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Control of epigenomic landscape
and development of fetal male germ
cells through L-serine metabolism

Yohei Hayashi,'-?3* Jintaro Kaneko,* Yumi Ito-Matsuoka,’ Asuka Takehara,” Mayuka Funakoshi,®> So Maezawa,®
Kenjiro Shirane,® Shigeki Furuya,” and Yasuhisa Matsui’-?:3.8*

SUMMARY

Sex-specific metabolic characteristics emerge in the mouse germ line after reaching the genital ridges
around embryonic day 10.5, coinciding with sexual differentiation. However, the impact of such metabolic
characteristics on germ cell development remains unclear. In this study, we observed the specific upregu-
lation in male fetal germ cells of D-3-phosphoglycerate dehydrogenase (PHGDH), the primary enzyme in
the serine-glycine-one-carbon metabolism, along with an increase in a downstream metabolite,
S-adenosylmethionine (SAM), crucial for protein and nucleic acid methylation. Inhibiting PHGDH in fetal
testes resulted in reduced SAM levels in germ cells, accompanied by increases in the number of mouse
vasa homolog (MVH/VASA)-positive germ cells and the promyelocytic leukemia zinc finger (PLZF)-posi-
tive undifferentiated spermatogonia ratio. Furthermore, PHGDH inhibition led to a decrease in the
methylation of histone H3 and DNA, resulting in aberrations in gene expression profiles. In summary,
our findings underscore the significant role of certain metabolic mechanisms in the development of
male germ cells.

INTRODUCTION

In mice, primordial germ cells (PGCs), which are precursors to both spermatozoa and oocytes, migrate to the genital ridges around embryonic
day (E) 10.5." During this migration, global erasure of existing DNA methylation in PGCs occurs, resulting in an overall methylation reduction
to <10% by E13.5.7 Concurrently, the sexual fate of germ cells is shaped by factors secreted by gonadal somatic cells, leading to initiation of
sex determination around E10.5.% After sex determination, male germ cells, known as gonocytes or prospermatogonia, undergo cycles of
proliferation and apoptosis and enter mitotic arrest in the GO/G1 phase around E14.5-E15.5."° Active proliferation resumes on approximately
postpartum day (P) 5, with certain cells differentiating into spermatogonial stem cells (55Cs).® In contrast, female germ cells commence
meiosis around E13.5, progressing through meiosis and eventually arresting at prophase | (diplotene stage) within neonatal ovaries.”

Metabolic processes are essential not only for energy production and the synthesis of cellular building blocks but also for the regulation of
various cell functions and differentiation. Our prior proteomic and metabolomic studies revealed that the acquisition of sex-specific metabolic
characteristics in fetal germ cells occurs shortly after sexual differentiation.’” Notably, in male fetal germ cells, the tricarboxylic acid (TCA)
cycle and Ser-Gly-one-carbon (SGOC) metabolism, which encompass L-serine and L-glycine biosynthesis, the folate cycle, and the methio-
nine cycle, are continually upregulated in comparison to fetal female germ cells (Figure S1). Conversely, oxidative phosphorylation through
pyruvate and fatty acid metabolism is upregulated in the female germ line, indicating sexual differences in substrate reliance for energy meta-
bolism in fetal germ cells.

In females, inhibition of fatty acid metabolism leads to a significant reduction in the number of germ cells through activation of the p53
pathway around E11.5-E13.5.'% By comparison, inhibiting pyruvate uptake by mitochondria in fetal mouse ovaries results in a suppression of
early folliculogenesis, which can be attributed to the downregulation of transforming growth factor B-related genes crucial for folliculogen-
esis.'" Although details are becoming clearer regarding the regulatory mechanisms through which upregulation of metabolic pathways in the
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female germ line influences germ cell differentiation, the corresponding mechanisms through which metabolic pathways upregulated in the
male germ line affects male germline differentiation remain unknown.

Remarkably, recent research has revealed connections between the metabolic pathways upregulated in fetal male germ cells, specifically
the TCA cycle and SGOC metabolism, and epigenetic regulation.'”'* For instance, histone acetyltransferases depend on acetyl-coenzyme A,
a metabolite associated with the TCA cycle, as the substrate for donating acetyl groups.'* Additionally, various TCA cycle-related metabo-
lites, namely alpha-ketoglutarate, succinate, and fumarate, are involved in regulating histone methyltransferases of the jumonji C domain-
containing demethylase class, as well as members of the ten-eleven translocation DNA demethylase family."> Conversely, both histone meth-
yltransferases and DNA methyltransferases (DNMTs) rely upon S-adenosylmethionine (SAM), a metabolite synthesized via the SGOC
pathway, as a methyl-donor substrate. These insights suggest that the upregulation of these metabolic pathways plays a role in regulating
the epigenomic reorganization observed in the male fetal germ line. However, the significance of this relationship remains to be fully
elucidated.

Building upon our earlier discoveries, the current investigation revealed a transient elevation in the expression of D-3-phosphoglycerate
dehydrogenase (PHGDH), the pivotal enzyme governing SGOC metabolism, and a concomitant increase in SAM levels within male fetal germ
cells. Disruption of germline PHGDH function via either pharmacological inhibition or conditional knockout (KO) led to reductions in histone
H3 and DNA methylation, induced alterations in the expression of stemness-associated genes, and exerted discernible effects on the survival
and differentiation of germ cells in fetal testes. These analyses provide insights into potential mechanisms through which SGOC-mediated
regulation affects fetal male germ cell development.

