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H I G H L I G H T S

• Members of the Apolipoprotein L family (APOL) are induced in endothelial cells by a variety of inflammatory stimuli.

• APOL3 is the only APOL commonly induced by atherogenic stimuli such as thrombin, MPO or oxidized LDL.

• APOL3 is also induced by angiogenic stimuli such as VEGF and FGF.

• APOL3 invalidation decreases tubulogenesis and endothelial wound repair. It increases endothelial permeability.

• APOL3 invalidation correlates with inhibition of pro-angiogenic pathways and reduces expression of pro-angiogenic genes.
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A B S T R A C T

Background and aims: Endothelial cells are main actors in vascular homeostasis as they regulate vascular pres-
sure and permeability as well as hemostasis and inflammation. Disturbed stimuli delivered to and by endothelial
cells correlate with the so-called endothelial dysfunction and disrupt this homeostasis. As constituents of the
inner layer of blood vessels, endothelial cells are also involved in angiogenesis. Apolipoprotein Ls (APOL)
comprise a family of newly discovered apolipoproteins with yet poorly understood function, and are suggested to
be involved in inflammatory processes and cell death mechanisms. Here we investigate the role of APOLs in
endothelial cells stimulated with factors known to be involved in atherogenesis and their possible contribution to
endothelial dysfunction with an emphasis on inflammation driven-angiogenesis in vitro.
Methods: Using the CRISPR/Cas9 technique, we analyzed the effect of APOL3 gene knock out in HMEC-1 en-
dothelial cells on cell migration, tubulogenesis, endothelial permeability, intracellular signal transduction as
assessed by kinase phosphorylation, and angiogenesis gene expression (measured by qRT-PCR).
Results: Our results indicate that among the family, APOL3 was the only member induced by myeloperoxidase,
oxidized LDL, VEGF and FGF treatments. APOL3 invalidation increased endothelial permeability, reduced
wound repair and tubule formation in vitro, the latter only in MPO and VEGF-induced conditions. Accordingly,
some pro-angiogenic signaling pathways (ERK1/2 and FAK but not Akt) and some pro-angiogenic genes were
partially inhibited in APOL3 knock out cells.
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Conclusions: These findings suggest the involvement of APOL3 in angiogenesis in vitro and as a modulator of
MAPK and FAK signaling in endothelial cells.

1. Introduction

The endothelium is a single cell layer that forms the innermost
stratum of blood vessels. As part of the blood vessel wall, its most
evident function is to constitute an active semi permeable barrier in-
volved in both partition and exchange of fluids, ions, biological mole-
cules and cells between blood and other tissues. Endothelial cells are
therefore actors in the process of angiogenesis, the creation of new
blood vessels from preexisting ones. Endothelial cells also play a reg-
ulatory role in other functions including hemostasis, vascular tone or
interactions with blood cells. These controls involve the expression of
molecules implicated in the fine tuning of the balance between coa-
gulation and fibrinolysis, vasoconstriction and vasodilation, or leuko-
cyte repelling and recruitment respectively. Endothelial dysfunction is
the perturbation of this balance and is involved in the development of
various pathologies such as tumor development, metastasis and cardi-
ovascular diseases [1].

Twenty years ago, apolipoprotein L1 (APOL1) was uncovered as a
new component of human serum [2]. Its levels correlated with trigly-
ceride levels [3,4]. It conferred to the human species the ability to resist
infection by most African trypanosome species [5]. APOL1 belongs to a
family of several dozens of diverging members (all mammalian species
included, containing for example 6, 14 and 8 members in humans, mice
and rats respectively). APOL1 is only present in humans and some
African great apes. It is the only family member to be secreted in the
serum, where it associates with the densest HDL fraction, HDL3 [6].
Twenty years later, the characterization of APOL1 has progressed in
terms of trypanolysis mechanism and pathological effects since mutant
alleles that confer resistance to some African trypanosomes are known
to be associated to a lethal kidney disease [7]. However its physiolo-
gical function remains enigmatic. Furthermore, the function of the
other APOL family members remains largely unknown. A hint is pro-
vided by resemblances between APOLs and proteins of the apoptotic
BCL-2 family: a multihelical ionic pore-forming domain and a BCL-2
homology 3 (BH3) domain suggest a role in programmed cell death [8].
Accordingly, ectopic expression of APOL1 and APOL6 in cancer cells
triggered a cell death process exhibiting properties shared with au-
tophagy and apoptosis respectively [9,10]. APOL2 has an anti-apoptotic
effect on broncho-alveolar cells treated with IFN-γ [11]. APOLs are
induced under inflammatory conditions (IFN-γ, TNF-α) in different cell
types both in humans (APOL1, APOL3) and mice (APOL7, APOL11)
[12–14].

Here we investigate the role of APOLs in endothelial cells stimulated
with factors known to be involved in atherogenesis. We report that
APOL3 is involved in endothelial function. In particular it plays a role in
angiogenic activities of endothelial cells such as capillary network
formation, cell migration, angiogenic signal transduction pathways and
angiogenic gene expression.

