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ABSTRACT: The levels of DNA methylation were analyzed in the peripheral blood cells
of children, with or without skeletal fluorosis, in the area of the coal-burning type of
endemic fluorosis in Guizhou Province of China. Whole genome DNA methylation 450
K BeadChip and pyrosequencing were performed, and the main function and pathway
of differential methylation genes determined by GO analysis and the KEGG database.
The results showed that 15 differential hypermethylated and 22 hypomethylated CpG
sites were determined in the children with skeletal fluorosis, which involved 29 known
genes, as compared to controls. The majority of the differentially methylated CpG loci
resided in the gene body. Further, the GO analysis and the KEGG database for the
pathway analysis indicated that these differential genes are mainly involved in synapse
maturation, axon, neuron projection membrane, transcription coactivator activity, and
the Notch signaling pathway. Pyrosequencing analysis showed that the gene MAML2
was hypomethylated in the children with skeletal fluorosis, which is the same as the
chip result. A change concerning genome-wide DNA methylation in the children with
skeletal fluorosis was also found. The results suggest that the alteration of the
hypomethylated MAML2 gene may play an important role in the occurrence and
development of skeletal fluorosis.
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INTRODUCTION

Endemic fluorosis occurs as a result of excess fluoride intake due to environmental
factors and induces damages to the human body characterized by a vast array of
symptoms and pathological changes in addition to the typical skeletal or dental
fluorosis.1-2 In Guizhou Province of China, fluorosis occurs due to the contamination
of food and air by burning coal containing a high level of fluoride in non-flued
stoves3. 

DNA methylation, an epigenetic modification, is a process in which a methyl group
is added to a region where a cytosine nucleotide is located next to a guanine
nucleotide that is linked by a phosphate.4 CpG islands (CpGIs) are methylated by a
group of enzymes called DNA methyltransferases. Classically, insertion of methyl
groups at CpGIs is thought to block the binding of transcription factors to promoters
and therefore results in repressed gene expression. More recent investigations have
demonstrated that DNA methylation in other regions of the genome, including the
gene bodies, are likely to influence gene expression, thus necessitating a
comprehensive analysis of all DNA methylation sites.5-6 DNA methylation has been
used to reflect environmentally induced epigenomic reprogramming and to analyze
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the risk of diseases.7 Aberrant DNA methylation, which may lead to genomic
instability and altered gene expression, is frequently observed.8 DNA methylation
transferase 1 (DNMT1) is considered to be responsible for the maintenance of
genomic methylation patterns. In the peripheral blood of patients with endemic
fluorosis induced by coal burning, the elevated DNMT1 expression of its
transcription and protein is involved in the expression of the human osteoblast related
gene and could be the early molecular events of skeletal fluorosis.9 Recently, a
changed methylation of the MGMT and MLH1 genes in the blood of the patients
living in such fluorosis area and the blood and liver of rats with chronic fluorosis has
been observed, which indicates that the modified methylation of MGMT and MLH1
genes caused by fluoride may result in liver damage.10

In recent years, a survey in the area of endemic fluorosis in Guizhou carried out by
our group indicated that many patients with skeletal fluorosis occurred at a younger
age (data not shown). Among them, some cases developed spinal rigidity, joint
fractures, and even disability in adulthood, although the clinical manifestations in
childhood did not show any obvious evidence that the further development of severe
skeletal fluorosis was likely.11 Therefore, it may be interesting to explore the
possibility that there may be a biomarker that gives an early warning of the later
development of severe skeletal fluorosis and, if present, to reveal the mechanism.
This aim of the present study was to analyze DNA methylation from the whole
genome level in peripheral white blood cells from the children living in the area of
the coal burning type of skeletal fluorosis by using the high resolution Infinium 450
K methylation array. 

