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may be a potential intervention target to combat obesity.

Introduction

As a rapidly growing health threat in modern society, obesity can
result from a shifted balance toward more food intake and less energy
expenditure (1, 2). It is estimated that genetic factors contribute up to
70% of obesity, but only a small fraction of obese patients have been
identified as sufferers of defined obese mutations (3). For example,
the melanocortin 4 receptor (MC4R) has been shown to cause morbid
obesity in mice when mutated (4), and is recognized as one of the most
commonly affected loci in obese patients. However, MC4R mutations
only account for 1%-4% of obesity cases (5-7). Therefore, the mecha-
nisms by which energy balance is shifted upon encountering different
stimuli remain to be explored; more efforts are needed in the search
for genes that regulate energy balance and obesity.

The central nervous system (CNS) plays pivotal roles in ener-
gy balance regulation. Many obesity susceptibility genes identi-
fied by genome-wide association studies (GWAS) in humans are
abundantly expressed in the CNS, especially in the hypothalamus
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Arise in the occurrence of obesity has driven exploration of its underlying genetic basis and potential targets for
intervention. GWAS studies have identified obesity susceptibility pathways involving several neuropeptides that control
energy homeostasis, suggesting that variations in the genes that regulate food intake and energy expenditure may
contribute to obesity. In this study, we identified 5 additional obesity loci, including a neuronal orphan GPCR called Gpr45,
in a forward genetic screen of mutant mice generated by piggyBac insertional mutagenesis. Disruption of Gpr45 led to
increased adiposity at the time of weaning and increases in body mass, fat content, glucose intolerance, and hepatic
steatosis with advancing age. Mice with disruptions in Gpr45 also displayed a reduction in expression of the metabolic
regulator POMC and less energy expenditure prior to the onset of obesity. Mechanistically, we determined that GPR45
regulates POMC expression via the JAK/STAT pathway in a cell-autonomous manner. Consistent with this finding,
intraventricular administration of melanotan-2, an analog of the POMC derivative a-MSH, suppressed adult obesity in Gpr45
mutants. These results reveal that GPR45 is a regulator of POMC signaling and energy expenditure, which suggests that it

(8, 9). A number of neuropeptides expressed in the CNS, such as
the agouti-related peptide (AGRP), neuropeptide Y (NPY), pro-
opiomelanocortin (POMC), cocaine- and amphetamine-related
transcript (CART), corticotropin-releasing hormone (CRH), thy-
rotropin-releasing hormone (TRH), brain-derived neurotrophic
factor (BDNF), melanin-concentrating hormone (MCH), and
orexin, have been shown to be critical regulators of energy homeo-
stasis (10-12). Among them, the POMC-mediated pathway is the
most extensively studied. In the hypothalamus, POMC is pro-
duced by POMC neurons in the arcuate nucleus (Arc). It is then
sequentially cleaved to generate adrenocorticotropin (ACTH),
a-, B-, y-melanocyte-stimulating hormones (a-, f-, y-MSHs), and
endogenous opioid B-endorphin (13). Secreted a-MSH transduces
signals through melanocortin receptors, MC3R and MC4R, in
various nuclei of the brain to inhibit food intake and to stimu-
late energy expenditure (14). POMC signaling can be regulated
by various central and peripheral stimuli. For example, adipo-
cyte-derived leptin stimulates the expression of POMC (15, 16).
Depletion of POMC neurons in the Arc, as well as mutations in
leptin (Lep), the leptin receptor (Lepr), Pomc, Mc3r, or Mc4r, leads
to extra fat accumulation in mice (4, 17-22). Mutations of these
genes have also been detected in obese patients (23-29). Thus,
the POMC-mediated pathway may serve as a valuable candidate
target for obesity intervention.

Genetically modified mice have made significant contribu-
tions to biomedical studies (30, 31). Phenotype-driven screening
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of mutant collections allows for unbiased identification of genetic
contributors to a specific cellular or developmental process; such
an approach has great potential to expand our knowledge of the
underlying mechanisms. We have generated the PBmice collec-
tion of more than 5,000 mutant mice, each carrying a single-copy
piggyBac (PB) insertion in a known or predicted gene (32, 33). In
this report, we describe a pilot genetic screen for obese mutations
in PBmice that uncovered an orphan G protein-coupled receptor
(GPCR), GPR45, as a novel POMC regulator.

Results

A pilot genetic screen identifies obese mutations. We designed a
2-round screening strategy for obese mutants. The primary
screen focused on body weight increase, which was followed by
body composition analysis in the secondary screen. Mutants with
confirmed obese or overweight phenotypes were also tested for
blood glucose alterations. We performed a pilot study with 408
randomly selected PB lines (Figure 1A). Although body weights of
sampled lines exhibited a continuous distribution, 14 lines (3.4%)
with significantly heavier body weight at the age of 12 weeks were
successfully identified from the primary screen (Figure 1, A and
B, and Supplemental Table 1; supplemental material available
online with this article; doi:10.1172/JCI85676DS1). At the same
time, we noticed a leptin receptor mutant (Lepr’®) during identi-
fication of reported metabolism regulators in PBmice. These 15
lines were chosen for the second round of analysis (Figure 1B).
Compared with littermate controls, 7 lines showed a higher fat/
lean ratio and thus were recognized as obese mutants (Figure 1, C
and D). One line (Dgkh) showed significantly higher body weight,
but showed no increase in the fat/lean ratio. Among the genes
affected in obese mutants, Lepr and the follicle-stimulating hor-
mone receptor (Fshr) have been previously reported to cause obe-
sity when mutated in mice (21, 34). Obesity-related phenotypes
have not been previously described to be associated with the oth-
er 5 loci, indicating the potential value of PBmice in searching for
new obesity-related genes.

Disrupting Gpr45 expression in PB mutants results in obesity,
hepatic steatosis, and impaired glucose homeostasis. Among the 5
newly discovered loci, an insertion upstream of the gene encod-
ing an orphan GPCR, Gpr45, caused the most dramatic obese
phenotypes in mutants (35) (Figure 2A). The genomic sequence of
Gpr45 is composed of 2 exons. In the identified mutant, an intronic
PB insertion (Gpr45') was mapped at 34,038 bp upstream of the
only coding exon (Figure 2B). This insertion effectively disrupted
the expression of Gpr45. Quantitative analysis of 5-day-old (P5)
mice revealed a nearly complete loss (97.3%) of Gpr45 mRNA in
the homozygous mutants and a 55.2% reduction in heterozygous
animals (Figure 2C). Adult Gpr45 mutants also displayed hepatic
steatosis, a condition that often develops in obese individuals. Liv-
ers of 6-month-old female and male Gpr45¥5! mice were 14.4%
and 32.2% heavier than those of wild-type littermates, respectively
(Figure 2D). Oil red O staining detected prominent accumulation
of fat lipid droplets in the liver of 6-month-old mutants (Figure 2E).

