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Editorial on the Research Topic
 Targeting Developmental Pathways in Inflammation and Disease



The collection provides an updated overview of the most relevant issues on how deregulation of signaling pathways impinges on different homeostatic and pathologic mechanisms, including birth defects and cancer. Indeed, in this issue of Frontiers in Cell and Developmental Biology many authors delineate how developmental pathways are intimately involved in inflammation and, with a high frequency, are fundamental mediators of virus-induced cancers.

Developmental pathways (DP) are critical molecular rheostats that drive a range of physiological processes, including embryonic development, lineage commitment, adult stem cell homeostasis, tissue regeneration, and immune response. Evolutionarily conserved signaling pathways, namely Sonic Hedgehog (SHH), Notch, and WNT, are frequently dysregulated in many cancer types. Indeed, genetic alterations of their members often result in excessive and sustained signals that drive transformation programs leading to the development of solid tumors and hematological malignancies. The same pathway, or even one member of it, can have a different biological outcome depending on the cell context, or can interact with inflammatory related pathways and further is able to modulate immune cell fate and function. Infectious agents, such as oncogenic viruses, cooperate with DP genes to impair the inflammatory response and evade immune surveillance. Notwithstanding many advances in DP research, there are still critical gaps in understanding various aspects in this field.

Our special issue encloses a group of papers with the intent to close these gaps and to highlight the intertwined relations between the major developmental pathways critically active in physiologic signaling networks or aberrantly functioning in developmental disorders or cancer (Figure 1).


[image: Figure 1]
FIGURE 1. Deregulated developmental pathways (HH, Notch, and WNT) in inflammation, immune response, and cancer development represent critical crossroads for therapeutic intervention. A schematic representation of contributed articles to our special issue highlights the potential of targeting deregulated developmental pathways as a therapeutic approach in virus-associated diseases and malignancies (created with BioRender.com).


The review by Zema et al. offers a new perspective on the conventional role of Mastermind-like1 (MAML1) in the canonical Notch signaling pathway as well as how it functions unconventionally as a Notch-independent molecular switch that controls Hedgehog (HH), WNT/β-Catenin, and Hippo signaling pathways. MAML1 shows a strong ability to convert a plethora of stimuli in several biological processes during embryonic and post-natal life. Beyond this function, the versatile cofactor MAML1 can cooperate with different transcription factors in cell differentiation and cancer development.

Other key regulators of developmental signals and multiple cellular processes are monomeric GTPases of the RAS superfamily. The review by Lauri et al. comprehensively describes their dysregulation in developmental disorders and cancer. They further discuss the advantages of the zebrafish as an in vivo model and the latest molecular techniques available for investigating the dynamics of small GTPase-regulated processes during development and pediatric genetic diseases. Lastly, the authors stress the importance of the zebrafish model for enhancing our knowledge of rare diseases and for developing tailored therapies in precision medicine.

In embryonic morphogenesis, immune surveillance, as well as in cancer invasion and metastasis, cell motility is a tightly coordinated multistep process necessary for cells to reach their proper location. The review by Masi et al. provides an interesting description of the main signaling pathways involved in invadopodia formation during metastatic invasion, including growth factor receptors and integrins, as well as the activation of specific Rho GTPase family members. Signals received from the tumor microenvironment, such as metabolic conditions, mechanical signals, extracellular matrix, and interactions with stroma all affect invadopodia formation and activity. Many aspects and functions of invadopodia remain to be determined and, according to the authors, further studies are required to integrate the knowledge of how highly invasive cells sense and respond to the multitude of biochemical and biomechanical cues.

In their in-depth review, Edwards and Brennan provide insight into how the Notch signaling pathway participates both in normal mammary gland development as well as aberrant mechanisms that initiate or progress breast cancer. A prominent focus of this review is the crosstalk between components of the Notch pathway and other major signaling cascades, including the WNT pathway, to promote the hallmark characteristics of breast cancer cells such as proliferation, cell survival, invasion, and metastasis. Collaboration between canonical and non-canonical Notch signaling and other key cellular pathways can deregulate cell cycle progression and upregulate anti-apoptotic or pro-survival genes. The authors further discuss how Notch can promote epithelial-to-mesenchymal transitions especially through its intersection with microRNAs, and how it can confer therapeutic resistance in breast cancer stem cells. Finally, the authors provide a comprehensive table outlining the stages at which Notch signaling might be disrupted with targeted and/or combined therapies.

Resistance to anticancer therapeutics is a major barrier to long-lasting drug efficacy. Kumar et al. point to the crosstalk between Notch, HH, and WNT as a mechanism in chemo-resistance. Drug-induced up-regulation of the three pathways impinges on different cellular processes ranging from drug efflux to DNA damage response, or even to radiotherapy resistance. Moreover, promising cancer immunotherapy is also able to modulate immune cell functions in tumor microenvironment.

Toll-like receptors (TLRs) sense environmental danger signals and generate strong inflammatory immune responses. In their original article, Jing et al. interestingly associated mitophagy to mitochondrial (mt) DNA release which, when recognized by TLRs, activate the TLR9/myeloid differentiation factor 88 (MyD88)/nuclear factor-κB (NF-κB) signaling pathway, ultimately aggravating inflammation and lung injury. Targeting the MyD88/NF- κB pathway may represent a new therapeutic approach to preventing inflammation.

Two reviews elegantly dealt with the pathogenic function of Notch and WNT signaling pathways as modulators of immune cells in inflammation that can be therapeutically targeted.

Allen and Maillard outlined emerging concepts on the more recently investigated effects of Notch signaling in autoimmune and inflammatory disorders, essentially limited to preclinical disease models. Starting from Notch targeting in cancer and tumor angiogenesis they discuss successes and challenges encountered so far in Notch-based therapies in preclinical and clinical studies. From the lessons learned in cancer, they suggest that prolonged Notch inhibition is not the way to achieve long-lasting benefits in non-malignant inflammatory diseases. Instead, pulses of Notch inhibition at critical disease steps can reprogram immune cells to a less pathogenic state.

The concise and informative review by Jridi et al. focuses on how WNT signaling functions during normal and abnormal immune responses. The authors discuss the complex and, at times, contradictory ways WNT signaling regulates T cell activation and Th cell fate, including its regulation of NF-κB and the downstream biological functions it controls. Insightful discussions of WNT signaling in organ-specific and systemic inflammation disease models guides the reader through the complexities of WNT signaling in different organs. The authors conclude their review with a thoughtful discussion of how components of the WNT pathway might be targeted to provide therapeutic intervention in a number of disease conditions.

In their review, De Luca et al. discussed an interesting modulation of the WNT/β-catenin pathway by the thyroid hormone (TH) complex, T3–THRs–TREs, and how this interaction can influence various biological processes, including cell proliferation or homeostasis, as well as in cancer. For instance, in colorectal cancer the thyroid hormone receptor, THRα1, can activate β-catenin/Tcf4 transcription, which led to increased proliferation in the gut. The same review provided insight into how the T3–THRs–TREs complex increased miR-499 which inhibits calcineurin, a signaling molecule of Wnt/β-catenin pathway. This review and the original article by Candelotti et al. have opened up new avenues of research regarding interaction between thyroid hormones, developmental pathways, and inflammation. Interestingly, Sanavia et al., by using a multi-staged transcriptome analysis and protein-protein interaction network (PPI) approach, identified several genes involved in β-cell maturation. One of them was Hes1, a Notch target gene, which was significantly deregulated during this process, further confirming its role in pancreatic development.

In their original research article, Angrisani et al. investigate how the HH oncosuppressor, KCASH2, is regulated. Their findings suggest that there exists reciprocal regulation of KCASH2 by the transcription factor, Sp1, which is often overexpressed in tumors and the tumor suppressor p53. The authors identify putative binding sites on the KCASH2 promoter for both proteins and offer evidence that Sp1 positively regulates KCASH2 while p53 acts as a negative regulator. When both proteins are present, it is the interplay between these two proteins that may ultimately determine KCASH2 levels. Paradoxically, in p53-deficient cells, the authors observed decreased KCASH2 levels, even in the presence of Sp1. This led them to further investigate dysregulated methylation mechanisms whereby they discovered upregulated DNA methyltransferase 1 (DNMT1) and decreased KCASH2. Inhibiting Sp1 or using a methyltransferase inhibitor could reverse this phenotype. In summary, the novel findings may pave the way for new therapeutic approaches to treating high HH-expressing tumors, that have lost p53 expression.

Finally, in the review by Marracino et al., the authors provide an in-depth discussion of the microRNAs that regulate Notch signaling, as well as those whose expression is Notch-dependent, in the context of cardiovascular disease (CVD). Covering such topics as arrhythmias, myocardial ischemia, and atherosclerosis, the authors summarize those instances where Notch signaling protects against or promotes CVD and speculate that targeting microRNAs acting up- or downstream of Notch signaling may represent a novel means of treating Notch-mediated CVD.

In our contribution to this special issue, we presented a review by Trivedi et al., that covered a vast area from the literature, on how viral proteins are able to dysregulate HH, Notch, or WNT signaling pathways and promote cancer. It is the first time that a review puts together an expansive amount of information regarding the function of different viral proteins which interact with the same genes in a particular pathway, such as Notch Intracellular domain (NICD) of the Notch pathway, to favor tumor progression. Furthermore, we have highlighted members of HH, Notch, and WNT pathways as possible common druggable targets for the treatment of virus-associated tumors as well as the link between immune evasion mechanisms and developmental pathways that viruses hijack to accelerate tumor growth. In addition, we brought many examples of viral protein interactions with microRNAs targeting DP genes that they can serve as novel therapeutic targets in cancer. Viral infections may result in the development of co-morbidities including cancer. Alves de Souza Rios et al. demonstrate that HIV-1 Tat enhances the expression of oncogenic c-MYC within the tumor cells of Burkitt lymphoma (BL) patients. The Tat/AP1 factor JunB protein complex up-regulates transcriptionally c-Myc promoter, that, as suggested by the authors, may contribute to the more aggressive phenotype observed in BL patients. In another article that focuses on viruses and cancer, Gougousis et al. explores the emerging role of HPV in the onset of oropharyngeal cancer (OC) and the use of mRNAs and microRNAs as biomarkers that can discriminate between the different stages of OC. As far as SARS-CoV-2 virus is concerned, Tang et al. performed a Gene Set Enrichment Analysis (GSEA) and identified the top 5 positive regulatory pathways in lung adenocarcinoma (LUAD) patients susceptible to SARS-CoV-2 infection, including the WNT signaling pathway. Furthermore, the authors identified miR-432-5p, which targets ACE2 and TMPRSS2 virus receptors, as well as AAK1, an endocytic regulator and upregulates the WNT pathway, as likely to favor tumor progression in the LUAD patients.


CONCLUSIONS

Ongoing efforts to target a signaling system are a new therapeutic strategy in different types of diseases, from inflammation to cancer. It is our hope that this collection will serve to launch new studies with the aim to extend our understanding of DP crosstalk in the pathomechanisms of tumor development and progression, as well as in immune modulation during the inflammatory process. Our future challenge is to more fully understand how viruses co-opt different members of DP and microRNAs, which may open the way to more appropriate and safe combinatorial targeted therapies.
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Background: In animal models of ventilation-induced lung injury, mitophagy triggers mitochondria damage and the release of mitochondrial (mt) DNA, which activates inflammation. However, the mechanism of this process is unclear.

Methods: A model of cyclic stretching (CS)-induced lung epithelial cell injury was established. The genetic intervention of phosphatase and tensin homolog-induced kinase 1 (PINK1) expression via lentivirus transfection was used to identify the relationship between PINK1-mediated mitophagy and mtDNA release in stretching-induced inflammatory response and injury. Pharmacological inhabitation of Toll-like receptor 9 (TLR9) and myeloid differentiation factor 88 (MyD88) expression was performed via their related inhibitors, while pre-treatment of exogenous mtDNA was used to verify the role of mtDNA in stretching-induced inflammatory response and injury.

Results: Using a cell culture model of CS, we found that knocking down PINK1 in lung epithelial cells reduced mitophagy activation and mtDNA release, leading to milder inflammatory response and injury; conversely, up-regulating PINK1 exacerbated stretching-induced inflammation and injury, and similar effects were observed by upregulating TLR9 to induce expression of MyD88 and nuclear factor-κB (NF-κB)/p65. Down-regulating MyD88 protected lung epithelial cells from stretching injury and decreased NF-κB/p65 expression.

Conclusion: These findings suggest that PINK1-dependent mitophagy and associated TLR9 activation is indeed a major factor in stretch-induced cell injury via a mechanism in which released mtDNA activates TLR9 and thereby the MyD88/NF-κB pathway. Inhibiting this process may be a therapeutic approach to prevent inflammation and cell injury in patients on mechanical ventilation.

Keywords: mitophagy, mitochondrial DNA, Toll-like receptor 9, mechanical stretching, lung injury


INTRODUCTION

Mechanical ventilation with high tidal volume, often used for patients with acute respiratory distress syndrome or severe pneumonia, causes so-called ventilator-induced lung injury (VILI) (Vieillard-Baron and Dreyfuss, 2017), in an estimated 24% of patients (Gajic et al., 2004). VILI involves increasing pulmonary and vascular permeability, infiltration by inflammatory cells, inflammation, and oxidative stress (Papaiahgari et al., 2007; Christaki, 2009; Gu et al., 2015), as well as the robust release of pro-inflammatory cytokines and signaling pathways (Del Sorbo and Slutsky, 2011).

Using a rat model of mechanical ventilation with high tidal volume, we showed that cyclic stretching (CS) triggered mitophagy, which led to the release of mitochondrial (mt) DNA. The mtDNA acted as a damage-associated molecular pattern (DAMP) that was recognized by Toll-like receptor (TLR) 9, activating the TLR9/myeloid differentiation factor 88 (MyD88)/nuclear factor-κB (NF-κB) signaling pathway, ultimately aggravating inflammation and lung injury (Dai et al., 2015; Huang et al., 2017; Jing and Pan, 2017).

Phosphatase and tensin homolog induced kinase 1 (PINK1) is ubiquitously expressed, which plays an important role in the maintenance of mitochondrial morphology and function as well as in the selective degradation of damaged mitochondria by mitophagy (Unoki and Nakamura, 2001; Di Rita et al., 2018; Matheoud et al., 2019). Pink1 gene mutations are associated with mitochondrial quality control differently according to cell age, type, and stress levels, suggesting that metabolic capacity and adaptation affect cellular vulnerability to PINK1 deficiency (Billia et al., 2011). PINK1 deficiency would trigger dysfunctional mitochondria and defective mitophagy and promotes fibrosis in the aging lung (Bueno et al., 2015).

To continue to elucidate the molecular mechanisms by which released mtDNA stimulates stretching-induced inflammation and injury, we explored here whether PINK1 may help induce the mitophagy that causes inflammation and injury in VILI. As a vitro model of VILI, we subjected human alveolar type II A549 cells to CS.



MATERIALS AND METHODS


Reagents and Antibodies

Enzyme-linked immunosorbent assays (ELISAs) to assay interleukin-1β (IL-1β, catalog no. 70-EK101B1), IL-6 (catalog no. 70-EK1061), and tumor necrosis factor-alpha (TNF-α, catalog no. 70-EK1821) were purchased from Multi Sciences (Hangzhou, China). Dulbecco’s modified Eagle’s medium (DMEM) was purchased from Gibco (catalog no. 12100-46; Life Technologies, Waltham, MA, United States); fetal bovine serum (FBS), from Hyclone (catalog no. SH30084.03; Logan, UT, United States); oligodeoxyribonucleotides (ODN) 2088, from Miltenyi Biotec (catalog no. 130-105-815; Cologne, Germany); and ODN1668, from Alexis (catalog no. ALX-746-051-M001; Lausen, Switzerland). Pancreatin (catalog no. T4799), MTT Cell Proliferation and Cytotoxicity Assay Kit (catalog no. V13154), Mitochondrial Membrane Potential (ΔψM) Apoptosis Kit (catalog no. V35116), and adenosine triphosphate (ATP) Determination Kit (catalog no. A22066) were purchased from Sigma-Aldrich (St. Louis, MO, United States). ST2825 was purchased from MedChemExpress (catalog no. HY-50937; Monmouth Junction, NJ, United States); the PremoTM Autophagy Tandem Sensor RFP-GFP-LC3B Kit, from Thermo Fisher Scientific (catalog no. P36239; Waltham, MA, United States); Mitochondria DNA Isolation Kit (BioVision, catalog no. K280), TRIzol (Invitrogen, catalog no. 15596018) and the Bicinchoninic Acid Protein Assay Kit (Pierce, catalog no. BCA1-1KT), from Thermo Fisher Scientific (Hilden, Germany). The PrimeScriptTM II 1st Strand cDNA Synthesis Kit (catalog no. 6210A) and PrimeScriptTM RT reagent Kit with gDNA Eraser (Perfect Real Time) (catalog no. RR047A) were purchased from Takara (Beijing, China).

Antibodies against the following proteins were purchased from Sigma-Aldrich (St. Louis, MO, United States): microtubule associated protein 1 light chain 3 β (MAP1LC3B, catalog no. L7543; used at 1: 1,000 dilutions), sequestosome 1 (SQSTM1, catalog no. P0067; 1:1000), parkin RBR E3 ubiquitin protein ligase (PRKN, catalog no. SAB4502077; 1:800), beclin 1 (BECN1, catalog no. HPA028249; 0.4 μg/ml), and dynamin 1 like (DNM1L, catalog no. HPA039324; 0.7 μg/ml). Antibodies against the following proteins were obtained from Novus (Centennial, CO, United States): PINK1 (catalog no. BC100-494; 1: 1,000) and TLR9 (catalog no. NBP1-76680; 1:1,000). Antibodies against the following proteins were bought from Cell Signaling Technology (Danvers, MA, United States): MyD88 (catalog no. 4283; 1: 1,000), BCL2 apoptosis regulator (Bcl-2, catalog no. 4223; 1:1, 000), BCL2-associated X apoptosis regulator (Bax, catalog no. 5023; 1:1,000), cleaved caspase3 (catalog no. 9664; 1:1,000), NF-κB/p65 (catalog no. 4764; 1:1,200), and ACTB (β-actin, catalog no. 4970; 1:1,000). Horseradish peroxidase (HRP)-conjugated mouse anti-rabbit secondary antibody was also purchased from Cell Signaling Technology (catalog no. 7074; 1:1,000).



Cell Culture

Human alveolar basal epithelial cells (A549 cell lines) were purchased from Shanghai Zhongqiao Xinzhou Biotechnology (catalog no. ZQ0003; Shanghai, China). A549 cells were cultured at a density of 1 × 105 cells/cm2 in a complete medium consisting of DMEM supplemented with 10% (w/v) FBS in collagen IV-coated flexible-bottom BioFlex plates (Flexcell International, United States). Cells were grown at 37°C with pH 7.4 and 5% CO2 in air, until they reached 85% confluence. Previous 85% confluent monolayers formed on Flexible bottom BioFlex plates with elastomer membranes within 24–48 h, at which point A549 monolayers were serum-deprived for 2.0 h before CS experiments.



Lentiviral Infection and Transfection With Small Interfering RNA (siRNA)

A549 cells were cultured with 90% cell density in each medium-sized cell culture bottle, harvested by trypsinization, centrifuged, resuspended in DMEM medium, and transferred to 15 ml cuvettes. The supernatant was discarded and cells were resuspended in 1.0 ml complete medium. The cells were seeded into 6-well plates at a density of 4 × 105 per well in DMEM plus 10% FBS at 37°C with pH 7.4 and 5% CO2 in air.

Pink1 siRNA (sc-44599), and scrambled siRNA (sc-37007) were obtained from Santa Cruz Biotechnology (Dallas, TX, United States). The full ORF cDNA clone of human PINK1 was purchased from ATCC catalog number 10627756, GenBank # AL391357.1. PINK1 was subcloned into the pCMV-3 (MYC)Taq-2 vector (Agilent Technologies, Cat#240196) by using restriction endonucleases EcoRI and XhoI (named as pCMV -MYC -PINK1). The virus was stored at 4°C and lightly shaken to transfect prepared cells with an appropriate concentration according to the manufacturer’s protocol. According to the gene sequence of human PINK1 (NM_032409.2, CDs region 1746bp), the lentiviral vector of Pink1 cDNA over-expression, Pink1 siRNA silencing, and their negative control were transfected into A549 cells, respectively. After 8–12 h of transfection, the target cells were washed and resuspended using a medium without a lentiviral vector.

The expression of target protein PINK1 was assessed by Western blot and real time-quantitative PCR (RT-qPCR), and transfection efficiency was assessed using fluorescence microscopy (Olympus). The subsequent experiments could be performed at 48–72 h after transfection.



VILI Model in vitro

A549 cell monolayers in BioFlex plates were exposed to CS using the FX 5000T Flexercell Tension Plus system (Flexcell International, McKeesport, PA, United States) at a frequency of 30 cycles/min (0.5 Hz) and stretch/relaxation ratio of 1:1 (Wang et al., 2011). Based on previous studies (Carta et al., 2011; Wang et al., 2011), CS was conducted with a change of the basement membrane surface area by 8, 15, or 20% cyclically. These surface area changes correspond to 50%, 64%, and 80% of total lung capacities (Klionsky et al., 2016). In this model system, we used 5% tension as physiological stretching, and 20% tension as overstretching. CS was performed under computer control for 4.0 h at 37°C in a humidified incubator containing 5% CO2 in the air. Control cultures, derived from the same parental culture as the stretched cultures, were not subjected to stretching. Cells were cyclically stretched for 4.0 h or as indicated.



Preparation and Treatments of mtDNA

The mtDNA from A549 cells undergoing 20% overstretching for 4.0 h was isolated using the Mitochondrial DNA Isolation Kit (BioVision, United States) following the manufacturer’s instructions. The concentration of mtDNA was measured by spectrophotometry, then the mtDNA was diluted to 1.0 μg/μl and immediately stored at −80°C. A549 cells were, respectively, treated with isolated mtDNA (1.0 μg/μl) or an equal volume of phosphate-buffered saline (PBS) (105 cells per treatment) at the first 24 h of CS.



Regulation of TLR9 and MyD88 Expression

A549 cells (105 per treatment) were pretreated with TLR9 receptor antagonist (ODN2088, 0.1 μM) for 24 h, TLR9 receptor agonist (ODN1668, 2.5 μM) for 6 h, or MyD88 inhibitor (ST2825, 30 μM) for 48 h (Liang et al., 2011; Nadorp and Soreq, 2015; Shiratori et al., 2017). These various cultures were then subjected to CS.



Autophagy Flows and Mitochondrial Detection

A549 cells were transfected with the Autophagy Tandem Sensor RFP-GFP-LC3B kit for 24 h according to the manufacturer’s protocol, then exposed to over-stretching or physiological stretching for 4.0 h. Autophagy flows were observed using fluorescence microscopy (Olympus) before CS (time1), immediately after CS (time2), and again 4.0 h after the end of CS (time3).



Assessment of Inflammation and Cell Injury

After A549 cell lines were mechanically stretched, the culture medium was collected and centrifuged at 1000×g for 3 min, then the supernatant was frozen at −80°C. The supernatant was assayed for IL-1β, IL-6, and TNF-α levels using ELISAs according to the manufacturer’s instructions. The cellular injury was determined by measuring the level of apoptosis and cell viability. Apoptotic-related proteins including Bcl-2, Bax, and cleaved Caspase 3 were assessed by Western blot, and MTT assay was used to examine the viability of cells. Simultaneously, normal and stretched cells were prepared for transmission electron microscopy to observe cell injury ultrastructurally.



Measurement of ΔψM and ATP

The ΔψM was determined using the JC-1 probe in the assay kit as our previous study (Lin et al., 2018) described. Briefly, on the day of assay, the control or stretched cells were incubated with 500 nM JC-1 according to the manufacturer’s instructions. Fluorescence was visualized using fluorescence microscopy (Olympus) with constant parameters. The area occupied by mitochondria in red fluorescence vs. green fluorescence per cell was calculated using the Image J software (version 1.50i). Further, to reflect mitochondrial function, ATP production was detected using a luciferase-based ATP assay kit according to the manufacturer’s instructions.



Relative Quantification of mtDNA-79 and mtDNA-230 Copies

Quantitative analysis of mtDNA fragments was performed by qPCR as previously published (Budnik et al., 2013). Two primer sets specific for the mitochondrial ribosomal 16SRNA contains a 79-bp fragment (mtDNA-79) that includes DNA released by apoptotic cells and a 230-bp fragment (mtDNA-230) that corresponds to mtDNA released by non-apoptotic types of cell death. The sequence of the forward primer for both mtDNA fragments was 5′-CAGCCGCTATTAAAGGTTCG-3′. The sequence of the reverse primer for mtDNA-79 was 5′-CCTGGATTACTCCGGTCTGA-3′, and the reverse primer sequence for mtDNA-230 was 5′-GGGCTCTGCCATCTTAACAA-3′. Each 10-ml reaction system consisted of 1.0 ml DNA, 5.0 ml iQ SYBR Green Supermix (Takara), and 0.25 ml forward/reverse primer. Each run included water blanks as a negative control. PCR proceeded at 95°C for 15 min, followed by 40 cycles at 95°C for 15 s, 60°C for 30 s, and 72°C for 30 s. For melting curve analysis (to confirm the specificity of the PCR products), the final cycle was added with 95°C for 15 s, 60°C for 15 s, and 95°C for 15 s. The data were calculated by the 2–ΔΔCt method, which evaluates mtDNA fragments relative to the housekeeping gene (ACTB) expression. All experiments were repeated in triplicate.



Real-Time qPCR Analyses

Total RNA was isolated from A549 cells using a Trizol reagent according to the standard protocol. RNA concentration and purity were examined by spectrophotometry. Then cDNA was synthesized using the PrimeScriptTM II 1st Strand cDNA Synthesis Kit. The primer sequences for ACTB, PINK1, PRKN, DNM1L, LC3B-II, BECN1, SQSTM1, TLR9, MyD88, and NF-κB/p65 are shown in Table 1. RT-qPCR was carried out using the PrimeScriptTM RT Reagent Kit with gDNA Eraser (Perfect Real Time), according to the manufacturer’s instructions. The threshold amplification cycle number was determined for each reaction within the linear phase of the amplification plot, and relative gene expression was determined using the 2–ΔΔCt method and housekeeping gene (ACTB) expression as the internal reference.


TABLE 1. Primer sequences used to detect target mRNAs.
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Western Blotting Analysis

Total proteins were extracted from A549 cells and centrifuged. Then protein concentration in the supernatant was estimated using the BCA Protein Assay Kit. The supernatant was fractionated by SDS-polyacrylamide electrophoresis, and the proteins were transferred onto polyvinylidene difluoride membranes and blocked with 5% skim milk for 1–2 h. Subsequently, membranes were incubated with primary antibodies, followed by HRP-conjugated secondary antibody. Membranes were washed, and protein bands were detected by chemiluminescence using the ECL system. Relative band densities of the various proteins were measured from scanned films using Image Lab software (Version 5.0 Build 18; Bio-Rad Laboratories, Hercules, CA, United States).



Statistical Analysis

Data were analyzed using the SPSS 22.0 software (IBM, Chicago, IL, United States). All quantitative data were reported as mean ± SD. Inter-group differences were evaluated for significance using one-way ANOVA and LSD-t tests. P < 0.05 was considered a significant statistical difference.



RESULTS


Overstretching of Lung Epithelial Cells Activates Mitophagy and mtDNA Release

After 20% tension CS, cells showed obvious injury by transmission electron microscopy (Supplementary Figure S1A), and they secreted higher levels of IL-1β, IL-6, and TNF-α into the culture medium than when at 5% tension CS or not stretched at all (Supplementary Figures S1B–D). Then, cells under CS at 20% tension dramatically decreased cell viability (Supplementary Figure S1E), increased cell apoptosis (Supplementary Figure S1F), and reduced ATP levels (Supplementary Figure S1G) and ΔψM (Supplementary Figure S1HH) when compared with controlled cells or cells after CS at 5% tension.

Mitophagy is a two-step process by which the damaged mitochondria are first primed by PINK1/PRKN proteins and then eliminated via the autophagy. We investigated the expression of mitophagy-related proteins including PINK1, PRKN, and DNM1L in A549 lung epithelial cells at tensions of 5% or 20% CS. As shown in Figures 1A–C, levels of PINK1, PRKN, and DNM1L protein and mRNA were up-regulated in A549 cells after CS at 20% tension. We also examined the expression levels of such autophagy-related proteins as BECN1, MAP1LC3B-II (an autophagosome initiation marker), and SQSTM1 (an autophagosome formation marker). As shown in Figures 1D–F, in A549 cells exposed to CS at 20% tension, there was a significant up-regulation in the expression levels of the autophagy markers, BECN1, MAP1LC3B-II, and SQSTM1.
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FIGURE 1. Overstretching of lung epithelial cells activates mitophagy and mtDNA release. Lung epithelial cells were challenged for 4 h with cyclic stretching (CS) at 5% or 20% tension or left without CS. (A,B) Western blotting was performed to determine the protein expression of PINK1, PRKN, and DNM1L. (C) RT-qPCR was simultaneously performed to assess mRNA levels of PINK1, PRKN, and DNM1L. (D,E) Western blotting was performed to determine the protein expression of BECN1, MAP1LC3B, and SQSTM1. (F) RT-qPCR was simultaneously performed to assess mRNA levels of BECN1, MAP1LC3B, and SQSTM1. (G) RT-qPCR was simultaneously performed to assess the cell-free mtDNA-79 copies. (H) RT-qPCR was simultaneously performed to assess the cell-free mtDNA-230 copies. (I,J) Quantitative analysis and observation of autophagy flux in A549 cells exposed to CS at 20% tension with the Autophagy Tandem Sensor RFP-GFP-LC3B Kit before 20% cyclic stretching (time1), immediately after cyclic stretching (time2), and again 4.0 h after the end of stretching (time3) by fluorescence microscopy (magnification ×400). Experiments were performed in triplicate. aP < 0.05, compared with the lung epithelial cells without CS; bP < 0.05, compared with the lung epithelial cells exposed to CS at 5% tension. (I) Quantitative analysis of autophagy flux. aP < 0.05, compared with time1; bP < 0.05, compared with time2.


Previous work in rats suggested that VILI damages mitochondria primarily through mitophagy, such that mitophagy-released mtDNA makes up a significant fraction of total mtDNA (Lin et al., 2018). Consistent with this idea, we found that A549 cells after CS at 20% tension up-regulated the level of mtDNA-79 and mtDNA-230 (Figures 1G,H). These expression changes were also related to an increase in autophagic flux (Figures 1I,J). It suggested that A549 cells before CS did not activate autophagy; A549 cells immediately after CS induced autophagy with autophagosomes; A549 cells at 4.0 h after the end of CS showed the advanced autophagy with autolysosomes. Our results suggested that our cell culture model of CS recapitulates the mitophagy-induced release of mtDNA that we observed in our rat model of mechanical ventilation (Lin et al., 2018).



Pink1 Knockdown in Lung Epithelial Cells Attenuates CS-Induced Inflammation and Injury

To explore the potential role of PINK1 in mediating mitophagy-induced mtDNA release, we transfected A549 cells with lentivirus encoding Pink1 cDNA or anti-Pink1 siRNA and confirmed that the respective cultures over- or under-expressed PINK1 protein and mRNA (Figures 2A,B and Supplementary Figure S2A). Then we subjected these cultures to CS. Pink1 overexpression led to higher mtDNA release, while knockdown led to smaller releases (Figures 2C,D). Transmission electron microscopy showed higher cell injury in the presence of Pink1 over-expression but a milder injury in the case of Pink1 knockdown relative to cells expressing normal levels of endogenous PINK1 (Figure 2E). Pink1 over-expression also led to higher secretion of IL-1β, IL-6, and TNF-α into the culture medium, while Pink1 knockdown led to lower secretion relative to cells expressing normal levels of endogenous PINK1 (Figures 2F–H).
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FIGURE 2. PINK1 promotes mitophagy, which releases mtDNA that helps drive cyclic stretching-induced inflammation and injury. (A,B) Lung epithelial cells were treated with Pink1 siRNA, cDNA or empty vector and exposed to cyclic stretching (CS) at 20% tension for 4 h. As expected, Western blot and RT-qPCR showed decreased PINK1 protein and mRNA expression in Pink1-deficient lung epithelial cells, but increased PINK expression in cells treated with Pink1 cDNA. (C) RT-qPCR was simultaneously performed to assess the cell-free mtDNA-79 copies. (D) RT-qPCR was simultaneously performed to assess the cell-free mtDNA-230 copies. (E) Transmission electron microscopy was performed to assess cell injury ultrastructurally (magnification ×20000). Red arrows indicate the autophagosomes. (F–H) Enzyme-linked immunosorbent assays were used to assess the levels of IL-1β, IL-6, and TNF-α in the culture medium. (I) MTT assay was used to examine the viability of cells. Experiments were performed in triplicate. aP < 0.05 vs. control group; bP < 0.05 vs. 20% CS group; cP < 0.05 vs. Pink1 cDNA + 20% CS group; dP < 0.05 vs. Pink1 empty vector + 20% CS group.


Pink1 over-expression also decreased cell viability (Figure 2I), and then induced cell apoptosis (Supplementary Figures S2B–D), and reduced ATP levels (Supplementary Figure S2E) and ΔψM (Supplementary Figure S2F), while Pink1 knockdown showed the conversed results relative to cells expressing normal levels of endogenous PINK1. Furthermore, A549 cells treated with PINK1 cDNA or siRNA showed the Pink1 over-expression and knocking down, and the expression of PINK1 between A549 cells treated with PBS as control and A549 cells treated with vector was similar (Supplementary Figure S3A). There were no statistical differences noted on the expression of MAP1LC3B-II, BECN, SQSTM1 (Supplementary Figure S3B), cell injury (Supplementary Figure S3F); secretion of IL-1β, IL-6, and TNF-α (Supplementary Figures S3G–I); and the cell-free mtDNA-79 and mtDNA-230 copies (Supplementary Figures S3J,K) between A549 cells with the treatment of PINK1 cDNA or siRNA and vector and control A549 cells. A549 cells with the treatment of PINK1 cDNA or siRNA and vector both induced the mild increase of TLR9 and NF-κB in comparison to control A549 cells. It suggested that Pink1 over-expression and knocking down did not affect the protein levels of TLR9 and NF-κB directly, and PINK1 did not interact with TLR9, MyD88, and/or NF-κB influencing their phosphorylation status and eventually their stabilization or activation. These results suggested that PINK1 may help drive mitophagy-induced mtDNA release in VILI.



Pink1 Knockdown in Lung Epithelial Cells Attenuates Activation of Mitophagy and Inhibits the TLR9/MyD88 Pathway

To determine whether PINK1 may drive mitophagy-induced mtDNA release by stimulating mitophagy, we assayed the expression of PRKN, DNM1L, and autophagy-related proteins including BECN1, MAP1LC3B-II, and SQSTM1 in the presence of Pink1 over-expression or knockdown following CS. Pink1 over-expression increased levels of PRKN, DNM1L, MAP1LC3B-II, BECN1, and SQSTM1 protein and mRNA (Figures 3A–E), but Pink1 knockdown triggered the opposite effects. These results suggested that PINK1 may help drive mitophagy induced by VILI.
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FIGURE 3. Up-regulation of PINK1 increases activation of mitophagy and TLR9/MyD88 signaling in cyclic stretching-induced inflammation and injury. Lung epithelial cells were treated with Pink1 siRNA, cDNA or empty vector and exposed to cyclic stretching (CS) at 20% tension for 4 h. Western blots and RT-qPCR were performed to assay expression of (A) PRKN, (B) DNM1L, (C) MAP1LC3B, (D) BECN1, (E) SQSTM1, (F) TLR9, (G) MyD88, and (H) p-NF-κB/p65. Experiments were performed in triplicate. aP < 0.05 vs. control group; bP < 0.05 vs. 20% CS group; cP < 0.05 vs. Pink1 cDNA + 20% CS group; dP < 0.05 vs. Pink1 empty vector + 20% CS group.


To elucidate how PINK1 may regulate mitophagy, we asked whether it may affect the TLR9/MyD88 pathway, since Pink1 mediated mtDNA release (Klionsky et al., 2016). Compared to normal levels of endogenous PINK1, cells over-expressing Pink1 showed higher levels of TLR9, MyD88, and NF-κB/p65 protein and mRNA, while cells under-expressing Pink1 produced lower levels of all three proteins (Figures 3F–H). These results suggested that PINK1 may help drive ventilation-induced cell injury and inflammation by activating mitophagy via the TLR9/MyD88 pathway and that inhibiting PINK1 may have therapeutic efficacy against VILI.



Released mtDNA Activates the TLR9/MyD88 Pathway to Drive CS-Induced Inflammation and Cell Injury

To examine whether mtDNA directly activates stretching-induced inflammation and cell injury, A549 cells were pretreated with exogenous mtDNA and then subjected to CS at 20% tension. Addition of mtDNA aggravated CS-induced cell injury (Supplementary Figure S4A) and production of IL-1β, IL-6, and TNF-α (Supplementary Figures S4B–D) compared with cells receiving CS at 20% tension alone, simultaneously showing decreased cell viability (Supplementary Figure S4E), ATP levels (Supplementary Figure S4F), and ΔψM (Supplementary Figure S4G). Then, the addition of mtDNA increased A549 cell apoptosis (Figures 4A,B) and induced a higher level of mtDNA (Figures 4C,D). These effects were due to an effect of mtDNA on mitophagy since pre-treatment with mtDNA increased the expression of PINK1, PRKN, and DNM1L (Figures 4E–G).
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FIGURE 4. Released mtDNA targets the TLR9/MyD88 pathway affecting mitophagy in cyclic stretching (CS)-induced inflammation and injury. Lung epithelial cells were treated with exogenous mtDNA or an equal volume of phosphate buffer and exposed to CS at 20% tension for 4 h. These cells exposed to physiological stretching (5% for 4.0 h) were applied in the CON group. (A,B) Western blotting was performed to determine the expression of the apoptotic protein of Bcl-2, Bax, and cleaved caspase 3. (C) RT-qPCR was simultaneously performed to assess the cell-free mtDNA-79 copies. (D) RT-qPCR was simultaneously performed to assess the cell-free mtDNA-230 copies. (E,F) Western blotting was performed to determine the protein expression of PINK1, PRKN, and DNM1L. (G) RT-qPCR was simultaneously performed to assess mRNA levels of PINK1, PRKN, and DNM1L. (H,I) Western blotting was performed to determine the protein expression of TLR9, MyD88, and NF-κB/p65. (J) RT-qPCR was simultaneously performed to assess mRNA levels of TLR9, MyD88, and NF-κB/p65. Experiments were performed in triplicate. aP < 0.05 vs. control group; bP < 0.05 vs. 20% CS group.


Since mtDNA is a ligand of TLR9 (Dai et al., 2015; Lin et al., 2018), we next investigated whether mtDNA activates the TLR9/MyD88 pathway. Indeed, treatment with mtDNA up-regulated TLR9, MyD88, and NF-κB/p65 in A549 cells receiving CS at 20% tension compared with cells receiving CS at 20% tension alone (Figures 4H–J). These results suggested that released mtDNA activates the TLR9/MyD88 pathway in lung epithelial cells in response to CS.



TLR9 Helps Drive CS-Induced Lung Epithelial Cell Injury by Up-Regulating MyD88 and NF-κB/p65

To investigate the association between TLR9 expression and CS-induced cell injury, we pretreated lung epithelial cells with the TLR9 antagonist ODN2088 or agonist ODN1668 then exposed them to CS. ODN2088 attenuated stretching-induced cell injury (Figure 5A) and production of IL-1β, IL-6, and TNF-α (Figure 5B), while ODN1668 aggravated it. ODN2088 also increased cell viability (Figure 5C), ATP production (Figure 5D), and ΔψM (Figure 5E) as well as attenuated cell apoptosis (Figures 5F–G), while ODN1688 triggered the opposite effects. These effects were not due to an effect of TLR9 on mitophagy since pre-treatment with ODN2088 or ODN1688 both did not affect the expression of PINK1, PRKN, and DNM1L (Figures 5H–J). ODN2088 significantly down-regulated TLR9 while ODN1668 up-regulated it. These changes in TLR9 levels led to the same changes in MyD88 and NF-κB/p65 (Figures 5K–M). These results indicated that TLR9 can promote CS-induced injury of lung epithelial cells by activating MyD88 and NF-κB/p65.
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FIGURE 5. TLR9 down-regulation ameliorates cyclic stretching-induced inflammation response and injury. Lung epithelial cells were treated with TLR9 receptor antagonist ODN2088 or TLR9 receptor agonist ODN1668 and exposed to cyclic stretching (CS) at 20% tension for 4 h. (A) Transmission electron microscopy was performed to assess cell injury ultrastructurally (magnification ×20000). (B) Enzyme-linked immunosorbent assays were used to assess the level of IL-1β, IL-6, and TNF-α in the culture medium. (C) MTT assay was used to examine the viability of cells. (D) ATP determination assay kit was used to assess the ATP level of cells. (E) Mitochondrial membrane potential assay kit was used to assess the mitochondrial membrane potential level of cells. (F,G) Western blotting was performed to determine the expression of the apoptotic protein of Bcl-2, Bax, and cleaved caspase 3. (H,I) Western blotting was performed to determine the protein expression of PINK1, PRKN, and DNM1L. (J) RT-qPCR was simultaneously performed to assess mRNA levels of PINK1, PRKN, and DNM1L. (K,L) Western blotting was performed to determine the protein expression of TLR9, MyD88, and NF-κB/p65. (M) RT-qPCR was simultaneously performed to assess mRNA levels of TLR9, MyD88, and NF-κB/p65. Experiments were performed in triplicate. aP < 0.05 vs. control group; bP < 0.05 vs. ODN2088 group.




MyD88 Helps Drive CS-Induced Lung Epithelial Cell Injury by Up-Regulating NF-κB/p65

To elucidate the effects of MyD88 on mtDNA release and TLR9 signaling, we pretreated lung epithelial cells with ST2825 then exposed them to CS at 20% tension. ST2825 largely attenuated stretching-induced cell injury (Figure 6A); cell apoptosis (Figure 6B); and production of IL-1β, IL-6, and TNF-α (Figure 6C) as well as impaired cell viability (Figure 6D) and increased ATP production (Figure 6E) and ΔψM (Figure 6F), and these changes correlated with the reduction of cell-free mtDNA release (Figures 6G,H). ST2825 triggered the down-regulation of MyD88 and NF-κB/p65. At the same time, ST2825 did not alter the levels of PINK1, PRKN, DNM1L (Figures 6I,J), and TLR9 protein or mRNA (Figures 6K,L). These results indicate that MyD88 can promote stretching-induced injury in lung epithelial cells by activating NF-κB/p65 independently of mitophagy and TLR9 activation.
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FIGURE 6. MyD88 down-regulation ameliorates cyclic stretching (CS)-induced inflammation and injury. Lung epithelial cells were treated with the MyD88 inhibitor ST2825 or not and exposed to CS at 20% tension for 4 h. (A) Transmission electron microscopy was performed to assess cell injury ultrastructurally (magnification ×20000). (B) Western blotting was performed to determine the expression of the apoptotic protein of Bcl-2, Bax, and cleaved caspase 3. (C) Enzyme-linked immunosorbent assays were used to assess the levels of IL-1β, IL-6, and TNF-α in the culture medium. (D) MTT assay was used to examine the viability of cells. (E) ATP determination assay kit was used to assess the ATP level of cells. (F) Mitochondrial membrane potential assay kit was used to assess the mitochondrial membrane potential level of cells. (G) RT-qPCR was simultaneously performed to assess the cell-free mtDNA-79 copies. (H) RT-qPCR was simultaneously performed to assess the cell-free mtDNA-230 copies. (I) Western blotting was performed to determine the protein expression of PINK1, PRKN, and DNM1L. (J) RT-qPCR was simultaneously performed to assess mRNA levels of PINK1, PRKN, and DNM1L. (K) Western blotting was performed to determine the protein expression of TLR9, MyD88, and NF-κB/p65. (L) RT-qPCR was simultaneously performed to assess mRNA levels of TLR9, MyD88, and NF-κB/p65. Experiments were performed in triplicate. aP < 0.05 vs. control group.




DISCUSSION

Here we provide evidence for an important role of PINK1 in driving mitophagy, which releases mtDNA, which in turn activates the TLR9/MyD88 pathway in a cell culture model of VILI. These results are consistent with our previous findings in rats that PINK1-mediated mitophagy releases mtDNA via the TLR9/MyD88 pathway to drive mechanical cell injury (Lin et al., 2018). The present study is the first to provide direct evidence that CS-induced mitophagy contributes to mtDNA release and subsequent inflammation, and it begins to clarify the molecular pathways involved.

We found that CS at 20% tension triggered PINK1/PRKN-mediated mitophagy. Mechanical ventilation has been demonstrated to induce the oxidative damage of mitochondria, up-regulating the high-mobility group box1 and nuclear factor-erythroid 2-related factor 2 (Dong et al., 2015; de Souza et al., 2018). Such mitophagy is activated to eliminate damaged mitochondria, leading to the accumulation of reactive oxygen species and a decrease in ΔψM (Hou et al., 2018; Lin et al., 2018). This mitophagy leads to mtDNA release (Oka et al., 2012), as we confirmed in the present study, and this mtDNA acts as a DAMP to stimulate the immune response and activate neutrophils via a TLR9-dependent pathway (Zhang et al., 2010; Schafer et al., 2016).

Our results showed that mtDNA did not activate inflammation or cell injury in PINK1-deficient cells. This suggests that PINK1 may be the key driver of mitophagy induced by VILI. Indeed, PINK1 as well as the E3 ubiquitin (ligase Parkin) have been identified as key regulators of mitophagy in other cellular contexts (Harper et al., 2018). Once mitochondria are damaged, PINK1 is stabilized on the outer mitochondrial membrane to phosphorylate PRKN and transform LC3B-I to LC3B-II to facilitate autophagosome formation (Harper et al., 2018; Wang et al., 2018). DNM1L as a mediator of mitochondrial priming is associated with PINK1/PRKN-mediated ubiquitination and mitophagy (Thangaraj et al., 2018). Consistent with these observations, we found that PINK1 knockdown down-regulated PRKN, DNM1L, LC3B-II, BECN1, and SQSTM1, while PINK1 over-expression led to the opposite results. These results indicated that PINK1-driven mitophagy releases mtDNA in response to CS.

Mitochondrial DNA is critical for mitochondrial functions and packaged by mtDNA-interacting proteins to form DNA protein nucleoids (Ingelsson et al., 2018). Jian et al. (2018) found that assembly machinery 50 links mitochondrial dynamics and mitophagy and that depletion induces the elimination of mitochondria without affecting mtDNA content. The cell-free mtDNA was significantly increased in A549 cells with PINK1 over-expression and mitophagy, suggesting that damaged mitophagy was degraded by various hydrolases in autolysosomes resulting in the disruption of the mitochondrial membrane and releases of mtDNA.

We focused on the TLR9/NF-κB/p38 MAPK pathway as the mechanism through which released mtDNA triggers inflammation (Oka et al., 2012; Feng et al., 2013). Released mtDNA can also cause inflammatory responses through NLRP3 and AIM2 inflammasome (Fernandes-Alnemri et al., 2009; Carlos et al., 2017), cGAS-cGAMP-STING pathway, and neutrophil extracellular traps (Hornung et al., 2009; McIlroy et al., 2014; White et al., 2014). Released cell-free mtDNA plays an important role in the immune and inflammatory response during severe trauma, non-hemolytic transfusion reaction, and ischemia-reperfusion injury (Hu et al., 2015; Timmermans et al., 2016; Simmons et al., 2017). A previous study (Hu et al., 2015) reported that mtDNA activates inflammation and accelerates the release of TNF-α, IL-6, and IL-10 during liver ischemia-reperfusion injury. Here we show that released mtDNA acts via the TLR9/MyD88 pathway to induce stretching-induced inflammation in lung epithelial cells. Previously we showed that TLR9-MyD88 signaling in alveolar macrophages contributes to VILI (Huang et al., 2017; Lin et al., 2018). Released mtDNA, like bacterial DNA, contains CpG motifs and therefore binds to TLR9 to activate pro-inflammatory signaling and regulate the expression of MyD88, activating NF-κB and stimulating the production of pro-inflammatory factors (Latz et al., 2004; Chao, 2009).

Interestingly, Bueno et al. (2019) recently found that A549 cells treated with tunicamycin to induce endoplasmic reticulum stress, which down-regulated the expression of PINK1, reducing mitophagy and increasing the susceptibility to lung fibrosis. However, their previous study demonstrated that impaired mitochondria in idiopathic pulmonary fibrosis and aging lungs with upregulation of endoplasmic reticulum stress were associated with low expression of PINK1, and PINK1 deficiency leads to swollen, dysfunctional mitochondria and defective mitophagy (Bueno et al., 2015). These results suggested that the role of PINK1 expression in idiopathic pulmonary fibrosis and aging lungs should be further identified. In the present study, we showed that the released mtDNA via PINK1-dependent mitophagy is necessary but not sufficient to activate the TLR9/MyD88 pathway and thereby induce inflammation in A549 cells undergoing CS exposure.

However, there was a major weakness of the study, which was a reliance on a single cell line, A549, for all the data. These data need to be confirmed in more relevant models using primary epithelial cells. TLR9 is localized to the endosomal membrane, senses CpG DNA, and activates the transcription factors NF-κB and interferon regulatory factor 7, in turn, leading to the expression of genes encoding proinflammatory cytokines and interferons, respectively. Hence, another limitation that was we did not identify the role of cGAS, AIM2, and interferon regulatory factor 7 in this study. Furthermore, we had some difficulties in collecting BALF from patients undergoing mechanical ventilation and identifying the role of released mtDNA via PINK1-dependent mitophagy in humans needing clinic support.

In conclusion, the present study in a cell culture model of VILI suggests that CS up-regulates PINK1 expression, which triggers mitophagy with mtDNA release, which activates the TLR9/MyD88 pathway and ultimately induces inflammation and cell injury. Our in vitro results lead us to propose PINK1-mediated mitophagy with mtDNA release as a therapeutic target via TLR9/MyD88 signaling in mechanical stretching-induced acute lung injury (Figure 7).
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FIGURE 7. Schematic illustrating a potential pathway from cyclic stretching (CS) to inflammation and injury in lung epithelial cells via Toll-like receptor (TLR)-9 stimulation and release of mitochondrial DNA (mtDNA). Exposure of excessive CS triggers mitochondrial damage that is degraded by activated mitophagy. Subsequently, mtDNA is released from degraded mitochondria to extracellular fluid, then it is recognized and combined with TLR-9 in the other normal cells. TLR9 interacts with myeloid differentiation primary response 88 (MyD88) through downstream TLR9/MyD88 signaling. This pathway finally leads to activating nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) and translation of proinflammatory cytokines. Proinflammatory cytokines are then matured and transformed into inflammatory cytokines for cascade amplification of inflammatory response and cell injury.
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FIGURE S1 | Overstretching of lung epithelial cells triggers acute inflammatory cell injury with apoptosis, reduced ATP production, and mitochondrial membrane potential. Lung epithelial cells were challenged for 4 h with cyclic stretching (CS) at 5% or 20% tension or left without CS. (A) Transmission electron microscopy was performed to assess cell injury ultrastructurally (magnification ×20000). Red arrows indicate the autophagosomes. (B–D) Enzyme-linked immunosorbent assays were used to assess the level of IL-1β, IL-6, and TNF-α in the culture medium. (E) MTT assay was used to examine the viability of cells. (F) Western blotting was performed to determine the expression of the apoptotic protein of Bcl-2, Bax, and cleaved caspase 3. (G) ATP determination assay kit was used to assess the ATP level of cells. (H) Mitochondrial membrane potential assay kit was used to assess the mitochondrial membrane potential level of cells. Experiments were performed in triplicate. aP < 0.05, compared with the lung epithelial cells without CS; bP < 0.05, compared with the lung epithelial cells exposed to CS at 5% tension.

FIGURE S2 | Up-regulation of PINK1 promotes cell apoptosis and reduces ATP production and mitochondrial membrane potential. Lung epithelial cells were treated with Pink1 siRNA, cDNA or empty vector and exposed to cyclic stretching (CS) at 20% tension for 4 h. (A) Black-white and fluorescence micrographs of lung epithelial cells with or without transfection (magnification ×100). (B–D) Western blotting was performed to determine the expression of the apoptotic protein of Bcl-2, Bax, and cleaved caspase 3. (E) ATP determination assay kit was used to assess the ATP level of cells. (F) Mitochondrial membrane potential assay kit was used to assess the mitochondrial membrane potential level of cells. Experiments were performed in triplicate. aP < 0.05 vs. control group; bP < 0.05 vs. 20% CS group; cP < 0.05 vs. Pink1 cDNA + 20% CS group; dP < 0.05 vs. Pink1 empty vector + 20% CS group.

FIGURE S3 | Regulation of PINK1 expression did not promote cell apoptosis and reduces ATP production and mitochondrial membrane potential. Lung epithelial cells were treated with Pink1 siRNA, cDNA or empty vector and did not expose to cyclic stretching (CS). (A) Western blotting was performed to determine the protein expression of PINK1, PRKN, and DNM1L. (B) Western blotting was performed to determine the protein expression of BECN1, MAP1LC3B, and SQSTM1. (C) Western blotting was performed to determine the protein expression of TLR9, MyD88, and NF-κB/p65. (D) ATP determination assay kit was used to assess the ATP level of cells. (E) Mitochondrial membrane potential assay kit was used to assess the mitochondrial membrane potential level of cells. (F) Transmission electron microscopy was performed to assess cell injury ultrastructurally (magnification ×20000). (G–I) Enzyme-linked immunosorbent assays were used to assess the levels of IL-1β, IL-6, and TNF-α in the culture medium. (J,K) RT-qPCR was simultaneously performed to assess the cell-free mtDNA-79 copies and mtDNA-230 copies. Experiments were performed in triplicate. aP < 0.05 vs. control group; bP < 0.05 vs. vector group; cP < 0.05 vs. PINK1 cDNA group.

FIGURE S4 | Released mtDNA targets triggers cell injury and secretion of inflammatory factors, promotes cell apoptosis, and reduces ATP production and mitochondrial membrane potential in cyclic stretching (CS)-induced inflammation and injury. Lung epithelial cells were treated with exogenous mtDNA or an equal volume of phosphate buffer and exposed to CS at 20% tension for 4 h. These cells exposed to physiological stretching (5% for 4.0 h) were applied in the CON group. (A) Transmission electron microscopy was performed to assess cell injury ultrastructurally (magnification ×20000). (B–D) Enzyme-linked immunosorbent assays were used to assess the levels of IL-1β, IL-6, and TNF-α in the culture medium. (E) MTT assay was used to examine the viability of cells. (F) ATP determination assay kit was used to assess the ATP level of cells. (G) Mitochondrial membrane potential assay kit was used to assess the mitochondrial membrane potential level of cells. Experiments were performed in triplicate. aP < 0.05 vs. control group; bP < 0.05 vs. 20% CS group.


ABBREVIATIONS

Δψ M, mitochondrial membrane potential; ACTB, β-actin; ATP, adenosine triphosphate; Bax, BCL2 associated X apoptosis regulator; Bcl-2, BCL2 apoptosis regulator; BECN, beclin 1; CS, cyclic stretch; DAMP, damage-associated molecular pattern; DMEM, Dulbecco’s modified Eagle’s medium; DNM1L, dynamin 1 like; ELISA, Enzyme-linked immunosorbent assays; FBS, fetal bovine serum; HRP, horseradish peroxidase; IL, interleukin; MAP1LC3B, microtubule-associated protein 1 light chain 3 β; mtDNA, mitochondrial DNA; MyD88, myeloid differentiation factor 88; NF- κ B, nuclear factor- κ B; ODN, oligodeoxyribonucleotides; PBS, phosphate-buffered saline; PINK1, Phosphatase and tensin homolog induced kinase 1; PRKN, parkin RBR E3 ubiquitin-protein ligase; RT-qPCR, real time-quantitative PCR; SQSTM1, sequestosome 1; TLR9, Toll-like receptor 9; TNF, tumor necrosis factor; VILI, ventilator-induced lung injury.
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During the metastatic progression, invading cells might achieve degradation and subsequent invasion into the extracellular matrix (ECM) and the underlying vasculature using invadopodia, F-actin-based and force-supporting protrusive membrane structures, operating focalized proteolysis. Their formation is a dynamic process requiring the combined and synergistic activity of ECM-modifying proteins with cellular receptors, and the interplay with factors from the tumor microenvironment (TME). Significant advances have been made in understanding how invadopodia are assembled and how they progress in degradative protrusions, as well as their disassembly, and the cooperation between cellular signals and ECM conditions governing invadopodia formation and activity, holding promise to translation into the identification of molecular targets for therapeutic interventions. These findings have revealed the existence of biochemical and mechanical interactions not only between the actin cores of invadopodia and specific intracellular structures, including the cell nucleus, the microtubular network, and vesicular trafficking players, but also with elements of the TME, such as stromal cells, ECM components, mechanical forces, and metabolic conditions. These interactions reflect the complexity and intricate regulation of invadopodia and suggest that many aspects of their formation and function remain to be determined. In this review, we will provide a brief description of invadopodia and tackle the most recent findings on their regulation by cellular signaling as well as by inputs from the TME. The identification and interplay between these inputs will offer a deeper mechanistic understanding of cell invasion during the metastatic process and will help the development of more effective therapeutic strategies.
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INTRODUCTION

The metastatic cascade is a multistep process characterized by the ability of tumor cells to cross the anatomical barriers, to invade through the surrounding tissues, to reach blood or lymphatic vessels, and to colonize distant organs (Friedl and Wolf, 2010; Lambert et al., 2016). To complete these challenging events, metastasizing cancer cell might adapt to the ever-changing microenvironmental contexts by undergoing reversible changes, often associated with epithelial-to-mesenchymal transition (EMT) and the reverse mesenchymal-to-epithelial transition (MET) (Nieto et al., 2016). In these trans-differentiation processes, cancer cells undergo to change in cell-cell adhesion and polarity, cytoskeletal remodeling, enhanced migratory and invasive abilities. Strictly related to the cell plasticity, in response to mechanical or chemical cues, invading cells might achieve degradation and invasion into the extracellular matrix (ECM), a non-cellular structure comprising the basement membrane and the interstitial matrix, and the underlying vasculature, using focalized proteolysis. One way of delivering matrix proteases and degrading ECM is through invadopodia, F-actin-based protrusive structures coupling adhesive, degradative, and contractile machinery, whose activity represents a key step during cancer invasion (Eddy et al., 2017). The membranes associated with invadopodia contain unique lipid and protein components distinct from the surrounding plasma membrane, while a finely regulated vesicle trafficking to and from the plasma membrane facilitates the invadopodium assembly and function (Hastie and Sherwood, 2016). Crucial regulators of invadopodia include growth factors, and ECM molecular composition, density, organization, and stiffness (Friedl and Wolf, 2010), as well as hypoxia and pH, thus representing structures that may adapt and even interchange in response to the tumor microenvironment (TME) (McNiven, 2013; Di Martino et al., 2016). Recently, significant advances have been made in the understanding invadopodia life cycle. As resulting by genomic and proteomic analysis, as well as by in vivo genetic screens, many genes are associated with invadopodia formation, function, and breakdown, including actin regulators, integrins, as well as genes involved in glycolysis, metabolism, protein degradation, chaperone activity, and protein synthesis, although how these players are integrated with different cellular context is still unknown (Attanasio et al., 2011; Hoshino et al., 2013; Lohmer et al., 2016). In this review, we will focus on the regulation of invadopodia by members of signaling pathways as well as by inputs from TME and how their interplay determines a fine regulation of invadopodia.



GENERAL FEATURES OF INVADOPODIA

Cell motility is a tightly coordinated multistep process used by different cells to reach the different sites of action, essential in physiological processes, such as embryonic morphogenesis, immune surveillance, tissue repair, but guiding cancer invasion and metastasis when aberrantly regulated (Condeelis and Segall, 2003). This implies the formation of extensions of cell membrane such as filopodia, lamellipodia, podosomes/invadopodia, based on their morphological, structural, and functional characteristics (Ridley, 2011). Each of these structures uniquely contributes to migration depending on the specific cellular and tissues context and the actin dynamics are the result of a concerted regulation of parameters governing the assembly, stability, and organization of actin filaments by a specific set of proteins. In brief, lamellipodia are flat cellular protrusions located at the leading edge of the migrating cells, where actin is organized in an orthogonal array of branched filaments, maintained in fast treadmilling by a set of regulatory proteins (cofilin, capping proteins, profilin), determining the protrusive forces pulling cells through the tissues (Machesky, 2008). Filopodia are thin, finger-like protrusions beyond the leading edge of protruding lamellipodia at of the migrating cells, with the characteristics to explore the cell’s surroundings (Jacquemet et al., 2015). Distinct from filopodia and lamellipodia, matrix-degrading protrusions, called invadopodia in cancer cells and podosomes in normal cells, collectively invadosome, are complex subcellular structures comprised of a dense filamentous (F)-actin core containing actin-regulating proteins, surrounded by proteins involved in regulation, adhesion and scaffolding (Schachtner et al., 2013; Eddy et al., 2017). Unlike podosomes which are very short-lived and not protrusive, invadopodia can last for hours as long protrusive structures, assembled in a highly orchestrated manner and observed as individual dots or linear structures (Artym et al., 2006). These structures are involved in the cell-ECM interactions, but their specific characteristic resides in the proteolytic activity. Each invadopodia (non-degradative precursor) is initially composed of an F-actin core enriched in actin-regulating proteins, including cortactin, cofilin, neural Wiskott–Aldrich syndrome protein (N-WASP) and Arp2/3, then surrounded by a ring of actin regulatory and adhesive molecules, such as integrins, talin, vinculin, and paxillin. The recruitment of the adaptor protein tyrosine kinase substrate with five SH3 domains (TKS5) anchors the precursor to the membrane phosphoinositide PI(3,4)P2 via its PX domain (Linder et al., 2011; Beaty and Condeelis, 2014; Eddy et al., 2017). The invadopodia elongation and stabilization, driven by actin polymerization and facilitated by the recruitment of microtubules and intermediate filaments, start the maturation stage, which is completed with the activation of the secretory machinery and recruitment of proteases degrading the ECM (Artym et al., 2006; Oser and Condeelis, 2009; Schoumacher et al., 2010; Linder et al., 2011; Sharma et al., 2013). The main proteases at invadopodia include metalloproteinases (MMPs), both secreted and membrane-tethered, such as MMP-2, MMP-9, and MT1-MMP, the ADAM family members, membrane-bound serine protease and the urokinase plasminogen activator receptor (uPAR) (Mrkonjic et al., 2017). Among these, MT1-MMP is strongly enriched at invadopodia and represents a central player of invadopodia-mediated ECM degradation (Castro-Castro et al., 2016). Although inputs derived from cancer cells or TME trigger the activation of specific signaling pathways controlling invadopodia formation, common pathways are recognized as regulators of actin dynamics at invadopodia, especially the cofilin pathway and the integrated activity of Rho family GTPases.

Cofilin localizes at invadopodia and it is involved in their formation and stability as well as their maturation. Cofilin acts by depolymerizing actin filaments to supply a pool of actin monomers or by severing actin filaments to create free barbed ends, both necessary for actin polymerization (Yamaguchi et al., 2005; Oser et al., 2009). The primary on/off regulation proceeds by blocking its activity through binding to either PI (4,5)P2 or cortactin, or by blocking cofilin’s ability to bind to actin via serine phosphorylation. Specific kinases involved in phosphorylation/inactivation of cofilin include the Lim and the Tes family kinases, while phosphatases dephosphorylating and activating cofilin include slingshot, chronophin as well as PP1, PP2A, and PP2B (Oser et al., 2009). The activity of cofilin in invadopodia might be also regulated by cortactin, a multi-domain scaffolding protein activating the Arp2/3 complex, and binding actin filaments to stabilize them (Schnoor et al., 2018). In resting conditions, cortactin binds cofilin and inhibits its severing activity, while tyrosine phosphorylation of cortactin decreases cortactin/cofilin interactions favoring actin polymerization. Therefore, since common kinases known to phosphorylate cortactin include downstream effectors for several cell receptors, such as Src, Fer, Arg, and Abl, it is reasonable to speculate that cofilin signaling represents a converging point for invadopodia regulation by multiple mechanisms and factors (Oser et al., 2009).

The activity of Rho family GTPase is recognized as a convergent and common pathway from different inputs and an essential regulator of actin dynamics at invadopodia in each specific step. While Cdc42 alone or in cooperation with Rac1 participates only during the precursor assembly (Nakahara et al., 2003; Yamaguchi et al., 2005; Ayala et al., 2009; Di Martino et al., 2014; Lin et al., 2014; Kedziora et al., 2016; Ren et al., 2018), RhoA alone or in cooperation with Cdc42 is specifically involved in invadopodia maturation (Sakurai-Yageta et al., 2008; Hoshino et al., 2009; Daubon et al., 2012; Hwang et al., 2016; Yan et al., 2018). More recently, RhoC is emerging as a crucial coordinator of cofilin-dependent actin polymerization to the core of invadopodia, associated with focused ECM degradation and cell invasion (Bravo-Cordero et al., 2011; Pignatelli et al., 2012; Semprucci et al., 2016; Di Modugno et al., 2018). Regarding Rac1 and the related RhoG GTPase, the effects seem to be cell- and context-dependent, since their activity is required for invadopodia formation in some cancer cell lines, while they regulate invadopodia disassembly in some others (Harper et al., 2010; Nascimento et al., 2011; Kwiatkowska et al., 2012; Pignatelli et al., 2012; Lin et al., 2014; Moshfegh et al., 2015; Goicoechea et al., 2017). Similarly, Rac3 activity, which integrates adhesion signaling and ECM degradation, is confined to a ring around actively degrading invadopodia for the surface presentation of MT1-MMP (Donnelly et al., 2017; Rosenberg et al., 2017). Of course, the tight spatiotemporal pattern of Rho GTPase activation at invadopodia requires an interplay between guanine exchange factors (GEFs), leading to the activation of GTPases by stabilizing the GTP-bound form, and GTPase activating proteins (GAPs), which inhibit them. In this context, many GEFs are considered as regulators of invadopodia, like Vav1, βPIX, Trio, DOCK1, ARHGEF26, PDZ-RhoGEF, p190GEF, as well as GAPs, such as RacGAP1, p190GAP, although the interplay between inputs and Rho GTPase activity in a specific cellular context remains to be fully characterized (Lawson and Ridley, 2018).

New features are now emerging, as the importance of cell cycle status and cell cycle regulators in determining invadopodia (Bayarmagnai et al., 2019). Specifically, it has been shown that invadopodia function is enhanced in the G1 phase of the cell cycle in vitro and in vivo when the expression of invadopodia markers is elevated, and cells are more prone to degrade ECM. Of note, the cell cycle regulator p27kip1 localizes to the sites of invadopodia assembly, determining faster turnover and increased ECM degradation (Bayarmagnai et al., 2019). From a translational point of view, these findings suggest the importance to consider that the use of anti-proliferative drugs arresting cancer cells in G1 might result in higher invasion and metastasis by supporting invadopodia activity (Bayarmagnai et al., 2019).



CELLULAR SIGNALS AFFECTING INVADOPODIA FORMATION AND FUNCTION


Receptor Signaling Pathways

The activation of receptors by their ligands represents the means of communication between tumor and stroma, used by tumor cells to operate invadopodia-dependent cell invasion. Their overexpression or overactivation can result in a state of continual signaling, through an autocrine or paracrine way, triggering the activation of intracellular signal cascades converging on the common invadopodia-related pathways, including Src, phosphoinositide 3-kinase (PI3K), and Rho family GTPases. Therefore, the ability of tumor cells to sense and migrate in response to receptor signals is required to restrict actin remodeling events and to coordinate in time and space cytoskeletal signaling proteins, eliciting invasive protrusions. Here we describe the main receptor families involved in invadopodia (Figure 1).
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FIGURE 1. The main receptors involved in the formation and activities of invadopodia. Schematic illustration of the main cellular receptors driving invadopodia in cancer cells: (A) The family of tyrosine kinase receptors includes epidermal growth factor receptor (EGFR), platelet-derived growth factor receptor α (PDGFRα), Tyrosine-Protein Kinase Met (Met); (B) The family of G-protein-coupled receptors (GPCR) includes lysophosphatidic acid receptors (LPAR), endothelin-1 receptors (ET-1R), kisspeptin receptors (KISS1R), C-X-C Motif Chemokine Receptor 4 (CXCR4), C-C Motif Chemokine Receptor 3 (CCR3); (C) The transforming growth factor β (TGFβ) receptors family includes TGFβR1 and TGFβR2; (D) The family of integrins includes the β1 and β3 subunits. The plot was created using BioRender (app.biorender.com).



Tyrosine Kinase Receptors

Members of the large family of receptors with tyrosine kinase activity (RTK) are key regulators of cancer cell growth, proliferation, and survival, as well as invasion and metastasis (Du and Lovly, 2018). There is a large body of works indicating that the activation of some RTKs operates to trigger signaling events, which can even be integrated with signals from TME, having invadopodia formation as a common endpoint. The epidermal growth factor receptor (EGFR), eliciting a ligand-dependent response in different cancer cell lines, is considered a master regulator of invadopodia. The main pathways guided by EGF are related to enhanced actin polymerization, through N-WASP-Arp2/3/cofilin pathway, during invadopodia assembly (Yamaguchi et al., 2005) or invadopodia maturation, through a mechanism involving Src and cortactin phosphorylation (Kimura et al., 2010; Mader et al., 2011; Makowiecka et al., 2016). EGFR signaling in invadopodia might be also sustained by a high level of heparin-binding (HB)-EGF, which is synthesized as pro-HB-EGF and subsequently cleaved by ADAM-12 to release a soluble form binding to EGFR, providing an advantage for cancer cells to intravasate, invade and metastasize (Zhou et al., 2014). A further amplification mechanism is provided by the localization of proteases operating the ectodomain shedding of EGFR ligands, increasing their availability, thus suggesting that invadopodia-related proteases may provide spatiotemporal control of growth factors promoting the invasive and metastatic potential of cancer cells, in addition to their role of proteolyzing ECM (Albrechtsen et al., 2011). EGFR signaling might promote invadopodia also via crosstalk with other cell surface receptors, as CD44 or CD147, or kisspeptin receptor (KISS1R), generating a pool of invadopodia-forming signals (Bourguignon et al., 1998; Grass et al., 2013; Goertzen et al., 2016).

Platelet-derived growth factor receptor α (PDGFα) is an important effector of invadopodia in aggressive human breast tumors (Govaere et al., 2017), and represents a central mediator in response to EMT-inducing signals, such as related transcription factors (Ekpe-Adewuyi et al., 2016). In particular, the transcriptional induction of PDGFRα and downstream activation of Src driven by the EMT-related transcription factor Twist1, is essential for invadopodia formation and matrix degradation, as well as in vivo metastasis, indicating that the reactivation of developmental machinery, such as the EMT, in tumor metastasis might act in cooperation via invadopodia (Eckert et al., 2011). In pancreatic cancer, β-catenin activation, coupled with K-ras mutation and p53 loss, activates an autocrine PDGF signaling with highly invasive properties of tumor cells, capable to form invadopodia and to digest ECM (Kuo et al., 2019). Finally, signals from an activated tyrosine kinase receptor Met might also increase invadopodia biogenesis in basal-like breast and gastric carcinoma cells, dependent on tyrosine phosphorylation of cortactin (Rajadurai et al., 2012).



G-Protein-Coupled Receptors

G protein-coupled receptors (GPCRs) are heptahelical membrane proteins, which classically transmit the signal via the activation of heterotrimeric G proteins (Gurevich and Gurevich, 2019). They are activated by small peptides, hormones, and chemokines, triggering their specific downstream signaling events regulating cell shape changes, altered cell adhesion, actin remodeling, and driving cell migration (Cotton and Claing, 2009). Agonist-activated GPCRs act as GEFs for heterotrimeric G proteins, facilitating the release of GDP bound to the α-subunit of inactive heterotrimer, which subsequently binds GTP. Then Gα subunit dissociates from the GPCR and Gβγ dimer, and both GTP-liganded α-subunit and released Gβγ activate or inhibit various signaling pathways (Peterson and Luttrell, 2017). The signaling of most GPCRs via G proteins is terminated by the phosphorylation of active receptor by specific GPCR kinases (GRKs) and subsequent binding of β-arrestin (β-arr) proteins, β-arr1 and -2, that selectively recognize active phosphorylated receptors. The β-arr/GPCR complex acts as a scaffold facilitating different branches of signaling, and several findings have identified β-arrs as critical regulators of cytoskeleton remodeling and cell motility (DeFea, 2013).

In the GPCR family, the lysophosphatidic acid (LPA) receptor has been demonstrated to operate invadopodia formation. For instance, the secretion of Autotaxin, a major enzyme involved in the production of LPA, drives the activation of LPA4 receptor and subsequent activation Rap1/Rac1 signaling, acting as a strong inducer of invadopodia, and correlating with the ability of fibrosarcoma cells to invade and metastasize (Harper et al., 2010). In ovarian cancer cells, LPA signaling causes the translocation of Gαi2 into the invadopodia, forming a large molecular complex with β-pix and Src, regulating their formation (Ward et al., 2014). A similar mechanism has been demonstrated in melanoma cells through balancing Cdc42/RhoA activity (Kedziora et al., 2016). According to the idea that the same receptor might activate different signaling pathways in different tumor histotypes, in prostate cancer cells, LPA increases functional invadopodia formation through RhoA and NF-κB, controlling osteolytic metastases (Hwang et al., 2016).

In the same family, acting on the endothelin type A (ETA) or type B (ETB) receptor, the small peptide endothelin-1 (ET-1), recognized as a critical regulator of different human cancers (Rosanò et al., 2013), provides a signal input for shaping invasive protrusions with efficient matrix degradation during cancer invasion and metastases. The first evidence of the role of ET-1 in invadopodia formation has been highlighted in human melanoma cells, where ET-1 through Gi activates Cdc42 GTPase while decreasing RhoA (Kedziora et al., 2016). In ovarian cancer, the formation of invadopodia and their proteolytic activity is achieved by a combination of players and signaling molecules that make part of integrated molecular complexes coordinated by the β-arr1 (Rosanò and Bagnato, 2016, 2019). Upon ET-1/ETAR stimulus, β-arr1 interactions determine the convergence and activation/inhibition of specific signals for invadopodia, functioning as a dynamic molecular scaffold with the ability to interact with an ever-expanding list of non-GPCR protein partners. ET-1-driven spatial and temporal coordination of actin polymerization at invadopodia implies the coordination of the Rho GTPase and their regulators (Rosanò and Bagnato, 2019). RhoC is the main Rho GTPase regulated by β-arr1 through the interaction with PDZ-RhoGEF (Semprucci et al., 2016). At the same time, in the ET-1-dependent manner, β-arr1 links the integrin-related protein IQ-domain GTPase-activating protein 1 (IQGAP1) and RacGAP1, assembling them into a functional unit to promote Rac1 inhibition and concomitant RhoC activation (Chellini et al., 2019). The activity and the spatial distribution of RhoC represent a critical route by which tumor cells control the recruitments of cortactin, TKS5, and matrix proteases in the formation of invadopodia precursors, and the spatial restriction of cofilin activity, starting the maturation process. Although previous findings showed the involvement of β-arr1 in cofilin regulation (DeFea, 2013), new data shed light into the ability of β-arr1 in participating to dynamically define the amount and distribution of actin barbed ends to regulate invasive protrusion, by confining cofilin activity within the core of invadopodia. Moreover, β-arr1-associated molecular complexes in invadopodia involve the presence of hMENA and the invasive isoform hMENAΔv6, members of the ENA/VASP family, known to regulate the actin-based motility of various cell types (Di Modugno et al., 2012, 2018). The formation of a signaling platform driven by ET-1, containing β-arr1/hMENA/hMENAΔv6/PDZ-RhoGEF and converging on the RhoC pathway, supports pericellular matrix degradation and confers also a fitness advantage to tumor cells to breach the endothelial barrier and engage them in the transendothelial migration process (Di Modugno et al., 2018). Therefore, ETAR/β-arr1 core is necessary to assemble elements for invadopodia formation, as cortactin and TSK5, as well as regulating invadopodia maturation, disclosing so far unexpected involvement of β-arr1 capable of promoting actin assembly to form invadopodia, and regulating the release of specific proteinases at invadopodia, hence enabling ovarian cancer cells to invade and metastasize (Rosanò and Bagnato, 2019).

In breast cancer, the activation of the GPCR KISS1R stimulates invadopodia formation via β-arr2 and ERK1/2-dependent mechanisms, involving the crosstalk with EGFR (Goertzen et al., 2016).

Chemokine receptors, belonging to the GPCR family, are considered key factors promoting the invasive program of metastatic cancer, and many findings highlighted their role in invadopodia (Balkwill, 2003). In breast cancer cells, the chemokine receptor CXCR4 and its ligand SDF1α activate Abl kinase, regulating MT1-MMP trafficking and recruitment to invadopodia and matrix degradation activity (Smith-Pearson et al., 2010). In glioma cells, the autocrine CXCL12/CXCR4 signaling axis regulates invadopodia formation, ECM degradation, and cell invasion, by inducing cortactin tyrosine phosphorylation through a mechanism involving Arg (Chen et al., 2020). In lung cancer, CCL7 through its receptor CCR3 regulates MMP-9 transport to the invadopodia, thereby promoting the ability of invadopodia to degrade collagen and invade ECM, favoring metastases, through RhoA activation (Qi et al., 2020).



TGF-β Family Receptors

TGF-β family members bind and signal through paired transmembrane protein kinases, type I and type II receptors, and different ectodomain combinations enable selective or specific binding of TGF-β family ligands and ligand-induced activation of signaling (David and Massagué, 2018). TGF-β, the prototype ligand for this receptor family, has been shown to promote ECM degradation and invasion through the formation of invadopodia (Mandal et al., 2008; Makowiecka et al., 2016). During EMT, the interaction with components of focal adhesions, such as Hic-5, plays a bifunctional role in coordinating FAK-Src activity and downstream both Rac1- and RhoC-ROCK-dependent matrix degradation after TGF-β stimulation (Pignatelli et al., 2012). Similarly, TGF-β might control EMT and invadopodia via Transgelin, an actin-binding protein that affects the dynamics of the actin cytoskeleton, further confirming the association between EMT and invadopodia during tumor spreading (Chen Z. et al., 2019). In this context, cells exposed to TGF-β accelerate the activation of signal pathways enhancing β3 integrin expression (Peláez et al., 2017). In breast cancer, TGF-β-driven invadopodia requires the involvement of lipoma-preferred partner (LPP) as well as SHC adaptor protein (SHCA) for an efficient metastatic process (Ngan et al., 2017; Kiepas et al., 2020).



Integrins

The integrins, among the transmembrane receptors connecting cell cytoskeleton to ECM components, interact via their extracellular domains to specific sequence motifs present in proteins such as fibronectin, collagen and other ECM proteins, and are connected to the actin cytoskeleton via their cytoplasmic tails, and by a complex of multi-protein complex integrin adhesome, comprising adaptor, scaffold, and signaling proteins (Cooper and Giancotti, 2019). Although for many times the role of integrins in invadopodia was a bit controversial, recently it has been demonstrated that the gradual ECM breakdown and release of ligands for integrin receptors might increase cancer cell invasion and intravasation via invadopodia formation. Moreover, specific integrin subunits are recruited to invadopodia after the initial stage to form an adhesion ring (Peláez et al., 2019). This adhesive domain regulates invadopodia formation by activation of specific Rho GTPase family members and various kinases, together with the recruitment of adhesion molecules, in a tissue-specific way. Besides their role in the adhesive domain, integrins exert a necessary function in the invadopodia maturation, generating also the forces required for ECM degradation, through interaction with talin2 (Qi et al., 2016). The best-characterized integrin subunit in invadopodia is β1, transducing signaling from fibronectin, laminin or collagen, at different stages of invadopodia formation, cooperating also with other transmembrane receptors, like CD44 or EGFR (Nakahara et al., 1996, 1998; Hauck et al., 2002; Nascimento et al., 2011; Williams and Coppolino, 2014; Siqueira et al., 2016). The activity of β1 integrin includes regulation of tyrosine phosphorylation of cortactin, through a direct interaction with Arg (Beaty et al., 2013), or with Mena (Oser et al., 2010; Mader et al., 2011; Gupton et al., 2012; Beaty et al., 2013). β1 integrin is also important in the recruitment of talin and moesin, as well as ezrin, to the invadopodia core and the attachment of NHE1, a sodium-hydrogen antiporter controlling the lipid raft signalosome driving invadopodia (Antelmi et al., 2013). One of the most important effects of β1 integrin is to promote focalized recruitment of MT1-MMP, modulating the vesicle traffic and release at invadopodia, as well as the MT1-MMP internalization (Grafinger et al., 2020). Together with β1 integrin, the focal adhesion protein integrin-linked kinase (ILK) regulates invadopodia activity by recruiting the scaffold protein IQGAP and by inducing MT1-MMP activity and matrix degradation (Branch et al., 2012; Chellini et al., 2019). Using an interactive analysis based on time-lapse microscopy and mathematical modeling, it has been demonstrated that cancer cells oscillate between invadopodia/degradation and cell migration phenotypes (Pourfarhangi et al., 2018). Interestingly, invadopodia state can be removed by partial β1-integrin inhibition or enhanced cross-linked, suggesting a therapeutic window in which it might be possible of targeting invadopodia via ECM-modulation treatments (Pourfarhangi et al., 2018). The role of β3 integrin in invadopodia formation is controversial. Although some authors have proposed that this integrin is not implicated in invadopodia development, β3 overexpression correlates with invadopodia formation and matrix degradation in renal carcinoma, sarcoma, breast and lung cancer cells, and glioblastoma cells (Knowles et al., 2013). Other integrin subunits involved in invadopodia formation and functions include β 5-, α 5-, α3- and αV-integrins (Yan et al., 2018).

Understanding the molecular mechanisms driven by cellular signals adds new insight into the multifaceted role of these receptors in the process of metastasis in general, and invadopodia in particular, and might indicate new strategies for more selective targeting of these receptors, therefore potentially providing a therapeutic approach for preventing metastatic dissemination.



Signals From the Tumor Microenvironment

Over the past few decades, different omics approaches strongly defined that tumor progression and dissemination critically depend on a permissive TME, composed of non-cancerous cells, including fibroblasts, immune and inflammatory cells, and cells forming the tumor vasculature, as well as acellular components surrounding and interacting with tumor cells (Quail and Joyce, 2013). Cancer cells reside in a harsh TME together with different stromal cell types and the communication between tumor cells and heterogeneous stromal components contributes to tumor progression while affecting therapeutic responses. The tumor ECM is different from normal tissue, in tumors of different stages, in primary tumors from the secondary tumors, and is characterized by other peculiar parameters, such as low oxygenation levels and pH. All these characteristics participate to orchestrate cancer cell processes during tumor progression linked also to cell invasion. Alterations of the ECM biochemical or mechanical properties, such as composition, geometry, alignment, and stiffness, as well as the porosity, determine the rates and routes of metastatic dissemination (Yuzhalin et al., 2018). In this context, emerging findings indicate that cancer-cell-derived matrisome proteins can upregulate invadopodia, hence promoting metastasis, and suggest that identifying ECM regulators of dynamic matrisome licensing cancer progression and metastasis, can make them potential targets for cancer therapy (Tian et al., 2020). In this scenario, here we summarize relevant inputs derived from the TME regulating invadopodia (Figure 2).
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FIGURE 2. Signals deriving from the tumor microenvironment (TME) affecting invadopodia formation and activity. Inputs derived from the TME include the extracellular matrix (ECM) composition, such as collagens, laminin, fibronectin; the interaction with stromal cells, specifically activated fibroblasts, and macrophages; mechanical signals such as matrix stiffness, topography, tension, viscosity and the mechanical interplay with the nucleus; metabolic conditions typical of cancer cells, such as extracellular acidosis and intracellular low tensions oxygen (hypoxia). The plot was created using BioRender (app.biorender.com).



ECM Composition

The ECM components include several proteins, such as collagens, laminins, fibronectin, or heparin sulfate proteoglycans, and many others. ECM proteins are produced by both stromal and tumor cells; however, cancer-associated fibroblasts (CAFs) are the main source for synthesis, secretion, and assembly of the ECM components, and hence critically involved in the modification of the ECM composition and organization. Besides their architectural role in providing an anchorage and support to the surrounding cells, ECM proteins transmit signaling which is interpreted and transduced by specific cell receptors (Nazemi and Rainero, 2020). Although each component of ECM plays a specific role in cancer progression, the role of collagen stands out, influencing invasive behavior through integrins, TRKs, discoidin domain receptors (DDRs), and other signaling pathways, a phenomenon which can be amplified in hypoxic conditions. Also, the interaction of collagen with other ECM molecules, such as fibronectin, laminin, and MMPs, influences cancer cell activity (Baghban et al., 2020). Collagen I, collagen IV α1 and collagen XIII α1 can induce linear invadopodia, both dependently or independently of integrins, but in some cases involving DDR1 (Juin et al., 2012, 2014; Miyake et al., 2017; Yan et al., 2018). In the family of laminins, it has been reported that AG73 and C16 laminin-111-derived peptides induce invadopodia formation in adenoid cystic carcinoma, fibrosarcoma, and bladder carcinoma cells (Nascimento et al., 2011; Siqueira et al., 2016).



Mechanical Signals

Besides its biochemical composition, biophysical characteristics of the ECM, including topography, stiffness/rigidity, molecular density, and tension, are strongly subject to remodeling under the influence of tumor stroma and cancer cells. Cancer cells adapt to mechanical alterations of the local stroma by transducing them into biochemical signaling events that guide and reinforce the invasion of cancer cells (Menon and Beningo, 2011; Mierke, 2019). Hence, more active invadopodia were formed upon mechanical stimulation (Alexander et al., 2008; Albiges-Rizo et al., 2009; Gasparski et al., 2017). The best-characterized mechanical cue in invadopodia-related function is linked to the compliance of the ECM, as enhanced formation and activity of invadopodia has been observed on stiff ECM compared to soft ECM (Alexander et al., 2008; Parekh et al., 2011; Aung et al., 2014; Berger et al., 2020). Depending on the means of stimulation, the same cell can organize its actin cytoskeleton into classical dot-like or linear invadopodia. Independently of growth factor stimulation, the dense network of fibrillar collagen, extensive deposition of fibrillar collagens in the tumor ECM as observed in advanced stages of cancers, is a crucial inducer of invadopodia in both tumor cells and stromal fibroblasts, which proteolytically degrade and remodel the surrounding ECM, governed by a complex integrin signaling network (Artym et al., 2015). However, some cancer cells preferentially form linear actin structures on fibrillar collagen I, characterized by the appearance of individual dots, without adhesion ring proteins (Juin et al., 2012, 2014; Schachtner et al., 2013; Di Martino et al., 2015). Other studies implicate tugging forces on the ECM fibers as a specific mechanical signal for the maturation of invadopodia and the increase in their length (Gasparski et al., 2017). Of note, while it has been long appreciated that tumor tissues are stiffer than more normal tissues, recently it has been highlighted that the tumor tissues are characterized by elevated viscosity and that cancer cells might generate forces to migrate through these confined matrices (Wisdom et al., 2018). In this context, invadopodia can generate protrusive, degradative, and contractile forces to initiate the matrix opening and physically expand the pores, where the length of the channel dictates the speed and distance of cell migration, followed by a protease-independent invasion through confining plastic matrices (Wisdom et al., 2018). These findings strongly support the idea that invadopodia are utilized in both protease-dependent and protease-independent migration, as two extremes of the mesenchymal migration, and that the mechanical plasticity of cancer cells linked to invadopodia permits that invasive cells can bypass the physical constraints (Wisdom et al., 2018). Recently, a new paradigm has been uncovered, where MT1-MMP acts both as an initiator and executor player of invadopodia and cell invasion in a type I collagen-rich ECM. Indeed, MT1-MMP might direct invadopodia assembly, favoring TKS5 recruitment and formation of mature invadopodia, while MT1-MMP proteolytic activity contributes to invadopodia expansion and collagen remodeling, by promoting matrix pore enlargement to facilitate tumor-cell invasion (Ferrari et al., 2019). In addition to ECM properties, the compliance of cells acts as a determinant of cell plasticity and as an inducer of invadopodia. Indeed, while cell cytoplasm is readily deformable, the nucleus is stiffer than the cytoplasm and this determines a nuclear rigidity and barrier deformability, dependent on lamin A, thus representing a factor limiting the invasion. Invadopodia are preferentially formed under the nucleus and their connection with the nucleus could have a role in the transmitting forces required for invadopodia to protrude through an ECM (Revach et al., 2015). Dissecting the mechanobiology connected to invadopodia, it has been proven an important mechanism that overcomes the limitation of cancer cell migration in constricting pores operated by nuclear stiffness. This mechanism depends on a specific linkage of the nucleus to the microtubule-centrosome network generating of forwarding nucleus pulling force, required for MT1-MMP endosome positioning and targeted delivery of MT1-MMP to invadopodia, leading to enlarged matrix pores and permitting migration, and avoiding nuclear deformations, loss of nuclear envelop integrity and DNA damage (Infante et al., 2018). Moreover, findings measuring the pushing forces generated by the invadopodia through the ECM provide a new perspective in which mature degradative invadopodia exert to ECM mechanical higher forces than non-degrading ones, thus enhancing cancer invasion (Dalaka et al., 2020).

These data suggest that invadopodia are plastic structures, highly adaptable to the matrix microenvironment and acting as matrix mechanosensory, thus reflecting the ability of the cells to exploit and invade different types of tissues and matrices and that mechanical stimulation may accelerate the rate of the maturation process enhancing cell invasion.



Interactions Between Cancer and Stromal Cells

In the tumor microenvironment, the reciprocal physical interaction between cancer and surrounding stromal cells represents a factor promoting invadopodia. CAFs play an important role in tumorigenesis, and their interaction with tumor cells occurs at several interfaces, including the production of ECM proteins, the release of nutrients, and cytokines that facilitate the metastatic progression. The complex and mutualistic interactions between tumor cells and neighboring fibroblasts are critically involved in matrix-degrading proteases secretion and ECM remodeling. Fibroblasts itself can degrade matrix independent of invadopodia, supporting invasion indirectly through mechanical regulation, or serving as “leader” cells (Brentnall et al., 2012; Goicoechea et al., 2014). In the cross-talk between tumor cells and fibroblasts, pancreatic cancer cells can induce, in a paracrine way, the expression of the cytoskeletal-related protein paladin and the conversion of fibroblasts into CAFs. In this process, the activation of Cdc42 and the formation of invadopodia generate migratory tracks through the ECM facilitating cells invasion (Goicoechea et al., 2014). In the same tumor type, the interaction of pancreatic cancer cells with pancreatic stellate cells, a major component of the dense stroma characterizing this tumor, results in their differentiation in CAFs, ECM remodeling, and the secretion of cytokines, hence accelerating invadopodia development and cell invasion (Hwang et al., 2019). Similarly, in Extramammary Paget’s disease (EMPD), a major life-threatening skin cancer, TGF-β produced by cancer cells upregulates podoplanin expression in peritumoral basal keratinocytes, mimicking the invasive front of squamous cell carcinoma and supporting tumor cell invasion via invadopodia (Cho et al., 2017).

Metastasis-associated macrophages (TAMs) are other key elements of the TME that significantly affect cancer cell motility and metastatic behavior. Throughout the metastatic cascade, a subset of TAMs accumulates within metastatic sites and the interaction with cancer cells allows them to invade, intravasate into the blood vessels and extravasate into secondary sites, by producing factors fueling cancer invasion and metastasis (Hanahan and Coussens, 2012). Several studies characterizing the mechanisms of tumor cell-macrophage interactions in cancer cell motility showed that the crosstalk between tumor cells and macrophages promotes invadopodia (Yamaguchi et al., 2006; Pignatelli et al., 2014, 2016; Roh-Johnson et al., 2014). In particular, the physical heterotypic contact between macrophages and breast cancer cells activates the RhoA pathway, resulting in increased invadopodium formation in tumor cells at blood vessels. Moreover, the direct contact between macrophages and breast cancer cells promotes MenaINV expression, causing sensitization of tumor cells to growth factor signals (Eddy et al., 2017) and tumor cell intravasation across an endothelial barrier (Pignatelli et al., 2016). A positive feedback paracrine loop between macrophages and cancer cells has been reported in head and neck squamous cell carcinoma. Indeed, cancer cells educate monocytes into M2-like macrophages by releasing C-C motif chemokine ligand 2 which in turn secrete EGF, hence increasing cancer cell motility by mean of invadopodia formation, facilitating tumor local invasion and distant metastasis (Gao et al., 2016).

These findings underscore the importance of fully understanding the contributions of the crosstalk between stromal cells and cancer cells in the tumor microenvironment, underlying the molecular and physical mechanisms regulating matrix remodeling, and invadopodia.



Metabolic Conditions

Cancer and stromal cells in TME are immersed in the metabolic conditions characterized by acidosis and low-tension oxygen, known as hypoxia, both considered central issues in tumor metastasis since in these conditions cancer cells have a higher tendency to metastasize (LaGory and Giaccia, 2016). Indeed, in most solid tumors, the rapid tumor growth can outpace their available blood supply with the occurrence of hypoxia. In response to hypoxia, a change in the gene expression pattern of cancer cells is produced, and hypoxia-inducible factors (HIFs) are the major transcriptional regulators in response to hypoxia, which consists of an oxygen-regulated HIF-α subunit (HIF-1α or HIF-2α) dimerizing with HIF-1β, involved in the transcription of genes strongly correlated with tumor growth, angiogenesis, and metastasis. Several findings demonstrated that under hypoxia pressure, cancer cells develop invasive capacities through invadopodia formation and activity (Arsenault et al., 2013; Harper et al., 2018; Yan et al., 2020). For instance, both HIF-1α and HIF-2α can regulate the expression of growth factors and receptors promoting invadopodia, as shown for PDGFRα, directly or dependent by Twist (Eckert et al., 2011; Hanna et al., 2013). Notch is another effector of hypoxia-dependent invadopodia formation in different cancer cells. Indeed, under hypoxia, Notch upregulates the activity of ADAM12 and downstream the shedding of HB-EGF, thus amplifying EGFR-dependent signaling (Díaz et al., 2013). An additional mechanism by which hypoxia might regulate invadopodia is linked to the enhanced activity HDAC6, a member of the histone deacetylase family. HDAC6 might regulate the acetylated level of tubulin and cortactin (Rey et al., 2011). Moreover, hypoxia might enhance HDAC6 tubulin deacetylase activity by upregulating EGFR (Arsenault et al., 2013). A direct link between hypoxia and LPA signaling for invadopodia formation and metastasis has been established. Under hypoxic conditions, LPA1 establishes Src-mediated crosstalk with EGFR, increasing the ability of cells to produce invadopodia (Harper et al., 2018). Moreover, hypoxia-dependent invadopodia regulation is related also to the ability to upregulate molecules involved in cytoskeleton remodeling, as observed for HIF-1α-dependent transcription of β-PIX (Hashim et al., 2013), N-WASP (Salvi and Thanabalu, 2016) or CSRP2, an actin-bundling protein (Hoffmann et al., 2018), or structural components of lipid rafts required for invadopodia formation and protease recruitment, such as caveolin-1 (Wang et al., 2012). Cellular adaptive program triggered by hypoxia via HIF-1α to regulate invadopodia includes also the expression of pH regulators, generating extracellular acidosis and contributing to effective matrix cleavage, through direct or indirect mechanisms (Busco et al., 2010; Lucien et al., 2011; Magalhaes et al., 2011; Brisson et al., 2013). For instance, carbonic anhydrase IX (CAIX), a HIF-1α-induced pH regulating enzyme, might be localized within invadopodia, coordinating activities of both MT1-MMP and actin-regulating proteins, essential for invadopodia elongation, ECM degradation and cell invasion (Swayampakula et al., 2017; Debreova et al., 2019). In addition, the acidification of the extracellular space as well as the increased intracellular pH by NHE1 drives invadopodia by controlling activation of proteases and disrupting the inhibitory interaction between cortactin and cofilin, thus allowing to cofilin-dependent actin polymerization and matrix degradation (Denker et al., 2000; Busco et al., 2010; Magalhaes et al., 2011; Antelmi et al., 2013; Beaty et al., 2014; Greco et al., 2014). These findings strongly indicate the need to dissect more in-depth how hypoxia and the extracellular acidosis act in determining the ability of cancer cells to form invadopodia, cross the ECM and initiate invasion in a cell-autonomous as well as in a non-cell-autonomous manner, further pointing to hypoxia as well as metabolic conditions as targets for therapeutic approaches. In the last years, it has been evidenced that invadopodia-related factors, such as kinase signaling, actin cytoskeleton regulators or proteases, are regulated by calcium (Ca2+) signaling, thus representing an interesting actor in invadopodia field and a potential therapeutic target (Iamshanova et al., 2017). Basically, in invadopodia, Ca2 + influx is required for the focal degradation of ECM through the upregulation of proteases, like MMPs and cathepsins (Cortesio et al., 2008). By using a model of melanoma cells, it has been revealed that Ca2 + oscillations act as a predisposing factor for invadopodia formation and activity through the involvement of STIM1 and ORAI1 channels, facilitating the assembly of invadosome precursors via activated Src, and regulating the focalized ECM degradation through the recycling of MT1-MMP (Sun et al., 2014). Moreover, within the Ca2+ microdomains the activation of Pyk2 initiates Src signaling cascade required for invasion (Lu et al., 2019). In glioblastoma multiforme cells, the expression and the activity of the major regulator of calcium-dependent signaling calmodulin correlate with the invasive capacity and invadopodia formation, by activating invadosome-associated proteins such as Src and NHE1 (Li et al., 2018). Moreover, this effect can be amplified by EGF, which promotes calmodulin translocation from the nucleus to the cytoplasm and its binding to Src and NHE1, further demonstrating the potency of the cooperation between different signaling converging on invadopodia. Beside these seminal works, the importance of calcium signaling is still far to be fully elucidated (Leverrier-Penna et al., 2020), and future investigations are warranted to determine the orchestrate molecular complex events linked to calcium signaling in regulating invadopodia and invasive behaviors.



CONCLUSION

Tumor plasticity provides a new explanation for the mechanisms of invasion, metastasis, and recurrence, suggesting that interfering with the mediators of tumor plasticity is a becoming strategy to treat malignant tumors. During cancer progression, malignant cells must encompass different barriers requiring the dynamic interactions of cancer cells with the microenvironmental elements, including embedded stromal cells. Mechanical and biochemical interactions are associated with the generation of intracellular contraction forces that in turn restructure the surrounding TME. At the interface between cancer cells and metastatic processes, invadopodia are plastic structures with the ability to adapt their functions to respond to cellular and microenvironmental changes. Emerging evidence demonstrated that invadopodia are essential for cancer cell intravasation (Gligorijevic et al., 2014) and extravasation into specific microenvironments permissive for metastatic colony growth (Leong et al., 2014; Williams et al., 2019), as reported in preclinical mouse models, both affecting the efficiency of metastasis. Moreover, results from the analysis of tumor surgical specimens strongly support the existence of invadopodia inside human tumors, further underscoring the clinical relevance of invadopodia for human tumor biology (Chen Y.C. et al., 2019).

