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Identification of a 5-Methylcytosine 
Site that may Regulate C/EBPβ 
Binding and Determine Tissue-
Specific Expression of the BPI Gene 
in Piglets
Li Sun1, Jing Wang1, Xuemei Yin1, Shouyong Sun1, Chen Zi1, Guoqiang Zhu2, Shenglong Wu1 & 
Wenbin Bao1

Bactericidal/permeability-increasing protein (BPI) plays an important role in innate immune defense 
in mammals. A previous study showed that BPI gene expression correlates to gram-negative bacteria 
resistance. However, this gene showed tissue-specific expression in piglets and strongly expressed 
only in the digestive tract. To investigate the mechanisms governing the tissue-specificity, bisulfite 
sequencing PCR and next generation sequencing were used for high accuracy methylation quantitation 
of CpG islands of BPI gene upstream in 11 different tissues from weaned Yorkshire piglets. Additionally, 
qPCR was used to examine mRNA levels of BPI gene as well as transcription factor. We additionally 
analyzed transcriptional regulation by studying key 5-methylcytosine sites and transcription factors. 
Results showed that BPI mRNA levels significantly correlated with the overall methylation as well as 
methylation at mC-15 which was non-CpG site, no significant correlation could be found between the 
BPI and transcription factor mRNA levels, EMSA test showed that C/EBPβ could interact with BPI wild-
type promoter DNA, but not methylated DNA. So we confirmed that methylation of mC-15 residue 
could inhibit the ability of C/EBPβ binding to the BPI promoter and affect the expression, and this 
mechanism probably plays a role in the tissue specificity of BPI gene expression in weaned piglets.

Bactericidal/permeability-increasing protein (BPI), an endogenous cationic protein found in humans and other 
mammals, plays an important role in the innate immune defense. This protein, which is primarily located in the 
aniline blue particles of polymorphonuclear leukocytes (PMNs), participates in killing gram-negative bacteria 
and also in neutralizing endotoxin and lipopolysaccharide (LPS)1. It also has several other biological roles: it 
promotes complement activation and opsonization for increased phagocytosis, inhibits angiogenesis and the 
release of inflammatory mediators, and additionally protects against fungal and protozoan infections2. Thus, BPI 
is an attractive target in the management of both infections and inflammatory diseases, and recombinant BPI and 
its derivatives have shown promise in the treatment of gram-negative bacterial infections in preclinical as well as 
clinical trials. The effects of porcine BPI have been well documented: in 1991, Weiss et al. found that it played a 
role in the resistance to Escherichia coli (E. coli)3. An examination of biological activity showed that porcine BPI 
can kill gram-negative bacteria and neutralize endotoxin4. Subsequent in vitro assays showed that antibodies to 
human BPI enhance the biological activity of porcine BPI5. In recent years, BPI was identified as a candidate gene 
for disease-resistance breeding in pigs6, and Vandermeer et al. found that recombinant BPI administration pro-
tects pigs against endotoxemia-induced acute lung injury7. Additionally, studies from our group have indicated 
a direct role for the porcine BPI gene in preventing E. coli F18-induced diarrhea and edema in weaned piglets, 
and have also shown that resistance to this bacterial strain requires the upregulation of BPI gene expression in 
the gut8,9.
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Epigenetic modifications via DNA methylation regulate gene expression by promoting or inhibiting transcrip-
tion factor binding to DNA10. In higher organisms, DNA methylation is differentially regulated in different tissues 
or at different developmental stages11,12. The use of bisulfite sequencing PCR (BSP) in combination with Sanger 
sequencing has shown that BPI gene expression significantly correlates with promoter CpG island methylation 
in the duodenum of Sutai piglets of different ages13. Additionally, we found that BPI gene is highly expressed in 
the digestive tract, but shows only low-level expression in other tissues8,9. However, the mechanisms govern-
ing this tissue-specific expression are unclear, and in this study, we investigated whether they involve promoter 
methylation.

While the traditional approaches of pyrosequencing or Sanger sequencing are still frequently used for 
highly targeted analyses involving selected genomic regions, these methods show drawbacks when it comes 
to hypothesis-driven analyses, as they are limited in their quantitative accuracy, the read length, and sam-
ple throughput14–17. With the development of low-cost, high-output next-generation sequencing (NGS), 
5-methylcytosine (mC) quantitation methods (for example, MeDIP-seq, MethylCap and reduced representation 
bisulfite sequencing [RRBS]), are now predominantly used in whole genome sequencing, but the quantitation 
accuracy of single site still remains low (about 5%). By combining the benefits of bisulfite conversion, targeted 
amplification, tagmentation-based library construction, and NGS, we have developed a novel method termed 
bisulfite amplicon sequencing (BSAS) for targeted digital high accuracy quantitation of DNA methylation18. In 
this study, to investigate the genetic mechanisms underlying the tissue-specific expression of the BPI gene, we 
used BSAS to examine the BPI gene promoter CpG island methylation, and additionally analyzed the regulation 
of mRNA expression by examining key 5-mC sites and key transcription factors in 11 different tissues from 
weaned Yorkshire weaned piglets.

