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Abstract

Endothelial to mesenchymal transition (EndMT), where endothelial cells acquire mesenchymal 

characteristics has been implicated in several cardiopulmonary, vascular and fibrotic diseases. The 

most commonly studied molecular mechanisms involved in EndMT include TGFβ, Notch, 

interleukin, and interferon-γ signaling. As of today, the contributions of Akt1, an important 

mediator of TGFβ signaling and a key regulator of endothelial barrier function to EndMT remains 

unclear. By using the ShRNA based gene silencing approach and endothelial-specific inducible 

Akt1 knockdown (ECKOAkt1) mice, we studied the role of Akt1 in EndMT in vitro and 

pathological vascular remodeling in vivo. Stable, Akt1 silenced (ShAkt1) human microvascular 

endothelial cells (HMECs) indicated increased expression of mesenchymal markers such as N-

cadherin and α-SMA, phosphorylation of Smad2/3, cellular stress via activation of p38 MAP 

Kinase and the loss of endothelial nitric oxide synthase (eNOS) accompanied by a change in the 

morphology of HMECs in vitro and co-localization of endothelial and mesenchymal markers 

promoting EndMT in vivo. EndMT as a result of Akt1 loss was associated with increased 

expression of TGFβ2, a potent inducer of EndMT and mesenchymal transcription factors Snail1, 

and FoxC2. We observed that hypoxia-induced lung vascular remodeling is exacerbated in 

ECKOAkt1 mice, which was reversed by pharmacological inhibition of β-catenin. Thus, we 

provide novel insights into the role of Akt1-mediated β-catenin signaling in EndMT and 

pathological vascular remodeling, and present β-catenin as a potential target for therapy for 

various cardiopulmonary diseases involving vascular remodeling.
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Graphical Abstact

Endothelial Aktl loss promotes endothelial-to-mesenchymal transition (EndMT) via increased 

TGFβ2, FoxC2 and Snail expression and P38 MAP kinase activation in vitro and hypoxia- 

induced pathological vascular remodeling in the mouse lungs.
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1. Introduction

Endothelial to mesenchymal transition (EndMT) is a phenomenon in which endothelial cells 

lose their endothelial markers and acquire mesenchymal properties [1, 2]. EndMT is 

characterized by loss of cell-cell adhesion and changes in cell polarity inducing a spindle-

shaped morphology. EndMT is associated with loss of endothelial markers such as VE-

cadherin and CD31, and increased expression of mesenchymal markers including fibroblast-

specific protein-1 (FSP-1), alpha-smooth muscle actin (α-SMA), N-cadherin, and 

fibronectin [3] mediated by one or more of the transcription factors Snail, Slug, ZEB-1, 

SIP-1, Twist, and LEF-1 that suppress the transcription of genes encoding proteins involved 

in the formation of adherens and tight junctions which are critical in maintaining endothelial 

barrier integrity[4, 5]. EndMT is involved in embryonic development [4, 6, 7] and several 

cardiopulmonary diseases including but not limited to pulmonary arterial hypertension 

(PAH) [8–10], cardiac fibrosis [11, 12], idiopathic pulmonary fibrosis [13, 14], radiation-

induced pulmonary fibrosis [15] transplant atherosclerosis and restenosis [16, 17] and 

chronic obstructive pulmonary disease [18].

A healthy pulmonary endothelial barrier is integral in maintaining vascular homeostasis. 

Endothelial barrier dysfunction occurs in response to inflammatory mediators such as IL-6 

and tumor necrosis factor-α, as well as pathogens [19–21]. Loss of endothelial barrier 

integrity, disordered endothelial proliferation, and enhanced inflammatory cell infiltration 

are common features believed to contribute to the pathologic vascular remodeling [22, 23]. 

Pulmonary vascular remodeling, a hallmark of cardiopulmonary diseases is characterized by 

intimal thickening, medial hypertrophy, and plexiform lesions. [24]. However, the nature and 

origin of the cells contributing to the neointimal thickening and plexiform lesion formation 

remain controversial. Several groups have been trying to characterize the phenotype of these 

cells located in the pulmonary artery wall [25]. Increasing evidence suggests exposure of 
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endothelial cells to chronic stress and inflammatory factors promotes endothelial to 

mesenchymal transition (EndMT) contributing to vascular smooth muscle cells (SMCs) and 

cardiac fibroblast populations during both embryogenesis and pathological conditions [11, 

26, 27].

