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Abstract

Although numerous studies have implicated Akt and Src kinases in vascular endothelial growth 

factor (VEGF) and Angiopoietin-1 (Ang-1)-induced endothelial-barrier regulation, a link between 

these two pathways has never been demonstrated. We determined the long-term effects of Akt 

inhibition on Src activity and vice versa, and in turn, on the human microvascular endothelial cell 

(HMEC) barrier integrity at the basal level, and in response to growth factors. Our data showed 

that Akt1 gene knockdown increases gap formation in HMEC monolayer at the basal level. 

Pharmacological inhibition of Akt, but not Src resulted in exacerbated VEGF-induced vascular 

leakage and impaired Ang-1-induced HMEC-barrier protection in-vitro at 24 hours. Whereas 

inhibition of Akt had no effect on VEGF-induced HMEC gap formation in the short term, 

inhibition of Src blunted this process. In contrast, inhibition of Akt disrupted the VEGF and Ang-1 

stabilized barrier integrity in the long-term while inhibition of Src did not. Interestingly, both long-

term Akt inhibition and Akt1 gene knockdown in HMECs resulted in increased Tyr416 

phosphorylation of Src. Treatment of HMECs with transforming growth factor-β1 (TGFβ1) that 

inhibited Akt Ser473 phosphorylation in the long-term, activated Src through increased Tyr416 

phosphorylation and decreased HMEC-barrier resistance. The effect of TGFβ1 on endothelial-

barrier breakdown was blunted in Akt1 deficient HMEC monolayers, where endothelial-barrier 

resistance was already impaired compared to the control. To our knowledge, this is the first report 

demonstrating a direct cross-talk between Akt and Src in endothelial-barrier regulation.

Keywords

Akt; Src; vascular permeability; endothelial-barrier; VE-cadherin

#Corresponding Author: Payaningal R. Somanath Ph.D., FAHA, Associate Professor and Director, Clinical and Experimental 
Therapeutics, College of Pharmacy, University of Georgia, HM1200 – Augusta University, Augusta, GA 30912, Phone: 
706-721-4250; Fax: 706-721-3994, sshenoy@augusta.edu.
*Equal contribution

Conflict of Interest: The authors declare that no conflict of interest exists.

HHS Public Access
Author manuscript
J Cell Physiol. Author manuscript; available in PMC 2018 October 01.

Published in final edited form as:

J Cell Physiol. 2017 October ; 232(10): 2599–2609. doi:10.1002/jcp.25791.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Introduction

Vascular permeability is a complex yet a highly coordinated process that not only regulates 

vesicular trafficking but also integrates complex junction rearrangements, and refined 

cytoskeletal dynamics (Goddard and Iruela-Arispe 2013). The endothelium plays a key role 

in regulating vascular integrity. Recent studies suggest that impairment of endothelial 

function, as observed in the presence of cardiovascular risk factors, is not only a marker but 

also contributes to the pathogenesis of cardiovascular diseases (Landmesser, Hornig et al. 

2004). Thus, improving endothelial function is an important therapeutic target for reducing 

vascular diseases (Bonetti, Lerman et al. 2003, Melo, Gnecchi et al. 2004). It is evident that 

Akt1 is highly involved in the vascular endothelial growth factor (VEGF)-mediated vascular 

permeability as the phosphorylation of Akt1 increases considerably in VEGF-stimulated 

endothelial cells (Chen, Somanath et al. 2005). However, since Akt1 is activated by not only 

vascular permeability-inducing agents such as VEGF and tumor necrosis factor-α (Fairaq, 

Goc et al. 2015, Gao, Artham et al. 2016) but also by agents that promote barrier integrity 

such as angiopoietin-1 (Ang-1), roundabout guidance receptor-4 and sphingosine-1-

phosphate, the precise role of Akt1 in regulating vascular permeability was not clear until 

recently (Daly, Wong et al. 2004, De Palma, Meacci et al. 2006, Somanath, Kandel et al. 

2007). Studies from our laboratory have demonstrated that Akt1 is important for vascular 

maturation and that suppression of Akt1 activity leads to increased vascular permeability 

(Chen, Somanath et al. 2005). There are also reports demonstrating the role of Akt1-FoxO 

signaling in the transcriptional up-regulation of claudin-5 as a result of vascular endothelial-

cadherin (VE-cadherin) clustering at the endothelial junctions (Taddei, Giampietro et al. 

