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Abstract

Objective—Vascular smooth muscle cells (VSMCs) phenotype modulation is critical for the 

resolution of vascular injury. Genetic and pharmacological inhibition of phosphoinositide 3-kinase 

γ (PI3Kγ) exerts anti-inflammatory and protective effects in multiple cardiovascular diseases. 

This study investigated the role of PI3Kγ and its downstream effector molecules in the regulation 

of VSMC phenotypic modulation and neointimal formation in response to vascular injury.

Approach and Results—Increased expression of PI3Kγ was found in injured vessel wall as 

well in cultured, serum-activated wildtype VSMCs, accompanied by a reduction in the expression 

of calponin and SM22α, two differentiation markers of VSMCs. However, the injury-induced 

downregulation of calponin and SM22α were profoundly attenuated in PI3Kγ−/− mice. 

Pharmacological inhibition and shRNA knockdown of PI3Kγ (PI3Kγ-KD) markedly attenuated 

yes-associated protein (YAP) expression and cyclic AMP-response element binding protein 
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(CREB) activation but improved the downregulation of differentiation genes in cultured VSMCs 

accompanied by reduced cell proliferation and migration. Mechanistically, activated CREB 

upregulated YAP transcriptional expression through binding to its promoter. Ectopic expression of 

YAP strikingly repressed the expression of differentiation genes even in PI3Kγ-KD VSMCs. 

Moreover, established carotid artery ligation and chimeric mice models demonstrate that deletion 

of PI3Kγ in naïve PI3Kγ−/− mice as well as in chimeric mice lacking PI3Kγ either in bone 

marrow or vascular wall significantly reduced neointimal formation following injury.

Conclusions—PI3Kγ controls phenotypic modulation of VSMCs by regulating transcription 

factor CREB activation and YAP expression. Modulating PI3Kγ signaling on local vascular wall 

may represent a new therapeutic approach to treat proliferative vascular disease.
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INTRODUCTION

Vascular smooth muscle cells (VSMCs) are the fundamental cellular components of the 

blood vessel wall that primarily govern structural integrity and regulate vascular tone. In the 

medial layer of normal mature arteries, VSMCs reside in a differentiated quiescent state with 

very low synthetic activity and proliferation potential.1 However, unlike many terminally 

differentiated cells, VSMCs possewss remarkable plasticity. Thus, in response to vascular 

injury, VSMCs undergo a transition in phenotype from a contractile, differentiated state to a 

synthetic, dedifferentiated phenotype, which is characterized by decreased expression of 

VSMC contractile marker genes and increased proliferation, migration, and matrix 

synthesis, subsequently leading to the development of vascular neointimal lesions.1,2 This 

response is an initial and central event in the process of vascular wound repair following 

arterial injury. However, extensive neointimal formation leads to luminal narrow or even 

occlusion of the diseased vessel, resulting in ischemic cardiovascular diseases. It is well 

established that VSMC phenotypic modulation is a common fundamental mechanism of a 

variety of vascular proliferative diseases such as atherosclerosis, restenosis after angioplasty, 

transplant arteriosclerosis, and pulmonary hypertension.3,4 Therefore, elucidation of the 

molecular mechanisms underlying VSMC phenotypic modulation is crucial for developing 

effective therapeutic approach to against these vascular diseases.

There is mounting evidence that expression of most VSMC marker genes dependents on a 

CArG element located in their promoter region, which serves as the binding site for serum 

response factor (SRF). The SRF-CArG association functions as an integrator of cellular 

signals that control VSMC phenotypes.3,5 Recently, Myocardin is proved to be a highly 

potent transcription coactivator of SRF that selectively drives expression of CArG-dependent 

VSMC marker genes by forming a transcriptional complex with SRF.6 Moreover, myocardin 

has also been shown to be a key downstream mediator of diverse signaling pathways 

governing VSMC phenotypic modulation in response to various environmental cues.5,6 The 

Hippo pathway was initially described in Drosoplisa about two decades ago, and recent 

studies have identified the conserved pathway as a crucial regulator of organ size control, 

tissue homeostasis and tumorigenesis in mammals.7 The kinase cascade of mammalian 
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sterile 20-like 1/2 (Mst1/2) and large tumor suppressor homolog 1/2 (Lats1/2) are referred to 

as the core components of the mammalian Hippo pathway. Mst1/2 forms a complex with a 

scaffold protein Salvador (Sav1) and subsequently phosphorylates the Lats1/2 kinase.8 Yes-

associated protein (YAP) / transcriptional co-activator with PDZ-binding motif (TAZ), a key 

downstream effector of Hippo signaling, is phosphorylated and inhibited by activated 

Lats1/2 kinase that results in cytoplasmic translocation.8 In mammalian cells, YAP mainly 

interacts with TEAD family transcript factors to regulate gene expression that contributes to 

cell proliferation.9 There is also evidence that YAP can physically interact with Myocardin 

and disrupt the formation of Myocardin/SRF complex,10,11 thus suggesting YAP as a critical 

molecular for VSMC phenotypic modulation.

Phosphatidylinositol 3-kinases (PI3Ks) are a conserved family of lipid kinases that 

coordinate diverse intracellular signaling pathways and regulate a wide variety of cellular 

functions by generating the lipid second messenger phosphatidylinositol-3,4,5- 

trisphosphate.12,13 PI3Ks are divided into three classes based on their substrate specificity. 

Of these, class I PI3Ks are the most extensively studied and comprise the IA and IB 

subclasses. PI3Kγ, the unique member of the class IB, is a heterodimer composed of a 

catalytic subunit p110γ and a regulatory subunit p101 or p84/87.13 Recently, evidence has 

emerged that p110γ associates with p101 or p87/p84 at the plasma membrane, though which 

PI3K p110γ can be activated by Gβγ.13,14 PI3Kγ is abundantly expressed in hematopoietic 

cells and has emerged as a key regulator of a wide range of inflammatory processes, 

including leukocyte development, recruitment and activation.15 Recently, PI3Kγ has also 

been found in the cardiovascular system, including smooth muscle cells, endothelial cells 

and cardiomyocytes. Several lines of evidence have revealed critical roles for PI3Kγ in 

modulating VSMC migration and contractility that contribute to the progression of 

neointimal formation and vascular remodeling.16–18 However, the precise contribution of 

PI3Kγ in VSMCs to neointimal formation and the underlying mechanisms remain poorly 

understood.

