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Abstract: An increasing number of publications indicate that babies born after IVF (in vitro
fertilization) procedures have higher rates of anomalies related to imprinting/epigenetic changes,
which may be attributed to suboptimal culture conditions. Appropriate maintenance of DNA
methylation during the first few days of an in vitro culture requires a supply of methyl donors,
which are lacking in current in vitro culture systems. The absence of protection against oxidative
stress in the culture increases the risks for errors in methylation. A decrease in the methylation
processes is sometimes observed immediately post fertilization, due to delays that occur during
the maternal-zygotic transition period. Care should be exercised in ART (assisted reproductive
technology) procedures in order to avoid the risk of generating errors in methylation during the
in vitro culture period immediately post fertilization, which has an impact on imprinting /epigenetics.
Formulation of IVF culture media needs to be re-assessed in the perspective of current knowledge
regarding embryo physiology.
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A number of publications now indicate that babies born as a result of IVF procedures show
different patterns of DNA methylation compared to babies who were conceived naturally [1-3]. In the
majority of cases this is not due to intrinsic characteristics of the gametes, but instead to sub-optimal
culture condition in vitro.

Commercial IVF media does not contain methyl donors, such as folates [4]. Methionine,
the precursor for the universal methylation cofactor S-Adenosyl Methionine (SAM), is also absent
in some products. This omission apparently resulted from a previous erroneous concept suggesting
that some essential amino acids are toxic to early preimplantation embryos. Human oocytes express
high levels of folate receptor 1 and folate transporterl (SLC19A1), indicating that these molecules
play an important role during the first 3 to 4 days of development, up to the onset of genomic
activation (also known as the maternal to zygotic transition, MZT). In addition, IVF culture media
spontaneously generates free radicals during incubation and has no protection against oxidative
stress [5]. This may lead to oxidation of methylcytosine (MeC), causing active de-methylation of
some CpG sites [6]. A pathway involving Tet3/TDG (Ten-eleven translocation/Thymine DNA
glycosylase)-mediated MeC oxidation followed by loss of 5hMC (5 hydroxymethylcytosine), as a
result of base excision repair, is present and active during preimplantation development, but a process
that relies on passive DNA replication appears to be more active. The relative importance of the
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2 processes is a controversial issue [7,8]. De-methylation and maintenance of DNA methylation
both co-exist during the preimplantation stages of development and oxidative stress may create an
imbalance between the ratio of the two processes.

In general, there is a direct link between oxidative stress and errors of methylation [6]. Commercial
culture media has been shown to lead to imprinting defects in mouse embryos [9]. In early human
embryos, metabolism up to day 3/4 is dependent upon stored maternal mRNAs and proteins deposited
during oocyte growth within ovarian follicles. Storage of mRNA decreases, in both quality and quantity,
with increasing age, with an effect upon most, if not all, of the metabolic pathways that are important
during early development, including resistance to oxidative stress as well as methylation processes.
This has an impact upon DNA stability and DNA repair processes [10].

One of the (PolyA) mRNAs with high levels of expression in the early human embryo codes is the
enzyme DNMT1 (DNA Methyltransferase), which is responsible for methylation maintenance [11]. It is
expressed at close to 900 times the background level, a rate that is similar to that of tubulin, one of the
most common cellular structural components. The ratio of DNMT1/DNMT3A expression is roughly
7.2. DNMT3D, specifically expressed in totipotent embryonic cells, has a DNMT1/DNMT3B ratio of
6.8. In addition, the overall machinery necessary for methylation (Methionine uptake, SAM synthase,
and SAH hydrolase) is expressed and active in the oocyte and the early embryo before the onset of
MZT [12].

