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ABSTRACT

The aim of our study was to investigate the effect of maternal and embryo MTHFR C677T and
A1298C polymorphisms on embryo aneuploidies and mosaicism and the correlation between
these genetic variants in transferred euploid embryos and IVF outcomes. MTHFR genotype was
analyzed in 77 women who performed an IVF/ICSI cycle with PGT-A. Moreover, to evaluate the
effect of embryo MTHFR polymorphisms on embryo aneuploidies and mosaicism, the MTHFR
genotype was analyzed in 191 biopsied embryos from the PGT-A cycles of these patients.
Additionally, 218 DNA samples from trophectoderm biopsies belonging to a different group of
patients were also genotyped. MTHFR polymorphisms were analyzed in a total amount of 409
trophectoderm samples. The main parameters analyzed were embryo aneuploidy and mosaicism
rates. Finally, the IVF outcomes of 241 single euploid embryo transfers were assessed and
compared between different MTHFR embryo genotypes. The aneuploidy rates were similar in
embryos from homozygous normal women and women with at least one mutated allele (54.7%
vs. 30.2% in 677C>T and 37.8% vs. 42.7% in 1298A>C). Furthermore, no differences were observed
in the mosaicism rate (24.0% vs. 13.8% in 677C>T and 17.1% vs. 17.3% in 1298A>C). A similar
analysis was performed, taking into account the embryo genotype results. No differences in
aneuploidy rate were observed between the study groups. The only significant difference was
the mosaicism rate among 677C>T genotype (13.5% in 677CC group vs. 54% in 677CT/TT;
p = 0.019). Implantation rate, biochemical and clinical miscarriage rates, and ongoing pregnancy
rate were compared between different embryo genotypes, and no statistically significant differ-
ences were found. In conclusion, the maternal MTHFR genotype did not influence embryo
chromosomal abnormalities. Moreover, the embryo MTHFR genotype was not associated with
embryo aneuploidy or IVF outcomes such as implantation, pregnancy loss, and ongoing preg-
nancy when euploid embryos were transferred.

Abbreviations: MTHFR: methylenetetrahydrofolate reductase; IVF: in vitro fertilization; PGT-A:
preimplantation genetic testing for aneuploidies; SAM: S-adenosyl methionine; SNP: single nucleo-
tide polymorphism; SPSS: Statistical Package for Social Sciences; RIF: recurrent implantation fail-
ure; RPL: recurrent pregnancy loss; hCG: human chorionic gonadotropin; PBS: phosphate buffered
saline; CGH: comparative genomic hybridization; NGS: next generation sequencing
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Introduction

Folic acid and folates, present in certain foods, are
essential nutrients for several biological functions
since they participate in the synthesis of methionine
and S-adenosyl methionine (SAM). The SAM, in
turn, contributes to donating methyl groups in cel-
lular processes such as DNA and protein synthesis
and epigenetic mechanisms. Folate deficiency, there-
fore, can affect different biological processes, and it
has been related to several pathologies and repro-
ductive problems (Forges et al. 2007; Thaler 2014).
Among all the genes involved in folate metabolism,
one of the most important from the biological point

of view is methylenetetrahydrofolate reductase, or
MTHFR. The enzyme MTHFR catalyzes the conver-
sion of 5,10-methylene-tetrahydrofolate to 5-methyl-
tetrahydrofolate, the predominant circulating form
of folate. 5-Methyl-tetrahydrofolate is the primary
methyl donor for converting homocysteine to
methionine (essential amino acid) and S-adenosyl-
methionine (SAM), required for nucleotide and pro-
tein synthesis, as well as for DNA methylation.
Regulation of MTHEFR activity is crucial in main-
taining cellular concentrations of methionine and
SAM. Many MTHFR sequence variants have been
described (Goyette et al. 1995). However, two single
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nucleotide polymorphisms (SNPs) located at posi-
tions 677 and 1298 have been the most studied
(Frosst et al. 1995; Van Der Put et al. 1998). At
position 677 of the gene, a change from cytosine
to thymine (C677T) can occur, causing the replace-
ment of alanine by wvaline in the protein (p.
Ala222Val). This change results in a reduction in
enzyme activity. Heterozygous (CT) and homozy-
gous (TT) mutant individuals show a decline in
the in vitro enzyme activity of 35% and 70%, respec-
tively (Frosst et al. 1995). In comparison at position
1298, a change from adenine to cytosine (A1298C)
may occur, leading to a substitution of glutamate for
alanine (p.Glu429Ala) (Van Der Put et al. 1998).
Homozygous mutant (CC) individuals exhibit
a 40% decrease in enzyme function (Van Der Put
et al. 1998; Weisberg et al. 1998). Moreover, those
individuals heterozygous for the two polymorphisms
(677CT and 1298AC) have 50% of normal enzyme
activity and the same biochemical parameters as
homozygous individuals 677TT (Van Der Put et al.
1998).