In this study, we provide evidence that PI3Kγ is critically involved in controlling VSMC 

phenotypic modulation during neointimal formation in response to vascular injury. Vascular 

injury in vivo and serum in vitro upregulate the expression of PI3Kγ and induce its 

activation in VSMCs, leading to the downregulation of VSMC-specific markers, 

accompanied by enhanced VSMC proliferation and migration. Furthermore, cyclic AMP-

response element binding protein (CREB)-mediated YAP upregulation is responsible for 

PI3Kγ/Akt signaling-induced phenotypic modulation of VSMCs. More importantly, using a 

well-established carotid artery injury model, our results indicate a potent protective effect by 

PI3Kγ deletion in local vascular cells on neointimal formation and restenosis. These data 

define a crucial role of PI3Kγ in regulating VSMC phenotypic modulation in response to 

injury and suggest that local vascular cell-derived PI3Kγ may represent a promising 

therapeutic target to prevent neointimal formation and restenosis after vascular 

intervensions.
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Materials and Methods

The authors declare that all supporting data are available within the article (and in online-

only Data Supplement).

Animals

Male C57BL/6J mice (wild type, WT) were obtained from The Jackson Laboratory (Bar 

Harbor, ME). PI3K-p110γ knockout (PI3Kγ–/–) mice (backcrossed onto a C57BL/6J 

background for > 10 generations) were generated,19 and kindly provided by Josef M. 

Penninger (Institute for Molecular Biotechnology of the Austrian Academy of Sciences, 

Vienna, Austria). These mice were maintained at the LSU Health Sciences Center-

Shreveport (Shreveport, LA) with a specific pathogen-free environment. Only male mice (8–

10 weeks old) were used in our study in view of the variability of estrogen levels in female 

mice, and the inhibition of estrogen in neointimal formation after vascular injury.20,21 All 

animal protocols were approved by the Institutional Animal Care and Use Committee.

Reagents and antibodies

Reagents and antibodies are listed in the Major Resources Table in the online-only Data 

Supplement.

Cell culture and treatment

Primary VSMCs were prepared from the thoracic aorta of male C57BL/6J mice using an 

explant method as previously described.22 For intervention experiments, PI3Kγ specific 

inhibitor AS605240 (1 µM) was reported to selectively inhibited PI3Kγ enzymatic activity,
23 thus, quiescent cells were pretreated with AS605240 (1 µM) for 60 minutes prior to FBS 

stimulation.

For PI3Kγ, CREB and YAP knockdown, recombinant lentiviruses respectively expressing 

the short hairpin RNA (shRNA) targeting Pik3cg (PI3K p110γ), CREB and YAP were 

prepared and used to infect VSMCs as previously described.24 Detailed information is 

provided in the online-only Data Supplement.

For YAP and CREB ectopic expression, detailed information is provided in the online-only 

Data Supplement.

Western blotting

Whole cell lysates were prepared with RIPA buffer containing protease inhibitors and 

quantified using the Bardford Protein Assay (Bio-Rad). Detailed information is provided in 

the online-only Data Supplement.

Quantitative reverse transcription–polymerase chain reaction (qRT-PCR)

Quantitative RT-PCR was performed as previously described.22 Detailed information is 

provided in the online-only Data Supplement.
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Luciferase activity assay

The luciferase reporter constructs containing YAP promoter sequence (wild type, WT) or 

mutation sequence (MUT1 and MUT2) were cotransfected with pcCREB plasmid or CREB 

shRNA or corresponding control vectors as well as the renilla luciferase reporter vector 

containing thymidine kinase promoter into cultured VSMCs. Luciferase activities were 

analyzed using a dual-luciferase reporter kit (Promega).

Chromatin Immunoprecipitation (CHIP)

CHIP was carried out using SimpleCHIP ® Plus Sonication Chromatin IP kit (Cell 

Signaling Technology) according to the manufacturer’s protocol. Additional information is 

provided in the online-only Data Supplement.

Cell proliferation and migration assays

Cell proliferation was evaluated by Cell Counting Kit-8 (CCK-8) assays and BrdU 

incorporation assays as previously described.25 VSMC migration was evaluated by wound-

healing and Transwell migration assays as previously described.25 Detailed information is 

provided in the online-only Data Supplement.

Bone marrow transplantation

Bone marrow was obtained from femurs and tibias of 8- to 10-week-old WT and PI3Kγ–/– 

mice and stored on ice. Recipient mice were lethally irradiated with 2 × 525 rads (3 hours 

apart) of whole-body irradiation and then received 2 × 106 bone marrow cells by tail vein 

injection. 8 weeks later, whole blood was collected from chimeric mice and successful BM 

reconstitution was confirmed using flow cytometry as previously described.26

Carotid ligation model

Carotid artery ligation was performed to induce flow-restriction vascular injury. Briefly, 

Mice were anesthetized with intraperitoneal administration of ketamine and xylazine. The 

left common carotid artery was dissected and ligated with a silk suture proximal to the 

carotid bifurcation. All animals recovered and showed no symptoms of stroke. Mice were 

sacrificed at the indicated time points after injury. After in situ cardiac perfusion with 4% 

paraformaldehyde (PFA) or saline, the ligated left and the uninjured right carotid arteries 

were harvested for histological analysis.

At the indicated time points after injury, mice were euthanized and perfused with normal 

saline followed by 4% paraformaldehyde (PFA). The femoral arteries were then harvested 

and post-fixed with 4% PFA overnight.

Histology and morphometric analysis

The arterial segments were dehydrated in ethanol and xylene and embedded in paraffin. 

Serial cross-sections (5 µm thick) were cut proximal to the carotid ligation site and 7 serial 

cross-sections (120 µm apart) were selected and stained with Verhoeff’s Elastic stain. 

Morphometric analysis was performed by two independent investigators blinded to the 

experimental design using Image-Pro Plus software (Media Cybernetics). We measured the 
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lumen area, intimal area, medial area, and total vessel area at each level as we previously 

described.22 The mean value of intimal area, intima/media ratio, and lumen stenosis ratio 

was calculated.

Immunostaining

Immunohistochemistry and Immunofluorescence staining were performed on paraffin-

embedded sections using the avidin-biotin-peroxidase complex method (Vector 

Laboratories). Detailed information is provided in the online-only Data Supplement.

Statistical analysis

Each cell experiment was performed at least three times. All results are expressed as the 

mean ± SEM. Shapiro-Wilk test and Levene test was respectively applied to assess data 

distribution and equal variance analysis. For data with normal distribution, Statistical 

differences between 2 independent groups were analyzed with unpaired 2-tailed Student’s t 
test. Mann-Whitney U test was used for nonparametric data. Multiple group comparisons 

were conducted with 1- or 2-way ANOVA followed by Bonferroni post hoc test. A P value 

less than 0.05 was considered statistically significant.

