
Delivery is a physiological event, especially 
when it occurs spontaneously as vaginal delivery 
(VD). However, in recent years, it is seen that num-
ber of cesarean-section (C-section, CS) operations, 
which are performed more frequently among women 
of reproductive age, and the CS rates in both Türkiye 
and the world are increasing. Studies have shown that 
the CS rate has increased 4 times worldwide in the 
last 20 years.1,2 The CS rate in Türkiye is 53.1%.3 The 
World Health Organization reported that a CS rate of 
10-15% is ideal in terms of maternal and neonatal 
outcomes.4   

Although the short-term outcomes of CS re-
garding fetal/maternal mortality and morbidity are 
known, its long-term outcomes are still under debate. 

Several recent studies have reported an association 
between CS and increased risk of Type I diabetes 
mellitus, asthma, allergies, stomach-bowel disorders, 
childhood leukemia, and testicular cancer in infants 
born with CS. Although there are abundant data on 
these diseases, the underlying mechanisms are still 
uncertain.5-9  

Epigenetic modifications have an important role 
in the growth and development of the fetus.10 Nutri-
tion and environmental exposures during fetal devel-
opment may lead to epigenetic changes. Although the 
developmental process is not disturbed, deleterious 
effects may trigger various diseases to occur.11 Envi-
ronmental effects such as chemicals released into na-
ture irresponsibly, genetically modified foods, 
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thermal changes and other external stresses may lead 
to growth, developmental, and metabolic changes in 
future generations by epigenetic regulation on gene 
expression. Hot topics to be investigated include how 
environmental factors affect epigenetic regulation on 
gene expression and how these changes are effective 
on phenotypes.12 

Epigenetic modifications like DNA methylation 
and histone modifications regulate gene expression 
by altering DNA accessibility and the chromatin 
structure, while there are different studies showing 
this relationship.12-14 It was reported that persistent 
changes in the epigenome related to regulations in ge-
nomic DNA methylation during delivery may lead to 
life-long phenotypic changes and increase the risk of 
diseases in relation to the type of delivery.15-17  

Studies have been carried out on the relationship 
between DNA methylation in the placenta, cord 
blood and the leukocytes of the fetus and the in-
trauterine environment. The study showed that there 
was a methylation difference between leukocytes 
they obtained from the umbilical cord after CS and 
leukocytes obtained from the cord blood of vaginally 
delivered babies, and methylation was higher in the 
infants born via CS.18 On the other hand, there are 
also studies showing no significant difference in the 
DNA methylation levels of infants born via elective 
CS, emergency CS or VD.19 

The PTEN (Protein Tyrosine Phosphatase and 
Tensin Homologue) gene is a tumor-suppressor gene 
located on chromosome 10q23.3. It plays a role in 
basic cellular functions such as cell growth, prolifer-
ation, migration, adhesion, and cell survival as well as 
in epigenetic processes. Epigenetic alterations play 
an important role in several diseases through 
hyper/hypomethylation and silencing of genes.20,21 
The prevalence of PTEN mutation/deletion is high in 
various types of cancer including breast, brain, blad-
der, prostate, and endometrial cancers were re-
ported.20 Although PTEN is defined as a tumor- 
suppressing gene, recent studies showed that changes 
that take place in this gene are associated with  
diseases like autism spectrum disorder.22,23  

Changes in DNA methylation may lead to per-
manent damage in the epigenome, show their effects 

throughout life and increase the risk of diseases as-
sociated with the type of delivery. Therefore, this 
study aimed to investigate the relationship between 
prenatal and postnatal global DNA and PTEN gene 
promoter region methylation changes and the type of 
delivery.  

While there are numerous studies showing the 
association between the type of delivery and DNA 
methylation levels, among epigenetic mechanisms, a 
consensus has not yet been reached about the results. 
Additionally, the issue has not been clarified with all 
its aspects, and therefore, changes in the global DNA 
methylation levels have not been associated with a 
certain gene. The literature review did not reveal any 
study on the gene with which global DNA methyla-
tion level changes are associated. However, the ef-
fect of PTEN promoter methylation on the type of 
delivery outcomes has not been fully elucidated. To 
the best of our knowledge, this is the first study that 
examined global DNA and PTEN gene methylation 
changes in both mothers and infants in cases of elec-
tive CS and VD. 