Compared with wild-type littermates, Gpr45™/ ! mice started
to gain extra weight beginning at 6 weeks of age (Figure 2F). At the
age of 11 weeks, homozygous female and male mice were 33.6%
and 16.9% heavier, respectively. NMR analysis revealed that
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5-week-old Gpr455/75 mice already exhibited a marked increase
in body fat content, though their average weight was still normal.
Specifically, the fat/lean ratios in female and male mice of that age
were 1.3 and 1.2 times higher than those of wild-type littermates,
respectively (Figure 2G). Meanwhile the lean mass of mutants
decreased 6.4% and 9.3% in females and males, respectively (Fig-
ure 2H). At the age of 12 weeks, the fat/lean ratios in female and
male Gpr455/P! mice increased to 4.3 and 4.9 times those of the
wild-type littermates, respectively (Figure 2G). In contrast, female
and male mutants lost 5.8% and 9.8% lean mass, respectively
(Figure 2H). Consistent with these observations, 6-month-old
Gpr45P8/P5 mice had significantly larger fat tissues than control
mice; the weight of perigonadal and retroperitoneal fat pads in
homozygous female mutants increased by 3.1 and 4.0 times over
those of wild-type littermates, respectively. Their interscapular
brown fat pads were also 2.2 times heavier. In male Gpr455/!
mice of the same age, perigonadal, retroperitoneal, and interscap-
ular fat pads were 2.1, 2.3, and 1.5 times heavier, respectively (Fig-
ure 2I). Heterozygous mutants had similar body weight and lean
mass as their wild-type littermates when they were young (Figure
2, F and H), but displayed a reduction in their lean mass as adults
(Figure 2H). In addition, male and young female Gpr45* hetero-
zygous mice had slightly higher fat/lean ratios (Figure 2G).

Most reported obesity cases are accompanied with high plas-
ma leptin, while high plasma insulin is often observed in obese
and type 2 diabetic patients (36-39). We thus examined the leptin
and insulin levels in the blood of obese Gpr45 mutants. Indeed,
we observed that fasting plasma leptin levels in female and male
mutants were 9.9 and 23.8 times higher than those of the wild-type
littermates, respectively (Figure 3, A and D). At the same time,
fasting plasma insulin levels in female and male mutants were 1.5
and 2 times higher, respectively (Figure 3, B and E). These data
suggest that disruption of Gpr45 leads to hyperleptinemia and
hyperinsulinemia in mice.

Hyperinsulinemia is usually recognized as a sign of insulin
resistance that could lead to impaired glucose homeostasis in type
2 diabetes. We thus analyzed the insulin sensitivity of 15-week-old
Gpr45P5/P mice. Insulin tolerance tests (ITTs) revealed that both
female and male mutants not only exhibited significantly higher
blood glucose, but also showed less efficient glucose clearance
upon receiving insulin (Figure 3, C and F). Consistent with this
observation, hyperinsulinemic-euglycemic clamp analysis also
revealed a 66% reduction in the glucose infusion rate in 15-week-
old male mutants (Figure 3I). These results indicate that Gpr45
mutants suffer from insulin resistance.

Hyperglycemia observed in free-fed mutants also suggested
impaired glucose homeostasis caused by the Gpr45 mutation.
To test this idea, we performed glucose tolerance tests (GTTs) in
12-week-old mutants. Fasted for 16 hours, both female and male
Gpr45/P5 mice showed significantly higher blood glucose lev-
els than wild-type littermates (female, 7.33 + 0.22 mM vs. 6.12 *
0.21mM, P< 0.001; male, 715+ 0.29 mM vs. 6.29 £ 0.12 mM, P <
0.05). After receiving an intraperitoneal injection of glucose, the
blood glucose level of mutant mice increased more quickly and
cleared more slowly than that of the wild-type mice (Figure 3, G
and H). The lean mass normalized area under the glucose toler-
ance curve (nAUC) in mutants is higher than that of wild-type lit-
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Figure 1. A pilot genetic screen for obese mutations. (A) The screen pipe-
line. (B) Body weight distribution of screened mutants. Numbers of lines
with homozygotes/heterozygotes (hom/het) body weight ratio in a given
range are illustrated as red dots. The histogram data were normalized by
Gaussian distribution and plotted as an overlay (blue line). Hom/het body
weight ratios of overweight mutants used in the secondary screen are also
shown on the overlay in red (obese or overweight) or black (nonobese or
nonoverweight). (C) Body weight (BW), fat/lean ratio (F/L), fasted plasma
glucose (FPG) and the area under the glucose tolerance test curve (AUC)
for obese and overweight lines are compared with those of the wild-type
littermates and shown as a heat map. Red, significantly high; blue, signifi-
cantly low; no color, no significant difference. (D) Histogram presentations
of fold changes in BW, F/L, FPG, and AUC of both 12-week-old mutants
and their wild-type littermates, the values of which were arbitrarily defined
as 1. Asterisks indicate statistically significant differences calculated with
raw numbers. Empty bars, +/+ (n > 3); filled bars, PB/PB (n > 3). All data
are shown as the mean + SEM. *P < 0.05, **P < 0.01, and ***P < 0.001 by
Student’s t test.

termates (females, 1,488 + 62.8 mM-min vs. 1,281 + 41.7 mM-min,
P < 0.05; males, 1,785 * 90.3 mM-min vs. 1,378 + 70.3 mM-min,
P <0.01) (Figure 3, G and H). These data indicate that the ability
to regulate blood glucose level is compromised in Gpr45 mutants.

By searching the PBmice database, we identified another
mutant carrying a PB insertion (Gpr45*2) 20,428 bp upstream of
Gpr45™! in the same intron (Figure 2B). This mutation behaves
similarly to Gpr45™. Compared to wild-type littermates, Gpr45
expression in Gpr455/™2 mice was reduced by 89.4% (Supple-
mental Figure 1A). Adult Gpr45%"52 mice had much higher body
weight and fat/lean ratios than wide-type littermates, but no alter-
ations in lean mass (Supplemental Figure 1, B-D). Impaired blood
glucose homeostasis was also observed in 12-week-old Gpr4 5552
mice by GTTs (Supplemental Figure 1, E and F).

Similar metabolic defects observed in both Gpr45™! and
Gpr45™2 mutants indicate a causative role of Gpr45 disruption in
these mice. To confirm this conclusion, mice with a revertant allele
of Gpr457™® were produced by precise removal of the inserted PB
transposon (Supplemental Figure 2A). As expected, mice homozy-
gous for the revertant allele (Gpr45”') had body weight, fat/lean
ratio, and lean mass similar to those of wild-type animals (Figure
2, F-H and Supplemental Figure 2, B-D). In addition, both female
and male revertants showed normal glucose tolerance capacity
in GTTs (Supplemental Figure 2, E and F). These data are consis-
tent with the conclusion that the observed metabolic defects in PB
mutants are caused by disruption of the Gpr45 locus. Therefore,
we used Gpr458! for further studies.