Results

Vascular injury induces PI3Kγ upregulation and activates PI3Kγ/Akt signaling pathway in 
VSMCs.

The expression of PI3Kγ has not been studied either in injured arteries or cultured VSMCs. 

Firstly, we used immunohistochemistry to determine PI3K p110γ expression in the carotid 

artery wall. Minimal p110γ signals were detected in the uninjured carotid arteries. However, 

strong p110γ staining signals were noted predominantly in the medial layer of ligated 

carotid arteries at 7 days and a large number of p110γ-positive cells were observed in the 

medial and intimal region of the injured carotid arteries at 21 days (Figure 1A). These 

results indicate that PI3Kγ is expressed and unregulated in arterial VSMCs in response to 

vascular injury.

To further determine the expression of PI3Kγ in VSMCs, we conducted western blotting for 

class I PI3Ks in cultured VSMCs in vitro. We observed the expression of several PI3K 

isoforms, including p110α, p110β, p110γ, p110δ, and p101, in cultured VSMCs. Serum 

stimulation induced an increase in the protein levels of p110γ and p101, while there was no 

obvious change in the expression of p110α, p110β, or p110δ after serum treatment (Figure 

1B). Moreover, immunofluorescent staining confirmed the upregulation of p110γ in the 

cytoplasm of VSMCs in response to serum (Figure 1C).

Following ligand binding, cell membrane receptors recruit and activate PI3Ks that 

phosphorylate PIP2 to generate PIP3, which in turn activates Akt and multiple downstream 

effectors to regulate cell proliferation and migration.12,13 We thus evaluated PI3Kγ activity 

in VSMCs by measuring phosphorylation of Akt (ser473) and PIP3 levels. Firstly, we 

constructed recombinant lentiviruses carrying Pik3cg-targeting shRNA and infected 

VSMCs. Our data showed that Pik3cg-targeting shRNA (PI3Kγ-KD) specifically inhibited 
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p110γ expression but failed to affect regulator subunit p101 and other isoforms (p110α, 

p110β, p110δ) (Figure I in the online-only Data Supplement). Serum exposure caused a 

significant increase in PI3Kγ activity as measured by the production of PIP3 in VSMCs, as 

expected, PI3Kγ knockdown robustly suppressed the activity of PI3Kγ induced by serum 

(Figure 1D). Consistent with the effect on kinase activity, serum treatment led to enhanced 

phosphorylation of Akt (Figure 1E), while this effect was abolished by pretreatment with 

PI3Kγ inhibitor AS605240 (Figure 1F). Similarly, serum-induced Akt phosphorylation was 

dramatically attenuated by p110γ knockdown (Figure 1G). Furthermore, it was also 

confirmed in vivo by immunostaining of carotid arteries 7 and 21 days after ligation, 

demonstrating that vascular injury-induced Akt phosphorylation in medial VSMCs were 

significantly inhibited in PI3Kγ–/– arteries compared with WT arteries (Figure 1H). Taken 

together, these data suggest that vascular injury induces PI3Kγ upregulation and activates 

PI3Kγ signaling pathway in VSMCs.

PI3Kγ is required for VSMC phenotypic modulation following vascular injury.

Several lines of evidence have uncovered specific roles for distinct PI3K isoforms in the 

cardiovascular system in both physiological and pathological process.27 However, the role of 

PI3Kγ in phenotypic modulation of VSMCs is still poorly elucidated. Thus, qRT-PCR and 

Western blotting were conducted to investigate the function of PI3Kγ in the expression of 

VSMC-specific marker genes Calponin and SM22α. The mRNA and protein levels of both 

Calponin and SM22α were decreased in serum-treated VSMCs, whereas the inhibition of 

Calponin and SM22α expression was largely diminished in VSMCs pretreated with 

AS605240 (Figure 2A and2B). Similarly, administration of serum also failed to diminish the 

expression of Calponin and SM22α in PI3Kγ-KD VSMCs (Figure 2C and2D). Additionally, 

the inhibition of regulatory subunit p101 has the same effect as p110 knockdown on 

Calponin and SM22α expression (Figure II in the online-only Data Supplement), supporting 

an important role of PI3Kγ signaling in regulating VSMC phenotype. To confirm these in 

vitro findings, we performed immunostaining for Calponin and SM22α in cross sections of 

carotid arteries. Consistent with the robust effect of serum on VSMC differentiation, 

vascular injury also strikingly suppressed the expression of Calponin and SM22α in the 

medial VSMCs of the ligated carotid arteries. In contrast, the injury-induced downregulation 

of Calponin and SM22α was almost completely abrogated in PI3Kγ–/– arteries (Figure 2E 

and2F). These results suggest that PI3Kγ contributes to induce VSMC phenotypic switching 

from a differentiated state to a dedifferentiated phenotype after vascular injury.

PI3Kγ promotes VSMC proliferation and migration.

It is generally believed that phenotypic modulation may confer VSMCs with the capacities 

of promoting proliferation and migration into the neointimal layer, which contribute to 

vascular repair or even restenosis after vascular injury.1 PI3K/Akt signaling is involved in 

proliferation and migration in a variety of tissues.12 Therefore, we detected the effect of 

PI3Kγ signaling on serum-induced proliferation of VSMCs by pretreating VSMCs with 

AS605240, followed by serum stimulation utilizing time gradient method, and the 

proliferation of VSMCs measured by a BrdU proliferation assay and CCK-8 assay indicated 

that AS605240 attenuated the serum-induced proliferation of VSMCs (Figure 3A, Figure 

IIIA in the online-only Data Supplement). Furthermore, the proliferation ability conferred by 
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serum was also attenuated in PI3Kγ–/– VSMCs (Figure 3B). In vivo, an increase in Ki-67-

positive cells within the medial VSMCs of ligated carotid arteries were significantly reduced 

by PI3Kγ deletion, demonstrating a crucial involvement of PI3Kγ signaling in proliferative 

response of dedifferentiated VSMCs (Figure 3C). Consistent with the effect of serum on cell 

proliferation, serum-treated VSMCs exhibited accelerated migration ability measured by a 

wound-healing assay and Transwell assay. As predicted, VSMCs pretreated with AS605240 

followed by serum incubation migrated slower than the serum-treated group (Figure IIIB in 

the online-only Data Supplement). AS605240 pretreatment also diminished the amount of 

VSMCs moving through chamber polycarbonate membrane (Figure 3D). Subsequently, the 

robust inhibition of VSMCs migration was further verified in PI3Kγ-KD VSMCs (Figure 

3E and3F) and PI3Kγ–/– VSMCs (Figure 3G and3H). Taken together, PI3Kγ exerts a 

positive role in not only the proliferative but the migratory process.

