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RGS2: A multifunctional signaling hub that
balances brown adipose tissue function and
differentiation
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ABSTRACT

Objective: Recruitment of brown adipose tissue (BAT) is a potential new strategy for increasing energy expenditure (EE) to treat obesity. G
proteinecoupled receptors (GPCRs) represent promising targets to activate BAT, as they are the major regulators of BAT biological function. To
identify new regulators of GPCR signaling in BAT, we studied the role of Regulator of G protein Signaling 2 (RGS2) in brown adipocytes and BAT.
Methods: We combined pharmacological and genetic tools to investigate the role of RGS2 in BAT in vitro and in vivo. Adipocyte progenitors were
isolated from wild-type (WT) and RGS2 knockout (RGS2�/�) BAT and differentiated to brown adipocytes. This approach was complemented with
knockdown of RGS2 using lentiviral shRNAs (shRGS2). Adipogenesis was analyzed by Oil Red O staining and by determining the expression of
adipogenic and thermogenic markers. Pharmacological modulators and fluorescence staining of F-acting stress fibers were employed to identify
the underlying signaling pathways. In vivo, the activity of BAT was assessed by ex vivo lipolysis and by measuring whole-body EE by indirect
calorimetry in metabolic cages.
Results: RGS2 is highly expressed in BAT, and treatment with cGMPdan important enhancer of brown adipocyte differentiationdfurther
increased RGS2 expression. Loss of RGS2 strongly suppressed adipogenesis and the expression of thermogenic genes in brown adipocytes.
Mechanistically, we found increased Gq/Rho/Rho kinase (ROCK) signaling in the absence of RGS2. Surprisingly, in vivo analysis revealed elevated
BAT activity in RGS2-deficient mice that was caused by enhanced Gs/cAMP signaling.
Conclusion: Overall, RGS2 regulates two major signaling pathways in BAT: Gq and Gs. On the one hand, RGS2 promotes brown adipogenesis by
counteracting the inhibitory action of Gq/Rho/ROCK signaling. On the other hand, RGS2 decreases the activity of BAT through the inhibition of Gs
signaling and cAMP production. Thus, RGS2 might represent a stress modulator that protects BAT from overstimulation.

� 2019 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Almost a decade ago, several laboratories located across different
continents reported that adult humans possess active brown adipose
tissue (BAT) and that BAT activity is inversely correlated with body
mass index in human adults [1e4], a finding that ignited intense
research on its therapeutic potential [5,6]. BAT generates heat through
the uniquely expressed uncoupling protein-1 (UCP1), which disrupts
the proton gradient of the respiratory chain, thereby inhibiting aden-
osine triphosphate synthesis and generating heat [7,8]. Numerous
studies conducted in humans and rodents have shown that BAT
contributes to whole-body energy expenditure (EE) and improves
metabolic health [5,6,9e11]. Thus, the recruitment and activation of
BAT is a promising approach for the treatment of obesity, diabetes, and
other metabolic diseases [6,10,12].
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The most important regulators of BAT activity include members of the
G proteinecoupled receptors (GPCRs), a large family of seven-
transmembrane receptors [13]. GPCRs regulate vital physiological
functions in virtually every tissue, and approximately one-third of the
currently approved drugs target GPCR [14,15], making them the
largest family of “druggable” proteins [16]. However, not much is
known about GPCR signaling in BAT. GPCRs can be divided into four
major groups depending on the a subunit of the G protein they couple
to: Gs-, Gi-, Gq-, or G12/13-coupled GPCRs [17,18]. The most
extensively studied GPCRs in BAT belong to the group of Gs-coupled
receptors because they stimulate BAT activity and EE [19,20]. Mech-
anistically, the activation of Gs-GPCRs, such as b-adrenergic receptors
[7] or adenosine A2A receptor [21], results in the stimulation of adenylyl
cyclases (ACs) that produce cyclic adenosine-30,50-monophosphate
(cAMP) [19]. The main target of cAMP is protein kinase A (PKA), which,
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among other targets, phosphorylates hormone-sensitive lipase (HSL) to
induce lipolysis and UCP1-mediated thermogenesis [7,22].
In addition, BAT expresses a broad spectrum of other GPCRs, including
several Gq-coupled receptors [23,24]. The role of Gq signaling in BAT
is still not clear, and conflicting data have been published: a recent
paper claimed that GPR120, a receptor that can couple to Gq [25],
promotes metabolic health [24], which is in stark contrast to the
finding that the stimulation of Gq inhibits brown adipocyte differenti-
ation and BAT function [23] as well as browning of white adipocytes
[26]. To address this point and to decipher intracellular Gq signaling
pathways in BAT, we focused on Regulators of G Protein Signaling
(RGS), which are important modulators of GPCR activity [27]. RGS
function as GTPase-activating proteins (GAPs); they promote GTP hy-
drolysis by the Ga subunit of G protein, thereby rapidly switching off
GPCR signaling [27,28]. They are ubiquitously expressed, and each cell
type normally expresses several different RGS proteins [28].
RGS2 is one of the most extensively studied proteins of the RGS family.
RGS2 preferentially inhibits the signaling of Gq-coupled GPCRs and is
involved in many important physiological processes such as regulation
of blood pressure, cardiac remodeling, and immune responses [29e
31]. Although RGS2 has strong selectivity for Gq signaling, it was
also shown to regulate Gi and Gs signaling, the latter through a GAP-
independent mechanism by directly inhibiting ACs [32e34]. The
attenuation of Gs signaling by RGS2 plays a role in platelet formation
and signal transduction in olfactory neurons [34,35]; however, the
physiological significance of Gs inhibition by RGS2 in metabolism is still
largely unknown. Human studies have shown that deregulation of
RGS2 is associated with hypertension and susceptibility to metabolic
syndrome [36,37].
The aim of this study was to elucidate the role of RGS2 in brown
adipocyte differentiation and BAT function. RGS2-deficient (RGS2�/�)
brown adipocytes exhibited a severe defect in adipogenesis that was
caused by increased Gq signaling. Analysis of RGS2�/� mice
revealed an unexpected increase in lipolysis and BAT activity due to
increased Gs signaling. Thus, RGS2 is a multifunctional inhibitor of Gq
that also regulates Gs signaling in BAT.

