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SUMMARY

Abnormal folate one-carbon metabolism (FOCM) is
implicated in neural tube defects (NTDs), severe mal-
formations of the nervous system. MTHFR mediates
unidirectional transfer of methyl groups from the
folate cycle to the methionine cycle and, therefore,
represents a key nexus in partitioning one-carbon
units between FOCM functional outputs. Methionine
cycle inhibitors prevent neural tube closure in mouse
embryos. Similarly, the inability to use glycine as a
one-carbon donor to the folate cycle causes NTDs
in glycine decarboxylase (Gldc)-deficient embryos.
However, analysis of Mthfr-null mouse embryos
shows that neither S-adenosylmethionine abun-
dance nor neural tube closure depend on one-car-
bon units derived from embryonic or maternal folate
cycles. Mthfr deletion or methionine treatment pre-
vents NTDs in Gldc-null embryos by retention of
one-carbon units within the folate cycle. Overall, neu-
ral tube closure depends on the activity of both the
methionine and folate cycles, but transfer of one-car-
bon units between the cycles is not necessary.

INTRODUCTION

Folate one-carbon metabolism (FOCM) comprises an interlinked
network of reactions that transfer one-carbon (1C) units for
numerous cellular functions (Figure 1A; Tibbetts and Appling,
2010; Locasale, 2013). Key outputs include provision of 1C units
for biosynthesis of thymidylate and purines and generation of
S-adenosylmethionine (SAM), the “universal” methyl donor for
methylation of DNA, RNA, proteins, and lipids (Brosnan et al.,
2015; Ducker and Rabinowitz, 2017). FOCM is also central to a
larger metabolic network through links, for example, to poly-
amine synthesis and creatine synthesis and the transulfuration
pathway. Abnormalities of FOCM are associated with a number
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of diseases, including cancers, fatty liver disease, cardiovascular
disease, inborn errors of metabolism (such as non-ketotic hyper-
glycinemia), and age-related cognitive impairment. The associa-
tion of folate status with birth defects, such as neural tube de-
fects (NTDs), also implicates FOCM in playing a key role during
development.

Flux through FOCM depends on both the availability of tet-
rahydrofolate (THF), which is the 1C “carrier” in the folate cy-
cle, and on supply of 1C units, principally derived from serine
(Davis et al., 2004; Ducker and Rabinowitz, 2017; Yang and
Vousden, 2016). Mammals cannot synthesize folates de novo
and depend on sources from the diet and microbiota. In
mice, cellular uptake of folate in the embryo is essential for
viability and for completion of neural tube closure. Embryos
lacking Folr1, encoding folate receptor 1, require supplemen-
tation with folate (methyl-THF or formyl-THF) for survival to
neurulation stages and display frequent NTDs (Spiegelstein
et al., 2004). In contrast, mouse embryos are relatively resis-
tant to maternal folate deficiency. Folate depletion, achieved
through defined diets and antibiotic treatment, diminishes em-
bryonic folate content (Heid et al., 1992; Burren et al., 2008).
Folate availability limits growth and developmental progression
but does not dissociate these parameters or cause NTDs in
wild-type embryos (Burren et al., 2008). Nevertheless,
maternal folate deficiency exacerbates NTDs in some geneti-
cally susceptible mouse strains (Burren et al., 2008, 2010;
Beaudin et al., 2011).

In parallel with a requirement for availability of the THF back-
bone, as supplied by dietary folate or synthetic folic acid, mouse
genetic mutants provide compelling evidence that an adequate
supply of 1C units is essential for neural tube closure. Serine can
be a 1C donor via the action of Shmt1 in the cytoplasm and nu-
cleus (Beaudin et al., 2011; Herbig et al., 2002; MacFarlane
et al., 2011). However, the majority of 1C units entering the
folate and methionine cycles appear to derive from mitochon-
drial FOCM, with transfer of formate to the cytoplasm (Tibbetts
and Appling, 2010). The inability to generate formate from
10-formyl THF in mouse embryos lacking the mitochondrial
10-formyl THF synthetase enzyme (Mthfd1L) results in growth
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Figure 1. Altered Abundance of Folates in Mthfr-Null Embryos

(A) Summary diagram of folate 1C metabolism (enzymes are indicated in purple text).

(B-E) LC-MS/MS profiling of folates in (B) post-natal brain, (C) post-natal liver, and embryos at E10.5 (D) and E12.5 (E) shows that the relative abundance of
5-methyl THF (CH3THF) is significantly reduced in Mthfr /= (*p < 0.0001 compared with Mthfr*/*). Conversely, the abundance of other folates was increased
(*p < 0.01, **p < 0.05; significant difference from wild-type, p < 0.05). Note that CH,-THF may be under-represented because of conversion to THF during analysis
(maximal 20% of CH,-THF at pH 7 used). Number of samples, n = 3 per genotype for brain, liver, and E12.5. At E10.5, n = 4 Mthfr*’*, 7 Mthfr*~, and 5 Mthfr/~.
See also Figure S1 and Table S1.
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retardation and frequent failure of neural tube closure (Momb
et al., 2013). Similarly, loss of function of components of the
mitochondrial glycine cleavage system, Amt or Gldc, also
causes NTDs in mice (Narisawa et al., 2012; Pai et al., 2015).
Functional mutations in the corresponding human genes AMT
and GLDC have also been found in NTD patients (Narisawa
et al., 2012; Shah et al., 2016). Prevention of NTDs by maternal
formate supplementation in Mthfd1L and Gldc mouse mutants
supports the hypothesis that impaired neural tube closure re-
sults from diminished supply of 1C into FOCM in these models
(Momb et al., 2013; Pai et al., 2015). This concept is supported
by alteration in the relative abundance of folates and normaliza-
tion of the folate profile by formate in Gldc-deficient embryos
(Paietal., 2015). Loss of function of the glycine cleavage system
also causes an elevated embryonic tissue glycine concentration
(Pai et al., 2015). It is not yet known whether the ensuing abnor-
malities of the folate profile and NTDs in Gldc-null embryos
result directly from lack of glycine-derived 1C. Alternatively, it
could be hypothesized that elevated glycine acts through prod-
uct inhibition to reverse the action of Shmt in using serine as the
1C donor, as observed in some cancer cell lines (Labuschagne
et al., 2014).

