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differences of the BPI promoter
among pig breeds and the regulation of gene
expression†

HaiFei Wang,a Jiayun Wu,a Sen Wu,a ShengLong Wuab and WenBin Bao *ab

The bactericidal/permeability-increasing protein (BPI) exerts broad-spectrum bactericidal effects against

Gram-negative bacteria and contributes to natural defenses. The expression patterns of BPI among

different pig breeds and the underlying regulatory mechanisms remain elusive. In this study, we

presented that the pig breeds of Yorkshire, Sutai and Meishan showed distinct BPI expression and

promoter DNA methylation patterns. The promoter methylation level in Yorkshire pigs was significantly

higher than that in Meishan pigs (P < 0.05), while the gene expression level displayed a reverse trend.

Correlation analyses revealed a strong negative correlation between BPI promoter methylation and

mRNA expression. Luciferase assay indicated that DNA methylation of BPI promoter can result in the

reduction of BPI transcriptional activity in vitro. Furthermore, animals differing in E. coli F18 susceptibility

showed that sensitive individuals had significantly higher promoter methylation and lower gene

expression levels than those of resistant individuals (P < 0.05). Our study showed distinct BPI promoter

methylation and gene expression patterns among different pig breeds, and provided evidence for the

potential link between BPI promoter methylation, BPI expression and disease susceptibility. The findings

bring us a step forward towards the understanding of regulatory mechanisms underlying BPI expression

and provide fundamental information for further studies on elucidating the contribution of BPI to

intestinal immunity.
Introduction

Bactericidal/permeability-increasing protein (BPI) is an anti-
bacterial protein that is mainly secreted by neutrophils. BPI has
several known biological functions, such as the ability to kill
Gram-negative bacteria, neutralize free lipopolysaccharide,
inhibit angiogenesis and the release of inammatory media-
tors, and to reduce endotoxemia.1,2 The pig BPI protein has been
shown to improve the resistance of pigs to Escherichia coli
(E. coli) infection3 and neutralize endotoxins as well as kill
Gram-negative bacteria.4 Balakrishnan et al. reported that
injection of recombinant BPI protein could signicantly atten-
uate endotoxemia caused by acute lung injury in pigs.5 The
Meishan pigs and European pigs demonstrated pronounced
discrepancies in the resistance to pathogenic infections
including bacteria and viruses.6,7 In addition, Meishan and
Large White pigs differed in innate immune traits including
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neutrophil, monocyte and lymphocyte counts.6 Thus the BPI
gene could be an interesting candidate to interpret the vari-
ability of resistance of pigs to bacterial infection.

DNA methylation is an epigenetic modication that is
associated with various biological processes such as embryonic
development, transcriptional regulation of a gene, genomic
imprinting and inammation.8 DNA methylation is stably
inherited via cell division, and thus represents a major epige-
netic modication.9 It is known that promoter methylation can
repress the expression of genes by inuencing the binding of
transcription factors.10 Furthermore, we previously reported
that promoter CpG island methylation of the BPI gene was
negatively associated with the expression of this gene in the
Sutai pigs.11 However, the functional consequences of BPI
promoter methylation have not been illuminated.

The objectives of this study were to identify whether the BPI
promoter exhibits distinct DNA methylation patterns in
different pig breeds, and elucidate the molecular mechanisms
underlying BPI expression. We measured the DNA methylation
levels of BPI promoter in Meishan, Yorkshire and Sutai (Duroc
� Taihu intercross) pig breeds. We have also performed func-
tional analysis of the relationship between BPI promoter
methylation and BPI expression. In addition, we explored the
potential link between BPI promoter methylation, BPI expres-
sion in animals differing in disease susceptibility.
RSC Adv., 2017, 7, 48025–48030 | 48025
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Experimental
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 proce-
dures were performed following the Regulations for the
Administration of Affairs Concerning Experimental Animals
approved by the State Council of the People's Republic of China.

