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Abstract
Background G protein-coupled receptors (GPCR) are well-characterized regulators of a plethora of physiological functions
among them the modulation of adipogenesis and adipocyte function. The class of Adhesion GPCR (aGPCR) and their role in
adipose tissue, however, is poorly studied. With respect to the demand for novel targets in obesity treatment, we present a
comprehensive study on the expression and function of this enigmatic GPCR class during adipogenesis and in mature
adipocytes.
Methods The expression of all aGPCR representatives was determined by reanalyzing RNA-Seq data and by performing
qPCR in different mouse and human adipose tissues under low- and high-fat conditions. The impact of aGPCR expression
on adipocyte differentiation and lipid accumulation was studied by siRNA-mediated knockdown of all expressed members
of this receptor class. The biological characteristics and function of mature adipocytes lacking selected aGPCR were
analyzed by mass spectrometry and biochemical methods (lipolysis, glucose uptake, adiponectin secretion).
Results More than ten aGPCR are significantly expressed in visceral and subcutaneous adipose tissues and several aGPCR
are differentially regulated under high-caloric conditions in human and mouse. Receptor knockdown of six receptors resulted
in an impaired adipogenesis indicating their expression is essential for proper adipogenesis. The altered lipid composition
was studied in more detail for two representatives, ADGRG2/GPR64 and ADGRG6/GPR126. While GPR126 is mainly
involved in adipocyte differentiation, GPR64 has an additional role in mature adipocytes by regulating metabolic processes.
Conclusions Adhesion GPCR are significantly involved in qualitative and quantitative adipocyte lipid accumulation and can
control lipolysis. Factors driving adipocyte formation and function are governed by signaling pathways induced by aGPCR
yielding these receptors potential targets for treating obesity.

Introduction

The worldwide increasing prevalence of obesity is the
number one risk factor for serious health problems such as
diabetes mellitus type 2, cardiovascular disease, neurode-
generation, and nonalcoholic fatty liver [1]. Therefore,
understanding the mechanisms regulating adipocyte differ-
entiation, fat storage, and lipolysis is required for mean-
ingful prevention and intervention of obesity.

G protein-coupled receptors (GPCR) are literally found
on all cells transducing extracellular signals into intracel-
lular responses and are involved in almost every physiolo-
gical process. Due to these features GPCR represent major
drug targets in medicine. Currently, about 30 to 50 percent
of all clinically relevant drugs are targeted to GPCR [2, 3].
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In adipose tissue, the expression of several GPCR has been
demonstrated [4, 5] and their activation was linked to adi-
pocyte function [5]. Changing cAMP levels, for example,
activate the hormone sensitive lipase and the adipose tri-
glyceride lipase leading to an increase in lipolysis [6]. So
far, mainly receptors of the rhodopsin-like GPCR class have
been characterized [7–12]. Expression analysis of GPCR in
adipose tissue grouped 13 receptors into an ‘adipose’ cluster
indicating essential functions in this tissue [4]. While most
of these receptors have already been associated with adi-
pocyte physiology, one receptor, ADGRG2/GPR64 has not
yet been reported in this context. GPR64 belongs to the
Adhesion GPCR (aGPCR) class. The role of aGPCR in
adipose tissue is largely unknown. Besides a few reports
connecting some representatives (ADGRE1/EMR1,
ADGRG3/GPR97, ADGRE5/CD97) to adipose tissue
inflammation [13, 14], only ADGRF5/GPR116 and
ADGRG1/GPR56 have been shown to directly modulate
adipogenesis and adipocyte function [15, 16].

aGPCR are an enigmatic class of GPCR characterized
by their extraordinary size and modular structural com-
position of the N terminus. The GPCR autoproteolysis-
inducing (GAIN) domain is the hallmark of this receptor
class which guides autoproteolytic procession at a highly
conserved cleavage motif [17]. It also marks the location
of a tethered agonist sequence, referred to as the ‘Stachel’,
which is necessary to induce the active conformation of
most aGPCR [18–21]. Peptides derived from this
sequence can be used to modify activity levels of the
given receptor. Further means of activation include
interaction with extracellular ligands [22–29] and
mechanical forces [26, 30, 31]. The signaling pathways
targeted by aGPCR are very divers. Besides the expected
interaction with multiple G proteins [32, 33] and arrestins
[34], activation of the Wnt pathway [35–39] and inter-
action with the cytoskeleton [40] have been shown.
Therefore, aGPCR are of high interest in cells that
undergo large dynamic changes in cell size like adipo-
cytes, especially with regard to the known modulatory
effects of mechanical stress on them [41, 42]. Yet, func-
tional evaluation of these receptors is still in its infancy as
expression, activation, and knockdown of these extra-
ordinary large receptors are still difficult to obtain.

