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IntroductIon
The pulmonary capillary endothelium consists of a continu-
ous layer of nonfenestrated cells linked by comingled elements 
of adherens, tight, and gap junction proteins and forming a 
0.1-µm vascular–alveolar interface that is highly adapted for 
efficient gas exchange (Townsley, 2012). Phosphorylation of 
vascular endothelial cadherin (VEC) by Src kinase, and its 
dephosphorylation by specific phosphatases, regulates homo-
typic VEC–VEC connections, thereby controlling extravasa-
tion of fluid and leukocytes. Under hypoxia, expression of 
vascular endothelial growth factor (VEGF) increases upon 
stabilization of hypoxia-inducible factors (Manalo et al., 
2005), and may trigger Src-mediated tyrosine phosphoryla-
tion of VEC at tyrosines 685 or 731 (pY731-VEC), in asso-
ciation with disruption of VEC–VEC adhesive interactions 
(Dejana and Vestweber, 2013). VEGF, also known as vascular 

permeability factor, is highly expressed in the lung, and its 
overproduction results in pulmonary edema (Kaner et al., 
2000). Dephosphorylation of VEC is thought to depend upon 
several phosphatases, including vascular endothelial protein 
tyrosine phosphatase (VE-PTP), the mouse homologue of 
human PTP-β (Nawroth et al., 2002; Küppers et al., 2014), 
and Src homology phosphatase 2 (SHP2; Grinnell et al., 2010; 
Küppers et al., 2014). Annexin A2 (ANXA2) is a hypoxia- 
regulated, phospholipid-binding protein that is among the 
3% most abundantly expressed plasma membrane proteins in 
lung endothelium (Durr et al., 2004; Huang et al., 2011; Luo 
and Hajjar, 2013). Its depletion in cultured HUV ECs leads 
to increased pY-VEC and loss of barrier function (Heyraud 
et al., 2008; Su et al., 2010). Here, we report that ANXA2 
associates with VEC, VE-PTP, and SHP2 in the lung vascu-
lature, thereby supporting efficient VEC phosphatase activity 
and maintaining pulmonary vascular integrity under hypoxia.

results and dIscussIon
As previously reported (Heyraud et al., 2008; Su et al., 2010), we 
noted that the rate of translocation of high-molecular-weight 

relative or absolute hypoxia activates signaling pathways that alter gene expression and stabilize the pulmonary microvascu-
lature. alveolar hypoxia occurs in disorders ranging from altitude sickness to airway obstruction, apnea, and atelectasis. Here, 
we report that the phospholipid-binding protein, annexin a2 (anXa2) functions to maintain vascular integrity in the face of 
alveolar hypoxia. We demonstrate that microvascular endothelial cells (ecs) from anxa2−/− mice display reduced barrier func-
tion and excessive src-related tyrosine phosphorylation of the adherens junction protein vascular endothelial cadherin (Vec). 
Moreover, unlike anxa2+/+ controls, anxa2−/− mice develop pulmonary edema and neutrophil infiltration in the lung paren-
chyma in response to subacute alveolar hypoxia. Mice deficient in the anXa2-binding partner, s100a10, failed to demon-
strate hypoxia-induced pulmonary edema under the same conditions. Further analyses reveal that anXa2 forms a complex 
with Vec and its phosphatases, ec-specific protein tyrosine phosphatase (Ve-PtP) and src homology phosphatase 2 (sHP2), 
both of which are implicated in vascular integrity. In the absence of anXa2, Vec is hyperphosphorylated at tyrosine 731 in 
response to vascular endothelial growth factor, which likely contributes to hypoxia-induced extravasation of fluid and leuko-
cytes. We conclude that anXa2 contributes to pulmonary microvascular integrity by enabling Vec-related phosphatase activ-
ity, thereby preventing vascular leak during alveolar hypoxia.
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Figure 1. anXa2 supports ec barrier function in vitro and vascular integrity in the hypoxic lung. (A) Permeability of confluent Anxa2+/+ 
and Anxa2−/− CMEC monolayers to 2,000-kD FITC–dextran assessed over 24 h (n = 3 replicates, Student’s t test). (B) TEER measured across confluent 
CMEC monolayers on days 2–8 (n = 3–9, Student’s t test). (C and D) CMEC monolayers were transduced with empty or ANX2-encoding adenovirus, 
and permeability to FITC–dextran (n = 6 replicates, ANO VA) was assessed over a 2-h period and TEER (n = 10 replicates, ANO VA) over 60 h. (E and 
F) Permeability of confluent Anxa2+/+ and Anxa2−/− LMEC monolayers to 40-kD Texas red–dextran (E) or 500-kD FITC–dextran (F) over 24 h (n = 3 
replicates, Student’s t test). (G) EB was extracted from lung and brain from highly perfused Anxa2+/+ and Anxa2−/− normoxic or posthypoxic mice  
(n = 5–6 replicates, ANO VA). (H) Corresponding wet/dry weight organ ratios (n = 6 replicates, ANO VA), plasma VEGF levels (I; n = 6 replicates, ANO VA),  
and hemoglobin saturation (J; n = 7–16; replicates, ANO VA) were assayed. (K) Image analysis of sections (M) stained for extravascular albumin in five 
random images from each of three mice per group. Insets show no primary antibody control. Bars, 20 µm. (L) Densitometric analysis of immunoblots 
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FITC–dextran across confluent ANXA2-deficient cardiac 
microvascular endothelial cell (EC [CMEC]) monolayers was 
twice that observed for wild type CMECs (Fig. 1 A). Sim-
ilarly, transendothelial electrical resistance (TEER) values 
for Anxa2+/+ CMEC monolayers increased steadily over the 
first week in culture, whereas TEER for Anxa2−/− CMECs 
plateaued at a lower level (Fig. 1 B). On day 8 postconflu-
ency, TEER values were 50% higher in Anxa2+/+ CMECs 
than in Anxa2−/− CMECs. Infection of Anxa2−/− CMEC 
monolayers with an ANXA2-encoding virus restored both 
FITC–dextran translocation and TEER to levels observed in 
noninfected Anxa2+/+ cells or Anxa2+/+ cells infected with 
either empty or ANXA2-encoding viruses (Fig.  1, C and 
D). Loss of ANXA2 in lung microvascular ECs (LMECs) 
led to a relative loss of barrier function that was similar to 
that seen in CMECs (Fig.  1, E and F). Therefore, we used 
CMECs in subsequent experiments because of their greater 
purity and improved yield.