MATERIALS AND METHODS

Investigated subjects: Sixteen patients (4 females and 12 males), the average age of
whom was 11.50±0.88 years old, with chronic fluorosis were selected in Shuicheng
county of Guizhou Province (the area of coal-burning type of endemic fluorosis).
These patients with skeletal fluorosis were determined by imageological
examination. All of the children had dental fluorosis and their mean urinary fluoride
content was 1.02±0.45 ppm. At the same time, 16 children (9 females and 7 males),
without dental or skeletal fluorosis and with no other obvious chronic diseases, were
selected from the same area. Their average age was 11.75±1.06 years old and their
mean urinary fluoride content was 0.56±0.16 ppm. Blood samples were obtained
from all the participants who had given written informed consent. The study design
was approved by the ethics committee of the Guizhou Medical University of China.
All of the children provided about 2 mL of fasting venous blood for examination. 

Analysis of the fluoride concentrations in the urine using the fluoride ion selective
electrode: Biomarkers of F- exposure can be evaluated using several biological
tissues or fluids (i.e., teeth, bone, nail, hair, plasma, urine, and saliva).12 Urine is the
main pathway of F- elimination from the body, and excretion by the urinary system is
proportional to the total F- intake.13 The analysis of fluoride concentrations in the
urine is one of the most commonly used methods for determining the level of
accumulation of fluorine in the body and the severity of fluorosis.

Early morning spot urine samples of every child were collected in polyethylene
containers and stored at –20ºC until analysis. The detection limit of the F- selective
electrode (PF-202-CF, INESA, Shanghai) was 0.01 ppm. During the measurement,
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TISAB II was used to adjust the pH and ionic strength of the standards and the urine
samples. Double-distilled deionized water was used throughout the experiment. The
concentration was quantified against a fluoride calibration curve in a range of 0.1 to
20 ppm prepared with a reagent blank. The measurement accuracy of the ion
selective electrode ranged from 97.3% to 101.9% relative to the standard fluoride
solution, with the measurement errors less than ± 5%, and the recovery rate from
93.4% to 108.3%.14

Infinium DNA methylation analysis: Genome-wide methylation analysis was
performed with the Infinium HD Methylation 450K BeadChip (Illumina Inc., USA)
interrogating about 480,000 CpGs distributed in promoters, gene bodies, 3’UTRs,
and intergenic regions.15 Bisulfite conversion of DNA was carried out using the EZ
DNA Methylation Kit (Zymo Research, Orange, CA, USA) following the
manufacturer’s procedure, but with the modifications described in the Infinium
Assay Methylation Protocol Guide. Processed DNA samples were then hybridized to
the BeadChip following the Illumina Infinium HD Methylation Protocol.16

DNA methylation data were processed using GenomeStudio software. Individual
probe β values (range 0–1) are approximate representations of the absolute
methylation percentage of specific CpG sites within the sample population. Beta
(β)=1 indicates complete methylation; β=0 represents no methylation. The values
were derived by comparing the ratio of intensities between the methylated and
unmethylated alleles using the following formula: 

The samples were processed using the Bioconductor package, which is specifically
designed for Illumina data.17 

Hierarchical clustering: To ascertain whether these differentially hypomethylated
and hypermethylated genes among the groups were selected correctly, hierarchical
cluster analysis was performed based on differentially expressed genes using Cluster
Treeview software from Stanford University.

Gene ontology analysis and pathway analysis: Gene ontology analysis was applied
to analyze the main function of differential methylation genes according to the Gene
ontology project.18 Fisher’s exact test and χ2 tests were used to classify the GO
category, and the FDR was calculated to correct the P value.19 The standard of
difference screening was P<0.05. Similarly, pathway analysis was used to find out
the significant pathway of the differential genes according to KEGG. Fisher’s exact
test and χ2 tests were used to select the significant pathway, and the threshold of
significance was defined by the P value and FDR20. The standard of difference
screening was P<0.05.

