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PAQR9 regulates hepatic ketogenesis and fatty
acid oxidation during fasting by modulating
protein stability of PPARa
Yijun Lin 1, Lingling Chen 1, Xue You 1, Zixuan Li 1, Chenchen Li 2, Yan Chen 1,2,*
ABSTRACT

Background: The cycle of feeding and fasting is fundamental to life and closely coordinated with changes of metabolic programs. During
extended starvation, ketogenesis coupled with fatty acid oxidation in the liver supplies ketone bodies to extrahepatic tissues as the major form of
fuel. In this study, we demonstrated that PAQR9, a member of the progesterone and adipoQ receptor family, has a regulatory role on hepatic
ketogenesis.
Methods: We analyzed the phenotype of Paqr9-deleted mice. We also used biochemical methods to investigate the interaction of PAQR9 with
PPARa and HUWE1, an E3 ubiquitin ligase.
Results: The expression of Paqr9 was decreased during fasting partly depending on PPARg. The overall phenotype of the mice was not altered
by Paqr9 deletion under normal chow feeding. However, fasting-induced ketogenesis and fatty acid oxidation were attenuated by Paqr9 deletion.
Mechanistically, Paqr9 deletion decreased protein stability of PPARa via enhancing its poly-ubiquitination. PAQR9 competed with HUWE1 for
interaction with PPARa, thus preventing ubiquitin-mediated degradation of PPARa.
Conclusion: Our study reveals that PAQR9 impacts starvation-mediated metabolic changes in the liver via post-translational regulation of
PPARa.

� 2021 The Authors. 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

The cycle of feeding and fasting is the most fundamental physiological
change occurring in all forms of life, including humans. During starva-
tion, a delicate set of metabolic programs are initiated in order to meet
the fuel needs of the body [1]. During the early phase of starvation,
glucose generated by glycogen breakdown serves as the major form of
fuel to the body. Later on, gluconeogenesis in the liver is initiated to
provide glucose. During extended starvation, ketogenesis in the liver
supplies ketone bodies as the major form of fuel for extrahepatic tissues,
especially the brain [1]. Ketone bodies are formed from acetyl-CoA, a
product of mitochondrial b-oxidation from fatty acids that are derived
from lipolysis in adipose tissues during fasting. The changes in meta-
bolic programs in the liver during starvation are controlled by the
orchestrated actions of a set of transcription factors, including gluco-
corticoid receptor (GR), cAMP responsive element binding protein 1
(CREB1), peroxisome proliferator activated receptor alpha (PPARa), and
CCAAT/enhancer binding protein beta (CEBPb) [2,3].
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PPARa plays a critical role in regulating both fatty acid oxidation (FAO)
and ketogenesis [4e6]. PPARa-null mice show dysregulation of FAO in
response to fasting [7,8]. The expression of rate-limiting enzymes of
ketogenesis and fatty acid oxidation as well as fasting-responsive
genes such as Hmgcs2, Cpt1, and Fgf21 are mainly regulated at the
transcription level by PPARa [9e11]. Transcriptional activation of
PPARa is initiated via binding with various fatty acids or fatty acide
derived compounds [4]. Other transcription factors such as GR also
influence the functions of PPARa [3]. Additionally, PPARa can be
regulated at the posttranscriptional level via ubiquitin-mediated
degradation. In particular, HUWE1, an E3 ligase, was identified to
directly bind with PPARa and cause PPARa protein degradation by a
proteasome-mediated pathway [12].
PAQR9 is a member of the progesterone and adipoQ receptor (PAQR)
family [13]. PAQR9 was originally called mPRε and reported to function
by coupling to G-proteins, serving as an integral membrane proges-
terone receptor in neurons [14]. However, when PAQR9 is ectopically
expressed in mammalian cells, it is mainly localized in ER but not the
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plasma membrane [15]. It was later found that PAQR9 plays a role in
the regulation of the protein quality control of mislocalized membrane
proteins by affecting their interaction with BAG6 [15]. However, the
in vivo function of PAQR9 is currently unknown. We report here that the
expression of Paqr9 is altered by fasting in mice. Furthermore, we
found that PAQR9 plays a role in fasting-induced ketogenesis and FAO
in the liver by regulating the protein stability of PPARa, thus revealing
an in vivo function of PAQR9 during starvation.

2. MATERIALS AND METHODS

2.1. Reagents and antibodies
Cycloheximide (CHX), polybrene, polyethylenimine (PEI), puromycin,
and Oil Red O were from SigmaeAldrich (St. Louis, MO, U.S.A.),
MG132 was from BD Biosciences (Franklin Lakes, NJ, U.S.A.), and
Polyjet, Lipo2000 and TRIzol reagent were from Invitrogen (Carlsbad,
CA, U.S.A.). RIPA buffer and PCR 2X mix were from Yeasen (Shanghai,
China). Rapamycin was from MCE (NJ, USA). AICAR was from
CSNpharm (Chicago, MI, USA). Sodium caprylate was from Sangon
(Shanghai, China). Antibodies against Flag tag and a-tubulin were from
SigmaeAldrich; antibodies against Myc tag and mouse IgG were from
Santa Cruz Biotechnology (Santa Cruz, CA, U.S.A.); antibodies against
GFP, HUWE1, HSP90, CREB, phosphorylated CREB, and TP53 were
from Cell Signaling Technology (Boston, MA, USA); antibodies against
HA and GAPDH were from ABclonal (Boston, MA, U.S.A.); antibodies
against PAQR9, PPARa, Alexa Fluor 546 goat anti-mouse IgG, and
Alexa Fluor 546 goat anti-rabbit IgG were from Abcam (Cambridge,
U.K.); antibody against ubiquitin was from Santa Cruz Biotechnology
(TX,U.S.A.).