Materials and Methods
Ethics statement. The animal study proposal was approved by the Institutional Animal Care and Use 
Committee (IACUC) of the Yangzhou University Animal Experiments Ethics Committee (permit number: SYXK 
(Su) IACUC 2012-0029). All experimental procedures were performed in accordance with the Regulations for 
the Administration of Affairs Concerning Experimental Animals approved by the State Council of the People’s 
Republic of China.

Experimental animals and sample collection. Yorkshire piglets (n =  3; 35-days-old) were obtained 
from a national core pig breeding farm, Changzhou Kangle Farming Co., Ltd. Changzhou, Jiangsu, China. The 
animals used in this study were healthy, raised under similar conditions, and their birth weight, weaning weight, 
and body size were similar. This experiment was conducted in the Animal Hospital of Yangzhou University in 
accordance with the regulations of the Administration of Affairs Concerning Experimental Animals (Ministry of 
Science and Technology, Beijing, China, revised in June 2012). After sacrifice, the heart, liver, spleen, lung, kidney, 
stomach, muscle, thymus, lymph node, jejunum, duodenum, testicle, epididymis andmarrow were collected in 
1.5-mL nuclease-free Eppendorf tubes, snap-frozen immediately in liquid nitrogen, and then stored at –80 °C 
until further study.

DNA bisulfite conversion and bisulfite specific PCR. Genomic DNA was extracted from por-
cine tissues by standard phenol/chloroform extraction and subjected to bisulfite conversion using the EpiTect 
bisulfite kit (Qiagen, Valencia, CA, USA), according to the manufacturer’s instructions. Touchdown PCR was 
used to amplify the bisulfite-treated DNA (BST-DNA). The primer sequences were as follows: forward, 5′- 
TTTAGTTGTGGTAATTATTTTATAATTTTT-3′  and reverse, 5′ -AATTAATCAATACCCCTCACCC-3′ , and 
the amplified fragment length was 406 bp. The 25-μ L reaction mixes included 1.5 μ L DNA template, 2.5 μ L 10×  
PCR buffer, 2 μ L Mg2+ (25 mmol/L), 0.5 μ L forward primer (10 μ M/L), 0.5 μ L reverse primer (10 μ M/L), 2 μ L 
dNTPs (10 mmol/L), 0.5 μ L Taq polymerase (5 U/μ L) and 15.5 μ L water. The following reaction conditions were 
used: 95 °C for 5 min, then 15 cycles of 95 °C for 15 s, 58 °C for 20 s (reduced by 1 °C every 3 cycles) and 72 °C for 
30 s; 35 cycles of 95 °C for 15 s, 53 °C for 20 s and 72 °C for 30 s, with a final extension at 72 °C for 10 min.

NGS library preparation and sequencing. Indexed libraries were generated using TruSeq DNA PCR-free 
library preparation technology according to manufacturer’s protocol (Illumina, San Diego, CA, USA). In short, 
Purified PCR products were quantified using the Qubit 2.0 (Invitrogen, USA). A total of 500 ng DNA was then 
processed, including end repair, Adenylate 3′  Ends, adaptor ligation. PCR-free libraries were purified using 
Gnome Size Selector beads (Huijie, Wujiang, China), and eluted off the beads in 10 μ l MilQ. Double-stranded 
libraries were quality checked on a High Sensitivity DNA Agilent chip run on the Agilent 2100 Bioanalyzer 
(Agilent Technologies) for size and molarity determination and were quantity checked by QPCR using BioRad. 
Based on these metrics, libraries were diluted to 2 nM in MilQ. Equimolar libraries were pooled in equal volumes 
for denaturation and dilution in HT1 (Illumina, San Diego, CA, USA) buffer. Briefly, 5 μ l of pooled NGS library 
was mixed with 5 μ l 0.2 N NaOH for 5 min, then the library was diluted to 20 pM in HT1 buffer for a final volume 
of 1 ml. PhiX control libraries (Illumina, San Diego, CA, USA) were used to increase diversity of base calling dur-
ing sequencing. A volume of 600 μ l was loaded onto the reagent cartridge for sequencing. Denatured and diluted 
libraries were sequenced on the Illumina MiSeq benchtop sequencer with the sequencing-by-synthesis technol-
ogy per manufacturer’s protocol. Runs were set for ‘Generate FASTQ only’ workflow in Illumina Experiment 
Manager (Illumina, San Diego, CA, USA). Then, 600-cycle MiSeq v.3 reagent cartridges (Illumina, San Diego, CA, 
USA) were used to sequence libraries with paired-end, dual-indexing 301 cycles per read (2 ×  301). Sequencing 
run monitoring was achieved through BaseSpace beta (basespace.illumina.com). Data was demultiplexed on the 
MiSeq instrument automatically, and zipped FASTQ files were generated per sample, per read. Data was accessed 
either in the run analysis folder locally on the instrument, or through BaseSpace beta.
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NGS data analysis and digital methylation quantitation. The raw sequencing reads were cleaned 
using in-house scripts to trim sequencing adapters and low quality bases (Q <  20) in the 3′  end and ambiguous 
bases in both ends. The sequence was indexed by converting all C’s and G’s to T’s and A’s, respectively, i.e., two dif-
ferent reference databases. Bismark was used to map the cleaned reads to each of the two reference databases after 
converting all C’s to T’s. For each read, an in-house script computed the best of all alignments for the different loci 
using two different reference databases based on the number of mismatches after realigning the original read and 
reference sequences. The script also determined the methylation status of each cytosine residue by comparing the 
bisulfite-converted sequence to the reference sequence. Another in-house script piled reads for each cytosine in 
the reference genome and counted the numbers of reads that contained methylated and unmethylated cytosines, 
respectively. Finally the methylation of each CpG site was defined as the fraction of methylated reads to that of 
methylated and unmethylated reads combined.

