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Abstract 

Background: Catalytic class IA PI 3-kinase isoform p110 is a crucial regulator of cellular 

proliferation and survival in numerous cell types. While p110 is critically involved in 

pathogenic vascular remodeling, its physiological role for vascular integrity under stress 

conditions has not been studied. We report a protective function of smooth muscle p110 

against abdominal aortic aneurysm (AAA) formation. 

Methods & Results: In mice lacking p110 in smooth muscle cells (sm-p110-/-), perfusion of 

the infrarenal aorta with porcine pancreatic elastase (PPE) yielded substantially enhanced AAA 

formation compared to wild type controls. This disease phenotype is partly attributable to a 

subtle preexisting vascular phenotype  under basal conditions, as sm-p110-/- mice displayed 

a smaller media area,  deranged aortic wall structure (detached smooth muscle cells, 

increased apoptotic cell death), and a diminished functional responsiveness of aortic rings to 

vasodilators. Furthermore, p110 is also implicated in regenerative processes during AAA 

development: Whereas wild type mice showed increased media hypertrophy, neointima 

formation and proliferation upon PPE intervention, these vascular remodeling processes were 

diminished in sm-p110-/- mice. Concomitantly, increased numbers of elastic fiber breaks and 

ECM degradation were detected in sm-p110-/- aorta. Mechanistically, we found that lack of 

p110 expression impaired smooth muscle cell proliferation, expression of contractile marker 

genes and production of elastin fibers. This phenotype largely depended on reduced 

phosphorylation and inactivation of FOXO1, as specific FOXO1 inhibition fully rescued 

proliferation of p110-/- smooth muscle cells, and knockdown of FOXO1 increased expression 

of calponin and elastin.  

Conclusions: Smooth muscle p110 protects against AAA disease by maintaining aortic wall 

homoeostasis and promoting SMC proliferation to compensate for cell loss during AAA 

development. Our findings have potential implications for current approaches aimed at p110 

inhibition for cancer therapy and suggest new pharmacological strategies to activate p110 

signaling in AAA disease. 

 

Key words: aortic aneurysm, PI 3-kinase, p110, smooth muscle cell plasticity, FOXO1  
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Introduction 

Abdominal aortic aneurysms (AAAs) are pathological dilations of the abdominal aorta with 

increases of the diameters to >3 cm, or >1.5 times their normal size.1,2 AAA are most 

commonly found in the infrarenal abdominal aorta, with an overall prevalence of 6% in men 

and 1.6% in women.3,4   Unless AAAs rapidly increase in size, acutely rupture, or 

thromboembolize into the distal arteries, they remain clinically asymptomatic and their 

assessment is challenging. Fatal outcome due to rupture occurs when the intraluminal 

pressure and wall stress exceed the strength of the aortic wall. The mortality rate is as high as 

80%,3,5 and it is estimated that ruptured AAAs are responsible for nearly 15,000 deaths in the 

United States per year.6 No effective pharmacological approach has been identified to date 

that can limit AAA progression or the risk of rupture in humans.7 Clinically, the only available 

treatment option remains surgical intervention, which includes open or endovascular aortic 

repair of the dilated aorta.7 A better understanding of the cellular mechanisms and regulatory 

networks driving AAA development and progression is mandatory to identifying novel 

therapeutic targets. In this context, animal models and, in particular, murine models, of AAA 

are an indispensable tool. Today, the porcine pancreatic elastase perfusion model (PPE) is 

considered the best mimicry of human AAA disease.8 

Vascular smooth muscle cells (SMC) are localized in the medial layer of the vasculature, and 

are the predominant cell type within the aortic wall. Dysregulation of SMC functions is thought 

to contribute to AAA development and progression. Important functions of SMCs in healthy 

or disease conditions comprise apoptosis, proliferation, phenotypic switch, contractility, and 

extracellular matrix (ECM) production and degradation. Stress signals within the aortic wall, 

including inflammatory cell infiltration and (epi)genetic changes, can modulate the SMC 

phenotype (contractile or differentiated versus synthetic or dedifferentiated) and thus 

contribute to disease progression.9 Beside SMCs, ECM components including elastic fibers are 

a major constituent of the aortic wall, representing ≈50% of the dry weight.10 The aortic ECM 

comprises macromolecules, such as elastin and collagen, and serves many functions that are 

essential for vessel homeostasis. Damage or inappropriate remodeling of the ECM contributes 

to initiation and progression of AAA disease. Particularly, loss and degradation of elastin and 

collagen lead to weakening, dilatation, and ultimately rupture of the aortic wall.11 

Our previous work revealed that the catalytic class IA phosphatidylinositol 3´-kinase (PI3K) 

isoform p110α is a crucial driver of SMC proliferation and migration and thus contributes to 

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted December 1, 2022. ; https://doi.org/10.1101/2022.12.01.518561doi: bioRxiv preprint 

https://doi.org/10.1101/2022.12.01.518561


vascular diseases including neointima formation after balloon injury and pulmonary 

hypertension.12, 13 Class IA PI3Ks signal downstream of receptor tyrosine kinases (RTKs), and 

consist of a regulatory p85 subunit and 1 of 3 distinct 110-kDa catalytic subunits (p110α, 

p110β, p110δ). Class IA PI3Ks are lipid kinases generating phosphatidyinositol-3,4,5-

trisphosphate (PIP3).14-16 PIP3 serves as a docking site for downstream signaling molecules 

such as AKT, which is considered the major transducer of PI3K signal relay. AKT phosphorylates 

numerous target proteins including major regulators of metabolism, mitogenesis and 

apoptosis including GSK3β, caspase-9 or FOXO transcription factors.17  

Although p110α signaling in SMCs is implicated in various vascular diseases, its potential 

physiological functions regarding the maintenance of vascular integrityare largely unknown. 

Herein, we aimed to elucidate the role of p110α in SMC proliferation, phenotypic modulation 

and ECM homoeostasis in the aortic wall and its impact on AAA disease in mice. 
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Materials and Methods 

 

Generation of smooth muscle–specific p110α-deficient mice 

Smooth muscle-specific p110α deficient mice were generated by cross-breeding of 

homozygous PI3Kcaflox/flox mice18 with SM22-Cre mice (B6.Cg-Tg[Tagln-Cre]1Her/J, The Jackson 

Laboratory), which express Cre recombinase under the control of the mouse transgelin 

(smooth muscle protein 22-alpha) promoter. SM22-Cre+/-/p110αfl/+ mice were crossed to 

homozygous p110αfl/fl mice to generate SM22-Cre-/p110αfl/fl (sm-p110α+/+) and SM22-

Cre+/p110αfl/fl (sm-p110α-/-) littermates.13 Genotyping was performed by PCR using tail 

biopsies. 

