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Summary

The neocortex is unique for its evolutionary innovations such as developmental expansion and
higher cognitive functions in mammals. This requires a proper coordination on the generation
of neurons and glia by a pool of neural progenitor cells (NPC) consisting of apical radial glial
cells (aRGC) and intermediate progenitor cells (IPC). NPC pool is spatiotemporally regulated
to balance proliferation and commitment to specific fates. Both intrinsic programs and extrinsic
cues can influence NPC fate dynamics. Cellular metabolism allows the NPC to establish an
integration of the intrinsic and extrinsic factors to better adapt to different environments.
Emerging evidences suggest that NPC metabolism is crucial for the maintenance of NPC
proliferation, but how metabolism may facilitate in vivo differentiation into distinct neuronal
subtypes remain elusive. For modeling in vivo differentiation under one carbon (1C) metabolic
deficiency, I aimed to characterize the contributions of folate and methionine cycles that
provides biosynthetic metabolites predominantly in the NPC. We used quantitative
immunofluorescence to perform a detailed analysis of neuronal production under 1C metabolic
deficiency during neocortical development. First, we assessed the effects of folate metabolic
deficiency using a genetically mutant mouse line and human organoids. Second, we
investigated the impacts of gestational methionine dietary restriction on organ-specific growth

outcomes in mice.

In the first project, we found that folate metabolism is active in aRGC at the onset of
neurogenesis. This spatiotemporal activity appears to be necessary for direct neurogenesis, an
important step of development. Specifically, we show that targeting dihydrofolate reductase
(DHFR) enzyme delays direct neuronal differentiation of aRGC at early stages, followed by
increased production of IPC that promotes the onset of indirect neurogenesis with accelerated
neuronal differentiation at mid-to-late stages in both mouse and human models.
Mechanistically, we found that DHFR activity contributes to the steady-state levels of THF and
SAM metabolites, and that has critical consequences on the histone methylation (H3K4me3)
dynamics, implicating folate metabolism as a novel spatiotemporal regulator in the generation

of neurons.



In the second project, we sought to explore the consequences of methionine restriction (MR)
on fetal organ growth and development. We targeted methionine metabolism with a MR diet
given for 5 days to the pregnant mice and analyzed the growth of fetal organs, including the
brain, liver, and heart. Our data shows that the supply of methionine throughout the gestation
is necessary for brain growth and neocortical neurogenesis. In contrast, growth of the liver and
heart is unaffected highlighting an organ-specific response to MR. In addition, we quantified
global DNA methylation, translation, and cell cycle kinetics and found that those parameters
are differentially affected in the organs. Strikingly, MR leads to neocortical growth retardation
with reduced neuron numbers that is completely compensated at birth with the reintroduction
of control diet for 5 days. Using cell cohort tracing, I identified the NPC pool that is responsible
for this catch-up growth. Further, my data indicates that MR promotes direct neuronal
differentiation of aRGC at early stages, followed by delay in the production of IPC and neuronal
differentiation at mid-to-late stages in mouse neocortex. This unexpected result is in sharp
contrast with the outcomes of folate metabolic deficiency, suggesting shared metabolites in the
1C metabolism might act independently. In conclusion, this study revealed that the brain is

highly sensitive to MR, and methionine metabolism is a major regulator of brain growth.

Collectively, the results of this PhD thesis provide new perspectives on how 1C metabolism

contributes to NPC proliferation and differentiation outputs throughout neocortex development.



Résumé

Le neocortex des mammiféres est unique en raison d’innovations évolutives telles que
I’augmentation de sa taille et I’apparition de capacités cognitives complexes. Ces attributs
nécessitent la mise en place de circuits neuronaux qui s’appuient sur une production stéréotypée
de neurones et de cellules gliales a partir de progéniteurs neuraux (NPC). Des études pionnieres
ont montré que des programmes intrinseques et des facteurs extrinseques régulent le devenir
des NPC pour équilibrer leur prolifération et leur différentiation en sous types cellulaires
distincts. Le métabolisme cellulaire integre ces différents facteurs et permet ainsi I’adaptation
des NPC a leur environnement. Un nombre croissant d’études indiquent que le métabolisme
des NPC est crucial pour leur maintien en prolifération mais comment ces cascades
métaboliques interviennent pour controler la différentiation en sous types cellulaires
spécifiques est encore mal compris. Au cours de mon doctorat, je me suis concentré sur le
métabolisme du One carbone (1C). En particulier, j’ai cherché a caractériser le développement
du neocortex lors d’une restriction du métabolisme 1C. Je me suis intéressé aux cycles du folate
et de la Methionine qui produisent des métabolites importants pour la prolifération et les
réactions de méthylation. J’ai utilisé une approche d’immunofluorescence quantitative pour
analyser en détail la production des sous types de neurones lors d’une restriction du
métabolisme 1C. Dans un premier temps j’ai analysé une lignée de souris génétiquement
modifiée et un modele d’organoide humain traité avec un agent pharmacologique. Dans un
deuxiéme temps, j’ai évalué I’'impact d’une restriction alimentaire en Methionine pendant la

gestation sur la croissance et le développement du foetus.

Au cours du premier projet, en ciblant spécifiquement 1’enzyme Dihydrofolate reductase
(DHFR), mes travaux montrent que le métabolisme du folate est actif dans les progéniteurs
apicaux au début de la neurogenese et que la diminution de cette activité dans les NPC entraine
le basculement d’une neurogenese directe a indirecte. Ceci a des conséquences sur la production
neuronale et la composition en neurones du cerveau postnatal. Au niveau mécanistique, la
diminution de I’activité de DHFR entraine une diminution des métabolites THF et SAM, avec

des conséquences sur la méthylation de I’histone H3. Globalement, ce travail indique que le
6



métabolisme du folate joue un role important dans la dynamique de la neurogenese dans le

neocortex.

Lors du deuxieéme projet, nous avons cherché a caractériser les conséquences d’une restriction
alimentaire de Methionine (MR) courte (5 jours) au cours de la gestation sur trois organes
foetaux, le cerveau, le foie et le coeur. Nos travaux montrent que [’apport régulier en
Methionine est indispensable a la croissance du cerveau, mais pas du foie ni du coeur, revélant
une sensibilité différentielle de ces organes. Nous avons mesuré des parametres, tels que la
méthylation de I’ADN, la traduction et le cycle cellulaire et montré que ces trois organes
réagissent différemment a la MR. Par ailleurs, en analysant plus spécifiquement le neocortex,
nous avons observé que la production neuronale est fortement impactée par la MR. Cependant,
le retour a un régime alimentaire complet pendant les 5 jours suivants la MR permet de restaurer
la production neuronale, soulignant la treés grande plasticitié du neocortex au cours du
développement. En utilisant des approches de tracage de cohortes cellulaires, j’ai pl visualiser
les progéniteurs a 1’origine de cette croissance de rattrapage. Cette étude indique que le cerveau
en développement est particulierement vulnérable au déficit en Methionine qui se manifeste par

un retard de croissance et une production neuronale réduite.

Collectivement, les résultats obtenus durant ce travail de doctorat apportent un nouvel éclairage

sur ’importance du métabolisme 1C pour la croissance et le développement du neocortex.



Introduction

A human fetus inside the mother’s womb needs adequate nutritional supply to meet the growth
demands for an appropriate birth size. Maternal supply fails to provide nutrients and oxygen
efficiently due to genetic or environmental factors in about 5% of human pregnancies, resulting
in abnormal fetal growth (Romo et al., 2009). This can induce metabolic stress to the developing
organs, often causing growth asymmetry in the fetus. In many of these cases, the growth defects
are associated with compromised outcomes in the vital organs, including the brain (Sharma et

al., 2016).

The human brain has undergone dramatic changes during evolution. An adult human brain is
composed of 86 billion neurons and 85 billion nonneuronal (~glial) cells (Azevedo et al., 2009).
Neurons and glial cells form neuroglial circuits to form the information processing networks
that are responsible for sensory-motor and cognitive abilities. During development, progenitor
cell populations coordinate brain growth through their proliferation and differentiation rate over
time in order to generate appropriate number of neuronal and glial subtypes. Evidences support
that the capability of progenitor cells are dependent on the intrinsic and extrinsic factors,
including metabolism (Namba et al., 2021). Specifically, one carbon (1C) metabolism,
comprised of folate and methionine cycles, is reported to support early brain morphogenesis,
including the neural tube formation, through 1C units required for the synthesis of DNA, amino
acids, polyamine, phospholipids, and methylation reactions (Keuls et al., 2023). Nevertheless,
it remains to be understood how these metabolic cues integrate to maintain the long-term
development of the brain in a physiological and malnutrition context. This fundamental

knowledge may contribute to the development of therapy options for neurobiological diseases.

In this context, this Ph.D. thesis addresses how 1C metabolic cues impact spatiotemporal
regulation of brain development. To address that, I have studied mouse neocortex and human
neural organoids to closely mirror the biology of human health and disease. The focus of my
project was to quantify the dynamics of cellular production and fate in the context of decreased

1C metabolism through genetic targeting and dietary restriction. These models allow
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constitutive and transient perturbation of specific metabolites in the 1C pathway and the
originality of this work was to look at the nutritional dependency of cellular specification in the
developing neocortex with the help of known cell-type specific markers using conventional

confocal imaging. Two projects were run in parallel:

In the first project, we made use of a CRISPR-Cas9 engineered mouse mutant for dihydrofolate
reductase (DHFR) and methotrexate (MTX)-mediated inhibition of DHFR in human neural
organoids, on the production of different neuronal subtypes during neocortex development.

This work was published in Development, on 04 September 2023.

Dihydrofolate reductase activity controls neurogenic transitions in the developing
neocortex.

Sulov Saha, Thomas Jungas, David Ohayon, Christophe Audouard, Tao Ye, Mohamad-Ali
Fawal, Alice Davy.

The second project assesses whether methionine restriction impact neocortex development. It
unravels diet-induced microcephaly and the possibility of catch-up growth with the
reintroduction of methionine, reflecting the vulnerability and plasticity of the developing brain.

This work is in preparation and will lead to a scientific publication.

Acute dietary methionine restriction highlights sensitivity of neocortex development to
metabolic variations.

Sulov Saha, Clemence Debacq, Christophe Audouard, Thomas Jungas, Mohamad-Ali Fawal,
Clement Chapat, David Ohayon, Alice Davy.

The framework of my Ph.D. project will be introduced in the following order:

* A brief introduction to metabolism with a special focus on the physiological, developmental
and pathological aspects.

* A focus on the key developmental and evolutionary processes involved in the mouse and
human brain development.

* A comparative analysis of in vivo and in vitro modeling of brain development.



Chapter 1: Metabolism
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1.1 A brief history of metabolism

Metabolism is derived from the Greek word, metabolé meaning “to change” and comprises a
series of biochemical reactions that take place in the cells of living organisms. These reactions
may lead to the synthesis and degradation of complex macromolecules, utilizing or generating
energy in the process. The earliest record of metabolic studies has been traced to Santorio
Sanctorius’s noted work “Ars de statica medecina” published in 1614 (Figure 1), in which he
weighed himself before each meal and then stopped eating and found that the ingested food was

lost through what he called “insensible perspiration™.

il

Figure 1: Santorio Sanctorius sitting in his steelyard balance.

However, the macromolecular constituents of foods had not been identified until Justus von
Liebig classified foodstuffs into protein, fat, and carbohydrates in 1840s. Later, pioneering
studies led by Wilhelm Kiihne, Eduard Buchner, and James Sumner in the late 19th and early
20th centuries marked the beginnings of metabolism with the identification of enzymes
involved in biological processes. These discoveries led to the “golden age of biochemistry”,
spanning from approximately the 1920s to the 1960s, which established the foundational
understanding of the metabolic network governing the utilization of nutrients and the generation
of energy in various organisms, including humans. Key contributions during this era were

driven by Gustav Embden, Otto Fritz Meyerhof, and Jakub Karol Parnas on glycolysis, Otto
11



Warburg on respiration, Hans Krebs on tricarboxylic acid (TCA) and urea cycle, Carl and Gerty
Cori on glycogen catabolism, and Peter Mitchell on oxidative phosphorylation. These metabolic
pathways helped to understand the fundamental aspects of core metabolism, which

predominantly encompass essential nutrients, including the carbohydrates, amino acids, and

fatty acids (Figure 2).
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Figure 2: An overview of core metabolism of major nutrients (carbohydrates, amino acids, and

fatty acids) for energy homeostasis and growth. Image adapted from (DeBerardinis &

Thompson, 2012).

These pathways were identified vital for maintaining macromolecule synthesis in tissues
(known as anabolism) or breaking down macronutrient into metabolite and release energy
(known as catabolism). However, metabolic research was gradually overshadowed with the
quest for genetic and molecular basis of human diseases. An intricate link between metabolic

states in health and disease remained incomplete by the end of the 20th century.

12



1.2 Metabolism in physiology, development, and

disease

1.2.1 Overview of metabolism in physiological contexts

In physiology, metabolism serves as a central hub for energy production and utilization,
enabling the coordination of anabolism and catabolism for adult homeostasis. Various
mechanisms are employed to facilitate energy storage and to ensure the availability of stored

energy in the fed, fasting, or starvation state (MacDonald & Webber, 1995).

Plasma glucagon
P‘aSma . _.—g_- —g_-.
-, f/? —— "
- (Y
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~ %,

Relative change

Hours of starvation

Figure 3: Fasting effects on different hormones and nutrients. Fasting leads to the release of
glucose, fatty acids, ketone bodies, and glucagon into the bloodstream to fulfill the body's daily

energy requirements. Image adapted from (Karimi et al., 2021).

The fed state, occurring after a meal, entails the digestion of food and absorption of nutrients,

with an emphasis on anabolism outweighing catabolism. The digestion of carbohydrate begins
13



in the salivary glands, while protein and fat digestion occur in the stomach and small intestine.
The digested micronutrients are transported across the intestinal wall and enter the blood
circulation (glucose and amino acids) or the lymphatic system (lipids) for reaching the target
tissues, such as the liver, adipose tissue, or muscle. The glucose and lipids are promptly
consumed in case of immediate energy requirements. Otherwise, glucose and amino acids are
stored as glycogen and proteins in liver and muscle tissues, and lipids are stored in adipose
tissues. Subsequently, the fasting state takes into effect. This state that typically occurs during
overnight fasting or by skipping a meal, stimulates the body to rely on stored glycogen. In
contrast, prolonged periods of fasting prompts the body to enter “survival mode”, prioritizing
the provision of sufficient glucose for the brain, followed by the conservation of amino acids
for protein synthesis. The body also utilizes ketones to meet the energy demands of the brain
and other glucose-dependent organs, while ensuring the lipids and proteins as alternative
sources in the events of long-term starvation (Figure 3). These metabolic states are orchestrated
as whole-body energy balance and metabolic homeostasis under the regulation of endocrine
system, including the actions of insulin, glucagon, and cortisol, modulates metabolic pathways
to maintain blood glucose levels, control lipid storage and mobilization, and support protein
synthesis. However, these physiological processes adapt during pregnancy in pursuit of a

complex endocrine-metabolic rearrangement (Parrettini et al., 2020).
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Figure 4: Macromolecules and waste products transport across the human maternal-fetal
interface. Key components include BM (basal plasma membrane), E (estrogen), P4
(progesterone), hCG (human chorionic gonadotropin), MVM (microvillous membrane), plGF
(placental growth factor), and sFLT1 (soluble fms-like tyrosine kinase). The
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syncytiotrophoblast facilitates transport through passive and facilitated diffusion, active

transport, as well as endo- and exocytosis. Image adapted from (Kramer et al., 2023).

The initial stage of pregnancy (first and second trimesters) is marked by an anabolic phase of
lipid deposition in maternal stores to meet the demands of the developing fetus. As the
pregnancy progresses in the third trimester, maternal metabolism enters into a catabolic phase,
marked by increased levels of glucose and fatty acids for facilitating fetal growth. The transfer
of these nutrients from maternal to fetal circulation is regulated at the placenta, an extra-
embryonic specialized tissue that harbors distinct transporting systems for the uptake of specific
nutrients (Figure 4). Glucose serves as a vital source of energy for the developing fetus, thereby
the demand for glucose transfer elevates during the course of pregnancy. In the case of amino
acids, fetal concentrations tend to surpass those in the maternal compartment. Maternal fatty
acid metabolism undergoes modifications, particularly during the third trimester, with an
increase in fatty acid concentrations in the plasma. The contributions of such maternal supports

in fetal growth is a fundamental question in the field of developmental biology.

1.2.2 Metabolism in fetal development

The concept of developmental metabolism was pioneered in the 1950s with the observations
on glycolytic activity and developmental progressions in chick embryonic tissues (O’Connor,
1950, 1952). In the 20nd and 21st centuries, studies on animal models have established the
notion that metabolism is not just a homeostatic process, but instead an active effector of
physiological and developmental changes (Miyazawa & Aulehla, 2018). As our understanding
of the developmental metabolism is improving through better in vivo measurements, we can
transition from in vitro correlative investigations to more functional in vivo studies. During
early embryonic development following fertilization, the single-cell embryo relies primarily on
pyruvate metabolism. As the embryo progresses to form a blastocyst, its dependence shifts to
glucose metabolism for augmenting biomass and cellular proliferation (Tippetts et al., 2023).
Subsequent postimplantation development is characterized by successive waves of proliferation
and differentiation for proper organ development over the course of gestation. As cells undergo
proliferation or differentiation, their metabolic processes shift to fulfill the biosynthetic or
specific energy requirements associated with the new cell fate. A recent study revealed that

fetal tissues exhibit varying mitochondrial fuel preferences during mid-gestation (Solmonson
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et al., 2022). Exploring these metabolic patterns defining embryonic stages is crucial in

revealing metabolism's role in the developmental process.
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Figure 5: Nutritional positive and negative impacts (highlighted in blue and red) on tissue-

specific processes. Image adapted from (Tu et al., 2023).

With the recent technological advances, it has been possible to perturb metabolic pathways by

targeting enzymes and metabolites in animal models, revealing how regulatory mechanisms

link cell signaling to the orchestration of metabolic cues, such as epigenetic and

posttranslational modifications. Work in all of these areas emphasizes that no cellular functions

occur independently of metabolism. Thus, current developmental biology has begun to describe

the crosstalk between metabolic profile of the cell and developmental conditions at the whole-

organism level (Figure 5). This will help to understand the concept of “fetal programming”,
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which states that organ development is composed of critical periods in utero. An adequate
maternal diet is essential to ensure proper development of the organs. As such, it is often
recommended that pregnant women take a daily supplement, containing vitamins, minerals, and

omega-3 fats (Brown & Wright, 2020).

1.2.3 Metabolism goes awry in disease states

The concept of metabolic basis of inherited disease was first introduced about a century ago
(Garrod, 1908). This emphasizes that metabolic perturbations accompany common human
diseases. The advent of the “omics” revolution in the 21st century empowered laboratories to
examine genetic and metabolic imprints in bodily tissues and fluids, aiding in the identification
of genotype-phenotype correlations. Metabolic irregularities, such as impaired insulin
signaling, dyslipidemia, and aberrant nutrient sensing, contribute to the onset of insulin
resistance, hyperglycemia, and lipid accumulation, serving as the underlying foundation for a
spectrum of disorders, including metabolic syndromes, diabetes, cardiovascular diseases, and
cancer (D. J. Hoffman et al., 2021; Huang, 2009). Furthermore, deviations in metabolic states
are implicated in fostering inflammatory reactions, oxidative stress, and mitochondrial
dysfunction, thereby fueling the advancement of chronic diseases and age-related pathologies
(Guo et al., 2022). However, many cases of metabolic disorders appear to be asymptomatic or
mild biochemical and phenotypical abnormalities (Edmondson et al., 2016; Ganetzky et al.,
2016), suggesting that a systemic compensation exists in the inter-connected metabolic

networks.
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Figure 6: Maternal nutrition in fetal health outcomes. Mechanistic target of rapamycin (mTOR)
signaling is one of the key regulatory loops that can sense available nutritional resources and

regulate fetal growth accordingly. Image adapted from (Kramer et al., 2023).