Significant advances have been made in understanding how invadopodia formation and activity triggered, for instance, by growth factor receptors are subject to different mechanisms of regulation, depending on the type of cells in which receptors are expressed and activated, as well as on the TME. We have learned that some molecular mechanisms and signaling pathways involved in invadopodia regulation are shared among different receptors while others are purely receptor-specific, cooperating with each other’s and with microenvironmental conditions. We now appreciate how the crosstalk between cancer cells and the biochemical and mechanically altered TME impacts invadopodia and tumor progression, since invadopodia sense and respond to the physical environmental properties through mechanotransduction processes, which in turn may impact the TME. These findings point to an important need to integrate the knowledge of how highly invasive cells could discern the multitude of biochemical and biomechanical cues, and extend our knowledge beyond those cues currently recognized to promote cancer progression.

More in depth studies are needed to appreciate overall of invadopodia regulation, to evaluate the relevance of individual mechanisms in vivo and to establish how signals from growth factor receptors cooperate with signaling from intracellular structures and the rest of the microenvironmental machinery, to provide an integrated perspective which can be translated in therapeutic approaches in cancer. As our understanding of biochemical and biomechanical cues encountered the cancer cells to control invadopodia formation/activity evolves, we will take us closer to find novel means to predict outcomes and evaluate therapeutic targets and approaches to control metastatic cancer, by blocking also invadopodia.
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The outbreak of novel coronavirus disease 2019 (COVID-19) has become the largest health threat worldwide, with more than 34.40 million positive cases and over 1.02 million deaths confirmed. In this study, we confirmed that significantly differentially expressed genes in COVID-19 patients were mainly involved in the regulation of immune and inflammation-related signaling pathways. It is worth noting that many infected COVID-19 patients have malignant tumors, and their prognosis is poor. To explore the susceptibility factors of cancer patients, we assessed the expression of ACE2, TMPRSS2, and the endocytic regulator AAK1 in lung adenocarcinoma (LUAD) patients and explored their effects on immune infiltration. We found that the expression of ACE2 and TMPRSS2 in LUAD patients was significantly increased, which may explain why LUAD patients are susceptible to SARS-CoV-2, and the patients with high-expression genes presented increased infiltration of immune cells such as B cells and CD4 T cells. In addition, we also identified miR-432-5p as a potential targeted molecule and bexarotene as a potential targeted drug of the three genes through bioinformatic analysis and further verified the anti-inflammatory effect of bexarotene, providing new ideas for the treatment of COVID-19.

Keywords: coronavirus disease 2019 (COVID-19), severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), lung adenocarcinoma (LUAD), immune infiltration, inflammation


INTRODUCTION

The outbreak of coronavirus disease 2019 (COVID-19) caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) began in Wuhan, China, in December 2019 (Gorbalenya et al., 2020) and then spread rapidly around the world (Berry et al., 2020; Vaid et al., 2020; Wang et al., 2020). As of Oct 2nd, 2020, the World Health Organization (WHO) has reported more than 34.40 million confirmed positive cases and over 1.02 million deaths1. COVID-19 is a potentially fatal disease that has aroused public health concerns worldwide, and its high morbidity and mortality pose a major challenge as a public health problem for China and many other countries.

The severity of COVID-19 can range from mild to moderate with infection symptoms such as fever, cough, and fatigue to severe and fatal with symptoms characterized by respiratory dysfunction and/or multiple organ failure (Huang et al., 2020; Rothan and Byrareddy, 2020). Currently, the identification of the progression of COVID-19 mainly depends on clinical manifestations. There are no established biomarkers that can effectively predict disease progression. The treatment strategy for COVID-19 patients mainly focuses on providing supportive care, such as oxygenation, ventilation, and infusion management, and there are no vaccines or recognized specific antiviral drug regimens for the treatment of critical patients (Kupferschmidt and Cohen, 2020; Tobaiqy et al., 2020).

Coronaviruses use their spike proteins to bind and enter target cells through specific receptors. Severe acute respiratory syndrome coronavirus (SARS-CoV) was confirmed to use angiotensin converting enzyme 2 (ACE2) as a receptor to enter cells, and SARS-CoV-2 and SARS-CoV have 79.5% homologous sequences. Both bioinformatics modeling and in vitro experiments demonstrated that ACE2 was recognized as the receptor for SARS-CoV-2 entry into target cells, and the cellular protease TMPRSS2 for SARS-CoV-2 spike protein priming is also essential for target cell entry and spread (Hoffmann et al., 2020; Yan et al., 2020; Zhou et al., 2020). It is worth noting that cancer patients are more likely to be infected with COVID-19 than patients without cancer (Longbottom et al., 2016; Liang et al., 2020). ACE2 is also aberrantly expressed in many tumors, such as LUAD (Chai et al., 2020). SARS-CoV-2 enters target cells through ACE2-mediated endocytosis, and AP2-associated protein kinase 1 (AAK1) is one of the known regulators of endocytosis (Richardson et al., 2020). The destruction of AAK1 may interrupt the spread of the virus to cells and the intracellular assembly of virus particles (Lu et al., 2020). Considering the crucial role of ACE2, TMPRSS2, and AAK1 in the SARS-CoV-2 invasion of target cells and intracellular transmission, performing an analysis of the expression and distribution characteristics and related biological processes of ACE2, TMPRSS2, and AAK1 in cancer patients can help us better understand the pathogenesis of their susceptibility to COVID-19 and better explore potential novel treatment strategies.

In this study, we first performed enrichment pathway analysis and protein-protein interaction (PPI) network analysis on genes with significantly different expression characteristics between COVID-19 patients and normal subjects by analyzing the GSE147507 dataset in order to explore the genes and their functions that change significantly in the progression of COVID-19. Then, we focused on the expression characteristics and functions of SARS-CoV-2 Receptors including ACE2, TMPRSS2, and AAK1 in LUAD as well as their relationship with the level of immune infiltration and explored the potential therapeutic targets and drugs for ACE2, TMPRSS2, and AAK1, then further indicated the anti-inflammatory effect of SARS-CoV-2 Receptors inhibitor bexarotene, providing promising ideas for the treatment of COVID-19.



MATERIALS AND METHODS


Acquisition of Differentially Expressed Genes (DEGs) Between Healthy Subjects and COVID-19 Patients

The mRNA sequencing data of COVID-19 patients were obtained from the GSE147507 dataset (containing 2 normal samples and 2 COVID-19 patient samples) in the Gene Expression Omnibus (GEO) database (Blanco-Melo et al., 2020). Differential expression analysis is performed through the R package “edgeR.” Before performing the differential expression analysis, the variance of gene expression will be estimated; the degree of internal gene expression difference is estimated to see whether the difference in gene expression between groups is greater than the internal difference. If it is, the gene is defined as a differentially expressed gene. Then we use the package “edgeR” to standardize and the standardization method is as follows: In edgeR, the TMM method computes normalization factors that represent sample-specific biases. These factors are multiplied by the library size to yield the effective library size, i.e., the library size that we would have gotten if those biases were not present. The effective library sizes can then be used for various normalization purposes, most frequently as offsets in generalized linear models. We identified the obtained false discovery rate (FDR) as the adjusted P-value. The DEGs between COVID-19 patients and normal subjects were determined under the condition of absolute log2-fold change (FC) > 1 and the adjusted P-value < 0.05.



Functional Enrichment Analysis

Gene Ontology (GO) analysis was performed in The Database for Annotation, Visualization and Integrated Discovery (DAVID)2. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis of the DEGs was performed using ClueGO and CluePedia in Cytoscape software (version 3.5.1) (Shannon et al., 2003). P < 0.05 was considered to represent statistical significance.



Protein-Protein Interaction Network Analysis

The BioGRID database3 was used to perform PPI network analysis on the proteins encoded by the identified DEGs (Stark et al., 2006). The PPI network was constructed in an online gene function analysis website- Cytoscape software4, and the key PPI network modules were selected by the Molecular Complex Detection (MCODE) plugin (Bader and Hogue, 2003).



Estimation of the Infiltration of Multiple Types of Immune Cells

Cell-type Identification By Estimating Relative Subsets Of RNA Transcripts (CIBERSORT) analysis was applied to analyze the absolute abundance of 21 immune cells in heterogeneous tissues to evaluate the correlation between the level of immune cell infiltration and expression of ACE2, TMPRSS2, and AAK1 (Gentles et al., 2015). The R package “CIBERSORT” was used to convert the mRNA data of non-tumor cells into the tumor microenvironment infiltration level. For each sample, the sum of all estimated immune cell type scores is equal to 1. And Tumor Immune Estimation Resource (TIMER)5 (Li et al., 2017) was also used for interactively explore the associations between immune infiltrates and gene expression.



Weighted Gene Co-expression Network Analysis (WGCNA)

The DEGs between LUAD patient samples and normal samples in the TCGA database were used to construct a gene co-expression network with the R package “WGCNA” (Langfelder and Horvath, 2008). First, the transcription data of the DEGs were entered to establish an expression matrix. The best “soft thresholding power” β was graphically determined to ensure the scale-free distribution network, and a co-expression matrix was constructed using the expression matrix and the β value. Using the DynamicTreeCut algorithm, genes with similar expression levels were classified into the same gene module, resulting in co-expression modules. The module Eigengenes function of the WGCNA R package was used to calculate the differences of the module eigengenes (ME) and the relevance of the modules to ACE2, TMPRSS, and AAK1. A heatmap was used to visualize the relevance of each module. Pearson’s coefficient was calculated to assess the correlations between the genes in the modules and ACE2, TMPRSS, and AAK1.



Determination of the Co-regulated miRNA Factor for ACE2, TMPRSS, and AAK1

miRNAs targeted ACE2, TMPRSS2, and AAK1 were predicted in miRWalk6, miRanda7, RNA228, Targetscan9, and RNAhybrid10 with different algorithms. The databases to predict targeted miRNA with different algorithms predict a set of miRNA IDs rather than specific regulated sequences. miRNAs which are repeatedly predicted in at least 2 databases are identified as the targeted miRNAs of the genes. Then we overlapped the IDs of the three sets of miRNAs predicted by the three genes to obtain the IDs of the co-regulated miRNAs of the three genes, and subsequently we used the RNAhybrid10 database to determine the specific sequences of co-regulated genes regulating these three genes.



Exploration of the Potential Targeted Drug for ACE2, TMPRSS2, and AAK1

Potential targeted drugs for ACE2, TMPRSS2, and AAK1 were explored in the GDSC database11. We selected drugs whose response sensitivity is positively correlated with gene expression levels as the targeted drugs for the genes. And the targeted drugs for ACE2, TMPRSS2, and AAK1 were gathered to determine the potential targeted drug that can co-regulate these three genes.



RESULTS


Characterization of DEGs Between Healthy Subjects and COVID-19 Patients

The expression profile of the DEGs between healthy subjects and COVID-19 patients is shown in Figure 1A. Hierarchical clustering analysis was adopted to categorize genes with similar expression profiles into two groups. Through KEGG analysis of these DEGs, we found that the genes are mainly enriched in inflammation and immune-related signaling pathways, such as “lymphocyte activation,” “response to virus,” “antiviral mechanism by IFN-stimulated genes,” “regulation of immune effector process,” and “regulation of inflammatory response” (Figure 1B).
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FIGURE 1. Hierarchical clustering analysis and KEGG analysis of DEGs. (A) Hierarchical clustering analysis showed the expression of DEGs. Each row represents a single gene and each column represents a sample. (B) KEGG analysis presented the main enrichment pathways of DEGs.




Protein-Protein Interaction Network Analysis of DEGs

We performed PPI network analysis on the proteins encoded by the identified DEGs in the BioGRID database and constructed the PPI network in the Metascape website (Figure 2A; Zhou et al., 2019). The MCODE plugin in Metascape was used to determine important modules and related hub genes in the constructed PPI network, and chemokines such as CCR1, CCL19, CXCL10, and CXCL16 were identified to present the most obvious changes in COVID-19 disease progression (Figure 2B).
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FIGURE 2. PPI network and MCODE components were associated with DEGs. (A) PPI network of proteins encoded by DEGs. (B) The essential modules identified by MCODE from the PPI network. Level >6 is set as the cutoff criterion.




The Expression Profiles of ACE2, AAK1, and TMPRSS2 in LUAD Patients and COVID-19

The expression characteristics of SARS-CoV-2 receptors including ACE2, AAK1 and TMPRSS2 between LUAD patients and normal subjects were analyzed in the Oncomine database. ACE2 and TMPRSS2 exhibited significant overexpression in LUAD patients (Figures 3A,B), while there was no significant difference in the expression level of AAK1 between LUAD patients and normal subjects (Figure 3C). Then, we evaluated the expression of ACE2 and TMPRSS2 in lung cancer patients through IHC staining, and markedly upregulated expression of the two genes was presented in lung cancer patients compared with normal samples (Figures 3D,E). The finding that ACE2 and TMPRSS2 are highly expressed in patients with lung cancer may be part of the reason why LUAD patients are more susceptible to SARS-CoV-2 infection. The expression patterns of ACE2, AAK1, and TMPRSS2 were also evaluated in COVID-19 patients in GSE147507 to explore gene changes in the progression of the disease (Figures 3F–H). The results showed that compared with normal subjects, the expression levels of AAK1 and TMPRSS2 in patients who had been infected with SARS-CoV-2 were significantly down-regulated, suggesting that COVID-19 patients may consume lots of AAK1 and TMPRSS2 in the advanced stage of the disease.
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FIGURE 3. Expression characteristics of ACE2, AAK1, and TMPRSS2 in LUAD patients and COVID-19. (A–C) Differences in expression of ACE2 (A), TMPRSS2 (B), and AAK1 (C) between LUAD patients and normal subjects. (D–E) IHC staining showed expression patterns of ACE2 (D) and TMPRSS2 (E) in LUAD patients and normal samples. (F–H) Expression levels of ACE2 (F), TMPRSS2 (G), and AAK1 (H) in COVID-19 patients compared to normal subjects.




The Expression Levels of ACE2, TMPRSS2, and AAK1 Are Closely Related to the Infiltration of Immune Cells

The correlations between the infiltration of 21 immune cells and the expression levels of ACE2, TMPRSS2, and AAK1 performed through CIBERSORT analysis are presented in Figures 4A,C,E. The immune cells and their infiltration significantly affected by the expression levels of ACE2 and TMPRSS2 were relatively consistent; the infiltration levels of naive B cells, activated dendritic cells, CD4 memory T cells and CD4 regulatory cells were up-regulated in the ACE2 high-expression group and TMPRSS2 high-expression group (Figures 4B,D). The immune cell infiltration of patients with different AAK1 expression levels is presented in Figure 4F. The immune infiltration analysis results of TIMER2 were also relatively consistent with CIBERSORT analysis (Supplementary Figure 2A). The infiltration levels of B cells and CD4 T cells significantly increased in the groups with high expression of ACE2 and high expression of TMPRSS2 (Supplementary Figure 2B,C). And the AAK1 high-expression group also showed a high level of CD4 T cell infiltration (Supplementary Figure 2D). The cBioportal dataset12 (Cerami et al., 2012) showed ACE2 level was positively correlated with TMPRSS2 level (Figure 4G), the result maybe partially explained the consistence of immune cells infiltration. However, the correlation of other two genes was not significant difference (Figures 4H,I).
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FIGURE 4. The correlation between expression patterns of ACE2, TMPRSS2, and AAK1 and the infiltration of immune cells in LUAD patients. (A,C,E) The expression levels of ACE2 (A), TMPRSS2 (C), and AAK1 (E) are closely related to the infiltration characteristics of immune cells. (B,D,F) Differences in the infiltration of 21 immune cells between the high and low expression groups of ACE2 (B), TMPRSS2 (D), and AAK1 (F). (G–I) Correlation between the expression characteristics of ACE2 and TMPRSS2 (G), ACE2 and AAK1 (H), and AAK1 and TMPRSS2 (I). The “high” and “low” expression of ACE2 and TMPRSS2 are defined using the first and last quartile of the expression level.




WGCNA of DEGs Between LUAD Patients and Normal Subjects

To further explore to potential mechanism and signaling pathway of SARS-CoV-2 receptors including ACE2, AAK1, and TMPRSS2 in LUAD patients. WGCNA analysis was used to identify the co-expressive modules. A total of 15415 mRNA-sequencing profiles (535 LUAD samples and 59 non-tumor samples) were obtained from The Cancer Genome Atlas (TCGA) (up to May 15, 2020). In addition, 4674 DEGs between LUAD patient samples and normal samples were selected with an absolute log2-fold change (FC) > 1 and an adjusted P-value < 0.05. WGCNA (Langfelder and Horvath, 2012) of the DEGs was performed to identify highly synergistically changing gene sets and to explore the associations between these gene sets and ACE2, TMPRSS2, and AAK1 (Supplementary Figure 1). We found that the “MEbrown” and “MEblue” modules were significantly related to both TMPRSS2 and AAK1, while none of the modules had a clear correlation with ACE2 (Figure 5A). Then, we explored the correlations of the genes in the modules with TMPRSS2 and AAK1. These genes were determined to be not only highly related to their corresponding modules but also significantly related to TMPRSS2 and AAK1 (Figures 5B,C). GO analysis was further performed on these genes in the two modules. The results indicated that the genes in the “MEbrown” module were enriched in biological functions and pathways such as “cell-substrate adherens junction assembly,” “focal adhesion assembly,” “adherens junction assembly,” “cell-substrate junction assembly” and “adherens junction,” and the genes in the “MEblue” module were enriched in “vasculogenesis,” “endothelium development,” “regulation of body fluid levels,” “endothelial cell differentiation” and “cell-substrate adhesion” (Figures 5D,E).
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FIGURE 5. WGCNA of DEGs between LUAD patients and normal subjects for exploring potential mechanism and signaling pathway of ACE2, AAK1, and TMPRSS2. (A) Correlation of co-expression modules with ACE2, TMPRSS2 and AAK1. (B) Genes in the blue module are closely associated with TMPRSS2. (C) Genes in the brown module are highly correlated with AAK1. (D) GO analysis to explore signal pathways associated with TMPRSS2. (E) GO analysis to explore signal pathways associated with AAK1.




miR-432-5p Is a Coregulated Factor of ACE2, TMPRSS2, and AAK1

MicroRNAs (miRNAs) are a class of small non-coding RNA molecules that regulate gene expression by targeting the mRNA 3′UTR (Fabian et al., 2010). To explore the potential inhibitor of SARS-CoV-2 receptors including ACE2, TMPRSS2, and AAK1, we performed bioinformatics analysis and used more than two different types of prediction algorithms to clarify that ACE2, TMPRSS2, and AAK1 were regulated by miR-432-5p (Figure 6A) (Supplementary Table 1). The targeting sites of miR-432-5p and the three genes are presented in Figures 6B–D. Then, we explored the signaling pathways with which miR-432-5p mainly interfered with physiological and pathological processes such as inflammation, oncogenesis and negative regulation via Gene Set Enrichment Analysis (GSEA) (Hänzelmann et al., 2013). The top 5 positively regulated pathways are shown in Figure 6E, and the top 5 negatively regulated pathways are shown in Figure 6F. The result suggested that miR-432-5p was potential agent of SARS-CoV-2 receptors and playing an important role in tumor progression in the LUAD patients.
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FIGURE 6. Bioinformatics identified miR-432-5p as a co-regulatory factor of ACE2, TMPRSS2, and AAK1. (A) Venn diagram exhibits miR-432-5p was a co-regulatory factor of ACE2, TMPRSS2, and AAK1. (B–D) Targeting sites of miR-432-5p and ACE2 (B), TMPRSS2 (C), and AAK1 (D). (E,F) GSEA analysis presented top 5 positive regulatory pathways (E) and top 5 negatively regulatory pathways of miR-432-5p (F).




Bexarotene Is a Potential Target Drug of ACE2, TMPRSS2, and AAK1

In further exploring the clinical therapeutic value of targeting ACE2, TMPRSS2, and AAK1, we identified bexarotene as a potential targeted drug of all three genes in the GDSC database13 (Yang et al., 2013; Figure 7A and Supplementary Table 2–4). Bexarotene is a special retinoic acid X receptor (RXR) agonist, and RXRs play a key role in the proliferation, differentiation, apoptosis and angiogenesis of tumor cells through transcriptional regulation (Shen et al., 2018). The 3D structure of bexarotene is shown in Figure 7B. We used AutoDock software (version 3.6.1) to dock bexarotene with the three genes and found that bexarotene effectively docked with specific sites of ACE2 (Figures 7C,D). The docking analysis in AutoDock mainly showed hydrogen bonding between the gene and bexarotene. Bexarotene may bind to TMPRSS2 and AAK1 through ionic bonding, van der Waals forces or hydrophobic interactions, so AutoDock did not show the docking sites of bexarotene with these two genes. We further studied the specific mechanism of bexarotene in the Cancer Treatment Response Portal (CTRP) database13 and identified 87 genes that can be regulated by bexarotene. The correlation of these genes is shown in Figure 7E. GO analysis was performed to explore the signaling pathways in which the 87 genes were mainly enriched. The results demonstrated that these genes are mainly enriched in “cellular response to organic cyclic compound,” “response to acid chemical,” “signaling by nuclear receptors,” “response to reactive oxygen species,” and especially “response to lipopolysaccharide” signaling pathways (Figure 7F), indicating that bexarotene may participate in regulating inflammatory response. Figure 7G shows the core gene clusters within the 87 genes that have changed significantly during the development of LUAD.
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FIGURE 7. Bexarotene is a potential target drug of ACE2, TMPRSS2 and AAK1. (A) Venn diagram shows a Bexarotene is a potential targeted drug for all the three genes. (B) 3D structure of Bexarotene. (C,D) Possible docking site between Bexarotene and ACE2. (E) Correlation between genes regulated by Bexarotene. (F) The mainly signal pathways enriched by 87 genes regulated by bexarotene. (G) PPI network analysis of proteins encoded by the 87 genes.




Bexarotene Treatment Inhibited LPS-Induced Inflammatory Response in the Macrophage

To further explore the role of bexarotene in the inflammatory response, bexarotene was used to treated LPS-induced macrophage such as RAW264.7 and peritoneal macrophage. Then qPCR was used to measure the level of pro-inflammatory cytokines including IL-1β, IL-6 and TNF-a. The result showed the mRNA level of IL-1β, IL-6, and TNF-a was significantly inhibited in LPS-induced macrophage with bexarotene treatment both RAW264.7 macrophage and peritoneal macrophage (Figures 8A–F). In addition, DCFH-DA kit was used to detect reactive oxygen species (ROS) production in the LPS-induced macrophage. The result indicated the ROS generation was obviously suppressed with bexarotene administration in the LPS-activated macrophage including RAW264.7 macrophage and peritoneal macrophage (Figures 8G,H). The result suggested bexarotene treatment played an role in important in anti-inflammatory response, and the anti-inflammatory effect of bexarotene in the COVID-19 patients will also be further validated in our future research.
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FIGURE 8. Bexarotene inhibits LPS-induced macrophage inflammation. (A–C) Bexarotene significantly inhibited mRNA levels of IL-1β (A), IL-6 (B), and TNF-α (C) in LPS-induced RAW264.7 macrophages. (D–F) Bexarotene showed significant inhibition on mRNA levels of IL-1β (D), IL-6 (E), and TNF-α (F) in LPS-induced peritoneal macrophage. (G,H) The ROS generation was obviously suppressed with bexarotene administration in the LPS-activated RAW264.7 macrophage (G) and peritoneal macrophage (H).




DISCUSSION

The global outbreak of COVID-19 caused by the new coronavirus SARS-CoV-2 has become the largest health threat in almost all countries, bringing an unprecedented burden on the global medical system (Sun et al., 2020). The natural and adaptive immunity of immune cells is activated after SARS-CoV-2 infects tissues to prevent further invasion of the virus. Most patients with COVID-19 only show mild to moderate infection symptoms, but some patients have a disorder between natural and adaptive immunity, which aggravates local tissue lesions and leads to excessive inflammation (Lee et al., 2020). In particular, the “cytokine storm” caused by the release of large amounts of cytokines and chemokines can lead to acute lung injury and respiratory distress syndrome, endangering the lives of patients (Chen et al., 2020; Xu et al., 2020).

In the current study, when we explored the signaling pathways of DEGs between COVID-19 and normal samples, we found that these DEGs were mainly enriched in “response to virus,” “lymphocyte activation,” “antiviral mechanism by IFN-stimulated genes” and “regulation of inflammatory response,” which were related to the physiological processes of inflammation and immunity, demonstrating that genes with altered expression in patients infected with SARS-CoV-2 were associated with the regulation of inflammation and immune response. Recently a study used a large number of bulk RNA sequences and single-cell sequencing data to show that the immune response of COVID-19 patients is driven by IFN and causes a large number of immune cell infiltration (Lee et al., 2020), which is also consistent with our results. And the subsequent PPI analysis results in our study also confirmed that chemokines related to inflammatory responses, such as CCR1, CCL19, and CXCL10, and the immune response-related gene FPR1 presented significant expression changes in the progression of COVID-19.

Previous studies confirmed that SARS-CoV-2 invades host cells through the ACE2 receptor (Rivellese and Prediletto, 2020), and ACE2 is expressed not only in the lung but also in the gastrointestinal tract, kidney, heart, blood vessels and other organs and tissues, causing SARS-CoV-2 to damage not only the lung but also the heart and kidneys, as well as physiological systems such as the immune system and blood system, causing death in patients due to multiple organ failure and acute respiratory distress syndrome (Bourgonje et al., 2020). TMPRSS2 has also been studied and demonstrated to cleave at the spike proteins S1/S2 and S2 of the virus to initiate the conformational change of the spike protein and promote the entrance of the virus into the host cell through membrane fusion or endocytosis (Stahlmann and Lode, 2020). The expression of ACE2 and TMPRSS is the key factor affecting the first step of SARS-CoV-2 infection. It is worth noting that previous studies revealed that many infected COVID-19 patients were patients with malignant tumors, suggesting that tumor patients are susceptible people who need important attention in the prevention and control of COVID-19 (Liang et al., 2020). In this study, we analyzed the expression characteristics of ACE2, TMPRSS and the endocytosis regulator AAK1 in LUAD patients and found that the expression levels of ACE2 and TMPRSS in LUAD patients were significantly higher than those in normal subjects, indicating that the high expression of these genes in LUAD patients may be one of the reasons they are more susceptible to SARS-CoV-2 infection. However, some studies found that ACE2 and TMPRSS2 will decrease during disease progression (Kong et al., 2020), which may be related to the massive invasion of viruses and the consumption of these receptors. And our analysis results also consistently showed that the TMPRSS level of COVID-19 patients is significantly lower than that of normal subjects.

In the subsequent analysis, the infiltration characteristics of immune cells in the tumor tissue of LUAD patients were revealed to be closely related to the expression levels of ACE2, TMPRSS, and AAK1. Patients with high expression of ACE2 and patients with high expression of TMPRSS had relatively identical infiltration changes of immune cells. Compared with patients with low expression of these genes, patients with high expression exhibited higher infiltration fractions of B cells, activated dendritic cells and CD4 T cells. CD4 T cells play a critical role in attenuating or suppressing overactive innate immune responses during viral infection to maintain self-tolerance and immune homeostasis (Shaw et al., 2013). The significantly increased infiltration of CD4 T cells and B cells in LUAD patients with high expression levels of ACE2 and TMPRSS2 may cause an imbalance in immune regulation, making patients more susceptible to SARS-CoV-2 invasion, and the inflammatory response after infection is aggravated. While in the advanced stage of COVID-19, the CD4 cells exhibit functional exhaustion and the absolute number of them decreased significantly (Qin et al., 2020; Tan et al., 2020), and the expression of ACE2 decreased as well.

The gene sets identified by the WGCNA of DEGs between LUAD patients and normal subjects with high correlations with ACE2, TMPRSS2, and AAK1 and highly synergistic changes had biological functions and signaling pathways mainly concentrated in “cell-substrate junction assembly,” “cell-substrate adhesion,” “vasculogenesis” and “endothelium development,” which were related to the development of tissue cells and cell-mediated immunity (Tozeren, 1990).

In further exploring potential current treatment options for ACE2, TMPRSS2 and AAK1, we identified miR-432-5p as a potential targeting molecule with docking sites and regulatory functions for all three genes. MiR-432-5p plays a key role in tumor progression by regulating gene expression at the posttranscriptional level. MiR-432-5p has been revealed to inhibit the progression of LUAD by inhibiting the cell cycle to suppress cell proliferation (Chen et al., 2016). Studies have also found that miR-432 can negatively regulate the production of MCP-1 and the migration of monocytes to inhibit the inflammatory response (Liu et al., 2017). The specific regulatory effect of miR-432-5p on the expression of ACE2, TMPRSS2, and AAK1 is not yet clear, and we will further explore the mechanism of miR-432-5p in future studies. In addition, pharmacological analysis suggested that bexarotene is a potential targeted drug of these three genes. Bexarotene is a synthetic high-affinity retinoid X receptor agonist that is currently used clinically for the treatment of T-cell lymphoma (Talpur et al., 2002). In preclinical mouse models, bexarotene has also been confirmed to inhibit the occurrence of lung tumors (Zhang et al., 2019). Some studies have demonstrated that bexarotene exerts anti-inflammatory effects by downregulating the expression of interleukin (IL)-6, IL-8, monocyte chemoattractant protein 1 (MCP-1) and high mobility group box-1 (Li et al., 2019). In addition, we found bexarotene treatment obviously inhibited LPS-activated inflammatory response and ROS generation in the macrophage. These results suggest bexarotene maybe regard as a promising therapeutic strategy for COVID-19. Next, the anti-inflammatory mechanism of bexarotene and its regulating effects on ACE2, TMPRSS2, and AAK1 will also be further explored and validated in our follow-up studies.

Inevitably, the small dataset of COVID-19 with only 2 patients and 2 normal subjects is indeed the limitation of our study, which may affect the credibility of the results. Regrettably, as of now, the GSE147507 that we analyzed in this study is the only publicly available database containing COVID-19 patient information. In the future, we will conduct more in-depth analysis after obtaining more information of COVID-19 patients. Besides, whether bexarotene plays a role in patients with COVID-19 requires a large amount of preclinical data support, which is also the work we need to further explore.
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 ACE2, angiotensinconverting enzyme 2; COVID-19, Novel coronavirus disease 2019; CTRP database, Cancer Treatment Response Portal database; DEGs, differentially expressed genes; LUAD, lung adenocarcinoma; TCGA database, The Cancer Genome Atlas database; WGCNA, weighted gene coexpression network analysis; WHO, World Health Organization.
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1
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2
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3
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4
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5
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6
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7
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8
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9
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10
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11
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12
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13
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Major signaling pathways, such as Notch, Hedgehog (Hh), Wnt/β-catenin and Hippo, are targeted by a plethora of physiological and pathological stimuli, ultimately resulting in the modulation of genes that act coordinately to establish specific biological processes. Many biological programs are strictly controlled by the assembly of multiprotein complexes into the nucleus, where a regulated recruitment of specific transcription factors and coactivators on gene promoter region leads to different transcriptional outcomes. MAML1 results to be a versatile coactivator, able to set up synergistic interlinking with pivotal signaling cascades and able to coordinate the network of cross-talking pathways. Accordingly, despite its original identification as a component of the Notch signaling pathway, several recent reports suggest a more articulated role for MAML1 protein, showing that it is able to sustain/empower Wnt/β-catenin, Hh and Hippo pathways, in a Notch-independent manner. For this reason, MAML1 may be associated to a molecular “switch”, with the function to control the activation of major signaling pathways, triggering in this way critical biological processes during embryonic and post-natal life. In this review, we summarize the current knowledge about the pleiotropic role played by MAML proteins, in particular MAML1, and we recapitulate how it takes part actively in physiological and pathological signaling networks. On this point, we also discuss the contribution of MAML proteins to malignant transformation. Accordingly, genetic alterations or impaired expression of MAML proteins may lead to a deregulated crosstalk among the pathways, culminating in a series of pathological disorders, including cancer development. Given their central role, a better knowledge of the molecular mechanisms that regulate the interplay of MAML proteins with several signaling pathways involved in tumorigenesis may open up novel opportunities for an attractive molecular targeted anticancer therapy.
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INTRODUCTION

Developmental signaling pathways, such as Notch, Wnt/β-catenin, Hedgehog (Hh), and Hippo, are highly conserved in multicellular organisms. These signaling cascades play a significant role in embryonic development, to establish body plan and they are also involved in the onset/progression of several cancers. In eukaryotic cells, extracellular and intracellular signals can stimulate these pathways, which convert the stimuli in specific transcriptional events inside the cell. The transcriptional activation of eukaryotic genes is a multistep process, controlled by tightly regulated assembly of multiprotein complexes, constituted by transcription factors and co-regulators proteins (coactivators or co repressors) recruited on specific enhancers and promoters to determine the final outcome (Larivière et al., 2012). The transcription factors contain a specific DNA-binding domain that directly interacts with the DNA in a sequence-specific fashion, a multimerization domain and a transcription activation domain. In addition to the fundamental role played by transcription factors, several coactivators assemble in response to specific cellular signals. They dock to transcription factors and some of them trigger enzymatic activity to modify chromatin and recruit RNA polymerase II. Therefore, even though transcriptional co-regulators are unable to directly bind to the DNA, they are strongly required to control the transcriptional activation (Swygert and Peterson, 2014) and notably the composition of coactivators inside the complex is itself a dynamic response to signal transduction. Therefore, in response to the stimuli received by the cell, the coactivators are able to modulate the transcriptional outcome with dynamic changes of the components inside multiprotein complexes to generate an accurate and efficient regulation of gene expression (Rosenfeld et al., 2006; Krasnov et al., 2016).

In this review, we focus our attention on Mastermind-like (MAML) transcriptional coactivators family, firstly described as integral part of the Notch signaling pathway (Helms et al., 1999; Petcherski and Kimble, 2000b; Wu et al., 2000; Kitagawa et al., 2001), and now reported as pleiotropic interactors across multiple signaling pathways. Here, we recapitulate the ability of MAML proteins, in particular MAML1, in regulating the major developmental signaling cascades, starting from the canonical role played inside the Notch signaling, until the unexpected Notch-independent role carried out in Wnt/β-catenin (Alves-Guerra et al., 2007), Sonic Hh (Quaranta et al., 2017) and Hippo pathways (Kim et al., 2020). We also describe the relevant role for MAML1 in regulating both physiological or pathological settings, sustained by important transcription factors, as MEF2C (Shen et al., 2006), p53 (Zhao et al., 2007), RelA/NF-κB (Jin et al., 2010), EGR1 (Hansson et al., 2012), and Runx2 (Watanabe et al., 2013). Altogether these observations strongly suggest a central role for MAML1 protein in coordinating the interlinking among the main signaling networks, being able to function as a transcriptional “switch” to trigger specific biological processes. Given its pivotal role as interconnection point among several signaling pathways, it is not surprising that MAML1 protein is directly or indirectly involved in several disorders, including cancer. So, herein we also discuss the contribution of MAML proteins to malignant transformation. We report how MAML genes may be regulated by microRNAs and how some DNA viruses can modulate the expression of MAML proteins, thus sustaining viral carcinogenesis. Altogether, these events suggest that several controls are required to regulate the expression/activity of MAML proteins, being involved in several physiological or pathological processes.



CONVENTIONAL ROLE FOR MAML1 IN THE NOTCH SIGNALING PATHWAY


A Brief Overview on Notch Signaling

The Notch pathway is an evolutionarily conserved and finely orchestrated signal transduction, responsible for cell fate determination, embryonic patterning and development, in response to specific cues (Weinmaster, 1998; Artavanis-Tsakonas et al., 1999). The intracellular signals propagated by Notch receptors control a multitude of biological events, including proliferation, differentiation, survival and cellular death along different stages of metazoans development. Accordingly, it is largely demonstrated the involvement of the Notch signaling in regulating several processes, as neurogenesis (Lasky and Wu, 2005), myogenesis (Luo et al., 2005), vasculogenesis (Anderson and Gibbons, 2007), skin development (Lowell et al., 2000), and hematopoiesis (Radtke et al., 2005; Campese et al., 2009). Thus, it is not astonishing that alterations in one or more components of Notch signaling may cause multiple developmental (e.g., Alagille syndrome) and adult (e.g., aortic valve disease) disorders or several cancers, such as T-cell leukemia (Cialfi et al., 2013; Tottone et al., 2019), B-cell leukemia (Rosati et al., 2009; De Falco et al., 2018), breast (Diluvio et al., 2018; Giuli et al., 2019), colorectal (Reedijk et al., 2008; Pelullo et al., 2019a), ovarian (Choi et al., 2008; Ceccarelli et al., 2019), skin cancers (Cialfi et al., 2014; Zhang et al., 2016), and glioma (Catanzaro et al., 2017; Bazzoni and Bentivegna, 2019).

The activation of the Notch receptors (Notch in Drosophila, LIN-12, and GPL-1 in Caenorhabditis elegans and Notch1-4 in mammals) occurs upon binding to specific ligands (Delta and Serrate in flies, LAG-2 and APX-1 in worms, Jagged1-2 and Delta-like1-3-4 in vertebrates), expressed on neighboring cells. This occurrence determines sequential proteolytic cleavage events, sustained by ADAM (A Disintegrin and Metalloproteinase) and presenilin (PS)/γ-secretase complex, which allow the release of the intracellular domain of Notch receptor (ICN), able to move into the nucleus and to interact with CSL (CBF1/RBP-Jκ in mammals, Su(H) in Drosophila, and LAG-1 in C. elegans) a DNA-binding transcription factor (Artavanis-Tsakonas et al., 1999; Mumm and Kopan, 2000; Petcherski and Kimble, 2000a; Weinmaster, 2000). Following the most acclaimed model, once in the nucleus, ICN displaces the CSL repressors family, represented by CIR, N-CoR/SMRT, SPEN, SKIP, PDCD4, HDAC, SHARP, and KytoT2 and recruits transcriptional coactivators, including PCAF/GCN5, CBP/p300, and Spt6 transcription elongation factor and Mastermind (MAML) (Borggrefe and Oswald, 2009; Bellavia et al., 2018). A transcriptionally active CSL-ICN-MAML ternary complex assembles into the nucleus and it is able to drive the transcription of several target genes, including the Hairy/Enhancer of Split genes [H/E(spl); Hes genes in mammals], which encode a family of basic helix-loop-helix (bHLH) transcriptional repressors (Kageyama and Ohtsuka, 1999; Davis and Turner, 2001), p21WAF/Cip1 (Rangarajan et al., 2001), Cyclin D1 (Ronchini and Capobianco, 2001), Myc (Palomero et al., 2006; Weng et al., 2006), pTα (Bellavia et al., 2007), as well as components of its own signaling cascade, such as the Notch ligand, Jagged1 (Pelullo et al., 2014).

The ability of the Notch signaling pathway to regulate various physiological and/or pathological processes is easily observed in mammals, where the differential spatio-temporal distribution, both of receptors and ligands, underlies the main developmental processes, in a non-redundant manner. In addition, the recruitment of different Notch modifiers, such as Numb, Fringe, E3 Ub ligases, SUMO, and GSK 3β, modulates the Notch cytoplasmic recycling and protein–protein interactions, further regulating Notch signaling and its transcriptional activity (Giebel and Wodarz, 2012; Palermo et al., 2014; Antila et al., 2018). Finally, the capability of the Notch signaling to interact with other important morphogenetic pathways, such as Hh and Wnt, renders the Notch receptors capable to fully coordinate the expression of different target genes, both directly and indirectly (Pelullo et al., 2019b).



Mastermind: From Structure to Function in the Canonical Notch Signaling

Drosophila mastermind (DMam) is a neurogenic gene genetically associated with Notch function and isolated in early 1980 (Lehmann et al., 1983; Campos-Ortega et al., 1984; de-la-Concha et al., 1988). Firstly, DMam is detected on polytene chromosomes, able to colocalize with Groucho corepressor protein, suggesting that DMam is a nuclear protein implicated in transcriptional regulation (Smoller et al., 1990; Bettler et al., 1996). After, a Mastermind protein structurally distinct from Drosophila, but functionally similar, was identified in C. elegans and named Sel8 or LAG-3 (Petcherski and Kimble, 2000a,b). Concurrently, the human homolog of DMam was isolated and denominated Mastermind-like 1 (MAML1) (Wu et al., 2000). Few years later, two other members of Mastermind-like family (MAML2 and MAML3), which share a significant aminoacidic homology with the harbinger MAML1, are identified and characterized. The human MAML1-2 and -3 genes are located on chromosome 5q35.3, 11q22.3, and 4q28.3 and code for proteins of 108, 125, and 115 kDa, respectively. Based on biochemical and cellular studies, the MAML proteins are assimilated to transcriptional coactivators, characterized by unusual features typical to regulatory proteins, e.g., polyglutamines, transcriptional activation domains, and clusters of charged amino-acids that bind other proteins (Smoller et al., 1990; Bettler et al., 1996; Lin et al., 2002; Wu et al., 2002). In particular, MAML1 protein is characterized by one basic (ranging from 1 to 228 residues) and two acidic conserved domains (spanning residues 263 to 276 and 990 to 1016), located at the N- and C-terminal regions, which are, respectively, involved in ICN binding and in Notch-mediated transcriptional activation. Furthermore, two transactivation domains (TAD) are present: TAD1, located at the N-terminal region, ranging from 75 to 300 aa, and TAD2 that extends from 303 to 1016 aa at the C-terminal domain. TAD1 is involved in the nuclear localization of MAML1 through its NLS (nuclear localization sequence; ranging from 135 to 141 aa), peculiarly in the nuclear bodies, which probably represent nuclear zones transcriptionally active (Wu et al., 2002; Quaranta et al., 2017). Of note, the TAD1 domain is essential for the formation of the ICN-CSL-MAML1 ternary complex, which binds the promoters of specific target genes and determines their transcriptional activation (Kitagawa et al., 2001; Fryer et al., 2002; Nam et al., 2003). Intriguingly, the tri-dimensional structure of ICN-CSL-MAML ternary complex shows that only when the BTD (β-trefoildomain) domain of CSL and the RAM (RBP-Jκ associated molecule) domain of ICN are bound, an allosteric change occurs and generates a “binding groove,” where the accommodation of MAML1 protein is allowed. Then, MAML1 adopts an elongated α-helical shape that assures to its N-terminal domain the ability to a double touch with the RHR-C domain of CSL and the ankyrin domain of ICN (Kovall and Hendrickson, 2004; Nam et al., 2006). Then, according to the stepwise assembly of the Notch ternary complex, MAML1 is able to recruit other coactivators, such as histone acetyl-transferases (HATs) p300 and PCAF, via a direct binding through TAD1 domain. These events determine histone H3 and H4 acetylation at lysine residues, permitting the transcriptional activation of Notch target genes (Fryer et al., 2002; Wallberg et al., 2002). In detail, the N-terminal domain of MAML1 is able to interact with p300 and the p300-MAML1 complex allows the histone H3 and H4 acetylation, resulting in the transcription activation. Of note, MAML1 enhances p300 auto-acetylation and this event coincides with the translocation of p300-MAML1/acetylated histones in nuclear bodies. On the other side, MAML1 itself is a substrate of p300 activity at two conserved pair of lysine residues (Lys138/Lys139 and Lys188/Lys189). The coactivator p300 interacts with MAML1 through a proline-rich motif (PXPAAPAP) (Saint Just Ribeiro et al., 2007; Hansson et al., 2009), at residues corresponding to 81–87. Notably, the proline rich motif of MAML1 is not sufficient to stimulate p300 histone acetylation activity. In fact, an additional fragment of MAML1 (151 to 350 residues) is required for recruiting p300 acetyltransferase activity (Rogers et al., 2020). Recent is the finding that MAML1, via p300, is also able to recruit a new coactivator, NACK, on the ternary complex that, in turns, enrolls the RNA polymerase II to bind to the promoter region of Hes1, the known Notch target gene (Jin et al., 2017). Altogether these observations suggest that the MAML1 TAD1 domain (residues 75 to 301) is required to sustain Notch-dependent transcription (Figure 1).
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FIGURE 1. MAML1, as regulator of canonical Notch signaling. A schematic picture of canonical Notch signaling is represented in figure. The MAML1 coactivator is illustrated as TAD1/TAD2. The small colored dots correspond to post-trasductional modifications, such as phosphorylation (light red), ubiquitination (light gray), acetylation (light green) and sumoylation (light blue). The black truncated arrows indicate the negative molecular mechanisms on the pathway. The figure is widely discussed in the text.


In addition, the crucial role of Mastermind1 in driving the Notch transcriptional activation is demonstrated by using MAML1 dominant negative mutants (DNMAML1), without the N-terminal domain. These variant fragments are able to inactivate the ICN-CSL-MAML ternary complex, by competing with the wild-type forms, thus allowing Notch-signaling to be switched-off (Nam et al., 2003; McElhinny et al., 2008).

Likewise, glycogen synthase kinase 3 β (GSK3β) directly interacts with MAML1 N-terminus, but it is able to decrease Notch transcriptional activity, by inhibiting MAML1-dependent histone acetylation (Saint Just Ribeiro et al., 2009; Figure 1).

Interesting is the observation that the TAD1 domain mediates also the interaction of MAML1 with components of other pathways, such as MEF2C (Shen et al., 2006), p53 (Zhao et al., 2007), and EGR1 (Hansson et al., 2012), as described below.

In addition, the MAML1 TAD2 domain, placed at the C-terminal region (spanning 990 to 1,016 residues), contains glutamine-rich sequences that govern the MAML1 transcriptional activity (Fryer et al., 2002). It is not fully clear how the poorly characterized TAD2 domain can regulate Notch expression. It is known that it directly recruits the cyclin C:CDK8 (cyclin-dependent kinase 8) complex that inhibits Notch signaling by promoting phosphorylation-dependent ubiquitination of nuclear ICN and its sequential proteasomal degradation (Fryer et al., 2004). These events require the presence of CBF1/RBP-Jκ, which stabilizes the binding of MAM to ICN (Petcherski and Kimble, 2000b; Fryer et al., 2002; Figures 1, 2).
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FIGURE 2. The dynamic role of MAML1. Schematic diagram of MAML1 structure divided in TAD 1 (from 75 to 301 aa) and TAD 2 (from 303 to 1016 aa) domains. The picture highlights the most important interactors of MAML1.



The mammalian Mastermind proteins are widely expressed in embryonic and adult tissues following a differential spatio/temporal distribution and showing a different affinity/strength to interact with the Notch receptors (Wu et al., 2002). Accordingly, MAML1 deficiency in mice abolishes the development of splenic marginal zone B cells and partially impairs development of early thymocytes (Oyama et al., 2007). Notably, MAML1 null mice does not recapitulate total loss of Notch signaling, and Notch3 null mice show no apparent abnormalities. Conversely, mice null for both MAML1 and MAML3 die during the early organogenetic period, with classic pan-Notch defects, suggesting that the engagement of MAML is essential for Notch signaling (Oyama et al., 2011).

Notably, the differential expression and activity of MAML coactivators may also depend on post-translational modifications, such as SUMOylation and Ubiquitination processes. Lindberg and colleagues demonstrate that the SUMOylation process, at two evolutionary conserved lysine (Lys217 and Lys299) of Mastermind1, is able to enhance its interaction with HDAC7, which in turn represses the transcriptional activity of MAML1 itself (Lindberg et al., 2010). Similarly, Farshbaf and colleagues identify 8 lysine residues, spanning from 100aa to 800aa of MAML1, which are substrate for p300-mediated ubiquitination in the absence of Notch signaling to maintain low levels of MAML1 in the cell (Farshbaf et al., 2015; Figure 1).

Consistently with the above observations, MAML proteins may have potentially distinct roles in modulating Notch signaling activation in different cell types, taking into account their expression levels and binding force with different Notch receptors, finally contributing to the extraordinary diversity of Notch signaling outcomes in development (Lin et al., 2002; Wu et al., 2002).

Notably, an aberrant Notch signaling is strictly correlated with the onset and/or progression of several types of cancer. A strategy to switch off the oncogenic signaling is to inhibit the assembly of the ICN-CSL-MAML1 ternary complex into the nucleus. To this aim, a synthetic 16-residue peptide from the basic region of MAML1, stapled MAM peptide (SAHM1), is generated (Moellering et al., 2009). SAHM1 is able to associate with ICN and CSL in the Notch transactivation complex and to compete with full-length MAML1, functioning as a dominant negative inhibitor. SAHM1 treatments strongly suppress the expression of Notch target genes, with anti-proliferative effects in leukemic cells and a reduction of tumor progression, both in vitro and in vivo (Moellering et al., 2009). Moreover, a small molecule inhibitor derived from computer-aided drug design (CADD), named inhibitor of Mastermind Recruitment-1 (IMR-1), is identified. IMR-1 is able to inhibit the recruitment of MAML1 to the Notch-driven transcriptional complex, showing a negative impact on Notch target gene transcription and the ability to abrogate the growth of tumoral cells (Astudillo et al., 2016; Figure 1).



UNCONVENTIONAL MAML1 POSITIONING IN MAJOR SIGNALING PATHWAYS AT THE CROSSROAD BETWEEN DEVELOPMENT AND CANCER

Firstly identified in the canonical Notch signaling pathway, MAML1 is now recognized as integral component of the main signal transduction cascades, as Wnt/β-Catenin, Sonic Hh and Hippo pathways. In all of these signaling pathways, MAML1 shows a strong ability to convert a plethora of stimuli in several biological processes, such as proliferation, differentiation, tissue development, and tumorigenesis, by modulating the expression of specific target genes.


Wnt/β-Catenin Signaling Pathway

The Wnt/β-catenin signaling is an evolutionarily conserved pathway, vital for the development of living organisms, being able to modulate important processes, such as differentiation and proliferation (Nusse and Clevers, 2017). The activation of Wnt signaling occurs between adjacent cells that contact each other (Nusse and Clevers, 2017).

In the off-state, β-catenin is localized in the cytosol and prone to proteasomal degradation through β-TrCP activity (He et al., 2004). Wnt proteins are soluble ligands that induce signals through frizzled (Fzd) receptors and LRP5/6, low-density lipoprotein receptor-related co-receptors. Wnt binding induces the recruitment of the Axin to the complex Fzd-LRP5/6 through the scaffold protein Disheveled (Dvd) (Schwarz-Romond et al., 2007; Fiedler et al., 2011; Tauriello et al., 2012), ultimately resulting in β-catenin stabilization (Kishida et al., 1999; Mao et al., 2001; Cliffe et al., 2003), which moves into the nucleus. Once in the nucleus, β-catenin binds to TCF/LEF complex (Behrens et al., 1996), and displaces a repressor complex associated to Groucho, finally activating the transcriptional processes (Cavallo et al., 1998; Nusse and Clevers, 2017).

Wnt signaling deregulation is linked to the onset of many human cancers, including colon carcinoma and melanoma (Moon et al., 2004; Clevers, 2006), where the oncogenic effects of the Wnt pathway are mediated mainly by β-catenin. Several proteins, including MAML1, can contribute to enhance the transcriptional events, modulating β-catenin/TCF activity (Alves-Guerra et al., 2007). In particular, it is shown that the C-terminal region of MAML1 induces an increase in the transcriptional levels of cyclin D1 and c-Myc, important β-catenin effectors (Alves-Guerra et al., 2007). MAML1 and β-catenin interact each other both in vitro and in vivo, suggesting that MAML1 is recruited by β-catenin on promoters containing TCF-binding sites to reinforce efficiently the transcriptional activation and to trigger tumor transformation (Figure 3). In fact, MAML1 is required for β-catenin–mediated transcription of specific target genes in vivo and is essential for colon carcinoma cell survival. Accordingly, MAML1-depletion induces cell death in colon carcinoma cells and a reduction of Cyclin D1 and c-Myc expression levels, suggesting a pivotal role for MAML1 in colon cancer progression (Alves-Guerra et al., 2007).
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FIGURE 3. Unconventional positioning of MAML1 in the main signaling pathways. The figure depicts MAML1, indicated as TAD1/TAD2, inside the major signaling cascades, as Notch, YAP/TAZ, SHh and Wnt/β-catenin. The red dots represent phosphate groups. The cartoon is largely discussed in the main text.





The Sonic Hedgehog Signaling Pathway

Hedgehog Signaling (Hh) is an evolutionary conserved pathway that controls several physiological processes, such as embryonic development, tissue differentiation, cell growth and maintenance of stem cells (Varjosalo and Taipale, 2008; Gorojankina, 2016). Firstly identified in Drosophila, Hh is a morphogen released during blastoderm stadium, with a specific expression pattern able to sustain the development of anterior-posterior axis in the fly (Nüsslein-Volhard and Wieschaus, 1980; Heemskerk and DiNardo, 1994). In mammals, three paralogs of Hh are identified: Sonic hedgehog (SHh), Indian hedgehog (IHh), and Desert hedgehog (DHh). The three genes encode for three different proteins with specific functions: SHh plays a key role in the nervous system; IHh takes part in endoderm and bone tissue development and DHh controls the spermatogenesis (Bürglin, 2008).

The canonical Hh pathway is mediated by the interaction between a soluble Hh ligand (SHh, IHh, or DHh) to the Patched (Ptch1) receptor, characterized by twelve transmembrane spanning-domain (Hasanovic and Mus-Veteau, 2018). The ligand/receptor binding determines the co-receptor Smoothened (Smo) release, a class Fzd (class F) G protein-coupled receptor (GPCR), from Ptch1 inhibitory activity (Wang et al., 2013). The Smo activation triggers a powerful signaling cascade, sustained by an intricate network of interacting proteins (Gulino et al., 2012), which ultimately concludes with a dynamic activation and nuclear translocation of downstream GLI1/2 transcription factors to regulate the expression of specific target genes, including GLI1 itself. Interestingly, Hh signaling cascade regulates the transcription both of genes belonging to its own signaling pathway (i.e., gli1 and ptch1) and genes involved in important cellular processes, as proliferation, survival and differentiation (i.e., cyclinD1 and D2, c-myc, hes1, and bcl2) (Hooper and Scott, 2005). In particular, GLI1 protein plays a double role inside the Hh signaling cascade, both as downstream transcriptional effector and as specific target gene of the transduction pathway, representing a feedback loop used to monitor the activation status of the signaling and its effects (Sasaki et al., 1999; Regl et al., 2002). Persistent activation and/or deregulated control mechanisms (Di Marcotullio et al., 2006, 2011; Huntzicker et al., 2006; Zhang et al., 2009; Hui and Angers, 2011; Bufalieri et al., 2019) of Hh signaling pathway are strictly linked to tumorigenesis, maintenance of tumor-initiating/stem cells (Harris et al., 2012), and tumor invasiveness in several types of cancer (Wu et al., 2017). Recent experimental evidence strongly suggests an unconventional role for MAML1, as a novel transcriptional coactivator for Hh/GLI transcription factors, able to enhance the Hh signaling pathway, specifically in stem cells of the Drosophila ovary (Vied and Kalderon, 2009) and in cerebellum development in mammals (Quaranta et al., 2017).

The first evidence about the role of DMam as potential factor involved in the regulation of Hh pathway is in follicle stem cells (FSCs) in Drosophila ovary (Vied and Kalderon, 2009). More recently, a reliable characterization of MAML1 as partner for GLI proteins has been reported in mammalian cerebellum (Quaranta et al., 2017). Cerebellum development is a finely orchestrated process that begins during the prenatal period with the formation of four principal fissures (Lewis et al., 2004; Sillitoe and Joyner, 2007). The cerebellum granular cell progenitors (GCPs) are responsible for folia formation and for the increase in size of the cerebellum (Lewis et al., 2004; Sudarov and Joyner, 2007). It is known that the cerebellum development is regulated by SHh pathway that sustains GCPs proliferation and cerebellum foliation events (Dahmane and Ruiz-i-Altaba, 1999; Wallace, 1999; Corrales et al., 2004, 2006; Lewis et al., 2004). Impaired SHh signaling results in a reduced GCPs proliferation and the subsequent differentiation, leading to an impaired foliation (Dahmane and Ruiz-i-Altaba, 1999; Lewis et al., 2004). Bio-informatic analysis reported in Differential Atlas database demonstrates that MAML1 expression is more abundant in cerebellum, with respect to other human tissues. Interestingly, MAML1 is necessary to address the nuclear localization of GLI1, in particular into nuclear bodies, and specifically the MAML1 C-terminal region is required to enhance GLI1 transcriptional activity, suggesting a new role for MAML1 TAD2 domain (Figure 3). Accordingly, the SHh signaling pathway results to be strongly hampered in MEFs and GCPs derived from MAML1–/– mouse model (Oyama et al., 2007) with a negative impact on GCPs proliferation and cerebellum development in vivo, which strictly mimics the features of SHh−⁣/− mouse model (Lewis et al., 2004) and suggests a direct involvement of MAML1 as an integral component of SHh signaling in cerebellum development.

Moreover, in primary samples of SHh-driven medulloblastoma, the most frequent childhood brain tumor, MAML1 expression is higher when compared to other medulloblastoma subtypes or healthy cerebellum in in silico analysis. Given the above observations, MAML1 behaves as a potent transcriptional coactivator of GLI1 to strongly empower the expression of specific SHh target genes, suggesting that MAML1 may be considered as a novel therapeutic target for developing innovative cancer treatment to contrast cancer growth and proliferation (Quaranta et al., 2017).



The Hippo Pathway

The Hippo pathway, firstly discovered in Drosophila, is extremely conserved in mammals and acts as a key regulator of organ size and tissue homeostasis (Yu et al., 2015). The main effector of the Hippo signaling cascade is YAP/TAZ (Yes-associated protein/transcriptional coactivator with PDZ binding motif) that acts in cooperation with MST1/2 (Mammalian sterile 20-like 1/2 kinases), SAV1 (Salvador1) and LATS1/2 (Large tumor suppressor homolog 1/2 (Pan, 2010; Halder and Johnson, 2011; Yu et al., 2015) core kinase cassette, which shows phosphorylation ability on YAP/TAZ proteins. In particular, YAP and TAZ proteins act as transcriptional co-factors to regulate the expression of target genes. Noteworthy, YAP/TAZ is unable to directly bind onto DNA and the TEAD transcription factors (TEAD1-4), by acting as mediators of YAP/TAZ activity, allow the regulation of YAP/TAZ target genes expression (Zhao et al., 2008). To note, the Hippo pathway, through YAP/TAZ activity, enhances the expression of genes involved in cell proliferation, cell adhesion and cell migration. Different reports highlight the role of Hippo pathway in development, regeneration, and stem cell biology. Alterations in the regulation of the signaling cascade are correlated with the onset and progression of several tumors, such as hepatocellular carcinoma (HCC), pancreatic cancer, colorectal cancer, lung and breast cancer (Lin et al., 2018). Kim and colleagues demonstrate a significant role for MAML proteins to promote YAP/TAZ nuclear localization, showing also the ability to work as YAP/TAZ transcriptional co-factors, sustaining the transcriptional activity (Kim et al., 2020; Figure 3). Both MAML1 and MAML2 enhance nuclear localization and transcriptional activity of YAP/TAZ. Interestingly, MAML1 and MAML2 interaction with YAP/TAZ occurs between the WW domains of YAP/TAZ and an evolutionarily conserved PPxY motif of MAML1 and MAML2 at the C-terminal domain. Notably, MAML1 and MAML2 act as transcriptional coactivators through a trimeric complex with YAP/TAZ and the DNA-binding protein TEAD at the promoters of target genes, such as ANKRD1 and CTFG. A further mechanism of control for MAML1 nuclear localization is given by cell-density. The authors observe a major nuclear abundance of MAML1 and consequently of YAP/TAZ at low cell density (Kim et al., 2020). In particular, miR-30c, induced by high cell density, shows the capability to inversely regulate the expression of MAML1 inside the cell, impairing the nuclear localization and transcriptional activity of YAP/TAZ. Intriguingly, these observations may suggest that the miR-30c-MAML1-YAP/TAZ axis may be a potential therapeutic target for developing novel cancer treatment (Kim et al., 2020).

The role of MAML1 and MAML2, as novel regulators of YAP/TAZ, impinges on the oncogenic properties of the Hippo pathway, involved in the onset and progression of different human cancers (Lin et al., 2018), including colon and lung cancer, where the high levels of MAML1 and MAML2 positively correlate with poor prognosis, emphasizing the MAML1 and MAML2 ability to promote YAP-mediated tumorigenesis. Altogether, the experimental evidence identifies a novel role for MAML1 and MAML2 as transcriptional coactivators of the Hippo pathway.



MAML1 INTERACTION WITH OTHER TRANSCRIPTION FACTORS

Beyond the recently identified role played by MAML1 in SHh and YAP/TAZ signaling pathways, it is known that MAML1 can also functionally collaborate with different transcription factors involved in cell differentiation and cancer development, as described below.


MEF2C

In mammals, MEF2C is a member of MEF2 (Myocyte enhancer factor 2) gene family, key transcription factors involved in myogenic program during muscle differentiation. MEF2 proteins belong to the MADS box family, characterized by a DNA binding domain, the MADS-box, in the N-terminal region (Black and Olson, 1998). The myogenic program is regulated through MEF2s and MRFs (myogenic regulatory factors) activity. In particular, MEF2C regulates skeletal muscle-specific genes such as MCK, desmin, and myogenin (Black and Olson, 1998). It is reported that MAML1 is able to act as a coactivator for MEF2C transcription factor and to control MEF2C post-translational events to permit the recruitment of other factors, which may contribute to potentiate MEF2C-induced transcription (Shen et al., 2006). The binding site between MAML1 and MEF2C is mapped at the N-terminal domain of MAML1, the same region implicated in the interaction with Notch (Kitagawa et al., 2001; Fryer et al., 2002; Nam et al., 2003). In MAML1-null mice, Shen et colleagues observe muscle defects with a decrease of myogenin that results in muscular dystrophy, with a failure of MyoD-induced myogenic differentiation in embryonic fibroblast. The authors suggest a model for MAML1 activity, where in the absence of an activated Notch pathway, MAML1 serves as a transcriptional coactivator for MEF2C to enhance the transcription of genes involved in muscle development, such as muscle creatine kinase (MCK). Upon activation of the Notch signaling, caused by muscle injury, MAML1 switches its role to transcriptional coactivator for Notch, resulting in the expression of the Notch specific target genes, functioning as a molecule with a functional switch property (Shen et al., 2006).

Experimental evidence supports a role for micro RNAs in muscle differentiation (Rao et al., 2006). Actually, the miRNAs contribute to muscle homeostasis regulation and alterations in their expression pattern are found in several muscle disease, such as Duchenne muscular dystrophy and Becker muscular dystrophy (Eisenberg et al., 2007). Additionally, the role of long non-coding RNAs (lncRNA) seems to be very interesting. Notably, it is demonstrated that linc-MD1, a muscle-specific cytoplasmatic lncRNA, is able to regulate MEF2C and MAML1 expression during myoblast differentiation. In particular, linc-MD1 presents miRNA recognition motifs for miR-133 and miR-135 that target MAML1 and MEF2C, respectively (Cesana et al., 2011). In physiological condition, linc-MD1 acts as a decoy for miR-133 and miR-135, providing a positive modulation for MAML1 and MEF2C. By contrast, a depletion of linc-MD1 results in the binding of miR-133 and miR-135 to MAML1 and MEF2C with a consequent down-modulation of their expression levels. On the other side, the overexpression of linc-MD1 induces an up-regulation of MCK, a target of MEF2C and the rescue of linc-MD1 in Duchenne muscle cell results in an increase of MAML1 and MEF2C activity and a partial recovery of the myogenic differentiation program (Cesana et al., 2011). The results suggest a novel regulatory network for MAML1 and its interactors in muscle development. A better knowledge of the mechanisms involved in the MAML1 regulation may improve the therapeutic approach in muscular dystrophies.



p53

p53 is a tumor suppressor involved in cell responses to genotoxic stresses through the modulation of cell cycle, apoptosis and senescence expression genes (Lakin and Jackson, 1999; Vousden and Lu, 2002; Dimri, 2005). Upon DNA damage or stress stimuli, the p53 protein expression levels and its activity are regulated by post-translational modifications, including ubiquitination, acetylation, phosphorylation, SUMOylation and methylation (Brooks and Gu, 2003; Bode and Dong, 2004). An additional level of regulation is mediated by the activity of coactivators with histone acetyltransferase activity, such as p300, CBP, PCAF, or others as ADA3, able to regulate p53-mediated transcriptional responses (Sakaguchi et al., 1998; Grossman, 2001; Wang et al., 2001; Kumar et al., 2002; Mazzà et al., 2013). Among the different interactors, MAML1 is recognized as a transcriptional coactivator of p53 and the MAML1/p53 interaction is identified both in vivo and in vitro (Zhao et al., 2007). Specifically, the N-terminal region of MAML1 (1–302 aa) binds to the DNA binding domain (102–292 aa) of p53 and the ectopic expression of MAML1 enhances the p53-mediated transactivation of specific target genes, as Bax, Gadd45 and p21, in a dose-dependent manner. Notably, MAML1 plays a double role on p53, both as a transcriptional coactivator and as a protein modifier to stabilize the half-life of p53 protein upon DNA damage, by promoting phosphorylation and acetylation events (Zhao et al., 2007). Recent reports suggest a crosstalk between MAML1 and p53 in breast cancer development. Interestingly, it is suggested a model where p53 associates with the Notch-driven transcriptional complex, in a MAML1-dependent fashion, to inhibit the Notch-dependent transcription (Yun et al., 2015). Moreover, Shariat Razavi and colleagues demonstrate that the ectopic expression of MAML1 affects the EMT (epithelial mesenchymal transistion) markers expression, which results in an increased E-cadherin expression. This effect decreases the rate of migration in breast cancer cell lines, assuming a cooperation of MAML1 with other pathways, in particular p53, which is able to down-regulate the EMT markers expression (Shariat Razavi et al., 2019). The molecular mechanisms involved in this process have to be further clarified, but these data highlight an interesting role for MAML1 in allowing different outcomes, based on the crosstalk among different pathways and on the cellular context considered.



EGR1

The transcription factor Early Growth Response-1 (EGR1) is expressed in response to various extracellular signals and diverse stress stimuli. Stimulation by growth factors rapidly induces expression of EGR1, which subsequently leads to the activation of downstream growth pathways (Gitenay and Baron, 2009). EGR1 activity may vary in response to different cellular stimuli: EGR1 can induce apoptosis by stimulating either p53 or PTEN or can promote survival by counteracting p53-dependent apoptosis (Yu et al., 2006). In breast, brain and lung cancers EGR1 acts as a tumor suppressor (Liu et al., 1998). In contrast, in prostate and kidney cancers, EGR1 promotes tumor growth (Yu et al., 2004). The coactivator MAML1 is involved in the regulation of EGR1 mRNA and protein expression (Hansson et al., 2012). MAML1 physically and functionally interacts with EGR1 and together they colocalize in the nuclear bodies. The N-terminal domain of MAML1 (75–127 aa) is important in mediating the synergistic effect with EGR1. EGR1 is a substrate for acetylation process mediated by p300 (Yu et al., 2004), and MAML1 is able to regulate p300 activity by increasing p300 autoacetylation (Hansson et al., 2009). The acetylation process determines increased levels of EGR1 protein, which can strongly stimulate the expression of genes involved in cell growth and survival, playing a crucial role in prostate and kidney cancers (Yu et al., 2004; Gitenay and Baron, 2009). Furthermore, MAML1 may be involved in regulating the stability of EGR1, possibly by increasing the acetylation of EGR1 via p300. Finally, public data set reveal a positive correlation among an altered expression of MAML1, EGR1, and p300 in renal clear cell carcinoma (Hansson et al., 2012).



RelA/NF-κB

The mammalian nuclear factor-κB (NF-κB) family consists of five transcription factors, p50, p52, p65 (RelA), c-Rel, and RelB, which couple with each other to form hetero- and/or homo-dimers (Hayden and Ghosh, 2008). NF-κB regulates different cellular responses, such as proliferation, differentiation, programmed cell death, tumorigenesis, and plays a major role in inflammation and immunity (Chen and Greene, 2004). In the canonical pathway, NF-κB activity is inhibited by IκB regulatory proteins. Different cell stimuli (e.g., pro-inflammatory cytokines, growth factors, or antigen receptor triggering) activate IκB kinases (IKK) that phosphorylate IκB. The inhibitor complex is targeted to the 26S proteasome, resulting in the release of NF-κB that can enter the nucleus and activates the transcription of target genes (Chen and Greene, 2004). Interestingly, MAML1 regulates directly the NF-κB signaling (Jin et al., 2010) by interacting with p65/RelA and enhancing the NF-κB transcriptional activity. On the other side, MAML1 can induce IκBα phosphorylation, with its subsequent ubiquitination and degradation, affecting in this way the stability of the NF-κB inhibitor. These processes lead to an increase in NF-κB transcriptional activity via a RelA/MAML1 functional complex. Indeed, when co-expressed with MAML1, RelA switches its subcellular localization, from the cytoplasm to the nuclear bodies. The TAD2 domain, located at the C-terminus of MAML1 is involved in the binding with NF-κB (Jin et al., 2010). Notably, MAML1-deficient mice present a high degree of cell death in the liver that correlates with an increase in apoptotic cells, suggesting a defective NF-κB pathway in response to TNFα. Indeed, a normal NF-κB activity is required to protect cells from TNFα-induced cytotoxicity (Beg et al., 1995; Li et al., 1999). These data demonstrate that MAML1 is a p65/NF-κB interactor, able to regulate cell survival. Of note, a crosstalk between MAML1 and NF-κB is also required to control the cell viability in cervical cancer (Kuncharin et al., 2011).



RUNX2

Runt-related transcription factor 2 (Runx2) is involved in osteoblast differentiation and chondrocyte maturation during bone development. Runx2 belongs to the Runx transcription factor family and is characterized by a DNA-binding runt domain involved in the transcription of target genes (Komori, 2018). Differentiation from mesenchymal cells to osteoblasts is a finely regulated process that is coordinated through Runx2, Sp7, and Wnt signaling. In particular, Sp7 and Wnt control Runx2 enhancer activity to promote expansion of osteoblast progenitors (Kawane et al., 2014). Conversely, the Notch signaling inhibits Runx2-mediated transcription through Hes and Hey proteins, which act as Runx2 repressors (Hilton et al., 2008). A screening system for Runx2 transcriptional co-factors identifies MAML family members as enhancers of Runx2 activity (Watanabe et al., 2013). In particular, residues 343-711aa of MAML1 are essential for Runx2-mediated transcription of osteoblastic differentiation markers in vitro. The analysis of MAML1–/– mice long bones reveals a smaller mineralized region, when compared to the wild type mice. Moreover, histological sections of the area of primary spongiosa of the femoral diaphysis suggest skeletal defects in MAML1-null mice, due to an impairment of chondrocyte maturation. Interestingly, the inhibition of the Notch pathway do not affect MAML1-dependent Runx2 transcription, suggesting a Notch-independent role for MAML1 in Runx2 activity in bone development (Watanabe et al., 2013).



GENETIC ALTERATIONS OF MAML FAMILY MEMBER IN CARCINOGENESIS

Starting from the observation that MAML transcriptional coactivators play a critical role in activating Notch canonical signaling and in sustaining the crosstalk among the major signaling pathways, it is not surprising that MAML proteins deregulation is associated with a number of cancers. Notably, the most common genetic alteration in mucoepidermoid carcinoma (MEC) of the salivary and bronchial glands is a recurrent t(11;19) (q21;p13) chromosomal translocation, resulting in a fusion transcript containing the exon 1 of the N-terminus of the MEC translocated 1 gene (MECT1) with the transactivation domain of MAML2 (corresponding to exons two through five) (Nordkvist et al., 1994; Tonon et al., 2003; Bell and El-Naggar, 2013). The MECT1-MAML2 chimeric transcript product is able to activate Notch specific target genes in the absence of any Notch specific ligand (Kaye, 2006; Bell and El-Naggar, 2013), leading to the disruption of normal cell cycle, of differentiation processes and promoting the tumorigenesis (O’Neill, 2009). MECT1-MAML2 fusion is also found in other types of glandular benign tumors, as Warthin’s tumors (Enlund et al., 2004) and in clear cell hidradenoma of the skin (Behboudi et al., 2005). Likewise, MLL is a fusion partner of MAML2, resulting from inv(11) (q21q23), in secondary acute myeloid leukemia (AML) and in myelodysplastic syndrome (MDS). In the chimeric protein, the exon seven of MLL is fused to exon two of MAML2. The MLL-MAML2 fusion protein contributes to carcinogenesis in AML and MDS, by disrupting the Notch signaling pathway (Nemoto et al., 2007). Interestingly, a recurrent YAP1-MAML2 chimeric transcript is the result of the fusion between TEAD-binding domain of YAP1 region with the transcriptional activation domain of MAML2. YAP1-MAML2 fusion proteins play a role as activators of the Hippo pathway in several cancers, including glioblastoma, ovarian carcinoma, head and neck carcinoma, nasopharyngeal carcinoma and skin cancer (Valouev et al., 2014; Picco et al., 2019). Interestingly, YAP1-MAML2 chimeric transcript works as oncogenic driver gene, able to trigger the onset/progression of the tumors (Picco et al., 2019). YAP1-MAML2 fused transcript is also identified in poromas and porocarcinoma, where the chimeric protein promotes anchorage-independent growth in epithelial cells (Sekine et al., 2019). Interestingly, high levels of expression of MAML2 are detectable in B cell-derived lymphoma types, when compared to normal tonsillar B cells. An aberrant expression of MAML2 provides an alternative mechanism able to force Notch signaling activation in human lymphoma cells, finally promoting carcinogenesis (Köchert et al., 2011).

MAML3 is also directly involved in the process of carcinogenesis. Notably, MAML3 plays an important role in neuroblastoma progression, where it mediates the resistance to retinoic acid (RA), a drug largely used in neuroblastoma treatment, promoting hyperproliferation of tumoral cells (Heynen et al., 2016). A novel PAX3-MAML3 chimeric protein is found in Biphenotypic sinonasal sarcoma (SNS), a tumor of the nasal and paranasal areas. The translocation t(2;4) (q35;q31.1) leads to fusion transcript that associates exon 1–7 of PAX3 with exon 2–5 of MAML3. The chimeric protein works as a potent transactivator of PAX3 response elements with a forced expression of target genes involved in neuroectodermal and myogenic differentiation (Wang et al., 2014).

In addition, an aberrant expression of MAML1 is described in esophageal squamous cell carcinoma (ESCC), human HCC and in head and neck squamous cell carcinoma, where it correlates with the clinicopathological features of tumors, predicting poor prognosis (Forghanifard et al., 2012; Wang et al., 2016; Hashemi Bidokhti et al., 2017; Ardalan Khales et al., 2018; Moghbeli et al., 2019). Recently, novel reports identify a role for MAML1 in T-cell acute lymphoblastic leukemia (T-ALL) in the axis MAML1-SP1-TRIM59, and in breast cancer through the miR-133a-3p/MAML1/DNMT3A positive feedback loop, indicating MAML1 as a potential therapeutic target for these pathological contexts (Cheng et al., 2019; Shi et al., 2019).

Finally, it is noteworthy that in silico analysis reveals the presence of some MAML1 mutations in several cancer cell lines. These aberrations are mainly represented by nonsense and frameshift mutations and they could affect both the stability and the folding of MAML1 with functional consequences for Notch signaling (Farshbaf et al., 2015).



ROLE OF MAML FAMILY MEMBERS IN VIRAL CARCINOGENESIS

Mastermind-like 1 is an interactor of E6 oncoproteins, encoded by bovine papillomavirus type 1 (BPV-1) and by β-human papillomavirus (β-HPV), through the binding mediated by the acid LXXLL α-helical motif, located at the C-terminal acid domain (Brimer et al., 2012; Tan et al., 2012). E6 proteins preferentially associate with MAML1, only BPV1 E6 interacts with MAML3 in addition to MAML1, and CPV7 E6 prefers to bind to MAML2, with respect to MAML1 (Brimer et al., 2017). The E6/MAML interaction determines a viral antagonism on Notch pathway, repressing the transcriptional activation of Notch target genes in epithelial cells. Interestingly, BPV-1 and β-HPV can sequester MAML1 through E6/MAML1 interaction, able to inhibit epithelial differentiation and to promote cancer progression in epithelial cells (Brimer et al., 2012; Tan et al., 2012; South et al., 2014). Accordingly, Notch pathway inactivation is reported in squamous cell carcinoma of the head and neck (Stransky et al., 2011; Wang et al., 2011), suggesting a crucial role of Notch signaling as a tumor suppressor in squamous epithelial cells. In addition, β-HPV5 and β-HPV8 are also associated with lesions and skin cancers in patients suffering of epidermodysplasia verruciformis or in immunosuppressed patients following organ transplantation (Orth et al., 1978). In addition, in neuroblastoma cells, MAML1 cooperates with ORF2, a protein encoded by latency-related (LR)-RNA by bovine herpesvirus 1 (BoHV-1), to stabilize β-catenin and enhance the transcription of target genes. ORF2 and MAML1 co-expression induces cell survival of latently infected neurons with BoHV-1. The stabilization of β-catenin through ORF2 and MAML1 promotes neuronal survival and differentiation, suggesting that MAML1/Wnt signaling relationship is important to maintain BoHV-1 latency and its oncogenic potential (Liu et al., 2016).



CONCLUSION

Notch, Wnt/β-catenin, Hh and Hippo are essential transduction pathways that play pleiotropic roles during vertebrate development and their deregulation may sustain the process of tumorigenesis. Each of these major pathways responds to distinct external/internal cellular stimuli that result in a coordinated set of molecular events, whose endpoint is a tight regulation of gene transcription. The broadly accepted paradigm of transcription regulation in eukaryotic cell is a multistep process, strictly controlled by a concerted action of transcription factors and coactivators that build protein assemblies, following a precise sequence for mediating gene activation.

Despite the original identification of MAML1 as a component of Notch signaling pathway, MAML1 may be considered as “master regulator,” showing the ability to integrate different signaling pathways and to activate distinct biological programs in different tissues. Accordingly, MAML1 may activate several other co-regulators inside the canonical Notch signaling, such as p300 and CycC:CDK8, to amplify the signaling process, or interact with components of other signaling pathways, as GLI1/2, β-catenin, and YAP/TAZ (Figure 2). Indeed, the MAML1 coactivator shows an outstanding ability to transcriptionally regulate factors belonging to major signaling pathways, governing important developmental processes. Altogether these observations strongly suggest a central role for MAML1 in coordinating the crosstalk among important signaling pathways, functioning as a master dynamic transcriptional “switch” to sustain biological processes (Figure 3). The crosstalk may result in the recruitment of different coactivators or corepressors following mechanisms of competition or synergy with factors belonging to different signaling pathways and supporting the fine-tuned transcriptional responses, by sustaining the organization of an active multiprotein transcriptional complex. How MAML1 can integrate the external cellular stimuli and address them toward a specific outcome, it is not fully known. Unlike, it is well known that MAML proteins dysregulation is strongly associated with several kinds of human cancers. In this regard, it is intriguing the observation that an aberrant MAML1 expression/activation may disrupt not only the directly related pathway, but also the interconnected signaling cascades, leading to an unbalanced crosstalk that culminates in a series of disorders or cancer development. Certainly, additional investigations are required to better characterize functions of MAML proteins in the different human malignancies where they are involved. Important questions remain to be addressed regarding the molecular characteristics/mechanisms that sustain the MAML1 versatility in coordinating different signaling pathways. This accurate characterization will open numerous possibilities toward new therapeutic approaches by using MAML members as targets in the treatment of cancer.
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H uman papillomavirus (HPV) is considered the main cause of the increasing incidence rates of oropharyngeal squamous cell carcinoma (OPSCC), and soon, the global burden of HPV-related OPSCC is predicted to exceed that of cervical cancer. Moreover, a different molecular profile for HPV-related OPSCC has been described, opening new promising targeted therapies and immunotherapy approaches. Epigenetic and microbiome-based exploration of biomarkers has gained growing interest with a view to the primary oropharyngeal cancer (OPC) screening. Understanding the role of the epigenetic mechanism and the changes that occur during pathogenesis shows appreciable progress in recent years. The different methylation status of DNA and miRNAs demonstrates the value of possible biomarkers discriminating even in different stages of dysplasia. Through whole-genome bisulfite sequencing, differentially methylated regions (DMRs) hold the key to recover missing information. O n the other hand, the microbiota investigation signifies a new biomarker approach for the evaluation of OPC. Along with known cofactors playing a major role in microbiota differentiation, HPV-related cases must be explored further for better understanding. The dynamic approach of the shotgun metagenomic sequencing will robustly fill the gap especially in species/strain level and consequently to biomarker detection. The constantly growing incidence of HPV-related OPC should lead us in further investigation and understanding of the unique features of the disease, more accurate diagnostic methods, along with the development and implementation of new, targeted therapies. This paper comprehensively reviews the significance of biomarkers based on epigenetics and microbiome profile in the accuracy of the diagnosis of the HPV-related cancer in the oropharynx.
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INTRODUCTION


Epidemiology

Head and neck squamous cell carcinoma (HNSCC) is the eighth most common cancer worldwide (Stein et al., 2015). H uman papillomavirus (HPV)-related oropharyngeal squamous cell carcinoma (HPV-OPSCC) accounts for 25–30% of all HNSCC total cases (Tanaka and Alawi, 2018). HNSCC displays different characteristics in clinical symptoms, epidemiology, and treatment (surgical and pharmaceutical) because of the head and neck anatomical subsites and of the HPV presence in some of these cancers (Pan et al., 2018). HPV-OPSCC patients are usually described as white men, about 60 years old, little tobacco exposure, higher socioeconomic status, increased sexual behavior usually with same-sex contact, and earlier age at sexual debut. Among white people, about 1.8 women and 9.4 men per 100,000 were diagnosed with HPV-associated oropharyngeal cancer (OPC) (Centers for Disease Control and Prevention, 2020b). Predictions of the global percentage of HPV-OPSCC cases are about to transcend cervical cancer soon. HPV was first discovered by Jabłoñska and Gerard Orth in 1978 where they demonstrated that the virus was able to infect basal keratinocytes in the skin or mucosal membranes (Human Papillomaviruses, 2006). In 1983, Syrjänen (2005) was the first to describe the link between HPV infection and HNSCC. Later on, the explicit aspect of HPV-related cancers in the cervix was confirmed by Harald zur Hausen (Nobel Prize in Medicine 2008) (Pytynia et al., 2014).

However, difficulties in distinguishing the type of cancers arise from the oral cavity and the cancers from the oropharynx. Today, it is well established that HPV infection is a significant risk factor for the development of OPSCC.

Most importantly, HPV is the causal agent, about 70% (Centers for Disease Control and Prevention, 2020a), in a subset of OPSCCs, and the rising number of HPV-positive OPSCC patients has led to novel considerations regarding the diagnosis and therapeutic management of these patients.



Diagnosis

HPV detection in OPCs is based on the concomitant assessment of p16 expression by immunohistochemistry (IHC) and the presence of the viral DNA by polymerase chain reaction (PCR)-based approaches. Interestingly, the association between p16 expression and HPV positivity does not exist among the non-OPCs. Although the assessment of p16 expression is routinely used along with the diagnosis of HPV infection, the gold standard remains the detection of HPV E6 and E7 messenger RNA (mRNA) expression via quantitative reverse transcription-PCR (qRT-PCR). This is indicative of a transcriptionally active virus within tumor cells (Ndiaye et al., 2014). Different technical methods are used to detect the existence of the HPV, such as in situ hybridization, Southern hybridization, and differential techniques to collect tumor tissues and samples. Hence, a substantial diversity concerning the percentage of HPV-related cancer exists. The use of saliva-based assays has been proposed as a simple and rapid test for detecting HPV-HNSCC, though it remains a subject for validation (Wasserman et al., 2017). For an accurate diagnosis of HPV-OPSCC, the importance of a patient’s history and physical examination, along with appropriate imaging, cannot be overemphasized (Lydiatt et al., 2017). In asymptomatic OPSCC patients, an enlarged lateral neck mass may be noticed, which often indicates metastasis to the cervical lymph node. Such occurs commonly in OPSCC due to the relatively late detection of the tumor. As the tumor progresses, symptoms such as dysphasia or tonsillar pain may present. Precancerous lesions may not be easily visualized or palpable during routine ear–nose–throat (ENT) examinations because of the preferred anatomic sites (tonsils, base of the tongue) of HPV-OPSCC. Ultimately, only a tissue biopsy provides histopathologic confirmation of the tumor. The HPV status of the tumor can be revealed by PCR or immunohistochemical staining, as previously discussed.



Treatment

There are now data supporting the assumption that the HPV-OPSCC is a clinically distinct subset of HNSCC. HPV-OPSCC is associated with an overall better treatment outcome than non-HPV-OPSCC, with a higher survival rate and lower adverse effects being reported (Ang et al., 2010). In particular, HPV-OPSCC has shown a more supportive outcome when treated with radiation, either alone or with concomitant chemotherapy. In the current edition of the American Joint Committee on Cancer (AJCC) manual, HPV-OPSCCs are distinguished from non-HPV-OPSCCs. Clinical (cTNM) and pathologic TNM (pTNM) are used to stage p16-positive, high-risk HPV-OPSCC. cTNM is applied to all patients with p16-positive, high-risk HPV-positive OPSCC, whereas pTNM is used only for patients who undergo surgery for their cancers (Hoffmann and Tribius, 2019). An example of one of the striking changes is reflected in the reclassification of a p16-positive OPSCC cancer (2 cm tumor with two positive ipsilateral lymph nodes, T1N2M0) from stage IV in the previous AJCC manual to stage I. Although some challenges exist, including the potential difficulty of identifying the primary tumor site in advanced-stage OPSCC and a lack of case-controlled studies, better prediction of HPV-OPSCC prognosis is expected using both the clinical and the pathologic data sets (Wang et al., 2015). The molecular mechanisms underlying the differences in treatment response between HPV-positive and negative OPSCC remain unclear. A recent study suggests that p16 sensitizes HPV-positive tumor cells to ionizing radiation by inhibiting homologous recombination-mediated DNA repair (Dok et al., 2014). Although, the exact mechanism that increases the survival of HPV-positive OPSCC remains to be more fully elucidated.

Overall, laboratory detection methodologies of HPV-HNSCC patients do not apply same-scale sensitivity to all cases, resulting in misdiagnosis and inability to receive appropriate treatment. New insights will emerge through the discovery of biomarkers with high sensitivity and specificity and with dynamic prospects for tests of each anatomical site. Moreover, non-invasive screening must be further investigated through large-scale studies for early diagnoses, such as the cervix cases (Agorastos et al., 2019).



EPIGENETICS


DNA Methylation Status of Head and Neck Squamous Cell Carcinoma

DNA methylation is the epigenetic mechanism that is mainly involved in the physiological control of genome expression. The process by which DNA methylation functions to repress gene transcription from gene promoter regions is altered upon the development of cancer. Factors implicated in changes and inducing hypermethylation or hypomethylation pertain to alteration of the activity of DNA methyltransferases (DNMTs), inflammation, and viral infection (Toyota and Yamamoto, 2011). The role of hypermethylation is comprehensible in different types of cancer, whereas hypomethylation, acknowledged as being associated with repeated DNA sequences (Ehrlich, 2009), remains relatively less explored. Findings in a study in B cell chronic lymphocytic leukemia (B-CLL), emerges the interactive role of hypermethylation and hypomethylation status (Kushwaha et al., 2016). When it comes to HPV-related cancer, hypermethylation has been covered with sizing studies initially focusing on DNA methylation of either the virus or the host.

The hypermethylated promoter of tumor suppressor genes is considered to initiate carcinogenesis and to affect all cellular pathways with a tumor type-specific profile. Therefore, tumor suppressor genes represent the primary choice for biomarker exploration. RASSF1A, TIMP3, and PCQAP/MED15 were presented as a four-panel approach for the earliest possible identification of the incidence of oral cancer (OC)/OPC (Liyanage et al., 2019). Remarkably, the de novo methylation of the promoter CpG islands of the RASSF1A gene triggers the initiation of OC (Ovchinnikov et al., 2012; Wen et al., 2018). The PITX2 gene, which regulates the cell cycle, has been found to be hypermethylated in HNSCC samples and highly correlated with the HPV positivity. Additionally, oropharynx and oropharyngeal tumors presented higher levels of methylation compared to other tumor sites (Sailer et al., 2017). The IDO1 gene encodes indoleamine 2,3-dioxygenase, whose increased expression has been associated with viral and bacterial infections as well as tumor pathogenesis. In HPV-associated tumors (HNSCC), increased expression of the IDO1 gene was found in conjunction with significantly lower DNA methylation in the promoter flank region. The research results were verified by further investigations of the regulator interferon γ (IFNγ) and the expression levels of all genes involved in the pathway [interferon gamma (IFNG), signal tranducer and activator of transcription (STAT)1, STAT2, Janus kinase (JAK)2, and IFN regulator factor (IRF)9] were positively correlated (Sailer et al., 2019). The sal-like 3 protein (SALL3) binds to DNA methyltransferase 3 alpha (DNMT3A), and the silencing of this gene is involved in the regulation of cell growth (Shikauchi et al., 2009). In the case of HNSCC, SALL3 hypermethylation was associated with the expression of two of the three 10–11 translocation family enzymes (TET1, TET2) and DNMT3A methyltransferase, supporting the hypothesis that the SALL3 gene may play a role in the tumorigenesis and may serve as an important biomarker (Misawa et al., 2017). SALL2 is also suggested as a biomarker in the clinical risk assessment, significantly correlated with SALL1 and SALL3 methylation status but not with HPV infection (Imai et al., 2019). Finally, potential prognostic properties of SALL1 indicate the power of discrimination in tumor stages T1 and T2 in HNSCC (Misawa et al., 2018). Complementary studies show evidence of oral dysplasia and OC of the hypermethylated genes ZNF582, SOX1, and PAX1 (Cheng et al., 2016; Huang et al., 2017; Tang et al., 2019). A well-studied gene, the tumor suppressor EPB41L3, which inhibits cell proliferation and promotes apoptosis, in combination with early and late genes of high-risk HPV subtypes (hrHPV), has arisen as a promising biomarker panel for cervical cancer (Rogeri et al., 2018; Hernández-López et al., 2019; Kelly et al., 2019). For the first time, this panel triaged on OPC cases with evidence of the biomarker utility (Giuliano et al., 2020).

Although aberrant DNA methylation occurs mainly in promoter regions, CpG island shores and body regions provide valuable information about interactions and methylation profiles (Irizarry et al., 2009). A genome-wide analysis study found that 60% of differentially methylated genes (DMGs) were hypomethylated, and gene expression was more likely to be affected by hypomethylated DMRs. Namely, the genes NCAN, NRXN1, and COL19A1, involved in the organization of the extracellular matrix, and SYCP2, RPA2, and SMC1B, involved in the structural maintenance of chromosomes during mitosis/meiosis, were found to be hypomethylated and overexpressed in HPV-positive cancers. Moreover, the average methylation levels of significant hyper- (top 25) or hypo- (top 25) DMRs are able to separate HPV-positive from HPV-negative HNSCC specimens for each anatomical site (Esposti et al., 2017). Studies on related scales underline the importance of a novel approach by whole-genome sequencing and how predictive accuracy can vary individually (Ren et al., 2018; Das et al., 2019; Gašperov et al., 2020).



MicroRNA Prospects in Head and Neck Squamous Cell Carcinoma

Attention has been focused recently on the small non-coding RNA molecules, miRNAs, which are known for RNA interference and posttranscriptional regulation of gene expression. miRNAs target either one gene or simultaneously different genes, thus involved in multiple cell signaling pathways. This epigenetic mechanism of miRNAs is also considered a modulator of histone modifications (Morales et al., 2017) by increasing their target activity when genes with their promoter regions are located in the active chromatin state regions (Tao et al., 2017). Their abnormal expression level is relentlessly studied in recent years, indicating the association in various human cancers (Anastasiadou et al., 2017, 2019; Marco et al., 2018). Some viruses also encode miRNAs (Anastasiadou et al., 2010; Rosato et al., 2012), demonstrating to regulate the host’s immune system (Iizasa et al., 2020). On the other hand, the epigenetic regulation of these molecules is covered to a small extent, although indications seem to be significant (Wang et al., 2017).

TP53 tobacco-associated mutations are frequent observations in head and neck tumors. Various miRNA signature associations and the evaluation of the TP53 mutation profile have highlighted their importance for clinical outcome and tumor in tissues (Ganci et al., 2013; Metheetrairut et al., 2019; Chari et al., 2020). Emphasizing the individual miRNAs, miR-145 is a p53-regulated gene that acts as a metastasis suppressor by targeting multiple genes in different types of cancer (Sachdeva and Mo, 2010; Leite et al., 2013). This role is also confirmed in laryngeal squamous cell carcinoma (LSCC) by the regulatory axis miR-145-5p/FSCN1 (Gao et al., 2019). Even more, this specific miR-145 examined on HPV(+) and HPV(−) HNSCC samples shows that HPV(+) tumor cases have a distinct miRNA profile of the miR-15a/miR-16/, miR-143/miR-145, and the miR-106-363 cluster (Lajer et al., 2012). miR-373 belongs to a cluster of four miRNAs located on chromosome 19q13 and has attracted research interest stated as an oncomir in esophageal cancer. The upregulation of the tumor suppressors mir-373 and mir-372 has been associated with proliferation, invasion, and metastasis in oropharyngeal samples, indicating a worse survival overexpression (Tu et al., 2015; Zhang et al., 2019). Moreover, a study focusing on miR-373-3p in tumor tissues showed that expression levels may be regulated by the hypomethylated miR-373-3p promoter that mediates the developmental process of esophageal squamous cell carcinoma (ESCC) (Wang L. et al., 2019). Contrarily, miR-148a-3p targeting the long non-coding RNA H19 (lncRNA H19) and the DNA methyltransferase enzyme DNMT1 shows to suppress migration and invasion of cancer cells and may have prognostic value in the future (Wu et al., 2016; Wang Y. et al., 2019).

Investigation of individual miRNA molecules may be of use for the benefit of diagnostic and prognostic value in HNSCC, but when it comes to a combination of miRNAs, provides a more significant prediction in clinical outcomes. The diagnostic power of miR-383, miR-615, and miR-877 panel distinguishes patients with HNSCC from healthy donors, with high rates of a receiver operating characteristic (ROC) curve analysis (89.3% sensitivity and 98.9% specificity) (Liu et al., 2019). Given the unfavorable prognosis of HPV-negative cancer patients strengthens the need to find biomarkers through miRNA signatures for a more accurate diagnosis (Hess et al., 2019).



MICROBIOME

The microbiome is one of the developing fields of study and evaluation in recent years not only as a single element in monitoring the normal flora of organisms but also coexistence between host and bacteria. Although great efforts have been made, little is known about the consideration of normal flora due to various factors that affect the microbial community such as age, gender, genetics, mode of birth (normal birth or cesarean section), and nutritional factors (Zapata and Quagliarello, 2015; Dominguez-Bello et al., 2019). Nevertheless, the host–bacteria symbiosis has proven to play an important role in metabolic functions (Chow et al., 2010), and any imbalance could lead to insulin resistance, inflammation, vascular and metabolic disorders (Pascale et al., 2018), and cancer pathogenesis (Chen et al., 2017; Stashenko et al., 2019).

The oral cavity has been characterized by Actinobacteria, Bacteroidetes, Chlamydiae, Chloroflexi, Euryarchaeota, Firmicutes, Fusobacteria, GN02, Proteobacteria, Spirochaetes, SR1, Synergistetes, Tenericutes, and TM7 bacteria taxa at the phylum level, according to the Human Oral Microbiome Database (HOMD). Factors such as smoking, betel quid chewing (Yu et al., 2017), and alcohol consumption (Fan et al., 2018) have been adequately associated with changes of oral flora, giving space for colonization of opportunistic pathogens. Additionally, poor oral hygiene leads to changes in the ratio of bacterial flora, triggering inflammatory oral diseases such as periodontitis and gingivitis (Kilian et al., 2016; Schulz et al., 2019).

Different bacterial profiles in oral squamous cell carcinoma (OSCC) point out that multiple cofactors are playing a crucial role. A comparative study showed that switched microbiota depends on different tissue sites (tumor sites and non-tumor sites). Streptococcus sp. oral taxon 058, Peptostreptococcus stomatis, Streptococcus salivarius, Streptococcus gordonii, Gemella haemolysans, Gemella morbillorum, Johnsonella ignava, and Streptococcus parasanguinis were highly associated with tumor site, whereas Granulicatella adiacens was prevalent at the non-tumor site (Pushalkar et al., 2012).

OPC and hypopharyngeal (HP) cancer are distinguishable through a differential microbiome profile. Streptococcus anginosus was only significantly elevated in saliva of OPC patients (Panda et al., 2020). Mutational changes can also variate the relative abundance of bacteria, such as Firmicutes and Bacteroidetes found to be different among groups concerning different mutants (Yang et al., 2018). Considering that HPV promotes carcinogenesis in some cases, studies that included HPV-positive samples in conjunction with oral flora assessment showed different results. A small pilot study found that patients with OC/OPC differed significantly from healthy controls. Interestingly, in the case of HPV-positive samples was demonstrated as a “normal” microbiome profile (Wolf et al., 2017). In contrast, an HPV-positive correlation was found between the genera Haemophilus and Gemella in oral cavity cancer (OCC) and OPC. Additionally, Actinomyces, Parvimonas, Selenomonas, and Prevotella were more abundant in OCC compared to OPC (Lim et al., 2018). On the other hand, a case-control study pointed out that Corynebacterium and Kingella are associated with a decreased risk of OC (Hayes et al., 2018). At species level, it was found that Streptococcus salivarius–Streptococcus vestibularis are abundant in OSCC samples, and more importantly, analysis of subsets of these samples showed that species of the vaginal flora are abundant in saliva (Lactobacillus gasseri/johnsonii and Lactobacillus vaginalis) (Guerrero-Preston et al., 2017).

Associations between the microbial profile and cancer have so far been based mainly on the sequencing of bacterial 16S ribosomal RNA (rRNA) genes. It has been shown that significant differences in the analysis of whole bacterial genomes improve the characterization of microbial communities, even at the subtype/strain level (Ranjan et al., 2016; Brumfield et al., 2020).



DISCUSSION

Molecular biomarkers have become an imperative need for the better, immediate diagnosis and treatment of patients with OPC. The two main areas of research of epigenetics (Table 1) and microbiome profile (Table 2) show excellent prospects. In the case of DNA methylation, several biomarkers have been proposed to differentiate even cancer stages. Regarding microbiome profiles, factors that play a crucial role in changes in flora have been established, and clinical studies have highlighted the importance of probiotic groups as therapy in dental diseases (Toiviainen et al., 2014; Alanzi et al., 2018). However, HPV-related cases are less explored compared to cervical microbiome flora samples. A multifaceted search for biomarkers would allow a better understanding of the molecular mechanisms of carcinogenesis by replacing targeted investigation. Whole-genome bisulfite and shotgun metagenome sequencing, which involves the random sequencing of all genomic content of a microbiome, will contribute to the achievement of this goal in combination with improved bioinformatic analysis. Finally, the synchronous inclusion of the two investigational biomarker fields of interest could promote primary head and neck cancer screening.