In endothelial cells, intracellular signaling pathways mediated by protein kinase Akt are 

greatly implicated in the regulation of cell survival, proliferation, migration, glucose 

metabolism, and gene expression [28, 29] and hence play an important role in the 

proliferation and migration of ECs, contributing to angiogenesis and transdifferentiation 

[29–31]. We have recently shown that endothelial loss of Akt1 enhances VEGF-induced 

barrier breakdown in vitro and promotes VEGF induced vascular leakage in mice ears [32, 

33]. We have also shown that endothelial loss of Akt1 promotes lipopolysaccharide (LPS) 

induced acute lung injury [34] suggesting the involvement of Akt1 in vascular injury, a 

precursor for the pathological vascular remodeling [35, 36]. However, the role of Akt1, 

critical barrier integrity regulating kinase in EndMT and vascular remodeling remain largely 

unknown.

Since Akt1 is essential for endothelial barrier integrity, we hypothesized that sustained 

endothelial loss of Akt1 will promote EndMT in vitro and pulmonary vascular remodeling in 
vivo. Our current study demonstrates that Akt1 suppression results in EndMT via increased 

gene expression of TGFβ2 and FoxC2 in vitro and exacerbates pulmonary vascular 

remodeling in vivo, which is reversed upon inhibition of β-catenin using ICG-001. Together, 

our study has identified a novel Akt1-mediated pathway regulating EndMT and pathological 

pulmonary vascular remodeling along with the therapeutic potential of β-catenin inhibitor 

ICG-001 for pulmonary vascular diseases.

2. Materials and Methods

2.1. Generation of ‘ECKOAkt1’ transgenic mouse model

All experiments were performed with approval by the Charlie Norwood VAMC Institutional 

Animal Care and Use Committee (Approval reference #13–09-062). All studies involving 

animals are reported in accordance with the ARRIVE guidelines for reporting experiments 

involving animals. Carbon dioxide asphyxiation followed by cervical dislocation was 

performed for euthanasia. For our study, we generated an endothelial-specific, tamoxifen-

inducible Akt1 knockout mouse model (ECKOAkt1) as previously described [32]. Age and 

sex-matched 8–12-week-old control wild-type (WT) and ECKOAkt1 mice on a C57BL/6 

background were used in the study. 1 mg/10 g dose of Tamoxifen (Sigma, St. Louis, MO) 

was administered using a 27G needle via intraperitoneal (i.p.) injection every 24 hours for 5 

consecutive days. Following this, the transgene was maintained with a custom-made 

Tamoxifen diet (Harlan, Madison, WI) for the duration of the experiments.

2.2. Cell culture and preparation of ShAkt1 stable cell lines

Human dermal (Telomerase-immortalized) microvascular endothelial cells (HMEC) 

(CRL-4025; ATCC, Manassas, VA) were maintained in Endothelial Cell Basal Medium-2 

with a Growth Medium-2 Bullet Kit (Lonza; Walkersville, MD). All cultures were 
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maintained in a humidified 5% CO2 incubator at 37 F and routinely passaged when 80– 

90% confluent.

Stable ShControl, ShAkt1 (ACGCTTAACCTTTCCGCTG) HMEC cells were generated 

using SMART vector 2.0 lentivirus particles (109 pfu) (Thermo Scientific, Waltham, MA). 

Lentivirus particles were mixed in 1ml Hyclone SFM4Transfx-293 (Fisher, Hanover Park, 

IL) and added along with 1 μl Polybrene (10mg/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 

cells expressed GFP.

2.3. Human mesenchymal gene array analysis

Control and ShAkt1 HMEC lysates were used for the gene array analysis using human 

epithelial to mesenchymal transition gene arrays. Briefly, cells were lysed and RNA was 

isolated using RNeasy Mini plus Kit (Qiagen, Valencia, CA) according to the 

manufacturer’s instructions and the quality was confirmed by using Nanodrop 2000 

spectrophotometer (Thermo Scientific). Next, cDNA was generated by RT2 First Strand Kit 

(SABiosciences, Frederick, MD), mixed with qPCR SyberGreen master mix and loaded into 

human EMT RT2 Profiler PCR Array plates. Reading was completed in Eppendorf 

Mastercycler realplex-2 equipment (Hauppauge, NY).