Although the Amt, Gldc, and Mthfd1L loss-of-function mouse
mutants emphasize an essential role for supply of 1C units from
mitochondrial FOCM, the relative requirements for 1C con-
sumption in the folate and methionine cycles (Figure 1A) during
neural tube closure are not well defined. Inhibitors of the methi-
onine cycle or knockout of DNA methyltransferase cause cra-
nial NTDs in mouse embryos (Okano et al., 1999; Dunlevy
et al., 2006; Burren et al., 2008) and, similarly, inhibit neural
tube closure in chick and frog embryos (Afman et al., 2005; Tor-
iyama et al., 2017). Moreover, among folate cycle functions,
impaired thymidylate biosynthesis is associated with NTDs
induced by folate deficiency in Pax3- or Shmt1-null mice
(Fleming and Copp, 1998; Burren et al., 2008; Beaudin et al.,
2011). Therefore, various functional outputs of FOCM may be
required in neural tube closure, implying a necessity for regu-
lated flux through multiple reaction pathways for partitioning
of 1C units according to metabolic need.

The transfer of 1C units from the folate cycle to the methio-
nine cycle is mediated by 5,10-methylene tetrahydrofolate
reductase (MTHFR) in a unidirectional reaction, which there-
fore commits 1C units to the methionine cycle (Tibbetts and
Appling, 2010). Computational modeling of hepatic FOCM
predicts the outcome of altered flux through specific reac-
tion(s) (Reed et al., 2006). However, the presence of several
loops within the reaction network, the potential for differential
cell and tissue context-dependent regulation (Leung et al.,
2013; Ducker and Rabinowitz, 2017), as well as embryonic-
maternal interactions highlight the complexity in embryonic
FOCM. Hence, it is necessary to analyze the effect of FOCM
on neural tube closure in the developing embryo. Here we
investigated the requirement for partitioning of 1C units be-
tween mitochondrial FOCM, the folate cycle, and the methio-
nine cycle using models with loss of transfer of 1C units
from the folate cycle to the methionine cycle (Mthfr-null) or
impaired supply of 1C units to the folate cycle from mitochon-
dria (Gldc-deficient).

RESULTS

Methyl Groups Derived from Embryonic or Maternal
Folate Metabolism Are Not Required for Neural Tube
Closure

Mthfr-null mice are viable and born in the expected Mendelian
ratio but exhibit reduced survival and a range of phenotypes,
including slower growth, liver steatosis, altered brain histology,
and behavioral abnormalities (Chen et al., 2001; Schwahn
et al., 2003; Jadaviji et al., 2015; Lawrance et al., 2011). Tissues
from post-natal Mthfr-null mice showed diminished abundance
of 5-methyl THF as a proportion of total folate (Chen et al.,
2001; Ghandour et al., 2004). We extended this analysis using
a liquid chromatography-tandem mass spectrometry (LC-MS/
MS) methodology that allows quantification of the six major fo-
lates (Pai et al., 2015). Folates are quantified as individual poly-
glutamated forms, up to 7 glutamates (5 or 6 glutamates being
the predominant form in mouse tissue) (Figure S1; Leung et al.,
2013; Paietal., 2015). The folate profiles confirmed that 5-methyl
THF is virtually absent from the liver and brain of Mthfr-null mice
at 3 weeks, with a corresponding increase in the relative abun-
dance of other folates, principally THF and methylene-THF
(CH.-THF; Figures 1B and 1C).

Among litters of embryos generated by intercrossing of
Mthfr*’~ mice, homozygous null embryos were present in the ex-
pected Mendelian ratio, and NTDs were not observed (n = 46
Mthfr /= examined at embryonic day 9.5 [E9.5]-E12.5;
Table S1), consistent with previous findings (Chen et al., 2001;
De Castro et al., 2010). The major folate present in plasma is
5-methyl THF, and it is proposed that folate obtained from the
maternal circulation may sustain Mthfr”~ embryos in utero,
facilitating neural tube closure and allowing survival to birth
(Schwahn et al., 2004). However, folate profiling at E10.5 and
E12.5 showed that Mthfr /~ embryos contain minimal 5-methy!
THF, comprising only approximately 1% or 2.5% of total folate
in Mthfr '~ embryos at E10.5 and E12.5, respectively (Figures
1D and 1E; Figure S1). This is comparable with a 5-methyl THF
relative abundance of 89% and 95% of total folate in Mthfr/*
embryos at E10.5 and E12.5 (Figures 1D and 1E) and 80% and
93% of total folate at E10.5 and E12.5 in Mthfr*/~. In Mthfr/~
embryos, there was a corresponding increase in the relative
abundance of other folates (Figures 1D and 1E; Figure S1).

At post-natal stages, 5-methyl THF generated by Mthfr con-
tributes to remethylation of homocysteine, as shown by raised
plasma homocysteine concentrations in heterozygous and null
mice together with an increased abundance of SAH and lower
SAM in most tissues analyzed (Chen et al., 2001; Figure 2). In
contrast, SAM abundance was not significantly altered in
Mthfr~'~ embryos compared with Mthfr*’* and Mthfr*~ litter-
mates (Figure 2A). Nevertheless, Mthfr~’~ embryos show a
significantly elevated abundance of S-adenosylhomocysteine
(SAH) (reflecting decreased remethylation of homocysteine)
with a consequent reduction in the SAM/SAH ratio (Figures 2B
and 2C). Although neural tube closure was not perturbed in
Mthfr~'~ embryos, these findings suggest that methylation reac-
tions could potentially be compromised. For example, in adult
tissues, elevated SAH was found to be a more consistent marker
of DNA hypomethylation than SAM in cystathionine B-synthase
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Figure 2. Methionine Cycle Intermediates Are Differentially Affected by Mthfr Genotype in Post-natal Tissue and Embryos
(A) The abundance of S-adenosylmethionine (SAM) was significantly lower in livers of Mthfr '~ mice than in wild-types (*p < 0.05), and SAM showed a non-
significant trend toward lower abundance in brains of Mthfr~'~ (p = 0.07). SAM abundance was not altered in Mthfr '~ E12.5 embryos compared with littermates

of other genotypes.

