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Adipose tissue lipolysis is regulated by PAQR11
via altering protein stability of
phosphodiesterase 4D
Meiqin Huang 1,3, Yijun Lin 1,3, Lin Wang 2, Xue You 1, Shuo Wang 1, Jingyu Zhao 1, Meijuan Bai 1, Zixuan Li 1,
Yan Chen 1,*
ABSTRACT

Fat storage and mobilization in adipose tissue play a central role in energy metabolism and are directly linked to the development of obesity. Upon
starvation, fat is mobilized from adipose tissue by lipolysis, a process by which triglycerides are hydrolyzed to free fatty acids to be used as an
energy source in skeletal muscles and other tissues. However, how lipolysis is activated by starvation is not fully known. In this study, we
demonstrate that PAQR11, a member of the progesterone and AdipoQ receptor family, regulates starvation-mediated lipolysis. Paqr11-deleted
mice are resistant to high-fat diet-induced obesity. Paqr11 deletion promotes lipolysis in white adipose tissue, characterized by increased
phosphorylations of hormone-sensitive lipase (HSL) and perilipin 1 (PLIN1) and elevated serum levels of glycerol and free fatty acids. PKA activity
and cAMP levels in white adipose tissue are also increased by Paqr11 deletion, accompanied by accelerated protein degradation of phos-
phodiesterase 4D (PDE4D). Mechanistically, PAQR11 decreases the interaction of PDE4D with SKP1-CUL1-FBXO2 E3 ligase complex, thus
modulating the polyubiquitination/degradation of PDE4D. Fasting decreases the expression of the Paqr11 gene, and starvation-induced lipolysis in
white adipose tissue is enhanced by Paqr11 deletion, while insulin-mediated suppression of lipolysis is not affected. Collectively, these results
reveal that PAQR11 regulates lipolysis of adipose tissue and affects high-fat diet-induced obesity.
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1. INTRODUCTION

Storage and mobilization of triacylglycerol (TAG) in adipose tissue play
a central role in energy metabolism and coordinate the feeding and
fasting cycle of animals, including humans [1e3]. Upon feeding, the
energy intake from fat is mainly reserved in the form of TAG in the
adipose tissue, while the energy intake from carbohydrates is stored in
the form of glycogen in the liver and skeletal muscle. The storage of
TAG plays a more important role than glycogen for long-term energy
reservation as fatty acid, the major component of TAG, contains the
highest energy density among all energy substrates. In addition, a
long-term increase in TAG storage directly leads to obesity, the most
important health issue in modern society [4]. Therefore, a detailed
understanding of TAG metabolism is key to combat obesity.
Catabolism of TAG is mainly achieved by a process called “neutral”
lipolysis, while TAG in the lipid droplets of adipocytes is hydrolyzed by
cytoplasmic lipases, in contrast to “acidic” lipolysis in which TAG is
broken down in lysosomes [3]. For simplicity, lipolysis described in this
study is limited to “neutral” lipolysis. Three sequential steps are
needed to hydrolyze TAG into fatty acid and glycerol, catalyzed by three
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different enzymes. In the first step of this process, adipose triglyceride
lipase (ATGL) hydrolyzes TAG to diacylglycerol (DAG). DAG is then
hydrolyzed to monoacylglycerol (MAG) by hormone-sensitive lipase
(HSL). In the last step, MAG lipase (MGL) converts MAG into fatty acids
and glycerol [2,3]. Catecholamine-mediated regulation takes a center
stage in the control of lipolysis. Activation of the sympathetic nervous
system leads to elevation of catecholamines, including epinephrine
and norepinephrine, which stimulates b-adrenergic receptors on the
cell surface of adipocytes [5]. Activation of b-adrenergic receptors
stimulates adenylyl cyclase (AC) and leads to an increase in intracel-
lular cAMP and activation of protein kinase A (PKA) [6]. PKA activates
lipolysis through phosphorylations of HSL and perilipin 1 (PLIN1)
localized on the surface of lipid droplets, while phosphorylated PLIN1
releases CGI58 (comparative gene identification 58), which subse-
quently activates ATGL [7]. Activation of both HSL and ATGL thus turns
on the lipolysis process of adipocytes.
In physiology, lipolysis is tightly coordinated with the feeding and
fasting cycle of animals. Upon feeding, lipolysis is mainly inhibited by
an anabolic hormone, i.e., insulin. Insulin binds insulin receptors on the
cell surface, leading to sequential activation of PI3K and AKT, which
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Figure 1: Deletion of Paqr11 reduces HFD-induced obesity. (A) Quantitative RT-PCR analysis of RNA from various mouse tissues. (B) Schematic representation for generation of
Paqr11�/� mice. (C) Genotyping of wild-type (wt) and Paqr11�/� mice in different tissues by PCR with genomic DNA. (D) Body weight gain in wt and Paqr11�/� mice fed with
high-fat diet (HFD) for 3 months (male, HFD started at 6 weeks old, n ¼ 8 for each group). (E) Food intake of the mice (normalized to body weight). (F, G) Body composition of the
mice at the end of the experiment. (H, I, J) Oxygen consumption, carbon dioxide production and respiratory exchange ratio (RER) of the mice as measured during a 24-h period
including a light cycle and a dark cycle. (K, L) Movement of the mice on the X and Z axes. (M) Representative images of H&E staining of eWAT (bar, 50 mm). All the quantitative data
are shown as mean � SD. * for P < 0.05, ** for P < 0.01, *** for P < 0.001.
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phosphorylates phosphodiesterase 3B (PDE3B) and activates its ac-
tivity, thus leading to breakdown of cAMP and shutdown of PKA-
mediated lipolysis [8,9]. Although starvation is the primary physio-
logical cue to initiate lipolysis, the underlying mechanism is still not
fully understood [2]. Numerous theories have been proposed to explain
how starvation activates lipolysis [2,3]. The long-held theory is that
starvation stimulates the sympathetic nervous system that innervates
the adipose tissue, leading to increase in systemic or local catechol-
amines, which activate b-adrenergic receptors [5,10]. In addition,
many hormones and fasting-sensing molecules are hypothesized to be
involved in starvation-induced lipolysis, such as glucagon [11], growth
hormone [12], AMPK [13], mTOR [14], and SIRT1 [15]. Extensive
studies with these factors significantly advanced our understanding
about the complex regulation of lipolysis. However, these studies still
do not completely elucidate how starvation turns on lipolysis [2]. For
example, glucagon, a major hormone that elevates during starvation,
cannot stimulate lipolysis at the physiological level [11]. In this study,
we provide evidence that PAQR11, a member of the progesterone and
adipoQ receptor family [16e18], plays a key role in linking starvation to
lipolysis. Furthermore, the regulation of lipolysis by PAQR11 is asso-
ciated with high fat diet-induced obesity, thus linking fasting-
modulated lipolysis to the pathophysiology of obesity.

