L v o

SOURCE TRANSPARENT OPEN

Artic,e DATA PROCESS ACCESS

EMBO

reports

Nutritional and metabolic control of germ cell fate

through O-GIcNAc regulation
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Abstract

Fate determination of primordial germ cells (PGCs) is regulated in
a multi-layered manner, involving signaling pathways, epigenetic
mechanisms, and transcriptional control. Chemical modification of
macromolecules, including epigenetics, is expected to be closely
related with metabolic mechanisms but the detailed molecular
machinery linking these two layers remains poorly understood.
Here, we show that the hexosamine biosynthetic pathway controls
PGC fate determination via O-linked p-N-acetylglucosamine
(O-GIcNAc) modification. Consistent with this model, reduction of
carbohydrate metabolism via a maternal ketogenic diet that
decreases O-GlcNAcylation levels causes repression of PGC forma-
tion in vivo. Moreover, maternal ketogenic diet intake until mid-
gestation affects the number of ovarian germ cells in newborn
pups. Taken together, we show that nutritional and metabolic
mechanisms play a previously unappreciated role in PGC fate
determination.
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Introduction

In mice, primordial germ cells (PGCs), the precursors of both sper-
matozoa and oocytes, are determined from pluripotent epiblast cells
at approximately embryonic day (E) 6.5 (Ginsburg et al, 1990;
Saitou & Yamaji, 2012). Several signaling pathways and transcrip-
tional regulators involved in this process have been identified. For
instance, bone morphogenetic protein (BMP) 4 and the Wingless/
Integrated (WNT) 3 signals result in increased levels of the
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transcripts of B lymphocyte-induced maturation protein 1 (Blimpl/
Prdm1) and Prdmi4, two genes encoding PR/SET histone methyl-
transferase domain-containing transcriptional regulators essential
for PGC formation (Lawson et al, 1999; Ohinata et al, 2009; Aramaki
et al, 2013). PGC fate determination also is accompanied by epige-
netic remodeling, including large-scale reorganization of chromatin
signatures like histone H3 lysine 4 tri-methylation (H3K4me3),
H3K27me3, H3K9 di-methylation (H3K9me2), and demethylation of
5-methylcytosine (5mC) (Seki et al, 2005; Seisenberger et al, 2012;
Kurimoto et al, 2015). In addition, multiple epigenetic factors are
required for the induction of PGC-like cells (PGCLCs) (Mochizuki
et al, 2018a, 2018b).

Intriguingly, chemical modification of macromolecules (including
epigenetic modification of histones and DNA) and metabolic regula-
tion are thought to be closely related (Hayashi & Matsui, 2022;
Matsui & Hayashi, 2022), but reports describing metabolic control of
PGC fate determination is limited. We previously performed inte-
grated metabolomic and proteomic analyses of PGCs (Hayashi
et al, 2017, 2020; Tanaka et al, 2021), and found that sequential
conversion of the major energy metabolic pathway from glycolysis
to oxidative phosphorylation (OXPHOS) occurs during PGC differen-
tiation and that this conversion plays an important role in repro-
gramming, survival, and induction of PGCs from pluripotent stem
cells. In addition, a more recent study reported that an intermediate
metabolite involved in the tricarboxylic acid (TCA) cycle, alpha-
ketoglutarate (a-KG), plays a role in PGC fate determination via
preservation of low H3K9me2 and high H3K27me3 in epiblast like
cells (EpiLCs) (Tischler et al, 2019). These studies therefore suggest
the importance of a crosstalk between the regulation of modification
and metabolism in PGC formation.

Of note, nutritional conditions in the culture medium and in the
gestational mother are known to affect the modification status of
macromolecules in fetal germ cell formation and differentiation
(Nassan et al, 2018; Verdikt & Allard, 2021). In human PGCLCs (Irie
et al, 2015), vitamin C supplementation enhances the activities of
Jumonji (Jmj) C histone demethylases and Ten-eleven translocation
(TET) proteins (Lee Chong et al, 2019), in turn increasing the levels
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of 5-hydroxymethylcytosine (5hmC) that facilitates the expression
of key genes involved in early germ cell development (Li
et al, 2019). Consistent with this notion, maternal vitamin C defi-
ciency leads to defects in DNA demethylation through reduced TET1
activity and impaired development of fetal germ cells, resulting in
reduced fecundity in adult offspring (DiTroia et al, 2019). Although
these findings suggest that the maternal nutritional state affects the
differentiation of fetal germ cells, no reports to our knowledge has
yet clearly shown the contribution of maternal nutrition and its rela-
tion with metabolic control for PGC specification.

Related to the nutritional and metabolic regulation of germ cell
fate, we have previously demonstrated that glucose depletion or inhi-
bition of glucose metabolism represses PGCLC formation (Hayashi
et al, 2017), indicating an important role of carbohydrates and their
metabolism in germ cell fate determination. However, the down-
stream metabolic pathway that utilize glucose to regulate PGC specifi-
cation remains unclear. Extending our previous findings, in the
present study, we elucidate that the hexosamine biosynthetic pathway
(HBP), a branched metabolic pathway of glycolysis involved in pro-
duction of uridine diphosphate N-acetylglucosamine (UDP-GlcNAc)
(Fig 1A), is responsible metabolic pathway for the glucose-mediated
PGC specification. UDP-GIcNAc-based protein O-linked f-N-
acetylglucosaminylation (O-GlcNAcylation) functions as a nutrient
sensor in cells and regulates various cellular processes including cell
signaling, transcription, and epigenetic regulation via posttransla-
tional modification of proteins (Wells et al, 2001). Based on the idea,
we reveal a link between maternal nutrition, carbohydrate metabo-
lism, and protein O-GlcNAcylation for PGC specification.

