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SUMMARY

The EZH2 histone methyltransferase mediates the humoral immune response and drives 

lymphomagenesis through formation of bivalent chromatin domains at critical germinal center 
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(GC) B cell promoters. Herein we show that the actions of EZH2 in driving GC formation and 

lymphoma precursor lesions require site-specific binding by the BCL6 transcriptional repressor 

and the presence of a non-canonical PRC1-BCOR-CBX8 complex. The chromodomain protein 

CBX8 is induced in GC B cells, binds to H3K27me3 at bivalent promoters, and is required for 

stable association of the complex and the resulting histone modifications. Moreover, oncogenic 

BCL6 and EZH2 cooperate to accelerate diffuse large B cell lymphoma (DLBCL) development 

and combinatorial targeting of these repressors results in enhanced anti-lymphoma activity in 

DLBCLs.

Graphical Abstract

INTRODUCTION

During the humoral response, mature resting B cells are stimulated to differentiate into 

antibody-secreting plasma cells. Promoters for genes encoding key regulators of the plasma 

cell phenotype feature active chromatin marked by H3K4me3. However, a subset of B cells 

follows an alternative fate. They are able to suppress the plasma cell program and instead 

transiently become germinal center (GC) B cells, characterized by rapid proliferation and 

somatic hypermutation. Once GC B cells complete affinity maturation, they resume their 

normal path of plasma cell differentiation (Hatzi and Melnick, 2014). Hence, a salient 

feature of this process is the transient repression of the plasma cell transcriptional program 

and cell-cycle checkpoint genes. Importantly, a majority of B cell lymphomas arise from this 

inherently tumorigenic GC B cell phenotype.

GC B cells feature upregulation of EZH2 (Raaphorst et al., 2000; Velichutina et al., 2010), a 

core component of Polycomb repressive complex (PRC) 2 that methylates lysine 27 of 

histone 3 to generate H3K27me3, a histone mark associated with gene repression. 

Conditional deletion of EZH2 results in failure to form GCs. EZH2 enables GC formation at 

least in part by suppressing cell-cycle checkpoint genes like CDKN1A and possibly 

impairing DNA damage responses (Beguelin et al., 2013; Caganova et al., 2013). EZH2 also 

represses genes involved in plasma cell differentiation such as IRF4 and PRDM1, and is thus 

essential to maintain the GC phenotype. The EZH2 loss-of-function phenotype is strikingly 

similar to that of the BCL6 transcriptional repressor, a master regulator of the GC phenotype 
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(reviewed in Hatzi and Melnick, 2014). This effect is dependent on its N-terminal BTB 

domain (Huang et al., 2013), which serves as the docking site for the BCL6 corepressor 

(BCOR) (Huynh et al., 2000). Notably, EZH2 and BCL6 share many target genes in GC B 

cells (Caganova et al., 2013; Velichutina et al., 2010).

The most common B cell lymphomas, follicular lymphoma (FL) and diffuse large B cell 

lymphoma (DLBCL), arise from B cells that have transited the GC reaction. EZH2 is often 

highly expressed in GC B cell-derived DLBCL and is required to maintain lymphoma cell 

proliferation and survival (Beguelin et al., 2013; Raaphorst et al., 2000; Velichutina et al., 

2010). Moreover, in 30% of GCB-type DLBCLs and 27% of FLs, EZH2 is affected by 

heterozygous gain-of-function somatic mutations in its catalytic SET domain (Bodor et al., 

2013; Morin et al., 2010). These mutations most typically affect the EZH2 Y641 residue, 

enhancing the efficiency of H3K27 trimethylation, and result in more pronounced repression 

of its target genes. Mice engineered to express mutant Ezh2Y641 in GC B cells develop GC 

hyperplasia and accumulate high levels of H3K27me3. Accordingly, patients with EZH2 

overexpression or Y641 somatic mutation exhibit a characteristic gene expression signature 

featuring hyper-repression of genes involved in terminal differentiation and proliferation 

checkpoints (Beguelin et al., 2013). In a second parallel phenotype with EZH2, constitutive 

expression of BCL6 also results in GC hyperplasia and development of GC-derived 

lymphomas (Cattoretti et al., 2005). Drugs targeting BCL6 or EZH2 profoundly suppress the 

growth of human lymphoma cells (Cerchietti et al., 2010; McCabe et al., 2012; Knutson et 

al., 2012).

In embryonic and tissue-specific stem cells, EZH2 contributes to modifying gene promoters 

into a poised bivalent state characterized by overlapping H3K27me3 repressive mark with 

H3K4me3 activation mark (Bernstein et al., 2006). Bivalent chromatin maintains genes in a 

transiently repressed state from which they can become activated or stably repressed, 

depending on lineage commitment. Strikingly, in GC B cells, EZH2 mediates de novo 

generation of over 1,000 new bivalently marked promoters. Almost all of these domains 

originate from H3K4me3-only promoters in resting B cells (Beguelin et al., 2013). Many of 

these EZH2 target genes are specific to GC B cells and not embryonic stem cells, such as 

those involved in GC exit and plasma cell differentiation. Hence, in GC B cells, EZH2 

mediates dynamic poising of genes involved in proliferation arrest and differentiation, and 

this effect is locked in through acquisition of EZH2 mutations.

The canonical mechanism by which EZH2 represses transcription is through recruitment of 

PRC1 complexes. However, GC centroblast B cells lack canonical core PRC1 components 

such as PCGF2/MEL18 and PCGF4/BMI1 (Raaphorst et al., 2000), raising the question of 

how EZH2 coordinates repression in this context. The critical dependency of GC B cells on 

EZH2 thus provides an opportunity to explore key determinants of its non-canonical and 

context-specific mechanisms of action. Various other modes of action of EZH2 have been 

proposed, including potential cooperation with sequence-specific transcription factors 

(Schuettengruber and Cavalli, 2009; Simon and Kingston, 2009). Along these lines, the 

parallels between EZH2 and BCL6 are especially intriguing (Cattoretti et al., 2005; Ci et al., 

2008) and prompted us to explore whether and how these proteins might cooperate to 

control transcriptional repression and mediate the GC phenotype.
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RESULTS

EZH2 Is Required for BCL6 to Drive GC Hyperplasia

The similar effects of BCL6 and EZH2 on the GC phenotype prompted us to evaluate 

whether BCL6 and EZH2 cooperate in the development of GCs. To explore this question, we 

crossed conditional Ezh2fl/fl knockout mice (Su et al., 2003) with the Cγ1-cre strain, which 

expresses CRE recombinase in established GC B cells (Casola et al., 2006). These animals 

were crossed to IµBcl6 mice, which maintain constitutive BCL6 expression in GC B cells 

(Cattoretti et al., 2005). Ezh2fl/fl; Cγ1-cre, IµBcl6, Ezh2fl/fl;Cγ1-cre;IµBcl6, and Ezh2fl/fl 

control mice were immunized with T cell-dependent antigen sheep red blood cells (SRBC) 

to induce GC formation and sacrificed 10 days later, at which time the GC reaction is at its 

peak. As previously reported, Ezh2fl/fl;Cγ1-cre displayed defective formation of GCs 

(Beguelin et al., 2013; Caganova et al., 2013), whereas constitutive BCL6 expression 

induced GC hyperplasia (Cattoretti et al., 2005). CRE expression had no effect (Figures 

S1A–S1C). Notably, deletion of Ezh2 from GC B cells not only abrogated the BCL6-

induced hyperplastic phenotype but also resulted in profound reduction in GC B cells (FAS

+/GL7+/B220+, p < 0.001; Figures 1A and 1B). Immunohistochemical analysis using 

peanut agglutinin (a GC B cell marker) further revealed a reduction in the number and size 

(p < 0.05) of GCs in Ezh2fl/fl;Cγ1-cre;IµBcl6 versus Ezh2fl/fl controls (Figures 1C–1E). 

