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Abstract

Blood-brain barrier (BBB) disruption in neurological disorders remains an intractable problem with limited therapeutic
options. Here, we investigate whether the endothelial cell membrane protein annexin A2 (ANXA?2) may play a role in
reducing trans-endothelial permeability and maintaining cerebrovascular integrity after injury. Compared with wild-type
mice, the expression of cerebral endothelial junctional proteins was reduced in E15.5 and adult ANXA?2 knockout mice,
along with increased leakage of small molecule tracers. In human brain endothelial cells that were damaged by hypoxia
plus IL-1f, treatment with recombinant ANXA?2 (rA2) rescued the expression of junctional proteins and decreased
trans-endothelial permeability. These protective effects were mediated in part by interactions with F-actin and
VE-cadherin, and the ability of rA2 to modulate signaling via the roundabout guidance receptor 4 (Robo4)-paxillin-
ADP-ribosylation factor 6 (ARF6) pathway. Taken together, these observations suggest that ANXA2 may be associated
with the maintenance of endothelial tightness after cerebrovascular injury. ANXA2-mediated pathways should be further
explored as potential therapeutic targets for protecting the BBB in neurological disorders.
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In peripheral endothelial cells, annexin A2
(ANXAZ2) is an F-actin cytoskeleton-binding protein
that is involved in regulating tight junction formation.”
In human umbilical vein endothelial cells, ANXA2
binds VE-cadherin and stabilizes adherent junctions.®’
In epithelial cells, ANXA2 has been proposed as a
new class of membrane proteins that assist in tight junc-
tion assembly.'® More recently, we found that ANXA2
helps maintain pulmonary microvascular integrity,
and prevents vascular leak during alveolar hypoxia
by enabling vascular endothelial cadherin-related phos-
phatase activity.!" Based on these emerging findings in
peripheral systems, we now hypothesize that ANXA2
may also be a key component of the cerebral endothe-
lium that is involved in the maintenance of junctional
integrity and BBB function.

In the present study, we used Anxa2~'~ mice and a cell
culture system to demonstrate that (1) ANXA2 plays a
key role in the regulation of cerebral endothelial perme-
ability under both physiological and hypoxic/inflamma-
tory conditions, (2) ANXA2 function is mediated in part
via F-actin-VE-cadherin and Robo4-paxillin-ADP-ribo-
sylation factor 6 (ARFO6) signaling, and (3) exogenous
recombinant ANXA2 (rA2) decreases cerebral trans-
endothelial permeability after hypoxia and inflamma-
tory injury. Taken together, our observations indicate
that ANXA2 might comprise a new therapeutic target
for rescuing trans-endothelial tightness and BBB func-
tion after brain injury and CNS disease.

Materials and methods
In vivo BBB permeability assay

The BBB permeability assay for embryonic mice was
based on previously described methods.'>!® Briefly,
E15.5 pregnant mice were deeply anesthetized with iso-
flurane. Using a Hamilton syringe, 5 ul of 10-kDa dex-
tran-tetramethylrhodamine (lysine fixable, 4mg ml™",
D3312, Invitrogen) or 10pul of EZ-link NHS-sulfo-
biotin (50mg ml™', 21335, Thermo) was injected into
the embryonic liver to minimize changes in blood pres-
sure. The markers were allowed to circulate for 30 min
before the animals were killed and the brains were
removed. Injections of fluorescein-labeled lectin
(10mg/kg, FLK-2100, Vector Laboratories) were
made through the tail vein to visualize cerebral micro-
vessels. For adult mice, the two tracers were injected
directly into the left ventricle of the heart. Brains were
dissected and fixed by immersion in 4% PFA at 4°C
overnight, cryopreserved in 30% sucrose and frozen in
TissueTekOCT (Sakura). Sections of 12 um thickness
were collected, and BBB leakage was examined with
fluorescence microscopy (Nikon ECLIPSE Ti-S,
Japan). All experiments were performed following

protocols approved by the Massachusetts General
Hospital Institutional Animal Care and Use
Committee in compliance with the NIH Guide for the
Care and Use of Laboratory Animals and were in com-
pliance with ARRIVE (Animal Research: Reporting In
Vivo Experiments) guidelines. Anxa2~/~ mice on the
C57BL/6 background were generated as described pre-
viously.'* Age-matched wild-type mice with the same
strain background were used as controls. In this
study, group sizes were derived from power calculations
(alpha =0.05, beta=0.80) based on standard models,
our previously published papers, or pilot data. All
experiments were performed with allocation conceal-
ment, randomization, and blinding.

Production of recombinant human ANXA2 (rA2)

rA2 was produced as previously described.'> Briefly,
rA2 was expressed in an Escherichia coli batch fermen-
tation process, starting from a research cell bank using
Luria-Bertani-glucose medium with isopropyl B-D-1-
thiogalactopyranoside induction. The soluble protein
was purified using a combination of hydrophobic inter-
action chromatography, ion exchange chromatog-
raphy, and hydroxyapatite chromatography, produced
in the Bioexpression and Fermentation Facility at the
University of Georgia (http://bff.uga.edu/). The final
rA2 purity is 96% (endotoxin 0.5 EU/mg) with a con-
centration of 8 mg/ml.