Results and Discussion
Effects of glycolytic inhibition on gene expression in PGCLCs

We previously observed that glucose depletion affects PGC specifi-
cation (Hayashi et al, 2017). In the present study, we found that glu-
cose depletion causes changes in the expression of Blimpl-mVenus
(BV: expressing a membrane-targeted Venus (mVenus) protein
under the control of the BlimpI regulatory element) and representa-
tive markers of PGC specification, pluripotency, and mesodermal
cells in cell aggregates 2 days after induction of PGCLCs (Fig 1B)
(Hayashi et al, 2011). Notably, genes involved in WNT3 signaling
pathways and downstream targets of WNT3 and BMP4 for PGC
specification (Wnt3, T, Blimp1, and Homeobox b1 (Hoxb1)) showed
decreased transcription, whereas the pluripotent marker SRY (sex
determining region Y)-box 2 (Sox2) showed increased transcription
upon glucose depletion. The same patterns were seen upon glyco-
lytic inhibition induced by the addition of 2-deoxy-glucose (2DG), a
non-metabolizable glucose analog (Fig 1C) except for Stella. The
expression of Stella, a pluripotency and germ cell-related genes, was
unchanged in glucose-depleted condition and up-regulated in
2DG-mediated glycolysis inhibition, indicating the ambiguous rela-
tionship between its expression and the glucose metabolism. RNA-
sequencing (RNA-seq) analysis of PGCLC-containing aggregates at
day 2 of growth in culture medium with or without glucose also con-
firmed the tendency of the gene expression changes (Fig EV1A-C).
Metascape analysis revealed that genes with reduced transcription
after glucose deprivation were involved in WNT signaling pathway,
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blood vessel development, tissue morphogenesis and pattern specifi-
cation (Fig EV1B; Dataset EV1). Upregulated genes were enriched
for terms associated with signaling pathways regulating pluripo-
tency (Fig EV1C; Dataset EV1). Glucose and related metabolic path-
ways, therefore, play an important role in maintaining correct gene
expression pattern for PGC specification.

Glycolysis-related metabolic pathways responsible for
PGCLC specification

We next performed a screening of glycolysis-related metabolic path-
ways to find candidates responsible for PGCLC specification. Among
these metabolic pathways (Fig EV2A), inhibition of serine metabo-
lism using the compound CBR-5844 severely decreased BV expres-
sion at day 2 (Fig EV2B). In the presence of CBR-5844, the levels of
the transcripts of examined PGC specification-related genes
decreased at day 2 (Fig EV2C), although the observed pattern was
distinct from the changes following glucose depletion (Fig 1B).
These results suggested that glucose depletion primarily influences
pathways downstream to glycolysis other than serine metabolism
(Hayashi et al, 2017). Inhibition of glutamine metabolism (using
bis-2-(5-phenylacetamido-1, 2, 4-thiadiazol-2-yl) ethyl sulfide 3,
BPTES) resulted in gene expression changes similar to those after
glucose depletion, although in a weaker level. This suggested a
potential relationship between glutamine metabolism and glucose
usage in PGCLCs. Inhibition of fatty acid oxidation (using etomoxir),
pyruvate uptake into mitochondria (using UK-5099), the pentose
phosphate pathway (using dehydroepiandrosterone, DHEA), or lac-
tate synthesis (using NHI-2) did not significantly alter gene expres-
sion nor BV accumulation (Fig EV2A-C). On the other hand,
inhibition of glutamine fructose-6-phosphate transaminase 1
(GFPT1), the first and rate-limiting enzyme of HBP, by azaserine
(AzaS) resulted in decreased BV levels and gene expression changes
similar to inhibition of glycolysis (Fig 1A and D). Taken together,
these results indicated that the HBP pathway, downstream of glycol-
ysis, could be responsible for activating the appropriate transcrip-
tional program for PGC specification.

The final product of HBP, UDP-GIcNAg, is used as a substrate for
the O-GlcNAc modification of various proteins. O-GlcNAc transfer-
ase (OGT) and O-GlcNAcase (OGA) catalyze the addition and
removal of O-GlcNAc, respectively (Fig 1A). Exposure of PGCLCs to
OSMI-1, a specific inhibitor of OGT, resulted in changes of gene
expression similar to those observed by the inhibition of glycolysis
or of HBP (Fig 1E). Therefore, we next investigated whether the
inhibition of glycolysis during PGCLC induction causes a change in
O-GlcNAcylation; specifically, we performed immunostaining of
day-2 aggregates containing PGCLCs following exposure to 2DG
(Fig 1F). Although the level of OGT staining was decreased only
nominally by inhibition of glycolysis, O-GlcNAcylation levels signifi-
cantly decreased under this condition (Fig 1G). These results
suggested that O-GlcNAcylation of proteins plays an important role
in maintaining the appropriate transcriptional program in PGCLCs.

0-GlcNAcylation mediates transcriptomic changes in PGCLCs
To clarify the effect of O-GlcNAcylation on transcriptional regulation

in PGC specification, we performed RNA-seq analysis in PGCLC-
containing aggregates grown in culture medium supplemented with

© 2023 The Authors
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OSMI-1 (Fig EV3A). Downregulated transcripts were enriched in
terms related to early development, while upregulated transcripts
were enriched in pluripotency-related terms (Fig EV3B and C;
Dataset EV2), consistent with the results obtained under glucose
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deprivation (Fig EV1B and C). Moreover, the related terms also were
enriched for the differentially expressed genes (DEGs) shared
between the conditions of OGT inhibition and glucose deprivation
(Fig EV3D and E). Transcripts downregulated under both conditions
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Figure 1. Roles of hexosamine biosynthetic pathway and O-GlcNAcylation in PGCLC induction.

A A schematic diagram of hexosamine biosynthetic pathway (HBP) and O-linked B-N-acetylglucosaminylation (O-GlcNAcylation) of proteins. Red indicates drugs used

in this study.

B Effect of glucose depletion on BV fluorescence (left), and gene expression (right) in the PGCLC-containing aggregates at day 2.
C Effect of glycolytic inhibition by 2-deoxy-glucose (2DG) on gene expression. Values are plotted as mean =+ SE of three independent experiments.
D, E Effect of HBP inhibition by azaserine (D), and O-GIcNAc inhibition by an OGT inhibitor, OSMI-1 (E) on BV fluorescence (left) and gene expression (right) in the

PGCLC-containing aggregates at Day 2.