(B and C) In contrast, S-adensylhomocysteine concentration (B, SAH) was elevated, and the SAM/SAH ratio (C) was reduced in Mthfr /'~ tissue and embryos
compared with Mthfr*’* (*p < 0.01, significantly differs from Mthfr*’*). n = 3 samples per genotype for each tissue.
(D-F) The proportion of (D) 2-deoxycytosine, (E) 5-methyldeoxycytosine, and (F) 5-hydroxy-2-deoxycytosine did not differ with Mthfr genotype among embryos at

E12.5 (individual samples and mean + SEM are shown).
See also Table S2.

heterozygous mice maintained on a methyl-deficient diet,
although whether methylation changes were detectable varied
with tissue (Caudill et al., 2001). However, we found no effect
of Mthfr genotype on cytosine methylation of DNA in the embryo
(Figure 2E).

Although generation of 5-methyl THF in the embryo was not
essential for neural tube closure or maintenance of SAM abun-
dance, this did not rule out a requirement for folate cycle-derived
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methyl groups because null embryos developed in the context
of an Mthfr”~ maternal environment. We hypothesized that
maternal folate-derived methyl groups could plausibly contribute
to the methionine cycle. Therefore, as a further step, we carried
out a two-step breeding program to generate additional litters
using Mthfr~~ dams. Mthfr~'~ offspring of Mthfr '~ dams were
indistinguishable from Mthfr*/~ littermates (n = 10 Mthfr*’~
and 7 Mthfr ). NTDs were not observed among these litters



(Table S1), showing that embryonic and maternal Mthfr activity
are both dispensable for neural tube closure. As observed for
offspring of Mthfr’~ dams, there was no reduction in abundance
of SAM in Mthfr”'~ embryos from Mthfr '~ dams (Table S2),
analyzed at E10.5, although the SAM/SAH ratio was similarly
diminished because of elevated SAH (Table S2). Methionine it-
self is an essential amino acid for protein synthesis. Hence,
although folate-dependent methionine synthesis is dispensable
for neural tube closure, it seems likely that sufficient methionine
for embryo survival is obtained via the maternal diet and/or the
action of Bhmt.

Methionine Cycle Inhibitors Cause NTDs but Not via a
Methyl Trap

Lack of methyl group transfer from the folate cycle to the
methionine cycle does not cause NTDs, despite a significantly
lower SAM/SAH ratio in Mthfr-null embryos. In contrast, we
previously found that inhibitors of the methionine cycle (cyclo-
leucine or ethionine) cause a high frequency of cranial NTDs in
wild-type embryos in whole-embryo culture (Dunlevy et al.,
2006). NTDs arise without generalized growth-retarding or
toxic effects (Dunlevy et al., 2006). Cycloleucine is an inhibitor
of methionine adenosyltransferase (MAT) activity that causes
elevated SAH and a lower SAM/SAH ratio in treated embryos
(Dunlevy et al., 2006). Ethionine is an ethyl analog of methio-
nine that competes with methionine for MAT and is converted
to S-adenosyl ethionine (SAE). Treated embryos have a signif-
icantly lower abundance of SAM, elevated SAH, and a lower
SAM/SAH ratio (Dunlevy et al., 2006), whereas SAE also in-
hibits SAM-dependent methyltransferases directly (Alix,
1982). We cannot discount the possibility of non-specific ef-
fects, particularly of ethionine, but the induction of NTDs by
two inhibitors that act via different mechanisms and without
other embryotoxic effects suggests that methionine cycle
function is required for neural tube closure. Two possible
mechanisms could plausibly underlie NTDs induced by these
inhibitors: direct suppression of methylation reactions or impo-
sition of a “methyl trap.” The methyl trap hypothesis proposes
that impaired methionine cycle flux leads to trapping of folates
as 5-methyl THF because of the unidirectional nature of the
Mthfr-mediated reaction. Inability to regenerate THF would
suppress folate cycle functions, and this mechanism is postu-
lated to explain some effects of vitamin B4, deficiency (Scott,
1999).

Mthfr-null embryos would be predicted to be resistant to
a methyl trap because of their inability to generate 5-methyl
THF. Arguing against a methyl trap mechanism underlying
the effect of ethionine or cycloleucine, we found that NTDs
were induced at similar frequencies in Mthfr*’*, Mthfr’~, and
Mthfr~'~ embryos treated in whole-embryo culture from E8.5
(Figures 3A-3C). Moreover, analysis of embryonic folate
profiles showed that ethionine treatment significantly decreased
the relative abundance of 5-methyl THF in Mthfr*’* embryos
(Figure 3D). These findings suggest that SAE inhibits Mthfr activ-
ity, in common with the strong inhibitory effect of SAM, and show
that ethionine does not cause a methyl trap in wild-type em-
bryos. In Mthfr='— embryos (which act as a methyl trap-resistant
control), 5-methyl THF was virtually absent, irrespective of ethi-

onine treatment (Figure 3E). Unlike ethionine, cycloleucine had
relatively little effect on the folate profile of Mthfr*’* or Mthfr~/~
embryos (Figures 3D and 3E). Hence, these inhibitors are pro-
posed to cause NTDs through suppression of the methionine cy-
cle and not depletion of 1C carrying folates through a methyl
trap.

Neural Tube Closure Depends on Glycine

Decarboxylase Function

Having analyzed Mthfr '~ embryos, in which partitioning of 1C
units from the folate cycle to the methionine cycle is pre-
vented, we analyzed embryos in which we hypothesize the
supply of 1C units into the folate cycle is limited. Mitochon-
drial FOCM supplies 1C units to the cytoplasmic folate cycle
as formate. This appears to be essential for neural tube
closure because NTDs occur in embryos lacking expression
of the mitochondrial FOCM components Amt, Mthfd1L, or
Gldc (Narisawa et al., 2012; Momb et al., 2013; Pai et al.,
2015) and may be rescued by formate supplementation.
Gldc and Amt encode components of the glycine cleavage
system (GCS), which mediates decarboxylation of glycine
with transfer of a 1C unit to THF, generating 5,10-methylene
THF (Figure 1A).

