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CFP1 promotes germinal center affinity
maturation and restrains memory B cell
differentiation through H3K4me3
modulation

Yanan Zhao1,3, ShuoxuGong1,3, Yalin Yang2, Yimiao Lu1, JingningBai1,Meiling Liu1,
Wanyu Bai1,2 & Junchao Dong 1,2

Affinity maturation and differentiation of B cells in the germinal center (GC)
are tightly controlled by epigenetically regulated transcription programs, but
the underlying mechanisms are only partially understood. Here we show that
Cfp1, an integral component of the histonemethyltransferase complex Setd1A/
B, is critically required for GC responses. Cfp1 deficiency in activated B cells
greatly impairs GC formation with diminished proliferation, somatic hyper-
mutation and affinity maturation. Mechanistically, Cfp1 deletion reduces
H3K4me3 marks at a subset of cell cycle and GC-related genes and impairs
their transcription. Importantly,Cfp1promotes the expression of transcription
factors MEF2B and OCA-B and the Bcl6 enhancer-promoter looping for its
efficient induction. Accordingly, Cfp1-deficient GCB cells upregulate IRF4 and
preferentially differentiate into plasmablasts. Furthermore, Cfp1 ablation
upregulates a panel of pre-memory geneswith elevatedH3K4me3 and leads to
markedly expanded memory B populations. In summary, our study reveals
that Cfp1-safeguarded epigenetic regulation ensures proper dynamics of GCB
cells for affinity maturation and prevents the pre-mature exit from GC as
memory cells.

Germinal centers (GC) are microstructures in the secondary lymphoid
tissues where antigen-activated B lymphocytes undergo affinity
maturation and terminal differentiation1,2. Antigen encounter activates
B cell proliferation burst, leading to the formation of the dark zone
(DZ) and light zone (LZ) of GC. In the DZ, GCB cells divide rapidly and
accumulate mutations in the antibody variable regions that alter the
affinity of BCR to antigens3. DZ B cells with functional BCR then shuffle
to the LZ for competitive binding with and subsequent presentation of
antigens to follicular helper T cells (Tfh) that favors B cell clones with
higher affinity BCR. As a result, these LZ B cells obtain additional sur-
vival signals from T cells, which trigger the induction of c-Myc4–6 and

mTOR7 expression for cell cycle entry and biomass synthesis, and are
licensed to return to the DZ. Repeated rounds of proliferation and
hypermutation followed by positive selection eventually leads to affi-
nity maturation1,2. A small portion of LZ B cells that survive positive
selection differentiate into memory B (MBC) and antibody-producing
plasma cells (PC). Themechanisms thatdetermineGCB fate fromzonal
cycling to terminal differentiation into effector cells are poorly
understood.

Both extrinsic and intrinsic factors, including cytokines and
transcription factors, have been shown to regulate GC commitment,
affinity maturation and differentiation3. Interaction of activated cells
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with cognate T cells and T cell-derived IL-4/IL-21 turn on key tran-
scription factor Bcl68,9, which acts primarily as a transcription sup-
pressor for an array of downstream target genes to instruct full
commitment to a GC fate10,11. Bcl6 also regulates the maintenance and
terminal differentiation of GCB cells. For instance, Bcl6 suppresses the
expression of transcription factors HHEX12, which has been shown to
promote MBC differentiation, as well as cell migratory receptors EBI2
and S1PR1, which are critical for GCexit13. It is thus assumed that the on
andoff ofBcl6 regulated transcriptionprogramcoordinatesmemoryB
cell formation. In addition, mutual antagonism between BCL6 and PC-
specific transcription factors IRF4 and BLIMP1 dynamically determines
the fate choice between GCB cells and the differentiation into PCs14,15.

While the GC-specific transcriptional circuits are relatively well
understood, how epigenetic factors regulate the GC response remains
largely unknown. As one of themost studied epigeneticmodifications,
histone H3K4 trimethylation (H3K4me3) predominantly marks active
and poised promoters16,17. Despite positive correlations with gene
expression suggested by prior studies mostly in early embryos and ES
cells, whether H3K4me3 plays an instructive role in transcription is
debatable and under intensive investigation16,18, and the physiological
roles of H3K4me3 in cell lineage differentiation are still unclear. The
mammalian Setd1A/B histone methyltransferase complexes represent
the major methyltransferase (HMT) activity for H3K4
trimethylation16,17. As an integral subunit of the complex, CFP1 has been
shown to recruit Setd1A/B to unmethylated CpG islands to implement
H3K4me3marks18–20 and is essential for the development of germ cells
and multiple hematopoietic lineages18,21–23.

In this study, we examine the roles of Cfp1 on GC response and
terminal B cell differentiation. Our work demonstrates that Cfp1 is
strictly required for GC entry, dynamics and affinity maturation
through regulating GCB-related genes, including Bcl6. In addition, our
data indicate that Cfp1 prevents B cells from pre-maturely exiting the
GC to differentiate into MBCs that is modulated by H3K4me3-
mediated transcription.

Results
Cfp1 loss in mature B cells impairs activation and germinal
center entry
To test the requirement for Cfp1 in mature B cell development and
response, we crossed mice carrying the Cfp1flox allele24 with the
Cd21Cre mice to delete Cfp1 in transitional andmature B cells25. Early B
cell development in the bone marrow of Cfp1fl/flCd21Cre mice was
unperturbed (Fig. S1A, B), and a reduction in the frequency but not
the number of spleen follicular B cells (FOB) relative toCfp1fl/fl control
mice was observed (Fig. S1C, D). Meanwhile, both the frequency and
the number of marginal zone B cells (MZB) were significantly
increased by approximately threefold, suggesting that Cfp1 pro-
motes transitional B cell development in the spleen to FOB over MZB
(Fig. S1C, D).

To investigate the role ofCfp1 in antigen-specificBcell response, T
cell-dependent antigen 4-hydroxy-3-nitrophenylacetyl (NP) con-
jugated to keyhole limpet hemocyanin (NP-KLH) in alum adjuvant was
administrated to control and Cfp1fl/flCd21Cre mice. In control mice, the
frequency of CD95+GL7+ GC B cells gradually rose from 0.77% ±0.26%
at day 5 to 1.78% ± 0.46% at day 14 post immunization (p.i.) (Fig. 1A, B).
The GCB frequency in Cfp1fl/flCd21Cre mice was severely reduced by
about 3~5-fold compared to Cfp1fl/fl mice at each time point (Fig. 1A, B).
The GCB defect upon Cfp1 deletion was reproducible with different
adjuvants or antigens. When administrated with NP-KLH in
manganese-based adjuvant (MnJ), an adjuvant that stimulates strong
antibody responses26, Cfp1fl/fl control mice showed 8.24% ± 1.56% GC B
cells at 14 days p.i. and Cfp1 ablation caused an over threefold reduc-
tion in GCB frequency (Fig. 1C). A similar degree of reduction in GCB
frequency was also observed inmice immunized with sheep red blood
cells (SRBC) (Fig. 1D). We next measured concentration of serum NP-

specific antibodies at day 14 p.i. by ELISA. Compared with controls,
total NP-IgM Abs were significantly reduced and NP-IgG1 Abs were
nearly absent in Cfp1fl/flCd21Cre mice (Fig. 1E). In addition, the Cfp1fl/
flCd21Cre mice were devoid of high affinity NP-specific Abs (Fig. 1F). We
therefore concluded that Cfp1 ablation in mature B cells led to sig-
nificantly reduced germinal center B cells and drastically defective
antibody affinity maturation.

The severe impairment of GC formation in the absence of Cfp1
manifest from the early time points suggests that the Cfp1fl/flCd21Cre B
cells could be defective in GC entry. To test this, we examined the GC
response as early as day 3 p.i. and the results showed that activated
precursors (IgD-B220+CD138-GL7+CD38+)27,28 from Cfp1fl/flCd21Cre mice
were reduced by more than twofold than the controls (Fig. 1G), indi-
cating impaired B cell activation. Assessing Cfp1 deletion by genomic
DNA digital droplet PCR and quantitative PCR indicated less efficient
knockout of Cfp1 in GCB cells recovered at day 14 p.i. than naive cells,
suggesting potential counter selection of cells with efficient deletion
from entering GC (Fig. S2A–C). In vitro Nojima culture29 of the control
and Cfp1fl/flCd21Cre B cells on 40LB feeder cells for 4 days tomimic early
GC response showed a significant reduction of CD95+GL7+ cells, con-
firming defects of Cfp1-deficient B cells in GC activation (Fig. 1H). The
severely abrogated GC response and decreased activated precursors
prompted us to explore the early stage of B cell activation upon anti-
gen encounter. To this end, we stimulated naïve B cells from Cfp1fl/
flCd21Cre and control mice with CD40 antibody plus interleukin-4 (IL-4)
and IL-21. Cell cycle analysis indicated that the ratio of cells in the G1
phase of cell cycle was significantly increased in Cfp1fl/flCd21Cre mice
relative to the controls, whereas cells in S or G2/M phases were
decreased (Fig. 1I). Consistently, the proliferation index obtained from
CFSE staining of activated Cfp1fl/flCd21Cre cells was reduced compared
to controls (Fig. 1J). Taken together, we conclude that CFP1 is required
for B cell activation and cell cycle progression during the germinal
center response.