Deficiency of MTHFR may lead to an increase in plasma
homocysteine levels (Jacques et al. 1996), a vasculotoxic,
embryotoxic and neurotoxic molecule (Lucock 2006). In
some individuals, the concentration of circulating homo-
cysteine is so high that they develop hyperhomocysteine-
mia (Frosst et al. 1995; Van Der Put et al. 1998). This is
a risk factor for myocardial infarction, venous thrombosis,
recurrent miscarriage, and other problems during preg-
nancy (Wouters et al. 1993; Frosst et al. 1995; Nelen et al.
1997, 1998; Quere et al. 1998; Van Der Put et al. 1998; Alam
et al. 2008). In comparison, the presence of MTHFR muta-
tions, especially if there is an additional folate deficiency,
causes a decrease in S-adenosyl-methionine level leading to
DNA hypomethylation, which could affect embryo devel-
opment. Moreover, MTHFR mutations have also been
associated with chromosomal non-disjunction and fetal
aneuploidies (Melnyk et al. 2000; Hassold et al. 2001).

Nevertheless, the relationship of the MTHFR 677T
and 1298C polymorphisms with reproductive problems
is still a controversial issue. Some studies suggest that
these MTHFR mutations do not constitute a risk factor
for infertility, even when the mutation is homozygous
(Ni et al. 2015; Soligo et al. 2017). According to these
publications, Dobson et al. (2007) showed that these
polymorphisms were not associated with embryo quality,
pregnancy, or miscarriage rates in the IVF population.
Eliminate, Patounakis et al. (2016) examined 1717 female
patients attempting their first cycle of IVF with a total of
4169 blastocysts transferred (mean of 2.4 transferred
embryos). Regardless of MTHFR genotype, they did

not observe any statistically significant differences in
positive pregnancy test results, clinical pregnancy,
embryo implantation, live birth, or pregnancy loss
rates. In contrast to the previous studies, Safdarian
et al. (2014) considered the homozygote form of
MTHFR C677T mutation a risk factor for recurrent
IVFE failure, and Enciso et al. (2016) concluded that
maternal MTHFR 1298C genotype incidence is increased
in women with several unsuccessful IVF cycles.

The relationship between these polymorphisms
involved in folate metabolism and chromosomal non--
disjunction leading to embryo aneuploidy has been
investigated in recent years. Bae et al. (2007), compar-
ing the MTHFR genotype distribution between euploid
and aneuploid spontaneously aborted embryos, showed
that the MTHFR genotypes’ frequency did not affect the
chromosomal status of the abortus. Furthermore, Kaur
(2013) found no association between C677T poly-
morphism and risk of non-disjunction in women hav-
ing Down syndrome children. However, Guo et al.
(2015) observed that MTHFR 677 T genotype was
associated with a higher occurrence of trisomies on
chromosomes 18 and 21. The 1298C allele was also
significantly associated with the risk of fetal chromoso-
mal aneuploidies leading to spontaneous miscarriages
(Kim et al. 2011).

Others (Enciso et al. 2016), who studied the inci-
dence of MTHFR polymorphisms in male and female
infertile patients and embryos, concluded that maternal
MTHFR genotype affects the embryo chromosomal
status. However, they did not observe a relationship
between embryo MTHFR genotype and aneuploidies.
Surprisingly, they also described a negative association
between the MTHFR 677T allele and the implantation
rate of euploid embryos.

Considering the existing controversy, the objective
of this study was first to evaluate the effect of maternal
and embryo MTHFR gene polymorphisms on embryo
aneuploidies and the correlation between embryo poly-
morphisms and IVF outcomes in euploid embryos. The
incidence of MTHFR polymorphisms between our RPL
and RIF female patients and a European population
was then determined. This permitted us to investigate
a possible relationship between MTHFR gene poly-
morphisms and embryo mosaicism, a hypothesis that
has not been studied to date.