In this study, we investigated the expression and
functional impact of the complete aGPCR class in the
model cell line 3T3-L1, adipose tissue, and primary adi-
pocytes. We evaluated the impact of receptor knockdown
on adipogenesis and analyzed the effect of receptor acti-
vation on adipocyte function. This first comprehensive
investigation of aGPCR in adipose tissue will guide fur-
ther exploration of this receptor class with respect to their
metabolic functions.

Material and methods

Materials

All standard chemicals were purchased from Sigma-Aldrich
Chemie GmbH (Taufkrichen, Germany) and C. Roth GmbH
+ Co. KG (Karlsruhe, Germany). Cell culture materials and
kits were obtained from ThermoFisher Scientific (Darm-
stadt, Germany). Primers were synthesized by Microsynth
Seqlab (Göttingen, Germany) or ThermoFisher Scientific
(Darmstadt, Germany). Peptide synthesis was carried out by
the Core Unit Peptide Technology (Medical Faculty,
Leipzig University, Germany).

Analysis of RNA-Seq data

Publicly available RNA-Seq data (GSE76133) of adipose
tissue of mice fed with chow or high-fat diet were analyzed
regarding GPCR expression [43].

RNA-Seq from human samples was performed from
subcutaneous adipose tissue of subjects of the Leipzig
Childhood adipose cohort and analyzed towards GPCR
expression in lean and overweight/obese subjects as has
been previously described [44, 45]. Expression values are
given as transcripts per kilobase million (TPM). To evaluate
expression changes using RNAseq data of lean and obese
individuals, DESeq analysis was performed.

3T3-L1 cell culture, differentiation, and transfection

3T3-L1 CL-173™ cells (ATCC, LGC Standards, Wesel,
Germany) were cultured and differentiated as previously
described [46]. For knockdown of aGPCR mRNA levels we
used transient transfection with receptor-specific siRNA
(sequences in Supplementary Table S1). Control siRNA did
not interfere with 3T3-L1 differentiation as shown in Sup-
plementary Fig. S1. Details are given in Supplementary
Material and methods.

Animals

Wild-type C57BL/6N mice were bred under specific
pathogen-free conditions, a 12:12 h light/dark cycle, at
21 °C, and 55% humidity. Mice had free access to food and
water. For diet-induced obesity, mice on a C57BL/6 back-
ground were fed a high-fat diet (60% kcal fat; ssniff Spe-
zialdiäten, Soest, Germany) for 24 weeks, starting at
6 weeks of age [47]. Control littermates were kept on a
regular chow diet (9% kcal fat; ssniff Spezialdiäten, Soest,
Germany). All experiments were conducted in accordance
with European Directive 2010/63/EU on the protection of
animals used for scientific purposes and were performed
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with permission from the Animal Care and Use Committee
(ACUC #T24/16, #T19/18, #TVV12/17) and the Govern-
ment of the State of Saxony, Germany.

Isolation of mouse adipocytes and stromal vascular
fraction (SVF)

Mouse adipocytes and SVF were isolated from male mice
sacrificed by cerebral dislocation. After preparation of
periepididymal fat, the fat pads were washed in cold PBS,
chopped up, and transferred into 5 ml of sterile adipocyte
isolation buffer (123 mM NaCl, 5 mM KCl, 1.3 mM CaCl2,
5 mM glucose, 100 mM HEPES, 1% Pen/Strep, 4% BSA,
and 1 mg/ml collagenase I (Worthington, Columbus, OH,
USA)). To allow for collagenase digestion, fat tissue was
incubated at 37 °C for 45 min shaking in a water bath
(120 rpm). Undigested fat was removed by filtering (mesh
size: 100 µm). After 5 min centrifugation at 1000 rpm
(Megafuge 16R, ThermoFisher Scientific, Darmstadt, Ger-
many), the supernatant containing the adipocytes was
washed twice with PBS. The SVF fraction-containing cell
pellet was resuspended in 2 ml erythrocytes lysis buffer
(0.154 mM NH4Cl, 0.01 mM KHCO3, and 0.1 mM EDTA),
incubated for 7 min at RT, centrifuged at 2000 rpm for
4 min and washed twice with PBS.