Cfp1 deletion after B cell activation impairs germinal center
response
To overcome the defective activation of Cfp1fl/flCd21Cre B cells and dis-
sect the effect of Cfp1 on GCB cells following their activation, we
conditionally deleted Cfp1 in activated B cells by breeding Cfp1fl/fl mice
with the AicdaCre line30. Cfp1 was efficiently deleted in the GCB cells by
the AicdaCre (Fig. S2D–F). In contrast to Cfp1fl/flCd21Cre mice, the fre-
quency of B220+IgD-CD138-CD38+GL7+ activated precursors in Cfp1fl/
flAicdaCre mice immunized with NP-KLH/Alum was indistinguishable
from Cfp1fl/fl littermates at 3 days p.i. and onwards (Fig. S3A). The fre-
quencies and numbers of GC B cells in the form of
B220+IgD-CD138-CD38-GL7+ (Fig. S3B) or B220+CD95+GL7+ (Figs. 2A and
S3C) in Cfp1fl/flAicdaCre mice were significantly reduced relative to
controls during the course of immunization. Administration with NP-
KLH/MnJ reproduced an over threefold reduction in splenic GCB cells
at day 14 p.i. in Cfp1 deficient mice (Fig. 2B and S3D). To further
demonstrate GC entry of Cfp1fl/flAicdaCre cells, we stained immunized
splenic cells with additional sets of established surface markers
including PNA and EFNB131. Cfp1 deletion markedly reduced the flor-
escence intensity of CD95, PNA and EFNB1 (Fig. S4A) and the fraction
of GCB cells identified by the combination of CD95 with PNA or EFNB1
(Fig. S4B). Although markedly reduced (~fourfold versus controls)
upon Cfp1 loss, B220+IgD-CD95+CD38-GL7+PNA+EFNB1+ GCB cells were
still identifiable in ~1% of splenic B cells, confirming impaired but
genuine GC entry (Fig. 2C). In addition, IgG1+ and NP+ GCB cells were
diminished in Cfp1fl/flAicdaCre mice (Fig. 2D). In line with severely
impaired antibody response, ELISA analysis of sera from Cfp1 deficient
mice at day 14 p.i. showed lower titers of NP-specific IgG1 antibodies
for low-affinity NP32 or high-affinity NP2 (Fig. 2E). A significantly lower
NP2/NP32 EC50 ratio in Cfp1fl/flAicdaCre mice indicated defective anti-
body affinity maturation (Fig. 2F).
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To further address defective antibody affinity maturation upon
Cfp1 loss, we analyzed the mutation profiles of the JH4 region in Cfp1fl/
flAicdaCre and control GCB cells by a high-throughput method, SHM-
seq32. Mutations in control cells were enriched at WRC motifs with
frequencies as high as 6 × 10–3/nt/generation were observed. Cfp1
ablation led to an 8.4-fold reduction in the overall mutation frequency
(Fig. 2G). SHMoccurs in the fast-dividingDZB cells. GC zoning analysis
indicated that the ratio of DZ B cells was significantly decreased from
~65% in control mice to only 30% in Cfp1-deficient mice with a

concomitant increase of LZ cells from30% to over 60% (Fig. 2H). Thus,
Cfp1 deletion led to diminished DZ B fraction and somatic
hypermutations.

The reversed DZ/LZ ratio in Cfp1fl/flAicdaCre mice may result from
impaired GCB cell proliferation and/or increased apoptosis. FACS
analysis indicated that apoptosis by active caspase3 staining in the
total GCB or DZ/LZ B cells was not significantly changed upon Cfp1
deletion (Fig. 2I). Examining the proliferation of GCB cells via Ki67 s-
taining, we found a clear reduction of Ki67+ GCB cells from Cfp1fl/
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flAicdaCre mice compared to controls (Fig. 2J). Cell cycle analysis indi-
cated a significantly increased segment of G1-phase cells and reduced
cells into S-phase in Cfp1fl/flAicdaCre mice (Fig. 2K). Collectively, these
data demonstrated that Cfp1 deletion caused significant defects in the
S phase-entry and proliferation of GCB cells that could in turn con-
tributes to severely diminished somatic hypermutation and affinity
maturation.

Cfp1 ablation impacts H3K4me3 on genes linked to GC B cell
functions
We next set to investigate whether histone modification by Cfp1 is
involved in B cell response. To this end, we conducted CUT&Tag assay
to analyze the global H3K4me3 profiles in GCB cells from Cfp1fl/
flAicdaCre and control mice. A total of 11,358 H3K4me3 peaks were
identified from control GCB cells and the vast majority of these peaks
were retained upon Cfp1 loss (Fig. S5A). As expected, over 85% of
H3K4me3 peaks were situated at promoter-proximal regions in both
control andCfp1fl/flAicdaCre GCB cells (Fig. S5B). Surprisingly, the overall
H3K4me3 signal strengths in Cfp1fl/flAicdaCre GCB cells around the
transcription start site (TSS) were slightly elevated, as only 525 peaks
experienced reduction and 3340 peaks showed significant signal gain
in Cfp1fl/flAicdaCre GCB cells (Fig. S5C, D and Supplementary data 1).
Examination of those altered peaks revealed that they have similar
signal strength in control cells, and the ones with reduced
H3K4me3 signals in the Cfp1-KO cells tended to be wider in breadth
(Fig. S5E, F). Gene ontology (GO) analysis for peaks with differential
H3K4me3 signals indicated that H3K4me3 peaks with significant signal
loss upon Cfp1 deletion were enriched in genes of cell activation (Cd19,
Pou2af1, Mef2b, Spi1, Aicda, etc.) and mitotic cell cycle (Mybl1, Tubb5,
Birc5, Cdc6, etc.), closely linked to GCB functions (Fig. S5G, H). Con-
versely, genes with increased H3K4me3 peaks were enriched in cell
projection organization (Cd38, Klf4, Efna1, Efna5, Efnb2, etc.) and
morphogenesis (Prdm1, Bcl2, S1pr1, Hhex, Bhlhe40, etc.), many of
whichhave been shown to be involved inmemory B cell differentiation
(see below) (Fig. S5G, H). Therefore, Cfp1 is responsible for H3K4me3
modifications at a small subset of genes that were enriched in path-
ways crucial to the identity and/or functions of GCB cells without
affecting overall H3K4me3 distribution patterns.

Association of CFP1 and H3K4me3 peaks with CpG islands
Prior studies have revealed preferential CFP1 association to unmethy-
lated CpG islands (CGI)20. To assess the CGI dependence of CFP1
binding and H3K4me3 modification in GCB cells, we profiled CFP1
genome association by chromatin immunoprecipitation (ChIP). Out of
5087 CFP1-bound peaks, ~50% (2523/5087) colocalized with CpG sites,
such asGpr19 and non-CpG gene Smim3 (Fig. S6A–C). In contrast, only
15.4% (2523/16,339) of CGI sites were bound by CFP1 (Fig. S6A). This
ratio is significantly lower than the reported 81% bound rate of CGIs by
CFP1 in the brain20 and close to the 6% bound rate in mature T cells24,
highlighting cell type specific CFP1 association to CGIs. 78% (8867/
11,358) of H3K4me3 peaks were located at the CpG sites and

predominantly associated with promoters (Fig. S6A, B). The average
H3K4me3 signal at the CpG group is higher compared to the non-CpG
group. Notably, Cfp1-deletion led to an increase in H3K4me3 signals at
both CpG and non-CpG sites (Fig. S6D). Lastly, while 85.8% of
H3K4me3 signal gain was associated with CpG sites, the peaks with
signal loss upon Cfp1 deletion were evenly seen at CpG and non-CpG
sites (Fig. S6E, F). Taken together, we conclude that a significant
fraction of CFP1 and H3K4me3 peaks were associated with CGIs, and
CFP1 could modulate this histone mark through mechanisms not
strictly dependent on CpG status in GCB cells.

H3K4me3 redistributes from active to bivalent promoters upon
Cfp1 loss
To elucidate chromatin features underlying differential H3K4me3
changes upon Cfp1 loss, we profiled the genomic distribution of
H3K4me3, H3K27me3, CFP1 and RNA Pol II in control mice with ChIP-
seq (for CFP1) and CUT&Tag (for H3K27me3 and Pol II). Chromatin
states were systematically classified by ChromHMM33,34, yielding a six-
state model that distinguished bivalent, repressed, null (no mark),
permissive and active chromatin states based on distinct factor/mod-
ification features (Fig. S7A). As anticipated, H3K4me3 exhibited strong
association with active chromatin states and modest enrichment at
bivalent states,with the former primarily localizing toCpG islands, TSS
proximity and exons (Fig. S7B). Notably, 81% (7876/9711) of total
H3K4me3-bound genes harbored active promoters (Of these, 93.9%
(7397/7876) exhibited concurrent gene expression and were further
designated as active), and only 19% were bivalent (Fig. S7C, upper,
Supplementary data 2), consistent with previous reports35. Cfp1 pre-
ferentially binds to active (66%, 2544/3856) over bivalent genes (12.5%,
482/3856) (Fig. S7C, lower). In addition, the H3K4me3 signal at active
genes was stronger than bivalent promoters (Fig. S7D). Intriguingly,
promoters gaining H3K4me3 upon Cfp1 loss exhibited significantly
higher baseline H3K27me3 in controls compared to those losing
H3K4me3 (Fig. S7E, F). Moreover, 75.2% of promoters with H3K4me3
loss mapped to active genes, while a third of H3K4me3-gaining pro-
moters were bivalent or repressed (Fig. S7G). This data collectively
suggests a redistribution model where Cfp1 maintains H3K4me3 at
active genes while restricting its deposition at poised/repressed
regions.

Cfp1 does not affect H3K4me3 broad domains in GC-B cells
Recent studies have demonstrated that Setd1A/B play a crucial role in
establishing broad H3K4me3 peaks associated with cell-identity gene
transcription in mES cells or spermatogonia36,37. Given the relative
broader width of peaks with H3K4me3 signal loss upon Cfp1 deletion,
we asked whether CFP1 regulates H3K4me3 broad peaks in GCB cells.
We define the top 5%widestH3K4me3peaks as broaddomains38 with a
cutoff breadth of 5.5 kb (Fig. S8A). Genes linked to these broad peaks
were enriched in lymphocyte activation and regulation of cell differ-
entiation (Fig. S8B). However, unlike in mES cells or spermatogonia,
Cfp1 deletion in GCB cells did not significantly alter the number, ratio,

Fig. 1 | Cfp1 loss impairs B cell activation and germinal center entry. A, B Flow
cytometry plots and ratio of splenic GCB (B220+CD95+GL7+) cells at different time
post immunization with NP-KLH/Alum. Data were pooled from three independent
experiments; Cfp1fl/fl (Day5/10/14 n = 5; 3 males (m), 2 females (f)); Cfp1fl/fl Cd21Cre

(Day5/10/14 n = 6; 3 m, 3 f). p <0.0001 (10d= 7.68e–6, 14d= 4.50e–5). C The per-
centage of splenic GCB cells ofCfp1fl/fl andCfp1fl/flCd21Cre mice on day 14 p.i. withNP-
KLH/MnJ. Data were from two independent experiments; Cfp1fl/fl (n = 5; 3m, 2 f);
Cfp1fl/fl Cd21Cre (n = 6; 3 m, 3 f).D The percentage of splenic GCB cells of Cfp1fl/fl and
Cfp1fl/fl Cd21Cre mice on day 12 p.i. with SRBC. Data were from two independent
experiments; n = 5; 3m, 2 f. E, F ELISA for serum NP-specific low-affinity (NP32) and
high-affinity (NP2) IgM and IgG1 antibodies from Cfp1fl/fl and Cfp1fl/fl Cd21Cre mice on
day 14 p.i. withNP-KLH/Alum;n = 5; 3m, 2 f.GRepresentativeflowplots and ratio of
activated precursors (IgD-B220+CD138-GL7+CD38+) in the spleen of NP-KLH/Alum-

immunized Cfp1fl/fl and Cfp1fl/fl Cd21Cre mice analyzed on day 3. Data were pooled
from two independent experiments; n = 5; 3m, 2 f. p <0.0001 (= 2.01e–5).
H Representative flow plots and ratio of day 4 iGC B cells from Cfp1fl/fl and Cfp1fl/fl

