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Abstract

In a screen for genes that affect the metabolic response to high-fat diet (HFD), we selected one line of N-ethyl-N-nitrosourea
(ENU)-mutagenized mice, Jll, with dominantly inherited resistance to diet-induced obesity (DIO). Mutant animals had
dramatically reduced body weight and fat mass, and low basal insulin and glucose levels relative to unaffected controls.
Both white adipose tissue (WAT) and brown adipose tissue (BAT) depots were smaller in mutant animals. Mutant animals
fed a HFD gained only slightly more weight than animals fed regular chow, and were protected from hepatic lipid
accumulation. The phenotype was genetically linked to a 5.7-Mb interval on chromosome 12, and sequencing of the entire
interval identified a single coding mutation, predicted to cause a methionine-to-isoleucine substitution at position 279 of
the Adcy3 protein (Adcy3M279I, henceforth referred to as Adcy3Jll). The mutant protein is hyperactive, possibly constitutively
so, producing elevated levels of cyclic AMP in a cell-based assay. These mice demonstrate that increased Adcy3 activity
robustly protect animals from diet-induced metabolic derangements.
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Introduction

Obesity is both a national and worldwide epidemic. The

prevalence of obesity (body mass index (BMI) .30) is greater than

30% in the United States, and is even higher in some parts of the

world with the highest prevalence in the Pacific Islands [1].

Obesity increases the risk of heart disease, type 2 diabetes,

hypertension, stroke, colon cancer, and early mortality [2,3].

Complex genetic and environmental factors affect the risk of

developing obesity. Evidence for a genetic contribution to obesity

comes from animal models, monogenic obesity in humans, twin

and adoption studies, and genome-wide association studies

(GWAS). Single-gene mutations that cause obesity in mice or rats

have long been known, establishing clearly that genetic mutations

can cause obesity, and elucidating the pathways that control

energy homeostasis [4]. Central among these is Leptin, which is

produced by adipose tissue in proportion to total body fat and acts

in the hypothalamus to regulate energy intake and expenditure

[5]. Cases of monogenic human obesity have been traced to

mutations in LEPTIN, genes in the leptin signaling pathway, and

other genes not directly implicated in leptin biology [6]. In the case

of prohormone convertase 1 (PC1), monogenic obesity was

identified in humans before a corresponding, obesity-causing

mutation was identified in mice [7,8]. While these studies establish

a genetic cause in rare, severe obesity, evidence for a genetic

contribution to common obesity comes from adoption and twin

studies, which show that 60–80% of variation in BMI is hereditary

[9]. GWAS have identified many known and novel genes that

contribute to variation in BMI. The genetic variants identified by

GWAS so far, however, account for only a small percentage of the

heritability in BMI [10].

One of the obesity loci identified by GWAS maps at or near the

ADCY3 gene, which encodes a member of the adenylate cyclase

(AC) family of proteins [11–14]. Additional genetic evidence

supports an association between ADCY3 variation and obesity in

both Swedish and Han Chinese populations [15,16]. Animal

models have also highlighted the importance of Adcy3 signaling in

energy homeostasis, with Adcy3-/- mice having more fat mass

under basal conditions and being more susceptible to obesity

induced by high-fat feeding [17].

Proteins of the AC family catalyze the production of cAMP, a

second messenger in many signal transduction pathways. Cyclic

AMP is involved in the control of energy homeostasis by many

neurotransmitters and (neuro)endocrine peptides including a-

melanocyte-stimulating hormone (a-MSH), the Orexins, GLP-1,

Ghrelin, and others [18,19]. Signaling from b-adrenergic recep-

tors causes elevated cAMP and subsequent lipolysis in WAT and

BAT; mice lacking all three b-adrenergic receptors (b1-, b2-, and

b3-AR) have reduced metabolic rate and are slightly obese on

chow, and massively obese on HFD [20]. Conversely, b3-

adrenergic stimulation by a synthetic ligand promotes energy

expenditure and protects against diet-induced obesity in both mice

and primates [21]. Cyclic AMP responsive element binding

protein (Creb) and Creb-regulated transcription co-activator 1 and
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3 (Crtc1 and 3) mediate transcriptional responses to cAMP. Crtc3

is important in attenuating b-adrenergic signaling in adipose tissue

as Crtc3-/- mice have an increased response to catecholamine and

are resistant to DIO [22]. Crtc1, on the other hand, is required for

proper Leptin response within the hypothalamus and Crtc1-/- mice

fail to up-regulate the anorexigenic peptides Cartpt and Kiss1 in

response to leptin, and are hyperphagic and obese [23].