Results

Seventy-seven patients underwent ovarian stimulation
followed by ICSI-PGT-A were included to investigate
a possible effect of maternal MTHFR polymorphisms



Study group 1 (77 patients)
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Effect of maternal MTHFR genotype

on chromosome abnormalities

191 embryos biopsied in their
PGT-A cycles

218 embryos biopsied in other

PGT-A cycles

Study group 2

(409 embryos biopsied)

Effect of embryo MTHFR genotype
on chromosome abnormalities

Study group 3 (241 euploid
embryos transferred)

Effect of embryo MTHFR
genotype on IVF outomes

Figure 1. Study design. Flowchart describing the number of samples in the different groups included in the study. As

shown, the study group 3 is a subset of the study group 2.

(C677T and A1298C) on embryo chromosomal
abnormalities (aneuploidy and mosaicism) as summar-
ized in Figure 1. The MTHFR polymorphisms tests
were performed within the inherited thrombophilia
analysis, before the IVF cycle, for two main indications:
recurrent implantation failure (RIF, n = 40) and recur-
rent pregnancy loss (RPL, n = 37).

Their biochemical and stimulation characteristics are
summarized in Table 1. All variables were similar
among different genotype groups (data are not
shown). Homocysteine levels were 7.50 £ 1.70 mmol/
L in MTHFR 677CC genotype vs. 7.6 £ 2.6 mmol/L in
MTHFR 677CT/TT genotypes (p = 0.724), and
7.6 = 1.7 mmol/L in 1298AA vs. 7.6 + 2.7 mmol/L in
MTHER 1298AC/CC (p = 0.820).

The genotype distribution of the different MTHFR
polymorphisms is shown in Table 2. We compared the
frequencies observed in our population with the 1000
Genomes Project (Phase 3) genotype frequencies, and
we did not observe statistically significant differences
between the two populations (Table 2).

Table 1. Patient characteristics and biochemical and stimu-
lation variables.

Variable Mean Standard deviation
Age 37.0 59
Antral follicle count 13.5 7.2
Basal FSH (mIU/mL) 7.6 8.1
AMH (pmol/L) 16.7 11.0
Homocysteine (mmol/L) 7.6 23
No. of stimulation days 10.0 1.7
Total dose of gonadotropins (IU) 2488 863
No. of oocytes retrieved 134 7.2
No. of MIl retrieved 10.7 5.5

Table 2. Genotype frequencies compared with 1000 Genomes
Project (Phase 3) European population.

MTHFR European population
Polymorphism  Genotype Frequency frequency P value
C677T CcC 0.33 0.40 0.256
T 0.52 0.46 0.385
T 0.15 0.14 0.722
A1298C AA 0.44 0.48 0.597
AC 0.45 0.42 0.688
CcC 0.11 0.10 0.827

P values are calculated with the Fisher's Exact test.

To explore the effect of different maternal MTHFR
genotypes on embryo chromosomal abnormalities, we
compared aneuploidy and mosaicism rates between
different C677T and A1298C genotypes. In the 191
biopsied embryos from the PGT-A cycles, the mean
aneuploidy rate was 38.8%, and the mosaicism rate
was 17.3%. According to the MTHFR polymorphisms,
the aneuploidy rate obtained was comparable in
embryos from patients with a homozygous normal
genotype and those embryos from women with at
least one mutant allele (54.7% in 677CC vs. 30.2% in
677CT/TT, p = 0.058 and 37.8% in 1298AA vs. 42.7%
in 1298 AC/CC, p = 0.212). Furthermore, no differences
were observed in the mosaicism rate (24.0% in 677CC
vs. 13.8% in 677CT/TT, p = 0.345 and 17.1% in
1298AA vs. 17.3% in 1298 AC/CC, p = 0.865) (Table 3).

To investigate the effect of the embryo MTHFR
genotypes on chromosomal alterations with a wide
number of samples, we genotyped 409 DNA samples
from trophectoderm biopsies (study group 2). Figure 2
shows the C677T and A1298C genotype distribution in
these embryos, together with those observed in female
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Table 3. Comparison of aneuploidy and mosaicism rates in embryos (n = 191) according to maternal MTHFR

genotype.
Maternal genotype MTHFR C677T Maternal genotype MTHFR A1298C
cc T P value AA AC/CC P value
Embryo aneuploidy rate 54.7% 30.2% 0.058 37.8% 42.7% 0.212
Embryo mosaicism rate 24.0% 13.8% 0.345 17.1% 17.3% 0.865

P values are calculated with a binary logistic regression statistical test using as confounding factors maternal age, PGT-A technique and
embryo quality (p < 0.05 is considered significantly different).