 MATERIAL AND METHODS  
Approval for the study was obtained from the Clini-
cal Research Ethics Committee of Sakarya Univer-
sity (date: March 29, 2017; no: 25), and all 
participants signed informed consent. This study was 
conducted in accordance with the principles of the 
Declaration of Helsinki. 

The study included 129 pregnant women who 
visited Sakarya University Research and Training 
Hospital between March and October 2019 who 
were in the >37th week of their pregnancy and their 
infants. Molecular analyses were performed at the 
Department of Medical Genetics, Cerrahpaşa Medi-
cal Faculty, İstanbul University-Cerrahpaşa. The 
pregnant women were divided into 2 groups those 
delivered via CS and those delivered via the normal 
vaginal course. The women who delivered via CS 
were included in Group 1 (n=62), and the women 
who had spontaneous VD were included in Group 2 
(n=67). Both groups consisted of mothers and their 
infants.  
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SAMPLE SELECTION 
The inclusion criteria of participants were being in 
week >37 of pregnancy. Those with any obstetric 
risk factors such as multiple pregnancies, diabetes 
mellitus, hypertension, preeclampsia, congenital 
malformation, congenital infection, intrauterine de-
velopment retardation, neonatal asphyxia, early 
membrane rupture, and chorioamnionitis and those 
who smoked and drank alcohol, as well as their in-
fants, were excluded.  

MATERNAL AND UMBILICAL CORD BLOOD  
COLLECTION AND DNA ISOLATION  
From the pregnant women included in the study, 2 
mL blood samples were collected from the peripheral 
brachial vein during delivery and from the umbilical 
cord after delivery. Genomic DNA isolation was per-
formed on the blood samples by using a commercial 
kit (Quick-DNA/RNA Blood Tube Kit, Zymo Re-
search, USA). DNA concentration was measured by 
using a Nanodrop 2000 spectrophotometer (Thermo 
Scientific, ABD). 

DNA METHYLATION ANALYSIS 
Determination of global 5-methylcytosine (5-mC) in 
the DNA was carried out by using a 5-mC DNA 
ELISA kit (Zymoresearch, USA). A standardization 
curve was created by using a negative control (un-
methylated) and positive control (methylated). 100 
ng from each gDNA was added into different poly-
merase chain reaction (PCR) tubes, and the final vol-
ume was completed to 100 uL with the 5-mC coating 
buffer. 

The DNA specimens were heated at 98°C for 5 
minutes in a thermal cycle device (Thermo Fisher 
Scientific, USA) and denatured. After the heating 

procedure, the specimens were kept on ice for 10 
minutes. The following stages were carried out in 
compliance with the protocol of the commercial kit 
(5-mC DNA Elisa Kit, Zymo Research, USA). Ab-
sorbance values were measured at 450 nm by using 
an ELISA plate reader (Multiskan FC, Thermo, 
USA). All experiments were performed in duplicates. 

BISULfITE MODIfICATION AND 
 METHYLATION-SPECIfIC PCR (MSP) 
Bisulfite modification from the DNA specimens was 
performed based on the manufacturer’s protocol 
using a DNA methylation kit (Zymo Research, USA). 
Following bisulfite modification, to examine PTEN 
gene promoter region methylation level changes, 
methylation-specific PCR (MS-PCR), which is able 
to distinguish methylated and unmethylated cytosine 
bases, was carried out. The PTEN gene-specific 
methylated and unmethylated primers in the promoter 
region were checked with the MethPrimer software 
(Table 1).24  

For MS-PCR reactions, PCR for PTEN-UM and 
PTEN-M were carried out in a 50-μL volume (Hot 
Start PCR Master Mix, GeneMark) containing 10 pM 
of each primer and 100 ng of bisulfite-modified 
DNA. Amplification was performed in a thermocy-
cler with the following conditions: 95°C for 10 min-
utes, cycled at 94°C for 45 seconds, 62°C for 30 
minutes, and 72°C for 30 seconds (40 cycles) fol-
lowed by extension at 72°C for 10 minutes. The re-
action samples were then resolved in 2% agarose gel 
visualize the products.  