Upon activation of beta-adrenergic receptors, heterotrimeric G-

proteins dissociate and the a subunits signal to effector molecules.

GSa – encoded by the Gnas gene - is the stimulatory subunit that

activates AC to promote production of cAMP. Deletion specifi-

cally of GSa leads to mice that are obese and insulin resistant [24].

Knockout of Adcy3 itself also leads to obesity in mice [17]. cAMP

activates cAMP-dependent protein kinase (PKA), which is

composed of two regulatory and two catalytic subunits. cAMP

binds the regulatory subunits causing their dissociation from the

catalytic subunits, which are then activated. Knockout of RIIb, a

regulatory subunit of protein kinase A, leads to increased cAMP

signaling and a lean mouse that is resistant to genetic or diet-

induced obesity [25,26].

Thus, human genetics and animal models have converged on

cAMP signaling in general, and Adcy3 in particular, as central

players in energy homeostasis. Here we describe a novel allele of

Adcy3, identified through forward genetic screening of mutagen-

ized mice, which protects mice from diet-induced obesity. No

difference in food intake was found between mutant mice and their

wild-type littermates, but mutant mice expended more energy.

The mutant allele was hyperactive relative to the wild-type allele in

generating cAMP in response to forskolin.

Materials and Methods

Animals and ENU mutagenesis
This study was carried out in strict accordance with the

recommendations in the Guide for the Care and Use of

Laboratory Animals of the National Institutes of Health. The

protocols were approved by the Institutional Animal Use and Care

Committee of the Scripps Research Institute or Genomics Institute

of the Novartis Research Foundation. All mice were housed under

a standard 12-hour light cycle with free access to food and water.

A subset of mice were given a HFD, which derived 60% of its

calories from fat (TD.06414, Teklad), beginning at three to five

weeks of age and for the duration of the experiment. ENU

mutagenesis and breeding of mutant animals have been described

[8,27].

Histology
Animals at the eighth generation of backcross to the C57BL6/J

(B6) background were sacrificed after twelve weeks on HFD (17

weeks of age), or after continued observation of growth at one year

of age. Tissues were excised and fixed in formalin for later

sectioning and staining with hemotoxylin and eosin. Sectioning

and staining were performed by the TSRI Histology core.

Adipocyte cross-sectional area was measured by light microscopy

of stained sections using ImageJ software with manual selection of

cells.

Mapping and identifying the gene responsible for the Jll
phenotype

The affected (Jll) family was identified in ENU-mutagenized B6

mice and backcrossed to B6 to demonstrate heritability of the Jll
phenotype. Mice with the Jll phenotype were also outcrossed to

129S1/SvIMJ (129) mice and progeny were selected based on

NMR-assessed total body fat content for mapping of the Jll

phenotype, as previously described [28]. Based on a 5.7-Mb

interval on chromosome 12 defined by genetic mapping, an

interval-spanning capture array of tiled genomic fragments was

designed by Nimblegen [29]. Libraries prepared from genomic

DNA from a single homozygous Jll mutant animal was captured

on the Nimblegen array. Captured DNA was sequenced using 454

pyrosequencing [30].

The sequence accession numbers used in murine adenylate

cyclase and cross-species Adcy3 ortholog alignments were Mm

Adcy1 (gene ID 432530), NP_033752.1; Mm Adcy2 (gene ID

210044), NP_705762.2; Mm Adcy3 (gene ID 104111),

NP_612178.2; Mm Adcy4 (gene ID 104110), NP_536683.1;

Mm Adcy5 (gene ID 224129), NP_001012783.3; Mm Adcy6

(gene ID 11512), NP_031431.2; Mm Adcy7 (gene ID 11513),

NP_001032813.1; Mm Adcy8 (gene ID 11514), NP_033753.2;

Mm Adcy9 (gene ID 11515), NP_033754.2; Hs ADCY3 (gene ID

109), NP_004027.2; Rn Adcy3 (gene ID 64508), NP_570135.2;

Am Ac3 (gene ID 408363), NP_001071276.1; Dm Ac3 (gene ID

35419), NP_001014496.1.