Cell cultures

Primary human brain microvascular endothelial cells
(HBMVEC) were purchased at passage 5 from Cell
Systems and used at passages 7-10, as previously
described.'®!” Briefly, HBMVEC were cultured in flasks
coated with rat tail collagen I (Corning, Bedford, MA)
and maintained in endothelial basal medium (EBM)-2
(Lonza, Hopkinton, MA) supplemented with fetal
bovine serum, fibroblast growth factor-2, epidermal
endothelial growth factor, hydrocortisone, insulin-like
growth factor, ascorbic acid, BEGF, and amphotericin
B. HBMVEC were grown to about 100% confluence
and then exposed to IL-1f (20ng/ml) plus hypoxia
which was induced by placing the cells in an air-tight
chamber (Billups-Rothenberg) and perfusing the chamber
with 90% N,, 5% CO,, and 5% H, for 30 min. The
chamber was then sealed and kept at 37°C for 24 h.

Transfection with short interfering RNA

ANXA?2 short interfering RNA (siRNA) (sc-270151,
Santa Cruz Biotechnology) was diluted with
Lipofectamine RNAIMAX (Invitrogen) and Opti-MEM
(Invitrogen), and then incubated for 10min at room
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temperature. The siRNA was added in cell media (final
concentration of siRNA was 10nM). Treatments were
repeated once every 3 days after the initial transfection.

In vitro trans-endothelial permeability assay

The standard horseradish peroxidase leakage assay was
performed following previously described methods.'”-'*
Briefly, HBMVEC were seeded on transwell PET mem-
branes (0.4 um pore, 11 mm diameter; Corning, Lowell,
MA) at a density of 2.5 x 10° cells per membrane. The
PET membrane was coated with collagen (15 pg/ml;
354236, Corning). Cells were grown to confluence and
treated with 100 nM rA2 for 30 min followed by 24 h hyp-
oxia plus 20 ng/ml IL-1p. To assess paracellular perme-
ability, horseradish peroxidase (Sigma) was added into
the luminal chamber at a concentration of 100 pg/ml in
500 pl media. After 1h incubation, 0.5 mM of guaiacol
(Sigma) and 0.6 mM H,0O, (Sigma) were added into the
media obtained from lower (abluminal) chamber.
Fluorescence intensity was measured with a fluorescence
reader at 490 nm of absorbance. Paracellular permeabil-
ity was calculated by measuring the diffusion of horserad-
ish peroxidase from luminal to the abluminal chamber."”

Transendothelial electrical resistance

HBMVEC were seeded on transwell PET membranes
(0.4 um pore, 11 mm diameter; Corning) at a density of
2.5 x 10’ cells per membrane. The PET membrane was
coated with collagen (15 pg/ml; 354236, Corning). Cells
were grown to confluence and treated with 100 nM rA2
for 30min followed by 24h hypoxia plus 20 ng/ml
IL-1B. Transendothelial electrical resistance (TEER)
was monitored using an Evometer (World Precision
Instruments, FL) fitted with a Chopstick electrode.
Results were normalized by the area of the monolayer,
and the background TEER of blank inserts was sub-
tracted from the TEER of the HBMVEC monolayer.
Note: in this study, we found that absolute TEER
values may be a bit below 100; slightly lower than
some previously reported values in the literature.’
This may be due to the specific settings of our equip-
ment and cell culture density.

Quantitative polymerase chain reaction

Total RNA was extracted from cells or tissues using
the RNeasy plus mini kit (Qiagen), and RNA was con-
verted to cDNA using RETROscript kit as previously
described.?>! Quantitative real-time polymerase chain
reaction was performed using Tagman probes (zonula
occludens-1 (Z01), Hs01551861_m1, Mm00493699
ml; VE-Cadherin, Hs00901463, Mm00486938_ml;
Occludin, Hs00170162_m1, MmO00500912_ml;

Claudin-5, Hs00533949 sl, Mm00727012_s1;
GAPDH, Hs02758991 g1, Mm03302249 gl), and sam-
ples were run on the ABI Prism 7500 HT Real-Time
PCR system (Applied Biosystems).

Membrane fraction isolation

Plasma membrane and membrane-associated proteins
were isolated following manufacturer’s protocol
(444810, Calbiochem, MA). Briefly, after treatment,
the cell monolayer was washed two times with cold
wash buffer. After washing, cells were added Protease
Inhibitor Cocktail and cold Extraction Buffer I.
Carefully mixed the components by swirling the flask
without disturbing the monolayer. Cells were incubated
for 10 min at 4°C under gentle agitation; then the super-
natant was discarded. Cells were added Protease
Inhibitor Cocktail and cold Extraction Buffer II.
Carefully mixed the components by swirling the flask
without disturbing the monolayer. Cells were incubated
for 30 min at 4°C under gentle agitation, and the super-
natant was saved as a soluble membrane fraction. Note:
although this is a standard and commonly used method
and the majority of the isolated membrane fraction
should comprise external cellular membranes, these frac-
tions may also include smaller portions of intracellular
membranes. This is a caveat that should be kept in mind
for data interpretation.