STATISTICAL ANALYSIS  
All statistical analyses were carried out using SPSS 
21.0 (IBM Statistics, USA) and in a 95% confidence 
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Primers Sequence Sequence product size Annealing temperature 
Methylated 

PTEN-forward 5’-TTCGTTCGTCGTCGTCGTATTT-3’ 207 bp 58ºC 
PTEN-reverse 5’-GCCGCTTAACTCTAAACCGCAA-3’  

Unmethylated 
PTEN-forward 5’-GTGTTGGTGGAGGTAGTTGTTT-3’ 163 bp 58°C 
PTEN-reverse 5’-ACCACTTAACTCTAAACCACAACCA-3’  

TABLE 1:  Primer sequences used in the study. 



interval. All categorical data are expressed as fre-
quencies and percentages. A chi-squared test was 
used to compare the demographic and risk factors 
among the cases and controls. The percentage of ge-
nomic DNA methylation is expressed as mean±SD. 
Independent-samples t-test was used to evaluate the 
difference in 5%-mC between the groups. The level 
of statistical significance was set as p<0.05. 

 RESULTS 
The demographic characteristics of the pregnant 
women and their infants in the study are demon-
strated in Table 2. The maternal and gestational age, 
gravida, parity, abortus, newborn weight and gender, 
and Apgar scores both at 1 and 5 min did not differ 
significantly between the groups (Table 2).   

The global DNA methylation levels in the preg-
nant women in Group 1 and Group 2 were found as 
9.15±4.82 and 10.6±5.09, respectively. While there 
were noticeable differences in these determined val-

ues, the differences were not statistically significant 
(p=0.09). The global DNA methylation changes in 
the newborns in Group 1 and Group 2 were found as 
11.3±6.78 and 11.7±5.69, respectively. While the val-
ues obtained from the groups were different, this dif-
ference was not statistically significant (p=0.75) 
(Table 3). When the methylation level changes in the 
pregnant women and their infants were evaluated 
based on the mother’s age being under or over 30, the 
global DNA methylation level changes showed a 
variation between the mothers over and the mothers 
under the age of 30 and their infants. This difference 
was statistically significant (p=0.05, p=0.015) (Table 
3). This result may have been caused by time-depen-
dent changes correlated with age in the DNA methy-
lation pattern. 

When the PTEN gene methylation level 
changes of Group 1 and Group 2 were examined by 
the MS-PCR method, and band presence was ana-
lyzed, it was seen that the PTEN gene of 14 of the 62 
mothers in Group 1 (22.5%) was methylated, while 
the PTEN gene of 48 (77.5%) was unmethylated. 
The PTEN gene of 9 out of the 67 mothers in Group 
2 (13.4%) was methylated, while the PTEN gene of 
58 (86.6%) was unmethylated. Accordingly, the 
PTEN gene promoter region methylation rate of the 
pregnant women in Group 1 was higher than that in 
Group 2. 

Considering the PTEN gene methylation pat-
terns of the infants, the gene was methylated in 11 of 
the 62 infants in Group 1 (17.7%) and unmethylated 
in 51 (82.3%). The gene was methylated in 10 of the 
67 infants in Group 2 (14.9%) and unmethylated in 
57 (85.1%). Accordingly, the PTEN gene promoter 
region methylation rate of the infants in Group 1 was 
higher than that in Group 2 (Table 4).  
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Group 1 (n=62) Group 2 (n=67) p value 
Maternal age 30.5 ±3.89 29.8±6.48 0.45 
Gravida, n 2.6±1.31 3.4±1.12 0.35 
Parity, n 0.89±0.94 1.27±1.88 0.14 
Abortus, n 0.2±0.60 0.2±0.59 0.95 
Gestational age (week) 38.5±1.0 39.0±1.61 0.02 
1-min APGAR 8.7±0.61 8.6±0.65 0.43 
5-min APGAR 9.7±0.60 9.7±0.45 0.88 
Birthweight (g) 3410.63±474.46 3237.39±516.44 0.37 
Infant gender Girls, n % 24 (38.7) 35 (52.2) 0.12 

Boys, n % 38 (61.3) 32 (47.8)  

TABLE 2:  Demographic characteristics of pregnant women 
and infants based on groups.

CS: Cesarean section; VD: Vaginal delivery.

Mothers DNA methylations p-value Infants DNA methylations p-value 
Group 1 (n=62) 9.15±4.82 0.09 11.3±6.78 0.75 
Group 2 (n= 67) 10.6±5.09 11.7±5.69  
Age ≥30 (n=80) 10.3960±5.45 0.05 11.6506±6.97 0.015* 

<30 (n=49) 9.1376±4.10 11.3588±4.69  

TABLE 3:  DNA methylation levels based on the types of delivery and age.