2. Materials and methods

2.1. Cell culture

Human microvascular endothelial cells (HMEC-1) obtained from the
Center for Disease Control (Atlanta, Georgia), were cultured in MCDB-
131 media (Gibco) supplemented with 10% fetal bovine serum (FBS), L-
glutamine (2mmol/L), human epidermal growth factor (10 ng/ml),
penicillin/streptomycin (50 μg/ml) and hydrocortisone (1 μg/ml) in a
CO2/O2 incubator at 37 °C.

2.2. APOL3 knockout via CRISPR/Cas9

Cells were transfected with the plasmid U6-gRNA/CMV-CAS9-GFP
expressing a guide RNA targeting the APOL3 gene (Fig. S2) (Sigma
Aldrich) using lipofectamine 2000 Transfection Reagent (thermofisher)
according to the manufacturer's protocol. Briefly, the day before
transfection, HMEC-1 were seeded at 50% confluence in 6 well plates
and cultured in growth medium without antibiotics for 24 h. The next
day, cells were washed in MCDB131 medium and transfection was
performed in serum-free medium without antibiotics. Transfected GFP
positive cells were sorted using a flow cytometer, seeded at one cell/
well in 96 well plates and allowed to grow. Genomic DNA was extracted
from the growing clones. The genomic region targeted by the CRISPR/
Cas 9 procedure was amplified by PCR and cloned. After sequencing of
the crude PCR product, 15 to 20 individually cloned PCR products were
sequenced.

2.3. Recombinant MPO preparation

Recombinant MPO was prepared as described previously [15].
Briefly, the pNIV2703 plasmid that codes for prepromyeloperoxidase
was constructed. It contains an MPO ORF coding for a sequence from
amino acid 11 in the putative signal sequence to amino acid 696. The
pNIV2703 expression vector was transfected into CHO cells by elec-
troporation. Cell supernatants were recovered to assay the production
level and the enzymatic activity of secreted molecules. Each batch so-
lution was characterized for its activity (in U/ml), protein concentra-
tion (in mg/ml) and specific activity. Peroxidase activity was de-
termined using o-dianiside as a substrate. Each batch was checked for
endotoxin using the Lonza Endotoxin Detection Kit QCL-1000 (Catalog
Number: 50–647U).

2.4. LDL isolation and oxidation

Native LDLs (NatLDLs) were obtained by sequential density gradient
ultracentrifugation from plasma of healthy blood donors. The con-
centration of NatLDL in PBS was adjusted to 1mg/ml before incubation
with 10 μM copper sulfate for 24 h at 37 °C. The oxidation was stopped
by the addition of 25 μM butylated hydroxytoluene and incubation on
ice for 1 h. MoxLDL were generated by mixing 8 μl of HCl 1M (final
concentration: 4mM), 60 μl of recombinant human MPO (rhMPO)
92.4U/ml (final relative activity: 2.6U/mg LDL), a volume containing
1600 μg LDL and 40 μl of H2O2 50mM (final concentration: 1mM). The
volume was adjusted to 2ml with PBS at pH 6.5. The oxidation reaction
for the generation of MoxLDL was immediately performed at 37 °C for
5min and stopped by incubation on ice to inhibit the MPO enzymatic
activity. NatLDLs, OxLDLs and MoxLDLs were desalted against DMEM
without glutamine (Cambrex, Belgium) by using PD-10 desalting col-
umns (GE Healthcare). LDLs were sterile filtered (0.2 μm), stored in the
dark at 4 °C and used within 4 days. The LDL, OxLDL and MoxLDL
concentration was determined by the Lowry method and used at a
concentration of 100 μg/ml.

2.5. Cell treatment

HMEC-1 were seeded in 12 well plates and treated in a time de-
pendent manner with TNFα (10 ng/ml), IFN γ (50 ng/ml), Thrombin (2
IU/ml), MPO (200 ng/ml), MoxLDL (100 μg/ml), and OxLDL (100 μg/
ml) for 3,6,12 and 24 h. Cells were also treated with VEGF (100 ng/ml)
or FGF (50 ng/ml) for 24 h. The respective concentrations were selected
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according to physiological or pathological ranges found in the literature
and already used in the laboratory (for examples see Refs. [16–20]).
Furthermore, cells were treated for 24 h in a dose dependent manner
with TNFα (1, 5 and 10 ng/ml), IFN γ (10, 25 and 50 ng/ml), thrombin
(0.5, 1 and 2 IU/ml), MPO (50, 100 and 200 ng/ml), MoxLDL/oxLDL
(50, 100 and 200 μg/ml), VEGF (10, 50 and 100 ng/ml) and FGF (5,10
and 50 ng/ml). These concentrations were selected according to a
gradient increasing to the values selected above.