Induction of YAP mediates the effects of PI3Kγ on VSMC phenotypic modulation.

YAP is known to be crucial for VSMC phenotypic modulation by repressing the expression 

of VSMC marker genes.10,11 Given the identification of PI3K pathway in YAP expression 

and YAP phosphorylation at serine 127 (S127), 28,29 we hypothesized that PI3Kγ signaling 

contributes to VSMC phenotypic modulation through mediating YAP. As is shown in Figure 

4A, serum treatment triggered a marked increase in mRNA level of YAP, whereas the 

upregulation of YAP was largely inhibited by AS605240 pretreatment. In protein level, 

along with the increased mRNA expression, total YAP and p-YAP, especially total YAP were 

drastically increased by serum, AS605240 pretreatment also significantly blocked serum-

induced upregulation of total YAP, while failed to effectively inhibit the phosphorylation of 

YAP, conversely, the proportion of p-YAP to total YAP was elevated (Figure 4B). Similarly, 

this phenomenon was observed in PI3Kγ-KD VSMCs exposed to serum (Figure 4C and4D). 

Previous observations that phosphorylation of YAP at S127 results in cytoplasmic 

localization. 30 Of relevance, PI3Kγ knockdown significantly attenuated the serum-induced 

nuclear accumulation of YAP in VSMCs (Figure 4E). We next measured YAP expression in 

vivo, immunostaining for YAP in ligated carotid arteries demonstrated that PI3Kγ 
deficiency strikingly reduced vascular injury-induced upregulation of YAP (Figure IV in the 

online-only Data Supplement). Collectively, these data indicated a crucial role of PI3Kγ in 

controlling YAP expression and nuclear localization in VSMCs. Moreover, consistent with 

previous studies,10,11 YAP knockdown using YAP-targeting shRNA drastically abrogated 

serum-induced downregulation of Calponin and SM22α (Figure 4F and4G). In contrast, 

ectopic expression of YAP induced by transfecting VSMCs with plasmids carrying YAP 

gene (pcYAP) led to a drastic suppression of VSMC marker genes (Figure 4H and4I). 

Subsequently, to confirm the role of YAP in controlling VSMC differentiation in the 

downstream of PI3Kγ signaling, we performed combined transfection of PI3Kγ shRNA and 

pcYAP and corresponding control in VSMCs prior to serum stimulation. As expected, 

ectopic expression of YAP significantly rescued the serum-induced suppression of VSMC 

differentiation in PI3Kγ-KD VSMCs (Figure 4J and4K). Collectively, these data suggest 

that induction of YAP promotes VSMC phenotypic modulation through PI3Kγ signaling.
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CREB activation is responsible for PI3Kγ-induced YAP expression and VSMC phenotypic 
modulation.

It has been reported that nuclear factor CREB contributes to the expression of YAP by 

binding its promoter region in human hepatoma cells.31 Moreover, Akt/PKB has been 

identified as an important regulator inducing the phosphorylation of CREB at Ser-133.29 

Based on the previous studies, we speculated that PI3Kγ mediates YAP expression in a 

CREB-dependent manner and CREB activity may play a pivotal role in phenotypic 

modulation of VSMCs induced by serum. To test this hypothesis, we firstly measured the 

effect of serum on the CREB activity in cultured VSMCs, and our results indicated that 

serum treatment drastically increased the phosphorylation of CREB, while the effect was 

strikingly abrogated by using AS605240 (Figure 5A) and transfection of PI3Kγ shRNA 

(Figure 5B). Intriguingly, we observed that administration of serum resulted in increased 

nuclear localization of phosphorylated CREB, which could also be blocked by PI3Kγ 
knockdown as measured by western blotting (Figure 5C). We next performed 

immunostaining for p-CREB to examined p-CREB expression in vivo. Consistent with these 

in vitro data, injury-induced increase in p-CREB within medial VSMCs of carotid arteries 

was also attenuated in PI3Kγ–/– arteries (Figure V in the online-only Data Supplement), 

indicating a crucial role of PI3Kγ signaling in the activation of CREB. Subsequently, we 

explored the effect of CREB on YAP expression and VSMC phenotypic modulation. As 

predicted, CREB knockdown strikingly abolished serum-induced YAP upregulation but 

drastically reversed the downregulation of VSMCs marker genes induced by serum (Figure 

5D and5E). Conversely, the ectopic expression of CREB conferred by transfecting VSMCs 

with plasmids carrying CREB gene (pcCREB) in VSMCs induced a marked upregulation of 

YAP but resulted in a drastic reduction of VSMC marker genes, while the effects of CREB 

overexpression on YAP, Calponin and SM22α were markedly diminished in YAP-KD 

VSMCs (Figure 5F and5G), suggesting that CREB activation contributes to phenotypic 

modulation of VSMCs through inducing YAP upregulation.

To determine whether CREB upregulates YAP expression in VSMCs at the transcription 

level, we inspected the promoter region of YAP and identified two putative CREB binding 

motifs (−1476 / −1469 and −1090 / −1083) within the upstream of the transcription start site 

of YAP (Figure 5H). Then, mutants (MUT 1 and MUT 2) were constructed by site-directed 

mutation within potential binding sequences. Luciferase reporter plasmids containing 

putative binding sequences (wild-type, WT) or mutated sequence were cotransfected with 

CREB expression plasmid (pcCREB) or CREB shRNA (CREB-KD) into VSMCs. The 

luciferase reporter gene assays demonstrated a decrease inYAP promoter activity from 

MUT1 compared with the wild-type (WT). Ectopic expression of CREB robustly enhanced 

YAP promoter activity from WT and MUT 2 but failed to affect the promoter activity from 

MUT1 (Figure 5I). Accordingly, serum exposure markedly induced the promoter activity of 

YAP from WT and MUT 2, whereas the increased promoter activity was robustly abolished 

by CREB knockdown or mutation of bind site (−1476 / −1469) from MUT1 but not by 

MUT2 (Figure 5J). Then, CHIP assay was performed to further identify the physical binding 

of endogenous CREB to the putative sequence (−1476 / −1469) in YAP promoter using anti-

CREB (Figure 5K). Taken together, these data indicated that −1476 / −1469 within YAP 
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promoter may be functional bind motif for CREB that promotes YAP transcription 

expression.

