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Extracellular stiffness modulates the expression of functional proteins and growth factors in endothelial cells
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Abstract text 

Angiogenesis, the formation of blood vessels from pre-existing ones, is of vital importance during the early stages of bone healing. Extracellular stiffness plays an important role in regulating endothelial cell behavior and angiogenesis, but how this mechanical cue affects proliferation kinetics, gene regulation, and the expression of proteins implicated in angiogenesis and bone regeneration remains unclear. Using collagen-coated polyacrylamide (PAAm) hydrogels, human umbilical vein endothelial cells (HUVECs) are exposed to an environment that mimics the elastic properties of collagenous bone, and cellular proliferation and gene and protein expressions are assessed. The proliferation and gene expression of HUVECs are not differentially affected by culture on 3 or 30 kPa PAAm hydrogels, henceforth referred to as low and high stiffness gels, respectively. Although the proliferation and gene transcript levels remain unchanged, significant differences are found in the expressions of functional proteins and growth factors implicated both in the angiogenic and osteogenic processes. The down-regulation of the vascular endothelial growth factor receptor-2 protein with concomitant over-expression of caveolin-1, wingless-type 2, bone morphogenic protein 2, and basic fibroblast growth factor on the high stiffness PAAm hydrogel suggests that rigidity has a pro-angiogenic effect with inherent benefits for bone regeneration.

1. Introduction

Bone has an innate regeneration capability supported by the interplay between osteogenesis and angiogenesis, with blood vessels providing conduits for nutrient exchange and paracrine factors, and bone cells supplying angiogenic growth factors to endothelial cells.[1] However, certain clinical circumstances, particularly ageing, trauma, or osteoporosis, may undermine its natural healing capacity resulting in delayed or nonunion of the bone fracture.[2] A significant body of evidence coupling osteogenesis and angiogenesis suggests that pro-angiogenic strategies are absolutely fundamental to overcome impaired bone regeneration.[3-8]

Angiogenesis is a well-orchestrated, multistep process involving the migration of endothelial cells, the release of paracrine factors and lytic enzymes, and vessel formation.[9] This process is tightly coordinated by biochemical factors such as the vascular endothelial growth factor A (VEGF-A).[10] Angiogenesis is also regulated by mechanical cues such as shear stress, which is generated by blood flow and the stiffness of the extracellular matrix (ECM).[11-14]

Mechanical cues are detected by cells through an array of mechanosensitive receptors and then transformed into a biochemical response through mechanotransduction pathways.[15] Shear stress is of particular importance in stimulating angiogenesis through the activation of the expression of vascular endothelial growth factor receptor-2 (VEGFR-2), vascular endothelial specific cadherin (VE-cadherin), platelet endothelial cell adhesion molecule 1 (PECAM-1), and β-catenin.[11] Stiffness is regarded as a powerful mechanical stimulus capable of modulating stem cell fate. A seminal study conducted by Engler et al. revealed that exposure of mesenchymal stem cells to materials of low, intermediate, and high stiffness directed cell commitment into adipogenic, myogenic, and osteogenic lineages, respectively.[16] In other studies, Gilbert et al. showed that rigidity cues enhance endothelial marker expression and survival in cardiosphere-derived cells,[17] while Kshitiz et al. showed that self-renewal of skeletal muscle stem cells is enhanced by substrates with an elastic modulus matching muscle stiffness.[18] With regard to angiogenesis, a number of studies have demonstrated that stiffening of the ECM enhances endothelial cell monolayer disruption,[12] permeability, and leukocyte transmigration,[13] and encourages endothelial cell sprouting, which in turn affects angiogenesis.[14]

Extracellular stiffness has a pivotal role in regulating endothelial cell behavior and angiogenesis; however, it remains unknown how this mechanical cue affects proliferation kinetics, gene regulation, and the expression of functional proteins and paracrine factors implicated in bone regeneration. With the purpose of obtaining this missing piece of information, we exposed human umbilical vein endothelial cells (HUVECs) to a matrix mimicking the elastic properties of collagenous bone,[16] using for that end polyacrylamide (PAAm) hydrogels, a standard material used in mechanobiology studies. These hydrogels were characterized in terms of roughness, topography, and stiffness by atomic force microscopy (AFM) in liquid. We then assessed how the substrate characteristics affected cell proliferation and the regulation of genes and proteins related to angiogenesis and bone regeneration.
2. Results 