RESULTS
Changes in SGOC metabolism during germline differentiation

In our previous investigation, we noted that several enzymes and metabolites involved in SGOC metabolism in male germ cells were upre-
gulated at E13.5 relative to females.” In the present study, we explored the developmental stage-dependent changes in the levels of these
enzymes and metabolites (Figure 1). In both sexes, expression of the rate-limiting enzyme in SGOC metabolism, PHGDH (Figure 1A), was
significantly reduced in germ cells compared with somatic cells at E12.5. Nevertheless, a marked upregulation was observed in male
germ cells at E16.5 compared with the expression level in testicular somatic cells at the same fetal stage (Figures 1B and 1C). The relatively
elevated expression of PHGDH in germ cells compared with somatic cells persisted in the testes at P1 and P7, although to a lesser extent at P7
than E16.5 (Figures S2A and S2B). These findings suggest L-serine metabolism is activated specifically in male germ cells following sexual
differentiation.

To elucidate the impact of increased PHGDH expression on metabolite levels, we examined fluctuations in the levels of key metabolites in
the SGOC pathway during germ cell differentiation. Given the involvement of SGOC metabolism in the synthesis of SAM, a substrate for
methylation reactions and contributor to epigenetic regulation (Figure 1D), we assessed SAM levels during fetal germ cell differentiation us-
ing immunostaining with anti-SAM antibodies (Figure 1E). The results revealed that, similar to PHGDH, SAM intensity varied minimally in E12.5
germ cells compared with surrounding somatic cells in both sexes (Figure 1F). However, at E16.5, a specific increase in the SAM level was
observed in male germ cells, which persisted at P1 and P7 compared with somatic cells of the same fetal stage, although to a lesser degree
than at E16.5. These observations suggest that male germ cell-specific enhancement of SGOC metabolism and its associated metabolites
occurs following sexual differentiation.

Effects of PHGDH inhibition in fetal testicular organ culture

To elucidate the impact of the upregulation of SGOC metabolism observed in male germ cells, we investigated the effects of PHGDH inhi-
bition using organ cultures of E12.5 testes. The differentiation of germ cells into spermatogonia can be facilitated using gas-liquid interphase
culture of fetal testes (Figure 2A).'® In this culture system, a tubular structure resembling seminiferous tubules develops, with VASA-positive
germ cells localized within the tubular structure (Figures 2B and 2C). Addition of the PHGDH inhibitor CBR-5884 (CBR) (Figure 1A) resulted in
an increase in the number of VASA-positive germ cells and promyelocytic leukemia zinc finger (PLZF)-positive undifferentiated spermato-
gonia in the cultured testes at day 14 (Figures 2D and 2E). CBR-5884 treatment also led to an increase in the ratio of PLZF-positive spermato-
gonia among VASA-positive germ cells, indicating that PHGDH suppression promotes an increase in the number of germ cells, especially
undifferentiated spermatogonia (Figure 2F). Conversely, the addition of CBR-5884 to fetal ovarian cultures did not inhibit follicle formation
or growth nor result in any morphological differences (Figure S2E). These findings suggest that PHGDH function is not crucial for oogenesis
during the fetal to neonatal period.

To elucidate the impact of PHGDH inhibition on SAM synthesis, we analyzed SAM levels in VASA-positive germ cells of organ culture testes
atday 14 (Figure 2G). Inhibition of PHGDH resulted in a decrease in SAM levels in VASA-positive germ cells relative to somatic cells (Figure 2H).
Furthermore, addition of SAM to the culture medium suppressed the increase in VASA-positive germ cells and PLZF-positive undifferentiated
spermatogonia (Figures 2| and 2J) and diminished the ratio of undifferentiated spermatogonia in cultured testes to the same level as that
observed in cultured testes treated with dimethyl sulfoxide (DMSO) alone (Figure 2K). Conversely, the supplementation of L-serine, a direct
downstream metabolite of PHGDH, did not complement the changes induced by CBR addition (Figures S2F-S2I). This may be attributed to
the role of L-serine as an activator of pyruvate kinase 2 (PKM2) within the glycolytic pathway, which subsequently causes further inhibition of
the influx of glucose-derived carbon into serine biosynthesis.'” This result suggests that the male germ cell-specific increase in SAM levels
depends on an increase in PHGDH expression and negatively affects the ratio of undifferentiated spermatogonia in cultured testes.
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Figure 1. Changes in SGOC metabolism during germline differentiation

(A) Schematic representation of metabolic pathways around PHGDH. Cyan denotes components more abundant in male germ cells than female germ cells.
(B) Immunostaining analysis depicting changes in PHGDH expression during fetal germline differentiation. Testes and ovaries were examined at E12.5 and E16.5.
(C) Quantification of relative fluorescence signal intensity of PHGDH in VASA-positive germ cells and surrounding somatic cells in fetal gonads (total of 29-30 cells
from three biological replicates). Graphs present relative fluorescence intensity, with the fluorescence intensity of VASA-negative somatic cells at each fetal age
setas 1.

(D) Schematic illustration of metabolic pathways around SAM. Cyan indicates components more abundant in male germ cells than female germ cells.

(E) Immunostaining analysis revealing changes in SAM abundance during fetal germline differentiation. Testes and ovaries were examined at E12.5 and E16.5.
(F) Quantification of relative fluorescence signal intensity of SAM in VASA-positive germ cells and surrounding somatic cells in fetal gonads (total of 30 cells from
three biological replicates). Graphs present relative fluorescence intensity, with the fluorescence intensity of VASA-negative somatic cells at each fetal age set as

1. Data information: values represent mean £ SE of three independent experiments. Statistical significance indicated as N.S. (not significant), **p < 0.01,
**4%n < 0.0001 (one-way ANOVA and Tukey’s multiple comparisons test). Scale bar: 50 um.
Refer also to Figures S1 and S2.
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Figure 2. Effects of PHGDH inhibition in fetal testicular organ culture

(A) Schematic illustration of the fetal testes organ culture experiment.

