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SUMMARY

Central melanocortin neurons are essential regulators of energy balance in mammals. Specifically, hypotha-

lamic proopiomelanocortin (POMC) neurons promote satiety, while agouti-related peptide (AgRP) neurons

drive hunger. Despite their well-understood roles in adulthood, the developmental processes that shape

this system remain poorly understood. Pomc-expressing precursors give rise to multiple neuronal subtypes,

including a subset of adult AgRP neurons, but the precise mechanisms guiding these fate transitions—and

their lasting impact on metabolic health—have remained unknown. Here, we show that the transcription fac-

tor Otp directs a developmental fate switch between POMC and AgRP neuron identities. Loss of Otp in

Pomc-expressing precursors disrupts this switch, altering the balance of anorexigenic and orexigenic neu-

rons in the adult hypothalamus. This developmental event is critical for programming susceptibility to diet-

induced obesity in mice. Our findings highlight the remarkable plasticity within the developing melanocortin

system and underscore the importance of using refined genetic tools to target these neurons more precisely.

INTRODUCTION

The central melanocortin neurons regulate satiety in mammalian

species.1 Proopiomelanocortin (POMC) and agouti-related pep-

tide (AgRP) neurons in the arcuate nucleus of the hypothalamus

(ARH) play crucial and opposing roles in regulating food intake.

POMC neurons promote satiety by releasing the anorexigenic

peptide α-melanocyte-stimulating hormone (α-MSH), while

AgRP neurons promote hunger through the orexigenic peptides

AgRP and neuropeptide Y (NPY), as well as the inhibitory neuro-

transmitter γ-aminobutyric acid (GABA).2 While functionally

distinct, these neurons arise, in part, from shared neuronal pre-

cursors during development.3 In mice, Pomc mRNA first appears

in the developing hypothalamus at embryonic day (E)10.5.4 The

number of Pomc-expressing neurons gradually increases,

reaching a peak around E13.5.3 However, Pomc expression in

these neurons does not dictate terminal cell fate. Instead, more

than half of them lose Pomc expression as they adopt other pep-

tidergic identities by the early postnatal period. Remarkably,

some Pomc precursors begin expressing Npy, a marker for

AgRP neurons, giving rise to a subset of adult AgRP neurons.3

Despite these observations, the molecular mechanisms govern-

ing the developmental fate switch between two functionally

antagonistic feeding neuron populations and its long-term phys-

iological consequences have remained unknown.

Beyond Agrp, recent studies indicate that Pomc precursors

express other cell fate markers during embryonic and early post-

natal periods.5 Yet, the full identity and spatial distribution of

POMC-derived neurons in the adult mediobasal hypothalamus,

especially those no longer expressing Pomc, have not been sys-

tematically characterized. This gap is significant, as Pomc-Cre

mice are widely used to perturb gene expression in POMC neu-

rons, with resulting phenotypical effects often attributed solely to

changes within these specific neurons. However, as with endog-

enous Pomc, Cre recombinase driven by the Pomc promoter

also targets non-POMC neurons,6,7 potentially confounding

data interpretation.

RESULTS

Identifying the POMC-derived neurons in the adult

mouse mediobasal hypothalamus

We conducted single-nucleus multi-omic profiling of Pomc-line-

age neurons (hereafter referred to as PL neurons) in the adult me-

diobasal hypothalamus (Figure 1A). To label PL neurons, we

generated double transgenic mice (Pomc-Cre; R26LSL-Sun1-sfGFP),
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in which PL neurons were permanently marked by the expression

of a nuclear GFP (Sun1-sfGFP).8 Under a stereomicroscope, we

isolated the mediobasal hypothalamus from adult mice and ex-

tracted and purified GFP+ nuclei via fluorescence-activated nuclei

sorting (FANS).9

Integrated chromatin accessibility and gene expression ana-

lyses of 2,644 PL neurons revealed 13 transcriptionally distinct

subpopulations (Figures 1B and 1C). Cross-validations with

recent datasets of developing and mature Pomc-expressing neu-

rons confirmed the reproducibility of key neuronal populations5,10

Figure 1. Single-nuclei multiome analyses of POMC-derived neurons in the adult mouse mediobasal hypothalamus

(A) Schematic of isolating and purifying PL neurons for single-nuclei ATAC and gene expression analyses.

(B) Uniform manifold approximation and projection (UMAP) plot showing 13 PL neuron clusters from 2,644 nuclei.

(C) Left: dot plot of marker gene expression across clusters. Dot size represents the percentage of expressing cells, and color indicates expression levels (light:

low, dark: high). Right: bar plot showing the distribution of PL neuron clusters, with percentages indicated.

(D) Feature plot showing expression of Pomc in POMCPrdm12, POMCDock5, and POMCNfib clusters verified by RNAscope, highlighting the co-expression of Pomc

with Prdm12, Dock5, and Nfib mRNAs in individual neurons (arrowheads). Scale bar: 20 μm.

(E) Feature plot showing expression of vesicular GABA transporter Slc32a1 in three GABAergic PL neuron clusters lacking Pomc expression. RNAscope analyses

verified the expression of Agrp, Sst, and Dlx6 in individual PL neurons (arrowheads) labeled by Pomc-Cre activated tdTomato (Ai14) fluorescence. Scale

bar: 20 μm.

(F and G) Feature plots showing the expression of Tac2 (F) and Nr4a2 (G) in PL neuron clusters lacking Pomc. RNAscope analyses verified the expression of Tac2

(F) and Nr4a2 (G) in individual PL neurons (arrowheads). Scale bars: 20 μm.

(H) Feature plot showing the expression of Nr5a1 in three PL neuron clusters, verified by RNAscope (arrowheads). Scale bars: 20 μm.

(I) Dot plot illustrates the relative expression of genes targeted by Pomc-Cre across PL neurons, with dot size proportional to the percentage of expressing cells

and colors indicating expression levels (light: low, dark: high).

See also Figures S1–S5.
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(Figure S1). Remarkably, only three clusters (POMCPrdm12,

POMCDock5, and POMCNfib) retained Pomc expression, collec-

tively representing 29.8% of all PL neurons in the adult medio-

basal hypothalamus (Figures 1D and S2A–S2C). Consistent with

previous single-cell analyses of adult POMC neurons,10–12 these

clusters differ in Pomc expression levels: POMCPrdm12 neurons

exhibit the highest expression, whereas POMCDock5 and

POMCNfib neurons show lower levels (Figures 1C and S1B).

