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ABSTRACT

Objective: Aggressive periodontitis (AgP) is
characterized by rapid and progressive
destruction of the periodontal tissues and
eventual tooth loss. Genetic risk
contributions have been explored and rare
mutations in nucleotide binding
oligomerization domain containing 2
(NOD2) were reported in affected Japanese
families. We therefore investigated the role
of protein-altering NOD2 variants in this
periodontal disease within a Nigerian
cohort.

Materials and Methods: Sequencing
analysis of the coding regions of NOD2 was
conducted to identify the pathogenic
protein-altering variants in individuals with
AgP using: (1) InSilico tools and clinical
variant classification system (based on
American College of Medical Genetics and
Genomics); (2) Immunofluorescence
staining to understand the expression
pattern of Nod2 in the developing tooth in
Wildtype (c57 blk6) mice; and (3) In vitro cell
based assay to understand the variant
protein function.

Results: We discovered a novel nonsense
NOD2 variant (¢c.835G>T; p.Glu279Ter) in
one family with AgP. This truncating protein
variant is clinically pathogenic, and the
gene-product predictably lacks the
nucleotide binding domain (NBD) and
leucine-rich repeats (LRRs) domains:
domains regulating inflammatory
responses. Murine studies suggest that this
gene contributes to tooth development. In
vitro analysis suggests a dominant-negative
effect of the variant. NOD2 gene is
expressed in the immune cells and
periodontal tissues and regulates the
inflammatory response within this tissue.

Conclusion: Our study identified a novel
nonsense mutation in a protein-coding gene
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that plays a significant role in human innate
immunity. This truncating variant was found
in one family and results in a dominant-
negative effect, which could explain the
exacerbated immune response to
pathogens in the pathogenesis of this
periodontal disease.

INTRODUCTION

Stage-lll-or-IV-Grade-C periodontitis is a
new American Academy of Periodontology
(AAP 2018) classification. It was previously
known as Aggressive Periodontitis (AgP), a
disease that affects the supporting tissues
of the teeth. It is characterized by a rapid
and progressive loss of the periodontal
supporting tissues of the teeth. The
connective tissue and bone losses are
severe, with a clinical attachment loss of
more than 5mm and bone loss above 33% of
the alveolar bone volume' The rapid
progression of the disease is not directly
related to the amount of plaque present in
the mouth and eventually results in tooth
lossif progressionis not halted.

Based on the number of teeth lost, AP was
classified into localized and generalized
forms. Both forms occur at an early age, with
the localized form affecting the first molars
and incisors while the generalized form
affects other teeth in addition to the first
molars and incisors. With a global
prevalence of 1.6%, the prevalence of this
condition varies by population with the
highest prevalence of 4.2% reported in the
African population®’. The inability to
masticate effectively as a result of tooth loss
has been shown to affect the oral health-
related quality of life °. In addition to the
exfoliation of teeth due to the alveolar bone
loss, prosthetic teeth replacements are also
impacted due to the loss of adequate
support for these prostheses. Hence, it is
important to prevent the progression of the
disease to save the tooth and prevent
edentulism.

Immune responses to periodontal
pathogens have been implicated in the
pathogenesis of this condition. The muramy!
dipeptides (MDPs) present on the cell walls
of gram-negative anaerobes have been
reported in the etiopathogenesis of this
disease. Most implicated bacteria are
Aggregatibacter actinomycetemcomitans
(Aa) and Porphyromonas gingivalis®.
Despite the reports suggesting that this
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disease is genetically complex,” genetic
studies of this disease have not been
successful in identifying specific AgP risk
genes®. However, a whole-exome
sequencing analysis identified rare variants
in NOD2 that contribute to the risk of AgP in
Japanese families’. NOD2 encodes a
member of the nucleotide-binding
oligomerization domain receptors (NLRSs)
which plays a role ininnate immunity .

Here, we investigated the coding region of
NOD2 gene for pathogenic protein-altering
variants that may explain the developmental
pathogenesis of AgP in this cohort. Based
on our detailed investigation, we report a
novel nonsense NOD2 variant in one African
family with stage-lll-or-IV-grade-C
periodontitis cohort.

