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Activation of the blood vessel endothelium is a critical step
during inflammation. Endothelial cells stimulated by pro-in-
flammatory cytokines play an essential part in the adhesion and
extravasation of circulating leukocytes into inflamed tissues.
The endothelial egfl7 gene (VE-statin) represses endothelial cell
activation in tumors, and prior observations suggested that it
could also participate in the regulation of endothelial cell acti-
vation during inflammation. We show here that Egfl7 expres-
sion is strongly repressed in mouse lung endothelial cells during
LPS- and TNFa-induced inflammation in vivoe. LPS have a
limited effect on Egfl7 expression by endothelial cells in vitro,
whereas the pro-inflammatory cytokine TNFa strongly
represses Egfl7 expression in endothelial cells. TNF« regulates
the egfl7 gene promoter through regions located between
—7585 and —5550 bp ahead of the main transcription start site
and via an NF-kB-dependent mechanism. Conversely, Egfl7 reg-
ulates the response of endothelial cells to TNFa by restraining
the induced expression of intercellular adhesion molecule-1
(ICAM-1), vascular cell adhesion molecule-1 (VCAM-1), and
E-selectin, resulting in a decreased adhesion of leukocytes
onto endothelial cells stimulated by TNFa. Egfl7 regulates the
expression of these adhesion molecules through the NF-«B and
MEK/Erk pathways, in particular by preventing the proteasome-
mediated degradation of IkBa both in non-activated endothelial
cells and during activation. Egfl7 is thus an endogenous and
constitutive repressor of blood vessel endothelial cell activation
in normal and inflammatory conditions and participates in a
loop of regulation of activation of these cells by pro-inflamma-
tory cytokines.

Endothelial cells line the luminal side of blood vessels in
direct contact with the circulation. Under normal conditions,
the endothelium forms a non-adhesive and non-thrombogenic
surface on which blood cells slide with minimal interactions
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with the vascular wall. During inflammation, endothelial cells
become activated in response to pro-inflammatory cytokines,
which promote a strong increase in the expression levels of
leukocyte adhesion molecules such as E-selectin, intercellular
adhesion molecule-1 (ICAM-1),* and vascular cell adhesion
molecule-1 (VCAM-1). These adhesion molecules are ex-
pressed at the endothelial cell surface and participate in the
rolling, arrest, firm adhesion, and extravasation of immune cells
from the circulation through the endothelium and toward the
tissues (1). Endothelial cell activation in response to inflamma-
tion and its subsequent capture of leukocytes is thus a vital
response, and its regulation is critical. Excessive or aberrant
local activation of endothelial cells leads to inflammatory dis-
orders such as atherosclerosis, chronic inflammation, multiple
sclerosis, and rheumatoid arthritis. Activation of the endothe-
lium is transitory, and endothelial cells resume a basal, non-
activated condition when pro-inflammatory cytokines levels
recess. Thus, most of the time, the endothelium is non-acti-
vated, and there are now several lines of evidence suggesting
that this condition depends on the active expression of endog-
enous genes, which, when repressed, spontaneously trigger
endothelial cell activation. Epidermal growth factor-like
domain 7 (egfl7 or VE-statin) is mainly expressed by endothelial
cells during embryonic development and in the adult. Egfl7
codes for a secreted protein that represses smooth muscle cell
migration, regulates elastogenesis (2, 3), and is essential to
blood vessel lumen formation during development (4—6). We
have previously shown that the ectopic expression of Egfl7 by
cancer cells reduces the expression of leukocyte adhesion mol-
ecules in tumor blood vessels and favors tumor escape from
immunity (7) and that high expression levels of Egfl7 correlate
with low endothelial cell activation in peritumoral vessels of
human breast cancer (8). Egfl7 was also shown to inhibit
ICAM-1 expression in response to injuries such as hypoxia/
reoxygenation (9) and calcineurin inhibition (10) in human cor-
onary endothelial cells. These observations were made in situ-
ations where the endothelium was severely altered (cancer) or
chemically injured and suggested that Egfl7 could possibly reg-
ulate the endothelial activation during inflammation, but the

“The abbreviations used are: ICAM-1, intercellular adhesion molecule-1;
VCAM-1, vascular cell adhesion molecule-1; HUVEC, human umbilical vein
endothelial cell(s); siCtrl, control siRNA; siEgfl7, siRNA targeting Egfl7; IKK,
kB kinase; qPCR, quantitative PCR.
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exact roles of Egfl7 in this process have not been studied. Fur-
thermore, there is currently no report on the regulation of Egfl7
expression during endothelial cell activation in response to pro-
inflammatory stimuli.

Here, we show that Egfl7 participates in the regulation of
endothelial cell activation during inflammation. Egfl7 expres-
sion is transitorily reduced under LPS- and TNFa-induced
inflammatory conditions in vivo and in endothelial cells treated
with pro-inflammatory cytokines in vitro. TNFa represses egfl7
gene transcription in endothelial cells via the NF-«B pathway.
Conversely, Egfl7 represses the TNFa-induced activation of
endothelial cells and adhesion of leukocytes, notably by limiting
the expression of ICAM-1, VCAM-1, and E-selectin through
the repression of the NF-«B and the MEK/Erk pathways. Egfl7
participates in the stabilization of IkBa and inhibits its degra-
dation by the proteasome.