(B) Phase-contrast microscopic image of the testes on day 14 of organ culture.

(C) Immunostaining of VASA and PLZF in testes on day 14 of organ culture. Rectangular areas correspond to enlarged images in the insets.

(D-F) Changes in the number of VASA-positive cells (D), number of PLZF-positive cells (E), and PLZF-positive rate calculated by dividing the number of PLZF-
positive cells by the number of VASA-positive cells (F) following PHGDH inhibition in testes on day 14 of organ culture. Graphs present relative number of
positive cells and PLZF-positive rate with the number in the culture with CBR set as 1 (two tiling sections for each replicate).

(G) Immunostaining analysis showing changes in SAM abundance following PHGDH inhibition in cultured testes at day 7.

(H) Quantification of relative fluorescence signal intensity of SAM in VASA-positive germ cells normalized to the surrounding somatic cells in cultured testes at day
7 (total of 30-33 cells from three biological replicates).

(I-K) Changes in the number of VASA-positive cells (1), number of PLZF-positive cells (J), and PLZF-positive rate calculated by dividing the number of PLZF-positive
cells by the number of VASA-positive cells (K) following the addition of SAM in testes on day 14 of organ culture. Graphs present relative number of positive cells
and PLZF-positive rate with the number in the culture with CBR set as 1 (two tiling sections for each replicate). Data information: values represent mean + SE of

three to six biological replicates. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 (one-way ANOVA and Tukey's multiple comparisons test for I, J, and K, and
unpaired Student'’s t test for D, E, F, and H). Scale bar: 500 um (B), 100 um (C), and 50 pm (G).
Refer also to Figure S2.

Impact of PHGDH inhibition on gene expression in male germ cells

To decipher the mechanism underlying the observed increase in the number of germ cells upon PHGDH inhibition, we examined the effect of
PHGDH inhibition on gene expression. We isolated VASA-DsRed fluorescent protein (RFP)-positive germ cells from organ-cultured testes at
day 14 and conducted quantitative reverse-transcription PCR (RT-gPCR) analysis of the expression of several marker genes (Figure 3A). These
analyses revealed an elevation in the expression of fetal male germ cell markers (Dnmt3/ and Nanos2) and stemness-related genes (Oct4,
Zbtb16/Plzf, and Id4) in germ cells subjected to PHGDH inhibition during organ culture (Figure 3B). Acknowledging the essential roles of
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Figure 3. Impact of PHGDH inhibition on gene expression in male germ cells

(A) Schematic representation of the gene expression analysis in germ cells derived from cultured testes.

(B) RT-gPCR analysis of gene expression in germ cells isolated from cultured testes. Relative gene expression levels in germ cells treated by the PHGDH inhibitor
CBR-5884 with or without SAM supplementation compared to those treated with DMSO are presented.

(C) lllustration outlining the induction of germline stem (GS) cells from cultured testes.

(D) GS cell colonies derived from VASA-RFP-positive germ cells in cultured testes at day 14.

(E) Visualization of GS cell colonies through VASA-RFP fluorescence. Colonies were observed across the wells using tiling analysis, with rectangular areas
corresponding to enlarged images in the insets.

(F) Quantification of the relative number of GS colonies per well. The number of colonies from germ cells treated with DMSO was normalized to 1. Data
information: values represent the mean + SE of three to four (B) and five (E) biological replicates. Statistical significance is denoted by *p < 0.05, **p < 0.01,
***p < 0.001 (unpaired Student'’s t test). Scale bar: 200 um (D) and 1 mm (E).

Refer also to Figure S3, Tables S1, and S2 for additional details.

Oct4, Zbtb16/Plzf, and Id4 in the maintenance of stemness in spermatogonial cells, as reported in previous studies,'®'” these results suggest

that inhibition of PHGDH leads to the upregulation of stemness-related genes in spermatogonia and/or an increase in the number of these
cells. On the other hand, SAM supplementation partially abolished the upregulation of genes including Dnmt3l, Oct4, and Zbtb16/Plzf by
CBR addition, indicating that the expression of at least some genes is regulated through SAM synthesized via the SGOC pathway.

To investigate whether these changes in gene expression impact the stemness of male germ cells, we attempted to induce germline stem
(GS) cells® using sorted VASA-RFP-positive cells from cultured fetal testes in the presence of the inhibitor at day 14 (Figure 3C). In GS cell
induction, based on an equivalent number of initially seeded VASA-RFP-positive cells, the PHGDH-inhibited group exhibited a significantly
increased number of colonies consisting of compact clusters of cells with unclear borders (Figure 3D) characteristic of GS cells, compared with
the control group (Figures 3E and 3F). These results suggest that PHGDH and SGOC metabolism plays a positive role in regulating the stem-
ness of male germ cells.