2008) and in response to long-term treatments with VEGF and Ang-1 (Gao, Artham et al. 

2016). Apart from Akt, Src family of non-receptor tyrosine kinases is well known for its 

contributions to the VEGF-induced vascular leakage (Ha, Bennett et al. 2008). Pathological 

levels of VEGF result in endothelial barrier breakdown via Src-mediated degradation of VE-

cadherin (Gavard, Patel et al. 2008, Azzi, Hebda et al. 2013).

Although a lot has been reported about the involvement of Akt and Src in the modulation of 

growth factor-mediated endothelial-barrier integrity and vascular permeability, it is not clear 

until today whether there is any cross-talk between Akt and Src in mediating endothelial-

barrier function. Given the importance of Akt and Src in endothelial function, survival, and 

barrier regulation, we wanted to study the effect of Akt inhibition on Src activity and vice 

versa, in turn, regulating the endothelial-barrier. Our results indicated that whereas Src, but 

not Akt is necessary for the early VEGF-induced HMEC-barrier breakdown, in the later 

stages, Akt, but not Src is responsible for the long-term HMEC-barrier stability offered by 

VEGF and Ang-1. Interestingly, whereas long-term pharmacological inhibition of Akt and 

ShRNA-mediated Akt1 gene knockdown in HMECs resulted in increased activating Src 

Tyr416 phosphorylation and increased HMEC-barrier breakdown, long-term treatment with 

transforming growth factor-β1 (TGFβ1) resulted in decreased Akt1 Ser473 phosphorylation, 

increased Src Tyr416 phosphorylation and increased HMEC-barrier breakdown. Effect of 

TGFβ1 on HMEC-barrier was blunted in Akt1 deficient HMEC monolayers apparently due 

to the already reduced Akt activity and increased Src activity in Akt1 deficient HMECs. 

Together, we show for the first time that Akt and Src maintain a reciprocal phosphorylation/
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activity pattern in HMECs and thus provide novel insights into the cross-talk between Akt 

and Src, and their interplay in the regulation of endothelial-barrier function.

Materials and Methods

Cell culture and preparation of ShAkt1 stable cell lines

Telomerase-immortalized HMECs (CRL-4025; ATCC, Manassas, VA) were maintained in 

EBM-2 with a Growth factor-2 Bullet Kit (Lonza; Walkersville, MD). Cultures were 

maintained in a humidified 5% CO2 incubator at 37 °C and routinely passaged when 80– 

90% confluent.

Stable ShControl, ShAkt1 (sequence: ACGCTTAACCTTTCCGCTG) HMECs were 

generated using SMART vector 2.0 lentivirus particles (109 pfu) (Thermo Scientific, 

Waltham, MA). Lentiviral particles mixed in 1ml Hyclone SFM4Transfx-293 (Fisher, 

Hanover Park, IL) were added along with 1 μl Polybrene (10 mg/ml, American 

bioanalytical, Natick, MA). Three days later, transfection efficiency was tested through 

Turbo-GFP expression and subjected to 4 μg/ml Puromycin (Life Technologies, Grand 

Island, NY) selection until all the cells expressed GFP.

Measurement of endothelial-barrier resistance

Endothelial-barrier integrity was measured as the electrical resistance of the HMEC 

monolayer using ‘electric cell-substrate impedance sensing’ (ECIS) equipment (Applied 

Biophysics, NY) as described previously (Goc, Al-Azayzih et al. 2013, Gao, Al-Azayzih et 

al. 2015). To synchronize the HMECs before treatment, cells were cultured in serum-free 

EBM-2 for 5 hours, followed by treatment with either 20 ng/ml VEGF or 50 ng/ml Ang-1. 

Endothelial-barrier resistance was measured at multiple frequency modes for 24 hours. 

Growth factors for stimulation such as VEGF, Ang-1 and TGFβ1 were obtained from R&D 

Systems (Minneapolis, MN).

