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Increased permeability of vascular lung tissues is a hallmark
of acute lung injury and is often caused by edemagenic insults
resulting in inflammation. Vascular endothelial (VE)-cadherin
undergoes internalization in response to inflammatory stimuli
and is recycled at cell adhesion junctions during endothelial bar-
rier re-establishment. Here, we hypothesized that phospho-
lipase D (PLD)-generated phosphatidic acid (PA) signaling reg-
ulates VE-cadherin recycling and promotes endothelial barrier
recovery by dephosphorylating VE-cadherin. Genetic deletion
of PLD2 impaired recovery from protease-activated receptor-1–
activating peptide (PAR-1–AP)-induced lung vascular permea-
bility and potentiated inflammation in vivo. In human lung
microvascular endothelial cells (HLMVECs), inhibition or dele-
tion of PLD2, but not of PLD1, delayed endothelial barrier
recovery after thrombin stimulation. Thrombin stimulation of
HLMVECs increased co-localization of PLD2-generated PA and
VE-cadherin at cell-cell adhesion junctions. Inhibition of PLD2
activity resulted in prolonged phosphorylation of Tyr-658 in
VE-cadherin during the recovery phase 3 h post-thrombin chal-
lenge. Immunoprecipitation experiments revealed that after
HLMVECs are thrombin stimulated, PLD2, VE-cadherin, and
protein-tyrosine phosphatase nonreceptor type 14 (PTPN14), a
PLD2-dependent protein-tyrosine phosphatase, strongly asso-
ciate with each other. PTPN14 depletion delayed VE-cadherin
dephosphorylation, reannealing of adherens junctions, and bar-
rier function recovery. PLD2 inhibition attenuated PTPN14
activity and reversed PTPN14-dependent VE-cadherin dephos-
phorylation after thrombin stimulation. Our findings indicate
that PLD2 promotes PTPN14-mediated dephosphorylation of
VE-cadherin and that redistribution of VE-cadherin at adherens
junctions is essential for recovery of endothelial barrier function
after an edemagenic insult.

Increased lung vascular permeability is a defining feature and
hallmark of acute lung injury (ALI), and is characterized by
severe hypoxemia and alveolar flooding. Despite improved
understanding of ALI pathophysiology, effective therapies to
minimize the profound vascular leakage in ALI are not cur-

rently available and significant morbidity and mortality in
critically ill patients is a major clinical problem. Vascular endo-
thelial cell (EC) barrier function and integrity, critical for main-
taining vascular homeostasis, depends on assembly of highly
specialized transmembrane tight and adherens junction pro-
teins including claudin, occluding, and vascular endothelial
(VE)-cadherin (1–4). Among these transmembrane proteins,
VE-cadherin is specifically and exclusively expressed in ECs,
and it is a major regulator of vascular permeability changes and
restoration of barrier integrity in response to barrier disruptive
agents. Two potential mechanisms involving VE-cadherin
internalization and tyrosine phosphorylation at Tyr-685 have
been implicated in barrier disruption (5–8), whereas VE-cad-
herin recycling to adherens junctions (AJs) and dephosphory-
lation of tyrosine-phosphorylated VE-cadherin facilitates junc-
tional reannealing and restoration of barrier function. Besides
tyrosine phosphorylation, serine phosphorylation at Ser-665 in
VE-cadherin also has been shown to modulate AJ assembly
(9, 10). Tyrosine phosphorylation of VE-cadherin at Tyr-685
leads to the dissociation of catenin from VE-cadherin, and
several kinases including c-Src, focal adhesion kinase, and
p21-activated kinase have been described to play a role in
VE-cadherin phosphorylation in vivo and/or in vitro (7,
10–13). As dephosphorylation of VE-cadherin is essential
for restoration of AJs and barrier function, several protein-
tyrosine phosphatases (PTPs) have also been shown to de-
phosphorylate tyrosine-phosphorylated VE-cadherin (14 –16).
Among the PTPs, VE-PTP is the most investigated phospha-
tase associated with regulation of VE-cadherin dephosphor-
ylation and endothelial permeability (17). Other phosphata-
ses, such as PTP1B, PTP2A, SHP2, DEP-1, RPTP-�, have
also been shown to regulate VE-cadherin phosphorylation
(17). Recently a nonreceptor PTP, PTPN14, also known as
PTPD2, PEZ, or PTP36, belonging to the class I PTP family
containing an N-terminal noncatalytic domain, similar to
that of band 4.1 superfamily cytoskeleton-associated pro-
teins, was reported (18, 19). Deficiency or loss of PTPN14
resulted in developmental defects and lymphedema in mice
and humans (20, 21), and there is evidence that mutations of
PTPN14 are associated with cancers (22, 23). However, the
biological functions of PTPN14 and its target(s) remain* For correspondence: Viswanathan Natarajan, visnatar@uic.edu.
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poorly characterized. A recent study has demonstrated that
the lipid second messenger, phosphatidic acid (PA), binds to
PTPN14 in vitro and enhances its catalytic activity, and this
interaction was implicated in mammary epithelial cell mor-
phogenesis (24). Very little is known on the role of PTPN14
in endothelial function and barrier regulation.

PA is a bioactive phospholipid generated either from glycerol
3-phosphate or dihydroxyacetone phosphate during de novo
biosynthesis of phospholipids (25), and also generated by phos-
pholipase D (PLD)-mediated hydrolysis of phosphatidylcholine
or other phospholipids in mammalian cells (26). There are six
isoforms of PLD, PLD1– 6, of which PLD1 and PLD2 have been
widely recognized in several human pathophysiologies includ-
ing cancer, hypertension, neurodisorders, diabetes, and acute
lung injury (27, 28). PLD-generated PA mediates a variety of
cellular functions, including growth/proliferation (29, 30), ves-
icle trafficking (31, 32), cytoskeletal rearrangement (33–35),
and activation of NADPH oxidase (36), and most of its func-
tions are attributed to the broad interactions with other pro-
teins and lipids. PLDs have been shown to interact with 58
proteins and 5 lipids, and PA was found to target 50 proteins
(37). In this study we show for the first time that genetic dele-
tion of PLD2 in mice exacerbates protease-activated receptor-
1–activating peptide (PAR-1–AP), a peptide analog of throm-
bin, or lipopolysaccharide (LPS)-induced lung inflammation
and injury in vivo and ex vivo. We provide evidence that VE-
cadherin restoration at AJs and endothelial barrier recovery
after stimulation by thrombin or LPS is regulated by PLD2/PA-
activated PTPN14. PLD2/PA signaling facilitates recovery of
thrombin- or LPS-induced endothelial permeability and VE-
cadherin dephosphorylation at AJs post-thrombin challenge.
Furthermore, the PA signal was found to accumulate at AJs
concurrently with redistributed of VE-cadherin, and PLD2
interacted with PTPN14 and VE-cadherin during endothelial
barrier recovery and restoration of AJs in response to thrombin
challenge. These results demonstrate that PLD2/PA signaling is
essential for proper EC barrier recovery and PTPN14 is a novel
PA-regulated PTP that mediates VE-cadherin de-phosphoryla-
tion and restoration at AJs.

Results

Genetic deletion of Pld2 in mice accentuates PAR-1–activating
peptide- and LPS-induced lung permeability and vascular leak

Activation of G protein– coupled PAR-1, a G protein–
coupled receptor, by thrombin or PAR-1–AP (or simply
referred to as PAR1) increases endothelial permeability and
leads to endothelial dysfunction (38 –40). Thrombin is a potent
stimulator of human endothelial cell PLD (41, 42) and both
basal and thrombin-induced PLD activity was shown to be
reduced by the dominant-negative mPld2 K758R mutant but
not by the hPLD1 K898R dominant-negative mutant (32).
However, the role of PLD1 and PLD2 in thrombin-induced
lung endothelial permeability and pulmonary leak in vivo is
unknown. Therefore, we examined the effect of PAR-1–AP on
mouse lung permeability and vascular leak using wildtype
(WT), Pld1�/�, and Pld2�/� mice. Deletion of PLD1 and PLD2
protein expression in lung tissues of Pld1 and Pld2 knockout

mice, respectively, was confirmed as described (43). Intratra-
cheal administration of PAR-1–AP induced accumulation of
inflammatory cells, mainly neutrophils, in lung alveolar spaces
in WT, Pld1, and Pld2 knockout mice as visualized by hema-
toxylin and eosin staining of lung sections. However, Pld2�/�

mice showed greater neutrophil accumulation compared with
WT and Pld1�/� mice (Fig. 1, A and B). Furthermore, Pld2�/�

mice showed significantly higher bronchoalveolar lavage (BAL)
fluid protein content (Fig. 1C), and a small but significant
increase in the IL-6 level in BAL fluids compared with WT, and
Pld1�/� mice after a 3-h PAR-1–AP challenge (Fig. 1F) with no
significant difference in BAL TNF� levels (Fig. 1G). The effect
of PLD deficiency on PAR-1–AP-induced lung vascular leak
was assessed in vivo by uptake of Evans blue dye conjugated to
albumin as described (44). As shown in Fig. 1D, PAR-1–AP
induced a much greater increase in Evans blue dye uptake in
Pld2�/� mice lungs as compared with WT or Pld1�/� mice
indicating significantly greater lung vascular leakage in
response to PAR-1–AP in Pld2-deficient mice. Additionally,
the effect of Pld2 deficiency on pulmonary vascular capillary
filtration coefficient (Kf,c) was investigated (Fig. 1E). Pld2�/�

mice showed higher Kf,c compared with WT mice, indicating
PLD2 plays a critical role in maintaining pulmonary vascular
barrier function.