Obesity is the primary physiological defect in Gpr45 mutants.
Defects in lipid and glucose metabolism have profound influences
on each other. For example, obesity increases the risk of insulin
resistance and type 2 diabetes (39), while insulin resistance of
skeletal muscle could lead to fat accumulation in mice (40, 41).
Furthermore, hepatic steatosis contributes to both insulin resis-
tance and obesity-related diseases (42, 43). To determine the
primary physiological role of GPR45 with regard to the multiple
physiological defects described above, we compared the onset of
multiple metabolic abnormalities in Gpr455/"! mice.

We first followed the initiation of obesity. As mentioned above,
Gpr45r/P5 mice had more fat accumulation at the age of 5 weeks,
though their body weight was still comparable with that of the wild-
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type littermates (Figure 2, F and G). To identify the age of onset
of obesity, we monitored the body composition of Gpr45/75 mice
at P10 to P28. Although mutants had a comparable fat/lean ratio
at the beginning, they stored fat more efficiently than their wild-
type littermates. As a result, female and male mutants became
obese from P20 and P18, respectively (Figure 4A). Consistent with
these changes, the fasted plasma leptin level of Gpr45™¥*5! mice
was comparable with that of the wild-type littermates at P14, but
increased by 1.3 and 1.6 times in females and males 2 weeks later,
respectively (Figure 4, B and C). These results indicate that obesity
develops in Gpr452/"# mice around weaning.

In contrast to obesity, hepatic steatosis and impaired glucose
homeostasis were not detected in young Gpr45 mutants. We did
not observe fat accumulation in the livers of 4-week-old Gpr45/75
mice (Figure 4D). At the same age, homozygous mutants and wild-
type mice had similar fasted insulin levels (Figure 4E). They also
showed comparable levels of fasted blood glucose at time points as
late as 9 weeks of age (Figure 4F). Considering the facts that obesity
could lead to both hepatic steatosis and impaired glucose homeo-
stasis, and that obesity appears ahead of other defects in Gpr45
mutants, we conclude that obesity is the primary physiological
defect upon the disruption of Gpr45.

Disruption of Gpr45 decreases energy expenditure. Obesity is the
consequence of energy imbalance due to increased energy intake
and/or decreased energy expenditure (EE). To better understand
the mechanism underlying the obesity in Gpr45 mutants, we ana-
lyzed both processes before or at the early stage of obesity.

We first examined the alterations of energy intake in Gpr455//5!
mice by measuring food intake and fecal calories. We found that the
Gpr45mutation did not affect food intake at the early stage of obesity.
Specifically, analysis of covariance (ANCOVA) of animals between
P21 and P33 revealed comparable amounts of food intake between
Gpr455/P mice and their wild-type littermates (Figure 5A). In addi-
tion, no difference in fecal calorie measurements was found between
3-week-old Gpr45/P5 mice and their wild-type littermates (Supple-
mental Figure 3A). These results suggest that disrupting Gpr45 does
not affect energy intake at the early stage of obesity.

We then examined the EE of Gpr45™?5 mice. We first mea-
sured 24-hour real-time EE of animals between P21 and P33 at
room temperature (22°C) by indirect calorimetry (Supplemental
Figure 3, C and D). ANCOVA revealed that Gpr452/"! mice had
significantly lower 24-hour total EE estimated in the common
lean mass than their wild-type littermates (female, 8.87 + 0.12
kecal vs. 9.94 + 0.13 kcal, P< 0.001; male 8.78 + 0.14 kcal vs. 9.74 +
0.18 keal, P < 0.001) (Figure 5B). Respiratory quotient, an indica-
tor of substrate utilized to produce energy, was not significantly
altered in Gpr452/"5 mice at P21 to P33 (Supplemental Figure
3B). These results suggest that disrupting Gpr45 reduces EE with-
out affecting the choice of energy sources at the time around the
initiation of obesity.

EE consists of energy spent by physical activity, basal metabo-
lism, and adaptive thermogenesis (44). To examine which of these
processes contributes to reduced EE, we measured the related
physiological parameters in the Gpr45 mutants.

Physical activity consumes approximately 40% of the energy of
laboratory mice (45). To evaluate whether altered physical activity
contributes to decreased EE in Gpr45 mutants, we measured their
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and ***P < 0.001 by Student’s t test; #P < 0.05 and *##P < 0.001, PB1/+ versus +/+ in F.

travel and sleep performance at the age of 3 weeks. HomeCageScan
analysis revealed that female and male Gpr45™¥%! mice traveled
47.6% and 29.7% less, but slept 96% longer than their wild-type
littermates (Figure 5C). Similar tendencies were also observed in
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Gpr458/ mice at the age of 7 to 9 weeks (Supplemental Figure 3, E
and F). Furthermore, SHIRPA analysis did not detect major neuro-
logical or musculoskeletal abnormalities in either 4- or 8-week-old
Gpr458/P8! mice (Supplemental Table 2). Collectively, these data
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Figure 3. Disruption of Gpr45 impairs hormone and glucose homeostasis. (A and D) ELISA analysis revealed elevated plasma leptin levels in both
12-week-old female (A) and male (D) mutants. (B and E) ELISA analysis revealed elevated plasma insulin levels in both 12-week-old female (B) and male
(E) mutants. At least 4 mice were used for each genotype. (C and F) Insulin tolerance test (ITT) results of 15-week-old female (C, +/+, n =15,267.6 +3.9 U
insulin; PB1/+, n = 21,2731+ 4.9 U insulin; PB1/PB1, n =15, 375.3 + 11.1 U insulin) and male (F, +/+, n = 8, 345.3 + 3.5 U insulin; PB1/+, n =10, 350.9 + 3.3
U insulin; PB1/PB1, n = 12, 441.7 + 13.5 U insulin) mice. Wild-type data were used as the statistical control. (G and H) Glucose tolerance test (GTT) results
of 12-week-old female (G, +/+, n = 12; PB1/+, n = 12; PB1/PB1, n = 12) and male (H, +/+, n = 8; PB1/+, n = 8; PB1/PB1, n = 8) mice. Wild-type data were used
as the statistical control. (I) Glucose infusion rate (GIR) determined by hyperinsulinemic-euglycemic clamp on 15-week-old male mice (n = 5). All data are
shown as the mean + SEM. *P < 0.05, **P < 0.01, and ***P < 0.001 by Student’s t test; *P < 0.05, PB1/+ versus +/+ in F.

indicate that reduced physical activity contributes to decreased EE
in obese Gpr45 mutants.