Given that arcuate GABAergic neurons play critical roles in en-

ergy metabolism,13,14 we next examined PL-derived GABAergic

clusters and identified three—AgRP, somatostatin (Sst), and

distal-less homeobox 6 (Dlx6)—that lacked Pomc expression

(Figures 1E and S2D–S2F). Among these, AgRP neurons ac-

counted for 20.8% of all PL neurons, representing the largest

non-POMC cluster (Figure 1C). Recent studies have shown

that arcuate Agrp-negative Npy and Npy/Pnoc neurons also

contribute to energy homeostasis.15,16 Interestingly, we de-

tected a small number of such neurons within POMC-derived

populations; however, these were sparsely distributed outside

the AgRP cluster (Figure S3A). By contrast, within the AgRP clus-

ter, co-expression of Agrp and Npy was highly robust, with 95%

of neurons expressing both transcripts (Figure S3B), validating

Npy as a reliable marker for the vast majority of POMC-derived

AgRP neurons.

PL neurons were also found in other well-characterized ARH

neuronal populations, such as Tac2/Kiss1 and Nr4a2/TH neu-

rons (Figures 1F, 1G, S2G, and S2H), which are known to regu-

late reproduction and feeding.17,18 Unexpectedly, three PL

neuron clusters (Lmo3, Fezf1, and Tac1) exhibit molecular signa-

tures characteristic of ventromedial hypothalamus (VMH) neu-

rons. These neurons express the VMH neuron marker Nr5a1

(also known as Sf1; Figures 1H and S2I). Histological analyses

confirmed that they are located within the VMH or near the

VMH/ARH boundary (Figure S4). Together, these findings

demonstrate that Pomc precursors give rise to multiple ARH

and VMH neuron subtypes with diverse physiological functions.

A PubMed search revealed that Pomc-Cre has been used to

manipulate at least 80 different genes. Examination of the

expression patterns of these genes across PL neuron clusters

showed that none are exclusively expressed in Pomc-express-

ing neurons in the adult hypothalamus (Figures 1I and S5A).

For example, the cannabinoid receptor Cnr1 is predominantly

found in non-POMC PL neuron clusters (Figures 1I and S5B).

Additionally, the leptin receptor Lepr and its downstream

signaling molecules, Stat3 and Socs3, show robust expression

in the AgRP cluster (Figures 1I and S5C). Other key metabolic

sensors and regulators, including the insulin and serotonin re-

ceptors, as well as genes involved in endoplasmic reticulum

(ER) stress and mammalian target of rapamycin (mTOR) path-

ways, are also expressed in various non-POMC PL neurons

that are nonetheless targeted by Pomc-Cre (Figures 1I, S5D,

and S5E).

Otp is necessary for Agrp expression in the adult ARH

Cell counting in Pomc-Cre; Ai14; Npy-GFP mice revealed that

54% of adult AgRP neurons (Npy-GFP+) arise developmentally

from Pomc precursors (Pomc-Cre+; Ai14+; Figure 2A). Since

neuronal identity is governed by distinct gene regulatory net-

works (GRNs),19 we analyzed single-nucleus chromatin acces-

sibility and gene expression data to identify enhancer-driven

transcriptional networks enriched in specific PL neuron clus-

ters.20 In POMC-derived AgRP neurons, we identified GRNs

coordinated by six transcriptional regulators: Otp, Nr3c1,

Foxo1, Stat3, Crem, and Esrrg (Figures 2B and S6A). Notably,

unlike the others, the expression of the homeodomain tran-

scription factor Otp is largely restricted to the AgRP cluster

(Figure S6B). Immunostaining further confirmed that Otp is pre-

sent in all adult AgRP neurons, regardless of their develop-

mental origin, but is absent from neurons expressing Pomc

(Figures 2C, 2D, and S7).

To determine whether Otp is required for Agrp expression, we

injected adeno-associated viruses (AAVs) expressing Cre re-

combinase into the ARH of adult Otpfl/fl mice (Figure 2E). 3 weeks

after injection, Otp protein was undetectable in the ARH of these

mice (Figure 2F), accompanied by a near-complete loss of Agrp

mRNA (Figure 2G), while the number of POMC neurons remained

unchanged (107.8% ± 7.3%, p = 0.39 vs. control, n = 6 mice;

Figure 2G). Next, we injected Cre-dependent Otp constructs

into the ARH of Pomc-Cre mice (Figure 2H). Ectopic Otp expres-

sion was evident in AAV-targeted POMC neurons (GFP+;

Figure 2I) and resulted in a significant reduction in Pomc expres-

sion in the ARH compared with control AAVs (Figure 2J),

whereas the number of AgRP neurons remained constant

(95.4% ± 10.4%, p = 0.72 vs. control, n = 4 mice; Figure 2J).

Notably, neither Otp deletion nor overexpression in adult ARH

neurons led to increased cell death (Figure S8). Together, these

findings indicate that Otp promotes Agrp expression while re-

pressing Pomc in the adult ARH.

Otp is necessary for the POMC-to-AgRP fate switch

The developmental transition from Pomc to Npy expression,

marking prospective AgRP neurons, occurs between E14 and

E18, during which some PL neurons transiently co-express

Pomc and Npy.3 We detected Otp mRNA in Pomc-expressing

neurons in E15.5 embyros.21 Notably, none of the Pomc precur-

sors (Pomc-Cre+; Ai14+) express Otp or Npy-GFP at E13.5

(Figure 3A). However, by E14.5, a subset of Pomc precursors

(35.6% ± 3.0%; Figure 3A) began to express Otp, coinciding

with the initial appearance of Npy-GFP in these neurons

(Figure 3A).

