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Abstract: The lysophosphatidic acid receptor 1 (LPAR1) is one of the six cognate G protein-
coupled receptors of the bioactive, growth factor-like phospholipid lysophosphatidic acid
(LPA). LPAR1 is widely expressed in different cell types and mediates many LPA effects.
LPAR1 has been implicated in several chronic inflammatory diseases, and especially pul-
monary fibrosis, where it has been established as a promising therapeutic target. Herein,
we present the generation of several Lpar1 mouse strains through genetic recombination.
These strains include an initial versatile Lpar1 strain (tm1a) from which three other strains
derive: an Lpar1 reporter knockout strain (tm1b) where LacZ has replaced exon 3 of Lpar1;
a “floxed” Lpar1 strain (tm1c), where exon 3 is flanked by two loxP sites allowing condi-
tional, cell-specific Lpar1 inactivation; and a complete KO strain of Lpar1 (tm1d), where
exon 3 has been deleted. The generated strains are novel genetic tools, that can have
various applications in studying LPA-LPAR1 signaling and its role in normal physiology
and disease.

Keywords: lysophosphatidic acid receptor 1; lysophosphatidic acid; knock-out allele;
conditional deletion

1. Introduction
Lysophosphatidic acid (1-lyso-2-acyl- or 1-acyl-2-lyso-sn-glycero-3-phosphate, LPA) is

the simplest natural glycerophospholipid. It emerges as an important bioactive lipid with
growth factor-like functions that regulate key biological processes, such as proliferation, cy-
toskeleton reorganization, smooth muscle contraction, migration, platelet aggregation, and
neurogenesis [1]. Despite its physiological actions, LPA is also involved in the pathogenesis
of many inflammatory conditions and several clinical disorders including neuropathies,
atherosclerosis, idiopathic pulmonary fibrosis (IPF), liver and renal fibrosis, rheumatoid
arthritis (RA), and cancer [2–4].

LPA consists of a glycerol backbone, a free phosphate group, and a single fatty acyl
chain of varying length and saturation. Thus, it is a mixture of saturated (16:0, 18:0) and
unsaturated (16:1, 18:1, 18:2, 20:4) species [2]. It is produced either in the intracellular or
the extracellular compartment by several enzymes. The precursor of most LPA present
in biological fluids is lysophosphatidylcholine (LPC). Autotaxin (ATX) is the enzyme
responsible for the extracellular hydrolysis of LPC, or of the other lysophospholipids, to
LPA. LPA is water-soluble, with concentrations greater than 5 µM in the serum but lower
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than 1 µM in other biofluids such as plasma, saliva, cerebrospinal fluid, follicular fluid, and
malignant effusions [5].

LPA binds mainly to at least six cognate receptors (LPAR1-6), to trigger its downstream
signaling transduction pathways. These receptors are class A rhodopsin-like G protein-
coupled receptors (GPCRs) that couple with heterotrimeric Gα subunits (G12/13, Gq/11,
Gi/o, and Gs) [1]. The LPAR1 gene was the first among the LPARs to be identified and
cloned. Its original name was ventricular zone gene-1 (Vzg-1) because of its enriched expres-
sion in the embryonic neuroproliferative layer of the cerebral cortex [6]. LPAR1 has been
found to interact with G12/13, Gq/11, and Gi/o. Its downstream signaling cascade includes
the Ras superfamily of GTPases, the serum response factor (SRF), phospholipase C (PLC),
diacylglycerol (DAG), the mitogen-activated protein kinase (MAPK), and phosphatidyli-
nositol 3-kinase-protein kinase B (PI3K). Due to the wide expression of LPAR1/Lpar1 in
many tissues and organs of both humans and mice, LPA mediates a great diversity of
functions through binding to this receptor [1,7,8].

The role of LPAR1 has been primarily studied in the nervous system, where it participates
in the cerebral cortex formation and function, in neuronal differentiation, proliferation of
astrocytes, oligodendrocytes, and smooth muscle cells, as well as in the migration and anti-
apoptosis of Schwann cells [8–11]. LPAR1 is also linked to Multiple Sclerosis, as it has been
shown to shift the polarization of macrophages towards a pro-inflammatory phenotype [12].

Regarding the roles of LPAR1 outside the nervous system, it has been shown that the
levels of this receptor are increased in lung inflammatory disorders, such as asthma [13]
and IPF [14]. Specifically, LPA promotes fibroblast accumulation and vascular leak through
LPAR1, whereas mice lacking the Lpar1 gene were protected from modeled pulmonary fibro-
sis [14]. Additionally, it has been suggested that LPAR1 may promote the development of
experimental dermal fibrosis through transforming growth factor beta (TGF-β) activation [15].
Moreover, LPAR1 has been identified as a contributing factor within the context of renal
pathology [16], arthritis [17,18], aortic valve stenosis [19], systemic vasculitis [20], and hyper-
trophic cardiomyopathy [21]. Moreover, Lin et al. have highlighted the implication of LPAR1
in controlling intestinal epithelial permeability and bacterial infiltration [22]. Additionally, a
single-nucleotide polymorphism in LPAR1 has been associated with hypertension [23]. Per-
taining to the role of LPAR1 in cancer, Lpar1 mutations have been detected in liver tumors in
rats [24], LPAR1 has been suggested as a colorectal cancer risk locus [25], and the ATX-LPAR1
axis has been implicated in lung carcinogenesis [26]. LPAR1 levels have been found to be
upregulated or downregulated in different types of tumors and cancer cell lines [27–32].
Finally, accumulating evidence supports the LPAR1 participation in drug resistance, which
constitutes a serious obstacle to conventional cancer therapies [32–34].

The aforementioned observations justify the increased attention that this receptor
has gained and its proposition as a new therapeutic target. Of note, the pharmacological
blockade of LPAR1 has been already revealed as a novel antifibrotic mechanism for patients
with IPF [35]. In fact, the LPAR1 antagonist admilparant (BMS-986278) is currently in
phase 3 clinical trials for the cure of IPF [36]. Moreover, fipaxalparant (formerly HZN-825
and SAR-100842), a small-molecule selective negative allosteric modulator of LPAR1, is
in phase 2 clinical trials for systemic sclerosis [37,38]. Additionally, in mice, the LPAR1
pharmacological inhibition with a different antagonist is protective against pulmonary
metastasis of osteosarcoma [39]. Furthermore, this receptor is a potential therapeutic target
for RA, chronic liver disease, cardiovascular diseases, and obesity [8,18,40,41], while it has
been shown that LPAR1 is a specific target of antidepressants [42,43].

The first Lpar1-deleted mouse strain was generated by Contos et al. [44]. The constant
effort to obtain tools and mouse strains for the study of LPAR1 underlines the strong
interest in this receptor in the last decades [9,45–47]. The available gene-targeted Lpar1
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strains have been of paramount importance in studying nervous system development and
its functions, modeling human neurological diseases, and understanding bone homeostasis,
renal fibrosis, as well as wound healing in colitis [22,46,48,49]. Nevertheless, it has been
reported that homozygotic Lpar1 depletion leads to 50% lethality in newborns because
of craniofacial dysmorphism and suckling defects [44]. The surviving mice are smaller
compared to their wild-type siblings, due to abnormal bone development, while they also
present other defects, such as shortened villi in their intestine and a decreased number
of proliferating epithelial cells [22]. In some studies, an Lpar1-null mutant that arose
spontaneously during colony expansion (the “Malaga variant”) has been used. However,
even though homozygotes of this variant exhibit almost complete perinatal viability, the
surviving mice have altered neuronal markers, increased cortical cell death, and, in general,
more pronounced defects than the original mutant, possibly due to the interaction of the
Lpar1 gene with—not fully elucidated—genetic modifiers [9,50].

Thus, the generation of versatile and well-characterized KOs for Lpar1 that will allow
the spatiotemporal depletion of Lpar1 remains a challenging and urgent objective. Herein,
we present the generation of a series of Lpar1 KO strains, with a full KO, a reporter KO, and
a conditional KO strain.

2. Results and Discussion
LPA is a bioactive lipid mediator that triggers several physiological events, such as

cell proliferation, survival, migration, and motility, by binding mainly to specific G-protein-
coupled receptors (LPAR1-6). Among the LPARs, considerable attention has been paid to
LPAR1 due to its broad expression and implication in various physiological procedures,
such as neurogenesis, but also in diseased states. Indeed, LPA signaling through LPAR1
has been linked to kidney, liver and lung fibrosis, metabolic and cardiovascular disorders,
cancer, and drug resistance [8,51].

In this work, we present the generation of several Lpar1 strains that could serve as
valuable tools in the study of Lpar1 implication in (patho-) physiology. The chosen approach
for the generation of the desired mouse strains was based on the European Conditional
Mouse Mutagenesis Program (EUCOMM)’s conditional gene targeting strategy, referred to
as “targeted mutation 1a” (tm1a) [52]. As summarized in Figure 1, a lacZ reporter gene, a
neomycin-resistance selection cassette, two FRT sites, and two loxP sites (one just before
and one after the neomycin cassette) were placed upstream of the third exon (called “critical
exon”) of the Lpar1 gene locus in the murine Embryonic Stem (ES) cells obtained from
EUCOMM. A third loxP site was inserted immediately after the critical exon to facilitate
its removal. The two FRT sites that are inserted, one upstream of the lacZ cassette and
one upstream of the third loxP site, allow the simultaneous removal of both the lacZ and
neomycin-resistance cassettes.