A hypomorphic gene-trap allele of Gldc (denoted Gldc®T")
causes an approximately 90% reduction in mRNA abun-
dance, elevated glycine concentration, and altered folate
profile. NTDs arise in approximately 20% of homozygous
Gldc®T"@T! embryos (Pai et al., 2015; Table S3). To analyze
the effect of a greater reduction in GCS activity, we gener-
ated an additional line of Gldc-deficient mice (Gldc®™?) using
an embryonic stem cell (ESC) line carrying a gene trap
construct in intron 19 of Gldc that results in a truncated
mRNA lacking exons 20-25. Gldc mRNA expression was un-
detectable in the homozygous mutant embryos by gRT-PCR.
Neural tube closure was incomplete, leading to highly pene-
trant NTDs affecting 57% of homozygous Gldc®"?/™ mu-
tants analyzed at E9.5-E16.5 (Figure 4; Table S3). Maternal
supplementation with formate during pregnancy prevented
NTDs in Gldc-null embryos (Figure 4L), consistent with our
findings in Gldc®"’¢T" hypomorphic embryos (Pai et al.,
2015).

Compound mutant embryos, Gldc , generated by inter-
crossing of Gldc®™"* and Gldc®™* heterozygotes, also devel-
oped NTDs with similar penetrance (53%) as Gldc®™?/¢™ homo-
zygotes. NTDs also occurred at a low frequency among
heterozygous Gldc®T"* (0.7%) and GIdc®7?* (6%) embryos
(Table S3). As in Gldc®"" mutants, NTDs principally affected
the cranial region (exencephaly) (Figures 4B, 4C, and 4F). How-
ever, in GIdc®7%C™ and GIdc®T"/¢T? mutants, we also observed
occasional spina bifida (Figure 4G) or craniorachischisis
(Figure 4H). Spina bifida results from failure to complete closure
in the low spine, whereas craniorachischisis results from failure
of initiation of closure at the hindbrain-cervical boundary, and
the entire spinal neural tube remains open (Figures 4D and 4E).
Hence, GCS function contributes to neural tube closure at all
axial levels. In addition to NTDs, abnormalities of eye develop-
ment occurred in 30% of Gldc®™72 homozygous mutants
examined at E14.5-E16.5 (Figure 4M). Eye defects tended to

GT1/GT2
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Figure 3. Methionine Cycle Inhibitors Cause NTDs without Imposition of a Methyl Trap
(A-C) Treatment in whole-embryo culture with ethionine (5 mM) or cycloleucine (15 mM) caused NTDs among embryos of all Mthfr genotypes (A). NTDs affected
the cranial region (open midbrain-forebrain neural folds in cycloleucine-treated embryo; arrow in B), whereas closure was completed during the culture period in

vehicle-treated controls (C). Scale bar represents 1 mm.

(D) In Mthfr*’* embryos, ethionine treatment resulted in a significant increase in relative abundance of THF. Both ethionine and cycloleucine caused a decrease in

relative abundance of 5-methyl THF compared with controls (*p < 0.01, ANOVA).

(E) In cultured Mthfr~/~embryos, abundance of folate intermediates was not significantly affected by ethionine or cycloleucine, and, as in non-cultured embryos,
the relative abundance of THF and 5-methyl THF differed from Mthfr*’* embryos (compare with D, p < 0.001, two-way ANOVA).

In (D) and (E), n = 3-5 samples per genotype for each treatment

be unilateral and resembled anophthalmia or microphthalmia
(Figures 4J and 4K).

Glycine Cleavage Provides 1C Units in Folate
Metabolism and Contributes to De Novo Purine
Biosynthesis
The lower abundance of 1C-carrying folates and rescue of NTDs
by formate in Gldc-deficient embryos led us to hypothesize that
NTDs caused by GCS disruption result from a diminished supply
of glycine-derived 1C units to FOCM. On the other hand, whether
there is a requirement for glycine as a 1C donor is questioned by
metabolic labeling in cancer cell lines, which found that glycine
cleavage does not contribute 1C units for nucleotide biosyn-
thesis (Jain et al., 2012; Labuschagne et al., 2014; Fan et al.,
2014). Instead, excess glycine led to SHMT-mediated conver-
sion of glycine to serine and inhibition of proliferation, presum-
ably because of depletion of 1C units that are required for nucle-
otide biosynthesis (Fan et al., 2014; Labuschagne et al., 2014).
Metabolic labeling in humans and in fetal lambs shows bidirec-
tional interconversion of serine and glycine (Kalhan and Hanson,
2012; Lamers et al., 2007). In contrast to cancer cell lines, infu-
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sion of ['3C,] glycine in adult humans indicated that glycine
can contribute to serine synthesis via the “reverse” SHMT-medi-
ated reaction, not only directly (as an intact molecule) but also as
a 1C donor (via 5,10-methylene THF) following glycine cleavage
(Kalhan and Hanson, 2012; Lamers et al., 2007, 2009). Although
this whole-body flux analysis confirmed that GCS activity pro-
vides 1C units for generation of 5,10-methylene THF, the majority
of this is utilized in serine synthesis as opposed to other FOCM
outputs (Lamers et al., 2009).

In embryos, including at neurulation stages, it has not yet been
determined whether GCS activity contributes to production of
1C units for cytosolic functions of FOCM, including nucleotide
biosynthesis. Given the known tissue heterogeneity in the regu-
lation of FOCM (Brosnan et al., 2015; Ducker and Rabinowitz,
2017), we further investigated this question by labeling embryos
with [1,2-'3C] glycine or [1,2-'2C] glycine in whole-embryo
culture for a period of 24 hr from E9.5 (Figure 5A). Tissue
extracts (n = 5 per genotype for each treatment) were analyzed
by LC-MS.