Immunofluorescence staining

Immunofluorescence staining of HMEC monolayers was performed using chamber slides 

(Fisher, Hanover Park, IL). Cells were cultured to monolayer, treated with either vector or 20 

ng/ml VEGF or 50 ng/ml Ang-1 and co-treated with either 10 μM Triciribine (TCBN) or 1 

μM pp-2 for 24 hours and washed twice with ice-cold PBS, fixed using 2% 

paraformaldehyde for 30 min, permeabilized with 0.1% Triton X-100 for 15 min, and 

blocked with 2% BSA in sterile PBS for 1 hour. Cell monolayers were then incubated with 

antibodies against VE-cadherin (1:100, Rabbit antibodies, Cell Signaling, Danvers, MA) at 

4°C overnight. Immunofluorescence was revealed using goat anti-rabbit AlexaFlour-488 

secondary antibodies (1:2000, Life Technologies, Grand Island, NY). Cells were mounted 

on to a glass slide using DAPI containing mounting medium (Vector Laboratories, PA). 

Images were captured using a confocal microscope equipped with argon and helium/neon 

lasers (LSM510, Zeiss, Germany). Controls were performed by omitting primary antibodies. 

All controls gave negative results with no detectable non-specific labeling.
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Western blot analysis

Cell lysates were prepared using complete lysis buffer (EMD Millipore, San Diego, CA) 

with protease and phosphatase inhibitor cocktails (Roche Diagnostics, Indianapolis, IN). 

Protein quantification was performed using DC protein assay (Bio-Rad, Hercules, CA. 

Western blot analysis was performed as described previously (Goc, Al-Azayzih et al. 2013, 

Gao, Al-Azayzih et al. 2015). Antibodies used include Src Tyr416, total-Src, Akt Ser473, 

total-Akt (Cell Signaling, Danvers, MA) and anti- β-actin (Sigma, St. Louis, MO). 

Densitometry was done using NIH Image J software.

Statistical Analysis

All the data are presented as Mean ± SD and were calculated from multiple independent 

experiments performed in quadruplicates. For normalized data analysis, data was confirmed 

that normality assumption was satisfied and analyzed using paired sample t-test (dependent 

t-test) and/or further confirmed with non-parametric test Wilcoxon signed rank test. For all 

other analysis, Student’s two-tailed t-test or ANOVA test were used to determine significant 

differences between treatment and control values using the GraphPad Prism 4.03 and SPSS 

17.0 software.

Results

Long-term Akt inhibition disrupts, but Src inhibition protects the endothelial-barrier

Whereas the role of Src in VE-cadherin internalization is well known, our 

immunocytochemistry analysis indicated that ShRNA-mediated Akt1 gene knockdown in 

HMEC monolayers results in increased gap formation, compared to ShConrol HMEC 

monolayers (Figure 1A–D). Whereas no significant difference was observed in the number 

of gaps in Src inhibitor (pp2) treated HMEC monolayers, treatment with Akt inhibitor 

TCBN resulted in increased number of gaps in the HMEC monolayers, compared to control 

(DMSO treated) monolayers (Figure 1E–F). A similar result on the Src and Akt inhibitor 

was also observed in another analysis on endothelial-barrier resistance as measured using the 

ECIS approach. Whereas Src inhibition, but not Akt inhibition promoted HMEC-barrier 

resistance at 90 minutes post treatment, Akt inhibition, but not Src inhibition reduced 

HMEC-barrier resistance in the long-term (24 hours) (Figure 2A–B). To explore the 

differential effects of Akt and Src on barrier permeability, HMEC monolayers were treated 

with either 20 ng/ml VEGF (Figure 2C–D) or 50 ng/ml Ang-1 (Figure 2E–F) and co-treated 

with either 10 μM TCBN, a pharmacological inhibitor of Akt or 1 μM pp2, a selective Src 

inhibitor. Barrier resistance was measured in real-time using ECIS assay for 24 hours. 

Inhibition of Akt, but not Src resulted in exacerbated VEGF-induced vascular leakage and 

reduced Ang-1 induced barrier protection in-vitro at 24 hours suggesting the vascular 

protective role of Akt in the long term.

Inhibition of Akt, but not Src results in HMEC monolayer gap formation in the long-term

HMEC monolayers were treated with either the vehicle (DMSO), 20 ng/ml VEGF or 50 

ng/ml Ang-1, and co-treated with either 10 μM TCBN or 1 μM pp2 for 30 minutes and 24 

hours. Immunofluorescence staining was performed using VE-Cadherin antibodies to study 
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the effect of inhibitors on the number of “gaps” formed in the monolayers. As expected, 

VEGF increased the number of gaps in 30 minutes compared to that of control. While 

inhibition of Akt did not affect it further, inhibition of Src reduced the VEGF-induced gap 

formation (Figure 3A–B). In contrast, at 24 hours, VEGF stabilized the HMEC-barrier 

integrity, which was disrupted by Akt inhibition (Figure 3C–D). Inhibition of Src had no 

effect on VEGF-induced stabilization of barrier integrity in the long term. Ang-1-induced 

long-term HMEC-barrier protection was disrupted by Akt inhibition while Src inhibition had 

no significant effect (Figure 3E–F).