*Bold values indicate p<0.05; CS: Cesarean section; VD: Vaginal delivery.



 DISCUSSION 
Regulation of gene expression is not just dependent 
on the changes that take place in the DNA sequence, 
but it is also dependent on epigenetic mechanisms 
such as DNA methylation and histone acetylation.25 
DNA methylation has become a field that is most 
prevalently studied among epigenetic changes as it is 
affected by environmental factors in critical periods 
of development. One of the important fields of re-
search is determination of epigenetic modifications 
in the early period. 

Delivery is an important early life event that in-
volves hormonal changes. In comparison to those 
being born via CS, infants that are born through VD 
are exposed to high-gravity stress in connection to 
excessive stimulation of the immune system and an 
increase in stress hormones as the delivery process is 
longer.26,27 Excessive stress and immune activation 
have a potential to induce adaptive modification of 
the epigenome. While there are different studies 
showing the relationship between type of delivery 
and DNA methylation levels, this remains a topic for 
further investigation.  

The PTEN gene plays a role in cell progression 
and growth in the embryonal/fetal and adult period 
of development. In humans and animal models, 
PTEN function loss has been held responsible for 
several cognitive dysfunctions.28 PTEN gene methy-
lation level changes have been associated with sev-
eral types of cancer and diseases such as autism 
whose etiology is not precisely known, whereas no 
study was encountered to show the relationship be-
tween the type of delivery and PTEN gene methyla-
tion level changes. This study investigated the 
relationship between both global DNA and PTEN 
gene methylation level changes and normal and CS 
deliveries in the prenatal and postnatal periods.  

In our study, when the global DNA methylation 
changes were examined in the pregnant women who 
had CS and VD, while there was a numerical differ-
ence between the groups, the difference was not sta-
tistically significant (p=0.09). A study on this topic 
examined the relationship between the type of deliv-
ery and DNA methylation and found that infants born 
via elective CS had higher methylation level changes 
than those born with VD, but this difference disap-
peared 3-5 days after birth.18 Another study on this 
topic, similarly to our study, found no significant dif-
ference in DNA methylation levels checked on cord 
blood based on the type of delivery.29 The expected 
risk in terms of birth anomalies starts to increase from 
the age of 35, while it increases by 10 times in com-
parison to the general population after the age of 40. 
This age limit associated with major congenital 
anomalies is started from the 30s in terms of methy-
lation changes. For this reason, when the methyla-
tion level change results were examined by division 
into 2 groups as over and under 30 years of age, the 
results of the mothers under 30 and those over 30 
and their infants were significantly different 
(p=0.05, p=0.015). This result of our study was in 
agreement with the information in the literature 
showing the relationship between DNA methylation 
and aging.30,31 The aging process starts after birth, and 
in time, changes also appear in methylation patterns. 
In the antenatal and neonatal periods, growth-devel-
opment and gene expression-methylation changes are 
in an interaction. In this time-dependent process, 
changes defined in the content of 5-methylcytosine 
appear as hypomethylation in the genome and pro-
moter-specific hypermethylation.32 In this study, 
there was a significant increase based on age in the 
global DNA methylation levels in both the mothers 
and the infants (p=0.015). On the other hand, age-de-
pendent global DNA hypomethylation was more sig-
nificant in the under-30 age group. This situation may 
have been related to mother-independent DNA 
methylation patterns. 

In addition to global DNA methylation, this 
study also examined PTEN gene promoter region 
methylation level changes. In the cases of CS deliv-
ery, the PTEN gene was methylated in 14 of the 62 
(22.5%) mothers and unmethylated in 48 (77.5%). In 
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PTEN gene methylation Group 1 (n=62) Group 2 (n=67) p value 
# of mothers (%) 14 (22.5%) 9 (13.4%) 0.12 
# of infants (%) 11 (17.7%) 10 (14.9%) 0.55 

TABLE 4:  Number of mothers and infants showing PTEN gene 
methylation based on the type of delivery.

