Cellular & Molecular Immunology (2010) 7, 288-295
© 2010 CSl and USTC. All rights reserved 1672-7681/10 $32.00

www.nature.com/cmi

RESEARCH ARTICLE

Functional characterization of the NF-xB binding site in
the human NOD2 promoter

Chaofeng Hu"*, Liping Sun"*, Yiling Hu’, Daxiang Lu', Huadong Wang' and Suisheng Tang’

Nucleotide-binding and oligomerization domain 2 (NOD2), a member of the NOD protein family, plays an important role in innate

immunity. In response to pathogen attack, NOD2 stimulates cytokine and defensin production by activating nuclear factor (NF)-kB, a
key transcription factor responsible for mediating downstream reactions. However, the mechanism linking NOD2 regulation and NF-xB
activation is poorly understood. Using bioinformatics, we found a completely preserved canonical NF-kB binding site in the NOD2 core
promoter (—16 to —25 bp) in both humans and chimpanzees. The functional role of this NF-kB binding site was investigated using the
enhanced green fluorescent protein (EGFP) reporter system, site-directed mutagenesis, the NF-kB activation inhibitor (JSH-23) and
the chromatin immunoprecipitation (ChlIP) assay. The results show that the NF-kB binding site is critical for regulation of the NOD2
gene. Either deletion of the NF-kB binding elements within the NOD2 promoter or treatment with an NF-kB activation inhibitor could
lead to a significant loss of NOD2 promoter activity as detected by reporter gene assay. The canonical NF-kB binding site was bound by
NF-kB as determined by the ChIP method. Based on these results, we suggest a positive feedback regulation between NF-kB and

NOD2, which may represent an efficient mechanism in response to pathogen invasion.
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INTRODUCTION

The innate immune system provides an immediate defense against
pathogen attack before establishment of the delayed adaptive immune
response. In addition to the skin barrier and the complement system,
inflammation and phagocytosis are key defense mechanisms of innate
immunity. The cells detect conserved microbial components, such as
pathogen-associated molecular patterns, through pattern recognition
receptors. According to their specificity, function and localization,
pattern recognition receptors are classified into different families.
The Toll-like receptors (TLRs) are a group of transmembrane proteins
that recognize extracellular and endosomal pathogen-associated
molecular patterns." The nucleotide-binding and oligomerization
domain (NOD)-like receptors (NLRs) are intracellular sensors of
bacterial cell wall peptidoglycan present in both Gram-positive and
-negative bacteria. Studies have shown that the functional role of NLRs
is to complement and synergize with TLRs in response to pathogen
invasion.? Following the revelation of their functional roles, recent
studies have identified more than 20 NLRs in humans.” Among them
are two well-known intracellular pathogen sensors, NOD1 and NOD2.
Each detects different sets of pathogen components.* NOD1 recog-
nizes diaminopimelic acid from Gram-negative bacteria and NOD2
detects intracellular muramyl dipeptide,” a peptidoglycan constituent
of both Gram-positive and -negative bacteria.® In addition, the
NOD1 protein is found in various tissues, while NOD2 expression is

restricted to intestinal epithelial cells, monocytes, macrophages, dend-
ritic cells and T cells.”

NLRs are characterized by three distinct functional domains:
the C-terminal leucine-rich repeat (LRR) domain is the microbe
detection sensor, the central NACHT domain is required for self-
oligomerization and nucleotide binding that leads to protein activa-
tion, and the N-terminal caspase activation and recruitment domain
(CARD) is an effector-binding region that facilitates protein—protein
interaction.® Systematic mutation studies of NOD2 have indicated
that the C-terminal LRR motifs are critical for pathogen recognition.’
The NOD2 protein might undergo conformational rearrangement
so that the protein becomes more accessible upon sensing bacteria.'’
Subsequently, NOD2 is able to recruit downstream effectors. Through
CARD-CARD interaction, NOD2 forms a complex with the receptor-
interacting protein 2 (RIP2).!" The NOD2-RIP2 complex further
interacts with the NF-kB essential modulator,'? which consequently
activates NF-kB by releasing it from the IkB proteins. Activated NF-xB
initiates a large number of gene transcripts and triggers the immune
response following its translocation into the nucleus.

The importance of NF-«B in the innate immune system has been
evidenced by numerous studies demonstrating that TLRs and NLRs
could induce cytokine production through NF-kB activation.'*™"> For
example, functional binding sites for NF-«xB and activator protein-1 in
the human B-defensin 2 promoter are essential for NOD2-mediated
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induction.'® In addition, a mutation of the NOD2 gene has consis-
tently been associated with the reduced response of cytokines and a
diminished NF-kB activation.'” Due to the close relationship between
NOD?2 and NF-«B in immunity, there is an urgent need to understand
the regulatory mechanisms governing these two proteins. In this
report, we describe our approach to explore the characterization of
the canonical NF-kB binding site in the NOD2 promoter region by
comparing the promoter sequences among six mammalian species.
We further verified the function of this binding site using molecular
biological methods. The study will provide important insights for
effective inflammation treatment.