2.4. Cell Scattering Assay

Control and ShAkt1 HMECs were seeded at a low density in 6 well plates and were allowed 

to grow to form small colonies. After the formation of small scattered colonies, EBM-2 

medium was replaced with fresh medium containing 5 % FBS and cells were subjected to 

either normoxia or hypoxia (0.1%) for 72 hours. Bright field images were captured to 

represent cell scattering using a phase contrast microscope (Zeiss, Oberkochen, Germany).

2.5. 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 the DC protein assay (Bio-Rad, Hercules, CA). 

Western blot analysis was performed as described previously [37, 38]. Antibodies used 

include Akt1, β-catenin (ser675), N-cadherin, VE-cadherin, Snail1, FoxC2, phospho- and 

total-Smad 2/3, phospho- and total-p-38 MAPK, GAPDH from Cell Signaling (Danvers, 

MA)., anti- β-actin, alpha-SMA, and TGFβ2 from Sigma Aldrich (St. Louis, MO) and 

eNOS from BD Pharmingen (SanDiego, CA). HRP-conjugated goat-anti-mouse and goat-

anti-rabbit secondary antibodies were obtained from Bio-Rad (Hercules, CA). Densitometry 

was done using NIH Image J software.

2.6. Chronic Hypoxia and SUGEN-Hypoxia models

Chronic hypoxia exposure for 3 weeks has been widely used to induce pulmonary 

hypertension and vascular remodeling in rodents. Recently, the combination of chronic 

hypoxia and a vascular endothelial growth factor (VEGF) receptor antagonist, SUGEN5416 

(SUGEN) has been proven to cause profound pulmonary hypertension in rats [39, 40]. In 
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contrast to the chronic hypoxia model, the SUGEN-hypoxia combination causes angio-

obliterative lesions in the pulmonary arterioles that are similar to the “plexiform” lesions 

found in human idiopathic pulmonary arterial hypertension [41]. In mice, it was reported 

that SUGEN-hypoxia developed severe pulmonary hypertension and vascular remodeling 

characterized by smooth muscle cell neointima and precapillary EC proliferation and 

obliteration, leading to increases in RV pressure, and RV hypertrophy [42]. Hence, we 

employed both the standard chronic hypoxia model and SUGEN-hypoxia model as a 

“second hit” model that exhibits hallmarks of severe human PAH and vascular remodeling. 

Briefly, both C57BL6 WT and ECKOAkt1 mice were injected with 10mg/kg Tamoxifen i.p 

for 5 consecutive days following which they were subjected to 21-day chronic hypoxia in a 

chamber with regulated nitrogen flow to maintain oxygen levels at 10%. In SUGEN-hypoxia 

model, the mice received an additional 10mg/kg SUGEN s.c. once a week along with 3 

weeks of chronic hypoxia. Treatment groups also received 10mg/kg ICG-001, a β-catenin 

inhibitor for 21 days, i.p. Lungs were harvested and subjected to Masson’s trichrome 

staining. Images of lung sections were captured on a Zeiss confocal microscope 

(Thornwood, NY). Pulmonary blood vessel thickness has been measured using NIH ImageJ 

software in a blinded fashion. Briefly, medium vessels of size 200 micro meters (to maintain 

uniformity) have been randomly selected and the vessel wall thickness was measured at 4 

regions (making a cross). An average of these four measurements was considered as the 

vessel thickness for one vessel.

2.7. 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 software 

and SPSS 17.0 software.

3. Results

3.1 Endothelial Loss of Akt1 promotes upregulation of mesenchymal markers and 
downregulation of endothelial markers in vitro

Western blot analysis of the HMEC lysates transfected with ShRNA targeting Akt1 showed 

that endothelial loss of Akt1 promotes the expression of mesenchymal markers N-Cadherin 

and α-SMA (Figure 1A–C), and loss of endothelial marker eNOS (Figure 1A, D). 

Endothelial loss of Akt1 also upregulates the phosphorylation of stress mediator and fibrotic 

transcription factors of the TGFβ pathway, p-38 MAP Kinase, and Smad2/3, respectively 

(Figure 1A, E, F). Together, these results indicate that loss of Akt1 induces EndMT in vitro.

3.2 Endothelial Loss of Akt1 promotes the mRNA and protein expression of 
mesenchymal genes and transcription factors

Gene array and Western blot analysis of the HMECs transfected with ShRNA targeting Akt1 

showed that endothelial loss of Akt1 upregulates the expression of mesenchymal genes 
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fibronectin 1 (FN1), keratin 7 (KRT7), and mesenchymal transcription factor FoxC2. 

