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Ga., ablation exacerbates liver steatosis and obesity
by suppressing USP22/SIRT1-regulated
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mitochondrial energy expenditure.

Introduction

The liver plays a major role in maintaining whole-body energy bal-
ance by regulating lipid metabolism (1, 2). Upon changes in nutri-
ent availability following food intake, hepatic lipid metabolism is
tightly controlled through fine-tuning regulation of both fatty acid
(FA) oxidation and lipogenesis, which is an essential process for
the maintenance of metabolic homeostasis under physiological
and pathological conditions. When this equilibrium is disturbed
by excess caloric supply and impaired energy expenditure due to
mitochondrial dysfunction, ectopic lipid is accumulated within
hepatocytes, favoring hepatic steatosis as an early risk factor for
the development of nonalcoholic fatty liver disease (NAFLD) (2-4).
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Nonalcoholic fatty liver disease (NAFLD) arises from mitochondrial dysfunction under sustained imbalance between

energy intake and expenditure, but the underlying mechanisms controlling mitochondrial respiration have not been entirely
understood. Heterotrimeric G proteins converge with activated GPCRs to modulate cell-signaling pathways to maintain
metabolic homeostasis. Here, we investigated the regulatory role of G protein a,, (Ga,,) on hepatic lipid metabolism and
whole-body energy expenditure in mice. Fasting increased Ga,, levels in mouse liver. Go,, ablation markedly augmented
fasting-induced hepatic fat accumulation. cDNA microarray analysis from Gna72-KO liver revealed that the Ga, ,-signaling
pathway regulated sirtuin 1 (SIRT1) and PPARa, which are responsible for mitochondrial respiration. Defective induction

of SIRT1 upon fasting was observed in the liver of Gna72-KO mice, which was reversed by lentivirus-mediated Ga,,
overexpression in hepatocytes. Mechanistically, G, stabilized SIRT1 protein through transcriptional induction of ubiquitin-
specific peptidase 22 (USP22) via HIF-1a increase. Ga,, levels were markedly diminished in liver biopsies from NAFLD patients.
Consistently, Gna12-KO mice fed a high-fat diet displayed greater susceptibility to diet-induced liver steatosis and obesity due
to decrease in energy expenditure. Our results demonstrate that Go,, regulates SIRT1-dependent mitochondrial respiration
through HIF-1a-dependent USP22 induction, identifying Go., as an upstream molecule that contributes to the regulation of

Both prolonged fasting and Western dietary intake share a
common metabolic feature in terms of increased concentrations
of FA serving as a major fuel source. In the liver under starva-
tion conditions, when the glycogen stores are depleted with the
inhibition of lipogenesis, FAs mobilized from adipose tissues are
oxidized primarily in mitochondria to produce ketone bodies
and/or reesterified into triglyceride (TG) for storage. In contrast,
impaired mitochondrial FA oxidation in the liver is frequently
observed along with increased de novo synthesis of FA in patho-
logic situations, such as insulin resistance and obesity, indicat-
ing that mitochondrial capacity to oxidize FA plays a key role in
modulating lipid metabolism. Thus, identification of the signaling
node or nodes regulating mitochondrial FA oxidation is warranted
for the treatment of NAFLD. However, the pathways that control
mitochondrial FA utilization in response to varying physiologic
conditions are not entirely defined yet.

G proteins represent major molecular switches that converge
varying cell-surface signals from activated GPCRs upon diverse
extracellular stimuli. Over 800 different genes encode GPCRs in
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Figure 1. Association of Ga., signaling with fast-
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humans, whereas only approximately 20 genes encode G proteins,
implying a converging role of G proteins for signal transduction.
The G protein o subunit, a component of heterotrimeric G proteins,
can be classified largely into G,, G, ,, G, and G,,. Although the roles
of G, G, o and G, have been well characterized, G,, family mem-
bers were identified relatively recently, and their functions have
been uncovered at a slower pace (5). Go,, is ubiquitously expressed
in metabolic organs, including the liver (6). In particular, Go,, has
drawn considerable interest in the field of cancer biology due to its
triggering effect on cell growth and oncogenic transformation (7,
8). Moreover, Ga,, was overexpressed in highly proliferating can-
cer cells (8-11). Interestingly, a considerable portion of endogenous
Ga,,, but not other Go subunits, is physically associated with mito-
chondria (12), raising the possibility that Ga,, is associated with
mitochondrial function (e.g., mitochondrial energy metabolism)
more directly than other Ga proteins. Given that mitochondri-
al activity favors cancer cell growth (13), it is presumed that Ga,,
may also contribute to energy metabolism in normal cells under
pathophysiological conditions. However, the metabolic impact of
Go,, signaling in cellular energy balance has remained unexplored,
although recent studies have investigated the roles of a few other G
proteins in lipid and/or glucose metabolism.
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Sirtuin 1 (SIRT1), a NAD"-dependent protein deacetylase,
plays a role in the regulation of the transcriptional network in var-
ious metabolic processes, especially FA oxidation (14, 15). Howev-
er, the upstream regulator linking cell-surface signaling and SIRT1
is incompletely understood. In the present study, cDNA microar-
ray analysis using the liver of Gnal2-KO mice enabled us to define
SIRT1, PPARq, and PPARy coactivator 1o (PGCla) as the “core
partners” for the regulation of genes responsible for mitochondri-
al respiration controlled by Ga, ,; ablation or knockdown of the Go.,,
gene suppressed SIRT1 induction by fasting and its downstream
mitochondrial target genes associated with FA oxidation. Con-
sistently, Gnal2-KO mice subjected to fasting showed increased
TG accumulation in the liver compared with WT mice, and this
change was normalized by hepatocyte-specific Ga,, overexpres-
sion. Mechanistically, we revealed that Ga,, promotes SIRT1 sta-
bility by inducing ubiquitin-specific peptidase 22 (USP22) through
HIF-1o, unraveling the regulatory role of Go,, in SIRT1 expres-
sion. Furthermore, we found that high-fat diet-fed (HFD-fed)
Gnal2-KO mice were prone to hepatic steatosis and obesity due
to decreases in energy expenditure. In line with this, we observed
that Ga,, levels were markedly diminished in patients with either
simple steatosis or nonalcoholic steatohepatitis (NASH) as com-
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pared with individuals without steatosis. Our findings show that
Go,, signaling controls lipid metabolism through the regulation
of the HIF-1a/USP22/SIRT1 axis, revealing its regulatory role in
energy expenditure.