To determine whether Otp is required for the POMC-to-AgRP

fate switch, we generated Pomc-Cre; Otpfl/fl mice, in which the

onset of Otp expression is blocked in Pomc precursors (here-

after referred to as OtpPomc KO mice). In OtpPomc KO; Npy-GFP

mice, the total number of PL neurons (Pomc-Cre+; Ai14+) was

comparable to that of controls (Figures 3B–3D), indicating

that Otp is not required for cell survival. However, there was a

significant loss of POMC-derived AgRP neurons (Pomc-Cre+;

Ai14+, Npy-GFP+), while the number of non-POMC-derived

AgRP neurons (Npy-GFP+; Pomc-Cre− ) remained unaffected

(Figures 3B–3D). Furthermore, single-nucleus analyses of PL

neurons in adult OtpPomc KO mice revealed a marked reduction

in the AgRP cluster, accompanied by an expansion of the

POMCDock5 population (Figure 3E). Other PL neuron clusters,

including POMCPrdm12 and POMCNfib neurons, remained un-

changed. Consistent with these changes in PL neuron
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Figure 2. Otp is necessary for Agrp expression in the adult ARH

(A) Immunofluorescence of tdTomato (Ai14) and Npy-GFP in the ARH of adult Pomc-Cre; Ai14; Npy-GFP mice. PL neurons are labeled by Pomc-Cre-activated

tdTomato (red), and Npy-GFP (green) marks adult AgRP neurons. POMC-derived AgRP neurons (yellow) co-express tdTomato and Npy-GFP. The bottom-right

panel shows the percentage of POMC-derived AgRP neurons along the rostral-to-caudal axis (n = 3 mice). R, rostral; C, caudal; A, average. Scale bar: 100 μm.

(B) Single-Cell rEgulatory Network Inference and Clustering Plus (SCENIC+) GRN enrichment dot plot. Circle size represents regulon activity per cell type. The red

rectangle highlights six transcription factors enriched in POMC-derived AgRP neurons.

(C) Immunostaining showing Otp (white) in AgRP neurons in the adult ARH. POMC-derived AgRP neurons (yellow; red arrowheads) and non-POMC-derived AgRP

neurons (green; white arrowheads) are labeled. Scale bar: 20 μm.

(D) Immunostaining showing that none of the POMC-GFP (green; hollow white arrowheads) neurons express Otp protein (white) in the adult ARH. Scale

bar: 20 μm.

(E) Schematic of bilateral AAV-Cre virus injections into the ARH of Otp+/+; Ai14 or Otpfl/fl; Ai14 mice.

(F) Immunostaining of Otp (white) and tdTomato fluorescence (red) in the ARH. Scale bar: 50 μm.

(G) RNAscope analysis of Agrp (red) and Pomc (green) mRNAs in the ARH of Otp+/+ and Otpfl/fl mice following AAV-Cre injection. Scale bar: 50 μm.

(H) Schematic of bilateral AAV-double-floxed inverse orientation (DIO)-GFP or AAV-DIO-Otp-GFP virus injections into the ARH of Pomc-Cre mice.

(I) Immunostaining of Otp (white) and immunofluorescence of GFP in the ARH. White arrowheads indicate ectopic Otp expression in Pomc-Cre neurons. Scale

bar: 20 μm.

(J) RNAscope analysis of Agrp (red) and Pomc (green) mRNAs in the ARH of Pomc-Cre mice following AAV-DIO-GFP or AAV-DIO-Otp-GFP injection. Scale

bar: 50 μm.

See also Figures S6–S8.
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populations, adult OtpPomc KO mice exhibited increased Pomc

expression and reduced Agrp expression in the ARH (Figures

3F and 3G), with similar effects observed in both male and fe-

male mice (Figure S9).

The developmental POMC-to-AgRP fate switch

regulates obesity susceptibility in adulthood

Chow-fed OtpPomc KO mice had comparable body weight to their

littermate (Otpfl/fl) controls (Figures S10A and S10B). However,

when challenged with a high-fat diet (HFD), they gained less

body weight and fat mass (Figures 4A and 4B). Metabolic cage

analyses of 12-week-old females revealed that control mice

developed hyperphagia upon transition from chow to HFD,

whereas this response was blunted in OtpPomc KO mice

(Figure 4C). Energy expenditure or physical activity did not differ

between the genotypes (Figures 4D and 4E). Notably, protection

against HFD-induced weight gain was more pronounced in fe-

male OtpPomc KO mice, whereas the effect was milder in males

(Figure 4F). Consistently, metabolic cage analyses of age-

matched male mice (12 weeks old) showed comparable food

intake between OtpPomc KO and control mice before the diver-

gence in body weight (Figures S10C–S10E).

Given that both male and female OtpPomc KO mice exhibited

similar cellular and transcriptional changes, what mechanisms

Figure 3. Otp is required for the POMC→AgRP fate switch

(A) Immunostaining of Otp (blue) in the ARH of E13.5 and E14.5 Pomc-Cre, Ai14, and Npy-GFP embryos. Pomc precursors are labeled by Pomc-Cre activated

tdTomato (Ai14, red), and Npy-GFP (green) marks prospective AgRP neurons. White arrowheads indicate Otp expression in POMC-derived AgRP neurons at

E14.5. Scale bar: 25 μm. Quantification of Otp+ Pomc precursors and Npy-GFP+ Otp-expressing neurons (71.3% ± 2.7%) is shown on the right (n = 6 mice).

(B and C) Immunofluorescence of tdTomato (Ai14, red) and GFP (green) in the ARH of adult Otp+/+ (B) and OtpPomc KO (C) mice. PL neurons are labeled by Pomc-

Cre activated tdTomato (Ai14, red). POMC-derived AgRP neurons are shown in yellow, and non-POMC-derived AgRP neurons are shown in green. Scale

bar: 100 μm.

(D) Quantification of the numbers of PL neurons (red; upper), non-POMC-derived AgRP neurons (green; lower), and POMC-derived AgRP neurons (yellow; lower)

in the ARH of Otp+/+ and OtpPomc KO mice (n = 3 mice). Cell counts were performed on every fifth section collected along the rostral-to-caudal axis of the ARH.

Two-way ANOVA with Sidak’s post hoc test: F(1, 4) = 36, p < 0.01.

(E) Left: UMAP plot showing PL neuron distribution in Otp+/+ and OtpPomc KO mice. The POMCDock5 cluster (blue dashed circle) expanded, while the AgRP cluster

(yellow dashed circle) decreased in OtpPomc KO mice. Right: quantification of the proportion of PL neuron clusters in Otp+/+ and OtpPomc KO mice. Two-way ANOVA

with Sidak’s post hoc test: F(1, 3) = 0.05, p = 0.83.

(F) Bar plots showing relative Agrp and Pomc expression levels in Otp+/+ and OtpPomc KO mice.