CS: Cesarean section; VD: Vaginal delivery.



the cases of VD, it was methylated in 9 of the 67 
(13.4%) mothers and unmethylated in 58 (86.6%). 
This situation showed that the PTEN gene promoter 
region is more methylated in CS delivery cases than 
VD cases. The PTEN gene was methylated in 11 of 
the 66 infants born via CS (17.7%), while it was 
methylated in 10 of the 67 infants born via VD 
(14.9%). Similarly, the PTEN gene methylation rate 
in the infants born via CS was higher than those born 
via VD. There are studies in the literature showing 
the relationship between PTEN gene methylation and 
various types of cancer.33,34 An increase in the PTEN 
gene promoter methylation rate was shown to sup-
press PTEN gene expression and activate AKT.35 

This study has limitations. The number of pa-
tients included in the study was small. There is also 
a need for large, adequately powered trials comparing 
methylation status between the time at delivery and 
later life, such as 3 or 6 months later.  

 CONCLUSION 
The rates of CS deliveries are also increasing in 
Türkiye, as in the world. Moreover, it is reported that 
there are methylation changes in infants born via CS 
that may pave the way for some diseases that may 
emerge in further periods of life. The results of this 
study were in agreement with data in the literature 
about global DNA methylation changes. Neverthe-
less, there is no study on this topic showing gene-spe-

cific methylation changes. Considering it from this 
perspective, this study is the first study showing 
PTEN methylation changes. We believe our findings 
will be guiding for new studies and contribute posi-
tively to scientific research. 

Source of Finance 

During this study, no financial or spiritual support was received 
neither from any pharmaceutical company that has a direct con-
nection with the research subject, nor from a company that pro-
vides or produces medical instruments and materials which may 
negatively affect the evaluation process of this study. 

Conflict of Interest 

No conflicts of interest between the authors and / or family mem-
bers of the scientific and medical committee members or members 
of the potential conflicts of interest, counseling, expertise, working 
conditions, share holding and similar situations in any firm. 

Authorship Contributions 

Idea/Concept: Hilal Uslu Yuvacı, Aysel Kalaycı Yiğin; Design: 
Hilal Uslu Yuvacı, Aysel Kalaycı Yiğin; Control/Supervision: Arif 
Serhan Cevrioğlu, Mehmet Seven; Data Collection and/or Pro-
cessing: Hilal Uslu Yuvacı, Ayşegül Özel, Mehmet Musa Aslan, 
Filiz Özdemir; Analysis and/or Interpretation: Hilal Uslu Yuvacı, 
Mehmet Musa Aslan, Aysel Kalaycı Yiğin; Literature Review: 
Hilal Uslu Yuvacı, Aysel Kalaycı Yiğin; Writing the Article: Hilal 
Uslu Yuvacı, Aysel Kalaycı Yiğin, Mehmet Musa Aslan; Critical 
Review: Mehmet Seven, Arif Serhan Cevrioğlu; References and 
Fundings: Aysel Kalaycı Yiğin, Filiz Özdemir; Materials: Hilal 
Uslu Yuvacı, Aysel Kalaycı Yiğin, Filiz Özdemir.

Hilal USLU YUVACI et al. JCOG. 2023;33(2):111-7

116

1. Declercq E, Menacker f, Macdorman M. Maternal risk profiles and the primary 
cesarean rate in the United States, 1991-2002. Am J Public Health. 
2006;96(5):867-72. [Crossref]  [PubMed]  [PMC]  

2. Betrán AP, Ye J, Moller AB, Zhang J, Gülmezoglu AM, Torloni MR. The in-
creasing trend in caesarean section rates: global, regional and national esti-
mates: 1990-2014. PLoS One. 2016;11(2):e0148343. [Crossref]  [PubMed]  
[PMC]  

3. T.C. Sağlık Bakanlığı. Sağlık İstatistikleri Yıllığı 2019 Haber Bülteni. [Link]  
4. Appropriate technology for birth. Lancet. 1985;2(8452):436-7. [Crossref]  

[PubMed]  
5. Cho CE, Norman M. Cesarean section and development of the immune sys-

tem in the offspring. Am J Obstet Gynecol. 2013;208(4):249-54. [Crossref]  
[PubMed]  

6. Metsälä J, Kilkkinen A, Kaila M, Tapanainen H, Klaukka T, Gissler M, et al. 
Perinatal factors and the risk of asthma in childhood--a population-based reg-

ister study in finland. Am J Epidemiol. 2008;168(2):170-8. [Crossref]  
[PubMed]  [PMC]  

7. Pistiner M, Gold DR, Abdulkerim H, Hoffman E, Celedón JC. Birth by ce-
sarean section, allergic rhinitis, and allergic sensitization among children with 
a parental history of atopy. J Allergy Clin Immunol. 2008;122(2):274-9. [Cross-
ref]  [PubMed]  [PMC]  

