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Abstract
Autotaxin, encoded by the Enpp2 gene, produces lysophosphatidic acid (LPA), which exerts numerous biological functions via
its cognate receptors. Enpp2 null mutant mice die by embryonic day 9.5 owing to aberrant vascular development in the yolk
sac, preventing analysis after that period. In this study, we found that Enpp2 heterozygous mice in the DBA/2 genetic
background showed an eye-open-at-birth phenotype at high frequency, caused by failure of eyelid closure during the
embryonic stage. Notably, wildtype pups from the Enpp2 heterozygous dam showed the phenotype, although at lower
frequency, suggesting that maternal LPA affects the embryonic development.

Figure 1.

Eye-open-at-birth phenotype of Enpp2+/- mice in the DBA2 background.

(A) Eye appearance of Enpp2+/+ or Enpp2+/- mice at P28. About 80% of the Enpp2+/- mice showed smaller eyes and corneal
opacity after 3 consecutive backcrosses to DBA/2J. (B) Table showing the numbers and percentages of mice with corneal
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opacity at P28, after 4 consecutive backcrosses to DBA/2J. The numbers and percentages of the offsprings with EOB are
classified and shown according to the parental genotypes. (C) Eye-open phenotype of Enpp2+/- embryos and neonates. The
eyelids were open in both the Enpp2+/+ and the Enpp2+/- embryos at E14.5. In the Enpp2+/+ embryos, the eyelids were closed
at E16.5 and remained closed at P7, whereas in the Enpp2+/- embryos, the eyelids remained open throughout the embryonic
and neonatal periods. (D) Hematoxylin-eosin-stained transverse slices of the eyes of Enpp2+/+ or Enpp2+/- embryos at E17.5.
Eyelid epithelial extension was impaired in the Enpp2+/- embryos (black arrows). Scale bar, 300 µm. (E) In situ hybridization
of Ennp2. At E10.5, no signal was observed. At E12.5, when the eyelids were extended, strong Enpp2 expression was
observed in the mesenchymal cells just beneath the extending epithelium, which persisted until E15.5. Scale bar, 50 µm. (F)
LacZ staining of Enpp2+/+ or Enpp2+/- embryos. At E11.5, the signals were detected in the eyelids and whisker hair follicles
of the Enpp2+/- embryos. The signals in the eyelid region remained strong until E15.5. The signals were not observed in the
Enpp2+/+ embryo. Scale bar, 400 µm.

Description
Autotaxin, also known as ectonucleotide pyrophosphatase/phosphodiesterase 2 (Enpp2), is an ectoenzyme responsible for the
production of lysophosphatidic acid (LPA) in the extracellular space (Kano et al., 2022; Perrakis and Moolenaar, 2014; Stefan
et al., 2005; Tokumura et al., 2002; Umezu-Goto et al., 2002). LPA is a lipid mediator possessing a wide variety of biological
functions, including cell proliferation, migration, and survival (Kano et al., 2022; Luquain et al., 2003). These effects are
mediated by its G protein-coupled receptors (LPA1–6), which activate intracellular signal pathways (Kano et al., 2022; Yung et
al., 2014). Enpp2-/- mice exhibit embryonic lethality at embryonic day 9.5 (E9.5) owing to angiogenic defects in the yolk sac
(Koike et al., 2009; Tanaka et al., 2006; van Meeteren et al., 2006). It is thus impossible to investigate the functions of
autotaxin after this time period using conventional knockout (KO) mice. To overcome this difficulty, conditional KO mice or
transgenic mice were used to examine autotaxin functions in the adult, including inflammation, fibrosis, and obesity (Dusaulcy
et al., 2011; Nikitopoulou et al., 2022; Oikonomou et al., 2012). Additionally, functional analysis has been performed using
heterozygous mice, in which the LPA level in the circulation was reduced to approximately 50% of the level of that in
wildtype (WT) mice (Tanaka et al., 2006; van Meeteren et al., 2006): platelet-dependent thrombus formation, suppression of
adipocyte hyperplasia, and impaired insulin signaling were reported in Enpp2 heterozygous mice (D’Souza et al., 2018;
Nishimura et al., 2014; Pamuklar et al., 2009).