Accumulating evidences suggests that the parental environment before and during pregnancy
can significantly impact the health and well-being of offspring. Norbert Freinkel first
introduced the concept and proposed that over-nutrition during gestation could have
consequences on the progeny (Freinkel, 1980). In recent years, this concept has evolved into
the theory of the “developmental origins of health and disease” (Barker, 2004), which defines
that when the fetus encounters a poor environment, it undergoes irreversible alterations in its
developmental path, leading to growth restriction. Subsequently, during childhood or later
stages, the organism loses its ability to adapt to a more resourceful environment, setting the

stage for the emergence of adult-onset diseases (Figure 6).

1.2.4 1C metabolism: a diet-dependent health and disease

outcomes

The discovery of methionine and folate were accomplished in 1920s and 1941, respectively
(Barger & Coyne, 1928; Mitchell et al., 1941; Mueller, 1921). Deficiency in folate intake was
implicated in human developmental processes, including neural tube defects (NTDs) and
anemia during pregnancy (Emery et al., 1969; Hibbard et al., 1965). Since then emphasis is
given to the underlying molecular mechanisms, which demonstrated that 1C metabolism plays

integral roles on the regulation of methylation reactions, nucleotide synthesis, and amino acid
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metabolism. This intricate metabolic pathway heavily relies on folate and methionine, which
only come from a balanced dietary intake (Figure 7). Dietary patterns rich in folate have been
associated with reduced risks of NTDs (MRC Vitamin Study Research Group, 1991).
Conversely, excess in folate intake have been recently implicated in various health
complications (Bahous et al., 2017; Kintaka et al., 2020). Methionine has been receiving great
attention because its dietary restriction exhibits positive outcomes on metabolic health and life
span (Fang et al., 2022). However, a complete understanding of the contributions of methionine

in health is still missing.
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Figure 7: Dietary intake of folate and methionine in male participants (non-supplemented) from
EPIC-OXFORD study. Data adapted from (Gilsing et al., 2010; Schmidt et al., 2016) with
GraphPad Prism.

The 1C metabolism encompasses the folate cycle, methionine remethylation, and
transsulfuration pathways, which are compartmentalized within the cytoplasm, nucleus, and
mitochondria (Ducker & Rabinowitz, 2017). The presence of such compartmentalized
pathways may allow for a complete oxidative/reductive cycle. This intricate metabolic network
facilitates the transfer of 1C moieties, such as methenyl, formyl, and methyl groups, essential
for various cellular processes, including regulation of nucleotide pools, biosynthesis of
macromolecules (e.g., proteins, polyamines, creatine, phospholipids), epigenetic modulation of

gene expression via methylation, and redox homeostasis (Figure 8).
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Figure 8: Products and compartmentalization of 1C metabolism in cytosol, nucleus, and

mitochondria. The folate forms are illustrated in green boxes, enzymes are indicated in red, and

functional output is colored in orange. Image adapted from (Lionaki et al., 2022).

Folates function as versatile methyl donors, transporting and activating 1C units. Folates in diet
can be present as naturally reduced form or as folic acid (synthetic form). The DHFR enzyme
converts both forms into a biologically active form, tetrahydrofolate (THF). THF undergoes
transformation to 5,10-methylene-tetrahydrofolate (5,10-CH2-THF) through the B6-dependent
enzyme serine hydroxymethyltransferase (SHMT1) and is subsequently irreversibly reduced to
5-methyltetrahydrolate (5-mTHF) by the B2-dependent enzyme methylenetetrahydrofolate
reductase = (MTHFR).  Alternatively, a series of reactions catalyzed by
methylenetetrahydrofolate dehydrogenases (MTHFDI1) converts 5-mTHF to 10-formyl-
tetrahydrofolate (10-f-THF) for the synthesis of purines. The folate cycle ends with the

demethylation of 5-mTHF, wherein 1C unit is donated for the remethylation of homocysteine
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(HCY) to methionine, a reaction facilitated by the B12-dependent enzyme methionine synthase
(MTR). Methionine undergoes adenylation by methionine adenosyltransferase (MAT) to form
S-adenosylmethionine (SAM), a universal methyl donor. During the process of methyl transfer,
SAM converts to S-adenosylhomocysteine (SAH), which, in turn, is hydrolyzed back to HCY
and adenosine through a reversible reaction catalyzed by S-adenosylhomocysteine hydrolase
(AHCY), thus completing the methionine cycle. When methionine and folate levels are
adequate, elevated levels of SAM trigger the degradation of HCY through a two-step

transsulfuration pathway, which relies on vitamin B6 as a cofactor (Figure 8).

Sydney Farber initially acknowledged the significance of 1C metabolism in cancer outcomes
in 1948. He noted that a deficiency of dietary folate in children with acute leukemia resulted in
a reduction of leukaemic cell count (Farber & Diamond, 1948). The dependency of cancer on
1C metabolism were identified with the development of metabolic inhibitors, including MTX.
MTX is a competitive inhibitor of DHFR enzymatic activity, which is essential for high
nucleotide synthesis in proliferating and transformed cells (Nilsson et al., 2014). MTX
demonstrates high sensitivity to the hematological cancer cell lines (Yang et al., 2013), however
application of MTX in cancer treatments is limited due to resistance mechanisms in cancer cells
(Horns et al., 1984; Pizzorno et al., 1988). In contrast, all cancer cell lines show increased

consumption of methionine, and cancer is dependent on methionine (R. M. Hoffman, 1984).
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Chapter 2: Key regulatory mechanisms of

brain development
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2.1 Overview of basic cellular mechanisms

The brain is composed of the cerebrum/cerebral cortex, cerebellum, and brainstem. The cerebral
cortex, largest part of the brain, is characterized by the presence of neuronal cells organized in
a layered structure. In mammals, these neurons exist in six layers in the neocortex, while in
birds and reptiles, they primarily populate the dorsal and dorsolateral ventricular ridges (S. D.
Briscoe et al., 2018). The neocortical development begins with the formation of the
telencephalic vesicles, composed of a monolayer of neuroepithelial cells (NEC). These NEC,
the earliest type of NPC, with two radial processes extending from the soma, self-amplify and
transform into apical radial glial cells (aRGC; also known as RGC) within the ventricular zone
(VZ) (Sahara & O’Leary, 2009; Sidman & Rakic, 1973). Throughout each cell cycle, the
nucleus undergoes a consistent movement spanning the entire apical-basal length, referred to
as interkinetic nuclear migration (INM) (Takahashi et al., 1993). Mitotic division takes place at
the apical surface, with the nucleus transitioning towards the basal side during the G1 phase,
maintaining its position during DNA synthesis (S phase), and returning from the basal to the
apical side at G2. RGC, which divides at the apical surface and expresses the paired-box
transcription factor 6 (PAX6) (Gotz et al., 1998), serves as the primary type of NPC for
generating all cortical excitatory neurons in the dorsal telencephalon (Malatesta et al., 2003).
The remaining RGC fractions undergo a transition from neurogenic to gliogenic progressively
(Hippenmeyer, 2023), producing various types of glial cells (astrocytes and oligodendrocytes)
and establishing the postnatal NPC niche.

At the onset of neurogenesis, aRGC divisions give rise to both additional aRGCs and a small
proportion of neurons. As development progresses, aRGC starts to generate a secondary type
of progenitor cells, known as basal progenitors (BP) in the subventricular zone (SVZ) (Noctor
et al., 2004). These BP include intermediate progenitor cells (IPC) and outer radial glia cells
(oRGC, also known as basal radial glial cells). In mice, most BPs manifest as IPC, which
express the T-box transcription factor 2 (TBR2) (Englund et al., 2005). IPCs can generate
excitatory neurons across all layers (Kowalczyk et al., 2009). In contrast, species with larger
and folded brains, such as primates, exhibit abundant oRGCs with high proliferative capabilities
marked by a unique expression of the homeodomain-only protein homeobox (HOPX) (Pollen

et al., 2015), with a significant proportion co-expressing PAX6 and TBR2 (Reillo et al., 2011).
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oRGC share similarities with aRGC, including PAX6 expression and the presence of a radially

extended basal process, but they lack apical processes and INM, instead undergo mitotic somal

translocation (MST) (Figure 9).
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Figure 9: Species-specific specification of excitatory neurons in the neocortex. Mouse
neurogenesis spans about one week, and oRGC is rarely found. In contrast, human neurogenesis
extends for four months, and a higher prevalence of oRGC contributes to the increased neuronal

production and brain expansion. Image adapted from (Vanderhaeghen & Polleux, 2023).

The six layers of excitatory projection neurons in the neocortex, numbered 1 to 6, are generated
in a sequential ‘inside-out’ manner (except for early-born uppermost layer 1 neurons). The
process of neurogenesis occurs through both direct neurogenesis, where a fraction of deep layer
(DL) neurons are directly produced by aRGC, and indirect neurogenesis, where upper layer

(UL) neurons are predominantly generated indirectly through BP (Cérdenas et al., 2018;
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Laguesse et al., 2015). Due to the amplifying nature of BP, indirect neurogenesis significantly
increases neuron production in primates (Kriegstein et al., 2006). Newborn neurons embark on
a journey by radial migration toward their ultimate destination in the cortical plate (CP).
Excitatory neurons follow two primary modes of migration: somal translocation, primarily used
by the early-born neurons, and glia-guided locomotion, which is more commonly used by
pyramidal cells. On the other hand, inhibitory neurons, originating in the ventral telencephalon,
employ a distinct mode of migration (Lepiemme et al., 2022; Nadarajah & Parnavelas, 2002).
During this phase, excitatory projection neurons develop specialized axonal projections to
distant brain targets based on their specific subtypes, including corticothalamic projection
neurons (CThPN), subcerebral projection neurons (SCPN), and callosal projection neurons
(CPN). The appropriate differentiation of CThPN, SCPN, and CPN neurons are regulated by
the expression of the T-box brain protein 1 (TBR1), COUP-TF-interacting protein 2 (CTIP2;
also known as BCLI11B), and special AT-rich sequence binding protein 2 (SATB2),
respectively (Figure 10). This specialization of identity is area-specific and gradually refined

during the developmental stages (Greig et al., 2013).
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Figure 10: Excitatory projection neuron diversity in the neocortex. The excitatory projection
neurons are classified into three major subtypes on the basis of their projection pattern: CThPN
in layer 6 project axons to the thalamus (VP, ventral posterior nucleus; dLG, dorsal lateral
geniculate nucleus); SCPN located in layer 5 send axons to the optic tectum (OT), brainstem,
or spinal cord (SC); and translaminar CPN project axons to the contralateral cortex (CC, corpus
callosum). Notably, a combinatorial expression of transcription factors during development

determines both subtype and area identity. Image adapted from (Woodworth et al., 2012).

Unlike excitatory projection neurons, cortical interneurons originate in the ventral
telencephalon, from where they tangentially migrate to the dorsal telencephalon (Anderson et
al., 1997). Interneurons are primarily derived from three progenitor regions: medial ganglionic
eminence (MGE), caudal ganglionic eminence (CGE), and the preoptic area (POA) (Figure 11).

The interneurons are classified into three major subtypes: parvalbumin (PV)-, somatostatin
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(SST)-, and the serotonin receptor 3A (SHT3aR)-expressing interneurons (Lim et al., 2018).
Around the same onset of neurogenesis as in the dorsal telencephalon, ventral VZ progenitors
undergo spatiotemporal fate programming to generate the interneuron subtypes. The laminar
distribution of interneurons is partially influenced by both their birthdate and origin; however,
this arrangement can be modulated by the populations of excitatory projection neurons (Lodato
etal., 2011). In humans, RGC can generate both excitatory projection neurons and interneurons
(Delgado et al., 2022), which is not the case in mouse neocortex (Bandler et al., 2022). During
development, neocortical neurons are generated in excess numbers, and some are later
eliminated (up to 40%) by programmed cell death (Southwell et al., 2012; Verney et al., 2000).
This process refines neocortical circuits and adjusts the neuron numbers, of which excitatory

projection neurons constitute approximately 80% of the population (Douglas & Martin, 2004).

Rostral telencephalon Caudal telencephalon

Pallium

Subpalium

Figure 11: Distinct telencephalic progenitor domains in the mouse neocortex. The newborn
excitatory neurons migrate radially from the dorsal VZ (red arrows) and subtypes of
interneurons migrate long distances tangentially toward the neocortex (blue arrows). Image

adapted from (Lunden et al., 2019).

Apart from neurons, the mature neocortex consists of two glial subtypes: macroglia and
microglia. Macroglia, including astrocytes and oligodendrocytes, originate from distinct NPC
pools (Beattie et al., 2017; Z. Shen et al., 2021), while microglia are of mesodermal origin
derived from primitive yolk-sac-derived myeloid precursors (Ginhoux et al., 2010; Kierdorf et
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al., 2013). Astrocytes and excitatory neurons share the same NPC pools and astrocytes
generation is spatiotemporally promoted by extrinsic signals and epigenetic regulation at the
end of neurogenesis (Molné et al., 2000; Takizawa et al., 2001). Conversely, oligodendrocyte
precursor cells (OPC) originating in the ventral telencephalon and responsible for generating
oligodendrocytes share common developmental origins and migration profiles with the

interneurons (Kessaris et al., 2006; Lepiemme et al., 2022).

2.2 Cell-extrinsic and intrinsic regulation

Neocortical neurogenesis primarily relies on a temporal patterning in comparison with a spatial
patterning of NPC in the spinal cord (J. Briscoe et al., 2000; Telley et al., 2019), meaning that
the different subtypes of neurons are generated in a sequential temporal order from the same
location. This process is controlled by cell-intrinsic mechanisms as well as by cell-extrinsic
cues that originate in the neighboring niche. These cues influence the fate of NPC via precise
modulation of gene expression, ultimately contributing to the growth and final size of the
neocortex. Fundamental studies from mouse models have contributed to the understanding of

key developmental cues in the NPC, which are stated below.

Signaling molecules: Extrinsic signaling cues, such as fibroblast growth factors (FGFs), sonic
hedgehog (SHH), wingless-related integration site (WNTs), and bone morphogenetic proteins
(BMPs)/ transforming growth factor-beta (TGF-B) (Figure 12), participate in the regionalization
of telencephalic vesicles into a dorsal or pallial and a ventral or subpallial territory (Campbell,

2003).
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Figure 12: Signaling centers in the patterning of early telencephalon. During neurulation, three
patterning centers are localized in anterior neural ridge (ANR), roof plate (RP), and prechordal
plate (PP). At the onset of neurogenesis, patterning centers and migrating signaling units are
distributed in commissural plate (CoP), septum, hem, ventral telencephalon, and pallial—-

subpallial boundary (PSB/anti-hem). Image adapted from (Borello & Pierani, 2010).

During early neurodevelopment, FGF8 secretion at the rostral midline acts as a center for
anterior forebrain patterning (Fukuchi-Shimogori & Grove, 2001). SHH is secreted at the
ventral midline for the specification of ganglionic eminence (Rallu et al., 2002). WNTs/BMPs
secretion at the dorsal/caudal midline plays instructive role for the patterning of the
hippocampus (Furuta et al., 1997; Grove et al., 1998). Following the formation of telencephalic
vesicles, two additional signaling centers are established along the mediolateral axis: the hem
serves as the organizer of the hippocampus and the anti-hem segregates the pallial/subpallial
boundary (Assimacopoulos et al., 2003). These secreted morphogens induce anterior-posterior
(AP) and dorsal-ventral (DV) axes of the forebrain through direct or indirect interactions
between the signaling centers and their downstream transcription factors, may further promote

the precise identity and specification programs in the NPCs.

Transcription factors: Intrinsic genetic programs are driven by the coordinated action of
morphogenetic signals on the NPC. In the dorsal telencephalon, SHH and FGF8 induces the
positional identity of the NPCs via expression of specific transcription factors, including PAX6,
empty spiracles homeobox 1 (EMX1), GS homeobox 2 (GSH2/GSX?2), and NK2 homeobox 1
(NKX2.1) (Muzio & Mallamaci, 2003; Puelles et al., 2000). PAX6 is highly expressed in the
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VZ and activates the expression of the proneural basic helix—loop—helix (bHLH) transcription
factor neurogenin-2 (NGN2/NEUROG?2) (Gunhaga et al., 2003; Scardigli et al., 2003).
Together with the winged-helix transcription factor forkhead box G1 (FOXG1) (Hanashima et
al., 2002), they promote neurogenesis and specification of excitatory neurons. Several
transcription factors, including NGN2, zinc-finger transcription factor insulinoma-associated
1 (INSM1), and activating enhancer binding protein 2 gamma (AP2y/TFAP2C), have been
implicated in the generation of TBR2 progenitors (Farkas et al., 2008; Miyata et al., 2004; Pinto
et al., 2009). These transcription factors act in a spatiotemporal manner for the generation of
excitatory neurons in the neocortex. Afterwards, signal transducer and activator of transcription
3 (STAT3) promotes astrocytic gene expression at the onset of gliogenesis (Fan et al., 2005).
In addition to STAT3, SRY-box transcription factor 9 (SOX9) and nuclear factor 1 (NFIA) acts
together as transcriptional determinants of gliogenesis (P. Kang et al., 2012). NPC in the ventral
telencephalon expresses distal-less homeobox 1/2 (DLX1/2), which subsequently gives rise to
migrating interneurons towards the neocortex (Anderson et al., 1997). DLX1/2 coordinates
interneuron differentiation and restricts OPC formation through oligodendrocyte transcription

factor 2 (OLIG2) repression at the time of neurogenesis (Petryniak et al., 2007).

Cell-intrinsic timing: Neocortical NPC undergoes distinct transitions during excitatory
neuronal specification, suggesting NPC adopts a distinct strategy for the sequential production
of neuronal subtypes. There are two distinct hypotheses that support a deterministic strategy
involving the existence of homogenous and heterogeneous populations of the NPC. On the one
hand, the progressive restriction hypothesis argues for the existence of a homogeneous
population of multipotent NPC that lose their potency gradually; therefore, the fate of NPC
evolves with time (Gao et al., 2014; McConnell & Kaznowski, 1991; Oberst et al., 2019; Q.
Shen et al., 2006). On the other hand, the fate-restricted hypothesis states that the pool of
heterogeneous NPC is diverse from the earliest stages and that specific NPC will give rise to
specific neurons (Fabra-Beser et al., 2021; Franco et al., 2012; Llorca et al., 2019).
Nevertheless, both hypotheses identified either a temporal code or a genetic program as the
mechanisms responsible for fate transitions during neurogenesis. Neurogenic programs
proceeds until the end of the gestation, at which point a pool of remaining NPC switches to
gliogenic programs for the production of glial subtypes onwards (Barnabé-Heider et al., 2005;

Fan et al., 2005; Petryniak et al., 2007). These programs are orchestrated by global and specific
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transcriptional and epigenetic changes for regulating time-dependent gene expression in the

NPC (Albert et al., 2017; Sanosaka et al., 2017).