MATERIALS AND METHODS

NLR and NOD2 promoter analyses for highly conserved motifs
We intend to identify highly conserved transcription factor binding
sites in the promoter regions among NLR genes. There are currently 22
known NLR genes in the human genome.* We extracted and scanned
the sequences of these 22 gene promoters. Then, we focused on the
NOD2 promoter for comparative analysis due to its broad sensing
capability of pathogens. We examined both DNA and protein
sequences. In this report, we consider that the proximal promoter
ranges from —1000 to +300 bp relative to the transcription start site
(TSS), while the core promoter is limited to upstream —40 bp. The
TSS at the most 5" end is used if the gene has more than one transcript.
All DNA sequences were taken from GenBank'® and promoters were
extracted using Gene Sorter (UCSC, http://genome.ucsc.edu/index.
html). Homologous gene sequences from the NCBI HomoloGene
site (http://www.ncbi.nlm.nih.gov/sites/entrez?db=homologene) were
used to conduct comparative analysis. Based on our preliminary
screening, we narrowed down our target of NOD2 homolog genes
(HomoloGene ID 11156) to six mammalian members, including
human (Homo sapiens, NM_022162.1), chimpanzee (Pan troglodytes,
XM_510962.2), mouse (Mus musculus, NM_145857.2), rat (Rattus
norvegicus, XM_226330.4), dog (Canis lupus, XM_544412.2) and cow
(Bos taurus, NM_001002889.1).

Promoter sequences were scanned for conserved motifs by Dragon
Motif Builder.'® Highly conserved sequences were selected and further
matched against both JASPAR (http://jaspar.cgb.ki.se/) and MATCH
databases (http://www.gene-regulation.com/cgi-bin/pub/programs/
pmatch/bin/p-match.cgi) to verify the known transcription factor
binding sites. CLUSTAL W2 (http://www.ebi.ac.uk/Tools/clustalw2/)
was used for multiple sequence alignment.

Polymerase chain reaction (PCR)

Human genomic DNA extracted from peripheral blood using a
Qiagen kit was used as a template. Four sizes of NOD2 promoter
containing an NF-kB binding site consensus (GGGAATTTCC) were
amplified by the PCR. The primers were designed using
Primer 5.0 software and synthesized by Shanghai Sangon Biological
Engineering Technology & Service (Shanghai, China). The primer
sequences used were the following: the upstream primer Ul (nt-
566), 5'-GGCGGCATTAATGAAGCAGGAGAAACT-3'; U2 (nt-696),
5'-GGCGGCATTAATACTGACAGATTTCGC-3'; U3 (nt-1085), 5'-
GGCGGCATTAATAGTGTTAGGGAGGGAGAA-3"; U4 (nt-1336),
5'-GGCGGCATTAATTTGAGCAATGGGAGGTC-3'; and the univer-
sal downstream primer D (nt+51), 5'-AAAACTGCAGAGAACGCC-
AAAAGCC-3'. The underlined nucleotides indicate the recognition
sites for restriction endonucleases VspI (5’ end) and PstI (3’ end).
The sizes of the PCR products were 617, 747, 1136 and 1387 bp, respect-
ively. The reaction mixture was predenatured at 94 °C for 5 min, 30
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cycles at 94 °Cfor 45 s, 57-61 °C for 45 s, 72 °C for 1-1.5 min and a final
extension at 72 °C for 10 min. Each sample was amplified in duplex
reactions. The PCR products were separated by 1% (w/v) agarose gel
electrophoresis.

Construction of enhanced green fluorescent protein (EGFP)
expression vectors controlled by NOD2 promoters

Fragments from the above PCR of interest were excised from an agar-
ose gel and digested with VspI and PstI restriction enzymes (Asel
Isoschizomer). The amplified products were directly linked to the
pEGFP-N3 vector (Clontech, Mountain View, CA, USA) in which
the original cytomegalovirus (CMV) promoter was previously
removed. The ligated products were transformed into DH50 compet-
ent cells (Invitrogen, Carlsbad, CA, USA) and the recombinants were
selected by kanamycin. For verification, all constructs were PCR
screened, endonuclease digested and sequenced (ABI3700 sequencer).
Finally, the four NOD2 promoter-controlled EGFP expression vec-
tors, pNOD2 (617)-EGFP, pNOD2 (747)-EGFP, pNOD2 (1136)-
EGFP and pNOD?2 (1387)-EGFP, were constructed.

Construction of a mutated plasmid without an NF-kB binding site
To investigate the function of the NF-kB binding site for gene tran-
scription, the binding site was deleted from the 617-bp NOD2 pro-
moter fragment using the QuikChange Site-Directed Mutagenesis Kit
(Stratagene, La Jolla, CA, USA). The primer set was designed as
forward, 5'-CCGGCTTTTCCTTTCTTGAAGGTGGGGT-3" and
reverse, 5'-ACCCCACCTTCAAGAAAGGAAAAGCCGG-3'. The mu-
tant promoter (607 bp) without the NF-«B binding site replaced the
CMYV promoter in pEGFP-N3 using the same method described above.
The mutated plasmid was constructed and designated as pmNOD2
(607)-EGFP.