 

PPE perfusion model 

To induce murine AAA, the PPE infusion model was performed as described elsewhere.19 

Briefly, anesthetized adult male mice (weight approx. 25-30 g) undergo a median laparotomy 

and the abdominal aorta is isolated at the level of the bifurcation and the left renal vein. All 

aortic branches within 1.0 cm of the bifurcation are ligated. Temporary ligatures are then 

placed around the proximal and distal aorta. An aortomy in the region of the bifurcation is 

then performed. A syringe pump was used to infuse the aorta 100mmHg with saline or saline 

solution containing 0.04 U / ml of type I porcine pancreatic elastin (Sigma-Aldrich). The 

perfusion catheter is then removed and the aortomy was repaired without narrowing of the 

aorta. The induced AAA aortic segment (area between the left renal artery and the bifurcation) 

were harvested at 0, 3, 7, and 28 days post-surgery: Samples were snap-frozen in liquid 

nitrogen and then stored at -800C pending further processing. 

 

Aortic diameter measurements by ultrasound imaging 

At baseline, and 7, 14, 21 and 28 days after aneurysm induction, ultrasound imaging was 

performed to assess the abdominal aortic diameter. Mice were anesthetized with 

continuously delivered 2% isoflurane gas inhalation. Ultrasound gel was applied to the 

depilated skin of the abdomen and imaging was performed with a Vevo3100 imaging system 

(VisualSonics). B-mode, M-mode and EKV recordings were performed using a MX550D linear 

array transducer (25-55 MHz, Centre Transmit: 40 MHz, Axial Resolution: 40 μm) with a frame 
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rate of 230–400 frames/s. All ultrasound images were analyzed using the Vevo 3100-software 

and parameters like aortic diameter were calculated. 

 

Isometric force measurements 

Isometric force measurements were performed as described.20 Briefly, mice were 

anesthetized with isoflurane and after thoracotomy, explanted sections of the aortas were 

immediately kept in Krebs-Henseleit buffer on ice. 2-mm segments were mounted onto steel 

wires connected to force transducers of a standard organ bath filled with 25 ml Krebs-

Henseleit buffer at 37°C and gassed with carbogen. Each ring was equilibrated for 30 minutes 

and continuously stretched up to a tension of 1.1 g. KCl (80 mM) was added twice to each bath 

with subsequent washing. To create a dose-response curve to PGF2α, we added it to the bath 

with concentration (in μM) of 0.1, 0.2, 0.4, 1, 2, 4, and 10. Thereafter, a dose responses to 

acetylcholine (Ach) or nitroglycerine (NTG) were recorded with concentrations from 1 × 10–9 

M in steps of half log10 levels up to a concentration of 1 × 10–5.5 M. 

 

Bulk RNAseq 

After total RNA was extracted, RNA purity and integrity were checked by microfluidic 

electrophoresis using the Bioanalyzer (Qiagen, Hilden Germany). Following the qualtity 

control procedure, mRNA was enriched using Oligo(dT) magnetic beads and randomly 

fragmented for cDNA synthesis as previously described. Libraries were generated using the 

NEBNext UltraTM RNA Library Prep Kit (New England Biolabs, Ipswich, MA, USA) for the 

Illumina system following the manufacturer’s instructions. After cluster generation, single-end 

sequencing was performed using the Illumina HiSeq 2500 platform. Adapters were trimmed 

from raw reads, which were subsequently filtered by removing reads with a low quality score 

(50% bases of the read is <= 5). To accomplish the alignment, read mapping to the hg18 

reference genome was carried out by means of STAR. Then htseq-count was used to quantity 

mapped reads counts for every gene of each sample. Number of mapped reads were 

calculated and gene expression levels were presented as FPKM (Fragments Per Kilo bases per 

Million reads). Subsequently, the differential expression and sample distance of two 

conditions was calculated using the DESeq2 R package. And top 100 DE genes ordered by p-

value were selected to reflect relative expression levels across samples using pheatmap. 
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RNA-seq profiles were generated from 16 human samples (3 healthy samples and 13 diseased 

samples) and 8 murine samples (4 sm-p110α+/+ samples and 4 sm-p110α-/- samples). Thus, in 

total 16 human samples and 8 murine samples were assessed for transcriptomic changes. 

Differentially expressed genes (DEGs) were identified using a statistical threshold of P < 0.05 

and fold change  2. 

 

Cell Culture and treatment with siRNAs. 

Murine SMCs were isolated from thoracic and abdominal aorta by enzymatic dispersion as 

described.13 Animals were sacrificed and the aorta was dissected, removed, and incubated 

with 1 ml enzyme solution (1 mg/ml Collagenase Type I, 0.3 mg Elsatase, 0.3 mg Trypsin 

inhibitor in DMEM / 20% FBS) for 15 minutes to detach the adventitia. The remaining 

adventitia was removed using anatomic forceps, and the endothelium was gently removed by 

scraping the luminal surface. The aorta was cut into smaller pieces and incubated for further 

90 minutes at 37°C in the enzyme solution to disintegrate the tissue and separate the SMCs. 

After centrifugation, the cell pellet was resuspended in DMEM culture medium containing 

20% FCS and 1% Penicillin/Streptomycin. Cells were transferred into a well of a 24 well plate. 

After 2 days most of the cells were attached to the plate. Culture medium was changed after 

three days. After reaching 80% confluence, cells were expanded.SMCs were grown in a 5% 

CO2 atmosphere at 37°C in DMEM supplemented with 100 U/ml penicillin, 100 μg/ml 

streptomycin, 1% nonessential amino acids (100X), and 10% FCS.  

Murine aortic SMCs in 12-well plates were transfected with 150ng siRNA (FlexiTube 

GeneSolution GS56458 for Foxo1, FlexiTube GeneSolution GS56484 for Foxo3, and FlexiTube 

GeneSolution GS54601 for Foxo4; Qiagen), respectively, according to the transfection-

protocol of primary smooth muscle cells with siRNA using HiPerFect Transfection Reagent 

according to the manufacturer´s instructions (Qiagen). 

