'.) Check for updates

Regular Article

VASCULAR BIOLOGY

A critical role for Lyn Kkinase in strengthening endothelial integrity and
barrier function

Jingyan Han,"? Guoying Zhang," Emily J. Welch,? Ying Liang,® Jian Fu,* Stephen M. Vogel,?® Clifford A. Lowell,®
Xiaoping Du,? David A. Cheresh,” Asrar B. Malik,2® and Zhenyu Li

Division of Cardiovascular Medicine, University of Kentucky, Lexington, KY; 2Department of Pharmacology, University of lllinois, Chicago, IL; 3Division
of Hematology and Bone Marrow Transplantation, Department of Internal Medicine, and “Graduate Center for Toxicology, University of Kentucky,
Lexington, KY; 5Center for Lung and Vascular Biology, University of lllinois, Chicago, IL; ®Department of Laboratory Medicine, University of California,
San Francisco, CA; and "Department of Pathology, Moores University of California San Diego Cancer Center, La Jolla, CA

The Src family kinases (SFKs) c-Src and Yes mediate vascular leakage in response to
various stimuli including lipopolysaccharide (LPS) and vascular endothelial growth factor
(VEGF). Here, we define an opposing function of another SFK, Lyn, which in contrast to
other SFKs, strengthens endothelial junctions and thereby restrains the increase in
vascular permeability. Mice lacking Lyn displayed increased mortality in LPS-induced
endotoxemia and increased vascular permeability in response to LPS or VEGF challenge
compared with wild-type littermates. Lyn knockout mice repopulated with wild-type bone
marrow—derived cells have higher vascular permeability than wild-type mice, suggesting a role of endothelial Lyn in the maintenance
of the vascular barrier. Small interfering RNA—mediated down-regulation of Lyn disrupted endothelial barrier integrity, whereas
expression of a constitutively active mutant of Lyn enhanced the barrier. However, down-regulation of Lyn did not affect LPS-induced
endothelial permeability. We demonstrate that Lyn association with focal adhesion kinase (FAK) and phosphorylation of FAK at
tyrosine residues 576/577 and 925 were required for Lyn-dependent stabilization of endothelial adherens junctions. Thus, in contrast
to c-Src and Yes, which increase vascular permeability in response to stimuli, Lyn stabilizes endothelial junctions through
phosphorylation of FAK. Therefore, therapeutics activating Lyn kinase may strengthen the endothelial barrier junction and hence have

¢ |n contrast to c-Src and Yes,
Lyn stabilizes endothelial
junctions through interaction
and phosphorylation of FAK.

anti-inflammatory potential. (Blood. 2013;122(25):4140-4149)

Introduction

The vascular endothelium controls the transendothelial exchange of
solutes, fluid, and proteins, as well as the migration of cells from blood
to extravascular tissues. Endothelial disruption can lead to extrava-
sation of blood components, metastasis, and accumulation of fluid,
resulting in tissue edema, inflammation, and cancer.'? Endothelial
barrier hyperpermeability is characterized by the formation of
intercellular gaps between adjacent endothelial cells, the predominant
mechanism of vascular leakage and transmigration. Multiple signaling
pathways regulate endothelial permeability, but ultimately they all
induce the opening of endothelial adherens junctions (AJs).?

The Src family nonreceptor tyrosine kinases (SFKs) has been well
recognized as signaling enzymes that regulate cell growth, differen-
tiation, cell adhesion, carcinogesesis, and immune cell function.*
Mounting evidence has demonstrated that the SFKs, such as c-Src and
Yes, play an essential role in promoting endothelial permeability in
response to inflammatory mediators.>® Vascular endothelial growth
factor (VEGF) increases vascular permeability through activation of
c-Src and Yes.>” SFKs also contribute to increases in endothelial
permeability in response to thrombin'® and superoxide anion.® SFKs
regulate endothelial barrier integrity through phosphorylation and
activation of the proteins involved in paracellular and junctional

transport. c-Src associates with AJs through its interaction with
vascular-endothelial cadherin (VE-cadherin),!’ where it phosphor-
ylates VE-cadherin and induces disruption of AlJs, leading to the
formation of intercellular gaps.”1*!3

In addition to the effect of SFKs on intercellular junctions, they can
affect permeability through the regulation of focal adhesions,'*'” the
specialized subcellular structures that mediate endothelial cell attach-
ment to the extracellular matrix via transmembrane and cytoskeletal
linker proteins. Focal adhesion kinase (FAK), which regulates focal
adhesion formation and turnover, is a major determinant of vessel wall
permeability.'® Interestingly, FAK appears to be involved in both
increasing or decreasing in endothelial permeability elicited by
stimulation with the protease activated receptor 1 or the sphingosine-
1-phosphate receptor 1, respectively.'® FAK can be phosphorylated
by SFKs at multiple sites, including tyrosine 576/577 and 925.'7'8 It
is not clear whether the distinct roles of FAK in the regulation of
endothelial barrier are due to differential FAK phosphorylation by
different kinases. In this regard, it has been shown that thrombin
induces robust phosphorylation of FAK at tyrosine 397, 576, and 925.
In contrast, S1P induces more robust phosphorylation at tyrosine 576
of FAK."* In this present study, we describe a new role for the SFK

Submitted March 18, 2013; accepted September 23, 2013. Prepublished
online as Blood First Edition paper, October 9, 2013; DOI 10.1182/blood-2013-
03-491423.

The online version of this article contains a data supplement.

There is an Inside Blood commentary on this article in this issue.

4140

The publication costs of this article were defrayed in part by page charge
payment. Therefore, and solely to indicate this fact, this article is hereby
marked “advertisement” in accordance with 18 USC section 1734.