Cell culture and transfection

Human embryonic kidney 293 (HEK293) and HeLa cells were
purchased from the Chinese Academy of Sciences (Beijing, China)
and cultured in DMEM (Gibco, Invitrogen) supplemented with
10% fetal calf serum, 100 U/ml penicillin and 100 pg/ml streptomycin
sulfate. All cell cultures were maintained at 37 °C in a humidified
incubator with 5% CO,. The cells were seeded at a density of
10° cells/well on six-well plates 24 h before transfection and grown
until confluence of 80-90% at the time of transfection. Two micro-
grams of the plasmid was added to each well and transfected into
HEK293 or Hela cells using Lipofectamine™ 2000 (Invitrogen).

Treatment with NF-kB activation inhibitor

HEK293 cells were transfected with pNOD?2 (617)-EGFP as described
above. After 24 h of transfection, the cells were treated with 20 pm
JSH-23 (NF-kB activation inhibitor; Calbiochem, San Diego, CA,
USA). The green fluorescent protein (GFP) expression was measured
under a fluorescence microscope 48 h after transfection.

Fluorescence intensity measurement

The expression of GFP driven by NOD2 promoters was evaluated
quantitatively based on the fluorescence intensity of cells transfected
with various pNOD2-EGFP constructs and pmNOD2-EGFP. The
slides were examined under an inverted microscope (Leica Qwin;
Leica, Tokyo, Japan) at an excitation wavelength of 488 nm and an
emission wavelength of 510 nm. The fluorescence intensity from the
cells was measured and normalized by subtracting the background
intensity. Each measurable field was 373 800 mm?® for this study.
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Twenty non-redundant fields for each experimental group were used
for intensity calculation. The optimal cytoplasmic region for exam-
ination was selected by Scion Image software. Image analysis and
processing software from Leica Qwin was used to capture and cal-
culate the intensity. Quantitation of the fluorescence intensity in the
entire cell (expressed as a percentage of total cellular content) was
performed using the formula:

> [(FL —IFL)/IFI, x 100]

where 7 stands for the number of optical sections required to scan the
entire cell, and IFI, and IFI. stand for integrated fluorescence intensity
of the entire cell and of the cytoplasm within a given optical section,
respectively.”’

Chromatin immunoprecipitation (ChIP)

ChIP was performed following the protocol from Millipore. HEK293
cells were cultured in DMEM, supplemented with 10% fetal calf
serum, and transfected with the pNOD2 (617)-EGFP using Lipofec-
tamine™ 2000 reagent. Plates were returned to the incubator for
4048 h. Approximately 3X10° cells were used for each immunopre-
cipitation. The fixation was performed using 1% formaldehyde at
37 °C for 30 min and quenched with glycine to 125 mM. The cells
were washed with phosphate-buffered saline and subsequently col-
lected. The cells were resuspended and incubated on ice for 10 min.
The resuspended cells were sonicated to shear DNA in order to obtain
genomic DNA fragments ranging in size from 200 bp to 1 kb. The
sonicated cell extracts were immunoprecipitated using an antibody
against the p65 subunit of NF-kB (Santa Cruz Biotechnology, Santa
Cruz, CA, USA). As a negative control, an aliquot of cross-linked
chromatin was subjected to the same immunoprecipitation reaction
in the presence of a normal mouse IgG antibody. Prior to immuno-
precipitation, an aliquot of each sample was served as an ‘input’
fraction (PCR control). The immunoprecipitates were washed and
cross-links were reverted by heating at 65 °C overnight. The samples
were then treated with proteinase K and DNA was purified using spin
columns. PCR was performed on both genomic input and ChIP DNA.
PCR primers were designed covering the NF-«kB consensus sequences
in the NOD2 promoter (forward: 5-TAGTTCTGGAAGGCTGGT-3;
reverse: 5- CCCATCAAAGCCCATTAG-3). As a positive control, the
primers were designed for the human glyceraldehyde-3-phosphate
dehydrogenase genes. Amplification was performed using titanium
Taq polymerase at thermocycler settings of one cycle at 95 °C for
3 min, followed by 32 cycles of 95 °C for 45 s, 58 °C for 30 s and
72 °C for 40 s. The PCR reaction was performed in triplicate for each
independent ChIP preparation.

Statistical analysis

Each set of experiments was repeated three times using the same
protocol. Statistical analyses were performed using the SPSS 13.0.
The results were presented as mean=SD. The significant difference
between experimental groups was analyzed by one-way ANOVA. For a
comparison of significant differences the Bonferroni post hoc test was
applied.

RESULTS

NLR gene promoter analysis

Twenty-two human NLR gene promoters were screened and the SP1
binding site was found in four genes (NLRP1, NLRP2, NLRP13 and
NLRC3), while the canonical NF-xB binding site ‘GGGAATTTCC
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appeared only in the NOD2 gene. We further examined homologous
genes to seek the preservation of the SP1 and NF-kB binding sites
among closely related mammals. We could not find the SP1 binding
site at a similar location among homologs, but we found a completely
preserved NF-kB binding site in the chimpanzee NOD2 promoter. A
key finding is that the location of this consensus is in the core pro-
moter range, only 16 bp upstream from the TSS. In addition to the NF-
kB binding site, the proximal promoters of the NOD2 gene were also
analyzed for more information pertaining to a role in transcription.
Although the available sequence of chimpanzee NOD?2 is limited to
—930 bp (upstream to TSS), the alignment of these two sequences
shows a high level of similarity. They are 98% identical and have only a
single 1-bp gap in the 1230-bp long sequence (—930 to +300 bp).
Figure 1 shows the alignment and preservation of the NF-«B binding
site in the human and chimpanzee NOD2 promoter sequences in
detail.