F, G Effect of a glycolytic inhibitor, 2-deoxy glucose (2DG) on the expression of OGT and O-GlcNAcylation in the PGCLC-containing aggregates at Day 2 examined by
immunostaining (F). PGCLC induced without cytokines (Cyto™) is also shown. Rectangular areas shown in the DAPI images correspond to the enlarged images in
the insets. Quantification of relative signal intensities of OGT and O-GlcNAcylation (G) of each cell in aggregates compared with cells in the control aggregates (total

40 cells from three biological replicates).

Data information: Values are plotted as mean =+ SE of three (B, C, D, G), and four (E) independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001 (Student’s t-test (B, C,
D, E) or one-way ANOVA (G)). P < 0.1 is also indicated by actual values to show difference tendency. Scale bar: 100 pum (B, D, E), 50 and 25 um (insets) (F). See also

Figs EV1-EV3.
Source data are available online for this figure.

were associated with development, including Wnt- and Hox-related
genes (Fig EV3D; Dataset EV3). Transcripts upregulated under both
conditions were associated with genes related to pluripotency, such
as Sox2 and Kruppel-like factor 4 (KIf4) (Fig EV3E; Dataset EV3), as
observed by RT-qPCR (Fig 1E). Regulation of O-GlcNAcylation
through glucose metabolism, therefore, regulates genes crucial for
PGC specification.

We further checked the effects of manipulation of Ogt and Oga
(also known as Mgea5) expression to confirm that the reduction in
PGCLC induction is due to changes in O-GlcNAcylation rather than
a side effect of OSMI-1. Ogt knockdown (KD) using small interfering
RNAs (siRNAs) resulted in a slight decrease in BV expression and
decreased expression of Blimpl and T genes compared to their
expression with AllStars (AS) negative control siRNA (Fig EV3F and G).
The reason for the milder changes of their expression compared to
OSMI-1 treatment is likely due to recovered expression of Ogt and
downregulation of Oga by the day2 after Ogt KD (Fig EV3G and H),
which is probably caused by the known mutual compensation of
OGT and OGA levels to maintain O-GlcNAc homeostasis (Ong
et al, 2018). To overcome the problem, we applied the overexpres-
sion of Oga using lentiviral vectors with siOgt-based KD. As a result,
BV fluorescence compared to the control group introducing AS
siRNA and mCherry (mC) over-expression vector was more effec-
tively reduced in PGCLCs induced with simultaneous addition of
siOgt3 and Oga over-expression vector than that by the siRNA alone
(Fig 2A). Under this condition, a continuous decrease in Ogt expres-
sion and an increase in Oga expression were observed up to day 2
after induction (Fig 2B and C). In this condition, the expression of
not only Blimpl and T but also Hoxbl and Wnt3 genes was more
significantly decreased compared with their expression in the single-
gene manipulation condition, though the expression of Sox2 was
still not increased (Fig 2B). Unlike the addition of siRNA alone, the
siOgt-induced decrease in Ogt expression was maintained until day2
in the siRNA and lentiviral vector coadministration for unknown
reasons, which may cause downregulation of HoxbI expression as
that by OSMI-1 (Figs 2B and EV3G). OGT and O-GlcNAc immunos-
taining of day-2 aggregates containing PGCLCs (Fig 2D) revealed the
decreased OGT level in the siOgt3 knockdown condition, and
the decreased O-GlcNAc level in siOgt3 knockdown and/or OGA
overexpression conditions (Fig 2E). The most severe reduction in
the O-GIcNAc level was shown in aggregates with both siOgt addi-
tion and OGA overexpression, as expected. These results suggest
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that O-GlcNAcylation plays an important role in PGC formation, at
least through regulation of PGC-related genes and mesodermal
genes.

PGC specification in Ogt-conditional KO mice

To genetically determine whether O-GlcNAcylation affects PGC
specification in vivo, we analyzed PGC formation using Ogt-KO
mice. Given that OGT is required for the viability of pluripotent stem
cells (Shafi et al, 2000), Ogt-KO results in embryonic lethality at the
blastocyst stage. Therefore, we used conditional KO mice harboring
“floxed” Ogt (i.e., flanked by loxP sites) and a Sox2Cre transgene
that activates Cre recombinase production in epiblast cells by E6.5
(Hayashi et al, 2002). As Ogt is X-linked, female mice bear two cop-
ies, while males carry only one (Fig 3A). We found that complete
deletion of Ogt (male Ogt’"Y; Sox2Cre) resulted in severe embryonic
abnormality shortly after implantation, and as a result, the embry-
onic stage was difficult to determine. Instead, we analyzed PGC for-
mation in heterozygous KO embryos (female Ogt'"*; Sox2Cre) using
embryos lacking Sox2Cre (female Ogt™ " or male Ogt™") as controls.

We used embryos with Ogt-KO cells to examine the effect of Ogt
KO on BLIMPI1-positive cells from the early streak to late streak
stages (Fig 3B). In heterozygous Ogt-KO embryos, the number of
BLIMP1-positive PGCs (exhibiting BLIMP1 fluorescence intensity
> 2-fold that of surrounding epiblast cells) was lower than the wild-
type at all stages tested (Fig 3C). The mean fluorescence intensity of
BLIMP1 and OGT in BLIMP1-positive cells was found also
suppressed in KO embryos (Fig 3D). In addition, there was a posi-
tive correlation between the fluorescence intensity of OGT and
BLIMP1 in epiblast cells of embryos at all stages tested (Fig EV4A
and B). Together, these results suggested that OGT and O-
GlcNAcylation regulate PGC formation in vivo.

Effect of glucose metabolism modulation on PGC formation

We further examined maternal carbohydrate restriction, which
could affect the glucose metabolism and O-GlcNAcylation level,
influences fetal PGC formation in vivo. For this purpose, we main-
tained pregnant mice on a ketogenic diet with no carbohydrates and
high fat. This diet was expected to shift primary energy production
in peripheral organs from carbohydrate metabolism to ketone
metabolism (Paoli, 2014), and thereby permit examination of the

© 2023 The Authors
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Figure 2. The effects of manipulation of Ogt and Oga gene expression in PGCLC induction.