Initially, in order to verify the correct integration of the tm1a allele in the ES clones
derived from EUCOMM, we performed Long-Range PCRs to amplify the 5′ arm and
the 3′ arm. This type of PCR allows the detection of large DNA fragments that cannot
be amplified with conventional PCR. According to the electrophoresis (Figure 2B), the
size of the Long-Range PCR products for the 5′ arm (7509 bp) and the 3′ arm (8405 bp)
was as expected, validating the appropriate integration of the transgene in the Lpar1
gene locus. For the detection of the LacZ reporter gene and neomycin selection cassette,
conventional genomic PCR was performed. The PCR products at 715 bp for the LacZ
reporter gene and at 475 bp for the neomycin selection cassette verified the presence of
these elements in the transgenic gene locus (Figure 2C). Upon these confirmatory results, ES
cells were microinjected into C57Bl/6 albino blastocysts and transferred to pseudopregnant
females. Chimeric offspring were crossed with C57BL/6 female mice to generate C57BL/6-
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Atm1BrdLpar1tm1a(EUCOMM)Wtsi/Flmg which was submitted to The European Mouse Mutant
Archive (EMMA) (EM:09092). Representative genotyping results for this new strain are
presented in Figure 3A. The primers designed for the detection of the Lpar1tm1a allele
amplified a sequence of 318 bp that is present only in the transgenic allele and not in the
wild-type (Lpar1wt) allele. Heterozygous Lpar1tm1a mice were viable (Table S1), whereas
homozygosity for Lpar1tm1a may lead to perinatal lethality, although a larger number of
births is needed to draw safe conclusions (Table S2).
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Figure 1. Strategy for the generation of the Lpar1tm1a, Lpar1tm1b, Lpar1tm1c, and Lpar1tm1d mouse strains. 
The third exon (called “critical exon”) of the Lpar1 gene was loxP-flanked, while a LacZ reporter and 

Figure 1. Strategy for the generation of the Lpar1tm1a, Lpar1tm1b, Lpar1tm1c, and Lpar1tm1d mouse strains.
The third exon (called “critical exon”) of the Lpar1 gene was loxP-flanked, while a LacZ reporter and
a neomycin-selection cassette, including two FRT and one loxP site, were placed upstream. This
allele is named “targeted mutation 1a” (tm1a). The Lpar1tm1b allele is produced by deleting the
critical exon and the neomycin cassette of Lpar1tm1a, using a Cre recombinase that recognizes the loxP
sites. The Lpar1tm1c allele is produced by the deletion of the LacZ reporter and neomycin-selection
cassette of Lpar1tm1a, using a Flp recombinase that recognizes the FRT sites. The Lpar1tm1d allele is
produced by deletion of the critical exon from Lpar1tm1c, using Cre recombinase; tm1a, tm1b, tm1c,
and tm1d correspond to the allele nomenclature defined by EUCOMM. The recombinases (CMV-Cre
or Flp) required to obtain each strain are stated next to the arrows. The color code is linked to each
recombinase recognition site (loxP or FRT). The figure was prepared with Biorender under agreement
number PN27QADSHN.

The second mouse line generated in this study was the C57BL/6-Atm1BrdLpar1tm1b(EUC

OMM)Wtsi/Flmg, which has also been submitted to EMMA (EM:10041). This strain was
generated from the mating of female C57BL/6-Atm1BrdLpar1tm1a(EUCOMM)Wtsi/Flmg mice,
heterozygous for the Lpar1tm1a allele, with male Tg-CMV-Cre mice (Figure 1). As the Cre
recombinase is ubiquitously expressed under the control of the Cytomegalovirus (CMV)
promoter [53], the recombination occurs in all cells and tissues of the offspring. For the
genotyping PCR, the pair of primers was designed to amplify a sequence that is part of the
transgenic Lpar1 locus of the Lpar1tm1b allele (product size at 380 bp), but it is not present in
the Lpar1wt allele (Figure 3B).

C57BL/6-Atm1BrdLpar1tm1b(EUCOMM)Wtsi/Flmg strain is considered a reporter KO,
because recombination at loxP sites results in the deletion of the neomycin cassette and the
critical exon, but not of the LacZ reporter sequence (Figure 3B). Consequently, in tissues
where normally the Lpar1 promoter is active and the Lpar1 would be expressed, the LacZ
sequence is transcribed producing β-galactosidase even after the excision of the critical
exon of Lpar1. Thus, the visualization of β-galactosidase with X-gal staining is indicative
of the endogenous expression pattern of Lpar1. As shown in Figure 4A, and in line with
the respective literature [1], Lpar1 expression varied among different tissues: brain, colon,
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stomach, spinal cord, testis, uterus, and white adipose tissue, presenting the highest β-
galactosidase expression (blue areas) at the X-gal staining. Consistent with the deletion
of Lpar1 critical exon and validating the proper gene targeting, RT-PCR revealed that the
mRNA levels of Lpar1 in kidney, lung, and liver tissues of Lpar1tm1b/wt mice were reduced
by almost 50% (Figure 4B), as expected for mice carrying one Lpar1tm1b and one Lpar1wt

allele. Additionally, Lpar1tm1b in a heterozygotic state may lead to perinatal lethality, as
seen in Table S3.
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Figure 2. Validation of the successful Lpar1 gene locus targeting in the ES clones derived from
EUCOMM. (A) An illustration that indicates the positions and directions of the primers that were
used to verify the Lpar1 gene locus targeting, as well as the size of the expected products. (B) The
products of the Long-Range PCR for the 5′ arm, at 7509 bp, and for the 3′ arm, at 8405 bp, verified the
correct integration of the allele on both the 5′ and 3′ side in the ES clones derived from EUCOMM.
Electrophoresis of products was performed at a 0.7% agarose gel in TAE buffer. M: 1 kb marker; 1: The
PCR mixture containing H2O instead of DNA (Negative Control); 2: The PCR mixture containing
DNA isolated from the EPD0496_2_C05 clone; 3: The PCR mixture containing DNA isolated from
C57BL/6 (Wild Type) mouse. (C) PCR products from the amplification of the LacZ reporter gene and
the neomycin selection cassette, at 715 bp and 475 bp, respectively, confirmed the transgenic gene
locus. Electrophoresis of PCR products was performed at a 1.5% agarose gel in TBE buffer. M: marker;
(−): Negative Control (the PCR mixture containing H2O instead of DNA); (+): The PCR mixture
containing DNA isolated from the EPD0496_2_C05 clone; Pos: The PCR mixture containing DNA
isolated from two different chimeras that were obtained from the pseudopregnant females in which
we have transferred the blastocysts injected with EPD0496_2_C05 ES cells. Panel (A) was prepared
with Biorender under agreement number ZT27QAE8K4.
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ing strategy and representative examples of mice carrying Lpar1 wild-type (wt, Lpar1wt) and 
Lpar1tm1a, Lpar1tm1b, Lpar1tm1c, or Lpar1tm1d alleles. Arrows indicate the positions and directions of PCR 
primers. (A) Primer 612 binds both to the Lpar1wt and Lpar1tm1a allele, while primer 613 binds only to 
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Lpar1wt allele does not produce any band. (B) Primers 727 and 728 bind only to the Lpar1tm1b allele 

Figure 3. Generation of murine Lpar1 knock-out alleles and the respective mouse strains. Genotyping
strategy and representative examples of mice carrying Lpar1 wild-type (wt, Lpar1wt) and Lpar1tm1a,
Lpar1tm1b, Lpar1tm1c, or Lpar1tm1d alleles. Arrows indicate the positions and directions of PCR primers.
(A) Primer 612 binds both to the Lpar1wt and Lpar1tm1a allele, while primer 613 binds only to the
Lpar1tm1a allele; thus, mice bearing the Lpar1tm1a allele have a product of 318 bp, whereas the Lpar1wt
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allele does not produce any band. (B) Primers 727 and 728 bind only to the Lpar1tm1b allele and
not to the Lpar1wt allele; the size of the product is 380 bp. (C) Primers 789 and 790 bind both to the
Lpar1wt and Lpar1tm1c allele, but the sizes of the expected PCR products are different: 325 bp for the
Lpar1wt allele and 434 bp for the Lpar1tm1c allele. This genotyping strategy enables the identification
of Lpar1tm1c heterozygotes (tm1c/wt). (D) Primer 789 binds both to the Lpar1wt and Lpar1tm1d allele.
Primer 790 recognizes a site in the critical exon; thus, it amplifies only the Lpar1wt allele and the
product size is equal to 325 bp. Even though primer 791 binds to both alleles, the PCR product of
789–791 for the Lpar1wt allele is too large (1879 bp) and cannot be detected with conventional PCR. On
the other hand, the PCR product of 789–791 for the Lpar1tm1d allele is 564 bp and its band is detectable.
Using this genotyping strategy, the identification of Lpar1tm1d heterozygotes (tm1d/wt) is also possible.
M: Marker, Pstl-cut lambda DNA. Separate panels of the figure were prepared with Biorender under
agreement numbers PN27QADSHN, NZ27QAGWYB, and MA27QAFHMT.
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Figure 4. Lpar1tm1b/wt mouse strain characterization. (A) Lpar1 expression varies among the different
murine tissues according to the X-gal staining. Given that the LacZ reporter gene has been placed
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downstream of the Lpar1 promoter, LacZ expression is spatiotemporarily controlled by the Lpar1
promoter. Representative images from Lpar1tm1b/wt and Lpar1wt/wt mice are shown. Magnification
20×. (B) The transcription levels of Lpar1 are reduced by almost 50% in the kidney, liver, and lung
derived from heterozygous Lpar1tm1b/wt compared to Lpar1wt/wt mice (n = 3–5, total number of animals
used = 9). Real-time PCR analysis includes the normalization of Lpar1 mRNA expression levels
with the expression levels of B2m in different tissues. The relative quantification of the target-gene
expression was done using the Livak (2−∆∆Cq) method and presented as the fold change of Lpar1 in
the Lpar1tm1b/wt mice relative to Lpar1wt/wt mice, * p < 0.05 and ** p < 0.01.

