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Summary

The rearrangement and expression of immunoglobulin genes are regulated

by enhancers and their binding transcriptional factors that activate or

suppress the activities of the enhancers. The immunoglobulin j (Igj)

gene locus has three important enhancers: the intrinsic enhancer (Ei), 30

enhancer (E30), and distal enhancer (Ed). Ei and E30 are both required for

Igj gene rearrangement during early stages of B-cell development,

whereas optimal expression of the rearranged Igj gene relies on both E30

and Ed. The transcription factor YY1 affects the expression of many genes

involved in B-cell development, probably by mediating interactions

between their enhancers and promoters. Herein, we found that YY1 binds

to the E3ʹ enhancer and suppresses Igj expression in B lymphoma cells

by epigenetically modifying the enhancer. Knocking down YY1 enhanced

Igj expression, which was associated with increased levels of E2A (en-

coded by the TCF3 gene) and its binding to the E3ʹ enhancer. Moreover,

in germinal centre B cells and plasma cells, YY1 expression was reversely

associated with Igj levels, implying that YY1 might facilitate antibody

affinity maturation in germinal centre B cells through the transient atten-

uation of Igj expression.
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Introduction

The expression of immunoglobulin genes, including the

immunoglobulin heavy chain gene (IgH) and the

immunoglobulin light chain gene (IgL), is critical for suc-

cessful B-cell development. During early B-cell develop-

ment, IgH gene rearrangement takes place at the pro-B

cell stage before IgL rearrangement, which generally

occurs in the pre-B compartment.1 In the two IgL genes,

the immunoglobulin j (Igj) locus rearranges before the

immunoglobulin k (Igk) locus, and most B cells (~ 95%)

express Igj as the light chain; only ~ 5% of B cells

express Igk as an attempt to rescue B cells that would

otherwise undergo apoptosis due to an unproductive Igj
rearrangement. Upon completion of the IgL rearrange-

ment, two identical heavy chains and two identical light

chains form the B-cell antigen receptor, and pre-B cells

develop into immature B cells, which then exit the bone

marrow to become mature peripheral B cells.2

The rearrangement and expression of both the IgH and

IgL genes are strictly controlled and coordinated through

their unique gene structures and a sophisticated transcrip-

tional factors network.3 Using models, the mechanisms by

which IgH and Igj are regulated have been extensively

investigated. Specifically, three enhancers have been iden-

tified in the Igj gene, the intronic enhancer (Ei),4 30

enhancer (E30)5 and distal enhancer (Ed).6 Ei and E30 are
both required for Igj gene rearrangement during the

early stages of B-cell development,7 whereas E3ʹ and Ed

each play quantitative roles in the rearranged gene expres-

sion.8 Although we have greatly enhanced our under-

standing of the roles of Igj enhancers in gene regulation

Abbreviations: ChIP, chromatin immunoprecipitation assays; E30, 30 enhancer; Ed, distal enhancer; Ei, intrinsic enhancer; FACS,
fluorescence-activated cell sorting; GC, germinal centre; IgH, immunoglobulin heavy chain; IgL, immunoglobulin light chain;
PBS, phosphate-buffered saline; PCR, polymerase chain reaction; RT, reverse transcription; SHM, somatic hypermutation; siRNA,
small interfering RNA
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using individual or double-enhancer knockout mouse

models, the key regulators and mechanisms that orches-

trate the activities of these enhancers, especially in human

B cells, are not fully understood.

YY1 is a multifunctional transcription factor that exhi-

bits positive and negative control on a large number of

genes through its ability to initiate, activate, or repress

transcription depending upon the context in which it

binds.9,10 The ablation of YY1 in the B lineage leads to a

blocked transition from pro-B to pre-B cells, partially by

impairing chromatin contraction at the IgH locus and

gene rerrangement.11 In germinal centre (GC) B cells,

YY1 DNA binding sites are enriched within the promot-

ers of a group of genes that were significantly up-regu-

lated or down-regulated in GC B cells compared with

other B-cell compartments.12 The deletion of YY1 in GC

B cells results in increased apoptosis in GC B cells, lead-

ing to an impaired GC reaction.13–15 Using mouse models

in which YY1 was deleted at various B-cell development

stages, Kleiman et al.16 demonstrated that the YY1 knock-

out not only completely prevented the differentiation of

GC B cells but also inhibited other stages of B-cell devel-

opment, with transitional 1 (T1) cells being the most

YY1-dependent subset. These data suggested that YY1

might regulate B-cell function at all developmental stages.