Interestingly, we observed a 9-fold increase in the gene expression of a potent EndMT 

inducing TGFβ isoform, TGFβ2 (Figure 2A). This was further confirmed by Western blot 

analysis of the cell lysates, which showed an increase in the expression of TGFβ2 (Figure 

2B, D) and the mesenchymal transcription factor Snail1 (Figure 2C, E). These results 

suggest that endothelial loss of Akt1 induces the expression of TGFβ2 which further 

activates both canonical and non-canonical signaling pathways promoting EndMT via p-38 

MAPK and Smad 2/3. To examine the effect of endothelial loss of Akt1 on morphology, 

HMECs transfected with ShRNA targeting Akt1 were cultured in 6 well plates and subjected 

to cell scattering assay. Endothelial loss of Akt1 induced a change in morphology of HMECs 

where the normoxic cobble shaped cells acquired a spindle-shaped and elongated 

morphology which is very similar to that of untransfected HMECs exposed to 0.1% hypoxia 

for 72 hours (Figure 2F). These results indicate that endothelial loss of Akt1 promotes the 

expression of mesenchymal transcription factors, cell differentiation cytokines and hence a 

change in the morphology of HMECs contributing to EndMT.

3.3. Endothelial Loss of Akt1 and Hypoxia induce EndMT in vivo

Immunofluorescent staining of lung sections of WT and ECKOAkt1 mice subjected to either 

normoxia or hypoxia revealed that hypoxia promotes co-staining of endothelial marker 

CD31 and mesenchymal marker α-SMA in WT mice compared to that of normoxia (Figure 

3A and C, respectively). Interestingly, in ECKOAkt1 mice, we noticed that endothelial loss of 

Akt1 resulted in co-expression of CD31 and α-SMA even under normoxic conditions, and 

the same was observed when they were subjected to 21-day chronic hypoxia (Figure 3B and 

D, respectively). Together, these results demonstrate that endothelial loss of Akt1 induces 

EndMT in vivo similar to that of hypoxia.

3.4 Endothelial Loss of Akt1 exacerbates Hypoxia-induced vascular remodeling which 
was reversed by β-catenin suppression in vivo

Masson’s trichrome staining of lung sections of ECKOAkt1 mice injected with Tamoxifen 

and subjected to either normoxia or chronic hypoxia showed that endothelial-specific loss of 

Akt1 alone induces pulmonary vascular remodeling by increasing blood vessel thickness of 

the pulmonary microvasculature which was further exacerbated in hypoxia (Figure 4A, C). 

Masson’s trichrome staining of lung sections of WT and ECKOAkt1 mice subjected to 

SUGEN-hypoxia and treated with either vehicle or ICG-001, a β-catenin inhibitor showed 

that inhibition of β-catenin reduced the SUGEN-hypoxia-induced vessel thickening 

significantly in WT and moderately in ECKOAkt1 mice (Figure 4B, D), indicating that Akt1 

mediated β-catenin signaling is involved in inducing EndMT thus contributing to 

pathological pulmonary vascular remodeling.

3.5. SU5416 causes irreversible pulmonary vascular remodeling via Akt suppression

Masson’s trichrome staining of lung sections of WT and ECKOAkt1 mice subjected to 

hypoxia alone or in combination with SUGEN, a VEGFR2 inhibitor revealed that SUGEN 

induces irreversible pulmonary vascular remodeling in mice even as evident from the 

increased blood vessel thickening in WT mice compared to that of ECKOAkt1 mice. 
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Treatment with SUGEN exacerbated the hypoxia-induced vascular remodeling in ECKOAkt1 

mice (Figure 5A, B).

Surprisingly, there was no significant difference between WT mice and ECKOAkt1 mice in 

vascular remodeling when subjected to SUGEN-Hypoxia given that even normoxic 

ECKOAkt1 mice exhibited exacerbated vascular thickening compared to that of Hypoxic WT 

mice. We found that SUGEN inhibits Akt in both short (Figure 5C, E) and long term (Figure 

5D, F) in vitro hence contributing to vascular remodeling in vivo.