NOD?2 promoter and protein sequence alignment

We performed multiple sequence alignment for NOD2 promoters
among humans, chimpanzee, dog, cow, mouse and rat. The proximal
promoter (—1000 to +300 bp) alignment showed poor conservation
among the five species. To distinguish potential meaningful motifs
from noise, we limited their promoter sequences to the segment of
—500 to +300 bp. The overall comparison exhibits enhanced
improvement in similarity in the shorter sequences (Table 1). The
alignments showed identical rates, ranging from 48 to 53% between
humans and dog, cow, mouse or rat. However, over 85% similarity
was found between mouse and rat. No NF-kB binding site consensus
was found in the NOD2 promoters from dog, cow, mouse and rat
(Figure 1b).

The divergence of promoter sequences among the homologs
prompted us to conduct further investigation with the coding
sequence of NOD2 genes. The similarity of protein sequences among
the homologs is significantly correlated to the promoter sequence
alignment, as shown in Table 2. The highest similarity among these
protein sequences is found between humans and chimpanzee (98%
identical rate), followed by mouse and rat (93% identical rate).
Functional structures, such as CARD, LRR and NATCH domains,
are well conserved in all NOD2 proteins, while the length of the
peptides varies individually.

Validation of NOD2 promoter construction

To verify the identities and correct orientation of the promoter
sequences, the recombinants were purified, digested, amplified and
sequenced. Our experiments confirmed that four sizes of NOD2 pro-
moter fragments were constructed correctly into the pEGFP-N3 vec-
tor. The PCR results are illustrated in Figure 2a and the recombinants
after restriction enzyme digestion are shown in Figure 2b. All recom-
binants contain the canonical NF-kB binding site in their promoters.

Table 1 NOD2 promoter (—500 to +300 bp) sequence comparison
(identical rate: %)

