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SUMMARY
N6-methyladenosine (m6A), the most prevalent internal modification on mRNAs, plays important roles in the
nervous system.Whether neurogenesis in the hypothalamus, a region critical for controlling appetite, is regu-
lated by m6A signaling, especially in humans, remains unclear. Here, we showed that deletion of m6A writer
Mettl14 in the mouse embryonic hypothalamus led to adult obesity, with impaired glucose-insulin homeosta-
sis and increased energy intake. Mechanistically, deletion of Mettl14 leads to hypothalamic arcuate nucleus
neurogenesis deficits with reduced generation of feeding-related neurons and dysregulation of neurogene-
sis-related m6A-tagged transcripts. Deletion of m6A writer Mettl3 or m6A reader Ythdc1 shared similar
phenotypes. METTL14 or YTHDC1 knockdown also led to reduced generation of feeding-related neurons
in human brain subregion-specific arcuate nucleus organoids. Our studies reveal a conserved role of m6A
signaling in arcuate nucleus neurogenesis in mice and human organoids and shed light on the developmental
basis of epitranscriptomic regulation of food intake and energy homeostasis.
INTRODUCTION

Accumulative studies have revealed important roles for a variety of

dynamic RNA modifications in many biological processes,

including N6-methyladenosine (m6A), N1-methyladenosine (m1A),

5-methylcytosine (m5C), and pseudouridine (c).1,2 Among these

RNA modifications, m6A is the most prevalent internal modifica-

tion of mRNA in eukaryotic cells.3,4 The deposition of m6A is

orchestrated by m6A methyltransferases, referred to as ‘‘writers,’’

which include the METTL3/METTL14 complex and METTL16.5–11

m6A can be enzymatically removed bym6A demethylases, known

as ‘‘erasers,’’ including fat mass and obesity-associated (FTO)

and AlkB homolog 5 (ALKBH5).12,13 Functionally, m6A modifica-

tions can be recognized by various m6A-binding proteins,

known as ‘‘readers,’’ such as YTH N6-methyladenosine RNA-
All rights are reserved, including those
binding proteins (YTHDFs) and YTH domain-containing families

(YTHDCs), to regulate RNA metabolism.14 m6A is prominently en-

riched in the mammalian nervous system and plays important

roles in diverse biological processes, including cortical neurogen-

esis, cerebellar development, adult neurogenesis,memory forma-

tion and consolidation, and axonal regeneration.15–22 In particular,

m6A signaling regulates the tempo but not the neuronal fate spec-

ification of neural stem cells during embryonic cortical neurogen-

esis.20 Whether m6A signaling plays a similar or distinct role in

neurogenesis in different brain regions is not well understood.

The hypothalamus, an evolutionarily conserved region in the

brain, serves as a central regulator of energy intake, expenditure,

and fat storage.23,24 Within the hypothalamus, numerous nuclei

comprised of distinct sets of neurons orchestrate a wide array

of functions.25,26 One of these nuclei, known as the arcuate
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nucleus (ARC), has been characterized as a pivotal hub for regu-

lating feeding behavior,27 where anorexigenic proopiomelanocor-

tin (POMC)-expressing neurons and orexigenic neuropeptide-Y

(NPY)/agouti-related peptide (AgRP)-expressing neurons play

important but contrasting roles.28–30 The proper function of the hy-

pothalamus relies on a meticulously orchestrated developmental

process.25,31–34 Deficits in hypothalamus development have

been linked to various disorders, including obesity and diabetes.35

In both mouse and human brains, the hypothalamus is one of the

brain regions with the most abundant levels of m6A.36 Whether

m6A also plays a regulatory role in hypothalamic neurogenesis

and functions, especially in humans, remains unknown.

Several studies indicate that dysfunctional m6A modifications

may contribute to various metabolic diseases, including obesity,

type 2 diabetes, and metabolic syndrome.37,38 Genome-wide as-

sociation studies (GWASs) in humans have identified intronic sin-

gle nucleotide polymorphisms (SNPs) within the locus of FTO to

be strongly correlated with the body mass index of individuals

with obesity.39,40 However, later studies suggest that these

SNPs do not affect FTO expression but instead may regulate

the expression of two nearby genes IRX3 and RPGRIP1L.41–43

On the other hand, global overexpression of FTO in mice led to

elevated body and fat mass and food intake,44 however, the

underlying mechanism is not well understood. While FTO can

function as an m6A demethylase, it can also demethylate

N6,20-O-dimethyladenosine (m6Am) in the 50 cap of mRNA to

promote mRNA stability with even higher in vitro enzymatic activ-

ity compared with m6A as a substrate.45 Therefore, whether m6A

signaling is directly involved in regulating fat and body mass and

food intake remains unclear. Given the contrasting evidence

from human genetics and mouse studies, whether m6A signaling,

particularly in the hypothalamus, plays a similar or different role

related to obesity in mice and in humans is an important question

that requires appropriate human cell-based models to address.

Brain region-specific organoids derived from human induced

pluripotent stem cells (iPSCs) have emerged as exciting experi-

mental models to investigate human brain development and dis-

orders46–49 and provide an opportunity to explore this question.

Here, we investigated the role of m6A writers and readers in

regulating hypothalamic neurogenesis using multiple genetic

mouse models in vivo and an improved human iPSC-derived

brain subregion-specific ARC organoid (ARCO) model in vitro.

Our study illuminates the pivotal and conserved role of m6A

signaling in the generation of feeding-related hypothalamic

neurons in both mice and human organoids and highlights that

disruptions in m6A signaling pathways in the developing

mammalian hypothalamus are linked to adult obesity.

RESULTS

Embryonic hypothalamic Mettl14 deletion leads to
obesity in adult mice
To explore the functional role of m6A in the developing hypothala-

mus,weconditionally deleted them6AwriterMettl14 in the embry-

onic basal hypothalamic region by crossing Nkx2.1-Cremice50–52

with Mettl14f/f mice20 to generate Nkx2.1-Cre::Mettl14f/f mice

(named M14NKO thereafter). Both male and female M14NKO

mice exhibited an accelerated rate of weight gain compared with

their Mettl14f/f control (CTRL) littermates after early postnatal
728 Cell Stem Cell 32, 727–743, May 1, 2025
stages, resulting in pronounced obesity in adult mice, whereas

the Nkx2.1-Cre::Mettl14f/+ mice did not exhibit any differences in

body weight compared with CTRL mice (Figures 1A, S1A, and

S1B). Analysis of the body composition through magnetic reso-

nance imaging (MRI) at 16 weeks revealed that the weight gain in

M14NKOmice was predominantly attributed to an increase in fat

mass, which was five times greater than in CTRL mice, whereas

the lean mass was similar in female mice but modestly reduced

in male mice (Figure 1B). The inguinal white adipose tissue

(iWAT), female gonadal white adipose tissue (gWAT), male epidid-

ymalwhite adipose tissue (eWAT), andbrownadipose tissue (BAT)

exhibited larger volumes, and their adipocytes showedgreater hy-

pertrophy in M14NKO mice compared with those in CTRL mice

(Figures 1C and 1D). To further characterize the obesity-related

diabeticphenotypes,weexaminedglucosehomeostasis.Glucose

tolerance tests (GTTs)and insulin tolerance tests (ITTs)showedhy-

perglycemia and insulin resistance in M14NKO mice, compared

with their CTRL littermates, for both sexes (Figures 1E–1H). Addi-

tionally, uponovernight fasting, the glucose and insulin levelswere

elevated in M14NKOmice for both sexes, indicating a diminished

effect from circulating insulin (Figures S1C and S1D). Thus, a loss

of Mettl14 in the developing hypothalamus leads to an augmenta-

tion in fat mass, adult obesity, and dysregulated glucose

homeostasis.

To dissect potential factors contributing to obesity, we con-

ducted experiments with mice housed in metabolic cages.

Both adult male and female M14NKO mice exhibited increased

food intake compared with CTRL mice (Figure 2A). There was

a positive correlation of energy expenditure with body weight

in both M14NKO mice and their CTRL littermates (Figure 2B)

and a decrease in the energy expenditure of M14NKO mice

when normalized to body weight (Figure 2C). There was also a

decrease in oxygen consumption (VO2) and carbon dioxide pro-

duction (VCO2) inM14NKOmice for both sexeswhen normalized

to body weight (Figures 2D–2G). Female M14NKO mice ex-

hibited a modest reduction in the respiratory exchange ratio

(RER), whereas no changes were observed in male M14NKO

mice (Figures 2H and 2I). Furthermore, adult M14NKO mice ex-

hibited dramatically reduced locomotor activity compared with

CTRL mice for both sexes (Figures 2H and 2I).

