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Abstract

The exposure to adverse environmental conditions (e.g. poor nutrition) may lead to increased disease risk in an individual
and their descendants. In some cases, the results may be sexually dimorphic. A range of phenotypes has been associated
with deficiency in or defective metabolism of the vitamin folate. However, the molecular mechanism linking folate metabo-
lism to development is still not well defined nor is it clear whether phenotypes are sex-specific. The enzyme methionine
synthase reductase (MTRR) is required for the progression of folate metabolism and the utilization of methyl groups from
the folate cycle. Previously, we showed that the hypomorphic Mtrr? mutation in mice results in metabolic disruption, epige-
netic instability, and a wide spectrum of developmental phenotypes (e.g. growth defects, congenital malformations) at
midgestation that appear in subsequent wild-type generations. This transgenerational effect only occurs through the
maternal lineage. Here, we explore whether the phenotypes that result from either intrinsic or ancestral Mtrr deficiency are
sexually dimorphic. We found that no sexual dimorphism is apparent in either situation when the phenotypes were broadly
or specifically defined. However, when we focused on the group of phenotypically normal conceptuses derived from mater-
nal grandparental Mtrr deficiency, we observed an apparent increase in placental efficiency in each subsequent generation
leading to F4 generation female embryos that weigh more than controls. These data suggest that ancestral abnormal folate
metabolism may lead to male grandprogeny that are less able to adapt or female grandprogeny that are programmed to
become more sensitive to folate availability in subsequent generations.
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Introduction

The influence of the environment on disease risk is a concept
that challenges the view that genetic factors are the primary
contributors to noncommunicable diseases [1]. The effects are
far-reaching since exposure to environmental insults (e.g. poor
diet, toxins, psychological stress, etc.) resulting in disease may
occur in early postnatal life, during in utero development [2], or
in the germ cells prior to conception [3-5]. Mounting evidence
demonstrates that disease risk can be inherited by subsequent
generations even if they were not exposed to the insult them-
selves [6-9]. The mechanism, which is complex and currently
not well understood, likely involves the disruption of epigenetic
factors including DNA methylation, histone modifications, and/
or noncoding RNAs that influence gene expression, and thus
alter cell function and phenotype [10].

A sex-specific response by offspring to an ancestral environ-
mental insult is a further mechanistic intricacy that will shape
our understanding of multigenerational effects. Several studies
have shown that female and male offspring display different
phenotypes following the same environmental insult in utero
with respect to timing, onset and severity of outcomes
(reviewed by Ref. [2]). For instance, prenatal smoking habits of
paternal or maternal grandmothers lead to transgenerational
differences in weight, height, and fitness of their grandchildren
in a sex-dependent manner [11], though the mechanism is
unclear. Perhaps epigenetic alterations, which may occur sto-
chastically in response to an insult to germ cells or early
embryos, may affect transcription in a sex-specific manner
leading to dimorphic phenotypes. Under normal conditions,
transcriptional differences between sexes are found when the
embryonic genome is activated [12], which occurs well before
gonadal differentiation. Indeed, the normal rate of fetal and pla-
cental growth is dependent on sex [13].

Folate (also known as folic acid) is a vitamin that acts as a
carrier of methyl groups destined for the methylation of many
downstream targets including DNA, RNA, and proteins [14-16],
thus strongly implicating its metabolism in epigenetic regula-
tion. In mammals, MTRR (methionine synthase reductase,
also known as MSR) is a key enzyme responsible for the progres-
sion of folate and methionine cycles. It stimulates the enzy-
matic activity of methionine synthase through the reductive
methylation of its vitamin B12 cofactor [17] leading to
methionine synthesis, the precursor of the methyl donor
S-adenosylmethionine. Disruption of the folate cycle by the
hypomorphic Mtrr%" mutation causes metabolic dysregulation
(e.g. increased homocysteine and 5-methyltetrahyrofolate), epi-
genetic instability (e.g. global DNA hypomethylation and locus-
specific DNA hypo- and hypermethylation), and a wide
spectrum of developmental phenotypes at midgestation, such
as growth defects (e.g. growth restriction and enhancement,
developmental delay) and congenital malformations (e.g. neural
tube, heart, placental defects) [8, 18]. Many of these phenotypes
are similar to those observed in cases of dietary folate defi-
ciency [19, 20].

Remarkably, we recently showed that a transgenerational
effect on development occurs when either maternal grandpar-
ent (FO generation) is a carrier for the Mtrr? mutation [8]. In this
case, their wild-type grandprogeny (F2 generation) displayed
similar phenotypes as Mtrr99" conceptuses (derived from a dif-
ferent pedigree), as well as alterations in DNA methylation pat-
terns associated with gene misexpression [8]. Moreover, the two
main phenotypic classes (i.e. growth defects and congenital
malformations) resulting from maternal grandparental Mtrr

deficiency are the consequences of separable epigenetic mecha-
nisms as determined by embryo transfer experiments [8].
The growth phenotypes, which did not persist at significant fre-
quencies past the F2 generation, are the result of an atypical
uterine environment in the wild-type F1 generation [8].
Conversely, the congenital malformations result from inheri-
tance of a yet-to-be determined epigenetic factor via the germ
line and were shown to appear for at least four wild-type
generations (i.e. the F4 generation) [8]. This indicates that the
Mtrr?" mouse line is a model of transgenerational epigenetic
inheritance.

Dietary folate deficiency and polymorphisms in folate meta-
bolic enzymes may cause sex-specific effects in some cases in
late gestation, early postnatal life, or in adulthood [21-25]. The
importance of folate during the preconception period and early
pregnancy is widely reported [26]. Therefore, assessing whether
abnormal folate metabolism leads to sex-specific effects at an
earlier stage of development when severe, potentially lethal
phenotypes are present will determine whether there is a sex-
ual bias at a critical developmental time point. In this study, we
sought to determine whether the developmental phenotypes
characterized in the Mtrr% mouse model are sexually dimorphic
at midgestation (i.e. embryonic day [E] 10.5). Ultimately, we
explore whether sex-specific effects occur due to: (i) intrinsic
Mtrr deficiency by analyzing Mtrr9“?" conceptuses or (i) ances-
tral Mtrr deficiency by assessing several generations of wild-
type progeny derived from an Mtrrt/9' maternal grandparent.
Sex-specific phenotypes may contribute to our understanding
of the mechanism through which folate metabolism acts during
development as well as its multigenerational effects.