Adipocyte staining and droplet analysis

After differentiation of 3T3-L1 fibroblasts to mature adi-
pocytes, cells were fixed in 10% formaldehyde/PBS in two
incubation steps, 5 min and 1 h, and subsequently washed
with 60% isopropanol. Oil Red O (ORO) stock solution was
prepared by solving 3.5 g/l ORO in isopropanol and stored
at 4 °C. The working solution was prepared fresh before
usage by diluting the stock solution in dH2O 60:40, incu-
bation at RT for 20 min, and filtering (mesh size: 0.2 µm)
resulting in a final concentration of 2.1 g/l ORO. For
staining, fixed cells were incubated with fresh working
solution of ORO for 10 min. After incubation, cells were
immediately washed four times with tap water. Pictures
were taken using Leica LAS EZ software (Leica Micro-
systems GmbH, Wetzlar, Germany) and further analyzed
using ImageJ, modifying an approach described before [48].
Elution of ORO was carried out by adding 50 µl isopropanol
(Carl Roth GmbH & Co. KG, Karlsruhe, Germany) and
short incubation at RT while pipetting up and down. OD
values were measured at 500 nm using the Sunrise™ pho-
tometer (Tecan Group Ltd., Männedorf, Switzerland).

RNA extraction and real-time quantitative-PCR

Cells were harvested every other day after washing with
PBS using BL-TG buffer and RNA isolation was performed

according to manufacturer’s instructions (ReliaPrep™ RNA
Miniprep Systems, Promega, Mannheim, Germany).
Reverse transcription was executed using SuperScript II™
Reverse Transcriptase. For quantitative PCR, the increase of
fluorescence of the SYBR green dye was measured using
Platinum® SYBR-Green qPCR SuperMix-UDG, 10 ng
cDNA, 1.2 µM primer mix, and a CFX Connect™ Real-
Time PCR Detection System (Bio-Rad) as advised by the
manufacturer. Data were normalized to beta-actin which
served as recommended housekeeping gene [49]. For pri-
mer sequences see Supplementary Table S2.

Lipid analysis

Lipid extraction was performed according to Matyash et al.
[50] and HPTLC and ESI-IT MS measurements according
to Engel et al. [51]. TAG fractions were independently
investigated by GC analysis performed as already essen-
tially described [52, 53]. For details see Supplementary
Material and methods.

cAMP accumulation assay

Cyclic AMP accumulation assay was performed in 96-well
plates 2 days post confluence of 3T3-L1 cells. In brief, cells
were washed in serum-free DMEM containing 1 mM IBMX
(Sigma-Aldrich) and further incubated for 15 min in 100 µl
serum-free DMEM containing 1 mM IBMX and the
respective compounds. Cells were lysed using LI buffer
(5 mM HEPES, 0.3% Tween-20, 0.1% BSA, and 0.5 mM
IBMX). The amount of cAMP was determined using the
AlphaScreenTM cAMP Functional Assay (PerkinElmer,
Rodgau, Germany) according to the manufacturer’s proto-
col using the EnVision 2105 Multimode Plate Reader
(PerkinElmer, Rodgau, Germany).

Gpr64 cell surface expression

Endogenous Gpr64 cell surface expression was determined
3 days post transfection with Gpr64-specific or control
siRNA using an indirect ELISA. Thereto, cells were fixed
with 4% formaldehyde for 20 min and incubated with
blocking solution (media supplemented with 10% FBS) for
1 h at 37 °C. ELISA was performed using primary anti-
Gpr64-antibody (2 µg/ml, AF7977, R&D Systems, Min-
neapolis, USA) and secondary HRP-conjugated anti-sheep-
antibody (1:1,000, HAF016, R&D systems, Minneapolis,
USA). Antibodies were diluted into blocking solution and
incubated for 1 h at 37 °C. For visualization o-phenylene-
diamine was solved in substrate buffer (0.1 M citric acid,
0.1 M Na2HPO4) containing H2O2 and incubated for 20 min
at room temperature. The reaction was stopped by adding
1M HCl containing Na2SO3. OD values were determined at
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492 nm using the Sunrise microplate reader (Tecan, Män-
nedorf, Switzerland).

Analyzing adipocyte function

Adiponectin secretion, glucose uptake, and lipolysis were
analyzed in fully differentiated 3T3-L1 cells or mature
adipocytes. For details see Supplementary Materials and
methods.

Statistical analyses

Significance was tested by either one-way or two-way
ANOVA followed by indicated post hoc test or paired two-
sided t-test as described in the figure legends. Sample size
was estimated based on previous publications. p values <
0.05 were considered statistically significant. Statistical
analyses were performed with GraphPad Prism (GraphPad
Software, San Diego, California, USA).