There was also marked reduction in Ki67-positive cells consistent with loss of the 

proliferative GC B cell compartment (Figure 1C). Residual GC B cells in Ezft2fl/fl;Cγ1-cre 

and Ezft2fl/fl;Cγ1-cre;IµBcl6 mice were EZH2 positive (Figures S1D–S1F), consistent with 

incomplete CRE-mediated excision of Ezh2. To determine if the requirement for EZH2 is 

dependent on its enzymatic function, we next immunized IµBcl6 mice with SRBC followed 

by daily treatment for 9 days with the EZH2 inhibitor GSK503 (Beguelin et al., 2013) or 

vehicle. GSK503 prevented GC hyperplasia in IµBcl6 mice after SRBC immunization, 

manifested by fewer GC B cells by flow cytometry (p < 0.001; Figure 1F) and reduced 

number and volume of GCs by immunohistochemistry (p < 0.001; Figures 1G and 1H). 

Collectively, these data show that constitutive expression of BCL6 is unable to drive GC 

hyperplasia in the absence of EZH2 protein or its catalytic activity.

BCL6 Is Required for Mutant EZH2Y641 to Drive GC Hyperplasia

We performed the reciprocal experiment to determine whether BCL6 is required for 

hyperactive mutant EZH2Y641 to drive lymphoid hyperplasia. Because Bcl6 constitutive 

knockout has a complex and lethal phenotype (Ye et al., 1995), we first generated 

conditional Bcl6fl/fl;Cγ1-cre mice. As expected, conditional deletion of Bcl6 resulted in 

profound reduction in GC B cells, underlining that wild-type (WT) EZH2 alone is not 

sufficient to drive GC formation (Figures 2G, 2H, 2J, and 2K). To determine whether BCL6 

was also required to support the function of hyperactive mutant EZH2Y641, we generated an 

additional conditional allele, Ezh2(Y641F)fl, that expresses Ezh2Y641F from the endogenous 

Ezh2 locus when activated by CRE (Figure 2A). Similar to Ezh2Y641N-ColA1 mice 

(Beguelin et al., 2013), Ezh2(Y641F)fl/WT;Cγ1-cre mice exhibited GC hyperplasia after 

immunization (Figures 2B–2E and S2A). The histologic appearance of the spleen and 

primary lymphoid follicles was otherwise normal, and marginal zone and follicular B cells 

were unaffected (Figures S2B–S2D). The phenotype was accompanied by a significant 
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increase in the abundance of H3K27me3 in sorted GC B cells from Ezh2(Y641F)fl/WT;Cγ1-

cre versus non-recombined Ezh2(Y641F)fl/WT mice (Figure 2F), analogous to what is 

observed in mutant EZH2 DLBCL cell lines (McCabe et al., 2012; Sneeringer et al., 2010).

We next used the Ezh2(Y641F)fl allele to determine whether BCL6 is required to support 

mutant EZH2Y641. We assessed the GC reaction in the offspring of Bcl6 conditional KO 

mice crossed with Ezh2(Y641F)fl/WT;Cγ1-cre strain. Bcl6fl/fl; Ezh2(Y641F)fl/WT;Cγ1-cre 

mice failed not only to develop EZH2 driven GC hyperplasia but also exhibited profound 

reduction of GC B cells (p < 0.001 versus mutant EZH2 and p < 0.05 versus WT EZH2; 

Figures 2G and 2H). There was also significant reduction in the number and size of GCs as 

shown by immunohistochemistry (p < 0.001; Figures 2I–2K). Notably, homozygous 

Ezh2(Y641F)fl/fl;Cγ1-cre mice failed to form GCs upon SRBC immunization compared 

with Ezh2WT/WT and heterozygous Ezh2(Y641F)fl/WT;Cγ1-cre mice (p < 0.001; Figure 

S2E). These data are consistent with the fact that, whereas WT EZH2 preferentially 

mediates H3K27me1 and me2, the mutant form is more active at converting H3K27me2 into 

H3K27me3 (Sneeringer et al., 2010). Our results demonstrate that the phenotypic effects of 

mutant EZH2Y641 requires cooperation with the WT allele thus explaining why the gain-of-

function mutations of EZH2 are always heterozygous in patients.

EZH2 and BCL6/BCOR Complexes Are Both Required to Repress Key De Novo GC B Cell 
Bivalent Promoters

The above data suggest functional dependency between EZH2 and BCL6. EZH2 mediates 

its effects in GC B cells in part through de novo formation of bivalent promoters (Beguelin 

et al., 2013). BCL6 represses promoters mainly by recruiting the corepressor protein BCOR 

(Hatzi et al., 2013). To explore potential mechanistic links between EZH2 and BCL6, we 

examined the genomic distribution of H3K27me3, H3K4me3, BCL6, and BCOR in purified 

primary human naive B (NB) cells and GC B cells using chromatin immunoprecipitation 

sequencing (ChIP-seq) data (Beguelin et al., 2013; Hatzi et al., 2013). We observed 

significant overlap of GC de novo bivalent promoters with BCL6 and BCOR 

(hypergeometric test, p = 2.9 × 10−20; Figure 3A). In contrast, BCL6 and BCOR were 

excluded from monovalent H3K27me3 genes (depletion p < 1 × 10−76; Figure 3B and data 

not shown). BCL6/BCOR-occupied GC de novo bivalent genes were significantly enriched 

for pathways involved in GC exit and terminal differentiation, including genes induced by 

interferon regulatory factor 4 (IRF4) and T cell cytokines, genes highly expressed in 

activated B cell (ABC)-DLBCL signature compared with GCB-DLBCL (which includes GC 

exit genes), and genes associated with immune responses (Figure 3C). Among BCL6-

BCOR-occupied de novo bivalent genes were key proliferation checkpoint (CDKN1A, 
CDKN1B) and B cell differentiation (PRDM1, IRF4) genes (as exemplified in Figures 3D 

and 3E). Bivalent genes without BCL6/BCOR complexes were not preferentially linked to 

these pathways. We next compared RNA-seq gene expression profiles of NB versus GC B 

cells (Beguelin et al., 2013) and found that de novo bivalent genes bound by BCL6 and 

BCOR at their promoters are significantly more repressed in GC B compared with NB cells 

(gene set enrichment analysis [GSEA] false discovery rate, q < 0.001; Figure 3F). To 

determine whether these BCL6-BCOR-bound de novo bivalent genes were actively 

repressed by EZH2 and BCL6, we examined RNA-seq profiles of GC-derived DLBCL cell 
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lines treated with an EZH2 inhibitor or a BCL6 inhibitor that disrupts BCL6-BCOR 

interaction; or EZH2 small hairpin RNAs (shRNAs) (Beguelin et al., 2013) or BCL6 small 

interfering RNAs (siRNAs) (Hatzi et al., 2013). In all cases, we observed significant de-

repression of BCL6-BCOR de novo bivalent genes. In contrast, de novo bivalent genes 

lacking BCL6/BCOR were only de-repressed by EZH2 shRNA or inhibitors (Figure 3G; for 

gene lists, see Table S1). These data suggest functional cooperation between EZH2 and 

BCL6, specifically at genes where BCL6 recruits BCOR, since EZH2 alone or BCL6 alone 

is not sufficient to maintain repression of these bivalent genes. Another 25% of de novo 

bivalent genes with enrichment for BCL6 and BCOR that did not reach peak threshold were 

also regulated in a similar way (Figure S3A and data not shown), suggesting even more 

widespread regulation of bivalent genes by BCL6-BCOR complexes.