Results

Ablation of Gnal2 augments fasting-induced liver steatosis in mice. A
sustained fasting condition promotes liver steatosis, as FA derived
mainly from adipose tissues are being accumulated (16). To inves-
tigate whether Go,, levels change depending on nutritional status,
we first assessed the effect of fasting on Ga,, in mouse liver. Of
note, fasting of WT mice for 24 to 48 hours markedly enhanced
Go,, expression in the liver (Figure 1, A and B), which is sugges-
tive of the role of Ga,, signaling in lipid metabolism. To better
understand the metabolic impact of Ga,, on the physiological
adaptation to fasting, we then analyzed the lipid profiles in the
liver of Gnal2-KO mice subjected to fasting for 24 hours. Gnal2-
KO mice displayed a significant increase in liver fat accumulation
compared with WT mice, as revealed by both histochemical and
biochemical analyses for lipids (Figure 1, C-E). In contrast, serum
TG and cholesterol levels were lower in fasted Go.,,-KO mice pre-
sumably due to diminished fat secretion from hepatocytes (Figure
1F). Referring to the published literature, the distribution of gen-
otypes from the offspring of Gnal2" intercrosses was Mendelian,
and mice with either heterozygous or homozygous deletion of
Gnal2 were fertile without apparent morphological or behavioral
abnormalities (17). In order to provide insight into the physiolog-
ical relevance of the Ga,,-signaling pathway in our experimental
model, male mice heterozygous for Gnal2 deficiency (Gnal2 Het
mice) (Supplemental Figure 1A; supplemental material available
online with this article; https://doi.org/10.1172/JC197831DS1)
were additionally subjected to fasting for 24 hours together with
WT and Gnal2-KO mice to compare hepatic lipid profiles between
genotypes. As expected, the partial effect of heterozygous deletion
of Gnal2 was corroborated in the context of hepatic lipid metab-
olism, as assessed by oil red O staining of liver sections and TG
measurements (Supplemental Figure 1B). These results indicate
that Go,, signaling may be adaptively increased under fasting con-
ditions, whereas a deficiency in Ga,, renders the liver more sus-
ceptible to fat accumulation.

Ga,, regulation of SIRTI contributes to FA oxidation in mito-
chondria via the PPARa network. In an effort to find the molecules
regulated by the Ga,, pathway, we performed cDNA microarray
analyses using Gnal2-KO liver tissue. First, our analysis of the
PANTHER Gene Ontology (GO) term demonstrated that the
“metabolic process” pathway was notably altered in Gnal2-KO
livers (Figure 2A). Similarly, our additional GO analysis for iden-
tical data sets using the DAVID bioinformatics program verified
that ablation of Gnal2 caused downregulation of 4 major signaling
pathways: DNA metabolism, lipid biosynthesis, amine catabolism,
and DNA repair (Figure 2B). Since Gnal2-KO mice did not show
obvious growth retardation or any other developmental defects,
which may reflect abnormal DNA metabolism (18), we focused
on lipid metabolism, particularly alterations in the expression of
clusters of genes involved in FA oxidation, with the aim of under-
standing the basis of altered lipid profiles observed in Gnal2-KO
mice. Thorough analysis of the microarray results enabled us to
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find PPARo target genes as one of the major pathways suppressed
by Gnal2 KO (Figure 2C). In the analysis of the gene network using
the STRING database, SIRT1, PPARq, and PGCla as “core part-
ners” were found to be closely interconnected with a subset of
genes affected by Gnal2 deficiency (Figure 2D). Of those linked
to the core network, the genes associated with lipid catabolism,
acyl-CoA metabolism, ketogenesis, and peroxisomal oxidation
processes were all markedly suppressed.

We then narrowed our focus to the regulatory potential of Ga,,
on SIRT1and found that SIRT1levels were distinctly reduced in liv-
ers deficient in Ga,,, whereas other isoforms associated with mito-
chondrial function (i.e., SIRT3 and SIRTS5) were not (or minimally
if at all) affected (Figure 3A) (19). Similar results were obtained
in the experiments using primary hepatocytes (Figure 3B). Con-
sistently, infection of HepG2 cells with an adenoviral construct
encoding for a constitutively active mutant of Ga,, (Ad-Ga,,QL)
increased SIRT1 levels, whereas shRNA-mediated stable knock-
down of the Go,, gene in AML12 cells showed the opposite effect
(Figure 3B). Carnitine palmitoyl transferase-1 (CPT1) and PGCla
levels were also diminished in the liver or in primary hepatocytes
(Figure 3C), indicating that Gnal2 ablation might cause a decrease
in mitochondrial lipid oxidation. Among the members existing in
the core network controlled by SIRT1, attention was paid to PPARa
because it is a transcription factor that globally regulates genes
associated with FA oxidation in physiologic situations (20). PPARa
target gene transcripts responsible for FA oxidation were substan-
tially downregulated (Figure 3D), which was consistent with the
inhibition of SIRT1 and PGCla. In line with this, the oxygen con-
sumption rate (OCR) in mitochondrial fractions prepared from the
liver tissue (Figure 3E) and palmitate oxidation in primary hepato-
cytes were also decreased (Figure 3F). Our results corroborate the
role of Ga,, in the regulation of FA oxidation, which is controlled
by PPARa target gene products in conjunction with SIRT1.