2.2. Animal studies
The Paqr9 deletion 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 Insti-
tutional Animal Care and Use Committee of the Shanghai Institute of
Nutrition and Health, Chinese Academy of Sciences with approval
number SINH-2020-CY-1. Mice were maintained on a 12-hour light/
dark cycle at 25 �C. Primary hepatocytes were isolated as described
[12]. Mouse blood ketone bodies were measured with a kit purchased
from Abbott Diabetes Care (Chicago, MI, USA).

2.3. Plasmids, cell transfection, and lentivirus
Plasmids of Flag-tagged PPARa, differently tagged full-length PAQR9
overexpression, and Paqr9 shRNA constructs were reported previously
[12,15]. PPARg was cloned from the cDNA of MCF7 cells by PCR and
inserted into vector 3 � Flag. Various lengths of Paqr9 promoter were
cloned from the genomic DNA of HeLa cells by PCR and inserted into
vector pGL.3-basic. Vector pRL-TK was used to express renilla luciferase
for luciferase assay control. pMD2. G and psPAX2 plasmids were used
for lentivirus packaging. HEK293T cells were transfected with PEI, HeLa
cells were transfected with Polyjet, and Hep3B cells were transfected
with Lipo2000. Paqr9-deleted Hep3B cells were generated by lentivirus
transfection and screened with puromycin. Lentivirus was packaged
with the psPAX2-pMD2. G system. In brief, each 10-mm dish of
HEK293T cells was transfected with 7.5 mg of psPAX2, 3 mg of pMD2. G,
and 10 mg of shRNA-containing plasmid. The cell culture medium was
collected 48 h later and directly used to infect Hep3B cells for 48 h with
4 mg/mL polybrene, then treated with 5 mg/mL puromycin. HUWE1
knockout plasmid was generated by CRISPR-Cas9 system with Lenti-
CRISPRV2 containing a sequence of sgRNA 50-CTGTAGCTGGTTTT-
CAGTG-3’. PPARa knockout was performed with the same method
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containing a sequence of sgRNA 50- GCACCATCTGGTCGCGATGG -3’.
The HUWE1-and PPARa-deleted Hep3B cells were generated by lenti-
virus transfection and screened with puromycin.

2.4. Cell fractionation
Hep3B cells were first lysed with membrane lysis (20 mM Tris,
137 mM NaCl, 5 mM EDTA, 1% NP40, and 10% glycerinum) at 4 �C for
15 min. The supernatant was collected after centrifugation at 4 �C for
10 min (12,000 rpm) for detection of proteins in the cytoplasm. The
sediment was washed twice by PBS and then lysed with RIPA at 4 �C
for 30 min, followed by centrifugation at 4 �C for 10 min (12,000 rpm).
The supernatant was then used to detect proteins in the nucleus.

2.5. Cell culture and treatment
HEK293T cells, HeLa cells, Hep3B cells, and primary hepatocytes were
cultured in high-glucose DMEM (4.5 g/L) with 100 units/mL penicillin/
streptomycin and 10% FBS at 37 �C with 5% CO2. Cells for fasting
experiments were washed twice with PBS and then cultured in DMEM
with 1 g/L glucose and 2% FBS. 50 nM rapamycin was used for mTOR
inhibition and 1 mM AICAR was used for AMPK activation. For in vitro
ketogenesis assay, Hep3B cells or hepatocytes were cultured in 12-
well plates and treated with DMEM containing 500 mM sodium cap-
rylate for 24 h. The medium was then collected for b-hydroxybutyric
acid measurement with a kit purchased from mlbio, Shanghai, China.
For lipid accumulation analysis, hepatocytes were treated with 1 g/L
glucose and 250 mM sodium caprylate for 36 h, then fixed with 4%
PFA for 15 min. 0.5% Oil Red O isopropanol solution was diluted to
0.3% with water and used to stain the cells for 30 min, followed by
washing with water. Images of the staining were acquired by
OLYMPUS IX73.

2.6. RNA isolation and RT-qPCR
Total RNA of cells and mouse tissues were lysed by TRIzol reagent and
purified according to the manufacturer’s instructions. RNA was
reverse-transcribed with FastQuant RT Kit (Tiangen, Shanghai, China)
to obtain cDNA. Real-time PCR was performed with the SYBR Green
PCR system (TOYOBO, Tokyo, Japan) with an ABI QuantStudio6 sys-
tem. The sequence of the primers is shown in Supplemental Table 1.

2.7. Western blotting
Tissues and cultured cells were lysed in RIPA buffer with fresh pro-
tease inhibitors (MCE) and phosphatase inhibitors (SigmaeAldrich),
and the supernatant was collected after centrifugation at 4 �C for
20 min at 12,000 rpm. For ubiquitination assay, the cells were treated
with or without 10 mM MG132 for 6 h to block proteasomal degra-
dation of proteins before cell lysis. To analyze protein degradation rate,
the cells were treated with cycloheximide (CHX) for various times. Co-
immunoprecipitation and Western blotting were performed as previ-
ously reported [12].