Results

The majority of aGPCR is expressed in adipose tissue
and differentially regulated under high-fat
conditions

Publicly available RNA-Seq data from mice [43] and own
human RNA-Seq data [44, 45] were analyzed regarding the
GPCR expression in adipose tissue. We found 288 GPCR to
be expressed in mouse adipose tissue, however, only 114
GPCR transcripts had a TPM value above 1.0. In human
subcutaneous tissue, 341 GPCR were detected with 174
having a TPM value above 1.0 (Supplementary Table S3).
Analyzing the class distribution of the 100 highest expres-
sed receptors in human and mouse adipose tissues, we
found that almost 75% belong to the rhodopsin class.
However, about 37% of all aGPCR (12 in mouse and
human tissue) are significantly expressed in adipose tissue,
highlighting the importance of this class.

To gain insight into the potential importance of aGPCR,
we compared expression changes of all GPCR classes in
visceral adipose tissue between lean and obese mice. Under
high-fat diet we found highest percentages of regulated
receptors among Adhesion and Frizzled-type GPCR (Fig.
1a). For further details on aGPCR expression under specific
diets we performed qPCR analysis in different adipose tis-
sues and cell-fractionated visceral adipose tissue. Out of 30
aGPCR present in mice, we found 25 receptors to be
expressed in subcutaneous and 28 expressed in visceral fat
depots, however, 9 in either tissue only in traces (ΔCt value
above 14) (Fig. 1b, Supplementary Table S4). Comparing
both fat depots, we found significant differences in

expression for Adgre4/Emr4, Adgrd1/Gpr133, and Gpr116.
In subcutaneous fat, we mostly observed upregulation of
aGPCR under high-fat conditions, out of which seven were
significant. Only three receptors (Gpr64, Gpr97, Adgrg5/
Gpr114) were downregulated; however, none of these
reached significance (Fig. 1b). Comparing visceral fat tissue
from mice fed with chow or high-fat diet [47] we found
seven receptors to be significantly regulated. Emr4, Adgra2/
Gpr124, and Adgrc3/Celsr3 are upregulated in obese mice,
whereas Adgrf3/Gpr113, Gpr116, Gpr64, and Gpr97 were
downregulated (Fig. 1b). Since fat is a heterogeneous tissue,
we isolated primary adipocytes and SVF from visceral fat
depot to identify the receptors specific for either fraction.
Four aGPCR (Adgrl2/Lphn2, Adgra3/Gpr125, Adgrf2/
Gpr111, and Gpr64) were significantly higher expressed in
adipocytes, whereas Adgre1/Emr1, Emr4, Gpr133, Gpr113,
Gpr97, and Adgrg6/Gpr126 were found in SVF in sig-
nificantly larger amounts (Fig. 1b).

Similarly, we performed expression analysis between
lean and obese human individuals. Again, Adhesion and
Frizzled GPCRs classes have the highest percentage of
differentially regulated receptor expression (Fig. 1c).
aGPCR expression in human subcutaneous adipose tissue is
comparable with the one found in mouse (Fig. 1d, Sup-
plementary Table S4). Thus, we observed high expression
of Adgrl4/Eltd1, Cd97, Gpr124, Gpr116, and Gpr56.
Interestingly, we identified significant regulation of six
aGPCR in lean vs. obese individuals with Gpr64 and Gpr97
being downregulated while Celsr1, Celsr2, Emr2, and
Gpr126 are upregulated (Fig. 1d).

aGPCR are dynamically expressed during
differentiation of 3T3-L1 preadipocytes
into adipocytes

To investigate adipogenesis and adipocyte function, the
3T3-L1 cell line is among the most widely used cell models
displaying hallmark properties of white adipose tissue
including insulin-triggered glucose uptake, lipid accumula-
tion, and lipolysis [54]. 3T3-L1 cells can be transfected and,
therefore, be used to specifically study the effect of receptor
knockdown on cell differentiation and function. Since each
state of differentiation is characterized through varying
expression of proteins, we investigated the expression of all
aGPCR representatives at every other day during 3T3-L1
cell differentiation. We found 11 out of 30 aGPCR
expressed at each time point investigated (Adgrl1-3/Lphn1-
3, Cd97, Gpr124, Gpr125, Gpr116, Gpr56, Gpr64, Gpr97,
Gpr126) (Fig. 2, Supplementary Table S5). Of those,
Lphn1, Lphn2, Gpr125, and Gpr97 showed no obvious
changes during differentiation (Fig. 2a, b, f, j).

