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Abstract

:

Thoracic aortic aneurysm (TAA) is a complex life-threatening disease characterized by extensive extracellular matrix (ECM) fragmentation and persistent inflammation, culminating in a weakened aorta. Although evidence suggests defective canonical signaling pathways in TAA, the full spectrum of mechanisms contributing to TAA is poorly understood, therefore limiting the scope of drug-based treatment. Here, we used a sensitive RNA sequencing approach to profile the transcriptomic atlas of human TAA. Pathway analysis revealed upregulation of key matrix-degrading enzymes and inflammation coincident with the axonal guidance pathway. We uncovered their novel association with TAA and focused on the expression of Semaphorins and Netrins. Comprehensive analysis of this pathway showed that several members were differentially expressed in TAA compared to controls. Immunohistochemistry revealed that Semaphorin4D and its receptor PlexinB1, similar to Netrin-1 proteins were highly expressed in damaged areas of TAA tissues but faintly detected in the vessel wall of non-diseased sections. It should be considered that the current study is limited by its sample size and the use of internal thoracic artery as control for TAA for the sequencing dataset. Our data determines important neuronal regulators of vascular inflammatory events and suggest Netrins and Semaphorins as potential key contributors of ECM degradation in TAA.
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1. Introduction


Thoracic aortic aneurysm (TAA) is a complex degenerative vascular disease distinguished by the progressive enlargement of the thoracic aortic vessel wall diameter, which can reach up to 1.5 times the normal aortic size [1]. With a three-year survival rate of 20% for patients with large dilated aneurysms, the disease is currently the 14th leading cause of death in the United States [2,3]. It is estimated that the incidence of TAA is ~5–10 in 100,000 people per year [4]. However, because TAA are asymptomatic, they can go undetected over a lifetime, making the actual incidence difficult to ascertain. In fact, the majority of TAA expand silently over time and are found incidentally on imaging. Increase in size of TAA is a predictor of devastating aortic dissection and rupture and is invariably fatal without prompt surgical intervention.



The risk factors associated with TAA development are advanced age (>65 years), tobacco consumption, elevated blood pressure, atherosclerosis, family history, bicuspid aortic valve and genetic mutations such as in Marfan’s syndrome. Individuals with TAA are sometimes prescribed medications such as beta blockers and angiotensin II receptor inhibitors to reduce blood pressure to delay TAA growth and surgical intervention. However, there is no drug-based therapy targeted that prevents the life-threatening rupture associated with TAA, and surgical repairs remain the only treatment to alleviate the burden of patients. This is most likely due to the lack of insight regarding the mechanisms involved in the degeneration of the vessel wall in the pathophysiology of TAA.



Over the past decade, cumulative efforts from several research groups have uncovered the deleterious roles of several matrix metalloproteinases (MMP) including MMP2, MMP9, MMP12 and MMP14 in promoting TAA by excessively degrading various components of the extracellular matrix (ECM), such as elastin fibers niched in the tunica intima and media. Notably, elastin fragmentation and thinned elastin lamellae are hallmarks of degenerative TAA. While the factors that contribute to the accumulation of matrix-degrading enzymes are not fully understood, some studies have suggested that the unique population of immune cells in aneurysmal tissue may contribute to this process. Evidence suggests that TAA aortic extracts collected from individuals suffering from Marfan’s syndrome, one of the heritable genetic manifestations of TAA characterized by mutations in the gene encoding fibrillin-1 (FBN1), are enriched with potent chemotactic factors that promote the increased migration of macrophages [5]. These data suggested that local alterations in FBN1 gene could regulate the recruitment of macrophages, which could have a causative role in promoting pathological ECM remodeling in TAA. These results were recapitulated in murine models hypomorphic for fibrillin-1 (mgR) and demonstrated elevated macrophage migration when the cells were exposed to extracts of aortic lysates isolated from mgR mice [6]. Interestingly, Ramirez et al., who developed the mgR model, uncovered the persistent presence of macrophages both in the early and advanced aneurysms which clustered predominantly in the adventitial layer of the vessel wall [7]. They identified that fibrillin-1 was a potential substrate for the macrophage-specific MMP-12 that resulted in cleavage of the protein. Variants of fibrillin-1 have been shown to promote the activity of transforming growth factor-β (TGF-β) in the vascular wall. Based on clinical and experimental evidence, we hypothesized that the guidance signals could direct the accumulation of transmural macrophages and immune cells that manifest in TAA.



Recent work from our group has established novel immunoregulatory roles for the neuronal guidance cues Netrin-1 and Semaphorins in guiding the immune response in the pathogenesis of cardiovascular insults such as atherosclerosis, obesity and abdominal aortic aneurysms [8,9,10]. Semaphorins and Netrins are widely recognized for their roles in axonal development and function by guiding the protrusion of axons to successfully establish communication networks [11,12]. Netrin-1 and Semaphorin3E (Sema3E) have previously been demonstrated to act as deleterious retention signals for lesional macrophages thereby promoting atherosclerosis [8,13]. Additionally, several research groups have established that B and T cells of the innate immune response express both Netrins and Semaphorins, although their precise role in regulating the immune response is still poorly understood. Here, using an unbiased RNA Sequencing transcriptomic approach, we identified increased axonal guidance pathway in the human specimens of TAA and further delineated the expression of some Semaphorins and Netrins stratified by TAA size. Our novel set of data have clinical relevance of our findings and could pave the way to detailed studies underlying the role of axonal molecules in the complex pathology of TAA.