Cd21Cre mice cultured on 40LBwith the presence of IL-4. n = 5; 1m, 4 f. p <0.0001 (=
3.11e–10). I Cell cycle analysis of anti-CD40/IL-4/IL-21 stimulated splenic Cfp1fl/fl and
Cfp1fl/fl Cd21Cre B cells for 4d (red: G1; blue: S; green: G2/M). Data were pooled from
two independent experiments; n = 5; 1m, 4 f. p <0.0001 (= 6.10e–8).
J Representative histogram (red: Cfp1fl/fl; blue: Cfp1fl/fl Cd21Cre) and quantification of
CellTrace CFSE staining for cells in (I). Data were pooled from two independent
experiments; n = 5; 1m, 4 f. B, E, F Data points represent the mean ± SD.
C, D, G, H, I, J Each symbol indicates one mouse and lines denote means. I Bars
represent the mean. P-values by unpaired t-test (two-tailed).
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average width or intensity of H3K4me3 broad domains (Fig. S8C, D),
suggesting that GCB cells employ redundant HMTs beyond Setd1A/B
or distinct mechanisms to establish/maintain these domains. Further-
more, since broad H3K4me3 domains are associated reduced RNA Pol
II pausing21 (Fig. S8E, F), we examined whether CFP1 influences Pol II
recruitment. Global Pol II binding and pausing at H3K4me3 broad or
random peaks remained largely unchanged by Cfp1 loss (Fig. S8G, H),

reinforcing that Cfp1 is dispensable for transcription-associated
H3K4me3 broad domains in GCB cells.

Cfp1 regulates transcription of a subset of GCB genes
Promoter-bound H3K4me3 has been shown to be associated with
active transcription16. To investigate whether the change in H3K4me3
marks upon Cfp1 deletion in GC B cells affects gene transcription, we
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assayed mRNA transcripts in control and Cfp1fl/fl AicdaCre GCB cells by
bulk RNA-sequencing. A total of 3101 differentially expressed genes
with 1591 upregulated and 1510 downregulated (p-value < 0.05, abso-
lute log2 FC > 0.5) were identified in Cfp1-deficient GC B cells (Fig. 3A).
GO analysis revealed that the downregulated genes in Cfp1fl/flAicdacre

GC B cells were enriched in pathways including mitotic cell cycle/DNA
replication/DNA metabolism and the immunoglobulin-mediated
immune response, etc. Conversely, the upregulated genes were enri-
ched in innate immune response, cell adhesion, inflammatory
responses, etc. (Fig. 3B). The downregulation of DNA replication genes
was in accordance with defective in S phase entry observed in Cfp1-
deficient GCB cells (Fig. 2K).

We then explored whether the change of transcription in Cfp1-KO
GCB cells can be attributed to alterations in H3K4me3 at these genes.
Genes with H3K4me3 loss upon Cfp1 deletion appeared to have sig-
nificantly higher expression in control cells compared to thosewith no
change or gain in this modification. Conversely, genes with increased
H3K4me3 mark at the promoter exhibited rather low expression in
control cells (Fig. 3C). A positive correlation between transcriptional
change and H3K4me3 alteration was observed (Fig. 3D). In addition,
genes showing reduction in both mRNA expression and H3K4me3
signal (the both down group) upon Cfp1 deletion tended to have sig-
nificantlywiderH3K4me3peaks in controls,while thosewith increased
mRNA and H3K4me3 modification (both up) bore narrower H3K4me3
peaks (Fig. 3E, F). GO analysis suggested that both down genes were
enriched in cell cycle and GC formation, etc. and the both up genes
were enriched in pathways of cell adhesion/migration and signaling to
growth factor stimulus (Fig. 3G). For instance, the Cdc6 gene vital for
the initiation of DNA replication39, and the Aicda gene that is essential
for both SHM and CSR40, were downregulated with diminished pro-
moter H3K4me3 in Cfp1-deficient cells (Fig. 3H; Fig. S13 and Supple-
mentary Table 3). Aicda downregulation may contribute to the
impaired affinity maturation and IgG1 CSR (Fig. 2D–G). The
sphingosine-1-phosphate receptor 1 (S1pr1) gene regulating B cell
egress from the follicles41 was significantly upregulated with elevated
H3K4me3 at the promoter (Fig. 3H).

Cfp1 suppresses inflammatory programs in GCB cells
A recent studydemonstrated the critical role of inflammatory signaling
in impeding GC response that is regulated by the Arid1a-containing
chromatin remodeling complex BAF42. Gene Set Enrichment Analysis
(GSEA)43 with mouse ontology gene sets (https://www.gsea-msigdb.
org/gsea/msigdb/index.jsp) indicated that genes involved in the reg-
ulation of innate immune response and regulation of inflammatory
response were significantly upregulated in Cfp1fl/flAicdaCre GC B cells
(Fig. S9A). Inflammatory genes under negative control by Arid1a or
suppressed by Cfp1 exhibited 20% overlap (Fig. S9B). Importantly,

genes involved in innate immune response, cytokine signaling,
inflammatory response, and chemotaxis that were significantly upre-
gulated in the absence of Cfp1, for instance, Ccr12 and Tlr3, harbored
markedly increased H3K4me3 signal intensity at the promoter-
proximal regions (Fig. S9C–E). Arid1a itself is not affected by Cfp1
deficiency (Fig. S9F), indicating separate regulation of the inflamma-
tory genes by the chromatin remodeling andmodification complexes.
These data collectively suggest that Cfp1 suppresses the expression of
inflammatory genes that discourage GC responses through modulat-
ing H3K4me3 modifications.

Cfp1 is critical for maintaining Bcl6 expression in GC B cells
Bcl6 is a key transcriptional suppressor forGCB fate determination and
differentiation9,44. Approximately fourfolddecreases inBcl6mRNAand
protein levels in Cfp1-depleted GCB cells were observed by RNA-seq
and intracellular staining (Fig. 4A, B). Compared to controls, the BCL6+

population within CD95+GL7+ GCB cells was significantly reduced by
more than twofold inCfp1fl/flAicdacre mice immunizedwithNP-KLH/MnJ
(Fig. 4C) or NP-KLH/alum from day 3 p.i. onwards (Fig. 4D), confirming
the failure of Cfp1-depleted B cells to commit a GCB fate. Bcl6 sup-
presses a spectrum of downstream target genes in GCB cells. GSEA
analysis with a Bcl6 target gene set from earlier studies45,46 indicated
increased transcription ofmajority of these genes, for instance Cd6945,
in Cfp1fl/flAicdaCre GCB cells, consistent with the positive regulation of
Bcl6 by Cfp1 (Fig. 4E, F). Surprisingly, only mild reduction in H3K4me3
at the Bcl6 promoter, despite Cfp1 binding at nearby CpG sites, was
observed in Cfp1-deleted cells (Fig. 4A), implicating additional
mechanisms beyond direct binding to regulate Bcl6 expression
by Cfp1.

The transcriptional regulation of Bcl6 involves various factors,
including transcription factors, epigenetic regulators and three-
dimensional genome folding that loops the Bcl6 enhancers to the
promoter. Previous studies have identified transcription factors
MEF2B and OCTs8,9,47–50 that form a ternary complex with OCA-B to
activate Bcl6 expression by bolstering E-P looping48. Interestingly, the
expression of Mef2b and Pou2af1 (gene encoding OCA-B) were both
reduced accompanied by marked reduction in H3K4me3 in Cfp1fl/
flAicdaCre GCB cells (Fig. 4G). To further study the mechanism of CFP1
in Bcl6 regulation, we performed chromosome conformation capture
coupled-sequencing (4C-HTGTS) with an anchor primer at the Bcl6
promoter (Fig. 4H). The results indicated that interactions between
the Bcl6 promoter and enhancer clusters #1 or #2 critical for E-P
looping and Bcl6 induction48, were both substantially diminished in
Cfp1-depleted GCB cells (Fig. 4H, I). The reduced E-P looping was
confirmed by the 3C assay (Fig. 4J). These findings suggest that likely
through H3K4me3 modification, Cfp1 positively regulates the
expression of early GC factors Mef2b and Pou2af1 which in turn

Fig. 2 |Cfp1deletionafter B cell activation impairedgerminal center responses.
AThepercentageof splenicGCBcells inCfp1fl/fl andCfp1fl/flAicdaCremice immunized
with NP-KLH/Alum at different time points. Data were from three independent
experiments; Cfp1fl/fl (Day3/5 n = 6; 3males (m), 3 females (f); Day 10/14 n = 6; 3m, 3
f); Cfp1fl/fl AicdaCre (Day3 n = 5; 2m, 3 f; Day5 n = 9; 5m, 4 f; Day10 n = 5; 2m, 3 f;
Day14 n = 6; 3m, 3 f).B–KMice were immunized with NP-KLH/MnJ, boosted on day
8 and analyzed on day 14. B Flow cytometry plots and ratio of splenic GCB cells
from Cfp1fl/fl and Cfp1fl/flAicdaCre mice. Data were from three independent experi-
ments; Cfp1fl/fl (n = 6; 3m, 3 f); Cfp1fl/fl AicdaCre (n = 8; 4m, 4 f). p <0.0001 (=
2.20e–8). C Flow cytometry plots and ratio of splenic GCB cells
(B220+IgD-CD95+CD38-GL7+EFNB1+PNA+) from Cfp1fl/fl and Cfp1fl/flAicdaCre mice. Data
were from two independent experiments; n = 5; 3m, 2 f. p <0.0001 (= 4.19e–6).
D The percentage of splenic IgG1+ and antigen-specific (NP+) GCB cells. Data were
pooled from three independent experiments. Cfp1fl/fl (n = 5; 3m, 2 f);Cfp1fl/fl AicdaCre

(n = 8; 4m, 4 f). p<0.0001 (IgG1+ = 3.32e–8, NP+ = 4.90e–7). E ELISA for serum NP32
and NP2 IgG1 antibodies from Cfp1fl/fl and Cfp1fl/fl AicdaCre mice on day 14 p.i. F EC50

for NP2 relative to NP32 from two independent experiments; Cfp1fl/fl (n = 4; 2m, 2 f);
Cfp1fl/flAicdaCre (n = 3; 2m, 1 f).GMutation profile of the JH4 region inGCB cells from
control and Cfp1fl/flAicdaCre mice. n = 3; 2m, 1 f. The y axis indicates mutation fre-
quency calculated as percentage of sequences containing a mutation at each
nucleotide over total sequenced reads. Theoverallmutation frequency in the entire
JH4 region in control and Cfp1fl/flAicdaCre mice was shown (right).H Flow cytometry
plots and ratio of DZ and LZ GCB cells. Cfp1fl/fl (n = 7; 3m, 4 f); Cfp1fl/fl AicdaCre (n = 8;
4m, 4 f). p <0.0001 (DZ = 4.59e–10, LZ = 5.65e–8). I Apoptosis of GCB cells by
active Caspase3 staining. Cfp1fl/fl (n = 6; 3m, 3 f); Cfp1fl/fl AicdaCre (n = 8; 4m, 4 f).
J GCB cell proliferation analysis by Ki67 staining. Data were pooled from two
independent experiments. Cfp1fl/fl (n = 4; 2m, 2 f); Cfp1fl/fl AicdaCre (n = 5; 2m, 3 f).
K Cell cycle analysis of GC B cells by BrdU incorporation and 7-AAD staining. Data
were from two independent experiments; Cfp1fl/fl (n = 3; 2m, 1 f); Cfp1fl/fl AicdaCre

(n = 4; 2m, 2 f). A, E Data points represent the mean ± SD. P-values by unpaired t-
test (two-tailed).
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facilitate Bcl6 E-P looping and transcription activation for GCB fate
determination.