Results

Egfl7 Is Repressed in Endothelial Cells in Inflammatory Con-
ditions in Vivo and in Vitro—Egfl7 is mainly expressed by blood
vessel endothelial cells during development and in the adult (2,
6, 11). Comparing in situ hybridization of Egfl7 and immuno-
staining of CD31 in parallel slides of normal mouse lungs, Egfl7
expression was observed mostly in CD31" endothelial cells
(Fig. 1A). When lungs were dissociated and cells purified by
immunoaffinity against cell surface CD31, expression of Egfl7
was detected mostly in the CD31™" enriched fraction (Fig. 1B),
confirming that in normal lungs, CD31" endothelial cells rep-
resent the main cell type that expresses Egfl7. To check whether
Egfl7 expression was regulated during inflammation, LPS were
instilled in mouse lungs as to produce an acute and transitory
inflammatory condition. The efficacy of this LPS treatment
in inducing lung endothelium activation was confirmed by the
observed 3.5- and 2-fold up-regulation of ICAM-1 and
VCAM-1 RNA expression levels after 10 h of LPS treatment,
respectively (Fig. 1C). The expression levels of E-selectin were
up-regulated 250-fold after 10h of stimulation by LPS. All levels
were back to almost basal values after 24 h. During this LPS
treatment, Egfl7 transcript levels decreased 75% after 10 h when
compared with PBS controls and resumed values close to con-
trols after 24 h (Fig. 1C), thus showing a simultaneous and
inverse regulation of expression of Egfl7 when compared with
leukocyte adhesion molecules. To check whether the down-
regulation of Egfl7 could be due to a direct effect of LPS on
endothelial cells, primary human umbilical vein endothelial
cells (HUVEC) cultured in vitro were treated with increasing
amounts of LPS and expression of Egfl7 assessed. The most
active dose of LPS (0.1 ug/ml for 4 h) induced a 20% decrease in
Egfl7 transcript levels (Fig. 1D), and a time course treatment of
HUVEC with that same dose showed a maximal 20% reduction
in expression of Egfl7 after 4 and 8 h (Fig. 1D). This indicated
that in lung tissues inflamed using LPS, the much stronger
repression of Egfl7 observed was probably not due to a direct
effect of the LPS on endothelial cells. Because an LPS treatment
in vivo induces the release of TNFa and pro-inflammatory
interleukins in tissues (12, 13), we then checked whether TNFa
could regulate the expression of Egfl7 in vivo. Instillation of
TNFa in mice induced a strong increase in ICAM-1, VCAM-1,
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FIGURE 1. Egfl7 is repressed in endothelial cells under inflammatory con-
ditions in vivo. A, left panel, in situ hybridization detection of Egfl7 transcripts
in endothelial cell nuclei of adult mouse lungs (blue staining, arrows). Right
panel and inset, CD31 immunostaining (brown, arrows) and hematoxylin
counterstaining of a parallel section of the same area. Bar, 25 um. B, expres-
sion levels of CD31 and Egfl7 transcripts in CD31" cells (white bars) and
CD317 cells (black bars) isolated from mouse lungs using immunoaffinity and
measured by duplex RT-qPCR using a mouse CD31-FAM or a mouse Egfl7-
FAM TagMan probe mixed with a mouse B-actin-VIC probe (see “Experimen-
tal Procedures”). The results are plotted as quantities relative to CD31™~ con-
trols values set to 1. RQ, relative quantities. C, LPS (5 mg/kg, +) or LPS-free PBS
(—) was instilled in mice nostrils, and animals were sacrificed at the onset of
treatment (0 h) or after 10 or 24 h; the lungs were dissected and processed for
total RNA isolation. Expression levels of ICAM-1, VCAM-1, E-selectin, and Egfl7
were measured by duplex RT-qPCR using the indicated FAM-labeled TagMan
probe for the mouse transcript of interest and a mouse B-actin-VIC-labeled
TagMan probe and expressed as 2~ 24T quantities relative to t = 0 h values
setto 1.% p < 0.05; **, p < 0.01; *** p < 0,001. The results are representative
of three experiments performed in triplicate. RQ, relative quantities. D, left
panel, HUVEC were treated with increasing doses of LPS for 4 h and Egfl7
transcript levels assessed by duplex RT-gPCR. Right panel, expression levels of
Egfl7 transcripts in primary HUVEC cells treated with 0.1 ng/ml of LPS for the
indicated length of time and assessed by duplex RT-qPCR. E, TNF« (0.25
mg/kg, +) or LPS-free PBS (—) was instilled in mice nostrils and lungs pro-
cessed as in C for the analysis of expression levels of ICAM-1, VCAM-1, E-se-
lectin, and Egfl7 expressed as relative to t = 0 values set to 1. RQ, relative
quantities. **, p < 0.01; ***, p < 0,001.

and E-selectin expression levels after 10 h, confirming activa-
tion of the lung endothelium (Fig. 1E). Under these conditions,
TNFainduced a 50% decrease in Egfl7 expression after 10 h and
69% after 24 h when compared with PBS controls at the same
time points (Fig. 1E).
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FIGURE 2. Expression of Egfl7 in endothelial cells is repressed by pro-
inflammatory cytokines. A and B, expression levels of Egfl7 measured by
duplex RT-gPCR in HUVEC treated with PBS () or with 10 ng/ml| TNF« (@) (A)
for the indicated length of time or with PBS ((]), 10 ng/ml IL13 (@), or 10 ng/ml
IL6 (A) (B). The results are representative of three experiments performed in
triplicate. C, Western blotting analysis of endogenous Egfl7 or of actin in
HUVEC treated with TNFa as in A for the indicated length of time. The numbers
below indicate the TNFa treated/non-treated ratio of Egfl7 protein levels nor-
malized to actin levels taken at the same time points and assessed by densi-
tometry. The results are representative of two experiments. D, immuno-
staining of Egfl7 in confluent HUVEC monolayers treated for 4 h with or
without TNFa. Bar, 25 um. E, expression levels of Egfl7 measured by duplex
RT-gPCRin HUVEC treated for 24 h with complete medium (EGM-2) or in basal
medium supplemented with the indicated amounts of FGF-2 or VEGF-A 4.
The results are representative of two experiments performed in triplicate.

In vitro, a time course treatment of endothelial cells with
TNFa showed a 60% decrease of the levels of Egfl7 transcripts
after 6 h of stimulation; these levels were back to control values
after 24 h (Fig. 2A). Treating endothelial cells with the other
pro-inflammatory cytokine IL1 resulted in a similar but pro-
longed response while treating with IL6 had no significant
effects on Egfl7 expression when compared with controls (Fig.
2B). Accordingly, upon TNFa« treatment, Egfl7 protein levels in
endothelial cells decreased at 8 h and thereafter when com-
pared with non-stimulated cells (Fig. 2C), and this decrease in
expression was also detected by immunofluorescence of Egfl7
in endothelial cells treated with TNFa (Fig. 2D). Because TNF«
and IL1B are active angiogenic factors in vivo (14, 15), we tested
whether Egfl7 could be regulated by other angiogenic factors
such as FGF-2 and VEGF-A 4, but neither factor induced sig-
nificant variations in the expression levels of Egfl7, at any of the
concentration tested (Fig. 2E).