Cell-extrinsic mechanisms: Progressive changes of cell-extrinsic cues drive the early-to-late
temporal progression of the NPC fate. These non cell-autonomous cues facilitate the
proliferation and temporal transitions in the NPC. For instance, during early neurogenesis, FGF
signaling promotes the acquisition and maintenance of RGC state (W. Kang et al., 2009; Sahara
& O’Leary, 2009). The secretion of retinoic acid (RA) from the meninges joins in the
maintenance and proper differentiation of aRGC (Siegenthaler et al., 2009). Furthermore,
feedback signals of WNT and neurotrophin 3 (NTF3) from newborn neurons regulate the RGC
fate decisions and the subtype of progeny (Parthasarathy et al., 2014; Wang et al., 2016).
Another non cell-autonomous feedback mechanism is cell-cell interactions influencing the
identity and differentiation timing of RGC locally. For instance, EPH (erythropoietin-producing
hepatocellular carcinoma):EPHRIN (EPH receptor-interacting proteins) signaling is required
for the maintenance and proper differentiation of the RGC (Arvanitis et al., 2013; Qiu et al.,
2008) and for pacing neuronal production in the neocortex (Kischel et al., 2020). We recently
identified a direct link between EPH:EPHRIN, 1C metabolism, and epigenetic state in the
aRGC (Fawal et al., 2018), underlying the significance of metabolic pathways in the control of

temporal fate transitions.

2.3 Metabolic regulation of brain development

Nutritional needs are increased during pregnancy; however, whether that heightened nutritional
support has to be continuous or sufficient for critical brain growth is unclear. In addition to their
bioenergetics function, recent work showed that nutrients can influence developmental
programs by acting as systemic cues (Miyazawa & Aulehla, 2018). The ability to compare
different metabolic states in specific cell types led to an understanding of developmental
metabolism, and highlighted that stem/progenitor cell metabolism and brain growth are
intricately intertwined in a synergistic manner. Brain develops from prenatal to adolescence
periods, which are considered critical and sensitive for normal brain function (Figure 13). At

this time windows, the plasticity is driven by environmental influence to establish the
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stereotypic number of cells (neurons and glia) and their connectivity (synapses) (Dehorter &

Del Pino, 2020).
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Figure 13: Critical and sensitive stages extend to the peak of axonogenesis, synaptogenesis, and

myelination. Image adapted from (Khodosevich & Sellgren, 2023).

Nutritional supplies along the critical and sensitive stages affect neurodevelopmental outcomes
in relation to brain structure and function (Cheatham, 2020; Cusick & Georgieff, 2016). In
many mammals, a key neurodevelopmental feature is the completion of neocortical
neurogenesis during embryonic brain development, resulting in fetal NPC metabolism relying
exclusively on maternal nutritional sources. The ability to adapt to environmental fluctuations
of specific nutrients that fuel the fetal NPC metabolic network (Figure 14), is still less

understood.
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Figure 14: Core metabolic pathways in the NPC are color-coded as follows: turquoise for
glycolysis, blue for B-oxidation, brown for cholesterol metabolism, orange for 1C metabolism,
purple for glutaminolysis, and green for the TCA cycle. The mitochondrial compartment and
key proteins are highlighted in light green and red, respectively. Image adapted from (Namba
et al., 2021).

Existing data suggests that NPC populations exhibit distinct cellular metabolism during
neocortical development (Figure 15). This evidence strongly suggests that NPC metabolism

may affect species-specific proliferation and differentiation output.

32



Table 1. Summary of Metabolic Pathway Activities in Mouse and Human NPCs

APs BPs
aRG biPs bRG
Mouse Human Mouse Human Mouse Human References
Glycolysis high ND low ND ND ND Khacho et al., 2018
Glutaminolysis high high low ND ND high Joumiac et al., 2020;
Nambaet al_, 2020
p-oxidation high ND low ND ND ND Xie etal., 2016; Knobloch
et al., 2017
Fatty acid synthesis low high low ND ND ND Bowers et al., 2020
Cholesterol metabolism high ND low ND ND ND Saito et al., 2009; Driver
etal., 2016
1C metabolism high ND low ND ND ND Fawal et al., 2018

The table lists the extent of the activity of the indicated metabolic pathways either as deduced from changes in NPC abundance upon manipulation of
the respective metabolic activity or as deduced from metabolic activity measurements. Note that (1) the curent knowledge for human NPCs is less
than that for mouse NPCs, and (2) the metabolic regulation of behavior and fate of mouse NPCs is only partially understood. ND, no data.

Figure 15: NPC metabolic activities vary across species and across progenitor subtypes (APs:
apical progenitors, aRG: apical radial glial cells, BPs: basal progenitors, bIPs: basal
intermediate progenitor cells, bRG: basal/outer radial glial cells). Image adapted from (Namba

etal., 2021).

In a recent study, differential mitochondrial metabolic activities were identified as a driving
force influencing the rate of neuronal maturation (Iwata et al., 2023; Rangaraju et al., 2019). In
newborn excitatory neurons, there is a limited number of mitochondria with low metabolic
activity, gradually increasing as the neurons mature. Elevated mitochondrial metabolism in
human neurons accelerates the maturation process, contributing to many aspects of

neurodevelopment (Figure 16).
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Figure 16: Mitochondrial dynamics during neocortical neuron development. Image adapted

from (Iwata et al., 2023).

Despite this progress, one key question remains to be investigated: are metabolic pathways
strictly coordinated in the acquisition of specific cell identities (e.g., subtypes of excitatory
projection neurons) in normal and delayed developmental contexts. 1C metabolism, like many
other core metabolisms, plays integral roles in dictating proliferative and differentiation events
in the NPC (Fawal et al., 2018). Moreover, a recent single-cell RNA sequencing data revealed
that the expression of several metabolic enzymes, including DHFR, is dynamic in the
developing neocortex (Klingler et al., 2021) (Figure 17). Changes in expression levels or
activity of DHFR and other enzymes of the 1C metabolism raise the possibility that metabolic

programs play a critical role during neurogenesis.
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Figure 17: Gene expression pattern of Pax6 and Dhfr during mouse and human embryonic

development. Image adapted from (http://www.humous.org/).

As mentioned before, DHFR is a key enzyme in the catalysis of folate into THF using
nicotinamide adenine dinucleotide phosphate (NADPH) as the cofactor (Osborn &
Huennekens, 1958). The DHFR gene consists of 6 exons which constitutes the loop
conformations for the binding and release of cofactor, substrate, and products (Figure 18).
Homozygous point mutations in the exons can disrupt this enzymatic activity and have been
associated with growth defects (Banka et al., 2011; Cario et al., 2011), characterized by
hematological conditions (megaloblastic anemia or pancytopenia) and neurological conditions
(microcephaly, brain atrophy, white matter disturbances, refractory seizures, and learning
disabilities). However, not all DHFR mutations may result in microcephaly (Kuijpers et al.,
2022), and humans possess a second copy of functional DHFR enzyme (DHFRL1/DHFR?2) in
the mitochondria (Hughes et al., 2015). Additionally, a 19bp-deletion of DHFR and 1C
metabolites are implicated in ASD phenotypes (Adams et al., 2007; James et al., 2006),
suggesting a complex etiology involving genetic and environmental risk factors that could

potentially affect brain growth both prenatally and postnatally. During my PhD, I analyzed a
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new DHFR mutant mouse line in which exon 5, which carries the enzymatic activity, was

excised.

hydride
transfer ¢
NP

Figure 18: Structures of Escherichia coli DHFR enzyme, illustrating the conformational
changes that occur upon hydride transfer from NADP+:folate substrate (left) to NADPH:THF
product (right). Enzyme residues that define the active site loop, substrate/product-binding, and
cofactor-binding are highlighted in red, blue, and green, respectively. The bound folate and
THF are shown in magenta, and cofactor is colored gold. Image adapted from (Boehr et al.,

2006).

The fetus cannot synthesize essential amino acids (e.g., methionine); they must come from the
maternal food sources. The fetal circulatory system is linked to the maternal circulation through
a pathway that runs from the placenta to the liver, then to the heart, and finally to the brain.
Recent studies revealed alterations in amino acid pools during mid-to-late gestation (Figure 19)
and postnatal development (Knaus et al., 2023; Perez-Ramirez et al., 2024). However, the
contributions of methionine metabolism remains incomplete due to its complexity involving
the methylation and protein synthesis. Therefore, the regulatory signals of methionine at the

systemic level on NPC behavior are unclear.
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Chapter 3: In vitro modeling of brain

development
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3.1 Early in vitro models

A significant advancement in in vitro studies came with the development of embryonic stem
cell (ESC) culture conditions for both mice and humans. Some of the initial efforts to generate
neural cells involved the use of floating aggregates of ESC known as embryoid bodies (EB).
While EB can generate derivatives of all three germ layers, they do not replicate the organized
spatial pattern of organogenesis. In 1995, mouse ESC were first used to obtain cells with
neuronal identity from dissociated EB (Bain et al., 1995). It hinted that neural differentiation is
an intrinsic mechanism that can be induced in vitro through secreted factors. In fact, in vitro
neurogenesis recapitulates the multi-step process observed in the mouse embryo (Eiraku et al.,

2008; Gaspard et al., 2008).

When human EB were cultured in a chemically defined medium in the presence of FGF2, they
organized into structures resembling neural tubes known as neural rosettes (Shi et al., 2012).
These structures were composed of NEC exhibiting polarized apical and basal domains. RGC
encircling the lumen demonstrated an INM, limiting mitotic divisions to the apical surface.
Within the neural rosettes, a thin SVZ was primarily populated by IPC and a few oRGC,
highlighting significant parallels to human progenitor cell types. As the neural precursors
underwent differentiation, they predominantly gave rise to excitatory neurons and astrocytes.
Although synaptic connections were present in the neural rosettes, the absence of a more

complex tissue architecture on these models has limits for comprehensive investigations.

3.2 Organoid in vitro models

Under appropriate culturing conditions, stem/progenitor cells possess the capacity to
differentiate and autonomously assemble into intricate three-dimensional tissues, commonly
referred to as organoids. These organoids can effectively mimic the microanatomy and
functions of diverse organs, including the brain. The discovery of cell reprogramming opened
up the possibility to generate organoids from human cells in an ethically acceptable manner.
The generation of organoids starts with the aggregation of human ESC or induced pluripotent
stem cells (IPSC) into EB. Subsequently, these EB are cultured in a neural induction medium
that steers the cells toward a neuroectodermal destiny. EB are then cultured in a neural induction

medium, which pushes cells towards a neuroectodermal fate by a spontaneous inhibition of
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TGFB, BMP, and WNT-B-catenin signaling. Once the neuroectoderm is established, the tissue
continues to self-organize, forming lumens lined with NEC known as neural rosettes of the
organoid. This phase can be facilitated by WNT-B-catenin signaling and matrigel embedding
for the expansion and organization of NEC (Eiraku et al., 2008; Lancaster et al., 2013). Within
the neural rosettes of the organoid NEC, a layered structure emerges along an apical-basal axis.
This structure showcases proliferative VZ-like layers distinct from the overlying SVZ-like
layers. RGC exhibit the characteristic INM at the VZ, while IPC and oRGC reside in the SVZ.
Excitatory neurons begin to differentiate within 3 weeks of culture and migrate outward,
forming a defined CP. With time, human organoids manifest a segregation of DL and UL
neurons after approximately 3 months of culture (Figure 20). These organoids effectively
replicate the transcriptional profile of fetal brain, as evidenced by comparisons between the age

of the organoid and the stage of brain development (Cheroni et al., 2022; Tanaka et al., 2020).
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Figure 20: Neural organoid at the interface of in vitro and in vivo. Organoids exhibit

characteristics that fall between the homogeneity seen in early in vitro models and the

complexity observed in the brain. Image adapted from (Chiaradia & Lancaster, 2020).
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This offers a valuable opportunity to investigate the molecular basis of neurodevelopmental
fate decisions in the human brain. There are two primary approaches used in the generation of
organoids: guided and unguided protocols (Eiraku et al., 2008; Lancaster et al., 2013). Sasai
and collegues first established a guided protocol employing a combination of inhibitors
targeting the WNT, BMP, and TGFf} pathways, directing the induction of a rostral-dorsal pallial
fate (Eiraku et al., 2008). Knoblich and collegues pioneered the unguided protocols following
the principles of an intrinsic differentiation capacity of human ESC/iPSC toward the
neuroectodermal lineage (Lancaster et al., 2013), which gives rise to organizer-like cell
populations and eventually develop distinct brain regions (Renner et al., 2017). Subsequent
studies have further modified these protocols to produce organoids with more precise regional
brain identities. This is achieved through the incorporation of specific growth factors, signaling
molecules, or inhibitors that mimic in vivo regional brain developmental programs (Figure 21).
These directed differentiation protocols generate organoids with greater reproducibility and

enhanced cellular diversity.
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signaling components include TGFp, FGF, Noggin (NOG), Chordin (CHD), Follistatin (FST),
Dickkopf-1 (DKK1), BMP, SHH, and anterior (A), posterior (P), dorsal (D), ventral (V) axis.
Image adapted from (Chiaradia & Lancaster, 2020).

Across protocols, FOXG1/EMX1 expression is broadly applied for validating differentiation
towards forebrain identity. The majority of protocols consist of three common steps: (1)
induction (3-18 days), (2) expansion/differentiation (4-20 days), and (3) maturation (Figure 22).
The downregulation of pluripotency factors provides a permissive environment for spontaneous
neural induction, which may occur at a low efficiency in comparison to directed neural
induction. Following neural induction, organoids undergo cultivation in an
expansion/differentiation medium supplemented with substances such as N2 or B27. This
creates optimal conditions for NPC survival and facilitates the developmental progression into
neuron and glial cells. Extracellular matrix-based matrigels and rotational bioreactors are
utilized to facilitate morphogenesis and enhance nutrient absorption. The incorporation of lipid
concentrate, serum, heparin, and matrigel demonstrated strong reproducibility in both structure
and gene expression (Kadoshima et al., 2013; Velasco et al., 2019). Enhanced cortical
lamination and functional synaptogenesis were achieved by employing growth factors either
during expansion/differentiation (FGF2 and EGF) or maturation (brain-derived neurotrophic
factor, BDNF and neurotrophin-3, NT3) (Pasca et al., 2015). Optimized long-term culture of
organoids with microfilaments scaffolding and air-liquid interface promotes the transition of
NPC towards a neurogenic-gliogenic shift, leading to the generation of astrocytes
(Giandomenico et al., 2019). Organoids also demonstrated the presence of interneurons and
oligodendrocytes in certain conditions. Additional nutrients, including the platelet-derived
growth factor (PDGF), hepatocyte growth factor (HGF), insulin-like growth factor 1 (IGF1),
insulin, triiodo-L-thyronine (T3), biotin, L-ascorbic acid (vitamin C), and a cyclic AMP analog
(cAMP) were added to promote OPC survival and proliferation (Marton et al., 2019).
Consequently, cell-cell interactions contribute to the establishment of neuronal circuits in
organoids. Neuronal maturation and spontaneous neuronal activities, a characteristic of fetal
brain, has been observed in organoids after a few months in culture (Giandomenico et al., 2019;
Trujillo et al., 2019). Therefore, organoids reproduce various features of the developing human

brain, encompassing cytoarchitecture, cellular diversity, and maturation.
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Created with BioRender.com.

Despite significant advancements in protocols, organoid models still exhibit several limitations.
All existing brain organoids exclusively derive from the neuroectodermal lineage, thus lacking
the presence of mesoderm-derived cells, such as microglia and endothelial cells, which can be
mitigated through co-culture approaches. The absence of vascularization limits nutrient and
oxygen supply via diffusion, which becomes increasingly insufficient and stressful as organoids
grow larger (Bhaduri et al., 2020). In terms of differential contribution of direct and indirect
neurogenesis, a strategy is recently applied to quantify direct and indirect neurogenic output of
BP in the stage-matched human fetal tissue and guided organoids (Coquand et al., 2022). While
the BP in organoid largely recapitulate the dynamics of proliferative potential with abundant
direct neurogenesis, new methodological approaches will be key to probe and understand the

cellular diversity in human.

To analyze the dynamic processes of cell fate transitions during neurogenesis, we used the least
directed protocol for the generation of organoids (Lancaster et al., 2013). Then, we have chosen
several time points to compare the pace of neurogenesis and its output between our in vivo

mouse and in vitro human organoid models (Figure 23).
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Figure 23: A robust comparison of the timing of excitatory neurogenesis between in vivo and

in vitro models. Abbreviations: NEC (neuroepithelial cells), RGC (radial glial cells). Created

with BioRender.com.
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Objective of the thesis

From the studies discussed here, it seems that molecular mechanisms driving brain development
is quite established, while the direct or indirect contributions of metabolic programs to brain
development are catching more attention. Metabolism can be modulated and partially studied
in animal models; however, species-specificity is a big concern for the benefits of human
contexts. Importantly, as metabolism peaks at specific stages of development, many questions
remain unanswered: how it is becoming restricted in a time window? How ongoing metabolism
ensures proper neurogenesis and brain growth? What metabolic scenarios would lead to severe
defects like microcephaly? Finally, how nutrition anticipates developmental growth priorities
in the fetus? This thesis aims at providing some answers, which will be outlined in the following

chapter.
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Manuscript 1: Dihydrofolate reductase
activity controls neurogenic transitions in the

developing neocortex

Aims: Using mouse genetics and human neural organoids, we assessed the consequences of
reducing the activity of DHFR on neocortex development.

Rationale: DHFR is crucial for converting dietary folate into THF, and its downstream
folate species are required for both DNA synthesis and methylation reactions. DHFR is
classified as a housekeeping gene expressed in all cycling cells, however, we found DHFR is
dynamically expressed in human and mouse neural progenitors over the course of neocortex
development.

Main results:
1) We observed a loss of CTIP2+ early born neurons associated with an increase in TBR2+

intermediate progenitors and SATB2+ late born neurons in DHFR heterozygous mice.

2) DHFR pharmacological inhibition in neural organoid leads to a depletion in PAX6+
apical progenitors and overproduction of TBR2+ intermediate progenitors resulting in

accelerated generation of CTIP2+ early born neurons and SATB2+ late born neurons.

3) Neuronal subtype generation correlates with decreased steady-state levels of THF and

SAM metabolites and with a reduction in H3K4me3 marks.
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Dihydrofolate reductase activity controls neurogenic transitions in

the developing neocortex
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ABSTRACT

One-carbon/folate (1C) metabolism supplies methyl groups required
for DNA and histone methylation, and is involved in the maintenance
of self-renewal in stem cells. Dihydrofolate reductase (DHFR), a key
enzyme in 1C metabolism, is highly expressed in human and mouse
neural progenitors at the early stages of neocortical development.
Here, we have investigated the role of DHFR in the developing
neocortex and report that reducing its activity in human neural
organoids and mouse embryonic neocortex accelerates indirect
neurogenesis, thereby affecting neuronal composition of the
neocortex. Furthermore, we show that decreasing DHFR activity in
neural progenitors leads to a reduction in one-carbon/folate
metabolites and correlates with modifications of H3K4me3 levels.
Our findings reveal an unanticipated role for DHFR in controlling
specific steps of neocortex development and indicate that variations
in 1C metabolic cues impact cell fate transitions.

KEY WORDS: One-carbon metabolism, Neocortex, Neural
progenitors, Organoids, Mouse genetics

INTRODUCTION

One-carbon (1C) metabolism is a universal metabolic process
composed of two intertwined cycles, the folate cycle and the
methionine cycle, that collectively sustain the biosynthesis of
purine, thymidine and methyl groups (Clare et al., 2018; Ducker and
Rabinowitz, 2017). As such, 1C metabolism is necessary for DNA
replication as well as protein and DNA methylation. Although the
folate cycle has been extensively studied for its role in cell
proliferation, recent studies revealed a role for the methionine cycle
in self-renewal of stem cells through the regulation of histone
methylation (Fawal et al., 2018, 2021; Shiraki et al., 2014; Shyh-
Chang et al., 2013). Specifically, it has been shown that perturbation
of the methionine cycle leads to a decrease in H3K4 trimethylation,
which in turn impacts gene expression (Fawal et al., 2018; Mentch
et al., 2015; Shiraki et al., 2014; Shyh-Chang et al., 2013).
Dihydrofolate reductase (DHFR), an enzyme positioned upstream
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of the two cycles, is crucial for converting dietary folate into
tetrahydrofolate (THF), and its downstream folate species are
required for both DNA synthesis and methylation reactions. DHFR
is classified as a housekeeping gene expressed in all cycling cells
whose expression varies proportionally to cell growth (Feder et al.,
1989). Yet human genetic studies showed that DHFR deficiency
leads to hematological and neurological phenotypes in humans
(Banka et al., 2011; Cario et al., 2011), indicating that DHFR has
tissue-specific functions. Furthermore, a recent single-cell gene
expression analysis revealed that DHFR mRNA is dynamically
expressed in human and mouse neural progenitors over the course of
neocortex development (Klingler et al., 2021), suggesting that it
could play specific roles in this developmental process.

