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Enhanced Autophagy in GAB1-Deficient Vascular Endothelial Cells Is Responsible for Atherosclerosis Progression
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Autophagy is a host machinery that controls cellular health. Dysfunction of autophagy is responsible for the pathogenesis of many human diseases that include atherosclerosis obliterans (ASO). Physiologically, host autophagy removes aging organelles and delays the formation of atherosclerotic plaque. However, in ischemia event, dysregulated autophagy can be induced to trigger autosis, leading to an inevitable cellular death. Grb2-associated binder 1 (GAB1) is a docking/scaffolding adaptor protein that regulates many cell processes including autophagy. Our study first reported that the protein expression of GAB1 significantly decreased in ASO. Mechanically, our results showed that inhibition of Akt (protein kinase B), the upstream of mTOR (mechanistic target of rapamycin), significantly enhanced autophagy by demonstrating the downregulation of p62/Sequestosome 1 expression and the upregulation of the ratio of LC3II/LC3I. Conversely, we found that the inhibition of ERK1/2 (extracellular signal-regulated kinases1/2), p38, and JNK (c-Jun N-terminal kinase) signaling pathway, respectively, significantly inhibited autophagy by demonstrating the upregulation of p62 expression and the downregulation of the ratio of LC3II/LC3I. Further, we demonstrated that knockdown of GAB1 significantly increased autophagy in HUVECs (human umbilical vein endothelial cells) via activation of MAPK (mitogen-activated protein kinase) pathways that include ERK1/2, p38, and JNK. Moreover, we found that knockdown of GAB1 profoundly inhibited HUVEC proliferation, migration, and tube formation. Taken together, this study first suggests that GAB1 is a key regulator of autophagy in HUVECs. Targeting GAB1 may serve as a potential strategy for the atherosclerosis treatment.
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INTRODUCTION

Atherosclerosis obliterans (ASO) is a common disease resulting from the occlusion of iliac and femoral arteries. Despite the availability of a plethora of therapies to stabilize atherosclerotic plaque and to recanalize occluded arteries, ASO remains a leading cause contributing to the high morbidity and mortality rate in the elders worldwide (Berger, 2018). The underlying pathogenesis of ASO is widely accepted by the development of atherosclerosis in the peripheral arteries. Pathologically, it is characterized by lipid deposition, endothelial dysfunction, and vascular inflammation (Charo and Taub, 2011). The dysfunction of endothelial cells by lipid deposition is always the earliest event to initiate the process of atherosclerosis (Huang et al., 2019). Generally, it is believed that endothelial cell atherosclerosis is regulated by multiple intracellular signaling pathways that remain to be explored to identify specific targets for drug development. Therefore, our study aim to discover the mechanisms by which intracellular signaling pathways regulate atherosclerosis.

Autophagy is a host machinery that controls cellular health. However, dysfunction of autophagy has been reported to be responsible for many human diseases that include ASO (Evans et al., 2018; Zhou et al., 2018). Autophagy is widely considered as a cellular defense machinery to remove damaged proteins/organelles, maintaining cells alive, but excessive autophagy can result in its own set of problems, such that the cell dies (Grootaert et al., 2018b). It is indicated that autophagy plays an important role in preventing atherosclerosis at the early stage of ASO (Guo et al., 2017; Yao and Qin, 2017; Grootaert et al., 2018a). Moreover, it is reported that autophagy may reduce lipid accumulation and inhibit the formation of foam cells via removal of damaged organelles, delaying the development of the plaque (Liao et al., 2012; Razani et al., 2012). Upon atherosclerosis progression, dysregulated autophagy is induced by certain types of ischemia, which further triggers autosis, leading to an inevitable cellular death (Le Guezennec et al., 2012; Maiuri et al., 2013). Taken together, these paradoxical findings questioned us how host machinery determines the specificity and magnitude of autophagy and whether the autophagy is manipulated by diverse host signaling pathways under specific stress.

So far, our knowledge about the signaling regulation of autophagy is relatively limited. Only a few pathways that include mTOR (mechanistic target of rapamycin), AMPK (AMP-activated protein kinase), cAMP-dependent PKA (protein kinase A), and GSK3β (glycogen synthase kinase 3 beta) have been confirmed to be involved in this regulation machinery (Deretic and Klionsky, 2018). Grb2-associated binder 1 (GAB1) is a docking/scaffolding adaptor protein, belonging to the family of insulin receptor substrate 1–like multi-substrate proteins (Wang et al., 2015). Emerging evidences have suggested that signaling pathways mediated by GAB1 play a critical role in the regulation of a variety of cellular processes, including cell proliferation, cell differentiation, apoptosis, and stress responses (Hibi and Hirano, 2000). Disruption of GAB1-mediated signaling pathways has been associated with multiple human diseases, including tumor, cardiovascular disease, and inflammation (Dixit et al., 2005; Shioyama et al., 2011; Zhang et al., 2016). Physiologically, GAB1 functions as a platform for assembling multiple intracellular signaling pathways evoked by various extracellular stimuli via its multiple functional domains. Upon activation, GAB1 translocates from cytoplasm to the cellular membrane, where it promotes signaling amplification and transduction by tyrosine phosphorylation and recruitment of downstream proteins including mTOR, AMPK, cAMP-dependent PKA, and GSK3β (Bongartz et al., 2017). Given the importance of GAB1 in regulating autophagic signaling proteins, we questioned that how GAB1 is involved in the pathogenesis of atherosclerosis during ischemic stress.