Wild-type and Gldc-deficient (Gldc®" /™) embryos exhibited
uptake of labeled glycine (M+2, mass of unlabeled glycine + 2)



2-GT2/GT2 ¢
.
N

A o  ++|B

Figure 4. Loss of Function of the GCS Causes Neural Tube Defects
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(A-E) Cranial neural tube closure is complete in a Gldc*"* embryo at E10.5 (A), whereas, in Gldc®?/%7? embryos (B-E), the neural folds remain open (region
between arrows) in the mid-hindbrain (B), fore-hindbrain (C), or throughout the entire mid-hindbrain and spinal region (craniorachischisis [Crn], D and E).
(F-H) At later stages (F-H, E15.5), failed closure in the brain, low spine, or entire brain and spine leads to the typical appearance of exencephaly (Ex, F and G),

spina bifida (SB, G), and Crn (H), respectively (scale bars represent 1 mm).

(I-K) Among litters examined at E16.5-18.5, unilateral (J and J’) or bilateral (K and K’) eye defects were frequently observed among Gldc mutant fetuses but not in

the wild-type (I and I).
(L) Maternal formate supplementation prevents NTDs in Gldc
(M) Frequency of NTDs among litters from Gldc®72*

GT2/GT2

embryos (n = 10 untreated, 9 formate-treated; *p < 0.02, Fisher’s exact test).
intercrosses (n = 38 litters analyzed).

Data for eye defects are included for a subset of litters analyzed at E14.5-16.5. See also Table S3.

from the culture medium (rat serum). As a proportion of total
glycine, the maximum enrichment of labeled glycine was
approximately 10% (Figure 5C). Gldc-deficient embryos con-
tained a greater quantity of glycine, as shown by ion abundance
(Figure 5B), as predicted by their lack of GCS activity (p <0.001, t
test). Some labeled glycine was converted to serine in both wild-
type and Gldc-deficient embryos, showing that the Shmt1 and/
or Shmt2 reaction is reversible in the embryo (Figure 5C). In
addition to the M+2 isotopomer, a fraction of serine was the
M+1 isotopomer in wild-type embryos but not in Gldc®T"/¢™2
mutants (Figure 5C). This labeling results from transfer of a
glycine-derived 1C unit from 5,10-methylene THF and confirms
the activity of the GCS. Arguing against a significant reversal of

the Shmt1/2 reaction toward serine production, because of
excess glycine in embryos lacking GCS activity, the ion
abundance of labeled serine was not elevated in Gldc-deficient
embryos (Figure 5B). Instead, the levels showed a trend toward
reduction (p = 0.054), suggesting that demand for serine asa 1C
donor may be increased. Similarly, in non-cultured embryos, the
elevated concentration of tissue glycine observed in Gldc®T"/GT
embryos was not accompanied by an increase in total tissue
serine content (Table S4).

M+1 labeling of serine in wild-type but not in Gldc-deficient
embryos demonstrates that glycine cleavage contributes 1C
units to FOCM, at least as far as 5,10-methylene THF in the mito-
chondria. It remained possible that all glycine-derived 1C units
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Figure 5. Glycine Is a 1C Donor in Neurulation-Stage Embryos

(A) Labeling with [1,2-'3C] glycine was performed in whole-embryo culture with the yolk sac intact until E10.5 (typical stage of embryos after culture is shown; the

GT1/GT2

arrow indicates cranial NTD in a Gldc embryo).

(B) The ion abundance of labeled glycine was elevated in Gldc-null embryos compared with wild-types (n = 5 embryos per genotype).

(C-E) Fractional incorporation of labeled glycine was approximately 10% of total (C). Glycine was incorporated intact into serine (C) and purines (D and E), in which
it contributes C4 and C5. In wild-type embryos, M+1 labeling of serine and purines (at C2 or C8) was also detected, implying GCS-mediated cleavage of glycine to
generate 5,10-methylene THF and transfer of the 1C unit (indicated in red) via formate to formyl-THF in the cytoplasm (E). No M+1 or M+3 labeling of serine or

purines was detected in Gldc-null embryos.

remain within mitochondrial FOCM, either in serine synthesis or
through complete oxidation, in which 10-formyl THF is converted
to CO, and THF, via activity of mitochondrial 10-formyl THF de-
hydrogenase (ALDH1L2) (Krupenko et al., 2010). We therefore
asked whether labeled glycine was utilized in de novo purine
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synthesis (Figure 5D). Intact glycine contributes C4, C5, and
N7 of the purine ring in formation of the intermediate glycinamide
ribonucleotide (GAR), catalyzed by Gart. In addition, C2 and
C8 are contributed by 10-formyl THF (Figure 5E). Hence,
purine nucleotide M+2 isotopomers can be generated from



A Cross: Gldc+/-; Mthfr+/- X Gldc+/-; Mthfr+/- C 200
Genotype Gldc™”* Gldc"™" Gl 150 T
Mthfr”* Mthfr" Mthfr” |Mthfr”* Mthfr”" Mthfr” | Mthfr”* Mthfr"”" Mthfr”" ;
Embryos (n) | 20 45 22 | 48 145 66 20 47 24 100
NTDs (%) 0 0 0 |2(2%) 2(1%) 0(0%) |8 (40%) 11(23%)2 (8%)* -
0
B 100 40 %
C— Gldc+/+;Mthfr +/+ - # T % "
s ZZ2 Gldc+/+;Mthfr -/- 5 30
& go) =2 Gldc-/-Mthfr+/+ T
% ZZ4 Gldc-/-;Mthfr-/- mzo
s !
g 60 é 10
[e]
= ARININ T
s ¥ I40
8
2 . 20
= 204
. * 3‘;20
*% # *
10 N " "
Al = S Ll NI |
0 I.H T nl T T n == I'-'
A A A A T
Qé‘ & {\é‘ & & & | menfr | mehee 7 e
SN & & [Gldc +/+ | [Glde +/-]

Figure 6. Prevention of Gldc-Associated NTDs by Mthfr Loss of Function
(A) The frequency of NTDs among Gldc homozygous mutants is significantly affected by Mthfr genotype (different from Mthfr*’*, *p < 0.05 Fisher’s exact test).