2.1. PAAm hydrogels of different stiffness display distinct topography and roughness

PAAm hydrogels were prepared with different ratios of acrylamide and bis-acrylamide to produce substrates of different stiffness and the Young's modulus was determined by AFM. The PAAm hydrogel prepared with an acrylamide/bis-acrylamide ratio of 2:0.24 (v/v) presented a Young's modulus of 2.9 ± 0.4 kPa (≈3 kPa) and the one prepared with 2:2.4 (v/v), presented a Young's modulus of 30.1 ± 2.1 kPa (≈30 kPa) (Figure 1A, Supporting Information).
Topography and roughness of PAAm hydrogels were probed by AFM. As shown in Figure 1B,C (Supporting Information), the gel surfaces displayed distinct topographical differences between the low and high stiffness substrate. The roughness was significantly different from each other, with the high stiffness PAAm hydrogel having a root mean square height (Sq) of 4.40 ± 0.29 nm and the low stiffness substrate of 15.40 ± 0.30 nm (p < 0.05).

Figure 1. HUVECs exposed to PAAm hydrogels of different stiffness show no differences in proliferation. A) Proliferation kinetics. Morphology of HUVECs exposed to B) 3 kPa (low stiffness) and C) 30 kPa (high stiffness) PAAm hydrogels at day 3 of culture. Data shown as mean ± SEM, n = 3–4 for (A).
2.2. Proliferation kinetics and gene expression are not affected by extracellular rigidity
After probing the PAAm hydrogel surfaces by AFM, the proliferation kinetics were assessed by the alamarBlue metabolic assay. Our results showed that HUVECs exposed to different rigidities maintain the same level of proliferative activity (Figure 1A). Microscopic observation shows that PAAm hydrogels of both rigidities support the formation of tube-like structures and confirms the presence of the cell–cell adhesion protein VE-cadherin (showed in green) (Figure 1B,C).
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Figure 2. HUVECs exposed to gels with different stiffness values do not present statistical differences at the mRNA level. A) Scatter plot of HUVECs cultured in 3kPa (control group, X axis) versus 30 kPa PAAm hydrogels (Y axis); B) gene expression analysis of TGFβ-2; C) TGFβR-1; D) NOS3; E) NOTCH4; and F) VE-cadherin on HUVECs exposed to 3 kPa (low stiffness) and 30 kPa (high stiffness) PAAm hydrogels. Data shown as mean ± SEM, n = 3.
The effect of hydrogel stiffness on the expression of 84 key genes related to angiogenesis was analyzed by polymerase chain reaction (PCR) array. A scatter plot was built with the purpose of finding up-regulated genes from a set of 84 key genes related to human angiogenesis. Genes were considered potentially up-regulated when exhibiting a fold-change of two and above after being normalized to the control group. This threshold of two-fold is represented in the plot by the superior diagonal line. In a similar way, genes were considered potentially down-regulated when exhibiting a two-fold decrease compared to the control, and this threshold is represented by the inferior diagonal line. The scatter plot (Figure 2A) displaying the Ct log values of HUVECs in the 3 kPa (X axis) versus the 30 kPa (Y axis) substratum reveals that most points fall within the diagonal lines showing equivalent mRNA levels between groups, and 24 points fall above the superior diagonal line (red dots) suggestive of an up-regulation. The green dot means that up-regulation is precisely two-fold. To calculate the statistical significance, we utilized reverse transcription quantitative polymerize chain reaction (RT-qPCR) and analyzed five genes of interest, namely, transforming growth factor β-2 (TGFβ-2), nitric oxide synthase 3 (NOS3), NOTCH4, transforming growth factor β receptor-1 (TGFβR-1), and VE-cadherin. TGFβ-2, NOS3, and NOTCH4 are implicated in mechanotransduction signaling and were found to be up-regulated in the array. TGFβR-1 and VE-cadherin although less dramatically up-regulated are important mediators of the mechanosensing machinery.[11, 19] To keep consistency between the PCR array and traditional RT-qPCR studies, the housekeeping gene was β2 microglobulin in both. RT-qPCR of TGFβ-2 (Figure 2B), TGFβR-1 (Figure 2C), NOS3 (Figure 2D), NOTCH4 (Figure 2E), and VE-cadherin (Figure 2F) did not indicate statistical differences between HUVECs exposed to PAAm of different stiffnesses.
Together, the metabolic assay, PCR array, and RT-qPCR experiments indicate that proliferation and gene expression on HUVECs were unchanged by the exposure to different stiffness substrates.
2.3. Extracellular rigidity modulates expression of VEGFR-2, Caveolin-1, and β-catenin