PI3Kγ deficiency attenuates neointimal formation following arterial injury.

Vascular injury induces phenotypic modulation of medial VSMC of injured artery followed 

by neointimal formation and vascular remodeling. To determine the functional role of 

PI3Kγ in vascular lesion formation and remodeling, we used an established model of carotid 

artery ligation in mice. No neointimal formation and luminal narrowing were observed in the 

unligated right common carotid arteries of WT and PI3Kγ–/– mice. In contrast, carotid 

ligation led to the development of a prominent neointima in left common carotid arteries of 

WT mice, but only a small lesion in PI3Kγ–/– mice 21 days after carotid artery ligation 

(Figure 6A). Compared with WT mice, neointimal formation as determined by intima area 

(Figure 6B) and intima/media ratio (Figure 6C) in injured arteries were significantly 

attenuated in PI3Kγ–/– mice, resulting in a marked decrease of lumen stenosis ratio (Figure 

6D). These findings indicate that PI3Kγ plays a crucial role of in the development of 

neointimal formation after carotid artery ligation.

PI3Kγ in local vascular cells and in BM-derived cells both contribute to neointimal 
formation.

PI3Kγ is expressed not only in local vascular cells but also in bone marrow-derived cells, 

both of which are active players in neointimal formation in response to vascular injury. 

However, the relative contributions of local vascular cell-derived PI3Kγ versus BM cell-

derived PI3Kγ to the development of neointimal lesions are unknown. Therefore, we 

performed reciprocal BM transplantation from PI3Kγ–/– or WT donors into PI3Kγ–/– or WT 

recipient mice to create BM chimeric mice. Mice underwent carotid artery ligation injury, 

and neointimal formation was measured 21 days later. Interestingly, neointimal formation 

was greatly smaller either in WT to PI3Kγ–/– mice or in PI3Kγ–/– to WT mice compared 

with that of WT to WT mice. In addition, PI3Kγ–/– to PI3Kγ–/– mice exhibited less 

neointimal formation and diminished lumen stenosis ratio compared with those of WT to 

PI3Kγ–/– mice or PI3Kγ–/– to WT mice (Figure 7, A-D). Taken together, our data suggest 

that PI3Kγ in local vascular cells and in BM-derived cells both critically contribute to 

neointimal formation following vascular injury.

Discussion

Vascular injury such as balloon angioplasty and vascular stenting triggers the early release of 

proinflammatory cytokines and growth factors that induce medial VSMC activation and 

phenotypic modulation toward the synthetic state, leading to enhanced migration and 

proliferation, which contribute to the development of neointimal lesions in the injured artery.
1,2 Therefore, VSMCs are the active players in the pathogenesis of neointimal formation and 

restenosis after vascular injury. PI3Kγ is the only member of class IB PI3Ks activated by G 

protein-coupled receptors via binding to βγ subunits of G proteins. PI3Kγ has emerged as a 

key signaling molecule in immune and proinflammatory signaling pathways activated by 

many different stimuli.13,32 Of relevance, PI3Kγ have important functions in immune cells 

and endothelial cells, and the activities of these cells are crucial in the pathogenesis of 
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atherosclerosis and restenosis after vascular injury.33,34 Also, PI3Kγ has been found in 

VSMCs.16,17 However, the function of PI3Kγ in regulating VSMC behaviors and the 

underlying mechanisms remain to be clarified. Here, we present the novel findings that 

PI3Kγ plays a critical role in phenotypic modulation of VSMCs in response to vascular 

injury in vivo or serum stimulation in vitro. PI3Kγ-mediated CREB activation increases 

YAP expression, leading to VSMC phenotypic modulation. Blockade of PI3Kγ signaling 

abolishes the effect of serum on VSMCs and strikingly attenuates neointimal formation in 

injured artery. These results reveal previously uncharacterized function of PI3Kγ in 

mediating VSMC phenotypic modulation and its involvement in neointimal formation in 

response to vascular injury.

PI3Ks are lipid signaling enzymes that participates in a variety of cellular processes and 

whose activity is directly proportional to the expression level of PI3K subunits.35,36 

Previously, PI3K isoforms such as p110α, p110δ and p110γ have been found to be 

overexpressed in several different cancers.36,37 Of relevance, overexpression of PI3K 

isoforms is sufficient to induce cellular transformation and proliferation, which are attributed 

to enhanced PI3K activity and increased level of Akt phosphorylation.36,37 PI3Kγ 
upregulation is observed in human and murine atherosclerotic lesions and intimately linked 

to the development of atherosclerosis.33,38 In addition, myocardial infarction or tissue 

ischemia can induce the expression of PI3Kγ and that contributes to reparative 

neovascularization and wound healing through modulating endothelial proliferation, 

survival, and migration.39,40 In idiopathic pulmonary fibrosis lung tissue and fibroblasts, 

enhanced expression of PI3Kγ is consistent with increased Akt activation and cellular 

proliferation.41 For vascular injury, the proliferation and migration of medial VSMCs are the 

main sources of neointimal formation.1 Some inflammatory/growth factors (TNF-α, IL-1β 
and PDGF) in local tissues/ plasma and lysophosphatidic acid (LPA) in serum are believed 

to possess potent mitogenic effects that contributes to VSMC activation and 

dedifferentiation.1,42 Although the composition of serum is complex, current studies have 

identified that TNF-α and LPA can bind to G protein-coupled receptors, leading to p110γ 
activation.43,44 Accordingly, we detected robust PI3Kγ upregulation in the medial and 

intimal region of the injured arteries as well as in cultured VSMCs upon serum exposure, 

accompanying with increased cellular proliferation and decreased expression of VSMC 

differentiation markers. More importantly, the present study reveals a positive correlation 

between PI3Kγ expression and VSMC phenotypic modulation in response to vascular 

injury, implying that PI3Kγ-induced VSMC phenotypic modulation constitutes a 

mechanism accounting for accelerated neointimal formation and vascular remodeling after 

vascular injury.

PI3Kγ is primarily expressed in hematopoietic cells and implicated in the regulation of 

inflammation, which is critical for the development of neointimal formation and vascular 

remodeling.15,34 Indeed, PI3Kγ has previously been shown to critically contribute to 

neointimal hyperplasia through modulating inflammatory response to environmental stimuli. 