RNA-seq analysis of PHGDH-inhibited germ cells

To gain further insights into the function of PHGDH, we conducted an RNA sequencing (RNA-seq) analysis using VASA-RFP-positive germ
cells from organ-cultured testes at day 14. The marker genes whose expression changes were confirmed by gPCR showed changes in the
same direction (Figure S3A). We further extracted differentially expressed genes (DEGs) through MA (log ratio versus mean average) plot
analysis (Figure S3B). Subsequent functional annotation of the DEGs was carried out to discern the characteristics of these genes
(Figures S3C and S3D). The group of genes downregulated by PHGDH inhibition included several stress response gene groups, such as
heat shock protein genes (Figure S3C; Table S1). By contrast, the group of genes for which expression was upregulated by PHGDH inhibition
encompassed many mitochondrial genes encoding proteins involved in the electron transport chain (Figure S3D; Table S2). Given the close
association of these genes with cell survival, it is plausible that PHGDH and SGOC metabolism contributes not only to stemness but also to
cell survival, consequently leading to an increase in the number of germ cells in cultured testes (Figure 2D).
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Figure 4. Effects of PHGDH inhibition on epigenomic regulation

(A, C, and E) Immunostaining analysis illustrating changes in H3K4me3 (A), H3K9me2 (C), and H3K27me3 (E) due to PHGDH inhibition with or without SAM
supplementation in cultured testes at day 14.

(B, D, and F) Quantification of relative fluorescence signal intensities of H3K4me3 (B), H3K9me2 (D), and H3K27me3 (F) in PLZF-positive spermatogonial cells,
normalized with surrounding somatic cells in cultured testes at day 14 (total of 30 cells from three biological replicates). Data information: values represent
the mean £ SE of three biological replicates. Statistical significance is denoted by *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 (one-way ANOVA and
Tukey’s multiple comparisons test). Scale bar: 50 pm.

Refer also to Figure S4.

To investigate the effect of PHGDH inhibition on germ cell proliferation and survival, we assessed germ cells in the proliferative phase on
day 7 of organ culture using an anti-Ki67 antibody. Interestingly, few Kié7-positive germ cells were detected, even under conditions of PHGDH
inhibition (Figure S3E). Conversely, when the rate of cell death was examined using an anti-active caspase-3 antibody, a notable reduction in

apoptosis of germ cells was observed under PHGDH inhibition (Figures S3F and S3G). These findings suggest that PHGDH and SGOC meta-
bolism regulates not only male germline stemness but also cell survival.

Effect of PHGDH inhibition on epigenomic regulation

Inhibition of PHGDH is associated with a decrease in SAM synthesis, suggesting an impact on the epigenomic state of the male germ line.
Therefore, we examined changes in the epigenomic state in germ cells of cultured fetal testes, focusing on histone and DNA methylation
(Figures 4, S4, and S5). Concerning histone methylation, changes in histone H3 lysine 4 trimethylation (H3K4me3), H3K9 dimethylation
(me2), and H3K27me3 were observed upon PHGDH inhibition. Notably, levels of H3K4me3 and H3K27me3 were significantly reduced,
whereas H3K9me2 exhibited a slight decrease upon PHGDH inhibition (Figures 4B, 4D, and 4F). Notably, the histone methylation changes
induced by CBR addition were significantly mitigated by SAM supplementation. Additionally, DNA methylation (5-methylcytosine, 5mC)
declined significantly following PHGDH inhibition (Figures S4A and S4B). Given the enrichment of H3K4me3 in the promoter regions of
key genes exhibiting reduced expression due to PHGDH inhibition in RNA-seq analysis (heat shock protein [Hspa] 1a and 1b as representa-
tives, Figure S3B), it is plausible that the observed changes in gene expression were linked to reduced H3K4me3 due to PHGDH inhibition
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Figure 5. Male perinatal germ cell properties in Phgdh-cKO mice
(A) Schematic depiction of the generation of Phgdh-cKO mice.
(B, D, and F) Immunostaining analysis illustrating changes in PHGDH (B), SAM (D), and H3K4me3 (F) due to Phgdh KO in testes at E19.5.
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Figure 5. Continued

(C, E, and G) Quantification of relative fluorescence signal intensities of PHGDH (B), SAM (D), and H3K4me3 (F) in VASA-positive germ cells normalized with
surrounding somatic cells at E19.5 (total of 30-33 cells from three biological replicates).

(H) Detection of VASA-positive germ cells throughout the testicular section by tiling analysis at E19.5.

(I) Quantification of the number of VASA-positive germ cells per unit area in Phgdh wild-type and homo-cKO testes at E19.5 (five sections for each replicate). Data
information: values represent the mean + SE of three (C, E, G) and five (I) biological replicates. Statistical significance is indicated by N.S. (not significant),
*p < 0.05, ***p < 0.001, ****p < 0.0001 (one-way ANOVA and Tukey's multiple comparisons test for C, E, G, and unpaired Student’s t test for I). Scale bar:
500 um (1), 50 um (C, E, and G).

Refer also to Figure S5.

(Figure S4C). These observations suggest that PHGDH and SGOC metabolism plays a role in shaping the epigenome of male fetal germ cells
by affecting SAM synthesis.

Perinatal germ cell differentiation in Phgdh-cKO mice

To genetically assess the impact of SGOC metabolism on male germ cell differentiation in vivo, we examined fetal male germ cells in Phgdh-
KO mice. As PHGDH is vital for embryonic development, complete Phgdh-KO results in embryonic lethality around E13.5.?" To circumvent
this effect, we utilized conditional knockout (cKO) mice harboring “floxed” Phgdh (flanked by loxP sites)’” and a Stella-MerCreMertransgene.
The latter activates Cre recombinase production in germ cells around E11.5, with nuclear translocation occurring upon the addition of
4-hydroxytamoxifen (4OHT) (Figure 5A).73