© 2013 by The American Society of Hematology

BLOOD, 12 DECEMBER 2013 - VOLUME 122, NUMBER 25

20z aunf G0 uo 3sanb Aq 4pd 0L #/2y0ZLELIOY L 1/ST/ZT | /Pd-ajole/poojqAeu-suoleDlgndyse//:djy wol papeojumog


https://crossmark.crossref.org/dialog/?doi=10.1182/blood-2013-03-491423&domain=pdf&date_stamp=2013-12-12

BLOOD, 12 DECEMBER 2013 - VOLUME 122, NUMBER 25

Figure 1. Lyn knockout mice have increased lung
microvascular endothelial permeability and higher
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mortality rate in response to LPS challenge. (A) The
lung capillary filtration coefficient (K;c) was determined
in Lyn™* and Lyn™'~ mice before or at 6 hours after
administration of LPS (5 mg/kg body weight). Bars
indicate means * standard error (n = 5). P < .005 and
.001 between wild-type littermates and Lyn™'~ mice
under control or LPS administration, respectively, by
unpaired 2-tailed Student t test. P < .05 by Bonferroni
correction analysis of multiple comparisons. (B) Kaplan-
Meier survival plots for Lyn™* (WT) and Lyn™'~ (Lyn™"")
mice. Mice were challenged with LPS (12 mg/kg) via
intraperitoneal injection. The percentage of surviving
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detected by western blot with mouse monoclonal 0.01
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was assessed using unpaired 2-tailed Student ttest,
P > .5. Values are means = SD (n = 3). E

7] 160 —_—

S 1401 [ p>0.5

it

g 1201

5 —1001

o E 80 1

: —

S 2 40+

0=

(I-B 40 1

w 20 1

= 0

WT Lyn""

member, Lyn, in regulating endothelial barrier function through
phosphorylating FAK. In contrast to c-Src and Yes, Lyn did not
increase endothelial permeability in response to inflammatory stimuli
but stabilized endothelial barrier and prevented the increase in per-
meability in response to inflammatory mediators such as lipopoly-
saccharide (LPS). These data reveal a novel Lyn-dependent modulation
of endothelial permeability and show that different SFK members have
distinct functions in either disrupting or preserving the endothelial
barrier. Hence, approaches increasing Lyn activity, as it is distinct
from other SFKs, may be useful in preventing inflammation and
inappropriate transmigration of blood and cancer cells.

Methods

Materials

LPS 0111:B4 was purchased from Sigma (St Louis, MO). Lyn, FAK, and
control small interfering RNA (siRNA) oligonucleotides, and mouse mono-
clonal antibodies against Fyn (FYN-59), c-Src (B-12) and rabbit polyclonal
antibodies against Lyn, FAK, or phosphorylated FAK at residue Tyr861
were from Santa Cruz Biotechnology (Santa Cruz, CA). A rabbit mono-
clonal antibody against Lyn (C13F9) and rabbit polyclonal antibodies
against phosphorylated FAK at residues Tyr397, 576/577, or 925 were from

Cell Signaling Technology (Beverly, MA). A mouse anti-phosphotyrosine
monoclonal antibody 4G10 was from EMD Millipore Corp. (Billerica,
MA). Human umbilical vein endothelial cells (HUVECs) and human
pulmonary artery endothelial cells (HPAECs) were from Lonza (Con-
shohocken, PA). Lyn-deficient mice were generated as described pre-
viously'® and were backcrossed to C57BL/6] background. Wild-type
littermates from Lyn heterozygote breeding were used as controls. Mice
were bred and maintained in the University of Illinois Animal Care Facility
and the University of Kentucky Animal Care Facility following institutional
and National Institutes of Health guidelines after approval by the Institutional
Animal Use and Care Committee.

Cell culture and transfection

HUVECs and HPAECs were cultured with endothelial growth medium-2
(Lonza) and supplemented with 10% fetal bovine serum (FBS). siRNA
transfection reagent was used for Lyn and FAK siRNA transfection,
following the manufacturer’s instruction. siGLO RISC-Free control siRNA
labeled with DY-547 (Thermo Fisher Scientific, Waltham, MA) was cotrans-
fected with Lyn or FAK siRNA to indicate the siRNA-transfected cells without
interfering with target gene silencing.

Adenoviral infection of HUVECs

Recombinant adenovirus containing a mutant of human Lyn cDNA (Lyn ¥ %F)

under the control of a cytomegalovirus promoter was custom generated by
Vector Biolabs. A cytomegalovirus-null virus was used as a control. The
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Figure 2. Endothelial Lyn contributes to increased
lung permeability and higher mortality rate of
Lyn"‘ mice in response to LPS challenge. (A)
Expression of Lyn in bone marrow cells from Lyn*/*
(WT-WT, n = 5) and Lyn™"~ (WT— Lyn™"", n = 6)
mice repopulated with Lyn™"* donor bone marrow cells
was detected by western blot with a rabbit polyclonal
antibody against Lyn. Bone marrow cells from a Lyn ™/~
mouse were used as a control. 3-actin was detected by
western blot with mouse monoclonal antibody (Sigma)
to verify equal loading. (B) Expression of Lyn in bone
marrow cells from wild-type mice repopulated with
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Lyn~'~ donor bone marrow cells was detected by
western blot with a rabbit polyclonal antibody against
Lyn. Bone marrow cells from a wild-type and Lyn™"~
mouse were used as controls. B-actin was detected
by western blot with mouse monoclonal antibody to
verify equal loading. (C) Lung microvascular perme-
ability in Lyn*’* and Lyn™~ mice repopulated with
either Lyn*'* or Lyn™'~ donor bone marrow cells was
measured. In some experiments, Lyn~’~ mice repopu-
lated with Lyn”+ donor bone marrow cells were in-
jected with LPS. Six hours after LPS injection, lung
microvascular permeability was measured. Bars in-
dicate means = SD (n = 5~7). (D) Wild-type and
Lyn™~ mice repopulated with wild-type donor bone
marrow cells were challenged with LPS (8 mg/kg) via
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adenovirus containing LynY>%*F or the null virus was added to (final

concentration 3 X 107 pfu/mL) wells or dishes with serum-free medium
containing 5 pg/mL polybrene. Equal volume of fresh medium containing
10% FBS was added after 4 hours.

