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Abstract

Females and males differ in antibody isotype expression patterns and in immune responses to 

foreign- and self-antigens. For example, systemic lupus erythematosus is a condition that 

associates with the production of isotype-skewed anti-self antibodies, and exhibits a 9:1 

female:male disease ratio. To explain differences between B cell responses in males and females, 

we sought to identify direct interactions of the estrogen receptor (ER) with the immunoglobulin 

heavy chain locus. This effort was encouraged by our previous identification of ER response 

elements (ERE) in heavy chain switch (S) regions. We conducted a full-genome chromatin 

immunoprecipitation analysis (ChIP-seq) using DNA from LPS-activated B cells and an ERα 
antibody. Results revealed ER binding to a wide region of DNA, spanning sequences from the JH 

cluster to Cδ, with peaks in Eμ and Sμ sites. Additional peaks of ERα binding were coincident 

with hs1,2 and hs4 sites in the 3′ regulatory region (3′RR) of the heavy chain locus. This first 

demonstration of direct binding of ER to key regulatory elements in the immunoglobulin locus 

supports our hypothesis that estrogen and other nuclear hormone receptors and ligands may 
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directly influence antibody expression and CSR. Our hypothesis encourages the conduct of new 

experiments to evaluate the consequences of ER binding. A better understanding of ER:DNA 

interactions in the immunoglobulin heavy chain locus, and respective mechanisms, may ultimately 

translate to better control of antibody expression, better protection against pathogens, and 

prevention of pathologies caused by auto-immune disease.
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1. INTRODUCTION

Past literature has revealed differences between the sexes with respect to B cell responses 

and antibody isotype expression patterns [1]. For example, in some populations, males 

exhibit higher IgA levels than females, and females exhibit higher IgM levels than males. In 

other studies, it has been shown that auto-immune diseases like systemic lupus 

erythematosus are sex-biased and associate with anti-self antibodies of particular isotypes. 

Estrogen (17-beta-estradiol) is implicated as a mediator of differences between B cells in 

males and females, because when estrogen supplements are tested in vivo or in vitro, 

changes in cytokine levels, B cell growth, and isotype expression patterns are readily 

apparent [2–17]

The isotype profile of a B cell population is the outcome of sophisticated mechanisms of B 

cell activation by foreign- or self-antigens. Depending on antigen triggers and the 

environment of activation, B cells will experience proliferation, cell maturation, somatic 

hyper-mutation (SHM), and/or class switch recombination (CSR)[18]. In a naïve B cell, the 

V-D-J gene sequence of an expressed antibody heavy chain is positioned upstream of Cμ, 

and Cδ, and both IgM and IgD isotypes can be transcribed/translated as a consequence of 

differential RNA splicing. When CSR is triggered, double strand DNA breaks occur in S 

regions upstream of donor and acceptor constant (C) region genes. Excision of a large DNA 

loop and non-homologous end joining between S region segments re-positions V-D-J genes 

upstream of a new C region gene to support IgG, IgE, or IgA production [19–21]. Enhancer 

regions upstream of Cμ (the intronic enhancer Eμ) and downstream of Cα (the 3′regulatory 

region [3′RR]) each influence the quality and magnitude of antibody expression [22,23].

How might estrogen alter the expression of antibody isotypes? Estrogen is classically known 

for its binding to estrogen receptor (ER), a type I member of the nuclear hormone receptor 

superfamily. ER modifies DNA accessibility to transcription machinery [24–26], a function 

that is altered by ligand binding [24–26]. Importantly, estrogen and ER regulate the 

expression of cytokines, the anti-apoptotic Bcl-2 protein, and AID, an enzyme required for 

CSR [27–29]. Although these influences may be sufficient to explain estrogen’s impact on 

antibody isotype expression patterns, we asked if ER might also bind the immunoglobulin 

heavy chain locus directly. We performed chromatin immunoprecipitation (ChIP) analyses 

with DNA from activated B cells and showed that ER was bound to several DNA elements 

pertinent to CSR. Based on these data, we present our hypothesis that estrogen and ER 
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instruct the magnitude and quality of CSR and isotype expression in B cells by binding the 

immunoglobulin heavy chain locus. Such events may, in turn, define B cell responses to 

foreign- and self-antigens, explaining, at least in part, differences in disease outcomes 

between males and females.