2. RESULTS

2.1. Expression of RGS2 in fat tissues and isolated brown
adipocytes
To study the function of RGS2 in relation to Gq signaling in BAT, we first
analyzed the expression of RGS2 in all larger fat depots: BAT, inguinal
white adipose tissue (WATi), and gonadal white adipose tissue (WATg).
Although RGS2 was present in all fat depots, its expression was by far
highest in BAT: 13.6-fold and 7.4-fold higher than the expression in
WATi and WATg (Suppl. Fig. 1A). We then measured the mRNA levels
of RGS2 in a mouse model of diet-induced obesity. The expression of
RGS2 in mice fed a high-fat diet (HFD) was significantly altered
(P < 0.05) only in BAT, where we found a 59% lower expression than
that in the controls fed a chow diet (Suppl. Fig. 1A). We next analyzed
RGS2 levels in brown adipocytes differentiated in vitro. We found that
RGS2 was expressed in both preadipocytes and mature brown adi-
pocytes and that the levels of RGS2 were drastically increased (21.2-
fold) during brown adipocyte differentiation, implicating a role in brown
adipogenesis (Suppl. Fig. 1B).

2.2. Knockout and knockdown of RGS2 inhibit brown adipogenesis
To analyze whether RGS2 is essential for brown adipocyte differenti-
ation, we isolated preadipocytes from wild-type (WT) and RGS2�/�
littermate mice and differentiated them to mature brown adipocytes
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in vitro. Knockout of RGS2 (Suppl. Fig. 1C) completely abolished brown
adipocyte differentiation, shown in the reduced Oil Red O staining of
lipid droplets (Figure 1A and Suppl. Fig 1D). Western blot analysis
revealed decreased expression of the adipogenic markers aP2 and
PPARg in the RGS2�/� cells (by 79% and 59%, respectively)
(Figure 1BeC), and the expression of the thermogenic marker UCP1
was reduced by 70% (Figure 1BeC). As a second genetic approach to
achieve loss of function, we used a lentiviral small hairpin RNA (shRNA)
directed against RGS2. Similar to the RGS2�/� model, knockdown of
RGS2 by w63% (Suppl. Fig. 1E) resulted in reduced differentiation,
with fewer lipid droplets (Figure 1A and Suppl. Fig. 1F) as well as
reduced expression of adipogenic and thermogenic markers in the
shRGS2 cells than the control cells (aP2, 80%; PPARg, 85%; UCP1,
65%) (Figure 1DeE). These data indicate that RGS2 plays a vital role in
promoting brown adipocyte differentiation.

2.3. Differentiation of RGS2�/� cells can be rescued by Gq
knockdown
The main role of RGS2 is to inhibit the signaling of GPCRs coupled to
the Gq protein [31]. To investigate whether the impaired phenotype of
RGS2�/� cells originates from the overactive Gq signaling, we
knocked down Gq using lentiviral shRNA directed against Gq (shGq).
Knockdown of Gq in RGS2�/� cells by w50% (Suppl. Fig. 1G)
restored the differentiation of brown adipocytes, observed in the
increased lipid accumulation (Figure 2A and Suppl. Fig. 1H). In addi-
tion, shGq enhanced the expression of adipogenic (aP2, 4.1-fold;
PPARg, 9.7-fold) and thermogenic (UCP1, 2.5-fold) markers as
compared to the control RGS2�/� cells (Figure 2BeC). Moreover,
shGq increased the differentiation of WT cells (Figure 2AeC), further
underlining the negative effect of endogenous/paracrine [23] Gq
signaling on brown adipogenesis.