In addition, a recent study revealed that the IL-4-STAT6 axis
activatesBcl6 expressionby recruitinghistonedemethylaseUTX to the
enhancers to demethylate H3K27me351. We found that H3K27me3
levels at downstream enhancer 2 were markedly increased accom-
panied with decreased H3K4me3 and reduced eRNA in Cfp1-deficient
cells compared to controls (Fig. 4H). Therefore, controlling the
enhancer activity throughmodulating H3K4me3 and H3K27me3 levels
at the enhancer could serve as another functional mechanism for Cfp1
in Bcl6 expression regulation.

Cfp1-deficient GCB cells have greater propensity to differentiate
into plasma cells
Irf4 is a Bcl6 target that is required for plasma cell differentiation11,52. In
linewithmarkedly reduced Bcl6 expression inCfp1-deficient GCB cells,
significantly augmented IRF4 expression by intracellular staining and
mRNA-seq was observed (Fig. 5A, B). The level of H3K4me3 at the Irf4
promoter inCfp1-KO cells was indistinguishable from controls, despite
evident CFP1 binding in the gene body, suggesting that increased Irf4
expression upon Cfp1 loss may result indirectly from reduced Bcl6, or
alternatively, Cfp1might regulate Irf4 expression throughmechanisms
independent of histone modification. Interestingly, an over twofold
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increase in the ratio of CD138+ in CD95+GL7+ GCB cells from Cfp1fl/
flAicdaCre mice compared to controls was observed (Fig. 5C). Accord-
ingly, the frequency of plasma cells in splenic B cells from Cfp1fl/
flAicdaCre mice was only mildly reduced despite severe defect in GC
induction (Fig. 5D). These data suggest that Cfp1-deficient germinal
center B cells exhibit an increased propensity to differentiate into
plasma cells, presumably due to elevated IRF4 expression.

PCs can be generated through the extrafollicular and the GC
pathways53,54. To examine whether Cfp1 impacts PC formation by the
extrafollicular pathway, we immunized Cfp1fl/fl, Cfp1fl/flCd21Cre or Cfp1fl/
fAicdaCremicewith NP-KLH/Alum and examined B220+IgD-CD138+ PC at
day 3 or day 5 p.i. (Fig. S10A, B) when PC formation occurs exclusively
through the extrafollicular pathway. The decline in the ratio and
number of PCs in control animals at day 5 compared to day 3 p.i. was
observed, consistent with the transient nature of extrafollicular
response (Fig. S10C). Notably, Cfp1 deletion by either Cre did not
change the ratio and absolute counts of PCs (Fig. S10C), indicating that
Cfp1 is dispensable for early PC formation via the extrafollicular
pathway.

PC precursors (pre-PC) have been identified by a recent study as
BCL6loIRF4+CD69+ cells in the LZ compartment of theGC55,56. A 3~4-fold
increase in BCL6loIRF4+CD69+ pre-PC within LZ B cells from Cfp1-defi-
cientmice compared to controlswas observed (Figs. 5E; S10D), further
confirming that Cfp1-deficient GC B cells have greater propensity to
differentiate towards PC progenitors.

To directly investigate whether Cfp1 regulates PC differentiation
in a cell-autonomous manner, we performed Nojima culture of Cfp1fl/fl,
Cfp1fl/flCd21Cre B cells on 40LB feeder cells supplemented with IL-4 fol-
lowed by IL-21 to facilitate plasma cell formation (Fig. 5F). Under this
condition, 5.8% of control B cells were CD138+, whereas this faction
rose to 14.4% in Cfp1-deficient cells (Fig. 5G) that also exhibited sig-
nificantly elevated IRF4 signal intensity (Fig. 5H). Aligning with our
in vivo observation of augmented potential of PC formation in Cfp1-
deficient GCB cells, this data revealed the cell-intrinsic role of Cfp1 in
regulating GC-to-PC transition.

Cfp1 restrains memory B cell differentiation by suppressing pre-
MBC genes
We next examined whether memory B cell formation was influenced
by Cfp1 through analyzing antigen-specific B cells. Interestingly, from
day 5 p.i. with NP-KLH/alum onwards, significantly higher ratio of
B220+NP+IgD-CD138-CD38+GL7- memory B cells (Fig. S11 A for gating
strategy) was observed in Cfp1fl/flAicdaCre mice (Fig. 6A, B). The total
number of NP+ MBCs was indistinguishable at day 5 and 10 p.i. and
reduced by 2.33-fold at day 14 in Cfp1-KOmice compared to controls
(Fig. 6B). Due to severe defect in the expansion of NP+ cells (Fig. 6C),
the ratio of NP+ MBC in total NP+ cells was significantly elevated in the
day 10 and day 14 (Fig. 6D). Immunization with NP-KLH/MnJ for
14 days reproduced the phenotype of MBC accumulation in Cfp1-KO
mice (Fig. 6E–H). Memory B cells can be generated both extra-
follicularly and intrafollicularly9,12,28,31,57,58. To assess the relative

contributions of these two pathways to memory B cell accumulation,
we examined the extent of GC-derived (CD80+PD-L2+) and non-GC-
derived (CD80-PD-L2-) memory B cells59. Cfp1-ablation did not change
the relative odds of GC versus non-GC-derivedMBCs (Fig. 6 I). Taking
into account the greater probability of MBC cell differentiation upon
Cfp1 loss, both GC-and non-GC-derived NP+ MBCs were markedly
increased by 2~3-fold in Cfp1fl/flAicdaCre mice (Fig. 6J). Moreover, we
also examined NP+IgG1+ MBC cells. Although the ratio of NP+IgG1+

cells was drastically reduced upon Cfp1 loss, suggestive of severely
impaired IgG1 class switching (Fig. 6K), NP+IgG1+CD38+GL7- MBC
(Fig. S11B for gating strategy) ratio was still expanded by fourfold in
Cfp1fl/flAicdaCre mice compared to controls (Fig. 6L). We therefore
concluded that Cfp1 restrains the differentiation of both extra-
follicular and intrafollicular memory B cells.

Recent studies have identified subsets of memory B precursors
(pre-MBC) that are GCB cells in the transition to becomeMBCs31,57,58,60.
Different panels of surface proteins were used to identify pre-MBCs. In
this regard, CCR6+CD38+ cells in the CD95+GL7+ population were
reported as functional MBC precursors57. Examining the
B220+IgD-CD95+GL7+CCR6+CD38+ (Fig. S11C for gating strategy) cells
upon NP-KLH/MnJ immunization, we found an over sixfold increase of
this population in Cfp1fl/flAicdaCre mice compared to controls (Fig. 7A),
indicating that Cfp1 deletion favors differentiation of GCB towards
MBC. CCR6+CD38+ pre-MBCs exhibited significantly reduced pro-
liferative activity indicated by less EdU incorporation compared to
GCB cells irrespective of Cfp1 status, confirming the distinct functional
properties of this compartment (Fig. S12A). In addition, FACS analysis
with two additional surface panels, pre-MBC #2
B220+IgD-CD95+GL7+Efnb1+CD38+CXCR4lo and #3 B220+IgD-CD95+GL7+

CD86hiCXCR4loCCR6+ (Fig. S11C), revealed similarly expanded pre-
MBCs in Cfp1-deficient mice (Fig. 7B, C).

To investigate whether Cfp1 loss promotes memory B cell for-
mation through regulating the expression of pre-MBC genes, we ana-
lyzed our mRNA-seq data with a reported pre-MBC geneset by GSEA61.
The result showed a strong enrichment of pre-MBC genes in Cfp1fl/
flAicdaCre GCB cells (Fig. 7D).Moreover,H3K4me3 signal intensity at the
promoter region of pre-MBC signature genes was markedly increased
in Cfp1-deficient cells (Fig. 7E). Examining H3K4me3 signals of the pre-
MBC genes with altered expression, we discovered that 104 (38%)
differentially expressed pre-MBC signature genes exhibited increased
H3K4me3 marks at the promoters (Fig. S12B). For instance, Hhex and
Bcl2 which have been shown as pre-MBC genes12, were significantly
upregulated at both the mRNA level and H3K4me3 marks in Cfp1-
knockout GCB cells (Fig. 7F). Interestingly, we found that 24% (66/274)
of pre-MBCgeneswere regulated bybivalent promoters, amongwhich
58% (38/66) fell into the both up group (Fig. S12C), implicating that
redistribution of H3K4me3 to bivalent genes upon Cfp1 loss could play
an active role in pre-MBC gene activation and memory B cell
differentiation.