In this study, we examined the impact of genetic background on the Enpp2 mutation because in general, differences in genetic
background can weaken or strengthen the phenotypes of KO mice (Montagutelli, 2000). We backcrossed Enpp2 heterozygous
mice, maintained on a mixed genetic background of C57BL/6N and 129SvJ, to various inbred strains, including C57BL/6N,
129SvJ, BALB/cA, C3H/HeJ, and DBA/2J. After backcrosses to DBA/2J for 3 consecutive generations, we noticed for the
first time that some postnatal mice developed corneal opacity (Fig. 1A): none of the mice backcrossed to other inbred strains
developed such a phenotype nor showed other visible changes. The frequency of corneal opacity at postnatal day 28 (P28) was
about 80% in the Enpp2+/- mice in the offspring backcrossed to DBA/2J for 4 consecutive generations (Fig. 1B). Intriguingly,
a small number (8.9%) of the WT mice also showed a similar phenotype (Fig. 1B). To eliminate the possibility that a
spontaneous mutation affecting eye development occurred during backcrossing, we conducted an independent backcross to
DBA/2J and found that the same phenotype appeared at a similar frequency. When examined separately by each parent’s
genotype, the WT pups with corneal opacity were observed in those born from Enpp2+/- females mated with WT males, but
not in those born from WT females mated with Enpp2+/- males (Fig. 1B). These data imply that the maternal genotype
influences the phenotypic appearance of the offspring.

Previous studies have demonstrated a correlation between corneal opacity and an eye-open-at-birth (EOB) phenotype. In mice,
eyelid development begins with the groove extending over the cornea around E12, and the eyelid primordia meet and fuse
around E16.5 (Findlater et al., 1993). The eyelids remain fused until P12-14 when they reopen as a result of apoptosis of the
eyelid tissues. When the eyelids are not closed at the embryonic stage, corneal injury induces inflammation and opacity after
birh (Nunomura et al., 2021; Wu et al., 2016). To determine whether the ocular abnormalities observed in Enpp2+/- mice are
caused by EOB, we examined the eye development of embryos generated by mating WT female mice with Enpp2+/- male
mice to minimize maternal effects. The eyelid primordia were formed in all the embryos at E12.5 to E14.5 (Fig. 1C). At E16.5,
the eyelids had already fused in the WT embryos, but they remained open in the Enpp2+/- embryos (Fig. 1C). At P7, the
eyelids remained closed in the WT mice, whereas the Enpp2+/- mice showed opened eyelids and corneal opacity (Fig. 1C).
Histological analysis of transverse slices of the eye at E17.5 revealed that the epithelial sheets over the eye were not formed in
the Enpp2+/- embryos, whereas no apparent abnormalities were observed in the lens, retina, or cornea (Fig. 1D). These data
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indicate that ocular abnormalities observed in postnatal Enpp2+/- mice resulted from a failure of eyelid extension and closure
during the embryonic stage. The corneal opacity seems to be a secondary effect resulting from the injury caused by the
absence of eyelids and loss of physical protection.

Finally, we examined the Enpp2 expression in the eye region of the embryos. Initially, we detected Enpp2 mRNA using in situ
hybridizaton. At E10.5, Enpp2 signals were undetectable around the eye (Fig. 1E). At E12.5, strong signals were detected in
the mesenchymal cells, especially beneath the extending epithelium, but not in the epithelial cells of the eyelids. The
expression remained detectable until E15.5. Next, we investigated Enpp2 expression by means of wholemount LacZ staining,
as the LacZ gene was knocked in the Enpp2 KO allele. The signal was weakly detected around the eye at E11.5 and had
become stronger at E15.5 (Fig. 1F). The signals were not detected in the WT mice, suggesting the specificity of the lacZ
reaction (Fig. 1F).

Our data indicate that Enpp2 is expressed in the mesenchymal cells of eyelids when the eyelids extend and that decreased
Enpp2 expression induces the EOB phenotype in the DBA/2J background, suggesting that Enpp2 is required for the
proliferation and/or migration of mesenchymal cells in the eyelids. Why the EOB phenotype appears only in the DBA/2J
background is unknown. However, given that DBA/2J is a model for congenital experimental glaucoma (Turner et al., 2017),
the strain may have unidentified susceptibility to eye diseases associated with maldevelopment of the anterior eye segment.
Interestingly, heterozygosity of the dam partially induces the EOB phenotype in their WT offspring, suggesting that LPA in the
dam somehow affects the eye development of their embryos. Although it also remains unknown whether LPA is supplied from
the matermal circulation to the embryo, it is possible that an unidentified LPA transporter in the placenta facilitates transport of
LPA as amino acids and fatty acids are transported (Brett et al., 2014) and extracellular LPA can activate peroxisome
proliferator-activated receptor (PPARγ) in monocytic cells intracellularly across cell membranes (McIntyre et al., 2003).
Investigating how maternal LPA impacts embryonic development will be necessary in future.

