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Abstract

The discovery of adipose triglyceride lipase (ATGL) and its coactivator comparative gene
identification-58 (CGI-58) provided a major paradigm shift in the understanding of intracellular
lipolysis in both adipocytes and nonadipocyte cells. The subsequent discovery of GO/G1 switch
gene 2 (G0S2) as a potent endogenous inhibitor of ATGL revealed a unique mechanism governing
lipolysis and fatty acid (FA) availability. GOS2 is highly conserved in vertebrates, and exhibits
cyclical expression pattern between adipose tissue and liver that is critical to lipid flux and energy
homeostasis in these two tissues. Biochemical and cell biological studies have demonstrated that a
direct interaction with ATGL mediates GOS2’s inhibitory effects on lipolysis and lipid droplet
degradation. In this review we examine evidence obtained from recent /n vitro and in vivo studies
that lends support to the proof-of-principle concept that GOS2 functions as a master regulator of
tissue-specific balance of TG storage vs. mobilization, partitioning of metabolic fuels between
adipose and liver, and the whole-body adaptive energy response.
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1. Introduction

Metabolic regulation and energy availability are essential for all biological functions. In
rodents and humans, adipose tissue and liver function in synchronization to confer adaptive
response to fasting and maintain systemic energy homeostasis [1, 2]. During periods of food
consumption when dietary glucose is used as the primary source of energy, insulin promotes
the deposition of excess glucose in glycogen in the liver and the storage of dietary fatty acids
(FAs) as triglycerides (TGs) in cytosolic lipid droplets (LDs) of adipocytes. In response to
nutrient deprivation or fasting, changes in both carbohydrate and lipid metabolism are
initiated through nutritional and hormonal signaling. Hepatic glycogen stores are depleted
through glycogenolysis to produce glucose as a rapid source of energy. When fasting is
prolonged, TG stores in adipocytes are mobilized via hydrolytic degradation (lipolysis),
resulting in the release of FAs and glycerol into circulation. A large percentage of these
adipose-derived FAs and glycerol are destined for uptake by the liver, where they are used as
substrates for p-oxidation to drive ketogenesis as well as for synthesis of TGs that are
packed in VLDL particles for secretion. Since the amount of incoming FAs often exceeds
the net utilization, excess FAs are deposited as TGs within LDs in hepatocytes [3-5].
Glycerol, a second product from adipose lipolysis, is also transported to the liver, where it is
used for glucose production through gluconeogenesis or when phosphorylated, serves as the
backbone for TG synthesis [6].

The flux of FAs between adipose tissue and liver is a delicate balance of TG synthesis vs.
mobilization in these two organs. Adipocytes are the primary site for storage of FAs as
neutral TGs in most organisms. Imbalanced TG synthesis and FA mobilization are major
contributors to the onset of pathologies including obesity and obesity-associated metabolic
abnormalities. Unlike adipocytes, hepatocytes are not designed to effectively store TGs. Ina
physiological setting, a cycle exists between adipose tissue and liver with regards to the
movement of FA and TG across these depots. A marked increase in intrahepatic TG in the
fasted state is of no negative consequence and is reversed upon refeeding. However, if a
continued dietary assault is present during refeeding, as occurs often in obese individuals or
those that consistently consume a high fat or high carbohydrate diet, pathological conditions
including non-alcoholic fatty liver disease (NAFLD) and the more severe non-alcoholic
steatohepatitis (NASH) can develop [7-10]. Presumably, hepatic steatosis can also stem
from defective clearance of intrahepatic TG through the action of neural lipases or
autophagic degradation [11, 12].

While obesity, NAFLD and NASH elicit a devastating impact, together these dysfunctions in
adipose tissue and liver often lead to further complications. The most characterized and
detrimental disease conditions resulting from obesity and liver pathologies are insulin
resistance and diabetes. By disrupting the normal flow of FAs and their ectopic deposition as
TG and toxic lipids across peripheral tissues, alterations in energy metabolism, glucose
utilization, inflammation state and plasma metabolite concentrations occur. As a result,
whole-body and tissue-specific insulin sensitivity can be negatively affected [13, 14].
Chronic insulin resistance and sustained hyperlipidemia resulting from exacerbated FA and
TG levels globally promote the development of type 2 diabetes. Therefore, the “FA cycle”
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that occurs between adipose tissue and liver is of vital importance to not only energy
homeostasis but overall metabolic health as well.

A key mechanism in regulating intracellular lipid content and mobilization of FAs from TG
stores is lipolysis. This is the sequential hydrolytic breakdown of TG into FAs and glycerol.
The rate-limiting step is the cleavage of the first ester bond in TGs by adipose triglyceride
lipase (ATGL) [15, 16]. Alterations in ATGL expression or/and function ultimately impact a
plethora of FA-dependent processes including oxidative activity and lipid accumulation in a
variety of tissues. Therefore, refereeing the enzymatic function of ATGL is of immense
importance. In 2010, our laboratory reported the discovery of the ATGL inhibitory
properties of GO/G1 Switch Gene 2 (G0S2) [17]. In this article, we summarize recent
advances in research exploring the function of GOS2 in the regulation of ATGL-mediated
lipolysis as well as of adipose-liver lipid flux and whole-body energy metabolism.