(G) RNAscope analysis of Agrp (red) and Pomc (green) in the ARH of Otp+/+ and OtpPomc KO mice. Scale bar: 50 μm. Quantification of normalized Agrp+ and Pomc+

neurons is shown on the right (n = 5 mice).

See also Figure S9.
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might underlie their sex-dimorphic differences in body weight

regulation? Differential expression analyses between OtpPomc

KO and control mice identified estrogen receptor α (Esr1, encod-

ing ERα), a receptor for the sex hormone estrogen, as one of the

upregulated genes in both male and female OtpPomc KO mice

(Figures 4G, S10F, and S10G). The sexual dimorphic effect of

estrogen on food intake is mediated, in part, by ERα in POMC

neurons.22,23 Notably, ERα is highly expressed in POMCDock5

neurons (Figure 4H). Consistent with the expansion of this cluster,

we observed increased ERα expression in the ARH of OtpPomc KO

mice (Figures 4I and 4J). Moreover, an intraperitoneal dose of 17-

β-estradiol produced a stronger anorexigenic effect in male and

female OtpPomc KO mice fed a HFD (Figure 4K), whereas this effect

was absent under chow-fed conditions (Figure S10H).

Female OtpPomc KO mice exhibited normal circulating estrogen

levels, regular estrous cycles, and comparable luteinizing hor-

mone (LH) expression in the anterior pituitary (Figure S11). Given

the naturally higher estrogen levels in females, enhanced ERα
signaling may contribute to the stronger protection against

HFD-induced weight gain observed in female OtpPomc KO mice.

Supporting this interpretation, ovariectomy blunted the weight-

loss phenotype in female OtpPomc KO mice (Figure 4L), whereas

chronic dietary supplementation with 17-β-estradiol amplified

this effect in male OtpPomc KO mice (Figures 4M and 4N).

DISCUSSION

Using single-nucleus multi-omics, we systematically character-

ized PL neurons in the adult hypothalamus and found that

Pomc precursors give rise to multiple ARH and VMH neuronal

subtypes with diverse physiological functions.

Yu et al. previously profiled Pomc-expressing neurons during

embryonic and early postnatal stages using Pomc-DsRed mice.5

Despite differences in developmental timing and genetic

models, the neuronal clusters identified by Yu et al. align closely

with corresponding POMC-derived subpopulations in our data-

set. Remarkably, fewer than one-third of PL neurons retain

Pomc expression into adulthood. The adult Pomc-expressing

clusters differ in Pomc level—POMCPrdm12 neurons show high

Pomc expression, whereas POMCDock5 and POMCNfib neurons

exhibit lower levels—consistent with recent single-cell analyses

of mature POMC neurons.10 These cross-validations across in-

dependent datasets underscore the robustness of key neuronal

populations and highlight the developmental and functional het-

erogeneity of PL neurons in the mediobasal hypothalamus.

Our findings have important implications for studies using

Pomc-Cre mice. We show that Pomc-Cre targets a broader pop-

ulation of neurons, including three previously unrecognized

VMH subtypes, than previously appreciated. Moreover, genes

commonly assumed to function primarily in POMC neurons are

also expressed in other PL-derived neurons. Therefore, our find-

ings may necessitate a careful re-evaluation of prior studies us-

ing Pomc-Cre and underscore the importance of employing

refined genetic tools to target specific neuronal subtypes with

greater precision.

We further identify a developmental program that balances

two functionally antagonistic feeding neurons. The onset of

Otp expression in Pomc precursors is essential for the POMC-

to-AgRP fate switch. In the absence of Otp, Pomc precursors

fail to adopt AgRP/NPY identity, resulting in the loss of POMC-

derived AgRP neurons and a concomitant expansion of

POMCDock5 neurons. Thus, Otp acts as a critical molecular

determinant orchestrating the POMC-to-AgRP transition.

Beyond its developmental role, Otp remains required to main-

tain Agrp expression in the adult hypothalamus. Ectopic Otp

expression in mature POMC neurons suppresses Pomc but fails

to induce Agrp, indicating that adult POMC neurons have lost

developmental plasticity. Consistently, although both Pomc-

Cre and Pomc-CreERT2 transgenes are driven by the same bac-

terial artificial chromosome sequences,24 fate mapping using the

constitutively active Pomc-Cre labels multiple hypothalamic

neuronal subtypes, whereas tamoxifen-induced Cre activity in

adult Pomc-CreERT2 mice selectively marks Pomc-expressing

neurons.25

The developmental switch from POMCtoAgRP identity has last-

ing metabolic consequences. OtpPomc KO mice displayed reduced

food intake and resistance to diet-induced obesity, revealing the

functional importance of this fate switch in energy balance. While

Figure 4. The developmental POMC→AgRP fate switch regulates energy balance in adulthood

(A) Body weight curves in HFD-fed female mice. Two-way ANOVA with Sidak’s post hoc test, F(1, 26) = 5.36, p < 0.05.

(B) Body composition. Two-way ANOVA with Sidak’s post hoc test, F(1, 26) = 5.27, p < 0.05.

(C) Left: continuous traces of cumulative food intake in metabolic cages, binned into 12-h light and dark phases, before and after the dietary switch (red dashed

line). Right: daily averages of food intake. Two-way ANOVA with Sidak’s post hoc test, F(1, 13) = 5.20, p < 0.05.

(D) Left: continuous traces of energy expenditure in metabolic cages. Right: daily averages of energy expenditure. Two-way ANOVA with Sidak’s post hoc test,

F(1, 20) = 0.93, p = 0.35.

(E) Left: continuous traces of physical activity in metabolic cages. Right: daily averages of physical activity. Two-way ANOVA with Sidak’s post hoc test, F(1, 20) =

0.02, p = 0.90.

(F) Body weight curves in HFD-fed male mice. Two-way ANOVA with Sidak’s post hoc test, F(1, 27) = 1.38, p = 0.25.

(G) Volcano plot of differentially expressed genes (log2 fold change > 0.5; adjusted p value < 0.05) between Otp+/+ and OtpPomc KO mice. Downregulated genes are

shown in red, and upregulated genes are shown in blue. Gene counts are indicated above.

(H) Violin plot showing Esr1 expression across different PL neuron clusters.

(I and J) RNAscope analysis of Esr1 mRNA in the ARH of Otpfl/fl (I) and OtpPomc KO (J) mice. Scale bar: 50 μm.