Methods
Animals

All experimental procedures involving animals were approved by the Animal Care and Use Committee of the University of
Tsukuba and performed in accordance with its guidelines. Enpp2 KO mice (B6;129SvJ-Enpp2tm1Mmas) were generated by use
of homologous recombination in 129/Ola-derived ES cells (Koike et al., 2009). The mutant mice were backcrossed to
C57BL/6N, 129SvJ, BALB/cA, C3H/HeJ, and DBA/2J, which were purchased from CLEA Japan. Offspring were genotyped
by use of PCR using the primers 5’-CTGCTGAAACTTAATGCACTGGAC-3’ (Enpp2 forward), 5’-
TGTGTAAGTCAGGGAACAACTCTG-3’ (Enpp2 reverse), and 5’-TGCTCCAGACTGCCTTGGGAAAAG-3’ (neo). Noon
of the day when a vaginal plug was observed was taken as embryonic day 0.5 (E0.5). Embryos were taken after mice were
sacrificed by means of cervical dislocation.

In situ hybridization

C57BL/6N embryos were fixed with 4% paraformaldehyde (PFA) in phosphate-buffered saline (PBS). After the brains were
incubated in 30% sucrose/PBS at 4°C overnight and embedded in OCT compound (Sakura Finetek Japan), 10-µm-thick slices
were cut by use of a cryostat CM1850 (Leica). The slices were treated with 1 µg/mL proteinase K in PBS with 0.1% Tween-20
(PBT) at 37°C for 5 min, washed and fixed with 4% PFA, and hybridized with 1 µg/mL digoxigenin (DIG)-labeled antisense
RNA probe (nt 678–1323 of mouse Enpp2 cDNA; GenBank accession number NM015744) in a hybridization solution (50%
formamide, 5× SSC pH 4.5, 1% SDS, 50 µg/mL heparin, 50 µg/mL yeast RNA) at 65°C for 16 h. The slides were washed with
50% formamide, 5× SSC, 1% SDS at 65°C for 30 min, and with 50% formamide, 2× SSC at 65°C for 30 min 3 times, and then
incubated with an alkaline phosphatase-conjugated anti-DIG antibody (Sigma-Aldrich) at 4°C overnight. After washing with
Tris-buffered saline with 0.1% Tween-20, signals were detected by use of BM purple (Sigma-Aldrich) in the presence of 2
mM levamisole (Sigma-Aldrich) at room temperature for 1–5 days.

LacZ staining

Enpp2+/+ or Enpp2+/- embryos were fixed with 2% PFA and 0.2% glutaraldehyde in PBS. After rinsing with PBS 3 times,
LacZ staining was carried out by incubation of the embryos in PBS containing 5 mM K4Fe(CN)6, 5 mM K3Fe(CN)6, 1 mg/ml
X-gal, 2 mM MgCl2, 0.02% Nonidet P40, and 0.01% Na deoxycholate.

Histology

For histological examination, mouse embryos were fixed with 4% PFA in PBS. Subsequently, the fixed embryos were
processed and embedded in paraffin by use of a tissue processor ASP200 (Leica). Slices of 4-µm thickness were then cut with
a microtome RM2145 (Leica) and stained with hematoxylin-eosin (Muto Pure Chemicals).

 

4/24/2024 - Open Access

https://www.ncbi.nlm.nih.gov/nuccore/NM015744


 

Acknowledgements:

We thank Dr Takuya Okada and Flaminia Miyamasu for critical reading of the manuscript.