VEGFR-2 is the main VEGF-A receptor and a key mediator of angiogenesis.[10] When VEGF-A binds to VEGFR-2, this receptor undergoes auto-phosphorylation leading to its internalization and further activation of downstream angiogenesis-related signaling cascades such as the protein kinase B/phosphatidylinositol 3-kinase (AKT/PI3K) pathway, which is involved in protein synthesis.[20] Due to the importance of VEGFR-2 in angiogenesis, we investigated the effect of stiffness in gene and protein expression by RT-qPCR and in-cell Western, respectively. Gene expression analysis revealed no statistically significant differences between HUVECs exposed to low and high stiffness substrates (Figure 3A). By contrast, at a protein level, VEGFR-2 protein expression was diminished in HUVECs exposed to the high stiffness PAAm hydrogel at day 7 of culture (p < 0.05) (Figure 3B). We hypothesized that different levels of VEGFR-2 could be due to VEGFR-2 degradation. As we see no differences in the phosphorylation levels between both conditions (Figure 3C), the mechanism of VEGFR-2 protein reduction may be different.

The recycling of VEGFR-2 from the cell membrane is dependent on caveolae formation: upon overexpression of the caveolae-forming protein caveolin-1 the protein expression of VEGFR-2 is known to be reduced.[21, 22] Indeed, as shown in Figure 3D caveolin-1 was significantly up-regulated by higher stiffness substrates, indicating its potential contribution to VEGFR-2 decrease.

The WNT/β-catenin pathway is implicated in cell differentiation, organogenesis, and angiogenesis.[23, 24] β-catenin is a key effector of the canonical Wnt pathway, which plays a dual role in endothelial cell function. When inactive, β-catenin complexes with the transmembrane protein VE-cadherin acting as an adaptor to transmit mechanical stimuli and stabilize tight junctions. Upon activation of the Wnt pathway, β-catenin translocates to the nucleus where it mediates transcriptional processes.[25-27] In-cell Western results showed that total β-catenin at day 1 (Figure 3E), as well as active β-catenin at all-time points (Figure 3F) were up-regulated on high stiffness gels (p < 0.05). Extracellular stiffness is thus shown to modulate the expression of three proteins involved in the angiogenic process: VEGFR-2, caveolin-1, and β-catenin.
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Figure 3. Extracellular stiffness modulates VEGFR-2, caveolin-1, and β-catenin protein expression. A) VEGFR-2 mRNA expression; B) VEGFR-2 protein expression; C) phosphorylated VEGFR-2 protein expression; D) caveolin-1 protein expression; E) β-catenin protein expression; and F) active β-catenin protein expression of HUVECs cultured on PAAm hydrogels with Young's moduli of 3 kPa (low stiffness) and 30 kPa (high stiffness). Data shown as mean ± SEM, n = 3, *p < 0.05, **p < 0.01.
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Figure 4. Growth factors are sensitive to stiffness at specific time points. Protein expression of A) Wnt2, B) BMP-2, C) bFGF on substrates of different stiffness. Data shown as mean ± SEM, n = 3–4, *p < 0.05, ***p < 0.001.
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Figure 5. Extracellular stiffness modulates VEGFR-2, caveolin-1 and β-catenin protein expression. (A) VEGFR-2 mRNA expression; (B) VEGFR-2 protein expression (C) Phosphorylated VEGFR-2 protein expression (D) Caveolin-1 protein expression (E) β-catenin protein expression and (F) active β-catenin protein expression of HUVECs cultured in PAAm hydrogels of 3 kPa (low stiffness) and 30 kPa (high stiffness) stiffness. Data shown as mean ± SEM, n = 3, *p<0.05, **p<0.01.
2.4. Expression of growth factors implicated in bone regeneration is increased by a relatively stiffer environment 