Embryonic hypothalamic Mettl14 deletion leads to
decreased numbers of feeding-related neurons in
the ARC
To explore the cellular mechanism underlying Mettl14-deletion-

induced obesity, we examined the neuronal composition of ARC,

which is composed ofmultiple neuronal subtypes that play crucial

roles in regulating feeding behavior and energy balance.27 For a

systematic analysis, we performed single-cell RNA sequencing

(scRNA-seq) on the micro-dissociated ARC region from individual

M14NKOmice and their CTRL littermates (four pairs) at postnatal

day 0 (P0) (Figure S2A). Based upon the expression levels of

marker genes for each cell type,26,33,53,54 we classified a total of

19,020cells (wild type [WT]: 9,111;M14NKO:9,909) into10distinct

clusters, including neurons (Tubb3+, Syt1+), ependymocytes

(Foxj1+), tanycytes (Col23a1+), oligodendrocyte cells (Pdgfra+),

oligodendrocyte precursor cells (OPCs) (Top2a+), peripheral

vascular macrophage and microglia (PVMMicro) (Cx3cr1+), endo-

thelial cells (Foxj1+), intermediate progenitor cells (IPCs) (Ascl1+),
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Figure 1. Embryonic hypothalamic Mettl14 deletion leads to adult obesity and dysfunction of systemic glucose homeostasis in mice

(A) Body weight of CTRL (Mettl14f/f) and M14NKO (Nkx2.1-Cre:Mettl14f/f) female (left) and male (right) mice. Values represent mean ± SEM (female: n = 8/CTRL

and 8/M14NKO; male: n = 6/CTRL and 9/M14NKO; *p < 0.05, **p < 0.01, ***p < 0.001, Student t test).

(B and C) Boxplot of body mass (B) and adipose depot weight (C) of 16-week-old female and male CTRL and M14NKO mice. Same sets of animals as in (A). For

box plots, the central line is the median, and the interquartile range is shown (**p < 0.01, ***p < 0.001, Student t test). gWAT, gonadal white adipose tissue; eWAT,

epididymal white adipose tissue; iWAT, inguinal white adipose tissue; BAT, brown adipose tissue.

(D) H&E staining of gWAT, iWAT, and BAT of 16-week-old female CTRL and M14NKOmice. Scale bar, 25 mm. Note the adipocyte hypertrophy in M14NKOmice.

(E and F) Glucose tolerance test (E) and area under curve (AUC) (F) in 10-week-old female CTRL and M14NKO mice (left) and in 12-week-old male CTRL and

M14NKO mice (right). Same sets of animals as in (A). Values represent mean ± SEM (*p < 0.05, **p < 0.01, ***p < 0.001, Student t test).

(G and H) Insulin tolerance test (G) and area above curve (AAC) (H) in 11-week-old female CTRL and M14NKO mice (left) and in 13-week-old male CTRL and

M14NKO mice (right). Same sets of animals as in (A). Values represent mean ± SEM (*p < 0.05, **p < 0.01, ***p < 0.001, Student t test).

See also Figure S1 and Table S2.
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Figure 2. Embryonic hypothalamic Mettl14 ablation results in impaired energy balance in adult mice

(A) Food intake in 13-week-old female CTRL and M14NKO mice and 14-week-old male CTRL and M14NKO mice. Same set of animals as in Figure 1A. Values

represent mean ± SEM (*p < 0.05, **p < 0.01, ***p < 0.001, Student t test).

(B and C) Regression plots of mean hourly energy expenditure (y axis) correlated to body weight (x axis) in female (left) and male (right) CTRL and M14NKOmice

for 48 h (B) and mean hourly energy expenditure normalized by body weight (C). Same sets of animals as in (A). In (C), values represent mean ± SEM (*p < 0.05,

**p < 0.01, ***p < 0.001, Student t test).

(D and E) O2 consumption normalized by body weight in female (left) and male (right) CTRL and M14NKO mice for 48 h (D) and mean O2 consumption rate

normalized by body weight (E). Open boxes: bright period of time (7:00–19:00); black boxes: dark period of time (19:00–7:00) (E). Same sets of animals as in (A).

Values represent mean ± SEM (*p < 0.05, **p < 0.01, ***p < 0.001, Student t test).

(legend continued on next page)

ll
Article

730 Cell Stem Cell 32, 727–743, May 1, 2025



ll
Article
astrocytes (Aldh1l1+), and vascular and leptomeningeal cells

(VLMCs) (Col3a1+) (Figures S2B and S2C). Among non-neuronal

clusters, we noted a significant increase in the percentage of

IPCs and tanycytes in M14NKO mice compared with CTRL mice

(Figure S2D). We also detected differential gene expression in

some non-neuronal cell types between M14NKO and CTRL mice

(Table S1).

We then focused on the neuronal cluster of 10,415 neurons (WT:

5,119; M14NKO: 5,296) and subclustered them into 33 clusters,

including 20 clusters from the ARC neurons based on published

reference scRNA-seq datasets26,33,53,54 (Figures 3A and 3B). We

did not find any distinct neuronal clusters exclusive to M14NKO

mice (Figure 3A). On the other hand, the composition ratios of

neuronal clusters in the ARC and non-ARC regions were different

between theM14NKOandCTRLmice,with an increasedpercent-

age of Ssr2/Tbx3 cluster neurons and decreased percentages

of Pomc/Tbx3, Trh/Otp, Arx/Dlx1, Cbln2/Nts, Th/Dlx1, Agrp/

Npy/Otp, and Avp/Sst cluster neurons among all neurons in

M14NKO mice (Figures 3B and S2E). Both POMC+ and AGRP+

neurons are pivotal in regulating energy homeostasis.28,55,56

Simultaneously, the expression levels of Pomc, Agrp, Npy, and

Otp in related clusters were reduced in M14KO mice (Figure 3C).

Across the transcriptome, we identified many differentially ex-

pressed genes in neurons within the Agrp/Npy/Otp cluster,

Pomc/Tbx3 cluster, and Ssr2/Tbx3 cluster between M14NKO

and CTRL mice (Figure S2F). Gene Ontology (GO) analysis re-

vealed that downregulated genes in M14NKO mice are related

to cell differentiation for the Agrp/Npy/Otp cluster, cholesterol

biosynthetic process for the Pomc/Tbx3 cluster, and nervous sys-

temdevelopment for the Ssr2/Tbx3 cluster (Figure S2G). The tran-

scription factor Otp is essential for the development of Agrp/Npy

neurons25,57,58 and was also observed to be expressed in Agrp/

Npy neurons in previous studies25,26 and in our scRNA-seq anal-

ysis (Figure 3C). To validate the finding of reduced numbers of

feeding-related neurons in M14NKO mice, we performed immu-

nohistological analysis of POMC+ and OTP+ neurons. Indeed,

the numbers of POMC+ and OTP+ neurons were reduced in the

ARC region in M14NKO mice compared with CTRL littermates

both at P0 and in adult (Figures 3D and 3E). The reduction in

POMC+ neurons appeared more pronounced compared with

OTP+ neurons (Figures 3D and 3E). While the numbers of these

specific neuronal subtypes were decreased, we found a slight in-

crease in the total number of NeuN+ neurons in the ARC region of

M14NKO compared with CTRL mice (Figures 3F and 3G). These

results suggest selective deficiencies in the number of particular

neuronal subtypes, rather than a general reduction of all neurons

in the ARC region with embryonic hypothalamic Mettl14 deletion.

Embryonic hypothalamic Mettl14 deletion results in
defective generation of POMC+ neurons
To examine the generation of feeding-related neurons during em-

bryonic hypothalamic neurogenesis directly, we performed a bro-
(F and G) CO2 production normalized by body weight in female (left) and male (

normalized by body weight (G). Same sets of animals as in (A). Values represent

(H and I) Respiratory exchange ratio (RER) in female (left) and male (right) CTRL a

Values represent mean ± SEM (*p < 0.05, Student t test).

(J and K) Locomotor activity throughout 48 h in female (left) andmale (right) CTRL a

in (A). Values represent mean ± SEM (***p < 0.001, Student t test).
modeoxyuridine (BrdU) birth-dating experiment. In this assay, a

pulse of BrdU incorporates into replicating DNA during the

S-phase of the cell cycle and permanently marks the cell when

it exits the cell cycle, whereas BrdU in progenitors after several

rounds of cell division becomes diluted to undetectable levels

by immunostaining60,61 (Figure 4A). Pregnant mice were injected

with a single dose of BrdU at either embryonic day (E)12.5 or

E15.5, and the number of POMC+BrdU+ or NeuN+BrdU+ cells in

the ARC region of CTRL or M14NKO mice was analyzed at P21

(Figure 4A). We observed a reduced number of NeuN+BrdU+ neu-

rons in the ARC region of M14NKO mice compared with CTRL

mice when BrdU was injected at E12.5, but an increased number

when BrdU was injected at E15.5, indicating delayed neurogene-

sis in M14NKO mice (Figures 4B and 4C). Consistent with

increased neurogenesis at E15.5, we found an increase in the

number of Ki67+ or PH3+ cells in the ARC progenitor region of

NKO compared with CTRL mice at E15.5 (Figures 4F and 4G).

Importantly, there was a drastic reduction of POMC+BrdU+ neu-

rons in the ARC region of the M14NKO mice compared with

CTRL mice when BrdU was injected at E12.5 (Figures 4D and

4E). There was no further generation of POMC+ neurons at

E15.5 in eitherM14NKOor CTRLmice (Figures 4D and 4E). These

results collectively support the model that Mettl14 deletion leads

to delayed neurogenesis and a deficit in the generation of

feeding-related neurons in the hypothalamus, which in turn leads

to adult obesity.