2.8. Dual-luciferase reporter assay
Different lengths of Paqr9 promoter were cloned by PCR into pGL.3-
basic plasmids. The plasmids of the promoter and pRL-TK were co-
transfected into HEK293T with a ratio of 20:1, and plasmids of tran-
scription factors were co-expressed at the same time. 24 h after the
transfection, the cells were lysed and then used to analyze luciferase
activity using a kit purchased from Promega (Madison, WI, USA).

2.9. Chromatin immunoprecipitation and ChIP-quantitive PCR
(ChIP-qPCR)
ChIP and ChIP-qPCR were carried out as previously described [16].
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Figure 1: Paqr9 expression in the liver is regulated by fasting. A. A volcano plot showing RNA-Seq results of liver fasted for 24 hours from GEO dataset GSE92502.
Downregulated or upregulated genes were divided by log2efold change >1 or < �1 with P-value < 0.01. Red dots for upregulated genes and green dots for downregulated
genes. The right panel depicts the top 10 most significantly changed genes (except for those involved in lipid metabolism and oxidation pathways). B. Paqr9 mRNA level in the liver
after 48 hours fasting and refeeding or peritoneal injection with 10% glucose solution for 3 hours (n ¼ 3 for control and n ¼ 4 for other groups). C. Paqr9 mRNA level in Hep3B and
HepG2 cells under starvation condition for different times. D. Paqr9 mRNA level in Hep3B cells treated with 50 nM rapamycin or 1 mM AICAR for different times. E. PPARg motif
analysis and potential binding sites at the Paqr9 promoter. F. Dual-luciferase reporter assay. Different lengths of putative Paqr9 promoter were cloned into luciferase-containing
plasmid and transiently expressed in the Hep3B cells along with PPARg-expressing plasmid as indicated. Relative luciferase activity was calculated by dividing firefly luciferase
activity by renilla activity. G. ChIP-qPCR with different regions of Paqr9 promoter. P1 to P5 were five different segments covering the region of �2,500 bp to the transcription start
site (TSS) region. Both input and immunoprecipitation results are shown. The expression of Flag-tagged PPARg is confirmed by Western blotting (right panel). H. Paqr9 mRNA level
in Hep3B with overexpression of PPARg. The mRNA expression results were relative to b-actin in B and relative to a-tubulin in C, D, and H. All the quantitative data are shown as
mean � S.E.M., * for P < 0.05 and *** for P < 0.001.
2.10. Immunofluorescence studies
HeLa cells were cultured on glass coverslips and transfected with
different plasmids. 24 h after transfection, the cells were fixed with 4%
paraformaldehyde for 10 min and then permeabilized with 0.1% Triton
X100 in PBS for 10 min. The cells were blocked in 3% bovine serum
MOLECULAR METABOLISM 53 (2021) 101331 � 2021 The Authors. Published by Elsevier GmbH. This is an open a
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albumin in PBS for 30 min, then incubated with primary antibodies
overnight at 4 �C and secondary antibodies for 1 h at room temper-
ature. The nuclei were stained with Hoechst 33,342 (Molecular Probes)
in PBS for 10 min. Fluorescence images were acquired with ZEISS
(LSM880).
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2.11. Frozen section and Oil Red O staining
Livers were isolated from the mice and fixed overnight with 4%
paraformaldehyde (PFA) for paraffin embedding. Frozen sectioning
and Oil Red O staining were performed by Servicebio (Wuhan, Hubei,
China). The images of the slides were acquired with an Olympus
BX51 microscope.

2.12. Statistical analysis
All data are shown as mean � SEM. The results were analyzed with
Student’s t-test for comparison between two groups or ANOVA for
comparison of more than two groups. Values of P < 0.05 were
considered statistically significant.

3. RESULTS

3.1. Paqr9 expression is regulated by fasting and refeeding
The liver is one of the most important organs that participate in ho-
meostatic regulation during fasting. To identify how calorie restriction
alters gene transcription in the liver, we mined an existing RNA-seq
dataset of mouse liver (GSE92502). We compared the data of 24-hour
fasting to the control and found that a total of 825 genes were signifi-
cantly changed (439 genes upregulated and 386 genes downregulated),
with P-values < 0.01 and estimated absolute log2efold change >1
(Figure 1A). To characterize the functional changes associated with
fasting, we performed KEGG pathway and GO enrichment analysis with
DAVID 6.8 [17,18]. As expected, we found that nearly half of the 825
genes were associated with lipid metabolism, glucose homeostasis, the
or oxidation-reduction process (data not shown).
In order to identify new genes and pathways involved in metabolic
regulation during fasting, we focused on the genes that have not been
described as modifying glucose and lipid metabolism in the past.
Ranking these genes by P-value, we found that PAQR9 was one of the
most significantly changed genes (Figure 1A). To confirm that Paqr9 is
regulated by fasting, we examined the change in Paqr9 gene expression
in the mouse liver during fasting and refeeding. As shown in Figure 1B,
Paqr9 expression in the liver was robustly downregulated after 48 h
fasting. Refeeding or peritoneal injection with 10% glucose solution
following fasting could increase expression of Paqr9 in the liver
(Figure 1B). Consistently, the protein level of PAQR9 in the liver was
significantly reduced by fasting and partially elevated by refeeding
(Figure S1). We also analyzed changes in Paqr9 expression in vitro. In
two liver cell lines, HepG2 and Hep3B, glucose deprivation significantly
reduced Paqr9 expression (Figure 1C), consistent with the in vivo
findings. As AMPK and mTOR signaling pathways are the two most
important modules involved in nutrient sensing [19e21], we analyzed
the changes in Paqr9 expression upon treatment with rapamycin, an
mTOR signal inhibitor, or AICAR, an AMPK phosphorylation activator. The
expression of Paqr9 was downregulated by treatment with rapamycin or
AICAR (Figure 1D), indicating that these two nutrient sensing pathways
likely mediate the fasting-induced changes of Paqr9 expression.