Plasmid DNA used and cAMP response assay
Full-length mouse Adcy3 cDNA was obtained from Origene. A

cAMP-responsive element-luciferase reporter gene was obtained

from the Montminy lab [31]. Transient transfections of human

hepatoma HuH7 cells were performed as follows. Exponentially

growing cells were seeded onto a 96-well plate. The following day,

cells were transiently transfected with a cocktail of the CRE-

luciferase reporter and a pcDNA6-2 6 FLAG-tagged expression

vector (empty vector, wild-type Adcy3, or Adcy3Jll) using

Lipofectamine 2000 (Life Technologies). The next day, all wells

were switched to 100 ml per well fresh DMEM/10% FBS, plus

either DMSO or forskolin (0.2 mM, 1 mM, 5 mM final concentra-

tions). Forskolin was serially diluted in DMSO to 1006 final

concentration, and the same volume of DMSO or DMSO +
forskolin was added to each well. After a five-hour incubation in

this media, all wells were harvested and luminescence assessed

using BrightGlo luciferase reagent (Promega) and an Acquest

luminometer (Molecular Devices).

qPCR
Tissues were dissected and placed in Trizol (Sigma) on ice, prior

to homogenization and RNA preparation according to the

manufacturer’s instructions. RNA abundance was measured by

quantitative PCR, using an ABI 7900 HT, as described [28].

Body composition analysis
Male and female wild-type and heterozygous Jll littermates

(N = 2 to 4 in each group), were weaned and placed on HFD at

five weeks of age. Body weight and body composition were

assessed at two-week intervals from 5 to 17 weeks, or at six- to

eight-week intervals from 17 to 54 weeks. Fat and lean mass of live

mice was measured by NMR on an EchoMRI 3-in-1. Following

completion of body composition analysis at 54 weeks, animals

were sacrificed, and fat pads and other tissues were dissected for

RNA analysis.

Plasma metabolite and protein determinations
Animals were fasted for six hours prior to orbital bleed. Blood

was collected by retro-orbital bleed and stored on ice in EDTA

tubes. Plasma was assessed for leptin, insulin, glucose, and

cholesterol levels by ELISA (insulin, leptin), or using an Olympus

AU400 Autoanalyzer (glucose and cholesterol) as described [28].

Adcy3 Protects from Diet-Induced Obesity
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Whole-animal metabolic measurements (indirect
calorimetry)

Animals used were males, either wild-type (N = 7) or Adcy3Jll/+

heterozygous (N = 6), from the sixth generation of outcrossing to

129. Animals were weaned onto regular chow (not HFD) to

minimize differences due to obesity. All animals were nine weeks

old at the start of the experiment. Animals were housed separately

for the experiment, and allowed to acclimate to new cages before

the observation period. After an initial three-day acclimation

period, observation and measurement lasted seven days, and took

place at the TSRI Mouse Behavioral Assessment Core.

Statistical Analysis
All statistical analyses were done by Student’s t-test. In mice, all

comparisons were within sex to wild-type mice. In other cases the

relevant comparisons are described in the figure legend. Statisti-

cally significant differences are noted.

Results

Jll mutation dominantly suppresses diet-induced obesity
The Jll phenotype was initially identified by screening families

of ENU-mutagenized C57BL/6J mice for changes in body

composition or fasting plasma insulin. All animals were placed

on HFD at 4 weeks of age and then assessed for total body weight,

fat mass, and insulin levels at 12 weeks of age. Family 755 was

enriched for mice with low fat mass despite eight weeks of high-fat

feeding (Figure 1A, left panel). The same mice also had low fasting

insulin levels (Figure 1A, right panel).

Affected mice were either backcrossed to B6, to maintain

mutant mice on a pure B6 background with minimal contributions

from other ENU-induced mutations, or outcrossed to 129, to map

the Jll mutation on a hybrid B6.129 background. Since successive

litters of outcrossed B6 mice contain roughly 50% affected animals

(Figure S1A), the Jll phenotype appeared to be dominantly

inherited, such that mice heterozygous for the mutation were

resistant to HFD-induced obesity.