Methods
Mice and Diet

The Mtrr% mouse line was generated by a gene-trap (gt) inser-
tion into the Mtrr locus as previously described [8, 18]. C57Bl/6
mice were originally purchased from Jackson Laboratories
(http://jaxmice.jax.org) and subsequently bred in-house
(Supplementary Fig. S1A). C57Bl/6 mice were used as a control
since the Mtrr?" mouse line was backcrossed into a C57Bl/6
genetic background [8]. Mtrr?“9" mice were generated by mating
Mtrr9“9" mice (Supplementary Fig. S1B). The effects of Mtrr defi-
ciency in the maternal grandmother (FO) were assessed by mat-
ing Mtrr*/9' females with C57Bl/6 mice (Supplementary Fig. S1C).
The effects of Mtrr deficiency in the maternal grandfather (FO)
were assessed by mating Mtrr*/9" males with C57Bl/6 females
(Supplementary Fig. S1D). In both cases, their wild-type F1
daughters were mated with C57Bl/6 males to generate the wild-
type F2 generation (Supplementary Fig. S1C and D). The F3 gen-
eration was produced by mating F2 wild-type females with
C57Bl/6 males (Supplementary Fig. S1C and D). The F4 genera-
tion was produced by mating F3 wild-type females with C57Bl/6
males (Supplementary Fig. S1C and D). Mice were fed Rodent
No. 3 breeding chow (Special Diet Services) ad libitum from
weaning onward. This research was regulated under the
Animals (Scientific Procedures) Act 1986 Amendment
Regulations 2012 following ethical review by the University of
Cambridge Animal Welfare and Ethical Review Body (AWERB).

Phenotyping

Dissections were performed at embryonic (E) day 10.5 in 1x
phosphate buffered saline. Noon of the day that the vaginal
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plug was detected was considered EO.5. Each conceptus was
individually scored for phenotypes by assessing for growth
defects or congenital malformations (see below for details), and
photographed using a Zeiss SteReo Discovery V8 microscope
with an AxioCam MRc5 camera and AxioVision 4.7.2 software
(Carl Zeiss).

Growth defects: Growth restriction, growth enhancement, and
developmental delay were phenotypes classified as growth
defects. Crown-rump lengths of embryos were determined
using AxioVision 4.7.2 software. An embryo with a crown-rump
length that was less than or greater than 2 SDs from the mean
length of C57Bl/6 embryos at E10.5 was considered to be growth
restricted or growth enhanced, respectively [8]. Crown-rump
length distributions were generated for each sex. Growth-
restricted and growth-enhanced embryos contained a number
of somite pairs that was within the normal range for E10.5
(30-39 somite pairs) according to e-Mouse Atlas Project (http://
www.emouseatlas.org). Embryos that contained fewer somite
pairs than was expected at E10.5 (<30 pairs) were classified as
developmentally delayed, though they were otherwise pheno-
typically normal for that developmental stage.

Severely affected conceptuses: Conceptuses were also assessed
for congenital malformations, which included gross placental
defects (e.g. lack of chorioallantoic attachment or eccentric cho-
rioallantoic attachment) or gross embryonic defects (e.g. failure
of the neural tube to close in the spinal cord or cranial regions,
pericardial edema, reversed heart looping, overall abnormal
morphology, etc.) [8]. Embryos or placentas with hemorrhages
or implantation sites with two or more embryos inside
(i.e. twinning) were also included in this category. Some concep-
tuses displayed more than one severe defect.

Genotyping

DNA samples were obtained from yolk sac or ear tissue for PCR
genotyping. Mtrr genotypes were confirmed by PCR genotyping
as previously described [8]. Sex genotypes were determined
using PCR primers against Sry [27] and Myog [28], or Ube [29] as
previously described.

Statistical Analysis

Statistical analyses were performed using GraphPad Prism
6 software. Parametric data (e.g. fraction of females per litter,
crown-rump lengths, embryo weights, placenta weights, E:P
weight ratios) were analyzed using independent unpaired
t tests. Relative risks were determined to compare males and
females of each phenotypic group and pedigree, and P values
were calculated using Fisher’s test. P<0.05 was considered
significant.

Results

Mtrr9¥/8t Homozygosity Does not Cause Sexual
Dimorphism of Developmental Phenotypes at E10.5

First, to understand whether the developmental phenotypes
caused by abnormal folate metabolism were sexually dimor-
phic, C57Bl/6 control conceptuses (N =124 from 15 litters) and
Mtrr9%9t conceptuses (N=256 from 37 litters) were dissected
(Fig. 1A.1 and B.i), scored for phenotypes at E10.5 and sexed. The
average litter size and overall proportion of Mtrr?“?" female
conceptuses per litter was not significantly different compared
to control litters (Fig. 1A.ii, iii and B.ii, iii). The conceptuses
were then divided into two major groups: those that were
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phenotypically normal and those with developmental pheno-
types. Phenotypic frequencies were calculated by sex for each
pedigree and the relative risk of females displaying a phenotype
over males were determined for statistical comparison
(Fig. 1A.iv-vi and B.iv-vi). Resorptions were not accounted for
due to the difficulties in obtaining fetally derived tissue from
these implantation sites for sex genotyping.

In general, the sex ratio for each phenotypic group in the
C57B1/6 or Mtrr9/9t pedigrees at E10.5 was close to the expected
1:1 ratio (Fig. 1A.v, vi and B.v, vi). For example, a similar number
of Mtrr?/9* females (51.6%) and Mtrr?/9" males (51.5%) were iden-
tified as phenotypically abnormal (Fig. 1B.vi). The relative risk of
female conceptuses developing a phenotype at E10.5 compared
to males was 1.0 (95% confidence interval [CI], 0.78-1.29)
(Fig. 1B.vi). The cutoff for raised relative risk was determined
arbitrarily at 1.4 [30, 31]. Fisher’s statistical test also revealed no
significant difference (P=1.00) (Fig. 1B.vi) indicating that there
is no increased risk for Mtrr9“9t females over Mtrr?“% males to
display any abnormal phenotype at E10.5.

Next, the broad category of phenotypically abnormal con-
ceptuses was subdivided into growth-defective and severely
affected phenotypes (Fig. 1A.vii, viii and B.vii, viii), which were
previously shown to result from distinct epigenetic mecha-
nisms [8]. Phenotypic frequencies were determined by sex and
relative risks of 1.07 (95% CI, 0.85-1.35) for growth defective
Mtrr9¥9t conceptuses (Fig. 1B.vii) and 0.91 (95% CI, 0.77-1.08) for
severely affected Mtrr9”9 conceptuses (Fig. 1B.viii) were deter-
mined with P values >0.35. Still further division of growth defec-
tive Mtrr9Y% conceptuses into the subcategories of growth
enhancement, growth restriction, and developmental delay
(Supplementary Fig. S2A and B) or of severely affected Mtrr?"9t
conceptuses into the subcategories of placenta defects, heart
defects, neural tube defects, hemorrhages, twinning, or overall
abnormal morphology (Supplementary Fig. S3A and B) also
failed to show sexual dimorphism in any phenotypic group.
However, partitioning conceptuses into highly defined pheno-
types leads to small sample numbers (e.g. N =1-10 conceptuses
per phenotype and sex, and per pedigree) and thus the data are
less reliable. Regardless, the data as presented suggest the
absence of any marked sexual dimorphism caused by intrinsic
Mtrr deficiency in both broad and narrowly defined phenotypic
categories at E10.5.