To generate the “floxed” Lpar1tm1c allele and the respective mouse strain for conditional
deletion (C57BL/6-Atm1BrdLpar1tm1c(EUCOMM)Wtsi/Flmg), C57BL/6-Atm1BrdLpar1tm1a(EUCO

MM)Wtsi/Flmg mice were crossed, with transgenic mice expressing the FLP1 recombinase
(FlpE) [54]. In the presence of this recombinase, the FRT-framed tm1a region is excised,
removing both the LacZ reporter sequence and the neomycin-resistance cassette. Thus, the
gene structure is restored and the derived C57BL/6-Atm1BrdLpar1tm1c(EUCOMM)Wtsi/Flmg
strain is the “floxed” strain. The genetic recombination was verified with genotyping
PCR (Figure 3C); the expected and observed size of the PCR products was 325 bp for
the Lpar1wt allele and 434 bp for the Lpar1tm1c allele. Lpar1tm1c/wt heterozygotes can be
identified with this genotyping strategy (Figure 3C). Lpar1tm1c heterozygosity does not
seem to affect viability (Table S4). This novel strain was also deposited to the local EMMA
node (EM:09947).

For the generation of the C57BL/6-Atm1BrdLpar1tm1d(EUCOMM)Wtsi/Flmg mouse strain,
we further crossed C57BL/6-Atm1BrdLpar1tm1c(EUCOMM)Wtsi/Flmg with Tg-CMV-Cre mice,
triggering the deletion of exon 3 (the critical exon) of the Lpar1 gene (Figure 1). As above,
this mouse line has been submitted to EMMA (EM:10057). With the designed primers, the
length of the amplified sequence for the Lpar1tm1d allele was 564 bp, whereas the Lpar1wt

allele was 325 bp (Figure 3D). Again, this genotyping strategy allows the identification of
the Lpar1tm1d/wt heterozygotes. Importantly, the number of homozygous KO (Lpar1tm1d/tm1d)
mice, born from the mating of heterozygous Lpar1tm1d/wt mice, was significantly smaller
than the one expected from the Mendelian ratio; from the eight matings, only 6 out of the
71 offspring born were homozygotes for the Lpar1tm1d allele (Table 1 (B)) and these had
smaller body size and shorter snouts. From the first Lpar1 KO strain, it has been reported
that the targeted deletion of Lpar1 leads to neonatal lethality by approximately 50% and
to impaired suckling in neonatal pups, potentially due to olfactory bulb and cerebral
cortex defects [44]. The lethality linked to the homozygotic deletion of Lpar1 has been
mostly characterized as neonatal/perinatal/postnatal and not embryonic [44,45]. Indeed,
as presented in Table 1 (A), the numbers of the observed E11.5, E13.5, E14.5, E15.5, and
E17.5 Lpar1tm1d/tm1d embryos were almost as expected. This result, combined with the sub-
Mendelian ratio of Lpar1tm1d/tm1d mice at postnatal day 7, when the tissue for the genotyping
of the mice was obtained, supports the concept that the Lpar1 depletion in homozygotic
state results in pre-weaning lethality. This is also in agreement with the absence of any
profound morphological abnormalities in the Lpar1tm1d/tm1d embryos (Figure 5).
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Table 1. The Lpar1 depletion leads to neonatal/postnatal lethality in a homozygotic state. Numbers
of expected and observed (A) E11.5, E13.5, E14.5, E15.5, E17.5 embryos and (B) Seven-day-old pups,
obtained by crossing heterozygous Lpar1tm1d/wt mice. Genotyping PCRs were performed using part
of the yolk sac of the isolated embryos or, in the case of pups, the tissue cut through the toe-clipping
for identification purposes.

(A)
Total Matings:
6

Embryonic
Day

Total Progeny

49 (100%)

wt/wt tm1d/wt tm1d/tm1d

Embryos Expected Embryos Expected Embryos Expected

15 12–13 24 24–25 10 12–13

30.6% 25% 48.9% 50% 20.4% 25%

8
3 2 3 4 2 2E11.5

37.5% 25% 37.5% 50% 25% 25%

E13.5
8

1 2 6 4 1 2
12.5% 25% 75% 50% 12.5% 25%

11
6 2–3 4 5–6 1 2–3E14.5

54.5% 25% 36.4% 50% 9.1% 25%

E15.5
12

4 3 4 6 4 3
33.3% 25% 33.3% 50% 33.3% 25%

4
0 1 2 2 2 1E17.5

0% 25% 50% 50% 50% 25%

E17.5
6

1 1–2 5 3 0 1–2
16.7% 25% 83.3% 50% 0% 25%

(B)
Total Matings Total Progeny

8

71 (100%)
wt/wt tm1d/wt tm1d/tm1d

Born Expected Born Expected Born Expected
20 17–18 44 35–36 6 17–18

28.1% 25% 61.9% 50% 8.5% 25%
1♂tm1d/wt × 2♀tm1d/wt 15

7 3–4 7 7–8 1 3–4
46.7% 25% 46.7% 50% 6.7% 25%

1♂tm1d/wt × 2♀tm1d/wt 8
1 2 6 4 1 2

12.5% 25% 75% 50% 12.5% 25%
1♂tm1d/wt × 2♀tm1d/wt 6

0 1–2 6 3 0 1–2
0% 25% 100% 50% 0% 25%

1♂tm1d/wt × 2♀tm1d/wt 6
4 1–2 2 3 0 1–2

66.7% 25% 33.3% 50% 0% 25%
1♂tm1d/wt × 2♀tm1d/wt 4

2 1 2 2 0 1
50% 25% 50% 50% 0% 25%

1♂tm1d/wt × 2♀tm1d/wt 6
1 1–2 4 3 1 1–2

16.7% 25% 66.7% 50% 16.7% 25%
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Table 1. Cont.

(B)
Total Matings Total Progeny

8

71 (100%)
wt/wt tm1d/wt tm1d/tm1d

Born Expected Born Expected Born Expected
20 17–18 44 35–36 6 17–18

28.1% 25% 61.9% 50% 8.5% 25%
1♂tm1d/wt × 2♀tm1d/wt 14

3 3–4 8 7 2 3–4
21.4% 25% 57.1% 50% 14.3% 25%

1♂tm1d/wt × 2♀tm1d/wt 10
2 2–3 7 5 1 2–3

20% 25% 70% 50% 10% 25%
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Figure 5. Lpar1wt/wt, Lpar1tm1d/wt, and Lpar1tm1d/tm1d embryos from E11.5, E13.5, E14.5, E15.5, and
E17.5. No profound morphological differences can be pointed out among Lpar1wt/wt, Lpar1tm1d/wt, and
Lpar1tm1d/tm1d embryos.

Similarly to the Lpar1tm1b/wt mice (Figure 4B), RT-PCR confirmed that Lpar1 mRNA
transcripts were reduced by almost 50% in Lpar1tm1d/wt mice compared to Lpar1wt/wt mice
(Figure 6A). Given that the up-regulation of other LPAR genes could potentially compensate
for the absence of Lpar1, we determined whether the transcript levels of Lpar2-6 and other
receptors of LPA (Gpr35, Gpr87, P2y10, Trpv1, Pparγ, and Rage) differentiated. We did the same
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for the transcripts of lipid phosphate phosphatases (Lpp1, Lpp2, Lpp3), the metabolic enzymes
of LPA, which affect the levels of LPA and, thus, its downstream signaling. No alteration in the
expression levels of these genes was observed in the kidneys of heterozygous Lpar1tm1d/wt mice
(Figures S1–S3). Moreover, no significant changes in clinical biochemistry analytes indicative
of liver, kidney, or pancreatic function were identified among the Lpar1tm1d/wt and Lpar1wt/wt

mice, apart from a decrease in alanine transaminase and aspartate transaminase levels in
the plasma of Lpar1tm1d/wt mice (Figure 6B). Additionally, as the representative H&E staining
of liver and lung sections revealed, the reduction of Lpar1 expression by approximately
50% had no effect on tissue histopathology (Figure 6C). Finally, no obvious macroscopic
abnormalities were observed, and the mice were healthy and fertile without lethality. The
difference between the heterozygous Lpar1tm1d/wt mice, which do not present lethality, and
the heterozygous Lpar1tm1b/wt mice, which seem to present lethality, could be attributed to
the different derivation of the two strains (with separate recombinases). Moreover, larger
numbers of progeny would perhaps resolve this discrepancy.
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Figure 6. Lpar1tm1d/wt mouse strain characterization. (A) The transcription levels of Lpar1 are reduced
by almost 50% in the kidney, liver, and lung derived from heterozygous Lpar1tm1d/wt compared to
Lpar1wt/wt mice (n = 6–7, total number of mice = 13). Real-time PCR analysis of Lpar1 mRNA expression
levels normalized to the expression levels of B2m in different tissues. The relative quantification of
the target-gene expression was done using the Livak (2−∆∆Cq) method and presented as the fold
change of Lpar1 in the Lpar1tm1d/wt mice relative to Lpar1wt/wt mice. (B) Genetic excision of Lpar1 in an
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heterozygotic state has no major effect on biochemical factors indicative of main body functions.
Serum biochemical analytes from Lpar1tm1d/wt mice and Lpar1wt/wt mice were measured using a
Beckman Coulter AU480 Clinical Chemistry Analyzer. ALT: Alanine transaminase; AST: Aspartate
transaminase; CK: Creatine kinase (n = 4–6). (C) Deletion of Lpar1 in a heterozygotic state does not
affect tissue histology in adult mice, as shown by the Hematoxylin and Eosin (H&E) staining of liver
and lung tissue, derived from Lpar1wt/wt and Lpar1tm1d/wt mice, fixed in formalin. Magnification 10×.
* p < 0.05, *** p < 0.001 and **** p < 0.0001.

The mating of e.g., Lpar1tm1c/tm1d with strains expressing a tissue-specific or inducible
Cre recombinase will allow the selective and spatiotemporal Lpar1 deletion, overcoming
the restriction imposed by the pre-weaning lethality of Lpar1tm1d/tm1d. The versatility of
our mouse strains has already been exploited by Ray et al. [55]. To avoid the potential
developmental effects of ATX genetic deletion, this group crossed the Enpp2n/n mice (that
we have generated and submitted to EMMA [56]) with the Pax7-CreER mice, ensuring
that the Cre recombination will occur at the desired developmental point upon tamoxifen
injection. Similarly, they have crossed the C57BL/6-Atm1BrdLpar1tm1c(EUCOMM)Wtsi/Flmg
strain, which is among the strains we present in this paper, with Pax7-CreER mice to delete
Lpar1 in Pax7 satellite cells and have confirmed the role of LPAR1 in satellite cell-mediated
muscle repair [55]. Overall, the four transgenic Lpar1 mouse strains that we present could
serve as valuable tools in the study of the implication of this LPA receptor in health and
disease in mice, with the expected possible translation to humans.