Organism Human Chimpanzee Dog Cow Mouse
Chimpanzee 97.88

Dog 48.41 48.93

Cow 52.60 49.02 51.25

Mouse 49.77 49.88 48.91 50.22

Rat 49.65 49.42 50.17 50.86 85.43

Abbreviation: NOD2, nucleotide-binding and oligomerization domain 2.
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Human ACTTAAGCAAAGCATTTGCTCTTGGCCCCAGAGAAACCGGGCTGGCTGTGGTCTCAGGAAGGAAGGAGGTGTCCAGGCTC 140
Chimp  —--—------ AAGCATTTGCTCTTGGCCCCAGAGAAACTGGGCTGGCCCTGCTCTCAGGAAGGAAGGAGGTGTCCAGGCTC 70
dhkkhkkhkkhkhkhkkhkhkkkhkhkkhkkhkkkkhkhkkk %k kkkkkk %k ok ok % ok ok ok %k ok % ok ok ok %k ok ok ok ok ko ok ok ok ok
Human AGGCCTGGGCCTGGGTTTCAGGGAGGGCCCACGTGGGTCGCCCCTTGACCCTCTCTTTCAGCAAGGAAGTGATCCTTTCT 220
Chimp AGGCCTGGGCCTGGGTTTCAGGGAGGGCCCACGTGGGTCGCCCCTTGACCCTCTCTTTCAGCAAGGAAGTGATCCTTTCT 150
% % %k kK Kk Kk ok gk kg ke ke ok ok ok ok ke ok ko ko ke ok ok ok gk ok ok ok ok ok ok ke ke ke ok ok ok ok ok ok ok ke ok ok ok ok ok ok ok sk ok ok ok ok ok ok ok ok ok ke ok ok ok ok ke ok ok ok ok ok ok
Human CTACATGGGCCTCACCTTGGGGAGGACAATGGTGTCTTTGAAGTTGTAGTAACTGAAGTAGAGATCAAAAGGCAATGCAG 300
Chimp CTACATGGGCCTCACCTTGGGGAGGACAATGGTGTCTTTGAAGTTGTAGTAACTGAAGTAGAGATCAAAAGGCAATGCAG 230
% % %k kg %k gk Kk ok gk sk sk %k ok sk gk ok ok ok ke ok ke ok %k ko sk sk sk sk ok ok ok ok ok ok ke ok ke sk ok ok ok ok ok ok ke ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ke ok ok ok ok ok ok ok ok ok ke ke
Human ATAGACTGACAGATTTCGCCTGAAGAGGGGAAGCCCGACCAGGTAATAAAGGAGTAAGAGGAAGGATGTTAAGGACAATT 380
Chimp ATAGACTGACAGATTTCGCCTGAAGAGGGGAAGCCCGACCAGGTAATAAAGGAGTAAGAGGAAGGATGTTAAGGACAATT 310
% d % d vk gk de gk K ok ek ke ke ok ke ok ok gk ke gk ok e ke gk ke ke gk ok dk ke gk ok ok ok ke ok ke ok ok ok ok ok ok ok ok ke ok ke ke ke ok ok e ok ke ke ok ok ke ok ke ok ke ok ke ok ke ok ke ok e ok ok ok ok ok ok
Human TTAGGAAACAGATAATGAGTGAATATTTTTTCTCTCTCTTTCCCAATTTAAACTGAAGCAGGAGAAACTGAAGCTAGACA 460
Chimp TTAGGAAACAGATAATGAGTGAATATTTTTTCTCTCTCTTTCCCAATTTAAACTGAAGCAGGAGAAACTGAAGCTAGACA 390
% J % d ok Kk ok g gk K ok ok ok sk ok ok ke gk ok ok ok gk ok ok ok ok ok ok gk ok ok ok ok ok gk ok ke ok ok ok gk ok ok ok ok ok ok ok ok ok ok ok ke ke ok ok o ok ok ok e ok ok ok ok ok ke ok ok ke ok ok ok ok
Human TAATGATTAACTTCCCAAGCTGGTGAGCTTCCTGAGCTGGTTAGTGAGAACAGCACTAAGGCCAGGTTCTCCTCCCCAGA 540
Chimp TAATGATTAACTTCCCAAGCTGGTGAGCTTCCTGAGCTGGTTAGTGAGAACAGCACTAAGGCCAGGTTCTCCTCCCCAGA 470
% J % d ok d ok d kK ok ok gk g ke ok gk ke gk ok ke dk gk ok ok ok ke dk ok gk ok ok ok ke ok ke gk ok ok ok ok gk ke ok ke ok ok ke ok ok ok ok ke ke ke ok ok ok ok ok ok ke ok ok ok ok ke ok ok ok ok ok ke ok ok
Human TGTTTAAGATGAGACAGGACAATGCCTGCTCAGAGACAGGGCCTGGCTGAATTGGCCCTCAGGATTCTCTCTGCTCTGAG 620
Chimp TGGTTAAGGTGAGACAGGACAATGCCTGCTCAGAGACAGGGGCTGGCTGAATTGGCCCTCAGGATTCTCTCTGCTCTGAG 550
ok koo gk ok ok ok ok ok ok ok ok ok ke ke ok ok ok ok ok ke ke ok ok gk gk ok ok ok ok ok ke ke ke ke ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ke ok ok ok ke ok ok ok ok ok o ok ok ok ok ok ok ok ok
Human GTTTCTGGAAGAAGGCCAGGGCAGAGGTGTGGTGATGTAGCTGCTGGGAGGACAGAGCTCCGAGTCACGTGGCTTGGGCG 700
Chimp GTTTCTGGAAGAAGGCCAGGGCAGAGGTGTGGTGATGCAGCTGCTGGGAGGACAGAGCTCCGAGTCACGTGGCTTGGGCG 630
% % % ok gk gk ok ok sk ok sk ok ok sk ok gk ok ok ke ok ok ok ok ok ok ke ok ok gk ok ok ok ok ok %k ok ke ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ke ok ok ok ok ok ok ok ok ok ke ok
Human GGCCTCCCCTTCCTGGTGTCCACAGAAGCCCAACGTCACTAGCTGGGGTGTGTATGGCTCACACGTAGGCCAGGCTGCCC 780
Chimp GGCCTCCCCTTCCTGGTGTCCACAGAAGCCCAACGTCACTAGCCGGGGTGTGTATGGCTCACACGTAGGCCAGGCTGCCC 710
% % %k %k g K Kk Kk ok gk ok gk ok ok ok ke ok ke ke ok ok ke ke ok gk ok gk gk ok ok ok ok gk ke ke ke gk ke ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ke ok %k ke ok ok ok ok ok ok ok ok ok ok ok
Human TAGGCTTGGTGTGCAAGGGA SCCCCTACTTACTTGTGGCCTGTCCCCTCGTGAATGTGTCTCATGTCCCCAGTGGGG 860
Chimp TAGGCTTGGTGTGCAAGGGAGGGGCCCCTACTTACTTGTGGCCTGTCCCCTCGTGAATGTGTCTCATGTCCCCAGTGGGG 790
% %k % %k Kk gk Kk gk gk kK gk ok ok gk sk ok ke ok ke ok ke ke gk gk ke gk ok ok gk ok ke ok ok ke ke ok ke ok ok ke ok ok ok ok ok gk ok ke ok ok ok ke ko ok ok ok ok ok ok ok ok ok ke ok ok ke ok
Human TTTTTCAGTGAGGGTCATGGTCTCCAGGATGCACAAGGCTTTGTGCCAGAATTGCTTGGAATTGCCTAGTTCTGGAAGGC 940
Chimp TTTTTCAGTGAGGGTCATGGTCTCCAGGATGCACAAGGCTTTGTGCCAGAATTGCCTGGAATTACCTAGTTCTGGAAGGC 870
Fhkhkkhkkhkhkhkkhkhkkhkkhkkhkkhkhkkhkhkhhhkhkhkhkhkhhkhkhkhkkhkkhkhkhkhkhkhkkhhkhkhhkhkhkhk khkhkhkhkkhk dkhkhkkkhkhkhkhkkhkhkkhkk
Human TGGTTGGCCAACTCTGGCCTCCGGCTTTTCCTTTGGGAATTTCCCTTGAAGGTGGGGTTGT. CAGATCCAGGCTCAC 1020
Chimp TGGTTGGCCAACTCTGGCCTCTGGCTTTTCCTTTGGGAATTTCCCTTGAAGGTGGGGTTGT. CAGATCCAGGCTCAC 950
% %k % % gk gk kg Kk gk g gk ok ok ke gk ok ok kb ok ok ok ok ok vk ok ok gk ke ok T ok ok ko ok ok ok ok ke ke ol ok ok ok ok vk ok ok ok ok ok ok ok ke sk Ak ok %k ok ok ok ok ok ok ok ok ok ok ok
Human CAGTCCTGTGCCACTGGGCTTTTGGCGTTCTGCACAAGGCC’I!ACCCGCAGATGCCATGCCT ECTCCCCCAGCCTAATGGG 1100
Chimp CAGTCCTGTGCCACTGGGCTTTTGGCGTTCTGCACAAGGCCUACCCACAGATGCCATGCCTECTCCCCCAGCCTAATGGG 1030
Fhkhkhkhkkhkhkhkkhkhkkhkkhkhkhkhkhkhkhkhkhhkhkhkhkkhkhhkkkhkdkhkkhkk [hkdkk %k k ok ok ok Kk %k ok ok &k &k ok % § % % % % % % % % % % % % % % % & % %
Human CTTTGATGGGGGAAGAGGGTGGTTCAGCCTCTCACGATGAGGAGGAAAGAGCAAGTGTCCTECTCGGACATTCTCCGGGT 1180
Chimp CTTTGATGGGGGAAGAGGGTGGTTCAGTCTCTCACGATGAX AAAGAGCAAGTGTCCTECTCGGACATTCTCTGGGT 1110
Fhkhkhkhkkkhkhkkkhkkhkkhkkkkhkhkhkhkhdkdk hhkkhkhkdkhkhkhkhkhkhkRMhkhkhkkhkhkkhkhkhkkhkhkhkkkhkhkhkfFhhkhkhkhhkkkkhkdkhkk *kkk
Human AAGAGGAGCAGGCATTGTCCCGTCCCAGCTTGATCCTCAGCATTCTTTCATCCTTGGCCGCE-ACATGCTCCCAGGCCTG 1259
Chimp AAGAGGAGCAGGCATTGTCCTGTCTCAGCTTGATTCTCAGCATTCTTTCATCCCTGGCCGCECACATGCTCCCAGGCCTG 1190
Khkhkhkkkkkhkkhkkhkhkhhhkhkhk hhkk Khhhkkhkkkhkk hhkhkhkhkhkRhkkkhkkhkhkkkk kokkkkkk % % % %k %k %k ok ok ok ko k ok ok ok ok ok
Human GGGTCAGATGGGGAGTGCTGACTCTGTTTCTGGGCTGTTT 1299 > TSS site
Chimp GGGTCAGATGGGGAGTGCTGACTCTGTTTCTGGGCTGTTT 1230
% % % % gk Kk ok ok sk gk gk ok ok ok ok ok ko ok ko ke ok ok ok ok ok ok ok ok ok ok ok ok
NF-kB binding site
Human gger ceT CTTGAAGGTGE
Chimp GGCT ccT CTTGAAGGTGG
Mouse GG-------- C---GGGAGTA
Rat ‘GGGCGA C---GGGGCGA
Dog Accc GAGGACACCGC
Cow TGecc ACGTCC TTTACT CT---TTCTGT

