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Angiogenesis, the formation and expansion of blood vessels 
from pre-existing vessels by means of endothelial cell (EC) 

proliferation and sprouting, results in the establishment of a ste-
reotypically organized vascular network.1 The endothelium is a 
thin layer of cells that lines the interior surface of blood vessels 
and is responsible for several physiological functions including 
sensing, monitoring, and transferring molecules from the plasma 
to surrounding tissues. Loss of these functions is a critical step in 
the pathogenesis of various syndromes, such as atherosclerosis, 
thrombosis, and disruption of the blood–brain barrier.2,3 Although 
much of the past decades of research has focused on the central 
role played by the hypoxia/vascular endothelial growth factor 
(VEGF) pathway as an important regulator of angiogenesis, 
recent evidence have begun to emerge pointing to metabolic 
cues as regulators of EC behavior.4,5 The glycolytic activator 
PFKFB3, for instance, was shown to regulate EC proliferation 
and directional migration by controlling the formation of filo-
podia/lamellipodia.6 Similarly, carnitine palmitoyltransferase I, a 
rate-limiting enzyme involved in fatty acid oxidation, was found 
to regulate EC sprouting by selectively inducing proliferation, 

and carbons from fatty acids were shown to be critical for de 
novo DNA synthesis during active phases of angiogenesis.7

See accompanying editorial on page 2029
During adult life, as well as in the developing embryo, 

ECs are continuously exposed to circulating lipoproteins. 
Lipoproteins cross endothelial cell barriers at different occa-
sions, namely, after secretion from the liver and intestine into 
the blood and lymph and from the blood into extravascular 
compartments, to reach surrounding tissues. For many years, 
ECs were thought to function as an inert biological barrier, 
which exchanges lipids between plasma and surrounding 
tissues. Recent work, however, has begun to uncover novel 
mechanisms linking lipoprotein biology and angiogenesis. 
Apoprotein A-I–binding protein (Aibp), for instance, was 
found to be necessary for effective cholesterol efflux, which 
in turn regulates angiogenesis, possibly through VEGFR2, 
FAK, and AKT phosphorylation.8 In addition, inhibition of 
the HMG-CoA reductase pathway suppressed venous angio-
genesis in the zebrafish embryo.9 We have previously shown 
that apoprotein B (ApoB)–containing lipoproteins, including 
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chylomicrons, low-density lipoproteins (LDLs), and very-
low–density lipoproteins (VLDL), modulate angiogenesis 
by regulating the expression of the endothelial decoy recep-
tor VEGFR1.10 Zebrafish stalactite (stl) mutants, which carry 
a mutation in the microsomal triglyceride transfer protein 
(mtp) gene11 and are consequently devoid of ApoB lipo-
proteins, display excessive sprouting angiogenesis because 
of downregulation of VEGF receptor 1 (vegfr1) levels.10 In 
contrast, ablation of apoCII expression induced pronounced 
hyperlipidemia10,12 with concomitant upregulation of Vegfr1 
and severely impaired angiogenesis. ApoCII is a coactiva-
tor of lipoprotein lipase, which is required for the hydro-
lysis and release of fatty acids from ApoB lipoproteins to 
the tissue.13 Zebrafish apoCII mutants recapitulate the hyper-
lipidemic phenotype induced by the antisense morpholino 
oligonucleotide (MO) and display defects in angiogenesis, 
although less severe.12 Interestingly, in these mutants, the 
vascular phenotypes recover by ≈14 days post fertiliza-
tion (dpf), suggesting specific roles for lipoproteins during 
embryonic development that are later on compensated for 
by other mechanisms. This notion is in line with the fact that 
hyperlipidemic mice and humans generally survive to adult-
hood with no major vascular defects, although they are at 
increased risk of developing endothelial dysfunction, cardio-
vascular disease, and premature death.14,15

Although the strong link between circulating lipoproteins 
and EC behavior is becoming evident, the molecular mecha-
nisms underlying this interaction have remained unclear. In this 
work, we used a global expression profiling approach to identify 
EC-specific factors mediating the response of the endothelium 
to lipoprotein levels in vivo. We identify the secreted enzyme 
Autotaxin, also known as ectonucleotide pyrophosphatase/
phosphodiesterase 2 (Enpp2), as a downstream target of ApoB 
lipoproteins in ECs. We further demonstrate that Autotaxin mod-
ulates different aspects of EC behavior through the generation 
of the bioactive, lipid-signaling molecule lysophosphatidic acid 
(LPA), and activation of EC-specific LPA receptors. Our results 
uncover a novel signaling circuit activated in ECs in response to 
lipoprotein availability and open new avenues of research into 
endothelial dysfunction associated with hyperlipidemia.

Materials and Methods
Materials and Methods are available in the online-only Data 
Supplement.

Results
To characterize the molecular mechanisms underlying the 
effects of lipoproteins on angiogenesis in vivo, we performed 
microarray analysis on zebrafish ECs facing different levels of 

ApoB lipoproteins. To this end, we isolated fli:EGFP+ ECs by 
fluorescence-activated cell sorting (FACS)16 from 3 dpf wild-
type (WT), stl mutants-, which are devoid of ApoB lipoproteins, 
and hyperlipidemic apoCII MO–injected embryos (Figure 1A; 
Figure IA and IB in the online-only Data Supplement). After 
sorting, RNA was extracted and hybridized to an Agilent 4×44 
microarray. The data were analyzed to compare between the 
outcomes of (1) high and normal lipoprotein levels (apoCII 
versus WT), (2) low and normal lipoprotein levels (stl versus 
WT), and (3) high and low lipoprotein levels (apoCII versus 
stl). We found a large number of genes whose expression 
changed specifically in either stl- or apoCII MO-derived ECs, 
as compared with the WT sample (Figure 1B; Tables I and II 
in the online-only Data Supplement), suggesting that different 
levels of ApoB lipoproteins result in activation of distinct gene 
sets within ECs. We also found that hyperlipidemia induced 
a more pronounced transcriptional response than lipoprotein 
depletion, as manifested by the larger number of genes with 
differential expression levels detected in apoCII morphant-, as 
compared with stl-derived ECs (Figure 1B; Tables I and II in 
the online-only Data Supplement).

We used gene ontology annotations to assign biologi-
cal processes and molecular functions to genes that changed 
significantly only in hypo- or hyperlipidemia (Tables I and 
II in the online-only Data Supplement) or in both condi-
tions, either in opposite (Table III in the online-only Data 
Supplement) or correlative manner (Table IV in the online-
only Data Supplement). We found that the large majority 
of the genes showing specific differential expression in stl-
derived ECs were related to metabolic pathways and to energy 
production networks (Figure IIA and IIA′ and Table V in the 
online-only Data Supplement). Specifically, a significant dif-
ference was detected in the expression of genes involved in 
amino acid metabolism, which could potentially be linked to 
enhanced proliferation detected of stl ECs. Interestingly, in 
apoCII MO-derived ECs, a large percentage of differentially 
expressed genes was related to signaling pathways that regu-
late angiogenesis, such as MAPK (mitogen-activated protein 
kinase), Delta-Notch, and Wnt17–19 (Figure IIB and IIB′ in the 
online-only Data Supplement), highlighting the important role 
of lipoproteins as signaling mediators, besides their serving as 
carriers of cholesterol and triglycerides.20 In addition, around 
9% of the genes whose expression changed specifically in 
apoCII ECs were related to apoptosis, reflecting the deleteri-
ous effects of high lipoprotein levels on the endothelium.

We have previously demonstrated that in both stl mutants 
and apoCII morphants, lipoproteins do not reach the end tis-
sues, rendering embryos under severe fatty acid starvation.10 We 
hypothesized that a response to this global starvation should be 
reflected by correlative changes in gene expression in apoCII 
morphants and stl mutant-–derived ECs. Surprisingly how-
ever, metabolic-, and stress-related genes represented only a 
small fraction of the correlative gene classification (Figure 1C; 
Figure IIC in the online-only Data Supplement), further sup-
porting the notion that lipoproteins activate specific pathways 
within ECs, rather than inducing a generalized stress response. 
In contrast, we detected significant correlative changes in focal 
adhesion genes, which could likely account for alterations in 

Nonstandard Abbreviations and Acronyms

dpf days post fertilization

EC endothelial cell

hpf hours post fertilization

LDL low-density lipoprotein

LPA lysophosphatidic acid

MO morpholino oligonucleotide
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Figure 1. Expression profiling of endothelial cells (ECs) facing different lipoprotein levels. A, Schematic representation of the applied methodol-
ogy. Zebrafish embryo with the trunk and the yolk areas shown below boxed in blue and pink, respectively. In stl mutants, lipoprotein depletion 
(shown by ORO staining, upper panel) results in overproliferation of ECs and ectopic angiogenesis. Conversely, in apoCII morphants, hyper-
lipidemia causes severe defects in the formation of the trunk vasculature. fli:EGFP+ ECs were isolated by fluorescence-activated cell sorting 
(FACS), followed by RNA extraction and hybridization to a zebrafish microarray. B, Dot plot of genes whose expression changed specifically 
and significantly in either stl vs WT or apoCII vs. WT. Green: downregulated genes, red: upregulated genes, and gray: nonsignificant. X axis: 
probe ID number. Significant up- or downregulation >3-fold change. C, Bar graph of genes that showed correlative changes in stl vs WT 
and apoCII vs WT but showed no significant changes in apoCII vs stl. D, Bar graph of genes that showed opposite changes in stl vs WT and 
apoCII vs WT, accompanied by a significant change in apoCII vs stl. C and D, Significant up or downregulation >2-fold change. E, Linear fold 
change expression of atx in the microarray analysis. F, Quantitative real-time polymerase chain reaction (qRT-PCR) of atx expression in FACS-
sorted ECs of Tg(fli-EGFP)y1 WT, stl, and apoCII morpholino oligonucleotide (MO) embryos, N=3, *P<0.05, **P<0.001. G, In situ hybridization 
for atx in 24 h post fertilization wild-type (WT) embryos. H, qRT-PCR of atx expression in FACS-sorted fli:EGFP+ ECs and fli:EGFP- cells (non-
ECs) from 3 days post fertilization embryos. N=3, *P<0.001.
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EC migration in stl mutants, or in vessel instability in apoCII 
morphants as both processes involve EC detachment from the 
surrounding extracellular matrix.21

We next analyzed genes whose expression changed in 
opposite directions when comparing apoCII morphants and 
stl mutants, that is, genes that are upregulated in one model 
and downregulated in the other and vice versa. Because we 
reasoned that a specific response of ECs to contrasting lev-
els of plasma lipoproteins would be reflected by these altera-
tions, we focused our studies on this set of genes (Figure 1D; 
Figure IID in the online-only Data Supplement). In this con-
text, we found that expression of enpp2/atx was upregulated 
in stl mutant- and downregulated in apoCII morphant–derived 

