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Abstract
Background Lysophosphatidic acid (LPA) is a lipid mediator with diverse biological functions through its receptors 
on the cell membrane. As one of the six LPA receptors, LPA receptor 3 (LPAR3) is highly expressed in mouse kidneys, 
but its physiological function in the kidney has been poorly explored.

Methods Wild-type (WT) and Lpar3−/− mice were used to investigate the renal physiological function of LPAR3 under 
hypoxia. The expression levels of LPA receptors in the kidneys of WT mice with or without exposure to hypoxia (8% 
O2) were detected by RT‒qPCR. RNA sequencing analysis was performed to identify differences in gene expression 
profiles between the hypoxic kidneys of WT and Lpar3−/− mice. The effects of LPAR3 deficiency and treatment with 
the LPAR1/3 inhibitor Ki16425 or the LPAR3 selective agonist 2S-OMPT on erythropoietin (EPO) production in the 
kidneys of hypoxic mice were determined by RT‒qPCR and ELISAs. The mechanism of LPAR3-mediated regulation of 
EPO expression was further studied in vivo with mouse models and in vitro with cultured human cells.

Results LPAR3 is the major LPA receptor in mouse kidneys, and its expression is significantly upregulated under 
hypoxic conditions. RNA sequencing analysis revealed that, compared with WT mice, Lpar3−/− mice presented a 
significant decrease in hypoxia-induced EPO expression in the kidney, together with reduced plasma EPO levels 
and lower hematocrit and hemoglobin levels. Hypoxic renal EPO expression in WT mice was diminished by the 
administration of the LPAR1/3 inhibitor Ki16425 and increased by 2S-OMPT, a selective agonist of LPAR3. Hypoxia-
induced HIF-2α accumulation in mouse kidneys was impaired by LPAR3 deficiency. Further studies revealed that the 
PI3K/Akt pathway participated in the regulation of HIF-2α accumulation and EPO expression by LPAR3 under hypoxic 
conditions.

Conclusions Our study revealed the role of LPAR3 in promoting the HIF-2α‒EPO axis in hypoxic mouse kidneys, 
suggesting that the LPA receptor may serve as a novel potential pharmaceutical target to regulate renal EPO 
production in hypoxia-related situations, such as chronic kidney disease and altitude disease.
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Background
As a small biological lipid mediator, LPA functions by 
binding to a family of six G-protein coupled LPA recep-
tors (LPAR1-6) to activate downstream intracellular 
signaling pathways and ultimately participates in the 
regulation of various cellular activities, including prolif-
eration, differentiation, migration, and apoptosis [1, 2]. 
Among the six LPA receptors, LPAR3, which interacts 
with Gɑq/11 and Gɑi/o [3] and belongs to the endothelial 
cell differentiation gene family with LPAR1 and LPAR2 
[4], is widely distributed in mouse and human tissues 
[5]. Previous studies have revealed the roles of LPAR3 
in Hutchinson‒Gilford progeria syndrome [6], Hunting-
ton’s disease [7], cardiac dysfunction [8–10], embryo 
implantation [11–14], sperm production [15], neuronal 
network formation [16], dendritic cell migration [17] and 
circadian rhythm [18]. LPAR3 has been reported to be 
highly expressed in mouse kidneys [19, 20],   and it has 
been found to play a harmful role in murine renal isch-
emia‒reperfusion injury [20] and to exacerbate diabetic 
renal damage through podocyte reduction [21]. However, 
the physiological function of LPAR3 in murine kidneys 
remains largely unknown. Recently, LPA was shown to 
promote the development of cancers through the mod-
ulation of HIF signaling in in vitro [22–26] and in vivo 
[27–29] models, which suggests its role in pathological 
hypoxia. Since the kidney is a well-known hypoxia-sen-
sitive organ, it is worth investigating whether LPA plays a 
role in the physiological reaction of the kidney to hypoxia 
through the LPA receptor, especially LPAR3.

Several factors, such as the high energy demand to 
reabsorb sodium, low density of peritubular capillaries, 
poor angiogenesis in adult kidneys, and limited renal 
vascular dilation ability, make the kidney sensitive to 
hypoxia [30]. When low partial O2 is sensed in the kid-
ney, hypoxia-inducible factor (HIF) is stabilized in kidney 
cells due to reduced hydroxylation by prolyl hydroxylases 
(PHD) and decreased proteasomal degradation mediated 
by a ubiquitin ligase E3 complex containing von Hippel‒
Lindau (VHL), and subsequently upregulates many genes 
at the transcriptional level in response to oxygen defi-
ciency [31]. Erythropoietin (EPO) is the product of the 
hypoxia-induced Epo gene, whose induction is regulated 
by HIF-2α rather than HIF-1α in mouse kidneys [32, 33]. 
EPO is produced and secreted by specialized renal inter-
stitial cells, known as renal EPO-producing cells (REPCs) 
[34], and then moves to the bone marrow to promote the 
survival, proliferation, and differentiation of erythroid 
progenitor cells; increase red blood cell abundance; and 
ultimately improve the oxygen-carrying capacity of the 
blood [35].