Real-time PCR analysis. RNA was isolated from various tissues of the Yorkshire pigs using the TRIzol 
reagent (Invitrogen, Carlsbad, CA, USA), according to the manufacturer’s instructions. Single-stranded cDNA 
was generated using the PrimeScript RT-PCR kit (TaKaRa, Dalian, China), following the manufacturer’s instruc-
tions. Real-time quantitative PCR was performed using an ABI Prism 7500 sequence-detection system (Applied 
Biosystems, Foster City, CA, USA) with SYBR Green PCR Master Mix (TaKaRa), according to the manufacturer’s 
instructions. The BPI fragment was amplified using the primers listed in Table 1. GAPDH, TBP1, and ACTB were 
used as internal controls; the expression of BPI in each sample was normalized to their geometric mean. Triplicate 
PCR amplifications were performed for each sample. The real-time PCR results were processed using the 2−ΔΔCt 
method (Δ Ct =  mean BPI expression −  mean internal control expression). The Δ Ct for liver tissue was arbitrar-
ily defined as 1.0 for relative quantification of the expression levels of this gene in other samples (Δ Δ Ct =  Δ Ct of 
each sample − Δ Ct of the liver in each experiment).

Electrophoretic mobility shift assay (EMSA). The BPI wt (wild-type) probe (Forward primer: 
AACCCACAACCTCATGGTTC, Reverse primer: GAACCATGAGGTTGTGGGTT) and BPI mut (mutant-type) 
probe (Forward primer: AACCGACTAGTCTATGGTTC, Reverse primer: GAACCATAGACTAGTCGGTT) 
were generated in BPI promoter region for Electrophoretic Mobility Shift Assay (EMSA). All probes were syn-
thesized directly by the Genecreate (Wuhan, China). The probes were treated by CpG methyl transferase M.SssI 
(#M0226V, 50 units) purchased from New England Biolabs (NEB, America). Whereafter, probes were labeled 
with biotin-dUTP. Nuclear protein from duodenal tissues was extracted using the nuclear protein extraction 
kit (Beyotime, China). Electrophoretic mobility shift assays (EMSAs) were performed according to the man-
ufacturer’s instructions of EMSA kit (Thermo Fisher). The binding buffer contained 20 mM Tris-Cl (pH 7.6), 
50 mM KCl, 5 mM MgCl, 0.5 mM EDTA, 10% glycerol, 1 mM dithiothreitol (DTT). 10 μ l EMSA reaction system 
contained 2 μ l binding buffer, 2 μ l nuclear protein, 2 μ l labeled probe, 4 μ l ddH2O. Antibody supershift assay: C/
EBPβ  antibodies (23431-1-AP) were obtained from ProteinTech (Wuhan, China). C/EBPβ  antibodies (1 μ l) were 
added to EMSA reaction mixtures for 1 h at 4 °C prior to addition of the labeled probe. Products were electro-
phoresed on a non-denaturing 5% polyacrylamide gel. After electrophores, DNAs were transferred to a positive 
nylon membrane, UV cross-linked, probed with streptavidin-HRP conjugate and incubated with the substrates 
of the ECL kit.

Results
Validation of the CpG Island Fragment Amplification. BPI gene promoter CpG island PCR prod-
ucts and CDS PCR products were examined by 1% agarose gel electrophoresis. BPI recombination protein were 
examined by SDS-PAGE. These size of the amplified fragments corresponded with the expected product sizes 
(406 bp, 1452 bp and 38 kDa), and each amplification yielded a single specific product that could be used for next 
experiment (Fig. 1).