The mammalian neocortex develops according to an ordered
temporal sequence that begins with the amplification of
neuroepithelial cells, which are the founder stem cell population.
After an active phase of proliferation, neuroepithelial cells transition
into apical progenitors that are anchored to both the apical and basal
side of the cortical wall, with their cell bodies forming the
ventricular zone (VZ) (Noctor et al., 2001; Rakic, 1972). These
apical progenitors express the transcription factor PAX6 (Gotz et al.,
1998) and give rise to glutamatergic projection neurons populating
the six layers of the neocortex, numbered I to VI, in a sequential
‘inside-out’ manner (except for early-born uppermost layer I
neurons). In the mouse neocortex, at the onset of neurogenesis, a
fraction of PAX6" apical progenitors generate early-born deep layer
(V-VI) neurons by direct neurogenesis (Cardenas et al., 2018).
During the mid-late stages of neurogenesis, PAX6" apical progenitors
generate neurons mostly by indirect neurogenesis, which involves the
production of intermediate progenitors expressing the transcription
factor TBR2 (Haubensak et al., 2004; Miyata et al., 2004; Noctor
et al, 2004; Sessa et al.,, 2008). Although TBR2" intermediate
progenitors in the subventricular zone (SVZ) symmetrically divide to
generate neurons of all layers, at later stages they mainly give rise to
late born upper layer (II-IV) neurons (Vasistha et al., 2015). In
humans, the number of TBR2* progenitors and other types of
intermediate progenitors is massively expanded (Hansen et al., 2010)
and neurogenesis is mostly indirect, although evidence of direct
neurogenesis at early developmental stages has been reported for the
production of deep layer neurons (Eze et al., 2021). Newborn neurons
subsequently migrate radially towards the cortical plate (CP) and
express specific factors that control their final positioning and axonal
targeting to establish circuit connections, such as TBR1 for layer VI
neurons, CTIP2 for layer V neurons or SATB2 for layer II-IV neurons
(Molyneaux et al., 2007).

Here, to address whether DHFR plays a role in specific steps of
neocortex development, we reduced DHFR activity both in mouse
and human models, with, respectively, in vivo and in vitro
approaches. First, we generated haploinsufficient Dhfi* mice
and observed a loss of CTIP2" early-born neurons associated with
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an increase in TBR2" intermediate progenitors and SATB2" late-
born neurons. Second, we report that DHFR pharmacological
inhibition at an early stage of human neural organoid (HNO)
development leads to a depletion in PAX6" apical progenitors and
overproduction of TBR2" intermediate progenitors resulting in
accelerated generation of CTIP2" early-born neurons and SATB2"
late-born neurons. Both findings suggest that DHFR deficiency
prematurely initiates indirect neurogenesis and has a functional
impact on the generation of neuron subtypes. Mechanistically,
we find that these changes in neuronal subtype generation
correlate with decreased steady-state levels of THF and
S-adenosyl methionine (SAM) metabolites and with a global
decrease in H3K4 trimethylation (H3K4me3) marks. Genome-wide
analyses revealed changes in this histone methylation mark at genes
that are specific to neuronal subtypes.

RESULTS
DHFR haploinsufficient embryos exhibit early neocortex
developmental delay
DHEFR is classified as a housekeeping enzyme, yet data mining
shows that DAfir mRNA is expressed dynamically in the developing
mouse neocortex, with a high expression in PAX6" apical
progenitors at early stages of development and a low expression
in TBR2" progenitors and in neurons (Fig. 1A, Fig. SIA,B) (Di
Bella et al., 2021; Telley et al., 2019; Visel et al., 2004). By using
western blot analyses, we confirmed that expression of DHFR
protein is highest at E12.5 in the developing mouse head (Fig. 1B).
To investigate the role of DHFR on neurogenesis in vivo and the
long-term consequences of its inhibition on neocortex development,
we generated a DAfr mutant mouse line by deleting exon 5 of
the Dhfir gene, which harbors the catalytic activity (Fig. 1C).
Genotyping of E4.5 embryos revealed a wild-type and a deleted
allele, indicating that genome editing was successful (Fig. S1C);
RT-PCR and gRT-PCR analyses on wild-type and Dhfi*?
heterozygous E12.5 embryos showed that the deleted allele was
transcribed (Fig. SID,E). In tissue extracts from E12.5 embryos,
DHER protein levels were halved in DAfi"* samples compared with
wild type (Fig. 1D) and a similar decrease in DHFR activity was
observed in Dhfi4 samples compared with wild type (Fig. 1E).
Despite this decreased DHFR activity, DAhfi*”? heterozygous
mutants were viable and fertile with normal body weight (Fig. S1F).
To gain insight into the role of DHFR in early neocortex
development, we assessed progenitor and neuron populations in the
Dhfr™2 heterozygous mutants at E12.5. This revealed that the
number of PAX6" apical progenitors was reduced in the lateral
neocortex of Difi*4 embryos compared with wild-type embryos,
with no change in TBR2" intermediate progenitors (Fig. 1F,G). In
addition, we used TBRI1, a marker of immature neurons
(predominantly layer VI), CTIP2 (a marker of layer V neurons)
and SATB2 (predominantly layer II-IV) to quantify the production
of projection neuron subtypes. In the lateral neocortex of E12.5
Dhfi*’A embryos, the number of TBRI1" neurons was not
significantly changed, the number of CTIP2" neurons was
decreased while no SATB2" neurons could be detected in either
genotype (Fig. 1H-J). DHFR plays a well-known function in cell
proliferation; we thus expected that the origin of the decrease in
progenitors and CTIP2* neurons was due to decreased proliferation.
However, we observed no significant differences in phospho-
histone H3 (pH3)-positive cells at the VZ of Dhfi™* embryos
compared with wild type (Fig. S2A,B), suggesting unchanged
proliferation rate of apical progenitors. In addition, immunostaining
for the apoptotic marker cleaved caspase 3 (CASP3) detected only a

few condensed nuclei or CASP3-positive cells in wild-type and
Dhfi*2 neocortex (Fig. S2C,D), indicating that the decrease in
progenitor and neuron populations is not due to cell death. Next, we
performed bulk RNA-sequencing at E12.5, comparing wild-type
and Dhfi*2 embryonic neocortex. PCA analyses with the entire
gene set showed that the samples could be partly clustered by
genotypes (Fig. 1K). However, a PCA bi-plot analysis using a
subset of 258 genes specific for E12.5 neocortex (Di Bella et al.,
2021) revealed an association of the majority of these genes with
wild-type samples (Fig. 1L), suggesting that the main difference in
expression profiles between genotypes is related to genes that define
this embryonic stage. Further bioinformatics analyses identified
about 250 genes that are differentially expressed in Dhfi™?
embryonic neocortex (Fig. S2E), and we confirmed the molecular
signature of an immature brain with decreased expression of 7t and
Aldoc by qRT-PCR in Dhfi*”* embryos (Fig. S2F). Altogether,
these results reveal a delayed progression of early neocortical
development in DAfi*"A embryos.

DHFR deficiency promotes indirect neurogenesis in the
mouse heocortex

No significant difference in cortical thickness was observed between
wild-type and Dhfi4 heterozygous embryos (Fig. S3A,B), indicating
that, despite an initial developmental delay, the general growth of the
neocortex is not impaired in DAfi”4 mutant embryos. To investigate
the consequences of reduced DHFR activity on neurogenesis at later
stages of mouse neocortex development, we quantified progenitor and
neuron populations at E14.5 in wild-type and Difi* embryos.
Although the number of PAX6" apical progenitors was unchanged, the
number of TBR2" intermediate progenitors was increased in E14.5
Dhfi4 lateral neocortex (Fig. 2A,B), suggesting that TBR2"
intermediate progenitors were produced at a higher rate from PAX6"
apical progenitors between E12.5 and E14.5. The number of
pH3-positive cells within the SVZ was increased (Fig. 2C,D),
corresponding to the increased abundance of TBR2" intermediate
progenitors. In terms of neurons, the number of TBR1" neurons was
unchanged in lateral neocortex, but the number of CTIP2* neurons was
decreased while the number of SATB2" neurons was strongly
increased (Fig. 2E-G), indicating a potential switch between direct
neurogenesis (generating CTIP2" neurons) and indirect neurogenesis
(generating SATB2" neurons from TBR2" progenitors). To test for this
hypothesis, we injected EAU (5 mg/ml) at E12.5 and monitored the
fate of EAU™ cells at E14.5. In Dhfi* embryos, the fraction of EdU"/
TBR2" cells and EAU"/SATB2" was increased whereas the fraction
of BAU'/CTIP2* cells was decreased compared with wild type
(Fig. 2H-J). These data indicate that progenitors that were cycling at
E12.5 generated more TBR2" progenitors at the expense of CTIP2*
neurons, thus supporting the notion of a precocious switch from direct
to indirect neurogenesis in DAfi* mutants.

At E16.5, the number of PAX6" progenitors is indistinguishable
between wild-type and Dhfi*"4 neocortex whereas the number of
TBR2" progenitors is decreased (Fig. 3A,B), possibly reflecting an
accelerated neurogenesis. The imbalance in neuronal composition
persists with fewer CTIP2™ and an excess of SATB2" neurons in
Dhfi*' neocortex compared with wild type at E16.5 (Fig. 3C-F).
This persisting change of neuronal fate in DAfi*’4 neocortex was
confirmed at E19.5/P0 using CTIP2 and SATB2 as well as CUX1,
which is a marker of late-born, upper layer neurons (Fig. 3G,H).
Noticeably, this altered neuronal composition was still observed in
Dhfi*4 somatosensory neocortex at postnatal P21 stage (Fig. S3C.,D),
with a decreased number of CTIP2" neurons and an increased number
of SATB2' neurons, revealing long-term changes in neuronal
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Fig. 1. Dhfr heterozygous mutant mice exhibits early neurodevelopmental delay. (A) Dhfr mRNA expression in the developing mouse neocortex (data
collected from http:/genebrowser.unige.ch/telagirdon/). AP, apical progenitors; E, embryonic day; N4d, 4-day-old neurons. (B) Western blot analysis of wild-
type tissue extracts at different developmental stages (n=2). Primary antibodies are indicated on the right. Tubulin was used as a loading control. Numbers
indicate relative levels over time. (C) Schematic representation of the wild-type Dhfr gene and the mutant allele obtained by deleting exon 5 with CRISPR-Cas9
engineering. (D) Representative western blot analysis of wild-type and Dhfr*4 E12.5 head extracts (n=4). Primary antibodies are indicated on the right. Tubulin
was used as a loading control. Numbers indicate relative levels. (E) DHFR activity in wild-type and Dhfr*"4 E12.5 neocortex was measured with a DHFR assay
kit (Sigma-Aldrich). Enzymatic reaction kinetics were measured by spectrophotometric absorbance. (F,G) Representative images and quantification of neocortex
coronal sections of E12.5 wild-type and Dhfr*'4 embryos immunostained for PAX6 and TBR2. Scale bars: 10 um. The location of regions of interest (ROIs)
(yellow box) used for quantification is indicated in the low-magnification image on the left. (H-J) Representative images and quantification of neocortex coronal
sections of E12.5 wild-type and Dhfr* embryos immunostained for TBR1, CTIP2 and SATB2. Scale bars: 10 um. (K) PCA plot showing the distribution of wild-
type (Dhfr*'*) and DHFR (Dhfr**) embryos based on whole-genome expression profiles. (L) PCA bi-plot showing the comparison of wild-type (Dhfr*'*) and
DHFR (Dhfr*4) embryos based on a subset of 258 genes specific to the E12.5 neocortex (data collected from Di Bella et al., 2021). Data are meanzs.d. and
statistical analysis was carried out using a Mann—-Whitney test.
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composition. These results indicate that loss of DHFR activity
promotes the generation of TBR2" progenitors at mid-corticogenesis
and favors the production of SATB2' neurons by indirect
neurogenesis at the expense of direct production of CTIP2" neurons.

DHFR deficiency modulates histone methylation

DHEFR is a key enzyme in the one-carbon/folate metabolic pathway
that has two distinct outputs: purine synthesis, which is required for
DNA synthesis and cell proliferation; and synthesis of methyl
groups, which is required for methylation reactions (Fig. 4A).
Because it has been shown that perturbation of the methionine cycle
leads to a decrease in H3K4 trimethylation, which in turn impacts
gene expression (Fawal et al., 2018; Mentch et al., 2015; Shiraki
et al., 2014; Shyh-Chang et al., 2013), we hypothesized that DHFR
deficiency affects neurogenesis by modulating the production of
methyl groups and methylation reactions. To test this, we performed
biochemical assays to measure levels of THF and of the universal
methyl donor SAM, and observed that both metabolites were
significantly reduced in E12.5 Dhfi”2 head extracts compared with
wild-type samples (Fig. 4B,C). In fact, SAM levels were affected
the most, halving in DAfi*4 samples (Fig. 4C). It has been shown
previously that depletion in SAM levels leads to a decrease in
H3K4me3 in vitro and this correlated with altered gene expression
(Mentch et al., 2015). To test whether altered SAM levels correlated
with decreased H3K4me3 in the neocortex in vivo, we performed
western blot analysis which revealed a global loss of H3K4me3 in
Dhfi*A samples compared with wild type (Fig. 4D). To go a step
further, we decided to investigate whether DHFR deficiency led to
changes in H3K4me3 at specific genes. To do this, we performed
H3K4me3 ChIP-sequencing on neural progenitors subjected to
pharmacological inhibition of DHFR in vitro using methotrexate
(MTX), a powerful DHFR inhibitor. Our rationale for using this
in vitro system was to ensure the observed changes in the level of
H3K4me3 would be a direct consequence of inhibiting DHFR
activity in neural progenitors. After DMSO or MTX treatment and
ChIP-sequencing, we observed no global decrease in the level of
H3K4me3 bound to neural progenitor-specific genes (Liu et al.,
2017) (Fig. S4A), possibly reflecting a different sensitivity between
ChIP-seq analysis and western-blot and/or a limitation due to the
normalization of quantitative information using conventional ChIP-
seq analysis (van Galen et al, 2016). Next, we assessed the
distribution of H3K4me3 marks at sets of genes that are specific for
progenitors (Kawaguchi et al., 2008) and neurons (Molyneaux et al.,
2007) (Table S1). We observed a decrease in H3K4me3 binding at
the TSS of VZ marker genes, while the level of H3K4me3 binding
was not changed at SVZ marker genes (Fig. 4E). Concerning
neuronal specification genes, some had increased H3K4me3
binding close to their TSS whereas others showed decreased
H3K4me3 binding (Fig. 4E). A more detailed analysis of these
neocortical layer-specific genes (Molyneaux et al., 2007) indicated
a reduction in H3K4me3 on a subset of deep layer-specific genes,
while the majority of upper layer-specific genes exhibited a slight
increase in H3K4me3 marks in the MTX treated samples (Fig. 4F).
As an example, qualitative profiling analysis revealed a substantial
loss of H3K4me3 peaks at the Bc/l1b (which encodes CTIP2)
promoter in MTX-treated conditions (Fig. 4G). To confirm the
effect of MTX treatment in vivo, we performed intraventricular in
utero injection of MTX (20 uM) at E13.5 and analyzed the number
of TBR1-, CTIP2- and SATB2-positive cells at E16.5. This analysis
revealed no change in the number of TBR1" neurons with a
significant reduction in the number of CTIP2* neurons at E16.5
(Fig. 4H,I), while a modest increase in the number of SATB2"

neurons was observed in the lateral intermediate zone (IZ) of MTX-
treated samples (Fig. S4B,C). Altogether, these findings suggest
that DHFR deficiency alters epigenetic landscapes in mouse neural
progenitors and this correlates with a switch in neuronal subtypes
generated.

Inhibition of DHFR activity in human neural organoids
promotes neurogenesis

Similar to the mouse, expression of human DHFR mRNA is highest
in progenitors at early stages of fetal development (Fig. S5A)
(Klingler et al., 2021) and at early stages of HNO development
(Fig. S5B) (Kanton et al., 2019). To assess the role of human DHFR
in developing neural tissue, we generated cerebral organoids, which
we refer to as HNOs to follow recent nomenclature guidelines
(Pasca et al., 2022), using the Lancaster protocol (Lancaster and
Knoblich, 2014) and exposed them to MTX (2 pM). To specifically
target neural progenitors, we treated 7 days in vitro (div7) neural
aggregates with MTX for a duration of 3 days, with subsequent
steps of HNO maturation carried out in absence of MTX (Fig. 5A).
Measurement of DHFR activity in control HNOs showed a
developmental reduction in DHFR activity, which is higher at
div10 than at div20 (Fig. 5B), in line with the single-cell mRNA
expression data (Fig. S5B). Acute 3-day MTX treatment transiently
inhibited DHFR, as DHFR activity was undetectable in MTX-
treated divl10 HNOs but was partially recovered at div20 (Fig. 5B).
Western blot analysis of human neuroepithelial samples treated with
MTX revealed that inhibition of DHFR led to a global loss of
H3K4me3 marks (Fig. 5C), as was shown in mouse samples
(Fig. 4D). Macroscopic observation of HNOs over a 60-day time
period revealed that MTX treatment stunted HNO overall growth,
consistent with the role of MTX as an anti-proliferative agent (Fig.
S5D). Yet in these smaller HNOs, the thickness of neocortical-like
structures was increased at div40 and div60 (Fig. S5C,E) (see
Materials and Methods for a description of neocortical-like
structures). In contrast, the thickness of the VZ, which reflects the
size of the progenitor pool, remained unchanged at div40 and div60
(Fig. S5F), suggesting that the increase in total thickness at these
stages might be due solely to the enlargement of the CP in MTX-
treated HNOs. To further characterize the consequences of DHFR
inhibition on HNO development and maturation, we examined
specific progenitor and neuronal populations in cortical-like
structures at different stages of HNO culture. Because cortical-like
structures in HNOs vary in size, all quantifications were made as a
percentage. At div20, MTX treatment led to a small increase in
the proportion of PAX6" apical progenitors and a decrease in the
proportion of immature TBR1" neurons (Fig. 5D,F). In addition,
the proportion of pH3-positive cells was increased in MTX-treated
HNOs (Fig. 5E,F) reflecting the increased proportion of PAX6"
progenitors. Together, these results indicate that inhibition of DHFR
leads to an initial reduction and/or a delay in neuronal differentiation
at early stages of HNO development. In contrast, at div40, we
detected a reduction in the proportion of PAX6" apical progenitors
associated with an overproduction of TBR2" intermediate
progenitors and early-born CTIP2" deep layer neurons (Fig. 5G-I);
this altered ratio was also present at div60, as we detected a persistent
deficit in PAX6" apical progenitors associated with an increase in
young TBR1" neurons and early-born CTIP2" neurons (Fig. 5J.L).
Furthermore, at div60, late born SATB2" neurons could be observed
in MTX-treated HNO, whereas they were still rare in control
samples (Fig. 5K,L), suggesting that DHFR inhibition leads to an
accelerated neurogenesis. Altogether, these findings indicate
that inhibition of DHFR in human neural organoids leads to an
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Fig. 2. Overproduction of intermediate progenitors and late-born neurons in Dhfr-deficient embryos. (A,B) Representative images and quantification
of neocortex coronal sections of E14.5 wild-type and Dhfr*/4 embryos immunostained for PAX6 and TBR2. Scale bar: 10 ym. The location of regions of
interest (ROIs) (yellow box) used for quantifications is indicated in the low-magnification image on the left. (C,D) Representative images and quantification of
neocortex coronal sections of E14.5 wild-type and Dhfr*'4 embryos immunostained for pH3. Scale bar: 100 um. (E-G) Representative images and
quantification of neocortex coronal sections of E14.5 wild-type and Dhfr*"4 embryos immunostained for TBR1, CTIP2 and SATB2. Scale bars: 10 ym.