Bcl6 has been shown to suppress genes crucial for MBC
development31. As Cfp1 deletion markedly downregulated Bcl6, we

Fig. 3 | Cfp1 regulates H3K4me3 modification for proper GCB gene transcrip-
tion.Micewere immunizedwithNP-KLH/MnJ, boosted onday 8 andGCB cellswere
sorted on day 14 for bulk mRNA-seq and CUT&Tag; n = 3; 3 females (f). A Volcano
plot for differentially expressed genes from Cfp1fl/flAicdaCre (KO) versus Cfp1fl/fl (WT)
GC B cells (Fold change >1.4-fold; p-values < 0.05; blue: down; red: up). B GO
enrichment of differentially expressedgenes. Top 5 enrichedpathways rankedby q-
values for upregulated and downregulated genes are shown (blue: down; red: up).
C Violin plot showing the distribution and average RNA expression levels in control
GCB cells for genes with increased (red), decreased (blue), or unchangedH3K4me3
(grey) at promoters upon Cfp1 loss. D Scatter plot for the correlation between
changes in gene expression (DEGs fromA) and alteredH3K4me3atpromoters from
Cfp1-KO versus control GCB cells (green: both up; purple: both down; grey: only

RNA). Pearson correlation coefficient was shown. The black line shows the best-fit
linear relationshipbetween the x-axis and y-axis values, and grayish shadow around
theblack line represents the 95% confidence interval of themodel.E Scatterplot for
the distributions of H3K4me3 peak breadth and expression RNA in control GCB
cells for both up, both down, and only RNA genes identified in (D). F Violin plot
showing the average H3K4me3 peak width in each category. G The top five path-
ways ranked by q-values for the both down and both up categories of genes
identified in (D). H Genome browser track of example both down and both up
genes related to GC B cell functions (red: Cfp1fl/fl; blue: Cfp1fl/fl AicdaCre). C, F The
black lines show the medians, with the upper and lower quartiles above and below
them. P-values was calculated by unpaired Wilcoxon rank sum test (two-tailed).
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asked whether H3K4me3-reglated transcription or Bcl6 per se affected
the expression of pre-MBC genes. To this end, we intersected Bcl6
target genes in GCB cells with the pre-MBC signature genes and the
genes exhibiting both up inmRNA and H3K4me3 levels following Cfp1
loss. Among the 274 pre-MBC signature genes, 51 (18.6%) were Bcl6
targets and64 (23.3%) overlappedwithbothupgenes, amongwhich 23
were also Bcl6 targets, including Hhex, Bcl2, Zeb2, Cdkn1b, S1pr1, etc.

(Fig. 7G, H; Fig. S12D and Supplementary data 3). The pre-MBC sig-
nature genes that are not Bcl6 target genes but exhibited both up in
mRNA and H3K4me3 levels in Cfp1fl/flAicdaCre GCB cells included Ccr6,
Bhlhe40, Gpr65, Runx3, etc (Fig. 7G, H; and Fig. S12E). We concluded
that downregulation of Bcl6 and upregulation of H3K4me3 in the
absence of Cfp1 cooperatively contributed to the induction of the pre-
MBC signature genes.
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Discussion
Our study revealed the critical roles of Cfp1 in germinal center
dynamics, affinity maturation, and terminal differentiation. In a work-
ing model (Fig. 8) we propose that in the absence of Cfp1, antigen-
activated B cells fail to proliferate robustly and tend to differentiate
into extrafollicularmemory B cells. Those Cfp1-deficient B cells indeed
forming germinal centers are prone to exit pre-maturely to pre-
ferentially differentiate into MBCs and PCs with diminished affinities
(Fig. 8A). At the molecular levels, Cfp1 positively regulates the tran-
scription, likely through H3K4me3 modification, of cell cycle genes to
safeguard robust proliferation of both extrafollicular and intrafolli-
cular cells (Fig. 8B, upper panel). In addition, CPF1 governs GC entry
andmaintenance by regulating MEF2B/OCA-B and chromatin looping-
mediated Bcl6 induction. In the absence of Cfp1, markedly reduced
BCL6 derepresses IRF4 to increase differentiation into PCs (Fig. 8B,
middle). Combined with transcriptional upregulation conferred by
elevatedH3K4me3marks, downregulatedBcl6 expression also leads to
the significant upregulation of pre-MBC genes Hhex, Ccr6, Bcl2, etc.
that collectively favor GCBdifferentiation intomemoryB cells (Fig. 8B,
lower panel). Cfp1 regulates each step of the germinal center B cell
response either directly or indirectly throughH3K4me3modifications.

Unlike transcription factors whose roles in GC reactions are fairly
well understood, the dynamics epigenetic landscape in GC response is
still elusive. Earlier reports revealed that histone methyltransferase
EZH2 is required for GC formation by depositing the repressive mark
H3K27me335,62. Gain-of-function (GOF) mutations in EZH2 with hyper-
activeH3K27me3, often found in theGCB-typeofDLBCLs, enhancecell
proliferation through greater repression of CDKN1A35,63. Our work
represents another example of epigenetic modification with pivotal
roles in GCmaintenance. Cfp1 positively regulates key cell cycle genes
for proper S phase entry. As a result, Cfp1-deficient GCB cells exhibit
severely impaired proliferation, suggesting that both active and
repressive histone modifications, acting on positive and negative
regulators of the cell cycle, respectively, are required for the robust
proliferation of germinal center B cells.

It appears that Cfp1 is differentially required for H3K4me3
implementation in cells with different differentiation status. Cfp1 plays
a much more important roles in H3K4me3 deposition in germ cells as
its deletion significantly reduces global levels of this mark64,65. In mES
cells although global H3K4me3 is not affected by Cfp1 loss, more than
50% of its association peaks were reduced18. In this study,Cfp1deletion
inGCBcaused slightly higherH3K4me3association in the genomewith
nearly one-third of peaks gaining signals. Therefore, the requirement
for Cfp1 to install H3K4me3 marks appears gradually decreasing as
cells become more differentiated. Similar changing requirements of
MLL2 for global H3K4me3 implementation in oocytes butmuch less so
in later development have been documented66,67. In addition, Cfp1 has
been reported to restrain ectopic H3K4me3 at certain enhancers in

mES cells18. We found redistribution of H3K4me3 from active genes to
bivalent promoters, but not enhancers, inGCB cells withCfp1deletion.
This observation is consistent with another recent report in oocyte
where Cfp1 deletion causes elevated H3K4me3 and suppressed
H3K27me3 at subset of bivalent genes for their upregulation68. The
phenotype discrepancy suggests cell type or differentiation stage-
specific mechanisms to regulate genome-wide distribution of
H3K4me3. Our finding also suggests that H3K4 HMTs other than
Setd1A/B can efficiently complement the loss of Cfp1 in GCB cells, or
alternatively, Cfp1-independent recruitment of the Setd1A/B complex
to genome sites19.

It is still debatable whether H3K4me3 plays instructive roles in
transcription. Deletion of Cfp1 in mES cells18 or its budding yeast
ortholog Spp169 did not cause major transcriptional changes despite
reduced H3K4me3, arguing against an instructive role. We found the
Cfp1 deletion in GCB cells did not significantly impact global gene
transcription, consistent with the findings inmES cells18. However, we
indeed found that cell cycle and a subset of GCB-related genes were
significantly reduced with concomitant reduction in H3K4me3 levels.
Further analysis revealed that these genes are actively transcribed at
high levels. It is likely that highly expressed genes could serve as
reservoirs, probably through unmethylated CpG islands in the
promoter20, to recruit and contain Cfp1-associated HMT activity. In
addition, recent studies revealed that H3K4me3 promotes tran-
scription elongation through releasing RNA polymerase II from the
promoter-proximal regions70,71. The lack of impact on genome wide
Pol II association and pausing in Cfp1-deficient GCB cells do not
necessarily contradict with this model as Cfp1 deletion does not
interfere with the global H3K4me3. That being said, we cannot
exclude the possibility that at certain specific locales with altered
H3K4me3, Cfp1 loss may still affect Pol II recruitment or pausing for
their transcription modulation.

One of the most prominent target genes of Cfp1 is Bcl6 that is
crucial for GC entry and maintenance3. Promoting the expression of
key upstream transcription factors MEF2B and OCA-B likely through
H3K4me3 modification, Cfp1 is required for Bcl6 expression through
the looping of Bcl6 promoter and enhancers that critically depends on
MEF2B and OCA-B binding. In addition, Bcl6 has been shown to be
tightly regulated at the transcription level by T cell-derived cytokines
IL-4 and IL-218,9,47,50 that derepress the Bcl6 locus by demethylating
H3K27me3 at the enhancers. We found that Cfp1 deletion caused
markedly increased H3K27me3 levels accompanied with reduced
H3K4me3 and eRNA at the enhancers. Our study thus updated the
regulatory modes of Bcl6 transcription through upstream regulators
and the epigenetic modification of its enhancers by Cfp1. Bcl6 defi-
ciency in the absence of Cfp1 can largely explain the failed GC entry, in
addition to diminished cell proliferation and the maintenance of the
germinal center. Biased differentiation of GCB into plasma cells upon

Fig. 4 | CFP1 is critical for BCL6 expression in GC B cells. Mice were immunized
with NP-KLH/MnJ, boosted on day 8 and analyzed on day 14 except for (D).
A Genome browser plot for Bcl6 gene showing mRNA and occupancy of indicated
factors in control and Cfp1fl/flAicdaCre GCB cells (left). Bar plots showing Bcl6mRNA
expression (log2FC, P-value; DESeq2) and Bcl6 H3K4me3 signal (log2FC, FDR;
Diffbind) (right); n = 3; 3 females (f) for mRNA; 1 males (m), 2 f for H3K4me3.
B Geometric mean of fluorescence intensity (gMFI) of intracellular BCL6 in control
and Cfp1fl/flAicdaCre GCB cells. Data were pooled from two independent experi-
ments;Cfp1fl/fl (n = 4; 2m, 2 f);Cfp1fl/flAicdaCre (n = 9; 4m, 5 f).p <0.0001 (= 2.48e–7).
C Percentage of splenic BCL6+ cells within GCB (B220+CD95+GL7+) in control and
Cfp1fl/flAicdaCre mice. Data were pooled from two independent experiments; Cfp1fl/fl

(n = 4; 2m, 2 f); Cfp1fl/fl AicdaCre (n = 9; 4 m, 5 f). p <0.0001 (= 2.64e–7).DMice were
immunized with NP-KLH/Alum and analyzed at indicated time points. The ratio of
BCL6+ cells in total splenic GCB cells at different time points after immunization
were shown. Data were pooled from three independent experiments; Cfp1fl/fl (Day3

n = 4; 2m, 2 f; Day5 n = 5; 2m, 3 f; Day 10/14 n = 3; 2m, 1 f); Cfp1fl/fl AicdaCre (Day3
n = 5; 2m, 3 f; Day5 n = 9; 4m, 5 f; Day10 n = 3; 1m, 2 f; Day14 n = 6; 3m, 3 f).
p <0.0001 (D5 = 1.26e–6, D14 = 9.20e–5). E GSEA analysis for BCL6 target gene
expression in Cfp1fl/fl and Cfp1fl/flAicdaCre cells. F Genome browser view of Cd69
mRNA and H3K4me3 in control and Cfp1-deficient GCB cells. G Genomebrowser
plots of pou2af1 andmef2b as in (F).H Genomebrowser view for mRNA, H3K4me3,
H3K27me3, 4C interaction, CFP1 and H3K27ac (green: wild type) of Cfp1fl/fl and
Cfp1fl/flAicdaCre GCB cells at Bcl6 locus were shown. H3K27Ac81 track was used to
position enhancer cluster. Relative interaction frequency (Reads in this region/total
reads) measure by the 4C-HTGTS I and confirmation by 3C-qPCR J for interaction
between Bcl6 promoter and enhancers. Data were pooled from two independent
experiments; 4C-HTGTS: n = 3; 1m, 2 f; 3C-qPCR: Cfp1fl/fl (n = 4; 2m, 2 f); Cfp1fl/fl

AicdaCre (n = 3; 1m, 2 f). B, C and H, I) Each symbol indicates one mouse and lines
denote means. D Data points represent the mean ± SD. P-values by unpaired t-test
(two-tail). Genome browser plots (red and purple: Cfp1fl/fl; blue: Cfp1fl/flAicdaCre).
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Cfp1 loss can also be attributed to deficient Bcl6 induction that dere-
presses Irf4.