Pyrosequencing: Pyrosequencing assays were performed for all of the study
samples on a PyroMarkQ96 ID using PyroMark Gold reagents (Qiagen, Valencia,
CA, USA).21 Primers for ATF6, MAML2, BMP8B, MAML3, targeting 8 CpGs in
the gene body, promoter, 3’UTR, and the gene body, respectively, were generated

                                                                                     Max (Signal B, 0)
                                         β value    =                                                  
                                                               Max (Signal A, 0) + Max (Signal B, 0) + 100

Where Signal B is the array intensity value for the methylated allele and Signal A is the array 
intensity value for the nonmethylated allele.
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according to the PyroMark Assay Design software version 2.0 (Qiagen, Valencia,
CA, USA). The primer sequences are listed in Table 1.

PCR reactions were performed in a total volume of 50 µL containing 5X buffer GC,
10 mM dNTPs, 50 pM of each primer, 1.0 U Taq polymerase and 2 µL of bisulfite
modified DNA with the following profile: 95ºC for 3 min followed by 40 cycles of
denaturation at 94ºC for 30 sec, annealing at 54ºC for 30 sec, and extension at 72ºC
for 1 min. Extension at 72ºC for 7 min was finally performed. According to the
Pyrosequencing software sequence design information, the substrate mixture, the
enzyme mixture and dNTPs (Qiagen, Valencia, CA, USA) were sequentially added to
the reagent compartment. The reagent chamber and the 96-well reaction plate were
placed in a PyroMark Q96 ID for reaction, and the Pyro Q-CpG software
automatically analyzed the methylation status of each site.22

The pyrosequencing data were analyzed with the Mann-Whitney U test to identify
statistical differences between the cases and the healthy controls.

Infinium DNA methylation analysis was performed on the blood of three controls
and three cases while pyrosequencing was carried out on the samples from 16
controls and 16 cases (Table 2). 

RESULTS 

The differentially hypomethylated or hypermethylated CpG patterns associated
with skeletal fluorosis and functional analysis: Differences in the DNA methylation
levels at 37 sites between the children with skeletal fluorosis and the controls were
observed in the study. Hierarchical cluster analysis showed 22 differentially
hypomethylated and 15 hypermethylated CpG sites in the children with skeletal
fluorosis (Figure 1A), which involved 29 known genes (Tables 3 and 4).

 
Table 1. Pyrosequencing primer sequences 

 

Gene   Primer Primer sequence (5’ to 3’) CpG Sites 

   
Sense TTGGAAAGATGAAAAGAGGTAGATAAAG 1 

Antisense Biotin-ATACCTCTACAAAAACCACAACTA  ATF6 

Sequencing GAAAAGAGGTAGATAAAGAAG  
   

Sense GTGGTATTAGTTTTTTATTAGGGAGTTT 5 

Antisense Biotin-CCATCCCCCACCAATAAATCTAAAAATCT  MAML2 

Sequencing GAGTATAATGAAAGTTTGTGTA  
   

Sense TTTTTTTGGTTAGGTGTATTTGATGA 1 

Antisense Biotin-AATCCTCCCTAACAATACCC  BMP8B 

Sequencing ACTAAATTTAAAAATTTCCTACTTC  
   

Sense TAGGGGTGTGATTGTGGTTAT 1 

Antisense Biotin-ACAAAAATAAAACTCCCACCTTTAATAAT  MAML3 

Sequencing ATTGGAGTTTAGGTTTTTTAGA  
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Table 2. Summary of experimental groups used in the examination of microarray-based DNA 
methylation and pyrosequencing (I°=dental fluorosis present in the primary dentition;  

II°=dental fluorosis present in the permanent dentition)  
 

Skeletal fluorosis (n)    Experiment Group n Age  
(Years±SD) 

Urinary 
fluoride 
(mg/L) Normal I° II° 

   
Control 3 10.67±0.89

 
0.65±0.22 3 0 0 

DNA methylation 
(450k BeadChip) Case 3 12.00±0.00 0.94±0.22 0 3 0 

   
Control 16 11.75±1.06 0.56±0.16 16 0 0 

Pyrosequencing 
 Case 16 11.50±0.88 1.02±0.45 0 15 1 

Figure 1A. The differentially hypomethylated and hypermethylated CpG
pattern and functional analysis associated with skeletal fluorosis children.
1A: Hierarchical cluster of 37 differentially methylated CpG sites in skeletal
fluorosis children compared with healthy controls. Among them, there are 22
differential hypomethylation and 15 hypermethylation CpG sites. 