In atherosclerosis, recent studies in animal models have identified PI3Kγ as an essential 

player in vascular inflammatory processes, as its pharmacological inhibition or its genetic 

deletion leads to reduced monocyte and T cell recruitment and activation in arterial lesions, 

resulting in impaired atherosclerotic plaque development and increased plaque stabilization.
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33,38 Previous work from our group also demonstrated that platelet PI3Kγ plays a major role 

in controlling vascular inflammation and intima-media thickening by modulating platelet 

activation following vascular injury.45 Furthermore, PI3Kγ in bone marrow-derived cells has 

also been shown to be crucial for the development of neointimal formation through 

specifically modulating Th1 cytokine profile that is responsible for inducing VSMC 

proinflammatory phenotype and leukocyte infiltration in injured arteries.34 Consistently, our 

results from bone marrow transplantation experiments also confirm the important role of 

bone marrow-derived PI3Kγ in mediating neointimal formation and vascular remodeling 

after vascular injury. Additionally, the present study provides novel evidence that vascular 

wall cell-derived PI3Kγ is responsible, at least in part, for injury-induced VSMC phenotypic 

modulation that contributes to neointima development. Therefore, these findings suggest a 

potential involvement of local vascular PI3Kγ in the pathogenesis of vascular proliferative 

diseases.

Like class IA PI3K isoforms, PI3Kγ functions as an important signal transduction enzyme 

that regulate diverse biological functions of multiple cell types by acting downstream of cell 

surface receptor activation. It has been shown that PI3Kγ is involved in controlling 

numerous functions of immune cells such as thymocyte development,19 T cell activation,34 

neutrophil trafficking and the oxidative burst,19 NK cell development and cytotoxicity,46 and 

monocyte/macrophage activation,32,38 and these functions of PI3Kγ in regulating immune 

cells actively contribute to the development of chronic inflammation, atherosclerosis, and 

cancer. In cardiomyocytes, PI3Kα modulates cell growth and apoptosis, while PI3Kγ 
contributes to TAC-induced cardiac remodeling in a kinase-dependent activity and 

negatively regulates cardiac contractility by a kinase-independent effect.47,48 Recently, 

PI3Kγ has also been shown to modulate cell proliferation, survival, and migration of 

vascular endothelial cells that contribute to angiogenesis and vasculogenesis.40 In addition, 

emerging evidence indicates that PI3Kγ is essential for both MCP-1-induced VSMC 

migration17 and AngII-evoked VSMC contractility.16 This is further evident by our findings 

that pharmacological and genetic inhibition of PI3Kγ abrogates increased cell proliferation 

and migration and reduced expression of VSMC-specific contractile genes in VSMCs 

induced by serum, suggesting the critical role of PI3Kγ in controlling VSMC phenotypic 

modulation. In support of our findings, PI3K signaling has been shown to play an important 

role in mediating VSMC phenotypic switching in response to diverse extracellular stimuli. 

Upon stimulation by PDGF or serum, activation of PI3K/Akt signaling leads to VSMC 

phenotypic switching into the synthetic phenotype associated with enhanced cellular 

proliferation and migration. In contrast, disruption of PI3K/Akt pathway inhibits VSMC 

proliferation and neointimal hyperplasia after vascular injury.49–51 In agreement with these 

previous studies, we found that genetic deletion of PI3Kγ results in reduced cellular 

proliferation and impaired neointimal lesion formation in injured carotid artery, suggesting a 

key role of PI3Kγ in the regulation of VSMC activation and neointimal formation after 

vascular injury. However, it should be noted that the highly homologous isoforms of AKT, 

Akt1 and Akt2, exert different functions in VSMC.52 Current evidences have identified the 

crucial function of Akt1 in promoting VSMC proliferation and migration.53,54 As opposed 

to Akt1, Akt2 knockdown in VSMCs attenuated Myocardin expression that results in a more 

dedifferentiated phenotype, accordingly, genetic deletion of Akt2 promotes VSMC 
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proliferation and intimal hyperplasia after artery injury.55 Given the findings in present 

study, the mechanism of PI3Kγ mediates VSMC phenotypic modulation via Akt1 may be 

established, and further research should be performed.

Strikingly, this study identified YAP as a downstream effector of PI3Kγ in VSMC 

phenotypic modulation. YAP is a nuclear effector of Hippo signaling that controls cellular 

survival and proliferation via binding to DNA-binding transcriptional factor to induce gene 

expression.7 YAP has been proposed to be implicated in VSMC phenotypic modulation and 

neointimal formation.10,11 Our results are in accordance with previous studies showing that 

the expression level of YAP is correlated with the VSMC synthetic phenotype. More 

importantly, the present study also indicates a direct correlation between PI3Kγ activity and 

YAP expression as well as VSMC phenotypic modulation, implying that YAP expression 

constitutes a molecular mechanism accounting for PI3Kγ-induced VSMC phenotypic 

modulation. Besides its expression, YAP activation is regulated by phosphorylation-

dependent nuclear translocation, which depends on the Lats kinase, a key component of the 

Hippo pathway.8 Consistent with previous studies, 28 our evidence shown that the activation 

of PI3Kγ signaling induced by serum is responsible for YAP dephosphorylation and nuclear 

accumulation. Accordingly, nuclear YAP protein interacts with myocardin and suppresses 

the binding of myocardin to SRF in VSMCs, leading to attenuated expression of VSMC 

contractile markers.10,11 These data suggest that aberrant YAP expression and activation 

may represent an important mechanism underlying PI3Kγ-induced VSMC phenotypic 

modulation.

Another important finding of this study is the identification of CREB as a key transcriptional 

regulator in the downstream of PI3Kγ signaling for promoting YAP expression and VSMC 

phenotypic modulation. In support of these findings, it has been shown that CREB plays a 

key role in modulating the transcription of YAP in several cell types.29,31,56 Notably, a 

variety of protein kinase pathways, including PI3K/Akt pathway, have been shown to 

modulate CREB function through phosphorylation of CREB at serine 133. 29,56,57 This 

concept is also confirmed by our observations, indicating that disruption of PI3Kγ signaling 

is sufficient to abolish serum-induced CREB phosphorylation and transcriptional activity. 