2. MATERIALS AND METHODS

2.1 B cell purification

Single cell suspensions from C57Bl/6J mouse spleens were made by mechanically 

disrupting the tissues and passing through a 70 μm cell strainer. Lymphocytes were 

separated from erythrocytes by centrifugation on a cushion of Lymphocyte Separation 

Medium (MP Biomedicals). B cells were purified from the lymphocytes by negative 

selection with anti-CD43 and anti-CD11b microbeads (Miltenyi Biotec) and passing through 

a MACS LD Column (Miltenyi Biotec) followed by the elution of the unbound B cells.

2.2 Culture of B cells for ChIP analyses

Purified B cells were plated in a 96-well flat-bottomed tissue culture plate at a final 

concentration of 4 × 106 cells/ml in a volume of 200 μl/well in freshly prepared RPMI 

medium (Life Technologies) containing 10% fetal bovine serum (Atlanta Biologicals), 2mM 

L-glutamine (Life Technologies), 50 μg/ml gentamicin (Lonza), and 55 μM 2-

mercaptoethanol (Life Technologies). LPS (Sigma) was added to a final concentration of 5 

μg/ml and cultures were incubated overnight at 37°C in 5% CO2.

2.3 Chromatin preparation for ChIP library

Cultured B cells were harvested and treated with 2 mM disuccinimidyl glutarate (DSG, 

ProteoChem) in DPBS (Lonza) with the following proteinase inhibitors (PIs); PMSF 

(Sigma), Pepstatin A (Sigma), and Leupeptin (Sigma). Cells were incubated at room 

temperature with rotation for 30 minutes. Cells were washed and fixed in DPBS plus PIs and 

1% paraformaldehyde (Sigma) for 5 minutes with rotation at room temperature. The reaction 

was quenched by adding glycine to achieve a 200 mM final concentration and rotating an 

additional 5 minutes. The cell pellet was washed with DPBS plus PIs and then lysed in 

Covaris lysing buffer + PIs on ice for 10 minutes. Nuclei were centrifuged at 1500× g for 5 

minutes and subjected to a series of washes in Covaris wash buffer and shearing buffer with 

PIs. The pellet was resuspended in Covaris shearing buffer plus PIs at a concentration of 1 

ml per initial 2 X 107 cells and sheared in the Covaris E210 (Covaris) in Covaris MilliTubes 

under the following conditions, 200 cycles/burst, 20 W for 30 minutes. Sheared chromatin 

was diluted 1:3 with Covaris ChIP dilution buffer and immunoprecipitated with anti-

estrogen receptor α antibody (Abcam #32063), 5 μg/2 X 107 cell equivalents, overnight with 

rotation at 4°C. Clean protein A/G magnetic beads were added at 20 μl/ml and incubated 

with rotation at 4°C for at least 1 hour. Magnetic beads were pelleted using a magnetic rack, 

and serially washed with a low-salt buffer, a high-salt buffer, a LiCl buffer, and TE buffer. 

After washing, the beads were resuspended in 130 μl sterile water and heated to 95°C for 10 

minutes. NaCl was added to 80 mM final concentration with 10 μg total proteinase K 

(Ambion) added per tube. The sample was then incubated at 56°C for at least 1 hour. After 

incubation, the beads were heated to 95°C for 10 minutes and then allowed to cool to room 
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temperature. The beads were pelleted with the magnetic rack and supernatant was 

transferred to a new tube. DNA was purified with a PCR Purification Kit (Qiagen) and 

eluted in 30 μl RNA/DNAse-free water. Sample was submitted to the Hartwell Center at St. 

Jude for completion of library preparation and sequence analysis.

