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OBESITY
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Disruption of hypothalamic melanocortin 4 receptors (MC4Rs) causes obesity in mice and humans. Here, we inves-
tigated the transcriptional regulation of MC4R in the hypothalamus. In mice, we show that the homeodomain tran-
scription factor Orthopedia (OTP) is enriched in MC4R neurons in the paraventricular nucleus (PVN) of the
hypothalamus and directly regulates Mc4r transcription. Deletion of Otp in PVN neurons during development or
adulthood reduced Mc4r expression, causing increased food intake and obesity. In humans, four of the five carri-
ers of rare predicted functional OTP variants in UK Biobank had obesity. To explore a causal role for human OTP
variants, we generated mice with a loss-of-function OTP mutation identified in a child with severe obesity. Hetero-
zygous knock-in mice exhibited hyperphagia and obesity, reversed by treatment with an MC4R agonist. Our find-
ings demonstrate that OTP regulates mammalian energy homeostasis and enable the diagnosis and treatment of

individuals with obesity due to OTP deficiency.

INTRODUCTION

Neural circuits in the hypothalamus regulate energy homeostasis in
mammalian species. The melanocortin pathway consists of neurons
in the arcuate nucleus (AN) of the hypothalamus, which either
express the anorectic peptide pro-opiomelanocortin (POMC) or the
orexigenic peptide Agouti-related peptide (AGRP) (I). Both sets of
neurons project to the paraventricular nucleus (PVN), where they
synapse with neurons expressing the melanocortin 4 receptor
(MC4R) (I). In the fed state, activation of MC4R signaling by
POMC-derived melanocortin peptides leads to suppression of food
intake, whereas, in the fasted state, AGRP antagonizes MC4R to in-
crease food intake.

Genetic studies have shown that the melanocortin pathway is
pivotal to regulating human food intake and body weight given that
loss-of-function (LOF) mutations in POMC (2), the enzyme that
processes POMC [proprotein convertase subtilisin/kexin type 1
(PCSK1)] (3), and MC4R (4) lead to severe childhood-onset obesity.
Conversely, gain-of-function mutations that retain MC4Rs at the
cell surface are associated with protection from obesity (5). These
findings demonstrate that quantitative variation in MC4R signaling
is important for regulating human energy balance.

Little is known about how MC4R expression is regulated in the adult
brain. Although MC4Rs are expressed in several brain regions, their
expression in the hypothalamus is critical to the regulation of food in-
take and body weight. For example, deletion of Mc4r in PVN neurons
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causes hyperphagic obesity in mice (6), whereas restoring Mc4r expres-
sion in these neurons is sufficient to normalize hyperphagia in severely
obese Mc4r-null mice (7). Here, we set out to identify regulators of Mc4r
transcription in the adult hypothalamus. We demonstrate that the ho-
meodomain transcription factor (TF) Orthopedia (Otp) regulates Mc4r
transcription in PVN neurons and that a LOF mutation in OTP causes
obesity in humans, which can be treated with a licensed MC4R agonist.

RESULTS
Identification of transcriptional regulators of Mc4r in adult
hypothalamic neurons
To identify transcriptional regulators of Mc4r in the hypothalamus, we
crossed Mc4r-Cre mice (8) with Cre reporter mice (R26RLSL-dTomato
Ail4) (9) to generate double transgenic mice (Mc4r-Cre; Ail4), in which
Mc4r-Cre-expressing neurons were labeled by the expression of a Cre-
dependent tdTomato reporter. In situ hybridization (RNAscope) analy-
ses revealed that most tdTomato-positive neurons in the hypothalamus
expressed Mc4r mRNA (93.0 + 0.76%; fig. S1, A and B). We purified
these neurons by fluorescence-activated cell sorting (FACS) and pro-
filed their transcriptome using bulk RNA sequencing (RNA-seq; Fig.
1A), which revealed an enrichment of 2038 genes [log, fold change
(log,FC) > 1 and false discovery rate (FDR) < 0.05] in tdTomato-
positive neurons compared with tdTomato-negative cells (Fig. 1A). As
expected, transcripts for Mc4r were highly abundant in these neurons
(119-fold versus tdTomato-negative cells).

We identified 17 TFs that showed significant enrichment (log,FC >
5 and FDR < 0.05) in tdTomato-positive neurons (Fig. 1B). Seven
TFs were conserved between humans and mice (fig. S2A), whereas
others were mouse-specific genes [for example, the zinc finger pro-
teins (ZFPs)]. We examined the expression of four TFs (DIx5, Foxp2,
Onecut2, and Otp) that are enriched in human hypothalamic neu-
rons (10) and demonstrated overlapping expression patterns with
MCA4R (fig. S2B). In the hypothalamus, Mc4r expression was mainly
confined to subsets of neurons in the anteroventral periventricular
(AVPYV), paraventricular, anterior hypothalamic (AHN), dorsal
medial (DMH), and ventral medial (VMH) nuclei of the hypothalamus
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(fig. S2C) (11). RNAscope experiments in Mc4r-Cre; Ail4 mice re-
vealed that the four TFs were selectively expressed by specific sub-
sets of Mc4r-Cre neurons: Mc4r-Cre neurons in the AVPV, AHN,
and DMH regions expressed Dix5, whereas Onecut2 was only found
in Mc4r-Cre neurons in the AHN region (Fig. 1, C and D). These
findings suggest that the regulation of Mc4r transcription in the
adult hypothalamus is region-specific and involves distinct tran-
scriptional programs.