Akt and Src maintain a reciprocal relationship in the phosphorylation/activity pattern

To elucidate the relationship between the expression and phosphorylation patterns of Akt 

and Src upon mutual inhibition and growth factor stimulation in the long-term, HMECs were 

treated in the presence or absence of TCBN for 1 to 24 hours and changes in 

phosphorylation of Tyr416 Src were studied using Western blot analysis. Inhibition of Akt 

promoted Tyr416 phosphorylation of Src starting from 12 hours after treatment with TCBN 

(Figure 4A–B). No changes in the Src Tyr416 phosphorylation were observed during the 

early stages of TCBN treatment. Alternately, HMECs were subjected to ShRNA-mediated 

Akt1 knockdown followed by treatment with either 20 ng/ml VEGF or 50 ng/ml Ang-1, and 

changes in Src Tyr416 phosphorylation were examined. Loss of Akt1 by itself induced an 

increase in Src Tyr416 phosphorylation, which was further increased in the presence of 

Ang-1 or 20 ng/ml VEGF (Figure 4C–D), but not 50 ng/ml VEGF. In order to directly 

compare the changes in Akt phosphorylation upon TCBN treatment and its correlation with 

changes in Src phosphorylation, we determined a time course effect of TCBN on Akt Ser473 

phosphorylation. Our data indicates that significant increase in Src Tyr416 phosphorylation 

at 12 and 24 hours after TCBN treatment correlates with a significant decrease in Akt 

Ser473 phosphorylation (Figure 4E–F).

TGFβ1 inhibits Ser473 phosphorylation of Akt and enhances Tyr416 phosphorylation of 
Src to induce HMEC-barrier breakdown in a time-dependent manner

To investigate the cross-talk between the activity of Akt and Src upon stimulus from a 

growth factor known to induce endothelial injury in the long-term, HMECs were treated 

with 5 ng/ml TGFβ1 for 0–24 hours. Western blot analysis of the cell lysates collected at 

various time points following TGFβ1 treatment indicated a time-dependent reduction in Akt 

Ser473 phosphorylation (Figure 5A and 5B). In contrast, although TGFβ1 treatment 

inhibited Tyr416 Src phosphorylation early on (6 hours), prolonged stimulation resulted in 

increased Tyr416 Src phosphorylation (Figure 5C and 5D), showing a reciprocal relationship 

with Akt in the long-term. The barrier permeability of HMEC monolayers was increased 

with TGFβ1 treatment in a time-dependent manner, an effect that was blunted in already 

permeable Akt1 knockdown cells (Figure 5E–F), suggesting that TGFβ1 inhibits Akt and 

activates Src in the long-term to induce endothelial injury (Figure 6).

Discussion

Vascular permeability is the hallmark of several diseases including cancer, acute kidney and 

lung injuries, cerebral edema, diabetes-related vascular complications, chronic inflammatory 
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diseases, and cardiovascular diseases. (Leu, Berk et al. 2000, Azzi, Hebda et al. 2013, 

Moughon, He et al. 2015). The healthy and intact endothelium is essential for vascular 

homeostasis. Although numerous signaling pathways are involved in regulating the 

endothelial-barrier function, PI3K-Akt and Src pathways are of prime importance in 

regulating endothelial cell survival, proliferation, migration, endothelial-barrier function and 

gene expression (Coffer, Jin et al. 1998, Eliceiri, Paul et al. 1999, Minshall, Tiruppathi et al. 

2002, Shiojima and Walsh 2002, Laird, Li et al. 2003, Yeatman 2004). A variety of stimuli 

including growth factors, cytokines, vascular permeability-inducing agents such as VEGF, 

and barrier protective agents such as Ang-1 activate Akt and Src and hence are greatly 

implicated in the regulation of vascular wall integrity (Eliceiri, Paul et al. 1999, Shiojima 

and Walsh 2002, Gavard and Gutkind 2006, Wallez, Cand et al. 2007, Aghajanian, Wittchen 

et al. 2008, Guignabert and Montani 2013). While there have been contradicting reports 

about the role of Akt in endothelial-barrier regulation, our recent study has demonstrated the 

integral role of Akt1 in the long-term protection of endothelial-barrier in response to VEGF 

and Ang-1 (Gao, Artham et al. 2016). The src family of non-receptor tyrosine kinases has 

been implicated in vascular permeability and injury (Paul, Zhang et al. 2001, He, Liu et al. 