Libraries were prepared from approximately 10 ng DNA using the NEBNext ChIP-Seq 

Library Prep Reagent Set for Illumina with NEBNext Q5 Hot Start HiFi PCR Master Mix 

according to the manufacturer’s instructions (New England Biolabs, Ipswich, MA) with the 

following modifications: a second 1:1 Ampure cleanup was added after adaptor ligation. The 

Ampure size selection step prior to PCR was eliminated. Completed libraries were analyzed 

for insert size distribution on a 2100 BioAnalyzer High Sensitivity kit (Agilent 

Technologies, Santa Clara, California) or Caliper LabChip GX DNA High Sensitivity 

Reagent Kit (PerkinElmer, Waltham, MA). Libraries were quantified using the Quant-iT 

PicoGreen ds DNA assay (Life Technologies), Kapa Library Quantification kit (Kapa 

Biosystems, Wilmington, MA), or low pass sequencing on a MiSeq nano kit (Illumina, San 

Diego, CA). Fifty cycle single end sequencing was performed on an Illumlina HiSeq 2000 or 

2500.

Fifty base pair single-end reads were obtained. We first aligned the reads to mouse genome 

mm9 (MGSCv37 from Sanger) by BWA (version 0.5.9-r26-dev, default parameter). Then, 

duplicated reads were marked with Picard, version 1.65 (1160), and only non-duplicated 

reads were kept by samtools (parameter “-q 1-F 1024” version 0.1.18 (r982:295)). A cross-

correlation plot was generated with the non-duplicated version of SPP (version 1.11) for 

quality control (QC), and the fragment size was estimated with support of R (version 2.14.0) 

with packages caTools (version 1.17) and bitops (version 1.0–6). All data passed QC 

following ENCODE criterion. Upon manual inspection of the cross-correlation plot 

generated by SPP, the best fragment size estimate (the smallest fragment size estimate by 

SPP in all cases) was used to extend each read to generate a bigwig file to view on IGV 

(version 2.3.40). We scaled the bigwig height by a factor normalized to 15M non-duplicated 

reads.

2.4 qPCR

Chromatin was prepared as described above for ChIP-seq. Samples were diluted for 

immunoprecipitation. The sample was divided into equal parts for Mouse IgG (Active Motif 

CHIP-IT Control qPCR Kit-Mouse, Cat#10226) and anti-ERα antibody (Abcam Cat 

#32063) immunoprecipitations. Input chromatin was precipitated with ethanol. DNA was 

purified as for ChIP analyses. PCR was performed with primer pairs for the Sμ and hs4. 

These primers were Sμ 6531: Forward = GAACGAGGTCCTAGCCTAACTG and Reverse = 

AGCAGAGCTGGGATGAACTG, and 3′RR hs4: Forward = 

CTCACTGATCCAGGGCCAAC and Reverse = GACTGAAACTCGGGGAACCA. The 

following qPCR conditions were used; 50°C for 2 minutes, 95°C for 10 minutes for 1 cycle, 

then 95°C for 15 seconds and 60°C for 1 minute for 40 cycles on a 7300 Realtime PCR 

(Applied Biosystems). Percent input values were calculated for signals from experiments 

with ERα and control antibodies, and unpaired T tests were used to identify significant 

differences.
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2.5 Sequence scan for ERE

Mouse and human immunoglobulin heavy chain S regions were accessed from the NCBI 

Nucleotide database [30–33] for ERE searches (and highlighting) for the sequence 

G/AG/AT/CT/CG/AnnnTGAG/CC.

2.6 Access IDs

Access IDs for sequences and annotations included gene segments from the following: 

Human IgA1 : L19121.1, Human IgA2 : AF030305.1, Human IgE : X56797.1, Human 

IgG1 : U39737.1, Human IgG2 : U39934.1, Human IgG3 : U39935.1, Human IgG4 : 

X56796.1, Human IgM : X54713.1, Mouse IgA : D11468.1 (Sα 629-4806), Mouse IgE : 

M57385.1, Mouse IgG1 : M12389.2 (Sγ1 1-9235), Mouse IgG2a and IgG2b : D78344 

(Sγ2a 44372-47089; Sγ2b 28278-32080), Mouse IgG3 : M12182.1, Mouse IgM: AC073553 

(Sμ 136645-139845), 3′RR hs regions: AF450245.1.