Next, we determined the role of Pld1 and Pld2 in LPS-in-
duced lung vascular permeability and inflammatory cell infil-
tration in the lungs of WT, Pld1�/�, and Pld2�/� mice. Inter-
estingly, we observed that total BAL fluid protein and leukocyte
counts at 6 h post-LPS challenge were similar between WT and
Pld2�/� mice; however, BAL fluid protein and leukocyte count
remained persistently higher in Pld2 knockout as compared
with WT mice (Fig. 2, A–C). Similar to PAR-1–AP, LPS
induced greater Evans blue dye uptake in Pld2�/� mice com-
pared with WT or Pld1�/� mice at 24 h post-LPS challenge
(Fig. 2D). Furthermore, Pld2�/� mice showed higher levels of
pro-inflammatory cytokines in BAL 24 h after LPS treatment
(Fig. 2, E and F). Collectively, the in vivo and ex vivo data show
that deletion of Pld2 in mice enhanced lung vascular leakage
and inflammatory injury in response to PAR-1–AP or LPS
challenge.

1-Butanol, mPld2 K758R mutant, and PLD2 inhibitor
VU0364739 retard barrier recovery at adherens junctions

Having demonstrated a role for Pld2 in PAR-1–AP and LPS-
induced lung vascular leakage in mice, we next investigated
PLD2/PA signaling in the regulation of thrombin- or LPS-in-
duced endothelial permeability and VE-cadherin distribution
in the cell periphery of human lung microvascular endothelial
cells (HLMVECs) by transient inhibition of PLD2. In the first
approach, we treated HLMVECs with 0.1% of 1-butanol for 1 h
prior to thrombin challenge, as mammalian PLD1 and PLD2
not only catalyze hydrolysis of PC and other phospholipids to
PA but also possess transphosphatidylase activity and generates
phosphatidylbutanol instead of PA. This transphosphatidyla-
tion reaction is highly specific for short-chain primary alcohols,
whereas secondary or tertiary short-chain alcohols do not serve
as an acceptor of PA for the transphosphatidylation reaction in
the presence of short-chain primary alcohol, such as 1-butanol,
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but not secondary or tertiary short-chain alcohol, such as 3-bu-
tanol (Fig. 3A) (41). As shown in Fig. 3, B and C, 1-butanol, but
not 3-butanol (0.1%, v/v), significantly reduced re-annealing of
AJs and recovery of transendothelial electrical resistance
(TER), a measurement of AJ integrity, following a thrombin-
induced increase in endothelial permeability. The effect of PA
on endothelial barrier function was further confirmed by im-
munofluorescence staining of VE-cadherin in cells exposed to
thrombin, which revealed significant disruption of VE-cad-
herin at AJs in both 1-butanol- and 3-butanol–pretreated
HLMVECs induced by thrombin challenge at 30 min. However,
3-butanol exposure, which does not affect PA production and
PA-mediated signaling, allowed full recovery of VE-cadherin at
AJs at 180 min, whereas 1-butanol, which acts as an acceptor of
PA, impaired the recovery of VE-cadherin at AJs post-thrombin
challenge (Fig. 3, D and E). These findings suggest that PA gen-
eration from either PLD1 or PLD2 or both may be involved in
the signaling pathways that regulate endothelial barrier recov-
ery at AJs.

As 1-butanol does not distinguish between PLD1 and
PLD2, we overexpressed catalytically inactive adenoviral
hPLD1 and mPld2 mutants, which function as dominant-
negative mutants (32, 45) to reduce PLD activity. HLMVECs
were infected with adenoviral control, hPLD1, or mPld2
dominant-negative mutants for 48 h prior to thrombin chal-
lenge. As shown in Fig. 3, F and G, at 30 min of thrombin
treatment, VE-cadherin staining showed obvious disruption
at AJs cells. The AJs were re-established in cells infected with
adenoviral control and hPLD1 dominant mutant for 180
min, as indicated by VE-cadherin immunostaining. In con-
trast, mPld2 dominant-negative mutant-infected cells failed
to re-establish continuous AJs. In parallel experiments, inhi-
bition of PLD2 with the specific inhibitor VU0364739 signif-
icantly reduced reannealing of AJs in thrombin-stimulated
cells as determined by re-distribution of VE-cadherin (Fig. 3,
H and I). A similar effect of blocking PLD2 with PLD2 inhib-
itor VU0364739 was observed with LPS-induced VE-cad-
herin distribution at AJs in HLMVECs (Fig. 3, J and K).

Figure 1. Pld2�/� mice are more susceptible to protease-activated receptor activating peptide-induced pulmonary hyper-permeability. WT,
Pld1�/�, or Pld2�/� knockout mice (n � 5 per group, both genders) were intratracheally challenged with either sterile PBS or PAR-1–AP (5 mg/kg) for 4 h.
BAL was performed as described under “Experimental procedures,” n � 5. A, representative hematoxylin-eosin (H&E) staining of lung sections from WT,
Pld1�/� and Pld2�/� with or without PAR-1–AP challenge. Original magnification �10. BAL fluids were analyzed for infiltrating cells, protein, and
pro-inflammatory cytokine levels. Scale bar � 200 �m. B, total infiltrated cells in BAL, *, p � 0.05, compared with WT or Pld1�/� mice treated with PAR-1
agonist peptide. C, total protein levels in BAL fluid, *, p � 0.05 compared with WT or Pld1�/� mice treated with PAR-1 agonist peptide. D, Evans blue dye
accumulation in the lung tissue, *, p � 0.05, compared with WT or Pld1�/� mice treated with PAR-1–AP. E, microvessel filtration coefficient measure-
ment, *, p � 0.05, compared with WT mice treated with PAR-1–AP. F, BAL fluids pro-inflammatory cytokine IL-6 level, *, p � 0.01, compared with WT or
Pld1�/� mice treated with PAR-1 agonist peptide. G, TNF� level in BAL fluids in control and PAR-1–AP challenged WT and Pld1�/� mice. Values between
controls, Pld1�/�, and Pld2�/� mice were not significant.
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Next, we investigated the effect of thrombin on VE-cadherin
distribution in cell periphery of mouse lung microvascular
endothelial cells (MLMVECs). As show in Fig. 4, A and B, inten-
sity of VE-cadherin in the cell periphery was significantly less in
PLD2-deleted cells compared with the WT cells at 30 min post-
thrombin stimulation. We also investigated the effect of ectopic
expression of PLD2 on annealing AJs and recovery of barrier
function in MLMVECS isolated from WT and Pld2�/� mice.
VE-cadherin redistribution to AJs in response to thrombin was
significantly slower in MLMVECs isolated from Pld2�/� mice
and re-expression of PLD2 in Pld2�/� cells enhanced restora-
tion of VE-cadherin at AJs at 180 min post-thrombin stimula-
tion (Fig. 4, C and D). The ecto-expression of PLD2 in WT and
Pld2�/� MLMVECs was verified by Western blotting of total
cell lysates from adeno-control and adeno-PLD2 WT-infected
cells (Fig. 4E). To address the functional relevance of PLD2 in
endothelial barrier function, we determined endothelial bar-
rier permeability responses by measuring TER in response to
thrombin in MLMVECs deficient in Pld2�/� and in cells
infected with Pld2 WT adenovirus. In Pld2-deficient cells,
recovery of thrombin-induced TER was markedly slower
compared with Pld2 WT-infected cells (Fig. 4, F and G).
Taken together, these data show that PLD2 and PLD2-de-
rived PA are essential for recovery of endothelial permeabil-
ity and VE-cadherin distribution at AJs after thrombin or
LPS challenge of HLMVECs.