(H-J) Representative images and quantification of neocortex coronal sections of E14.5 wild-type and Dhfr*’4 embryos that were injected with EJU at E12.5.
Sections were immunostained for EAU, TBR2, CTIP2 and SATB2. Scale bars: 10 um. Data are meanzs.d. and statistical analysis was carried out using a

Mann-Whitney test.
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early developmental delay followed by increased and accelerated
neuronal production.

DISCUSSION

Here, we provide evidence that DHFR, which is expressed in
progenitors within a restricted time window in both mouse and
human developing neocortex, plays a role in neurogenesis. Our data

indicate that in both species, inhibition of DHFR activity modifies
the production of neuronal subtypes by accelerating the neurogenic
temporal sequence. These developmental alterations could be at the
origin of altered neurodevelopment and severe neurological
disorders that have been associated with mutation in DHFR or
other enzymes of one-carbon/folate metabolism in humans (Cario
et al., 2011; Serrano et al., 2012).
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(H,l) Representative images and quantification of neocortex coronal sections of E16.5 DMSO and MTX (20 pM)-injected wild-type embryos immunostained
for TBR1, CTIP2 and DAPI. Scale bar: 100 ym. Data are meants.d. and statistical analysis was carried out using a Mann-Whitney test.
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We report the generation of Dhfi*"4 haploinsufficient embryos
that exhibit alterations in neurogenesis and neuronal subtype
production. In the Dhfi™* mutant mouse line, DHFR protein
levels and DHFR activity are halved in the embryonic neocortex,
revealing an absence of compensatory mechanisms from the wild-
type allele. Absence of compensatory mechanisms also applies to
humans, as a two-fold reduction in DHFR protein levels and activity
was reported in individuals carrying a heterozygous point mutation
in DHFR (Banka et al., 2011; Cario et al., 2011). Although it is
generally admitted that metabolic pathways are not sensitive to gene
dose due to buffering by other components of the network, this is
not true for some rate-limiting enzymes (Johnson et al., 2019).
Despite the important role of DHFR in DNA replication, we
observed no decreased proliferation and no increased cell death in
the neocortex of Difi*4 heterozygous embryos, indicating that one
copy of wild-type Dhfr is sufficient to sustain purine synthesis.
Conversely, we observed decreased levels of SAM and H3K4
trimethylation in DAfi*2 embryonic neocortex, indicating that
DHEFR activity is rate-limiting for the methionine cycle and methyl
group synthesis in the neural tissue. In a previously described Dhfi-
mutant mouse line (Ora) generated by ENU mutagenesis, it was
reported that heterozygous animals, which exhibited reduced DHFR
activity, survived to adulthood with tissue-specific alterations in
folate abundance and distribution, and perturbed stress
erythropoiesis (Thoms et al., 2016). These data, together with our
data, raise the possibility that DAfi- is a haploinsufficient gene and
suggests that human carriers of heterozygous mutations may have
subtle alterations of the blood and brain compartments.

Recent single-cell RNA-sequencing data showed that DAfir mRNA
is expressed at high levels in neural progenitors at early stages of
development and is downregulated in apical progenitors at later stages,
as well as in intermediate progenitors and differentiating neurons (Di
Bella et al., 2021; Kanton et al., 2019; Telley et al., 2019). This
dynamic expression pattern suggests that DHFR may play a specific
function in apical progenitors. Analyses of neocortex development in
Dhfi”2  haploinsufficient mouse embryos revealed an initial
developmental delay followed by an acceleration of indirect
neurogenesis, culminating in the overproduction of late-born neurons
at the expense of early-born neurons. Accelerated indirect
neurogenesis was also observed in HNOs treated with MTX at an
early stage of development, strongly suggesting that these phenotypes
are a direct consequence of DHFR inhibition in neural progenitors and
not due to systemic causes. However, based on our data, we cannot
completely exclude the possibility that, in mice, DHFR inhibition
impacts other neural cell types that are known to influence apical
progenitor behavior (Villalba et al., 2021), which then could non-
autonomously contribute to the observed phenotypes. These
phenotypes are reminiscent of microcephalic features observed in
individuals harboring mutations DHFR (Banka et al., 2011), which
could be due to premature differentiation leading to depletion of neural
progenitor pools. Recent work studying the impact of folate-deficient
diet on fetal corticogenesis in the mouse reported alterations in the
production of neuronal subtypes that are similar to those observed in
Dhfi-*” haploinsufficient embryos (Harlan De Crescenzo et al., 2021).
However, the impact of folate-deficient diet on progenitors was
different and was associated with increased cell death in the neocortex
(Harlan De Crescenzo et al., 2021), suggesting that a folate-deficient
diet could have broad deleterious consequences on the pregnant dam
that indirectly impact fetal corticogenesis.

It is well established that developmental transitions occurring
during neocortex development involve chromatin and epigenetic
modifications in neural progenitors (Albert et al., 2017; Hirabayashi

and Gotoh, 2010; Koo et al., 2022). Here, we show that inhibition of
DHEFR in mouse neural progenitors in vitro leads to discrete changes
in H3K4me3 marks on neuronal specification genes. Indeed, after
MTX treatment, a number of genes expressed in early-born neurons
have less H3K4me3 bound close to the TSS, whereas some genes
expressed in late-born neurons have more H3K4me3 marks but these
are localized further away from the TSS. Although these changes in
epigenetic marks are consistent with the observed changes in
neuronal subtypes in DAfi* embryos in vivo, further experiments
would be needed to establish causality and to identify primary versus
secondary changes in H3K4me3 levels. Nevertheless, these results
suggest that variations in DHFR activity could influence the
epigenetic landscape in apical progenitors and that these
epigenetic modifications may set the stage for production of the
different neuronal subtypes. Indeed, recent single-cell analyses of
chromatin and gene-regulatory dynamics in the developing brain
suggested that progenitors entering the cell cycle may be
epigenetically primed toward future cell states (Trevino et al.,
2021). The fact that histone modifications are stable epigenetic
marks may underlie the long-term effects of inhibiting DHFR
activity at early stages of neocortex development, as we have shown
previously on neural progenitors in vitro (Fawal et al., 2018).

Our study identified a conserved function for DHFR in
controlling neurogenesis. Indeed, at mid-corticogenesis, reducing
DHFR activity led to increased production of SATB2" neurons in
both mouse and human contexts. In the mouse, we observed a
switch from CTIP2" to SATB2" neurons, whereas in the human
context, we observed an increase of both types of neurons. This
difference could be due to the fact that TBR2" intermediate
progenitors, which are increased following DHFR inhibition both in
mouse and human contexts, have different neuronal outputs in both
species. Indeed, a recent lineage-tracing study in the mouse
estimated that TBR2" progenitors generate ~90% of SATB2*
neurons but only ~50% of CTIP2" neurons present in the neocortex
(Huilgol et al., 2023). In humans, however, intermediate progenitors
are hypothesized to give rise to the majority of projection neurons
regardless of their subtype (Lui et al., 2011). In fact, in human
developing embryos, TBR2" progenitors are present from the
earliest stages of neurogenesis, and single-cell transcriptomics
identified various subpopulations of TBR2" progenitors (Fan et al.,
2020; Pebworth et al., 2021), including one subtype that may give
rise to deep layer neurons (Fan et al., 2020). Although it is well
known that apical progenitors generate neurons both directly and
indirectly, the molecular mechanisms governing the switch from
one to the other neurogenic process are not well characterized. In the
mouse it was estimated that 5% of apical progenitors produce
neurons (mostly CTIP2") directly at E12.5 and that the switch
between direct and indirect neurogenesis involves Robo and DIl1
signaling (Cardenas et al., 2018), as well as modifications of cell
cycle parameters (Roussat et al., 2023). In the future, it would be
interesting to assess the link between DHFR and these different
pathways. One defining feature of indirect neurogenesis is that it is a
hallmark of mammalian neocortex evolution. Indeed, direct
neurogenesis with limited neuronal production dominates avian
and reptilian paleocortex, whereas indirect neurogenesis
predominates in mouse neocortex (Cardenas et al., 2018). In the
human neocortex, indirect neurogenesis is vastly expanded and
accounts for the large increase in neuron numbers (Hansen et al.,
2010; Lewitus et al., 2014; Namba and Huttner, 2017). Whether this
evolutionary innovation was driven, at least in part, by evolutionary
changes in 1C metabolism is an interesting question for future
research (Namba et al., 2021).
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Fig. 5. DHFR deficiency accelerates the neurogenic program in HNOs. (A) Timeline of the protocol used to generate HNOs. The time window of MTX
treatment is indicated in red. (B) DHFR activity in pooled DMSO- (control) or MTX-treated (n=2 or 3 replicates of six to eight pooled HNOs) HNOs at two
different time points. DHFR activity was measured with a DHFR assay kit (Sigma-Aldrich). Enzymatic reaction kinetics were measured by spectrophotometric
absorbance. (C) Representative western blot analysis of human neuroepithelial cells (2D-NECs) treated with DMSO (control) or with MTX (n=4). Primary
antibodies are indicated on the right. Histone H3 was used as a loading control. Numbers indicate relative levels. (D-F) Representative images and
quantification of control and MTX-treated HNOs immunostained for pH3, PAX6 and TBR1 at div20. Scale bars: 50 pm. (G-I) Representative images and
quantification of control and MTX-treated HNO immunostained for PAX6, TBR2 and CTIP2 at div40. Scale bars: 10 um. (J-L) Representative images and
quantification of control and MTX-treated HNOs immunostained for PAX6, TBR1, CTIP2 and SATB2 at div60. Scale bars: 50 ym. Data are meants.d.
(n=7-12 organoids with 15-20 cortical-like structures analyzed using a Mann—Whitney test).
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MATERIALS AND METHODS

Animals

DhfiA mice were generated by CRISPR/Cas9-mediated excision of exon 5
(see supplementary Materials and Methods for further details). Mice were
kept in a 129S4/C57B16J mixed background. The gender of embryos was
not tested, littermates of each genotype were randomly assigned to
experimental groups. All experimental procedures were pre-approved and
carried out in compliance with the guidelines provided by the national
Animal Care and Ethics Committee (APAFIS#1289-2015110609133558
v5) following Directive 2010/63/EU.

Genotyping

Genomic DNA was isolated from mouse tail and genotyping was performed
using 2x PCR Taq MasterMix (abm). The PCR amplification was performed
using Veriti thermal cycler (ThermoFisher) followed by agarose gel
electrophoresis.

Pluripotent stem cells

Human iPSCs were obtained from Leiden University Medical Center hiPSC
core facility (LUMCO0004iCTRL). Cells were amplified with mTesR+
medium (STEMCELL Technologies) on h-ES qualified Matrigel (Corning)
coating and stored frozen in liquid nitrogen. HNO were generated using
STEMdiff cerebral organoid kit (STEMCELL Technologies) by following
manufacturer instructions. Cells are tested for mycoplasma every 6 months
using the mycoAlert kit (Lonza).

2D-neuroepithelial cell culture

2D-neuroepithelial cells (2D-NECs) were derived from human-iPSCs using
the STEMdiff SMADI neural induction kit (STEMCELL Technologies) by
following the manufacturer’s instructions for the monolayer culture. They were
then grown and amplified for two additional passages, using Accutase
(STEMCELL Technologies) in STEMdiff neural progenitor medium
(STEMCELL Technologies) on Matrigel and stored in liquid nitrogen using
STEMdiff neural progenitor freezing medium (STEMCELL Technologies).
For inhibition of DHFR activity in 2D-neuroepithelial cells, 50% confluent
cells were treated for 3 days with 2 uM MTX diluted in growing medium.

Generation and maintenance of HNO

For every single batch of HNOs, one vial of iPSCs was defrosted every
3-4 days and cells were allowed to reach 70-80% confluence in mTesR+
medium. HNOs were generated using STEMdiff cerebral organoid kit
(STEMCELL Technologies), following the manufacturer’s instructions,
until div60 as the final time point. For acute inhibition of DHFR activity in
HNO, neuroepithelial aggregates were treated at div7 with 2 uM MTX
(Sigma-Aldrich) freshly diluted in expansion medium, for 3 days.

Histochemistry

Mouse embryonic brains were embedded in paraffin wax, agarose or OCT;
HNOs were embedded in OCT for microtome, vibratome or cryostat
sectioning. Sections were permeabilized and incubated with antibodies
diluted in blocking solution (1-3% BSA, 1-3% FBS, 0.5-1% Tween 20 and
PBS) overnight at 4°C (see Table S3 for antibody details). For birthdating
experiments, EAU (dissolved in PBS at 5 mg/ml, 25 ug/g body weight) was
injected intraperitoneally at E12.5 and samples were collected at E14.5.
Histological detection of EdU was performed using the Click-iT EdU
cell proliferation kit (ThermoFisher) according to the manufacturer’s
instructions. For further details see supplementary Materials and Methods.

Imaging

Fluorescent images of tissue and organoid sections were captured with SP8
inverted scanning confocal microscope (Leica Biosystems) or Eclipse 80i
fluorescence microscope (Nikon).

Western blot

For protein extraction, mouse and human tissues were obtained by incubating in
lysis buffer [150 mM NaCl, 50 mM Tris-HCI (pH 7.4), 0.5 mM EDTA, 2 mM
NazVOy, 1% NP-40, 0.5 mM EGTA and 0.1 mM PMSF] supplemented with

protease inhibitors for 1 h on ice. Protein lysates were vortexed, ultrasonicated
for five cycles (Bioblock), and centrifuged at 16,100 g for 10 min. Protein
concentration in the supernatant was determined using a DC protein assay (Bio-
Rad). Lysates were then denatured by boiling in 4x loading buffer [100 mM
Tris-HCI (pH 6.8), 8% SDS, 40% glycerol, 4% p-mercaptoethanol and
bromophenol blue) before loading and electrophoresis on 4-20% or 12% SDS-
PAGE gel using mini-PROTEAN electrophoresis chamber (Bio-Rad). Proteins
were transferred onto a 0.45 um PVDF (Millipore) or nitrocellulose membrane
(GE Healthcare), which was blocked for 30 min and incubated with primary
antibody in 5% nonfat dry milk in TBST [20 mM Tris, 150 mM NaCl, and
0.05% Tween 20 (pH 7.6)] overnight at 4°C. The membrane was then incubated
with HRP-conjugated secondary antibodies in 5% nonfat dry milk in TBST.
Immunoreactive bands were generated by adding Lumi-Light plus
chemiluminescent substrates (Roche). See Table S3 for antibody details.

RNA-sequencing

Brains from E12.5 wild-type and DAfi* embryos were collected and the
neocortex was dissected. The tissue was mechanically dissociated to form a
cell pellet. RNA was isolated from the cell pellet using Trizol reagent
(Invitrogen) according to the manufacturer’s instructions and eluted into
35 ul nuclease-free water. Eluted RNAs were then stored at —80°C. RNA
quality and integrity (RIN>7) were verified by electrophoresis using a 2100
Bioanalyzer system (Agilent). The whole procedure going from the
dissociation to RNA preparation was performed on six animals (n=3 wild
type and n=3 Dhfi-*/*) obtained from two different littermates.

RNA libraries were prepared using NEBNext ultra II reagent (New
England Biolabs) and RNA sequencing on neocortical samples were
performed by IntegraGen (https:/integragen.com) using an Illumina
NovaSeq 6000 S2 sequencing system (paired-end sequencing, 100 bp
reads, 35 M reads/sample).

Differential analysis was applied per genotype (wild type vs Difi-*) by
taking into consideration of litter effects using DESeq2 v1.32.0 (Love et al.,
2014), available as an R package in Bioconductor (www.bioconductor.org).
The raw read counts were normalized using RLE methods generating and
the log2 Fold Change (log2FC) values were computed. We used principal
component analysis (PCA) to cluster samples based on their expression
levels. Data representation of the scaled PCA was generated using the
geplot2 package (https:/ggplot2.tidyverse.org).

ChlIP-sequencing

Neural progenitor cells cultured as free-floating neurospheres were treated
with DMSO or 2 uM MTX for 72 h. The cells were further processed for
DNA extraction according to the previously described method (Fawal et al.,
2018).

GenomEast (http:/genomeast.igbmc.fr) performed DNA quantification
with Qubit (Invitrogen) and processed 1.5-10 ng of double-stranded purified
DNA to generate libraries using MicroPlex library preparation kit v2
(Diagenode). Amplified libraries were purified with Agencourt AMPure XP
beads (Beckman Coulter) and sequenced on an Illumina Hiseq 4000 sequencer
(single-end sequencing, read length 50, minimum 45 M reads/sample).
Sequence reads were mapped to the Mus musculus genome assembly (mm10)
using Bowtie (Langmead et al., 2009). Peak calling was carried out using
MACS v2.1.1 (Zhang et al., 2008; Feng et al., 2012). Peaks were annotated to
the Ensembl release 94 using HOMER software (http:/homer.ucsd.edu/
homer/ngs/annotation.html). Peaks from different conditions and replicates
were merged to form a consensus peak set. The read coverage for each sample
was calculated with multicov function from bedtools v2.26.0 (Quinlan and
Hall, 2010). Differential analysis was applied per condition (DMSO versus
MTX) using DESeq2 v1.20.0 (Love et al., 2014) to calculate log2 fold change
of H3K4me3 ChIP-sequencing read counts in MTX condition versus DMSO
condition. Data representation of the differential binding analysis corresponds
to a strong change in peak heights at the promoter or gene body. For further
details see supplementary Materials and Methods.

RT-PCR and qRT-PCR

RNA was extracted from E12.5 head (for RT-PCR) or E12.5 neocortex (for
qRT-PCR) using Trizol reagent according to the manufacturer’s
instructions. 1 pg RNA was used for reverse transcription.
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For RT-PCR, 1 pl diluted cDNA (10-fold) was mixed with 2x PCR Taq
MasterMix containing 1 pM of each primer, and PCR amplification was
performed followed by agarose gel electrophoresis.

For quantitative PCR, cDNAs were diluted (10-, 100- and 1000-fold) and
processed in triplicate for each dilution. 10 pl diluted cDNA was mixed with
10 pl premix Evagreen (Bio-Rad) containing 1 uM of each primer, and the
PCR program was run for 40 cycles on CFX96 Real-Time PCR system
(Bio-Rad). For further details see supplementary Materials and Methods.

Metabolic assays

DHFR activity was detected with DHFR assay kit (Sigma-Aldrich).
Mouse and human tissues were suspended in 200 ul of Cellytic MT
reagent (Sigma-Aldrich) supplemented with protease inhibitors and
lysed mechanically using glass beads (Sigma-Aldrich). Lysates were
precleared by centrifugation at 16,100 g for 10 min. The supernatant was
mixed in quartz cuvette (Hellma) with 6 ul of NADPH, 5 ul of DHFA and
800 ul of assay buffer provided in the kit, and reaction kinetics were
monitored by spectrophotometric absorbance at 340 nm for 2-3 min. The
readouts were normalized to the protein concentration in the supernatant
at 280 nm.