Immunocytochemistry

HBMVEC were seeded into 24-well plate coated with
collagen. After growing into confluence, cells were trea-
ted with 100 nM rA2 or 10 pM SecinH3 for 30 min fol-
lowed by 24 h hypoxia plus 20 ng/ml IL-1f. Cells were
then washed with phosphate buffered saline (PBS) and
fixed with 4% paraformaldehyde (PFA). After perme-
abilization with 0.5% Triton, the cells were blocked
with normal donkey serum and stained with anti-VE-
cadherin (Product number ALX-210-232-C100, Enzo)
or ZO-1 (339100, Invitrogen), followed by 568/588
Alexa Fluor-conjugated or 488 Alexa Fluor-conjugated
secondary antibodies (1:200-1:500), or with 488 Alexa
Fluor phallodin to detect F-actin (Invitrogen). Slides
were mounted in fluorescence gel (H-1200, Vector)
and visualized by fluorescence, light, or confocal
microscopy as previously described.!”*?

Western blots

Western blots were performed following standard
methods.'”?* Pro-PREP Protein Extraction Solution
(iNtRON Biotechnology) was used to collect samples.
Protein levels of samples were determined by the BCA
assay (5000201, Bio-Rad Laboratories, CA). Fifty
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micrograms of protein samples were loaded onto
4-20% Tris-glycine gels. After electrophoresis and blot-
ting onto polyvinylidene difluoride membranes, the
membranes were blocked in Tris-buffered saline con-
taining 5% nonfat milk for 60 min at room tempera-
ture. The membranes were then probed with primary
antibodies against ZO-1 (96594, Abcam), VE-cadherin
(33169, Abcam), Occludin (64482, Abcam), Claudin-5
(15106, Abcam), and Na*K*ATPase (198366, Abcam)
at 4°C overnight. Horseradish peroxidase-conjugated
secondary antibodies were then used at 25°C for 1h.
Signals were detected by chemiluminescence. Note: For
VE-cadherin and Occludin western blots, there appear
to be multiple bands, which is likely due to some limi-
tations in antibody specificity (please see online
Supplementary Data for the original blots).

Immunoprecipitation

The immunoprecipitation (IP) assay was performed
following standard protocols (10007D, Invitrogen).
Briefly, cells were washed with cold PBS and lysed
with lysis buffer that contained protease inhibitors.
Cell lysates were centrifuged, and the supernatants
were saved. Protein concentration was determined by
bovine serum albumin (BSA) assay (Bio-Rad).
Dynabeads weighing 1.5mg were incubated with anti-
bodies for 10 min at room temperature with rotation.
After washing, dynabeads were incubated with cell lys-
ates obtained as above for 10 min at room temperature
with rotation. After a second wash, target antigens were
eluted using 20 ul elution buffer and 10l premixed
LDS sample buffer and reducing agent. The immuno-
precipitates were assessed by western blot analysis.

ARF6—GTP pull-down assay

The ARF6 Activation Assay Kit was used following
standard protocols (STA-407-6, Cell Biolabs). Briefly,
HBMVEC were treated with 100nM rA2 for 30 min
followed by 20ng/ml IL-1B or hypoxia plus 20 ng/ml
IL-1B. Additionally, the selective ARF6 activator
10uM QS11 (ab141408, Abcam) or selective ARF6
inhibitor 30 uM SecinH3 (Calbiochem) were also used
in combination with hypoxia plus 20 ng/ml IL-15 or
100nM rA2 for 24h. Cells were then washed with
cold PBS. ARF6 pull-down lysis buffer and protease
inhibitors were added to the cells. Cell lysates were
centrifuged, and the supernatants were added to
GGA3-conjugated beads, and then incubated at 4°C
for 1h with gentle agitation. Beads were washed in
lysis buffer and resuspended in 2X reducing SDS—
PAGE sample buffer. ARF6-GTP (Guanosine-5'-tri-
phosphate)/Total ARF6 represented for quantification
of relative ARF6 activity. A part of cell lysis was used

as a measure of total ARF6. In this experiment, both
ARF6 activator and inhibitor were applied according
to previously published papers.”**> ARF-GAP inhibi-
tor QS11 evokes an increase in ARF6-GTP of endo-
thelial cells; therefore QS11 was selected as ARF6
activator.”® SecinH3 is an inhibitor of cytohesin,
which is a small guanine nucleotide exchange factor
that stimulates ADP-ribosylation factors including
ARF6. Thus, we used SecinH3 as ARF6 inhibitor.>*?

Statistical analysis

All data are expressed as mean +SD. For parametric
measurements, we used analysis of variance followed by
Tukey—Kramer post hoc tests. For nonparametric ordi-
nal data, we used nonparametric Kruskal-Wallis tests
followed by post hoc Mann—Whitney tests. A P-value
of less than 0.05 was considered statistically significant.