2.4. Enhanced Rho/Rho kinase (ROCK) signaling in the absence of
RGS2
The RhoA/ROCK pathway is a known downstream target of Gq
signaling [38,39]. Moreover, we and others have reported that RhoA/
ROCK has negative effects on brown adipocyte differentiation
[23,40,41]. As RhoA is associated with the organization and formation
of cell cytoskeleton [42], we analyzed F-actin stress fibers in WT and
RGS2�/� cells. Phalloidin staining of actin filaments showed
increased formation of stress fibers in RGS2�/� cells, pointing to
increased Rho activity in these cells (Figure 3A). In addition, treatment
with the selective ROCK inhibitor Y-27632 (10 mM) completely restored
the differentiation of RGS2�/� cells, which was reflected in increased
Oil Red O staining (Figure 3B and Suppl. Fig. 1I) and increased
expression of adipogenic and thermogenic markers when compared
with that of nontreated RGS2�/� cells (aP2, 15.1-fold; PPARg, 24.7-
fold; UCP1, 14.7-fold) (Figure 3CeD). These results indicate that
enhanced Rho/ROCK signaling is responsible for the impaired differ-
entiation of RGS2�/� cells.

2.5. RGS2/cGMP crosstalk in brown adipocytes
Cyclic guanosine-30,50-monophosphate (cGMP) is a cyclic nucleotide
that plays a key role in the regulation of adipogenic differentiation
[6,43]. cGMP has been shown to inhibit RhoA/ROCK signaling in brown
adipocytes, thus promoting brown adipogenesis [40]. In addition, direct
activation of RGS2 by the cGMP signaling pathway has been reported
for vascular smooth muscle cells [30]. We therefore studied the effects
of cGMP on the differentiation of RGS2�/� brown adipocytes.
Treatment with cGMP (8-Br-cGMP, 200 mM) increased RGS2
expression in WT cells by 2.0-fold (Figure 4A), indicating an additional
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1: RGS2 is indispensable for brown adipocyte differentiation. (A) Oil Red O stain of WT and RGS2�/� brown adipocytes (upper panel) and Oil Red O stain of brown
adipocytes after shRNA-mediated RGS2 knockdown (lower panel). n ¼ 3. (B, C) Representative immunoblots (B) and quantification (C) of adipogenic markers aP2, PPARg, and
thermogenic marker UCP1 in WT and RGS2�/� cells. n ¼ 6. (D, E) Representative immunoblots (D) and quantification (E) of aP2, PPARg, and UCP1 in brown adipocytes after
shRNA-mediated RGS2 knockdown. n ¼ 3. Expression data were normalized to tubulin and are represented as mean � SEM. (C) t-test, *P < 0.05. (E) ANOVA, *P < 0.05.
mechanism of interaction between RGS2 and cGMP signaling in brown
adipocytes. We then analyzed the effects of cGMP on the differentiation
of brown adipocytes. In line with the previously published data [40],
cGMP increased the differentiation of WT cells (Figure 4BeD and
Suppl. Fig. 1J). This was seen in increased lipid droplet accumulation
(Figure 4B and Suppl. Fig. 1J) and the expression of aP2, PPARg, and
UCP1 (by 2.3-fold, 4.4-fold, and 7.5-fold, respectively) (Figure 4CeD).
Importantly, cGMP rescued the differentiation of RGS2�/� brown
adipocytes, as shown by increased Oil Red O staining as well as by
enhanced protein expression of the adipogenic markers aP2 (9.4-fold)
and PPARg (20.1-fold), and the thermogenic marker UCP1 (23.2-fold)
as compared to the untreated RGS2�/� cells (Figure 4BeD and
Suppl. Fig. 1J). These results point to a crosstalk between RGS2 and
cGMP in brown adipocytes, both of which synergistically inhibit Gq/
RhoA/ROCK signaling at different levels to promote brown
adipogenesis.