ECs (Figure 1E and 1F). AUTOTAXIN is a secreted enzyme 
found to be expressed by a large variety of tumor cells includ-
ing, among others, melanoma, breast cancer, and glioblas-
toma.22 AUTOTAXIN was shown to act as a prometastatic23 
and proangiogenic factor in a Matrigel plug assay24 and to 
promote vessel stabilization in an allantois explant culture sys-
tem.25 Nonetheless, the study of its regulation during embry-
onic development, as well as of its tissue sources in normal 
physiology, has been hampered by the lack of suitable in vivo 
models. Autotaxin knockout mice die at embryonic day 9.5 
because of profound vascular defects, both in the embryo and 
in the yolk sac.25,26 In zebrafish, Autotaxin has been shown to 
be involved in the establishment of left–right asymmetry,27 in 

Figure 2. Atx induces excessive angiogenesis in response to hypolipidemia in zebrafish embryos. A, WT and (B), stl mutants, showing 
ectopic sprouting in stl subintestinal vessels (SIVs). C and D, Quantification of number (C) and length (D) of ectopic SIV sprouts in stl vs 
wild-type (WT) embryos. N=3, nwt=107, nstl=110, *Pnumber= 1.51E−38, *Plength=7.18E−29. E, atx mRNA- and (F) fli-atx-injected WT embryo show-
ing ectopic SIV sprouting. G and H, Quantification of number (G) and length (H) of ectopic SIV sprouts in atx mRNA and fli-atx injected 
embryos. N=3, nWT=152, natx-mRNA=98, nFli-atx=90. *Pnumber<0.001, **Pnumber<0.001, *Plength<0.01, **Plength<0.001. I and J, WT (I) and (J) stl mutant 
embryo injected with subdose of atx morpholino oligonucleotide (MO), showing reduced ectopic SIV sprouting in stl mutant after Atx 
downregulation. K and L, Quantification of number (K) and length (L) of SIV ectopic sprouts in stl embryos injected with atx MO. N=5, 
nstl=110, nstl+atx MO=82. *Pnumber=6.13E−18, *Plength=1.0E−10. M, WT and stl (N) embryos treated with ATX chemical inhibitor HA-130 showing 
reduced ectopic SIVs sprouting in stl mutant following Atx inhibition. O and P, Quantification of number (O) and length (P) of SIV ectopic 
sprouts in stl embryos treated with HA-130. N=2, nstl=38, nstl+HA-130=48. *Pnumber=2.3E−7, *Plength=2.7E−5. All images were obtained at 3 days 
post fertilization. White arrows indicate ectopic SIV sprouts. Scale bar=50 µm.
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oligodendrocyte differentiation,28 and in formation of the vas-
cular system.29,30 Specifically, MO-mediated knockdown of atx 
in zebrafish embryos induced defects in intersegmental vessel 
formation.29 However, the molecular mechanisms regulating 
its expression and mode of action have remained unclear. To 
investigate the putative role of Autotaxin in the EC response 
to lipoprotein levels, we first assessed its expression pattern 
in zebrafish embryos using in situ hybridization. At 24 hours 
post fertilization (hpf), clear staining was detected in the main 
axial vessels (Figure 1G). In addition, quantitative real-time 
polymerase chain reaction (qRT-PCR) comparing FACS-sorted 
fli:EGFP+ ECs versus fli:EGFP− non-ECs showed enhanced 
atx expression in the EC fraction (Figure 1H).

The fact that atx expression was upregulated in stl mutants, 
which exhibit excessive sprouting angiogenesis in response to 
lipoprotein deficiency (Figure 2A through 2D),10 prompted us 
to investigate whether autotaxin contributes to this phenotype. 
Injection of atx mRNA into one-cell stage zebrafish embryos 
resulted in the presence of ectopic SIV (subintestinal vessel) 
sprouts (Figure 2E, 2G, and 2H) reminiscent of those seen in 
stl mutants (Figure 2B). Furthermore, fli1-driven expression of 
atx in ECs was sufficient to phenocopy the excessive angiogen-
esis displayed by stl mutants (Figure 2F through 2H), indicat-
ing that EC autonomous activation of Autotaxin is sufficient 
to elicit a proangiogenic response. Finally, downregulation of 
atx using atx MOs at doses that did not elicit any noticeable 
vascular defects in WT siblings, was sufficient to rescue the 
excessive angiogenesis phenotype of stl mutants (Figure 2I 
through 2L), confirming that Autotaxin acts downstream of 
ApoB lipoproteins in ECs. A similar effect was observed after 
treatment with the specific ATX chemical inhibitor HA-13027,31 
(Figure 2M through 2P). Next, we examined whether Autotaxin 
downregulation accounts for the vascular phenotypes seen 
in hyperlipidemic apoCII morphants (Figure 3A and 3B). 
Although injection of control MO did not induce any morpho-
logical (Figure 3A and 3E) or gene expression (Figure III in 
the online-only Data Supplement) changes, atx MO injection 
resulted in early vascular defects (Figure 3C and 3E),29 similar 
to those observed in apoCII morphants (Figure 3B and 3F). 
Accordingly, EC-specific overexpression of atx, driven by the 

fli1 promoter, was sufficient to rescue the impaired vasculature 
of apoCII morphants (Figure 3D and 3F). Altogether, these 
results highlight Autotaxin as a key player in the molecular 
cascade underlying the response of ECs to plasma lipoproteins.

The detected changes in EC expression of atx could be 
secondary to global effects of lipoprotein starvation versus 
overload. Alternatively, they could reflect a direct EC autono-
mous response to contrasting lipoprotein levels. To distinguish 
between these 2 possibilities, we turned to cultured human 
umbilical vein endothelial cells (HUVECs) and assessed 
the impact of LDL and VLDL on AUTOTAXIN expression 
and function (Figure 4). Addition of LDL to HUVEC cul-
ture medium resulted in reduced levels of both ATX mRNA 
(Figure 4A), and secreted AUTOTAXIN protein (Figure 4B), 
indicating a direct effect of LDL on AUTOTAXIN produc-
tion by ECs. To further investigate the functional link between 
ApoB lipoproteins and AUTOTAXIN, we evaluated the ability 
of HUVECs to form tubes after exposure to LDL, VLDL, and 
LDL+AUTOTAXIN. As shown in Figure 4C through 4F, LDL 
supply resulted in significant reduction in the average number 
of tubes, total tube length, and total tube area. In line with 
the key role of AUTOTAXIN in mediating lipoprotein effects 
on ECs, addition of AUTOTAXIN to the LDL-containing 
medium was sufficient to significantly restore tube forma-
tion in HUVECs (Figure 4C through 4F). Similar results were 
obtained when VLDL was added to the HUVEC medium 
(Figure 4G through 4I). Finally, we assessed the ability of 
HUVECs exposed to different treatments to migrate toward 
VEGF in a transwell migration assay (Figure 4J). Also in this 
case, LDL addition to the medium significantly decreased EC 
migration toward a VEGF gradient, whereas AUTOTAXIN 
supply restored it.

Taken together, our results suggest that ApoB lipoproteins 
directly regulate EC behavior and highlight Autotaxin as a 
major player in this cascade.

Autotaxin is known to act as the major extracellular 
enzyme generating the bioactive, lipid-signaling molecule LPA 
through lysophosphatidylcholine hydrolysis.32 To ascertain 
whether autotaxin function in ECs in response to  lipoproteins 
involves LPA activity, we first investigated whether differential 

Figure 3. Autotaxin mediates hyperlipidemia-induced vascular defects in zebrafish embryos. A, Control and (B) apoCII morpholino oli-
gonucleotide (MO)–injected embryos showing defective trunk vasculature in apoCII morphants. C, Defective trunk vasculature in atx 
morphants is rescued after endothelium-specific overexpression of atx (D). E, Quantification of the percentage of defective ISVs in the 
trunk of control MO and atx MO injected embryos. N=2, ncMO=50, natx MO=36. F, Quantification of the percentage of defective ISVs in apoCII 
morphants and fli:atx-injected apoCII morphants. N=4, napoCII MO=111, napoCII MO+Fli-atx=96. Scale bar=50 µm.
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atx expression in zebrafish embryos results in concomitant 
changes of LPA levels. For that purpose, we extracted the 
entire lipid fraction from 3 dpf stl mutants and atx morphants 

using one-step methanol extraction33 and submitted it to  liquid 
chromatography-mass spectrometry analyses (Figure 5A). 
Downregulation of autotaxin using atx MO resulted in 

Figure 4. Low-density lipoprotein (LDL) affects endothelial cell (EC) behavior through regulation of autotoxin (ATX) expression. A, Quantitative 
real-time polymerase chain reaction (qRT-PCR) of ATX expression in human umbilical vein endothelial cells (HUVECs) after LDL treatment, N=3, 
*P<0.045. B, Relative ATX protein levels in HUVEC media after LDL treatment, N=3, *P<0.04. C, Bright-field images of HUVECs forming tube-
like structures on Matrigel, after treatment with LDL, or LDL+ATX. D–F, Average tube number, *P<0.01, **P<0.001 (D) total tube area, *P<0.05, 
**P<0.001 (E), and total tube length, *P<0.05, **P<0.001 (F) after treatment with LDL or LDL+ATX. N=4. G–I, Average tube number *P=0.0177 (G) 
total tube area *P=0.0174 (H), and total tube length *P=0.0204 (I) after very-low–density lipoprotein (VLDL) treatment. N=3. J, Percentage of EC 
migration toward vascular endothelial growth factor (VEGF) after treatment with LDL or LDL+ATX, N=3, *P<0.001, **P<0.001. Scale bar=200 µm.
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significant reduction of LPA levels in 3 dpf zebrafish embryos. 
Conversely, we detected increased levels of LPA in stl mutants, 
which feature enhanced atx expression, indicating a direct cor-
relation between Autotaxin levels and LPA production in vivo.

We next asked whether LPA itself contributes to the vascu-
lar phenotypes observed in these embryos. Although LPA was 
shown to promote proliferation and migration of ECs in cul-
ture,20,23 evidence for its direct proangiogenic function in vivo 
are scarce.34,35 LPA supply to zebrafish embryos resulted in a 
dose-dependent proangiogenic response, both when added to 
the embryo water (Figure 5B through 5D) and after intravas-
cular injection, which mimics its physiological presentation 
(Figure 5E through 5G). In contrast, oleic acid supply did not 
induce ectopic sprouting (Figure 5H through 5J), confirming 
the specificity of LPA in eliciting a proangiogenic response.