We also investigated the expression of proteins implicated in angiogenesis and osteogenenesis, wingless type 2 (Wnt2), bone morphogenic protein-2 (BMP-2), and basic fibroblast growth factor (bFGF). These were selected based on their autocrine and paracrine role during bone regeneration[28-34] and responsiveness to mechanical forces. Indeed, BMP-2 is up-regulated in cells exposed to mechanical loading,[34] whereas bFGF is influenced by cyclic mechanical strain and shear stress.[36, 37]

In the previous section we confirmed that VEGFR-2 protein expression was down-regulated in endothelial cells exposed to the 30 kPa high stiffness substrates on account of caveolin-1 over-expression, an event described to activate angiogenic signaling cascades via the AKT/PI3K pathway. Here we found other possible interactions, e.g., between β-catenin and Wnt2. Wnt2 is an important key mediator of the canonical WNT/β-catenin pathway via the AKT/PI3K signaling pathway[38] and our results show that Wnt2 and active β-catenin were both up-regulated at day 3 and day 7 (p < 0.001) in endothelial cells exposed to the 30 kPa PAAm high stiffness hydrogel (Figures 3F and 4A, respectively). The immunofluorescence images (Figure 2, Supporting Information) illustrate the over-expression of Wnt2 in response to high stiffness substrates. 
Next, we investigated the response of BMP-2 and bFGF growth factors to stiffness. Our results show that BMP-2 (Figure 4B) and bFGF (Figure 4C) protein expression levels were significantly up-regulated on high stiffness substrates at day 3 and day 7 (p < 0.05 and p < 0.0001, respectively) suggesting sensitivity to extracellular rigidity. This result could be linked with the WNT/β-catenin signaling pathway given that they crosstalk in many different ways. BMP-2 modulates β-catenin signaling via the AKT/PI3K signaling pathway inducing differentiation of stem cells into osteoblasts.[39] On the other hand, BMP-2 is a growth factor known to be activated upstream by the Wnt/β-catenin pathway, and these results tie in well with the concomitant observed activation of β-catenin and Wnt2. The bFGF cross talks with the Wnt/β-catenin pathway as well, and can regulate β-catenin either directly or indirectly.[40] It has been previously reported that the knockdown of bFGF results in decreased protein expression of β-catenin, whereas exogenous bFGF treatment increases the β-catenin presence at the cytoplasm and nucleus.[40] Therefore, these pathways are deeply intertwined and the AKT/PI3K at least to some extent appears to be the common denominator. Nonetheless, we believe that a deeper understanding of the impact of stiffness on the regulation of proteins and the cross talk between WNT/β-catenin, BMP and FGF signaling pathways is likely to contribute to open new and vibrant directions in bone regeneration.
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3. Conclusion 

Extracellular stiffness influences numerous aspects of angiogenesis but how it affects proliferation, gene regulation, and the expression of functional proteins and growth factors remains largely unknown. Here, we demonstrate that exposure of HUVECs to different extracellular elasticity modulated the expression of important angiogenesis mediators (i.e., VEGFR-2, caveolin-1, and β-catenin) as well as growth factors involved in bone regeneration (i.e., BMP-2, bFGF, and Wnt2).