THF levels were analyzed based on a competitive inhibition enzyme
immunoassay kit (Cloud-Clone). Dissected E12.5 head samples were
suspended in 120 pl of Cellytic MT reagent supplemented with protease
inhibitors followed by mechanical dissociation with a pipette tip for cell
lysis and incubated on ice for 30 min. Lysates were precleared by
ultrasonication and cell debris were pelleted by centrifugation at 16,100 g
for 10 min. The supernatant was separated and kept with kit components at
room temperature for 10 min. 50 pl of serially diluted standard or samples
were added in pre-coated wells provided in the kit followed by incubation
and wash steps according to the manufacturer’s instructions. The
absorbance was measured at 450nm using Varioskan flash
(ThermoFisher) and readouts from standard were plotted to construct a
standard curve for estimating THF concentration.

SAM levels were determined by Bridge-It assay kit (Mediomics) based
on biosensor fluorescence. Dissected E12.5 head samples were suspended
in 100 pl of supplied CM buffer solution supplemented with protease
inhibitors followed by mechanical dissociation with a pipette tip for cell
lysis and incubated at room temperature for 30 min. Cell debris were
pelleted by centrifugation at 16,100 g for 10 min and supernatant was
separated. In a black 96-well microplate (ThermoFisher), 10 ul of
standard mix (1 mM SAM) was serially diluted with Buffer S provided
in the kit. 10 pl of standard mix and 50 pl of samples were then incubated
with supplied assay solution at a total volume of 100 pl at room temperature
for 30 min in dark. The signal intensity of fluorescence excited at 485 nm
for 1s was measured at 665 nm using Varioskan flash. The readouts
from standard were plotted to construct a standard curve for estimating
SAM concentration.

Quantifications and statistical analyses

Fluorescent images were captured with SP8 inverted scanning confocal
microscope (Leica Biosystems) or Eclipse 80i fluorescence microscope
(Nikon). The microscopic and macroscopic images were acquired with
Eclipse TS100 inverted microscope (Nikon) and SMZ18 stereomicroscope
(Nikon), respectively. Images were exported as TIFF files and quantification
was performed manually with ImageJ (NIH) on defined regions of interest
(ROIs). For mouse embryos, one ROI was counted at E12.5 and E14.5, and
two ROIs were counted at E16.5 (positioning of ROI at each stage is shown
in main figures). Embryos were collected from different litters and 100-500
cells were counted per hemisphere using multiple sections. Counts were
normalized to an area of 100 um of apical surfacex100 pum of radial length.
For organoids, quantifications were performed on cortical-like structures
that were selected based on morphometric parameters (structures located at
the periphery of the organoids, presence of a lumen, elongated shape of
pseudostratified nuclei and a densely packed ventricular zone at least five
nuclei thick). We confirmed that these morphometric parameters identified
cortical-like structures by performing EMX1 immunostaining (Fig. S5C).
One ROI was counted for each cortical-like structure, 100-500 cells were
counted on different cortical-like structures from different HNOs and

quantifications were expressed as percentage (using DAPI to count total cell
number). For western blots, tissue lysates were collected from four mouse
embryos for each genotype and the western blots were carried out twice with
independent samples. For metabolic assays, tissue extracts were obtained
from at least four to seven mouse embryos for each genotype. The exact
number of samples for each experiment is provided in each graph and in
Table S2. For experiments involving a pair of conditions, statistical
significance between the two sets of data were analyzed with Mann—
Whitney test with Holm-Sid4k adjusted P-values using Prism9 (GraphPad).
Statistically significant differences are reported at *P<0.05, **P<0.01 and
***P<0.001.
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Fig. S1. Dhfr expression in wild type and mutant mice

(A) Dhfr mRNA expression in the developing mouse neocortex (data collected from
https://singlecell.broadinstitute.org/single_cell/study/SCP1290/molecular-logic-of-cellular-
diversification-in-the-mammalian-cerebral-cortex). Abbreviations: E, embryonic day; P, postnatal day.

(B) In situ hybridization of Dhfr, mainly located in the ventricular zone of E14.5 neocortex (data
collected from GenePaint set ID: EH608, https://gp3.mpg.de/).

(C) Representative genotyping results of WT (Dhfr*”*), Dhfr*/4and Dhfr4/4E4.5 embryos. The 260 bp
band corresponds to the wild type allele and the 460 bp band corresponds to the edited allele.

(D) RT-PCR on mRNA extracted from WT and Dhfr74E12.5 embryos was used to detect expression
of the wild type and edited alleles of Dhfr.

(E) gRT-PCR analysis of Dhfr expression. Two sets of primers were used to amplify either exon3-4
(not sensitive to the excision, amplification from the two alleles) or exon5-6 (sensitive to the excision,
amplification from the wild type allele only).

(F) Measurement of body weight of WT and Dhfr*/2 pups from weaning to adult stage.

Data are reported as mean + SD and statistical analysis was performed using Mann-Whitney test.
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Fig. S2. Developmental phenotypes in E12.5 Dhfrdeficient embryos
(A, B) Representative images and quantification of neocortex coronal sections of E12.5 WT and
Dhfr*A embryos immunostained for phospho-Histone H3 (pH3). Scale bars, 100 um.

(C, D) Representative images and quantification of neocortex coronal sections of E12.5 WT and
DhfrA embryos immunostained for cleaved Caspase-3 (CASP3). Scale bars, 100 ym.

(E) Numbers of genes significantly up-regulated and down-regulated at E12.5 in Dhfr”2 are
indicated in red dots.

(F) gRT-PCR analysis of selected genes.

Data are reported as mean + SD and statistical analysis was performed using Mann-Whitney test.
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cortex of P21 WT and Dhfr*’2 pups immunostained for TBR1, CTIP2 and SATB2. Scale bars, 100 ym.

Data are presented as mean + SD and statistical analysis was performed using Mann-Whitney test.
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(A) Heatmap of global H3K4me3 level (at neural progenitor-specific genes) in neurospheres
treated with DMSO (top) and MTX (bottom) (n=2).
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Quantification of SATB2+ cells in the intermediate zone (IZ) and the cortical plate (CP).

Data are reported as mean + SD and statistical analysis was performed using Mann-Whitney test.
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Fig. S5. DHFR expression and inhibition in HNO

(A) DHFR mRNA expression in the developing human fetal neocortex (data collected from
http://www.humous.org).

(B) DHFR mRNA expression over the course of HNO development and maturation (data collected
from https://bioinf.eva.mpg.de/shiny/sample-apps/scApeX/).

(C) Representative images of div4d0 HNO immunostained for EMX1, PAX6 and CTIP2. Left: low
resolution image showing cortical-like structures (number 1-5) that are EMX1+ and non cortical-like
structures (number 6-9) that are EMX1-. Right: High resolution images of EMX1+ cortical structures.
Scale bars, 50 pm.

(D) Quantification of the size of control and MTX-treated HNO over time.

(E, F) Measurement of the relative thickness of the neocortex and ventricular zone in control and
MTX-treated HNO.

Data are presented as (D) mean + SEM or (E, F) mean + SD (n = 7-12 organoids with 15-20 cortical-
like structures analyzed with Mann-Whitney test).
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Table S1. Marker genes used for ChIP-Seq analyses

Click here to download Table S1

Table S2. Raw data and statistical analyses

Click here to download Table S2

Table S3. List of Reagents

Click here to download Table S3
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MATERIALS AND METHODS

ANIMALS

Wild type and Dhfr* mice were kept in a 129S4/C57BI6J mixed background. Mice were
maintained on a standard 12 hours day:night cycle and given ad libitum access to food and
water. Timed pregnancies were obtained by detecting vaginal plugs.

CRISPR/Cas9-mediated Dhfr deletion in mice

Using the publicly available design program CRISPOR (http:/crispor.tefor.net), we designed
2 CRISPR-Cas9 crRNA targeting intronic sequences flanking Dhfr exon5: 5'-
GGATTAGCAACTAGGTAATAAGG-3' and 5-TCCAAGCTGGCCCCATGTTTGGG-3. Each
crBRNA was complexed with tracrRNA to generate gRNA and Cas9-ribonucleoprotein
complexes (Integrated DNA Technologies), which were microinjected in 129S4/C57BI6J 1-
cell embryos. Injected embryos were re-implanted in pseudo-pregnant dams and a
heterozygote founder progeny was identified with a 844 bp deletion corresponding to Dhfr
exon5 by DNA sequencing (primer Fw: 5-GTGATTCCATAGCCTCTTCCAG-3', Rev: 5-
TAGCACACATGCTCCTTTCC-3'). We tested 4 predictive off-target site and designed primers to
amplify the corresponding regions. By sequencing, we eliminated the likelihood of indel
formation in the 4 off-target sites analyzed. All genome editing experimental procedures were
pre-approved and carried out in compliance with the guidelines provided by the national
Animal Care and Ethics Committee (APAFIS #11931 2017102511049339) following Directive
2010/63/EU.

Histochemistry

Mouse brains at stages E14.5 and older were collected and fixed with 4% Paraformaldehyde
overnight at 4°C followed by paraffin embedding with Spin tissue processor (Myr) for 5 um coronal
sections on Microtome (Microm). Due to their small size, embryos at E12.5 were embedded in
agarose for 60 um coronal sections on Vibratome (Leica Biosystems). Paraffin-embedded
sections were deparaffined, rehydrated, followed by antigen retrieval involving steam heating for
45 minutes. Coronal sections were permeabilized and incubated in blocking solution (1-3% BSA,
1-3% FBS, 0.5-1% Tween 20 and PBS) for 2 hours at room temperature.

HNO were collected and fixed with 4% Paraformaldehyde overnight at 4°C and transferred to
30% Sucrose solution at 4°C. After sinking, HNO were embedded in OCT (Sakura) in plastic mold
and stored at -80°C until serial 15 um thickness sectioning was performed using Cryostat (Leica
Biosystems). Sections were incubated in blocking solution (1% BSA, 1% FBS, 0.5% Tween 20
and PBS) for 30 minutes at room temperature.

Mounted sections on Superfrost plus slides (Thermoscientific) were covered with blocking solution
containing primary antibodies mix (Table S1) for an overnight at 4°C in wet atmosphere. After 3
washes for 5 minutes in PBS, sections were covered with blocking solution containing secondary
antibodies (Table S1) and DAPI mix for 2 hours at room temperature, washed again 3 times in
PBS and mounted with coverslips (Menzel-Glaser) and mounting medium (4.8% wt/vol Mowiol
and 12% wt/vol Glycerol in 50 mM Tris [pH 8.5]).
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ChIP-sequencing

E13.5 neocortical tissues were dissociated mechanically in PBS. The single-cell suspension was
collected in growing medium (DMEM/F12 medium containing 0.6% Glucose, 5 mM HEPES, 1
mM Putrescine, 5 ng/ml FGF-2, 20 ng/ml EGF, 10 ng/ml Insulin-transferrin-sodium
selenite supplement and 2% B27 supplement in 5% CO- incubator at 37°C. Neural progenitor
cells were then cultured as free-floating neurospheres, which were treated with DMSO or 2 uM
MTX for 72 hours. The cells were further processed for DNA extraction according to the
previously described method (Fawal et al., 2018).

RT-PCR and qRT-PCR

Genomic DNA was degraded with 1 ul DNase (Promega) for 20 minutes at 37°C in 20 pl
Nuclease-free water, and the reaction was stopped by adding 1 ul of Stop solution under heat
inactivation at 65°C for 10 minutes. 2 pl of 10 mM dNTPs (Promega) and 2 ul of 100 mM
OligodTs (Integrated DNA Technologies) were added for 5 minutes at 65°C, then 8 pl of 5x
buffer, 2 pl RNasin (Roche), and 4 ul of 100 mM DTT (Promega) were added for 2 minutes at
42°C. The mix was divided into equal volumes in a RT—negative control tube with addition of 1 pl
Nuclease-free water and in a RT—positive tube with 1 pl Superscript enzyme and placed at 42°C
for 1 hour. The reaction was stopped at 70°C for 15 minutes, and cDNAs were synthesized.

For RT-PCR, 1 pl diluted cDNA (10-fold) was mixed with 2x PCR Taqg MasterMix containing 1 uM
of each primer, and PCR amplification was performed followed by agarose gel electrophoresis.

mRNA relative expression levels were calculated using the 22¢% method with specific primers
(Dhfr exon3-4 Fw: 5-CCATTCCTGAGAAGAATCGACC-3 and Rev: 5’-
CTTTACTTGCCAATTCCGGTTG-3, Dhfr exon5-6 Fw: 5-CAGGCCACCTCAGACTCTTT-3 and
Rev: 5-CCTTTTTCCTCCTGGACCTC-3’, Ttr Fw: 5-CACCAAATCGTACTGGAAGACA-3 and
Rev: 5-GTCGTTGGCTGTGAAAACCAC-3’, Aldoc Fw: 5-ACCATGACCTCAAACGTTGC-3 and
Rev: 5-TTGAGCAGAGTCCCTTCGAG-3, Gapdh as reference gene Fw: 5-
GGCCTTCCGTGTTCCTAC-3 and Rev: 5-CTGTTGCTGTAGCCGTATTCA-3)).
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Manuscript 2 (in preparation): Acute dietary
methionine restriction highlights sensitivity of

neocortex development to metabolic variations

Aims: Exposing developing embryos to dietary methionine restriction (MR) to target the
neurogenic phases of neocortex development for 5 or 10 days, we compared brain growth with
other vital organs, including the liver and heart during gestation.

Rationale: Methionine and its metabolite SAM are essential for cell proliferation, stem cell
maintenance and epigenetic regulation, three processes that are central to embryonic
development. While MR serves beneficial effects in adults, MR during gestation could have
detrimental consequences on the development.

Main results:

1) Dietary MR for 10 days leads to IUGR with a disproportionally small brain

(microcephaly).
2) Reduction in neocortex growth is already detected after 5 days of dietary MR.

3) Growth of the liver and heart is unaffected which is also reflected at the molecular level

(levels of methionine, DNA methylation and polysome profiling).

4) Neocortex growth reduction induced after 5 days of dietary MR, which correlates with
reduced neuron numbers, is completely compensated at birth by switching back to

control diet for 5 days.
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Acute dietary methionine restriction highlights sensitivity

of neocortex development to metabolic variations

INTRODUCTION

Methionine, an essential amino acid in mammals, is required for a number of key cellular
functions, including translation, proliferation and epigenetic regulation. As a consequence, the
responses to methionine restriction (MR) are pleiotropic but converge on an evolutionary
conserved lifespan extension (Ables & Johnson, 2017). At the cellular level, MR leads to cell
cycle arrest in proliferating cells (Lauinger & Kaiser, 2021) while in pluripotent stem cells, it
promotes differentiation (Shiraki et al., 2014). In fact, several studies have shown that
methionine metabolism controls pluripotency and stem cell self-renewal, by sustaining histone
methylation (Ozawa et al., 2023; Shiraki et al., 2014; Tang et al., 2017; Zhu et al., 2020). The
latter is explained by the fact that the first metabolite produced by 1C metabolic conversion of
methionine is the universal methyl donor S-Adenosyl methionine (SAM), which directly links
methionine levels to epigenetic regulation (Mentch et al., 2015). The methyl donor SAM is also
involved in triggering MR-induced cell cycle arrest (Lin et al., 2014).

Methionine and its metabolite SAM are thus essential for cell proliferation, stem cell
maintenance and epigenetic regulation, three processes that are central to embryonic
development (Korsmo & Jiang, 2021). However, while the beneficial effects of MR in adults
is well documented (Ables & Johnson, 2017), the consequences of MR during specific phases
of embryonic or fetal development have not been extensively studied. Previous studies reported
that dietary restriction of methyl donors (by restriction of choline, folate and methionine in the
diet) for several weeks prior and during gestation led to reduced fetal growth at birth and had
consequences on the behavior of adult rat offspring (Konycheva et al., 2011). More recently,
we showed that decreasing levels of SAM in a genetically engineered mouse line (DHFR
heterozygote) had no effect on fetal growth but altered neuronal production in the developing
neocortex (Saha et al., 2023). Both studies point to a role for methionine and SAM in neocortex
development, and indicate that MR could have detrimental consequences on the development
or growth of this organ. However, both studies involve chronic restriction of methyl donors
(either dietary or genetic) which could lead to metabolic reprogramming in the pre-pregnancy

and pregnant dams and confuse the effect on the progeny. Thus, to more directly study the
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impact of MR on neocortex development, we applied short-term dietary intervention of MR at

critical windows of accelerated organogenesis during gestation.

Development of the neocortex is a stepwise process that begins with closure of the anterior
neural plate and formation of the telencephalon. At this stage, around E9 (9 days
postfertilization), the dorsal telencephalic wall is composed of pseudostratified neuroepithelial
cells that quickly give rise to neural progenitors called apical radial glial cells (aRGC) (Rakic,
1972). Around E10.5, aRGC start to divide asymmetrically thus self-renewing and producing
neurons by direct differentiation. From this stage on, direct differentiation of aRGC into
neurons is progressively replaced by production of intermediate progenitors that subsequently
give rise to neurons (Gotz et al., 1998; Sessa et al., 2008). There are thus two broad types of
progenitors in the developing cortex, aRGC that express the transcription factor PAX6 and
intermediate progenitors that express the transcription factor TBR2. Collectively, these
progenitors give rise to two broad categories of neurons, early born neurons that express the
transcription factor CTIP2 and late born neurons (which start to be produced at E14.5)
expressing the DNA binding protein SATB2. Proliferation, self-renewal/differentiation and
epigenetic remodeling must be coordinated throughout this developmental process to ensure
proper neuronal production both in term of number and subtypes (Hippenmeyer, 2023). Here,
we designed a dietary MR regime to target the neurogenic phases of neocortex development
(after E9.5), either for 5 days or for 10 days, and analyzed neocortex growth as well as neuronal
production. In addition, we set out to compare brain growth with other vital organs, including

the liver and heart during gestation.

Our results indicate that dietary MR for 10 days leads to intrauterine growth restriction (IUGR)
with a disproportionally small brain (microcephaly). Reduction in neocortex growth is already
detected after 5 days of dietary MR, revealing an extremely fast adaptation of this tissue to
metabolic conditions. Further, growth of the liver and heart is unaffected highlighting an organ-
specific response to MR which is also detected at the molecular level (levels of methionine,
DNA methylation and polysome profiling). Strikingly, neocortex growth reduction induced
after 5 days of dietary MR, which correlates with reduced neuron numbers, is completely
compensated at birth by switching back to control diet for 5 days. Altogether, our data show
that short term dietary MR has severe consequences on neocortex growth and development and

uncovers a mechanism of catch-up growth for neuronal production in the neocortex.
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RESULTS
Embryonic organ-specific responses to dietary MR

Methionine is an essential amino acid that fuels 1C metabolism and the generation of the methyl
donor SAM (Fig.1A). Methionine is provided by nutrition, it is thus possible to impose MR by
dietary intervention. To effect such MR, we used modified chow that contains no methionine
and normal ranges of folate and choline levels (SupTablel). First, we fed adult mice control or
modified chow and observed that intake of control and MR chow by both virgin adult females
and pregnant dams was equivalent (Figl B, C). Despite equivalent food intake, MR diet led to
severe weight loss after 3 weeks which was completely compensated within one week of control
diet (FiglD). With the objective to assess the consequences of dietary MR on neurogenic
transitions and neuronal production, we designed dietary interventions such that early phases
of embryonic development would be spared. For this, we started dietary MR at E9.5,
concomitant with neurogenesis in the telencephalon (Fig! E). Pregnant females were then kept
in dietary MR for 10 days until E19.5/P0 or for 5 days until E14.5 (FiglE). Dietary MR for 10
days led to IUGR shown by decreased body weight (Fig1F). Surprisingly, a survey of different
organs indicated that brain weight was decreased unlike liver and heart weights (FiglF)
revealing an organ-specific response to dietary MR. Next, we analyzed the consequences of
dietary MR for 5 days by analyzing E14.5 embryos. At this stage, no IUGR could be detected,
yet a small decrease in brain weight was already present, while no difference in liver or heart
weight could be detected (FiglG). To ascertain that dietary MR led to changes in methionine
levels in these organs, we measured steady-state methionine levels by ELISA and observed that
5 days dietary MR led to a decrease in methionine levels in the neocortex and in the liver but
not the heart of E14.5 embryos (FiglH). This data supported the notion of an organ-specific
response to dietary MR and indicated that the brain might be more sensitive to MR than other

organs.