We examined Phgdh-cKO testes at E19.5 to evaluate the effect of Phgdh-KO on germ cells. In homozygous Phgdh-cKO testes, PHGDH
expression was significantly reduced, specifically in VASA-positive germ cells compared to surrounding somatic cells (Figures 5B and 5C).
A decrease in the intensity of SAM (Figures 5D and 5E) and H3K4me3 (Figures 5F and 5G) was also noted in germ cells in E19.5 Phgdh-
cKO testes, consistent with the results of PHGDH inhibition in cultured testes (Figures 2G and 4A). Phgdh KO also led to a slight reduction
in the H3K9me2 level but had no effect on the H3K27me3 level in germ cells, results which were inconsistent with those observed in cultured
testes with PHGDH inhibition (Figures SSA-S5D and 4). This inconsistency is presumably due to the difference in the stage of germ cell dif-
ferentiation between the in vitro (E12.5 testis culture at day 14) and in vivo (E19.5) conditions, or the PHGDH inhibitory effects of CBR-5884 on
both germ cells and somatic cells, unlike the germ cell-specific Phgdh-cKO. The number of VASA-positive germ cells was higher in Phgdh
homo-cKO testes than wild-type testes, resembling the effects of PHGDH inhibition in cultured testes (Figures 5H and 5I).

Unlike testes, Phgdh-cKO ovaries did not exhibit distinct morphological changes, consistent with observations from cultured ovaries with
PHGDH inhibition (Figure S6A). This may be due to the fact that PHGDH is barely expressed in germ cells within fetal ovaries and is only ex-
pressed in oocytes within primordial follicles, rather than in oocytes in cysts, in perinatal ovaries (Figure S6B). Therefore, we examined the
changes in PHGDH expression in oocytes within primordial follicles and found a marked decrease in PHGDH expression in Phgdh-cKO
ovaries compared with those in wild-type ovaries (Figures S6C and Sé6D). Correspondingly, we also observed a reduced SAM signal in
Phgdh-cKO oocytes within primordial follicles (Figures S4E and S6F). However, Phgdh-cKO-dependent reduction of H3K4me3 observed
in perinatal testes was not detected in oocytes within primordial follicles in neonatal ovaries (Figures S6G and S6H). These results suggest
that PHGDH is strongly expressed in oocytes within primordial follicles, though its expression does not contribute to cogenesis and the main-
tenance of H3K4me3, at least within the ovaries at this stage.

In vitro inhibition of PHGDH was found to suppress apoptosis, potentially contributing to the increase in the number of germ cells in
cultured testes (Figures S3E and S3F). To investigate whether a similar phenomenon occurred in the neonatal testes of Phgdh-cKO mice,
we examined the apoptosis ratio in VASA-positive germ cells (Figures 6A and 6B). In wild-type testes, apoptosis of germ cells in the seminif-
erous tubule lumen was evident. Conversely, in Phgdh-cKO testes, a significant reduction in the frequency of germ cell apoptosis was noted.
These findings suggest the PHGDH and SGOC pathways play a regulatory role in controlling the number of germ cells by promoting their
apoptosis during the fetal and neonatal stages.

Spermatogonial transition in Phgdh-cKO mice

In the subsequent analysis, we examined the status of spermatogonial cells in the neonatal testes of Phgdh-cKO mice. In vitro inhibition of
PHGDH resulted in an increase in the proportion of undifferentiated spermatogonial cells (Figure 2F). Similarly, we detected undifferentiated
spermatogonial cells in neonatal Phgdh-cKO testes using PLZF immunostaining (Figure 6C). The results showed that Phgdh-cKO markedly
increased both the number of PLZF-positive undifferentiated spermatogonia and their ratio among VASA-positive germ cells compared with
those in wild-type testes (Figures 6D and 6E). The differentiation of spermatogonia in neonatal testes was also evaluated using immunostain-
ing with anti-Sal-like protein 4 (SALL4, a spermatogonia marker)”* and anti-cluster of differentiation 117 (CD117)/c-KIT (a marker of differen-
tiating spermatogonia)”” antibodies (Figures 6C—6E). The staining revealed a notable reduction in the number of c-KIT-positive differentiating
cells as well as their ratios within the population of SALL4-positive spermatogonia observed in Phgdh-cKO testes compared to wild-type
testes, whereas the number of SALL4-positive cells was not changed (Figure 4E). Taken together, the number of c-KIT-positive differentiating
spermatogonia decreased, whereas the number of PLZF-positive undifferentiated spermatogonia relatively increased, though the total num-
ber of SALL4-positive spermatogonia remained unchanged. These findings suggest that PHGDH inhibition or deficiency disturbs the delicate
balance between undifferentiated and differentiating spermatogonia, leading to an increase in undifferentiated spermatogonia.
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Figure 6. Spermatogonial transition in Phgdh-cKO mice

(A, C, and F) Immunostaining analysis illustrating changes in apoptosis (A), undifferentiated spermatogonia (C), and spermatogonial differentiation (F) due to
Phgdh KO in testes at P7.

(B, D, and G) Quantification of the ratio of germ cells exhibiting a positive signal for active caspase-3 in VASA-positive germ cells (B), for PLZF within VASA-positive
germ cells (D), or for c-KIT within SALL4-positive spermatogonia (G) in testes at P7 (two sections, four areas for each replicate).

(E and H) Quantification of germ cells exhibiting a positive signal for PLZF and/or VASA (E) or for SALL4 and/or c-KIT (H) per unit area in wild-type or Phgdh-KO
testes at P7 (two sections, four areas for each replicate). Data information: values represent the mean + SE of three biological replicates. Statistical significance is
indicated by N.S. (not significant), **p < 0.01, ****p < 0.0001 (one-way ANOVA and Tukey's multiple comparisons test for E and H, and unpaired Student's t test
for B, D, and G). Scale bar: 50 um.