2. Results


2.1. Distinct Up-Regulation of Axonal Guidance Pathway in TAA


TAA samples from 10 patients (Figure Sa) were compared to internal thoracic artery (ITA) samples from 3 controls. This generated a comprehensive set of ~60,000 genes that were detected. We acknowledge that some of the differential expression patterns might reflect differences coupled with intrinsic properties of the aortic tissues, it is however, unlikely that all of the significant changes detected are unassociated to TAA since ITA did not present any signs of pathology. In our analysis, we found 4831 genes that were significantly up-regulated and 2422 genes that were significantly down-regulated (p < 0.05) in TAA. Since pathological extracellular matrix remodeling by MMP have been described to promote TAA development, [14,15] we first screened for MMP variants in our dataset. Among the panel of MMP, Mmp12, 14, 24 and 28 mRNA were significantly increased in TAA compared to non-diseased control tissues (p < 0.05) (Figure Sb). In the quest to determine the significant pathways in the pathology of TAA we conducted pathway analysis of our data. Significantly up-regulated genes with fold change cut-off of equal to or greater than two were chosen for pathway analysis using David bioinformatic resources (version 6.8). The most up-regulated pathway was ECM receptor interaction, four metabolic-related pathways and five immune system networks sub-grouped into regulatory, signaling and migration categories (Figure 1a). Interestingly, the axon guidance pathway was significantly up-regulated (log10p = 114, gene count = 19) in TAA. Members of the neuronal cue family linked to the guidance pathway are represented in the KEGG enrichment analysis diagram (Figure 1b). The expression of several members indicated by a star were significantly increased in TAA. All differentially expressed genes of axon guidance pathways are represented in Figure Sc. These data uncovered novel axonal pathway amplified in the development of symptomatic TAA.




2.2. Profiling Neuronal Guidance Subfamily Cues in TAA


We further characterized individual genes of interest within the axonal guidance network. An overview of axonal guidance cue ligands and their receptors distribution and fold change expression classified by subfamily is represented in Figure 2a,b. A cursory look indicates an increased expression in most transcript levels in TAA. Bars indicate the relative increase or decrease of log2 fold changes of each gene. Increase in expression indicated by bars to the right and decreased expression bars are represented on the left. Apart from Sema6D, Sema6C, Sema4D, Sema3C, NTN-4, and EFNB2, the rest of the ligands had a higher relative expression in TAA tissue than healthy tissue (Figure 2a). Of all the neuronal cue receptor genes, only NRP1 and ROBO1 showed decreased expression in the TAA samples compared to internal thoracic artery samples. These results were further validated with the individual comparison of mRNA copy numbers of these genes and their respective receptors in healthy and TAA tissues. We grouped genes by their ligand and receptor families. Of the 34 genes that we explored further, 15 were significantly up-regulated in TAA tissue (p < 0.05) either the ligand or the corresponding receptor. The expression of NTN-4 and EFNB2 were decreased in TAA tissue as opposed to the remainder of the genes which increased in TAA. Semaphorins, Netrins and their receptors, including Plexins and Unc5b, were the most prominent families of genes significantly increased. Among these up-regulated neuronal guidance cues, we observed Sema3B (p = 0035), Sema5A (p = 0.0087), NTN-1 (p = 0.0467), and Plexin B1 (p = 0.0172) (Figure 2b). These results indicate an overall increased gene expression of neuronal guidance cues in TAA tissue, suggesting that neuronal guidance cues could contribute to the pathogenesis of TAA.




2.3. Transcript Analysis and Protein Localization of Netrins and Semaphorins in TAA Tissue


Since the size of aneurysms correlates with vessel wall damage, and therefore increases the risk of rupture, we performed Verhoeff-Van Gieson staining of the control and diseased tissues to detect elastin fiber alterations. As shown in the representative images in Figure 3a, we observed pronounced elastin damage characterized by fragmentation and degradation in TAA sections < 5.5 cm, this pattern was intensified in images captured from sections of TAA greater than 5.5 cm which revealed complete loss of elastin fibers in some sections of the aortic tissue. The quantification of elastin degradation revealed a significant difference between non-diseased and TAA < 5.5 cm and > 5.5cm (Figure 3b). These data suggested that increase in size of TAA correlates with advanced damage of the vessel wall consistent with previous studies. We therefore stratified the level of a selection of neuronal guidance cues based on the dilation of the aorta when surgical operation was conducted and the tissue collected. Interestingly, we found a positive association between the expression of Sema4D, Plexin B1, Netrin-1, and Netrin-3 genes and TAA size characterized by a trend in elevated mRNA in TAA diameters greater than 5.5 cm. However, our data did not reach statistical difference in our sample size (Figure 3c,f,i,l) probably due to differential complex translational and transcriptional regulatory mechanisms at stake within the TAA microenvironment or associated with technical postmortem tissue collection. We found that Netrin-3 mRNA expression was significantly increased in smaller-sized TAA compared to non-diseased control samples (p = 0.0313) (Figure 3l). However, the difference dropped when compared to larger TAA sizes. Immunofluorescence staining of TAA sections demonstrated strong presence of Semaphorin4D and its receptor Plexin B1 and two members of Netrin family, Netrin-1 and Netrin-3 protein in the adventitia and media of diseased tissue coincident with tissue damage. In comparison to the faint levels of neuronal guidance proteins that were detected in non-diseased, cadaver aortic sections (Figure 3d,g,j,m), quantification of immunofluorescence images showed significant increase in protein level of these neuronal cues and their receptors, which is consistent with the RNA sequencing transcriptomic results (Figure 3 e,h,k,n). Altogether, these findings point to instrumental yet unidentified roles for these neuronal guidance cues in TAA.