References
Brett KE, Ferraro ZM, Yockell-Lelievre J, Gruslin A, Adamo KB. 2014. Maternal-fetal nutrient transport in pregnancy
pathologies: the role of the placenta. Int J Mol Sci 15(9): 16153-85. PubMed ID: 25222554

D'Souza K, Nzirorera C, Cowie AM, Varghese GP, Trivedi P, Eichmann TO, et al., Kienesberger PC. 2018. Autotaxin-LPA
signaling contributes to obesity-induced insulin resistance in muscle and impairs mitochondrial metabolism. J Lipid Res
59(10): 1805-1817. PubMed ID: 30072447

Dusaulcy R, Rancoule C, Grès S, Wanecq E, Colom A, Guigné C, et al., Saulnier-Blache JS. 2011. Adipose-specific disruption
of autotaxin enhances nutritional fattening and reduces plasma lysophosphatidic acid. J Lipid Res 52(6): 1247-1255. PubMed
ID: 21421848

Findlater GS, McDougall RD, Kaufman MH. 1993. Eyelid development, fusion and subsequent reopening in the mouse. J
Anat 183 ( Pt 1)(Pt 1): 121-9. PubMed ID: 8270467

Kano K, Aoki J, Hla T. 2022. Lysophospholipid Mediators in Health and Disease. Annu Rev Pathol 17: 459-483. PubMed ID:
34813354

Koike S, Keino-Masu K, Ohto T, Sugiyama F, Takahashi S, Masu M. 2009. Autotaxin/lysophospholipase D-mediated
lysophosphatidic acid signaling is required to form distinctive large lysosomes in the visceral endoderm cells of the mouse
yolk sac. J Biol Chem 284(48): 33561-70. PubMed ID: 19808661

Luquain C, Sciorra VA, Morris AJ. 2003. Lysophosphatidic acid signaling: how a small lipid does big things. Trends Biochem
Sci 28(7): 377-83. PubMed ID: 12878005

McIntyre TM, Pontsler AV, Silva AR, St Hilaire A, Xu Y, Hinshaw JC, et al., Prestwich GD. 2003. Identification of an
intracellular receptor for lysophosphatidic acid (LPA): LPA is a transcellular PPARgamma agonist. Proc Natl Acad Sci U S A
100(1): 131-6. PubMed ID: 12502787

Montagutelli X. 2000. Effect of the genetic background on the phenotype of mouse mutations. J Am Soc Nephrol 11 Suppl 16:
S101-5. PubMed ID: 11065339

Nikitopoulou I, Katsifa A, Kanellopoulou P, Jahaj E, Vassiliou AG, Mastora Z, et al., Kotanidou A. 2022. Autotaxin Has a
Negative Role in Systemic Inflammation. Int J Mol Sci 23(14). PubMed ID: 35887265

Nishimura S, Nagasaki M, Okudaira S, Aoki J, Ohmori T, Ohkawa R, et al., Nagai R. 2014. ENPP2 contributes to adipose
tissue expansion and insulin resistance in diet-induced obesity. Diabetes 63(12): 4154-64. PubMed ID: 24969110

Nunomura S, Nanri Y, Lefebvre V, Izuhara K. 2021. Epithelial SOX11 regulates eyelid closure during embryonic eye
development. Biochem Biophys Res Commun 549: 27-33. PubMed ID: 33662665

Oikonomou N, Mouratis MA, Tzouvelekis A, Kaffe E, Valavanis C, Vilaras G, et al., Aidinis V. 2012. Pulmonary autotaxin
expression contributes to the pathogenesis of pulmonary fibrosis. Am J Respir Cell Mol Biol 47(5): 566-74. PubMed ID:
22744859

Pamuklar Z, Federico L, Liu S, Umezu-Goto M, Dong A, Panchatcharam M, et al., Smyth SS. 2009. Autotaxin/lysopholipase
D and lysophosphatidic acid regulate murine hemostasis and thrombosis. J Biol Chem 284(11): 7385-94. PubMed ID:
19139100

Perrakis A, Moolenaar WH. 2014. Autotaxin: structure-function and signaling. J Lipid Res 55(6): 1010-8. PubMed ID:
24548887

Stefan C, Jansen S, Bollen M. 2005. NPP-type ectophosphodiesterases: unity in diversity. Trends Biochem Sci 30(10): 542-50.
PubMed ID: 16125936

Tanaka M, Okudaira S, Kishi Y, Ohkawa R, Iseki S, Ota M, et al., Arai H. 2006. Autotaxin Stabilizes Blood Vessels and Is
Required for Embryonic Vasculature by Producing Lysophosphatidic Acid. J Biol Chem 281: 25822–30. PubMed ID:
16829511

Tokumura A, Majima E, Kariya Y, Tominaga K, Kogure K, Yasuda K, Fukuzawa K. 2002. Identification of human plasma
lysophospholipase D, a lysophosphatidic acid-producing enzyme, as autotaxin, a multifunctional phosphodiesterase. J Biol
Chem 277(42): 39436-42. PubMed ID: 12176993