3. RESULTS

Hormones and vitamins have long been considered indirect regulators of antibody 

expression patterns. As an example, they may modulate cytokine levels, which in turn 

modulate B cell activities. Experiments were designed to determine if the estrogen receptor, 

a type I nuclear hormone receptor, binds directly to the immunoglobulin heavy chain locus 

in regions critical to antibody expression and the CSR.

3.1 Hotspots for ERE in the switch regions of the immunoglobulin heavy chain locus

We previously scanned the murine and human immunoglobulin heavy chain switch regions 

for nuclear hormone receptor response elements, including ERE [34]. Hotspots for ERE 

were readily identified, particularly in Sμ, Sε, and Sα regions, but were relatively rare in Sγ 
regions. Patterns were similar for both mouse and human loci. Positions are illustrated in 

Figure 1 for the murine Sμ region, and in supplementary Figures 1–14 for additional S 

regions in murine and human loci.

3.2 ER binds Eμ, S regions, and the 3′RR in the immunoglobulin heavy chain locus of LPS-
activated murine B cells

To determine if ERE hotspots were predictive of ER binding, we conducted ChIP with ERα 
antibody using DNA from purified, activated, murine B cells. This was accomplished by 

purifying B cells from C57BL/6 female mice by negative selection with CD11b- and CD43-

specific antibodies. Cells were then stimulated overnight with LPS (after which most cells 

expressed IgM) and harvested. ChIP experiments were performed with ERα-specific 

antibodies. A ChIP-seq library was then prepared and analyzed as described in the Materials 

and Methods section. Indeed, as predicted by the identification of ERE hotspots in the Sμ 

region, we observed ER binding to Sμ. Also as expected, we observed ER binding to non-

immunoglobulin loci such as bcl-2, consistent with findings from previous literature 

[3,9,35].

The detailed patterns of ERα binding in the murine heavy chain locus are illustrated in 

Figure 2. As shown, ER was bound to a region from the JH locus through to Cμ and Cδ, with 
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peaks in Eμ (right-most peak) and Sμ. In addition, there was significant binding in the 3′RR 

downstream of the Cα coding segment. The highest peaks in the 3′RR corresponded to 

hypersensitive sites, hs1,2 and hs4. Of interest, unlike the the Sμ site, the 3′RR does not 

contain a large number of ERE, suggesting that in this region, ER may have bound non-

canonical RE, or was tethered to other factors that bound DNA [25]. To our knowledge, this 

is the first demonstration of direct binding of ER to these key regulatory elements in 

immunoglobulin loci in activated B cells.

The binding observed in the ChIP-seq experiment was confirmed by ChIP-qPCR 

experiments using primers specific for Sμ and the 3′RR hs4. In each case, we conducted 

ChIP-qPCR experiments with samples taken from two different LPS-stimulated B cell 

cultures. For each of the primer sets, we found reproducible and significant increases in PCR 

signals (% input DNA) when ERα antibodies and IgG control antibodies were compared 

(p<.01 by unpaired T tests). An additional control was with unstimulated B cells, in which 

case ERα binding to the 3′RR hs4 region, but not the Sμ region, was evident. Results 

confirmed that ER could bind DNA elements pertinent to antibody expression and the CSR 

in the immunoglobulin heavy chain locus of activated B cells.

4. DISCUSSION

Results in this report support our hypothesis that ER may be directly involved in the 

machinery required for antibody expression and the CSR. ER binds to Sμ as predicted by 

our previous search for ERE, and also binds to Eμ and the 3′RR in activated B cells. In each 

case DNA-binding by ER might: (i) alter chromatin structure, (ii) alter loop formation, 

and/or (iii) recruit or inhibit the binding of other enzymes or factors pertinent to antibody 

expression.