Animals and sample collection

The three pig breeds of Chinese domestic Meishan pigs,
Western commercial Yorkshire pigs and hybrid Sutai (Duroc �
Taihu) pigs (n ¼ 5 per breed) at 35 days old were obtained from
our three experimental farms, Changzhou Kangle Farming Co.,
Ltd. (National core pig breeding farm), Sutai Pig Breeding
Center in Suzhou City of Jiangsu Province and Meishan Pig
Conservation Breeding Company of Kunshan City, respectively.
To circumvent the potential impacts of environmental factors
such as feed type, weaning age and vaccination usage, the farms
adopted the same feeding procedures for these individuals. The
animals were allowed access to feed and water, and humanely
sacriced via intravenous injection of sodium pentobarbital. As
representing the largest compartment of the immune system
and being the main site for adhesion and colonization of
enterotoxigenic E. coli,12,13 the small intestine was collected and
used for subsequent analyses. In addition, we previously per-
formed transcriptomic and proteomic analyses of the
duodenum section which is one of the important sites of E. coli
F18 strain colonization and replication.14–16 To extend our
previous ndings and better elucidate the molecular mecha-
nisms underlying E. coli F18 infection, the duodenum section of
the intestine was thus used in this study. The distal part of
duodenum (approximately 2 cm circle segments) was collected
and rinsed with phosphate buffer saline, and then placed in
1.5 mL nuclease-free tubes, immediately snap-frozen in liquid
nitrogen and stored at �80 �C until analysis.

In addition, six duodenum samples obtained from three
pairs of Sutai pigs differing in E. coli F18 susceptibility were also
used in this study. The E. coli F18 susceptibility was dened by
the adherence assays, in which the animals whose intestinal
epithelial cells showed nearly no adherence with E. coli F18 were
dened as the resistant individuals, and those showed clear
adherence were dened as the susceptible individuals. Veri-
cation of the susceptibility to E. coli F18 by the type V secretion
system and collection of the duodenum samples have been
described in our previous study.14

Bioinformatic analysis of BPI promoter

The 3 kb sequences (chr17: 41356468-41359467) upstream of
the BPI gene were downloaded from the Ensembl database and
analyzed for CpG island identication. CpG island was pre-
dicted using the online MethPrimer program17 and dened as
the DNA regions greater than 100 bp with a C + G content equal
to or greater than 50% and an observed CpG/expected CpG in
48026 | RSC Adv., 2017, 7, 48025–48030
excess of 0.6. Potential transcription factor binding sites (TFBS)
within the CpG island were identied using the online tool
AliBaba 2.1 (http://www.gene-regulation.com/pub/programs/
alibaba2/index.html).

Normal DNA PCR products sequencing

Genomic DNA was extracted from porcine duodenal tissues by
standard phenol/chloroform method. The DNA sequence of
a 489 bp fragment containing the CpG island was amplied to
screen for single nucleotide polymorphisms (SNPs) in all indi-
viduals. PCR primer sequences are provided in ESI Table S1.†
The PCR system contained 1.0 mL template DNA, 2 mL PCR buffer
(10�), 0.8 mL dNTPs (10 mM), 2.2 mL Mg2+ (25 mM), 1.0 mL
(10 mM) of each primer, 0.2 mL Taq DNA polymerase (5 U mL�1)
and 12.8 mL sterilized distilled water. The PCR protocol was
5 min initial denaturation at 95 �C, followed by 40 cycles of 30 s
at 95 �C, 30 s at 53 �C, 30 s at 72 �C, and a nal extension step of
10 min at 72 �C. The PCR products were checked by electro-
phoresis in 1% agarose gels and sequenced by Invitrogen
(Shanghai, China). The sequences were aligned to the pig
reference genome (Sus scrofa 10.2) for SNP identication using
the soware BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi).

Bisulte sequencing PCR methylation analysis

Genomic DNA was subjected to bisulte conversion using the
EpiTect bisulte kit (Qiagen, Valencia, CA, USA) following the
manufacturer's instructions. PCR assays were performed to
amplify the bisulte-treated DNA. The PCR primer sequences are
provided in ESI Table S1.† The 50 mL reactions included 3 mL DNA
template, 3 mL 10� PCR buffer, 2 mL Mg2+ (25 mmol L�1), 1 mL
forward and reverse BSP primer (10 mM L�1), 1 mL dNTPs
(10 mmol L�1), 0.8 mL Taq polymerase (5 U mL�1) and 38.2 mL
distilled deionized water. The following reaction conditions were
used: 98 �C for 4min, then 20 cycles of 94 �C for 45 s, 66 �C for 45 s
(reduced by 0.5 �C with each cycle) and 72 �C for 1 min; 20 cycles
of 94 �C for 45 s, 56 �C for 45 s and 72 �C for 1 min, with a nal
extension at 72 �C for 10 min. The products (195 bp) were elec-
trophoresed on 1% agarose gels and puried with TIANquick
Midi purication kit (Tiangen Biotech, Beijing) according to the
manufacturer's protocols. Puried PCR products were then
cloned into the pMD18-T vector (Takara, Dalian, China) following
the manufacturer's guidelines. Colony PCR assays were per-
formed for the identication of positive clones. A total of 10–20
positive clones for each sample were randomly selected for
sequencing (Invitrogen Biotechnology, Shanghai, China). The
bisulte sequence data for CpG methylation level were analyzed
by quantication tool formethylation analysis (QUMA) soware.18