In this study, we explored the physiological func-
tion of LPAR3 in mouse kidneys under hypoxia. Tran-
scriptome analysis was performed via deep RNA-seq 

of kidneys from WT and Lpar3−/− mice subjected to 
systemic hypoxia. Among the differentially expressed 
genes, Epo, a classic hypoxia-inducible gene, showed 
a decrease in expression with LPAR3 deficiency. The 
effects of LPAR3 on hypoxic renal EPO expression and 
the potential underlying mechanisms were further stud-
ied in mouse models in vivo and in cultured human cells 
in vitro by using LPAR3-specific siRNAs and drugs. 
LPAR3 deficiency impaired the accumulation of HIF-2α 
in hypoxic conditions, possibly through a decrease in 
PI3K‒AKT pathway activation.

Methods
Animal experiments
Lpar3+/− mice with a BALB/c background were kindly 
provided by Professor Jerold Chun. Male and female 
Lpar3+/− mice were mated to obtain Lpar3−/− and lit-
termate control (Lpar3+/+) mice (Fig. S1A). The primers 
used for genotyping were as follows: F 5’- T G A C A A G C G 
C A T G G A C T T T T T C-3’, R1 5’-  G A A G A A A T C C G C A G C 
A G C T A A-3’ and R2 5’- G C A C G A G A C T A G T G A G A C G T 
G C T A C-3’. The PCR results revealed a larger band for the 
KO allele (424 bp) and a band for the WT allele (216 bp) 
(Fig. S1B). The LPAR3 knockout efficiency in different 
tissues was verified via RT‒qPCR (Fig. S1C). All the mice 
were housed under a 12 h:12 h light‒dark cycle with free 
access to food and water. All animal experiments were 
approved by the Ethics and Animal Welfare Committee, 
College of Life Sciences, Beijing Normal University.

For continuous hypoxia, 8–10-week-old male mice 
were placed in a sealed polymethyl methacrylate con-
tainer, and then, the oxygen content was decreased from 
21 to 8% within 30 min by pumping N2 into the chamber 
through the flow-through air delivery system. Age- and 
sex-matched mice exposed to room air were used as nor-
moxia controls. After hypoxia treatment for the indicated 
times, the mice were immediately anesthetized with 
100 mg/kg pentobarbital sodium for blood collection and 
then sacrificed to remove the kidneys, which were frozen 
in liquid nitrogen and then kept at -80 ℃ for RNA and 
protein detection. For plasma collection, blood samples 
were anticoagulated with EDTA and then centrifuged at 
3500 rpm for 10 min at 4 °C.

Ki16425 is a selective antagonist of LPAR1 and LPAR3, 
and 2S-OMPT is a selective agonist of LPAR3. For 
Ki16425 or 2  S-OMPT treatment, the mice were pre-
treated for 30  min with 30  mg/kg Ki16425 (CAS No: 
355025-24-0; Selleck, Washington, USA) in 95% corn oil 
containing 5% dimethyl sulfoxide (DMSO) or 10  mg/kg 
2S-OMPT (CAS No: 645408-61-3; Echelon Biosciences, 
Utah, USA) dissolved in 3% (w/v) fatty acid-free BSA/
PBS by intraperitoneal injection and then placed into the 
low-oxygen chamber. In the control group, an equivalent 
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amount of corn oil + DMSO or 3% fatty acid-free BSA/
PBS was administered.

Blood assessment
The hematocrit and hemoglobin levels in mouse blood 
were determined by a hematology analyzer (Nihon 
Kohden, CA, USA). EPO levels in mouse plasma were 
determined by ELISAs (Cat No: KE10031; Proteintech, 
IL, USA).

RNA sequencing
The hypoxic kidneys were snap-frozen in liquid nitrogen, 
and then, RNA extraction, RNA detection, cDNA library 
construction, and Illumina sequencing were performed 
by Novogene Bioinformatics Technology Co., Ltd. (Bei-
jing, China). Three independent biological replicates 
were used. The raw RNA-seq data and processed data 
(gene count and gene FPKM) were submitted to the GEO 
repository. The GEO accession number is GSE264135. 
Differential expression analysis was performed through 
R via the DESeq2 package. Genes with P values < 0.05 
and |log2FoldChange|≥0.0 according to DESeq2 were 
considered differentially expressed. For Gene Ontology 
(GO) and Kyoto Encyclopedia of Genes and Genomes 
(KEGG) enrichment analyses, the clusterProfiler R pack-
age was used. Gene set enrichment analysis (GSEA) was 
performed via https:/ /www.bi oinform atic s.com.cn, an 
online platform for data analysis and visualization [36]. 
GO terms and KEGG pathways with adjusted P values 
less than 0.05 were considered significantly enriched.

Cell culture and cell treatment
Hep3B cells (purchased from the China National Infra-
structure of Cell Line Resource, Beijing, China) and 
HK2 cells (purchased from Procell, Wuhan, China) were 
cultured in MEM (Cat No: PM150410; Procell, Wuhan, 
China) supplemented with 10% FBS, 100 U/mL penicil-
lin, 0.1 mg/mL streptomycin and 0.25 µg/ml amphoteri-
cin B in an incubator with 5% CO2 at 37 °C.