We next exposed Anxa2−/− and Anxa2+/+ mice to ei-
ther 21% or 10% ambient O2 for 48 h. In vivo assessment of 
vascular barrier function using Evans blue dye (EB) revealed 
minimal extravasation of EB into the brain parenchyma for 
both genotypes regardless of ambient O2 but a twofold in-
crease in EB leakage into the lung parenchyma in Anxa2−/− 
mice compared with Anxa2+/+ mice after treatment with 
10% O2 (Fig.  1  G). Similarly, organ wet/dry weight ratios 
increased only in the posthypoxic Anxa2−/− lung, but not in 
heart or brain (Fig. 1 H). Although plasma VEGF levels did 
not differ significantly between genotypes (Fig. 1 I), pulse ox-
imetry revealed significantly reduced hemoglobin saturation 
(Fig.  1  J), and immunohistologic and immunoblot analyses 
showed significantly increased extravascular albumin in the 
lung in Anxa2−/− mice immediately upon release from hy-
poxia (Fig. 1, K–N), suggesting vascular compromise in vivo.

Hematoxylin and eosin–stained sections of fixed lung 
showed no difference in septal thickness or inflammatory 
cell number between the two genotypes at baseline (Fig. 2, 
A and B). After hypoxia, however, scoring based on a stan-
dard lung injury paradigm (Aeffner et al., 2015) revealed a 
doubling in neutrophil infiltration and quadrupling of septal 
thickness in Anxa2−/− lungs (Fig. 2, A and C). These results 
were confirmed by immunoblot analysis of lung extracts for 
Ly6G and F4/80 neutrophil and macrophage markers, respec-
tively (Fig. 2, D and E), and suggested that hypoxia-induced 
vascular leak in the Anxa2−/− mouse was associated with ex-
travasation of neutrophils into the lung parenchyma after 2 d.

Because ANXA2 may heterotetramerize with S100A10 
in its membrane-associated functions (Luo and Hajjar, 2013), 
we tested the pulmonary response of S100a10−/− mice to hy-
poxia (Fig. 3). Lung tissue from S100a10−/− mice, generated 

via homologous recombination (Fig. 3, A–C), showed slightly 
decreased ANXA2 expression, whereas S100A10 protein was 
almost undetectable in the Anxa2−/− lung (Fig. 3 D), reflecting 
our previous finding that ANXA2 stabilizes S100A10 in ECs 
by masking a polyubiquitination site that directs S100A10 
to the proteasome for degradation. Posthypoxic S100a10−/− 
mice failed to show either increased EB extravasation in the 
lung (Fig. 3 E) or reduced hemoglobin saturation (Fig. 3 F). 
Bronchial alveolar lavage (BAL) fluid albumin increased four-
fold in posthypoxic Anxa2−/−, but not S100a10−/−, mice, 
which mimicked the wild-type (Fig. 3 G). These data indicate 
that the ability of ANXA2 to promote pulmonary vascular 
integrity does not require expression of S100A10.

We next examined the susceptibility of VEC within 
Anxa2−/− and Anxa2+/+ CMECs to Src-mediated phosphory-
lation. Pretreatment of CMECs with the Src inhibitor PP2 
specifically reduced levels of VEGF-induced pY731-VEC 
to baseline in both genotypes (Fig. 4 A). PP2 also blocked 
VEGF-induced permeability to FITC–dextran (Fig.  4  B) 
and diminished loss of TEER (Fig.  4  C), indicating equal 
susceptibility of Y731-VEC to Src phosphorylation be-
tween the two genotypes.