MATERIALS AND METHODS
Participants and Samples Collection

Figure 1:
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p-Glu279Ter : stop gained variant found in present study . LRR: Leucine Rich Repeat domain

* Variants found in Sudo et al., 2016 study

Chromatogram, Pedigree and domain
schematic showing the novel nonsense
NOD?2 variant and segregation patternin the
family as well as the schematic of the
different NOD2 variants associated with
Aggressive periodontitis

Schematic summary of the method is as
shownin figure 1A.

Figure 1A: Chromatogram showing the
nucleotide base sequence of the control,
proband, and mother. The sequence
showed the reference at the position is
guanine (G) which was mutated to thymine
(T) in the proband and mother. The
nucleotide base was confirmed in both
forward and reverse sequencing results.

Figure 1B: Pedigree showing the
segregation of Stage-lll-or-1V-Grade-C
Periodontitis in an affected family consisting
of proband and sequenced parent. This
variant was not found in our in-house
controls and has not been reported in any
populations in publicly available control
databases (MAF = 0). This variant was
confirmed by resequencing in the forward
and reverse in the DNA from affected
person (Figure 1B).

Figure 1C & 1D: Schematic of NOD2 and the
locations of variants in the different
domains. These variants were identified in
cohorts of Stage-lll-or-1V-Grade-C
Periodontitis in Japanese and Nigerian
population. This segregation analysis
showed that the variant is present in the
mother (Figure 1C), thus indicating a
maternal inheritance pattern. The novel
nonsense mutation is in exon 4 of the gene
and the premature stop codon predictably
truncates two critical domains in the NOD2
protein (Figure 1D).

In detail, we recruited 38 African families
among those diagnosed with AgP (now

known as Stage-lll-or-1V-Grade-C
periodontitis in the New AAP classification)
who visited the Periodontology clinic at the
Lagos University Teaching Hospital in
Nigeria. In diagnhosing AgP, the 1999
International Workshop for a Classification
of Periodontal Disease and Conditions®
criteria was used. Briefly, the inclusion
criteria include rapid and progressive
periodontal clinical attachment loss and
alveolar bone destruction in young adults
(<30 years) with otherwise good oral
hygiene. Individuals recruited had at least
20 teeth and history of missing teeth must fit
that of AgP. Additionally, radiographs were
taken to evaluate the pattern of the alveolar
bone loss. This radiographic assessment
confirmed the bone loss pattern to be
consistent with the diagnosis. Exclusion
criteria include the presence of other
medical conditions, pregnancy, smoking,
and positive drug history. After diagnosis of
AgP in the individual (proband) and
recruitment into the study, we also recruited
other family members who were available.
Approval for the study was obtained from
the local Institutional Review Board of the
Lagos University Teaching Hospital
(ADM/DCST/HREC/VOL.XV/321). Informed
consent was also obtained from each
participant, and saliva samples were
collected using the Oragene Saliva tool kit.

DNA Extraction and XY Genotyping

Saliva samples were collected and shipped
to the Butali laboratory, lowa, USA for
further analyses. We extracted the DNA and
guantified them using Qubit
(http://www.invitrogen.com/site/us/en/ho
me/brands/Product-Brand/Qubit.html;
Thermo Fisher Scientific, Grand Island, NY).
Stocks and working aliguots were made for
downstream analyses. As a quality control
(QC) step, TagMan XY genotyping was used
to confirm the clinically reported sex.

Sanger Sequencing and Variant Analyses

Primers for the amplification of the entire
coding region of the NOD2 gene were
designed and optimized using the human
genome build GRCh38/Hg38. The
polymerase chain reaction (PCR) used 4ng of
the DNA in a10-uL primer solutionin a 96-well
plate. In addition to the AgP samples, we also
amplified using the NOD2 primers, the Yoruba
HapMap samples and water sample as
population-matched template and non-
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template controls respectively. Amplified
DNA products were confirmed on an SDS-
page gel and sent to Functional Biosciences
(http://order.functionalbio.com/seq/index)
for sequencing. In calling the variants (SNVs
and Indels), we compared the sequenced
data with the human genome consensus
sequence using the build GRCh38/Hg38. We
ascertained the variants minor allele
frequencies by searching the variant against
population databases including Genome
Aggregation Database (gnomAD:
https:/gnomad.broadinstitute.org/), 1000
Genomes database
(http://www.1000genomes.org/), Exome
Variant Server database
(http://snp.gs.washington.edu/EVS/), and
Exome Aggregation Consortium database
(http://exac.broadinstitute.org/).