3. Discussion


In this study, we conducted a whole genome transcriptomic analysis of genes involved in the pathobiology of TAA. Through an unbiased screening approach, we identified several canonical networks such as calcium signaling and regulation of actin cytoskeletal signaling pathways, which have been previously described in TAA [1,16]. Notably, several members of the MMP family including 12 and 14 were significantly increased. This was associated with elevated TNFα signaling pathway. TNFα has previously been shown to induce the production of several MMP, including MMP14 [1,17,18]. Cross-talk between canonical mechanistic networks in TAA validates the robustness of our samples and screening method. Interestingly, pathway analysis uncovered novel axonal guidance genes that were distinctly elevated in TAA. In a recently published study, this pathway was also detected in a larger cohort of patients suffering from TAA although the authors did not focus their analysis on these axonal cues [19]. Notably, two of the most essential families of genes in the axon guidance pathway, Netrins and Semaphorins were increased in TAA aortic tissue suggesting they could have a causative role in the degenerative mechanisms in TAA development. Signaling cascades mediated by these cues could be integrated into other described defective routes, such as TGF-beta-regulated pathways. Alternatively, there is a growing number of studies demonstrating additional roles for Semaphorins and Netrins outside the central nervous system such as regulating the innate and adaptive immune responses and angiogenic processes that are associated with TAA. Therefore, these cues could also contribute to the pathogenesis of TAA via such mechanisms [13,20].



The role of neuronal guidance cues in the pathogenesis of the aneurysmal disease is burgeoning. In a pioneer study, we uncovered the deleterious role of macrophage-derived Netrin-1 in promoting the development of abdominal aortic aneurysms [8]. Single-Cell RNA sequencing of aneurysmal murine aortas revealed the enrichment of Netrin-1 in transmural macrophages and uncovered crosstalk mechanisms with adjacent vascular smooth muscle cells. Netrin-1 released by macrophages induced the sustained activity of MMP3 which induced elastin fragmentation. This was reversed in mice with conditional loss-of-function of Netrin-1 in macrophages. Although the etiology of TAA does not fully overlap with that of abdominal manifestations of the disease, here our data show that several members of the Netrin family including the ligands Netrin-1 and Netrin-3 and the receptor Unc5b were increased in TAA. The Netrin-1/Unc5b axis has been shown to play a role in the recruitment of circulating inflammatory cells in tissues. Our data suggest that signaling events through Netrin-1/Unc5b could guide the inflammatory response in a broader spectrum of degenerative vascular diseases analogous to abdominal aneurysms. As such, we show that multiple inflammatory and immune response related pathways, including cell adhesion molecules and the TNF signaling pathway were increased in TAA, invoking regulatory inflammatory mechanisms underlying the development of the disease. Future analysis that utilize murine models of TAA and loss-of-function of Netrin-1 would be useful to dissect the direct role of Netrin-1 in TAA.



Consistent with other studies, our data show that several members of the MMP family were increased in our cohort [21,22,23]. This was paralleled by heightened calcium signaling pathway and inflammatory mediator regulation of transient receptor potential (TRP) channels in TAA. Increased calcium signaling has previously been shown to correlate with increased aortic diameter [24,25]. Functional active sites of MMP require calcium ions to actively degrade the constituents of the extracellular matrix. Interestingly, the binding of Netrin-1 to its receptor Neogenin-1 has been shown to promote intracellular calcium influx in vascular smooth muscle cells and in neurons [8,26,27]. The size of TAA is one of the main indicators of life-threatening rupture and thoracic aorta diameter measurements of 5.5 cm is considered as a decisive indicator of surgical intervention [28]. Our results indicate an increased loss of extracellular matrix characterized by elastin staining in TAA and demonstrate that this was amplified in TAA samples exhibiting diameters greater 5.5 cm. Stratification of the expression of neuronal cues by size demonstrated that although most of the mRNA investigated were increased in TAA > 5.5 cm, Netrin-3 mRNA revealed a biphasic expression which peaked in samples of smaller TAA but not in those of bigger diameters. This data suggested that some of the neuronal cues might intervene during early phases of the disease development while others might be transcriptionally triggered at later stages after initial elastin loss is observed. Further investigation using experimental murine models of TAA is required to delve into the role of each neuronal cues at critical stages of TAA.



Semaphorins are a versatile group of phylogenetically conserved, secreted or membrane-bound proteins [29,30]. They were initially identified for their role in regulating the synaptic connection patterns [10]. In the past decades, extensive studies have uncovered their novel immune-responsive functions characterized by enhancing the activation of B cells through CD72 [31,32] and mediating angiogenesis by directing blood vessel sprouting from endothelial cells [33,34]. Kessler et al. described a new etiology for the development of TAA. They demonstrated that the formation of new leaky micro-vessels in the aortic wall could be causative in provoking remodeling and matrix degradation of the media. They demonstrated that this pathogenic neo-angiogenetic process was independent of the pro-angiogenic factor, vascular endothelial growth factor (VEGF) [35]. Sema5A similar to Sema3A [36,37] have been shown to play crucial roles in regulating endothelial cell migration and angiogenesis [38]. Mice with loss-of-function of Sema5A exhibit defective branching and development of cranial vessels [39]. These associative data could predict that observations made by Kessler et al. are regulated by these Semaphorin members in TAA, which warrant further experimental evidence.



Pioneer studies led by Kumanogoh et al. discussed the immunoregulatory functions of Semaphorins and uncovered their roles in key stages of immune system response such as immune cell trafficking and dendritic cell transmigration across the lymphatics [40]. So far, Sema4D also known as cluster of differentiation (CD100) is the only member of this extensive family described to be highly expressed by lymphocytes. Through interaction with CD72 and PlexinB1, it has been shown to regulate B cell response by dissociating Scr homology phosphatase-1(SHP1) from CD72 [41]. Sema4D has been described to play a role in the disruption of cell-cell adhesive connections, a hallmark signal of ECM degradation that is crucial in the development of TAA [42]. Although the expression of Sema4D mRNA did not reach a statistical difference in our cohort analysis, there was a clear increasing trend of its expression in larger aneurysms. Immunofluorescence staining of TAA sections revealed significantly increased protein expression of Sema4D and its receptor plexinB1 suggesting a causative immunoregulatory role in TAA. As such, five inflammatory and immune system related pathways were increased in our pathway analysis including leukocyte trans-endothelial migration and B cell receptor signaling system. These findings further affirm the inflammatory nature of TAA and draw attention to the Sema4D/plexinB1 axis as potential underlying mechanisms.



