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A B S T R A C T   

Objectives: Epigenetic modulation of gene expression may be important in dental conditions, including dental 
caries and enamel hypomineralisation. The aims of this study were to assess associations between DNA 
methylation in cord blood leucocytes at birth, and caries experience and enamel hypomineralisation at six years 
of age. 

Method: The study sample was from a birth cohort study of twins. Dental examinations at six years identified 
the presence/absence of (i) ‘any caries’ (untreated and treated caries), (ii) ‘advanced caries’ (untreated, advanced 
caries and/or past treatment) and (iii) hypomineralised second primary molars (HSPM). Genome-wide analysis 
of DNA methylation was performed on cord blood of 27 twin pairs (14 dizygotic and 13 monozygotic) using the 
Illumina Infinium MethylationEPIC BeadChip array. Differentially methylated CpGs (DMCpGs) and regions 
(DMRs) associated with each dental outcome were investigated, while accounting for the relatedness of twins. 
Results with a false discovery rate <0.05 were treated as statistically significant. 

Results: 19 children had ‘any caries’, 15 had ‘advanced’ caries, and 18 had HSPM. No DMCpGs were asso-
ciated with ‘any caries’, 16 and 19 DMCpGs were associated with ‘advanced caries’ and HSPM, respectively. 
DMRs were identified in association with all three outcomes. Genes implicated by these analyses included PBX1, 
ACAT2, LTBP3 and DDR1 which have been linked with dental tissue development in genetic studies. 

Conclusion: This exploratory study identified differential methylation in several genes at birth associated 
with dental caries and HSPM at six years. Further research may provide valuable insights into aetiology of dental 
disease and/or reveal novel molecular-based approaches for early risk stratification. 

Clinical Significance: Epigenetic differences at birth are likely to be associated with dental health at six years 
and may be valuable biomarkers of early influences on dental health.   

Introduction 

Dental caries and hypomineralised enamel are the most common 

dental conditions in children, often associated with pain and infection, 
and impact on growth, development and quality of life with huge costs 
to health systems globally [1, 2]. Dental caries is the formation of 
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clinically detectable carious lesions due to demineralisation of tooth 
structure driven by bacterial metabolism of dietary sugar [3]. The dy-
namic process that manifests in clinically-detectable disease is influ-
enced by a range of child, family and community-level factors [4]. 
Hypomineralised second primary molars (HSPM) result from disruption 
to the highly sensitive process of amelogenesis of unknown cause/-
mechanism and are characterised by porous and weak enamel that is 
susceptible to rapid breakdown [5]. Both HSPM and dental caries have 
complex multifactorial etiologies, including interactions between mul-
tiple genetic and environmental factors [6]. 

There is considerable interest in the potential role of epigenetic 
modulation of gene expression in shaping individual susceptibility to 
these diseases [7]. The myriad of different cellular morphologies and 
functions within an individual are specified by epigenetic variation 
established during cellular differentiation and development [8]. The 
most widely-studied epigenetic process is DNA methylation - addition of 
a methyl (–CH3) group to the cytosine within CpG dinucleotides of DNA. 
Environmental influences on epigenetics have been reported to occur 
from as early as the embryogenesis and intrauterine period [9]. Factors 
such as prenatal maternal diet, smoking, alcohol consumption, obesity 
and metabolic health are thought to impact gene expression by altering 
epigenetic regulation and this may at least partly explain their contri-
bution to the development of dental caries and HSPM [10–12]. 

Epigenetic studies of oral disease are increasingly reported, partic-
ularly in oral cancer and periodontal disease [13, 14]. Although 
demonstrating a mechanistic or causal relationship between epigenetics 
and disease outcomes is difficult, identifying epigenetic differences, for 
example differences in DNA methylation levels, could be valuable for 
early diagnosis and screening, and could inform our understanding of 
disease mechanisms and even prevention and treatment. However, 
despite the likely benefits of understanding the genetic and environ-
mental determinants of epigenetic variation associated with pathogen-
esis, there have been no published epigenetic studies of dental caries or 
HSPM. 

The aim of this preliminary study was to investigate associations 
between DNA methylation markers in cord blood leucocytes at birth and 
dental caries and HSPM at six years of age. 

Methods 

Study sample 

The study sample was from the Peri/Postnatal Epigenetic Twin 
Study, a longitudinal study of a birth cohort of 250 mothers and their 
twin children [15]. Women pregnant with twins were recruited 
mid-gestation. Data about the lifestyle, health and development of the 
twin children in the cohort were collected at birth, 18 months and six 
years. Cord blood was collected at birth and processed and stored at 
− 80 ◦C [15] with epigenetic analysis conducted subsequently in a subset 
of 47 twin pairs discordant for birth weight. As the PETS twin children 
turned six years of age, they were invited to participate in oral health 
assessments. Dental data was obtained from 344 children, 54 (27 pairs of 
twins, 13 MZ and 14 DZ) of whom had EWAS data. Ethics approval was 
obtained from the hospital’s Human Research Ethics Committee (33,174 
A), and informed consent was obtained from parents. 