Identified variants were confirmed by
resequencing in the forward, and reverse
direction and segregation analyses were
done to confirm the inheritance pattern. The
functional effects due to the variants were
analyzed using bioinformatics predictions
tools such as Polymorphism Phenotyping
( P o I v p h e n 2 ;
http://genetics.owh.harvard.edu/pph2/)°,
Sorting Intolerant From Tolerant (SIFT;
http://sift.jcvi.org/)°, Have Your Protein
Explained (HOPE;
http://www.cmbi.ru.nl/hope)'" and
Combined Annotation Dependent
Depletion (CADD,;
https://cadd.gs.washington.edu/).
Additionally, we used the ACMG criteria to
classify the variants within the range of
benign to pathogenic.

Clones/ Cloning

Nod2 WT and mutant versions were cloned
into pCDNAZ3.1 and confirmed by sequence
analysis. Stable clones were generated in
Chinese hamster ovary (CHO) cells by
linearization/transfection and selection with
G418 (200ug/ml) in CHO cells. Expression of
Nod2 was analyzed by gPCR for RNA and
Western blot for stable protein production
(Nod2 antibody: Abcam Myc tagged
antibody: Cell signaling).

Cell Growth Curves

Cells were plated at 1 x105 cells/well in
triplicate in 12 well plates and allowed 2
hours to attach —3 wells for each cell line
were trypsinized, diluted and counted at O,

24,48 and 72 hours using a hemocytometer.
Each bar represented 9 independent wells,
with each experiment done in triplicate and
repeated 3 times.

Scratch/Cell Migration Assay

Cells were plated in 6 well plates at 5x106
cells and allowed to become confluent-
growth for 12 hours. At this time, a yellow tip
was used to make a scratch in the
monolayer, and the scratch was rinsed x 2 in
PBS and media was added back. Photos
were taken at the time of the scratch and at
12 hours and 24 hours post scratch. Image J
was used to measure the um distance of the
scratch that remained open using the scale
bar as areference measurement.

Mouse Studies and Immunostaining

All animals were housed, and all procedures
performed in accordance with the
guidelines approved by the University of
lowa Office of Animal Care. All experimental
procedures were approved in accordance
with the University of lowa IACUC
guidelines. Our protocols complied with the
ARRIVE 2.0 guidelines. For embryonic
staging experiments, the observed vaginal
plug date of the female was designated as
EO.5. Embryos were collected at the
required time point. IHF staining in normal
mouse embryonic tissue. A single liter of
E18.5 mouse embryos and P1 pups were
fixed, embedded, and sectioned at 7 um.
Paraffin sections were subjected to antigen
retrieval and probed with the Nod2 antibody
(Abcam) as previously described” n=3,
representative image shown. The Nod2
antibody used in these assays produced a
clean single band by Western blot analysis.

NFK Luciferase Assays

Stable CHO cell lines were transfected with
the NFKPB reporter which was a gift from
Johannes A. Schmid (Addgene plasmid #
111216; http://n2t.net/addgene:111216;
RRID:Addgene_111216) using PEl and after
24 hours, the polyethyleneimine (PEIl) was
removed and replaced with DMEM media or
DMEM media with 0.5 or 2 ug/ml LPS. Cells
were incubated for 12 hours and then lysed
and assayed for luciferase activity as
previously described”.

gPCR Analysis

Expression of genes by gPCR was measured
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for the stable cells lines; and with controland
LPS exposure in the stable, CHO cells by
Triazol extraction and RNA analysis (Fisher),
cDNA synthesis (Takara biotechnology) and
gPCR analysis.