2. ATGL-mediated intracellular lipolysis

The biochemical process of intracellular lipolysis is likewise conserved in adipocyte and
non-adipocyte cell types. Intracellular lipolysis is mediated by cytosolic lipases that catalyze
the hydrolysis of TGs in response to fasting and/or nutrient deprivation. For a long time it
was believed that the enzyme hormone sensitive lipase (HSL) was the major TG hydrolase
in mammalian cells. However, studies over the past 12 years have identified and confirmed
the rate-limiting enzyme of lipolysis as ATGL [16, 18-21], also named desnutrin and
patatin-like phospholipase domain-containing protein 2 (PNPLAZ2). ATGL is responsible for
catalyzing the first step in a sequence of three step-wise reactions that define lipolysis [21].
Structurally, the N-terminal portion of ATGL contains a predicted a/p-hydrolase fold and an
overlapping patatin-like domain. A nucleophilic serine residue is located within the patatin-
like domain at position 47, and is part of an unconventional catalytic dyad (Ser47, Asp166)
similar to the one found in human cytosolic phospholipase A2 (cPLA2). A hydrophobic
stretch of 45 amino acids is present in the C-terminal region and has been shown to mediate
targeting of ATGL to the surface of TG-containing LDs. It is now known that the /n vivo
enzymatic action of ATGL is decided not only by its own lipase activity, but also by its LD
localization and interaction with its co-activator comparative gene identification 58 (CGI-58)
[22]. In humans, mutations of CGI-58 and ATGL have been identified as a causative factor
for various forms of neutral lipid storage disease (NLSD) characterized by TG deposition in
various non-adipose tissues [23].

The phenotypic evaluation of ATGL knockout mice has extended our understanding of
ATGL s role in the control of lipid and energy metabolism /n vivo. Whole-body and
adipose-specific ATGL knockout mice both exhibited impaired lipolysis in adipose tissue
and reduced FA availability in the plasma, leading to compensatory increases in overall
glucose utilization and insulin sensitivity [24-27]. In addition, ATGL ablation in brown
adipose tissue (BAT) caused severely impaired cold adaptation and an increased expression
of white adipose tissue (WAT)-enriched genes. The results suggest that ATGL-mediated
lipolysis is critical for generating FAs for oxidation and uncoupling protein-1 (UCP1)-
dependent thermogenesis. In nonadipose tissues such as liver and cardiac muscle, ATGL
selectively channels hydrolyzed FAs to p-oxidation in mitochondria [28-30]. In fact,
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massive lipid accumulation in cardiac myocytes caused congestive heart failure and early
death of the whole-body knockout mice [24]. Exercise-induced lipolysis was also blunted in
these mice. In mouse liver, ATGL ablation led to the impairment in FA oxidation along with
the development of hepatic steatosis [26, 29]. When fed with a NASH-inducing diet or
challenged by bacterial endotoxin, ATGL knockout mice showed exacerbated hepatic
steatosis as well as enhanced hepatic inflammation, increased mortality and torpor [31].
Conversely, adenovirus-mediated overexpression of ATGL in liver promoted FA oxidation,
reduced lipotoxicity and ameliorated steatosis in mice with diet-induced obesity (DIO) [32].
Apart from its effects on TG mobilization and FA trafficking, ATGL is also an important
regulator of peroxisome proliferator-activated receptor-a. (PPARa) in oxidative tissues.
Conditional ATGL deficiency decreased mMRNA expression of PPARa. target genes, resulting
in reduced oxidative capacity in BAT, cardiac muscle and liver [25, 27, 29, 30]. In humans,
mutations in ATGL cause neutral lipid storage disease characterized by TG deposition in
multiple nonadipose tissues and mild myopathy (NLSDM) [23, 33]. Intriguingly, neither
NLSDM patients nor adipose-specific ATGL knockout mice were found to be exceedingly
obese. These somewhat surprising results are explained, at least in part, by the observations
that an adaptive reduction in lipid uptake and synthesis occurs in WAT in response to ATGL
deficiency [27, 34].

3. Identification and in vitro characterization of G0OS2 as an ATGL inhibitor

GO0S2was originally identified in cultured mononuclear cells in response to drug-induced
cell cycle transition from the GO to G1 phase [35] [36]. In both mouse and human genomes
GO0SZ2is located on chromosome 1 and encodes a small basic protein of 103 amino acids.
The GO0S2 protein is highly conserved between species with 78% identity between the
mouse and human isoforms. Secondary structure prediction suggests the GOS2 protein
contains two a-helices separated by a hydrophobic region that has the potential to generate
turns and assume a B-sheet conformation.