3. Materials and Methods
3.1. Mice Breeding

Mice were bred at the animal facilities of the BSRC “Alexander Fleming”, under
specific pathogen-free conditions and housed at 20–22 ◦C, 55 ± 5% humidity, and a 12 h
light-dark cycle. Food and water were given ad libitum. Breeding and all experimentation
conformed to the Directive 2010/63/EU, as well as to the institutional and national guide-
lines for the care and use of laboratory animals. Mice were checked every 2 days for their
overall appearance, size, conformation, coat condition, behavior, and clinical signs. Severe
weight loss (greater than 20%) and the presence of increased respiratory rate, dyspnea,
tremor, increased vocalization with handling, and neurological or musculoskeletal abnor-
malities were used as humane end points for adult mice. Abnormal skin color and absence
of a milk spot were used as humane end points for pups. Littermate mice of different
genotypes were housed together.

3.2. Generation of the Lpar1tm1a, Lpar1tm1b, Lpar1tm1c, and Lpar1tm1d Mouse Strains

Strain Lpar1tm1a was generated by the Transgenics Facility at BSRC in the framework
of the TA call of the Infrafrontier-i3 project. To maximize the chance of achieving germline
transmission, two different ES clones, namely EPD0496_2_C05 and EPD0496_2_D05,
mutant for the Lpar1 allele, were obtained from EUCOMM (Lpar1tm1a(EUCOMM)Wtsi,
MGI:4441643). In both cases, the parent cell line is JM8A3.N1 and the coat color con-
tribution is agouti/brown. The L1L2_Bact_P cassette is inserted at Chromosome 4 (position:
58487705) upstream of Lpar1 exon 3 (called “critical exon”). The cassette comprises an FRT
site, followed by a LacZ reporter sequence and a loxP site, a neomycin-resistance gene
under the control of the human beta-actin promoter, SV40 polyA, a second FRT site, and a
second loxP site. Finally, a third loxP site is inserted downstream of the critical exon.

The ES cells received were passage 5, male, and heterozygous for the targeted mu-
tation. Upon arrival, they were stored at −80 ◦C until processed. Having validated
the correct targeting of the Lpar1 locus (as described in Section 3.3), the ES cells were
expanded by the Transgenics facility of the BSRC “Alexander Fleming” and karyotypic
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analysis verified their genetic integrity. ES cells were then microinjected into C57BL/6
albino blastocysts. These blastocysts were derived from either freshly collected embryos
or frozen stocks. Following ES cell injection, blastocysts were transferred in pseudo-
pregnant females treated with analgesics (ketoprofen 5 mg/kg) and anesthesia (inhaled
isoflurane), and pups were born. Although both EPD0496_2_C05 and EPD0496_2_D05
were used for the microinjections, only the EPD0496_2_C05 clone yielded chimeric mice.
The male chimeras obtained were crossed with C57BL/6 female mice to generate C57BL/6-
Atm1BrdLpar1tm1a(EUCOMM)Wtsi/Flmg (herein mostly referred to as Lpar1tm1a mouse strain
for reasons of simplicity or tm1a in the figures). Offspring were genotyped for germline
transmission as described below (Section 3.3). The newly generated mouse strain has been
submitted to EMMA (EM:09092) and is available upon request.

The Lpar1tm1b allele is produced by the deletion of the critical exon and the
neomycin cassette of the Lpar1tm1a allele, through Cre-mediated recombination. To
generate C57BL/6-Atm1BrdLpar1tm1b(EUCOMM)Wtsi/Flmg (herein mostly referred to as
Lpar1tm1b mouse strain for reasons of simplicity or tm1b in the figures), female C57BL/6-
Atm1BrdLpar1tm1a(EUCOMM)Wtsi/Flmg mice, heterozygous for the Lpar1tm1a allele, were
mated with male B6-Tg(CMV-cre)1Cgn mice [53]. The X-gal staining of different tissues
(presented in Section 3.7) from Lpar1tm1b mice validated the expression of the LacZ reporter
sequence. The offspring were genotyped for the gene of Cre recombinase (see Section 3.3)
and further mated with C57BL/6 mice to remove the Cre recombinase from the genetic
background. The generated mouse line has been deposited into the EMMA repository
(EM:10041) and is available to the scientific community.

The Lpar1tm1c allele is produced by the deletion of the LacZ reporter sequence and the
neomycin-selection cassette of Lpar1tm1a, using an FLP recombinase that recognizes the FRT
sites. To obtain C57BL/6-Atm1BrdLpar1tm1c(EUCOMM)Wtsi/Flmg (herein, also, referred to as
Lpar1tm1c mouse strain, or “floxed” or tm1c in the figures for reasons of simplicity), Lpar1tm1a

mice were mated with B6-Gt(ROSA)26Sortm1(FLP1)Dym PCR confirmed the deletion of the
targeted sequence. The offspring were further mated with C57BL/6 mice to remove the
FLP recombinase from their genome. This mouse strain is also available to the research
community with EMMA ID: EM:09947.

Finally, the Lpar1tm1d allele occurs by the deletion of the critical exon from the
Lpar1tm1c allele, through Cre-mediated recombination. For the generation of the C57BL/6-
Atm1BrdLpar1tm1d(EUCOMM)Wtsi/Flmg (herein frequently referred to as Lpar1tm1d mouse
strain or tm1d in the figures for reasons of simplicity), female Lpar1tm1c mice, heterozygous
for the Lpar1tm1c allele, were mated with male B6-Tg(CMV-cre)1Cgn mice. The removal of
the critical exon was validated with PCR amplification. To remove the Cre recombinase
from the genetic background, offspring were mated with C57BL/6 mice. Similar to all
the aforementioned strains that we generated, this mouse line has been deposited to the
EMMA repository (EM:10057) and is available to the scientific community upon request.

In all cases, sperm from mice heterozygous for the respective Lpar1tm1x allele has
been deposited to the local node of the EMMA repository [https://www.infrafrontier.eu/]
(accessed on 1 December 2024).

3.3. DNA Extraction, Long-Range PCR, and Genotyping PCR

In order to validate the correct homologous recombination and Lpar1 targeting of
the ES cells derived from EUCOMM, the ES cells were seeded for clonal expansion on
gelatin coated-plates (G9136, Sigma-Aldrich, St. Louis, MO, USA), with Mouse Embryonic
Fibroblasts as feeder layers, using KnockOut DMEM (10829018, Thermo Fisher Scientific,
Waltham, MA, USA) supplemented with Leukemia Inhibitory Factor (LIF, L5158, Sigma-
Aldrich, St. Louis, MO, USA). Upon expansion, cells were trypsinized (15400054, Gibco;

https://www.infrafrontier.eu/
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Thermo Fisher Scientific, Waltham, MA, USA) and DNA was isolated through overnight
digestion at 56 ◦C with 10 µg/mL Proteinase K (3115879, Roche Diagnostics, Rotkreuz,
Switzerland) in lysis buffer (50 mM Tris-HCl pH 8.0, 100 mM EDTA pH 8.0, 100 mM NaCl,
1% SDS); phenol/chloroform extraction and isopropanol precipitation were performed
based on standard protocols.

QIAGEN LongRange PCR Kit (206401, QIAGEN, Hilden, Germany) was used to
confirm the homologous recombination between the cassette and the 5′ and 3′ sides of the
targeted allele; the composition of the reaction mix and the cycling protocol for Long-Range
PCR (for 0.1–10 kb products) were in accordance with the instructions of the manufacturer.
Primers were designed to bind LPAR1 genomic regions upstream and downstream of the 5′

and 3′ arms of the targeting vector, respectively, and were combined with primers binding
targeting cassette-specific elements such as the SV40 pA site or the LacZ gene; primers
are listed in Table 2. The products of the Long-Range PCR were electrophorized in a 0.7%
agarose gel in TAE buffer, including a 1 kb marker (N3232S, New England Biolabs, Ipswich,
MA, USA). PCR targeting the LacZ reporter sequence and the neomycin cassette were
performed to a final volume of 20 µL; the PCR master mix contained 1 µL (50–100 ng)
DNA, 1 µL (2.5 mM) dNTPs, 1 µL (5 pmol/µL) of each primer, 1.2 µL (25 mM) MgCl2,
2 µL from a custom made 10× buffer [500 mM KCl, 100 mM Tris HCl (pH 9.0 at 25 ◦C), 1%
Triton X-100], and 0.4 µL Taq Polymerase. The primers used for the LacZ reporter sequence
and the neomycin cassette amplification are also listed in Table 2. The thermal protocol
conditions to amplify the LacZ reporter sequence consisted of 5 min at 95 ◦C polymerase
activation step, 30 cycles of denaturation at 95 ◦C for 30 s, primer annealing at 59 ◦C for
40 s, extension at 72 ◦C for 1 min, and a final extension step at 72 ◦C for 5 min. For the
neomycin cassette, the respective cycling protocol was 94 ◦C for 5 min, [94 ◦C for 30 s,
55 ◦C for 40 s, 72 ◦C for 1 min] for 30 cycles, and 72 ◦C for 5 min. The PCR products were
electrophorized in a 1.5% agarose gel in TBE buffer.

Table 2. List of primers used for the validation of the Lpar1 targeting of the ES cells derived from
EUCOMM.

