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Maternal diabetes modulates 
dental epithelial stem cells 
proliferation and self-renewal 
in offspring through apurinic/
apyrimidinicendonuclease 
1-mediated DNA methylation
Guoqing Chen1,2, Jie Chen1,2,3, Zhiling Yan1,2,3, Ziyue Li1,2, Mei Yu1,2, Weihua Guo1,2,4 & 
Weidong Tian1,2,3

Maternal gestational diabetes mellitus (GDM) has many adverse effects on the development of 
offspring. Aberrant DNA methylation is a potential mechanism associated with these effects. However, 
the effects of GDM on tooth development and the underlying mechanisms have not been thoroughly 
investigated. In the present study, a GDM rat model was established and incisor labial cervical loop 
tissue and dental epithelial stem cells (DESCs) were harvested from neonates of diabetic and control 
dams. GDM significantly suppressed incisor enamel formation and DESCs proliferation and self-renewal 
in offspring. Gene expression profiles showed that Apex1 was significantly downregulated in the 
offspring of diabetic dams. In vitro, gain and loss of function analyses showed that APEX1 was critical 
for DESCs proliferation and self-renewal and Oct4 and Nanog regulation via promoter methylation. 
In vivo, we confirmed that GDM resulted in significant downregulation of Oct4 and Nanog and 
hypermethylation of their promoters. Moreover, we found that APEX1 modulated DNA methylation 
by regulating DNMT1 expression through ERK and JNK signalling. In summary, our data suggest that 
GDM-induced APEX1 downregulation increased DNMT1 expression, thereby inhibiting Oct4 and Nanog 
expression, through promoter hypermethylation, resulting in suppression of DESCs proliferation and 
self-renewal, as well as enamel formation.

Gestational diabetes mellitus (GDM) is the most common complication of pregnancy. The prevalence of GDM 
ranges from 2% to 6% and reaches up to 20% in specific high-risk populations1. A number of epidemiological 
studies have demonstrated that in utero exposure to maternal hyperglycaemia, induced by GDM, has detrimental 
effects on cardiovascular and urinary system development, and is linked to obesity and associated metabolic 
complications in the offspring2–6. Moreover, epidemiologic and animal model studies have shown that hypergly-
caemia alters the tooth development process, affecting tooth eruption and mineralization7–10. However, the effects 
of maternal diabetes on tooth development, and the associated underlying mechanisms have not been thoroughly 
investigated.

The altered pregnancy environment associated with GDM is thought to be a risk factor for aberrant foetal 
development, through changes in developmental programming11,12. Accumulating evidence indicates that DNA 
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methylation can serve as a bridge between environmental changes and cellular responses. During embryonic 
development, DNA methylation undergoes reprogramming and is particularly sensitive to the in utero envi-
ronment13–15; moreover, the epigenetic signature acquired in utero might have long-term consequences for gene 
expression and could alter cellular and tissue phenotypes16–18. Currently, severe hyperglycaemia during pregnancy 
is thought to be one of the most important determinants of aberrant foetal development. However, whether 
maternal gestational diabetes modulates tooth morphogenesis in offspring through altered DNA methylation 
remains largely unknown.

Apurinic/apyrimidinicendonuclease 1 (APEX1) is a multifunctional mammalian protein that not only plays a 
central role in DNA base excision repair but also acts as a transcriptional regulator19,20. During embryonic devel-
opment, APEX1 is critical for cell survival, and Apex1-null mice show early embryonic lethality21. APEX1 has 
also been implicated in the maintenance of stem cell pools through its modulation of intracellular redox homeo-
stasis22. Our previous study confirmed the regulation of dental papilla cell differentiation by APEX1, through its 
redox function23. However, to date, there have been few reports on the function of APEX1 in tooth development 
and pathology.

Dental epithelial stem cells (DESCs), located in the labial cervical loop (LaCL), are known to give rise to 
transient cells that propagate, migrate anteriorly, and then differentiate into ameloblasts that produce enamel 
matrix24–27. The growth of incisors is supported by the division of DESCs, and modulation of DESCs might affect 
the growth of incisors and enamel formation. In the present study, we aimed to elucidate the underlying mecha-
nisms associated with the reprogramming effects of a hyperglycaemic in utero environment, induced by maternal 
diabetes, on the DESCs of offspring. Our results showed that exposure to this environment has dramatic effects 
on proliferation and self-renewal in offspring DESCs, indicating critical APEX1-mediated dysregulation of DNA 
methylation, and providing novel insights into the mechanisms of DNA methylation-induced reprogramming of 
tooth development induced by maternal diabetes.