TNFo Represses the Transcription of the egfl7 Gene—Egfl7
repression by TNFa was not due to a shorter half-life of its
mRNA because the kinetics of decay of the Egfl7 transcripts
were similar in HUVEC treated or not with TNFa prior to
blocking transcription (Fig. 3A). On the other hand, the
decrease in Egfl7 transcript levels induced by TNFa depended
on active transcription because it was abolished by treating the
cells with actinomycin D before TNF« stimulation (Fig. 3B).
Similar results were obtained when treating endothelial cells
with IL1B (not shown).
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FIGURE 3. Egfl7 expression in endothelial cells is regulated by TNFa at the
transcriptional level. A, Egfl7 transcript levels measured by duplex RT-qPCR
in confluent HUVEC treated with 10 ng/ml TNFa (@) or with PBS () for 1 h
and then with 10 ug/ml actinomycin D (ActD, t = 0) and assessed during the
next 6 h. B, Egfl7 transcripts levels measured by duplex RT-gPCR in confluent
HUVEC treated with DMSO or 10 ng/ml actinomycin D for 1 h before stimu-
lation with or without 10 ng/mI TNFafor 6 h.*, p < 0.05; **, ns, non-significant.
C, luciferase activities measured in HUVEC transfected with pGL3basic (Ctr/) or
with the indicated reporter constructs containing fragments of the human
egfl7 gene promoter and with the pCMV-3-Gal normalizing vector. The cells
were then treated with 10 ng/ml TNFa (black bars) or with PBS (white bars) and
lysed 18 h later. The letters correspond to conserved promoter regions (16).
The numbers indicate the base position relative to the exon 1b transcription
initiation site (2). Activities were normalized with B-galactosidase values,
folds of induction were calculated using pGL3basic values as reference; the
results are representative of three experiments performed in triplicate. **,p <
0.01; ***, p < 0.001; ns, non-significant.

These observations suggested that the egfl7 gene promoter
was regulated when treating endothelial cells with TNFa. To
address this point, several successive deletion reporter vectors
based on the location of conserved regions between the mouse
and human egfl7 gene promoters (16) were cloned and trans-
fected in HUVEC, and cells were then stimulated or not with
TNFa. The —9008/+50 and —7585/+50 promoter regions
were highly active in endothelial cells (Fig. 3C), and treating
with TNFa reduced the activity of these fragments by 58 and
46%, respectively. Deletion of the fragment encompassing
region B resulted in a loss of sensitivity of the constructs to
TNFa: the —5550/+50Luc reporter showed an almost com-
plete lack of sensitivity to TNFa (6% difference versus non-
treated) together with a large decrease in global reporter activ-
ity when compared with the longer constructs. Further
deletions showed no significant differences of activity upon
treatment with TNF« either, as seen in shorter mutants (Fig.
3C), which nevertheless maintained a detectable luciferase
activity, like in the mouse egfl7 promoter (16).

TNFaand IL1, which repress Egfl7, are known potent induc-
ers of the nuclear factor-«kB (NF-«B) pathway in HUVEC (17,
18). On the other hand, IL6, which does not the activate the
NEF-kB pathway in endothelial cells in vitro, including in
HUVEC (17,19, 20), has no effects on Egfl7 expression. We thus
suspected that the NF-«kB pathway could be involved in the
regulation of egfl7 gene expression by TNF« in these cells.
Indeed, treating HUVEC with the NF-«B inhibitor BAY117085
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FIGURE 4. E¢fl7 repression by TNF« is mediated via the NF-xB pathway. A,
confluent HUVEC were cultured in the presence or not of 5 ng/ml TNFa and of
10 um of the NF-«B inhibitor BAY117085 (BAY) for 6 h, after which RNA were
isolated and Egfl7 transcripts were quantified by duplex RT-gPCR. *, p < 0.05.
B, HUVEC were transfected with pGL3basic (Ctrl) or with the —7585/+50Luc
construct in the absence (NT) or presence of pRC-CMV (Ctrl) or of pRC-CMV-
IkBa $32/36A vector and with pCMV-B-Gal. 24 h later, the cells were treated
with 10 ng/ml TNFa (+, black bars) or with PBS (—, white bars) and lysed after
18 h, and luciferase and B-galactosidase activities were measured in cell
extracts. The results are representative of two experiments performed in trip-
licate. *, p < 0.05; **, p < 0.01; ns, non-significant.

prevented the repression of egfl7 induced by TNFa (Fig. 44),
and transfecting cells with the constitutively active NF-«B
super-repressor Ik-Ba S32/36A (21) relieved the repression of
the —7585/+50Luc construct induced by TNF« (Fig. 4B).

TNFo-induced Endothelial Cell Activation Is Repressed by
Endogenous Egfl7—Altogether, the results above show that
Egfl7 expression is down-regulated under inflammatory condi-
tions in vivo and in vitro by a direct regulation of its gene in
endothelial cells. We had previously observed that repressing
Egfl7 could activate endothelial cells in the absence of inflam-
matory cytokines (7). In such conditions, repressing Egfl7
increased the expression levels of ICAM-1, VCAM-1, and E-se-
lectin transcripts and the number of T-lymphocytes spontane-
ously adhering onto endothelial cells. This added to the present
observations suggested that the proper activation of endothelial
cells during inflammation may require the simultaneous
repression of Egfl7 in these cells.

To address this point, we set up RNA interference conditions
using two different siRNA which specifically down-regulated
Egfl7 expression without affecting that of miR126-3p and
miR126-5p (Fig. 54). This point was particularly important
because miR126-3p and miR126-5p are embedded within the
egfl7 gene seventh intron, and both are known to affect endo-
thelial cell activation (22, 23). The effects of siEgfl7 in HUVEC
could be rescued by overexpressing Egfl7 by the means of an
expression plasmid. This plasmid induced an ~6-fold overex-
pression of Egfl7 over the endogenous Egfl7 transcript and
abolished the effects of siEgfl7 (Fig. 5B). Importantly, overex-
pression of Egfl7 in these conditions did not affect the expres-
sion levels of miR126-3p nor those of miR126-5p (Fig. 5B).