Spatio-temporal co-localization of PLD2 generated PA with
VE-cadherin at AJs during barrier recovery in HLMVECs

PA is a bioactive phospholipid that interacts with a wide
range of proteins to exert signal transduction and cellular func-
tions (37). VE-cadherin is recycled to AJs in response to specific
signaling cues (39, 40); therefore, we postulate that PLD2-gen-
erated PA is required for VE-cadherin trafficking to AJs during
the onset of the recovery phase of endothelial barrier restora-
tion as PA derived from PLD is involved in endocytic recycling
and vesicle fusion (27, 32, 37, 46). This enables the formation of
homotypic bonds to close inter-endothelial gaps and restore AJ
barrier. To identify the role of PLD2-derived PA in VE-cad-
herin trafficking, we determined the spatio-temporal produc-
tion of PLD2-generated PA in ECs using RFP-PASS, a recently
developed PA biosensor (47, 48). As shown in Fig. 5A, in
unstimulated HLMVECs, RFP-PASS was localized diffusely
throughout the cytoplasm but upon stimulation with thrombin,
it was translocated to the perinuclear found to be localized in
vesicular structures prominent around the perinuclear vesicles,
which started to occur at the area and the beginning of the
restoration of AJs (60 min) after thrombin challenge (Fig. 5,
A and B). Furthermore, PASS� vesicles were significantly
reduced by addition of 1-butanol (0.1%, v/v) but not 3-butanol
(Fig. 5, C and D). Next, we investigated whether PLD2/PA
mediates VE-cadherin re-distribution at AJs. HLMVECs were

Figure 2. Pld2�/� mice are more susceptible to LPS-induced acute pulmonary hyper-permeability. WT, Pld1�/�, or Pld2�/� knockout mice (n � 3/group
of both genders) were intraperitoneally treated with either sterile PBS or LPS for 6 or 24 h (10 mg/kg). BAL was performed as described under “Experimental
procedures.” A, representative hematoxylin-eosin (H&E) staining of lung sections from WT, Pld1�/�, and Pld2�/� mice with or without LPS challenge. Original
magnification �20. BAL fluids were analyzed for infiltrating cells, protein, pro-inflammatory cytokines levels. Scale bar � 100 �m. B, total infiltrated cells in BAL,
**, p � 0.01, compared with WT or Pld1�/� mice treated with LPS for 24 h. C, total protein levels in BAL fluid, **, p � 0.01, compared with WT or Pld1�/� mice
treated with LPS for 24 h. D, Evans blue dye accumulation in the lung tissue, **, p � 0.05, compared with WT or Pld1�/� mice treated with LPS for 24 h. E, TNF�
in BAL fluid, and F, IL-6 levels in BAL fluid. *, p � 0.05, compared with WT or Pld1�/� mice treated with LPS for 24 h; **, p � 0.01, compared with WT or Pld2�/�

mice treated with LPS for 24 h.
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co-infected with adenoviral GFP-tagged VE-cadherin and RFP-
PASS plasmid to determine the dynamics of VE-cadherin and
PA was investigated by live-cell imaging using confocal micros-
copy (Fig. 5, E and F). HLMVECs stimulated with thrombin
showed increasing co-localization of RFP-PASS with GFP-
tagged VE-cadherin at 60, 120, and 180 min post-thrombin
challenge due to elevated generation of PA by PLD2, which
coincides with the onset and completion of redistribution of
VE-cadherin to AJs after endothelial barrier disruption (at 30
min of thrombin stimulation).

PLD2/PA signaling regulates of VE-cadherin
dephosphorylation at Tyr-658

In AJs, VE-cadherin is maintained in a dephosphorylated
state by PTPs, such as VE-PTP (14, 48) and SHP2 (49), whereas
phosphorylation at Tyr-645, Tyr-658, Tyr-685, Tyr-731, and
Tyr-733 by nonreceptor PTK including c-Src have been impli-

cated in AJ disassembly and loss of barrier integrity (50 –52).
Stimulation of HLMVECs with thrombin stimulated VE-cad-
herin Tyr-658 phosphorylation at 30 min, which returned to
near basal phosphorylation status at 180 min post-thrombin
challenge; however, the phosphorylation status at Tyr-685 and
Tyr-731 after thrombin challenge were not significantly differ-
ent from vehicle-treated cells (Fig. 6A). Based on this observa-
tion, we focused on VE-cadherin Tyr-658 phosphorylation in
response to thrombin in all the experiments. To determine the
role of PLD2 in regulating VE-cadherin Tyr-658 phosphoryla-
tion status, HLMVECs were infected with vector-control or
dominant-negative Pld2 mutant adenovirus (Fig. 6B) prior to
stimulation with thrombin, and cell lysates were analyzed for
VE-cadherin Tyr-658 phosphorylation. Thrombin stimulation
of control cells infected with adenoviral vector alone showed
transiently increased Tyr-658 VE-cadherin phosphorylation at
30 min, which returned to basal levels at 3 h post-thrombin

Figure 3. PA is critical for the restoration of impaired endothelial barrier function. A, assessment of PLD-PA signaling using primary (1-butanol) or tertiary
alcohol (3-butanol). 1-Butanol modulates PLD-induced PA signaling by converting PA to PBt through transphosphatidylation reaction. In contrast, 3-butanol
cannot transphosphatidylate PA to PBt and alter downstream signaling. B, HLMVECs grown on gold electrodes to �90% confluence were pretreated with
1-butanol or 3-butanol (0.1% v/v) followed by 0.1 unit/ml of thrombin challenge. Real time changes in TER were measured, using ECIS, to assess endothelial
barrier function. C, statistical analysis was performed at the time point outlined with a dashed line; normalized resistance data were obtained from 3 indepen-
dent experiments. D, HLMVECs grown on slide chambers to �90% confluence were pretreated with 1-butanol or 3-butanol (0.1%, v/v) for 1 h followed by 0.1
unit/ml of thrombin challenge for 30 or 180 min. Endothelial monolayer integrity was assessed by VE-cadherin immunofluorescent staining. Shown is a
representative micrograph of three independent experiments. Scale bar � 10 �m. E, VE-cadherin intensity in cell periphery from D was analyzed by ImageJ
software. *, p � 0.05, compared with 1-butonal pre-treated cells. F, HLMVECs grown on slide chambers to �90% confluence were infected with adenoviral
vector control (25 MOI), hPLD1 (25 MOI), or mPld2 (25 MOI) dominant-negative mutant for 48 h prior to stimulation with thrombin (0.1 units/ml) for 30 or 180
min. Endothelial monolayer integrity was visualized by VE-cadherin immunofluorescent staining. Scale bar � 10 �m. G, VE-cadherin intensity at the cell
periphery was analyzed by ImageJ software. *, p � 0.05, compared with adenoviral control, adenoviral hPLD1 or mPld2 dominant-negative mutant-infected
cells exposed to thrombin for 180 min. H, HLMVECs grown on slide chambers to �90% confluence were pretreated with vehicle containing DMSO (1 �l) or PLD2
inhibitor, VU0364739 (1 �M in DMSO) for 1 h prior to 0.1 unit/ml of thrombin challenge for 30 or 180 min. Shown is a representative micrograph of three
independent experiments. Endothelial monolayer integrity was visualized by VE-cadherin immunofluorescent staining. Scale bar � 10 �m. I, VE-cadherin
intensity was analyzed by ImageJ software. *, p � 0.05, compared with vehicle/DMSO pre-treated cells exposed to thrombin for 180 min. J, HLMVECs grown on
slide chambers (�90% confluence) were pretreated with vehicle containing DMSO (1 �l) or PLD2 inhibitor (1 �M) for 1 h, as in H, followed by LPS (100 ng/ml)
challenge for 3–24 h. Endothelial monolayer integrity was visualized by VE-cadherin immunofluorescent staining. Scale bar � 10 �m. K, VE-cadherin intensity
was analyzed by ImageJ software. At least 20 cells/area were analyzed for each condition, and results are representative of three independent experiments. *,
p � 0.05, compared with vehicle/DMSO-pretreated cells exposed to LPS for 24 h.
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challenge, whereas overexpression of the dominant-negative
Pld2 mutant resulted in sustained Tyr-658 phosphorylation of
VE-cadherin (Fig. 6, C and D). This result suggests that reduced
PA production from PLD2 sustains VE-cadherin Tyr-658 phos-
phorylation, compared with control cells, which is responsible
for the delayed restoration of AJs. Similar observations of sus-
tained VE-cadherin Tyr-658 phosphorylation were found in
MLMVECs isolated from WT and Pld2�/� mice. MLMVECs
isolated from WT and Pld2�/� mice were first challenged with
vehicle or vehicle plus LPS for 6, 12, and 24 h, then cell lysates
were analyzed for VE-cadherin Tyr-658 phosphorylation. As
shown in Fig. 6, E and F, in cells from WT mice, LPS challenge
enhanced Tyr-658 phosphorylation at 6 and 12 h, which
returned to basal level at 24 h post-LPS treatment. In contrast,
the LPS-induced Tyr-658 phosphorylation was sustained
through 24 h in cells isolated from Pld2�/� mice. These data
agree with the impaired recovery of AJs observed in HLMVECs
treated with PLD2 inhibitor prior to LPS challenge (Fig. 3J).
Together, these results suggest a key role for PLD2/PA signal-

ing as a upstream regulator of VE-cadherin Tyr-658 dephos-
phorylation in AJs.