We used data from our previously published
periodontitis mouse model”. Briefly, 20ug

Porphyromonas gingivalis lipo-
polysaccharide (Pg-LPS) was injected into
the interdental gingiva of the mice™. This

was repeated every other day for 2 weeks*
before mice were sacrificed. After that RNA
extraction and PCR was performed. As
control, PBS was injected into the
interdental gingival of the control mice".

RESULTS

Novel Nonsense NOD2 mutation found in
AgP Family

Our targeted sequencing analysis resulted
in the identification of a nonsense NOD2
mutation in a family with AgP. The
nucleotide substitution c.835G>T resulted in
the mutation of the amino acid residue
glutamate into premature stop codon
(p.Glu279Ter, Table1).

Table 1: SNV of NOD2 observed in family with
AgP (Stage-lll-or-1V-Grade-C periodontitis)
showing the coding sequence position
(HGVSc) and amino acid position (HGVSP)
where the mutation occurred. CADD score
showed mutation is among the top 0.1%
deleterious mutations in the human genome.

*Chromosome
Location

HGVS® MAF SIFT  PolyPhen2 CADD ACMG

Score Score Score Class

HGVS®

16:50710746 ¢.835G>T p.Glu279Ter O N/A  N/A 37 LP

N/A: Not available; *LP: Likely pathogenic

*Chromosome location based on the Human genome
build GRCh38/Hg38

Segregation and Bioinformatics Analysis

In a bid to investigate the familial inheritance
pattern of the identified NOD2: ¢.835G>T
variant, we sequenced the coding region of
the gene in the parent of the affected
individual. Due to the unavailability of the
paternal sample, we were only able to
sequence the maternal sample. The
truncation will likely affect the nucleotide
binding domain (NBD) and the leucine rich
repeats (LRRs) domains (Figure 1D) which
may result in a gene product having only the
caspase activation recruitment domain
(CARD) that would potentially be encoded

in this mutant. This variant has a Combined
Annotation Dependent Depletion (CADD)
score of 37 which means that itis among the
top 0.1 % deleterious mutation in the human
genome. Other in silico tools such as SIFT,
Polyphen2 and PROVEAN could not be
performed because this variant resulted in a
nonsense codon. Using the ACMG criteria
for classification of variants, the NOD?2:
c.835G>T identified in this study was
classified as a likely pathogenic variant.

Protein Expression

We used stable expression lines made in
CHO cells with NOD2 Wt and p.Glu279Ter
mutation and determined if NOD2 was
expressed when compared to CHO cells or
PCDNAZ3.1 cells. Both NOD2 WT and NOD2
p.Glu279Ter lines showed over-expression
of NOD2 at the RNA level (Figure 2A).

mmmmmmm
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Figure 2: In vitro assays of the OE of NOD2 wild-type
and mutant in CHO cell line at the transcript and
protein level. A.) Both variants (wild-type and
mutant) showed OE of the transcripts in CHO cells.
B.) Protein expression analysis showed increased
Nod2 protein in the OE wild-type but the OE mutant
was not detected. C.) WB using myc-tagged AB
showed a stable truncated Nod2 protein. D.) & E.)
Cell growth and migration assays showed
accelerated growth and migration in cells over-
expressing Nod2 E279* variant.

When lysates were run out on Western
blots, a single band of ~100kD was noted in
CHO cells and levels increased when NOD2
Wt was overexpressed, but no additional
bands could be detected in the Nod2 p.
Glu279Ter OE line (Figure 2B). One
explanation for this result is that the Nod2 p.
Glu279Ter version does not contain the
epitope for the antibody. Since pCDNA3.1
has a myc-tag atits 5’end, we used the myc-
tag antibody to probe western blots. Results
of the myc-Tag western show an OE Wt
band of ~100kD and a band showing up in
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the cells expressing the mutant allele at
about ~40 kD. (Figure 2C). These results
demonstrated that cells expressing the
NOD2 p.Glu279Ter protein produced a
stable product of the predicted size for a
truncation mutation.