3.2. PPARg is involved in the transcriptional regulation of Paqr9
expression
We next explored how Paqr9 expression was regulated during nutrient
deficiency. We analyzed the putative promoter region of the Paqr9 gene
with two online tools (http://alggen.lsi.upc.es and http://cistrome.org) to
predict the potential transcription factors (TFs) regulating Paqr9
expression, and then compared them with the known TFs affected by
both mTOR and AMPK pathways. One of the predicted TFs was PPARg,
which has been shown to be associated in mTOR regulation on adi-
pogenesis [22,23]. Motif analysis revealed 3 potential binding sites of
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PPARg in the promoter region of the Paqr9 gene (Figure 1E). To confirm
whether PPARg was involved in the regulation of Paqr9 gene expres-
sion, we used a dual-luciferase reporter assay to analyze the promoter
activity of the Paqr9 gene. We co-transfected HEK293T cells with a Flag-
tagged PPARg, a plasmid expressing renilla-luciferase, and a plasmid of
the fly-luciferase reporter gene under the control of different lengths of
the putative promoter region of the Paqr9 gene. The luciferase activity of
the Paqr9 promoter was elevated by PPARg overexpression (Figure 1F).
On the other hand, PPARa overexpression had a very minor effect on the
promoter of Paqr9 (Figure S2). Consistently, neither PPARa deletion nor
PPARa overexpression changed the expression of Paqr9 under normal
and low-glucose starvation conditions (Figure S3). Furthermore, �500/
þ100 bp had the highest responsiveness to PPARg overexpression
(Figure 1F & Figure S2), indicating that the PPARg binding site within
this segment is involved in regulation. We next performed a ChIP-qPCR
analysis and confirmed that PPARg could directly bind to the Paqr9
promoter (Figure 1G). Consistently, overexpression of PPARg increased
the expression of Paqr9 in Hep3B cells (Figure 1H), further confirming
that PPARg is involved in the transcriptional regulation of Paqr9 gene
expression.