The expression of GOS2 mMRNA has been profiled in a variety of human and mouse cell
types. Although results from a limited number of studies have implied that GOS2 is a
multifaceted protein involved in a variety of cellular functions including proliferation,
apoptosis, inflammation, metabolism, oxidative phosphorylation and possibly carcinogenesis
[37-43], recent studies have provided convincing evidence that GOS2 is abundantly
expressed in metabolically active tissues such as adipose tissue, liver, heart and skeletal
muscle, and acts as a molecular brake on TG catabolism.

A major advance in understanding the function of GOS2 was the discovery that GOS2 is able
to directly bind to ATGL and inhibit its TG hydrolase activity [17]. Initial findings showed
that GOS2 inhibits ATGL activity and its ability to degrade intracellular LDs even in the
presence of its co-activator CGI-58 [44-46]. Subsequent mutagenesis analysis revealed that
the interaction and the inhibition require the central hydrophobic domain (HD) of G0S2 and
the patatin-like region of ATGL. A more recent study by Cerk et a/. demonstrated that a
peptide derived from the GOS2 HD covering residues Lys20 to Ala52 is capable of inhibiting
ATGL in a dose dependent, non-competitive manner and with an 1C50 in the nanomolar
range [47]. The sequence of this peptide is highly conserved between human and mouse
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GO0S2. The inhibition is specific for ATGL since the peptide did not inhibit various lipases
tested in the same study including HSL, monoacylglycerol lipase (MGL), lipoprotein lipase
(LPL), or lysophospholipases from the PNPLA protein family such as PNPLAG and
PNPLA7 [47].

Studies using cultured adipocytes provided first pieces of evidence supporting an inhibitory
role for GOS2 in adipocyte lipolysis. In differentiated mouse 3T3-L1 and human Simpson-
Golabi—-Behmel syndrome (SGBS) adipocytes, overexpression of GOS2 was capable of
decreasing both basal and adrenergically stimulated lipolysis, whereas knockdown of
endogenous GOS2 enhanced lipolysis and FA efflux under the same conditions [17, 48]. 8-
adrenergic signals are known to up-regulate the enzymatic action of ATGL in adipocytes.
Mechanisms for ATGL activation have been suggested to involve dissociation of CGI-58
from phosphorylated perilipin 1 [48, 49] as well as direct phosphorylation of ATGL by PKA
[50]. In addition, our group and others found that ATGL also undergoes HSL -like
translocation from cytosol to LDs in a manner dependent on perilipin 1 phosphorylation [45,
51, 52]. Interestingly, GOS2 was observed to translocate to LDs along with ATGL in
response to B-adrenergic agonists, and this translocation was abolished when ATGL
expression was suppressed [17]. On the other hand, binding of G0S2 enabled LD
localization of ATGL mutants that are C-terminally truncated and thus disabled in self-
anchoring to LDs [53]. Thus, an interdependent relationship appears to exist between G0S2
and ATGL in their localization to LDs, though the functional relevance of this mutual
recruitment remains unclear. Furthermore, TNF-a is known to potently stimulate basal
lipolysis in adipocytes, which may contribute to hyperlipidemia and peripheral insulin
resistance in obesity [54-56]. Work by our laboratory demonstrated that TNF-a treatment
causes a rapid abrogation of GOS2 expression, and ectopic expression of GOS2 is able to
significantly decrease TNF-a-stimulate lipolysis mediated by ATGL [57]. The results
indicate that the early reduction of GOS2 content is permissive for TNF-a-induced lipolysis
in adipocytes.

4. Physiologic role of GOS2 in regulating lipid and energy metabolism

In the fed state, GOS2 protein expression increases in adipose tissue and decreases in the
liver; these changes are reversed by subsequent fasting [58]. The generation and phenotypic
characterization of multiple GOS2 knockout and overexpression animal models have shed
light on the physiologic function of GOS2 in tissue-specific lipolysis and global energy
homeostasis [58—66]. In general, the findings obtained from different studies have been
remarkably consistent in showing in different tissue settings that GOS2 inhibits lipolysis by
direct protein-protein interaction with ATGL.