Immunofluorescence staining and confocal microscopy

HUVEC:s cultured onto 0.2% gelatin-coated coverslips were fixed with 4%
paraformaldehyde for 20 minutes, followed by permeabilization with 0.1%
Triton X-100 for 5 minutes. Thereafter, cells were incubated with primary
antibody against endogenous VE-cadherin for 1 hour, followed by incubation
with Alexa-488—conjugated anti-mouse secondary antibody, using Hanks
balanced salt solution containing 1% bovine serum albumin as a blocking
buffer. Images were acquired using an LSM 510 confocal microscope (Zeiss),
equipped with a X63 water immersion objective with appropriate filter sets.

Determination of pulmonary microvascular permeability

Lung microvessel filtration coefficient (K;,) in isolated lung preparation was
measured to determine pulmonary microvascular permeability to liquid as des-
cribed previously.”® In brief, after the standard 20-minute equilibration perfusion
to establish an isogravimetric condition, the outflow pressure was rapidly
elevated by 10 cm of H,O for 20 minutes. Lung preparations gained weight in
response to the pressure increase, reflecting the net liquid accumulation. Lungs
were dissected free of nonpulmonary tissue, and lung dry weight was determined.
The K was calculated from the slope of the recorded weight change normalized
to the pressure change and to lung dry weight.

Irradiation and bone marrow—derived cell repopulation

Male Lyn™" mice and Lyn ™'~ mice (6-8 weeks old) were lethally irradiated

with a total of 900 rad divided into 2 doses (450 rad/dose, 3 hours apart) from
a cesium v source. Bone marrow—derived cells were harvested from Lyn '~ or
Lyn*’* male mice (6-8 weeks old) and injected into irradiated recipient Lyn /"
mice or Lyn ™"~ mice (1 X 107 donor cells per animal). The mice were used for
experiments at 6 weeks after irradiation. Lyn expression in bone marrow cells
of recipient mice was detected by immunoblotting assay.

0 12 24 36 48 60 72
Time (hours) after LPS injection

intraperitoneal injection. Survival rates were observed
at 24, 48, 72, 96, and 120 hours after LPS injection.
The difference in survival between WT and Lyn™/~
mice was significant (P < .001).

LPS-induced mortality

Lyn™* and Lyn™'~ mice (8-10 weeks old) were injected intraperitoneally
with 12 mg/kg LPS in a volume of 200 pL saline. Mortality was assessed at
24,48, 72, 96, and 120 hours. Statistical analysis was performed using the
Fisher exact test for the evaluation of differences in survival rate.

Isolation of mouse lung microvascular endothelial cells

Lyn™"" and Lyn ™'~ mice (3-4 weeks old) were killed by CO, inhalation. The
lungs were taken out and transferred into a 15-mL tube containing Dulbecco’s
modified Eagle medium + 20% FBS + pen/strep (isolation medium). Lung
lobes were minced finely with scissors. Minced lung was incubated with
prewarmed collagenase type II (2 mg/mL) at 37°C with gentle agitation for
45 minutes. The digested tissues were passed through a 70-pm cell strainer.
After washed once with the isolation medium, cells were incubated with rat
anti-mouse CD31 coated Dynabeads for 10 minutes at room temperature with
gentle agitation, and the cells pulled down by the beads were cultured and
confirmed by VE-cadherin immunostaining (supplemental Figure 1 on the
Blood Web site).

Measurement of transendothelial electrical resistance

Endothelial barrier function was assessed through measuring real-time changes
in electrical resistance across endothelial monolayers as described.”' Briefly,
HUVECs were seeded onto gold microelectrode arrays (Applied Biophysics)
and cultured to confluence. Impedance across the cells was measured at 4 kHz,
and the resistive portion of the impedance was normalized to its initial value.