Among the TFs that we examined, Foxp2 and Otp were present
in the PVN. Given that Foxp2 is found only in a subset of PVN
Mc4r-Cre neurons, whereas all expressed Otp (Fig. 1, E and F), we
hypothesized that Ofp is a critical regulator of Mc4r transcription in
the PVN.

Otp interacts with cis-regulatory sequences to modulate
Mc4r promoter activity

We previously characterized a promoter region of the mouse Mc4r
gene that comprises the 5’ untranslated region (5'UTR) and 1-kb
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upstream sequences capable of driving tissue-specific expression in
transgenic mice (Fig. 2A) (12). In Neuro2A cells lacking endogenous
Mc4r (13), Otp dose-dependently increased the expression of a lu-
ciferase reporter driven by the same promoter sequence (Fig. 2B).
To regulate transcription, Otp likely operates near regions with ac-
cessible chromatin. To pinpoint such loci, we conducted an ATAC-
seq (assay for transposase-accessible chromatin with sequencing)
experiment in the PVNs of 12-week-old mice. For Mc4r, a single
ATAC peak [540 base pairs (bp)] was detected in the promoter re-
gion, spanning the boundary between the 5’'UTR and upstream se-
quences (Fig. 2C). Further analyses revealed that the majority of
reads were enriched in two distinct peak subdomains, designated as
P1 (142 bp) and P2 (211 bp), respectively (Fig. 2C). To determine
whether Otp can directly bind to the Mc4r promoter, we performed
a CUT&RUN (cleavage under targets and release using nuclease)
assay in the adult PVN. Using an Otp antibody, we identified a spe-
cific protein-DNA interaction in the promoter region that was ab-
sent in the control (anti-immunoglobulin G; Fig. 2D). Notably, the
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Fig. 2. Otp regulates Mc4r promoter activityin A C E Luciferase activity
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CUT&RUN peak was located within the P1 promoter sequence
(Fig. 2, C and D). We generated luciferase reporter constructs lack-
ing either the P1 or P2 sequence within the Mc4r promoter (AP1
and AP2 promoter, respectively). Cotransfection experiments re-
vealed that the luciferase activity was significantly reduced with the
AP1 promoter (P < 0.001; Fig. 2E) but unchanged with the AP2
promoter (P > 0.05; Fig. 2F).

Reduced Otp expression in developing PVN neurons causes
weight gain

To investigate the physiological role of Otp in PVN neurons, we de-
veloped a floxed Otp allele (Otp"), which could be excised in the
presence of Cre recombinase, resulting in a deleted allele (Otp™; fig.
S3, A to C). Similar to Otp nulls (14), mice homozygous for the
deleted allele (Otp™™*) die shortly after birth. On the other hand,
quantitative polymerase chain reaction (qPCR) analyses found
comparable expression of Otp mRNA within the hypothalami of
Otp**, 0tp™*, and Otp™" littermates (fig. S3D), suggesting that the
introduced loxP sequences did not perturb Otp transcription.

PVN neurons express the TF single-minded 1 (Sim1) (15). To ab-
late Otp in these neurons, we bred Sim1-Cre mice with Otpf7 M mice.
Loss of Otp in Sim1-Cre neurons alone resulted in perinatal lethali-
ty; the PVN failed to form in SimI-Cre; Otp™" mice (designated
hereafter as Otp™™" X© mice; Fig. 3A). In wild-type mice, the PVN
contains abundant Sim1-expressing neurons at postnatal day 0. In
contrast, these neurons were absent from the prospective PVN in
OtpS™ KO mice (Fig. 3A) but present in mice lacking one copy of
Otp in Siml neurons (Sim1-Cre; Otpﬂl+, designated hereafter as
Otp* ™! KD: Eig 3A). Cell counting in adult Otp*™ P mice revealed
a normal number of PVN Sim1-Cre neurons along the rostral-to-
caudal axis (fig. S4, A and B). Nevertheless, mRNA expression of
Otp and Mc4r was reduced in the PVN (Fig. 3B and fig. S4C),
whereas the expression of Siml remained constant (Fig. 3C). Al-
though Otp*™! XP mice were viable and fertile, their body weights
began to diverge on a chow diet. The weight gain was exacerbated
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when mice were switched to a high-fat diet (HFD; Fig. 3D) and was
characterized by increased fat mass (Fig. 3E) measured bly nuclear
magnetic resonance (NMR). Moreover, HFD-fed Otp*™ X0 mice
consumed significantly more food than their littermate controls
(P < 0.001; Fig. 3F).

Loss of Otp in mature PVN neurons causes obesity

We next investigated whether Ofp in PVN neurons regulates body
weight beyond developmental stages. To this end, we bilaterally in-
jected adeno-associated viruses (AAVs) expressing either Cre or
green fluorescent protein (GFP) into the PVNs of adult Otp™"; Ai14
mice (fig. S5A). Three weeks after the injection, we observed the
expression of GFP or a Cre-activated tdTomato reporter in most
PVN neurons (fig. S5B). Injections of Cre-expressing viruses result-
ed in a near-complete loss of Otp protein in the PVN (Otp”"V¥©; fig.
S5B). Despite the absence of Otp, tdTomato-positive neurons per-
sisted in the PVN (fig. S5B), indicating that Ofp is not required for
their survival in adulthood.