4.1 GO0S2 and adipose lipolysis

In three GOS2 whole-body knockout mouse models [58-60], basal as well as stimulated
lipolytic rates were increased in the WAT. Consequently, these mice were lean, cold tolerant
and resistant to HFD-induced obesity and insulin resistance. The increased energy
expenditure observed in these mice was explained by augmented adipocyte FA oxidation,
which promoted thermogenic function of BAT and browning-like changes in WAT.
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Conversely, transgenic overexpression of GOS2 in mice strongly attenuated adipose lipolysis
and FA flux to liver in response to fasting and p-adrenergic stimulation [62]. As a result,
these mice experienced difficulty in shifting from carbohydrate to FA oxidation during
fasting. Moreover, GOS2 overexpression promoted accumulation of more and larger LDs in
brown adipocytes, leading to defective cold adaptation in the transgenic mice. In response to
HFD feeding, the transgenic mice displayed a greater gain of body weight and adiposity
along with decreases in the fasting plasma levels of free FAs, TGs, and insulin. However,
glucose and insulin tolerance was improved in these mice [62]. In a transgenic quail model,
overexpression of GOS2 in the adipose tissue resulted in a reduced elevation of plasma free
FA levels and smaller reduction in fat mass in response to food restriction and fasting [63].
Overexpression of GOS2 also inhibited adipose lipolysis during early and active laying,
leading to decreased supply of lipids for yolk synthesis and delayed onset of egg production
[67]. In free-ranging brown bears, GOS2 expression was found to markedly elevate in
adipose tissue in late summer prior to hibernation, coinciding with lipolytic suppression and
increased bodyweight and fat mass gain, glucose utilization and insulin sensitivity [68].
Together, these studies have demonstrated a key role for GOS2 as a regulator of adipose
lipolysis and the overall FA availability. The evidence on a whole has revealed a molecular
mechanism that can contribute to explaining the paradox of improved insulin sensitivity and
glucose tolerance during weight and fat mass gain.

4.2 Hepatic G0S2 and steatosis

One of the most drastic changes observed in the GOS2 knockout mice was their lack of liver
TG. Specifically, these mice exhibited an impaired fasting response in terms of hepatic TG
accumulation and were resistant to HFD-induced liver steatosis [58, 60]. Both of these
effects were also demonstrated with liver-specific knockdown of GOS2 expression [58]. In
normal chow-fed wild type mice, hepatic GOS2 expression peaks early within 6 h of fasting.
Loss of GOS2 in the liver led to increased expression of FA oxidation genes and ketogenesis
as well as accelerated gluconeogenesis and decelerated glycogen breakdown [58].
Conversely, liver-specific overexpression of GOS2 in mice resulted in steatosis and elicited
opposite effects including reduced rates of lipolysis, FA oxidation, and ketogenesis [58, 64].
The data indicate that by limiting FA availability during the early stage of fasting, hepatic
G0S2 may act to ensure the usage of glycogen-derived glucose as the primary source of
rapid energy output. In HFD-fed mice, we found that hepatic GOS2 levels rise in the fed
state. Interestingly, whole-body glucose tolerance and insulin sensitivity were improved in
response to both global and hepatic loss of GOS2 [58]. Consistent with the findings obtained
from mice, liver-specific GOS2 overexpression in male Wistar rats promoted hepatic insulin
resistance by exacerbating HFD-induced hepatic steatosis [65]. Together, the results from
these studies imply that while GOS2 plays a critical role in regulating the hepatic adaptive
energy response to fasting, sustained GOS2 expression in liver during HFD feeding promotes
a detrimental effect on systemic insulin response and energy balance.

4.3 Role of GOS2 in muscle

Although the current studies focus primarily on the function of GOS2 in adipose tissue and
liver, emerging evidence has also pointed to an important role of GOS2 in regulating TG and
FA metabolism in striated muscles. For example, GOS2 was recently shown to express and
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function in cardiac muscle, where GOS2 expression pattern resembles that of adipose tissue,
1.e. lower in fasted than in ad /ibitum fed state. GOS2 deficiency resulted in a de-repression
of cardiac lipolysis and decreased cardiac TG content [66]. Transgenic overexpression of
G0S2, on the other hand, inhibited cardiac lipolysis and caused severe cardiac steatosis [66].
Moreover, a separate study has found that GOS2 protein is highly expressed in mouse soleus
muscle (largely made up of slow oxidative fibers), and GOS2 expression in rat and human
skeletal muscle is positively associated with the oxidative capacity and lipid content [69,
70]. Overexpression and knockdown experiments using human primary myotubes and
mouse skeletal muscle showed that GOS2 controls lipolysis and FA oxidation as well as TG
content in an ATGL-dependent manner. Importantly, knockdown of G0S2 also reduced
glucose metabolism and enhanced mitochondrial function [69]. Together, these studies have
offered insight to the role of GOS2 as an important modulator of lipolysis and substrate
utilization in oxidative muscle types.