Bcl6 downregulation may also contribute to the preferred dif-
ferentiation of Cfp1-deficient GCB cells intomemory B compartment,
as the cease of Bcl6-mediated transcriptional suppression has been
shown to drive pre-MBC gene expression31. However, as most pre-
MBC genes are not Bcl6 targets, Bcl6 independent mechanisms

should exist for their induction. An earlier report suggested that
subsets of MBC genes are under control by bivalent promoters.
Supporting this notion, the EZH2Y641F GOF mutation reduces MBC
signature gene expression and confers diminished memory B
differentiation35. We confirmed the regulation of a subset of pre-MBC
genes by bivalent promoters. In addition, our work suggests that
redistribution of H3K4me3 from active genes to bivalency-controlled
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pre-MBC genes in GCB cells could play an important role to activate
these genes to initiate memory B differentiation. It remains to be
determined the responsible HMT activity to deposit H3K4me3 at
bivalent promoters in the absence of Cfp1, and how Cfp1-associated
Setd1A/B dynamically interplays with this particular HMT for proper
H3K4me3 installation at the bivalency regions in a wild-type GC. In
this regard, Mll2/KMT2B has been shown to catalyze H3K4me3 at
bivalent promoters in ES cells72,73. It is therefore of interest to
investigate whether Mll2 plays any role in primary GC and MBC dif-
ferentiation as well as recall responses.

Additionally, our study revealed that Cfp1 loss leads to the
upregulation of subsets of innate immune response, cytokine
signaling, inflammatory response, and chemotaxis genes accom-
panied by elevated H3K4me3. A very recent report indicated that
inflammatory factors actively impede germinal center response,
which can be partially rescued by inhibition of the IL-1 signaling
pathway. This study highlighted the critical roles of chromatin
modeling complex in suppressing inflammatory gene expression for
efficient GC reactions. Our study extended this observation by
showing that specific H3K4me3 programs mediated by Cfp1 restrain
the negative impact of inflammatory genes on the ongoing GC
response.

In summary, our study revealed that directly or indirectly through
implementing H3K4me3 marks at subsets of genes, Cfp1 regulates GC
commitment, dynamics, and terminal differentiation of GCB cells. As
altered proliferation and differentiation of GCB are often seen in
mature B cell lymphomas, the insights obtained in this study may also
help elucidate the mechanisms of lymphomagenesis driven by inter-
ruptions in GCB-specific epigenetic programs.

Methods
Mice
All mice were crossed onto C57BL/6J (stock No.000664) background
and housed under specific-pathogen-free (SPF) conditions at
the animal facility of the Laboratory Animal Center of Sun Yat-sen
University. All animal experiments were carried out with approval
from the Animal Care and Ethics Committee of Sun Yat-sen
University (SYSU-IACUC). All mouse experiments were performed
on 8–12 week old mice housed under SPF conditions at 22 ± 1 °C and
50–60 % humidity with a 12 h light/dark cycle. The following
mouse strains on a C57BL/6J background were used: Cfp1fl/fl24,
Cd21Cre25, and AicdaCre30.

Mice were euthanized by CO2 anesthetized using the Quietek™
system (ensuring proper flow rate and chamber fill volume) followed
by confirmatory cervical dislocation, in full compliance with IACUC
guidelines. The study utilized both male and female mice in all
experiments. To maintain gender balance, control and experimental
groups were systematically sex-matched whenever possible. While sex
was not included as an independent variable in data analysis, complete
sex information is comprehensively documented in the corresponding
figure legends.

Immunization and treatments
For immunization with alum adjuvant, mice were immunized intra-
peritoneally with 100μg of NP-KLH (N-5060-25, Biosearch Technolo-
gies) precipitatedwith 100μl alumadjuvant (77161, ThermoScientific).
For immunization with MnJ adjuvant, mice were immunized intraper-
itoneally with 60μg of NP-KLH mixed with 300μg MnJ (MS0001,
MnStarter Biotechnology) and boostedwith 60 μg NP-KLH at day 8 for
analysis at day 14. For immunization with SRBC, 20ml sterile SRBCs
(BJLY10031, NJlezhen Biotechnology) were washed twice with
30~50ml ice-cold PBS and reconstituted in 5ml PBS and mice were
immunized intraperitoneally with 0.1ml and boosted with 0.2ml at
day 5 for analysis at day 12.

Flow cytometry and cell sorting
Bone marrow cells were flushed from tibias and femurs and spleens
were mashed. Bone marrow cells and splenocytes were filtered
through 40 or 70-μm cell strainers, respectively. RBCs were lysed by
resuspending in 3ml RBC Lysis Buffer (R1010-500, Solarbio) for 5min
on ice. Dead cells were excluded from analysis based on staining with
Zombie Near IR (1/1000 dilution, 423106, Biolegend) in PBS for 30min
on ice, followed by Fc Block (1/50 dilution, 553142, BD Biosciences) for
15min and surface antibodies for 30min in FACS buffer (PBS supple-
mented with 2% FBS and 2mM EDTA) on ice.

For intracellular staining (a-Caspase3), cells were fixed and per-
meabilized by Cytoperm/Cytofix kit (554714, BD Biosciences) accord-
ing to the provided protocol. For transcription factor (BCL6, IRF4,
KI67) staining, cells were fixed and permeabilized by a transcription
factor staining kit (00-5521-00, eBioscience).

For in vivo cell cycle analysis, 2mg BrdU (HY-15910, MCE) was
injected intraperitoneally and mice were sacrificed after 2 h. Spleno-
cytes were harvested and stained with viability dye (Zombie Near IR)
and antibodies against the surface marker, fixed and permeabilized
then labeled using APC BrdU Flow kit (552598, BD Biosciences)
according to the provided protocol, treated with DNase I (300μg/ml)
for 1 h at 37 °C, and stained intracellularly with APC-conjugated anti-
BrdU antibody (1/50 dilution, 364114, Biolegend) for 30min. Before
analysis, resuspend the cells in 7AAD (1/100 dilution, 420404, Biole-
gend) solution to indicate DNA content. All cytometric data were col-
lected on the Cytoflex/Cytoflex S Flow Cytometer (Beckman Coulter)
and analyzed with the FlowJo software (Version 10.8.1).

For in vivo pre-memory B cells EdU incorporation assay, 0.75mg
EdU (HY-118411, MCE) was injected intraperitoneally and mice were
sacrificed after 2.5 h. Splenocytes were stained with viability dye and
antibodies against the surface marker, fixed and permeabilized by
Cytoperm/Cytofix kit according to the provided protocol, then EdU
staining kit (C10371-1, RIBOBIO) was used. All cytometric data were
collected on the Cytoflex/Cytoflex S Flow Cytometer (Beckman Coul-
ter) or on the Cytek Aurora and analyzed with the FlowJo software
(Version 10.8.1).

Niave B cells were isolated using the EasySep Mouse B Cell Isola-
tion Kit (19854A, Stemcell Technologies) according to the

Fig. 5 | Cfp1 deletion promotes differentiation of GCB into plasma cells. Mice
were immunized with NP-KLH/MnJ, boosted on day 8 and analyzed on day 14.
A Intracellular staining (red and yellow: Cfp1fl/fl; blue: Cfp1fl/fl AicdaCre) and gMFI of
IRF4 in control and Cfp1fl/flAicdaCre GCB cells in the spleen. Data were pooled from
two independent experiments; n = 7; 3m, 4 f. FMO, Fluorescence Minus One.
B Genomebrowser view of the Irf4mRNA, H3K4me3 and CFP1 occupancy (red and
purple: Cfp1fl/fl; blue: Cfp1fl/fl AicdaCre) in control and Cfp1-deficient GCB cells.C Ratio
of CD138+ cells over GCB (IgD-B220+CD95+GL7+) cells in the spleen of control and
Cfp1-deficientmice. Data were pooled from three independent experiments; Cfp1fl/fl

(n = 7; 3m, 4 f); Cfp1fl/fl AicdaCre (n = 8; 4m, 4 f). D Ratio and absolute numbers of
plasma cells (IgD-CD138+) over total splenic B cells. Data were pooled from five
independent experiments; Cfp1fl/fl (n = 15; 6m, 9 f); Cfp1fl/fl AicdaCre (n = 17; 8m, 9 f).

E Representative flow cytometry (orange: IRF4+; red: BCL6+; grey: IRF4-BCL6-) to
identify PC precursors (BCL6lo IRF4+ CD69+) in LZ GCB
(B220+IgD-GL7+CD38-CD86hiCXCR4lo). Data were pooled from two independent
experiments; Cfp1fl/fl (n = 5; 2m, 3 f); Cfp1fl/fl AicdaCre (n = 4; 2m, 2 f). p <0.0001 (=
9.16e–5). F Schematic illustration of in vitro iGCB induction and plasma cell dif-
ferentiation with the 40LB culture system. G Flow cytometry plots and ratio of
CD138+ PC on 40LB cultures supplemented with IL-4 and subsequent IL-21 for 3
additional days. Data were pooled from two independent experiments; n = 5; 1m,
4 f. p <0.0001 (= 3.64e–7). H Intracellular staining and gMFI (red: Cfp1fl/fl; blue:
Cfp1fl/flCd21Cre) of IRF4 in control and Cfp1fl/flCd21Cre iGCB cells. Data were pooled
from two independent experiments; n = 5; 1m, 4 f. A–H Each symbol indicates one
mouse and lines denote means. P-values by unpaired t-test (two-tail).
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Fig. 6 | Cfp1-deficient GCB cells have greater propensity to differentiate into
memory B cells. A–D Mice were immunized with NP-KLH/Alum and analyzed at
indicated time points. Data were pooled from three independent experiments;
Cfp1fl/fl (Day5 n = 5; 2m, 3 f; Day 10/14 n = 3; 1m, 2 f); Cfp1fl/fl AicdaCre (Day5 n = 7; 4m,
3 f; Day10 n = 5; 2m, 3 f; Day14 n = 6; 3m, 3 f). E–L Mice were immunized with NP-
KLH/MnJ, boostedonday 8 and analyzedonday 14 p.i.Datawerepooled from three
independent experiments; Cfp1fl/fl (n = 9; 4m, 5 f); Cfp1fl/fl AicdaCre (n = 8; 4m, 4 f).
A FACS plots and B ratio (left) and absolute numbers (right) of NP+ memory B cells
(CD38+GL7-) within non-plasma cells compartment (B220+NP+IgD-CD138-).
p <0.0001 (10d= 6.57e–7). C Absolute numbers of NP+ B cells (B220+NP+). D The
ratio of NP+ memory B cells to NP+ B cells is shown. E FACS plots and F ratio (left)
and absolute numbers (right) of NP+ memory B cells within non-plasma cells

compartment. p <0.0001 (=7.31e–9). G Absolute numbers of NP+ B cells. H The
ratio of NP+ memory B cells to NP+ B cells is shown. p <0.0001 (=6.42e–6).
I Representative FACS plots (left) and ratio (right) of CD80+PDL2+ DP and
CD80-PDL2- DN subsets among NP+MBC. J Ratio of GC-derived (DP) and non-GC-
derived (DN) memory B cells in total NP+ B cells. FACS plots and ratio ofK IgG1+NP+