Results
ANXA2 gene knockout impairs BBB integrity

First, we investigated the function of ANXA2 in BBB
development. In E15.5 embryos, the large 10 kDa dex-
tran tracer was restricted within cortical microvessels in
both Anxa2~'~ and WT mice (Figure 1(a)). However,
the smaller tracer sulfo-NHS-biotin (~550 Da) was
detected outside cortical microvessels in the Anxa2~/~
mice but not WT mice (Figure 1(b)). In adult Anxa2~/~
mice, leakage of the small 550 Da tracer was reduced
compared to the E15.5 embryos, but some signals
still appeared to be detectable outside microvessels
(Figure 1(c)). These data suggest that in Anxa2™/~
mice, although the BBB may continue to develop, it
takes place more slowly and in an incomplete way. In
isolated cerebral microvessel (CMV) fragments, nRNA
(Figure 1(d)) and protein (Figure 1(e)) expression levels
of ZO-1, claudin-5, and VE-cadherin in adult male
Anxa2~'~ mice were all significantly reduced. Taken
together, these observations suggest that ANXA2
may play a role in the development and regulation of
primary cerebral endothelial junction proteins.

Role of ANXAZ in the regulation of trans-endothelial
permeability after hypoxia plus IL-1[ insult

Based on the in vivo observations, we asked whether
ANXA?2 played a role in the maintenance of cerebral
endothelial integrity in vitro. Endogenous expression
of ANXA2 was suppressed by siRNA (Figure 2(a)),
and trans-endothelial permeability was quantified with
a standard horseradish peroxidase assay. Compared to
scrambled siRNA control (Con), suppression of
endogenous ANXA2 (A2) significantly increased trans-



2052

Journal of Cerebral Blood Flow & Metabolism 39(10)

(a) Lectin 10-kDa tracer (b)

Anxa2**

E15.5
E15.5

Anxa2

—_
[=%
—

CJcMmva2™T @ cMvAz<© (e)

550-Da tracer

cMva2™T cmva2KO cmva2 T cMva2i@

550-Da tracer

(C} Lectin

12 week

kDa

15 ZO-1 | R oo

Ocoludin m
1.0 62

0.5

Relative Expression Level

VE-cadher‘inh ———|

Relative Expression Level
@ 9 e e e
o N v N o
[=] 4] [=] wn (=] J
% .
7 *

0.0 X
~ £ & bl 5
g & § & AP N 3
5 § >
g &

Figure I. Annexin A2 (ANXA?2) gene knockout impairs blood-brain barrier integrity. (a) Representative images of dorsal cortical
plates from injected embryos after microvessels labeling with lectin (green) and 10 kDa dextran tracer (red). At EI5.5 days, the tracer
was primarily restricted to microvessels in both wild-type (Anxa2™™), and ANXA2 knock out (Anxa2~'~) mice. (b) At EI5.5 days, the
smaller tracer sulfo-NHS-biotin (~550 Da) leaked out of microvessels in Anxa2 ™'~ mice (arrowheads). (c) The sulfo-NHS-biotin was
confined to microvessels in wild-type controls at |2 weeks, whereas it leaked out of the microvessels (arrowheads) in Anxa2 ™'~ mice.
n=>5 embryos or mice, bar =25 um. (d) Real-time polymerase chain reaction quantification of ZO-1, occludin, claudin-5, and VE-
cadherin mRNA levels of isolated cerebral microvessel (CMV) fragments in 10—12 weeks old male Anxa2™* (CMVA2™T) and
Anxa2 ™'~ (CMVA2®) mice. n=6 per group (*P < 0.05, unpaired Student’s t-test). (¢) Representative western blot images and
quantification of ZO-1, occludin, claudin-5, and VE-cadherin protein levels of isolated CMV fragments in 10—12 weeks old male
Anxa2 ™t (CMVA2™T) and Anxa2™~ (CMVA2X®) mice. n=6 per group (*P < 0.05, unpaired Student’s t-test).

endothelial permeability, even at baseline (Figure 2(b)).
Because cytokine-induced neuroinflammation is a
major pathway that contributes to BBB dysfunction,
we mimicked these in vivo scenarios by exposing
HBMVEC to IL-1B (20ng/ml). As expected, IL-1p
stimulation induced an increase in trans-endothelial per-
meability (Figure 2(c)). Treatment with exogenous rA2
showed a dose-dependent rescue of permeability
(Figure 2(c)). Besides inflammation, hypoxia-related
pathways represent another major contributor to BBB
leakage. Hence, we exposed HBMVEC to 24 h of hyp-
oxic stress and measured the effects of rA2 on trans-
endothelial permeability. As expected, hypoxia led to
an increase in permeability and rA2 treatment was able
to rescue these disruptions (Figure 2(d)). Finally, we
tested the efficacy of rA2 in a combination insult experi-
ment where endothelial cells were subjected to both 24 h
hypoxia plus 20 ng/ml of IL-1f. The hypoxia plus IL-1p
insult only slightly decreased cell number, but the
changes were not significant (cell counting, data not
shown). However, the combined hypoxia plus IL-1P
insult clearly increased trans-endothelial permeability,

and rA2 treatment significantly restored endothelial
tightness (Figure 2(e) to (g)).