2015). Following ischemia and injury, phosphorylation of Src is highly upregulated causing 

activation of downstream signaling to induce barrier breakdown and vascular permeability 

(Esser, Lampugnani et al. 1998, Ha, Bennett et al. 2008). Src is activated in pathological 

conditions following elevated levels of VEGF and causes internalization of VE-cadherin, a 

key component of adherens junctions which is responsible for maintaining intact 

endothelium (Azzi, Hebda et al. 2013). Although a great amount of light has been shed on 

the independent roles of Akt and Src and their specific roles in the regulation of endothelial-

barrier function and vascular permeability, a cross-talk between these two pathways in 

response to various stimuli, if there is one, has not been studied yet.

The objective of the current study was to investigate the changes in Ser473 Akt and Tyr416 

Src-activating phosphorylations in response to growth factors that make or break 

endothelial-barrier junctions, determine the effect of direct activity modulation of Akt on Src 

and vice versa, and finally establish a cross-talk between Akt and Src in the modulation of 

endothelial-barrier function. Our results show that although VEGF-induced endothelial-

barrier permeability is short-term and is reversed on due course of time, TCBN-mediated 

Akt inhibition blunts the reversal and diminishes the long-term barrier protective effects of 

VEGF and Ang-1. In contrast, pp2-mediated Src inhibition reversed VEGF-induced short-

term vascular permeability but had no significant effect on the VEGF and Ang-1-mediated 

long-term barrier protection. Genetic loss of Akt1 achieved by ShRNA-mediated knockdown 

resulted in increased gap formation at the basal levels compromising the barrier integrity, 

thus confirming our previous observations that Akt1 loss results in increased vascular 

permeability in vivo (Chen, Somanath et al. 2005, Gao, Artham et al. 2016), and a report by 

Mukai et al (Mukai, Rikitake et al. 2006) demonstrating that endothelial-specific activation 

of Akt1 suppresses lesion formation and maintains integrity of vascular wall. As expected, 

VEGF increased the number of gaps in the short-term, an effect that was blunted by the 

inhibition of Src, but not Akt. However, in the long-term (24 hours), both VEGF and Ang-1 

stabilized the endothelial-barrier, which was disrupted by inhibition of Akt but not Src, thus 
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indicating that both Src and Akt play different roles in the short- and long-term endothelial-

barrier regulation in response to VEGF and Ang-1.

Interestingly, inhibition of Akt although did not exhibit any significant change in the levels 

of Tyr416 Src phosphorylation in the short-term (0–6 hours), it resulted in increased levels 

of activating Tyr416 Src phosphorylation in the long-term (12–24 hours). The increase in Src 

Tyr416 phosphorylation was accompanied by a decrease in Akt Ser473 phosphorylation at 

12 and 24 hours following TCBN treatment, indicating that long-term inactivation of Akt 

enhances Src activity, thus contributing to the long-term endothelial-barrier disruption 

following Akt inhibition. Similarly, a significant increase in Tyr416 Src phosphorylation was 

also observed in Akt1 deficient HMECs. Although Akt-mediated effects are specific to the 

tight-junction protein turnover, and not adherens junction modulation (Gao, Artham et al. 

2016), activation of Src upon long-term inhibition of Akt would explain why we still see gap 

formations in VE-cadherin stained Akt1 deficient HMEC-monolayers.

To further confirm the Akt and Src cross-talk in the long-term endothelial-barrier regulation, 

we involved TGFβ, a cytokine known to induce endothelial and vascular injury in the long-

term. Stimulation of HMECs with TGFβ1 although did not affect Ser473 Akt 

phosphorylation in the short-term, it resulted in reduced Ser473 Akt phosphorylation and 

hence its inhibition in the long-term. In contrast, although TGFβ1 inhibited Tyr416 Src 

phosphorylation in the short-term, it promoted Tyr416 Src phosphorylation in the long term, 

once again indicating a reciprocal regulation of Akt and Src activities in the long-term in 

HMECs. Furthermore, whereas TGFβ1 treatment resulted in HMEC-barrier disruption in the 

long-term, this effect was blunted in ShAkt1 HMEC monolayers, thus indicating that Akt 

inhibition is necessary for the TGFβ1-induced endothelial-barrier injury.