The effects of LPA are known to be exerted through the 
binding and activation of specific LPA receptors belong-
ing to the superfamily of G-protein–coupled receptors.22,36 
Previous reports have demonstrated that LPA receptors 
play an important role in zebrafish vascular development as 
well.29 We thus decided to investigate whether LPA recep-
tors play a role in conveying the lipoprotein–autotaxin–
LPA signaling in ECs. To this end, we first searched for 
LPA receptors specifically expressed in ECs. qRT-PCR on 

FACS-sorted fli:EGFP+ ECs showed that lpar1 and lpar5a 
expression is highly enriched in ECs, as compared with 
other LPA receptors (Figure 6A). In situ hybridization for 
lpar1 and lpar5a at 24 hpf confirmed the vascular expres-
sion of both receptors (Figure 6B). Interestingly, lpar1 and 
lpar5a were the only LPA receptors that showed significant 
changes in the microarray data. Specifically, their expres-
sion was decreased in apoCII morphant–derived ECs, as 
confirmed by qRT-PCR (Figure IVA and IVB and Table VI 
in the online-only Data Supplement). These results suggest 
that elevated lipoprotein levels result not only in decreased 
transcription of atx with concomitant reduction of LPA lev-
els but also in reduced ability to transduce the Autotaxin–
LPA axis signal because of downregulation of LPA receptor 
expression in ECs. Finally, we reasoned that if Autotaxin 
exerts its proangiogenic effects in stl mutants through 
LPA activity, inhibition of LPA receptors should result 
in reduced ectopic angiogenesis. As seen in Figure 6C 
through 6E, treatment of stl embryos with the LPA-R(1–3) 
chemical inhibitor ki16425, previously shown to efficiently 
inhibit LPA receptors 1 to 3 in zebrafish,29 induced a reduc-
tion in both the number and length of stl ectopic sprouts, 
indicating a significant role for the LPA/LPA-R axis in the 
Autotaxin-mediated response of ECs to ApoB lipoproteins.

Figure 5. Autotoxin (Atx) proangiogenic effects involve lysophosphatidic acid (LPA) production and activity. A, Relative LPA levels in stl 
mutants and atx morphants as compared with wild-type (WT) siblings. Nstl=4, *P=0.014, Natx=3, *P=0.0046. B, WT embryo treated with 
LPA showing ectopic subintestinal vessel (SIV) sprouts. C and D, Quantification of number (C) and length (D) of ectopic SIV sprout in 
LPA or bovine serum albumin–treated embryos, N=4, nBSA=116, nLPA=118. *Pnumber=2.3E−11, *Plength=1.0E−11. E, SIVs of 3 d post fertiliza-
tion (dpf) WT embryo injected intravascularly with LPA, showing ectopic sprouts. F and G, Quantification of number (F) and length (G) of 
ectopic SIV sprouts in embryos injected intravascularly with LPA or BSA. N=3, nBSA=66, nLPA 2.5 ng=45, nLPA 5 ng=66, nLPA 10 ng=56. *Pnumber<0.01. 
*Plength<0.001. H, SIVs of BSA-treated and BSA+75 µg oleic acid (OA)–treated embryos at 3 dpf visualized by alkaline phosphatase stain-
ing. I and J, Quantification of number (I) and length (J) of SIV ectopic sprouts in BSA-treated vs BSA+75 µg OA– treated embryos. N=2, 
nBSA=77, nOA=86.
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Discussion
In this work, we provide the first in vivo gene expression 
profiling of ECs facing different levels of plasma lipopro-
teins. We show that lipoproteins regulate the expression of 
the secreted enzyme Autotaxin, which in turn affects EC 
proliferation and migration. Lipoprotein-dependent atx 
downregulation resulted in impaired angiogenesis, whereas 
increased atx expression caused excessive vessel sprout-
ing in zebrafish embryos. Moreover, addition of ATX to the 
medium of cultured HUVECs was sufficient to rescue the 
inhibitory effects of LDL in both tube formation and migra-
tion assays. Finally, we show that in vivo, the proangiogenic 
effects of Autotaxin are exerted through the generation of 
the bioactive, lipid-signaling molecule LPA and that LPA 
receptors are involved as well in the induction of ectopic 
sprouting in response to lipoprotein deficiency (Figure 6F).

Interestingly, our microarray analysis revealed only 23 
genes whose expression in ECs changed in opposite direc-
tions in response to lipoprotein depletion versus overload. 
Among them, enpp2/autotaxin (atx) was upregulated under 

low lipoprotein levels and downregulated in hyperlipidemia. 
Recently, ATX levels were shown to be reduced in subcutane-
ous fat and serum of obese human patients.37 This inverse cor-
relation between ATX and lipoprotein levels, which is in line 
with our observations in hyperlipidemic zebrafish embryos, 
highlights a potential conservation of this mechanism from 
embryonic development to pathological conditions in adult life.

One of the major questions concerning Autotaxin func-
tion in vivo relates to the nature of the cells that secrete it 
to the plasma. Both high endothelial venules38 and adipo-
cytes39,40 were suggested as possible sources in vivo, whereas 
in vitro AUTOTAXIN was found to be expressed and secreted 
by  adipocytes40 and HUVECs.41 Here, we identify enriched 
expression of atx mRNA in ECs of zebrafish embryos. 
Notably, our analyses were conducted at 3 dpf, a stage at 
which adipocytes are not yet formed,42–44 highlighting the 
endothelium as an important source for Autotaxin during 
embryonic  development. Furthermore, this makes the early 
zebrafish embryo an attractive model for studying the specific 
contribution of ECs to plasma Autotaxin.

Figure 6. Atx proangiogenic effects are mediated by lysophosphatidic acid (LPA)/LPA receptors. A, Quantitative real-time polymerase 
chain reaction of LPA receptor expression in fluorescence-activated cell-sorted fli:EGFP+ endothelial cells (ECs) vs fli:EGFP- non-ECs, 
N=3. B. In situ hybridization at 24 hpf showing vascular expression of lpar1 and lpar5a. C, Alkaline phosphatase staining of 3 d post fer-
tilization stl embryos treated with LPA receptor 1/3 inhibitor ki16425, showing reduction in subintestinal vessel (SIV) ectopic sprouts. D 
and E, Quantification of number (D) and length (E) of ectopic SIV sprouts in stl embryos treated with ki16425. N=3, nstl=42, nstl+ki16425=53. 
*Pnumber=0.0002, *Plength=0.001. F, Low apoprotein B (ApoB) lipoprotein levels result in upregulation of atx expression in ECs, leading to 
increased LPA production and signaling through specific LPA receptors and to enhanced angiogenesis. In contrast, high lipoprotein levels 
lead to reduced atx expression in ECs, decreased LPA signaling, and impaired angiogenesis. Scale bar=50 µm.
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To date, the bulk activity of Autotaxin has been attributed 
mostly to its ability to hydrolyze lysophosphatidylcholine to 
LPA.32,45 The importance of Autotaxin’s catalytic activity to 
generate LPA is highlighted by the fact that a single mutation 
in its active site results in embryonic lethality.46 Autotaxin 
was also shown to hydrolyze sphingosylphosphorylcholine 
to produce sphingosine-1-phosphate,47 an important regula-
tor of angiogenesis that inhibits VEGF signaling and vascu-
lar sprouting.48,49 However, Autotaxin’s ability to generate 
sphingosine-1-phosphate in vivo has not been demonstrated 
to date.23 Moreover, sphingosine-1-phosphate levels in 
plasma and serum of Autotaxin heterozygous mice are unaf-
fected, as opposed to LPA levels that are reduced by ≈50%.25

Although LPA was shown to act as a potent proangio-
genic factor in culture,23 little evidence support this role in 
vivo. Here, we show that manipulation of Autotaxin expres-
sion in zebrafish embryos results in concordant changes in 
LPA levels and that LPA administration is sufficient to induce 
ectopic vessel sprouting in these animals, strongly supporting 
a proangiogenic role for LPA in vivo. LPA has been shown to 
bind several receptors and elicit different receptor-dependent 
and cell type–dependent responses.50 Nonetheless, deletion 
of individual LPA receptors has not been associated with 
embryonic vascular defects. Moreover, the vascular pheno-
type observed in Autotaxin knockout mice is significantly 
more severe than the one caused by deletion of LPA recep-
tors 1 to 4 or in different double knockout combinations.51–53 
Similarly, in zebrafish embryos, combined downregulation 
of LPA receptors, resulted in vascular defects that were not 
detected following ablation of the individual genes.29 The 
difference between the resulting Autotaxin and LPA recep-
tor knockout phenotypes could be attributed to a combinato-
rial pattern of expression of the receptors, which leaves room 
for redundancy and for tissue-specific functions. In our work, 
we find that lpar1 and lpar5a are expressed by ECs and are 
significantly downregulated in apoCII morphants, suggesting 
that LPA signaling is further decreased in the ECs of these 
embryos. We also show that inhibiting LPA receptors 1 to 
3 can partially rescue the excessive angiogenesis phenotype 
in stl mutants, thereby linking LPA receptor activity to EC 
behavior in vivo.

Altogether, our results show that lipoprotein deficiency 
leads to increased Autotaxin expression in ECs, whereas 
lipoprotein overload induces its downregulation. Autotaxin 
then modulates angiogenesis through generation of its main 
product LPA, which exerts its function through the activation 
of LPA receptors in ECs. The identification of lipoprotein-
dependent regulation of the Autotaxin–LPA axis within ECs 
sheds light on the interactions between lipoproteins and the 
endothelium during embryonic development and provides 
new insights into lipoprotein-related vascular pathologies. 
Future research using the zebrafish model will likely unearth 
additional components of this signaling cascade both during 
embryonic development and in lipoprotein-related pathologi-
cal angiogenesis.
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•	 We	used	hypo-	and	hyperlipidemic	zebrafish	embryos	to	generate	the	first	in	vivo	expression	profiling	of	endothelial	cells	facing	different	levels	
of	plasma	lipoproteins.

•	 We	identified	the	secreted	enzyme	autotaxin	as	a	novel	mediator	of	apoprotein	B	lipoprotein	effects	on	endothelial	cell	behavior.
•	 We	further	demonstrate	that	autotaxin	function	involves	the	generation	of	its	substrate	lysophosphatidic	acid,	which	binds	to	endothelium-

specific	lysophosphatidic	acid	receptors	and	promotes	blood	vessel	formation.
•	 Our	results	reveal	a	previously	uncharacterized	mechanism	underlying	apoprotein	B	lipoprotein	signaling	in	endothelial	cells.
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MATERIALS and METHODS  

Zebrafish husbandry and transgenic lines 

Zebrafish were raised by standard methods 1 and were handled according to the Weizmann 

Institute Animal Care and Use Committee. The Tg(fli1:EGFP)yl 2 and stl mutant 3 lines were 
previously described.  