After the loss of Otp, mice on a chow diet gained excessive weight
(Fig. 4A) and became obese with increased fat mass (Fig. 4B). Of
note, this phenomenon was not observed in wild-type mice that re-
ceived AAV-Cre in the PVN (fig. S5C). Metabolic chamber analyses
revealed that Otp”"™ ¥© mice had increased food intake during the
dark phase of the day (Fig. 4C) with no significant changes in heat
production or physical activity (P > 0.05; Fig. 4, D and E). These
findings are consistent with previous reports that MC4R in the PVN
preferentially regulates food intake (6, 7), whereas MC4Rs in other
brain regions modulate energy expenditure (16, 17).

To unravel the molecular basis of weight gain, we isolated PVN
neurons targeted with AAV-GFP or AAV-Cre by FACS and com-
pared their transcriptomes using RNA-seq. Principal components
analysis revealed that the loss of Ofp altered the transcriptomic
landscape in adult PVN neurons (fig. S6A); 1283 genes were down-
regulated, whereas 576 were up-regulated (log,FC > 1 and FDR
<0.05; fig. S6B). Pathway analyses indicated deficits in hormone
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Fig. 3. Reduced Otp in developing PVN neu- A
rons causes obesity. (A) Left: immunostaining of
Otp. Right: fluorescence of tdTomato in Sim1-Cre
(top), Otp™ ™" O (middle), and Otp>™" ¥ (bottom)
mice. White arrowheads point to the prospective
PVN. Scale bar, 500 pm. (B and C€) RNAscope
analyses of PVN Mc4r (B) and Sim1 (C) mRNAs in
control and Otpsjm’ KD mice. Scale bars, 50 pm.
(D) Body weight curves of male mice. Two-way
ANOVA with Sidak’s post hoc test, Fi 240 = 80.56,
P <0.001. (E) Body composition by NMR; two-way
ANOVA with Sidak’s post hoc test, Fy .6 = 12.96,
P < 0.01. (F) Food intake in HFD-fed mice; un-
paired t test. Data are presented as means + SEM.
*P < 0.05, **P < 0.01, and ***P < 0.001.

| OtpSim Ko; Aj14 H OtpSm’ Ko; Aj14 || Sim1-Cre; Ai14‘

binding and peptide receptor activity (fig. S6C). PVN neurons syn-
thesize and secrete several neuropeptides and hormones. Notably,
others have shown that Ofp is necessary for somatostatin (Sst) ex-
pression in the AN of the hypothalamus (18). We observed a similar
reduction in Sst expression after the deletion of Otp in the adult
PVN (Fig. 4F). In addition, mRNA expression of Mc4r and oxytocin
(Oxt) was significantly reduced. Conversely, the expression of Sim1
remained unchanged (Fig. 4, F and G, and fig. S5D). Alongside the
alterations in the transcriptome, ATAC-seq experiments revealed
diminished chromatin accessibility in the PVNs of Otp”"™ X9 mice
(fig. S6D). Consistent with the changes in gene expression, there was
a significant decrease in ATAC peaks upstream of Sst (FDR = 0.05),
Mc4r (FDR < 0.01), and Oxt (FDR = 0.01) after adult deletion of
Otp, whereas those for Siml (FDR > 0.05) remained unchanged
(Fig. 4H).

Otp in Mc4r-Cre neurons regulates Mc4r expression and
body weight

Deficiencies in PVN Mc4r (6, 7) and Oxt (19, 20) have been linked
to hyperphagic obesity. Otp is present in both Mc4r and Oxt neurons
within the PVN, and the expression of both genes decreased after
the loss of Otp. However, we found that Mc4r and Oxt were ex-
pressed by largely nonoverlapping neurons in the PVN, with less
than 1% of Mc4r-Cre neurons expressing Oxt (5 of the 734 neurons
in two mice; fig. S7A). These findings suggest that Ofp may regulate
food intake and body weight in either Mc4r, Oxt neurons, or pos-
sibly both.

To investigate these possibilities, we generated Otp mice,
in which Otp was selectively deleted from Mc4r-Cre neurons (fig.
$7B), and Otp®' X9 mice, in which Otp was selectively deleted from
neurons expressing Oxt-Cre (fig. S7C) (21). Chow-fed O™ KO
mice were heavier at weaning (fig. S8A). In addition, when weight-
matched mice were challenged with a HFD, male and female
Otp™4r X0 mice gained significantly more weight due to increased
adiposity and exhibited reduced glucose tolerance compared with
controls (P < 0.001; Fig. 5, A to C, and fig. S8, B to D). In contrast,
the deletion of Otp in Oxt-Cre neurons had no impact on these met-
abolic parameters (P > 0.05; Fig. 5, D to F). Collectively, these find-
ings establish Mc4r neurons as a critical node where Otp regulates