Transcriptional repression of H3K27me3 marked chromatin is mediated by PRC1 

complexes. However, we found that genes for canonical PRC1 components BMI1 (PCGF4), 

PHC1, and PHC3 are repressed and downregulated in GC B cells compared with NB cells 

(Figure 3H). The canonical PRC1 component PCGF2 (MEL18) was absent in both GC B 

and NB cells (Figure S3B). However, BCOR forms an alternative non-canonical complex 

with certain PRC1 subunits (Gearhart et al., 2006; Gao et al., 2012). Non-canonical PRC1 

genes BCOR, PCGF1, KDM2B, SKP1, and USP7 are upregulated in GC B cells, similar to 

PRC2 (Figure 3H). BMI1 downregulation and BCOR upregulation in GC B cells were 

confirmed by RT-qPCR (Figure 3I). Immunoblot analysis likewise revealed that GC B cells 

express higher protein levels of BCOR, KDM2B, and PCGF1 than NB cells (Figure 3J). 

Remarkably, the core canonical PRC1 component BMI1 is among the de novo bivalent 

genes bound and repressed by BCL6-BCOR complexes (Figure S3C). PCGF2 is highly 

repressed since its promoter is marked only by H3K27me3 in both GCB and NB cells 

(Figure S3D). We found almost complete overlap of BCOR and KDM2B at bivalent genes 

by ChIP-seq (Figure S3E). Taken together, these data indicate that the non-canonical PRC1-

BCOR complex may represent the dominant PRC1 in GC B cells.

Mutant EZH2 Fails to Induce GC Hyperplasia in the Absence of BCOR in a BCL6-
Dependent Manner

The above data suggest that BCOR, like BCL6, may be required for the transcriptional and 

biological effects of EZH2. Thus, to determine whether BCOR is required for GC formation, 

we used a conditional Bcor allele, Bcorfl (M.Y.H., C.M.C., M.D.G., and V.J.B, unpublished 

data) together with the Cγ1-cre allele. Bcorfl/Y;Cγ1-cre mice failed to form GCs after 

immunization, similar to the case of Ezh2 or Bcl6 deletion (Figures 4A–4E). To evaluate if 

mutant EZH2 can drive GC formation or hyperplasia in the absence of BCOR, we performed 

immunization experiments in mice bred for simultaneous conditional knockout of Bcor and 

conditional knockin of Ezh2(Y641F)fl/WT with the Cγ1-cre allele. Bcor deletion in 

Bcorfl/Y;Ezh2(Y641F)fl/WT;Cγ1-cre mice resulted in marked depletion in the number of GC 

B cells (p < 0.001; Figures 4A and 4B) and significant reduction in the number and volume 

of GCs by immunohistochemistry (p < 0.001; Figures 4C–4E). There was no effect on total 

B220+ B cells or marginal zone or follicular B cell numbers (Figure S4A).
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These data suggest that BCL6 and BCOR are each required for the actions of EZH2 in 

established GC B cells but do not address whether it is the interaction between BCL6 and 

BCOR that mediates this effect. To address this point, we used a Bcl6 allele that encodes a 

mutant BCL6 protein unable to bind to BCOR (Bcl6BTBmut) (Huang et al., 2013). As 

previously reported, homozygous Bcl6BTBmut mice were unable to form GCs (Figures 4F–

4J). Bcl6BTBmut homozygous mice crossed with Ezh2(Y641F)fl/WT;Cγ1-cre rescued the GC 

hyperplasia phenotype and again abrogated GC formation, as shown by flow cytometry (p < 

0.001; Figures 4F and 4G) and immunohistochemistry (p < 0.001; Figures 4H–4J). As an 

alternative approach to disrupting the BCL6-BCOR interaction, we used a small molecule 

that specifically blocks BCL6 binding to BCOR called FX1 (Cardenas et al., 2016). 

Ezh2(Y641F)fl/WT;Cγ1-cre mice were treated with FX1 or vehicle for 10 days after 

immunization. Reminiscent of Bcl6 or Bcor conditional deletion, FX1 prevented GC 

hyperplasia and induced a significant reduction in the number of GC B cells as opposed to 

vehicle-treated Ezh2(Y641F)fl/WT;Cγ1-cre mice (p < 0.01; Figure S4B). FX1 also 

significantly reduced the number and size of GCs compared with vehicle-treated Ezh2WT/WT 

and Ezh2(Y641F)fl/WT;Cγ1-cre mice (p < 0.05 and p < 0.001, respectively; Figures S4C and 

S4D). Collectively, these results demonstrate that WT and gain-of-function mutant EZH2 

require a functional BCL6-BCOR complex to drive formation of GCs and GC hyperplasia, 

respectively.

PRC1-BCOR Complex Requires Both PRC2 and BCL6 for Stable Association and 
Repression of Bivalent Promoters

We next evaluated the mechanism through which EZH2, BCL6, and BCOR cooperate to 

mediate the GC phenotype. First we examined whether BCL6 could interact with EZH2. We 

were unable to detect any interaction either with endogenous or transfected proteins (data 

not shown). We then evaluated whether these proteins were bound to the same loci using 

sequential ChIP (ChIP re-ChIP) in GC-derived DLBCL cells. We found that EZH2 is co-

recruited at the same bivalent promoters as BCOR and BCL6 as shown for the CDKN1B 
and PRDM1 loci (Figure 5A). Hence BCL6-BCOR and PRC2 complexes co-localize on 

chromatin without direct BCL6-EZH2 contact.

To determine whether PRC2 and BCL6-BCOR functionally cooperate on chromatin, we 

treated GC-derived DLBCL cells with the EZH2 inhibitor GSK343 or the inactive 

compound GSK669. We then evaluated recruitment of PRC2 components EZH2, EED, and 

SUZ12; PRC1-BCOR complex components BCOR, RING1B, KDM2B, and PCGF1; BCL6; 

and the PRC2 histone mark H3K27me3, and the RING1B mark H2AK119ub. We performed 

qChIP for these proteins in four independent GC-derived DLBCL cell lines at six key 

bivalent promoters (CDKN1B, PRDM1, IRF4, CDKN1A, ARID3A, and ARID3B), as well 

as a negative control region. EZH2 inhibitor caused a significant reduction in both 

recruitment of PRC2 and BCOR complex components, along with concordant loss of 

H3K27me3 and H2AK119ub (Figures 5B, S5A, and S5B). In contrast, BCL6 binding was 

unaffected. This suggests that, even though EZH2 does not directly interact with the PRC1-

BCOR complex, stable association of PRC1-BCOR complex with chromatin still requires 

PRC2 activity. BCL6 occupancy alone is not sufficient to maintain maximal PRC1-BCOR 

recruitment or transcriptional repression of these genes, and BCL6 recruitment does not 
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require H3K27me3. In reciprocal experiments, we treated the same cell lines with FX1 to 

block the interaction between BCL6 and BCOR. In this case, qChIP revealed loss of PRC1-

BCOR complex recruitment with no effect on PRC2 occupancy (Figures 5C and S5A–S5B). 