Depletion of PTPN14, a PA-dependent PTP, retards
VE-cadherin reannealing at AJs and recovery of barrier

Having demonstrated a key role for PLD2-generated PA in
VE-cadherin Tyr-658 phosphorylation/dephosphorylation sta-
tus after thrombin stimulation of HLMVECs or LPS challenge
in MLMVECs, next we investigated the role of PTPN14, a
PLD2/PA-dependent PTP, in VE-cadherin dephosphorylation
following thrombin stimulation. A recent study identified
the regulation of PTPN14 by PLD2-mediated production of
PA in the stimulation of ERBB2 signaling in mammary epi-
thelial MCF10A cells (24). To investigate the role of PTPN14
in endothelial barrier function, HLMVECs were transfected
with scrambled or PTPN14 siRNA. Depletion of endogenous
PTPN14 with PTPN14 siRNA significantly reduced VE-cad-
herin redistribution to AJs 180 min after thrombin treat-
ment compared with scrambled siRNA-transfected HLMVECs

Figure 4. PLD2 is essential for thrombin-induced endothelial barrier function restoration. A, mouse lung endothelial cells isolated from WT or Pld2
knockout mice were treated with thrombin (0.1 units/ml) for the indicated time periods, and the monolayer integrity was visualized by immunofluorescence
staining for VE-cadherin. Representative images are shown. Scale bar � 10 �m. B, VE-cadherin intensity was quantified by ImageJ software. *, p � 0.05, different
from WT cells treated with thrombin for 30 min. C, mouse lung endothelial cells from Pld2 knockout mice were infected with adenoviral vector control or
adenoviral mPld2 WT (25 MOI for 48 h) prior to thrombin (0.1 units/ml) challenge for 30 and 180 min. VE-cadherin distribution in cell junctions was assessed by
immunofluorescence. Representative images are shown. Scale bar � 10 �m. D, VE-cadherin intensity at cell junctions was quantified by ImageJ software and
data are from three independent experiments in triplicate. *, p � 0.05, different from adenoviral vector control cells stimulated with thrombin. E, mouse lung
endothelial cells isolated from WT and Pld2�/� mice were grown on 35-mm dishes to �70% confluence. Cells were infected with adenoviral vector control or
adenoviral mPld2 WT (25 MOI) for 48 h and cell lysates were subjected to SDS-PAGE and Western blotted for PLD2 with anti-PLD2 antibody. Shown is a
representative blot of three experiments. F, HLMVECs grown on gold electrodes to �80% confluence were infected with adenoviral vector control or adeno-
viral mPld2 WT (25 MOI) for 48 h prior to stimulation with thrombin (0.1 units/ml). HLMVEC monolayer permeability dynamics were assessed by TER measure-
ments carried out using ECIS. Shown is a representative tracing of three independent experiments in triplicate. G, statistical analysis of data from F was
performed at the time point outlined with a line, using ANOVA. **, p � 0.01, compared with control adenoviral-infected cells exposed to thrombin.
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(Fig. 7, A and B). To further define the role of PTPN14 in throm-
bin-induced VE-cadherin phosphorylation/dephosphoryla-
tion, HLMVECs were transfected with scrambled or PTPN14
siRNA before thrombin treatment. Depletion of PTPN14 by
siRNA attenuated thrombin-induced dephosphorylation of
VE-cadherin at Tyr-658 at 180 min as compared with scram-
bled siRNA-transfected HLMVECs (Fig. 7C). A similar effect
on VE-cadherin distribution at AJs and Tyr-658 VE-cadherin
dephosphorylation was observed in HLMVECs transfected
with the PTPN14 mutant plasmid that lacks activity when
expressed (Fig. 7D). The functional role for PTPN14 in endo-
thelial barrier function was further investigated by measuring
TER. HLMVECs transfected with the scrambled siRNA showed
relatively faster barrier recovery, whereas depletion of PTPN14
with siRNA prolonged the recovery process (Fig. 7, E and F).
These results indicate PTPN14 plays a role in VE-cadherin
redistribution to AJs and endothelial barrier recovery after
thrombin stimulation.

Inhibition of PLD2 attenuates PTPN14 activity and reverses
PTPN14-dependent VE-cadherin dephosphorylation after
thrombin stimulation

Having established a key role for PLD2 and PTPN14 in
thrombin-induced VE-cadherin distribution and phosphoryla-
tion/dephosphorylation at AJs, we next investigated the poten-
tial link between PLD2-dependent PA generation and the acti-
vation of PTPN14 in HLMVECs before and after thrombin
stimulation. HLMVECs were transfected with FLAG-tagged
PTPN14 WT plasmid for 48 h prior to treatment with PLD2
inhibitor and thrombin stimulation. Cell lysates were subjected
to immunoprecipitation with anti-PTPN14 antibody and im-
munoprecipitates were assayed for PTPN14 activity using a
commercial PTP activity assay kit. As shown in Fig. 8A, trans-
fected cells showed enhanced expression of FLAG-PTPN14,
and stimulation with thrombin decreased PTPN14 activity
at 30 min, which was restored at 180 min post-thrombin
challenge. Inhibition of PLD2 with a specific PLD2 inhibitor

Figure 5. Thrombin induces spatio-temporal generation of PA and its co-localization with VE-cadherin at the onset of endothelial barrier recovery. A,
HLMVECs grown in glass-bottom dishes (�70% confluence) were transfected with Lipofectamine reagent containing mRFP-PASS PA biosensor (5 �g plasmid
DNA) for 48 h as per the manufacturer’s instruction, and then cells were treated with thrombin (0.1 units/ml). Images were acquired at the indicated time points.
PA generation is indicated by arrows. Scale bar � 10 �m. B, PASS fluorescent intensity was quantified as % increase in intensity, *, p � 0.01, compared with the
0 time point. C, HLMVECs were transfected with mRFP-PASS PA biosensor for 48 h, cells were treated with 1-butanol or 3-butanol prior to thrombin treatment.
Images were acquired 60 min after thrombin treatment. Scale bar � 10 �m. D, quantification of PA generation as fluorescence intensity percentage change. *,
p � 0.001, compared with 3-butanol–treated control cells, or with 3-butanol–treated cells stimulated with thrombin for 60 min. E, HLMVECs were co-
transfected with GFP-tagged VE-cadherin adenovirus and mRFP-tagged PA biosensor. Cells were treated with thrombin, and live cell imaging was acquired at
the indicated time points. Scale bar � 10 �m. F, co-localization of VE-cadherin and PA biosensor at the adherens junction area was quantified as co-localization
of coefficient factor as described under “Experimental procedures,” *, p � 0.05, as compared with the 0-min time point.
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decreased PTPN14 activity in the immunoprecipitates at 30, 60,
180 min post-thrombin treatment (Fig. 8B). Interestingly, in
control cells not treated with PLD2 inhibitor, PTPN14 activity
was reduced at 30 min after thrombin stimulation and returned
to near control levels at 180 min post-thrombin treatment (Fig.
8B). The role of PLD2 in PTPN14 activation was further inves-
tigated in HLMVECs transfected with PTPN14 WT plasmid
prior to treatment with PLD2 inhibitor and thrombin stimula-
tion. Ecto-expression of PTPN14 reduced thrombin-mediated
VE-cadherin Tyr-658 phosphorylation at 30 min, whereas inhibi-
tion of PLD2 with the specific inhibitor prolonged VE-cadherin
Tyr-658 dephosphorylation at 180 min post-thrombin challenge
(Fig. 8C). Furthermore, inhibition of PLD2 in PTPN14 over-ex-
pressing cells showed higher basal VE-cadherin Tyr-658 phosphor-
ylation and prolonged VE-cadherin Tyr-658 phosphorylation

after exposure of the cells to thrombin (Fig. 8D). These results
further support the role of PLD2/PA signaling in PTPN14-de-
pendent VE-cadherin Tyr-658 dephosphorylation in response
to thrombin in HMVECs.