A B The effect of Ogt knockdown using siOgt3 and Oga over-expression using lentiviral vectors on BV fluorescence (A), and gene expression (B) in the PGCLC-containing
aggregates at day 2. AS: AllStars negative control siRNA, mC: mCherry over-expression vector.

C Ogt knockdown and Oga over-expression efficiency in the aggregates at day 1.

D, E The effect of Ogt knockdown and Oga over-expression on the expression of OGT and O-GlcNAcylation in the PGCLC-containing aggregates at Day 2 examined by
immunostaining (D). Rectangular areas shown in the DAPI images correspond to the enlarged images in the insets. Quantification of relative signal intensities of
OGT and O-GlcNAcylation (E) of each cell in aggregates compared with cells in the AS+mC aggregates (total 60 cells from three biological replicates).

Data information: Values are plotted as mean + SE of three biological replicates (three technical replicates for each biological replicate sample in B and C). *P < 0.05,

**p < 0.01, ***P < 0.001, ****P < 0.0001 (Student’s t-test (B, C) or one-way ANOVA (E)). P < 0.1 is also indicated by actual values to show difference tendency. Scale bar:

100 pm (A), 50 and 25 um (insets) (D). See also Fig EV3.
Source data are available online for this figure.
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Figure 3. PGC formation in Ogt-conditional knockout mice.
A A scheme of the epiblast specific Ogt knockout mice.

EMBO reports

B BLIMP1 and OGT immunostaining of embryos of wild type (Ogt™) and those with OGT-deficient cells (Ogt™*; Sox2Cre) at around E7.0. Rectangular areas shown in
the DAPI images correspond to the enlarged images in the insets. Scale bar: 50 and 25 pum (insets).

C, D Quantification of the number of BLIMP1-positive cells (C), relative fluorescent intensities of BLIMP1 and OGT normalized with DAPI signal (D) in PGCs compared to
neighboring epiblasts in the embryos with indicated genotypes. ES: early-streak (wild type (0gt™" or 0gt™*), n = 6; mutant (0gt™*; Sox2Cre), n = 4); MS: mid-
streak (wild type, n = 9; mutant, n = 6); LS: late streak (wild type, n = 7; mutant, n = 5) in (C). Total 26-101 cells from three biological replicates in (D).

Data information: Values are plotted as mean + SE. **P < 0.01, ***P < 0.001, ****P < 0.0001 (Student’s t-test). See also Fig EV4.

Source data are available online for this figure.

effects of carbohydrate restriction on fetal PGC formation via modu-
lation of glucose metabolism and O-GlcNAcylation.

Consistent with this notion, pregnant mice on the ketogenic diet
exhibited a decrease in blood glucose levels and an increase in one
of ketone bodies, B-hydroxybutyrate (BHB) levels (Figs 4A and
EV4C), indicating successful induction of ketosis. There were no sta-
tistically significant changes in size in the ketogenic embryos
(Fig EV4D). As noted for the Ogt-KO embryos, lower numbers of
BLIMP1-positive PGCs were seen in embryos from pregnant mice
under ketogenic diet, a pattern that we could confirm in all stages
tested (Fig 4B and C). The mean fluorescence intensity for BLIMP1
in BLIMP1-positive cells also decreased in embryos from pregnant
mice under ketogenic diet (Fig 4D), as seen under the Ogt-deficient
condition (Fig 3D). These results suggested that maternal ketosis
negatively affects fetal PGC formation in mice. We further investi-
gated whether similar reduction of O-GlcNAcylation to that
observed in OGT-inhibited PGCLCs occur in the embryos from preg-
nant mice under ketogenic diet. Immunostaining of E7.0 embryos
revealed that BLIMP1-positive PGCs and surrounding epiblast cells
from pregnant mice under ketogenic diet exhibited decreased level
of O-GIcNAc (Fig 4E-G). Taken together, these results suggested
that the decline of nascent PGCs in embryos in pregnant mice under
ketogenic diet occurs via a mechanism involving the reduced glu-
cose metabolism and O-GlcNAcylation.

Effect of glucose metabolism on fetal germ cell development

Finally, we investigated the effects of maternal ketogenic diet intake
on fetal germ cell development. In E8.5 and E10.5 embryos, the
number of PGCs in migration or in forming genital ridges, respec-
tively, were decreased by maternal ketogenic diet intake, though

Figure 4. Effect of maternal ketogenic diet during PGC formation.
A A scheme of ketogenic diet feeding experiment on mice.

there were no clear effects on fetal size and morphology (Figs SA
and B, and EV5A and B). The same was true for continued maternal
ketogenic diet intake up to E15.5, with a decrease in the number of
VASA-positive germ cells in the male and female fetal gonads and
no changes in fetal and gonad size and morphology (Figs 5C and D,
and EV5C and D). We then examined newborn pups from mothers
under the ketogenic diet and found that body weight and size of
gonads were apparently reduced (Fig EVSE and F), suggesting that
continuous maternal ketogenic diet until birth systemically affects
pups. We therefore tested influence of maternal ketogenic diet up to
E15.5 and normal diet afterwards. In this condition, the newborn
pups had noticeably smaller ovaries while testes were normal in
size, and there was no significant difference in body weight
(Fig EV5G and H). In addition, they showed a decrease in VASA-
positive germ cell number, especially in the ovaries (Fig 5E and F).
In summary, the results suggest that maternal ketogenic diet reduces
germ cell numbers in fetus and newborn female pups even after
switching to normal diet at mid-gestation.