Although our data indicate a reciprocal regulation of Akt and Src pathways in the long-term 

endothelial barrier function, the underlying molecular mechanisms regulating this cross-talk 

need further extensive analysis. Nevertheless, since the growth factors such as VEGF, 

Ang-1, and TGFβ that modulate endothelial-barrier function and angiogenesis in various 

vascular beds in physiological, hypoxic as well as pathological conditions, the existence of 

Akt-Src cross-talk in these conditions in vivo is very likely. However, since Akt is a serine-

threonine kinase and Src a tyrosine kinase, it is very clear that the effects are not direct. The 

fact that Akt-Src cross-talk occurs only in the long-term, the possibility of secondary events 

including paracrine effects, in this process, cannot be ruled out.

In conclusion, we report for the first time that Akt and Src maintain a reciprocal regulation 

of their activities in response to various growth factors in the regulation of long-term 

endothelial-barrier function (Figure 6). Whereas VEGF and Ang-1 activate Akt to return Src 

activity to the basal levels in the long-term thus protecting the endothelial-barrier, TGFβ 
stimulation inhibits Akt and activates Src in the long-term leading to endothelial-barrier 

injury. In support of this newly characterized Akt and Src cooperation by three different 

growth factors in the modulation of long-term endothelial-barrier function, treatment with 

Akt inhibitor TCBN that promotes endothelial-barrier breakdown in the long-term is also 

associated with increased Src activation. Based on these observations and support from our 

previous findings in this field (Chen, Somanath et al. 2005, Gao, Artham et al. 2016) we 

Gao et al. Page 7

J Cell Physiol. Author manuscript; available in PMC 2018 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



demonstrate the programmed orchestration of adherens-junction and tight-junction protein 

turnover by Src and Akt respectively, in the modulation of endothelial-barrier function.
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Figure 1. Long-term Akt inhibition disrupts, but Src inhibition protects the endothelial-barrier

(A) Representative confocal images showing immunofluorescence staining of VE-cadherin 

on HMEC monolayers transfected with either scrambled ShRNA or ShRNA targeting Akt1. 

(B) Representative Western blot images and band densitometry quantification of stable 

ShControl and ShAkt1 HMEC lysates showing reduced Akt1 expression in ShAkt1 HMEC 

compared to ShControl HMEC (n=3). (C) Quantification of the gap area in control and Akt1 

knockdown HMEC monolayers normalized to the total area (n=4). (D) Quantification of the 

number of gaps in control and Akt1 knockdown HMEC monolayers normalized to the 

number of nuclei per field (n=4). (E) Representative confocal images showing VE-cadherin 

staining on the vehicle (DMSO), Src inhibitor (PP2) and Akt inhibitor (TCBN) treated 

HMEC monolayers 24 hours after treatment. (F) Quantification of the number of gaps in the 

vehicle (DMSO), Src inhibitor (PP2) and Akt inhibitor (TCBN) treated HMEC monolayers 
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24 hours after treatment (n=4). Data are represented as mean ± SD. *P<0.01, #P<0.05, scale 

bar 20 μm.
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Figure 2. Akt inhibition promotes, but Src inhibition reduces endothelial-barrier leakage

(A) Real-time changes in the barrier resistance of control, 1 μM pp2 and 10 μM TCBN 

treated HMEC monolayers as measured using ECIS equipment. (B) Quantification of the 

changes in barrier resistance between control, 1 μM pp2 and 10 μM TCBN treated HMEC 

monolayers at 90 minutes and 24 hours after plating an equal number of cells in array wells 

(n=3). (C) Real-time changes in the barrier resistance of control and 20 ng/ml VEGF-treated 

HMEC monolayers co-treated with either TCBN or pp2 as measured using ECIS equipment. 