Results
Maternal diabetes impairs incisor enamel morphogenesis in offspring.  The biological parame-
ters of diabetic mothers and offspring are presented in Supplementary Figure S1. For tooth morphogenesis, the 
incisors of the offspring of diabetic dams at three weeks of age were smaller than those of control animals and 
had opaque spots (Fig. S1F). In addition, the expression of ameloblastin (AMBN) and amelogenin (AMGN) in 
ameloblasts was downregulated relative to that of control offspring (Fig. S1G). Micro computed tomography (CT) 
scanning (Fig. 1A) showed that the enamel of incisors was thinner, with less volume, in offspring of diabetic dams 
compared to that in controls at three weeks (Fig. 1A2 and B) and six weeks (Fig. 1A3 and D) of age. The mineral 
density of enamel also showed a modest reduction in the offspring of diabetic dams compared to that in control 
offspring (Fig. 1C and E). These data indicated that maternal diabetes affects enamel morphogenesis in offspring.

High-glucose environments inhibit DESCs proliferation and self-renewal via modulation of 
APEX1 expression.  Previous studies have shown that DESCs present in the LaCL at the proximal end of 
the incisor give rise to highly proliferative, transit-amplifying (T-A) cells that differentiate into enamel-secreting 
ameloblasts24–27. Therefore, in this study, we focused on changes in the DESCs of offspring to determine the 
effects of maternal diabetes on offspring enamel development. Immunostaining showed that the number of 
Ki67-positive cells in the cervical loops of neonates with diabetic mothers was significantly lower than that of 
control offspring (Fig. 2A and B), and that primary DESCs, isolated from neonates with diabetic mothers, showed 
significantly slower growth (Fig. 1C) and a marked decrease in colony forming ability (Fig. 1D) compared to 
those of control offspring. To determine the molecular mechanism of offspring DESCs modulation in response 
to maternal diabetes, we performed genome-wide gene expression profiling of the LaCL, comparing control neo-
nates and those from diabetic dams. Maternal diabetes resulted in the upregulation of 51 genes and the downreg-
ulation of 107 genes (Supplementary Table 2, Fig. S2). KEGG pathway mapping of differentially expressed genes 
showed that several signalling pathways, including the Notch and TGF-beta signalling pathways, were involved 
in aberrant tooth development induced by maternal diabetes (Fig. S2). Among the differentially expressed genes, 
Apex1 was significantly downregulated in the LaCL of neonates with diabetic mothers, when compared to that 
of controls (Fig. 2E). Immunostaining (Fig. 2F) and real-time polymerase chain reaction (PCR) (Fig. 2G) con-
firmed the downregulation of Apex1 in the offspring of diabetic dams. In vitro, primary DESCs were treated with 
high glucose to simulate hyperglycaemia induced by maternal diabetes in vivo. Results showed that high glucose 
downregulated APEX1 expression in DESCs in a dose- and time-dependent manner (Fig. 2H). The osmotic con-
trol of glucose and mannitol did not induce significant changes in APEX1 expression. In DESCs, high glucose, 
APEX1 knockdown, or E3330 inhibition of APEX1 redox function significantly suppressed DESCs proliferation 
and self-renewal (Fig. 2I and K). Mannitol did not induce any changes in DESCs proliferation or colony for-
mation. Exogenous overexpression of wild-type APEX1 (APEX1WT), via plasmid transfection, attenuated the 
suppression of proliferation and sphere formation induced by high glucose (Fig. 2J and K). However, these effects 
were not observed in DESCs overexpressing the redox-deficient APEX1 (APEX1C65A) (Fig. 2J and K).