Gnal2 ablation suppresses SIRT1 along with enhanced fat accumu-
lation under fasting conditions. During the period of calorie restric-
tion or fasting, metabolic adaptations occur in various organs by
changing a large subset of genes necessary for maintaining energy
homeostasis. Given that SIRT1 is induced in the fasting state as a
core regulator of lipid metabolism (21, 22), we examined the effect
of Gnal2 ablation on adaptive change in SIRT1 under fasting condi-
tions. While fasting of WT animals for 24 hours markedly increased
SIRT1 and CPT1levels in the liver, Gral2 KO completely prevented
this effect (Figure 4A). In Gnal2 Het mice, the protein levels were
partially diminished, strengthening the functional relevance of Ga.,
signaling in our experimental model (Supplemental Figure 1C). In
addition, the fasting-inducible transcript levels of Acadl and Acadm
were diminished in the liver of Gnal2-KO mice (Figure 4B). More-
over, Gnal2 KO lowered basal or fasting-inducible SIRT1 expression
in skeletal muscle and brown adipose tissue; although the fasting
effect on SIRT1in white adipose tissue seemed to be relatively mild,
the inhibitory effect of Gnal2 KO on SIRT1 was also observed in this
tissue (Supplemental Figure 2). To further evaluate the regulatory
role of Ga,, in lipid metabolism, WT mice were hydrodynamically
injected with a plasmid (50 pg) encoding shRNA-Ga,, (sh-Ga,,) or
shRNA-nontargeting control luciferase (sh-Luci) via the tail vein for
knockdown of Ga., in the liver (10). As expected, mice injected with
sh-Ga,, plasmid exhibited diminished SIRT1 and CPT1 expression
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Figure 2. Ga,, regulation of mitochondrial respiration via SIRT1/PPAR«. network. (A) PANTHER pathway analysis in the cDNA microarrays performed
using RNA samples extracted from the livers of 8-week-old male WT or Gna72-KO mice that had been fasted overnight before sacrifice (n = 3/group). Per-
centage of number of genes that belong to respective pathway categories over total number of genes analyzed is shown. (B) GO analysis of major signaling
pathways in cDNA microarrays using the DAVID bioinformatics database. (C) Heatmap of the genes associated with energy metabolism in the same cDNA
microarrays used for A. The log, ratios of Gna12-KO/WT were presented using heatmap (blue, underexpression; red, overexpression). (D) Core network
analysis associated with the SIRT1/PPARa pathway. PPARa-associated genes affected by Gna12 KO are represented as colored circles and assigned to
specific subcategories. Genes upregulated (red circles) or downregulated (blue circles) in the microarrays are shown for each subcategory. Line thickness
represents the strength of evidence provided by the STRING database.
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Figure 3. Go,, regulation of SIRT1-dependent mitochondrial respiration in the liver. (A) SIRT1 inhibition by Gna72 KO. Immunoblottings for SIRT1, SIRT3,
and SIRTS were performed using liver homogenates from 14-week-old WT or Gna12-KO mice fed ND (upper panel). Lower panel shows quantification (n =
3/group). (B) Effects of Ga,, modulation on SIRT1 levels. Immunoblottings for SIRT1 were performed (upper) and quantified (lower) using primary hepato-
cytes from WT or Gna12-KO mice (left, n = 3/group), HepG2 cells infected with Ad-Go,,QL or control (Ad-Con) (middle, n = 4/group), or AML12 cells stably
expressing sh-Ga,, or control (sh-Luci) (right, n = 3/group). (€) Immunoblottings for CPT1and PGCla in liver or primary hepatocytes from WT or Gna12-KO
mice (upper) and their respective quantifications (lower, n = 3/group each). (D) gRT-PCR assays for PPARa target genes responsible for FA oxidation in the
liver or primary hepatocytes (n = 3-11/group). (E) OCR in mitochondria. OCR was measured using the mitochondrial fraction prepared from liver tissues of WT
or Gna12-K0 mice (n = 3/group). Analyzed OCR was normalized to the protein concentrations for each set of samples determined by the Bradford method.
(F) Palmitate oxidation in primary hepatocytes. [*H]-palmitate oxidation rate was determined using primary hepatocytes from WT or Gna12-KO mice, and 5
x 10° cells per well were cultured in 12-well plates. Data shown are from 1representative experiment of 2 independent experiments (n = 3 mice/group). Each
dot represents an individual pool of primary hepatocytes isolated from each mouse. Values represent mean + SEM. Data were analyzed by 2-tailed Student’s
t test (A-F). For A-C, the blots in each panel were run in parallel using the same samples, and B-actin was used as a normalization control for densitometric
analysis. For D, box-and-whisker plots show median (horizontal lines within boxes), 5%-95% (ends of the boxes), and range of minimum to maximum.

HIF-lo-mediated USP22 induction contributes to SIRTI upregu-
lation by Ga,,. Nutritional status modulates SIRT1 levels through
transcriptional and/or posttranslational mechanisms (23). Hepat-

in association with increased liver TG content upon fasting com-
pared with mice injected with the sh-Luci plasmid (Figure 4, C and
D). Next, we employed an albumin promoter-driven lentiviral Ga,,

delivery system to validate the link between Go.,, and SIRT1 and to
exclude off-target effects. Enforced expression of Ga,, specifically
in hepatocytes caused recovery of SIRT1 and CPT1 expression in
the liver of Gnal2-KO mice under fasting conditions (Figure 4E).
Similarly, hepatic lipid accumulation in the animals was notably
attenuated by the lentiviral gene delivery (Figure 4F). These results
indicate that Ga,, regulates levels of SIRT1 and, consequently, its
downstream molecules responsible for mitochondrial FA oxidation.

ic NAD* and NADH contents reciprocally modulate SIRTI tran-
script levels (24). In our study, however, Gnal2-KO mice showed
no changes in Sirt] mRNA, NAD*, and NADH in the liver (Sup-
plemental Figure 3, A and B), raising the idea that Ga,, may post-
translationally regulate SIRT1. Consistently, pyruvate and lactate
levels, which affect NAD*/NADH and SIRT1 de novo synthesis
(21), were not changed (Supplemental Figure 3B). In an effort to
find the molecule or molecules responsible for SIRT1 regulation,
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Figure 4. Lack of fasting induction of SIRT1 by Gna12 KO. (A) Abrogation of
SIRT1and CPT1induction upon fasting by Gna12 KO. Immunoblottings for
SIRT1and CPT1were performed and quantified on the liver homogenates
from 12-week-old mice fed ad libitum, followed by fasting and refeeding
for 24 hours (n = 4-5/group). (B) gRT-PCR assays for Acadl and Acadm in
the liver (n = 5/group). (C) Effect of hepatic Ga,, gene knockdown on fasting
induction of SIRT1. Immunoblottings for SIRT1 and CPT1 (center) in the
liver homogenates and SIRT1 quantification (far right). Mice at 8 weeks of
age were subjected to hydrodynamic injection with the plasmid-express-
ing sh-Ga,, or control (sh-Luci) (n = 4-6/group) (left). Third panel shows
gRT-PCR assay for Gna12 in the liver (n = 4/group). (D) Representative H&E
staining (left) and hepatic TG contents (right) from the same mice as in C
(n = 4-6/group). Scale bars: 100 um. (E) Effect of hepatocyte-specific Ga,,
overexpression on fasting induction of SIRT1. Eight-week-old WT or Gna12-
KO mice were injected with Lv-Go,,?" (or control) via the tail vein (left).
Immunoblottings for SIRT1 and CPT1were done on the liver homogenates
(center) and SIRT1 quantification (right). Mice were subjected to fasting as
in A. (n = 4/group). Third panel shows qRT-PCR assay for Gna12 in the liver
(n =7-10/group). (F) Representative H&E staining (left) and hepatic TG
contents (right) from mice as described in E (n = 4-6/group). ForE and F,
only fasted groups were analyzed for ease of data presentation. Scale bars:
100 um. Values represent mean + SEM. Data were analyzed by 2-tailed Stu-
dent’s t test (C and E, mRNA levels) or ANOVA followed by LSD (A and D) or
Bonferroni's (B, C, E, and F) post hoc tests. For A as well as € and E (protein
levels), the blots in each panel were run in parallel using the same samples
and B-actin was used as a normalization control for densitometric analysis.

we checked the effect of Ga,, on the stability of SIRT1 and found
that Ad-Ga,,QL infection not only attenuated the intensities of
ubiquitinated SIRT1, but enhanced SIRT1 stability in HepG2 cells,
as fortified by the outcome of an experiment using cycloheximide
(Figure 5A). These results support the concept that Ga, , regulation
of SIRT1 may result from modulation of protein ubiquitination.