In situ hybridization and Alkaline Phosphatase (AP) staining 

Embryos were fixed overnight in 4% PFA and processed for AP staining 3 or whole-mount 

in situ hybridization as described 1. The following primers were used to generate ribo-probes 

from 24 hpf zebrafish cDNA: atx 5’-ACTCCGATCCTGTGGAACAC-3’ and 5’-

TTGTCTGCATGCTGTTGATCT-3’, lpar1 5’-GAACGCTGTAAGCAAGCTAGTC-3’ and 5’-

TGTGGTTGATGGAGGATGCAGA-3’ and lpar5a 5’- TCTACCTACACCGTTGTGCT-3’ and 

5’-AGTCCAACTCGTGCTCTGAA-3’. 

 

Antisense morpholino injection  

The following antisense morpholino oligonucleotides (Gene-tools) were re-suspended and 

injected as described 1 at the following concentrations: control MO 

(CCTCTTACCTCAGTTACAATTTATA) (4.5ng), apoCII 3 (4.5ng), atx 4 (2ng) into WT 

embryos, and (0.1ng) into stl mutants.   
 
 atx mRNA and fli1:atx DNA preparation and injection 

To generate the fli1:atx plasmid and atx mRNA, the full atx coding sequence was amplified 

from 24 hpf zebrafish cDNA using atx 5’- AGACGCACGTCAACAATGCT-3’ and 5’-

GGACATGCTAATGCAGGGAGTA-3’ primers, and cloned into a pEntry vector using 

Gateway BP clonase (Invitrogen) mediated recombination. To generate atx mRNA, pEntry-

atx was recombined into a pCSDest vector using Gateway LR clonase (Invitrogen) mediated 

reaction as described 3. The resulting pCSatxCDS plasmid was linearized with NotI, and 

used as template for mRNA synthesis using mMessage machine SP6 transcription kit 

(Ambion). To generate the fli1:atx plasmid, pEntry-atx clone was recombined into 

pTolfli1epDest 5 vector using Gateway LR clonase (Invitrogen) mediated reaction. atx mRNA 
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(250ng) was injected at 1-cell stage. fli1:atx was injected at 60ng along with 

Tol2 transposase mRNA, into WT, and at 30ng into apoCII MO injected, 1-cell stage 
embryos.  

LPA and OA treatment 
 

Microangiography was performed at 2.5 dpf, as described 3, by injecting 2.5, 5 and 10ng 

LPA (Oleoyl-L-α-lysophosphatidic acid, Sigma, L7260) dissolved in PBS + 0.1% fatty-acid–

free BSA (Sigma, A8806). BSA only was injected as control. For LPA and Oleic Acid 

treatment, 75μg ml−1 LPA, 75μg ml−1 OA (Sigma, 01383), or control BSA were added at 

24 hpf to de-chorionized embryos. Embryos were assayed for SIV ectopic sprout at 3.5 dpf 

by fluorescent imaging (LPA) or AP staining (OA). 

Oil Red O (ORO) staining 
 

Embryos were fixed overnight in 4% paraformaldehyde and processed for ORO staining as 

described 6. 
 

HA-130 and ki16425 addition to water 

HA-130 (Merck, 189511) and Ki16425 (Cayman, 10012659) were dissolved in DMSO and 

added to the water of 24 hpf de-chorionized stl embryos at 200µM, and 45µM respectively. 

Embryos were assayed for SIVs ectopic sprouts at 3.5 dpf following AP staining.  
 

FACS sorting, total RNA isolation and quantitative real-time PCR analysis 

Fluorescence Activated Cell Sorting (FACS) was performed as described 7, with the 

following changes: embryos were suspended in ethylenediamine tetraacetic-acid-free ringer 

solution, and DnaseI (20,000 U/ml, AppliChem) was diluted 1:125 in the trypsin solution. 

FACS-Sorting was conducted as described in 3. Approximately 106 FACS-isolated cells were 

homogenized in TRIzol (Invitrogen) and subjected to RNA extraction using an RNeasy mini 

kit (Qiagene) including on column DNase treatment, following standard procedures.  Two 

hundred micrograms of total RNA per reaction were reverse transcribed using a High 
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Capacity cDNA Reverse Transcription Kit (Applied Biosystem). qRT-PCR was performed 

using SYBR-green (Applied Biosystems). For mRNA isolation HUVECs were incubated  for 

18-24 hours with M199 containing 20% LPDS, 1% Penicillin-streptomycin, 2mM L-

Glutamine, 50µg/ml ECGS and 5u/ml heparin with or without  LDL (100µg/ml) (BT-903).  

RNA was extracted as described above and 0.5µg of total RNA was used for Reverse 

transcription.  

The following primers were used in this study: zf-bactin2 3, zf- ef1a 3, zf-flk13, zf-cdh5 3, zf-

fli1a 8, h-ATX 9, zf-atx 5’-GTTGATGGCTTTCGTGCATCT-3’ and  5’-

GTGTTCCACAGGATCGGAGTTT-3’; zf-lpar1 5’-CACACGATGAAAGCACCCAAT-3’ and 

5’-TGTCGTGATTGTATTGGGTGC-3’; zf-lpar5a  5’-GGCCTTGTCGGACCTACTTT-3’ and 

5’-CACAGGGTATTTCCCAGCGT-3’; zf- lpar2a 5’-CCGGCGGAGTCAAGTTATGT-3’ and 

5’-CAGATCACAAAGGCACCCAG-3’; zf- lpar2b- 5’-GCAGGAGTCGTATCTCGCTC-3’ and  

5’-CTGTCGCTGGACTCCAACAT-3’; zf-lpar3- 5’-AGGAGCGTTTGTGATCTGCT-3’ and 5’-

GCCAGCGCTTGAACTTTAACA-3’; zf-lpar5b- 5’-GTGCCCATATGCCGTGTTTT-3’ and  5’-

GGAGACGACATTGACCACCA-3’; zf- lpar6a- 5’-TACACACAGGTGCCCCAATC-3’ and  5’-

TGGCAGTTACAATCCTCTCCG-3’; zf- lpar6b 5’-CCTTGTGGTCTCTGACTCCC-3’ and  5’-

TTGCAGAGAGCGTCACCAAA-3’; h-Beta actin  5’-TCCACCTTCCAGCAGATGTG-3’  and 

5’-GCATTTGCGGTGGACGAT-3’. hATX was normalized to h-Beta actin, zebrafish genes 

were normalized to zf-bactin and zf-ef1a.  

RNA hybridization and microarray analysis 

 Following RNA production, its integrity was evaluated by an Agilent 2100 BioAnalyzer 

(Agilent Technologies). Total RNA was converted to cRNA, labelled and hybridized to 

Agilent Whole Zebrafish Genome Array 4x44k (cat# 625198) microarrays according to the 

manufacturer's protocol (Agilent). The slides were scanned in an Agilent DNA Microarray 

Scanner G2505C. Images were analyzed and data were extracted using Agilent Feature 

Extraction software version 10.7.3.1 (FE). A two-color loop design with biological duplicates 

for the WT and apoCII and triplicates for the stl samples was designed to compare between 

the three samples. The statistical analysis was performed using the Limma (Linear Models 

for Microarray Data) package from the Bioconductor project (http://www.bioconductor.org). 
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The signal resulting from the FE was read into Limma using the "read.maimages" function. 

Loess normalization was performed within arrays and Aquantile normalization between 

arrays was applied. Standard quality control was performed using the plot functions of 

Limma 10. Differential expression was assessed using linear models for designed microarray 

experiments. The fold changes and standard errors were estimated by fitting a linear model 

for each gene and applying empirical Bayes smoothing to the standard errors 11. FDR (false 

discovery rate) was used to correct for multiple comparisons 12. 

 
Data analysis 

Differentially expressed genes in the following sample sets: apoCII MO vs. WT, stl vs. WT 

and apoCII MO vs. stl were identified based on their fold change. apoCII MO and stl specific 

up and down regulated genes were tagged as specific if they showed a linear fold change 

greater than 3 (up regulated) or smaller than -3 (down regulated) in their corresponding chip 
in addition to a standard deviation < 1.  

Imaging  
Confocal imaging was performed using a Zeiss LSM 780 upright confocal microscope (Carl 

Zeiss, Jena, Germany) with a W-Plan Apochromat ×20 objective, NA 1.0. Fluorescent 
proteins were excited with a single-photon laser (488nm).  

Cell culture and reagents 

HUVECs (Lonza) were cultured as described 3. LDL (BT-903) was diluted in sucrose to a 

final concentration of 20% as described 13 .  

Migration assay 

HUVECs were pre-treated with EBM-2 (Lonza, CC-3156) containing 0.5% FCS and 1% 

penicillin-streptomycin supplemented with LDL (100µg/ml) (BT-903), for 18 hrs. Untreated 

cells served as control.  Following incubation, 50,000 cells were seeded onto gelatin-coated 

8µM PET inserts (Costar, 3422) for 3 hours. Bottom wells were then filled with EBM 

containing 10ng/ml VEGF (Biolegend, 583704), LDL (100µg/ml) or human recombinant ATX 

(10803-25, Cayman, 1nM).  Following 4.5 hrs of migration, inserts were washed and fixed 
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with 4% paraformaldehyde for 15 min. Upper membranes were then swabbed using a 

cotton-swab and cells were incubated with 10µM DAPI (Biotium, 40011) for 1 min. Samples 

were imaged using a Nikon eclipse Ti fluorescent microscope. Nine fields/ treatment were 

acquired and analyzed for each experiment. In each experiment values were normalized to 
the non-treated well.   

Tube formation assay 

HUVECs were pre-treated as described above and supplemented with LDL (100µg/ml) (BT-

903) or VLDL (10µg/ml) (22P-VL101).  Following incubation, 30,000 cells were seeded on 

Matrigel© (BD, 356231) for 8 hrs, cultured in EBM  containing 0.5% FCS and 1% penicillin-

streptomycin, supplemented with LDL (100µg/ml), VLDL (10µg/ml)  or human recombinant 

ATX (2nM).  Following incubation, cells were fixed in 4% Paraformaldehyde for 15 min. 

Tubes were imaged using bright-field microscopy. 9 fields/well were acquired per 

experiment. Total tube length and mean tube area were quantified using imageJ. For each 
experiment, values were normalized to the non-treated well.   