Mc4r KO

Xu et al., Sci. Transl. Med. 17, eadr6459 (2025) 15 January 2025

B Mc4r Mc4r |C .. Sim1| Sim1

Otp** Sim1-Cre | Otp®int kb

Otp*™*; Sim1-Cre | OtpSim?«b

Body weight E _ Body composition F 6- Daily food intake

40

304 i . Kk
v @ 44 ir
204 g |° o) £ 8
& v & 3
v 2 T 8
104 |,
—A— O[ps’”” KD (9)
—— Otp**; Sim1-Cre (8) 8l |7 6 6
0 T T T T O T T 0
5 10 15 20 Fat Lean
Age (weeks)
Mc4r KO

energy balance. Otp mice consumed more food than controls
(Fig. 5G). Moreover, mRNA expression of Mc4r was reduced in the
PVNs of Otp™* X0 mice, whereas Oxt expression did not change
(Fig. 5H and fig. S8E). In addition, male and female Otp™“*" *© mice
exhibited increased body length compared with littermate controls
(Fig. 5I and fig. S8F), a hallmark of MC4R deficiency in mice and
humans (22).

Knock-in mouse model of a human LOF variant in OTP
develops obesity

The protein sequences of OTP are highly conserved across mam-
malian species and are identical between mice and humans. We
have previously identified rare variants in OTP in children with
severe obesity (23). Here, to investigate whether coding variants in
OTP are associated with body mass index (BMI) in a population-
based biobank, we examined 454,756 individuals with exome
sequence data from the UK Biobank (UKB) study. Five UKB par-
ticipants had a heterozygous predicted LOF (pLOF) variant in
OTP. Four had obesity (BMI > 30 kg/ m?) at UKB assessment (n = 4
of 5, 80% compared with 24% of unrelated white British people
(n = 318,365; odds ratio of 12.6, 95% confidence interval of 1.2 to
617, P =0.01, Fisher’s exact test). Although these data are suggestive
of an association, studies in larger cohorts will be needed to for-
mally test whether LOF variants in OTP increase BMI or the risk of
developing obesity.

To determine whether there is a causal link between human OTP
mutations and obesity, we generated knock-in mice carrying the
heterozygous missense mutation Otp?****, previously identified in
a child with severe obesity (BMI SD score of 4.6 at 2 years) (23). The
proband experienced progressive weight gain during adolescence
and developed type 2 diabetes, dyslipidemia, and hepatic steatosis.
The amino acid Q153 resides in the DNA-binding domain and is
highly conserved across multiple species (fig. S9A). We generated
Otp¥>3** mice derived from two independent founder lines (fig.
S9B). In these mice, Sanger sequencing identified cDNA encoding
wild-type and mutant Otp transcripts in the hypothalamus (fig.
S9C). Like Otp nulls (Otp™'*), mice homozygous for the mutant
allele (OtpU 3R ARy died shortly after birth. Moreover, Otp?**k

failed to rescue lethality in the compound heterozygous Otp?'>*/4
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Fig. 4. Loss of Otp in adult PVN leads to weight gain. (A) Body weight curves in Oi‘pp‘/’\”(O mice; two-way ANOVA with Sidak’s post hoc test, F; 20=7.72,P=0.01.(B) Body
composition; two-way ANOVA with Sidak’s post hoc test, F134 = 26.91, P < 0.001. (C) Food intake; two-way ANOVA with Siddk’s post hoc test, Fy,10 = 13.33, P < 0.01.
(D) Heat production; two-way ANOVA with Sidak’s post hoc test, Fi 19 = 0.57, P = 0.47. (E) Physical activity; two-way ANOVA with Sidak’s post hoc test, F; 10 = 0.03, P=0.87.
(F) Normalized RNA-seq reads of individual genes between AAV-GFP- and AAV-Cre-targeted PVN neurons. *FDR < 0.05, **FDR < 0.01, and ***FDR < 0.001. (G) RNAscope
analyses of Mc4r, Oxt, and Sim7 mRNAs in the PVN. Scale bar, 50 pm. (H) Genome browser views of representative ATAC-seq peaks upstream of Sst, Mc4r, Oxt, and Sim1 in

control and Otp”N<©

QISR encodes a

mice. Collectively, these data suggest that Ofp
LOF mutation.
Heterozygous mutant mice (Otp ) survived throughout

adulthood. At 10 weeks of age, male and female Otp***/*

QI53R/+

mice on
a chow diet were heavier than their wild-type littermates (fig. S9D).
Moreover, they gained significantly more weight when fed a HFD
(P < 0.001; Fig. 6, A and B), resulting in excessive lipid accumula-
tion in the white adipose tissue and liver (Fig. 6C). Metabohc cham-
ber analyses of weight-matched Op@**** and Otp*’* mice showed
that, although food intake was comparable in chow-fed mice,
Otp¥*** mice consumed significantly more food after switching
to the HFD (P < 0.001; Fig. 6D). Moreover, there was no difference
between the genotypes in heat production or physical activity before
or after the change in diet (Fig. 6, E and F). In addition, HFD-fed
Otp>3** mice exhibited impaired glucose tolerance and insulin
sensitivity concomitant with their obesity (Fig. 6, G and H).

Mc4r insufficiency contributes to weight gain in

0tp?"53R"* mice

To dissect the cellular and molecular deficits causing weight gain in
Otp@*3®'* mice, we generated triple transgenic mice (Sim1-Cre;
Suni-sfGFP; Otp¥***'*) where PVN neurons in these mice were
genetically labeled by the expression of a nuclear GFP (Sun1-sfGFP).