Absence of Phenotypic Sexual Dimorphism at E10.5 in
Wild-type Conceptuses Derived from an Mtrr-Deficient
Maternal Grandparent

Next, we examined whether abnormal folate metabolism in
either maternal grandparent caused a preferential increase of
developmental phenotypes in their wild-type female grand-
progeny over their male grandprogeny at E10.5. To do this, wild-
type conceptuses (i.e. the F2 generation) derived from either
an Mtrr*/%" maternal grandmother (N=97 conceptuses from
14 litters; Fig. 1C.i) or an Mtrr*/9" maternal grandfather (N =178
conceptuses from 25 litters; Fig. 1D.i) were dissected at E10.5,
classified by phenotype and sex. Similar to Mtrr9/" litters, the
average litter size and fraction of wild-type F2 female concep-
tuses per litter was not statistically different compared to
C57Bl/6 conceptuses, regardless of whether they were derived
from an Mtrr-deficient maternal grandmother (Fig. 1C.ii and
iii) or grandfather (Fig. 1D.ii and iii).

Analysis of wild-type F2 conceptuses derived from an Mtrr-
deficient maternal grandmother revealed no sexual dimor-
phism when considering all phenotypically abnormal
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A B C D
Pedigree FO
F2
i | No. of F2 litters
(Total No. of 15 37 14 25
conceptuses) (124) (256) (97) (178)
i Average litter
size 84105 75206 71207 78204
(mean z se [p]) - [0.47] [0.15] (0.40]

Wi | Fraction of 049013 | 0512022 | 0542020 | 0.43%0.04
females/litter N (0.75] (0.47] (0.22)
(mean + sd [p]) i : :

Sex (F2) F M F M F M ¥ M

iV | overall
= (@[99 D DI
frequencies
(No. of 60) | (64) | (122) | (134) | (51) | (46) | (83) | (95)
conceptuses)

V | Phenotypic-
ally Normal [%] 955 | 969 | 484 | 485 | 549 | 56.5 | 554 | 611
(No. of (57) | 62) | (59) | (65) | (28) | (26) | (46) | (58)
conceptuses)

vi Phenotypically
Abnormal [%)] 5.0 31 516 | 51.5 | 451 | 435 | 446 | 389
(No. of 3) 2) 63) | (69) | 23) | (200 | (37) | (37)
conceptuses)

RR 1.02 1.00 1.03 1.10
(95%c1) | (0.95-1.10) (0.78-1.29) (0.72-1.47) (0.86-1.42)
p value 0.67 1.00 1.00 0.54
vii Growth
Defects [%] 5.0 31 40.2 34.3 295 41.3 338 26.3
(No.of | (3) 2) @9) | 46) | (15 | (19) | (28) | (25)
conceptuses)
RR 1.02 1.07 0.89 1.12
(95%Cl) | (0.95-1.10) (0.85-1.35) (0.64-1.24) (0.90-1.41)
p value 0.67 0.59 0.52 0.32
v Severely
Affected [%] 0.0 0.0 1.4 17.2 15.6 22 10.8 126
(No. of ) ) (14) (23) (8) (1) (9) (12)
conceptuses)
RR 0.9 1.24 0.99
(95% CI) = (0.77-1.08) (1.02-1.50) (0.85-1.16)
p value 0.35 0.066 1.00

Figure 1: developmental phenotypes at E10.5 in Mtrr?' pedigrees are not sexually dimorphic. Conceptuses from the following pedigrees were analyzed at E10.5 in col-
umns: (A) C57Bl/6 control conceptuses, (B) Mtrr?/?' conceptuses, and (C and D) F2 wild-type conceptuses derived from a wild-type mother and either (C) an Mtrr™/%
maternal grandmother or (D) an Mtrr*/% maternal grandfather. (i) The number of litters and total number of conceptuses assessed are indicated; (ii) the average litter
size for each pedigree is indicated (mean *+ standard error (se)); and (iii) average number of females per litter (+standard deviation (sd)) were calculated. In each case,
independent t tests were performed to compare C57Bl/6 values to each experimental pedigree. (iv-viii) For each sex per pedigree, phenotypic frequencies were deter-
mined and represented graphically and as percentages. Two main phenotypic groups were assessed: (v) phenotypically normal and (vi) abnormal conceptuses. The
percentage of phenotypically abnormal conceptuses was subdivided into two phenotypic groups: (vii) those with growth defects (e.g. growth enhanced, growth
restricted, or developmental delayed) and (viii) those that were severely affected with at least one congenital malformation (e.g. neural tube, heart, and/or placenta
defects). (iv) Pie charts show the proportion of conceptuses per sex that appeared phenotypically normal (grey), had a growth defect (yellow), or were severely affected
(red). (v-viii) Relative risk (RR) was calculated between male and female conceptuses within each phenotype per pedigree. The 95% CI is indicated along with the P
value as determined by a two-tailed Fisher test. F, female; M, male. Pedigree key: circle, female; square, male; blue outline, C57Bl/6line; black outline, Mtrr? line; white
fill, Mtrr*/*; half black/half white fill, Mtrr*/9t; black fill, Mtrr9,

conceptuses together based on phenotypic frequency (45.1% of
females versus 43.5% of males were phenotypically abnormal)
and relative risk (1.03 [95% CI, 0.72-1.47], P=1.00; Fig. 1C.v and
vi). Similarly, phenotypically abnormal female and male con-
ceptuses derived from an Mtrr-deficient maternal grandfather
were also fairly equally represented (44.6% of females versus

38.9% of males were phenotypically abnormal; relative risk: 1.10
[95% CI, 0.86-1.42], P=0.54) (Fig. 1D.v and vi). Further subdivi-
sion of phenotypes by sex and pedigree, as above, also failed to
reveal sexual dimorphism (Fig. 1C.vii, viii and D.vii, viii;
Supplementary Figs S2C, D and S3C, D). Overall, the data suggest
that ancestral Mtrr deficiency does not lead to significant sexual
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dimorphism of developmental phenotypes in wild-type F2 con-
ceptuses at E10.5.

Despite this, proportionately (but not significantly) more
wild-type F2 female conceptuses derived from an Mtrr-deficient
maternal grandmother were classed as severely affected com-
pared to male littermates (15.6% [8/51] of all females displayed a
severe phenotype versus only 2.2% [1/46] of all males; relative
risk: 1.24 [95% CI, 1.02-1.50; P=0.066) (Fig. 1C.viii and
Supplementary Fig. S3C). A larger population is required to
resolve whether this is a statistically significant event but it
suggests that Mtrr deficiency in females may differentially
affect their wild-type grandprogeny, with their female grand-
progeny at a greater risk for congenital malformations.