Reaction and Expected Product Size Primer Sequence (5′→3′)

Long-Range PCR for 5′ arm
(7509 bp)

5′ arm F TCATTCCTCCTCTTAGGCTCAACC

5′ arm R TGGGATAGGTCACGTTGGTGTAGA

Long-Range PCR for 3′ arm
(8405 bp)

3′ arm F CCCATGGATAGCCTATCCACTCCCTCATGC

3′ arm R CACACCTCCCCCTGAACCTGAAAC

PCR for LacZ reporter gene
(715 bp)

LacZ F GATCCCGTCGTTTTACAACGTCGT
LacZ R GAACTTCAGCCTCCAGTACAGCGC

PCR for neomycin cassette
(475 bp)

neo F ATTGAACAAGATGGATTGCAC

neo R CGTCCAGATCATCCTGATC

For the genotyping PCRs, DNA was isolated as above, either from the tissue cut
through the toe-clipping of pups for identification purposes, or from the yolk sac of the
isolated embryos (see Section 3.4); the composition of the genotyping PCR master mix is
as described in the previous paragraph. All the pairs of primers used for these PCRs and
the respective PCR conditions are presented in Table 3. The products of the genotyping
PCRs were electrophorized in a 2% agarose gel, including PstI-cut lambda DNA (300017,
GENEON GmbH, Hesse, Germany) as a marker.
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Table 3. List of primers, along with the respective PCR conditions, used for the genotyping and the
validation of Cre and FlpE recombinases removal from the different mouse strains generated.

Genotyping and Expected Product(s) Size Primer Sequence (5′→3′) Conditions

Lpar1tm1a

wt allele: No band
tm1a allele: 318 bp

612 GAGGATGTCTCGGCATAGTTCTGG 95 ◦C for 3 min
95 ◦C for 30 s
62 ◦C for 30 s
72 ◦C for 1 min

35cycles

72 ◦C for 3 min
613 TGAACTGATGGCGAGCTCAGACC

Lpar1tm1b

wt allele: No band
tm1b allele: 380 bp

727 CGGTCGCTACCATTACCAGT 94 ◦C for 5 min
94 ◦C for 30 s
58 ◦C for 30 s
72 ◦C for 45 s

35cycles

72 ◦C for 5 min
728 ACTGATGGCGAGCTCAGACC

Lpar1tm1c & Lpar1tm1d

Lpar1tm1c: 789, 790
wt allele: 325 bp and 1879 bp, tm1c allele: 434 bp

Lpar1tm1d: 789, 790, 791
wt allele: 325 bp, tm1d allele: 564 bp

789 GGATGCTATTTCTGGGGATGA

95 ◦C for 5 min
95 ◦C for 30 s
60.7 ◦C for 30 s
72 ◦C for 45 s

35cycles

72 ◦C for 5 min

790 ATACCCAATGCAGCCAAAAA

791 TCATGGACACTTGGACTAATGAA

Cre gene
(233 bp)

Cre-F CATTTGGGCCAGCTAAACAT

94 ◦C for 5 min
94 ◦C for 30 s
58 ◦C for 30 s
72 ◦C for 45 s

35cycles

72 ◦C for 5 min

Cre-R TAAGCAATCCCCAGAAATGC

FlpE gene
(600 bp)

FlpE-F AGGGGCATACAGTACCAGAT

FlpE-R CCACACAGGGTTCCTTGTTT

3.4. Isolation and Imaging of E11.5–E17.5 Embryos

Embryonic day 0.5 (E0.5) is defined as noon of the day when a vaginal plug is observed.
Euthanasia of pregnant mice on predetermined time-points (E11.5, E13.5, E14.5, E15.5,
E17.5) was performed in a CO2 chamber with gradual filling. To isolate the embryos, the
abdomen of the pregnant mice was cut and the uterus was removed. The embryos were
dissected one by one, keeping the yolk sacs intact and handled as gently as possible. Finally,
embryos were transferred to a petri dish and visualized under a Nikon SMZ800 (Nikon
Corp., Tokyo, Japan) stereoscope. A part of the yolk sac was used for the genotyping of the
embryos, as described in the previous Section 3.3.

3.5. RNA Isolation-Reverse Transcription-Real Time PCR

Tissues from adult mice of both sexes were mechanically homogenized using an
ULTRA-TURRAX® IKA® disperser (0003725000, IKA®-Werke GmbH, Staufen, Germany).
RNA was extracted with TRI Reagent (TR118, MRC, Cincinnati, OH, USA) and treated
with DNAse (RQ1 RNAse-free DNAse, Promega, Madison, WI, USA), according to the
manufacturer’s instructions. The RNA concentration and purity were determined with
NanoDrop® ND-1000 UV-Vis Spectrophotometer (Thermo Fisher Scientific, Waltham, MA,
USA), evaluating the optical density ratio at wavelengths of 260/280 nm and 260/230 nm.
Samples were placed at −80 ◦C until further use.
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First-strand cDNA was generated with the M-MLV reverse transcriptase (28025-013,
Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA) according to the reagent’s protocol,
using 2 µg of RNA. Real-time PCR was performed on a BioRad CFX96 Touch™ Real-Time
PCR Detection System (Bio-Rad, Hercules, CA, USA), with 25 ng of each cDNA, using SYBR
Select Master Mix (4472913, Thermo Fisher Scientific, Waltham, MA, USA). The pairs of the
primers and their annealing temperatures are listed in Table 4. Ct values were normalized
against the reference gene beta-2 microglobulin (B2m). The relative quantification of the
target-gene expression was done with the Livak (2−∆∆Cq) method and is presented as the fold
change of each normalized target gene in the transgenic mice relative to the control mice.

Table 4. Primers for RT-qPCR. The thermal-cycling conditions for the 40-cycle amplification were at
95 ◦C for 10 s and at the mentioned annealing temperature for 45 s.

Target Gene Forward Primer (5′→3′) Reverse Primer (5′→3′) Annealing Temperature (◦C)

B2m TTCTGGTGCTTGTCTCACTGA CAGTATGTTCGGCTTCCCATTC 60

Lpar1 GAGGAATCGGGACACCATGAT TGAAGGTGGCGCTCATCT 59

Lpar2 GACCACACTCAGCCTAGTCAAGAC CAGCATCTCGGCAGGAAT 58

Lpar3 GCTCCCATGAAGCTAATGAAGACA TACGAGTAGATGATGGGG 59

Lpar4 AGTGCCTCCCTGTTTGTCTTC GCCAGTGGCGATTAAAGTTGTAA 53

Lpar5 ACCCTGGAGGTGAAAGTC GACCACCATATGCAAACG 54

Lpar6 GATCACTCTCTGCATCGCTGTTTC CCCTGAACTTCAGAGAACCTGGAG 65

Gpr35 AAGGCCCACCTGGAGTAGAA CCACGTGAGGGTGCTGTTAC 59

Gpr87 GGCCGCCACAATGAAAGAAAT AAGAAACGCTTGGGGAGAGG 59

Trpv1 GGCCGAGTTTCAGGGAGAAA TATCTCGAGTGCTTGCGTCC 59

P2y10 GGATGCAGTGGTTCTGGTCA AGCAATTGGTGGGTGTTTCA 59

Rage GGTCCACTGGATAAAGGATGGTG TTTCCTGAGGTCCGTGGCTA 59

Pparg GCTCGCAGATCAGCAGACTCT GAGAAGCTGTTGGCGGAGAT 59

3.6. Tissue Processing, H&E Staining, and Imaging

Fresh mouse tissues (liver, lung) from adult mice (both sexes) were fixed in 10%
neutral-buffered formalin overnight at 4 ◦C. Tissue was processed in a histokinette and
embedded in paraffin blocks. 5 µm sections were stained with Hematoxylin and Eosin
(H&E) according to standard procedures and imaged with a Nikon Eclipse E800 microscope
(Nikon Corp., Tokyo, Japan), attached to a Q Imaging EXI Aqua digital camera, using the
Q-Capture Pro 7 software v7.0 (QImaging, Surrey, BC, Canada).

3.7. X-Gal Staining
3.7.1. Protocol for Cryosections

Freshly isolated mouse tissues (brain, bladder, colon, gut, heart, kidney, liver, spinal
cord, stomach, uterus) from adult mice were embedded in OCT and frozen in dry ice. Sec-
tions measuring 6–10 µm were prepared on a cryotome and fixed in 2% formaldehyde/0.2%
glutaraldehyde for 15 min at 4 ◦C. Next, they were washed twice in cold PBS/2 mM MgCl2
for 10 min and stained overnight with X-gal staining solution (2 mg/mL X-gal in 0.1 M Na
phosphate buffer pH 7.3, 0.01% Na deoxycholate, 5 mM K3Fe(CN)6, 5.7 mM K4Fe(CN)6,
2 mM MgCl2, 0.02% NP-40) at 37 ◦C in the dark. The sections were then rinsed twice in
PBS/2 mM MgCl2 and dH2O for 5 min at room temperature, counterstained with eosin
and, finally, visualized under the microscope.

3.7.2. Protocol for Paraffin Sections (Lungs/Testis)

The lungs from adult mice were inflated with fixation buffer (0.74% formalde-
hyde/0.04% glutaraldehyde/0.02% NP-40) and after their isolation, they were placed
in the same buffer for 2 h at 4 ◦C. Testis was also placed in the fixation buffer. Both tissues
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were then rinsed with PBS and dH2O and incubated with X-gal staining solution (1 mg/mL
X-gal in 0.01% Na deoxycholate, 5 mM K3Fe(CN)6, 5.7 mM K4Fe(CN)6, 4.2 mM MgCl2, 0.1%
NP-40) for 24 h at room temperature. Tissues were rinsed twice with dH2O and then placed
in post-fixative solution pH = 7.2 (0.1 M NaH2PO4, 0.07 M NaOH, 4% formaldehyde/1%
glutaraldehyde) for several hours. After that, they were washed with PBS and embedded
in paraffin. The resulting 5-µm sections were counterstained with eosin and visualized
under the microscope; tissue imaging was performed as above (Section 3.6).