Immunoprecipitation and western blotting

Endothelial cells or bone marrow cells were solubilized in sodium
dodecyl sulfate (SDS) sample buffer and analyzed by western blotting. To
determine the phosphorylation levels of FAK, the cells were solubilized
in radioimmunoprecipitation assay buffer containing 50 mM Tris-HCI, pH 7.4,
150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 1% sodium deoxycholate,
0.1% SDS, 1 mM sodium ortho-vanadate, and protease inhibitors. The
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Figure 3. Expression of Lyn kinase in endothelial A B
cells and the role of Lyn in regulating TER. (A) c-Src—p- — IP: Lyn
HUVECs or HPAECs were lysed with radioimmuno- B’ Lyn Lyn-» TR "
precipitation assay buffer. Total cell lysate proteins Fyn — s s
were analyzed by SDS-polyacrylamide gel electropho-
resis. Lyn, c-Src, and Fyn in cell lysates were detected Lyn-o>- CH— Lyat < .
by western blot with a rabbit monoclonal anti-Lyn I i T p— [-actin - s — o =
antibody (Cell Signaling) or mouse monoclonal anti- ry cg—" £
) : P A :
bodies against ¢-Src or Fyn (Santa Cruz). A mouse AQ/ & Control siRNA — + — = =
monoclonal antibody against B-actin was used to verify Q\\B QQ?' Lyn siRNA (nM) — - 30 60 120
equal loading. (B) Lyn in HUVEC lysates was
immunoprecipitated by a monoclonal anti-Lyn antibody D 11 E
and detected by western blot with a polyclonal antibody g 820
against Lyn (Santa Cruz). (C) HUVECs grown on & 1.0 nllf:yl Control siRNA g LynY308F
6-well plates were transiently transfected with increasing E %18
doses of control or Lyn siRNA for 48 hours. Lyn kinase [ 0.9 'g
was visualized by western blot analysis with a poly- o 0.8 w16
clonal antibody against Lyn (upper). The membrane g‘ ; 1 1.4 A
was probed with anti—B-actin antibody (lower) to verify 5 0.7 % VEGF Control
equal loading. (D) HUVECs were grown to confluence £ E12
on gold microelectrodes and then transfected with '<25 0.6 Lyn siRNA S
control or Lyn siRNA oligonucleotide (60 nM). TER 05 . . . : i : =z 1-00 Lo 10 20 30 20 50
across the HUVEC monolayers was measured. (E) : 5 10 15 20 25 30 :
HUVECs were infected with null adenovirus (Control) Time (hrs) Time (hrs)
or a virus containing a cDNA of the constitutively active
Lyn kinase mutant (Lyn), Lyn"®%¢F. VEGF (200 ng/mL) G
was added 24 hours after infection with the viruses, 8 o = +
and TER was monitored. (F and G) HUVECs were = O 104 DMSO
grown to confluence on gold microelectrodes and then . DMSO S
added with vehicle (dimethylsulfoxide [DMSQ]), (F) % *é' 0.8 «
PP2 (10 pM), or (G) Dasatinib (100 nM). TER across Q ] .
the HUVEC monolayers was measured. (H) Forty-eight % -] PP2 @ 0.6 4 gt
hours after transfection of control or Lyn siRNA @ 0.4+ - -
oligonucleotide (60 nM), HUVECs seeded on gold E - ﬂ 0.4 9
microelectrodes were used for TER measurement. At E 0.2+ T 02 d
the time indicated by the arrows, cells were incubated = 1 £
with vehicle (DMSO) or PP2 (10 uM). (1) Histogram of § 0-% N T e T G e S 0.0 e ————————
normalized TER obtained from H at the time point of 15 # i : : Z 00 0.50 1.00 1.50 2.00
hours. Data represent means + SD of changes in TER Time (hrs) Time (hrs)
from 4 independent experiments.
H @ * — CtIsiRNA+DMSO ! E DMSO
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c 1.1 Lyn SIRNA+DMSO 11 P — p <0.05
"J,‘ Lyn siRNA+PP2 |
w 109 @ 1.0
@ e 11}
=
o 0.9 & 0.9
E 0.8+ 1 N 0.8
W 0 Eﬁf g 0.7
E oe —ﬁbﬂbﬁj}:ﬂﬁﬂﬁ S 06
S os . : . . , Z
0 5 10 15 20 25 0.5
Time (hrs) Ctrl siRNA Lyn siRNA

cleared lysates were incubated with 5 pg of rabbit anti-FAK antibody and
30 pL of protein A/G agarose beads for 4 hours at 4°C. After washing,
precipitated proteins were analyzed by immunoblotting with the anti-
phosphotyrosine monoclonal antibody 4G10.

Statistical analyses

The survival assay was analyzed by the Fisher exact test. Significance in
experiments comparing 2 groups was examined by a 2-tailed Student’s 7 test.

Results

Increased lung microvascular permeability and mortality in
Lyn~'~ mice

Sepsis and its accompanying crisis of transudation of fluid and proteins
into tissue remains a major cause of death in intensive care units. A

classical example of sepsis-induced vascular leakage syndrome is the
development of acute lung injury, which is associated with the devel-
opment of protein-rich pulmonary edema.?*** Gram-negative bacte-
rial LPS or endotoxin, a component of the outer membrane of
Gram-negative bacteria, plays a critical role in the pathogenesis
of sepsis. A mouse model of endotoxemia induced by LPS
infusion/injection stimulates vessel wall leakiness.>> SFKs play
critical roles in the molecular mechanism underlying increased
vascular permeability. Inhibition of c-Src and Yes protects against
LPS-induced increases in vascular pelrme:ability‘Zf"28 AsLPS can also
activate Lyn,”® we investigated the role of Lyn in the regulation of
vascular permeability by determining mouse lung capillary filtration
coefficient ( K_ﬁc).3 0.31 Injection of LPS (intraperitoneally) signifi-
cantly increased the K. compared with basal conditions in wild-type
mice (Figure 1A). The increase in K. in Lyn-deficient mice
challenged with LPS was significantly greater than that of wild-type
mice. Surprisingly, basal K;. of Lyn-deficient mice was also
significantly greater than that of wild-type mice, suggesting a role
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Figure 4. Down-regulation of Lyn kinase in confluent endothelial cells disrupts AJ. (A) HUVECs were transfected with control or Lyn siRNA together with DY-
547—-labeled siGLO RISC-free control siRNA to allow visualization of siRNA transfected cells. Forty-eight hours after transfection, cells were fixed and immunostained for VE-
cadherin. In control siRNA transfected HUVECs, VE-cadherin staining was continuous along cell borders indicative of its presence at the AJs. In Lyn siRNA-transfected cells,
VE-cadherin was lost from AJs, resulting in formation of interendothelial gaps, as pointed by the arrows. (B) Quantification of gaps and (C) cell numbers in 4 random images