(K) Average daily food intake in HFD-fed male and female mice after an intraperitoneal dose of 17-β-estradiol (0.5 μg). Two-way ANOVA with Sidak’s post hoc test,

F(1, 27) = 14.68, p < 0.001.

(L) Body weight curves of HFD-fed ovariectomized female mice. Two-way ANOVA with Sidak’s post hoc test, F(1, 15) = 0.01, p = 0.92.

(M) Body weight curves of HFD-fed male mice with dietary 17-β-estradiol supplementation. Two-way ANOVA with Sidak’s post hoc test, F(1, 21) = 11.57, p < 0.01.

(N) Body composition. Two-way ANOVA with Sidak’s post hoc test, F(1, 22) = 9.97, p < 0.01.

See also Figures S10 and S11
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excessive consumption of HFDs promotes obesity, diet-induced

hyperphagia is a conserved adaptive behavior across species,

enabling rapid energy storage when food availability fluctuates.

Given the established role of melanocortin neurons in mediating

hyperphagic responses,26 the POMC-to-AgRP transition likely

represents a fundamental component of this evolutionary adapta-

tion. However, biological mechanisms optimized for ancestral sur-

vival can become maladaptive in modern environments character-

ized by chronic caloric abundance. Consistent with this view,

disruption of this switch limits diet-induced hyperphagia and con-

fers protection against obesity.

The blunted hyperphagic response in OtpPomc KO mice is un-

likely to result from reduced orexigenic peptides, as Agrp or

Npy knockouts show minimal feeding phenotypes.27 Instead,

the expansion of POMCDock5 neurons and elevated Pomc

expression likely increase anorexigenic tone. Notably, protection

from diet-induced obesity was sexually dimorphic, with females

showing a more pronounced effect. This difference correlates

with increased Esr1 expression—a key mediator of estrogen’s

anorexigenic actions—revealing a link between developmental

plasticity, sex hormones, and long-term metabolic regulation.

These findings align with previous studies demonstrating that

Esr1 acts in POMC neurons to suppress food intake.22,23 Building

on this, our data further pinpoint POMCDock5 neurons as a poten-

tial site mediating estrogen’s effect on feeding and body weight.

Although cell-type-specific manipulation of Esr1 in POMCDock5

neurons is not yet feasible, pharmacological modulation of

estrogen signaling altered the sex-dependent phenotype in

OtpPomc KO mice. These systemic interventions were designed

to assess the overall contribution of estrogen signaling rather

than to test whether Esr1 alone is sufficient to restore the pheno-

type. Together, our results suggest that broad transcriptional and

cellular remodeling—rather than a single effector gene—under-

lies the metabolic adaptations observed in OtpPomc KO mice.

Our findings open several avenues for future investigation. It will

be important to determine how environmental factors, such as

maternal overnutrition or undernutrition, shape these develop-

mental fate-switch programs. Further studies should test whether

Otp directly binds regulatory elements controlling Agrp activation

or Pomc repression. Moreover, because melanocortin neurons

participate in both homeostatic and hedonic feeding,28,29 it will

be of interest to examine whether Otp deletion alters food prefer-

ence or reward-driven feeding beyond satiety regulation.

RESOURCE AVAILABILITY
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Data and code availability
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• Additional information required to reanalyze the data is available from
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STAR★METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-OTP Sigma Cat# HPA039365; RRID: AB_10674423

Rabbit polyclonal anti-RFP Rockland Cat# 600-401-379; RRID: AB_2209751

Rabbit polyclonal anti-Caspase3 Cell Signaling Technology Cat# 9661; RRID: AB_2341188

TotalSeq™-A0451 anti-NPC Hashtag 1 Antibody BioLegend Cat# 682205; RRID: AB_2861054

TotalSeq™-A0452 anti-NPC Hashtag 2 Antibody BioLegend Cat# 682207; RRID: AB_2861055

TotalSeq™-A0453 anti-NPC Hashtag 3 Antibody BioLegend Cat# 682209; RRID: AB_2861056

Bacterial and virus strains

AAV8-hSyn-GFP UNC Vector Core N/A

AAV8-hSyn-Cre-GFP UNC Vector Core N/A

AAV9-hSyn-DIO-GFP BrainVTA Cat# PT-1103

AAV9-hSyn-DIO-Otp-GFP BrainVTA Cat# PT-11892

Chemicals, peptides, and recombinant proteins

fetal bovine serum Invitrogen Cat# 10270106

DPBS Invitrogen Cat# 14190-144

Sucrose Fisher Chemical Cat# S5-500

Tris-HCl, 1 M Sigma-Aldrich Cat# T2194

NaCl Solution, 5 M Sigma-Aldrich Cat# 59222C

DTT solution Sigma-Aldrich Cat# 646563

BSA Sigma-Aldrich Cat# A7979

Tween-20 Sigma-Aldrich Cat# P9416

cOmplete™, EDTA-free Protease Inhibitor

Cocktail Tablet

Sigma-Aldrich Cat# 11873580001

1 M HEPES solution Sigma-Aldrich Cat# H0887

1 M KCl solution Sigma-Aldrich Cat# 60142

Triton X-100 Sigma-Aldrich Cat# T8787

Glycerol Sigma-Aldrich Cat# G5516

1 M MnCl2 solution Sigma-Aldrich Cat# M1787

16% paraformaldehyde Electron Microscopy Sciences Cat# 15710S

Isoflurane 99.9% Covetrus Cat# 11695-6777-1

17-ß-estradiol-3-benzoate Sigma Cat# E8515

17-ß-estradiol pellets Innovative Research of America Cat# NE-121

Critical commercial assays

RNAscope™ Multiplex Fluorescent V2 Assay ACD Cat# 323270

Single Cell Multiome ATAC + Gene Expression 10X Genomics Cat# 1000285

Chromium Next GEM Chip J Single Cell 10X Genomics Cat# 1000230

Mouse Estradiol Rapid ELISA Kit Invitrogen Cat# EELR013

Deposited data

Raw and analyzed data This paper GEO: GSE287161

Experimental models: Organisms/strains

Mouse: C57BL/6J wild type JAX Cat# 000664; RRID: IMSR_JAX:000664

Mouse: Pomc-Cre JAX Cat# 005965; RRID: IMSR_JAX:005965

Mouse: Npy-GFP JAX Cat# 006417; RRID: IMSR_JAX:006417

Mouse: POMC-GFP JAX Cat# 009593; RRID: IMSR_JAX:009593

(Continued on next page)
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals

All mice were housed in a temperature and humidity-controlled room with a 12-h light/12-h dark cycle (lights on at 6:00 a.m., lights off

at 6:00 p.m.) in the animal facility of the University of Texas Southwestern Medical Center. Food and water were supplied ad libitum.