In this study, we demonstrated that GAB1 is a key regulator of host autophagy. Knockdown of GAB1 significantly increases autophagy in HUVECs (human umbilical vein endothelial cells) via MAPK pathways that includes ERK1/2, p38, and JNK. Functionally, we found that knockdown of GAB1 profoundly inhibits HUVEC proliferation, migration, and tube formation. Taken together, our study first suggested that aberrant autophagy induced by loss of GAB1 is responsible for atherosclerosis at a late phase of the disease.



MATERIALS AND METHODS


Patients and Sample Collections

Popliteal arteries from ASO patients who underwent trans-femoral amputation were collected at the Department of Vascular Surgery, Renji Hospital, School of Medicine, Shanghai Jiao Tong University and stored in Biobank of Renji Hospital. All the procedures were approved by the ethics committee of Renji Hospital. Informed consents were obtained before surgical procedures.



Cell Culture and Lentiviral Particle Transduction

Human umbilical vein endothelial cells were purchased from American Type Culture Collection (PCS-100-010; ATCC, Manassas, VA, United States) and cultured in ECM (#1,001; ScienceCell, United States) supplemented with 5% FBS, 50 ng/ml vascular growth factor, and penicillin/streptomycin (1:1,000). Lentiviral particles were purchased from Genomeditech company in China. The shRNA non-targeting pGMLV SC5 vector with puro resistance and GFP was used as a negative control. For lentiviral infection, HUVECs were incubated with shGAB1 or non-targeting control (2.5 × 107 TU/ml) in ECM supplemented with 10 μg/ml of Polybrene for 48 h. Cells were sorted by puro for 4–5 days followed by further analysis.



H&E Staining

The tissues were harvested and fixed in 10% formalin, followed by embedding in paraffin and sectioning for standard H&E staining. Each sample was examined by two independent pathologists at five randomized high-magnification fields. The thickness of popliteal artery intima was measured by Image J.



Immunostaining

Popliteal arteries were fixed with 4% paraformaldehyde for 24 h at room temperature, followed by procession by a serial alcohol gradient and embedment in paraffin wax blocks. The slides were incubated with primary antibodies that include GAB1 Rabbit mAb (#3232; Cell Signaling), LC3B (E5Q2K) Mouse mAb (#83506; Cell Signaling), and Human CD31/PECAM-1 Antibody Sheep mAb (#AF806-SP; R&D) overnight at 4°C, followed by the incubation of secondary antibodies that include donkey anti-rabbit IgG Alexa 488 (#A32790, Invitrogen, green), donkey anti-mouse IgG Alexa plus 647 (#A32787, Invitrogen, pink), and donkey anti-Sheep IgG Alexa 555 (#A-21436, Invitrogen, red). Nuclei were stained with DAPI (#D1306; Invitrogen, Paisley, United Kingdom). An epifluorescence microscope (#DM4000 M; Leica, Wetzlar, Germany) was used for image capture and analysis.



Cell Proliferation

CCK8 kit (#HY-K0301-500T; MCE, NJ, United States) was used to assess cell proliferation. In brief, cells were seeded in 96-well plates with 5,000 cells per well. CCK8 reagent was added into each well at 0 day, 24 h, 48 h, or 72 h post-experiment, respectively, followed by 2-h incubation. The OD value is measured by cell growth curves (#1681135; BioRad, United States) that were mapped with time point as the horizontal ordinate and OD as the longitudinal ordinate.



Cell Migration Assay

The trans-well system (#3470; Corning, Tewksbury, MA, United States) was employed for cell migration assays as described by the manufacturer. HUVECs (1 × 104) in ECM without FBS or vascular endothelial growth factor were seeded in the upper chambers. The lower chambers were filled with complete ECM. After incubation at 37°C for 24 h, the cells on the upper surface were removed with a cotton swab, while the cells on the undersides of the membranes were stained with gentian violet. The number of the cells was counted under a light microscope in five random visual fields (×200).



Tube Formation Assay

Tube formation assay was performed as described by the manufacturer. Collagen gels were formed by adding Biocoat-Matrigel (#356234;, Becton Dickinson, Franklin Lakes, NJ, United States) into 96-well plates at 37°C for 30 min. The gels were then overlaid with 2 × 104 cells suspended in culture medium and incubated at 37°C in an atmosphere of 5% CO2. Gels were examined by using a phase-contrast microscope equipped with a digital camera PDMC (Polaroid, Minnetonka, MN, United States). Images were captured for the quantification of the number of branches and tubule lengths (defined as those exceeding 200 μm in length) in five randomly chosen fields.



Western Blot

Cells were harvested using modified oncogene science lysis buffer (250 mM NaCl, 50 mM Tris–HCl, 0.1% Non-idet P-40, 2 mM EDTA, and 10% glycerol) supplemented with protease inhibitors and phosphatase inhibitors. Western blot analysis was performed as previously described (Deng et al., 2017). In brief, equal amounts of proteins were resolved by SDS-PAGE and then transferred to 0.45-μm PVDF membranes. The resulting membranes were incubated with primary antibodies at 4°C overnight, followed by incubation with HRP-conjugated secondary antibodies at room temperature for 1 h. The immunoreactive bands were visualized by enhanced chemiluminescence. Primary antibodies used in this study were as follows: anti-phospho-ERK1/2 (#4370; Cell Signaling), anti-GAB1 (#3232; Cell Signaling), anti-P62 (#16177; Cell Signaling), anti-LC3B (#3868; Cell Signaling), anti-phospho-AKT (#4060; Cell Signaling), anti-phospho-JNK (#9255; Cell Signaling), anti-phospho-HSP27 (#sc-81498; Santa Cruz), and anti-GAPDH (#22549-1-AP; ProteinTech).