We showed that HBP inhibition in PGCs repressed PGC develop-
ment via impaired O-GlcNAcylation. How O-GlcNAcylation regu-
lates PGC formation is unclear, but it has been reported, for
example, that in regulatory T cells, OGT upregulates Blimp1 expres-
sion through FOXP3 O-GlcNAcylation and maintains cell identity
(Liu et al, 2019). Similarly, PGC formation may be regulated via O-
GlcNAcylation of master regulators upstream of BLIMP1. Mean-
while, inhibition of O-GlcNAcylation showed a relatively mild effect
on PGC specification, and we cannot rule out the possibility that the
observed PGC-related phenotypes may be partly due to general
influences of O-GlcNAc inhibition on embryonic cells.

We also showed that the ketogenic diet caused decreased O-
GlcNAcylation in nascent PGCs, in turn leading to impaired PGC

B Effects of maternal ketogenic diets on BLIMP1-expressing nascent PGCs at around E7.0 examined by immunostaining. Rectangular areas shown in the DAPI images

correspond to the enlarged images in the insets.

C, D Quantification of the number of BLIMP1-positive cells (C), and relative fluorescent intensities of BLIMP1 normalized with DAPI signal in PGCs compared to neigh-
boring epiblasts (D). ES: early-streak (normal, n = 10; ketogenic, n = 9); MS: mid-streak (normal, n = 6; ketogenic, n = 10); LS: late streak (normal, n = 7; ketogenic,

n = 6) in (C). Total 27-78 cells from three biological replicates in (D).

E, F Effect of maternal ketogenic diets on the expression of O-GIcNAcylation in the embryos at around E7.0 examined by immunostaining. Rectangular areas shown in
the DAPI images in (E) correspond to (F). The yellow arrowheads in (F) indicate representative BLIMP1-positive PGCs.

G Quantification of relative fluorescent signal intensities of O-GIcNAcylation normalized with DAPI signal in BLIMP1-expressing PGC and surrounding epiblast cells in
the embryos with or without maternal ketogenic diet (Total 46-62 cells from five biological replicates, from late streak to late streak early bud stage).

Data information: Values are plotted as mean + SE. **P < 0.01, ****P < 0.0001 (Student’s t-test; C, D) and one-way ANOVA (G). Scale bar: 50 um, and 25 pum (insets) (B),

250 um (E), and 75 pum (F). See also Fig EV4.
Source data are available online for this figure.

© 2023 The Authors
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Figure 5. Effect of glucose metabolism modulation on fetal germ cell development.
A, B Alkaline phosphatase (ALP) staining of allantois in E8.5 embryos (A), and genital ridges of E10.5 embryos (B). The number of ALP-positive cells was counted and com-
pared in embryos derived from mothers fed a normal or ketogenic diet. E8.5 (normal, n = 12; ketogenic, n = 10), E10.5 (normal, n = 14; ketogenic, n = 14).

CF

Effects of maternal ketogenic diets on VASA-positive germ cells at E15.5 (C, D) or newborn (E, F) gonads examined by immunostaining (testis, C, E; ovary, D, F). Germ

cell counts were evaluated by counting VASA-positive cells in serial sections and were showed as relative to the normal diet group (three biological replicates for

each sample).

Data information: Values are plotted as mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 (Student’s t-test). Scale bar: 200 pum (A, B), 250 um (C, E),

100 pm (D, F). See also Fig EVS5.
Source data are available online for this figure.

formation (Fig 4). Previous studies have shown that ketogenic
diet alters the O-GlcNAcylation status in several tissues including
liver and brain, although the functional implications of these
changes remain poorly understood (Newell et al, 2017; Zuliani
et al, 2021). Given that ketogenic diet induces low blood glucose in
the pregnant mother, and resulted in decreased O-GlcNAcylation
in the embryos in our experiments (Fig 4), maternal ketogenic diet
may affect both maternal and fetal glycolytic activity and thereby
lead to decreased O-GlcNAcylation in the embryos. In addition,

© 2023 The Authors

glucose depletion in PGCLCs in culture affects PGCLC formation
similar to O-GlcNAcylation inhibition. We hypothesize that mater-
nal ketogenic diet may directly result in impaired glucose metabo-
lism and subsequent defects in O-GlcNAcylation in the embryo. At
the same time, the ketogenic diet also induces ketosis, a condition
whereby fat is converted into ketones such as BHB in the liver and
blood BHB levels increase. Ketones such as BHB then are converted
to acetyl-CoA and function as an energy source in peripheral tissues.
Given that BHB is a substrate for the B-hydroxybutyrylation of the
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lysine residues of histones (Xie et al, 2016; Dabek et al, 2020), and
that H3K9 B-hydroxybutyrylation results in increased expression of
the Forkhead box O1 (Foxol) and Peroxisome proliferator-activated
receptor gamma, coactivator 1 alpha (Ppargcla) genes in CD8" mem-
ory T cells (Zhang et al, 2020), ketone bodies also may influence
PGC formation via epigenetic regulation. Therefore, future studies
will need to investigate the role of ketone bodies, including effects
on histone B-hydroxybutyrylation, during PGC specification. In addi-
tion, the effect of the ketogenic diet on systemic maternal and fetal
metabolism will need to be investigated, including whether those
changes lead to decreased O-GlcNAcylation in embryonic cells other
than PGCs.

Another remaining question is whether the effects induced by
the ketogenic diet influence germ cells at later gestational stages. In
this regard, we found that maternal ketogenic diet up to E15.5 leads
to lower germ cell counts in fetal gonads at E15.5, and that the effect
continues in ovarian germ cells to newborn pups even after
switching to a normal diet (Fig 5). This suggests that transient
maternal ketogenic diet until mid-gestation affects reproductive
potential in newborn female pups. Because size of ovary was
decreased with normal body weight of the pups in this condition,
maternal ketogenic diet until E15.5 likely influences development of
ovary as well as germ cells after E15.5. On the other hand, little
effect of maternal ketogenic diet intake until E15.5 was observed on
testicular germ cells in newborn pups (Fig 5). This suggests that
influences of maternal ketogenic diet in PGC specification and
fetal germ cell differentiation are rescued by the time of birth in
male mice.