Dental outcomes 

Dental examinations were provided by one of two trained and cali-
brated dental practitioners with detailed methodology reported previ-
ously [10]. HSPM was measured on the buccal, lingual and occlusal 
surfaces of the second primary molars, as per standardised criteria [16]. 
Children with one or more HSPM were classified as affected and those 
without an HSPM were deemed unaffected. Dental caries was measured 
using the International Caries Detection and Assessment System (ICDAS) 
[17]. The ICDAS data were used to derive two binary variables, the 

presence or absence of (i) any dental caries and (ii) advanced caries, as 
detailed below: 

i ‘Any’ caries: Children with one or more teeth with any carious le-
sions including non-cavitated white spot lesions (ICDAS codes 2 to 
6), restorations or extractions due to caries were categorised as 
affected by ‘any caries’. Children with no carious lesions (i.e. only 
ICDAS code 0) and no restorations or extractions due to caries were 
categorised as unaffected by ‘any caries’.  

ii ‘Advanced’ caries: Children with one or more teeth with signs of 
more advanced carious lesions (ICDAS codes 4–6), restorations or 
extractions due to caries were categorised as affected by ‘advanced 
caries’. Children with only early superficial carious lesions, or no 
caries (ICDAS codes <4) and no restorations or extractions due to 
caries were categorised as unaffected by ‘advanced caries’. 

Genome-wide DNA methylation 

DNA extracted from cord blood collected at birth was used to mea-
sure genome-wide DNA methylation using the Illumina Infinium 
Methylation EPIC BeadChip array, which quantifies the methylation 
levels at >850,000 sites. DNA samples extracted from the same pair 
were assayed on the same BeadChip. 

Raw methylation data was processed by Bioconductor package minfi. 
Data normalisation was performed using Illumina’s reference factor- 
based normalisation methods (preprocessIllumina) and quantile normal-
isation (preprocessQuantile). Probes with a detection p-value > 0.01 were 
assigned as missing, and probes with missing values in one or more 
samples were removed (9246 probes), as were probes on sex chromo-
somes (18,903 probes), cross-hybridised (42,851 probes) or having 
underlying genetic variants (103,731 probes). No samples were 
removed based on missing probes, as all samples had fewer than 5% 
missing methylation values. An empirical Bayesian method, ComBat, 
was applied to minimize the technical variation across batches. After 
quality control, there were data for 701,515 CpGs available for analysis. 
Methylation beta-values, ranging from 0 to 1 and representing the 
proportion of methylated alleles for each CpG within the sample, was 
used for subsequent analysis. 

Data analysis - Differentially methylated CPG (DMCpG) analysis 

We used a one-at-a-time hypothesis testing approach to investigate 
which CpGs were differentially methylated in association with each 
dental condition. Birth weight, sex, maternal smoking and cell type 
proportions (CD4T cells, CD8T cells, natural killer cells, B cells, mono-
cytes, granulocytes, nucleated red blood cells) have been found to sub-
stantially influence DNA methylation. In order to account for the effects 
of these confounders, a linear regression was firstly used to adjust DNA 
methylation for birth weight, sex, maternal smoking and cell counts. The 
cell type proportions were estimated using DNA methylation data (18, 
19]. Residuals from the regression were then used to test the association 
with each dental condition using a linear regression, in which DNA 
methylation residuals were the outcome variable and dental condition 
was the predictor variable. Each dental condition was analysed sepa-
rately. To account for relatedness between twins, robust standard errors 
for the association were estimated and used for the statistical test for the 
association. A Bayesian method from the Bioconductor package bacon 
was used to adjust for the inflation of test statistics across all CpGs. False 
discovery rate (FDR) (Benjamini–Hochberg procedure) was used to 
adjust for multiple hypothesis testing. 

Within-twin pair analysis 

Taking advantage of the twin study design, we investigated whether 
the observed associations between the DMCpGs and dental conditions 
above (i.e. between-pair associations) were due to the confounding 
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effects of familial (genetic and non-genetic) factors shared within twin 
pairs, by conducting within-pair analysis for the DMCpGs. The within- 
pair difference in the DNA methylation residuals (outcome) was 
regressed on the within-pair discordance in dental condition (exposure). 
By using within-pair differences, the effects of (known and unknown) 
genetic and non-genetic factors shared within twin pairs are cancelled 
out, so the within-pair association is less susceptible to familial 
confounding. 