Luciferase assays

The 1195 bp (chr17: 41357119-41358313) of BPI promoter
sequences including the CpG island and 500 bp of upstream
and downstream sequences were cloned into a CpG-free lucif-
erase reporter vector kindly provided by Dr Klug and Dr Rehli.19

The sequence with SpeI and NcoI restriction sites was synthe-
sized by Invitrogen Biotechnology (Shanghai, China). The
sequence was then ligated into the CpG-free vector between
This journal is © The Royal Society of Chemistry 2017
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SpeI-NcoI sites and transformed into BW23473 competent cells
for plasmid construction. The constructs were treated with DNA
methyltransferase SssI (NEB, Beijing, China) to methylate all
cytosine residues at CpG sites. The methylated constructs were
puried by TIANquick Midi purication kit (Tiangen Biotech,
Beijing) according to the manufacturer's protocols and quan-
tied using a Nanodrop Spectrophotometer (Thermo Scientic,
Wilmington, USA). IPEC-J2 cells were co-transfected with 100 ng
CpG-free vector either with or without respective insert together
with 2 ng of pRL-TK vector as an internal control reporter, using
Lipofectamine 2000 (Invitrogen, Carlsbad, USA) in 96-well
plates following the manufacturer's instructions. Luminescence
was tested aer 24 hours transfection using the dual-luciferase
reporter assay system (Promega, Madison, USA) on a Tecan
Innite 200 microplate reader (Tecan, Switzerland).
Real-time PCR

Total RNAwas extracted from the duodenal tissues using RNAiso
Plus and reversely transcribed into cDNA using PrimerScript RT
reagent Kit with gDNA Eraser (TaKaRa, Dalian, China) following
the manufacturer's protocols. The real-time PCR (RT-PCR) assay
was performed in 20 mL reaction mixtures containing 2 mL (100
ng) cDNA, 0.4 mL of each forward and reverse primer (10 mmol
L�1), 10 mL SYBR Green RT-PCR Master Mix (2�), 0.4 mL ROX
Reference Dye II (50�), and 6.8 mL distilled deionized water. The
RT-PCR reactions were amplied at 95 �C for 30 s, followed by 40
cycles of 95 �C for 5 s and 62 �C for 34 s. Each sample was tested
in triplicate in three independent experiments to ensure the
Fig. 1 Methylation levels of the individual CpG sites (A) and mRNA expre
indicate means � standard deviation (N ¼ 5). *P < 0.05, **P < 0.01.

This journal is © The Royal Society of Chemistry 2017
reproducibility of the data. Glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) was used as an internal reference, and the
2�DDCt method was used to determine the mean relative
expression levels of BPI.20 All primers (ESI Table S1†) were
synthesized by Invitrogen Biotechnology (Shanghai, China).
Statistical analyses

Statistical analyses were carried out using SPSS 15.0 soware
(SPSS Inc., Chicago, IL, USA). The BPI promoter methylation
and gene expression levels of ve individuals in each breed were
averaged respectively. To analyze the statistical signicance of
differences in methylation level and mRNA expression among
the three breeds, the least signicant difference (LSD) method
was performed to determine the signicance at a 5% signi-
cance level. Pearson's correlation was conducted to analyze the
associations between BPI promoter methylation and gene
expression levels, and the signicance level was set at 5%.
Results
Identication of CpG island and transcription factor binding
sites in the BPI promoter

One CpG island located in chr17: 41357619-41357813 was iden-
tied in the 3 kb sequence upstream of the BPI gene (ESI
Fig. S1†). Five putative transcription factor binding sites (TFBS)
were predicted in the CpG island (ESI Fig. S2†), of which the sites
for transcription factors AP-2, NF-1 and Pax-3 contained CpG
sites.
ssion of the BPI gene (B) in the duodenum of different pig breeds. Bars

RSC Adv., 2017, 7, 48025–48030 | 48027
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Fig. 2 Relationship between BPI gene relative mRNA expression and
promoter CpG island methylation levels in the duodenum of three pig
breeds.