To identify the sites of VEC tyrosine phosphorylation 
affected by ANXA2, we used two highly specific mono-
clonal antibodies directed against pY731 and pY685 (Wes-
sel et al., 2014). In both Anxa2−/− and Anxa2+/+ CMECs, 
Y731-VEC showed low-level phosphorylation at baseline; 
upon exposure to VEGF, pY731 increased three- to fivefold 
in Anxa2−/−, but not Anxa2+/+, CMECs (Fig. 4, D and E). 
Using another highly specific antibody (Wessel et al., 2014), 
as well as a commercial IgG, we found no significant increase 
in pY685-VEC under the same conditions (Fig. 4 F). Inter-
estingly, pY685-VEC is known to be dephosphorylated by 
VE-PTP, whereas pY731-VEC is not (Wessel et al., 2014). 
Therefore, we examined two other VE-PTP targets, Tie2 
(pY992; Fig.  4  G) and VEG FR2 (pY1175; not depicted) 
and found that neither protein was hyperphosphorylated in 
VEGF-stimulated Anxa2−/− cells. This result suggested that 
VE-PTP activity was not altered in the absence of ANXA2 
and raised the possibility that another phosphatase might reg-
ulate pY731-VEC. Indeed, it has been reported that catalyti-
cally inactive VE-PTP still supports vascular integrity, leading 
to the hypothesis that VE-PTP might either recruit or ac-
tivate another phosphatase (Nawroth et al., 2002). Together, 
these data suggested that a non–VE-PTP phosphatase might 
regulate vascular integrity in an ANXA2-dependent manner 
under VEGF stimulation.

Confocal microscopy of lung sections demonstrated 
regions of close proximity of VEC and ANXA2 near the 
luminal surface of microvessels (Fig.  5  A, left and right). 

of whole-lung protein (N) from highly perfused lung tissue (n = 3 mice per group, ANO VA). Data in A, B, and C–N are representative of nine, six, 
and three experiments, respectively. Black and white squares or bars indicate Anxa2+/+ and Anxa2−/− cells or mice, respectively. Data are expressed 
as mean ± SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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Immunoelectron microscopy (IEM) similarly, identified co-
clusters of anti–ANXA2- and anti–VEC-conjugated gold 
particles within ECs (Fig. 5 B, left and right). In pull-down 
experiments, anti–VEC antibodies precipitated ANXA2, 
but not ANXA4 (Fig.  5 C). Further confocal microscopy 
unveiled focal association of ANXA2 and VE-PTP within 
microvessels (Fig. 5 D, left and right), and IEM demonstrated 
a close association between ANXA2 and VE-PTP (Fig. 5 E, 
left and right), as well as VEC and VE-PTP (Fig. 5 F, left and 
right). Together, these data indicated that ANXA2 interacts 
with both VEC and VE-PTP.

To determine whether VEGF-induced permeability in 
the Anxa2−/− microvasculature reflects impaired dephosphor-
ylation of pY-VEC, we used the Miles assay. After intrader-
mal injection of VEGF, we found a nearly twofold increase 
in extravasation of EB in Anxa2−/− versus Anxa2+/+ mice 
(Fig.  5 G). Pretreatment with a fibrinogen-depleting agent 
(Ancrod) failed to increase cutaneous capillary leak, indicat-
ing that increased vascular permeability in Anxa2−/− mice is 
independent of fibrin deposition (not depicted). Treatment 
of Anxa2+/+ mice with the general phosphatase inhibitor 
sodium orthovanadate increased VEGF-induced EB extrav-
asation to the level seen in the untreated Anxa2−/− mouse, 
whereas a seryl-threonyl-phosphatase inhibitor (sodium  
fluoride) had no effect (Fig. 5 H). Therefore, acutely increased 

VEGF-induced permeability of Anxa2−/− vasculature re-
flected loss of tyrosine phosphatase activity.

The phosphatase SHP2 has been implicated in the reg-
ulation of edemogenic VEC phosphorylation in the lung 
(Grinnell et al., 2010), has been demonstrated to interact with 
ANXA2 at EC junctions (Burkart et al., 2003), and has been 
shown to regulate pY731-VEC dephosphorylation (Wessel et 
al., 2014). In pull-down experiments, anti–VEC IgG copre-
cipitated VE-PTP, ANXA2, and SHP2 from Anxa2+/+ lung 
extracts; however, pull-down of both VE-PTP and SHP2 was 
markedly reduced in Anxa2−/− lung extracts (Fig.  5, I and 
J). Similarly, precipitation by anti–VE-PTP of SHP2 along 
with VEC was reduced by ∼40% and 80%, respectively, in 
Anxa2−/− lung extracts (Fig. 5, K and L). These data suggested 
that VEC, VE-PTP, and SHP2 form an ANXA2-dependent 
complex that may enable SHP2-mediated dephos-
phorylation of Y731-VEC.