Role of ANXA2 in the regulation of junctional
proteins after hypoxia plus IL-1f insult

Since junctional proteins are essential for maintaining
endothelial tightness, we further explored the effects of
rA2 on the expression and distribution of tight junction
proteins (ZO-1, claudin-5, occludin) and the adherens
junction protein VE-cadherin. Using total cell lysates
and membrane fractions, we found that the expression
of junctional proteins was significantly reduced after
hypoxia plus IL-1fB insult (Figure 3(a) and (b)). rA2
appeared to ameliorate these damaging effects by upre-
gulating the total expression of junctional proteins
(Figure 3(a)). rA2 also increased the amount of ZO-1
and VE-cadherin associated with membrane fractions
(Figure 3(b)), although no changes were noted for
occludin and claudin-5 (Figure 3(b)). Concordant
with western blot results, immunostaining suggested
that rA2 may promote the association of ZO-1 and
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Figure 2. Role of annexin A2 (ANXA2) in the regulation of trans-endothelial permeability after hypoxia plus IL-1{ insult. (a) ANXA2
expression in ANXA2 (A2) and control (Con) short interfering RNA (siRNA) transfected human brain microvascular endothelial cell
cultures. n =6 independent experiments (*P < 0.05, unpaired Student’s t-test). (b) Effect of ANXAZ2 (A2) and control (Con) siRNA on
trans-endothelial permeability. n =5 independent experiments (*P < 0.05, unpaired Student’s t-test). (c) The effects of recombinant
ANXA2 (rA2) dose range in 24 h exposure of IL-1 (20 ng/ml)-induced trans-endothelial permeability increase. n=1>5 independent

experiments (*P < 0.05 vs. IL- | B group, one-way analysis of variance (ANOVA) followed by Tukey'’s tests). (d) The effect of 100 nM rA2
in 24 h hypoxia-induced trans-endothelial permeability increase. n =5 independent experiments (*P < 0.05 vs. control, #P < 0.05 vs.
hypoxia group, one-way ANOVA followed by Tukey’s tests). (e) rA2 (100 nM) effects in IL-1p (20 ng/ml) plus hypoxia-induced trans-
endothelial permeability increase. (f, g) rA2 (100 nM) effects in IL-1 (20 ng/ml) plus hypoxia-induced (f) relative and (g) absolute trans-
endothelial electrical resistance (TEER) decrease. n =3 independent experiments (*P < 0.05 vs. control, #P < 0.05 vs. hypoxia + IL-1 B

group, one-way ANOVA followed by Tukey’s tests).

VE-cadherin signals with the cell membrane outline
(Figure 3(c) and (d)).

Interactions between ANXA2, VE-cadherin,
and F-actin after hypoxia plus IL-1[ insult

In epithelial cells and human umbilical vein endothelial
cells, ANXA2 has been reported to bind VE-cadherin
and F-actin.®?® To determine whether analogous inter-
actions occur in brain endothelial cells, we performed
immunoprecipitation experiments. Endogenous
ANXA?2 appeared to bind with VE-cadherin but not
with ZO-1, claudin-5, and occludin (Figure 4(a) and
(b)). For cytoskeleton, endogenous ANXA2 also
showed a strong interaction with F-actin (Figure 4(a)
and (c)). Since endogenous ANXA?2 can interact with
VE-cadherin and F-actin under baseline conditions, we
proposed that hypoxia plus IL-1 insult might disrupt
these membrane associations. Although the total expres-
sion of ANXA?2 was not changed by hypoxia plus IL-18

(Figure 4(d)), the association of ANXA2 with membrane
fractions was decreased (Figure 4(e)). Consistent
with these western blot results, immunocytochemistry
suggested that hypoxia plus IL-1p appeared to reduce
the association of ANXA2 and VE-cadherin signals
(Figure 4(f) and (h)), and treatment with exogenous
ANXA? seemed to restore this interaction (Figure 4(f)
and (h)). A similar trend was observed between ANXA2
and F-actin (Figure 4(g) and (h)). Overall, these imaging
data suggest an association of signals may be present
between ANXA2, VE-cadherin, and F-actin although
these experiments cannot provide causal proof of mech-
anistic interactions.