HUVEC Medium Collection and ATX western blot  
 
HUVECs were pre-treated with EBM-2 +1% penicillin-streptomycin as described 14 and 

supplemented with LDL (100µg/ml) (BT-903), for 18 hrs. Supernatants were collected and 

concentrated using Vivaspin 20 (Sartorious) concentration column with a 10,000 molecular 

weight cutoff. Protein concentration was assessed using BCA (Pierce, 23225). Samples 

were prepared as described 14. Proteins were separated by 7% SDS-PAGE and transferred 

to a nylon membrane (Whatman). Membranes were probed with ATX antibody (Santa Cruz, 

sc-33075, 1:500) followed by HRP-conjugated Donkey anti Goat antibody (Jackson, 

1:15,000) and detected by enhanced chemiluminescence (Beth-Haemek, Israel, 20-500-
120). Signal intensity was measured by densitometry using ImageJ.  

LPA quantification by LC-MS 
  
3 dpf fish were collected and deyolked. Each sample was extracted with methanol (800µL) 

on ice for 10 min.  After centrifugal separation of cell residues (21,000g, 5oC, 2 min) the 

extracts were evaporated in speed-vac and lyophilized to dryness. The samples were then 
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dissolved in 25µL MeOH, to which 25µL of water were added. The resulted solutions were 

centrifuged (21,000g, 5ºC, 2 min) to rid of insoluble material, transferred to LC-MS vials, and 

kept in autosampler at 6ºC. The runs of samples and blank were alternated to avoid possible 

carryover. The LC-MS/MS instrument consisted of an Acquity I-class UPLC system and 

Xevo TQ-S triple quadrupole mass spectrometer (Waters). Chromatographic separation 

was done on a 100 x 2.1-mm i.d., 1.7-μm UPLC BEH C18 column (Waters Acquity) with 

mobile phases A (0.1% ammonia solution in 50% methanol) and B (0.1% ammonia solution 

in 95% methanol) at a flow rate of 0.25 ml/min and column temperature 30°C. A gradient 

was as follows: 30%B (0 min), 30%B (0.5 min), 80%B (1.0 min), 80%B (1.5 min), 100%B 

(8.5 min), 100%B (9.0 min), 30%B (9.5 min), 30%B (10.0 min).   Samples were injected in 

a volume of 6 μl. Mass detection was carried out using electrospray ionization in the positive 

mode. Argon was used as the collision gas with flow 0.10 ml/min. The capillary voltage was 

set to 3.0 kV, source temperature - 150°C, de-solvation temperature - 500°C, de-solvation 

gas flow - 650 L/min, cone voltage 20V. Analytes were detected by monitoring of MRM 

transitions 435.16>152.90 (collision energy 24eV) and 435.16>78.85 (collision energy 

45eV) m/z, with retention time 1.76 min. Data processing was performed with TargetLynx 

software 

 
Statistical analyses 

Data represent mean ± SEM of all experiments. Comparisons of two populations were done 

with unpaired two-tailed t tests assuming unequal variance of the populations.  Comparison 

of multiple populations was done using one-way analysis of variance (ANOVA), followed by 

a post hoc Tukey’s HSD test. All the dataset complied with the constraints of the parametric 
analysis done.       
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SUPPLEMENTAL MATERIAL  

Detailed methods 

Biological process and enriched network analysis 

Gene Ontology analysis was carried out on the top significantly-changed genes, in 

order to assign them with biological functions. Genes were grouped as apoCII MO 

vs. WT, stl vs. WT, genes showing correlative changes in stl and apoCII MO vs. 

WT groups, and genes showing opposite changes in stl and apoCII MO vs. WT 

groups, and were analyzed using GOstat (PMID:14962934). For all genes 

analyzed, GOstat was used to determine the annotated GO terms and all splits. 

Ingenuity software (Ingenuity System Inc, USA) was used to interpret the 

microarray data in the context of biological processes, pathways and networks 

(default parameters were kept). Pathway classification of apoCII MO specific-, and 

stl specific- genes, genes regulated in an opposite manner, and genes regulated 

in a correlative manner (with known annotations), was generated using NCBI. 

Subdivision of stl-specific metabolic genes, and apoCII MO-specific signaling 

genes was generated using their GO biological process classification. Networks 
were clustered by the “ingenuity” platform. 
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Supplemental Figures and Figure Legends 

 

  

Online Figure I. FACS isolation of endothelial cells from Tg(fli1:EGFP)y1 zebrafish 
embryos. A. Contour dot blot of GFP+ cells from WT (EK) vs. transgenic Tg(fli:EGFP)y1 
fish showing endothelial fli:EGFP+ cells only in the transgenic population. B. qRT-PCR 
analysis of endothelial-specific genes showing enrichment in the fli:EGFP+ vs. fli:EGFP-  
populations. N=2, *Pfli1 =0.0001, *Pflk1=0.008,*Pcadherin-5=0.007. 
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Online figure II. Classification of differentially regulated genes. A-D. NCBI-based 
pathway classification. A. stl vs. WT-specific genes.  A’. Subdivision of stl-specific 
metabolic genes according to their biological function B. apoCII vs. WT specific genes. 
B’. Subdivision of apoCII specific genes involved in signaling pathways, based on their 
biological function C. Classification of genes showing correlative changes in apoCII vs. 
WT and stl vs. WT-derived ECs. D. Classification of genes showing opposite changes in 
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apoCII vs. WT and stl vs. WT-derived ECs (up-regulated in one model and down 
regulated in the other).  
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Online figure III. atx expression in un-injected vs. control MO injected ECs. qRT-
PCR analysis of atx expression in FACS sorted ECs from 3dpf Tg(fli-EGFP)y1  un-
injected or injected with control MO, showing no differences in atx expression, N=2. 
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Online figure IV. A. LPA receptors expression in the microarray data. Linear fold 
change of LPA receptor expression in stl vs. WT and apoCII MO vs. WT-derived ECs 
folowing microarray analysis. Significant up-, or down-regulation> 2-fold change. B. qRT-
PCR analysis of lpar1 and lpar5a expression in FACS sorted fli:EGFP+ ECs from WT 
and apoCII morphants.  N=3, *Plpar1= 0.001, *Plpar5a= 0.0009. 
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Supplementary table I – Differential expression in stl vs. WT ECs 

Gene Symbol Pathways GO Biological 
Process 

GO Biological Function Fold 
Chang

e 
apoCII 
vs. WT 

Fold 
Change 
stl VS. 

WT 

Fold 
Change 
apoCII 
vs. stl 

ela2l 
 

Protein digestion and absorption, 
Pancreatic secretion 

  0.8034 -7.8186 -6.2815 

sepw2a    0.8465 -7.5436 -6.3853 

prkcq Apoptosis, Immune system, 
Hemostasis, Tight junctions 

  1.0004 -6.6092 -6.6116 

zgc:92791 Apoptosis, APC/C-mediated 
degradation of cell cycle , 

Metabolism of amino acids and 
derivativesproteins 

  0.8173 -5.2990 -4.3308 

zgc:64119 Metabolic pathways, Pentose & 
glucuronate interconversions 

  1.0525 -4.7766 -5.0274 

EH581399    0.8171 -4.7380 -3.8715 

dnajc19 Metabolism of proteins   1.1971 -4.5435 -5.4392 
zgc:112374 Metabolic pathways (Kegg)   1.0837 -4.5010 -4.8776 

fam46ba    0.8797 -4.1392 -3.6413 

rnf19a    0.8685 -4.0781 -3.5419 
ENSDART000

00078325 
Hemostasis, Pyruvate metabolism, 

Cell surface interactions at the 
vascular wall 

  1.0264 -3.8419 -3.9432 

CO351447    0.9940 -3.7852 -3.7625 
iqcb1    1.1535 -3.5228 -4.0634 

atp5ib Metabolic pathways (Kegg), 
Formation of ATP 

  0.9943 -3.4688 -3.4490 

zgc:194981  negative 
regulation of 

peptidase activity 

cysteine-type 
endopeptidase inhibitor 

activity 

0.9153 -3.3757 -3.0897 

ENSDART000
00145639 

   1.1483 -3.1055 -3.5660 

parvaa Focal Adhesion   0.9984 -3.0476 -3.0427 

zgc:152845    1.0194 -2.9823 -3.0400 

pdk4 Pyruvate metabolism, Regulation 
of pyruvate dehydrogenase (PDH) 

complex, The citric acid (TCA) 
cycle and respiratory electron 

transport 

phosphorylation ATP binding, Transferase 
activity 

0.7830 2.0165 0.3883 
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fdx1b Glycosphingolipid metabolism, 
Phospholipid metabolism, Platelet 

activation, Hemostasis, 
Sphingolipid metabolism 

  0.9236 3.0322 3.2831 

sp5 Wnt signaling Mesoderm 
morphogenesis 

Nucleic acid binding 0.9345 3.1991 3.4231 

zgc:103639 Focal adhesion, Regulation of 
actin cytoskeleton, Tight junction 

 Calcium ion binding 0.9351 3.2179 3.4412 

ENSDART000
00128270 

   0.9402 3.2855 3.4944 

si:dkey-
23c22.6 

   1.0685 3.3107 3.0983 

rnaset2   RNA binding 1.0537 3.3630 3.1917 

zgc:103433 Metabolic pathways, Oxidative 
phosphorylation 

Cell growth, ATP 
hydrogen ion 

transmembrane 
transporter 

Hydrogen ion 
transmembrane 

0.9398 3.6515 3.8853 

zgc:154176 Cell junction organization, Cell-
extracellular matrix interactions 

 Methal ion binding,Zinc 
ion binding 

0.8786 3.7079 4.2200 

ENSDART000
00057254 

Metabolism of lipids and 
lipoproteins, Regulation of lipid 

metabolism by PPARalpha, 
Activation of chaperones by ATF6-

alpha 

Regulation of 
transcription 

factor binding 

Repressing TF binding 1.1547 3.7584 3.2549 

hnrnpm mRNA splicing and processing, 
Spliceosome, Processing of 

Capped Intron-Containing Pre-
mRNA 

 Nucleic acid binding 0.8748 3.9734 4.5422 

zgc:153129  Negative 
regulation of 

peptidase activity 

Endopeptidase inhibitor 
activity 

0.8458 3.9964 4.7252 

zgc:77775 Amino sugar and nucleotide sugar 
metabolism 

Carbohydrate 
metabolic 

process,N-
acetylglucosamin

e-6-phosphate 
deacetylase 

Hydrolase activity 0.9389 4.0393 4.3021 

LOC797092    0.9326 4.0449 4.3371 

lamp2 Hemostasis, Platelet activation, 
Response to elevated platelet 

cytosolic Ca2+ 

  1.1188 4.0636 3.6322 

zgc:153724  Metabolic 
process,oxidation-

reduction 

Oxidoreductase activity 1.1715 4.1752 3.5641 

hexa amino-sugar & nucleotide sugar 
metabolism, Glycosaminoglycan 

degradation 

Carbohydrate 
metabolic process 

beta-N-
acethylhexosaminidase 

activity 

1.0330 4.1820 4.0485 

ccdc125    1.0721 4.3269 4.0359 

TC371020    0.9648 4.3307 4.4888 

si:dkey-
23c22.6 

   0.9622 4.4612 4.6367 

agmo  Fatty acid 
biosynthesis 

process 

Glyceryl-
ethermonooxygenase 

activity 

1.0881 5.5158 5.0691 

ppt1 Metabolic pathways, Fatty acid 
elongation in mitochondria, DNA 

catabolism during apoptosis 

DNA 
fragmentation 

involved in 

palmitoyl-(protein) 
hydrolase activity 

0.9842 5.5482 5.6371 
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apoptotic nuclear 
change 