2. RESULTS

2.1. Deletion of Paqr11 reduces HFD-induced obesity
As a member of the PAQR family, PAQR11 was previously reported to
modulate Ras signaling and tumor cell migration/metastasis [17,18].
However, the physiological function of PAQR11 in mammals remains
elusive. To understand the in vivo function of PAQR11, we first
analyzed the tissue expression pattern of Paqr11 in mice by reverse
transcription-polymerase chain reaction (RT-PCR). Paqr11 had the
highest expression level among all analyzed adipose tissues, including
epididymal adipose tissue (eWAT), inguinal adipose tissue (iWAT), and
brown adipose tissue (BAT) (Figure 1A). We generated a systemic
knockout of the Paqr11 gene through a targeted disruption of murine
Paqr11 gene in the second exon by homologous recombination
(Figure 1B). Deletion of Paqr11 transcript was confirmed by RT-PCR
using RNA isolated from both wild-type and Paqr11-deleted mouse
tissues, including eWAT, iWAT, BAT, and livers (Figure 1C). As Paqr11
is highly expressed in the adipose tissues, we next investigated
whether Paqr11 deletion impacted obesity. Upon feeding with a high-
fat diet (HFD), Paqr11�/� mice gained body weight at a slower rate
than the wild-type littermates (Figure 1D). The decreased body weight
gain was also observed in Paqr11�/� mice fed a normal chow diet
(SFigure 1A). There was no difference in food intake between the wild-
type and Paqr11�/� mice (Figure 1E), indicating that the reduced
obesity in Paqr11�/� mice under HFD was not caused by reduced food
intake. Consistently, Paqr11�/� mice had a reduction in fat mass and
an increase in lean mass compared with the wild-type mice (Figure 1F
and G). Furthermore, Paqr11�/� mice fed HFD had increased oxygen
consumption, carbon dioxide production, and respiratory exchange
ratio (RER) (Figure 1HeJ), but without significant changes in activities
(Figure 1K and L). We also observed a similar metabolic phenotype
with Paqr11�/� mice fed a normal chow diet (SFigure 1BeE). In
addition, the size of adipocytes was smaller in the Paqr11�/� mice
than in the wild-type mice in eWAT (Figure 1M), iWAT, and BAT
(SFigure 2A). In addition, compared to the wild-type mice, Paqr11�/�

mice had significant reductions in serum levels of total cholesterol (TC),
low-density lipoprotein (LDL), and high-density lipoprotein (HDL) under
the condition of HFD (SFigure 2BeE). However, glucose tolerance and
MOLECULAR METABOLISM 47 (2021) 101182 � 2021 The Author(s). Published by Elsevier GmbH. This is an open
www.molecularmetabolism.com
insulin sensitivity were not altered in the Paqr11�/� mice (SFigure 2F
and G). Collectively, these findings indicated that Paqr11�/� mice are
both resistant to HFD-induced obesity and show an increase in
metabolic rate.

2.2. Deletion of Paqr11 increases lipolysis in adipose tissue
To explore the mechanism underlying the reduction of obesity in
Parq11-deleted mice, we investigated whether lipolysis in adipose
tissues was altered. We measured the mRNA levels of key lipolysis
genes, including Atgl, Hsl, Mgl, and Plin1, and found that the
expression of these genes was significantly elevated in the eWAT of
overnight-fasted Paqr11�/� mice compared to that of the wild-type
mice (Figure 2A). However, the expression of these genes was not
altered in iWAT and BAT in the Paqr11�/� mice (SFigure 3A and B).
The protein level of HSL was also increased in the eWAT of the
Paqr11�/� mice (Figure 2B). More strikingly, phosphorylation of HSL
was robustly elevated by Paqr11 deletion (Figure 2B). The protein level
of PLIN1 in eWAT was slightly increased by Paqr11 deletion, while the
phosphorylation of PLIN1 was markedly elevated in the Paqr11�/�

mice (Figure 2C). Thus, these results indicated that Paqr11 deletion
increases fasting-induced lipolysis of eWAT through increasing
expression of lipolysis genes and phosphorylation of HSL and PLIN1.
We also analyzed HSL in iWAT and BAT and found that HSL phos-
phorylation was slightly elevated in iWAT but not BAT in the Paqr11�/�

mice (SFigure 3C and D).
Consistent with the finding that Paqr11 deletion elevated lipolysis of
adipose tissue, serum levels of glycerol and free fatty acid (FFA) were
increased in the overnight-fasted Paqr11�/� mice (Figure 2D and E).
We also isolated primary mouse embryonic fibroblasts (MEFs) from the
mice and differentiated them into adipocytes. The mRNA levels of Atgl,
Hsl, Mgl, and Plin1 were all elevated by Paqr11 deletion in these cells
(Figure 2F). Furthermore, phosphorylations of HSL and PLIN1 were
markedly increased in Paqr11-deleted adipocytes (Figure 2G). The
levels of glycerol and FFA in the cell culture medium of adipocytes
were also increased by Paqr11 deletion (Figure 2H and I). As the ad-
ipocytes were cultured in full medium without isoproterenol treatment,
these data indicated that basal lipolysis is enhanced by Paqr11
deletion.
In addition to lipolysis, we also analyzed a series of lipid metabolism-
related markers in three adipose tissues of the mice. The major
changes in eWAT were increases in markers of lipogenesis and lipid
oxidation upon Paqr11 deletion, without significant changes in markers
of adipogenesis and browning (SFigure 4). Together with our results
showing that lipolysis markers were also enhanced by Paqr11 deletion,
we postulate that the major function of Paqr11 deletion in eWAT is to
increase the turnover rate of lipid metabolism, with the net rate of lipid
breakdown higher than that of lipid synthesis. In iWAT, there was an
increase in markers of browning, but without change in markers of
adipogenesis, lipid synthesis, and lipid oxidation (SFigure 4). These
results suggested that Paqr11 deletion mainly results in an increase of
browning in iWAT, consistent with the findings that the size of adi-
pocytes in iWAT was markedly decreased by Paqr11 deletion
(SFigure 2A) and the energy expenditure was increased in Paqr11-
deleted mice (Figure 1H and I, SFigure 1B and C). In BAT, there was no
significant changes in most of the lipid metabolism-related markers
(SFigure 4). However, the size of adipocytes in BAT was reduced by
Paqr11 deletion (SFigure 2A). We postulate that such decrease in
adipocyte size in BAT is likely an indirect result of the changes of lipid
metabolism in the white adipose tissue as the latter comprises the
most majority of adipose tissue in the body. Taken together, the major
phenotypes of the Paqr11-deleted mice were an elevated turnover of
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Figure 2: Deletion of Paqr11 increases lipolysis in eWAT and adipocytes. (A) Quantitative RT-PCR analysis of lipolytic genes in eWAT of wild-type (wt) and Paqr11�/� male
mice fed with HFD for 12 weeks (n ¼ 8 for each group). The mice were fasted overnight before analysis. (B,C) Immunoblotting to detect the levels of phosphorylated HSL (p-HSL),
total HSL, phosphorylated PLIN1 (p-PLIN1), and total PLIN1 in eWAT of the mice as in A using the antibodies as indicated. (D, E) Serum glycerol and non-esterized fatty acid (NEFA)
levels of the mice as in A. (F) The mRNA levels of lipolytic genes in adipocytes differentiated from mouse embryonic fibroblasts (MEFs) of the mice as determined by quantitative
real-time PCR. (G) Immunoblotting of P-HSL, HSL, p-PLIN1, and PLIN1 using the protein isolated from the adipocytes differentiated from MEFs. (H, I) Glycerol and NEFA levels in
culture medium of the adipocytes as in G. All the quantitative data are shown as mean � SD. * for P < 0.05, ** for P < 0.01, *** for P < 0.001.
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Figure 3: Deletion of Paqr11 activates cAMP-PKA pathway and reduces PDE4D protein level. (A) Phosphorylated PKA substrates in total protein extracts of eWAT of wild-type
(wt) and Paqr11�/� male mice fed with HFD for 12 weeks was analyzed by immunoblotting using the antibodies as indicated. The mice were fasted overnight before analysis. (B)
The level of cAMP in eWAT of the mice as in A (n ¼ 8 for each group). (C, D) Serum levels of norepinephrine (NE) and epinephrine (Epi) analyzed by ELISA with the mice as in A. (E)
NE level in eWAT of the mice as in A. (F) Quantitative RT-PCR to detect the mRNA level of Pde4d in eWAT of the mice as in A. (G) PDE4D protein level analyzed by immunoblotting
with eWAT of the mice as in A. The relative density of the protein bands is shown in the right panel. (HeJ) The adipocytes differentiated from MEFs were treated with 1 mM of
D159687 for various times and then used in measurement of cAMP level (for H), Western blotting (for H) and quantitative RT-PCR (for J). (KeM) The adipocytes differentiated from
MEFs were overexpressed with PAQR11 and used in measurement of cAMP level (for K), Western blotting (for L) and quantitative RT-PCR (for M). All the quantitative data are shown
as mean � SD. * for P < 0.05, ** for P < 0.01, *** for P < 0.001.
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Figure 4: PAQR11 interacts with PDE4D and accelerates its degradation. (A) Co-immunoprecipitation of PAQR11 with PDE4D. HEK293T cells were transfected with the
plasmids as indicated, followed by immunoprecipitation (IP) and immunoblotting (IB) with the antibodies as indicated. (B) Interaction of PAQR11 and PDE4D using Duolink PLA. Hela
cells were co-transfected with Myc-tagged PAQR11, GFP-fused PDE4D, GFP-fused PAQR3, and Flag-tagged Gb1 as indicated. PLA signals are shown in red, and there was no
primary antibody for negative control which was over-expressing PAQR11 and PDE4D. (C) PAQR11 modulates the protein half-life of PDE4D. HEK293T cells were transfected with
the plasmids as indicated and treated with cycloheximide (CHX) for various times. The cell lysate was used in immunoblotting with the antibodies as indicated. Quantitative
measurement of PDE4D protein is shown in the lower panel (mean � SD, ** for P < 0.01 and *** for P < 0.001 and ns for non-significant). The same experiments were
repeated three time with similar results. (D) PAQR11 overexpression decreases poly-ubiquitination of PDE4D. HEK293T cells were transfected with the plasmids as indicated. The
cells were pretreated with MG132 (10 mM) for 6 h, followed by IP and IB with the antibodies as indicated.