Candidate-gene analysis 

Using similar methods to those of Li et al. [20], we used the column 
‘UCSC_RefGene_Name’ of the annotation file provided by Illumina to 
annotate DNA methylation CpGs to genes previously linked to dental 
caries and enamel hypomineralisation [21–23], and examined the as-
sociations of DNA methylation at these CpGs with the investigated 
dental outcomes. A total of 357 CpGs were annotated to 11 genes linked 
to hypomineralisation, and a total of 748 CpGs were annotated to 31 
genes linked to dental caries. Associations between these CpGs and 
relevant dental conditions were examined using the results from the 
DMCpG analysis. The observed number of CpGs with a nominal p-value 
<0.05 was compared with the expected number by chance using the 
binomial test. 

Differentially methylated region (DMR) analysis 

DMRs were investigated using the comb-p method, which clusters the 
p-values of irregularly spaced CpGs in sliding windows and accounts for 
spatial correlations between CpGs [24]. Input data for the analysis were 
regression coefficients, standard errors and p-values (all 
bacon-corrected) from the DMCpG analysis and chromosomal locations 
of CpGs. DMRs were defined based on the following criteria: 1) con-
taining at least two CpGs within 1000 bp 2) having multiple-testing 
adjusted Sidak p-value < 0.05. 

Results 

The majority of participants were 6 years of age, and over half (30/ 
54) were female (Table 1). ‘Any caries’ was allocated to 19 individuals, 
of whom 15 had ‘advanced caries’. Overall, seven pairs were concordant 
for ‘any caries’, with both twins in the pair affected and five pairs were 
discordant, with one twin affected and the other twin unaffected. Of the 
11 pairs affected by ‘advanced caries’, four pairs were concordant and 7 
pairs were discordant. HSPM affected 18 children, with six concordant 
and six discordant pairs. Thirty of the overall sample of 54 children had 

dental caries or HSPM (Table 1). 

Differentially methylated CPG analysis 

No differentially methylated CpGs were found to be associated with 
‘any caries’ at the FDR threshold of 0.05. Ten CpGs had an FDR < 0.1, 
and they are listed in Supplementary Table 1. 

A total of 16 DMCpGs, mapping to 11 genes, were associated with 
‘advanced caries’ at the FDR threshold of 0.05 (Table 2). The average 
difference (cases minus controls) in DNA methylation residuals (i.e., 
covariate-adjusted methylation level) of the 16 DMCpGs ranged from 
+0.4 to +2.4% for the seven DMCpGs with hypermethylation and from 
− 0.9 to − 3.9% for the nine DMCpGs with hypomethylation. A total of 19 
DMCpGs (mapping to 15 genes) were found to be associated with HSPM 
with an FDR < 0.05 (Table 2). The average difference in DNA methyl-
ation residuals ranged from +0.53% to +1.9% in the eight DMCpGs with 
hypermethylation and from − 0.5% to − 2.2% in the eleven DMCpGs 
with hypomethylation. 

Within-pair analysis 

For the identified DMCpGs, the within-pair associations were highly 
consistent with the results of the main analysis (Tables 2,3 and Sup-
plementary Table 1). For example, difference in DNA methylation at 
CpG cg12340219 between HSPM cases and controls in the main DMCpG 
analysis was − 2.2% (95% CI: − 2.9%, − 1.5%), while the within-pair 
difference was − 2.4% (95% CI: − 4.4%, − 0.4%). The correlation co-
efficients between the main analysis associations and the within-pair 
associations were all over 0.87 (all p-value<1.5E-07). (Supplementary 
Figure 1). These results suggest that the identified DMCpGs are unlikely 
to be due to the confounding effects of familial factors. 

Candidate gene analysis 

Of the 357 CpGs annotated to the 11 genes associated with HSPM, 24 
had a nominally significant (p-value<0.05) association (Supplementary 
Table 2); however, this was not different to the number expected by 
chance, 357 × 0.05 = 17.85 (p-value=0.14). Of the 748 CpGs annotated 
to genes associated with dental caries, 35 and 52 probes had a nominally 
significant association with ‘any caries’ and ‘advanced caries’, respec-
tively (Supplementary Table 3). The number of CpGs for ‘any caries’ was 
no different to the number expected by chance, 748 × 0.05 = 37.3 (p- 
value=0.80); however, the number of CpGs for ‘advanced caries’ was 
greater than the number expected by chance (p-value =0.02) (Table 4). 

DMR analysis 

Differentially methylated regions identified by DMR analysis for 
outcomes ‘any caries’, ‘advanced caries’ and HSPM are listed below 
(Table 3). A total of 15 regions (with 2 to 22 CpGs within the defined 
region spanning 12 to 616 base pairs) with differential methylation were 
identified in children with ‘any caries’. The top-ranked DMR in children 
with ‘any caries’, latent transforming growth factor beta binding protein 
3 (LTBP3) (Sidak adjusted p-value = 7.38E-04), on chromosome 11, 
consists of four CpGs within the region (Fig. 1a). The average DNA 
methylation difference for the LTBP3 DMR ranged from 0.2% to 5.5% 
(Fig. 1). 