2.6. RNA extraction and quantitative real-time PCR

Total RNA was extracted from cells using silica-membrane spin
columns (RNeasy® Mini Kit, Qiagen) according to the manufacturer's
instructions. Total RNA concentrations and A260/A280 and A260/230
ratios were assessed using spectrophotometry (NanoDrop 2000®,
Thermo Scientific). A260/280 ratios exceeded 2.0 in all samples. 1 μg
of total RNA was treated with DNAse and reverse-transcribed using
PrimeScript RT reagent Kit (Takara- Clontech). Quantitative Real-Time
PCR was performed using a LightCycler® 480 (Roche) apparatus and
SYBR Green I Master (Roche). Primer sequences for target genes and
reference genes (glyceraldehyde 3-phosphate dehydrogenase (GAPDH),
60S ribosomal protein L27 (RPL-27) are listed in Supplementary
Table 1. A control reaction was routinely performed in absence of RT to
assess the presence of trace amounts of DNA and always proved nega-
tive. The conditions used for qPCR were: initial denaturation step at
95 °C (5min), followed by 50 amplification cycles (15 s at 95 °C, 30 s at
58 °C (annealing) and 30 s at 72 °C (elongation). mRNA expression for
each gene was determined using the delta CT method and was nor-
malized against the geometric mean of GAPDH and RPL27.

2.7. Western blot

A total of 106 cells for each treatment were pelleted and lysed in
RIPA lysis buffer (Sigma) supplemented with protease inhibitor cocktail
(Roche). Cell lysates were centrifuged at 12000g, 4 °C for 15min and
protein concentration was measured using bicinchoninic acid assay kit
(ThermoFisher). Proteins were separated by SDS–PAGE in reducing
conditions and transferred to nitrocellulose membrane (GE Healthcare
Life Sciences). After saturation with 5% milk, the membrane was in-
cubated overnight at 4 °C with the appropriate primary antibody: anti-
Phospho ERK1/2 1:5000, anti-total ERK 1/2 (1:10000), anti-Phospho
Akt (1:5000), anti-total Akt (1:10000), anti-Phospho FAK (1:1000), and
anti-total FAK (1:1000) (Abcam), anti-APOL1 (1/1000), anti-APOL2 (1/
2000), anti-APOL3 (1/2500) and anti-APOL6 (1/500) (sigma), washed,
then incubated with (HRP) conjugated secondary antibody for 1 h at
room temperature and revealed using the ECL substrate (PerkinElmer).
Monoclonal anti-β-actin antibody (1/80000; Sigma) was used for pro-
tein loading control. Densitometric analysis was performed using
ImageJ.

2.8. Tube formation (tubulogenesis) assay for in vitro angiogenesis on
matrigel and collagen gel

The μ-slide Angiogenesis System (Ibidi) was used to assess the for-
mation of tube-like structures according to the manufacturer's instruc-
tions. Briefly, μ-slide wells were coated with 10 μl of growth factor
reduced matrigel (ThermoFisher), then allowed to polymerize for
30min at 37 °C. For collagen gel experiments, 4 mg/ml collagen Type I
stock solution was diluted to the desired final concentration (2.5 mg/
ml) by gently mixing with PBS and distilled water on ice and neu-
tralized to pH 7.0 with 1N NaOH. 10 μl of the mixture was seeded into
μ-slide wells and allowed to polymerize for 1 h at 37 °C.

104 cells in 50 μl media (either supplemented with VEGF, MPO and
thrombin or not) were seeded per well, incubated at 37 °C, 5% CO2 and
inspected for tubule formation after 6 or 24 h. Pictures were taken from
different fields with the 10× objective using phase contrast microscopy

(Nikon, Eclipse Ti). Vessel morphometric parameters including vessel
length and junction density were measured using AngioTool software.
Experiments were reproduced 3 times independently.

2.9. Scratch assay

EC migration was monitored using the scratch assay. Briefly,
3.104 cells were seeded into 2 well silicone inserts defining a cell-free
gap (Ibidi) and incubated overnight in growth medium at 37 °C, 5% CO2

to allow the cells to attach and to form a confluent monolayer. Inserts
were then removed allowing cells to migrate and fill the gap, and fresh
growth medium was added. Scratch width was photographed at dif-
ferent time points (0, 3, 6 and 12 h) from three fields of view with the
10× objective using light microscopy (PixeLINK PL-A642 Megapixel
FireWire Camera). The experiments were performed in duplicate. Using
the Image J software, The cell-free wound surface was measured be-
tween the wound edges, averaged between the fields of views and du-
plicates and expressed as a percentage of the initial wound width at
t= 0 h.

2.10. Endothelial permeability assay

Endothelial permeability was assayed using the Millipore in vitro
vascular permeability kit according to the manufacturer's instructions.
Briefly, HMEC-1 WT and APOL3 KO cells were seeded on porous (1 μm
pores) polyethylene terephthalate membranes in the upper chamber of
transwell inserts at 80% confluence. They were allowed to grow for
48 h to reach confluence and contact inhibition. The medium was
changed and cells were mock- or TNFα-treated for 24 h. FITC-dextran
(MW: 3000Da) was then added in the insert upper chamber for 20min.
The medium was then removed from the well (bottom chamber) and
fluorescence was immediately measured by a fluoromax 4 Horiba
spectrofluorometer using excitation filters at 485 nm and emission fil-
ters at 517 and 535 nm. Results were harvested as arbitrary fluores-
cence units of fluorescence/0,1 s. Endothelial cells were then washed
and stained. All the wells' surfaces were carefully observed under bright
field microscope in order to ensure endothelium monolayer integrity.