Repression of Egfl7 in endothelial cells by RNA interference
followed by TNF« stimulation resulted in a strongly exacer-
bated activation of the cells: expression levels of ICAM-1 dou-
bled on average at each time point in TNFa-stimulated condi-
tions when compared with control, reaching the highest values
after 6 h (Fig. 6A). VCAM-1 expression levels increased 50%
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FIGURE 5. Specific targeting and rescue of egfl7 do not affect expression
of the miR-126 locus. A, HUVEC were transfected with siCtrl (white) or with
two different siRNA targeting Egfl7: siEgfl7 #9 (black) or siEgfl7 #10 (gray) and
cultured for 4 days. Left panel, total RNA were prepared and analyzed by
duplex RT-gPCR for Egfl7 expression. ***, p < 0.001. Middle panel, protein
extracts were prepared and analyzed for the presence of Egfl7 or actin by 12%
SDS-PAGE and Western blotting. Right panel, HUVEC were treated asin A, and
analysis of miR126-3p and miR126-5p expression was performed by RT-qPCR,
using the U6 snRNA as normalizer. B, HUVEC were transfected with siCtrl or
siEgfl7#10 as in A and then with pcDNA3 (pCtrl) or a pcDNA3-human Egfl7
expression plasmid (pEgfl7). Left panel, RT-gPCR analysis of Egfl7 expression
on triplicate experimental samples. Right panel, RT-gPCR analysis of expres-
sion of miR126-3p and of miR126-5p in pCtrl- or in pEgfl7-transfected HUVEC
on triplicate experimental samples. ***, p < 0.001; ns, non-significant.

over control after 6 h of stimulation when Egfl7 was repressed
(Fig. 6A). After 2 h, the levels of expression of E-selectin were
not significantly higher than controls when Egfl7 was repressed.
However, the peak of expression of E-selectin lasted longer,
reaching its maximal values after 6 h in the siEgfl7 condition
when expression levels had already dropped by halfin the siCtrl
condition. To confirm the specific role of Egfl7 in these obser-
vations, expression of Egfl7 was rescued using pEgfl7 in
HUVEC treated with TNFa for 6 h. Of note, the Egfl7 rescue
was as effective in PBS-treated HUVEC as in TNFa-treated
HUVEC, thus allowing comparison of the conditions (Fig. 6B).
In the pEgfl7-rescued conditions, the expression levels of
ICAM-1, VCAM-1, and E-selectin dropped back almost to
siCtrl values in all cases (Fig. 6B), therefore confirming that the
effects obtained with siEgfl7 were indeed due to the repression
of Egfl7 itself. In good correlation with these results, overex-
pression of Egfl7 using pEgfl7 also cancelled the stimulating
effect of TNFa on the adhesion of leukocytes to the endothelial
cells monolayer (Fig. 6C), altogether showing that Egfl7 is actu-
ally an efficient endogenous repressor of endothelial activation
that can counteract the endothelial cell biological response to
inflammatory cytokines.
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panel) measured using duplex RT-qPCR in HUVEC transfected with siCtrl () or siEgfl7 (@) and stimulated 3 days later with TNFa. The results are representative
of two experiments performed in triplicate. At time 0, the levels of Egfl7, ICAM-1, VCAM-1, and E-selectin in the siEgfl7 condition relative to siCtrl condition were
0.31+0.01,3.18 = 0.23,1.00 = 0.10,and 2.14 = 0.29, respectively. B, left panel, HUVEC were transfected with pCtrl or pEgfl7 and treated or not for 6 h with TNFa
and expression levels of Egfl7 assessed by RT-qPCR on triplicate experimental samples. The numbers indicate the pEgfl7/pCtrl ratio of Egfl7 expression. ***, p <
0.001. Right three panels, HUVEC were transfected with siCtrl or siEgfl7, rescued with pCtrl or pEgfl7, and stimulated or not 2 days later with TNF« for 6 h.
Expression levels of ICAM-1, VCAM-1, and E-selectin were assessed by duplex RT-qPCR on triplicate experimental samples. *, p < 0.05; ***, p < 0.001. C, left panel,
adhesion of fluorescently labeled Jurkat T-lymphocytes plated onto monolayers of HUVEC transfected 2 days earlier with pCtrl or pEgfl7 and stimulated or not
with TNFa. The results are representative of two experiments performed in triplicate. Right panel, mean numbers of adherent fluorescent cells counted over 10

microscopic fields in each condition. *, p < 0.05; ns, non-significant

Egfl7 Regulates the Expression of Leukocyte Adhesion Mole-
cules through the NF-«kB and MEK/Erk Pathways—Pro-inflam-
matory cytokines promote the expression of adhesion mole-
cules by endothelial cells mainly through the activation of the
NF-«B pathway (18). Treating HUVEC with TNF« in our con-
ditions increased the expression levels of ICAM-1, VCAM-1,
and E-selectin and this effect was abolished in the presence of
the inhibitor of NF-kB activation BAY117085 (24) (not shown).
Because Egfl7 was previously shown to repress NF-kB nuclear
translocation in response to hypoxia/reoxygenation and NF-«B
DNA binding in response to calcineurin treatment (9, 10), we
then assessed whether Egfl7 would also repress endothelial acti-
vation through this signaling pathway. Treating endothelial
cells with the NF-«B inhibitor BAY117085 suppressed the
increase in T-cell adhesion onto endothelial cells transfected
with siEgfl7 (Fig. 7A). Treatment with the inhibitor also can-
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celled the stimulating effects of siEgfl7 on VCAM-1 and E-se-
lectin expression but not on ICAM-1 expression (Fig. 7B).