A total of 22 regions (with a maximum of 19 CpGs within the gene 
region) with differential methylation were identified in children with 
‘advanced caries’. The top-ranked DMR in children with ‘advanced 
caries’, 1-Acylglycerol-3-Phosphate O-Acyltransferase 1 (AGPAT1) 
(Sidak adjusted p-value = 4.08E-07), on chromosome 6, consists of 19 
CpGs within a distance of 690 base pairs (Fig. 1b). The average DNA 
methylation difference for the top DMR ranged from − 0.34% to 
− 1.21%. 

A total of 62 regions (top 10 shown in Table 3) (with up to 17 CpGs 

Table 1 
Characteristics of study participants. DZ dizygotic twins, MZ monozygotic twins.   

MZ Mean 
[SD]; or n (%) 

DZ Mean 
[SD]; or n (%) 

Total Mean 
[SD]; or n (%) 

Total 26 28 54 
Male Sex 10 (38.5%) 14 (50%) 28 (51.9%) 
Age at dental examination    
6 years 22 (84.6) 24 (85.7) 46 (85.2) 
7 years 2 (7.6) 2 (7.1) 4 (7.4) 
8 years 2 (7.6) 2 (7.1) 4 (7.4) 
Prenatal maternal obesity 

(maternal BMI>30 kg/m2) 
2 (3.7%) 4 (7.4) 6 (11.1) 

Maternal smoking in 2nd or 
3rd trimester 

0 8 (14.8) 8 (14.8) 

Birth weight (g) 2387 g 
[480.2] 

2441 [608.9] 2415 [546] 

Prevalence of dental 
conditions    

HSPM 4 (7.4) 14 (25.9) 18 (33.3) 
"Any" caries 5 (9.3) 14 (25.9) 19 (35.2) 
"Advanced" caries 4 (7.4) 11 (20.4) 15 (27.8) 
Unaffected by any outcome 13 (24.1) 11 (20.4) 24 (44.4)  
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within the defined region) with differential methylation were identified 
in children with ‘HSPM’ (Fig. 1c). Three of the top ten DMRs detected in 
children with HSPM were associated with discoidin domain receptor 
tyrosine kinase 1 (DDR1) gene, with Sidak corrected p-value ranging 
from 5.45E-07 to 1.54E-19 and consisting of 4 to 13 CpGs within the 
region. The average DNA methylation difference for the top ranked DMR 
ranged from − 0.32% to 3.83%. PBX Homeobox 1 (PBX1) gene was also 
identified as a DMR in chromosome 1 with 7 CpG sites and a p-value of 
4.39E-11. 

Discussion 

To the best of our knowledge, this is the first published study to 
identify early-life epigenetic associations with dental caries and HSPM. 
Children with HSPM and advanced caries, in particular, have hyper- and 
hypomethylation of a number of genes e.g. PBx1b, ACAT2 and LTBP3 
with known relevance to oral health. Murine studies have demonstrated 
expression of the Pbx1b gene (human homologue identified in both the 
DMCpG analysis of HSPM and DMR analysis of dental caries) in the 
dental lamina during the early stages of odontogenesis [25]. Pbx1 is also 

a binding partner and co-expressed with Meis1 gene, a key develop-
mental regulator that is expressed in the dental epithelium during the 
cap and bell stages of odontogenesis in murine studies [26]. Variation in 
acetyl-CoA acetyltransferase 2 (ACAT2), identified in the DMCpG 
analysis for HPSM, has been reported in a GWAS of erosive tooth wear, 
although the functional relevance is unknown [27]. 

LTBP3, the highest ranked DMR in children with ‘any caries’, regu-
lates transforming growth factor beta (TGFβ), and LTBP3 pathogenic 
variants are associated with a range of craniofacial hard-tissue defects, 
including oligodontia and amelogenesis imperfecta in humans [28, 29]. 
Murine studies of LTBP3 pathogenic variants show a range of dental 
abnormalities during odontogenesis, including alterations in enamel, 
maturation-stage ameloblast disruptions, enamel prism pattern malfor-
mations and reduced cementum thickness [30]. Several DMRs in 
‘advanced caries’ such as LTBP3, VGLL4 and DCLRE1C were also iden-
tified for ‘any caries’. The DDR1 gene identified in the DMR analysis for 
HSPM codes for a collagen receptor, is involved in collagen fibrillo-
genesis and mineralisation, which is expressed in the dental epithelium 
and therefore has potential implications for odontogenesis [31]. How-
ever, murine models have, to date, failed to demonstrate a critical role 

Table 2 
Differentially methylated CpGs (FDR <0.05) in cord blood cells for HSPM, and the within-pair effects. NB: There were no DMCpGs with FDR <0.05 for ‘any’ caries. * 
Methylation difference (MD) was cases minus controls in DNA methylation residuals. The difference and relevant standard error (SE) were reported as percentage 
methylation.  