Thrombin increases association of PLD2, PTPN14, and
VE-cadherin in HLMVECs

Based on the above results, we hypothesized that an increase
in association between PLD2, PTPN14, and VE-cadherin after
thrombin stimulation could facilitate VE-cadherin dephosphor-
ylation at AJs and thereby endothelial barrier recovery. This
was tested by a series of immunoprecipitation experiments to
determine potential interactions between PLD2, PTPN14, and
VE-cadherin. In three independent experiments, after sti-
mulation with vehicle or thrombin for 30, 60, and 180 min,

Figure 6. PLD2 mediates dephosphorylation of VE-cadherin for adhesion junction restoration. A, HLMVECs of �90% confluence were treated with
vehicle or thrombin (0.1 unit/ml) for 30 and 180 min. Cell lysates (20 �g of protein) were subjected to SDS-PAGE, and membranes were probed with VE-cadherin
Tyr-658, Tyr-685, and Tyr-731 phosphoantibodies. Shown is a representative blot from three independent experiments. B, HLMVECs (�60% confluence) were
infected with adenoviral vector control or mPld2 dominant-negative mutant (25 MOI) for 48 h and cell lysates were subjected to SDS-PAGE for expression of
PLD2 protein by Western blotting and anti-PLD2 antibody. A representative blot is shown. C, HLMVECs (�60% confluence) were infected with adenoviral
vector control or mPld2 dominant-negative (25 MOI) for 48 h prior to stimulation with thrombin (0.1 unit/ml) for 30 and 180 min. Cell lysates (20 �g of protein)
were subjected to SDS-PAGE and membranes were probed with anti-VE-cadherin Tyr-658, anti-VE-cadherin, or PLD2 antibodies. Shown is a representative blot
from three independent experiments. D, quantification of phosphorylation of VE-cadherin Tyr-658 from C, by densitometry and ImageJ analysis. Values are
presented as ratio of phosphorylated VE-cadherin intensity to total VE-cadherin intensity. **, p � 0.005, compared with control vector-infected cells treated
with thrombin. E, mouse lung endothelial cells isolated from either WT or Pld2 knockout mice were treated with LPS (100 ng/ml) for the indicated time periods.
Cell lysates (20 �g of protein) were subjected to SDS-PAGE and phosphorylation of VE-cadherin at Tyr-658 was analyzed by Western blotting. Shown is a
representative blot from three independent experiments. F, quantification of phosphorylated VE-cadherin Tyr-658 and presented as the ratio of phosphory-
lated protein intensity to total protein intensity, **, p � 0.001, compared with WT cells treated with LPS for 24 h.
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HLMVEC lysates were subjected to immunoprecipitation. In
immunoprecipitates of cell lysates with a VE-cadherin anti-
body, we found co-immunoprecipitation of PTPN14 with VE-
cadherin under basal conditions; thrombin treatment caused a
temporary dissociation of PTPN14 from VE-cadherin, which
was restored to near basal levels (Fig. 9, A and B). Furthermore,
PLD2 was also co-immunoprecipitated along with VE-cad-
herin, and the interaction was enhanced at 120 and 180 min
post-thrombin treatment (Fig. 9, A and B). In contrast, there
was no significant co-immunoprecipitation of PLD1 or change
in PLD1 level, as compared with PLD2, in VE-cadherin immu-
noprecipitates in the presence or absence of thrombin chal-
lenge (Fig. 9A). Similarly, VE-cadherin co-immunoprecipitated
in cell lysates were subjected to immunoprecipitation with
PTPN14 (Fig. 9, C and D), and PLD2 (Fig. 9, E and F) antibodies,
respectively, at 120 and 180 min post-thrombin challenge.
Next, we sought to investigate whether PLD2 activity is re-
quired for the interaction between VE-cadherin and PTPN14. To
this end, HLMVECs were pre-treated with DMSO or PLD2
inhibitor followed by thrombin challenge. DMSO-treated cells
showed significant interaction between VE-cadherin and
PTPN14 during the barrier function recovery phase; however,
PLD2 inhibitor-treated cells showed impaired association
between VE-cadherin and PTPN14 (Fig. 9, G and H). Associa-
tion between PTPN14 and VE-cadherin was further investi-
gated in HLMVECs transfected with VE-cadherin and PTPN14

plasmids. After challenged with thrombin (30 –180 min), co-lo-
calization of VE-cadherin (red) and PTPN14 (green) was visu-
alized by immunofluorescence staining. As shown in Fig. 10A,
there was significant co-localization between VE-cadherin and
PTPN14 prior to thrombin addition, and stimulation with
thrombin for 30 min decreased co-localization at the cell
periphery (Fig. 10B). However, at 180 min post-thrombin chal-
lenge, the co-staining of VE-cadherin with PTPN14 was re-
stored in the cell periphery (Fig. 10, A and B). Collectively, these
results showed that PLD2, PTPN14, and VE-cadherin are asso-
ciated in a complex during barrier disruption and recovery, and
that PLD2 activity is essential for the association between VE-
cadherin and PTPN14 in HLMVECs.

Discussion

Disassembly of AJs in lung endothelial cell monolayers by
edemagenic agents causes microvascular hyper-permeability
and protein-rich pulmonary edema formation, and if uncor-
rected, leads to deterioration of lung gas exchange and function
(53, 54). Despite our current understanding of the multifaceted
mechanisms regulating vascular permeability, little is known
about the molecular regulation of endothelial barrier restora-
tion following lung injury and edema. In this study, we show a
protective role for PLD2 in PAR-1–AP and LPS-induced lung
inflammation and injury in mice. Also, we report a novel mech-
anism for restoration of endothelial barrier function through

Figure 7. PA-dependent PTPN14 plays a critical role in determining VE-cadherin dephosphorylation and reannealing at adhesion junctions. A,
endogenous PTPN14 in HLMVECs was down-regulated by siPTPN14 siRNA transfection, cells were treated with thrombin (0.1 unit/ml) for 30 or 180 min and
then subjected to immunofluorescent staining of VE-cadherin for visualization of adhesion junctions’ integrity. Scale bar � 10 �m. B, statistical analysis of
VE-cadherin intensity, *, p � 0.05, compared with scrambled siRNA-transfected cells treated with thrombin (0.1 unit/ml) for 180 min. (F, scRNA; f, siPTPN14).
C, in a parallel experiment, phosphorylation of VE-cadherin at Tyr-658 was assessed by Western blotting. A representative blot is shown. D, to explore whether
PTPN14 activity is required for VE-cadherin dephosphorylation, HLMVECs were transfected with either empty vector plasmid or PTPN14 dominant-negative
mutant plasmid. Phosphorylation of VE-cadherin at Tyr-658 was assessed by Western blotting. A representative blot is shown. E, HLMVECs were
transfected with either scrambled or PTPN14 siRNA, 48 h after transfection cells were re-seeded onto an 8-well ECIS plate. After formation of monolayer,
cells were treated with vehicle or thrombin (0.1 unit/ml), and TER was monitored. F, statistical analysis was performed at the time point 2 h, **, p � 0.01,
compared with scrambled RNA-transfected cells exposed to thrombin. (F, scRNA; f, siPTPN14; Œ, scRNA � thrombin; �, siPTPN14 � thrombin.)
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PLD2-generated PA in regulating VE-cadherin dephosphoryla-
tion and stabilization at AJs through PTPN14. Importantly, our
results show that PLD2 is an essential component of VE-cad-
herin/PTPN14 complex formation, and generation of PA in a
spatio-temporal manner is critical for maintaining VE-cad-
herin in a dephosphorylated state in AJs in a PTPN14-depen-
dent manner in lung ECs.

PLD activation in cells results in generation of PA, which is
recognized as a key lipid second messenger involved in a num-
ber of cellular responses, such as proliferation (29, 30), vesicular
trafficking (31, 32), cytoskeletal reorganization (33–35), activa-
tion of NADPH oxidase (36), secretion of pro-inflammatory
cytokines (55), neo-intima formation (56), and endothelial bar-
rier function (58). Studies describing the role of PLD in regulat-
ing endothelial permeability were carried out in vitro using
either bovine pulmonary artery (57) or human umbilical vein
ECs (58). Here, we demonstrate for the first time a role for
PLD1 and PLD2 in lung endothelial permeability and injury

using genetically engineered mice. Genetic deletion of PLD2
and to a lesser extent PLD1 in mice exacerbated PAR-1–AP and
LPS-induced pulmonary edema and injury (Figs. 1 and 2). Our
in vivo study also suggests that depletion of PLD2 actually
delays the recovery of PAR-1–AP and LPS-induced endothelial
permeability. In vitro, recovery of thrombin-induced endothe-
lial permeability was delayed or inhibited by addition of 1-bu-
tanol, which is known to divert the PA generated by PLD to the
primary alcohol, resulting in production of phosphatidylbuta-
nol (PBt), thus rendering PA unavailable for modulating PA-de-
pendent cellular targets (41, 45). To prove the validity of the
1-butanol effect, lung ECs were treated with PLD2 inhibitor or
infected with dominant-negative mPld2 K758R mutant, and we
observed a delay in the recovery of thrombin-induced permea-
bility and redistribution of VE-cadherin to AJs. Earlier studies
have demonstrated that agonist-induced permeability changes
in the endothelium are dependent on signaling pathways regu-
lating [Ca2�]i, activation of Rac/Rho, nonmuscle MLCK, pro-