Based on the report that USP22 deubiquitinates SIRT1 for sta-
bilization (25), we determined whether Ga,, signaling regulates
SIRT1 ubiquitination via USP22. The effect of Ga,, overexpression
on SIRT1 ubiquitination was assessed in HepG2 cells deficient in
USP22 (siRNA knockdown). As expected, USP22 silencing prevent-
ed Ad-Ga,,QL from lowering the intensities of ubiquitinated SIRT1
(Figure 5B). In line with this, Gnal2-KO mice displayed a decrease
in Usp22 mRNA in the liver or primary hepatocytes (Figure 5C),
demonstrating that Ga,, signaling regulates SIRT1 ubiquitination
through USP22. To find putative transcription factor or factors for
USP22 expression downstream from Go,,, we next used the PRO-
MO analysis program and predicted HIF-1a as a candidate interact-
ing with DNA-binding sites located in the promoter region of Usp22
(Figure 5D). In luciferase reporter assays using a construct contain-
ing the -2.2 kb region of Usp22 and its hypoxia regulatory element
mutant constructs, the 2 DNA-binding sites located at -539/-535
bp and -287/-283 bp were functionally active (Figure 5D). In par-
allel, Ad-Go,,QL infection augmented SIRT1 levels in HepG2 cells,
and this event depended on HIF-1a or USP22, as evidenced by the
results of siRNA knockdown experiments (Figure 5, E and F). In
line with several published reports (26-28), inhibition of the RhoA/
Rock pathway attenuated the Go,, overexpression effect on HIF-1o
expression (Figure 5G). Consistently, hepatocyte-specific lentiviral
delivery of Ga,, in Gnal2-KO mice facilitated upregulation of HIF-
1a, USP22, and SIRT1 in the liver (Figure 5H), as corroborated in
the experiments using primary hepatocytes from WT or Gnal2-KO
mice subjected to Ad-Go,,QL infection (Figure 5I).
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To verify the signaling proposed in this study, we performed
a hydrodynamic injection of either human USP22 overexpression
plasmid or control vector (mock) into Gnal2-KO mice via tail vein;
Gnal2-KO mice injected with USP22 plasmid displayed enhanced
SIRT1 expression along with attenuated liver TG accumulation
upon fasting, compared with Gnal2-KO mice injected with mock
vector (Figure 6, A and B). To strengthen our contention that SIRT1
levels decreased by Grnal2-KO may contribute to hepatic steatosis,
we examined the effect of SIRT1 overexpression on changes in fat
accumulation in the liver of Gnal2-KO mice under fasting condi-
tions. As expected, Gnal2-KO mice exhibited decreased hepatic
SIRT1 and CPT1 levels compared with WT controls under fasting
conditions, which was reversed by SIRT1 overexpression (Figure
6C). Likewise, hepatic lipid accumulation augmented by Gnal2
KO was significantly attenuated by SIRT1 overexpression (oil red
O staining of liver sections and hepatic TG assays) (Figure 6D). To
confirm the role of SIRT1 in the Ga,,-signaling pathway in vitro,
we additionally measured OCR in AML12 cells stably expressing
sh-Gal2 or control (sh-Luci); Ga,, knockdown notably suppressed
mitochondrial OCR (i.e., basal, ATP linked, and maximal res-
piration), which returned to control levels by SIRT1 overexpres-
sion (Figure 6E). Similarly, overexpression of SIRT1 sufficiently
rescued the phenotype of Gral2-KO hepatocytes, as proven by
diminished lipid accumulation after palmitate treatment (Sup-
plemental Figure 4A). We additionally attempted to examine the
effect of Ad-SIRT1 infection on mitochondrial FA oxidation in
Gnal2-KO primary hepatocytes; only a slight increase was found
in this experiment, presumably due to insufficient SIRT1 overex-
pression (and CPT1 also) in Gnal2-KO hepatocytes as compared
with WT cells (Supplemental Figure 4B). Taken together, these
results provide strong evidence that Ga,, signaling facilitates
USP22 expression through HIF-1a and that induced USP22 stabi-
lizes SIRT1 protein.

HFD feeding renders Gnal2-KO mice highly susceptible to liver ste-
atosis. To understand the role of Ga,, in energy metabolism in the
setting of metabolic excess, we examined Ga,, levels in the livers
of both human subjects with NAFLD and obese animal models. In
cohort no. 1, NAFLD patients with either steatosis or steatohepa-
titis exhibited apparent, but not statistically significant, decreases
in hepatic GNA12 mRNA levels as compared with those in normal
subjects (Figure 7A). To strengthen the clinical relevance of our
finding, we additionally assessed Ga,, protein levels using a sepa-
rate set of human liver specimens with varying degrees of hepatic
steatosis (cohort no. 2). Of note, Ga.,, protein levels were marked-
ly lowered in livers of patients having either simple steatosis or
NASH as compared with individuals without steatosis (Figure 7A).
However, GNAI2 mRNA and its protein levels tended to slightly
decrease in the livers of HFD-fed mice (Figure 7B). In primary
hepatocytes from HFD-fed mice, Ga,, protein levels were nota-
bly decreased as compared with those of normal chow diet-fed
(ND-fed) control (Figure 7B).