Basal metabolic rate can be measured by EE under resting
phase or indicated by body temperature under normal conditions.
Considering that the FVB strain in which the Gpr45 mutation was
induced has fragmented and arrhythmic activity under normal
light/dark cycles (46), we used body temperature as an indication
of the EE of basal metabolism. Gpr452/"! mice have rectal tem-
peratures comparable with those of their wild-type littermates at
P14 (Figure 5D). Similar results were observed when they started
to have higher fat/lean ratios at the age of 3 weeks (Supplemen-
tal Figure 3, G and H). However, rectal temperatures measured
in 11-week-old female and male Gpr452/"5 mice were 1.4°C and
1.1°C lower than their wild-type littermates, respectively (Supple-
mental Figure 3, G and H), suggesting that Gpr45 mutants have a
lower level of basal metabolism upon obesity.

Adaptive thermogenesis enables the animal to maintain sta-
ble body temperature in a cold environment. To evaluate whether
altered adaptive thermogenesis contributes to decreased EE in
Gpr45 mutants, we measured their cold-induced thermogenesis

performance at P14. Deprived of food at 4°C for 2 hours, female and
male wild-type mice had reduced rectal temperatures (by 13.7°C and
17.3°C, respectively). In contrast, female and male Gpr452/"5! mice
had 25.8°C and 25.6°C decreases in rectal temperatures, respec-
tively (Figure 5D). The fact that Gpr45 mutants are less capable of
stabilizing core body temperature in acute cold exposure suggests
a contribution of inefficient adaptive thermogenesis to reduced EE.

Taken together, these data indicate that disruption of
Gpr45 expression decreases the rates of physical activity, basal
metabolism, and adaptive thermogenesis. Therefore, obesity
observed in the Gpr45 mutants is a result of reduced EE, but not
excessive energy intake.

Gpr45 regulates Pomc expression in the hypothalamus. We next
asked how GPR45 affects EE in mice. A previous study reported
that Gpr45 is specifically expressed in the brain (35). We found
that Gpr45 is expressed not only in the brain, but also in the testis
(Figure 6A). In the brain, Gpr45 mRNA was detected in the olfac-
tory bulb, cerebral cortex, hippocampus, hypothalamus, cerebel-
lum, and brain stem (Figure 6A), consistent with the potential
neuronal role of GPR45 in the regulation of EE.
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Figure 4. Obesity is the primary defect in Gpr45 mutants. (A) Daily fat/lean ratio of female (+/+, n = 9; PB1/+, n = 18; PB1/PB1, n = 8) and male (+/+,n=9;
PB1/+, n = 18; PB1/PB1, n = 8) mice revealed early-onset obesity before weaning. Data from wild-type mice were used as the control for the P value calcula-
tion. (B) Bar graphs showing similar plasma leptin levels found in 2-week-old mutant and wild-type mice. At least 7 female or 6 male mice were analyzed
for each genotype. (C) Bar graphs showing higher plasma leptin levels in 4-week-old mutant mice than those in wild-type littermates. Number of mice:
female, +/+, 7, PB1/+, 11; PB1/PB1, 11; male +/+, 7; PB1/+, 8; PB1/PB1, 6. (D) Qil red O and hematoxylin staining detecting no hepatic steatosis in a 4-week-
old male mouse. Scale bar: 0.05 mm. (E) Bar graphs showing normal plasma insulin levels in 4-week-old mutant mice. Number of mice: female, +/+,n =7,
PB1/+, n=11; PB1/PB1, n = 10; male, +/+, n = 5; PB1/+, n = 4; PB1/PB1, n = 6. (F) Bar graphs showing no difference in fasted plasma glucose (FPG) levels of
9-week-old female (+/+, n = 5; PB1/PB1, n = 4) and male (+/+, n = 5; PB1/PB1, n = 4) mice. All data are shown as the mean + SEM. *P < 0.05, **P < 0.01, and

**¥P < 0.001 by Student’s t test; #*#P < 0.001, PB1/+ versus +/+ in A.

The hypothalamus serves as the center controlling energy
homeostasis. Previous studies have shown that neuropeptides
involved in regulating EE, such as AGRP, NPY, POMC, CART,
CRH, TRH, BDNF, MCH, and orexin, are all expressed in the
hypothalamus (10-12). To explore if any of these molecules may
mediate GPR45 regulation of EE, we analyzed the expression of
these genes in the hypothalamus of P14 Gpr455/"! mice by real-
time RT-PCR. While the expression levels of most genes were not
affected by the Gpr45 mutation, Pomc transcripts were reduced
by approximately 40% (Figure 6B). Western analysis confirmed
a decrease in POMC protein of approximately 50% (Figure 6C).
POMC is expressed in Arc neurons in the hypothalamus (47).
Immunofluorescent staining of sections throughout the rostral-
caudal axis of Arc also revealed a significant reduction in POMC-
expressing cells in P14 mutants (Supplemental Figure 4, A and B).
We also analyzed if the Pomc mRNA level could be affected by
Gpr45 expression in primary hypothalamic cultures. Pomc expres-
sion in cultured cells from embryonic Gpr45™/75 mutants was
reduced by 84% (Figure 6D). Consistently, reducing the Gpr45
mRNA level by 53.4% in wild-type primary cultures led to reduc-
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tion of Pomc mRNA by 30.7% (Figure 6E). Taken together, these
data suggest that GPR45 promotes POMC expression.

We further examined electrophysiological activities of POMC-
expressing neurons in Gpr45 mutants. As previously reported,
reduced secretion of the POMC cleavage product a-MSH was
usually accompanied by reduced action potential firing (48). By
current-clamp recording, we found that POMC-expressing neu-
rons from P14 Gpr45™?5 mice had more hyperpolarized mem-
brane potentials (-38.4 * 1.6 mV, P < 0.01, Figure 6, F and G) and
reduced spontaneous firing rates (1.8 + 0.5 Hz, P = 0.06, Figure 6,
F and H) than those in the wide-type littermates (-32.4 * 1.3 mV
and 3.7 * 0.8 Hz, respectively). These results are consistent with
the previous report and suggest that the reduced firing rate may be
caused by the more hyperpolarized resting membrane potential.
Taken together, these data suggest that GPR45 is also involved in
regulating the activity of POMC-expressing neurons.