Pan et al.17 investigated the function of YY1 in Igj
gene rearrangement and found that the YY1 REPO

domain was not required for IgH rearrangement but was

crucial for the normal Igj repertoire, suggesting a direct

role of YY1 in Igj locus structure and rearrangement. In

line with that, a recent study revealed that YY1 con-

tributes to enhancer–promoter structural interactions in a

manner that is analogous to the DNA interactions medi-

ated by the transcriptional repressor CTCF.18 In mouse

pre-B cells, YY1 binds to E3ʹ and negatively regulates the

enhancer’s activity in Igj rearrangement.19 However,

whether YY1 has any impact on Igj expression has not

been investigated. Here, we found that YY1 binds to the

human E30 enhancer and inhibits Igj expression by

inducing the suppressive epigenetic modifications of the

enhancer. In contrast, knocking down YY1 enhanced Igj
expression, which was associated with increased levels of

E2A expression and its recruitment to E30. These results

shed light on a novel mechanism by which YY1 regulates

Igj expression and B-cell development.

Materials and methods

Cell culture

The HEK-293T cell line was purchased from the Chinese

Academy of Sciences Cell Bank (Shanghai, China) and

cultured in Dulbecco’s modified Eagle’s medium (Gibco,

Grand Island, NY) supplemented with 10% fetal bovine

serum (FBS). The human diffuse large B-cell lymphoma

cell line HBL-1 was kindly provided by Dr Xiaodong

Yang from the Shanghai Institute of Immunology, and

the cells were cultured in RPMI-1640 (Gibco) supple-

mented with 10% FBS. The Daudi cells (B lymphoblast,

CCL-213) were purchased from the American Type

Culture Collection (Manassas, VA) and cultured in

RPMI-1640 supplemented with 10% FBS. All cell lines

were cultivated at 37° in 5% CO2 and humidity around

95%.

RT-PCR and real-time PCR

Total RNA was prepared using the TRIzol reagent (Invit-

rogen, Carlsbad, CA), and cDNA was synthesized using

the SuperScript VILO cDNA Synthesis Kit (Invitrogen).

Polymerase chain reaction (PCR) was performed using Ex

TaqTM HS (TaKaRa Bio, Otsu, Japan). Real-time quantita-

tive PCR was performed by using a LightCycler Systems

(Roche Molecular Systems, Indianapolis, IN) and SYBR

green dye. For data analysis, the 2�DDCT method was used

to calculate the fold changes. b-Actin expression was set

to be unaffected under our treatment conditions and used

as a reference gene. Each experiment was run in triplicate,

and the error bars represent the range of fold changes

calculated from the three or four independent experi-

ments. The sequences for primers used for the reverse

transcription (RT-) PCR or real-time PCR are listed in

the Supplementary material (Table S1).

Western blotting

Western blotting was performed using whole-cell lysates.

Aliquots of total protein (20–50 lg per lane) were elec-

trophoresed on 10% sodium dodecyl sulphate–polyacry-
lamide gradient gels and transferred to nitrocellulose

membranes (Millipore, Bedford, MA). The membranes

were incubated at 4° overnight with anti-GAPDH, -YY1,

-E2A or -Igj monoclonal antibodies (all purchased from

Abcam, Cambridge, MA). After rinsing in buffer wash,

the membranes were incubated with a horseradish perox-

idase-conjugated secondary antibody (Santa Cruz

Biotechnology, Dallas, TX) diluted 1 : 10 000 to

1 : 30 000 followed by development with enhanced chemi-

luminescence reagents (Amersham, Little Chalfont, UK).

Transfection and plasmids

YY1-small interfering RNA (siRNA), E2A-siRNA and

control non-specific siRNA were designed by and pur-

chased from Shanghai GenePharma Co., Ltd (Shanghai,

China). The human YY1-expressing vector was purchased

from Shanghai Genechem Co., Ltd (Shanghai, China).

For transfection, 2 9 106 cells were resuspended in

100 ll of buffer (Engreen, Beijing, China), and electro-

transfection was performed with 2�5 lg of plasmid using
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a Celetrix Electroporator (Celetrix, LLC, Manassas, VA).