ANXA2 is a Robo4 ligand and modulates
Robo4-paxillin-ARFé signaling
Recent studies suggest that Robo4-paxillin-ARF6 sig-

naling may be a key regulator of vascular stability.?’
Therefore, we asked whether this pathway is involved
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Figure 3. Role of annexin A2 in the regulation of junctional proteins after hypoxia plus IL- I} insult. (a) Gel images and quantification
of western blots for ZO-1, occludin, claudin-5, and VE-cadherin expressions in total cell lysates. n=4 independent experiments
(*P < 0.05 vs. control, #P < 0.05 vs. hypoxia + IL- | B group, two-way analysis of variance (ANOVA) followed by Bonferroni’s tests). (b)
Gel images and quantification of western blots for ZO-1, occludin, claudin-5, and VE-cadherin expressions on human brain micro-
vascular endothelial cell membrane. Na™K*ATPase served as an equal loading control of cell membrane protein. n =4 independent
experiments (*P < 0.05 vs. control, #p < 0.05 vs. hypoxia + IL-1B group, two-way ANOVA followed by Bonferroni’s tests). (c)
Immunocytochemistry of VE-cadherin. Bar =25 um, n =4 independent experiments. (d) Immunocytochemistry of ZO-1. Bar =25 um,

n=4 independent experiments.

in our model system. Immunoprecipitation experiments
demonstrated that ANXA2 was indeed able to bind
to Robo4 but not to the related protein paxillin
(Figure 5(a)). In our model system, siRNA suppression
of ANXA?2 decreased endogenous paxillin binding to
Robo4, thus suggesting ANXA2 might be another vital
endothelial membrane protein that modulates the inter-
action between Robo4 and paxillin (Figure 5(b)).
After exposure to combined hypoxia plus IL-10,

Robo4-paxillin binding was similarly perturbed in the
HBMVEC. Treatment with exogenous rA2 appeared to
restore Robo4-paxillin interaction (Figure 5(c)). To test
the effect of ANXA2 on ARF6 activation, HBMVEC
were treated with ANXA2 siRNA. Silencing of
ANXA2 significantly enhanced ARF6 activation
(Figure 5(d)). Treatment of HBMVEC with IL-1B or
combined hypoxia plus IL-1B led to an activation of
ARF6 (Figure 5(e) and (f)). Notably, rA2 inhibited
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Figure 4. Interactions between annexin A2 (ANXA2), VE-cadherin, and F-actin after hypoxia plus IL-1f insult. (a—c)

Immunoprecipitation (IP) and followed by immunoblotting of cell membrane lysates under normal condition, n =3 independent
experiments. (d) Gel images and quantification of western blots for ANXA?2 expression in total cell lysates. n =4 independent
experiments (*P < 0.05 vs. control, #P < 0.05 vs. hypoxia + IL-I B group, one-way analysis of variance (ANOVA) followed by Tukey’s
tests). (e) Gel images and quantification of western blots for ANXA2 expression in isolated human brain microvascular endothelial cell
(HBMVEC) membrane. n =4 independent experiments (*P < 0.05 vs. control, #P < 0.05 vs. hypoxia + IL-1B group, one-way ANOVA
followed by Tukey’s tests). (f) Immunocytochemistry of ANXA2 and VE-cadherin. The zoomed regions from white boxes are shown
alongside. White arrows indicate the association of signals between ANXA2 and VE-cadherin on HBMVEC membrane. Bar = 10 pum,
n =13 independent experiments. (g) Immunocytochemistry of ANXA?2 and F-actin. The zoomed regions from white boxes are shown
alongside. White arrows indicate the association of signals between ANXA?2 and F-actin on HBMVEC membrane. Bar =10 um, n=3
independent experiments. (h) Immunoprecipitation (IP) and followed by immunoblotting and quantification of isolated HBMVEC
membrane after hypoxia plus IL- 13 insult and recombinant ANXA?2 treatment. n =4 independent experiments (*P < 0.05 vs. control,
#P < 0.05 vs. hypoxia + IL-1B group two-way ANOVA followed by Bonferroni’s tests).
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Figure 5. Annexin A2 (ANXA2) is a Robo4 ligand and modulates Robo4-paxillin-ADP-ribosylation factor 6 (ARF6) signaling. (a)
Immunoprecipitation (IP) of isolated human brain microvascular endothelial cell (HBMVEC) membrane with anti-ANXA2 (A2) fol-
lowed by immunoblotting with anti-Robo4 and anti-paxillin, n =3 independent experiments. (b) Immunoprecipitation (IP) of isolated
HBMVEC membrane with anti-Robo4 followed by immunoblotting with anti-ANXA2 and anti-paxillin under normal and ANXA2
knockdown (A2 KD) conditions, n =3 independent experiments. (c) Immunoprecipitation (IP) of isolated HBMVEC membrane with
anti-Robo4 followed by immunoblotting with anti-paxillin and anti-ANXA2 under hypoxia plus IL- I3 insult with/without recombinant
ANXA2 (rA2) treatment, n =3 independent experiments. (d) The effect of control (Con) and ANXAZ2 short interfering RNA in ARF6
activation assessed by precipitation of ARF6-GTP (guanosine-5'-triphosphate) and quantification of the activated ARF6 levels by
western blots. n =4 independent experiments (*P < 0.05, unpaired Student’s t-test). (e) The effect of rA2 in IL-1B-induced ARF6
activation elevation. n=4 independent experiments (*P < 0.05 vs. control, *P < 0.05 vs. IL-1B group, one-way analysis of variance
(ANOVA) followed by Tukey’s tests). (f) The effect of rA2 in hypoxia plus IL- | B-induced ARF6 activation elevation. n =4 independent
experiments (*P < 0.05 vs. control, #P < 0.05 vs. hypoxia + IL-1B group, one-way ANOVA followed by Tukey’s tests).