3.3. Deletion of Paqr9 has no effect on metabolic phenotype under
feeding state, but attenuates ketogenesis and fatty acids b-oxidation
under fasting condition
We next analyzed the in vivo function of Paqr9. First, we detected the
tissue expression pattern of Paqr9 in mice by RT-PCR. Paqr9 showed
the highest expression in pancreas, followed by liver and brown adi-
pose tissue (BAT) (Figure 2A). We generated a systemic Paqr9
knockout mouse model through a targeted disruption of the Paqr9
gene by homologous recombination (Figure 2B). Deletion of Paqr9 was
confirmed by RT-PCR using RNA isolated from both the wild type and
Paqr9-deleted mouse tissues, including liver and adipose tissues
(Figure 2B).
We first analyzed the metabolic phenotype of Paqr9�/� mice fed with
normal chow. Body weight and body composition were not changed by
Paqr9 deletion (Figure 2C,D). The level of blood glucose was not altered
by Paqr9 deletion, either, under both feeding and fasting conditions
(Figure 2E). Furthermore, analysis with a metabolic cage revealed that
oxygen consumption, carbon dioxide production, respiratory exchange
ratio (RER), and physical activities were not changed by Paqr9 deletion
(Figure 2FeH). In addition, the lipid profile in the blood of the mice was
not altered by Paqr9 deletion (Figure 2I). Collectively, these data indicate
that Paqr9 deletion does not give rise to obvious changes in glucose and
lipid metabolism under the condition of normal chow feeding.
Having originally found that Paqr9 expression was reduced by fasting
(Figure 1), we investigated whether deletion of Paqr9 affected the
metabolism during fasting. After 24 h fasting, the blood level of ketone
bodies in the Paqr9�/� mice was significantly lower than that of the wild
type mice (Figure 3A). To elucidate whether the observed change in
ketone bodies was partially caused by changes in ketogenesis or
ketolysis, we analyzed the expression of genes involved in the keto-
genesis pathway in the liver and ketolysis pathway in the skeletal
muscle (Figure 3BeC). We found that the expression of Hmgcs2 and
Hmgcl, two key genes in ketogenesis, were significantly downregulated
in the liver of Paqr9�/� mice (Figure 3B). On the other hand, the
expression of two key genes for ketolysis was not affected by Paqr9
deletion in the skeletal muscle (Figure 3C), indicating that deletion of
Paqr9 mainly affects ketogenesis but not ketolysis during fasting.
We isolated primary hepatocytes from wile type and Paqr9�/� mice to
further analyze ketogenesis in vitro. With the treatment of sodium
caprylate, a short-chain fatty acid, for 36 h, the concentration of b-
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 2: Deletion of Paqr9 does not alter metabolic phenotype under normal chow feeding. A. The mRNA level of Paqr9 in different tissues of C57BL/6 mice relative to
b-actin (n ¼ 4 for each tissue). B. Generation and identification of the Paqr9�/� mouse. The left panel depicts the scheme of the Paqr9�/� mouse. Note that Paqr9 gene only has
one exon. The right panel shows genotyping results using primers denoted by arrows in the left panel. C. Body weight of male wild type (WT) and Paqr9�/� mice at 10 weeks old
(n ¼ 6 for each group). D. Body composition of the mice. E. Blood glucose of the mice at feeding or fasting for 16 hours. F. Oxygen consumption and carbon dioxide production of
the mice during a 24-hour period. G. Respiratory exchange ratio (RER) of the mice. H. Movement of the mice on the X and Z axes. I. Blood levels of triglyceride (TG), total cholesterol
(TC), HDL cholesterol, and LDL cholesterol of the mice. All data were analyzed with Student’s t-test. All the quantitative data are shown as mean � S.E.M.
hydroxybutyric acid (b-HB) was reduced in the medium of hepatocytes
isolated from Paqr9�/� mice (Figure 3D), consistent with the in vivo
finding. To provide further evidence, we constructed Paqr9-down-
regulated Hep3B cell lines with two different shRNAs (Figure 3E). The
secretion of b-HB was decreased by Paqr9 knockdown in these cells
(Figure 3F). These results thus indicate that PAQR9 has a positive
effect on ketogenesis both in vivo and in vitro.
Because ketogenesis is tightly coupled to b-oxidation of fatty acids
[24], we investigated whether fatty acid oxidation (FAO) was affected
by Paqr9 deletion. As shown in Figure 3G, fasting for 48 h robustly
induced the expression of all the genes involved in FAO in the liver.
However, the fasting-induced expression of these genes was signifi-
cantly reduced by Paqr9 deletion (Figure 3G). Accordingly, lipid
accumulation in the liver was increased by Paqr9 deletion under
fasting conditions, as analyzed by Oil Red O staining (Figure 3H). The
triglyceride level in the liver was also elevated by Paqr9 deletion under
MOLECULAR METABOLISM 53 (2021) 101331 � 2021 The Authors. Published by Elsevier GmbH. This is an open a
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fasting conditions (Figure 3I). Consistently, lipid accumulation was
increased by Paqr9 deletion in isolated hepatocytes when treated with
fatty acids and low concentrations of glucose (Figure 3J). In addition,
we found that Paqr9 knockdown in Hep3B cells or Paqr9 deletion in
mouse primary hepatocytes also led to decreases in the expression
levels of numerous genes involved in ketogenesis and FAO (Figure S4).
Overall, these results indicate that Paqr9 deletion leads to decreases in
ketogenesis and FAO in the liver under fasting conditions, accompa-
nied by an increase in lipid accumulation.

3.4. PAQR9 regulates protein stability of PPARa
It has been reported that ketogenesis and FAO during fasting are
regulated by a series of TFs [2,3]. We first analyzed the expression of a
set of TFs over the course of 24 h fasting. At the mRNA level, none of
the major TFs involved in ketogenesis and FAO was altered by Paqr9
deletion (Figure 4A). However, Western blotting revealed a significant
ccess article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 5
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Figure 3: Deletion of Paqr9 reduces hepatic ketogenesis and fatty acid oxidation in vivo and in vitro. A. Concentration of b-hydroxybutyrate (b-HB) in serum of the male
wild type (WT) and Paqr9�/� mice after fasting for 24 hours (n ¼ 6 for WT and n ¼ 7 for Paqr9�/� mice). B. The mRNA levels of ketogenic genes in the liver of the mice, as in A.
C. The mRNA levels of ketone degradation genes in the skeletal muscle of the mice, as in A. D. Concentration of b-HB in culture medium of primary hepatocytes isolated from
the mice. The cells were treated with 500 mM sodium caprylate for 24 hours before measurement. E. Efficiency of Paqr9 knockdown in Hep3B cells transfected with shRNA-
containing plasmids. F. Concentration of b-HB in culture medium of the cells, as in E. G. The mRNA levels of fatty acid b-oxidation genes in the livers of the mice after fasting for
48 hours. H. Representative images of Oil Red O staining of the livers from the mice after fasting for 24-hour fasting. I. Triglyceride level in the livers of the mice under feeding or
fasting for 24 hours. J. Representative images of Oil Red O staining of primary hepatocytes isolated from the mice. The hepatocytes were treated with 1 g/L glucose and 500 mM
sodium caprylate for 36 hours. All data were analyzed with Student’s t-test. All the quantitative data are shown as mean � S.E.M., * for P < 0.05, *** for P < 0.001, and n. s.
for non-significant.
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reduction of PPARa protein levels in the livers of Paqr9�/� mice, while
CREB and TP53 were not altered (Figure 4B). Analysis of more mouse
samples also showed a lower PPARa protein level in Paqr9-deleted
liver than in the wild type control (Figure S5).
As the protein but not mRNA of PPARa was affected by Paqr9 deletion,
we next analyzed whether PAQR9 affected the protein degradation rate
of PPARa. In Hep3B cells, knockdown of Paqr9 significantly accelerated
the protein degradation rate of PPARa (Figure 4C). Conversely, over-
expression of PAQR9 extended the half-life of PPARa protein (Figure 4D).
It was previously reported that PPARa is degraded by a proteasome-
mediated pathway through poly-ubiquitination by HUWE1 [12]. We
thus analyzed the poly-ubiquitination level of PPARa protein.
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Knockdown of Paqr9 in Hep3B cells enhanced the level of poly-
ubiquitination of PPARa protein in the presence of MG132
(Figure 4E). In contrast, PAQR9 overexpression inhibited poly-
ubiquitination of PPARa protein in the presence of MG132
(Figure 4F). Therefore, these results indicate that PAQR9 inhibits the
degradation of PPARa protein via reduction of poly-ubiquitination of
PPARa protein.