There was depletion of both H2AK119ub and H3K27me3, consistent with loss of BCOR 

complex as well as impairment of PRC2 function. We also observed reduced BCL6 binding 

at many loci (although there was no reduction in BCL6, PRC1, or PRC2 protein levels; 

Figure S5C). Collectively, these data suggest a model whereby BCL6 and EZH2 must 

cooperate to mediate the stable recruitment of the non-canonical PRC1-BCOR complex to 

bivalent promoters in GC B cells. Neither BCL6 nor PRC2 alone are sufficient to optimally 

tether this complex or fully repress expression of these target genes.

CBX8 Recruits BCOR Complex to H3K27me3 Marked Bivalent Genes and Is Required for 
the Biological Actions of EZH2

BCOR recruitment occurs through direct binding of BCOR to the BCL6 BTB domain 

(Ghetu et al., 2008; Huynh et al., 2000; Stogios et al., 2005). However, it is not known how 

BCOR is recruited to bivalent promoter regions through PRC2. Canonical PRC1 complexes 

contain chromobox homolog (CBX) histone reader proteins that bind to H3K27me3. Hence, 

we wondered whether CBX proteins might also mediate the PRC2-dependent recruitment of 

BCOR complex to bivalent promoters in the GC B cell context. We examined RNA-seq gene 

expression profiles to identify CBX family proteins potentially relevant to the GC B cell 

context (Figure 6A). Among these, CBX8 was the most differentially upregulated 

chromobox homolog family member in GC B cells. We confirmed CBX8 upregulation in 

purified GC B cells and NB cells using qPCR and immunoblots (Figures 6B and 6C).

To determine whether CBX8 might form part of the PRC1-BCOR complex, we performed 

BCOR tandem affinity purifications followed by mass spectrometry in HEK293 cells and 

identified CBX8 as a co-purifying protein (Table S2). We also observed CBX8 enrichment 

after PCFG1 (BCOR complex component) affinity purification (Table S3). PCGF1 was also 

reported enriched in CBX8 purifications in HeLa cells (Vandamme et al., 2011) and 

differentiating embryonic stem cells (Creppe et al., 2014), and CBX8 was also associated to 

a KDM2B-BCOR complex (Sanchez et al., 2007). To confirm these results, we developed an 

insect cell reconstitution system for BCOR complexes and showed that CBX8 can be 

incorporated into BCOR complex and immunoprecipitated with BCOR complex 

components (Figure 6D). A previously described co-structure of CBX7 and RING1B and 

associated mutational analysis (Wang et al., 2010) allowed us to identify residues that might 

inhibit the CBX8-RING1B interaction (Figure S6A). Mutation of these residues on RING1B 

(Y262A) or CBX8 (I375D) resulted in failure to incorporate CBX8 into the BCOR complex 

(Figure 6D). We confirmed this interaction between CBX8 and the BCOR complex in 

human cells transduced with tagged WT or mutant CBX8. Immunoprecipitation of WT 

CBX8 revealed a robust association with endogenous BCOR, as well as the endogenous 

BCOR complex component PCGF1 (Figure S6B). In contrast, there was no enrichment of 

BCOR or PCGF1 by mutant CBX8 as it cannot bind RING1B. RING1B binds PCGF1, 

which interacts directly with BCOR (Junco et al., 2013). To further investigate whether 

CBX8 associates with BCOR in GC B cells, we performed co-immunoprecipitation 

experiments for the endogenous CBX8 and BCOR proteins in two DLBCL cell lines. CBX8 

Béguelin et al. Page 8

Cancer Cell. Author manuscript; available in PMC 2017 August 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



antibody enriched for BCOR as did the reciprocal experiment with BCOR and CBX8 

immunoblot (Figure 6E). BCOR-CBX8 co-precipitation remained stable in more stringent 

experiments using higher salt concentrations in the immunoprecipitation buffer (Figure 

S6C). Most importantly, we confirmed endogenous CBX8 association with BCOR in 

purified GC B cells from human tonsils (Figure 6F). CBX8 is thus an integral component of 

the PRC1-BCOR complex in GC B cells in a RING1B-dependent manner.

To evaluate the functional relevance of CBX8, we first examined whether it was recruited to 

bivalent promoters. CBX8 binding was observed using qChIP assays in four DLBCL cell 

lines at the same six bivalent promoters evaluated earlier, but not at a negative control locus 

(Figures 6G and S6D). To determine if CBX8 binding is linked to H3K27me3, we treated 

these cell lines with the EZH2 inhibitor GSK343 or inactive control GSK669. In all cases, 

EZH2 inhibition resulted in profound loss of CBX8 recruitment (Figures 6G and S6D). 

Next, to determine whether CBX8 was necessary for BCOR recruitment, we depleted CBX8 

from GC-derived DLBCL cells using two independent shRNA or a control shRNA. Both 

shRNAs induced significant reduction of CBX8 protein (Figures 6H and S6E) and resulted 

in decreased BCOR recruitment to bivalent promoters, as well as reduction of the PRC1-

BCOR complex catalyzed H2AK119ub histone mark (Figure 6I and S6F), without affecting 

the abundance of H3K27me3 (Figure S6G).

CBX8 Phenocopies the EZH2 Loss-of-Function Phenotype In Vitro and In Vivo

Depletion or inhibition of EZH2 causes growth suppression and plasma cell differentiation 

in GC-derived DLBCL cells (Beguelin et al., 2013). We observed that CBX8 was required 

for repression of key EZH2 bivalent genes including CDKN1A, PRDM1, and IRF4, since 

CBX8 shRNA resulted in their de-repression (Figures 7A and S7A). To determine whether 

loss of CBX8 mimics the effects of loss of EZH2, we examined the phenotype of DLBCL 

cells after CBX8 depletion relative to shRNA control in DLBCL cell lines. In all cases, 

CBX8 loss results in significant growth suppression (p < 0.001; Figures 7B and S7B). We 

also observed induction of the plasma cell genes PRDM1, TP73, and CD138 by qPCR 

(Figures 7A and S7A). Plasma cell differentiation was further demonstrated by decreased B 

cell surface marker CD20, increased plasma cell marker CD138, and surface expression of 

immunoglobulin heavy and light chains using flow cytometry (Figures 7C, 7D, S7C, and 

7D). Morphologically, the DLBCL cells exhibited the characteristic features of plasma cell 

differentiation, including basophilic cytoplasm, eccentric more condensed nuclei, prominent 

Golgi apparatus, etc. (Figure 7E). A subset of cell lines also upregulated memory B cell 

marker CD27 (Figures S7C and S7D).

These data suggested that CBX8 is a required component of the PRC1-BCOR complex in 

GC B cells. To confirm whether this is truly the case, we generated Gbx8fl/fl;Cγ1-cre mice 

(Tan et al., 2011) and performed immunization experiments to induce GCs. Cbx8 deletion 

resulted in marked depletion of GC B cells (p < 0.001; Figures 7F and 7G) and significant 

reduction in the number and volume of GCs (p < 0.001; Figures 7H–7J). Together these 

results indicate that CBX8 is the component of the PRC1-BCOR complex that tethers the 

complex to chromatin downstream of the actions of EZH2, thus enabling repression of 

bivalent promoters and mediating the actions of EZH2 on GC formation.
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Mutant EZH2 and Constitutive BCL6 Cooperate to Induce Lymphomagenesis

Both EZH2Y641 mutation and BCL6 constitutive expression induce GC hyperplasia. Having 

established the mechanistic basis for cooperation and interdependence of EZH2 and BCL6 

in repressing critical GC B cell genes, we next examined whether their combined gain-of-

function alleles might cooperate to drive the transformation of GC B cells to form DLBCLs. 