CpG ID Chromosome position Gene Main DMCpG analysis Within-pair analysis 

MD* SE* P-value MD* SE* P-value 

cg12340219 chr10 (134,913,922) GPR123 − 2.191 0.337 3.18E-08 − 2.419 1.02 0.025 
cg00759528 chr3 (24,721,587) – − 1.869 0.295 5.83E-08 − 1.036 1.199 0.396 
cg14145175 chr6 (160,183,497) ACAT2 − 0.803 0.128 7.62E-08 − 0.911 0.422 0.040 
cg00734931 chr6 (9,116,428) – 1.780 0.295 1.75E-07 1.741 0.679 0.017 
cg22638766 chr7 (99,691,486) MIR25; MCM7 − 1.721 0.293 2.96E-07 − 2.277 0.825 0.010 
cg07232895 chr22 (17,398,199) – 1.898 0.326 3.59E-07 2.000 1.207 0.109 
cg08470031 chr11 (2,423,043) TSSC4 − 2.024 0.352 4.88E-07 − 2.975 1.024 0.007 
cg17059694 chr2 (105,473,800) – 0.532 0.093 5.13E-07 0.889 0.273 0.003 
cg05010179 chr15 (75,018,495) CYP1A1 − 1.012 0.179 6.53E-07 − 1.303 0.494 0.014 
cg24453353 chr6 (26,104,185) HIST1H4C − 0.514 0.091 7.52E-07 − 0.785 0.296 0.013 
cg22238122 chr1 (164,546,143) PBX1 − 5.187 0.924 7.80E-07 − 1.826 2.435 0.460 
cg02556753 chr17 (57,970,388) RPS6KB1; TUBD1 0.381 0.068 8.65E-07 0.350 0.219 0.122 
cg14306145 chr5 (140,718,286) PCDHGA2; PCDHGA1 0.563 0.101 9.40E-07 0.544 0.317 0.098 
cg07823127 chr7 (84,164,956) LOC101927378 1.590 0.286 9.59E-07 1.333 1.081 0.228 
cg03701005 chr17 (40,729,832) PSMC3IP 0.258 0.047 9.80E-07 0.381 0.175 0.039 
cg11238371 chr7 (100,232,197) TFR2 − 1.683 0.303 9.84E-07 − 2.173 0.908 0.024 
cg26345888 chr1 (58,716,257) DAB1 − 3.965 0.716 1.02E-06 − 4.224 1.942 0.039 
cg07706038 chr1 (224,518,192) NVL 0.139 0.025 1.26E-06 0.249 0.107 0.028 
cg08681726 chr6 (170,866,204) TBP − 1.528 0.280 1.34E-06 − 1.688 0.757 0.035  

Table 3 
Differentially methylated CpGs (FDR <0.05) in cord blood cells for ‘advanced’ caries, and within-pair effects. NB: There were no DMCpGs with FDR <0.05 for ‘any’ 
caries. * Methylation difference (MD) was cases minus controls in DNA methylation residuals. The difference and relevant standard error (SE) were reported as 
percentage methylation.  

Probe ID Chromosome position Gene Main DMCpG analysis Within-pair analysis 

MD* SE* P-value MD* SE* P-value 

cg17154057 chr2 (42,722,051) KCNG3 0.418 0.066 4.87E-08 0.231 0.206 0.273 
cg05655307 chr7 (111,139,217) IMMP2L − 1.547 0.248 8.39E-08 − 2.202 0.722 0.005 
cg26696612 chr22 (19,333,586) HIRA 2.385 0.393 1.52E-07 3.549 1.075 0.003 
cg12748839 chr11 (86,588,034) – − 1.181 0.197 1.90E-07 − 0.660 0.634 0.308 
cg11480029 chr7 (142,723,312) OR9A2 − 1.951 0.330 2.66E-07 − 2.110 0.919 0.030 
cg04484291 chr19 (50,083,855) PRRG2; NOSIP 0.536 0.092 3.54E-07 0.535 0.255 0.046 
cg16020249 chr1 (27,930,640) AHDC1 − 3.943 0.678 3.81E-07 − 4.468 1.859 0.024 
cg05392859 chr1 (37,504,377) – 1.964 0.341 4.46E-07 2.157 1.144 0.070 
cg16853842 chr12 (56,390,939) SUOX 1.557 0.270 4.63E-07 1.386 0.687 0.054 
cg14143574 chr9 (127,247,660) NR5A1 − 1.023 0.178 4.93E-07 − 0.855 0.552 0.133 
cg07091162 chr5 (136,697,409) SPOCK1 1.808 0.322 8E-07 3.274 0.746 <0.001 
cg10515155 chr17 (81,052,671) – − 1.391 0.250 9.42E-07 − 1.817 0.753 0.023 
cg26432347 chr6 (30,710,636) FLOT1 − 0.979 0.176 9.43E-07 − 1.204 0.437 0.011 
cg02534072 chr2 (102,662,506) – 2.308 0.415 9.47E-07 1.874 1.026 0.079 
cg09120959 chr4 (154,684,504) – − 4.322 0.781 1.05E-06 − 4.446 2.064 0.041 
cg24872971 chr8 (71,069,448) NCOA2 − 1.111 0.202 1.14E-06 − 1.938 0.678 0.008  
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for the gene in odontogenesis [32]. 
The findings of the present exploratory study suggest that further 