Altered expression of some m6A-tagged transcripts in
hypothalamic neural progenitors
To further explore the mechanism underlying Mettl14 regulation

of hypothalamic neurogenesis, we knocked outMettl14 in neural

progenitor cells (NPCs) derived from the embryonic hypothala-

mus of Mettl14f/f mice with lentivirus-mediated expression of

Cre (Figure S3A). Consistent with in vivo findings, we observed

reduced expression levels of Pomc and Agrp upon neuronal dif-

ferentiation of Mettl14 KO hypothalamic NPCs in vitro, indicating

deficits in neurogenesis of these feeding-related neuronal sub-

types (Figure S3A). RNA-seq analysis identified 1,430 upregu-

lated and 1,542 downregulated genes in Mettl14 KO hypotha-

lamic NPCs compared with control hypothalamic NPCs

without Cre expression (Figures S3B and S3C). GO analysis of

downregulated genes revealed pathways related to nervous sys-

tem development and cell differentiation (Figure S3D). In parallel,

we performed m6A sequencing to identify m6A-tagged tran-

scripts in control hypothalamic NPCs. We identified 21,020

m6A peaks exhibiting a distinct RRACH (R = G/A, H = A/C/U)

consensus motif and near the stop codon (Figures 5A and 5B).

GO analyses revealed that m6A-tagged transcripts were en-

riched in DNA repair, covalent chromatin modifications, histone

modifications, cell cycle, regulation of mRNAmetabolic process,

and RNA splicing (Figure 5C). Next, we integrated differentially

expressed transcripts from RNA-seq data with transcripts
right) CTRL and M14NKO mice for 48 h (F) and mean CO2 consumption rate

mean ± SEM (*p < 0.05, Student t test).

nd M14NKOmice for 48 h (H) and mean RER (I). Same sets of animals as in (A).

ndM14NKOmice (J) andmean locomotor activity (K). Same sets of animals as
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Figure 3. Embryonic hypothalamicMettl14 deletion leads to decreased numbers of feeding-related neurons in the arcuate nucleus of P0 and

adult mice

(A) UMAP plot of neurons from 4 CTRL and 4 M14NKO mice, annotated according to known ARC and non-ARC neuron markers.59

(B) Quantification of the proportion of different ARC neuron clusters among the total number of neurons (A). Values represent mean ± SEM (n = 4/CTRL and

4/M14NKO; *p < 0.05; one-tailed Mann-Whitney test).

(C) Feature plots of Pomc, Agrp, Npy, and Opt expression levels in neurons from CTRL and M14NKO mice.

(D–G) Confocal sample images of POMC+, OTP+, and NeuN+ cells in the ARC of the hypothalamus from CTRL and M14NKO mice at P0 and adult (16 weeks)

(D) and (F) and quantifications (E) and (G). Scale bars, 50 mm. Values represent mean ± SEM (n = 3 mice each; *p < 0.05, **p < 0.01, ***p < 0.001; Student’s t test).

See also Figure S2 and Table S1.
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containing m6Amodifications in hypothalamic NPCs (Figures 5D

and 5E). GO analysis of downregulated genes with m6A modifi-

cation revealed pathways related to nervous system develop-
732 Cell Stem Cell 32, 727–743, May 1, 2025
ment and cell differentiation (Figure 5F). The Wnt pathway is

known for its crucial role in the development of the central ner-

vous system.62 We observed upregulation of genes associated
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Figure 4. Embryonic hypothalamic Mettl14 deletion impairs generation of POMC+ neurons in mice

(A) A schematic diagram of experimental design of birth dating with BrdU.

(B–E) Confocal sample images of NeuN+BrdU+ and POMC+BrdU+ cells in the ARC region from P21 CTRL and M14NKO mice with BrdU injection at E12.5 (B) or

E15.5 (D) and quantifications (C) and (E). Scale bars, 50 mm. Values represent mean ± SEM (n = 3 mice each; *p < 0.05, **p < 0.01, Student’s t test).

(F andG) Confocal sample images of Ki67+ and PH3+ cells in the ARC region fromCTRL andM14NKOmice at E15.5 (F) and quantifications (G). Scale bars, 50 mm.

Values represent mean ± SEM (n = 3 mice each; *p < 0.05, ***p < 0.001, Student’s t test).
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Figure 5. Altered expression of some m6A-tagged transcripts in mouse embryonic hypothalamic NPCs
(A) Circos plots of the distribution patterns of m6A peaks across chromosomes in mouse hypothalamic NPCs and consensus motifs on m6A peaks identified.

(B) Metagene plots of the enrichment of m6A peaks along the gene structure in mouse hypothalamic NPCs, divided into three non-overlapping segments: 50 UTR,
CDS, and 30 UTR.
(C) GO pathway analysis for m6A-tagged genes in mouse hypothalamic NPCs.

(D) Venn plot of m6A-tagged genes in control NPCs and upregulated and downregulated genes in Mettl14 knockout NPCs compared with control NPCs.

(E) Scatterplot showing the abundance of m6A (x axis) against gene expression changes in Mettl14 knockout NPCs compared with control NPCs (y axis) for each

m6A-tagged gene.

(F) GO pathway analysis for upregulated genes (top) and downregulated genes (bottom) in Mettl14 knockout NPCs that exhibited m6A modifications in con-

trol NPCs.

(G) Visualization of m6A peaks in representative Wnt family genes that exhibited downregulation in Mettl14 knockout NPCs.

See also Figure S3.
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with the negative regulation of the Wnt signaling pathway in

Mettl14 KO hypothalamic NPCs (Figure S3D) and m6A modifica-

tions along the gene bodies of Wnt5a, Wnt5b, Wnt7a, and

Wnt7b, all of which exhibited downregulation following Mettl14

deletion (Figures 5F, 5G, and S3E). Together, these analyses re-

vealed the m6A landscape and regulation of gene expression by

Mettl14 in the embryonic hypothalamic NPCs.

Embryonic hypothalamic Ythdc1 deletion impairs the
generation of feeding-related neurons and leads to
increased fat accumulation in adults
Mettl14 has functions independent of its m6A methyltransferase

activity.63 To ascertain the direct involvement of m6A signaling in
734 Cell Stem Cell 32, 727–743, May 1, 2025
regulating the generation of feeding-related neurons in the em-

bryonic hypothalamus and body or fat mass in the adult, we

performed genetic deletion experiments targeting additional

components within the m6A signaling pathway.

First, we deleted Mettl3, encoding another core component

of the METTL3/MELLT14 m6A methyltransferase complex,

using NKX2.1-Cre::Mettl3f/f mice (named M3NKO mice).

Both male and female NM3KO mice displayed accelerated

weight gain relative to their Mettl3f/f CTRL counterparts and

exhibited profound adult obesity (Figure S4A). Moreover,

adult M3NKO mice exhibited reduced numbers of POMC+

and OTP+ neurons and a modest increase in the number of

NeuN+ cells in the ARC region compared with CTRL mice



A B C D

E F

G I

H J

Figure 6. Embryonic hypothalamic Ythdc1 deletion impairs the generation of feeding-related neurons and increases fat accumulation in

adult mice

(A) Body weight of CTRL and DC1NKO female mice. Values represent mean ± SEM (n = 6/CTRL and 7/DC1NKO).

(B) Adipose depot weight of adult female CTRL and DC1NKO mice. Values represent mean ± SEM (n = 3 mice each group; ***p < 0.001, Student’s t test).

(C) H&E staining of inguinal and gonadal adipose tissues of female CTRL and DC1NKO mice at 16 weeks. Scale bars: 50 mm.

(D) Food intake in 18-week-old female CTRL and DC1NKO mice. Same set of animals as in (A). Values represent mean ± SEM (***p < 0.001; Student’s t test).

(legend continued on next page)
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(Figures S4B–S4E), thus phenocopying the M14NKO mice

(Figures 1A and 3D–3G).

Second, we deleted Ythdf2, encoding anm6A reader known to

regulate cortical neurogenesis via promotingmRNA decay,64 us-

ing NKX2.1-Cre::Ythdf2f/f mice (named DF2NKO). The numbers

of POMC+, OTP+, and NeuN+ neurons were similar between

adult DF2NKO mice and their Ythdf2f/f CTRL counterparts

(Figures S5A–S5D). Adult DF2NKO mice also exhibited no

change in their body weight compared with their CTRL counter-

parts (Figure S5E).

Third, we deleted Ythdc1, encoding a nuclearm6A reader,59 us-

ing NKX2.1-Cre::Ythdc1f/f mice (named DC1NKO). While adult

DC1NKO mice showed no difference in body weight compared

with their Ythdc1f/f CTRL littermates, they exhibited increased

weight of the inguinal, gonadal, and brown fat depots, accompa-

nied by adipocytes displaying greater hypertrophy compared

with CTRL littermates (Figures 6A–6C and S5F). Similar to

M14NKO mice (Figure 2A), adult DC1NKO mice exhibited

increased food intake compared with CTRL mice (Figure 6D).

