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SUMMARY

In the current model of endothelial barrier regulation,
the tyrosine kinase SRC is purported to induce disas-
sembly of endothelial adherens junctions (AJs)
via phosphorylation of VE cadherin, and thereby
increase junctional permeability. Here, using a chem-
ical biology approach to temporally control SRC
activation, we show that SRC exerts distinct time-
variant effects on the endothelial barrier. We discov-
ered that the immediate effect of SRC activation was
to transiently enhance endothelial barrier function as
the result of accumulation of VE cadherin at AJs and
formation of morphologically distinct reticular AJs.
Endothelial barrier enhancement via SRC required
phosphorylation of VE cadherin at Y731. In contrast,
prolonged SRC activation induced VE cadherin
phosphorylation at Y685, resulting in increased
endothelial permeability. Thus, time-variant SRC
activation differentially phosphorylates VE cadherin
and shapes AJs to fine-tune endothelial barrier func-
tion. Our work demonstrates important advantages
of synthetic biology tools in dissecting complex
signaling systems.

INTRODUCTION

SRC activation plays a key role in regulating endothelial perme-

ability, with overexpression of constitutively active SRC leading

to the disruption of cell-cell junctions (Adam et al., 2010). Medi-

ators such as VEGF also increase endothelial permeability

through activation of SRC family kinases (SFKs) (Kim and

Wong, 1995; Orsenigo et al., 2012; Piedra et al., 2003; Vouret-

Craviari et al., 2002; Xu et al., 2004). However, the view that

SRC activation solely increases endothelial permeability is con-

tradicted by studies demonstrating that SFKs are activated

during barrier enhancement and recovery following increased

endothelial permeability (Birukova et al., 2013; Han et al., 2013;

Knezevic et al., 2009). For example, reduction in endothelial

permeability induced by sphingosine-1-phosphate (S1P) is

accompanied by SFK activation (Vouret-Craviari et al., 2002),
Cell C
and inhibition of SFKs prevents endothelial barrier recovery

following thrombin-induced disruption (Birukova et al., 2013;

Han et al., 2013). However, the specific and temporal effects

that SRC activation has on the endothelial barrier remain to be

established.

Endothelial barrier is controlled by adherens junctions (AJs),

multiprotein complexes formed at cell-cell contacts. VE cad-

herin, a component of AJs plays an essential role in the regula-

tion of endothelial permeability (Dejana and Orsenigo, 2013).

The localization and permeability of AJs is believed to be regu-

lated by SRC-mediated phosphorylation of VE cadherin at

Y658, Y685, and Y731 in response to a variety of inflammatory

mediators (Dejana and Orsenigo, 2013; Dejana et al., 2008;

Komarova and Malik, 2010; Komarova et al., 2007; Lambeng

et al., 2005; Lilien and Balsamo, 2005; Lum and Malik, 1994;

Orsenigo et al., 2012), leading to endocytosis of VE cadherin

and disassembly of AJs (Gavard and Gutkind, 2006; Gavard

et al., 2008). However, several studies suggest that the role of

VE cadherin phosphorylation in the regulation of AJs is more

complex. SRC-mediated phosphorylation of VE cadherin at

Y658 and Y685 in the absence of inflammatory mediators failed

to induce VE cadherin internalization (Adam et al., 2010; Orse-

nigo et al., 2012). VE cadherin mutant Y731F failed to prevent

disassembly of AJs in endothelial cells, suggesting a different

role for this phosphorylation site in barrier regulation (Wessel

et al., 2014). In summary, SRC-mediated phosphorylation of

VE cadherin may not always lead to disruption of endothelial

barrier.

To address the basis for the apparent distinct functions of

SRC, we employed a protein engineering approach, the RapR-

kinase system, which enabled direct activation of SRC in living

cells (Karginov et al., 2010, 2014; Klomp et al., 2016). Control

of SRC activity was achieved through a small allosteric switch,

the iFKBP domain, inserted at a specific site within the SRC

catalytic domain. Insertion of the iFKBP domain made the kinase

sensitive to rapamycin. RapR-SRC is inactive in the absence of

rapamycin, whereas its addition induces interaction of RapR-

SRC with the co-expressed FKBP12-rapamycin-binding (FRB)

domain leading to its activation. We showed that insertion of

iFKBP only regulated catalytic activity without altering protein-

protein interactions, intramolecular interactions, and localization

of RapR-kinases (Karginov et al., 2010, 2014). Characterization

of RapR-SRC showed that it functions similarly to endogenous

SRC and shows identical localization (Karginov et al., 2010,
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2014). Introduction of Y527F mutation (position corresponds to

avian SRC) in RapR-SRC made it insensitive to negative regula-

tion by the endogenous machinery but ensured activation only

when rapamycin was applied (Karginov et al., 2010, 2014). Using

RapR-SRC, we have previously uncovered transient morphody-

namic changes induced by activation of SRC (Karginov et al.,

2010, 2014; Klomp et al., 2016), demonstrating the utility of

this tool.

RapR-SRC allowed us to address the complex behavior of

SRC signaling in regulating endothelial barrier function. We un-

covered a time-variant role for SRC activity in regulating the

endothelial permeability. Transient activation of SRC reduced

endothelial permeability due to organization of broad reticular

AJs and VE cadherin phosphorylation on Y731. However, pro-

longed SRC activation disassembled AJs, leading to an increase

in endothelial permeability, mimicking inflammation.

RESULTS

SRC Activation Initially Reduces Endothelial
Permeability
The current model implies that activation of SRC kinase induces

endothelial barrier disruption. However, this model is based on

studies that predominantly evaluated the long-term effects of

SRC activity, SRC inhibition, or genetic deletion (Adam et al.,

2010; Eliceiri et al., 1999, 2002; Mehta and Malik, 2006; van

Nieuw Amerongen and van Hinsbergh, 2002; Okutani et al.,

2006; Yuan, 2002). In addition, the aforementioned studies did

not allow for detection of potential transient effects following

SRC activation. Thus, we determined the temporal effects of

direct SRC activation on endothelial barrier function using the

RapR-kinase system (Chu et al., 2014; Karginov et al., 2014;

Klomp et al., 2016) in primary human pulmonary arterial endothe-

lial (HPAE) cells. RapR-Src construct contained Y527F mutation

(position corresponds to avian SRC), making it insensitive to

negative regulation by endogenous signaling. We found that

activation of SRC induced a transient increase in transendothe-

lial electrical resistance (Figures 1A and S1A), indicating reduc-

tion in endothelial permeability. Transendothelial resistance

decreased at later time points, demonstrating that prolonged

SRC activity increased permeability (Figures 1A and S1A), an

observation consistent with previous studies (Adam et al.,

2010). Interestingly, activation of LYN kinase, a close SRC homo-

log, did not induce transient barrier enhancement and only

increased endothelial permeability (Figures 1A and S1A),

indicating that SFK members induce distinct responses. RapR-

SRC and RapR-LYN were expressed at equivalent levels (Fig-

ures 1B and S1B-C). Both RapR-SRC and RapR-LYN activation

led to phosphorylation of known SFK targets (Figure 1B).

However, SRC activation led to faster phosphorylation of all

the evaluated endogenous substrates (Figures 1B and S1C).

To confirm that SRC activation can strengthen the endothelial

barrier, we used the fluorescein isothiocyanate (FITC)-dextran

Transwell endothelial permeability assay. We detected a pro-

nounced enhancement of the endothelial barrier consistent

with the electrical resistance data (Figure 1C). Rapamycin treat-

ment of cells expressing FRB alone had no effect on paxillin

phosphorylation as well as endothelial permeability (Figures

1A, 1C, S1A, and S1D), showing that the observed effect was
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due to activation of engineered SRC. To confirm that SRC in-

duces similar changes in other endothelial cell types, we also

tested the response in human umbilical vein endothelial cells.

We observed the same effect as in HPAE cells (Figure S1E).

The mechanism of SRC-mediated disruption of the endothelial

barrier has been studied extensively (Kim andWong, 1995; Orse-

nigo et al., 2012; Piedra et al., 2003; Vouret-Craviari et al., 2002;

Xu et al., 2004). However, the role of SRC in the strengthening of

the endothelial barrier is poorly understood. Thus, we focused

our further studies on dissecting the mechanism underlying

this function of SRC in endothelial cells.

SRC Activation Induces Accumulation of VE Cadherin at
Adherens Junctions
The endothelial barrier is tightly regulated by VE cadherin, and

the current model suggests that activation of SRC via numerous

external stimuli results in internalization of VE cadherin and

disruption of AJs (Dejana, 2004; Dejana and Orsenigo, 2013;

Gavard and Gutkind, 2006; Gavard et al., 2008). To assess

the initial effect of direct SRC activation on localization of VE

cadherin, we employed live-cell imaging of GFP-tagged VE cad-

herin. We observed no disruption of AJs following initial SRC

activation (Video S1, Figure 2A). Staining for endogenous VE

cadherin and p120-catenin (another component of AJs) also

demonstrated that the junctions remained intact at an early

time point (30 min following activation) and only disassembled

after prolonged SRC activation (Figure S2A). Furthermore, image

analysis revealed significant accumulation of endogenous VE

cadherin at AJs during barrier enhancement (Figures 2B, 2C,

and S2A). Rapamycin treatment of cells expressing FRB alone

showed no accumulation of VE cadherin at 30 min, demon-

strating that the effect was due to SRC activation (Figure 2C).