Figure 1 NOD2 promoter sequence analysis. (a) Alignment of NOD2 proximal promoters between humans (—

1000to +300 bp) and chimpanzees (—930 to +300 bp)

shows a 98% identical rate with only a 1-bp gap. The canonical NF-«xB binding site and the TSS are boxed and labeled. (b) The canonical NF-xB binding site (—16 to
—25 bp) is present in both human and chimpanzee NOD2 core promoters, but it is not found in the mouse, rat, dog and cow homologs. NF, nuclear factor; NOD2,

nucleotide-binding and oligomerization domain 2; TSS, transcription start site.
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a

2000bp—p

1500bp

1000bp—y

750bp —pr

500bp

4000 bp—-

2000 bp—>p
1500 bp—»

1000 bp —p

750 bp——=p-

500 bp=—>

Figure 2 Verification of NOD2 promoter recombinants. (a) The promoter fragments obtained from PCR were separated by 1% agarose gel electrophoresis. Lane 1:
marker; lane 2: 617 bp; lane 3: 747 bp; lane 4: 1136 bp; lane 5: 1387 bp. (b) Recombinant vectors were digested by Vsp/and Pst/restriction enzymes. Lane 1: marker;
lane 2: pNOD2 (617)-EGFP; lane 3: pNOD2 (747)-EGFP; lane 4: pNOD2 (1136)-EGFP; lane 5: pNOD2 (1387)-EGFP. EGFP, enhanced green fluorescent protein;

NOD2, nucleotide-binding and oligomerization domain 2.