Refer also to Figure Sé.

DISCUSSION

Ourinvestigation revealed a substantial elevation in the levels of two key components in SGOC metabolism, namely PHGDH and SAM, during
the developmental stages of fetal male germ cells in mice. Additionally, we demonstrated that inhibiting PHGDH in fetal germ cells within the
testes enhanced germ cell survival and increased the population of undifferentiated spermatogonia, concurrently affecting epigenomic and
transcriptomic profiles. The results of this study did not, however, provide clarity as to whether the heightened undifferentiated nature of sper-
matogonia results from increased transition from gonocytes, inhibition of differentiation into c-KIT-positive spermatogonia, enhanced survival
specific to undifferentiated spermatogonia, or suppressed survival of differentiated spermatogonia. As such, further investigation is required
to address these issues and gain a more comprehensive understanding of the underlying mechanisms.
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Although details regarding the mechanism underlying the specific upregulation of PHGDH in male germ cells remain elusive, previous
investigations determined that expression of the Phgdh gene in E13.5 gonads is notably higher in male germ cells compared to somatic cells
and female germ cells, indicating that PHGDH expression is regulated at the genetic level.”*® Several transcription factors known to induce
the expression of SGOC metabolic enzyme genes have been reported.”” In cancer cells, the genes encoding enzymes in SGOC metabolism,
including Phgdh, are upregulated during amino acid deprivation via the general control nonderepressible 2-activating transcription factor 4
(GCN2-ATF4) signaling pathway.”® The transcription factors NF-E2-related factor 227 and MYC™ also activate SGOC metabolism, whereas
hypoxia-inducible factors induce Phgdh gene expression under hypoxia in breast cancer cells.”’** N-MYC is particularly noteworthy among
these factors,” exhibiting distinct expression patterns in male germ cells during the fetal developmental phase compared to surrounding
somatic cells and female germ cells at the same stage, as previously reported.”® These data align with the male-specific upregulation of
PHGDH demonstrated in this study (Figure 1). A forthcoming challenge involves ascertaining the potential contribution of N-MYC to the tran-
scriptional regulation of SGOC enzyme genes in the male germ line.

Apart from the regulation of Phgdh gene expression, regulation at the protein level has also been implicated in the augmentation of SAM
synthesis. Notably, studies in colorectal cancer cells reported the monoubiquitylation of PHGDH via a cullin 4A-based E3 ligase complex,
leading to enhanced catalytic activity through formation of a tetrameric structure. This process results in increased levels of serine, glycine,
and SAM.?* Consistent with this understanding, it is plausible that SAM synthesis in male germ cells is regulated not solely through PHGDH
expression but also through potential modifications and/or the formation of multimers.

Interestingly, the amplification of SAM synthesis in male germ cells was predominantly observed within the nucleus, despite the upregu-
lation of PHGDH expression occurring in the cytoplasm (Figures 1B and 1E). The specific mechanism responsible for the pronounced nuclear
localization of SAM remains undetermined; however, plausible explanations include the potential nuclear localization of metabolic enzymes
required for SAM synthesis downstream of PHGDH. Certainly, methionine adenosyltransferase 2A, which converts methionine to SAM, func-
tions in both the nucleus and cytoplasm, generating nuclear SAM through interaction with the MafK oncoprotein.”* The role of SAM in the
nucleus primarily centers on the regulation of DNA and histone methylation, as previously reported.”” Previous studies also reported a cor-
relation between diminished SAM synthesis and reduced H3K4me2/3 levels across various cell types,**~*°
illustrating a decrease in the H3K4me3 level in germ cells following PHGDH inhibition.

Furthermore, SAM exhibits anti-proliferative effects in diverse types of cancer cells, which can be attributed to its promotion of DNA
methylation and concurrent downregulation of proto-oncogene expression.”’ Notably, SAM consistently induces an elevation in p53 and
p21 (cell-cycle inhibitors) levels and a notable increase in the pro-apoptotic Bel2-associated X (Bax)/B cell ymphoma 2 (Bcl2) ratio, accompa-
nied by induction of apoptosis.**** The regulatory effects observed in cancer cells as related to SAM align with the phenotypes identified in
male germ cells, particularly with regard to the reduction in 5mC, increase in the number of germ cells, and diminishment of apoptosis
following PHGDH inhibition. In both contexts, the modulation of SAM levels appears to affect key cellular processes, and it is therefore crucial
to elucidate the mechanism by which these factors are regulated by SAM in male germ cells. This parallelism may underscore the significance
of SAM and its associated metabolic pathways in governing cellular behavior and highlight the potential shared regulatory mechanisms in
distinct cell types, including cancer cells and germ cells.

The current findings demonstrate an increase in the number of male fetal germ cells, which is primarily attributed to suppression of germ
cell apoptosis. The transition of male germ cells to spermatogonial cells involves migration from the seminiferous tubule lumen to the basal
lamina. Previous studies suggested that cells persisting in the lumen due to unsuccessful migration undergo apoptosis and subsequent elim-
ination, potentially to remove erroneously differentiated germ cells.* Additionally, KO of Bax (pro-apoptotic) or overexpression of Bcl2 (anti-
apoptotic), thereby preventing spermatogonia apoptosis, has been shown to result in a transient augmentation of spermatogonial cells and
subsequent disruption of spermatogenesis.***> The impact of PHGDH inhibition on these mechanisms remains unclear at present and will
therefore be a focus for future research. Additionally, investigating the impact of L-serine- and/or L-methionine-depleting dietary interven-
tions in maternal mice on the epigenome of male fetal germ cells and their subsequent differentiation is also of significant interest.