3.8. Biochemical Analysis

After the euthanasia of adult mice, blood was collected from the inferior vena cava
and left for 30 min at room temperature to clot. Samples were centrifuged for 10 min at
1000× g/8 ◦C. The supernatant was transferred into a new 1.5 mL Eppendorf tube and it was
centrifuged at 3500× g/8 ◦C. After repeating the previous step, serum was transferred into a
new 1.5 mL Eppendorf tube and stored at −20 ◦C. Biochemical analysis was performed using
½ diluted serum, with a Beckman Coulter AU480 Clinical Chemistry Analyzer (Beckman
Coulter, Brea, CA, USA), based on the BSRC “Alexander Fleming” phenotyping facility for
the estimation of Alanine Transaminase (ALT, OSR6007, Beckman Coulter, Brea, CA, USA),
Aspartate Aminotransferase (AST, OSR6009, Beckman Coulter, Brea, CA, USA), Albumin
(OSR6102, Beckman Coulter, Brea, CA, USA), Cholesterol (OSR6116, Beckman Coulter, Brea,
CA, USA), Creatine kinase (CK, OSR6179, Beckman Coulter, Brea, CA, USA), Direct bilirubin
(OSR6111, Beckman Coulter, Brea, CA, USA), Iron (OSR6186, Beckman Coulter, Brea, CA,
USA), Total protein (OSR6132, Beckman Coulter, Brea, CA, USA), Triglycerides (OSR60118,
Beckman Coulter, Brea, CA, USA), Urea (OSR6134, Beckman Coulter, Brea, CA, USA), and
Uric acid (OSR6098, Beckman Coulter, Brea, CA, USA) levels.

3.9. Statistical Analysis

Sample sizes were calculated with Power analysis using R language with mRNA levels
being the primary outcome measure. The statistical analysis and graph preparation was done
with GraphPad 8.0.1 (GraphPad Software Inc., Insight Partners, New York City, NY, USA).
Statistical significance was assessed with the unpaired t-test or Welch’s t-test, depending on
the equality of standard deviation between the different groups and with Mann–Whitney in
the case of non-normal distribution (based on the Shapiro-Wilk test). Animals or data values
at specific assays were excluded only when they were indicated as outliers by GraphPad.

3.10. Image Creation

Illustrations of Figures 1–3 were created with BioRender.com, with agreement numbers
PN27QADSHN, NZ27QAGWYB, MA27QAFHMT, and ZT27QAE8K4.

Supplementary Materials: The supporting information can be downloaded at: https://www.mdpi.
com/article/10.3390/ijms26062811/s1.

Author Contributions: Conceptualization, V.A.; methodology, G.A., D.N., C.M., S.G., and K.B.;
validation, I.C. and D.N.; formal analysis, G.A.; investigation, G.A., D.N., I.C., C.M., S.G., and K.B.;
resources, V.A.; data curation, G.A.; writing—original draft preparation, G.A.; writing—review and
editing, C.M. and V.A.; supervision, V.A.; funding acquisition, V.A. All authors have read and agreed
to the published version of the manuscript.

Funding: This research was funded by the Hellenic Foundation for Research and Innovation (HFRI)
under the “2nd Call for HFRI Research Projects to support Faculty Members and Researchers” (Project
Number: 3565 to V.A.) and under the “2nd Call for HFRI Research Projects to support Post-Doctoral
Researchers” (Project Number: 01144 to C.M.).

https://www.mdpi.com/article/10.3390/ijms26062811/s1
https://www.mdpi.com/article/10.3390/ijms26062811/s1


Int. J. Mol. Sci. 2025, 26, 2811 18 of 21

Institutional Review Board Statement: The animal study protocol was approved by the Institutional
Animal Ethical Committee (IAEC) of Biomedical Sciences Research Center “Alexander Fleming”, as
well as by the Veterinary Service of the governmental prefecture of Attica, Greece (#989-1/3/2018).

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article/Supplementary Materials. Further inquiries can be directed to the corresponding author.

Acknowledgments: We would like to dedicate this paper to Evangelos Dioletis who passed away
and who had initiated this project. We would like to acknowledge Vasileios Ntafis, the veterinarian of
Biomedical Sciences Research Center “Alexander Fleming”, and Katerina Bavela from the Transgenics
Facility of Biomedical Sciences Research Center “Alexander Fleming” for their contribution to the
establishment of the Lpar1 mouse strains.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

Abbreviations
The following abbreviations are used in this manuscript.

ATX autotaxin
B2m beta-2 microglobulin
CMV Cytomegalovirus
DAG Diacylglycerol
EMMA European Mouse Mutant Archive
ES cells Embryonic stem cells
EUCOMM European Conditional Mouse Mutagenesis Program
IPF Idiopathic pulmonary fibrosis
KO knockout
LPA Lysophosphatidic acid
LPAR1 Lysophosphatidic acid Receptor 1
MAPK mitogen-activated protein kinase
PI3K phosphatidylinositol 3-kinase-protein kinase B
PLC phospholipase C
RA rheumatoid arthritis
SRF serum response factor
tm1a targeted mutation 1a
TGF-β transforming growth factor beta

References
1. Geraldo, L.H.M.; Spohr, T.; Amaral, R.F.D.; Fonseca, A.; Garcia, C.; Mendes, F.A.; Freitas, C.; dosSantos, M.F.; Lima, F.R.S. Role of

lysophosphatidic acid and its receptors in health and disease: Novel therapeutic strategies. Signal Transduct. Target. Ther. 2021,
6, 45. [CrossRef]

2. Magkrioti, C.; Galaris, A.; Kanellopoulou, P.; Stylianaki, E.A.; Kaffe, E.; Aidinis, V. Autotaxin and chronic inflammatory diseases.
J. Autoimmun. 2019, 104, 102327. [CrossRef] [PubMed]

3. Kaffe, E.; Magkrioti, C.; Aidinis, V. Deregulated Lysophosphatidic Acid Metabolism and Signaling in Liver Cancer. Cancers 2019,
11, 1626. [CrossRef]

4. Magkrioti, C.; Antonopoulou, G.; Fanidis, D.; Pliaka, V.; Sakellaropoulos, T.; Alexopoulos, L.G.; Ullmer, C.; Aidinis, V. Lysophos-
phatidic Acid Is a Proinflammatory Stimulus of Renal Tubular Epithelial Cells. Int. J. Mol. Sci. 2022, 23, 7452. [CrossRef]

5. Valdes-Rives, S.A.; Gonzalez-Arenas, A. Autotaxin-Lysophosphatidic Acid: From Inflammation to Cancer Development. Mediat.
Inflamm. 2017, 2017, 9173090. [CrossRef]

6. Hecht, J.H.; Weiner, J.A.; Post, S.R.; Chun, J. Ventricular zone gene-1 (vzg-1) encodes a lysophosphatidic acid receptor expressed
in neurogenic regions of the developing cerebral cortex. J. Cell Biol. 1996, 135, 1071–1083. [CrossRef] [PubMed]

https://doi.org/10.1038/s41392-020-00367-5
https://doi.org/10.1016/j.jaut.2019.102327
https://www.ncbi.nlm.nih.gov/pubmed/31471142
https://doi.org/10.3390/cancers11111626
https://doi.org/10.3390/ijms23137452
https://doi.org/10.1155/2017/9173090
https://doi.org/10.1083/jcb.135.4.1071
https://www.ncbi.nlm.nih.gov/pubmed/8922387


Int. J. Mol. Sci. 2025, 26, 2811 19 of 21

7. Yung, Y.C.; Stoddard, N.C.; Chun, J. LPA receptor signaling: Pharmacology, physiology, and pathophysiology. J. Lipid Res. 2014,
55, 1192–1214.

8. Xiang, H.; Lu, Y.; Shao, M.; Wu, T. Lysophosphatidic Acid Receptors: Biochemical and Clinical Implications in Different Diseases.
J. Cancer 2020, 11, 3519–3535. [CrossRef] [PubMed]

9. Estivill-Torrus, G.; Llebrez-Zayas, P.; Matas-Rico, E.; Santin, L.; Pedraza, C.; De Diego, I.; Del Arco, I.; Fernandez-Llebrez, P.;
Chun, J.; De Fonseca, F.R. Absence of LPA1 signaling results in defective cortical development. Cereb. Cortex 2008, 18, 938–950.
[CrossRef]

10. Shano, S.; Moriyama, R.; Chun, J.; Fukushima, N. Lysophosphatidic acid stimulates astrocyte proliferation through LPA1.
Neurochem. Int. 2008, 52, 216–220. [CrossRef]

11. Kingsbury, M.A.; Rehen, S.K.; Contos, J.J.; Higgins, C.M.; Chun, J. Non-proliferative effects of lysophosphatidic acid enhance
cortical growth and folding. Nat. Neurosci. 2003, 6, 1292–1299. [CrossRef]

12. Fransson, J.; Gomez-Conde, A.I.; Romero-Imbroda, J.; Fernandez, O.; Leyva, L.; de Fonseca, F.R.; Chun, J.; Louapre, C.; Van-
Evercooren, A.B.; Zujovic, V.; et al. Activation of Macrophages by Lysophosphatidic Acid through the Lysophosphatidic Acid
Receptor 1 as a Novel Mechanism in Multiple Sclerosis Pathogenesis. Mol. Neurobiol. 2021, 58, 470–482. [CrossRef] [PubMed]

13. Georas, S.N.; Berdyshev, E.; Hubbard, W.; Gorshkova, I.A.; Usatyuk, P.V.; Saatian, B.; Myers, A.C.; Williams, M.A.; Xiao, H.Q.;
Liu, M.; et al. Lysophosphatidic acid is detectable in human bronchoalveolar lavage fluids at baseline and increased after
segmental allergen challenge. Clin. Exp. Allergy 2007, 37, 311–322.