1A
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The differential sites of DNA methylation are evenly distributed on chromosomes.
DNA methylation differences occurred not only in the CpG islands of the promoter
region, but also in areas such as the CpG islands and the CGI shelves located at a
certain distance from the gene flanking sequence. GO analysis indicates that these
differential methylation genes are mainly involved in synapse maturation, axon,
neuron projection membrane, transcription coactivator activity, and the Notch
signaling pathway (Figure 1B).

Table 3. The differentially hypomethylated genes involved in skeletal fluorosis children  
 

Gene 
symbol 

Gene symbol description Chromo
-some 

Average 
Beta 

P Value 

  

POLS Polymerase (DNA directed) sigma 5 0.87950 4.60E-08 

TTC23 Tetratricopeptide repeat domain 23 15 0.83620 3.43E-07 

IL17RA Interleukin 17 receptor A 22 0.62255 2.85E-06 

SLC26A10 Solute carrier family 26, member 10 12 0.63060 4.87E-06 

VCX Variable charge, X-linked X 0.78489 8.27E-06 

RECQL4 RecQ protein-like 4 8 0.56332 3.24E-05 

PYROXD2 Pyridine nucleotide-disulphide 
oxidoreductase domain 2 10 0.65411 4.22E-05 

CNTNAP2 Contactin associated protein-like 2 7 0.56788 0.0002085 

CTNNA2 Catenin (cadherin-associated 
protein), alpha 2 2 0.63198 0.000343 

MYOM2 Myomesin (M-protein) 2 8 0.56544 0.000567 

ATF6 Activating transcription factor 6 1 0.62925 0.0016141 

PALM Paralemmin 19 0.54837 0.0032168 

MAML2 Mastermind-like 2 11 0.54787 0.0034674 

C6orf89 Chromosome 6 open reading frame 
89 6 0.55471 0.0041849 

ZNF681 Zinc finger protein 681 19 0.60106 0.0043057 

SLCO2B1 Solute carrier organic anion 
transporter family, member 2B1 11 0.61133 0.004318 

STMN2 Stathmin-like 2 8 0.70370 0.0051124 

BMP8B Bone morphogenetic protein 8b 
(osteogenic protein 2) 1 0.64932 0.0062858 
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Genomic distribution of the differentially methylated CpG sites associated with
skeletal fluorosis with respect to functional genomic distribution and CpG content:
The location of the differentially methylated CpG loci associated to the children with
skeletal fluorosis with respect to the functional genomic distribution (promoter, gene
body, 3’UTR, and intergenic) and the CpG content (CpG island, shore, shelf, and
open sea) was similar in the study here, and the majority of the CpG loci were
residing in the gene bodies (Figure 2A) and in the open seas (Figure 2B).

Pathway analysis of the differentially methylated genes associated with skeletal
fluorosis: For further investigating the key pathways linked to these distinct genes, an
analysis was performed of the significant pathway categories (P<0.05) of the
significant differential genes associated with skeletal fluorosis. Our analysis showed
that these differentially methylated genes were distributed in 4 significant pathways,
including the Notch signaling pathway, the Spliceosome, the Hippo signaling
pathway, and the Dorso-ventral axis formation (Figure 3 and Table 5).