The function of extra-neuronal roles of Netrins and Semaphorins is poorly defined and warrants further investigation as to their contribution to the degenerative pathogenesis of TAA. We hope to further shed light on the mechanistic development of TAA and broaden the scope of knowledge in this field.




4. Materials and Methods


4.1. Human Samples


All studies were conducted in accordance with NYU Langone Medical Center Institutional Review Board policies. Informed consent was obtained from each patient. Samples of thoracic aortic aneurysm and internal thoracic artery from patients undergoing coronary artery bypass grafting (CABG) surgeries were gathered upon open repair procedures at NYU Langone Medical Center, New York, NY, USA. Non-aneury smal aortic tissue samples were collected from donors with no evidence of aortic diseases at autopsies provided by LiveOnNY organization, New York, NY, USA. Tissue samples were oriented, formalin fixed, paraffin embedded and sectioned or kept frozen at −80 °C for further analysis. Patient information was collected by a questionnaire or from the patient’s file at the hospital. From 16 TAA patients (11 men, 5 women) 2 patients had dissections. None of the patients had genetic collagen disorders. The demographic information of the Thoracic Aortic Aneurysms patients used in the study is provided in Figure Sa.




4.2. RNA Isolation


RNA extraction from TAA or healthy tissue was done by using RNEasy fibrous tissue kit according to the manufacturer’s instructions (74704, Qiagen, Hilden, Germany). Concentration and quality of RNA were verified by a NanoDrop One microvolume UV-vis spectrophotometer (ND-ONEW-W, Thermofisher Scientific, Wilmington, DE, USA).




4.3. RNA Sequencing


RNA was isolated from 10 human aortas and 3 internal thoracic artery samples then processed using Clontech Low Input Kit according to manufacturer’s instructions to prepare RNA-Seq libraries. RNA was purified using AMPure beads and quality was verified by Bioanalyzer (G2939BA, Agilent Technologies, Santa Clara, CA, USA). The samples were run on a HiSeq 2500 (Illumina, San Diego, CA, USA) as paired-end reads, 50 nucleotides in length. The read mapping was done against the hg19 human reference genome using Tophat 2.0.9. HTSeq 0.6.1 phyton framework and hg19 GTF gene annotation (UCSC database) were used to process BAM alignment files. To identify differentially expressed gene Bioconductor package DESeq2 (3.2) was used. In order to control the false discovery rate of the value results, they were adjusted by the Benjamin and Hochberg’s method. Genes that had adjusted p < 0.05 were considered to be differentially expressed. To discover the network of regulators and canonical pathways associated with transcriptomic data, significantly upregulated genes (with fold change >2) were analyzed using the Go DAVID open resource [43], and the Kegg pathway database [44,45,46].




4.4. Real Time and Quantitative PCR


cDNA was made by using the iScript cDNA Synthesis Kit (1708890, Bio-Rad, Hercules, CA, USA). Quantitative real-time PCR was performed in triplicates on a Quant Studio 3 Real-Time PCR System (Applied Biosystems, Wilmington, DE, USA) using KAPA SYBR FAST qPCR Kits (KK4602, KAPA Biosystems, Wilmington, MA, USA). Results that were calculated by the comparative cycle method (2−ΔΔCt) were then analyzed by fold change over the housekeeping gene.



Primer sequences used:



Human GAPDH: F GAAGGTGAAGGTCGGAGTC. R GAAGATGGTGATGGGATTTC.



Human Semaphorin4D: F TCCTGAAAGCCCGACTCATC. R AAGACATCCCGCAGCACATT.



Human Semaphorin5A: F GGAACCTGTGTTATAGCATGGC. R GCACTGAGTCGTACCCTGG.



Human PlexinB1: F TGCAGCATTACAAGGTCCCA. R TCCGCTCTCCAGGGACATAA.



Human PlexinB2: F AGCCTCTTCAAGGGCATCTG. R GCCACGAAAGACTTCTCCCC.



Human Neuropilin1: F GGCGCTTTTCGCAACGATAAA. R TCGCATTTTTCACTTGGGTGAT.



Human Netrin-1: F GCAAGCCCTTCCACTACGAC. R CGACAGTTGAGGCAGACACCT.



Human Netrin-3: F ACATGGAGCTGTACCGACTGT. R AGGGTCTCGATAGAAGCCCTC.