IL-1B or combined hypoxia plus IL-1p-induced ARF6—
GTP (Figure 5(e) and (f)).

rA2 modulates junctional proteins by inhibiting
ARF6 activation

Activated ARF6 can suppress the expression of
VE-cadherin on endothelial membranes.>* So, we
asked whether expression of other junctional proteins
may also be mediated by ARF6. Treatment of
HBMVEC with QSI11, a potent agonist of ARF6,
downregulated tight junctions and VE-cadherin
mRNA expression in a dose-dependent manner
(Figure 6(a)). Accordingly, treatment with SecinH3,
an ARF6 inhibitor, significantly ameliorated the

increase in trans-endothelial permeability after hypoxia
plus IL-1p insults (Figure 6(b)).?® Adding exogenous
rA2 partially ameliorated ARF6 activation-induced
reductions in ZO-1 and VE-cadherin (Figure 6(c)).
Furthermore, inhibiting ARF6 with SecinH3 blocked
the hypoxia plus IL-1B-induced increase in cell perme-
ability, the downregulation of junctional proteins and
association of these signals with cell membrane outlines
(Figure 6(d) to (g)). Combination treatments with
SecinH3 and rA2 appeared to lead to a better protective
effect on cell permeability, junctional protein expression,
and cell membrane association (Figure 6(d) to (g)).
Collectively, these observations suggest that ANXA?2
may be involved in the regulation of junctional proteins
and trans-endothelial permeability by interacting with
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Figure 6. Recombinant ANXA2 (rA2) modulates junctional proteins by inhibiting ADP-ribosylation factor 6 (ARF6) activation. (a)
Dose range effects of ARF6 specific agonist QS| | at | uM (QS-1), 10 uM (QS-10), and 100 uM (QS-100) on ZO-I, occludin, claudin-5,
and VE-cadherin mRNA expression quantified by RT-PCR at 6 h after QS| | exposure to the human brain microvascular endothelial
cells (HBMVEC). n =4 independent experiments (*P < 0.05 vs. control, two-way analysis of variance (ANOVA) followed by
Bonferroni’s tests). (b) The effect of the ARF6 inhibitor SecinH3 in trans-endothelial permeability. n =4 independent experiments
(*P < 0.05 vs. control, *P < 0.05 vs. hypoxia + IL-1B group, one-way ANOVA followed by Tukey’s tests). (c) Representative western
blot gel images and quantification of ZO-I| and VE-cadherin protein expression in isolated HBMVEC membrane under resting
physiological condition. n = 3 independent experiments (*P < 0.05 vs. control, *P < 0.05 vs. QS| | group, two-way ANOVA followed by
Bonferroni’s tests). (d) The effect of the ARF6 inhibitor SecinH3 or/and rA2 in hypoxia plus IL-1f-induced trans-endothelial per-
meability. n =3 independent experiments (*P < 0.05 one-way ANOVA followed by Tukey’s tests). (e) Representative western blot gel
images and quantification of ZO-I| and VE-cadherin protein expressions in isolated HBMVEC membrane. n=4 independent experi-
ments (*P < 0.05, two-way ANOVA followed by Bonferroni’s tests). (f) Immunocytochemistry of VE-cadherin. Bar =25 um, n=3
independent experiments. (g) Immunocytochemistry of ZO-I. Bar =25 um, n=3 independent experiments.
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Junctional complex
mRNA

Figure 7. Working model of the role of annexin A2 (ANXA2) in cerebral trans-endothelial integrity. ANXA?2 appears to interact
extracellularly and intracellularly with VE-cadherin, F-actin, and regulate Robo4-paxillin-ADP-ribosylation factor 6 (ARF6) pathway.
The data presented in this study evoke a model for trans-endothelial permeability protection by ANXAZ2. Endothelial cell membrane
protein ANXA2 and exogenous recombinant ANXA2 can interact with junctional complexes, such as VE-cadherin and F-actin, which
stabilize their intercellular junction structures. Moreover, we discovered the interaction between ANXA2 and Robo4 on the cell
membrane, which may enhance the Robo4-paxillin (Pax) association, leading to inhibition of ARF6 activation (inactive ARF6-GDP
(guanosine-diphosphate) converts to active ARF6-GTP (guanosine-5'-triphosphate)) and associated downregulation of junctional

proteins expression.

VE-cadherin/F-actin and mediating Robo4-paxillin-
ARF6 pathway.