Survival Analysis

The clinical information of 17 patients who underwent trans-femoral amputation were collected. The patients were followed up via telephone to record their clinical outcome. The survival analysis was determined by Kaplan–Meier analysis and plotted by GraphASO 7.0.



Statistical Analysis

All results presented are representative of at least three independent experiments. Results generated from in vitro experiments are expressed as mean ± SDs. Statistical analysis was conducted using unpaired Student’s t test. Values of p < 0.05 were considered to be statistically significant.




RESULTS


Loss of GAB1 Is Associated With Atherosclerosis in ASO

We first determined the intima thickness in both ASO and control groups by H&E staining. The results demonstrated that intima thickness in ASO group significantly increased as compared with control groups (Figures 1A–C). We then questioned whether the protein expression of GAB1 is different between two groups. Confocal microscopy analysis demonstrated that GAB1 expression profoundly decreased in the intima of popliteal arteries, together with an increased expression of LC3II in ASO patients as compared with healthy controls (Figures 1D,E). Given the importance of GAB1 in the development of atherosclerosis, we further performed survival analysis to determine whether GAB1 expression is responsible for long-term survival of ASO patients. Kaplan–Meier results showed that ASO patients with a high expression level of GAB1 obtained a significant survival benefit as compared with those with a low expression level of GAB1. Taken together, these results suggested that loss of GAB1 is associated with atherosclerosis in ASO.


[image: image]

FIGURE 1. GAB1 decreased in vascular endothelia and is closely associated with patients’ survival. (A,B) H&E staining of normal artery and ASO artery. (C) H&E staining showed the thickness of intima increased in ASO artery. (D,E) GAB1 decreased in endothelia of ASO, which was identified by immunostaining of normal artery and ASO artery. Endothelial cells were identified by CD31 (red), GAB1 (green), and LC3B (pink) that were counter-stained with DAPI (blue). (F) Survival analysis for GAB1 was made and showed low GAB1 expression predicted poor prognosis in ASO patients. (D,E) Results are presented as mean ± SD, ∗p < 0.05.




GAB1 Negatively Regulates Autophagy of Vascular Endothelial Cells

Further, Western blot analysis confirmed that the protein expression of GAB1 in intima of ASO popliteal arteries significantly decreased as compared with that of controls, suggesting that translation of GAB1 is destroyed upon atherosclerosis (Figure 2A). We next determined autophagic activity of vascular endothelial cells between ASO and healthy control groups. In this study, we chose p62 degradation and LC3-phosphatidylethanolamine complex, commonly referring to LC3-II as two markers of autophagy. SQSTM1/p62 is an autophagy receptor targeting ubiquitinated proteins to autophagosomes for degradation (Bongartz et al., 2017), while LC3-II participates in the formation of autophagosomes and remains attached to matured autophagosomes. Figures 2B,C demonstrated that protein level of p62 significantly decreased in the ASO group as compared with the control group. Conversely, the ratio of LC3-II/LC3-I significantly increased in ASO group as compared with control group (Figures 2B,C). These results together suggest that autophagic activity of vascular endothelial cells is activated upon atherosclerosis. Further, we evaluated whether GAB1-mediated intracellular signaling is activated during autophagy. Our results found that phosphorylation of ERK1/2, p38, and JNK are significantly increased, while phosphorylation of Akt are significantly decreased in ASO group as compared with control group, indicating that these four intracellular pathways may be involved in the GAB1-mediated autophagy modification (Figures 2D–G).
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FIGURE 2. The expression of GAB1 and autophagy-mediated pathways in ASO artery. (A) GAB1 was decreased in ASO artery by Western blot assay. (B) Autophagy was enhanced in ASO artery by Western blot assay with markers of P62 and the ratio of LC3II/LC3I. (C) Statistical analysis of GAB1, P62, and LC3II/LC3I. (D) P-AKT was decreased but P-JNK was increased in ASO artery by Western blot assay. (E) Statistical analysis of P-AKT and P-JNK. (F) P-HSP27 and P-ERK was increased in ASO artery by Western blot assay. (G) Statistical analysis of P-HSP27 and P-ERK. Results are presented as mean ± SD, ∗p < 0.05, ∗∗∗p < 0.001.