Original Article
lipid metabolism especially lipolysis in eWAT together with an increase
of browning in iWAT. These changes in white adipose tissues were
consistent with an increased metabolic rate and reduced body weight
in Paqr11-deleted mice.

2.3. Deletion of Paqr11 elevates cAMP-PKA pathway and reduces
PDE4D protein level
As PKA plays a key role in regulating the lipolysis program in adipose
tissue [2,3], we analyzed the activity of PKA in our samples. The protein
level of phosphorylated PKA (p-PKA) substrate, an index of PKA activity,
was highly increased in eWAT of the Paqr11�/� mice compared to
eWAT of the wild-type mice (Figure 3A). The cAMP level was also
significantly increased in eWAT of the Paqr11�/� mice (Figure 3B),
while it was not altered by Paqr11 deletion in iWAT and BAT (SFigure 5).
As sympathetic activation is a crucial factor in stimulating lipolysis via
catecholamine-mediated activation of b-adrenergic receptors [10,19],
6 MOLECULAR METABOLISM 47 (2021) 101182 � 2021 The Author(s). Published by Elsevier GmbH. T
we analyzed whether the catecholamine level was altered by Paqr11
deletion. To our surprise, the serum levels of norepinephrine and
epinephrine were not changed (Figure 3C and D). The norepinephrine
level in the eWAT was also not changed (Figure 3E). These results
indicated that the increase of lipolysis in the Paqr11-deleted adipose
tissue is not likely caused by activation of the sympathetic system in the
mice, but rather by a local mechanism. As the cAMP level was increased
by Paqr11 deletion (Figure 3B), we reasoned that a mechanism that
modulates cAMP level might contribute to the change of lipolysis in the
Paqr11�/�mice. As it was previously reported that PDE4D is involved in
the regulation of cAMP level in adipose tissue [20], we analyzed the
protein level and mRNA level of PDE4D. Interestingly, only the protein
level but not the mRNA level of PDE4D was significantly reduced by
Paqr11 deletion (Figure 3F and G).
To provide additional evidence that PDE4D is involved in the regulation of
lipolysis in adipocytes, we analyzed the effect of a selective PDE4D
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: PAQR11 interacts with SKP1-CUL1-FBXO2 complex to regulate PDE4D degradation. (A) Co-immunoprecipitation of PDE4D with CUL1 and FBOX2. HEK293T cells
were transfected with the plasmids as indicated, followed by immunoprecipitation (IP) and immunoblotting (IB) with the antibodies as indicated. (B) Co-immunoprecipitation of
PAQR11 with CUL1 and FBOX2. HEK293T cells were transfected with the plasmids, followed by IP and IB. (C) Detection of PAQR11-CUL1 and PAQR11-FBOX2 interactions by
Duolink PLA. Hela cells were co-transfected with Myc-tagged PAQR11 with Flag-tagged CUL1 (the first panel), Myc-tagged PAQR11 with Flag-tagged FBOX2 (the second panel),
GFP-fused PAQR3 with Flag-tagged Gb1 (the third panel), and Myc-tagged PAQR11 with Flag-tagged SKP1 (the fourth panel). PLA-positive signals are shown in red. (D, E) PAQR11
reduces the interaction of PDE4D with CUL1, but not PDE4D with FBOX2. HEK293T cells were transfected with the plasmids as indicated, followed by IP and IB.
inhibitor D159687 in adipocytes. We found that the PDE4D inhibitor
could increase the intracellular cAMP level (Figure 3H), enhance HSL
phosphorylation (Figure 3I), and elevate the expression of lipolysis-
related genes (Figure 3J) in adipocytes differentiated from MEFs of
the wild-type mice. In addition, PAQR11 overexpression could reduce
cAMP level (Figure 3K), increase PDE4D protein level (Figure 3L), reduce
HSL phosphorylation (Figure 3L), and reduce the expression of lipolysis-
related genes (Figure 3M) in adipocytes differentiated from MEFs.
Collectively, these results indicated that PAQR11-regulated PDE4D
modulates lipolysis in eWAT as well as adipocytes via changes of
lipolysis gene expression and cAMP-mediated lipolysis activity.
MOLECULAR METABOLISM 47 (2021) 101182 � 2021 The Author(s). Published by Elsevier GmbH. This is an open
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2.4. PAQR11 interacts with PDE4D and promotes its degradation
via SKP1-CUL1-FBXO2 complex
As PAQR11 could modulate the protein level of PDE4D, we postulated
that PAQR11 might physically interact with PDE4D. Consistent with our
hypothesis, a co-immunoprecipitation experiment in HEK293T cells
revealed that PAQR11 could associate with PDE4D (Figure 4A). To
confirm the interaction of PAQR11 with PDE4D, we performed a
proximity ligation assay (PLA), a method that allows both visualization
and quantification of protein interactions when the two proteins are
closer than 40 nm in spatial distance. As a positive control, PLA
revealed a positive result (Figure 4B, middle panel) with the interaction
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 7