Discussion

In the first set of experiments, by using Anxa2~'~ mice,
we showed for the first time that ANXAZ2 is an essential
membrane protein that contributes to BBB develop-
ment. Increased BBB leakage of a small molecule
tracer in E15.5 embryos and adult (3-month-old male)
mice compared to WT mice indicates that the BBB
still forms, albeit more slowly and less tightly, in
the absence of ANXAZ2. Furthermore, depletion of
ANXA?2 gene decreases tight junction proteins ZO-1,
Claudin-5, and adherens junction protein VE-cadherin
in isolated CMV fragments, suggesting that the unique
role of ANXA2 in BBB formation and function may
involve the regulation of these cell-to-cell junctions.

In the second set of experiments, we used cell culture
injury models to demonstrate that (1) endogenous cell
membrane protein ANXA2 plays an important role in
maintaining trans-endothelial tightness in HBMVEC,
(2) ANXA2 associates with cell membrane F-actin
and VE-cadherin, (3) cell membrane ANXA2 is a
ligand of Robo4, (4) exogenous rA2 can ameliorate
hypoxia plus IL-1B-induced changes in trans-

endothelial permeability, and (5) these protective effects
of rA2 are mediated in part via F-actin/VE-cadherin
interactions to strengthen endothelial tightness, as
well as the ability of rA2 to modulate Robo4-paxillin-
ARF6 signaling pathway and deactivate ARF6.

ANXAZ2? is a multifunctional protein that belongs to a
large family of Ca®"-dependent anionic phospholipid
and membrane-binding proteins. Emerging evidence sug-
gests that ANXA?2 plays a vital role in vascular homeo-
stasis, including regulation of cell surface fibrinolysis and
angiogenesis.”>** Previous investigations have found
ANXAZ2 can bind to VE-cadherin and F-actin in epithe-
lial cells and human umbsilical vein endothelial cells.® %
ANXA2 can be expressed in brain endothelium as
well,?%3! but it was not known whether these ANXA2
binding properties might also help control junctional
proteins in the brain. Here, we showed that ANXA2
could indeed play a role in regulating cerebral endothelial
junctions in part by promoting F-actin and VE-cadherin
interactions (Figure 7), and importantly, these pathways
may be important for BBB development as well the pro-
tection of trans-endothelial tightness after injury.

In addition to ANXAZ2 interactions with cytoskeletal
elements, our study also suggests a role for Robo4-
paxillin-ARF6 signaling (Figure 7), a pathway that
has been previously proposed as a key regulator of
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vascular stability.>**” ARF6 is known to suppress the
expression of VE-cadherin and augment VEGF signal-
ing to increase endothelial permeability.>*>* Formation
of a Robo4-paxillin complex on the cell membrane can
block the activation of ARF6, thereby increasing endo-
thelial tightness and integrity. Our results showed
for the first time that ANXA2 binds Robo4 and this
contributes to the formation of Robo4-paxillin com-
plex, thus blocking ARF6 and reducing endothelial per-
meability. From a translational perspective, these
pathways may be important for potential therapeutic
applications. Treating HBMVEC with the ARF6 acti-
vator QS11 or inhibitor SecinH3 significantly decreased
or increased junctional proteins expression, respect-
ively. Exogenous recombinant ANXA?2, that is, rA2,
can also bind to Robo4 and prevent hypoxia plus
IL-1B-induced dissociation of Robo4-paxillin, thus,
blocking ARF6 activation and ameliorating the
downregulation of junctional proteins and preserving
endothelial tightness. These findings suggest that rA2-
related pathways may represent a potentially novel
approach to rescue BBB function by directly modulat-
ing the signaling and regulatory pathways of junctional
homeostasis in the cerebral endothelium.

Nevertheless, we are aware that several mechanistic
caveats may exist. First, our in vivo experiments
here only provide a starting point. Deeper studies are
warranted to investigate how ANXA2 may interact
with other more well-characterized signals and sub-
strates during BBB development. Second, our in vitro
ANXA2-Robo4 signaling data are primarily focused
on endothelial permeability. However, Robo-mediated
mechanisms are also important for angiogenesis.
Future studies should carefully examine whether and
how the targeting of ANXA2 pathways may influence
vascular growth and remodeling after injury. Third, it
appears that exogenous rA2 may also stimulate
endogenous ANXA?2 responses, at least within the con-
text of our cell model systems. How these positive feed-
back loops may affect the aggregate endothelial
response remains to be determined. Finally, we used
hypoxia plus IL-1p to mimic two major triggers of cere-
brovascular injury and leakage. However, brain patho-
physiology is complex and multifactorial, so a perfect in
vitro BBB model may not exist.**** Beyond endothelial
permeability per se, it will be useful to ask how ANXA2
signaling may affect other key aspects of the BBB
including transporters, matrix proteases, and cell—cell
signaling at the neurovascular interface.

In summary, our data suggest that ANXA?2 plays an
important role in regulating cerebral endothelial perme-
ability via F-actin—VE-cadherin interactions and
Robo4-paxillin-ARF6 signaling (Figure 7). Further
translational studies are warranted to explore the rele-
vance of ANXA2-related pathways as a therapeutic

target for protecting the BBB and cerebrovascular
integrity in neurological disease.
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