TABLE 1. Epigenetic mechanisms related in HNSCC.
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TABLE 2. Bacteria abundance in HNSCC.
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The interdependence between thyroid hormones (THs), namely, thyroxine and triiodothyronine, and immune system is nowadays well-recognized, although not yet fully explored. Synthesis, conversion to a bioactive form, and release of THs in the circulation are events tightly supervised by the hypothalamic–pituitary–thyroid (HPT) axis. Newly synthesized THs induce leukocyte proliferation, migration, release of cytokines, and antibody production, triggering an immune response against either sterile or microbial insults. However, chronic patho-physiological alterations of the immune system, such as infection and inflammation, affect HPT axis and, as a direct consequence, THs mechanism of action. Herein, we revise the bidirectional crosstalk between THs and immune cells, required for the proper immune system feedback response among diverse circumstances. Available circulating THs do traffic in two distinct ways depending on the metabolic condition. Mechanistically, internalized THs form a stable complex with their specific receptors, which, upon direct or indirect binding to DNA, triggers a genomic response by activating transcriptional factors, such as those belonging to the Wnt/β-catenin pathway. Alternatively, THs engage integrin αvβ3 receptor on cell membrane and trigger a non-genomic response, which can also signal to the nucleus. In addition, we highlight THs-dependent inflammasome complex modulation and describe new crucial pathways involved in microRNA regulation by THs, in physiological and patho-physiological conditions, which modify the HPT axis and THs performances. Finally, we focus on the non-thyroidal illness syndrome in which the HPT axis is altered and, in turn, affects circulating levels of active THs as reported in viral infections, particularly in immunocompromised patients infected with human immunodeficiency virus.
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INTRODUCTION

Thyrotropin-releasing hormone (TRH) and thyroid-stimulating hormone (TSH) produced by the hypothalamus and pituitary gland, respectively, are effectors of the hypothalamic–pituitary–thyroid (HPT) axis, which regulates levels of circulating thyroid hormones (THs; Kelly, 2000). TRH induces TSH release that, once in circulation, stimulates THs biosynthesis and maturation, events that take place in the thyroid. The bioactive form of THs, namely 3,5,3′-triiodo-L-thyronine (T3; Incerpi et al., 2016), in turn, acts via a negative feedback loop to control the hypothalamic–pituitary component of the HPT axis (Kelly, 2000). T3 results from deiodination of thyroxine (T4) by deiodinase (DIO) 1 and 2 enzymes, while DIO 3 activity converts T4 in reverse T3 (rT3), an inert isomer of T3 (Incerpi et al., 2016; Lanni et al., 2016). T3 and T4 may enter into the target cells through specific transporters (Hennemann et al., 2001) and act by binding to different molecules located either on plasma membrane (i.e., integrin αvβ3; Bergh et al., 2005; Davis et al., 2005; De Vito et al., 2011) or intracellularly (i.e., THα and THβ receptors: THRs; Cheng et al., 2010; Brent, 2012; Incerpi et al., 2016). These interactions activate a variety of pathways that largely signal to the nucleus (Flamant et al., 2017), or the nuclear transcription machinery by directly activating THs response elements (TREs) on gene promoters (Singh et al., 2018). T3 shows higher affinity than T4 for THRs, whereas T4 is more potent than T3 in binding integrin avβ3. Both these receptors activate signaling molecules such as phosphoinositide 3-phosphate kinase (PI3K), protein kinase B (AKT), and mitogen-activated protein kinases (MAPKs; Incerpi et al., 2016; Lanni et al., 2016; Davis et al., 2019).

The immune system can also affect THs synthesis and release, either centrally (from thyroid gland), or peripherally, from tissues or target organs. Here, we review recent findings on how THs and the immune system crosstalk. In particular, we will focus on the THs-dependent regulation of (1) Nod-like receptor protein 3 (NLRP3)-mediated inflammasome, (2) small non-coding RNAs such as microRNAs (miRNAs; Anastasiadou et al., 2018a,b), and (3) Wnt/β-catenin pathway in anti- or pro-inflammatory conditions, such as non-thyroidal illness syndrome (NTIS) and (4) during chronic viral infections, such as those caused by human immunodeficiency virus (HIV).



THs AND IMMUNE SYSTEM: A BIDIRECTIONAL CROSSTALK

The existence of a bidirectional crosstalk between the endocrine and the immune system, in which THs and cytokines represent the key players, is well documented (Klecha et al., 2000, 2008; De Vito et al., 2011). Interestingly, immune cells’ reactivity to circulating THs (De Vito et al., 2011, 2012) as well as responsiveness of endocrine cells to available cytokines, such as interleukin-1 (IL-1), IL-6, interferon (IFN)-γ, and tumor necrosis factor-α (TFN-α), positively correlate with the expression of these molecules and to the affinity for their specific receptors (Klecha et al., 2000, 2008). A central role of THs in the modulation of immune system is confirmed by the influence of T3 and T4 in cytokine maturation and release, a process that involves the activation of MAPKs and mediated by phosphorylation of the Signal Transducer and Activator of Transcription 1α (STAT1α; Lin et al., 1999; Shih et al., 2004).

Abnormal THs secretion, hyperthyroidism, autoimmune thyroiditis, and hypothyroidism can affect immunological functions. Hyperthyroidism correlates with increased humoral and immune cell responses (De Vito et al., 2011). Opposite effects were found in hypothyroidism (Klecha et al., 2008). Moreover, levels of circulating THs positively match up with an immunological reactivity in healthy individuals, such as in physiological maintenance of lymphocyte subpopulations (Hodkinson et al., 2009). Recently, it has been shown that T3 increased the number of IL-17-expressing T lymphocytes by activating dendritic cells, in vitro (Alamino et al., 2019). In addition, T and B lymphocytes are capable of synthesizing and releasing TSH (Smith et al., 1983; Harbour et al., 1989), which might affect healthy and abnormal thyroid cells, expressing the TSH receptor. This novel and unexpected non-pituitary source of TSH could be also decisive in affecting immune response during infections and chronic inflammation (Klein, 2006). Initial reports of TSH and immune cells appeared more than 20 years ago (Smith et al., 1983; Kruger and Blalock, 1986). Bacterial toxins (Smith et al., 1983) or in vitro TRH administration (Klein, 2006) enhance TSH production and release from leukocytes. The work of Blalock et al. (1984) showed that TSH induced a strong cellular and humoral response, thus enhancing the lymphocyte proliferation by inducing the production of endogenous inflammatory factors: IL-6 and monocyte chemoattractant protein-1 (MCP-1; Gagnon et al., 2014). Moreover, in vitro and in vivo studies showed that TSH treatments significantly increased T3 levels in thymocytes and other immune cells (Csaba and Pállinger, 2009). Experiments performed in mice lacking the pituitary gland (unable to produce central TSH) showed increased THs levels during inflammation (Bagriacik et al., 2001). Conversely, unbalanced immune response may be linked to low levels of THs in the plasma, since TSH fluctuations might alter T3 and T4 release from thyroid gland. Moreover, acute infections indirectly influence THs release through the action of inflammatory molecules (like IL-1, IL-6, and TFN-α) on hypothalamus, thus minimizing TSH action on the thyroid and, consequently, reducing T3 and T4 in the circulation, promoting NTIS. This lowers the energy expenditure during illnesses, offering an alternative pathway to the HPT axis control, for central neuroendocrine–immune and metabolic fine-tuning (Klein, 2006). However, induction and regulation of NTIS may involve alterations in the HPT axis and may be relatively independent of circulating THs (de Vries et al., 2015).

The T3 and T4 are also involved in the regulation of reactive oxygen species (ROS) production through the activation of the PI3K–AKT axis in immune cells (De Vito et al., 2011; Figure 1, right panel). Moderate levels of ROS could act as a second messenger and play an important role in the leukocyte activation during immune surveillance and phlogosis (Figure 1, left panel). This process, together with actin polymerization induced by T4 and rT3, may contribute to the immune cell migration and proliferation at the sites of inflammation (Marino et al., 2006; De Vito et al., 2011, 2012).
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FIGURE 1. Regulation of NLRP3 inflammasome by thyroid hormones in macrophages. Physiological levels of T3 promote anti-inflammatory responses, bactericidal activity, and phagocytosis (left panel). Mechanistically, T3–THRs–TREs complex downregulates TLR4, NF-kB, NLRP3, pro-IL-1β, pro-IL-18, and several miRNAs, such as miR-31, -155, and -222, thus reducing ROS levels. Moreover, the T3–THRs–TREs complex upregulates miR-30, -133, and -144 that target Fasl, Ilk, Serpine1, hepatocyte growth factor (Hgf), Beta secretase 1 (Bace 1), and C-X-C motif chemokine receptor 4 (Cxcr4), thus further preventing the assembly of NLRP3 inflammasome (Forini et al., 2019). Hypothyroidism induces acute and chronic inflammatory responses, such as NTIS (right panel). High levels of T4 cause a robust production of ROS through the integrin αvβ3–PI3K–AKT signaling cascade, which ultimately triggers NLRP3 inflammasome. This is due to higher affinity displayed by T4 then T3 for integrin αvβ3 receptor on cell membrane. In addition, the T4–integrin αvβ3–MAPKs axis enhances the expression of HIF-1α and COX2 to promote NLRP3 inflammasome assembly and stability.




ROLE OF THs ON NLRP3 INFLAMMASOME ACTIVATION

Inflammasomes are intracellular multiprotein complexes typical of immune cells, such as monocytes and macrophages, which mediate the first line of defense in response to sterile (absence of microbial particles) and non-sterile (microbial infection) threats, by activating pro-inflammatory cytokines (He et al., 2016a,b; Mangan et al., 2018). The sterile signals include damage-associated molecular patterns (DAMPs; Ahechu et al., 2018), debris from dead or dying cells (Newton and Dixit, 2012), and other organic and inorganic molecules (Allam et al., 2013; He et al., 2016a,b; Amores-Iniesta et al., 2017). The non-sterile agents encompass the pathogen-associated molecular patterns (PAMPs), lipopolysaccharide (LPS; Schroder and Tschopp, 2010), RNA (Franchi et al., 2014), and a wide range of bacterial toxins (Greaney et al., 2015).

Inflammasomes consist of a sensor protein, such as NLRP3, which recognizes the insults and activates effector proteins: Caspase-1. The active Caspase-1 cleaves the inflammatory pro-IL-1β and pro-IL-18 to generate their mature forms, as well as gasdermin D, whose N-terminus domains auto-assemble into pores on the plasma membrane for the release of bioactive cytokines, thus inducing an inflammatory form of cell death known as pyroptosis (Shi et al., 2015; Magupalli et al., 2020). Two temporally distinct events are required for the full activation of NLRP3-mediated inflammasome. The first step, priming, involves engagement of Toll-like receptors (TLRs) by pathogens or sterile particles. This is followed by recruitment of the myddosome complex, which transduce downstream signal to NF-kB, allowing an increase of NLRP3 and pro-ILs levels (Lamkanfi, 2011). The second event, activation, consists in the assembly of the inflammasome proteins into a functional active structure and includes different signal molecules, which cause an intracellular ion disbalance and activation of ROS production, culminating with NLRP3 inflammasome maturation (Wang L. et al., 2020). The amplitude of the inflammasome activation is a crucial event that controls shifts from acute to severe inflammation (Moossavi et al., 2018; Wang Z. et al., 2020). Recent evidence suggests that negative or positive modulation of the NLRP3 inflammasome could be dependent on T3 availability and uptake in the target cells, thus possibly diverting a physiological condition toward a pathological status. Therefore, T3 activity could be crucial for adequate macrophage function and tissue homeostasis. Indeed, alterations in these processes could lead to cancer, diabetes, intestinal bowel disease, or atherosclerosis (Wynn et al., 2013; Kwakkel et al., 2014).

After uptake, T3 partially migrates to the nucleus and binds to the macrophage dominant isoform of THRs (i.e., THRα; Kwakkel et al., 2014) and, subsequently, to the TREs located on promoters of the target genes. The T3–THRs–TREs complex regulates gene transcription through direct or indirect interactions with the nuclear DNA (Singh et al., 2017). It is well-established that the T3–THRs–TREs complex affects different miRNAs families, as miR-30, -133, and -144, whose expressions are increased by T3–THRs–TREs complex activity (Forini et al., 2018, 2019). These miRNAs dampen pro-inflammatory genes, such as Fast apoptosis signal Ligand (FasL; Chen et al., 2016) and Integrin-linked kinase (Ilk), two key players that trigger NLRP3 inflammasome assembly and inflammation (Boro and Balaji, 2017). Moreover, it was recently shown that the T3–THRs–TREs complex reduced cardiac-related miR-31, -155, and -222 (Forini et al., 2018). This results in an increased expression of superoxide dismutase 1 (SOD1) and 2 (SOD2; Wang et al., 2015; Forini et al., 2019), which lower the levels of ROS and inhibit the activation of NLRP3 inflammasome. In addition, the T3–THRs–TREs complex downregulates the TLR4/NF-kB pathway (Furuya et al., 2017; de Castro et al., 2018), thus reducing the levels of NLRP3, pro-IL-1β, and pro-IL-18. All this suggests that T3–THRs nuclear action may direct immune cells to an anti-inflammatory condition (Vargas and Videla, 2017; Forini et al., 2019; Figure 1, left panel). In particular, cytosolic T3–THRs complex controls nicotinamide adenine dinucleotide phosphate oxidase (NADPH)-dependent ROS production by involving the PI3K–AKT axis (Gnocchi et al., 2012). Cytosolic ROS partially contribute to the generation of mitochondrial ROS (mtROS; West et al., 2011; Pushpakumar et al., 2017), thus forming a loop between NADPH and mitochondria, which keeps intracellular levels of ROS within a physiological range (Dikalov, 2011). Finally, the cooperative interactions between the T3–THRs complex, moderate levels of ROS and mtROS, maintain the NLRP3 inflammasome activation under strict control and promote bactericidal clearance, phagocytic activity, and anti-inflammatory condition (Vernon and Tang, 2013; van der Spek et al., 2018; Figure 1, left panel).

On the other hand, more pronounced pro-inflammatory pathways might take place when levels of THs lean toward T4, a common condition diagnosed in clinical hypothyroidism, often associated with inflammation and risk of NTIS onset (Boelen et al., 2004; Mancini et al., 2016). Circulating T4 binds to integrin αvβ3, located on plasma membrane and signals to MAPKs, thus increasing levels of hypoxia-inducible factor 1-alpha (HIF-1α) and cyclooxygenase-2 (COX2; De Vito et al., 2011; Lin H. Y. et al., 2013a), both involved in the NLRP3 inflammasome activation (Hua et al., 2015; Gupta et al., 2017). In parallel, the T4–integrin αvβ3 axis activates PI3K and AKT, thus inducing a robust production of ROS (De Vito et al., 2012), as well as enhancing HIF-1α expression (Lin H. Y. et al., 2013a; Hsieh et al., 2017). All these events could ultimately lead to NLRP3 inflammasome activation (Figure 1, right panel). In support of this, it was found that excessive iodine promoted pyroptosis of thyroid follicular cells by the ROS–NF–kB–NLRP3 pathway in a model of autoimmune thyroiditis (Liu et al., 2019).

In summary, the net immunological response is determined by concentration and availability of circulating and intracellular THs, as well as by the metabolic status that could potentially promote an anti- or pro-inflammatory response by opposite regulations on NLRP3 inflammasome activation and stability.



INTERPLAY BETWEEN THs, Wnt PATHWAY, AND miRNAs DURING INFLAMMATION

Interactions between THs and the Wnt/β-catenin pathway have been investigated in recent years (Todaro et al., 2010). The modulation of Wnt/β-catenin signaling pathway by the T3–THRs–TREs complex affects fundamental biological processes such as cell proliferation, development, tissue homeostasis, and metabolism (Ely et al., 2018). While THRα1 receptor controls gut development and homeostasis through the Wnt pathway in physiological conditions (Kress et al., 2009), in pathological conditions, such as colorectal cancer, the THRα1 receptor is thought to activate β-catenin/Tcf4 transcription, thus increasing the cell proliferation and tissue rearrangement in the gut (Kress et al., 2010). Grainyhead-like transcription factor 3 (GRHL3), essential for epidermal differentiation and morphogenesis, suppresses DIO3 activity (increasing T3 levels) and acts as a downstream signal for the Wnt/β-catenin pathway (Kimura-Yoshida et al., 2018). In addition, the T3–THRs–TREs complex induces expression of Dickkopf (DKK) 4, which antagonizes Wnt/β-catenin signaling in hepatocellular carcinoma cell lines (HCC), suggesting a role for T3 in tumor suppression and unraveling the T3/DKK4/Wnt/β-catenin pathway as a possible therapeutic target in HCC (Liao et al., 2012; Figure 2A). The T3–THRs–TREs complex also controls several epigenetic mechanisms of gene expression (Dong et al., 2010; Janssen et al., 2014; Forini et al., 2018). Dissecting T3–THRs–TREs-dependent genetic and epigenetic crosstalk could provide new insights to develop therapeutic strategies for pathologies that affect the HPT axis, as NTIS and autoimmune thyroiditis (Tomer, 2014; McDermott, 2019*). Decreased levels of THRs and THs have been found in animal models for NTIS and in NTIS patients affected by sepsis and cardiovascular disturbances (Warner and Beckett, 2010; von Hafe et al., 2019).


[image: image]

FIGURE 2. Thyroid hormones, Wnt pathway, and miRNAs crosstalk. (A) The T3–THRs–TREs complex upregulates DKK4, a tumor suppressor, which inhibits Wnt/β-catenin pathway. (B) Also, the T3–THRs–TREs complex increases miR-499 and downregulates calcineurin and miR208a, thus reducing apoptosis, cardiac hypertrophy, inflammation, and NTIS.


Several studies showed that T3–THRs–TREs signaling affects miRNAs expression (Dong et al., 2010; Janssen et al., 2014; Babu and Tay, 2019). For instance, T3–THRs–TREs binds to miR-17 promoter and decreases transcription and processing of mature miR-17, involved in cancer (Lin Y. H. et al., 2013b). Also, some miRNAs regulated by THs play an important role in the Wnt pathway. For instance, miR-499 related to cardioprotection (Wang et al., 2011) inhibits calcineurin (a signaling molecule of Wnt/β-catenin pathway), thus reducing the levels of Dynamin-1-like protein (Drp1), which is involved in apoptosis (Tan et al., 2008). Another cardiac-specific miRNA (Seok et al., 2014; Wang et al., 2015; Su et al., 2016), miR-208a, inhibits T3-mediated signaling pathway by repressing the THs Associated Protein/Mediator Complex Subunit 13 (THRAP1/MED13) in a mouse model of cardiac hypertrophy and hypothyroidism (van Rooij et al., 2009; Neppl and Wang, 2014; Figure 2B). Although there is ample evidence about the THs/THRs/miRNAs alterations in immune-related pathologies, it will be crucial to further explore the regulatory networks between miRNAs and THs in pathological contexts such as NTIS.



NTIS AND THs DURING HIV INFECTION

Impairments in the HPT axis in the course of NTIS affect circulating levels of THs, especially T3. NTIS may result from HPT setpoint alterations that occur during prolonged hospitalization in a variety of systemic diseases (Boelen et al., 2011; de Vries et al., 2015; Yasar et al., 2015). In this context, it has been described that patients affected by severe acute respiratory syndrome (SARS) present signs of NTIS and HPT dysfunctions (Marazuela et al., 2020; Pal and Banerjee, 2020). Same alterations might also be caused by Coronavirus disease 2019 (COVID-19) as recently reported (Khoo et al., 2020; Wai Lui et al., 2020). However, other factors such as elevated levels of circulating IL-6 (Wajner et al., 2011) and TNF-α (Feelders et al., 1999) also inhibit or reduce T4 conversion to T3 in NTIS patients.

NTIS is characterized by reduced circulating levels of T3 and increased rT3, as a result of dysregulated deiodination of intracellular T4 by DIO3 and perhaps other deiodinases, which inactivate THs, preventing their excess (De Groot, 1999; Wajner et al., 2011). In particular, LPS administration is a model of NTIS that stimulates DIO2 activity, NF-κB activation, and consequently cytokine increase, whereas it decreases DIO1 levels (Boelen et al., 2011). Furthermore, many systemic and non-endocrine pathologies such as congestive heart failure, cardiorenal syndrome, and starvation/malnutrition are commonly observed in NTIS patients (Larsen et al., 2002; Lee and Farwell, 2016). It has been suggested that NTIS may represent a form of hypothyroidism linked to the oxidative stress and reduced antioxidant defense system, related to the altered function of deiodinases (Mancini et al., 2016). In fact, the administration of the antioxidant N-acetylcysteine, in order to prevent NTIS in patients with acute myocardial infarction, increased serum T3 while decreasing rT3 (Vidart et al., 2014; de Vries et al., 2015; Lee and Farwell, 2016). Interestingly, adaptive NTIS response, in terms of thyroid function, during sustained immune defense has been interpreted as an effort—in terms of reduced available T3—to decrease the energy expenditure and turnover of several proteins involved in host defenses (Klein, 2006; de Vries et al., 2015). Acute NTIS has also been interpreted as a support mechanism for the immune response because of high production of pro-inflammatory cytokines found at the early stage of the disease (Boelen et al., 2011).

Acquired immunodeficiency syndrome (AIDS), in which HIV seriously compromises immune defenses, is associated with dysfunction of HPT and endocrine organs and shows typical markers of endocrine alterations related to NTIS, such as high ROS levels (Parsa and Bhangoo, 2013). More importantly, recent findings suggest that HIV-related conditions promote NRLP3-mediated inflammasome activation (Haque et al., 2016; Bandera et al., 2018; Figure 1, right panel).

The screening of TSH is highly recommended in HIV patients and, if the levels of TSH are found altered, free T3 and T4 measurements become necessary. During such screenings, possible occurrence of NTIS must be considered for differential diagnosis related to the abnormal thyroid functionality, especially in individuals with advanced AIDS (Hoffmann and Brown, 2007). Analysis of THs metabolism on post-mortem tissues of HIV-infected patients showed alterations in the HPT axis and 27% of screened HIV patients showed abnormal TSH levels (50% had TSH < 0.5 mU/L and the remaining had >4 mU/L; Langford et al., 2011). HPT axis alterations are usually considered as NTIS and depend on the severity of HIV-related disease. TSH may change, and usually the activity of deiodinases is decreased; therefore, higher circulating T4 and rT3 levels are found, whereas circulating T3 is decreased (Hoffmann and Brown, 2007). The lack of effectiveness of T3 administration/replacement in NTIS patients (Chopra, 1997; De Groot, 2006; Warner and Beckett, 2010; de Vries et al., 2015) could be explained by the actions of rT3, which is largely inactive (Lanni et al., 1993, 2016; Moreno et al., 2008).

The autoantibodies, namely, TgAb and TPOAb, were also altered in HIV-infected individuals (Ketsamathi et al., 2006). Drug abuse, or its withdrawal, may also contribute to this (Langford et al., 2011). Interestingly, during anti-retroviral therapy (ART), a subclinical hypothyroidism is commonly observed. Indeed, isolated levels of TSH are elevated, whereas low free T4 is found (Hoffmann and Brown, 2007). Similarly, results on THs alterations have been reported in a study on HIV-infected children treated with ART. Therefore, due to the serious outcome of these pathologies and their consequences on the psychosomatic development, the thyroid dysfunctions should be carefully evaluated not only in adults but also in children (Viganò et al., 2004). Indeed, impact of NTIS in critically ill children (Jacobs et al., 2019) remains unclear.



DISCUSSION AND FUTURE PERSPECTIVES

Herein, we have discussed the bilateral crosstalk between the immune system and THs both in physiological and patho-physiological conditions. The activation of NLRP3 inflammasome, modulation of the Wnt/β-catenin pathway, and NTIS could rely on a complex interplay that involves THs and miRNAs. Finally, how viral infections could affect NTIS and HPT functions have been discussed. Broadly, we have provided new insights into how the immune system and endocrine system interact with each other. Ultimately, it is our hope that ideas discussed here will eventually open novel avenues of research and drug development (Silverman et al., 2020). In particular, since miRNAs are involved in the crosstalk between inflammation and THs-related diseases, they might be considered not only as biomarkers but also as potential druggable targets in order to combat, with higher efficiency, NTIS. Indeed, a recent study has shown how downregulation of miR-155 by an anti-miRNA compound, cobomarsen, reduced inflammation and tumor volume in preclinical models and in a patient (Anastasiadou et al., 2020). Future studies related to how THs affect the immune system in physiological and pathological settings, including those that mimic HIV infection in vitro, will provide important insights and impetus to this exciting field.
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Wnt proteins comprise a large family of highly conserved glycoproteins known for their role in development, cell fate specification, tissue regeneration, and tissue homeostasis. Aberrant Wnt signaling is linked to developmental defects, malignant transformation, and carcinogenesis as well as to inflammation. Mounting evidence from recent research suggests that a dysregulated activation of Wnt signaling is involved in the pathogenesis of chronic inflammatory diseases, such as neuroinflammation, cancer-mediated inflammation, and metabolic inflammatory diseases. Recent findings highlight the role of Wnt in the modulation of inflammatory cytokine production, such as NF-kB signaling and in innate defense mechanisms as well as in the bridging of innate and adaptive immunity. This sparked the development of novel therapeutic treatments against inflammatory diseases based on Wnt modulation. Here, we summarize the role and function of the Wnt pathway in inflammatory diseases and focus on Wnt signaling as underlying master regulator of inflammation that can be therapeutically targeted.
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INTRODUCTION

Inflammation is a complex biological defense against harmful pathogens or toxins. Inflammation is also a response to physical, ischemic, or other types of tissue damage. This protective inflammatory response causes cellular changes and immune responses that result in clearance of the initial cause of the injury and removal of necrotic cells, followed by cellular proliferation and growth at the site of the infected tissue. Together with other leukocytes, macrophages generate high levels of reactive oxygen and nitrogen species, and in collaboration with T lymphocytes, they release cytokines, such as TNFα, in order to fight infection. Various inflammatory mediators, including vasoactive amines and peptides, eicosanoids, proinflammatory cytokines (interferons, TNFs, IL1, IL6), and acute-phase proteins, are key contributors in creating such a microenvironment and are involved in cellular transformation, survival, and proliferation (Singh et al., 2019). Over the last few years, it has become apparent that Wnt signaling is also involved in the modulation of immune responses during inflammation. As examples, the complex β-catenin/TCF-1 is able to initiate Th2 differentiation by activating GATA3 transcription (Notani et al., 2010). On the contrary, CD4+CD25+ Tregs expressing stable β-catenin inhibit inflammation more effectively due to their superior ability to survive (Ding et al., 2008). These data suggest that Wnt signaling may play an important role in regulating inflammation and might be an interesting therapeutic target to control inflammation. In this review, we summarize the different Wnt pathways and the molecular mechanisms underlying each one of them. We illustrate its specificity and its functions in physiological and pathological conditions. Because of the rapid progress in the field, Wnt function is often reviewed in the context of hematopoiesis (Staal et al., 2008). In this review, we focus on Wnt function in immune response modulation during inflammatory disease.



OVERVIEW OF Wnt SIGNALING


Wnt Pathway

The evolutionary conserved Wnt pathway is a complex signaling network involving multiple molecular mediators and targets. To date, 19 distinct Wnt proteins, 10 frizzled receptors (FZD), and several co-receptors have been identified in mammals (Jia et al., 2008; Pereira et al., 2009; Jridi et al., 2020). The Wnt signaling machinery entails two highly specialized pathways: the canonical pathway, commonly referred to as the β-catenin-dependent pathway, and the non-canonical pathway referred to as the β-catenin independent pathway (Figure 1). Briefly, in the canonical pathway, Wnt proteins bind to their complex receptor FZD/LRP5/6 (low-density lipoprotein receptor related protein), preventing proteasomal degradation of β-catenin. Subsequently, β-catenin is translocated to the nucleus, where it binds to one of four transcription factors: T cell factor (TCF 1, 3, 4) or the lymphoid enhancer factor (LEF). Once these DNA-binding proteins are activated, several target genes are expressed, including cyclin-D1, c-Myc, and Axin-2 and, in muscle cells, Myo-D (Guo et al., 2008; Pereira et al., 2009; Staal and Arens, 2016; Meyer and Leuschner, 2018; Garcia de Herreros and Dunach, 2019; Jridi et al., 2020; Li et al., 2020). Conversely, in the absence of the Wnt ligand, the destruction complex, composed by Axin − 1 and/or−2, APC, GSK3β, CK-1, and β-TrCP remains active and phosphorylates β-catenin on its conserved ser and thr residues in the N-terminal domain (Figure 1). Consequently, phosphorylated β-catenin is targeted for ubiquitination and proteasomal degradation. As a result, the pool of β-catenin in the cytosol is depleted, and its nuclear translocation is blocked, which ultimately restrains Wnt downstream gene transcription (Shi et al., 2017; Ackers and Malgor, 2018; Meyer and Leuschner, 2018; Garcia de Herreros and Dunach, 2019; Aamir et al., 2020). A hallmark of the non-canonical signaling pathway is its β-catenin independent action, and it usually involves changes in cell motility or shape. The diversity and physical availability of receptors and co-receptors makes non-canonical Wnt signaling highly cell type–specific (Shi et al., 2017; Ackers and Malgor, 2018; Garcia de Herreros and Dunach, 2019; Aamir et al., 2020). In any case, non-canonical Wnt signaling is initiated by the binding of non-canonical Wnt to FZD as well as to a variety of co-receptors. Based on the diversity of co-receptors, five pathways were identified. Planar cell polarity (PCP) results in FZD/Dvl-mediated activation of the small GTPases RAC and RHOA. Wnt/Ca2+ signaling is also initiated by FZD/Dvl binding, but it mediates PLC activation and an increased level of cytosolic Ca2+, which activates calmodulin/calmodulin-dependent kinase II and NFAT-regulated transcription (Figure 1). The other non-canonical pathways involve recognition of distinct Wnt ligands by cognate FZD/ROR receptors, FZD/Ryk, and FZD/JNK (Staal and Arens, 2016; Ackers and Malgor, 2018; Houschyar et al., 2018; Meyer and Leuschner, 2018; Ljungberg et al., 2019; Aamir et al., 2020).


[image: Figure 1]
FIGURE 1. Wnt signaling pathways and their modulation by pharmacological molecules. (A) In the absence of Wnt, β-catenin is phosphorylated and degraded by the destruction complex. (B) β-catenin is accumulated in the cytoplasm and translocated to the nucleus, where it binds to TCF/LEF proteins, leading to the transcription of target genes. (C) PCP is one of two major non-canonical pathways and is involved in cell migration, motility, and polarity. (D) The Ca2+-dependant pathway involves the release of intracellular free calcium, which regulates a number of calcium-dependent signaling molecules, including PKC, CamKII, and the phosphatase calcineurin, which dephosphorylates NFAT. TCF, T cell factor; LEF, lymphoid enhancer factor; PKC, protein kinase C; CamKII, calmodulin kinase II; NFAT, Nuclear Factor of Activated T cells; PLC, Phospholipase C; IP3, inositol tri phosphate.




Specificity of Wnt Signaling

Even though Wnt signaling has been explored extensively, the specificity of Wnt interactions with their ligands remains poorly understood. This could be explained by the difficulty of studying the large variety of receptors, co-receptors, and adapter molecules involved in canonical and non-canonical pathways. Additionally, the course of Wnt-FZD signaling is dictated to a great extent by the relative densities of different Wnt ligands in the intracellular milieu (Steinberg, 1944; Wong and Adler, 1993; Boutros et al., 2000). It is rather interesting to note that LRP5/6 is the diverging point of different Wnt-FDZ signaling pathways. LRP5/6 is composed of 3 segments: P1E1-P2E2, P3E3-P4E4, and LDLR type A. P1E1 has an affinity to Wnt1, Wnt2, Wnt2b, Wnt6, Wnt8a, Wnt9a, Wnt9b, and Wnt10a, whereas P3E3 interacts with Wnt3 and Wnt3a (He et al., 2004; Bourhis et al., 2010). Besides this, a complex Wnt3a/Wnt9b/LRP6 has been detected, suggesting that a single LRP6 or LRP5 may simultaneously interact with different Wnt proteins. This variable affinity profile could lead to the synthesis of different functional protein complexes in the divergent Wnt pathway (Bourhis et al., 2010). Dvl, another branching point of Wnt signaling, could adopt different conformations based on the level of phosphorylation, leading to the expression and the activation of different proteins (Garcia de Herreros and Dunach, 2019). Thus, the final outcome of Wnt signaling may depend on the combined impacts of several ligand–receptor junctions and different pathways (Sen, 2005; MacDonald and He, 2012; Garcia de Herreros and Dunach, 2019; Jridi et al., 2020).



Transport of Wnt Proteins Between Cells

An important but less studied aspect of Wnt signaling is the mechanism of the intercellular transport of Wnt proteins after secretion. However, a few specific Wnt exporter models have been proposed. Some studies suggest that Wnt could be transported by a thin filopodial process called cytonemes (Ramírez-Weber and Kornberg, 1999), and others propose the idea that Wnt could be transported outside the cell via a vesicle-based transport called argosome (Greco et al., 2001). All these modes of vesicle-mediated transport of Wnt between cells have been characterized in Drosophila, but such a mechanism has not been identified yet in mammals. Nevertheless, it seems likely that heparin sulfate proteoglycans (HSPGs) that act as co-receptors for Wnts on the extracellular matrix of many connective tissues also coordinate Wnt transport between cells (Logan and Nusse, 2004; Yamazaki et al., 2016). Interestingly, many of these extracellular matrix components themselves are targets of canonical Wnt signaling (Staal et al., 2004; Piccolo et al., 2014; Noguchi et al., 2018).



Functional Importance of Wnt Signaling

It is well-established that Wnt signaling is a key regulator of a variety of biological processes ranging from embryonic development and tissue homeostasis to stem cell function. Wnt proteins function as proliferation-inducing growth factors and may also affect cell fate decisions, apoptosis, and quiescence (Clevers, 2006; Aoyama et al., 2007; Staal and Arens, 2016; Xiao et al., 2016). Besides this, Wnt proteins provide cytokines/chemokines, adhesion, and extracellular matrix molecules that promote the growth, differentiation, and survival of several cell lineages and types (Staal et al., 2004; Piccolo et al., 2014; Ackers and Malgor, 2018; Noguchi et al., 2018). It is, thus, not surprising that dysregulation of Wnt signaling is implicated in a multitude of diseases including fibrosis, bone density disorders, obesity, type 2 diabetes, non-alcoholic fatty liver disease, chronic kidney disease, cardiovascular and neurodegenerative diseases, and variety of inflammatory diseases. Importantly, in many tissues and best established in the hematopoiesis and lymphocyte development, canonical and non-canonical Wnt signaling have opposite effects. It, therefore, is important to discriminate between these different outcomes when discussing Wnt as regulator of inflammatory processes (Malhotra et al., 2008; Luis et al., 2010; Famili et al., 2015). In the next section, we describe the cross-talk between Wnt and inflammatory pathways.




CONNECTION BETWEEN Wnt SIGNALING AND INFLAMMATORY PATHWAYS

As mentioned, Wnt signaling is involved in the development and progression of several diseases. This could only be explained by the increase of cross-talk between Wnt signaling and several other pathways, such as TCR and BCR signaling. TCR signaling is known for its ability, in cooperation with CD28, to inhibit GSK3β kinase activity, leading to an increase in cytoplasmic levels of β-catenin. Therefore, it is not surprising that the stimulation of human primary cells with agonist antibodies to TCR leads to the upregulation of β-catenin (Lovatt and Bijlmakers, 2010). Interestingly, the increase of β-catenin was strongly induced in protein level but not in mRNA level, suggesting that TCR signaling can affect β-catenin after transcriptional events or maybe during protein translation and its stability. It is worth noting that CD28 cooperates with PI3K to activate AKT, leading to GSK3β phosphorylation, its deactivation, and, thus, β-catenin accumulation (Lovatt and Bijlmakers, 2010). Consistently, exposition of human primary T cells to LY294002, a PKI3 inhibitor, leads to the decrease of GSK3 phosphorylation and β-catenin level. However, all these effects were recovered upon the stimulation of cells with the potent PKC activator PDBu. Taken together, these data suggest that TCR signaling, via PI3K as well as PKC, has the ability to phosphorylate GSK3β and, thus, stabilize β-catenin (Lovatt and Bijlmakers, 2010). Unexpectedly, this stabilized β-catenin was not always in the N-terminally dephosphorylated form and, therefore, did not lead to increase in Wnt/TCF-dependent transcription. Hence, different pools of β-catenin may exist that do not all lead to synergistic activation of Wnt-mediated transcriptional events (Lovatt and Bijlmakers, 2010). This is consistent with other reports showing that PKC by phorbol esters in T cells leads to increased nuclear β-catenin and not to increased Wnt signaling (Atcha et al., 2007). These studies serve as examples that increased components of the Wnt pathway do not always indicate their interaction with other pathways.

It has been reported that Wnt signaling is activated in different human cancers. Indeed, diffuse large B cell lymphoma (DLBCL) cells were able to secrete Wnt3a and activate Wnt signaling. This could be explained by the fact that the tumor microenvironment contributes to β-catenin accumulation in the cytoplasm. However, besides tumor or inflammatory microenvironments (Koch et al., 2014), other parallel mechanisms are involved in β-catenin stabilization. As in many oncogenic and inflammatory pathways, β-catenin was detected in DLBCL-CARMA1 mutant (L225LI), indicating that active mutant CARMA1 leads to the expression and the activation of β-catenin.

A large number of studies indicate an interaction between NF-κB signaling and the canonical Wnt pathway; most often this is a negative regulatory interaction in which Wnt signaling inhibits NF-κB activity (Rodriguez-Pinilla et al., 2005; Sun et al., 2005; Duan et al., 2007; Du et al., 2009; Moreau et al., 2011; Liu et al., 2013; Ma et al., 2015). NF-kB signaling controls a large number of diverse target genes, such as cytokines, chemokines, growth factors, immune receptors, transcription factors, and repressors of apoptosis (Winston et al., 1999). Hence, NF-κB function is a crucial regulator of local and systemic inflammation. In simple terms, the NF-kB pathway consists of a cytoplasmic bound transcription factor complex made up of two proteins (either homodimer or heterodimer) of the Rel family of proteins that are retained in the cytoplasm by an inhibitor protein termed I-kB. Upon phosphorylation by I-KB kinases, the phosphorylation leads to a breakdown of the inhibitor, releasing NF-kB to migrate to the nucleus and activate its target genes. In some reports, β-catenin was found to complex with NF-KB, leading to a decrease in NF-κB DNA binding and NF-KB-dependent transcription (Winston et al., 1999). Other mechanisms also have been proposed, including GSK-3 inhibition, leading to a reduction in NF-κB activity. It should be noted that stimulatory effects of β-catenin on NF-κB activity have also been reported. This can be explained by the similar protein motifs in IkB and b-catenin for binding Ubiquitin ligases. β-TrCP is an E3 ubiquitin ligase resulting in the ubiquitination and subsequent degradation of both β-catenin and IκB-α (Winston et al., 1999). Wnt signaling stabilizes β-catenin and can elevate β-TrCP expression, resulting in enhanced degradation of IκB-α and, therefore, enhanced NF-κB transactivation.



THE ROLE OF Wnt IN INNATE AND ADAPTIVE IMMUNITY DURING INFLAMMATION


Lung Inflammation

The impact of Wnt/β catenin and non-canonical pathways in inflammatory and immunological responses in the lung, such as allergic airway inflammation, have been analyzed in a number of studies returning varying results. The selective deletion of Wnt10b in mice sensitized with house dust mites (HDMs) rendered the mice more sensitive to inflammation. This was associated with increased numbers of inflammatory cells, including activated macrophages, with a predominance of eosinophils in the lung and also a significant increase of the Th2 response as indicated by an increase of the specific markers IL-4, IL-3, and GATA3 as well as the chemoattractant CCL2 involved in Th2 polarization. It is interesting to note that genetic deletion of Wnt10b in HDM-sensitized mice enhanced the response of T cell effectors, shown by the increase of CD44hi CD62Llo CD4+, CD8+, and CD69hi CD11ahi but had no effect on CD25+FoxP3+Treg cells, suggesting that the Wnt pathway might direct the Th2 but not the Treg response during inflammation (Trischler et al., 2016). Consistently, in silicosis induced by inhalation of silica mineral dust, the blockade of β-catenin with a specific shiRNA exhibited significantly aggravated inflammation. This was associated with the accumulation of inflammatory cells, particularly neutrophils and lymphocytes, and the production of pro-inflammatory cytokines such as IL-1β, TNFα, and IL-6 in the bronchoalveolar lavage fluid (BALF). Th17 response has been implicated during silica-induced inflammation in mice by increasing the expression of IL-6, IL-17A, IL-21, and RORγT and the percentage of CD4+IL-17A+ T cell population in lymph nodes. Similarly, in the same experimental approach, the blockade of the Wnt/β-catenin pathway enhanced Th1 response by increasing the expression of IFNγ and T-bet and the proliferation of the CD4+ IFNγ+ T cell population. These findings suggest that the function bias of silica-induced inflammation, in the absence of β-catenin, is toward fostering Th1 and Th17 response at the detriment of Treg cells by decreasing FoxP3, TGFβ, and IL-10 and of Th2 response by reducing GATA3, IL-4, and IL-3 levels (Dai et al., 2016). Nevertheless, in an OVA-expressing inflammation model, mice treated with LiCl (agonist of the canonical Wnt signaling that can inhibit GSK3β activity and thereby stabilize free cytosolic β-catenin effectively) showed a significant decrease of Th2 cytokines, such as IL-4 and IL-5, abolishing the Th2 response (Reuter et al., 2014). Also, there are strong indications that Wnt signaling can affect Treg function directly (van Loosdregt and Coffer, 2018) by reducing Treg-cell–mediated suppression in vitro and in vivo. These divergent results highlight the variety of immunological responses of the Wnt/β-catenin pathway during inflammation. Such variability could be likely driven by endogenous modulation of Wnt ligands and their signaling events by specifically targeting the downstream genes at the gDNA level (genetic perturbation) or by the use of small molecule inhibitors or activators or by exogenous modulation through DNA engineering (recombinant Wnt) conditioned media by adding Wnt regulators to cell culture (Ljungberg et al., 2019). However, it is really important to outline whether factors specific to the pathophysiological context (e.g., immune regulatory molecules, cytokines milieu) could be involved in the apparently opposing responses of Wnt during inflammation (Th2 response vs. Treg response and vice versa).



Neuroinflammation

The dysregulation of the Wnt/β-catenin pathway occurs in multiple neurodegenerative diseases, including Alzheimer (De Ferrari et al., 2014), Parkinson (Le Grand et al., 2015), and multiple sclerosis (Giacoppo et al., 2017). Their expression in immune-like cells of the CNS, including macrophages/microglia and astrocytes, as well as in oligodendrocytes suggests that they contribute to inflammation-driven brain repair or damage. DC-specific deletion of LRP5/6 or β-catenin leads to the increase of experimental autoimmune encephalomyelitis (EAE) and intense demyelination. Mechanistically, the genetic deletion of LRP5/6 or β-catenin in DC ensures a marked increase in leukocyte infiltration accompanied by the increase of pro-inflammatory cytokines, such as IFNγ, IL-17A, IL-22, IL-6, TNFα, IL-1β, IL-12p40, and IL-12p70, in the draining lymph node and CNS and the decrease of anti-inflammatory cytokine production (IL-10), indicating the critical role of the Wnt/β-catenin pathway in DC for limiting autoimmune CNS pathology. Furthermore, the absence of the Wnt pathway component during EAE reduced IL10+CD4+ regulatory cells Treg response and increased the Th1 and Th17 inflammatory response (increase of IFNγ+IL17+, TNFα+ CD4+, IFNγ+, and TNFα+ CD8+ T cells). This suggests a regulatory role of the canonical Wnt pathway during ongoing neuroinflammation in which activation of this pathway regulates the differentiation of naïve CD4+ T cells into Th1 and Th17 through regulation of DC-specific cytokine production and limitation of uncontrolled differentiation. Moreover, prophylactic and therapeutic treatment of EAE mice with a β-catenin agonist restores the injury by significantly delaying EAE onset and by markedly reducing its severity. This was explained by the reduction of the expression of pro-inflammatory cytokines and the increase of anti-inflammatory cytokines. It seems that β-catenin activation during EAE limits CNS pathology via the suppression of Th1 and Th17 response, the increase of Treg cells frequency, and the promotion of the regulatory response, suggesting that immunotherapy targeting Wnt/β-catenin could represent a promising therapeutic approach for clinical management of multiple sclerosis (Suryawanshi et al., 2015). However, other studies reveal that activation of the Wnt pathway could aggravate inflammation. The effect of β-catenin expression appears dose-dependent: transgenic mice with biallelic β-catenin overexpression develop lethal leukemia by blocking T cell development in the thymus at the immature CD4+CD8+ double positive stage. In contrast, transgenic mice with monoallelic β-catenin overexpression revealed a moderate increase in the frequency of infiltrating CD4+ and CD8+ T cells and their “partial activation” accompanied by accumulation of T cells at the double negative (DN) stage, increase of their proliferation, and the blockade of their apoptosis. In addition, a very strong decrease of naïve T cell marker CD62L concomitant with an enhancement of activation memory marker CD44 and CD69 on CD4+ and CD8+ T cells in the thymus and in the splenic and peripheral lymph node was detected. β-catenin overexpression recruits activated T cells to initiate a Th1-type inflammatory cascade by increasing IFNγ, IL-2, and TNFα expression and activates involving microglia and astroglia, leading to neurologic abnormalities and motor impairment in mice (Sorcini et al., 2017). Taken together, dysregulation of the Wnt/β-catenin pathway could be implicated in human CNS inflammatory and other autoimmune/inflammatory diseases, but potential detrimental effects of overactivation of the Wnt pathway should also be considered. Therefore, further study of comprehensive characterization and molecular machineries about the involvement of this pathway in human inflammatory and neuro-degenerative diseases is needed.



Colon and Intestinal Inflammation

The Wnt signaling pathway plays a crucial role in intestine development and in maintaining gut homeostasis (Greco et al., 2001). Aberrant Wnt signaling was recently detected in multiple intestinal inflammatory diseases, including inflammatory bowel disease (IBD) and IBD-associated colon cancer (Clevers, 2006). Nevertheless, β-catenin activity in myeloid cells has emerged as a rheostat in immune regulation and tolerance, specifically in in vivo models for auto-immunity, gut mucosal homeostasis, and cancer.

Chemical toxins, such as locally applied dextran sodium sulfate (DSS) provides an experimental model of tissue injury and intestinal inflammation. Recent studies highlight that LRP5/6 are still expressed in colonic DC and macrophages in this model. Accordingly, selective deletion of LRP5/6 in CD11c+ APC rendered mice highly susceptible to DSS. This was related to the elevated expression of pro-inflammatory cytokines, such as IL-1β, IL-6, IFN-γ, and IL-17; the reduction of anti-inflammatory cytokine expression, such as IL-10 and IL-22; the differentiation of naïve CD4+ T cells into Th1 and Th17; and the decrease of FOXP3 Treg differentiation. These data suggest that the functional bias, in the absence of LRP5/6, has been to enhance the effector response Th1 and Th17 and to suppress Treg response. However, mice with LRP5/6-deficient CD11c+ cells that express a stabilized form of β-catenin had a reduction of the severity of DSS-induced colitis as marked by reduced inflammation-associated tissue injury and reduced weight loss. Inflammatory cytokines were reduced, and mRNA levels of IL-10 was increased (Swafford et al., 2018). Similar experimental approaches confirmed the anti-inflammatory role of β-catenin in other mouse models. DCs lacking β-catenin in mice treated with DSS showed a severe inflammatory response associated with an increase in inflammatory cell infiltration, edema, epithelial cell hyperplasia, and loss of goblet cells, indicating the critical role of β-catenin signaling in DC in the regulation of intestinal homeostasis and the tolerogenic state. It is interesting to note that β-catenin-deficient DCs resulted in a low frequency of Treg cells and a high frequency of Th17 and Th1, indicating that β-catenin signaling in DC is critical for maintaining the balance between Treg cells and CD4+ T effector populations. The result from β-catenin-deficient DCs was confirmed by DC treatment with LiCl, which induces higher frequencies of Treg cells (Manicassamy et al., 2010).

The aforementioned studies support the view that activation of β-catenin in intestinal DCs programs them to induce Treg cells. In addition to the results from the mice overexpressing β-catenin in LRP5/6-deficient CD11c+ DCs as discussed above, high levels of β-catenin in T cells can cause chronic T cell activation by the expression of several activation markers including CD69, CD122, and NK62D and causes Th17 commitment by the expression RORγT, the signature transcription factor of the Th17 lineage. The activation of the latter transcription factor is responsible for Treg dysfunction, which loses the anti-inflammatory functions and contributes to systemic inflammation, colitis, and polyposis (Keerthivasan et al., 2014).



Hepatic Inflammation

The liver is an immunologic organ in which the main non-immunologic roles are metabolism, body detoxification, and nutrient storage. The liver shares both tolerogenic and immunogenic properties with the immune system in its composition and features, such as the ability to induce immune tolerance, production of innate immunity proteins, and hematopoiesis in the fetal liver (Gao, 2016; Tan et al., 2020). The liver is continuously exposed to a wide variety of antigens, bacteria, and endotoxins from the gastrointestinal tract (Gao, 2016; Tan et al., 2020). Thus, under microbial attack, it easily switches from the tolerogenic ground state to immunogenic response. This swift transition is due to the hepatic dendritic cells (HDC). In order to maintain tolerance and integrity under a steady-state condition, HDCs preserve their immature phenotype by expressing low MHCII and costimulatory molecules and producing anti-inflammatory mediators. In an autoimmune hepatitis (AIH) mouse model, HDC were converted into an immunogenic state marked by the maturation and the activation of CD40, CD80, CD86, CCR7, and MHCII; by the increase of inflammatory cytokines IL-1a, IL-2, IL-12a, IL-12b, and IFNγ; and by the decrease of the regulatory mediator IL-10 and TGF-β. Surprisingly, the level of β-catenin and its target genes Axin2 and TCF-4 in decreased in AIH-HDC. Chemical activation of β-catenin in HDC from concanavalin A (ConA)-induced AIH mouse model resulted in the reversion to an immunoregulatory phenotype with a low level of CD80, CD86, CCR7, IL-2, IL-12a, and IL-12b and a high level of PD-L1, IL-10, and TGF-β, indicating that reactivating Wnt/β-catenin signaling pathway can restore the immunoregulatory phenotype of HDCs. Consistent with that, the vaccination of ConA-induced AIH mice with Wnt ligand–pretreated DCs showed the decrease of the liver injury associated with the decrease of pro-inflammatory cytokines (IL-2, IL-12, and IFNγ), the increase of anti-inflammatory cytokines (IL-10 and TGF-β), and the reduction of the number of intrahepatic CD4+ and CD8+ T cells. These effects suggest that Wnt ligands enable HDC to eliminate the activation of T cells and govern Treg differentiation, thereby ameliorating the severity of AIH. These studies show the potently suppressive effect on AIH inflammation, suggesting that Wnt modulation could be a therapeutic strategy for AIH patients (Tan et al., 2020).



Systemic Inflammation in Tumor and Other Disease Models

Fibrosis is a common pathological mechanism to promote wound healing of chronic inflammation in different organs of the body, including liver, kidney, heart, and lung. It leads to organ decomposition and destruction (Wynn and Ramalingam, 2012). Pulmonary fibrosis results from the development and the progression of chronic inflammation associated with infection, air pollution, cigarette smoking, and cancer therapy (Selman et al., 2016). During airway damage, the upregulation and activation of β-catenin in alveolar epithelial type II cells induces the activation and remodeling of interstitial fibroblasts, which could and, in this case, does lead to pulmonary fibrosis (Wynn and Ramalingam, 2012). Besides this, the activation of canonical Wnt/β-catenin in pulmonary endothelial cells induces the development of perivascular fibroblasts into myofibroblast-like cells. The latter accumulate extracellular matrix and increase tissue stiffness, thus causing pulmonary fibrosis (Andersson-Sjoland et al., 2016; Cao et al., 2016). The crucial role of Wnt/β-catenin during liver pathophysiology is associated with chronic inflammation, such as hepatocyte proliferation, liver fibrosis, and tumorigenesis. HBV is a virus that infects hepatocytes and induces them to produce several viral proteins, such as HBx. HBx induces the upregulation and activation of EBCAM, MYC, NF-kB, and β-catenin in hepatic cells. The activation of β-catenin, through RSPO, plays a critical role in the process of hepatic stellate cell activation and liver fibrosis promotion (Yin et al., 2016). Indeed, β-catenin inhibitor PRI-724 was able to prevent HCV-related liver fibrosis by abolishing β-catenin activation (Tokunaga et al., 2017).

Accumulation of visceral adiposity is another factor associated with systemic inflammation. It is shown that Wnt5a promotes inflammation and insulin resistance in adipose tissue using animal models (Ouchi et al., 2010; Fuster et al., 2015). Indeed, overexpression of Wnt/PCP signaling was observed in visceral adipose tissue (VAT). Interestingly, a marked upregulation of Wnt5a, its co-receptor ROR2, PTK7 (a membrane protein involved in Wnt5a/ROR2 binding and signaling in mammalian cells), and Wnt5a downstream genes was observed in VAT. The high level of Wnt5a was correlated with the increase of IL-6 secretion in VAT. Consistently, Wnt5a siRNA treatment induced the decrease of Wnt5a as well as IL-6, confirming the correlation between these proteins. IL-6 has been previously linked to metabolic alteration associated with visceral adiposity (Zuriaga et al., 2017) as well as CCL5 and IL7 produced by VAT (van der Weerd et al., 2012). Thus, these data highlight that overactivation of Wnt5a/PCP signaling in VAT contributes to the secretion of a high level of IL-6 and low-grade systemic inflammation under obesity conditions (Zuriaga et al., 2017).

In certain cancers, metastases can be so widespread that it leads to systemic disease. Such inflammatory processes contribute to further metastasis of tumor cells and, therefore, provide important therapeutic targets. Recent work from the de Visser lab indicates that, in a breast cancer model in which the p53 tumor suppressor gene has been deleted, cancer cells abundantly produce Wnt ligands that stimulate macrophages in the tumor microenvironment to produce IL-1β (Wellenstein et al., 2019). This drives inflammation by neutrophil recruitment and exacerbates disease in these mouse models. Strikingly, blocking Wnt production in tumor cells reduces the IL-1β production by macrophages, reducing systemic inflammation, and metastasis of tumor cells. Hence, in this model, Wnt functions as a master regulator of systemic inflammation, which can be therapeutically targeted.




Wnt SIGNALING MODULATION: A NOVEL THERAPEUTIC STRATEGY TO DAMPEN INFLAMMATION?

In the models discussed, the activation of canonical Wnt signaling generally has a dampening effect on the immune response in the case of tissue-restricted inflammation, and in systemic inflammation, Wnt activation enhances inflammatory processes. Despite various implications of activated Wnt signaling in the pathophysiology of human inflammation, Wnt modulation using animal models has shown promising results in the amelioration of the inflammation-driven diseases. XAV939 (a Wnt/β-catenin pathway modulator) was able to significantly suppress the LPS effect on BEAS-2B human bronchial epithelial cells by decreasing pro-inflammatory gene expression, including IL-6, IL-8, TNFα, IL-1β, MCP-1, MMP-9, iNOS, and COX2. Although the expression of proinflammatory genes are increased, Ik-β is phosphorylated and degraded, followed by NF-kB release and its translocation from the cytoplasm to the nucleus. Even though XAV939 was able to significantly block Ik-β phosphorylation and NF-kB translocation from the cytoplasm to nucleus, this effect was rescued by β-catenin expression (Jang et al., 2019). Similarly, Wnt agonist treatment prior to hepatic ischemia/reperfusion (I/R) significantly reduces hepatocellular damage as the liver tissue was remarkably preserved and moderate hepatocellular edema was the only difference comparing the liver of sham-operated animals. This could be explained by the increase of the proliferative status of hepatocytes and the decrease of the number of apoptotic cells, suggesting that the principal activity of Wnt agonists could be the protection of hepatocytes from apoptosis during hepatic I\R recovery. Simultaneously, Wnt agonist administration led to a downregulation of pro-inflammatory markers (iNOS, Nitrotyrosine, IL-6) and the associated neutrophil recruitment. All this anti-inflammatory potential of Wnt agonists leads to a significant increase in the survival rate of the mice (Kuncewitch et al., 2013). Consistently, inhibition of Wnt signaling by Mab2F1 (a mouse monoclonal antibody against the E1E2 domain of LRP6) displayed therapeutic potential on diabetic retinopathy. Intravitreal delivery of Mab2F1 was shown to reduce vascular leakage, inhibit retinal inflammation, and ameliorate retinal neovascularization in the ocular inflammatory retinopathy model. This therapeutic effect was due to the inhibition of high-glucose-induced Wnt signaling and the suppression of inflammatory factors such as VEGF, ICAM-1, and TNF-α (Lee et al., 2014).

Wnt signaling is involved in heart disease on several levels: on the metabolic level by increasing cell sensitivity to insulin; on the cellular level by promoting smooth muscle cell proliferation; and on the structural and functional levels by causing fibrosis, sclerosis, atheroma formation, and hypertrophy (Saraswati et al., 2010). However, a select few molecules have shown promise to treat myocardial inflammation by targeting Wnt secretion or turnover of the β-catenin destruction complex (Willems et al., 2011). For example, GNF-6231, an inhibitor of both canonical and non-canonical Wnt ligands by the inhibition of Wnt palmitoylation, was able to limit pro-fibrotic myocardial injury and enhance recovery in preclinical models of myocardial infarction (Bastakoty et al., 2016). UM206 is a peptide characterized by its very high homology to Wnt3a and Wnt5a and its affinity to frizzled receptors, which inhibits Wnt signaling pathway transduction by blocking receptor occupancy. UM206 decreased heart failure and reduced the size of the myocardial infarction (MI) as well as increased the number of capillaries and decreasing myofibroblasts in the infarct area of the post-MI heart (Laeremans et al., 2011). Another small molecule that inhibits the interaction between β-catenin and CBP in the Wnt canonical signaling pathway is referred to as ICG-001 and was identified as a potent small molecule to treat heart disease. ICG-001 was able to regenerate myocardial cells by boosting the differentiation of epicardial progenitors, leading to the improvement of cardiac function in a rat model of myocardial infarction (Sasaki et al., 2013).

Recently, Wnt signaling became a therapeutic target for neurodegenerative diseases and neuro-inflammation, such as Parkinson disease. In an MPTP-based Parkinson model, Fasudil, a Rho kinase inhibitor, induced the protection of dopaminergic neurons from MTPT toxicity. This protective effect could be explained by its inhibitory effect exerted on phosphorylated GSK3β and, thus, the increase of β-catenin level accompanied by the increase of Wnt1/Fzd1 and the P110-PI3K/AKT pathway (Zhao et al., 2015). In addition, it has been reported that Wnt signaling activation ameliorates neuroinflammation after ischemic stroke induced by permanent distal middle cerebral artery occlusion followed by 1 h of hypoxia in a mouse model. The treatment of microglia from ischemic mice with TSW119, an inhibitor of GSK3β, significantly reduced the expression of pro-inflammatory proteins, such as CD16, TNFα, and iNOS and markedly increased the anti-inflammatory markers, such as CD206, IL-10, TGF-β, Arg-1, and YM1/2. Besides this, it contributed to the transition of microglia from the pro-inflammatory phenotype by reducing CD16/CD32+Iba1+ cells to an anti-inflammatory microenvironment in the peri-infract cortex by the reduction of TNF-α and the secretion of IL-10. These effects correlated with neurological improvement. This marked improvement of inflammation after the ischemic stroke was immediately reversed upon stimulation with IWR1, a specific inhibitor that targets Axin and leads to the degradation of β-catenin, suggesting that Wnt/β-catenin was able to attenuate inflammation after ischemic stroke. These data could suggest that Wnt/β-catenin activation during ischemic stroke could be a worthwhile therapeutic strategy to switch microglia polarization from a pro-inflammatory phenotype to a protective phenotype. After ischemic stroke, the transition of microglia polarization to an anti-inflammatory phenotype could be a strategy for inflammation amelioration by providing a better local microenvironment and neurovascular restoration (Song et al., 2019). In the same manner, renal ischemia reperfusion on mice treated with a Wnt agonist showed a significant decrease in IL-6 and IL-1β mRNA levels. Interestingly, this study demonstrates that the Wnt agonist is able to restore the proliferative ability of renal tubular cells by significantly increasing the number of Ki67 stained cells, illustrating a decrease of histologic injury and the amelioration of kidney architecture in general, including improvement in the abnormalities of Bowman's capsule spacing, hemorrhage, and intratubular cast formation (Kuncewitch et al., 2015a). Consistent with this, in a rat model for pulmonary hemorrhagic shock, the Wnt agonist reduced tissue damage by the reduction of neutrophil margination and cellular hyperplasia and the amelioration of edema and tissue infiltration. In addition, in the same model, the Wnt agonist showed its ability to preserve lung function by diminishing inflammatory cytokines in mRNA level (IL-6 and MPO) (Kuncewitch et al., 2015b). This suggests that the modulation of the Wnt pathway could be a strategy for the treatment of inflammatory disorders.



FUTURE PERSPECTIVES

In summary, recent studies suggest that Wnt molecules have a critical function in modulating responses of the immune system. One of its main activities seems to be to elicit regulatory and suppressive functions by the generation of tolerogenic DCs and influencing Treg cell and macrophage functions and inhibition of the largely pro-inflammatory NF-κB pathway. Hence, the Wnt pathway could serve as a molecular switch between opposing immune functions and could target different elements that may provide therapeutic benefits for various inflammatory diseases. On the other hand, a balance needs to be found when the inflammation spreads throughout the body because in systemic inflammation, Wnt signaling contributes to further disease. This underscores the complexity of Wnt signaling in immune cells, which is largely dose dependent in function (Luis et al., 2011; Staal et al., 2016). In fact, several Wnt inhibitors have already been shown to have a diverse mode of action ranging from blocking Fzd receptors and inhibiting Wnt secretion to the inhibition of β-catenin-mediated gene expression (Pai et al., 2017). However, these compounds lack cell type specificity and, in some cases, interact with both canonical and non-canonical Wnt signaling pathways. Besides this, none of these compounds have been sufficiently characterized for their efficacy, toxicity, and specificity in humans. Therefore, improvement of human target cell specificity might increase the chances for beneficial effects in various inflammatory disorders.

Even though Wnt signaling in DCs can clearly promote regulatory T cell responses and secrete cytokines in order to contain inflammation, there are remaining questions about the molecular mechanism and the downstream genes involved. In addition, the role of Wnt in both canonical and non-canonical pathways to regulate immunity and tolerance as well as the crosstalk between Wnt signaling and other pathways remains unsolved. Investigating expression levels of Wnt signaling components and their regulators in different inflammatory disease animal models is important in dissecting the dynamics of Wnt molecules in this setting. Besides this, performing loss-of-function studies (gene-deficient animals) as well as long-term overexpression of Wnt ligands is a promising approach that could help to reveal the long-term effect of these ligands in the remodeling process. In addition, unraveling the pathophysiological function of Wnt signaling components in an organ-specific manner by targeting tissue-specific expression using, for example, Cre-recombinase techniques would be useful. Such studies that yield another level of manipulating Wnt signaling allow the understanding of the exact inflammatory pathology and identification of therapeutic opportunities and also reveal potential risks and side effects of pharmacological interference with the Wnt signaling network.
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The Hedgehog (Hh) signaling pathway plays a crucial role in normal embryonic development and adult tissue homeostasis. On the other end, dysregulated Hh signaling triggers a prolonged mitogenic response that may prompt abnormal cell proliferation, favoring tumorigenesis. Indeed, about 30% of medulloblastomas (MBs), the most common malignant childhood cerebellar tumors, exhibit improper activation of the Hh signaling. The oncosuppressor KCASH2 has been described as a suppressor of the Hh signaling pathway, and low KCASH2 expression was observed in Hh-dependent MB tumor. Therefore, the study of the modulation of KCASH2 expression may provide fundamental information for the development of new therapeutic approaches, aimed to restore physiological KCASH2 levels and Hh inhibition. To this end, we have analyzed the TATA-less KCASH2 proximal promoter and identified key transcriptional regulators of this gene: Sp1, a TF frequently overexpressed in tumors, and the tumor suppressor p53. Here, we show that in WT cells, Sp1 binds KCASH2 promoter on several putative binding sites, leading to increase in KCASH2 expression. On the other hand, p53 is involved in negative regulation of KCASH2. In this context, the balance between p53 and Sp1 expression, and the interplay between these two proteins determine whether Sp1 acts as an activator or a repressor of KCASH2 transcription. Indeed, in p53–/– MEF and p53 mutated tumor cells, we hypothesize that Sp1 drives promoter methylation through increased expression of the DNA methyltransferase 1 (DNMT1) and reduces KCASH2 transcription, which can be reversed by Sp1 inhibition or use of demethylating agents. We suggest therefore that downregulation of KCASH2 expression in tumors could be mediated by gain of Sp1 activity and epigenetic silencing events in cells where p53 functionality is lost. This work may open new venues for novel therapeutic multidrug approaches in the treatment of Hh-dependent tumors carrying p53 deficiency.
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INTRODUCTION

The Hedgehog (Hh) signaling pathway plays a crucial role in normal embryonic development and adult tissue homeostasis (Ingham and McMahon, 2001; Quaglio et al., 2020). On the other end, dysregulated Hh signaling triggers a prolonged mitogenic response that may prompt abnormal cell proliferation, favoring tumorigenesis (Pasca di Magliano and Hebrok, 2003; Teglund and Toftgård, 2010).

Indeed, about 30% of medulloblastomas (MBs), the most common malignant childhood brain tumor, and most of the basal cell carcinomas derive from improper activation of the Hh signaling (Raleigh and Reiter, 2019). Furthermore, a growing body of evidences suggests the involvement of Hh in a wider variety of cancers including prostate, gastric, breast, colon, and thyroid cancers (Teglund and Toftgård, 2010; Bushman, 2016; Wu et al., 2017; Xu et al., 2017; Riobo-Del Galdo et al., 2019; Xu et al., 2019), and in cancer cell stemness and multidrug resistance (Sari et al., 2018). Different therapeutic approaches to modulate the Hh pathway have been proposed (Rubin and de Sauvage, 2006; Lospinoso Severini et al., 2020), but the insurgence of mutations that confer tumor resistance is still a critical point, highlighting the need for a multitarget approach, acting on the Hh pathway at different levels (Rubin and de Sauvage, 2006; Lospinoso Severini et al., 2020; Quaglio et al., 2020).

The oncosuppressor KCASH2 (also known as KCTD21) is a suppressor of the Hh signaling pathway and acts through recruitment, ubiquitination, and degradation of the HDAC1 deacetylase, leading to the inhibitory acetylation of the Gli1 transcription factor (De Smaele et al., 2011). Of note, reduced KCASH2 expression (and its related protein KCASH1) has been described in Hh-dependent tumors (De Smaele et al., 2004, 2011; Di Marcotullio et al., 2004), while KCASH2 expression in tumor cells leads to inhibitions of Hh signaling and reduction of tumor cell proliferation (De Smaele et al., 2011; Spiombi et al., 2019).

Based on the above observations, increasing KCASH activity may be a promising tool for therapeutic Hh inhibition. Unfortunately, given the mechanism of action of KCASH2, which acts as an “adaptor molecule,” it appears a challenge to identify small molecules able to improve KCASH2 function. To this end, modulation of KCASH2 protein levels in tumor cells may be a more feasible approach. Therefore, the study of the regulation of KCASH2 expression may provide fundamental information for the development of new therapeutic approaches, aimed to restore physiological KCASH2 levels. Recently, we have identified a KCTD family protein, KCTD15, which has been demonstrated to play a role in the stabilization of KCASH2 protein, therefore increasing its levels and its inhibition on the Hh pathway (Spiombi et al., 2019). Another useful approach to enhance KCASH2 levels is to positively modulate its transcription. To this end, we have aimed our work to the analysis of the KCASH2 proximal promoter for the identification of key transcriptional regulators of this gene, which may be modulated by drugs, either positively or negatively, allowing the activation of this new “physiologic” repressor of the Hh pathway in tumor cells.



MATERIALS AND METHODS


Cell Culture, Transfections, and Treatments

Medulloblastoma cell line DAOY (ATCC HTB-186) was cultured in Minimum Essential Medium (Gibco-Thermo Fisher Scientific, Massachusetts, United States) supplemented with 10% heat-inactivated fetal bovine serum (FBS), 1% sodium pyruvate, 1% non-essential amino acid solution, 1% L-glutamine, and 1% penicillin/streptomycin. DAOY cells were transfected with Lipofectamine Plus, according to the manufacturer’s instructions (Invitrogen-Thermo Fisher Scientific, California, United States).

Wild-type (WT) and p53–/– mouse embryonal fibroblasts (MEF) were generated as described previously (Mauro et al., 2012). Colon cancer cell line HCT116 (ATCC® CCL-247TM), cervical cancer cell line HeLa (ATCC® CCL-2TM), HEK293T (ATCC® CRL-3216TM), WT, and p53–/– MEF were cultured in Dulbecco’s modified Eagle’s medium (DMEM, Sigma-Aldrich, St. Louis, United States) plus 10% fetal bovine serum (FBS), 1% L-glutamine, and 1% penicillin/streptomycin, in a 5% CO2 atmosphere at 37°C.

HeLa and MEFs were transfected with Lipofectamine 2000, according to the manufacturer’s instructions (Invitrogen-Thermo Fisher Scientific). HEK293T cells were transfected with DreamFect Gold (OZ BIOSCIENCES, San Diego, United States).

Sp1 RNA interference (siRNA) was performed using Silencer® Select Pre-designed siRNA (200 nM), transfected with Lipofectamine 2000 according to the manufacturer’s instructions.

Mycoplasma contamination in cell cultures was routinely screened by using a PCR detection kit (Applied Biological Materials, Richmond, BC, Canada).

Mithramycin A (MMA) was purchased from Sigma (M6891) and reconstituted in methanol to a final concentration of 500 mM for storage. DAOY was treated with MMA (30 nM) for 12 h; HEK293T with 200 nM for 48 h; MEF WT and p53–/– were treated with MMA (500 nM) for 24 h.

DAOY and HCT116 were treated with 5-Aza-2′-deoxycytidine (5-AZA; 5 μM) for 72 h (A3656, Sigma).

HEK293T were incubated with doxorubicin hydrochloride (DOXO; 5 μM; Sigma) for indicated times, and MEF WT and p53–/– cells with DOXO (5 μM) for 5, 10, and 24.

MEF WT were exposed at a 222-nm wavelength of UV-C (10 J/m2), using a Strata-linker UV crosslinker 1800 (Stratagene, California, United States). Before UV-C treatment, the culture medium was removed, cells were irradiated, and the medium was added again immediately after irradiation. Cells were then harvested and analyzed after 24 h.



Plasmids

The following plasmids were used: RSV-Sp1 [kind gift from F. Zazzeroni (Mancarelli et al., 2010)], and pCAG-p53 [carrying mouse wild type p53 (Cecchinelli et al., 2006)]. Human KCASH2 promoter was cloned in pGL4.10 (luc2) (Promega Corporation, Wisconsin, United States) with standard cloning techniques. The mutant KCASH2 promoters were generated using Quick-Change Single Site/Multisite Mutagenesis Kits (Agilent Technologies, California, United States), following manufacturer’s protocols. All constructs were verified by sequencing. The plasmid used for Sp1 siRNA was Silencer® Select Pre-designed siRNA (AM16708, Ambion, Thermo Fisher Scientific, 116546) and as Negative control siRNA #2 (AM4613). Primers are listed in Supplementary Table 1.



Luciferase Assay

Dual-luciferase assay reactions were prepared using the Firefly Luciferase Assay Kit 2.0 (Biotium, California, United States), following manufacturer’s instructions. Luciferase activity was quantified using GloMax® Discover Microplate Reader (Promega). Results are expressed as Luciferase/Renilla ratios.



RNA Extraction and RT-qPCR

RNA was extracted using TRizol (Invitrogen-Thermo Fisher Scientific) and RNA Clean and ConcentratorTM-5 (R1014, Zymo Research, California, United States). cDNA synthesis was performed using the High-Capacity cDNA reverse transcription kit (BIO-65054, Meridian Bioscience, Ohio, United States). Quantitative real-time PCR analysis of KCASH2 mRNA was performed on cDNAs employing TaqMan gene expression assay (Applied Biosystem-Thermo Fisher Scientific) and using the ViiATM 7 Real-Time PCR System (Applied Biosystem-Thermo Fisher Scientific). All results were normalized to endogenous controls: GAPDH (4310884E), TBP (4326322E), ß2M (4326319E), HPRT, and ß-Actin (4326315E, Applied Biosystem-Thermo Fisher Scientific).



Chromatin Immunoprecipitation Assay

Chromatin immunoprecipitation assays (ChIP) were performed as previously described (Pediconi et al., 2019).

Briefly, HEK293T cells were fixed in 1% formaldehyde, and they were resuspended in 1 ml of PIPES buffer plus PIC and incubated 10 min at 4°C. Lysates were centrifuged at 10,000 g for 5 min to pellet the nuclei. Isolated cross-linked nuclei were sheared by sonication in a 1% SDS lysis buffer to generate cellular chromatin fragments of 300–400 bp using a BioRuptor Sonicator (Diagenode Inc). After microcentrifugation, the supernatant was diluted 1:10 in a buffer 0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris-chloride, pH 8.1, 167 mM NaCl buffer containing protease inhibitors, pre-cleared with blocked Protein G Plus (Pierce), and divided into aliquots. The chromatin was then subjected to immunoprecipitation for 14–16 h at 4°C using antibodies specific to anti-Sp1 (ab227383; Abcam), anti-acetyl-H4 (06-866; Millipore, Burlington, Massachusetts, United States), and anti-p53 (#2524A; Cell signaling). Immunoprecipitations with non-specific immunoglobulins (#27478; Abcam) were included in each experiment as a negative control. After the reverse cross-linking, immunoprecipitated chromatin was purified by phenol/chloroform (1:1) extraction and ethanol precipitation and analyzed by real-time PCR amplification using primers for KCASH2 promoter (listed in Supplementary Table 1).



Oligo Pulldown Assay

Nuclear extracts were prepared with NE-PER Nuclear and Cytoplasmatic Extraction reagents (Thermo Fisher Scientific, Pierce Biotechnology, Rockford, Illinois, United States) according to the manufacturer’s instructions and stored at −80°C.

Double-strand-biotinylated oligonucleotides were prepared using an equal quantity of single-stranded sense and antisense biotinylated oligonucleotides heated in a 100°C water bath for 1 h and allowed to cool down at RT.

The pulldown was performed with Dynabeads MyOne Streptavidin C1 (Invitrogen-Thermo Fisher Scientific) following manufacturer’s instruction. Briefly, 100 μl of resuspended washed Dynabeads magnetic beads was added to a mix formed by 400 μg of Nuclear extract and 4 μg of double-strand-biotinylated oligonucleotide in 100 μl of PBS buffer and placed on a rocking platform for 2 h. Then, the biotinylated oligonucleotide-coated beads were separated from the mix with a magnet for 3 min. Following washes, beads were resuspended in 30 μl of Loading Buffer 2×, boiled for 5 min at 95°C, separated from the supernatant with a magnet for 3 min, and analyzed by Western blot. Biotinylated probes are listed in Supplementary Table 1.



Western Blot

Cells were lysed with buffer containing Tris-HCl pH 7.6 (50 mM), 1% deoxycholic acid sodium salt, NaCl (150 mM), 1% NP40, EDTA (5 mM), NaF (100 mM), supplemented with phosphatase inhibitor, and Halt Protease Inhibitor cocktail (Thermo Fisher Scientific). Total protein extracts were then evaluated by Western blot assay using the antibodies listed below: mouse anti-tubulin polyclonal (SC-8035; Santa Cruz Biotechnology, Heidelberg, Germany), mouse monoclonal antibody against ß-actin (AC-15, A5441, Sigma), mouse anti-Vinculin monoclonal (SC-73614; Santa Cruz Biotechnology), mouse anti-GAPDH (6C5) (ab8245 Abcam, Cambridge, United Kingdom), rabbit anti-KCTD21/KCASH2 monoclonal (ab192259; Abcam), rabbit polyclonal anti-Sp1 (ab227383; Abcam), rabbit polyclonal anti-Phospho-p53 (Ser15; #9284, Cell Signaling Technology, Massachusetts, United States), and rabbit polyclonal anti-p53 (#9282, Cell Signaling). HRP-conjugated secondary antibody anti-mouse (SC-516102) or anti-rabbit (SC-2357) was purchased from Santa Cruz.



DNA Methylation Assay

Total genomic DNA was isolated from DAOY and HCT116 cells using the Isolate II Genomic DNA Kit (BIO-52067, Meridian BIOSCIENCE, Memphis, Tennessee United States). Four hundred nanograms of total DNA was treated with bisulfite to convert unmethylated cytosine to uracil using the Protocol A of EpiJET Bisulfite Conversion Kit (K1461, Thermo Fisher Scientific).

Either methylated or unmethylated DNA was used for PCR amplification carried out using Phusion U Hot Start DNA Polymerase (Thermo Fisher Scientific, F-555S/L). PCR primers were designed by the EpiDesigner software1 and are listed in Supplementary Table 1.

The amplificated DNAs were then sequenced using the Sanger method [as previously reported (Belardinilli et al., 2015; Nicolussi et al., 2019)]. Sequencing was performed using the BigDye Terminator v3.1 Cycle Sequencing Kit and a 3130XL Genetic Analyzer (Applied Biosystems–Thermo Fisher Scientific). Sequences were analyzed with the 4Peaks software (Nucleobytes, Aalsmeer, The Netherlands). The methylation level was measured as a ratio of methylated CpG to total CpG.



In silico Promoter Analysis

The human and mouse proximal promoter sequence of KCASH2 was identified using Promoter MatInspector (Genomatix software) (Cartharius et al., 2005). The Transcription Start Site (TSS) was recognized using the UCSC Genome Browser2. The putative transcription factor binding sites were identified using the Promoter MatInspector, GeneXPlain-Transfac3, and JASPAR database (Fornes et al., 2020). CpG islands prediction was performed with EMBOSS CpG-plot and MethPrimer (Li and Dahiya, 2002; Madeira et al., 2019). Promoter sequences of human and mouse KCASH2 were aligned by using the EMBL software Clustal Omega (Madeira et al., 2019).



Statistical Analysis

For all luciferase and qPCR assays, the p-values were determined using Student’s t-test, and statistical significance was set at ∗p < 0.05, ∗∗p < 0.01, or ∗∗∗p < 0.001. Results are expressed as mean ± SD. All experiments were replicated biologically at least three times.




RESULTS


Description of KCTD-Containing Cullin3 Adaptor Suppressor of Hedgehog 2 Proximal Promoter

Analysis of the proximal promoter is a fundamental step to identify regulatory networks involved in the expression of a specific gene, in particular, physio-pathological contexts (Veerla and Höglund, 2006).

We identified the human proximal promoter of KCASH2, using the Promoter Inspector Genomatix software. The Transcription Start Site (TSS) was recognized using the UCSC Genome Browser. KCASH2 proximal promoter is an 874-bp region that ends 169 bp downstream to the TSS and is a TATA/CAAT-less promoter.

To identify cis-acting elements in the promoter region responsible for KCASH2 regulation, we performed computational analysis, selecting the most significant transcription factor (TF) binding sites (BSs) (Supplementary Figure 1). Among these, we identified eight Specific Protein 1 (Sp1) BS sequence, named Sp1A to Sp1H (Figure 1). Sp1, a well-known TF ubiquitously expressed in mammalian cells, binds to, and acts through, GC boxes on the promoter of multiple target genes lacking a TATA box, which are involved in several fundamental cellular functions, including a number of tumor suppressors (Beishline and Azizkhan-Clifford, 2015). Since KCASH2 promoter lacks TATA and CAAT sequences, and has several GC boxes, we hypothesized that Sp1 could play an important role in KCASH2 regulation.
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FIGURE 1. The human KCTD-containing Cullin3 Adaptor of Suppressor of Hedgehog 2 (KCASH2) proximal promoter. The Transcription Start Site (TSS) is identified with the asterisk and is considered as nucleotide number 1. The putative binding sequences for Sp1 and p53 TFs are named from A to H and A to B, respectively. The relative core sequences are highlighted in bold.


Interestingly, we also identified on KCASH2 promoter two putative BS (named p53A and p53B) for the tumor suppressor p53 (Figure 1). p53 regulates several genes, coordinating essential biological processes from cell cycle progression to DNA repair up to senescence and apoptosis, which, if altered, underlie malignant transformation (Lane and Levine, 2010). Indeed, when p53 function is lost, normal cells lose their ability to control growth and death, leading to uncontrolled proliferation and cancer (Vieler and Sanyal, 2018). Since over 50% of human tumors carry loss of function mutations of p53 (Vieler and Sanyal, 2018), it appears useful to understand if and how p53 is able to regulate KCASH2 transcription.

To study in vitro the transcriptional modulation of the KCASH2 proximal promoter, we cloned the promoter into a luciferase reporter vector [pGL4.10 (luc2)], upstream of the reporter. After transfection of the KCASH2 reporter gene in HEK293T cells, we observed that the luciferase activity driven by the KCASH2 promoter is 24-fold over the background activity of the empty pGL4.10-basic (Supplementary Figure 2). Thanks to its substantial basal activity, the luciferase reporter looked suitable for analyzing both positive and negative transcriptional modulation of KCASH2 and, therefore, the effects of ectopic expression of different TFs on the KCASH2 promoter.



SP1 Activates Basal Transcriptional Activity of KCASH2 Promoter

To evaluate Sp1 contribution to KCASH2 transcription, we performed luciferase assay in HEK293T cells co-transfected with the KCASH2 reporter, in the presence of control vector or plasmid expressing Sp1. As shown, Sp1 overexpression significantly increases the KCASH2 reporter luciferase activity (Figure 2A) and KCASH2 protein levels (Figure 2B).
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FIGURE 2. Basal transcriptional activity of human KCASH2 promoter is driven by Sp1. (A,B) Sp1 ectopic expression increases KCASH2 promoter activity and KCASH2 protein levels. (A) HEK293T were co-transfected with the KCASH2 promoter luciferase reporter, together with control (CTR) vector or Sp1 expressing plasmid. Luciferase activity was normalized to the control. ∗∗∗p < 0.001. (B) HEK293T were transfected with empty vector or Sp1 expressing vector; 24 h later, cells were lysed and analyzed by Western blot, using Sp1 and KCASH2 antibodies. Tubulin was used as loading control. (C–G) Inhibition of Sp1 leads to a decrease in KCASH2 reporter activity, KCASH2 mRNA, and protein levels. (C) HEK293T cells were co-transfected with KCASH2-Luc reporter and treated with MMA (200 nM) for 24 h. Luciferase activity was normalized to mock treated cells (CTR). ∗∗p < 0.01. (D,E) HEK293T cells were cultured with MMA (200 nM) for 48 h. Then, cells were lysed and KCASH2 mRNA (D) and protein levels (E) were evaluated by RT-qPCR and Western Blot, respectively. KCASH2 mRNA levels were normalized to GAPDH, TBP, ß2M, and represented as fold-induction of the CTR. ∗∗p < 0.01. Western Blot was performed as above. Transfection efficiency in luciferase experiments was normalized by co-transfection of a pRL–TK–Renilla reporter. All experiments represented are the mean of three independent experiments ± standard deviation (SD). (F) Relative luciferase activity was measured in HEK293T cells transfected with scrambled siRNA (siCTR) or with Sp1 siRNA followed by KCASH2-Luc reporter and pRL–TK Renilla. Luciferase activity was normalized to the control. ∗∗p < 0.01. (G) HEK293T were transfected with siCTR or with Sp1 siRNA, 24 h later, cells were lysed and analyzed by Western Blot, using Sp1 and KCASH2 antibodies. Tubulin was used as loading control. Band intensities were analyzed using image J software and numbers below the boxes represent the relative quantification of protein levels. (H) Sp1 binds in vivo to the KCASH2 promoter sequence. Cross-linked chromatin was extracted from HEK293T cells and immunoprecipitated with a relevant control IgG or specific anti-Sp1 antibody. Immunoprecipitated chromatin samples were analyzed by qPCR using KCASH2 promoter selective primers. Relative enrichment was calculated by Delta CT analysis and expressed as fold induction of immunoprecipitated IgG negative control vs. specific anti-Sp1 antibody. ∗p < 0.05.


Moreover, we treated HEK293T cells with MMA (200 nM), a potent anticancer drug that binds to the minor grooves of the GC-rich motifs of the DNA, displacing Sp1 activity selectively (Quarni et al., 2019). As expected, luciferase assay shows a decrease in KCASH2 promoter activity following MMA treatment (Figure 2C). Similarly, mRNA and protein levels of KCASH2 significantly decrease in HEK293T cells after 48 h of drug treatment (Figures 2D,E), confirming Sp1-positive regulation of KCASH2 transcription. To further confirm that the KCASH2 transcription is indeed sustained by Sp1, we monitored also the effect of the depletion of endogenous Sp1 on KCASH2 activity. As expected, siRNA-mediated depletion of endogenous Sp1 reduces luciferase activity of KCASH2 promoter (Figure 2F) and its protein levels (Figure 2G) at similar levels. Finally, we confirmed the in vivo binding of Sp1 on KCASH2 gene promoter, performing a ChIP-qPCR assay in HEK293T cells by using anti Sp1 antibody (Figure 2H). The increase in the amount of immunoprecipitated proximal KCASH2 promoter confirms in vivo Sp1 binding, which most likely sustains its basal activity.

Next, we analyzed the contribution of each of the eight putative Sp1 BS (labeled from Sp1A to Sp1H) to KCASH2 regulation. Indeed, this contribution may depend on their relative position and the distance between them and the BS of other TFs, which can determine the availability for activators or co-repressor to interact with Sp1 (Koutsodontis et al., 2001).

We generated eight luciferase KCASH2 reporter constructs, each carrying a mutation disrupting the core sequence of one Sp1 BS (named MutA to MutH). The KCASH2 luciferase activity is significantly reduced when Sp1B and Sp1F have been mutated (MutB and MutF), and this effect was even more pronounced following the mutation of Sp1C (MutC). Overall, the other site-specific mutations lead to a modest and statistically non-significant decrement in KCASH2 activity. The only exception is represented by the fourth Sp1 BS mutant (MutD), which induces a significant upregulation of KCASH2 luciferase activity (Figure 3A). Since the opposite effects of mutations of sites C and D may be due to differences in the actual transcription factors that bind them, we performed oligonucleotide pulldown assays, observing that both sequences are able to bind Sp1 with similar affinity (Figure 3B).


[image: image]

FIGURE 3. Analysis of the contribution of each Sp1 BS on KCASH2 transcription. (A) HEK293T cells were co-transfected with wild type KCASH2 promoter sequence (WT) or with one of eight luciferase reporters (named Mut A to H), each carrying a mutated and inactive Sp1 BS. Lysates were analyzed by luciferase assays. ∗p < 0.05; ∗∗∗p < 0.001. (B) Oligo pull-down assay. The pulldown was performed with Dynabeads magnetic beads added with 400 μg of HEK293T Nuclear extract and 4 μg of double strand-biotinylated-oligonucleotide. INPUT: 40 μg of Nuclear extract. (C) HEK293T were transfected with WT or Mut C luciferase reporter together with an empty vector or a SP1 expressing vector. Lysates were analyzed by luciferase assays. ∗p < 0.05. (D) HEK293T were co-transfected with WT promoter or alternatively with Mut B/F/G or Mut C/F luciferase vectors. Lysates were analyzed by luciferase assays. ∗p < 0.05; ∗∗p < 0.01. (E) Mutations from A to G Sp1 BS reduce significantly KCASH2 activity and render the promoter unable to respond to Sp1 overexpression. HEK293T cells were co-transfected with WT reporter or Mut A–G luciferase vector, together with CTR or Sp1 expressing plasmids. Lysates were analyzed by luciferase assays. ∗∗p < 0.01. Transfection efficiency in luciferase experiments was normalized by co-transfection of a pRL-TK-Renilla reporter. Data are representative of three independent experiments performed in triplicate and presented as mean ± SD.


We also evaluated the residual responsiveness of MutC, for which we obtained the most marked decrease in basal activity, to Sp1 overexpression. Of note, a residual responsiveness of MutC to Sp1 is still present (increasing about 50% above the basal), indicating that although Sp1C BS has a dominant role in the modulation of KCASH2 by Sp1 (Figure 3C), nevertheless, some residual responsivity due to the other BS remains.

Given the most relevant role of Sp1B, Sp1C, and Sp1F in the KCASH2 promoter, we performed multiple mutagenesis to evaluate the contribution of different combinations of these BS. In particular, one mutant carrying Sp1B, Sp1F, and Sp1G mutations lead to a decrease in KCASH2 reporter activity by a value consistent with the summatory of addition of the effects observed in the presence of single Sp1 BS mutations, while a mutant adding Sp1F mutation to Sp1C mutation did not further reduce the basal activity compared with MutC (Figure 3D).

Finally, we evaluated the activity of KCASH2 reporter with mutations in all Sp1 BS, except for the site Sp1H (whose mutation does not affect reporter activity, which remained substantially overlapping with WT reporter) (MutA-G; Figure 3E). The mutation of Sp1D, which may be involved in an increase in KCASH2 activity, balances, in part, the negative effects of the other mutations, resulting in a higher basal luciferase activity of the MutaA-G than of the multiple Sp1B/F/G and Sp1C/F mutants. This seems to indicate that the Sp1D site may be physiologically involved in the suppression of KCASH2 transcription by a different TF (or a cofactor) sitting on the actual sequence or on a nearby sequence and interacting with Sp1 TF. Interestingly, the ectopic expression of Sp1 does not increase the MutA-G reporter activity, indicating that the identified BSs are the ones responsible for KCASH2 responsivity to Sp1 (Figure 3E).



p53 Negatively Regulates KCASH2 Expression

Two putative p53 BSs were recognized on human KCASH2 promoter sequence. The first map from −480 to −460 bp and the second from 112 to130 bp (downstream of the TSS). The second p53BS is not conserved in the mouse KCASH2 promoter and was not investigated further (Supplementary Figure 3).

We examined the p53 contribution to KCASH2 transcriptional regulation. Following p53 overexpression, KCASH2 reporter activity was significantly downregulated in HEK293T cells (Figure 4A). Similarly, KCASH2 protein levels decrease in p53-overexpressing cells (Figure 4B).
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FIGURE 4. p53 is a negative regulator of KCASH2 transcription. (A,B) p53 ectopic expression leads to a decrease in KCASH2 activity. (A) HEK293T cells were co-transfected with KCASH2-Luc reporter, together with an empty vector or a p53 expressing vector. Lysates were analyzed by luciferase assays. ∗p < 0.05. (B) HEK293T cells were transfected with p53 expressing or empty vector. Protein lysates were analyzed by Western blot, using p53 and KCASH2 antibodies. GAPDH was used as loading control. (C) KCASH2 promoter mutated on the p53 BS loses responsiveness to p53. HEK293T were co-transfected with WT or Mut p53 luciferase vector. Lysates were analyzed through luciferase assays. ∗p < 0.05. (D–F) Increase of p53 activity leads to a reduced KCASH2 expression. (D) HEK293T cells were treated with DOXO (5 μM) and collected at different time points (5, 10, and 24 h). Western blot analysis of p53 activation was performed with an antibody against phosphorylation of its Ser15, KCASH2 levels with specific antibody. Anti-Tubulin was used as loading control. (E) Luciferase assay of HEK293T cells co-transfected with KCASH2-Luc reporter and treated with DOXO (5 μM) for 24 h. ∗∗∗p < 0.001. (F) Modulation of KCASH2 mRNA and protein levels following treatment with DOXO (5 μM) for 10 h. mRNA (upper panel) was assayed through RT-qPCR, normalized to GAPDH and Actin, and represented as fold induction on the CTR. ∗∗p < 0.01. The corresponding levels of p53 and KCASH2 proteins (lower panel) were analyzed by Western blot. Anti-Vinculin was used as loading control. Transfection efficiency in luciferase experiments was normalized by co-transfection of a pRL–TK–Renilla reporter. Data are representative of three experiments performed in triplicate and presented as mean ± SD. (G) p53 binds in vivo KCASH2 promoter. Chromatin IP assay was performed with control IgG or anti-p53 antibody. Cross-linked chromatin was extracted from HEK293T cells treated for 5 h with Doxorubicin 5 μM and immunoprecipitated. Immunoprecipitated chromatin samples were analyzed by qPCR using KCASH2 promoter selective primers. Relative enrichment was calculated by Delta CT analysis and is expressed as fold induction of treated vs. not treated. ∗p < 0.05.


To verify whether p53 was acting through the predicted p53 BS, we mutated the core sequence of the recognition site for p53. As expected, Mutp53 reporter presented a significantly higher activity compared with WT promoter in luciferase assays, confirming that p53 BS is fundamental for p53 to perform its function (Figure 4C).

We evaluated also the effect of p53 modulation on KCASH2 expression. For this purpose, we treated HEK293T cells at different time points (5, 10, and 24 h) with DOXO (5 μM), a chemotherapic drug that causes DNA double-strand breaks and p53 activation (Lin et al., 2010). DOXO exposition leads to p53 activation [detected by p53 phosphorylation at Ser15 (Loughery et al., 2014)], and a concomitant decrease in KCASH2 protein levels as early as 5 h after treatment (Figure 4D). Similarly, DOXO treatment leads to a significant reduction in KCASH2 reporter activity (Figure 4E) and KCASH2 mRNA and protein expression (Figure 4F, upper and lower panels, respectively). Next, to determine whether active p53 could bind to the KCASH2 promoter sequence, ChIP assays were conducted in HEK293T cells where p53 was activated by DOXO treatment. Results revealed that p53 can directly bind to the KCASH2 promoter (Figure 4G). Interestingly, following DOXO treatment and p53 activation, the transcriptional activity on KCASH2 promoter is reduced. In fact, ChIP experiment with Anti-Acetyl-H4 (acH4) antibody, an epigenetic marker of transcriptional activation, demonstrated a general decrement of KCASH2 chromatin accessibility and a transcriptional inhibition of KCASH2 gene (Supplementary Figure 4).

Since p53 and Sp1 share similar consensus sequences at GC-boxes along the human genome, it is known that they might interplay in transcription regulation or compete in binding to promoters and function in opposite directions (Thornborrow and Manfredi, 2001; Lin et al., 2010; Oppenheim and Lahav, 2017). We wondered therefore if the apparent paradox of the opposite effects of the mutations in sites C and D on KCASH2 promoter (Figure 3A) may be due to the fact that site C could be bound by the activator member of Sp1 family, and site D could instead be occupied by p53.

With this aim, we performed an oligo pulldown assay that indicated that p53 is not able to bind efficiently the C binding site (BS-C) or the D binding site (BS-D) (Supplementary Figure 5A). Analysis of the luciferase activity of KCASH2 reporter containing either the mutation in the C binding site or the D binding sites (MutC or MutD), in presence of ectopic p53, did not suggest a significant difference in the effect of p53 (Supplementary Figure 5B). Indeed, p53 expression leads to a similar decrease in transcriptional activity in both WT and mutant constructs. These data may be interpreted as an indication that p53 activity on the KCASH2 promoter does not requires the Sp1 sites C and D.



p53 and Sp1 Regulation of KCASH2 Transcription Is Conserved in Mouse

Using MatInspector, we extrapolated the mouse KCASH2 proximal promoter sequence, and we compared it with the human promoter sequence, through Clustal Multiple Software (see Supplementary Figure 3). The observed high homology (∼70%), in particular, in the regions corresponding to Sp1 and p53 BS (that are highly conserved) suggests the presence of a largely conserved regulatory mechanism.

To verify this hypothesis, we assessed the Sp1 role on mouse KCASH2 expression by treating mouse embryonal fibroblast (MEF) with MMA. As expected, interfering with the Sp1 activity leads to a decrease in KCASH2 protein levels (Figure 5A).
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FIGURE 5. Modulation of KCASH2 expression by p53 and Sp1 is conserved in mouse. (A) Inhibition of Sp1 leads to a decrease of KCASH2 protein levels. MEF cells were treated with MMA (500 nM) for 24 h. Protein lysates were analyzed by Western Blot, using Sp1 and KCASH2 antibodies. Anti-vinculin was used as loading control. (B–D) p53 downregulates KCASH2 expression. (B) MEF cells were cultured with DOXO (5 μM) for 10 h, then cells lysates were analyzed by Western blot. Vinculin was used as loading control. (C,D) MEF cells were exposed to UV-C light and collected after 24 h. Then, RT-qPCR analysis was performed (C). Endogenous KCASH2 mRNA levels were normalized on GAPDH and HPRT, and represented as fold-induction on CTR. Data are representative of three experiments and presented as mean ± SD. ∗p < 0.05. Endogenous KCASH2 protein and p53 activation (D) were analyzed by Western blot and revealed with antibodies against KCASH2 and Ser15 phosphorylated p53. Anti-β-actin is shown as loading control.


Similarly, activation of p53 is responsible for a decrease in KCASH2 levels in MEF cells, after both DOXO treatment (Figure 5B) and UV irradiation (mRNA and protein levels; Figures 5C,D).



Sp1 Negatively Regulates KCASH2 Promoter in p53-Deficient Cells

Given that p53 and Sp1 work similarly in human and mouse cell lines, in order to evaluate a potential interplay between the two factors, we decided to use immortalized MEF generated from a p53–/– mouse model as a tool to investigate the effect of Sp1-driven transcription of KCASH2 in the absence of p53.

Comparison of the endogenous protein levels in MEF WT and p53–/– cells indicates that p53 absence matches with an increase in both Sp1 and KCASH2 proteins (Figure 6A). Indeed, our data are coherent with previous observations that p53 may negatively regulate Sp1 (Zhang et al., 2006).
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FIGURE 6. Analysis of the modulation of KCASH2 expression in cells lacking p53 activity. (A) MEF p53–/– present increased endogenous Sp1 and KCASH2 protein levels. Protein lysates of MEF WT and p53–/– were analyzed by Western blot. Anti-Vinculin is shown as loading control. (B) DOXO treatment reduces KCASH2 protein levels in MEF p53–/–. MEF p53–/– cells were treated with DOXO (5 μM) for 10 h, then cells were lysed and analyzed by Western blot. Anti-Vinculin was used as loading control. (C) MMA treatment depletes KCASH2 protein levels and increases p53 stability in MEF WT. MEF WT were cultured with MMA (500 nM) for 24 h, then protein lysates were analyzed by Western blot. Anti-Vinculin is shown as loading control. (D,E) Sp1 negatively regulates KCASH2 in MEF p53–/–. (D) MEF p53–/– were treated with MMA (500 nM) for 24 h and protein lysates analyzed by Western blot. Anti-Vinculin was used as loading control. (E) MEF p53–/– were transfected with empty vector or Sp1 expressing plasmid, then protein lysates analyzed by Western blot. Vinculin was used as loading control. (F,G) Sp1 overexpression reduces KCASH2 activity in p53 mutant DAOY cells. (F) DAOY were co-transfected with KCASH2-Luc reporter, together with control vector or Sp1 plasmid expression. Luciferase activity is normalized to the control and represented as mean of three independent experiments ± SD. ∗p < 0.05. (G) DAOY were transfected with empty vector or Sp1 expressing vector. Protein lysates were assayed by Western Blot. Tubulin was used as loading control. (H,I) Sp1 inhibition leads to an increase of KCASH2 mRNA and protein levels. (H) DAOY cells were cultured with MMA (30 nM) for 12 h. KCASH2 mRNA levels were assayed through RT-qPCR, normalized to GAPDH, HPRT, and Actin, and represented as fold-induction on the CTR. Bars represent the mean of three independent experiments ± SD. ∗p < 0.05. (I) Following MMA treatment, DAOY protein lysates were analyzed by Western Blot. Tubulin was used as loading control.