(mean *+ SD).

of Lyn kinase in stabilizing endothelial barrier. Mortality studies in
mice challenged with intraperitoneal administration of LPS showed
that 80% of Lyn-deficient mice died within 96 hours after LPS
challenge, whereas only 20% of wild-type littermates died during
this time period (P < .001; Figure 1B). These results demonstrate
anovel protective role of Lyn kinase in septic shock in contrast to the
other Src kinases c-Src and Yes, which mediate increased vascular
permeability in response to LPS.*®

As VEGEF increases vascular permeability in a c-Src— and Yes-
dependent manner,” we studied VEGF-induced vascular permeabil-
ity in Lyn-deficient mice. As expected, injection of VEGF increased
the K¢ in wild-type mice. The K. in Lyn-deficient mice in response
to VEGF treatment was significantly greater compared with that of
wild-type littermates (Figure 1C). Increased lung permeability in
Lyn~'~ mice is unlikely due to compensatory increases in the
expression of other isoforms of SFKs, because lung microvascular
endothelial cells from the Lyn knockout mice express similar levels
of c-Src and Fyn as wild-type mice (Figure 1D). In addition, plasma
VEGF levels of Lyn knockout mice were similar to that of wild-type
mice (Figure 1E).

Lyn~'~ mice repopulated with wild-type bone marrow-derived

cells have higher basal K. than wild-type mice

Lyn kinase plays a key role in white blood cell function,**>* an

important mechanism contributing to pathogenesis of increased
vascular permeability.> To exclude the possibility that the increase in
the basal K. in Lyn-deficient mice stems from an alteration in white
blood cell function, Lyn knockout mice were repopulated with wild-
type mouse bone marrow—derived cells by bone marrow trans-
plantation. Wild-type mice repopulated with wild-type mouse bone
marrow—derived cells were used as controls. Wild-type mice re-
populated with Lyn "~ bone marrow—derived cells by bone marrow

transplantation were used as an additional control. Chimerism of
Lyn '~ mice repopulated with wild-type donor cells and chimerism of
wild-type mice repopulated with Lyn '~ donor cells was confirmed by
western blot detecting Lyn expression in bone marrow cells. The
expression levels of Lyn in bone marrow cells from Lyn knockout
mice repopulated with wild-type mouse bone marrow—derived cells
was similar to that of wild-type mice repopulated with wild-type
mouse bone marrow—derived cells (Figure 2A). Lyn expression in
bone marrow cells from wild-type mice repopulated with Lyn '~ bone
marrow—derived cells was abolished (Figure 2B). The basal K. of Lyn
knockout mice repopulated with wild-type bone marrows was much
higher than that of wild-type mice repopulated with wild-type bone
marrows (Figure 2C). In response to LPS challenge, K. of these mice
(Figure 2C) reached to a level similar to Lyn’~ mice (Figure 1A). In
contrast, basal K. of wild-type mice repopulated with Lyn’~ bone
marrows was similar to that of wild-type mice repopulated with wild-
type bone marrows. These data imply that lack of Lyn in endothelial
cells, but not in white blood cells, is responsible for increased vascular
permeability in Lyn-deficient mice.

Accordingly, mortality rate in the Lyn knockout mice repop-
ulated with wild-type bone marrows was much higher than that of
wild-type mice repopulated with wild-type bone marrows (P < .001;
Figure 2D). These results confirmed a protective role of endothelial
Lyn in septic shock. Mice subjected to bone marrow transplantation
were more sensitive to LPS challenge. Therefore, a low dose of
LPS was applied.

Lyn kinase is the predominant SFK maintaining basal
endothelial barrier function

Lyn kinase is preferentially expressed in hematopoietic cells such as
macrophages, monocytes, and platelets.>® Lyn kinase was first
reported to be present in developing blood vessels in embryonic and
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Figure 5. Down-regulation of Lyn kinase does not inhibit the LPS-induced
increase in endothelial permeability. (A-B) Transfection of Lyn siRNA did not
inhibit the LPS-induced TER decline. Confluent HUVECs grown on gold micro-
electrodes were transfected with control or Lyn siRNA for 48 hours and used for TER
measurements. (A) Cells were stimulated with LPS (1 mg/mL) in the presence of
FBS (2.5%). (B) Bar graph indicated normalized TER relative to non—-LPS-treated
groups at 15 hours after LPS stimulation.

early postnatal mouse brain, but not in endothelium outside the brain.*”

Other studies reported that Lyn kinase is expressed in adult endothelial
cells.?®® Here, we confirmed the expression of Lyn in HPAECs and
HUVECs (Figure 3A-B). To explore the basis of Lyn regulation of
endothelial barrier function, Lyn expression in HUVECs was down-
regulated by transfection of HUVECs with Lyn siRNA (Figure 3C). As
shown in Figure 3D, down-regulation of Lyn markedly reduced basal
transendothelial electrical resistance (TER), a measure of junctional
integrity, indicating that Lyn serves to homeostatically regulate
endothelial integrity. To further establish a role of Lyn in stabilizing
endothelial barrier function, TER was measured in HUVEC mono-
layers infected with null adenovirus or a virus containing a cDNA of
the constitutively active Lyn kinase mutant, Lyn*>**F 3 HUVEC
monolayers infected with Lyn*>®F had higher TER vs HUVEC
monolayers infected with a null virus (Figure 3E). Overexpression of
the constitutively active Lyn kinase mutant also blunted endothelial
disruption in response to VEGF stimulation (Figure 3E). These results
indicate that the Lyn-mediating stabilization of endothelial barrier
restrains the increase in endothelial permeability in response to the
prototypic permeability-increasing mediator VEGF.