 

In vitro elastic fiber matrix analysis 

SMCs (1 x 105) were seeded on 12 mm round coverslips in a 24-well plate and grown for seven 

days in 20% FCS/DMEM. Cells were fixed (4% PFA/PBS for 10 min at 37 °C) and blocked with 

1% BSA/1xPBS. SMCs were permeabilized and primary antibodies diluted in blocking solution 

were added to the 24-well plate cover slip and incubated for 1h at RT. After 3x washing in 

1xPBS, incubation with the corresponding fluorescence-coupled secondary antibody (Anti-
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rabbit IgG Alexa Fluor 555 Conjugate #4413; 1:1000 diluted in 1% BSA/PBS + 0,3% TritonX100) 

was performed for 45 min at RT. In addition, DAPI (4,6-diamidine-2-phenylindole 

dihydrochloride) was added. The coverslips were then washed and mounted on slides with 

DAKO mount medium. Cells were washed with PBS containing 3% Triton X-100. Images were 

taken with a fluorescence (Axiophot, Zeiss) or confocal laser scanning microscope (SP5, Leica). 

Resultant SHG images were subjected to computational analyses using MATLAB software 

framework packages, CurveAlign and CT-FIRE as described.21 

 

Proliferation assay 

Real-time assessment of cell status was carried out with an IncuCyte Zoom System (Sartorius, 

Goettingen, Germany), as previously described1.22 Images were auto-collected and analyzed 

by using the IncuCyte software package. The cells were seeded into a 48-well plate 

(14000cells/well). Data standardization method: All data are normalized with the cell 

confluence of 0h. For example: the cell confluence (initial cell confluence) of well A is 20% at 

0 hours, 40% at 3 hours, and 60% at 6 hours. The normalized cell confluence at 0h is 1, 3h is 

2, and 6h is 3. 

 

BrdU incorporation 

DNA synthesis was measured by a BrdU-incorporation assay. Cells were cultured in 96-well 

plates (1 × 104 cells per well) in DMEM containing 20% FCS for 24 hours, washed with PBS, and 

starved in DMEM for 24 hours. Subsequently, cells were preincubated with the specific FOXO1 

inhibitor AS1842856 (1M) for 60 minutes followed by growth factor stimulation for 24 

hours. BrdU incorporation was carried out according to the manufacturer′s specifications (Cell 

Proliferation ELISA, Roche) with an incubation time of 5 hours as previously described.23 

Quantification was performed by measuring the absorbance using Power Wave 340 ELISA 

reader from Bio-Tek. 

 

Immunoblotting 

Quiescent SMCs were left resting or stimulated with growth factors as indicated. Cells were 

washed twice with HEPES/sodium chloride (20 mM HEPES, pH 7.4, 150 mM NaCl), and then 

lysed in extraction buffer (10 mM Tris-HCl, pH 7.4, 5 mM EDTA, 50 mM NaCl, 50 mM NaF, 1% 

Triton X-100, 0.1% BSA, 20 μg/mL aprotinin, 2 mM Na3VO4, 1 mM PMSF). Lysates were 
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centrifuged (20 minutes, 12,000g), and the supernatants were subjected to Western blot 

analysis. Similarly, tissue samples were homogenized in RIPA buffer. Protein concentration 

was assessed by either the Bradford Assay or NanoDrop quantification. Homogenates were 

suspended in 4 × SDS sample buffer. Equal amounts of protein lysates were run on SDS–PAGE 

and transferred to PVDF membranes. Blots were probed with the indicated antibodies. 

 

Immunohistochemistry & histochemistry 

Explanted aortae were fixed in 4% phosphate-buffered paraformaldehyde (Santa Cruz 

Biotechnology). The samples were embedded in paraffin and 3 μm sections were obtained 

from fixed tissue blocks. Immunohistochemistry was performed using antibodies directed 

against the phosphorylated AKT (Cell Signaling Technology, catalog 3777) with 3,3′-

diaminobenzidine as a substrate (DAB Substrate Kit, Linaris). Negative controls were 

performed with the omission of the primary antibody. Hematoxylin was used to counterstain. 

Tissue sections were stained for PCNA (Santa Cruz Biotechnology, sc-7907) to detect 

proliferation. 

Aortic sections were stained with Picro-sirius red (Sigma Aldrich; Merck) for 1 h at room 

temperature to visualize collagen fibers and washed with 1% acetic acid twice for 10 min at 

room temperature. Measurements were made using the QuPath image analysis software to 

measure the amount of red-orange and yellow-green color relative to the aortic area. 

For elastin, aortic sections were stained with Verhoeff's hematoxylin for 1 h, differentiated in 

2% ferric chloride for 2 min and counterstained with Van Gieson solution for 5 min (all at room 

temperature) to identify elastic fibers in the aortic tissue. For analysis, a scoring system 

between 1 and 4 was used as described elsewhere24: (1) intact elastin layer; (2) mild 

degradation of elastin and some laminar disruption or rupture; (3) moderate elastin 

degradation and multiple interruptions or breaks in the lamina; (4) severe elastin breakdown 

or loss or aortic rupture. 

 

Real-time qPCR 

Briefly, aortae were isolated and homogenized using Precellys Lysing Kit (Bertin technologies) 

and Qiashredder (Qiagen). Total RNA from aortae was isolated with RNeasy micro kit 

(QIAGEN). cDNA was prepared with SuperScript III first-strand synthesis system (Invitrogen). 
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qRT–PCR of Foxo1, Acta2, Cnn1, Eln, Col1a1, Mmp2, Mmp9, and Gapdh genes was performed 

using TaqMan gene expression assays (Applied Biosystems). 