Primer name Sequence of primer

BPI RT-PCR primer
F: ATATCGAATCTGCGCTCCGA

R: TTGATGCCAACCATTCTGTCC

C/EBPβ RT-PCR primer
GTCCAAACCAACCGCACAT

GAAACAACCCCGTAGGAACAT

GAPDH RT-PCR primer
ACATCATCCCTGCTTCTACTGG

CTCGGACGCCTGCTTCAC

TBP1 RT-PCR primer
AACAGTTCAGTAGTTATGAGC

AGATGTTCTCAAACGCTTCG

ACTB RT-PCR primer
CAGGTCATCACCATCGGCA

CGTCGCACTTCATGATGGAGT

Table 1.  Primers used for real-time PCR (RT-PCR). BPI gene and C/EBPβ were identified by real-time PCR. 
The housekeeping genes, GAPDH, TBP1 and ACTB were used as the internal controls. The data were analyzed 
by the cycle threshold (C(t)) method.
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Sequencing quality control. After sequencing, a total of 3.92 million raw reads were generated for 42 sam-
ples, out of which 2.32 million reads were mapped after read merging, quality trimming, and elimination of PhiX 
control reads. The average number of mapped reads was 50,950,000 (10,880,000–126,840,000) for each sample.

Methylation levels. After sequencing, filtering out of low quality reads, and mapping, the overall percentage 
of cytosine is shown in Fig. 2a. The sites for which the cytosine ratio was greater than 5% were selected for further 
analysis (Fig. 2b), and then we found that a total of 18 sites were methylated. In different tissues, the levels of dis-
persion of mC-3, mC-10, mC-14, and mC-15 were high.

Sequencing of the PCR amplicon revealed 15 CpG sites (Fig. 2c), all of which were methylated. In addition, 
three non-CpG sites were also found to be methylated (mC-8, mC-10, and mC-15). Additionally, a total of 12 
putative transcription factors were identified, two of which (Sp1 [specificity protein 1] and C/EBPβ  [CCAAT/
enhancer binding protein β ]) contained methylation sites.

The methylation levels in different tissues and different sites are shown in Fig. 2d. While the overall methyla-
tion levels across different tissues were relatively similar (70.19–73.82%), the level in the duodenum was signifi-
cant higher than that in the heart, liver, spleen, and lungs (P <  0.05).

Correlation between the methylation level and mRNA Expression. The expression of BPI gene (as 
determined by the mRNA level) was significantly elevated in the stomach, jejunum, and duodenum, compared 
to that in the other tissues examined (P <  0.05; Fig. 3a). Pearson correlation analysis showed that the methylation 
status of the CpG island was negatively correlated with BPI mRNA level (Fig. 3b, R =  − 0.38, r0.05 =  0.30, r0.05 is 
the correlation coefficient threshold), with significant correlation coefficients being obtained for only the mC-15 
site (R =  − 0.41).

Correlation between BPI and C/EBPβ mRNA Expression. We next examined whether there was a 
correlation between expression of the transcription factors of the C/EBPβ  and that of BPI; C/EBPβ  were only 
highly expressed in the lungs (Fig. 4a), and no significant correlation could be found when examining the BPI and 
C/EBPβ  mRNA levels (R =  − 0.13).

EMSA analysis of C/EBPβ binding to the BPI gene promoter. To study whether BPI methylation 
could affect the ability of C/EBPβ  binding to the BPI promoter, we performed EMSA experiments (Fig. 4b). 
Several shift bands were observed with unmethylated BPI wild-type probes (lane 4 to 6), while no shift bands was 
detected in methylated wild-type probes (lane 1 to 3) and mutant-type probes (lane 7 to 10). This result showed 
that nuclear extracts from duodenal tissues could interact with BPI wild-type probes. When we added C/EBPβ  
antibody, a strong supershifted band was observed with the unmethylated wild-type probe only (lane 5). This 
result further indicated C/EBPβ  from nuclear extracts could bind specifically to the unmethylated BPI wild-type 
probe.

Discussion
Given its ability to neutralize endotoxin and protect against gram-negative bacteria19,20, the BPI has wide appli-
cation prospects, and can be considered a “super antibiotic”. Porcine BPI also has these functions6. Diarrhea and 
edema, which commonly develop following E.coli F18 infection, are two major causes of mortality in postweaning 
piglets, and these contribute to immense financial losses in the swine-rearing industry. Following infection in 
pigelets, this bacterium relies on its fimbriae to adhere to the surface of epithelial cells in the small intestine and 
to bind to the F18 receptor on porcine small intestinal epithelial brush cells. Then, the bacterium attaches, repro-
duces, and produces enterotoxin, following which symptoms develop in the piglets21. In this study, we have recon-
firmed the findings from studies done in Sutai piglets, that BPI gene mRNA levels are higher in in the stomach, 
jejunum, duodenum, testicle, epididymis and marrow than in other tissues8,9. Together, these studies show that 