Intracellular Signaling Pathways Are Responsible for Autophagy Regulation

As GAB1 works as a hub for intracellular signaling assembly and transduction, we next questioned how GAB1 regulates its downstream signaling molecules for autophagy regulation (Figure 3). We performed the experiments using different signaling inhibitors that include PI3K inhibitor, ly294002, ERK1/2 inhibitor, U0216, p38 inhibitor, SB203580, and JNK inhibitor, and SP600215 to study the functional role of each signaling pathway. It is well established that activation of mTORC1 by nutrients and growth factors leads to inhibition of autophagy. Similarly, our results showed that inhibition of Akt, the upstream of mTOR, significantly enhanced autophagy by demonstrating the downregulation of p62 protein expression and the upregulation of the ratio of LC3II/LC3I. Conversely, we demonstrated that inhibition of ERK1/2, p38, and JNK significantly destroyed autophagy by demonstrating the upregulation of p62 protein expression and the downregulation of the ratio of LC3II/LC3I.
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FIGURE 3. GAB1 may act as upstream of PI3K/AKT, P38, JNK, and ERK, which are key pathways in autophagy induction. (A) Autophagy was inhibited with markers of elevated ratio of LC3II/LC3I and decreased P62 while GAB1 did not change when 20 μm PI3K inhibitor was added into medium and the statistical analysis was made. (B) Autophagy was enhanced with markers of decreased ratio of LC3II/LC3I and elevated P62 while GAB1 did not change when 10 μm ERK inhibitor was added into medium and the statistical analysis was made. (C) Autophagy was enhanced with markers of decreased ratio of LC3II/LC3I and elevated P62 while GAB1 did not change when 40 μm P38 inhibitor was added into medium and the statistical analysis was made. (D) Autophagy was enhanced with markers of decreased ratio of LC3II/LC3I and elevated P62 while GAB1 did not change when 20 μm JNK inhibitor was added into medium and the statistical analysis was made. Results are presented as mean ± SD, ∗p < 0.05, ∗∗∗p < 0.001.




Knockdown GAB1 Promotes Autophagy in HUVECs via Upregulation of p-ERK, p-p38, and p-JNK

Considering the fact that ERK1/2, p38, and JNK signaling are involved in the regulation of autophagy in HUVECs, we questioned if GAB1 plays a dominant role in determining cell fate by autophagy process. We first used a lentivirus expressing siGAB1 to knock down endogenous GAB1 in HUVECs. The Western blot results showed that shGAB1 transfection significantly decreased the protein expression of GAB1 in HUVECs, indicating a successful procedure (Figures 4A,B). Next, we determined the protein expression of LC3I/II and p62 using Western blot. Figures 4C,D demonstrated that knockdown of GAB1 significantly decreased the protein expression of p62, while it increased the ratio of LC3II/LC3I. These results indicated that knockdown of GAB1 promotes autophagy in HUVECs. On the other hand, we also determined whether knockdown of GAB1 has an impact on its downstream signaling. The results demonstrated that knockdown of GAB1 significantly upregulates the phosphorylation level of p-ERK1/2, p-p38, and p-JNK. However, little significance was observed on the phosphorylation level of p-Akt. These results are in accord with the experiments using signaling inhibitors, suggesting that GAB1 may regulate autophagy via intracellular signaling of p-ERK, p-p38, and p-JNK (Figures 4E–H).
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FIGURE 4. GAB1 knockdown increased autophagy induction and the activity of P38, JNK, and ERK. (A,B) The expression of GAB1 after being transfected lentivirus and its statistical analysis. (C,D) The expression of P62 and LC3B after being transfected GAB1 knockdown lentivirus and its statistical analysis. (E,F) The expression of P-AKT and P-ERK after being transfected GAB1 knockdown lentivirus and its statistical analysis. (G,H) The expression of P-JNK and P38 after being transfected GAB1 knockdown lentivirus and its statistical analysis. Results are presented as mean ± SD, ∗p < 0.05, ∗∗∗p < 0.001.




GAB1 Promotes HUVEC Proliferation and Migration

Previous work using transmission electron microscopy showed characteristics of autophagy in dying endothelial cells (Lenoir et al., 2015). However, further studies are needed to illustrate whether knockdown of GAB1 impairs endothelial function via autophagy. We therefore performed endothelial function experiments in HUVECs using GAB1 knockdown lentivirus. The results showed that knockdown of GAB1 significantly decreased endothelial function including cell proliferation, migration, and tube formation (Figures 5A–E). Moreover, shGAB1 HUVECs were treated with PBS or autophagy inhibitor 3-MA (5 mM),respectively, to perform rescue experiments. As compared with 3-MA group, autophagy was significantly enhanced in shGAB1 HUVECs by demonstration of an elevated ratio of LC3II/LC3I and a reduced protein expression of p62 (Figure 5F). We also observed that HUVEC proliferation was significantly upregulated in the 3-MA-treated group as compared with the control group, suggesting that GAB1 plays an important role in maintaining cell survival via autophagy (Figure 5G). Further, we performed cell migration assay, the results showed that knockdown of GAB1 significantly inhibited cell migration rates (Figures 5H,I). In addition, we found that tube formation rate of HUVECs was significantly decreased in shGAB1 group, as compared with shGAB1 + 3-MA treated group, indicating that GAB1 is a key regulator in vasculature maintenance, and autophagy may be the key regulatory mechanism (Figures 5J,K).
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FIGURE 5. The influence of GAB1 on endothelial function. (A) CCK8 assay showed GAB1 knockdown impaired endothelial proliferation. (B,C) GAB1 knockdown damaged endothelial migration significantly. (D,E) GAB1 knockdown also injured endothelial tube formation including branches and branching length. (F) The expression of P62 and LC3B in shGAB1 HUVECs with or without 3-MA in medium. (G) GAB1 knock down increased endothelial proliferation with 3-MA in medium. (H,I) GAB1 knockdown promoted endothelial migration significantly with 3-MA in medium. (J,K) GAB1 knockdown also upregulated endothelial tube formation including branches and branching length with 3-MA in medium and the statistical analysis was made. Results are presented as mean ± SD, ∗p < 0.05, ∗∗∗p < 0.001.