Furthermore, adult DC1NKO mice displayed hyperglycemia but

without concurrent insulin resistancecomparedwith theirCTRL lit-

termates (Figures6Eand6F).Alsosimilar toM14NKOandM3NKO

mice, DC1NKOmice exhibited reduced numbers of POMC+ neu-

rons and OTP+ neurons in the ARC region compared with CTRL

mice both at P0 and in the adult (Figures 6G and 6H). In contrast

to M14NKO mice, the number of NeuN+ neurons was decreased

in the DC1NKOmice (Figures S5G and S5H). Birth-dating analysis

further revealed a reduced generation of both NeuN+BrdU+ cells

and POMC+BrdU+ cells in DC1NKO mice labeled at E13.5

(Figures 6I and 6J). These results indicate that Ythdc1, similar to

Mettl14, plays a critical role in regulating the generation of

feeding-related neurons during embryonic hypothalamic neuro-

genesis. However, adult DC1NKO mice displayed both overlap-

ping and unique phenotypes comparedwithM14NKOmice, likely

due to Ythdc1 functioning downstream of multiple m6A methyl-

transferases, such as METTL16,11 in addition to METTL3/14,

and/or with additional functions.59

Together, multiple lines of mice with conditional deletions of

m6A signaling pathway components resulted in the decreased

generation of feeding-related neurons in the ARC and an in-

crease in body fat, underscoring the essential role of m6A

signaling in embryonic hypothalamic neurogenesis to prevent

accumulation of excess fat or body weight in adult mice.

m6A signaling regulates feeding-related neuron
generation in human ARCOs
To examine whether the role of m6A signaling in regulating the

generation of feeding-related neurons inmice is conserved in hu-

mans, we used a human iPSC-derived brain subregion-specific
(E) Summary of glucose tolerance test (left) and area under curve (AUC, right) in

Values represent mean ± SEM (*p < 0.05, **p < 0.01; Student’s t test).

(F) Summary of insulin tolerance test (left) and area above curve (AAC) (right) in 21-w

represent mean ± SEM.

(G and H) Sample confocal images of POMC+ and OTP+ cells in the ARC regio

quantifications (H). Scale bars, 50 mm. Values represent mean ± SEM (n = 3 mice

(I and J) Sample confocal images of NeuN+BrdU+ and POMC+BrdU+ cells in the AR

day 13.5 (I) and quantifications (J). Scale bars, 50 mm. Values represent mean ±

See also Figures S4 and S5.
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ARCO model. Building upon our previous protocol with human

iPSCs cultured on feeder cells,65 we optimized a feeder-free pro-

tocol for generating more consistent human ARCOs (Figures 7A

andS6A). The newmethod showcases three primary distinctions

from the previous approach that remove several variables. First,

human iPSCs were cultured on Matrigel-coated plates without

feeder cells. Second, the transforming growth factor b (TGF-b)

pathway inhibitor SB-431542, instead of A-83-01, was used for

patterning, which reduced cell death during the process. Third,

the mouse hypothalamic astrocyte-conditioned medium was re-

placed with CNTF. We first examined the early patterning of hy-

pothalamic NPCs in ARCOs. qPCR analysis showed drastically

increased mRNA expression levels of hypothalamic NPC

markers NKX2-1, RAX, and ASCL1 with a modest increase in

the level of NESTIN compared with iPSCs at day 13 (Figure S6B).

We confirmed the expression of NKX2.1 and MASH1 at the pro-

tein level by immunocytochemistry at day 12 (Figure S6C). Next,

we examined the generation of various hypothalamic neuronal

populations within ARCOs at days 20, 30, and 40 and found a

gradual increase in the mRNA expression levels of hypothalamic

neuronal markers MAP2, MC4R, NPY, and TH (Figure 7B). We

also observed POMC+, aMSH+, OTP+, and TH+ cells by immuno-

histology from day 30 (Figures 7C, 7D, S6D, and S6E).

To identify m6A-tagged transcripts in human hypothalamic

NPCs, we performed m6A-sequencing on day 12 ARCOs. We

identified 34,130 m6A peaks, predominantly featuring the

GGAC consensus motif and located near stop codons

(Figures 7E and S7E). GO analysis showed that m6A-tagged

transcripts were enriched in pathways related to cell differentia-

tion, morphogenesis, covalent chromatin modifications, histone

modifications, regulation of mRNA metabolic process, and RNA

splicing (Figure 7F).

Next, we integrated transcripts with m6A modifications in both

mouse hypothalamic NPCs and human day 12 ARCOs.We iden-

tified 4,901 shared genes with m6A modifications in their tran-

scripts (Figure S7F). GO analysis of these conserved genes high-

lights pathways associated with chromatin remodeling, cell

cycle regulation, DNA repair, RNA splicing, and theWnt signaling

pathway (Figure S7G). Similar to findings in mouse hypothalamic

NPCs (Figure 5G), we observedm6Amodifications near the gene

bodies of WNT5A, WNT5B, WNT7A, and WNT7B transcripts in

human day 12 ARCOs (Figure S7H). Together, these analyses

reveal conserved features of m6A modifications in mouse and

human hypothalamic NPCs.

Finally,we infected theday11ARCOsat theNPCstagewith len-

tiviruses co-expressing GFP and either short hairpin RNA (shRNA)

against METTL14, YTHDC1, or a scrambled shRNA control

(Figures S6F–S6I and S7A). At day 40, quantification showed

reduced percentages of GFP+POMC+NEUN+ neurons and
20-week-old female CTRL and DC1NKO mice. Same set of animals as in (A).

eek-old female CTRL andDC1NKOmice. Same set of animals as in (A). Values

n from CTRL and DC1NKO mice at P0 and adult stages (16 weeks) (G) and

each group; *p < 0.05; Student’s t test).

C region from CTRL and DC1NKOmice at P1 with BrdU injected at embryonic

SEM (n = 3 mice each group; *p < 0.05; Student’s t test).



A

B C D

E

F

G

H

Figure 7. m6A signaling regulates feeding-related neuron generation in human ARCOs

(A) A schematic diagram of the protocol for generating ARCOs from human iPSCs (top) and sample bright-field images of iPSCs and ARCOs at different stages.

Scale bars, 200 mm. ARCO, arcuate nucleus organoid; EB, embryonic body; LDN, LDN193189 (a derivative of dorsomorphin and an inhibitor of BMP type 1

(legend continued on next page)
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GFP+OPT+NEUN+ neurons among total GFP+NEUN+ neurons in

ARCOs with either METTL14 or YTHDC1 knockdown compared

with the scrambled shRNA control (Figures 7G, 7H, S7B, and

S7C). Notably, the percentage of GFP�POMC+NEUN+ neurons

or GFP�OPT+NEUN+ neurons among the GFP�NEUN+ neurons

did not exhibit any difference across the groups, indicating a

cell-autonomous effect (Figures 7H and S7C). Similar as in

M14NKO mice (Figure 3C), we observed decreased expression

of POMC and NPY in fluorescence-activated cell sorting (FACS)-

purified GFP+ cells in ARCOs with METTL14 or YTHDC1 knock-

down compared with the scrambled shRNA control (Figure S7D).

Together, these results suggest that, as in mice, m6A signaling,

mediated byMETTL14 and YTHDC1, plays a pivotal role in gener-

ating human feeding-related neurons.

DISCUSSION

Using multiple genetic mouse models, we showed that condi-

tional deletion of two m6A writers, Mettl14 and Mettl3, and one

m6A reader, Ythdc1, in the embryonic hypothalamus all lead to

decreased generation of feeding-related neurons in the ARC re-

gion of the hypothalamus and increased body or fat mass in

adult. Both M14NKO and DC1NKOmice also showed increased

food intake, hyperglycemia, and adipocyte hypertrophy. Further-

more, we showed a conserved role of m6A signaling in the

generation of human feeding-related neurons using an improved

human iPSC-derived brain subregion-specific ARCO model.

Together, our study reveals the developmental basis and cellular

mechanism of epitranscriptomic m6A regulation of food intake

and body or fat mass.

Global overexpression of FTO in mice led to heightened body

and fat mass as well as increased food intake.44 Conversely,

deletion of FTO globally or in the nervous system in mice leads

to postnatal growth retardation, significant reductions in adipose

tissue, lean body mass, and increased energy expenditure.66

Given that m6Am is the preferred demethylation substrate of

FTO, compared with m6A,45 whether m6A signaling is involved

in regulating food intake and body weight was not previously

clear. In our study, we observed thatM14NKOmicewere smaller

than their control littermates during the weaning period. This

finding is in line with Nestin-Cre-based Mettl14 cKOmice, which

also showed a smaller size after birth but die around P25.20 Sub-

sequently, M14NKO mice exhibited an increased body weight,

eventually developing significant obesity in adulthood, accom-

panied by dysregulated glucose homeostasis likely due to a

notable increase in their food intake, which is similar to global
receptors ALK2 and ALK3); SB, SB431542 (an inhibitor of TGF-b type 1 receptors

activator of the SHH pathway).