2.6. Increased Gs signaling and BAT activation in RGS2�/� mice
To study the role of RGS2 in BAT in vivo, we analyzed RGS2�/� mice.
We found significantly lower body weight in 14- to 18emonth-old
RGS2�/� mice (Figure 5A), which is in line with previously published
data [44] showing that RGS2�/� mice are resistant to age-related
weight gain. The weight of BAT, WATi, and WATg depots in RGS2
�/� mice was reduced by 13%, 34%, and 52%, respectively, as
compared to WT mice, albeit significantly (P < 0.05) for only WATg
(Figure 5A). However, our in vitro data clearly show that loss of RGS2
inhibits brown adipocyte differentiation because of increased Gq
MOLECULAR METABOLISM 30 (2019) 173e183 � 2019 The Author(s). Published by Elsevier GmbH. This is an ope
www.molecularmetabolism.com
signaling. Thus, one would expect reduced BAT activity and increased
weight gain in RGS2�/� mice. To address this discrepancy, we
focused on the Gs signaling pathway. RGS2 has been shown to inhibit
Gs in several different cell types such as murine embryonic fibroblasts,
olfactory neurons, and platelets [32,34,35]. In brown adipocytes, the
Gs pathway is a major regulator of lipolysis and thermogenesis [12].
We therefore measured lipolysis in the BAT of WT and RGS2�/� mice
to study whether loss of RGS2 results in enhanced Gs signaling and
activation of BAT. Importantly, BAT activity was increased by 2.3-fold in
RGS2�/� mice when compared with that in WT animals (Figure 5B).
Moreover, we analyzed the expression of ACs, in particular isoforms III
and VI, which are the dominant isoforms in BAT [45,46]. AC III and AC
VI expression was significantly (P < 0.05) increased (by 2.1-fold and
2.0-fold, respectively) in RGS2�/� BAT (Figure 5C). In addition, we
found increased levels of phosphorylated (i.e., active) HSL in the BAT of
RGS2�/� mice when compared with their WT controls (Figure 5D).
In vitro, we found that RGS2�/� cells produced more cAMP after
treatment with the direct AC stimulator forskolin (Suppl. Fig. 1K).
Overall, these data indicate that loss of RGS2 in BAT leads to increased
Gs signaling, which promotes lipolysis and BAT activation.
The primary physiological stimulus for BAT activation is cold stress,
which acts through the sympathetic nervous system and norepi-
nephrine release to activate adrenergic receptors and the downstream
Gs pathway [19]. Therefore, we exposed mice to cold stress and
studied BAT activation by indirect calorimetry. Cold-exposed RGS2
�/� mice had significantly (P< 0.05) increased whole-body EE when
compared with the WT controls (Figure 5E). This was accompanied by
n access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 175
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Figure 2: Enhanced Gq signaling is responsible for the impaired differentiation of RGS2L/L cells. (A) Oil Red O stain of nontransduced cells (ctrl) and cells transduced
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a significant (P< 0.05) decrease in the body weight of RGS2�/�mice
by 9% (Figure 5E).
Taken together, our data show that RGS2 is a major regulator of BAT
differentiation and function. RGS2 seems to release the break of BAT
differentiation caused by Gq signaling and also has an inhibitory effect
on Gs, possibly to avoid the overstimulation of BAT and excessive
dissipation of energy in the form of heat (Figure 6).