4.5. Histological Preparation and Immunohistochemistry


Samples were fixed in formalin and embedded in paraffin and sectioned (7 µm). Sections were rehydrated by 8 successive washes of xylene, xylene/ethanol (equal volume), 100% ethanol, 95% ethanol, 70% ethanol and water. The following buffer was used for antigen retrieval, 10 mM Tris, 1 mM EDTA, 0.05% Tween20, pH = 9. Following is the list of primary and secondary antibodies that were used: Mouse anti-human Semaphorin4D antibody (ab212275, Abcam, Cambridge, MA, USA), Rabbit anti-human Semaphorin4D antibody (bs-6965R, Bioss antibodies, Woburn, MA, USA), Rabbit anti-human PlexinB1 antibody (ab90087, Abcam), Rabbit anti-human Netrin-1 antibody (ab126729, Abcam), Rabbit anti-human Netrin-3 antibody (bs-11059R, Bioss antibodies, Woburn, MA, USA), Goat anti-rabbit antibody Alexa Fluor 568 (A11011, Invitrogen, Wilmington, DE, USA), Goat anti-mouse antibody Alexa Fluor 568 (S11004, Invitrogen), 4′,6-diamidino-2-phénylindole (Dapi, 1: 50,000 dilution; D1306, Invitrogen). Samples were counterstained with Dapi and mounted. For Hematoxylin-eosin (H & E) staining, the sections were incubated in eosin 515 LT (3801619, Leica Biosystems, Buffalo Grove, IL, USA) and in hematoxylin 560 (3801575, Leica Biosystems). Images were visualized using a Zeiss LSM 700 confocal microscope (Carl Zeiss, Stockholm, Sweden). We used identical acquisition parameters, level of contrast and brightness to image controls and TAA samples. Quantifications were performed on different section from different patients without any prior setting modifications. Magnification scale bars are shown in each image. Verhoeff Van Gieson Elastin stain set (25089-1, Astral Diagnostics, West Deptford, NJ, USA) was used according to manufacturer’s instructions, for staining elastin figments after 7 µm human sections were deparaffinized and rehydrated as aforementioned. Samples from TAA group demonstrate different levels of degradation so we used a semi-quantitative grading system for the elastin degradation scoring, wherein 0 presents no degradation and 3 represents severe degradation [47].



Each section’s score was determined by the mean score of at least 3 sites on the section.




4.6. Statistical Analysis


Data are presented as mean ± SEM or SD where appropriate. The statistical difference between groups was analyzed by using GraphPad Prism 7.0 software and determined by one-way ANOVA followed by Dunnett or Tukey test for multiple comparisons among more than two independent groups. For comparison among two groups, one or two-tailed t-test was used. p < 0.05 were considered significant.





5. Conclusions


To our knowledge, this is the first study to profile the expression of neuronal guidance cues in complex thoracic aneurysmal disease. Unbiased RNA sequencing of human TAA revealed upregulation of the axonal pathways in TAA. These interesting findings provide de novo evidence to the complexity and diversity of their roles and highlight their potential pathological function in in TAA. Notably, we explore putative signaling cascades initiated by Semaphorins and Netrins that are associated with the immuno-degenerative process in TAA. The current study is limited by its sample size and the use of ITAs, instead of non-diseased aortic tissue, as control group which could potentially have refined the results obtained from RNA-Sequencing analysis. Further studies will be required to determine whether manipulating these axonal cues in individuals with TAA could help reduce the risk of rupture and improve the outcome of surgical interventions.




6. Limitations of the Study


For RNA Sequencing analysis, we used histologically non-diseased and non-atherosclerotic ITAs as controls because due to logistic reasons we did not yet have access to non-diseased cadaver aortic tissues. ITAs share similar features with aorta and have also been used in previous studies as control samples for ascending and descending TAA [19,48]. Notably, both ITA and TAA samples were processed and analyzed within same experimental settings to avoid methodological artefacts. We therefore believe that the data generated by RNA sequencing through this comparison warrants interest of novel signaling pathways enriched in TAA. Importantly, a selection of neuronal cues identified in the screen were validated in TAA sections compared to adequate non-diseased thoracic aortic tissues. We acknowledge that the number of samples used in the study is relatively small and larger prospective studies are required to dissect their role in TAA in order to demonstrate the clinical relevance of targeting neuronal cues in TAA.








Supplementary Materials


Supplementary materials can be found at https://www.mdpi.com/1422-0067/20/9/2100/s1.





Author Contributions


Conceptualization, B.R.; methodology and analysis, D.A., M.N., T.H., M.S.; RNA-Seq analysis, T.H., M.S.; investigation, D.A., M.N., L.B.; resources, A.W., P.U., B.G.; writing—Original draft preparation, B.R., D.A., M.N.; writing—Review and editing, B.R., R.S., A.C., K.H.F.; supervision, B.R.




Funding


This research was funded by National Institutes of Health, R01 HL146627 to B.R.




Acknowledgments


We are grateful to Adriana Heguy and the New York University Genome Technology Center for RNA sequencing (a resource partially supported by the Cancer Center Support Grant, P30CA016087, at the Laura and Isaac Perlmutter Cancer Center) and also thankful to Zahid Dewan form the histology core facility for sectioning assistance.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Kim, J.H.; Na, C.Y.; Choi, S.Y.; Kim, H.W.; Du Kim, Y.; Kwon, J.B.; Chung, M.Y.; Hong, J.M.; Park, C.B. Integration of gene-expression profiles and pathway analysis in ascending thoracic aortic aneurysms. Ann. Vasc. Surg. 2010, 24, 538–549. [Google Scholar] [CrossRef] [PubMed]

	



Aggarwal, S.; Qamar, A.; Sharma, V.; Sharma, A. Abdominal aortic aneurysm: A comprehensive review. Exp. Clin. Cardiol. 2011, 16, 11–15. [Google Scholar]

	



Perko, M.J.; Norgaard, M.; Herzog, T.M.; Olsen, P.S.; Schroeder, T.V.; Pettersson, G. Unoperated aortic aneurysm: A survey of 170 patients. Ann. Thorac. Surg. 1995, 59, 1204–1209. [Google Scholar] [CrossRef]

	



Kuzmik, G.A.; Sang, A.X.; Elefteriades, J.A. Natural history of thoracic aortic aneurysms. J. Vasc. Surg. 2012, 56, 565–571. [Google Scholar] [CrossRef] [PubMed]

	



Guo, G.; Gehle, P.; Doelken, S.; Martin-Ventura, J.L.; von Kodolitsch, Y.; Hetzer, R.; Robinson, P.N. Induction of macrophage chemotaxis by aortic extracts from patients with marfan syndrome is related to elastin binding protein. PLoS ONE 2011, 6, e20138. [Google Scholar] [CrossRef] [PubMed]