DISCUSSION

Grb2-associated binder 1, as an adaptor protein, has several domains within its structure that allow it to interact with other proteins such as insulin receptor and fibroblast growth factor receptor substrate two complex (Wang et al., 2015; Xu et al., 2016). After being activated, GAB1 participates in various signaling pathways, including Ras–ERK and PI3K–AKT pathways (Rajadurai et al., 2012). Due to its special structure, GAB1 has been implicated in several pathophysiological processes of different diseases that include tumorigenesis and metastasis (Mraz et al., 2014; Furuta et al., 2016; Zhang et al., 2016). But in ASO, little studies has showed a positive association between dysfunction of GAB1 and atherosclerosis (Raghavan et al., 2018). Therefore, our study aims to establish the relationship between GAB1 dysfunction and the onset of atherosclerosis. Of interest, our study first reported that downregulation of GAB1 in arteriosclerotic arteries was closely associated with ASO progression and subsequent patients’ survival.

It is well established that both PI3K/Akt and MAPK pathways that include ERK, p38, and JNK signaling are key regulators in autophagy process upon diverse stimulations. PI3K/Akt is a classic signaling that inhibits autophagy by blocking autophagosome formation and plays a critical role in many diseases via regulating the level of autophagy, such as melanoma, Parkinson’s disease, and rheumatoid arthritis (Wang et al., 2012; Feng and Qiu, 2018; Liang et al., 2019). ERK is generally believed to play a more important role in inducing autophagic programmed cell death rather than apoptosis in neuron cell death and ovarian cancer cells (Chu et al., 2004; Subramaniam and Unsicker, 2006). JNK, a stress-activated protein kinase, is reported to respond to stress signals to enhance autophagy by promoting the dissociation of the Beclin 1-Bcl-2/Bcl-xL (Sun et al., 2011; Zhao et al., 2011). Interestingly, p38 signaling pathway has both positive and negative effect on autophagy. On the one hand, p38 signaling is responsible for the maintenance of cell survival; on the other hand, it can also negatively regulate basal autophagy via the blockage of Atg9 to form autophagosomes (Cui et al., 2007; Ye et al., 2011; Choi et al., 2012). In our study, our results showed that the inhibition of ERK, P38, and JNK pathways significantly destroyed the formation of host autophagy, respectively, while the inhibition of PI3K/Akt pathway can promote the autophagy. To further identify the relationship between GAB1 and autophagy, we performed a GAB1 knockdown experiment by lentivirus in HUVEC. We found that knockdown of GAB1 significantly enhanced autophagy formation. Functionally, we demonstrated that knockdown of GAB1 impaired cell proliferation, cell migration, and tube formation of HUVECs, which is believed to be a potential mechanism contributing to the development of atherosclerosis.

Taken together, our study first found that dysfunction of GAB1 is responsible for HUVEC malfunction via excessive autophagy activation (Figure 6). This finding complements the current understanding of autophagy in the late stage of atherosclerosis, which shed light on a potential strategy for drug development to treat ASO by targeting GAB1.
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FIGURE 6. The mechanism by which GAB1 knockdown promotes autophagy in ASO GAB1 regulated autophagy balance to maintain cell survival and function in normal artery. When atherosclerosis occurred, GAB1-mediated autophagy lost balance and excess autophagy led to endothelial dysfunction in response to inflammatory cytokines by increasing the activity of ERK, P38, and JNK pathways, which gave new insight into the mechanisms of atherosclerosis.




DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author/s.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by Renji Hospital, School of Medicine, Shanghai Jiao Tong University. The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

HD designed the studies. XQ, HW, YW, JC, and XG performed the experiments. HD and XQ wrote and revised the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by the National Natural Science Foundation of China (81700421 to HD).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphys.2020.559396/full#supplementary-material



REFERENCES

Berger, J. S. (2018). Antithrombotic therapy in peripheral artery disease. Lancet 391, 183–184. doi: 10.1016/S0140-6736(17)32847-7

Bongartz, H., Hessenkemper, W., Muller, C., Fensky, M., Fritsch, J., Mandel, K., et al. (2017). The multi-site docking protein Gab1 is constitutively phosphorylated independent from its recruitment to the plasma membrane in Jak2-V617F-positive cells and mediates proliferation of human erythroleukaemia cells. Cell Signal. 35, 37–47. doi: 10.1016/j.cellsig.2017.03.021

Charo, I. F., and Taub, R. (2011). Anti-inflammatory therapeutics for the treatment of atherosclerosis. Nat. Rev. Drug Discov. 10, 365–376. doi: 10.1038/nrd3444

Choi, C. H., Lee, B. H., Ahn, S. G., and Oh, S. H. (2012). Proteasome inhibition-induced p38 MAPK/ERK signaling regulates autophagy and apoptosis through the dual phosphorylation of glycogen synthase kinase 3beta. Biochem. Biophys. Res. Commun. 418, 759–764. doi: 10.1016/j.bbrc.2012.01.095

Chu, C. T., Levinthal, D. J., Kulich, S. M., Chalovich, E. M., and DeFranco, D. B. (2004). Oxidative neuronal injury. the dark side of ERK1/2. Eur. J. Biochem. 271, 2060–2066. doi: 10.1111/j.1432-1033.2004.04132.x

Cui, Q., Tashiro, S., Onodera, S., Minami, M., and Ikejima, T. (2007). Oridonin induced autophagy in human cervical carcinoma HeLa cells through Ras, JNK, and P38 regulation. J. Pharmacol. Sci. 105, 317–325.