BCL6 is constitutively expressed in the GCB-DLBCLs in which EZH2 somatic mutations 

occur. Therefore, we crossed IµBcl6 with Ezh2(Y641F)fl/WT;Cγ1-cre mice to engineer 

BCL6 constitutive expression and mutant EZH2 activity in GC B cells. The breeding 

resulted in four different allele combinations: IµBcl6 alone, Ezh2(Y641F)fl/WT;Cγ1-cre 

alone, Ezh2(Y641F)fl/WT;Cγ1-cre;IµBcl6, and control littermates. The bone marrow of 

these four groups were next transplanted to lethally irradiated recipient mice (Figure 8A). 

Animals were immunized with SRBC every 3 weeks to ensure continuous formation of GCs 

and were observed for survival. Ezh2(Y641F)fl/WT;Cγ1-cre;IµBcl6 mice showed significant 

acceleration of lethality compared with IµBcl6 and Ezh2(Y641F)fl/WT;Cγ1-cre mice (p = 

0.001; Figure 8B). A second cohort of mice (control n = 4, Ezh2(Y641F)fl/WT;Cγ1-cre n = 

4, IµBcl6 n = 5, Ezh2(Y641F)fl/WT;Cγ1-cre;IµBcl6 n = 12) was euthanized 223 days after 

transplant for more detailed phenotypic analysis. Macroscopic examination of spleens and 

lymph nodes showed massive splenomegaly and submandibular lymph node enlargement in 

Ezh2(Y641F)fl/WT;Cγ1-cre;IµBcl6 versus the other groups (p< 0.05; Figure 8C and 8D). 

Histopathologic examination indicated that, whereas all Ezh2(Y641F)fl/WT; Cγ1-cre;IµBcl6 

mice had developed a B cell lymphoma (FL or DLBCL n = 10/12) or pre-neoplastic 

lymphoid hyperplasia (n = 2/12), by contrast, none of the other groups showed either 

phenotype at this time point (Figure 8E). Ezh2(Y641F)fl/WT;Cγ1-cre;IµBcl6 mice displayed 

extensive tissue infiltration by neoplastic, proliferative B220+ B cells (Figures S8A and 

S8B, and data not shown). Spleens and lymph nodes exhibited effacement of normal 

architecture by sheets of lymphoma cells (Figure S8A).

Similar results were obtained when we transduced bone marrow of IµBcl6 mice with 

retrovirus encoding EZH2Y641F or GFP alone (empty vector) and transplanted them into 

lethally irradiated recipients (Figure S8C). EZH2Y641F;IµBcl6 mice showed significant 

acceleration of lethality compared with IµBcl6 transduced mice (p < 0.0001; median 

survival EZH2Y641F;IµBcl6, 333 days; IµBcl6, 520 days; Figure S8D), with splenomegaly 

and lymph node enlargement (Figures S8E and S8F). Immunoglobulin gene rearrangement 

showed more prominent clonal patterning in the B220+ splenocytes of EZH2Y641F;IµBcl6 

versus IµBcl6 mice (Figure S8G). Pathologic analysis of these mice yielded massive tissue 

infiltration by a B220+ B cell lymphoma (FL or DLBCL; Figures S8H and S8I). These data 

suggest that mutant EZH2 and BCL6 cooperate to induce and accelerate the development of 

DLBCL-like disease.

BCL6 and EZH2 Inhibitors Cooperate to Kill DLBCLs and Suppress Tumor Xenografts and 
Primary Human DLBCL Growth

Both BCL6 and EZH2 inhibitors are proposed as potential therapies for patients with B cell 

lymphomas. BCL6 and EZH2 are both constitutively expressed and required to maintain the 

growth of GCB-type DLBCLs regardless of whether EZH2 is mutated. Given that BCL6 and 

EZH2 cooperate to induce maximal repression of their key target promoters, we asked 
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whether simultaneously targeting both proteins might yield enhanced anti-lymphoma 

activity. We exposed a panel of GCB-DLBCL cells to increasing concentrations of GSK343 

in combination with FX1 (along with their respective controls). In almost every case, the 

concentration of GSK343 required to yield 50% growth inhibition was reduced when cells 

were concomitantly treated with FX1 (Figures 8F and S8J). This was not due to unexpected 

toxicity as the combination had no effect on control cell lines (Figure S8K). We also 

observed that EZH2-BCL6 bivalent target genes were significantly further de-repressed by 

combining GSK343 and FX1 versus the single drugs (p < 0.01; Figures 8G and S8L). Hence 

targeting both arms of PRC1-BCOR tethering through EZH2 and BCL6 results in more 

powerful target gene de-repression with corresponding greater biological activity against 

lymphoma cells.

To determine the impact of combinatorial BCL6-EZH2 targeted therapy in a preclinical 

model, we evaluated the action of the EZH2 inhibitor GSK126 and FX1 alone or in 

combination at submaximal doses in mice bearing established human DLBCL cell line 

(SUDHL6 and WSU-DLCL2) xenografts. Although both EZH2 and BCL6 inhibitors 

inhibited tumor growth alone, the combination more potently and significantly suppressed 

lymphoma growth in vivo as demonstrated by growth curves and tumor weight (Figures 8H, 

8I, S8M, and S8N). The combination of BCL6 and EZH2 inhibitors was well tolerated, and 

there was no significant difference in the gross body weight of animals in the different 

treatment arms (Figures S8M and S8N). These data were replicated in vitro and in vivo 

using the structurally distinct peptidomimetic BCL6 inhibitor RI-BPI, and also using the 

alternative in vivo EZH2 inhibitor GSK503 (Figures S8O–S8Q). Finally, four primary GCB-

type DLBCLs were exposed to GSK343 and RI-BPI. The combination of BCL6 and EZH2 

inhibitors yielded significantly greater anti-lymphoma activity against these primary 

specimens (p < 0.01; Figure S8R). Collectively, targeting BCL6 and EZH2 together may 

provide the basis for rational combinatorial therapies for GC-derived B cell lymphomas.

DISCUSSION

Herein, we show that the GC phenotype and lymphomagenesis are mediated through 

cooperative and mutually interdependent actions of EZH2 together with the transcriptional 

repressor BCL6. Our data suggest a scenario whereby, within early GC B cells, BCL6, 

EZH2, CBX8, BCOR, and other non-canonical PRC1 components are upregulated while 

canonical PRC1 components are repressed. This allows the formation of a PRC1-BCOR 

complex containing CBX8. BCL6, a sequence-specific transcription factor, binds to gene 

promoters mostly through direct binding of its cognate DNA consensus site. At the same 

time, EZH2 is recruited by still ill-defined mechanisms to a subset of the promoters of genes 

bound by BCL6, specifically those linked to cell-cycle checkpoints and plasma cell 

differentiation. EZH2 mediates H3K27 methylation of nucleosomes that were previously 

marked as active with H3K4me3 in mature resting B cells (Beguelin et al., 2013). EZH2 and 

BCL6 appear to arrive at these genes independently and do not physically interact. What 

ensues is a form of combinatorial tethering, whereby the presence of BCL6 and H3K27me3 

at bivalent chromatin formed by EZH2 is required for the stable recruitment of the BCOR-

CBX8 non-canonical PRC1 complex. However, neither BCL6 binding to BCOR nor CBX8 

binding to H3K27me3 alone is sufficient to maintain the association of the BCOR complex. 
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Notably, binding of BCOR to BCL6 occurs with surprisingly low affinity (~20 µM) given 

the extended binding surface between these two proteins. Among CBX proteins, CBX8 has 

relatively lower binding affinity for H3K27me3 (Kaustov et al., 2011) and may only result in 

meta-stable binding. Apparently both of these independent protein interactions are required 

to sustain and stabilize the association of BCOR with this particular set of key GC B cell 

promoters. Thus engaged, the PRC1-BCOR-CBX8 complex then mediates PRC1 functions 

including H2AK119 ubiquitylation, which in turn may contribute to repression of 

transcription at these loci. Notably, CBX8 has not been previously implicated in B cell 

biology or lymphomagenesis. The fact that CBX8 loss of function recapitulates the effects of 

EZH2 loss in normal and malignant GC B cells speaks to its critical function in this cellular 

context.