Thus, localization of VE cadherin mirrored the permeability

results with VE cadherin accumulating in AJs during early activa-

tion of SRC, and only being internalized following prolonged SRC

activation.

Activation of SRC Induces the Formation of Reticular
Adherens Junctions Exhibiting Reduced Local
Permeability
Staining for endogenous VE cadherin as well as live-cell imag-

ing of GFP-tagged VE cadherin revealed that barrier enhance-

ment was accompanied by an increase in AJ area and

broadening of AJs (Figures 2B, 2D, 2E, and S2A). VE cadherin

in the broader AJs was rearranged into distinct structures pre-

viously described as overlapping or reticular AJs (Cain et al.,

2010; Fernández-Martı́n et al., 2012; Seebach et al., 2015) (Fig-

ure 3A). We also observed reticular AJs in live cells (Figure 3B).

To determine whether the formation of broader reticular AJs

contributed to SRC-mediated enhancement of the endothelial

barrier, we assessed localized permeability of reticular and

linear AJs using the FITC-avidin permeability assay (Dubrovskyi

et al., 2013). We observed greater accumulation of FITC-avidin

under linear junctions than under reticular junctions, demon-

strating that linear junctions were leakier (Figures 3C and 3D).

Therefore, SRC activation induced VE cadherin accumulation

and rearrangement into broader reticular AJs that exhibited

reduced permeability and contributed to endothelial barrier

enhancement.



Figure 1. Effect of SRC Activation on the Permeability of the Endothelial Monolayer
(A) Transendothelial electrical resistance analysis of the HPAE cell monolayer. HPAE cells co-expressing cerulean-tagged RapR-SRC (SRC) and mCherry-FRB,

cerulean-tagged RapR-LYN (LYN) and mCherry-FRB, or mCherry-FRB alone (FRB only) were treated with rapamycin (500 nM) at time point 0. The graphs show

the average resistance of three independent experiments and 90% confidence intervals.

(B) Activation of RapR-SRC and RapR-LYN in HPAE cells. Cell lysates were collected at the designated time points and immunoblotted for the indicated proteins.

(C) Fluorescein-labeled dextran flux across the HPAE cell monolayer. HPAE cells co-expressing cerulean-tagged RapR-SRC andmCherry-FRB or mCherry-FRB

only were treated with rapamycin (500 nM) to activate RapR-SRC. FITC-Dextran flux was measured at the indicated time points before and after rapamycin

treatment. The graph shows the averages and standard deviations from four independent experiments. Significance was evaluated using a two-way ANOVAwith

repeated measures and a post hoc test with Bonferroni’s multiple comparisons correction ***p < 0.001, **p < 0.01. All exogenous proteins were expressed using

adenoviral transduction.

See also Figures S1A–S1E.
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Organization of Reticular Adherens Junctions
Since reticular AJs formed in areas of broad overlap between

two neighboring endothelial cells, we hypothesized that the

overlap was created by cell protrusions extending on top of or

underneath the adjacent cell. In concordance with this hypothe-

sis, we found that transient activation of SRC in confluent endo-

thelial cells induced a sustained increase of protrusive activity

with the highest activity coinciding with barrier enhancement

(Figure 3E and Video S2). Since membrane protrusions are

driven by actin polymerization and formation of cortical actin

meshwork (Bernheim-Groswasser et al., 2002; Mullins et al.,

1998), we evaluated the organization of the actin cytoskeleton
in reticular AJs. Structure illumination microscopy (SIM) analysis

and confocal microscopy revealed that F-actin formed reticular

structures directly underneath VE cadherin structures (Figures

3F–3H and S2B). The fact that the actin structures were mostly

formed under VE cadherin structures suggests that reticular

AJs are formed in the areas where the endothelial cell protrudes

underneath its neighbor.

Formation of a stable membrane protrusion is accompanied

by establishment of focal adhesions that anchor it to the extra-

cellular matrix (Deakin and Turner, 2008). SRC activation was

shown to induce the formation of focal adhesions (Karginov

et al., 2014). Thus, we evaluated the organization of focal
Cell Chemical Biology 26, 1–14, August 15, 2019 3



Figure 2. Effect of SRC Activation on VE Cadherin Localization

(A) Localization of overexpressed VE cadherin before and after RapR-SRC activation. HPAE cells expressing RapR-SRC-cerulean, mCherry-FRB, and VE cadherin-

GFP were imaged live. Representative wide-field images show VE cadherin-GFP distribution at the indicated time points before and after rapamycin addition.

(B andC) Accumulation of endogenous VE cadherin at cell-cell contacts following SRC activation. HPAE cells expressing RapR-SRC-cerulean andmCherry-FRB

or mCherry-FRB alone were treated with rapamycin (500 nM) for the designated amount of time, fixed, and stained for VE cadherin (Alexa 488). (B) Representative

wide-field images of endogenous VE cadherin before and 30 min after SRC activation. Images were taken using the same settings and adjusted to the same

levels of brightness/contrast to show the difference in the amount of VE cadherin at the junctions. (C) Relative average intensity of VE cadherin before and after

rapamycin treatment of cells expressing RapR-SRC and control cells (FRB only).

(D and E) Broadening of AJs following SRC activation. (D) HPAE cells expressing VE cadherin-GFP, co-expressing RapR-SRC-cerulean and mCherry-FRB were

imaged live using 3D-SIM. Images of the same region of AJs were taken at the indicated time points. (E) Change in AJ area following SRC activation. The relative

area of AJs was determined for samples in (B) as described in STAR Methods.

(C and E) Values are normalized to the median value for 0 min and analyzed using a blocked ANOVA, **p < 0.01, *p < 0.05 to compare across experiments.

Boxplots represent data quartiles. All exogenous proteins were expressed using adenoviral transduction.

See also Figure S2A.
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Figure 3. SRC-Mediated Formation and Structure of Reticular AJs

(A and B) Formation of reticular AJs following SRC activation. (A) HPAE cells expressing RapR-SRC-cerulean and mCherry-FRB were treated with rapamycin for

0 or 30 min and stained for endogenous VE cadherin (Alexa 488). Confocal images demonstrating the difference in the arrangement of VE cadherin at the

(legend continued on next page)
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adhesions in reticular AJs induced by activation of SRC. We

stained for endogenous VE cadherin and paxillin (focal adhesion

marker) at 30 min following activation of RapR-SRC (during the

barrier enhancement phase). We observed the formation of focal

adhesions at reticular AJs (Figure 4A). To gain insights into the

localization of paxillin and VE cadherin in these structures,

we employed interferometric photoactivation and localization

microscopy (iPALM). Assessment of the vertical distribution of

proteins relative to the coverslip surface revealed that a signifi-

cant fraction of VE cadherin overlapped with paxillin within broad

AJs (Figures 4B, 4C, and S2C). Immunoprecipitation of endoge-

nous VE cadherin revealed an increase in the amount of paxillin

associated with VE cadherin following SRC activation (Fig-

ure 4D). Thus, SRC-mediated reticular AJs come in close con-

tact with focal adhesions, and their formation is accompanied

by increased association of VE cadherin with paxillin.

SRC-induced formation of focal adhesion in membrane pro-

trusions may contribute to SRC-mediated enhancement of the

endothelial barrier. Our previous studies showed that R175L

mutation disrupts the SH2 domain of SRC and abolishes SRC-

mediated stimulation of new focal adhesions and membrane

protrusions (Karginov et al., 2014). Activation of the SH2 domain

mutant R175L-SRC in endothelial cells failed to induce

barrier enhancement (Figures 4E and S2D). Interestingly, even

though the R175L mutation does not affect the catalytic activity

of SRC (Karginov et al., 2014), we observed diminished

phosphorylation of endogenous paxillin, indicating that signaling

downstream of this mutant is perturbed (Figure S2E). Thus, inter-

actions of SRC mediated by its SH2 domain are important for

regulation of focal adhesion proteins and endothelial barrier

enhancement.

Role of SRC-Mediated VE Cadherin Phosphorylation in
Regulating the Endothelial Barrier
The current model suggests that SRC-mediated phosphoryla-

tion of VE cadherin disrupts its interaction with binding partners

p120-catenin and b-catenin (Potter et al., 2005) and thereby

negatively regulates AJs. Therefore, we investigated the role of

SRC-mediated VE cadherin phosphorylation in regulating inter-

actions with p120- and b-catenins and endothelial permeability.

Immunoprecipitation of endogenous VE cadherin from endothe-
junctions. Inserts show zoomed-in area of the image to demonstrate organization

FRB, and VE cadherin-GFP were imaged live using a three-dimensional SIM mi

treatment (500 nM).

(C and D) Localized permeability of linear and reticular AJs. HPAE cells were an

cell medium for 2 min; cells were then washed, fixed, and stained for endogenou

reflects its permeability. (C) Representative images of VE cadherin and FITC-avid

intensity of FITC-avidin was measured under 30 reticular (>4.5 mm wide) and 30

Results were collected from three independent experiments. A two-sample t test

data quartiles.