8. Kolokotroni O, Middleton N, Gavatha M, Lamnisos D, Priftis KN,  
Yiallouros PK. Asthma and atopy in children born by caesarean section:  
effect modification by family history of allergies-a population based  
cross-sectional study. BMC Pediatr. 2012;12:179. [Crossref]  [PubMed]  
[PMC]  

9. Vehik K, Dabelea D. Why are C-section deliveries linked to childhood type 1 
diabetes? Diabetes. 2012;61(1):36-7. [Crossref]  [PubMed]  [PMC]  

10. Best JD, Carey N. The Epigenetics of Normal Pregnancy. Obstet Med. 
2013;6(1):3-7. [Crossref]  [PubMed]  [PMC]  

 REfERENCES

https://ajph.aphapublications.org/doi/full/10.2105/AJPH.2004.052381
https://pubmed.ncbi.nlm.nih.gov/16571712/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1470600/
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0148343
https://pubmed.ncbi.nlm.nih.gov/26849801/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4743929/
https://sbsgm.saglik.gov.tr/Eklenti/39024/0/haber-bulteni-2019pdf.pdf
https://www.sciencedirect.com/science/article/abs/pii/S0140673685927503?via%3Dihub
https://pubmed.ncbi.nlm.nih.gov/2863457/
https://www.sciencedirect.com/science/article/abs/pii/S0002937812008575?via%3Dihub
https://pubmed.ncbi.nlm.nih.gov/22939691/
https://academic.oup.com/aje/article/168/2/170/101030
https://pubmed.ncbi.nlm.nih.gov/18511427/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4010239/
https://www.sciencedirect.com/science/article/abs/pii/S0091674908009408?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0091674908009408?via%3Dihub
https://pubmed.ncbi.nlm.nih.gov/18571710/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4762591/
https://bmcpediatr.biomedcentral.com/articles/10.1186/1471-2431-12-179
https://pubmed.ncbi.nlm.nih.gov/23153011/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3511167/
https://diabetesjournals.org/diabetes/article/61/1/36/15939/Why-Are-C-Section-Deliveries-Linked-to-Childhood
https://pubmed.ncbi.nlm.nih.gov/22187373/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3237660/
https://journals.sagepub.com/doi/10.1258/om.2011.110070
https://pubmed.ncbi.nlm.nih.gov/27757144/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5052775/


Hilal USLU YUVACI et al. JCOG. 2023;33(2):111-7

117

11. fish EW, Shahrokh D, Bagot R, Caldji C, Bredy T, Szyf M, et al. Epigenetic 
programming of stress responses through variations in maternal care. Ann N 
Y Acad Sci. 2004;1036:167-80. [Crossref]  [PubMed]  

12. Ho SM, Johnson A, Tarapore P, Janakiram V, Zhang X, Leung YK. Environ-
mental epigenetics and its implication on disease risk and health outcomes. 
ILAR J. 2012;53(3-4):289-305. [Crossref]  [PubMed]  [PMC]  

13. feil R, fraga Mf. Epigenetics and the environment: emerging patterns and 
implications. Nat Rev Genet. 2012;13(2):97-109. [Crossref]  [PubMed]  

14. Dennis C. Epigenetics and disease: altered states. Nature. 2003;421(6924): 
686-8. [Crossref]  [PubMed]  

15. Reik W, Dean W. Back to the beginning. Nature. 2002;420(6912):127. [Cross-
ref]  [PubMed]  

16. Strahl BD, Allis CD. The language of covalent histone modifications. Nature. 
2000;403(6765):41-5. [Crossref]  [PubMed]  

17. Drake AJ, Liu L, Kerrigan D, Meehan RR, Seckl JR. Multigenerational pro-
gramming in the glucocorticoid programmed rat is associated with generation-
specific and parent of origin effects. Epigenetics. 2011;6(11):1334-43. 
[Crossref]  [PubMed]  

18. Schlinzig T, Johansson S, Gunnar A, Ekström TJ, Norman M. Epigenetic mod-
ulation at birth - altered DNA-methylation in white blood cells after Caesarean 
section. Acta Paediatr. 2009;98(7):1096-9. [Crossref]  [PubMed]  