(B) Among embryos carrying loss-of-function alleles of Gldc and Mthfr (n = 4-7 samples per genotype at E11.5), we observed significant variation between
genotypes in the relative abundance of each folate (p < 0001, ANOVA; Holm-Sidak pairwise comparison: ** indicates difference to all other genotypes, * bars do

not differ from each other but significantly differ from all other genotypes; # indicates significant difference with Gldc genotype in Mthfr*/*

embryos).

(C) Abundance of SAH was significantly increased and the SAM/SAH ratio decreased in all Mthfr'~embryos compared with other Mthfr genotypes, irrespective

of Gldc genotype (*p < 0.01, ANOVA).

incorporation of intact [1,2-'3C] glycine. We detected M+2
purines, including AMP, ADP, ATP, guanine, guanosine mono-
phosphate (GMP), and guanosine diphosphate (GDP), in both
Gldc™* and GIdc®"""6™ embryos (Figure 5D). M+1 and M+3
isotopomers, which can only be generated by provision of
glycine-derived 1C units via 5,10-methylene THF and formate,
were detected in wild-type embryos, demonstrating contribution
of the GCS to de novo purine synthesis. We assume that
the abundance of M+4 isotopomers, if formed, was below the
level of detection. Notably, no M+1 or M+3 purine nucleotides
were present in Gldc®""/42 embryos. In summary, Gldc-defi-
cient embryos can incorporate intact glycine into the purine
ring but cannot contribute glycine-derived 1C units to purine
synthesis.

Mthfr Activity or Methionine Treatment Modifies the
Frequency of NTDs Caused by Abnormal Folate
Metabolism

In humans, the rs1801133 SNP (C677T) in MTHFR is associated
with increased risk of NTDs in some populations (Botto and

Yang, 2000), and functional mutations in GLDC have been iden-
tified in NTD patients (Narisawa et al., 2012). We therefore gener-
ated compound heterozygous Mthfr*’~; Gldc*’¢™® mice to
examine the effects of simultaneously reducing function in
both genes. Two contrasting outcomes were considered.
Because methionine cycle inhibitors cause NTDs, and the
SAM/SAH ratio is lower in Mthfr-null embryos, it appeared
possible that combined loss of Mthfr and GCS activity could
have an additive, deleterious effect on neural tube closure. Alter-
natively, we reasoned that, if insufficiency of 1C units within the
folate cycle is the cause of Gldc-related NTDs, then prevention of
1C transfer to the methionine cycle via Mthfr could have an
ameliorating effect. The double heterozygous mice were viable
and were intercrossed to generate experimental litters. As in pre-
vious crosses, Mthfr~'~; Gldc*+ embryos did not develop NTDs,
whereas Mthfr*’*; Gldc®™G™ embryos displayed a high fre-
quency of cranial NTDs. Remarkably, we observed a protective
effect of the Mthfr-null allele among Gldc®"?/6™2 embryos, with
a significant reduction in NTD frequency among compound null
embryos (Figure 6A). Similarly, although infrequent NTDs were
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Figure 7. Methionine Supplementation of G/dc-Deficient Embryos Is
Associated with Normalization of the Folate Profile and Prevention
of NTDs

(A) Compared with controls (n = 20 litters), maternal supplementation with
methionine from E7.5 (n = 12 litters) resulted in a lower frequency of NTDs
among homozygous mutant embryos (significant difference from controls; *p <
0.05, Fisher’s exact test).

(B) Folate profile of embryos collected at E10.5 following maternal methionine
treatment (n = 3-6 embryos per group). Significant differences in relative
abundance between genotypes and/or treatment were noted for THF,
5-methyl THF, and formyl THF (p < 0.001, two-way ANOVA; *, significant dif-
ference from other genotypes within treatment group; **, significant effect of
methionine treatment within the same genotype).

observed among Gldc®™?* heterozygotes, they did not arise in
Mthfr ~'~; Gldc®™* embryos.

LC-MS/MS-based folate profiling of the Gldc/Mthfr com-
pound mutant embryos at E11.5 showed significant variation be-
tween genotypes in the relative abundance of each folate (Fig-
ure 6B). This was largely driven by the Mthfr genotype in that
the Mthfr’/~ embryos differed from Mthfr”’* in abundance of
every folate, irrespective of Gldc genotype (Figure 6B). Hence,
the abundance of 5-methyl THF was significantly diminished in
Mthfr-null embryos, and the relative abundance of the other
folates, including formyl-THF and THF, was correspondingly
increased in Mthfr~'=; Gldc®?%™ compared with Mthfr*’*;
Gldc®™CT2 embryos. Loss of function of Gldc caused an
additional increase in dihydrofolate (DHF) and a decrease
in methylene-THF in double-mutant Mthfr/=; Gldc®™?¢72

)
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embryos compared with Mthfr’=; Gldc*’* (Figure 6B; bars
marked ** differ from all other genotypes). In the presence of
wild-type Mthfr, loss of function of Gldc conferred an increase
in abundance of DHF and THF and a reduction in 5-methyl
THF, as observed in Gldc®T’ embryos (Pai et al., 2015).

Quantification of embryonic tissue SAM showed no effect of
GlIdc or Mthfr genotype, whereas SAH abundance was signifi-
cantly increased in the absence of Mthfr but not Gldc (Figure 6C).
Hence, preventing transfer of 1C units from the folate cycle to the
methionine cycle prevents NTDs in Gldc-deficient embryos.