In a high-glucose environment, APEX1 regulates Oct4 and Nanog expression in DESCs via DNA 
methylation.  Oct4 and Nanog are two key transcription factors that are known to regulate stem cell prolifer-
ation and self-renewal28. Here, we found that OCT4 and NANOG expression was significantly downregulated in 
the offspring of diabetic dams compared to that in control offspring (Fig. 3A and B). Sodium bisulphite sequenc-
ing showed higher DNA methylation levels in the Oct4 and Nanog gene promoter regions in the offspring of dia-
betic dams compared to that in the control group (Fig. 3C), indicating that DNA methylation might be involved 
in the regulation of Oct4 and Nanog expression in response to maternal diabetes.
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In primary DESCs, in vitro high glucose treatment also resulted in significant downregulation of Oct4 and 
Nanog (Fig. 3D), whereas mannitol treatment did not induce significant changes in Oct4 and Nanog expression. 
Exogenous overexpression of wild-type APEX1 (APEX1WT), but not redox-deficient APEX1 (APEX1C65A), sig-
nificantly attenuated the decrease in expression of Oct4 and Nanog induced by high glucose (Fig. 3D). In con-
trast, Apex1 knockdown or redox inhibition by E3330 resulted in significant downregulation of Oct4 and Nanog 
(Fig. 3E), and this downregulation was reversed by 5-aza-dC treatment, which is an inhibitor of DNA methyl-
transferase (DNMT) (Fig. 3E). Sodium bisulphite sequencing showed that high glucose treatment or APEX1 
inhibition enhanced DNA methylation of the Oct4 and Nanog promoters (Fig. 3F). Furthermore, overexpression 
of wild-type APEX1, but not redox-deficient APEX1, significantly decreased the DNA methylation levels of these 
promoters (Fig. 3F).

APEX1 is involved in DNMT1 upregulation and DNA hypermethylation induced by high glu-
cose.  DNA methyltransferase is responsible for cytosine methylation in mammals and has a role in gene 
silencing29,30. Here, we found that Dnmt1 and Dnmt3a were expressed in DESCs, whereas Dnmt3b was unde-
tectable (Fig. S2). In the offspring of diabetic dams, there was a significant increase in the expression of DNMT1, 
but not DNMT3a, and in global DNA methylation levels in LaCL, relative to those of control offspring (Fig. 4A 
and B). In vitro, high glucose treatment significantly increased DNMT1 expression in DESCs (Fig. 4C); overex-
pression of wild-type APEX1 (APEX1WT), but not redox-deficient APEX1 (APEX1C65A), significantly attenuated 
the increase in DNMT1 expression induced by high-glucose treatment (Fig. 4C). In contrast, mannitol treatment 
did not induce significant changes in Dnmt1 and Dnmt3a expression. In addition, global DNA methylation levels 
were increased in DESCs in response to high glucose treatment (Fig. 4D), and overexpression of APEX1WT, but 
not redox-deficient APEX1C65A, attenuated this increase in global DNA methylation (Fig. 4D). In contrast, knock-
down of Apex1 or inhibition of APEX1 redox activity by E3330 also significantly upregulated DNMT1 expression 
and increased global DNA methylation levels (Fig. 4E and F).

Extracellular signal-regulated kinase (ERK) and Jun amino-terminal kinase (JNK) signal activation  
is involved in DNMT1 upregulation induced by high glucose or APEX1 inhibition.  As described 
above, high glucose or APEX1 inhibition (gene knockdown or redox activity inhibition by E3330) upregulated 

Figure 1.  Maternal diabetes impairs enamel formation in offspring. (A) Micro-computed tomography (CT) 
analysis of incisors from the offspring of control and diabetic dams at three and six weeks of age. A1: Diagram 
of micro CT scanning of mandibular incisors. The perpendicular cutting plane, from root to tip along the three-
dimensional incisor, was used to measure the enamel area, and two panels, representative of different sites, 
are shown in plane 1 and plane 2. Plane 1′​ is a magnified view of plane 1. Enamel is coloured red, and dentin 
is coloured green. A2 and A3: Micro CT scan of incisors from offspring of control and diabetic dams at three 
weeks (A2) and six weeks (A3) of age. Arrows indicate the enamel area. (B–E) Measurements of the cross-
sectional area of enamel (B: three weeks; D: six weeks) and mineral density (C: three weeks; E: six weeks) are 
presented as means. *P <​ 0.05 vs. control.
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Figure 2.  Apex1 downregulation is involved in maternal diabetes-induced suppression of cell proliferation 
and self-renewal. (A,B) Ki67 immunostaining (A) and quantitative analysis of Ki67-positive cells (B) in the 
LaCL from neonates of control and diabetic dams. (C,D) Growth curve (C) and colony-forming ability (D) 
of dental epithelial stem cells (DESCs) isolated from neonates of control and diabetic dams. (E) Microarrays 
showed that Apex1 was downregulated in the mandibular labial incisor cervical loops of offspring from diabetic 
dams compared to those of controls (DM: offspring of diabetic mothers; CM: offspring of control mothers). 
(F,G) Immunostaining (F) and real-time polymerase chain reaction indicated (G) significant downregulation  
of Apex1 in the offspring of diabetic dams compared to those of controls. (H) In vitro, high glucose treatment  
of primary DESCs also significantly inhibited APEX1 expression in a dose- and time-dependent manner.  
(I–K) DESCs treated with high glucose, Apex1 knock-down, or with E3330 to inhibit APEX1 redox function 
were significantly impaired for proliferation (I) and colony-forming ability (K). Overexpression of APEX1WT, 
but not APEX1C65A, attenuated the suppression of proliferation (J) and colony-forming ability (K) induced by 
high glucose treatment. *P <​ 0.05 vs. control; #P <​ 0.05 vs. high glucose.
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DNMT1 expression, and overexpression of wild-type APEX1 attenuated the upregulation of DNMT1 induced by 
high glucose. Next, we found that high glucose treatment, Apex1 knockdown, or APEX1 redox activity inhibition 
activated ERK and JNK signalling (Fig. 5A and B), and that overexpression of APEX1WT, but not redox-deficient 
APEX1C65A, attenuated this activation (Fig. 5C). Treatment of DESCs with the JNK inhibitor SP600125 or the 
ERK inhibitor U0126 reversed the upregulation of DNMT1 induced by high glucose or APEX1 inhibition 
(Fig. 5D and E).