14. Tager, A.M.; LaCamera, P.; Shea, B.S.; Campanella, G.S.; Selman, M.; Zhao, Z.; Polosukhin, V.; Wain, J.; Karimi-Shah, B.A.;
Kim, N.D.; et al. The lysophosphatidic acid receptor LPA1 links pulmonary fibrosis to lung injury by mediating fibroblast
recruitment and vascular leak. Nat. Med. 2008, 14, 45–54. [PubMed]

15. Castelino, F.V.; Seiders, J.; Bain, G.; Brooks, S.F.; King, C.D.; Swaney, J.S.; Lorrain, D.S.; Chun, J.; Luster, A.D.; Tager, A.M.
Amelioration of dermal fibrosis by genetic deletion or pharmacologic antagonism of lysophosphatidic acid receptor 1 in a mouse
model of scleroderma. Arthritis Rheum. 2011, 63, 1405–1415. [CrossRef] [PubMed]

16. Park, F.; Miller, D.D. Role of lysophosphatidic acid and its receptors in the kidney. Physiol. Genom. 2017, 49, 659–666. [CrossRef]
17. Miyabe, Y.; Miyabe, C.; Iwai, Y.; Takayasu, A.; Fukuda, S.; Yokoyama, W.; Nagai, J.; Jona, M.; Tokuhara, Y.; Ohkawa, R.; et al.

Necessity of lysophosphatidic acid receptor 1 for development of arthritis. Arthritis Rheum. 2013, 65, 2037–2047. [CrossRef]
18. Miyabe, Y.; Miyabe, C.; Iwai, Y.; Yokoyama, W.; Sekine, C.; Sugimoto, K.; Harigai, M.; Miyasaka, M.; Miyasaka, N.; Nanki, T.

Activation of fibroblast-like synoviocytes derived from rheumatoid arthritis via lysophosphatidic acid-lysophosphatidic acid
receptor 1 cascade. Arthritis Res. Ther. 2014, 16, 461. [CrossRef]

19. Nsaibia, M.J.; Boulanger, M.C.; Bouchareb, R.; Mkannez, G.; Le Quang, K.; Hadji, F.; Argaud, D.; Dahou, A.; Bosse, Y.; Koschinsky, M.L.;
et al. OxLDL-derived lysophosphatidic acid promotes the progression of aortic valve stenosis through a LPAR1-RhoA-NF-kappaB
pathway. Cardiovasc. Res. 2017, 113, 1351–1363. [CrossRef]

20. Miyabe, C.; Miyabe, Y.; Nagai, J.; Miura, N.N.; Ohno, N.; Chun, J.; Tsuboi, R.; Ueda, H.; Miyasaka, M.; Miyasaka, N.; et al.
Abrogation of lysophosphatidic acid receptor 1 ameliorates murine vasculitis. Arthritis Res. Ther. 2019, 21, 191. [CrossRef]

21. Axelsson Raja, A.; Wakimoto, H.; DeLaughter, D.M.; Reichart, D.; Gorham, J.; Conner, D.A.; Lun, M.; Probst, C.K.; Sakai, N.;
Knipe, R.S.; et al. Ablation of lysophosphatidic acid receptor 1 attenuates hypertrophic cardiomyopathy in a mouse model.
Proc. Natl. Acad. Sci. USA 2022, 119, e2204174119. [CrossRef] [PubMed]

22. Lin, S.; Han, Y.; Jenkin, K.; Lee, S.J.; Sasaki, M.; Klapproth, J.M.; He, P.; Yun, C.C. Lysophosphatidic Acid Receptor 1 Is Important
for Intestinal Epithelial Barrier Function and Susceptibility to Colitis. Am. J. Pathol. 2018, 188, 353–366. [CrossRef] [PubMed]

23. Xu, K.; Ma, L.; Li, Y.; Wang, F.; Zheng, G.-Y.; Sun, Z.; Jiang, F.; Chen, Y.; Liu, H.; Dang, A.; et al. Genetic and Functional Evidence
Supports LPAR1 as a Susceptibility Gene for Hypertension. Hypertension 2015, 66, 641–646. [CrossRef] [PubMed]

24. Obo, Y.; Yamada, T.; Furukawa, M.; Hotta, M.; Honoki, K.; Fukushima, N.; Tsujiuchi, T. Frequent mutations of lysophosphatidic
acid receptor-1 gene in rat liver tumors. Mutat. Res. 2009, 660, 47–50. [CrossRef]

25. Huyghe, J.R.; Bien, S.A.; Harrison, T.A.; Kang, H.M.; Chen, S.; Schmit, S.L.; Conti, D.V.; Qu, C.; Jeon, J.; Edlund, C.K.; et al.
Discovery of common and rare genetic risk variants for colorectal cancer. Nat. Genet. 2019, 51, 76–87. [CrossRef]

26. Magkrioti, C.; Oikonomou, N.; Kaffe, E.; Mouratis, M.A.; Xylourgidis, N.; Barbayianni, I.; Megadoukas, P.; Harokopos, V.;
Valavanis, C.; Chun, J.; et al. The Autotaxin-Lysophosphatidic Acid Axis Promotes Lung Carcinogenesis. Cancer. Res. 2018,
78, 3634–3644. [CrossRef]

27. Lin, Y.H.; Lin, Y.C.; Chen, C.C. Lysophosphatidic Acid Receptor Antagonists and Cancer: The Current Trends, Clinical Implica-
tions, and Trials. Cells 2021, 10, 1629. [CrossRef]

28. Ma, X.; Feng, J.; Lu, M.; Tang, W.; Han, J.; Luo, X.; Zhao, Q.; Yang, L. microRNA-501-5p promotes cell proliferation and migration
in gastric cancer by downregulating LPAR1. J. Cell. Biochem. 2020, 121, 1911–1922. [CrossRef]

29. Kato, K.; Yoshikawa, K.; Tanabe, E.; Kitayoshi, M.; Fukui, R.; Fukushima, N.; Tsujiuchi, T. Opposite roles of LPA1 and LPA3 on
cell motile and invasive activities of pancreatic cancer cells. Tumor Biol. 2012, 33, 1739–1744. [CrossRef]

https://doi.org/10.7150/jca.41841
https://www.ncbi.nlm.nih.gov/pubmed/32284748
https://doi.org/10.1093/cercor/bhm132
https://doi.org/10.1016/j.neuint.2007.07.004
https://doi.org/10.1038/nn1157
https://doi.org/10.1007/s12035-020-02130-x
https://www.ncbi.nlm.nih.gov/pubmed/32974731
https://www.ncbi.nlm.nih.gov/pubmed/18066075
https://doi.org/10.1002/art.30262
https://www.ncbi.nlm.nih.gov/pubmed/21305523
https://doi.org/10.1152/physiolgenomics.00070.2017
https://doi.org/10.1002/art.37991
https://doi.org/10.1186/s13075-014-0461-9
https://doi.org/10.1093/cvr/cvx089
https://doi.org/10.1186/s13075-019-1973-0
https://doi.org/10.1073/pnas.2204174119
https://www.ncbi.nlm.nih.gov/pubmed/35787042
https://doi.org/10.1016/j.ajpath.2017.10.006
https://www.ncbi.nlm.nih.gov/pubmed/29128569
https://doi.org/10.1161/HYPERTENSIONAHA.115.05515
https://www.ncbi.nlm.nih.gov/pubmed/26123684
https://doi.org/10.1016/j.mrfmmm.2008.10.005
https://doi.org/10.1038/s41588-018-0286-6
https://doi.org/10.1158/0008-5472.CAN-17-3797
https://doi.org/10.3390/cells10071629
https://doi.org/10.1002/jcb.29426
https://doi.org/10.1007/s13277-012-0433-0


Int. J. Mol. Sci. 2025, 26, 2811 20 of 21

30. Cui, R.; Cao, G.; Bai, H.; Zhang, Z. LPAR1 regulates the development of intratumoral heterogeneity in ovarian serous cystadeno-
carcinoma by activating the PI3K/AKT signaling pathway. Cancer Cell Int. 2019, 19, 201. [CrossRef]

31. Benesch, M.G.K.; Wu, R.; Tang, X.; Brindley, D.N.; Ishikawa, T.; Takabe, K. Lysophosphatidic Acid Receptor Signaling in the
Human Breast Cancer Tumor Microenvironment Elicits Receptor-Dependent Effects on Tumor Progression. Int. J. Mol. Sci. 2023,
24, 9812. [CrossRef] [PubMed]

32. Liu, J.; Rebecca, V.W.; Kossenkov, A.V.; Connelly, T.; Liu, Q.; Gutierrez, A.; Xiao, M.; Li, L.; Zhang, G.; Samarkina, A.; et al. Neural
Crest-Like Stem Cell Transcriptome Analysis Identifies LPAR1 in Melanoma Progression and Therapy Resistance. Cancer Res.
2021, 81, 5230–5241. [CrossRef]

33. Venkatraman, G.; Benesch, M.G.; Tang, X.; Dewald, J.; McMullen, T.P.; Brindley, D.N. Lysophosphatidate signaling stabilizes
Nrf2 and increases the expression of genes involved in drug resistance and oxidative stress responses: Implications for cancer
treatment. FASEB J. 2015, 29, 772–785. [CrossRef]

34. Yun, C.C. Lysophosphatidic Acid and Autotaxin-associated Effects on the Initiation and Progression of Colorectal Cancer. Cancers
2019, 11, 958. [CrossRef] [PubMed]

35. Decato, B.E.; Leeming, D.J.; Sand, J.M.B.; Fischer, A.; Du, S.; Palmer, S.M.; Karsdal, M.; Luo, Y.; Minnich, A. LPA1 antagonist
BMS-986020 changes collagen dynamics and exerts antifibrotic effects in vitro and in patients with idiopathic pulmonary fibrosis.
Respir. Res. 2022, 23, 61. [CrossRef]

36. Corte, T.J.; Behr, J.; Cottin, V.; Glassberg, M.K.; Kreuter, M.; Martinez, F.J.; Ogura, T.; Suda, T.; Wijsenbeek, M.; Berkowitz, E.;
et al. Efficacy and Safety of Admilparant, an LPA(1) Antagonist in Pulmonary Fibrosis: A Phase 2 Randomized Clinical Trial.
Am. J. Respir. Crit. Care Med. 2024, 211, 230–238. [CrossRef] [PubMed]