Figure 8. Thrombin induces transient decrease of PTPN14 activity followed by PLD2-dependent recovery of the activity during restoration of
adhesion junctions. A, HLMVECs were treated with thrombin (0.1 unit/ml) for various times, cell lysates were incubated with anti-PTPN14 antibody to pull
down PTPN14, and the immunoprecipitates were used for PTP activity assay with a commercial kit. *, p � 0.05, compared with thrombin 30 min; ***, p � 0.005,
compared with thrombin for 30 min. (F, vehicle; f, thrombin 30 min; Œ, thrombin 120 min; �, thrombin 180 min.) B, HLMVECs were pretreated with PLD2
inhibitor (1 �M, 1 h) followed by thrombin (0.1 unit/ml) treatment for various time. PTPN14 activity measurement was carried out by immunoprecipitating
pellets with PTPN14-specific antibody. **, p � 0.01, compared with DMSO control thrombin 120 min; ***, p � 0.005, compared with DMSO control thrombin
180 min. C, HLMVECs were transfected with either empty vector or FLAG-tagged WT PTPN14 plasmid for 48 h. Cells were then pretreated with DMSO (vehicle,
1 �l) or PLD2 inhibitor (1 �M in DMSO, 1 h) followed by thrombin (0.1 units/ml) treatment for 30 or 180 min. Cell lysates were collected and subjected to
SDS-PAGE and Western blots were probed for VE-cadherin phosphorylation of VE-cadherin at Tyr-658, total VE-cadherin, FLAG, and actin with specific
antibodies. A representative blot is shown. D, Western blots from C were quantified by densitometry and analysis by ImageJ and analyzed for statistical
significance using ANOVA. *, p � 0.05 in cells transfected with FLAG-tagged PTPN14 and challenged with thrombin compared with vector control-transfected
and thrombin-challenged cells; ***, p � 0.005, compared with cells transfected with empty vector or FLAG-tagged PTPN14 plasmid and incubated with PLD2
inhibitor and challenged with thrombin.

PLD2 regulation of barrier restoration via PTPN14 in endothelium

7678 J. Biol. Chem. (2020) 295(22) 7669 –7685



tein kinase C, Akt, mitogen-activated protein kinases, and Src
kinases and there is considerable evidence that many of these
pathways modulate the actin cytoskeleton, cell-cell adherens
junctions, and focal adhesions resulting in EC barrier disrup-
tion (57, 59–62). Although many of the studies have focused
on mechanisms that regulate barrier disruption, a very few
have addressed signaling pathways and cellular targets in-
volved in AJ resealing and restoration of barrier integrity of
the endothelium.

Our in vivo and in vitro results show that PLD2 is essential for
the recovery of the endothelial barrier in response to thrombin

and LPS, and blocking PLD2/PA signaling attenuated redistri-
bution of VE-cadherin to AJs. The role of PLD2 in restoration of
VE-cadherin redistribution to AJs was validated using lung ECs
isolated from Pld2�/� mice wherein overexpression of adeno-
viral Pld2 WT restored the redistribution of VE-cadherin to AJs
after 180 min post-thrombin stimulation, which was similar to
the VE-cadherin distribution pattern observed in cells from
WT mice after thrombin challenge. VE-cadherin is an adhesive
protein of endothelial junctions that forms cis and trans homo-
philic interactions to stabilize AJs between adjacent ECs (17).
The adhesive function of VE-cadherin is attributed to phosphor-

Figure 9. Thrombin induces formation of a signaling complex consisting of PLD2, PTPN14, and VE-cadherin. HLMVECs were treated with thrombin (0.1
unit/ml) for various times. Interactions between proteins were detected by immunoprecipitation assay with (A) VE-cadherin antibody, (C) PTPN14 antibody,
and (E) PLD2 antibody. G, to investigate whether is PLD2 is required for interact between PTPN14 and VE-cadherin, HLMVECs were pretreated with PLD2
inhibitor (1 �M, 1 h) followed by thrombin (0.1 units/ml) treatment for 30 or 180 min. Cell lysates were subjected to immunoprecipitation with VE-cadherin
antibody to detect its interaction with PTPN14. Blots were quantified by densitometry and image analysis by ImageJ; B, **, p � 0.01, compared with vehicle
control, thrombin 120 min, or thrombin 180 min. D, **, p � 0.01, compared with vehicle control, thrombin 120 min, or thrombin 180 min; *, p � 0.05, compared
with vehicle control. F, ***, p � 0.005, compared with vehicle control; **, p � 0.01, compared with vehicle control. H, **, p � 0.01, compared with DMSO
thrombin 180 min. F, vehicle; f, 30 min; Œ, 120 min; �,180 min.

Figure 10. Thrombin induces dissociation of PTPN14 from VE-cadherin at adhesion junctions followed by a rapid re-association during the cell
adhesion restoration phase. HLMVECs monolayer cultured on a glass-bottomed dish was challenged by thrombin treatment for 30 or 180 min. Co-localiza-
tion of VE-cadherin (red) and PTPN14 (green) was visualized by immunofluorescent staining as described under “Experimental procedures.” Scale bar � 10 �m.
B, a line across the cell periphery was drawn to plot each signal intensity along the line by ImageJ software and expressed as pixel intensity. At least 20 cells were
analyzed for each condition, and results are representative of three independent experiments.
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ylation and dephosphorylation on tyrosine residues (14, 63, 64).
Phosphorylation of VE-cadherin at tyrosine residues 658, 685,
and 731 by inflammatory mediators, such as LPS, TNF�, and
vascular endothelial growth factor, induced vascular permea-
bility and leukocyte extravasation (14, 49, 65, 66). Furthermore,
it has been shown that vascular permeability and leukocyte
extravasation are regulated in vivo by phosphorylation of VE-
cadherin at Tyr-685 and Tyr-731, respectively, suggesting dif-
ferential regulation of endothelial functions by distinct tyrosine
residues (8). Under our experimental conditions, thrombin
preferentially stimulated VE-cadherin phosphorylation at Tyr-
658 compared with 685 and 731 at 30 min of challenge suggest-
ing a role for Tyr-658 phosphorylation in thrombin-induced
barrier disruption. Tyrosine phosphorylation of VE-cadherin at
658 by c-Src, facilitates VE-cadherin internalization in a �-
arrestin– dependent manner (3), and the internalized VE-cad-
herin enters endosomal compartments and is either recycled to
the plasma membrane or subjected to degradation (67). Recent
studies have shown that spatio-temporally generated PA from
PLD2 acts as signaling platforms for MT1-MMP surface traf-
ficking and lung metastasis of breast cancer cells (68), ERK sig-
naling in cancer cells (47), podosome formation (69), and
recruitment of IQGAP1 associated with neo-intima formation
(56). In addition to PLD2, PLD1-mediated PA generation in
microdomains promotes vesicular fusion to the plasma mem-
brane during exocytosis of large dense-core granules (69); how-
ever, a role for PA confinement in microdomains in VE-cad-
herin redistribution to AJs is unknown.

In this study, we used a new PA biosensor, GFP/RFP-PASS
to determine the role of PLD generated PA in VE-cadherin
redistribution to AJs during endothelial recovery by live
imaging. We found that VE-cadherin containing vesicles are
enriched with the PA biosensor after thrombin stimulation
and 1-butanol, but not 3-butanol, treatment of cells blocked
VE-cadherin–RFP-PASS positive vesicles. Earlier, we dem-
onstrated that PA generated by RalA-activated PLD2 stimu-
lated caveolae-mediated endocytosis and vesicular traffick-
ing in ECs (32). During AJ disassembly VE-cadherin is
internalized in clathrin-coated vesicles that are enriched in
specialized regions called clathrin-coated pits. These vesi-
cles fuse with early endosomes containing VE-cadherin for
recycling, and lysosomal or vesicular trafficking (65). Our
preliminary study showed that stimulation with thrombin
increased co-localization of Cav-1 with RFP-PASS or GFP-
PLD2 in vesicles suggesting enrichment of VE-cadherin and
PLD2 in Cav1 vesicles after thrombin stimulation (data not
shown). Furthermore, studies are necessary to define the
role for PLD1 and/or PLD2 in caveolae-mediated trafficking
and VE-cadherin recycling to AJs.