After transfection, the cells were cultured in six-well

plates and harvested after 48–72 hr for analysis.

Chromatin immunoprecipitation assays

Chromatin immunoprecipitation (ChIP) analysis was per-

formed following a protocol provided by Upstate Biotech-

nology (Lake Placid, NY). Briefly, HBL-1 cells were cross-

linked by adding 1�0% formaldehyde buffer and then

lysed with 1% sodium dodecyl sulphate lysis buffer. The

cell lysates were sonicated to shear the DNA to lengths

between 200 and 1000 bp. The resulting chromatin solu-

tion was incubated overnight at 4° with ChIP-grade anti-

bodies specific for YY1, E2A or a rabbit immunoglobulin

control (Abcam). The chromatin–antibody complex was

incubated with Protein-A agarose for 2 hr at 4° and then

washed extensively. The input or immunoprecipitated

chromatin–antibody complex was incubated at 65° over-

night to reverse the cross-linking. After proteinase K

digestion for 1 hr, the DNA was collected using Qiagen

spin columns (Qiagen, Hilden, Germany) and then anal-

ysed by PCR for 30 cycles or real-time PCR using human

E30-specific primers (see Supplementary material,

Table S1).

Fluorescence-activated cell sorting with flow cytometry

C57BL/6 mice were purchased from the Laboratory for

Animal Science of Shanghai Medical College, Fudan

University (Shanghai, China). All experiments were per-

formed according to the Institutional Guidelines for Ani-

mal Care and Use and were approved by the Animal

Experimentation Ethics Committee of Nantong University.

Peyer’s patch lymph nodes were collected from the wild-

type C57BL/6 mice, and the single-cell suspension was

prepared in the following staining buffer: phosphate buf-

fered saline (PBS) supplemented with 2% FBS. Fluorescein

isothiocyanate-labelled B220, phycoerythrin-labelled anti-

Igj, and Alexa Fluor 647-labelled anti-GL7 antibodies

were added to 106 cells resuspended in 100 ll of staining
buffer and then incubated at 4° for 30 min. After staining,

the cells were washed with staining buffer three times and

analysed with a BD FACSCalibur instrument (Becton

Dickinson, Franklin Lakes, NJ). Germinal centre B cells

(B220+ GL7+) and non-GC B cells (B220+ GL7�) from

the Peyer’s patch lymph nodes were sorted on a MoFlo

machine (Dako Cytomation, Carpinteria, CA). To isolate

splenic GC B cells and plasma cells, 10- to 16-week-old

C57BL/6 mice were immunized intraperitoneally with

2 9 108 sheep red blood cells (Sigma-Aldrich, St Louis,

MO) emulsified in CFA (Complete Freund’s Adjuvant)

(Sigma-Aldrich). The spleens were harvested 5 days post

immunization, and the GC B cells (B220+ GL7+) and

plasma cells (B220low and negative CD138high) were sorted

on the MoFlo machine. All antibodies were purchased

from BD Bioscience (San Jose, CA).

Statistical analysis

All statistical analyses were carried out using GRAPHPAD

PRISM for Windows (GraphPad, San Diego, CA). The

quantitative variables were analysed by Student’s t-test,

Fisher’s exact test or the chi-squared test. All statistical

analyses were two-sided, and P < 0�05 was considered sta-

tistically significant.

Results

YY1 suppresses Igj expression in human B
lymphoma cells

To examine the impact of YY1 on Igj expression, exoge-

nous YY1 was introduced into B lymphoma HBL-1 cells,

which express moderate levels of YY1 and Igj. Three days

post transfection, the levels of YY1 and Igj were deter-

mined using real-time PCR and Western blot. Igj expres-

sion was significantly reduced in the YY1-overexpressing

HBL-1 cells (YY1OE) compared with that in the control

cells transfected with empty vectors (Fig. 1a,b). The

reduced Igj mRNA levels in the YY1OE cells suggested

that YY1 may suppress Igj expression at the transcrip-

tional level. We next knocked down YY1 using siRNA

and then measured Igj expression in the HBL-1 cells. As

shown in Fig. 1(c,d), knocking down YY1 significantly

increased Igj expression compared with that in the con-

trol cells. Similar results were obtained with human B

lymphoblast Daudi cells (see Supplementary material,

Fig. S1a,b). These data suggested that YY1 functions as a

negative regulator of Igj expression in HBL-1 cells.