We next explored the molecular mechanisms underlying
GPR45 regulation of Pomc, which is known to contain functional
STAT3-responsive elements in its enhancer and promoter (49,
50). In the hypothalamus, Pomc transcription can be activated by
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phosphorylated STAT3 (50, 51). Neuronal deletion of Stat3 result-
ed in marked reduction of POMC expression, thermal dysregula-
tion, and obesity in mice (52). In addition, studies in cultured cells
and in the hypothalamus showed that STAT3 activation depends
on the phosphorylation by the protein-tyrosine kinase JAK2 (53-
55). We have observed decreased JAK2/STAT3 signals in Gpr45
mutants. Compared with those in wild-type littermates, JAK2
phosphorylation in cultured embryonic Gpr45/75 hypothalamic
cellswasreduced by 53.2% (Figure 7A). In the hypothalamus of P14
Gpr458/ P mutants, JAK2 phosphorylation was reduced by 64.6%
(Figure 7B). Phosphorylated STAT3 was also reduced by 57.9%
and 40.9% in mutant embryonic and P14 hypothalamus, respec-
tively (Figure 7, A and B). Considering that JAK2 could directly
interact with several GPCRs (53-56), while Gpr45 expression has
been detected in POMC neurons (57), we next tested if JAK2 and
GPR45 could physically interact. We expressed HA-tagged GPR45
under the control of the neuron-specific enolase (NSE) promoter
in mice (58). Immunoprecipitation analysis with the brain tissue
of HA-GPR45 transgenic mice revealed that GPR45 could interact
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Figure 5. Disruption of Gpr45 reduces energy expenditure. (A) ANCOVA-
estimated daily food intake of female (+/+, n = 8; PB1/PB1, n = 7) and male
(+/+, n =9; PB1/PB1, n = 6) mice during the ages between P21 and P33.

Bar graphs showing similar daily food intake in mutants estimated at a
common body weight of 12.58 g and 15.85 g for female and male mice,
respectively. (B) ANCOVA-estimated 24-hour total energy expenditure (EE)
of female (+/+, n = 22; PB1/PB1, n = 22) and male (+/+, n = 22; PB1/PB1,

n = 22) mice during the ages between P21 and P33 at room temperature
(22°C). Bar graphs showing decreased EE in mutants estimated at a com-
mon lean mass of .76 g and 10.155 g for females and males, respectively.
(€) Bar graphs showing reduced 24-hour travel distance but extended
sleeping time in P21 female (+/+, n = 6; PB1/PB1, n = 7) and male (+/+,

n = 8; PB1/PB1, n = 6) mutants. m, distance traveled in meters. (D) Body
temperatures of P14 female (+/+, n = 6; PB1/PB1, n = 6) and male (+/+,

n = 22; PB1/PB1, n = 22) mice after cold exposure (4°C). All data are shown
as the mean + SEM. ***P < 0.001 by ANCOVA analysis (A and B). *P < 0.05
and **P < 0.01 by Student’s t test (C and D).

with JAK2 (Figure 7C). An in vitro binding assay also confirmed
the interaction between JAK2 and a carboxyl-terminal fragment,
but not the third intracellular loop of GPR45 (Figure 7D). Further-
more, chromatin immunoprecipitation (ChIP) analysis revealed
significantly reduced STAT3 recruitment to the Pomc promoter
in the mutant hypothalamus (Figure 7E). Taken together, these
results suggest that the JAK2/STAT3 cascade plays a significant
role in mediating the regulation of Pomc transcription by GPR45.

Elevated POMC signal suppresses GPR45 related obesity. To
obtain further support that POMC signaling is the major down-
stream target of GPR45 in preventing obesity, we performed
intra-third-ventricle injection of melanotan-2 (MTII) in Gpr45
mutants. MTII is a MC3R/MC4R agonist that mimics the effect
of a-MSH to inhibit food intake and promote EE (14, 17, 59). MTII
treatment caused similar amounts of food intake reduction in
both mutant and wild-type mice (Figure 7G). Compared with
those of saline-treated control mice, cumulative food intake after
6-day MTII injection decreased 12% and 14.8% in wild-type and
mutant animals, respectively. In contrast, daily injection of MTII
led to substantially more weight loss in Gpr45¥*5! mice than in
wild-type animals (Figure 7F). Three-day MTII treatment was suf-
ficient to reduce the body weight of Gpr45™/"%! mice to the level
of saline-treated wild-type littermates. After 6 days of injection,
MTII-treated mutant mice lost 11.7% of their original body weight,
while MTII-treated wild-type animals only lost 1.2%. Compared
with those of saline-treated mutants, average weights of perigo-
nadal, retroperitoneal, and interscapular fat mass in MTII-treated
mutants were 52.6%, 63.3%, and 50.3% lower after 6 days of MTII
injection, respectively. In wild-type mice, perigonadal and retro-
peritoneal fat mass in the treated group were 44.5% and 49.8%
lower than those in the control group, respectively. Interscapular
fat mass, on the other hand, was 0.5% higher after MTII admin-
istration (Figure 7H). The more sensitive response of Gpr45r/?5!
mice to a drug activating POMC signaling suggests that GPR45
likely regulates metabolism through this pathway.

Discussion

We observed obesity, hepatic steatosis, and hyperglycemia in
Gpr45 mutant mice. Initially identified as the mammalian ortho-
logue of a putative Xenopus lysophosphatidic acid (LPA) receptor,
GPR45 was later recognized as an orphan GPCR with no response
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Figure 6. Disruption of Gpr45 decreases hypothalamic POMC expression and spontaneous firing rate of POMC neurons. (A) Results of RT-PCR analysis
showing the presence of Gpr45 mRNA in neuronal tissues and the testes of adult mice. (B) Real-time RT-PCR analysis revealed decreased Pomc, but simi-
lar expression of other hypothalamic neuropeptides in P14 mice (n > 4 for each genotype). Expression of Gapdh serves as the internal control to calculate
relative expression levels. (C) Western blots show decreased POMC levels in hypothalami of P14 mice (n = 3 for each genotype). A quantitative comparison
is listed below. Expression of GAPDH serves as the internal control to calculate relative expression levels. (D) Bar graphs showing significantly reduced
Gpr45 and Pomc expression in primary hypothalamic cells from the mutants. Summarized real-time RT-PCR results from 3 independent wells are shown,
with Gapdh serving as the internal control. (E) Knockdown of Gpr45 in primary hypothalamic cells caused down regulation of Pomc. Real-time RT-PCR data
were collected with the same procedure in (D), except for the use of 5 wells in each group. (F) Representative recordings of resting membrane potential

from wild-type (n = 16 from 6 mice) and PB1/PB1 (n = 14 from 3 mice) animals.

(G and H) Statistics for resting membrane potential (G) and spontaneous

firing rate (H) in these recordings. All data are shown as the mean + SEM. *P < 0.05, **P < 0.01, and ***P < 0.001 by Student’s t test.

to LPA (35, 60). Gpr45 is expressed in the CNS of both male and
female mice. Disruption of Gpr45 results in reduced POMC expres-
sion and decreased EE. Intraventricular injection of MTII, an ana-
log of POMC-derived hormones, effectively reverses the obesity
caused by Gpr45 mutations. These results revealed an important
role of GPR45 in energy homeostasis. Due to their functional
diversity and membrane-bound features (61), GPCRs are consid-
ered to be the most attractive drug target candidates, as more than
a third of commercial drugs are generated by modifying the func-
tions of different GPCRs (62). Our results suggest that developing a
GPR45-specific agonist may help the treatment of obesity.

