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DNA Methylation patterns of
immune response-related genes in
inflammatory external root resorption

Abstract: Inflammatory external root resorption (IERR) is a pathological
process defined by the progressive loss of dental hard tissue, dentin, and
cementum, resulting from the combination of the loss of external root
protective apparatus and root canal infection. It has been suggested that
healing patterns after tooth replantation may be influenced by the genetic
and immunological profiles of the patients. The purpose of the present
investigation was to evaluate the DNA methylation patterns of 22 immune
response-related genes in extracted human teeth presenting with IERR.
Methylation assays were performed on samples of root fragments
showing IERR and compared with healthy bone tissue collected during
the surgical extraction of impacted teeth. The methylation patterns were
quantified using EpiTect Methyl II Signature Human Cytokine Production
PCR Array. The results revealed significantly higher hypermethylation of
the FOXP3 gene promoter in IERR (65.95%) than in the bone group (23.43%)
(p < 0.001). The ELANE gene was also highly methylated in the pooled
IERR sample, although the difference was not statistically significant
(p= 0.054). Our study suggests that the differential methylation patterns
of immune response-related genes, such as FOXP3 and ELANE, may be
involved in IERR modulation, and this could be related to the presence of
root canal infection. However, further studies are needed to corroborate
these findings to determine the functional relevance of these alterations
and their role in the pathogenesis of IERR.

Keywords: Epigenomics; Methylation; Inflammation; Replantation;
Root Resorption.

Introduction

Inflammatory external root resorption (IERR) is an undesirable,
albeit frequent complication in replanted permanent teeth that causes
rapid and irreversible damage to the root structure. The onset of IERR
in replanted teeth results from damage to the periodontal ligament
(PDL) and cementum during tooth displacement out of its socket, or
due to unfavorable storage conditions. The denuded root surface allows
pre-osteoclasts to attach and become activated, starting the resorption
process aiming to heal the damaged area."? However, progressive IERR
is only sustained if infection originating from the root canal reaches the
external root surface in resorbed areas via exposed dentinal tubules.
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Once bacteria and their byproducts arrive at the PDL
space, they switch the ongoing healing process to an
immune-inflammatory response.®*

The molecular and cellular events involved in
IERR are believed to be similar to those occurring in
bone resorption, which are also modulated by soluble
factors of the immune response. Interindividual
variability of the immune response, and therefore
susceptibility to diseases, is regulated by gene
expression profiling,> which in turn, may be strongly
influenced by epigenetic mechanisms. Epigenetics
is probably the most significant interface between
genetic and environmental factors that gives rise to the
phenotype.” It consists of changes in gene expression
that are not coded in the DNA sequence itself, but
can alter the ability of transcription factors to reach
and bind their target DNA, modifying cell behavior
by controlling gene expression patterns during the
cell cycle, development, or differentiation.® DNA
methylation is one of the best-studied and critically
important epigenomic modifications.’ It is a covalent
modification that occurs by the addition of a methyl
(CHs;) group at the 5 cytosine in the sequence context
of cytosine-phosphate-guanine (CpG) dinucleotides.
The addition of a methyl group at CpG islands, which
are mostly located in the promoter regions of genes,
results in stable silencing of gene expression.”” In some
circumstances, bacterial challenge and inflammation
can induce changes in epigenetic patterns and,
consequently, gene expression. Current research
has demonstrated the involvement of specific DNA
methylation in the pathogenesis of a variety of different
oral inflammatory diseases such as periodontitis”"!
and periapical lesions due to pulpal infection.!>131415
Such results make it reasonable to assume that
these mechanisms may also affect IERR activity. In
addition, it has been suggested that the genetic and
immunological profiles of patients influence healing
patterns after tooth replantation, regardless of the
management of the avulsed tooth."

Therefore, the present study aimed to identify
methylation patterns in the immune-related genes
of patients with IERR. We hypothesize that the
epigenetic status of immune response-related genes
may harbor different putative methylation sites, which
can contribute to the dynamics of IERR development.
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Methodology

Subjects and sample collection

This study was approved by the Committee on
Ethics in Research of the Federal University of Minas
Gerais, FUMG (CAAE 11883119.9.0000.5149). All
participants gave their written consent to participate.

The case group consisted of 9 replanted permanent
teeth referred for extraction (Table 1), presenting
radiographic signs of IERR according to Andreasen’s
criteria'”: bowl-shaped radiolucencies at both the root
surface and the adjacent bone. Standardized periapical
radiographies performed at the visit of extraction,
according to previously described criteria,'® were
examined independently by two investigators (DABF
and JVB). The control group consisted of 6 samples of
healthy bone from patients who required extraction
of their third molars. Samples of root fragments
presenting with IERR and healthy bone tissue were
obtained during the surgical procedure, and were
immediately stored at —80°C for later DNA extraction.
Patients with systemic conditions requiring the use
of bone metabolism modifiers and patients with
periodontal disease or radiographic evidence of
periodontal bone loss were excluded.