Table 4. The differentially hypermethylated genes involved in skeletal fluorosis children 
 

Gene 
symbol 

Gene symbol description Chromo- 
some 

Average 
Beta 

P Value 

   

DISC1 Disrupted in schizophrenia 1 1 –0.53383 8.56E-09 

SMYD3 SET and MYND domain containing 
3 1 –0.73753 3.57E-08 

MMP27 Matrix metallopeptidase 27 11 –0.55868 7.54E-08 

FMN2 Formin 2 1 –0.54666 2.18E-07 

MAML3 Mastermind-like 3 4 –0.56110 1.45E-04 

DEFB128 Defensin, beta 128 20 0.52599 0.0004491 

WDR27 WD repeat domain 27 6 –0.54991 9.56E-04 

MIB2 Mindbomb homolog 2 1 –0.72224 0.0026317 

SNRNP40 Small nuclear ribonucleoprotein 
40kDa (U5) 1 –0.73462 0.0028697 

TRIM24 Tripartite motif-containing 24 7 –0.57140 0.0084788 

MYADML Myeloid-associated differentiation 
marker-like 2 –0.56994 0.0088229 
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Figure 1B. The differentially hypomethylated and hypermethylated CpG pattern and functional
analysis associated with skeletal fluorosis in children. 1B: GO analysis of the differential
methylation genes in children with skeletal fluorosis compared to healthy controls.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2 
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Figures 2A and 2B. Genomic distribution of the differentially methylated CpGs sites in the
children with skeletal fluorosis as compared to the healthy controls. 2A: Functional genomics
distribution (promoter, gene body, 3’UTR, and intergenic); 2B: CpG content (CpG island, shore,
shelf, and open sea). 
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Verification of 450 K methylation data by pyrosequencing: To confirm the 450 K
BeadChip data, 8 CpG sites located in 4 genes that might be relevant to bone
metabolism related diseases were selected for a confirmation by pyrosequencing. The
differences in the DNA methylation levels between the skeletal fluorosis cases and
the controls for these selected CpG sites exhibited a similar magnitude to that
observed with the 450 K BeadChips, in which, however, only 3 CpG sites on
MAML2 were shown to have statistical significance (Table 6)
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Figure 3. Histogram of the signal pathways of the differential methylation genes in children with
skeletal fluorosis. X axis: the name of the pathway; Y axis: negative logarithm of the P value (–
log10 P). The larger the value, the smaller the P value. 
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Table 6. The detection rate of methylation in CpG islands of the differential methylation genes 

  
The rate of methylation Gene 

symbol 
CpG 
island 

Control 
(n=16) 

Cases 
(n=16) 

P values 

  

ATF6 CpG1 66.66±29.45 60.29±37.39 P>0.05 

  

CpG1 3.53±3.95 0.37±1.49 p<0.05 

CpG2 5.23±4.17 1.86±3.44 p<0.05 

CpG3 10.95±3.59 3.44±2.41 P>0.05 

CpG4 6.18±3.42 1.40±3.03 P<0.01 

MAML2 

CpG5 2.15±4.80 1.21±3.32 P>0.05 

  

BMP8B CpG1 52.82±25.81 54.00±24.22 P>0.05 

  

MAML3 CpG1 21.24±19.37 23.33±25.06 P>0.05 

  
The values are shown as the mean±SD of each independent experiment. The P values are 
as compared to the controls. 

Table 5. Path-net analysis of differentially methylated genes associated with  
skeletal fluorosis in children 

  

       Pathway    Gene symbol Methylation style P value 

  

Notch signaling pathway MAML2 and MAML3 Low/High 0.002 

Spliceosome SNRNP40 High 0.016 

Hippo signaling pathway BMP8B and CTNNA2 Low 0.023 

Dorso-ventral axis formation FMN2 High 0.037 
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DISCUSSION

Endemic skeletal fluorosis, a chronic metabolic disease of bones and joints, is a
health problem worldwide. In recent years, areas with the coal-burning type of
endemic fluorosis have adopted many methods to prevent and cure fluorosis.
However, an efficient treatment of skeletal fluorosis has not been obtained.
Therefore, it is of critical important to understand better the condition of skeletal
fluorosis and the mechanisms involved in its pathogenesis. It is now known that
epigenetic modifications, including DNA methylation, histone modification, and
noncoding RNA, can occur in response to chemical exposure and may be involved in
the pathogenic effects of environmental chemicals, by regulating the expression of
specific genes.23-25 Among them, DNA methylation alterations have been found
repeatedly following exposure to various environmental chemicals, including
benzene,17 phenol and hydroquinone,26 and dioxidine,27 suggesting that DNA
methylation is inducible by chemical exposures. DNA methylation changes may be
early biomarkers for chemical induced toxic effects.