We observed that treatment of HUVECs with a pan-SFK in-
hibitor, PP2, markedly reduced basal TER (Figure 3F). Another
SFK inhibitor, dasatinib, also decreased basal TER in HUVECs
(Figure 3G). These results demonstrate a previously unappreciated
role of SFKs in maintaining basal endothelial barrier function. To
address the question whether Lyn is responsible for this effect of
SFKs on endothelial cells, we examined the effect of PP2 on
endothelial permeability of HUVEC monolayer in which Lyn
expression was suppressed by siRNA prior to PP2 treatment. As
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shown in Figure 3, the effect of PP2 on basal endothelial barrier
function was significantly diminished in the HUVECsS lacking Lyn
(Figure 3H-I), indicating that impairment of basal barrier function
by PP2 treatment is mainly attributed to inhibition of Lyn. For
comparison of the effect of PP2 on endothelial permeability of Lyn
down-regulated and control endothelial cells, at 48 hours after
transfection of HUVECs with Lyn or control siRNA, TER values
of both groups were normalized prior to PP2 treatment, although
down-regulation of Lyn produced a sustained decrease in TER
(Figure 3D).

Knockdown of Lyn kinase results in gap formation between
endothelial cells

To visualize the effect of Lyn on the integrity of endothelial junctions,
we examined subcellular distribution of VE-cadherin, a molecular
marker of cell-cell AJs in HUVEC monolayers transfected with Lyn
siRNA or control siRNA. Down-regulation of Lyn kinase resulted in
distinct discontinuities in VE-cadherin distribution and formation of
numerous interendothelial junctional gaps consistent with a key role
of Lyn in promoting AJ integrity (Figure 4A-B). Cell numbers per
image was not affected by down-regulation of Lyn (Figure 4C),
suggesting that Lyn is not required for cell growth.

Lyn kinase is not required for LPS-induced increases in
endothelial permeability

To determine whether Lyn contributes to the increased endothelial
permeability in response to LPS, HUVECs were transfected with Lyn
siRNA or control siRNA. At 48 hours after transfection, HUVEC
monolayers were stimulated with LPS. The TER values were nor-
malized to 1 prior to LPS treatment. Down-regulation of Lyn did not
attenuate an LPS-induced decrease in TER (Figure SA-B), suggesting
that, unlike other SFKs, Lyn is not required for LPS-induced increased
endothelial permeability.

Lyn binds and phosphorylates FAK in endothelial cells

FAK is a critical regulator of endothelial barrier function.>*® ¢c-Src

kinase is a known binding partner of FAK that regulates FAK activity
in many cell types.*' The high sequence homology between c-Src
and Lyn led us to address the concept that Lyn could also interact with
FAK and that Lyn-induced endothelial barrier enhancement might be
mediated by FAK. To test this hypothesis, we first performed
coimmunoprecipitation experiments to determine whether Lyn inter-
acts with FAK. A mouse monoclonal antibody against FAK, but not
control mouse IgG, coimmunoprecipitated Lyn kinase (Figure 6A). As
FAK is a protein tyrosine kinase whose activity is regulated by phos-
phorylation of tyrosine residues, we examined the effects of PP2 or Lyn
down-regulation on FAK phosphorylation to determine whether Lyn
kinase regulates FAK activity. FAK was immunoprecipitated from
HUVEC lysates, and tyrosine phosphorylation of FAK was detected
using the anti—phospho-tyrosine monoclonal antibody 4G10
(Figure 6B). Treatment of HUVECs with PP2 significantly re-
duced phosphorylation of FAK. Transfection of HUVECs with
Lyn siRNA, but not control siRNA, also reduced FAK phos-
phorylation (Figure 6C), indicating that Lyn kinase regulates
FAK activity in endothelial cells.

Role of FAK in regulating endothelial barrier function

If Lyn functions to preserve endothelial barrier function through
FAK-mediated signaling, FAK should be important for main-
taining endothelial barrier integrity. Therefore, we examined whether

20z aunf G0 uo 3sanb Aq 4pd 0L #/2y0ZLELIOY L 1/ST/ZT | /Pd-ajole/poojqAeu-suoleDlgndyse//:djy wol papeojumog



BLOOD, 12 DECEMBER 2013 - VOLUME 122, NUMBER 25

4146  HAN et al
A IP: FAK P FAKk B : _C
IB:FAK 1B Lyn s, S0 min
B -
D-FAK S e 98 s [ == D-FAK
FAK & o ' 'Lyn
. FAK - e FAK
- adal s
RN S CR . ~
RSP SR A O D ¥ &
S S &8
Oy
D E Control SIRNA
1.14
FAK#- e o Eg 104
B-aCHin — s ———— E% :Z
ctlsiRNA (nM) 30 60 120 Z o FAK siRNA
FAK siRNA (nM) 30 60 120 SRR R
Time (hrs)

CtlsiRNA T

FAK siRNA

VE cadherin

Si GLO

G H , 2

§ 16 p<0.005 E &5 p>0.2

S 12 5 &

U= (@

oE 8 g E°

T [(h]
€8, Eh
= Ctl siRNA FAK siRNA Ctl siRNA FAK siRNA

down-regulation of FAK itself can impair endothelial barrier
function. Transfection of HUVECs with siRNA targeted to FAK
reduced the amount of endogenous FAK by 70% compared with
control nonsilencing siRNA (Figure 6D). Similar to down-regulation
of Lyn, knockdown of FAK significantly reduced TER values in
HUVEC:s (Figure 6E). As with Lyn knock-down, down-regulation of
FAK produced discontinuities in VE-cadherin distribution accompa-
nied by the formation of intercellular gaps (Figure 6F-G). The number
of cells per image was not affected by down-regulation of FAK
(Figure 6H), suggesting that FAK is not required for cell growth.