A recent paper by Smith et al., published in the journal Nature [13], suggests that the human
embryo undergoes a rapid drop in methylation shortly after fertilization. DNA methylation patterns
form the molecular basis for imprinting in gametes and early embryos and understanding these
patterns is crucial, since alterations may lead to transgenerational epigenetic disorders, such as
autism [14]. We propose that hypomethylation observed in human IVF embryos may be an artifact
and side effect of poor culture conditions. Under natural conditions, methylation maintenance may
attenuate any post-fertilization drop. In further support of their findings, Smith et al. [13] maintain
that human and mouse DNA methylation patterns are similar, with hypomethylation occurring in
both. In contrast, the decrease in methylation in mouse embryos has been shown to be gradual,
with a characteristic plateau 2-3 days after fertilization [15]. This gradual decrease in mouse embryo
methylation has recently been confirmed, with a relatively high quantity of methylcytosine (MeC)
and only a slight decrease in the activity of the DNMTs observed at these stages [16]. In human
embryos, methylation maintenance is initially high and decreases only after the 4-cell stage [17].
This means that ensuring correct methylation maintenance in the human embryo during the first
3—4 days in vitro requires adequate support/supplementation, before the drop in methylation occurs.
DNA methylation also has a profound impact on genome stability. Recent observations obtained from
in vitro fertilization (IVF) and preimplantation genetic screening (PGS) treatment cycles have provided
confirmation that women carrying the C677T MTHFR SNP (methylenetetrahydrofolate reductase
single nucleotide polymorphism) generate preimplantation embryos with high rates of aneuploidy
and a dramatic decrease in viability. [18]. This SNP and, to a lesser extent, the A1298C MTHFR SNP
are known to impair the supply of folate, especially in individuals who are homozygous for the SNP.
This may also explain the efficiency of “in vivo” treatment with SMTHF (5-methyltetrahydrofolate)
supplements before and during pregnancy. These SNP carriers suffer long-lasting infertility and
repeated miscarriages [19]. 5SMTHEF is the folate compound located immediately downstream of
MTHEFR and, therefore, can by-pass the problem that is caused by MTHFR SNPs.

These major biochemical pathways must be taken into account, with respect to formulation
of embryo culture media, in order to avoid errors in methylation/epigenetics immediately
post-fertilization and also imprinting errors in particular, as recently described in the literature [20].
Finally, the use of embryonic stem cells as a model for early human embryo metabolism, as described
by Smith et al. [13] is not appropriate. There is no alternative existing biological model for mammalian
preimplantation embryo development in the period prior to activation of the zygotic genome (MZT).
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Until methylation patterns in the human embryo can be measured in vivo, or conditions for
in vitro culture are known to be adequate, data generated from embryos created by IVF must be
interpreted with caution, in particular with reference to the knowledge that IVF babies may have
altered patterns of DNA methylation.

Author Contributions: Y.M., P.C. and B.D. contributed equally to this communication.
Funding: This research received no external funding.

Acknowledgments: Thanks to Kay Elder, Bourn Hall Clinic, Cambridge, UK, who helped us in the final translation
of the text.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Katari, S.; Turan, N.; Bibikova, M.; Erinle, O.; Chalian, R.; Foster, M.; Gaughan, J.; Coutifaris, C.; Sapienza, C.
DNA methylation and gene expression differences in children conceived in vitro or in vivo. Hum. Mol. Genet.
2009, 18, 3769-3778. [CrossRef] [PubMed]

2. Hiura, H.; Okae, H.; Miyauchi, N.; Sato, F.; Sato, A.; Van de Pette, M.; John, RM.; Kagami, M.; Nakai, K;
Soejima, H.; et al. Characterization of DNA methylation errors in patients with disorders conceived by
assisted reproduction technologies. Hum. Reprod. 2012, 8, 2541-2548. [CrossRef] [PubMed]

3. Song, S.; Ghosh, J.; Mainigi, M.; Turan, N.; Weinerman, R.; Truongcao, M.; Coutifaris, C.; Sapienza, C. DNA
methylation differences between in vitro and in vivo conceived children are associated with ART procedures
rather than infertility. Clin. Epigenet. 2015, 7, 41-48. [CrossRef] [PubMed]