B cells, L IgG1+NP+ memory B cells of Cfp1fl/fl and Cfp1fl/flAicdaCre mice. Data were
pooled from two independent experiments; Cfp1fl/fl (n = 6; 3m, 3 f); Cfp1fl/fl AicdaCre

(n = 5; 2m, 3 f). p <0.0001 (=2.32e–8). B–D Data points represent the mean ± SD.
F–L Each symbol indicates one mouse and lines denote means. Numbers indicate
fold-changes (shown as 1.10x, 2.33x, etc.) inmeancell countswithp-values above.P-
values by unpaired t-test (two-tail).
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manufacturer’s instructions. For GL7+ B cells (B220+GL7+)/GCB cells
(B220+CD95+GL7+) sorting from spleen, cell suspensions were pre-
pared and stained with Zombie Near IR, B220-APC, GL7-FITC and
CD95-PE. The cells were sorted by FACSAria III (BD) or MoFlo Astrios
(Beckman). Gating strategies used for cell sorting are shown in Sup-
plementary Fig. 14.

Antibodies are listed in Supplementary Table 2. A universal 1/500
dilution wasmaintained for all antibody-based assays, with exceptions
stated in the Method.

In vitro proliferation assay
Splenic naïve B cells were isolated using the EasySep Mouse B Cell
Isolation Kit (19854A, Stemcell Technologies) according to the manu-
facturer’s instructions. Purity validated by flow cytometry was more
than95%. Splenic naïveB cells isolated as abovewere cultured at 5 × 105

cells/ml in the B cell medium RPMI-1640 (10040-CV, Corning) sup-
plemented with 15% FBS (FSP500, ExCellBio), 1× penicillin/strepto-
mycin (30-002-CI,Corning), 20mM HEPES buffer (25-060-CI,
Corning), 2 mM L-Glutamine (25-005-CI, Corning) and 1mM sodium
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pyruvate (25-000-CI, Corning), 1× MEM nonessential amino acids (25-
025-CI, Corning), and 50 µM β-mercaptoethanol (0482, Amresco) and
were treated with 0.5μg/ml anti-CD40 (14-0402-86, eBioscience),
50 ng/ml IL-21 (210-21, Peprotech) and 20 ng/ml IL-4 (96-214-14,
Peprotech) for 48h at 37 °Cwith 5 %CO2, then cells were collected and
fixed with ice-cold 70% methanol at −20 °C for 3 h, treated with 10μg/
ml RNase A for 30min at 37 °C, and then resuspended in PBS supple-
mented with 50μg/ml PI (P4868, Sigma-Aldrich) to indicate DNA
content. For the proliferation assay, splenic naïve B cells were stained
withCellTraceCFSE (1/1000dilution, C34570, Invitrogen) according to
the manufacturer’s instructions. Cells were seeded and stimulated as
above. Data were collected on the Cytoflex Flow Cytometer (Beckman
Coulter) and analyzed with the CytExpert (Version 2.3.1).

Western blot
To extract whole-cell lysates, at least 1 × 105 cells were collected and
washed once with ice-cold PBS and resuspended in 1% SDS buffer
(50mM Tris-HCl pH 8.0, 10mM EDTA, 1%SDS) supplemented with
1mM protease inhibitors PMSF and incubated on ice for 10min.
Lysates were separated by 12% Bis-Tris precast gels. After electro-
phoretic transfer to Immobilon PVDF membrane (IPVH00010,

Millipore), membranes were blocked the 5% non-fat milk in PBS con-
taining 0.1% Tween-20. Membranes were incubated overnight at 4 °C
with the following primary antibodies: Rabbit CFP1 (1/3000 dilution,
Anti-CGBP, ab198977, Abcam),Mouse β-actin (1/5000dilution, 66009-
1-Ig, proteintech). Membranes were then incubated with HRP-
conjugated anti-rabbit secondary antibody (1/3000 dilution,
SA00001-2, proteintech) or anti-mouse secondary antibody (1/3000
dilution, 7076, Cell Signaling Technology) and detected by ChemiDoc
Touch Imaging System (Bio-Rad).

Droplet digital PCR analysis
Genomic DNA was extracted from FACS-sorted splenic GCB cells via
phenol-chloroformmethod. Each 20-μl reaction contained: 10μl of 2 ×
EvaGreen ddPCR Master Mix (S0200020302, Forevergen), 1μl of for-
ward primer and 1μl of reverse primer (10μM each), 2μl template
DNA, and 6μl nuclease-free water. Droplets were generated using
MicroDrop-100A (Forevergen). Samples were amplified in the ETC811
Thermal Cycler (Eastwin) according to the following steps: 95 °C for
10min, 40 cycles of 95 °C for 30 s and 60 °C for 60 s, and 72 °C for
2min. The amplified droplets were detected in a MicroDrop-100B
Droplet Reader (Forevergen) and theDNA concentration (copies/μl) of
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each sample was calculated with QuantDrop analysis software (For-
evergen) following the principle of the poisson distribution. The Cfp1
copies were calculated by normalizing Cfp1 concentration to the
reference gene Gapdh (2 copies/diploid cell) using the formula: Cfp1
copies/cell = (Cfp1 copies/μl) / (Gapdh copies/μl) × 2. The relative
copies of Cfp1 was normalized to the mean value of Cfp1fl/fl mice. Pri-
mers for ddPCR are listed in Supplementary Table 1.

qPCR
Genomic DNA was extracted by phenolchloroform. The ChamQ Uni-
versal SYBR qPCRMaster Mix (Q711, Vazyme) was used to set up SYBR
Green-based quantitative PCR reactions following the manufacturer’s
protocol. Samples were analyzed on a CFX Connect Real-Time system
(Bio-Rad) and melting curves were used to validate correct amplifica-
tion products. DNA levels of Cfp1 were normalized to generic house-
keeping gene Gapdh. Primers for qPCR are listed in Supplementary
Table 1.

ELISA
Following immunization with MnJ adjuvant, Mouse serum samples
were collected at day 14 after immunization for NP-specific assays,
ELISA plates (9018, Corning) were coatedwith 100μl 5μg/ml NP32-BSA
(N-5050H-10, Biosearch Technologies) or NP2-BSA (N-5050L-10, Bio-
search Technologies) overnight at 4 °C. Plates were washed 3 times
with 0.05% PBST, loaded with 100μl diluted serum samples per well
and incubated for 2.5 h at 37 °C. Plates were washed 6 times with PBST
and secondary antibodies were added for detecting IgG1 (1071-05,
SouthernBiotech) for 1.5 h at 37 °C. After washed 6 times, 100μl of
TMB substrate (PR1200, Solarbio) was added to each well to develop
for 60–120 s, and 100μl 1M H2SO4 was used to stop the reaction.
Plates were read at 450nm by using Tecan’s Sunrise absorbance
microplate reader.

iGC B cell culture
For in vitro expansion and differentiation of B cells, 40LB feeder cells29

expressing both CD40L and BAFF were plated at a density of 300 × 104

cells on 10 cmdish andwere cultured overnight at 37 °Cwith 5%CO2 in
DMEM supplemented with 10% FBS and and 1× penicillin/streptomy-
cin. After culture, cells were treated with 10μg/mL mytomycin C (HY-
13316, MCE) for 2–3 h at 37 °C. The cells were wash with PBS and were
cultured in complete RPMI-1640 medium with 1 ng/mL IL-4 (214-14,
peprotech) for preparation. B cells were isolated by negative selection
as described above, and were seeded at a density of 75 × 104 cells on
40LB feeder in prepared 10 cm dish. The expanded B cells collected
from the suspension were analyzed by flow cytometry on day 4. For
plasma cell differentiation, 15 × 104 B cells from day 4 were replated on
freshly mytomycin C treated 40LB feeder cells in the presence of
10 ng/mL IL-21 (210-21, Peprotech). Cells were analyzed after 3 days of
IL-21 treatment.

JH4 intron SHM analysis
Library preparation and data analysis for the JH4 region were per-
formed as previously described32,74. In brief, GCB cells
(B220+CD95+GL7+) were sorted from the spleen of NP-KLH/MnJ-
immunized mice. The genomic DNA from 1 × 105 to 2 × 105 cells was
extracted using chloroform extraction and precipitated with ethanol.
About 200ng of DNAwas used as input, JH4 intronwere PCR amplified
with the indicated primers and the ~1.2 kb JH4 fragments were gel-
purified. ThePCRproductswere further taggedwith illumineP5 andP7
index primers and subjected to 150 bp paired-end sequencing on the
DNBSEQ-T7 platform. Primers used for sequence amplification of JH4
region are listed in Supplementary Table 1.

Data were analyzed based on the existing SHM pipeline. The raw
reads were mapped to the mouse genome mm10/GRCm38 using
Bowtie2 (version 2.3.5.1). The reference amplicon sequence is located

on chromosome 12, fromposition 113,428,293 to 113,428,491, and then
substitutions/deletions/insertions were called with the SAM file. The
SHM pipeline reports the mutation frequency of each nucleotide.
Inside the sequenced region, all sites were used formutation spectrum
analysis.

RNA-sequencing and analysis
Total RNAextraction andpurificationwereperformedusing Trizol and
chloroform. RNA integrity was verified using the Qsep1 Bio-Fragment
Analyzer fully automated nucleic acid and protein analysis system.
Purified RNA (100 ng) was subsequently utilized to prepare RNA-
sequencing libraries with the VAHTS Universal V8 RNA-seq Library
Prep Kit for Illumina kit (NR605-02, Vazyme) with dNTP standard
method according to the provided protocol. Barcoded libraries were
pooled and sequencedon theDNBSEQ-T7platformwith 150bppaired-
end reads. The Bioptic Qsep1 Bio-Fragment Analyzer fully automated
nucleic acid andprotein analysis systemwas used for quality control of
library size.