Mice were fed with either regular chow (Harlan-Teklad, 2916, 4.25% kcal from fat) or a high-fat diet (Research Diets Inc., D12492i,

60% kcal from fat). All experimental procedures were approved by the Institutional Animal Care and Use Committee (IACUC) at the

University of Texas Southwestern Medical Center. All mice used were maintained on a C57BL/6 background. Experimental animals

ranged in age from embryonic day 13 to 12 months, and both sexes were used. Commercial mouse lines were: Pomc-Cre (JAX,

#005965); Npy-GFP (JAX, #006417); POMC-GFP (JAX, #009593); Rosa26-Ai14-CAG-LSL-TdTom (JAX, # 007914); and Rosa26-

CAG-Sun1/sfGFP (JAX, # 021039) mice were purchased from The Jackson Laboratory. Otpfl/fl mice were generated by CRISPR-

Cas9-mediated gene editing at the fertilized one-cell stage and more details were described previously.30

METHOD DETAILS

Immunostaining and RNAscope

Details for performing these experiments were described previously.21,32 Briefly, mouse brains were fixed in 4% paraformaldehyde

overnight and then were sectioned by a vibratome (Leica VT1000S). The primary antibodies used include anti-OTP (Sigma, rabbit,

#HPA039365); anti-Caspase3 (Cell Signaling Technology, rabbit, #9661) and anti-RFP (Rockland, rabbit, #600-401-379). Secondary

antibodies (AlexaFluor-488, -594, or -647) were from Thermo Fisher Scientific. RNAscope was performed using ACD RNAscope

Multiplex Fluorescent Detection Kit version 2 following the manufacturer’s (Advanced Cell Diagnostics) protocol with the following

probes Mm-Pomc (ACD #314081; ACD # 314081-C2), Mm-Prdm12 (ACD # 524371-C2), Mm-Dock5 (ACD # 872971-C3), Mm-

Nfib (ACD # 586511-C3), Mm-Agrp (ACD # 400711-C2), Mm-Sst (ACD # 404631-C2), Mm-Dlx6 (ACD # 475021), Mm-Tac2 (ACD

# 446391-C3), Mm-Nr4a2 (ACD # 423351-C3), Mm-Nr5a1 (ACD # 445731-C2), Mm-Lmo3 (ACD # 497631-C3), Mm-Fezf1 (ACD #

812321-C3), Mm-Tac1 (ACD # 410351-C3), Mm-Lepr (ACD # 552841-C2), Mm-Cnr1 (ACD # 420721-C3), Mm-Insr (ACD #

401011-C4), Mm-Htr2c (ACD # 401001-C2), Mm-Esr1 (ACD # 478201-C3), and Mm-Lhb (ACD # 478401-C3).

Metabolic phenotype analysis

To measure the energy intake and expenditure, 12-week-old, weight-matched mice were placed into an indirect calorimetric system

(PhenoMaster; TSE Systems) in the Metabolic Phenotyping Core of UT Southwestern Medical Center. To measure the mouse estra-

diol, trunk blood was collected from anesthetized mice and processed to obtain plasma by centrifugation and assayed using a Mouse

Estradiol (E2) ELISA kit (Invitrogen, EELR013) by the Metabolic Phenotyping Core of UT Southwestern Medical Center.

Assessment of estrous cycles

Eight-week-old chow-fed female mice were first confirmed to have undergone vaginal opening. Vaginal smears were collected daily

at 3 p.m. using gentle lavage. Smear cytology was examined under a light microscope to identify the stage of the estrous cycle.

Estradiol feeding study

Estradiol benzoate (Sigma, E8515) was dissolved in corn oil. Male and female mice were fed with HFD or chow-diet and single-

housed for 3 days for habituation and to obtain baseline measurements for body weight and food intake. After habituation, animals

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Mouse: Rosa26-Ai14-CAG-LSL-TdTom JAX Cat# 007914; RRID: IMSR_JAX:007914

Mouse: Rosa26- CAG-Sun1/sfGFP JAX Cat# 021039; RRID: IMSR_JAX:021039

Mouse: Otpfl/fl Xu et al.30 N/A

Software and algorithms

Cellranger-arc 10X Genomics https://www.10xgenomics.com

Seurat - R Rahul Satija https://github.com/satijalab/seurat

Prism GraphPad https://www.graphpad.com

ImageJ Schindelin et al.31 https://imagej.nih.gov/ij/

Custom code in this study This paper https://doi.org/10.5281/zenodo.17916507

Other

regular chow Harlan-Teklad Cat# 2916

high-fat diet (HFD) Research Diets Inc. Cat# D12492i
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were weighed and treated daily with 150 μL corn oil for 3 days and then with 0.5 μg estradiol (17-β-estradiol-3-benzoate) in 150 μL

corn oil for 4 days via IP injections. Animals were monitored for food intake daily during the treatment.

The estradiol pellet (Innovative Research of America, 17-β-estradiol pellets, 0.25 mg, 90 Days, Catalog #: NE-121) was implanted

subcutaneously in male mice at 8 weeks of age. The pellet implantation study was conducted under isoflurane anesthesia followed by

carprofen analgesia. Male mice were fed with HFD after the procedure.

Ovariectomy

Adult female mice were bilaterally ovariectomized at 8 weeks of age. The procedure was applied under isoflurane anesthesia fol-

lowed by carprofen analgesia. OVX female mice were fed with HFD after 1 week of recovery.

Body weight and composition measurements

Body weight was monitored weekly. In the HFD studies, mice were maintained on regular chow until at least 8 weeks old before being

fed with HFD. Body composition was assessed using the magnetic-resonance whole-body composition analyzer (EchoMRI) at the

end of the body weight monitoring.

Stereotaxic surgery

Male mice (at least 8 weeks old) were anesthetized with 1.5% isoflurane and placed on a stereotaxic frame (David Kopf Instruments).