(E) Changes in protrusive activity of HPAE cells following activation of SRC. HPA

marker Stargazin-mVenus were imaged live every 2 min. Transient transfection w

green line). Protrusive activity was calculated and standardized to the average acti

the 90% confidence interval for each time point.

(F–H) Organization of reticular AJs. HPAE cells co-expressing RapR-SRC-cerulean

stained for endogenous VE cadherin (Alexa 488) and F-actin (Phalloidin-Alexa647

(G) Zoomed-in area from the indicated white square in (B). (H) Three-dimension

zoomed-in area in (C). Three-dimensional renderings were generated using IMA

duction unless notated otherwise.

See also Figure S2B and Video S2.
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lial cells revealed a substantial increase in phosphorylation of VE

cadherin as early as 15 min following SRC activation (Figure 5A).

However, co-immunoprecipitation experiments demonstrated

that VE cadherin phosphorylation did not disrupt interaction

with p120-catenin up to 4 h following SRC activation (Figures

S3A and S3B). We observed a small decrease in interaction

with b-catenin but only at later time points (Figures S3A and

S3B). Importantly, there was no change in the expression of VE

cadherin, p120-catenin, or b-catenin (Figure S3C). These data

are in agreement with previous observations (Adam et al.,

2010) showing that phosphorylation of VE cadherin is insufficient

to drive the dissociation of p120-and b-catenins, and phosphor-

ylation of VE cadherin alone is also insufficient to induce

permeability.

PhosphorylationofVEcadherin atY658,Y685,andY731 ispro-

posed to regulateAJs (Adamet al., 2010;Dejanaet al., 2008;Wal-

lez et al., 2006). Immunoprecipitation of endogenous VE cadherin

showed that phosphorylation of Y658 and Y731 saturated within

15–30 min following SRC activation, while phosphorylation of

Y685 gradually increased over time (Figures 5B and 5C). Speci-

ficity of the phospho-Y685 antibody used has been confirmed

previously (Orsenigo et al., 2012). Moreover, specificity of the

phospho-Y658 and –Y731 antibodies was verified by probing

Y658F and Y731F mutants of VE cadherin following SRC activa-

tion (Figure S3D). To determine whether phosphorylation of VE

cadherin is dependent on SRC activity we empolyed the use

of 1NA-PP1, an inhibitor that only targets engineered SRC con-

taining the T338A (as2) gatekeeper residue mutation (Klomp

et al., 2016). Inactivation of RapR-SRC-as2by 1NA-PP1 reversed

phosphorylation of VE cadherin, as well as, paxillin, and p130Cas

returning them to basal levels (Figures 5D, S4A, and S4B). This

further demonstrates that phosphorylation of analyzed proteins

was mediated by the activation of RapR-SRC. Activation of the

SH2 mutant R175L-RapR-SRC led to no significant change in

the phosphorylation of VE cadherin, confirming that the SH2

domain is required for proper signaling (Figures S4C).

The role of Y685 phosphorylation in barrier disruption has been

established (Wallez et al., 2006; Wessel et al., 2014). Our data

agree with the aforementioned role of Y685 phosphorylation.

SRC activation induced a gradual phosphorylation of Y685,

which coincided with SRC-mediated barrier disruption (Figures
of VE cadherin. (B) HPAE cells expressing RapR-SRC-cerulean-myc, mCherry-

croscope. The VE cadherin-GFP image was taken at 30 min post rapamycin

alyzed using a FITC-avidin permeability assay. FITC-avidin was added to the

s VE cadherin (Alexa 647). The amount of FITC-avidin detected at the junction

in. (D) Quantification of local FITC-avidin permeability. The average integrated

linear (<2.5 mm wide) AJs, designated by endogenous VE cadherin staining.

was used to compare the two types of junctions. *p < 0.05. Boxplots represent

E cells co-expressing RapR-SRC-cerulean, mCherry-FRB, and the membrane

as used to express Stargazin. Rapamycin was added at time point 0 (500 nM,

vity for each cell prior to rapamycin treatment (N = 30 cells). Error bars represent

andmCherry-FRBwere treatedwith rapamycin (500 nM) for 30min, fixed, and

). Immunofluorescence images were collected using a Nikon SIM microscope.

al representation of VE cadherin (green) and actin (purple) organization in the

RIS software. All exogenous proteins were expressed using adenoviral trans-



Figure 4. Organization of Focal Adhesions in Reticular AJs

(A) Presence of focal adhesions in reticular junctions. HPAE cells co-expressing RapR-SRC-cerulean andmCherry-FRBwere treated with rapamycin (500 nM) for

0 or 30 min, fixed, and stained for VE cadherin (Alexa 488) and Paxillin (Alexa 647) and imaged via confocal microscopy. Arrowheads indicate focal adhesions in

reticular junctions.

(B and C) Analysis of VE cadherin and paxillin organization in reticular junctions using iPALM. SRC was activated for 30 min in HPAE cells co-expressing RapR-

SRC-cerulean, FRB, and td-EOS-paxillin; fixed cells were stained for VE cadherin (Alexa 647) and imaged on an iPALM microscope. (B) Representative image

showing z (top image) and x-y projection (bottom image) of VE cadherin arranged in a reticular structure. (C) Distribution of paxillin (green) and VE cadherin (red) in

Z within overlapping reticular junctions (indicated by the white rectangle in B). The average relative abundance of VE cadherin and paxillin in Z was measured in

three distinct regions containing reticular junctions, four to six sub-regions were analyzed per region. Analyzed regions are shown in Figure S2C.

(D) Association of paxillin with VE cadherin following SRC activation. SRC was activated for the designated amount of time in HPAE cells co-expressing RapR-

SRC-cerulean and mCherry-FRB. VE cadherin was immunoprecipitated from cell lysates and immunoblotted with designated antibodies.

(legend continued on next page)
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1A, 5B, and 5C). Activation of LYN resulted in a more rapid accu-

mulation of Y685 phosphorylation, correlating with the lack of

barrier enhancement (Figures 1A, S4D, and S4E). Thus, we

focused on dissecting the role of VE cadherin Y658 and Y731

phosphorylation sites in SRC-mediated regulation of VE cadherin

localization and endothelial barrier function. We assessed SRC-

induced changes in localization using GFP-tagged wild-type

(WT) VE cadherin and VE cadherin Y658F and Y731F mutants

(Gonzalez et al., 2016). We observed that VE cadherin Y731F

mutant accumulated in the cytoplasm more rapidly following

SRC activation than WT VE cadherin (Figures 5E, S5A, and

S5B). However, we found less cytoplasmic accumulation of the

Y658F VE cadherin mutant following SRC activation compared

with WT VE cadherin (Figures 5E, S5A, and S5B). To determine

the role of these two phosphorylation sites in SRC-mediated

regulation of endothelial permeability, we expressed VE cadherin

Y658F and Y731F mutants as well as WT in endothelial cells and

evaluated changes in transendothelial electrical resistance

following SRC activation. Cells expressing WT VE cadherin and

Y658F mutant demonstrated SRC-mediated endothelial barrier

enhancement (Figures 5F, S5C, and S5D). However, cells ex-

pressing Y731F mutant did not exhibit transient enhancement

of the endothelial barrier (Figures 5F, S5C, and S5D). Thus, our

results show that SRC-mediated phosphorylation of VE cadherin

is insufficient to disrupt AJs, whereas phosphorylation of Y731 is

required for endothelial barrier enhancement.

Role of SRCActivity and VECadherin Phosphorylation in
Physiologically Stimulated Barrier Enhancement
The use of engineered RapR-SRC in endothelial cells identified

unique effects mediated by SRC, leading us to investigate the

role of SRC downstream of physiological stimuli. First, we eval-

uated the activation of SFKs downstream of sphingosine-1-

phosphate (S1P) and thrombin. S1P and thrombin both activate

SFKs but exert different effects on endothelial barrier (Birukova

et al., 2013; Huang et al., 2008). Our results confirmed these pre-

vious observations. S1P caused a rapid increase in SFK activity,

as assessed by phosphorylation of SRC on Tyr416 (Figure 6A).

Activation of SFKs was sustained for up to 2 h and accompanied

S1P-mediated enhancement of the endothelial barrier (Figures

6A, 6B, and S6A). Co-treatment with S1P and the SFK inhibitor

saracatinib reduced S1P-mediated endothelial cell barrier

enhancement (Figures 6B and S6A), showing that SFK activity

is required. Interestingly, challenge with thrombin caused activa-

tion of SFKs both during endothelial barrier disruption (1min) and

barrier recovery (30min and 2 h) (Figure 6C). Inhibition of SFKs at

15 min post thrombin treatment significantly reduced the recov-

ery of endothelial barrier function (Figures 6D and S6B). There-

fore, physiological stimuli activate SFKs not only upon barrier

disruption but also during barrier enhancement. Furthermore,

SFK activity is required for both efficient barrier enhancement

and recovery. This led us to ask whether acute activation of

SRC following thrombin disruption could enhance the rate of
(E) Role of the SRC SH2 domain in the regulation of the endothelial barrier.