37. Allanore, Y.; Distler, O.; Jagerschmidt, A.; Illiano, S.; Ledein, L.; Boitier, E.; Agueusop, I.; Denton, C.P.; Khanna, D. Lysophos-
phatidic Acid Receptor 1 Antagonist SAR100842 for Patients With Diffuse Cutaneous Systemic Sclerosis: A Double-Blind,
Randomized, Eight-Week Placebo-Controlled Study Followed by a Sixteen-Week Open-Label Extension Study. Arthritis Rheumatol.
2018, 70, 1634–1643. [CrossRef]

38. Song, Y.; Ali, F.N.; Ye, Z.; Zarzoso, J.; Rogowski, J.; Sun, Y.; Xin, Y. Pharmacokinetics of Fipaxalparant, a Small-Molecule Selective
Negative Allosteric Modulator of Lysophosphatidic Acid Receptor 1, and the Effect of Food in Healthy Volunteers. Clin. Pharmacol.
Drug Dev. 2024, 13, 819–827. [CrossRef]

39. Takagi, S.; Sasaki, Y.; Koike, S.; Takemoto, A.; Seto, Y.; Haraguchi, M.; Ukaji, T.; Kawaguchi, T.; Sugawara, M.; Saito, M.; et al.
Platelet-derived lysophosphatidic acid mediated LPAR1 activation as a therapeutic target for osteosarcoma metastasis. Oncogene
2021, 40, 5548–5558. [CrossRef]

40. Erstad, D.J.; Tager, A.M.; Hoshida, Y.; Fuchs, B.C. The autotaxin-lysophosphatidic acid pathway emerges as a therapeutic target
to prevent liver cancer. Mol. Cell Oncol. 2017, 4, e1311827. [CrossRef]

41. Rancoule, C.; Dusaulcy, R.; Treguer, K.; Gres, S.; Attane, C.; Saulnier-Blache, J.S. Involvement of autotaxin/lysophosphatidic acid
signaling in obesity and impaired glucose homeostasis. Biochimie 2014, 96, 140–143. [CrossRef] [PubMed]

42. Kajitani, N.; Miyano, K.; Okada-Tsuchioka, M.; Abe, H.; Itagaki, K.; Hisaoka-Nakashima, K.; Morioka, N.; Uezono, Y.; Takebayashi,
M. Identification of Lysophosphatidic Acid Receptor 1 in Astroglial Cells as a Target for Glial Cell Line-derived Neurotrophic
Factor Expression Induced by Antidepressants. J. Biol. Chem. 2016, 291, 27364–27370. [CrossRef]

43. Abe, H.; Kajitani, N.; Okada-Tsuchioka, M.; Omori, W.; Yatsumoto, M.; Takebayashi, M. Antidepressant amitriptyline-induced
matrix metalloproteinase-9 activation is mediated by Src family tyrosine kinase, which leads to glial cell line-derived neurotrophic
factor mRNA expression in rat astroglial cells. Neuropsychopharmacol. Rep. 2019, 39, 156–163. [CrossRef]

44. Contos, J.J.; Fukushima, N.; Weiner, J.A.; Kaushal, D.; Chun, J. Requirement for the lpA1 lysophosphatidic acid receptor gene in
normal suckling behavior. Proc. Natl. Acad. Sci. USA 2000, 97, 13384–13389. [CrossRef] [PubMed]

45. Harrison, S.M.; Reavill, C.; Brown, G.; Brown, J.T.; Cluderay, J.E.; Crook, B.; Davies, C.H.; Dawson, L.A.; Grau, E.; Heidbreder, C.;
et al. LPA1 receptor-deficient mice have phenotypic changes observed in psychiatric disease. Mol. Cell Neurosci. 2003, 24, 1170–1179.
[CrossRef]

46. Rivera, R.R.; Lin, M.E.; Bornhop, E.C.; Chun, J. Conditional Lpar1 gene targeting identifies cell types mediating neuropathic pain.
Faseb J. 2020, 34, 8833–8842. [CrossRef]

47. Rivera, R.; Williams, N.A.; Kennedy, G.G.; Sanchez-Pavon, P.; Chun, J. Generation of an Lpar1-EGFP Fusion Knock-in Transgenic
Mouse Line. Cell Biochem. Biophys. 2021, 79, 619–627. [CrossRef] [PubMed]

48. Liu, S.; Paknejad, N.; Zhu, L.; Kihara, Y.; Ray, M.; Chun, J.; Liu, W.; Hite, R.K.; Huang, X.Y. Differential activation mechanisms of
lipid GPCRs by lysophosphatidic acid and sphingosine 1-phosphate. Nat. Commun. 2022, 13, 731. [CrossRef]

49. Pradere, J.P.; Klein, J.; Gres, S.; Guigne, C.; Neau, E.; Valet, P.; Calise, D.; Chun, J.; Bascands, J.L.; Saulnier-Blache, J.S.; et al. LPA1
receptor activation promotes renal interstitial fibrosis. J. Am. Soc. Nephrol. JASN 2007, 18, 3110–3118. [CrossRef]

50. Garcia-Diaz, B.; Riquelme, R.; Varela-Nieto, I.; Jimenez, A.J.; de Diego, I.; Gomez-Conde, A.I.; Matas-Rico, E.; Aguirre, J.A.;
Chun, J.; Pedraza, C.; et al. Loss of lysophosphatidic acid receptor LPA1 alters oligodendrocyte differentiation and myelination in
the mouse cerebral cortex. Brain Struct. Funct. 2015, 220, 3701–3720. [CrossRef]

https://doi.org/10.1186/s12935-019-0920-0
https://doi.org/10.3390/ijms24129812
https://www.ncbi.nlm.nih.gov/pubmed/37372960
https://doi.org/10.1158/0008-5472.CAN-20-1496
https://doi.org/10.1096/fj.14-262659
https://doi.org/10.3390/cancers11070958
https://www.ncbi.nlm.nih.gov/pubmed/31323936
https://doi.org/10.1186/s12931-022-01980-4
https://doi.org/10.1164/rccm.202405-0977OC
https://www.ncbi.nlm.nih.gov/pubmed/39393084
https://doi.org/10.1002/art.40547
https://doi.org/10.1002/cpdd.1417
https://doi.org/10.1038/s41388-021-01956-6
https://doi.org/10.1080/23723556.2017.1311827
https://doi.org/10.1016/j.biochi.2013.04.010
https://www.ncbi.nlm.nih.gov/pubmed/23639740
https://doi.org/10.1074/jbc.M116.753871
https://doi.org/10.1002/npr2.12055
https://doi.org/10.1073/pnas.97.24.13384
https://www.ncbi.nlm.nih.gov/pubmed/11087877
https://doi.org/10.1016/j.mcn.2003.09.001
https://doi.org/10.1096/fj.202000317R
https://doi.org/10.1007/s12013-021-01033-5
https://www.ncbi.nlm.nih.gov/pubmed/34652685
https://doi.org/10.1038/s41467-022-28417-2
https://doi.org/10.1681/ASN.2007020196
https://doi.org/10.1007/s00429-014-0885-7


Int. J. Mol. Sci. 2025, 26, 2811 21 of 21

51. Meduri, B.; Pujar, G.V.; Durai Ananda Kumar, T.; Akshatha, H.S.; Sethu, A.K.; Singh, M.; Kanagarla, A.; Mathew, B. Lysophos-
phatidic acid (LPA) receptor modulators: Structural features and recent development. Eur. J. Med. Chem. 2021, 222, 113574.
[CrossRef]

52. Skarnes, W.C.; Rosen, B.; West, A.P.; Koutsourakis, M.; Bushell, W.; Iyer, V.; Mujica, A.O.; Thomas, M.; Harrow, J.; Cox, T.; et al.
A conditional knockout resource for the genome-wide study of mouse gene function. Nature 2011, 474, 337–342. [CrossRef]
[PubMed]

53. Schwenk, F.; Baron, U.; Rajewsky, K. A cre-transgenic mouse strain for the ubiquitous deletion of loxP-flanked gene segments
including deletion in germ cells. Nucleic Acids Res. 1995, 23, 5080–5081. [PubMed]

54. Farley, F.W.; Soriano, P.; Steffen, L.S.; Dymecki, S.M. Widespread recombinase expression using FLPeR (flipper) mice. Genesis
2000, 28, 106–110. [PubMed]

55. Ray, R.; Sinha, S.; Aidinis, V.; Rai, V. Atx regulates skeletal muscle regeneration via LPAR1 and promotes hypertrophy. Cell Rep.
2021, 34, 108809. [CrossRef]

56. Fotopoulou, S.; Oikonomou, N.; Grigorieva, E.; Nikitopoulou, I.; Paparountas, T.; Thanassopoulou, A.; Zhao, Z.; Xu, Y.;
Kontoyiannis, D.L.; Remboutsika, E.; et al. ATX expression and LPA signalling are vital for the development of the nervous
system. Dev. Biol. 2010, 339, 451–464.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.ejmech.2021.113574
https://doi.org/10.1038/nature10163
https://www.ncbi.nlm.nih.gov/pubmed/21677750
https://www.ncbi.nlm.nih.gov/pubmed/8559668
https://www.ncbi.nlm.nih.gov/pubmed/11105051
https://doi.org/10.1016/j.celrep.2021.108809

	Introduction 
	Results and Discussion 
	Materials and Methods 
	Mice Breeding 
	Generation of the Lpar1tm1a, Lpar1tm1b, Lpar1tm1c, and Lpar1tm1d Mouse Strains 
	DNA Extraction, Long-Range PCR, and Genotyping PCR 
	Isolation and Imaging of E11.5–E17.5 Embryos 
	RNA Isolation-Reverse Transcription-Real Time PCR 
	Tissue Processing, H&E Staining, and Imaging 
	X-Gal Staining 
	Protocol for Cryosections 
	Protocol for Paraffin Sections (Lungs/Testis) 

	Biochemical Analysis 
	Statistical Analysis 
	Image Creation 

	References