Our proposed model of combinatorial tethering conceptually links the proposed instructive 

versus sampling modes of action for PRC2 functionality (Klose et al., 2013). In this 

instance, neither instructive (transcription factor directed) nor sampling (PRC2 directed) 

modes are sufficient to direct PRC1 recruitment and instead must cooperate for cell-context-

specific gene repression. Thus PRC2 mediated formation of bivalent chromatin at specific 

promoters in B cells provides a required link to support a stoichiometrically weak interaction 

between transcription factors and their corepressors. By the same token, BCL6 binding to 

BCOR is insufficient to sustain and stabilize its activity and requires the independent action 

of EZH2. Combinatorial tethering may also help to explain certain puzzling aspects of 

transcriptional repression. For example, BCL6 is known to bind to many promoters, yet only 

represses the subset of these where it forms a complex with BCOR (Hatzi et al., 2013). 

Perhaps the combined actions of BCL6 and H3K27me3 together represent a combinatorial 

code that limits the formation of competent repression complexes only to sites relevant to 

GC B cells. Indeed, the genes where this combinatorial mechanism occurs are critical for the 

GC phenotype, such as CDKN1A, CDKN1B, IRF4, PRDM1, etc. In contrast, BCL6 and 

BCOR are mostly excluded from monovalent H3K27me3 domains, and hence are not 

involved in repressing these regions.

It remains possible that PRC1, PRC2, and BCL6 function to mutually sustain and stabilize 

their respective binding in bivalent promoters. Along these lines, Kalb et al. (2014) 

identified a positive feedback loop in which H2Aub promotes PRC2 binding and H3K27 

trimethylation, and H3K27me3, in turn, promotes binding of canonical PRC1. H2A 

ubiquitylation mediated by non-canonical complexes was shown to facilitate recruitment of 

PRC2 in embryonic stem cells engineered to contain a Polycomb tethering sequence 

(Blackledge et al., 2014). Recruitment of PRC2 was also reported to occur through 

canonical PRC1-mediated H2A ubiquitylation (Cooper et al., 2014). Indeed, our data hint at 

additional aspects of Polycomb functionality. For example, the finding that disruption of the 

BCL6-BCOR interaction reduces EZH2-mediated H3K27me3 without loss of PRC2 

complex binding could be linked to EZH2 requirement for H2A ubiquitylation; or to 

impaired PRC2 function due to increasing H3K36 methylation because of loss of KDM2B 

(Yuan et al., 2011). Indeed, H3K36me2 was increased after treating three different GCB-

DLBCL cell lines with GSK343 or after disrupting BCL6-BCOR interaction with FX1 

(Figure S8S). Collectively, the combinatorial tethering model expands notions on how 

transcription factors and Polycomb complexes can work integratively to direct gene-specific 
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repression. It is important to also underline that these results do not explain all the effects of 

BCL6, EZH2, and BCOR in B cells. For example, BCOR binds to many promoters 

independent of the presence of BCL6. It was recently shown in embryonic stem cells that 

KDM2B, a subunit of the PRC1-BCOR complex, can contribute to recruitment of non-

canonical PRC1 complexes through binding of its CXXC motif to unmethylated CpG 

islands (Farcas et al., 2012; Wu et al., 2013). Our analysis of BCOR distribution in GC B 

cells suggests that a similar mechanism may be at play at different sets of target genes 

independent of the BCL6-EZH2 mechanism described herein (Hatzi et al., 2013).

Constitutive expression of BCL6 as well as somatic mutation of EZH2 can prevent the 

resolution of the GC phenotype, potentially explaining how they induce lymphomas. Here, 

we show that this is at least in part linked to their common action in the combinatorial 

tethering of the non-canonical PRC1-BCOR complex to bivalent chromatin domains formed 

during the humoral immune response. The enhanced anti-lymphoma activity observed by 

combining EZH2 with BCL6 inhibitors is likely at least in part due to more profound 

disruption of bivalent gene repression, since the combination results further increased 

expression of these transcripts. Administration of BCL6 and EZH2 inhibitors may thus 

constitute a mechanism-oriented rational combinatorial therapy by disabling both arms of 

the PRC1-BCOR tethering mechanism.

EXPERIMENTAL PROCEDURES

A more detailed description of the experimental procedures and reagents used in this study 

can be found in the Supplemental Experimental Procedures.

The Research Animal Resource Center of the Weill Cornell Medical College of Medicine 

approved all mouse procedures. The use of human tissue was approved by the research 

ethics board of the Vancouver Cancer Center/University of British Columbia and the Weill 

Cornell Medical Center.

Generation of Conditional Ezh2Y641F Knockin Mice

Ezh2Y641F mice were generated by inGenious Targeting Laboratory using a mini-gene 

approach. A mini-gene comprising exons 16–20 and flanked by loxP sites was inserted into 

intron 15–16 of Ezh2 endogenous allele. The point mutation (TAC→TTC; aa, T > P) was 

engineered in exon 16 as indicated in the diagram in Figure 2A. The FRT-flanked Neo 
cassette followed by a LoxP site was inserted immediately downstream of the mini-gene. 

The mini-gene is composed of a LoxP site and 3.9 kb genomic sequence spanning from 3′ 
intron 15 to exon 20 including 200–300 bps of intronic sequence and the 3′UTR to ensure 

correct splicing and processing of the transcript. The mini-gene was inserted into intron 15 

and is 492 bp upstream of exon 16. Prior to cre expression, the WT product is generated 

from the mini-gene. CRE-mediated deletion of the mini-gene results in expression of the 

mutant form.

Statistics

Pairwise comparisons of cell numbers, GC and tumor phenotypes, qPCR, and qChIP were 

assessed using Student’s t test. Enrichment of ChIP-seq marks in promoters and pathway 
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enrichment were determined using the hypergeometric test. Gene set enrichment was 

assessed using the GSEA algorithm, a computational method based on the Kolmogorov-

Smirnov test. Significance of survival probability was determined using the Kaplan-Meier 

estimator and Cox proportional hazards test.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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In Brief

Béguelin et al. show that EZH2 and BCL6 cooperate to recruit a non-canonical PRC1/

BCOR complex containing CBX8 to repress differentiation gene expression in germinal 

center B cells and promote lymphomagenesis. Targeting both BCL6 and EZH2 elicits 

strong anti-lymphoma activity in diffuse large B cell lymphoma.
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Highlights

• EZH2 and BCL6 mediate combinatorial tethering of non-canonical 

PRC1-BCOR complex

• CBX8 binding to bivalent promoters enables GC B cell-specific PRC1-

BCOR recruitment

• BCOR tethering by EZH2 activity and BCL6 is required for GC and 

drives GC hyperplasia

• Combinatorial targeting of EZH2 and BCL6 yields enhanced anti-

lymphoma effect
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Significance

The humoral immune response requires transient silencing of B cell differentiation and 

cell-cycle checkpoint genes to permit immunoglobulin affinity maturation. Aberrant 

persistence of this state causes malignant transformation. We show that silencing depends 

on a combinatorial tethering mechanism that enables recruitment of the non-canonical 

PRC1-BCORCBX8 complex to bivalent gene promoters methylated by EZH2. CBX8 

anchors these proteins to bivalent promoter H3K27me3, while the transcriptional 

repressor BCL6 directly binds to DNA and BCOR and stabilizes PRC1-BCOR complex 

in an EZH2-independent manner. Combinatorial tethering explains how transcription 

factors, PRC2, and non-canonical PRC1 intersect on chromatin to mediate context-

specific transient silencing of active promoters. It also provides the basis for improved 

lymphoma therapy through rational combination of BCL6 and EZH2 inhibitors.