We previously demonstrated that congenital malformations
are transgenerationally inherited in the Mtrr% model since they
are present at a significant frequency at E10.5 in the F3 and F4
wild-type generations derived from an Mtrr-deficient maternal
grandparent [8]. Although growth phenotypes were also present
in these litters, the frequency was not significant [8]. To determine
whether sexual dimorphism exists beyond the F2 generation, we
divided the wild-type F3 litters and F4 litters at E10.5 derived from
each Mtrr*/% materal grandparent pedigree by phenotype and by
sex (N=53-71 conceptuses per pedigree for each generation
assessed; Supplementary Figs $4-S6). Similar to Mtrr97% concep-
tuses and F2 wild-type conceptuses, we determined that sexual
dimorphism was not apparent in F3 and F4 wild-type conceptuses
when considering the frequencies of overall phenotypic abnor-
malities at E10.5 (Supplementary Fig. S4) or specific phenotypes
(Supplementary Figs S5 and S6) per pedigree.

Very few phenotypic differences were observed when com-
paring the effects of Mtrr deficiency in the maternal grand-
mother versus the maternal grandfather. Similar frequencies of
abnormal phenotypes were present in each pedigree regardless
of sex (Figs 1C and D; Supplementary Fig. S4) [this study; 32].
Some exceptions might include: (i) wild-type conceptuses from
the Mtrr/9 maternal grandfather pedigree were more likely to
have a growth enhanced phenotype, particularly in the F3 gen-
eration though regardless of embryonic sex, compared to con-
ceptuses derived from an Mtrr™/9" maternal grandmother
(Supplementary Fig. S2C.iii, iv and D.iii, iv) and (ii) more female
than male conceptuses from the maternal grandmother pedi-
gree may be at an overall risk of congenital malformations com-
pared to the maternal grandfather pedigree where there is no
sex difference (Fig. 1C.viii and D.viii). Because the phenotypic
frequencies are low, larger populations of each generation will
need to be assessed to fully understand whether phenotypic
and sexually dimorphic differences exist depending on which
maternal grandparent is the carrier for the Mtrr? allele.

Embryonic Weights of Phenotypically Normal
Conceptuses Depend on Sex and the Generational
Distance from the Mtrr-Deficient Ancestor

Phenotypically normal conceptuses were classified by a lack of
obvious congenital malformations, somite pair numbers that
were within the normal range for E10.5 (i.e. 30-39 somite pairs),
and crown-rump lengths that were within 2 SDs of the mean
C57Bl/6 length. Previously, we showed that these so-called phe-
notypically normal conceptuses exposed intrinsically or ances-
trally to the Mtrr? mutation were molecularly abnormal at E10.5
since their placentas displayed widespread epigenetic instabil-
ity that correlated with the dysregulation of associated genes
[8]. This led us to investigate whether placenta and embryo
weights in conceptuses from the phenotypically normal
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category of each Mtrr pedigree were altered compared to
C57Bl/6 controls and whether the observed effects differed by
sex (Fig. 2). Ultimately, this would enable us to further deter-
mine whether females or males showed an increased suscepti-
bility to Mtrr deficiency with potential implications for
phenotypes in later embryonic and/or adult life [1], and multi-
generational adaptations to abnormal folate metabolism.

Mtrr?¥8t Pedigree

We observed that the average embryo and placenta weights of
phenotypically normal female and male Mtrr9”% conceptuses at
E10.5 were significantly reduced (P <0.01) compared to C57Bl/6
controls (Fig. 2B and C) meaning that although their crown-
rump lengths were within the normal range, they weighed less
on average. Embryo:placenta (E:P) weight ratios were similar to
controls suggesting a proportional decrease in embryo and pla-
centa weights (Fig. 2D). Although it is remarkable that even phe-
notypically normal Mtrr9?9" conceptuses at E10.5 weighed less
on average, no sexual dimorphism was apparent since males
and females showed a similar magnitude of reduction in each
parameter (Fig. 2K-M).

Mtrr9* Maternal Grandmother Pedigree

When ancestral Mtrr deficiency (up to and including the F4 gen-
eration) was considered in phenotypically normal conceptuses,
pedigree-specific sexual dimorphism became apparent. First, in
the Mtrr maternal grandmother pedigree, average placenta
weights were significantly decreased in phenotypically normal
females and males from generations F2 to F4 compared to
C57Bl/6 controls at E10.5 (P < 0.05; Fig. 2F). A small placenta can
have a profound effect on embryonic growth due to reduced
nutrient and gas exchange. We observed that embryo growth
was dependent on sex and the generational distance from the
FO Mtrr-deficient female. For instance, F2 wild-type female
embryos (N=27) weighed significantly less on average than
C57Bl/6 control female embryos (N=41; P<0.05; Fig. 2E), an
effect that was proportional with the reduced placental size
(Fig. 2F) as indicated by the normal E:P weight ratio (Fig. 2G). F3
female embryo weights (N =30) were within the normal range
(Fig. 2E) indicating that embryo weight might be maintained
by increased placental efficiency despite an E:P weight
ratio that was not statistically different than controls (Fig. 2G).
Remarkably, by the F4 generation, phenotypically normal wild-
type female embryos (N =31) weighed significantly more than
C57Bl/6 control females (P < 0.001) despite being associated with
small placentas (Fig. 2E and F). The likely cause is increased pla-
cental efficiency highlighted by an increased E:P weight ratio
(Fig. 2G).

Similarly, the embryonic weights of phenotypically normal
male conceptuses derived from an Mtrr-deficient maternal
grandmother also improve over each generation but not to the
extent of females from the same pedigree. Average F2 male
embryo weights (N=25) were low compared to C57Bl/6 male
controls (N=45, P <0.05; Fig. 2E), while F3 and F4 male embryo
weights (N=26 and 20, respectively) were within the normal
range. In each case, the average placental weights were reduced
(Fig. 2F) and E:P ratios were high (Fig. 2G). These data suggest
that all three generations of males had increased placental effi-
ciency. However, this efficiency was only able to achieve sub-
optimal or optimal growth and not excessive growth as was
observed in female conceptuses of the same lineage.
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Figure 2: increased placental efficiency leads to an increase in embryonic weight in female conceptuses of the F4 generation. (A) Embryo and placental weights of phe-
notypically normal conceptuses from the indicated pedigrees and generations were analyzed. Conceptuses did not display any obvious developmental phenotype, had
crown-rump lengths within 2 SDs of the C57Bl/6 mean crown-rump length and had 30-40 somite pairs. Data were collected from the Mtrr?/%" pedigree (green bars;
N=25 females and 19 males from 9 litters), the wild-type F2 generation (purple bars; N=18 females and 11 males from 6 litters), F3 generation (pink bars; N=30 female
and 26 males from 8 litters), or F4 generation (dark gray bars; N=22 females and 29 males from 10 litters) derived from an Mtrr'/9" maternal grandmother, or the wild-
type F2 generation (dark blue bars; N=19 females and 25 males from 9 litters), F3 generation (light blue bars; N=28 females and 21 males from 8 litters) or F4 generation
(light gray bars; N=25 females and 20 males from 8 litters) derived from an Mtrr*/?" maternal grandfather. C57Bl/6 conceptuses were measured as a control (black bars;
N=41 females and 45 males from 11 litters). (B-]J) Graphs depicting the mean value (+se) of (B, E, H) embryo weights, (C, F, I) placenta weights, and (D, G, J) embryo:pla-
centa (E:P) weight ratios of phenotypically normal female or male embryos at E10.5. (K-M) Male:female (M:F) ratios of each of the following parameters were deter-
mined per litter and then averaged per pedigree (+se): (K) embryo weights, (L) placenta weights, and (M) E:P weight ratios. Statistical analysis: Independent t tests were
performed to compare C57Bl/6 mice to each experimental group by sex. *P<0.05, *P<0.01, **P<0.005. Pedigree key: circle, female; square, male; blue outline, C57Bl/
6line; black outline, Mtrr? line; white fill, Mtrr*/*; half black/half white fill, Mtrr/9%; black fill, Mtrr9/at