Figure 1. Electrophoretogram. Lanes 1–2: BPI gene promoter CpG island PCR products, 406 bp; Lanes 3: BPI 
gene CDS PCR products, 1452 bp; Lanes 4: BPI recombination protein, 38 kDa; M: DL2000 markers.
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Figure 2. Frequency of DNA methylation of 5-mC sites in different samples. (a) Frequency of cytosine of 
all cytosine sites in the PCR amplicon (406 bp). (b) Distribution of DNA methylation range of 5-mC sites in 
different samples, a total of 18 sites were methylated, and the levels of dispersion of mC-3, mC-10, mC-14, and 
mC-15 were high in different samples. (c) Sequence of the PCR amplicon with the sites of methylation indicated 
(Sus scrofa10.2:chr17:46796069-46796474), a total of 12 putative transcription factors were identified, two of 
which (Sp1 and C/EBPβ ) contained methylation sites. (d) Frequency of methylation of 5-mC sites in different 
tissues, while the overall methylation levels across different tissues were relatively similar (70.19–73.82%), the 
level in the duodenum was significant higher than that in the heart, liver, spleen, and lungs (P <  0.05).

Figure 3. BPI gene mRNA expression and the correlation with methylation level. (a) BPI mRNA expression 
in different tissues, the expression levels in stomach, jejunum, duodenum, testicle and epididymis were 
significantly elevated compared to other tissues. (b) Pearson’s correlation coefficient for correlations between 
mRNA expression and methylation level, dashed lines represent the correlation coefficient threshold, mRNA 
levels significantly correlated with the overall methylation level as well as methylation at the mC-15 site.
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the BPI gene also shows similar tissue-specific expression in a different breed of weaned piglets. Given that BPI 
can directly kill E. coli F18 and other gram-negative bacteria, and that up-regulated expression is closely related 
to resistance to intestinal E. coli F18, investigating the genetic mechanisms govering BPI gene tissue specificity 
has important implications in biological engineering measures to harness the activity of porcine endogenous BPI 
protein.

Epigenetic regulation via DNA methylation plays an essential role in the control of biological processes by 
modulating gene expression. Importantly, DNA methylation is regulated both at the tissue level and also based 
on the developmental stage22,23. The traditional methods for quantitative detection of methylation utilize Sanger 
sequencing and pyrosequencing. Due to the limited number of clones, the quantitative precision is not high 
enough in the Sanger sequencing method, and additionally, it is also time-consuming24; In pyrosequencing, 
methylation level is determined based on the fluorescence intensity, and hence this method also has limited accu-
racy25. Currently, using Illumina MiSeq sequencing, the read length can be increased to 300 bp ×  2, thus covering 
most of the CpG islands26. In this study, which utilized the BSAS method18, the average mapped reads for each 
sample reached 52,260, and this is equivalent to 52,260 clones that were selected in Sanger sequencing, allowing 
the accuracy to reach 10−5; additionally, there is no bias in BSAS, and this ensures accuracy in quantifying the 
methylation level. In summary, BSAS is superior to other methods. The combination of BSP+  Sanger has been 
previously used to examine BPI gene promoter CpG island methylation13. As shown in Fig. 2a, every cytosine 
site had a certain proportion of cytosine residues, but the proportion was generally less than 1%. This could be 
attributable to the bisulfite treatment not being complete or to sequencing errrors. After screening, we identified 
18 sites where the cytosine proportion was higher than 5%, and these were selected for further analysis. Although 
the level of methylation was relatively similar in the different tissues, the degree of methylation in the duodenum 
was significantly lower than that of the heart, liver, spleen and lung; pearson correlation analysis showed that the 
methylation status of the CpG islands was negatively correlated with BPI mRNA expression (P <  0.05), suggesting 
that increased methylation was associated with decreased mRNA expression27.

Analysis of the amplified sequence (Fig. 2c) revealed that the 18 methylated sites included all the CpG sites in 
this sequence, as well as three non-CpG sites. The methylation of non-CpG sites has been found in the embryo, 
and shows a high correlation with gene expression28. DNA methylation can regulate gene transcription and 
expression by inhibiting the ability of methylation-sensitive transcription factors to bind to DNA or binding 
repressor proteins to inhibit the binding of methylation non-sensitive transcription factors29. Out of the 12 poten-
tial transcription factor-binding sites in the PCR amplicon, only the SP1 and C/EBPβ  binding sites had meth-
ylation sites (mC-3, mC-4, mC-5. and mC-15). Importantly, the mC-15 site that was significantly negatively 
correlated with BPI expression level was located within the C/EBPβ  binding site. An experiment by Lennartsson 
et al., where transient transfection of C/EBPα  or C/EBPε  into HeLa cells resulted in increased promoter activity, 
indicated a direct or indirect role for C/EBP in regulating BPI expression30; Lennartsson et al. have also reported 
that all-trans retinoic acid-induced expression of BPI protein in human myeloid cells correlates with binding 
of C/EBPβ  and C/EBPε  to the BPI promoter31; Miyuki et al. have demonstrated the requirement for C/EBPε  in 
mediating BPI gene expression in myeloid cells, both in vitro and in vivo32; These studies indicate that members of 
the C/EBP transcription factor family play an important role in the regulation of BPI gene expression. However, 
there is no significant correlation could be found when examining the BPI and C/EBPβ mRNA levels. Based on 