5. Regulation of GOS2 mRNA and protein expression

5.1 GOS2 expression in adipose tissue

In situ hybridization analysis of mouse embryos provided the first evidence for the
predominant expression of GOS2 in adipose tissue [71]. Successive studies confirmed high-
level expression of GOS2 in adipose tissue of adult humans and animals including mice,
pigs, bears and avian species [68, 72—77]. In cultured human SGBS and mouse 3T3-L1 pre-
adipocyte cell lines, both GOS2 mRNA and protein have been shown to exhibit
adipogenesis-dependent expression [45, 61, 72, 75]. In humans, GOS2 mRNA expression in
subcutaneous adipose tissue was found to be 7 times higher in mature adipocytes than in the
cells of corresponding stroma-vascular fraction [77]. Sequence analysis revealed that the
GO0S2 promoter region encompasses a potential PPAR-responsive element (PPRE), and
Zandbergen et al. subsequently provided evidence that GOS2 expression in adipogenesis is
increased by PPAR~y [72]. A separate study recently showed that knockdown of either
PPAR  or GOS2 resulted in apoptotic induction in 3T3-L1 cells before terminal
differentiation [61]. The lack of notable defects in the adipose development of GOS2 whole-
body knockout mice [58-60], however, argues against a significant role of GOS2 in
adipocyte differentiation /n vivo. In addition to PPARy agonism, the adipose expression of
GO0S2 is subject to regulation under different nutritional conditions. Specifically, it is at very
low levels during fasting but increases following feeding [58, 73, 78]. This expression
pattern is consistent with the observation derived from cultured adipocytes where GOS2 is
upregulated by insulin and downregulated in response to B-adrenergic stimulation [58].
Furthermore, the GOS2 protein has a relatively short half-life of approximately 15 min [79].
While transcriptional regulation of GOS2 expression is no doubt a major contributor to
intracellular protein levels, recent evidence has shown G0S2 stabilization at the protein level
by the presence of ATGL and in response to FA-induced TG accumulation. The observation
that GOS2 protein but not mMRNA levels were reduced in the adipose tissue of ATGL-
deficient mice corroborates the involvement of ATGL in the stabilization of GOS2 protein
[79].
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5.2 Control of hepatic GOS2 transcription

Compared to its high expression in adipose tissue in the fed state, levels of G0S2 in liver are
low when nutrients are abundant. In response to fasting, hepatic expression of GOS2 mRNA
and protein is robustly increased [58, 80]. An early study demonstrated that fasting-induced
GO0S2 expression was abolished in the liver of mice lacking PPARa, the master
transcriptional regulator of FA catabolism. In addition, treatment with Wy14643, a synthetic
PPARa ligand, was able to upregulate GOS2 mRNA levels in mouse liver and isolated
hepatocytes in a PPARa-dependent manner [72]. These results strongly suggest that GOS2is
a target gene of PPARa in liver. Despite the fact that the GOS2 promoter region contains a
PPRE, however, whether hepatic GOSZ expression is directly activated by PPARa remains
uncertain. Overexpression of PPARa and treatment with a PPARa agonist in combination
failed to stimulate the promoter activity of GOSZ2in a cell reporter assay [72]. The PPARa
agonist Wy14643 also failed to considerably increase GOS2 expression in liver in the
absence of adipose FA influx [80]. Additionally, our most recent study showed that chemical
antagonism of PPARa in mice elicited no effect on fasting-induced hepatic GOS2 expression
[81]. Collectively, the existing evidence points to a more complex scenario of GOS2
regulation by PPARa. Furthermore, the GOSZ2 gene contains a carbohydrate response
element (ChoRE) within its promoter region, and results from a previous study suggest that
ChREBP may regulate hepatic GOSZ2in response to glucose [82]. However, this pathway is
unlikely to account for increased GOS2 expression in the fasting liver as glucose availability
would be limited.

Recent evidence obtained from studies of adipose-specific ATGL and CGI-58 knockout
mice has demonstrated that during fasting FAs derived from adipose lipolysis are critical for
promoting hepatic GOSZ2 expression [80, 81]. Our co-culture experiments further revealed
that the effect is the consequence of a direct induction of GOS2 gene transcription in
hepatocytes by unsaturated FAs such as oleic acid and linoleic acid, which are released from
lipolytically stimulated adipose tissue [81]. In the same study, we obtained compelling
evidence that GOS2 is a direct target gene of liver X receptor a subtype (LXRa). LXRs are
transcription factors essential for cholesterol homeostasis and lipogenesis [83, 84]. LXRa
has previously been implicated in regulating hepatic TG accumulation both during fasting
[85] and upon stimulation of de novo FA synthesis [86—89]. Using ChIP analysis and cell
reporter assays, we demonstrated that transcriptional activation of GOS2 expression is
conferred by LXRa binding to a direct repeat 4 (DR4) motif in the GOS2 promoter [81]. The
importance of LXRa for GOS2 expression was further recognized in experiments using
LXRa knockout mice where induction of both hepatic GOS2 expression by fasting or LXR
agonist agonists was abolished [81].