M

In general, phenotypically normal males and females from would result in an increase of female embryonic growth and a
the same litter showed a similar change in embryo and placenta normalization of male embryonic growth by the F4 generation.
weights (Fig. 2K-M). The only exception to this was the F4 gener-
ation from the maternal grandmother pedigree where female

gt i
embryos showed increased growth compared to males from the Mtrr? Maternal Grandfather Pedigree

same litter (Fig. 2K). Altogether, these data suggest that abnor- The effect of Mtrr-deficient maternal grandfathers on their phe-
mal folate metabolism in a maternal grandmother might notypically normal wild-type grandprogeny showed a compara-
increase placental efficiency in each successive generation of ble trend to Mtrr-deficient maternal grandmothers. Again,

phenotypically normal wild-type grandprogeny. Ultimately, this the average placental weights in the F2-F4 generations were
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significantly reduced regardless of sex compared to controls
(P<0.001; Fig. 2I). This was associated with normal embryo
weights in phenotypically normal F2-F3 generation female con-
ceptuses (N=19 and 22, respectively) and increased embryo
weights in the F4 generation females (N=25) compared to
C57Bl/6 female controls (Fig. 2H). These data suggest that within
this phenotype, the F2 and F3 female placentas compensate for
growth defects and, therefore, are more efficient than F2 female
placentas derived from Mtrr-mutant maternal grandmothers.
Furthermore, similar to the Mtrr-deficient maternal grand-
mother pedigree, F4 generation female conceptuses display
heightened placental efficiency leading to increased embryonic
growth. This was supported by an increase in E:P weight ratios
(Fig. 2G and)).

On the other hand, Mtrr deficiency in maternal grandfathers
cause their phenotypically normal male grandprogeny in the
F2-F3 generations (N=25 and 29, respectively) to have reduced
embryonic and placental weights, and E:P weight ratios that
suggest increased placental efficiency compared to C57Bl/6
male control embryos (N =45, P < 0.001; Fig. 2J). Reduced embry-
onic weight in F3 males in this pedigree differs from normalized
weight in F3 males in the maternal grandmother pedigree. By
the F4 generation, male embryonic weight was normalized
(N=21, Fig. 2H) and was similar to male F4 conceptuses in the
maternal grandmother pedigree. In the maternal grandfather
pedigree, phenotypically normal males and females from the
same litter showed a similar change in embryo and placenta
weights in each generation (Fig. 2K-M).

Overall, these data suggest that male placentas are less able
to adapt to ancestral abnormal folate metabolism compared to
female placentas regardless of the grandparental pedigree from
which they are derived. Alternatively, female placentas may be
programmed to functionally overcompensate in the generations
after abnormal folate metabolism or the corresponding embryos
are more sensitive to nutrient availability and increase their
weight more readily compared to males. Furthermore, male pla-
centas might be less efficient when conceptuses are derived
from an Mtrr-deficient maternal grandfather versus a maternal
grandmother.

Crown-Rump Length Distributions Differ by Sex
between Generations F2-F4

Prompted by the notion that growth dynamics and placental
efficiency of female and male offspring derived from an Mtrr-
deficient ancestor may differ over multiple generations, we con-
structed growth distribution curves based on crown-rump
lengths at E10.5 for each pedigree including all embryos regard-
less of developmental phenotype (Fig. 3). Overall litter sizes
were generally normal in each pedigree compared to controls
(Fig. 1A-D.ii and Supplementary Fig. S4A-E.ii). Litter size was
not a confounding factor on embryo growth in this case since it
did not negatively correlate with embryo length in any pedigree
assessed at E10.5 (Supplementary Fig. S7). As expected, the
growth distributions of the F2 generation from all three pedi-
grees were greatly disrupted compared to the C57Bl/6 curve
(Fig. 3A-D and I-J). Within the Mtrr maternal grandmother pedi-
gree, growth curves were largely normalized in both female and
male conceptuses by the F3 generation (Fig. 3E, F, and H).
However, consistent with the weight data above (Fig. 2E), the
growth curve of the F4 generation female conceptuses was
slightly shifted to the right (Fig. 3G) indicating increased body
growth in females over time. In contrast, F3 generation female
and male distribution curves derived from an Mtrr-deficient
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maternal grandfather remained abnormal (Fig. 3K and L), with a
possible bimodal distribution in the female curve (Fig. 3K). By
the F4 generation, the female curves were largely normalized
(Fig. 3M) but the F4 male distribution curve remained bimodal
and shifted to the left (Fig. 3N) indicating that a large portion of
the overall F4 male growth remained reduced in size.

Discussion

An increased risk of congenital abnormalities at birth is gener-
ally attributed to males rather than females [31]. In this study,
we sought to determine whether any or all of the developmen-
tal phenotypes caused by abnormal folate metabolism in the
Mtrr% mouse model at midgestation were sexually dimorphic.
We showed that Mtrr9¥9t females and males displayed an equal
risk for the incidence of growth defects and congenital malfor-
mations indicating that intrinsic abnormal folate metabolism
did not result in sexual dimorphism of developmental pheno-
types at E10.5. Given that the Mtrr%" mouse line is a model for
transgenerational inheritance, we also investigated whether a
sex-specific effect on development resulted from ancestral
exposure to Mtrr deficiency. When broadly defined, growth
defects and congenital malformations were not sexually dimor-
phic in the F2-F4 wild-type generations derived from either
Mtrr-deficient maternal grandparent. However, the rate at
which embryonic weight was normalized over four wild-type
generations was faster in female conceptuses regardless of the
Mtrr grandparental pedigree, implying enhanced female adapt-
ability to ancestral abnormal folate metabolism compared to
males. This might be due to increased placental efficiency in
females or an altered response that is intrinsic to the female
embryo.