RapR-SRC-R175L-cerulean (R175L, SRC SH2 mutant) and mCherry-FRB were a

added at time point 0. Graphs represent the average resistance and 90% confide

expressed using adenoviral transduction, except for td-EOS-paxillin, which was

See also Figures S2D–S2E.
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recovery. Indeed, we observed that activation of RapR-SRC

15 min after thrombin treatment facilitated barrier recovery (Fig-

ures 6E and S6C). Activation of RapR-LYN, however, did not

have a significant effect on barrier recovery (Figure 6F), again

demonstrating the distinct role of SFKs in endothelial barrier

regulation. Treatment of cells expressing FRB alone with rapa-

mycin did not affect barrier recovery, verifying that the observed

changes in endothelial barrier function were mediated by the

engineered kinase and not by rapamycin alone (Figure S6D).

Overall, these data demonstrate that activity of SFKs is required

for physiologically stimulated barrier enhancement and that

additional activation of SRC facilitates this process.

The inability of Y731F VE cadherin-expressing endothelial

cells to exhibit SRC-mediated barrier enhancement prompted

us to evaluate the role of this phosphorylation site in the context

of S1P-mediated barrier enhancement. Immunoprecipitation of

endogenous VE cadherin revealed a significant increase in VE

cadherin phosphorylation on Y731 following S1P treatment (Fig-

ure 7A). S1P treatment of cells expressing the Y731F mutant of

VE cadherin showed significantly reduced enhancement of the

endothelial barrier compared with cells expressing either the

WT VE cadherin or Y658F VE cadherin mutant (Figures 7B,

S6E, and S6F). Thus, our data show that phosphorylation of

Y731 on VE cadherin is required for S1P-mediated endothelial

barrier enhancement, confirming its role downstream of physio-

logical stimuli.

DISCUSSION

The endothelial barrier disruptive role of SRC kinase is an

accepted paradigm. However, recent studies have suggested

that activation of SRC and its family members do not always

lead to endothelial barrier disassembly (Birukova et al., 2013;

Han et al., 2013; Knezevic et al., 2009). Our results obtained

using an engineered system todirectly activateSRCdemonstrate

that SRC kinase can play a dual role in regulating AJs and endo-

thelial permeability. We propose an update to the existing model

for SRC-mediated regulation of the endothelial cell-cell interac-

tions and suggest a mechanism where activation of SRC regu-

lates the plasticity of AJs. SRCactivation in a time-variantmanner

regulates assembly or disassembly depending on the duration of

SRC activation, and the kinetics of distinct phosphorylation sites

results in opposite effects on the endothelial cell barrier.

In agreement with previous studies, our data demonstrate that

prolonged activation of SRC leads to disassembly of AJs at the

level of VE cadherin (Dejana and Orsenigo, 2013; Komarova

and Malik, 2010; Komarova et al., 2007; Lambeng et al., 2005;

Lilien and Balsamo, 2005; Lum and Malik, 1994; Orsenigo

et al., 2012). However, we also showed that the effect of acute

SRC activation is transient accumulation of VE cadherin in AJs

and reduction of barrier permeability (Figures 1A and 1D). This

phenomenon demonstrates that the short-term effects of SRC

activation are different from the changes induced by long-term
HPAE cells co-expressing RapR-SRC-cerulean (SRC) and mCherry-FRB or

nalyzed using transendothelial electrical resistance. Rapamycin (500 nM) was

nce interval from three independent experiments. All exogenous proteins were

transiently transfected.



Figure 5. The Role of VE Cadherin Phosphorylation in SRC-Mediated Regulation of the Endothelial Cell-Cell Junctions

(A–C) Phosphorylation of VE cadherin following activation of SRC. HPAE cells co-expressing RapR-SRC-cerulean and mCherry-FRB were treated with rapa-

mycin (500 nM) for the designated amount of time. Endogenous VE cadherin was immunoprecipitated and analyzed by western blot. (A) Total VE cadherin

tyrosine phosphorylation. (B and C) Phosphorylation of VE cadherin at specific tyrosine sites: Y658 (n = 6), Y685 (n = 5), and Y731 (n = 6). For each experiment,

(legend continued on next page)
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Figure 6. The Role of SRC Activation in the

Regulation of the Endothelial Barrier Medi-

ated by Physiological Stimuli

(A–C) (A) Activation of SFKs following S1P stimula-

tion. HPAE cellswere serumstarved (1 h) and treated

with 1 mM S1P. Cell lysates were collected at the

indicated time points and analyzed with the indi-

cated antibody. (A and C) Average relative phos-

phorylation was calculated from four independent

experiments. Significance was calculated using a

one-way ANOVA with Dunnett’s multiple compari-

sons correction, *p < 0.05, **p < 0.01; error bars

depict standard deviation. (B) The role of SFK activity

in S1P-mediated barrier enhancement. HPAE cells

were serum starved (1 h) and analyzed using

transendothelial electrical resistance; 1 mM S1P and

100 nM saracatinib or vehicle (DMSO) were added at

time point 0. (C) Activation of SFKs following stimu-

lation with thrombin. HPAE cells were serum starved

(1 h) and treated with 50 nM of thrombin. Cell lysates

were collected at the indicated time and analyzed

using the indicated antibody.

(D–F) (D) The role of SFK activity in barrier recovery

following thrombin treatment. HPAE cells were

serum starved (1 h) and analyzed using trans-

endothelial electrical resistance. Thrombin (50 nM)

was added at time point 0, and saracatinib

(100 nM, S) or vehicle (ethanol, V) was added 15 min

later. (E and F) Effect of SRC and LYN activation on

barrier recovery. HPAE cells co-expressing RapR-

SRC-cerulean and mCherry-FRB (E) or RapR-LYN-

cerulean and mCherry-FRB (F) were analyzed using

transendothelial electrical resistance. Thrombin

(50 nM) was added at time 0, and rapamycin

(500 nM) or vehicle (ethanol) (green line) was added

15 min later. All exogenous proteins were expressed

using adenoviral transduction. (B and D–F) Graphs

show an average resistance from three experiments,

and error bars depict the 90% confidence intervals.

See also Figures S6A–S6D.
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exposure to SRC activity. Thus, SRC induces a transient pheno-

type in endothelial barrier regulation, in agreement with the time-

variant effects of SRC activation in other cell types (Karginov

et al., 2014; Klomp et al., 2016). Prolonged activation of SRC

mimics its role in pathological states where SRC activity is

persistently elevated (Frame, 2002; Guo et al., 2013; Kim et al.,

2009, 2002; Liu and Senger, 2004; Mukhopadhyay et al.,

1995). Under physiological conditions relevant to activation of
all time points were normalized to the 4 h time point. Error bars represent standard

repeated measures and a post hoc test with a Bonferroni’s multiple comparison

(D) Inactivation of RapR-SRC resulted in a return to basal VE cadherin phosphory

with rapamycin (500 nM) for 60min, at which time either DMSO or the allele-specifi

collected at 90min post rapamycin treatment. VE cadherin was immunoprecipitate

and S4B.

(E) The role of Y658 and Y731 in VE cadherin localization. HPAE cells co-expre

construct (wild-type [WT], Y658F, or Y731F mutant) were imaged live and the amo

(500 nM) was added at 0 min time point. All values were normalized to the avera

show 90% confidence intervals.

(F) The role of VE cadherin phosphorylation on Y658 and Y731 in Src-mediate

cerulean, mCherry-FRB, and the indicated VE cadherin-GFP construct (WT, Y658

were treated with rapamycin (500 nM) at time 0. The graph represents the avera

confidence intervals. All exogenous proteins were expressed using adenoviral tr

See also Figures S5A–S5D.
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signaling pathways, however, SRC is activated for a defined

period (Vouret-Craviari et al., 2002). The transient effects we

observed upon activation of SRC may closer reflect physiolog-

ical function of the kinase.

Activation of SRC not only induces accumulation of VE cad-

herin at endothelial cell-cell contacts but also stimulates reorga-

nization of AJs into broader reticular structures. These reticular

AJs have been observed previously (Adam et al., 2010; Birukova
deviation. Statistical significance was evaluated using a two-way ANOVAwith

s test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

lation levels. RapR-SRC-cerulean-as2 and mCherry-FRB cells were activated

c inhibitor 1NA-PP1 (500 nM) was added for an additional 30min. Lysates were

d and probed for Y658, Y685, and Y731 phosphorylation. See also Figures S4A

ssing RapR-Src-cerulean, mCherry-FRB, and the indicated VE cadherin-GFP

unt of cytoplasmic VE cadherin was calculated for each time point. Rapamycin

ge cytoplasmic VE cadherin intensity prior to rapamycin treatment. Error bars

d regulation of the endothelial barrier. HPAE cells co-expressing RapR-Src-

F, or Y731Fmutant) were analyzed by transendothelial electrical resistance and

ge resistance from three independent experiments and error bars show 90%

ansduction.



Figure 7. The Role of VE Cadherin Phosphor-

ylation on Y731 Following S1P Treatment

(A) Phosphorylation of VE cadherin on Y731

following treatment with S1P. HPAE cells were

serum starved for 1 h and then treated with 1 mM

S1P. Cell lysates were collected at the indicated

time points, VE cadherin was immunoprecipitated,

and samples were analyzed for phospho-Y731-VE

cadherin and total VE cadherin. VE cadherin phos-

phorylation levels were normalized to time 0 to

obtain relative phosphorylation values. The average

relative phosphorylation was calculated from three

independent experiments; error bars depict stan-

dard deviation. Significance was determined via

one-way ANOVA with Dunnett’s multiple compari-

sons correction, *p < 0.05.