Interestingly, DOXO treatment reduces KCASH2 protein levels also in MEF p53–/– (Figure 6B), indicating a p53-independent route of action. Indeed, other groups have shown that exposure to DOXO leads to reduced protein levels of Sp1 levels in time- and dose-dependent manners (Oppenheim and Lahav, 2017), which could explain the observed decrease in KCASH2 levels through a decrease in Sp1 levels. Interestingly, we have observed a decrease in Sp1, and consequentially of KCASH2 protein, following DOXO exposition in HEK293T cells (Supplementary Figure 6).

MMA treatment reduces Sp1 and KCASH2 protein levels in WT MEF, as expected, but interestingly increases also p53 activity (Figure 6C). This observation is coherent with a previous report by Rao and colleagues in malignant pleural mesothelioma cells (Rao et al., 2016).

To better understand the interplay between Sp1 and p53, we analyzed the effect of MMA treatment in MEF p53–/–. As expected, drug treatment reduces Sp1 protein levels, but surprisingly, we observed a concomitant increase in KCASH2 protein (Figure 6D). Conversely, in the same cell line, the ectopic expression of Sp1 leads to a decrease in KCASH2 expression (Figure 6E).

To verify whether this seemingly paradoxical effect was restricted to MEF cells (although we observed that the p53- and Sp1-mediated regulatory mechanisms were apparently conserved from mouse to human), we analyzed the interplay of the two TFs in a human cell model carrying mutant p53.

To this purpose, we used human MB DAOY cells, which harbor mutant p53 (p53C252F), which is unable to bind the promoter of target genes (Waye et al., 2015). In DAOY cells, Sp1 overexpression leads to a reduction in reporter activity (Figure 6F) and KCASH2 protein levels (Figure 6G), an effect analogous to that observed in MEF p53–/–. Similarly, the reduction of Sp1 activity, following MMA treatment, results in an increase in mRNA (Figure 6H) and protein levels of KCASH2 (Figure 6I).

We further confirmed these observations in human cervical tumor HeLa cells, in which p53 expression is strongly repressed by overexpression of E6 protein from oncogenic HPV type 16 (Hoppe-Seyler and Butz, 1993). Also, in this case, the ectopic Sp1 expression leads to a decrement in KCASH2 protein levels (Supplementary Figure 7).

Our data seem to suggest that Sp1 mediates KCASH2 transcriptional repression in cells lacking p53 functionality, indicating that the availability of p53 determines if Sp1 acts as a transcription activator or repressor, as previously reported in different models and target genes (Innocente and Lee, 2005; Lin et al., 2010), although the mechanisms of action are not clear.



DNA Methylation Downregulates KCASH2 Expression in Cells Lacking p53 Activity

It may be possible that, in the absence of p53, epigenetic modifiers are transcribed and recruited to make chromatin less accessible and Sp1 sites less exposed as well, preventing binding from TFs. Indeed, p53 not only enforces the genomic stability but also plays a role in regulating the epigenetic changes that can occur in cells (Levine and Berger, 2017).

Of note, the expression of the DNA 5′-cytosine-methyltransferases (DNMT1) has been shown to be modulated by both p53 and Sp1 in lung cancer cells (Lin et al., 2010). Indeed, while high levels of Sp1 induce DNMT1 expression, p53 complexing with Sp1 negatively regulates its expression (Lin et al., 2010). Interestingly, in p53-null cells, ectopic Sp1 induces higher DNMT1 expression, indicating that DNMT1 deregulation is associated with a gain of transcriptional activation of Sp1 and/or loss of p53 repression (Lin et al., 2010).

Given the previous considerations, we investigated if DNA methylation could be a regulatory mechanism on KCASH2 promoter activity. In fact, we identified a putative CpG island, which contains 49 CpG dinucleotides, overlapping most of the KCASH2 promoter (from −360 to 120 bp, see also Figure 7).
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FIGURE 7. Transcriptional activity of KCASH2 promoter in p53 mutated and WT tumor cell lines. (A) p53 mutant DAOY and p53 WT HCT116 cells were treated with 5-AZA (5 μM). Then, KCASH2 mRNA levels were analyzed by RT-qPCR, normalized to Actin, and represented as fold induction on CTR. Bars represent the mean of three independent experiments ± SD.∗p < 0.05. (B) Methylation level of the CpG island on the KCASH2 proximal promoter. Genomic DNA was purified from DAOY and HCT116 cells and frequencies of CpG islands with and without methylation were measured by sequencing after bisulfate treatment. Methylation statuses of CpG dinucleotides are marked as non-methylated (open circle) and methylated (closed circle). Among marked regions, the methylation level was measured as a ratio of methylated CpG to total CpG. DAOY cells resulted methylated (10% CpGs), instead, HCT116 cells resulted totally unmethylated. The gray area on the schematic representation of the CpGs island indicate the CpG island, the dashes at the bottom of the sequence represent single CpG dinucleotides.


To evaluate whether methylation regulates the access of transcription factors on KCASH2 promoter, we first investigated the effects of demethylating agent 5′-Aza-2′-deoxycitidine (5-AZA) treatment on KCASH2 transcription in DAOY cells. Indeed, we previously described KCASH2 as a suppressor of Hh signaling, and its loss was able to reduce the Hh pathway activity and Hh-dependent DAOY cell proliferation (De Smaele et al., 2011; Spiombi et al., 2019).

The treatment of DAOY cells with 5-AZA, a drug that induces selective degradation of DNMT1 (Ghoshal et al., 2018), significantly increases KCASH2 mRNA levels (Figure 7A), suggesting that in these cells, there is an inhibition of KCASH2 expression driven by DNMT1. Of note, hypermethylated DAOY cells presented lower basal KCASH2 reporter luciferase activity compared with HEK293T (Supplementary Figure 8).

On the other hand, in colon cancer HCT116 cells (p53 WT), KCASH2 mRNA levels do not undergo significant changes after 5-AZA treatment (Figure 7A), suggesting that DNA methylation participates in KCASH2 transcription suppression when p53 is lost.

To support this observation, we therefore analyzed the methylation profile of KCASH2 promoter in DAOY and HCT116 cell lines. Sequencing of DNAs extracted after sodium bisulfite treatment show that KCASH2 promoter is differentially methylated in DAOY compared with HCT116 cells (Figure 7B). In fact, 10% of CpG dinucleotides of CpG island result in methylated p53-mutated DAOY cells compared with p53 WT HCT116 cells, in which ipomethylation was observed. Most interestingly, the only methylated CpGs of the proximal KCASH2 promoter are located close to the transcriptional start site (TSS). Taken together, these data demonstrate a direct role of methylation in KCASH2 transcriptional activity in p53-deficient cells.

Although further experiments need to be performed in order to fully demonstrate the mechanisms of action, we could hypothesize that in p53-mutated DAOY tumor cells, Sp1 may downregulate KCASH2 expression through DNMT1induction.




DISCUSSION

The KCASH2 promoter does not have a typical TATA-box but presents several GC-boxes, typical binding motifs for Sp1 (Yang et al., 2007). Sp1 has been shown to drive the expression of a wide plethora of human TATA-less genes either ubiquitously expressed or undergoing complex developmental and cell-specific regulation (Gross and Oelgeschläger, 2006).

Together with Sp1, computational analysis on the human KCASH2 promoter has identified several putative BS for other transcription factors, including SMAD, KIF, NeuroD, AP2alpha, and p53 (see Supplementary Figure 2). Of these, we investigated the role of p53 in the regulation of the KCASH2 promoter primarily because of its extraordinary relevance of p53 in tumorigenesis. The hypothesis that p53 may play a role in KCASH2 modulation would have been very interesting since KCASH2 is also a tumor suppressor in the Hedgehog-dependent tumor context. Indeed, p53 also plays a role in Hedgehog-dependent tumorigenesis: mouse models suggest that the loss of p53 may be associated to increased frequency of Hh-dependent tumorigenesis (Wetmore et al., 2001), and TP53 mutations are enriched among SHH medulloblastomas (Zhukova et al., 2013). Interestingly, a good number of these potential binding sites is conserved in highly homologous regions between human and mouse KCASH2 promoters, suggesting that this gene may be regulated in a conserved way in both organisms.

The work presented here is focused on the highly represented and conserved pattern of regulation mediated by Sp1 and the oncosuppressor p53.

Sp1 is a well-characterized transcriptional activator (Bouwman and Philipsen, 2002). It is essential for proper expression of a large variety of genes involved in development, cell growth regulation, and cancer (Black et al., 2001; Lomberk and Urrutia, 2005). Moreover, it is responsible for recruiting TATA-binding protein and fixing the TSS at TATA less promoters (Blake et al., 1990; Black et al., 2001) and as such plays a role on the TATA-less KCASH2 promoter.

Indeed, overexpression of Sp1 leads to an increase in KCASH2 transcription and protein levels. Conversely, the treatment with MMA, a selective well-known Sp1 inhibitor, reduced KCASH2 transcription and protein.

The single contribution of Sp1 BS to KCASH2 activity may depend also on the distance between them, which can determine the availability for activators or co-repressor to interact with Sp1, mediating KCASH2 regulation (Koutsodontis et al., 2001).

Among the eight putative Sp1 BS, Sp1B, Sp1C, and Sp1F seem to play a significant role: their mutation reduced by 50% the transcriptional activity of the KCASH2 promoter. Of note, mutation of the Sp1C site alone induced a dramatic reduction (> 90%) in transcriptional activity, although it was still able to weakly respond to Sp1 overexpression, probably because of the remaining active sites. On the other hand, mutation of Sp1D induced an increase in the transcriptional activity, which may indicate a somewhat repressive role for this site. We hypothesize that Sp1 binding on the C site may favor the activation of the transcriptional machinery, while binding on the D site may either induce recruitment of repressor protein or sterically interfere with the functionality of the transcriptional complex present on the C site. Moreover, Sp1 may interact with multiple factors simultaneously, particularly when present as a multimer, resulting in a large number of complexes and, consequentially, in a different activation or repression of target gene promoters. Another potential explanation is that Sp3, a Sp1-parolog, which has been described to act as a transcriptional repressor, may bind preferentially to BS-D. Indeed, the two TFs recognize similar, if not the same, DNA sequences (Völkel et al., 2015) and may compete for binding, thus Sp3 can repress KCASH2 gene expression by binding to the D site.

Another possibility was that the D site may be occupied by other factors such as p53 that, in our context, acts as negative regulator of KCASH2 transcription, but results from oligonucleotide pulldown assays suggest that this is not the case.

Finally, we could not exclude that the single-site mutation, which is able to disrupt Sp1 binding, could also interfere with DNA topology and chromatin accessibility to chromatin modifiers that play a role in promoter regulation and transcription initiation.

Of interest, combined mutation of the most active Sp1 BS demonstrates an increased inhibitory effect on transcription, while the mutation of all the BS (except for the H site) lost the responsivity to Sp1 overexpression, although its basal level was not completely turned off.

Sp1 overexpression has been linked to tumorigenesis and to altered expression of a number of essential oncogenes and tumor suppressors (Beishline and Azizkhan-Clifford, 2015). It is interesting to note that Sp1 expression was found high also in Hh-dependent MB tumor cells (Eslin et al., 2013), while KCASH2 expression was reduced in MB cells (De Smaele et al., 2011). For this reason, we could have expected an inverse correlation between the two genes’ expressions. This apparent paradox is shared with the other KCASH family member KCASH1, whose activity increases following Sp1 overexpression (Mancarelli et al., 2010). We hypothesize therefore that Sp1 may contribute to the assembly of the transcription complex and sustain KCASHs basal level of activity, which could be further enhanced or downregulated by other TFs or by epigenetic modifications.

On the other side, while we have demonstrated that KCASH2 has at least one functional site for p53 binding, we would have expected that p53 overexpression would have a positive effect on KCASH2 transcription, in agreement with the oncosuppressor role of both proteins.

We observed, on the contrary, that p53 downregulates KCASH2 expression.

Indeed, p53 may act also as a repressor; although the mechanism of action has not been unanimously agreed, there are several genes that are repressed following overexpression or activation of p53 (Ho and Benchimol, 2003; Lin et al., 2010; Fischer et al., 2015, 2016). Several models of p53 action have been proposed, involving interference with activators, interference with basal machinery, and action on modifiers (e.g., recruitment of HDACs and reduced accessibility to the promoter) (Ho and Benchimol, 2003). Indeed, p53 may specifically interact with and recruit corepressors such as the mSin3A–HDAC complex or SMRT. It has been recently suggested that p53 repression may be through a mechanism involving the DREAM complex or RB (Engeland, 2018; Uxa et al., 2019). Nevertheless, in our hands, mutation of the putative p53 BS on the KCASH2 promoter abolishes such repression, implying that binding of p53 on the p53 BS is required. These data are also confirmed by the ChIP assay, which indicates the recruitment of p53 on the promoter.

According to the presence of a Sp1 BS (Sp1B) close to the p53 BS, we may hypothesize that the mechanism of action of p53 implies the interaction between these two transcription factors, as has been previously suggested (Lin et al., 2010). Indeed, we have shown that DOXO treatment can activate p53, while downregulating Sp1 and KCASH2 protein levels.

The complex crosstalk between p53 and Sp1 warrants further study. Intriguingly, p53 and Sp1 share similar consensus sequences at GC-boxes along the human genome, suggesting that they might interplay in transcription regulation and may even compete in binding to specific promoters or function in opposite directions (Oppenheim and Lahav, 2017). It has also been suggested that some of the inhibitory activity of p53 is exerted through downregulation of Sp1 (Jun et al., 2017). Another possibility that we cannot exclude is that, in our context, p53 does not directly exert a true repressory effect, but may have a weaker transcriptional activity compared with Sp1. In this scenario, p53 binding on the promoter may simply interfere with Sp1 binding to some of the Sp1 BS and substitute a strong transcriptional activity with a weaker one, resulting in an overall reduction in KCASH2 transcription.

At the same time, we have demonstrated that treatment with MMA may increase p53 levels; this is in agreement with Phillips et al., who suggested that MMA may stabilize p53 at post-transcriptional level, by negative modulation of MDM2 mRNA nuclear export and its translation (Phillips et al., 2006).

On the other hand, Sp1 and p53 may form a complex, together with chromatin modifiers, inducing repression of the DNMT1 gene (Hsu et al., 2014). Moreover, p53 can sequester Sp1, preventing its interaction with target sequences (Bocangel et al., 2009). Interestingly, whenever it happens, a shift in the balance between the two factors, either by an increase in Sp1 or a decrease in p53, will enhance DNMT1 gene expression (Hsu et al., 2014). Based on our data, we may hypothesize that recruitment of the p53 protein on KCASH2 promoter, close to an Sp1 site, may allow the formation of a complex acting as a transcriptional modulator.

The most intriguing results presented here indicate that in the absence of an active p53 protein, either by knock out (in p53–/– MEF), by mutation of the gene (in DAOY cells), or by post-translational interference on p53 (HeLa cells), Sp1 appears to play a suppressive role on the KCASH2 promoter. Coherently, reduction in Sp1 activity by MMA induced a KCASH2 increase.

Tumor suppressor genes (e.g., p16 and VHL) are frequently silenced by DNA methylation of their promoters (Jones and Baylin, 2002). Interestingly, Sp1 and p53 modulate DNMT1 and, in a p53 null context, Sp1 expression leads to an increase in DNMT1 (Lin et al., 2010) and by consequence promoter methylation of target genes.

We may hypothesize a model (Figure 8) (which will need to be confirmed by further evidences) according to which, in WT cells, basal KCASH2 expression is balanced by the effects of transcription induced by Sp1 and suppression operated by p53. On the other hand, in cellular and tumor models in which p53 is lost, mutated, or inactivated, the expression of Sp1 is enhanced, leading to an increase in DNMT1 protein. DNMT1 is therefore responsible for promoter methylation, turning off KCASH2 expression, since Sp1 is not able to bind the methylated GC on the promoter and sustain basal levels of KCASH2. Coherently with this model, DAOY cells exhibit higher levels of KCASH2 promoter methylation and increase KCASH2 transcription following treatment with the demethylating agent 5-AZA (Patties et al., 2013).


[image: image]

FIGURE 8. Model of KCASH2 regulation in WT and p53-deficient cells. (A) In WT cells, transcriptional activity of the KCASH2 promoter is balanced by the effect of basal transcription sustained by Sp1 and suppression operated by p53. In this context, p53 also inhibits Sp1-dependent DNMT1 transcription, leaving the KCASH2 promoter accessible to transcription factors. (B) In p53-deficient cell, Sp1 is upregulated and leads to active DNMT1 transcription. The consequent methylation on CpG islands of the KCASH2 promoter inhibits Sp1 binding and its capability to activate KCASH2 transcription, resulting in low levels of KCASH2. (C) MMA and 5-AZA treatment in p53-deficient cells enhance KCASH2 transcription. MMA reduces Sp1 levels, and its binding and activation of the DNMT1 promoter. 5-AZA treatment leads to demethylation of the CpG island rendering KCASH2 promoter available for Sp1 binding and Sp1-mediated basal activation.


Recently, new molecules able to modulate the Hh signaling have been designed and developed for MB treatment (Quaglio et al., 2020). However, drug resistance and tumor relapse remain the greatest challenge, making it necessary to find further new therapeutic strategies (Cowman et al., 2019).

Given the role of KCASH2, which acts downstream of the Hh pathway, to the level of Gli1 transcription factor, the capability to modulate its expression may add a new therapeutic tool. Interestingly, some authors have already suggested the use of Sp1 inhibitors, alone or in combination with a standard chemotherapeutic drug for MB treatment (Eslin et al., 2013; Patil et al., 2019).

According to our model, it would be a promising therapeutic approach to enhance KCASH2 expression in MBs, by the use of Sp1 inhibitors in combination with demethylating agents and other Hh inhibitors acting on different targets. This would be particularly effective in the treatment of Hh-dependent MB characterized by p53 deficiency.
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Interaction between thyroid hormones and the immune system is reported in the literature. Thyroid hormones, thyroxine, T4, but also T3, act non-genomically through mechanisms that involve a plasma membrane receptor αvβ3 integrin, a co-receptor for insulin-like growth factor-1 (IGF-1). Previous data from our laboratory show a crosstalk between thyroid hormones and IGF-1 because thyroid hormones inhibit the IGF-1-stimulated glucose uptake and cell proliferation in L-6 myoblasts, and the effects are mediated by integrin αvβ3. IGF-1 also behaves as a chemokine, being an important factor for tissue regeneration after damage. In the present study, using THP-1 human leukemic monocytes, expressing αvβ3 integrin in their cell membrane, we focused on the crosstalk between thyroid hormones and either IGF-1 or monocyte chemoattractant protein-1 (MCP-1), studying cell migration and proliferation stimulated by the two chemokines, and the role of αvβ3 integrin, using inhibitors of αvβ3 integrin and downstream pathways. Our results show that IGF-1 is a potent chemoattractant in THP-1 monocytes, stimulating cell migration, and thyroid hormone inhibits the effect through αvβ3 integrin. Thyroid hormone also inhibits IGF-1-stimulated cell proliferation through αvβ3 integrin, an example of a crosstalk between genomic and non-genomic effects. We also studied the effects of thyroid hormone on cell migration and proliferation induced by MCP-1, together with the pathways involved, by a pharmacological approach and docking simulation. Our findings show a different downstream signaling for IGF-1 and MCP-1 in THP-1 monocytes mediated by the plasma membrane receptor of thyroid hormones, integrin αvβ3.

Keywords: PI3-kinase and ERK1/2 signaling pathways, nitric oxide, cytokine, STAT-1, molecular docking, reactive oxygen species, baicalein, tetrac


INTRODUCTION

Thyroid hormones 3,5,3′-triiodo-L-thyronine (T3) and L-thyroxine (T4) give rise to a wide range of effects on metabolism, growth, and development (Yen, 2001). The major form of thyroid hormone secreted from the thyroid gland is T4, whereas T3, the true hormone, is produced mainly in target tissues by deiodination of T4 (Bianco et al., 2002). The effects are known to be mediated by the binding of T3 to specific receptor proteins that may translocate to the cell nucleus where they regulate gene expression, and they require a period of time for protein synthesis and the biological response to manifest (Feng et al., 2000; Yen, 2001).

Non-genomic or extranuclear actions of thyroid hormone are initiated at the plasma membrane or in the cytoplasm and do not depend primarily on the interaction of the hormone with classical nuclear receptors (TRs). Non-genomic mechanisms of thyroid hormone action rely upon transduction of the hormone signal by kinases such as mitogen-activated protein kinase (MAPK) (Lin et al., 1999a; D’Arezzo et al., 2004; Lei et al., 2004, 2008; Cao et al., 2005; Davis et al., 2005; Cohen et al., 2011) or phosphoinositide 3-kinase (PI3K) (Bergh et al., 2005; Hiroi et al., 2006; Incerpi et al., 2014; Davis et al., 2016) that are cytoplasmic in location, but once they are activated may move to other intracellular compartments.

A crosstalk between the thyroid hormone-activated MAPK pathway and the signal transducer and activator of transcription (STAT) proteins has been reported, and this is important for the potentiation by thyroid hormone in the physiological concentration range of the actions of interferon-γ (IFN-γ) and epidermal growth factor (EGF) in HeLa cells that contain no nuclear receptor of thyroid hormone. Thyroid hormone causes tyrosine phosphorylation and nuclear translocation of STAT-1α by a non-genomic mechanism. In addition to this, thyroid hormones are able to modulate the activity of growth factors such as EGF and transforming growth factor-α (TGF-α) (Lin et al., 1999b; Shih et al., 2004).

The long-searched plasma membrane receptor for thyroid hormone is an integral transmembrane protein: the integrin αvβ3 (Bergh et al., 2005). The interaction of the integrin with thyroid hormone elicits a complex array of cellular events, and only some of them have been identified to date, leading to angiogenesis and tumor cell proliferation (Bergh et al., 2005; Davis et al., 2014, 2016; Mousa et al., 2018; Gionfra et al., 2019). The integrin αvβ3 is involved in several diseases (Berghoff et al., 2014; Bi and Yi, 2014; Schniering et al., 2019) and is also a “door” for the access of foreign particles, bacteria, viruses into the cell; we believe that the role of thyroid hormone in the immune defense against pathogens or foreign material has become more clear in the last years than it was before, although the mechanisms are not yet known. On the other hand, thyroid hormones are able, among the variety of effects, to modulate the immune function, and a crosstalk exists between the thyroid hormones and the immune system (De Vito et al., 2011; De Vito et al., 2012), and THP-1 monocytes express a high amount of integrin αvβ3 (Dellacasagrande et al., 2000; De Vito et al., 2012).

All these pieces of evidence prompted us to study the capability of thyroid hormones to modulate in THP-1 monocytes from leukemic patients responses typical of immune cells, such as cell migration and proliferation and the possible role of integrin αvβ3 (Cohen et al., 2014). To this aim, we used two different known modulators of cell migration, monocyte chemoattractant protein-1 (MCP-1) and insulin-like growth factor-1 (IGF-1), a growth factor, but also a chemokine produced by injured skeletal muscle (Pillon et al., 2013).

Our data show that thyroid hormones in the presence of either MCP-1 or IGF-1 are able to inhibit cell migration in THP-1 monocytes; the effect is mediated by integrin αvβ3, but with different pathways.



MATERIALS AND METHODS

Roswell Park Memorial Institute medium (RPMI-1640), sodium pyruvate (100 mM), L-glutamine (200 mM), streptomycin (100 mg/ml), penicillin (100 U/ml), phosphate buffered saline (PBS; 10 mM Na2HPO4, 137 mM NaCl, 2.7 mM KCl dissolved in 500 ml of distilled water, pH 7.4), D-glucose (5 mM), O-(4-hydroxy-3-iodophenyl)-3,5-diiodo-L-tyrosine sodium salt [3′,5-triiodo-L-thyronine (T3)], 3-[4-(4-hydroxy-3,5-diiodophenoxy)-3,5-diiodophenyl]-L-alanine sodium salt [L-thyroxine (T4)], tetraiodothyroacetic acid (tetrac), human recombinant IGF-1, Arg-Gly-Asp (RGD) peptide, lipopolysaccharide (LPS; from Escherichia coli), Nω -nitro-L-arginine methyl ester hydrochloride (L-NAME), nitrosoglutathione (GSNO), dimethyl sulfoxide (DMSO), diphenyleneiodonium chloride, and baicalein (5,6,7-trihydroxyflavone) were supplied by Sigma-Aldrich (St. Louis, MO, United States). Sterile plasticware for cell culture was purchased from Falcon (3V Chimica S.r.l., Roma, Italy); fetal bovine serum (FBS) was obtained from GIBCO (NY, United States). MCP-1 was purchased from PeproTech (NJ, United States). Sterile PBS, D-PBS (Dulbecco’s phosphate buffered saline without calcium and magnesium), was obtained from EuroClone (Italy). PD98059 [a selective inhibitor of MAP kinase kinases (MAPKK), MEK1 and MEK2], wortmannin (a selective irreversible inhibitor of PI3K), and 4,5-diaminofluorescein diacetate (DAF-2DA) were purchased from Alexis Biochemicals (Laufelfingen, Switzerland). Mouse anti-αvβ3 integrin monoclonal antibody (clone LM609) was obtained from Immunological Sciences/Societa’ Italiana Chimici (Rome, Italy).


Cells in Culture

Human leukemic monocytes THP-1 (ATCC TIB 202) from American Type Culture Collection (Rockville, MD, United States) were grown in a suspension containing RPMI-1640 medium with 10% FBS, 100 μg/ml streptomycin, and 100 U/ml penicillin, in a humidified atmosphere of 5% CO2 at 37°C (Pedersen et al., 2007; Lombardo et al., 2013). These cells show a large, round, single-cell morphology. The THP-1 monocytes were passaged twice a week by 1:4 dilutions and reseeded; only cells from passages no. 7–23 were used for the experiments.



Migration Studies

Migration experiments were carried out by the use of Transwell (Corning) with an 8-μm polycarbonate membrane, 6.5-mm insert 24-well plate with serum-free RPMI-1640 medium containing 0.2% bovine serum albumin (BSA) in both chambers, for 4 h at 37°C (De Vito et al., 2012). THP-1 cells (about 200,000 cells/well) were placed in the upper chamber with RGD (10 μM), tetrac (10 μM), Ab-αvβ3 (8 μg/ml), wortmannin (100 nM), and PD98059 (10 μM), while T3 (10–7–10–9 M), T4 (10–7–10–11 M), MCP-1 (100 ng/ml), and IGF-1 (10 nM) were added to the bottom chamber. All αvβ3 inhibitors and L-NAME (1 mM) and GSNO (0.5 mM) were preincubated for 20 min at 37°C. After 4 h of incubation, at 37°C, cells migrated (from the top to the bottom part of the chamber) were counted with a modified Neubauer chamber. At the beginning, migration experiments were carried out with RPMI as medium and in the presence of serum (0.2% FBS) (24). Afterward, since data from literature (Tsaur et al., 2012) show that serum can act as a chemoattractant, we decided to perform experiments in a serum-free medium.



Proliferation Assay

Cells were seeded in 60 mm × 15 mm Petri dishes with RPMI-1640 and stimulated with RGD, T4, and IGF-1 the day after the seeding. Cells were counted after 72 h. The role of integrin αvβ3 on the proliferation of THP-1 cells was studied using RGD peptide (10 μM) as the integrin αvβ3 inhibitor. RGD peptide was preincubated 20 min before adding T4 (100 nM), IGF-1 (10 nM), and MCP-1 (100 ng/ml). Moreover, we studied PI3K and MAPK pathways by the use of wortmannin (100 nM) and PD98059 (10 μM) preincubated 20 min before adding T4, IGF-1, and MCP-1. Cells were counted with an optical microscope with a Neubauer chamber (Incerpi et al., 2014).



Nitric Oxide Detection

The production of nitric oxide (NO) in THP-1 cells was measured using DAF-2DA probe. DAF-2DA is a sensitive fluorescent indicator for the detection and bioimaging of NO. It is a cell-permeable derivative of DAF-2. Upon its entry into a cell, DAF-2DA is transformed into the less cell-permeable derivate, DAF-2, by cellular esterases, thus it prevents loss of the signal due to diffusion of the molecule from the cell. In the presence of oxygen, DAF-2 reacts with NO to yield the highly fluorescent triazolofluorescein (DAF-2T). At the time of the experiment, the cell suspension (8 × 106 cells) was washed (1,200 rpm, 10 min) three times with 8 ml of PBS containing 5.0 mM glucose (90 mg/100 ml) to remove the serum, which may affect the action of the fluorescent probe. The incubation with the probe DAF-2DA at the final concentration of 5 μM was carried out for 30 min in the dark at 37°C (López-Figueroa et al., 2000). At the end of the incubation, cells were washed three times, centrifuged at 1,200 rpm for 5 min, and the final cell pellets were resuspended in 4 ml of PBS-glucose. Before the experiments, cells were recovered at 37°C for 30 min in the dark. Some samples of cells were preincubated with L-NAME (1 mM) for 30 min at 37°C. After the recovery, the cells were seeded in a 96-multiwell (200 μl/well) and stimulated with T4 (100 nM), MCP-1 (100 ng/ml), ionomycin (2 μM), and LPS (1 mg/ml). Intracellular fluorescence was measured with spectrofluorometer at 37°C (Jasco, Analytical Instruments). Excitation and emission wavelengths were set at 495 and 515 nm, respectively, using 5- and 10-nm slits for the light paths. The measurements were performed at 0, 1, 2, 3, and 4 h.



The Griess Assay

The measurement of nitrite production was carried out by the Griess assay, a common method for the indirect determination of NO by the spectrophotometric measurement of nitrites. This method requires that nitrates are firstly reduced to nitrite and then determined by the Griess reaction (Ridnour et al., 2000; Colasanti et al., 2004). Herein, cells were seeded in a 24-multiwell and treated with LPS (1 g/ml), ionomycin (2 μM), MCP-1 (100 ng/ml), thyroxine (100 nM), and l-NAME (1 mM). Nitrite concentrations were tested on THP-1 cells at 4, 24, and 48 h, as described. At different time points, cell suspensions were removed and washed, while supernatants were frozen. In a 96-multiwell plate, a known volume of premixed Griess reagent (1% sulfanilamide, 0.1% naphthylethylenediamine dihydrochloride, and 2.5% H3PO4) was added to 70 μl of the supernatant of each sample. The reaction was carried out for 15 min at room temperature in the dark. At the end of the reaction, absorbance was measured at 550 nm using ELISA reader (Packard Fusion Microplate Reader). The concentration of nitrite in the supernatants was extrapolated using the calibration curve based on the known concentrations of sodium nitrite (NaNO2 0–50 μM) reacted with the Griess reagent.



Western Blot Analysis

THP-1 cells were washed twice with phosphate-buffered saline (PBS), pH 7.4, and lysed in 50 mM Tris, pH 7.4, 150 mM NaCl, 1% Triton-X 100, 0.25% sodium deoxycholate, 1 mM ethylenediaminetetraacetic acid (EDTA), 1 mM ethylene glycol tetraacetic acid (EGTA), 0.5% non-ionic detergent IGEPAL CA-630 (Sigma-Aldrich), 1 mM sodium orthovanadate, 20 mM sodium fluoride, 1 μg/ml leupeptin, 1 mM phenylmethylsulfonyl fluoride, 1 μg/ml pepstatin A, for 30 min in ice. Whole-cell lysates were centrifuged at 6,000 g for 10 min at 4°C, and the supernatants were frozen at −80°C. The protein concentrations of cell extracts were determined by the Lowry protein assay (Lowry et al., 1951). The aliquots of cell extracts containing 30 μg of total proteins were resolved on 7% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred by electroblotting them on nitrocellulose membranes (Whatman GmbH, Dassel, Germany) overnight at 35 V with the Bio-Rad Trans-Blot apparatus. For the immunoassays, the membranes were blocked in 3% BSA fraction V (Sigma-Aldrich, St. Louis, MO, United States) in Tween 20-TBS (TTBS)/EDTA (10 mM Tris, pH 7.4, 100 mM NaCl, 1 mM EDTA, 0.1% Tween 20) for 1 h at room temperature. To analyze tyrosine phosphorylation of STAT1, immunoblotting was performed using specific antibodies anti-phosphotyrosine 701-STAT1 diluted in 1% BSA/TTBS-EDTA and then incubated overnight at 4°C. Expression levels of tyrosine phosphorylation of STAT1 were evaluated using corresponding specific antibodies anti-STAT1 or IgG anti-actin as the internal loading control. Antibodies used in the different immunoblottings diluted in 1% BSA/TTBS-EDTA were as follows: rabbit polyclonal antibodies anti-phospho-STAT1 (Tyr701), mouse monoclonal antibodies anti-STAT1, anti-actin rabbit polyclonal antibody. Immune complexes were detected with horseradish peroxidase-conjugated goat anti-rabbit or goat anti-mouse antiserum followed by enhanced chemiluminescence reaction (ECL LiteAblot PLUS, Euro Clone SpA) (Table 1). To reprobe membranes with antibodies having different specificities, nitrocellulose membranes were stripped for 5 min at room temperature with restoring Western blot stripping buffer (Pierce, Rockford, IL, United States) and then extensively washed with TTBS/EDTA.


TABLE 1. Antibodies used for Western Blot analysis.
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Molecular Docking

In order to analyze the mechanism of interaction between T4 and αvβ3 integrin, in silico molecular docking simulations have been carried out using the software AutoDock Vina (Trott and Olson, 2010; Di Muzio et al., 2017). This bioinformatics technique is used to predict the way by which two molecules, usually a macromolecule and a small molecule ligand, bind to each other in relation to their chemical structures. We have focused our attention on the interaction between T4 and the αvβ3 integrin in its inactive form, both in the presence and in the absence of the peptide RGD, using the three-dimensional structure deposited in the Protein Data Bank with the code 1L5G (Xiong et al., 2002).



Statistical Analysis

The results reported as means ± SD were analyzed with Student’s t-test and with one-way analysis of variance (ANOVA) followed by post hoc Bonferroni’s multiple comparison test. Differences were considered significant at p < 0.05.



RESULTS


Effect of T4 on the Migration Induced by MCP-1 and IGF-1 in THP-1 Monocytes

First of all, we evaluated the effect of T4 on THP-1 cell migration in the presence of both MCP-1 and IGF-1. At the beginning, migration experiments were carried out using RPMI as medium and in the presence of serum (0.2% FBS). Afterward, since serum can act as a chemoattractant, we decided to carry out experiments in a serum-free medium. T4 alone did not affect cell migration stimulated by either MCP-1 or IGF-1; the stimulatory effect of MCP-1 was higher in comparison to that of IGF-1, according to the key role of MCP-1 as a chemokine (Figure 1). T4 inhibited cell migration activated by either MCP-1 or IGF-1 by about 50%.


[image: image]

FIGURE 1. Effect of T4 (10–7 M) on the migration induced by monocyte chemoattractant protein 1 (MCP-1; 100 ng/ml) and insulin-like growth factor-1 (IGF-1; 10–8 M) with or without fetal bovine serum (FBS) 0.2%. Results are reported as mean ± SD of n = 3 different experiments carried out in duplicate. *p < 0.0001 vs. all others; **p < 0.001 vs. MCP-1; °p < 0.0001 vs. IGF-1 (0.2% FBS); #p < 0.0001 vs. IGF-1.


Experiments of dose–response of T4 (10–11–10–7 M) show that the inhibitory effect of the hormone on the migration stimulated by MCP-1 was dose-dependent: T4 (10–7 M) prevented cell migration induced by either MCP-1 or IGF-1. The inhibitory effect of the thyroid hormone was significant starting at 10–10 M (p < 0.01 with respect to MCP-1; Figure 2A). All experiments to be shown in the following were carried out with T4 10–7 M, the physiological concentration of T4. We also studied the effect of T3 on cell migration induced by MCP-1 (Figure 2B). Our data show that T3 alone, at different concentrations (10–7–10–9 M) did not affect cell migration, but when given together with MCP-1, T3, as well as T4, was able to prevent cell migration in a dose-dependent way starting at 10–9 M (p < 0.001 with respect to MCP-1), but its inhibitory effect was lower with respect to that of T4, although significant at all concentrations tested (Figure 2B); this may be due to the lower affinity of T3 for the integrin with respect to T4.
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FIGURE 2. (A) Dose–response in a wide concentration range of T4 (10–7–10–11 M) on the migration induced by monocyte chemoattractant protein 1 (MCP-1; 100 ng/ml). Results are reported as mean ± SD of n = 3 different experiments carried out in duplicate. *p < 0.01, at least, vs. all but T4 10–11 M + MCP-1; °p < 0.01 vs. MCP-1 and T4 10–8 M + MCP-1. (B) Dose–response of T3 (10–7–10–9 M) in the migration induced by MCP-1 (100 ng/ml). Results are reported as mean ± SD of n = 3 different experiments carried out in duplicate. *p < 0.001vs. all; **p < 0.001 vs. MCP-1; °p < 0.05 vs. T3 10–7 M + MCP-1.




Mechanism of Inhibition by Thyroid Hormones of Cell Migration Induced by IGF-1 or MCP-1 in THP-1 Monocytes: Role of Integrin αvβ3

The αvβ3 integrin is involved in the invasion and migration of different cells (Cohen et al., 2014; Liu et al., 2016), besides being the plasma membrane receptor for thyroid hormone (Bergh et al., 2005) and a co-receptor for IGF-1 (Clemmons et al., 2007). Therefore, we also tested the effect of thyroid hormone on the migration induced by IGF-1 (10 nM). The possible role of integrin αvβ3 was studied using three well-known integrin αvβ3 inhibitors: Arg-Gly-Asp peptide (RGD), tetrac, a metabolite of thyroid hormone and a probe for the integrin αvβ3 and a human monoclonal antibody-αvβ3, LM-609. In the presence of IGF-1, the inhibitors of integrin αvβ3 were able to prevent the inhibitory effect of the hormone on the IGF-1-induced migration (Figure 3A). At variance with this, in the presence of MCP-1, T4 and the inhibitors of the integrin, RGD, tetrac, or antibody-αvβ3, gave rise to a potentiation of the inhibitory effect of the migration stimulated by MCP-1 (Figure 3B).
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FIGURE 3. (A) Effect of T4 (100 nM), RGD, tetrac, and Ab αvβ3 on the migration of THP-1 cells, induced by insulin-like growth factor-1 (IGF-1). RGD (10 μM), tetrac (10 μM), and Ab-αvβ3 (8 μg/ml) were preincubated 20 min before adding T4 (100 nM) and IGF-1 (10–8 M). Results are reported as mean ± SD of n = 3 different experiments carried out in duplicate. *p < 0.001 vs. all. (B) Effect of T4 (100 nM), RGD, tetrac, and Ab-αvβ3 on the migration of THP-1 cells, induced by monocyte chemoattractant protein 1 (MCP-1). RGD (10 μM), tetrac (10 μM), and Ab-αvβ3 (8 μg/ml) were preincubated 20 min before adding T4 (100 nM) and MCP-1 (100 ng/ml). Results are reported as mean ± SD of n = 4 different experiments carried out in duplicate. *p < 0.001 vs. all; °p < 0.05 vs. Ctrl; *p < 0.001 vs. MCP-1 + RGD; #p < 0.001 vs. MCP-1 + tetrac; °°p < 0.05 vs. MCP-1 + tetrac; § p < 0.01 vs. MCP-1 + Ab-αvβ3. (C) Effect of T3 (100 nM), RGD, tetrac, and Ab-αvβ3 on the migration of THP-1 cells, induced by IGF-1. RGD (10 μM), tetrac (10 μM), and Ab-αvβ3 (8 μg/ml) were preincubated 20 min before adding T3 (100 nM) and IGF-1 (10–8 M). Results are reported as mean ± SD of n = 2 different experiments carried out in duplicate. *p < 0.001 vs. all. (D) Effect of T3 (100 nM), RGD, tetrac, and Ab-αvβ3 on the migration of THP-1 cells, induced by MCP-1. RGD (10 μM), tetrac (10 μM), and Ab-αvβ3 (8 μg/ml) were preincubated 20 min before adding T3 (100 nM) and MCP-1 (100 ng/ml). Results are reported as mean ± SD of n = 4 different experiments carried out in duplicate. *p < 0.001 vs. all; °p < 0.05 vs. Ctrl; **p < 0.001 vs. MCP-1 + tetrac.


We carried out experiments with T3, to verify whether there were differences in the behavior of the two hormones, since T3 binds integrin with about two orders of magnitude in the affinity lower with respect to T4 (Bergh et al., 2005). The results obtained in the presence of T3, in the cell migration using IGF-1 as a chemoattractant, are similar to those of T4 in the presence of IGF-1, and all of the αvβ3 integrin inhibitors prevented the effect of T3, analogously to T4 (Figure 3C).

T3 inhibited the migration induced by MCP-1, with a lower effect in comparison to T4 (Figure 3D) and a different behavior with respect to T4 (Figure 3B). In fact, all αvβ3 inhibitors were able to prevent the migration induced by MCP1, but T3 + MCP-1 behaved in a different way in the presence of either RGD or tetrac or the antibody. In particular, two levels of inhibition of cell migration appear to be present in this type of experiments. In fact, the first level of inhibition, although significant with respect to MCP-1 alone, was found for MCP-1 in the presence of T3, RGD, T3 + RGD, or tetrac, although with a trend for the last to a higher effect. The second level of inhibition of migration was more effective and brought back the migration to basal level when MCP-1 was in the presence of T3 and either tetrac or antibody or T3 plus antibody (Figure 3D).



Signal Transduction of Migration Stimulated by Insulin-Like Growth Factor-1 and Monocyte Chemoattractant Protein-1 in THP-1 Monocytes in the Presence of Thyroid Hormones

The signal transduction of both T4 and MCP-1 shows the involvement of PI3K pathway for MCP-1 and MAPK pathway downstream the interaction of T4 with integrin αvβ3 (Cohen et al., 2014; Lee et al., 2015; Shinderman-Maman et al., 2016). For this reason, we focused our study on these two pathways, by a pharmacological approach, using MAPK and PI3K inhibitors, PD98059 and wortmannin, respectively. IGF-1 stimulated cell migration through PI3K pathway. Interestingly, in the presence of the MAPK inhibitor, PD98059, T4 did not inhibit the cell migration induced by IGF-1 (Figure 4A). These results indicate that T4 prevents cell migration stimulated by IGF-1 through the MAPK pathway. MCP-1 induced cell migration through the PI3K pathway, since in the presence of wortmannin, the MCP-1-induced cell migration was inhibited up to the basal level (Figure 4B). As to the inhibitory effect of the thyroid hormone, T3, the PI3K pathway is also involved. In fact, wortmannin prevented the inhibitory effect of T3 on the cell migration stimulated by MCP-1 (Figure 5B). T3 and T4 behave in a similar way as to the role of the MAPK pathway in the inhibitory effect on migration induced by IGF-1 (Figures 4A, 5A). The results obtained from the study of the signal transduction indicate that both MCP-1 and IGF-1 induced cell migration through the PI3K pathway, but T3 and T4 acted in a different way: T4 prevented cell migration induced by IGF-1 through MAPK, while this pathway is not involved in the inhibitory effect of T3 in cell migration induced by MCP-1, and the presence of PD98059 did not significantly affect the inhibition of T3 on MCP-1-stimulated cell migration. Wortmannin, instead, did prevent the inhibitory effect of T3 on the migration induced by MCP-1, in agreement with the reported binding of T3 to the S1 site of the integrin αvβ3 and downstream activation of the PI3K pathway (p < 0.05; Figure 5B; Lin et al., 2009).
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FIGURE 4. Effect of T4 on the migration of THP-1 cells induced by either insulin-like growth factor-1 (IGF-1) (A) or monocyte chemoattractant protein 1 (MCP-1) (B). Possible role of mitogen-activated protein kinase (MAPK) and phosphoinositide 3-kinase (PI3K) pathways. (A) PD98059 (10 μM) and wortmannin (100 nM) were preincubated 20 min before the addition of T4 (10–7 M) and IGF-1 (10–8 M). Results are reported as mean ± SD of n = 3 different experiments carried out in duplicate. *p < 0.001 vs. all others. (B) PD98059 (10 μM) and wortmannin (100 nM) were preincubated 20 min before adding T4 (10–7 M) and MCP-1 (100 ng/ml). Results are reported as mean ± SD of n = 4 different experiments carried out in duplicate. *p < 0.001 vs. all the others; #p < 0.05 vs. T4 + MCP-1; *p < 0.05 vs. PD98 + MCP-1.
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FIGURE 5. Effect of T3 (10−7 M) on the migration of THP-1 cells induced by either insulin-like growth factor-1 (IGF-1) (A) or monocyte chemoattractant protein 1 (MCP-1) (B). PD98059 (10 μM) and wortmannin (100 nM) were preincubated 20 min before adding T3 (10–7 M) and MCP-1 (100 ng/ml). Results are reported as mean ± SD of n = 2–4 different experiments carried out in duplicate. (A) *p < 0.05, at least, vs. the others; **p < 0.001 vs. T3 + IGF-1; (B) *p < 0.05 at least, vs. all the others but MCP-1 + PD98059; °p < 0.05 vs. MCP-1 + T3 + Wort and vs. MCP-1.




Thyroid Hormones Modulate THP-1 Monocyte Proliferation Induced by IGF-1 and MCP-1: Role of Integrin αvβ3

IGF-1 enhances cell proliferation and survival (Laron, 2001; Hakuno and Takahashi, 2018), and IGF-1 significantly increased the proliferation of THP-1 monocytes with respect to control, and T4 inhibited it; this effect was due to αvβ3 integrin (Figure 6A). In particular, we evaluated the role of integrin αvβ3 in cell proliferation; RGD alone did not affect cell proliferation but was able to remove the inhibitory effect of thyroid hormone (Figure 6A). These results are in agreement with data obtained from cell migration experiments, since both hormone responses, cell migration and proliferation, are mediated by integrin αvβ3. After evaluating the inhibitory effect of T4 and the role of integrin αvβ3 in cell proliferation, we studied whether MAPK and PI3K pathways might be involved in this process by a pharmacological approach. We previously published that IGF-1 stimulated L6 myoblast proliferation through PI3K pathway, while the thyroid hormone prevented this process through the MAPK pathway (Incerpi et al., 2014). Moreover, as shown before (Figure 6B), these two pathways are involved in THP-1 proliferation induced by IGF-1. The results obtained are similar to those of migration experiments: IGF-1 stimulated cell proliferation through PI3K, as already reported in the literature (Baserga et al., 1997; Riedemann and Macaulay, 2006; Incerpi et al., 2014), whereas the inhibitory effect of T4 in cell proliferation was mediated by MAPK, since PD98059, in the presence of IGF-1 and T4, was able to revert the inhibitory effect of the thyroid hormone (Figure 6B).


[image: image]

FIGURE 6. Effect of T4 on the proliferation of THP-1. (A) Effect of RGD on the proliferation of THP-1 cells, induced by insulin-like growth factor-1 (IGF-1) and IGF-1 + T4. RGD (10 μM) was preincubated 20 min before T4 (10–7 M) and IGF-1 (10–8 M). Cells were counted 72 h after the stimulation. Results are reported as mean ± SD of n = 2 different experiments carried out in duplicate. *p < 0.001 vs. all others. (B) Role of mitogen-activated protein kinase (MAPK) and phosphoinositide 3-kinase (PI3K) pathways in THP-1 cell proliferation, induced by IGF-1 and IGF-1 + T4. PD98059 (10 μM) and wortmannin (100 nM) were preincubated 20 min before adding T4 (10–7 M) and IGF-1 (10–8 M). Results are reported as mean ± SD of n = 3 different experiments carried out in duplicate. *p < 0.001 vs. all. (C) Effect of T4, monocyte chemoattractant protein 1 (MCP-1), MCP-1 + T4 on the proliferation of THP-1 monocytes. RGD (10 μM) was given to the cells 20 min before the hormone and MCP-1 and counted after 72 h from seeding at confluency. *p < 0.001 vs. all, °p < 0.001vs. T4 + MCP-1.


MCP-1 also stimulated THP-1 cell proliferation, and the effect was inhibited by RGD, indicating that also, in this case, we have a genomic response mediated by the plasma membrane integrin αvβ3. Again, RGD was unable to bring back the inhibition of proliferation induced by T4 but eventually increased it, a response parallel to the results on cell migration carried out with this chemokine (Figure 6C).



Role of Reactive Oxygen and Nitrogen Species in the Migration Induced by Monocyte Chemoattractant Protein-1 in THP-1 Monocytes

Migration of monocytes is required for routine immunological surveillance of tissues and their entry into inflamed sites, and NO plays a key role during inflammation (Sharma et al., 2007). Therefore, we studied the possible involvement of NO in the migration induced by MCP-1, as already reported (Biswas et al., 2001), and we tried to understand whether the effect of thyroid hormones might be related to a modulation of nitrite or reactive oxygen species (ROS) production. To this aim, we carried out experiments of cell migration using the NO inhibitor, L-NAME (1 mM), and an NO donor, GSNO (0.5 mM). The results of experiments carried out, with MCP-1 and T4, show that L-NAME was able to potentiate the inhibitory effect of T4 in the presence of MCP-1. As to the NO donor, GSNO alone stimulated cell migration with respect to control (p < 0.01), but GSNO in the presence of T4 was able to bring the migration back to the basal level. GSNO did not affect the migration induced by MCP-1 (Figure 7A).
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FIGURE 7. Possible effects of reactive oxygen species (ROS) and reactive nitrogen species (RNS) in the signal transduction of thyroid hormone inhibition of monocyte chemoattractant protein 1 (MCP-1)-mediated migration in THP-1 monocytes. (A) Effect of Nω -nitro-L-arginine methyl ester hydrochloride (L-NAME; 1 mM) and nitrosoglutathione (GSNO, 0.5 mM) on the migration of THP-1 monocytes stimulated by MCP-1 and modulated by thyroid hormone (T4). The inhibitor of nitric oxide (NO), L-NAME, and the NO donor, GSNO (0.5 mM), were preincubated 20 min at 37°C before the addition of T4 (10–7 M) and MCP-1 (100 ng/ml). Results are reported as mean ± SD of n = 2 different experiments carried out in duplicate. *p < 0.001 vs. all; °p < 0.05, at least, vs. MCP-1 + L-NAME; #p < 0.001 vs. T4 + MCP-1; *p < 0.001 vs. MCP-1 + L-NAME; ≈p < 0.001 vs. GSNO. (B) Effect of diphenylene iodonium (DPI; 20 μM) on the inhibition of migration of THP-1 cells by thyroid hormone on MCP-1. All inhibitors were preincubated 20 min before addition of T4 (10–7 M) and MCP-1 (100 ng/ml). Results are reported as mean ± SD of n = 3 different experiments carried out in duplicate. *p < 0.001 vs. all, **p < 0.01, at least, vs. MCP-1 + DPI, MCP-1 + T4 + tetrac, MCP-1 + T4 + tetrac + DPI, #p < 0.001 vs. T4 + MCP-1 + tetrac and T4 + MCP-1 + tetrac + DPI, °p < 0.001 vs. T4 + MCP-1 + tetrac + DPI. (C) Effect of baicalein (10 μM) on the migration of THP-1 cells stimulated by MCP-1 and in the presence of thyroid hormone. Baicalein was preincubated 20 min before the addition of T4 (10–7 M) and MCP-1 (100 ng/ml). Results are reported as mean ± SD of n = 3 different experiments carried out in duplicate. *p < 0.001 vs. all; #p < 0.001 vs. MCP-1 + Baica, MCP-1 + T4, T4 + MCP-1 + tetrac + Baica.


To assess the possible role of ROS, we used diphenylene iodonium (DPI), a nicotinamide adenine dinucleotide phosphate (NADPH) oxidase inhibitor, and a metabolite of thyroid hormones, tetrac, known to inhibit the interaction of the hormone with the integrin αvβ3 through binding to the RGD site or in its close proximity. DPI inhibits the migration induced by MCP-1, pointing to an involvement of the NADPH oxidase and ROS production in the cell migration stimulated by MCP-1. In the presence of DPI, T4, and tetrac, we found a potentiation of the inhibitory effect on cell migration stimulated by MCP-1 (Figure 7B). These results indicate the involvement of ROS and NO in the cell migration activated by MCP-1 and perhaps a crosstalk between NADPH oxidase and integrin αvβ3, as previously hypothesized (Chuang et al., 2004; De Vito et al., 2012; Gnocchi et al., 2012). The high level of metabolic activity of the cells results in an increase of ROS that makes the antioxidant defense an important factor (Lombardo et al., 2013). We also studied the effect of baicalein, a flavonoid from the roots of Scutellaria baicalensis, on THP-1 cell migration. Baicalein is a strong antioxidant also at very low concentrations in THP-1 monocytes, reported to be able to modulate also NO production (Seo et al., 2011; Lombardo et al., 2013; Caioli et al., 2016). Baicalein was able to inhibit significantly the cell migration induced by MCP-1, as well as DPI (Figures 7B,C). In addition, the inhibitory effect of baicalein was significantly potentiated in the condition T4 + MCP-1 + tetrac, similar to that of DPI (Figures 7B,C).

We also evaluated the production of NO in THP-1 human leukemic monocytes using the DAF-2DA fluorescent probe. Experiments were carried out, using ionomycin and LPS as positive controls, at 0, 1, 2, and 4 h. There was an increase of reactive nitrogen species (RNS) from 0 to 4 h, but we did not observe a significant difference between samples treated in the same time frame (Figure 8A). After that, the measurement of nitrite production, in THP-1 cells, was carried out by the Griess reaction (Figures 8B,C). This method was used to obtain a quantitative measurement of NO at 4–24 and 48 h after treatment. Our results show that the nitrite concentration was almost the same from 4 to 48 h and was very low (<5 μM). Although the results obtained suggest an involvement of NO in THP-1 cell migration, it was not easy to determine by the use of the fluorescent probe and the Griess assay. Probably, the THP-1 cells produce very little NO or not enough to be detected by the methods used in our laboratory.
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FIGURE 8. (A) Effect of T4 (10–7 M) and monocyte chemoattractant protein 1 (MCP-1) (100 ng/ml) on reactive nitrogen species (RNS) production in THP-1 monocytes. Nω -nitro-L-arginine methyl ester hydrochloride (L-NAME; 1 mM), ionomycin (2 μM), lipopolysaccharide (LPS; 1 μg/ml). Results are reported as mean ± SD of n = 3 different experiments. None of the differences was significant within the same time frame. (B) Measurements of optical density (OD) by ELISA reader, after 4, 24, and 48 h of stimulation with T4 (10–7 M), MCP-1 (100 ng/ml), L-NAME (1 mM), ionomycin (2 μM), and LPS (0.1 μg/ml). Results are reported as mean ± SD of n = 3 different experiments. None of the reported differences was significant. (C) Concentration of nitrite in the supernatants of samples of Figure 7B was extrapolated using a calibration curve based on the known concentrations of sodium nitrite (NaNO2; 0–50 μM) reacted with the Griess reagent. The graph shows two calibration curves carried out for two different experiments.




T4 Activates Signal Transducer and Activator of Transcription-1α, but It Prevents Its Tyrosine Phosphorylation When Stimulated by Insulin-Like Growth Factor-1

STAT-1α is a signal transducer and activator of transcription that mediates cellular responses to IFNs, cytokines, and other growth factors. T4 activates STAT (Lin et al., 1999a, b; Shih et al., 2004; Davis et al., 2005; Staab et al., 2012); therefore, we studied the possible modulation of STAT-1α in THP-1 monocytes after stimulation with T4 in the presence and absence of either MCP-1 or IGF-1 through a Western blot analysis at different times: 30 min, 1 h, 2 h, and 4 h, the time of migration experiments. Our results were normalized with respect to the level of expression of STAT1, which was constant for all conditions and times. After 30 min of stimulation, there was a significant increase of STAT-1α tyrosine phosphorylation (P-Y701-STAT1) in all conditions, with respect to control, but after 1 h, there was a decrease that reached the basal value at 2 h to increase again at 4 h, in good agreement with similar values reported for different cells (Lin et al., 1999a; Figure 9). Interestingly, T4 was able to prevent STAT-1α tyrosine phosphorylation induced by IGF-1 at 2 h that was still present after 4 h. At this time, we observed a second wave of STAT-1α tyrosine phosphorylation in the other conditions, with respect to 30 min, indicating a more stable activation. P-Y701-STAT-1α is an important transcription factor related to the activation of inducible nitric oxide synthase (iNOS) in macrophages as reported (Lin et al., 1999a, b; Arjcharoen et al., 2007).
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FIGURE 9. Western blot and densitometric analysis of P-Y701-Stat1 activation after 30 min, 1 h, 2 h, and 4 h of T4 (10–7 M), monocyte chemoattractant protein 1 (MCP-1; 100 ng/ml), and insulin-like growth factor-1 (IGF-1; 10–8 M) stimulation of THP-1 cells. Western blot of one of two independent experiments was reported. The densitometric analysis is reported as mean ± SD of n = 2 different experiments. *p < 0.01 vs. Ctrl; #p < 0.05, at least, vs. IGF-1; °p < 0.05 vs. T4 + MCP-1.




Molecular Docking

In order to analyze the mechanism of interaction between T4 and αvβ3 integrin, in silico molecular docking simulations have been carried out using the software AutoDock Vina (Trott and Olson, 2010; Di Muzio et al., 2017). We have focused on the interaction between T4 and the αvβ3 integrin in its inactive form, both in the presence and in the absence of the peptide RGD, using the three-dimensional structure deposited in the Protein Data Bank with the code 1L5G (Xiong et al., 2002). Our results show that T4 mainly binds at the interface between the two αvβ3 integrin subunits in the basal part of the macromolecule next to the cell membrane, a site that is different from the RGD binding site. Interestingly, T4 was able to bind to this site both in the presence and in the absence of the RGD peptide. In particular, as mentioned above, the putative T4 binding site is located in the extracellular space but very close to the plasma membrane, and interacting with both integrin subunits may stabilize the inactive conformation of the αvβ3 integrin (Figure 10). In fact, during integrin activation, the basal domains of the two integrin subunits must move away from each other (Xiong et al., 2002), a process that would be inhibited by T4 binding in this region, at the interface between the two subunits. These results suggest a mechanistic interpretation of the data of migration induced by MCP-1 in the presence of T4 and the αvβ3 integrin inhibitor RGD. In fact, experimental data of migration show that both RGD and T4 inhibited the migration induced by MCP-1, and there was a significant potentiation in the inhibition of the migration when T4 was in the presence of RGD or other inhibitors of the integrin. As mentioned above, this effect could be due to the presence on the integrin of a binding site for the hormone, different from the RGD site. At variance with results obtained with MCP-1, where both T4 and RGD inhibit the migration induced by MCP-1 resulting in a potentiation of the inhibitory effect, data of migration in the presence of IGF-1 are different, but since no crystallographic structure is available for the active form of αvβ3 integrin, molecular docking simulations could not be performed on this integrin state. Our data on migration induced by IGF-1 in THP-1 monocytes are in agreement with previous data, published from different laboratories including our own, on the inhibitory effect of T4 on the IGF-1-mediated actions in different cells (Incerpi et al., 2014) and papers from other groups, where it is reported that preincubation with RGD, but also tetrac and the Ab-αvβ3, prevented the hormone effect (Jones et al., 1996; Moeller et al., 2006; Moeller and Broecker-Preuss, 2011).
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FIGURE 10. Schematic representation of the three-dimensional structure of the putative complex between T4 and the αvβ3 integrin obtained by docking simulations. The αv subunit is colored in blue, the β3 subunit in orange, and T4 in red. For details, see text.




DISCUSSION

This paper shows for the first time the capability of thyroid hormones to modulate directly or through the integrin αvβ3 a typical response of the immune cells in THP-1 monocytes: cell migration stimulated by chemokines, MCP-1 and IGF-1 (Pillon et al., 2013). We previously reported that thyroid hormones, mainly T4, inhibit the glucose uptake and cell proliferation stimulated by IGF-1 in L6 myoblasts from rat skeletal muscle, and the effect is mediated by the integrin αvβ3 (Incerpi et al., 2014). The modulation by thyroid hormone of cell migration mediated by the integrin αvβ3 in THP-1 monocytes was also previously reported (De Vito et al., 2012). We wanted to assess whether this inhibition of thyroid hormones on the effects of IGF-1 might be found also in different cells and for different responses, as reported for other growth factors (Shih et al., 2004). Thyroid hormone, mainly T4, is able to inhibit the migration stimulated by a high concentration of MCP-1 and IGF-1, and the effect in both cases is mediated by integrin αvβ3, but with different mechanisms. The migration of THP-1 monocytes is very similar by using either MCP-1 or IGF-1 as chemoattractants, although the crosstalk between integrin αvβ3 and T4 is quite different. In fact, when THP-1 monocytes were treated with MCP-1 and T4, in the presence of the inhibitors of the binding of T4 to the integrin, RGD, tetrac, or the antibody for the integrin αvβ3, the inhibition of migration was not reverted but showed a trend to a potentiation. When IGF-1 was used as a chemoattractant, the inhibitors of the T4–integrin αvβ3 interaction, RGD, tetrac, Ab αvβ3 completely reverted the inhibition of the migration induced by T4, suggesting that T4 in that case binds the integrin at the RGD site or in close proximity to, as expected (Cheng et al., 2010; Davis et al., 2016).

As to the mechanism by which T4 inhibits the migration induced by MCP-1, we hypothesize that T4 binds a site of the integrin different from the RGD site, so that when RGD, tetrac, or Ab αvβ3 binds to the integrin, the inhibition shows a trend to a potentiation. The integrin–hormone receptor interaction has several interesting features that allow a sort of specialization of the ligand-binding domain so that functions regulated from that domain are distinguished from those of RGD recognition site ligands (Lin et al., 2009). These results are confirmed by the docking experiments.

Within the iodothyronine receptor domain on the integrin αvβ3, there are two hormone binding sites S1 and S2; T3 interacts with S1, activating PI3K signaling and Src kinase. Both T3 and T4 bind S2, leading to ERK1/2 activation of pathways such as proliferation. The effect of T4 on cell proliferation is inhibited by both RGD and tetrac, whereas those of T3 through S2 on cell proliferation are inhibited only by tetrac. Therefore, at S2, T4 appears to be more effective than T3 (Lin et al., 2009).

Nanotetrac, a particulate form of tetrac, that binds at the RGD site of integrin αvβ3, inhibits the expression of genes for certain chemokines (such as fractalkine, CX3CL1) and chemokine receptors (such as CX3CR1) that have been identified as targets for the development of anti-inflammatory drugs. Thyroid hormone and tetrac formulations may also have clinically relevant anti-inflammatory effects, but this topic has not been studied for the time being. We can hypothesize that thyroid hormone binds directly to integrin through the fractalkine (FKN) site (Davis et al., 2013).

The unexpected results on the potentiation of the inhibitory effect of the thyroid hormones on MCP-1-induced cell migration lead us to hypothesize a direct interaction between thyroid hormone and this chemokine. A direct binding of thyroid hormone to a chemokine was previously reported. In fact, data from literature indicate an interaction between T4 and the macrophage migration inhibitory factor (MIF), a pro-inflammatory cytokine (Al-Abed et al., 2011). The authors investigated the interaction between T4 and MIF by molecular modeling, and they identified T4 as a potential endogenous ligand for MIF. Integrin αvβ3 was reported to bind directly to fibroblast growth factor (FGF), without the involvement of the RGD site. In addition, the group of Takada and Takada demonstrated that an integrin binding defective-FGF1 mutant (R50E) significantly reduced the capability of the growth factor to cause cell proliferation and migration, and they proposed that the direct binding of integrin to FGF1 is the basis of the crosstalk between integrin and FGF1 (Mori et al., 2008). The same authors have also shown that the chemokine domain of fractalkine (FKN-CD) binds to the RGD site of αvβ3 integrin and gives rise to a ternary complex (integrin-FKN-CX3CR1) important for both the downstream signaling of CX3CR1 and integrin activation (Fujita et al., 2014). A similar ternary complex is formed by IGF-1–IGF1R–integrin αvβ3, critical for the downstream signaling of IGF-1 and integrin activation (Takada et al., 2017). MCP-1 expression is increased by Cyr61, an angiogenic factor. The effect is due to integrin αvβ3 and downstream pathway FAK-PI3K/Akt-NF-κB; therefore, inhibitors of these elements could provide tools for pathology where this signaling due to MCP-1 is compromised such as diabetic retinopathy (You et al., 2014).

The signal transduction pathway of the effects of thyroid hormones in THP-1 monocytes was studied by a pharmacological approach, and we found an involvement of both PI3K and MAPK pathway in the inhibition of cell migration induced by MCP-1 and IGF-1. In particular, wortmannin, an inhibitor of PI3K pathway, prevented both MCP-1 and IGF-1 stimulation of THP-1 monocyte migration, as expected, and MAPK pathway inhibition with PD98059 prevented thyroid hormone inhibition of migration induced by IGF-1, as already reported for different cells and different responses, such as glucose uptake (Incerpi et al., 2014), but not that induced by MCP-1. On the contrary, our data show that thyroid hormones did not act through MAPK pathway, or at least not only, to block cell migration induced by MCP-1, since in the presence of PD98059, the inhibition of migration by T4 was still partly present, suggesting that other pathways could be involved. As to PI3K, this pathway is important for the stimulation of cell migration by both MCP-1 and IGF-1. Wortmannin did not recover the inhibition of cell migration induced by thyroid hormone on either cytokine, and the cell migration was practically at the basal level when wortmannin was present, with some difference in the presence of MCP-1.

We also studied the long-term thyroid hormone modulation of IGF-1-stimulated proliferation in THP-1 monocytes. Again, T4 inhibited the proliferation stimulated by IGF-1, and the effect was mediated by MAPK pathway, since PD98059 prevented the inhibition by T4 of the IGF-1-induced cell proliferation. RGD peptide blocked the effect of T4, demonstrating the involvement of the integrin αvβ3, in agreement with the migration experiments. Again, the analogy with the behavior of thyroid hormone, T4, in L-6 myoblasts is striking: a long-term effect mediated by integrin αvβ3 starts at the plasma membrane, one more example of crosstalk between non-genomic and genomic long-term responses (Cheng et al., 2010; Incerpi et al., 2014). We found the same behavior of T4 in THP-1 monocytes for the cell proliferation induced by MCP-1. T4 inhibited the stimulation of proliferation by MCP-1, and in the presence of RGD, the effect of T4 on the proliferation was not reverted but eventually potentiated.

Chemokines such as MCP-1 mediate their effects through a receptor combined to a G-protein, the downstream effects are not so well defined. In any case, there is an increase of cAMP, PI3K activation, and an increase of tyrosine phosphorylation leading to the activation of STAT-1α, a member of the Signal Transducers and Activators of Transcription family, and actin polymerization. This implies also the activation of the MAPK pathway leading to the NO increase (Biswas et al., 2001). STAT-1α plays a key role in the upregulation of IFN-regulated genes involved in the innate immune response. Thyroid hormone, as well as IGF-1 and MCP-1, was able to stimulate STAT-1α in 30 min, as already shown in different cell lines (Lin et al., 1999a; Shih et al., 2004), with a decreased effect up to 2 h and an increase again at 4 h. T4 prevented STAT-1α tyrosine phosphorylation induced by IGF-1 at 2 and 4 h of stimulation. Taken together, these results lead us to hypothesize that maybe two different mechanisms could be involved in this process, or the same mechanism starting from the plasma membrane and going to the nucleus, both non-genomic and genomic leading to a production of cytokines and chemokines for a more sustained humoral immune response, given by the activation of transcription factors downstream STAT leading to inflammation through the synthesis of chemokines and cytokines but also cytotoxicity, prosurvival signaling (Lin et al., 1999a, b).

Results of migration experiments suggest a role of NO, since L-NAME, an NO inhibitor, was able to revert the stimulatory effect of MCP-1 in THP-1 cell migration. On the other hand, T4 inhibits the stimulatory effect of GSNO in THP-1 cell migration. Thyroid hormones inhibit NO by upregulation of GSH (Deb and Das, 2011). In addition to this, a crosstalk between integrin αvβ3 and NADPH oxidase has been suggested (De Vito et al., 2012; Gnocchi et al., 2012). NADPH oxidase gives rise to ROS that impair or uncouple NOS function, resulting in a decrease of NO production. This situation reported also for amyloid-β vascular dysfunction and other pathologies could explain the lack of NO increase both in the fluorescent and in the Griess assays (Lamoke et al., 2015).

Baicalein inhibits the inflammation stimulated by LPS by inhibiting the expression of cytokines and chemokines such as MCP-1 and Toll-like receptor 4 (TLR4)/nuclear factor κB (NF-κB) pathway in human umbilical vein endothelial cells (HUVECs). Baicalein inhibits also NO and radicals production in microglia activated by LPS (Li et al., 2005; Wan et al., 2018). Chen et al. (2012) showed that thyroid hormone, in a dose-dependent way, promoted NO production through iNOS stimulation after meningococcal infection of murine macrophage cell line RAW 264.7 and human THP-1 macrophages. It might be that the experimental conditions used in our laboratory, lack of infection, did not allow enough NO production to be detected. NO is involved in the crosstalk between thyroxine and T-lymphoma cells. In fact, after long-term treatment with thyroxine, there is an induction of apoptosis of T lymphoma cells through an increase of oxidative stress species from iNOS activity (Barreiro Arcos et al., 2013). The increase of ROS by NADPH oxidase and mitochondrial ROS activated the first and NO production by cytokines and downstream signaling including PI3K–Akt axis, but also the MAPK pathway and STAT-1α activation are among the first steps leading to Nod-like receptor protein 3 (NLRP3) inflammasome activation, giving rise to physiological responses aimed for bactericidal clearance, cell survival, and an anti-inflammatory condition (De Luca et al., 2021).

In silico molecular docking simulations carried out in order to better understand the mechanism of interaction between T4 and αvβ3 integrin in its inactive form are in agreement with those obtained by the migration assays that show a significant potentiation in the inhibition of the migration induced by MCP-1, when T4 was in the presence of the peptide RGD. As mentioned above, this effect could be due to the presence on the integrin of a binding site for the hormone, different from the RGD site.



CONCLUSION

Thyroid hormones in our experimental system behave as anti-inflammatory agents both in the presence of MCP-1 and IGF-1 by a different mechanism, resulting in a stronger inhibitory effect in the presence of MCP-1 with respect to IGF-1. We can hypothesize that the role of thyroid hormones as anti-inflammatory agents may be different depending on the physiopathological situation.
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Resistance to therapy is the major hurdle in the current cancer management. Cancer cells often rewire their cellular process to alternate mechanisms to resist the deleterious effect mounted by different therapeutic approaches. The major signaling pathways involved in the developmental process, such as Notch, Hedgehog, and Wnt, play a vital role in development, tumorigenesis, and also in the resistance to the various anticancer therapies. Understanding how cancer utilizes these developmental pathways in acquiring the resistance to the multi-therapeutic approach cancer can give rise to a new insight of the anti-therapy resistance mechanisms, which can be explored for the development of a novel therapeutic approach. We present a brief overview of Notch, Hedgehog, and Wnt signaling pathways in cancer and its role in providing resistance to various cancer treatment modalities such as chemotherapy, radiotherapy, molecular targeted therapy, and immunotherapy. Understanding the importance of these molecular networks will provide a rational basis for novel and safer combined anticancer therapeutic approaches for the improvement of cancer treatment by overcoming drug resistance.
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INTRODUCTION

The emergence of resistance to anticancer therapeutics is one of the major barriers that limit the efficacy of cancer therapy (Vasan et al., 2019). Resistance develops during chemotherapy, radiotherapy, molecularly targeted therapy, and immunotherapy in most cancer patients and prevents long-term survival. Resistance to therapy can be classified as intrinsic and acquired. The intrinsic resistance occurs from the sub-population of cancer cells, which already have the capability to counter a given therapy due to the pre-existing genotypic or phenotypic alterations. In contrast, the acquired resistance develops during the treatment by the therapy-induced selection of pre-existing resistant cellular state or by acquisition/adaptation to new genotype/phenotype changes required to withstand the therapy. In both these cases, major signaling pathways involved in the developmental process plays a vital role (Holohan et al., 2013; Chatterjee and Bivona, 2019).

Notch, Hedgehog, and Wnt form the major developmental signaling pathways which play a fundamental role in the dynamic transformation of a single-celled zygote into a highly complex multicellular organism (Collu et al., 2014; Siebel and Lendahl, 2017). These signaling pathways regulate the core cellular processes, including proliferation, differentiation, and migration, that collectively underlie organismal growth and development. The roles of these signaling pathways are not only restricted to the functioning of terminally differentiated somatic normal cells but also encompass adult stem cell niches, which serve to maintain the functional integrity of tissue and organs (Takebe et al., 2015; Clara et al., 2020). Due to the involvement of these signaling pathways in the basic cellular processes, its dysregulation often leads to diseases state, including cancer. Moreover, it is now widely recognized that aberrant regulation of these developmental signaling pathways plays a crucial role in providing resistance to various anticancer therapy (Takebe et al., 2015). Here, we present an overview of the role of Notch, Hedgehog, and Wnt signaling pathways in providing resistance against contemporary anticancer therapies, including molecular targeted therapy and the emerging immunotherapy. We also briefly present the current status of clinical trials that evaluate drugs targeting these signaling pathways and discuss how they can be explored for the development of novel and safer combinatorial approaches for overcoming drug resistance and enhanced efficacy.



MAJOR DEVELOPMENTAL SIGNALING IN CANCER


Notch Signaling

The Notch is an evolutionarily conserved signaling pathway involved in many developmental and cellular processes, starting from the germ layer formation to the differentiation of specialized cell types in the embryo (Artavanis-Tsakonas et al., 1999). In the adult, it plays an important role in various cellular processes such as cell-fate specification, differentiation, proliferation, adhesion, apoptosis, migration, angiogenesis, epithelial-mesenchymal transition, and stem cell maintenance (Hori et al., 2013). In mammals, Notch signals through four Notch receptors (Notch 1–4) and five ligands (Jagged-1, -2, and Delta-like-1, -3, and -4), which are all type I transmembrane protein. The Notch receptor consists of an extracellular domain which contains 29–36 epidermal growth factors (EGF)-like repeats (involved in ligand-binding), the transmembrane domain, and an intracellular domain consisting of RAM domain; the Ankyrin repeats, transcriptional activator domain (TAD), and PEST domain (Gordon et al., 2007). The Notch ligands are composed of EGF-like repeats in the extracellular domain, DSL domain, and cysteine-rich region in Serrate.

Notch mediates short-range intercellular communication through interaction with ligands present on the neighboring cells. The binding of Notch ligands to the Notch receptors triggers S2 cleavage by ADAM10 and ADAM17 in the extracellular part of the receptor, leading to the shedding of the extracellular part. This is followed by the S3 cleavage in the transmembrane portion by γ-secretase. After S3 cleavage, the Intracellular domain (ICN) is released from the plasma membrane, which translocates to the nucleus. Here, it interacts with RBPJ—recombining binding protein suppressor of hairless/CBF1/suppressor of hairless/Lag-1 (RBPJK/CSL) and convert/transform the repressor complex into coactivator complex, thus promoting the transcription of the target genes (Figure 1; Kopan and Ilagan, 2009; Kopan, 2012).
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FIGURE 1. Simplified view of canonical Notch, Hedgehog, and Wnt signaling pathway in cancer. The figure is widely discussed in the text.


In the recent past, increasing evidences suggest the existence of non-canonical Notch signaling that is independent of canonical Notch ligand or transcription factor CSL/RBPJ (Andersen et al., 2012; Ayaz and Osborne, 2014). In this regard, other ligands that are non-canonical Notch ligands (Jagged/Dll type) have been reported to activate Notch signaling. For example, DLK1 (non-canonical Notch ligand) can directly interact with Notch and control Notch signaling. DlK1 are elevated in ovarian cancer and promotes tumorigenesis and epithelial-mesenchymal transition of high-grade ovarian carcinoma through activation of Notch signaling (Huang C. C. et al., 2019). Similarly, molecules such as Delta/Notch like EGF-related receptor (DNER) (Eiraku et al., 2002) and MB3 and contractin1 (D’Souza et al., 2008) have seen shown to have ligand activity and can activate Notch signaling independent of canonical Notch ligands. Non-canonical Notch signaling can also occur in CSL/RBPJ independent manner, where the activated Notch receptor interacts with various molecules other than CSL/RBPJ to exert its cellular process. This mode of non-canonical Notch signaling has been shown to modulate various signaling pathways such as NfKB, Pi3K, AKT, mTOR, HIF-1a, Wnt, etc., that have an important role in developmental process and cancer. For example, in T-ALL, NICD directly interacts with IKKa to maintain NfKB activity (Vacca et al., 2006). In cervical cancer, Notch activates the PI3K pathway that is independent of CSL (Veeraraghavalu et al., 2005). Moreover, in CSL-deficient mammary gland, some of the Notch mediated response was observed, confirming the existence of non-canonical Notch signaling independent of CSL. In addition, the role of non-canonical Notch signaling has also been reported in DNA damage response (DDR), where Notch1 directly interacts with ATM through FATC domain and inhibits its activation by impairing the formation of ATM-FOXO3a-KAT5/Tip60 Complex. Moreover, the negative correlation between Notch1 and ATM activation has been observed in human breast cancer, and it contributes to the survival of Notch1 driven leukemia cells upon DNA damage (Vermezovic et al., 2015; Adamowicz et al., 2016). Recently, Notch intracellular domain (NICD) was shown to interact with STING at the cyclic dinucleotide (CDN) binding domain, which resulted in inhibition of STING activation. This affected the apoptosis and necroptosis in a variety of immune cells, including T cells (Long et al., 2020). Thus the non-canonical Notch signaling represents an exciting avenue for future research, which may reveal novel strategies to block Notch signaling in diseases and chemoresistance.

As Notch signaling is involved in many crucial cellular functions, its aberrant regulation/expression often leads to pathological events ranging from developmental disorders to cancer. Indeed, many observations suggest that alterations in Notch signaling are associated with many human cancers. Moreover, Notch receptors and ligands have been found as prognostic markers in human cancers. Initially, the oncogenic role of Notch signaling was documented in T cell Acute Lymphoblastic Leukemia (T-ALL), where the activating mutations in NOTCH1 were suggested to be a major mediator for the development of malignancy (Ellisen et al., 1991). Later, its role in other hematological malignancies such as B-cell chronic lymphocytic leukemia (B-CLL) (Rosati et al., 2009), mantle cells lymphoma (MCL), Multiple Myeloma, AML, etc. has been well established (Gragnani et al., 2020). Recently, a genome-wide study in relapse cases of T-cell lymphoblastic lymphoma (T-LBL) identified Notch1 as the putative driver for relapse and malignancy (Khanam et al., 2020). Moreover, activation of Notch signaling by the T cell in the tumor microenvironment was demonstrated as key mediator of Akt-induces RT (Richter’s transformation), which is an aggressive lymphoma that occurs upon progression from chronic lymphocytic leukemia (CLL), suggesting the critical role of Notch signaling in RT transformation (Kohlhaas et al., 2021). While NOTCH receptor mutations are uncommon in other tumor forms, NOTCH is aberrantly activated via various mechanisms in several malignancies, including colorectal and pancreatic cancer, melanoma, medulloblastoma, and adenocystic carcinoma (Ranganathan et al., 2011). Conversely, NOTCH can also function as a tumor suppressor as observed in various solid tumors such as squamous cell carcinoma, liver cancer, small-cell lung cancer, etc., where the loss of function mutations in NOTCH1/2/3 have been identified (Nowell and Radtke, 2017).



Hedgehog Signaling

Hedgehog signaling is an evolutionarily conserved pathway that regulates the morphogenesis of various organs during embryogenesis and postnatal development. It regulates diverse cellular processes in the adult, including proliferation, tissue differentiation, and repair of normal tissues. In addition, it is also involved in stem cell renewal and organ homeostasis. The major components of the Hedgehog signaling pathways are the Hh ligands Sonic hedgehog (Shh), Indian Hedgehog (IHH) and Desert hedgehog (DHH), Patched (PTCH), which is a 12-transmembrane domain receptor protein, which locates in the primary cilium, the 7-transmembrane G-protein coupled receptor Smoothened (SMO), the suppressor of fused protein (SUFU) in the cytoplasm, and the glioma-associated oncogene (GLI) transcription factors.

In the absence of ligands, Ptch1 inhibits SMO accumulation in primary cilia, thereby resulting in the block of the pathway activity. The binding of the Hedgehog ligands to Ptch1 causes internalization and degradation of the Ptch receptor, thereby releasing SMO to enter the primary cilia where it promotes the dissociation of a SUFU– GLI complex. This activates GLI transcriptional activators and their translocation into the nucleus to activate the expression of Hedgehog target genes such as GLI1 and Ptch (Figure 1). In addition to the canonical activation of the Hedgehog pathway, growing evidence points toward non-canonical mechanisms through which hedgehog signaling gets activated, which can contribute to the development of several types of cancer.

Ectopic activation of the Hedgehog signaling is implicated in several cancers, including hematological malignancies and solid tumors, where it is associated with tumor development, progression, and recurrence after anticancer therapy. In hematological malignancies, the role of Hh signaling in maintaining leukemic stem cells has been well established. Thus, inhibition of HH signaling reduces the stem cell potential to initiate leukemia (Fukushima et al., 2016). This effect was observed in chronic myeloid leukemia (CML), where inhibition of HH signaling reduced the development of leukemia and enhanced the survival of the CML mouse model (Irvine et al., 2016). Similarly, in cells from patients with acute myeloid leukemia (AML), the inhibition of HH signaling in combination with 5-azacytidine showed synergistic efficacy due to reduced stem cell potential to initiate leukemia (Tibes et al., 2015). Moreover, high frequencies of somatic mutations of Ptch1 (70–90%) and a lesser extent in Smoothened (10–20%) are reported in human basal cell carcinoma (Bonilla et al., 2016).



Wnt Signaling

Wnt signaling pathway is another evolutionally conserved pathway that directs developmental processes, stem cell proliferation, and tissue homeostasis throughout the metazoans (MacDonald et al., 2009). Hence, any perturbation due to physiological stress in the Wnt signaling pathway results in pathological conditions such as birth defects, cancers, etc. (Clevers, 2006). In humans, 19 genes are encoding WNTs that bind to various receptors and stimulate different intracellular signal transduction pathways (Niehrs, 2012). Recent studies on the WNT pathway roughly divided it into either canonical (β-catenin dependent) or non-canonical (β-catenin independent) signaling pathways (Niehrs, 2012). Depending upon their potential to induce morphological transformation in a murine mammary epithelial cell line (C57MG), the Wnt family has been categorized into different types (Wong et al., 1994). Wnt1, Wnt3, Wnt3a, and Wnt7a fall under the category of highly transforming members, and Wnt2, Wnt4, Wnt5a, Wnt5b, Wnt6, Wnt7b, and Wnt11 are grouped under intermediately transforming or non-transforming members (Kikuchi et al., 2011). In general, Frizzled proteins function as common receptors for both canonical as well as non-canonical pathways (Niehrs, 2012).

The canonical Wnt signaling pathway is a well-studied pathway that is activated by the interaction of Wnt with a Frizzled (Fz) receptor and LRP5/LRP6, where LRP stands for lipoprotein receptor-related protein (which is a single-span trans-membrane receptor) (Niehrs, 2012). Followed by the ligation of Wnt and the Fz/LRP co-receptor complex, the canonical signaling pathway gets stimulated. The Fz can interact with a cytoplasmic protein called Disheveled (Dsh), which acts upstream of β-catenin GSK3β (Clevers, 2006). Another cytoplasmic protein, Axin, interacts with the intracellular domain of LRP5/6 through five phosphorylated PPPSP motifs in the cytoplasmic tail of LRP. GSK3 phosphorylates PPPSP motifs, whereas Casein kinase 1-γ (CK-1γ) phosphorylates multiple sites within LRP5/6, which in turn promotes the recruitment of Axin to LRP5/6. CK-1γ isoforms within the CK-1 family carry putative palmitoylation sites at the carboxy-terminal (Figure 1; Davidson et al., 2005).

In the inactivated/un-stimulated state, GSK-3 phosphorylates the transcriptional coactivator β-catenin that renders it in an active state. Inactivation of β-catenin is characterized by the formation of a “destruction complex” that comprises of GSK3, adenomatosis polyposis coli (APC), Axin, and casein kinase Iα (CKIα) (Niehrs, 2012) which leads to the ubiquitination of β-catenin by an E3 ubiquitin ligase called β-TrCP. This complex targets it for proteasomal degradation (Krishnamurthy and Kurzrock, 2018). This results in the absence of β-catenin to the nucleus and the repressor complex containing T-cell specific factor (TCF)/lymphoid enhancer-binding factor (LEF), and transducing-like enhancer protein (TLE)/Groucho binds and represses the activity of the target gene (Levanon et al., 1998; Brantjes et al., 2001; MacDonald et al., 2009). Following the binding of Wnt to Frizzled-Axin-LRP-5/6 complex, cytosolic GSK-3β (Glycogen synthase kinase-3 beta) is sequestered, and the phosphorylation of β-catenin is inhibited. The accumulation of hypo-phosphorylated β-catenin in the cytosol allows its migration to the nucleus, where it regulates target gene expression by interacting with the TCF/LEF family of transcription factors. This signaling is implicated in the regulation of cell differentiation and proliferation (Gordon and Nusse, 2006; Zhan et al., 2017).

Wnt signaling has a prominent role in carcinogenesis and has been widely studied in colorectal cancer. Indeed, the first evidence of dysregulated Wnt signaling came from the studies of hereditary colorectal cancer. It was found that this aberrant activation of Wnt signaling in colorectal cancer was due to the loss of function mutations in the APC gene or point mutation in the N-terminal sites of β-catenin that leads to the stabilization of β-catenin. Later, studies from several groups showed the activating mutation in Wnt signaling components in various cancer such as breast cancer, pancreatic cancer, melanoma, lung cancer, prostate, etc. (Zhang and Wang, 2020). Moreover, Aberrant WNT signaling has been reported in several hematological malignancies such as AML, CML, B-ALL, Multiple Myeloma, CLL, etc. (Frenquelli and Tonon, 2020).




CROSSTALK BETWEEN NOTCH, HEDGEHOG, AND WNT PATHWAY IN CANCER

Several seminal studies over the past decade have demonstrated that Notch, Hh, and Wnt signaling pathways crosstalk with one another, with one pathway acting as an upstream or downstream effector of another. This affects their transcriptional output in the specific cellular context in which they operate (Figure 2).
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FIGURE 2. Crosstalk between Notch (blue), Hedgehog (orange) and Wnt (green) signaling pathways in cancer. Black arrow indicates transcriptional regulation. Dashed black arrows indicate direct interactions. Red lines indicate inhibitory regulation.



Crosstalk Between Notch and Hedgehog Pathway

A genome-wide analysis of the Notch signaling can directly regulate the expression of effector and target molecules of the hedgehog signaling pathway (Li Y. et al., 2012). Hes1, a well-known target of Notch signaling, regulate hedgehog signaling in glioblastoma and thereby therapeutic resistance by directly binding to N-boxes located within the first intron of Gli1 and repressing its expression (Schreck et al., 2010). Notch ligand Jagged1 can regulate hedgehog signaling by downregulating the expression of Gli2, thereby inducing apoptosis and reversing the taxane resistance in ovarian cancer cells both in vitro and in vivo (Steg et al., 2011). Mastermind-like1 (Maml1), which is a key component of Notch signaling, can act as the regulator of Shh signaling by directly interacting with Gli protein and working as a potent transcriptional coactivator (Quaranta et al., 2017). The indirect regulation of hedgehog signaling by Notch pathway came from the study in Neural stem cells, where the activation of Notch signaling induced the expression of Hes3 and Sonic hedgehog (Shh) through activation of serine/threonine kinase Akt, STST3, and mTOR, this, in turn, promotes the survival of the stem cells (Androutsellis-Theotokis et al., 2006). Moreover, Notch signaling regulates the dynamic localization of the key component of the hedgehog pathway at the primary cilia. This sets the overall cellular threshold for HH responsiveness. In this regard, the activation of Notch signaling results in the accumulation of Smo at the primary cilia, leading to elevated levels of HH response. Interestingly, this Notch-dependent trafficking of Smo to the primary cilia occurs without the presence of the Hh ligand, demonstrating a direct mechanism by which Notch signaling regulates the Hh pathway (Stasiulewicz et al., 2015). Similarly, HH signaling can also directly/indirectly modulate the Notch signaling by controlling the expression of key components of Notch signaling through downstream effectors. The classical Notch target, such as Hes1, can be directly induced by the Hedgehog signaling pathway in a Notch-independent manner through the binding of Gli2 to the promoter of the Hes1 gene (Wall et al., 2009).



Crosstalk Between Notch and Wnt Pathway

Crosstalk between the Notch and WNT signaling pathways has been elucidated in many developmental processes and also in tumorigenesis. These crosstalks can lead to either feedforward or feedback loop by directly/indirectly regulating the key components of each other. In skin cancer, Notch signaling has been shown to act as a tumor suppressor by inhibiting Wnt signaling. Similarly, in colorectal cancer, Notch1 signaling retained the capabilities of suppressing the expression of Wnt target genes, even when B-Catenin destruction by APC complex was disabled. In addition, Notch can tether B-catenin and thereby modulate its stability; therefore, the Notch1 loss of function leads to the activation of b-catenin (Kwon et al., 2011). Moreover, a negative correlation between Notch1 target gene Notch-regulated ankyrin repeat protein 1 (NRARP) and WNT target genes was found in human colorectal cancer (Kim et al., 2012). In contrast, NARP can act as a positive regulator of Wnt signaling by stabilizing the transcriptional factor LEF1, thereby increasing the LEF1 dependent promoter activity. Recently the role of this crosstalk has been well documented in triggering the early stage of myeloid regeneration and in myeloid malignancies (Kang et al., 2020). On the other hand, Wnt signaling can directly regulate the expression of different components of Notch signaling such as Delta-like1 (Dll1), Hes1, Notch2, Jag1, etc. (Galceran et al., 2004; Ungerback et al., 2011; Li B. et al., 2012). B-Catenin can directly interact with Notch1, resulting in reduced ubiquitination of Notch1, thereby affecting its stability and activity. Similarly, GSK3B also directly interacts with NICD-1 and phosphorylates its serine and threonine residues, thereby affecting its nuclear localization, stability, and transcriptional activities. Moreover, GSK3B can also phosphorylate NICD-2, but this results in reduced transcriptional activity. Dvl, another component of Wnt signaling, physically interacts with RBPJ, resulting in reduce the transcriptional activity of RBPJ, as observed by the promoter activity of Notch responsive reporter construct.



Crosstalk Between Wnt and Hedgehog Pathway

Gli1/2 induces expression of sFRP-1 (secreted frizzled related protein 1, which negatively regulates Wnt signaling by the subsequent cytoplasmic accumulation of B-catenin (He et al., 2006). Gli1 induces activation of Wnt2b, Wnt4, Wnt7b, which in turn promote the stability of B-catenin, thereby triggering the Wnt signaling (Li et al., 2007). N-myc, which is an important target of the Wnt signaling pathway and is related to medulloblastoma, is regulated by SHH, which promotes expression and post-transcriptional stabilization of N-Myc in mice (Kenney et al., 2003; Thomas et al., 2009). Gli3 physically interacts with the C-terminal domain of B-catenin (the region that includes the transactivation domain), thereby reducing the Wnt-mediated transcriptional activity (Ulloa et al., 2007). Similarly, SuFu is able to bind B-Catenin and export it from nucleus-thus repress B-catenin/TCF mediated transcription. Therefore loss of SuFu leads to increased risk of MB (Taylor et al., 2004). In turn Wnt signaling can modulate hedgehog signaling by directly activating the target gene of hedgehog signaling or modifying the key component of hedgehog singling by directly interacting with them. B-Catenin directly interact with Gli and leads to the proteasomal degradation of GLI, thereby decreases the proliferation of SHH dependant tumors such as MB (Zinke et al., 2015). B-catenin induces the stabilization of Gli mRNAs through upregulating CRD-BP and RNA binding protein (Noubissi et al., 2009). Moreover, it can enhance the luciferase activity of Gli-responsive elements.




NOTCH, HEDGEHOG, AND WNT SIGNALING IN CHEMO-RESISTANCE

Chemotherapy forms one of the major therapeutic strategies in the treatment for many cancers at different stages of the disease. However, continuous exposure to the chemotherapeutic drug often leads to drug resistance, which is a major problem in cancer treatment. The mechanisms underlying chemoresistance is often complex and multifaceted, which include alteration in drug transport, detoxification of drug, increased or altered drug targets, block in apoptosis, enhanced cell survival, alteration in the cell cycle, induction in epithelial to mesenchymal transition (EMT), enrichment or induction Cancer Stem Cell (CSC) phenotype, modification of the tumor microenvironment, etc. Interestingly, Notch, Hedgehog, and Wnt are involved in modulating nearly all of these mechanisms (Figure 3). In the following section, we will limit our discussion to some of the major mechanisms involved in chemo-resistance, which are modulated by these signaling pathways (Table 1).
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FIGURE 3. Involvement of Notch, Hedgehog, and Wnt signaling pathways in the resistance of cancer cells to chemotherapeutics drugs: Various anticancer drugs often upregulate Notch, Hedgehog, and Wnt signaling, which in turn regulates the key molecules involved in cellular processes such as Drug efflux, Inhibition to apoptosis, cell survival, cell-cycle, ROS, EMT, CSC, DNA damage response, TME, immune cell functions, etc. that leads to the acquisition of resistance to the chemotherapeutics drugs.



TABLE 1. Notch, Hedgehog, and Wnt Signaling pathway in resistance of cancer to various chemotherapies.
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Drug Efflux

Drug efflux forms the primary mechanism of chemo-resistance in cancer. Emerging evidences suggest that Notch, Hedgehog, and Wnt signaling can directly modulate the drug efflux by regulating the expression of the transporter involved in drug efflux.

In prostate and breast cancer, the chemotherapeutic drug such as docetaxel or doxorubicin induces the activation of Notch signaling, which in turn increases the expression of ABCB1 and multidrug-resistant associated Protein1 (MRP1), thus increasing the drug efflux and contributing to chemo-resistance. This chemo-resistance effect is reversed by the Notch inhibitors (Zhang et al., 2013; Qiu et al., 2018).

Likewise, Hedgehog signaling directly regulates the expression of ABCB1 and ABCG2 in ovarian cancer. The inhibition of Gli1 expression decreases ABCB1 and ABCG2 gene expression levels, thus enhancing the response of ovarian cancer cells to certain chemotherapeutic drugs (Chen et al., 2014). Moreover, Hedgehog signaling transcription factor Gli1/Gli2 appears to be the primary regulator of drug response in hepatoma, Oral squamous cell carcinoma (OSCC) and Colorectal cancer (CRC) through the ABC transporter and in Acute Myleiod Leukemia and GBM through MRP1 (Shahi et al., 2016; Ding et al., 2017; Huang K. et al., 2019; Lu et al., 2020; Po et al., 2020).

Similarly, the Wnt/β-catenin pathway is known to regulate the transporters involved in drug efflux. Several TCF4/LEF binding motifs are present in the promoter region of the ABCB1 gene in humans, suggesting it as a target gene of the β-catenin/TCF4 transcriptional regulators, thus the activation of β-catenin augments ABCB1 expression. LGR5, the target molecules for the Wnt pathway in colorectal cancer cells, was found to confer resistance to chemotherapy. ABCB1 higher expression was found to associated LGR5 expression in chemoresistance to CRCs. Cancer stem cell property in CRCs is regulated by LGR5 that leads to chemoresistance to oxaliplatin and 5-fluorouracil (Liu et al., 2013). Pygopus (PYGO2) is involved in the signal transduction of the Wnt pathway and plays a critical role in the development of tumors. It is also linked with Multi-Drug Resistance in various cancers like breast, ovarian, lung, glioma, and esophageal squamous cell carcinoma. This is also one of the most up-regulated genes in chemo-resistant breast cancer. Increased expression of the PYGO2 gene upregulates the ABCB-1 gene in the resistant cells through Wnt/β-catenin pathway (Zhang Z.M. et al., 2016). CD44 is a surface protein that plays an important role in intercellular communication within the tumor microenvironment. CD44 upregulates the expression of ABC transporters, thereby inducing a form of drug resistance known as cell adhesion-mediated drug resistance (CAM-DR) (Martin-Orozco et al., 2019). CD44 has been identified to be responsible for lenalidomide resistance mediated by the Wnt cascade. Overexpression of CD44 has been observed in lenalidomide-resistant human multiple myeloma cell lines (HMCLs), with increased adhesion to bone marrow (BM) stromal cells, while inhibition of CD44 reduced the adhesion of multiple myeloma cells and reversed the resistance to lenalidomide (Spaan et al., 2018).



Inhibition of Apoptosis

Down-regulation of apoptosis induced by chemotherapeutic drugs is another mechanism that contributes to chemo-resistance in cancer. Events that lead to a block in apoptosis enhances chemo-resistance. Notch, Hedgehog, and Wnt signaling have been well known to modulate apoptosis in cancer.

Notch signaling regulates apoptosis through its interaction with the key players of apoptosis pathways (Lundell et al., 2003; Zweidler-McKay et al., 2005). Therefore, blocking Notch signaling has often been found to result in the induction of apoptosis in cancer. In platinum/Taxane resistant ovarian cancer, Notch3 has been found to be upregulated, and downregulation of Notch3 by siRNA or GSI induces apoptosis in resistant cells (Rahman et al., 2012). In pancreatic cancer, the subpopulation having high Notch3 showed increased resistance to Gemcitabine, which upon silencing (N3 siRNA) leads to induced apoptosis (Yao and Qian, 2010). Similarly, in glioblastoma, osteosarcoma and hepatocellular carcinoma (HCC) inhibition of Notch signaling induces apoptosis in the cells that are resistant to chemotherapeutic drugs like Temozolamide, Etoposide, Cisplatin, and vincristine and 5-fluorouracil (Dai et al., 2019; Tome et al., 2019; Alafate et al., 2020; Hemati et al., 2020).

Hedgehog signaling pathways has also been implicated in the regulation of apoptosis in cancer (Athar et al., 2004). Emerging evidence suggests that Hedgehog regulated apoptosis in cancer may play an essential role in the acquisition of chemo-resistance. Consequently, the treatment of glioblastoma with temozolomide together with an inhibitor of Gli induces apoptosis, thereby reducing the chemo-resistance (Melamed et al., 2018).