3. DISCUSSION

RGS proteins are important regulators of GPCR signaling in a broad
spectrum of cells [27]. RGS proteins enhance the GTPase activity of the
Ga subunit, thereby returning the activated G protein to its inactive
state and rapidly shutting down GPCR signaling [27]. RGS2 primarily
targets the activity of the Gaq protein [31]; however, RGS2 can also
interact with other components of GPCR signaling, including ACs as
well as a broad range of other cellular signaling components, including
ion channels and kinases [47].
In this study, we focused on the role of RGS2 in BAT because of its
importance for Gq signaling and its diverse effects on GPCR signaling
pathways. GPCR signaling governs major processes in brown adipo-
cytes: differentiation and function [19,21,23].
Analysis of RGS2 expression showed high abundance in all larger fat
depots, with the highest levels detected in BAT. Downregulation or a
complete knockout of RGS2 in preadipocytes isolated from BAT
abolished adipogenic and thermogenic differentiation, revealing an
176 MOLECULAR METABOLISM 30 (2019) 173e183 � 2019 The Author(s). Published by Elsevier GmbH. T
important role of RGS2 in the control of brown adipogenesis. A pre-
vious study [44] that analyzed RGS2�/� white adipocytes in vitro
found decreased expression of adipogenic markers, indicating that
RGS2 is essential for both brown adipocyte and white adipocyte
differentiation.
To identify the underlying mechanism, we focused on Gq signaling as
the primary target of RGS2 [31]. Our group has recently shown that Gq
signaling has a negative impact on brown adipocyte differentiation
[23]. However, the exact role of Gq in brown cells and brown-like cells
in WAT (beige adipocytes) [48] is still under discussion. Recent reports
have shown that the inhibition of the Gq-coupled GPCR endothelin
receptor type A and serotonin receptor type 2A in brown and beige
adipocytes improves metabolic health [23,26]. In contrast, acute
stimulation of free fatty acid receptor 4 (FFA4/GPR120), which can also
signal through Gq [25], using TUG-891 had beneficial effects on
metabolism by stimulating mitochondrial respiration in brown adipo-
cytes [24]. Although TUG-891 is a potent and selective agonist of the
human FFA4/GPR120 receptor, its selectivity is reduced for the mouse
GPR120 receptor [49]. Thus, the differences observed might be due to
selectivity issues with this agonist [49]. Here, we found that the
knockdown of Gq restored the adipogenic and thermogenic potential of
RGS2�/� brown adipocytes, suggesting that RGS2 controls brown
adipocyte differentiation through the inhibition of the Gq protein.
RGS2 can regulate Gq through multiple mechanisms [28,50]: RGS2
can hydrolyze G proteinebound GTP, thereby inactivating Gq signaling
[28]. In addition, RGS2 promotes the dissociation of Gaq and its
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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downstream effector p63RhoGEF, which is a Gq-specific Rho GTPase
involved in the regulation of RhoA activity [50]. RhoA is a small G
protein that belongs to the superfamily of Ras and is involved in
cytoskeleton regulation [51] primarily by interacting with ROCKs [52],
serine-threonine kinases that suppress brown adipogenesis [40].
To understand the mechanism of impaired differentiation in RGS2�/�
brown adipocytes, we focused on Rho/ROCK signaling. Analysis of
RGS2�/� cells showed increased formation of stress fibers, indi-
cating increased activity of Rho in these cells. Importantly, inhibition of
ROCK rescued the differentiation of RGS2�/� cells, suggesting that
enhanced Rho/ROCK signaling is responsible for the differentiation
defect. Although other members of the Rho family can also affect
stress fiber formation [53], the differentiation of RGS2�/� is
MOLECULAR METABOLISM 30 (2019) 173e183 � 2019 The Author(s). Published by Elsevier GmbH. This is an ope
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presumably regulated through RhoA, which is a well-established
negative regulator of adipogenic differentiation [40,54].
One of the major regulators of RhoA activity in brown adipocytes is the
cGMP signaling pathway [40]. cGMP induces the phosphorylation of
RhoA through its downstream target protein kinase G (PKG) [40].
Treatment of RGS2�/� cells with cGMP completely restored brown
adipocyte differentiation, possibly through the inhibition of RhoA,
although cGMP can promote brown adipogenesis through multiple
mechanisms [55]. Moreover, cGMP treatment induced RGS2 expres-
sion in WT cells. This could represent an additional mechanism
through which cGMP inhibits Gq signaling and thereby promotes brown
adipogenesis. A crosstalk between RGS2 and the cGMP pathway has
previously been reported in other cell types [30]. In vascular smooth
n access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 177
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muscle cells, it has been shown that nitric oxide induces the pro-
duction of cGMP, which activates PKG [30,56]. Importantly, PKG can
directly phosphorylate and activate RGS2, which attenuates the
contraction of vascular smooth muscle cells through the inhibition of
Gq [30,56]. Thus, the crosstalk between the Gq/RGS2 and the cGMP
pathway might regulate brown adipogenesis at different levels.
We further analyzed the role of RGS2 in BAT in vivo. Given the dramatic
effect of RGS2 deficiency on brown adipocyte differentiation, one
would expect reduced BAT-dependent EE and weight gain. In contrast,
RGS2�/� mice had in fact improved metabolic parameters, reflected
in reduced blood triglycerides and faster glucose clearance [44].
Moreover, Nunn et al. [44] and our group found that RGS2�/� mice
are resistant to weight gain during aging. Our data showed a reduction
in the body weight of 14- to 18-month-old RGS2�/� mice, accom-
panied by a significant decrease in the weight of WATg by 52%. These
differences between the in vitro and the in vivo phenotype prompted us
to study additional pathways potentially targeted by RGS2 in brown
adipocytes.
Previous studies have shown that RGS2 can also inhibit Gs signaling, a
major driver of BAT lipolysis and thermogenesis [10], in several cell
types including white adipocytes and osteoblasts [32,57]. RGS2 can
regulate cAMP signaling independently from the GAP mechanism
through direct interaction with AC, in particular with isoforms III, V, and
VI [32,34,58]. Notably, AC isoforms III and VI are abundantly expressed
in BAT (Figure 5C) [45,46]. Consistent with the proposed role of RGS2
as an AC inhibitor, lipolysis was significantly increased in RGS2�/�
BAT. Moreover, the level of phosphorylated HSLdthe major
178 MOLECULAR METABOLISM 30 (2019) 173e183 � 2019 The Author(s). Published by Elsevier GmbH. T
downstream target of cAMP/PKA in adipocytesdwas also elevated.
Our data also show that RGS2 affects the expression of AC isoforms III
and VI, presenting an additional mechanism of the RGS2 inhibition of
Gs signaling in BAT. In vitro, we found increased cAMP levels in
RGS2�/� cells stimulated with forskolin. These alterations in Gs/AC
signaling can also explain the increase in whole-body EE in RGS2�/�
mice, which could originate from the lack of this inhibitory effect of
RGS2 on Gs. RGS2 could thus alleviate the overstimulation of BAT
thermogenesis under long-term cold stimulation or chronic pharma-
cological activation.
As Gs/cAMP signaling has been shown to increase brown adipocyte
differentiation [7], higher activity of Gs/cAMP found in the BAT of
RGS2�/� mice in vivo could counteract the detrimental effects of Gq
on brown adipocyte differentiation. In contrast, we did not observe
increased basal cAMP levels in RGS2�/� preadipocytes, indicating
that in vitro, the basal stimulation of Gs signaling is too low and cannot
rescue the Gq-induced impairment of differentiation. In addition,
because of the expression of RGS2 in a variety of tissues, including the
brain, lung, and heart [59,60], indirect effects on BAT function by other
organs in RGS2�/� mice cannot be excluded. Such effects could
account for, or contribute to, the observed differences between the
in vitro and in vivo studies.
In conclusion, our results demonstrate that RGS2 is an important
regulator of BAT adipogenesis and function through the inhibition of
GPCR signaling. In vitro, we uncovered a link between RGS2 and the
Gq pathway: we found that RGS2�/� brown adipocyte differentiation
is impaired due to elevated Gq/Rho/ROCK signaling. Moreover, we
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 5: RGS2 inhibits Gs signaling in BAT in vivo. (A) Body weights and fat tissue weights of WT and RGS2�/� mice. WT; n ¼ 3, RGS2�/�; n ¼ 5. (B) BAT activation
measured as lipolysis (glycerol release) in WT and RGS2�/� mice. WT; n ¼ 3, RGS2�/�; n ¼ 5. (C) mRNA expression of AC III and AC VI in the BAT of WT and RGS2�/� mice.
WT; n ¼ 3, RGS2�/�; n ¼ 5. (D) Representative immunoblots and quantification of phosphorylated HSL (pHSL) in the BAT of WT and RGS2�/� mice, normalized to GAPDH. WT;
n ¼ 3, RGS2�/�; n ¼ 5. (E) Oxygen consumption over 24 h and area under the curve of WT and RGS2�/� mice at 4 �C. Body weights of cold-exposed WT and RGS2�/� mice.
WT; n ¼ 6, RGS2�/�; n ¼ 5. All data are shown as mean � SEM. t-test, *P < 0.05.
found a crosstalk between RGS2 and the cGMP pathway, an important
promotor of brown adipogenesis. Our data show that RGS2 also in-
hibits Gs, thereby regulating the activity of BAT and whole-body EE.
Overall, the role of RGS2 in metabolism seems complex: RGS2 shifts
the balance toward differentiation (inhibition of Gq) and inhibition of
BAT overactivation by regulating Gs/AC signaling; therefore, RGS2
might act as a stress modulator in BAT.