Next, we monitored the effect of Gnal2 KO on liver steatosis
and changes in the expression of genes responsible for FA oxida-
tion. HFD-fed Gnal2-KO mice displayed profound fat accumula-
tion in the liver (Figure 7C). Consistently, hepatic TG contents as
well as serum LDL cholesterol levels were significantly elevated
(Figure 7D and Table 1). Of note, serum liver enzyme activities (e.g.,
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Figure 5. Ga,, regulation of SIRT1 via HIF-lo-mediated induction of USP22. (A) Inhibition of SIRT1 ubiquitination and degradation by Ga,. SIRT1immunoprecipi-
tates from HepG2 cells infected with Ad-Go,,QL (or Ad-Con) were immunoblotted for ubiquitin (left) and quantified (middle, n = 3). In another experiment, HepG2
cells were treated with 10 uM cycloheximide for indicated times (right, n = 3). (B) Effect of USP22 gene silencing on inhibition of SIRT1 ubiguitination by Ga,,. (C)
gRT-PCR assays for Usp22 in the liver (left, n = 5/group) or primary hepatocytes (right, n = 4/group). (D) Luciferase reporter assays for USP22 promoter activity in
Go.,-overexpressed AML12 cells. The result shown is combined from 3 independent experiments (n = 6-8 replicates/group for each experiment). Box-and-whis-
ker plot shows median (horizontal lines within boxes), 5%-95% percentile (ends of the boxes), and range of minimum to maximum values (whiskers). Each dot
represents an outlying value. Mut1 or Mut2, promoter-reporter constructs with deletion of respective HIF-1a response element sites. (E) Increase in SIRT1 level by
Ga., overexpression through HIF-10/USP22 axis (right, n = 4/group). (F) Effect of HIF-1o. or USP22 gene silencing on SIRT1induction by Ga.,. (G) Effect of RhoA/
Rock pathway inhibition on HIF-1o.induction by Ga.,. (H) Effect of Ga,, overexpression in the liver on HIF-10/USP22/SIRT1 axis. Immunoblottings were done on the
liver homogenates obtained from mice as in Figure 4E. (I) Effect of Ga., overexpression in hepatocytes on HIF-1a./USP22/SIRT1 axis. Immunoblottings were done
on mouse primary hepatocytes infected with Ad-Ga,,QL (or Ad-Con) and quantified (n = 3/group). Values represent mean + SEM. Data were analyzed by 2-tailed
Student’s t test (A, C, D, and E) or ANOVA followed by Bonferroni's post hoc test (I). For A, B, and E-1, blots in each panel were run in parallel using the same sam-
ples and B-actin was used as a normalization control for densitometric analysis.
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alanine transaminase [ALT], aspartate transaminase [AST], and
lactate dehydrogenase [LDH]) and other serum lipid parameters
(e.g. total cholesterol, HDL cholesterol, TG, and free FA contents)
were decreased in HFD-fed Gnal2-KO mice (Table 1), presumably
due to decreased production of inflammatory mediators in other
cell types (29). In line with this, an additional lipidomic analysis
from HFD-fed Gnal2-KO mice showed decreasesin ceramide and/
or sphingolipid contents in plasma (Supplemental Figure 5), sup-
porting our view that overall inflammatory responses diminished
in whole-body Gnal2-KO mice. Several lines of evidence clearly
demonstrate that the JNK pathway plays a role in inflammation,
contributing to metabolic disease, including obesity and insulin
resistance (30-32). Based on the notion that Go, , signaling controls
JNK activity (33, 34), we examined whether Ga,, gene knockdown
attenuates palmitate-induced apoptosis. As expected, AML12 cells
deficient in Ga,, (AML12-sh-Ga,,) displayed a significant decrease
in cytotoxicity upon palmitate treatment (MTT assays) (Supple-
mental Figure 6A). In parallel with this, cleaved caspase-3 and
phosphorylated JNK levels were lowered (Supplemental Figure
6B). Palmitate treatment inhibited Akt phosphorylation (i.e., cell
viability marker) to a lesser degree in Ga,, gene knockdown cells
than in control cells (Supplemental Figure 6B). These outcomes
support the possibility that decreased JNK activity might account
for attenuated liver injury in Gnal2-KO mice fed on HFD.

The energy metabolizing capacity in organs is governed by
a highly dynamic transcriptional network. Based on our finding
from microarray analysis that Go,, regulates the PPARa target
gene network, which includes SIRT1 (Figure 2), we measured
SIRT1levels in metabolic tissues from WT and Gnal2-KO mice fed
HFD. Hepatic SIRT1 levels were markedly lowered in Gnal2-KO
mice without significant differences in Sirt] mRNA, NAD", and
NADH contents (Figure 7E and Supplemental Figure 3). The tran-
script levels of lipid oxidation genes were notably suppressed in
the livers of HFD-fed Gnal2-KO mice (Figure 7F), whereas those
of lipogenic genes were minimally or moderately enhanced, pre-
sumably due to adaptive changes (Supplemental Figure 7). Similar
results were observed in skeletal muscle and white adipose tissue
(Figure 7, E and F), strengthening the concept that a deficiency in
Go,, exacerbates HFD-induced hepatic steatosis as a consequence
of decreases in mitochondrial lipid oxidation.

Gnal2 KO does not interfere with glucose metabolism and insulin
sensitivity. Since liver steatosis is strongly associated with insu-
lin resistance, which contributes to the adverse consequences of
metabolic syndrome (2-4), we further assessed glucose tolerance
and insulin sensitivity using the animal model to see whether
Ga,, also controls glucose metabolism. In glucose- or insulin-tol-
erance tests, time courses of blood glucose levels were slightly
different between HFD-fed Gnal2-KO mice and the correspond-
ing WT mice (Supplemental Figure 8, A and B). In the hyperin-
sulinemic-euglycemic clamp experiment, the glucose infusion
rate required to maintain euglycemia during the clamp was rath-
er weakly enhanced at early times in HFD-fed Gnal2-KO mice,
although this trend was lost at later steady state (Supplemental
Figure 8C). The glucose-production rate in the liver at either the
basal state or under clamped conditions was not changed in the
animals (Supplemental Figure 8D). In addition, there were no dif-
ferences in whole-body glucose flux comprising glucose uptake,

RESEARCH ARTICLE

glycolysis, and glycogen synthesis (Supplemental Figure 8E).
However, it is noteworthy that Gnal2-KO mice fed HFD exhib-
ited lower fasting glucose with hyperinsulinemia compared with
WT mice (Table 1). Based on the recent study demonstrating that
JNK activation in pancreatic p cells deregulates glucose-stimu-
lated insulin secretion (35), we hypothesized that Ga,, gene dele-
tion might affect JNK-dependent signaling pathways in P cells,
since we used a whole-body gene-ablation model. Therefore,
we assessed the effect of Ga,, overexpression on insulin secre-
tion from Min6 cells (a mouse insulinoma-derived cell line dis-
playing characteristics of pancreatic p cells). As expected, Ga,,
overexpression suppressed insulin secretion with JNK activation,
which was prevented by JNK inhibitor treatment (Supplemental
Figure 8F). Additionally, we assessed insulin degrading enzyme
(IDE) in the liver, where approximately two-thirds of circulating
insulin is degraded in a physiological process called insulin clear-
ance (36), and found that IDE levels in the liver were not different
between genotypes (Supplemental Figure 8, G and H). Together,
these results support the idea that suppressed JNK signaling and
antiinflammatory response due to whole-body Ga,, gene deletion
contribute to a mild effect on glucose homeostasis distinct from
deregulation of lipid metabolism.

Ga,, ablation augments diet-induced obesity due to decreased
energy expenditure. Next, we monitored the impact of Gnal2 KO
on obesity development and whole-body energy expenditure. WT
and Gnal2-KO mice fed ND showed no difference in body weight
gain (Figure 7A) and had normal phenotype (data not shown).
When maintained on HFD for 16 weeks ad libitum, Gnal2-KO
mice developed obesity at an accelerated rate as compared with
the WT controls (Figure 8A). Food intake, fecal output, and
excreted fecal lipid were all comparable to each other (Figure 8A).
Of note, a deficiency in the Ga,, gene fortified the effect of HFD
feeding on lean mass and fat mass gains (Figure 8B). In HFD-fed
Gnal2-KO mice, epididymal fat weight was increased along with
adipocyte enlargement (Figure 8C). In parallel, serum leptin levels
were doubled in the animals (Figure 8D).