2.11. Cell proliferation assay

2.11.1. WST-1 cell proliferation assay
Cell proliferation was evaluated using Cell Proliferation Reagent

WST-1 (Sigma) according to the manufacturer's instructions. This assay
is based on the measurement of the glycolytic production of NADH
directly correlated to the number of active cells. Briefly, 25.103 cells
were cultured in growth medium for 24 h at 37 °C, 5% CO2. 10 μl of
WST-1 reagent were added per well and the formazan dye production
(by an NADH dependent reduction of tetrazolium salt) was quantified
with a spectrophotometer.

2.11.2. CFSE cell proliferation assay
HMEC-1 cells were seeded at 2.105 cells/well in a 6 well plate. After

24 h, cells were treated with pre-warmed PBS containing CFDA-SE
(final concentration 10 μM) for 15min at 37 °C to allow dye uptake. The
loading solution was removed and cells were incubated with fresh pre-
warmed culture medium for an additional 30min to allow the dye to
react with intracellular proteins before flow cytometry analysis. Cells
were then further incubated for desired periods of time (24, 48, 72 and
96 h) to allow cells to divide and analyzed again by flow cytometry.

2.11.3. Cell counting by flow cytometry
HMEC-1 cells were seeded at a concentration of 2.105 cells/well in 6

well plates. Cells were trypsinized and counted at times 0, 24, 48, 72
and 96 h.
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Fig. 1. APOLs mRNA and protein expression levels in treated HMEC-1.
HMEC-1 cells were treated for the indicated times with TNF-α (10 ng/ml) (A), IFN-γ (50 ng/ml) (B), thrombin (2 IU/ml) (C), MPO (200 ng/ml) (D), MoxLDL (100 μg/
ml) (E), oxLDL (100 μg/ml) (F), VEGF (100 ng/ml) (G) and FGF (50 ng/ml) (H). RNA was extracted and analyzed by qRT-PCR using specific primers for APOL1,
APOL2, APOL3 and APOL6. The expression level was normalized to the geometric mean of GAPDH and RPL27. Values were expressed as fold change over control. The
arrow points at the APOL6-specific band. Data were evaluated by two-way ANOVA test followed by Bonferroni's Multiple Comparison Test. (*p < 0.05, **p < 0.01,
***p < 0.001). For protein analysis, cells were lysed and analyzed by Western blot using specific anti-APOL1, anti-APOL2, anti-APOL3, anti-APOL6 antibodies and
anti-β-actin as loading control.
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2.12. Software tools

2.12.1. AngioTool
The AngioTool software [21] is an open source validated tool that

allows quantifications of different morphological parameters by asses-
sing the variation in foreground and background pixel density across a
microscopic image.

2.12.2. Image J
Image J software is a tool allowing image analysis and processing,

written and maintained by Wayne Rasband of NIH.

2.13. Statistics

Data were expressed as mean ± standard error of mean (SEM). For

Fig. 1. (continued)
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two group comparison, unpaired t-test was used. Differences between
multiple groups were evaluated using one-way or two-way ANOVA as
appropriate, followed by Bonferroni post-hoc test for multiple

comparisons. Normal distribution of data sets was estimated using the
Kolmogorov-Smirnov test. The significance level was chosen as p
value:< 0.05 (*),< 0.01 (**), and<0.001 (***). All calculations were

Fig. 2. APOLs mRNA and protein expression levels in treated HMEC-1.
HMEC-1 cells were treated for 24 h with the indicated concentrations of TNF-α (A), IFN-γ (B), thrombin (C), MPO (D), MoxLDL (E), oxLDL (F), VEGF (G) and FGF (H).
RNA was extracted and analyzed by qRT-PCR using specific primers for APOL1, APOL2, APOL3 and APOL6. The expression level was normalized to the geometric
mean of GAPDH and RPL27. Values were expressed as fold change over control. Data were evaluated by two-way ANOVA test followed by Bonferroni's Multiple
Comparison Test. (*p < 0.05, **p < 0.01, ***p < 0.001). For protein analysis, cells were lysed and analyzed by Western blot using specific anti-APOL1, anti-
APOL2, anti-APOL3, anti-APOL6 antibodies and anti-β-actin as loading control.
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Fig. 2. (continued)
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performed with GraphPad Prism 5.01.