These data provide physical and biochemical evidence 
that ANXA2 supports microvascular integrity in the hypoxic 
lung. We show that ANXA2 contributes to the dephosphor-
ylation of Y731-VEC, most likely by supporting the assembly 
of a complex that includes ANXA2, VEC, VE-PTP, and SHP2. 
SHP2 has been previously shown to target pY731-VEC 
in ECs (Wessel et al., 2014), and we find elevated levels of 
VEGF-induced Y731-VEC in Anxa2−/− CMECs. The asso-

Figure 2. leukocyte extravasation in the posthypoxic anxa2−/− lung. (A) Representative images of hematoxylin and eosin–stained sections from 
Anxa2+/+ and Anxa2−/− normoxic or posthypoxic lungs. Bars, 20 µm. (B and C) Quantification of inflammatory cell infiltration and septal thickness in 20 
random sections from each of three highly perfused lungs from Anxa2+/+ or Anxa2−/− normoxic (B) or posthypoxic (C) mice (ANO VA). (D) Immunoblot of 
lung homogenates from three separate animals for neutrophil (Ly6G) and macrophage (F4/80) markers. Results in A–E are representative of three separate 
experiments. (E) Quantification of immunoblotted Ly6G/GAP DH and F4/80/GAP DH ratios from (D; n = 3 mice per group, ANO VA). Black and white bars 
indicate Anxa2+/+ and Anxa2−/− mice, respectively. Data are expressed as mean ± SEM. **, P < 0.01; ***, P < 0.001.
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ciation of hyperphosphorylation of Y731 with both vascular 
leak and extravasation of leukocytes appears to differ from 
the elegant findings of Wessel et al. (2014), whereby phos-
phorylation of Y731 was linked to extravasation of leukocytes, 
whereas phosphorylation of Y685 correlated with leakage of 
fluid. These differences warrant further investigation in view 
of studies showing that site-specific phosphorylation may de-
pend upon the pathophysiologic setting and vascular bed of 
interest (Orsenigo et al., 2012; Wessel et al., 2014).

Down-regulation of VE-PTP or its dissociation from 
VEC is followed by leukocyte transmigration across inflamed 
endothelium (Nottebaum et al., 2008; Vockel and Vestwe-
ber, 2013), providing a possible explanation for our observa-
tion of increased numbers of neutrophils in the posthypoxic 
Anxa2−/− lung parenchyma. Maldistribution of intercellular 
adhesion molecule 1 has been found to occur on the surface 

of TNFα-treated, ANXA2-depleted ECs and can contribute 
to augmented neutrophil transmigration (Heemskerk et al., 
2016). This phenomenon could be relevant in the hypoxic 
Anxa2−/− mouse, even though baseline expression of cell 
surface intercellular adhesion molecule and pY14-caveolin 
did not differ between the two genotypes. In conclusion, 
ANXA2 appears to regulate extravasation of both fluid 
and leukocytes in the hypoxic lung, suggesting that a more 
complete understanding of these mechanisms could enable 
more effective therapeutic interventions for the pulmonary 
consequences of hypoxia.

MaterIals and MetHods
Microvascular ecs and barrier function
CMECs were isolated from hearts of P2 pups (Ling et al., 
2004) and propagated in DMEM containing nutrient mix-

Figure 3. Pulmonary vascular integrity in the s100a10−/− mouse. (A) Genomic organization of wild type and targeted alleles after homologous recom-
bination. SacI fragments for wild-type and mutant alleles are indicated by double-headed arrows. Numerals 1–3 refer to exons. The vertical arrow indicates 
the binding site for the Southern blot probe. (B and C) PCR and Southern blot analysis of tail tip DNA from founder mice (S100a10+/− or S100a10+/+). In C, 
fragments correspond to wild-type (9.4 kb) and mutant (9.7 kb) alleles. (D) Immunoblot of pan-cadherin (loading control), ANXA2, and S100A10 in lung 
tissue extracts from wild-type, S100a10−/−, and Anxa2−/−, mice. (E) EB extracted from whole lung tissue from S100a10+/+ and S100a10−/− mice treated with 
FiO2 0.21 or 0.10 (48 h, n = 5 animals per group, ANO VA). (F) Pulse oximetry estimation of hemoglobin saturation for S100a10+/+ and S100a10−/− mice treated 
as in E (n = 8–9 per group, ANO VA). (G) ELI SA of albumin in BAL fluid from wild-type, S100a10−/−, and Anxa2−/− mice maintained at FiO2 0.21 or 0.10 for 48 h 
(n = 4–7 mice per group, ANO VA). All data are representative of three to six separate experiments. Wild-type, S100a10−/−, and Anxa2−/− mice are indicated 
by black, gray, and white bars, respectively. Data are expressed as mean ± SEM. **, P < 0.01; ***, P < 0.001.
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ture F12 (Gibco), 5% fetal bovine serum (Gibco), 20 µg/ml 
EC growth supplement (Sigma-Aldrich), 1× EC growth fac-
tor (Sigma-Aldrich), 1× insulin–transferrin–selenium-G sup-
plement (Gibco), 1 mM sodium pyruvate, 100 µg/ml heparin, 
2 mM l-glutamine, 1× MEM with nonessential amino acids, 