Deng, H., Fung, G., Qiu, Y., Wang, C., Zhang, J., Jin, Z. G., et al. (2017). Cleavage of Grb2-associated binding protein 2 by viral proteinase 2A during coxsackievirus infection. Front. Cell Infect. Microbiol. 7:85. doi: 10.3389/fcimb.2017.00085

Deretic, V., and Klionsky, D. J. (2018). Autophagy and inflammation: a special review issue. Autophagy 14, 179–180. doi: 10.1080/15548627.2017.1412229

Dixit, M., Loot, A. E., Mohamed, A., Fisslthaler, B., Boulanger, C. M., Ceacareanu, B., et al. (2005). Gab1, SHP2, and protein kinase A are crucial for the activation of the endothelial NO synthase by fluid shear stress. Circ. Res. 97, 1236–1244. doi: 10.1161/01.RES.0000195611.59811.ab

Evans, T. D., Jeong, S. J., Zhang, X., Sergin, I., and Razani, B. (2018). TFEB and trehalose drive the macrophage autophagy-lysosome system to protect against atherosclerosis. Autophagy 14, 724–726. doi: 10.1080/15548627.2018.1434373

Feng, F. B., and Qiu, H. Y. (2018). Effects of Artesunate on chondrocyte proliferation, apoptosis and autophagy through the PI3K/AKT/mTOR signaling pathway in rat models with rheumatoid arthritis. Biomed. Pharmacother. 102, 1209–1220. doi: 10.1016/j.biopha.2018.03.142

Furuta, K., Yoshida, Y., Ogura, S., Kurahashi, T., Kizu, T., Maeda, S., et al. (2016). Gab1 adaptor protein acts as a gatekeeper to balance hepatocyte death and proliferation during acetaminophen-induced liver injury in mice. Hepatology 63, 1340–1355. doi: 10.1002/hep.28410

Grootaert, M. O. J., Moulis, M., Roth, L., Martinet, W., Vindis, C., Bennett, M. R., et al. (2018a). Vascular smooth muscle cell death, autophagy and senescence in atherosclerosis. Cardiovasc. Res. 114, 622–634. doi: 10.1093/cvr/cvy007

Grootaert, M. O. J., Roth, L., Schrijvers, D. M., De Meyer, G. R. Y., and Martinet, W. (2018b). Defective autophagy in atherosclerosis: to die or to senesce? Oxid. Med. Cell Longev. 2018:7687083. doi: 10.1155/2018/7687083

Guo, F. X., Hu, Y. W., Zheng, L., and Wang, Q. (2017). Shear stress in autophagy and its possible mechanisms in the process of atherosclerosis. DNA Cell Biol. 36, 335–346. doi: 10.1089/dna.2017.3649

Hibi, M., and Hirano, T. (2000). Gab-family adapter molecules in signal transduction of cytokine and growth factor receptors, and T and B cell antigen receptors. Leuk Lymphoma. 37, 299–307. doi: 10.3109/10428190009089430

Huang, L., Chambliss, K. L., Gao, X., Yuhanna, I. S., Behling-Kelly, E., Bergaya, S., et al. (2019). SR-B1 drives endothelial cell LDL transcytosis via DOCK4 to promote atherosclerosis. Nature 569, 565–569. doi: 10.1038/s41586-019-1140-4

Le Guezennec, X., Brichkina, A., Huang, Y. F., Kostromina, E., Han, W., and Bulavin, D. V. (2012). Wip1-dependent regulation of autophagy, obesity, and atherosclerosis. Cell Metab. 16, 68–80. doi: 10.1016/j.cmet.2012.06.003

Lenoir, O., Jasiek, M., Henique, C., Guyonnet, L., Hartleben, B., Bork, T., et al. (2015). Endothelial cell and podocyte autophagy synergistically protect from diabetes-induced glomerulosclerosis. Autophagy 11, 1130–1145. doi: 10.1080/15548627.2015.1049799

Liang, Q. P., Xu, T. Q., Liu, B. L., Lei, X. P., Hambrook, J. R., Zhang, D. M., et al. (2019). Sasanquasaponin IotaIotaIota from Schima crenata Korth induces autophagy through Akt/mTOR/p70S6K pathway and promotes apoptosis in human melanoma A375 cells. Phytomedicine 58:152769. doi: 10.1016/j.phymed.2018.11.029

Liao, X., Sluimer, J. C., Wang, Y., Subramanian, M., Brown, K., Pattison, J. S., et al. (2012). Macrophage autophagy plays a protective role in advanced atherosclerosis. Cell Metab. 15, 545–553. doi: 10.1016/j.cmet.2012.01.022

Maiuri, M. C., Grassia, G., Platt, A. M., Carnuccio, R., Ialenti, A., and Maffia, P. (2013). Macrophage autophagy in atherosclerosis. Mediators Inflamm. 2013:584715. doi: 10.1155/2013/584715

Mraz, M., Chen, L., Rassenti, L. Z., Ghia, E. M., Li, H., Jepsen, K., et al. (2014). miR-150 influences B-cell receptor signaling in chronic lymphocytic leukemia by regulating expression of GAB1 and FOXP1. Blood 124, 84–95. doi: 10.1182/blood-2013-09-527234