4. MATERIALS AND METHODS

4.1. Isolation and immortalization of BAT-derived MSCs
BAT isolated from newborn WT and RGS2�/� littermates was
dissected and incubated for 30 min at 37 �C in digestion buffer
(Dulbecco’s modified Eagle’s medium [DMEM], Invitrogen) containing
MOLECULAR METABOLISM 30 (2019) 173e183 � 2019 The Author(s). Published by Elsevier GmbH. This is an ope
www.molecularmetabolism.com
123 mM Naþ, 5 mM Kþ, 1.3 mM Ca2þ, 131 mM Cl�, 5 mM glucose,
1.5% (w/v) bovine serum albumin (BSA), 100 mM HEPES, and 0.2%
(w/v) collagenase type II (pH 7.4) in a shaking water bath. The digested
tissue was filtered through a 100-mm nylon mesh and incubated for
30 min on ice. The middle phase containing BAT-derived mesen-
chymal stem cells (MSCs) was collected and filtered through a 30-mm
nylon mesh. The filtrate was centrifuged at 700 g for 10 min, and the
cell pellet was resuspended in 1 ml of primary cell culture medium
(DMEM supplemented with 10% fetal bovine serum [FBS], 100 IU
penicillin, streptomycin [100 mg ml�1] [P/S], 4 nM insulin, 4 nM
triiodothyronine, 10 mM HEPES, and sodium ascorbate [25 mg ml�1]).
The cells were seeded on a 6-well TC plate at a density of w60,000
cells per cm2. The next day, the cells were immortalized using lenti-
virus (200 ng of reverse transcriptase) containing Simian Virus 40
n access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 179
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Figure 6: Schematic depiction summarizing the role of RGS2 in brown adipocyte
differentiation and function.
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(SV40) large T-antigen per well, which was under the control of
phosphoglycerate kinase promoter (PGK). Cells were expanded in
DMEM supplemented with FBS and P/S (GM).