Jll mutant mice have less fat and improved metabolic
parameters

The dominant Jll mutation was mapped by outcrossing an

affected (resistant to DIO) mouse from family 755 to 129.

Outcrossing the affected F1 progeny to 129 generated N2 and N3

mice, which allowed genetic mapping of the mutation. Whole-

genome scans were performed on B6.129 N2 and N3 mice, and

resistance to DIO was compared to inheritance of B6-specific

single nucleotide polymorphisms (SNPs). This revealed a strong

correlation between inheritance of the low-fat-mass phenotype and

inheritance of B6-specific SNPs from an approximately 5.7- Mb

interval of chromosome 12, from 3.9 to 9.6 Mb (Figure S1B). This

genomic region defined the minimal Jll mutant interval. These

SNP markers were then used to tag the mutated locus and allow

further characterization of the Jll phenotype on the B6.129 hybrid

background.

Twelve-week-old Jll heterozygous animals had significantly

lower body weights and fat mass than did their wild-type siblings

(p,0.001, Figure 1B), after eight weeks of high-fat feeding,

without a difference detectable in lean mass. Genotype-specific

differences in body and fat mass were much larger in males than

females. Mice homozygous for the Jll-containing mutant interval

also had significantly lower total body mass and fat mass than wild-

type mice (p,0.001, Figure 1B). Homozygous Jll/Jll mice did not

significantly differ from Jll/+ mice in body composition, confirm-

ing a dominant phenotype (Figure 1B). We therefore compare

Jll/+ heterozygous animals to their wild-type counterparts

hereafter.

Both males and females heterozygous for Jll have substantially

reduced percent body fat (fat mass as a percentage of total body

mass, p,0.001, Figure 1C). Other metabolic parameters were also

notably improved in B6.129 Jll mutant mice: fasted plasma leptin

levels were dramatically lower in Jll heterozygous males (five-fold)

and females (three-fold) relative to wild-type at p,0.001

(Figure 1D); and fasted levels of plasma insulin were significantly

lower in Jll/+ animals than in their wild-type counterparts (p,

0.001, Figure 1E). Despite the near-50% reduction in insulin

levels, however, fasted plasma glucose levels were slightly lower in

Jll heterozygous males versus wild-type males (p,0.05), and no

difference was detectable in females (Figure S2A). No significant

changes in plasma triglycerides, total cholesterol, or HDL

cholesterol concentrations were detectable in Jll heterozygotes

(Figures S2B–D).

Jll is a Met-to-Ile mutation in Adcy3
Since the inheritance of the B6 alleles at the chromosome 12

locus reproducibly associated with the Jll mutant phenotype, we

analyzed genomic DNA from a mouse homozygous for B6

markers across this interval, using next-generation sequencing to

assess single base changes across the entire 5.7-Mb Jll region.

Sequencing reads were then compared to GenBank reference

genomic sequence to identify potential mutations. Table 1 lists all

sequence variants present in at least five total reads, in which

departure from reference sequence was present in at least 75% of

reads.

Eleven variants meeting this standard were present, of which

only one was present in protein-coding sequence, a G-to-A

transition at base 827 of mouse Adcy3 (Table 1). This resulted in a

methionine-to-isoleucine change at amino acid 279 (Figure 2A),

which mapped to a relatively conserved region among mouse

adenylate cyclases (Figure 2B, upper panel). The analogous region

has been shown to be important for activity in other ACs. Met279

sits between the sixth transmembrane domain and the first

catalytic C1 region, lying 10 amino acids amino-terminal to a

known GSa -contacting residue [32]. Surprisingly, the particular

amino acid at this position is not absolutely conserved among

distant Adcy3 orthologs: while proximal amino acids are mostly

invariant, and while Met279 is conserved in other vertebrates,

both honeybees (Apis mellifera) and fruit flies (Drosophila
melanogaster) have a leucine at this position (Figure 2B, lower

panel).