(B) Summary of qPCR analysis of marker gene expression levels in iPSCs and AR

(C and D) Sample confocal images of immunostaining for NEUN, POMC, aMSH

POMC+, aMSH+, TH+, and OTP+ cells among DAPI+ cells (D). Scale bar, 50 mm (C

SEM (n = 7 organoids).

(E) Circos plots of the distribution patterns of m6A peaks across chromosomes i

(F) GO pathway analysis for m6A-tagged genes in day 12 human ARCOs.

(G and H) Sample confocal images of immunostaining for NEUN, POMC, and

scrambled shRNA or shRNA for METTL14 or YTHDC1 at day 11 and analysis at da

POMC+NEUN+GFP+ neurons among all NEUN+GFP+ neurons (left) and percenta

day 40 ARCOs (H). Values represent mean ± SEM (n = 5 organoids; ***p < 0.001

See also Figures S6 and S7 and Table S2.
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FTO overexpression mice.44 Importantly, deletion of another

m6A writer, Mettl3, leads to nearly identical phenotypes, and

deletion of the m6A reader, Ythdc1, also leads to increased fat

mass and food intake. Together, these multiple lines of evidence

from several genetic manipulations firmly establish a critical role

for epitrancriptomicm6A regulation of food intake and body or fat

mass in mice.

Previous studies have established that m6Amodifications play

crucial roles in regulating the development of the cortex and cer-

ebellum.18,20,22 For instance, Mettl14 deletion in cortical radial

glial cells in Nestin-Cre::Mettl14f/f mice leads to a prolonged

tempo of sequential generation of upper-layer and deep-layer

cortical neurons.20,22 We observed a decreased number of mul-

tiple feeding-related neurons in the hypothalamus of M14NKO

mice, which may explain a significant increase in food intake

observed in M14NKO mice. Notably, both POMC+ and AGRP+

neurons were decreased in M14NKO mice. These neurons are

known to play opposite roles in regulating food intake and energy

expenditure, with POMC+ neurons suppressing appetite30 and

AGRP+ neurons stimulating appetite.29,56 Consistent with our re-

sults, mice deficient in both Agrp and Pomc exhibit a phenotype

similar to Pomc-deficient mice alone, showing comparable

levels of hyperphagia and obesity.28 Our BrdU birth-dating

experiments showed a delay in the production of NeuN+ cells

in our M14NKO mouse model (Figures 4B and 4C), which

mirrors the delayed cortical neurogenesis observed in Nestin-

Cre::Mettl14f/f mice.20,22 However, in contrast to cortical neuro-

genesis, where the neuronal subtype fate is not altered in Nestin-

Cre::Mettl14f/f mice,20 neuronal subtype fate is affected during

ARC neurogenesis, as shown by a decreased number of

POMC+ and other feeding-related neurons and an increased

number of some other neuronal subtypes in the absence of

changes in the total number of neurons in the ARC of M14NKO

mice (Figure 3B). Recent clonal lineage-tracing experiments

have shown that a single NPC is capable of generating multiple

neuronal subtypes in either the embryonic cortex or ARC in

mice, yet neuronal subtype generation in the cortex follows a

progressive and fixed sequence, whereas it is stochastic in the

ARC.25,67,68 It is possible that m6A-dependent prolonging of

the neurogenesis tempo affects the fate choice in the stochastic

neurogenesis mode but not in the sequential progressive neuro-

genesis mode.

We further established an in vitro system with Mettl14 KO hy-

pothalamic NPCs that replicates the phenotype of deficits in the

generation of feeding-related neurons observed in vivo, allowing

for exploration into the m6A-related mechanisms. By integrating
ALK5, ALK4, and ALK7); SAG, smoothened agonist; PMN, purmorphamine (an

COs at day 20, 30, and 40. Values represent mean ± SEM (n = 4–5 organoids).

, TH, and OTP in ARCOs at 40 days (C) and quantification of percentages of

). Each dot represents data from each organoid (D). Values represent mean ±

n day 12 human ARCOs and consensus motifs on m6A peaks identified.

GFP in day 40 ARCOs upon infection with lentivirus co-expressing GFP and

y 40 (G). Scale bars, 100 mm. Also shown are quantifications of percentages of

ges of POMC+NEUN+GFP� neurons among all NEUN+GFP� neurons (right) in

; Student’s t test).
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analysis of m6A-tagged transcripts and changes in gene expres-

sion observed in Mettl14-deleted hypothalamic NPCs using

m6A-seq and RNA-seq, we uncovered many downregulated

genes with m6Amodifications that are related to nervous system

development and cell differentiation, including several compo-

nents of the Wnt pathway (Wnt5a, Wnt5b, Wnt7a, and Wnt7b)

(Figure 5F), which could potentially participate in the m6A-medi-

ated regulation of feeding-related neuron generation, paving the

way for future studies.

Apreviousstudyhasshown thatm6Asignaling regulatescortical

neurogenesis inpart via themRNAdecaymechanism involving the

m6A reader Ythdf2.64While we also observed a shared phenotype

of regulation of the tempo of hypothalamic neurogenesis by m6A

signalingaspreviously reported incorticalneurogenesis,20,22dele-

tion of Ythdf2 had no impact on the generation of POMC+neurons

or body weight (Figures S6A–S6E). Instead, in line with our finding

regarding m6A-tagged transcripts linked to RNA splicing (Fig-

ure 5C), the deletion of m6A reader Ythdc1 resembles decreased

generation of POMC+ neurons observed in M14NKO and

M3NKO mice (Figures S5A–S5D, 6G, and 6H). Birth-dating anal-

ysis further corroborated these findings, revealing a decline in

the number of BrdU+POMC+ cells inDC1NKOmice thatwas com-

parable to that observed inM14NKOmice (Figures 4A–4E, 6I, and

6J). In contrast toM14NKOmice,we foundadecreasednumberof

NeuN+ cells inDC1NKOmice (Figures 3F, 3G, S5G, andS5H). The

impact on the overall number of neurons may contribute to the

observed accumulation of adipose tissue without changes in

bodyweight in DC1NKOmice (Figures 6A–6C). The differential ef-

fects between Mettl14 and Ythdc1 conditional deletion are not

particularly surprising, as Ythdc1 functions downstream of multi-

ple m6A methyltransferases, such as METTL1611 in addition to

METTL3/14, and it could have additional functions independent

of m6A signaling.59 All together, these studies revealed that m6A

writers and its readers exert both shared and differential

regulatory influences on neurogenesis in various sub-regions of

the embryonic brain.

Several human neurodevelopmental, neurodegenerative, and

neuropsychiatric disorders have been linked to defects in m6A

modifications.1 Recently, brain organoids have gained promi-

nence as a valuablemodel for studying human brain development

and disorders.48,49 We optimized our previous protocol65 for the

generation of brain subregion-specific ARCOs from feeder-free

human iPSCs. Our model exhibits strong expression of hypotha-

lamic NPCmarkers and transcription factors enriched in a diverse

range of hypothalamic neuronal populations, including NKX2-1,

ASCL1,POMC,TH, andOTP (Figures 7BandS6B). In comparison

to our prior ARCOmodels, our current approach stands out for its

ease of handling and the reduced variability observed among indi-

vidual organoids (Figure S6A). Our m6A-sequencing on day 12

ARCOs revealed conserved m6A modifications in transcripts

associated with chromatin remodeling, cell cycle regulation,

DNA repair, RNA splicing, and the Wnt signaling pathway in

mouse and human hypothalamic NPCs (Figure S7G). To avoid

confounds from the potential regulation by m6A signaling at the

iPSC stage, we utilized lentivirus-expressed shRNA to reduce

the expression ofMETTL14 or YTHDC1 to approximately 30% af-

ter patterning human iPSCs to hypothalamic NPCs. Our findings

indicate that both METTL14 and YTHDC1 are necessary for gen-

eration of feeding-related human hypothalamic neurons,mirroring
observations in mouse models. These findings provide additional

support for the conserved impact of m6A regulation on mamma-

lian hypothalamic neuron generation.
Limitations of the study
First, our study showed an essential role of m6A signaling in hypo-

thalamic neurogenesis inmice using NKX2-1 Cre, which has been

extensively employed in studies focusing on hypothalamic devel-

opment and function.50–52 However, this Cre line is also active in

interneurons, as well as in the lung and thyroid gland. Therefore,

we cannot rule out the contribution of other cell types to the

observed adult obesity and related phenotypes. On the other

hand, we confirmed the critical role of m6A signaling in

generation of POMC+neurons frombothmouse and humanhypo-

thalamicNPCs in vitro. Second, we performed selectedmetabolic

analysis in some of the genetically modified mice. More detailed

analysis may reveal additional insight. Third, our cellular and mo-

lecular studies focused on the ARC region of the hypothalamus.

Neurogenesis in other hypothalamic nuclei could also be affected

but that remains to be characterized. Fourth, our study also re-

vealed differentially expressed genes in the remaining feeding-

related neurons with defectivem6A signaling. The potential contri-

bution of defectivem6A signaling in these feeding-related neurons

to adult obesity remains to be determined. Fifth, while both

M14NKO and DC1NKO mice exhibited increased fat mass and

reduced generation of hypothalamic neurons, M14NKO mice ex-

hibited increased body weight, whereas DC1NKO mice did not.