Further analysis of the CHO stable lines
showed that cells that OE the wildtype
NOD2 showed reduced growth on plates
(Figure 2D) and reduced migration into a
scratch in a scratch assay (Figure 2E,
Supplemental Figure 1). Also, cells that OE
NOD2 p.Glu279Ter mutant had accelerated
growth on plates (Figure 2D) and
accelerated migration into the scratch
(Figure 2E, Supplemental Figure 1). The
mutant version appears to have functional
effects that differ from the wild-type NOD2
protein.

Mouse Nod2 Expression And Periodontitis
Model

To clearly establish which cells express
Nod2 in the developing mandible/tooth
germ, we used normal mouse mandibular
tissue sections and Nod2 expression and
localization was analyzed. The incisor tooth
bud was analyzed for Nod2 expression in
E18.5 and P1 tissue sections. At E18.5, Nod2
expression was seen in the Odontoblast and
Ameloblast layers (Figure 3).

P1 incisor

E18.5 Incisor

DAPI P1 WT mouse molar

Figure 3: Paraffin slides probed by
immunofluorescence using the Nod2 AB showing
Nod2 expression in the P1 (A,B), E18.5 (C,D) incisor
and the P1molar (E).

*Abbreviations: LiCL - Lingual cervical loop; LaCL -
Labial cervical loop; Od - Odontoblasts; Am -
Ameloblasts; DM - Dental mesenchyme; DE - Dental
epithelium; SI - Stratum intermedium; OE - Oral
epithelium

Similar expression is seen in the P1 incisor,
where ameloblasts are clearly staining
positive. The P1 Molars buds showed
expression in odontoblasts, Ameloblasts, the
Stratum intermedium, the Stellate reticulum
and in the Oral epithelium (Figure 3). Our LPS-
induced periodontitis model showed that
Nod2 expression was significantly increased
in LPS compared to PBS control injection into
gum(Figure 4A). The transcript level was
assayed by quantitative polymerase chain
reaction (QPCR).

NFKB and IL8 mMRNA Assays

Since the nuclear factor kappaB (NFKp)
activity has been showed to be affected by
changes in NOD2 protein expression in the
gut intestines and important in the
development of Crohn’s disease,” " we
evaluated the effects of the OE of wild-type
NOD2 or mutant NOD2 on NFKp using a NFKf3
reporter and measured for interleukin-8 (IL8)
MRNA expression with or without LPS. IL8
expression _has been shown to be NFKf
dependent”. Overexpression of WT NOD2
shows a reduced level of NFKpB activity
(Figure 4B, Supplemental Figure 2) and a
reduced expression of IL8 mMRNA (Figure 4C)
inresponse to LPS in CHO cells, as compared
to CHOs or pCDNA3.1controllines
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Figure 4: A.) Mouse gums injected with PBS or LPS
and assayed for Nod2 expression by qPCR after 24h
Fold expression*~CT values. N=3, * p=<0.05.

B.) Nod2 constructs and NFKB-luciferase reporter
plasmids were transfected into MDPC cells with or
without LPS at 2ug/ml for 24 hours. Luc units per ug
were normalized to b-gal reporter for transfection
efficiency and shown as fold expression over MDPC
values/media only. N=3, * p=<0.05

C.) CHO lines with or without 24h exposure to
2ug/ml LPS and assayed by qPCR for IL8 mRNA
expression levels. N=3, * p=<0.05 (Figure 4,
Supplemental Figure 1). OE of Nod2 p.Glu279Ter
mutant causes an increase in NFKI activity (Figure
4B, Supplemental Figure 1) and IL8 mRNA levels
(Figure 4C) in response to LPS in CHO cells, as
compared to CHOs or pCDNAS3.1 control lines (Figure
4B,C).