4. Morbeck, D.E.; Krisher, R.L.; Herrick, ].R.; Baumann, N.A.; Matern, D.; Moyer, T. Composition of commercial
media used for human embryo culture. Fertil Steril. 2014, 102, 749-766. [CrossRef] [PubMed]

5. Martin-Romero, E]J.; Miguel-Lasobras, E.M.; Dominguez-Arroyo, J.A.; Gonzalez-Carrera, E.; Alvarez, 1.S.
Contribution of culture media to oxidative stress and its effect on human oocytes. Reprod. Biomed. Online
2008, 17, 652-656. [CrossRef]

6. Menezo, Y.J.; Silvestris, E.; Dale, B.; Elder, K. Oxidative stress and alterations in DNA methylation: Two sides
of the same coin in reproduction. Reprod. Biomed. Online 2016, 33, 668—683. [CrossRef] [PubMed]

7. Inoue, A.; Zhang, Y. Replication-dependent loss of 5-hydroxymethylcytosine in mouse preimplantation
embryos. Science 2011, 334, 194. [CrossRef] [PubMed]

8. Wang, L.; Zhang, J.; Duan, J.; Gao, X.; Zhu, W,; Ly, X; Yang, L.; Zhang, J.; Li, G.; Ci, W,; et al. Programming
and inheritance of parental DNA methylomes in mammals. Cell 2014, 157, 979-991. [CrossRef] [PubMed]

9.  Markert-Velker, B.A.; Fernandez, A.D.; Mann, M.R. Side by side comparison of five commercial media
systems in a mouse model: Suboptimal in vitro culture interferes with imprint maintenance. Biol. Reprod.
2010, 83, 938-950. [CrossRef] [PubMed]

10. Hamatani, T.; Falco, G.; Carter, M.G.; Akutsu, H.; Stagg, C.A.; Sharov, A.A.; Dudekula, D.B.; VanBuren, V.;
Ko, M.S. Age-associated alteration of gene expression patterns in mouse oocytes. Hum. Mol. Genet. 2004, 13,
2263-2278. [CrossRef] [PubMed]

11. Ménézo, Y.; Lichtblau, I.; Elder, K. New insights into human pre-implantation metabolism in vivo and
in vitro. J. Assist. Reprod. Genet. 2013, 30, 293-303. [CrossRef] [PubMed]

12.  Menezo, Y.; Khatchadourian, C.; Gharib, A.; Hamidi, J.; Greenland, T.; Sarda, N. Regulation of S-adenosyl
methionine synthesis in the mouse embryo. Life Sci. 1989, 44, 1601-1609. [CrossRef]

13.  Smith, Z.D.; Chan, M.M.; Humm, K.C.; Karnik, R.; Mekhoubad, S.; Regev, A.; Eggan, K.; Meissner, A.
DNA methylation dynamics of the human pre-implantation embryo. Nature 2014, 511, 611-615. [CrossRef]
[PubMed]

14. Menezo, Y.; Dale, B.; Elder, K. Link between increased prevalence of autism spectrum disorder syndromes
and oxidative stress, DNA methylation and imprinting: The effect of the environment. JAMA Pediatr. 2015,
169, 1066-1067. [CrossRef] [PubMed]

15. Croteau, S.; Menezo, Y. Methylation in fertilised and parthenogenetic preimplantation mouse embryos.
Zygote 1994, 2, 47-52. [CrossRef] [PubMed]