Despite the data strongly supporting a predominant role for LXRa, the mechanisms
underlying the specific activation of GOS2 by LXRa during fasting are less clear, given that
oxysterols but not FAs are widely considered to be ligands of LXRs. In the fed state, LXRs
are known to interact with insulin in the control of hepatic SREBP-1c and genes for de novo
FA synthesis [90]. In fasting liver, it is possible that the absence of insulin and the presence
of unsaturated FAs alter the composition of cofactors and lipid mediators, thereby
decreasing the binding LXRa to the SREBP-1c promoter while enhancing the specificity of
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LXRa for the GOS2 promoter. Since LXR functions in a heterodimeric complex with the
retinoid X receptor (RXR), it is also possible that the FA responsiveness of LXRa:RXR is
mediated via FA modification of RXR. In this regard, RXR has long been recognized as an
FA receptor that can be activated upon FA binding [91-95]. Further studies are needed to
unveil the mechanistic details of LXRa-mediated G0S2 transcription in the presence of FAs.
Moreover, several previous studies have demonstrated that extensive crosstalk between LXR
and PPARa drives lipid metabolism in response to oxysterols and FAs [96-101]. According
to a recent study, simultaneous activation of LXR/PPARa. synergistically exacerbates
hepatic steatosis v/a modulating the expression of a set of genes involved in lipid and
glucose metabolism as well as FGF21 [102]. Thus, it would be tempting to determine
whether G0S2 is also under the dual regulation of LXRa and PPARa.. Furthermore, Zhang
et al. have recently shown that FoxO1 promotes intrahepatic lipolysis and FA oxidation
through concomitantly stimulating ATGL and suppressing G0S2 expression [103].
Interestingly, FoxO1 is known to antagonize de novo lipogenesis via reducing the binding of
LXRa to the SREBP-1c promoter [104, 105]. It is possible that a similar mechanism may be
employed for FoxO1 to downregulate GOS2 transcription by LXRa.

6. GOS2 and human pathologies

Since the discovery of GOS2 as a lipolytic inhibitor, several studies on the expression pattern
of GOS2 have shed light on its potential role in regulating adipose lipolysis and FA
mobilization in humans. Previous studies by Nielsen and colleagues have shown in humans
that prolonged fasting is associated with a substantial decrease in adipose GOS2 expression
[78]. A recent study also showed that GOS2 mRNA expression was substantially higher in
subcutaneous compared to omental adipose tissue, and in both depots cell size inversely
correlated with GOS2 expression [77]. Intriguingly, obese subjects exhibited decreased
MRNA levels of GOS2 in subcutaneous adipose tissue despite decreased lipolysis per unit of
fat mass [77]. In patients with poorly controlled type 2 diabetes, reduced expression of GOS2
and perilipin 1 in adipose tissue was observed, which might contribute to increased ATGL
lipolysis and circulating free FA levels post insulin withdrawal [106]. In an experimental
human model of diabetic ketoacidosis (DKA), lipolytic stimulation resulting from the
release of proinflammatory cytokines and stress hormones was found to be associated with
decreased G0S2 and increased CGI-58 expression in adipose tissue [107]. Given that GOS2
does inhibit ATGL activity in cultured human adipocytes, results from these studies indicate
that this regulatory mechanism is highly conserved in the adipose tissue of humans.

7. Perspectives & discussion

The G0S2 and ATGL functional studies have revealed the significance of the lipolytic
mechanism and its regulation. In eukaryotic evolution, TG synthesis and catabolism
emerged as one of the preferred pathways for mitigating fluctuations in energy demand and
availability. This evolutionary establishment of TG as a primary stored nutrient to buffer
energy homeostasis is often referred to as adaptive metabolism and is governed by the thrifty
gene hypothesis, whereby genes promoting TG deposition and regulation were highly
selected [108-113]. Concurrently, enzymes were needed to promote the mobilization of this
energy reserve, hence the appearance of ATGL homologs in the genomes of early eukaryotic
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species such as yeast and fruit fly [114, 115]. Through genetic refinement and environmental
pressures, ATGL became the predominant intracellular TG hydrolase in higher and more
complex organisms. To counteract the role of ATGL and to establish a regulatory mechanism
for intracellular lipolysis, GOS2 appeared in later evolution as it is only found in vertebrates
[37]. As a small protein regulator, GOS2 has remained minimally altered throughout
evolution since its emergence (Figure 1). Sequence identities between mammalian species
range from 77% to 95% when compared to human G0S2. In particular, the GOS2
hydrophobic sequence responsible for mediating ATGL inhibition is extremely similar in
vertebrates ranging from stickleback fish to birds and to rodents and humans (Figure 1). We
hypothesize that this high level of conservation reflects the importance of GOS2 to the
survival of lower vertebrates by promoting energy preservation. In higher vertebrates such as
mammals, G0S2 evolved to become paramount for the acquisition of metabolic adaptations
that allow processing of fuel utilization and storage in a cyclical manner.