The influences of nutrition, including glucose depletion and
ketone bodies and of OGT inhibition, on human PGCs will also be
an important subject of future research. Human PGCLC culture
models should facilitate such studies (Irie et al, 2015). Furthermore,
future progress in multigenerational genomic cohort may also pro-
vide insights into the possible relationship between maternal carbo-
hydrate and/or ketogenic nutritional status and the reproductive
capacity of infants.

Materials and Methods

Cell culture

Murine EpiLC-PGCLC induction was performed essentially as
described previously (Hayashi et al, 2011). Briefly, mouse BVSC
ESCs (Material Management Center #14M014) were adapted to
chemically defined N2B27 medium supplemented with PD0325901,
CHIR99021, and leukemia inhibitory factor (i.e., 2i/LIF medium)
and grown under feeder-free culture conditions. The EpiLCs were
induced by plating ESCs in a well coated with human plasma fibro-
nectin (Millipore) in N2B27 medium containing activin A (Pepro-
Tech), basic fibroblast growth factor (bFGF; Gibco), and KnockOut
Serum Replacement (KSR; Gibco). The PGCLCs were induced under
floating aggregation culture conditions by plating EpiLCs in the
wells of low-cell-binding U-bottom 96-well plates (Nunc) in Glasgow
Minimum Essential Medium (GMEM)-based serum-free medium in
the presence of the cytokines (Cyto") BMP4 (R&D), BMP8a (R&D),
LIF (ESGRO; Chemicon), SCF (R&D), and EGF (R&D) or without
cytokines (Cyto™). For glucose-depleted cultures, Dulbecco’s
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Modified Eagle Medium (DMEM) lacking glucose, glutamine, and
phenol red (Gibco) was used instead of GMEM. Human embryonic
kidney (HEK) 293T cells were cultured with DMEM (Gibco) supple-
mented with 10% fetal bovine serum (FBS). The drugs used in cul-
tures are listed in Table EV1.

siRNA transfection

siRNAs were transfected into cells using Lipofectamine RNAIMAX
(Thermo Fisher Scientific) according to the manufacturer’s reverse
transfection protocol. Briefly, Lipofectamine RNAIMAX (1.2 pl) and
siRNA (28.8 pmol) were diluted with 60 pl of OptiMEM and incu-
bated for 10 min. An aliquot of 3,000 BVSC EpiLCs in 300 pl of the
PGCLC induction medium was added to each Lipofectamine/siRNA
mixture and mixed briefly. The EpiLCs/siRNA mixtures were seeded
into three wells (technical triplicates) of low-cell-binding U-bottom
96-well plates; cells were cultured in a conventional 5% CO, incuba-
tor at 37°C. Two independent predesigned siRNAs for Ogt gene were
purchased from QIAGEN (Mm_Ogt_3 FlexiTube siRNA-S100235172,
and Mm_Ogt_5 FlexiTube siRNA- SI02676814). AllStars negative
control siRNA (QIAGEN, Control siRNA-SI03650318) were used as
a negative control (for no change of Blimpl::Venus reporter
fluorescence).

Mice

C57BL/6J (B6) and Multi Cross Hybrid (MCH) mice were purchased
from Japan SLC, Inc. The B6.129-Ogt™c*"/J (Ogt-flox) mouse was
obtained from The Jackson Laboratory (Strain #004860) (Shafi
et al, 2000; Ono et al, 2017). Epiblast-specific Ogt-KO mice were
generated by crossbreeding Ogt-flox mice with Sox2Cre mice
(Hayashi et al, 2002). In the ketone diet experiment, female MCH
mice were maintained on a ketogenic diet (Research Diets, Inc., No.
D10070801) or normal diet (Research Diets, Inc., No. D10070802)
for 1-2 weeks prior to mating. After mating with male B6 or MCH
mice, the female mice were maintained on a ketogenic diet until
euthanized and dissected at E6.5 — E7.5. The blood glucose and
blood BHB levels of the pregnant mice were determined using tail-
derived blood (obtained at E0.5, E3.5, and E6.5) and a Freestyle Pre-
cision Neo Glucometer (Abbott). Mice were housed and bred in the
Animal Unit of the Institute of Development, Aging, and Cancer
(Tohoku University), an environmentally controlled and specific-
pathogen-free facility. All of the animal experiments described in
this study were performed under the ethical guidelines of Tohoku
University, and the relevant animal protocols were reviewed and
approved by the Tohoku University Animal Studies Committee
(approval number: 2019AcA-026-01).

RT-qPCR analysis

Total RNA was extracted from cultured cells and purified using the
RNeasy Micro Kit (QIAGEN) or the RNeasy Plus Mini Kit (QIAGEN).
Total RNA was reverse transcribed using Superscript III (Thermo
Fisher Scientific), and the cDNAs were used for quantitative PCR
with the Power SYBR Green PCR Master Mix (Applied Biosystems).
PCR signals were detected using a CFX Connect Real-Time PCR
Detection System (BioRad). The sequences of the PCR primers are
listed in Table EV2.

© 2023 The Authors
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RNA-seq

RNA-seq libraries were prepared from two biological replicates of
each of PGCLC-containing cell aggregates at day 2 after induction;
each library was constructed using a TruSeq RNA Library Prepara-
tion Kit (Illumina), starting from 100 ng of total RNA. Libraries were
sequenced on an [llumina HiSeq 2500 instrument. Reads were gen-
erated by 50-bp single-end sequencing. Sequenced reads then were
trimmed using fastp software. For gene expression analysis, reads
were mapped to the mouse genome (UCSC mm10 genome assembly
and NCBI RefSeq database) using kallisto software with an esti-
mated average fragment length of 50, followed by calculation of
read counts and TPM (transcripts per million). The following public
databases were used: BSgenome.Mmusculus.UCSC.mm10 (https://
bioconductor.org/packages/release/data/annotation/html/BSgenome.
Mmusculus.UCSC.mm10.html), TxDb.Mmusculus.UCSC.mm10.known-
Gene (https://bioconductor.org/packages/release/data/annotation/
html/TxDb.Mmusculus.UCSC.mm10.knownGene.html). For ana-
lyses of differentially expressed genes (DEGs), only genes with a
mean TPM exceeding 1 were analyzed. Functional enrichment anal-
ysis of DEGs was performed using the Metascape (https://
metascape.org/gp/index.html#/main/step1) (Zhou et al, 2019). Cal-
culation and drawing of Venn diagrams were performed on the
website of Bioinformatics & Evolutionary Genomics (https://
bioinformatics.psb.ugent.be/webtools/Venn/).