To explore the potential molecular and cellular consequences of decreased methionine levels,
we quantified global DNA methylation by ELISA (enzyme-linked immunosorbent assay),
analyzed translation using polysome profiling and assessed cell cycle parameters by cytometry.
While none of these tested parameters were modified in the heart (Fig11-K), polysome profiling

indicated that dietary MR for 5 days modified translation in the liver but not in the neocortex
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(FiglI). Conversely, we observed a significant decrease in global DNA methylation in the
neocortex but not in the liver of E14.5 embryos subjected to dietary MR for 5 days (FiglJ).
Lastly, cytometry analyses indicated that cell distribution in the cell cycle was modified only
in the neocortex in E14.5 embryos subjected to dietary MR for 5 days (Figl1 K). Specifically, in
the neocortex, the fraction of cells in S and G2/M phases of the cell cycle was increased at the
expense of cells in G1 yet there was no increase in the proportion of cells positive for the mitotic
marker phospho-Histone 3 (pH3). This data suggested that neocortical cells may be arrested or
delayed in the S and G2/M phases of the cell cycle in response to dietary MR for 5 days.
Alternatively, this data could indicate that dietary MR for 5 days modified the ratio between

proliferating progenitors and terminally differentiated neurons.
MR leads to neocortex growth defects and microcephaly

Next, we characterized the consequences of the dietary interventions described above (Fig2A)
on neocortex growth and on neuronal production. As shown previously (FiglF), MR for 10
days led to a reduction in brain growth observable macroscopically (Fig2B). This reduction in
neocortex growth was quantified on coronal sections by measuring radial thickness and
tangential extension of the neocortex (Fig2C). To assess whether this reduction in growth
following 10 days of MR correlates with the loss of specific neuronal populations, we
performed immunostaining with markers of newborn neurons (TBR1), deep layer neurons
(CTIP2) or late born neurons (SATB2) (Fig2D, E). Quantification of the different markers
revealed that MR for 10 days led to a global reduction of all neuronal subtypes in the neocortex

(Fig2F).

After 5 days of MR, radial thickness of the neocortex was already decreased (Fig2G) and the
number of all neuronal subtypes was already strongly reduced (Fig2H-J). This decrease was not
observed after 3 days of MR (FigS1A, B). To uncover the potential causes of the reduction in
neuron numbers after 5 days of MR, we performed immunostaining with the apoptotic marker
activated caspase-3 and performed TUNEL (terminal deoxynucleotidyl transferase dUTP nick
end labeling) assay and detected no change in apoptosis (FigS2A, B). We then used markers of
apical progenitors (PAX6) and intermediate basal progenitors (TBR2) (Fig2K). Quantification
of the two markers indicated that both populations of progenitors are decreased after 5 days of
MR (Fig2L). It is thus likely that modification of cell cycle parameters within neocortical

progenitors (Figl K) are at the origin of the stunted neuronal production following 5 days of
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MR. Altogether these results indicate that dietary MR leads to severe neocortex growth defects

and microcephaly within 5 days, by altering the cycling properties of neural progenitors.
Catch-up growth allows complete recovery of neuron numbers at birth

It has been shown previously that neuronal production in the developing neocortex is a plastic
process and can adapt to a transient loss of cells or to a lower rate of differentiation (Freret-
Hodara et al., 2017; Kischel et al., 2020; Toma et al., 2014). To assess whether restricted growth
of the neocortex induced by 5 days of MR can be rescued, we designed a regimen in which after
5 days of MR, the pregnant dams were switched back to control diet (Fig3A) and brain and
neocortex growth were assessed at E19.5/P0. With this regimen, no gross difference in brain
size was detected at E19.5/P0 (Fig3B), tangential growth of the neocortex was rescued (Fig3C)
and radial growth of the tissue was less severely decreased compared to 10 days of MR (Fig2C).
No difference of neuron numbers was observed between control regimen and the switch MR
regimen (Fig3D-F), indicating that all three neuronal subtypes were completely rescued despite

the severe microcephaly that was present at E14.5 (Fig2G-J).

Neural progenitors quickly respond to MR by adjusting their cycling and differentiation

behavior

In order to uncover the consequences of MR on neural progenitors behavior, we used cell cohort
tracing approaches in combination with diet regimen (Figd4A). We labeled a cohort of neural
progenitors at E12.5 with EdU (neural progenitors in S-phase) and in the same pregnant dam,
we labeled a cohort of neural progenitors at E14.5 using Flashtag/CFSE (mitotic neural
progenitors abutting the ventricle) (Govindan et al., 2018; Salic & Mitchison, 2008). In this set
of experiments, the switch between MR and control diet was done at E14, 15 hours before
Flashtag injection, in order to catch progenitor behavior in the rescue phase (Fig4A). Injected
embryos were then analyzed by immunofluorescence 2 days later, at E16.5 (FigdB). The
proportion of EdU+ and Flashtag (FT)+ cells was quantified in the different layers of the
neocortex (ventricular zone (VZ), intermediary zone (IZ), cortical plate (CP)). Focusing on
EdU+ cells, the quantification shows that in the control situation, a large proportion of neural
progenitors that were cycling at E12.5 have differentiated into deep layer neurons (EdU+ in the
CP) but some EdU+ cells have remained progenitors (EdU+ in the VZ) (Fig4C). Following 7
days of MR, EdU+ progenitors have massively differentiated into deep layer neurons and very

few EdU+ cells are still present in the VZ (Fig4C). In the switched regimen, the behavior of
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EdU+ cells is comparable to that of the control situation (FigdC). These results indicate that

MR promotes the neuronal differentiation of E12.5 progenitor pools.

Focusing on FT+ cells, the quantification shows that in the control situation, a large proportion
of neural progenitors that were undergoing mitosis at E14.5 have differentiated, and are already
positioned in the upper layers of the CP while many FT+ cells are located in the IZ (Fig4C).
Very few FT+ cells have remained in the VZ. Following 7 days of MR, a large proportion of
FT+ cells are still located in the VZ and none have reached the CP (Fig4C) indicating defects
and delay in differentiation. In the switched regimen, while many FT+ cells are still present in
the VZ, a large proportion of them has reached the CP (Fig4C), indicating that switching back
to control diet has allowed FT+ cells to quickly resume differentiation. Altogether, these results
suggest that MR has opposite consequences on early and mid-to-late progenitors; while MR
promotes direct differentiation of early neural progenitors, it delays differentiation of mid-to-

late neural progenitors.

DISCUSSION

Here, we present the consequences of short term dietary MR focusing on neocortex
development and report that the response to dietary MR is extremely fast in the brain tissues,
with a severe deficit in neuronal production. Unexpectedly, catch-up growth restores neocortex

neuronal numbers of different subtypes.

A suboptimal nutritional supply in utero often leads to fetal growth adaptations with vital organs
exhibiting differential growth outcomes (Dobbing & Sands, 1973; Gruenwald, 1963; Serpente
et al., 2021). This asymmetric pattern of organ growth is known as organ sparing, which either
reflect compartmentalized regulation or promote fetal survival. In our study, the 10 days
restricted fetus with microcephaly were stillborn and restriction did not prolong their gestation
window, strengthening the notion of genetic determinants shaping the gestation duration in
mice (Murray et al., 2010). It remains unclear which malformations affected fetal survival,
however, the developing brain appears to be more sensitive to MR than liver and heart,
supporting a possible compartmentalized metabolism for meeting its growth requirements.
Differential sensitivity to MR could be due to differential expression of enzymes of the 1C

metabolic cycle that allow for remethylation of homocysteine to methionine (Cardoso-Moreira
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et al., 2019; Imbard et al., 2021), and thus liver and heart growth may differentially compensate
for low methionine supply in the diet. However, this may not be the only explanation since we
observed low methionine levels in the liver with a potential impact on translation, yet this has
no effects on the liver growth. Interestingly, heart growth seems to be independent of amino
acids level (Hennig et al., 2019), suggesting the cardiovascular system might be protected in
challenging microenvironments. In contrast, brain is considered as an expensive organ (Aiello
& Wheeler, 1995), our data indicates that developing such tissue might be more adaptive and
proportional to the methionine content. Since maternal supply and fetal liver increases nutrient
bioavailability in the brain, it would be interesting to find out how inter-organ methionine

supply is hierarchically organized during gestation.

The link between chronic restriction in methyl donors such as folate or choline and alteration
of brain development and cognitive functions is well documented (Korsmo & Jiang, 2021).
However, very few studies have analyzed the effects of dietary methyl donor restriction on the
short term. One study reported that dietary folate restriction in the rat from E11 to E17 led to
decreased proliferation and increased apoptosis in the forebrain (Craciunescu et al., 2004). The
overall growth of the forebrain was not analyzed in this study but presumably decreased
proliferation and increased apoptosis that was observed should lead to microcephaly, similar to
our data following 10 days of dietary MR during gestation in the mouse. The response to dietary
MR is extremely fast, within 5 days of MR there are already severe consequences in terms of
growth and differentiation Similarly, catch-up growth is extremely fast, within 2 days of
switching back to normal diet, the system has resumed and even accelerated its differentiation.
Catch-up growth is defined by the accelerated growth of a tissue to reach a certain target size
appropriate for age. This concept has been largely explored with respect to bone growth (Kagan
& Rosello-Diez, 2021). One hypothesis to explain catch-up growth is the “sizostat” mechanism,
which was originally formulated for whole body growth and implied a neuroendocrine loop
(Tanner, 1963). This mechanism implicates a growth inhibitor and its receptor that dose-
dependently inhibit proliferation. Adapted to local catch-up growth, this mechanism would
posit that differentiated progeny release the growth inhibitor while progenitors express its
receptor and that progenitors adapt their proliferating rate to the dose of growth inhibitor. In the
developing neocortex, this concept has not been deeply explored, although previous studies
have shown that neocortex growth and development is plastic and is able to adapt to cell loss
(Freret-Hodara et al., 2017; Toma et al., 2014). These studies invoked the presence of negative
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feedback loops on the production of neuronal subtypes. The striking pattern of the catch-up
growth in our study is the fact that the proportion of the different neuronal subtypes was rescued
despite the fact that the temporal windows were shifted. In the neocortex, production of the
different neuronal subtypes is sequential, with early born (mostly DL) neurons generated from
E11.5 to E14.5 and late born (mostly UL) neurons generated after E14.5. In the switch back
experiment when control diet is provided after E14.5, we could have expected that catch-up
growth would produce mostly late born neurons. Such a scenario has been observed following
genetically induced cell death in the neocortex from E11.5 to E14.5 which led to an increase in
UL CUX1+ neurons (Freret-Hodara et al., 2017). Alternatively, we could have expected a
prolonged production of early born DL neurons at the expense of late born UL neurons, as was
shown following genetic ablation of early born DL neurons (Toma et al., 2014). One possible
explanation for the different outcome that we observed resides in the fact that in our study, there
is no massive loss of cells by cell death at E14.5, but rather a lag in cell production. Lastly, it
would be of interest to examine the glial population following catch-up growth. Indeed,
neuronal and glial cells are produced from the same pool of progenitors and neuronal catch-up

growth might exhaust this pool.

MATERIALS AND METHODS
Animals

Wild type mice were kept in a 129S4/C57B16J mixed background. The gender of embryos was
not tested and littermates were randomly assigned to replicate experiments. Mice were
maintained on a standard 12 hours day:night cycle and given ad libitum access to food and
water. Mice were either fed a methionine-restricted diet (SAFE AIN 2g Choline #U8958
Version 330) or a control diet (SAFE #AO4) during pregnancy. Timed pregnancies were
obtained by detecting vaginal plugs in the morning and samples were collected in the afternoon.
All experimental procedures were pre-approved and carried out in compliance with the
guidelines provided by the national Animal Care and Ethics Committee (APAFIS #35692-
2022082409293050 v6) following Directive 2010/63/EU.

Evaluation of food intake
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To measure food intake, a group of 2-3 non-pregnant or pregnant females (3-5 months old)
were kept in a cage. A defined amount of food was provided to the mice, the remaining food

was weighed at 2 days interval for the calculation of average food intake.
Weight measurement

Body weight was measured after the removal of placenta. The wet weight of fresh organ

samples was recorded as soon as it is removed from the body cavity.
Immunohistochemistry

Mouse brains at stages E14.5 and older were collected and fixed with 4% Paraformaldehyde
overnight at 4°C followed by paraffin or OCT embedding. The paraffin embedding was
obtained with Spin tissue processor (Myr) for 5 pm coronal sections on Microtome (Microm).
For OCT embedding, the samples were transferred to 30% Sucrose solution overnight at 4°C
before OCT (Sakura) inclusion for performing 20 um coronal sections using Cryostat (Leica
Biosystems). Paraffin-embedded sections were exclusively deparaffined, rehydrated, followed
by antigen retrieval involving steam heating for 45 minutes. Coronal sections were
permeabilized and incubated in blocking solution (1-3% BSA, 1-3% FBS, 0.5-1% Tween 20
and PBS) for 2 hours at room temperature. Sections were permeabilized and incubated with
antibodies diluted in blocking solution (1-3% BSA, 1-3% FBS, 0.5-1% Tween 20 and PBS)

overnight at 4°C.

For birthdating experiments, EAU (dissolved in PBS at 5 mg/ml, 25 pg/g body weight) was
injected intraperitoneally at E12.5. Histological detection of EAU was performed using the
Click-iT EdU cell proliferation kit (ThermoFisher) according to the manufacturer's instructions.
A stock of 10mM FT (CFDA-SE, STEMCELL Technologies) was prepared by dissolving the
CFDA-SE in dimethyl sulfoxide (DMSO) (Euromedex) for an in utero injection. The fresh
working solution of 1mM was diluted in HEPES-buffered saline solution (HBSS,

ThermoFisher), in which Fast Green dye was added for monitoring successful injection.
Imaging and quantification

The macroscopic images were acquired with SMZ18 stereomicroscope (Nikon) and fluorescent
images were captured with SP8 inverted scanning confocal microscope (Leica Biosystems).

Images were exported as TIFF files and quantification was performed manually with Imagel
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(NIH) on defined regions of interest (ROIs). For E14.5 and E16.5 mouse embryos, one ROI in
the dorsolateral region was chosen for manual counting. Embryos were collected from different
litters and 100-500 cells were counted per hemisphere using multiple sections. Counts were
normalized to an area of 100 um of apical surfacex100 um of radial length. For E19.5/P0O mouse
embryos, a custom script was developed for automated cell quantification in Image]J. We
defined a threshold to identify positive cells in the DAPI channel that creates a mask of all
positive cell nuclei. Using image filtering on fluorescent channels, we further considered two
parameters (>50 um? area of the fluorescence signal and >0.6 circularity index) to identify the

positive nuclei across the entire neocortical hemisphere.
Methionine assay

Methionine levels were determined by a fluorometric assay kit (Abcam) based on an enzymatic
mechanism coupled with the generation of hydrogen peroxide. Dissected E14.5 tissue samples
were mechanically dissociated with a pipette tip and suspended in 200 ul of supplied assay
buffer. Liver samples were specifically pre-treated by adding 4 pl supplied Sample Clean-Up
Mix in the assay buffer for 30 minutes incubation at 37°C. For neocortex and heart, cell debris
were pelleted by centrifugation at 13,000 g for 15 min at 4°C and supernatant was collected.
All samples were then filtered through a 10kD spin column (Abcam) by centrifugation at 10,000
g for 10 min at 4°C. In a black 96-well microplate (ThermoFisher), 20 ul of the ultra-filtrate
were mixed with the assay buffer for a total volume of 50 pl sample. 10 ul of standard stock
(10 mM methionine) was serially diluted with the assay buffer. 50 ul of standard mix and
samples were then incubated with supplied Reaction Mix at a total volume of 100 pl at 37°C
for 30 minutes in dark. The signal intensity of fluorescence excited at 535 nm for 1 second was
measured at 587 nm using Varioskan flash (ThermoFisher). The readouts from standard were

plotted to construct a standard curve for estimating methionine concentration.
DNA methylation assay

DNA was extracted from 10 mg of dissected E14.5 tissue samples using the DNeasy blood &
tissue kit (Qiagen) according to the manufacturer's instructions. The amount of isolated DNA
was quantified using Nanodrop spectrophotometer (ThermoFisher). 100 ng was used as input
DNA for detecting global DNA methylation status by MethylFlash methylated 5SmC DNA
quantification kit (EpigenTek) based on an ELISA-like colorimetric reaction. The input DNA
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was added to supplied strip wells with high DNA affinity. The methylated fraction of DNA was
detected using supplied capture and detection antibodies and then quantified from the
absorbance measurement at 450 nm in Multiskan GO microplate reader (ThermoFisher). The
amount of methylated DNA is proportional to the OD intensity readouts, which were used for

estimating the relative methylation status by the calculation of percentage of 5-methylcytosine

(5mC) in total DNA.
Polysome profiling

E14.5 fresh tissue samples were collected in ice-cold HBSS, followed by a pull down of 5-6
samples. The neocortical dissection was carried out in ice-cold neurobasal medium
(ThermoFisher). Dissected tissues were incubated in Cycloheximide-containing HBSS or
neurobasal medium (100 pg/ml, Sigma-Aldrich) at 37°C for 10 minutes, followed by
centrifugation at 500 g for 5 minutes at 4°C. The supernatant was discarded and pellets were
washed twice with ice-cold Cycloheximide-containing PBS (100 pg/ml). Tissue pellets were
incubated on ice for 10 minutes in the following lysis buffer: 200 mM HEPES, 100 mM KClI,
5 mM MgCl2, 1% Triton X-100, 0.5% Sodium deoxycholate, 1 mM Dithiothreitol (DTT),
Cycloheximide (100 pug/ml), supplemented with Protease inhibitor (Roche), Phosphatase
inhibitor (Roche), and RNasin inhibitor (Promega). Tissue lysates were clarified by
centrifugation at 2000 g for 5 minutes at 4°C and supernatant collection, followed by another
round of centrifugation at 13000 g for 5 minutes at 4°C and supernatant collection. RNA
concentration was estimated by Nanodrop spectrophotometer and was further considered to
normalize the sample loading. 10 to 50% sucrose gradients were prepared in RNase-free
conditions with ultra-clear tubes. Clear supernatants (50-300 ug) were loaded into the sucrose
gradients and centrifuged at 390000 RPM (SW41 Ti rotor, Beckman Coulter) for 100 minutes
at 4°C. The gradient fractions were separated and the absorbance profiles of the RNPs

(ribonucleoprotein particles), 40S, 60S, 80S, and polysome fractions were monitored at 254 nm.
Cell cycle analysis by flow cytometry

E14.5 fresh tissue samples were collected in ice-cold PBS. Heart samples were pulled down
from 4 embryos, all samples were transferred into individual tubes in ice-cold FCS-containing
PBS (1%). The samples were further processed for cell dissociation and staining for DAPI and

phospho-Histone 3 (pH3) according to the methodology described in a previous study (Jungas
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et al., 2020). The tissue lysates were loaded in Cytoflex-S flow cytometer (Beckman Coulter)
and data were collected and analyzed using CytExpert software (Beckman Coulter). A range of
30,000-50,000 events was acquired with a minimal flow rate (<1000 events/s) from each
sample. For analysis, clumps, debris, and doublets were eliminated and positive fluorescent
signal was defined with staining controls for the primary and secondary antibodies. For cell
cycle analysis, DNA content histograms from DAPI incorporation were used for a manual

determination of G1/G0, S, and G2/M phases (Darzynkiewicz et al., 2010).
Statistical analyses

For each assay/experiment, tissue samples were obtained from at least four to eight mouse
embryos per condition. For experiments involving a pair of conditions, statistical significance
between the two sets of data were analyzed with unpaired t test or Mann—Whitney test with
Holm-Sidék adjusted P-values using Prism10 (GraphPad). Statistically significant differences
are reported at *P<0.05, **P<0.01 and ***P<0.001.