In support of the above-described evolutionary hypothesis, studies using cell and animal
models have yielded compelling evidence to prove that the interplay between ATGL and
GO0S2 is critical for balancing tissue-specific TG storage vs. mobilization as well as for
partitioning of metabolic fuels between adipose and liver (Figure 2). During periods of food
abundance, increased expression of GOS2 promotes lipolytic suppression and the net TG
deposition in WAT. In the periods of food shortage, GOS2 levels decrease in WAT,
facilitating the release of free FAs to circulation. In response to the influx of adipose-derived
FAs, GOS2 expression increases in liver, where it acts to control hepatic substrate utilization
by decelerating the rates of ATGL-mediated TG hydrolysis and FA oxidation (Figure 2). We
speculate that early human populations that were food insecure would have benefited from
this arrangement. The increased hepatic TG storage and controlled FA mobilization
conferred by GOS2 might allow for a longer period of energy availability between meals,
and it may represent a metabolic advantage for surviving extended periods of famine.

The function of GOS2 may have for the most part remained consistent over time, yet
nutritional and environmental pressures have changed. In today’s society where there is an
almost unlimited access to food, the role of GOS2 and many other TG promoting genes may
constitute a detriment to metabolic health. Under physiologic conditions, the fasting-
refeeding transition decreases the hepatic GOS2 levels when the WAT is set back to the mode
of storing instead of releasing FAs. This in turn would lead to enhanced intrahepatic
lipolysis, facilitating the TG clearance in liver. When a high calorie diet is readily accessible,
however, the hepatic GOS2 content likely remains high after refeeding due to the influx of
dietary FAs or increased de novo FA synthesis. In DIO, decreased expression of GOS2 and
impaired insulin sensitivity in WAT may also lead to elevated basal adipose lipolysis and FA
flux to liver. Consequently, the presence of high levels of hepatic GOS2 then becomes
disadvantageous, predisposing liver to chronic steatosis, insulin resistance and other related
problems. Supportive of this postulation are the findings derived from mice that ablation of
GO0S2 or activation of ATGL reduces adiposity, increases energy expenditure, and alleviates
HFD-induced hepatic steatosis and insulin resistance [32, 58, 60]. Although data pertaining
to GOS2 expression in the liver of obese and diabetic patients are currently lacking, high
hepatic GOS2 levels would advocate for the benefits of down-modulating GOS2 function or
expression in addressing metabolic health concerns in humans. Given that it only has a
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single isoform and bears no structural or sequence similarities to any other known proteins,
GO0S2 presents a highly attractive target for therapeutic development for treating obesity-
associated disorders such as NAFLD and insulin resistance.

Another significant advance was the identification of GOS2 as a direct target gene of LXRa.
In humans and rodents, a major function of LXRa is in the regulation of cholesterol
metabolism. LXR agonists such as T0901317 have been shown to be extremely potent in
inducing rapid decreases in global cholesterol content in human trials [116-122]. LXR
agonism leads to increased reverse cholesterol transport (RCT), where low-density
lipoprotein (LDL) particles (bad cholesterol) are converted to high-density lipoprotein
(HDL) particles (good cholesterol) in macrophage-derived foam cells and trafficked to liver
for excretion in bile and feces, thereby decreasing cumulative cholesterol content. Despite
the established beneficial effects on cholesterol, pharmacological activation of LXR results
in increased plasma TG and the development of hepatic steatosis [116-123]. These side
effects render LXR agonists essentially useless in the clinical treatment of high cholesterol.
The recent finding that GOS2 promotes TG deposition in response to LXR agonism has led
to new insight into our understanding of the mechanism that underlies these TG-associated
side effects of LXR agonists [81]. In particular, our data show that when GO0S2 is ablated,
T0901317 is rendered incapable of inducing plasma TG elevation and of causing hepatic
steatosis while still retaining its positive effect on cholesterol/reverse cholesterol trafficking
[81]. Thus, inhibition of GOS2 may be a means to alleviate hepatic steatosis and
hypertriglyceridemia and allow for the use of LXR agonists in the treatment of
hypercholesterolemia and atherosclerosis. Finally, given the key role of LXR in mediating de
novo lipogenesis, it is tempting to speculate that GOS2 may also possess an ATGL-
independent function in promoting synthesis of newly generated FAs to TGs. Further studies
of G0S2 biochemistry and animal models with ATGL/G0S2 double deficiency will be
required to provide definitive information on this possibility.