Immunohistochemistry

For immunohistochemical analysis, isolated PGCLC aggregates or
embryos were fixed in 4% paraformaldehyde (PFA) in phosphate-
buffered saline (PBS) for 30 min, washed three times with PBS-0.1%
Triton-X (PBT), permeabilized with PBS-0.5% Triton-X, incubated
with 1 M glycine in PBT, and incubated overnight in blocking solu-
tion (PBT containing 1% bovine serum albumin and 3% donkey
serum). Embryos then were incubated 3-4 overnight with primary
antibodies diluted in the blocking solution; washed four times with
PBT; incubated 3-4 overnight with secondary antibodies and 4,6-
diamidino-2-phenylindole (DAPI) diluted in blocking solution;
washed three times with PBT; incubated in 10, 25, and 50% 2,2'-
thiodiethanol (Sigma-Aldrich); and mounted on glass slides in 50%
2,2'-thiodiethanol. The primary antibodies used were as follows: anti-
BLIMP1 (rat monoclonal; Santa Cruz sc-47732), anti-OGT (rabbit
polyclonal; abcam ab96718), anti-O-GlcNAc (mouse monoclonal;
abcam ab2739). The secondary antibodies used were as follows: Alex-
aFluor 488-conjugated anti-rat immunoglobulin G (IgG), AlexaFluor
568-conjugated anti-rabbit 1gG, and AlexaFluor 647-conjugated anti-
mouse IgG (Thermo Fisher Scientific). Immunofluorescence was
imaged using a SP8 confocal microscope (Leica). The fluorescence
intensity of each single cell was measured from two images of two
optical sections with enough number of germ cells and somatic cells
in each embryo and normalized with DAPI signal intensity of each cell
using the histogram option of LAS X software (Leica), and the average
intensity for somatic cells was then calculated. Relative signal inten-
sity in germ cells was standardized by the average values of the fluo-
rescence intensity of ~20 surrounding somatic cells in each section.
The total estimated numbers of cells in each staining experiment were
as follows: 40 cells for PGCLC-containing aggregates, 22-102 cells in
Ogt KO embryos, and 24-78 cells in the ketogenic diet embryos.

© 2023 The Authors
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Immunostaining of gonadal sections was performed using gonads
from MCH mice fixed with 4% paraformaldehyde for 3 h at 4°C and
embedded with Optimum Cutting Temperature (O.C.T.) compound
(Sakura Finetek 4583) as described previously (Hayashi et al, 2017).
Briefly, the embedded samples were sectioned using a CM3050S
cryomicrotome (Leica) to a thickness of 10 um. The sections were
permeabilized, blocked, incubated with primary antibody (anti-
VASA, goat polyclonal, R&D systems, AF2030) overnight at 4°C and
then incubated with secondary antibodies with 5 pg/ml DAPI for
2 h at 4°C. The sections were washed after primary and secondary
antibody treatments. Samples were mounted using Vectashield
(Vector H-1000) and observed under a TCS SP8 confocal laser scan-
ning microscope (Leica). Germ cells were detected as VASA—positive
cells with anti-VASA antibody (goat polyclonal Novus Biologicals
AF2030). Number of VASA-positive germ cells in gonads was
counted by making serial sections at 10 um (for E15.5 testes, ova-
ries and newborn ovaries) or 20 pm (for newborn testes) intervals
and summed up. Quantification of VASA-positive cells was
performed using Analyze particles tool of the ImageJ software.

Alkaline phosphatase (ALP) staining of embryos

ALP staining of E8.5 and E10.5 embryos was performed as described
previously (Lawson et al, 1999). Embryos were dissected from the
decidua and Reichert’s membrane. The yolk sac was separated from
the ectoplacental cone of embryos. Allantois and body parts with
genital ridges were dissected and used for ALP staining for E8.5
(Theiler Stage (TS) 14) (Theiler, 2013) and E10.5 (TS18) embryos,
respectively. These fragments were fixed in 4% paraformaldehyde
in PBS for 2 h at 4°C, and washed three times in PBS. All fragments
were treated with 70% ethanol for at least 1 h at 4°C. After washing
three times with distilled water, they were stained with a-naphthyl
phosphate/fast red TR (Ginsburg et al, 1990) for 13 min at room
temperature. They were then rinsed in water and cleared in 70%
glycerol. The stained pieces were slightly flattened in 70% glycerol
under a coverslip and the PGCs were identified and counted using a
20-40x objective lens in Leica DMRE microscope.

Plasmids

The pCS2-EF-Oga vectors and the pCS2-EF-mCherry reporter vector
were prepared for overexpression and as a negative control, respec-
tively. Plasmids encoding FLAG-tagged mCherry or OGA, expressed
under the control of an EFIa promoter, were generated as follows.
The respective open reading frames (ORFs; mCherry, Oga) were
amplified from mouse genomic DNA using gene-specific primers.
The primers were designed to include FLAG-tag-encoding sequences
in-frame at the upstream ends of the ORFs. The resulting amplicons
then were subcloned (via flanking multi-cloning sites) into the mul-
tiple cloning site of pCS2-EF-MCS (RIKEN BRC, http://cfm.brc.
riken.jp/lentiviral-vectors/plasmid-list/) (Miyoshi et al, 1998).
Sequences of the inserts were confirmed by DNA sequencing.