Several inhibitors that target apoptosis regulation by modulating Wnt signaling have been investigated. For example, Belinostat is a histone deacetylase inhibitor that induces apoptosis by decreasing the Wnt/β-catenin, CCND2, and Myc in MCF-7 cells (Lu et al., 2019). Lanatoside C inhibits Wnt/β-catenin signaling by down-regulating c-Myc in gastric cancer cells, while overexpression of c-Myc reverses the anti-tumor effect of lanatoside C, suggesting that c-Myc is a key drug target of lanatoside C (Hu et al., 2018). Wnt inhibitor FH535 has been found to markedly suppress the expression of β-catenin target genes (LEF1, CCND1, and cMYC) and potentiate imatinib-induced apoptosis (Suknuntha et al., 2017). FH535 also shows antiproliferative effects in leukemia cell lines like THP-1, Jurkat, HL60, and K562 (Suknuntha et al., 2017). Coenzyme Q0 (CoQ0; 2,3-dimethoxy-5-methyl-1,4-benzoquinone), a novel quinone derivative, showed the in vitro and in vivo anti-tumor, apoptosis, and anti-metastasis activities of CoQ0 (0–20 μM) through inhibition of Wnt/β-catenin signaling pathway.



Cell Cycle

In the recent past, it has become increasingly apparent that the cell cycle plays a critical role in chemosensitivity for the given chemotherapy, and the role of developmental pathways such as Notch, Hedgehog, and Wnt signaling in this phenomenon has been well established (Arora and Spencer, 2017).

Notch signaling regulates the cell cycle by inducing the expression of some of the critical cell-cycle related genes such as p21, p27, E2F etc. Therefore cell-cycle perturbation due to dysregulated Notch signaling in cancer forms one of the factors that impart chemoresistance to the drugs. For example, in T-cell transformation and chemoresistance, Notch1 signaling is associated with the promotion of G1-S through upregulation of CDK4 and CDK6 and downregulation of p27/KIP1 and p18/INK4C cell cycle inhibitors (Joshi et al., 2009). Therefore inhibition of Notch signaling by pharmacological or genetic approach leads to cell cycle arrest and apoptosis in cancer cells (Li et al., 2014). Similarly, in Prostate cancer stem-like cells (PCSCs), the combination of GSI with DOX promoted DOX-induced cell growth inhibition, apoptosis, cell cycle arrest, and sphere formation in PCSCs when compared to DOX only. This suggest that Notch inhibition may have clinical benefits in targeting PCSCs to enhance the anti-tumor effect of DOX in PC-3 PCSCs (Wang L. et al., 2020).

Similarly, the Hedgehog signaling pathway modulates the cell cycle progression via directly regulating the core cell cycle components such as D-type cyclins, Cip1, p57KIP2 (Neumann, 2005; Adolphe et al., 2006). Moreover, the role of cell cycle regulation by the hedgehog signaling pathway in the acquisition of chemoresistance is also well documented. Therefore, the inhibitors of the hedgehog pathway together with the chemotherapeutic drug are being explored to circumvent the chemotherapy acquired during the treatment. For example, in GBM, the combination of Hedgehog inhibitor GANT-61 with Temozolomide showed a synergistic effect, and all TMZ- resistant cell lines displayed a significant decrease in cell viability due to arrest in G2/M and increase apoptosis (Honorato et al., 2020). The combination of bortezomib with hedgehog antagonist, LDE225, increased paclitaxel sensitivity through apoptosis and G2/M arrest in ovarian cancer. Thus the inhibition of protease inhibition and Hedgehog signaling can reverse taxane-mediated chemoresistance (Steg et al., 2014).

Wnt/β−catenin signaling regulates cell proliferation by modulating the cell cycle via β -catenin, which is a well-known regulator of cell cycle progression (Nelson and Nusse, 2004). Moreover, it has been well established that a tight control of β catenin levels are required for cell cycle progression (Olmeda et al., 2003). In cancer cells, the Wnt-mediated cell cycle regulation has been implicated in imparting resistance to chemotherapy. Thus various inhibitors of Wnt signaling are being explored to attenuates the chemoresistance developed by the cancer cells. In human neuroendocrine tumor (NET) cell lines Porcupine (PORCN) inhibitor WNT974 and the β-catenin inhibitor PRI-724 resulted in the cell cycle arrest at the G1 and G2/M phases, which affected the tumor growth and viability (Jin et al., 2020).



Cell Survival

Cell survival forms an important factor that attenuates the effectiveness of conventional chemotherapy. The role of Notch, Hedgehog, and Wnt signaling in regulating cell survival in the face of chemotherapy treatment has gained much interest due to its therapeutic importance.

Report from multiple laboratories has shown the involvement of Notch signaling in the regulation of cell survival in normal development and also in cancer. Moreover, recent reports suggest that Notch signaling form the key mediator of increased cancer cell survival in the context of chemotherapy. For example, activated Notch protected T-ALL cells from glucocorticoid-mediated apoptosis, which was mediated from Notch dependent upregulation of Akt, leading to nuclear export of glucocorticoid receptor (Piovan et al., 2013). Thus the combined use of GSIs with glucocorticoids in patients with relapsed/refractory T-ALL showed a promising result in the clinical trials, where γ-Secretase inhibitors reverse glucocorticoid resistance in T cell acute lymphoblastic leukemia. In addition, the critical role of Notch signaling in tumor cell survival and apoptosis resistance was shown in B- CLL (Rosati et al., 2009). Similarly, the breast cancer cells which expressed a high level of Jagged1 shown resistance to lapatinib and increased survival with enhanced tumor-initiating potential (Shah et al., 2018). Another study reported that Notch1 mediated repression of PTEN in HER2+ breast cancer cells and was responsible for trastuzumab resistance through increased survival of breast cancer cells (Baker et al., 2018). Similarly, the Dll1, Jag1 mediated survival is responsible for chemoresistance in breast cancer and multiple myeloma.

Hh signaling also has been shown to promotes cancer cell survival, which forms a selective growth advantage to tumor cells and has been implicated in multidrug resistance. In rhabdomyosarcoma (RMS) or Ewing sarcoma (EWS), HH pathway activity and GLI1 expression contribute to cell survival and proliferation. Chemotherapeutic drugs such as Vincristine (VCR), was shown to significantly upregulate Gli1 expression in these cells. Thus treatment with small molecule inhibitor GANT61 or siRNA against GLI1 together with vincristine significantly decreased cell viability (Yoon et al., 2020). Similarly, Pemetrexed resistant NSCLC cells showed significantly increased expression of HH signaling genes (GLI1, GLI2, GLI3, PTCH1, SHH). Supporting these results, pemetrexed resistant cells treated with the HH inhibitor Gant61 showed reduced proliferation and survival compared to naïve cells. Thus, blocking the HH pathway may be a potential option to overcome resistance to various chemotherapy (Liu et al., 2020).

Similarly, Wnt signaling is involved in regulating the drug resistance of various cancer via cell survival and proliferation. Thus inhibiting Wnt signaling can sensitizes cancer cells to chemotherapy. For example, in myeloid leukemia cells, the Wnt inhibitor (FH535) sensitizes it to chemotherapeutic drug imatinib and potentiated its chemotherapeutic effect (Suknuntha et al., 2017). A similar effect of Wnt inhibitor was observed in ovarian cancer cells, where the inhibition of the Wnt pathway reversed the drug resistance by inducing apoptosis and reducing the cell survival. TNBC cells and tissues resistant to chemotherapy shows sensitivity toward Wnt mediated ST8SIA1 expression. The reduced proliferation and cell survival were observed in chemo-resistant cells with ST8SIA1 inhibition. ST8SIA1 inhibition is associated with the suppression of FAK/Akt/mTOR and Wnt/β-catenin signaling pathways (Wan et al., 2020).



Reactive Oxygen Species (ROS)

ROS plays a crucial role in cancer progression and resistance to radio-and chemotherapy (Cui et al., 2018). Their role in modulating Notch, Hedgehog, and Wnt signaling and vice-versa has been investigated in different cancer that leads to the development of resistance to therapy.

Notch and ROS can modulate each other by directly regulating their core components. Nrf2 is a well-established regulator of anti-oxidants and its overexpression cause resistance to both radio-and chemo-therapy in cancer (Tian et al., 2017). Notch can directly bind to the promoter region of Nrf2 and regulate its transcription, thereby affecting the ROS level in the cells (Wakabayashi et al., 2014). Notch signaling has also been suggested to alter the proteome of mitochondria, which results in an alteration of its function. As Mitochondria are considered as the major source of ROS in cancer (Hayes et al., 2020), the alteration of their function by Notch can have a prominent role in the acquisition of chemoresistance. Moreover, the Notch pathway was shown to be critical for controlling the ROS level in CSCs, thereby affecting the chemoresistance (Qiang et al., 2012).

Similarly, the hedgehog signaling pathway can crosstalk with ROS-induced signaling to regulate chemoresistance in various cancer. For example, in hepatocellular carcinoma HCC cells, ROS-induced NRF2 activation upregulated the expression of sonic hedgehog homolog (SHH), ultimately activating sonic hedgehog pathway. This mediated the tumor initiating function, ultimately leading to sorafenib resistance in HCC. Moreover natural compound such as, resveratrol and curcumin was shown to inhibit hypoxia-mediated activation of the Hh signaling pathway in pancreatic cancer, ultimately affecting the EMT phenotype, which has been known to play an important role in inducing chemoresistance in cancer (Cao et al., 2016; Li et al., 2016). In contrast to the activation of hedgehog in tumor cells, activation of the canonical Hh signaling pathway in stromal cells by IHH was shown to suppress tumor growth and metastases, in part, by limiting ROS activity (Kasiri et al., 2020).

The interplay between Wnt signaling and ROS has investigated in different cancer that leads to the development of resistance to therapy. Activation of Wnt canonical signaling aids the ubiquitination and proteasomal degradation of Nrf2 protein via axin1/GSK-3b complex (Tian et al., 2017). ROS/Wnt/β-catenin signaling has been shown to regulate the stemness in hepatocellular carcinoma (HCC) by targeting glutaminase 1 (GLS1) (Li B. et al., 2019). Thus, targeting GLS1 attenuates stemness properties in HCC by increasing ROS and suppressing Wnt/β-catenin pathway and hence, GLS1 served as a therapeutic target for the elimination of CSCs. Recently, mitochondrial ROS NF-kB/b catenin axis was found to play significant role in regulating gall bladder cancer. Moreover, ROS mediated alteration in Wnt signaling impacts the vascular development that constitutes changes in stem cell differentiation, angiogenesis, VEGF signaling, endothelial as well as cardiac progenitor cell recruitment, and vascular cell migration in cancer and cardiovascular diseases (Caliceti et al., 2014). Thus, targeting Wnt signaling with inhibitors that curb ROS may synergistically overcome the chemoresistance in various cancers.



Induction in Epithelial to Mesenchymal Transition (EMT)

Epithelial to mesenchymal transition (EMT) is a process where the epithelial cells lose their epithelial characteristics and acquire mesenchymal characteristics. This dramatic cell transposition process not only plays critical roles in governing embryonic development and maintaining adult tissue hemostasis (e.g., via regulating wound healing and stem cell behavior) but also contributes to pathological conditions, such as fibrosis, cancer progression, and drug resistance.

Notch signaling can directly regulate the expression of genes involved in EMT (Nieszporek et al., 2019). It is increasingly recognized that the Notch signaling is involved in the acquisition of EMT in drug-resistant cancer cells. In gemcitabine-resistant pancreatic cancer cells, Notch-2 and Jagged-1 are highly up-regulated, and downregulation of Notch signaling by siRNA leads to a partial reversal of the EMT phenotype, resulting in the mesenchymal-to-epithelial transition (MET), which is associated with decreased expression of vimentin, ZEB1, Slug, Snail, and NF-κB (Wang et al., 2009). A similar effect has also been observed in breast cancer cells resistant to cisplatin/doxorubicin/Docetaxel, where the inhibition of Notch signaling leads to a decrease in EMT, thus sensitizing them to the chemotherapeutic drugs (Zhang et al., 2013; Xiao et al., 2019). In colorectal cancer, ADAM17 inhibitor (ZLDU-8) downregulated Notch signaling leading to decrease EMT, which affected chemoresistance phenotype (Li et al., 2018).

The role of the Wnt/β-catenin pathway has also been implicated in the EMT process. Runt-related transcription factor 1 (RUNX1) plays the roles of an oncogene and an anti-oncogene in epithelial tumors, and abnormally high expression of RUNX1 is associated with metastasis and EMT. It directly interacts with catenin and targeting the promoter and enhancer regions of KIT (Li Q. et al., 2019). Further, the expression of TRIM29 (Tripartite Motif 29) has been reported to be influenced by Wnt/β-catenin. TRIM 29 can activate this pathway in colorectal cancer (CRC) cells by promoting metastasis and invasion by regulating EMT through increased expression of CD44. Rhomboid domain 1 (RHBDD1) containing has also been implicated in metastasis and invasion of CRC mediated by the Wnt/β-catenin pathway, as the expression of RHBDD1 strongly correlates with ZEB-1 in lymphatic and distal metastasis (Pothuraju et al., 2020).



Enrichment/Induction of Cancer Stem Cell Like Phenotype

Cancer Stem Cell (CSC) is a small subset of tumor cells that has the potential to self-renew and give rise to a heterogeneous population in the tumor. Many studies have demonstrated that CSC is more resistant to chemotherapy because of the higher expression of the anti-apoptotic protein, multidrug resistance gene, etc. These studies have been extensively reviewed elsewhere (Shibue and Weinberg, 2017). The role of Notch, Hedgehog, and Wnt signaling in CSC function in various cancers has been well established (Oren and Smith, 2017; Yang et al., 2020). It is now well appreciated that inhibition of these signaling pathways can reduce the CSCs/stem-like properties, thereby enhancing the chemosensitivity toward various drugs.

The Numb-/low population of castration-resistant prostate cancer has been shown to up-regulate Notch and Hedgehog signaling. This is associated with increased expression of genes linked to stem cells and greater resistance to androgen deprivation therapy (ADT). Inhibition of Notch and Hedgehog signaling pathways significantly increases apoptosis in Numb-/low cells in response to ADT (Guo et al., 2017). Consequently, overexpression of Notch3 leads to the expansion of CSCs, resulting in increased resistance against platinum in ovarian cancer. At the same time, Notch inhibition by pharmacological or genetic approaches depletes CSCs, thereby increasing tumor sensitivity to platinum (McAuliffe et al., 2012). Similarly in Epithelial Ovarian cancer and esophagous squamos cell carcinoma (ESCC) cells, sustain expression of Notch signaling in CSCs/tumor initiating cells, leads to acquisition of drug resistant phenotype (Li H. et al., 2019; Zhao et al., 2019).

In glioblastoma, CD133+ CSCs express higher levels of miR-9 and activate the SHH/PTCH1/MDR1 axis, which imparts resistance against TMZ (Munoz et al., 2015). Hedgehog pathway appears to transcriptionally regulate the expression of twist1 and snail in the acquired chemo-resistant cancer cells and chemo-sensitive squamous carcinoma (KB) cancer cells, thereby maintaining the tumor-initiating cell-like properties and consequently the chemo-resistant phenotype, which is independent of ABC transporters (Kong et al., 2015).

Likewise, the Wnt signaling also plays a prominent role in maintaining CSCs which is linked to drug resistance. In cancer such as pancreatic cancer, lung adenocarcinomas, colorectal cancer, and liver cancer, the small subpopulation of cancer cells expressing high Wnt/β-catenin signaling showed CSCs phenotype and were resistant to drug. The inhibition of Wnt signaling in these cells suppressed the stem cells phenotype, thereby affecting the chemoresistance (Taelman et al., 2010; Ilmer et al., 2015; Belur Nagaraj et al., 2021).



Modification of the Tumor Microenvironment

Increasing evidence suggests that the tumor microenvironment plays a critical role in cancer drug resistance. Apart from playing an essential role in cancer cells, Notch, Hedgehog, and Wnt signaling pathways have prominent roles in modifying tumor microenvironment, which has been implicated in providing chemo-resistance.

The Notch signaling can induce the differentiation of the neighboring cancer cells, which can adopt different cell fate, thus creating a heterogeneous population. The heterogeneity in the tumor is one of the major contributors to the acquisition of chemoresistance (Lim et al., 2017). Furthermore, Notch ligands present in the components of the tumor microenvironment, such as endothelial cells, fibroblasts, immune cells, etc., can induce Notch signaling in cancer cells leading them to acquire stem cell phenotype and becoming resistance to chemotherapy (Boelens et al., 2014; Cao et al., 2014).

In breast cancer, the hedgehog ligand secreted by neoplastic cells modifies CAF, which in-turn provides a supportive microenvironment for the acquisition of a chemo-resistant CSC phenotype via FGF5 expression and production of fibrillar collagen. Consequently, treatment with smoothened inhibitors (SMOi) down-regulates the expression of CSC markers and sensitizes tumors to chemotherapy drugs such as docetaxel (Cazet et al., 2018). Hedgehog secretion by multiple myeloma cells has been found to upregulate stromal CYP26 and further reinforce a protective microenvironment. These results suggest that crosstalk between Hedgehog and retinoid signaling can modulate the tumor microenvironment and cause resistance against anticancer therapeutics (Alonso et al., 2016). Along with other signaling pathways like Notch, TGF-b and receptor tyrosine kinase, the Wnt signaling pathway is also been known to play an important role in inducing EMT in tumor cells (Jing et al., 2011).

Likewise, the Wnt ligand or the growth factor secreted by stromal cells of TME leads to the stimulation of Wnt signaling in tumor cells, that leads to the EMT (Patel et al., 2019). For example, in colorectal cancer cells (CRCs), stimulation of hepatocyte growth factor (HGF) upregulates the β-catenin expression through the PI3-K pathway (Fodde and Brabletz, 2007). This leads to the initiation of the EMT process, which mediates the chemoresistance.




NOTCH, HEDGEHOG, AND WNT SIGNALING IN RADIO-RESISTANCE

Radiotherapy is used in the treatment of approximately 50% of all malignancies. Resistance to radiation therapy is polymodal and is associated with several biological alterations both within the tumor and in the surrounding microenvironment. Moreover, like chemotherapy, radiotherapy also induces EMT and CSC-like phenotype in cancer cells, which contributes to the radio-resistance. As discussed earlier, Notch, Hedgehog, and Wnt have a prominent role in EMT and CSC, and inhibition of these pathways enhances radio-sensitivity through down-regulation of EMT and CSC (Yahyanejad et al., 2016; Figure 4).


[image: image]

FIGURE 4. Involvement of Notch, Hedgehog, and Wnt signaling pathways in the resistance of cancer cells to Radiotherapy: Radiotherapy often induces Notch, Hedgehog, and Wnt signaling in cancer, which in turn regulates the key molecules involved in DNA repair, cell-cycle, cell survival, ROS generation, EMT, and CSC, that leads to the acquisition of radioresistance in cancer.



Notch Signaling in Radioresistance

It has now been well established that Notch signaling gets activated upon irradiation and plays an important role in the radio-resistance of both stem and non-stem cancer cell populations (Yahyanejad et al., 2016). Moreover, in many radio-resistant tumor and cancer cell lines, the Notch signaling is found to be upregulated. Notch signaling can regulate the DDR by directly interacting with ATM and inactivating its kinase activity (Vermezovic et al., 2015; Adamowicz et al., 2016). In line with this, an inverse correlation between Notch and pATM has been found in breast cancer, and Notch inhibition results in increased radiation sensitivity in an ATM-dependent manner. Notch signaling can also affect the radio-resistance by modulating the function/activity of other signaling molecules involved in cell survival, metabolism, cell cycle, etc. In glioma stem cells (GSCs), inhibition of Notch with γ-Secretase Inhibitors (GSIs) does not alter the DNA Damage Response of GSCs but rather suppresses the Akt activity and Mcl1 level after radiation, making GSCs more sensitive to radiation at clinically relevant doses (Wang et al., 2010). Further, ALDH positive breast cancer cells are more radio-resistant as compared to the ALDH negative counterpart. Mechanistic studies have shown that radio-resistance linked to ALDH activity stimulation is mediated through the activation of the Notch1 and AKT pathways and involves Nanog signaling. Nrf2 plays a major role in regulating the cellular antioxidant system and is activated by radiation in a dose-dependent manner. A decrease in Nrf2 expression significantly dampens Notch1 expression following ionizing radiation and potentiates IR-induced apoptosis. Nrf2-mediated Notch signaling has been an important determinant in the radio-resistance of lung cancer cells, while TRIB3 activates the Notch signaling in radio-resistant triple-negative breast cancer.



Hedgehog Signaling in Radioresistance

The role of Hedgehog signaling in the radioresistance of tumors has been well established. GLI proteins are the functional transcription activators of the Hh pathway, and the Inhibition of its activity can interfere with almost all DNA repair types in human cancer, indicating that Hh/GLI functions may play an important role in radiation-induced DNA damage (Meng et al., 2015). Indeed, Hedgehog signaling is found to be upregulated/activated following irradiation, and this has been implicated in providing radio-resistance. Consequently, the inhibition of hedgehog signaling augments the efficacy of radiation in tumors that are dependent on hedgehog signaling (Teichman et al., 2018). In HNSCC, Gli1 is often upregulated at the tumor-stroma intersection, which gets further augmented following irradiation, where it contributes to stromal-mediated radio-resistance of the tumor. Treatment with HH inhibitors has been found to enhance tumor sensitivity to radiotherapy (Gan et al., 2014). Further, intrinsic or acquired radio-resistance of tumors is often associated with up-regulated Hedgehog signaling, and the downregulation of this by either pharmacological inhibition or genetic manipulation renders them sensitive to radiation.



Wnt Signaling in Radioresistance

WNT signaling has also been implicated in the radioresistance of cancer cells. An increase in the WNT activity has been reported in radio-resistant Esophageal squamous cell carcinoma (ESCC) cell lines (Zhao et al., 2018), which upon inhibition reversed the radio-resistance phenotype of these cells (Zhao et al., 2018). Mechanistically it was shown that the Wnt signaling upregulated HMGB-1, which is chromatin-associated protein involved in the DNA repair (Zhao et al., 2018). In another study, it was shown that Wnt signaling enhances non-homologous end-joining repair in colorectal cancer, which is mediated by LIG4, a DNA ligase, transactivated by β-catenin (Jun et al., 2016). Together, these reports suggest that Wnt signaling can directly regulate the components of DNA repair machinery, thus affecting the response to the radiation. Moreover, the radiation-induced upregulation of Wnt/β-catenin pathways in squamous cell carcinoma of the head and neck (SCCHN) was shown to decrease the sensitivity of SCCHN to irradiation both in vitro and in vivo (Jing et al., 2019). Thus, targeting Wnt signaling for overcoming radio-resistance appears to be an attractive approach for cancer treatment.




NOTCH, HEDGEHOG, AND WNT SIGNALING IN RESISTANCE TO IMMUNOTHERAPY

Cancer immunotherapy has recently emerged as a new and promising option for the treatment of many malignancies. However, despite the recent successes of cancer immunotherapies, most patients are still refractory with tumors demonstrating resistance to this therapy. Notch, Hedgehog, and Wnt signaling pathways are well known to play an important role in the development, homeostasis, and function of various immune cells. Although limited studies have been carried out, available evidence suggests that these signaling pathways can mediate cancer immune evasion and resistance to immunotherapies through various mechanisms (Figure 5).
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FIGURE 5. Role of Notch, Hedgehog, and Wnt signaling pathways involved in the acquisition of resistance to immunotherapy. Altered modulation of Notch, Hedgehog, and Wnt signaling by immunotherapy leads to modification of tumor microenvironment such as formation of dense fibrosis, secretion of immunosuppressive cytokines and chemokines, Cancer Associated Fibroblast (CAFs), Tumor Associated Macrophage (TAMs), regulatory dendritic cells. This affects the trafficking, survival and activation of T cells, leading to acquisition of immunotherapy resistance.



Notch Signaling in Resistance to Immunotherapy

Notch signaling plays multiple roles in the crosstalk between systemic inflammation, myeloid cells in the tumor microenvironment (Franklin et al., 2014), the cancer cell themselves, and multiple lymphocyte subpopulations, thereby modulating tumor immunity (Kuijk et al., 2013). Thus, mutations in the regulators of this pathway are found to be favorable for immunotherapy. In-line with this, melanoma and NSCLC patients who did not respond to immunotherapy showed seldom NOTCH1 mutation, while a marked correlation between NOTCH1/2/3 mutation and better outcome with an immune checkpoint inhibitor (ICI) were found in EGFR/ALK WT NSCLC patients (Zhang et al., 2020). Moreover, the del-NOTCH mutation, which down-regulates Notch signaling, was found to be a potential predictor of favorable ICI response in NSCLC (Zhang et al., 2020). Recent studies have shown that co-occurring mutations in Notch1–3 and homologous recombination repair (HR) genes are associated with increased immunotherapy efficacy in patients with advanced NSCLC (Mazzotta et al., 2020). Moreover, this genomic predictor is also associated with longer survival in patients with other tumor types treated with ICIs (Mazzotta et al., 2020). These observations open the possibility of personalized combination immunotherapy comprising NOTCH inhibitor and ICI in the treatment of NSCLC.



Hedgehog Signaling in Resistance to Immunotherapy

Hedgehog signaling pathway exerts complex and diverse effects on the tumor immune micro-environment. Emerging evidence suggests that the hedgehog signaling pathway has an immunosuppressive action in many cancers by modulating different components of tumor microenvironments. In Pancreatic ductal adenocarcinoma (PDAC), dense fibrosis is often observed, which acts as a barrier to immune cell infiltration into the tumor, thus making the tumor resistant to immunotherapy. As hedgehog signaling plays an important role in fibrosis, their inhibition has shown a positive effect on immunotherapy. For example, the Hedgehog signaling inhibitor, the Patched 1-interacting peptide has been found to inhibit proliferation and migration of cancer-associated fibroblasts and cancer cells and also increase the infiltration of immune cells by reducing fibrosis of PDAC, thus enhancing the effect of immunotherapy (Oyama et al., 2020). Moreover, Hedgehog (Hh) signaling in myeloid cells is critical for the functioning of Tumor-Associated Macrophages (TAM) M2 polarization and tumor growth (Petty et al., 2019). In this scenario, the sonic HedgehogHedgehog (Shh) secreted by tumor cells drives TAM M2 polarization. The TAM, in turn, suppresses the CD8+ T cells recruitment to the TME, thus mediating the immune-suppression (Petty et al., 2019).



Wnt Signaling in Resistance to Immunotherapy

Although the role of Wnt signaling in immune cell development remains controversial (Staal et al., 2008; Kabiri et al., 2015), recent studies suggest that it plays an important role in driving the primary, adaptive, and acquired resistance to anticancer immunotherapy (Luke et al., 2019). In human metastatic melanoma samples, an inverse correlation between Wnt/β-catenin pathway activation and T-cell infiltration has been found (Trujillo et al., 2018). Mechanistically, it was shown that the activation of β-catenin signaling in the tumor suppress the expression of chemokines such as CCL4, causing the failure of the dendritic cell recruitment into the tumors, thus resulting in impaired activation of the T cells (Spranger et al., 2015). Moreover, activation of β-catenin in dendritic cells up-regulates the expression of indoleamine 2,3-dioxygenase-1 (IDO) enzyme, which leads to the development of tolerogenic dendritic cells. These transformed dendritic cells favor the differentiation of regulatory T cells, which are involved in the immunotherapy resistance (Holtzhausen et al., 2015).




NOTCH, HEDGEHOG, AND WNT SIGNALING IN RESISTANCE TO TARGETED THERAPY

A deep understanding of the critical molecular drivers of cancer has led to the development of targeted therapies that strike the core molecules involved in many malignancies. However, after the initial response, many cancers outsmart such efforts, and thus therapeutic resistance follows, which contributes to cancer mortality. The strategies employed by cancer cells to gain resistance to targeted therapies include activating signals upstream or downstream of oncogenes, direct target reactivation, adaptive survival mechanisms, and engagement of parallel oncogenic pathways. As many of these processes are directly regulated by the Notch, Hedgehog, and Wnt signaling pathways, cancer cells can utilize these signaling pathways to modulate the downstream effectors of the targeted molecules, thereby becoming resistant to the targeted therapies (Figure 6).
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FIGURE 6. Role of Notch, Hedgehog, and Wnt signaling pathways involved in the acquisition of resistance to molecular targeted therapies in tumors. Molecular targeted therapies block the oncogenic mutated molecular targets in cancer, but often it leads to induced hyperactivation of Notch, Hedgehog, and Wnt signaling pathways, which regulates key molecules (such as cMyc, PDGFR, ERK etc.) involved in the tumor cell survival and growth, resulting in the development of resistance against molecular targeted therapies.



Notch Signaling in Targeted Therapy Resistance

Tumors that acquire resistance to tyrosine kinase inhibitors (TKIs), often show upregulation of the key signaling pathways. For example, genetic alternations of internal tandem duplication (ITD) and mutations of FMS-like tyrosine kinase-3 (FLT3) are most frequently observed in AML. Consequently, FLT3 TKIs are widely used in the treatment of FLT3/ITD+ AML patients. Unfortunately, most often, they acquire resistance to TK inhibitors. Mechanistically, Notch signaling was upregulated following treatment with FLT3-TKIs, which resulted in alternative ERK activation. The addition of Notch inhibitor (GSI) abrogated the alternative activation of ERK, resulting in extreme repression of ERK activity, thereby showing a synergistic antitumor effect (Li D. et al., 2020). Likewise, lung adenocarcinoma patients with activating EGFRL858R mutation show a better response to TKIs initially but subsequently develop resistance and show increased HES1 protein levels that correlate with shorter progression-free survival (Bousquet Mur et al., 2020). Administration of Notch inhibitors made these resistant tumors highly responsive to TKIs, thus implicating the role of Notch signaling in providing resistance to the TKIs (Bousquet Mur et al., 2020). BRAF is another molecular target, which is often mutated in many cancer (Davies et al., 2002). Small-molecule BRAF inhibitors (BRAFi) have been developed and have shown a significant survival advantage in patients whose tumors harbor the BRAF driver mutation (Long et al., 2018). In melanomas harboring activating BRAF mutation, the treatment with BRAFi often leads to the development of the resistance to BRAFi. Mechanistically up-regulated Notch signaling is involved in this process, and inhibition of Notch signaling can sensitize these melanomas to BRAF inhibitor (Ruggiero et al., 2019).



Hedgehog Signaling in Targeted Therapy Resistance

Hedgehog is known to co-operate with the epidermal growth factor receptor (EGFR) signaling pathway during embryogenesis. Therefore, it is not surprising that it is implicated in the resistance against TKIs. The EGFR-TKI resistance NSCLC cells show hyperactivation of hedgehog signaling. This results in EMT induction and ABCG2 up-regulation, and inhibition of hedgehog signaling increases the sensitivity to EGFR-TKIs in resistant NSCLC cells (Bora-Singhal et al., 2015; Della Corte et al., 2015). Moreover, increased expression of Gli1 has been observed in HNSCC cells when subjected to long-term EGFR inhibition. These resistant cells undergo EMT through hedgehog signaling and hedgehog inhibition with Cetuximab delay or completely block tumor recurrence (Keysar et al., 2013). BRAFi induces the activation of the Sonic Hedgehog Homolog (Shh) pathway, which in turn up-regulates the expression of PDGFRα, leading to the resistance of melanoma to BRAFi. Consequently, inhibition of Shh by LDE225 restores and increases the sensitivity of melanoma cells to BRAFi (Sabbatino et al., 2014). Likewise, Gant61 monotherapy reverses the resistance of melanoma cells to Vemurafenib. Interestingly, alternating the dosing schedules of Vemurafenib and Gant61 prevents the onset of BRAFi resistance (Faiao-Flores et al., 2017).



Wnt Signaling in Targeted Therapy Resistance

Wnt signaling has also been attributed to the development of resistance against targeted therapy. Androgen deprivation therapy (ADT) is the most widely used therapy for the advanced and metastatic prostate cancer (PCa), who cannot be cured by surgery or radiation therapy. Wnt signaling, which is known to be involved in the late stage of PCa, was shown to be activated upon the inhibition of androgen receptor (AR), resulting in therapy resistance to the ADT. Mechanistically, it was shown that the activation of Wnt signaling was not by mutation but through cross talk with other signaling pathways, growth factors, and cytokines produced in response to damaged TME followed by inhibition of androgen receptor (AR) (Yeh et al., 2019). The inhibition of Wnt/β-catenin signaling re-sensitizes the ADT resistant tumors to abiraterone acetate/prednisone (AA/P). Moreover, the reports from the preclinical studies suggest that the combination of an antiandrogen agent with a Wnt pathway inhibitor achieved enhanced growth suppression in prostate cancer (Wang et al., 2008). Wnt signaling has also been shown to be the key player in mediating the resistance to the Bromodomain and extra terminal protein (BET) inhibitors. The BET inhibitors are used as a first-in-class therapy for the treatment of acute lymphoblastic leukemia, but often the patient develops resistance to BET inhibitors. Two independent studies found that the Wnt signaling was involved in the development of primary and acquired resistance to BET inhibitors in acute lymphoblastic leukemia (Fong et al., 2015; Rathert et al., 2015). Mechanistically it was shown that BET inhibitors repress BRD4-dependant expression of MYC oncogene; however, the β-catenin maintains the expression levels of MYC in the presence of BET inhibitors, thereby mediating the resistance to BET inhibitors. Similarly, the role of Wnt signaling in promoting the resistance to BRAF inhibitors and EGFR inhibitors in colorectal cancer and lung cancer has been well documented (Scarborough et al., 2017; Chen et al., 2018).




THERAPEUTIC TARGETING OF NOTCH, HEDGEHOG, AND WNT SIGNALING PATHWAYS: CLINICAL UPDATE AND RECENT DEVELOPMENT OF THE INHIBITORS

Inhibitors of gamma-secretase were the first to enter clinical trials and has been evaluated extensively (Cook et al., 2018). Their merit includes pan-Notch inhibitory activity, favorable tissue distribution, oral administration, and low cost (Andersson and Lendahl, 2014; Kongkavitoon et al., 2018). However, they show gastrointestinal tract toxicity, prompting cautious usage, and restraining further development for clinical applications (Takebe et al., 2014). Anti-DLL4 and DLL3 ligand inhibitors, as well as other pan Notch signaling inhibitors, have also been evaluated in clinics (Cook et al., 2018). As a monotherapy, all Notch inhibitors have been so far assessed for safety and toxicity as well as for dose optimization in Phase I/II trials, which have shown satisfactory patient compliance and toxicity (Du et al., 2019; Yang et al., 2020). Drugs targeting Notch signaling (including antibody against various components of Notch signaling) have also been evaluated as a part of combinational strategies with the standard of care therapies (like chemo- and radiotherapy) in various primary and metastatic tumors (Table 2). Phase I clinical trials have not indicated any additional toxicities induced by combining Notch inhibitors with a different standard of care chemotherapeutic drugs like gemcitabine, cisplatin/carboplatin, folate antimetabolites, taxol, temozolomide, etc. (Du et al., 2019). However, cardiotoxicity has been observed with a combination of antibody-based Notch inhibitors and carboplatin (Du et al., 2019). Phase II clinical trials with gamma-secretase inhibitor RO4929097 in metastatic melanoma and metastatic colorectal cancer have not shown a compelling clinical benefit and, therefore, has not been pursued further (Strosberg et al., 2012; Lee et al., 2015). A correlation between Notch status and response to standard of care therapies has also been not very conclusive. For example, hyperactivation of Notch1 showed no correlation with the response to a combination of methotrexate and cyclophosphamide in children with T-cell acute lymphoblastic leukemia (Clappier et al., 2010). Therefore, there is a need for identifying (or designing) drugs and/or therapeutic strategies with encouraging efficacy and acceptable toxicity, besides establishing a compelling role for targeting Notch signaling in the clinical setting.


TABLE 2. Overview of the clinical trials evaluating drugs targeting developmental signaling pathways.
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Drugs targeting Wnt signaling that has been evaluated in clinics include porcupine inhibitors, agents targeting β-catenin/CBP, and Frizzled receptors (Table 2). Drugs targeting smoothed receptors (Smo inhibitors) viz. vismodegib, sonidegib, and glasdegib are among the therapeutics targeting hedgehog signaling, which have been so far evaluated in Phase I/II trials (Table 2). These studies have shown that, unfortunately, tumors develop resistance against Smo inhibitors and are also associated with a variety of toxicities, which limit their clinical evaluation further for efficacy (Du et al., 2019). These inhibitors have also been evaluated in combination with other chemotherapeutic drugs like cisplatin and temozolomide in the treatment of solid tumors with limited benefit (Xie et al., 2019). Arsenic trioxide is an inhibitor of Gli transcription factor and Hedgehog signaling that has also been evaluated in Phase II clinical trials for its efficacy in few solid tumors and hematological malignancies (Xie et al., 2019).

Although clinical trials of drugs to target the three developmental signaling pathways associated with the CSCs was initiated more than a decade back, it has not translated into clinical benefit both due to their inability to reduce the tumor recurrence linked to the CSCs as well as off-target toxicity (Du et al., 2019; Katoh and Katoh, 2020; Yang et al., 2020). Therefore, approaches with the potential to address both these issues have received attention in the recent past. One such approach investigated is the novel nano-drug delivery systems (NDDS) due to their efficient and targeted delivery to the CSC niche in the TME, thereby enhancing the effects on CSC and reducing the off-target effects (Du et al., 2019). For example, Notch inhibitors like DAPT, MRK-560, MK-0752, BMS-906024 with Nanoparticle (NP) carriers are under clinical development for enhanced systemic tumor delivery and limiting the side effects in breast cancer cells (Mamaeva et al., 2011; Mamaeva et al., 2016). Similarly, inhibitors of Wnt signaling like SFRP-1, Niclosamide (NIC), and cromolyn were also delivered by nanoparticle into the tumor microenvironment that blocks the Wnt5a or FRZD-7 receptors and results in Wnt signaling inhibition in TNBC, ovarian cancer, colon, colorectal cancer, and metastatic melanoma (Ghoshal et al., 2015; Liu et al., 2018). The other approach is the use of phytomedicines such as curcumin, epigallocatechin-3-gallate (EGCG), resveratrol, sulforaphane, and genistein, either as monotherapy as in combination with standard of care therapeutics. Interestingly these phytochemicals/phytomedicines show effects on the three developmental signaling pathways, which could contribute to their overall effects, besides other well-established mechanisms of action of these phytochemicals (Yang et al., 2020). Reduced toxicity associated with these phytomedicines is an added advantage that has encouraged the initiation of the Phase I/II clinical trials, which are currently in progress (Table 3; Yang et al., 2020).


TABLE 3. Overview of the currently ongoing Phase I/II clinical trials using phytomedicines targeting developmental signaling pathways in solid tumors.
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CONCLUSION

Resistance to anticancer therapy stems from complex and multifactorial processes and has still remained the main reason behind the failure of various therapies. Evolutionary conserved developmental signaling pathways such as Notch, Hedgehog, and Wnt signaling are well recognized for their role in regulating many cellular functions that play key roles in tumor development and progression. These signaling pathways are often upregulated in tumors, which often hijack these pathways to evolve continuously under the pressure induced by the therapy, thereby enabling them to become resistant to various therapies. Many inhibitors developed to target these signaling pathways have shown promising efficacy in preclinical cancer models, and some have even advanced to clinical trials with modest efficacy seen so far. However, as these signaling pathways are broadly active in normal tissue also, targeting these pathways with pan inhibitor often leads to undesirable off-target effects, particularly in the gastrointestinal tract. Therefore, one of the major challenges in the future will be to develop more selective inhibitors that will not only be more effective on tumors but have minimal normal tissue toxicity. Efforts are also required in developing synergistic drug combinations so that lower dosages can be used to improve the therapeutic index.
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Temporal Transcriptome Analysis Reveals Dynamic Gene Expression Patterns Driving β-Cell Maturation
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Newly differentiated pancreatic β cells lack proper insulin secretion profiles of mature functional β cells. The global gene expression differences between paired immature and mature β cells have been studied, but the dynamics of transcriptional events, correlating with temporal development of glucose-stimulated insulin secretion (GSIS), remain to be fully defined. This aspect is important to identify which genes and pathways are necessary for β-cell development or for maturation, as defective insulin secretion is linked with diseases such as diabetes. In this study, we assayed through RNA sequencing the global gene expression across six β-cell developmental stages in mice, spanning from β-cell progenitor to mature β cells. A computational pipeline then selected genes differentially expressed with respect to progenitors and clustered them into groups with distinct temporal patterns associated with biological functions and pathways. These patterns were finally correlated with experimental GSIS, calcium influx, and insulin granule formation data. Gene expression temporal profiling revealed the timing of important biological processes across β-cell maturation, such as the deregulation of β-cell developmental pathways and the activation of molecular machineries for vesicle biosynthesis and transport, signal transduction of transmembrane receptors, and glucose-induced Ca2+ influx, which were established over a week before β-cell maturation completes. In particular, β cells developed robust insulin secretion at high glucose several days after birth, coincident with the establishment of glucose-induced calcium influx. Yet the neonatal β cells displayed high basal insulin secretion, which decreased to the low levels found in mature β cells only a week later. Different genes associated with calcium-mediated processes, whose alterations are linked with insulin resistance and deregulation of glucose homeostasis, showed increased expression across β-cell stages, in accordance with the temporal acquisition of proper GSIS. Our temporal gene expression pattern analysis provided a comprehensive database of the underlying molecular components and biological mechanisms driving β-cell maturation at different temporal stages, which are fundamental for better control of the in vitro production of functional β cells from human embryonic stem/induced pluripotent cell for transplantation-based type 1 diabetes therapy.
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INTRODUCTION

Pancreatic β cells are functionally defined by their capacity for insulin secretion, stimulated by glucose and other nutrients. Loss of functional pancreatic β cells is the primary cause of diabetes, and researchers have intensively studied β-cell development for the last two decades to generate new therapeutic approaches. Type 1 diabetes results from autoimmune destruction of β cells in the pancreatic islet, whereas the more common type 2 diabetes results from peripheral tissue insulin resistance and β-cell dysfunction. Diabetic patients, particularly those suffering from type 1 diabetes, could potentially be cured through transplantation of new β cells. To this end, several protocols have allowed the production of glucose responsive β-like cells from human embryonic stem/induced pluripotent cells (Kushner et al., 2014; Schiesser and Wells, 2014; Tabar and Studer, 2014). These β-like cells show gene expression, ultrastructural characteristics, and glucose responsiveness, both in vitro and in vivo, which closely resembling the features of β cells found in pancreatic islets (Pagliuca et al., 2014). However, the production of these cells is limited as the final cell population has about 30–60% β-like cells, and many of the remaining cells are relatively uncharacterized and can be undifferentiated progenitors or other types of unwanted cells (Shahjalal et al., 2018). This low efficiency is partly due to our lack of understanding the signaling pathways that direct β-cell maturation (Kieffer, 2016).

Newly made insulin-expressing cells, in both the human and rodent fetus, are not mature (pre-β or immature β). They secrete two to five times more insulin than adult β cells with basal glucose (<5.6 mM) while lacking robust glucose-stimulated insulin secretion (GSIS) under stimulating (>10 mM) glucose (Adam et al., 1969; Rorsman et al., 1989; Hellerstrom and Swenne, 1991; Bliss and Sharp, 1994; Rozzo et al., 2009). A maturation process converts pre-β cells into mature β cells with low basal insulin secretion but high GSIS. Several molecular mechanisms can promote β-cell maturation: insulin biosynthesis and vesicle packaging are necessary for insulin secretion (Gu et al., 2010; Blum et al., 2012; Goodyer et al., 2012); glucose influx into β cells, glycolysis, and oxidative phosphorylation lead to ATP production, which represses ATP-sensitive potassium channels to induce Ca2+ influx and trigger insulin secretion (Hou et al., 2009; Henquin, 2011); intercellular communication controls the coordinated and pulsatile nature of insulin secretion via GAP junctions (Benninger and Piston, 2014) or heterotypic protein interactions (Konstantinova et al., 2007); several nutritional and neural signals are established to control the dose of secretion to properly regulate blood sugar for physiological demands, thus requiring the production and subcellular localization of neural transmitter receptors and effector channels (Osundiji and Evans, 2013). Different transcriptional factors and signaling molecules, including MafA, NeuroD, and calcineurin (Nishimura et al., 2006; Gu et al., 2010; Goodyer et al., 2012), control and promote the maturation processes. Similarly, gene regulatory mechanisms for proper expression of metabolic genes, such as DNA methylases, regulate maturation by controlling proper glucose metabolism (Dhawan et al., 2015). Despite these published studies, many questions on maturation remain unresolved. Specifically, the reported stage of maturation varies from 2 days to 2 weeks after birth in rodents (Nishimura et al., 2006; Rozzo et al., 2009; Blum et al., 2012), and it is unknown which mechanism(s) represent(s) the limiting step for maturation. To this end, several studies compared the gene expression profiles between mature and immature β cells (Nielsen et al., 2004; Jermendy et al., 2011; Blum et al., 2012; Benitez et al., 2014; Hrvatin et al., 2014; Dhawan et al., 2015). Yet, these comparisons did not consider the dynamics from progenitor to mature β cells, which are necessary to distinguish genes associated with β-cell differentiation (production of insulin+ cells) and/or maturation (gaining glucose response). Only few studies monitored gene expression of β-cell maturation at multiple stages so far and recently also at single-cell level, using computational methods able to provide a pseudotemporal ordering of the cells (Qiu et al., 2017). However, in these studies, the altered gene expression levels across the stages are analyzed by computational methods for differential expression such as DEseq2 (Love et al., 2014), comparing each time point independently and without considering the temporal profile of each gene. In addition, the biological interpretation of the obtained lists of differentially expressed genes is usually performed through enrichment techniques, which are applied independently from the gene selection step, thus generating potential false positives/negatives. Finally, the expression profiling of the selected genes is typically displayed through heatmaps, mostly dichotomized into immature and mature cells, without characterizing clusters of temporal expression profiles representing the dynamics of β-cell development and maturation through all the stages.

Here, we examined the dynamics of gene expression across six key stages of β-cell maturation, starting from precommitted endocrine progenitors to adult functional β cells. The aim of the study was to determine temporal patterns (TPs) of functional groups of genes that promote newly born, nonfunctional β cells to become functional glucose-responsive β cells. With respect to the previous analyses, a computational pipeline recently published, named FunPat, was applied to build a comprehensive map of the temporal evolution of functional processes and genome-wide candidate markers. Specifically, FunPat combines gene selection, clustering of temporal expression profiles, and functional annotation into a single framework, and it has shown high precision and recall in detecting the correct temporal expression patterns (Sanavia et al., 2015). The resulting dynamic gene expression profiles were then correlated with the temporal development of β-cell properties associated with GSIS, including insulin vesicle biosynthesis, glucose-induced calcium influx, and insulin secretion. Finally, we also provided a comprehensive database describing the biological processes and pathways characterizing β-cell maturation across time. Among them, several established gene products involved in calcium signaling, whose deregulation critically affects homeostasis in insulin-secreting β cells, showed significant temporal correlation between their enhanced expression and maturation, both highlighting potential targets for diseases such as diabetes and providing useful insights for in vitro derivation of β cells to develop new therapies.



MATERIALS AND METHODS


Animal Breeding and Use

Mouse usage followed the procedures specified in protocols M/10/168 and M/11/181 approved by the Vanderbilt Institutional Animal Care and Use Committee. MipeGFP, Ngn3eGFP, and RipmCherry mice were from Hara (Hara et al., 2003), Kaestner (Lee et al., 2002), or reported (Zhu et al., 2015), respectively. The stock mice were kept in mostly Bl6/CBA and 129Sv/Ev mixed background with intercrosses (P0). When heterozygous mice were needed, the stock breeders were directly crossed with CD1 mice to produce P1 progeny for pancreatic tissue collection (Charles River). For collecting Ngn3eGFP/eGFP homozygous embryos, intercrosses between P1 mice were utilized. This crossing scheme allows collection of mice with similar genetic background.



Antibody Staining

Antibody staining followed routine protocols. Rabbit antiamylase (Sigma–Aldrich) and guinea pig anti-insulin (Dako) were used at 1:1,000 dilution. Cy5-conjugated donkey anti–guinea pig and fluorescein isothiocyanate (FITC)–conjugated donkey anti-rabbit (Jackson Immunology) were used at 1:2,000. Hand-picked islets were used for whole-mount staining and imaged with confocal microscopy.



Cell Sorting, RNA Extraction, Real-Time Polymerase Chain Reaction, and RNA Sequencing

To examine the gene expression dynamics along the maturation steps, we used four β-cell populations: P1 (day 1 after birth) and P4 β cells are immature cells (Blum et al., 2012); P12 and P60 β cells represent newly matured and fully functional β cells, respectively (Nishimura et al., 2006; Blum et al., 2012; Dhawan et al., 2015). Two progenitor pools transcribing Ngn3 at embryonic stage E15.5 without (Ngn3eGFP/eGFP) or with Ngn3 protein (Ngn3eGFP/+) were included to establish a baseline of gene expression for differentiation. A portion of the progenitors will become β cells (Gu et al., 2002).

EGFP+ and mCherry+ cells were sorted using Aria III (BD). Ngn3eGFP pancreata were dissociated with trypsin (Gu et al., 2004) and used for the embryonic stages. For postnatal stages, MipEGFP and RipmCherry islets were first hand-picked, allowed recovering for 2 h in RPMI media [Life Technologies, 10% fetal bovine serum (FBS)], quickly washed with Ca-Mg free Hanks balanced salt solution (HBSS) (Cellgro) once, and dissociated with trypsin. For hand-picking, P1, P4, and P12 pancreata were directly digested with freshly made 1 mg/ml collagenase IV (Sigma–Aldrich) in HBSS. Perfusion was used for P60 pancreata. After digestion (<10 min), pancreatic clusters were quickly washed with RPMI. All solutions/media used throughout islet isolation have non-stimulating glucose at 5.6 mM. RNA was prepared with TRIzol (Life Technologies) and a DNA-free RNATM kit (Zymo Research). Two hundred monograms total RNAs with RINs greater than 8 (assessed using Agilent Bioanalyzer 2100) were sequenced, with three biological replicates, following Illumina protocols on HiSeq-2000. Real-time polymerase chain reaction (RT-PCR) utilized SYBR-Green (Promega), following manufacturer’s procedures.



RNA Sequencing Data Preprocessing and Function-Based Pattern Analysis

Raw reads were aligned to the mouse genome (mm10) and transcriptome using STAR version 2.3.0e (Dobin et al., 2013). Data were normalized and quantified with PORT pipeline to determine the relative expression level of each gene1. FunPat was used to select differentially expressed genes that share functional annotation and common dynamic expression profiles (Sanavia et al., 2015). Genes were first filtered using the bounded-area method (Di Camillo et al., 2007), which calculates, for each gene, the area of the region bounded by the time series expression profile and a baseline, set at the expression level in E15.5 Ngn3eGFP/eGFP cells as they have no active β cell–specific genes. A p-value was assigned to each gene by evaluating the significance of its bounded-area against a null hypothesis distribution described by a log-normal estimated comparing the biological replicates and characterized by mean and standard deviation equal to 1.09 and 0.44, respectively. Applying a Bonferroni correction to the resulting p-values, we named two sets of genes, seeds and candidates, selected considering adjusted and unadjusted p-values below 1%, respectively.

Both seeds and candidates underwent a function-based clustering approach (Di Camillo et al., 2012; Sanavia et al., 2015), which searches for TPs by performing a linear model-based clustering on the expression profiles, after subtracting the baseline, of groups of genes annotated to the same functional term, e.g., a Gene Ontology (GO) term (Ashburner et al., 2000) or a pathway (Kamburov et al., 2011). Each identified TP contains at least a seed, and it represents the mean differential expression across time with respect to the baseline, i.e., expression at E15.5 Ngn3eGFP/eGFP. To lower the percentage of false negatives from the bounded-area method while preserving the false discovery rate, the algorithm selects a gene as differentially expressed if it is a seed or if it is a candidate that belongs to a TP and therefore shares the same biological annotation with at least a seed (Sanavia et al., 2015). Intuitively, all the genes associated with the same TP are likely to be differentially expressed as they are highly correlated to the same temporal profile and, as the clustering is functional term-specific, to a common biological function.



Functional Annotations

In order to achieve a comprehensive coverage of the functional terms and gene annotations currently available, both functional MGI (Mouse Genome Informatics) annotations to 15,939 GO terms from all categories (Biological Process, Molecular Function and Cellular Component)2 and 1,628 pathways from Kyoto Encyclopedia of Genes and Genomes (KEGG) and Reactome derived from ConsensusPathDB (Kamburov et al., 2011)3 were considered. While ConsensusPathDB already provides pathway annotations with reduced redundancy by mapping physical entities from different source databases to each other, in order to address the high information redundancy affecting GO annotation, FunPat exploits the hierarchical structure of GO database to search the TPs. Specifically, the method first starts from the most specific terms, represented by the leaf nodes in the ontology, and then it removes the differentially expressed genes associated with a significant TP from the annotations of the ancestor nodes, representing more general concepts (Sanavia et al., 2015). Finally, to summarize the results, the GO terms and pathways selected by FunPat were grouped into (1) functional categories related to common ancestor terms and (2) biological processes potentially related to GSIS according to MacDonald et al. (2005) and Benitez et al. (2012) and a manually-defined list of reference GO ancestor terms. Pathways were linked to the GO terms with the most similar meaning and associated with the corresponding common ancestor term. Pathways specifically related to diseases were grouped into a separate functional category named “Disease.”



Time-Dependent Organization of the Temporal Patterns

To better interpret the main dynamics characterizing the biological mechanisms involved in β-cell maturation, the identified TPs were sorted according to the most representative maturation stage. Specifically, based on the temporal progression x = {x1 = E15.5 Ngn3eGFP/eGFP, x2 = E15.5 Ngn3eGFP/+, x3 = P1, x4 = P4, x5 = P12, x6 = P60} and the TP = {TP(x1),..,TP(x6)}, one or more time break(s) was(were) assigned to each TP. A specific stage xi was identified as a time break if, observing the pairs {xi–1, xi} and {xi, xi+1}:

[image: image]

i.e., the TP showed in at least one of the pairs an increased or decreased level with a change over 20% with respect to the mean expression of the corresponding pattern. Time breaks were searched starting from E15.5 Ngn3eGFP/+, whereas for the last stage (P60) the variation with respect to the time breaks identified in the previous stages was also evaluated. If more than one time break was assigned to the same TP, the break corresponding to the highest expression difference with respect to the baseline was selected, creating at the end five time-dependent groups of TPs. The TPs associated with the same time breaks were then summarized into main patterns (MPs) by applying the linear model-based clustering approach used in the FunPat pipeline. In this way, while TPs represent clusters of genes, the MPs are representative of clusters of functional terms, increasing the interpretability of the results.



Biological Interpretation of the Main Patterns

Each MP was classified into “positive” or “negative” according to the corresponding sign at its most representative time break, e.g., an MP = {MP(x1),..,MP(x6)} having the most representative time break at x5 (i.e., P12) is defined positive if MP(x5) > 0. Fisher’s exact test was applied to identify the statistically enriched biological functions, i.e., the functional categories or GSIS processes, in two cases: (1) genes belonging only to positive or negative MPs, regardless of timing and (2) focusing on positive or negative MPs and considering the timing of the transcriptional activation or inactivation. For this latter case, in order to have enough genes to compare for each case, the time breaks were grouped in order to represent embryonic (E15.5 Ngn3eGFP/+), nascent (P1, P4), and older (P12, P60) β cells. The p-values resulting from the Fisher’s exact test represent the probability that the observed numbers of genes belonging to a specific case (e.g., “genes belonging to positive MPs” or “genes belonging to a positive MP and mainly activated in P60 β cells”) and annotated with a functional category/GSIS process have resulted from random sampling. Results showing a false discovery rate (FDR)–adjusted p-value lower than 5% were considered significant.



Antibody Staining, Ca2+ Imaging, in vitro GSIS, Immunoassays, and Transmission Electron Microscopy

Antibody staining followed routine protocols. Rabbit anti-amylase (Sigma–Aldrich) and guinea pig anti-insulin (Dako) were used at 1:1,000 dilution. Cy5-conjugated donkey anti–guinea pig and FITC-conjugated donkey anti-rabbit (Jackson Immunology) were used at 1:2,000 (Zhao et al., 2010). Hand-picked islets were used for whole-mount staining and imaged with confocal microscopy.

After 2-h recovery in RMPI1066 (5.6 mM glucose, 10% FBS), hand-picked islets were used for GSIS, immunoassays, and transmission electron microscopy (TEM). GSIS used basal glucose of 2.8 or 5.6 mM and stimulatory glucose of 20 mM as in Zhao et al. (2010). The percentage of insulin release from starting islets within a 45-min window was assayed. Immature and mature vesicles were classified and quantified according to electron density, with ImageJ. Ca2+ imaging followed protocols in Jacobson et al. (2010). All antibodies were from Jackson ImmunoResearch. For all the experimental comparisons, two-sided Student t-test was applied when the number of samples was >30; otherwise, Wilcoxon rank-sum test was used. For all the statistical tests, FDR-adjusted p-values < 5% were considered significant.




RESULTS


Exploring MipeGFP Mice for β-Cell Isolation and Gene Expression Studies

Before applying the temporal analysis on both embryonic and postnatal stages, we first checked the utility of the MipeGFP cell–based gene expression for studying β-cell maturation at postnatal stages. Therefore, we examined whether eGFP expression labels all the β cells in the MipeGFP mice used for β-cell purification with FACS. As reported by Katsuta et al. (2012), the levels of eGFP in insulin+ cells greatly varied (Figures 1A,B), appearing as eGFPHigh and eGFPLow cells. Yet most of the insulin+ cells expressed detectable eGFP (1,143/1,216 counted insulin+ cells express eGFP; Figure 1A). These data suggested that collecting both eGFPHigh and eGFPLow cells (Figure 1B) will provide representative β cells in islets. We also examined whether the MipeGFP transgene interferes with endocrine islet function. At P4, P12, and P60, MipeGFP islets showed similar GSIS profiles as those of control islets (Figure 1C), suggesting the lack of detectable effects of MipeGFP transgene on GSIS.
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FIGURE 1. MipeGFP islets maintain glucose responsiveness. Hand-picked, dissociated or intact, islets were used for these assays. (A) Immunostaining of P4 MipeGFP islet cells. Arrowheads: insulin+ cell with undetectable EGFP. Arrows: debris (judged by size) picking up secondary antibodies. (B) EGFP analysis in P4 MipeGFP islet cells via flow cytometry. R1 and R2 are the EGFPLo and EGFPHi cells collected for RNA-seq. (C) GSIS of islets from MipeGFP mice and wild-type littermates at P4, P12, and P60. Shown are the percentages of total insulin from starting islets released in 30 min. #p ≥ 0.1, Wilcoxon rank-sum test (n = 5, number of individual GSIS assays). At least six mice were used for each study, with islets from two to three mice mixed as technical and biological repeats.


As further validation of using MipeGFP cell–based gene expression for monitoring β-cell maturation, we examined the expression of 60 genes in RipmCherry β cells with RT-PCR and determined whether the results consistently match the RNA sequencing (RNA-seq) results in MipeGFPβ cells. RipmCherry mice express mCherry in β cells under the control of a rat Insulin 2 promoter and a SV40 polyA. These mice have normal β-cell function and GSIS (Zhu et al., 2015). We purified β cells to ∼98.4% purity from RipmCherry mice at P1, P4, P12, and P60 (Figure 2A). The set of 60 genes chosen for RT-PCR includes both genes known for β-cell maturation and genes that are not expressed in β cells as positive and negative controls, respectively. We also included genes required for proliferation, differentiation, β-cell electrical activity, vesicular biosynthesis and secretion, stress responses, and metabolism, because of their established roles in β-cell production and GSIS (Figure 2B and Supplementary Figure 1). We randomly picked candidates expressed at both high (such as Pax6, Pdx1, and Hsps that are known in β-cell differentiation and function) and low levels (e.g., Pax4, Ngn3, and Ptf1a, involved in progenitor differentiation and down-regulated in β cells) to better represent the data set. Hprt was used as an internal control for PCR.
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FIGURE 2. Verification of RNAseq data with RT-PCR in P1-P60 beta cells. The gene expression in P1 beta cells was used as a reference point for other stages. (A) An example of sorted P4 beta cells from RipmCherry mice. Note the two mCherry-negative cells (arrowheads) in the sorted population. (B) The expression levels of 20 genes, assayed with RT-PCR in RipmCherry+ cells (black lines) and RNAseq in MipeGFP cells (blue lines). *p < 0.05, Wilcoxon rank-sum test. For each time point, three RNA preps [each from one (P60) to three mice (P1 to P12)] were used for RT assays.


The expressions of non–β-cell genes, such as Amy1 (Figure 2B), Arx, Gcg, and Ptf1a (Supplementary Figure 1), displayed disparate patterns between MipeGFP RNAseq and RipmCherry RT-PCR results. These findings are consistent with a possibility that exocrine cells cannot be removed at 100% efficiency, and different samples could result in unpredictable acinar contaminations. Indeed, the per-cell levels of Amy1 in P1 sorted β cells are between 0.5 and 3% of that in total pancreata, consistent with the high purity of the sorted β cells (with ct ∼21 in total pancreas vs. ct ∼27 in sorted β cells). Among the rest of the 55 genes, 33 showed no significant difference in expression at all stages (Figure 2B and Supplementary Figure 1); 17 genes showed similar trends of expression dynamics with one stage that displayed significant differences between the two data sets, including Hes1, Kcnj2, Kcnk9, Syt4, Ldha, Pfkl (Figure 2B), Dnajb9, Fboxo2, His2hc31, Irx2, Kcnj5, Kcnk3, Rab3a, Tmed5, Tpt1, Vgf, and Zcchc12 (Supplementary Figure 1); 5 genes, i.e., Enol (Figure 2B) and Atf3, Cbs, Hspa1b, and Syt14 (Supplementary Figure 1), displayed significant difference at two stages, disrupting the dynamic trends of gene expression (Supplementary Figure 1). Notably, all known genes involved in maturation (MafA, MafB, NeuroD, and Ucn3) showed identical expression dynamics between MipeGFP and RipmCherry β cells (Figure 2B). These combined findings suggest that most of the gene expression dynamics obtained from MipeGFP cells reflect that of wild-type β cells.



Temporal Transcriptome Analysis of β Cells and Progenitors From RNA-Sequencing Data

RNA-seq data were generated for six cell populations from endocrine progenitors (E15.5 Ngn3eGFP/eGFP and E15.5 Ngn3eGFP/+) to mature β cells monitoring the postnatal stages P1, P4, P12, and P60 (see section “Materials and Methods”). There were 37 million to 85 million raw reads produced per sample. An average of 84.5% of the reads were uniquely mapped. Normalized expression counts were obtained for 39,016 Ensembl genes. Genes with fewer than 10 counts in each stage on average across the biological replicates were filtered out, leaving 18,445 expressed genes. The expression values of these genes were then log2-transformed (zero counts were kept as 0) for further analyses.

The FunPat pipeline identified 4,682 differentially expressed genes (Supplementary Tables 1, 2) across the six cell populations. Forty-five of these genes, including proteases (amylase, trypsin, CPAs, etc.) and nucleases (RNAse 1), were highly expressed in acinar cells (unpublished data). We therefore suspect that these mRNA could come from acinar contamination when FACS can only achieve 98–99% cell purity for the β cells (Supplementary Figure 2A). Indeed, immunoassays showed that young islets could tightly associate with amylase+ cells, which make them impossible to remove by hand-picking. Moreover, we could not detect amylase proteins in β cells despite the substantial level of mRNA in sorted β cells (Supplementary Figures 2B,C and Supplementary Table 1). Therefore, these 45 genes were removed for further analysis.

Considering the sign of the differential expression over the baseline at their corresponding time breaks, the TPs identified from the remaining genes were summarized into 11 “negative” and 18 “positive” MPs. Overall, more genes related to negative (3,436) rather than to positive (1,201) MPs were identified, as early progenitors are more heterogeneous than maturing β cells. Figure 3 displays the resulting MPs grouped according to the most representative time break. Twenty-one genes clustered alone, and their temporal profiles are reported in Supplementary Figure 3.
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FIGURE 3. Mature patterns (MPs) identified in maturing β cells. Positive and negative MPs classified according to their time break (highlighted in red) and the dynamic expression across all stages. Note that the line y = 0 represents the basal gene expression at E15.5 in Ngn3eGFP/eGFP cells that do not express endocrine specific genes. The capital letters are referred to in the MP description in Supplementary Table 1 and in the main text.


Most genes stabilized their transcriptional activity between P1 and P12 (MPs “A,” “D,” “J,” “K,” “N,” “O,” “T,” “U,” and “C1” in Figure 3). Interestingly, 254 genes in MP “A” showed steady-state expression from E15.5 Ngn3eGFP/+ to P60, suggesting that these genes are involved in both β-cell differentiation and function. Several dynamics associated with highest/lowest expression level from the baseline were observed at P60. The positive MPs “U-Y” include known genes regulating cellular stress (DNAj9 and Hsps), membrane permeability (Lrrc55), cargo transport (Ina and Neb), and signaling (Gdf3, Gria 2, Prlr, and RGS). On the other hand, the negative MPs “Z-C1” displayed various degrees of decreased expression between P12 and P60, including down-regulation of genes, like Slc16a1 and Ldha, shown to be necessary for β-cell maturation (Ainscow et al., 2000).

More dynamic changes were observed in some MPs with few genes. For example, the 25 genes in MPs “B, C” showed decreased expression after E15.5 Ngn3eGFP/+. Their main positive roles are likely for endocrine differentiation, but not GSIS. Examples include Ghrl, Arx, and Irx2 (MP “C”). Ghrl suppresses GSIS, whereas Arx and Irx2 are determinants of α cells (Collombat et al., 2003; Petri et al., 2006). Negative MPs “G” and “I” showed decreased expression between Ngn3eGFP/+ and P1, followed by a postnatal increase. These include Cbs, Gabra4, and Wdr86 that regulate metabolism and neurotransmission of vesicle fusion (MacDonald et al., 2005; Benitez et al., 2012), consistent with the importance of metabolism for GSIS. MP “P”, showing continuously increased expression between P1 and P60, includes Ucn3, shown to stimulate insulin secretion in functional β cells (Blum et al., 2012). MP “R”, showing increased expression between P1 and P12 followed by a decrease at P60, includes Sycn, a secretory granule protein acting as Ca2+-sensitive regulator of exocytosis (Li et al., 2007), and Reg1, involved in proliferation of β cells. Interestingly, Reg2 is among the 21 single-gene MPs, and it showed its highest expression at P12 as does Reg1 but with positive differential expression at Ngn3eGFP/+ and P1 (Supplementary Figure 3). The functional implication of Reg1 in the maturation process is not clear yet.



Main Functional Terms Characterizing β-Cell Maturation

To better summarize the biological information, the functional terms selected by FunPat were grouped into 17 main functional categories (Table 1) related to common ancestor terms and a manually-defined list of reference GO ancestor terms (Supplementary Data Sheet 2). We then examined through Fisher’s exact test the enrichment of each category in both positive and negative MPs (Table 1) in endocrine progenitors, nascent (P1-P4), and older β cells (P12-P60). Overall, 8 of the 17 functional categories were significantly enriched in both the positive and negative MPs, including “Adhesion, communication, aggregation, and migration,” “binding,” “biological regulation and behavior,” “cellular component organization or biogenesis,” “environmental information processing, response to stimulus, and signaling,” “membrane,” “organelle,” and “unclassified.” These findings showed the co-presence of both positive and negative regulators for β-cell maturation. In the positive MPs, all the eight functional categories (1,558 genes) showed enrichment in P1-P4 β cells, and four of them (364 genes) showed further enrichment in mature P12-P60 β cells. These results suggest that most of the genes positively required for maturation reached their highest expression by P4. Only a small number of genes, 364, need to be expressed in later mature β cells. Interestingly, the negative MPs showed different enrichment profiles; all except the “unclassified” category showed enrichment in mature β cells (Table 1). These results suggest that the down-regulation of the genes preventing β-cell maturation is a slower process. Genes in these groups might represent potential limiting factors for maturation.


TABLE 1. The 17 functional categories and their enrichment for either positive or negative main patterns (independent of time breaks).

[image: Table 1]
Several functional categories were enriched in either the positive or negative MPs, respectively. “Localization and transport” and “system process” were enriched in the positive MPs. “Cell cycle, proliferation, growth, and death,” “biosynthesis and catalytical activity,” “localization and transport,” and “system process” were specifically enriched in negative MPs, with the most significant enrichments occurring in mature β cells. Identification of the “cell cycle, proliferation, growth, and death” category is consistent with the established studies showing the reduced proliferation in β cells.



Main GSIS Processes Characterizing β-Cell Maturation

Because of the broad definition of the GO-based functional annotation, the above analyses could not reveal some specific biochemical pathways directing β-cell maturation. We therefore further analyzed the data against manually defined 10 GSIS processes according to known pathways reported in the literature (MacDonald et al., 2005; Benitez et al., 2012). Results were reported in Table 2 and Supplementary Data Sheet 2. For the positive MPs, 6 of the 10 processes displayed significant enrichment in immature β cells, including “calcium-mediated processing,” “GTPase and G-protein activity,” “insulin processing and signaling,” “ion transport and homeostasis,” “membrane potential and ion channels,” and “vesicle-mediated transport and secretion by cell.” Only “calcium-mediated processing,” among other enriched processes, showed further enrichment in mature β cells. These data indicate that most of the genes positively needed for β-cell maturation reached their plateau by P4. Yet, their expression is not sufficient to define maturity, and “calcium-mediated processing” is likely the key molecular mechanism limiting the maturation process among the positive regulators.


TABLE 2. Enrichment results on GSIS processes for positive and negative MPs, according to time breaks.
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Three GSIS processes resulted enriched in the negative MPs. As expected from previous studies, “glycolysis, glucose processing, pyruvate metabolism, and TCA cycle” and “oxoacid metabolic process and fatty acid activity” belong to this group. Their reduction reached the lowest level by P4 (Table 2). Another process “protein tyrosine and serine/threonine kinase activity” was also enriched in the negative MPs, specifically in mature P12-P60 β cells. This finding is consistent with the notion that hormonal regulation is essential for β-cell function.



Protein–Protein Interaction Network of Calcium-Mediated Processing

We next focused on “calcium-mediated processing,” enriched for positive MPs with time breaks at both nascent and older β cells, form protein–protein interaction (PPI) networks describing potential limiting factors for β-cell maturation. Annotations available from STRING database (von Mering et al., 2003)4 were used. 109 of the 142 genes belonging to this process were able to form a PPI network with 383 interactions (Figure 4). 54 of the 109 interacting genes belong to positive MPs, mostly representing channels and G-proteins, consistent with their positive roles in GSIS. The remaining 55 genes assigned to negative MPs were found associated with growth factor signaling (transforming growth factor β and insulin-like growth factor), consistent with lack of significant proliferation of mature β cells. Only 13 genes displayed enriched expression at P12 and P60. These included some vesicular proteins known to be involved in exocytosis process and all linked by Vamp-2/synaptobrevin, whose expression level resulted mainly established at birth: syntaxin-1 (Syn1), the NMDA receptor Grin1, whose deletion was recently associated with a higher degree of islet GSIS (Marquard et al., 2015), and synaptotagmins Syt4 and Syt5 (Gauthier and Wollheim, 2008; Huang et al., 2018). Syt7 was also found associated with calcium-mediated processing, but it showed no PPIs and highest expression by P1 (Supplementary Table 1). Another complex of cadherins (Cdh4, Cdh7, and Cdh8), recently associated with the increase of GSIS activity in β cells (Parnaud et al., 2015), showed their highest transcriptional activity in older β cells.


[image: image]

FIGURE 4. PPI network of calcium-mediated processing. The 109 genes selected and associated with calcium-mediated processing by FunPat correspond to a PPI network of 383 interactions. Gray nodes: genes belonging to negative MPs. Yellow and red nodes: genes belonging to positive MPs. Red nodes: genes belonging to MPs with time breaks at P12 or P60.




Temporal Development of GSIS During β-Cell Maturation

To correlate gene expression dynamics with β-cell maturation, we examined the GSIS of islets at postnatal stages (Figures 5A,B). P1 islets showed higher basal insulin secretion compared to adult islets (2.8 and 5.6 mM glucose), whereas higher glucose did not enhance insulin secretion. P4, P12, and adult islets all significantly responded to high glucose (20 mM) with insulin secretion, but P4 islets resulted not mature, showing higher basal insulin secretion compared to P12/P60 islets. Interestingly, preincubating isolated islets at 5.6 mM glucose before GSIS assays eliminated insulin secretion at high glucose in P4 islets, but not in P12 or P60 islets. The presence of releasable insulin vesicles at low glucose before P12 is consistent with our transcriptional data, showing that most transcripts for insulin vesicle biosynthesis are established before maturation completes (Figure 5 and Supplementary Table 1).


[image: image]

FIGURE 5. Temporal development of GSIS during β-cell maturation. Hand-picked wild-type islets were used to recover for 2 h before GSIS and immunoassays. For GSIS, the percentages of total insulin from starting islets released in a 45-min window are shown. For all assays, n ≥ 4 independent GSIS assays were done. (A) Islet GSIS for islets preincubated 2.8 mM glucose for 1 h. (B) GSIS after islet preincubated in 5.6 mM glucose for 1 h. (C–F) Morphologies of typical isolated islets. Shown are single-confocal planes of whole-mount islets or pancreatic sections that were co-stained for insulin (red), glucagon (blue), and somatostatin (green). *FDR-adjusted p ≤ 0.05, Wilcoxon rank-sum test (n ≥ 5).


To examine whether GSIS of P1-P60 islets resulted from their intercellular communication with each other, we compared the morphology of hand-picked islets. For islet size, ∼30–100 islets per mice (P1 to P60) were scored. Photographs were taken under a stereoscope, measuring the diameters. At least six mice (three males/three females) were examined at each stage. For looking at the cell-type ratio, ∼20 microscopic fields were scored to examine the percentage of islet cells that express insulin at each stage. At least six mice were scored for each stage. For β cell size, the (insulin+ areas)/nucleus (DAPI) was scored with the same fields. The obtained results showed that the size and percentage of β cells increase as they age (Figures 5C–F). Yet they all displayed similar morphology, with β cells clustered in the central region and other cell types in the periphery. Consistently, the gene annotations linked to the functional category “Cell adhesion, communication, aggregation, and migration” are enriched for positive MPs reaching steady state within P4 (Table 2). Therefore, islet organization alone may not account for the different GSIS properties of islets at different ages. Neither does the islet cell-type composition, because P4 and P12 islets display similar β cell/endocrine ratios yet have different maturity.



Vesicle Biosynthesis in β Cells Correlates With the Temporal Expression of Vesicular Genes

Previous findings suggested that proper vesicular packaging contributes to β-cell maturation (Blum et al., 2012; Goodyer et al., 2012). As our data showed that transcripts for most vesicular components reached a plateau in their expression by P4 (Table 2 and Supplementary Table 1), we determined the vesicular density in β cells during their maturation process. Indeed, a few P1 β cells showed well-defined mature vesicles with dense-core insulin crystals (Figure 6A), whereas others had mostly immature vesicles with electron-light core (Figure 6B) consistent with the results previously reported in the literature (Blum et al., 2012). By P4, most β cells had mature vesicles of similar appearance (Figures 6C–E), in terms of both vesicle density and morphology (Figure 6F). These results, combined with the temporal sequence of GSIS development, suggest that producing morphologically normal vesicles precedes maturation by over a week. These findings are also consistent with the fact that post-transcriptional regulation does not prominently regulate the production of vesicular proteins, because the appearance of the vesicles structure temporally coincides with gene transcription up-regulation.


[image: image]

FIGURE 6. Normal-looking vesicles are present in immature β cells. Hand-picked islets were fixed and examined with TEM. (A,B) Two P1 β cells showing different status of vesicular packaging. (C–E) Representative images of P4, P12, and P60 β cells. Arrows point to normal-looking “mature” vesicles. Arrowheads point to “immature” vesicles with less dense cores. (F) The levels of mature and immature vesicles in β cells are established by P4 based on quantitation with at least 26 microscopic views (1–3 β cells in each view) counted. Images used were from different blocks of at least four mice at each stage. *p < 0.05, two-sided Student t-test (n > 30).




Glucose-Induced Ca2+ Influx Is Established in Immature β Cells

The PPI network of the calcium-mediated process also included several genes encoding channel proteins and metabolic enzymes reaching a plateau of expression before P4 (Figure 3 and Table 2). We therefore examined glucose-induced Ca2+ influx in islets at different stages. Because Ca2+ influx depends on proper glucose transport, metabolism, oxidative phosphorylation, and activation/inactivation of multiple channels, proper Ca2+ activity in β cells will likely reveal the production and assembly of all protein complexes and pathways involved in these processes.

P1 islets displayed very low glucose-induced Ca2+ influx (Figure 7A), although they showed recognizable oscillating patterns, a property of β cells (Figure 7B). P4 to P60 islets showed significantly higher glucose-induced Ca2+ influx than P1 islets, with β-cell specific oscillations (Figures 7C–E). These findings suggest that the molecular machineries for glucose transport, metabolism, ATP production, ATP-mediated blockage of K+ channels, and voltage-gated Ca2+ channels are already present in immature β cells at P4. As the mRNAs coding for the proteins involved in the above processes also reached a plateau at P4, these findings indicate that post-transcriptional regulation is not prominently involved in controlling the production of these proteins. Finally, a notable and recurrent difference between immature and mature islets was observed in the 1- to 2-min delay between the applications of high glucose to the Ca2+ influx in mature islets (P < 0.001, Figure 7A). The reason and significance of this delay are not clear yet.
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FIGURE 7. Glucose-induced Ca2+ influx is established in immature β cells. Free Ca2+ was recorded by Fura2 fluorescence. Basal glucose was used for the first 200 s, and then 20 mM glucose was used to stimulate islets. (A) Average Ca2+ responses of islets at each stage (n ≥ 69). (B–E) Examples of oscillating Ca2+ in three different islets. The color of lines here indicate different islets of same stages. The numbers of mice used were as follows: P1: 10; P4: 10; P12: 10; P60: 4.





DISCUSSION

Our multi-staged transcriptome analysis using FunPat pipeline revealed several candidate genes, dynamic trends, and biological processes able to distinguish genes required for β-cell differentiation (generating insulin+ cells) and/or maturation (insulin+ cells gaining proper glucose response). Compared with the several pairwise gene expression analyses (Jermendy et al., 2011; Blum et al., 2012; Dhawan et al., 2015), our studies confirmed the importance of proper metabolism, calcium signaling, and vesicular biosynthesis for β-cell maturation. The multi-stage dynamic analysis allowed us to reveal several previously unrecognizable features but also to confirm the expression patterns of several well-recognized markers for predicting β-cell maturation (Benitez et al., 2012) including MafA and Ucn3, found also in other recent studies at a single-cell level (Qiu et al., 2017; Augsornworawat et al., 2020).

Besides the nature of the transgene, we have considered several variables that could affect our gene expression, including the islet isolation, dissociation (Khan et al., 2016), and mechanical sorting (Beliakova-Bethell et al., 2014). All these processes can in theory alter the gene expression. Yet, our RNAseq-based results directly correlate with tissue-staining–based gene expression, such as MafA (Hang et al., 2014), NeuroD1 (Gu et al., 2010), and Ucn3 (Blum et al., 2012), suggesting that these technical issues will unlikely invalidate most of the gene expression patterns. It is worth considering that these findings are based on mouse models and that there are differences with human β cells. For example, MafB is expressed in human but not mouse β cells (Arda et al., 2016; Xin et al., 2016; Tritschler et al., 2017), whereas Ucn3 expression is much higher in mouse than human β cells (Xin et al., 2016). However, these observations have been made analyzing β cells by considering no more than two maturation stages; therefore, we believe that our study will be useful for future comparisons with temporal gene expression data from human β cells.

Our RNAseq-based studies could not address whether post-transcriptional regulation prominently regulates β-cell maturation. However, by examining the presence of the vesicular structures and biochemical pathways for insulin secretion and Ca2+ influx, we found that the appearance of required proteins closely matched the dynamic activation of gene transcription. These findings suggest that translational regulation is not a major regulatory mechanism for most of the genes involved in β-cell maturation and GSIS.

One of our main conclusions is that the expression of most maturation genes reaches a plateau before P4. Many of these gene products are involved in insulin biosynthesis, signal transduction of transmembrane receptors, vesicle transport, and calcium-mediated processing (Table 2, positive MPs). Indeed, producing Ca2+-related proteins or signal transducers is likely needed for proper stimulus-secretion coupling. Such transcription profiles correspond to detection of significantly higher density of mature vesicles (Figure 6F) and glucose-induced Ca2+ influx (Figure 7A) in P4 with respect to P1.

In addition, incubating P4 β cells with low basal glucose (2.8 mM, Figure 5A) led to significant insulin secretion when glucose stimulus was switched to 20 mM, but not when basal glucose levels were increased (5.6 mM, Figure 5B). This result suggests that repressing insulin secretion at low glucose could be a limiting step for β-cell maturation. Indeed, incubating immature β cells with higher basal glucose appears to deplete the releasable vesicle pool so that switching to higher glucose could no longer trigger further insulin secretion, as already reported (Blum et al., 2012). The implications of these observations are as follows: (1) vesicles in immature β cells, even if morphologically normal-looking (Figure 6), are not equally releasable, a feature that has been proven by real-time secretion assays (Hou et al., 2012; Hoboth et al., 2015); (2) insulin vesicles need to desensitize themselves from glucose-derived signals to abstain from releasing at basal glucose in the maturation process. This could theoretically be achieved by limiting the Ca2+ influx at basal glucose or modulate their Ca2+ sensitivity, or both. In support of this idea, enrichment analysis found only “calcium-mediated processing” to be significant among the GSIS processes for positive MPs characterizing both immature and mature β cells (Table 2). The corresponding MPs and PPI network (Figures 3, 4) highlight the interaction of synaptotagmins and cadherins at later stages of maturation, suggesting a possible role in controlling vesicle release and Ca2+ influx (Huang et al., 2018).

Finally, the transcriptome data analysis also highlighted the importance of negative GSIS regulation in β-cell maturation, generally represented by MPs showing an expression decrease between P12 and P60. Focusing on GSIS processes, enrichment analysis found only “protein tyrosine and serine/threonine kinases activity” to be significant for negative MPs at late maturation stages (Table 2), suggesting unappreciated phosphorylation processes linked with vesicle biosynthesis and release. This study can be considered a resource for further integrations/comparisons to human β-cell development from embryonic or induced-pluripotent stem cells (Weng et al., 2020). The complete database of TPs, genes, and functional terms available in Supplementary Tables 1, 2 will aid future studies to better characterize the regulatory role of these genes and critical steps for in vitro–derived functional β cells.



DATA AVAILABILITY STATEMENT

The dataset presented in this study can be found at ArrayExpress repository (https://www.ebi.ac.uk/arrayexpress/) with the accession number E-MTAB-2266.



ETHICS STATEMENT

The animal study was reviewed and approved by the Vanderbilt University Animal Care and Use Committee.



AUTHOR CONTRIBUTIONS

TS, GG, CS, and MM conceived the work and designed the experiments. TS, GG, and CS wrote the manuscripts, with help from all listed authors. TS, EM, BD, and CS performed all the bioinformatics analysis. CH, YX, and LP isolated the cells and performed the RNA preparations and islet characterization. PD and DJ performed the Ca2+ imaging. All authors contributed to the article and approved the submitted version.



FUNDING

This study was supported by grants from NIDDK (DK065949, DK128710, and DK125696 for GG and UO1DK089523 for MM), JDRF (1-2009-371 for GG), PRAT 2010 (CPDA101217 to BC), and Fondazione Aldo Gini (Borsa Gini scholarship to TS). Flow Cytometry experiments were performed in the VUMC Flow Cytometry Shared Resource, supported by the Vanderbilt Ingram Cancer Center (P30 CA68485) and the Vanderbilt Digestive Disease Research Center (DK058404). Confocal and TEM imaging were performed with VUMC Cell Imaging Shared Resource (supported by NIH Grants CA68485, DK20593, DK58404, DK59637, and EY08126).



ACKNOWLEDGMENTS

We thank Chris Wright and Roland Stein for useful comments and discussion. TS thanks the programme “Dipartimenti di Eccellenza 2018–2022” (Project code D15D18000410001) specifically appointed to her affiliation, the Department of Medical Sciences of University of Torino, from the Italian Ministry for Education, University and Research (Ministero dell’Istruzione, dell’Università e della Ricerca – MIUR).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcell.2021.648791/full#supplementary-material


FOOTNOTES

1https://github.com/itmat/Normalization

2http://www.informatics.jax.org/function.shtml

3http://cpdb.molgen.mpg.de/MCPDB

4http://string-db.org/


REFERENCES

Adam, P. A., Teramo, K., Raiha, N., Gitlin, D., and Schwartz, R. (1969). Human fetal insulin metabolismearly in gestation. Response to acutelevation of the fetal glucose concentration and placental tranfer of human insulin-I-131. Diabetes 18, 409–416. doi: 10.2337/diab.18.6.409

Ainscow, E. K., Zhao, C., and Rutter, G. A. (2000). Acute overexpression of lactate dehydrogenase-A perturbs beta-cell mitochondrial metabolism and insulin secretion. Diabetes 49, 1149–1155. doi: 10.2337/diabetes.49.7.1149

Arda, H. E., Li, L., Tsai, J., Torre, E. A., Rosli, Y., Peiris, H., et al. (2016). Age-dependent pancreatic gene regulation reveals mechanisms governing human beta cell function. Cell Metab. 23, 909–920. doi: 10.1016/j.cmet.2016.04.002

Ashburner, M., Ball, C. A., Blake, J. A., Botstein, D., Butler, H., Cherry, J. M., et al. (2000). Gene ontology: tool for the unification of biology. The gene ontology consortium. Nat. Genet. 25, 25–29. doi: 10.1038/75556

Augsornworawat, P., Maxwell, K. G., Velazco-Cruz, L., and Millman, J. R. (2020). Single-cell transcriptome profiling reveals β cell maturation in stem cell-derived islets after transplantation. Cell Rep. 32:108067. doi: 10.1016/j.celrep.2020.108067

Beliakova-Bethell, N., Massanella, M., White, C., Lada, S., Du, P., Vaida, F., et al. (2014). The effect of cell subset isolation method on gene expression in leukocytes. Cytometry A 5, 94–104. doi: 10.1002/cyto.a.22352

Benitez, C. M., Goodyer, W. R., and Kim, S. K. (2012). Deconstructing pancreas developmental biology. Cold Spring Harb. Perspect. Biol. 4:a012401. doi: 10.1101/cshperspect.a012401

Benitez, C. M., Qu, K., Sugiyama, T., Pauerstein, P. T., Liu, Y., Tsai, J., et al. (2014). An integrated cell purification and genomics strategy reveals multiple regulators of pancreas development. PLoS Genet. 10:e1004645. doi: 10.1371/journal.pgen.1004645

Benninger, R. K., and Piston, D. W. (2014). Cellular communication and heterogeneity in pancreatic islet insulin secretion dynamics. Trends Endocrinol. Metab. 25, 399–406. doi: 10.1016/j.tem.2014.02.005

Bliss, C. R., and Sharp, G. W. (1994). A critical period in the development of the insulin secretory response to glucose in fetal rat pancreas. Life Sci. 55, 423–427. doi: 10.1016/0024-3205(94)90053-1

Blum, B., Hrvatin, S. S., Schuetz, C., Bonal, C., Rezania, A., and Melton, D. A. (2012). Functional beta-cell maturation is marked by an increased glucose threshold and by expression of urocortin 3. Nat. Biotechnol. 30, 261–264. doi: 10.1038/nbt.2141

Collombat, P., Mansouri, A., Hecksher-Sorensen, J., Serup, P., Krull, J., Gradwohl, G., et al. (2003). Opposing actions of Arx and Pax4 in endocrine pancreas development. Genes Dev. 17, 2591–2603. doi: 10.1101/gad.269003

Dhawan, S., Tschen, S. I., Zeng, C., Guo, T., Hebrok, M., Matveyenko, A., et al. (2015). DNA methylation directs functional maturation of pancreatic beta cells. J. Clin. Invest. 125, 2851–2860. doi: 10.1172/JCI79956

Di Camillo, B., Irving, B. A., Schimke, J., Sanavia, T., Toffolo, G., Cobelli, C., et al. (2012). Function-based discovery of significant transcriptional temporal patterns in insulin stimulated muscle cells. PLoS One 7:e32391. doi: 10.1371/journal.pone.0032391

Di Camillo, B., Toffolo, G., Nair, S. K., Greenlund, L. J., and Cobelli, C. (2007). Significance analysis of microarray transcript levels in time series experiments. BMC Bioinform. 8(Suppl. 1):S10. doi: 10.1186/1471-2105-8-S1-S10

Dobin, A., Davis, C. A., Schlesinger, F., Drenkow, J., Zaleski, C., Jha, S., et al. (2013). STAR: ultrafast universal RNA-seq aligner. Bioinformatics 29, 15–21. doi: 10.1093/bioinformatics/bts635

Gauthier, B. R., and Wollheim, C. B. (2008). Synaptotagmins bind calcium to release insulin. Am. J. Physiol. Endocrinol. Metab. 295, E1279–E1286. doi: 10.1152/ajpendo.90568.2008

Goodyer, W. R., Gu, X., Liu, Y., Bottino, R., Crabtree, G. R., and Kim, S. K. (2012). Neonatal beta cell development in mice and humans is regulated by calcineurin/NFAT. Dev. Cell 23, 21–34. doi: 10.1016/j.devcel.2012.05.014

Gu, C., Stein, G. H., Pan, N., Goebbels, S., Hornberg, H., Nave, K. A., et al. (2010). Pancreatic beta cells require NeuroD to achieve and maintain functional maturity. Cell Metab. 11, 298–310. doi: 10.1016/j.cmet.2010.03.006

Gu, G., Dubauskaite, J., and Melton, D. A. (2002). Direct evidence for the pancreatic lineage: NGN3+ cells are islet progenitors and are distinct from duct progenitors. Development 129, 2447–2457.

Gu, G., Wells, J. M., Dombkowski, D., Preffer, F., Aronow, B., and Melton, D. A. (2004). Global expression analysis of gene regulatory pathways during endocrine pancreatic development. Development 131, 165–179. doi: 10.1242/dev.00921

Hang, Y., Yamamoto, T., Benninger, R. K., Brissova, M., Guo, M., Bush, W., et al. (2014). The MafA transcription factor becomes essential to islet β-cells soon after birth. Diabetes 63, 1994–2005. doi: 10.2337/db13-1001

Hara, M., Wang, X., Kawamura, T., Bindokas, V. P., Dizon, R. F., Alcoser, S. Y., et al. (2003). Transgenic mice with green fluorescent protein-labeled pancreatic beta -cells. Am. J. Physiol. Endocrinol. Metab. 284, E177–E183. doi: 10.1152/ajpendo.00321.2002

Hellerstrom, C., and Swenne, I. (1991). Functional maturation and proliferation of fetal pancreatic beta-cells. Diabetes 40(Suppl. 2), 89–93. doi: 10.2337/diab.40.2.s89

Henquin, J. C. (2011). The dual control of insulin secretion by glucose involves triggering and amplifying pathways in beta-cells. Diabetes Res. Clin. Pract. 93(Suppl. 1), S27–S31. doi: 10.1016/S0168-8227(11)70010-9

Hoboth, P., Muller, A., Ivanova, A., Mziaut, H., Dehghany, J., Sonmez, A., et al. (2015). Aged insulin granules display reduced microtubule-dependent mobility and are disposed within actin-positive multigranular bodies. Proc. Natl. Acad. Sci. U.S.A. 112, E667–E676. doi: 10.1073/pnas.1409542112

Hou, J. C., Min, L., and Pessin, J. E. (2009). Insulin granule biogenesis, trafficking and exocytosis. Vitam. Horm. 80, 473–506.

Hou, N., Mogami, H., Kubota-Murata, C., Sun, M., Takeuchi, T., and Torii, S. (2012). Preferential release of newly synthesized insulin assessed by a multi-label reporter system using pancreatic beta-cell line MIN6. PLoS One 7:e47921. doi: 10.1371/journal.pone.0047921

Hrvatin, S., O’Donnell, C. W., Deng, F., Millman, J. R., Pagliuca, F. W., DiIorio, P., et al. (2014). Differentiated human stem cells resemble fetal, not adult, beta cells. Proc. Natl. Acad. Sci. U.S.A. 111, 3038–3043. doi: 10.1073/pnas.1400709111

Huang, C., Walker, E. M., Dadi, P. K., Hu, R., Xu, Y., Zhang, W., et al. (2018). Synaptotagmin 4 regulates pancreatic β cell maturation by modulating the Ca2+ sensitivity of insulin secretion vesicles. Dev. Cell 45, 347–361.e5. doi: 10.1016/j.devcel.2018.03.013

Jacobson, D. A., Mendez, F., Thompson, M., Torres, J., Cochet, O., and Philipson, L. H. (2010). Calcium-activated and voltage-gated potassium channels of the pancreatic islet impart distinct and complementary roles during secretagogue induced electrical responses. J. Physiol. 588, 3525–3537. doi: 10.1113/jphysiol.2010.190207

Jermendy, A., Toschi, E., Aye, T., Koh, A., Aguayo-Mazzucato, C., Sharma, A., et al. (2011). Rat neonatal beta cells lack the specialised metabolic phenotype of mature beta cells. Diabetologia 54, 594–604. doi: 10.1007/s00125-010-2036-x

Kamburov, A., Pentchev, K., Galicka, H., Wierling, C., Lehrach, H., and Herwig, R. (2011). ConsensusPathDB: toward a more complete picture of cell biology. Nucleic Acids Res. 39(Database issue), D712–D717. doi: 10.1093/nar/gkq1156

Katsuta, H., Aguayo-Mazzucato, C., Katsuta, R., Akashi, T., Hollister-Lock, J., Sharma, A. J., et al. (2012). Subpopulations of GFP-marked mouse pancreatic beta-cells differ in size, granularity, and insulin secretion. Endocrinology 153, 5180–5187. doi: 10.1210/en.2012-1257

Khan, D., Vasu, S., Moffett, R. C., Irwin, N., and Flatt, P. R. (2016). Islet distribution of Peptide YY and its regulatory role in primary mouse islets and immortalised rodent and human beta-cell function and survival. Mol. Cell Endocrinol. 436, 102–113. doi: 10.1016/j.mce.2016.07.020

Kieffer, T. J. (2016). Closing in on mass production of mature human beta cells. Cell Stem Cell 18, 699–702. doi: 10.1016/j.stem.2016.05.014

Konstantinova, I., Nikolova, G., Ohara-Imaizumi, M., Meda, P., Kucera, T., Zarbalis, K., et al. (2007). EphA-Ephrin-A-mediated beta cell communication regulates insulin secretion from pancreatic islets. Cell 129, 359–370. doi: 10.1016/j.cell.2007.02.044

Kushner, J. A., MacDonald, P. E., and Atkinson, M. A. (2014). Stem cells to insulin secreting cells: two steps forward and now a time to pause? Cell Stem Cell 15, 535–536. doi: 10.1016/j.stem.2014.10.012

Lee, C. S., Perreault, N., Brestelli, J. E., and Kaestner, K. H. (2002). Neurogenin 3 is essential for the proper specification of gastric enteroendocrine cells and the maintenance of gastric epithelial cell identity. Genes Dev. 16, 1488–1497. doi: 10.1101/gad.985002

Li, C., Chen, P., Vaughan, J., Lee, K. F., and Vale, W. (2007). Urocortin 3 regulates glucose- stimulated insulin secretion and energy homeostasis. Proc. Natl. Acad. Sci. U.S.A. 104, 4206–4211. doi: 10.1073/pnas.0611641104

Love, M. I., Huber, W., and Anders, S. (2014). Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome Biol. 15:550. doi: 10.1186/s13059-014-0550-8

MacDonald, P. E., Joseph, J. W., and Rorsman, P. (2005). Glucose-sensing mechanisms in pancreatic beta-cells. Philos. Trans. R Soc. Lond. B Biol. Sci. 360, 2211–2225. doi: 10.1098/rstb.2005.1762

Marquard, J., Otter, S., Welters, A., Stirban, A., Fischer, A., Eglinger, J., et al. (2015). Characterization of pancreatic NMDA receptors as possible drug targets for diabetes treatment. Nat. Med. 21, 363–372. doi: 10.1038/nm.3822

Nielsen, K., Kruhoffer, M., Orntoft, T., Sparre, T., Wang, H., Wollheim, C., et al. (2004). Gene expression profiles during beta cell maturation and after IL-1beta exposure reveal important roles of Pdx-1 and Nkx6.1 for IL-1beta sensitivity. Diabetologia 47, 2185–2199. doi: 10.1007/s00125-004-1578-1

Nishimura, W., Kondo, T., Salameh, T., El Khattabi, I., Dodge, R., Bonner-Weir, S., et al. (2006). A switch from MafB to MafA expression accompanies differentiation to pancreatic beta-cells. Dev. Biol. 293, 526–539. doi: 10.1016/j.ydbio.2006.02.028

Osundiji, M. A., and Evans, M. L. (2013). Brain control of insulin and glucagon secretion. Endocrinol. Metabol. Clin. North Am. 42, 1–14. doi: 10.1016/j.ecl.2012.11.006

Pagliuca, F. W., Millman, J. R., Gurtler, M., Segel, M., Van Dervort, A., Ryu, J. H., et al. (2014). Generation of functional human pancreatic beta cells in vitro. Cell 159, 428–439. doi: 10.1016/j.cell.2014.09.040

Parnaud, G., Lavallard, V., Bedat, B., Matthey-Doret, D., Morel, P., Berney, T., et al. (2015). Cadherin engagement improves insulin secretion of single human beta-cells. Diabetes 64, 887–896. doi: 10.2337/db14-0257

Petri, A., Ahnfelt-Ronne, J., Frederiksen, K. S., Edwards, D. G., Madsen, D., Serup, P., et al. (2006). The effect of neurogenin3 deficiency on pancreatic gene expression in embryonic mice. J. Mol. Endocrinol. 37, 301–316.