DISCUSSION

Through targeted sequencing analyses and
in vitro functional evaluation of genetic
variants, we identified a potentially
pathogenic NOD2 variant (p.Glu279Ter)
contributing to the risk of Stage Ill or IV,
Grade C Periodontitis (Aggressive
Periodontitis). Previously, this gene was
reported to be a candidate in the
developmental pathogenesis of AgP, a
periodontal disease characterized by rapid
and progressive destruction of the
supporting tooth structures”®. The rate of
progression of the supporting tissue
destruction does not correlate with the
amount of potential periodontal pathogen
present in the dental biofiim'®. NOD2
encodes a cytosolic protein that plays an
important role in innate immunity. This
protein acts as an intracellular receptor that
promotes the nuclear factor-kappa B
activity (NF-kB), mitogen-activated protein
kinases (MAPK), and caspase-1 signaling
cascades. The activation of these pathways
results in the expression of proinflammatory
factors including CXC-chemokine ligand 8
(IL8)*°. This gene is expressed in the oral
epithelium as well as the periodontal
ligament”. Studies in mice showed that
Nod2rolecontributes to the pathogenesis of
alveolar bone resorption in the mice
periodontitis disease model*.

The mutation reported in this study affects
an amino acid residue glutamate (p.
Glu279Ter) that is highly conserved among
vertebrates, thus suggesting the important
role it plays in the protein function.
Additionally, this mutation — a stop codon, is
predicted to truncate highly conserved
domains. Indeed, the truncated variant
lacked the leucine-rich repeat (LRR) domain
which is critical for the recognition of the
muramyl! dipeptide (MDP) and regulation of
the immune response through inhibition of
the inflammation®. Thus, we suspect that
the loss of this domain would result in an
impaired immune response that is
characteristic of the periodontal disease
pattern observed in these patients®. Our
functional analysis indicates that this gene
has a role in immune response within the
supporting tissues of the teeth. Expression
of Nod2 in the developing tooth and
supporting tooth tissues of a developing
mouse suggests that this gene may also
contribute to tooth development and that
Nod2 expressionis present in the oral cavity.
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Our LPS induced periodontitis model
showed a significantly increased Nod2
expression in the mouse gum tissue
following LPS injection. Also, we reported
differences in IL8 expression levels and
NFKB reporter activity in resting cells and in
response to LPS exposure in cells
expressing the NOD2 variant compared to
the wild-type NOD2.

Expression of IL8 results in the recruitment
of neutrophils to the signaling origin. IL8
serves as a chemokine which is highly
specific to neutrophils. The neutrophils have
been reported to contribute to the rapid
tissue destructions observable in
periodontal diseases®'. Following the
attraction of the neutrophils to the
chemokine origin, these cells release
enzymes on activation which destroy the
connective tissues that make up the bulk of
the tooth supporting structures®. Our
discovery of the novel nonsense NOD2
variant in a single family is a limitation of this
study. Nonetheless, the novel NOD?2
pathogenic variantin this study validates the
discovery of the NOD2 pathogenicity in a
Japanese cohort with AgP. Although we
demonstrated invitro the effects of the stop-
gained NOD2 variant identified in this study
using CHO cells, a better cell-line would have
been oral epithelial cells or cell lines derived
from the periodontium. The fact that the
CHO cells were derived from the ovary
poses a potential sex-influenced factors in
gene expression, a significant bias in the
genomic research.

In summary, investigation of protein altering
NOD2 variants in an African AgP cohorts
resulted in the identification of a novel
nonsense variant. This variant has a
dominant-negative effect on the protein
activity and functional analysis strongly
suggests that this variant causes an
increased immune response, which could
result in the rapid and progressive
destruction of the tooth supporting
structures seen in these patients. Our
findings provide additional evidence for the
role of NOD2 in the developmental
pathogenesis of Stage Il or IV, Grade C
Periodontitis (Aggressive Periodontitis). Our
findings also support the translational
hypothesis that modulation of the immune
response to periodontal pathogens would
help halt the progression of AgP in
individuals carrying the genetic risk for the
periodontal disease.

Primers for gPCR

.cDNA Forward primers Reverse primers

Btubulin GGCCAAGGGTCACTACACG GCAGTCGCAGTTTTCACACTC

| Nod2 | TGGTTCAGCCTCTCACGATGA | TTCATACTGGCTGACGAAACC

L8 ATGACTTCCAAGCTGGCCGTGGCT TCTCAGCCCTCTTCAAAAACTTCTC

[ Neomycin | crTecTCCTGCCGAGARAGT | rrcacrTeeTeeTCGAATG
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