(B) The role of VE cadherin phosphorylation in

S1P-mediated endothelial barrier enhancement.

HPAE cells expressing indicated VE cadherin-GFP

construct (wild-type (WT), Y658F, or Y731F mutant)

were analyzed by transendothelial electrical resis-

tance. Cells were serum starved for 1 h and then

treated with S1P (1 mM) (0 min). The graph shows the average resistance from three independent experiments, and the error bars show 90% confidence intervals.

All exogenous proteins were expressed using adenoviral transduction.

See also Figures S6E and S6F.
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et al., 2007a, 2016b; 2016a; Cain et al., 2010; Tian et al., 2016),

but they have been characterized only recently (Fernández-

Martı́n et al., 2012; Wilson and Ye, 2014). They are formed by a

three-dimensional mesh-like network of VE cadherin at the inter-

face of two overlapping endothelial cells. It was proposed that

these junctions may exhibit reduced permeability compared

with linear AJs (Fernández-Martı́n et al., 2012). Our studies pro-

vide direct proof for this hypothesis and suggest a mechanism

for the formation of reticular AJs mediated by transient SRC acti-

vation. We observed that SRC-induced formation of membrane

protrusions created overlapping regions between two interact-

ing endothelial cells where VE cadherin rearranged into reticular

structures. Organization of VE cadherin could be guided by the

actin cytoskeleton as suggested by their striking overlap in retic-

ular AJs. Increased association between VE cadherin and the

focal adhesion protein paxillin and their overlap within reticular

AJs suggest that focal adhesions may also contribute to the

organization of reticular VE cadherin structures. Interestingly,

previous studies showed that barrier-enhancing factors, such

as SIP, induced association of paxillin with adherens junction

proteins and stimulated paxillin translocation to the cell periph-

ery (Birukova et al., 2007a; Dubrovskyi et al., 2012; Sun et al.,

2009). Furthermore, some of these studies also showed that

barrier enhancement was accompanied by the formation of VE

cadherin structures that closely resembled reticular AJs and

demonstrated that SFK activity was required for the endothelial

barrier reduction (Birukova et al., 2007a, 2007b). Our study

showed that SRC signaling pathways mediating membrane

protrusion and focal adhesion formation were critical for SRC-

mediated reduction in endothelial permeability. Overall, previous

reports and our study indicate that reticular AJs represent an

important physiological phenomenon mediated by transient

SRC activation that contributes to the regulation of endothelial

permeability.

SRC-mediated phosphorylation of VE cadherin and its role in

permeabilityhavebeenstudiedextensively (Adametal., 2010;De-
janaandOrsenigo, 2013;Dejanaet al., 2008;KomarovaandMalik,

2010; Komarova et al., 2007; Lambeng et al., 2005; Lilien and Bal-

samo, 2005; Lum and Malik, 1994; Orsenigo et al., 2012; Wessel

et al., 2014). However, several reports showed that VE cadherin

phosphorylation may not be exclusively barrier disruptive, and

different phosphorylation sites may mediate distinct effects on

cell-cell junctions. Recent reports showed that phosphorylation

ofY685didmediatean increase inendothelial permeability (Wallez

et al., 2006;Wessel et al., 2014),whereasphosphorylation ofY731

was not required for VEGF and histamine-induced vascular

permeability (Wessel et al., 2014). Our results correlate with

these data. Likewise, we found that phosphorylation of Y731

was required for SRC-mediated endothelial barrier enhancement.

Interestingly, under basal conditions, Y731was found to be phos-

phorylated in vivo, andphosphorylationof this sitewas required for

leukocyte transmigration (Wessel et al., 2014). Leukocyte transmi-

gration is mediated by platelet endothelial cell adhesion molecule

1 (PECAM-1) on endothelial cells (Muller, 2016;Muller et al., 1993),

and PECAM-1 was found to be accumulated in reticular AJs

(Fernández-Martı́n et al., 2012). It is tempting to speculate, based

on these results, that SRC-mediated phosphorylation of Y731

contributed to the formation of reticular junctions, which are

used as gateways for leukocyte transmigration but remain imper-

meable to solutes. Thus, our study has uncovered a role for Y731

phosphorylation on VE cadherin.

Physiological processes such as barrier enhancement and re-

covery, leukocyte transmigration, and angiogenesis require acti-

vation of SRC kinase but at the same time do not compromise

the regulation of fluid exchange by the endothelial barrier. Our

results may help to explain this phenomenon. SRC-mediated

stimulation of reticular VE cadherin structures and signaling

through phospho-Tyr731 on VE cadherin enables the formation

of dynamic AJs that retain their low permeability. This allows

endothelial cells to rearrange AJs during leukocyte transmigra-

tion or tip cell migration in angiogenesis without disrupting bar-

rier permeability. Further dissection of these signaling processes
Cell Chemical Biology 26, 1–14, August 15, 2019 11
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will allow identification of the pathways that play a barrier protec-

tive function downstream of SRC and separate them from the

barrier disruptive pathways. This will help in the development

of selective therapeutic approaches targeting vascular leakage

in inflammatory diseases.

SIGNIFICANCE

Despite an understanding of the function of SRC kinase in

endothelial cells, significant gaps remain in defining its role

in regulating the plasticity of cell-cell junctions. The present

study shows the value of using a chemical biology method

to identify a previously unrecognized function of SRC in regu-

lating AJs and the endothelial barrier. We also established

differences between SRC and its close homolog LYN,

demonstrating that despite high similarity between SFKs,

they play distinct roles in endothelial cells. Importantly,

mechanisms uncovered by engineered tools were confirmed

in physiologically stimulated endothelial cells, showing the

reliability of the approach in defining the biology of endothe-

lial cells. Further development of approaches that enable

activation of individual signaling cascades downstream of

SRC will enable identification of molecular pathways specif-

ically mediating barrier enhancement or disruption.
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anti-phospho-paxillin (Y118) Thermo Fisher cat. no. 44-722G; RRID: AB_2533733
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anti-cortactin (p80/85)

clone 4F11
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anti-phospho-cortactin (Y466) Abcam cat. no. ab51073
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anti-p130Cas BD Biosciences cat. no. 610272

RRID: AB_397667

anti-phospho-p130Cas (Y249) BD Biosciences cat. no. 558401

RRID: AB_647286

anti-SRC Cell Signaling cat. no. 2108; RRID: AB_10695298

anti-SRC Santa Cruz cat. no. 8056; RRID: AB_627306

anti-phospho-SRC family (Y416) Cell Signaling cat. no. D49G4; RRID: AB_10013641
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anti-mCherry Biovision cat. no. 5993-100;
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anti-GFP Clontech cat. no. 63238;1
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RapR-SRC-as2-cerulean-myc Adenovirus Klomp et al., 2016

RapR-SRC-cerulean-myc Adenovirus This Paper N/A

RapR-SRC-R175L-cerulean-myc Adenovirus This Paper N/A

RapR-LYN-cerulean-myc Adenovirus This Paper N/A

RapR-SRC-as2-mCherry-myc Adenovirus This Paper N/A

mCherry-FRB Adenovirus This Paper N/A

GFP(Y66S)-FRB Adenovirus This Paper N/A

VE cadherin-GFP Adenovirus Dr. William Muller (Northwestern
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Gonzalez et al., 2016

VE cadherin-GFP Y658F Adenovirus Dr. William Muller (Northwestern
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Gonzalez et al., 2016
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CyTM5 anti-rabbit Jackson ImmunoResearch
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Laboratories

cat. no. 705-545-003

RRID: AB_2340428

Alexa Fluor� 647 anti-goat Jackson ImmunoResearch
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RRID: AB_2340439

Alexa Fluor� 647 anti-mouse Jackson ImmunoResearch
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Rapamycin (CAS 53123-88-9) LC Laboratories cat. no. R5000

Saracatinib (CAS 379231-04-6) Santa Cruz cat. no. sc-364607

1-Naphthyl-PP1 (CAS 221243-82-9) Cayman cat. no. 10954

Fluorescein isothiocyanate-dextra Sigma-Aldrich cat. no. 46944

Gelatin Sigma-Aldrich cat. no. G2500

Phalloidin Alexa FluorTM 647 Thermo Fisher cat. no. A22287

RRID: AB_2620155
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HPAEC-Human Pulmonary Artery Endothelial cells

- Passage 6-8

Lonza cat. no. CC-2530

HUVEC-Human Umbilical Vein Endothelial cells

- Passage 6-8

Lonza cat. no. C2517A

Oligonucleotides

NotI-XFP FWD

5’- atatatGCGGCCGCatggtgagcaagggcgagga -3’

This Paper N/A

FRB-EcoRV REV

5’- atatatGATATCttaactagtctttgagattc -3’