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com


Figure 6: PAQR11 regulated fasting-induced lipolysis in eWAT and lipid accumulation in liver. (A) The mRNA levels of Paqr11 and lipolytic genes in eWAT of wild-type mice
at 12 weeks old fed with normal chow under fed and fasted (for 24 h) conditions as determined by quantitative RT-PCR. (B) Immunoblotting analyses of lipolytic proteins using
eWAT from wild type (wt) and Paqr11�/� mice at 12 weeks old fed with normal chow under fed and fasted (for 24 h) conditions. (C) Liver triglyceride levels of the mice as in B. (D)
Representative images of Oil Red O staining of the liver sections of the mice as in B. (E) The mRNA level of Paqr11 in eWAT of salineeor insulin-injected wild-type mice. Insulin was
used at 0.6 U/kg. (F) Serum level of non-esterized fatty acid (NEFA) of the salineeor insulin-injected 12-week-old wt and Paqr11�/� mice fed with normal chow. (G) Immu-
noblotting to analyze phosphorylated HSL and total HSL of the mice as in F. (H) Immunoblotting to detect phosphorylated PKA substrates of the mice as in F. (I) A diagram to depict
the working model of PAQR11 regulation on fasting-induced lipolysis in adipose tissue. All the quantitative data are shown as mean � SD. * for P < 0.05, ** for P < 0.01, *** for
P < 0.001 and ns for non-significant.
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of PAQR3 with G protein b1 subunit (Gb1) as reported previously [21];
there was no red spot signal with the negative control (Figure 4B, the
lower panel). Notably, the interaction between PAQR11 and PDE4D
was found by PLA (Figure 4B, upper panel). We next investigated
whether PAQR11 could regulate the protein stability of PDE4D. We
analyzed the half-life of PDE4D protein in HEK293T cells by treating the
cells with cycloheximide to stop synthesis of new proteins. Over-
expression of PAQR11 slowed down the degradation rate of PDE4D
protein (Figure 4C). To determine whether PAQR11 could affect the
proteasome-mediated degradation of PDE4D protein, we analyzed
PDE4D protein polyubiquitination levels in the presence or absence of
MG132, a proteasome inhibitor. In the presence of MG132, PDE4D
polyubiquitination levels were reduced by PAQR11 overexpression in
HEK293T cells (Figure 4D).
It was previously reported that PDE4D could be degraded by the
ubiquitin-dependent proteasome pathway through and Cullin 1 (CUL1)-
containing SKP1-CUL1-FBXO2 (SCF) E3 ubiquitin ligase complex or
MDM2 [22,23]. We found that PAQR11 overexpression had no effect on
the PDE4D ubiquitination promoted by MDM2 (SFigure 6). We next
analyzed whether PDE4D degradation was mediated by the SKP1-
Cullin-Fbox complex that mediates polyubiquitination and degrada-
tion of numerous proteins [24]. Using a co-immunoprecipitation assay,
we found that both PDE4D and PAQR11 could interact with CUL1 and
FBXO2, but not SKP1 (Figure 5A and B). The interactions of PAQR11
with CUL1 and FBXO2 were also confirmed by proximity ligation assay
(Figure 5C, the first two panels). As a positive control, PAQR3 was co-
localized with G protein b1 subunit as previously reported (Figure 5C,
the third panel) [21]. As a negative control, SKP1 was not co-localized
with PAQR11 (Figure 5C, the fourth panel). We next analyzed how
PAQR11 affected the interaction of PDE4D with the components of the
SCF complex. We found that PAQR11 had no significant effect on the
interaction between PDE4D and FBXO2 (Figure 5D). However, PAQR11
could dose-dependently reduce the interaction between PDE4D and
CUL1 (Figure 5E). Taken together, these results indicated that PAQR11
may antagonize SKP1-CUL1-FBXO2-mediated degradation of PDE4D
via competing for binding with CUL1, thus leading to reduced degra-
dation of PDE4D protein.