19. Virani S, Dolinoy DC, Halubai S, Jones TR, Domino SE, Rozek LS, et al. De-
livery type not associated with global methylation at birth. Clin Epigenetics. 
2012;4(1):8. [Crossref]  [PubMed]  [PMC]  

20. Park JH, Stoffers DA, Nicholls RD, Simmons RA. Development of type 2 di-
abetes following intrauterine growth retardation in rats is associated with pro-
gressive epigenetic silencing of Pdx1. J Clin Invest. 2008;118(6):2316-24. 
[Crossref]  [PubMed]  [PMC]  

21. Radford EJ, Isganaitis E, Jimenez-Chillaron J, Schroeder J, Molla M, An-
drews S, et al. An unbiased assessment of the role of imprinted genes in an 
intergenerational model of developmental programming. PLoS Genet. 
2012;8(4):e1002605. [Crossref]  [PubMed]  [PMC]  

22. Li Y, Wang XY, Wu T, Chuai M, Lee KK, Wang LJ, et al. PTEN is involved in 
modulation of vasculogenesis in early chick embryos. Biol Open. 
2013;2(6):587-95. [Crossref]  [PubMed]  [PMC]  

23. Gupta A, Anjomani-Virmouni S, Koundouros N, Dimitriadi M, Choo-Wing R, 
Valle A, et al. PARK2 depletion connects energy and oxidative stress to 
PI3K/Akt activation via PTEN S-nitrosylation. Mol Cell. 2017;65(6):999-
1013.e7. [Crossref]  [PubMed]  [PMC]  

24. McBride KL, Varga EA, Pastore MT, Prior TW, Manickam K, Atkin Jf, et al. 
Confirmation study of PTEN mutations among individuals with autism or de-
velopmental delays/mental retardation and macrocephaly. Autism Res. 
2010;3(3):137-41. [Crossref]  [PubMed]  

25. Li J, Gong P, Lyu X, Yao K, Li X, Peng H. Aberrant CpG island methylation of 
PTEN is an early event in nasopharyngeal carcinoma and a potential diag-
nostic biomarker. Oncol Rep. 2014;31(5):2206-12. [Crossref]  [PubMed]  

26. Liu L, Li Y, Tollefsbol TO. Gene-environment interactions and epigenetic basis 
of human diseases. Curr Issues Mol Biol. 2008;10(1-2):25-36. [PubMed]  
[PMC]  

27. Yektaei-Karin E, Moshfegh A, Lundahl J, Berggren V, Hansson LO, Marchini 
G. The stress of birth enhances in vitro spontaneous and IL-8-induced neu-
trophil chemotaxis in the human newborn. Pediatr Allergy Immunol. 
2007;18(8):643-51. [Crossref]  [PubMed]  

28. Knafo S, Esteban JA. PTEN: Local and Global Modulation of Neuronal func-
tion in Health and Disease. Trends Neurosci. 2017;40(2):83-91. [Crossref]  
[PubMed]  

29. Virani S, Dolinoy DC, Halubai S, Jones TR, Domino SE, Rozek LS, et al. De-
livery type not associated with global methylation at birth. Clin Epigenetics. 
2012;4(1):8. [Crossref]  [PubMed]  [PMC]  

30. López-Otín C, Blasco MA, Partridge L, Serrano M, Kroemer G. The hallmarks 
of aging. Cell. 2013;153(6):1194-217. [Crossref]  [PubMed]  [PMC]  

31. field AE, Robertson NA, Wang T, Havas A, Ideker T, Adams PD. DNA methy-
lation clocks in aging: categories, causes, and consequences. Mol Cell. 
2018;71(6):882-95. [Crossref]  [PubMed]  [PMC]  

32. Johnson AA, Akman K, Calimport SR, Wuttke D, Stolzing A, de Magalhães JP. 
The role of DNA methylation in aging, rejuvenation, and age-related disease. 
Rejuvenation Res. 2012;15(5):483-94. [Crossref]  [PubMed]  [PMC]  

33. Piras G, Monne M, Palmas AD, Calvisi A, Asproni R, Vacca f, et al. Methyla-
tion analysis of the phosphates and tensin homologue on chromosome 10 
gene (PTEN) in multiple myeloma. Clin Epigenetics. 2014;6(1):16. [Crossref]  
[PubMed]  [PMC]  