This Paper N/A

Recombinant DNA

RapR-LYN-cerulean-myc plasmid This Paper N/A

RapR-SRC-cerulean-myc plasmid Karginov et al., 2014

RapR-SRC-as2-cerulean-myc plasmid Klomp et al., 2016

RapR-SRC-as2-mCherry-myc plasmid Klomp et al., 2016

RapR-SRC-R175L-cerulean-myc plasmid Karginov et al., 2014

mCherry-FRB plasmid Karginov et al., 2014

Y66S-GFP-FRB plasmid This Paper

pShuttle vector Addgene Plasmid no. 16402

mEos2-Paxillin-22 Addgene Plasmid no. 57409

Stargazin-mVenus Klomp et al., 2016

Software and Algorithms

Metamorph Image Analysis Software https://www.moleculardevices.com/products/

cellular-imaging-systems/acquisition-and-

analysis-software/metamorph-microscopy#gref

Imaris Image Analysis Software http://www.bitplane.com/

GraphPad Prism Software www.graphpad.com

FIJI - ImageJ

CellGeo software Schindelin et al., 2012

MovThresh software Tsygankov et al., 2014

ProActive software Tsygankov et al., 2014

PeakSelector Sage et al., 2015
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell Culture, Transfection, and Infection
HPAEC-Human Pulmonary Artery Endothelial Cells (Lonza, cat. no. CC-2530; gender = female) and HUVEC-Human Umbilical Vein

Endothelial cells (Lonza, cat. no. C2517A; gender = female) were grown in EGMTM-2 BulletKitTM (Lonza, cat. no. CC-2162) with 10-%

FBS at 37�C and 5%CO2. Low passage cells were purchased from Lonza, amplified and frozen at passage 5, and subsequently used

for experiments between passages 6 and 8. Cells were grown on surfaces coated with 0.2%gelatin (plastic dishes and electrodes) or

0.2%gelatin and fibronectin (5mg/L) when plated on glass coverslips. Stargazin-mVenus transfectionswere done on cells at 70-80%

confluency using Fugene 6 reagent (Promega Corporation, cat. no. E2691) according to manufacturer’s protocol; experiments were

performed 24 hours after transfection. The transfection ofmEOS-paxillin was done using electroporation. Trypsinized cells were spun

at 300 x g for 5 minutes, rinsed with PBS, spun for another 5 minutes, and resuspended in Optimem. Sheared salmon DNA (ssDNA)

(Thermo Fisher cat. no. 15632011) (10 mg) was combined with mEOS-paxillin (1 mg) and 2x106 cells in a total of 200 ml Optimem, and

subsequently incubated with on ice for 5 minutes. The transfection/cell mixture was then transferred to a 4mm cuvette and electro-

porated using a BioRad Gene Pulser XcellTM with the following settings: 190 V, 950 mF, infinity. For adenoviral infections, cells were

exposed to the virus for 24 hours prior to experiments.

METHOD DETAILS

Plasmids and Adenoviruses
Previously described Stargazin-mVenus DNA plasmid construct (Klomp et al., 2016) was used for transient transfection. Adenoviral

VE cadherin constructs were a gift from Dr. William Muller (Northwestern University). RapR-LYN-cerulean-myc DNA construct was

produced from RapR-LYN-GFP-myc (Chu et al., 2014) by site-directed mutagenesis as described (Karginov and Hahn, 2011; Ray

et al., 2017). To generate adenoviral constructs, RapR-SRC-cerulean-myc (Karginov et al., 2014), RapR-SRC-as2-mCherry-myc

(Klomp et al., 2016), RapR-SRC-as2-cerulean-myc (Klomp et al., 2016), RapR-SRC-R175L-cerulean-myc, RapR-LYN-cerulean-

myc, and mCherry-FRB genes (Ray et al., 2017) were cloned into a pShuttle plasmid obtained from Addgene (Plasmid no.

16402). The RapR-SRC-as2 constructs contain Threonine 338 to Alanine mutation making them sensitive to the allele specific

inhibitor 1NA-PP1 (1-Naphthyl-PP1). To clone mCherry-FRB and Y66S-GFP-FRB (colorless) into pShuttle vector, mCherry-FRB

and Y66S-GFP were amplified from mCherry-FRB (Karginov et al., 2014) and iPEP-Y66S-GFP-FRB (Klomp et al., 2016) constructs

using NotI-XFP FWD and FRB-EcoRV REV primers and cloned into pShuttle vector using NotI and EcoRV restriction sites. RapR-

kinase genes were excised from their parental vectors using XhoI and HindIII restriction enzymes and cloned into pShuttle vector

using the same restriction sites for ligation. VE cadherin GFP constructs (WT, Y658F, and Y731F) were generated as described

previously (Gonzalez et al., 2016). Adenovirus production and amplification was done in collaboration with Dr. Jody Martin (Vector

Core Facility at University of Illinois – Chicago). mEos2-paxillin-22 DNA construct was obtained from Addgene (Plasmid no.

57409). Adenoviruses for RapR-SRC, FRB, and VE cadherin were used for all over-expression studies. Stargazin and mEos2-

paxillin-22 were transiently transfected into cells.

Antibodies and Chemical Reagents
The following antibodies were used: anti-GAPDH (Ambion, cat. no. AM4300), anti-mCherry (Biovision, cat. no. 5993-100), anti-GFP

(Clontech, cat. no. 632381), anti-paxillin (BD Biosciences, cat. no. 610568), anti-phospho-paxillin (Y118) (Invitrogen, cat. no.

44-722G), anti-phosphotyrosine (4G10) (Millipore, cat. no 05-321), anti-cortactin (p80/85) (Millipore, cat. no. 05-180), anti-phos-

pho-cortactin (Y466) (Abcam, cat. no. ab51073), anti-p130Cas (BD Biosciences cat. no. 610272), anti-phospho-p130Cas (Y249)

(BD Biosciences, cat. no. 558401), anti-FAK (Cell Signaling, cat. no. 3285), anti-phospho-FAK (Y576/577) (Cell Signaling cat. no.

3281), anti-VE cadherin (Santa Cruz, cat. no. sc-6458), anti-phospho-VE cadherin (Y658) (Thermo Fisher, cat. no. 44-1144G), anti-

phospho-VE cadherin (Y731) (Thermo Fisher, cat. no. 44-1145G), anti-phospho-VE cadherin (Y685) was a gift from the laboratory

of Dr. Elisabetta Dejana (IFOM), anti-b-catenin (Santa Cruz, cat. no. 1496), anti-SRC (Santa Cruz, cat. no. 8056), anti-SRC (Cell

Signaling cat. no. 2108), anti-phospho-SRC family (Y416) (Cell Signaling cat. no. D49G4), anti-P120-catenin (Santa Cruz, cat. no.

sc-1101), phalloidin Alexa FluorTM 647 (Thermo Fisher, cat. no. A22287), CyTM5 anti-rabbit (Jackson ImmunoResearch Laboratories,

cat. no. 711-175-152), Alexa Fluor� 488 anti-goat (Jackson ImmunoResearch Laboratories, cat. no. 705-545-003), Alexa Fluor�
647 anti-goat (Jackson ImmunoResearch Laboratories, cat. no 705-607-003), and Alexa Fluor� 647 anti-mouse (Jackson

ImmunoResearch Laboratories, cat. no 715-605-151). The following reagents were used: Protein G-coupled agarose beads

(Millipore, cat. no. IP04-1.5ML), Rapamycin (LC Laboratories, cat. no. R5000) Leupeptin hemisulfate (Gold Biotechnology, cat. no.

L-010-5), and Aprotinin (Gold Biotechnology, cat. no. A-655-25), PierceTM BCA Protein Assay Kit (Thermo Fisher, cat. no. 23225),

Fluorescein isothiocyanate-dextra (Sigma-Aldrich cat. no. 46944), D-erythro-sphingosine-1-phosphate (Avanti Polar Lipids, cat.

no. 860492), 1-NA-PP1 (1-Naphthyl-PP1) (Cayman, cat. no. 10954), Human Alpha Thrombin (Factor IIa) (Enzyme Research Labora-

tories, cat. no. HT1002a), Fluorescein isothiocyanate-avidin (Invitrogen, cat. no. 43-4411), gelatin (Sigma-Aldrich cat. no. G2500),

Salmon Sperm DNA Solution (Thermo Fisher cat. no. 15632011), Saracatinib (Santa Cruz, cat. no. sc-364607), 2X Laemmli Buffer

(Bio Rad 1610737), and donkey serum (Jackson ImmunoResearch, cat. no. 017-000-121).
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TRANS-ENDOTHELIAL ELECTRICAL RESISTANCE MEASUREMENTS

Trans Electrical Resistance (TER) assays (Figures 1A, 4E, 5F, 6B, 6D, 6E, 6F, 7B, S1A, S1E, S2D, S5C, S6A–S6E) were performed as

follows. Cells were plated on 0.2% gelatin-coated 8W10E+ electrodes (Applied Biophysics) overnight at 37�C. Changes in electrical

resistance were measured at an impedance of 4000 Hz and a constant voltage using an Electric Cell Substrate Impedance Sensing

system (Applied Biophysics). Cell lysates were prepared in parallel for all cells to verify expression of exogenous constructs and

activation of RapR-SRC (WT and R175L) and RapR-LYN constructs via rapamycin when appropriate.