MTHFR C677T

0.52

mCC
mCcT

0.20 miT

GENOTYPE FREQUENCY
=)
w
o

0.10

0.00
European population Patients Embryos

MTHFR A1298C
0.6
0.52
0.5

04

mAA

0.3
mAC

GENOTYPE FREQUENCY

0.1

European population Patients Embryos

Figure 2. C677T and A1298C MTHFR genotype frequencies in the 1000 Genomes Project (Phase 3) European population,
female patients and embryos. A) C677T genotypes. B) A1298C genotypes. Fisher's exact test was used to compare genotype
frequencies in patients and embryos with the European population frequencies.



patients (study group 1) and the European population.
Fisher’s Exact test was used to compare embryo geno-
type frequencies with the frequencies in the European
population and female patients, and no significant dif-
ferences were observed (p > 0.05). With regard to
chromosomal alterations, the aneuploidy rate was
18.1%, and the mosaicism rate was 8.1%, being the
average maternal age 32.6 + 6.7 years. If we consider
the embryo MTHFR genotype, the aneuploidy rate was
22.3% in 677CC blastocysts vs. 15.7% in blastocysts
with at least one mutated allele (p = 0.464), and
17.9% in embryos 1298AA vs. 18.3% in embryos
1298AC/CC (p = 0.988). In comparison, the incidence
of embryo mosaicism was 13.5% in 677CC group vs.
54% in 677CT/TT group (p = 0.019) and 7.5% in
1298AA vs. 9.1% in 1298AC/CC group (p = 0.817).
The only significant difference was observed in mosai-
cism rate among 677C>T genotype (Table 4).

The different individual genotypes and genotype and
haplotype combinations were analyzed to examine the
relationship among the embryo C677T/A1298C
MTHFR genotypes and the IVF outcomes. The preg-
nancy rate, implantation rate, biochemical and clinical
miscarriage rates, and the ongoing pregnancy rate for
241 single euploid blastocyst transfer cycles were
assessed (Table 5). There were no significant differ-
ences in any of the outcomes, for 677CC vs. 677CT/
677TT genotypes (analyzed individually or combined),

Table 4. Comparison of aneuploidy and mosaicism rates in embryos (n

MTHFR genotype.
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1298AA vs. 1298AC/1298CC (analyzed individually or
combined), and 677CC/1298AA haplotype vs. 677CT/
TT/1298AC/CC (those haplotypes with at least one 677
and/or 1298 mutated allele), except for the pregnancy
rate in the 1298AC genotype. The pregnancy rate was
60.0% in 1298AC embryos vs. 47.3% in 1298AA
embryos (p = 0.023).

Discussion

The results of this study show that frequencies of dif-
ferent C677T and A1298C MTHFR genotypes in our
population of 77 infertile women (RIF or RPL) do not
differ from the genotype frequencies described in the
general population within the same ethnic group. This
suggests that these polymorphisms are not associated
with infertility problems such as recurrent pregnancy
loss and recurrent implantation failure in this popula-
tion. According to these data, the meta-analysis pub-
lished by Di Nisio et al. (2011) demonstrated that the
percentage of women MTHFR heterozygous or homo-
zygous for C677T/A1298C was, overall, similar among
the patients with ART failures and controls. These
results agree with Patounakis et al. (2016), who geno-
typed 1717 female IVF patients. No significant differ-
ences in genotype frequencies between their study
group and a similar population were found. The meta-
analysis by Wu et al. (2012) showed that the C677T

409) according to their

Embryo genotype MTHFR C677T

Embryo genotype MTHFR A1298C

CC anT P value AA AC/CC P value
Embryo aneuploidy rate 22.3% 15.7% 0.464 17.9% 18.3% 0.988
Embryo mosaicism rate 13.5% 5.4% 0.019* 7.5% 9.1% 0.817

P values are calculated with a binary logistic regression statistical test using as confounding factors maternal age, PGT-A technique
and embryo quality (p < 0.05 is considered significantly different).