FIGURE LEGENDS

Figure 1. Organ-specific response to methionine restriction, brain is not spared. (A)
Schematic representation of the 1C metabolism and its outputs. Created with BioRender.com.
(B,C) Measurement of daily dietary intake for adult female and pregnant mice over a 5-week
and pregnancy period (n= 3 mice per group). (D) Trajectories of normalized body weight of
adult female mice on control (SAFE #A04) and MR (SAFE AIN 2g Choline #U8958 Version
330) diet (n= 3 mice per group). (E) Schematic of study design. MR were introduced at E9.5 to
the pregnant mice. (F) Fetal body and organ weights at E19.5/P0 from dams fed on control or
MR diet for 10 days (n= 4-5 embryos). (G) Fetal body and organ weights at E14.5 from dams
fed on control or MR diet for 5 days (n=4-5 embryos). (H) Levels of methionine were measured
with an enzyme immunoassay kit (Abcam) in fetal tissue extracts from E14.5 (n= 5 embryos).
(I) E14.5 tissue lysates were analyzed by sucrose gradient fractionation for measuring the
relative abundance of ribonucleoprotein particles (RNPs), ribosomal subunits (40S and 60S),
80S ribosomes, and polysomes as a readout of global translation (n = pulldown of 5-6 samples).
(J) The profile of 5SmC DNA methylation profile were determined in E14.5 tissue samples by
ELISA-like assay (n= 4-5 embryos). (K) Cell cycle phases were identified based on DNA
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content (DAPI incorporation) and phospho-Histone 3 (pH3) staining using flow cytometric
analysis of E14.5 tissue samples (n= 5-7 embryos). Data are mean+s.d. and statistical analysis

was carried out using a Mann—Whitney or unpaired t test.

Figure 2. Methionine restriction leads to neocortex growth defect and microcephaly. (A)
Schematic of study design illustrating dietary exposure. (B) Dorsal view of control and 10 days
of MR exposed fetal brain at E19.5/P0. (C) Quantification of radial length and tangential
perimeter in control and 10 days of MR exposed E19.5/P0 neocortex (n= 6-8 embryos). (D-F)
Representative zoom-in images and quantification of E19.5/PO neocortex coronal sections
immunostained for TBR1, CTIP2, and SATB2. Scale bars: 50 um. (G) Quantification of radial
length in control and 5 days of MR exposed E14.5 neocortex (n= 6-7 embryos). (H-J)
Representative zoom-in images and quantification of E14.5 neocortex coronal sections
immunostained for TBR1, CTIP2, and SATB2 (n= 6-7 embryos). Scale bars: 25 pum. (K,L)
Representative images and quantification of E14.5 neocortex coronal sections immunostained
for PAX6 and TBR2 (n= 6-7 embryos). Scale bars: 50 pum. Data are mean+s.d. and statistical

analysis was carried out using an unpaired t test.

Figure 3. Growth defect, including neuronal production, can be compensated in favorable
nutrition conditions. (A) Schematic of study design representing dietary switch regimen. (B)
Dorsal view of control and 5 days of MR exposed fetal brain at E19.5/P0. (C) Quantification of
radial length and tangential perimeter in control and 5 days of MR exposed E19.5/P0 neocortex
(n= 6-7 embryos). (D-F) Representative zoom-in images and quantification of E19.5/PO
neocortex coronal sections immunostained for TBR1, CTIP2, and SATB2. Scale bars: 50 pm.

Data are meanzs.d. and statistical analysis was carried out using an unpaired t test.

Figure 4. Progenitors quickly respond to variations in dietary methionine. (A) Schematic
of study design for coupling birthdating strategies with dietary exposure. (B-D) Representative
zoom-in images and quantification of EAU and FlashTag-labelled cohort of cells born at E12.5
and E14.5, and their accumulation at ventricular zone (VZ), intermediate zone (IZ), and cortical

plate (CP) in E16.5 neocortex coronal sections (n= 4 embryos). Scale bars: 50 um.
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SUPPLEMENTARY FIGURE LEGENDS

Figure S1. Onset of neurogenesis is maintained with no changes in cell death under
methionine restriction. (A,B) Representative images and quantification of E12.5 neocortex
coronal sections immunostained for TBR1, CTIP2, and SATB2 (n= 4-5 embryos). Scale bars:
50 um. (C,D) Representative quantification of cell death by caspase-3 immunostaining and
TUNEL assay in E14.5 neocortex coronal sections (n=3-4 embryos). Data are mean+s.d. and

statistical analysis was carried out using an unpaired t test.
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Control diet (SAFE #A04)

Amino acids
Arginine
Cystine
Lysine
Methionine
Tryptophan
Glycine
Fatty acids
Palmitic acid
Stearic acid
Palmitoleic acid
Oleic acid
LA

ALA
Minerals
Calcium
Phosphorus
Sodium
Potassium
Magnesium
Manganese
Iron

Copper

Zinc
Chlorine
Vitamins
Vitamin A
Vitamin D3
Vitamin E
Vitamin K3
Vitamin Bl
Vitamin B2
Vitamin B3
Vitamin B5
Vitamin B6
Vitamin B9/Folate
Vitamin B12
Biotin
Choline
Energy content
Proteins
Lipids
Carbohydrates

Amount (mg per kg)

9000
2500
7200
2800
1900
8100

5900
600
150
4800
15000
1200

7300
5500
2500
6000
1600
70
270
16
55
4000

7500 TU
1000 IU
30 IU
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6.5
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10

3

0.35
0.01
0.08
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kcal per kg
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2416

%
19.3
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MR diet (SAFE AIN 2g Choline #U8958 Version 330)

Amount (mg per kg)
Amino acids
Arginine 5880
Cystine 4116
Lysine 12696
Methionine 0
Tryptophan 2079
Glycine 2955
Fatty acids
Palmitic acid 7420
Stearic acid 2555
Palmitoleic acid 350
Oleic acid 13020
LA 37030
ALA 5390
Sum n-3 5390
Sum n-6 37030
Sum SFA 10325
Sum UFA 55790
Sum MUFA 13370
Sum PUFA 42420
Cholesterol 1.1
Minerals
Calcium 6333
Phosphorus 2678
Sodium 4574
Potassium 6323
Magnesium 823
Manganese 14
Iron 69
Copper 6.9
Zinc 45
Chlorine 4964
Vitamins
Vitamin A 6437 IU
Vitamin D3 1625 TU
Vitamin E 106 IU
Vitamin K3 8
Vitamin B1 7.8
Vitamin B2 7.5
Vitamin B3 45
Vitamin B5 20
Vitamin B6 9.1

Vitamin B9/Folate 2.6



Vitamin B12
Biotin
Choline
Sugars
Glucose
Sucrose

Energy content
Proteins

Lipids
Carbohydrates

0.033
0.26
2062

<0.5%
13%

kcal per kg
561.4
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2647.4

%
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General discussion

In this work, we studied the making of an organ under metabolic restriction, which is
characterized by genetic conditions of deficiency and poor nutritional intake during gestational
development. Gestation is a critical moment for both mother and embryo, the fertilized embryo
goes from a relatively inactive metabolic state to a rapid metabolic state during and after
implantation (Tippetts et al., 2023). Stem/progenitor cells in the postimplantation tissues
become partially autonomous due to the constraints in metabolic genes, but exogenous supply
of nutrients stay relevant for their direct contributions to the metabolic networks. While
pregnant mother carries out a species-specific strategy for the optimal fetal growth (Wade &
Schneider, 1992), consistent evidences support that metabolic restriction adversely impacts
fetal brain developmental processes, including the proliferation, differentiation,
synaptogenesis, and dendritic arborization in many regions of the brain (Georgieff, 2007). In
this work, I showed that 1C metabolic deficiency affect the timing of neurodevelopmental
processes, including the proliferation and differentiation in the mouse and human experimental
models of neocortex. This perturbation results in specific changes in NPC fate dynamics and

neuronal differentiation output, creating a scope for vulnerable brain growth.

During development, the fate of NPC is influenced by specific transcription factors and
epigenetic machinery. This machinery is a driving force of developmental processes, and
understanding how nutrition controls the cellular metabolic networks and impacts tissue growth
and body plan across species requires further exploration. Our results from both folate and
methionine perturbations pinpoint that epigenetic machinery is sensitive at the onset of
neurogenesis, because it is assumed that it sets the differentiation pace and output (Albert et al.,
2017; Ciceri et al., 2024). Genetic perturbation of key epigenetic regulators revealed distinct
morphological and transcriptional developmental delays (Grosswendt et al., 2020), highlighting
how developmental growth is influenced in the absence of epigenetic coordination. In our
perturbations, developmental delay was observed both under folate and methionine deficiency.
Nevertheless, genetic folate deficiency did not impact mouse tissue growth, it did alter the

precise differentiation trajectory and laminar distribution of excitatory projection neurons. A

63



comparison of the laminar organization shows inter-species variations across mammals (Graic
et al., 2022), prompting inquiries into whether intrinsic metabolic cues have undergone
phylogenetic adaptations for this specific purpose. In contrast, dietary methionine deficiency
resulted in IUGR, defined by insufficient/delayed growth in relation to its genetic potential,
which is often associated with risks of stillbirth and neonatal death, neurodevelopmental and
metabolic disorders (Sharma et al., 2016). IUGR is classified as symmetric (20-30%) or
asymmetric (70-80%), based on the growth of head circumference (Fleiss et al., 2019).
Asymmetric IUGR is considered to be a result of brain sparing, a process whereby brain growth
is spared with the redistribution of blood flow maximizing oxygen and nutrient supply (Godfrey
et al., 2012; Shin et al., 2023). Remarkably, brain sparing is observed from Drosophila to
human (Beukers et al., 2017; Cheng et al., 2011; Serpente et al., 2021), yet the contributions of
specific nutrients have not been identified until now. Our finding highlights that organ growth
can be modified through methionine-dependent plastic responses to changing nutrition. Brain
growth appears sensitive to methionine deficiency, while other organs are not affected, leading
to altered body proportions under persistent methionine deficiency. The brain growth defects,
including the diversity and number of neurons, were largely recovered with the reintroduction
of methionine during critical embryonic development. It remains to be determined whether
specific tissues control their growth through local nutrient sensing. SAMTOR, a sensor for
SAM, is a promising candidate capable of detecting methionine levels and potentially

coordinating the systemic regulation of mMTORCT1 signaling for tissue growth (Gu et al., 2017).

The recovery of neuronal diversity and numbers is quite interesting in the context of temporal
fate plasticity. In Drosophila, neuronal diversity under protein deprivation was maintained at
the expense of appropriate number (Lanet et al., 2013). NPC pool is reduced under such
nutritional deprivation, yet understanding how the mammalian brain possesses a capacity to
generate neuron diversity and numbers is important. Neurogenesis is strictly regulated by an
integrated interplay between extrinsic and intrinsic cues acting on balancing the NPC
proliferation and differentiation. This interplay aims at generating stereotypical number and
type of neurons, through the timing of cell-cycle length and division mode. After introducing
methionine-restricted diet at a window containing early RGC and observing developmental
plasticity in later stages, it becomes intriguing to explore the impacts on late RGC which tends

to be more extrinsically controlled as development proceeds (Telley et al., 2019). In our context,
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the term “developmental plasticity” distinguishes irreversible phenotypic changes from
reversible ones induced by environmental perturbations (Forsman, 2015), specifically referring
to neuronal diversity and numbers. In addition and importantly, what developmental costs are
incurred as a consequence of the observed plasticity? In compensating neuronal production, the
shared RGC pool is possibly accomplishing a remarkable feat through an overconsumption for

neurogenesis at the expense of gliogenesis.

Development sculpts the size and connections of the brain, which is dependent on the
stereotyped production of correct number of neuronal and glial populations. An imbalance in
neuronal and glial populations may lead to autism spectrum disorder (ASD) and microcephaly
(Li et al., 2017), and 1C metabolic deficiency has been linked to ASD and microcephaly cases
in humans (Serrano et al., 2012). Nutritional changes do not only affect the birth and migration
of neurons and survival of NPC progeny, but also neuronal maturation process in later stages.
In order for a neuron to become fully mature and participate in neuronal circuitry, it must
develop axonal projections to targets, extend its dendrites, form synapses, and be able to release
neurotransmitter. A recent study revealed that folate metabolism not only affects the generation
of deep layer neurons but also their morphology (Tat et al., 2023). There seems to be a
noticeable delay in the generation of excitatory neurons and reduction in the complexity of
excitatory neurons. The functional consequences of 1C metabolic processes may extend to the
circuit level concerning neuronal interconnectivity. Together, 1C metabolic deficiency alters
the neuronal production dynamics, a mechanism possibly responsible for the etiology of ASD

and microcephaly.

In Drosophila, type Il neuroblasts in the optic lobe share many similarities to the neocortical
RGC and a recent study revealed that 1C metabolism is involved in stage-specific cellular
productions in the optic lobe (Silva et al., 2023). Perhaps most importantly, folate metabolism
is essential for early-born neuronal progeny across species. The likelihood that a synergistic
regulation of 1C metabolism and methylation-dependent neuronal diversification contributes to
this phenomenon can be inferred from the high expression of MAT2A in early-born deep layer
neurons (Micali et al., 2023). In addition, low folate intake has been linked to exhibit significant
abnormalities in tissue growth due to the impaired DNA synthesis (Blatch et al., 2015; Harlan
De Crescenzo et al., 2021). This suggests 1C metabolism is crucial and conserved in many

aspects of neurodevelopment across species, which can be pinpointed to the availability of
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folate and methionine nutrition in the diet across the animal kingdom. However, it remains
unclear how such metabolic traits are positively selected and linked to the diet content. Kleiber's
law, a widely accepted principle, asserts that as the mass of organs increases, they become more
metabolically efficient (Kleiber, 1932), but it is challenging to trace the selection pressure on
the metabolic strategies. In long-lived species, low methionine content is thought to be one of
the molecular adaptations (Mota-Martorell et al., 2021); however, adult specimens might not
represent the influences on the constituent parts of neurodevelopment. One possibility to
examine the metabolic strategies during postnatal brain development by studying the
composition of milk during lactation. Since lactation serves all nutrients to the offspring, protein
concentration were identified across mammals, with human milk having the lowest amount
(approximately 8 g/L) (Davis et al., 1994). Interestingly, amino acid patterns were similar:
essential amino acids (40%), branched-chain amino acids (20%), and sulfur amino acids (4%)
of the total amino acids across all species. In contrast to ungulates, carnivores, and rodents,
primates displayed low methionine content in their milk. Considering that slow-growing larger
species put more efforts on the maintenance, it becomes intriguing to ask whether the low
methionine content correlates with slower growth rates. The results of the present study show
a remarkable brain growth delay in the methionine-restricted mouse embryos that we analyzed.
Metabolism, to a large extent, determines the tissue growth and so challenges the existing
constraints. How genetic (e.g, enzyme) and non-genetic component (e.g., diet) acts together on
an evolutionary innovation is largely unknown. Despite being omnivores and possessing two
copies of the DHFR gene, rhesus macaques do not exhibit the dynamic pattern of DHFR
expression observed in the mouse and human developing neocortex (Cardoso-Moreira et al.,
2019; Di Bella et al., 2021; Klingler et al., 2021; Micali et al., 2023), giving rise to a question
of scaling mechanism for 1C metabolism among primates. Growing evidences support that
enhanced metabolism are associated with an extended proliferation output, a key hallmark in
the evolutionary expansion of the neocortex (Namba et al., 2020; Pinson et al., 2022). In
particular, mitochondria is considered as a key determinant of species-specific metabolic
strategies in neurodevelopment (Iwata et al., 2020, 2023; Rangaraju et al., 2019). The
mitochondria harbors many duplicated 1C enzymes (Ducker & Rabinowitz, 2017), it remains
to be defined how parallel metabolic networks can be advantageous for a species. Future studies
across species in a developmental context might reveal a better understanding of metabolic

contributions to neocortical evolution.
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While essential amounts of folate and methionine are accessible from the diet, micronutrient
status and dietary habits vary throughout the world (Gilsing et al., 2010; Sanderson et al., 2019;
Schmidt et al., 2016). Especially women in developing countries are at risk of micronutrient
deficiencies (Torheim et al., 2010). Interventions, including recommendations on intake and
supplements, have been widely applied to support health of the fetus (Gernand et al., 2016). For
instance, recommended folate levels and intake of folic acid (synthetic folate)-fortified foods
are made available to prevent brain congenital malformations such as neural tube defects. It is
also recommended to follow a total protein intake of approximately 71 g/day in pregnancy
(Hanson et al., 2015). Despite these attempts, a detailed recommendation for micronutrients
like methionine is yet to be proposed. Since a vegan diet, being limited to plant-based products
with low methionine content, increases the risk for low birthweight and IUGR (Avnon et al.,
2021), the modeling of methionine restriction in a human context is required to understand the
specific contributions of this nutrient in human organ growth. Organoids provide a unique
opportunity; however, such in vitro based approaches still miss many aspects of inter-organ
communications during development. Neural organoids in principles could model brain
development with a restricted growth medium, but contrasting evidences are questioning the
metabolic state in organoids (Bhaduri et al., 2020; Klingler et al., 2021; Uzquiano et al., 2022).
Compared to primary tissue, organoid cells may lack accurate matching of metabolic gene
expressions in a spatiotemporal manner. Nevertheless, in the future, organoids could enable us

to validate a threshold point at which a micronutrient deficiency results in brain growth defects.

To date, metabolic conditions are detected by prenatal and newborn genomic and biochemical
screening. It is critical to note, we lack defined markers for the detection of a past metabolic
condition of a non-genetic origin. More precisely, identifying DNA and histone methylation-
related transient or permanent alterations that impact specific target genes frequently proves
challenging. DNA methylation is mainly categorized into two categories: CpG and non-CpG
(CH). CH methylation is rare in fetal brains and accumulates during neuronal maturation after
birth (Lister et al., 2013). It is currently unknown whether adaptive mechanisms enable
maturing neurons to actively restore their functional epigenomes from metabolic perturbations.
A recent study suggested that certain epigenetic marks are recovered through SAM partitioning

during methyl-metabolite depletion (Haws et al., 2020). While maternal diet status is linked
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with the establishment of DNA methylation at metastable epialleles in the mouse offspring
(Waterland et al., 2006). This persistent and systemic epigenetic changes has also been
observed at human metastable epialleles (Dominguez-Salas et al., 2014). In a recent
comprehensive analysis of the epigenome in twin pairs, distinct differentially methylated loci
associated with vegan and omnivore diets were revealed, providing insights into the influenced
pathways within eight weeks (Dwaraka et al., 2023). Hypermethylated sites in vegans showed
enrichment in neuroprotective mechanisms. Conversely, hypermethylation in omnivores was
associated with cell division and genetic regulation. The cohort also demonstrated differential
methylation in neurodevelopmental genes, including DHFR and CTIP2/BCL11B, when

comparing the two experimental groups.

In summary, folate and methionine are interdependent metabolites in the 1C metabolic pathway,
where folate provides the necessary one-carbon units, and methionine utilizes these units for
important cellular processes. A collaboration between folate and methionine is widely known
for contributions to the essential processes, including the DNA and protein synthesis, and
methylation reactions in the cells. This study suggests that folate and methionine may
independently respond to the neurodevelopmental metabolic demands during neurogenesis.
Consequently, they orchestrate a fraction of growth and differentiation output in the embryonic

brain, creating a critical window of vulnerability to metabolic challenges.
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