3. Results

3.1. Inflammatory stimuli induced the expression of APOL family members

The endothelial expression of some members of the APOL family as
well as their induction by pro-inflammatory cytokines (TNF-α and IFN-
γ) has already been reported [12,13]. We asked whether other pro-in-
flammatory stimuli involved in endothelial dysfunction or athero-
sclerosis would also be able to do so. Thus we submitted HMEC-1 cells
to several treatments according to both time kinetics and concentration
gradient. As illustrated in Figs. 1 and 2, TNF-α and IFN-γ were con-
firmed to induce APOL1, 2, 3 and 6 RNA and protein expression, al-
though with different intensity. For example, after a 24 h treatment,
TNF-α (10 ng/ml) induced APOL1, 2, 3 and 6 RNA expression by
40,12,25 and 25 times respectively (Fig. 1A), while IFN-γ (50 ng/ml)
induced APOL1, 2, 3 and 6 RNA expression by 60,12,20 and 20 times
respectively (Fig. 1B). The inductions by TNF-α, IFN-γ and thrombin
followed a similar kinetics, APOLs being induced as early as at 3 h and
the induction increasing until 24 h. Expression of all corresponding
proteins was also induced to a similar extent. Thrombin significantly
induced APOL3 and 6 expression (Fig. 1C), while MPO (Fig. 1D),
MoxLDL (Fig. 1E) and OxLDL (Fig. 1F) only induced APOL3 expression.
These inductions however happened to a much lower extent. APOL3
induction by MPO, MoxLDL and OxLDL was delayed at 12 h (6 h in the
last case). Treatments with growing concentrations of each of the in-
ducers did not affect these conclusions. In general, increasing con-
centrations enhanced the extent of induction (Fig. 2) although with
different dose effects. Thus, maximal induction of the 4 APOLs was
reached at the lower TNF-α concentration (Fig. 2A). While all APOLs
except APOL2 were induced at the lowest IFN-γ concentration, APOL1
induction was stronger (Fig. 2B). Inductions by thrombin and MPO
were progressive (Fig. 2C and D). In the case of MoxLDL and OxLDL,
there was an induction threshold between 50 ng/ml and 100 ng/ml
(Fig. 2E and F).

3.2. APOL3 is the only APOL induced by VEGF and FGF

We also assessed the effect of two well-known pro-angiogenic in-
ducers (VEGF and FGF) on the expression of APOLs in HMEC-1 cells.
Figs. 1 and 2 show that after 24 h both VEGF (Fig. 1G) and FGF
(Fig. 1H) induced exclusively APOL3 (but not other family members) by
2 times. This induction required concentrations approaching the re-
ported physiological concentrations [17,22] as it did not work at lower
concentrations (Fig. 2G and H).

3.3. APOL3 knock out clones

As all the above treatments induced APOL3 expression, some spe-
cifically, and as several of these are known to interfere with various
aspects of endothelial function, for example tubulogenesis and/or cell
motility, we decided to investigate whether APOL3 is involved in these
cell behaviors. For that purpose we set out to knock out the alleles of
the APOL3 gene in HMEC-1 cells using the CRISPR/Cas9 technology.
Thus, after transfection of the RNA guide/Cas9 expressing construct,
selection of transfected fluorescent cells, cloning, western blot analysis
and genome sequencing, several clones where APOL3 protein expres-
sion was lost were selected. Supplementary Fig. S1 shows the

characterization by Western blot of APOL3 clone 26 (APOL3 knock out -
A3KO). In this particular case, the two alleles were found mutated (one
by a one nucleotide insertion and the other by a 4 nucleotide deletion)
generating heterozygous frame shifts, and giving rise to stop codons
downstream of the RNA guide hybridization site (Supplementary Fig.
S2).

3.4. APOL3 is involved in the angiogenic phenotype

In order to assess the role of APOL3 in the formation of a vascular-
like network by endothelial cells, APOL3 knock out (A3KO) cells as well
as wild type HMEC-1 cells (WT) were then analyzed in a tubulogenesis
assay. Cells were originally seeded on matrigel or collagen I coated
plates for 6 h and 24 h respectively. As expected, HMEC-1 formed a
capillary like network. However, as illustrated in Fig. 3 (first columns in
panels A and D), invalidation of APOL3 only slightly interfered with
tubule formation, a statistically non-significant change as confirmed by
image analysis and quantification (Fig. 3B, C, E and F). As MPO,
Thrombin and VEGF all induced APOL3 expression and tubulogenesis,
we also assessed the role of APOL3 on tubule formation under these
treatments. As illustrated in Fig. 3A and D and quantified in Fig. 3B, C,
E and F APOL3 invalidation partially inhibited the stimulation of tub-
ular network formation both in terms of cumulative vessel length and
junction density. The nature of the matrix supporting tubulogenesis
(whether matrigel or collagen) did not affect these observations al-
though tubule formation was lesser in the collagen matrix.

3.5. APOL3 KO interferes with scratch closure

Together with tubule network formation, angiogenesis also requires
cell migration. In order to assess cell motility, HMEC-1 cells were
seeded and grown until confluence into culture wells equipped with a
device drawing a linear denudation zone. The device was removed and
cells at the edge of the wound were therefore allowed to migrate and
colonize the denudation zone. Cell free surfaces were measured and
measurements plotted against time. As illustrated in Fig. 4A and
quantified in Fig. 4B, APOL3 invalidation lowered cell motility by 20%.

Proliferation assays illustrated in Fig. 5 performed on the same cells
indicated that the generation time of KO cells was the same than the
wild type cells. This suggests that the effects observed on tubulogenesis
and cell migration are not trite effects mediated by slow growth.