Figure 3.  High glucose treatment inhibits Oct4 and Nanog expression via APEX1-mediated DNA 
methylation. (A,B) Western blot (A) and real-time PCR (B) analyses of OCT4 and NANOG expression in the 
cervical loops of offspring of control and diabetic dams; *P <​ 0.05 vs. control; (C) Sodium bisulphite sequencing 
analyses of DNA methylation levels of the Oct4 promoter (from −​533 to −​34) and Nanog promoter (from 
−​672 to −​332) in the cervical loops of offspring from control and diabetic dams. (D) High glucose treatment 
decreased the expression of Oct4 and Nanog in dental epithelial stem cells (DESCs), and overexpression of 
APEX1WT, but not APEX1C65A, reversed the downregulation of Oct4 and Nanog induced by high glucose 
treatment; *P <​ 0.05 vs. control; #P <​ 0.05 vs. high glucose. (E) Real-time PCR showed decreased expression 
of Oct4 and Nanog in response to high glucose treatment, Apex1 knockdown, or inhibition of APEX1 redox 
function by E3330 in primary DESCs; treatment with the DNMT inhibitor 5-aza-dC significantly reversed the 
downregulation of Oct4 and Nanog; *P <​ 0.05 vs. control; #P <​ 0.05 vs. HG; §P <​ 0.05 vs. Si-Apex1; ※P <​ 0.05 vs. 
E3330. (F) Sodium bisulphite sequencing showed an increase in Oct4 and Nanog promoter DNA methylation 
levels in DESCs treated with high glucose, APEX1-specific siRNA or E3330. Overexpression of APEX1WT, but 
not APEX1C65A, decreased DNA methylation levels of the Oct4 and Nanog promoters.
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Discussion
A number of studies have shown that the maternal environment, in particular hyperglycaemia during pregnancy, 
can alter foetal development, affecting organ formation and increasing the risk of diseases such as neural tube 
defects, cardiovascular disease, obesity, diabetes, and cancer in the offspring via epigenetic mechanisms31–39. In 
the present study, we established a maternal gestational diabetes rat model to determine its effects on tooth devel-
opment in offspring and to study the mechanisms associated with these effects. Our results indicated that expo-
sure to a high glucose environment in utero inhibited DESCs proliferation and self-renewal via downregulation 
of Apex1 expression and consequently DNA hypermethylation of the Oct4 and Nanog promoters. Moreover, we 
found that Apex1 downregulation resulted in upregulation of DNMT1 expression, a key enzyme responsible for 
DNA methylation, through activation of the ERK and JNK signalling pathways. Our study is the first to show 
that suppression of DESCs proliferation and self-renewal in offspring might result from Apex1 downregulation 