Table 5. IVF outcomes for single euploid
transferred embryos (n = 241).

embryo transfers according to different C677T/A1298C MTHFR genotypes in

MTHFR C677T P value MTHFR A1298C P value MTHFR C677T/A1298C
1 1
T T PP AC cC PP 677CC 677CT/TT
Cc amrt p? AA AC/CC p? 1298AA 1298AC/CC P value
Pregnancy rate 54.1% 50.8% 55.3% 0.887 0.448 473% 60.0% 53.3% 0.023 0.743 43.5% 53.7% 0.360
52.1% 0.770 59.1% 0.050
Biochemical miscarriage 9.5% 83% 10.6% 0.438 0460 7.6% 12.6% 0.0% 0.098 0.999 0.0% 10.1% 0.998
rate 9.0% 0.943 10.9% 0.372
Implantation rate 446% 42.5% 44.7% 0912 0929 39.7% 47.4% 533% 0.304 0.332 43.5% 43.6% 0.825
43.1% 0.669 48.2% 0.201
Clinical miscarriage rate 6.1% 7.8% 95% 0.703 0447 58% 11.1% 0.0% 0.288 0.999 0.0% 8.4% 0.999
8.3% 0.484 9.4% 0.539
Ongoing pregnancy rate 41.9% 39.2% 40.4% 0.982 0.934 374% 42.1% 53.3% 0.427 0.282 43.5% 39.9% 0.618
39.5% 0.611 43.6% 0.276

P values are calculated with a logistic regression statistical test using as confounding factors embryo quality and oocyte origin (p < 0.05 is considered
significantly different). P refers to CT vs. CC (in C677T genotype), AC vs. AA (in A1298C genotype) and 677CT/TT 1298AC/CC vs. 677 CC/1298AA (in C677T/
1298C combined genotype). P! refers to TT vs. CC (in C677T genotype), CC vs. AA (in A1298C genotype). P2 refers to CT/TT vs. CC (in C677T genotype), AC/CC

vs. AA (in A1298C genotype).
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MTHER polymorphism was not associated with RPL in
the Caucasian population. Rai (2014) reported similar
results with respect to the A1298C mutation.

Nevertheless, Enciso et al. (2016), who analyzed
these genotypes among 92 female infertile patients,
showed a higher frequency of MTHFR 1298CC geno-
type in patients suffering from RIF than fertile controls.
However, the number of RIF patients was low. The low
frequency of the 1298CC genotype in their control
group may reconcile the reported differences.

One of our study’s main objectives was to investi-
gate the effect of these maternal polymorphisms on
embryo aneuploidy and mosaicism. It was reasoned
that even though no differences were observed in
MTHFR genotype distribution between our infertile
female patients and the general population, the con-
troversy of their implication in chromosomal non-
disjunction and alterations in the offspring could be
resolved. No differences were found in chromosome
abnormalities among different genotype groups com-
paring the embryo aneuploidy and mosaicism rates
among patients with homozygous normal genotype
(CC in C677T or AA in A1298C) and those with at
least one mutated allele (CT/TT or AC/CC). Kaur
(2013) also observed no effect of MTHFR C677T poly-
morphism on chromosomal alterations in the off-
spring. However, our results disagree with other
publications that showed an association between 677T
or 1298C alleles and embryo or fetal aneuploidies (Kim
et al. 2011; Guo et al. 2015; Enciso et al. 2016). These
studies did not consider homocysteine levels in the
patients. However, in our study, homocysteine levels
were similar among the genotype groups. Perhaps
through an adequate folate status, the mother’s vitamin
supplementation or diet may have balanced the
MTHFR mutations’ effects. Previous publications
have shown a decrease in homocysteine levels in
women taking folic acid, regardless of the MTHFR
genotype (Bronstrup et al. 1998; Fohr et al. 2002),
associated with a higher number of mature and better-
quality oocytes (Szymanski and Kazdepka-Zieminska
2003). Therefore, as long as the folate/folic acid intake
in the female patient is sufficient, there seems to be no
impact of these MTHFR mutations on meiosis during
folliculogenesis. This is consistent with no effect on
chromosomal abnormalities in the embryos were
found.

When we analyzed the embryo MTHFR C677T/
A1298C genotypes, no differences among the genotype
frequencies compared with the frequencies observed in
female patients and in the 1000 Genomes Project
(Phase 3) European population were detected. No sig-
nificant differences in chromosomal aneuploidy rate

were apparent when embryos with homozygous normal
genotype and those with at least one mutated allele (CC
vs. CT/TT in C677T or AA vs. AC/CC in A1298C)
were compared. Similar conclusions were reached by
Enciso et al. (2016), who observed no differences in
genotype frequencies between euploid and aneuploid
embryos. However, in our study, the mosaicism rate
was higher in the 677CC group than the 677CT/TT
group (13.5% vs. 54%, p = 0.019), while in the
1298AA group, it was similar to the 1298AC/CC
group (7.5 vs. 9.1%, p = 0.817). It is difficult to explain
the statistically significant difference in the mosaicism
rate in C677T polymorphism. Additional studies are
required to clarify this genotype’s role in the processes
that lead to mosaicism in the embryo, considering the
still unknown mechanisms of mosaicism and biological
limitations in the diagnosis.