3.5. PAQR9 does not interact with PPARa but competes with
PPARa for interaction with HUWE1
As our results revealed that PAQR9 protects PPARa from
ubiquitination-mediated degradation, we investigated the underlying
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 4: PAQR9 protects PPARa from degradation by reducing PPARa ubiquitination. A. The mRNA levels of representative transcription factors in the liver of the mice after
fasting for 24 hours (n ¼ 6 for each group). B. Western blotting to detect transcription factors in the livers of the mice as in A. Quantitation of the data is shown in the right panel. C.
Analysis of protein stability of PPARa with PPARa knockdown. Hep3B cells with or without PPARa knockdown were transiently transfected with Flag-tagged PPARa and then
treated with CHX (100 mg/mL) for various times, followed by immunoblotting with the antibodies as indicated. Quantitation of the immunoblotting results from three independent
experiments is shown in the right panel. D. Analysis of protein stability of PPARa with Paqr9 overexpression. Hep3B cells were transiently transfected with Flag-tagged PPARa and
GFP-tagged PAQR9 as indicated and treated with CHX (100 mg/mL) for various times. Quantitation of the immunoblotting from three independent experiments is shown in the right
panel. E. Poly-ubiquitination of PPARa in Hep3B cells with Paqr9 knockdown. The cells were pretreated with MG132 (10 mM) for 6 hours, followed by immunoprecipitation and
immunoblotting with the antibodies as indicated. F. Poly-ubiquitination of PPARa in Hep3B cells with Paqr9 overexpression. The cells were transiently transfected with Myc-tagged
Paqr9 and treated with MG132 (10 mM) for 6 hours, followed by immunoprecipitation (IP) and immunoblotting with the antibodies as indicated. All the quantitative data are shown
as mean � S.E.M., * for P < 0.05 and ** for P < 0.01.
mechanism. Based on a previous study on post-translational regulation
of PPARa [12], we performed co-immunoprecipitation assays to detect
the potential interaction between PAQR9 and PPARa. However, no
interaction was found between these two proteins through co-
immunoprecipitation assays (Figure 5AeB). Furthermore, when
expressed in HeLa cells, the GFP-fused PAQR9 was localized in the ER
as previously reported [15], and PPARa was localized in the nucleus
(Figure 5C, upper and middle panels). When both PAQR9 and PPARa
were co-expressed, though PAQR9 was seen close to the nucleus, they
MOLECULAR METABOLISM 53 (2021) 101331 � 2021 The Authors. Published by Elsevier GmbH. This is an open a
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were scarcely co-localized (Figure 5C, lower panel), further indicating
that there is no interaction between PAQR9 and PPARa.
It was previously reported that HUWE1 was the one of most abundant
proteins pulled down by PAQR9, discovered through mass spectrom-
etry analysis [15]. We thus employed immunoprecipitation assays to
analyze the potential interaction between PAQR9 and HUWE1. When
Flag-tagged PAQR9 was expressed in Hep3B cells, the anti-Flag
antibody was able to pull down HUWE1 (Figure 5D). On the other
hand, Flag-tagged PPARa could also pull down HUWE1 (Figure 5D). To
ccess article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 7
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Figure 5: PAQR9 reduces PPARa ubiquitination by competing with its interaction with HUWE1. A-B. Co-immunoprecipitation assay to analyze interaction of PPARa with
PAQR9. HEK293T cells were transfected with the plasmids as indicated, followed by immunoprecipitation (IP) and immunoblotting with the antibodies as indicated. C. Localization
of PAQR9 and PPARa in HeLa cells. The cells were transiently transfected with the plasmids as indicated and used in immunofluorescent staining. The nucleus was stained with
Hoechst 33,342. The right panel shows plots of signal intensity (y axis) against distance in mm (x axis) to indicate occurrence of overlaps between the red and green channels for
PAQR9/PPARa co-expressing cells. D. Co-immunoprecipitation assay to analyze interaction of PPARa and PAQR9 with HUWE1. Hep3B cells were transfected with the plasmids as
indicated, followed by IP and immunoblotting. E. The interaction of PPARa with HUWE1 is enhanced by Paqr9 knockdown. Hep3B cells with or without Paqr9 knockdown were
transiently transfected with GFP-fused PAQR9, followed by IP and immunoblotting. F. The interaction of PPARa with HUWE1 is reduced by Paqr9 overexpression. Hep3B cells were
transiently transfected with different amount of GFP-fused PAQR9, followed by IP and immunoblotting. G. Identification of the region of PPARa that interacts with HUWE1. Different
segments of PPARa were overexpressed in Hep3B cells, followed by IP and immunoblotting. H. The interaction of the 174e278aa segment of PPARa with HUWE1 is reduced by
Paqr9 overexpression. Hep3B cells were transiently transfected with GFP-fused PAQR9 and Flag-tagged PPARa segment, followed by IP and immunoblotting.