We observed steady downregulation of Gpr124 (Fig. 2e)
and Gpr126 (Fig. 2k) after initiating differentiation. This
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observation is in line with the significant expression of these
receptors in SVF of adipose tissue but their absence in
isolated adipocytes (Fig. 1d). Lphn3 (Fig. 2c) also shows an
initial decline, in contrast to Gpr124 and Gpr126, this
receptor’s expression recovers in the course of differentia-
tion. A steady upregulation was only observed for Cd97

(Fig. 2d). Expression of Gpr116 (Fig. 2g), Gpr56 (Fig. 2h),
and Gpr64 (Fig. 2i) peaks at day 4 or day 6 which confirms
the expression pattern shown previously for Gpr116 [15].
All of these receptors show exceptionally high expression
levels in adipose tissue and mature adipocytes (Fig. 1d).
Adgrc2/Celsr2, Gpr133, Gpr113, Adgrb2/Bai2, and Gpr114
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were expressed in traces throughout differentiation even
though Celsr2 is expressed highly in primary adipocytes,
indicating that the 3T3-L1 cell line does not represent all
features of native adipocytes.

Our data reveals individual expression profiles of aGPCR
in 3T3-L1 adipogenesis pointing towards specific functions
of the members of this GPCR class in adipocytes.

Knockdown of aGPCR reduces differentiation ability
of 3T3-L1 cells

To evaluate the contribution of single aGPCR to adipo-
genesis, we investigated the consequences of knockdown of
10 of the 11 expressed receptors on the differentiation
marker PPARγ on every other day after differentiation
induction (knockdown stability shown in Supplementary
Table S6). Three different patterns of PPARγ expression
were identified under aGPCR knockdown. The first pattern
comprises knockdown effects of Gpr124 and Gpr64, which
showed no effect on initial PPARγ levels but led instead to
a stop in further increase of this transcription factor starting
from day 4 to day 6, respectively (Fig. 3a). A second group,
including Gpr125 and Gpr126, showed a similar course of
PPARγ expression as in wt cells, however, transcript levels
were reduced from day 0 to day 10 (Fig. 3b). A third group,
consisting of Lphn2 and Gpr116, displayed persistent
reduction of PPARγ expression following day 2 with a

wt-like course of transcription factor expression during
adipogenesis (Fig. 3c). Knockdown of the remaining
aGPCR tested did not show altered PPARγ expression
(Supplementary Fig. S2A).

ORO staining is widely used to quantify the lipid amount
in adipocytes [55]. We found that siRNA-mediated
knockdown of six aGPCR (Lphn2, Gpr124, Gpr125,
Gpr116, Gpr64, Gpr126) resulted in significantly reduced
lipid storage (Fig. 3d, Supplementary Fig. S2B). Knock-
down of Gpr124 and Gpr126 altered the average number of
lipid droplets (Fig. 3e) and the average droplet size (Fig. 3f)
in adipocytes. Knockdown of Gpr116 and Gpr64 caused
only a reduced average droplet number (Fig. 3e, see Sup-
plementary Table S7 for absolute values of controls). In-
depth analysis of lipid droplet size distribution showed a
reduced number of smaller droplets for Gpr64 knockdown,
whereas knockdown of Gpr124, Gpr125, and Gpr126 have
a higher number of smaller droplets (Fig. 3g/h). Knock-
down of Gpr116 and Lphn2 did not result in significant
alterations of droplet size distribution (Fig. 3i).

Overall, knockdown of Lphn1, Lphn3, Cd97, and Gpr56
did not significantly alter adipogenesis, whereas the reduc-
tion of Lphn2, Gpr124, Gpr125, Gpr116, Gpr64, and
Gpr126 led to reduced lipid accumulation.

Evaluating the expression and the effect of receptor
knockdown on PPARγ expression and droplet size we have
chosen Gpr126 and Gpr64 to further investigate their
impact on lipid composition and found an overall trend
towards increased amounts of long chain fatty acids (Sup-
plementary Fig. 3, Supplementary Results).

GPR64 stimulation alters function in mature
adipocytes

GPR64 shows high expression in mature 3T3-L1 and pri-
mary adipocytes and is significantly downregulated under
high-fat diet. To analyze the function of the Gs protein-
coupled GPR64 in adipocytes we used an activating
Stachel-peptide (pGPR64) and a scrambled version
(scGPR64) for control purposes and tested the cells in
cAMP assays [20, 56]. As expected, peptide activation of
endogenously in 3T3-L1 cells expressed GPR64 induced
accumulation of cAMP concentration-dependent while the
scrambled peptide had no effect (Supplementary Fig. S4A).
In siRNA-transfected cells with reduced cell surface
expression of GPR64 (Supplementary Fig. S4B) cAMP
accumulation induced by pGPR64 was significantly lower
compared with control-transfected 3T3-L1 cells (Fig. 4a).