In order to verify that this mutation does, in fact, confer the Jll
phenotype, body composition was measured in mice from the

original (B6 background) family 755, that had been backcrossed to

B6 for five generations. When maintained on HFD, mice

heterozygous for the Adcy3M279I mutation had significantly lower

total mass (p,0.001), absolute fat mass (p,0.001), and relative fat

mass (p,0.001 for males and p,0.05 for females) than their wild-

type littermates (Figure 2C, D). This is true for both males and

females, and is indistinguishable from the Jll phenotype observed

in the mixed B6.129 background. The Adcy3M279I mutation is

therefore henceforth referred to as Adcy3Jll.

Jll mice do not expand their adipose tissue in response to
HFD

To investigate the dynamic changes in body composition

between Adcy3+/+ and Adcy3Jll/+ mice during growth, we placed

mice on HFD for twelve weeks beginning at five weeks of age.

Mice normally gain lean mass during growth and when challenged

Adcy3 Protects from Diet-Induced Obesity
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with HFD, male and female Adcy3+/+ also rapidly gained fat mass

(Figure 3A). Their Adcy3Jll/+ littermates however, did not accrue

fat mass despite an almost identical gain in lean mass. Both male

and female Adcy3Jll/+ mice had significantly lower total body

weights and fat mass, compared to wild-type controls, after as little

as four weeks on HFD. These differences grew even more

pronounced as the 12-week-HFD analysis period progressed, with

the fat mass in wild-type animals increasing more than 10-fold,

while that in Adcy3Jll/+ mice remained virtually unchanged

(Figure 3A). The difference in fat mass was also evident in

dissected gonadal (gWAT, p,0.001) and inguinal (iWAT, p,

0.01) fat pads (Figure S3B).

Cells in interscapular BAT were smaller in mutant than in wild-

type mice, presumably due to a lesser accumulation of lipid on

HFD (Figure 3B). A similar reduction of cross-sectional adipocyte

area was also observed in heterozygous Jll white adipocytes from

both the gonadal (p,0.001) and inguinal (p,0.01) white fat

depots (Figure 3B and Figure S3C). We did not see evidence for

Figure 1. Identification and phenotype of the Jll allele. A. Individual fat mass (left panel) and insulin (right panel) values for selected mouse
families from the ENU screen; family 755 (Jll) is marked with arrows. Each square represents a single mouse; individuals within a family are in the same
column and are the same color. B. Phenotypes for B6.129 Jll mice. Genotypes reflect homozygosity for 129-specific allele SNPs (WT, black)
heterozygosity for B6 and 129 SNPs (HET, gray), or homozygosity for B6-specific SNPs (MUT, green). Note that mice homozygous for the ENU-induced
mutation do not significantly differ from heterozygotes. C. Overall percent body fat is lower in Jll mutant animals in the B6.129 hybrid background.
D–E. Fasted plasma leptin (D) and insulin (E) concentrations are significantly lower in 3-month-old male heterozygotes than in their wild-type
littermates. The graph is colored and labeled as in (B). All data are shown as mean +/2 SEM, ***, p,0.001 by Student’s t-test.
doi:10.1371/journal.pone.0110226.g001
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‘browning’ of WAT in mutant mice by either histology, or by

qPCR analysis of Ucp1, Dio2 or Pgc1a (Figure S3D). While there

is a slight trend toward increased expression of the BAT-specific

genes Ucp1 and Dio2 in gWAT and iWAT, this trend does not

reach statistical significance and is not apparent for Pgc1a.

Finally, hepatic steatosis is common in mice maintained on

HFD for extended periods, and hematoxylin and eosin staining

showed liver pathology consistent with steatosis in WT males after

extensive HFD feeding (Figure 3B). In contrast, HET littermates

were largely protected against steatosis (Figure 3B, right-most

panels).

Whole-body metabolic measurements: Jll mice are more
active and expend more energy

To better understand the effects of the Jll mutation on overall

metabolism, we analyzed a total of 13 mice (seven wild-type and

six Adcy3Jll/+ heterozygous animals) for seven days using the

Oxymax Comprehensive Live Animal Monitoring System. We

chose young, age-matched animals that had been raised on chow,

in an attempt to minimize changes in activity resulting from

obesity, and better focus on the primary effects of the Jll mutation.

The animals chosen did not differ significantly in overall body

weight (Figure 4A), nor did we find a difference in food

consumption between Adcy3+/+ and Adcy3Jll/+ mice (Figure 4B).