(D) Quantification of the changes in barrier resistance between control and 20 ng/ml VEGF-

treated HMEC monolayers at 30 minutes and 24 hours after plating an equal number of cells 
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in array wells (n=3). (E) Real-time changes in the barrier resistance of control and 50 ng/ml 

Ang-1 treated HMEC monolayers co-treated with either TCBN or pp2 as measured using 

ECIS equipment. (F) Quantification of changes in the barrier resistance between control and 

50 ng/ml treated HMEC monolayers at 30 minutes and 24 hours after plating an equal 

number of cells in array wells (n=3). Data are represented as mean ± SD. *P<0.01.
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Figure 3. Inhibition of Akt, but not Src results in HMEC monolayer gap formation in the long-
term

(A–B) Representative confocal images and quantification of the gap number in VE-cadherin 

stained HMEC monolayers treated with 20 ng/ml VEGF in the presence and absence of Akt 

inhibitor TCBN or Src inhibitor pp2 for 30 minutes. (C–D) Representative confocal images 

and quantification of the gap number in VE-cadherin stained HMEC monolayers treated 

with 20 ng/ml VEGF in the presence and absence of Akt inhibitor TCBN or Src inhibitor 

pp2 for 24 hours. (E–F) Representative confocal images and quantification of the gap 

number in VE-cadherin stained HMEC monolayers treated with 50 ng/ml Ang-1 in the 
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presence and absence of Akt inhibitor TCBN or Src inhibitor pp2 for 30 minutes. (G–H) 

Representative confocal images and quantification of the gap number in VE-cadherin stained 

HMEC monolayers treated with 50 ng/ml Ang-1 in the presence and absence of Akt 

inhibitor TCBN or Src inhibitor pp2 for 24 hours. Data are represented as mean ± SD. (n=4), 

*P<0.01, scale bar 20 μm.
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Figure 4. Akt and Src maintain a reciprocal relationship in the phosphorylation/activity pattern

(A–B) Representative Western blot images of HMEC lysates treated with or without TCBN 

showing Src Tyr416 phosphorylation and total Src, and a corresponding bar graph showing 

changes in the Src Tyr416 phosphorylation normalized to total Src from 1–24 hours, 

respectively. (C–D) Representative Western blot images of HMEC lysates transfected with 

scrambled ShRNA or ShRNA targeting Akt1 followed by treatment with either 20 and 50 

ng/ml VEGF or 50 ng/ml Ang-1 showing changes in the Src Tyr416 phosphorylation and 

total Src, and corresponding bar graph showing changes in the Src Tyr416 phosphorylation 

normalized to total Src at 24 hours, respectively. (E–F) Representative Western blot images 

of HMEC lysates treated with or without TCBN showing Akt Ser473 phosphorylation and 

total Akt, and a corresponding bar graph showing changes in the Akt Ser473 

phosphorylation normalized to total Akt from 1–24 hours, respectively. Data are represented 

as mean ± SD. (n=4), *p<0.01.
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Figure 5. TGFβ1 inhibits Ser473 phosphorylation of Akt and enhances Tyr416 phosphorylation 
of Src to induce HMEC-barrier breakdown in a time-dependent manner

(A–B) Representative Western blot images and corresponding bar graph of Akt Ser473 

phosphorylation and total-Akt in HMEC lysates treated in the presence and absence of 5 

ng/ml TGFβ1 for 1–24 hours, respectively. (C–D) Representative Western blot images and 

corresponding bar graph of Src Tyr416 phosphorylation and total-Src in HMEC lysates 

treated in the presence and absence of 5 ng/ml TGFβ1 for 1–24 hours, respectively. (E–F) 

Real-time changes and a bar graph showing the quantification of changes in the ShControl 

and ShAkt1 HMEC-barrier resistance upon treatment with either vehicle (PBS) or 5 ng/ml 

TGFβ1 as measured using ECIS equipment. Data are represented as mean ± SD. (n=3), 

*p<0.01.
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Figure 6. Schematic representation of cross-talk between Akt and Src pathways in the long-term 
endothelial barrier regulation in response to VEGF, Ang-1, and TGFβ
Our study concludes that whereas long-term stimulation with VEGF and Ang-1 in HMEC 

increases Akt and normalizes Src activities leading to endothelial-barrier protection, 

treatment with TGFβ1 promotes endothelial-barrier breakdown in the long-term associated 

with inhibition of Akt and activation of Src activities. Direct inhibition of Akt activity 

through pharmacological (TCBN) and genetic (ShRNA for Akt1) approaches also lead to 

Src activation in the long-term indicating that Akt and Src are reciprocally regulated in the 

growth factor-induced long-term endothelial-barrier regulation.
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