PAAm hydrogels are standard materials in mechanobiology studies and were introduced by Wang and Pelham, Jr.[41] in 1998. Since then, they have been routinely employed due to the possibility of tuning stiffness with different ratios of acrylamide and bis-acrylamide without substantially changing the chemical composition of the material. For this reason PAAm hydrogels were utilized to prepare substrates of distinct physiological stiffness. The elastic properties of both substrates were probed by AFM as described elsewhere[42] and confirmed that the hydrogel prepared with an acrylamide/bis-acrylamide ratio of 2:2.4 (v/v) presented a Young's modulus of 30 kPa, a value that falls within 25 and 40 kPa, the elasticity range of collagenous bone[16, 42] and the one prepared with 2:0.24 (v/v), presented a Young's modulus of 3 kPa, mimicking the microenvironment of a soft tissue. Next, we investigated the effect of these substrates on endothelial cell proliferation and the expression of key angiogenesis genes. We observed that both low and high stiffness hydrogels support tube-like structure formation and can therefore be considered to support the angiogenic capacity of endothelial cells. Our data revealed that proliferation and gene expression on HUVECs were unchanged by the exposure to different stiffness substrates. It was previously reported that stiffer matrices elicited fibroblast proliferation due to an increased actomyosin-based contractility and that soft matrices suppressed proliferation because of insufficient actomyosin-based contractility.[43] However, it has been shown that actomyosin contractility is not predictive of endothelial cell proliferation,[44] a finding corroborated by our data. With regards to gene expression, such apparent “insensibility” at a transcriptional level might be due to mechanotransduction operating mostly at a protein level as mechanotransduction changes do not always involve the nucleus.[45]

Gene expression of the key endothelial cell receptor VEGFR-2 was not altered by substrate stiffness. A study conducted by Mammoto and colleagues demonstrated that VEGFR-2 mRNA levels in microvascular endothelial cells are significantly higher on 4000 Pa PAAm hydrogels when compared to hydrogels of 150 Pa.[46] In this study, we worked with a different physiological range, between 3 and 30 kPa, and it is possible that within it, the VEGFR-2 mRNA levels were stabilized. VEGFR-2 protein expression however was found to be significantly down-regulated on the 30 kPa high stiffness PAAm hydrogel. In addition caveolin-1, a protein that negatively regulates VEGFR-2[21, 22] was significantly up-regulated on the 30 kPa high stiffness substrate. These findings corroborate the hypothesis that mechanotransduction although not evidenced at a transcriptional level is indeed occurring at a protein level.

The protein expression studies also demonstrated altered levels of the Wnt pathway protein β-catenin, another important functional angiogenesis protein, which was activated consistently on the 30 kPa high stiffness substrate. It is possible that such increased levels of active β-catenin could be related with the activation of the Rho/ROCK pathway on the stiffer substrate, which is known to increase the actomyosin-mediated cellular tension and triggers β-catenin activation.[47] Further experiments are needed to test this hypothesis.

Mechanotransduction underlies a certain timescale with sensing taking seconds or minutes, signaling between minutes and hours and proliferation as well as other cellular events, from days up to several weeks.[48] Since bone angiogenesis is one of the first events after a bone fracture we analyzed the expression of genes and proteins up to 7 days. While proliferation and transcription of a number of genes of interest remained unchanged, protein expression of in particular active β-catenin and Wnt2 were over-expressed during the entire course of the experiment on the high stiffness PAAm hydrogel, a fact supporting the involvement of this pathway in angiogenesis. BMP-2 and bFGF were also found to be over-expressed in endothelial cells exposed to the stiffer PAAm hydrogel. As for BMP-2 expression, this was significant at day 3 but not day 7, while FGF was over-expressed at day 7 but not day 3, suggesting time-specific roles for these growth factors.

Overall this study suggests that substrate stiffness stimulates endothelial cells to produce pro-angiogenic and osteogenic factors at specific time points, an insight that might prove vital for the development of novel and better bone regeneration therapies.
4. Experimental Section


Cell culture

Cells were plated and cultured according to a well-established protocol.[49] HUVECs (Lonza C2517A) were expanded in fully supplemented endothelial growth factor medium EGM 2 Bulletkit (Lonza, CC-3156 & CC-4176) and incubated at 37°C and 5% CO2. The medium was changed every 2 days. The formation of tube-like structures was confirmed by microscopic observation (Olympus, IX51). Cells between passage 3 and 5 were used.
Preparation of polyacrylamide hydrogels of different stiffnesses coated with collagen type I