Next, we analyzed the impact of pGPR64 activation on
mature 3T3-L1 adipocytes regarding adiponectin secretion,
glucose uptake, and lipolysis. For control purposes, we
stimulated the cells with the β-adrenergic agonist iso-
prenaline, which significantly reduced adiponectin secretion

Fig. 1 The GPCR repertoire in adipose tissue and its regulation
under high-fat diet. a Adhesion GPCR are highly regulated under
high-fat diet in mouse visceral adipose tissue. Expression changes of
all detected GPCR were evaluated under high-fat diet compared with
chow fed animals. Data are given as percentage of all expressed GPCR
per class (GRAFS system [66]) for nonregulated (dark gray), down-
regulated (gray), and upregulated (light gray). b Heatmap showing
expression of aGPCR in subcutaneous (sc) and visceral (visc) adipose
tissue obtained from mice under chow and high-fat diet, as well as
SVF and adipocytes isolated from visceral fat depot from lean mice.
We performed qPCR analysis to evaluate the expression pattern and
regulation of all 30 aGPCR in the mouse genome. Significant
expression changes of subcutaneous vs. visceral adipose tissue are
indicated by an asterisk in the visceral adipose tissue column. Sig-
nificant changes due to high-fat diet are indicated in the high-fat diet
column of each fat depot. Analogously, significant changes in SVF
compared with adipocytes are marked in the adipocyte column. Given
is the mean of three independent experiments each performed in tri-
plicates. Significant changes are determined using an ordinary One-
way ANOVA with Tukey’s multiple comparisons test. *p < 0.05;
**p < 0.01; ***p < 0.001. c GPCR regulation in lean vs. obese chil-
dren were obtained from RNA-Seq expression data. Significant
changes were calculated using DESeq analysis. Comparable with
mouse adipose tissue, Adhesion and Frizzled receptors are the most
regulated GPCR. d Heatmap showing aGPCR expression patterns in
human subcutaneous adipose tissue in lean and overweight/obese
children. Analysis was performed on samples of age- and sex-matched
lean [29] and overweight/obese [22] individuals. Significant aGPCR
expression changes between lean and obese individuals were
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Fig. 2 Expression of aGPCR during adipogenesis of 3T3-L1 cells.
mRNA levels were determined by qPCR at six time points in the 10-
day period of adipocyte differentiation and normalized to the house-
keeping gene β actin (Ct= 17.23 ± 0.1). ΔCt values at day 0 are noted
in dashed line box. Values of each day were further computed as

relative fold change over day 0 expression and expression patterns
were constructed. Raw data of qPCR measurements are noted in
Supplementary Table 5. Given is the mean ± SEM (n= 4 biological
replicates).
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Fig. 3 Effects of aGPCR knockdown on adipogenesis. 3T3-L1 cells
were induced to differentiate under transient knockdown of the given
aGPCR and compared with control-transfected cells. a, b, c Significant
regulation of the adipogenic marker PPARγ under individual knock-
down of six receptors was observed during adipogenesis. During the
differentiation, we detected three different patterns of PPARγ
expression (see Text for details). d Total lipid accumulation was
measured by eluted ORO in day 10 adipocytes under receptor-specific
transient knockdown and compared with control-transfected cells
(Supplementary Table S7). e The count of lipid droplets per field of
view (0.2664 mm2, minimum 5000 droplets counted per experiment)

was lowered under knockdown of four receptors compared with
control siRNA-transfected cells (Supplementary Table S7). f Lipid
droplet size was significantly smaller under knockdown of Gpr124 and
Gpr126 compared with control siRNA-transfected cells (Supplemen-
tary Table S7). g, h, i Analysis of lipid droplet size distribution. Size
distribution of control is depicted in white bars (min to max). Given is
the mean ± SEM (n > 3 biological replicates). Statistical significance of
PPARγ expression, ORO elution and lipid droplet size and count was
identified by paired t-test. Lipid droplet size distribution was tested by
two-way ANOVA followed by Dunnett’s test for multiple compar-
isons. *p < 0.05; **p < 0.01; ***p < 0.001 ****p < 0.0001.
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as expected (Fig. 4b) [57]. Similarly, we observed a sig-
nificant decrease in adiponectin secretion when stimulating
GPR64 with 1 mM pGPR64, whereas lower peptide con-
centrations and the scrambled control peptide did not have
an effect (Fig. 4b). Similarly, a concentration of 0.5 mM
peptide was not sufficient to result in a significant change in
insulin-induced glucose uptake (Fig. 4c), however, a trend