For hypoxic treatment, the cells were placed in a tri-
gas incubator (Thermo Fisher, Bremen, Germany) main-
tained at low oxygen tension (1% O2, 5% CO2, and 94% 
N2). For 2S-OMPT and inhibitor treatment, the cells 
were serum-starved in serum-free MEM for 24 h. After 
being pretreated with 30 µM Ki16425 or 10 µM LY294002 
(Cat No: HY-10108; MCE, NJ, USA) in serum-free MEM 
containing 0.05  mg/mL fatty acid-free BSA for 20  min, 
2S-OMPT was added to the medium for 1 h, after which 
the cells were placed in a hypoxic incubator for the indi-
cated time. For MG132 (Cat No: HY-13259; MCE, NJ, 
USA) treatment, Hep3B cells were transfected with non-
specific siRNA (NC siRNA), LPAR3 siRNA-1 or LPAR3 
siRNA-2 for 48  h, and then exposed to 1% O2 for 12  h 
with or without MG132 (10 µM). For protein half-life 

assay, the medium containing Cyclohexamide (CHX, Cat 
No: GC17198; GLPBIO, CA, USA) was pre-equilibrated 
in 1% O2 for 1  h. Hep3B cells transfected with siRNA 
were exposed to 1% O2 for 12 h, and then HIF-2α protein 
levels were determined via Western blotting after CHX 
(100 µM) treatment for the indicated time.

Small interfering RNA transfection
Small interfering RNAs (siRNAs) targeting LPAR3 were 
synthesized by JTSBIO (Wuhan, China). The sequences 
of the siRNAs used were as follows: LPAR3 siRNA-1, 5’- G 
C U A A U G A A G A C G G U G A U G-3’; LPAR3 siRNA-2, 5’- C 
C U G A C C A A C U U G C U G G U U A U U G C U-3’. For knock-
down of Lpar3 gene expression, the cells were plated and 
grown in 6-well plates for 24 h before transfection. Then, 
25 pmol of siRNAs was transfected into the cells with 
RNAi MAX Transfection Reagent (Cat No: 13778030; 
Thermo Scientific, Massachusetts, USA) according to 
the manufacturer’s suggestion. At 48 h after transfection, 
the knockdown efficiency was determined via RT‒qPCR, 
and the cells were subjected to further treatment.

RNA extraction and quantitative real-time PCR analysis
The total RNA of the frozen kidneys or the cultured cells 
was extracted via MagZol reagent (Cat No: R4801-01; 
Magen, China). One microgram of RNA isolated from the 
kidney or cultured cells was reverse transcribed by using 
anchored oligo dT primers and the Reverse Transcription 
System (Cat No: A3500, Promega Biotech, WI, USA). 
cDNA was amplified with the specific primers listed in 
Table S1 via real-time quantitative PCR (RT‒qPCR) with 
SYBR Green Master Mix (Cat No: 11202ES03; Yeasen, 
Shanghai, China) and the QuantStudio Real-Time PCR 
System (Thermo Scientific, Massachusetts, USA). The 
expression level of each target gene was calculated via 
the 2 −ΔΔCT method with normalization to the expression 
level of β-actin or GAPDH.

Western blotting analysis and ELISAs
The frozen mouse kidneys or cultured cells were lysed in 
RIPA buffer containing a protease inhibitor cocktail (Cat 
No: HY-K0010; MCE, NJ, USA) and a phosphatase inhib-
itor cocktail (Cat No: HY-K0021 and HY-K0022; MCE, 
NJ, USA). Then, the lysates were ultrasonically crushed 
(15  s on -15  s off, 4 cycles, 3 times in total, Bioruptor) 
to release the nuclear protein. The supernatant was col-
lected after high-speed centrifugation at 4 ℃, after which 
the total protein concentration was quantified via the 
BCA assay (Cat No: 23225; Thermo Scientific, Massachu-
setts, USA). After SDS‒PAGE, the proteins were trans-
ferred to PVDF membranes (Millipore, CA, USA). The 
transferred membranes were blocked with 5% milk in 
TBST for 60 min at room temperature and then immu-
noblotted with antibodies against HIF-2α (diluted 1:1000, 
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Cat No: NB100-122, Novus Biologicals, CO, USA), 
p-AKT (diluted 1:2000, Cat No: 4060  S, Cell Signaling 
Technology, Massachusetts, USA), AKT (diluted 1:1000, 
Cat No: 9272  S, Cell Signaling Technology, Massachu-
setts, USA), β-actin (diluted 1:2000, Cat No: sc-47778, 
Santa Cruz, CA, USA), or GAPDH (diluted 1:5000, Cat 
No: 60004-1-Ig, Proteintech, IL, USA) as indicated over-
night at 4 ℃. An HRP-conjugated goat anti-mouse anti-
body (Cat No: ZB-2301, ZSGB-BIO, Beijing, China) or 
an HRP-conjugated goat anti-rabbit antibody (Cat No: 
ZB-2305, ZSGB-BIO, Beijing, China) was used as the 
secondary antibody to detect chemiluminescence sig-
nals (Cat No: WBKLS0500; Millipore, CA, USA). For the 
ELISA analysis of EPO protein in the supernatant of the 
culture medium, the Human EPO ELISA Kit (Cat No: 
E-EL-H3640; Elabscience, Wuhan, China) was used.

Statistical analysis
The data from the animal experiments are presented as 
the means ± SEMs, and the data from the cell experiments 
are presented as the means ± SDs. Statistical analysis was 
performed via GraphPad Prism (GraphPad). Unpaired 
t tests were conducted for comparisons between two 
groups, with two-way analysis of variance (ANOVA) for 
multiple groups. Differences were considered statistically 
significant at p < 0.05.