4.2. Differentiation of brown adipocytes
Approximately 180,000 immortalized cells per well were seeded in GM
on a 6-well plate. Forty-eight hours after seeding the cells, GM was
replaced with DMEM supplemented with FBS, P/S, 20 nM insulin, and
1 nM triiodothyronine (DM). After another two days, brown adipo-
genesis was stimulated with induction medium (DM supplemented
with 0.5 mM isobutylmethylxanthine [IBMX] and 1 mM dexametha-
sone). Two days after the induction, the cells were cultured in DM for
another 5 days. Where indicated, starting 48 h after seeding, the cells
were treated every second day with 200 mM 8-Br-cGMP (BioLog) or
10 mM Y-27632 (Tocris). For experiments with preadipocytes, the cells
were analyzed 48 h after seeding (preadipocytes). For experiments
with mature brown adipocytes, the cells were analyzed 7 days after
induction (brown adipocytes).

4.3. Lentiviral infection
HEK293T cells were transfected with vector constructs and packaging
plasmids to produce lentiviral particles, which were concentrated by
ultracentrifugation [40,61]. Lentiviral infection of brown adipocytes
was achieved as follows: cells were seeded on 6-well TC plates at a
density of w180,000 cells/well. Eight hours after seeding, 100 ng of
shRGS2 (Sigma), shGq (Sigma), or shctrl lentivirus, quantified by
reverse transcriptaseeenzyme-linked immunosorbent assay (ELISA),
was added to preadipocytes, and the cells were incubated overnight at
37 �C, 5% CO2. The cells were differentiated to mature brown adi-
pocytes as described above. shRNA lentiviral constructs were
expressed under the control of the U6 promoter (pLKO.1-U6-sh-ctrl
sequence: 50-GCATGCAGAAGTGTAAAGCTA-30, pLKO.1-U6-sh-RGS2-
54761-PGK-Puro sequence: 50- CCTCGGTTCTTGGAGTCCGAA-30,
180 MOLECULAR METABOLISM 30 (2019) 173e183 � 2019 The Author(s). Published by Elsevier GmbH. T
pLKO.1-U6-sh-Gq-287918-PGK-Puro sequence: 50-GCTTGTGGAAT-
GATCCTGGAA-30).

4.4. cAMP measurements
WT and RGS2�/� brown preadipocytes were seeded in GM on a 6-
well plate. After 48 h, cells were treated with DMSO or 1 mM for-
skolin (Sigma) for 15 min. Cells were lysed using 0.1 M HCl, and cAMP
levels were determined using a direct cAMP ELISA kit (Enzo Life Sci-
ences) according to the manufacturer’s instructions. Protein levels
were determined using a Pierce BCA protein assay kit (Thermo Fisher
Scientific), and the results were normalized to protein content.

4.5. Protein extraction and western blot analysis
To prepare lysates from cell cultures and tissues, we used lysis buffer
(50 mM Tris [pH 7.5], 150 mM NaCl, 1% NP-40, 0.5% sodium
deoxycholate, 0.1% sodium dodecyl sulfate [SDS], 0.1 mM EDTA, and
0.1 mM EGTA) supplemented with complete protease inhibitor cocktail
(Roche), 1 mM Na3VO4, and 10 mM NaF. Protein concentrations were
measured using the Bradford method. Proteins were separated using
SDSepolyacrylamide gel electrophoresis and transferred onto a
nitrocellulose membrane. After the transfer, the membrane was
blocked for 1 h in 5% milk powder in Tris-buffered saline and 0.1%
Tween 20 (TBST). After washing in TBST, the membrane was incu-
bated with primary antibody (1:1000) overnight at 4 �C. The next day,
the membranes were washed in TBST and incubated with secondary
horseradish peroxidaseelinked antibodies against goat (Dianova, Cat.
No. 705-035-147, 1:5,000), mouse (Dianova, Cat. No. 115-035-146,
1:10,000), or rabbit (Cell Signaling, Cat. No. 7074, 1:5,000) for 1 h at
room temperature. The membrane was washed with TBST, and pro-
teins were visualized in an ImageQuant LAS 4000 Mini (GE Healthcare
Life Sciences) using Amersham ECL western blotting detection reagent
(GE Healthcare Life Sciences). The following primary antibodies were
used: aP2 (Santa Cruz Biotechnology, Cat. No. sc-18661), PPARg
(Santa Cruz Biotechnology, Cat. No. sc-7273), UCP1 (SigmaeAldrich,
Cat. No. sc-6529), phospho-HSL (Cell Signaling, Cat. No. 4126),
GAPDH (Cell Signaling, Cat. No. 2118), and Tubulin (Dianova, Cat. No.
MS-719-P0).