towards lower glucose resorption was observed as expected
for a Gs protein-coupled receptor [58]. Further, peptide-
induced activation of GPR64 significantly increased lipo-
lysis in mature 3T3-L1 adipocytes as well as in isolated
primary adipocytes (Fig. 4d). Hence, our results indicate a
function of GPR64 reminiscent of other Gs protein-
coupling receptors in mature adipocytes with activation of

Fig. 4 Activation of endogenous GPR64 in 3T3-L1 cells and pri-
mary adipocytes. a Activation of endogenous GPR64 in 3T3-L1
preadipocytes using 0.5 mM agonistic peptide increases intracellular
cAMP. Receptor knockdown with siRNA specific for Gpr64 leads to a
significantly reduced cAMP accumulation. A scrambled version of the
Stachel-peptide (0.5 mM) does not change intracellular cAMP levels.
Given is the mean ± SEM of three independent experiments each
performed in triplicates (cAMP concentration: Gpr64 siRNA: 3.56 ±
0.65 nM; control siRNA: 2.83 ± 0.33 nM). b Stimulation of mature
3T3-L1 adipocytes with pGPR64 at given concentrations significantly
decreases the amount of secreted adiponectin similar to the effect of
isoprenaline. As expected, the scrambled peptide does not have an
effect on adiponectin secretion. Depicted is the mean ± SEM of five to
six independent experiments performed in duplicates. c Glucose
uptake was measured in fully differentiated 3T3-L1 cells after incu-
bation with insulin, 0.5 mM pGPR64, 0.5 mM scGPR64, and 1 µM
isoprenaline. Insulin induces a significant increase in glucose uptake

which is reduced by isoprenaline. The stimulating peptide
pGPR64 shows a trend towards reduced insulin-induced glucose
uptake, whereas the scrambled peptide does not have an effect. Given
is the mean ± SEM of two (isoprenaline) to four (pGPR64, scGPR64)
independent experiments. Basal glucose uptake was 2.14 ± 0.34 dpm/
mg protein. d Stimulation of GPR64 with the agonistic peptide
pGPR64 (0.5 mM) results in a significantly enhanced lipolysis in
mature 3T3-L1 and primary adipocytes. As expected, control stimu-
lation of endogenously expressed β adrenergic receptors with iso-
prenaline increases lipolysis, while the scrambled peptide (at same
concentration as the agonistic peptide) does not alter this function.
Shown is the mean ± SEM of eight independent experiments per-
formed in triplicates (3T3-L1, basal glycerol release 27.4 ± 2.36 µg/ml)
or six independent experiments done in duplicates (primary adipo-
cytes, basal glycerol release 17.4 ± 1.59 µg/ml). Statistical significance
was tested using a paired t-test *p < 0.05; **p < 0.01; ***p < 0.001.
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this receptor resulting in decreased adiponectin secretion
and glucose uptake but increased lipolysis.

Discussion

Based on publicly available RNA-Seq data we found a large
number of aGPCR being highly expressed in mouse and
human adipose tissues (Fig. 1a/c) and regulated depending on
the diet (Fig. 1b/d). Our own in-depth analysis of aGPCR
expression in mouse adipose tissue depots found the majority
of aGPCR being present in adipose tissue. However, expres-
sion varies in quantity and with distinct preferences for visc-
eral and subcutaneous adipose tissue for some aGPCR, while
others are expressed in both (Fig. 1b). The expression pattern
in mouse and human tissue is highly overlapping, indicating
the importance of aGPCR in both species. Previous studies
have shown that visceral fat depots have a higher impact on
obesity-associated diseases compared with subcutaneous fat
[59]. This could be of interest when contemplating this group
of GPCR as potential targets for obesity therapy. We also find
differential regulation of aGPCR expression in either subtype
under high-fat diet in mice. While the majority of aGPCR is
upregulated in subcutaneous adipose tissue, expression in
visceral fat remains the same or even drops to lower levels
(Fig. 1b). Interestingly, Gpr64 is markedly downregulated in
both fat types under high-fat diet, which is also observed
comparing lean and obese humans (Fig. 1d).