Binding of YY1 and E2A to human E30

Previously, a YY1 binding site was identified downstream

of the mouse E3ʹ core and was thought to negatively reg-

ulate the enhancer’s activity.19 In agreement with this, the

YY1 binding site in the mouse E3ʹ was identified using

the JASPAR program (http://jaspar.genereg.net/), which

makes predictions based on published collections of

experimentally defined transcription factor binding sites.20

For human E3ʹ, the JASPAR program identified six

potential YY1 sites (see Supplementary material, Fig. S2).

E2A is a known positive regulator of Igj rearrange-

ment21,22 and is an essential regulator of progenitor B-

cell, GC B-cell and plasma cell development.23 A previous

study showed that E2A binds to multiple regulatory ele-

ments across the human Igj gene, including E3ʹ.22,24 The

JASPAR program identified four potential E2A binding

sites in the human E3ʹ (see Supplementary material,

Fig. S2). Interestingly, one predicted E2A binding site
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overlapped with a predicted YY1 binding site (see Supple-

mentary material, Fig. S2), implying that the two factors

might compete with each other for binding to that

sequence. To examine whether YY1 and E2A are recruited

to human E30, we performed ChIP assays with HBL-1

cells. As shown in Fig. 2(a), E30 was clearly enriched in

the genomic DNA precipitated by the YY1 or E2A anti-

body but not in that precipitated by the control IgG,

indicating that YY1 and E2A both bind to E3ʹ in vivo.

YY1 suppresses E2A expression and its recruitment to
E30

To examine whether a relationship exists between YY1

and E2A in regulating E3ʹ activity and Igj, we measured

the levels of E2A in YY1 siRNA-treated cells (siRNAYY1)

compared with those in control siRNA-treated cells (siR-

NACON). As shown in Fig. 2(b,c), knocking down YY1

enhanced the expression of E2A, as indicated by real-time

PCR and Western blot. We then performed a ChIP assay

and found that the binding of E2A to E3ʹ was increased

in the YY1 siRNA-treated cells compared with that in the

control cells (Fig. 2d). To test whether E2A is required

for Igj expression, we treated HBL-1 cells with siRNA to

knock down E2A. Igj expression was reduced in the E2A

siRNA-treated cells compared with that in the control

cells (Fig. 2e). Although knocking down E2A did not

change the levels of YY1 (Fig. 2e), it increased the

recruitment of YY1 to E3ʹ (Fig. 2f), suggesting that com-

petition might exist between these two transcriptional fac-

tors for binding to E30. Taken together, these results

suggested that YY1 might regulate E30 activity by sup-

pressing E2A expression and interfering with its recruit-

ment to E30.

YY1 and E2A epigenetically modify E30

Activated or silenced enhancers can be epigenetically

marked with H3K27ac or H3K27me3.25 In addition, pre-

vious studies suggest that YY1 interacts with the histone

acetyltransferase p300 or H3K27me3 methyltransferase

Ezh2, depending on the cellular context.10 To evaluate the

epigenetic impact of YY1 binding, ChIP assays were per-

formed using HBL-1 cells to detect H3K27ac and

H3K27me3 in E30. As shown in Fig. 3(a), the levels of

H3K27ac increased, while H3K27me3 decreased, in the

YY1 siRNA-treated cells compared with levels in the con-

trol cells. Interestingly, knocking down E2A reduced

H3K27ac in E3ʹ, but the levels of H3K27me3 were not

significantly changed compared with those in the control

cells (Fig. 3b). These results suggested that YY1 and E2A

might regulate Igj expression through epigenetically

modifying E30.

Igj expression is down-regulated in GC B cells

YY1 is reported to be highly expressed in GC B cells.26

To examine the relationship between YY1 and Igj in GC

B cells or non-GC B cells, mouse Peyer0s patch lymph

nodes were isolated from the small intestine according to

a previously established procedure.27 The cell suspension

was harvested, and the surface expression of the B-cell
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Figure 1. YY1 suppresses Igj expression in

HBL-1 cells. (a, b) Compared with that in the

control HBL-1 cells (CON), the cells over-

expressing YY1 (YY1OE) expressed lower levels

of Igj, as indicated by real-time PCR or Wes-

tern blot. (c, d) Knocking down YY1 using

small interfering RNA (siRNA) in HBL-1 cells

increased Igj expression, as indicated by real-

time PCR and Western blot (*P < 0�05,
**P < 0�01 compared with the control group).