CREB is a nuclear transcription factor that binds to CRE sequences on promoters of target 

genes, thereby activating transcription of genes important to cellular survival, growth, 

migration, and differentiation in multiple cell types.58 CREB has been shown to be critically 

involved in the regulation of VSMC functions as well as vascular remodeling. Several 

studies indicated that vascular injury induces CREB phosphorylation at Ser133 in VSMCs 

and that is positively associated with neointimal formation in injured artery. Blocking CREB 

activation with overexpression of either dominant-negative CREB or A20 leads to attenuated 

neointimal formation after arterial injury.57,59–61 In response to mitogenic stimuli such as 

TNF-α, PDGF, angiotensin II, and thrombin, VSMCs display elevated level of CREB 

phosphorylation thereby promoting cellular migration and proliferation in vitro.58,62,63 This 

is further evident by our findings that serum induces CREB phosphorylation and nuclear 

translocation, leading to enhanced expression of YAP, causing a reduced expression of 

VSMC contractile genes and consequently VSMC phenotypic modulation. However, several 

studies have reported a negative correlation between CREB content and VSMC proliferation 

as well as migration.64,65 This discrepancy may be attributable to differences in cell 
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resources and experimental design. Despite some contradictory observations, multiple lines 

of evidence point to the importance of CREB in controlling YAP expression and VSMC 

activation as well as neointimal formation after vascular injury.

In summary, our present study identified PI3Kγ as a pivotal regulator in promoting VSMC 

phenotypic modulation through modulating, at least in part, the CREB/YAP signaling 

pathway (Figure 8). Our findings support the notion that PI3Kγ in VSMCs plays a critical 

role in the development of neointimal formation in response to vascular injury. Therefore, 

local vascular cell-derived PI3Kγ may represent an attractive therapeutic target for the 

treatment of vascular proliferative diseases.
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SRF serum response factor

MCP-1 monocyte chemoattractant protein-1

PDGF platelet derived growth factor

TNF-α tumor necrosis factor-α

WT wild type

Mst1/2 mammalian sterile 20-like 1/2

Lats1/2 large tumor suppressor homolog 1/2
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Highlights

• Vascular injury induces PI3Kγ upregulation and activates PI3Kγ/Akt 

signaling pathway in VSMCs.

• PI3Kγ transcriptional activation contributes to VSMC phenotypic 

modulation, leading to increased cellular proliferation and migration.

• PI3Kγ controls VSMC phenotypic modulation through regulating 

transcription factor CREB activation and YAP expression.

• Vascular wall cell-derived PI3Kγ deficiency represses neointimal formation 

after vascular injury.
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Figure 1. Vascular injury induces PI3Kγ upregulation and activates PI3Kγ/Akt signaling 
pathway in VSMCs.
A, Representative cross sections of ligated carotid arteries from WT (7 and 21 days) 

immunostained for p110γ (n=8 mice per group) (left panel). IgG acted as the isotype 

control. The occluded lesion in lumen of ligated artery at 7d is a thrombus. Bar graph (right 

panel) shows the percentage of p110γ-stained area to medial area. Scale bars: 20 μm. B, 
Western blotting analysis of p110α, p110β, p110γ, p110δ, and p101 in VSMCs stimulated 

with 10% and 20% Fetal Bovine Serum (FBS) for 24 h (left panel) (n=6). β-actin acted as 

loading control. Bar graph (right panel) shows the densitometric analysis. C, 
Immunofluorescence staining of p110γ (red) in VSMCs stimulated with 10% FBS for 24 h. 

Cell nuclei were stained with hoechst (blue). Scale bar: 20 μm. D, VSMCs were transfected 

with PI3Kγ shRNA (PI3Kγ-KD) and corresponding negative control (NS-KD), followed by 

10% FBS stimulation for 5 min, and then lysed, immunoprecipitated with PI3K p110γ 
antibody. PI3Kγ activity was evaluated by measuring the productivity of PIP3 by 
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performing ELISA. E, Western blotting analysis of p-Akt (ser473) and Total Akt in VSMCs 

stimulated with 10% FBS for indicated time (lower panel). F, Western blotting analysis of p-

Akt (ser473) and Total Akt in VSMCs pretreated with AS605240 (1 µM), followed by 10% 

FBS stimulation for 5 min (lower panel). G, Western blotting analysis of p-Akt (ser473) and 

Total Akt in PI3Kγ-KD VSMCs, followed by 10% FBS stimulation for 5 min (lower panel). 

(E, F and G) Bar graphs (upper panel) show the quantification of p-Akt level by the ratio of 

p-Akt to total Akt. Data are showed as mean ± SEM of six independent experiments. 

**P<0.01. H, Representative cross sections of ligated carotid arteries from WT and 

PI3Kγ–/– mice (7 and 21 days) immunostained for p-Akt (ser473) (left panel). IgG acted as 

the isotype control. Scale bars: 20 μm. Bar graph (right panel) shows the percentage of p-

Akt-stained area to medial area. Data are showed as mean ± SEM. n=8 mice per group. * 
P<0.05, **P<0.01.
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Figure 2. PI3Kγ is required for VSMC phenotypic modulation following vascular injury.
Cultured VSMCs pretreated with or without AS605240 (1 µM) were stimulated with 10% 

FBS. A, After 24 h, mRNA levels of Calponin (i) and SM22α (ii) were detected by qRT-

PCR. mRNA expression was normalized to GAPDH. B, After 48 h, protein levels of 

Calponin and SM22α were determined by western blotting. C, qRT-PCR analysis of 

Calponin (i) and SM22α (ii) in PI3Kγ-KD VSMCs stimulated with 10% FBS for 24 h. D, 
Western blotting analysis of Calponin and SM22α in PI3Kγ-KD VSMCs stimulated with 

10% FBS for 48 h. Data are showed as mean ± SEM of six independent experiments. * 
P<0.05. Representative cross sections of ligated carotid arteries from WT and PI3Kγ–/– 

mice (7 days) immunostained for Calponin (green) (left panel) (E) and SM22α (green) (left 

panel) (F). Cell nuclei were stained with hoechst (blue). Scale bar: 50 μm and 20 μm. Red 

boxes indicate the enlarged sections of carotid arteries. Corresponding bar graphs (right 
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panel) show the percentage of Calponin and SM22α positive area in the media. Mean ± 

SEM. n=8 mice per group. **P<0.01.
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Figure 3. PI3Kγ promotes VSMC proliferation and migration.
A, VSMCs pretreated with or without AS605240 (1 µM) were stimulated with 10% FBS for 

indicated time, cells growth were evaluated by BrdU incorporation assay. B, Western 

blotting analysis of p110γ expression in vessel extracted from WT and PI3Kγ–/– mice (left 

panel). Proliferation of PI3Kγ–/– VSMCs in response to 10% FBS stimulation for 48 h was 

evaluated by BrdU incorporation assay (right panel). C, Representative cross sections of 

carotid arteries from WT and PI3Kγ–/– mice (7 and 21 days) immunostained for Ki-67 (left 

panel). Scale bars: 20 μm. Bar graph (right panel) shows the percentage of Ki-67-stained 

positive cells in vascular media. Data are showed as mean ± SEM. n=8 mice per group. D, 
VSMCs pretreated with AS605240 were stimulated with 10% FBS for 48 h, representative 

images of migrated VSMCs on the bottom of transwell membrane (left panel). Scale bar: 