In this study we employed “high stiffness” PAAm hydrogels with a Young's modulus of ≈30 kPa coated with collagen I to mimic the initial microenvironment of a healing bone fracture, which is mainly dictated by collagen I.[50] This microenvironment is also associated with the initial angiogenic phase occurring early during bone regeneration. As a lower stiffness control, we chose a 3 kPa PAAm hydrogel coated with collagen I, matching the stiffness of adipose tissue. PAAm hydrogels were prepared according to published protocols.[51] 

Very briefly, the solutions were prepared with 8% (v/v) acrylamide, and with 0.048% (v/v) and 0.48% (v/v) of bis-acrylamide for the low and high stiffness hydrogel, respectively. The PAAm solutions were polymerized between 0.75 mm spaced glasses, detached from the glasses, and punched out with the desired diameter. The hydrogels gels were cross-linked with the heterobifunctional linker Sulfo-SANPAH (Thermo Scientific Pierce, 22589) at a concentration of 0.2 mg mL−1 for 15 minutes under ultraviolet radiation. Afterwards the cross-linker solution was aspirated, the gels were washed with 50 × 10−3 m pH 8.5 HEPES buffer and then coated with a 0.1 mg mL−1 concentration of tail-derived collagen type I solution (BD Biosciences, 354236) overnight. Before cell seeding, the collagen solution was aspirated and the hydrogel was washed twice with phosphate buffered saline (PBS). With this method a thin layer of collagen I was covalently attached to the PAAm hydrogels. This layer serves as an anchoring point for cells but it is thin enough for cells to sense the hydrogel substrate.
Topography and roughness

An Agilent 5500 AFM system was used to characterize the topography and roughness of the hydrogel. Measurements were acquired within a liquid cell, where the hydrogel sample was immersed in a PBS solution and left to stabilize for several hours before the measurement. For topography measurements, the AFM scan was done in a contact mode, in which a constant ≈5 nN force was applied on the surface by the AFM tip (SiNi tip by BudgetSensors with a force constant of 0.27 N m−1). The images were processed with the PicoImage software. The surface roughness was calculated according to ISO 25178 for an area of 7 × 7 μm2. The Young's modulus of PAAm hydrogels was probed by indentation using the MFP-3D-Bio (Asylum Research) atomic force microscope by Prof A. Engler's laboratory at UCSD and was kindly provided to us. Silicone nitride (SiN) cantilevers attached to pyramid shape tips (PNP-TR; NanoWorld) with nominal spring constants of 50 pN nm−1 were indented into the hydrogels at a velocity of 2 μm s−1 until a trigger of 2 nN was detected.[42] Roughness and image acquisition was made with PAAm hydrogels coated with collagen I. Determination of the Young's modulus was performed with the surfaces uncoated in order to avoid interference from the collagen coating and extract only the mechanical information from the PAAm hydrogels.
Metabolic assay alamarBlue®

HUVEC proliferation in low and high stiffness PAAm hydrogels was estimated by the metabolic assay alamarBlue (Invitrogen DAL110), according to the manufacturer instructions. This experiment was carried out for 7 days, with time points at day 0, 1, 3, and 7. After the reagent was added, HUVECs were incubated for 1 hour at 37 °C with 5% CO2. The fluorescence intensity was measured in a plate reader (Molecular Devices, Spectramax M5), with excitation/emission wavelengths of 530 and 590 nm, respectively. Results were normalized to the signal obtained from cells cultured in tissue culture plastic at day 0.
qPCR and PCR array

VEGFR-2 mRNA levels were evaluated over 7 days with time points at day 1, 3, and 7, by RT-qPCR. RNA was extracted using the RNeasy kit (Qiagen, 74106) and quality assessed in the Nanodrop 2000c spectrophotometer (Thermo Scientific). cDNA was synthesized in the LifePro thermal cycler (BIOER) using the Quantitect Reverse Transcription Kit (Qiagen, 205314). RT-qPCR was performed in the Rotorgene 6000 thermo cycler (Corbett Research) using the QuantiTect SYBR Green PCR Kit (Qiagen, 204145). VEGFR-2 mRNA levels were normalized to human β2 microglobulin (using the 2(-ΔΔCt) formula.[52] Human VEGFR-2 and β2 microglobulin primers were purchased from Invitrogen (Table 1, Supporting Information).