 

Materials and antibodies 

Chemicals were obtained from Sigma-Aldrich Chemie GmbH. Rat tail collagen type I was 

obtained from BD Biosciences, elastase from Serva Electrophoresis GmbH, and collagenase 

from Sigma-Aldrich Chemie GmbH. The antibody against RasGAP (clone 69.3) was a gift from 

Andrius Kazlauskas (University of Illinois, Chicago, U.S.) and the fibrillin-1 antibody was kindly 

provided by G. Sengle (University Hospital of Cologne, Germany). The phospho-Akt Thr308 

(catalog 13038), phospho-AKT1 (catalog 9018), phospho-AKT2 (catalog 8599), phospho-GSK3β 

(catalog 9322), phospho-FOXO 1&3 (catalog 9496), phospho-FOXO4 (catalog 9471), p110α 

(catalog 4255), calponin (catalog 17819), PCNA (catalog 13110), and anti-rabbit IgG (H+L), 

F(ab')2 Fragment (Alexa Fluor® 555 Conjugate) (catalog 4413) antibodies were obtained from 

Cell Signaling Technology; -actin (catalog 53141) antibody from Santa Cruz Biotechnology; β-

actin (catalog ab2827) and tropoelastin (catalog ab21600) from Abcam; and Myosin-heavy-

chain (catalog MAB4470) from rndsystems. PDGF-BB (catalog C-63022), Insulin (catalog C-

60840) were purchased from Promo Cell. AS1842856 was from Sigma-Aldrich. 

 

Statistics 

All data are expressed as mean ± S.D. from at least 3 independent experiments. Statistical 

analysis was performed using 2-tailed Student’s t test. Statistical significance was defined as P 

< 0.05. 

 

Study approval 

Handling and breeding of mice and rats and all experiments were performed in accordance 

with the German laws for animal protections and were approved by the local animal care 

committee (Landesamt für Natur, Umwelt und Verbraucherschutz Nordrhein-Westfalen, 

Recklinghausen, Germany) and the Bezirksregierung Köln. For human tissue samples, the 

study protocol for tissue donation was approved by the Ethics Committee of the University of 

Giessen in accordance with national law and with Good Clinical Practice/International 

Conference on Harmonisation guidelines. Written informed consent was obtained from each 

patient or the patient’s next of kin. 
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Results 

 

p110 deficiency in SMCs promotes AAA formation in PPE treated mice 

To investigate if p110 signaling might be implicated in human pathogenesis, we analyzed 

gene expression of PIK3CA (p110) and the most important up-stream growth factor PDGF-B 

(Figure 1A, B). Whereas PIK3CA is not regulated in AAA, PDGF-B is significantly up-regulated, 

indicating increased PI3K activation in diseased tissue. To investigate the impact of p110 in 

SMCs on AAA formation, we used sm-p110−/−mice in the PPE model of AAA formation (Figure 

1C). Similar to the situation in human AAA patients, AAA induction via PPE infusion into the 

infrarenal segment of the aorta led to an activation of PI3K signaling in the medial 

compartment as monitored by phosphorylation of AKT (Figure 1D). This response was 

diminished in sm-p110-/- mice, demonstrating the importance of p110 for AAA induced 

PI3K signaling in medial SMCs. Further investigation of AAA formation in sm-p110-/- mice and 

sm-p110+/+ controls revealed substantially increased AAA growth in sm-p110-/- mice (Figure 

1E, F). The incidence of AAA disease (>50% increase of lumen diameter) was higher in sm-

p110-/- mice (67% versus 30%), and the increase of the aortic diameter significantly elevated 

(Figure 1G, H). In addition, PPE induced AAA formation was accompanied by infiltration of 

MOMA2+ macrophages into the aortic media. This inflammatory response was significantly 

more pronounced in sm-p110-/- mice (Figure 1I). These data indicate that p110 deficiency 

in SMCs promotes AAA formation and vascular inflammation. Lack of p110 expression may 

affect AAA formation in two ways: It might predispose mice to develop AAA disease due to 

preexisting structural alterations in the aortic wall, and/or it might promote disease 

progression after PPE perfusion via altering protective SMC functions. 

 

p110 deficiency impairs aortic wall structure and function 

Therefore, we next investigated the impact of p110 deficiency in SMCs on aortic structure 

and function in more detail. sm-p110−/− mice are characterized by a reduced media area 

under basal conditions compared to WT controls which likely reflects an impaired capacity of 

p110−/− SMCs to proliferate and migrate during aortic development (Figure 2A). Analysis of 

the ultrastructure revealed that aortae from sm-p110−/− mice are characterized by severe 

derangements of the medial compartment, harbouring detached SMCs, impaired elastic 

lamellae, and features of apoptotic cell death including fragmented nuclei and swollen 

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted December 1, 2022. ; https://doi.org/10.1101/2022.12.01.518561doi: bioRxiv preprint 

https://doi.org/10.1101/2022.12.01.518561


mitochondria (Figure 2B, C). To determine whether the impaired aortic wall structure 

observed in knock out mice correlates with altered vascular function, we investigated 

contractility of abdominal aorta derived from sm-p110−/− mice and sm-p110+/+ controls 

using wire myography. Aortic rings isolated from sm-p110−/− mice  displayed significantly less 

relaxation in response to stimulation of endothelial nitric oxide (NO) production (Figure 2D). 

The dose response relationship  in knock out aortae to the NO donor nitroglyceride was also 

significantly altered (Figure 2E), indicating that this effect was endothelium independent and 

probably due to an impairment of SMC function.  

The reduced contractility of sm-p110−/− explants could be related to an impaired contractile 

phenotype of p110−/− SMCs. This prompted us to investigate the expression of contractile 

markers in the aortic wall. A bulk RNAseq approach demonstrated that numerous contractile 

SMC marker genes were significantly downregulated in sm-p110-/- aortae compared to wild 

type controls (Figure 3A). Western blot analysis revealed that protein expression of calponin 

and myosin heavy chain (MHC) was significantly decreased in sm-p110-/- aortae, while the 

expression of -actin remained unchanged (Figure 3B). This finding was also confirmed by 

immunohistochemical and immunofluorescence staining (Figure 3C, D, E). Interestingly, SMCs 

isolated from sm-p110-/- mice express less -actin in cell culture (Figure 3F). This could 

indicate compensatory mechanisms in the aortic wall to increase -actin expression in sm-

p110-/- mice. 