Xu et al., Sci. Transl. Med. 17, eadr6459 (2025) 15 January 2025

mice. Data are presented as means + SEM. *P < 0.05, **P < 0.01, and ***P < 0.001.

Histological analyses indicated that the PVN developed normal-
ly in Otp?**** mice with a comparable number of SimI-Cre
neurons to wild-type controls (Fig. 7A). Next, we purified GFP*
nuclei from PVN SimI1-Cre neurons by FACS and conducted
single-nucleus RNA-seq (snRNA-seq) to examine neuronal sub-
types and their gene expression profiles in age-matched Otp*/*
and Otp?">3** mice (Fig. 7A). We analyzed the transcriptomes of
2695 Siml positive nuclei, with an average of 2477 detected genes
per nucleus. These data allowed us to identify nine distinct sub-
groups among PVN Sim1 neurons marked by the expression of
neuroendocrine markers, such as Sst, Oxt, or Crh (Fig. 7B and fig.
S10A). Although there were no genotypic differences in cell num-
bers among individual subpopulations (Fig. 7C and fig. S10B), the
expression of Mc4r, Oxt, and Sst decreased in Otp“">*** mice,
whereas that of Sim1 remained unchanged (Fig. 7, D and E).

Our findings suggest that hyperphagia and obesity in mice ex-
pressing a human LOF OTP mutation may result, in part, from
reduced MCA4R signaling. Setmelanotide, a selective MC4R agonist,
has been licensed for the chronic weight management of people
with three genetic obesity disorders (24). We previously demon-
strated that an intraperitoneal dose of setmelanotide (2 mg/kg) sup-
pressed fasting-induced refeeding in wild-type mice but not those
lacking Mc4r in PVN neurons (6). Here, we fed male Otp?'>3*/*
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Fig. 5. Otp in Mc4r-Cre neurons regulates en-
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were then divided into two groups, one treated with setmelanotide
and the other with vehicle (saline), while both were still on the HFD
(Fig. 7F). Using the same dose, daily single injections of setmelanotide in
HED-fed Otp®**** mice reduced their body weights by 6.63 + 1.04%
after 9 days. In contrast, those treated with saline gained 1.79 + 0.54%
more weight during the same period (Fig. 7G). During treatment, food
intake was reduced in Otp?**** mice (Fig. 7H). In addition,
these mice exhibited improved glucose tolerance (Fig. 7I). Notably,
these metabolic benefits were contingent on continued setmelanotide
treatment because Otp?**** mice quickly regained body weight after
the treatment was discontinued (Fig. 7J).

Xu et al., Sci. Transl. Med. 17, eadr6459 (2025) 15 January 2025

Our studies reveal that Otp is a transcriptional regulator of Mc4r
in PVN neurons. We show that disruption of Otp in developing and
adult mice causes increased food intake and obesity, findings that
were recapitulated in a knock-in mouse model of a rare LOF human
variant in OTP, demonstrating their relevance for the regulation of
human energy homeostasis. LOF mutations in OTP are very rare,
with no homozygous mutations identified in 2000 children with se-
vere obesity or 0.5 million people in UKB, which aligns with the
observation that mice lacking Otp do not survive. Our analysis of
UKB data identified people carrying rare heterozygous pLOF vari-
ants in the general population; four of five had obesity. How these
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Fig. 6. Otp?'***** mice develop obesity and
glucose intolerance. (A) Body weight curves in
HFD-fed mice; two-way ANOVA with Sidak’s post
hoc test, F156; = 161.1, P < 0.001. (B) Body com-
position; two-way ANOVA with Sidak’s post hoc
test, F1,12 =20.69, P < 0.001. (C) Hematoxylin and
eosin (H&E) staining in the livers and inguinal
white adipose tissue (iWAT) of HFD-fed Otp*/*
and Otpo’”’% mice. Scale bar, 50 pm. (D) Left are
traces of continuous measurement of cumulative
food intake in metabolic cages (binned into 12-hour
light and dark phases) before and after the di-
etary switch (red dashed line); right are summa-
rized daily averages of food intake. Two-way
ANOVA with Sidak’s post hoc test, Fy 19 = 10.23,
P = 0.01. (E) Left are traces of continuous mea-
surement of heat production in metabolic cages;
right are summarized daily averages of heat pro-
duction. Two-way ANOVA with Sidak’s post hoc
test, F1,10 = 0.34, P = 0.58. (F) Left are traces of
continuous measurement of physical activity in
metabolic cages; right are summarized daily
averages of physical activity. Two-way ANOVA
with Sidak’s post hoc test, Fy 10 = 0.39, P = 0.55.
(G) GTT; two-way ANOVA with Sidak’s post hoc
test, F166 = 42.03, n =6 or 7, P < 0.001. (H) ITT;
two-way ANOVA with Sidék’s post hoc test, Fy 66 =
22.04, P < 0.001, n =6 or 7. Data are presented
as means + SEM. *P < 0.05, **P < 0.01, and
*HEP < 0.001.
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pLOF mutations impair OTP function and MC4R expression re-
mains to be determined. Moreover, future studies in even larger
cohorts are warranted to formally test whether other functional
variants in OTP are associated with increased BMI and/or the risk of
developing obesity.