4.6. Housing and genotyping of WT and RGS2�/� mice
Animal studies were approved by Landesamt für Natur, Umwelt und
Verbraucherschutz, NRW, Germany. RGS2�/� mice on a C57Bl/6
background were provided by Josef Penninger, Institute of Molecular
Biotechnology, Vienna, Austria [30]. Mice were maintained on a daily
cycle of 12 h light (0600e1800 h) and 12 h darkness (1800e0600 h),
at 24 � 1 �C, and were allowed free access to standard chow and
water. For the HFD experiment, 10-week-old WT male C57Bl/6 mice
were purchased from Charles River Laboratory. Mice were fed either
HFD (60% energy from fat) or control diet purchased from ssniff for 8
weeks.
To genotype the WT and RGS2�/� litter-matched mice, a small
piece of tissue was digested in 500 mL proteinase K buffer (100 mM
TriseHCl; pH 7.6, 200 mM NaCl, 5 mM EDTA, 0.2% SDS,
0.1 mg ml�1 Proteinase K; Roche) overnight at 55 �C. The next day,
500 ml phenol/chloroform/isoamyl alcohol (Roti�-Phenol, Carl Roth)
was added, and DNA was further isolated according to the manu-
facturer’s instructions. Reverse transcription polymerase chain re-
action (RT-PCR) primers used to genotype WT and RGS2�/� mice
are listed in Supplementary Table 1. The product sizes obtained using
WT and RGS2�/� primers were 586 bp and 693 bp, respectively.
For fat tissue analysis, 14- to 18-month-old litter-matched male WT
and RGS2�/� mice were used.
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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4.7. RNA isolation and real-time quantitative RT-PCR (qPCR)
mRNA was isolated using InnuSOLV RNA Reagent (Analytik Jena AG)
according to the manufacturer’s instructions. A total of 500 ng mRNA
was used to synthesize cDNA using Transcriptor First Strand cDNA
Synthesis Kit (Roche). qPCR was performed using LightCycler 480
SYBR Green I Master (Roche) and an HT7900 instrument (Applied
Biosystems). Hypoxanthine-guanine phosphoribosyltransferase (HPRT)
was used as an internal control. Primer sequences are listed in
Supplementary Table 2.

4.8. F-actin staining of adherent cells in culture
Glass coverslips were placed in 24-well TC plates and coated with
200 ml fibronectin (Sigma, 5 mg ml�1 in phosphate-buffered saline
[PBS]). After the coating, wells were washed with PBS, and brown
preadipocytes were seeded at a density of w20,000 cells per well.
The next day, the cells were serum-starved for another 24 h. After
washing with PBS, the cells were fixed with 4% paraformaldehyde
(PFA) in PBS. Preadipocytes were permeabilized using 0.1% Triton-X
100 and blocked with 1% BSA in PBS. After blocking, the cells were
stained with Alexa Fluor 546 Phalloidin (Thermo Fisher Scientific;
0.165 mM) at room temperature in the dark. After washing with PBS,
coverslips were mounted on glass slides and dried overnight. F-actin
fibers were visualized using an Axio Observer.Z1 microscope (Zeiss).

4.9. Oil Red O staining
Brown adipocytes were washed with PBS and fixed in 4% PFA in PBS
for 30 min at room temperature. After fixation, the cells were washed
with PBS and incubated with the Oil Red O solution (Sigma; 3 mg ml�1

in 60% isopropyl alcohol) for 3 h at RT. After staining, the cells were
washed with distilled water and visualized under a microscope.
Densitometric quantification of Oil Red O staining was performed using
ImageJ software. Background correction was performed by applying a
fixed binary color threshold to all wells in each experiment.

4.10. Cold exposure and measurement of EE in WT and RGS2�/�
mice
Mice were maintained on a daily cycle of 12 h light (0600e1800 h) and
12 h darkness (1800e0600 h), at 24 � 1 �C, and were allowed free
access to standard chow and water. For the cold exposure experiment,
18-month-old male WT and RGS2�/� mice were acclimatized to cold
stress for 1 week at 18 �C, followed by 1 week of cold exposure at 4 �C.
Oxygen consumption was measured at 4 �C with Phenomaster (TSE).

4.11. Ex vivo lipolysis
BAT isolated from WT and RGS2�/� litter-matched mice was
weighed, cut into small pieces, and incubated in 300 ml of lipolysis
medium (DMEM Gibco, Cat. No. 21063, supplemented with 2% BSA)
for 2 h at 37 �C, 5% CO2. After incubation, 40 ml of the lipolysis
medium was mixed with 60 ml of free glycerol reagent, and the me-
dium was then incubated for 5 min at 37 �C, 5% CO2. Absorption was
measured using the EnSpire multimode plate reader at 540 nm. Total
glycerol value was calculated from the value of glycerol standard so-
lution absorption and normalized to the amount of tissue used for the
lipolysis.

4.12. Statistical analysis
“n” represents the number of cell cultures grown and differentiated
independently or number of mice per group. All data were calculated
using GraphPad Prism 5 software and are represented as
mean � standard error of the mean (SEM). Statistical analyses were
performed using two-tailed Student’s t-test for single comparisons or
MOLECULAR METABOLISM 30 (2019) 173e183 � 2019 The Author(s). Published by Elsevier GmbH. This is an ope
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analysis of variance (ANOVA) with NewmaneKeuls post-hoc test for
multiple comparisons. P values <0.05 were considered significant.
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