Qiu, W. L., Zhang, Y. W., Feng, Y., Li, L. C., Yang, L., and Xu, C. R. (2017). Deciphering pancreatic islet β cell and α cell maturation pathways and characteristic features at the single-cell level. Cell Metab. 25, 1194–1205. doi: 10.1016/j.cmet.2017.04.003

Rorsman, P., Arkhammar, P., Bokvist, K., Hellerstrom, C., Nilsson, T., Welsh, M., et al. (1989). Failure of glucose to elicit a normal secretory response in fetal pancreatic beta cells results from glucose insensitivity of the ATP-regulated K+ channels. Proc. Natl. Acad. Sci. U.S.A. 86, 4505–4509. doi: 10.1073/pnas.86.12.4505

Rozzo, A., Meneghel-Rozzo, T., Delakorda, S. L., Yang, S. B., and Rupnik, M. (2009). Exocytosis of insulin: in vivo maturation of mouse endocrine pancreas. Ann. N. Y. Acad. Sci. 1152, 53–62. doi: 10.1111/j.1749-6632.2008.04003.x

Sanavia, T., Finotello, F., and Di Camillo, B. (2015). FunPat: function-based pattern analysis on RNA-seq time series data. BMC Genomics 16:S2. doi: 10.1186/1471-2164-16-S6-S2

Schiesser, J. V., and Wells, J. M. (2014). Generation of beta cells from human pluripotent stem cells: are we there yet? Ann. N. Y. Acad. Sci. 1311, 124–137. doi: 10.1111/nyas.12369

Shahjalal, H. M., Abdal Dayem, A., Lim, K. M., Tak-il, J., and Ssang-Goo, C. (2018). Generation of pancreatic β cells for treatment of diabetes: advances and challenges. Stem Cell Res. Ther. 9:355. doi: 10.1186/s13287-018-1099-3

Tabar, V., and Studer, L. (2014). Pluripotent stem cells in regenerative medicine: challenges and recent progress. Nat. Rev. Genet. 15, 82–92. doi: 10.1038/nrg3563

Tritschler, S., Theis, F. J., Lickert, H., and Bottcher, A. (2017). Systematic single-cell analysis provides new insights into heterogeneity and plasticity of the pancreas. Mol. Metab. 6, 974–990. doi: 10.1016/j.molmet.2017.06.021

von Mering, C., Huynen, M., Jaeggi, D., Schmidt, S., Bork, P., and Snel, B. (2003). STRING: a database of predicted functional associations between proteins. Nucleic Acids Res. 31, 258–261. doi: 10.1093/nar/gkg034

Weng, C., Xi, J., Li, H., Cui, J., Gu, A., Lai, S., et al. (2020). Single-cell lineage analysis reveals extensive multimodal transcriptional control during directed beta-cell differentiation. Nat. Metab. 2, 1443–1458. doi: 10.1038/s42255-020-00314-2

Xin, Y., Kim, J., Okamoto, H., Ni, M., Wei, Y., Adler, C., et al. (2016). RNA sequencing of single human islet cells reveals type 2 diabetes genes. Cell Metab. 24, 608–615. doi: 10.1016/j.cmet.2016.08.018

Zhao, A., Ohara-Imaizumi, M., Brissova, M., Benninger, R. K., Xu, Y., Hao, Y., et al. (2010). Galphao represses insulin secretion by reducing vesicular docking in pancreatic beta-cells. Diabetes 59, 2522–2529. doi: 10.2337/db09-1719

Zhu, X., Hu, R., Brissova, M., Stein, R. W., Powers, A. C., Gu, G., et al. (2015). Microtubules negatively regulate insulin secretion in pancreatic beta cells. Dev. Cell 34, 656–668. doi: 10.1016/j.devcel.2015.08.020


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 Sanavia, Huang, Manduchi, Xu, Dadi, Potter, Jacobson, Di Camillo, Magnuson, Stoeckert and Gu. 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.











	 
	REVIEW
published: 25 May 2021
doi: 10.3389/fcell.2021.642235





[image: image]

In vivo Functional Genomics for Undiagnosed Patients: The Impact of Small GTPases Signaling Dysregulation at Pan-Embryo Developmental Scale

Antonella Lauri*, Giulia Fasano, Martina Venditti, Bruno Dallapiccola and Marco Tartaglia*

Genetics and Rare Diseases Research Division, Ospedale Pediatrico Bambino Gesù, IRCCS, Rome, Italy

Edited by:
Maria Pia Felli, Sapienza University of Rome, Italy

Reviewed by:
Karl J. Clark, Mayo Clinic, United States
Marcel Tawk, INSERM U1195 Petites Molécules de Neuroprotection, Neurogénération et Remyélinisation, France

*Correspondence: Antonella Lauri, antonella.lauri@opbg.net; Marco Tartaglia, marco.tartaglia@opbg.net

Specialty section: This article was submitted to Signaling, a section of the journal Frontiers in Cell and Developmental Biology

Received: 15 December 2020
Accepted: 12 March 2021
Published: 25 May 2021

Citation: Lauri A, Fasano G, Venditti M, Dallapiccola B and Tartaglia M (2021) In vivo Functional Genomics for Undiagnosed Patients: The Impact of Small GTPases Signaling Dysregulation at Pan-Embryo Developmental Scale. Front. Cell Dev. Biol. 9:642235. doi: 10.3389/fcell.2021.642235

While individually rare, disorders affecting development collectively represent a substantial clinical, psychological, and socioeconomic burden to patients, families, and society. Insights into the molecular mechanisms underlying these disorders are required to speed up diagnosis, improve counseling, and optimize management toward targeted therapies. Genome sequencing is now unveiling previously unexplored genetic variations in undiagnosed patients, which require functional validation and mechanistic understanding, particularly when dealing with novel nosologic entities. Functional perturbations of key regulators acting on signals’ intersections of evolutionarily conserved pathways in these pathological conditions hinder the fine balance between various developmental inputs governing morphogenesis and homeostasis. However, the distinct mechanisms by which these hubs orchestrate pathways to ensure the developmental coordinates are poorly understood. Integrative functional genomics implementing quantitative in vivo models of embryogenesis with subcellular precision in whole organisms contribute to answering these questions. Here, we review the current knowledge on genes and mechanisms critically involved in developmental syndromes and pediatric cancers, revealed by genomic sequencing and in vivo models such as insects, worms and fish. We focus on the monomeric GTPases of the RAS superfamily and their influence on crucial developmental signals and processes. We next discuss the effectiveness of exponentially growing functional assays employing tractable models to identify regulatory crossroads. Unprecedented sophistications are now possible in zebrafish, i.e., genome editing with single-nucleotide precision, nanoimaging, highly resolved recording of multiple small molecules activity, and simultaneous monitoring of brain circuits and complex behavioral response. These assets permit accurate real-time reporting of dynamic small GTPases-controlled processes in entire organisms, owning the potential to tackle rare disease mechanisms.
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INTRODUCTION

Rare diseases are individually uncommon but collectively frequent, affecting approximately 25 million people in Europe and impacting between 263 million and 446 million people worldwide (Wakap et al., 2020), with a significant proportion of cases awaiting diagnosis (sources: Orphanet, Eurordis, and WHO, Kaplan et al., 2013). They are often chronic, degenerative, and disabling conditions, which in approximately 70% of cases have a pediatric onset and show high morbidity and mortality. As estimated by the BURQOL-RD project (“Social Economic Burden and Health-Related Quality of Life in Patients with Rare Diseases in Europe”), a high level of socioeconomic burden is associated with these conditions (Angelis et al., 2015), which challenges health care systems globally, as well as the quality of life of the patients and their families. Particularly dramatic is the situation for pediatric cancers, which, despite their rarity, represent a significant disease burden nowadays. Yearly, more than 500,000 new cases of rare cancers are diagnosed (Gatta et al., 2017), causing approximately 6000 deaths in children, according to the European Society for Pediatric Oncology. The World Health Organization estimates that half of these tumors are malignant hematological cancers (e.g., leukemia) or solid nervous system tumors (e.g., neuroblastoma) (Gupta et al., 2015; Steliarova-Foucher et al., 2017).

A significant proportion of these disorders underlie one or more genetic alterations causing functional dysregulation of master regulators involved at various levels and stages of complex and dynamic developmental programs (e.g., cell proliferation, migration, differentiation, and developmental competence) of virtually any growing tissue or organ. Molecularly, a relatively small number of signaling pathways and networks (Wingless/Integrated (Wnt), hedgehog (Hh), Notch, Bone morphogenetic protein (BMP), fibroblast growth factor (FGF), mitogen-activated protein kinase/extracellular signal-regulated kinase (MAPK/ERK), etc.) are responsible for directing developmental programs. The crosstalk among these pathways, together with positive and negative control loop stations mediated by highly conserved molecular nodes, accounts for the pleiotropy of signaling, which ultimately shapes organismal development. These pathways’ interplays ensure differential responses to converging – and sometimes conflicting – messages and thereby multiorgan morphogenesis and homeostasis (Basson, 2012). Therefore, it is not surprising that from various alterations of core signaling hubs mastering multiple developmental networks, both developmental syndromes and malignancies arise. Yet, our biological knowledge on the key genes, the regulated signaling pathways, and the intracellular nodes differentially involved in development and disease remains poor. The current lack of a case-specific mechanistic understanding further hinders the disease identification, leaving many of them “orphan” of an accurate “diagnosis” and therefore targeted cure. This knowledge gap is particularly challenging, given the short life expectancy associated with a large fraction of rare conditions (Courbier and Berjonneau, 2017).

Following the EU call for action, revolutionary sophistication and rapid implementation of next-generation sequencing (NGS) techniques, especially whole-exome sequencing (WES), have allowed a considerable boost in the identification of genomic modifications and signaling pathways’ alterations in the field of rare diseases. Recently, the National Institutes of Health (NIH)–supported Centers for Mendelian Genomics noted an unprecedented increase in the number of novel diseases discovered per year, estimated to be more than 200 (Posey et al., 2019). Clearly, besides identifying the genes, precise fingerprints of disease mechanisms would help create a new “taxonomy of the disease” with immediate benefit on patient care specialization. Yet, for many of the newly discovered genetic conditions, even the physiological activity of the proteins involved remains poorly known. To resolve this gap, it is beneficial to invest into the smart combination between (i) in silico wide genome search for disease–gene/pathogenic variants in undiagnosed patients enrolled in international networks and (ii) functional genomics approaches using ad hoc in vitro systems (i.e., iPS, patient-specific induced pluripotent stem cells), supported and enhanced by (iii) both vertebrate and invertebrate animal disease models. Along this line, in the past decade, others and we have contributed to decisive advancements in the understanding of the pathophysiological role of a number of small GTPases belonging to the large RAS superfamily. In an international research framework dedicated to undiagnosed patients started at the “Ospedale Pediatrico Bambino Gesù” children’s hospital, functional genomic studies employing WES analysis and complementary in vitro experimental approaches, as well as invertebrate and vertebrate models, have allowed us to identify new nosologic entities caused by mutations affecting several genes, including a subset of which encode small GTPases. For instance, we associated a uniquely behaving genetic alteration in CDC42 [OMIM: 116952] with a severe autoinflammatory condition (Lam et al., 2019). The specific molecular profiling of these patients allowed prompt lifesaving treatment, whereas validation of the pathogenicity in nematodes and human immune cells unraveled the impact on development, hematological cell maturation, and motility (Lam et al., 2019). Of note, we previously identified a different class of mutations affecting the same genes as the cause of a clinically variable neurodevelopmental disorder (Martinelli et al., 2018), emphasizing the requirement of functional characterization analyses to casually associate genomic variants with disease and decipher the underlying mechanisms. More recently, we identified activating mutations in the gene encoding the key effector of the MAPK signaling cascade, MAPK1 [OMIM: 176948], as cause of a neurodevelopmental disease within the RASopathies spectrum (Motta et al., 2020). Again, in vivo assays in the context of cell differentiation and morphogenesis contributed to the validation of the pathogenicity of the mutations during embryonic development. The work provided evidence for a differential impact of germline inherited (found in developmental disorders) and somatically acquired (cancer-associated) mutations in this gene. The expansion of such paradigm in modern biomedical research clearly represents a valid tool for deepening our understanding of healthy and diseased mechanisms as well as core developmental hubs.

Here, we review recent functional genomics findings proving mutations in some among the large group of small GTPases molecules to be critically involved in rare developmental syndromes and cancers. We next discuss the current knowledge on the interplay with signaling pathways networks, whose tightly regulated activity is essential in many developmental processes, from lateral inhibition (which differentiates cell fate from initial equivalence fields) to cell polarity mechanisms (instructing gastrulation cell movements) and is being implicated in pediatric diseases. The cost reductions in sequencing and the extraordinary progress in functional imaging, signal biosensors optimization, and genome engineering in living organisms are opening long-awaited possibilities to combine in a single workflow (a) analyses directed to identify new disease genes with (b) sophisticated functional approaches in vivo to validate the putative pathogenic variants. Global conservation of the genes exists across taxa such that smartly chosen tractable model systems and ad hoc in vivo tools are and will be crucial for the majority of the newly discovered diseases for which we still fail to understand the impact on the signaling networks during development. In this context, we briefly discuss the advantages in using zebrafish for functional genomics of rare diseases and examine the latest tools, which enable highly resolved in vivo whole-embryo real-time reporting of dynamic small GTPase-regulated processes during development.



THE RAS SUPERFAMILY OF SMALL GTPASES IN DEVELOPMENT AND DISEASE

The RAS superfamily of small GTPases comprises five main protein families grouped by structure and function. They include proteins belonging to the (i) RAS family, involved in cell proliferation, specification, and differentiation (Figure 1); (ii) RHO family, known to influence actin and microtubule (MT) cytoskeleton and thereby cell migration and morphology (Figure 2); (iii) RAN family, which control nuclear transport (Figure 3); and (iv) ADP-ribosylation factor (ARF) and RAB families, involved in various steps of vesicle trafficking and organelles’ dynamics (Wennerberg et al., 2005). They all regulate their activity by cycling between an active (GTP-bound) and an inactive (GDP-bound) form, a switch determined by a number of extracellular signals and effectors (Bourne et al., 1991). By this dynamic activity and the myriad of effectors, these small GTPases function as molecular hubs at the crossroad between morphogenetic inputs, crucial for signal integration to determine cell precursors’ state, behavior, and specification in developing organisms. Given the plethora of cell processes that they assist, these proteins and their related signaling components have long emerged as major players in developmental disorders and malignancies (Schubbert et al., 2007; Simanshu et al., 2017; Qu et al., 2019; Figures 1–3). Indeed, the list of disease-causing mutations affecting signalings modulated by proteins of the RAS superfamily is increasing. However, we only begin to understand the complexity of their role in developmental pathways and their relevance for the onset of disease. Here, we focus on the emerging rare disease–causing genes encoding proteins of the RAS, RHO, ARF, and RAB families and the known mechanistic consequences altering developmental processes and relevant for pathogenesis, also emerging from in vivo models.
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FIGURE 1. Schematic representation of Ras/MAPK cascade (left), Ras/MAPK-influenced pathways, and developmental processes (center) and examples of genetic conditions underlying a dysregulated cascade (right). For the diseases and disease–genes depicted here, besides the literature cited in the text, refer to Roberts et al. (2007) and Tartaglia et al. (2007) (SOS1 mutations in NS), Carta et al. (2006); Pandit et al. (2007); Cordeddu et al. (2009); Cirstea et al. (2010) (KRAS, NRAS, RAF1, and SHOC2 mutations in NS and related conditions), Aoki et al. (2005, 2013) (HRAS mutations in CS), Flex et al. (2014) (RRAS mutations in a RASopathy condition prone to cancer), Yamamoto et al. (2015) (SOS2, LZTR1 mutations in NS), Martinelli et al. (2010, 2015); Pérez et al., 2010 (CBL mutations in a developmental syndrome prone to cancer), Urosevic et al. (2011); Aoidi et al. (2018) (BRAF, MEK1, or MEK2 mutations in CFCS), and Capri et al. (2019) (RRAS2 mutations in NS).
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FIGURE 2. Schematic representation of the main RHO proteins’ activity (left), examples of the developmental pathways and processes modulated by RHO (center) and examples of genetic conditions associated with altered Rho activity (right).
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FIGURE 3. Schematic representation of intracellular trafficking and organelles associated with ARF and RAB activity (left), the main developmental pathways and processes modulated by vesicular trafficking (center), and examples of rare diseases caused by mutant ARF and RAB proteins. § and §§ indicate processes associated with ARF and RAB proteins, respectively. No symbol indicates evidence for processes involving both ARF and RAB activity. EE, LE, RE: early, late, and recycling endosomes, respectively. LYS: lysosomes. For the disease genes and diseases depicted here, besides the literature cited in the text, refer to Novarino et al. (2014); Wakil et al. (2019) (ARF-like 6 interacting protein 1 mutations in neuropathy with spastic paraplegia, microcephaly, leukoencephalopathy, and seizures); Griscelli and Prunieras (1978) (mutations in RAB2 in Griscelli syndrome affecting the immune system); Cogli et al. (2009); Lupo et al. (2009); Stendel et al. (2010), for the motor and sensory neuropathies Charcot–Marie–Tooth type 2B and type 4 (CMT2B and CMT4), caused by mutations in RAB7 and RAB11 effector SH3TC2, respectively; Harvey et al. (2010) (mutations in the ARF-specific GAP encoding gene AGAP1 in pediatric high-risk B-cell ALL); Roberti et al. (2009) (gene rearrangement in the RAB-specific GAP encoding gene RABGAP1L in patient with Klinefelter syndrome who developed AML).




RAS/MAPK SIGNALING CASCADE AND ITS DYSREGULATION IN DEVELOPMENTAL DISORDERS AND CANCER

Since the identification of the RAS proteins in the 1980s, the biochemistry of their signaling and their role as regulators of multiple cellular processes (e.g., proliferation, survival, differentiation, and apoptosis) in development and homeostasis has been intensively examined (Downward, 1998; Drosten et al., 2010; Kang and Lee, 2019). Various growth factors, cytokines, and hormones activate the Ras signaling network leading to the MAPK cascade and other pathways (Schlessinger, 2000) in a highly conserved manner (Rojas et al., 2012). A schematic overview of the Ras/MAPK signaling pathway is shown in Figure 1, left. Briefly, autophosphorylation of cell surface receptor tyrosine kinases promotes membrane recruitment of guanine nucleotide exchange factors (GEFs, e.g., SOS). This triggers the binding of RAS to GTP, activating the signaling (Cox and Der, 2010). The phosphatase SHP2 further contributes to RAS activation by inactivating regulatory tyrosines in receptors and scaffolding proteins (Matozaki et al., 2009). On the other hand, deactivation of RAS is promoted by GTPase-activating proteins (GAPs), such as neurofibromin 1 (NF1), via positive regulation of GTP hydrolysis (Vigil et al., 2010) or via ubiquitination directly by a recently identified cullin3-RING ubiquitin ligase complex (Steklov et al., 2018; Motta et al., 2019; Abe et al., 2020) and via the E3 ubiquitin ligase CBL by functional downmodulation of the activated cell surface receptors (Mohapatra et al., 2013). Downstream kinases (e.g., RAF1) are responsible for translating Ras signaling into the activation of MAPK ERK kinases (MEKs), resulting in the activation of ERKs (extracellular signal–regulated kinases), which phosphorylate various cytoplasmic and nuclear targets to mediate cellular responses. A phosphatase complex (MRAS, SHOC2, and PP1CB) dephosphorylates a single inhibitory site on RAF kinase, activating signal flow through the MAPK cascade. Depending on the cellular context, the strength and length of signaling, proliferation, apoptotic, or differentiation signals can be triggered (Downward, 1998; Murphy et al., 2004; Drosten et al., 2010; Kang and Lee, 2019).

Considering the plethora of functions of Ras/MAPK signaling during development, it is clear that mutations affecting signaling backbone’s core components have various deleterious effects in terms of development. Indeed, germline mutations affecting different components of signaling cascade are responsible for RASopathies, a group of developmental disorders comprising Noonan syndrome (NS), LEOPARD syndrome (NS with multiple lentigines), Costello syndrome (CS), cardiofaciocutaneous syndrome (CFCS), neurofibromatosis type 1 (NF-1), and other clinically related disorders, displaying high genetic and clinical heterogeneity (for a comprehensive review of the work in the field, refer to Cox and Der, 2010; Tartaglia et al., 2011; Rauen, 2013; Simanshu et al., 2017; Tajan et al., 2018; and more recently Kang and Lee, 2019). It is also equally established that activating mutations in genes encoding members of the Ras/MAPK signaling are commonly associated with cancers (Malumbres and Barbacid, 2003). They are among the primary causes of several pediatric malignancies affecting the nervous system, such as gliomas and astrocytomas, which show the highest degree of mortality in children. Myeloproliferative syndromes, such as juvenile myelomonocytic leukemia (JMML) and pediatric acute lymphoblastic leukemia (ALL) are also characterized by hyperactivated Ras/MAPK signaling (Zhang et al., 2011; Rauen, 2013). Of note, pediatric patients affected by NS, CS and NF show increased cancer predisposition (Brems et al., 2009; Kratz et al., 2015) with a high incidence of leukemia (Emanuel, 2004; Strullu et al., 2014) and other cancers [i.e., neuroblastoma or rhabdomyosarcoma (RMS); Moschovi et al., 2007].

After the discovery of germline gain-of-function mutations in PTPN11 (encoding SHP2), the first gene involved in NS and LS (Tartaglia et al., 2001; Digilio et al., 2002; Legius et al., 2002), and of somatic activating mutations in contributing to JMML and acute leukemia (Tartaglia et al., 2003; Jongmans et al., 2011), enormous work was carried out via NGS, which disclosed a plethora of new disease-causing genes and mutations. Combined with increasingly sophisticated functional investigations, this approach is contribuiting to depict a complex mechanism of action of Ras/MAPK signaling in the pathophysiology of diseases (Kang and Lee, 2019). Besides the cases discussed here, an overview of the main members of Ras/MAPK signaling for which mutations have been described over the years that associate with developmental diseases and malignancies is shown in Figure 1 (right). For clinical and genetic review, refer to Tartaglia and Gelb (2010); Tidyman and Rauen (2016); Tajan et al. (2018). For mechanistic investigations, several animal models are available, which recapitulate various aspects of RASopathies (Jindal et al., 2015; Tajan et al., 2018). Among these, NS mice models showcase the impact of PTPN11 mutations on neuronal and glial cell development (Araki et al., 2004; Gauthier et al., 2007; Ehrman et al., 2014), whereas in zebrafish an NRAS-depending NS phenotype rescued by MEK inhibitors was successfully modeled (Runtuwene et al., 2011). Moreover, besides rodents (Schuhmacher et al., 2008), fish models for CS caused by hyperactive HRAS-G12V variant are also available, which recapitulate the human condition and associate with tumorigenesis (Santoriello et al., 2009).


Recent Genetic Findings in Rasopathies and Pediatric Tumors

A large repertoire of genetic conditions described since the discovery of PTPN11 mutations, and more genes and mutations linked to the Ras/MAPK cascade and impacting developmental programs as well as cancer onset continue to be characterized by NGS and functional genomics efforts (Figure 1, right). Among the recent findings, loss of function and dominant negative mutations in LZTR1, which disables the ubiquitination of RAS and thereby the suppression of the signaling, were found in NS and pediatric cancers (Bigenzahn et al., 2018; Steklov et al., 2018; Motta et al., 2019; Abe et al., 2020). Noteworthy, Gröbner et al. (2018) have recently established LZTR1 mutations as a hereditary factor predisposing to pediatric retinoblastoma, hypodiploid B-cell ALL, and high-grade glioma K27wt. Inactivating mutations of LZTR1 have also been associated with drug resistance in RAS-induced chronic myeloid leukemia (Bigenzahn et al., 2018), whereas another class of both loss of function and dominantly acting LZTR1 mutations seems to predispose to the development of glioblastoma and adult-onset schwannomatosis (a rare cancer-prone disorder) (Piotrowski et al., 2014; Paganini et al., 2015; Motta et al., 2019).

Of note, Drosophila and murine models exist for this condition, which showed the involvement in morphogenesis (Bigenzahn et al., 2018) and in Schwann cells’ behavior to shift from quiescent supporting cells into a highly dedifferentiated and proliferating state (Steklov et al., 2018). The recent establishment of vital CRISPR/CAS-based zebrafish lztr1 null models expands further the possible comparative work (Nakagama et al., 2020).

Lastly, WES sequencing in a group of patients showing neurodevelopmental alterations within the RASopathy spectrum coupled to functional validation in nematodes has more recently established the pathogenicity of de novo mutations affecting MAPK1 (ERK2) directly and possibly their ability to interact with regulators and effectors (Motta et al., 2020). The underlying mechanism and plausible perturbance of fine signaling balances within developmental programs remain to be characterized.



FUNCTIONAL RELEVANCE OF DEVELOPMENTAL SIGNALINGS’ INTERPLAY INVOLVING RAS/MAPK FOR CELL-TYPE SPECIFICATION, RASOPATHIES, AND PEDIATRIC TUMORS

The differential impact of the Ras/MAPK signaling during embryogenesis likely depends largely on the cross-modulatory signaling interplays in which RAS activity is involved, which contribute to determine combinatorial codes that stir developmental competencies into specific cell fate (Halfon et al., 2000). A schematic overview of some of the main developmental signalings and processes involving the Ras/MAPK pathway is shown in Figure 1 (center). Functional studies in convenient model systems (such as the developing vulva in nematodes, the compound eye in insects, the somites’ development in zebrafish and the rodent brain) are contributing to tease apart some of these interplays with relevant developmental pathways such as Notch (Sundaram, 2005) and Wnt (Jeong et al., 2018) and others, as shown by the examples below.


Notch Signaling

Compelling evidence demonstrates that Ras/MAPK signaling is able to modulate Notch pathway both positively and negatively in various embryonic precursor fields, contributing to the critical balance between inductive and inhibitory inputs, which instruct cell-type specification within a single equivalence domain. For instance, this mechanism is instrumental in generating lateral inhibition in progenitor cells during vulva patterning in developing Caenorhabditis elegans (Levitan and Greenwald, 1998; Chen and Greenwald, 2004; Sternberg, 2005).

The sequential interplay and various modes of crosstalk between Ras/MAPK and Notch inputs influence also progenitor specification during the development of prospective R photoreceptor cells (Tsuda et al., 2002; Roignant and Treisman, 2009), wing (Marygold et al., 2011), muscle and cardiac tissue in Drosophila (Carmena et al., 2002). Specifically, the activity of epidermal growth factor (EGF)-triggered Ras/MAPK cascade induces photoreceptor identity in the developing eye while promoting the expression of the Notch ligand Delta in the same cells, via the control of the transcriptional corepressor complex Ebi (transducin β-like 1, TBL1, in mammals). This mechanism based on inhibitory and inductive signals contributes to the acquisition of non-neuronal identity by neighboring cells and therefore to the global functional patterning of the differentiating cell clusters within the developing compound eye (Tsuda et al., 2002; Roignant and Treisman, 2009).

Moreover, in Drosophila wing and zebrafish somites’ development, EGF-dependent Ras/MAPK signaling induces reduction of the repressor activity of Groucho (Gro) to downmodulate Notch-controlled transcriptional output and likely that of other developmental pathways (Hasson et al., 2005).

A mammalian example is offered by rodent brain development. Here the establishment of cell identity is normally influenced by Ras/MAPK signaling, which contributes to balance neuronal and glial differentiation (elegantly summarized by Kang and Lee, 2019), regulating directly the expression of distinct proneural genes (e.g., Neurog2 or Ascl1) during corticogenesis (Li et al., 2014). In this developmental context, a correct interplay between Ras/MAPK and Notch is likely crucial for myelinogenesis and relevant for pathology. Indeed, patients affected by NF-1, caused by dominant inactivating mutations in NF1 resulting in an increase the active GTP-bound RAS (Cawthon et al., 1990; Wallace et al., 1990), show pronounced myelin damage, and decompaction is observed, as well a predisposition to life-threatening tumors (Brems et al., 2009; Ratner and Miller, 2015). Accordingly, recent in vivo experiments in mice demonstrated that NF1 loss of function, resulting in sustained Ras/MAPK signaling, causes myelin defects underlying a deregulation of Notch activity (López-Juárez et al., 2017).

On the other hand, an extensive collection of studies indicates the importance of a complex pathway interplay involving Ras/MAPK and Notch also in tumorigenesis (Fitzgerald et al., 2000). For instance, in neuroblastoma, which represents at least 8% of all pediatric cancers (Colon and Chung, 2011), transforming growth factor β–induced Ras signaling positively regulates the Notch pathway (Stockhausen et al., 2005). Mechanistically, work in rodents traced back RAS and Notch’s activity during early development of nestin + glial cells, which, if dysregulated, might trigger cancerogenic lesions at the level of the subventricular zone in gliomas (Shih and Holland, 2006). Lastly, rodent models also offered evidence that a mild hyperactivation of Notch1, behind the dose required for normal T-cell differentiation during development, contributes to leukemia onset, synergically with RAS activation (Chiang et al., 2008).



Wnt Signaling

Evidence for a modulatory function of Ras/MAPK on Wnt in development is available from various animal models. Different modes of crosstalk between these two signalings have been described that contribute to adequate cellular response in different developmental contexts and timings. In the insect imaginal disk of the developing wing, for instance, tissue patterning is controlled via a conserved MAPK cascade downstream insulin-like growth factor, which regulates canonical Wnt pathway by stabilizing the β-catenin effector, thanks to a direct interaction with the ortholog of MEK1/2 (Hall and Verheyen, 2015).

Offering another type of example of the impact of cross-modulatory activity between Ras/MAPK and Wnt signaling, experiments in the invertebrate sea urchin suggested that maternally deposited β-catenin drives transcription of MEK and of the RAS target Ets1 during ectodermal-to-mesenchymal transition (EMT) in migrating skeletal precursor cells (Rottinger et al., 2004).

On the other hand, as suggested by zebrafish disease models, Ras/MAPK pathway seems to mediate the activity also of non-canonical Wnt signaling during vertebrate gastrulation (Kilian et al., 2003; Jopling et al., 2007). As an example, overexpression of shp2 mutant variants in zebrafish embryos, recapitulating human NS and LS traits, indicates a Wnt-dependent effect of Shp2 on embryonic convergence and extension (CE) movements, resembling phenotypes found by downregulating the non-canonical Wnt (Kilian et al., 2003; Jopling et al., 2007). Zebrafish work further linked Wnt-dependent Shp2 activity even to RhoA signaling (Jopling et al., 2007), similarly to an interplay described already in frog development (O’Reilly et al., 2000). Of note, the activity of SHP2 seems to be crucial to influence also other signaling pathways relevant to developmental diseases and tumorigenesis, such as Hippo and Shh (Huang et al., 2014).

Moreover, Drosophila mesoderm specification shows a good example of a rather complex cross-modulation of the Ras/MAPK cascade on Wnt pathway for signal integration. In eve + domain, the muscle prepatterning signaling of the Wnt and TGF-β orthologs induces activation of Tin and Twi, which function together with Ras-activated Ets protein in tissue-specific enhancer domains to establish muscle and cardiac identity (Halfon et al., 2000).

Further manifesting the complexity of the interplays and multilevel integration of these signalings during development, the insect PDZ domain-containing protein called Canoe (Cno) mediates the crosstalk between Ras-, Notch-, and Wnt-induced pathways via interacting with disheveled (Dsh/Dvl). This Wnt-dependent mechanism seems to facilitate Ras induction and Notch signaling to finely modulate their relative signal intensities throughout mesoderm specification (Carmena et al., 2006). Similar interactions to induce R7 photoreceptors were observed in the developing compound eye (Cooper and Bray, 2000). Demonstrating the relevance of this crosstalk for pathology, in severe forms of acute myeloid leukemia (AML), a translocation event involving AF6, the human ortholog of Cno, triggers RAS activation (Manara et al., 2014; Smith et al., 2017). Nevertheless, a clear perturbation of Wnt and Notch remains to be proven in this context.



FGF Signaling

The interaction between Ras/MAPK on the FGF signaling is also normally necessary in various developmental contexts during cell proliferation, migration, and differentiation (Tsang and Dawid, 2004). For instance, in Drosophila, multiple interplays were shown that instruct mesoderm migration and muscle specification (Lin et al., 1999). In addition, an intermediary role of FGF signaling in the Ras/MAPK-dependent activity on suppression of Notch-induced HES transcription factors was demonstrated in the context of both insect wings and zebrafish somites’ development (Kawamura et al., 2005). A crucial integration of Ras, FGF, and Notch signaling was also shown for muscle and cardiomyocyte specification (Carmena et al., 2002). Pointing to the importance of a possible dysfunctional interplay between FGF and Ras/MAPK in early embryological events for developmental disease etiology, studies in zebrafish models of CFCS in vivo demonstrate that perturbation of gastrulation movements due to hyperactive Ras is rescued by inhibiting FGF signaling (Anastasaki et al., 2009).

On the other hand, a clear crosstalk of FGF on Ras/MAPK also contributes to the balance between cell-type specifications instrumental to brain development. Li et al. (2012) demonstrated that neural stem cells lacking MEK1/2 activity fail to produce glial cells, a mechanism likely acting via modulating an stromal derived factor (SDF-1) input and FGF signaling, as shown for astrocyte development (Bajetto et al., 2001; Song and Ghosh, 2004; Dinh Duong et al., 2019). In addition, it was proven that the regulatory activity of FGF on Ras/MAPK via SOS/Grb2 and Stump seems particularly important for the correct neuromuscular junction (NMJ) formation during Drosophila nervous system development via synergistic action of Smn1, which positively regulates FGF pathway components (Sen et al., 2011). In insect models of human spinal muscular atrophy (SMA), a severe autosomal recessive neurodegenerative disease caused by mutation in SMN1 and a primary cause of death in children (Lefebvre et al., 1995), alteration of this interplay seems to contribute to the NMJ defects observed. The impact of a possible dysregulation of Ras/MAPK and FGF for the human SMA condition remains to be assessed.



RHO PROTEINS AND THEIR INVOLVEMENT IN HETEROGENEOUS NEURODEVELOPMENTAL AND HEMATOLOGICAL DISORDERS

The RHO family of small GTPases is a large group of proteins (>20) within the RAS superfamily. RAC1, RAC2, RHOA, and CDC42 are classical members regulated by cycling between an active and inactive state via hydrolysis of GTP (Haga and Ridley, 2016; Etienne-Manneville and Hall, 2002; Heasman and Ridley, 2008). Atypical proteins with no intrinsic GTPase activity also exist (for a general survey, refer to Heasman and Ridley, 2008; Ji and Rivero, 2016). By interacting with a myriad of effectors and other small GTPases (Etienne-Manneville and Hall, 2002; Schmidt and Hall, 2002; Ridley et al., 2003; Nouri et al., 2020), RHO proteins control cell polarity establishment and trafficking, cell shape, and motility in health and disease (Ellis and Mellor, 2000; Etienne-Manneville and Hall, 2002; Hall, 2005; Ridley, 2006; Govek et al., 2011, Haga and Ridley, 2016; Lawson and Ridley, 2018; Ueyama, 2019; Boueid et al., 2020), via direct actin-cytoskeletal and MT rearrangements, to generate protrusive and contractile forces by means of filopodia (CDC42), lamellipodia, and stress fibers (RHOA and RAC1) (Etienne-Manneville and Hall, 2002; Heasman and Ridley, 2008; Figure 2). Molecularly, active RHO proteins exert their role by regulating their spatial distribution in the cell (e.g., by shuttling between the cell membrane and the Golgi). Among RHO small GTPases, CDC42 has been extensively studied. By promoting actin-rich filopodia formation via direct activation of N-WASP, Arp2/3, and formin (Etienne-Manneville and Hall, 2002; Mellor, 2010), CDC42 generates polarized cell migration (Govek et al., 2011; Zhang et al., 2014), contributes to various polarized processes underlying morphogenesis, as shown in yeast (Adams et al., 1990; Evangelista et al., 1997; Wedlich-Soldner et al., 2004), nematodes (Kay and Hunter, 2001) and vertebrates (Stanganello et al., 2015). Of note, CDC42 seems to regulate also polar vescicular trafficking as shown in various organisms (Harris and Tepass, 2010).

The importance of RHO proteins in early developmental schemes is illustrated by the embryo lethality often observed in mutant mice models (Sugihara et al., 1998; Liu et al., 2017). As discussed below, particularly important is the impact of RHO proteins on both brain and hematological development. Thanks to the advances of NGS, aberrant Rho signaling caused by mutations affecting multiple genes is emerging also as a prominent cause of clinically heterogeneous neurodevelopmental and hematological rare disorders, which include pediatric cancers. In addition, the numbers of genes (>20) encoding key players of Rho signaling were recently classified as risk factors for autism spectrum disorders by the Simons Foundation Autism Research Initiative, which was backed up by mice models (Guo et al., 2020).

At least 30% of neuroblastoma cases are indeed due to mutations that alter RHO and RAC activity (Dyberg et al., 2017), involved in the migration of neural crest (NC) cells from which neuroblastoma originates. An overview of the genetic conditions linked to RHO proteins is summarized in Figure 2, right (refer to Boueid et al., 2020 for an up-to-date review).


Brain Formation and Neurodevelopmental Diseases

Extensive work in rodent models highlighted the importance of RHO-dependent neuronal precursors’ mobility and radial glia expansion processes for neuronal circuit establishment and maturation (i.e., corticogenesis) (Govek et al., 2011; Ito et al., 2014; Azzarelli et al., 2015; Xu et al., 2019; Heide et al., 2020). Developmental pathways used by growing axons for initiation, extension, and target innervation depend on Rho signaling in vivo (Hall and Lalli, 2010). Accordingly, classical studies using inactive or constitutively active mutants demonstrated the requirements of RAC1-dependent actin remodeling in axon guidance for insect motoneurons innervation (Kaufmann et al., 1998), and similar functions were confirmed in the visual and mushroom body circuits (Hakeda-Suzuki et al., 2002; Ng et al., 2002), as well as in nematode development (Shakir et al., 2006). Rac1 forebrain knockout (KO) mice showing microcephaly further confirmed a function in vertebrate neuronal migration, proliferation, and dendritic arborization (Chen et al., 2009; Leone et al., 2010).

Of note, the fruitful combination of WES carried on a large cohort of heterogeneous undiagnosed conditions coupled to in vitro and in vivo functional approaches has recently contributed to map and validate a number of de novo mutations in RAC1 in patients affected by a range of developmental defects, including brain malformations (Reijnders et al., 2017). Similarly, independent studies employing exome and genome sequencing have recently identified also dominant RAC3 mutations as causative of neurodevelopmental diseases with divergent clinical features, such as the rare Robinow syndrome–like disorder, which shows also impaired skeletal development (White et al., 2018; Costain et al., 2019).

Moreover, experimental evidence shows a fundamental role also of RHOA in cell-type specification of developing brains (Dupraz et al., 2019) and neurite outgrowth (Kouchi et al., 2011; Tan et al., 2020), and this protein was recently involved in a newly discovered syndrome, the “RHOA-related mosaic ectodermal dysplasia,” with clear signs of leukoencephalopathy and anomalies in NC derivatives (Vabres et al., 2019).

Among the other RHO proteins, also CDC42 participates in brain development. The protein regulates polarization and motility in neuronal precursors (Govek et al., 2011; Govek et al., 2018). By acting directly on PAR complex, numb, and E-cadherin, CDC42 orchestrates apicobasal trafficking, spindle orientation, and influences adherens junction integrity, as shown during Drosophila neuroepithelium development (Georgiou et al., 2008; Harris and Tepass, 2008) but also in C. elegans and other eukaryotes (Gotta et al., 2001; Kay and Hunter, 2001; Harris and Tepass, 2010), and during the normal development of various tissues and organs in mammals (Melendez et al., 2013; Elias et al., 2015). In addition, conditional mice models have been already useful to prove the importance of CDC42 and RAC in the establishment of cell polarity for acquiring the specialized cell morphology in the context of cochlear hair cells (Ueyama et al., 2014; Kirjavainen et al., 2015) and in hippocampal axonal formation (Garvalov et al., 2007).

Lastly, unexplored signaling via MT during migration is seemingly able to activate RHO molecules within a feedback loop, which has a great impact on neuronal polarity establishment (Wojnacki et al., 2014). However, the mechanism awaits confirmatory in vivo analysis.



Hematological Development and Disease

A large body of evidence in vitro and in animal model systems demonstrates a crucial function of RHO proteins also in immune cell development and physiology (Nayak et al., 2013).

Rodent models illustrate indeed a unique role of RAC2 for chemoattractant-dependent neutrophil migration and oxygen radical production during immune response to infections (Troeger and Williams, 2013). CDC42 has an equally important role in this developmental context, by controlling the events at the front and back of migratory immune cells via the integration of integrins, WASP protein, CD11b, and MT signaling (Kumar et al., 2012). Confirming the relevance of RHO proteins in hematopoietic cell development and disease, by using WES, several authors have recently established the pathogenicity of various dominantly acting mutations in RAC2, which cause pediatric immunodeficiencies affecting T, B, and myeloid cells (including Hsu et al., 2019; Sharapova et al., 2019; Lagresle-Peyrou et al., 2020). These results were also substantiated by mice models (Hsu et al., 2019). Fish models also exist, which showed an involvement of the ortholog version of RAC2 in controlling neutrophils and leukocytes’ behavior (Rosowski et al., 2016). Given the importance of cytoskeletal dynamics in modulating immune development and response, and cell migration in general, it is not surprising that mutations in RHO proteins alter important features of hematopoietic stem cells (HSCs) and contribute to tumorigenic and metastatic processes involving these cells (Maldonado and Dharmawardhane, 2018). RAC2 genetic lesions were indeed observed in acute myelogenous leukemia (Ross et al., 2004; Thomas et al., 2008). Independent mice models show that active CDC42 causes aging in HSC with impairment in cell polarity and function, a condition that might be linked to aging and myeloid tumorigenesis (Kerber et al., 2009; Geiger and Zheng, 2013). Based on these considerations, inhibiting CDC42 function has been recently proposed as a valid approach to ensure long-term HSC mobilization as a therapeutic tool for various blood diseases (Liu et al., 2019).



Newly Discovered Syndromes Linked to Aberrant CDC42

Multiple lines of evidence from human disease studies and in vivo models are also pointing to a broad impact of dysregulated CDC42 function in various processes, which impact both brain and hematological development. Indeed, Martinelli et al. (2018) linked dominantly acting missense mutations causing variably malfunctioning of CDC42 to an unusually heterogeneous group of developmental conditions (including RASopathy traits), mainly characterized by variable growth dysregulation, neurodevelopmental defects with impaired hearing and vision, and immunological and hematological anomalies. The mutations altering variably the interaction with regulatory and signaling effectors impacted cell migration and nematode vulva morphogenesis, likewise in RASopathies models caused by altered Ras/MAPK signaling.

Noteworthy, a peculiar mutation in CDC42, which locks the protein in the Golgi, was more recently proven to be causative of a complex and previously undiagnosed life-threatening autoinflammatory condition, NOCARH syndrome (neonatal onset cytopenia with dyshematopoiesis, autoinflammation, rash, and hemophagocytic lymphohistiocytosis), impairing hematological development (Lam et al., 2019). HSCs of NOCARH patients had reduced responsiveness to proliferation stimuli and immune response due to altered cell polarity (Lam et al., 2019). It would be interesting to test the effect of CDC42 inhibition approach (Liu et al., 2019) on HSC cell behavior of future NOCARH in vivo experimental settings.



RHO-MEDIATED DEVELOPMENTAL SIGNALS INTEGRATION IN CELL POLARITY, MORPHOGEN DISTRIBUTION, AND RELEVANCE FOR PATHOLOGY

Although more investigation is needed, we now know that RHO proteins exert their function also by acting as molecular switches on several signaling pathways during embryogenesis. A schematic overview of some of the main signaling and events influenced by RHO small GTPases is illustrated in Figure 2 (center). Indeed, the clinically broad spectrum of RHO-linked diseases might reflect the pleiotropic impact of RHO proteins’ functions on modulating and interpreting the different signalings. However, the implications for disease etiology are poorly investigated, which calls for systematic functional profiling of the mutations in the context of vertebrate development, currently lacking. We examine here some examples of the available evidence for signaling interplay also in the context of pediatric diseases.


PCP and Wnt Signaling

RHO requirement for signal integration on non-canonical Wnt signaling–meditated planar cell polarity (PCP) was shown in Drosophila mutants defective in wing and eye morphogenesis, as well as in fish, frogs, and other models (Schlessinger et al., 2009). In addition, RHO-dependent actin rearrangement and polarity establishment for PCP-dependent CE cell movements during gastrulation were demonstrated in mammalian cells and in the context of frog and zebrafish gastrulation (Habas et al., 2001, 2003; Marlow et al., 2002). On the other hand, a growing body of data in animal models proves the interplay between RHO and Wnt during embryonic NC migration (reviewed by Mayor and Theveneau, 2013). In this context, Kratzer et al. (2020) have recently provided evidence for a novel and a complex modulatory mechanism acting during frog development, where Rho GEF Trio activates Rac1 at the level of cell protrusions of migratory cranial NC via interaction with Dvl, a major player of PCP signaling (Gao and Chen, 2010), similar to other Dvl-dependent mechanisms seen for Rho activation in Xenopus, Drosophila, and zebrafish development (Schlessinger et al., 2009). It is also becoming clear that RAC1 is involved in a positive regulation of canonical Wnt signaling by enabling the nuclear accumulation of β-catenin (Wu et al., 2008; Schlessinger et al., 2009).

Similar to what was observed in mammalian cells, classical Drosophila wing and eye systems, as well as Xenopus embryo models, were useful to demonstrate the necessity of several RHO GTPases in mediating actin cytoskeleton modifications via non-canonical Wnt signaling during development (Strutt et al., 1997; Habas et al., 2003; Mezzacappa et al., 2012).

When it comes to relevance for pathology, the involvement of Wnt pathway alteration in RHO-associated diseases begins now to emerge. For instance, although the molecular mechanism of the RAC3-linked Robinow syndrome–like disorder (Costain et al., 2019) remains unsolved, the disease is normally associated with Wnt signaling alterations, which would be interesting to validate in vivo functionally in relation to disease etiology (White et al., 2018). In addition, lack of CDC42 results in loss of apical molecules’ distribution throughout rodent telencephalon development, including the canonical Wnt effector β-catenin, and determines Shh-independent holoprosencephaly (Chen et al., 2006).

Lastly, a role for RHOA-dependent kinase alteration underlying non-canonical Wnt (PCP) pathway is emerging also for neuroblastoma (Becker and Wilting, 2019) and B-cell precursor ALL (Karvonen et al., 2019). Recent work on KRAS-G12D–induced zebrafish models of embryonal RMS and in vitro human RMS has demonstrated a crucial role of hyperactive RHOA in the promotion of tumor propagating cell self-renewal downstream Vangl2, a classical non-canonical Wnt regulator, under a similar molecular axis known in embryogenesis (Hayes et al., 2018).



FGF and VEGF Signaling

RHO proteins are able to integrate a number of other signalings relevant in different contexts during normal embryonic development. Their activity is essential for orchestrating the molecular dynamics needed for cell shape changes, for example, by assisting actin–myosin ring formation for apical cell constriction during gastrulation (Nikolaidou and Barrett, 2004; Dawes-Hoang et al., 2005). Experiments in Drosophila models showed that the modulatory activity on FGF signaling contributes substantially to these processes and ultimately to mesodermal cell motility (Smallhorn et al., 2004). Specifically, it was demonstrated that insect Rho GEF pebble, normally involved in Rac1 and Rac2 activation (van Impel et al., 2009), can modulate FGF-mediated Ras/MAPK signaling to establish EMT conversion and mesodermal cells migration (Smallhorn et al., 2004).

On the other hand, RHOA is fundamental for the reorganization of the F-actin during cytoskeleton remodeling in endothelial cells and angiogenesis, which is highly relevant for pathology onset and progression (Merajver and Usmani, 2005). Importantly, both in vitro and in vivo models showed that cytoskeletal dynamics tuned by RHO molecules act under direct VEGF signaling to impact migratory movements and trafficking of endothelial cells during angiogenesis (Soga et al., 2001; van Nieuw Amerongen et al., 2003; Garret et al., 2007; Lamalice et al., 2007; El Baba et al., 2020). In this regard, inhibitors acting on the RHO/ROCK-mediated pathway are becoming a promising therapeutic approach for vascular endothelial growth factor (VEGF)-induced angiogenesis in the context of tumor progression and invasion (van der Meel et al., 2011; Chen et al., 2014).



PI3K Signaling

Experiments with photoactivable RHO versions in zebrafish demonstrated a direct involvement of Rho proteins in cell polarity, actin dynamic, and migration in neutrophils by the activity of PI3K signaling (Yoo et al., 2010). While demonstrating a crucial involvement of SDF-1/CXCR4-mediated Rac2 activity in limiting neutrophil mobilization, zebrafish models of primary immune deficiency caused by human RAC2 mutations or morpholino approaches indicate that the pathogenic role for RAC2 in immune cell physiology (Hsu et al., 2019; Sharapova et al., 2019; Lagresle-Peyrou et al., 2020) is linked to an altered PI3K-mediated cell polarity signaling in neutrophil migration during an inflammatory response (Deng et al., 2011). On the other hand, confirming the relevance of RHO modulatory activity on developmental signaling also for cancer, mutations in RHOA have been recently linked to B-cell lymphoma and Burkitt lymphoma via impaired PI3K pathway (Svensmark and Brakebusch, 2019; Voena and Chiarle, 2019).

Even a complex interplay between Ras and Rho signaling involving PI3K/AKT pathway and likely also canonical Wnt via GSK3-β modulation was shown in rat hippocampus neurons. A fine balance of signaling output in this crosstalk ensures the activity of CDC42 and RAC for regulating MT dynamics during axon initiation (Schwamborn and Püschel, 2004; Hall and Lalli, 2010).

The modulation of PI3K seems relevant also for brain tumor onset, as demonstrated by the increased expression of CDC42 through the PI3K/AKT/N-myc signaling pathway, which correlates with undifferentiated childhood neuroblastoma (Lee et al., 2014).



CDC42-Controlled Morphogen Distribution

Of particular interest for development and disease are in vivo findings demonstrating a unique mechanism by which CDC42 acts as a special signaling node for pathways directly regulating morphogen distribution in different developmental contexts. In vivo fish studies have demonstrated that Cdc42/N-Wasp filopodia act as “signaling extensions,” allowing fine control of morphogen propagation during development. Elegant genetic and imaging experiments in zebrafish embryos show that Cdc42-dependent filopodia determine short- and long-range propagation of canonical Wnt signaling and paracrine signal activation during vertebrate gastrulation, with major impact directly on the anterior–posterior (AP) axis and neurogenesis (Stanganello et al., 2015). This unique function of CDC42-induced filopodia was shown to contribute also to Hh signaling during avian tissue patterning (Sanders et al., 2013). In addition, work with zebrafish transgenic tools labeling intracellular structures and reporting and modulating Cdc42 activity carried at the single-cell precursor level in vivo suggested a BMP control of Cdc42-enriched filopodia necessary for in vivo endothelial cell motility during angiogenic sprouting (Wakayama et al., 2015). It is worth mentioning that control of morphogen asymmetric distribution, polarity, and signaling modulation seem to depend on RHO-like proteins also during plants’ root hair formation, suggesting a deeply conserved function in organismal development (Wu et al., 2011).



ARF AND RAB-MEDIATED BIOSYNTHETIC TRAFFICKING AND INVOLVEMENT IN PEDIATRIC DISEASES

Biosynthetic trafficking is a highly conserved process crucial for setting signaling coordinates during organismal development and physiology (Biechele et al., 2011; Fernandez-Valdivia et al., 2011; Shimokawa et al., 2011). A number of proteins regulate and participate in this process, among which the small ARFs, including several classes, ARF-like (ARL) and RAB GTPases (>70 proteins in humans), which we discuss here, as well as related SAR proteins (Kahn et al., 2006). Mechanistically, like the other small GTPases, the function of ARF and RAB small GTPases is controlled via cycling between the GTP and GDP-bound forms by the action of specific GEFs and GAPs (Barr and Lambright, 2010; Sztul et al., 2019). Many of these proteins show a GTP hydrolysis-dependent spatial shuffling between cytoplasm and Golgi apparatus (GA), which is crucial to regulate important steps in the endoplasmic reticulum (ER)–GA network together with RAB proteins, such as coat proteins recruitment, vesicles biogenesis, cargo sorting, and signaling (Palmer et al., 1993; Reinhard et al., 2003; Figure 3). For a comprehensive review of ARF and RAB biochemistry, function, and on the role of membrane dynamics in development, refer to Wandinger-Ness and Zerial, 2014; Wada et al., 2016; Sztul et al., 2019; Marwaha et al., 2019.

Several ARF proteins, divided in three major classes based on their sequence homology, are involved in various steps of the intracellular trafficking, recruiting effectors for vesicle formation, budding, tethering, and cargo sorting as modulating actin and MT-based cytoskeleton (Sztul et al., 2019). On the other hand, RAB proteins distribute to specific subcellular compartments in combination with other proteins (e.g., tethering complex proteins or SNARE) to control vesicles formation and fusion via interaction with cytoskeleton components essential in development (Hutagalung and Novick, 2011; Wandinger-Ness and Zerial, 2014). These small GTPases have broad functions during development, ranging from gastrulation events to differentiation. Manifesting the importance of ARF and RAB during these processes, mutations affecting the function of these proteins, their regulators, and effectors have a deleterious effect on development and contribute to human pathology, with an important impact on the nervous system formation, as discussed below. In Figure 3, right, an overview is shown of the main genes (encoding key proteins belonging to or interacting with members of the ARF and RAB family) whose mutations have been associated with developmental diseases in which organelle’s dynamic and morphogen distributions are altered.

Further highlighting the extended domain of action in development and physiology, mutant RAB proteins also cause inherited pediatric immunodeficiencies (Griscelli and Prunieras, 1978) and in cancer. As an example, alterations of RAB15 alternative splicing, for instance, were linked to neuroblastoma tumor-initiating cells (Nishimura et al., 2011; Pham et al., 2012). In cancer, the aberrant activity of these proteins can modulate negatively various tumorigenic steps (including metastasis), where they can work both as oncogenes and tumor suppressors (a role recently reviewed by Casalou et al., 2020 and Gopal Krishnan et al., 2020). Besides the cases discussed below, the role of ARF and ARF-related proteins in animal development was recently reviewed in pathological contexts by Rodrigues and Harris (2019).


Maintenance of GA Integrity and Cytoskeleton Physiology by ARF

Of particular interest is the role of ARF proteins in the maintenance of organelle integrity, cytoskeleton remodeling and dynamics (Myers and Casanova, 2008; Kondo et al., 2012), highly relevant processes for organism development, brain formation, and neuronal circuits’ function, and which are involved in the onset of neurodevelopmental pathologies. Indeed, hyperactive ARF1 mutations induce loss of GA structure and fragmentation, which is likely mediated by COPI + vesicle budding in both healthy and diseased tissues (Zhang et al., 1994; Xiang et al., 2007). In fact, a series of genetic diseases affecting the developing nervous system caused by ARF and GA structural and functional alterations are emerging as “golgipathies” (Dupuis et al., 2015; Rasika et al., 2018) whose mechanisms need to be explored. Cancer-related GA fragmentation, often coupled to an increase of Ras/MAPK signaling and likely to alteration of ARF function, might even be a promising therapeutic target (Petrosyan, 2015).

Interestingly, GA alterations are also a hallmark of common forms of adult neurodegenerative processes (Rabouille and Haase, 2016), and cancers (Petrosyan, 2015) and ARF-mediated ER–GA trafficking perturbation were demonstrated in amyotrophic lateral sclerosis (ALS) (Zhai et al., 2015; Atkin et al., 2017). Of note, in nematode, superoxide dismutase 1–ALS disease models Arf proteins might even have a protective function on neurons (Zhai et al., 2015).

Moreover, employing rodent disease models, Bellouze et al. (2014) proved clear crosstalk between ARF-dependent trafficking and MT, which causes GA disintegration and is likely responsible for early onset neurodegeneration with progressive motor neuropathy (Schaefer et al., 2007; Sferra et al., 2016). Despite that further investigation is needed, it is tempting to speculate that a lack of function in the tubulin cofactor proteins (i.e., TBCE) in the affected children (with a possible loss of interaction with ARF1) (Bellouze et al., 2014) contributes to motoneuron degeneration (Schaefer et al., 2007; Sferra et al., 2016).

Via a specific GAP protein (RP2), also ARL2 and ARL3 influence MT dynamics and GA stability, as well as protein trafficking to the cilium, with a major impact on photoreceptor development in mice (Evans et al., 2010; Schrick et al., 2006). Accordingly, mutations affecting the ARL3 GAP protein RP were long shown to cause a severe form of X-linked retinitis pigmentosa, linked to altered GA stability and impaired trafficking to the photoreceptors’ cilia (Schwahn et al., 1998). Consistently, retinal degeneration was observed in Arl3 KO mice (Schrick et al., 2006), and mutant arl3 alters ciliogenesis in C. elegans (Li et al., 2010), with an important consequence on cilia signaling as discussed below.

Lastly, evidence for a crosstalk between ARF1 and actin–cytoskeleton regulators of RHO family was also shown. ARF1-mediated assembly of COPI complex is crucial for recruitment of CDC42 to the GA and for the local activation of N-WASP, Arp2/3, and actin polymerization, necessary to promote vesicle formation and scission (Wu et al., 2000; Myers and Casanova, 2008). An ARF1–RAC interaction was also shown for recruiting to the membrane WAVE (WASP family) and actin polymerization (Koronakis et al., 2011).



ARF AND RAB PROTEINS’ CONTRIBUTIONS TO SET SIGNALING COORDINATES ACROSS DEVELOPMENTAL FIELDS AND RELEVANCE FOR PATHOLOGY

Acting on shaping developmental signals strength and distribution and regulating cell behavior, ARF and RAB-controlled biosynthetic trafficking globally modulates morphogens’ distribution and function in developmental programs. The regulated process of polarized vesicular transport of morphogenes guarantees coordinated cell–cell signals and movements during development, ultimately leading to cell specification and organogenesis (Eaton and Martin-Belmonte, 2014; Wada et al., 2016; Rodrigues and Harris, 2019). Indeed, an aberrant function of ER and GA enzymes impairs proteins’ modification, with a deleterious impact on Wnt, Notch, and FGF signaling, as shown in insects and rodents (Biechele et al., 2011; Fernandez-Valdivia et al., 2011; Shimokawa et al., 2011). Furthermore, endosomes are emerging as important signaling platforms, mediating canonical Wnt signaling (Blitzer and Nusse, 2006) and sorting TGF-β signaling outcomes (Di Guglielmo et al., 2003; Felici et al., 2003). Examples of the direct influence of ARF and RAB function on developmental signaling in organismal context is also available (some of the main examples are schematized in Figure 3, center).

Here, we examine established and mounting evidence on the direct action of ARF and RAB-mediated intracellular trafficking on crucial developmental pathways, relevant for morphogenesis and disease. In general, these proteins have an active role in intracellular trafficking and cytoskeleton reorganization in cilia formation, directly regulating cilia development (Fisher et al., 2020), their general function, and cilium-dependent signaling pathways, including Shh and Wnt during organogenesis, as proven in different model systems (Huangfu and Anderson, 2005; Eggenschwiler et al., 2006).


PCP and Wnt Signaling

Despite poor mechanistic understanding, a clear contribution of ARF function in the modulation of both canonical and non-canonical Wnt signaling is emerging to be directly relevant for pathology.

Many developmental processes including proliferation and differentiation require controlled ARF-dependent biosynthetic pathways for establishing cell polarity. This was demonstrated in several developmental models and timings, i.e., gastrulation events (Lee et al., 2015), dendritic spine formation and growth in vertebrate hippocampal neurons (Jain et al., 2012), insect neuronal maturation (Chang et al., 2015), photoreceptor differentiation (Mazelova et al., 2009; Wang et al., 2012), and bone formation (Unlu et al., 2014), and is confirmed by genomic studies of developmental conditions.

Activating mutations affecting ARF1 result in a complex neurodevelopmental condition called “periventricular nodular heterotopia.” This neuronal migration disorder is characterized by microcephaly with brain malformations and progressive cerebral atrophy and spasticity (Ge et al., 2016), and invertebrate and vertebrate embryo models expressing dominant ARF1 exist, which show typical non-canonical Wnt-dependent PCP defects (Carvajal-Gonzalez et al., 2015). Specifically, solid experiments in the Drosophila wing model showed that Arf1, together with the Ap-1 adaptor complex, is instrumental for setting PCP during cell specification. Via direct control of Frizzled trafficking, Arf1 is majorly responsible for the restricted polarized accumulation of the signaling complexes formed by frizzled/disheveled/Diego and Van Gogh/prickle (Vang/Pk) within a single precursor cell, which guarantees correct morphogenesis. Furthermore, although the exact mechanism remains unproven in vertebrates, suggestive of the decisive impact on complex vertebrate embryogenesis events, constitutively active Arf1 (obtained by overexpressing the human variants) results in typical PCP-dependent phenotypes in zebrafish, i.e., body shortening and morphological alterations of the AP axis, likely caused by perturbed gastrulation cell movements (Carvajal-Gonzalez et al., 2015). Furthermore, work in C. elegans suggests a novel mechanism for both ARF and RAB small GTPases involving the modulation of a special non-canonical Wnt signaling that uses β-catenin for asymmetric divisions during development (Hardin and King, 2008).

On the other hand, canonical Wnt signaling might also be mediated by ARF-trafficking activity during development. Active ARF1 and ARF6 stimulate the production of PtdIns (4,5) P2 (Godi et al., 1999; Honda et al., 1999), which activates the Wnt coreceptor LRP6 (Zeng et al., 2005), resulting in hyperactivation of canonical Wnt signaling (Zhang et al., 2007). Consistently, it was shown that the function of specific ARF GEFs (such as BIG2) is essential for β-catenin distribution and activation in human cortical development (Sheen et al., 2004). Vice versa, even a positive control of canonical Wnt on ARF was demonstrated (Kim et al., 2013). An involvement of Wnt signaling modulation might underlie the X-linked mental retardation (Shoubridge et al., 2010) caused by missense mutations in IQSEC2 (encoding an ARFGEF specific for ARF6) and the complex and pleiotropic ciliopathy Bardet–Biedl syndrome showing polarity defects, associated with ARL6 (Wiens et al., 2010). Mutations affecting directly the ARFGEF BIG2 protein, fundamental for β-catenin action during brain development, were observed in children with autosomal recessive periventricular heterotopia manifesting severe cerebral cortex malformations and microcephaly, also likely underlying impaired Wnt signaling and impaired neuronal cell migration (Sheen et al., 2004).

Evidence exists also for a modulation of various aspects of Wnt signaling by members of the RAB family. It was shown that, by regulating the internalization of LRP6 receptor, RAB8B can control Wnt signaling. Confirming the in vitro data, a lack of Rab8b was found to block Wnt signaling during fish development (Demir et al., 2013). Moreover, RAB23 was implicated in positively regulating Wnt11/AP-1 signaling in a mechanism mediating C-Jun N-terminal kinase, contributing to cardiomyocyte differentiation in fish models (Jenkins et al., 2012).

By controlling the generation of endocytic compartments, precursor cells can regulate their fate in embryonic developmental fields to shape tissue formation. Demonstrating further the importance of RAB-cargo transport in embryogenesis and signaling, Winter et al. (2012) showed a role of Rab11-enriched recycling endosomes for regulating epithelial Par5-dependent polarity in nematodes, whereas Ulrich et al. (2005) clarified a new mechanism for non-canonical Wnt11 activity during zebrafish gastrulation, which functioned via E-cadherin–mediated cell cohesion and establishment of PCP through Rab5-dependent recycling. In the context of pathology, among the genes recently associated with Hirschsprung disease (HSCR), showing impaired enteric nervous system development (Gui et al., 2017), WES analysis identified mutations affecting the GEF DENND3, typically involved in intracellular trafficking by activation of RAB12. Functional investigation using zebrafish morpholino and CRISPR/Cas approach already exists, which supported the function of the fish ortholog in enteric nervous system development (Gui et al., 2017). It would be interesting in this context to also test the functional link between perturbation of RAB activity and Wnt signaling during NC migration for the onset of the pathology, as suggested by zebrafish ovo1 mutants (Piloto and Schilling, 2010).



FGF, EGF, and VEGF Signaling

During nervous system development, Schwann cells have a crucial role in responding to a number of signaling and reshape their morphology to form myelin. Mice models show that a specific ARF1 and ARF6 GEF (cytohesin) is involved in this morphogenetic process (Yamauchi et al., 2012), as well as RAB proteins (Stendel et al., 2010). Mechanistically, conditional KO mice provided evidence for ARF6-controlled FGF signaling, which impacted central nervous system (CNS) morphogenesis and myelin formation itself. Indeed, specific lack of ARF6 in rodent neurons resulted in a reduced size of the corpus callosum and of the hippocampal fimbria, underlying impaired secretion of the guidance factor FGF2. This results in defective oligodendrocytes migration and thereby axonal myelination (Akiyama and Kanaho, 2015). Moreover, experiments in mice models of KIF16B loss of function, which recapitulate FGFR2 KO animals, demonstrate that a KINESIN/RAB14 complex mediates Golgi-to-endosome trafficking of the FGFR and that this is crucial for epiblast development (Ueno et al., 2011). Evidence for an involvement in regulating also EGF- and VEGF-mediated signaling events during development emerges from animal models. Indeed, beyond its participation in insect insulin signaling pathway (Fuss et al., 2006), the Drosophila ortholog of the ARF-GEF cytohesin was shown to modulate EGF-mediated Ras/MAPK signaling in the context of wing growth and vein morphogenesis, as well as in and eye formation (Hahn et al., 2013). On the other hand, a recent study employing in vitro systems and zebrafish has proven the importance of Big2 in angiogenesis, likely depending on the Arf1-controlled VEGF signaling (Lu et al., 2019). The exact mechanism underlying these signalings’ interplays and the relevance for pathology remain to be addressed.



Shh Signaling

Alteration of cilium-related structure, function by perturbed ARF and RAB-related activity can impact on a number of other signaling pathways influencing brain formation and likely involved in neurodevelopmental diseases. As an example, we know that mutations in ARL13b are lined to altered Shh signaling and underlie Joubert syndrome, a condition causing midbrain–hindbrain developmental abnormalities and various other defects typical of impaired Shh signaling (Doherty, 2009). Importantly, mouse and zebrafish models for this condition are available, which can be employed to further investigate the mechanism (Larkins et al., 2011; Zhu et al., 2020). Null mice models for arl3 have a defective cilium-dependent signaling influencing different pathways, including Shh (Horner and Caspary, 2011) and show retinal degeneration (Schrick et al., 2006). A large amount of data strongly support the involvement of many RAB proteins and effectors in pathogenic alteration of cilium-mediated signaling, which is worth to investigate further (for a comprehensive review on the topic, refer to Oro, 2007; Yoshimura et al., 2007; Banworth and Li, 2018). In this context, the Carpenter syndrome, which harbors prominent neurological features and craniofacial and cardiac malformation, is an example. This condition is caused by mutations in RAB23, which is also known to regulate Shh signaling via controlled trafficking to the primary signaling center of the cilium (Boehlke et al., 2010). Accordingly, altered RAB23 in mouse models shows Shh-dependent ventralization defects and altered patterning of neural cell types during spinal cord development (Eggenschwiler et al., 2001; Eggenschwiler et al., 2006). It remains to be proven whether an impaired Shh signaling is involved also in the etiology of the Bardet–Biedl syndrome via the activity of Rabin 8 (a specific RAB8 GEF) (Oro, 2007). Of note, given that alteration of Shh signaling is common in various serious cancer conditions also in the adult, it would be interesting to test the potential of blocking the signaling acting directly on RAB proteins activity.



Notch Signaling

Lastly, it is well known that RAB-dependent endocytosis contributes to the regulation of the number of Notch/Delta molecules present on precursor cells’ surface and thereby of Notch directional signaling, which is normally fundamental for cell commitment and cell identity, as discussed above. Various mechanisms have been implicated in the regulation of Notch signaling during development. To mention few examples, Notch receptor activation is mediated by RAB5-positive early endosomes in dividing sensory organ precursors of Drosophila during asymmetric cell division, which instructs cell specification, tissue growth, and morphogenesis (Coumailleau et al., 2009). Also Rab11-dependent recycling of the specific Notch effector Delta is involved in this process in insects and mammalian cells (Emery et al., 2005) and in general, both Rab1 and Rab11 seem to regulate Notch signaling in Drosophila (Charng et al., 2014). Insect mutant screening based on wing morphogenesis identified also RAB7 and RAB8 orthologs as major positive modulators of Notch signaling activity (Court et al., 2017).



ESTABLISHED AND EMERGING TOOLS FOR IN VIVO INTERROGATION OF SMALL GTPASES SHAPING DEVELOPMENTAL DYNAMICS IN THE VERTEBRATE ZEBRAFISH MODEL

To progress our knowledge on rare diseases and boost precision therapy, appropriate in vivo tools are required to assess the impact of the identified genetic lesions and map the spatiotemporal alterations of developmental pathways at an organismal level. Animal models, now equipped with unprecedented genomic and imaging-based possibilities, are irreplaceable. When zebrafish or C. elegans are used, the workflow is even time- and cost-efficient. As shown, animal models allow us to validate the impact of the identified genetic lesion on a global pathophysiological level, inferring readily altered pathways via established developmental paradigms (e.g., the fly wing system or the CE movements of vertebrate gastrulation), while discovering novel mechanisms on multiple developmental contexts and tissues simultaneously. The utility of animal models also relies on the possibility of setting up preclinical systems for assessing potential targeted treatments, identifying development and physiology principles that can uncover evolutionary rules. Moreover, sophisticated xenografting in vivo models enable innovative studies of cancer cells’ heterogeneity (Kim et al., 2017) and investigation of pediatric tumors (Rokita et al., 2019).

Besides the aforementioned assets, different biosensors, fluorescent-based reporters, and actuators superior to classical biochemical approaches are becoming available to use in vivo for a highly resolved real-time investigation of small GTPases dynamics. These tools allow the visualization and manipulation of small GTPases’ activity in a controllable manner, directly in the developing tissues of entire organisms, thus expanding the possibilities to answer mechanistic questions. Concurrent advances in the development of fluorescent proteins are rapidly accumulating toward the development of near-infrared (NIR) emitting molecules that improve the light penetration in deep tissues with little scattering (Shcherbakova et al., 2018b). Furthermore, advanced modalities for deep tissue imaging are also exponentially becoming available (i.e., two- and three-photon microscopy and a range of optoacoustic modalities) (Helmchen and Denk, 2005; Deán-Ben et al., 2016; Shcherbakova et al., 2018b). Nevertheless, the application and visualization of reporters’ dynamics and the use of genetically encoded actuators in large species remain challenging.

Because it embodies all these advances in vivo, zebrafish is once more forcefully becoming a convenient system for rare disease research. Numerous illustrative examples for zebrafish models of diseases underlying a functional dysregulation of small GTPases exist. Among those, notorious RASopathy models are available (Jindal et al., 2015) and RHO-associated developmental syndromes (Boueid et al., 2020). Typical advantages of zebrafish include the high fecundity, rapid development, and a rich community distributing transgenic lines and forward and reverse genetics mutants of various players involved in developmental signalings. Sophisticated genetics and a range of synthetic biology applications as well as imaging innovations discussed below, which allow monitoring of fast subcellular events at nanoresolution, are being quickly implemented in this model. Altogether, these tools are uniquely valuable to dissect real-time altered signaling dynamics throughout embryogenesis with single-cell precision, which is directly translatable to humans.


Genetic and in in vivo Imaging Advances

Zebrafish is especially amenable to gene perturbation for both loss- or gain-of-function genetic alterations via transient approaches (morpholino-based gene knockdown and gene overexpression) or strategies for stable modifications (TALENs and CRISPR-Cas9-based genetic engineering, Hwang et al., 2013). This allows the generation of models for the genetic diseases with a fast phenotyping at different levels, which can be obtained even in 2 days from the microinjection in F0 animals (Wu et al., 2018). Noteworthy, thanks to the continuous optimization of the Base Editor–CRISPR/Cas technology, it is now becoming possible in zebrafish to refine diseases’ modeling even toward patient-specific endeavors, obtaining inheritable precise single-nucleotide conversions (Qin et al., 2018; Rosello et al., 2021).

As far as in vivo functional imaging is concerned, zebrafish embryos show far fewer constraints as compared to rodents. They develop externally and are mostly transparent such that cellular dynamics can be readily resolved under fast microscopes in the whole-organism (Wolf et al., 2015; Abu-Siniyeh and Al-Zyoud, 2020), allowing, for instance, accurate brain-wide mapping of calcium fluxes (Renninger and Orger, 2013), even at the level of the whole adult brain (Deán-Ben et al., 2016; Chow et al., 2020). Moreover, a repertoire of behavioral readouts is available that can be implemented to evaluate intellectual delays and complex cognitive deficit, modeling, for instance, RASopathies traits (Wolman et al., 2014). Cancer models based on live imaging of xeno-transplanted malignant cells are also being successfully employed (Cayuela et al., 2019), whereas optimization of the Nobel-worth super-resolution structured illumination microscopy is now being experimented to image live brains in zebrafish (Turcotte et al., 2019), and more advanced imaging possibilities are currently unrolling.

Combining genetics and imaging advances, it is possible to follow molecular and cellular dynamics of virtually any developing tissue. mRNAs encoding fluorescent markers, which emit in a wide range of wavelengths and label-specific cell compartment, can be readily coinjected at early embryonic stages and offer the possibility for multiplexing live imaging, from the very early blastula and gastrula stages, to create mosaic expression both for overexpression and cell-labeling studies. Testifying the efficacy of these simple tools for investigation of in vivo developmental signaling, coinjection of mRNA encoding the membrane marker mCherry-GPI together with Wnt8-eGFP permitted to infer canonical Wnt transport and its paracrine activity mediated by Cdc42/N-Wasp + filipodia during early zebrafish development (Stanganello et al., 2015). Moreover, a variety of transgenic and enhancer trap lines are available, and effective fluorescent reporters for major signaling pathways are routinely utilized in zebrafish, including Wnt (Facchinello et al., 2016) and Hh (Mich et al., 2014). Semitransparent pigment mutants used as background in imaging applications (Antinucci and Hindges, 2016) are useful for dissecting the impact of disease-causing mutations on specific anatomical districts (Tabor et al., 2019) even in juvenile and adult fish.



Cell Lineage Tracing Tools and Signal Perturbation With Photosensitive Proteins

Special transgenic fish exist for specific and dynamic cell lineage tracing, which employ a large variety of photosensitive proteins controlled by light (Chow and Vermot, 2017). Among these, photoconvertible fluorescent proteins such as KikGR (Lombardo et al., 2012) and Kaede are employed to trace various neurons, axons, and circuits (Sato et al., 2006) or migratory cells in the context of retina development and morphogenesis (Kwan et al., 2012). Together with sophisticated Cre-based multicolor (multibow) barcoding strategies (Xiong et al., 2015), these tools expand the available palette and allow following movements and ontogeny of a specific subset of cells and their derivatives throughout development in fish models of genetic diseases. Thereby, the origin of cellular organization in rather complex organs and tissues and their alterations can be tackled in vivo.

Proof of the possibility to capture even the signaling pathway history in a subset of zebrafish cells during development using photoconvertible proteins exists. The PHotoconvertible REporter of Signaling History (PHRESH) method using Kaede under the control of ptch1 regulatory sequence allowed indeed mapping temporal dynamics of Hh signaling during cell fate decision in fish spinal cord (Huang et al., 2012). Moreover, sophisticated photochemistry approaches using synthetic and genetically encoded photoactivable probes are being vastly implemented to study several developmental biology mechanisms in animal models, including zebrafish (Kowalik and Chen, 2017).



In vivo Reporters, Actuators, and Transgenic Lines to Study Small GTPASES Activity

Reporters and actuators to monitor and manipulate small GTPases are being developed for fish, which can be combined with the aforementioned tools. In this context, different strategies have been established, with remarkable applications in vivo (schematized in Table 1).


TABLE 1. Advanced genetic reporters, markers, and actuators to study RAS-, RHO-, and ARF/RAB-dependent processes in the context of live cells and animal development.
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RAS/MAPK Biosensors and Actuators

A variety of biosensors for the Ras/MAPK signaling are used in vivo (i.e., rodents, insects, and zebrafish; Hirata and Kiyokawa, 2019) to capture spatiotemporally cell dynamics, depending on ERK activity in the context of cell growth, differentiation, and migration. Classical fluorescence resonance energy transfer (FRET)–based extracellular-regulated kinase activity reporter (EKAR)–types biosensors exploit the ability of activated ERK to phosphorylate a substrate that triggers a conformational change of the sensor, such as to bring the FRET pair of fluorophores in close physical proximity (FRET pairs classically employing a GFP-like fluorescent protein as a donor and a red-emitting protein as an acceptor). This results in an increase of the FRET efficiency quantified by ratiometric measurements, in which the ratio between the intensities of the donor and acceptor fluorescence is calculated and correlates with the ERK activity (Harvey et al., 2008; Fritz et al., 2013). Alternatively, sensitive sensors have also been developed for fluorescent lifetime measurement (FLIM) quantification on the donor protein, which shortens as the FRET efficiency increases. Originally, Yasuda et al., 2006, established a 2-p (two photon microscopy)–FLIM–based RAS biosensor in which the FRET efficiency increased when active RAS-EGFP was recruited to the membrane to bind the RAS-binding domain of RAF-RFP. This tool was employed already to study the RAS signaling spreading dynamics for local long-term potentiation (LTP) in organotypic preparation of rodent hippocampal neurons. Moreover, FRET-FLIM ERK sensors (named EKA-Ret-cyto), which used a highly absorbent acceptor, were established and used in a deep 2-p confocal setting to capture ERK activity in subcellular compartments such as the dendritic spines. The sensor further contributed to clarify the role of Ras/MAPK signaling during LTP-dependent plasticity of hippocampal neuronal circuit (Tang and Yasuda, 2017).

Novel genetically encoded ERK sensors have been developed by innovative processes of dimerization-dependent fluorescent protein exchange, permitting a green-to-red shift in fluorescent intensity (Ding et al., 2015). On the other hand, sensitive kinase translocation reporters (KTRs) are able to convert the protein phosphorylation state into a nuclear–cytoplasmic shift in fluorescence that enables visualizing single-cell signaling dynamics of multiple events (e.g., to differentiate ERK and AKT activities downstream the RAS signaling, Maryu et al., 2016). In fact, these sensors are based on the ability of ERK to phosphorylate a substrate and mask, by conformational change, the nuclear localization signal, while unmasking the nuclear export signal. This results in an increase of cytoplasmic fluorescent upon ERK activation. Given that the fluorescent readout of KTR sensors depends on the shuttling between the nucleus and cytoplasm, it does not suffer from delays due to protein stability and expression level. The tool has been recently optimized for nematodes, to assess in vivo the dynamic function of Ras-dependent ERK activity in establishing cell competence and fate decision (de La Cova et al., 2017). The authors established a precise protocol for image analysis of ERK-nKTR in different developmental stages and contexts, including vulva morphogenesis, migratory muscle, sensory neurons, and gonad precursor cells. The work allowed mapping EGF-dependent modulation of frequency of ERK activity fluxes in real time with a specific spatial pattern in the different precursor cells, not possible with standard methods.

Similarly, a KTR dynamic reporter of ErK activity (DREKA) sensor has been established and successfully employed in zebrafish (Mayr et al., 2018). Dynamic Erk activity was registered in the dividing cells in the developing fish embryo during wound healing and for studying the uptake kinetics of chemical compounds influencing Ras/MAPK signaling relevant for preclinical applications. However, given that several factors might influence the readout based on the sensor nucleus–cytoplasm shuttling (i.e., nucleus morphology, expression levels of exportin proteins), resulting in inhomogeneous labeling of different cells, optimization of the DREKA sensor would be required for broader applications in the context of developmental dynamics and neuronal precursor cells.

Wong et al. (2018) have developed in parallel a stable transgenic fish expressing the FRET-based ERK biosensor Teen, proving already its usefulness to unravel ERK dynamics in a number of Ras/MAPK-controlled processes throughout developmental stages. A spatiotemporal map of Erk activity was generated in the entire developing organism from the early blastula until segmentation stages. Teen allowed discovering an overlooked domain of action of Ras/MAPK signaling during fish development in the caudal region of the neural tube, where the regulated activity of FGF-Erk, Wnt, and Bmp signaling contributes to shape the embryo axes and stem cell differentiation (neuronal and mesodermal fate). This zebrafish toolkit is of great potential to link precisely healthy and pathogenic molecular dynamics, involving Ras/MAPK signaling and cellular events in vivo, with considerable applications for understanding of RASopathies.

In parallel, other smart methods to visualize more dynamics are being developed (Ross et al., 2018), which will likely be translated in vivo in the future.

A deep understanding of signaling networks benefits also from genetically controlled actuators that can be used to perturb signaling and infer signaling rules. Tunable optogenetic control of Ras/MAPK activity was achieved employing optimized light-inducible dimers. In the OptoSOS system, the membrane-bound SsrA peptide of the α-helix of the plant-derived light-oxygen-voltage 2 (LOV2) domain is masked and cannot bind its receptor SsrB fused to a fluorescently tag SOS activator in the dark. The binding can be, however, triggered by blue light allowing strict spatiotemporal control of SOS membrane recruitment and thereby Ras/MAPK signaling activation. The use of this tool in vivo demonstrated the sensitivity of early Drosophila blastula and gastrula stages to ectopic Erk expression for axial morphogenesis (Johnson et al., 2017). Further investigations using OptoSOSO clarified the importance of a correct dosage and timing of the Ras/MAPK signaling for stem cell fate decision during these crucial developmental windows (Johnson and Toettcher, 2019). Furthermore, coupling precise optogenetic actuators of the Ras/MAPK signaling and quantitative reporting of ERK activity in a single cell line by CRISPR/Cas have allowed to describe the Ras/MAPK-dependent ERK pulses inducing immediate early gene transcription (Wilson et al., 2017).

Of note, S. Y. Shvartsman’s laboratory recently optimized a photoswitchable MEK device (psMEK) to manipulate the Ras/MAPK signaling using microscopy and Dronpa-based photo-dimerizable protein domains, already applicable to Drosophila and zebrafish (Patel et al., 2019). In the “off” state, the active site of constitutively active psMEK is blocked by Dronpa dimers. Upon illumination at 500 nm, the site is exposed via dissociation of the Dronpa dimers, and activation of Erk can occur (“on” state). Importantly, the signal can be reversibly switched off by using 400-nm light. The authors already used pMEK in Drosophila and zebrafish development and demonstrated that this actuator can be smartly utilized to classify mutations for an in vivo genotype–phenotype correlation analysis of RASopathies, based on the strength of signaling perturbation and known morphogenesis and organogenesis phenotypic readouts. Experiments in zebrafish already demonstrated the usefulness of this tool to probe the relevant time window in which the impact of the various MEK mutations causing gastrulation and axes defects influences other signaling networks that must be tightly controlled during the same processes (Patel et al., 2019).



RHO Biosensors and Actuators

Optimized versions of genetically encoded RHO sensors are also beingintensely utilized to observe RHO GTPases dynamics in various contexts since many years (Hodgson et al., 2010; Fritz et al., 2013; Donnelly et al., 2014; Boueid et al., 2020), including developments for cell-based high-throughput applications (Koraïchi et al., 2018). Classically, frogs were widely used to study RHO dynamics via simple fluorescent effector translocation probes and FRET biosensors. A first use involved the study of the modulation of Cdc42, Rac, and RhoA on proteoglycan and non-canonical Wnt signaling during NC migration in vivo (Matthews et al., 2008) and the observation of characteristic flares of RHO (dynamic accumulation of the active GTPases at the cell–cell junction) indispensable throughout embryo cell motility (Stephenson and Miller, 2017).

Ontogenetically induced actuators based on the LOV domains were engineered also to generate a photoactivable RAC1 by fusing the PHOT1 LOV2 to a constitutively active RAC1. Upon blue light illumination, the small GTPase is unmasked and able to constitutively bind its effectors and thereby trigger the downstream signal (Wu et al., 2009). By using the FRET sensor Raichu-Rac1, based on a CFP/YPF-mediated FRET upon the activation of the GTPase, combined with this type of actuator, it was possible to highlight the contribution of Rac1 in cell polarization and collective migration in Drosophila ovary development (Wang et al., 2010) and in neutrophil immune response of zebrafish (Yoo et al., 2010). Recently, a specific transgenic tool was generated to control optogenetically growth cone guidance mechanisms of growing motoneuron axons in zebrafish via the tissue-specific expression of PA-Rac1. The tool was employed to rescue innervation defects observed in mutant animals (Harris et al., 2020), demonstrating validity for study healthy and diseased neuronal circuit wiring.

Interestingly, genetically encoded in the GAL4/UAS versatile system, specific inhibitors of Cdc42 (Myr-GFP-ACK42) have been already used in combination to specific Cdc42 FRET sensor to assess the function of this small GTPases during angiogenesis (Wakayama et al., 2015).

Elegant functional studies in zebrafish exist, combining overexpression and knockdown approaches together with FRET sensors to model the dynamic activities of both Rac1 and RhoA in establishing actin-rich blebbing and retrograde actin flow for E-cadherin–dependent traction forces, respectively, in the context of early germ cells migration (Kardash et al., 2010). More recently, sophisticated deconvolution algorithms to obtain super-resolved images from PA-Rac1 experiments have allowed Zhang et al. (2019) to confirm a crucial role of Rac1 in mediating actin remodeling and filopodia stabilization for zebrafish pioneer axon formation of sensory neurons. Utility of FRET-based sensors is also clear from transgenic rodent models (Johnsson et al., 2014), for instance, to monitor RHO-dependent invasiveness of engrafted glioblastoma cells (Hirata et al., 2012). Noteworthy, an NIR FRET RAC1 biosensor for deep multiplexing imaging and signaling manipulation has been recently developed. The implementation of the most NIR FRET pair miRFP670–miRFP720 for this sensor enables the combinatorial use with classical CFP-YFP FRET pair for RHOA sensor upon optogenetic signal activation to study their concurrent dynamics during cell motility (Shcherbakova et al., 2018a).

In addition, exploiting the versatile GAL/UAS genetic system, Hanovice et al. (2016) established useful zebrafish GAL4-inducible transgenic lines for tissue and temporally tuned modulation and visualization of mutant (i.e., dominant negative) and wild-type Rac, RhoA, and Cdc42 (10xuas:mCherry-F2A-myc-Rac, RhoA, or Cdc42). The system is expandable to a range of mutants and allows systematic functional investigation of RHO protein–specific cells and developmental windows of interest and possible crosstalks in fish cancer models (Chew et al., 2014).

Specific transgenic lines to study the role of RHO proteins during immune response have also been developed (e.g., mpeg:mcherry-2A-rac2; Rosowski et al., 2016). Smart multiplexing transgenic tools in zebrafish permitted the discovery of Cdc42-induced “filopodia extensions” for mediating paracrine and large-range Wnt signaling in the context of zebrafish development, as discussed earlier (Stanganello et al., 2015).

Noteworthy, Kim et al. (2019) have established highly sensitive and expandable intensiometric biosensors for the simultaneous detection of smaller GTPases combined with optogenetic signaling actuation in vivo, previously used to describe the regulated activity of CDC42 and RAS in the context of rodent structural dendritic changes upon neurotrophic signaling activation. Furthermore, optogenetic activation of CDC42 was used to study the immune cell migration (O’Neill et al., 2016), which can be further exploited for counteracting the invasiveness of cancer cells (Palucka and Coussens, 2016).



Vital Dyes and Transgenic Tools for Monitoring ARF and RAB-Regulated Intracellular Trafficking and Organelle’s Dynamics

At present, a series of tools are readily available in animal models to map intracellular trafficking events and investigate the role of small GTPase in these processes. Among vertebrate models, fish harbors good molecular devices not only for visualizing but also for manipulating organelle dynamics and cell biology of developing tissues in virtually any developmental stage.

The use of vital dyes and advanced imaging techniques is largely used to label intracellular compartments, molecules, and dynamics. For instance, lifeact allows actin network dynamic visualization via fluorescence recovery after photobleaching (Riedl et al., 2008). The rhodamine-labeled phalloidin, which selectively binds to F-actin, can be readily used to label actin filaments in zebrafish developmental studies (Li et al., 2008). Other dyes to label subcellular structures are widely employed to study organelles’ dynamics in disease models (e.g., lysosomes, Tseng et al., 2018). Besides these tools, all relevant intracellular organelles can be stably labeled by transgenic lines and/or transiently by libraries of constructs expressing fluorescently tagged markers for multiplexed imaging. In addition to standard subcellular markers labeling nuclei and cell membranes, specific organelles and vesicle markers are available in zebrafish (reviewed by Vacaru et al., 2014). Among those, GalT-GFP fish expressing galactose-1-phosphate uridyl transferase (Gerhart et al., 2012) are useful to map trans-Golgi, whereas Lamp2-mCherry can be used to visualize lysosomes (Sasaki et al., 2017), and GFP-Map1Lc3 has been already employed to image disease-associated autophagy in vivo (Moss et al., 2020).

A number of transgenic lines and constructs for labeling Rab and endosomal vesicles of different types (such as fluorescently labeled Rab5, Rab7, and Rab11 for early, late, and recycling endosomes, respectively) are successfully used for dynamic analysis of recycling endosomes in vivo (Clark et al., 2011), as well as transgenic fish lines marking actin, i.e., Tg (uas:lifeact-GFP) (Riedl et al., 2008) and a number of fish labeling MT such as the Tg (UAS:EGFP-tuba2) (Asakawa and Kawakami, 2010), the MT-associated doublecortin-like kinase Tg (XlEef1a1:dclk2DeltaK-GFP), the Eb3 + growing tip of the MT (Tran et al., 2012), and Tg (bactin2:HsENSCONSIN17–282-3xEGFP) fish expressing GFP-tagged MT-binding region of ensconsin (Wühr et al., 2011).

Notably, protein engineering translated into transgenic fish allows now to map with a substantial spatiotemporal resolution also highly complex phenomena, such as the site of neuronal protein synthesis during early zebrafish CNS development (Garcez Palha et al., 2018). More recently, Verweij et al. (2019) managed to develop a transgenic fish line expressing CD63-pHluorin for direct monitoring with high spatiotemporal accuracy of extracellular vesicles (EVs) dynamics secreted by multivesicular endosomes at an interorgan level. The work utilizes the in vivo whole-embryo reporter and demonstrated the dynamics of formation, transport, and function and the trophic role of the EV secreted by cells of yolk syncytial layer during development. In addition, the FRET type of RAB biosensors also exists and has been developed and used to monitor, for instance, Rab5 activity in phagosome maturation of immune cells (Kitano et al., 2008). Of note, Gillingham et al. (2019) have reported the development of MitoID, an innovative methodology for identifying a wide range of small GTPases’ effectors and regulators employing in vivo proximity biotinylation of mitochondrial-restricted GTPases and found several RAB effectors. Lastly, via advanced protein design and chemical strategies, Conformational sensors for GTPase activity (COSGAs) awaiting in vivo applications, allowing direct observation of GTPase activation state, were recently used to detect RAB1 and K-RAS activity in vitro and quantification of RAB1 GTP-/GDP ratio at high spatial and temporal resolution (Voss et al., 2016).

The development of optogenetic devices to manipulate intracellular trafficking has been notoriously more challenging. Nevertheless, plant photoreceptors responsive to UV light have been genetically engineered for controlling protein secretion and used to investigate dendritic cargo secretion (Chen et al., 2013). More recently light-induced actuators to perturb RAB-dependent intracellular trafficking have also been established, which permit fast, tunable, and reversible interference of membrane dynamics, protein sorting, and endosomes signaling. In the IM-LARIAT system engineered by Nguyen et al. (2016), a subdomain of the blue light–sensitive cryptochrome 2 (CRY2) from Arabidopsis thaliana self-oligomerizes immediately together with CIB1 fused to RAB upon blue light illumination. This results in aggregation and perturbation of the GTPases’ activity during intracellular trafficking at various levels, depending on the targeted RAB protein (early, late, or recycling endosomes, ER–GA transport, and secretion). The tool was already implemented in rodent hippocampal neurons to study the contribution of RAB5 and RAB11 in influencing dendritic growth’s rate.



CONCLUSION

Next-generation sequencing of previously unrecognized pediatric conditions disclosed an unforeseen impact of small GTPases of the RAS superfamily on the pathogenicity of a growing number of developmental disorders. The precision of this approach is bringing up amazing possibilities for investigating unexplored mechanistic principles of developmental biology, re-employing classical animal models. Continuous advances in the field of high-resolution microscopy, genetic engineering, and synthetic biology for optimized biosensors and actuators for in vivo studies are now unfolding, well exemplified by the zebrafish model. We anticipate that the expansion and optimization of these tools for multiplexing in vivo signal visualization and manipulations will have an unprecedented impact for the spatiotemporal investigation of developmental signaling networks modulated by small GTPases in health and disease. In conclusion, an integrated pipeline from patients back to precise organismal biology in the global context of embryo development represents the blueprint for a modern global health care response to the burden of the ever-increasing pediatric genetic diseases, critical for developing tailored measures in the rapidly emerging field of precision medicine.



AUTHOR CONTRIBUTIONS

AL, GF, MT, and BD wrote the manuscript. AL conceived and generated all the illustrations. AL and GF conceived the table. GF and MV generated the table. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by grants from European Commission (individual fellowship Marie Skłodowska-Curie, 844636 – Innervate, AL), Fondazione Umberto Veronesi (individual research fellowship, AL), Ministero della Salute (Ricerca 2019 5 × 1000, CCR-2017-23669081 and RCR-2020-23670068_001, MT), Fondazione Bambino Gesù (Vite Coraggiose, MT), and Ministero dell’Università e della Ricerca (Sviluppo di protocolli innovativi e applicazione di nuovi strumenti-omici nei pazienti orfani di diagnosi, MT).



ACKNOWLEDGMENTS

The authors apologize to colleagues whose work was not cited due to limited space are gratefully acknowledge all the collaborators who have contributed to the original research works cited here.