http://dx.doi.org/10.1093/hmg/ddp319
http://www.ncbi.nlm.nih.gov/pubmed/19605411
http://dx.doi.org/10.1093/humrep/des197
http://www.ncbi.nlm.nih.gov/pubmed/22674207
http://dx.doi.org/10.1186/s13148-015-0071-7
http://www.ncbi.nlm.nih.gov/pubmed/25901188
http://dx.doi.org/10.1016/j.fertnstert.2014.05.043
http://www.ncbi.nlm.nih.gov/pubmed/24998366
http://dx.doi.org/10.1016/S1472-6483(10)60312-4
http://dx.doi.org/10.1016/j.rbmo.2016.09.006
http://www.ncbi.nlm.nih.gov/pubmed/27742259
http://dx.doi.org/10.1126/science.1212483
http://www.ncbi.nlm.nih.gov/pubmed/21940858
http://dx.doi.org/10.1016/j.cell.2014.04.017
http://www.ncbi.nlm.nih.gov/pubmed/24813617
http://dx.doi.org/10.1095/biolreprod.110.085480
http://www.ncbi.nlm.nih.gov/pubmed/20702853
http://dx.doi.org/10.1093/hmg/ddh241
http://www.ncbi.nlm.nih.gov/pubmed/15317747
http://dx.doi.org/10.1007/s10815-013-9953-9
http://www.ncbi.nlm.nih.gov/pubmed/23430228
http://dx.doi.org/10.1016/0024-3205(89)90455-4
http://dx.doi.org/10.1038/nature13581
http://www.ncbi.nlm.nih.gov/pubmed/25079558
http://dx.doi.org/10.1001/jamapediatrics.2015.2125
http://www.ncbi.nlm.nih.gov/pubmed/26414354
http://dx.doi.org/10.1017/S0967199400001751
http://www.ncbi.nlm.nih.gov/pubmed/7881915

Int. ]. Mol. Sci. 2019, 20, 1342 4of4

16.

17.

18.

19.

20.

Okamoto, Y.; Yoshida, N.; Suzuki, T.; Shimozawa, N.; Asami, M.; Matsuda, T.; Kojima, N.; Perry, A.C.;
Takada, T. DNA methylation dynamics in mouse preimplantation embryos revealed by mass spectrometry.
Sci. Rep. 2016, 6, 19134. [CrossRef] [PubMed]

Fulka, H.; Mrazek, M.; Tepla, O.; Fulka, J., Jr. DNA methylation pattern in human zygotes and developing
embryos. Reproduction 2004, 128, 703-708. [CrossRef] [PubMed]

Enciso, M.; Sarasa, J.; Xanthopoulou, L.; Bristow, S.; Bowles, M.F,; Fragouli, E.; Delhanty, J.; Wells, D.
Polymorphisms in the MTHEFR gene influence embryo viability and the incidence of aneuploidy. Hum. Genet.
2016, 135, 555-568. [CrossRef] [PubMed]

Servy, E.J.; Jacquesson-Fournols, L.; Cohen, M.; Menezo, Y.J.R. MTHEFR isoform carriers. 5-MTHF (5-methyl
tetrahydrofolate) vs. folic acid: A key to pregnancy outcome: A case series. |. Assist. Reprod. Genet. 2018, 35,
1431-1435. [CrossRef] [PubMed]

Hattori, H.; Hiura, H.; Kitamura, A.; Miyauchi, N.; Kobayashi, N.; Takahashi, S.; Okae, H.; Kyono, K;
Kagami, M.; Ogat, T.; et al. Association of four imprinting disorders and ART. Clin. Epigenet. 2019, 11, 21.
[CrossRef] [PubMed]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1038/srep19134
http://www.ncbi.nlm.nih.gov/pubmed/26750605
http://dx.doi.org/10.1530/rep.1.00217
http://www.ncbi.nlm.nih.gov/pubmed/15579587
http://dx.doi.org/10.1007/s00439-016-1652-z
http://www.ncbi.nlm.nih.gov/pubmed/27068821
http://dx.doi.org/10.1007/s10815-018-1225-2
http://www.ncbi.nlm.nih.gov/pubmed/29882091
http://dx.doi.org/10.1186/s13148-019-0623-3
http://www.ncbi.nlm.nih.gov/pubmed/30732658
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	References