ª 2018 John Wiley & Sons Ltd, Immunology, 155, 491–498494

X. Zhou et al.



marker B220, the GC B-cell marker GL7, and Igj were

determined by fluorescence-activated cell sorting (FACS).

As shown in Fig. 4(a,b), the GC B cells (B220+ GL7+)

expressed low levels of surface Igj compared with those

in the non-GC B cells (B220+ GL7�). Total RNA was iso-

lated from the FACS-sorted GC B cells and non-GC B

cells, and the levels of Igj and YY1 were measured by

real-time PCR. Igj was markedly down-regulated,

whereas YY1 expression was increased in the GC B cells

compared with in the non-GC B cells (Fig. 4c,d). We

found no difference in E2A expression between the GC B

cells and non-GC B cells (Fig. 4d).

As YY1 exhibited inhibitory effects on Igj expression,

we wondered whether the level of YY1 was suppressed in

plasma cells in which the immunoglobulin genes were

highly transcribed. To this end, mice were immunized

with sheep red blood cells to boost the population of

plasma cells as previously described.28 Five days after

immunization, the spleens were collected, and the plasma

cells (B220low and negative CD138high) and GC B cells

(B220+ GL7+) were sorted by FACS (Fig. 4e,f). Real-time

PCR was performed to measure Igj, YY1 and E2A

expression. As expected, Igj expression was dramatically

up-regulated, whereas YY1 was reduced in the plasma

cells compared with in the GC B cells (Fig. 4g). No sig-

nificant difference in E2A levels was identified between

the GC B cells and plasma cells (Fig. 4h), which was con-

sistent with previous observations that E2A and E2-2
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with antibodies specific for YY1, E2A or control IgG, and the E30 sequence was detected using a PCR assay. Both the YY1 and E2A antibodies

enriched E30 from the genomic DNA. In contrast, we did not detect binding of the two factors in a control region 4�5 kb downstream of human

E30 (Chr2: 88840810–88841276), which is not conserved between humans and mice. The primers used in the ChIP assay for E30 and the negative

control are listed in the Supplementary material (Table S1). (b, c) Knocking down YY1 increased the levels of E2A in the HBL-1 cells, as indi-

cated by the real-time PCR assay and Western blot analysis. (d) The ChIP assay with the HBL-1 cells indicated that knocking down YY1

enhanced the recruitment of E2A to E3ʹ. (e) Knocking down E2A using a small interfering RNA (siRNA) in HBL-1 cells suppressed Igj expres-

sion compared with that in the control cells. (f) The ChIP assay showed that YY1 was recruited more in the E2A siRNA-treated cells than in the
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(encoded by the TCF4 gene) are essential for both GC B-

cell and plasma cell development and that the levels of

E2A remain high at both stages of B-cell development.23

Discussion

YY1 has long been believed to play an important role in

immunoglobulin gene regulation and B-cell development.

In the present study, we found that YY1 binds to human

E30 and inhibits E30 activity by inducing suppressive epige-

netic modifications. YY1 is the only known mammalian

Polycomb Group (PcG) PcG protein with DNA binding site

specificity.29 PcG proteins comprise a family of proteins

involved in many biological processes, such as haematopoi-

etic development, epigenetic chromosomal condensation,

and stable transcriptional repression.30 YY1 is reported to

interact with another PcG protein, Ezh2, which is part of

PRC2 (polycomb repressive complex 2) and catalyses the

trimethylation of H3K27 (H3K27me3).31,32 Reduced

H3K27me3 and enhanced H3K27ac of E30 were observed

upon knocking down YY1, suggesting that Ezh2 might be

involved in the inhibitory effects of YY1 in Igj expression.