Figure 4. C/EBPβ mRNA expression in different tissues and EMSA analysis of C/EBPβ binding to the 
BPI promoter. (a) C/EBPβ  mRNA expression in different tissues, C/EBPβ  was only highly expressed in 
the lungs. (b) Nuclear proteins from duodenal tissues expressing C/EBPβ  were extracted using the nuclear 
protein extraction kit. After addition of biotin-labeled probe (BPI wt, lane 1 to 5; BPI mut, lane 7 to 9), C/EBPβ  
antibody (lane 5) and incubation at RT for 30 min, DNA-protein complexes were analyzed by EMSA with 5% 
polyacrylamide gel.
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these, we speculate that the methylation at the mC-15 site inhibits the DNA-binding of C/EBPβ  and affects BPI 
gene expression33, and the EMSA test confirmed that C/EBPβ  could interact with BPI promoter DNA, but not 
methylated DNA. So we confirmed that methylation of mC-15 residue could reduce the ability of C/EBPβ  to bind 
the BPI promoter and affect the expression, so this mechanism may play a role in the tissue-specific expression 
of the BPI gene.

It is reported that C/EBPβ  family members are the major inflammatory mediators in the gastrointestinal 
tract of infected macaques; indeed, C/EBPβ gene expression is increased significantly in macaques infected with 
simian immunodeficiency virus (SIV) or in animals suffering from chronic diarrhea, compared with controls34. 
Chromatin immunoprecipitation experiments confirmed that a delicate balance of interaction between p65, C/
EBP, and trans-activator of transcription can dictate the level of human immunodeficiency virus type 1 tran-
scription in intestinal lamina propria cells35. Following exposure of normal tissues to LPS, interleukin-6 (IL-6), 
interleukin-1 (IL-1), or interferons the C/EBPβ expression is increased significantly36, indicating that the C/EBPβ  
can regulate gene expression related to immune, inflammatory, and damage-linked processes37–40. BPI plays an 
important role in the innate immune response, and our findings indicate that the high expression of BPI gene may 
be related to C/EBPβ  in the intestine, where there is high level exposure to gram-negative bacteria on a daily basis.

In summary, the methylation status of BPI gene promoter CpG island mC-15 site could affect the binding 
of the C/EBPβ  transcription factor to the BPI promoter region in weaned piglets, thereby regulating BPI gene 
expression and resulting in a tissue-specific expression.

References
1. Levy, O. Antimicrobial proteins and peptides: anti-infective molecules of mammalian leukocytes. J Leukoc Biol 76, 909–925 (2004).
2. Balakrishnan, A., Marathe, S. A., Joglekar, M. & Chakravortty, D. Bactericidal/permeability increasing protein: A multifaceted 

protein with functions beyond LPS neutralization. Innate Immunity 19, 339–347 (2013).
3. Weiss, J., Wright, G., Bekkers, A. C., van den Bergh, C. J. & Verheij, H. M. Conversion of pig pancreas phospholipase A2 by protein 

engineering into enzyme active against Escherichia coli treated with the bactericidal/permeability-increasing protein. J Biol Chem 
266, 41624167 (1991).

4. Zhou, H., Zheng, H. & Xiao, G. The role of swine bactericidal/permeability-increasing protein in gram-negative bacteria infection. 
Chin J Infect Dis 17, 47–48 (1992).

5. Zhou, H., Zheng, J., Qing, X. & Xiao, G. Enhancement of anti-human bactericidal/permeability increasing protein (BPI) antibodies 
on bio-activities of porcine BPI in vitro. Acta Acad Med Mil Tert 1, 76–78 (2002).

6. Tuggle, C. K., Stabel, T. J., Shi, X. W. & Mellencamp, M. A. Inventors; Iowa State University Research Foundation, Inc., assignee. 
Genetic markers for improved disease resistance in animals (BPI). Iowa State University Patents. US 10/161,968. 2006 July 4.

7. Vandermeer, T. J. et al. Bactericidal/permeability-increasing protein ameliorates acute lung injury in porcine endotoxemia. J Appl 
Physiol 76, 2006–2014 (1994).

8. Liu, L. et al. Genetic variation in exon 10 of the BPI gene is associated with Escherichia coli F18 susceptibility in Sutai piglets. Gene 
523, 70–75 (2013).

9. Zhu, J. et al. Expression Differentiation of BPI Gene in Post-Weaning Piglets of Yorkshire, Sutai and Meishan Breeds. J Anim Vet Adv, 
10, 3155–3160 (2011).