research into the epigenetic associations with dental caries and HSPM is 
warranted. The epigenetic differences identified may not reflect causal 
relationships, but may simply be a biomarker of disease, reflecting early- 
life environmental or genetic aetiological factors. It is plausible that 
epigenetic factors may either act as mediators of causal environmental 
and genetic factors, and further epigenetic studies of these known fac-
tors (e.g. diet) are likely to provide valuable insights. However, epige-
netic factors identified in this study may also operate separately, or even 
interact in an additive manner to augment disease risk. More studies are 
warranted to further investigate the causation under the associations, 
and interactions between DNA methylation, dental conditions and other 
environmental and genetic factors. 

Nevertheless, due to the biological plausibility of several of the 
differentially methylated genes identified in the present study, there is 
the potential for a mechanistic role. In HSPM, both a genetic predispo-
sition and an environmental systemic cause would be expected to 
manifest in a consistent pattern across teeth developing at the same 
time. Although the present study did not sample dental tissue, localised 
epigenetic modulation of gene expression may explain why teeth 
forming at the same time in different areas of the craniofacial complex 
can be affected to varying degrees [33]. Therefore, this study adds 
further evidence that localised factors may influence the genetically 
driven process of tooth formation and differential expression may 
explain the highly atypical pattern that presents in HSPM and the related 
condition in permanent teeth, MIH. Although there are currently no 
other published epigenetic studies of enamel hypomineralisation, there 
is evidence of epigenetic involvement in other developmental issues of 
the craniofacial complex, with differential methylation detected in a 
sibling study of hypodontia [34]. Understanding the localised triggers of 
the differential methylation detected in children with enamel hypo-
mineralisation will facilitate early detection and if modifiable, promises 
exciting potential for prevention. Dental caries is a complex condition is 
influenced by distal factors that arise as early as the pre-natal period 
[35]. Although epigenetic differences may influence dental caries 

Table 4 
Differentially methylated regions (FDR <0.05) in cord blood for ‘any’ and 
‘advanced’ caries and HSPM.  

Differentially 
methylated region 

Adjusted p- 
value 

Gene Span of the 
region (bp) 