8. Concluding remarks

GO0S2 has proven to be an interesting and unique regulator of lipid metabolism and energy
homeostasis. The ability of GOS2 to have such a profound impact on TG deposition is
intriguing. Moreover, its ability to alter energy utilization simply through restriction of FA
substrates illuminates the importance of GOS2 to organism survival during the “feast or
famine” cycle. In addition, work discussed in this review has provided a proof-of-principle
concept that modulation of GOS2 expression could be a putative treatment avenue for a host
of metabolically linked diseases characterized by ectopic TG accumulation. Furthermore,
the ongoing studies suggesting of functions outside of metabolic regulation have yielded
importance to other physiologic impact of GOS2. Future research is needed to uncover the
full spectrum of GOS2 function in different cellular settings.
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G0S2 GO0/G1 Switch Gene 2

HSL hormone-sensitive lipase

ATGL adipose triglyceride lipase

TG triacylglycerol/triglyceride

FA fatty acid

BAT brown adipose tissue

WAT white adipose tissue

PPAR peroxisome proliferator-activated receptor
PPRE PPAR-responsive element

LDs lipid droplets

SGBS Simpson-Golabi-Behmel syndrome

NAFLD non-alcoholic fatty liver disease
NASH non-alcoholic steatohepatitis
cPLA2 human cytosolic phospholipase A2

CGI-58 comparative gene identification-58

NLSD neutral lipid storage disease
ChoRE carbohydrate response element
TNF-a tumor necrosis factor- alpha
LXR liver x receptor

LDL low density lipoprotein

HDL high density lipoprotein
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Highlights

. GO0/G1 switch gene 2 (G0S2) is a specific inhibitor of intracellular lipolysis
mediated by adipose triglyceride lipase (ATGL).

. The review covers expression and function of G0S2 in adipose tissue and liver
as a regulator of lipid and energy metabolism.

. Targeting GOS2-ATGL interaction should be considered in the future.
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ATGL inhibitory sequence

METVQELIPLAKEMMAQKRRGRKMVELY VLGS VLALFGVVLGLMETVCE]
MESVQELIPLAREMMAQKPRGELVELY VLGS VLALFGVVLGLVETVCS]
MESVOELIPLAREMMTOKSRGKLVELY VLGS VLAFFGVVLGLVETVCS]
METVQELIFLAKELMAQKPSAKLVEMY VLGGVLALFGAVLGLMEAVCG]
METIQELMPLAKELMAHKPSRKLVELY LLGGLLAFLGAVLGLMETVCS]
METMHELIPFAREMLSOKFNREMVELY VLGS VLAFFGVY LGLVEAVCS]
METLORLTPFAREMLSOKPNREMYKIY VIGSVLAFFEVLIGIVEAVCH]
METINEIIPFAREMLSQORESREMVEVY LLESTLALFCVVECLVETVCM]
METMHELIPFAKEMLSQOKFNREMVKLY MLGSVLAFFGCVY IGLVEAVCS]
MDGMODLIPFAKEMLSORFSRELLEVY LVGSAFAVLGTLYVGLVEAVCH]

*5 s1gsskykkArrrs HE R L AT A

AAVAFLOART, —————————— ERQALOEQA-LOEKGHOODTVLGGRAT::
AANVVELREAC—————————— EQOSLHEQA-LLAGGKAOEATLCSRAT
ERRFRR e —— —— —————— EQOSLHEQA-LIAEGETQEATLCSRAL!
ETEAEERRERR ——————————— GESAPREQ—————-— GEPLEAVOQGCRAT:
AAVAELRAAR - —————————— ERKAPPEPA-QLEKDKRROVGRGCRAL!
EFERPSPSEEPA = ———— LPREEREDLVIE === QS EESSAVOREGYY
KSPSAESQK-P-—-—-EKNKDEEMVLE-——=————- KERKQOSMAVRSTI
IFLIAEEEEREOMLEPEITTIELDVVDELOT-ET--DAKKFLEGROERA!
EERPNPSEERPA ————— LEQEREDENLEE ————————— QS EESSVVORGMS
VLMLAREERTVCVETR ————— ChAADEEETATREEEDAYT———— — O5TI:

Figure 1. GOS2 protein sequence alignment
Amino acid sequences of GOS2 proteins from different species were aligned using Clustal

Omega program. Overall, the sequences are well conserved with high content of basic
(shown in green) and hydrophobic (shown in blue) residues. Red box contains the
hydrophobic sequences required for ATGL inhibition. Identical amino acids in all proteins
are marked with an asterisk (*), conservative substitutions with a colon (:), and semi-
conservative substitutions with a period (.).
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Figure 2. Control of adipose-liver FA flux by G0S2
In the fed state, GOS2 is expressed at high levels in WAT when ATGL is mostly inactive and

the lipolytic rate is low. In the fasted state, GOS2 is downregulated in WAT and upregulated
in the liver, favoring the mobilization of FFAs through increased adipose lipolysis and their
deposition as TGs in liver. GOS2 in liver acts to coordinate hepatic substrate utilization by
limiting the rates of TG hydrolysis, FA oxidation, gluconeogenesis, glycogen breakdown,
and ketogenesis. Upon refeeding, these fasting-induced changes in GOS2 and substrate
metabolism are reversed.
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