Identification of Lyn-dependent phosphorylation sites in FAK

To identify Lyn kinase—dependent phosphorylation sites in FAK,
HUVECs were transfected with Lyn siRNA and FAK phosphorylation

Figure 6. Lyn kinase regulates FAK phosphoryla-
tion and the role of FAK in regulating endothelial
integrity. (A) Lyn kinase was co-immunoprecipitated
with FAK. HUVECs grown in 60-mm culture dishes
were lysed, and the cell extracts were incubated with
anti-FAK antibody followed by incubation of protein
A/G beads. Immunoprecipitates and total cell lysates
were analyzed by western blotting with anti-FAK and
anti-Lyn antibodies as indicated. (B) FAK phosphory-
lation was inhibited by PP2. HUVECs were incubated
with either PP2 (10 wM) or vehicle (DMSO) for 10 and
60 min, and cell lysates were immunoprecipitated with
anti-FAK antibody. Phosphorylated FAK was detected
by western blotting using 4G10, an anti-phosphotyr-
osine antibody. The same membrane was reprobed for
total FAK with an anti-FAK antibody. (C) Effect of Lyn
silencing on the phosphorylation of FAK. HUVECs
were transfected with control or Lyn siRNA. Forty-eight
hours after transfection, cells were harvested to
determine the level of phosphorylated FAK as de-
scribed in B. Similar results were obtained in 3
independent experiments. (D) Knockdown of FAK by
transfection of specific siRNA in HUVECs. Cells were
transiently transfected with indicated concentrations of
control or FAK siRNA. Forty-eight hours after trans-
fection, cells were harvested and lysed for western blot
analysis. (E) Effect of FAK silencing on TER measure-
ment. Confluent HUVECs seeded onto microelectro-
des were transfected with control or FAK siRNA as
indicated. Three hours after transfection, the changes
in TER across HUVEC monolayers were continu-
ously recorded for 30 hours. Recorded values are
plotted as the mean from 4 independent experiments
as means = SD. (F) Disruption of AJ in FAK siRNA
transfected confluent HUVEC monolayers. HUVECs
were cotransfected with control or FAK siRNA together
with siGLO control siRNA as indicated. Forty-eight hours
after transfection, cells were fixed and immunostained for
VE-cadherin. Knockdown of FAK resulted in formation of
interendothelial gaps, as pointed by the arrows. (G)
Quantification of gaps and (H) cell numbers in 4 random
images (mean = SD).

was analyzed by western blot using rabbit polyclonal phospho-
specific antibodies against FAK. Phosphorylation of FAK at
residues Tyr576/577, Tyr861, and Tyr925 was reduced by down-
regulation of Lyn kinase (Figure 7A). Phosphorylation of FAK at
residue Tyr397 was not affected. Consistently, phosphorylation
of FAK at residues Tyr576/577, Tyr861, and Tyr925 was reduced
in mouse lung microvascular endothelial cells from Lyn '~ mice
compared with that of wild-type mice (Figure 7B). Furthermore,
phosphorylation of FAK at residues Tyr576/577, Tyr861, and
Tyr925, but not Tyr397, in HUVECs infected with a virus containing

Y508F

the constitutively active mutant of Lyn kinase, Lyn , was
increased vs HUVECs infected with a null virus (Figure 7C). To

Y508F

avoid overexposure of the bands from the cells expressing Lyn ,
figures were selected with a short exposure time, under which con-
dition the basal FAK phosphorylation was not obvious. In contrast,
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Figure 7. Lyn kinase regulates FAK phosphorylation. (A) Effect of Lyn silencing
on FAK phosphorylation. HUVECs were transfected with control siRNA or Lyn
siRNA. Forty-eight hour after transfection, cells were solubilized, and phosphoryla-
tion of FAK was detected by western blotting with rabbit polyclonal antibodies
specifically recognizing the phosphorylated FAK residues Tyr®®7, Tyr576/577 Tyr861
or Tyr®?®. A mouse monoclonal antibody against -actin was used to verify equal
loading. Images are representative of 3 experiments. (B) Lung microvascular
endothelial cells isolated from Lyn™~ and wild-type littermates were cultured and
solubilized in SDS sample buffer. Phosphorylation of FAK was detected by western
blotting as described above. (C) Effect of expression of constitutively active mutant of
Lyn on the phosphorylation of FAK. HUVECs were transfected with a recombinant
adenovirus encoding a constitutively active mutant of Lyn kinase (LynY*°®%) or null
adenovirus (Control) and FAK phosphorylation was analyzed. Twenty-four hours
after infection, cells were solubilized, and phosphorylation of FAK was detected by
western blotting. (D) Stimulation of FAK phosphorylation by VEGF. HUVECs were
incubated with VEGF (200 ng/mL) for various lengths of time. Cells were then
solubilized and phosphorylation of FAK was detected by western blotting.

stimulation of HUVECs with VEGF increased phosphorylation of
FAK only at residue Tyr861, in agreement with previous reports.*?
FAK phosphorylation at residues Tyr576/577 and Tyr925 was even
decreased by VEGF stimulation (Figure 7D). Thus, Lyn-dependent
phosphorylation of FAK at residues Tyr576/577 and Tyr925 may be
critical for stabilizing the endothelial barrier function.