No of 
CpGs in 
region 

Any Caries     
chr11: 65,321,226 - 

65,321,592 
9.82E-09 LTBP3 366 5 

chr3: 11,643,341 - 
11,643,631 

4.49E-05 VGLL4 290 5 

chr20: 1,317,600 - 
1,317,965 

9.79E-05 SDCBP2-AS1 365 4 

chr20: 36,148,604 - 
36,149,082 

1.83E-04 BLCAP 478 22 

chr6: 32,145,617 - 
32,146,233 

2.57E-04 AGPAT1 616 17 

chr22: 46,508,454 - 
46,508,605 

9.04E-04 MIRLET7B 151 5 

chr10: 15,038,045 - 
15,038,350 

1.21E-03 DCLRE1C 305 3 

chr19: 19,730,109 - 
19,730,262 

2.35E-03 – 153 4 

chr7: 2,236,170 - 
2,236,406 

2.97E-03 – 236 2 

chr11: 65,314,161 - 
65,314,455 

1.90E-02 LTBP3 294 4 

chr11: 62,369,859 - 
62,369,871 

2.61E-01 EML3 12 2 

chr12: 30,357,109 - 
30,357,110 

5.06E-01 – 1 1 

chr1: 67,600,822 - 
67,600,836 

1 – 14 2 

chr14: 103,691,834 
- 103,691,835 

1 – 1 1 

chr17: 27,045,302 - 
27,045,324 

1 – 22 2 

chr11: 65,321,226 - 
65,321,592 

9.82E-09 LTBP3 366 5 

Advanced Caries     
chr6: 32,145,543 - 

32,146,233 
4.08E-07 AGPAT1 690 19 

chr11: 117,069,780 
- 117,070,047 

8.571E-07 LOC100652768 267 8 

chr7: 24,323,675 - 
24,323,940 

3.67E-04 – 265 7 

chr17: 76,876,040 - 
76,876,240 

3.75E-04 – 200 3 

chr11: 65,321,226 - 
65,321,491 

7.38E-04 LTBP3 265 4 

chr4: 154,684,504 - 
154,684,671 

1.54E-03 – 167 2 

chr3: 11,643,341 - 
11,643,631 

1.66E-03 VGLL4 290 5 

chr10: 15,038,045 - 
15,038,350 

1.90E-03 DCLRE1C 305 3 

chr17: 76,274,743 - 
76,274,857 

4.40E-03 – 114 2 

chr7: 111,139,217 - 
111,139,218 

0.057 IMMP2L 1 1 

chr22: 19,333,586 - 
19,333,587 

0.101 HIRA 1 1 

chr11: 86,588,034 - 
86,588,035 

0.125 PRSS23 1 1 

chr7: 142,723,312 - 
142,723,313 

0.170 OR9A2 1 1 

chr1: 37,504,377 - 
37,504,378 

0.269 – 1 1 

chr5: 136,697,409 - 
136,697,410 

0.429 SPOCK1 1 1 

chr2: 102,662,506 - 
102,662,507 

0.485 – 1 1 

chr2: 27,531,310 - 
27,531,536 

0.689 UCN 226 4 

chr1: 160,296,653 - 
160,296,654 

1 COPA 1 1 

1 UNKL 17 2  

Table 4 (continued ) 

Differentially 
methylated region 

Adjusted p- 
value 

Gene Span of the 
region (bp) 

No of 
CpGs in 
region 

chr16: 1,430,087 - 
1,430,104 

chr17: 27,045,302 - 
27,045,324 

1 – 22 2 

chr4: 122,854,168 - 
122,854,169 

1 TRPC3 1 1 

chr5: 140,749,735 - 
140,749,746 

1 PCDHGA3 11 2 

HSPM     
chr6: 30,848,726 - 

30,850,869 
1.544E-19 DDR1 2143 13 

chr6: 30,853,948 - 
30,854,552 

1.289E-13 DDR1 604 9 

chr1: 59,042,931 - 
59,043,577 

3.617E-13 TACSTD2 646 9 

chr19: 291,986 - 
292,437 

3.12E-08 – 451 11 

chr1: 164,545,553 - 
164,546,144 

5.207E-08 PBX1 591 7 

chr16: 2,907,745 - 
2,908,935 

3.124E-07 PRSS22 1190 6 

chr10: 134,150,489 
- 134,150,761 

3.505E-07 LRRC27 272 7 

chr8: 48,675,647 - 
48,676,093 

3.544E-07 – 446 7 

chr6: 30,860,866 - 
30,860,961 

5.445E-07 DDR1 95 4 

chr10: 21,799,047 - 
21,799,396 

8.668E-07 – 349 4  
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through a broad range of pathways, from saliva properties to immunity, 
the differences reported in this study relate mostly to genes implicated in 
dental development [36]. Developmental defects of enamel such as 
Molar Incisor Hypomineralisation (MIH) increase the risk of dental 
caries, because weakened tooth structure may be less able to withstand 
the carious process and therefore be more susceptible to developing 
carious lesions [37]. 

While limited within-pair analyses were applied in the present study, 
epigenetic studies are especially powerful when conducted on twins [38, 
39]. Despite near-complete genetic concordance, identical twins have 
different epigenomes [40]. Therefore, sufficiently powered epigenetic 
studies of twins have considerable advantages over studies of singletons 
due to the ability to fully (in the case of identical twins who share all 
their genetic material) or partially (in the case of non-identical DZ twins 
who share about half of their genetic material) adjust for genetic 
influence. 

The findings of the present study must be considered in the context of 
several limitations. As the first study of epigenetic differences and dental 
caries and HSPM, replication in larger studies across different settings is 
important. While cord blood may be adequate to measure global dif-
ferences in methylation, a tissue sample with more direct relevance to 
the dental outcomes may better demonstrate local epigenetic differ-
ences. This study followed the reference standard for outcome variable 
measurement, however, the phenotypes for both dental caries and 
HSPM are binary and fail to reflect disease severity. More granular 
phenotyping, and/or using of multi-level models are essential to enable 
oral health to benefit from the major scientific advances in multi-omic 
analyses and precision medicine. 

Conclusion 

Preliminary evidence indicates that epigenetic markers in blood at 
birth are associated with HSPM and severe dental caries at age six years. 
If replicated, these differences have potential utilisation in risk screening 
tools for children and, if causal roles can be confirmed, to contribute to 
targeted and personalised preventive or treatment interventions for 
dental caries and HSPM. 
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L. Tjäderhane, et al., Genome-wide association study of erosive tooth wear in a 
finnish cohort, Caries Res. 53 (1) (2019) 49–59. 

[28] M. Huckert, C. Stoetzel, S. Morkmued, V. Laugel-Haushalter, V. Geoffroy, J. Muller, 
et al., Mutations in the latent TGF-beta binding protein 3 (LTBP3) gene cause 
brachyolmia with amelogenesis imperfecta, Hum. Mol. Genet. 24 (11) (2015) 
3038–3049. 