Table 2 NOD2 protein sequence comparison

Number of |dentical rate compared
Organism Accession number amino acids to human NOD2 (%)
Human NP_071445.1 1040 —
Chimpanzee XP_510962.2 1040 98
Dog XP_544412.2 1311 80
Cow NP_001002889.1 1013 81
Mouse NP_665856.2 1013 79
Rat NP_001099642 932 80

Abbreviation: NOD2, nucleotide-binding and oligomerization domain 2.

Detection of GFP-positive cells

The GFP expression was observed under inverse fluorescence micro-
scopy in HEK293 cells transfected with pEGFP-N3, pNOD2 (617)-
EGEP, pNOD2 (747)-EGFP, pNOD2 (1136)-EGEP, pNOD2 (1387)-
EGFP, pmNOD?2 (607)-EGFP, pNOD?2 (617)-EGFP treated with JSH-
23 and deleted promoter (negative control), respectively (Figure 3a).
The fluorescence intensity was measured to infer NOD2 promoter
activity and is shown in Figure 3b.

The GFP expression was obvious in the pNOD2-EGFP groups and
the pEGFP-N3 group (CMV promoter control) but was not found in
the negative control group. No significant difference was observed
among the pNOD2-EGFP groups with various sizes of NOD2 pro-
moter fragments, although their expression was significantly weaker
compared with the CMV control group. In addition, the substitution
of NOD2 promoter fragments did not substantially change the profiles
of reporter gene expression. Similar morphology and behavior were
seen in pPNOD2-EGFP- and pEGFP-N3-transfected cells, as well as in
HeLa cells (data not shown). These findings confirm that the con-
structed pNOD2-EGFP system is functional. It also suggests that the
shortest promoter fragment (617 bp) contains essential sequences for
transcription.
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The GFP expression in cells with the NF-kB binding site deletion

and treatment with JSH-23

Given the results in Figure 3 that showed that GFP expression did not
vary significantly with the various lengths of NOD2 promoters, we
constructed pmNOD2-EGFP by deleting the 10-bp NF-kB binding
site from the 617-bp fragment. The NF-«xB knockout recombinant
was identified by restriction enzyme digestion and sequencing
(Figure 4). As expected, a dramatic decline in GFP expression was
observed in cells containing the mutated plasmid (NF-kB binding site
deletion). The fluorescence intensity was reduced by nearly sixfold in
cells transfected with pmNOD2-EGFP compared to the pNOD2-
EGFP groups, and no significant difference was seen between the
pmNOD2-EGFP group and the pNOD2 (617)-EGFP treated with
JSH-23 group (Figure 3). Similar results were found in HeLa cells (data
not shown).

Identification of NF-kB binding to NOD2 promoter by ChIP
method

A ChIP experiment was performed to determine the binding of NF-kB
to the NOD2 promoter. The promoter sequences were amplified spe-
cifically from the samples and the abundant enrichment for these
sequences was seen when an anti-p65 antibody was used (Figure 5).
A mouse IgG antibody served as a control for non-specific precipita-
tion of protein-DNA complexes and no PCR signal of the target
transcript was observed. The samples were also subjected to a PCR
reaction using primers for the glyceraldehyde-3-phosphate dehydro-
genase promoter to ensure that the immunoprecipitation was success-
ful.

DISCUSSION
Gene expression is regulated at multiple levels, and the formation of
the functional initiation complex in the core promoter is a key step for
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Figure 3 Detection of GFP by fluorescence microscopy 48 h after transfection (x400). (A) Expression of GFP in transfected HEK293 cells driven by various NOD2
promoters. (B) Recombinant vector structure and the corresponding fluorescence intensity in HEK293 cells. **P<0.01 versus groups b—e. GFP, green fluorescent
protein; HEK293, human embryonic kidney 293; NOD2, nucleotide-binding and oligomerization domain 2.

transcription. The transcription factors are a group of proteins that
activate or block gene transcription by binding to specific sequences in
a promoter where clusters of functional motifs are assembled for vig-
orous regulation. Although promoters are extremely divergent and
difficult to characterize,” they do share some common features. In
fact, promoter sequences with comparable patterns for protein bind-
ing and structure conformation are considered indicators of func-
tional association.”” Experimental evidence has shown that the
frequency and location of NF-kB/Rel binding sites in proximal pro-
moters can be used to successfully classify a subset of genes.” In this
study, we attempted to identify common regulatory motifs among
human NLR genes to understand their regulatory mechanism. In
our promoter screening exercise, we observed SP1 binding sites in
four of 22 NLR genes, but none of them was located in the core
promoter. Attempts to detect them in mammalian homologs were
also unsuccessful. These results are not unexpected considering the
complimentary roles of NLR genes and the genetic diversity among
homologs.

To our best knowledge, this is the only report of the extreme sim-
ilarity between the NOD2 promoters of humans and chimpanzees.