After the skull was exposed and leveled in the horizontal plane, small holes were drilled into the skull. AAV was bilaterally injected into

the ARH (anteroposterior [AP], –1.55 mm; mediolateral [ML], ±0.25 mm; dorsoventral [DV], –5.85 mm). A total of 200 nL of the virus

was injected at a rate of 20 nL/min and was allowed 8–10 min to diffuse before the injection needle was removed. AAV vectors used

AAV8-hSyn-Cre-GFP (UNC Vector Core), AAV9-hSyn-DIO-GFP (BrainVTA, PT-1103) and AAV9-hSyn-DIO Otp-GFP (Brainvta,

PT-11892).

Single-nuclei multiome seq

Tissue preparation, dissociation, and nuclei extraction were described in a STAR Protocol.9 In this study, the ARH regions were

dissected from adult Pomc-Cre; Sun1/sfGFP and Pomc-Cre; Otpfl/fl; Sun1/sfGFP mice under a fluorescent dissecting microscope

and immediately stored at -80◦C. For each genotype, approximately 20 ARH samples, including both male and female mice,

were pooled. Each pooled sample was homogenized in 1 mL of homogenization buffer using a Dounce grinder pestle. The homog-

enate solutions were centrifuged at 500 g for 5 min in a swing bucket rotor, and the supernatants were discarded. The nuclei were

resuspended with 100 μl of wash buffer and incubated with different TotalSeq Hashtag antibodies against the nuclear pore complex

(0.5 μl, BioLegend) for 10 min. Following incubation, the nuclei suspensions were washed three times with 1 mL of wash buffer and

spun down at 500 g for 5 min. After hashtagging each sample with the antibody, samples were pooled together, and GFP-positive

nuclei were sorted during FANS at the Flow Cytometry Core of UTSW Medical Center. After sorting, the nuclei solution was adjusted

to the desired concentration at 500–2,000 nuclei/μl, then proceeded with the 10× Multiome kit at the UTSW Next Generation

Sequencing Core. Libraries were sequenced on a NextSeq 2000 mid-throughput sequencing platform or BGI T7 sequencing

platform.

Single-nuclei multiome seq analysis

Hashtag-count matrix was generated and demultiplexed from sequenced hashtag FASTQ reads using Cellranger-7.0.0. RNA UMI

counts and ATAC peaks were obtained by aligning FASTQ files to the mouse reference genome (mm10) using CellrangerARC-

2.0.2 from 10× Genomics.

The raw RNA count matrix and ATAC fragment data were further processed using R packages Seurat 5.0 and Signac 1.14, respec-

tively. Peaks that overlapped with genomic blacklist regions for the mm10 genome were removed. Filtering based on RNA-assay

metrics (300 < nFeature_RNA < 10,000, percent.mt <3) and ATAC-assay metrics (2,000 <nCount_ATAC < 100,000, nucleosome_

signal <2, TSS.enrichment > 2, blacklist_fraction < 0.025 and pct_reads_in_peaks > 25). The filtered data were log normalized

with a default size factor of 10,000. The expression of all the genes was scaled before the dimensional reduction.

For ATAC data integration, the fragments of 4 ATAC libraries were first combined and then re-analyzed using the CallPeaks func-

tion (MACS3). The ATAC layers were integrated using the FindIntegrationAnchors function.

For RNA data integration, mitochondrial genes (mt-Nd1, mt-Nd2, mt-Co1, mt-Co2, mt-Atp8, mt-Atp6, mt-Co3, mt-Nd3, mt-Nd4l, mt-

Nd4, mt-Nd5, mt-Nd6, mt-Cytb) and sex-linked gene Xist were removed, then RNA layers were integrated using FindIntegrationAnchors

function.

RNA and ATAC modalities were integrated using FindMultiModalNeighbors at parameters of 50 principal component (PC) dimen-

sions. Clusters were annotated with a shared nearest-neighbor modularity optimization-based clustering algorithm with a resolution

of 0.15. Non-linear dimensionality reduction was visualized with Uniform Manifold Approximation and Projection (UMAP). ‘‘FindAll-

Markers’’ was used to find genes with significant differential expression of each cluster with default parameters.

SCENIC+ was used to analyze transcription factor regulatory programs. Raw counts were imported along with cluster annotations.

RNA counts were log-normalized, scaled, and filtered to highly variable genes. Raw ATAC reads were imported and peaks were called

normalized to the size of each chromosome using MACS2 before being filtered using the mm10 blacklist. Consensus peaks were
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converted to a bed file for downstream analysis. Processed RNA and ATAC data were subjected to QC controlling for fragment count,

FRIP, TSS enrichment, and duplication rate to filter to high-quality cells. CisTopic was used to perform latent Dirichlet allocation topic

modeling before PyCisTarget was used to identify enriched motifs and differentially accessible regions. These results were used as

inputs to the SCENIC+ algorithm against a list of all known mouse transcription factors from the HUST database. Estimated gene reg-

ulatory networks were used for downstream analysis.

QUANTIFICATION AND STATISTICAL ANALYSIS

Sample sizes were chosen to reliably measure experimental parameters while remaining in compliance with ethical guidelines for

minimizing animal use, and they were similar to those reported in previous publications. Replicate information is indicated in the figure

legends. All results are presented as mean ± SEM and analyzed using statistical tools implemented in Prism (GraphPad, version 10).

Statistical analyses were performed using the Student’s t test and two-way analysis of variance (ANOVA). Differences with p < 0.05

were considered to be significant. p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***).
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Figure S1. Cross-validation of published single-cell transcriptome datasets of developing 
and mature Pomc-expressing neurons, related to Figure 1 

(A) Comparison of Pomc-expressing neuron clusters during embryonic and early postnatal stages 
in Pomc-DsRed mice (PMID: 35044906) and PL neuron clusters in this study using Pomc-Cre; 
Sun1-sfGFP mice. 

(B) Dimensional reduction plots showing mature POMC neuron clusters identified in adult Pomc-
CreERT2 mice (left, PMID: 38658557) and in Pomc-Cre mice (right, this study). Similar gene 
expression patterns are observed between the Pomc⁺ and POMCPrdm12 clusters, as well as 
between the Ghost and POMCDock5 clusters. 