The human angiogenesis PCR array was used to study regulation and clustering of 84 key genes related to angiogenesis (Sabiosciences, PAHS-024Z). Day 3 was chosen as the timepoint because this was the time at which cells assemble into tube-like structures. RNA was extracted using the RNeasy kit (Qiagen, 74106) and the extract digested with the RNase-Free DNase Set (Qiagen, 79254) prior to cDNA synthesis. RNA quality was evaluated in the Nanodrop 2000c spectrophotometer (Thermo Scientific). cDNA synthesis was carried out in the LifePro thermal cycler (BIOER) using the RT2 First strand kit (Qiagen, 330401). Reverse transcription was made in the Rotorgene-Q (Qiagen) thermo cycler using the RT2 SYBRGreen ROX FAST Mastermix (Qiagen, 330620). Data were normalized against the housekeeping gene β2 microglobulin and analyzed using the RT2 Profiler PCR Array analysis software using an arithmetic mean (Sabiosciences). Five genes of interest were further analyzed using the same chemistry as for the PCR array and primers (Table 1, Supporting Information).
In-cell Western

Protein expression was estimated by in-cell Western. The experiments was carried out for 7 days with time points at day 3 and 7 for VEGFR-2 and caveolin-1 and at day 1, 3, and 7 for β-catenin, Wnt2, bFGF, and BMP-2. At these time points, HUVECs were fixed with 3.7% (v/v) formalin in PBS for 15 minutes at room temperature, and washed and permeabilized with 0.25% (v/v) triton-X-100 in PBS for 3 minutes also at room temperature. After removing the permeabilizing solution, cells were blocked with 3% (w/v) BSA in PBS supplemented with 0.1% (v/v) Tween-20 at room temperature for 1 hour. After that period, the blocking solution was discarded and the cells were incubated with the primary antibody at 4 °C overnight. Following this period, the primary antibody was removed and the cells washed and incubated with the respective secondary infra-red antibody for 1 hour at room temperature and in the dark. The secondary antibody was removed and the cells were washed before scanning. The fluorescence intensity was measured in the infrared imaging system (LI-COR, Odyssey CLx) using two channels at the same time (680 and 800 nm). The antibodies were used according to manufacturer instructions (list can be consulted on Table 2, Supporting Information). Data were normalized to GAPDH.
Immunostaining

HUVECs were fixed with 3.7% (v/v) formalin in PBS for 15 minutes at room temperature, and washed and permeabilized with 0.25% (v/v) triton-X-100 in PBS for 3 minutes also at room temperature. After removing the permeabilizing solution, cells were blocked with 3% (w/v) BSA in PBS with 0.1% (v/v) Tween-20 at room temperature for 1 hour. After that period, the blocking buffer was discarded and the cells were incubated with the primary antibody at 4 °C overnight. Following this period, the primary antibody was removed and the cells were washed. HUVECs were incubated with the secondary antibody for 1 hour at room temperature. In this protocol, anti-Wnt2 primary antibody (Table 2, Supporting Information) and antirabbit secondary antibody Alexa Fluor 594 (Life Technologies, A21442) were used following manufacturer's instructions. After removing the secondary antibody, cells were washed, mounted with the antifade agent ProLong Gold Antifade Reagent with DAPI (Molecular Probes P36935), and observed under the inverted microscope (Olympus, IX51). Images were obtained at day 3 using the same time of exposure for all materials.
Statistical analysis

Data are presented as the mean ± standard error of the mean (SEM). The statistical significance between experimental groups was assessed through the unpaired Student's t-test using GraphPad Prism software with 95% of confidence level. *p < 0.05, **p < 0.01, and ***p < 0.001.
Supporting Information 

Supporting Information is available from the Wiley Online Library or from the author.
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