Altered lean mass is not uncommon in obese mice. Although
partial reduction of hypothalamic Pomc transcription in the FVB

jci.org  Volume126  Number9  September 2016

strain resulted in obesity without affecting lean mass (16), most
Pomc mutants generated on 129 and/or C57/BL6 backgrounds
showed both obesity and increased lean mass (19, 63). Since lean
mass is the principal site of glucose disposal, caution is warranted
when interpreting glucose metabolic data in these mutants, espe-
cially if the assays were performed based on the body weight (64).
Gpr45/P5 mice develop obesity along with reduced lean mass
(Figure 2H). Thus, dosing insulin based on the body weight in ITT
tends to result in an underestimation of insulin resistance (Figure
3, C and F), while dosing glucose based on the body weight in GTT
tends to result in an overestimation of glucose intolerance (Fig-
ure 3, G and H). Therefore, we further tested insulin resistance by
hyperinsulinemic-euglycemic clamp, the gold standard for assess-
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Figure 7. GPR45 regulates POMC for its role in energy expenditure. (A and B) Western blots shows decreased phosphorylation of JAK2 and STAT3 in
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protein as the internal control. n = 3 for each genotype. (C and D) Physical interaction between JAK2 and GPR45. Immunoprecipitation (C) by anti-JAK2
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GPRA4S5. In vitro binding assay (D) shows that JAK2 interacts with the carboxyl terminus (GPR45-C tail), but not the third intracellular loop of GPR45
(GPR45-i3). Anti-GST antibody was used to recognize GST-tagged GPR45 fragments. (E) Chromatin immunoprecipitation by anti-STAT3 antibody revealed
reduced STAT3 recruitment to the Pomc promoter in hypothalami of P14 mutants (n = 4). (F and H) Intra-third-ventrical administration of MTII reduced
both bodyweight (F) and fat mass (H) in adult male mutants. gWAT, perigonadal fat; rFWAT, retroperitoneal fat; BAT, interscapular brown fat. (G) MTII treat-
ment reduced food intake in Gpr45 mutants and their wild-type littermates. Five mice were used for each group. Data from saline-treated wild-type mice
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ing insulin sensitivity (Figure 3I). The blood glucose data were
also normalized by lean mass to confirm the conclusion. Since all
other metabolic defects developed after the initiation of obesity
in Gpr45 mutants, we conclude that obesity is the primary physi-
ological defect upon the disruption of Gpr45.

Both decreased EE and obesity found in the Gpr45 loss-of-
function mutants have also been reported in mice carrying hypo-
thalamic deletion of Pomc (18, 63). However, the Gpr45 mutants
do not develop hyperphagia, which is usually observed in Pomc
mutants. This difference could result from dosage variation of
Pome, as loss of Gpr45 caused only partial reduction of POMC
expression in the hypothalamus. Consistent with this explanation,
partial reduction of hypothalamic Pomc transcription has been
shown to cause obesity, but not hyperphagia (16). Alternatively,
the feeding difference between Gpr45 and Pomc mutants may
reflect the heterogeneity of the regulation and function of POMC
signaling in the hypothalamus. In fact, functionally varied POMC

neurons could be further distinguished with different markers.
RNA in situ hybridization has shown that approximately 30% of
POMC neurons express the insulin receptor, while the ratio of
LEPR-positive POMC neurons varied from 32.8% to 89.6% (65,
66). LEPR-positive POMC neurons could not be depolarized by
mCPP, a serotonin 2C receptor agonist, while some LEPR-nega-
tive POMC neurons were depolarized (67). GPR45 may only func-
tion in a subpopulation of POMC neurons, so that partial reduc-
tion of hypothalamic POMC may result from severe impairment of
POMC expression in these cells, or even the loss of these neurons.
Consistent with this assumption, we observed a similar extent of
decrease in food intake after MTII treatment in Gpr45 mutants
and the wild-type mice, which suggests that MTII-related food
intake regulation is unaffected in the mutants. In the same experi-
ment, more severe weight loss in Gpr45 mutants also implies that
a different body weight-controlling mechanism, likely EE regula-
tion, is imbalanced. Although we provided multiple lines of evi-
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dence supporting a critical role for POMC in mediating GPR45-
dependent regulation of energy homeostasis, our data do not lead
to the conclusion that POMC is the only downstream target.

Disruption of GPR45 does not affect food intake. This result
does not exclude the possibility that food uptake may still impact
GRP45 function. A transcriptomic study has reported identical
Gpr45 expression in both POMC and AGRP neurons, which was
not affected by altered food intake (57). This result also does not
exclude the possibility that food intake affects GPR45 function
through a mechanism other than regulation of expression. Given
the broad expression of Gpr45 in neuronal tissues (Figure 6A),
understanding the relationship between food intake and GPR45
function, as well as other GPR45-involved processes, would be
interesting directions for future studies.

In addition to Gpr45, we identified 4 genes that were not
known to be involved in obesity from the pilot screen (Figure 1,
C and D). The gene encoding ephrin receptor B1 (EphbI) is criti-
cal for axon guidance and synaptogenesis in the brain (68). The
Ubr3 gene encodes a ubiquitin protein ligase E3 component that
has been shown to be necessary for olfaction of neonatal mice
(69). The Fbxw2 gene encodes an F-box and WD-40 domain pro-
tein and has been shown to positively regulate ubiquitination of
hGCM]1, a zinc-containing transcription factor involved in placen-
tal and parathyroid development (70, 71). The protein encoded by
Eepd1 is known to interact with CIA1 (cytosolic iron-sulfur protein
assembly component 1) and potentially contribute to the matura-
tion of Fe/S proteins (72). These genes are involved in different
biological processes, showing the complexity of molecular mecha-
nisms underlying obesity.

In recent years, a number of large GWAS efforts have revealed
strong associations between dozens of candidate genes with obe-
sity. However, such studies typically provide little insight into the
disease mechanisms. Furthermore, the genetic risk predicted by
GWASs s far less than estimated heritability in obesity. We applied
an unbiased phenotypic screen strategy in a collection of mouse
mutants. Compared with human populations, inbred mice pro-
vide a purified genetic background that allows easier recognition
of phenotypic changes. Once identified, mutant mice can imme-
diately be used for mechanistic studies. Thus, genetic screens of
mouse mutants provide an efficient complementary approach to
studying the genetic regulation of obesity. With this approach, we
successfully identified 5 genes that were not previously known to
be involved in obesity.