	



Guo, G.; Booms, P.; Halushka, M.; Dietz, H.C.; Ney, A.; Stricker, S.; Hecht, J.; Mundlos, S.; Robinson, P.N. Induction of macrophage chemotaxis by aortic extracts of the mgr marfan mouse model and a gxxpg-containing fibrillin-1 fragment. Circulation 2006, 114, 1855–1862. [Google Scholar] [CrossRef] [PubMed]

	



Pereira, L.; Lee, S.Y.; Gayraud, B.; Andrikopoulos, K.; Shapiro, S.D.; Bunton, T.; Biery, N.J.; Dietz, H.C.; Sakai, L.Y.; Ramirez, F. Pathogenetic sequence for aneurysm revealed in mice underexpressing fibrillin-1. Proc. Natl. Acad. Sci. USA 1999, 96, 3819–3823. [Google Scholar] [CrossRef]

	



Hadi, T.; Boytard, L.; Silvestro, M.; Alebrahim, D.; Jacob, S.; Feinstein, J.; Barone, K.; Spiro, W.; Hutchison, S.; Simon, R.; et al. Macrophage-derived netrin-1 promotes abdominal aortic aneurysm formation by activating mmp3 in vascular smooth muscle cells. Nat. Commun. 2018, 9, 5022. [Google Scholar] [CrossRef]

	



Van Gils, J.M.; Derby, M.C.; Fernandes, L.R.; Ramkhelawon, B.; Ray, T.D.; Rayner, K.J.; Parathath, S.; Distel, E.; Feig, J.L.; Alvarez-Leite, J.I.; et al. The neuroimmune guidance cue netrin-1 promotes atherosclerosis by inhibiting the emigration of macrophages from plaques. Nat. Immunol. 2012, 13, 136–143. [Google Scholar] [CrossRef]

	



Ramkhelawon, B.; Hennessy, E.J.; Menager, M.; Ray, T.D.; Sheedy, F.J.; Hutchison, S.; Wanschel, A.; Oldebeken, S.; Geoffrion, M.; Spiro, W.; et al. Netrin-1 promotes adipose tissue macrophage retention and insulin resistance in obesity. Nat. Med. 2014, 20, 377–384. [Google Scholar] [CrossRef] [PubMed]

	



Bagri, A.; Cheng, H.J.; Yaron, A.; Pleasure, S.J.; Tessier-Lavigne, M. Stereotyped pruning of long hippocampal axon branches triggered by retraction inducers of the Semaphorin family. Cell 2003, 113, 285–299. [Google Scholar] [CrossRef]

	



Kennedy, T.E.; Serafini, T.; de la Torre, J.R.; Tessier-Lavigne, M. Netrins are diffusible chemotropic factors for commissural axons in the embryonic spinal cord. Cell 1994, 78, 425–435. [Google Scholar] [CrossRef]

	



Wanschel, A.; Seibert, T.; Hewing, B.; Ramkhelawon, B.; Ray, T.D.; van Gils, J.M.; Rayner, K.J.; Feig, J.E.; O’Brien, E.R.; Fisher, E.A.; et al. Neuroimmune guidance cue Semaphorin 3e is expressed in atherosclerotic plaques and regulates macrophage retention. Arter. Thromb Vasc. Biol. 2013, 33, 886–893. [Google Scholar] [CrossRef]

	



Jones, J.A.; Ruddy, J.M.; Bouges, S.; Zavadzkas, J.A.; Brinsa, T.A.; Stroud, R.E.; Mukherjee, R.; Spinale, F.G.; Ikonomidis, J.S. Alterations in membrane type-1 matrix metalloproteinase abundance after the induction of thoracic aortic aneurysm in a murine model. Am. J. Physiol. Heart Circ. Physiol. 2010, 299, H114–H124. [Google Scholar] [CrossRef]

	



Rabkin, S.W. The role matrix metalloproteinases in the production of aortic aneurysm. Prog. Mol. Biol. Transl. Sci. 2017, 147, 239–265. [Google Scholar] [PubMed]

	



Ghigo, A.; Laffargue, M.; Li, M.; Hirsch, E. Pi3k and calcium signaling in cardiovascular disease. Circ. Res. 2017, 121, 282–292. [Google Scholar] [CrossRef]

	



Chakraborti, S.; Mandal, M.; Das, S.; Mandal, A.; Chakraborti, T. Regulation of matrix metalloproteinases: An overview. Mol. Cell Biochem. 2003, 253, 269–285. [Google Scholar] [CrossRef]

	



Taketani, T.; Imai, Y.; Morota, T.; Maemura, K.; Morita, H.; Hayashi, D.; Yamazaki, T.; Nagai, R.; Takamoto, S. Altered patterns of gene expression specific to thoracic aortic aneurysms: Microarray analysis of surgically resected specimens. Int. Heart J. 2005, 46, 265–277. [Google Scholar] [CrossRef] [PubMed]

	



Sulkava, M.; Raitoharju, E.; Mennander, A.; Levula, M.; Seppala, I.; Lyytikainen, L.P.; Jarvinen, O.; Illig, T.; Klopp, N.; Mononen, N.; et al. Differentially expressed genes and canonical pathways in the ascending thoracic aortic aneurysm—The tampere vascular study. Sci. Rep. 2017, 7, 12127. [Google Scholar] [CrossRef]

	



Feinstein, J.; Ramkhelawon, B. Netrins & Semaphorins: Novel regulators of the immune response. Biochim Biophys Acta Mol. Basis Dis. 2017, 1863, 3183–3189. [Google Scholar] [PubMed]

	



Rabkin, S.W. Differential expression of mmp-2, mmp-9 and timp proteins in thoracic aortic aneurysm—comparison with and without bicuspid aortic valve: A meta-analysis. Vasa 2014, 43, 433–442. [Google Scholar] [CrossRef] [PubMed]