Béguelin et al. Page 19

Cancer Cell. Author manuscript; available in PMC 2017 August 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. EZH2 is Required for BCL6 to Drive GC Hyperplasia
(A–E) Ezh2fl/fl, Ezh2fl/fl;Cγ1-cre, IµBcl6, and Ezh2fl/fl;Cγ1-cre;IµBcl6 mice (n = 5 per 

group) were immunized with SRBC to induce germinal center (GC) formation and sacrificed 

10 days later. (A) Flow cytometry plot of one representative mouse spleen per group. The 

gated area shows the percentage of GC B cells (GL7+FAS+) within live B cells 

(B220+DAPI−). (B) Average of GC B populations of each group of mice quantified by flow 

cytometry. Each dot represents the percentage of GC B cells within splenic live B cells of 

one mouse. (C) Splenic tissue was stained for peanut agglutinin (PNA), Ki67, EZH2, and 
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B220. (D and E) Quantification of PNA staining from (C). The #GC/spleen section is the 

count of all GCs per spleen section (D). The GC area/total spleen area is the quantified area 

of each individual GC divided by the total area of the spleen section (E).

(F–H) IµBcl6 mice were immunized with SRBC, treated daily with GSK503(150 mg/kg/day, 

n = 7) or vehicle (n = 7) and sacrificed 10 days after immunization. (F) Representative flow 

cytometry plot of splenic GC B cells (left) and quantification (right) as in (A) and (B). (G) 

Splenic tissue was stained for PNA, Ki67, EZH2, and B220. (H) Quantification of PNA 

staining from (G) as in (D) and (E).

Values in (B), (D), (E), (F), and (H) are shown as means ± SEM. t test, *p < 0.05, **p < 

0.01, ***p < 0.001. See also Figure S1.
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Figure 2. BCL6 Is Required for Mutant EZH2Y641 to Drive GC Hyperplasia
(A) Generation of Ezh2(Y641F)fl conditional mice. A mini-gene comprising exons 16–20 

flanked by loxP sites and the pGK-Neo cassette flanked by FRT sites were inserted into 

intron 15–16 of the Ezh2 allele. The Neo cassette was removed by crossing to FLP deleter 

strain. Prior to Cre expression, the WT product is generated from the mini-gene. CRE-

mediated deletion of the mini-gene results in expression of the mutant form (represented 

with a red asterisk).
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(B–F) Ezh2(Y64lF)fl/WT crossed with Cγ1-cre positive (n = 5) or negative control mice (n = 

5) were immunized with SRBC and sacrificed 10 days later. (B and C) Percentages of 

splenic GC B cells were measured by flow cytometry (B) and quantified (C) as in Figures 

1A and 1B. (D) Splenic tissue was stained for PNA. (E) Quantification of PNA staining 

from (D). (F) Immunoblotting with anti-EZH2 and H3K27me3 antibodies was performed in 

sorted GC B splenocytes, using βactin and histone 3 as loading controls.

(G–K) Bcl6fl/fl, Bcl6fl/fl;Cγ1-cre, Ezh2(Y641F)fl/WT;Cγ1-cre and 

Bcl6fl/fl;Ezh2(Y641F)fl/WT;Cγ1-cre mice (n = 3 to 5 per group) were immunized with 

SRBC and sacrificed 10 days later. (G and H) Representative flow cytometry plot of splenic 

GC cells (G) and quantification (H) as shown in Figures 1A and 1B. (I) Splenic tissue was 

stained for PNA, Ki67, EZH2, and B220. (J and K) Quantification of GC number (J) and 

area (K) based on PNA staining in (I). Values in (C), (E), (H), (J) and (K) are shown as 

means ± SEM. t test, *p < 0.05, **p < 0.01, ***p < 0.001. See also Figure S2.
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Figure 3. EZH2 and BCL6/BCOR Complexes Are Both Required to Repress Key De Novo GC B 
Cell Bivalent Promoters
(A and B) Percentage and number of de novo bivalent promoters (H3K27me3+H3K4me3, n 

= 1,011) (A) and H3K27me3 monovalent promoters (n = 5,798) (B) overlapping ChIP-seq 

peaks of BCL6 and BCOR in GC B cells.

(C) Heatmap of over-represented gene categories among genes with BCL6+BCOR-occupied 

de novo bivalent promoters compared with non-bivalent genes and de novo bivalent genes 

without BCL6 or BCOR. Enrichment was measured using hypergeometric p values.
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(D and E) CDKN1B (D) and PRDM1 (E) gene loci showing H3K4me3, H3K27me3, BCL6, 

and BCOR ChIP-seq read density in naive B cells (NB) and germinal center B cells (GCB). 

Green, red, blue, and black bars: H3K4me3, H3K27me3, BCL6, and BCOR peaks, 

respectively.

(F) Heatmap of the gene expression level and GSEA of de novo bivalent genes with 

BCL6+BCOR in 4 NB and 4 GCB samples. NES, normalized enrichment score; FDR, false 

discovery rate.

(G) Heatmap of over-represented de novo bivalent genes with and without BCL6- and 

BCOR-occupied promoters for genes induced by EZH2 or BCL6 inhibitors (2 µM GSK343 

for 5 days and 25 µM FX1 for 12 hr) or shRNAs for EZH2 (7 days) or siRNAs for BCL6 (2 

days) in OCI-Ly1, OCI-Ly7, SUDHL5, SUDHL6, Farage, WSU-DLCL2, and Pfeiffer 

DLBCL cell lines. Enrichment measured using hypergeometric p values.

(H and I) Heatmap of the gene expression level (H) and RT-qPCR (I) of canonical and non-

canonical PRC1 components in 4 NB and 4 GCB samples. Values in (I) are shown as means 

± SEM. t test, **p < 0.01.

(J) Immunoblotting of whole-cell lysates from NB and GCB samples.