The MAPK/Erk pathway is also known to regulate endothe-
lial cell activation (25-27). Treating HUVEC with the MEK/Erk
inhibitor U0126 increased T-cell adhesion onto endothelial
cells and cancelled the promoting effects of siEgfl7 on leukocyte
adhesion (Fig. 7C). This treatment cancelled the effects of the
siEgfl7 on expression of ICAM-1, VCAM-1, and E-selectin (Fig.
7D), thus showing that in endothelial cells, Egfl7 constitutively
represses ICAM-1, VCAM-1, and E-selectin through the MEK/
Erk pathway.

Egfl7 Represses the Degradation of IkBo in Endothelial Cells—
To more precisely identify the mechanisms by which Egfl7 reg-
ulates the NF-«B pathway during inflammation, we then per-
formed a detailed analysis of activation of this pathway during
TNFa stimulation of endothelial cells. Briefly, in non-stimu-
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FIGURE 7. Egfl7 regulates the activation of endothelial cells through the NF-xB and MEK/Erk pathways. A, left panel, microscopic fields of fluorescent
Jurkat T-lymphocytes adhering onto HUVEC transfected 3 days earlier with siCtrl or siEgfl7. DMSO or BAY117085 (BAY, 10 um) was added 20 h before plating
T-lymphocytes. Right panel, mean numbers of adherent Jurkat T-lymphocytes counted in 15 non-overlapping microscope fields. *, p < 0.05. B, expression levels
of ICAM-1,VCAM-1, and E-selectin transcripts measured using duplex RT-qPCR in HUVEC transfected with siCtrl or siEgfl7 and treated with DMSO or BAY117085
(10 um). The results are representative of three experiments performed in triplicate. C, left panel, microscopic fields of fluorescent T-lymphocytes adhering onto
HUVEC transfected 3 days earlier with siCtrl or siEgfl7. DMSO or U0126 (10 um) was added 20 h before plating T-lymphocytes. Right panel, mean numbers of
adherent Jurkat T-lymphocytes counted in 15 non-overlapping microscope fields. The results are representative of two experiments performed in triplicate. *,
p < 0.05. D, expression levels of ICAM-1, VCAM-1, and E-selectin measured using duplex RT-gPCR in HUVEC transfected with siCtrl or siEgfl7 and treated with

DMSO or 10 um of the MEK1/2 inhibitor U0126 for 16 h. The results are representative of two experiments performed in triplicate. *, p < 0.05.

lated cells, dimers of NF-«B/Rel transcription factors are com-
plexed with the inhibitory I«kB protein as inactive factors in the
cytosol. Upon TNFa stimulation, phosphorylation of the IkB
kinase (IKK) complex, which contains the IKK« and IKKf cat-
alytic subunits, activates this IKK complex, which in turn phos-
phorylates IkBa on Ser®> and Ser®®. This signal promotes
the ubiquitin-mediated proteasome-dependent degradation of
IkBa. NF-«B dimers are thus released and translocate into the
nucleus. During this process, NF-«B p65 phosphorylation at
Ser®® promotes nuclear localization and transcriptional activ-
ity (28). When Egfl7 was down-regulated using siEgfl7 and
endothelial cells treated with TNFe, the phosphorylation of
NF-«B p65 on Ser®®®, taken as an indicator of NF-«B activation,
was detected earlier (5min) and lasted longer (up to 2 h) than in
cells transfected with siCtrl (Fig. 84). Quantification of the sig-
nals showed that the phosphorylation levels of NF«B p65 on
Ser®3® were higher at almost every time point in cells trans-
fected with siEgfl7 than with siCtrl, including without stimula-
tion (time 0; Fig. 8B). This confirmed that Egfl7 repressed the
NE-kB pathway both in normal conditions and during activa-
tion of endothelial cells. The hyperactivation of the NF-«B
pathway mediated by Egfl7 repression was not due to a differ-
ence in activation of the IKK complex because total and phos-
phorylation levels of IKKa and IKKf were not noticeably dif-
ferent between cells treated with siCtrl and siEgfl7 (Fig. 9).
Regarding IkBa phosphorylation, the kinetics under TNF«
treatment were slightly different as phosphorylation was
detected sooner (5 min) in siEgfl7 condition than siCtrl (Fig.
10A, P-IkBa (Ser32)). The most remarkable effect observed was
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FIGURE 8. E¢fl7 prevents the activation of the NF-«B pathway in endothe-
lial cells. A, HUVEC were transfected with siCtrl or siEgfl7, treated 4 days later
with 10 ng/ml TNFe, and lysed at the indicated time points. The cell extracts
were prepared, and proteins (10-20 ug) were analyzed by Western blotting
using antibodies against the indicated proteins (left). The results are repre-
sentative of three experiments. B, membranes were exposed to a Las3000
system, and intensities were quantified using the Multigauge V3.0 software.
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FIGURE 9. Egfl7 does not affect the IKK complex. HUVEC were transfected
with siCtrl or siEgfl7, treated 4 days later with 10 ng/ml TNFe, and lysed at the
indicated time points. Cell extracts were prepared, and proteins (10-20 ng)
were analyzed by Western blotting using antibodies against the indicated
proteins (left). The results are representative of three experiments.
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FIGURE 10. Egfl7 regulates the degradation of IkBa by the proteasome. A,
HUVEC were transfected with siCtrl or siEgfl7, treated 4 days later with 10
ng/ml TNFe, and lysed at the indicated time points. The cell extracts were
prepared, and proteins (10-20 ng) were analyzed by Western blotting using
antibodies against the indicated proteins (left). The results are representative
of three experiments. B, HUVEC were transfected with siCtrl or siEgfl7 and
treated 4 days later with the proteasome inhibitor MG132 for 2 h prior to
adding 10 ng/ml TNFa for the indicated time. The cells were lysed, and pro-
teins (5 ng) were analyzed by Western blotting against total IkBa or GAPDH.
The results are representative of two experiments.

alarge reduction in total IkBa protein levels in cells where Egfl7
expression had been repressed, both without treatment (time 0)
and during early TNFa treatment (Fig. 104, Total IkBa). The
repression of Egfl7 also cancelled the neo-synthesis of IkBa
observed after 2—4 h of treatment with TNFa in the siCtrl con-
dition. The effects of Egfl7 on IkBa protein levels were not due
to variations in the expression levels of the IkBa transcripts
because they were not significantly different between cells
expressing Egfl7 or not (not shown). Upon its phosphorylation,
the stability of IkBa is dependent on its ubiquitination and sub-
sequent degradation by the proteasome (28), and the previous
observations suggested that Egfl7 could affect the stability of
IkBa in endothelial cells. Indeed, when HUVEC were treated
with the proteasome inhibitor MG132 after transfection with
siEgfl7 but prior to stimulation with TNF, the levels of IkBa
were partially restored (Fig. 10B). They were also higher during
stimulation by TNFe, thus showing that in endothelial cells,
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Egfl7 constitutively represses the activation of the NF-«B path-
way by preventing the degradation of IkBa by the proteasome.