When comparing phenotypic frequencies and placental
weights between the two Mtrr maternal grandparental pedi-
grees, very few differences were observed over all generations
assessed. This indicates a common mechanism (most likely epi-
genetic) through which folate metabolism acts that leads to the
multigenerational defects [8]. However, when comparing the
adaptability of phenotypically normal conceptuses to ancestral
abnormal folate metabolism over multiple generations, a few
differences were observed when the FO female was a carrier of
the Mtrr?" allele versus when the FO male was the carrier. First,
male embryonic growth normalized one generation faster in the
Mtrr maternal grandmother pedigree compared to the grandfa-
ther pedigree. In fact, the growth distribution for F4 wild-type
males never fully recovers in the Mtrr maternal grandfather
pedigree. Second, even though the F2 female embryo weights
are worse off when their maternal grandmothers were Mtrr-
deficient compared to their maternal grandfathers, increased
embryo weights were still observed in F4 females in both pedi-
grees. This suggests that there may a degree of sexual dimor-
phism in the Mtrr™/9" FO generation leading differential effects
on their grandprogeny.

Dietary folate deficiency or defects in folate metabolism are
associated with many diseases and congenital abnormalities,
yet only a few studies have reported sex-specificity in offspring
[21-25], and none have assessed for sex-specific effects during
development. For instance, feeding rats a methyl-deficient diet
at conception or prenatally differentially alters glucose homeo-
stasis in adult male and female offspring [23, 24]. Alternatively,
the incidence of C677T polymorphism in the MTHFR gene
(important for folate metabolism) in association with urinary
tract anomalies is higher in girls than boys [21]. This polymor-
phism along with the A1298C polymorphism in MTHFR gene has
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Figure 3: ability to normalize the crown-rump length distribution over multiple generations is sexually dimorphic. Frequency distributions curves of embryo crown-
rump length at E10.5 were determined by sex in each pedigree (as indicated to the right) and compared to C57Bl/6 control distributions (black line). The larger graph in
each panel represents the crown-rump length distribution of all conceptuses regardless of phenotype, whereas the smaller inset graph only represents the crown-
rump length distribution of phenotypically normal embryos for the same pedigree. Female and male crown-rump length distributions were determined from the fol-
lowing: (A and B) Mtrr9“/9 conceptuses (green line), (C-H) wild-type conceptuses from the (C and D) F2 generation (purple line), (E and F) F3 generation (pink line), and
(G and H) F4 generation (dark gray line) derived from an Mtrr*/% maternal grandmother, and (I-N) wild-type conceptuses from the (I and J) F2 generation (dark blue
line), (K and L) F3 generation (light blue line), and (M and N) F4 generation (light gray line) derived from an Mtrr*/9' maternal grandfather. Black dotted lines indicate the
mean crown-rump length for C57Bl/6 control embryos. Grey dotted lines indicate two standard deviations from the control mean. Embryos with lengths that were
2 SDs below the mean are considered growth restricted (GR) (and/or displayed congenital abnormalities). Embryos with lengths that were 2 SDs over the control mean
are considered growth enhanced (GE). Each point on the graph indicates the percentage of embryos within a range of crown-rump lengths equaling a standard devia-
tion based on the C57Bl/6 growth distribution. Pedigree key: circle, female; square, male; blue outline, C57Bl/6 line; black outline, Mtrr? line; white fill, Mtrr*/*; half
black/half white fill, Mtrr/9%; black fill, Mtrr9”et

sex-specific associations with lung cancer risk in humans [25]. broad phenotypic categories (i.e. growth defects or congenital
Here, while developmental phenotypes in all Mtrr pedigrees malformations) were clearly not sexually dimorphic, more spe-
assessed were not sexually dimorphic at E10.5, the analysis was cific phenotypes (e.g. placenta defects, hemorrhage, or develop-

limited in some cases by the population size. Even though the mental delay) likely require more litters to conclusively resolve
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the presence of sexual dimorphism. Furthermore, assessing
Mtrr9%9t conceptuses later in development or as adults may also
reveal sex-specific phenotypes.

Folate metabolism is essential for cellular methylation
[14-16], and it is widely known that supplementation with
folate at conception and during early pregnancy is beneficial
to the health of the fetus [33-35]. During the establishment or
maintenance of DNA methylation patterns in the blastocyst
and postimplantation conceptus [36], it is plausible that the
methylation of precise genomic regions may be responsive to
abnormal folate metabolism in a sex-specific manner leading
to sexually dimorphic phenotypes. Gonadal differentiation
does not occur until after E10.5 [37], yet there is evidence that
sexually dimorphic transcription occurs as early as the eight-
cell stage together with sex-specific histone methylation pat-
terns [12]. Even though the Mtrr9" mutation is known to cause
metabolic disruption [18, 32], it is more likely that the role of
MTRR plays in transmitting methyl groups for cellular meth-
ylation is responsible for the multigenerational effect that is
observed. Indeed, Mtrr™’* and Mtrr*/9" mice do not have
increased plasma total homocysteine compared to C57Bl/6
controls [8]. Meanwhile, intrinsic and ancestral Mtrr defi-
ciency results in global DNA hypomethylation and locus-
specific DNA hyper- and hypomethylation associated with
altered gene expression at E10.5 [8], though earlier time
points have not yet been assessed. Inter-individual differen-
ces in DNA methylation patterns caused by the Mtrr?" muta-
tion are largely thought to be stochastic due to the wide
spectrum of phenotypes observed at midgestation. However,
here, the absence of sex-specific effects in Mtrr99* concep-
tuses suggests that, at least at E10.5, sex-specific epigenetic
changes are unlikely to lead to developmental phenotypes or
are too subtle to detect by phenotype alone.

Environmental stressors triggering inherited epigenetic
changes may ultimately lead to adaptation to environmental
conditions without relying on beneficial mutations in the DNA
base sequence [10]. From previous work, it is clear that adverse
effects caused by Mtrr deficiency can persist for multiple gener-
ations through the maternal line [8]. However, whether genera-
tional adaptations to abnormal folate metabolism exist has not
been assessed until now. Our data show that within the so-
called phenotypically normal group of conceptuses at E10.5, pla-
cental efficiency likely increases in both female and male con-
ceptuses in the F3-F4 generations. This may occur when
placental structure or function is altered [38], such as an
increase in vascularization of placental villi to increase the sur-
face area of nutrient exchange [39] or an increase in nutrient
transporter presentation [40, 41]. For example, alterations in
maternal diet of a spiny mouse can lead to a male-specific
decrease of placental size but an increase in expression of genes
encoding nutrient transporters (e.g. Snat2, Glutl, Glut4) [42]. Our
data that small placentas in the F3-F4 generations are associ-
ated with embryos of normal or increased weight suggest that
ancestral abnormal folate metabolism might program enhanced
functional development of placentas for several generations,
possibly by encouraging greater metabolic efficiency of avail-
able folate through altered epigenetic regulation.

