tyrosine phosphatase (PTP) activity of CD45R is inhibited, probably due to steric inhibition 

of the PTP catalytic domain (Majeti et al. 1998). Additionally, a recent study suggested that 

the activity of the CD45R isoforms is further modulated by their capacity to be recruited into 

membrane lipid rafts (Zheng et al. 2015). Indeed, whereas CD45R-O isoform is 

preferentially recruited to lipid rafts upon IL-6 stimulation, CD45R-A remains outside of the 

lipid rafts. It has been proposed that the different localization in the plasma membrane of 

CD45R isoforms influences their recruitment into specific signalling cascades (Zheng et al. 

2015). In line with these evidences, we found that the expression of shorter isoforms of 

CD45R in B220lo B cells from PRC1 mutant animals correlated with an accumulation of the 

inhibited, Y508-phosphorylated, form of the LYN tyrosine kinase. LYN plays a crucial role 

in positively regulating the initial steps of BCR signalling, through the phosphorylation of the 

ITAM motifs of the Iga /Igb heterodimer. ITAM phosphorylation, in turn, allows the 

recruitment of the SYK kinase and the activation of the downstream BCR signalling 

cascade. Moreover, LYN interacts with and enhance the kinase activity of the PI3K enzyme, 

which plays also a role in the BCR signalling pathway (Pleiman, Hertz, and Cambier 1994). 

An increase in the pool of inhibited LYN, as detected in PRC1 mutant B cells, is expected 

to negatively interfere with BCR signalling. Indeed, we found that upon BCR cross-linking, 

the levels of the activated form of the AKT kinase, phosphorylated on serine-473, were 

reduced in PRC1 mutant B cells. 
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Combined, our results suggest that PRC1 inactivation leads to increased expression of the 

splicing factor Hnrnpll, which promotes alternative Ptprc splicing. This condition causes the 

expression on the cell surface of PRC1 mutant B cells of the shorter CD45R-BC and 

CD45R-B isoforms (Figure 116).  

 

Figure 116. Alternative splicing of the Ptprc transcript in PRC1+/+ and PRC1-/- B cells. 

A. In resting PRC1 proficient B cells, the Ptprc-specific mRNA retains exons A, B and 

C. This transcript encodes for the longest version of CD45R, named CD45R-ABC, 

which is recognized by the anti-B220 antibody. B. In PRC1 mutant resting B cells, the 

expression of hnRNPLL favours alternative spl icing of the Ptprc transcript, leading to 
the expression of shorter transcripts lacking respectively exon 4 and exon-4 and-6.  

The latter transcripts encode for shorter versions of CD45R, namely CD45R-B and 

CD45R-BC, respectively.  

Improved dimerization of the latter isoforms leads to a reduction in overall phosphatase 

activity delivered by CD45R towards LYN. Hyper-phosphorylated LYN keeps the protein in 

a closed conformation preventing effective phosphorylation of the ITAM motifs of the BCR 

signalling components Iga and Igb and the enhancement of PI3K activity. Finally, reduced 

phosphorylation of the Iga/Igb ITAMs weakens the capacity of B cells to get activated in 

response to BCR engagement (Figure 117). Reduced LYN activity in resting PRC1 mutant 

B cells may also impair tonic BCR signalling, increasing the susceptibility of these cells to 

undergo apoptosis.  

A. B.
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Figure 117. Differential regulation of LYN and BCR signalling by alternative CD45R isoforms. 

A. Full-length CD45R-ABC transcripts expressed in resting wild-type B cells encode 

for the CD45R isoform equipped with the capacity to dephosphorylate the Src-l ike 

kinase LYN on tyrosine-508 (Y508). Once dephosphorylated, LYN binds and 

phosphorylates tyrosine residues within the ITAM motifs of the Iga and Igb components 

of the BCR complex, favouring, thereby, the activation of downstream signal ling 

events. B. In PRC1 mutant B cells, the expression of the shorter isoforms CD45R-B 

or CD45R-BC, at the expense of ful l length CD45R-ABC, favours CD45R dimerization,  

which inhibits its phosphatase activity. Under these conditions, the pool of inactive 

Y508-phosphorylated LYN increases preventing effective activation of the BCR 
signalling cascade. 

 

 Transcriptional deregulation in PRC1 deficient B cells: how 

is it working? 

Transcriptomic analyses have indicated that inactivation of PRC1 in resting B cells leads to 

deregulation of a generous subset of genes. The transcriptional alterations monitored in 

PRC1 mutant B cells did not reflect qualitative global changes in chromatin accessibility 

status at promoter-proximal and -distal regulatory regions, excluding major rewiring of the 

epigenetic landscape of the B cells.  

Since we proved that the overall chromatin accessibility is not responsible for the observed 

transcriptional mis-regulation, the two most likely scenarios were local and fine-tuned 
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histone modifications changes and/or aberrant activation of promoter specific TFs induced 

by PRC1 inactivation. 