2.5. PAQR11 regulates fasting-induced lipolysis in adipose tissue
and lipid accumulation in the liver
As the physiological function of lipolysis of adipose tissue is mainly to
provide energy during starvation, we next investigated whether
PAQR11 modulated this process. We first examined the mRNA level of
Paqr11 under both fed and fasting conditions. Intriguingly, the mRNA
level of Paqr11 was significantly reduced under fasting conditions
(Figure 6A). Consistently, starvation also reduced Paqr11 expression in
adipocytes differentiated from MEFs (SFigure 7). HFD did not alter the
Paqr11 expression in the adipose tissue (SFigure 8). As expected,
phosphorylation of HSL in eWAT was increased by fasting (Figure 6B).
Moreover, the fasting-induced increase in HSL phosphorylation was
augmented by deletion of Paqr11 (Figure 6B), indicating that PAQR11
has a negative effect on starvation-induced lipolysis in adipose tissue.
In addition to stimulation of lipolysis in adipose tissue, starvation is
known to cause a transient lipid accumulation in the liver due to an
increase in fat mobilization. As expected, fasting was able to robustly
increase the liver triglyceride (TG) level (Figure 6C). Paqr11 deletion
further enhanced the elevation of TG level in the liver (Figure 6C).
Consistently, Oil Red O staining of the liver sections demonstrated that
the Paqr11 deletion aggravated fasting-mediated lipid accumulation in
the liver (Figure 6D). These findings, therefore, indicate that PAQR11 is
MOLECULAR METABOLISM 47 (2021) 101182 � 2021 The Author(s). Published by Elsevier GmbH. This is an open
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involved in fasting-induced lipolysis in adipose tissue and lipid accu-
mulation in the liver.
During the feedingefasting cycle, insulin is known to play a crucial role
in negatively regulating lipolysis of adipose tissue upon feeding [2,3].
We next analyzed whether PAQR11 could modulate insulin-mediated
suppression of lipolysis. The mice were fasted overnight, and insulin
was administered afterward. The mRNA level of Paqr11 was not
affected by insulin treatment (Figure 6E). The serum FFA level did not
differ between the wild-type mice and the Paqr11-deleted mice
(Figure 6F). Furthermore, the insulin-mediated inhibitions on HSL
phosphorylation and phosphorylated PKA substrate level were not
affected by Paqr11 deletion (Figure 6G and H), indicating that insulin-
mediated suppression of lipolysis in adipose tissue is not affected by
PAQR11. In other words, these results suggested that PAQR11 mainly
regulates lipolysis under the fasting condition, but not under the
feeding condition in which insulin plays a dominant role to suppress
lipolysis.

3. DISCUSSION

Our study reveals a new mechanism that aids in comprehending how
lipolysis in adipose tissue is regulated by starvation. As illustrated
(Figure 6I), fasting reduces the expression of Paqr11. The decreased
PAQR11 relieves its inhibitory effect on the interaction of PDE4D with
SCF complex, a E3 ubiquitin ligase, thus leading to enhancement of
polyubiquitination and degradation of PDE4D. The decrease in PDE4D
protein subsequently results in accumulation of cAMP and elevation of
PKA activity, thereby enhancing the lipolysis program in adipose tissue.
Previously, a number of theories have been proposed to explain the
underlying mechanism of lipolysis regulation by starvation [2,3]. The
mainstream view is that the sympathetic nervous system is activated
by starvation [5,10,25]. However, there is little evidence showing that
the systemic or local level of catecholamines is increased by starva-
tion. A few studies have indicated that the sensitivity of adipose tissue
to catecholamines is enhanced under fasting conditions [25]. There-
fore, our study provides new insight on how starvation enhances
lipolytic sensitivity of adipose tissue.
Our study also pinpoints that different adipose tissues respond to
physiological situations differently in terms of lipid mobilization, as we
only observed a significant regulation of lipolysis in eWAT by PAQR11.
In humans, numerous studies have explored the differential contri-
bution of differently located fat tissues to obesity as well as differential
response, including lipid uptake and lipid mobilization, to diet and
exercise [2,26,27]. However, there were few studies in animal models
to decipher the differential involvement of different fat tissues in lipid
mobilization. Our results are partly consistent with the studies by
Bartness’ group using Siberian hamsters. When Siberian hamsters are
transferred from long summer-like days (LDs) to short winter-like days
(SDs), the adiposity of the animals is reduced. It was found that SDs
induces a greater decrease in eWAT than iWAT, together with an
increased norepinephrine turnover rate in eWAT, indicating a greater
innervation of sympathetic nervous system in eWAT than iWAT [28].
Based on the results of Bartness’ study, we postulate that Paqr11
deletion has a stronger effect in eWAT than iWAT as eWAT likely has a
greater innervation of sympathetic nervous system than iWAT. As our
study demonstrated for the first time that starvation-induced lipolysis is
differentially regulated by PAQR11 in different adipose tissues, our
finding would aid in clarifying the important physiological question
about how different adipose tissues are differentially regulated during
the feeding/starvation cycle.
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Our study also demonstrates a close link between regulation of lipol-
ysis and metabolic homeostasis. Obesity, mainly manifested as
accumulation of TG in adipose tissue, can be attained through two
major mechanisms, i.e., enhanced lipogenesis due to extra energy
intake and reduced lipolysis during starvation. An increase in “basal”
lipolysis, as observed in Paqr11-deleted mice, results in significant
reduction in body weight. In particular, the HFD-induced obesity was
markedly reduced by Paqr11 deletion (Figure 1D). It is noteworthy that
in most studies, a reduction in obesity is always associated with
improvement in glucose metabolism. However, in our study, glucose
tolerance and insulin sensitivity were not altered in HFD-fed Paqr11�/�

mice (SFigure 2F and G). Such observation clearly indicates that an
improvement of obesity is not necessarily associated with an
improvement in glucose homeostasis. We propose that lipolysis in
adipose tissue mainly impacts lipid accumulation and obesity in the
body, but not on glucose metabolism.
In general, activation of the sympathetic system and the down-
stream adrenergic receptors in adipose tissue can stimulate both
lipolysis and thermogenesis [29]. To our surprise, we found that
Paqr11 deletion did not alter cold-induced UCP1 expression in BAT
(data not shown). These data indicate that lipolysis and thermo-
genesis can be dissociated. One possibility is that activation of
adrenergic receptors by itself is not sufficient to turn on lipolysis and
thermogenesis in adipose tissue and other factors/molecules are
needed. As PAQR11 mainly modulates lipolysis process in adipose
tissue, we postulate that PAQR11 may do this by regulating other
factors/molecules in addition to the adrenergic receptor-AC-cAMP-
PKA pathway.
The Skp1-Cul1-Fbox (SCF) complex is involved in polyubiquitination
and degradation of numerous proteins and affects many biological
processes, especially cell growth [24]. Our study has added to the
list of proteins regulated by the SCF complex. Within the SCF
complex, Cul1 is a scaffold that brings together Skp1 and Fbox
proteins. Skp1 is an adaptor that links the Fbox substrate-specific
factor to the ligase complex. Fbox is the E3 ligase of the complex
and recognizes specific substrates, subsequently leading to poly-
ubiquitination and degradation of the substrates. There are 69 Fbox-
encoding genes in humans, and different Fbox proteins are involved
in degradation of different sets of proteins [24]. In our study, we
found FBXO2 of the SCF complex is involved in the degradation of
PDE4D, and the interaction of SKP1-CUL1-FBXO2 complex with
PDE4D is antagonized by PAQR11. Fbxo2 was shown to be highly
expressed in the brain and cochlea, and deletion of Fbxo2 was
found to affect neuronal connectivity and cochlear development
[30,31]. It remains to be determined whether FBXO2 also affects
lipolysis in adipose tissue.
In summary, our study indicated that the major physiological
function of PAQR11 in vivo is regulating starvation-induced lipolysis
in adipose tissue. Our study also revealed that regulation of lipolysis
in adipose tissue is closely associated with the development of
obesity without affecting glucose homeostasis. Furthermore, we
revealed that PDE4D in adipose tissue is involved in modulating
adrenergic receptor activation-induced lipolysis, indicating that
PDE4D could be a potential target for control of lipolysis and obesity
[32]. It is worth noting that many isoforms of PDEs are expressed in
the adipose tissues, and thus we cannot rule out the possibility that
other PDEs are involved in the regulation of lipolysis. In addition,
Paqr11 deletion might alter the movement of the mice (Figure 1K
and L), likely contributing to the reduced body weight in Paqr11�/�

mice. On the other hand, Paqr11 was found to be highly expressed
in the brain (Figure 1A). We could not rule out the possibility that
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PAQR11 may regulate energy metabolism via altering brain func-
tions or behavior. Nevertheless, our study provides a new insight to
comprehend the complex regulation of lipolysis in adipose tissue.
Such study can also aid in future combat against obesity, one of the
most common modern diseases.

4. MATERIALS AND METHODS

4.1. Materials and antibodies
The materials and antibodies used in this study were purchased as
follows: anti-HSL from Cell Signaling Technology (4107s, Danvers, MA,
USA); anti-phospho-HSL (Ser660) from Cell Signaling Technology
(4126s); anti-phospho-PKA substrate from Cell Signaling Technology
(9621s); Anti-GAPDH from ABclonal (AC033, Boston, MA, USA); anti-
Flag tag from SigmaeAldrich (F3165, St. Louis, MO, USA); anti-
GM130 from Abcam (ab52649, Cambridge, UK); anti-PDE4D from
Abcam (ab14613); anti-perilipin1 from Vala Sciences (4854, San
Diego, CA, USA); anti-p-perilipin1 from Vala Sciences (4856); anti-a-
tubulin from SigmaeAldrich (T6199); anti-Myc tag from Santa Cruz
Biotechnology (sc-40, Santa Cruz, CA); anti-GFP from Santa Cruz
Biotechnology (sc-9996); cycloheximide (CHX) and polyethylenimine
(PEI) from SigmaeAldrich (C7698); Alexa Fluor 546 goat anti-mouse
IgG from Abcam (A11003); Alexa Fluor 546 goat anti-rabbit IgG from
Abcam (A11035); Alexa Fluor 488 goat anti-mouse IgG from Abcam
(A11029); Alexa Fluor 488 goat anti-rabbit IgG from Abcam (A11034).
The selective PDE4D inhibitor D-159687 (CSN23886) was from
CSNpharm (Chicago, MI, USA).

4.2. Animal studies
The Paqr11 knockout mice were developed in the Model Animal
Research Center of Nanjing University (Nanjing, Jiangsu, China). All
animals were maintained and used in accordance with the guidelines
of the Institutional Animal Care and Use Committee of the Shanghai
Institute of Nutrition and Health, Chinese Academy of Sciences with an
approval number 2010-AN-8. Mice were maintained on a 12-h light/
dark cycle at 25 �C. Homozygous Paqr11�/� mice in C57BL/6J
background were generated by crossing with the C57BL/6J strain for
at least six generations.

4.3. Plasmid construction
The Myc-tagged Paqr11 was generated by polymerase chain reaction
(PCR) using human Paqr11 plasmids as previously reported [17]. Flag-
tagged Skp1, Flag-tagged Cullin1 and Flag-tagged Fbxo2 were
generated by PCR using cDNA isolated from HEK293T cells and cloned
into pLVXm-N-flag-IRES-Puro vector with confirmation by DNA
sequencing. PDE4D cDNA was purchased from LncBio Co.
(NM_001197222, Shanghai, China). The Flag-tagged PDE4D was
generated by PCR using human PDE4D plasmid and cloned into
pLVXm-N-flag-IRES-Puro vector with confirmation by DNA sequencing.
The GFP-tagged PDE4D was generated by PCR using human PDE4D
plasmid and cloned into pEGFP-C1 vector.