Next, we measured energy expenditure of HFD-fed Gnal2-
KO mice using a monitoring system of animal metabolism. Gnal2-
KO mice fed HFD showed decreases in total energy expenditure
and total OCR compared with the corresponding WT controls
(Figure 8, E and F). Respiratory quotients were not significantly
different between genotypes (Figure 8E). Body temperature was
markedly lower, with no change in locomotor activities, in Gnal2-
KO mice than in WT mice (Figure 8G). In an effort to assess
whether brown adipose tissue is involved in lowering body tem-
perature, as observed in Gnal2-KO mice, we examined levels of
uncoupling protein 1 (UCP1), an uncoupling protein responsible
for thermogenesis, in the tissues of mice fed either ND or HFD
and found no change in UCP1 expression in the brown adipose
tissue despite a compensatory increase in its transcript level (Sup-
plemental Figure 9, A and B). Histologic morphology and tissue
weights were comparable between genotypes (Supplemental Fig-
ure 9C). These results suggest that UCP1-dependent thermogen-
esis in brown adipose tissue may have a marginal role in lowering
body temperature in the animals. Overall, our results demon-
strate that Gnal2-KO mice are more susceptible to diet-induced
obesity as a consequence of decrease in energy expenditure.
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Figure 6. Rescue of metabolic phenotype of Gna12 KO by overexpression of USP22 or SIRT1. (A) Effect of hepatic USP22 overexpression on SIRT1induction by
fasting. Immunoblotting for SIRT1 and USP22 (center) in the liver homogenates and SIRT1 quantification (far right). WT and Gna72-KO mice at 12 weeks of age were
hydrodynamically injected with the plasmid expressing USP22 or control vector (Mock) (n = 3-5/group) (left). Third panel shows densitometric analysis for USP22 in
the liver (n = 3-5/group). (B) Representative oil red O staining (left) and hepatic TG contents (right) (n = 3-5/group). Scale bars: 100 pum. (C) Effect of hepatic SIRT1
overexpression on CPT1induction by fasting. Immunoblotting for SIRT1and CPT1 (center) in the liver homogenates and their respective quantifications (right) (n
=3-4/group). WT and Gna12-KO mice at 15 weeks of age were injected with the adenovirus carrying mouse SIRT1 (Ad-SIRT1, 2.8 x 10° PFU/mouse) or GFP control
(Ad-Con)via the tail vein (left). (D) Representative oil red O staining (left) and TG contents (right) in liver tissues (n = 3-4/group). Original magnification, x20. (E)
Effect of SIRT1 overexpression on OCR in AML12 cells. OCR was measured in AML12-sh-Ga,, (or AML12-sh-Luci) cells infected with Ad-SIRT1 (or Ad-Con) in the
presence of oligomycin (1 uM), carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP) (1 uM), or rotenone plus antimycin A (0.5 uM each). Results represent 4
independent experiments (n = 6-8 replicates/group for each experiment). Values represent mean + SEM. Data were analyzed by 2-tailed Student’s t test (A, USP22)
or ANOVA followed by LSD (A [SIRT1], C, and E) or Bonferroni’s (B and D) post hoc tests. For A-D, only fasted groups were analyzed for ease of data presentation. For
A and C, blots in each panel were run in parallel using the same samples and -actin was used as a normalization control for densitometric analysis.
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Adenosine signaling may affect Ga,, regulation of the USP22/
SIRTI axis. Several lines of evidence indicate that adenosine sig-
naling has been clinically implicated as a therapeutic target for
various pathophysiologic situations, including cardiovascular
disease, ischemia-reperfusion, and inflammatory disease (37-
41). Adenosine functions as a biological ligand through binding
to distinct corresponding GPCRs (i.e., A, A, ;A  ;and A) (37,41).
To assess the possible link between adenosine and Ga,, signal-
ing, SIRT1 levels were measured in WT or Ga, ,-deficient mouse
embryonic fibroblasts (MEF) treated with each agonist for the
receptors in our supplementary experiment. Interestingly, treat-
ment of WT cells with each agonist notably increased SIRT1 lev-
els, which were abrogated by a deficiency of Ga,, (Supplemental
Figure 10A). Similar outcomes were obtained using AML12 cells
stably expressing shRNA directed against Ga,, (sh-Go,,) (Supple-
mental Figure 10B). In addition, primary hepatocytes exposed to
each adenosine receptor agonist displayed marked increases of
SIRT1 and USP22 (Supplemental Figure 10C).

Adenosine concentrations in the extracellular region vary
upon metabolic stimuli. Consistently, fasting significantly
enhanced serum adenosine concentrations in mice (Supplemental
Figure 10D). No change was observed in the liver homogenates.
Thus, elevated circulating adenosine in conjunction with increase
of Go,, would amplify GPCR-mediated SIRT1 induction to main-
tain systemic energy homeostasis.

Discussion

Go,, belongs to the group of heterotrimeric G proteins that control
various cellular responses, including growth, motility, prolifera-
tion, and transdifferentiation (7-11). So far, the impact of Ga,, on
cellular energy metabolism has not been investigated. Our results
revealed the role of Go,, signaling in mitochondrial respiration
for the control of lipid oxidation and the underlying basis of its
regulation of SIRT1, as mediated by HIF-lo-dependent transcrip-
tional induction of USP22. Since Ga,, and SIRT1 are ubiquitously
expressed in most metabolic tissues (6), our results support the
notion that Ga,, signaling plays a role in overall FA metabolism
and, consequently, whole-body energy expenditure.

Moreover, we verified that fasting conditions increased the
level of Ga,, in the liver in parallel with fat accumulation and
that Ga,, ablation exacerbated fasting-induced liver steatosis
along with decreasing circulating fat. These findings raised the
contention that Ga,, signaling is essential for metabolic process-
ing of fat in the liver and thus its homeostatic balance between
liver and systemic lipid metabolism. Our study also showed that
the primary mechanism by which Ga,, controls lipid metabo-
lism engages the SIRT1/PPARa/PGCla axis, as fortified by the
results of cDNA microarray and gene network analyses for WT
and Gnal2-KO mouse liver. Our results showing that a deficiency
of the Ga,, gene deregulates PPARa target gene expression and
thereby increases susceptibility to fasting-induced liver steatosis
with diminished FA oxidation are in line with previous reports
demonstrating a link between SIRT1 and PPARa (42, 43). Con-
sidering that multifaceted metabolic adaptations that involve
SIRT1 induction are observed under fasting conditions, it is
highly likely that hepatic Ga,, levels are enhanced as an adap-
tive response to fasting. Indeed, our results confirmed the lack
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of fasting induction of Sirtl by ablation of Ga,, and the conse-
quent exacerbation of liver steatosis. By the same token, overex-
pression of either Ga,, or SIRT1 in the liver by viral gene transfer
reversed these effects. Thus, it is highly likely that Ga , regulates
lipid metabolism in a SIRT1-dependent pathway.