Figure 4.  Impaired APEX1 contributes to DNMT1 upregulation and DNA hypermethylation induced by 
high glucose treatment in dental epithelial stem cells (DESCs). (A) Western blot analysis of DNMT1 and 
DNMT3a levels in the cervical loops of offspring from control and diabetic dams; *P <​ 0.05 vs. control.  
(B) Global DNA methylation levels in the cervical loop of offspring from control and diabetic dams; 
*P <​ 0.05 vs. control. (C) DESCs treated with high glucose showed significant upregulation of DNMT1 and 
overexpression of APEX1WT, whereas redox-deficient APEX1C65A attenuated the DNMT1 upregulation induced 
by high-glucose treatment; *P <​ 0.05 vs. control; #P <​ 0.05 vs. high glucose. (D) High glucose treatment induced 
a significant increase in global DNA methylation levels and overexpression of APEX1WT, whereas redox-
deficient APEX1C65A attenuated global DNA hypermethylation induced by high glucose treatment; *P <​ 0.05 vs. 
control; #P <​ 0.05 vs. high glucose. (E) Western blotting showed that Apex1 knockdown or inhibition of redox 
activity by the inhibitor E3330 enhanced DNMT1 expression, but did not affect DNMT3a expression; *P <​ 0.05 
vs. control. (F) Apex1 knockdown or inhibition of redox activity by the inhibitor E3330 significantly increased 
global DNA methylation levels; *P <​ 0.05 vs. control.
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induced by maternal diabetes, which might lead to activation of DNMT1 and hypermethylation of the Oct4 and 
Nanog promoters. These results indicate that APEX1 acts as a critical regulator during tooth development and 
show how maternal diabetes can affect DESCs proliferation and self-renewal in the offspring through an epige-
netic mechanism.

There is now substantial evidence from epidemiological studies and animal models indicating that diabetes 
mellitus affects tooth development including tooth eruption and enamel mineralization7–10. However, understand-
ing of the cellular and molecular mechanisms though which in utero hyperglycaemia alters this process is lacking.  

Figure 5.  High glucose treatment or APEX1 inhibition induces DNMT1 expression by activating ERK 
and JNK signalling pathways. (A,B) High glucose treatment (A) and Apex1 knockdown or inhibition of 
APEX1 redox function by E3330 (B) activated ERK and JNK signalling. (C) Overexpression of APEX1WT, but 
not redox-deficient APEX1C65A, attenuated the activation of ERK and JNK signalling induced by high glucose 
treatment. (D,E) The specific JNK inhibitor SP600125 (D) or the ERK inhibitor U0126 (E) reversed DNMT1 
upregulation in response to high glucose treatment, Apex1 knockdown, or inhibition of APEX1 redox function 
by E3330. *P <​ 0.05 vs. control; #P <​ 0.05 vs. HG; §P <​ 0.05 vs. Si-Apex1; ※P <​ 0.05 vs. E3330.
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Here, we found that maternal diabetes suppresses DESCs proliferation and self-renewal in the LaCL, the stem 
cell niche for incisors that allows them to grow continuously. DESCs located in the cervical loop give rise to four 
cell lineages: inner enamel epithelium (the ameloblast cell lineage), stratum intermedium, stellate reticulum, and 
outer enamel epithelium40,41. Previous studies using knockout mice have confirmed that inhibition of DESCs 
proliferation and self-renewal causes tooth defects41,42. In terms of pluripotency, Oct4 and Nanog play important 
roles in the proliferation and self-renewal of stem cells28. Previous reports have shown that Oct4 and Nanog are 
expressed in the dental epithelium and mesenchyme and regulate cell proliferation, stemness, and differentiation 
in stem cells43,44. Nakagawa et al., using tooth germ organ culture and Oct4 siRNA, also found that OCT4 was 
critical for tooth epithelial stem cell proliferation and self-renewal45. In our study, Oct4 and Nanog were down-
regulated by maternal diabetes, which might result in the suppression of DESCs proliferation and self-renewal.

DNA methylation is a key epigenetic mechanism that regulates gene expression and chromosomal stability. 
Hypermethylation of promoter CpG islands usually leads to the downregulation of gene expression. DNA meth-
ylation is accomplished by DNMT including DNMT1, DNMT3a, and DNMT3b. DNMT1 is the most abun-
dant DNMT and is considered to be key for maintenance of methyltransferase activity in mammals. All of these 
DNMTs are essential for embryonic development and critical for the maintenance of stem cell properties29. Many 
factors can alter the expression or activity of DNMT, such as hyperglycaemia and oxidative stress, which in turn 
modulate DNA methylation and gene expression46,47. Thus, foetal exposure to hyperglycaemia during the critical 
stages of development can persistently alter the pattern of DNA methylation, resulting in abnormalities in organ 
systems such as bone and the nervous system48,49. Therefore, we hypothesized that maternal diabetes could affect 
tooth development in offspring via aberrant DNA methylation. In our model, sodium bisulphite sequencing con-
firmed that the Oct4 and Nanog promoters were hypermethylated in the cervical loop of neonates from diabetic 
mothers, compared to those of control offspring, consistent with the downregulation of Oct4 and Nanog expres-
sion in the offspring of diabetic dams. DNMT1 expression was also increased in these offspring. These results 
indicate that maternal diabetes affects tooth development in offspring through DNA methylation, which in turn 
modulates gene expression. To our knowledge, our data are the first to indicate that maternal diabetes modulates 
DNA methylation in the tooth tissue of offspring. Further investigation is necessary to understand the mecha-
nism of aberrant DNA methylation that is induced by maternal diabetes, in the developing teeth of offspring.