34. Wiencke JK, Zheng S, Jelluma N, Tihan T, Vandenberg S, Tamgüney T, et 
al. Methylation of the PTEN promoter defines low-grade gliomas and sec-
ondary glioblastoma. Neuro Oncol. 2007;9(3):271-9. [Crossref]  [PubMed]  
[PMC]  

35. Phuong NT, Kim SK, Lim SC, Kim HS, Kim TH, Lee KY, et al. Role of PTEN 
promoter methylation in tamoxifen-resistant breast cancer cells. Breast Can-
cer Res Treat. 2011;130(1):73-83. [Crossref]  [PubMed] 

https://nyaspubs.onlinelibrary.wiley.com/doi/abs/10.1196/annals.1330.011
https://pubmed.ncbi.nlm.nih.gov/15817737/
https://academic.oup.com/ilarjournal/article/53/3-4/289/654435
https://pubmed.ncbi.nlm.nih.gov/23744968/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4021822/
https://www.nature.com/articles/nrg3142
https://pubmed.ncbi.nlm.nih.gov/22215131/
https://www.nature.com/articles/421686a
https://pubmed.ncbi.nlm.nih.gov/12610592/
https://www.nature.com/articles/420127a
https://www.nature.com/articles/420127a
https://pubmed.ncbi.nlm.nih.gov/12432368/
https://www.nature.com/articles/47412
https://pubmed.ncbi.nlm.nih.gov/10638745/
https://www.tandfonline.com/doi/abs/10.4161/epi.6.11.17942
https://pubmed.ncbi.nlm.nih.gov/22086116/
https://onlinelibrary.wiley.com/doi/10.1111/j.1651-2227.2009.01371.x
https://pubmed.ncbi.nlm.nih.gov/19638013/
https://clinicalepigeneticsjournal.biomedcentral.com/articles/10.1186/1868-7083-4-8
https://pubmed.ncbi.nlm.nih.gov/22682523/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3404951/
https://www.jci.org/articles/view/33655
https://pubmed.ncbi.nlm.nih.gov/18464933/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2373422/
https://journals.plos.org/plosgenetics/article?id=10.1371/journal.pgen.1002605
https://pubmed.ncbi.nlm.nih.gov/22511876/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3325178/
https://journals.biologists.com/bio/article/2/6/587/1066/PTEN-is-involved-in-modulation-of-vasculogenesis
https://pubmed.ncbi.nlm.nih.gov/23789109/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3683161/
https://www.sciencedirect.com/science/article/pii/S109727651730134X?via%3Dihub
https://pubmed.ncbi.nlm.nih.gov/28306514/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5426642/
https://onlinelibrary.wiley.com/doi/10.1002/aur.132
https://pubmed.ncbi.nlm.nih.gov/20533527/
https://www.spandidos-publications.com/10.3892/or.2014.3061
https://pubmed.ncbi.nlm.nih.gov/24604064/
https://pubmed.ncbi.nlm.nih.gov/18525104/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2434999/
https://onlinelibrary.wiley.com/doi/10.1111/j.1399-3038.2007.00578.x
https://pubmed.ncbi.nlm.nih.gov/18078418/
https://www.sciencedirect.com/science/article/abs/pii/S016622361630176X?via%3Dihub
https://pubmed.ncbi.nlm.nih.gov/28081942/
https://clinicalepigeneticsjournal.biomedcentral.com/articles/10.1186/1868-7083-4-8
https://pubmed.ncbi.nlm.nih.gov/22682523/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3404951/
https://www.sciencedirect.com/science/article/pii/S0092867413006454?via%3Dihub
https://pubmed.ncbi.nlm.nih.gov/23746838/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3836174/
https://www.sciencedirect.com/science/article/pii/S1097276518306427?via%3Dihub
https://pubmed.ncbi.nlm.nih.gov/30241605/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6520108/
https://www.liebertpub.com/doi/10.1089/rej.2012.1324
https://pubmed.ncbi.nlm.nih.gov/23098078/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3482848/
https://clinicalepigeneticsjournal.biomedcentral.com/articles/10.1186/1868-7083-6-16
https://pubmed.ncbi.nlm.nih.gov/25170349/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4147879/
https://academic.oup.com/neuro-oncology/article/9/3/271/1051048
https://pubmed.ncbi.nlm.nih.gov/17504928/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1907411/
https://link.springer.com/article/10.1007/s10549-010-1304-2
https://pubmed.ncbi.nlm.nih.gov/21170675/