Although placental weight was decreased in females and
males in the F2-F4 generations, it is remarkable that the effect
of increased placental efficiency in the Mtrr?* model is not sexu-
ally equivalent. That is, despite their small size, placentas from
phenotypically normal female conceptuses derived from either
Mtrr-deficient maternal grandparent appear to function more
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effectively than males, causing increased embryonic growth in
comparison to C57Bl/6 controls as well as previous generations.
In this context, female embryos may be better able to increase
placental surface area or transporter expression than males to
increase their placental efficiency leading to normalization of
embryonic weight by the F3 generation and an increase in
embryonic weight by the F4 generation. It will be interesting to
determine whether the increase in female embryo weight
observed in the F4 generation is maintained in subsequent gen-
erations (e.g. F5, F6, etc.). While male embryo weight did eventu-
ally normalize, it never exceeded that of controls, which could
be because males have an increased growth rate in utero com-
pared to females under normal conditions [43]. Although the
mechanism through which this programming occurs to alter
placental efficiency is unclear, epigenetic factors are major can-
didates and might be regulated in a sexually dimorphic manner
ultimately allowing female-specific adaptations. Possible mech-
anisms might include inheritance of atypical mitochondria via
oocytes, and/or differential DNA/RNA methylation or non-
coding RNA expression present in the germ cells that influence
somatic cells of the next generation [10, 44]. As such, further
experimentation of these parameters in the Mtrr% model is
required in the context of female embryonic weight gain and
placental function to explore this phenomenon.

While the specific effects of intrinsic or ancestral abnormal
folate metabolism on placental trophoblast development and
function have not been assessed, mouse trophoblast progenitor
cells express folate transporters and metabolic enzymes sug-
gesting that folate metabolism is required for placental develop-
ment [45]. Furthermore, we have observed gross placental
defects (e.g. abnormal chorioallantoic attachment, placental
hemorrhage) and fetal growth restriction [8], which implicates
poor placental development [38, 46], in Mtrr?“9 and F2 wild-type
generation conceptuses. It will be important to determine why
placental weights do not normalize in each generation subse-
quent to an Mtrr-deficient ancestor since this may have impor-
tant consequences on health outcome and disease risk later in
life. Also, the fact that female mice appear to adapt differently
to ancestral abnormal folate metabolism than male mice may
have implications for why the transgenerational effects of the
Mtrr?* mutation occur only through the maternal line.

Acknowledgements

The following support was given: a Centre for Trophoblast
Research (CTR) studentship to N.P., a Royal Society Newton
International Fellowship to J.R., a Newnham College
(Cambridge) studentship to K.M, and a Wellcome Trust
4-year PhD studentship in Developmental Mechanisms to
G.E.T.B. This work was funded by a CTR Next Generation
Fellowship, a Lister Research Prize, and an Isaac Newton
Trust/Wellcome Trust ISSF/University of Cambridge joint
research grant (to ED.W.).

Conflict of interest statement

None declared.

Supplementary data

Supplementary data are available at EnvEpig online.


Deleted Text: -
Deleted Text: 8
Deleted Text: locus 
Deleted Text: s
Deleted Text: ,
Deleted Text: -
Deleted Text: ing
Deleted Text: -
Deleted Text: ,
Deleted Text: are
Deleted Text: ,
Deleted Text: wildtype
https://academic.oup.com/eep/article-lookup/doi/10.1093/eep/dvx014#supplementary-data

10 | Environmental Epigenetics, 2017, Vol. 3, No. 4

References

1. Tarrade A, Panchenko P, Junien C, Gabory A. Placental contri-
bution to nutritional programming of health and diseases:
epigenetics and sexual dimorphism. J Exp Biol 2015; 218(Pt 1):
50-8.

2. Aiken CE, Ozanne SE. Sex differences in developmental pro-
gramming models. Reproduction 2013; 145:R1-13.

3. Chen Q, Yan M, Cao Z, Li X, Zhang Y, Shi J, Feng GH, Peng H,
Zhang X, ZhangY, et al. Sperm tsRNAs contribute to intergen-
erational inheritance of an acquired metabolic disorder.
Science 2016; 351:397-400.

4. Huypens P, Sass S, Wu M, Dyckhoff D, Tschop M, Theis F,
Marschall S, Hrabé de Angelis M, Beckers J. Epigenetic germ-
line inheritance of diet-induced obesity and insulin resist-
ance. Nat Genet 2016; 48: 497-9.

5. Sharma U, Conine CC, Shea JM, Boskovic A, Derr AG, Bing XY,
Belleannee C, Kucukural A, Serra RW, Sun F, et al. Biogenesis
and function of tRNA fragments during sperm maturation
and fertilization in mammals. Science 2016; 351:391-6.

6. Anway MD, Cupp AS, Uzumcu M, Skinner MK. Epigenetic
transgenerational actions of endocrine disruptors and male
fertility. Science 2005; 308:1466-9.

7. Gapp K, Jawaid A, Sarkies P, Bohacek ], Pelczar P, Prados J,
Farinelli L, Miska E, Mansuy IM. Implication of sperm RNAs in
transgenerational inheritance of the effects of early trauma
in mice. Nat Neurosci 2014; 17:667-9.

8. Padmanabhan N, Jia D, Geary-Joo C, Wu X, Ferguson-Smith
AC, Fung E, Bieda MC, Snyder FF, Gravel RA, Cross JC, et al.
Mutation in folate metabolism causes epigenetic instability
and transgenerational effects on development. Cell 2013; 155:
81-93.

9. Radford EJ, Ito M, Shi H, Corish JA, Yamazawa K, Isganaitis E,
Seisenberger S, Hore T, Reik W, Erkek S, et al. In utero effects.
In utero undernourishment perturbs the adult sperm methyl-
ome and intergenerational metabolism. Science 2014; 345:
1255903.

10.Blake GE, Watson ED. Unravelling the complex mechanisms
of transgenerational epigenetic inheritance. Curr Opin Chem
Biol 2016; 33:101-7.

11.Golding J, Northstone K, Gregory S, Miller LL, Pembrey M. The
anthropometry of children and adolescents may be influ-
enced by the prenatal smoking habits of their grandmothers:
a longitudinal cohort study. AmJ Hum Biol 2014; 26:731-9.

12.Lowe R, Gemma C, Rakyan VK, Holland ML. Sexually dimor-
phic gene expression emerges with embryonic genome acti-
vation and is dynamic throughout development. BMC
Genomics 2015; 16:295.

13.Clifton VL. Review: Sex and the human placenta: mediating
differential strategies of fetal growth and survival. Placenta
2010; 31(Suppl.):S33-9.

14.Ghandour H, Chen Z, Selhub J, Rozen R. Mice deficient in
methylenetetrahydrofolate reductase exhibit tissue-specific
distribution of folates. ] Nutr 2004; 134:2975-8.

15.Jacob RA, Gretz DM, Taylor PC, James SJ, Pogribny IP, Miller BJ,
Henning SM, Swendseid ME. Moderate folate depletion
increases plasma homocysteine and decreases lymphocyte
DNA methylation in postmenopausal women. J Nutr 1998;
128:1204-12.

16.Wainfan E, Moller ML, Maschio FA, Balis ME. Ethionine-
induced changes in rat liver transfer RNA methylation. Cancer
Res 1975; 35:2830-5.