There was however a small, but statistically significant, difference

in activity that was detectable only during the dark phase (p,0.05,

Figure 4C). This may explain the increased energy expenditure

(VO2) we observed in Adcy3Jll/+ compared to Adcy3+/+ mice,

which was also detectable only in the dark phase (Figure 4D). This

trend is more apparent when measured over a 48-hour period (p,

0.05, Figure 4E).

Adcy3Jll encodes a gain-of-function adenylate cyclase
Adenylate cyclase is activated by GSa, which promotes the

interaction of the cytoplasmic 1 and 2 domains (C1 and C2,

respectively). Forskolin is a small-molecule activator of AC and

acts similarly to GSa, in that both forskolin and GSa promote the

association of the C1 and C2 domains [32]. The Jll mutation

(M279I) is just upstream of C1, near the binding sites for GSa and

forskolin. The functional activity of wild-type and Jll alleles of

Adcy3 in response to forskolin were measured in a reporter gene

assay in which wild-type or mutant Adcy3 expression plasmids

were co-transfected into HuH7 cells along with a cAMP

responsive element- (CRE-) luciferase plasmid. Luciferase activity

was used as a stand in for cAMP production. At low forskolin

concentration (0.2 mM), cAMP production by Adcy3Jll was slightly

greater than that of Adcy3+ (p,0.01), which in turn was similar to

cells transfected with empty expression vector (Figure 5). Forskolin

increases cAMP production in cells transfected with any of the

three expression constructs, but cells expressing Adcy3Jll are more

responsive to forskolin than cells expressing Adcy3+ (p,0.01),

demonstrating higher activity of the Jll allele, and consistent with

the dominant nature of this allele.

Discussion

We have identified a dominant, gain-of-function point mutation

in a component of the cAMP signaling pathway that promotes

whole-body energy metabolism. Mice carrying one or more

Adcy3Jll mutant alleles are protected from high fat diet-induced

obesity, are more active, and have lower circulating leptin and

insulin levels. We did not detect a difference in plasma TG

between WT and HET mice on HFD, suggesting that VLDL

production by the liver is normal and supporting the idea that the
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difference between genotypes is in lipid catabolism. The Adcy3Jll

mutation, though coding for a conservative amino acid substitu-

tion, increases Adcy3 activity in response to forskolin.

Following ligand engagement of a G protein-coupled receptor,

cAMP acts as a second messenger when AC is activated by GSa.

Cyclic AMP then activates cAMP-dependent protein kinase

(PKA), which phosphorylates many substrates that affect energy,

glucose, and lipid metabolism. The energy metabolism pathways

affected by cAMP include a-MSH, MCH, and the b-adrenergic

pathway, all of which are important intermediates in leptin

signaling in the hypothalamus. While Adcy3 expression is highest

in BAT, it is also expressed in several regions of the brain,

including hypothalamus. Furthermore, Jll mice show no clear

expansion of or increased activity – at the level of Ucp1 or Dio2
induction in BAT and no ‘‘browning’’ of WAT (Figure 3 and

Figure S3). The site of action of Adcy3Jll therefore remains

unresolved, though BAT and/or hypothalamus are likely candi-

dates.

Uncertainty over the critical affected organ is also apparent for

Prkar2b knockout mice, which, like Adcy3Jll mice, are lean and

protected from genetic and diet-induced obesity [25,26]. Prkar2b
encodes RIIb, which is a regulatory subunit of PKA. Its knockout

leads to an isoform switch from type II to type I PKA, which binds

cAMP more avidly and is more readily activated. Ucp1 is induced

in Prkar2b knockout mice and metabolic rate and temperature are

increased [25]. Double knockout mice, however, lacking both

RIIb and Ucp1, retain the lean, resistant-to-DIO phenotype [33].

Ucp1 therefore is not necessary for the phenotype and BAT may

not be involved. Indeed, re-expression of RIIb in neurons but not

adipocytes reversed the resistance-to-DIO phenotype, indicating

that the brain is the critical site of cAMP signaling in Prkar2b
knockout mice [34].