TC381927    1.1048 5.9989 5.4298 

alkbh6  Oxidation-
reduction process 

Methal ion binding 1.1955 6.3397 5.3028 

LOC1000027
85 

   0.9745 7.6942 7.8958 

tsr2  rRNA processing Protein binding 1.1666 13.6669 11.7149 

gpx7 Glutathion metabolism, 
Arachidonic acid metabolism 

Oxidation-
reduction process 

Glutathioneperoxiidase 
activity 

1.1438 21.8829 19.1317 
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Supplementary table II- Differential expression in apoCII MO vs. WT ECs 

Gene 
Symbol 

Pathways GO Biological 
Process 

GO Biological 
Function 

Fold 
Change 
apoCII 
vs. WT 

Fold 
Change 
stl VS. 

WT 

Fold 
Change 
apoCII 
vs. stl 

zgc:171859 
 

   -12.4186 1.1939 -14.8268 

col4a5 EMC-receptor interaction, Focal 
adhesion, Collagen biosynthesis 

and modifying enzymes 

axon target 
recognition, 

extracellular matrix 
organization 

extracellular matrix 
structural constituent 

-10.6671 1.0558 -11.2624 

ENSDART0
0000113499 

   -8.6550 0.9525 -8.2435 

rgs13  positive regulation of 
GTPase activity 

GTPase activator activity -8.6028 1.0869 -9.3502 

krt91   structural molecule 
activity 

-8.4721 1.1919 -10.0981 

cyt1l   structural molecule 
activity 

-7.8139 0.9179 -7.1725 

krt17  fin regeneration structural molecule 
activity 

-7.7878 1.0968 -8.5419 

ccr9a Cytokine-cytokine receptor 
interaction, Signal Transduction 

signal transduction chemokine receptor 
activity 

-7.6978 0.8994 -6.9230 

zgc:109868   structural molecule 
activity 

-7.2022 0.9348 -6.7326 

cyt1  cell migration 
involved in 
gastrulation 

structural molecule 
activity 

-6.9350 0.9029 -6.2614 

zgc:153779 Endocytosis, Negative 
regulation of neuron apoptosis, 

Netrin-1 signaling 

regulation of ARF 
GTPase activity, 
small GTPase 

mediated signal 
transduction 

ARF GTPase activator 
activity, GTP binding, 

metal ion binding 

-6.1828 0.9414 -5.8203 

hsp70l Endocytosis, MAPK signaling, 
Protein Processing in 

Endoplasmic Reticulum, 
Spliceosome 

response to cadmium 
ion 

ATP binding -6.1128 0.8807 -5.3833 

inhbaa Metabolism of proteins fin regeneration growth factor activity -5.6900 0.8879 -5.0521 

zgc:158463    -5.6836 0.8834 -5.0207 

hsp70 Endocytosis, MAPK signaling, 
Protein Processing in 

Endoplasmic Reticulum, 
Spliceosome 

camera-type eye 
morphogenesis 

ATP binding -5.6327 0.8686 -4.8924 

TC380200    -5.6255 0.9958 -5.6021 

f13a1 Formation of fibrin clot, 
Formation of platelet plug, 

Hemostasis, Platelet activation, 
Response to elevated platelet 

cytosolic Ca2+ 

blood coagulation protein-glutamine 
gamma-

glutamyltransferase 
activity 

-5.5877 0.9735 -5.4398 
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ENSDART0
0000125962 

   -5.4182 0.9332 -5.0565 

crip1  cellular response to 
UV-B 

metal ion binding -5.3168 1.0870 -5.7794 

abi3bpb    -5.2260 0.8142 -4.2551 

TC406454    -5.1033 0.8069 -4.1179 

ENSDART0
0000087597 

Axon guidance, ECM-receptor 
interaction, Focal adhesion, 

NCAM signaling, signaling by 
PDGF 

--- --- -5.0779 0.8290 -4.2095 

fgfbp2b    -5.0394 1.1094 -5.5909 

pmp22b    -4.9769 0.8571 -4.2660 

pltp Fatty acid, triacylglycerol, and 
ketone body metabolism, HDL-
mediated lipid transport, Lipid 
digestion, mobilization, and 

transport, PPAR 
signaling,Regulation of Lipid 
Metabolism by Peroxisome 

proliferator-activated receptor 
alpha (PPARalpha) 

lipid metabolic 
process 

lipid binding -4.9146 0.9273 -4.5575 

aspn   calcium ion binding -4.8862 0.8338 -4.0741 

wu:fk66f10    -4.8389 0.9000 -4.3552 

thbs3a ECM-receptor interaction, Focal 
adhesion, Phagosome, 

Signaling by PDGF, TCG-beta 
signaling, 

cell adhesion calcium ion binding -4.8152 0.8455 -4.0712 

zgc:153704  lipid metabolic 
process 

small molecule binding -4.8116 1.0367 -4.9880 

thbs4b ECM-receptor interaction, Focal 
adhesion, Phagosome, 

Signaling by PDGF, TCG-beta 
signaling, 

cell adhesion calcium ion binding -4.6608 1.0685 -4.9800 

vim Apoptosis, Muscle contraction cell motion structural molecule 
activity 

-4.6388 1.0542 -4.8903 

itga10 ECM-receptor interaction, 
Regulation of actin cytoskeleton 

cell adhesion  -4.5321 0.8072 -3.6582 

cfdl Alternative complement 
activation, Formation of platelet 

plug, Hemostasis, Immune 
system, Platelet activation, 

response to elevated platelet 
cytosolic Ca2+ 

proteolysis catalytic activity -4.4560 0.9125 -4.0661 

ext1c Glycosaminoglycan biosynthesis 
- heparan sulfate, Metabolic 

pathways 

heparan sulfate 
proteoglycan 

biosynthetic process 

transferase activity -4.4407 1.0044 -4.4601 

ENSDART0
0000145734 

   -4.4031 0.8833 -3.8893 

icn2   calcium ion binding -4.3675 0.9114 -3.9805 

sepp1a Integrin-mediated cell adhesion --- selenium binding -4.2984 0.8634 -3.7112 

sb:cb846    -4.2804 0.8087 -3.4614 

icn   calcium ion binding -4.1961 0.9980 -4.1878 
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TC381834    -4.1457 1.0128 -4.1986 

krt5  fin regeneration structural molecule 
activity 

-4.1386 0.9767 -4.0422 

dnajb1b Protein processing in 
endoplasmic reticulum 

protein folding heat shock protein 
binding 

-4.0779 0.8931 -3.6422 

ENSDART0
0000044294 

   -3.9398 0.8677 -3.4185 

fosb TGF-beta Receptor Signaling 
Pathway 

regulation of 
transcription 

DNA binding -3.9054 1.0662 -4.1639 

myh11a Axon guidance, Muscle 
contraction, Sema4D in 

semaphorin signaling, Smooth 
muscle contraction, Tight 

junction 

digestive tract 
development 

ATP binding -3.9053 0.9480 -3.7022 

fstl3 Antagonism of Activin by 
Follistatin 

  -3.9037 1.1700 -4.5672 

zgc:174689    -3.9017 0.9923 -3.8718 

capg   actin binding -3.8814 0.8773 -3.4050 

nfkbiaa Activation of TLR4 signaling, 
Adipocytokine signaling, 

Apoptosis, immune system, 
MyD88 cascade intiation, NFKB 
and Map activation mediated by 

TLR4, NOD-like receptor 
signaling, RIG-I-like receptor 
signaling, p57 NTR signaling 

response to virus --- -3.8573 1.1066 -4.2684 

lect1  cell differentiation  -3.8276 1.1875 -4.5452 

hsd3b7 Bile acid metabolism, 
Metabolism of lipids, Primary 

bile acid biosynthesis 

oxidation-reduction 
process 

3-beta-hydroxy-delta5-
steroid dehydrogenase 

activity 

-3.8169 0.9014 -3.4405 

serpina1 Hemostasis negative regulation of 
endopeptidase 

activity 

serine-type 
endopeptidase inhibitor 

activity 

-3.7851 0.8265 -3.1282 

vwde    -3.7351 0.9026 -3.3714 

rs1a  cell adhesion  -3.7152 0.8034 -2.9848 

ENSDART0
0000103846 

   -3.6950 0.8651 -3.1965 

grin1b Activation of NMDA receptor 
upon glutamate binding, 

Calcium signaling, Synaptic 
transmition 

ion transport extracellular-glutamate-
gated ion channel 

activity 

-3.6147 0.9821 -3.5500 

ENSDART0
0000019846 

   -3.5633 1.1705 -4.1709 

deptor    -3.5571 0.8509 -3.0266 

timp2a Degradation of the extracellular 
matrix 

 metalloendopeptidase 
inhibitor activity 

-3.5357 0.8601 -3.0410 

EE327999    -3.4867 1.0636 -3.7085 

klhl24b    -3.4816 0.9162 -3.1899 

rel BCR signaling cytokine production DNA binding -3.4574 1.0156 -3.5112 

ENSDART0
0000082157 

   -3.4252 0.9712 -3.3266 



	 13	

si:dkeyp-
59a8.1 

Cytokine-cytokine receptor 
interaction 

immune response chemokine activity -3.3776 1.1488 -3.8803 

rpl22l1 Ribosome translation structural constituent of 
ribosome 

-3.3755 1.1594 -3.9135 

grap2a Adaptive immunity signaling, 
TCR signaling, DAP12 signaling, 

FCERI mediated Ca+2 
mobilization, Fc epsilon receptor 
(FCERI) signaling, Signaling by 