REFERENCES

Abe, T., Umeki, I., Kanno, S., Inoue, S., Niihori, T., and Aoki, Y. (2020). LZTR1 facilitates polyubiquitination and degradation of RAS-GTPases. Cell Death Differ. 27, 1023–1035. doi: 10.1038/s41418-019-0395-5

Abu-Siniyeh, A., and Al-Zyoud, W. (2020). Highlights on selected microscopy techniques to study zebrafish developmental biology. Lab. Anim. Res. 36:12. doi: 10.1186/s42826-020-00044-2

Adams, A. E., Johnson, D. I., Longnecker, R. M., Sloat, B. F., and Pringle, J. R. (1990). CDC42 and CDC43, two additional genes involved in budding and the establishment of cell polarity in the yeast Saccharomyces cerevisiae. J. Cell Biol. 111, 131–142. doi: 10.1083/jcb.111.1.131

Akiyama, M., and Kanaho, Y. (2015). Physiological functions of the small GTPase Arf6 in the nervous system. Small GTPases 6, 160–164. doi: 10.1080/21541248.2015.1043041

Anastasaki, C., Estep, A. L., Marais, R., Rauen, K. A., and Patton, E. E. (2009). Kinase-activating and kinase-impaired cardio-facio-cutaneous syndrome alleles have activity during zebrafish development and are sensitive to small molecule inhibitors. Hum. Mol. Genet. 18, 2543–2554. doi: 10.1093/hmg/ddp186

Angelis, A., Tordrup, D., and Kanavos, P. (2015). Socio-economic burden of rare diseases: a systematic review of cost of illness evidence. Health Policy. 119, 964–979. doi: 10.1016/j.healthpol.2014.12.016

Antinucci, P., and Hindges, R. (2016). A crystal-clear zebrafish for in vivo imaging. Sci. Rep. 6:29490. doi: 10.1038/srep29490

Aoidi, R., Houde, N., Landry-Truchon, K., Holter, M., Jacquet, K., Charron, L., et al. (2018). Mek1Y130C mice recapitulate aspects of human cardio-facio-cutaneous syndrome. Dis. Model. Mech. 11:dmm031278. doi: 10.1242/dmm.031278

Aoki, K., Kumagai, Y., Sakurai, A., Komatsu, N., Fujita, Y., Shionyuet, C., et al. (2013). Stochastic ERK activation induced by noise and cell-to-cell propagation regulates cell density-dependent proliferation. Mol. Cell 52, 529–540. doi: 10.1016/j.molcel.2013.09.015

Aoki, Y., Niihori, T., Kawame, H., Kurosawa, K., Ohashi, H., Tanaka, Y., et al. (2005). Germlinemutations in HRAS proto-oncogene cause Costello syndrome. Nat. Genet. 37, 1038–1040. doi: 10.1038/ng1641

Araki, T., Mohi, M. G., Ismat, F. A., Bronson, R. T., Williams, I. R., Kutok, J. L., et al. (2004). Mouse model of Noonan syndrome reveals cell type- and gene dosage-dependent effects of Ptpn11 mutation. Nat. Med. 10, 849–857. doi: 10.1038/nm1084

Asakawa, K., and Kawakami, K. A. (2010). transgenic zebrafish for monitoring in vivo microtubule structures. Dev. Dyn. 239, 2695–2699. doi: 10.1002/dvdy.22400

Atkin, J. D., Farg, M. A., Turner, B. J., Tomas, D., Lysaght, J. A., Nunan, J., et al. (2017). Induction of the unfolded protein response in familial amyotrophic lateral sclerosis and association of protein-disulfide isomerase with superoxide dismutase 1. J. Biol. Chem. 292:12007. doi: 10.1074/jbc.a117.603393

Azzarelli, R., Kerloch, T., and Pacary, E. (2015). Regulation of cerebral cortex development by Rho GTPases: insights from in vivo studies. Front. Cell. Neurosci. 8:445. doi: 10.3389/fncel.2014.00445

Bajetto, A., Barbero, S., Bonavia, R., Piccioli, P., Pirani, P., Florio, T., et al. (2001). Stromal cell-derived factor-1alpha induces astrocyte proliferation through the activation of extracellular signal-regulated kinases 1/2 pathway. J. Neurochem. 77, 1226–1236. doi: 10.1046/j.1471-4159.2001

Banworth, M. J., and Li, G. (2018). Consequences of Rab GTPase dysfunction in genetic or acquired human diseases. Small GTPases 9, 158–181. doi: 10.1080/21541248.2017.1397833

Barr, F., and Lambright, D. G. (2010). Rab GEFs and GAPs. Curr. Opin. Cell Biol. 22, 461–470. doi: 10.1016/j.ceb.2010.04.007

Basson, M. A. (2012). Signaling in cell differentiation and morphogenesis. Cold Spring Harb. Perspect. Biol. 4:a008151. doi: 10.1101/cshperspect.a008151

Becker, J., and Wilting, J. (2019). WNT signaling in neuroblastoma. Cancers 11:1013. doi: 10.3390/cancers11071013

Bellouze, S., Schäfer, M. K., Buttigieg, D., Baillat, G., Rabouille, C., and Haase, G. (2014). Golgi fragmentation in pmn mice is due to a defective ARF1/TBCE cross-talk that coordinates COPI vesicle formation and tubulin polymerization. Hum. Mol. Genet. 23, 5961–5975. doi: 10.1093/hmg/ddu320

Biechele, S., Cox, B. J., and Rossant, J. (2011). Porcupine homolog is required for canonical Wnt signaling and gastrulation in mouse embryos. Dev. Biol. 355, 275–285. doi: 10.1016/j.ydbio.2011.04.029

Bigenzahn, J. W., Collu, G. M., Kartnig, F., Pieraks, M., Vladimer, G. I., Heinz, L. X., et al. (2018). LZTR1 is a regulator of RAS ubiquitination and signaling. Science 362, 1171–1177. doi: 10.1126/science.aap8210

Blitzer, J. T., and Nusse, R. (2006). A critical role for endocytosis in Wnt signaling. BMC Cell Biol. 7:28. doi: 10.1186/1471-2121-7-28

Boehlke, C., Bashkurov, M., Buescher, A., Krick, T., John, A. K., Nitschke, R., et al. (2010). Differential role of Rab proteins in ciliary trafficking: Rab23 regulates smoothened levels. J. Cell Sci. 123, 1460–1467. doi: 10.1242/jcs.058883

Boueid, M. J., Mikdache, A., Lesport, E., Degerny, C., and Tawk, M. (2020). Rho GTPases signaling in Zebrafish development and disease. Cells 9:2634. doi: 10.3390/cells9122634

Bourne, H. R., Sanders, D. A., and McCormick, F. (1991). The GTPase superfamily: conserved structure and molecular mechanism. Nature 349, 117–127. doi: 10.1038/349117a0

Brems, H., Beert, E., de Ravel, T., and Legius, E. (2009). Mechanisms in the pathogenesis of malignant tumours in neurofibromatosis type 1. Lancet Oncol. 10, 508–515. doi: 10.1016/S1470-2045(09)70033-6

Capri, Y., Flex, E., Krumbach, O. H. F., Carpentieri, G., Cecchetti, S., Lißewski, C., et al. (2019). Activating mutations of RRAS2 are a rare cause of noonan syndrome. Am. J. Hum. Genet. 104, 1223–1232. doi: 10.1016/j.ajhg.2019.04.013

Carmena, A., Buff, E., Halfon, M. S., Gisselbrecht, S., Jimenez, F., and Baylies, M. K. (2002). Reciprocal regulatory interactions between the Notch and Ras signaling pathways in the Drosophila embryonic mesoderm. Dev. Biol. 244, 226–242. doi: 10.1006/dbio.2002.0606

Carmena, A., Speicher, S., and Baylies, M. (2006). The PDZ protein Canoe/AF-6 links Ras-MAPK, Notch and Wingless/Wnt signaling pathways by directly interacting with Ras, Notch and Dishevelled. PLoS One 1:e66. doi: 10.1371/journal.pone.0000066

Carta, C., Pantaleoni, F., Bocchinfuso, G., Stella, L., Vasta, I., Sarkozy, A., et al. (2006). Germline missense mutations affecting KRAS isoform b are associated with a severe Noonan syndrome phenotype. Am. J. Hum. Genet. 79, 129–135. doi: 10.1086/504394

Carvajal-Gonzalez, J. M., Balmer, S., Mendoza, M., Dussert, A., Collu, G., Roman, A. C., et al. (2015). The clathrin adaptor AP-1 complex and Arf1 regulate planar cell polarity in vivo. Nat. Commun. 6:6751. doi: 10.1038/ncomms7751

Casalou, C., Ferreira, A., and Barral, D. C. (2020). The role of ARF family proteins and their regulators and effectors in cancer progression: a therapeutic perspective. Front. Cell. Dev. Biol. 8:217. doi: 10.3389/fcell.2020.00217

Cawthon, R. M., Weiss, R., Xu, G. F., Viskochil, D., Culver, M., Stevens, J., et al. (1990). A major segment of the neurofibromatosis type 1 gene: cDNA sequence, genomic structure, and point mutations. Cell 62, 193–201. doi: 10.1016/0092-8674(90)90252-a

Cayuela, M. L., Claes, K. B. M., Ferreira, M. G., Henriques, C. M., van Eeden, F., Varga, M., et al. (2019). The Zebrafish as an emerging model to study DNA damage in aging, cancer and other diseases. Front. Cell Dev. Biol. 6:178. doi: 10.3389/fcell.2018.00178

Chang, L., Kreko-Pierce, T., and Eaton, B. A. (2015). The guanine exchange factor Gartenzwerg and the small GTPase Arl1 function in the same pathway with Arfaptin during synapse growth. Biol. Open 4, 947–953. doi: 10.1242/bio.011262

Charng, W. L., Yamamoto, S., Jaiswal, M., Bayat, V., Xiong, B., Zhang, K., et al. (2014). Drosophila Tempura, a novel protein prenyltransferaseα subunit, regulates notch signaling via Rab1 and Rab11. PLoS Biol. 12:e1001777. doi: 10.1371/journal.pbio.1001777

Chen, D., Gibson, E. S., and Kennedy, M. J. (2013). A light-triggered protein secretion system. J. Cell Biol. 201, 631–640. doi: 10.1083/jcb.201210119

Chen, L., Leng, W. B., Li, D. Z., Xia, H. W., Ren, M., Tang, Q. L., et al. (2017). Noninvasive imaging of Ras activity by monomolecular biosensor based on Split-Luciferase complementary assay. Sci. Rep. 7:9945. doi: 10.1038/s41598-017-08358-3

Chen, L., Liao, G., Yang, L., Campbell, K., Nakafuku, M., Kuan, C. Y., et al. (2006). Cdc42 deficiency causes Sonic hedgehog-independent holoprosencephaly. Proc. Natl. Acad. Sci. U.S.A. 103, 16520–16525. doi: 10.1073/pnas.0603533103

Chen, L., Melendez, J., Campbell, K., Kuan, C. Y., and Zheng, Y. (2009). Rac1 deficiency in the forebrain results in neural progenitor reduction and microcephaly. Dev. Biol. 325, 162–170. doi: 10.1016/j.ydbio.2008.10.023

Chen, N., and Greenwald, I. (2004). The lateral signal for LIN-12/Notch in C. elegans vulval development comprises redundant secreted and transmembrane DSL proteins. Dev. Cell 6, 183–192. doi: 10.1016/s1534-5807(04)00021-8

Chen, W., Mao, K., Liu, Z., and Dinh-Xuan, A. T. (2014). The role of the RhoA/Rho kinase pathway in angiogenesis and its potential value in prostate cancer. Oncol. Lett. 8, 1907–1911. doi: 10.3892/ol.2014.2471

Chew, T. W., Liu, X. J., Liu, L., Spitsbergen, J. M., Gong, Z., and Low, B. C. (2014). Crosstalk of Ras and Rho: activation of RhoA abates Kras-induced liver tumorigenesis in transgenic zebrafish models. Oncogene 33, 2717–2727. doi: 10.1038/onc.2013.240

Chiang, M. Y., Xu, L., Shestova, O., Histen, G., L’heureux, S., Romany, C., et al. (2008). Leukemia-associated NOTCH1 alleles are weak tumor initiators but accelerate K-ras-initiated leukemia. J. Clin. Invest. 118, 3181–3194. doi: 10.1172/JCI35090

Chow, D. M., Sinefeld, D., Kolkman, K. E., Ouzounov, D. G., Akbari, N., Tatarsky, R., et al. (2020). Deep three-photon imaging of the brain in intact adult zebrafish. Nat. Methods 17, 605–608. doi: 10.1038/s41592-020-0819-7

Chow, R. W., and Vermot, J. (2017). The rise of photoresponsive protein technologies applications in vivo: a spotlight on zebrafish developmental and cell biology. F1000Res. 6:F1000 Faculty Rev-459. doi: 10.12688/f1000research.10617.1

Cirstea, I., Kutsche, K., Dvorsky, R., Gremer, L., Carta, C., and Horn, D. (2010). A restricted spectrum of NRAS mutations causes Noonan syndrome. Nat. Genet. 42, 27–29. doi: 10.1038/ng.497

Clark, B. S., Winter, M., Cohen, A. R., and Link, B. A. (2011). Generation of Rab-based transgenic lines for in vivo studies of endosome biology in zebrafish. Dev. Dyn. 240, 2452–2465. doi: 10.1002/dvdy.22758

Cogli, L., Piro, F., and Bucci, C. (2009). Rab7 and the CMT2B disease. Biochem. Soc. Trans. 37, 1027–1031. doi: 10.1042/BST0371027

Colon, N. C., and Chung, D. H. (2011). Neuroblastoma. Adv. Pediatr. 58, 297–311. doi: 10.1016/j.yapd.2011.03.011

Cooper, M. T., and Bray, S. J. (2000). R7 photoreceptor specification requires Notch activity. Curr. Biol. 10, 1507–1510. doi: 10.1016/s0960-9822(00)00826-5

Cordeddu, V., Di Schiavi, E., Pennacchio, L. A., Ma’ayan, A., Sarkozy, A., Fodale, V., et al. (2009). Mutation of SHOC2 promotes aberrant protein N-myristoylation and causes Noonan-like syndrome with loose anagen hair. Nat. Genet. 41, 1022–1026. doi: 10.1038/ng.425

Costain, G., Callewaert, B., Gabriel, H., Tan, T. Y., Walker, S., Christodoulou, J., et al. (2019). Do novo missense variants in RAC3 cause a novel neurodevelopmental syndrome. Genet. Med. 21, 1021–1026. doi: 10.1038/s41436-018-0323-y

Coumailleau, F., Fürthauer, M., Knoblich, J., and González-Gaitán, M. (2009). Directional Delta and Notch trafficking in Sara endosomes during asymmetric cell division. Nature 458, 1051–1055. doi: 10.1038/nature07854

Courbier, S., and Berjonneau, E. (2017). Juggling Care and Daily life – the Balancing Act of the Rare Disease Community. A Rare Barometer Survey. Paris: EURODIS.

Court, H., Ahearn, I. M., Amoyel, M., Bach, E. A., and Philips, M. R. (2017). Regulation of NOTCH signaling by RAB7 and RAB8 requires carboxyl methylation by ICMT. J. Cell Biol. 216, 4165–4182. doi: 10.1083/jcb.201701053

Cox, A. D., and Der, C. J. (2010). Ras history: the saga continues. Small GTPases 1, 22–27. doi: 10.4161/sgtp.1.1.12178

Dawes-Hoang, R. E., Parmar, K. M., Christiansen, A. E., Phelps, C. B., Brand, A. H., and Wieschaus, E. F. (2005). folded gastrulation, cell shape change and the control of myosin localization. Development 132, 4165–4178. doi: 10.1242/dev.01938

de La Cova, C., Townley, R., Regot, S., and Greenwald, I. (2017). A real-timeBiosensor for ERK activity reveals signaling dynamics during C. elegans cell fatespecification. Dev. Cell 42, 542–553.e4. doi: 10.1016/j.devcel.2017.07.014

Deán-Ben, X. L., Sela, G., Lauri, A., Kneipp, M., Ntziachristos, V., Westmeyer, G. G., et al. (2016). Functional optoacoustic neuro-tomography for scalable whole-brain monitoring of calcium indicators. Light Sci. Appl. 5:e16201. doi: 10.1038/lsa.2016.201

Demir, K., Kirsch, N., Beretta, C. A., Erdmann, G., Ingelfinger, D., Moro, E., et al. (2013). RAB8B is required for activity and caveolar endocytosis of LRP6. Cell Rep. 4, 1224–1234. doi: 10.1016/j.celrep.2013.08.008

Deng, Q., Yoo, S. K., Cavnar, P. J., Green, J. M., and Huttenlocher, A. (2011). Dual roles for Rac2 in neutrophil motility and active retention in zebrafish hematopoietic tissue. Dev. Cell 21, 735–745. doi: 10.1016/j.devcel.2011.07.013

Di Guglielmo, G. M., Le Roy, C., Goodfellow, A. F., and Wrana, J. L. (2003). Distinct endocytic pathways regulate TGF-beta receptor signalling and turnover. Nat. Cell Biol. 5, 410–421. doi: 10.1038/ncb975

Digilio, M. C., Conti, E., Sarkozy, A., Mingarelli, R., Dottorini, T., Marino, B., et al. (2002). Grouping of multiple-lentigines/LEOPARD and Noonan syndromes on the PTPN11 gene. Am. J. Hum. Genet. 71, 389–394. doi: 10.1086/341528

Ding, Y., Li, J., Enterina, J. R., Shen, Y., Zhang, I., Tewson, P. H., et al. (2015). Ratiometric biosensors based on dimerization-dependent fluorescent protein exchange. Nat. Methods 12, 195–198. doi: 10.1038/nmeth.3261

Dinh Duong, T. A., Hoshiba, Y., Saito, K., Kawasaki, K., Ichikawa, Y., Matsumoto, N., et al. (2019). FGF signaling directs the cell fate switch from neurons to astrocytes in the developing mouse cerebral cortex. J. Neurosci. 39, 6081–6094. doi: 10.1523/JNEUROSCI.2195-18.2019

Doherty, D. (2009). Joubert syndrome: insights into brain development, cilium biology, and complex disease. Semin. Pediatr. Neurol. 16, 143–154. doi: 10.1016/j.spen.2009.06.002

Donnelly, S. K., Bravo-Cordero, J. J., and Hodgson, L. (2014). Rho GTPase isoforms in cell motility: don’t fret, we have FRET. Cell Adh. Migr. 8, 526–534. doi: 10.4161/cam.29712

Downward, J. (1998). Ras signalling and apoptosis. Curr. Opin. Genet. Dev. 8, 49–54. doi: 10.1016/s0959-437x(98)80061-0

Drosten, M., Dhawahir, A., Sum, E. Y., Urosevic, J., Lechuga, C. G., Esteban, L. M., et al. (2010). Genetic analysis of Ras signalling pathways in cell proliferation, migration and survival. EMBO J. 29, 1091–1104. doi: 10.1038/emboj.2010.7

Dupraz, S., Hilton, B. J., Husch, A., Santos, T. E., Coles, C. H., Stern, S., et al. (2019). RhoA controls axon extension independent of specification in the developing brain. Curr. Biol. 29, 3874–3886.e9. doi: 10.1016/j.cub.2019.09.040

Dupuis, N., Fafouri, A., Bayot, A., Kumar, M., Lecharpentier, T., Ball, G., et al. (2015). Dymeclin deficiency causes postnatal microcephaly, hypomyelination and reticulum-to-Golgi trafficking defects in mice and humans. Hum. Mol. Genet. 24, 2771–2783. doi: 10.1093/hmg/ddv038

Dyberg, C., Fransson, S., Andonova, T., Sveinbjörnsson, B., Lännerholm-Palm, J., Olsen, T. K., et al. (2017). Rho-associated kinase is a therapeutic target in neuroblastoma. Proc. Natl. Acad. Sci. U.S.A. 114, E6603–E6612. doi: 10.1073/pnas.1706011114

Eaton, S., and Martin-Belmonte, F. (2014). Cargo sorting in the endocytic pathway: a key regulator of cell polarity and tissue dynamics. Cold Spring Harb. Perspect. Biol. 6:a016899. doi: 10.1101/cshperspect.a016899

Eggenschwiler, J. T., Bulgakov, O. V., Qin, J., Li, T., and Anderson, K. V. (2006). Mouse Rab23 regulates hedgehog signaling from smoothened to Gli proteins. Dev. Biol. 290, 1–12. doi: 10.1016/j.ydbio.2005.09.022

Eggenschwiler, J. T., Espinoza, E., and Anderson, K. V. (2001). Rab23 is an essential negative regulator of the mouse Sonic hedgehog signalling pathway. Nature 412, 194–198. doi: 10.1038/35084089

Ehrman, L. A., Nardini, D., Ehrman, S., Rizvi, T. A., Gulick, J., Krenz, M., et al. (2014). The protein tyrosine phosphatase Shp2 is required for the generation of oligodendrocyte progenitor cells and myelination in the mouse telencephalon. J. Neurosci. Res. 34, 3767–3778. doi: 10.1523/JNEUROSCI.3515-13.2014

El Baba, N., Farran, M., Khalil, E. A., Jaafar, L., Fakhoury, I., and El-Sibai, M. (2020). The Role of Rho GTPases in VEGF signaling in cancer cells. Anal. Cell Pathol. 2020:2097214. doi: 10.1155/2020/2097214

Elias, B. C., Das, A., Parekh, D. V., Mernaugh, G., Adams, R., Yang, Z., et al. (2015). Cdc42 regulates epithelial cell polarity and cytoskeletal function during kidney tubule development. J. Cell. Sci. 128, 4293–4305. doi: 10.1242/jcs.164509

Ellis, S., and Mellor, H. (2000). Regulation of endocytic traffic by rho family GTPases. Trends Cell Biol. 10, 85–88. doi: 10.1016/s0962-8924(99)01710-9

Emanuel, P. D. (2004). Juvenile myelomonocytic leukemia. Curr. Hematol Rep. 3, 203–209.

Emery, G., Hutterer, A., Berdnik, D., Mayer, B., Wirtz-Peitz, F., Gaitan, M. G., et al. (2005). Asymmetric Rab 11 endosomes regulate delta recycling and specify cell fate in the Drosophila nervous system. Cell 122, 763–773. doi: 10.1016/j.cell.2005.08.017

Etienne-Manneville, S., and Hall, A. (2002). Rho GTPases in cell biology. Nature 420, 629–635. doi: 10.1038/nature01148

Evangelista, M., Blundell, K., Longtine, M. S., Chow, C. J., Adames, N., Pringle, J. R., et al. (1997). Bni1p, a yeast formin linking cdc42p and the actin cytoskeleton during polarized morphogenesis. Science 276, 118–122. doi: 10.1126/science.276.5309.118

Evans, R. J., Schwarz, N., Nagel-Wolfrum, K., Wolfrum, U., Hardcastle, A. J., and Cheetham, M. E. (2010). The retinitis pigmentosa protein RP2 links pericentriolar vesicle transport between the Golgi and the primary cilium. Hum. Mol. Genet. 19, 1358–1367. doi: 10.1093/hmg/ddq012

Facchinello, N., Schiavone, M., Vettori, A., Argenton, F., and Tiso, N. (2016). Monitoring Wnt signaling in Zebrafish using fluorescent biosensors. Methods Mol. Biol. 1481, 81–94. doi: 10.1007/978-1-4939-6393-5_9

Felici, A., Wurthner, J. U., Parks, W. T., Giam, L. R., Reiss, M., Karpova, T. S., et al. (2003). TLP, a novel modulator of TGF-beta signaling, has opposite effects on Smad2- and Smad3-dependent signaling. EMBO J. 22, 4465–4477. doi: 10.1093/emboj/cdg428

Fernandez-Valdivia, R., Takeuchi, H., Samarghandi, A., Lopez, M., Leonardi, J., Haltiwanger, R. S., et al. (2011). Regulation of mammalian Notch signaling and embryonic development by the protein O-glucosyltransferase Rumi. Development. 138, 1925–1934. doi: 10.1242/dev.060020

Fisher, S., Kuna, D., Caspary, T., Kahn, R. A., and Sztul, E. (2020). ARF family GTPases with links to cilia. Am. J. Physiol. Cell Physiol. 319, C404–C418. doi: 10.1152/ajpcell.00188.2020

Fitzgerald, K., Harrington, A., and Leder, P. (2000). Ras pathway signals are required for notch-mediated oncogenesis. Oncogene 37, 4191–4198. doi: 10.1038/sj.onc.1203766

Flex, E., Jaiswal, M., Pantaleoni, F., Martinelli, S., Strullu, M., Fansa, E. K., et al. (2014). Activating mutations in RRAS underlie a phenotype within the RASopathy spectrum and contribute to leukaemogenesis. Hum. Mol. Genet. 23, 4315–4327. doi: 10.1093/hmg/ddu148

Fritz, R. D., Letzelter, M., Reimann, A., Martin, K., Fusco, L., and Ritsma, L. (2013). A versatile toolkit to produce sensitive FRET biosensors to visualize signaling in time and space. Sci. Signal. 6:rs12. doi: 10.1126/scisignal.2004135

Fuss, B., Becker, T., Zinke, I., and Hoch, M. (2006). The cytohesinSteppke is essential for insulin signalling in Drosophila. Nature 444, 945–948. doi: 10.1038/nature05412

Gao, C., and Chen, Y. G. (2010). Dishevelled: the hub of Wnt signaling. Cell. Signal. 22, 717–727. doi: 10.1016/j.cellsig.2009.11.021

Garcez Palha, I., Anselme, I., Schneider-Maunoury, S., and Giudicelli, F. (2018). An in vivo translation-reporter system for the study of protein synthesis in zebrafish embryos. Biol. Open 7:bio039362. doi: 10.1242/bio.039362

Garret, T. A., Van Buul, J. D., and Burridge, K. (2007). VEGF-induced Rac1 activation in endothelial cells is regulated by the guanine nucleotide exchange factor Vav2. Exp. Cell Res. 313, 3285–3297. doi: 10.1016/j.yexcr.2007.05.027

Garvalov, B. K., Flynn, K. C., Neukirchen, D., Meyn, L., Teusch, N., Wu, X., et al. (2007). Cdc42 regulates cofilin during the establishment of neuronal polarity. J. Neurosci. 27, 13117–13129. doi: 10.1523/JNEUROSCI.3322-07.2007

Gatta, G., Capocaccia, R., Botta, L., Mallone, S., De Angelis, R., Ardanaz, E., et al. (2017). Burden and centralised treatment in Europe of rare tumours: results of RARECAREnet-a population-based study. Lancet Oncol. 18, 1022–1039. doi: 10.1016/S1470-2045(17)30445-X

Gauthier, A. S., Furstoss, O., Araki, T., Chan, R., Neel, B. G., Kaplan, D. R., et al. (2007). Control of CNS cell-fate decisions by SHP-2 and its dysregulation in Noonan syndrome. Neuron 54, 245–262. doi: 10.1016/j.neuron.2007.03.027

Ge, X., Gong, H., Dumas, K., Litwin, J., Phillips, J. J., Waisfisz, Q., et al. (2016). Missense-depleted regions in population exomes implicate ras superfamily nucleotide-binding protein alteration in patients with brain malformation. NPJ Genomic Med. 1:16036. doi: 10.1038/npjgenmed.2016.36

Geiger, H., and Zheng, Y. (2013). Cdc42 and aging of hematopoietic stem cells. Curr. Opin. Hematol. 20, 295–300. doi: 10.1097/MOH.0b013e3283615aba

Georgiou, M., Marinari, E., Burden, J., and Baum, B. (2008). Cdc42, Par6, and aPKC regulate Arp2/3-mediated endocytosis to control local adherens junction stability. Curr. Biol. 18, 1631–1638. doi: 10.1016/j.cub.2008.09.029

Gerhart, S. V., Eble, D. M., Burger, R. M., Oline, S. N., Vacaru, A., Sadler, K. C., et al. (2012). The Cx43-like connexin protein Cx40.8 is differentially localized during fin ontogeny and fin regeneration. PLoS One 7:e31364. doi: 10.1371/journal.pone.0031364

Gillingham, A. K., Bertram, J., Begum, F., and Munro, S. (2019). In vivo identification of GTPase interactors by mitochondrial relocalization and proximity biotinylation. eLife 8:e45916. doi: 10.7554/eLife.45916

Godi, A., Pertile, P., Meyers, R., Marra, P., Di Tullio, G., Iurisci, C., et al. (1999). ARF mediates recruitment of PtdIns-4-OH kinase-beta and stimulates synthesis of PtdIns(4,5)P2 on the Golgi complex. Nat. Cell Biol. 1, 280–287. doi: 10.1038/12993

Gopal Krishnan, P. D., Golden, E., Woodward, E. A., Pavlos, N. J., and Blancafort, P. (2020). Rab GTPases: emerging oncogenes and tumor suppressive regulators for the editing of survival pathways in cancer. Cancers 12:259.

Gotta, M., Abraham, M. C., and Ahringer, J. (2001). CDC-42 controls early cell polarity and spindle orientation in C. elegans. Curr. Biol. 11, 482–488. doi: 10.1016/s0960-9822(01)00142-7

Govek, E. E., Hatten, M. E., and Van Aelst, L. (2011). The role of Rho GTPase proteins in CNS neuronal migration. Dev. Neurobiol. 71, 528–553. doi: 10.1002/dneu.20850

Govek, E. E., Wu, Z., Acehan, D., Molina, H., Rivera, K., Zhu, X., et al. (2018). Cdc42 regulates neuronal polarity during cerebellar axon formation and glial-guided migration. iScience 1, 35–48. doi: 10.1016/j.isci.2018.01.004

Griscelli, C., and Prunieras, M. (1978). Pigment dilution and immunodeficiency: a new syndrome. Int. J. Dermatol. 17, 788–791. doi: 10.1111/j.1365-4362.1978.tb05980.x

Gröbner, S. N., Worst, B. C., Weischenfeldt, J., Buchhalter, I., Kleinheinz, K., Rudnava, V. A., et al. (2018). The landscape of genomic alterations across childhood cancers. Nature 555, 321–327. doi: 10.1038/nature25480

Gui, H., Schriemer, D., Cheng, W. W., Chauhan, R. K., Antiňolo, G., Berrios, C., et al. (2017). Whole exome sequencing coupled with unbiased functional analysis reveals new Hirschsprung disease genes. Genome Biol. 8:48. doi: 10.1186/s13059-017-1174-6

Guo, D., Yang, X., and Shi, L. (2020). Rho GTPase regulators and effectors in autism spectrum disorders: animal models and insights for therapeutics. Cells 9:835. doi: 10.3390/cells9040835

Gupta, S., Howard, S., Hunger, S., Antillon, F., Metzger, M., Israels, T., et al. (2015). “Treating childhood cancers in low- and middle-income countries,” in Disease Control Priorities, 3rd Edn, eds H. Gelband, P. Jha, R. Sankaranarayanan, and S. Horton (Washington, DC: The International Bank for Reconstruction and Development).

Habas, R., Dawid, I. B., and He, X. (2003). Coactivation of Rac and Rho by Wnt/Frizzled signaling is required for vertebrate gastrulation. Genes Dev. 17, 295–309. doi: 10.1101/gad.1022203

Habas, R., Kato, Y., and He, X. (2001). Wnt/Frizzled activation of Rho regulates vertebrate gastrulation and requires a novel Formin homology protein Daam1. Cell 107, 843–854. doi: 10.1016/s0092-8674(01)00614-6

Haga, R. B., and Ridley, A. J. (2016). Rho GTPases: regulation and roles in cancer cell biology. Small GTPases 7, 207–221. doi: 10.1080/21541248.2016.1232583

Hahn, I., Fuss, B., Peters, A., Werner, T., Sieberg, A., Gosejacob, D., et al. (2013). The Drosophila Arf GEF Steppke controls MAPK activation in EGFR signaling. J. Cell Sci. 126, 2470–2479. doi: 10.1242/jcs.120964

Hakeda-Suzuki, S., Ng, J., Tzu, J., Dietzl, G., Sun, Y., Harms, M., et al. (2002). Rac function and regulation during Drosophila development. Nature 416, 438–442. doi: 10.1038/416438a

Halfon, M. S., Carmena, A., Gisselbrecht, S., Sackerson, C. M., Jiménez, F., and Baylies, M. K. (2000). Ras pathway specificity is determined by the integration of multiple signal-activated and tissue-restricted transcription factors. Cell 103, 63–74. doi: 10.1016/s0092-8674(00)00105-7

Hall, A. (2005). Rho GTPases and the control of cell behaviour. Biochem. Soc. Trans. 33, 891–895. doi: 10.1042/BST20050891

Hall, A., and Lalli, G. (2010). Rho and Ras GTPases in axon growth, guidance, and branching. Cold Spring Harb. Perspect. Biol. 2:a001818. doi: 10.1101/cshperspect.a001818

Hall, E. T., and Verheyen, E. M. (2015). Ras-activated Dsor1 promotes Wnt signaling in Drosophila development. J. Cell Sci. 128, 4499–4511. doi: 10.1242/jcs.175240

Hanovice, N. J., McMains, E., and Gross, J. M. (2016). A GAL4-inducible transgenic tool kit for the in vivo modulation of Rho GTPase activity in zebrafish. Dev. Dyn. 245, 844–853. doi: 10.1002/dvdy.24412

Hardin, J., and King, R. S. (2008). The long and the short of Wnt signaling in C. elegans. Curr. Opin. Genet. Dev. 18, 362–367. doi: 10.1016/j.gde.2008.06.006

Harris, J. M., Wang, A. Y., Boulanger-Weill, J., Santoriello, C., Foianini, S., Lichtman, J. W., et al. (2020). Long-range optogenetic control of axon guidance overcomes developmental boundaries and defects. Dev. Cell 53, 577–588.e7. doi: 10.1016/j.devcel.2020.05.009

Harris, K. P., and Tepass, U. (2008). Cdc42 and Par proteins stabilize dynamic adherens junctions in the Drosophila neuroectoderm through regulation of apical endocytosis. J. Cell. Biol. 183, 1129–1143. doi: 10.1083/jcb.200807020

Harris, K. P., and Tepass, U. (2010). Cdc42 and vesicle trafficking in polarized cells. Traffic 11, 1272–1279. doi: 10.1111/j.1600-0854.2010.01102.x

Harvey, C. D., Ehrhardt, A. G., Cellurale, C., Zhong, H., Yasuda, R., Davis, R. J., et al. (2008). A genetically encoded fluorescent sensor of ERK activity. Proc. Natl. Acad. Sci. USA 105, 19264–19269. doi: 10.1073/pnas.0804598105

Harvey, R. C., Mullighan, C. G., Wang, X., Dobbin, K. K., Davidson, G. S., Bedrick, E. J., et al. (2010). Identification of novel cluster groups in pediatric high-risk B-precursor acute lymphoblastic leukemia with gene expression profiling: correlation with genome-wide DNA copy number alterations, clinical characteristics, and outcome. Blood 116, 4874–4884. doi: 10.1182/blood-2009-08-239681

Hasson, P., Egoz, N., Winkler, C., Volohonsky, G., Jia, S., Dinur, T., et al. (2005). EGFR signaling attenuates Groucho-dependent repression to antagonize Notch transcriptional output. Nat. Genet. 37, 101–105. doi: 10.1038/ng1486

Hayes, M. N., McCarthy, K., Jin, A., Oliveira, M. L., Iyer, S., Garcia, S. P., et al. (2018). Vangl2/RhoA signaling pathway regulates stem cell self-renewal programs and growth in rhabdomyosarcoma. Cell Stem Cell 22, P414–427.E6. doi: 10.1016/j.stem.2018.02.002

Heasman, S. J., and Ridley, A. J. (2008). Mammalian Rho GTPases: new insights into their functions from in vivo studies. Nat. Rev. Mol. Cell Biol. 9, 690–701. doi: 10.1038/nrm2476

Heide, M., Haffner, C., Murayama, A., Kurotaki, Y., Shinohara, H., Okano, H., et al. (2020). Human-specific ARHGAP11B increases size and folding of primate neocortex in the fetal marmoset. Science 369, 546–550. doi: 10.1126/science.abb2401

Helmchen, F., and Denk, W. (2005). Deep tissue two-photon microscopy. Nat. Methods 2, 932–940. doi: 10.1038/nmeth818

Hirata, E., and Kiyokawa, E. (2019). ERK activity imaging during migration of living cells in vitro and in vivo. Int. J. Mol. Sci. 20:679. doi: 10.3390/ijms20030679

Hirata, E., Yukinaga, H., Kamioka, Y., Arakawa, Y., Miyamoto, S., Okada, T., et al. (2012). In vivo fluorescence resonance energy transfer imagingreveals differential activation of Rho-family GTPases in glioblastoma cell invasion. J. Cell Sci. 125, 858–868. doi: 10.1242/jcs.089995

Hodgson, L., Shen, F., and Hahn, K. (2010). Biosensors for characterizing the dynamics of rho family GTPases in living cells. Curr. Protoc. Cell Biol. 14, 1–26. doi: 10.1002/0471143030.cb1411s46

Honda, A., Nogami, M., Yokozeki, T., Yamazaki, M., Nakamura, H., Watanabe, H., et al. (1999). Phosphatidylinositol 4-phosphate 5-kinase alpha is a downstream effector of the small G protein ARF6 in membrane ruffle formation. Cell 99, 521–532. doi: 10.1016/s0092-8674(00)81540-8

Horner, V. L., and Caspary, T. (2011). Disrupted dorsal neural tube BMP signaling in the cilia mutant Arl13b hnn stems from abnormal Shh signaling. Dev. Biol. 355, 43–54.

Hsu, A. P., Donkó, A., Arrington, M. E., Swamydas, M., Fink, D., Das, A., et al. (2019). Dominant activating RAC2 mutation with lymphopenia, immunodeficiency, and cytoskeletal defects. Blood 133, 1977–1988. doi: 10.1182/blood-2018-11-886028

Huang, P., Xiong, F., Megason, S. G., and Schier, A. F. (2012). Attenuation of Notch and Hedgehog signaling is required for fate specification in the spinal cord. PLoS Genet. 8:e1002762. doi: 10.1371/journal.pgen.1002762

Huang, W. Q., Lin, Q., Zhuang, X., Cai, L. L., Ruan, R. S., Lu, Z. X., et al. (2014). Structure, function, and pathogenesis of SHP2 in developmental disorders and tumorigenesis. Curr. Cancer Drug Targets 14, 567–588. doi: 10.2174/1568009614666140717105001

Huangfu, D., and Anderson, K. V. (2005). Cilia and Hedgehog responsiveness in the mouse. Proc. Natl. Acad. Sci. U.S.A. 102, 11325–11330. doi: 10.1073/pnas.0505328102

Hutagalung, A. H., and Novick, P. J. (2011). Role of Rab GTPases in membrane traffic and cell physiology. Physiol. Rev. 91, 119–149. doi: 10.1152/physrev.00059.2009

Hwang, W. Y., Fu, Y., Reyon, D., Maeder, M. L., Tsai, S. Q., Sander, J. D., et al. (2013). Efficient genome editing in zebrafish using a CRISPR-Cas system. Nat. Biotechnol. 31, 227–229. doi: 10.1038/nbt.2501

Ito, H., Morishita, R., Tabata, H., and Nagata, K. (2014). Roles of Rho small GTPases in the tangentially migrating neurons. Histol. Histopathol. 29, 871–879. doi: 10.14670/HH-29.871

Jain, S., Yoon, S. Y., Zhu, L., Brodbeck, J., Dai, J., Walker, D., et al. (2012). Arf4 determines dentate gyrus-mediated pattern separation by regulating dendritic spine development. PLoS One 7:e46340. doi: 10.1371/journal.pone.0046340

Jenkins, D., Beales, P. L., and Wilkie, A. (2012). Rab23 is required for cardiac progenitor cell differentiation and positively-regulates Wnt11/AP-1 signalling in zebrafish. Cilia 1:O6. doi: 10.1186/2046-2530-1-S1-O6

Jeong, W., Ro, E. J., and Choi, K. (2018). Interaction between Wnt/β-catenin and RAS-ERK pathways and an anti-cancer strategy via degradations of β-catenin and RAS by targeting the Wnt/β-catenin pathway. Adv. Biol. Regul. 68, 46–54. doi: 10.1016/j.jbior.2018.01.001

Ji, W., and Rivero, F. (2016). Atypical Rho GTPases of the RhoBTB subfamily: roles in vesicle trafficking and tumorigenesis. Cells 5:28. doi: 10.3390/cells5020028

Jindal, G. A., Goyal, Y., Burdine, R. D., Rauen, K. A., and Shvartsman, S. Y. (2015). RASopathies: unraveling mechanisms with animal models. Dis. Model. Mech. 8, 769–782. doi: 10.1242/dmm.020339

Johnson, H. E., Goyal, Y., Pannucci, N. L., Schüpbach, T., Shvartsman, S. Y., and Toettcher, J. E. (2017). The spatiotemporal limits of developmental Erk signaling. Dev. Cell 40, 185–192. doi: 10.1016/j.devcel.2016.12.002

Johnson, H. E., and Toettcher, J. E. (2019). Signaling dynamics control cell fate in the early Drosophila embryo. Dev. Cell 48, 361–370.e3. doi: 10.1016/j.devcel.2019.01.009

Johnsson, A. E., Dai, Y., Nobis, M., Baker, M. J., McGhee, E. J., Walker, S., et al. (2014). The Rac-FRET mouse reveals tight spatiotemporal control of Rac activity in primary cells and tissues. Cell Rep. 6, 1153–1164. doi: 10.1016/j.celrep.2014.02.024

Jongmans, M. C., van der Burgt, I., Hoogerbrugge, P. M., Noordam, K., Yntema, H. G., Nillesen, W. M., et al. (2011). Cancer risk in patients with Noonan syndrome carrying a PTPN11 mutation. Eur. J. Hum. Genet. 19, 870–874. doi: 10.1038/ejhg.2011.37

Jopling, C., van Geemen, D., and den Hertog, J. (2007). Shp2 knockdown and Noonan/LEOPARD mutant Shp2-induced gastrulation defects. PLoS Genet. 3:e225. doi: 10.1371/journal.pgen.0030225

Kahn, R. A., Cherfils, J., Elias, M., Lovering, R. C., Munro, S., and Schurmann, A. (2006). Nomenclature for the human Arf family of GTP-binding proteins: ARF, ARL, and SAR proteins. J. Cell Biol. 172, 645–650. doi: 10.1083/jcb.200512057

Kang, M., and Lee, Y. S. (2019). The impact of RASopathy-associated mutations on CNS development in mice and humans. Mol. Brain 12:96. doi: 10.1186/s13041-019-0517-5

Kaplan, W., Wirtz, V. J., Mantel-Teeuwisse, A., Stolk, P., Duthey, B., and Laing, R. (2013). Priority Medicines for Europe and the World 2013 Update. Geneva: World Health Organization.

Kardash, E., Reichman-Fried, M., Maître, J. L., Boldajipour, B., Papusheva, E., Messerschmidt, E. M., et al. (2010). A role for Rho GTPases and cell-cell adhesion in single-cell motility in vivo. Nat. Cell Biol. 12, 47–53. doi: 10.1038/ncb2003

Karvonen, H., Perttilä, R., Niininen, W., Hautanen, V., Barker, H., Murumägi, A., et al. (2019). Wnt5a and ROR1 activate non-canonical Wnt signaling via RhoA in TCF3-PBX1 acute lymphoblastic leukemia and highlight new treatment strategies via Bcl-2 co-targeting. Oncogene 38, 3288–3300. doi: 10.1038/s41388-018-0670-9

Kaufmann, N., Wills, Z. P., and Van Vactor, D. (1998). Drosophila Rac1 controls motor axon guidance. Development 125, 453–461.

Kawamura, A., Koshida, S., Hijikata, H., Sakaguchi, T., Kondoh, H., and Takada, S. (2005). Zebrafish hairy/enhancer of split protein links FGF signaling to cyclic gene expression in the periodic segmentation of somites. Genes Dev. 19, 1156–1161. doi: 10.1101/gad.1291205

Kay, A. J., and Hunter, C. P. (2001). CDC-42 regulates PAR protein localization and function to control cellular and embryonic polarity in C. elegans. Curr. Biol. 11, 474–481. doi: 10.1016/s0960-9822(01)00141-5

Kerber, R. A., O’Brien, E., and Cawthon, R. M. (2009). Gene expression profiles associated with aging and mortality in humans. Aging Cell 8, 239–250. doi: 10.1111/j.1474-9726.2009.00467.x

Kilian, B., Mansukoski, H., Barbosa, F. C., Ulrich, F., Tada, M., and Heisenberg, C. P. (2003). The role of Ppt/Wnt5 in regulating cell shape and movement during zebrafish gastrulation. Mech. Dev. 120, 467–476. doi: 10.1016/s0925-4773(03)00004-2

Kim, I. S., Heilmann, S., Kansler, E. R., Zhang, Y., Zimmer, M., Ratnakumar, K., et al. (2017). Microenvironment-derived factors driving metastatic plasticity in melanoma. Nat. Commun. 8:14343. doi: 10.1038/ncomms14343

Kim, J., Lee, S., Jung, K., Oh, W. C., Kim, N., Son, S., et al. (2019). Intensiometric biosensors visualize the activity of multiple small GTPases in vivo. Nat. Commun. 10:211. doi: 10.1038/s41467-018-08217-3

Kim, W., Kim, S. Y., Kim, T., Kim, M., Bae, D. J., Choi, H. I., et al. (2013). ADP-ribosylation factors 1 and 6 regulate Wnt/β-catenin signaling via control of LRP6 phosphorylation. Oncogene 32, 3390–3396. doi: 10.1038/onc.2012.373

Kirjavainen, A., Laos, M., Anttonen, T., and Pirvola, U. (2015). The Rho GTPase Cdc42 regulates hair cell planar polarity and cellular patterning in the developing cochlea. Biol. Open 4, 516–526. doi: 10.1242/bio.20149753

Kitano, M., Nakaya, M., Nakamura, T., Nagata, S., and Matsuda, M. (2008). Imaging of Rab5 activity identifies essential regulators for phagosome maturation. Nature 453, 241–245. doi: 10.1038/nature06857

Kondo, Y., Hanai, A., Nakai, W., Katoh, Y., Nakayama, K., and Shin, H. W. (2012). ARF1 and ARF3 are required for the integrity of recycling endosomes and the recycling pathway. Cell Struct. Funct. 37, 141–154. doi: 10.1247/csf.12015

Koraïchi, F., Gence, R., Bouchenot, C., Grosjean, S., Lajoie-Mazenc, I., Favre, G., et al. (2018). High-content tripartite split-GFP cell-based assays to screen for modulators of small GTPase activation. J. Cell Sci. 131:jcs210419. doi: 10.1242/jcs.210419

Koronakis, V., Hume, P. J., Humphreys, D., Liu, T., Hørning, O., Jensen, O. N., et al. (2011). WAVE regulatory complex activation by cooperating GTPases Arf and Rac1. Proc. Natl. Acad. Sci. U.S.A. 108, 14449–14454. doi: 10.1073/pnas.1107666108

Kouchi, Z., Igarashi, T., Shibayama, N., Inanobe, S., Sakurai, K., Yamaguchi, H., et al. (2011). Phospholipase Cdelta3 regulates RhoA/Rho kinase signaling and neurite outgrowth. J. Biol. Chem. 286, 8459–8471. doi: 10.1074/jbc.M110.171223

Kowalik, L., and Chen, J. K. (2017). Illuminating developmental biology through photochemistry. Nat. Chem. Biol. 13, 587–598. doi: 10.1038/nchembio.2369

Kratz, C. P., Franke, L., Peters, H., Kohlschmidt, N., Kazmierczak, B., and Finckh, U. (2015). Cancer spectrum and frequency among children with Noonan, Costello, and cardio-facio-cutaneous syndromes. Br. J. Cancer 112, 1392–1397. doi: 10.1038/bjc.2015.75

Kratzer, M. C., Becker, S. F. S., Grund, A., Merks, A., Harnoš, J., Bryja, V., et al. (2020). The Rho guanine nucleotide exchange factor Trio is required for neural crest cell migration and interacts with Dishevelled. Development 147, dev186338. doi: 10.1242/dev.186338

Kumar, S., Xu, J., Perkins, C., Guo, F., Snapper, S., Finkelman, F. D., et al. (2012). Cdc42 regulates neutrophil migration via crosstalk between WASp, CD11b, and microtubules. Blood 120, 3563–3574.

Kwan, K. M., Otsuna, H., Kidokoro, H., Carney, K. R., Saijoh, Y., and Chien, C. B. (2012). A complex choreography of cell movements shapes the vertebrate eye. Development 139, 359–372. doi: 10.1242/dev.071407

Lagresle-Peyrou, C., Olichon, A., Sadek, H., Roche, P., Tardy, C., Da Silva, C., et al. (2020). A gain-of-function RAC2 mutation is associated with bone-marrow hypoplasia and an autosomal dominant form of severe combined immunodeficiency. Haematologica 9:haematol.2019.230250. doi: 10.3324/haematol.2019.230250

Lam, M. T., Coppola, S., Krumbach, O. H. F., Prencipe, G., Insalaco, A., Cifaldi, C., et al. (2019). A novel disorder involving dyshematopoiesis, inflammation, and HLH due to aberrant CDC42 function. J. Exp. Med. 216, 2778–2799. doi: 10.1084/jem.20190147

Lamalice, L., Le Boeuf, F., and Huot, J. (2007). Endothelial cell migration during angiogenesis. Circ. Res. 100, 782–794. doi: 10.1161/01.RES.0000259593.07661.1e

Larkins, C. E., Aviles, G. D., East, M. P., Kahn, R. A., and Caspary, T. (2011). Arl13b regulates ciliogenesis and the dynamic localization of Shh signaling proteins. Mol. Biol. Cell 22, 4694–4703. doi: 10.1091/mbc.E10-12-0994

Lawson, C. D., and Ridley, A. J. (2018). Rho GTPase signaling complexes in cell migration and invasion. J. Cell Biol. 217, 447–457. doi: 10.1083/jcb.201612069

Lee, D. M., Rodrigues, F. F., Yu, C. G., Swan, M., and Harris, T. J. (2015). PH Domain-Arf G protein interactions localize the Arf-GEF steppke for cleavage furrow regulation in Drosophila. PLoS One 10:e0142562. doi: 10.1371/journal.pone.0142562

Lee, S., Craig, B. T., Romain, C. V., Qiao, J., and Chung, D. H. (2014). Silencing of CDC42 inhibits neuroblastoma cell proliferation and transformation. Cancer Lett. 355, 210–216. doi: 10.1016/j.canlet.2014.08.033

Lefebvre, S., Burglen, L., Reboullet, S., Clermont, O., Burlet, P., Viollet, L., et al. (1995). Identification and characterization of a spinal muscular atrophy-determining gene. Cell 80, 155–165. doi: 10.1016/0092-8674(95)90460-3

Legius, E., Schrander-Stumpel, C., Schollen, E., Pulles-Heintzberger, C., Gewillig, M., and Fryns, J. P. (2002). PTPN11 mutations in LEOPARD syndrome. J. Med. Genet. 39, 571–574. doi: 10.1136/jmg.39.8.571

Leng, W., Pang, X., Xia, H., Li, M., Chen, L., Tang, Q., et al. (2013). Novel split-luciferase-based genetically encoded biosensors for noninvasive visualization of Rho GTPases. PLoS One 8:e62230. doi: 10.1371/journal.pone.0062230

Leone, D. P., Srinivasan, K., Brakebusch, C., and McConnell, S. K. (2010). The rho GTPase Rac1 is required for proliferation and survival of progenitors in the developing forebrain. Dev. Neurobiol. 70, 659–678. doi: 10.1002/dneu.20804

Levitan, D., and Greenwald, I. (1998). LIN-12 protein expression and localization during vulval development in C. elegans. Development 125, 3101–3109.

Li, S., Mattar, P., Dixit, R., Lawn, S. O., Wilkinson, G., Kinch, C., et al. (2014). RAS/ERK signaling controls proneural genetic programs in cortical development and gliomagenesis. J. Neurosci. 34, 2169–2190. doi: 10.1523/JNEUROSCI.4077-13.2014

Li, W. M., Webb, S. E., Chan, C. M., and Miller, A. L. (2008). Multiple roles of the furrow deepening Ca2+ transient during cytokinesis in zebrafish embryos. Dev. Biol. 316, 228–248. doi: 10.1016/j.ydbio.2008.01.027

Li, X., Newbern, J. M., Wu, Y., Morgan-Smith, M., Zhong, J., Charron, J., et al. (2012). MEK is a key regulator of gliogenesis in the developing brain. Neuron 75, 1035–1050. doi: 10.1016/j.neuron.2012.08.031

Li, Y., Wei, Q., Zhang, Y., Ling, K., and Hu, J. (2010). The small GTPases ARL-13 and ARL-3 coordinate intraflagellar transport and ciliogenesis. J. Cell Biol. 189, 1039–1051. doi: 10.1083/jcb.200912001

Lin, X., Buff, E. M., Perrimon, N., and Michelson, A. M. (1999). Heparan sulfate proteoglycans are essential for FGF receptor signaling during Drosophila embryonic development. Development 126, 3715–3723.

Liu, W., Du, W., Shang, X., Wang, L., Evelyn, C., Florian, M. C., et al. (2019). Rational identification of a Cdc42 inhibitor presents a new regimen for long-term hematopoietic stem cell mobilization. Leukemia 33, 749–761. doi: 10.1038/s41375-018-0251-5

Liu, Y., Wang, J., Li, J., Wang, R., Tharakan, B., Zhang, S. L., et al. (2017). Deletion of Cdc42 in embryonic cardiomyocytes results in right ventricle hypoplasia. Clin. Transl. Med. 6:40. doi: 10.1186/s40169-017-0171-4

Lombardo, V. A., Sporbert, A., and Abdelilah-Seyfried, S. (2012). Cell tracking using photoconvertible proteins during zebrafish development. J. Vis. Exp. 67:4350. doi: 10.3791/4350

López-Juárez, A., Titus, H. E., Silbak, S. H., Pressler, J. W., Rizvi, T. A., Bogard, M., et al. (2017). Oligodendrocyte Nf1 controls aberrant notch activation and regulates myelin structure and behavior. Cell Rep. 19, 545–557. doi: 10.1016/j.celrep.2017.03.073

Lu, F. I., Wang, Y. T., Wang, Y. S., Wu, C. Y., and Li, C. C. (2019). Involvement of BIG1 and BIG2 in regulating VEGF expression and angiogenesis. FASEB J. 33, 9959–9973. doi: 10.1096/fj.201900342

Lupo, V., Galindo, M. I., Martínez-Rubio, D., Sevilla, T., Vílchez, J. J., and Palau, F. (2009). Missense mutations in the SH3TC2 protein causing Charcot-Marie-Tooth disease type 4C affect its localization in the plasma membrane and endocytic pathway. Hum. Mol. Genet. 18, 4603–4614. doi: 10.1093/hmg/ddp427

Maldonado, M. D. M., and Dharmawardhane, S. (2018). Targeting Rac and Cdc42 GTPases in cancer. Cancer Res. 78, 3101–3111. doi: 10.1158/0008-5472.CAN-18-0619

Malumbres, M., and Barbacid, M. (2003). RAS oncogenes: the first 30 years. Nat. Rev. Cancer 3, 459–465. doi: 10.1038/nrc1097

Manara, E., Baron, E., Tregnago, C., Aveic, S., Bisio, V., Bresolin, S., et al. (2014). MLL-AF6 fusion oncogene sequesters AF6 into the nucleus to trigger RAS activation in myeloid leukemia. Blood 124, 263–272. doi: 10.1182/blood-2013-09-525741

Marlow, F., Topczewski, J., Sepich, D., and Solnica-Krezel, L. (2002). Zebrafish Rho kinase 2 acts downstream of Wnt11 to mediate cell polarity and effective convergence and extension movements. Curr. Biol. 12, 876–884. doi: 10.1016/s0960-9822(02)00864-3

Martinelli, S., De Luca, A., Stellacci, E., Rossi, C., Checquolo, S., Lepri, F., et al. (2010). Heterozygous germline mutations in the CBL tumor-suppressor gene cause a Noonan syndrome-like phenotype. Am. J. Hum. Genet. 87, 250–257. doi: 10.1016/j.ajhg.2010.06.015

Martinelli, S., Krumbach, O. H. F., Pantaleoni, F., Coppola, S., Amin, E., Pannone, L., et al. (2018). Functional dysregulation of CDC42 causes diverse developmental phenotypes. Am. J. Hum. Genet. 102, 309–320. doi: 10.1016/j.ajhg.2017.12.015

Martinelli, S., Stellacci, E., Pannone, L., D’Agostino, D., Consoli, F., Lissewski, C., et al. (2015). Molecular diversity and associated phenotypic spectrum of germline CBL mutations. Hum. Mutat. 36, 787–796. doi: 10.1002/humu.22809

Marwaha, R., Dwivedi, D., and Sharma, M. (2019). Emerging roles of Arf-Like GTP-binding proteins: from membrane trafficking to cytoskeleton dynamics and beyond. Proc. Indian Natl. Sci. Acad. 85, 189–212. doi: 10.16943/ptinsa/2019/49574

Marygold, S. J., Walker, C. D., Orme, M. H., and Leevers, S. J. (2011). Genetic characterization of ebi reveals its critical role in Drosophila wing growth. Fly 5, 291–303. doi: 10.4161/fly.5.4.18276

Maryu, G., Matsuda, M., and Aoki, K. (2016). Multiplexed fluorescence imaging of ERK and Akt activities and cell-cycle progression. Cell Struct. Funct. 41, 81–92. doi: 10.1247/csf.16007

Matozaki, T., Murata, Y., Saito, Y., Okazawa, H., and Ohnishi, H. (2009). Protein tyrosine phosphatase SHP-2: a proto-oncogene product that promotes Ras activation. Cancer Sci. 100, 1786–1793. doi: 10.1111/j.1349-7006.2009.01257.x

Matthews, H. K., Marchant, L., Carmona-Fontaine, C., Kuriyama, S., Larraín, J., Holt, M. R., et al. (2008). Directional migration of neural crest cells in vivo is regulated by Syndecan-4/Rac1 and non-canonical Wnt signaling/RhoA. Development 135, 1771–1780. doi: 10.1242/dev.017350

Mayor, R., and Theveneau, E. (2013). The neural crest. Development 140, 2247–2251. doi: 10.1242/dev.091751

Mayr, V., Sturtzel, C., Stadler, M., Grissenberger, S., and Distel, M. (2018). Fast dynamic in vivo monitoring of Erk activity at single cell resolution in DREKA Zebrafish. Front. Cell Dev. Biol. 6:111. doi: 10.3389/fcell.2018.00111

Mazelova, J., Astuto-Gribble, L., Inoue, H., Tam, B. M., Schonteich, E., Prekeris, R., et al. (2009). Ciliary targeting motif VxPx directs assembly of a trafficking module through Arf4. EMBO J. 28, 183–192. doi: 10.1038/emboj.2008.267

Melendez, J., Liu, M., Sampson, L., Akunuru, S., Han, X., Vallance, J., et al. (2013). Cdc42 coordinates proliferation, polarity, migration, and differentiation of small intestinal epithelial cells in mice. Gastroenterology 145, 808–819. doi: 10.1053/j.gastro.2013.06.021

Mellor, H. (2010). The role of formins in filopodia formation. Biochim. Biophys. Acta 1803, 191–200. doi: 10.1016/j.bbamcr.2008.12.018

Merajver, S. D., and Usmani, S. Z. (2005). Multifaceted role of Rho proteins in angiogenesis. J. Mammary Gland Biol. Neoplasia 10, 291–298. doi: 10.1007/s10911-006-9002-8

Mezzacappa, C., Komiya, Y., and Habas, R. (2012). Activation and function of small GTPases Rho, Rac, and Cdc42 during gastrulation. Methods Mol. Biol. 839, 119–131. doi: 10.1007/978-1-61779-510-7_10

Mich, J. K., Payumo, A. Y., Rack, P. G., and Chen, J. K. (2014). In vivo imaging of Hedgehog pathway activation with a nuclear fluorescent reporter. PLoS One 9:e103661. doi: 10.1371/journal.pone.0103661

Mohapatra, B., Ahmada, G., Nadeau, S., Zutshi, N., An, W., Scheffe, S., et al. (2013). Protein tyrosine kinase regulation by ubiquitination: critical roles of Cbl-family ubiquitin ligases. Biochim. Biophys. Acta 1833, 122–139. doi: 10.1016/j.bbamcr.2012.10.010

Moschovi, M., Touliatou, V., Papadopoulou, A., Mayakou, M. A., Nikolaidou-Karpathiou, P., and Kitsiou-Tzeli, S. (2007). Rhabdomyosarcoma in a patient with Noonan syndrome phenotype and review of the literature. J. Pediatr. Hematol. Oncol. 29, 341–344. doi: 10.1097/MPH.0b013e31805d8f57

Moss, J. J., Hammond, C. L., and Lane, J. D. (2020). Zebrafish as a model to study autophagy and its role in skeletal development and disease. Histochem. Cell Biol. 154, 549–564. doi: 10.1007/s00418-020-01917-2

Motta, M., Fidan, M., Bellacchio, E., Pantaleoni, F., Schneider-Heieck, K., Coppola, S., et al. (2019). Dominant Noonan syndrome-causing LZTR1 mutations specifically affect the Kelch domain substrate-recognition surface and enhance RAS-MAPK signaling. Hum. Mol. Genet. 28, 1007–1022. doi: 10.1093/hmg/ddy412

Motta, M., Pannone, L., Pantaleoni, F., Bocchinfuso, G., Radio, F. C., Cecchetti, S., et al. (2020). Enhanced MAPK1 function causes a neurodevelopmental disorder within the RASopathy clinical spectrum. Am. J. Hum. Genet. 107, 499–513. doi: 10.1016/j.ajhg.2020.06.018

Murphy, L. O., MacKeigan, J. P., and Blenis, J. (2004). A network of immediate early gene products propagates subtle differences in mitogen-activated protein kinase signal amplitude and duration. Mol. Cell Biol. 24, 144–153.

Myers, K. R., and Casanova, J. E. (2008). Regulation of actin cytoskeleton dynamics by Arf-family GTPases. Trends Cell Biol. 18, 184–192. doi: 10.1016/j.tcb.2008.02.002

Nakagama, Y., Takeda, N., Ogawa, S., Takeda, H., Furutani, Y., Nakanishi, T., et al. (2020). Noonan syndrome-associated biallelic LZTR1 mutations cause cardiac hypertrophy and vascular malformations in zebrafish. Mol. Genet. Genomic Med. 8:e1107. doi: 10.1002/mgg3.1107

Nayak, R. C., Chang, K. H., Vaitinadin, N. S., and Cancelas, J. A. (2013). Rho GTPases control specific cytoskeleton-dependent functions of hematopoietic stem cells. Immunol. Rev. 256, 255–268. doi: 10.1111/imr.12119

Ng, J., Nardine, T., Harms, M., Tzu, J., Goldstein, A., Sun, Y., et al. (2002). Rac GTPases control axon growth, guidance and branching. Nature 416, 442–447. doi: 10.1038/416442a

Nguyen, M. K., Kim, C. Y., Kim, J. M., Park, B. O., Lee, S., Park, H., et al. (2016). Optogenetic oligomerization of Rab GTPases regulates intracellular membrane trafficking. Nat. Chem. Biol. 12, 431–436. doi: 10.1038/nchembio.2064

Nikolaidou, K. K., and Barrett, K. (2004). A Rho GTPase signaling pathway is used reiteratively in epithelial folding and potentially selects the outcome of Rho activation. Curr. Biol. 14, 1822–1826. doi: 10.1016/j.cub.2004.09.080

Nishimura, N., Van Huyen Pham, T., Hartomo, T. B., Lee, M. J., Hasegawa, D., Takeda, H., et al. (2011). Rab15 expression correlates with retinoic acid-induced differentiation of neuroblastoma cells. Oncol. Rep. 26, 145–151. doi: 10.3892/or.2011.1255

Nouri, K., Timson, D. J., and Ahmadian, M. R. (2020). New model for the interaction of IQGAP1 with CDC42 and RAC1. Small GTPases 11, 16–22. doi: 10.1080/21541248.2017.1321169

Novarino, G., Fenstermaker, A. G., Zaki, M. S., Hofree, M., Silhavy, J. L., Heiberg, A. D., et al. (2014). Exome sequencing links corticospinal motor neuron disease to common neurodegenerative disorders. Science 343, 506–511. doi: 10.1126/science.1247363

O’Neill, P. R., Kalyanaraman, V., and Gautam, N. (2016). Subcellular optogenetic activation of Cdc42 controls local and distal signaling to drive immune cell migration. Mol. Biol. Cell 27, 1442–1450. doi: 10.1091/mbc.E15-12-0832

O’Reilly, A. M., Pluskey, S., Shoelson, S. E., and Neel, B. G. (2000). Activated mutants of SHP-2 preferentially induce elongation of Xenopus animal caps. Mol. Cell Biol. 20, 299–311. doi: 10.1128/mcb.20.1.299-311.2000

Oro, A. E. (2007). The primary cilia, a ‘Rab-id’ transit system for hedgehog signaling. Curr. Opin. Cell Biol. 19, 691–696. doi: 10.1016/j.ceb.2007.10.008

Paganini, I., Chang, V. Y., Capone, G. L., Vitte, J., Benelli, M., Barbetti, L., et al. (2015). Expanding the mutational spectrum of LZTR1 in schwannomatosis. Eur. J. Hum. Genet. 23, 963–968. doi: 10.1038/ejhg.2014.220

Palmer, D. J., Helms, J. B., Beckers, C. J., Orci, L., and Rothman, J. E. (1993). Binding of coatomer to Golgi membranes requires ADP-ribosylation factor. J. Biol. Chem. 268, 12083–12089.

Palucka, A. K., and Coussens, L. M. (2016). The basis of oncoimmunology. Cell 164, 1233–1247. doi: 10.1016/j.cell.2016.01.049

Pandit, B., Sarkozy, A., Pennacchio, L. A., Carta, C., Oishi, K., Martinelli, S., et al. (2007). Gain-of-function RAF1 mutations cause Noonan and LEOPARD syndromes with hypertrophic cardiomyopathy. Nat. Genet. 39, 1007–1012. doi: 10.1038/ng2073

Patel, A. L., Yeung, E., McGuire, S. E., Wu, A. Y., Toettcher, J. E., Burdine, R. D., et al. (2019). Optimizing photoswitchable MEK. Proc. Natl Acad. Sci. U.S.A. 116, 25756–25763. doi: 10.1073/pnas.1912320116

Pérez, B., Mechinaud, F., Galambrun, C., Ben Romdhane, N., Isidor, B., Philip, N., et al. (2010). Germline mutations of the CBL gene define a new genetic syndrome with predisposition to juvenile myelomonocytic leukaemia. J. Med. Genet. 47, 686–691. doi: 10.1136/jmg.2010.076836

Petrosyan, A. (2015). Onco-Golgi: Is fragmentation a gate to cancer progression? Biochem. Mol. Biol. J. 1:16. doi: 10.21767/2471-8084.100006

Pham, T. V., Hartomo, T. B., Lee, M. J., Hasegawa, D., Ishida, T., Kawasaki, K., et al. (2012). Rab15 alternative splicing is altered in spheres of neuroblastoma cells. Oncol. Rep. 27, 2045–2049. doi: 10.3892/or.2012.1731

Piloto, S., and Schilling, T. F. (2010). Ovo1 links Wnt signaling with N-cadherin localization during neural crest migration. Development 137, 1981–1990. doi: 10.1242/dev.048439

Piotrowski, A., Xie, J., Liu, Y. F., Poplawski, A. B., Gomes, A. R., Madanecki, P., et al. (2014). Germline loss-of-function mutations in LZTR1 predispose to an inherited disorder of multiple schwannomas. Nat. Genet. 46, 182–187. doi: 10.1038/ng.2855

Posey, J. E., O’Donnell-Luria, A. H., Chong, J. X., Harel, T., Jhangiani, S. N., CobanAkdemir, Z. H., et al. (2019). Insights into genetics, human biology and disease gleaned from family based genomic studies. Genet. Med. 21, 798–812. doi: 10.1038/s41436-018-0408-7

Qin, W., Lu, X., and Lin, S. (2018). Programmable base editing in zebrafish using a modified CRISPR-Cas9 system. Methods 150, 19–23. doi: 10.1016/j.ymeth.2018.07.010

Qu, L., Pan, C., He, S. M., Lang, B., Gao, G. D., Wang, X. L., et al. (2019). The Ras superfamily of small GTPases in Non-neoplastic cerebral diseases. Front. Mol. Neurosci. 12:121. doi: 10.3389/fnmol.2019.00121

Rabouille, C., and Haase, G. (2016). Editorial: golgi pathology in neurodegenerative diseases. Front. Neurosci. 9:489. doi: 10.3389/fnins.2015.00489

Rasika, S., Passemard, S., Verloes, A., Gressens, P., and El Ghouzzi, V. (2018). Golgipathies in neurodevelopment: a new view of old defects. Dev. Neurosci. 40, 396–416. doi: 10.1159/000497035

Ratner, N., and Miller, S. J. (2015). A RASopathy gene commonly mutated in cancer: the neurofibromatosis type 1 tumour suppressor. Nat. Rev. Cancer 15, 290–301. doi: 10.1038/nrc3911

Rauen, K. A. (2013). The RASopathies. Annu. Rev. Genomics Hum. Genet. 14, 355–369. doi: 10.1146/annurev-genom-091212-153523

Regot, S., Hughey, J. J., Bajar, B. T., Carrasco, S., and Covert, M. W. (2014). High-sensitivity measurements of multiple kinase activities in live single cells. Cell 157, 1724–1734. doi: 10.1016/j.cell.2014.04.039

Reijnders, M., Ansor, N. M., Kousi, M., Yue, W. W., Tan, P. L., Clarkson, K., et al. (2017). RAC1 missense mutations in developmental disorders with diverse phenotypes. Am. J. Hum. Genet. 101, 466–477. doi: 10.1016/j.ajhg.2017.08.007

Reinhard, C., Schweikert, M., Wieland, F. T., and Nickel, W. (2003). Functional reconstitution of COPI coat assembly and disassembly using chemically defined components. Proc. Natl. Acad. Sci U.S.A. 100, 8253–8257. doi: 10.1073/pnas.1432391100

Renninger, S. L., and Orger, M. B. (2013). Two-photon imaging of neural population activity in zebrafish. Methods 62, 255–267. doi: 10.1016/j.ymeth.2013.05.016

Ridley, A. J. (2006). Rho GTPases and actin dynamics in membrane protrusions and vesicle trafficking. Trends Cell Biol. 16, 522–529. doi: 10.1016/j.tcb.2006.08.006

Ridley, A. J., Schwartz, M. A., Burridge, K., Firtel, R. A., Ginsberg, M. H., Borisy, G., et al. (2003). Cell migration: integrating signals from front to back. Science 302, 1704–1709. doi: 10.1126/science.1092053

Riedl, J., Crevenna, A. H., Kessenbrock, K., Yu, J. H., Neukirchen, D., Bista, M., et al. (2008). Lifeact: a versatile marker to visualize F-actin. Nat. Methods 5, 605–607. doi: 10.1038/nmeth.1220

Roberti, M. C., La Starza, R., Surace, C., Sirleto, P., Pinto, R. M., Pierini, V., et al. (2009). RABGAP1L gene rearrangement resulting from a der(Y)t(Y;1)(q12;q25) in acute myeloid leukemia arising in a child with Klinefelter syndrome. Virchows Arch. 454, 311–316. doi: 10.1007/s00428-009-0732-z

Roberts, A. E., Araki, T., Swanson, K. D., Montgomery, K. T., Schiripo, T. A., Joshi, V. A., et al. (2007). Germline gain-of-function mutations in SOS1 cause Noonan syndrome. Nat. Genet. 39, 70–74. doi: 10.1038/ng1926

Rodrigues, F. F., and Harris, T. J. C. (2019). Key roles of Arf small G proteins and biosynthetic trafficking for animal development. Small GTPases 10, 403–410. doi: 10.1080/21541248.2017.1304854

Roignant, J. Y., and Treisman, J. E. (2009). Pattern formation in the Drosophila eye disc. Int. J. Dev. Biol. 53, 795–804. doi: 10.1387/ijdb.072483jr

Rojas, A. M., Fuentes, G., Rausell, A., and Valencia, A. (2012). The Ras protein superfamily: evolutionary tree and role of conserved amino acids. J. Cell Biol. 196, 189–201. doi: 10.1083/jcb.201103008

Rokita, J. L., Rathi, K. S., Cardenas, M. F., Upton, K. A., Jayaseelan, J., Cross, K. L., et al. (2019). Genomic profiling of childhood tumor patient-derived xenograft models to enable rational clinical trial design. Cell Rep. 29, 1675–1689.e9. doi: 10.1016/j.celrep.2019.09.071

Rosello, M., Vougny, J., Czarny, F., Mione, M. C., Concordet, J. P., Albadri, S., et al. (2021). Precise base editing for the in vivo study of developmental signaling and human pathologies in zebrafish. eLife 10:e65552. doi: 10.7554/eLife.65552

Rosowski, E. E., Deng, Q., Keller, N. P., and Huttenlocher, A. (2016). Rac2 functions in both neutrophils and macrophages to mediate motility and host defense in larval Zebrafish. J. Immunol. 197, 4780–4790. doi: 10.4049/jimmunol.1600928

Ross, B. L., Tenner, B., Markwardt, M. L., Zviman, A., Shi, G., Kerr, J. P., et al. (2018). Single-color, ratiometric biosensors for detecting signaling activities in live cells. eLife 7:e35458. doi: 10.7554/eLife.35458

Ross, M. E., Mahfouz, R., Onciu, M., Liu, H. C., Zhou, X., Song, G., et al. (2004). Gene expression profiling of pediatric acute myelogenous leukemia. Blood 104, 3679–3687. doi: 10.1182/blood-2004-03-1154

Rottinger, E., Besnardeau, L., and Lepage, T. (2004). A Raf/MEK/ERK signaling pathway is required for development of the sea urchin embryo micromere lineage through phosphorylation of the transcription factor Ets. Development 131, 1075–1087. doi: 10.1242/dev.01000

Runtuwene, V., van Eekelen, M., Overvoorde, J., Rehmann, H., Yntema, H. G., Nillesen, W. M., et al. (2011). Noonan syndrome gain-of-function mutations in NRAS cause zebrafish gastrulation defects. Dis. Model. Mech. 4, 393–399. doi: 10.1242/dmm.007112

Sanders, T. A., Llagostera, E., and Barna, M. (2013). Specialized filopodia direct long-range transport of SHH during vertebrate tissue patterning. Nature 497, 628–632. doi: 10.1038/nature12157

Santoriello, C., Deflorian, G., Pezzimenti, F., Kawakami, K., Lanfrancone, L., d’Adda di Fagagna, F., et al. (2009). Expression of H-RASV12 in a zebrafish model of Costello syndrome causes cellular senescence in adult proliferating cells. Dis. Model. Mech. 2, 56–67. doi: 10.1242/dmm.001016

Sasaki, T., Lian, S., Khan, A., Llop, J. R., Samuelson, A. V., Chen, W., et al. (2017). Autolysosome biogenesis and developmental senescence are regulated by both Spns1 and v-ATPase. Autophagy 13, 386–403. doi: 10.1080/15548627.2016.1256934

Sato, T., Takahoko, M., and Okamoto, H. (2006). HuC:Kaede, a useful tool to label neural morphologies in networks in vivo. Genesis 44, 136–142. doi: 10.1002/gene.20196

Schaefer, M. K., Schmalbruch, H., Buhler, E., Lopez, C., Martin, N., Guénet, J. L., et al. (2007). Progressive motor neuronopathy: a critical role of the tubulin chaperone TBCE in axonal tubulin routing from the Golgi apparatus. J. Neurosci. 27, 8779–8789. doi: 10.1523/JNEUROSCI.1599-07.2007

Schlessinger, J. (2000). Cell signaling by receptor tyrosine kinases. Cell 103, 211–225. doi: 10.1016/s0092-8674(00)00114-8

Schlessinger, K., Hall, A., and Tolwinski, N. (2009). Wnt signaling pathways meet Rho GTPases. Genes Dev. 23, 265–277. doi: 10.1101/gad.1760809

Schmidt, A., and Hall, A. (2002). Guanine nucleotide exchange factors for Rho GTPases: turning on the switch. Genes Dev. 16, 1587–1609. doi: 10.1101/gad.1003302

Schrick, J. J., Vogel, P., Abuin, A., Hampton, B., and Rice, D. S. (2006). ADP-ribosylation factor-like 3 is involved in kidney and photoreceptor development. Am. J. Pathol. 168, 1288–1298. doi: 10.2353/ajpath.2006.050941

Schubbert, S., Shannon, K., and Bollag, G. (2007). Hyperactive Ras in developmental disorders and cancer. Nat. Rev. Cancer 7, 295–308. doi: 10.1038/nrc2109

Schuhmacher, A. J., Guerra, C., Sauzeau, V., Cañamero, M., Bustelo, X. R., and Barbacid, M. (2008). A mouse model for Costello syndrome reveals an Ang II-mediated hypertensive condition. J. Clin. Invest. 118, 2169–2179. doi: 10.1172/JCI34385

Schwahn, U., Lenzner, S., Dong, J., Feil, S., Hinzmann, B., van Duijnhoven, G., et al. (1998). Positional cloning of the gene for X-linked retinitis pigmentosa 2. Nat. Genet. 19, 327–332. doi: 10.1038/1214

Schwamborn, J. C., and Püschel, A. W. (2004). The sequential activity of the GTPases Rap1B and Cdc42 determines neuronal polarity. Nat. Neurosci. 7, 923–929. doi: 10.1038/nn1295

Sen, A., Yokokura, T., Kankel, M. W., Dimlich, D. N., Manent, J., Sanyal, S., et al. (2011). Modeling spinal muscular atrophy in Drosophila links Smn to FGF signaling. J. Cell Biol. 192, 481–495. doi: 10.1083/jcb.201004016

Sepich, D. S., and Solnica-Krezel, L. (2016). Intracellular Golgi Complex organization reveals tissue specific polarity during zebrafish embryogenesis. Dev. Dyn. 245, 678–691. doi: 10.1002/dvdy.24409

Sferra, A., Baillat, G., Rizza, T., Barresi, S., Flex, E., Tasca, G., et al. (2016). TBCE mutations cause early-onset progressive encephalopathy with distal spinal muscular atrophy. Am. J. Hum. Genet. 99, 974–983. doi: 10.1016/j.ajhg.2016.08.006

Shakir, M. A., Gill, J. S., and Lundquist, E. A. (2006). Interactions of UNC-34 Enabled with Rac GTPases and the NIK kinase MIG-15 in Caenorhabditis elegans axon pathfinding and neuronal migration. Genetics 172, 893–913. doi: 10.1534/genetics.105.046359

Sharapova, S. O., Haapaniemi, E., Sakovich, I. S., Kostyuchenko, L. V., Donkó, A., Dulau-Florea, A., et al. (2019). Heterozygous activating mutation in RAC2 causes infantile-onset combined immunodeficiency with susceptibility to viral infections. Clin. Immunol. 205, 1–5. doi: 10.1016/j.clim.2019.05.003

Shcherbakova, D. M., Cammer, N. C., Huisman, T. M., Verkhusha, V. V., and Hodgson, L. (2018a). Direct multiplex imaging and optogenetics of Rho GTPases enabled by near-infrared FRET. Nat. Chem. Biol. 14, 591–600. doi: 10.1038/s41589-018-0044-1

Shcherbakova, D. M., Stepanenko, O. V., Turoverov, K. K., and Verkhusha, V. V. (2018b). Near-infrared fluorescent proteins: multiplexing and optogenetics across scales. Trends Biotechnol. 36, 1230–1243. doi: 10.1016/j.tibtech.2018.06.011

Sheen, V. L., Ganesh, V. S., Topcu, M., Sebire, G., Bodell, A., Hill, R. S., et al. (2004). Mutations in ARFGEF2 implicate vesicle trafficking in neural progenitor proliferation and migration in the human cerebral cortex. Nat. Genet. 36, 69–76. doi: 10.1038/ng1276

Shih, A. H., and Holland, E. C. (2006). Notch signaling enhances nestin expression in gliomas. Neoplasia 8, 1072–1082. doi: 10.1593/neo.06526

Shimokawa, K., Kimura-Yoshida, C., Nagai, N., Mukai, K., Matsubara, K., Watanabe, H., et al. (2011). Cell surface heparan sulfate chains regulate local reception of FGF signaling in the mouse embryo. Dev. Cell 21, 257–272. doi: 10.1016/j.devcel.2011.06.027

Shoubridge, C., Tarpey, P. S., Abidi, F., Ramsden, S. L., Rujirabanjerd, S., Murphy, J. A., et al. (2010). Mutations in the guanine nucleotide exchange factor gene IQSEC2 cause nonsyndromic intellectual disability. Nat. Genet. 42, 486–488. doi: 10.1038/ng.588

Simanshu, D. K., Nissley, D. V., and McCormick, F. (2017). RAS proteins and their regulators in human disease. Cell 170, 17–33. doi: 10.1016/j.cell.2017.06.009

Smallhorn, M., Murray, M. J., and Saint, R. (2004). The epithelial-mesenchymal transition of the Drosophila mesoderm requires the Rho GTP exchange factor Pebble. Development 131, 2641–2651. doi: 10.1242/dev.01150

Smith, C. C., Paguirigan, A., Jeschke, G. R., Lin, K. C., Massi, E., Tarver, T., et al. (2017). Heterogeneous resistance to quizartinib in acute myeloid leukemia revealed by single-cell analysis. Blood 130, 48–58. doi: 10.1182/blood-2016-04-711820

Soga, N., Namba, N., McAllister, S., Cornelius, L., Teitelbaum, S. L., Dowdy, S. F., et al. (2001). Rho family GTPases regulate VEGF-stimulated endothelial cell motility. Exp. Cell Res. 269, 73–87. doi: 10.1006/excr.2001.5295

Song, M. R., and Ghosh, A. (2004). FGF2-induced chromatin remodeling regulates CNTF-mediated gene expression and astrocyte differentiation. Nat. Neurosci. 7, 229–235. doi: 10.1038/nn1192

Stanganello, E., Hagemann, A. I., Mattes, B., Sinner, C., Meyen, D., Weber, S., et al. (2015). Filopodia-based Wnt transport during vertebrate tissue patterning. Nat. Commun. 6:5846. doi: 10.1038/ncomms6846

Steklov, M., Pandolfi, S., Baietti, M. F., Batiuk, A., Carai, P., Najm, P., et al. (2018). Mutations in LZTR1 drive human disease by dysregulating RAS ubiquitination. Science 362, 1177–1182. doi: 10.1126/science.aap7607

Steliarova-Foucher, E., Colombet, M., Ries, L. A. G., Moreno, F., Dolya, A., Brayet, F., et al. (2017). International incidence of childhood cancer, 2001-10: a population-based registry study. Lancet Oncol. 18, 719–731. doi: 10.1016/S1470-2045(17)30186-9

Stendel, C., Roos, A., Kleine, H., Arnaud, E., Ozçelik, M., Sidiropoulos, P. N., et al. (2010). SH3TC2, a protein mutant in Charcot-Marie-Tooth neuropathy, links peripheral nerve myelination to endosomal recycling. Brain 133, 2462–2474. doi: 10.1093/brain/awq168

Stephenson, R. E., and Miller, A. L. (2017). Tools for live imaging of active Rho GTPases in Xenopus. Genesis 55:10.1002/dvg.22998. doi: 10.1002/dvg.22998

Sternberg, P. W. (2005). Vulval Development, ed. WormBook, The C. elegans Research Community, WormBook. Available online at: doi: 10.1895/wormbook.1.6.1, http://www.wormbook.org (accessed June 25, 2005).

Stockhausen, M. T., Sjolund, J., and Axelson, H. (2005). Regulation of the Notch target gene Hes-1 by TGFalpha induced Ras/MAPK signaling in human neuroblastoma cells. Exp. Cell Res. 1, 218–228. doi: 10.1016/j.yexcr.2005.07.011

Strullu, M., Caye, A., Lachenaud, J., Cassinat, B., Gazal, S., and Fenneteau, O. (2014). Juvenile myelomonocytic leukaemia and Noonan syndrome. J. Med. Genet. 51, 689–697. doi: 10.1136/jmedgenet-2014-102611

Strutt, D. I., Weber, U., and Mlodzik, M. (1997). The role of RhoA in tissue polarity and Frizzled signalling. Nature 387, 292–295. doi: 10.1038/387292a0

Sugihara, K., Nakatsuji, N., Nakamura, K., Nakao, K., Hashimoto, R., Otani, H., et al. (1998). Rac1 is required for the formation of three germ layers during gastrulation. Oncogene 17, 3427–3433. doi: 10.1038/sj.onc.1202595

Sundaram, M. V. (2005). The Love-Hate Relationship Between Ras and Notch. Genes Dev. 19, 1825–1839. doi: 10.1101/gad.1330605

Svensmark, J. H., and Brakebusch, C. (2019). Rho GTPases in cancer: Friend or foe? Oncogene 38, 7447–7456. doi: 10.1038/s41388-019-0963-7

Sztul, E., Chen, P. W., Casanova, J. E., Cherfils, J., Dacks, J. B., Lambright, D. G., et al. (2019). ARF GTPases and their GEFs and GAPs: concepts and challenges. Mol. Biol. Cell 30, 1249–1271. doi: 10.1091/mbc.E18-12-0820

Tabor, K. M., Marquart, G. D., Hurt, C., Smith, T. S., Geoca, A. K., Bhandiwad, A. A., et al. (2019). Brain-wide cellular resolution imaging of Cre transgenic zebrafish lines for functional circuit-mapping. eLife 8:e42687. doi: 10.7554/eLife.42687

Tajan, M., Paccoud, R., Branka, S., Edouard, T., and Yart, A. (2018). The RASopathy family: consequences of germline activation of the RAS/MAPK pathway. Endocr. Rev. 39, 676–700. doi: 10.1210/er.2017-00232

Tan, D., Zhang, H., Deng, J., Liu, J., Wen, J., Li, L., et al. (2020). RhoA-GTPase modulates neurite outgrowth by regulating the expression of spastin and p60-Katanin. Cells 9:230. doi: 10.3390/cells9010230

Tang, S., and Yasuda, R. (2017). Imaging ERK and PKA activation in single dendritic spines during structural plasticity. Neuron 93, 1315–1324.e3. doi: 10.1016/j.neuron.2017.02.032

Tartaglia, M., and Gelb, B. D. (2010). Disorders of dysregulated signal traffic through the RAS-MAPK pathway: phenotypic spectrum and molecular mechanisms. Ann. N. Y. Acad. Sci. 1214, 99–121. doi: 10.1111/j.1749-6632.2010.05790.x

Tartaglia, M., Gelb, B. D., and Zenker, M. (2011). Noonan syndrome and clinically related disorders. Best Pract. Res. Clin. Endocrinol. Metab. 25, 161–179. doi: 10.1016/j.beem.2010.09.002

Tartaglia, M., Mehler, E. L., Goldberg, R., Zampino, G., Brunner, H. G., Kremer, H., et al. (2001). Mutations in PTPN11, encoding the protein tyrosine phosphatase SHP-2, cause Noonan syndrome. Nat. Genet. 29, 465–468. doi: 10.1038/ng772

Tartaglia, M., Niemeyer, C. M., Fragale, A., Song, X., Buechner, J., Jung, A., et al. (2003). Somaticmutations in PTPN11 in juvenilemyelomonocyticleukemia, myelodysplasticsyndromes and acute myeloidleukemia. Nat. Genet. 34, 148–150. doi: 10.1038/ng1156

Tartaglia, M., Pennacchio, L. A., Zhao, C., Yadav, K. K., Fodale, V., Sarkozyet, A., et al. (2007). Gain-of-function SOS1 mutations cause a distinctive form of Noonan syndrome. Nat. Genet. 39, 75–79. doi: 10.1038/ng1939

Thomas, E. K., Cancelas, J. A., Zheng, Y., and Williams, D. A. (2008). Rac GTPases as key regulators of p210-BCR-ABL-dependent leukemogenesis. Leukemia 22, 898–904. doi: 10.1038/leu.2008.71

Tidyman, W. E., and Rauen, K. A. (2016). Expansion of the RASopathies. Curr. Genet. Med. Rep. 4, 57–64. doi: 10.1007/s40142-016-0100-7

Tran, L. D., Hino, H., Quach, H., Lim, S., Shindo, A., Mimori-Kiyosue, Y., et al. (2012). Dynamic microtubules at the vegetal cortex predict the embryonic axis in zebrafish. Development 139, 3644–3652. doi: 10.1242/dev.082362

Troeger, A., and Williams, D. A. (2013). Hematopoietic-specific Rho GTPases Rac2 and RhoH and human blood disorders. Exp. Cell Res. 319, 2375–2383. doi: 10.1016/j.yexcr.2013.07.002

Tsang, M., and Dawid, I. B. (2004). Promotion and attenuation of FGF signaling through the Ras-MAPK pathway. Sci. STKE 2004:e17. doi: 10.1126/stke.2282004pe17

Tseng, W. C., Loeb, H. E., Pei, W., Tsai-Morris, C. H., Xu, L., Cluzeau, C. V., et al. (2018). Modeling Niemann-Pick disease type C1 in zebrafish: a robust platform for in vivo screening of candidate therapeutic compounds. Dis. Model. Mech. 11:dmm034165. doi: 10.1242/dmm.034165

Tsuda, L., Nagaraj, R., Zipursky, S. L., and Banerjee, U. (2002). An EGFR/Ebi/Sno pathway promotes delta expression by inactivating Su(H)/SMRTER repression during inductive notch signaling. Cell 110, 625–637. doi: 10.1016/S0092-8674(02)00875-9

Turcotte, R., Liang, Y., Tanimoto, M., Zhang, Q., Li, Z., Koyama, M., et al. (2019). Dynamic super-resolution structured illumination imaging in the living brain. Proc. Natl. Acad. Sci. U.S.A. 116, 9586–9591. doi: 10.1073/pnas.1819965116

Ueno, H., Huang, X., Tanaka, Y., and Hirokawa, N. (2011). KIF16B/Rab14 molecular motor complex is critical for early embryonic development by transporting FGF receptor. Dev. Cell 20, 60–71. doi: 10.1016/j.devcel.2010.11.008

Ueyama, T. (2019). Rho-family small GTPases: from highly polarized sensory neurons to cancer cells. Cells 8:92. doi: 10.3390/cells8020092

Ueyama, T., Sakaguchi, H., Nakamura, T., Goto, A., Morioka, S., Shimizu, A., et al. (2014). Maintenance of stereocilia and apical junctional complexes by Cdc42 in cochlear hair cells. J. Cell Sci. 127, 2040–2052. doi: 10.1242/jcs.143602

Ulrich, F., Krieg, M., Schotz, E. M., Link, V., Castanon, I., Schnabel, V., et al. (2005). Wnt11 functions in gastrulation by controlling cell cohesion through Rab5c and E-cadherin. Dev. Cell 9, 555–564. doi: 10.1016/j.devcel.2005.08.011

Unlu, G., Levic, D. S., Melville, D. B., and Knapik, E. W. (2014). Trafficking mechanisms of extracellular matrix macromolecules: insights from vertebrate development and human diseases. Int. J. Biochem. Cell Biol. 47, 57–67. doi: 10.1016/j.biocel.2013.11.005

Urosevic, J., Sauzeau, V., Soto-Montenegro, M. L., Reig, S., Desco, M., Wright, E. M., et al. (2011). Constitutive activation of B-Raf in the mouse germ line provides a model for human cardio-facio-cutaneous syndrome. Proc. Natl. Acad. Sci. U.S.A. 108, 5015–5020. doi: 10.1073/pnas.1016933108

Vabres, P., Sorlin, A., Kholmanskikh, S. S., Demeer, B., St-Onge, J., Duffourd, Y., et al. (2019). Postzygotic inactivating mutations of RHOA cause a mosaic neuroectodermal syndrome. Nat. Genet. 51, 1438–1441. doi: 10.1038/s41588-019-0498-4

Vacaru, A. M., Unlu, G., Spitzner, M., Mione, M., Knapik, E. W., and Sadler, K. C. (2014). In vivo cell biology in zebrafish - providing insights into vertebrate development and disease. J. Cell Sci. 127, 485–495. doi: 10.1242/jcs.140194

van der Meel, R., Symons, M. H., Kudernatsch, R., Kok, R. J., Schiffelers, R. M., Storm, G., et al. (2011). The VEGF/Rho GTPase signalling pathway: a promising target for anti-angiogenic/anti-invasion therapy. Drug Discov. Today 16, 219–228. doi: 10.1016/j.drudis.2011.01.005

van Impel, A., Schumacher, S., Draga, M., Herz, H. M., Grosshans, J., and Müller, H. A. (2009). Regulation of the Rac GTPase pathway by the multifunctional Rho GEF Pebble is essential for mesoderm migration in the Drosophila gastrula. Development 136, 813–822. doi: 10.1242/dev.026203

van Nieuw Amerongen, G. P., Koolwijk, P., Versteilen, A., and van Hinsbergh, V. W. (2003). Involvement of RhoA/Rho kinase signaling in VEGF-induced endothelial cell migration and angiogenesis in vitro. Arterioscler. Thromb. Vasc. Biol. 23, 211–217. doi: 10.1161/01.atv.0000054198.68894.88

Verweij, F. J., Revenu, C., Arras, G., Dingli, F., Loew, D., Pegtel, D. M., et al. (2019). Live tracking of inter-organ communication by endogenous exosomes in vivo. Dev. Cell 48, 573–589.e4. doi: 10.1016/j.devcel.2019.01.004

Vigil, D., Cherfils, J., Rossman, K. L., and Der, C. J. (2010). Ras superfamily GEFs and GAPs: validated and tractable targets for cancer therapy? Nat. Rev. Cancer 10, 842–857. doi: 10.1038/nrc2960

Voena, C., and Chiarle, R. (2019). RHO family GTPases in the biology of lymphoma. Cells 8:646. doi: 10.3390/cells8070646

Voss, S., Krüger, D. M., Koch, O., and Wu, Y. W. (2016). Spatiotemporal imaging of small GTPases activity in live cells. Proc. Natl. Acad. Sci. U.S.A. 113, 14348–14353. doi: 10.1073/pnas.1613999113

Wada, Y., Sun-Wada, G. H., Kawamura, N., and Yasukawa, J. (2016). Membrane dynamics in mammalian embryogenesis: implication in signal regulation. Birth Defects Res. C Embryo Today 108, 33–44. doi: 10.1002/bdrc.21124

Wakap, N. S., Lambert, D. M., Olry, A., Rodwell, C., Gueydan, C., Lanneau, V., et al. (2020). Estimating cumulative point prevalence of rare diseases: analysis of the Orphanet database. Eur. J. Hum. Genet. 28, 165–173. doi: 10.1038/s41431-019-0508-0

Wakayama, Y., Fukuhara, S., Ando, K., Matsuda, M., and Mochizuki, N. (2015). Cdc42 mediates Bmp-induced sprouting angiogenesis through Fmnl3-driven assembly of endothelial filopodia in zebrafish. Dev. Cell 32, 109–122. doi: 10.1016/j.devcel.2014.11.024

Wakil, S. M., Alhissi, S., Al Dossari, H., Alqahtani, A., Shibin, S., Melaiki, B. T., et al. (2019). Truncating ARL6IP1 variant as the genetic cause of fatal complicated hereditary spastic paraplegia. BMC Med. Genet. 20:119. doi: 10.1186/s12881-019-0851-6

Wallace, M. R., Marchuk, D. A., Andersen, L. B., Letcher, R., Odeh, H. M., Saulino, A. M., et al. (1990). Type 1 neurofibromatosis gene: identification of a large transcript disrupted in three NF1 patients. Science 249, 181–186. doi: 10.1126/science.2134734

Wandinger-Ness, A., and Zerial, M. (2014). Rab proteins and the compartmentalization of the endosomal system. Cold Spring Harb. Perspect. Biol. 6:a022616. doi: 10.1101/cshperspect.a022616

Wang, J., Morita, Y., Mazelova, J., and Deretic, D. (2012). The Arf GAP ASAP1 provides a platform to regulate Arf4-and Rab11-Rab8-mediated ciliary receptor targeting. EMBO J. 31, 4057–4071. doi: 10.1038/emboj.2012.253

Wang, X., He, L., Wu, Y. I., Hahn, K. M., and Montell, D. J. (2010). Light-mediated activation reveals a key role for Rac in collective guidance of cell movement in vivo. Nat. Cell Biol. 12, 591–597. doi: 10.1038/ncb2061

Wedlich-Soldner, R., Wai, S. C., Schmidt, T., and Li, R. (2004). Robust cell polarity is a dynamic state established by coupling transport and GTPase signaling. J. Cell Biol. 166, 889–900. doi: 10.1083/jcb.200405061

Wennerberg, K., Rossman, K. L., and Der, C. J. (2005). The Ras superfamily at a glance. J. Cell Sci. 118, 843–846. doi: 10.1242/jcs.01660

White, J. J., Mazzeu, J. F., Coban-Akdemir, Z., Bayram, Y., Bahrambeigi, V., Hoischen, A., et al. (2018). WNT signaling perturbations underlie the genetic heterogeneity of Robinow syndrome. Am. J. Hum. Genet. 102, 27–43. doi: 10.1016/j.ajhg.2017.10.002

Wiens, C. J., Tong, Y., Esmail, M. A., Oh, E., Gerdes, J. M., Wang, J., et al. (2010). Bardet-Biedl syndrome-associated small GTPase ARL6 (BBS3) functions at or near the ciliary gate and modulates Wnt signaling. J. Biol. Chem. 285, 16218–16230. doi: 10.1074/jbc.M109.070953

Wilson, M. Z., Ravindran, P. T., Lim, W. A., and Toettcher, J. E. (2017). Tracing information flow from Erk to target gene induction reveals mechanisms of dynamic and combinatorial control. Mol. Cell 67, 757–769.e5. doi: 10.1016/j.molcel.2017.07.016

Winter, J. F., Höpfner, S., Korn, K., Farnung, B. O., Bradshaw, C. R., Marsico, G., et al. (2012). Caenorhabditis elegans screen reveals role of PAR-5 in RAB-11-recycling endosome positioning and apicobasal cell polarity. Nat. Cell Biol. 14, 666–676. doi: 10.1038/ncb2508

Wojnacki, J., Quassollo, G., Marzolo, M. P., and Cáceres, A. (2014). Rho GTPases at the crossroad of signaling networks in mammals: impact of Rho-GTPases on microtubule organization and dynamics. Small GTPases 5:e28430. doi: 10.4161/sgtp.28430

Wolf, S., Supatto, W., Debrégeas, G., Mahou, P., Kruglik, S. G., Sintes, J. M., et al. (2015). Whole-brain functional imaging with two-photon light-sheet microscopy. Nat. Methods 12, 379–380. doi: 10.1038/nmeth.3371

Wolman, M. A., de Groh, E. D., McBride, S. M., Jongens, T. A., Granato, M., and Epstein, J. A. (2014). Modulation of cAMP and ras signaling pathways improves distinct behavioral deficits in a zebrafish model of neurofibromatosis type 1. Cell Rep. 8, 1265–1270. doi: 10.1016/j.celrep.2014.07.054

Wong, K. L., Akiyama, R., Bessho, Y., and Matsui, T. (2018). ERK activity dynamics during Zebrafish embryonic development. Int. J. Mol. Sci. 20:109. doi: 10.3390/ijms20010109

Wu, H. M., Hazak, O., Cheung, A. Y., and Yalovsky, S. (2011). RAC/ROP GTPases and auxin signaling. Plant Cell 23, 1208–1218. doi: 10.1105/tpc.111.083907

Wu, R. S., Lam, I. I., Clay, H., Duong, D. N., Deo, R. C., and Coughlin, S. R. (2018). A Rapid method for directed gene knockout for screening in G0 zebrafish. Dev. Cell 46, 112–125.e4. doi: 10.1016/j.devcel.2018.06.003

Wu, W. J., Erickson, J. W., Lin, R., and Cerione, R. A. (2000). The gamma-subunit of the coatomer complex binds Cdc42 to mediate transformation. Nature 405, 800–804. doi: 10.1038/35015585

Wu, X., Tu, X., Joeng, K. S., Hilton, M. J., Williams, D. A., and Long, F. (2008). Rac1 activation controls nuclear localization of beta-catenin during canonical Wnt signaling. Cell 133, 340–353. doi: 10.1016/j.cell.2008.01.052

Wu, Y. I., Frey, D., Lungu, O. I., Jaehrig, A., Schlichting, I., Kuhlman, B., et al. (2009). A genetically encoded photoactivatable Rac controls the motility of living cells. Nature 461, 104–108. doi: 10.1038/nature08241

Wühr, M., Obholzer, N. D., Megason, S. G., Detrich, H. W. III, and Mitchison, T. J. (2011). Live imaging of the cytoskeleton in early cleavage-stage zebrafish embryos. Methods Cell Biol. 101, 1–18. doi: 10.1016/B978-0-12-387036-0.00001-3

Xiang, Y., Seemann, J., Bisel, B., Punthambaker, S., and Wang, Y. (2007). Active ADP-ribosylation factor-1 (ARF1) is required for mitotic Golgi fragmentation. J. Biol. Chem. 282, 21829–21837. doi: 10.1074/jbc.M611716200

Xiong, F., Obholzer, N. D., Noche, R. R., and Megason, S. G. (2015). Multibow: digital spectral barcodes for cell tracing. PLoS One 10:e0127822. doi: 10.1371/journal.pone.0127822

Xu, Z., Chen, Y., and Chen, Y. (2019). Spatiotemporal regulation of Rho GTPases in neuronal migration. Cells 8:568. doi: 10.3390/cells8060568

Yamamoto, G. L., Aguena, M., Gos, M., Hung, C., Pilch, J., Fahiminiya, S., et al. (2015). Rare variants in SOS2 and LZTR1 are associated with Noonan syndrome. J. Med. Genet. 52, 413–421. doi: 10.1136/jmedgenet-2015-103018

Yamauchi, J., Miyamoto, Y., Torii, T., Takashima, S., Kondo, K., Kawahara, K., et al. (2012). Phosphorylation of cytohesin-1 by Fyn is required for initiation of myelination and the extent of myelination during development. Sci. Signal. 5:ra69. doi: 10.1126/scisignal.2002802

Yasuda, R., Harvey, C. D., Zhong, H., Sobczyk, A., van Aelst, L., and Svoboda, K. (2006). Supersensitive Ras activation in dendrites and spines revealed by two-photon fluorescence lifetime imaging. Nat. Neurosci. 9, 283–291. doi: 10.1038/nn1635

Yoo, S. K., Deng, Q., Cavnar, P. J., Wu, Y. I., Hahn, K. M., and Huttenlocher, A. (2010). Differential regulation of protrusion and polarity by PI3K during neutrophil motility in live zebrafish. Dev. Cell 18, 226–236. doi: 10.1016/j.devcel.2009.11.015

Yoshimura, S., Egerer, J., Fuchs, E., Haas, A. K., and Barr, F. A. (2007). Functional dissection of Rab GTPases involved in primary cilium formation. J. Cell Biol. 178, 363–369. doi: 10.1083/jcb.200703047

Zeng, X., Tamai, K., Doble, B., Li, S., Huang, H., Habas, R., et al. (2005). A dual-kinase mechanism for Wnt co-receptor phosphorylation and activation. Nature 438, 873–877. doi: 10.1038/nature04185

Zhai, J., Zhang, L., Mojsilovic-Petrovic, J., Jian, X., Thomas, J., Homma, K., et al. (2015). Inhibition of cytohesins protects against genetic models of motor neuron disease. J. Neurosci. 35, 9088–9105. doi: 10.1523/JNEUROSCI.5032-13.2015

Zhang, C. J., Rosenwald, A. G., Willingham, M. C., Skuntz, S., Clark, J., and Kahn, R. A. (1994). Expression of a dominant allele of human ARF1 inhibits membrane traffic in vivo. J. Cell Biol. 124, 289–300. doi: 10.1083/jcb.124.3.289

Zhang, J., Mullighan, C. G., Harvey, R. C., Wu, G., Chen, X., and Edmonson, M. (2011). Key pathways are frequently mutated in high-risk childhood acute lymphoblastic leukemia: a report from the Children’s Oncology Group. Blood 118, 3080–3087. doi: 10.1182/blood-2011-03-341412

Zhang, Q., Major, M. B., Takanashi, S., Camp, N. D., Nishiya, N., Peters, E. C., et al. (2007). Small-molecule synergist of the Wnt/beta-catenin signaling pathway. Proc. Natl. Acad. Sci. U.S.A. 104, 7444–7448. doi: 10.1073/pnas.0702136104

Zhang, Y., Nichols, E. L., Zellmer, A. M., Guldner, I. H., Kankel, C., Zhang, S., et al. (2019). Generating intravital super-resolution movies with conventional microscopy reveals actin dynamics that construct pioneer axons. Development 146:dev171512. doi: 10.1242/dev.171

Zhang, Z., Yang, M., Chen, R., Su, W., Li, P., Chen, S., et al. (2014). IBP regulates epithelial-to-mesenchymal transition and the motility of breast cancer cells via Rac1, RhoA and Cdc42 signaling pathways. Oncogene 33, 3374–3382. doi: 10.1038/onc.2

Zhu, J., Wang, H. T., Chen, Y. R., Yan, L. Y., Han, Y. Y., Liu, L. Y., et al. (2020). The joubert syndrome gene arl13b is critical for early cerebellar development in zebrafish. Neurosci. Bull. 36, 1023–1034. doi: 10.1007/s12264-020-00554-y


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 Lauri, Fasano, Venditti, Dallapiccola and Tartaglia. 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.