DNA methylation analysis

Samples of teeth and bone fragments were ground
in a tube containing 2.3-mm chrome-steel beads
(Biospec, cat. n°. 11079123c¢) using a shaker equivalent to
a MiniBeadbeater. Genomic DNA (gDNA) was isolated
using the DNeasy Blood and Tissue Kit (Qiagen Inc.,

Table 1. Clinical data of subjects presenting with radiographic
signs of [ERR.

Case  oq Gonder o0 T
1 41 Male 6.6 7.5
2 21 Male 7 8
3 31 Male 12.7 14.6
4 41 Male 12.7 14.6
S 41 Male 13.4 17.4
6 11 Female 7 9.9
7 21 Female 7 9.9
8 11 Female 12 29
9 21 Female 12 29



Valencia, USA) according to the manufacturer’s
protocol. The DNA concentration and purity were
measured by spectrophotometry using a NanoDropIM
2000 (Thermo Fisher Scientific, Waltham, USA).

The resultant gDNA extracts were obtained
to form the case and control groups. All patients
contributed the same amount of DNA to the pools.
After preparation of the pools, the samples were
digested for DNA methylation analysis using the
EpiTectMethyl DNA Restriction Kit (Qiagen, Inc.,
Valencia, USA). The method is based on detection of
quantitative DNA after cleavage using four enzyme
reactions (without enzymes, methylation-sensitive
restriction enzyme, methylation-dependent restriction
enzyme, and both enzymes). The methylation-sensitive
restriction enzyme and the methylation-dependent
restriction enzyme digest unmethylated and
methylated DNA, respectively. In accordance with
the manufacturer’s protocol, 1 ng of each pool was
used for each digestion reaction.

After the enzymatic digestion phase, analysis of
the methylation status of 22 immune response-related
genes was performed using EpiTect Methyl II Signature
Human Cytokine Production PCR Array (SABiosciences,
Qiagen, Valencia, USA) n°335212 EAHS-541ZE). For this
analysis, SYBR Green qPCR Master Mix was added to
a 96-well PCR array plate containing the 22 primers of
promoter genes (Table 2). Real-time PCR was performed
using the StepOne Plus Real-Time PCR System (Thermo
Fisher Scientific, DE, USA), programed according to
the manufacturer’s instructions, following established
cycling conditions (Table 3). Each array includes specific
control assays to monitor the cutting efficiencies of
methylation-sensitive and methylation-dependent
enzymes and to ensure reliable results.
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Data were assessed using deltaCt-values. Relative
percentages of unmethylated and methylated fractions of
input DNA were obtained for each gene in both groups.
Data representing DNA methylation levels were analyzed
using the EpiTect Methyl Il DNA PCR 96-Well Data
Analysis spreadsheet, available on the manufacturer’s
website (Life Technologies, Carlsbad, USA).

The database and statistical analyses were
performed using R software (version 3.5.3, Vienna,
Austria, 2018). Frequency tables of categorical variables
and descriptive statistics were used to describe the
profiles of the studied groups. Chi-squared test was
used to compare proportions of unmethylated and
methylated fractions of input DNA for each gene in
both groups. The level of significance was setat p < 0.05.

Results

The methylation levels of the promoter regions of
the 22 immune response-related genes in the IERR
group and in the control group are presented in Figure.
The results of the methylation patterns of the pooled

Table 3. PCR cycling protocol.

Temperature Time Number of cycles
95°C 10 min’ 1 cycle
99°C 30s
3 cycles

72°C 1 min
97°C 15s

» 40 cycles
72°C 1 min

According to instrument
recommendations™

*Hot-start to activate DNA polymerase; **Detect and record SYBR
Green fluorescence from each well during the annealing step of
each cycle; ***The temperature, time and cycles of the melting
curve are standard for the thermal cycler (StepOne Plus).

Melting curve segment

Table 2. Composition of Epitect Methyl Il Signature Human Cytokine Production PCR Array (SABiosciences, Qiagen).