Discussion

We show here that Egfl7 participates in a loop of regulation
of endothelial cell activation during inflammation: in normal
conditions, Egfl7 expressed by endothelial cells maintains high
levels of IkBa, thus constitutively repressing the NF-«kB path-
way and activation of the cells. During inflammation and fol-
lowing stimulation by pro-inflammatory cytokines, Egfl7 is
repressed, and endothelial cell activation in response to TNF«
is favored (Fig. 11). Whether the repression of Egfl7 during LPS-
or TNFa-induced activation is a prerequisite to a proper cell
response iz vivo is, however, not clear yet. Timewise, in lungs of
LPS- or TNFa-treated animals, Egfl7 transcripts are repressed
at the same time as leukocyte adhesion molecules are induced,
with optimal variations at 6 h of treatment (Fig. 1, C and E).
Similarly, in HUVEC treated with TNFa, Egfl7 transcripts are
down-regulated following the same timing as the increase in
leukocyte adhesion molecules (Figs. 2A and 6A). These obser-
vations suggest that the down-regulation of Egfl7, which occurs
at the earlier steps of endothelial cell activation rather than
during the resolution of vascular activation (29), is needed for
proper activation of the cells. The functional effects of Egfl7 also
suggest that its repression is needed for proper cell activation
during inflammation, because Egfl7 represses the effects of
TNFa on leukocyte adhesion (Fig. 6C). These observations sug-
gest that the down-regulation of Egfl7 during the earlier steps of
vascular activation is needed for a more effective activation of
the cells in response to inflammation.

The molecular mechanisms that maintain the endothelium
in a non-activated state in normal conditions are not well
described. There is a very limited number of known endoge-
nous repressors of endothelial cell activation such as Egfl7, and
most of them have been identified as regulators of cytokine
stimulation. Repression of the sphingosine-1 P2 receptor in
HUVEC endothelial cells alters their activation by TNFa (30).
The cannabinoid-2 receptors expressed by coronary artery
endothelial cells also inhibit their activation after treatment
with TNF« (31). The G-protein-coupled receptor-30 expressed
by endothelial cells represses ICAM-1 and VCAM-1 in
response to TNFa (32). A NO donor prevents the activation of
endothelial cells by TNFe«, whereas a NO synthase inhibitor
activates these cells (33). Among these, the Erg factor is of par-
ticular interest in regard to the role of Egfl7 in this process. Erg
is a member of the ETS family of transcription factors, which is
mainly expressed by endothelial cells (34, 35). Erg maintains
endothelial cells in a non-activated state by constitutively
repressing NF-kB activity and ICAM-1 expression after TNF«
stimulation (36, 37). Erg also reduces the expression of inflam-
matory cytokines such as interleukin-8 (38), and its down-reg-
ulation leads to spontaneous neutrophil attachment to non-
stimulated endothelial cells. Furthermore and like Egfl7, Erg
expression is down-regulated in endothelial cells stimulated by
TNFa (38). Thus, most of the functions described for Egfl7 here
are shared with the Erg transcription factor. This, added to the
fact that Erg was shown to directly regulate the egfl”7 gene pro-
moter in endothelial cells (16), strongly suggests that the
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FIGURE 11. Egfl7 participates in a loop of regulation of endothelial activation during inflammation. In normal, unstimulated conditions (left panel), Egfl7
constitutively expressed by endothelial cells represses |IkBa phosphorylation and degradation, thus promoting the accumulation of inactive NF-«B dimers
complexed to IkBa. Egfl7 contributes to low expression levels of leukocyte adhesion molecules and low cell activation. Upon TNFa stimulation (right panel),
activation of the NF-«B pathway leads to the repression of Egfl7, which participates in the destabilization of IkBa and triggers endothelial cell activation.

reported effects of Erg on endothelial activation are mediated,
at least in part, by its target gene egfl7.

The factors that regulate the expression of Egfl7 in endothe-
lial cells are not known. Egfl7 expression has been described in
several physiological and pathological conditions in vivo. It is
almost exclusively expressed by endothelial cells during embry-
onic development (2, 6, 11, 39). Its expression is reduced in
adult blood vessels (6, 40) and is up-regulated during active
angiogenesis or after arterial injury such as ballooning or a
chemical insult in rat (40). Egfl7 is also up-regulated in neonatal
rat brains in response to hypoxia (41) and repressed in lungs
after hyperoxic exposure (42). We found here that the expres-
sion of Egfl7 is down-regulated by TNFa and IL18 in vivo and in
endothelial cells, and this is the first instance that describes the
regulation of the gene in endothelial cells stimulated by specific
exogenous factors. In addition to FGF-2 and VEGF, ., we have
tested other growth and angiogenic factors such as HGF, TGF3,
or PDGF, none of which significantly regulated Egfl7 expres-
sion in endothelial cells (not shown). Aside from egfl7 and the
erg gene mentioned above, several other genes expressed by
endothelial cells are down-regulated upon TNFa treatment,
such as the endothelial variant HoxA9EC (43) or the del-1 gene,
which product antagonizes integrin-mediated firm adhesion of
leukocytes to the endothelium (44, 45). Microarray analyses
performed on endothelial cells treated or not with TNF« iden-
tified a number of other such genes (46, 47), but most of them
now require experimental confirmation and functional studies.
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We addressed here the role of Egfl7 as an endogenously pro-
duced molecule in endothelial cells and showed that it represses
cell activation in the context of inflammation. Previously, Badi-
wala et al. (10) reported that treating human coronary artery
endothelial cells stimulated by cyclosporin A or tacrolimus with
exogenously added recombinant Egfl7 repressed neutrophil
adhesion to these cells, decreased NF-«B DNA-binding, and
lowered ICAM-1 expression. We had also reported earlier that
an Egfl7-producing tumor cell-conditioned medium prevented
the adhesion of T-cells to the endothelial cells (7). Although the
stimuli and conditions used in these different studies were quite
different, they showed similar activities for Egfl7 whether it was
produced directly by endothelial cells or whether it was added
to their medium. Because Egfl7 bears a signal peptide and is a
secreted molecule (2), these observations suggest that Egfl7
produced and secreted by endothelial cells may act as an auto-
crine factor regulating their own activation and response to
inflammatory cytokines. Although there is no reported specific
receptor for Egfl7, the protein was shown to inhibit the Notch
pathway and to down-regulate the levels of expression of Notch
target genes when overexpressed in endothelial cells in vivo
(48). Egfl7 was also found to activate Notch, depending on
the environment and the experimental conditions (49, 50).
Whether Egfl7 produced by endothelial cells regulates their
activation through Notch is not known, but it is interesting to
note that the Notch pathway has been itself linked to the regu-
lation of activation of endothelial cells: the knockdown of
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Notch-4 in arterial endothelial cells enhances the expression of
VCAM-1 in the absence or presence of a pro-inflammatory
stimulus (51). Furthermore, Notch-1 induces the expression of
VCAM-1 by endothelial cells in the absence of inflammatory
cytokines and potentiates the IL13-dependent VCAM-1 up-
regulation by interacting with the NF-kB pathway (52).