	



Theruvath, T.P.; Jones, J.A.; Ikonomidis, J.S. Matrix metalloproteinases and descending aortic aneurysms: Parity, disparity, and switch. J. Card Surg. 2012, 27, 81–90. [Google Scholar] [CrossRef]

	



Zhang, X.; Shen, Y.H.; LeMaire, S.A. Thoracic aortic dissection: Are matrix metalloproteinases involved? Vascular 2009, 17, 147–157. [Google Scholar] [CrossRef]

	



Cho, I.J.; Heo, R.; Chang, H.J.; Shin, S.; Shim, C.Y.; Hong, G.R.; Min, J.K.; Chung, N. Correlation between coronary artery calcium score and aortic diameter in a high-risk population of elderly male hypertensive patients. Coron. Artery Dis. 2014, 25, 698–704. [Google Scholar] [CrossRef] [PubMed]

	



Prendergast, C.; Quayle, J.; Burdyga, T.; Wray, S. Atherosclerosis differentially affects calcium signalling in endothelial cells from aortic arch and thoracic aorta in apolipoprotein e knockout mice. Physiol. Rep. 2014, 2. [Google Scholar] [CrossRef] [PubMed]

	



Srinivasan, K.; Strickland, P.; Valdes, A.; Shin, G.C.; Hinck, L. Netrin-1/neogenin interaction stabilizes multipotent progenitor cap cells during mammary gland morphogenesis. Dev. Cell 2003, 4, 371–382. [Google Scholar] [CrossRef]

	



Tang, F.; Kalil, K. Netrin-1 induces axon branching in developing cortical neurons by frequency-dependent calcium signaling pathways. J. Neurosci. 2005, 25, 6702–6715. [Google Scholar] [CrossRef]

	



Elefteriades, J.A.; Farkas, E.A. Thoracic aortic aneurysm clinically pertinent controversies and uncertainties. J. Am. Coll. Cardiol. 2010, 55, 841–857. [Google Scholar] [CrossRef]

	



Goodman, C.S.; Kolodkin, A.L.; Luo, Y.; Püschel, A.W.; Raper, J.A. Unified nomenclature for the Semaphorins/collapsins. Cell 1999, 97, 551–552. [Google Scholar] [CrossRef]

	



Tran, T.S.; Kolodkin, A.L.; Bharadwaj, R. Semaphorin regulation of cellular morphology. Annu Rev. Cell Dev. Biol. 2007, 23, 263–292. [Google Scholar] [CrossRef]

	



Yazdani, U.; Terman, J.R. The Semaphorins. Genome Biol. 2006, 7, 211. [Google Scholar] [CrossRef]

	



Kikutani, H.; Kumanogoh, A. Semaphorins in interactions between t cells and antigen-presenting cells. Nat. Rev. Immunol. 2003, 3, 159–167. [Google Scholar] [CrossRef] [PubMed]

	



Alto, L.T.; Terman, J.R. Semaphorins and their signaling mechanisms. Methods Mol. Biol. 2017, 1493, 1–25. [Google Scholar]

	



Tamagnone, L.; Comoglio, P.M. To move or not to move? Semaphorin signalling in cell migration. EMBO Rep. 2004, 5, 356–361. [Google Scholar] [CrossRef]

	



Kessler, K.; Borges, L.F.; Ho-Tin-Noe, B.; Jondeau, G.; Michel, J.B.; Vranckx, R. Angiogenesis and remodelling in human thoracic aortic aneurysms. Cardiovasc. Res. 2014, 104, 147–159. [Google Scholar] [CrossRef]

	



Serini, G.; Valdembri, D.; Zanivan, S.; Morterra, G.; Burkhardt, C.; Caccavari, F.; Zammataro, L.; Primo, L.; Tamagnone, L.; Logan, M.; et al. Class 3 Semaphorins control vascular morphogenesis by inhibiting integrin function. Nature 2003, 424, 391–397. [Google Scholar] [CrossRef]

	



Shoji, W.; Isogai, S.; Sato-Maeda, M.; Obinata, M.; Kuwada, J.Y. Semaphorin3a1 regulates angioblast migration and vascular development in zebrafish embryos. Development 2003, 130, 3227–3236. [Google Scholar] [CrossRef]

	



Bussolino, F.; Valdembri, D.; Caccavari, F.; Serini, G. Semaphoring vascular morphogenesis. Endothelium 2006, 13, 81–91. [Google Scholar] [CrossRef] [PubMed]

	



Sadanandam, A.; Rosenbaugh, E.G.; Singh, S.; Varney, M.; Singh, R.K. Semaphorin 5a promotes angiogenesis by increasing endothelial cell proliferation, migration, and decreasing apoptosis. Microvasc. Res. 2010, 79, 1–9. [Google Scholar] [CrossRef] [PubMed]

	



Takamatsu, H.; Okuno, T.; Kumanogoh, A. Regulation of immune cell responses by Semaphorins and their receptors. Cell Mol. Immunol. 2010, 7, 83–88. [Google Scholar] [CrossRef]

	



Kumanogoh, A.; Watanabe, C.; Lee, I.; Wang, X.; Shi, W.; Araki, H.; Hirata, H.; Iwahori, K.; Uchida, J.; Yasui, T.; et al. Identification of cd72 as a lymphocyte receptor for the class iv Semaphorin cd100: A novel mechanism for regulating b cell signaling. Immunity 2000, 13, 621–631. [Google Scholar] [CrossRef]

	



Conrotto, P.; Valdembri, D.; Corso, S.; Serini, G.; Tamagnone, L.; Comoglio, P.M.; Bussolino, F.; Giordano, S. Sema4d induces angiogenesis through met recruitment by plexin b1. Blood 2005, 105, 4321–4329. [Google Scholar] [CrossRef]