55 µM β-mercaptoethanol, 100 U/ml penicillin G, and 0.1 
mg/ml streptomycin sulfate. Cells were used at passage 1 or 2 
in all experiments. LMECs were isolated from neonatal pups 
as described previously (Fehrenbach et al., 2009). In brief, 
0.5% buffered collagenase II (Worthington Biochemical 

Figure 4. effect of anXa2 on Vec phosphorylation. (A) After stimulation with rVEGF (0–3 h) in the presence or absence of the Src inhibitor PP2, or 
control PP3, extracts of confluent Anxa2+/+ and Anxa2−/− CMECs were immunoblotted with anti–pY731-VEC, -pY416-Src-, -VEC, -Src, -ANXA2, and -actin.  
(B and C) Permeability to FITC–dextran and TEER of CMECs treated with or without recombinant VEGF in the presence or absence of PP2 or PP3 (n = 6 
samples per group, ANO VA). (D) Lysates from VEGF-treated Anxa2+/+ and Anxa2−/− CMECs were immunoblotted with anti–pY731-VEC (pY731-73.1, courtesy 
of D. Vestweber; Wessel et al., 2014), -VEC, -ANXA2, and –pan-cadherin (Pan-cad). (E) Quantification of blots described in D (combined data from 11 exper-
iments, ANO VA). (F) Lysates were blotted with two anti–pY685-VEC antibodies (Ab#1: ab119785; Abcam; and Ab#2: PhoCad3.3, courtesy of D. Vestweber; 
Wessel et al., 2014), as well as anti-VEC and anti-ANXA2. (G) Lysates were blotted with anti-pY992-Tie2, -Tie2, -ANXA2, and –pan-cadherin. Data in A–C, 
F, and G are representative of three experiments, and data in D and E are representative of 11 experiments. Black and white bars indicate Anxa2+/+ and 
Anxa2−/−, respectively. Data are expressed as mean ± SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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Figure 5. anXa2 associates with Vec, Ve-PtP, and sHP2 and supports phosphatase function. (A) Confocal image of lung section stained with FITC 
anti–ANXA2 IgG (green) and Cy3 anti–VEC IgG (red, left; enlarged, right). Subpanels outlined in red show no primary control–stained section for anti-ANXA2 
(*) and anti-VEC (**). Bar, 10 µm. (B) IEM image of pulmonary microvessel stained with anti-ANXA2 and anti-VEC (10-nm and 6-nm gold conjugates, blue 
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Corporation) was instilled into the lungs through the tra-
chea. After 45 min of tissue dissociation, cells were collected 
and ECs purified using anti–CD31-conjugated magnetic mi-
crobeads (MACS, #130-097-418).

For assessment of permeability, CMECs or LMECs 
were seeded on fibronectin-coated, 0.4-µm pore, polyester 
Transwell inserts (1 × 105 cells/well; Corning) positioned in 
12-well cluster dishes. Culture medium was replaced with 
phenol red-free, serum-free DMEM on day 2 of confluency 
(Su et al., 2010). FITC–dextran (500 kD, 100 µg; D7136; In-
vitrogen; or 2,000 kD, 250 µg; D7137; Invitrogen) or Texas 
red–dextran (40 kD, 100 µg; D1829; Invitrogen) was added 
to the upper chamber 16 h later (total volume 500 µl), and 
six separate 100-µl samples were collected from the lower 
chamber over the next 24 h and replaced with fresh medium 
to maintain a volume of 1 ml. The FITC signal was read at 
494 nm and 521 nm and Texas red at 590 nm and 620 nm 
excitation and emission, respectively (SpectraMax Gemini; 
Molecular Devices). For assessment of TEER, ECs were pre-
pared and seeded as described for assessment of permeability 
to FITC-dextran and TEER calculated daily (EVOM vol-
tohmmeter; World Precision Instruments; 6–12 samples/time 
point; Su et al., 2010) as total resistance minus the resistance 
of empty inserts (Ω per square centimeter).

For viral transduction, a replication-deficient adenovi-
rus containing a CMV-driven ANXA2 expression cassette 
and GFP reporter was constructed using the pAdEasy system 
(Huang et al., 2011). First-passage Anxa2+/+ and Anxa2−/− 
ECs (100,000) were propagated on Transwell inserts (12-
well, 0.4-µm pore) for 4 d and then infected at confluency 
in serum-free medium with empty or ANXA2-encoding 
adenoviruses (1,000 particles per cell; efficiency of infec-
tion 60% by fluorescence microscopy; after 4 h, the medium 
was replaced with regular medium). At 48  h, any remain-
ing virus was removed by washing and TEER and FITC– 
dextran permeability measured.

experimental animals
All animal studies were approved by the Institutional Ani-
mal Care and Use Committee. 10–14-wk-old Anxa2−/− mice 
on the C57BL/6 background were generated as described 

previously (Ling et al., 2004). Control wild-type mice were 
bred on the same background in parallel to ANXA2-defi-
cient mice. To generate S100a10−/− mice, a pPNT-based tar-
geting vector was constructed using the neomycin resistance 
(NeoR) and thymidine kinase genes as positive and negative 
selectors, respectively. A 5.8-kb Not I genomic fragment con-
taining the mouse S100A10 promoter, exon 1 and intron 1 
was introduced into a Not I site upstream of NeoR cassette 
within the pPNT vector. A second 1.5-kb BamHI fragment 
including part of exon 3 and all of the 3′ UTR was sub-
cloned into the BamHI site downstream of the NeoR gene 
but upstream of the thymidine kinase gene of the pPNT 
vector. In addition, a 1-kb EGFP sequence was cloned into 
pPNT between the NotI site and the NeoR cassette. Finally, 
the 5.8-kb long arm and 1.5-kb short arm flanking the EGFP 
and neomycin-resistance gene were created from S100A10 
sequences, whereas the tk gene remained outside of the re-
gions of S100A10 homology.