APEX1 is a multifunctional protein involved in apurinic/apyrimidinic endonuclease DNA base excision repair 
activity and in modulating the redox status of transcription factors such as NF-kappa B, Egr-1, p53, AP-1, CREB, 
HIF-alpha, and members of the Pax family19,20. The two functional domains of APEX1 are distinct but overlap-
ping: its DNA repair function is associated with the C-terminus, whereas its redox function is associated with 
the N-terminus. APEX1 is important for normal embryonic development; mouse embryos that do not express 
APEX1 die on embryonic day 6.521. APEX1 was also found to play a role in the senescence of mesenchymal stem 
cells and in the hematopoietic differentiation of embryonic stem cells50,51. In addition, our previous study showed 
that APEX1 regulates the osteo/odontogenic differentiation of dental papilla cells through its redox function23. 
However, the role of APEX1 in dental epithelial stem cells is largely unknown. In the present study, Apex1 knock-
down or inhibition of redox activity suppressed proliferation and self-renewal in primary DESCs, and overexpres-
sion of Apex1 significantly increased DESCs viability and colony-forming ability. This indicates that APEX1 plays 
a critical role during tooth development and that it might be a key target through which maternal diabetes affects 
offspring tooth development. Furthermore, we found that APEX1 regulates Oct4 and Nanog expression through 
DNA methylation of their promoters. In addition, treatment with 5-aza-dC, a DNA methyltransferase inhibitor, 
reversed the downregulation of Oct4 and Nanog induced by high glucose or APEX1 inhibition. These data suggest 
that APEX1 regulates the expression of Oct4 and Nanog by modulating DNA methylation. As described above, 
DNMT1 is critical for DNA methylation, and our results show that DNMT1 was activated in the offspring of dia-
betic mothers. Previous reports have shown that APEX1 can inhibit Dnmt1 expression or enzymatic activity via 
PARP1, resulting in DNA demethylation52. Therefore, we speculate that APEX1 might be a key regulator of DNA 
hypermethylation and the upregulation of DNMT1 expression induced by maternal diabetes.

Loss or gain of function analyses showed that overexpression of wild-type APEX1, but not redox-deficient 
APEX1, significantly decreased DNMT1 expression and methylation of the Oct4 and Nanog promoters. In con-
trast, inhibition of redox function by E3330 or siRNA knockdown significantly increased DNMT1 expression and 
DNA methylation of the Oct4 and Nanog promoters. These data indicate that the redox function of APEX1 might 
be responsible for the regulation of Dnmt1 expression and DNA methylation. To date, several signalling pathways 
have been found to be involved in Dnmt1 transcription, including the ERK and JNK signalling pathways53,54. In 
the present study, the ERK inhibitor U0126 or the JNK inhibitor SP600125 significantly reversed DNMT1 activa-
tion induced by Apex1 knockdown or redox activity inhibition. These data suggest that APEX1 modulates Dnmt1 
expression and DNA methylation, mainly via its redox function and through activation/inactivation of ERK and 
JNK signalling pathways.

In summary, we demonstrated that maternal diabetes can result in the suppression of DESCs proliferation 
and self-renewal in offspring as a result of Apex1 downregulation. This was shown to be mediated by increased 
DNMT1 expression and hypermethylation of Oct4 and Nanog promoters. Our data suggest a new mechanism 
through which Apex1 mediates the tooth development in maternal diabetes-affected offspring, and indicates a 
direct link between maternal diabetes and epigenetic silencing of genes such as Oct4 and Nanog. The results of this 
study also suggest novel targets for strategies to prevent or treat tooth hypoplasia in addition to valuable informa-
tion for tissue engineering to regenerate teeth.