Before our study, how LOF OTP mutations drive excessive weight
gain was unclear. We and others have shown previously that Otp is nec-
essary for the generation of several neuroendocrine lineages in the PVN
(23, 25). With one copy of Otg, although a normal number of PVN
neurons were preserved in Otp°™ P and Otp?**** mice, the expres-
sion of Mc4r was diminished along with that of Sst and Oxt. Whereas
Sst null mice demonstrate normal body weight and length (26), oxyto-
cin deficiency in the PVN has been implicated in obesity (19). In addi-
tion, despite a reduction in Oxt expression, Otpo’“ KO mice exhibited
normal body weights and body fat levels even when challenged with a
HED. In contrast, loss of Ofp in Mc4r-Cre neurons led to early-onset
obesity, excessive weight gain, and increased body length, characteristic
of MC4R deficiency in mice and humans. Collectively, these findings
establish a cell-autonomous role for Otp in Mc4r neurons to regulate
Mc4r expression and body weight. However, it is possible that Otp also

Xu et al., Sci. Transl. Med. 17, eadr6459 (2025) 15 January 2025
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regulates energy balance by acting in other neuronal populations or
through mechanisms beyond the regulation of Mc4r transcription.

Our study has several limitations. Although our data suggest that
obesity in humans with LOF OTP mutations is at least in part medi-
ated by reduced MCA4R signaling, additional mechanisms may also
be involved. We generated Otp?**** mice to study a human LOF
variant in OTP. However, as with all preclinical models, this mouse
model may not fully replicate the phenotype of human OTP defi-
ciency. In addition, our research focused primarily on changes in
food intake and body weight; we did not examine the impact of the
OTP mutation on other physiological functions and behaviors. Last,
although we demonstrated that treatment with a licensed MC4R
agonist reduced body weights in mice, these findings require valida-
tion in the clinical setting.

Beyond neurodevelopment, adequate abundance of MC4R must
be maintained throughout life to maintain energy homeostasis. How-
ever, transcriptional programs that regulate Mc4r expression in the
adult brain remain essentially unknown. Our findings indicate
that the transcriptional regulation of Mc4r is complex and region-
specific: No identified TFs are expressed by all Mc4r neurons in the
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are presented as means + SEM. *P < 0.05 and ***P < 0.001.

hypothalamus. We demonstrate that Otp is one of the transcriptional
regulators maintaining Mc4r expression in the adult PVN. However,
even in the absence of Otp, residual Mc4r persists, indicating the in-
volvement of additional coregulators. For instance, Foxp2 is found in
a subset of PVN Mc4r neurons. Moreover, Siml and Nescient helix-
loop-helix 2 (Nhih2), a basic helix-loop-helix protein, are present in
the adult PVN and play important roles during neurodevelopment
(27, 28). However, whether they regulate Mc4r transcription in ma-
ture PVN neurons remains to be determined.

Whereas previous human studies have primarily focused on deficits
in MCA4R signaling (5, 29), our findings suggest that human obesity
may also result from deficits in MC4R transcription. Studies in mice
and humans have demonstrated a genotype-phenotype correlation be-
tween Mc4r function and the severity of obesity (5, 22). We observed a
similar dosage effect with Mc4r in the four Otp knock-out/knock-down
mouse models: Deletion of both copies of Otp in PVN neurons resulted
in an ~50% reduction in Mc4r in the PVN, leading to early-onset obe-
MedrKO mice) and rapid weight gain in chow-fed adult mice

sity (in Otp
(in Otp""N KO mice). In comparison, the reduction in Mc4r expression

Xu et al., Sci. Transl. Med. 17, eadr6459 (2025) 15 January 2025

mice gained 1.16 + 0.24 g, whereas SET-treated Otp

mice gained 3.31 + 0.31 g; paired t test, P < 0.001. Data

was less pronounced when one functional copy of Otp still existed;
weight gain was moderate in chow-fed Otp*™ X and Otp?"**** mice
but exacerbated when they were fed a HFD. The residual Mc4r expres-
sion in the PVN and other neurons may explain the substantial weight
loss in Otp®**** mice treated with setmelanotide. These findings sug-
gest that people carrying functional mutations in OTP may benefit
from treatment with a licensed MC4R agonist. Last, although therapeu-
tic targeting of TFs has historically been challenging, small-molecule
modulators of TF activity are now being developed in other disease
areas (30). Thus, understanding the transcriptional regulation of mole-
cules involved in energy homeostasis may reveal targets for the devel-
opment of anti-obesity medication.

MATERIALS AND METHODS

Study design

This study investigated the transcriptional regulation of Mc4r in the
mouse hypothalamus. We used neuroanatomical characterization,
mouse genetics, and transcriptomic analyses to explore the role of
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Otp in controlling Mc4r expression and body weight. In addition, we
examined the functional impact of a human LOF OTP mutation in
mice. All experimental procedures in mice were approved by the
Institutional Animal Care and Use Committee (IACUC) at the Uni-
versity of Texas Southwestern Medical Center. All experiments were
conducted in the inbred C57BL/6] mouse strain because this strain
is the most commonly used mouse strain for the study of feeding
behavior and energy homeostasis. Both sexes were used as experi-
mental animals and randomly assigned to groups. We replicated
experiments at least once to ensure biological reproducibility and
adequate statistical analysis for comparisons.