10. Bender, J. DNA methylation and epigenetics. Annu Rev Plant Biol 55, 41–68 (2004).
11. Kim, J. K., Samaranayake, M. & Pradhan, S. Epigenetic mechanisms in mammals. Cell Mol Life Sci 66, 596–612 (2009).
12. Meilinger, D. et al. Np95 interacts with de novo DNA methyltransferases, Dnmt3a and Dnmt3b, and mediates epigenetic silencing 

of the viral CMV promoter in embryonic stem cells. EMBO Rep 10, 1259–1264 (2009).
13. Wang, J. et al. Correlation between BPI Gene Upstream CpG Island Methylation and mRNA Expression in Piglets. Int J Mol Sci 15, 

10989–10998 (2014).
14. Dupont, J. M., Tost, J., Jammes, H. & Gut, I. G. De novo quantitative bisulfite sequencing using the pyrosequencing technology. Anal 

Biochem 333, 119–127 (2004).
15. Mikeska, T. et al. Optimization of quantitative MGMT promoter methylation analysis using pyrosequencing and combined bisulfite 

restriction analysis. J Mol Diagn 9, 368–381 (2007).
16. Parrish, R. R., Day, J. J. & Lubin, F. D. Direct bisulfite sequencing for examination of DNA methylation with gene and nucleotide 

resolution from brain tissues. Curr Protoc Neurosci 7, Unit 7.24 (2012).
17. Bock, C. et al. Quantitative comparison of genome-wide DNA methylation mapping technologies. Nat Biotechnol 28, 1106–1114 

(2010).
18. Masser, D. R., Berg, A. S. & Freeman, W. M. Focused, high accuracy 5-methylcytosine quantitation with base resolution by benchtop 

next-generation sequencing. Epigenetics Chromatin 6, 33 (2013).
19. Zhou, H., Yuan, J. & Zhou, L. The role of bactericidal/permeability-increasing protein of endotoxin neutralization in vitro and vivo. 

Nati Med J Chin 79, 304–305 (1999).
20. Gao, B., Yan, Y. & Gao, H. Research Status of anti-endotoxin. J Tradit Chin Vet Med 5, 21–24 (2004).
21. da Silva, A. S., Valadares, G. F., Penatti, M. P., Brito, B. G. & da Silva Leite, D. Escherichia coli strains from edema disease: O 

serogroups, and genes for Shiga toxin, enterotoxins, and F18 fimbriae. Vet Microbiol 80, 227–233 (2001).
22. Bibikova, M. et al. Human embryonic stem cells have a unique epigenetic signature. Genome Res 16, 1075–1083 (2006).
23. Laurent, L. et al. Dynamic changes in the human methylome during differentiation. Genome Res 20, 320–331 (2010).
24. Dikow, N. et al. Quantification of the methylation status of the PWS/AS imprinted region: comparison of two approaches based on 

bisulfite sequencing and methylation-sensitive MLPA. Mol Cell Probes 21, 208–215 (2007).
25. Franca, L. T., Carrilho, E. & Kist, T. B. A review of DNA sequencing techniques. Q Rev Biophys 35, 169–200 (2002).
26. Stamps, B. W., Corsetti, F. A., Spear, J. R. & Stevenson, B. S. Draft genome of a novel Chlorobi member assembled by tetranucleotide 

binning of a hot spring metagenome. Genome Announc 2, e00897–14 (2014).
27. Zou, B. et al. Correlation between the single-site CpG methylation and expression silencing of the XAF1 gene in human gastric and 

colon cancers. Gastroenterology 131, 1835–1843 (2006).
28. Guo, H. et al. The DNA methylation landscape of human early embryos. Nature 511, 606–610 (2014).
29. Weber, M. et al. Chromosome-wide and promoter-specific analyses identify sites of differential DNA methylation in normal and 

transformed human cells. Nat Genet 37, 853–862 (2005).
30. Lennartsson, A., Pieters, K., Ullmark, T., Vidovic, K. & Gullberg, U. AML-1, PU. 1, and Sp3 regulate expression of human 

bactericidal/permeability-increasing protein. Biochem Biophys Res Commun 311, 853–863 (2003).
31. Lennartsson, A., Vidovic, K., Pass, M. B., Cowland, J. B. & Gullberg, U. All-trans retinoic acid-induced expression of bactericidal/

permeability-increasing protein (BPI) in human myeloid cells correlates to binding of C/EBPβ  and C/EBPε  to the BPI promoter. J 
Leukoc Biol 80, 196–203 (2006).



www.nature.com/scientificreports/

8Scientific RepoRts | 6:28506 | DOI: 10.1038/srep28506

32. Tanaka, M., Gombart, A. F., Koeffler, H. P. & Shiohara, M. Expression of Bactericidal/Permeability-Increasing Protein Requires C/
EBPɛ . Int J Hematol 85, 304–311 (2007).

33. Kowenz-Leutz, E., Pless, O., Dittmar, G., Knoblich, M. & Leutz, A. Crosstalk between C/EBPβ  phosphorylation, arginine 
methylation, and SWI/SNF/Mediator implies an indexing transcription factor code. EMBO J 29, 1105–1115 (2010).