Results
Hypoxia increases LPAR3 expression in mouse kidneys
The expression levels of LPA receptors in the kidneys of 
wild-type (WT) mice were determined via RT‒qPCR. 
LPAR1, LPAR2 and LPAR3 were expressed in the kidneys, 
whereas LPAR4-6 were barely detected. Notably, LPAR3 
is the most abundant LPA receptor in mouse kidneys 
(Fig.  1A), suggesting that LPAR3 may participate in the 
physiological roles of the kidney. When WT male mice 
were placed in a low-oxygen (8% O2 + 92% N2) chamber 
for 12 h, marked accumulation of HIF-2α was observed 
in the mouse kidneys (Fig.  1B). Moreover, renal Lpar3, 
along with two other hypoxia-induced genes, Vegfa and 

Glut1, was significantly upregulated (Fig. 1C), suggesting 
that Lpar3 is a hypoxia-inducible gene in the mouse kid-
ney and may play a role in the hypoxia response.

Hypoxia-induced renal EPO expression is decreased by 
LPAR3 deficiency
We obtained LPAR3 knockout (Lpar3−/−) mice from Pro-
fessor Jerold Chun. LPAR3 expression was completely 
absent in the kidneys of the Lpar3−/− mice (Fig. S1C, 
Fig. 2A), and no compensatory expression of other LPA 
receptors was observed (Fig. S2). To determine the physi-
ological function of LPAR3 during mouse renal hypoxia, 
we placed WT and Lpar3−/− male mice in a low-oxygen 
(8% O2 + 92% N2) chamber for 12  h. Then, the mouse 
kidneys were collected after hypoxic treatment and sub-
jected to transcriptome analysis via deep RNA sequenc-
ing (RNA-seq). There were 689 genes downregulated 
and 526 upregulated (DESeq2 P value ≤ 0.05 and |log-
2FoldChange|≥0.0) by LPAR3 deficiency in the differ-
ential expression analysis. After hypoxia exposure, the 
expression of the Epo gene was significantly lower in the 
Lpar3−/− mouse kidneys than in the WT mouse kidneys 
(Fig. 2B).

For further elucidation of the effect of LPAR3 defi-
ciency on hypoxic renal EPO expression, WT and 
Lpar3−/− mice were maintained under hypoxic (8% O2) 
conditions for 6, 12, and 24 h, and EPO mRNA levels in 
mouse kidneys were determined at each time point. EPO 
expression in the kidneys of WT mice increased upon 
hypoxia exposure, peaked at 12  h, and then decreased. 
In contrast, EPO expression levels in the kidneys of the 
Lpar3−/− mice markedly decreased at each time point 
throughout hypoxia exposure (Fig.  2C). The reduction 
in hypoxic renal EPO expression was also reflected in 
the plasma EPO levels (Fig.  2D). In addition, the WT 
mice presented a significant hematocrit response and 
increased hemoglobin levels after 24  h of continuous 
hypoxic stress, but the two indicators of Lpar3−/− mice 
lagged significantly behind those of WT mice (Fig. 2E, F).

Fig. 1 Hypoxia increases LPAR3 expression in the mouse kidney. A The mRNA expression levels of LPA receptors 1–6 were determined in the kidneys of 
WT mice by RT‒qPCR (n = 5, mean ± SEM). B HIF-2α accumulation after hypoxic exposure was detected in the kidneys of WT mice via Western blotting 
(n = 3). C Renal Lpar3, Vegfa and Glut1 mRNA levels were determined in WT mice with or without hypoxia by RT‒qPCR (n = 5, mean ± SEM). The p value was 
determined by an unpaired two-tailed Student’s t test. *p < 0.5, ***p < 0.001 relative to the normoxia control
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The impacts of an LPAR3 antagonist and agonist on 
hypoxic renal EPO expression in mice
The effect of LPAR3 on mouse hypoxic renal EPO expres-
sion was further confirmed by the administration of an 
LPAR3 antagonist and agonist. When WT mice were 
treated intraperitoneally with the LPAR1/3 antagonist 
Ki16425 (30 mg/kg) and then placed in a low-oxygen (8% 
O2) chamber, both hypoxic renal EPO expression and 
plasma EPO levels were significantly decreased (Fig. 3A, 
B). In contrast, preactivation of LPAR3 by its selective 
agonist 2S-OMPT (10 mg/kg) promoted the response to 
hypoxia by increasing EPO expression in the kidney and 
providing more EPO in the blood (Fig.  3C, D). More-
over, the promoting effect of 2 S-OMPT on hypoxic renal 
EPO expression was completely absent in the kidneys of 
the Lpar3−/− mice (Fig. S3), indicating that 2  S-OMPT 
functions mainly via LPAR3, not via other LPA recep-
tors. These results suggest that pharmaceutical targeting 
of LPAR3 can impact EPO expression in hypoxic mouse 
kidneys.

LPAR3 deficiency attenuates HIF-2α accumulation in 
hypoxic mouse kidneys
To reveal the mechanism underlying the regulation of 
hypoxic renal EPO expression by LPAR3, we assessed 
the genes that were differentially expressed between the 
hypoxic kidneys of WT and Lpar3−/− mice via KEGG 

enrichment analysis. A total of 47 KEGG pathways were 
significantly enriched (P < 0.05). The hypoxia-inducible 
factor (HIF) signaling pathway was among the top 20 
enriched pathways (Fig. 4A) and tended to be decreased 
in the hypoxic kidneys of the Lpar3−/− mice according 
to GSEA (Fig. S4A). A heatmap of the downregulated 
genes enriched in the HIF signaling pathway is shown in 
Fig. 4B.