As an extended effort to verify the proposed molecular basis
in obesity models, we further examined the role of Ga,, in liver
steatosis in a diet-induced obesity model and found that HFD-
fed Gnal2-KO mice displayed massive lipid accumulation in the
liver due to suppression of the genes involved in mitochondrial
respiration and FA oxidation downstream of SIRT1. Moreover,
such outcomes were verified in other tissues, including skeletal
muscle and white adipose tissue, strengthening the concept that
Ga,, signaling may be responsible for whole-body energy metab-
olism. In a previous study, however, a certain amount of Ga,, was
found to be localized in mitochondria, negatively modulating its
motility, respiration, and membrane potential (12). In addition,
active mutants of Ga,, inhibited phosphorylation of Bcl-2, caus-
ing mitochondrial fragmentation and membrane permeabiliza-
tion (12), which represents distinctive features in comparison
with our current findings. Considering the notion that the pres-
ervation of functional capacity of healthy mitochondria contrib-
utes to homeostatic maintenance of FA oxidation, it is also likely
that Go,, has distinct effects on mitochondria in a SIRT1-inde-
pendent pathway in accordance with its subcellular distribution
(44, 45). Detailed molecular insight into the role of Ga.,, at mito-
chondria needs to be further explored.

In our results, Ga,, expression, particularly as seen in protein
levels, was notably diminished in subjects with either simple ste-
atosis or NASH as compared with those without steatosis. Con-
trary to the findings from human liver specimens, Go.,, levels in the
liver of HFD-fed WT mice showed mild decreases compared with
those of ND-fed control despite a notable decrease in primary
hepatocytes. Given that Ga,, plays a key role in inflammatory and
immune responses (29, 46), it is presumed that Ga,, levels might
be altered in a subset of nonparenchymal cells (e.g., inflammatory
cells or fibroblasts) that reside within inflamed fatty liver. Simi-
larly, our previous study also demonstrates that Ga,, levels were
upregulated in hepatic stellate cells in fibrotic liver (47). Thus, we
carefully raise the possibility that the severity of inflammatory
response and/or fibrotic change affects Ga,, in the liver, although
it is quite challenging to compare the degree of inflammation
among different species and /or experimental models.

It is well established that JNK activation contributes to
chronic inflammation and consequent metabolic disorders
(30-32). In our previous report and others, the Ga,, pathway
activates JNK via RhoA (33, 34), which may explain diminished
overall inflammatory responses, as indicated by decreases
in liver injury markers (i.e., ALT and AST) and inflammatory
lipid mediators (i.e., sphingolipids and ceramides) in whole-
body Gnal2-KO mice. Similarly, the levels of proinflammatory
cytokines (e.g., IL-6 and TNF-0) secreted predominantly by
inflamed adipose tissue were lower in Gnal2-KO mice. Hence,
diminished inflammation might cause mild changes, if any, in
glucose tolerance distinct from exacerbation in hepatic steato-
sis and obesity. Previous studies have provided the pathogenic
role of SIRT1 deficiency in insulin resistance and hyperglyce-
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Table 1. Serum metabolic profiles in WT and Gna12-K0 mice
fed either ND or HFD for 16 weeks

HFD ND

WT Gna12-KO WT Gna12-KO
ALT (U/1) 79.7 358 60.3 +4.2%° 432+21 38.8+20
AST (U/1) 2783+258" 1831+89%  176.8+106 1320+6.8°
LDH (U/1) 26314 +1484° 1862.6+813°° 11803+969 11923 +154.6
Fasting glucose (mg/dI) 1684+43%  1313+£33%  70.0%55 658143
Insulin (ng/ml) 074+013* 168+020% 0.20+0.02 0.17 £ 0.07
C-peptide (pM) 359.7 +489" 6027+43.8%° 21344392 2731+48.0
Resistin (ng/ml) 2.87 £ 0144 3.23+0.28" 234+014 241£0.20
Total adiponectin (ug/ml) 1243+075 1970081 16.82+101 1815+1.38
HMW adiponectin (ug/ml) 342 +0.31 554+057° 393+046  494+052
IL-6 (pg/ml) 20.7+15 178 +0.5° 22110 248+26
TNF-a. (pg/ml) Nn3+18* 104+ 2.5 53+19 40+10
Total cholesterol (mg/dl) 1509 +3.0° 1228 +4.2° 1178 +6.1 116.5+ 41
HDL cholesterol (mg/dI) 984 +1.8° 722+ 24° 753146 64.7+49
LDL cholesterol (mg/dI) 80+0.2° 103+0.8 64+04 103 +1.6°
TG (mg/dI) 88.9+26° 66.0+22° 730+35 653+54
Free FA (p.Eq/l) 1022.2+273° 8457+358%° 132224947 12743+26.2

Values are presented as mean + SEM (n = 3-14/group). P < 0.05; 8P < 0.01
vs. significant compared with the respective ND. “P < 0.05; °P < 0.01 vs.
significant compared with the respective WT. HMW, high molecular weight.

mia (48-50). However, our results showed unaltered glucose
metabolism and insulin sensitivity in HFD-fed Gnal2-KO
mice, presumably due to diminished inflammatory response.
In addition, our finding that Gral2-KO mice exhibited hyper-
insulinemia together with lowered fasting glucose levels might
result from suppressed JNK signaling in Ga, -deficient pancre-
atic p cells. Also, we do not necessarily exclude the possibility
that Ga,, signaling regulates other pathway(s) affecting glu-
cose metabolism.

The observation that Go,, stabilizes SIRT1 by decreasing its
ubiquitination supports the hypothesis that Ga,, posttransla-
tionally regulates SIRT1. Persistent activation of JNK1 facilitates
SIRT1 degradation (51). Since the Ga,, pathway positively con-
trols JNK activity (34), the effect of Ga,, on SIRT1 deubiquitina-
tion depends on a pathway independent of JNK signaling. USP
belongs to the members of the deubiquitinase family, controlling
target protein stability via inhibition of ubiquitin-mediated pro-
teosomal degradation. Based on the previous observation that
USP22 deubiquitinates SIRT1 for stabilization (25), we were
tempted to determine whether Go,, regulation of SIRT1 engages
USP22. Our results demonstrated, for what we believe is the first
time, that Ga,, transcriptionally activates the USP22 gene via
HIF-1a, leading to inhibition of ubiquitin-mediated SIRT1 deg-
radation, as corroborated by the results of our in vivo and in vitro
Go,, manipulation experiments.