In addition to regulation of VE-cadherin trafficking to AJs
during the endothelial barrier recovery phase, we also observed
that PLD2/PA signaling was involved in VE-cadherin dephos-
phorylation that is known to play a role in stabilization of AJs
and resealing of the endothelial gaps after thrombin stimulation
of HLMVECs. In the present study, we have shown that throm-
bin treatment caused dramatic disruption of VE-cadherin
staining in AJs in association with a transient increase in Tyr-
658 phosphorylation at 30 min, which was reversed to near

basal phosphorylation status at 180 min post-thrombin chal-
lenge. Furthermore, overexpression of the catalytically inactive
mPld2 mutant caused sustained phosphorylation of VE-cad-
herin at Tyr-658 suggesting that PLD2/PA signaling was regu-
lating for VE-cadherin dephosphorylation post-thrombin chal-
lenge. Under our experimental conditions, the other two sites,
Tyr-685 and Tyr-731, were not significantly phosphorylated
by thrombin in HLMVECs. The phosphorylation status of VE-
cadherin at Tyr-658 and other sites is regulated by protein-
tyrosine kinase(s) and PTPs. c-Src (7) and PYK2 (64) have been
shown to phosphorylate VE-cadherin, and promote AJ disas-
sembly and endothelial permeability. PTPs that dephosphory-
late tyrosine-phosphorylated VE-cadherin to stabilize endothe-
lial AJs include �-catenin–associated SHP-2 (50), RPTP-� (67),
and VE-PTP (14). Of these three PTPs, the role of VE-PTP, an
endothelial receptor-type tyrosine phosphatase, has been well
studied. VE-PTP stabilizes AJs and endothelial barrier by sup-
porting homotypic VE-cadherin adhesion and maintenance of
low basal endothelial permeability (14, 15). Furthermore, VE-
PTP counteracts the stimuli-induced endothelial permeability
increase by enhancing VE-cadherin dephosphorylation at Tyr-
658 and Tyr-685 leading to stabilization of VE-cadherin at AJs
(14). However, recent studies show that VE-PTP also stabilizes
VE-cadherin junctions and the endothelial barrier via a phos-
phatase-independent mechanism (66). Using the photocon-
vertible fluorescent protein VE-cadherin–Dendra2, it was
shown that VE-PTP served as an adaptor protein that by bind-
ing and inhibiting the RhoGEF, GEF-H1 modulated Rho activ-
ity and tension across VE-cadherin junctions in quiescent
endothelial monolayers (66). Thus, in resting cells VE-PTP reg-
ulated basal endothelial permeability independently of its enzy-
matic activity. Interestingly, blocking VE-PTP with antibodies
or a pharmacological inhibitor, AKB-9778, or by gene ablation
stabilizes endothelial junctions in vivo via a Tie-2 but VE-cad-
herin independent mechanism. In the absence of Tie-2, VE-
PTP inhibition destabilized endothelial junctions suggesting a
functional role for Tie-2 in barrier regulation in the absence of
VE-cadherin (70). In this study, we identified a novel role for
PTPN14, a PLD2-dependent nonreceptor PTP (24), in regulat-
ing thrombin-induced VE-cadherin stabilization in AJs in
human lung ECs. Our study clearly demonstrates that the activ-
ity of PTPN14 is essential for stabilization of VE-cadherin at AJs
through dephosphorylation of VE-cadherin during thrombin-
induced endothelial barrier recovery of lung ECs. Transfecting
HLMVECs with catalytically inactive PTPN14 mutant blocked
VE-cadherin dephosphorylation during the recovery phase fol-
lowing thrombin challenge and prevented VE-cadherin stabili-
zation at AJs. Furthermore, expression of the catalytically inac-
tive PTPN14 mutant delayed the recovery of thrombin-induced
permeability in HLMVECs compared with control cells. How-
ever, it is unclear if PTPN14 can stabilize VE-cadherin junc-
tions and endothelial barrier independent of its phosphatase
activity similar to that reported for inactive VE-PTP (14, 66).
PTPN14 also exhibits phosphatase-independent functions,
such as the ability to regulate Hippo signaling via direct inter-
action with YAP1 or with its upstream regulators, such as
LATS1/2 and KIBRA, through PPXY motifs in PTPN14 (22).
PTPN14 was identified as a major phosphatase of epithelial and
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endothelial cell AJs and dominant-negative PTPN14 (Pez)
mutant enhanced cell motility suggesting potential regulation
by PTPN14 through its action on cell-cell adhesion (18). Inter-
estingly, PTPN14 is a positive regulator of ERBB2 signaling in
mammary epithelial cells, which depends on PLD2-dependent
(24), and in cancer cells PTPN14-promoted proliferation and
migration through the regulation of Hippo/YAP signaling path-
way (71). The contrasting effect of PTPN14 on cell motility
between normal epithelial cells and gastric cancer cells is
unclear but may be due to differences in the cell types and
differential activation or inhibition of signaling pathways that
regulate cell motility and proliferation. Interestingly, knock-
down of PTPN14 in HLMVECs by siRNA had no significant
effect on thrombin-induced increased co-immunoprecipita-
tion of PLD2 with VE-cadherin at 120 and 180 min post-throm-
bin challenge (data not shown), suggesting a nonrequirement
of PTPN14 for the increased association between PLD2 and
VE-cadherin.

In summary, our findings demonstrate a protective role of
PLD2 in thrombin- and LPS-induced permeability and
inflammatory lung injury in mice. We also show for the first
time the involvement of PLD2-dependent PTPN14 in VE-
cadherin dephosphorylation, redistribution to AJs, and re-
covery of barrier function after thrombin stimulation of lung
ECs. Additionally, we provide evidence for interaction of
PLD2, VE-cadherin, and PTPN14 in response to thrombin in
lung ECs and how spatio-temporal generation of PA medi-
ated by PLD2 is required for redistribution of VE-cadherin to
AJs to promote endothelial barrier recovery (Fig. 11). It will
be important to validate the role of PLD2 in activation of
PTPN14 in regulating endothelial barrier function in animal
models of lung injury. Thus, both PLD2 and PTPN14 could
serve as novel therapeutic targets in regulating endothelial
barrier function and restoration of stable AJs during lung
inflammation and injury.

Experimental procedures

Materials

HLMVECs (catalogue no. cc-2583) and endothelial basal
media (EBM-2) (catalogue no. 3162) were obtained from Lonza
(San Diego, CA). Gold antifade mounting media (catalogue no.
P36935), 4�,6-diamidino-2-phenylindole, Hoechst and precast
Tris glycine PAGE, Alexa Fluor 488 donkey anti-rabbit
(A21026), Alexa Fluor 488 donkey anti-mouse (A21202), Alexa
Fluor 568 goat anti-rabbit (A11036), Alexa Fluor 568 goat anti-
mouse (A11037), and Alexa Fluor phalloidin 568 (A12380),
were procured from Thermo Fisher Scientific, Waltham, MA).
Hepatocyte growth factor (catalogue 315-23) was from Pepro-
Tech (Rocky Hill, NJ). Antibody for phospho-VE-cadherin Tyr-
658 (catalogue no. AB1955) was from Millipore Sigma. VE-cad-
herin (catalogue no. 160840) was purchased from Cayman
Chemicals (Ann Arbor, MI). PLD1 (catalogue no. 3832), PLD2
(catalogue no. 13891) and cell lysis buffer (catalogue no. 9803)
were from Cell Signaling Technology (Danvers, MA). FuGENE
HD (catalogue no. E2311) transfection reagent was from Pro-
mega Corp. (Madison, WI). ECIS electrodes 8W1E were pro-
cured from Applied Biophysics (Troy, NY). RNA transfection
reagent Gene Silencer (T500020) was from Genlantis (San
Diego, CA). SU11274 (catalogue no. S1080) was purchased
from Selleck Chemicals (Houston, TX). BSA (catalogue no.
sc-2323) and Pez (F-12) (catalogue no. sc-373766) mouse
monoclonal were obtained from Santa Cruz Biotechnology.
Akt inhibitor VIII (catalogue no. ENZ-CHM125-0001) was
from Enzo Life Sciences Inc. (Farmingdale, NY). Actin antibody
(A15441) was from Abcam (Cambridge, UK).

Animal experiments with PAR-1–activating peptide

Age- and weight-matched male and female WT were anes-
thetized with ketamine as per the approved protocol and
administrated a single intratracheal infusion of sterile PBS or
PAR-1–AP (5 mg/kg body weight) for 4 h. After treatment, BAL

Figure 11. Model of PLD2/PA-regulated PTPN14 in VE-cadherin stabilization at endothelial AJs and barrier restoration. Stimulation of endothelial cells
with LPS via Toll-like receptor (TLR) 4 or thrombin through protease-activated receptor-1 (PAR-1) results in changes in intracellular calcium, and Src activation.
Changes in intracellular calcium and/or Src activation stimulates generation of PA mediated by PLD2 during the recovery phase of restoration of lung
endothelial integrity. PA, a second messenger, activates PTPN14, and the activated PTPN14 maintains VE-cadherin at adherens junctions in a de-phosphory-
lated state resulting in re-annealing of AJs.
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fluid was collected using 1 ml of sterile Hanks’ balanced salt
buffer, and differential cell counts were performed using cyto-
spin. Cytokines and total protein in the BAL fluids were mea-
sured commercial kits. Left lungs were removed and fixed with
10% formalin, and paraffin-embedded 5-�m thick sections
were stained with hematoxylin and eosin for immunohisto-
chemistry. The right lung was snap frozen in liquid nitrogen
and stored at �80 °C for total lysates, Western blots, and RNA.
All mice were housed in the University of Illinois Animal Care
Facility in accordance with institutional guidelines of the
United States National Institutes of Health. All animal experi-
ments were performed under the protocol approved by the
Institutional Animal Care and Use Committee of the University
of Illinois at Chicago.