 

4/24/2024 - Open Access

https://www.ncbi.nlm.nih.gov/pubmed/25222554
https://www.ncbi.nlm.nih.gov/pubmed/30072447
https://www.ncbi.nlm.nih.gov/pubmed/21421848
https://www.ncbi.nlm.nih.gov/pubmed/8270467
https://www.ncbi.nlm.nih.gov/pubmed/34813354
https://www.ncbi.nlm.nih.gov/pubmed/19808661
https://www.ncbi.nlm.nih.gov/pubmed/12878005
https://www.ncbi.nlm.nih.gov/pubmed/12502787
https://www.ncbi.nlm.nih.gov/pubmed/11065339
https://www.ncbi.nlm.nih.gov/pubmed/35887265
https://www.ncbi.nlm.nih.gov/pubmed/24969110
https://www.ncbi.nlm.nih.gov/pubmed/33662665
https://www.ncbi.nlm.nih.gov/pubmed/22744859
https://www.ncbi.nlm.nih.gov/pubmed/19139100
https://www.ncbi.nlm.nih.gov/pubmed/24548887
https://www.ncbi.nlm.nih.gov/pubmed/16125936
https://www.ncbi.nlm.nih.gov/pubmed/16829511
https://www.ncbi.nlm.nih.gov/pubmed/12176993


 

Turner AJ, Vander Wall R, Gupta V, Klistorner A, Graham SL. 2017. DBA/2J mouse model for experimental glaucoma:
pitfalls and problems. Clin Exp Ophthalmol 45(9): 911-922. PubMed ID: 28516453

Umezu-Goto M, Kishi Y, Taira A, Hama K, Dohmae N, Takio K, et al., Arai H. 2002. Autotaxin has lysophospholipase D
activity leading to tumor cell growth and motility by lysophosphatidic acid production. J Cell Biol 158(2): 227-33. PubMed
ID: 12119361

van Meeteren LA, Ruurs P, Stortelers C, Bouwman P, van Rooijen MA, Pradère JP, et al., Jonkers J. 2006. Autotaxin, a
secreted lysophospholipase D, is essential for blood vessel formation during development. Mol Cell Biol 26(13): 5015-22.
PubMed ID: 16782887

Wu LC, Liu C, Jiang MR, Jiang YM, Wang QH, Lu ZY, et al., Shao YX. 2016. Defective eyelid leading edge cell migration in
C57BL/6-corneal opacity mice with an "eye open at birth" phenotype. Genet Mol Res 15(3). PubMed ID: 27706598

Yung YC, Stoddard NC, Chun J. 2014. LPA receptor signaling: pharmacology, physiology, and pathophysiology. J Lipid Res
55(7): 1192-214. PubMed ID: 24643338

Funding:

This study was supported by grants from the Ministry of Education, Culture, Sports, Science and Technology of Japan
[KAKENHI 17024006] and Takeda Science Foundation [2022039209].

Author Contributions: Seiichi Koike: conceptualization, formal analysis, data curation, investigation, writing - original draft,
writing - review editing, funding acquisition. Kazuko Keino-Masu: conceptualization, writing - review editing. Masayuki
Masu: conceptualization, funding acquisition, supervision, writing - original draft, writing - review editing, project
administration.

Reviewed By: Anonymous

History: Received February 21, 2024 Revision Received April 12, 2024 Accepted April 19, 2024 Published Online April
24, 2024 Indexed May 8, 2024

Copyright: © 2024 by the authors. This is an open-access article distributed under the terms of the Creative Commons
Attribution 4.0 International (CC BY 4.0) License, which permits unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are credited.

Citation: Koike, S; Keino-Masu, K; Masu, M (2024). Enpp2 haploinsufficiency induces an eye-open-at-birth phenotype in the
DBA/2 background. microPublication Biology. 10.17912/micropub.biology.001212

 

4/24/2024 - Open Access

https://www.ncbi.nlm.nih.gov/pubmed/28516453
https://www.ncbi.nlm.nih.gov/pubmed/12119361
https://www.ncbi.nlm.nih.gov/pubmed/16782887
https://www.ncbi.nlm.nih.gov/pubmed/27706598
https://www.ncbi.nlm.nih.gov/pubmed/24643338
https://doi.org/10.17912/micropub.biology.001212