On one hand, Patounakis et al. (2016) did not find
any differences in the pregancy rate, clinical pregnancy
rate, implantation rate, biochemical or clinical preg-
nancy loss, and the live birth rate for MTHFR C677T
and A1298C polymorphisms after the transfer of 4169
blastocysts. However, they tested these single nucleo-
tide polymorphisms (SNPs) in the female patients, not
in the embryos. On the other hand, other authors who
compared the genotype of euploid embryos that
implanted with those that did not implant described
differences in MTHFR C677T genotypes (Enciso et al.
2016). Their results indicated that the percentage of
embryos with the MTHFR 677TT genotype was greater
in embryos that did not implant vs. those that had
implanted. Our study analyzed all the IVF clinical out-
comes (pregnancy rate, implantation rate, biochemical
and clinical miscarriage rates, and ongoing pregnancy
rate) after single euploid embryo transfer in a much
larger number of samples (euploid embryos) than the
previous study. We also compared these outcomes in
individual MTHEFR genotypes and, additionally, in dif-
ferent genotype and haplotype combinations. The data
showed no significant differences in any of the analyzed
outcomes, for different C677T/A1298C genotypes (ana-
lyzed individually or combined) and for different hap-
lotypes, with the logistic regression test using as
confounding factors the maternal age and the embryo
quality, except for the pregnancy rate in the 1298AC
genotype. The pregnancy rate was higher in 1298AC
embryos vs. 1298AA embryos (60.0% vs. 47.3%,
p = 0.023). Since implantation and ongoing pregnancy
rates were similar among these genotypes (47.4% in
1298AC vs. 39.7% in 1298AA for implantation rate,
and 42.1% in 1298AC vs. 37.4% in 1298 AA for ongoing
pregnancy rate), we did not give greater clinical



relevance to the higher pregnancy rate in the MTHFR
1298AC genotype.

In conclusion, the distribution of MTHFR C677T
and A1298C genotypes was similar in our RIF/RPL
infertile patients compared with the European popu-
lation. In this population of infertile women, mater-
nal genotype did not affect embryo chromosomal
abnormalities. No differences among homocysteine
levels in different genotype groups were found. The
folate levels in these women were assumed to be
normal, even though they were not measured, sug-
gesting an addition to future studies. Although it
seems that female MTHFR polymorphisms do not
affect non-disjunction events, the limited sample ana-
lyzed precludes definitive conclusions. Therefore, lar-
ger sample size studies are required to confirm our
findings.

A recent meta-analysis has reported that the MTHFR
A1298C is not associated with male infertility, and the
MTHFR C677T is associated with male infertility in
Asians (Han et al. 2020). Conversely, Enciso et al.
(2016) showed no increase in the frequency of these
paternal MTHFR SNPs in the group of RIF/RPL patients
than controls, also no significant effect in embryo aneu-
ploidy. However, in infertile males, an increase in sperm
chromosomal abnormalities have been described (Silber
et al. 2003; Rodrigo et al. 2011), and the paternal con-
tribution to RIF or RPL is controversial. In the last
20 years, several studies have shown a high incidence of
sperm aneuploidy in RIF and RPL patients (Al-Hassan
et al. 2005; Petit et al. 2005; Vialard et al. 2008;
Ramasamy et al. 2015), whereas some recent have not
reported an association (Rodrigo et al. 2019). Therefore,
given the current controversy, the paternal effect of
MTHFR polymorphisms on embryo aneuploidy should
be assessed in couples with implantation failure or recur-
rent pregnancy loss.

Our analysis also suggests that the embryo MTHFR
genotype does not influence the embryo aneuploidy
rate. It does not seem to affect embryo implantation
or pregnancy through any other mechanism since the
IVF outcomes are similar among genotypes in euploid
embryo transfers. The only correlation observed was in
the mosaicism rate among C677T embryo genotypes.
Given these results, future studies are necessary to
investigate the role of MTHFR in mosaicism develop-
ment in the embryo. A possible influencing factor not
considered in this study is the composition of the
culture medium in terms of folate and other related
metabolites, which are necessary for the cellular pro-
cesses mentioned above, so this should be considered in
future studies.
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Materials and methods
Study design and population