Since HIF-2α is the key factor responsible for the 
induction of mouse renal EPO production during 
hypoxia stress [32], we propose that insufficient hypoxic 
EPO production in the kidneys of the Lpar3−/− mice may 
be due to impaired HIF-2α function. As expected, under 
hypoxic stress, HIF-2α protein levels were significantly 
increased in the kidneys of the WT mice but not in the 
kidneys of the Lpar3−/− mice (Fig.  4C). Moreover, there 
was no difference in HIF-2α mRNA levels between the 
hypoxic kidneys of the WT and Lpar3−/− mice, as shown 
by the RNA-seq data (not shown) and RT‒qPCR analy-
sis (Fig. 4D). These results indicate that LPAR3 deficiency 
attenuates HIF-2α accumulation in hypoxic mouse 
kidneys.

LPAR3 regulates HIF-2α-EPO signaling in hypoxic cells
Renal EPO-producing cells (REPCs) are special types of 
peritubular interstitial cells. To date, it has been difficult 
to obtain primary renal cells in which EPO expression 

Fig. 2 Hypoxia-induced renal EPO expression is decreased by LPAR3 deficiency in mice. A LPAR3 knockout efficiency in the kidneys of Lpar3−/− mice was 
determined via RT‒qPCR. B Volcano plot showing the differentially expressed genes between the WT and Lpar3−/− mouse kidneys after hypoxia exposure 
(8% O2) for 12 h, and the Epo gene is highlighted, n = 3. C–D Renal EPO mRNA levels (C) and plasma EPO levels (D) after hypoxia exposure for the indicated 
times. E-F Hematocrit (E) and hemoglobin (F) levels were determined in the WT and Lpar3−/− mice after hypoxia exposure (8% O2) for 24 h (n = 5‒6). The 
p value was determined by 2-way analysis of variance (ANOVA) followed by a post hoc test. *p < 0.05, **p < 0.01, ****p < 0.0001 relative to the isogenic 
normoxia control; ##p < 0.01, ###p < 0.001, ####p < 0.0001 between two genotype groups; mean ± SEM
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can be induced by hypoxia in vitro. Two human hepa-
toma cell lines, HepG2 and Hep3B, which are capable of 
producing EPO under hypoxic conditions in vitro, are 
often used in research on the mechanism of EPO expres-
sion regulation [37]. Since HepG2 cells do not express 
LPAR3, Hep3B cells with LPAR3 expression were used 
to explore whether LPAR3 could regulate EPO produc-
tion in hypoxic cells. In the Hep3B cell line, hypoxic EPO 
expression is regulated mainly by HIF-2α rather than by 
HIF-1α [38]. First, LPAR3 was knocked down in Hep3B 
cells with two different LPAR3-specific siRNAs (LPAR3 
siRNA-1 and LPAR3 siRNA-2) (Fig. 5A). Hypoxic expo-
sure (1% O2) significantly induced EPO gene expression 
in Hep3B cells and increased EPO protein levels in cul-
ture medium, which were attenuated by siRNA-medi-
ated LPAR3 knockdown (Fig. 5B, C). In addition, LPAR3 
knockdown decreased HIF-2α protein accumulation in 
Hep3B cells under hypoxic conditions (Fig.  5D), which 
was consistent with the results obtained in the LPAR3-
deficient mouse model. Next, we tested the effect of the 
LPAR3-specific agonist 2S-OMPT on EPO expression 

in hypoxic Hep3B cells. Pretreatment with 2S-OMPT 
significantly increased HIF-2α levels and promoted 
EPO expression in hypoxic Hep3B cells, whereas these 
effects were blunted by Ki16425, an LPAR1/3 antagonist 
(Fig. 5E-G).

In kidney tubular HK2 cells, which cannot produce 
EPO, LPAR3 knockdown also undermined HIF-2α pro-
tein stabilization under hypoxic conditions (Fig. S5A, 
B). Pharmaceutical targeting of LPAR3 with 2S-OMPT 
or Ki16425 in HK2 cells had the same effects on HIF-2α 
accumulation as it did in Hep3B cells (Fig. S5C). Taken 
together, these results from in vitro hypoxic cells were 
consistent with those from studies with mouse models, 
suggesting that the activation of LPAR3 can promote the 
HIF-2α‒EPO axis in the hypoxic response.

LPAR3 promotes the HIF-2α-EPO axis via the PI3K-AKT 
pathway
According to the KEGG analysis, a fraction of the genes 
that were differentially expressed between the hypoxic 
kidneys of the WT and Lpar3−/− mice were enriched in 