In addition to SMCs, the ECM also significantly contributes to aortic wall structure and 

function. In particular, elastic fibers play a major role in maintaining the biomechanical 

properties of the aortic wall. p110 deficiency in SMCs caused increased number of elastic 

fiber breaks in the thoracic segment of the aorta, whereas the abdominal aorta was not 

affected under basal conditions (Figure 4A). To explore the impact of p110 deficiency on 

cellular function, we isolated SMCs from sm-p110−/− and sm-p110+/+ mice. Interestingly, 

p110-/- SMCs produced less tropoelastin than wild type control cells, whereas fibrillin-1 

expression was unaffected (Figure 4B). These data indicates that disturbed elastin 

homoeostasis in p110-/- SMCs might be a prerequisite for elastic fiber breaks. Collagen 

represents another ECM component which confers vascular stiffness. Analysis of collagen 

expression by Picro Sirius Red staining in aortae from sm-p110−/− mice and sm-p110+/+ 

controls revealed slightly increased collagen amounts in the thoracic segment of elder 

animals, however, without reaching significance (Figure 4C).  
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Further matrix analysis of ECM fibers on isolated SMCs stained by immunofluorescence should 

reveal the effects of an altered ECM expression on the respective fibre structure. Quantitative 

analysis of alignment, fiber width, and fiber length revealed that elastin fibers from p110 

deficient SMCs are significantly shorter than those from control cells, whereas fibrillin fiber 

dimensions were not compromised (Figure 5A, B). In addition, we found a significantly 

increased alignment coefficient of collagen fibers indicating highly ordered structures of that 

fiber network potentially promoting stiffness (Figure 5C). 

Taken together, both aortic wall structure and function in sm-p110-/- mice were impaired. In 

this context, reduced expression of marker genes of the contractile SMC phenotype was 

detected in p110 deficient cells, and elastin homeostasis was also impaired. Collectively, 

these data suggest that a preexisting vascular disorder may have at least partially caused the 

diseased phenotype. 

 

p110 deficiency impairs vascular remodeling and promotes elastic fiber degradation in 

AAA 

We next investigated alterations in the abdominal aortic wall in PPE treated sm-p110−/− and 

sm-p110+/+ mice. Destruction of the ECM peaked 28 days after PPE infusion in both wild type 

controls and sm-p110−/− mice. However, in sm-p110−/− mice elastic fiber degeneration 

already started earlier than in sm-p110+/+ mice (Figure 6A). In contrast to the situation under 

basal conditions, sm-p110−/− mice displayed more elastic fiber breaks than control mice 3 

days after PPE perfusion of the infrarenal abdominal segment (Figure 6B). In parallel to the 

increased occurrence of strand breaks, an increased expression of matrix metalloproteinases 

(MMPs) upregulated in AAAs such as MMP-2 and MMP-9 was measured after PPE infusion. 

However, the increased strand breaks in the knock out animals cannot be attributed to a 

differential MMP expression, as they are expressed at similar levels than in the control animals 

(Figure 6C). 

AAA formation is characterized by loss of SMCs in the media compartment. Regenerative 

capacities of the aorta therefore depend on the ability of the vessel to compensate for this 

cell loss, for example through SMC proliferation. Consequently, the compromised aortic 

segment is characterized by an initial loss of SMCs 3 days after PPE infusion indicated by a 

sharply decreasing cellularity in the aortic wall and subsequent gradually increasing vessel wall 

recovery, media hypertrophy, and neointima formation in sm-p110+/+ and sm-p110-/- mice. 
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However, this response is less pronounced in sm-p110-/- mice (Figure 7 A-C). PCNA staining 

reveal that proliferation of aortic cells is significantly reduced in sm-p110-/- mice (Figure 7D). 

This finding goes along with decreased cellular growth of isolated aortic SMCs from sm-p110-

/- mice compared to wild type controls (Figure 7E). These data indicate that p110 signaling 

contributes to SMC proliferation in the aortic wall and therefore to vascular recovery and 

remodeling after PPE infusion. 

 

Lack of p110 expression aggravated SMC proliferation by diminishing FOXO1 

phosphorylation 

To elucidate relevant p110 mediated signaling events in more detail, we stimulated aortic 

SMCs from sm-p110-/- and sm-p110+/+ mice with PDGF-BB. Growth factor stimulation of 

p110+/+ cells rapidly induced phosphorylation of numerous signaling molecules downstream 

of PI3K such as AKT (including AKT1 and AKT2), Forkhead Box O (FOXO) transcription factors 

(FOXO1, FOXO3, FOXO4), and glycogen synthase kinase 3 (GSK3). This response was 

significantly reduced in p110-/- SMCs (Figure 8A). Application of insulin led to similar results 

(Supplementary Figure). These results again show that p110 is the essential isoform 

mediating PI3K-induced signaling events downstream of growth factor receptors in SMCs. It 

was previously demonstrated that FOXOs are implicated in SMC dedifferentiation and 

proliferation. PI3K/AKT dependent phosphorylation of FOXOs results in their inhibition and 

nuclear exclusion. Here, we show that particularly FOXO1 is up-regulated in human AAA 

disease (Figure 8B). Therefore, we investigated the impact of FOXO1 inhibition of growth 

factor stimulated p110-/- SMCs and wild type control cells. p110 deficiency significantly 

diminished PDGF induced SMC proliferation compared to wild type cells. However, 

proliferation of p110-/- SMCs was fully rescued by application of the specific FOXO1 inhibitor 

AS1842856, whereas FOXO1 inhibition had no effect on proliferation of PDGF stimulated 

wild type cells (Figure 8C). These data clearly demonstrate that p110 mediated 

inactivation of FOXO1 is mechanistically responsible for PDGF induced SMC proliferation. 

Furthermore, siRNA mediated knockdown of FOXO1 increased tropoelastin as well as calponin 

expression in SMCs, suggesting that FOXO1 inactivation is important for phenotypic 

modulation and elastogenesis.  
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Discussion 

The results reported herein demonstrate that loss of p110 signaling in SMCs results in 

impaired aortic wall structure and function, contributing to exaggerated development of AAA 

in PPE treated mice. Thereby, features of sm-p110-/- mice resemble the situation in human 

AAA disease - morphologically, biomechanically and molecularly. 