	



Huang, D.W.; Sherman, B.T.; Tan, Q.; Collins, J.R.; Alvord, W.G.; Roayaei, J.; Stephens, R.; Baseler, M.W.; Lane, H.C.; Lempicki, R.A. The david gene functional classification tool: A novel biological module-centric algorithm to functionally analyze large gene lists. Genome Biol. 2007, 8, R183. [Google Scholar] [CrossRef]

	



Kanehisa, M.; Furumichi, M.; Tanabe, M.; Sato, Y.; Morishima, K. Kegg: New perspectives on genomes, pathways, diseases and drugs. Nucleic Acids Res. 2017, 45, D353–D361. [Google Scholar] [CrossRef] [PubMed]

	



Kanehisa, M.; Goto, S. Kegg: Kyoto encyclopedia of genes and genomes. Nucleic Acids Res. 2000, 28, 27–30. [Google Scholar] [CrossRef] [PubMed]

	



Kanehisa, M.; Sato, Y.; Kawashima, M.; Furumichi, M.; Tanabe, M. Kegg as a reference resource for gene and protein annotation. Nucleic Acids Res. 2016, 44, D457–D462. [Google Scholar] [CrossRef] [PubMed]

	



Matthias Bechtel, J.F.; Noack, F.; Sayk, F.; Erasmi, A.W.; Bartels, C.; Sievers, H.H. Histopathological grading of ascending aortic aneurysm: Comparison of patients with bicuspid versus tricuspid aortic valve. J. Heart Valve Dis. 2003, 12, 54–59. [Google Scholar] [PubMed]

	



Sulkava, M.; Raitoharju, E.; Levula, M.; Seppala, I.; Lyytikainen, L.P.; Mennander, A.; Jarvinen, O.; Zeitlin, R.; Salenius, J.P.; Illig, T.; et al. Differentially expressed genes and canonical pathway expression in human atherosclerotic plaques—Tampere vascular study. Sci. Rep. 2017, 7, 41483. [Google Scholar] [CrossRef]








[image: Ijms 20 02100 g001 550]





Figure 1. Distinct up-regulation of axonal guidance pathway. (a) Graphic representation of selected up-regulated pathways in thoracic aortic aneurysm samples compared to internal thoracic artery for the genes with p < 0.05 and fold change >2. (b) Schematic of KEGG enrichment pathway for the set of genes for axon guidance signaling in thoracic aortic aneurysm (TAA). The genes indicated by a star are predicted as increased in TAA. 
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Figure 2. Profiling of neuronal guidance cues in TAA. (a) Transcript expression of neuronal cue genes (ligands) in thoracic aortic aneurysm compared to internal thoracic artery. Genes are clustered based on their family. (b) Transcript expression of neuronal cue genes (receptors) in thoracic aortic aneurysm compared to internal thoracic artery. Genes are clustered based on their family. (c) Profiling and analysis of mRNA copy numbers, identified by RNA-Seq, of the neuronal cue genes involved in axon guidance pathway. Genes are grouped by families of ligands and receptors. * p < 0.05, ** p < 0.01. 
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Figure 3. Transcript analysis and immunohistochemistry of Semaphorins and Netrins. (a,b) Elastin staining (Verhoeff-Van Gieson) and degradation score in non-diseased and TAA sections of size as indicated. Dashed boxes indicate magnified areas. Scale bars represent 1000 µm and 200 µm in low and high magnified images. Arrow indicate broken elastin fragments and stars indicate areas of complete elastin degradation. *** p < 0.001. Non-diseased (n = 4), TAA < 5.5 cm (n = 4), TAA > 5.5 cm (n = 5) (c) Quantitative PCR analysis of Semaphorin4D transcripts in non-diseased (n = 3), TAA < 5.5 cm (n = 4), TAA > 5.5 cm (n = 6). (d) Hematoxylin and Eosin (H & E) image and representative immunofluorescence staining of Semaphorin4D (red) and Dapi (blue) in non-diseased and TAA sections of human aorta. Dashed boxes indicate magnified areas of immunofluorescence staining (e) Quantification of Semaphorin4D immunofluorescence staining in non-diseased and TAA. (f) Quantitative PCR analysis of PlexinB1 transcripts in non-diseased (n = 3), TAA < 5.5 cm (n = 4), TAA > 5.5 cm (n = 6). (g) H & E image and representative fluorescence staining of PlexinB1 (red) and Dapi (blue) in non-diseased and TAA. (h) Quantification of PlexinB1 immunofluorescence staining in non-diseased and TAA. (i) Quantitative PCR analysis of Netrin-1 transcripts in non-diseased (n = 3), TAA < 5.5 cm (n = 4), TAA > 5.5 cm (n = 5). (j) H & E image and representative immunofluorescence staining of Netrin-1 (red) and Dapi (blue) in non-diseased and TAA sections of human aorta. Dashed boxes indicate magnified areas of immunofluorescence staining (k) Quantification of Netrin-1 immunofluorescence staining in non-diseased and TAA. (l) Quantitative PCR analysis of Netrin-3 transcripts in non-diseased (n = 3), TAA < 5.5 cm (n = 4), TAA > 5.5 cm (n = 5). (m) H & E image and representative immunofluorescence staining of Netrin-3 (red) and Dapi (blue) in non-diseased and TAA sections of human aorta. Dashed boxes indicate magnified areas of immunofluorescence staining. (n) Quantification of Netrin-3 immunofluorescence staining in non-diseased and TAA. * p < 0.05 ** p < 0.01 *** p <0.001. L = lumen. Scale bars represent 500 µm on H & E images. Magnified scale bars are 50 µm. 
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