3.6. Inhibition of β-catenin reverses EndMT induced by the endothelial loss of Akt1 in 
vitro.

Western blot analysis of HMECs transfected with ShRNA targeting Akt1 and treated with 

ICG-001 showed that inhibition of β-catenin suppressed the upregulation of mesenchymal 

markers NCadherin (Figure 6A, C) and ɑ-SMA (Figure 6B, D) induced by the endothelial 

loss of Akt1. These results reveal the integral role of β-catenin in the promotion of EndMT 

as a result of Akt1 suppression.

4. Discussion

Endothelial acquisition of mesenchymal characteristics [43, 44], a process essential in the 

embryonic process [4, 6, 7] has recently been implicated in several cardiopulmonary 

diseases [8–18]. Although TGFβ, Notch, interleukin, and interferon-γ have been identified 

as common inducers of EndMT [45–49], the downstream signaling pathways of EndMT are 

not fully characterized. Although TGFβ remains to be the widely studied EndMT inducing 

cytokine, the contributions of Akt pathway, an important mediator of TGFβ signaling and a 

key regulator of endothelial barrier function [29, 50] in EndMT is unclear. In the current 

study, we examined the role of Akt1, the predominant endothelial isoform [50] in EndMT, 

investigated its downstream signaling mediators and determined how EndMT can be 

pharmacologically targeted. We first observed that silencing Akt1 gene in endothelial cells 

results in increased expression of mesenchymal markers and reduced expression of eNOS 

accompanied by activation of p38 MAP Kinase as well as increased expression of TGFβ-

regulated transcription factors Smad2/3 and mesenchymal transcription factors Snail1 and 

FoxC2. Next, our results showed that ShAkt1 endothelial cells express increased TGFβ2 

mRNA and protein. The analysis of mouse lung vasculature indicated co-localization of 

endothelial marker CD31 and mesenchymal marker αSMA in WT-hypoxia, ECKOAkt1-

normoxia, and ECKOAkt1-hypoxia, compared to WT-normoxia controls, accompanied by 

significant increase in the vascular thickness, which was blunted by co-treatment with β-

catenin inhibitor ICG-001. Lastly, our data revealed that pharmacological inhibition of β-

catenin reverses EndMT induced by endothelial loss of Akt1 in vitro. Thus, our study has 

demonstrated that endothelial Akt1 suppression promotes EndMT via TGFβ2 and β-catenin 

signaling in vitro and vascular remodeling in vivo, which can be reversed upon 

pharmacological inhibition of βcatenin.

Two recent studies from our group have demonstrated that 1-day TGFβ1 treatment inhibits 

the activity of Akt1 in endothelial cells [33] and that 3-day TGFβ1 treatment results in 

EndMT in vitro [51]. Three other recent studies from our group have also demonstrated that 
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treatment with LPS results in Akt1 inhibition in endothelial cells, in turn, leading to 

endothelial-barrier breakdown in vitro and pulmonary vascular injury in vivo via reduced 

expression of tight-junction claudins and increased expression of stromelysin1 akin to the 

phenotypic changes in ShAkt1 endothelial cells and ECKOAkt1 mouse lung vasculature [32, 

34, 52]. Intriguingly, two recent studies by Suzuki et al have indicated that LPS-induced 

lung injury in mice is accompanied by EndMT [53, 54]. In the current study, we observed 

that silencing Akt1 gene in human microvascular endothelial cells results in the upregulation 

of mesenchymal markers, and downregulation of eNOS, indicating the negative regulation of 

EndMT by Akt1. The reduced expression of eNOS upon loss of Akt1 supports the previous 

observations that Akt1 plays an important role in the regulation of blood pressure via 

phosphorylation of eNOS at Ser1179 [55, 56], which indeed implies that that loss of Akt1 

could be associated with an increase in blood pressure which itself might contribute to 

microvascular remodeling. Activation of p38MAP Kinase and Smad2/3 transcription factors 

observed in ShAkt1 endothelial cells have also been implicated in the TGFβ-induced 

EndMT [51, 57]. Together, these results indicate that Akt1, which is essential for endothelial 

homeostasis and barrier function negatively regulates EndMT and that long-term 

suppression of Akt1 may lead to vascular abnormalities.