Live Cell Imaging
HPAE cells were plated on glass coverslips, coated overnight at 37�Cwith 0.2%gelatin and fibronectin (5mg/L), for 24 hours (Figures

2A, 2D, 3B, 3E, 5E, S5A, and S5B, and Videos S1 and S2). For the VE cadherin wide-field imaging (Figures 2A, 5E, S5A, and S5B, and

Video S1), HPAE cells were infected with adenoviruses expressing RapR-SRC-cerulean/RapR-SRC-as2-cerulean, mCherry-FRB,

and the indicated VE cadherin-GFP construct. For the protrusive activity imaging (Figure 3E and Video S2), cells were infected

with adenoviruses expressing RapR-SRC-cerulean and mCherry-FRB, and 4 hours later cells were transfected with Stargazin-mVe-

nus using Fugene6 (Promega Corporation, cat. no. E2691). HPAE cells evaluated via live cell 3D-SIM (Figures 2D and 3B) were

infected with adenoviruses expressing RapR-SRC-as2-mCherry, GFP(Y66S)-FRB (colorless), and VE cadherin-GFP. For both

wide-field and 3D-SIM imaging, coverslips were placed into an Attufluor Cell Chamber (Invitrogen, cat. no. A78-16) with Leibovitz

(L-15) medium (Sigma Aldrich, cat. no. L1518-500mL) supplemented with 5% FBS. Imaging in all cases was performed 24 hours

post adenovirus infections.

Samples were imaged either via wide-field or 3D-SIM. Wide-field imaging was done using an Olympus IX-83 microscope

controlled by Metamorph software and equipped with a heated stage (Warner Instruments), PlanApo N 60x TIRFM objective

(oil, NA 1.45), Xcite 120 LED (Lumen Dynamics) light source, and Image EMX2 CCD (Hamamatsu) camera. HPAE cells were imaged

live every 2 min with the following filter sets: YFP (excitation 514/10, emission 540/30), CFP (excitation 455/10, emission 485/30), and

mCherry (excitation 572/35, emission 632/60). VE cadherin-GFP constructs were imaged using the YFP filter set to separate from

cerulean tagged RapR-SRC-cerulean/RapR-SRC-as2-cerulean. Live cell 3D-SIM imaging was collected every 5 minutes and per-

formed as described (Shao et al., 2011) at Janelia Research Center Advanced Imaging Facility. Samples were maintained at 37�C
and 5% CO2 using a stage-top incubator (H301, Okolabs, Naples, Italy). Excitation patterns were produced using a phase-only

spatial light modulator (Bolder Vision Optik, BVO AHWP3). A mask system was employed to select the 0 and ±1 diffraction orders

which were then focused onto the back focal plane of a Zeiss Plan-Apochromat 3 100 1.46 NA objective. Optimal interference

contrast was achieved in the sample, by rotation of the polarity of the light to match the angle of the pattern using a liquid crystal

variable retarder (LC, Meadowlark, SWIFT) and wave plates. Interference filters were used to collect the emissions and a pair of

sCMOS cameras (Hamamatsu, Orca Flash 4.0 v2 sCMOS) were used to collect images. Raw image sets were reconstructed as

described (Gustafsson et al., 2008).

Immunofluorescence
HPAE cells (Figures 2B, 2C, 2E, 3A, 3F–3H, 4A, and S2A, and S2B) were plated on glass coverslips, coated overnight at 37�C with

0.2% gelatin and fibronectin (5 mg/L), for 24 hours. Cells were then infected with adenoviruses expressing RapR-SRC-cerulean/

RapR-SRC-as2-cerulean and mCherry-FRB for 24 hours prior to treatment. Following treatment, cells were fixed with 4% parafor-

maldehyde, permeabilized with 0.5% Triton X-100, blocked in 20% donkey serum and 2% Bovine Serum Albumin (BSA). Samples

were incubated with the designated primary antibodies (1:100) in 10% donkey serum and 1%BSA for 1 hour at room temperature or

overnight at 4�C and then in secondary antibodies (1:200) in 0.5% BSA for 45 minutes. For samples with F-actin staining, Phalloidin

Alexa FluorTM 647 (Thermo Fisher, cat. no. A22287) was added at a 1:200 dilution during the final 20 minutes of secondary staining.

Prepared coverslips were mounted on glass slides using Fluoromount-GTM (Southern Biotech, cat. no. 0100-01). Fixed and stained

samples were imaged using wide-field, confocal, or via Structured Illumination Microscopy (SIM). Figure legends describe what type

of microscopy was used. Wide-field images were collected using an Olympus IX-83 microscope with a PlanApo N 60X TIRFM objec-

tive (oil, NA 1.45) or UPlanSAPO 40X (silicon oil, NA 1.25) objective. Confocal images were collected on a Zeiss 880 equipped with a

PlanApo 63X (oil, NA 1.4) objective. SIM images were collected on a Nikon N-SIM microscope with a CFI Apochromat TIRF 60X

objective (oil, NA 1.49). Images were processed using FIJI (Schindelin et al., 2012), Metamorph, and IMARIS software. The programs

used are indicated in the appropriate figure legends or specific analysis description below.

For using interferometric photoactivation and localization microscope (iPALM) (Shtengel et al., 2009) imaging (Figures 4B, 4C, and

S2C), HPAE cells were transfected with mEOS-paxillin via electroporation, then 16 hours post transfection cells were plated on a

25 mm diameter coverslips containing gold nanorod fiducial markers coated with 0.2% gelatin and fibronectin (5 mg/L). Once cells

were allowed to attach (8 hours later), they were infected with adenoviruses expressing RapR-Src-cerulean-as2 and Y66S-GFP-FRB

for 24 hours. Cells were mounted in dSTORM imaging buffer (Jones et al., 2011), and illuminated with 647nm excitation

(for Alexa Fluor 647 imaging) or 561nm excitation (mEOS imaging), with power intensities of 1-3 kW/cm2. Low power 405nm laser

(2-10 W/cm2) was used to photoconvert mEOS molecules. Interference images were collected using two Nikon 60x APO TIRF (oil

NA 1.49) objectives and recorded using Andor iXon (DU-897) EMCCD cameras as described by Shtengel et al., 30,000-60,0000

frames were captured at 30-50ms exposure for each image channel, and subjected to localization analysis, channel registration,

and image rendering using custom software (PeakSelector) developed at Janelia Research Campus (Sage et al., 2015).
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Endothelial Permeability Assay Using FITC-Avidin
Assessment of endothelial permeability using FITC-Avidin (Figures 3C and 3D) was performed as previously described (Dubrovskyi

et al., 2013). Preparation of gelatin conjugated with biotin was carried out following previously described protocol (Dubrovskyi et al.,

2013). HPAE cells were plated for 48 hours on sterilized glass coverslips coated with biotinylated gelatin. Cells were treated with

FITC-avidin (1:200) for 2 minutes. Coverslips were quickly fixed with pre-warmed 4% formaldehyde and stained for endogenous

VE cadherin using Alexa647-conjugated secondary antibody. Images of VE cadherin-Alexa647 and FITC-Avidin were collected using

Olympus IX-83 microscope with a PlanApo N 60x TIRFM objective (oil, NA 1.45) and analyzed using Metamorph software.

Cell Lysate Preparation and Immunoprecipitation
All protein samples (Figures 1B, 4D, 5A–5D, 6A, 6C, 7A, S1B–S1D, S2E, S3A–S3D, S4B–S4E, S5D, and S6F) were collected in lysis

buffer (20 mMHEPES-KOH, pH 7.8, 50mMKCl, 100mMNaCl, 1 mMEGTA, 1%NP40, 1mMNaF, 0.1mMNa3VO4, 0.033% ethanol,

aprotinin 16 mg/ml, and Leupeptin hemisulfate 3.2 mg/mL), and centrifuged at 4,000 rpm, 4�C, for 10 minutes. Cleared protein sam-

ples were quantified via PierceTM BCA Protein Assay Kit (Thermo Fisher, cat. no. 23225). Equivalent protein amounts were then

combined with in 2X Sample Laemmli Buffer + 2% 2-Mercaptoethanol (Figures 1B, 5D, 6A, 6C, S1B–S1D, S2E, S3C, S4C, S4D,

S5D, and S6F) or used for immunoprecipitation (Figures 4D, 5A–5D, 7A, S3A, S3B, S3D, and S4B–S4E). For immunoprecipitation,

protein G-conjugated agarose beads (Millipore, cat. no. IP04-1.5ML) were incubated with the antibody targeting immunoprecipitated

protein at 4�C for 1 hour in lysis buffer + 20 mg/ml BSA. Subsequently, beads were washed with lysis buffer prior to adding cleared

cell lysates. Lysates were incubated with the antibody/bead complex for 1.5 hours at 4�C. Beads were washed with the wash Buffer

(20 mM Tris-HCl, 1 mM DTT, 40 mM NaCl, 30 mM MgCl2, 1 mM NaF, 0.1 mM Na3VO4, 0.033% ethanol, aprotinin 16 mg/ml, and

Leupeptin hemisulfate 3.2 mg/mL) and then re-suspended in 2X Sample Laemmli Buffer + 2% 2-Mercaptoethanol.