All clinical studies in humans were approved by the Multi-Regional
Ethics Committee and the Cambridge Local Research Ethics Committee
(MREC 97/21 and REC number 03/103). Each participant (or their
parent for those under 16 years old) provided written informed con-
sent; minors provided oral consent. All studies were conducted in ac-
cordance with the Declaration of Helsinki. Exome sequencing studies
were undertaken as described previously (31, 32).

UKB 450K exomes

This research was conducted using the UKB Resource under
Application Number 53821. Variants in the OTP gene region
(ENSG00000171540) were obtained from the UKB 450K exome re-
lease in pVCF format (UKB Field 23148). Variant annotation was
performed using Ensembl Variant Effect Predictor (VEP; Ensembl
release 110) for consequences with respect to Ensembl transcript
ENST00000306422.5. We defined predicted high-impact or trun-
cating (pLOF) variants in OTP as stop-gained, frameshift, splice do-
nor, or acceptor variants. BMI (kilograms per square meter) was
from the UKB initial assessment visit (UKB Field 21001, Instance 0)
as were age (Field 21003), genetic sex (Field 22001), and self-
reported comparative body size at age 10 (Field 1687). For subgroup
analysis among unrelated white British ancestry exomes, we ob-
tained relatedness from the UKB Genetic Data resource (ukbgene
rel) and excluded one person from each related pair (kinship >
0.0442, KING, third-degree kinship, or closer) and exomes that
were not in the UKB white British ancestry genetic grouping (UKB
Field 22006).

Mouse strains

All mice were housed in a temperature and humidity-controlled room
with a 12-hour-light/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 (4.25% kcal from fat; Harlan-Teklad, Mad-
ison, W1, no. 2916) or a HFD (60% kcal from fat; Research Diets Inc.,
no. D12492i). Commercial mouse lines were C57BL/6] wild type (JAX,
no. 000664), Mc4r-Cre [JAX, no. 030759 (8)], SimI-Cre [JAX, no.
006395 (7)]; Oxt-Cre [JAX, no. 024234 (21)], Rosa26-Ai14-CAG-LSL-
TdTom [JAX, no. 007914 (9)], and Rosa26- CAG-Sunl/sfGFP [JAX, no.
021039 (33)]; Rosa26-Ai75-CAG-nls-TdTom [JAX, no. 025106 (34)]
mice were purchased from Jackson Laboratory. Otp"" and Otp>3R*
mice were generated by CRISPR-Cas9-mediated gene editing at the
fertilized one-cell stage.

Generation of Otp™ and 0tp?'**** mice with
CRISPR-Cas9-based genome editing

LoxP sites were inserted, flanking exon 3 of the mouse Otp gene. Two
20-bp single-stranded DNA Ultramer DNA oligomers [Integrated

Xu et al., Sci. Transl. Med. 17, eadr6459 (2025) 15 January 2025

DNA Technologies (IDT)] containing a loxP site flanked by ~80-bp
homology arms were used as homology directed repair (HDR)
templates. Guide RNAs, tracerRNA, Cas9 protein, and HDR templates
were ordered from IDT. Mice were screened and validated by PCR and
Sanger sequencing. Recombination of the allele was verified by crossing
mice to a germline Cre. To introduce the Q153R mutation, two bases in
exon 3 were mutated from CAG to CGA. The Otp gene was targeted
using the following guide sequence: 5'-GACCCTGCTCGCTAACC-
TCG TGG-3'. Guide RNAs, tracerRNA, Cas9 protein, and HDR
template were ordered and injected into C57BL/6 zygotes by the UT
Southwestern Transgenic Technology Center. Founders were screened
by Sanger sequencing.

Body weight, composition, and length measurements

Body weight was monitored weekly from weaning (4 weeks old) up
to 20 weeks of age. Body composition was assessed using the Bruker
Minispec mq10 NMR analyzer at the end of the body weight moni-
toring. Body length (nose to anus distance in centimeters) was mea-
sured by extending the mouse to its full length after anesthesia.

H&E staining

Mouse adipose tissues were fixed in 4% paraformaldehyde (Electron
Microscopy Sciences, no. 15710S) overnight and then dehydrated
through a series of ethanol baths with ascending concentrations (up
to 100%). The Histo Pathology Core of the UT Southwestern Medi-
cal Center performed paraffin embedding, sectioning, and hema-
toxylin and eosin (H&E) staining.

Immunostaining and RNAscope

Details for performing these experiments were described previously
(35). Briefly, mouse brains were fixed in 4% paraformaldehyde over-
night and then were sectioned with a vibratome (Leica VT1000S).
The primary antibodies used included anti-OTP (rabbit; Sigma-
Aldrich, no. HPA039365), anti-GFP (rabbit; Abcam, no. ab290),
anti-red fluorescent protein (rabbit; Rockland, no. 600-401-379),
and anti-oxytocin (rabbit; ImmunoStar, no. 20068). The secondary
antibodies (Alexa Fluor 488, Alexa Fluor 594, or Alexa Fluor 647)
were from Thermo Fisher Scientific. RNAscope was performed us-
ing the ACD RNAscope Multiplex Fluorescent Detection Kit ver-
sion 2 following the manufacturer’s (Advanced Cell Diagnostics, no.
323270) protocol with the following probes: Mm-Dlx5, Mm-Foxp2,
Mm-Onecut2, Mm-Mc4r, and Mm-Sim1.