[29] A. Noor, C. Windpassinger, I. Vitcu, M. Orlic, M.A. Rafiq, M. Khalid, et al., 
Oligodontia is caused by mutation in LTBP3, the gene encoding latent TGF-β 
binding protein 3, Am. J. Hum. Genet. 84 (4) (2009) 519–523. 

[30] S. Morkmued, J. Hemmerle, E. Mathieu, V. Laugel-Haushalter, B. Dabovic, D. 
B. Rifkin, et al., Enamel and dental anomalies in latent-transforming growth factor 
beta-binding protein 3 mutant mice, Eur. J. Oral Sci. 125 (1) (2017) 8–17. 

[31] G. Agarwal, C. Mihai, D.F. Iscru, Interaction of discoidin domain receptor 1 with 
collagen type 1, J. Mol. Biol. 367 (2) (2007) 443–455. 

[32] M. Chavez, T. Kolli, M. Tan, C. Zachariadou, C. Wang, M. Embree, et al., Loss of 
discoidin domain receptor 1 predisposes mice to periodontal breakdown, J. Dent. 
Res. 98 (13) (2019) 1521–1531. 

[33] A.R. Vieira, Manton DJJCr, On the Variable Clinical Presentation of Molar-Incisor 
Hypomineralization, Caries Res. 53 (4) (2019) 483–489. 

[34] J. Wang, K. Sun, Y. Shen, Y. Xu, J. Xie, R. Huang, et al., DNA methylation is critical 
for tooth agenesis: implications for sporadic non-syndromic anodontia and 
hypodontia, Sci. Rep. 6 (2016) 19162. 

[35] M. Silva, E. Riggs, N. Kilpatrick, Getting ahead of the oral health game: it starts 
before we’re born? Aust. Dent. J. 64 (2018) S4–S9. Suppl 1. 

[36] S. Williams, T. Hughes, C. Adler, A. Brook, G. Townsend, Epigenetics: a new 
frontier in dentistry, Aust. Dent. J. 59 (2014) 23–33. 

[37] G.C.A. Americano, P.E. Jacobsen, V.M. Soviero, D. Haubek, A systematic review on 
the association between molar incisor hypomineralization and dental caries, Int. J. 
Paediatr. Dent. 27 (1) (2017) 11–21. 

[38] J.T. Bell, R. Saffery, The value of twins in epigenetic epidemiology, Int. J. 
Epidemiol. 41 (1) (2012) 140–150. 

[39] D.L. Foley, J.M. Craig, R. Morley, C.J. Olsson, T. Dwyer, K. Smith, et al., Prospects 
for epigenetic epidemiology, Am. J. Epidemiol. 169 (4) (2009) 389–400. 

[40] M.F. Fraga, E. Ballestar, M.F. Paz, S. Ropero, F. Setien, M.L. Ballestar, et al., 
Epigenetic differences arise during the lifetime of monozygotic twins, Proc. Natl. 
Acad. Sci. U S A. 102 (30) (2005) 10604–10609. 

S. MJ et al.                                                                                                                                                                                                                                       

http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0004
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0004
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0004
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0005
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0005
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0005
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0006
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0006
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0007
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0007
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0008
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0008
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0008
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0008
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0009
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0009
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0009
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0010
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0010
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0010
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0011
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0011
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0011
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0012
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0012
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0012
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0013
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0013
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0014
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0014
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0015
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0015
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0015
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0016
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0016
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0016
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0017
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0017
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0017
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0018
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0018
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0018
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0019
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0019
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0019
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0020
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0020
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0020
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0021
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0021
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0021
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0022
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0022
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0022
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0023
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0023
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0023
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0024
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0024
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0024
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0025
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0025
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0026
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0026
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0026
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0027
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0027
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0027
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0028
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0028
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0028
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0028
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0029
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0029
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0029
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0030
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0030
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0030
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0031
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0031
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0032
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0032
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0032
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0033
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0033
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0034
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0034
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0034
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0035
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0035
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0036
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0036
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0037
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0037
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0037
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0038
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0038
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0039
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0039
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0040
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0040
http://refhub.elsevier.com/S0300-5712(21)00335-3/sbref0040

	DNA methylation in childhood dental caries and hypomineralization
	Introduction
	Methods
	Study sample
	Dental outcomes
	Genome-wide DNA methylation
	Data analysis - Differentially methylated CPG (DMCpG) analysis
	Within-twin pair analysis
	Candidate-gene analysis
	Differentially methylated region (DMR) analysis

	Results
	Differentially methylated CPG analysis
	Within-pair analysis
	Candidate gene analysis

	DMR analysis
	Discussion
	Conclusion
	Author statements
	Funding
	Ethics and informed consent
	Declaration of Competing Interest
	Acknowledgements
	Supplementary materials
	References