E2A reportedly promotes the chromatin accessibility of Igj
and increases histone acetylation.24,33 Knocking down E2A

inhibited the H3K27ac of E3ʹ as well as the expression of

Igj. In addition, knocking down YY1 up-regulated E2A

expression and increased its binding to E3ʹ. Conversely,
knocking down E2A increased YY1 binding to E3ʹ; however,
it did not affect YY1 expression. These ChIP assays clearly

suggested the reciprocal binding of YY1 and E2A in E3ʹ.
Several potential binding sites for both factors exist in E3ʹ,
including the potential YY1/E2A-overlapping binding site

shown in the Supplementary material (Fig. S2). Although

this site is within a protein-binding region identified by

Judde and Max using in vivo footprinting,34 mutating this

site does not result in increased enhancer activity in repor-

ter assays.34,35 Therefore, more analyses are required in the

future to elucidate the underlying mechanism and pinpoint

the location of the binding sites. Nevertheless, our results

suggest that Igj gene expression is regulated by a balance

between YY1 and E2A, possibly through the relative avail-

ability of the factors and their competition for E30 binding,
which determines the epigenetic status of the enhancer and,

hence, the expression levels of Igj.
Interestingly, Igj expression was transiently down-regu-

lated in the mouse GC B cells compared with that in the

non-GC B cells. We previously reported that terminally

differentiated plasma cells expressed a higher level of Igj
than naive B cells,28 suggesting that the expression levels

of Igj at different developmental stages were controlled

in accordance with their function. During the humoral

immune response, activated B cells proliferate rapidly

upon antigen recognition, forming GCs. In GCs, B cells

undergo somatic hypermutation (SHM), affinity matura-

tion and class-switch recombination to generate long-

lived memory B cells and plasma cells. Antibody affinity

maturation is achieved via SHM and clonal selection; new

immunoglobulin molecules result from SHM replacing

the original molecules on the cell surface, and the cells

that obtain immunoglobulin molecules with high antigen

affinity are selected for further proliferation, whereas the

cells with low-affinity immunoglobulin molecules

undergo apoptosis.36 We speculate that in GC B cells,

diminished Igj expression may be required for the

replacement by new immunoglobulin molecules that have

undergone SHM. A quick turnover of immunoglobulin

may facilitate the antibody affinity maturation process,

which relies on the interaction between the new

immunoglobulin and the corresponding antigen provided

on the follicular dendritic cells in the GC.37 The GC B

cells that express high-affinity immunoglobulin develop

into plasma cells, wherein YY1 expression is diminished,

and high levels of E2A are maintained,12 presumably for

the task of producing the maximal amount of

immunoglobulin. In summary, we found that both YY1

and E2A bind to E30 of the human Igj locus and regulate

Igj expression through epigenetic modifications. Our

results also imply a novel mechanism by which YY1 con-

tributes to antibody maturation by transiently inhibiting

Igj expression in GC B cells.
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assay with HBL-1 cells indicated that knocking down E2A suppressed H3K27ac levels but not H3K27me3 levels in E3ʹ (*P < 0�05, **P < 0�01
compared with the control group).
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Figure 4. Igj expression is down-regulated in germinal centre (GC) B cells. (a) A single-cell suspension was prepared from Peyer’s patch lymph

nodes and analysed with FACS using fluorescein isothiocyanate (FITC) -labelled B220, phycoerythrin (PE) -labelled Igj and Alex-Fluor-647-labelled

GL7. The FACS assay readily distinguished the non-GC B cells (B220+ GL7�, R1) from the GC B cells (B220+ GL7+, R2). (b) The fluorescence inten-

sity of the surface Igj on the non-GC B cells from the GC B cells was measured, and the results indicated that the GC B cells expressed less Igj than

the non-GC B cells. (c) The GC and non-GC cells were sorted by FACS, and real-time PCR was performed to measure the mRNA levels of Igj, YY1
and E2A. The expression of Igj was down-regulated in the GC B cells compared with that in the non-GC B cells (***P < 0�001, GC B cells versus

non-GC B cells). (d) In contrast, the expression of YY1 was significantly higher in GC B cells compared wth that in non-GC B cells. No difference in
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GC B cells (B220+ GL7+) were sorted by FACS according to their surface markers. (g) Real-time PCR indicated that Igj expression was markedly

increased in plasma cells compared with that in GC B cells (***P < 0�001, plasma cells versus GC B cells). (h) The plasma cells expressed less YY1

than the GC B cells, whereas there was no difference in the levels of E2A between the two populations (***P < 0�001, plasma cells versus GC B cells).
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