qPCR analysis

Total PVN RNA was isolated with the Direct-zol RNA Kit (Zymo, no.
R2050) according to the manufacturer’s recommendations. Total RNA
(~500 ng) was used as the template for cDNA synthesis via M-MLV
reverse transcriptase (Invitrogen, no. 28025013). gPCR was performed
using TagMan universal PCR master mix (Thermo Fisher Scientific,
no. 4444964). TagMan probes included Thp (MmO00446973_m1;
Thermo Fisher Scientific, no. 4331182) as an internal control, Mc4r
(MmO00457483_s1; Thermo Fisher Scientific, no. 4331182), Oxt
(Mm01329577_g1; Thermo Fisher Scientific, no. 4331182), and a cus-
tomized Ofp exon3 probe (IDT). The probe sequence for Ofp exon3
was 5'- CGCAAGAAGACCACCAACGTGTTC-3'. The forward primer
was 5'-CGCGCCAAGTGGAAGAA-3’, and the reverse primer was
5-GTGGAAAGAGCACAGGCT-3'. The relative expression of each
gene was normalized to the housekeeping gene TATA-box binding pro-
tein (Tbp). RNA expression was quantified using the —A ACt method.
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Metabolic phenotype analysis

The acute effects of adult deletion of Otp, as well as Otp on
energy intake and expenditure were measured using an indirect
calorimetric system (PhenoMaster; TSE Systems) in the Metabolic
Phenotyping Core of UT Southwestern Medical Center. For the set-
melanotide studies, Otp?**** mice were placed on a HED to reach
about 40 to 45 g. After that, the animals were singly housed for 3 days
to acclimatize and to obtain baseline measurements for body weight
and food intake. After acclimatization, animals were weighed and
treated daily with saline or setmelanotide solution (2 mg/kg; Med-
ChemExpress, no. HY-19870) via intraperitoneal injections. Animals
were monitored for body weight and food intake daily during and
9 days after treatment. For the glucose tolerance test (GT'T) and insulin
tolerance test (ITT), mice were fasted for 7 hours with water provided
ad libitum from 8:00 a.m. on the experimental day. During GTT,
blood glucose concentrations were monitored at 0, 15, 30, 60, 90,
and 120 min after an intraperitoneal dose of glucose [dextrose
(AllMedTech, no. 00409664802); 1.0 g/kg body weight]. Blood glu-
cose was taken from the tail vein and analyzed using a glucometer
(Johnson & Johnson). For the ITT, blood glucose concentrations were
monitored at 0, 15, 30, 60, 90, and 120 min after an intraperitoneal
dose of insulin (Eli Lilly and Company, no. 0002-8215-01; 1 U/kg
body weight).

QI53R/+
B

Stereotaxic surgery

Male mice (~8 weeks old) were anesthetized with 1.5% isoflurane
(Covetrus, no. 11695-6777-1) 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 PVN (anteroposterior, —0.50 mm;
mediolateral, +0.22 mm; and dorsoventral, —4.80 mm). A total of
100 nl of the virus was injected in one side at a rate of 20 nl/min and
was allowed 8 to 10 min to diffuse before the injection needle was
removed. AAV vectors used included AAV8-hSyn-GFP (UNC Vec-
tor Core) and AAV8-hSyn-Cre-GFP (UNC Vector Core).

Plasmid construction

The pGL4.20-Mc4r-AP1-luc2 and pGL4.20-Mc4r-AP2-luc2 plas-
mids were constructed as follows: the Mc4r-AP1 and Mc4r-AP2
fragments were synthesized in vitro (IDT) and then subcloned into
the pGL4.20-luc2 vector (Promega, no. E675A) using a homologous
recombination kit (New England Biolabs, no. E55208S).

Luciferase activity assay

For measuring the Mc4r promoter activity, Neuro2A cells (American
Type Culture Collection, no. CCL-131) were transiently cotransfected
with a pCMV-Otp plasmid (OriGene Technologies, no. mr222320), a
Renilla luciferase reporter, pPCMV-Rluc (Promega, no. AF025843), and a
respective Mc4r promoter construct (pGL3-Mc4r-Promoter-luc, which
was a gift from K. G. Mountjoy; pGL4.20-Mc4r-AP1-luc2; and pGL4.20-
Mc4r-AP2-luc2) via Lipofectamine 3000 reagent (Invitrogen, no.
L3000008). The next day, trypsin (Sigma-Aldrich, no. 59417C)-
dissociated cells were separated evenly into a 96-well plate. Luminescence
was quantified using Dual-Glo luciferase assay (Promega, no. TM058).

Statistical analysis

Statistical tests, significance, and sample sizes are detailed in each
figure legend. Statistical analyses were performed using GraphPad
Prism 10.0 software. Data are presented as means + SEM. Normality
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was tested before applying parametric tests. Statistical analyses were
performed using unpaired two-tailed Student’s ¢ test and regular
one-way or two-way analysis of variance (ANOVA). Differences
with P < 0.05 were considered significant: *P < 0.05, **P < 0.01,
and ***P < 0.001.
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