a finding consistent with our data

Limitations of the study

In this article, we have outlined the roles of the SGOC pathway, encompassing PHGDH and SAM, in shaping epigenetic patterns, gene
expression profiles, and cellular viability and differentiation within the male embryonic germ line in mice. However, the intricate interplay
among these components remains only partially understood, necessitating further inquiry into the mechanisms underlying epigenetic dysre-
gulation and its impact on cellular properties. Additionally, the long-term phenotypic ramifications of PHGDH-deficient germ cells in adult
mice and any potential alterations in their reproductive functions have not been explored in this study. Furthermore, it is crucial to determine
whether the phenotype observed in PHGDH-deficient germ cells aligns with that of naturally inactivated SGOC pathway, such as through
dietary intervention utilizing a serine-deficient diet.
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Krueger and Andrews""
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Li and Durbin®’
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RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Yasuhisa Matsui

(yasuhisa.matsui.d3@tohoku.ac.jp).

Materials availability
This study did not generate new unique reagents.

Data and code availability

e All RNA-seq fastq files generated in this study have been uploaded to the Gene Expression Omnibus (GEO) under accession number
GSE263499 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE263499). This paper does not report original code. Raw data

from all figures were deposited on Mendeley at https://doi.org/10.17632/6kwcf49khc. 1.

e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice

Multi-cross hybrid (MCH) mice were obtained from Japan SLC, Inc. The C57BL/6J Phgdh-flox mouse strain was detailed in the work by Yang
et al. (2010).%? Fetal germ cell-specific Phgdh-cKO mice were generated by crossbreeding Phgdh-flox mice with male Stella-MerCreMer mice
aged 2 to 10 months,”® and a 100-pL intraperitoneal injection of 10 mg/mL 4-OHT in corn oil was administered at E11.5. Fetal or neonatal mice
were dissected at E19.5 or P7, respectively. The 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 animal experiments conducted in this study
adhered to the ethical guidelines of Tohoku University, and the corresponding protocols were thoroughly reviewed and approved by the
Tohoku University Animal Studies Committee (approval number: 2019AcA-026-01).

Culture of mouse fetal testes and ovaries
Male B6C3F1 homozygous VASA-RFP mice”® were bred with female MCH mice aged 2 to 10 months to obtain fetuses. Upon separating the
testes from the fetuses at E12.5, the testes were transferred to wells with Transwell Collagen-Coated PTFE Membrane Inserts (Transwell-COL,
Costar, pore size: 3 um) in either 6-well or 12-well plates containing a-minimum essential medium (2-MEM, Invitrogen) supplemented with
10% KnockOut Serum Replacement and 1% penicillin/streptomycin (modified from Ishikura et al., 2016)."° The cultures were maintained at
37°C with 5% CO, in a gas-liquid interphase setup. Each well received either 1.3 mL (for 6-well plates) or 500 pL (for 12-well plates) of medium,
and the medium was refreshed weekly. For inhibition of PHGDH, 20 pM CBR-5884 was introduced to the culture medium (with 0.04% DMSO
as the control). Compensation experiments were performed with the addition of 100 pM SAM or 0.4 mM L-serine to the culture medium.
Ovarian culture was performed according to methods presented in previous study.”® E12.5 VASA-RFP ovaries were transferred to wells
with Transwell-COL in 6-well plates containing 2.02 mL of a-MEM supplemented with 10% FBS, 0.5 mg/mL 2-O-alpha-d-glucopyranosyl-/-as-
corbic acid, and 1% penicillin/streptomycin. The cultures were maintained at 37°C with 5% CO,, and the medium was changed half of the
volume every 2 days. From days 5-11, 5 uM of an estrogen receptor antagonist, IC1182780, was added to the medium.

Cell culture
Murine GS cell induction was conducted following established protocols.'®?° Briefly, cultured testes were incubated with 0.05% Trypsin-EDTA
for 15 min, with intermittent pipetting every 5 min. The enzymatic reaction was halted using DMEM with 10% FBS, and the cells were disso-
ciated into single cells through vigorous pipetting. The cell suspension was then centrifuged at 1,000 rpm for 5 min, and the supernatant was
discarded. The resulting cell pellet was resuspended in DMEM with 2% FBS and subjected to sorting based on the VASA-RFP signal using an
S3e cell sorter (BIO-RAD). After centrifugation and removal of the supernatant, the cell pellet was resuspended in GS culture medium con-
taining growth factors and plated on 0.1% (w/v) gelatin-coated culture plates with MEF feeder cells. The cultures were maintained at 37°C with
5% CO,_ Following two or three passages, remaining VASA-RFP-positive GS colonies were expanded and quantified for subsequent analysis.
The GS culture medium, as described by Ishikura et al. (2016),'® comprised StemPro-34 SFM (Invitrogen) supplemented with StemPro sup-
plement (Gibco), 1% FBS, 1x GlutaMAX-I (Gibco), 1x MEM vitamin solution (Gibco), 5 mg/mL AlbuMAX-II, 5 x 107°M 2-mercaptoethanol,
1% MEM nonessential amino acids (Gibco), 30 mg/mL sodium pyruvate (Gibco), 1x ITS-G, 100 U/mL penicillin, 0.1 mg/mL streptomycin, and
growth factors (recombinant rat GDNF [10 ng/mL], human bFGF [10 ng/mL], LIF/ESGRO [10° U/mL], and mouse EGF [20 ng/mL]).