The aortic wall of AAA patients is characterized by decreased number of SMCs compared to 

the healthy vessel wall.25,26 SMC apoptosis is a major cause of SMC loss in AAA development.27 

Consequently, apoptotic SMCs have been frequently observed in the medial aortic wall of 

AAA.28 Since p110 mediates SMC survival.12, 13 lack of p110 is expected to promote SMC 

death in the aortic wall. Consequently, sm-p110-/- mice exhibited aortae with reduced wall 

thickness and features of apoptotic cell death including fragmented nuclei and swollen 

mitochondria. In development and during vascular repair, SMCs express and secrete ECM 

proteins. Together with SMCs, elastic fibers, such as elastin, fibrillin and collagen, maintain 

structural and functional integrity of the aortic wall. The reduced SMC number in the diseased 

aortic wall impairs its abilities in producing connective tissue and repairing elastin fiber breaks, 

which promotes AAA formation.26 Accordingly, ECM degradation occurs in AAA, contributing 

to rupture and dilation of the aortic wall. Consistent with the situation in human AAA patients, 

sm-p110-/- mice are characterized by disturbances in the aortic wall structure and impaired 

elastin fiber production. The interaction between SMCs and the ECM is essential for proper 

regulation of SMC functions, such as SMC contractility. Contractility was impaired in 23% of 

aortic tissues from AAA patients, suggesting that impaired SMC contractility plays a role in 

AAA pathophysiology. Consequently, SMCs of human AAA patients are characterized by an 

impaired contractility upon ionomycin stimulation compared with control SMC.29 Again, many 

of these characteristics shown in AAA disease are recapitulated in sm-p110-/- mice: sm-

p110-/- mice displayed reduced expression of contractile genes, such as calponin and myosin 

heavy chain, and decreased responsiveness to vasodilator NO.  

All these impairments of the aortic wall structure and function show that p110 serves 

important functions during development and/or maintenance of a functional aortic wall. 

Thereby, p110 affects SMC proliferation, survival, and phenotypic modulation. For this 

reason, sm-p110-/- mice were expected to promote AAA progression. However, sm-p110-/- 

mice did not develop AAA disease under basal conditions. This finding suggests that the aortic 

wall shows a remarkable resilience. The preexisting vascular derangements have rather made 
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sm-p110-/- aortae prone to a second AAA promoting hit. Herein, we have chosen the PPE 

model, as it is widely accepted to be the best mimicry of human AAA disease.8,30 PPE induced 

AAA show a time-dependent pathogenesis with acute to chronic inflammation, and vascular 

wall remodelling.31,32 Many of these features resemble end stage human AAA disease.33,34 PPE 

infused aortae are characterized by increased expression of various MMPs along with massive 

infiltration of leukocytes suggesting a macrophage-dependent increased elastolysis and ECM 

turnover.35 SMCs can also promote these processes through activation and modulation of 

MMPs.26 Increased MMPs, in particular, MMP-2 and MMP-9, degrade the ECM, thereby 

weakening the vascular wall and leading to AAA formation. MMP-2 and MMP-9 were 

profoundly up-regulated in both sm-p110-/- and sm-p110+/+ mice following PPE infusion. 

However, MMP-2 and MMP-9 expression were not differentially expressed. In sm-p110-/- 

mice, the MMPs encountered pre-damaged elastic fibers, which were presumably degraded 

more rapidly promoting enhanced AAA development in these mice. In addition, leukocyte 

derived cytokines, increased oxidative stress, and ECM breakdown promote SMC death, which 

should be further amplified in the absence of p110 dependent survival signaling. Therefore, 

it is highly expected that pre-damaged sm-p110-/- aortae are more susceptible to PPE 

induced AAA. Consequently, the PPE mediated effects were more pronounced in sm-p110-/- 

mice compared to wild type controls yielding enhanced AAA development. 

Our data also demonstrate that p110 is not only responsible for maintaining vascular 

integrity, but also controls regenerative mechanisms that counteract aortic dilatation. To 

regenerate the compromised vessel segment, the loss of SMCs must be compensated by 

increased cell proliferation. SMC proliferation increases the cell number within the aortic wall 

and can therefore counteract AAA development. However, diminished proliferative capacity 

is seen in human AAA-derived SMC compared with non-aneurysmal SMC.9 An effective 

therapeutic strategy from this point of view could therefore be to promote proliferative 

capacities of SMCs. Herein, we demonstrated that p110 signaling is a strong inducer of SMC 

proliferation which largely contributes to media regeneration and neointima formation. 

However, the impact of SMC proliferation on AAA development is controversially discussed. 

For example, mTOR-dependent proliferative SMCs promote dilatation and dissection of the 

aortic wall rather than prevent disease progression,36 and inhibition of tyrosine kinase 

mediated SMC proliferation and phenotypic switching by lenvatinib ameliorates AAA 

formation.37 
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However, proliferation of SMCs is associated with their dedifferentiation, which potentially 

exerts detrimental effects in AAA development rather than the proliferative response per se. 

Following vessel injury, SMCs undergo clonal expansion as demonstrated in angiotensin II–

induced thoracic aortic aneurysm by using Myh11-CreERt2/Rosa26 Confetti mice. Thereby, 

proliferative SMCs showed a decreased expression of SMC markers and increased expression 

of phagocytic markers.38 Further studies revealed that dedifferentiated SMCs exhibit 

phenotypes resembling those of mesenchymal stem cells, myofibroblasts, fibroblasts, 

osteogenic cells, chondrocytes, macrophage-like inflammatory cells, foam cells, or adipocyte-

like cells, which might exert opposing functions in AAA disease.36,39,40 The most commonly 

reported phenotypic modulation observed in patients with AAA is the decreased expression 

of smooth muscle differentiation markers and increased expression of inflammatory 

proteins.41 Thus, subsets of dedifferentiated SMC phenotypes may promote the progression 

of AAA via decreased contractility as well as increased secretion of proinflammatory cytokines 

and MMPs. Therefore, it is important to dissect the precise stimuli responsible for SMC 

proliferation and accumulation in this context from those inducing detrimental 

dedifferentiated phenotypes to reveal potential new therapeutic targets. Importantly, 

although proliferation and phenotypic switching of SMCs are tightly coupled, they can be 

regulated by different signaling pathways. The expression of SMC contractile proteins is 

controlled by transcription factors, including myocardin.42 Myocardin forms a complex with 

the DNA-binding transcription factor serum response factor (SRF), which binds the CArG-boxes 

on SMC gene promoters and constitutes a docking platform for the myocardin-mediated 

transcription of target genes. Transcription factors, such as Kruppel-like factor 4 (KLF-4) and 