Fig. 3 Effects of an LPAR3 antagonist and agonist on EPO expression in hypoxic mouse kidneys. A-B Renal EPO mRNA levels (A) and plasma EPO levels 
(B) in the WT mice treated with Ki16425 followed by hypoxia exposure (8% O2, 6 h). C-D Renal EPO mRNA levels (C) and plasma EPO levels (D) in the WT 
mice subjected to 2S-OMPT treatment followed by hypoxia exposure (8% O2, 6 h). n = 6 at each time point. The p value was determined by 2-way analysis 
of variance (ANOVA) followed by a post hoc test. **p < 0.01, ***p < 0.001, ****p < 0.0001 relative to the isogenic normoxia control; #p < 0.05, ##p < 0.01 
between the two genotype groups; mean ± SEM
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the PI3K-Akt pathway, but the difference was not statis-
tically significant (P = 0.068), and these genes tended to 
be downregulated in the hypoxic kidneys of the Lpar3−/− 
mice (Fig. S4B). The downregulated genes in this pathway 
are shown in Fig. 6A. Accordingly, LPAR3 knockout sig-
nificantly attenuated the hypoxia-induced phosphoryla-
tion of Akt in mouse kidneys (Fig.  6B). In Hep3B cells, 
we also found that hypoxia-induced Akt phosphoryla-
tion was attenuated by LPAR3 knockdown (Fig.  6C). 
Treatment with 2S-OMPT significantly increased Akt 
phosphorylation and improved HIF-2α accumulation 
and EPO expression in hypoxic Hep3B cells (Fig. 6D-F). 
Moreover, the positive effects of 2S-OMPT on Akt phos-
phorylation and the HIF-2α‒EPO axis were eliminated 
by pretreatment with LY294002, a pan-PI3K inhibitor 
(Fig. 6D‒F). The impacts of LPAR3 on Akt phosphoryla-
tion and HIF-2α protein levels were also found in hypoxic 
kidney tubular HK2 cells (Fig. S6A, B). These data suggest 
that the PI3K-Akt pathway may function downstream of 

LPAR3 to participate in the regulation of HIF-2α accu-
mulation and thereby EPO expression under hypoxic 
conditions.

Discussion
As an important bioactive lipid mediator, LPA exerts 
diverse biological effects by activating its G protein-cou-
pled receptor (GPCR) on the cell membrane. To date, at 
least six LPA receptors have been identified. Each sub-
type of LPA receptor can be coupled with a combination 
of more than one heterotrimeric Gɑ subunit (Gɑq, Gɑi, 
Gɑ12/13, or Gɑs) to modulate downstream signaling path-
ways [39]. The types and expression levels of LPA recep-
tors vary among different tissues and cell types. In the 
whole mouse kidney, the mRNA expression levels of LPA 
receptors followed the pattern LPAR3 > > LPAR2 > LPAR1 
> > LPAR4, and LPAR5-6 expression levels were minimal 
or undetectable (Fig.  1A). Studies have shown that the 
LPA‒LPA receptor signaling pathway is associated with 

Fig. 4 LPAR3 deficiency attenuates HIF-2α accumulation in hypoxic mouse kidneys. A Scatter plot of the top 20 enriched KEGG pathways of all differen-
tially expressed genes between the hypoxic kidneys of the WT and Lpar3−/− mice. B Heatmap of the enriched genes associated with the HIF-1 signaling 
pathway downregulated by LPAR3 deficiency. C Renal HIF-2α protein levels in the WT and Lpar3−/− mice subjected to normoxic or hypoxic conditions 
were determined via Western blotting. D HIF-2α mRNA expression was determined by RT‒qPCR. n = 5–6 per group at each time point. The p value was 
determined by 2-way analysis of variance (ANOVA) followed by a post hoc test. **p < 0.01, ***p < 0.001, ****p < 0.0001 relative to the isogenic normoxia 
control; ####p < 0.0001 between two genotype groups; mean ± SEM
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various kidney diseases, including acute kidney injury [2, 
40, 41], chronic kidney disease [21, 42, 43], renal fibrosis 
[44–49], and renal cancer [50–52].

As the most abundant LPA receptor subtype in mouse 
kidneys, LPAR3 has been detected in podocytes of the 
glomerulus and proximal tubular cells in the renal cortex 
via immunohistochemistry [42]. However, its distribu-
tion and expression levels in other specific cell types in 
the kidney remain unknown. The activation of LPAR3 
mainly promotes the recruitment of Gɑq/11 and Gɑi/o and 
activates downstream signaling molecules, including 
phospholipase C, PI3K-AKT, and Ras-MAPK [3]. LPAR3 
exacerbates kidney injury after ischemia‒reperfusion [20] 
and causes podocyte injury in diabetic nephropathy [21]. 
These results were obtained following LPAR3 agonist 
and LPAR1/3 antagonist treatment. Therefore, research 
with Lpar3−/− mice would be very helpful for improving 
pharmacology-based studies. In this study, we found that 
LPAR3 expression was upregulated in mouse kidneys 
under physiological hypoxia, suggesting that Lpar3 is a 
hypoxia-inducible gene. The role of LPAR3 in the hypoxia 
response was explored in Lpar3−/− mice, as were the 
effects of LPAR3 agonist and antagonist treatment.

Producing and secreting EPO into the bloodstream 
and later stimulating the production of erythrocytes in 
the bone marrow is one of the most important functions 

of the kidney when exposed to hypoxia. In this study, 
we found that LPAR3 deficiency significantly reduced 
EPO expression in mouse kidneys and, as a result, 
diminished erythropoiesis under hypoxia, indicating 
that LPAR3 plays a role in hypoxic renal EPO induc-
tion. Furthermore, pharmaceutical treatment targeting 
LPAR3 confirmed its impact on mouse hypoxic renal 
EPO expression. In WT BALB/c mice, treatment with 
the selective LPAR3 agonist 2S-OMPT improved the 
response to hypoxia by increasing EPO expression in the 
kidney. Moreover, in Lpar3−/− mice, the stimulatory effect 
of 2S-OMPT on EPO expression in hypoxic kidneys was 
completely absent (Fig. S3), suggesting that LPAR3 is 
the essential target of 2S-OMPT that impacts hypoxic 
renal EPO expression. In contrast, the administration of 
the LPAR1/3 antagonist Ki16425 reduced hypoxic renal 
EPO expression (Fig. 3). The effects of the LPAR3 agonist 
and antagonist on EPO induction by hypoxia were also 
observed in Hep3B cells in vitro. In addition, Chiang [53, 
54] and Lin [55] reported that, in cord blood-derived 
human hematopoietic stem cells (hHSCs) and K562 cells, 
LPAR3 was capable of promoting red blood cell differen-
tiation directly and that injecting mice peritoneally with 
2S-OMPT every day for one week resulted in increased 
erythropoiesis. Overall, LPAR3 may participate in the 
response to hypoxia in two ways: the promotion of EPO 