Fig. 4 Analysis of the effects of BPI promoter methylation on tran-
scriptional activity. Bars represent mean � standard deviation (N ¼ 3).
*P < 0.05.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
O

ct
ob

er
 2

01
7.

 D
ow

nl
oa

de
d 

on
 3

/2
2/

20
26

 1
1:

26
:2

0 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Verication of the PCR products of normal DNA and bisulte-
modied DNA

The PCR products were checked by 1% gel electrophoresis (ESI
Fig. S3†). The sizes of PCR products had expected length (489 bp
and 195 bp) and the product bands were specic, indicating
that the PCR products could be used for subsequent analysis.

SNPs identication, CpG methylation and BPI expression

The PCR products of a 489 bp fragment containing the CpG island
for all individuals were sequenced using Sanger sequencing. Aer
alignment to the pig reference genome, no SNPs were identied
within the sequence. The CpGmethylation levels of each CpG site
within the CpG island are presented in Fig. 1A. The methylation
levels of CpG-1, CpG-2, CpG-3, CpG-6, CpG-7 and CpG-10 in
Yorkshire pigs were signicantly higher than inMeishan pigs (P <
0.05). The BPI expression level was signicantly lower in Yorkshire
pigs than in Meishan pigs (P < 0.05, Fig. 1B).

Correlation between expression of BPI and the overall
methylation level of the CpG island

Bisulte sequencing PCR revealed a strong negative correlation
(R ¼ �0.8125, r0.01 ¼ 0.64, r0.01 is the correlation coefficient
threshold) between expression of the BPI gene and the overall
methylation status of the CpG island in the BPI promoter region
Fig. 3 Relationship between the relative expression of BPI mRNA and
the methylation levels of the CpG sites in the duodenum of different
pig breeds. For Pearson's correlation analysis, ra is the correlation
coefficient threshold and a is the significant factor, where a ¼ 0.05
means the significant correlation level and a ¼ 0.01 represents the
extremely significant correlation level.

48028 | RSC Adv., 2017, 7, 48025–48030
in duodenum across the three pig breeds. Moreover, the mRNA
expression level of BPI ranged from low to high in Yorkshire,
Sutai and Meishan pigs, whereas the overall methylation status
of BPI promoter CpG island exhibited an opposite trend (Fig. 2).
The expression of BPI mRNA was signicantly higher in
Meishan pigs than in Yorkshire pigs (P < 0.05), while the overall
methylation status of the CpG island was signicantly lower in
Meishan pigs than in Yorkshire pigs (P < 0.05).
Correlation between expression of BPI and methylation of
individual CpG sites

The methylation status of all ten CpG sites in the CpG island of
the BPI promoter was obtained. Pearson correlation analysis
was performed to test the relationship between the methylation
level of each CpG site and BPI expression. The results revealed
a negative correlation between BPI expression and the methyl-
ation level of the ten CpG sites (Fig. 3). The CpG site methyla-
tion level in relation to BPI expression for each individual is
shown in ESI Fig. S4.† The negative relationship was statistically
signicant for CpG-1, CpG-2, CpG-3, CpG-7, CpG-9 and CpG-10
(P < 0.01).
Functional analysis of BPI promoter CpG island methylation

Luciferase assays were conducted to functionally test if DNA
methylation in BPI promoter regulates gene expression. The
1195 bp BPI promoter sequences were inserted into a CpG-free
luciferase reporter vector that can be utilized to test the effects
of CpG methylation on transcriptional activity of promoters.
The constructed plasmid was methylated with DNA methyl-
transferase SssI or mock-methylated, and then transfected into
IPEC-J2 cells for luciferase activity analysis. The results showed
that methylation of the promoter sequences suppressed
reporter gene expression to 28 � 10.6% which was signicantly
lower than that of controls (P < 0.05, Fig. 4), indicating that
increased DNA methylation level of BPI promoter can result in
reduction of BPI transcriptional activity. Furthermore, we
identied the BPI promoter methylation and mRNA expression
in three pairs of Sutai pigs differing in E. coli F18 susceptibility.
The results demonstrated that the DNA methylation level of BPI
promoter was signicantly higher in sensitive individuals than
This journal is © The Royal Society of Chemistry 2017
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Fig. 5 The BPI promoter methylation level (A) and BPI expression (B) in individuals differing in E. coli F18 susceptibility. Bars denote mean �
standard deviation (N ¼ 3). *P < 0.05.
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in resistant individuals (P < 0.05, Fig. 5A), while the expression
level of BPI was signicantly lower in sensitive individuals (P <
0.05, Fig. 5B).
Discussion

In this study, we observed that the three pig breeds exhibited
distinct DNA methylation patterns of BPI promoter methylation
in duodenum. In addition, we provided evidence for the func-
tional consequence of promoter methylation on BPI expression.
Analyses of the individuals differing in E. coli F18 susceptibility
further conrmed the negative relationship between BPI
promoter methylation and mRNA expression and suggested
a potential link between BPI promoter methylation, BPI
expression and disease susceptibility.