FOXO4, induce SMC phenotype switching by interfering with myocardin mediated 

transcriptional activity, subsequently suppressing the expression of genes encoding SMC 

contractile proteins.43,44 Consequently, inactivation of KLF4 or FOXO4 signaling ameliorates 

AAA formation in mice.44,45 Interestingly, KLF4 deficiency largely prevents SMC phenotypic 

modulation without inhibiting SMC proliferation46 suggesting that proliferation and 

dedifferentiation can be regulated independently. In fact, we demonstrated that lack of p110 

expression in SMCs impaired SMC proliferation without promoting SMC dedifferentiation as 

both MMP expression in AAA and PDGF induced induction of KLF4 in SMCs (not shown) were 

not affected by p110 knockout. In contrast, contractile proteins such as calponin and myosin 

heavy chain are downregulated in sm-p110-/- mice, indicating that p110 signaling rather 
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promotes the contractile SMC phenotype. These data suggest that growth factors/RTKs 

regulate SMC proliferation and dedifferentiation via distinct pathways, respectively. Whereas 

induction of KLF4 regulates phenotypic modulation39, activation of p110 induces SMC 

proliferation.  

We identified p110 dependent phosphorylation of FOXO1 as the crucial downstream event 

for SMC proliferation as specific inhibition of FOXO1 completely rescued the anti-proliferative 

p110-/- phenotype without affecting proliferation of wild type cells. Interestingly, 50% 

reduction of FOXO1 expression was sufficient to significantly increase the expression of 

calponin and elastin, indicating that FOXO1 promotes SMC dedifferentiation, too. 

Furthermore, FOXO1 is significantly upregulated in human AAA disease. The role of FOXO in 

SMCs is not well understood so far. It is suggested that PI3K/AKT dependent phosphorylation 

of FOXO1 mediates downregulation of the cell cycle inhibitor p27kip thereby promoting 

cellular proliferation.47 In endothelial cells, FOXO1 regulates both metabolic and proliferative 

events. Specifically, FOXO1 overexpression suppresses Myc signaling and thereby impairs 

glycolysis, mitochondrial function, and also the proliferation of endothelial cells,48 suggesting 

that FOXO1 might serve similar functions in SMCs. It is likely that activation of FOXO3 and 

FOXO4 contributes to the sm-p110-/- phenotype, too, as it was shown that inactivation of 

FOXO3 as well as FOXO4 protects against aortic aneurysm formation24,44, and we 

demonstrated herein that FOXO3 and FOXO4 phosphorylation and thus inactivation were 

reduced in p110-/- SMCs.  

In conclusion, our data demonstrate that p110 signaling promotes vascular integrity and 

regeneration in healthy and diseased aorta by maintaining contractility, elastogenesis, and 

proliferative capacities of aortic SMCs. Importantly, activation of p110/FOXO signaling allows 

to specifically induce SMC proliferation without promoting dedifferentiation which might be 

of particular importance to treat late stage AAA. The impact of p110 signaling on vascular 

integrity is clinically relevant in the context of current approaches aimed at p110 inhibition 

for cancer therapy. Since specific FOXO inhibitors are readily available49 and p110 activators 

are under development, the findings presented herein might also pave the road to develop 

new therapeutic strategies to treat AAA disease. 
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Figure legends 

 

Figure 1. Lack of p110 in SMCs promotes AAA formation in mice. A, B mRNA expression of 

PIK3CA (p110) (A) and PDGFB (platelet-derived growth factor B-chain) (B) in human aortic 

samples from healthy controls (n=3) or AAA patients (n=12). C Porcine pancreatic elastase 

(PPE) is infused into the infrarenal segment of aortae in male sm-p110+/+ (n=10) and sm-

p110−/− (n=9) mice. Aortae are analyzed under baseline conditions as well as 3, 7, and 28 

days after PPE intervention. D Representative immunohistochemical stainings showing AKT 

phosphorylation 3 days after PPE intervention in sm-p110α-/- and sm-p110α+/+ mice compared 

to control. E Representative pictures of aortae from sm-p110α+/+ and sm-p110α-/- mice 

demonstrate AAA formation 28 days after PPE infusion. F Analysis of ultrasound images of sm-

p110α-/- and sm-p110α+/+ mice revealed (G) elevated incidence for AAA (increase of lumen 

diameter >50%) and (H) significantly increased aortic diameter compared to sm-p110α+/+ 

control mice. n=9-10. I Moma2 staining of sections from PPE and control sm-p110α-/- and sm-

p110α+/+ mice as indicated. N=3-7; ANOVA Tuckey multiple comparison. Data are presented 

as means ± S.D.  

 

Figure 2. Impaired aortic wall structure and functionality in p110-/- mice under basal 

conditions. A Representative HE histochemical staining of cross sections from the infrarenal 

part of the aorta and quantification of media thickness in sm-p110+/+ versus sm-p110-/- 

mice under basal conditions, respectively (n=4-5). B Representative images of transmission 

electron microscopy of abdominal aortas from sm-p110+/+ and sm-p110-/- mice 

demonstrating an intact media structure (top) and intact elastic fibers (below, indicated by 

the red arrow) in sm-p110+/+ mice (left) versus detached SMCs (top) and elastic fiber breaks 

(below, red arrow) in sm-p110-/- mice (right) (2500 x magnification). C Intact mitochondria 

(top) and nuclei (below) (left) versus disturbed mitochondria (top) and fragmented nuclei 

(below) in (12000 x magnification) (right) are indicated by red arrows, respectively. D, E 

Relaxation of explanted abdominal aortic rings in response to acetylcholine (Ach, D) or 

nitroglycerin (NTG, E) was assessed by isometric force measurements and expressed as % of 

maximal prostaglandin F2α-mediated constriction. *p < 0.05, **p < 0.01. #p<0.001; n=4, 

respectively. Data are presented as means ± S.D  
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Figure 3. p110 deficiency in SMCs impairs AAA phenotypic modulation. A Bulk RNAseq 

approach demonstrating differentially expressed SMC marker genes (right). Heatmap on the 

left with 100 top regulated genes. Myh: Myosin 11; Tpm2: tropomyosin b; Smtn: Smoothelin; 

Cnn1: Calponin 1; Acta2: -actin B Western blot (left) and densitometric analysis (right) of 

protein expression of p110 and the differentiation markers -actin, calponin and myosin 

heavy chain (MHC) in sm-p110+/+ and sm-p110−/− aortae (n=3) under basal conditions 

demonstrating impaired SMC differentiation in sm-p110−/− aortae. RasGAP served as loading 

control. C Representative immunohistochemical calponin staining from sm-p110+/+ and sm-

p110−/− aortic cross-sections, respectively (scale bar = 50 μm; n = 3) and quantification. D 

Representative immunohistochemical staining of cross-sections from the infrarenal part of 

sm-p110+/+ and sm-p110−/− aortae under basal conditions using an antibody against -actin 

(scale bar = 50 μm; n = 3) and quantification. E Representative images of immunofluorescence 

stainings of -actin (green) and elastinin (purple) using confocal microscopy on aortic sections 

from sm-p110+/+ versus sm-p110-/- mice. F Representative images of immunofluorescence 

stainings of -actin (green) in sm-p110+/+ versus sm-p110-/- aortic SMCs.  