  



 

Figure S2. Validation of gene expression in POMC-derived neurons in the adult mouse 
mediobasal hypothalamus, related to Figure 1 

(A-C) RNAscope analysis showing co-expression of Pomc with Prdm12 (A), Dock5 (B), and Nfib 
(C) mRNAs in individual neurons. Squares indicate regions enlarged in Figure 1D. Scale bar: 20 
µm. 

(D-F) RNAscope analysis showing Pomc mRNA (green), Pomc-Cre activated tdTomato (Ai14) 
fluorescence (red), and mRNAs (white) for Agrp (D), Sst (E), and Dlx6 (F). Squares indicate 
regions enlarged in Figure 1E. Scale bar: 20 µm. 

(G-I) RNAscope analysis showing Pomc mRNA (green), Pomc-Cre activated tdTomato (Ai14) 
fluorescence (red), and mRNAs (white) for Tac2 (G), Nr4a2 (H), and Nr5a1 (I). Squares indicate 
regions enlarged in Figures 1F-1H. Scale bar: 20 µm. 

  



 

Figure S3. Expression analysis of Npy and Agrp in POMC-derived neurons, related to 
Figure 1 

(A) Expression of Npy across PL neuron clusters. The AgRP cluster is outlined by a yellow dashed 
line. 

(B) Co-expression patterns of Npy and Agrp within POMC-derived AgRP neurons. Pink indicates 
double-positive neurons, which constitute 95% of the population. 

  



 

Figure S4. Expression of VMH neuron marker Nr5a1 in a subset of PL neurons, related to 
Figure 1 

(A) RNAscope analysis showing Pomc and Nr5a1 mRNAs in PL neurons in the adult mediobasal 
hypothalamus. PL neurons are labeled by Pomc-Cre-activated tdTomato (Ai14) fluorescence. 
The dashed line indicates the boundary between the ARH and VMH. Scale bar: 50 µm. 

(B-D) RNAscope analysis showing co-expression of Nr5a1 with Lmo3 (B), Fezf1 (C), and Tac1 
(D) in adult mediobasal hypothalamic neurons. Squares indicate enlarged regions, and 
arrowheads mark individual double-positive PL neurons. Scale bars: 20 µm. 

  



 

Figure S5. Expression patterns of Pomc-Cre-targeted genes in PL neurons, related to 
Figure 1 

(A) Dot plot illustrating the relative expression of genes targeted by Pomc-Cre across PL neuron 
clusters, continuing from Figure 1I. Dot size represents the percentage of expressing cells, and 
color intensity indicates expression level (light: low; dark: high). 

(B-E) RNAscope analyses showing expression of Cnr1 (B), Lepr (C), Insr (D), and Htr2c (E) in 
adult mediobasal hypothalamic neurons. Squares indicate enlarged regions, and arrowheads 
mark the individual non-POMC PL neurons. Scale bars: 20 µm. 
  



 

Figure S6. GRNs regulated by six transcription factors in POMC-derived AgRP neurons, 
related to Figure 2 

(A) Visualization of GRNs regulated by Otp, Nr3c1, Foxo1, Stat3, Crem, and Esrrg using SCENIC+ 
analysis. 

(B) Feature plots showing the expression of each transcription factors across PL neuron clusters. 
The dashed line outlines the AgRP cluster. 
  



 

Figure S7. Otp expression in adult ARH neurons, related to Figure 2 

(A) Immunostaining showing Otp (white) in AgRP neurons in the adult ARH. Squares indicate 
regions enlarged in Figure 2C. Scale bar: 20 µm. 

(B) Immunostaining showing Otp (white) in POMC neurons in the adult ARH. Squares indicate 
regions enlarged in Figure 2D. Scale bar: 20 µm. 

  



 

Figure S8. Assessment of cell death after Otp deletion or overexpression in the ARH, 
related to Figure 2 

(A) Immunostaining of Caspase3 (white) and tdTomato fluorescence (red; indicates the AAV-
hSyn-Cre-infected neurons) in the ARH of Otp+/+; Ai14 and Otpfl/fl; Ai14 mice. Scale bar: 50 µm. 

(B) Immunostaining of Caspase3 (white) and immunofluorescence of GFP (green; indicates the 
POMC neurons after Otp overexpression) in the ARH of Pomc-Cre mice. Scale bar: 50 µm. 

  



 

Figure S9. Cellular and molecular changes in male and female OtpPomc KO mice, related to 
Figure 3 

(A and C) UMAP plots showing PL neuron distributions in Otp+/+ and OtpPomc KO male (A) and 
female (C) mice. The POMCDock5 cluster (blue dashed circle) expanded, while the AgRP cluster 
(yellow dashed circle) decreased in OtpPomc KO mice. 

(B and D) Quantification of the proportion of PL neuron clusters in Otp+/+ and OtpPomc KO male (B) 
and female (D) mice. 

  



 

Figure S10. Body weight, energy balance, Esr1 expression, and response to 17-β-estradiol 
in chow-fed Otp+/+ and OtpPomc KO mice of both sexes, related to Figure 4 

(A and B) Body weight curves in chow-fed male (A) and female (B) mice. 

(C) Left: Continuous traces of cumulative food intake in metabolic cages, binned into 12-hour light 
and dark phases, before and after the dietary switch (red dashed line). Right: Daily averages of 
food intake. 

(D) Left: Continuous traces of energy expenditure in metabolic cages. Right: Daily averages of 
energy expenditure. 

(E) Left: Continuous traces of physical activity in metabolic cages. Right: Daily averages of 
physical activity. 

(F and G) Bar plots showing relative Esr1 expression in Otp+/+ and OtpPomc KO male (F) and female 
(G) mice.  

(H) Average daily food intake in chow-fed male and female mice after an intraperitoneal dose of 
17-β-estradiol (0.5 µg). 

  



 

Figure S11. Evaluations of circulating estrogen levels, estrous cycles, and luteinizing 
hormone expression, related to Figure 4 

(A) Baseline plasma estradiol levels in female Otpfl/fl and OtpPomc KO mice. 

(B) Total duration of estrous cycles in female Otpfl/fl and OtpPomc KO mice. 

(C) Relative length of metestrus/diestrus (M/D), proestrus (P), and estrus (E) phases within the 
entire estrous cycle. 

(D) RNAscope analysis of Lhb mRNA in the anterior pituitary of Otpfl/fl and OtpPomc KO mice. Scale 
bar: 50 µm. 
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