Lentiviral transfection
Lentiviral particles were produced by transfection into HEK293T

cells with pCMV-VSV-G-RSV-Rev and pCAG-HIVgp (RIKEN BRC,
http://cfm.brc.riken.jp/lentiviral-vectors/plasmid-list/) (Miyoshi

EMBO reports 24:e56845]2023 11 of 13


https://bioconductor.org/packages/release/data/annotation/html/BSgenome.Mmusculus.UCSC.mm10.html
https://bioconductor.org/packages/release/data/annotation/html/BSgenome.Mmusculus.UCSC.mm10.html
https://bioconductor.org/packages/release/data/annotation/html/BSgenome.Mmusculus.UCSC.mm10.html
https://bioconductor.org/packages/release/data/annotation/<?A3B2 tlsb=-.008w?>html/TxDb.Mmusculus.UCSC.mm10.knownGene.html
https://bioconductor.org/packages/release/data/annotation/<?A3B2 tlsb=-.008w?>html/TxDb.Mmusculus.UCSC.mm10.knownGene.html
https://metascape.org/gp/index.html#/main/step1
https://metascape.org/gp/index.html#/main/step1
https://bioinformatics.psb.ugent.be/webtools/Venn/
https://bioinformatics.psb.ugent.be/webtools/Venn/
http://cfm.brc.riken.jp/lentiviral-vectors/plasmid-list/
http://cfm.brc.riken.jp/lentiviral-vectors/plasmid-list/
http://cfm.brc.riken.jp/lentiviral-vectors/plasmid-list/

EMBO reports

et al, 1998), as described previously. These lentiviral vectors were
transduced into EpiLCs at multiplicities of infection of 4. These
over-expression (OE) EpiLCs were cultured for 2 days under PGCLC
induction conditions. Following growth, OE cells were harvested
and lysed for total RNA extraction; the resulting RNA then was
subjected to RT-qPCR as described above. All lentiviral experiments
were performed under the ethical guidelines of Tohoku University,
and lentiviral protocols were reviewed and approved by the Tohoku
University Center for Gene Research.

Quantification and statistical analysis

The statistical tests performed on the data are indicated in the figure
legends along with sample size (n) indicating the number of biologi-
cal replicates used. For RNA-seq, two samples from each group
were analyzed. For all other experiments, at least three samples
from each group were analyzed. To determine the significance
between two groups, comparisons were made using unpaired two-
tailed Student’s t tests. One-way analysis of variance (ANOVA) was
used for statistical analysis of three or more groups. P values of
< 0.05 were considered statistically significant. The following sym-
bols are used throughout the figures to indicate statistical signifi-
cance: *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. All
values are plotted as mean + SEM.

Data availability

All RNA-seq fastq files generated in this study have been uploaded
to the Gene Expression Omnibus (GEO) under accession number
GSE234794 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc =
GSE234794).

Expanded View for this article is available online.
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Figure EV1. RNA-seq analysis of PGCLC-containing aggregates cultured with or without glucose.

A

A scheme of RNA-seq analysis of the PGCLC-containing aggregates at day 2 cultured with and without glucose.

B, C Functional annotation analysis of differentially expressed genes (DEGs). Metascape analysis of down- (B) and up-regulated (C) genes by glucose depletion. Focused
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terms are highlighted by red.
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Figure EV2. The effects of inhibition of glycolysis-related metabolic pathways during PGCLC induction.

A A schematic representation of glycolysis-related metabolic pathways. Inhibitors used in this study are highlighted by red.
B, C The effects of various inhibitors for glycolysis-related pathways on BV fluorescence (B) and gene expression (C) in the PGCLC-containing aggregates at Day 2. Scale
bar: 100 um. Values are plotted as mean =+ SE of three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001 (Student’s t-test).
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Figure EV3. Gene expression changes in PGCLC-containing aggregates with OGT inhibition by OSMI-1 or siRNA.

A A scheme of the RNA-seq analysis.

B, C Functional annotation analysis of DEGs. Metascape analysis of down-regulated (B) and up-regulated (C) genes by OGT inhibition. Focused terms are highlighted by
red.

D, E Venn diagram showing the overlap between genes down- (D) or up-regulated (E) by glucose depletion and those down- or up-regulated, by OSMI-1, respectively
(left). Metascape analysis of the overlapped genes (right). Focused terms are highlighted by red.

F, G The effect of Ogt knockdown using siRNAs (siOgt3 and 5) on BV fluorescence (F), and gene expression (G) in the PGCLC-containing aggregates at day 2. AS: AllStars
negative control siRNA.

H  Ogt knockdown efficiency and influence on Oga expression in the aggregates at day 1.

Data information: Values are plotted as mean =+ SE of three biological replicates (three technical replicates for each biological replicate sample in G and H). *P < 0.05,
**p < 0.01, ***P < 0.001, ****P < 0.0001 (Student’s t-test). P < 0.1 is also indicated by actual values to show difference tendency. Scale bar: 100 um (F).
Source data are available online for this figure.
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Figure EV5. Embryos and newborn pups from mothers fed a normal or ketogenic diet.

A-C E85 (A), E10.5 (B), and E15.5 (C) embryos from mothers fed a normal or ketogenic diet.

D Gonads in E15.5 embryos from mothers fed a normal or ketogenic diet.

E P1 pups from mothers fed a normal or ketogenic diet. Weight was measured (normal, n = 25; ketogenic, n = 21).

F Gonads in P1 pups, testes (normal, n = 14; ketogenic, n = 8), ovaries (normal, n = 9; ketogenic, n = 8). Gonad size was measured as the area value of each gonad
quantified in Image J.

G Weight of P2 pups from mothers fed a normal or ketogenic diet until E15.5 and normal diet afterwards (normal, n = 12; ketogenic, n = 13).

H Gonads in P2 pups after switching to a normal diet at E15.5, testes (normal, n = 6; ketogenic, n = 8), ovaries (normal, n = 8; ketogenic, n = 8). Gonad size was
measured as the area value of each gonad quantified in Image).

Data information: Values are plotted as mean + SE. *P < 0.05, **** p < 0.0001 (Student’s t-test). Scale bar: 500 um (A, B, ovaries in D, F, and H), 5 mm (C), 1 mm (testes
in D, F, and H), 1 cm (E).
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