Among the regulatory elements in the heavy chain locus, Eμ was the first enhancer to be 

discovered near constant region genes [36,37]. Additional enhancers were then identified 

among multiple DNase I hypersensitive sites in the 3′RR region [23]. These enhancers are 

characterized by repetitive switch-like regions and are bound by numerous factors including 

Pax5 and NF B. The 3′RR has been shown to interact in loop formation with Eμ, S regions, 

and promoters for the germ line transcripts (GLT) that coincide with CSR. When the 3′RR 

region is absent in mice, V-D-J joining capacity is retained, but mice express low levels of 

IgM. Mice lacking 3′RR are also deficient in SHM and CSR [23,38–40]. The 3′RR not only 

influences CSR outcome in normal animals, but a rearrangement involving the 3′RR can 

serve as a mechanism for B cell suicide [41–44]. Polymorphisms in the hs1,2 sequence 

associate with particular isotype expression patterns in humans, and risks of the female-

predominant systemic lupus erythematosus [45]. Our finding that ER can bind to these key 

enhancer regions may provide a new explanation for estrogen’s influence on B cell 

responses, and the sex biases of autoimmunity.

Our results encourage studies to identify potential ER interactions with the plethora of 

factors known to associate with B cell-development, SHM, and CSR (e.g. AID, RNA 

polymerase, BATF, cohesin, Med 1, Med 12, histone-modifying enzymes, and the RNA 

exosome) [18,19,23,31,40,46–59]. ER should perhaps be studied in conjunction with other 
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members of the nuclear hormone receptor superfamily, as receptors can be promiscuous and 

cross-regulatory [26,60]. Of note, our previous research identified hotspots for nuclear 

hormone receptors of both types I and II (e.g. vitamin A-, vitamin D-, and thyroid receptors) 

in the heavy chain locus [34]. New experiments may help explain differences between male 

and female immune responses, and differences among individuals with variant levels of 

hormones and vitamins. Given that hormone and vitamin levels are integral to human health 

and are often perturbed by drug dosing (e.g. hormone replacement therapy, birth control 

pills, thyroid hormone supplements, or prednisone), a better understanding of all associated 

functions, health benefits, and health risks is much desired.

5. CONCLUSION

In conclusion, we discovered that ER binds to the immunoglobulin heavy chain locus in 

activated B cells at positions critical for antibody expression and CSR. Results support our 

hypothesis that nuclear hormone receptors directly influence machinery pertinent to 

antibody expression. ER binding (and the binding of other nuclear hormone receptors) to 

DNA may alter chromatin architecture, factor recruitment, and/or formation of DNA loops. 

Endogenous vitamin/hormone levels and drugs (e.g. birth-control pills, hormone 

replacement therapy, thyroxine, prednisone, vitamin supplements) may thus influence B cell 

responses to self- and foreign-antigens. Studies are now warranted to evaluate mechanisms 

by which vitamins/hormones may influence antibody expression machinery. These 

mechanisms might then be employed to diagnose and correct conditions of B cell 

malfunction and disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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V variable region

D diversity region

J joining region

S switch region

C constant region

AID activation induced cytidine deaminase
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ER estrogen receptor

ERE estrogen receptor response element

hs hypersensitive site
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HIGHLIGHTS

1. Hotspots for estrogen receptor response elements (ERE) exist in Sμ, 

Sε, and Sα regions within murine and human immunoglobulin heavy 

chain loci.

2. ERE are rare within all Sγ regions in immunoglobulin heavy chain loci 

of mice and humans.

3. A chromatin immunoprecipitation (ChIP-seq) experiment using 

purified female mouse B cells stimulated for 1 day with LPS revealed 

binding of estrogen receptor α (ERα) to the Sμ region in the 

immunoglobulin heavy chain locus.

4. Additional peaks of binding were coincident with the intronic enhancer 

Eμ and the 3′regulatory region (3′RR), particularly hs1,2 and hs4 DNA 

hypersensitivity sites.

5. The finding that nuclear hormone receptors interact with S and 

regulatory regions pertinent to immunoglobulin gene expression and 

class switch recombination (CSR) in activated B cells suggests that 

there may be a direct influence of estrogen and other hormones or 

vitamins on antibody expression patterns.
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Figure 1. Hotspots for ERE in the Sμ switch site of the immunoglobulin heavy chain locus
The sequence G/AG/AT/CT/CG/AnnnTGAG/CC was highlighted within the Sμ region of 

the mus musculus genome. Sequences are highlighted in purple.
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Figure 2. ERα binding in the immunoglobulin heavy chain locus
Results of Chip-Seq with the ERα antibody in the immunoglobulin heavy chain locus are 

shown.
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