SCF-KIT 

--- --- -3.3633 1.1537 -3.8801 

pdia3 Protein processing in 
endoplasmic reticulum 

response to 
endoplasmic 

reticulum stress 

isomerase activity -3.3207 0.8900 -2.9554 

krt97   structural molecule 
activity 

-3.3091 0.9456 -3.1291 

tpst2 Signaling by EGFR, APC/C-
mediated degradation of cell 
cycle proteins, APC/C:Cdc20 

mediated degradation of Cyclin 
B, Mitochondrial Fatty Acid 
Beta-Oxidation, Apoptosis, 

Association of licensing factors 
with the pre-replicative complex, 
Beta oxidation of butanoyl-CoA 

to acetyl-CoA, Cyclin E , 
Fanconi Anemia pathway 

associated events during G1/S 
transition 

peptidyl-tyrosine 
sulfation 

protein-tyrosine 
sulfotransferase activity 

-3.2967 1.0535 -3.4730 

nr4a1 Generic transcription, MAPK 
signaling, Nuclear receptor 

transcription 

transcription DNA binding -3.2749 0.9409 -3.0812 

ccni    -3.2665 1.1191 -3.6554 

atp1a1b Cardiac muscle contraction, 
Adrenergic signaling in 

cardiomyocytes 

ATP biosynthetic 
process 

ATP binding -3.2578 0.9558 -3.1138 

scinla Regulation of actin cytoskeleton brain development actin binding -3.2248 0.9780 -3.1538 

EH462002    -3.2161 0.9798 -3.1511 

EV756832    -3.1703 1.1082 -3.5134 

mst1  bone mineralization catalytic activity -3.1680 1.1888 -3.7662 

si:ch73-
182a11.1 

   -3.1280 1.0570 -3.3064 

wu:fj36f11    -3.1264 1.0457 -3.2693 

si:ch73-
141c7.1 

   -3.1032 1.1731 -3.6405 

sparc Formation of platelet plug, 
Hemostasis, Platelet activation, 
Response to elevated platelet 

cytosolic Ca2+ 

signal transduction nucleotide binding -3.0832 1.1810 -3.6411 

gpr126 Neuropeptide signaling, G-
protein coupled receptor protein 

signaling 

signal transduction signal transducer activity -3.0775 1.1098 -3.4153 

si:dkey-
206d17.12 

  metal ion binding -3.0713 1.1847 -3.6385 

wipi1 Activation of chaperones by 
IRE1alpha, Diabetes pathways, 

Unfolded protein response 

autophagy receptor binding -3.0494 1.0606 -3.2342 
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si:dkey-
261j4.4 

  metal ion binding -3.0061 1.0367 -3.1166 

ccl25b Cytokine-cytokine receptor 
interaction, Signal Transduction 

immune response chemokine activity -2.9913 1.1987 -3.5857 

rrp12    3.0139 0.9242 3.2610 

six6b  cell proliferation 
involved in 

compound eye 
morphogenesis 

DNA binding 3.0561 1.0025 3.0486 

nol7    3.0622 0.8698 3.5205 

im:7148292   RNA binding 3.0708 0.9714 3.1611 

ENSDART0
0000132931 

   3.0722 0.9871 3.1125 

exosc5 Deadenylation-dependent 
mRNA decay, Metabolism of 

RNA, RNA degradation 

rRNA processing 3'-5'-exoribonuclease 
activity 

3.0746 0.9943 3.0921 

fgf8a Downstream signaling of 
activated FGFR, ERK1-ERK2 
MAPK cascade, IRS-mediated 

signaling, Insulin receptor 
signaling, PI-3K cascade, 

canonical WNT , Regulation of 
actin 

cardiac ventricle 
morphogenesis 

growth factor activity 3.0914 0.9717 3.1814 

ENSDART0
0000127578 

Metabolic pathways, Purin & 
Pyramidine metabolism, RNA 

polymerase 

--- --- 3.1127 1.0081 3.0878 

nhp2l1 formation and maturation of 
mRNA transcript, Processing of 
Capped intron-containing Pre-
mRNA, Ribosome biogenesis, 

mRNA splicing 

nuclear mRNA 
splicing, via 
spliceosome 

RNA binding 3.1689 0.9930 3.1913 

notch1a Dorso-Ventral axis formation, 
Notch signaling 

Notch signaling 
pathway 

calcium ion binding 3.1806 0.9374 3.3929 

ngdn  regulation of 
translation 

 3.1816 1.0414 3.0550 

tsr2  rRNA processing  3.1975 1.0395 3.0761 

nol7    3.1991 0.9836 3.2523 

pax6a Diabetes pathway, Incretin 
synthesis, Insulin synthesis, 

Integration of energy 
metabolism, Nodal signaling, 

anterior/posterior 
pattern specification 

DNA binding 3.2268 1.0710 3.0129 

noc2l    3.2387 1.0323 3.1373 

trmt1  tRNA processing metal ion binding 3.2622 0.9551 3.4155 

tipin  cellular response to 
DNA damage 

stimulus 

 3.2633 0.8666 3.7654 

pus3  RNA modification RNA binding 3.2735 1.0620 3.0823 

fxn  oxidation-reduction 
process 

ferric iron binding 3.2777 1.0258 3.1952 

si:ch211-
173a9.7 

   3.2802 0.9474 3.4624 

gtf3aa RNA polymerase & 
mitochondrial transcription 

intracellular nucleic acid binding 3.3147 1.0356 3.2008 
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ENSDART0
0000133371 

   3.3240 0.9331 3.5624 

chchd4  oxidation-reduction 
process 

oxidoreductase activity 3.3521 1.1013 3.0437 

nt5c2l1  cellular response to 
xenobiotic stimulus 

metal ion binding 3.3603 0.8225 4.0855 

prmt6  DNA repair histone binding 3.3679 0.8548 3.9400 

cyp26c1 Biological oxidations, 
Cytochrome P450, Retinol 

metabolism 

hindbrain 
development 

electron carrier activity 3.3807 0.9713 3.4805 

nol11  rRNA processing  3.4078 0.9357 3.6418 

dkc1 Chromosome maintenance, 
Extension of telomerases, 

Ribosome biogenesis 

pseudouridine 
synthesis 

telomerase activity 3.4136 1.0006 3.4115 

mrpl9 Ribosome  structural constituent of 
ribosome 

3.4156 1.1215 3.0456 

imp4 Ribosomal biogenesis rRNA processing nucleic acid binding 3.4328 1.1322 3.0320 

rbm34   nucleic acid binding 3.4492 1.1232 3.0707 

im:7152348    3.5312 0.9946 3.5504 

si:ch73-
52e5.1 

   3.5918 0.8292 4.3319 

TC376284    3.5922 1.0035 3.5797 

si:dkey-
281i8.1 

   3.5953 0.9403 3.8237 

ENSDART0
0000017176 

Chromosome maintenance, 
Extension of telomerases, 

Ribosome biogenesis 

RNA modification RNA binding 3.5958 1.0142 3.5453 

sdad1  actin cytoskeleton 
organization 

 3.5998 1.0850 3.3179 

TC380087    3.6069 1.0372 3.4776 

ddx47   ATP binding 3.6137 1.1157 3.2389 

dnlz   metal ion binding 3.6175 1.0710 3.3778 

dld Delta-Notch signaling, Receptor-
ligand binding 

acetyl-CoA 
biosynthetic process 

from pyruvate 

dihydrolipoyl 
dehydrogenase activity 

3.6274 0.9467 3.8318 

cyp1b1 Metabolism of xenobiotics by 
Cytochrome P450, Steroid 

hormone biosynthesis, 
Tryptophan metabolism 

cellular aromatic 
compound metabolic 

process 

monooxygenase activity 3.6608 0.9257 3.9545 

si:ch211-
137a8.4 

   3.6678 1.0557 3.4744 

sox3  central nervous 
system development 

DNA binding 3.6862 0.9636 3.8255 

tbx6 FGF signaling, noncanonical 
WNT signaling 

mesoderm formation DNA binding 3.6966 0.9272 3.9870 

zgc:171476   metal ion binding 3.8818 0.8671 4.4768 

pou3f1  cell differentiation DNA binding 3.9231 0.9840 3.9868 

sars2 Aminoacyl-tRNA biosynthesis, 
Mitochondrial tRNA 

aminoacylation 

seryl-tRNA 
aminoacylation 

ATP binding 3.9728 1.0446 3.8030 
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EH997131    3.9911 0.8084 4.9369 

her15.1 Delta-Notch signaling Notch signaling 
pathway 

protein dimerization 
activity 

3.9999 1.1554 3.4620 

fabp7a PPAR signaling transport lipid binding 4.0047 1.1211 3.5720 

cadm3 Adherens junctions interactions, 
Cell junction 

organization,Nectin/Necl trans 
heterodimerization 

--- --- 4.0061 1.1421 3.5078 

insm1a Regulation of beta-cell 
development, Regulation of 

gene-expression in NEUROG3+ 
progenitor cells 

intracellular nucleic acid binding 4.2252 0.8095 5.2195 

csf1a   growth factor activity 4.2483 0.9683 4.3873 

noc4l  ribosome biogenesis  4.2685 1.0819 3.9453 

six3b  brain development DNA binding 4.3105 0.8322 5.1799 

tfap2d  regulation of 
transcription 

DNA binding 4.3292 0.9005 4.8074 

fezf1  nervous system 
development 

metal ion binding 4.3401 1.0006 4.3373 

mthfd1l Metabolic pathways oxidation-reduction 
process 

ATP binding 4.4071 1.0578 4.1663 

ENSDART0
0000143960 

B-cell receptor signaling --- --- 4.4577 1.0940 4.0747 

ywhag1 Cell cycle, Mitotic, Centrosome 
maturation, G2/M transition, 

Loss of Nip from mitotic 
centrosomes, Oocyte meiosis 

heart development protein domain specific 
binding 

4.5253 1.1239 4.0264 

hbae3  oxygen transport oxygen binding 4.6281 0.8299 5.5767 

tp53 Androgen Receptor signaling, 
Apoptosis, Cell cycle, Notch 

signaling, MAPK signaling, WNT 
signaling, P53-dependent G1 

DNA damage response, 
Autodegradation of the E3 

ubiquitin ligase COp1 

protein import into 
nucleus, 

translocation 

DNA strand annealing 
activity 

4.7832 0.9795 4.8835 

ccng1 P53 signaling pathway regulation of cyclin-
dependent protein 

kinase activity 

--- 4.8510 1.0012 4.8453 

heatr1 Ribosomal biogenesis rRNA processing, 
maturation of SSU-

rRNA from tricistronic 
rRNA transcript 

binding 4.9905 1.1009 4.5330 

otx2 noncanonical wnt pathway cellular response to 
alcohol 

DNA binding 5.0840 1.0162 5.0031 

abcf1   ATP binding 5.1062 1.1870 4.3018 

ghrh  signal transduction growth hormone-
releasing hormone 

activity 

5.3093 1.1525 4.6067 

oc90  lipid catabolic 
process 

calcium ion binding 5.3145 1.0387 5.1164 

hbae1 Metabolic pathways oxygen transport oxygen binding 5.6616 0.9363 6.0466 

hes2.2    5.6736 0.8344 6.7999 
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vsx2  multicellular 
organismal 

development 

DNA binding 5.9667 0.8514 7.0078 

otx5  circadian regulation 
of gene expression 

DNA binding 6.0519 1.1587 5.2231 

neurod4  cell differentiation DNA binding 6.7605 1.1550 5.8534 

hmgcra Metabolic pathways skeletal muscle 
tissue development 

oxidoreductase activity 7.8431 1.1228 6.9851 

hes2.1   protein dimerization 
activity 

8.2385 1.1697 7.0433 

foxn4  tissue development DNA binding 9.0637 0.9494 9.5472 

ENSDART0
0000141550 

   16.5347 1.1096 14.9010 
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Supplementary Table III – Genes showing opposite changes in apoCII MO vs. WT 
and stl vs. WT ECs 