To investigate a possible effect of maternal MTHFR poly-
morphisms (C677T and A1298C) on embryo chromoso-
mal abnormalities (aneuploidy and mosaicism), we
included in the study 77 women who underwent an
IVF/ICSI cycle with their oocytes and who also carried
out a preimplantation genetic testing for aneuploidies
(PGT-A) from January 2016 until December 2018
(study group 1). The patients underwent ovarian stimula-
tion following a personalized protocol designed by
a specialized clinician, according to their characteristics
and their clinical history. The MTHFR polymorphisms
tests were performed within the inherited thrombophilia
analysis, before the IVF cycle, for two main indications:
recurrent implantation failure (RIF, n = 40) and recurrent
pregnancy loss (RPL, n = 37). When the couple had four
or more good quality embryos transferred (according to
Gardner and Schoolcraft scoring), it was considered RIF
and RPL when the couple had suffered two or more
consecutive miscarriages. The MTHEFR genotype frequen-
cies of this study group were compared to the 1000
Genomes Project (Phase 3) genotype frequencies for the
European population (Auton et al., 2015) to determine
any differences between the populations.

Moreover, for this study, we analyzed the C677T
and A1298C MTHFR genotypes in the 191 biopsied
embryos from the PGT-A cycles of these patients
(mean of 2.5 biopsied embryos per patient) to evalu-
ate the effect of embryo MTHFR polymorphisms on
embryo aneuploidies and mosaicism. In addition, to
increase the number of analyzed embryos, 218 DNA
samples from trophectoderm biopsies belonging to
a different group of patients were also genotyped for
these polymorphisms. Fifty-eight embryos came from
cycles with patients’ own oocytes and 160 from cycles
with donated oocytes. These patients underwent
a PGT-A cycle for different indications (RIF, RPL,
previous chromosomopathies, and advanced maternal
age). The total number of embryos included to com-
pare the chromosomal alterations between different
embryo MTHFR genotypes was 409 (forming the
study group 2).

To evaluate the impact of the embryo C677T/
A1298C MTHER genotypes on IVF outcomes, we com-
pared the pregnancy rate, implantation rate, biochem-
ical and clinical miscarriage rates, and the ongoing
pregnancy rate between different embryo genotypes.
These parameters were analyzed in 241 frozen-thawed
embryo transfer cycles. Single euploid (and no mosaic)
blastocysts were transferred (study group 3) to
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eliminate the bias of chromosomal abnormalities in the
embryo. Out of the 241 cycles, 91 were from patients’
oocytes and 150 from donated oocytes. All the embryos
were vitrified after the biopsy, and they were thawed
and transferred in a subsequent cycle. The study design
is shown schematically in Figure 1.

A chorionic gonadotropin (hCG) blood test per-
formed 8 to 10 days after the embryo transfer greater
than 2 mIU/mL was considered a positive pregnancy
test. Pregnancy rate was calculated by dividing the
number of hCG positive tests by the number of
embryos transferred. Implantation rate was defined as
the number of gestational sacs observed by transvaginal
ultrasound at 6 weeks of pregnancy divided by the
number of embryos transferred. The biochemical mis-
carriage rate was computed by dividing the cases where
the hCG was positive, and no sac was visualized in
ultrasound by the embryos transferred. The ongoing
pregnancy rate was defined as the number of fetuses
with heart activity at 12 weeks of pregnancy divided per
transferred embryo. The clinical miscarriage rate was
obtained by dividing the cases where no heart activity
was visualized after implantation by the number of
embryos implanted.

MTHFR genotyping

To carry out the MTHFR genotyping, the patients’
lymphocyte genomic DNA was extracted from
a peripheral blood sample, using the MagMAX DNA
Multi-Sample Ultra 2.0 kit (Thermo Fisher Scientific,
Colchester, UK) on a KingFisher™ Duo Prime system
(Thermo Fisher Scientific, Colchester, UK), following
the manufacturer’s instructions. DNA was quantified
using Qubit™ dsDNA HS Assay Kit with the Qubit
Fluorometer (Thermo Fisher Scientific, Colchester,
UK). On the other hand, the DNA from the biopsied
embryos in the PGT-A cycles was obtained from tro-
phectoderm cells (5-10) of day 5-6 blastocysts and
amplified using the SurePlex DNA Amplification
System (Illumina®, San Diego, CA, USA) to whole gen-
ome amplification (WGA).