Figure 2. Jll is Adcy3M279I. A. Trace files from Adcy3 exon 3 sequencing of PCR products amplified from wild-type (WT, upper trace) and
heterozygous Jll mutant (HET, lower trace) genomic DNA. The resulting amino acid sequences of wild-type and mutant Adcy3 proteins (amino acids
278–280) are shown below the traces. Mutant position is marked with arrows. B. Alignment of all nine murine Adcy proteins in the region
surrounding the Jll mutation (upper panel), and conservation of the affected methionine residue in vertebrate Adcy3 orthologs, but not in
invertebrate ones (lower panel). Dots reflect weak amino acid similarity, colons similarity, and asterisks identity. Abbreviations used: Mm, mouse; Hs,
human; Rn, rat; Am, honeybee; Dm, fruit fly. C–D. Mice heterozygous for Adcy3M279I in a backcrossed B6 background and fed a HFD display the
expected Jll phenotypes. Male mice have lower body weight and fat mass (C), and both sexes show decreased body fat percent after 24 weeks on a
HFD (D). All data are shown as mean +/2 SEM, * p,0.05, *** p,0.001 by Student’s t-test.
doi:10.1371/journal.pone.0110226.g002
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Adcy3-/- mice are obese because mice eat more and are less

active than their wild-type littermates [17]. Underlying the

reduced activity and increased appetite may be the reduced

response to injected leptin, which leads to appetite suppression and

weight loss in wild-type mice, but not in Adcy3-/- littermates. In

turn, this reduced leptin response may be attributed to reduced

AC activity, which is apparent in hypothalami of Adcy3-/-

compared to hypothalami of wild-type mice; even more apparent

is reduced AC activity in response to forskolin. In the ventral

medial hypothalamus, AC is expressed in primary cilia and its

absence may be the reason for a lack of response to leptin [17]. Of

course, none of this excludes a role for Adcy3 in BAT or other

tissues and tissue-specific knockouts will be needed to determine

the precise site of action of Adcy3Jll.

In mammals, there are nine Adcy family members, each of

which is composed of homologous amino- and carboxy-terminal

portions, and each homologous half contains a cluster of six

membrane-spanning domains and a large cytoplasmic loop, called

C1 or C2 [35]. Enzymatic activity requires association of the C1

and C2 domains, which normally have a low affinity for one

another. Both forskolin and GTP-bound GSa promote the

association of C1 and C2; GTP-GSa also alters the shape of the

active site to promote catalysis and this may be why forskolin and

GSa act synergistically [32]. The Jll mutation (M279I) lies in C1,

just upstream of the cyclase catalytic domain and this region was

not included in in vitro activity assays or in the crystal structures

[32]. Given its proximity to GSa and forskolin binding sites

however, one would speculate that it affects binding of one or both

of these activators.

Human genetics and gain- and loss-of-function alleles in the

mouse have identified Adcy3 as a central, non-redundant player in

energy homeostasis. The challenges that now remain include

elucidating the precise site of action and mechanism of Adcy3 that

make it an important contributor to obesity or resistance to

obesity, identifying the exact genetic variation in human popula-

tions that contributes to or protects from obesity, and designing

pharmacological interventions based on Adcy3 that promote

fitness. While isoform-specific activators or inhibitors of Adcy3

Figure 3. Reduced weight and adipocyte volume in Jll mice. A. Over a 12-week observation period of age-matched, littermate B6 animals
placed on a HFD at five weeks of age, heterozygous Adcy3Jll/+ (HET) mice (gray lines) gained significantly less total body weight (solid lines) and fat
mass (dashed lines) than WT controls (black lines), both in male (left panel) and female animals (right panel). In contrast, no significant differences
between WT and HET animals were observed in lean mass (dotted lines) over the course of observation, at least in males. All data are shown as mean
+/2 SEM. B. Comparison of paraffin-embedded, hematoxylin- and eosin-stained sectioned wild-type (WT, top row) and heterozygous Jll mutant (HET,
bottom row) adipose tissues and liver, after twelve weeks of HFD feeding. Abbreviations: BAT, brown adipose tissue; gWAT, gonadal WAT fat pad;
iWAT, inguinal WAT fat pad. Scale bars represent 100 mm.
doi:10.1371/journal.pone.0110226.g003
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seem unlikely as the active site is highly conserved, a specific

inhibitor has recently been identified [36]. It has also recently

become apparent that this family of enzymes is subject to

regulation by allosteric effectors [37]. One or more of these

approaches may allow Adcy3-targeted therapies to slow the

obesity epidemic.