The S100a10 targeting vector, pPNT-S100A10, was 
linearized with PacI and electroporated (400 V, 25 μF; Bio-
Rad) into E14-1-1 embryonic stem cells derived from 129/
Ola mice. Embryonic stem cell clones selected by 400 µg/ml 
G418 (Gibco) and ganciclovir (2 µM; Roche) were screened 
by Southern blot hybridization. Two embryonic stem cell 
clones containing the disrupted S100a10 allele were intro-
duced into blastocysts of C57BL/6 embryos and injected into 
the uteri of pseudopregnant foster mothers. Chimeric males 
were identified based on agouti coat color, and then mated 
with C57BL/6 females. Agouti offspring were genotyped by 
Southern hybridization, whereby SacI-digested DNA was 
electrophoresed on 0.7% agarose gels and blotted onto nylon 
membranes. A 733-bp 3′ probe, representing sequences exter-
nal to the targeting vector sequence and detecting 9.4-kb and 
9.7-kb fragments of wild-type and mutant alleles, respectively, 
was random primer labeled (Roche). Four of 300 embry-
onic stem cell clones showed homologous recombination of 
pPNT-S100a10 with 3′ flanking probes. For PCR genotyp-
ing of DNA isolated from tail biopsies, oligonucleotide prim-
ers included 5′-TCA GCA CTT ACT TCC AAA AAC CC-3′ 
(reverse), which is specific for wild-type, 5′-AGC TTG CCG 
GTG GTG CAG ATG AAC TTC-3′ (reverse), which is specific 

and red arrows, respectively, left; enlarged, right). Bars: (left) 100 nm; (right) 50 nm. (C) Lung tissue extracts immunoprecipitated (IP) with anti–VEC or 
nonimmune IgG and immunoblotted for VEC, ANXA2, and ANXA4. (D) Confocal image of lung section stained with stained with FITC anti–ANXA2 IgG 
(green) and Cy3 anti–VE-PTP IgG (red, left; enlarged, right). Subpanels outlined in red show no primary control–stained section for anti-ANXA2 (*) and 
anti-VE-PTP (**). Bar, 10 µm. (E) IEM images of pulmonary microvessel stained with anti-PTP and anti-ANXA2 (10-nm and 6-nm gold conjugates, red and 
blue arrows, respectively, left; enlarged, right). Bars: (left) 500 nm; (right) 200 nm. (F) Pulmonary microvessel stained with anti-PTP and anti-VEC followed 
by gold-conjugated (10- and 6-nm conjugates, red and blue arrows, respectively, left; enlarged, right). Bars: (left) 200 nm; (right) are 50 nm. (G) Miles assay 
(conducted as described in Materials and methods) to assess VEGF-induced cutaneous EB extravasation in Anxa2+/+ and Anxa2−/− mice (n = 7–8 mice per 
group, ANO VA). (H) Effect of Na3VO4 (sodium orthovanadate [OV]) or 100 µl, 5 mM sodium fluoride (NaF; subcutaneously, n = 8 mice per group, ANO VA) 
on VEGF-induced cutaneous EB extravasation. (I) Extracts of lung tissue immunoprecipitated with anti-VEC and immunoblotted for VEC, VE-PTP, SHP2, 
and ANXA2. (J) Quantification of immunoprecipitated bands in I (data combined from four experiments, Student’s t test). (K) Extracts of lung tissue were 
immunoprecipitated with anti–VE-PTP and immunoblotted for VE-PTP, VEC, ANXA2, and SHP2. (L) Quantification of immunoprecipitated bands in K (data 
combined from four experiments, Student’s t test). Data in A–I and in J–L are representative of three and four experiments, respectively. Black and white 
bars indicate Anxa2+/+ and Anxa2−/− mice, respectively. Data are expressed as mean ± SEM. *, P < 0.05; ***, P < 0.001.
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for the targeted allele, and 5′-CTC TCT TTA TGT CCT TTA 
ACA GGT TTC GAC AGA CTC TTC-3′ (forward), which is 
common to both genotypes. Heterozygous mice were cross-
bred with C57BL/6 mice at least seven times, and the resul-
tant heterozygotes were interbred to obtain the wild-type and 
knockout mice used in the present study.

o2 deprivation and capillary integrity
Mice were maintained for 48 h in a normobaric BioSpherix 
A chamber equipped with an E702 O2 sensor and a ProOx 
P110 O2 controller preset to deliver 10 ± 0.4% O2 by using 
room air/N2 at a ratio of 10:11 (Costello et al., 2008). Hemo-
globin O2 saturation was assessed as 10 stable readings via the 
left anterior paw using a MouseSTAT pulse oximeter (Kent 
Scientific) and paw sensor (MST AT sensor-MSE; Pilling et 
al., 2007) within 10 min of returning to room air. VEGF 
in citrated platelet-poor plasma, prepared by two rounds of 
centrifugation (300 g, 15 min, 21°C), was measured by ELI 
SA (MMV00; R&D Systems).