Our key finding is that this high similarity covers the proximal pro-
moter region (—930 to +300 bp) with only a 1-bp gap. If we assume
that the core promoter is responsible for instructing the initiation of
transcription, the proximal promoter covers primary elements and the
distal promoter embeds selective components for transcription regu-
lation, then the 1230 bp proximal promoter should contain almost all
of the essential motifs and the instructions for transcription.
Therefore, it is reasonable to believe that the human and chimpanzee
NOD2 genes are regulated by a highly similar transcriptional mech-
anism. This hypothesis is supported by a genome-wide regulatory
evolution study between humans and chimpanzees.”* On the other
hand, a lack of conserved promoter structure between humans and
other closely related mammals, such as mouse, rat, dog and cow, may
indicate divergent mechanisms used in their NOD2 regulation. Thus,
experimental evidence from these mammals may not be appropriate
to infer the regulation of the human NOD2 gene and the subsequent
innate immune response.

In this study, we did not find the typical TATA box, GT box and CT
box in NOD2 promoters, but instead we positively identified a canon-
ical NF-kB binding site near the TSS. Considering the core promoter

293
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Figure 4 Deletion of the NF-xB binding site from the NOD2 promoter is confirmed by restriction enzyme digestion and sequencing. (a) The mutated recombinant
vector pmNOD2 (607)-EGFP was digested by Vspl/and Pst/ restriction enzymes and separated by 1% agarose gel electrophoresis. Lane 1: Marker; lane 2: pmNOD2
(607)-EGFP. (b) The sequencing result showed the deletion of the NF-kB binding site (GGAAATTCCC). EGFP, enhanced green fluorescent protein; NF, nuclear factor;

NOD2, nucleotide-binding and oligomerization domain 2.

position and sequence conservation between humans and chimpan-
zees, we believe that this binding site plays a vital role in the regulation
of the NOD2 gene. The NF-«xB binding site in the human NOD2
promoter had been identified, and its deletion resulted in a loss of
gene activation induced by tumor-necrosis factor (TNF)-o and TNE-
a/interferon-y.”> Our results further confirm that this NF-kB binding
site is an essential element driving transcription without cytokine
stimulation. Interestingly, a canonical NF-kB binding site near the
TSS was found to affect Cyp2cl1 gene transcription.”®
Transcriptional regulation is complicated in that no universal core
promoter model fits all genes, and no identical set of transcription

t
anti-NF-xB

inpu
IgG

NOD2 promoter

GAPDH

Figure 5 Binding of NF-xB to the NOD2 promoter was confirmed by ChlP.
HEK293 cells were transfected with the promoter construct. ChlP was performed
with an antibody specific for p65 as well as a non-specific antimouse 1gG anti-
body. PCR was carried out using primers specific for the NF-«xB binding site in the
NOD2 promoter. Prior to immunoprecipitation, an aliquot of each sample was
saved as an ‘input’ fraction (PCR control). The samples were also subjected to a
PCR reaction using primers for GAPDH promoter. ChlP, chromatin immunopre-
cipitation; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; HEK293,
human embryonic kidney 293; 1gG, immunoglobulin G; NF, nuclear factor;
NOD2, nucleotide-binding and oligomerization domain 2.
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factors is present in all cells. In order to validate the active role of the
NF-«B binding site in living cells, we examined the constructed NOD2
promoter in HEK293 cells and HeLa cells (data not shown). An EGFP
reporter system was used to minimize functional disruption of the
cells, and fluorescence intensity was analyzed to infer NOD2 promoter
activity. Similar fluorescence intensity from cells transfected with vari-
ous sizes of NOD2 promoter indicates that the minimum size frag-
ment (617 bp) contains sufficient instruction for transcription. NOD2
promoter activity was markedly reduced in cells containing the deleted
NF-kB binding site promoter or the shortest promoter fragment
(617 bp) treated with NF-kB activation inhibitor and the ChIP
method confirmed that NF-xB could bind to the NOD2 promoter.
These results imply that this binding site has an essential role in the
regulation of the NOD2 gene. In addition, NOD2 promoter activity
did not require the presence of TNF-a and TNF-o/interferon-y. This
cytokine-independent regulatory mechanism may enable living cells
to rapidly promote NOD2 expression and initiate innate immune
response.

The innate immune system is the first layer of defense against patho-
gen invasion. It features a fast reaction to complement the delayed
adaptive immune response. This fast response relies on the ability of
the cells to recognize pathogens through extracellular and intracellular
sensors, namely, TLRs and NLRs. NOD2, a key member of NLR
family, activates NF-kB via the CARD-CARD interaction with RIP2
and other molecules. As a result, active NF-xB induces cascades
of reactions to regulate inflammatory molecules in response to
infection.?” After translocation to the nucleus, NF-xB binds to specific
DNA sequences in a target gene’s promoter or enhancer. As a central
event in innate immunity, the NOD2-induced NF-kB activation path-
way has been a focus in research, but little attention has been paid to
how NF-kB affects NOD2 by feedback control. Our results in this
study suggest a positive feedback regulation between NF-xB and
NOD?2. Responding to bacterial components, NOD2 triggers an
innate immune response through NF-kB activation. In return, NF-
kB may amplify the cascade reaction by upregulating the NOD2 gene.
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