In our study, DNA methylation profiles from the peripheral blood cells of children
with skeletal fluorosis were compared to control children to try to gain new
biomarkers for the skeletal fluorosis affected children living in an area of the burning
type of endemic fluorosis. By integrating the DNA methylation and pyrosequencing
data of differentially methylated genes, we found that the hypomethylated MAML2
gene might be a potential biomarker for skeletal fluorosis in the children in this area.

In previous studies, DNA methylation alterations in p16 and c-Fos were observed
in cultured cells treated by fluoride.28-29 Fluorosis increased DNA methylation of the
NNAT gene and decreased its expression, which disturbs the glucose transport in
porcine oocytes.30 In addition, fluoride disrupted DNA methylation of H19 and Peg3
imprinted genes during the early development of mouse embryo.31-32 These results
suggest that chronic fluoride poisoning may be mediated in part by DNA
methylation, which can substantially affect gene transcription without changing the
DNA sequence.

The methylation of genes from peripheral blood cells is commonly associated with
many kinds of diseases.27,33 Our latest study indicated a change of the DNA repair
gene MGMT and MLH1 methylation in the blood of the adult patients and rats with
chronic fluorosis, which may play a role in the damage of liver caused by fluoride.10

In this study, we performed genome-wide DNA methylation analyses on blood DNA
samples from the children with skeletal fluorosis and controls, which indicated that
the differences of DNA methylation occur not only in the CpG islands of the
promoter region, but also in the areas, such as the CpG islands and CGI shelves,
located at a certain distance from the gene flanking sequence. While the role of DNA
methylation in the promoter and CpG island regions has been appreciated, the
importance of DNA methylation in the gene body and the shore regions for
transcription regulation has only recently come to attention.34-35 

In addition, we collected 8 CpG sites located in 4 genes that might be relevant to
bone metabolism, which were confirmed by pyrosequencing. MAML2 and MAML3
are the numbers of the mastermind-like gene family and they function efficiently as
transcriptional coactivators for Notch receptors.36 The study of both of these genes
has mainly focused on cell development and some cancers.37-38 However, the
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importance of Notch signaling in skeletogenesis and bone homeostasis has long been
suggested through a number of studies.39-40 Moreover, the BMP superfamily
signaling has become one of the most heavily investigated topics in vertebrate
skeletal biology. Whereas a large part of this research has focused on the roles of
BMP2, BMP4, and BMP7 in the formation and repair of endochondrial bone, a large
number of BMP superfamily molecules have now been implicated in almost all
aspects of bone, cartilage, and joint biology.41 ATF6 is an endoplasmic reticulum
(ER) stress-regulated transmembrane transcription factor that activates the
transcription of ER molecular chaperones. Upon ER stress, membrane-bound ATF6
is cleaved and translocated from the ER to the nucleus, where it up-regulates
unfolded protein response (UPR)-related genes.42 The UPR is possibly involved in
the mechanism of the osteoblast differentiation induced by fluoride.43 Thus, we
assumed that the differential methylation of the coactivator MAML2/3, BMP8B, and
ATF6 may play a role in skeletal fluorosis. By pyrosequencing differences in the
level of DNA methylation between the skeletal fluorosis cases and the controls, we
found that these selected CpG sites exhibited a similar magnitude as observed with
the 450 K BeadChips, even though the differences were statistically significant for
only 3 CpG sites on MAML2.

CONCLUSION

In conclusion, a change involving genome-wide DNA methylation in the children
with skeletal fluorosis was found, which suggests that the alteration of
hypomethylated MAML2 may play an important role in the occurrence and
development of skeletal fluorosis.
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