Such differences are likely due to Ythdc1 functioning downstream

of multiple m6A methyltranferases with potential additional func-

tions,11 but the detailedmechanism remains to be explored. Sixth,

our study revealed a molecular mechanism of hypothalamic neu-

rogenesis involving m6A signaling and a cellular mechanism for

the obesity phenotype involving the reduced generation of

feeding-related neurons. We also identified many m6A-tagged

transcripts in hypothalamic NPCs that exhibit differential expres-

sion upon Mettl14 deletion. However, the exact molecular targets

ofm6A-containing transcripts involved in hypothalamic neurogen-

esis require further investigation, and it is likely that many genes

could be involved.
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RNA Clean & Concentrator-5 Zymo Research Cat#: R1015

SuperScript� IV Reverse Transcriptase Thermo Fisher Scientific Cat#: 18090050

Ultra sensitive mouse insulin ELISA kit Crystal Chem Cat#: 90080

Deposited data

Mouse single-cell RNA sequencing This Paper GEO: GSE26720

Bulk RNA sequencing This Paper GEO: GSE267199

m6A sequencing This Paper GEO: GSE267202 and GSE289462

Experimental models: Cell lines

C12 (iPSC from normal human

foreskin fibroblasts)

Wen et al.69 N/A

Human: HEK293 Cell Line ATCC Cat#CRL-1573

Experimental models: Organisms/strains

Mouse: Adult C57Bl6/J Charles River Cat#: CRL:027; RRID: IMSR_CRL:027

Mouse: Nkx2.1-Cre: C57BL/

6J-Tg(Nkx2-1-cre)2Sand/J

Jackson laboratory Cat#: 008661; RRID: IMSR_JAX:008661

Mouse: Mettl14fl/fl C57Bl6/J Yoon et al.20 N/A

Mouse: Mettl3fl/fl C57Bl6/J From Dr. Brian C. Capell N/A

Mouse: Ythdf2fl/fl C57Bl6/J From Dr. Chuan He N/A

Mouse: Ythdc1fl/fl C57Bl6/J From Dr. Jeremy Wang N/A

Oligonucleotides

Custom Read 1 Primer: 5’-GCCTGTC
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AGAGTAC-3’

Macosko et al.70 N/A
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P5-TSO hybrid primer: 5’-AATGAT

ACGGCGACCACCGAGATCTACA

CGCCTGTCCGCGGAAGCAGTGG

TATCAACGCAGAGT*A*C-3’

Macosko et al.70 N/A

Template Switch Oligo: 5’-AAGCAGTG

GTATCAACGCAGAGTACATrGrGrG-3’

Macosko et al.70 N/A

TSO-PCR primer: 5’-AAGCAGTGGTA

TCAACGCAGAGT-3’

Macosko et al.70 N/A

NEBNext Multiplex Oligos for Illumina

(Index Primers Set 1)/ 24 reaction

New England Biolabs Cat#: E7335S

NEBNext Multiplex Oligos for Illumina

(Index Primers Set 2)/ 24 reaction

New England Biolabs Cat#: E7500S

Primers and DNA Oligos Used for

qPCR, Cloning and analysis

Table S2 N/A

shRNA sequences Table S2 N/A

Recombinant DNA

pCMV-dR8.2 dvpr Addgene Cat#: 8455; RRID: Addgene_8455

pCMV-VSV-G Addgene Cat#: 8454; RRID: Addgene_8454

pLV-EGFP Addgene Cat#: 36083; RRID: Addgene_36083

pLV-EGFP-Cre Addgene Cat#: 86805; RRID: Addgene_86805

FUGW Addgene Cat#: 14883; RRID: Addgene_14883

Software and algorithms

Adobe Illustrator CC Adobe https://www.adobe.com/products/

illustrator.html; RRID: SCR_010279

Bcl2fastq Illumina https://support.illumina.com/sequencing/

sequencing_software/bcl2fastq-conversion-

software.htmlsoftware.html; RRID: SCR_015058

ChIPseeker Yu et al.71 https://onlinelibrary.wiley.com/share/author/

GYJGUBYCTRMYJFN2JFZZ?target=

10.1002/cpz1.585; RRID:SCR_021322

DAVID Open source http://david.abcc.ncifcrf.gov/RRID:SCR_001881

DESeq2 v1.30.1 Love et al.72 https://bioconductor.org/packages/release/

bioc/html/DESeq2.html; RRID:SCR_015687

Drop-seq tools v.2.5.1 Saunders et al.73 https://github.com/broadinstitute/Drop-seq;

RRID: SCR_018142

EnhancedVolcano v1.8.0 Github https://github.com/kevinblighe/EnhancedVolcano;

RRID: SCR_018931

Fiji Open source http://fiji/sc; RRID: SCR_002285

GraphPad Prism 9 GraphPad Software http://www.graphpad.com/; RRID: SCR_002798

Guitar Cui et al.74 https://bioconductor.org/packages/Guitar/

HOMER Heinz et al.75 http://homer.ucsd.edu/homer/;

RRID:SCR_010881

IGV Broad Institute https://www.broadinstitute.org/igv/;

RRID: SCR_011793

Morpheus Broad Institute http://software.broadinstitute.org/

morpheus/; RRID:SCR_014975

R Project v.4.0.3 Open source https://www.r-project.org/; RRID: SCR_001905

RStudio Open source https://rstudio.com/; RRID: SCR_000432

Seurat v4.1.0 Stuart et al.76 https://github.com/satijalab/seurat; RRID: SCR_007322

STAR v.2.5.2a Dobin et al.77 http://github.com/alexdobin/STAR; RRID:SCR_015899

Shinycircos Github https://github.com/YaoLab-Bioinfo/shinyCircos;
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Trimmomatic v0.32 Bolger et al.78 http://www.usadellab.org/cms/index.php?

page=trimmomatic; RRID:SCR_011848

Zen2 Blue Carl Zeiss https://www.zeiss.com/microscopy/us/products/

microscope-software/zen-lite.html;

RRID: SCR_013672

Other

Bioanalyzer 2100 Agilent Cat#: G2939BA

4-20% Mini-Gel 15-well, 15 ul Bio-Rad Cat#: 4561096

Countess Cell Counting Chamber Slides Thermo Fisher Scientific Cat#: C10228

Fuchs-Rosenthal C-Chip Incyto Cat#: DHC-F01

One Touch Ultra 2 meter OneTouch N/A

OneTouch Ultra Blue Blood Glucose Test Strips OneTouch N/A

RNaseZAP Sigma-Aldrich Cat#: R2020

Tissue-Tek Cryo Mold Biopsy Electron Microscopy Sciences Cat#: 4565

Trans-Blot Turbo Mini 0.2 mm PVDF

Transfer Packs

Bio-Rad Cat#: 1704156
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals
All animal procedures used in this study were performed in accordance with the protocol approved by the Institutional Animal Care

and Use Committee of the University of Pennsylvania. Animals were housed in temperature and humidity-controlled facilities under

12-hour light/12-hour dark cycle at a constant temperature (23 �C) andwith food andwater ad libitum. All transgenic mice used in this

study were maintained on the C57BL/6 background. The source and information of all genetically modified mice are listed in the key

resources table. M14NKO mice were generated by crossing Nkx2.1-CreTg/+::Mettl14f/f males and Nkx2.1-Cre+/+::Mettl14f/f females.

M3NKOmice were generated by crossing Nkx2.1-CreTg/+::Mettl3f/+ males and Nkx2.1-Cre+/+:: Mettl3f/f females. DF2NKOmice were

generated by crossing Nkx2.1-CreTg/+::Ythdf2f/+ males and Nkx2.1-CreTg/+::Ythdf2f/f females. DC1NKO mice were generated by

crossing Nkx2.1-CreTg/+:: Ythdc1f/+ males and Nkx2.1-CreTg/+::Ythdc1f/f females. Mice were genotyped by PCR (Table S2).

The time of pregnancy was determined by the presence of a vaginal plug (E0.5). The day of birth was designated as postnatal

day 0 (P0).

Primary Mouse Hypothalamic NPC Culture
Mouse NPCs were isolated from E14.5 Mettl14f/f mouse embryonic hypothalamus using papain solution and cultured in DMEM/F12

containing 20 ng/ml FGF2, 20 ng/ml EGF, 2% B27 without VitA, Glutamax, N2 and Penicillin/Streptomycin on culture dishes

pre-coated with Matrigel matrix (2%).

Human Induced Pluripotent Stem Cells Culture
The human iPSC line (C1-2) used in the current study was previously generated from male neonatal foreskin fibroblasts from ATCC

and has been fully characterized.69,79–82 Generation of iPSC lines followed institutional IRB and ISCRO guidelines and was approved

by Johns Hopkins University School of Medicine. All studies involving human iPSCs were performed in accordance with approved

protocols of the University of Pennsylvania. Human iPSCs were cultured on the hESC-qualified Matrigel-coated plates without a

feeder and maintained in mTeSR feeder-free maintenance medium. Culture medium was replaced every day. For passaging every

5-7 days, iPSCs were incubated with ReLeSR reagent for 5 mins, and detached iPSC colonies were broken into smaller clusters by

trituration with a P1000 pipette.