Methods
All experiments were conducted in accordance with a protocol approved by the Committee of Ethics of Sichuan 
University.
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Animal model.  Diabetes was induced in pregnant Sprague-Dawley rats, identified by the presence of a cop-
ulation plug after mating (E0.5), on day 9.5 of gestation using a single intraperitoneal injection of streptozotocin  
(STZ (Sigma-Aldrich, St. Louis, USA); 75 mg/kg body weight in 0.1 mol/L citrate buffer [pH4.5]). STZ is a pan-
creatic beta-cell toxin that is widely used to experimentally manipulate insulin levels, and a rodent model of 
STZ-induced diabetes has been accepted internationally for use in diabetic embryopathy research55–58. Plasma 
glucose concentrations were measured on days 10.5 and 11.5 of pregnancy, and only those animals with plasma 
glucose levels greater than 15 mmol/L were included in this study. Therefore, the developing embryos were 
exposed to a hyperglycaemic environment from the initiation of tooth development at approximately embryonic 
day 10.559. The diabetic status of rats was confirmed every two days until delivery. The neonates were euthanized, 
and lower LaCL tissues were collected. LaCL tissues from the same litter were pooled for DNA, RNA, and protein 
isolation. A litter was considered an experimental unit. All animals were allowed free access to food and water 
and maintained in a temperature and light controlled room at 21 °C with a 12-h light cycle. In this study, male 
offspring were selected from each litter for use in subsequent experiments.

Genomic DNA and total RNA isolation.  Genomic DNA and total RNA were isolated from pooled LaCL 
tissues or primary DESCs using a DNeasy Blood & Tissue Kit (Qiagen, Hilden, Germany) and RNAiso Reagent 
(TaKaRa Biotechnology, Shiga, Japan) according to the manufacturers’ instructions.

Microarray gene expression.  Whole Rat Genome Oligonucleotide 4 ×​ 44 k Microarrays (Agilent, CA, 
USA) were used to measure gene expression. A p value of less than 0.05 and a mean expression change of greater 
than 2-fold was considered statistically significant and these genes were used for further analysis. Gene ontol-
ogy (GO) and signalling pathway analyses of differentially expressed genes were analysed using the DAVID 
Functional Annotation Tool60. Three experimental units of offspring from control and diabetic dams were used 
for microarray analysis (n =​ 3).

Primary DESCs culture and treatment.  Primary DESCs culture was performed as previously 
described61. At least three independent experiments were performed, with at least three pooled litters in each 
group. For high glucose treatment, primary DESCs were maintained in medium containing concentrations of 
d-glucose ranging from 5.6 mM (normal glucose) to 100 mM, and the same concentrations of mannitol were 
used as equiosmolar controls. Unless specified in the main text, medium containing 50 mM d-glucose was used 
for the high glucose treatment. Four days after high glucose treatment, the cells were treated with an inhibitor for 
three days. For inhibitor treatment, cells were exposed to 5-aza-2′​-deoxycytidine (5-aza-dC, a DNA demethyla-
tion reagent (Selleck Chemicals, China)), E3330 (an inhibitor of APEX1 redox activity (Sigma-Aldrich, USA)), 
U0126 (an ERK/MAPK inhibitor (Selleck Chemicals, China)), or SP600125 (a JNK/MAPK inhibitor (Selleck 
Chemicals, China)), all at concentrations of 5 μ​M. All inhibitors were dissolved in dimethyl sulphoxide (DMSO, 
Sigma-Aldrich, USA). Control cells received an equal amount of DMSO. In total, cells were exposed for one week 
to high glucose medium and for three days to inhibitors. All treatments were refreshed every 2 days. All experi-
ments were performed in at least triplicate.

Cell growth and colony formation assays.  Cell growth was determined using a CCK-8 Assay (Dojindo 
Molecular Technologies, Kumamoto, Japan). To determine colony formation, DESCs were dissociated into sin-
gle cells and seeded into a 24-well plate at a density of 200 cells per well. After two weeks, colonies were Giemsa 
stained and counted. All experiments were performed in triplicate and repeated at least three times.

Apex1 knockdown and overexpression.  Knockdown of Apex1 (NCBI Reference Sequence: 
NM_024148.1) was accomplished by RNA interference. Oligo sequences containing the RNA interference target 
were synthesized, annealed, and ligated into the pLKD-CMV-G&PR-U6-shRNA lentiviral vector (Neuronbiotech, 
Shanghai, China). The most efficient shRNA sequences for knockdown were the rat Apex1 shRNA pair: 5′- CCGG 
GGTGATTGTGGCTGAATTTGACTCGAGTCAAATTCAGCCACAATCACCTTTTTTG-3′ (sense) and 5′- AATTC 
AAAAAAGGTGATTGTGGCTGAATTTGACTCGAGTCAAATTCAGCCACAATCACC-3′ (antisense). The  
scrambled shRNA pair was as follows: 5′-GATCCCCTTCTCCGAACGTGTCACGTTTCAAGAGA 
ACGTGACACGTTCGGAGAATTTTTGGAAA-3′ (sense), and 5′-AGCTTTTCCAAAAATTCTCCGAACGT 
GTCACGTTCTCTTGAAACGTGACACGTTCGGAGAAGGG-3′ (antisense). The underlined sequences indicate  
hairpins.