Gene Symbol Pathways GO Biological 
Process 

GO Biological 
Function 

Fold 
Change 
apoCII 
vs. WT 

Fold 
Change 
stl VS. 

WT 

Fold 
Change 
apoCII 
vs. stl 

dmgdh Glycine, serine and 
threonine metabolism 

glycine catabolic 
process 

aminomethyltransferase 
activity 

-2.4116 2.0041 -4.8331 

Enpp2 (aliases: ATX, 
NPP2) 

Ether lipid metabolism immune 
response 

catalytic activity -2.1421 2.3436 -5.0202 

ENSDART0000010982
5 

Metabolism of lipids and 
lipoproteins, Regulation of 
Cholesterol Biosynthesis 

by SREBP 

Lipid metabolic 
process 

oxidoreductase activity -2.1788 2.1835 -4.7575 

si:ch73-138n13.1 Deadenylation of mRNA - - -2.3445 2.3919 -5.6078 

ENSDART0000012483
7 

Formation of fibrin clot, 
Hemostasis, Gamma-

carboxylation of protein 
precursors 

proteolysis calcium ion binding -3.2492 2.1350 -6.9371 

ENSDART0000012665
0 

Formation of fibrin clot, 
Hemostasis, Gamma-

carboxylation of protein 
precursors 

- - -2.2481 2.0859 -4.6893 

glb1l  carbohydrate 
metabolic 
process 

catalytic activity -2.0059 4.0334 -8.0904 

hgd Phenylalanine and 
tyrosine metabolism, 

Metabolism of amino acid 

L-phenylalanine 
catabolic process 

oxidoreductase activity -3.6805 2.7549 -10.1394 

hpd Phenylalanine and 
tyrosine metabolism, 

Metabolism of amino acid 

L-phenylalanine 
catabolic process 

metal ion binding -5.5022 2.1983 -12.0955 

lxn  - - -2.0636 2.3821 -4.9156 
pah Biogenic amino synthesis, 

Phenylalanine and 
tyrosine catabolism, 

Neural crest development 

L-phenylalanine 
catabolic process 

amino acid binding -4.8925 3.5671 -17.4521 

sepp1a Integrin-mediated cell 
adhesion 

extracellular 
region 

selenium binding -3.8524 2.2858 -8.8058 

si:ch211-214p16.2  - - -4.3354 2.0465 -8.8722 

si:dkey-252h13.5 Cobalamin (Vitamin B12) 
binding 

cobalamin 
metabolic 
process 

cobalamin binding -3.9892 3.7712 -15.0441 

TC374620 homologue to aldolase B, 
PMID: 12907606, which 
is part of the metabolic 

pathway. 

response to 
starvation 

Fructose binding -2.8619 2.1961 -6.2850 

wu:fb06g07  - - -3.7484 2.1116 -7.9151 
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alas2 Glycine, serine and 
threonine metabolism, 

Heme biosynthesis 

metabolic 
process 

catalytic activity 3.1022 -2.1860 6.7812 

BC150425  - - 2.6184 -5.3581 14.0294 
ppp1r3b Insulin signaling carbohydrate 

metabolic 
process 

- 2.4786 -3.3897 8.4018 

zgc:112234  nucleosome 
assembly 

DNA binding 2.5270 -2.4737 6.2510 

zgc:174704  - nucleic acid binding 2.0974 -2.0686 4.3386 
zgc:77287 Immune system pathways Protein 

ubiquitination 
- 2.1142 -2.3529 4.9744 

hbbe3 Oxygen transporter 
activity, heme binding 

oxygen transport heme binding 15.0000 -4.6904 20.0000 



	 20	

Supplementary table IV – Genes showing correlative changes in apoCII MO vs. WT 
and stl vs. WT ECs 

Gene Symbol Pathway GO Biological 
Process 

GO Biological 
Function 

Fold Change 
apoCII vs. 

WT 

Fold 
Change 

stl VS. WT 

Fold 
Change 

apoCII vs. 
stl 

nhp2l1a 
 

Formation and maturation of 
mRNA transcript, Processing 
of capped intron-containing 

Pre-mRNA, Ribosome 
biogenesis, Spliceosome 

Ribosome 
biogenesis 

RNA binding 3.141297038 3.92516967
1 

0.19970414 

mhc1uba Adaptive immunity signaling, 
Class I MHC mediated 
antigen processing & 

presentation 

immune response - 5.286406653 6.10594523 0.13421977
2 

atp1a1a.4 ATP binding, Metal ion 
binding 

ATP biosynthetic 
process 

ATP binding -3.541436419 -
3.16983109

3 

0.10493067
8 

cav1 Androgen receptor signaling, 
Cell surface interactions at 
the vascular wall, EGFR1 

signaling, Endocytosis, Focal 
adhesion, Hemostasis, Lipid 

digestion, Metabolism of nitric 
oxide, eNOS activation and 

regulation 

dorsal/ventral 
pattern formation 

beta-catenin 
binding 

-3.351505841 -
2.94625898

4 

0.12091485
9 

cav2 EGFR1 signaling, 
Endocytosis, Focal adhesion, 

Integrin-mediated cell 
adhesion 

- - -6.163280937 -
4.93809382

6 

0.19878813
3 

crygmxl2  - - -3.924311277 -3.67157466 0.06440279
6 

PRP  Blood vessel 
morphogenesis, 
fin regeneration 

- -3.937637778 -
3.18326241

4 

0.19158069 

SOD3b Cellular responses to stress, 
Oxidative Stress 

oxidation-
reduction process 

metal ion 
binding, zinc ion 
binding, copper 

ion binding 

-3.338633476 -
2.97098761

6 

0.11011866
5 

pdlim5  regulation of 
dendritic spine 
morphogenesis 

metal ion 
binding, zinc ion 

binding 

-4.350177949 -
4.19179920

9 

0.03640741
6 

pvalb8  cytosolic calcium 
ion homeostasis 

calcium ion 
binding, metal 

ion binding 

-4.021934497 -
3.23436563

3 

0.19581842
1 

scpp7  - - -3.506921939 -
2.94738376

9 

0.15955250
2 

tyrp1b Melanogenesis, Metabolic 
pathways, Thyrosine 

metabolism, Neural crest 
development 

Melanin 
Biosynthetic 

process 

Copper Ion 
Binding 

-4.491119063 -
4.27058463

5 

0.04910456
1 
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epcam cell adhesion morphogenesis of 
an epithelium, 

single organismal 
cell-cell adhesion 

- -3.603305189 -
3.92100031

2 

-
0.08816769

8 

zgc:73075 Signal Transduction, Visual 
phototransduction 

- calcium ion 
binding 

-3.61680574 -
3.38089766

8 

0.06522553 
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Supplementary Table V – Main networks affected in the different comparisons 

 

 

 

 

 

 

 

 

 

 

 

apoCII vs. WT specific 
genes 

stl vs. WT specific 
genes 

Opposite manner 
regulated genes 

Correlative manner 
regulated genes 

Dermatological 
Diseases and 
Conditions, Organismal 
Injury and 
Abnormalities, 
Connective Tissue 
Disorders  

Molecular Transport, 
Small Molecule 
Biochemistry, Energy 
Production  
 

Cellular Movement, 
Connective Tissue 
Development and 
Function, Cancer  
 

Cardiovascular 
Disease, Cellular 
Movement, 
Hematological System 
Development and 
Function  

Ophthalmic Disease, 
Hereditary Disorder, 
Neurological Disease  

Hematological Disease, 
Developmental 
Disorder, Hereditary 
Disorder  

  

Nervous System 
Development and 
Function, Tissue 
Morphology, Visual 
System Development 
and Function  

Cellular Growth and 
Proliferation, Amino 
Acid Metabolism, Hair 
and Skin Development 
and Function  

  

Cancer, Respiratory 
Disease, Cell Death and 
Survival  

Lipid Metabolism, 
Molecular Transport, 
Small Molecule 
Biochemistry  

  

Embryonic 
Development, Organ 
Development, 
Organismal 
Development  

Cell-To-Cell Signaling 
and Interaction, Cellular 
Movement, 
Hematological System 
Development and 
Function  
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Supplementary table VI- linear fold change expression of LPA receptors in apoCII 
MO vs. WT and stl vs. WT microarray data. 

Significant up or down-regulation> 2 fold change.*-p value<0.05.  

 

 

 

 

 

 

  

 

Name Linear fold 
change 
apoCII MO vs. WT 

Linear fold change 
stl vs. WT 

Lpa1  
(NM_001004502) 

-2.484322644 * -1.349959974 

Lpa2a  
(NM_001003578) 

-1.51939388 -1.081146732 

Lpa2b  
(NM_001037694) 

-1.375922084  -1.236618725 

Lpa3 
 (EB905918) 

-1.059254129 1.076693864 

Lpa4  
 (NP9855115)   

1.06011037 1.038929335 

Lpa5a 
 (NM_199606) 

-6.034316318 * -1.27930564 

Lpa5b  
(NM_001128797) 

-1.026805641 1.04276256 

Lpa6a 
(NM_001080055) 

-1.09107337 -1.027141975 

Lpa6b 
(ENSDART00000101082) 

1.071040294 1.21833667 
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