4.4. Cell culture and transfection
HEK293T and Hela cell lines were cultured in completed medium
consisting of Dulbecco’s modified Eagle’s medium (DMEM) con-
taining 10% fetal bovine serum (FBS), and 1% penicillin-
streptomycin at 37 �C with 5% CO2. Transient transfection was
performed with the polyethylenimine (PEI) (SigmaeAldrich) method
for HEK293T cells. Transfection in Hela cells was performed using
PolyJet transfection reagents (Signagen Laboratories, Rockville, MD,
USA).
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4.5. Co-immunoprecipitation, immunoblotting, and
immunofluorescence staining
The methods of cell lysis, co-immunoprecipitation, immunoblotting,
immunostaining, and confocal microscopy analysis were performed as
previously reported [33]. Nuclei were stained with Hoechst 33,342
(Molecular Probes, H-3570).

4.6. MEF isolation and differentiation
MEF isolation was performed according to previously described
methods [33,34]. Primary mouse embryonic fibroblasts (MEFs) were
isolated from 12.5 to 14.5 pregnant heterozygous Paqr11-deleted
mice. Wildtype or Paqr11�/� MEFs were differentiated into adipo-
cytes by a standard protocol. Briefly, differentiation was induced 2
days post confluency by addition of DMEM containing 10% FBS and
dexamethasone (0.25 mM), 3-Isobutyl-1-methylxanthine IBMX
(0.5 mM), insulin (1 mg/ml), and rosiglitazone (20 mM) for 4 days.
The cells were further incubated with DMEM/FBS supplemented
with insulin and rosiglitazone for 4e6 days with medium change
every two days.

4.7. Measurement of norepinephrine, epinephrine, and cAMP
Commercial enzyme-linked immunosorbent assay (ELISA) kits were
used to measure norepinephrine (NE) (CEA907Ge, Cloud-Clone Corp,
Houston, TX, USA), epinephrine (CEA858Ge, Cloud-Clone Corp) and
cAMP (R&D Systems, KGE012B, Minneapolis, USA), according to the
manufacturer’s instructions.

4.8. Lipolysis assays
Commercial FFA measurement kit (Wako Chemicals, Osaka, Japan)
and glycerol assay kits (ab 65,337) were used for measuring FFA and
glycerol levels in the serum and cell culture medium according to the
manufacturer’s instructions.

4.9. RNA isolation and real-time PCR
Total RNA of cells and tissues were lysed by TRIzol reagent (Invi-
trogen, Carlsbad, CA, USA) and purified according to manufacturer’s
instructions. RNA was reverse transcribed with a high-capacity cDNA
reverse transcription kit (Tiangen, Shanghai, China). Gene expression
was determined by reverse transcription PCR (RT-PC)R performed
with an ABI 7900 system (Applied Biosystems). The primers used in
real-time PCR were as follows: 50-GATCATTGCTCCTCCTGAGC-30
and 50-ACTCCTGCTTGCTGATCCAC-30 for mouse b-actin; 50-CAGC-
TAATGGCCGCTACAAAC-30 and 50-CAGCAGTCATCAGACAGCCG-30 for
mouse Paqr11; 50-CAGCACATTTATCCCGGTGTAC-30 and 50-AAATG-
CCGCCATCCACATAG-30 for mouse Atgl; 50-GCTGGAGGAGTGTTT-
TTTTGC-30 and 50-AGTTGAACCAAGCAGGTCACA-30 for mouse Hsl;
50-AGGCGAACTCCACAGAATGTT-30 and 50-ACAAAAGAGGTACTGTC-
CGTCT-30 for mouse Mgl; 50-CTGTGTGCAATGCCTATGAGA-30 and
50-CTGGAGGGTATTGAAGAGCCG-30 for mouse Plin1; 50-TTTTGCC-
AGTGCAATACATGATG-30 and 50-CAGAGCGAGTTCCGAGTTTGT-30 for
mouse Pde4d. The reference gene for RT-PCR was b-actin.
4.10. Metabolic phenotyping and staining with hematoxylin and
eosin (H&E)
1H-nuclear magnetic resonance (NMR) spectroscopy was used to
measure fat and lean mass of the mice. A comprehensive laboratory
animal monitoring system (Columbus Instruments) was used to
monitor metabolic rate and physical activity according to the
manufacturer’s instructions. For glucose tolerance tests (GTT), mice
fasted overnight were injected with glucose at 1 g/kg body weight.
MOLECULAR METABOLISM 47 (2021) 101182 � 2021 The Author(s). Published by Elsevier GmbH. This is an open
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For insulin tolerance tests (ITT), mice fasted for 4e6 h before
intraperitoneal injection of insulin (Roche, Basel, Switzerland) at 1 U/
kg body weight. Glucose concentrations were measured at 0, 15,
30, 60, 90, and 120 min after injection. Alanine aminotransferase
(ALT), aspartate aminotransferase (AST), TG, TC, HDL-C, and LDL-C
were measured by the assay kits from ShenSuoYouFu (Shanghai,
China). The concentrations of liver TG were normalized to protein
concentrations. H&E staining was performed by Servicebio
(Shanghai, China).

4.11. Duolink in situ proximity ligation assay (PLA)
PLA was performed with a kit purchased from SigmaeAldrich [35].
Hela cells seeded on coverslips in 12-well plates were transfected with
different plasmids. At 24 h post transfection, the cells were fixed with
4% paraformaldehyde for 5 min, washed with phosphate-buffered
saline (PBS), and then permeabilized with 0.1% Triton X-100 in PBS
for 5 min at room temperature. PLA was then performed by following
the manufacturer’s instructions.

4.12. Statistical analysis
Student’s t-test was used to analyze the data. P value < 0.05 was
considered statistically significant, and all results were expressed as
mean � standard deviation (SD).
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