Fig. 5 LPAR3 regulates the HIF-2α‒EPO axis in hypoxic Hep3B cells. A-D Hep3B cells were transfected with nonspecific siRNA (NC siRNA), LPAR3 siRNA-1 
or LPAR3 siRNA-2 for 48 h and then exposed to 1% O2 for 12 h. LPAR3 mRNA (A) and EPO mRNA expression levels (B) were determined via RT‒qPCR, EPO 
protein levels in culture medium (C) were determined via ELISAs, and HIF-2α protein levels in Hep3B cells (D) were determined via Western blotting. E-G 
Hep3B cells were starved in serum-free MEM for 24 h, pretreated in the presence or absence of 30 µM Ki16425 for 20 min, and then challenged with 10 
µM 2S-OMPT for 1 h, followed by hypoxia exposure (1% O2) for 6 h. EPO mRNA expression levels (E) were determined via RT‒qPCR, EPO protein levels in 
culture medium (F) were determined via ELISAs, and HIF-2α protein levels in Hep3B cells (G) were determined via Western blotting. n = 3 in each group. 
The p value was determined by 2-way analysis of variance (ANOVA) followed by a post hoc test. ***p < 0.001, ****p < 0.001 relative to the normoxia control 
of the same treatment; ##p < 0.01, ###p < 0.001, ####p < 0.0001, between different siRNA-treated or different drug-treated groups; mean ± SD
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induction in the kidney and the promotion of red cell dif-
ferentiation in the bone marrow.

EPO is a glycoprotein hormone that promotes eryth-
ropoiesis through a specific receptor, EpoR, on the sur-
face of immature red blood cells. The activation of EpoR 
inhibits cell apoptosis and promotes cell differentia-
tion into mature red blood cells [56]. EPO is induced in 
the kidney by hypoxia and is secreted into the blood to 
promote the formation of red blood cells and improve 
the oxygen-carrying capacity of the blood. This oxygen-
sensing mechanism of the kidney plays a key role in 

regulating erythropoiesis and coping with hypoxia [57]. 
Studies have shown that EPO expression is strictly regu-
lated by HIF-2α in adult mouse kidneys [32, 33]. HIF-2α 
protein levels are regulated by tissue oxygen partial pres-
sure and are significantly increased during hypoxia. In 
this study, we found that LPAR3 deficiency attenuated 
HIF-2α accumulation under hypoxia in mouse kidneys 
and that LPAR3 knockdown suppressed the increase in 
HIF-2α protein levels caused by hypoxia in different cell 
lines (Hep3B cells and HK2 cells). In addition, treatment 
with the LPAR3 agonist 2S-OMPT further increased 

Fig. 6 LPAR3 promotes the HIF-2α‒EPO axis via the PI3K‒AKT pathway. A Heatmap of the downregulated genes enriched in the PI3K‒Akt signaling path-
way in the kidneys of hypoxic mice with LPAR3 deficiency. B The total renal AKT and p-AKT levels in the WT and Lpar3−/− mice under normoxic or hypoxic 
conditions (8% O2) were determined by Western blotting, n = 6. The p value was determined by 2-way analysis of variance (ANOVA) followed by a post 
hoc test. ***p < 0.001 compared with the isogenic normoxia control; #p < 0.05 between different genotype groups; mean ± SEM. C Hep3B cells were trans-
fected with nonspecific siRNA (NC siRNA), LPAR3 siRNA-1 or LPAR3 siRNA-2 for 48 h and then exposed to 1% O2 for 12 h. Total AKT and phosphorylated 
AKT (p-AKT) levels were determined via Western blotting. D-F Hep3B cells were starved in serum-free MEM for 24 h, pretreated with or without LY294002 
(10 µM) for 20 min, and then challenged with 2S-OMPT for 1 h, followed by hypoxia exposure (1% O2) for 6 h. Total AKT, p-AKT, and HIF-2α protein levels 
were determined by Western blotting (D). The EPO mRNA expression levels (E) were determined via RT‒qPCR, and the EPO protein levels in the culture 
medium (F) were determined via ELISAs. The p value was determined by 2-way analysis of variance (ANOVA) followed by a post hoc test. **p < 0.01, 
****p < 0.0001 relative to the normoxia control of the same treatment; ###p < 0.001, ####p < 0.0001, between different drug-treated groups; mean ± SD
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HIF-2α accumulation and promoted EPO induction 
in hypoxic Hep3B cells, but these effects were blunted 
when the agonist was co-administered with the LPAR1/3 
antagonist Ki16425.