VCAM-1 and E-selectin repression by Egfl7 is mediated
through the NF-«B and the MEK/Erk pathways, whereas
ICAM-1 repression seems solely dependent on the MEK/Erk
pathway. Although ICAM-1, VCAM-1, and E-selectin are con-
comitantly overexpressed upon activation of endothelial cells
by pro-inflammatory cytokines such as TNFq, it was already
known that their regulation of expression were actually not
strictly similar. For example, histone acetylase inhibitors block
TNFa-induced expression of VCAM-1 and leukocyte adhesion
but do not affect ICAM-1 and E-selectin expression (53). Shear
stress increases ICAM-1 expression but decreases VCAM-1
expression induced by TNFa in HUVEC (54). Treatment of
HUVEC with the CD40 ligand increases expression of VCAM-1
but does not affect expression of I[CAM-1, whereas co-stimula-
tion with IL4 and CD40 ligand enhances the expression of P-se-
lectin and VCAM-1 but inhibits that of [ICAM-1 and E-selectin.
The involvement of the MEK/Erk pathway in the regulation of
ICAM-1 and VCAM-1 expression in endothelial cells remains
quite controversial (26). In correlation with our observations, it
is interesting to note that overexpression of Erkl or Erk2 in
HUVEC repressed ICAM-1 without any change in phosphory-
lation of IkBe, suggesting that MEK/Erk is indeed able to reg-
ulate ICAM-1 expression independently of NF-kB in endothe-
lial cells (26).

In conclusion, under normal conditions, Egfl7 constitutively
expressed by endothelial cells participates in the control of their
activation. By down-regulating Egfl7, pro-inflammatory cyto-
kines induce a more potent and efficient activation of the endo-
thelium. It is very likely that this loop of control is deregulated
in immune and inflammatory disorders and that it participates
in favoring tumor escape from immunity by down-regulating
endothelial cell activation and immune infiltration of tumors.

Experimental Procedures

Materials—The pRC-CMV and pRC-CMV-1kBa S32/36A
vectors were a kind gift from Dr. Robert Weil (Institut Pasteur,
Paris, France). Human recombinant TNF«, human recombi-
nant IL1B, human recombinant IL6, and the NF-«kB inhibitor
BAY117085 were from R&D Systems (Lille, France).

Cells—Jurkat immortalized T-lymphocytes cells were ob-
tained from the ATCC (LGC Standards, Molsheim, France) and
not further characterized. They were cultured in RPMI, 10%
fetal bovine serum, 100 units/ml penicillin, 100 ug/ml strepto-
mycin. Primary HUVEC were obtained from Lonza (Levallois,
France), cultured in EGM-2 medium in 25-cm? ventilated
flasks, and subcultured as recommended by the manufacturer.
They were used between passages 2 and 7. The cells were main-
tained in humidified 95% air, 5% CO, atmosphere incubators at
37 °C. The cells were checked for mycoplasma contamination
on a monthly basis and discarded if found positive.

Cloning—egfl7 gene luciferase reporter vectors were pre-
pared by cloning the —9008/+50, —7585/+50, —5550/+50,
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—3350/+50, and —1707/+50 regions of the human egfl7 gene
relative to the transcription start of exon 1b (2) isolated from a
BAC vector in front of the luciferase gene in the pGL3basic
reporter vector. All vectors were sequenced to avoid spurious
mutations.

Transfections—For RNA interference assays, HUVEC were
plated in 4- or 9.6-cm” well plates (25,000 cells/cm?) and trans-
fected the next day with 10 nm siRNA (Dharmacon, GE Health-
care Europe, Velizy-Villacoublay, France) in Primefect siRNA
reagent (Lonza) mixed with EGM-2. The cells were cultured for
the indicated time with a medium change every other day. For
transactivation assays, HUVEC were plated in 9.6-cm” culture
wells (15,000/cm?) and transfected the next day with 63 fmol of
the indicated vectors and 42 fmol of pPCMV-B-gal normalizing
vector in EGM-2 containing 10 ul/well Superfect (Qiagen).
After 3 h, the transfection medium was changed for EGM-2,
and cells were further cultured for 24 h, at which time they were
stimulated or not with TNFa for 18 h, rinsed in PBS, and lysed
in reporter lysis buffer (Promega). Luciferase and B-galactosi-
dase activities were measured in cell extracts using a Lumat
luminometer (Berthold, Thoiry, France). For expression assays,
HUVEC were transfected with 11.2 fmol/15,000 cells of
pcDNA3 plasmid (pCtrl) or with a pcDNA3 plasmid coding for
a full-length, HA-tagged, human Egfl7 cDNA (pEgfl7) and used
2 days later. For rescue experiments, HUVEC were transfected
with siCtrl or siEgfl7 as in RNA interference assays, cultured for
24 h, and then transfected with pCtrl or pEgfl7 as in expression
assays; the cells were used 2 days later.