17.Yamada K, Gravel RA, Toraya T, Matthews RG. Human
methionine synthase reductase is a molecular chaperone for

human methionine synthase. Proc Natl Acad Sci U S A 2006;
103:9476-81.

18.Elmore CL, Wu X, Leclerc D, Watson ED, Bottiglieri T,
Krupenko NI, Krupenko SA, Cross JC, Rozen R, Gravel RA,
et al. Metabolic derangement of methionine and folate
metabolism in mice deficient in methionine synthase reduc-
tase. Mol Genet Metab 2007; 91:85-97.

19.Czeizel AE, Dudéas I, Vereczkey A, Banhidy F. Folate deficiency
and folic acid supplementation: the prevention of neural-
tube defects and congenital heart defects. Nutrients 2013; 5:
4760-75.

20.Pickell L, Li D, Brown K, Mikael LG, Wang XL, Wu Q, Luo L,
Jerome-Majewska L, Rozen R. Methylenetetrahydrofolate
reductase deficiency and low dietary folate increase embry-
onic delay and placental abnormalities in mice. Birth Defects
Res A Clin Mol Teratol 2009; 85:531-41.

21.Behunova J, Klimcakova L, Podracka L. Urinary tract anoma-
lies associated with MTHFR gene polymorphism C677T in
girls. Kidney Blood Press Res 2011; 34:465-71.

22.Lee YH, Kim SH, Kim SN, Kwon HJ, Kim JD, Oh JY, Jung YS.
Sex-specific metabolic interactions between liver and adi-
pose tissue in MCD diet-induced non-alcoholic fatty liver dis-
ease. Oncotarget 2016; 7:46959-71.

23.Maloney CA, Hay SM, Young LE, Sinclair KD, Rees WD. A
methyl-deficient diet fed to rat dams during the peri-
conception period programs glucose homeostasis in adult
male but not female offspring. ] Nutr 2011; 141:95-100.

24.Cho CE, Sdnchez-Herndndez D, Reza-Lépez SA, Huot PS, Kim
Y1, Anderson GH. High folate gestational and post-weaning
diets alter hypothalamic feeding pathways by DNA methyla-
tion in Wistar rat offspring. Epigenetics 2013; 8:710-9.

25.Shi Q, Zhang Z, Li G, Pillow PC, Hernandez LM, Spitz MR, Wei
Q. Sex differences in risk of lung cancer associated with
methylene-tetrahydrofolate  reductase  polymorphisms.
Cancer Epidemiol Biomarkers Prev 2005; 14:1477-84.

26.U.S. Preventative Services Task Force. Folic acid supplemen-
tation for the prevention of neural tube defects: US preven-
tive services task force recommendation statement. JAMA
2017;317:183-9.

27.Jiang Z, Zhu L, Hu L, Slesnick TC, Pautler RG, Justice MJ,
Belmont JW. Zic3 is required in the extra-cardiac perinodal
region of the lateral plate mesoderm for left-right patterning
and heart development. Hum Mol Genet 2013; 22:879-89.

28.McClive PJ, Sinclair AH. Rapid DNA extraction and PCR-sexing
of mouse embryos. Mol Reprod Dev 2001; 60:225-6.

29.McFarlane L, Truong V, Palmer ]S, Wilhelm D. Novel PCR
assay for determining the genetic sex of mice. Sex Dev 2013; 7:
207-11.

30.Shaw GM, Carmichael SL, Kaidarova Z, Harris JA. Differential
risks to males and females for congenital malformations
among 2.5 million California births, 1989-1997. Birth Defects
Res A Clin Mol Teratol, 2003; 67:953-8.

31.Tennant PW, Samarasekera SD, Pless-Mulloli T, Rankin J. Sex
differences in the prevalence of congenital anomalies: a
population-based study. Birth Defects Res A Clin Mol Teratol
2011; 91:894-901.

32.Padmanabhan N, Watson ED. Lessons from the one-carbon
metabolism: passing it along to the next generation. Reprod
Biomed Online 2013; 27:637-43.

33.MRC Vitamin Study Research Group. Prevention of neural
tube defects: results of the Medical Research Council Vitamin
Study. Lancet 1991; 338:131-7.

34.Hobbs CA, Shaw GM, Werler MM, Mosley B. Folate status and
birth defect risk: epidemiological perspective. In: NW Bailey



(ed). Folate in Health and Disease. CRC Press: Boca Raton, 2010,
133-53.

35.De Wals P, Tairou F, Van Allen MI, Uh SH, Lowry RB, Sivvald B,
Evans JA, Van den Hof MC, Zimmer P, Crowley M. Reduction
in neural-tube defects after folic acid fortification in Canada.
N Engl] Med 2007; 357:135-42.

36.Messerschmidt DM, Knowles BB, Solter D. DNA methyla-
tion dynamics during epigenetic reprogramming in the
germline and preimplantation embryos. Genes Dev 2014; 28:
812-28.

37.Jakob S, Lovell-Badge R. Sex determination and the control of
Sox9 expression in mammals. FEBS] 2011; 278:1002-9.

38.Watson ED, Cross JC. Development of structures and trans-
port functions in the mouse placenta. Physiology (Bethesda)
2005; 20:180-93.

39.Constancia M, Angiolini E, Sandovici I, Smith P, Smith R,
Kelsey G, Dean W, Ferguson-Smith AC, Sibley CP, Reik W,
et al. Adaptation of nutrient supply to fetal demand in the
mouse involves interaction between the Igf2 gene and pla-
cental transporter systems. Proc Natl Acad Sci U S A 2005; 102:
19219-24.

Sex-specific phenotypic differences | 11

40.Mao J, Zhang X, Sieli PT, Falduto MT, Torres KE, Rosenfeld CS.
Contrasting effects of different maternal diets on sexually
dimorphic gene expression in the murine placenta. Proc Natl
Acad SciU S A 2010; 107:5557-62.

41.Rosenfeld CS. Sex-specific placental responses in fetal devel-
opment. Endocrinology 2015; 156:3422-34.

42.0’Connell BA, Moritz KM, Walker DW, Dickinson H. Sexually
dimorphic placental development throughout gestation in
the spiny mouse (Acomys cahirinus). Placenta 2013; 34:
119-26.

43.Eriksson ]G, Kajantie E, Osmond C, Thornburg K, Barker DJ.
Boys live dangerously in the womb. Am J Hum Biol 2010; 22:
330-5.

44.Watson ED, Rakoczy ]. Fat eggs shape offspring health. Nat
Genet 2016; 48:478-9.

45.Cherukad J, Wainwright V, Watson ED. Spatial and temporal
expression of folate-related transporters and metabolic
enzymes during mouse placental development. Placenta 2012;
33:440-8.

46.Gaccioli F, Lager S. Placental nutrient transport and intrauter-
ine growth restriction. Front Physiol 2016; 7:40.