HIF-lo. mediates and coordinates metabolic changes upon
hypoxic responses, which would be required for maintenance of
cellular energy balance, including lipid metabolism (52-54). Our
findings shown here demonstrate that Ga, promotes HIF-lo-
dependent USP22 induction, maintaining SIRT1 levels. The data
showing a bona fide increase in USP22 by enforced expression of

RESEARCH ARTICLE

Ad-Ga QL in Gnal2-KO primary hepatocytes further strength-
ens the concept that the ability of Ga,, to stabilize SIRT1 relies on
HIF-1lo. Our findings are consistent with the report that hypoxic
stimuli increase SIRT1 in a HIF-la-dependent manner (55). Like-
wise, transgenic mice with adipose tissue-selective expression
of a dominant negative form of HIF-1a showed an impairment in
energy expenditure with decreased thermogenesis (53). We also
verified the role of RhoA/Rock in the regulation of HIF-1o by Ga,
(26-28). Overall, the outcomes of our study uncover the new Ga,,
signaling cascade encompassing HIF-la-driven USP22 expression
that affects SIRT1 in response to altered metabolic environments.

Considering that a subset of GPCRs generally form oligomeric
complexes with other GPCRs (56), it is quite challenging to define
a single GPCR or its corresponding ligand or ligands responsible
for numerous metabolic events. In the present study, however, we
attempted to find possible GPCRs and /or ligands for our proposed
mechanism, focusing on adenosine signaling as one of the candi-
dates. In a recent study, adenosine signaling contributed to alco-
hol-induced fatty liver in mice (57), supportive of possible involve-
ment of adenosine signaling in our proposed model. In contrast to
our findings, it has been claimed that A, receptor activation down-
regulated CPT1 and PPARa (57), which may be due to differences in
experimental design (e.g., agonist treatment time: 30 minute to 12
hours vs. 24 hours). Thus, more detailed experiments may be neces-
sary to define receptor activation and Ga,, coupling at the molecular
level. Our results do not exclude the possibility of other G proteins
(i.e., G, or G) coupling because each adenosine receptor may also
couple to the G proteins (37, 41). Nevertheless, our findings pro-
vide evidence that adenosine signaling affects the Go,-mediated
USP22-SIRT1 axis under different physiological conditions.

In summary, we discovered a function of Ga,, signaling in
lipid metabolism. Since FA oxidation occurs mainly in mito-
chondria, the identified Go,,-signaling pathway may fill the
missing link between cell-surface receptor activation and mito-
chondrial fuel oxidation. Moreover, our study identifies the
regulatory role of Ga,, signaling in the SIRT1/PPARa pathway,
delineating the molecular basis by which Ga,, regulates SIRT1.
These findings suggest HIF-1a and USP22 as attractive targets
for energy expenditure, which could be utilized to combat the
obesity epidemic. Current and future investigation of the func-
tion and mechanism of this cascade may offer new insight into
the understanding of energy metabolism and uncover targets
for treating metabolic diseases.

2

Methods

Details of the materials and experimental protocols are provided in
the Supplemental Methods.

Animal experiments. All animals were maintained in a 12-hour
light/12-hour dark cycle and fed ad libitum. Details of the genera-
tion of the Gnal2-KO mice used in this study have been described
previously (17). Male mice at 6 to 8 weeks of age, unless otherwise
indicated, were used in this study. To minimize environmental dif-
ferences, mice were housed for at least a week before each exper-
iment. For the fasting/refeeding transition model, Gnal2-KO mice
and their age-matched WT littermates were fed ad libitum, fasted
for 24 hours, and refed for 24 hours with free access to water. For a
diet-induced obesity model, age-matched WT and Gral2-KO mice
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Figure 8. Changes in whole-body energy metabolism and adiposity by a deficiency of Ga,,. (A) Effect of Gna12 KO on body weight gains, food intake, fecal
output, and fecal lipid content in mice fed HFD. Body weight (n = 8-14/group) and daily food intake (n = 9-10/group) of WT or Gna12-KO mice fed HFD were
monitored once every week for 16 weeks. Fecal output and fecal lipid content were measured during the 13th week (n = 9-10/group). (B) Adiposity in Gna12-KO
mice fed HFD. Fat mass was assessed by weighing total epididymal, mesenteric, inguinal, perirenal fat pads, and brown adipose tissue. Lean body mass was
assessed by subtracting fat mass from total body mass (left, n = 9-10/group). (C) Epididymal fat pad weight (left, n = 9-10/group) and representative H&E
staining (right, n = 3/group) of white adipose tissue from WT or Gna12-KO mice fed HFD for 16 weeks. Scale bars: 100 um. (D) ELISA assays for serum leptin

(n =12-14/group). (E) Energy expenditure and respiratory quotient profiles. Metabolic profiles were measured in WT or Gna12-KO mice fed HFD for 4 weeks
using comprehensive animal metabolic monitoring system (CLAMS) (n = 11-12/group). (F) Whole-body oxygen consumption. Oxygen consumption was mea-
sured in mice as described in E (n = 11-12/group). (G) Body temperature and locomotor activity. Resting rectal body temperature was measured in WT or Gna12-
KO mice fed HFD for 12 weeks (left, n = 5-6/group). Locomotor activities were monitored using CLAMS in mice as described in E (right, n = 11-12/group). Values
represent mean + SEM. Data were analyzed by ANOVA followed by Bonferroni's (A) post hoc test or 2-tailed Student'’s t test (B-F). For A, F, and G, box-and-
whisker plots show median (horizontal lines within boxes), 5%-95% percentile (ends of the boxes), and range of minimum to maximum values (whiskers).
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were subjected to ad libitum feeding of either ND or HFD with 60%
kcal fat (D12492, Research Diets) for up to 16 weeks. After sacrifice
of animals, tissues were dissected, snap-frozen, and processed for
protein and RNA quantification (58).

Statistics. Values are expressed as mean * SEM. Statistical signif-
icance was tested by 2-tailed Student’s ¢ test or 1-way ANOVA with
Bonferroni’s or least significant difference (LSD) multiple compari-
son procedure where appropriate. Differences were considered sig-
nificant at P < 0.05.

Accession number. All original microarray data using liver tissues
of each genotype were deposited in the NCBI's Gene Expression
Omnibus database (GEO GSE51694).

Study approval. All animal studies were approved by the IRB and
conducted under the guidelines of the IACUC of Seoul National Uni-
versity. Human NAFLD liver specimens were provided by the Univer-
sity of Kansas Liver Center Tissue Bank (Kansas City, Kansas, USA)
between 2010 and 2011 (cohort no. 1) and Cedars-Sinai Medical Cen-
ter in 2017 (cohort no. 2). All of the human specimens were procured
with proper written, informed consent.
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