Isolation of CD31" Cells—CD31+ cells were purified from
mouse lungs using anti-CD31-coated magnetic Dynabeads
(Life Technologies) exactly as described in (23).

RT-gPCR—Cells and lungs were homogenized in Trizol (Life
Technologies), total RNA were extracted and reverse tran-
scribed using high capacity cDNA reverse transcription (Life
Technologies). All qPCR were performed in duplex PCR mix-
ing cDNA with both the TagMan FAM-labeled probe of the
tested gene (Life Technologies) and a B-actin- or a 32-micro-
globulin-VIC-labeled probe and processed for qPCR in a
StepOne machine. C;. values were calculated at the upper linear
range of the logarithm-2 amplification curve using the StepOne
v2.3 software. The data are expressed as 2~ **<T (55), where
AC; = Cyof transcript of interest — Cr. of reference (B-actin or
B2-microglobulin) measured in the same tube, and AAC; =
mean AC experimental samples — mean AC control samples
of the same experiment. The relative quantity is 2~ **“" and
transforms the logarithmic-2 data into decimal values.

Immunoblots—The anti-human Egfl7 antibody (AF3638, lot
WNKO0109011) was from R&D Systems. The antibodies anti-
IKKea (3G12) 11930 lot 5, IKKB (D30C6) 8943 lot 3, phospho-
IKKa/B (Ser'”%*8%) (16A6) 2697 lot 16, NF-kB p65 (D14E12)
8242 lot 4, phospho-NF-«B p65 (Ser®®®) (93H1) 3033 lot 14,
Ik-Ba (L35A5) 4814 lot 17, and phospho-Ik-Ba (Ser®?) (14D4)
2859 lot 14 were from Cell Signaling (Ozyme, St. Quentin en
Yvelines, France). Antibodies against GAPDH (6C5) (sc-32233
lot C1315) and actin (sc-1615 lot G0O513) were from Santa Cruz
Biotechnology (Clinisciences, Nanterre, France). Antibodies
were used at 1/1000 dilution except for actin and GAPDH
(1/10000). Proteins were extracted in radioimmune precipita-
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tion assay buffer containing protease and phosphatase inhibi-
tors (Complete, Phostop, Roche Diagnostics, Meylan, France),
analyzed by 10% or 12% SDS-PAGE, blotted onto Immobilon-P
(Millipore, Molsheim, France), processed with antibody incu-
bation, and revealed using ECL-Prime (GE Healthcare Europe)
and chemiluminescence detected by film exposure or using a
Luminescent image system (LAS3000, Fyjifilm) and quantified
using Multigauge v3.0 software.

Immunofluorescence—The cells cultured on 14-mm O glass
coverslips were fixed in PBS, 4% paraformaldehyde for 20 min
at room temperature and washed three times with PBS. Fixed
cells were incubated in PBS, 2% BSA, 0.1 M glycine at room
temperature for 5 min and washed with PBS. The cells were
incubated in PBS, 2% BSA at 37 °C for 30 min and then with
antibodies against human Egfl7 (1/250) in PBS, 1% BSA for 1 h
at 37 °C, and washed three times with PBS. The cells were incu-
bated with Alexa 594 donkey anti-goat antibody (1/250; Jack-
son ImmunoResearch Laboratories, Interchim, Montlucon,
France) in PBS, 1% BSA for 30 min at room temperature,
stained with 1 ug/ml DAPI in PBS for 5 min, and washed three
times in PBS. The coverslips were finally mounted on glass
slides in Mowiol reagent and analyzed under AxiolmagerZ1
apotome (Zeiss).

Induced Lung Inflammation—BALB/c mice (Charles River,
L’Arbresle, France) were anesthetized with 2% aerosolized iso-
flurane. LPS from Escherichia coli serotype 0111:B4 (Sigma-
Aldrich) or recombinant human TNFa were given by intranasal
instillation at the dose of 5 and 0.25 mg/kg, respectively, in 40 ul
of LPS-free PBS. Control mice were instilled with 40 ul of LPS-
free PBS. 10 and 24 h after instillation, mouse lungs were
excised for mRNA extraction or fixed and embedded in paraffin
for immunostaining.

In Situ Hybridization and Immunohistochemistry—A murine
antisense egfl7 probe was synthesized from a pcDNA3-egfl”7
vector linearized by EcoRI digestion and using the Sp6 RNA
polymerase in the presence of 350 um digoxigenin-11-UTP
(Roche) and ZG1 tissue array slides (SuperBiochips, Clini-
sciences) were processed for in situ hybridization as described
(2). For CD31 immunostaining, tissue slides were treated with
250 ng/ml trypsin (Life Technologies) and then in TNB block-
ing solution (TSA Biotin System; Perkin Elmer) and incubated
for 1 h in rat monoclonal anti-CD31 antibody (1/100, BD
Pharmingen) in TNB. The slides were washed three times for
5 min in 0.1 M Tris-HCI, pH 7.5, 0.15 M NaCl, 0.05% Tween
20 and then incubated with a biotinylated anti-rat IgG
(1/250; Vector Labs, Clinisciences) and revealed using the
DAB kit (Vector Labs). The slides were counterstained using
hematoxylin and mounted in Vectamount (Vector Labs).

Adhesion Assays—Human Jurkat T-lymphocytes (1 X 10°
cells) were incubated with Dil (2 wM; Molecular Probes, Life
Technologies) for 10 min at 37 °C and allowed to adhere (10°
cells/cm®) onto monolayers of confluent HUVEC for 20 min at
37 °C. The cells were rinsed three times in PBS and fixed in PBS,
4% paraformaldehyde for 20 min at room temperature. Fluo-
rescent cells were photographed under a UV microscope, and
the numbers of adherent cells were estimated by counting cells
over 10-15 microscope fields.
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