We asked whether loss of Mthfr activity also modifies suscep-
tibility to NTDs induced by pharmacological disruption of the
folate cycle. Maternal treatment with methotrexate, an inhibitor
of dihydrofolate reductase (Dhfr) is reported to induce NTDs
(Zhao et al., 2013). However, using similar doses, we did not
observe NTDs in embryos of any genotype among litters gener-
ated by intercrossing of Mthfr*’~ mice (Table S5). As an alterna-
tive approach, we tested the effect of maternal treatment with
5-fluorouracil, a thymidylate synthase inhibitor. Single doses of
28 or 40 mg/kg at E8.5 resulted in embryonic death (resorption)
or severe retardation of growth and development, so cranial neu-
ral tube closure could not be assessed. Among 22 litters (165
embryos) treated with a lower dose of 5-fluorouracil (12.5
or 20 mg/kg), NTDs were observed at low frequency (Table S5;
Figure S2). Compared with Mthfr*’* embryos (11.6% NTDs),
we noted a trend toward a lower frequency of NTDs among litter-
mates carrying one (Mthfr”~; 5.0% NTDs) or two (Mthfr /=
2.9%) null alleles (Table S5).

Finally, because the Mthfr/Gldc mice (above) were not fully
congenic, we further tested whether modulation of the methio-
nine cycle affects neural tube closure in Gldc-deficient embryos
even though there is no apparent deficit of methionine cycle me-
tabolites. We predicted that provision of supplemental methio-
nine may alter partitioning of 1C units from the folate cycle, as
in Mthfr-null embryos. Litters were generated by intercrossing
of Gldc®™"* and GIldc®™* mice and treated by maternal supple-
mentation with methionine (70 mg/kg, n = 20 control and
12 methionine litters). Notably, we observed a significantly
lower frequency of cranial NTDs among methionine-treated
Gldc®T"E72 embryos compared with controls (Figure 7A). Methi-
onine treatment appeared to normalize the folate profile of Gldc-
deficient embryos. In control litters, Gldc®T/¢72 embryos exhibit
a higher relative abundance of THF and a decreased relative
abundance of 5-methyl THF at E10.5 compared with Gldc™* lit-
termates. The magnitude of these abnormalities was diminished
in methionine-treated embryos (Figure 7B). Notably, the relative
abundance of formyl THF was extremely low in untreated Gldc-
deficient embryos but was increased by methionine treatment
(Figure 7B). These findings are consistent with the hypothesis
that supplemental methionine “spares” folate-derived 1C units
that are retained in the folate cycle and support functions that
are essential for neural tube closure.

DISCUSSION

Folate status is associated with risk of NTDs in human clinical tri-
als and population studies (Blom et al., 2006; Copp et al., 2013;
Crider et al., 2011). The link between the folate cycle and



methionine cycle in FOCM has led to the hypothesis of a mech-
anistic sequence from disruption of folate-dependent reactions
to impaired methylation and consequent failure of neural tube
closure. This model is widely cited but appears to be an over-
simplification. Our findings suggest that regulation of the parti-
tioning of 1C units between mitochondrial FOCM, the folate cy-
cle, and flux through the methionine cycle is required for neural
tube closure.

Although inhibitor studies need careful interpretation, for po-
tential non-specific effects, they provide experimental evidence
that methionine cycle function is essential for neural tube
closure in mice (Dunlevy et al., 2006; this study), chicks (Afman
et al., 2005) and Xenopus (Toriyama et al., 2017). Plausible
mechanisms that may underlie NTDs include diminished
methylation of genomic DNA (Okano et al., 1999), proteins
(Moephuli et al., 1997; Toriyama et al., 2017), or other mole-
cules. Nevertheless, analysis of Mthfr-null embryos shows
that generation of 5-methyl THF within the neurulation stage
embryo is not essential for maintenance of SAM abundance
or for neural tube closure. Moreover, concomitant loss of
both maternal and embryonic Mthfr activity does not cause
NTDs. These observations suggest that, despite a significant
reduction in the SAM/SAH ratio, the availability of SAM for
methylation is adequate to meet demand during neurulation
(despite post-natal abnormalities). Similarly, dietary folate defi-
ciency causes a reduction in the SAM/SAH ratio without
causing NTDs in wild-type embryos (Burren et al., 2008). These
observations suggest that maternal methionine intake and/or
use of choline and betaine as sources of 1C groups for methyl-
ation of homocysteine by betaine-homocysteine methyltrans-
ferase (Bhmt) is sufficient to meet the demand for methionine
in the neurulating embryo (for production of SAM and for pro-
tein synthesis). In fact, both may play a role. We found that
SAH is elevated in Mthfr-null embryos (suggesting a limit on ho-
mocysteine remethylation by Bhmt), whereas SAM is dimin-
ished in Mthfr-null tissues at 3 weeks of age (suggesting that
dietary methionine is insufficient to meet the demand, at
least post-natally). Interestingly, lowering of SAM levels in
mouse blastocysts requires concomitant suppression of both
the folate cycle and Bhmt expression (Zhang et al., 2015).
The reduction in plasma betaine levels in Mthfr-null adult
mice suggests increased used of the choline-betaine-depen-
dent pathway for methylation reactions (Schwahn et al., 2003).

How do findings in mice relate to human NTDs? Although eval-
uation of the effect of maternal folate status on DNA methylation
within the neurulation stage human embryo is practically difficult,
associations have been observed in analysis of cord blood (Jou-
bert et al., 2016). Notably however, the majority of reported
studies show a negative association, arguing against a general-
ized methylation-promoting effect of folic acid. Whether specific
genomic loci or other targets, such as proteins or RNA, are tar-
geted remains to be determined. Human studies of association
of blood choline levels with NTDs have been inconsistent, sug-
gesting that, if an effect is present, then it is unlikely to be strong
(Mills et al., 2014). Interestingly however, association with NTDs
has been noted for polymorphisms in PEMT, encoding phospha-
tidylethanolamine N-methyltransferase, which mediates phos-
phatidylcholine biosynthesis (Zhang et al., 2006; Mills et al.,

2014). Moreover, use of choline as a methyl donor in production
of phosphatidylcholine appears to be favored in individuals car-
rying the rs1801133 polymorphism in MTHFR (Yan et al., 2011). It
is possible that the potential association of choline status with
NTDs needs to be analyzed in the context of genotype for both
MTHFR and PEMT.