METHOD DETAILS

RT-qPCR analysis

Total RNA was extracted from VASA-RFP sorted germ cells and purified utilizing an rNeasy Micro Kit. Reverse transcription of total RNA was
performed using Superscript Ill, and the resulting cDNAs were employed for quantitative PCR using Power SYBR Green PCR Master Mix. PCR

signals were detected using a CFX Connect Real-Time PCR Detection System (BioRad). The sequences of the PCR primers are shown in
Table S3.

RNA-seq

RNA-seq libraries were generated from two biological replicates of VASA-RFP sorted germ cells of cultured testes on day 14 after induction
(0.04% DMSO group vs. 20 uM CBR-5884 group). Each library was constructed using a TruSeq RNA Library Preparation Kit, starting from
100 ng of total RNA. Subsequently, the libraries were sequenced on an lllumina HiSeq 2500 instrument, producing reads through 50-bp sin-
gle-end sequencing. The generated reads were trimmed using fastp software.”’ For gene expression analysis, the reads were aligned to the
mouse genome (UCSC mm10 genome assembly and NCBI RefSeq database) using kallisto software,”® considering an estimated average
fragment length of 50. This was followed by calculation of read counts and TPM (transcripts per million). Public databases were utilized,
including bSgenome.Mmusculus.UCSC.mm10 (https://bioconductor.org/packages/release/data/annotation/html/bSgenome.Mmusculus.
UCSC.mm10.html) and TxDb.Mmusculus.UCSC.mm10.knownGene (https://bioconductor.org/packages/release/data/annotation/html/
TxDb.Mmusculus. UCSC.mm10.knownGene.html). DESeq2’? was employed to identify differentially expressed genes (DEGs), with statistical
significance determined using the Wald test. Genes exhibiting statistically significant differences (p < 0.05) were classified as DEGs (only
genes with a mean TPM exceeding 1 were considered). Functional enrichment analysis of DEGs was conducted using Metascape.™ Venn
diagrams were calculated and visualized using the Bioinformatics & Evolutionary Genomics website.
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Re-analysis of previously published whole-genome bisulfite sequencing (WGBS) or chromatin immunoprecipitation (ChIP)-
seq data

WGBS data from previous studies (DRA000607, DRA002477 and DRA002402)°*>” was reprocessed by the following methods.*® Briefly,
adaptor sequences at the 5’ end and low-quality bases at the 3' end were trimmed using cutadapt (1.15) and Trim Galore! (0.4.5), and the
remaining reads were aligned to the mouse genome (mm10) using Bismark (0.13.1)°" with bowtie2 (2.2.3)°” and pbat options. UCSC genome
7 was used for visualizing the data.

ChlIP-seq data from E16.5 male germ cells from the previous study (GSE148150)°° were reprocessed by the following methods.*® Briefly,
reads were aligned to the mouse genome (mm10) using bwa mem (0.7.10) without options.”® PCR duplicates and reads with low mapping
quality (MAPQ <5) were removed by Picard MarkDuplicates (1.128) with the REMOVE_DUPLICATES = true option (http://broadinstitute.
github.io/picard) and Samtools view (1.1) with the -g 5 option (http://www.htslib.org/), respectively. RPKM (reads per kilobase per million
mapped reads) values calculated by DeepTools bamCoverage (3.0.2)>* with -bs 100 -smoothLength 1000 —normalizeUsing RPKM options
were used for visualization.

browser

Immunohistochemistry

For immunohistochemical analysis, testes were fixed in 4% paraformaldehyde in phosphate-buffered saline (PBS) for 3 h at 4°C. Following
fixation, the testes were washed three times with PBS-0.1% Triton X-(PBT) and then incubated with 10% sucrose in PBS followed by 20% su-
crose in PBS for 1 h to overnight at 4°C. Subsequently, the testes were embedded in Optimum Cutting Temperature compound (Sakura Fi-
netek 4583), following the protocol described by Hayashi et al. (2017). The embedded samples were sliced using a CM3050S cryomicrotome
(Leica) to a thickness of 10 um. The sections were permeabilized with 1% Triton X- in PBS for 15 min, blocked with 5% BSA and 1% Triton X- in
PBS for 1 h, incubated with primary antibodies in 1% BSA in PBT overnight at 4°C, and subsequently incubated with secondary antibodies,
followed by 5 ng/mL DAPI for 2 h at 4°C. After primary and secondary antibody treatments, the sections were washed, and the samples were
mounted using Vectashield (Vector H-1000) and observed under a TCS SP8 confocal laser scanning microscope (Leica).

Single-cell fluorescence intensity was measured from two images of two optical sections with an adequate number of germ cells and so-
matic cells in each section, using the histogram option of LAS X software (Leica). The average intensity of the somatic cells was then calculated,
and the relative signal intensity in germ cells was standardized by the average fluorescence intensity of approximately 10 surrounding somatic
cells in each section. VASA-positive cells were quantified using the Analyze Particles tool in ImageJ software.

QUANTIFICATION AND STATISTICAL ANALYSIS

The statistical analyses used to evaluate the data are specified in the figure legends, accompanied by the sample size (n), denoting the num-
ber of biological replicates utilized. For RNA-seq analyses, two samples from each group were examined, whereas for all other experiments, a
minimum of three samples from each group were analyzed. Unpaired two-tailed Student's t-tests were employed for comparisons between
two groups, and one-way analysis of variance (ANOVA) with Tukey’s multiple comparisons test was utilized for statistical analyses of three or
more groups. Statistical significance was defined as p < 0.05. The following symbols are used consistently across the figures to denote sta-
tistical significance: *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. All values are depicted as mean + SEM. Statistical analyses were
performed using Excel or GraphPad Prism for MacOS (GraphPad Software, Boston, Massachusetts USA).
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