Although two different processes, EndMT shares several similarities with epithelial to 

mesenchymal transition (EMT) in molecular signaling as well as the morphological [58] and 

pathophysiological processes [59]. A human EMT gene array analysis of ShAkt1 compared 

to ShControl HMECs revealed an increase in the mRNA expression of several mesenchymal 

genes fibronectin 1 (FN1), keratin 7 (KRT7), FoxC2 and a dramatic 9-fold increase in the 

expression of TGFβ2 isoform. We have previously demonstrated that although all three 

TGFβ isoforms induce EndMT in vitro, TGFβ2 is the most potent among them [51]. In 

addition, we noticed a significant decrease in the expression of bone morphogenic protein 2 

(BMP2), one of the TGFβ superfamily ligands that bind to BMP Receptor-2 (BMPR2) and 

prevents vascular pathologies [60]. BMPR2 is highly mutated in familial and idiopathic PAH 

patients [61, 62] as well as in several other vascular diseases [63] indicating that the 

molecular signatures of EndMT as a result of Akt1 suppression is well aligned with those 

identified by others in the vascular disease pathologies. Apart from the mesenchymal gene 

expression, EndMT is also characterized by a change in the endothelial cell morphology 

[64]. Akt1 deficient endothelial cells were also observed to be more elongated and their 

distribution scattered, very similar to that of the morphology induced by hypoxia, a well-

known inducer of EndMT [65] once again highlighting the importance of basal Akt1 activity 

in preventing EndMT and associated vascular pathologies.

Co-localization of endothelial and mesenchymal markers is a hallmark feature that defines 

EndMT in experimental animal models. Reduced expression of endothelial markers, 

increased expression of mesenchymal markers and their co-expression indicate a transitional 

phase of endothelial cells [10, 66]. Our results showed that chronic hypoxia promotes co-

staining of endothelial marker CD31 and mesenchymal marker αSMA in WT mice 

compared to that of normoxia indicating that hypoxia induces EndMT in vivo. Interestingly, 

we noticed that endothelial loss of Akt1 in ECKOAkt1 exhibited co-staining of CD31 and α-

SMA even in normoxic conditions and the same was also observed when these mice were 

subjected to chronic hypoxia, which was accompanied by vascular remodeling similar to 
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what has been reported in PAH [67, 68]. Normoxic ECKOAkt1 mice displayed increased 

thickness of the pulmonary microvasculature compared to normoxic WT mice, which is 

further exacerbated by hypoxia. These changes, however, were difficult to capture in the 

mouse lung vasculature as compared to the magnitude of changes observed with EndMT in 
vitro. This could be because of the differences between the mouse and human lung 

vasculature where the mouse pulmonary vasculature displays minimal medial thickening 

with no apparent complex plexiform lesions, a hallmark in human PAH [41, 69–71]. 

Together, these results demonstrate that endothelial Akt1 suppression induces EndMT and 

exacerbates hypoxia-induced vascular remodeling in vivo.

In order to focus on molecular characterization of vascular EndMT in vivo specifically to 

endothelial cells, we utilized a more suitable SUGEN-Hypoxia model of PAH, where 

SUGEN, a VEGFR2 inhibitor exacerbates endothelial injury to promote vascular 

remodeling in vivo [41]. Both WT and ECKOAkt1 mice subjected to SUGEN-Hypoxia 

exhibited pulmonary vascular thickening, which was reversed by the pharmacological 

inhibition of β-catenin, a transcription factor that we have previously demonstrated to be 

activated with Akt1 suppression [32, 52]. Hypoxia has also been shown to promote β-

catenin transcriptional activity [72], and inhibition of β-catenin transcriptional activity by 

ICG-001 treatment in ShAkt1 endothelial cells in vitro resulted in the inhibition of N-

Cadherin and ɑ-SMA expression. Surprisingly, we observed no significant difference 

between the WT and ECKOAkt1 pulmonary vascular thickening SUGEN-hypoxia given that 

normoxic ECKOAkt1 mice exhibited exacerbated vascular thickening compared to that of 

Hypoxic WT mice. Upon further investigation, we found the reason for this observation as 

the ability of SUGEN to directly inhibit Akt, thus masking the effect of endothelial Akt1 

loss in ECKOAkt1 mice.

In conclusion, we have identified a novel role of Akt1-β-catenin pathway in EndMT. To our 

knowledge, this is the first study demonstrating that Akt1 loss in endothelial cells will result 

in EndMT in vitro and vascular remodeling in vivo through changes in the expression of 

several mesenchymal genes including TGFβ2. Our study also demonstrates that EndMT in 
vitro and vascular remodeling in vivo can be pharmacologically targeted using β-catenin 

inhibitor ICG-001 indicating its therapeutic benefits for various vascular pathologies.
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Figure 1. Endothelial loss of Akt1 induces EndMT in vitro.
(A) Representative Western blot images and the corresponding bar graph of band 

densitometry showing increased expression of N-cadherin (B), and αSMA (C) and a 

decrease in eNOS (D) accompanied by changes in the expression of pP38 MAP kinase (E) 
and Smad2/3 (F) compared to their total proteins in HMECs transfected with ShRNA 

targeting Akt1. Unpaired t-test was performed and data are represented as mean ± SD. 