3.6. APOL3 KO increases endothelial permeability

Several of the factors increasing APOL3 expression in HMEC-1 en-
dothelial cells (such as TNF-α, IFN-γ, VEGF or thrombin) have been
reported to influence endothelial permeability [23–26]. In order to
assess a possible role of APOL3 in this property, HMEC-1 cells were
seeded on porous membranes in the upper chamber of well inserts and
allowed to grow until contact inhibition. Cells were mock or TNF-α
treated for 24 h. FITC dextran was then added in the insert and allowed
to permeate the endothelial monolayer for 20min. Endothelial per-
meability was then assessed by measuring fluorescence intensity in the
lower chamber medium. As shown in Fig. 6, APOL3 KO correlated with
a statistically significant rise in endothelial permeability, to the same
extent as that provoked by TNF-α known to interfere with this property
and used as positive control.

Fig. 3. Tubulogenesis in APOL3 KO cells.
Wild type (WT) or APOL3 knock out (A3KO) HMEC-1 cells were treated with MPO (200 ng/ml), thrombin (2 IU/ml) or VEGF (100 ng/ml) and seeded on matrigel for
6 h (A) or on collagen I gel for 24 h (D). Pictures were taken at 10× magnification. Junction density (B and E) and total vessel length (C and F) were quantified using
the AngioTool software. Results are expressed as fold change over control. Results are expressed as mean ± SEM of three independent experiments performed in
triplicate. Statistics were performed using one-way ANOVA, followed by Bonferroni's Multiple Comparison Test. (*p < 0.05, **p < 0.01, ***p < 0.001).
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3.7. APOL3 is a link in angiogenic pathways

As tubulogenesis and wound healing are considered in vitro mani-
festations of in vivo angiogenic capabilities of EC, we asked whether
APOL3 is involved in angiogenic signal transduction pathways. In
agreement with such a role, VEGF, a well-known angiogenic factor,
induced APOL3 expression (Figs. 1 and 2). We asked whether APOL3 is
a link in VEGF or MPO elicited signal transduction pathways. Thus the
phosphorylation state of kinases of angiogenic signal transduction
pathways was compared in WT or KO cells stimulated by VEGF or MPO.
The VEGF (as well as MPO) -dependent stimulation of ERK and FAK
(but not Akt) phosphorylation was abolished in APOL3 KO cells. Indeed,
MPO and VEGF both induce ERK, Akt and FAK phosphorylation by 1.5,
2.7, and 2.5 times respectively. APOL3 invalidation prevented the in-
crease of ERK and FAK but not Akt phosphorylation. This suggested that
APOL3 is associated to ERK and FAK but not Akt signal transduction
(Fig. 7).

As these signal transduction pathways ultimately result in the con-
trol of angiogenic genes, we also analyzed APOL3 dependence of some
of them. RNAs extracted from WT or A3KO HMEC-1, stimulated or not
with MPO or VEGF were analyzed by qRTPCR using primers specific for
9 different angiogenic genes. Thus, HEY-1, PDGFB, ID-2, ID-3,IER2,
NRARP, HES-1, SNAI and Cyr61 RNA expression was induced by (8 and
9)-fold, (3 and 3)-fold, (13 and 10)-fold, (9 and 7) -fold, (5 and 6)-fold,
(3 and 3)-fold, (10 and 12) –fold, (12 and 15) and (2 and 2)-fold re-
spectively upon MPO and VEGF treatment. The expression of HEY-1
(Fig. 8A), PDGFB (Fig. 8B), ID2 (Fig. 8C) and ID3 (Fig. 8D) was down
regulated in MPO and VEGF treated A3KO cells as compared to WT
treated cells while the induction of the rest was not affected (Fig. 8).
This suggested that APOL3 is involved in the transduction of part of the
angiogenic pathways and some angiogenic genes.

4. Discussion

Our data suggest that APOL3 plays a role in endothelial function. In
particular it is involved in angiogenic activities of EC such as capillary
network formation, cell migration, angiogenic signal transduction
pathways and angiogenic gene expression.

The endothelium is involved in the control of vascular functions. It
participates in the regulation of fluid exchange, hemostatic balance,
vascular tone and blood intercellular interactions. Furthermore it is de
facto an actor in angiogenesis, the creation of new blood vessels. As a
corollary, endothelium dysfunction correlates with a loss of regulation
of these processes associated with several pathologies including cardi-
ovascular disease (CVD) [1]. A pivotal role of inflammation is nowa-
days well admitted in the onset of CVD and cases of (inflammation-
driven) angiogenesis and vessel repair [27]. EC are both actors and
targets of inflammation related changes as they both express and react
to some cytokines for example IL-6 and IL-8 or TNF-α and IFN-γ re-
spectively [28]. Among these cytokines, TNF-α and IFN-γ modulate EC
gene expression. In particular they induce the expression of members of
a newly characterized family of apolipoproteins named the apolipor-
otein Ls (APOLs) [12,13]. The physiological roles of APOL proteins
remain poorly known.

In this study, we confirmed the expression profile of APOLs in a
model of endothelial cells (HMEC-1) in response to TNF-α and IFN-γ.
We extended our observations to other inflammatory stimuli involved
in cardiovascular diseases: oxLDL and MoxLDL, two pro-atherogenic
molecules [29], thrombin a serine protease linking coagulation and
inflammation [30], and myeloperoxidase an enzyme released by neu-
trophils at inflammation sites [29]. We analyzed the functional role of
one of the family members in the endothelial phenotype.