100 μm. Bar graph (right panel) shows the number of migrated cells. The migration ability 

of PI3Kγ-KD VSMCs was evaluated by wound-healing assay (E) and Transwell assay (F). 
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The migration ability of PI3Kγ–/– VSMCs was evaluated by wound-healing assay (G) and 

Transwell assay (H). Data are showed as mean ± SEM of at least 4 independent 

experiments. * P<0.05, **P<0.01.
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Figure 4. Induction of YAP mediates the effects of PI3Kγ on VSMC phenotypic modulation.
VSMCs pretreated with or without AS605240 were stimulated with 10% FBS, (A) mRNA 

level of YAP was determined after 24 h, (B) protein levels of p-YAP and YAP was measured 

after 48 h (left panel), bar graph (right panel) shows the relative ratio of p-YAP to YAP. (C) 

YAP mRNA and (D) YAP protein expression, p-YAP level (left panel) in PI3Kγ-KD 

VSMCs stimulated with 10% FBS, bar graph (right panel) shows the relative ratio of p-YAP 

to YAP. E, Cytoplasmic and nuclear extracts from PI3Kγ-KD VSMCs treated with FBS 

were immunoblotted using anti-YAP (i). Bar graphs show densitometric analysis of YAP 

expression in cytoplasmic extracts (ii) and nuclear extracts (iii). VSMCs were transfected 

with YAP shRNA (YAP-KD) and its corresponding negative control (NS-KD) followed by 

10% FBS stimulation, mRNA levels of Calponin, SM22α and YAP were detected after 24 h 

(F), and protein levels were determined after 48 h (G). qRT-PCR (H) and western blotting 

(I) analyses of YAP, Calponin and SM22α in VSMCs transfected with plasmid 

overexpressing YAP (pcYAP) and corresponding control (pcDNA). VSMCs were co-

transfected with PI3Kγ shRNA and pcYAP plasmid prior to 10% FBS stimulation, mRNA 
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levels of Calponin, SM22α and YAP were detected (J), protein levels were determined (K). 

All data are presented as mean ± SEM of six independent experiments. * P<0.05, **P<0.01.
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Figure 5. CREB activation is responsible for PI3Kγ-induced YAP expression and VSMC 
phenotypic modulation.
A, Western blotting analysis of p-CREB and CREB in VSMCs pretreated with AS605240 (1 

µM), followed by 10% FBS treatment for 5 min (left panel). B, Western blotting analysis of 

p-CREB and CREB in PI3Kγ-KD VSMCs stimulated with 10% FBS for 5 min (left panel). 

(A and B) Corresponding bar graph (right panel) shows the quantification of p-CREB level 

by the ratio of p-CREB to total CREB. C, Western blotting analysis of p-CREB in 

cytoplasmic extracts and nuclear extracts from PI3Kγ-KD VSMCs stimulated with 10% 

FBS for 5 min (left panel). Bar graph shows the densitometric analysis of p-CREB in 

cytoplasmic (middle panel) and nuclear extracts (right panel). D, VSMCs were transfected 

with CREB shRNA (CREB-KD) followed by 10% FBS stimulation for 24h, the mRNA level 

of YAP, CREB, Calponin and SM22α was detected. E, Western blotting analysis of these 

genes in CREB-KD VSMCs stimulated with 10% FBS for 48 h. qRT-PCR (F) and western 

blotting (G) analyses of YAP, CREB, Calponin and SM22α in VSMCs cotransfected with 

CREB plasmid (pcCREB) and YAP shRNA (YAP-KD). H, Two putative CREB binding 

motifs (−1476 / −1469 and −1090 / −1083) within the upstream of the transcription start site 
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of YAP are underlined (WT). The mutated sequences (MUT1 and MUT2) are denoted by 

dots. I, CREB expression plasmid (pcCREB) and its corresponding control (pcDNA) were 

cotransfected with WT pGL3-YAP-promoter plasmid or mutant reporter plasmid (MUT1 

and MUT2) into VSMCs. Luciferase reporter gene assay was performed 48 hours after 

transfection. J, CREB shRNA was cotransfected with WT pGL3-YAP-promoter plasmid or 

mutant reporter plasmid (MUT1 and MUT2) into VSMCs, followed by 10% FBS treatment 

for 24 h. Promoter activity of YAP was measured by luciferase reporter gene assay. K, The 

binding of CREB to the promoter region of YAP (−1476 / −1469) was verified by CHIP 

assays (right panel), primer covering the binding region (−1476 / −1469) was designed (left 

panel). Data are presented as mean ± SEM of six independent experiments. * P<0.05, 

**P<0.01.
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Figure 6. PI3Kγ deficiency attenuates neointimal formation following arterial injury.
A, Representative Verhoeff’s Elastic stained cross sections (level 3) of carotid arteries from 

WT and PI3Kγ−/− mice at 21d after ligation. Red arrows indicate the internal elastic lamina. 

Scale bars: 50 μm. B, Intima area was determined at 7 cross section level (120 μm intervals), 

and their mean value was calculated. Intima/media ratio (C) and lumen stenosis ratio (D) at 

each level and the mean ratios were calculated. Numbers at the base of the bar graphs 

indicate the number of mice in each group. Mean ± SEM. **P<0.01 versus corresponding 

WT group.

Yu et al. Page 30

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2020 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. PI3Kγ in local vascular cells and in BM-derived cells both contribute to neointimal 
formation.
A, Representative Verhoeff’s Elastic stained cross sections (level 3) of carotid arteries from 

chimeric mice at 21d after ligation. Red arrows indicate the internal elastic lamina. Scale 

bars: 50 μm. B, Intima area was determined at 7 cross section level (120 μm intervals), and 

their mean value was calculated. Intima/media ratio (C) and lumen stenosis ratio (D) at each 

level and the mean ratios were calculated. Numbers at the base of the bar graphs indicate the 

number of mice in each group. **P<0.01 versus corresponding WT to WT group.
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Figure 8. 
A model shows the signaling crosstalk between FBS, PI3Kγ activity, p-CREB, YAP and 

VSMC phenotypic modulation.
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