During the primary screen, we identified 14 overweight
mutants from 408 lines. In the subsequent round of analysis, 7
obese mutants were identified. Thus, the overall positive ratio
is approximately 1.7% for the screen. This is likely an underesti-
mation of the loci involved in obesity for the following reasons.
First, PB insertions often cause loss-of-function mutations, so
that genes stimulating fat deposition are expected to be underrep-
resented in the primary screen for overweight mutants. Second,
the current pipeline relies on body weight alteration to find obe-
sity loci, so that mutations only affecting body composition would
not be recognized. In fact, body weight may not be the best screen
criterion, since mutations of metabolic regulators may not change
body weight. For example, Mc3r knockout mice display significant
obesity but normal body weight (20). In addition, our pilot screen
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did reveal imperfect repeatability of body weight in Fshr and Eepdl
mutants. Implementation of more sensitive phenotyping tech-
niques, such as body composition analysis, in the primary screen
should help to identify more genes involved in obesity.

Methods

Mice. All mutants were generated on the FVB/NJ background and
maintained on 12/12-hour light/dark cycles. Mapping information of
PB insertions in Gpr45 and other genes can be found in the PBmice
database (idm.fudan.edu.cn/PBmice).

General physiology and behavior tests. Mice were weighed and
placed in a miniSpec NMR instrument (Bruker) to measure the quan-
tity and ratio of body fat, lean, and liquid compositions. Before plasma
hormone tests, a fasting period of 4 or 6 hours was applied to 4- or
12-week-old mice, respectively. Blood samples were then collected
form the orbital sinus and analyzed with Mouse Leptin and Insulin
Ultrasensitive ELISA Kits (Crystal Chem, Inc.). For fecal energy tests,
fecal pellets were collected for 24 hours from individually housed
mice, dried at 60°C for 3 days, and burned in a bomb calorimeter
(Heitersheim). Benzoic acid (BHD Limited) was used as a thermo-
chemical standard. To score travel distance and sleeping time, mice
were acclimated in a HomeCageScan system (Clever Sys, Inc.) for
24 hours before another 24-hour recording. Sleep is recognized as a
period of inactivity for more than 30 seconds (73). The SHIRPA analy-
sis was performed according to a previously described protocol (74).
Investigators were blinded to genotypes during assessments with the
help of well-trained technicians.

Metabolic assays. For GTTs, 12-week-old mice were fasted for
16 hours before receiving intraperitoneal injection of 20% glucose
saline solution (2 g glucose per kg body weight). Tail vein blood was
sampled at 0, 15, 30, 45, 60, 90, and 120 minutes after injection,
and analyzed with a Onetouch Ultra blood glucose monitoring sys-
tem (LifeScan). For the ITTs, 15-week-old free-fed mice received an
intraperitoneal injection of insulin (Humulin, Lilly) (0.75 U/kg body
weight), then had tail vein blood glucose levels measured 0, 15, 30,
45, and 60 minutes later. For the hyperinsulinemic-euglycemic clamp
experiments, indwelling catheters were implanted into the right
internal jugular vein of sampled mice. After 5 days of recovery, mice
were fasted overnight and then studied in a restrainer. The clamp
was initiated with continuous infusion of human insulin (18 mU/
kg-min) for 120 minutes. Physiological blood glucose level (6.7-7.2
mM) was maintained by measuring blood glucose every 10 minutes
and adjusting the infusion rate of 20% glucose. The glucose infusion
rate data were collected after a 90-minute equilibration period. To
measure total EE and respiratory quotient, an indirect calorimetric
system from Promethion was used to house animals supplied with the
standard chow diet at 22°C. Mice were recorded for 48 hours after a
24-hour cage acclimation. To measure body temperature alterations
in the cold environment, P14 mice were individually housed at 4°C
with no food but plenty of water. Rectal temperatures were recorded
with a thermoprobe at 0, 1, and 2 hours after cold exposure. The mice
were euthanized immediately at the end of the test.

Histology and immunohistochemistry. To examine hepatic ste-
atosis, 10-um frozen liver sections were prepared from 4% parafor-
maldehyde-fixed (PFA-fixed) tissues and stained with hematoxylin
and 0.5% Oil red O. To check gene expression in the hypothalamus,
brains from transcardially perfused mice were postfixed overnight
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with 4% PFA, cryoprotected by incubating in 30% sucrose at 4°C for
2 days, and sectioned at a thickness of 25 pm for immunostaining.
Rabbit anti-POMC (Phoenix; catalog H02930; 1:800) and donkey
anti-rabbit Alexa Fluor 488 (Invitrogen; catalog A-21206; 1:1,000)
antibodies were used for POMC. Images were collected using a
Zeiss LSM510 microscope.

PCR and Western blot. Total RNA was extracted with TRIzol
(Invitrogen) and reverse transcribed (Takara) for RT-PCR. Real-
time PCR was performed using Brilliant QPCR Master Mix (Agile-
nt) following the manufacturer’s standard-curve method. Relative
expression of each target gene was calculated by comparison to the
expression of mouse Gapdh, and presented as relative to the average
ratio of wild-type littermates, which is arbitrarily defined as 1. Four
to six animals were examined for each genotype. Without further
notification, groups with equal numbers of samples were scored
in each experiment.

For Western blot, cells were homogenized in ice-cold RIPA buf-
fer and centrifuged at 15,000 g. The supernatant was resolved by 10%
SDS-PAGE, electrotransferred to a PVDF membrane, and probed with
the following antibodies: goat anti-POMC (Abcam; catalog ab32893;
1:500), rabbit anti-pJAK2-Tyr'°9710% (Cell Signaling Technology; cata-
log3776;1:1,000), rabbit anti-JAK2 (Cell Signaling Technology; catalog
3230;1:1,000), rabbit anti-pSTAT3-Tyr" (Cell Signaling Technology;
catalog 9145; 1:1,000), rabbit anti-STAT3 (ABclonal; catalog A1192;
1:500), mouse anti-HA (Covance; catalog MMS-101P; 1:2,000), rab-
bit anti-GST (Sangon Biotech; catalog AB10271; 1:4,000), goat anti-
rabbit IgG-HRP (Santa Cruz Biotechnology; catalog sc2004;1:4,000),
bovine anti-goat IgG-HRP (Santa Cruz Biotechnology; catalog sc2352;
1:4,000) and goat anti-mouse IgG-HRP (Santa Cruz Biotechnology;
catalog sc2005; 1:4,000) antibodies. Blotting images were acquired
with a Tanon-5200 imaging system. Densitometric quantification of
the target protein was determined by Image J (NIH) and compared
with the internal control to determine the relative expression value.
The average relative expression value of each genotype is presented as
relative to that of the wild-type littermates, which is arbitrarily defined
as 1. The internal controls used for POMC, pJAK2, and pSTAT3 were
GAPDH, JAK2, and STATS3, respectively. The representative blots
were selected from 3 repeated experiments, with 3 mice of each geno-
type in each experiment.