In this study, it was found that HIF-2α protein levels, 
but not its mRNA levels, were decreased by LPAR3 defi-
ciency in hypoxic mouse kidneys (Fig.  4C and D) and 
by LPAR3 knockdown in hypoxic human cells (Fig.  5D, 
S5B and S7A), indicating that LPAR3 regulates hypoxic 
HIF-2α expression at the post-transcriptional level. Fur-
ther research found that the PI3K-AKT pathway down-
stream of LPAR3 is involved in the regulation of HIF-2α 
protein levels under hypoxic conditions (Fig.  6). Previ-
ous studies have shown that the PI3K-AKT pathway 
can regulate HIF-α (primarily HIF-1α) at transcription 
[58], translation [59], and protein stability levels [60–
62]. In hypoxic Hep3B cells, we found that the half-life 
of HIF-2α protein was shortened by LPAR3 knock-
down (Fig. S7B), and that the suppression of HIF-2α 

accumulation by LPAR3 knockdown was blocked by the 
proteasome inhibitor MG132 (Fig. S7C). These results 
suggest that LPAR3 may positively regulate HIF-2α sta-
bility through suppressing the proteasome-dependent 
HIF-2α degradation.

LPA can be generated both intra- and extracellularly 
[63]. Autotaxin (ATX) is responsible for the major pro-
duction of extracellular LPA from lysophosphatidyl-
choline (LPC) [64]. Our previous study revealed that 
hypoxia increase the expression of ATX via HIF-2α [26], 
indicating a direct association between the ATX‒LPA 
axis and hypoxia. Interestingly, renal ATX expression 
was upregulated, and LPAR3 deficiency led to decreased 
ATX expression in hypoxic mouse kidneys (Fig. S8), 
which may have been due to impaired HIF-2α accumu-
lation, suggesting positive feedback regulation between 
the HIF-2α‒ATX‒LPA axis and the LPA‒LPAR3‒HIF-2α 
axis in hypoxic mouse kidneys. The phospholipase A 
(PLA)-type enzymes (PLA1 and PLA2) also contribute to 

Fig. 7 LPAR3 regulates EPO induction by hypoxia. In hypoxic cells, LPAR3 is activated by LPA or its agonist OMPT, resulting in PI3K-Akt pathway activation, 
which contributes to the stabilization of HIF-2α. The stabilized HIF-2α subsequently translocates into the nucleus and forms a heterodimer with HIF-β to 
bind with the HRE (HIF-responsive element) in the Epo promoter for transcriptional activation of the Epo gene. The induction of EPO by hypoxia is sup-
pressed by treatment with the LPAR1/3 inhibitor Ki16425 or LY294002, a pan-PI3K inhibitor
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extracellular LPA production through hydrolyzing fatty 
acid of the phosphatidic acid (PA) [65, 66]. Intracellularly, 
LPA can be generated from glycerol-3-phosphate by glyc-
erol-3-phosphate acyltransferase (GPAT) [67] and from 
monoacylglycerol by monoacylglycerol kinase (MAGK) 
[68]. It was found that hypoxia could increase the mRNA 
levels of Gpat3 but not Pla1a in mouse kidneys (Fig. S9 
A, B). Pla2g2a (PLA2) mRNA levels were barely detect-
able in mouse kidneys under normoxia. Renal Pla2g2a 
expression was increased by hypoxia exposure but it was 
still at a very low level (Fig. S9C). Either under normoxic 
or hypoxic conditions, LPAR3 deficiency did not signifi-
cantly affect the renal mRNA levels of Gpat3, Pla2g2a, 
and Pla1a (Fig. S9). It is still unclear whether the intracel-
lularly produced LPA can cross the plasma membrane to 
act as the extracellular signaling molecule through LPA 
receptors.

Insufficient production of EPO may cause anemia in 
some diseases, such as chronic kidney disease and alti-
tude disease. In our study, pharmaceutically activating 
LPAR3 via its specific agonist 2S-OMPT promoted EPO 
expression in hypoxic mouse kidneys, representing a 
novel target for treating anemia in these diseases.

Limitations of this study
The kidney has a complex and unique structure com-
posed of various types of cells. EPO is produced by 
renal EPO-producing cells (REPCs), which are a special 
type of peritubular interstitial cell [69]. The number of 
REPCs increases significantly under hypoxic conditions, 
but it is difficult to obtain primary renal cells in which 
EPO expression can be induced by hypoxia in vitro [70]. 
Hep3B cells are often used in research on the mechanism 
of EPO expression regulation, in which HIF-2α controls 
EPO induction during hypoxia [71]. In this study, we 
confirmed the regulation of HIF-2α accumulation and 
EPO induction by LPAR3 in hypoxic Hep3B cells but not 
in primary REPCs. Future studies using genetically modi-
fied mice deficient in LPAR3 in REPCs would be helpful 
to address this issue.

Conclusions
This study provides evidence that LPAR3 contributes to 
the induction of EPO in mouse kidneys following hypoxia 
exposure. Hypoxia-induced renal EPO expression was 
significantly decreased in Lpar3−/− mice. In WT mice, 
treatment with the LPAR3 selective agonist 2  S-OMPT 
promoted EPO induction in hypoxic kidneys, whereas 
the administration of the LPAR1/3 antagonist Ki16425 
inhibited hypoxic renal EPO expression. The accumu-
lation of HIF-2ɑ, the essential factor for the hypoxic 
induction of EPO in the kidney, was impaired in Lpar3−/− 
mouse kidneys. The PI3K‒AKT pathway activated by 

LPAR3 participates in the regulation of the HIF-2ɑ‒EPO 
axis in both mouse and cellular hypoxic models (Fig. 7).
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