Raghavan, S., Singh, N. K., Gali, S., Mani, A. M., and Rao, G. N. (2018). Protein kinase ctheta via activating transcription factor 2-Mediated CD36 expression and foam cell formation of Ly6C(hi) Cells contributes to atherosclerosis. Circulation 138, 2395–2412. doi: 10.1161/CIRCULATIONAHA.118.034083

Rajadurai, C. V., Havrylov, S., Zaoui, K., Vaillancourt, R., Stuible, M., Naujokas, M., et al. (2012). Met receptor tyrosine kinase signals through a cortactin-Gab1 scaffold complex, to mediate invadopodia. J. Cell Sci. 125(Pt 12), 2940–2953. doi: 10.1242/jcs.100834

Razani, B., Feng, C., Coleman, T., Emanuel, R., Wen, H., Hwang, S., et al. (2012). Autophagy links inflammasomes to atherosclerotic progression. Cell Metab. 15, 534–544. doi: 10.1016/j.cmet.2012.02.011

Shioyama, W., Nakaoka, Y., Higuchi, K., Minami, T., Taniyama, Y., Nishida, K., et al. (2011). Docking protein Gab1 is an essential component of postnatal angiogenesis after ischemia via HGF/c-met signaling. Circ. Res. 108, 664–675. doi: 10.1161/CIRCRESAHA.110.232223

Subramaniam, S., and Unsicker, K. (2006). Extracellular signal-regulated kinase as an inducer of non-apoptotic neuronal death. Neuroscience 138, 1055–1065. doi: 10.1016/j.neuroscience.2005.12.013

Sun, T., Li, D., Wang, L., Xia, L., Ma, J., Guan, Z., et al. (2011). c-Jun NH2-terminal kinase activation is essential for up-regulation of LC3 during ceramide-induced autophagy in human nasopharyngeal carcinoma cells. J. Transl. Med. 9:161. doi: 10.1186/1479-5876-9-161

Wang, R. C., Wei, Y., An, Z., Zou, Z., Xiao, G., Bhagat, G., et al. (2012). Akt-mediated regulation of autophagy and tumorigenesis through Beclin 1 phosphorylation. Science 338, 956–959. doi: 10.1126/science.1225967

Wang, W., Xu, S., Yin, M., and Jin, Z. G. (2015). Essential roles of Gab1 tyrosine phosphorylation in growth factor-mediated signaling and angiogenesis. Int. J. Cardiol. 181, 180–184. doi: 10.1016/j.ijcard.2014.10.148

Xu, S., Ha, C. H., Wang, W., Xu, X., Yin, M., Jin, F. Q., et al. (2016). PECAM1 regulates flow-mediated Gab1 tyrosine phosphorylation and signaling. Cell Signal. 28, 117–124. doi: 10.1016/j.cellsig.2015.12.007

Yao, S. T., and Qin, S. C. (2017). [The relationship of autophagy with endoplasmic reticulum stress and its role in pathogenesis, prevention and therapy of atherosclerosis]. Sheng Li Xue Bao. 69, 515–521.

Ye, Y. C., Yu, L., Wang, H. J., Tashiro, S., Onodera, S., and Ikejima, T. (2011). TNFalpha-induced necroptosis and autophagy via suppression of the p38-NF-kappaB survival pathway in L929 cells. J. Pharmacol. Sci. 117, 160–169.

Zhang, Y., Xu, Y., Liu, S., Guo, X., Cen, D., Xu, J., et al. (2016). Scaffolding protein Gab1 regulates myeloid dendritic cell migration in allergic asthma. Cell Res. 26, 1226–1241. doi: 10.1038/cr.2016.124

Zhao, M., Yang, M., Yang, L., Yu, Y., Xie, M., Zhu, S., et al. (2011). HMGB1 regulates autophagy through increasing transcriptional activities of JNK and ERK in human myeloid leukemia cells. BMB Rep. 44, 601–606. doi: 10.5483/bmbrep.2011.44.9.601

Zhou, P., Xie, W., Luo, Y., Lu, S., Dai, Z., Wang, R., et al. (2018). Inhibitory effects of ginsenoside Rb1 on early atherosclerosis in ApoE-/- mice via inhibition of apoptosis and enhancing autophagy. Molecules 23:2912. doi: 10.3390/molecules23112912


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Qian, Wang, Wang, Chen, Guo and Deng. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Enhanced Autophagy in GAB1-Deficient Vascular Endothelial Cells Is Responsible for Atherosclerosis Progression



		INTRODUCTION



		MATERIALS AND METHODS



		Patients and Sample Collections



		Cell Culture and Lentiviral Particle Transduction



		H&E Staining



		Immunostaining



		Cell Proliferation



		Cell Migration Assay



		Tube Formation Assay



		Western Blot



		Survival Analysis



		Statistical Analysis







		RESULTS



		Loss of GAB1 Is Associated With Atherosclerosis in ASO



		GAB1 Negatively Regulates Autophagy of Vascular Endothelial Cells



		Intracellular Signaling Pathways Are Responsible for Autophagy Regulation



		Knockdown GAB1 Promotes Autophagy in HUVECs via Upregulation of p-ERK, p-p38, and p-JNK



		GAB1 Promotes HUVEC Proliferation and Migration







		DISCUSSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		REFERENCES

















OPS/images/fphys-11-559396-g005.jpg
(9]