MTHFR was genotyped with TRF-plus Thrombosis
Risk Panel (Elucigene Diagnostics, Manchester, UK).
The Veriti 96 Well Thermal Cycler (Applied
Biosystems™, UK) was used to perform the PCR. The
reaction was carried out in a final volume of 3.5 pL
containing 2.5 uL of the Reaction Mix (TA) and 0.75 pL
of the diluted genomic DNA (0.5-10 ng/ul) in the case
of patients or 0.75 ul of the amplified DNA from
trophectoderm biopsies. The reaction conditions were
as follows: one cycle of 20 min at 94°C, followed by 30
cycles of 1 minute at 94°C, 2 minutes at 58°C and

1 minute at 72°C and finally 20 minutes at 72°C. The
amplification product (0.5 ul) was then injected into
the capillary electrophoresis system Applied Biosystems
SeqStudio (Thermo Fisher Scientific, Colchester, UK),
mixed with 10.25 ul Hi-Di™ Formamide (Thermo
Fisher Scientific, Colchester, UK) and 0.25 ul
GeneScan™ 500 LIZ™ dye Size Standard (Thermo
Fisher Scientific, Colchester, UK), previously denatured
at 95°C for 4 min. The results were analyzed using
GeneMapper™ 5.0 software (Thermo Fisher Scientific,
Colchester, UK).

Trophectoderm biopsy

All oocytes were fertilized by ICSI using standard IVF
protocols. The generated embryos were cultured in
groups under low oxygen conditions in 50 pl micro-
drops of continuous media (Global® Total® LP,
CooperSurgical®). Assisted hatching was performed
on day 3. Trophectoderm biopsy was performed
on day 5 or 6 on good-quality expanded blastocysts
using a 200 mW diode laser (Saturn, Research
Instruments Ltd, Cornwall, UK) (Hamilton Thorne,
Beverly, USA). The biopsied cells (5-10) were trans-
ferred to 200ul PCR tubes with 1 pl of PBS (phosphate-
buffered saline) 1X, ph 7.4, until further analysis.
Embryos were vitrified according the protocol of
Vitrification  Freeze  Kit (Vit  Kit®  Freeze,
IrvineScientific, California, USA).

Embryo chromosomal analysis

In order to select euploid embryos in PGT-A cycles,
embryo analysis was performed using SurePrint G3-
8x60K-Human CGH microarrays (Agilent Technologies®,
Santa Clara, CA, USA) or Veriseq-NGS (Illumina®, San
Diego, CA, USA), with previous whole genome amplifica-
tion using SurePlex DNA Amplification System (Illumina®,
San Diego, CA, USA), according to the manufacturer’s
protocols. In Veriseq protocol, the sequencing platform
used was the MiSeq System (Illumina®, San Diego, CA,
USA). For chromosome analysis, the Cytogenomics v2.5
software (Agilent Technologies®, Santa Clara, CA, USA)
and the BlueFuse Multi software Illumina®, San Diego, CA,
USA) were used for each corresponding technique.
Embryos were reported as euploid if the analyzed sample
contained less than 25% of aneuploid cells, mosaic if it
contained between 25% and 50% of aneuploid cells in
one or more chromosomes, and aneuploid if the percen-
tage of aneuploidy was over 50%. The detection limit for
the segmental aneuploidies was 8 Mb (previously validated
in our laboratory in embryos from parents carrying chro-
mosome translocations).



Statistical analysis

Statistical analysis was performed with Statistical Package
for Social Sciences software, version 20.0 (SPSS; Chicago,
IL, USA). For continuous variables, descriptive analysis
was done using the mean and standard deviation.
Univariate analysis to study the differences between the
different genotypes with respect to continuous variables
(biochemical and stimulation variables) was carried out
by analyzing variance ANOVA. We determined the dif-
ferences between groups using Fisher’s exact test (two-
sided) for genotype frequency. The embryo aneuploidy
and mosaicism rates, with regard to different patient and
embryo MTHFR genotypes, were compared with
a multivariate analysis, through a binary logistic regres-
sion statistical test, using as confounding variables:
maternal age, PGT-A technique and embryo quality. In
the case of IVF outcomes in euploid embryos, pregnancy
rate, implantation rate, biochemical and miscarriage rate,
and ongoing pregnancy rate, were compared among
different embryo MTHFR genotypes, employing
a logistic regression statistical test and using as con-
founding factors embryo quality and oocyte origin. In
all analysis, statistical significance was defined as
p < 0.05.

Ethical approval

All work was conducted with the formal approval of the
Instituto Bernabeu Institutional Review Board, and it
follows the principles of the Declaration of Helsinki.
Informed consent was obtained from all patients prior
to the study. The trophectoderm DNA samples used for
the purpose of this study were the surplus amplification
products following PGT-A analysis.
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