Weights of nonperfused brain, liver, heart and lung, ex-
cised en bloc and freed of extraneous tissue, were recorded 
before and after placement in a desiccating oven (65°C, 48 h) 
to calculate wet/dry ratios. For BAL, lungs of deeply anes-
thetized mice were lavaged three times via tracheotomy with 
0.5 ml PBS containing 0.9 mM CaCl2 and 0.5 mM MgCl2. 
Retrieved BAL fluid was pooled and adjusted the final vol-
ume to 1  ml. Albumin levels were determined by ELI SA 
(1000-1; Life Diagnostics) in centrifuged (1,000  g, 5 min, 
4°C) BAL fluid diluted 1:3,000 (Eckle et al., 2013).

For assessment of capillary integrity, Anxa2+/+ and 
Anxa2−/− mice received a single tail vein injection of 60 mg/
kg EB (Sigma-Aldrich) in 100 µl normal saline immediately 
upon release from hypoxia. 3 h later, lungs were removed from 
extensively perfused mice, homogenized, extracted in 2 vol 
formamide (18 h, 60°C), and centrifuged (5,000 g, 30 min). 
Optical density of the supernatant was determined spectro-
photometrically at 620 nm (Yepes et al., 2003).

For assessment of cutaneous vascular permeability, 
Miles assays were conducted whereby EB was injected by tail 
vein (30 mg/kg in 100 µl PBS, i.v.), followed 10 min later 
by injection of albumin or recombinant human VEGF165 
(rhVEGF165; R&D Systems; 293-VE; 50 ng in 50 µl PBS 
intradermally) into the shaved back (Kim et al., 2012). The 
animals were sacrificed 20 min later, and a standard, 1-cm2 
section of skin surrounding the injection site excised for dye 
extraction. In some experiments, mice received twice-daily 
injections of the defibrinogenating agent Ancrod (74/581; 
National Institute of Biological Standards and Control; 2 U 
in 200 µl saline) for 4 d before skin harvest. Some mice were 
pretreated subcutaneously with either 5 mM of the phospha-
tase inhibitor sodium orthovanadate (P0758; New England 
Biolabs) or 5 mM of the control inhibitor sodium fluoride 
(P0759; New England Biolabs), which inhibits protein phos-
phoseryl and phosphothreonyl phosphatases, but not tyro-
sine phosphatases. 30 min later, the mice received i.v. EB, 

and then either albumin or rVEGF (intradermally) after an 
additional 20 min. The skin was harvested 60 min later and 
extravasated EB quantified.

Immunoprecipitation and immunoblotting
For immunoprecipitation, extensively perfused lungs were 
homogenized in lysis buffer (25 mM Tris-HCl, pH 8.0, 1% 
Triton X-100, 150 mM NaCl, 1 mM EDTA, 1 mM PMSF, 
and Roche complete mini protease inhibitor), centrifuged at 
15,000  g, and the supernatant incubated with control aga-
rose resin (1.5 h, 4°C, with rotation). 750 µg of precleared 
protein extract (1 µg/µl) was incubated for 18 h with 7.5 µg 
mouse nonimmune versus monoclonal anti–human VEC IgG 
(sc-2025; Santa Cruz Biotechnology, Inc.; ab7047; Abcam; re-
spectively), or 7.5 µg rabbit nonimmune or polyclonal anti–
human VE-PTP IgG (sc-2027 and sc-28905, respectively; 
Santa Cruz Biotechnology, Inc.) coupled to AminoLink 
Plus Resin (Thermo Fisher Scientific). Immunocomplexes 
were immunoblotted with anti-VEC (NBP1-43347; Novus 
Biologicals), anti-ANXA2 (610069; BD), anti–VE-PTP 
(sc-28905; Santa Cruz Biotechnology, Inc.), anti-ANXA4 
(NBP1-90151; Novus Biologicals), anti-SHP2 (610621; BD), 
and anti–β catenin (AF1329; R&D Systems).