To overexpress APEX1, the entire APEX1 coding sequence (wild-type APEX1, APEX1WT) and redox activ-
ity mutant (APEX1C65A, with APEX1 redox activity attributed to the Cys65 residue20,62) were verified by DNA 
sequencing and cloned into the pLOV-EF1a-PuroR-CMV-3FLAG plasmid. The plasmids were packaged, and 
lentiviruses were used to transduce DESCs.

Immunostaining.  Offspring were collected at E15.5, E17.5, and P0.5. Paraffin sections were prepared and 
immunostaining was performed as previously described23. Primary antibodies against Ki67 (ab15580, Abcam), 
AMBN (sc-50534, Santa Cruz), AMGN (sc-32892, Santa Cruz), and APEX1 (ab194, Abcam) were used. To deter-
mine the cell proliferation index, Ki67-positive cells in the cervical loop of each tissue section were counted. At 
least five serial sections from each animal were examined, and three animals from different litters (n =​ 3) were 
included in each group.

Real-time PCR and western blotting.  Real-time RT-PCR and western blotting were conducted as pre-
viously described21. PCR primer sequences are shown in Supplementary Table S1. Primary antibodies against 
APEX1 (ab194, Abcam), DNMT1 (sc-10222, Santa Cruz), ERK (#4695, Cell Signaling Technology), P-ERK 
(#4370, Cell Signaling Technology), JNK (#9258, Cell Signaling Technology), P-JNK (#4668, Cell Signaling 
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Technology), and GAPDH (200306-7E4, ZEN) were used. Images were captured with an Image Quant LAS 
4000 Mini (GE Healthcare Life Sciences), and proteins on blots were quantified by scanning densitometry 
(ImageQuant TL, GE Healthcare Life Sciences). Experiments were performed independently for each sample, 
and at least three technical replicates were performed for each of the treated samples and controls.

Sodium bisulphite sequencing.  Genomic DNA was treated with bisulphite and purified for 
PCR as previously described63. The primers for sequencing the Oct4 and Nanog promoters were as fol-
lows: Oct4, 5′​-AGGTTTTTTTGAATTTGAAGTTAG-3′​ and 5′​-CAAAACTAAACAACCACTCCAC-3′​ 
(bp −533 to −34, 11 CG), and Nanog, 5′​-GAGTTGTTGGTTTTTAGATAGGTTG-3′​ and 5′​-ACACTT 
ATAAACAAAAATAATTTTCCTC-3′​ (bp −​672 to −​332, 9 CG). The PCR products were gel extracted and ligated  
into a pGEM-T vector using the TA cloning system. Ten separate clones were selected for sequencing analysis.

Global DNA methylation analysis.  Genomic DNA methylation was quantified using the Methylamp 
Global DNA Methylation Quantification Ultra Kit (Epigentek, Brooklyn, USA) according to the manufacturer’s 
instructions. The amount of DNA methylation (percent methylation) was calculated using the following for-
mula: percent methylation =​ [OD (sample −​ negative control) ×​ GC content]/[OD (positive control −​ negative  
control) ×​ 10] ×​ 100. The GC content for rat genomic DNA was 42%. Experiments were repeated at least three times.

Micro CT.  At three or six weeks, the male offspring of diabetic and control mothers were sacrificed using 
intraperitoneally injected ketamine and xelazine, and mandibles were collected for micro CT analysis (n =​ 3 pups/
group; and, in each group, a total of three separate pups from the same litter were selected randomly). Micro 
CT scanning of mandibles was performed using a high-resolution scanner (Y. Cheetah, YXLON International 
GmbH, Germany). Measurements of the incisor enamel area and mineral density were obtained as previously 
described9.

Statistical analysis.  All data are presented as the mean value ±​ standard deviation for each group. Statistical 
significance of differences between experimental groups was determined initially by a t test or analysis of variance 
(ANOVA), followed by a Bonferroni test when needed. P <​ 0.05 was considered statistically significant.
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