Group function

T-cell function regulators
B-cell function regulators
Transcriptional regulators

Translational regulators

Environment and intracellular stimuli responses

Cytokine production signaling molecules

Gene symbol

BCL10, BCL3, FOXP3, HMOXT, IL12 A, MALT1, MAP3K7, SODT1, STAT5A, TRAF2, TRAF6

BCL10, BCL3, INHA, INHBA, STAT5A

BCL10, BCL3, FOXP3, GATA3, IRF1, SMAD3, STAT5A

BCL3, IGF2BP2

BCL10, BCL3, ELA2, FOXP3, GATA3, HMOXT, IL12 A, INHA, INHBA, LTB, MALTT1,
MYD88,NOD1, SMAD3, SOD1, STAT5A, TLR2

BCL10, BCL3, FOXP3, HMOXT, INHA, INHBA, LTB, MALT1, MAP3K7, MYD88, NOD1,
SMAD3,SOD1, STAT5A, TLR2, TRAF2, TRAFé
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IERR samples revealed the highest levels of DNA
methylation for FOXP3 and ELANE, in comparison
with the levels for the other investigated genes. The
FOXP3 promoter region showed 65.95% methylation
level in the IERR pool, while the normal healthy
bone pool showed a markedly reduced percentage
of DNA methylation (23.43%) for the same gene
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(X?=36.57, p < 0.001). A higher level of methylation
was also observed for ELANE in the IERR sample
pool (29.07%) when compared to bone (17.56%), with
the difference being marginally significant (X*>=3.75,
p =0.054). The other evaluated gene promoters showed
similar profiles between the case and control groups,
presenting low methylation levels (Table 4).

pool [ERR

cEc Y3383 58T

TS5 25882382 ¢7F %%
=<3 2z 29285 o
=
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e v &@858a3 5882

£S5 32588208222 %
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Figure. Relative percentages of unmethylated and methylated fractions for each gene in both groups. A) pool inflammatory external
root resorption (IERR); and B) pool bone. FOXP3 (p < 0.00) and ELANE (p = 0.054) showed the highest levels of DNA methylation

in the IERR group when compared to the bone group.
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Table 4. Percentage of unmethylated (UM) and methylated (M)
levels in immune response genes in pool I[ERR and pool bone.

Pool IERR Pool bone

Gene symbol

UM (%) M (%) UM (%) M (%)
BCL10 99.98 0.02 99.63 0.37
BCL3 99.99 0.01 99.73 0.27
ELANE 70.93 29.07 82.44 17.56
FOXP3 34.05 65.95 76.57 23.43
GATA3 99.37 0.63 99.73 0.27
HMOX1 98.74 1.26 99.05 0.95
IGF2BP2 99.81 0.19 99.92 0.08
IL12A 99.48 0.52 99.39 0.61
INHA 99.16 0.84 99.44 0.56
INHBA 98.61 1.39 99.25 0.75
IRF1 99.98 0.02 99.30 0.70
LTB 100.00 0.00 99.65 0.35
MALT1 99.89 0.11 99.43 0.57
MAP3K7 99.14 0.86 99.23 0.77
MYD88 99.55 0.45 99.35 0.65
NOD1 99.85 0.15 99.76 0.24
SMAD3 99.86 0.14 99.79 0.21
SOD1 100.00 0.00 99.86 0.14
STAT5A 94.41 5.59 91.92 8.08
TLR2 99.90 0.10 99.65 0.35
TRAF2 99.88 0.12 99.69 0.31
TRAF6 99.67 0.33 99.83 0.17

Discussion

Tooth replantation represents the treatment
of choice for avulsion, although its long-term
prognosis shows great variability. Progressive ERR
is the most frequent sequel after reimplantation of
permanent teeth, with a reported prevalence between
6.4% and 94.1%' representing the main cause of
untimely tooth loss after replantation with relevant
functional, aesthetic, psychological, and economic
consequences due to the impossibility of definitive
rehabilitation.?*?' Nonetheless, the modulation
mechanisms of ERR are not completely understood,
and the few available clinical studies suggest that
the healing process after reimplantation may also
be influenced by the host response, regardless
of the initial handling and treatment of avulsed
teeth.? In this context, the present clinical and
molecular study investigated for the first time the
methylation status of a selected panel of important
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inflammatory genes related to immune response in
replanted teeth presenting with IERR. These genes
comprised B-cell and T-cell function regulators,
transcriptional and translational regulators, as well
as other genes involved in inflammatory response
and immunity. The DNA methylation profile was
investigated to compare a pooled sample of root
fragments bearing IERR to a pooled sample of
normal bone tissue. Epigenetic mechanisms, such
as DNA methylation, have been shown to have an
impact on the pathogenesis of other inflammatory
oral diseases, including periodontitis”' and
periapical lesions.!>131415