See also Figure S3 and Table S1.
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Figure 4. Mutant EZH2 Fails to Induce GC Hyperplasia in the Absence of BCOR in a BCL6-
Dependent Manner
(A–E) Bcorfl/Y, Bcorfl/Y;Cγ1-cre, Ezh2(Y641F)fl/WT;Cγ1-cre, and 

Bcorfl/Y;Ezh2(Y641F)fl/WT;Cγ1-cre mice (n = 4 to 6 per group) were immunized with 

SRBC and sacrificed 10 days later. Note that Bcor is on the X chromosome; hence male 

mice have only one floxed Bcor allele and Y indicates the Y chromosome. (A) 

Representative flow cytometry plot of splenic GC B cells as in Figure 1A. (B) Quantification 

of GC B cells by flow cytometry as in Figure 1B. (C) Splenic tissue was stained for PNA, 

Ki67, EZH2, and B220. (D and E) Quantification of GC number (D) and area (E) based on 
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PNA staining in (C). (F–J) Ezh2(Y641F)fl/WT, Ezh2(Y641F)fl/WT;Cγ1-cre, 

Bcl6BTBmut;Cγ1-cre and Bcl6BTBmut;Ezh2(Y641F)fl/WT;Cγ1-cre mice (n = 4 per group) 

were immunized with SRBC and sacrificed 10 days later.

(F) Representative flow cytometry plot of splenic GC B cells as in Figure 1A.

(G) Quantification of GC B cells by flow cytometry as in Figure 1B.

(H) Splenic tissue was stained for PNA, Ki67, EZH2, and B220.

(I and J) Quantification of GC number (I) and area (J) based on PNA staining in (H).

Values in (B), (D), (E), (G), (I), and (J) are shown as means ± SEM. t test, *p < 0.05, **p < 

0.01, ***p < 0.001. See also Figure S4.
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Figure 5. PRC1-BCOR Complex Requires Both PRC2 and BCL6 for Stable Association and 
Repression of Bivalent Promoters
(A) ChIP re-ChIP in the bivalent promoters of CDKN1B and PRDM1 in OCI-Ly7 cells 

using the indicated antibodies for the first ChIP (1° ab) and the sequential ChIP (2° ab). As 

negative control, qPCR was performed using primers for a region in chromosome 6 where 

no BCOR, EZH2, or BCL6 enrichment was found by ChIP-seq read density in GC B cells.

(B and C) qChIP in CDKN1B promoter of SUDHL6 cells treated with (B) 2 µM EZH2 

inhibitor GSK343 or control compound GSK669 for 72 hr, and (C) 25 µM BCL6 inhibitor 

FX1 or vehicle for 6 hr. NC-PRC1, non-canonical PRC1.

Values are shown as means of triplicates or quadruplicates ± SD. t test, *p < 0.05, **p < 

0.01, ***p < 0.001. See also Figure S5.
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Figure 6. CBX8 Recruits BCOR Complex to H3K27me3 Marked Bivalent Genes and Is 
Required for the Biological Actions of EZH2
(A) Expression level in FPKM (fragments per kilobase of transcript per million mapped 

reads) of CBX genes in four naive B cells (NB) and four germinal center B cells (GCB) 

samples. Values are means ± SEM.

(B) RT-qPCR of CBX8 in four NB and four GCB samples. Values are means ± SEM.

(C) Immunoblotting of whole-cell lysates from NB and GCB cell samples.
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(D) Myc immunoblotting of Flag IPs using whole-cell extracts from Sf9 insect cells 

transfected with expression vectors for the indicated proteins, m, amino terminal myc 

epitope tag; f, flag tag; mf, both tags.

(E) Immunoblotting of immunoprecipitation (IP) using whole-cell lysates from the indicated 

cell lines.

(F) Immunoblotting of IP using whole-cell lysates from primary GCB from human tonsils.

(G) CBX8 qChIP in OCI-Ly7 cells treated with 2 µM GSK343 or GSK669 for 72 hr. qPCR 

was performed using primers targeting the promoters of the indicated genes.

(H) Immunoblotting of whole-cell lysates from OCI-Ly7 cells expressing two independent 

CBX8 shRNAs or control.

(I) BCOR and H2AK119ub qChIP was done in cells from (H).

Values in (G) and (I) are shown as means of triplicates or quadruplicates ±SD. t test, *p < 

0.05, **p < 0.01, ***p < 0.001. See also Figure S6, Tables S2, and S3.
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Figure 7. CBX8 Phenocopies the EZH2 Loss-of-Function Phenotype In Vitro and In Vivo
(A) RT-qPCR of the indicated mRNAs from OCI-Ly7 cells expressing two independent 

CBX8 shRNAs or control used in Figures 6H and 6I. p Values shown are compared with the 

shControl.

(B) Viability of OCI-Ly7 cells from (A) was evaluated 7 days after infection using cell titer 

blue.
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(C) WSU-DLCL2 cells were infected with two independent CBX8 shRNAs or control for 5 

days, and CD20, CD138, and immunoglobulin (Ig) expression levels were examined by flow 

cytometry.

(D) Quantification of mean fluorescence intensity (MFI) from (C) (n = 3).

(E) Representative images of WSU-DLCL2 cells infected as in (C).

(F–J) Cbx8fl/fl (n = 8) and Cbx8fl/fl;Cγ1-cre mice (n = 4) were immunized with SRBC and 

sacrificed 10 days later. (F) Representative flow cytometry plot of splenic GC B cells as in 

Figure 1A. (G) Quantification of GC B cells by flow cytometry as in Figure 1B. (H) Splenic 

tissue was stained for PNA, Ki67, EZH2, and B220. (I and J) Quantification of GC number 

(I) and area (J) based on PNA staining in (H).

Values in (A) and (B) are shown as means of triplicates or quadruplicates ± SD. Values in 

(D), (G), (I), and (J) are means ± SEM. t test, *p < 0.05, **p< 0.01, ***p < 0.001. See also 

Figure S7.
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Figure 8. Mutant EZH2 and Constitutive BCL6 Cooperate to Induce Lymphomagenesis, and 
Combinatorial Targeting of EZH2 and BCL6 Yields Enhanced Anti-Lymphoma Effect
(A) Bone marrow transplantation was performed using IµBcl6, Ezh2(Y641F)fl/WT;Cγ1-cre, 

Ezh2(Y641F)fl/WT;Cγ1-cre;IµBcl6, and control negative littermate donor mice. BM, bone 

marrow.

(B) Survival curve of transplanted mice.

(C) Representative pictures of spleens from mice sacrificed 223 days after transplantation 

and quantification of the spleen weight (control, n=4; Ezh2(Y641F)fl/WT;Cγ1-cre, n = 4; 

IµBcl6, n = 5; Ezh2(Y641F)fl/WT;Cγ1-cre;IµBcl6, n = 12).
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(D) Representative pictures of submandibular lymph nodes from mice sacrificed in (C).

(E) Percentage and number of mice from cohort used in (C) that did or did not develop 

lymphoma.

(F) Dose reduction plot for GSK343 at 90% growth inhibition after exposure of cells to 

increasing concentrations of GSK343 for 6 days and FX1 for 2 days. Data represent means 

of triplicate experiments.

(G) RT-qPCR of the indicated mRNAs from OCI-Ly7 treated with 2 µM GSK343 for 72 hr, 

25 µM FX1 for 12 hr, or the combination. Values are means of triplicates ±SD.

(H and I) Tumor growth curves and area under the curve (AUC) for SUDHL6 (H) and WSU-

DLCL2 (I) xenografted mice treated with vehicle (SUDHL6, n = 9; WSU-DLCL2, n = 11), 

GSK126 (80 mg/kg/day, SUDHL6, n = 5; WSU-DLCL2, n = 10), FX1 (12 mg/kg/day, 

SUDHL6, n = 4; WSU-DLCL2, n = 10), or the combination of GSK126 and FX1 

(SUDHL6, n = 6; WSU-DLCL2, n = 12).

Values in (C), (H), and (I) are means ± SEM. t test, *p < 0.05, **p < 0.01, ***p < 0.001. See 

also Figure S8.
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