*p<0.05; $p<0.0001.
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Figure 2. Endothelial loss of Akt1 upregulates mesenchymal genes and transcription factors in 
vitro.
(A) Gene array analysis of the ShCtrl and ShAkt1 HMEC cell lysates demonstrating changes 

in the expression of mesenchymal genes FN1and KRT7, mesenchymal transcription factors 

Foxc2, and a 9-fold increase in the expression of TGFβ2. (B-C) Representative Western blot 

images and the corresponding bar graph of band densitometry showing increased expression 

of blot analysis of TGFβ2 (D), Snail (E) with endothelial loss of Akt1. (F) Representative 

images of normoxic ShControl and ShAkt1 HMECs and normal HMECs exposed to 72-hour 
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hypoxia demonstrating changes in the morphology of HMECs to an elongated spindle shape. 

One-way ANOVA was performed for figures A and G; Unpaired t-test was performed for 

figures D and E. Data are represented as mean ± SD. *p<0.05; #p<0.01; $p<0.0001.
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Figure 3. ECKOAkt1 mice exhibit EndMT in vivo.
(A-B) Representative immuno-fluorescent confocal images of WT and ECKOAkt1 mouse 

lung vasculature under normoxic condition co-stained with endothelial marker CD31 (in 

Red) and mesenchymal marker αSMA (in Green). (C-D) Representative immunofluorescent 

images of WT and ECKOAkt1 mouse lung vasculature under 10% hypoxia co-stained with 

endothelial marker CD31 and mesenchymal marker αSMA.
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Figure 4. Endothelial loss of Akt1 exacerbates hypoxia-induced vascular remodeling in vivo 
through β-catenin.
(A) Representative images of Masson’s trichrome staining and (C) Bar graph indicating the 

blood vessel thickness of lung sections of WT and ECKOAkt1 mice subjected to either 

normoxia or 10% hypoxia for 3 weeks. (B) Representative images of Masson’s trichrome 

staining and (D) Bar graph indicating the blood vessel thickness of lung sections of WT and 

ECKOAkt1 mice injected with SUGEN and subjected to hypoxia for 3 weeks. The treatment 

group received ICG001, a β-catenin inhibitor. Vessel thickness was measured using NIH 
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Image J software. One-way ANOVA was performed and data are represented as mean ± SD. 

*p<0.05; #p<0.01.
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Figure 5. SUGEN causes irreversible pulmonary vascular remodeling via Akt suppression.
(A) Representative images of Masson’s trichrome staining and (B) Bar graph of vessel 

thickness of lung sections from ECKOAkt1 mice subjected to hypoxia alone or SUGEN-

hypoxia and WT mice subjected to SUGEN-hypoxia. (C-D) Representative Western blot 

images and (E-F) bar graphs of the band densitometry of HMECs treated with 10 μM 

SUGEN for 24 and 72 hours, respectively showing that SUGEN treatment directly inhibits 

Akt. One-way ANOVA was performed for figure B and Unpaired t-test was performed for 

figures C and D. Data are represented as mean ± SD. (n=3–5), *p<0.05; **p<0.01.
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Figure 6. EndMT in ShAkt1 HMECs is blunted by treatment with β-catenin inhibitor ICG-001.
(A-B) Representative Western blot images of untreated ShControl and ShAkt1 HMECs, as 

well as ShAkt1 HMECs, treated with ICG-001 indicating the changes in the expression of 

mesenchymal markers N-cadherin and αSMA. (C-D) Bar graph showing the changes in the 

expression of mesenchymal markers N-cadherin and αSMA in untreated ShControl and 

ShAkt1 HMECs, as well as ShAkt1 HMECs, treated with ICG-001. (E) Schematic diagram 

showing the working hypothesis on the molecular mechanisms by which endothelial loss of 
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Akt1 contributes to EndMT. One-way ANOVA was performed and data are represented as 

mean ± SD. *p<0.05; **p<0.01.
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