The methylation assays revealed that the
FOXP3 promoter showed higher levels of DNA
methylation in the IERR group than in the healthy
bone group. Additionally, the ELANE gene
was also highly methylated in IERR compared
to bone, although it did not reach statistical
significance. Higher methylation levels of these
two promoter genes were also observed in
radicular cysts and periapical granulomas® and
in reticular oral lichen planus lesions.”® ELANE
encodes neutrophil elastase protein (NE), a serine
proteinase secreted by neutrophils. ELANE has
been shown to be essential in the immune defense
against pathogen invasion and exerts several
effects in tissue remodeling and inflammation,
such as processing inflammatory mediators,*
disturbing the endothelial cell cytoskeletal
architecture to increase vascular permeability,®
and facilitating neutrophil transmigration.*® FOXP3
is a transcription factor considered necessary
and sufficient for the development of regulatory
T cells (Tregs); it is also considered a specific
marker for this T cell subpopulation.??%?° Treg
cells represent a distinct population of T cells that
are induced peripherally by antigen exposure.*
The role of Tregs in controlling the immune
response via suppression of effector cell function
and/or production of immunosuppressive cytokines
is well established.?®?° In epigenetic studies, a
correlation between DNA methylation and gene
silencing has long been recognized. It has been
suggested that DNA demethylation of the FOXP3
promoter gene in Tregs is a prerequisite for stable

Braz. Oral Res. 2020;34:e087 5



DNA methylation patterns of immune response-related genes in inflammatory external root resorption

protein expression and Treg development and
for the suppressive regulatory T cell phenotype.
Demethylation allows FOXP3 binding to maintain
transcriptional activity at the FOXP3 locus.?8%32%
On the other hand, the higher level of methylation
of the FOXP3 promoter region inhibits transcription
factors from binding to their DNA binding sites,
since they are correlated with FOXP3 mRNA gene
expression downregulation.”®

Taken together, the present findings, which show
a higher methylation status of the FOXP3 and ELANE
gene promoter regions in the IERR group as well as
inradicular cysts and periapical granulomas,"” may
reflect the infectious etiopathogenesis shared by such
entities. It has been shown that DNA methylation
status can change rapidly in response to infection
and may have a role in innate immune response.*
It has also been shown that microbial pathogens,
including bacteria, viruses, and their virulence
factors, can further deregulate the epigenetic
machinery of the host cell with the intention of
circumventing host defense mechanisms, thereby
favoring the colonization, growth, or spread of
infectious pathogens.*® The role of environmental
factors, including bacterial infection and tissue
inflammation in some oral diseases, have recently
been explored and have been shown to be capable
of inducing epigenetic changes in pulpal®***” and
periodontal tissues.?-?4°

Since the FOXP3 promoter gene is encoded on
the X chromosome, most studies choose to use
only male donors in order to avoid bias due to
the inactivity of the X chromosome. However, the
precise regulation of FOXP3 expression in female
donors remains an enigma.” According to a recent
study, the methylation patterns of the FOXP3 locus
seem to be quite similar in both genders.”” Taking
this into account, together with the fact that tooth
avulsion is a rare traumatic injury in permanent
dentition, with an incidence ranging from 0.5% to
16%,*! both genders were included in the same pool.
The decision to include female donors was based on
the difficulty of obtaining samples of severe IERR
in teeth that cannot be saved.

The present study originally provided interesting
results regarding the differential methylation

6 Braz. Oral Res. 2020;34:e087

patterns in an important gene involved in the
immune response in teeth bearing IERR when
compared to healthy bone. This suggests that
epigenetic mechanisms may participate in IERR
modulation. It is noteworthy that there are no
previous studies investigating the role of epigenetic
regulation in ERR modulation. Clinicians tackling
ERR face the most frequent and deleterious sequelae
after traumatic dental injuries, with high frequencies
reported in clinical studies. Understanding the
molecular mechanisms underlying ERR in replanted
teeth is the first step in the development of new
approaches to manipulate clastic activity, a key
point in maintaining traumatized teeth as long
as they are needed, even when replanted under
unsuitable conditions. Nonetheless, the present
data must be interpreted with caution, especially
because of the small sample size and the need to
assess the functional impact of DNA methylation,
by verifying the expression and transcription levels
of the mRNA of the FOXP3 and ELANE genes,
through validation experiments using individual
samples. In addition, multivariate analysis to
assess the effect of demographic and clinical
factors on IERR activity was not performed. It
is well known that the patient’s age at the time
of trauma™**and the timing of pulpectomy after
replantation'* may affect IERR activity. Therefore,
future studies addressing simultaneous methylation
patterns of FOXP3, ELANE, and additional genes
as well as other clinical parameters, may also
contribute to elucidation of the dynamics of IERR
in traumatized teeth.

Conclusion

The present results indicate the presence of
differential methylation patterns of the FOXP3 and
ELANE genes in IERR, compared to healthy bone
tissue, and suggest that this might be attributed to
the presence of root canal infection. This is the first
evidence of the possible participation of epigenetic
events in the modulation of IERR. However, future
studies are needed to corroborate these findings
so as to determine the functional relevance of this
alteration and its role in the pathogenesis of IERR.
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