METHOD DETAILS

Body Weight, Food Intake and Body Metabolic Analysis
The male and female control and M14NKO and DC1NKO mice were fed a chow diet. Body weight was measured weekly. For daily

food intake assays, food pellets were weighed at 16:00 each day for one week and an average of four continuous days of food intake

was calculated. Mice were subjected to magnetic resonance imaging (MRI) (Echo Medical Systems) to examine body composition.

For measurements of energy expenditure, oxygen consumption, CO2 production and locomoter activity, mice were housed

individually in a Comprehensive Lab Animal Monitoring System (CLAMS) (Columbus Instruments) under 12-hour light/12-hour

dark conditions for 5 consecutive days. Experimental data were obtained for 3 light/dark cycles after 2 days of an adaptation period.
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Glucose and Insulin Test
For glucose tolerance tests, 10 week-old female or 11 week-old male M14NKO mice and their control littermates were fasted for

15 hours and injected with glucose intraperitoneally (1.5 g/kg body weight). Similarly, 20 week-old female DC1NKO mice and their

control littermates were fasted for 15 hours and injected with glucose intraperitoneally (1 g/kg body weight). Blood samples were

collected at 0, 15, 30, 60, and 120 mins. For insulin tolerance tests, 12 week-old female or 13 week-old male M14NKOmice and their

control littermates were fasted for 5 hours and injected with insulin (0.8 U/kg body weight). Similarly, 21 week-old female DC1NKO

mice and their control littermates were fasted for 5 hours and injected with insulin (0.8 U/kg body weight). Blood samples were

collected at 0, 15, 30, 60, 90, and 120 mins. Glucose levels were measured using test strips. Serum insulin was measured by

ELISA after a 15-hour fasting.

H&E Staining
The collected fat tissues were immediately fixed in 10% formalin solution for 48 hours at 4�C and washed with 70% ethanol.83

Paraffin-embedded tissues were stained with H&E, and images were acquired using Olympus BX43 microscope.

Tissue Microdissection and Dissociation
Formicro-dissected hypothalamic arcuate-median eminence complex (ARC–ME) samples, 4 pairs of postnatal day 0 CTRL andNKO

micewere dissected, then brains were rapidly extracted and cooled in ice-cold Hibernate-Amedium. To obtain coronal sections con-

taining the ARC–ME region, each brain was immersed in melted 3% low melting point agarose dissolved in DMEM kept at 37�C in a

custom cryo mold. The agarose mold was placed on ice for 5-10 mins to solidify. Slicing was performed using a Leica VT 1200S vi-

bratome in ice-cold DMEM:F12 medium at 0.1 mm/s speed and 1mm vibration amplitude. The 250 mm-thick brain slices were sepa-

rated from the agarose by gentle pipetting and the six consecutive slices from around Bregma -0.96 to – 2.80mmwere collected. The

ARC–ME was micro-dissected by knife cuts at its visually approximated dorsolateral borders and pooled for each mouse. Pooled

ARC–ME samples were digested by papain solution for 30 mins at 37 �C with gentle agitation. After washing with 5 ml Hibernate

A medium, the tissues were triturated with fire-polished glass Pasteur pipettes into a single-cell suspension within Hibernate A me-

dium. To remove debris, the single-cell suspension was loaded on a 2-layer gradient and centrifuged at 100 g for 6 mins at 4oC, and

cells were filtered through a 70-mmcell strainer DPBSwith 0.01%BSA (w/v). A 10 ml cell suspensionwas stainedwith TrypanBlue and

the live cells were counted using an automated cell counter (Invitrogen) and manually.

Single-cell RNA-Seq Library Preparation and Sequencing
Samples had a viability of > 80%andwere diluted to a final concentration of 100 viable cells/mL in DPBSwith 0.01%BSA (w/v). Single

cells and barcoded beads were captured into nanoliter-sized droplets and library preparation was performed using the drop-seq

method with minor modifications.70 Each sample was loaded onto 2-3 droplet generation runs, and cell suspensions and droplets

were kept on ice prior to droplet encapsulation and droplet breakage. After exonuclease I treatment, second strand synthesis

was performed as previously described.84 In the cDNA PCR amplification stage, around 4,000 beads were combined in a single

PCR tube reaction and purified individually using 0.6x AMPure XP beads. cDNA acrossmultiple runs of the same sample were pooled

together and used as input for tagmentation, where the tagment reaction time was increased to 6 mins. Final samples were purified

twice with 0.6x AMPure XP beads. Sequencing library fragment sizes were quantified by bioanalyzer, and concentrations were quan-

tified by qPCR (KAPA). Samples were pooled, loaded at 2.0-2.2 pM, and sequenced on a Next-Seq 550 (Illumina) with a 20 bp Read

1 and 64 bp Read 2. The custom Read 1 primer was spiked into the usual Illumina sequencing primer well at the manufacturer’s

recommended concentration.

Single-cell RNA-seq Data Analysis
Raw sequencing data were demultiplexed with bcl2fastq2 with adaptor trimming turned off. Additional processing was performed

using drop-seq tools v.2.5.173 with GRCm39 as the reference genome. Seurat v4.1.0 was used to analyze most single-cell data.85

Single cells with > 500 unique genes detected and < 5% mitochondrial counts were retained for further analysis. PCA and UMAP

dimensionality reduction were performed using the first 30 empirically selected PCs with standard pipelines. ARC from individual

WTmice andM3NKOmice were integrated remove batch effects using the standard scRNA-seq integration workflow in Seurat prior

to clustering analysis. We performed clustering as in previous studies26,33,53,54 and cluster markers were identified using the

FindAllMarkers function in Seurat. The cell numbers of each cluster in individual mice were found from Seurat Metadata. The com-

parison of neuronal clusters between control and M14NKO mice was quantified as a percentage of the total neuron population. The

differential gene expression from each cluster was performed by FindMarkers function in Seurat. Volcano plots for differential gene

expression were plotted using EnhancedVolcano v1.7.8.

Generation and Differentiation of Mettl14 Knockout Hypothalamic NPCs
We obtained lentiviral vectors expressing either an EGFP-Cre fusion protein or a control EGFP protein from Addgene. For lentivirus

production, HEK293T cells were cultured under standard conditions in DMEM supplemented with 10% fetal bovine serum and

Penicillin/Streptomycin. HEK293T cells were seeded at 1.13 107 cells/dish in three 15-cm dishes the day before transfection. Cells

were transfected using LipD293 with pCMV-VSV-G, pCMV-dR8.2dvpr and lentiviral vectors. The medium was collected 48 and

72 hours after transfection, centrifuged by 800g for 10 mins. Viral stocks were concentrated by ultracentrifugation in a SW28
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Beckman rotor at 100,000 g for 1.5 hours at 4�C. Pellets containing lentivirus were air dried and resuspended at 4�C in 90 ml PBS. For

knocking out Mettl14 from mouse hypothalamic NPCs, NPCs were incubated with culture medium containing lenti-EGFP-Cre or

lenti-EGFP viruses and the medium was refreshed after a 24-hour incubation period. After 72 hours, we isolated EGFP+ cells using

flow cytometry at the Penn Core Facility. To differentiate hypothalamic neurons, we cultured Mettl14 knockout NPCs and control

NPCs in neuron basal medium supplemented with 1 mM Forskolin, 1 mM Retinoic Acid, 10 ng/ml BDNF, 10 ng/ml CNTF, 2% B27

with VitA, Glutamax and Penicillin/Streptomycin. Culture dishes were pre-coated with Poly-D-lysine and EGFP+ cells were

differentiated for 8 days with media changes every other day.

RNA Isolation and qPCR
Total RNA fraction was isolated from cultured hypothalamic NPCs samples, day 12 human ARCOs and FACS-purified GFP+ cells

fromday 40 ARCOs using RNAClean &Concentration Kit, and reverse-transcribed into first-strand cDNAwith SuperScript IV. cDNAs

were used for SYBR-green-based quantitative real-time PCR tomeasure the expression level of target genes. The relative expression

level of mRNA was normalized to 36B4. All the primers used for quantitative PCR are listed in Table S2.

RNA-seq, m6A-seq and Data Analyses
Library preparation was performed as previously described with some minor modifications.86 Briefly, enrichment of polyadenylated

RNA from total RNA was performed using Oligo(dT) dynabeads according to the manufacturer’s protocol. The polyadenylated RNA

was chemically fragmented into�80-nt-long fragments using zinc fragmentation reagent. To purify the RNA, 20 ml MyOne Silane Dy-

nabeads were washed in 100 ml RLT, resuspended in 30 ml RLT, and added to the eluted RNA. 60 ml 100% ethanol was added to the

mixture, the mixture attached to the magnet and the supernantant discarded. Following two washes in 100 ml of 70% ethanol, the

RNA was eluted from the beads in 16.5 ml water. For RNA-seq, 50 ng of polyadenylated RNA fragments from Mettl14 knockout or

control NPCs were used for cDNA library preparation with the NEBNext Ultra II RNA Library Prep Kit (NEB, E7770S) following the

manufacturer’s protocol.