Genes significantly up-regulated in PRC1 mutant resting B cells accounted for more than 

two third of all deregulated genes. The majority of these genes (65%) is marked by tri-

methylation of H3K27 in wild-type mature B cells, suggesting a co-occupancy of these loci 

by PRC1 and PRC2. Indeed, this subset of genes was highly enriched for targets of both 

PRC1 and PRC2 subunits identified in different cell types and experimental conditions. Our 

data indicate that inactivation of the sole PRC1 is sufficient to de-repress the expression of 

genes that are targeted also by PRC2. This observation is coherent with evidences 

highlighting the strict requirement for PRC1-induced chromatin compaction to ensure stable 

PcG-dependent gene silencing (Shao et al. 1999; Francis, Kingston, and Woodcock 2004; 

King et al. 2018). Recently published experiments of PRC1-artificial targeting to specific 

genomic loci have shown that PRC1-linked mono-ubiquitilyation of histone H2A is sufficient 

to recruit PRC2 with subsequent deposition of H3K27me3 histone mark (Blackledge et al. 

2014; Cooper et al. 2014). Based on experimental data (Kalb et al. 2014), Kalb and co-

workers have recently proposed a model of PRC2 recruitment to target genes, which 

requires previous H2AK119 mono-ubiquitylation at these sites. Moreover, studies on non- 

canonical PRC1 have revealed the property of these complexes to recruit PRC2 at selected 

genomic sites (Blackledge et al. 2014; Rose et al. 2016).  

In line with these evidences, we report lower global H3K27me3 levels in the B220+ B cell 

subset of PRC1 mutant mice, suggestive of an impairment of PRC2 to catalyze deposition 

of H3K27me3 at target sites when PRC1 activity is acutely eliminated. Notably, global levels 

of H3K27me3 are restored in B220lo PRC1 mutant cells that have experienced a longer 

time without PRC1 function. Whether this reflects a redistribution of the PRC2 complex on 

chromatin, or, instead, a gradual restoration of PRC2 recruitment at physiological sites, will 

require dedicated investigations comparing the genome wide H3K27me3 distribution status 

in control B cells and in the B220+ and B220lo subsets of PRC1 defective B cells. 

Among the genes up-regulated in PRC1 mutant B cells, we also found sites not yet 

described to be marked by H3K27me3 in resting wild-type B cells. For this subset of genes, 
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we therefore excluded a participation of PRC2 in the transcriptional regulation. The up-

regulation of these genes might depend on the loss of PRC1 recruitment to these sites 

and/or on the aberrant activation of selected TFs, which in turn positively modulate their 

expression. Indeed, a subset of the genes up-regulated in PRC1 mutant B cells was 

enriched for targets of the ncPRC1 subunit KDM2B and the catalytic subunit RING1B, 

pointing to a ncPRC1-dependent and PRC2-independent mechanism of gene silencing. 

Another group of genes whose expression was increased upon PRC1 inhibition in B cells, 

where enriched for bona fide targets of a selected set of TFs including for instance PU.1, 

SMRT, EGR1, MYB, GATA1. However, RNA-seq data failed to detect and effective 

increase the expression of these TFs in PRC1 mutant mature B cells, rendering unlikely the 

hypothesis that they are positively controlling the expression of a subset of mis-regulated 

genes. 

In conclusion, our data suggest that the genes up-regulated in PRC1 deficient B cells and 

lacking the H3K27me3 mark in wild-type B cells may get activated by the loss of PRC1 

recruitment to these sites. Importantly, we exclude that these genes are transcriptionally 

activated by the aberrant induction of selected TFs. 

PRC1 inactivation in resting B cells caused also a subset of genes to be significantly down-

regulated. As predicted, most of the down-regulated genes in mutant B cells is not marked 

by H3K27me3 at the promoter region, which is instead was in an accessible chromatin 

conformation and was marked by H3K4me3. Recent evidences have suggested that PRC1 

may also favour active gene transcription through its binding to either Aurora B Kinase or 

cohesins (Frangini et al. 2013; Schaaf et al. 2013). Therefore, we investigated whether the 

genes down-regulated in PRC1 defective B cells, overlapped with those described to be 

positively controlled by RING1B (Frangini et al. 2013; Schaaf et al. 2013). The investigations 

failed to reveal a major intersection between the gene lists, excluding a direct positive 

regulation of RING1B on the expression of these genes.  

Genes down-regulated in PRC1 mutant B cells are enriched for functional categories related 

to cell-cycle progression and DNA synthesis. Hence, their down-regulation could be linked 

to functional interference of E2F and FOXM1 transcription factors which control most of 
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their expression, as a result of the potent cell-cycle arrest suffered by PRC1 mutant B cells 

(Cobrinik 2005; Ji and Dyson 2010). 

 

 

Together, the data presented in this PhD thesis indicate that PRC1 plays a critical role at 

multiple stages of B cell differentiation, influencing the biology of both resting and activated 

B cells. The transcriptional regulation ensured by PRC1 in these cells is critical to control 

molecular processes central to B cell maturation and fitness, peripheral B cell homeostasis 

and terminal differentiation. Our data support a model whereby PRC1 and PRC2 are both 

essential in the regulation of shared targets. Nevertheless, we also highlight the importance 

of the sole PRC1 in the transcriptional regulation of a selected subset of its targets. 
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