Thus, TNF-α and IFN-γ stimulated the expression of all analyzed
APOLs, confirming observations previously made on another EC line,

Fig. 4. Endothelial cell migration in APOL3 KO cells.
(A) Wild type (WT) or APOL3 knock out (A3KO) HMEC-
1 cells were seeded into 2 well culture insert and allowed to
migrate for 12 h. Micrographs were taken at 10× magnifi-
cation. (B) The relative change in cell-free gap surfaces was
measured at different time points after removal of the
wounding insert and expressed as fold change over control.
Results are shown as mean ± SEM of three independent
experiments performed in duplicate. Statistics were per-
formed using two-way ANOVA. (p > 0.05, *p < 0.05,
**p < 0.01).
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HUVEC [12,13]. Thrombin only up-regulated APOL3 and APOL6 ex-
pression. Two modified LDL molecules (oxidized by different means-
oxLDL and MoxLDL) and MPO exclusively induced the expression of
one member of the family, APOL3. All the inducers were used at physio-
pathological concentrations supporting the relevance of our observa-
tions. This can only be compared to the only available very scarce in
vivo or in vitro observations: APOL6 expression in SMCs in the neoin-
tima layer of atherosclerotic lesions [31]; APOL3 (CG12_1

(apolipoprotein-L like) in endothelial cells lining the normal and
atherosclerotic iliac artery and aorta [32]; APOL3 in HUVEC treated
with 3MC (3-methylcholanthrene) a toxic compound in cigarette
smoke [33]. It was also reported that APOL3 is an activator of the
transcription factor NF-kB that plays a pivotal role in immune and in-
flammatory responses [34]. Taken together, all these observations
(including ours) are in agreement with a role of these two proteins
(APOL3 and APOL6) in vascular inflammation. This does not exclude a
possible role of APOL6 in programmed cell death as suggested in cancer
cell line models [10].

While it is clear that inflammation has many consequences, as far as
EC are concerned, there is a well-documented interplay between in-
flammation and angiogenesis [27]. Inflammation driven angiogenesis
has been reported and for example MPO, secreted by neutrophils at
inflamed sites, stimulated the angiogenic process in endothelial cells
[35,36]. Thrombin also induced angiogenesis in endothelial cells [37].
On the other hand inflammatory stimuli can also impede angiogenic
processes [38]. These reports combined with our observations that
VEGF and FGF, two well characterized pro-angiogenic stimulators [39]
induced APOL3 expression in HMEC-1, lead us to investigate the pos-
sible functional role of APOL3 in the angiogenic process.

Among the many coordinated processes involved in angiogenesis,
cell proliferation, cell migration and tube formation are amenable to
experimentation in culture through proliferation tests, scratch assays
and tubulogenesis assays [40]. These assays were used to compare WT
and APOL3 KO cells obtained using the CRISPR/Cas 9 technology. Our
results suggest indeed APOL3 involvement in endothelial angiogenic
activities.

In terms of wound healing, the capacity of APOL3 KO cells to fill a
denudation zone in a confluent monolayer is partially disabled with
respect to wild type cells, suggesting that migration is impaired. Our
observation that APOL3 knock out didn't interfere with the normal
proliferation rate rules argues against the trite possibility that the delay
in closing the wound in APOL3 KO cells would only be due to an

Fig. 5. Endothelial cell proliferation in APOL3 KO cells.
Wild type (WT) or APOL3 knock out (A3KO) HMEC-1 cell proliferation was
evaluated using Cell Proliferation Reagent WST-1 after 24 h. (A) or using flow
cytometry analysis for cell count (B) and CFSE fluorescence (C) at 24 h intervals
for 5 days. Results are shown as mean ± SEM of three independent experi-
ments performed in duplicate. Statistics were performed using unpaired t-test
for WST-1 cell proliferation assay and two-way ANOVA for CFSE Cell
Proliferation assay and cell counting. (ns: non-significant p > 0.05,
*p < 0.05, **p < 0.01).

Fig. 6. Endothelial permeability in APOL3 KO cells.
Wild type (WT) or APOL3 knock out (A3KO) HMEC-1 cell were seeded on
porous membranes in the upper chamber of transwell inserts and allowed to
form a confluent monolayer. They were treated or not with TNF-α. FITC dex-
tran was added in the upper chamber and endothelial permeability was mea-
sured as fluorescence intensity in the lower chamber. Results are expressed as
variation of fluorescence intensity over control (WT). Experiments were per-
formed four fold in triplicate. Statistics were performed using Kruskal-Wallis
One Way Analysis of Variance on Ranks p < 0.001 (*p < 0.05 Tukey's post-hoc
test).
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inhibition of proliferation. It suggested that there is indeed a bona fide
involvement of APOL3 in endothelial cell migration. Finally, the ability
of APOL3 KO cells to form tubules was only slightly (and statistically
not significantly) reduced with respect to wild type cells. Given that
APOL3 is induced by (inflammatory) stimuli that affect the angiogenic
process, we repeated the same experiment in conditions of MPO,
Thrombin and VEGF induced tubulogenesis. Our results showed that
tubulogenesis is partially inhibited in APOL3 KO cells only under MPO,
thrombin and VEGF treatment. Thus, APOL3 would participate in tu-
bulogenesis only in inflammatory conditions when it is induced like
after tissue injury. While considering pathological conditions such as
inflammation, a documented inducer of angiogenesis is hypoxia
[41,42]. We therefore tested if APOL3 would be involved in the hypoxic
stress response. Expression of well known markers of hypoxic stress
such as HIF1α, lactate dehydrogenase (LDH) or the glucose transporter
GLUT1 [41,42] was not differentially affected (results not shown) be-
tween WT and APOL3 KO cells, suggesting that APOL3 is not directly
involved (also see discussion below).