Original Article
investigate the relationship among HUWE1, PAQR9, and PPARa, we
performed immunoprecipitation assays in Paqr9-deleted Hep3B cells.
As a result, deletion of PAQR9 enhanced the interaction of HUWE1 with
PPARa (Figure 5E), while overexpression of PAQR9 reduced the
interaction between HUWE1 and PPARa in a dose-dependent manner
(Figure 5F). These results, therefore, indicate that PAQR9 competitively
8 MOLECULAR METABOLISM 53 (2021) 101331 � 2021 The Authors. Published by Elsevier GmbH. T
inhibited the interaction between PPARa and HUWE1 to regulate the
degradation of PPARa.
We next investigated which region of PPARa was involved in the
interaction with HUWE1. We cloned different segments of PPARa and
analyzed their interaction with HUWE1 through co-immunoprecipitation
(Figure 5G). We found that the region covering 174e278 amino acid
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
www.molecularmetabolism.com

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


Figure 6: PAQR9 affects ketogenesis and fatty acid oxidation through PPARa. A. HUWE1 deletion increases the protein level of PPARa in Hep3B cells. Upper panel: Western
blotting to detect the efficiency of HUWE1 knockout. Lower panel: Western blotting to analyze PPARa protein level. B. Hep3B cells with or without HUWE1 knockout were treated
with 1 g/L glucose and 500 mM sodium caprylate for 48 hours, followed by quantitative RT-PCR to analyze expression of genes involved in ketogenesis and FAO (n ¼ 6 for each
group). C. The cells, as in B, were used to measure b-HB level in culture medium and triglyceride concentration in the cells. D. HepB3 cells with or without Paqr9 knockdown were
treated with 500 mM sodium caprylate for 24 hours (n ¼ 6 for each group), followed by quantitative RT-PCR (n ¼ 6 for each group). The cells were treated with 5 mM of fenofibrate
(Feno) as indicated. E. The cells, as in D, were used to measure b-HB level in culture medium and triglyceride concentration in the cells. F. Wild type and Paqr9-deleted mice were
gavaged with corn oil or fenofibrate (10 mg/g body weight) for 5 days and then fasted for 24 hours (n ¼ 4 for mice with corn oil and n ¼ 5 for mice with fenofibrate). The livers of
the mice were used in quantitative RT-PCR. G. The mice, as in F, were used to determine b-HB concentration in the serum. H. A graphic summary to depict the inhibitory effect of
PAQR9 on HUWE1-mediated poly-ubiquitination and degradation of PPARa protein. Note that PAQR9 competes with PPARa for HUWE1 binding.
residues of PPARa interacted with HUWE1 (Figure 5G). Furthermore,
overexpression of PAQR9 dose-dependently reduced the interaction of
the PPARa segment (174e278aa) with HUWE1 (Figure 5H), consistent
with the result with full-length PPARa (Figure 5F). We also analyzed the
subcellular compartment in which PPARa interacts with HUWE1. We
found that PPARa was mainly localized in the nucleus while HUWE1
was mainly localized in the cytoplasm (Figure S6). However, the
interaction of PPARa with HUWE1 was able to occur in both the
cytoplasm and nucleus (Figure S6).
We also analyzed whether or not the degradation of PAQR9 itself was
affected by PPARa. The half-life of PAQR9 was extended by PPARa
MOLECULAR METABOLISM 53 (2021) 101331 � 2021 The Authors. Published by Elsevier GmbH. This is an open a
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overexpression (Figure S7), while poly-ubiquitination of PAQR9 was
attenuated by PPARa overexpression (Figure. S7). Overall, these re-
sults indicate that PAQR9 and PPARa associate with HUWE1 in a
mutually exclusive manner, and that therefore the degree of poly-
ubiquitination/degradation of PPARa is affected by the relative
amount of PAQR9 and vice versa.

3.6. PAQR9 regulation on ketogenesis and fatty acid oxidation is
mediated by PPARa
Having identified that PAQR9 and PPARa associate with HUWE1 in a
mutually exclusive way, we further investigated whether HUWE1 is
ccess article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 9
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involved in fasting-induced ketogenesis and FAO in hepatocytes. We
established a HUWE1-deleted Hep3B cell line using Cas9/CRISPR
technology (Figure 6A). We found that knockout of HUWE1 elevated the
protein level of PPARa in Hep3B cells (Figure 6A). Upon sodium cap-
rylate treatment, HUWE1 deletion led to increases in the expression of
genes involved in ketogenesis and FAO (Figure 6B). Consistently,
HUWE1 knockout significantly elevated the production of b-HB and
decreased lipid accumulation in Hep3B cells (Figure 6C). These results
further confirmed the involvement of HUWE1 in regulating the function
of PPARa.
We next investigated whether the regulation of ketogenesis and FAO
by PAQR9 is mediated by PPARa. As expected, treatment of Hep3B
cells with fenofibrate, a clinically used PPARa agonist, was able to
elevate the expression of genes involved in ketogenesis and FAO
(Figure 6D). Fenofibrate also increased b-HB production and reduced
triglyceride accumulation in Hep3B cells (Figure 6E). The reduced
expression of ketogenesis and FAO genes by Paqr9 knockdown was
abrogated by fenofibrate treatment (Figure 6D). The alteration of b-
HB production and triglyceride accumulation by Paqr9 knockdown
was also abrogated by fenofibrate treatment (Figure 6E). Similarly,
the reduced expression of ketogenesis/FAO genes in the liver and
decreased b-HB level in the blood by Paqr9 deletion were abrogated
by fenofibrate treatment (Figure 6F and 6G). Collectively, these re-
sults indicate that PAQR9 regulation of ketogenesis and FAO is
mediated by PPARa.