 

Figure 4. Elastic fiber expression in aortae and SMCs from sm-p110−/− mice. A 

Representative images of elastic van Gieson stainings (100 x and 400 x magnification) in cross 

section from thoracic (top) versus abdominal aorta (bottom) from sm-p110+/+ versus sm-

p110-/- mice under basal conditions. Quantifications of elastic fiber breaks, respectively, are 

shown on the right (n=5, respectively). B Western blots (left) and densitometrical analysis 

(right) demonstrating expression of elastin (top) and fibrillin (bottom) in SMCs from sm-

p110α+/+ and sm-p110α-/-mice. RasGap and ß-actin served as loading controls. C 

Representative Picro Sirius Red stainings for collagen of cross-sections from abdominal and 

thoracic aortae from 12 or 24 weeks old sm-p110α+/+ and sm-p110α-/- mice as indicated. (n=3-

5). Collagen was quantified. 

 

Figure 5: Analysis of fiber length, width and alignment of elastic fiber matrices. Aortic SMCs 

isolated from Col19a1 wildtype (+/+) and null (N/N) mice were grown to confluence for 7d. 

Resultant elastin (A), fibrillin (B) and collagen (C) matrices were stained by 

immunofluorescence (representative images are shown in the first row (top), respectively). 
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Fibrillar collagen alignment was quantified using CurveAlign/CT-FIRE. Second row: Images 

generated by CurveAlign showing the location (red dots) and orientation (green lines) of 

extracted fibers. Third row: Heatmaps indicating regional fiber alignment (red denotes areas 

of greater alignment). Fourth row: CT-FIRE extracted fibers overlaid on master image (first 

row). Information for entire fibers are shown and highlighted by different colored lines for 

contrast. Graphs illustrate mean fibrillar alignment, width, and length ± S.D. in wildtype as 

indicated. Statistics: Data normality was assessed using the Shapiro–Wilk test. Alignment 

coefficient data were analyzed by an unpaired, two-tailed Student's T-test. Data in fiber width 

and fiber length were analyzed using the non-parametric Mann–Whitney U test, respectively. 

p < 0.05 was considered statistically significant. 

 

Figure 6. Increased elastic fiber breaks in PPE treated sm-p110-/- mice. A Representative 

images of elastic van Gieson stainings (100 x and 400 x magnification) in cross sections from 

sm-p110+/+ versus sm-p110-/- mice either under basal conditions or 3, 7, and 28 days after 

PPE perfusion and categorization of elastic fiber breaks (below). mean ± S.D., n = 3-7. B 

Representative elastic van Gieson stainings and quantification of elastic fiber breaks in sm-

p110+/+ versus sm-p110-/- mice 3 days after PPE perfusion. mean ± S.D., n = 3-7. C mRNA 

expression of MMP-2 and MMP-9 in AAA from sm-p110+/+ versus sm-p110-/- mice 7 days 

after PPE perfusion determined by quantative PCR. Data are presented as means ± S.D.. 

 

Figure 7. Impaired vascular remodeling in PPE treated sm-p110-/- mice. A Medial 

hypertrophy, neointima formation and cellularity in the medial compartment were analyzed 

in hematoxylin / eosin stained cross sections of abdominal aortae from sm-p110+/+ versus 

sm-p110-/- mice 0, 3, 7, and 28 days after PPE perfusion. B Quantification of the 

media/neointima area (n=3 mice, respectively). C Cellularity of indicated mice and periods of 

time. (n=3 mice, respectively). D Analysis of proliferating cells in the media/neointima 

compartment. Sections from mice were stained for PCNA 3 days post PPE perfusion. PCNA+ 

cells were quantified in media and neointima compartments (n=3-4). E Analysis of SMC 

proliferation. Growing curves of aortic cells isolated from sm-p110+/+ and sm-p110-/- mice 

(n=2, respectively). Data are presented as means ± S.D.. 
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Figure 8. p110 deficiency impairs FOXO signaling. A Representative Western blots of 

cultured SMCs detecting phosphorylated signaling proteins downstream of p110 as 

indicated. Densitometrical analyses are shown on the right. (n=3-4). *p < 0.05, **p < 0.01. 

#p<0.001. B mRNA expression of FOXO transcription factors in human AAA (orange) versus 

healthy controls (green) as indicated; n=3-12. C PDGF-BB (50ng/ml) dependent SMC 

proliferation in p110-/- SMCs and WT controls in the absence or presence of the FOXO1 

specific inhibitor AS1842856 (AS, 1µM). n=5. F mRNA expression of Foxo1, Cnn1 (calponin), 

eln (elastin), and Col1a1 (collagen 1) in SMCs after knockdown of FOXO1 by four different 

siRNAs or in the presence of four different unrelated siRNAs as control determined by 

quantative PCR. mean ± S.D. 
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Figure 1:  PPE induced AAA in sm-p110a-/- mice
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Figure 2. Impaired aortic wall structure and functionality in p110a-/- mice
under basal conditions
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Figure 3. p110a deficiency impairs SMC differentiation. 
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Figure 4: Elastic fiber homoeostasis in aortae and SMCs
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Figure 5: ECM fiber analyses in SMCs
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Figure 6: Increased elastic fiber breaks in PPE treated sm-p110a-/- mice
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Figure 7: Impaired vascular remodeling in PPE treated sm-p110a-/- mice
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Figure 8: p110a deficiency impaires FOXO signaling
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