Supporting Information

Figure S1 Discovery of Jll. A: Sustained detection of affected

mice in outcrossed Jll litters. Outcrossing of Jll (Family 755) to the

129 background results in approximately half the progeny with

low fat mass (2.5 g or below), at both the second generation of

outcrossing (N2) and the fifth (N5). In contrast, a broad

distribution of fat masses is observed in N2 progeny when wild-

type (non-ENU-treated) B6 animals are outcrossed to 129

(Control). B: Genome-wide SNP analysis reveals the interval

containing Jll on mouse chromosome 12. Inheritance of one copy

of B6-specific SNPs between 3912084 Mb and 9569145 Mb on

mouse chromosome 12 correlates with the Jll low fat (fat mass ,

5 g) and low % fat (below 20%) phenotypes. Living individual

animals were phenotyped for fat and lean mass, insulin, and

glucose. Genomic tail DNA was extracted and sequenced for an

array of SNPs that diverge between the B6 and 129 backgrounds,

to detect inheritance from either the ENU-mutagenized (B6) and

outcross stock (129) parents. SNPs homozygous for 129 markers

are shown in red and marked ‘‘C,’’ SNPs that showed here-

rozygosity for B6 and 129 markers are shown in orange and

marked ‘‘H.’’ ‘‘Affected’’ (aff) and ‘‘unaffected’’ (unaff) phenotypic

calls were made based on fat mass, then affected animals were

sorted to be on the left of the table, to assist visualizing the

genomic interval. The flanking boundaries of the interval are

marked with heavy lines.

(TIF)

Figure S2 Assessment of additional metabolic parame-
ters in Jll mice. Plasma was prepared from retro-orbital blood

of wild-type (WT) and heterozygous Adcy3Jll/+ (HET) mice fed a

HFD, and assessed for levels of other metabolically relevant

markers. A modest decrease in fed glucose levels (A) was detectable

in HET males, but not in females. No significant differences

between WT and HET animals of either gender were observed for

Figure 4. Increased oxygen consumption in Jll mice. A. Young, male, chow-fed B6.129 N6 animals were used in this experiment, to minimize
activity differences resulting from obesity. No significant difference in body weight between Adcy3+/+ (WT, black) and Adcy3Jll/+ (HET, gray) mice was
detectable. B. Both sets of animals consumed similar amounts of food during the seven days of the experiment. C. Increased movement in HET
animals was visible, only in the dark phase. D. HET animals consumed more oxygen during the dark phase than WT animals. E. The increased level of
O2 consumption (VO2) in HET animals, particularly in the dark, is visible in this 48-hour observation period. All data are shown as mean +/2 SEM, * p,
0.05 by one-tailed Student’s t-test.
doi:10.1371/journal.pone.0110226.g004
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levels of triglycerides (B), total cholesterol (C) or HDL-cholesterol

(D). All data are shown as mean +/2 SEM, * p,0.05.

(TIF)

Figure S3 Jll protects mice from weight gain on HFD. A.
Differences in size are visible between heterozygous Adcy3Jll/+

mice (left) and wild-type (right). B. Dissection and quantitation of

white fat pad mass showed significantly less massive fat depots in

heterozygous Adcy3Jll/+ (HET) mice relative to WT controls, both

in gonadal (gWAT) and inguinal (iWAT) depots. C. Cross-

sectional area of adipocytes from Adcy3Jll/+ (HET) and Adcy3+/+

(WT) mice. For each depot, area was measured with ImageJ

software in four mice per genotype and two sections per mouse.

Shown are the average 6 S.E.M. for each genotype. D. Despite

the reduction in adipocyte size in Jll mutant mice, no dramatic

changes in the transcriptional levels of BAT-specific markers, such

as Ucp1, Dio2, and Pgc1a, were detected in those adipose depots,

N = 3 male mice per tissue per genotype. All data are shown as

mean +/2 SEM. For B and C, ** - p,0.01 and *** - p,0.001.

(TIFF)
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