RNA-seq was performed using biological replicates for all sam-
ples. Trim Galore (version 20.04.6) was used for adapter trimming of
rawdata, while FastQC (version 0.11.9) andMultiQC (version 1.12) were
employed to assess sequencing quality. The clean reads were mapped
to the mouse genome mm10/GRCm38 using Hisat2 (version 2.1.0).
Differential gene expression analysis of raw featurecounts was per-
formed using R package DESeq2. Sorted BAM files were generated
using samtools (version 1.10.2) and then density bigWig files were
generated by using the deepTools (version 3.5.1) with a normalizing
scale factor to calculate RPKM. IGV (version 2.18.2) was used to display
specialized features among genomic regions with BigWig files as the
input. The heatmap and volcanomap were drawn using the R package
ggplot2. The inflammatory response-related pathways were obtained
from the GSEA website (https://www.gsea-msigdb.org/gsea/msigdb/
index.jsp) and analyzed using GSEA software (version 4.3.2). FDR.q <
0.25 in GSEA analysis is considered to indicate significant enrichment
in the pathway. The GO pathway enrichment analysis of DEGs was
performed using Metascape (https://metascape.org).

CUT&Tag and analysis
CUT&Tag was conducted as previously described75. The initial input of
1 × 105 fresh cells was bound to activated Concanavalin A beads (BP531,
Bang Laboratories), and incubated with 0.5μl anti-H3K4me3 antibody
(1/100 dilution, 07-473, Millipore), 0.5μl anti-H3K27me3 antibody (1/
100 dilution, 9733, Cell Signaling Technology) or 0.5μl Pol II antibody
(1/100 dilution, 2629T, Cell Signaling Technology) for 2 h at room
temperature with rotation, 0.5μl anti-rabbit IgG antibody (1/100 dilu-
tion, ABIN101961, Antibodies Online) were performed sequentially for
1 h at room temperature with rotation, then cells were washed three
times with 500μl Dig wash buffer, next 0.5μl Hyperactive pA-Tn5
Transposase (1/100dilution, S603, Vazyme)were added and incubated
for 1 h. Afterwards, the sample was washed three times with 500 µl of
Dig-300 wash buffer, and 300 µl of tagmentation buffer was used for
pA-Tn5 activation, the reaction products were subsequently subjected
to DNA extraction. After PCR amplification was performed using the
primers listed in Supplementary Table 1, libraries were purified with
1.3× DNA clean beads (N411, Vazyme) to get fragments larger than
250bp. Barcoded libraries were pooled and sequenced on the
DNBSEQ-T7 platform with 150 bp paired-end reads.

Trim Galore was used for adapter trimming of raw data. Align-
ments against themm10 reference genomeusing BWA (version 0.7.17)
and sorted BAM files were generated using samtools. All peaks were
called using MACS3 with p-values < 1e–5. We used the broad-peak
function for a definition of broad peaks. The multiBigwigSummary
feature of deepTools was used to calculate the RPKM values of
H3K4me3 peaks for individual genes. The density bigWig files were
generated by using the deeptTools with a normalizing scale factor to

Article https://doi.org/10.1038/s41467-025-63291-8

Nature Communications |         (2025) 16:8013 16

https://www.gsea-msigdb.org/gsea/msigdb/index.jsp
https://www.gsea-msigdb.org/gsea/msigdb/index.jsp
https://metascape.org
www.nature.com/naturecommunications


calculate RPKM values. IGV was used to display specialized features
among genomic regions with BigWig files as the input. R package
DiffBind was used for calculating differential peaks, and R package
ChipSeeker was employed for annotating the peaks.

H3K4me3 broad peak calling and Pol II pausing index
To assess enrichments for specific protein binding to the top 5%
broadest H3K4me3 domains compared to the rest of the H3K4me3
domain breadthdistribution38, the top5%of peaks in the control group
were defined as broad peaks. These broad peaks had widths greater
than 5.5 kb and numbered 568 peaks. Subsequently, random sampling
was performed on the remaining non-top 5%peaks to obtain a set with
the same number as the top 5% peaks, which was designated as the
random group. We confirmed that defining broad peaks as the top 5%
widest H3K4me3 peaks is valid, as this cutoff aligns with the inflection
point in the peak width distribution where peak width growth transi-
tions to near-exponential expansion (Fig. S8), supporting theuse of the
top 5% as the definition for broad peaks.

Pol II pausing index calculation analysis was performed as pre-
viously described21. In brief, Pol II density (RPKM) weremapped within
theproximalpromoter (−200 bp; +200bpwith respect toTSS) and the
gene body (+400 bp from TSS; TES). The Pol II pausing index was
calculated using the ratio of Pol II density in the region (TSS ± 200bp)
to that in the gene body. Genes shorter than 400bp were excluded
from the pausing index analysis.

Chromatin Immunoprecipitation (ChIP)
ChIP assays were performed using the Sonication ChIP Kit (RK20258,
ABclonal) according to the manufacturer’s protocol with minor
modifications. Briefly, 500 × 104 iGCB cells (B cells from 4 days of
40LB and IL-4 stimulation) were cross-linked with 1% formaldehyde
for 10min at room temperature and then quenched with glycine at a
final concentration of 125mM. After two washes with cold PBS, the
cell pellets were frozen with liquid nitrogen and stored at −80 °C
overnight. The crosslinked cells were lysed in 200μl of Cell Swelling
Buffer and then digested with 1.6 U of MNase (EN0181, Thermo Sci-
entific) per 100 × 104 cells in 30μl of 1 × MNase reaction buffer
(B0247SVIAL, New England Biolabs). The digestion was stopped by
adding 10μl of 0.5M EDTA (pH8.0). The nuclei ware resuspended in
500 μl of ChIP Sonication Buffer and sonicated using a VCX
130 sonicator (Sonics) with a 3mm microtip probe to release chro-
matin and collect 300–500 bp fragments. 2.5% of samples was used
as input and the remainder was incubated with 5 μl of anti-CGBP (1/
100 dilution, ab198977, Abcam) antibodies at 4 °C for 3 h, followed
by incubated with 30 μl of Protein A/G Magnetic Beads (HY-K0202,
MedChemExpress) at 4 °C for 2 h. After incubation, the beads were
washed sequentially with low salt wash buffer, high salt wash buffer,
LiCl wash buffer and 1× TE buffer. Immunoprecipitation (IP) DNA was
de-crosslinked and purified using phenolchloroform. For ChIP-seq,
libraries were prepared using VAHTS Universal DNA library prep kit
for Illumina (ND607, Vazyme) according to the manufacturer’s
instructions. Prepared libraries were sequenced on the DNBSEQ-T7
platform with 150 bp paired-end reads.

CFP1 peaks were identified usingMACS3 with p-values < 1e–5, and
the input background was subtracted. Other analyses were performed
as described in the CUT&Tag section.

Chromosome conformation capture by 4C-HTGTS and 3C
4C-HTGTS were performed as previously described76. In brief, at least
1.5 × 105 cells were collected and were crosslinked with 2% for-
maldehyde for 10min at room temperature andquenchedwith glycine
at a final concentration of 125mM. Then, the crosslinked cells were
lysed in the 4C lysis buffer (10mM Tris-HCl pH 8.0, 10mMNaCl, 0.2 %
NP-40, 1 × protease inhibitors) and nuclei were digestedwith 9μl NlaIII
enzyme (10,000 units/ml, R0125L, NEB) in DigestionMix buffer (0.29%

SDS, 1 × CutSmart Buffer) at 37 °C for at least two hours. Subsequently,
added 16μl of 20%TritonX-100 (220525, Amresco) and shake for 1 h at
37 °C. Next, 7μl of NlaIII enzyme was supplemented to the reaction
mixture and incubated at 37 °Covernight, and then 100UT4 ligasewas
added (EL0011, Thermo) and they were incubated overnight at 16 °C.
The ligated products were de-crosslinked with 40μg Proteinase K
(DE102, Vazyme) at 65 °C overnight, Subsequently, DNA was purified
using phenol-chloroform extraction. The Qsep1 Bio-Fragment Analy-
zer detected over 80% of the DNA fragments are concentrated at sizes
greater than 15 kb. The 4C-HTGTS libraries with BCL6 promoter baits
were constructed77,78. In brief, biotinylated PCR products amplified by
LAM-PCR of sonicated DNA fragments with biotin primer were enri-
ched with Dynabeads MyOne Streptavidin C1 beads (Invitrogen,
65002), followed by bridge adaptor ligation. The ligated products
were amplified by nested PCR using barcode primers, followed by a
third round of PCR using P5-I5 and P7-I7 primers. Primers used for 4C-
HTGTS are listed in Supplementary Table 1.

The 4C-HTGTS libraries were then sequenced by paired-end
150 bp sequencing on the DNBSEQ-T7 platform. Data were aligned to
the mm9 genome. The libraries were normalized randomly selecting
the number of junctions at bait loci to match the smallest library in
each set. BEDTools (version 2.27.1) was used to convert junction
coordinates to bedGraph format for visualization in IGV. To enable
joint visualization with other sequencing datasets across genome
versions, the UCSC LiftOver tool was used to convert mm9 coordi-
nate positions to mm10. For statistical analyses, we quantified the
number of junctions at the indicated bait-interacting loci to calculate
the percentage of these junctions relative to the total number of
genomic junctions. The chromosome region mm9 chr16: 24,132,522-
24,174,993 was defined as Bcl6 enhancer 1, and the region mm9
chr16: 24,176,502-24,213,494 was defined as Bcl6 enhancer 2. 3C DNA
templates were generated through NlaIII restriction digestion as
previously reported79. Quantitative PCR (qPCR) with SYBR Green was
performed on 30 ng of 3C DNA using primers specified in Supple-
mentary Table 1 to assess 3C enrichment. Interaction frequencies
were normalized relative to the GAPDH locus to ensure comparability
across samples80.

Statistics
Except when noted otherwise, statistical analysiswas performedwith a
two-tailed unpaired Student’s t-test using Graphpad Prism software
(version 9.0.0). The specific statistical test used in each case is indi-
cated in corresponding figure legends. P-values < 0.05 were con-
sidered significant.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Previously published datasets used in this study under accession
numbers GSE29282, GSE60927 and SRP048895. Our Data from RNA-
seq and H3K4me3 CUT&Tag have been deposited in NCBI GEO under
the accession code GSE288059, Data from Pol II & H3K27me3 CUT&-
Tag and CFP1 ChIP-seq have been deposited under the accession code
PRJNA1283973 andPRJNA1273711, anddata fromSHMof JH4 intron and
4C-HTGTS are available under the accession code PRJNA1187686. The
remaining data are available within the article, Supplementary Infor-
mation or Source Data file. Source data are provided with this paper.
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