As an important antibacterial protein, identication of the
regulatory mechanisms underlying BPI expression will enable
us to better understand the functional roles of BPI in antibac-
terial infection. It has been shown that overexpression of BPI
signicantly attenuates bacterially induced signaling,21 indi-
cating the signicance of expression regulation of the BPI gene.
DNAmethylation as one of themechanisms for controlling gene
expression provides a molecular means to elucidate the regu-
lation of BPI expression. Moreover, our previous work revealed
the negative relationship between BPI promoter methylation
and its expression in duodenum of pigs.11 Our functional
analysis demonstrated that increased DNA methylation of BPI
promoter resulted in the decrease of transcriptional activity in
vitro, which provides further evidence for the negative rela-
tionship between BPI promoter methylation and gene expres-
sion. Nevertheless, variations in BPI promoter methylation
whether have direct impacts on gene expression in vivo needs to
be further investigated.

The variability in BPI expression between different breeds
has been previously identied, while the underlying molec-
ular mechanisms remain largely unknown. To better reect
the differences of BPI promoter methylation and gene
expression among different pigs, three representative pig
breeds of Meishan, Yorkshire and Sutai were used in this
work. Here we unraveled the differences in BPI promoter
This journal is © The Royal Society of Chemistry 2017
methylation pattern between the pigs of Meishan, Sutai and
Yorkshire. Comparison analysis demonstrated Meishan pigs
showed signicantly lower methylation level and higher
BPI expression than those of Yorkshire pigs. Given that DNA
methylation status can be affected by environmental factors,
the animals raised with the same feeding procedures were
used to provide evidence for the link of these observed
methylation differences with the pig breeds. In addition, the
recent study has shown the breed-specic promoter methyl-
ation and mRNA expression of the glucocorticoid receptor
gene between Large White and Erhualian pigs.22 Thus the
breed differences may be an important factor inuencing
gene promoter methylation in the pig. Moreover, previous
studies demonstrated that the variability in the gene specic
methylation pattern is probably associated with the differ-
ences in prostate cancer susceptibility.23,24 Our analyses of
BPI promoter specic methylation pattern in animals
differing in E. coli F18 revealed that the resistant
individuals exhibit lower methylation level and higher BPI
expression, implicating the potential role of BPI promoter
methylation in determining the susceptibility to bacterial
infection.

It is an important pattern for methylated DNA to regulate
gene expression by affecting transcription factor occupancy.25

Transcription factor prediction analysis herein revealed that
there are putative binding sites for the transcription factors AP-
2 and Pax-3, which include CpG sites showing signicantly
negative associations between the methylation levels and BPI
expression. Particularly, the binding site for AP-2 contained
three CpG sites (CpG-1, CpG-2 and CpG-3) and that for Pax-3
contained one CpG site (CpG-9). It has been reported that
CpG methylation can inhibit binding of AP-2 and thereby
regulate proenkephalin gene expression.26 In addition, DNA
binding by Pax-3 was differentially inuenced by methylation of
the binding sites.27 These indicated that methylation of these
CpG sites may affect the binding of AP-2 and Pax-3 to the
promoter region and thereby modulate BPI expression.
However, functional analysis is required to unveil the potential
molecular event underlying regulation of BPI expression by CpG
methylation.
RSC Adv., 2017, 7, 48025–48030 | 48029
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Conclusions

In summary, we demonstrated that differences exist in the
promoter methylation status and mRNA expression of the BPI
gene between different pig breeds and that DNA methylation
plays a role in the regulation of the BPI mRNA expression. We
further revealed the potential link between BPI promoter
methylation, BPI expression and disease susceptibility. Our
ndings bring us a step forward to the understanding of regu-
latory mechanisms underlying the BPI gene expression and
provide fundamental information for further studies on eluci-
dating the contribution of BPI to intestinal immunity.
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