Discussion

Mounting evidence indicates that SFKs are key players in regulating
endothelial barrier function and promoting pathologic increases in
vascular permeability as observed in acute lung injury.””-*® Therefore,
pharmacologic inactivation of SFKs becomes a potential therapeutic
target for preserving the integrity of endothelial barrier, thereby
alleviating vascular dysfunction and edema formation.® The present
study demonstrated for the first time to our knowledge an essential and
potentially important role of Lyn in strengthening barrier function,
thus opposing the permeability-increasing effects of other SFK
members. An interesting study reported that expression of consti-
tutively active c-Src mutant resulted in increased endothelial per-
meability, whereas activation of SFKs by knockdown of Csk
(a negative regulator of SFKs) or expression of dominant negative
Csk failed to decrease barrier function.*> As Csk regulates all SFK
members including Lyn, the discrepant effects of c-Src and DN-Csk
on endothelial permeability are explained by our findings that in-
creased endothelial permeability by activation of Src is counteracted
by activation of Lyn in the Csk down-regulated cells. Taken together,
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our results suggest that SFKs have distinct even opposing actions in
regulating endothelial permeability even though they share high
structural homology.

As Src signaling is critical for endothelial permeability regulation,
oncogenic, and invasive processes, efforts have been devoted to
translating Src inhibitors into therapy for systemic inflammation
conditions.? Dasatinib, the most clinically studied Src inhibitor in this
regard, potently inhibits Src and other SFKs, such as Lyn, Yes, and
Fyn. Peripheral edema is a common adverse event associated with the
use of dasatinib.***** Pleural effusion, the most important and limiting
toxicity during dasatinib treatment, often requires treatment discon-
tinuation that impairs the otherwise high efficacy of the drug.***" A
very recent study reported that 52 of 172 patients with chronic
myeloid leukemia developed pleural effusion during treatment with
dasatinib.*® However, the molecular mechanism by which adminis-
tration of dasatinib causes edema and pleural effusion is unknown.
Our results showing that dasatinib treatment impaired endothelial
barrier integrity due to Lyn inhibition may provide a possible explana-
tion behind dasatinib-related edema and pleural effusion. Thus, devel-
opment of isoform-specific Src inhibitors should take into account
distinct and varied effects of different Src kinases on endothelial
permeability.

Our data indicate that Lyn '~ mice have greater increases in lung
endothelial permeability in response to LPS or VEGF challenge,
which is consistent with the effect of Lyn in maintaining basal barrier
integrity. Increased lung endothelial permeability in Lyn '~ mice is
not due to increases in endothelial apoptosis or necrosis, because lung
microvascular endothelial cells from Lyn '~ mice have similar rates
of the apoptosis and necrosis as the lung microvascular endothelial
cells from wild-type mice (supplemental Figure 2). We show that
Lyn '~ mice repopulated with wild-type mouse bone marrow—
derived cells have higher lung permeability than wild-type mice,
further demonstrating the important role of endothelial Lyn in the
maintenance of basal barrier integrity. Our results indicate that
knockdown of Lyn in HUVECs had no effect on LPS-induced TER
decline (Figure 5). Consistently, it has been recently reported that,
distinct from c-Src, Fyn, and Yes, Lyn is neither activated nor
contributes to disrupted barrier integrity by LPS stimulation.*® These
data together suggest that Lyn is not required for LPS-mediated
dysfunction of endothelial barrier and that Lyn protects from
endothelial barrier function is due to its effect in maintaining basal
barrier integrity. We further demonstrated that expression of a con-
stitutively active Lyn mutant promoted basal barrier function and
counteracted VEGF-induced endothelial hyperpermeability (Figure 3E).
Thus, activation of Lyn in endothelial cells may represent an important
means of strengthening the endothelial junction, thereby having
potential anti-inflammatory effects.

The present study identifies a possible mechanism whereby Lyn
strengthens the endothelial barrier. FAK, a well-known SFK substrate,
is critical for recovery of endothelial barrier function and in promoting
barrier function.**~*° Our data indicate that FAK forms a complex with
Lyn in ECs, and down-regulation of FAK causes VE-cadherin dis-
continuities at endothelial borders resulting in formation of inter-
cellular gaps, demonstrating a critical role of FAK in maintaining
basal endothelial barrier integrity. These findings are consistent with
a recent report showing that the kinase activity of FAK was required
for endothelial barrier maintenance.”® As a tyrosine kinase, FAK
activity is dependent on tyrosine phosphorylation sites.'® With the
exception of Tyr397 that is a major autophosphorylation site, FAK
phosphorylation at Tyr576, 577, 861, and 925 is mediated by
SFKs.'®5! We are the first to demonstrate that FAK phosphory-
lation at tyrosine residues 576/577 and 925 is facilitated by Lyn
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(Figure 7). In contrast, FAK phosphorylation at tyrosine residues
576/577 and 925 was inhibited by VEGF stimulation. These results
suggest that the role of Lyn in strengthening barrier function might
be mediated by phosphorylating FAK tyrosine residues 576/577
and 925. In addition, Lyn stimulated FAK phosphorylation on
tyrosine 861, which was known to be a major phosphorylation site
for SFKs and involved in Src signaling pathways mediating
VEGF-induced endothelial migration and antiapoptosis.®®>!:52
Whether Tyr861 phosphorylation of FAK by SFKs is associated
with endothelial permeability remains unknown.

In summary, we uncovered a novel role of Lyn in enhancing
endothelial barrier function. Unlike other members of SFKs in endo-
thelial cells, Lyn plays a critical role in maintenance of endothelial
integrity and strengthening endothelial barrier function. This special-
ized function of Lyn is mediated through phosphorylation of FAK at
tyrosine residues 576/577 and 925. Lyn therefore represents an attrac-
tive target for the development of novel therapeutics for inflammatory
diseases.
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