Human lung endothelial cell culture

HLMVECs cultured in complete media (EBM-2) containing
10% fetal bovine serum (FBS), growth factors (provided as a kit
from Lonza (San Diego, CA), and 1% penicillin/streptomycin
were maintained at 37 °C and 5% CO2 and grown to contact-
inhibited monolayers that revealed typical cobblestone mor-
phology (72). Cells were then detached with 0.05% trypsin and
resuspended in fresh complete EBM-2, and cultured on gold
electrodes for electrical resistance determinations, on glass
coverslips for fluorescent microscopy studies, or on 35-, 60-, or
100-mm culture dishes for preparation of cell lysates and West-
ern blot analysis. Cells passaged from 4 to 8 were used in
experiments.

Mouse lung endothelial cell isolation and culture

MLMVECs from age matched WT and Pld2�/� mice were
isolated using anti-mouse PECAM-1 antibody and Dynabeads
M-450 (sheep anti-rat IgG) essentially as described (73). The
cells were plated on Matrigel (BD Bioscience)-coated 35-mm
dishes and allowed to grow to confluence in EGM-2 complete
medium containing 10% FBS and growth factors provided as a
kit by Lonza (San Diego, CA). Endothelial cells, passaged
between 3 and 8, were used in experiments, and were charac-
terized by their cobblestone morphology, PECAM-1 or CD31
expression, and Di-Ac-LDL uptake.

Transfection of siRNA

Depletion of endogenous PTPN14 and PLD2 in HLMVECs
was carried out using gene-specific siRNA as described previ-
ously (74). In brief, pre-designed human PTPN14, PLD2
siRNA, or nonspecific/nontargeting siRNA were used to trans-
fect HLMVECs (passage of 5–7). Before transfection, cells were
starved in EBM-2 containing 2% FBS overnight and cells were
transfected in EBM-2 serum-free media with 50 nM scrambled,
PTPN14 or PLD2 siRNA complexed with the Gene Silencer
transfection reagent according to the manufacturer’s recom-
mendation and incubated at 37 °C for 4 h. At the end of the
transfection period, the media was replaced with fresh com-
plete EBM-2 supplemented with 10% FBS and growth factors,
and cells were used 72 h post-transfection.

Immunoblotting and immunoprecipitation

Immunoblotting and immunoprecipitation (IP) were per-
formed as described previously (74). In brief, after appropriate

treatments, cells were pelleted in ice-cold PBS, lysed in stan-
dard lysis buffer (Cell Signaling, Beverly, MA), and sonicated.
Lysates were then centrifuged at 1,000 � g for 10 min at 4 °C,
supernatants were collected, and protein assayed using BCA
protein assay kit. For IP experiments, equal amounts of protein
(1 mg) from each sample were pre-cleared with control IgG
conjugated to A/G-agarose beads at for 1 h at 4 °C, supernatants
were collected and incubated overnight with primary antibody
conjugated to A/G-agarose beads at 4 °C. Next day, the samples
were centrifuged at 1,000 � g for 1 min in a Microfuge centri-
fuge and the pellet containing the agarose beads were washed
three times with lysis buffer at room temperature. After centrif-
ugation at 1,000 � g for 1 min, the beads were collected by
removing supernatant buffer, and 40 �l of SDS sample buffer
(100 mM Tris-HCl (pH 6.8), 4% SDS, 0.1% bromphenol blue,
20% glycerol, 200 mM DTT) were added to the beads and boiled.
Lysates were then subjected to 10% SDS-PAGE followed by
Western blotting. Proteins were detected by immunoblotting
using appropriate primary antibodies, and horseradish peroxi-
dase-conjugated anti-rabbit or anti-mouse secondary anti-
bodies. Band intensities were quantified by densitometry using
ImageJ software.

Measurement of endothelial permeability by transendothelial
electrical resistance

The endothelial permeability changes were measured using
the highly sensitive biophysical assay with an electrical cell
impedance system (ECIS) (Applied Biophysics, Troy, NY) as
described previously (72). The TER was measured dynamically
across the monolayer, and the effect of thrombin challenge was
monitored over a period of 6 h. Resistance was normalized to
the initial voltage and expressed as a fraction of the normalized
resistance value.

Immunofluorescence staining and quantification

Human lung HLMVECs were fixed with 3.7% formaldehyde
at room temperature for 10 min and permeabilized with 0.1%
Triton X-100 at room temperature for 10 min. After washing 3
times with PBS, cells were incubated with VE-cadherin anti-
body (1:100 in 2% BSA/PBS) at room temperature for 1 h. Cells
were then rinsed 3 times with PBS and subsequently incubated
with the respective secondary antibody conjugated with Alex
Fluor-488/568 (1:2000 in 2% BSA/PBS) and Phalloidin 568 at
room temperature for 1 h. Cells were then rinsed 3 times with
PBS, coverslips were mounted with gold antifade mounting
media containing Hoechst for 4�,6-diamidino-2-phenylindole
staining, and cells were examined under Nikon Microscope
with �60 oil immersion objective and Meta Vue software.
Quantification of VE-cadherin was performed by ImageJ soft-
ware. Briefly, VE-cadherin at the cell-cell junction area was
selected by segmentation function; the identified areas were
used to generate regions of interest for quantification of fluo-
rescence intensity.

Transfection and infection of ECs

GFP-PASS lentiviral construct was added to HLMVECs
transfected with Cav-1-RFP for 48 h. Cells were then starved
and stimulated with BSA (30 mg/ml). Adenoviral constructs,
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vector control, and dominant-negative mutants of hPLD1
K898R and mPld2 K758R were generated at the University of
Iowa Gene Transfer Vector Core (Iowa City, IA). Adenoviral
constructs (25 pfu/cell) of Vector-control, hPLD1 K898R, or
mPld2 K758R mutant were added to HLMVECs grown to
�80% confluence in EBM-2-MV growth media (Lonza) supple-
mented with 10% FBS. After overnight culture, the virus-con-
taining medium was replaced with fresh complete medium.

TIRF microscopy

HLMVECs transfected with Cav-1-RFP were infected with
adenoviral vector control, hPLD1 K898R, or mPld2 K758R
mutants for 36 h and then starved for 3 h before stimulation. In
some experiments, 200 nM PLD inhibitor was added into the
system 1 h before stimulation. Live cell TIRF (total internal
reflective fluorescence) images were acquired using a Zeiss
Axio Observer. Z1 Microscope (Carl Zeiss MicroImaging, Inc.)
with 561 nm excitation and a �100/1.46 NA �-Plan-Fluar
objective. Experiments were conducted at 37 °C in 5% CO2 in a
Pecon XL TIRF S incubator chamber.

Quantification of co-localization

Co-localization of VE-cadherin and PA at AJs was quantified
as described previously (72, 75). Briefly, for each image, the
background signal was subtracted by drawing a region of inter-
est around the cell periphery of individual cells. All areas out-
side the cell were cleared to best visualize the leading edges
including cell periphery, and the fluorescence intensity within
the entire cell was summed by MBF ImageJ bundle (Tony Col-
lins, McMaster University and Wayne Rasband, NIH). PCC was
used as a statistic for quantifying co-localization. PCC was
defined by the following formula,

PCC �
	i
Ri � R�� � 
Gi � G� �

�	i
Ri � R��2 � 	i
Gi � G� �2 (Eq. 1)

where Ri and Gi refer to the intensity values of the red and green
channels, respectively, of pixel i, R� and G� refer to the mean
intensities of the red and green channels, respectively, across
the entire image. Values near 1 reflect the fluorescence intensi-
ties of two images that are perfectly and linearly related to one
another. Values near zero reflect distribution of probes that are
uncorrelated to one another.

Statistical analysis

Results are expressed as mean � S.D. of 3 to 5 independent
experiments. Statistical significance was assessed by ANOVA
followed by Newman Keuls post hoc test for the in vivo exper-
iments, VE-cadherin intensity analysis, and ECIS permeability
or the nonparametric Wold-Wolfowitz runs test for co-local-
ization analysis. This statistical test was selected because it
allows for the evaluation of two different kinds of statistical
assumptions, binomial to determine whether co-localization is
present or not, and Poisson to assess for the randomness of this
co-localization. In all cases, statistical significance was defined
at p � 0.05.

Data availability
All data presented and discussed are contained within the
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