For m6A-seq, enrichment of m6A modified RNA was obtained using polyadenylated RNA fragments from 30 mg total RNA with the

EpiMark N6-Methyladenosine Enrichment Kit (NEB) following the manufacturer’s protocol. Then the IP samples were used for cDNA

library preparation with the NEBNext Ultra II RNA Library Prep Kit. Sequencing library fragment sizes were quantified by bioanalyzer

with an average size of�400 bp, and concentrations were quantified by qPCR (KAPA). Samples were pooled, loaded at 2.7 pM, and

sequenced on a Next-Seq 550 (Illumina).

Raw sequencing data from RNA-seq and m6A-seq were demultiplexed with bcl2fastq2 v2.17.1.14 (Illumina), and adaptors were

trimmed using Trimmomatic v0.32 softwarewithMINLEN.78 Alignments weremade using STAR v2.5.2a77 to GENCODEmouse refer-

ence genome GRCm38.p6 or the GENCODE human reference genome GRCh38.p13. For m6A-seq analysis, all m6A modification

sites were examined using the BAM file generated from STAR, applying exomePeak2 with criteria of fold change > 2 compared

to input and FDR < 0.01). The visualization of all peaks, as well as individual peaks, was obtained using Shinycircos (GitHub) or

IGV (Broad Institute). Motif identification analysis was performed using HOMER.75 The distribution and annotation of peaks were

separately conducted using Guitar74 and ChIPseeker,71 respectively. For RNA-seq analysis, only uniquely mapped reads were quan-

tified at the gene level and summarized to gene counts using STAR-quantMode (GeneCounts), withmultimapping and chimeric align-

ments discarded. Further analyses were performed in R (v3.6.0). Differential gene expression analysis between control and Mettl14

knockout hypothalamic NPCs was performed using DESeq272 (adjust p-value < 0.01 and fold change > 2) and upregulated and

downregulated gene lists between control and Mettl14 knockout hypothalamic NPCs were used for Gene Ontology (GO) enrichment

analysis using DAVID Bioinformatics Resources.87 Normalized gene counts of genes calculated by DESeq2 were converted to row

Z-scores per gene for visualization in heatmaps using Morpheus (Broad Institute). The shared and unique signatures of upregulated

and downregulated genes containing m6A modifications were visualized using VennDiagram.

Tissue and Organoid Preparation and Sectioning
Mice were transcardially perfused with DPBS followed by 4% paraformaldehyde (PFA). For embryonic samples, timed pregnant fe-

males were euthanized by cervical dislocation, and embryos were euthanized by decapitation before dissection. Brains were

dissected and post-fixed in 4% PFA for 48 hours at 4�C, and then cryoprotected in 30% sucrose solution overnight at 4�C. All brains
were embedded in tissue freezing medium and stored at -80�C before sectioning. Serial coronal brain sections (40 mm for P21 and

adult samples, 30 mm for embryonic and P0/P1 samples) were prepared with a cryostat (Leica, CM3050S). ARCOs were first fixed in

4% PFA at room temperature for 1 hour on a tube rotator and dehydrated in 30% sucrose at 4oC overnight. Organoids were

embedded in tissue freezing medium and stored at -80�C before sectioning. Organoid sections (25 mm) were sliced with a cryostat.

Immunohistology and Confocal Imaging
Brain sections on slides were washed in TBS and underwent antigen retrieval with Sodium Citrate Buffer. After washing in TBS, brain

and organoid sections were blocked and permeabilized with blocking solution (5% normal donkey serum and 0.1% Triton X-100 in

TBS) for 1 hour at room temperature. Brain and organoid sections were then incubated with primary antibodies in blocking solution

for 24 hours at 4�C. All primary antibodies used in this study are listed in the key resources table. After washing in TBS, brain sections

were incubated with secondary antibodies in blocking solution for 2 hours at room temperature. Secondary antibodies (Cy2 or Alexa

Fluor 488, Cy3 or Alexa Fluor 555, Cy5 or Alexa Fluor 647, Jackson ImmunoResearch) were used at a dilution of 1:500. Then nuclei
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were visualized by incubating for 10 min with DAPI in PBS. Sections were then washed in TBS and mounted with mounting media.

Images were acquired with Zeiss LSM 800 confocal microscopes with a 20X, or 40x objective. Images were analyzed using Fiji and

Adobe Photoshop software. The brightness and contrast of entire images were adjusted as necessary for visualization. For cell

counting, the Tile Scan model was used to cover the target regions. Three Z sections with 1 mm intervals (3 mm thick) were collected

with Z stack Acquisition model. The average Intensity Projections of three Z sections were exported as PNG or TIFF format images.

BrdU Birth-Dating Analysis
BrdU (Bromodeoxyuridine) pulse labeling was used to analyze the birth-dating of neurons in the ARC of CTRL and M14NKO mice or

CTRL and DC1NKO mice. A stock solution of BrdU (10 mg/ml) was made in saline solution (0.9%). For M14NKO mice, a single

injection of BrdU (50 mg/kg, body weight) was administered intraperitoneally to the timed pregnant females (at E12.5 and E15.5).

Birth-dating analysis of the ARC neurons was performed at P21. For DC1NKO mice, a single injection of BrdU (50 mg/kg, body

weight) was administered intraperitoneally to the timed pregnant females (at E13.5). Birth-dating analysis of the ARC neurons was

performed at P1. Brain sections stained for BrdU were incubated in HCl solution for one hour at room temperature and then washed

in sodium borate buffer (0.1 M sodium tetraborate decahydrate, pH 8.5). After washing in TBS, brain sections were immunostained

with standard protocols. For birth-dating analysis, BrdU+NeuN+ cells were quantified to analyze the birth-dating of ARC neurons.

BrdU+POMC+ cells were quantified to analyze the birth-dating of POMC+ neurons.

Generation of ARCOs from Feeder-free Human iPSCs
Generation of organoids was performed similar to previous feeder methods with modifications.65 Human iPSC colonies were

detached with ReLeSR reagent for 5 mins, transferred to ultra-low Attachment U-bottom 96-well plates (20K cells/well) and cultured

in mTeSR feeder-free maintenance media supplemented with 10 mM Y-27632 (StemcellTech) for 24 hours for Embryoid Body (EB)

aggregation. On Day 2, EBs were transferred to an ultra-low attachment 6-well plate (Corning Costar), containing induction medium

I consisting of DMEM:F12 supplemented with 20% KnockOut Serum Replacement, 1% MEM-NEAAs, 1% GlutaMAX, 0.1 mM

2-mercaptoethanol, 0.0002% heparin, plus 1 mM LDN, 5 mM SB, 10 mM IWR1-endo, 1 mM SAG, 1 mM purmorphamine, and

50 ng/mL recombinant Sonic Hedgehog. Organoids were placed on a CO2 resistant orbital shaker (ThermoFisher) starting from

Day 2. On Day 6, organoids were transferred to induction medium II (same as the induction medium I but excluding 20%

KnockOut Serum Replacement, 0.0002% heparin, 1 mM LDN, and 5 mM SB). From Day 12, organoids were transferred to differen-

tiation medium consisting of 20 ng/ml CNTF, 20 ng/ml BDNF, 20 ng/ml GDNF, 1X B27 Supplement, 0.5 mMDibutyryl-cAMP, 0.2 mM

Ascorbic Acid, 1X GlutaMAX, and 1X NEAA. Organoids were maintained with media changes every other day.

shRNA Lentivirus Production and Infection of Organoids
To construct the shRNA lentivirus, a short hairpin RNA sequence (Table S2) was cloned into the lentiviral vector expressing GFP

under the control of the human ubiquitin C promoter and the specific shRNA under the control of human U6 promoter (FUGW) as

previously described.20 The process of packaging and generating lentiviral shRNA has been previously described as above. For

knocking downMETTL14 or YTHDC1 in human hypothalamic NPCs, organoids were incubated with induction medium II containing

lentivirus on day 11. To enhance the transduction efficiency of lentiviral vectors, we placed 4 to 5 organoids in a single well of a 96-well

plate. Subsequently, 40 mL of medium containing lentivirus (�30MOI) was added to each well, and the mediumwas refreshed after a

24-hour incubation period. Organoids were fixed for analysis at day 40.

Protein Extraction and Western Blot
Control and knockout hypothalamic NPCs were lysed in RIPA buffer with protease inhibitor cocktail. Lysates were incubated for

15 mins on ice and centrifuged at 12,000 g for 15 mins at 4�C. The supernatant was collected and boiled for 5 mins in loading buffer

(NEB), resolved by 4-20% Mini-Gel, transferred to a PVDF membrane, and immunoblotted. Primary antibodies are listed in the key

resources table. Quantification of bands was performed using ImageJ software.

QUANTIFICATION AND STATISTICAL ANALYSIS

The data presented in the figure panels represent multiple independent experiments conducted on separate days. The variation

within each data group is indicated using the standard error of the mean (SEM). To assess the significance of differences between

two treatments, unpaired Student’s t-tests were conducted (refer to each figure for specific details).
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