For immunoblotting of extravascular lung albumin, 
total protein from highly perfused upper left lobes was ex-
tracted, resolved by SDS-PAGE, and blotted with antialbu-
min (ab19196; Abcam), anti-ANXA2 (BD), anti-S100A10 
(AF2377; R&D Systems), anti-Ly6G (127601; BioLegend), 
anti-F4/80 (MCA497G; AbD Serotec), and anti-GAP DH 
(H86504; Biodesign). Band density was quantified using 
Image J software (version 3.1.4). For immunoblot analysis of 
VEC tyrosine phosphorylation, Anxa2+/+ and Anxa2−/− ECs 
(300,000 per sample, P1–P4) were cultured to confluency 
on fibronectin-coated wells. After 16 h of serum withdrawal, 
the cells were treated with 50 ng/ml recombinant mouse 
VEGF164 (0–2 h; 493-MV; R&D Systems). Total protein was 
extracted with lysis buffer containing 2 mM CaCl2, 1 mM 
Na3VO4, and 1× phosphatase inhibitor (1862495; Thermo 
Fisher Scientific) and immunoblotted with anti–pY731-
VEC (441145G; Invitrogen; or rat anti-mouse pY731-VEC 
monoclonal [pY731-73.1], a gift from D. Vestweber; Wessel 
et al., 2014). In addition, cell extracts were immunoblotted 
with rat monoclonal hybridoma supernatant directed against 
mouse pY685-VEC (PhoCad3.3), a gift from D. Vestweber 
(Wessel et al., 2014). In some experiments, extracts were also 
immunoblotted with anti–pY416-Src (2101S; Cell Signaling 
Technology) and anti-Src (ab7950; Abcam) after treatment 
with 50 ng/ml rmVEGF, 1 µM of the Src kinase inhibitor 
PP2 (529573; EMD Millipore), or 1  µM of the PP3 con-
trol (529574; EMD Millipore) before immunoblotting 
or permeability testing.

Histology and immunohistochemistry
5-μm, 4% paraformaldehyde–fixed, paraffin-embedded sec-
tions from extensively perfused lung tissue were subjected 
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to both hematoxylin and eosin staining. Twenty fields of 
hematoxylin and eosin–stained lung sections from each of 
three highly perfused Anxa2+/+ or Anxa2−/− mice main-
tained at FiO2 of either 0.21 or 0.10 for 48 h were scored 
and averaged using a standard mouse lung injury system 
(Aeffner et al., 2015).

For immunostaining, paraffin-embedded, 4% parafor-
maldehyde–fixed (18 h, 4°C) sections were deparaffinized 
in Histoclear (National Diagnostics) and rehydrated in a 
graded ethanol series. Antigen retrieval was performed 
by steam heating slides in 0.01  M sodium citrate (pH 6, 
0.05% Tween 20; 2100 Antigen Retriever; Pick Cell Lab-
oratories). To reduce autofluorescence, all sections were 
preincubated with sodium borohydride (1%, 5 min) im-
mediately before blocking. For extravascular albumin 
staining, sections were incubated with rabbit anti-albumin 
IgG (Abcam) followed by Cy3-conjugated donkey an-
ti-rabbit IgG. Staining was quantified using NIS-Elements 
BR3.1 software. For VEC and ANXA2 coimmunos-
taining, sections were stained (18  h, 4°C) with goat an-
ti-VEC (AF1002; R&D Systems) and rabbit anti–ANXA2 
IgG (sc-9061; Santa Cruz Biotechnology, Inc.), followed 
by FITC-conjugated donkey anti–rabbit and Cy3-con-
jugated donkey anti–goat IgG, respectively. For ANXA2 
and VE-PTP coimmunostaining, antigen-retrieved sec-
tions were blocked with mouse IgG and then incubated 
with mouse anti–ANXA2 IgG (610069; BD; 18  h, 4°C), 
followed by Alexa 488–conjugated donkey anti–mouse 
IgG. Subsequently, the same sections were labeled with 
rabbit anti–VE-PTP IgG (sc28905; Santa Cruz Biotech-
nology, Inc.; 2  h, 37°C), followed by Cy3-conjugated 
donkey anti–rabbit IgG.

For IEM imaging, highly perfused lung tissue was 
fixed with 4% paraformaldehyde/0.1% glutaraldehyde, de-
hydrated, and embedded in Lowicryl HM20. Unreacted 
aldehydes were quenched with 50  mM glycine in PBS, 
and blocked, ultrathin (100-nm) sections were incubated 
with a goat anti–VEC IgG (AF1002; R&D Systems) and 
rabbit anti–ANXA2 IgG (sc-9061; Santa Cruz Biotech-
nology, Inc.) mixture, rabbit anti–VE-PTP IgG (sc28905; 
Santa Cruz Biotechnology, Inc.) and goat anti–ANXA2 
IgG (sc-30757; Santa Cruz Biotechnology, Inc.), or rabbit 
anti–VE-PTP IgG and goat anti–VEC IgG. Incubations 
were followed by labeling with 10-nm anti–rabbit and 
6-nm anti–goat IgG–conjugated gold particles (Aurion). 
Images were captured on a Veleta CCD camera (SIS; Olym-
pus) mounted on a JEOL 1400 electron microscope. Single 
and no primary antibody controls were performed in par-
allel in both genotypes.

statistical analyses
Student's t test was used to compare the means of data from 
two experimental groups. One-way ANO VA was used when 
three or more experimental groups were compared, and 
analysis of significance was performed using Tukey’s range 

test (*, P < 0.05; **, P < 0.01; ***, P < 0.001). Data are 
expressed as mean ± SEM.
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