Although transfer of 1C units from the folate cycle to the methi-
onine cycle in embryonic or maternal FOCM appears to be
dispensable for neural tube closure in mice, we find that gener-
ation of 1C units in mitochondrial FOCM is essential. Hence,
NTDs caused by loss of function of the GCS result from lack of
1C transfer to THF, with consequent suppression of 5,10-meth-
ylene THF synthesis and subsequent 1C-dependent reactions.
This model is consistent with prevention of NTDs by formate,
which occurs even though elevated glycine is still present in
formate-treated embryos (Pai et al., 2015). The consequence
of GCS disruption in the embryo therefore differs from effects
of elevated glycine in some cancer cell lines, where elevated
glycine reverses Shmt-mediated reactions and inhibits prolifera-
tion (Labuschagne et al., 2014) or even has toxic effects (Kim
et al., 2015).

Isotope labeling demonstrated that glycine contributes to de
novo purine synthesis both by direct incorporation into the purine
ring and via donation of 1C groups via 10-formyl THF. The
dependence on two 10-formyl THF units may confer particular
sensitivity of purine biosynthesis to impaired glycine cleavage
compared with thymidylate biosynthesis, which requires only
one 1C group.

Having established that GCS-derived 1C units contribute to
cytoplasmic FOCM in the embryo, we found no effect of Gldc
deficiency on the abundance of SAM, SAH, or the SAM/SAH ra-
tio, suggesting that Gldc-related NTDS are unlikely to result from
impaired methionine cycle activity. This conclusion is consistent
with the lack of NTDs in Mthfr/~ embryos even though SAH con-
centration is elevated, although SAM-mediated methylation is
limiting for neural tube closure based on the evidence from use
of methylation cycle inhibitors. On the other hand, the striking ef-
fect of Mthfr loss of function in preventing NTDs in Gldc-null em-
bryos suggests that retention of 1C units within the folate cycle,
at the expense of the methionine cycle, ameliorates the dimin-
ished supply from glycine cleavage. These findings suggest a
crucial requirement for the folate cycle and/or mitochondrial
FOCM in neural tube closure; key outputs likely include nucleo-
tide biosynthesis as well as potentially other outputs of these cy-
cles. The protective effect of Mthfr ablation is also consistent
with the protective effect of methionine in Gldc-null embryos
(this study) and in Amt~~ embryos (Narisawa et al., 2012). We
hypothesize that addition of methionine spares 1C units from
transfer to the methionine cycle. In both Mthfr-null and methio-
nine-treated embryos, prevention of NTDs correlates with an in-
crease in relative abundance of 10-formyl THF.

The protective effect of Mthfr loss of function in a mouse
mutant with NTDs could be considered counterintuitive in the
context that the rs1801133 (C677T) polymorphism is an estab-
lished risk factor for NTD (Botto and Yang, 2000; Blom et al.,
2006; Greene et al., 2009). However, this polymorphism is asso-
ciated with lower plasma and red blood cell folate levels (Crider
etal., 2011; Tsang et al., 2015). Our findings are consistent with
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the hypothesis that the NTD risk association of MTHFR is medi-
ated through the effect on blood folate status (Stover et al., 2015)
rather than an effect on enzymatic activity leading to diminished
methylation.

EXPERIMENTAL PROCEDURES

Mice

Mthfr-null mice were described previously (Chen et al., 2001). To generate
Mthfr-null dams for experimental matings, early lethality was prevented by
maternal supplementation with betaine until weaning (Schwahn et al., 2004).
Gldc-deficient mice (denoted Gldc®"") were described previously (Pai et al.,
2015). An additional line of Gldc-deficient mice (denoted Gldc®7?) was gener-
ated using an embryonic stem cell line obtained from the North American Con-
ditional Mouse Mutagenesis (NorCOMM) project. Animal studies were carried
out under the regulations of the Animals (Scientific Procedures) Act 1986 of the
United Kingdom Government and in accordance with the guidance issued by
the Medical Research Council, United Kingdom in Responsibility in the Use of
Animals for Medical Research (July 1993).

Litters were generated by timed matings in which mice (used from 7 weeks
of age) were paired overnight, and the day of finding a copulation plug was
designated E0.5. Whole-embryo culture was performed as described previ-
ously (Dunlevy et al., 2006; Pryor et al., 2012). Mice and embryos were geno-
typed by PCR of genomic DNA.

Quantification of FOCM Intermediates by Mass Spectrometry
Analysis of multiple folates was performed by ultra-performance LC (UPLC)-
MS/MS as described previously (Pai et al., 2015). Folates were measured by
multiple reaction monitoring (MRM) with optimized cone voltage and collision
energy for precursor and product ions as described previously (Leung et al.,
2013; Pai et al., 2015). SAM and SAH were quantified by LC-MS/MS as
described previously (Burren et al., 2006) with minor modifications. Cytosine
5-methylation of DNA was analyzed by LC mass spectrometry using a method
that is insensitive to co-occurring RNA methylation (Capuano et al., 2014). See
the Supplemental Experimental Procedures for details.

Stable Isotope Tracing of [1,2-'3C] Glycine

Embryo extracts were analyzed by LC-MS as described previously (Chen
et al., 2012; Ismailoglu et al., 2014). We applied an in-house untargeted
stable isotope tracing (USIT) workflow in which labeled metabolites were
identified on the basis of differential abundance in embryos cultured in
[1,2-'3C] glycine compared with [1,2-'2C] glycine-supplemented serum.
Selected metabolites were identified on the basis of previously curated
isotopologues.

Statistical Analysis

Quantitative data (e.g., metabolite abundance) was analyzed by t test (two
groups) or ANOVA (three or more groups) with Holm-Sidak pairwise compar-
ison for post hoc analysis. Prior to application of these methods, data were
checked for normal distribution. Analysis of the frequency of Gldc mutant em-
bryos that exhibited NTDs in different treatment groups or by Mthfr genotype
was performed by Fisher’s exact test. Statistical analysis was performed using
Sigmastat (v3.5, Systat Software).
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