In the model cell line 3T3-L1 we found only a subset (11
receptors) of the 28 aGPCR identified in AT. One obvious
reason for this discrepancy is that adipose tissue is much
more heterogeneous in cell composition. Besides adipo-
cytes, there are preadipocytes, endothelial cells, immune
cells, stem cells, and pericytes mainly to be found in SVF
[60]. It is therefore conceivable that an aGPCR pre-
ferentially expressed in the SVF cannot be found in 3T3-L1
cells as can be seen for Emr1, Emr4, Bai1, Bai3, and Vlgr1.
This goes in line with the previously reported roles for
Emr1, Emr4, and Bai1 as immune cell receptors [27]. This
assumption cannot account for the lack of expression of
Eltd1 in the model cell line as primary adipocytes show a
more pronounced expression than SVF (Fig. 1b). Bai3 and
Vlgr1 on the other hand have mainly been associated with
neuronal expression and function, thus their role in adipose
tissue remains to be elucidated.

We studied the expression pattern of all 30 murine
aGPCR in 3T3-L1 cells in the course of their differentiation
(Fig. 2) and investigated the effect of receptor knockdown
on this process and the resulting capacity to store lipids
(Fig. 3). We identified 11 aGPCR that are either con-
tinuously expressed in 3T3-L1 cells or showed down- or
upregulation. Interestingly, Gpr126 and Gpr124 showed a
rapidly reduced expression after adipogenesis induction

(Fig. 2e/k), yet, their knockdown had the strongest effect on
adipogenesis and lipid content, resulting in fewer and
smaller lipid droplets and a significant decrease in PPARγ
expression (Fig. 3). Both receptors seem to influence dif-
ferent time points in differentiation when measuring PPARγ
expression. While Gpr126 knockdown results in reduced
expression of this transcription factor from the beginning,
Gpr124 knockdown only influences PPARγ expression
after d2. These time points exactly match the down-
regulation of either receptor under wt conditions. It is
conceivable that expression of both receptors is essential for
these early steps in differentiation, yet it is similarly
important to suppress these genes soon after. Neither
Gpr126 nor Gpr124 have been implicated in adipogenesis
before and future studies will have to unveil the specific
roles of both receptors in adipogenesis. Overall, we found
that knockdown of any expressed aGPCR impairs differ-
entiation or lipid storage.

We chose 2 aGPCR for further in-depth analysis towards
their contribution to adipocyte function. GPR126 and
GPR64 represent potential regulators of adipogenesis
induction and mature adipocyte function, respectively.
Analyzing the fatty acyl compositions of TAG of fully
differentiated 3T3-L1 cells, we found a trend towards
longer fatty acyl chains in both, GPR126- and GPR64-
knockdown cells. In addition, we observed a reduction in
differentiation and lipid droplet formation, which indicates
an overall reduction in lipid storage. In obesity, adipocytes
display increased lipid content of mainly shorter and satu-
rated fatty acids, which is apparently caused by impairing
desaturase and elongase enzyme activity [61]. It is con-
ceivable that the observed changes in lipid content in
GPR64- and GPR126-knockdown adipocytes might repre-
sent a ‘leaner’ phenotype due to impaired differentiation.
However, a link between GPCR signal transduction and
lipid composition has not been established yet.

Expression analysis of Gpr64 (Fig. 2i) and the observed
effects of siRNA-mediated knockdown on PPARγ levels
(Fig. 3a) suggest only a minor impact of this receptor on
adipogenesis. Based on its strong expression in primary and
mature 3T3-L1 adipocytes (Figs. 1b and 2i) as well as its
regulation during obesity (Fig. 1b/d), a role of GPR64 in
mature adipocyte function is conceivable. Indeed, activation
of the receptor by the tethered peptide agonist [20], modulated
adipocyte-specific features like hormone secretion (Fig. 4b),
and lipolysis (Fig. 4d). These effects have been described for
other receptors raising intracellular cAMP levels like β adre-
nergic receptors [62, 63]. As obesity has been associated with
increased basal lipolysis [64] and decreases in adiponectin
levels [65] resulting in increased tissue inflammation or
insulin resistance, downregulation of GPR64 in obese indi-
viduals could be interpreted as protective mechanism to
reduce the burden in overweight conditions.
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In summary, we present a comprehensive picture of
aGPCR expression and the effect of their knockdown dur-
ing adipogenesis. Further, we identified Gpr126 to be
essential for the development of mature adipocytes and we
demonstrated that other members of the aGPCR class,
exemplarily shown for GPR64, are necessary for the mod-
ulation of mature adipocyte function.
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