34. Mohan, M., Aye, P. P., Borda, J. T., Alvarez, X. & Lackner, A. A. CCAAT/enhancer binding protein β  is a major mediator of 
inflammation and viral replication in the gastrointestinal tract of simian immunodeficiency virus-infected rhesus macaques. Am J 
Pathol 173, 106–118 (2008).

35. Mukerjee, R., Sawaya, B. E., Khalili, K. & Amini, S. Association of p65 and C/EBPβ  with HIV‐1 LTR modulates transcription of the 
viral promoter. J Cell Biochem 100, 1210–1216 (2007).

36. Baccam, M., Woo, S. Y., Vinson, C. & Bishop, G. A. CD40-mediated transcriptional regulation of the IL-6 gene in B lymphocytes: 
involvement of NF-κ B, AP-1, and C/EBP. J Immunol 170, 3099–3108 (2003).

37. Cappello, C. et al. C/EBPβ  enhances NF–κ B-associated signalling by reducing the level of Iκ B-α . Cell Signal 21, 1918–1924 (2009).
38. Hayakawa, K. et al. ER stress depresses NF-κ B activation in mesangial cells through preferential induction of C/EBPβ . J Am Soc 

Nephrol 21, 73–81 (2010).
39. Cortes-Canteli, M. et al. CCAAT/enhancer binding protein β  deficiency provides cerebral protection following excitotoxic injury. J 

Cell Sci 121, 1224–1234 (2008).
40. Cortés-Canteli, M., Wagner, M., Ansorge, W. & Pérez-Castillo, A. Microarray analysis supports a role for ccaat/enhancer-binding 

protein-beta in brain injury. J Biol Chem. 279, 14409–17 (2004).

Acknowledgements
This research was supported by the National Natural Science Funds (31372285, 31172183), Genetically Modified 
Organisms Technology Major Project (2014ZX08006-001B), Science and Technology Supporting Project of 
Jiangsu Province (BE2014357, BE2013345), and the Priority Academic Program Development of Jiangsu Higher 
Education Institutions(PAPD).

Author Contributions
W.B. and S.W. conceived and designed the experiments. L.S. and J.W. performed the experiments. X.Y. analyzed 
the data. S.S. and C.Z. contributed reagents/materials/analysis tools. W.B. and G.Z. contributed to the writing of 
the manuscript.

Additional Information
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Sun, L. et al. Identification of a 5-Methylcytosine Site that may Regulate C/EBPβ 
Binding and Determine Tissue-Specific Expression of the BPI Gene in Piglets. Sci. Rep. 6, 28506; doi: 10.1038/
srep28506 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/

http://creativecommons.org/licenses/by/4.0/


1Scientific RepoRts | 6:33772 | DOI: 10.1038/srep33772

www.nature.com/scientificreports

Corrigendum: Identification of 
a 5-Methylcytosine Site that 
may Regulate C/EBPβ Binding 
and Determine Tissue-Specific 
Expression of the BPI Gene in 
Piglets
Li Sun, Jing Wang, Xuemei Yin, Shouyong Sun, Chen Zi, Guoqiang Zhu, Shenglong Wu & 
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Scientific Reports 6:28506; doi: 10.1038/srep28506; published online 24 June 2016; updated 08 December 2016

In this Article the Authors incorrectly stated that they had developed a novel method termed bisulfite amplicon 
sequencing (BSAS). The method was reported by Masser et al. (reference 18 in the Article). Thus the following 
sentence (which appears verbatim in ref. 18):

“By combining the benefits of bisulfite conversion, targeted amplification, tagmentation-based library construc-
tion, and NGS, we have developed a novel method termed bisulfite amplicon sequencing (BSAS) for targeted 
digital high accuracy quantitation of DNA methylation18.”

should read:

“In a previous study, Masser et al. developed a method termed bisulfite amplicon sequencing (BSAS) for targeted 
digital high accuracy quantitation of DNA methylation by combining the benefits of bisulfite conversion, targeted 
amplification, tagmentation-based library construction, and NGS18.”

The following sections in “Materials and Methods” failed to appropriately cite the protocols followed:

“DNA bisulfite conversion and bisulfite specific PCR.”

should read:

“DNA bisulfite conversion and bisulfite specific PCR13.”

“NGS library preparation and sequencing.”

should read:

“NGS library preparation and sequencing18.”

“Real-time PCR analysis.”

should read:

“Real-time PCR analysis13.”

OPEN

http://doi: 10.1038/srep28506


www.nature.com/scientificreports/

2Scientific RepoRts | 6:33772 | DOI: 10.1038/srep33772

An additional reference is listed below as reference 1 and should appear in the text as below:

“NGS data analysis and digital methylation quantitation”.

should read:

“NGS data analysis and digital methylation quantitation1”.

The Authors apologize for these errors.
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