(o] LSRR
N

A EeEmbls
- ShGAM

=

ICREMENT RATE
s 8 5 &
% \

Migration Cella

s~‘;\‘ i‘
. ShGAB1 ShGAB1+3-MA

W

T A

———

S — t—

Branching length

Imm

Scramble

ICREMENT RATE
5

Wl sheA81
1% 8 SGABISIN 400
§ 250
g 3
: § 20
5 #
€ 0 -]
i = 100
0 0

imm f .*1" @'¢ j
ShGAB1 ShGAB1 + 3-MA £ &





OPS/images/fphys-11-559396-g006.jpg
fa:d
°o.® Cytokines

N

- )
cE Y= s = L=3 | Rac
B S Raf P
- JNK p38
ERK

T
uoBajap 1qeD

Q Atheroscierotic Plague

_ -~ Endothelial Cells ~~ _ .-~ ]






OPS/images/fphys-11-559396-g003.jpg
A

Control

ly294002(20um)

e bl
s B 12282020 20um)

GAB1 I---B-!j % -

o @“\

- »

Tl e ———

B

Control

U0126(10um)

- Congn
LC3-1 §o=~
LC3-11 §°*

Hl Ccootrol

Bl U0128(10um)

T T —

P-ERK

---“-“

e diil I T,

GAB1/GAPDH
o

151
0354
o°°

P62 I-—---—-~ o ---]

$\

"~
H oo

LC3B

——— — — —

—— -~ - .

1.5

LC3-1
LC3-1 1

-
o
re

GAPDH l N — — w———— ]

p-62/GAPDH

C

GAB1 | R MiEe S s mee swm |

P—hsp27l e GEe D SR G -

Control

SB203580(40um) I

o
o
| o=

>

-
o

GAB1/GAPDH
<
“

o -

<
o

P62 [ M e G e D S |

o
@

LC3B

- — —~

= M | C3-
LC3-11

~

o o
“

o
L]

GAPDH I

o - o — s S |

p-62/GAPDH

o
-

o
o

Control

SP600125(20um)

. 2128]10um)

Bl Cortrd

o
-

o
W

GAB1

GAB1/GAPDH
N

o
-

-]+

P—-JNK

P62

LC3B

p-62/GAPDH

GAPDH

NS Hl SPG0012%(10um)

p-AKT/GAPDH

164 Bl "294002{ 20um)
104
Q0-

Bl Coovadd
104 Bl |y234002(20um)

LC3lC3I

H Comvl
Bl 1N28] Qe

N
(=]
J

s
o«
A

p-ERK/GAPDH

0.54
0.0+ .3
\
00'60 .9"&
(& ,"&
N
&
B Cootol
19 EE U0128(10um)
03
e
051
=
g 044
-
024
(+J]
N\ N
e»’s‘° \"f
¢ &
N
@
 Cortad

CO0SSHN40um)

p-HSP27/GAPD
B2 B8
l

c%%,
S

&
&
W Coool
i El S820353(0(40um)

LC3IILC3I

Il Coctrol
R SPS0012% 10um)

| od
L]

p~JNK/GAPDH
28 & & b

vos R Coctrod
=S
b B SPS001

25 10um)

LC3NLCII
o & 5






OPS/images/fphys-11-559396-g004.jpg
P-AKT/GAPDH

-
s

GAB1 Scramble ShGAB1

GAB! | s == ]

GAPDH' ------l

W CAS1sremae
024 Bl crerAt
o
Q 02
N
0.14
<
00-
& &
& &
@\
(<)
B GE et
B ¢0A3

P-ERK/GAPDH
E 8 =

g

L=

‘fe f\ ) 'po .‘9'9\

01”
“%

0
b g

-
e

GAB1/GAPDH
> b

0.0-

LC3l/LC3I

M GAB1scrambie E

mos st G

B crGost
P62 l:wv VO, S e ‘
LC3B (== S =S : -"" :T LC3-|
- LC3-11

GAPDH | (M oD e 40 W |

GAB1 Scramble ShGAB1

GAB1 Scramble ShGAB1

B shGAB1

P-ERK

GAPDH I .—-——--‘

W GE s

.(xrt

—
=

-~
—
A

p-HSP27/GAPDH






OPS/images/fphys-11-559396-g001.jpg
50um

0 ol ASO
AR B ge
500u! 500um 500um 500um
e B“- i S D
a g - »
50um S0um 50um 50um
" = L E e
AB B ge
500um [ 500um [~ 500um |
50um 50um 50um 50um






OPS/images/fphys-11-559396-g002.jpg
A Control ASO B
P62
GAB1 | WS NGNS w o | LE
c . =" . e B
K+ Z o
o ooe\‘& Po 00
D Control ASO E
0.8
P-AKT — O — - §°“
§ 04.
P-ERK | e e o B e S
GAPDH | s e s s e et
F Control ASO G os

L R ———

P-JNK | mey & “I :

GAPDH |.—--.-- l

°
a

p-HSP27/GAPDH
e

°
s

Lcaiest

Control ASO
iﬁ L L ]

[ === IE((;:%ZIH
—
. AR

p-ERK/GAPDH
° o o

0.2

- Control
- ASO






OPS/images/cover.jpg
, frontiers
in Physiology










OPS/images/logo.jpg
, frontiers
in Physiology