Another function of the endothelium is fluid partition between
blood and tissues, related to its selective permeability. We show in this
work that APOL3 KO correlates with an increase in endothelial per-
meability as assessed by fluorescent dye passage across a confluent
endothelial monolayer. This effect is of the same extent than that of

proinflammatory stimuli (as TNF-α, known to induce endothelial hy-
perpermeability [26]) and suggests an involvement of APOL3 in en-
dothelial permeability.

Our results also suggested that APOL3 is not uniformly involved to
the same extent in different manifestations of the angiogenic pheno-
type. It is not unexpected that these manifestations involve a whole
battery of actors and therefore APOL3 could cooperate with different
molecules, acting in tubulogenesis (upon stimulation with MPO,
Thrombin or VEGF) and in cell migration (without stimulation with
MPO, Thrombin or VEGF). This suggestion is supported by our data
regarding signal transduction pathways and gene expression. Indeed, in
order to better understand the involvement of APOL3 in phenotypical
changes we also investigated the angiogenic signaling pathways. We
focused on extracellular signal-regulated kinases (ERK1/2) (necessary
for tube formation), Focal Adhesion Kinase (FAK) (involved in the dy-
namic status of adhesion plaques mediating cell-matrix contact and cell
movement) and Protein kinase B (Akt involved in cell proliferation)
known to regulate cellular events required for new blood vessels for-
mation [43–45]. Our results suggested that APOL3 is involved in some
but not all angiogenic signal transduction pathways, as ERK1/2 and
FAK, but not Akt, phosphorylation were inhibited in MPO and VEGF
induced APOL3 KO cells. The fact that Akt phosphorylation was not
affected also fitted with the lack of effect on cell growth. The

Fig. 7. Angiogenic signaling pathways in APOL3 KO cells.
(A) Wild type (WT) or APOL3 KO (A3KO) HMEC-1 cells were treated with MPO (200 ng/ml) or VEGF (100 ng/ml) for 1 h. Western blot analysis of protein extracts
was performed using the indicated antibodies. P: phosphorylated; T: total. Graphs (B, C, and D) show the quantification of phosphorylation levels of the indicated
kinases normalized to β actin and total kinase expression, and expressed as fold change over control. Results are shown as mean ± SEM of three independent
experiments. Statistics were performed using one-way ANOVA, followed by Bonferroni's Multiple Comparison Test. (*p < 0.05, **p < 0.01, ***p < 0.001).

A. Khalil et al. Atherosclerosis 279 (2018) 73–87

84



(caption on next page)

A. Khalil et al. Atherosclerosis 279 (2018) 73–87

85



involvement of APOL3 in only some angiogenic pathways is also sup-
ported by our observation that only four [HEY-1, PDGFB, ID2 and ID3]
of the 9 angiogenic genes tested were dysregulated in APOL3 KO cells.

Our results also suggest that APOL3 is involved in endothelial per-
meability. There are several pathways controlling this property [46].
Our observation that APOL3 KO affects both ERK1/2 signaling and
endothelial permeability is in agreement with the indication that the
former is involved in the latter [47]. On the other hand our observa-
tions that APOL3 is not involved in hypoxic stress markers expression
fits with the known direct (proximal) regulation of the hypoxic stress
master regulator HIF1α and its targets LDH and GLUT1 by O2 con-
centration. Nevertheless as hypoxia increases VEGF expression [41,42]
and VEGF increases APOL3 expression (this work), APOL3 could be
involved in distal hypoxic signaling. This remains speculative as our
work does not identify the molecular links between APOL3, endothelial
permeability and angiogenesis.

Our work was also strictly limited to in vitro culture experiments.
Therefore, immediate theoretical perspectives include the test of the
APOL3 function in loss-of-function in vivo angiogenesis models.
Unfortunately the lack of orthologues in other species (such as mice or
zebrafish) precludes this possibility in the immediate future. Such in-
vestigations require the identification of the APOL3 paralogue inside
the APOL gene family of these model organisms.

4.1. Conclusions

In summary, APOL3 is implicated in endothelial cell function. It
participates in cell motility, inflammation-induced tubulogenesis, en-
dothelial permeability, in angiogenic signal transduction pathways and
angiogenic gene expression. This identifies APOL3 as an angiogenic
molecule that could fine tune the action of major players such as VEGF
in physiological angiogenesis or wound repair, vascular regeneration
and re-endothelization after ischemic events and coronary stenting.
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