FITC-Dextran Endothelial Permeability Assay
HPAE cells were plated on Transwells (Corning Inc, cat. no. 353495) for 48 h (Figure 1C). To test for construct(s) expression, an equal

number of cells/cm2 was plated on a tissue culture plate, from which cell lysates were collected and analyzed by Western Blot. Cells

were infected with RapR-SRC-as2-cerulean-myc and mCherry-FRB or mCherry-FRB alone for 24 hours. Cells in the Transwell plate

were treated with rapamycin (500 nM) for the designated time. Dextran (400 mg/ml, 40 kDa) labeled with FITC (25 ml) was added to the

top chamber (containing 500 ml of media) 15 min prior to sample collection. Aliquots from both the top and bottom chambers were

collected and the amount of FITC fluorescence was measured in duplicates. Fluorescence signal from the lower chamber was

divided by the signal from the upper chamber. Values for each condition were normalized to their respective time 0. The average

and standard deviation from 3 independent experiments were calculated. Significance was evaluated using a two-way ANOVA

with repeated measures and a post-hoc test with a Bonferroni’s multiple comparisons test.

QUANTIFICATION AND STATISTICAL ANALYSIS

Trans-Endothelial Electrical Resistance Measurements
The TER graphs in Figures 1A, 4E, 5F, 6B, 6D–6F, 7B, and S6D all show the average resistance and 90% confidence interval. SI

Figures: S1A, S1E, S2D, S5C, S6A–S6C, and S6E all show the average relative resistance and standard deviations. The average

relative resistance was calculated by dividing the values post treatment value via its respective 0 value. All TER experiments were

done in triplicate with 3 independent biological replicates. Statistical significance between average relative resistance was evaluated

via a two-way ANOVA with repeated measures and a post-hoc test with a Bonferroni’s multiple comparisons adjustment (SI Figures:

S1A, S2D, S5C, S6A–S6C, and S6E).

Image Analysis
VE cadherin average intensity and area of AJs (Figures 2C and 2E) were analyzed using Metamorph software. First, a mask of the

nucleus was made and dilated by 6.7 mm. This was then subtracted from the VE cadherin image to remove the perinuclear accumu-

lation of VE cadherin. Next, a binarymask of the AJswas generated using the VE cadherin signal. The average intensity of VE cadherin

wasmultiplied by binary mask to calculate the average intensity in the AJs. This value was divided by the total average intensity of the

original unmodified image. The average intensity of VE cadherin and standard deviation were then normalized by themedian value for

the 0 min time point to calculate the average relative intensity. The binary mask of the VE cadherin in the AJs was also used to

calculate the average area of VE cadherin. The average area and standard deviation were then normalized to the median value

for 0 min time point to calculate the average relative area. The following number of fields of view were analyzed: 62 fields of view

from 3 independent experiments for each treatment timepoint were analyzed for FRB only expressing cells; 85 fields of view from

4 independent experiments for each treatment timepoint were analyzed for RapR-SRC and FRB expressing cells. A blocked-ANOVA

test was used to compare 0 and 30 min samples for each condition.

iPALM images (Figures 4C and S2C) were analyzed using the PeakSelector software package developed at Janelia Research

Campus (Sage et al., 2015). The axial distributions of VE cadherin and paxillin were each measured relative to the z-location of

the gold nanorod fiducial markers embedded in the coverslip. The molecule counts for both proteins were normalized to a
Cell Chemical Biology 26, 1–14.e1–e6, August 15, 2019 e5



Please cite this article in press as: Klomp et al., Time-Variant SRC Kinase Activation Determines Endothelial Permeability Response, Cell Chemical
Biology (2019), https://doi.org/10.1016/j.chembiol.2019.04.007
maximum of 1. The amount of total VE cadherin and paxillin was summed from 4-6 areas within each region of interest (ROI).

The average of 3 ROIs and the SEM were calculated and graphed as the average amount of VE cadherin and paxillin versus

axial position in the sample.

Changes in protrusive activity (Figure 3E) were calculated as previously described (Karginov et al., 2014). In brief, Stargazin-

mVenus construct was used to label the cell plasma membrane. Cells expressing Stargazin-mVenus and the adenovirus constructs

(RapR-SRC-cerulean-myc and mCherry-FRB) were selected using epifluorescence imaging. Cells were only imaged if they were in a

confluent monolayer. Time-lapse videos (N= 30 cells) were generated by collecting images every 2 min. Analysis was performed

using Metamorph and CellGeo software (Tsygankov et al., 2014). Stargazin-mVenus images were used to create a binary mask of

a cell via MovThresh software (Tsygankov et al., 2014). Protrusive activity (the sum of areas which undergo local extensions between

consecutive video frames) was analyzed using ProActive software (Tsygankov et al., 2014). To determine the change in protrusive

activity, the protrusive activity at a given time point was divided by the average protrusive activity prior to rapamycin treatment.

The average and 90% confidence interval for each time point of all cells treated in the same conditions was calculated.

For the comparison of FITC-Avidin between reticular and linear AJs (Figure 3D) the VE cadherin channel was used to designate

reticular AJs (>4.5 mm wide) and linear AJs (<2.5 mm wide). The total integrated intensity of the FITC-Avidin was measured directly

underneath the two types of AJs. The average total integrated intensity and standard deviation for each type of junction was

calculated. For each AJ type 30 regions of interest from 3 independent experiments were measured. An equal number of reticular

and linear junctions were imaged from each sample preparation. A t-test was used to compare the two types of AJs across

experiments.

The analysis of VE cadherin accumulation in AJs in live HPAE cells (Figures 5E and S5A, and S5B) was analyzed as follows:

Metamorph software was used to create a binary mask of the cell cytoplasm using mCherry-FRB image for each time point.

mCherry-FRB localizes diffusely through the cell cytoplasm and is mostly absent from AJs. The cytoplasm binary mask was then

multiplied by the VE cadherin YFP image for the corresponding time point. The resulting image was used to calculate the average

intensity of VE cadherin in the cytoplasm. This value was divided by the average intensity of the total VE cadherin image, producing

the relative average intensity of cytoplasmic versus total VE cadherin for each time point. The relative intensity for each time point was

divided by the average value for the frames prior to rapamycin treatment, providing the normalized cytoplasmic VE cadherin signal.

The following number of fields of view from 3 independent experiments were imaged for each VE cadherin construct: Wild-Type

N=15, Y658F N=21, and Y731F N=28. For each VE cadherin construct, the average normalized cytoplasmic VE cadherin signal

and the 90% confidence intervals were calculated for each time point. A two-way ANOVA with repeated measures and a post-

hoc test with a Bonferroni’s multiple comparisons test was used for statistical analysis.

Protein Expression and Phosphorylation Analysis
Western blot band intensities were analyzed using FIJI (Schindelin et al., 2012). All phosphorylation intensities were standardized

to their appropriate total protein levels by dividing the signal intensity for the phospho-specific antibody in the sample by the signal

intensity for antibody recognizing total analyzed protein in the sample. For comparing the ability of SRC and LYN to phosphorylate a

panel of endogenous substrates (Figure 1B and S1B, and S1C) all normalized phosphorylation values were standardized to the

appropriate 4 h RapR-SRC value. Averages from 4 independent experiments were evaluated by a two-way ANOVA with repeated

measures and a post-hoc test with a Bonferroni’s multiple comparisons test was used to compare the averages of all time points,

except 4 h between SRC and LYN induced phosphorylation changes. A Wilcoxon-Mann-Whitney test was used to compare the

4 h time points between SRC and LYN. In the experiments assessing the effect of SRC and LYN activation on VE cadherin phosphor-

ylation (Figures 5A–5C and S4C–E), the basal level of VE cadherin phosphorylation was undetectable for some of the phosphorylation

sites. Thus, all normalized phosphorylation values were standardized to the 4 h phosphorylation signal for each experiment, setting

the 4 h value to 100%. An average of 3 experiments for LYN and 5 for SRC experiments were calculated and a two-way ANOVA with

repeated measures and a post-hoc test with a Bonferroni’s multiple comparisons test were used to compare the averages of all time

points, except 4 h, to time 0. For reversal of SRC activation with 1NA-PP1 (Figures 5D and S4B) the vehicle treated and rapamycin/

1NA-PP1 treated values were standardized to the rapamycin/vehicle phosphorylation level for each phospho-site. A two-sample

T-Test was used to compare the vehicle treated to the rapamycin/1NA-PP1 treated samples from an average of 3 independent

experiments. Relative co-immunoprecipitation (percent) of p120-catenin and b-catenin with VE cadherin (Figures S3A and SB)

was determined by dividing the amount of each catenin in the immunoprecipitation sample by the amount of VE cadherin in the

same sample for the corresponding time point. All time points for each experiment were then normalized to time 0 and time

0 was set to 100%. The average and standard deviation of 4 independent experiments was determined and a one-way ANOVA

with repeated measures and a post-hoc test with a Dunnett’s multiple comparisons test. For S1P and a-thrombin treatments

(Figures 6A, 6C, and 7A) all time points were standardized to time 0 and time 0 was set at 100%. The average and standard deviation

for each time point was calculated for 3-4 independent experiments. Data was analyzed using a one-way ANOVA with a Dunnett’s

multiple comparisons test to compare each time point to time 0.

Statistical Tests
All statistical analyses were performed using GraphPad (GraphPad Software Inc, www.graphpad.com). Nomethodswere applied for

determining whether the data met assumptions of the statistical approach.
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