4. DISCUSSION

Our study reveals for the first time that PAQR9 has a functional role in
the regulation of energy homeostasis during starvation. The
expression of the Paqr9 gene itself is altered during fasting and
refeeding. Deletion of the Paqr9 gene attenuated starvation-induced
ketogenesis and FAO in the liver. Consistently, fasting-induced lipid
accumulation in the liver was elevated by Paqr9 deletion. Mecha-
nistically, PAQR9 regulates the protein stability of PPARa, a master
regulator of ketogenesis and FAO, by competitive interaction with
HUWE1 (Figure 6H). In addition, we found that Paqr9 deletion had no
effect on blood insulin level, but increased blood glucagon level under
fasting conditions (Figure S8). As glucagon mainly regulates gluco-
neogenesis during starvation, it is worth investigating in the future
whether or not PAQR9 affects this process. However, the fasting
blood glucose level was not affected by Paqr9 deletion (Figure 2E). It
is worth noting that glucagon can also regulate FAO and ketogenesis
in the liver [25,26], and that investigation of the functional link be-
tween PAQR9 and glucagon will be a pursuit of interest in the future.
In addition, knowing that FAO also occurs in brown adipose tissue
(BAT), we analyzed the effect of Paqr9 deletion on FAO-related genes
in BAT. We found that numerous genes involved in FAO in BAT were
decreased by Paqr9 deletion (Figure S9), similar to the results in the
liver. These results indicated that PAQR9 has a general effect on FAO
in different tissues.
Our work also indicated a regulatory role of the PPARg-PAQR9-PPARa
pathway in modulating energy homeostasis during fasting. We found
that PPARg upregulates PAQR9 expression, which in turn could reduce
PPARa degradation through competition for HUWE1 binding. Under this
theory, activation of PPARg signaling can enhance the functions of
PPARa in the liver via mediation of PAQR9. Interestingly, a recent study
demonstrated that PPARa and PPARg agonists have a potentially
synergistic effect in inhibiting the formation of non-alcoholic steato-
hepatitis (NASH), shown as reduction of lipid accumulation and
10 MOLECULAR METABOLISM 53 (2021) 101331 � 2021 The Authors. Published by Elsevier GmbH. T
inflammatory response in the liver [27]. The combined use of PPARa
and PPARg agonists also synergistically ameliorates type 2 diabetes in
mice [28]. However, another study revealed a contradictory result,
showing that a combination of PPARa and PPARg agonists increased
triglyceride levels in mouse liver [29]. Based on our study, we postulate
that a combination of PPARa and PPARg agonists can boost keto-
genesis and FAO during starvation. This is an interesting question that
is worth further investigation in the future.
A paradoxical observation in our study is that Paqr9 expression is
reduced by fasting, and such reduction would decrease the inter-
action of Paqr9 with HUWE1, leading to an increase in PPARa
ubiquitination/degradation and consequent reduction in PPARa
function. In this scenario, fasting-induced PAQR9 reduction would
serve as a negative feedback loop to keep PPARa function in check.
We found that starvation could promote poly-ubiquitination of PPARa
protein (Figure S10). We thus hypothesize that ubiquitination-
mediated PPARa degradation may comprise a negative feedback
during starvation to avoid over-activating the PPARa pathway.
Decreased expression of Paqr9 during starvation may aid in such a
negative feedback by enhancing PPARa ubiquitination/degradation
via HUWE1. If this were the case, overexpression of PAQR9 in the liver
would augment the function of PPARa under starvation. This question
can be addressed in the future using mouse models with ectopic
overexpression of Paqr9 in the liver.
In addition to PAQR9, post-translational regulation of PPARa can be
modulated by another member of the PAQR family: PAQR3. As reported
before, PAQR3 negatively regulates the function of PPARa by pro-
moting its interaction with HUWE1, thus enhancing protein degradation
of PPARa [12]. On the other hand, PAQR9 positively regulates the
function of PPARa by preventing its interaction with HUWE1, as
demonstrated in this study. Therefore, PAQR3 and PAQR9 have
opposite effects on PPARa regulation. Our preliminary experiments
also revealed that these two proteins had an antagonistic effect on the
degradation of PPARa protein (data not shown), although the molecular
details still need further characterization. Nevertheless, our studies
have pinpointed the importance of PAQR family members in the
regulation of metabolic processes during starvation via post-
translational modulation of PPARa protein.
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