¢DNA cloning and plasmid construction. To clone mouse Gpr45,
total brain RNA was reverse transcribed (Takara) for RT-PCR accord-
ing to the manufacturer’s protocol. Full-length cDNAs were cloned into
PGEM-T vector and subcloned into the EcoRI site of the pcDNA4.0-
HA vector. An Nhel/EcoRV fragment was then inserted into the
HindI1I site of pNSE to generate the HA-GPR45 transgenic mice (75).

To clone the GST fusion proteins containing the third intracel-
lular loop (aa 220-265; GST-GPR45-i3) or the carboxyl terminal (aa
328-373; GST-GPR45-C tail) of GPR45, flag-tagged GPR45 fragments
from pNTAP were subcloned into pGEX-4T1.

To clone His-fused JAK2, the full-length mouse JAK2 cDNA (a
gift from Nan Li, The Second Military Medical University, Shanghai,
China) was cloned with a double Not1/BamHI digestion into pET32a.

Coimmunoprecipitation and in vitro binding assay. For coimmuno-
precipitation analysis, protein was prepared from mouse brains with
TNP buffer (50 mM Tris-HCl [pH 7.4], 150 mM NacCl, and 1% NP-40),
Protein A/G Agarose (Santa Cruz Biotechnology; catalog sc-2003), and
rabbit anti-JAK2 antibody according to the manufacturer’s protocol.
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For in vitro binding assays, pure GST, recombinant GST-GPR45-
i3, GST-GPR45-C tail, and His-JAK2 proteins were expressed in Ros-
setta bacteria, purified by Glutathione Sepharose (GE Healthcare) or
Ni-NTA (QIAGEN) resin according to the manufacturer’s protocol.
Purified proteins were incubated together at 4°C for 1.5 hours, PBS
washed, and analyzed by Western blot.

ChIP assay. ChIP assays were performed using a SimpleCHIP Plus
Enzymatic Choromatin IP Kit (Agarose beads) following the manufac-
turer’s instructions (Cell Signaling Technology; catalog 9004). Cross-
linked protein-DNA complexes were precipitated by incubating with
rabbit anti-STAT3 (Cell Signaling Technology; catalog 4904; 1:50) or
rabbit IgG (negative control) overnight and then with Protein G Aga-
rose beads for 2 hours. The purified DNA fragments including STAT3-
binding elements were quantitatively analyzed by real-time PCR with
primers against the Pomc promoter following the standard-curve meth-
od (Supplemental Table 3) (76). The standard curves were created by
serial dilution of 2% input chromatin DNA. The values of chromatin
DNA precipitated by STAT3 antibody were normalized to those pre-
cipitated by normal rabbit IgG, which is arbitrarily defined as 1.

Intra-third-ventrical infusion. A cannula with an obturator stylet
inside (RWD Life Science Co., LTD) was implanted into the third ven-
tricle of 8-week-old male mice as described (77). After 1 week of recov-
ery, mice received daily intraventricle injection of 1 pg MTII 1 hour
before the dark phase. Food was weighed every day 1 hour before MTII
administration. At the end of the study, 2 pl methylene blue was infused
into the animal to confirm the correct position of drug administration.

Primary hypothalamic neuron culture. Fetal hypothalami were
isolated between embryonic days 16.5 and 18.5, minced in ice-cold
1x HBSS, and digested in 0.125% trypsin-EDTA at 37°C for 20-30
minutes. Tissue blocks were gently pipetted in DMEM with 10% fetal
bovine serum until no clumps remained. Suspended cells were filtered
through 70-um cell strainers (Corning), incubated in poly-D-lysine-
coated (Sigma-Aldrich) wells for 4 hours, and cultured in neurobasal
media (Invitrogen) containing 2% B27 (Invitrogen) and 2 mM L-glu-
tamine for 7 days. Finally, cells were transfected with siRNA by Lipo-
fectamine RNAIMAX (Invitrogen) and analyzed 72 hours later.

Electrophysiology. Whole-cell patch clamp recordings of neurons
from P14 male mice were performed as previously described (78,
79). Briefly, pups were decapitated and blocks of tissue containing
the arcuate nucleus were placed in artificial cerebrospinal fluid solu-
tion (125 mM NaCl, 25 mM NaHCO,, 3 mM myo-inositol, 2 mM Na-
pyruvate, 2.5 mM KCI, 1.25 mM NaH,PO,, 0.4 mM ascorbic acid, 25
mM glucose, 3 mM MgCl,, and 0.05 mM CaCl,). Brain slices of 250
um thickness were prepared using a Leica VT 1200s vibratome and
recovered at 37°C with 95% O, and 5% CO, for 60 minutes before
experiments. Electrophysiological recordings were made at room
temperature (22°C-24°C). Current-clamp recordings of action poten-
tials were made with an EPC 10 amplifier using pipettes (2.5-3.5
MQ) containing 125 mM K-gluconate, 20 mM KCl, 4 mM Mg-ATP,
10 mM Na_-phosphocreatine, 0.3 mM GTP, 10 mM HEPES, and 0.5
mM EGTA (pH 7.2, adjusted with KOH). The series resistance was
maintained at lower than 10 MQ and the holding current at -70 mV
was smaller than 100 pA. After recording, the content of the neuron
was aspirated into the recording pipette and expelled into a test tube
containing 9 ul Single Cell Lysis Solution (Ambion, catalog 4458235)
and reverse transcribed by SuperScript III RT transcriptase (Invitro-
gen, catalog 11754-050) following the manufacturer’s instructions.
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Nested PCRs were then performed to confirm the expression of
Pomc (Supplemental Table 3).

Statistics. Food intake and EE data were analyzed by ANCOVA
followed by 2-tailed Student’s ¢ test as previously described (80).
Body weight and lean mass were employed as a covariant for food
intake and EE, respectively. A gradient for each group was created
and all individual data points slid along imaginary parallel lines until
they all grouped together at the average covariant. The intercepts
were then calculated and compared between 2 genotypes. Real-time
EE data were analyzed by 2-way ANOVA. SHIRPA data were analyzed
by a nonparametric Mann-Whitney U test. Other data were compared
by unpaired 2-tailed Student’s ¢ test, and shown as the mean + SEM.
In the primary screen, body weights of homozygous mutants were
compared with those of age- and sex-matched heterozygous mice in
the control group. The control group consisted of 40 heterozygous
animals hitting different genes, all examined no later than the latest
test date of the homozygotes. Overweight mutants were identified if
P was less than 0.01. Starting with the secondary screen, all parame-
ters were compared between homozygous mice and their littermates
with at least 3 mice in each group. A P value less than 0.05 was con-
sidered statistically significant.

Study approval. Mice were treated with protocols approved by the
Animal Care and Use Committee of the Institute of Developmental
Biology and Molecular Medicine, Fudan University.
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