	 
	REVIEW
published: 28 May 2021
doi: 10.3389/fcell.2021.649205





[image: image]

Therapeutic Targeting of Notch Signaling: From Cancer to Inflammatory Disorders

Frederick Allen1,2 and Ivan Maillard1,2*

1Division of Hematology and Oncology, Department of Medicine, Perelman School of Medicine at the University of Pennsylvania, Philadelphia, PA, United States

2Abramson Family Cancer Research Institute, Perelman School of Medicine at the University of Pennsylvania, Philadelphia, PA, United States

Edited by:
Maria Pia Felli, Sapienza University of Rome, Italy

Reviewed by:
Tomomi Toubai, Yamagata University, Japan
Lisa M. Minter, University of Massachusetts Amherst, United States

*Correspondence: Ivan Maillard, imaillar@pennmedicine.upenn.edu

Specialty section: This article was submitted to Signaling, a section of the journal Frontiers in Cell and Developmental Biology

Received: 04 January 2021
Accepted: 26 April 2021
Published: 28 May 2021

Citation: Allen F and Maillard I (2021) Therapeutic Targeting of Notch Signaling: From Cancer to Inflammatory Disorders. Front. Cell Dev. Biol. 9:649205. doi: 10.3389/fcell.2021.649205

Over the past two decades, the Notch signaling pathway has been investigated as a therapeutic target for the treatment of cancers, and more recently in the context of immune and inflammatory disorders. Notch is an evolutionary conserved pathway found in all metazoans that is critical for proper embryonic development and for the postnatal maintenance of selected tissues. Through cell-to-cell contacts, Notch orchestrates cell fate decisions and differentiation in non-hematopoietic and hematopoietic cell types, regulates immune cell development, and is integral to shaping the amplitude as well as the quality of different types of immune responses. Depriving some cancer types of Notch signals has been shown in preclinical studies to stunt tumor growth, consistent with an oncogenic function of Notch signaling. In addition, therapeutically antagonizing Notch signals showed preclinical potential to prevent or reverse inflammatory disorders, including autoimmune diseases, allergic inflammation and immune complications of life-saving procedures such allogeneic bone marrow and solid organ transplantation (graft-versus-host disease and graft rejection). In this review, we discuss some of these unique approaches, along with the successes and challenges encountered so far to target Notch signaling in preclinical and early clinical studies. Our goal is to emphasize lessons learned to provide guidance about emerging strategies of Notch-based therapeutics that could be deployed safely and efficiently in patients with immune and inflammatory disorders.
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INTRODUCTION

Inflammation is a dynamic process mobilizing multiple cell types and mediators in response to stimuli that are perceived as harmful. The Notch signaling pathway is emerging as a critical regulator of inflammation, with pathogenic roles in several inflammatory and immune disorders including autoimmunity and allergic airway inflammation. In addition, Notch critically regulates graft-versus-host disease (GVHD) and graft rejection, the major complications mediated by immune responses to foreign tissue antigens after life-saving transplantation procedures, such as transplantation of allogeneic bone marrow or solid organ allografts. Therapeutic strategies to inhibit Notch signaling have first been developed preclinically and in early phase clinical trials to target oncogenic functions of the Notch pathway in tumor cells, or in tumor angiogenesis. However, many of these strategies are now also actively investigated in preclinical settings for their therapeutic value in non-malignant inflammatory disorders.

In this review, we discuss emerging concepts about the effects of Notch signaling in the regulation of mature immune cell function, beyond the role of the Notch pathway that was first established in immune cell development (Osborne and Minter, 2007; Radtke et al., 2010; Yuan et al., 2010; Brandstadter and Maillard, 2019). First, we outline unique molecular features of the Notch pathway that underlie the most promising therapeutic strategies to inhibit Notch activation. We discuss the oncogenic functions of Notch signaling that first inspired an intense interest in therapeutic targeting of Notch signaling, with a special focus on lessons learned from the successes and challenges of preclinical and early clinical investigations of Notch inhibition in cancer. We then review a growing body of work uncovering profound effects of Notch signaling in non-malignant inflammatory disorders, including immune disorders with high relevance to human disease. Specific Notch ligands and receptors play dominant functions in the interaction of immune cells with their microenvironment, opening therapeutic perspectives based on their transient targeted inhibition at sensitive stages of immune cell differentiation and function. Integrating lessons learned in cancer therapeutics and in preclinical studies of Notch signaling in the immune system, we will discuss emerging concepts that could pave the way toward effective development of Notch-based therapeutic strategies in non-malignant inflammatory disorders.



MECHANISMS AND FUNCTION OF NOTCH SIGNALING

A Notch-related phenotype was first described by John Dexter and Thomas Morgan more than a century ago, based on inherited changes that looked like “notches” at the wing margin of Drosophila melanogaster fruit flies (Dexter, 1914; Morgan, 1917). Since the fly Notch gene was cloned in 1983, the Notch signaling pathway has emerged as an essential evolutionarily conserved pathway for the development of all metazoans (Artavanis-Tsakonas et al., 1983). Notch is important for directing cell-to-cell communication and cell fate decisions throughout embryogenesis and into postnatal life, where Notch helps maintain homeostasis of selected tissues. However, Notch has unique characteristics that distinguish it from other evolutionarily conserved pathways. First, activation of Notch signaling is enacted in trans between adjacent cells (Figure 1). Second, canonical Notch signaling does not rely on signal amplification from second messengers to enact its functions, because its cleaved intracellular domain can translocate to the nucleus in order to stimulate gene transcription, before being rapidly degraded (Kopan and Ilagan, 2009; Kovall et al., 2017). These features enable careful temporal and spatial regulation of Notch signaling intensity.
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FIGURE 1. Overview of the Notch signaling pathway. The Notch signaling pathway operates between four cell surface Notch receptors (Notch1-4) and four agonistic Notch ligands from the Jagged (Jag1, Jag2) and Delta-like families (Dll1, Dll4). Mechanisms of Notch activation and canonical signaling are depicted along the following steps: (1) A furin-like protease cleaves the Notch receptor into a transmembrane heterodimer during its transit to cell surface through the Golgi complex (S1 site); (2) Ligand-receptor binding generates a physical force onto the extracellular domain of the Notch receptor, allowing ADAM10-mediated proteolysis at the S2 site which is normally hidden within a “negative regulatory region” of the receptor; (3) ADAM10 generates a membrane-bound intermediate that becomes rapidly sensitive to intramembrane proteolysis by the γ-secretase complex (S3 site). As a result, intracellular Notch (ICN) is released into the cytoplasm and translocates into the nucleus. (4) ICN binds with the DNA-binding protein RBP-Jκ (also known as CSL); (5) ICN and RBP-Jκ recruit a member of the Mastermind-like (MAML) family of transcriptional coactivators via the N-terminal MAML alpha-helical domain; (6) In turn, MAML proteins recruit other transcriptional co-activators (CoA) and p300, respectively, to enhance transcription of Notch target genes.


In mammals, five Notch ligands interact with four Notch receptors (Notch1-4), referred to as Notch ligand or receptor “paralogs” (Ellisen et al., 1991; Weinmaster et al., 1992; del Amo et al., 1993; Lardelli et al., 1994; Uyttendaele et al., 1996). Agonistic Notch ligands belong to the Delta-like (Dll1, Dll4) and the Jagged family (Jag1, Jag2) (Figure 1), while Dll3 functions as a natural antagonist. Although Notch ligands are present in multiple tissues, their spatially restricted expression in defined cellular niches represents a recurrent mode of Notch signaling regulation. Notch1 and Notch2 are expressed by a wide range of cell types. Notch3 is primarily found in developing T cells, vascular smooth muscle and pericytes, and Notch4 in the endothelium. However, recent work reported new functional roles for Notch3 and Notch4 in other cells relevant to immune disorders such as synovial fibroblasts and macrophages for Notch3, and regulatory T cells for Notch4 (Harb et al., 2020; Lopez-Lopez et al., 2020; Wei et al., 2020). Notch receptors are single-pass transmembrane proteins with variations primarily in their extracellular ligand binding and intracellular signaling domains (Figure 1). Prior to ligand-receptor binding, the immature Notch receptor is cleaved in the Golgi complex by a furin-like convertase on its way to the cell surface. Furin-like convertases cleave Notch proteins at their S1 site to generate a non-covalently bound heterodimer. The joining ends of this heterodimer form a S2 region that is normally hidden within a “negative regulatory region,” before it becomes vulnerable to cleavage by ADAM family metalloproteases. Ligand-receptor binding generates a physical force pulling on the Notch receptor, which exposes the S2 site to proteolytic cleavage by an ADAM metalloprotease (mostly ADAM10). S2 cleavage then generates a transmembrane intermediated that becomes sensitive to proteolysis by the γ-secretase complex at a third intramembrane site (S3) (De Strooper et al., 1999; Wolfe, 2020). γ-secretase releases the intracellular domain of Notch (ICN), allowing it to translocate into the nucleus to form a nuclear complex with the DNA-binding transcription factor RBP-Jκ, also known as CBF1/Suppressor-of-hairless/Lag-1 (CSL) (Tamura et al., 1995). The ICN/RBP-Jκ complex then enhances transcription of target genes through association with a Mastermind-like family coactivator (MAML1-3) and other proteins as part of a large transcriptional activation complex (Petcherski and Kimble, 2000; Wu et al., 2000; Nam et al., 2006; Wilson and Kovall, 2006). Importantly, transcriptional targets of Notch signaling are context-specific, and many reside in tissue-specific enhancers, enabling versatile functional outputs. In addition, non-canonical pathways of Notch signaling that bypass RBP-Jκ and MAML have also been reported in immune cells, although their mechanisms and relative importance remain debated (Shin et al., 2006, 2014; Auderset et al., 2012; Dongre et al., 2014; Charbonnier et al., 2015; Harb et al., 2020).

The unique mechanisms of Notch activation have inspired genetic and pharmacological strategies of Notch inhibition (Figure 2 and Table 1). These loss-of-function strategies are essential to rigorously evaluate the effects of the Notch pathway in vivo, and some have translational potential. Conditional inactivation of Notch ligand and receptor genes in specific cell types requires knowledge of the expression pattern and relative importance of Notch ligand and receptor paralogs (Figure 2A). For example, combined Notch1 and Notch2 inactivation accounts for most effects of Notch signaling in mature T cells, although Notch1 loss is dominant in some contexts and Notch4 inactivation was also reported to affect Tregs (Auderset et al., 2012; Roderick et al., 2013; Tran et al., 2013; Backer et al., 2014; Charbonnier et al., 2015; Wei et al., 2020). In contrast, Notch1 inactivation alone blocks the effects of the pathway in early T cell development, while Notch2 loss is sufficient to inhibit Notch signaling in mature B cells and in dendritic cells (Radtke et al., 1999; Saito et al., 2003; Lewis et al., 2011). For Notch ligands, initial studies have focused on the role of their expression in professional antigen-presenting cells, such as conventional dendritic cells (Amsen et al., 2004). However, recent work highlighted critical immunological roles for Dll1 and Dll4 Notch ligands expressed by non-hematopoietic fibroblastic stromal cell niches in secondary lymphoid organs (Fasnacht et al., 2014; Chung et al., 2017; Perkey et al., 2020). Other genetic strategies that block canonical Notch signaling include inactivation of Rbpj, encoding RBP-Jκ, and conditional expression of dnMAML, a truncated N-terminal fragment of Mastermind-like1 (MAML1) fused to GFP that exerts potent dominant negative activity downstream of all Notch receptors (Tanigaki et al., 2002; Maillard et al., 2004). Although Notch-unrelated functions of MAML proteins have been reported, dnMAML only contains ca. 60 amino acids from the N-terminal MAML1 alpha-helix that bind ICN and RBP-Jκ, but not any other known partners. Thus, all effects reported so far for dnMAML have been related to its impact on Notch signaling. Finally, Notch loss-of-function phenotypes can also be induced by targeting other essential genes for Notch activation, e.g., Mib1 (encoding Mind bomb 1, an ubiquitin ligase critical in Notch ligand-expressing cells); Pofut1 (encoding an O-Fucosyltransferase essential to modify mature Notch receptors); Adam10 (encoding the ADAM10 metalloprotease); and genes encoding subunits of the γ-secretase complex (such as Psen1/2).


TABLE 1. List of key Notch inhibitors tested preclinically or clinically so far, subcategorized by name/alias, their target and cross-reactivity to humans (h), mice (m), or primates (p).
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FIGURE 2. Genetic and pharmacological approaches to Notch inhibition. (A) Genetic inactivation strategies leading to inhibition of the Notch signaling pathway are represented by red “X” with the exception of dnMAML, where the red “X” depicts the disruption of the Notch transcription activation complex due to expression of a truncated, dominant negative (dn) form of MAML1. In addition to conditional expression of dnMAML, commonly used approaches include conditional inactivation of Notch ligand genes, Notch receptor genes, Adam10, genes encoding components of the γ-secretase complex or Rbpj; (B) Strategies of pharmacological inhibition of Notch signaling either though the administration monoclonal antibodies targeting the Notch ligands or receptors, or small molecule inhibitors. γ-secretase inhibitors target components of the γ-secretase complex. CB-103 inhibits the Notch transcription complex.


Complementing genetic approaches, pharmacological strategies with translational potential are depicted in Figure 2B. γ-secretase inhibitors (GSI) block the rate-limiting step of ligand-regulated proteolytic activation for all Notch receptors, thus achieving systemic pan-Notch inhibition (De Strooper et al., 1999; Wolfe, 2020). Monoclonal antibodies have been developed to inhibit individual Notch ligands or receptors, both in mice and in humans (Noguera-Troise et al., 2006; Ridgway et al., 2006; Wu et al., 2010; Tran et al., 2013; Choy et al., 2017). By blocking specific Notch ligand and receptor paralogs, these antibodies have the potential to bypass some of the systemic effects of pan-Notch inhibition, thus increasing the therapeutic window. Finally, recent work reported the discovery of CB-103, a new orally active small molecule inhibitor of the Notch transcription activation complex, providing an alternative path to therapeutic Notch inhibition (Lehal et al., 2020). To facilitate understanding of currently available therapeutic interventions, we provide a list of key existing reagents together with their most advanced stage of development to date (Table 1). Importantly, findings in immune and inflammatory disorders remain preclinical, while our understanding of Notch targeting in cancer relies on both preclinical and clinical observations.



TARGETING NOTCH SIGNALING IN CANCER AND IN TUMOR ANGIOGENESIS

The oncogenic role of Notch signaling in cancer first sparked interest in therapeutic targeting of the Notch pathway, inspiring a first generation of preclinical and early clinical studies. Oncogenic activation of Notch signaling was originally described in 1991 in T cell acute lymphoblastic leukemia (T-ALL) based on a rare t(7;9) chromosomal translocation forcing expression of a constitutively active form of NOTCH1 (Ellisen et al., 1991). Later investigations showed that > 50% of T-ALL patients harbored NOTCH1 point mutations or other genetic events activating Notch signaling (Weng et al., 2004). While NOTCH1 mutations allowed for ligand-independent activation, they remained sensitive to GSI-mediated inhibition and prompted preclinical studies of Notch blockade as a targeted therapy in T-ALL (Weng et al., 2006; Cullion et al., 2009; Real et al., 2009; Tatarek et al., 2011; Samon et al., 2012; Sanchez-Martin et al., 2017). Other studies revealed oncogenic Notch activation in a wider range of cancer types, including breast cancer, adenoid cystic carcinoma and a variety of B cell lymphoproliferative disorders, as reviewed in Aster et al. (2017). In some contexts, oncogenic Notch activation appeared to proceed via interaction of unmutated Notch ligands and receptors, suggesting that Notch pathway mutations may only identify a fraction of the Notch-sensitive tumors (Fabbri et al., 2017). In addition, other investigators identified a critical role of DLL4/NOTCH1 interactions as well as a crosstalk of the Notch and VEGF pathways in tumor angiogenesis (Noguera-Troise et al., 2006; Ridgway et al., 2006). These effects of Notch in the tumor microenvironment formed the initial rationale for several drug development programs and motivated testing of anti-DLL4 antibodies in cancer patients. Importantly, most cancer-related indications of therapeutic Notch inhibition focused on continuous and long-lasting inhibition of the pathway as a desirable outcome, which also contributed to reported side effects.


Development of γ-Secretase Inhibitors (GSIs)

The first drugs used to target Notch in the clinic originated from groundbreaking work designed to target the γ-secretase complex in Alzheimer’s disease. In Alzheimer’s, γ-secretase plays a critical role in the cleavage of the amyloid precursor protein, subsequently forming aggregates of amyloid-beta peptides in the brain as a major contributor to disease progression (Haass and Selkoe, 1993). GSIs target Presenilin components of the γ-secretase complex, locking it in a closed conformation and inhibiting the deposition of amyloid-beta peptides. This discovery inspired clinical trials of GSIs in Alzheimer’s disease. Importantly, originally designed GSIs also inhibited proteolytic activation of all transmembrane-bound Notch receptors, effectively silencing all Notch activity (De Strooper et al., 1999; Wolfe, 2020). Although GSIs have not proven successful so far in Alzheimer’s disease, they opened the door to preclinical and early clinical studies of Notch inhibition in cancer (Doody et al., 2013).



GSIs in Human Cancer Clinical Trials

The first Phase 1 clinical trial targeting Notch evaluated the GSI MK-0752 in relapsed/refractory T-ALL (Deangelo et al., 2006). MK-0752 is a broad-spectrum GSI originally designed to treat Alzheimer’s disease, but repurposed for the treatment of T-ALL. MK-0752 demonstrated some efficacy in inhibiting T-ALL expansion and showed disease regression in a small number of patients (Deangelo et al., 2006). However, many patients suffered significant diarrhea in a dose-dependent manner, which may have limited treatment to suboptimal or intermittent dosing, thus decreasing drug efficacy. Intestinal side effects of GSIs likely resulted from on-target toxicity from pan-Notch inhibition in gut (van Es et al., 2005; Deangelo et al., 2006; VanDussen et al., 2012). Indeed, preclinical studies in mice using GSIs and/or genetic approaches showed that Notch is critical for the homeostasis of intestinal stem and progenitor cells. Rbpj inactivation in Villin-Cre+ intestinal cells or the use of GSIs induced the differentiation of intestinal crypt cells into post-mitotic goblet cells, leading to severe diarrhea (van Es et al., 2005). Paneth cells, located at the basis of intestinal crypts, appeared to function as a niche for intestinal stem cells (Sato et al., 2011). This damage was most pronounced when both Notch1 and Notch2 were inhibited (Riccio et al., 2008; Wu et al., 2010). In studies involving irradiation, even more severe epithelial intestinal damage was documented after GSI treatment, suggesting a role for Notch in intestinal regeneration (Tran et al., 2013). Diarrhea is not exclusive to MK-0752. Other first-generation GSIs such as AL-101, Crenigacestat, and Nirogacestat also exhibited similar gastrointestinal toxicities, along with a few other complications such as fatigue, anemia, thrombocytopenia, and hypophosphatemia that could also have been related to the concomitant use of chemotherapy (Messersmith et al., 2015; Cook et al., 2018; El-Khoueiry et al., 2018; Massard et al., 2018). Nonetheless, the use of first-generation GSIs has not been completely discontinued in clinical trials. In some ongoing trials, first-generation GSIs are being evaluated for their use in combination therapies with already approved anti-cancer treatment modalities. These studies deploy GSIs at tolerable doses or with decreased frequency, while working synergistically with other treatments to suppress tumor growth. In preclinical data, intermittent GSI dosing indeed appeared to open a therapeutic window (Cullion et al., 2009; Tatarek et al., 2011). Another approach relies on the combination of GSIs and corticosteroids, which appear to suppress the gastrointestinal side effects of pan-Notch inhibition (Real et al., 2009; Samon et al., 2012). Finally, selection of GSI-resistant tumor cells represents another barrier to therapeutic Notch inhibition (Palomero et al., 2007; Knoechel et al., 2014; Aster et al., 2017). Altogether, first-generation GSIs have not been tolerated well enough to show deep efficacy as stand-alone drugs. Several strategies are being tested or considered to improve the therapeutic index of these drugs: (1) Modified administration schedules, for example with intermittent administration; (2) Combination therapy with other drugs to enhance efficacy or mitigate toxicity; (3) Development of new generations of drugs that show enhanced specificity for Notch signaling in cancer (Habets et al., 2019; Yang et al., 2020). Importantly, these changes have to be paired with a better identification of patients with documented Notch tumor activation, as opposed to unselected cancer patients.



Monoclonal Antibodies Blocking Notch Receptors and Ligands

To bypass the toxicities of systemic pan-Notch inhibition, humanized monoclonal antibodies have been developed against individual Notch1, Notch2, and Notch3 paralogs. In mice, Notch1 inhibition alone was much better tolerated than combined Notch1/2 inhibition, consistent with the redundant role of Notch1 and Notch2 in intestinal stem cell homeostasis (Riccio et al., 2008; Wu et al., 2010). In preclinical models, Notch1 or Notch3 inhibition alone had promising activity in specific models of T-ALL and breast cancer (Wu et al., 2010; Choy et al., 2017). To date, blocking antibodies against Notch1 and Notch2/3 have been clinically evaluated for the treatment of tumors (Smith et al., 2014; Yen et al., 2015; Ferrarotto et al., 2018). Reports on anti-Notch1 blockade indicated some activity in patients with hematological and solid tumors (Casulo et al., 2016; Ferrarotto et al., 2018). However, despite indications in mice, gut toxicity was still a problem in phase 1 trials (Casulo et al., 2016; Ferrarotto et al., 2018). Initial data of anti-Notch2/3 blocking antibodies were promising in solid tumors (Yen et al., 2015). However, a randomized phase 2 trial showed that benefits were contributed primarily by chemotherapy and not anti-Notch2/3 (Pietanza et al., 2015; Hu et al., 2019). Altogether, these findings represent progress in limiting the systemic toxicity of Notch inhibition, although clinical activity was not impressive so far, at least when patients were not selected upfront for having Notch-dependent tumors.

Dll4-regulated tumor angiogenesis has inspired the development of anti-DLL4 antibodies, as well as their study in both preclinical and early clinical models. Solid tumors induce a network of blood vessels to provide continuous oxygen and nutrient supplies that sustain their growth (Folkman, 1971). To date, vascular endothelial growth factor (VEGF) remains the primary clinical target used to suppress tumor angiogenesis (Keck et al., 1989; Leung et al., 1989). The role of Notch in angiogenesis has been extensively documented as part of a crosstalk between DLL4/NOTCH1 and VEGF (Noguera-Troise et al., 2006; Ridgway et al., 2006). Preclinical work showed that the effects of anti-DLL4 and anti-VEGF do not overlap, with a potential for anti-DLL4 to overcome resistance to anti-VEGF therapy (Ridgway et al., 2006). Mechanistically, DLL4 inhibition increased angiogenic sprouting, but led to non-productive blood vessel formation and diminished tumor growth (Noguera-Troise et al., 2006). In a human phase I clinical trial of DLL4 blockade, intestinal side effects were not observed, but cardiovascular events associated with prolonged DLL4 inhibition were reported, including hypertension, pulmonary hypertension and congestive heart failure (Smith et al., 2014; Chiorean et al., 2015; Falchook et al., 2015; McKeage et al., 2018). In addition, chronic DLL4 blockade has been reported to cause vascular anomalies in rats and monkeys (Yan et al., 2010). Thus, while anti-DLL4 may bypass the side effects previously observed with GSI or combined anti-NOTCH1/2 antibodies, chronic DLL4 inhibition as required for optimal anti-cancer activity remains problematic.



New Pharmacological Approaches to Target Notch Signaling in Cancer

New generation GSIs are being developed to target specific components of the γ-secretase complex (Churcher et al., 2006; Best et al., 2007; Habets et al., 2019). MRK-560 has gained traction as a treatment for T-ALL because studies have shown MRK-560 to be more tolerable, with reduced gastrointestinal side effects in preclinical animal models (Habets et al., 2019). Different γ-secretase complexes contain variable proportions of the two Presenilins, PSEN1 and PSEN2 (Kimberly et al., 2003). MRK-560 has a ca. 100-fold selectivity for PSEN1 over PSEN2 (Borgegard et al., 2012). In contrast to dominant expression of PSEN1 in T-ALL, PSEN1 and PSEN2 both expressed in mouse and human intestine (Habets et al., 2019). Indeed, pharmacological PSEN1 inhibition by MRK-560 attenuated T-ALL growth in mice (Habets et al., 2019). As a separate approach, Lehal et al. (2020) recently reported the development of CB-103, a first-in-class inhibitor of the Notch transcription complex. CB-103 showed promising preclinical activity in the treatment of T-ALL and other Notch-dependent tumors, including GSI-resistant cell lines, without inducing significant intestinal toxicity for reasons that remain to be fully clarified. This promising activity profile has led to ongoing clinical trials of CB-103 in cancer. Thus, new compounds are being developed to target Notch signaling in cancer, and it will be interesting to evaluate if they also have therapeutic potential in non-malignant conditions such as Notch-driven immune disorders.



TARGETING NOTCH SIGNALING IN INFLAMMATORY AND IMMUNE DISORDERS

In the immune system, Notch signaling was first identified for its essential role in early T cell development (Pui et al., 1999; Radtke et al., 1999). Dll4 inactivation in cortical thymic epithelial cells or Notch1 loss in lymphoid progenitors blocks T cell development in the thymus (Radtke et al., 1999; Hozumi et al., 2008; Koch et al., 2008). Other developmental functions of Notch signaling regulate the emergence of definitive hematopoietic stem cells in the fetus as well as various aspects of B cell, innate lymphoid cell and dendritic cell development (Tanigaki et al., 2002; Saito et al., 2003; Lewis et al., 2011; Satpathy et al., 2013; Yang et al., 2013). Beyond development, mature immune cells express Notch receptors (most commonly a combination of Notch1 and/or Notch2), and they can interact with Notch ligands in their microenvironment (e.g., in secondary lymphoid organs or in tissues). On this basis, Notch signaling exerts essential functions during specific immune responses, including in many contexts with relevance to human health and disease. These discoveries have identified a new set of Notch-related therapeutic opportunities.

From a translational perspective, the principles of targeting Notch signaling in immune and inflammatory disorders build on different rules than in cancer-related indications. In cancer, prolonged Notch inhibition is desirable, which has been linked to the occurrence of problematic on-target side effects. In addition, cancer cells can be selected for acquired resistance to Notch inhibition through epigenetic and other mechanisms. In the immune system, selection of clones resistant to Notch inhibition is not an issue, and Notch blockade can be applied transiently at sensitive stages of immune cell differentiation and function. This strategy would have the advantage to preserve Notch-mediated functions in lymphoid development and beneficial immune responses that develop outside of the transient windows of Notch inhibition. We will now review emerging evidence about essential pathogenic functions of Notch signaling in immune and inflammatory disorders that could become the target of therapeutic interventions.


Experimental Autoimmune Encephalomyelitis and Multiple Sclerosis

Minter and collaborators first described a pathogenic role of Notch signaling in T cells mediating Experimental Autoimmune Encephalomyelitis (EAE) in mice, a model that shares many features with human Multiple Sclerosis (MS) (Minter et al., 2005). Using GSIs in vivo and ex vivo, the authors reported attenuated EAE severity and a decreased propensity of CD4+ T cells to differentiate into Th1 cells expressing Tbx21 (encoding the master transcription factor T-bet). These findings were consistent with critical effects of Notch signaling in CD4+ T cells, which play a key role in EAE pathogenesis both through Th1 and Th17 differentiation. The T cell-intrinsic pathogenic functions of Notch during EAE were subsequently confirmed via T cell-specific Rbpj inactivation or expression of the pan-Notch inhibitor DNMAML, which provided high protection from EAE induced by polyclonal T cells or by myelin-specific 2D2 T cell receptor transgenic T cells (Sandy et al., 2013b). The impact of RBP-Jk and DNMAML was consistent with a dominant role of canonical RBP-Jk/MAML-dependent signaling in encephalitogenic T cells during EAE. In this study, Notch inhibition did not impair Th1 and Th17 differentiation in the periphery, but profoundly inhibited the accumulation of T cells in the brain and spinal cord. Other investigators reported protection from EAE upon systemic inhibition of Dll4 Notch ligands, with an impact on T cell infiltration in the central nervous system, Treg expansion and Th1/Th17 differentiation, respectively (Bassil et al., 2011; Reynolds et al., 2011; Eixarch et al., 2013). Finally, Notch may also impact Th9 differentiation and myelin repair mechanisms (Jurynczyk et al., 2005; Elyaman et al., 2012).

Altogether, Notch signaling is emerging as a central regulator of EAE pathogenesis, with T cell-intrinsic functions playing a major role. Additional investigations combining genetic and pharmacological approaches are needed to carefully dissect the impact of Notch signaling in T cells vs. other cell types involved in EAE progression. From a translational perspective, it will be essential to evaluate the role of Dll4 as opposed to other Notch ligands; map the cellular source of Notch ligands as well as their spatial and temporal interactions with T cells; and define the critical time windows during which systemic Notch inhibition induces maximum benefits. For example, it would be interesting to define if and when transient systemic Notch ligand inhibition can abort disease flares by itself or in combination with other interventions.



Graft-Versus-Host Disease After Allogeneic Hematopoietic Cell Transplantation

Allogeneic bone marrow or hematopoietic cell transplantation (allo-HCT) is a potentially life-saving therapeutic modality for patients with benign and malignant hematological disorders, including leukemias and lymphomas. However, acute and chronic graft-versus-host disease (GVHD) remain major immune complications of the procedure that limit its success and curtail its widespread use. GVHD is triggered by donor-derived T cells in the hematopoietic graft that recognize foreign tissue antigens in the recipient, leading to target organ damage. Unmet clinical needs include the occurrence of GVHD in a high fraction of patients despite universal use of prophylactic immunosuppression; severe acute GVHD, especially when resistant to corticosteroids; extensive forms of chronic GVHD, which induce serious life-long morbidity; and the need to control GVHD without eliminating the beneficial graft-versus-tumor effects of allo-HCT in cancer patients.

In the past 10 years, Notch inhibition in donor T cells has emerged as an attractive new strategy to control GVHD without inducing global immunosuppression. Protective effects of Notch inhibition were observed in multiple mouse allo-HCT models of acute and chronic GVHD, across major and minor histocompatibility antigen mismatches, after conditioning regimens of variable types and intensity, and also in a model of aplastic anemia mediated by alloreactive T cells (Zhang et al., 2011; Mochizuki et al., 2013; Roderick et al., 2013; Sandy et al., 2013a; Tran et al., 2013). Inhibition of canonical Notch signaling accounted for all major effects of Notch blockade in T cells (Zhang et al., 2011; Tran et al., 2013; Charbonnier et al., 2015). Combined Notch1 and Notch2 blockade in T cells was necessary to achieve maximum effects of Notch inhibition, but with a major role for Notch1 (Tran et al., 2013; Radojcic et al., 2018). In one report, protective effects were reported upon Notch1/2 inactivation only in regulatory T cells (Tregs) (Charbonnier et al., 2015). In terms of Notch ligands, Dll1 and Dll4 in the host accounted for all the effects of Notch signaling in GVHD, with a dominant role for Dll4 (Mochizuki et al., 2013; Tran et al., 2013; Chung et al., 2019; Perkey et al., 2020). Mechanistically, Notch inhibition blunted the production of multiple inflammatory cytokines in alloreactive T cells, including IFNγ, TNFα and IL-17, while leading to increased expansion of preexisting Tregs, enhanced Treg function and decreased accumulation of T cells in the gut (Zhang et al., 2011; Sandy et al., 2013a; Tran et al., 2013; Charbonnier et al., 2015). Notch inhibition rapidly established a unique transcriptional signature in alloreactive T cells within days after transplantation, although all direct transcriptional targets remain to be identified systematically through genome-wide approaches (Chung et al., 2019). Importantly, and unlike conventional immunosuppression, Notch blockade did not inhibit the activation and expansion of alloreactive T cells in secondary lymphoid organs, and it preserved high levels of cytotoxicity and anti-cancer activity (Zhang et al., 2011; Sandy et al., 2013a; Tran et al., 2013). Thus, Notch inhibition in T cells did not cause global immunosuppression, but instead induced a beneficial pattern of immunomodulation after allo-HCT.

From a translational perspective, systemic pan-Notch inhibition with GSIs showed on-target activity in alloreactive T cells similar to that of genetic interventions, but also side effects in the gut that were poorly tolerated (Tran et al., 2013). Although not unexpected given the known functions of Notch signaling in intestinal epithelial cells during homeostasis, this on-target toxicity was enhanced after transplantation, likely due to a role of Notch signaling in intestinal regeneration after injury from conditioning irradiation (van Es et al., 2005; Riccio et al., 2008; Tran et al., 2013). Thus, GSIs are not promising in this context. Bypassing these limitations, targeted antibody-mediated inhibition of the Notch ligands Dll1 and Dll4 were efficient at controlling GVHD and well tolerated (Tran et al., 2013; Chung et al., 2017). Importantly, early Dll1/4 inhibition during the first 2 days after allo-HCT proved essential to induce GVHD protection, suggesting that critical pathogenic Notch signals are delivered to incoming T cells very early after transplantation (Chung et al., 2017). Conversely, short-term Notch inhibition even with a single dose of anti-Dll1/4 antibodies was sufficient to confer long-term protection from GVHD. During early days after allo-HCT, T cells were found to interact with Dll1/4 ligands expressed by specialized niches of non-hematopoietic fibroblastic reticular cells lineage traced with a Ccl19-Cre transgene in secondary lymphoid organs (Chung et al., 2017; Perkey et al., 2020). The dominant role of non-hematopoietic cells as a source of Notch ligands in this context came as a surprise, as dendritic cells as well as other professional antigen-presenting cells had been considered previously as the likely source of ligands. Nevertheless, this pattern of Notch ligand-receptor interactions in secondary lymphoid organs is reminiscent of regulation in the thymus, where Notch ligands in non-hematopoietic thymic epithelial cells interact with Notch receptors in T cell progenitors.

Altogether, these findings support continued translational investigations of Notch ligand inhibition as a new strategy to prevent GVHD. The long-term benefits of short-term Notch inhibition at the time of transplant are particularly relevant, as they avoid the consequences of prolonged Notch blockade, including inhibition of Dll4/Notch1-driven T cell development in the thymus and other potential negative consequences. Importantly, emerging data indicate that the central role of Notch signaling in GVHD is conserved from mice to non-human primates. Indeed, short-term DLL4 blockade at the time of transplant induced significant protection from GVHD in a Rhesus macaque model similar to human transplantation, even with a single dose of antibodies (Tkachev et al., 2018). Thus, Notch ligand blockade could be considered to prevent GVHD in human allo-HCT.



Rejection After Allogeneic Solid Organ Transplantation

Acute and chronic immune-mediated rejection limit the success of solid organ transplantation in patients, such as heart, lung, liver or kidney transplant recipients. In addition, the risk of rejection mandates long-term administration of global immunosuppressive drugs, such as calcineurin inhibitors, which carry significant side effects including vascular and renal toxicity, a propensity to opportunistic infections and post-transplant lymphoproliferative disorders. Thus, new strategies to prevent rejection are needed, ideally by inducing tolerance to transplanted allogeneic organs.

Early work using ex vivo and in vivo exposure of T cells to overexpressed Notch ligands suggested a role for Notch signaling in tolerance induction (Vigouroux et al., 2003; Wong et al., 2003; Yvon et al., 2003). However, artificial features of these experimental systems did not allow for definitive conclusions about the role of Notch signaling, and instead multiple convergent reports have now identified Notch as a major pro-inflammatory pathway driving organ rejection in vivo. Riella et al. (2011) first reported a role for the Notch pathway in transplant rejection by targeting the Notch ligand Dll1 with monoclonal antibodies in a mouse model of heart transplantation. Together with B7-CD28 blockade, anti-Dll1 antibodies induced significant, although relatively modest, protection from heart rejection, which was associated with STAT6-dependent Th2 polarization. Conversely, Jagged2-mediated agonism accelerated rejection through an IL6-dependent pathway (Riella et al., 2013). Although these studies captured consistent pro-rejection effects of Notch signaling, they only investigated the impact of isolated Notch ligands. Using expression of the pan-Notch inhibitor DNMAML in T cells, Wong et al. (2003) reported delayed rejection of mouse allogeneic heart transplants, which was most pronounced upon concomitant CD8 depletion (Wood et al., 2015). Protection was associated with decreased T cell infiltration and an increased proportion of Tregs in the graft. Furthermore, a short course of antibody-mediated Dll1/4 blockade over 10 days led to even better protection than pan-Notch inhibition in T cells, as well as to decreased alloantibody production and complement deposition in the graft (two features of chronic rejection). Thus, systemic Dll1/4 blockade may exert protective effects through its impact on both alloreactive T cells and other pathogenic cell types (e.g., B cells and plasma cells). Recently, Riella’s group reported major protective effects of anti-Notch1 neutralizing antibodies when administered during 10 days after transplantation of MHC-mismatched heart allografts (Magee et al., 2019). Protection was associated with evidence of increased Treg expansion and function. Prolonged graft survival was particularly impressive when anti-Notch1 antibodies were combined with CTLA4-Ig, suggesting that a tolerance-like state can be achieved in these conditions.

Together, this growing body of work identifies strategies of Notch inhibition with translational potential in the prevention of organ rejection. Selective inhibition of individual Notch ligands or receptors is attractive to prevent the systemic side effects of pan-Notch inhibition, especially when applied transiently. As seen in GVHD, short-term inhibition in the peri-transplant period exerts long-term protective effects, which limits the potential consequence of prolonged Notch ligand or receptor inhibition. More work needs to identify all target cell types, and the most promising treatment combinations, although the joint effects of Notch blockade and CTLA4-Ig are particularly interesting.



Asthma and Allergic Airway Inflammation

Asthma is characterized by bronchial hyperreactivity and airway infiltration by T lymphocytes, innate lymphoid cells, macrophages, neutrophils, mast cells and eosinophils, with important inflammatory roles for both innate and adaptive immune cells. CD4+ T cell differentiation to a T helper 2 (Th2) phenotype under the control of the master transcription factor GATA3 is central to disease pathogenesis via secretion of Th2 cytokines (e.g., IL-4, IL-5, IL-13), although Th17 differentiation also takes place. Ex vivo work using coculture with antigen-presenting cells first identified the potential for Jagged ligands to drive CD4+ Th2 polarization (Amsen et al., 2004). In several mouse models of Th2 differentiation, Notch was reported to directly regulate Gata3 and Il4 transcription, the latter through ICN binding at the Il4 CNS2 enhancer element (Tu et al., 2005; Tanaka et al., 2006; Amsen et al., 2007; Fang et al., 2007). Other groups proposed that Notch can sustain and amplify, rather than initiate, multiple types of T helper responses (Bailis et al., 2013; Laky et al., 2015). Collectively, these studies inspired researchers to evaluate pharmacological strategies of Notch inhibition in models of asthma and allergic airway inflammation. Administration of GSIs blunted disease pathogenesis and Th2 differentiation in a mouse asthma model induced by ovalbumin sensitization (Kang et al., 2009). Other investigators reported an impact of GSIs on Th17 differentiation (Zhang et al., 2015). In a house dust mite model, eosinophil infiltration, Th2 differentiation and bronchial hyperreactivity were blunted by topical intratracheal administration of the stapled peptide SAHM1, which blocks Notch-mediated transcriptional activation (Moellering et al., 2009; KleinJan et al., 2018). Antibody-mediated blockade of Jagged1 and Dll4 ligands had opposite effects in an ovalbumin-driven model, with Jagged1 blockade ameliorating the disease and Dll4 inhibition worsening it, possibly via an effect on Tregs (Huang et al., 2017). Systemic Dll4 blockade also enhanced bronchial hyperresponsiveness and inflammation in mouse models of airway hyperreactivity following Respiratory Syncytial Virus infection (Schaller et al., 2007). Thus, the impact of individual Notch ligands and receptors in asthma and related conditions is profound but complex.

Recent work is expanding our understanding of Notch signaling in asthma, revealing new mechanisms and unexpected players. Tindemans et al. (2020) used a house dust mite mouse model of allergic airway inflammation to document genetically a major pathogenic role of Notch1 and Notch2 in T cells. Interestingly, transgenic Gata3 expression in Notch1/2-deficient or Rbpj-deficient T cells only had a limited impact on their phenotype, suggesting Gata3-independent effects of canonical Notch signals. Instead, Notch was found to promote lymph node egress and trafficking of CD4+ T cells into the lung, possibly via a KLF2/S1PR1 axis. Recently, Chatila’s group described a Jagged1-Notch4 signaling axis at the core of asthma pathogenesis in mice, with correlative data suggesting its relevance to human patients (Xia et al., 2015; Harb et al., 2020). Alveolar macrophages showed increased Jag1 expression when exposed to ultrafine ambient particles through a mechanism dependent on Aryl Hydrocarbon Receptor, in turn engaging Notch receptors in CD4+ cells (Xia et al., 2015). Surprisingly, the dominant Notch receptor in these studies of allergic airway inflammation proved to be Notch4, rather than Notch1/2 (Harb et al., 2020). Functional effects of Notch4 on Th2 differentiation were mediated by canonical RBP-Jκ-dependent Notch signaling, while other effects were not. In addition, Notch4 activation was found to predominate in Tregs, where it was linked to Wnt and Hippo activation, destabilization of the Treg program and a pro-inflammatory crosstalk with type 2 innate lymphoid cells. At this stage, the relative impact of Notch1/2-mediated and Notch4-mediated effects reported by different groups has not been resolved. Another interesting consideration is the emerging role of Notch signaling in cells other than CD4+ T lymphocytes. Roles for Notch signaling have been reported in the regulation of lung-infiltrating effector CD8+ T cells, lung-resident memory CD8+ T cells as well as innate lymphoid cell differentiation and function, all of which could impact asthma pathogenesis (Okamoto et al., 2008; Hombrink et al., 2016; Zhang et al., 2017). Finally, Notch is also emerging as a key regulator of bronchial epithelium homeostasis in health and disease, as continuous Jagged1/2-Notch2-mediated signals block the transdifferentiation of club cells into ciliated cells and basal epithelial stem/progenitor cells communicate with their secretory progeny via Notch signaling (Lafkas et al., 2015; Pardo-Saganta et al., 2015).

Altogether, these findings reveal the interesting and complex biology of Notch signaling in airway inflammation. The mechanisms of Notch action and all the cellular partners involved need to be investigated further, including immune and non-immune cell types. These considerations are especially relevant when systemic rather than cell-specific targeted genetic interventions are being considered in translational investigations.



Other Immune and Inflammatory Disorders

Although space limitations prevent us from comprehensively including all work reported in the field, a role for Notch signaling has been suggested in other immune and inflammatory disorders, with various degrees of evidence. An interesting common denominator is that investigations of inflammatory disorders identify complex interactions of immune cells with non-hematopoietic partners in their environment, and new functions of Notch signaling in unexpected cell types.

In inflammatory aspects of atherosclerosis, Notch may be involved in the regulation of both endothelial function and infiltrating leukocytes. Endothelial Notch1 expression was suppressed in mice and humans on high fat diets, which correlated with increased atherosclerosis progression (Briot et al., 2015). In the same study, human aortic endothelial cells treated with lipids and inflammatory cytokines showed a significant decrease in Notch1 expression. These data were consistent with an anti-inflammatory role of endothelial Notch1 signaling. In contrast, other reports reported Notch-dependent induction of IL-6 expression in endothelial cells and a crosstalk with macrophages, polarizing them to an inflammatory state via Dll4-dependent signals (Pabois et al., 2014, 2016). In a LDL-deficient mouse model of atherosclerosis, in vivo antibody-mediated Dll4 blockade attenuated the progression of atherosclerotic plaques, as well as macrophage accumulation and M1 differentiation (Fukuda et al., 2012). More work is needed to fully understand the role of Notch signaling in atherosclerosis, which could be hindered by the lack of mouse models that fully recapitulate human disease.

In rheumatoid arthritis, early work suggested the presence of activated Notch1 receptors in synovial cells, especially in vascular and perivascular regions (Nakazawa et al., 2001; Gao et al., 2012). In a mouse model of collagen-induced arthritis, GSI administration decreased the clinical and pathological severity of joint inflammation (Park et al., 2015). In recent investigations of human synovial tissue at single cell resolution, Wei and colleagues identified an expanded population of Notch3-expressing sublining fibroblasts with evidence of Notch activation in rheumatoid arthritis patients (Wei et al., 2020). Single-cell transcriptomic analysis of synovial cell types suggested the existence of positional identity transmitted from the endothelium to synovial fibroblasts via Notch signaling. Indeed, organoid cultures of synovial fibroblasts and endothelial cells was consistent with a wave of Notch signaling propagated through a Jagged1/Notch3 signaling relay. These findings were reminiscent of earlier data showing a role for Notch in layering of smooth muscle cells in developing vessels, with Jagged1 expression being induced as a Notch transcriptional target as part of a positive feedback loop (Manderfield et al., 2012). In a mouse model of antibody-mediated arthritis induced by transfer of K/BxN mouse serum, Notch3-deficient mice were resistant to arthritis induction and anti-Notch3 neutralizing antibodies blunted disease severity (with lesser effects for anti-Notch1 antibodies) (Wei et al., 2020). These exciting new data provide an entirely new perspective on disease pathogenesis and on the development of Notch-based therapeutics in autoimmune arthritis.



LESSONS AND FUTURE DIRECTIONS

Much can be learned already from the rich biology of Notch signaling in cancer and inflammatory disorders, and from preclinical and early clinical investigations to target the Notch pathway therapeutically (Table 1).

In cancer, Notch behaves as an oncogenic pathway in a diverse range of tumors through gene translocations, mutational activation or natural interactions of the receptors with Notch ligands in the microenvironment. Notch also controls tumor angiogenesis via a crosstalk with the VEGF pathway. Yet, early clinical interventions attempted so far to target Notch signaling in cancer have been disappointing. Key issues include selection for resistant cells as well as on-target side effects that result from prolonged systemic inhibition of the Notch pathway or its components. On-target toxicities rooted in the physiological role of Notch in normal tissues have been dose-limiting and have prevented the deployment of maximally effective inhibition schedules, thus in turn likely contributing to decreased anti-tumor activity. Moving forward, it will be essential to better select patients with Notch-sensitive tumors and consider synergistic effects of combination therapies. In addition, all efforts need to be made to identify more specific strategies to target Notch signaling or its consequences in tumor cells while sparing or protecting normal tissues, especially since prolonged inhibition remains desirable in cancer therapy.

In contrast, the role of Notch signaling in immune and inflammatory disorders represents a more recent discovery leading to new therapeutic opportunities. Of note, all information available so far stems from preclinical disease models, thus the benefits of Notch inhibition in human inflammatory disorders remains to be established. To maximize chances of success, we believe that it will be important to consider rules that differ from those applying to Notch signaling in cancer. Prolonged Notch inhibition is not always necessary to achieve long-term therapeutic benefits in immune disorders. Instead, pulses of Notch inhibition applied at critical times in the disease course can reprogram immune cells to a less pathogenic state, or decrease immune cell trafficking to target organs, while expanding and reinforcing the function of regulatory T cells. In addition, selective targeting of individual Notch ligands and receptors can open a therapeutic window that does not exist with systemic pan-Notch inhibition. In some contexts, the discovery of new roles for understudied Notch pathway members, such as Notch3 and Notch4, may provide therapeutic opportunities even with prolonged inhibition, as the side effects of targeting these receptors are not predicted to be severe. Finally, combination therapies could provide other avenues, building on deeper molecular understanding of Notch signaling in immune cells.
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HIV-1 infection often leads to the development of co-morbidities including cancer. Burkitt lymphoma (BL) is one of the most over-represented non-Hodgkin lymphoma among HIV-infected individuals, and displays a highly aggressive phenotype in this population group, with comparatively poorer outcomes, despite these patients being on anti-retroviral therapy. Accumulating evidence indicates that the molecular pathogenesis of HIV-associated malignancies is unique, with components of the virus playing an active role in driving oncogenesis, and in order to improve patient prognosis and treatment, a better understanding of disease pathobiology and progression is needed. In this study, we found HIV-1 Tat to be localized within the tumor cells of BL patients, and enhanced expression of oncogenic c-MYC in these cells. Using luciferase reporter assays we show that HIV-1 Tat enhances the c-MYC gene promoter activity and that this is partially mediated via two AP-1 binding elements located at positions -1128 and -1375 bp, as revealed by mutagenesis experiments. We further demonstrate, using pull-down assays, that Tat can exist within a protein complex with the AP-1 factor JunB, and that this complex can bind these AP-1 sites within the c-MYC promoter, as shown by in vivo chromatin immunoprecipitation assays. Therefore, these findings show that in HIV-infected individuals, Tat infiltrates B-cells, where it can enhance the expression of oncogenic factors, which contributes toward the more aggressive disease phenotype observed in these patients.
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INTRODUCTION

People infected with HIV are at significantly higher risk of developing cancer. Although this risk has diminished since the introduction of Highly Active Antiretroviral Therapy (HAART), HIV-infected individuals remain over-represented within specific cancer groups, such as Kaposi’s sarcoma (KS), subtypes of non-Hodgkin lymphomas (NHL) and cervical cancer (Guiguet et al., 2009), when compared to the general population. Additionally, these individuals display more severe disease and have lower survival rates, often despite maintaining CD4+ T cell count at near-normal levels (Powles et al., 2009; Coghill et al., 2015). Factors attributable to this include chronic inflammation, and B-cell hyperactivation as a result of viral persistence, as well as co-infection with other oncogenic viruses (Robbins et al., 2015; Abudulai et al., 2016; Hart et al., 2018). In recent years, HIV and its viral components have been directly implicated in driving oncogenesis, and this is strongly evidenced in the development of KS, and more recently in B-cell derived malignancies (Xue et al., 2014; Cesarman et al., 2019; Santerre et al., 2019; Mdletshe et al., 2020). Although HIV-1 is known to only infect a subset of human cells, namely CD4+ cells, soluble HIV-1 proteins are detectable in the serum of HIV-infected individuals, and shown to invade and/or bind to the receptors of uninfected cells including B lymphocytes and endothelial cells (Lazzi et al., 2002; Eugenin et al., 2007; Xu et al., 2009; Lamers et al., 2010; Musinova et al., 2016; Anand et al., 2018). Upon entering bystander cells they interfere with host gene expression and other cellular processes, which are contributing factors to cellular transformation, and ultimately the development of HIV-associated cancers (Martorelli et al., 2015; Carroll et al., 2016; Santerre et al., 2019; Mdletshe et al., 2020).

The HIV-1 protein transactivator of transcription (Tat) has been shown to interfere with a variety of cellular processes in uninfected cells, and to also synergize with other oncogenic viruses such as Kaposi’s sarcoma-associated herpesvirus (KSHV), leading to enhanced angiogenesis and tumorigenesis in KS (Chen et al., 2009; Zhou et al., 2013; Yao et al., 2015; Yang et al., 2020). In HIV host cells, this small protein (86–101 amino acids long) plays a crucial role in HIV DNA transcription and survival. However, recent evidence shows a strong link between Tat and HIV-associated Burkitt Lymphoma (BL), where the viral protein was found to facilitate and enhance cellular events which promote this cancer. For instance, exposure of peripheral blood B-cells from healthy individuals to Tat led to remodeling of the B-cell genome, induction of oxidative DNA damage, and enhancement of expression of the AICDA gene, a promoter of c-MYC/IGH translocations (Germini et al., 2017; Sall et al., 2019). As more studies emerge, it has become evident that HIV-1 Tat can alter cellular events in complex and multiple ways, and one of the crucial events in the pathogenesis of a number of aggressive B-cell lymphomas is dysregulation of c-MYC. Due to its highly oncogenic nature, the expression of this transcription factor is tightly regulated at both the transcriptional and translational levels in normal cells. c-MYC is essential for early B-cell development in the bone marrow but barely detectable in Germinal Centre (GC) B cells (Nguyen et al., 2017). Conversely, c-MYC translocation and detection has become essential in the clinical diagnosis and prognosis of aggressive B-cell lymphomas including BL.

In this study, we investigated the presence of HIV-1 Tat within BL tumor cells, and its ability to influence the expression of c-MYC, a transcription factor that plays a primary oncogenic role in a majority of cancers, including BL (Ramiro et al., 2004; Takizawa et al., 2008; Greisman et al., 2012). Using immunohistochemistry we demonstrate the presence of Tat in the tumor cells of BL patients. We further show that c-MYC expression is enhanced in BL cells where Tat is expressed, and we demonstrate that this enhancement is partially as a result of transcriptional regulation of the c-MYC promoter, through the collaboration of Tat with AP-1 factors, and via AP-1 sites located within the c-MYC promoter.



MATERIALS AND METHODS


Cell Lines and Culturing Conditions

The human Burkitt lymphoma cell line Ramos was obtained from ATCC (Manassas, VA) and the BL41 cell line was a kind donation from Professor Dave from Duke University, United States. Both cell lines were grown in Roswell Park Memorial Institute (RPMI-1640) media (Sigma-Aldrich, United States) supplemented with 10% FBS (Sigma-Aldrich, United States) and 1% penicillin/streptomycin (Sigma-Aldrich, United States) or 20% FBS post electroporation. Cells were incubated in a 5% CO2 humidified incubator at 37°C. The human HT1080 cell line (fibrosarcoma cell line) was used as a host cell line when performing luciferase assays due to its high transfection efficiency and was cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) (Sigma-Aldrich, United States) supplemented with 10% foetal bovine serum (FBS) (Invitrogen, United States) and 1% penicillin/streptomycin (Sigma-Aldrich, United States).



Immunohistochemistry

Twelve (12) HIV positive BL and one HIV negative DLBCL formalin fixed paraffin embedded (FFPE) samples were retrieved from the National Health Laboratory Services Anatomical Pathology patient archive, at the Groote Schuur Academic Hospital in Cape Town, South Africa. FFPE 5 μm tissue sections were incubated at 60°C for 15 min on a heating plate and allowed to cool at RT for 5 min. Next, the tissue sections were de-waxed in xylene and rehydrated through graded alcohol. The EnVision Flex Mini Kit, High pH (Link) (K8023; Dako, United States) was used for the Immunohistochemical staining according to manufacturer recommendations. Briefly, sections were incubated in 2.5% BSA/TBS blocking solution for 15 min at RT. Thereafter, the HIV negative DLBCL and HIV positive BL tumor sections were incubated with anti-HIV-1 Tat antibody (ab43014; Abcam, United Kingdom; 1:100 in 2.5% BSA/TBS) overnight at 4°C and rinsed in wash buffer for 5 min. Sections were incubated in 100 μL of HRP secondary antibody (K8023; Dako, United States) for 1 h at RT followed by another wash for 5 min. Color development was achieved by incubating the tissue sections in Elution substrate buffer containing DAB Chromagen solution (K8023; Dako, United States) at RT for 10 min. Thereafter, the slides were counterstained with Mayer’s Hematoxylin and Scott’s solution, dehydrated and cleared with xylene and mounted with Entellan (107960; Merck, Germany). Sections incubated with only 2.5% BSA/TBS were included as negative controls. All imaging was performed on a Zeiss Axioskop 2 upright microscope with AxioVision 4 software.



Electroporation of BL Cells

BL cell lines were counted at the log phase of growth and 4 × 106 cells were transferred to 0.4 cm electroporation cuvettes at a total volume of 450 μL RPMI-1640 media without supplementation. 15 μg of either pcDNA-Tat or pcDNA3.1 empty control (both plasmids were kindly donated by Professor Mitra from the National Center for Cell Sciences in India) was added to the cuvettes and electroporated using the Gene Pulser Xcell system (Bio-Rad, United States) with the following conditions: exponential wave, 0.28 kV and 950 μF. Cells were incubated on ice for 10 min followed by gentle resuspension and transfer to prewarmed RPMI-1640 media supplemented with 20% FBS (Sigma-Aldrich, United States) and 1% penicillin/streptomycin (Sigma-Aldrich, United States). Cells were incubated for 24-48 h before protein was harvested for western blot analysis.



Protein Isolation and Western Blotting

Total protein was isolated from electroporated cells using 2x Laemmli buffer (0.125 mM Tris-HCL pH 6.8, 4% SDS, 10% β-mercaptoethanol, 20% glycerol, and 0.005% of bromophenol blue) and boiled for 5 min at 95°C. Protein was separated using 12% SDS-PAGE gels and transferred to nitrocellulose membranes (Bio-Rad) using the Mini-PROTEAN 3 casting apparatus (Bio-Rad). The following antibodies were used to detect target proteins: primary antibodies were anti-c-MYC (SC-764, Santa Cruz Biotechnology, United States; 1:1,000), anti-HIV-1 Tat (NIH AIDS reagent program (2A4.1 4373; 1:1,000), anti-JunB (SC-8051, Santa Cruz Biotechnology, United States; 1:2,000) and anti-p38 (M0800, Sigma-Aldrich, United States; 1:5,000). Secondary antibodies were Goat Anti Rabbit (H + L) HRP conjugate (170-6515, Bio-Rad, United States; 1:5,000) and Goat Anti Mouse (H + L) HRP conjugate (170-6516, Bio-Rad, United States; 1:5,000). Densitometric analysis of the signal intensity of bands was done using the ImageJ software (NIH, United States).



Promoter Sequence Analysis and Generation of Deletion Constructs

The WT c-MYC promoter (−2324 to + 537 bp) cloned within the pGL3-Basic luciferase reporter vector (gift of Professor Dai from the University of California, United States) was analyzed using PROMO (Algorithmics and Genetics Group, Universitat Politecnica de Catalunya)1 to identify potential TF binding sites. Deletion constructs of the c-MYC promoter were designed to gradually remove promoter regions using primers with incorporated restriction enzyme sites. PCR was performed with the MyTaqTM DNA polymerase kit (Bioline, United States) using forward and reverse primers (with incorporated restriction enzyme (RE) sites) and the plasmid containing the full-length WT promoter of the c-MYC gene as the template. Forward primers were designed to incorporate a SacI RE site: DF1- 5′-GGGAGCAGAGCTCTCATGTGTGGG-3′, DF2- 5′-GGCGCAAAGAGCTCTTGTCTCTTCTG-3′, DF3- 5′ -CTAGAGCGAGCTCGCTCGGCTGCC-3′ and the reverse primer was designed to incorporate a HindIII RE site: R-5′-CCAAGCTTGCTACTCTGCAGGTCG-3′.



Site-Directed Mutagenesis

Forward and reverse primers containing the desired DNA base pair modifications (underlined) were generated to disrupt AP-1 binding sites. AP-1 site 1 and 2 refer to the AP-1 TFBS at positions -1128 and -1375 bp relative to the TSS, respectively, AP-1 Mut1 F- 5′-CACAAGG GTCTCTGCCGTAGTCCCCGGCTCGGTCCACAAG-3′, AP-1 Mut1 R- 5′-CTTGTGGACCGAGCCGGGGACTACGGCAGAGA CCCTTGTG-3′, AP-1 Mut2 F-5′-CAGAAAAAATTGCGTAGT AGTGAACTAGGAAATTAATGCCTGGAAGGC-3′, AP-1 Mut 2 R-5′-GCCTTCCAGGCATTAATTTCCTAGTTCACTACTACG CAATTTTTTCTG-3′, The KAPA HiFi HotStart ReadyMix system (Roche, Germany) was used to generate the mutated plasmids from the template pGL3-c-MYC-WT plasmid Sanger Sequencing was performed to confirm successful mutations (Inqaba Biotec).



Transfections and Dual-Luciferase Reporter Assays

Dual-luciferase reporter assays were conducted in HT1080 cells seeded at a density of 5 × 104 cells/mL in six-well cell culture dishes. Four hundred nanograms of each luciferase reporter, full-length as well as deletions of the c-MYC promoter, were co-transfected using X-tremeGeneTM HP transfection reagent with up to 500 nanograms of pcDNA-Tat or the corresponding empty vector. The pRL-TK driving the expression of a Renilla reporter was used as an internal control for transfection efficiency. Thirty hours post-transfection, whole-cell extracts were assayed for firefly and Renilla luciferase activity using the dual-luciferase reporter assay system (Promega, United States). Luciferase activities were measured using the GloMax®-Multi + Luminescence Module (Promega, United States). Firefly luciferase values were normalized to the Renilla luciferase activity and expressed relative to empty vector control. Experiments were performed at least in triplicate.



Co-immunoprecipitation

HT1080 cells (5 × 104/mL) were plated in six-well cell culture plates. After 24 h, the cells were co-transfected with 500 ng of pcDNA-Tat and 500 ng pCMV-JunB plasmids with the XtremeGene-HP reagent (Sigma-Aldrich, United States). Cells were harvested after 24 h and lysed using RIPA buffer (50 mM TRIS HCL pH8, 150 mM NaCl, 1% Triton X, 0.5% sodium deoxycholate and 0.1% SDS) combined with 1X completeTM, Mini, EDTA-free, Protease Inhibitor (Roche, Switzerland). Protein samples were precleared with 50 μL protein A agarose beads (Roche, Switzerland) for 3 h at 4°C. The Pierce® BCA Protein Assay kit (Thermo Fisher Scientific, United States) was used to quantify the protein and 200 μg of protein was used per pulldown. Two micrograms of primary antibody (anti-JunB (SC-8051, Santa Cruz Biotechnology, United States), anti-HIV-1 Tat (NIH AIDS reagent program (2A4.1 4373) or ab43014, Abcam, United Kingdom) and negative control IgG (170-6515, Bio-Rad, United States) were each added to individual tubes containing the 200 μg of protein and incubated overnight at 4°C. Fifty microliters protein A agarose beads were added to the protein-antibody complexes and incubated for 4 h at 4°C. Beads were collected by centrifugation at 2,000 rpm and washed twice in ice-cold 1x PBS containing protease inhibitors. Beads were pelleted and washed twice in ice-cold 1x PBS followed by resuspension in 2x Laemmli Blue, boiled for 5 min at 95°C followed by SDS-PAGE separation and western blot analysis. Experiments were performed at least in triplicate.



Chromatin Immunoprecipitation

HT1080 cells (5 × 104/mL) were plated in six-well cell culture plate. After 24 h, cells were transfected with 500 nanograms of both pcDNA-Tat and pCMV-JunB plasmids using the XtremeGene-HP reagent. Cells were cross-linked with 1% formaldehyde, quenched with 125 mM glycine followed by lysis and sonication to obtain chromatin fragments between 300 and 500 bp in length. Sonicated DNA was cleared with protein A agarose beads for 4 h at 4°C followed by overnight incubation in primary antibodies, anti-JunB (SC-8051, Santa Cruz Biotechnology, United States), anti-HIV-1 Tat (ab43014, Abcam, United Kingdom) and negative control IgG (170-6515, Bio-Rad, United States) at 4°C. DNA enrichment was analyzed through qRT-PCR using the following c-MYC promoter-specific primers: Primer Set 1 F 5′-GGAATTAAACGTCCGGTTTGTC-3′, Primer Set 1 R 5′-GGCAAGTGGAGAGCTTGTG-3′, Primer Set 2 F 5′-GCAACTAGCTAAGTCGAAGCG-3′, Primer Set 2 R 5′-GGCAAGTGGAGAGCTTGTG-3′. Cycling conditions were as follows: initial denaturation at 95°C for 3 min, 40 cycles including denaturation at 95°C for 5 s, combined annealing/extension at 55°C for 20 s and a final extension at 55°C for 8 min. Experiments were performed at least in triplicate.



Statistical Analysis

Student’s t-tests and one-way analysis of variance (ANOVA) tests were used. Significance was accepted at p < 0.05. Statistical significance was determined using the GraphPad Prism version 8.4.1 for Windows, GraphPad Software, San Diego, California, United States.




RESULTS


HIV-1 Tat Is Detectable in the Tumors of HIV Positive BL Patients, and Tat-Expression in BL Cells Leads to Enhanced c-MYC Expression

An early study demonstrated the presence of Tat using immunohistochemistry (IHC), within the tumor cells of HIV-associated B-cell lymphoma (Lazzi et al., 2002). We found Tat to be localized within all 12 of the formalin-fixed paraffin embedded (FFPE) tumor samples from HIV-associated BL patients whom we tested (Table 1) and a representation of the IHC result is shown in (Figures 1C,E). This was shown to be specific, as we were unable to detect Tat within the tumor cells of an HIV negative DLBCL patient (Figures 1B,D), and HIV positive BL tumors where no primary Tat antibody was included (Figure 1A). BL arising in HIV uninfected individuals are rare and were not available within our archives to use as a negative control. Higher magnification and careful analysis revealed that some cells displayed distinct nuclear staining (Figure 1E—indicated by black arrows). Control samples included BL samples incubated with BSA only (without Tat antibody) (Figure 1A), as well as an HIV negative DLBCL sample probed using an antibody against Tat, to show that Tat was specific to tumors from HIV infected patients only (Figures 1B,D). To determine if Tat expression within BL cells correlates with an increase in c-MYC expression, western blot analysis was performed in the BL cell lines Ramos and BL41 in which Tat was ectopically expressed using electroporation. BL cells electroporated with a plasmid that allows for constitutive expression of Tat had significantly elevated c-MYC protein levels compared to the control cells which were transfected with an empty vector (Figure 1F). Furthermore, using luciferase reporter assays, we could demonstrate that a wild-type (WT) promoter of c-MYC (−2324 to + 537 bp) was significantly activated by up to 5.65 (± 0.42) −fold, in a dose-dependent manner, in the presence of increasing amounts of Tat (Figure 1G). Due to the extremely low efficiency at which lymphocytic cells take up foreign DNA, Tat protein could not be detected in the BL cells post-electroporation, however, we could verify electroporation using a GFP-tagged vector (data not shown), but more importantly, copious amounts of the protein could be detected by western blotting in the HT1080 host cells used in the reporter assays, which were transfected with the same plasmid (Figure 1H).


TABLE 1. Clinical features of the HIV-BL cohort investigated in this study.
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FIGURE 1. HIV-1 Tat is detected in BL tumor tissue and elevates c-MYC expression at the transcriptional and translational levels. (A–E) Immunohistochemical detection of Tat protein in FFPE tumor samples from lymphoma patients. An HIV positive BL incubated without primary antibody (replaced with buffer only) (A) and an HIV negative DLBCL incubated with primary Tat antibody (ab43014, Abcam, United Kingdom) as used for the HIV positive BL tumor samples (B), were used as controls. (C) IHC for Tat protein expression in HIV positive BL tumor tissue. Positive staining is indicated by deposition of DAB (brown) and Hematoxylin was used as counterstain (blue/purple). Distinct nuclear Tat expression (marked by black arrows in E). Images (A–C) were taken at 400X magnification and (D,E) at 1000X. Scale bar in (A–C) represents 50 and 20 μm in (D,E). (F) Western blotting of total proteins isolated from Ramos (Left) and BL41 (Right) cells electroporated with pcDNA-Tat expression vector or pcDNA-Empty control using anti-c-MYC (SC-764, Santa Cruz Biotechnology, United States) antibody. Anti-p38 (M0800, Sigma-Aldrich, United States) was used as a loading control. Bar graphs represent densitometric analysis of western blots (ImageJ) and error bars represent standard deviation (SD). (G) Dual-Luciferase Reporter assay shows a significant dose-dependent increase in c-MYC promoter activity with increasing HIV-1 Tat concentration, relative to the empty-vector control which has been set at 1. The following fold increases were obtained for the indicated pcDNA-Tat concentrations: 50 ng: 1.5 ± 0.15; 100 ng: 2 ± 0.03; 200 ng: 2.86 ± 0.2; 400 ng: 3.5 ± 0.2 and 500 ng: 5.3 ± 0.02. Error bars represent SD. (H) Western blot showing increasing expression of HIV- 1 Tat in transfected HT1080 cells in G, with p38 as a loading control. Statistical analysis was done using GraphPad PRISM 8 with Student’s t-test and one-way ANOVA, significance indicates ∗(p < 0.05), ∗∗(p < 0.01) ∗∗∗(p < 0.001), ****(p < 0.0001). The results are representative of at least three separate repeats.




The c-MYC Promoter Activation by HIV-1 Tat Is Partially Mediated by AP-1 Binding Elements

Using the online software PROMO, a comprehensive analysis of the WT c-MYC promoter was performed to identify putative transcription factor binding sites (TFBS). The dissimilarity rate was set at 15% to not dismiss potential binding sites. Transcription factors (TFs) with previously reported associations, directly or indirectly, with Tat, or which have been implicated in BL pathobiology were annotated and mapped (Figure 2A). Luciferase reporter assays using the WT promoter and a series of promoter deletion constructs (Figure 2A) identified the region -1494 to -969 bp (pGL3-cMYC-DF2 construct) of the c-MYC promoter to play an important role in Tat-mediated activation. The activity of the WT promoter was significantly enhanced in the presence of HIV-1 Tat (2.6 ± 0.46-fold), and this remained unchanged with the loss of promoter region -2324 to -1494 bp (DF1). However, no significant increase in promoter activity was observed within DF2 and DF3, relative to the empty control, when promoter regions -1494 to -969 bp and -969 to -184 bp were lost, respectively. Activator protein 1 (AP-1) had been previously shown to enhance the HIV-1 Tat-mediated transcription of the viral LTR (van der Sluis et al., 2014). Furthermore, several reports have linked gene alteration, via enhancement or alteration of AP-1 binding to promoter regions, in the presence of HIV-1 Tat, indicating that this viral protein has a cooperating relationship with AP-1 factors in altering cellular gene expression (Lim and Garzino-Demo, 2000; Hidalgo-Estévez et al., 2006; Blanco et al., 2008). We identified two AP-1 binding sites within the -1494 to -969 bp region of the promoter (AP-1 site 1 at position -1128 bp and AP-1 site 2 at position -1375 bp) and both had favorable dissimilarity scores indicating that these sites were potentially functional in vivo, with site 2 being previously reported to induce c-MYC transcription upon Platelet-Derived Growth Factor (PDGF) receptor stimulation (Iavarone et al., 2003). Indeed, mutation of AP-1 site 1 and 2 led to significant losses of ∼20 and 25% promoter activity, respectively, in comparison to the WT promoter, while a construct carrying mutations on both sites led to an overall loss in promoter activity of ∼29% (Figures 2B,C). These results indicated that HIV-1 Tat was able to enhance the activity of the c-MYC promoter via AP-1 binding sites, and potentially through the activity of AP-1 factors.
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FIGURE 2. The AP-1 sites located at positions -1128 and -1375 bp partially mediate the effect of HIV-1 Tat on the c-MYC promoter. (A) The WT c-MYC promoter (-2324 to + 537 bp) construct was analyzed for TFBS using PROMO. Sites are represented as different colored shapes which are labeled in the key and the transcription start site (TSS) is denoted by a black arrow. Shortened promoter constructs are labeled accordingly on the right side of the diagram (pGL3-cMYC-DF1, pGL3-cMYC-DF2 and pGL3-cMYC-DF3). (B) Luciferase reporter assays comparing the fold activation of the c-MYC WT promoter to the deletion constructs (DF1-DF3) in the presence of HIV-1 Tat. (C) Luciferase assays comparing fold activation in the presence of HIV-1 Tat between the WT promoter, DF2 and AP-1 MT1, AP-1 MT2 and AP-1 MT1 + 2 constructs. Fold activation was obtained by comparing the relative luciferase units (RLU) of the pcDNA-Tat transfected groups to their empty transfected controls, which were set to 1. Statistical analysis was done using one-way ANOVA in GraphPad PRISM 8. Significance ∗(p < 0.05) and ns (not significant). Error bars represent SD. The results are representative of at least three separate repeats.




HIV-1 Tat and JunB Proteins Form a Complex and Can Bind AP-1 Sites in vivo

Previous studies have shown that HIV-1 Tat can form complexes with cellular proteins including transcription factors. For instance, Tat was found to form a complex with NFAT and c-Jun at an NFAT/AP-1 composite site (Hidalgo-Estévez et al., 2006). There is evidence that Tat can alter cellular gene expression both through direct binding of promoters, as well as through complexing with transcription factors (Lim and Garzino-Demo, 2000; Carvallo et al., 2017). Using an in vitro co-immunoprecipitation assay we found that Tat can form a complex with the AP-1 factor JunB, which is a major component of AP-1 complexes, and previously reported to associate with Tat (Kumar et al., 1998; Hidalgo-Estévez et al., 2006; van der Sluis et al., 2014). Using an HIV-1 Tat specific antibody, protein complexes were pulled down in Tat-expressing cells and subjected to western blotting using an antibody specific to JunB and the result shows that JunB and Tat co-exist within a protein complex (Figure 3A). The reverse experiment, i.e., pull-down using an antibody specific to JunB could not be achieved because the antibody is not compatible with IP assays (data not shown). Nevertheless, we found confidence in this result by the fact that two independent anti-Tat antibodies were able to successfully pull down JunB in separate assays. Further confirmatory evidence of the Tat/JunB/c-MYC axis was obtained using in vivo chromatin-immunoprecipitation (ChIP) assays, using two primer sets that spanned AP-1 sites 1 and 2 (Figure 3B). The results showed that both AP-1 sites were enriched when chromatin was pulled down with JunB antibodies (Figures 3C,D), with a significantly pronounced enrichment at AP-1 site 2 (Figure 3D). Pull down with HIV-1 Tat antibodies showed no enrichment at site 1 (Figure 3E), while enrichment was found at site 2, albeit lower levels, and although not statistically significant, this result was reproducible (Figure 3F). These results indicate that HIV-1 Tat and the AP-1 factor JunB exist within a protein complex that binds with c-MYC promoter at AP-1 binding elements.
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FIGURE 3. HIV-1 Tat and JunB form protein to protein associations and occupy the c-MYC promoter at two AP-1 binding sites. HT1080 cells were transfected with both 500 ng HIV-1 Tat expression vector (pcDNA-Tat) and 500 ng JunB expression vector (pCMV-JunB). (A) The cell lysate was incubated with anti-HIV-1 Tat antibody (ab43014, Abcam, United Kingdom) and pulled down using protein A agarose beads (Roche, Germany). Western blot was carried out using an anti-JunB antibody (Santa Cruz, United States) The goat-anti-rabbit secondary antibody (Bio-Rad, United States) was used as a negative control (lane 3). (B) Diagrammatic representation of the c-MYC promoter depicting the location of the two AP-1 sites in square blocks and the positions of the forward and reverse primers used for the ChIP assay are denoted by black arrows. (C–F) Bar graphs show qRT-PCR data using immunoprecipitated DNA obtained from ChIP with either anti-JunB, anti-HIV-1 Tat or anti-IgG (negative control) antibodies and amplified with the primers depicted in the diagram, error bars represent SD. Statistical significance determined using Student’s t-test in GraphPad PRISM 8, ∗∗∗(p < 0.001). The graphs are representative of at least three separate repeats.





DISCUSSION

Infection with HIV-1 is associated with the development of multiple cancers. Amongst these, the highly aggressive B-cell lymphoma BL is particularly over-represented among the HIV positive population, of which Sub-Saharan Africa has one of the highest incidences in the world (Abayomi et al., 2011; Phillips and Opie, 2018). Recent studies have brought attention to the oncogenic potential of HIV-1 and its associated proteins in promoting these cancers, and the molecular mechanism driving these phenomena is still poorly defined. An early study by Lazzi et al. (2002) demonstrated that Tat protein is detected in AIDS-related B-cell lymphomas with noticeable intracellular localization identified through IHC, and the hypothesis is that soluble Tat protein circulating in the serum of HIV-infected individuals can become internalized by non-host cells, where they act to promote oncogenic events. To the best of our knowledge, no other study has reported the same HIV-1 Tat expression and localization as reported by Lazzi et al. (2002) and we thus sought to determine if the same phenomenon occurred within BL tumor cells from a cohort of our HIV-BL patients. We observed distinct and specific nuclear Tat protein expression in the majority of stained tissue sections, which suggests that this viral protein may play a role in gene expression alterations via direct and/or indirect DNA binding. We found that expression of the highly oncogenic transcription factor c-MYC was enhanced, at both the transcriptional and translational levels, in the presence of HIV-1 Tat. The translocation of c-MYC to the IgH locus is a pathologic feature of BL, however, hardly any studies have assessed c-MYC expression from the intact c-MYC allele within the tumor cells. This is particularly relevant within the context of an HIV-positive background, given the more aggressive nature of the disease in HIV-positive patients, even those receiving ART. Notably, our findings are supported by work done by Germini et al. (2017), where the authors showed that B cells exposed extracellularly to recombinant Tat protein had increased c-MYC mRNA expression.

This study demonstrates that Tat collaborated with the cellular transcription factor JunB to bind the c-MYC promoter and drive expression. The affinity of Tat for promoter regions of host genes has been described in the context of T-cell infection. Genome-wide association studies have revealed that Tat binds to a variety of regions within the human T cell genome (Marban et al., 2011; Dhamija et al., 2015; Reeder et al., 2015). Notably, in Jurkat cells (acute T cell leukemia cell line), HIV-1 Tat was found to preferentially occupy sites within gene promoters and 5′-UTRs and importantly, these associations were conserved in RNA-Seq data showing that Tat not only binds to but also alters the expressions of host genes, specifically genes involved in the cellular immune response. Other studies have shown that Tat forms protein-protein interactions with host TFs, including AP-1 factors, and augments their binding to promoters of host genes (Southgate and Green, 1991; Lim and Garzino-Demo, 2000; Blanco et al., 2008; Kim et al., 2010). While two AP-1 binding elements within the c-MYC promoter were identified to be mediators of Tat-driven expression, these were partial, and thus further studies are needed to identify alternative sites or mechanisms driving this phenomenon. Indirect mechanisms could be via the activation of upstream pathways such as the JNK pathway, shown to influence c-MYC expression, and this pathway has been shown to be activated by Tat in both B and T cells (Kumar et al., 1998; Ju et al., 2012). Additionally, B cells exposed extracellularly to recombinant Tat have shown enhanced ROS production which could potentially induce the JNK pathway and lead to increased AP-1 phosphorylation (El-Amine et al., 2018). Interestingly, a positive feedback loop between c-MYC and AP-1 factors has been proposed in BL, with increased c-MYC levels leading to increased AP-1 phosphorylation and binding to the Igκ Ei and E3′ enhancers, potentially increasing expression of translocated c-MYC in Igκ/c-MYC-BL and possibly that of the unaffected allele on chromosome 8 (Ding et al., 2020). The increased transcriptional activity of the c-MYC gene due to Tat, coupled with its increased localization to the IgH locus and aberrant AID activity, could collectively be the reason for the enhancement of cell proliferation, genetic aberrations, and a more aggressive disease phenotype in HIV positive people.
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The Notch signalling pathway is a highly conserved developmental signalling pathway, with vital roles in determining cell fate during embryonic development and tissue homeostasis. Aberrant Notch signalling has been implicated in many disease pathologies, including cancer. In this review, we will outline the mechanism and regulation of the Notch signalling pathway. We will also outline the role Notch signalling plays in normal mammary gland development and how Notch signalling is implicated in breast cancer tumorigenesis and progression. We will cover how Notch signalling controls several different hallmarks of cancer within epithelial cells with sections focussed on its roles in proliferation, apoptosis, invasion, and metastasis. We will provide evidence for Notch signalling in the breast cancer stem cell phenotype, which also has implications for therapy resistance and disease relapse in breast cancer patients. Finally, we will summarise the developments in therapeutic targeting of Notch signalling, and the pros and cons of this approach for the treatment of breast cancer.
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INTRODUCTION

At the turn of millennium, there was growing interest in the role Notch signalling played in tissue homeostasis and the aetiology of human diseases. Over the previous decade, all four Notch homologues had been identified in mammals, along with the five Notch ligands. The generation of genetic knockouts in mice had demonstrated the importance of Notch signalling in embryonic development and the aetiology of several human genetic disorders, including Alagille syndrome. There was also growing evidence that aberrant Notch signalling was linked to several different cancers, in particular certain leukaemias. Amongst solid cancers, breast cancer was of particular interest. Integration of the Mouse Mammary Tumour Virus (MMTV) into the Notch1 or Notch4 loci, leading to the expression of an activated form of the respective Notch proteins, had been shown to disrupt mammary gland development and cause tumour development. However, it was unclear whether Notch signalling played a role in the normal development of mammary gland or in the aetiology of breast cancer in humans. Work since, has provided conclusive evidence for both.



NOTCH SIGNALLING

At first glance, the Notch signalling pathway is a simple one, with a relatively small number of core signalling components compared to other vital developmental pathways, and lacking in any second messengers, phosphorylation, or amplification steps (Bray, 2006, 2016; Hori et al., 2013; Figure 1). Signalling through the pathway is typically thought to be initiated by physical association between a Notch receptor expressed on the surface of the signal-receiving cell, and a Notch ligand expressed on the surface of the signal-sending cell. However, there is clear evidence that signalling through the pathway can also be initiated in a ligand independent-manner following Deltex-mediated endocytosis localising the Notch protein to the outer surface of the multivesicular body (Steinbuck and Winandy, 2018).
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FIGURE 1. Activation of Notch signalling. The Notch pathway can be activated in two ways, either by interacting with a ligand on an adjacent cell or following endocytosis driven by Deltex. S1 cleavage occurs in the Golgi and mediates the production of the mature Notch heterodimer which is presented on the surface of the cell. Ligand binding stimulates S2 cleavage, which causes the release of the Notch ectodomain and subsequent endocytosis by the ligand-presenting cell. S2 cleavage provides the substrate for γ-secretase, which carries out the final S3 cleavage and releases NICD into the cytoplasm where it can translocate into the nucleus to activate target gene transcription (Fortini, 2009; Aster et al., 2017). The endocytosis of the Notch protein to the multivesicular body driven by Deltex also provides a substrate for γ-secretase and thus target gene transcription (Steinbuck and Winandy, 2018).


There are four Notch receptors (Notch 1–4). As these receptors are produced in the endoplasmic reticulum (ER), they undergo vital post-translational modification and processing steps in the Golgi. This includes proteolytic cleavage by Furin-like convertase and O-glycosylation by protein O-fucosyltransferase 1 (POFUT1), protein O-glucosyltransferase 1 (POGLUT1) and the Fringe proteins. Furin processing of the Notch receptor is known as S1 cleavage, and results in the presentation of the receptor at the plasma membrane as a heterodimer, with the two fragments linked by non-covalent Ca2+ salt bridge interactions (Logeat et al., 1998; Rand et al., 2000). O-Glycosylation alters the folding of the Notch protein, increasing its stability and presentation at the cell surface, and changing its interaction with the five Notch ligands, Delta-like 1, 3, and 4 (DLL1, DLL3, and DLL4) and Jagged 1 and 2 (JAG1 and JAG2) (Harvey and Haltiwanger, 2018). Fringe modification of the O-glycosylation chains favours binding by the DLL ligands.

Notch receptor-ligand binding triggers endocytosis of the ligand by the ligand-presenting cell (Parks et al., 2000). This induces a mechanical force across the receptor which causes the unfolding of the NRR domain, exposing the S2 site to proteolytic cleavage by disintegrin and metalloprotease (ADAM) proteases (Brou et al., 2000; Nichols et al., 2007). ADAM protease activity causes the release of the Notch ectodomain, leaving the activated and membrane bound form of Notch known as NEXT (Notch extracellular truncation) (Andersson et al., 2011). The Notch ectodomain is endocytosed by the ligand-presenting cell (Hori et al., 2013). NEXT is the substrate for γ-secretase, a complex comprising presenilin, nicastrin, presenilin enhancer 2 (PEN2) and anterior pharynx-defective 1 (APH1), which carries out the third and final Notch proteolytic cleavage (S3) to release NICD into the cytoplasm (Schroeter et al., 1998; De Strooper et al., 1999; Bray, 2006). S3 cleavage by γ-secretase can occur at the plasma membrane or within endosomes as part of NEXT endosomal trafficking (Vaccari et al., 2008; Andersson et al., 2011). Once in the cytoplasm, NICD is transported to the nucleus via importin-α proteins, where it is able to induce target gene transcription (Huenniger et al., 2010).

As well as the ligand-activated Notch signalling pathway outlined above, evidence shows that the core Notch pathway can be activated in a ligand-independent manner through the activity of the E3 ubiquitin ligase Deltex (DTX). In this scenario, full length Notch is trafficked into the cell through endocytosis. DTX functions to stabilise Notch in the endocytic compartment via ubiquitination, and assists in the delivery of the receptor to the limiting membrane of the multivesicular body. Here the receptor undergoes S3 cleavage and NICD is released into the cytoplasm (Shimizu et al., 2014; Steinbuck and Winandy, 2018). There are also suggestions that Notch/DLL and Notch/JAG signalling are distinct, with Notch/DLL signalling favouring the classical lateral inhibition patterning causing cells within a sheet to adopt two different fates in a salt and pepper pattern and Notch/JAG signalling favouring lateral induction causing a group of neighbouring cells to adopt the same fate (Bocci et al., 2020).

In the absence of NICD, Notch target gene expression is repressed by the transcription factor RBPJκ (also known as CBF1) and its co-repressors (Jarriault et al., 1995). These co-repressors, such as RBPJκ-interacting and tubulin-associated (RITA) and silencing mediator for retinoid or thyroid hormone receptors (SMRT)/histone deacetylase (HDAC) 1-associated repressor protein (known as SHARP), compete for NICD binding, as well as actively silencing target gene transcription (Kao et al., 1998; Oswald et al., 2005; Wacker et al., 2011). In the presence of NICD, the co-repressors are displaced and a transcriptional activator complex is formed containing NICD, RBPJκ, and various co-activators including the Mastermind-like (MAML) proteins (Wu et al., 2000; Nam et al., 2006; Wilson and Kovall, 2006). The transcriptional activator complex binds to Notch regulatory elements (NREs) located in gene enhancer elements, resulting in Notch target gene expression (Aster et al., 2017). This is the traditional “switch” model of Notch target gene regulation; however more recent studies have suggested a more dynamic role for RBPJκ than previously thought, involving the movement of the whole transcriptional activator/repressor complex on and off the NRE (Kao et al., 1998; Castel et al., 2013; Bray, 2016).

The classical Notch target genes are the hairy and enhancer of split-related genes; belonging to the HES and HEY families. Hes/Hey proteins are basic helix-loop-helix (bHLH) transcription factors which play key roles during embryonic development as transcriptional repressors. Other canonical Notch target genes include the transcription factors c-Myc, GATA2/3 and Snail; cell cycle regulators E2F, cyclin D1/3, and p21; immune components interleukin 2 receptor subunit alpha [IL2RA (CD25)], pre-T cell receptor α (pTa) and NFκB2; developmental homeobox (HOX) A genes; the matrix metalloprotease ADAM19, and the receptor tyrosine kinase platelet-derived growth factor receptor beta (PDGFRβ) (Oswald et al., 1998; Deftos et al., 2000; Rangarajan et al., 2001; Ronchini and Capobianco, 2001; Reizis and Leder, 2002; Robert-Moreno et al., 2005; Maillard et al., 2006; Palomero et al., 2006; Weerkamp et al., 2006; Weng et al., 2006; Amsen et al., 2007; Fang et al., 2007; Jin et al., 2008; Sahlgren et al., 2008; Borggrefe and Oswald, 2009; Joshi et al., 2009; Bivik et al., 2016). Finally, like many key signalling pathways, Notch is involved in crosstalk with other notable signalling networks in the regulation of development, inflammation and cell function. This is particularly important to consider in the context of Notch signalling in oncogenesis and the design of Notch-targeting therapeutic approaches. For example, Notch interacts with the Wnt, NFκB, TGFβ, HIF1α, YAP/TAZ, EGFR and Akt signalling pathways (Andersson et al., 2011; Bray, 2016; Fazio and Ricciardiello, 2016; Siebel and Lendahl, 2017; Totaro et al., 2018).



MAMMARY STEM CELLS, PROGENITORS AND LINEAGE DETERMINATION

A small subpopulation of mammary epithelial cells can re-populate a full functional mammary gland in a cleared mammary fat pad (Kordon and Smith, 1998; Figure 2). These mammary gland-reconstituting cells contain multi/bipotent mammary stem cells (MaSCs) and unipotent mammary epithelial progenitors (Slepicka et al., 2020). MaSCs are primarily active during the embryonic stage as foetal mammary stem cells (fMaSCs). Most post-natal mammary gland development originates from unipotent lineage-committed progenitors (luminal and myoepithelial progenitor cells) located in the basal epithelium (Inman et al., 2015). Cells in the basal layer generally do not express ER(α), however, luminal cells are a mixed population of both ER+ (oestrogen sensitive) and ER- (oestrogen non-responsive) cells (Clarke et al., 1997; Russo et al., 1999; Watson and Khaled, 2020).
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FIGURE 2. Notch signalling promotes and maintains the luminal progenitor cell fate in the mammary gland. The initial stem cell found within the mammary gland (fMaSC) is multipotent and can form both luminal and myoepithelial cells. However, by late embryogenesis, the gland contains two unipotent progenitor cells that form and maintain the luminal and myoepithelial cell layers of the ductal structures within the gland during puberty and adult life and a quiescent multipotent adult MaSC that is only reactivated upon injury (Woodward et al., 2005; Watson and Khaled, 2020). Notch signalling promotes the differentiation of the foetal MaSCs into the unipotent luminal progenitor cell and prevents this cell differentiating into mature luminal epithelial cells to maintain the population (Dontu et al., 2004; Buono et al., 2006; Bouras et al., 2008; Raouf et al., 2008; Lafkas et al., 2013; Šale et al., 2013; Rodilla et al., 2015; Zhang Y. et al., 2016; Lilja et al., 2018). Upon ablation of the luminal epithelial cells in the adult mammary gland, Notch signalling can also promote the conversion of unipotent myoepithelial progenitor cells into unipotent luminal progenitors to repopulate the luminal lineage (Centonze et al., 2020).


Notch signalling is critical in MaSC and mammary progenitor cell function. Early studies focused on Notch4 signalling suggested that it is upregulated in MaSCs and important for their self-renewal (Dontu et al., 2004; Chakrabarti et al., 2018). However, these studies are not supported by other reports in the literature. Firstly, the original description of the Notch4 knockout mouse failed to identify a mammary gland phenotype (Krebs et al., 2000), suggesting that there isn’t a significant role for Notch4 in MaSCs in vivo. Secondly, more recent work looking at the function of the Notch pathway inhibitor Numb in the mammary gland demonstrated that it segregates asymmetrically during MaSC division to the daughter cell with more stem-like characteristics (Santoro et al., 2016), arguing that Notch signalling is blocked in the MaSC. Interestingly, Notch signalling does play an indirect role in maintaining MaSCs within the growing mammary ducts. DLL1 expressed in MaSCs found within the cap cell layer of terminal end buds, the outer layer of cells at growing the tip of mammary duct, activates Notch signalling in adjacent macrophages. This induces the expression of several Wnt proteins which signal back to the MaSCs within the terminal end bud to maintain the stem cell fate (Dontu et al., 2004; Chakrabarti et al., 2018).

On the other hand, there is abundant evidence that Notch signalling plays a significant role in driving MaSCs toward the unipotent luminal progenitor fate. Notch1–3 are more highly expressed in luminal cells, whilst the Notch pathway inhibitors Numb and Numb-like are found in myoepithelial cells (Bouras et al., 2008; Raouf et al., 2008; Raafat et al., 2011; Zhang Y. et al., 2016). Functional studies using knockout and transgenic mouse models and primary human cells have confirmed that Notch signalling controls the luminal vs. myoepithelial lineage balance (Smith et al., 1995; Dontu et al., 2004; Kiaris et al., 2004; Buono et al., 2006; Hu et al., 2006; Bouras et al., 2008; Raouf et al., 2008; Yalcin-Ozuysal et al., 2010; Santoro et al., 2016; Zhang Y. et al., 2016; Onoyama et al., 2020). In the absence of Notch signalling, there is an accumulation of myoepithelial cells, whilst increased Notch signalling leads to an expansion of the of the luminal lineage (Smith et al., 1995; Kiaris et al., 2004; Buono et al., 2006; Hu et al., 2006; Bouras et al., 2008; Yalcin-Ozuysal et al., 2010; Zhang Y. et al., 2016; Onoyama et al., 2020). Lineage tracing studies have found that Notch signalling drives MaSCs into the unipotent luminal progenitor fate by late embryogenesis (Lafkas et al., 2013; Šale et al., 2013; Rodilla et al., 2015; Lilja et al., 2018). However, recent experiments have shown that following ablation of luminal cells, Notch signalling is reactivated in unipotent myoepithelial progenitors to drive the regeneration of luminal cells (Centonze et al., 2020). Interestingly, the functional studies have also shown that Notch signalling not only drives MaSCs toward the luminal progenitor cell fate but also maintains cells in this fate preventing their terminal differentiation (Dontu et al., 2004; Buono et al., 2006; Bouras et al., 2008; Raouf et al., 2008; Zhang Y. et al., 2016). Maintaining this proliferative cell fate could explain why tumour development is seen in transgenic and knockout mouse models where Notch signalling is activated in the mammary gland (Smith et al., 1995; Kiaris et al., 2004; Hu et al., 2006).

Although Notch1, 2, and 3 are all expressed in luminal epithelial cells, Notch3 is the most highly expressed (Raafat et al., 2011). It also appears to be the most important for the decision to adopt the luminal progenitor fate, as the only reports of a phenotype seen when ablating signalling through an individual Notch receptor come from papers reporting the Notch3 knockout in mice (Xiong et al., 2020) and Notch3 knockdown in primary human breast epithelial cells (Dontu et al., 2004; Buono et al., 2006; Bouras et al., 2008; Raouf et al., 2008; Zhang Y. et al., 2016). In contrast, expressing an activated form of Notch 1, 3, or 4 seems to be sufficient to drive tumour formation (Smith et al., 1995; Kiaris et al., 2004; Hu et al., 2006; Bouras et al., 2008; Zhang Y. et al., 2016; Onoyama et al., 2020).



NOTCH IN BREAST CANCER

Notch signalling is aberrantly activated in breast cancer, with increased NICD accumulation and target gene expression detected in a range of breast cancer cell lines and primary samples (Weijzen et al., 2002; Stylianou et al., 2006; Mittal et al., 2009). Overexpression of Notch receptors and ligands have been reported in breast tumours, and is correlated with poorer patient prognosis (Reedijk et al., 2005). Aberrant Notch signalling has also been extensively linked to the triple negative breast cancer (TNBC) subtype; Notch receptor overexpression is correlated with the aggressive, metastatic and therapy resistance phenotype characteristic of TNBC (Zhong et al., 2016; Giuli et al., 2019). Notch4 is particularly associated with TNBC. One study found that Notch4 was expressed in 55.6% of TNBC samples compared to 25.5% of ER+ samples (Wang J.W. et al., 2018a).

Data suggests that deregulation of Notch signalling is an early event in breast cancer tumorigenesis, with accumulation of NICD and increased Hey1 expression detected in a broad range of subtypes, including ductal carcinoma in situ and epithelial hyperplasia (Stylianou et al., 2006; Mittal et al., 2009; Zardawi et al., 2010). This implies that aberrant Notch signalling plays a causative role in breast tumour initiation. In contrast to haematological malignancies, aberrant activation of Notch signalling in the breast is primarily induced through means other than Notch receptor or ligand mutation, although some mutations have been identified. Activating mutations within and surrounding the PEST domain of Notch1, 2, and 3; mutations disrupting the NRR and heterodimerisation domains; and focal amplifications have been identified in patient tumours and patient-derived xenograft (PDX) models, notably with enrichment in TNBCs (Wang et al., 2015). These mutations result in increased nuclear accumulation of NICD and upregulated target gene expression. In particular, Notch4 mutation and overexpression is correlated with metastatic and poor prognosis TNBC, implicating Notch4 in BCSC activity and chemoresistance (Giuli et al., 2019). Loss of Numb is a frequent cause of aberrant Notch signalling in breast cancer (Stylianou et al., 2006). Pece et al. (2004) found that Numb protein was completely lost or reduced in ∼50% of all breast cancers analysed, through ubiquitination and proteasomal degradation. Numb levels and tumour grade were inversely correlated, which was corroborated by another study that identified Numb loss as a determinant in aggressive and poor prognosis tumours. Collectively, these studies emphasise the importance of Numb as a tumour suppressor in the breast (Colaluca et al., 2008).

Increased Notch activation is sufficient to induce mammary gland tumour formation in vivo (Smith et al., 1995; Kiaris et al., 2004; Hu et al., 2006). Moreover, in vitro, overexpression of NICD1/4 or RBPJκ-VP16 (which activates RBPJκ-dependent Notch target gene expression in the absence of upstream stimulation) is sufficient to transform mammary epithelial cells (Imatani and Callahan, 2000; Stylianou et al., 2006). Notch co-operation with other pro-tumorigenic signalling pathways, including other developmental pathways, growth factor signalling, pro-inflammatory cytokines, oncogenic kinase pathways and transcription factors, compounds its role in breast tumour initiation and the cancer cell phenotype (Guo et al., 2011). Notch-Wnt crosstalk in particular has been implicated in breast tumour initiation. For example, Ayyanan et al. (2006) demonstrated that Wnt-induced primary mammary epithelial cell transformation was dependent on upregulated Notch activity via increased expression of DLL ligands. Conversely, inhibition of Notch signalling has consistently been shown to reduce or abolish breast tumour development and/or progression (Lee et al., 2008a; Efferson et al., 2010; Castro et al., 2015; Choy et al., 2017). More detail on the potential of Notch therapeutic targeting in cancer will be given later in this review.



CELL PROLIFERATION

Signalling from the Notch1, 3, and 4 receptors promotes cell proliferation, both directly through target gene expression and indirectly through activation of downstream signalling pathways (Figure 3). Importantly for the consideration of therapeutic targeting, inhibition of Notch signalling suppresses breast cancer cell proliferation and tumour growth, while ectopic activation of Notch signalling increases proliferation rate (Sun et al., 2005; Yamaguchi et al., 2008; Nagamatsu et al., 2014; Castro et al., 2015; Pei and Wang, 2015; Zhang Q. et al., 2016; Choy et al., 2017; Kong et al., 2018; Rui et al., 2018; Tu et al., 2019). The Hes/Hey canonical Notch target genes are both pro- and anti-proliferative, with Hes1 inhibiting cell cycle progression by suppressing E2F1 expression and Hes6 upregulating E2F1 expression to promote cell cycle progression (Hartman et al., 2009; Strom et al., 2009). In fact, several Notch target genes are cell cycle regulators, meaning that aberrant Notch signalling significantly deregulates cell cycle progression. A few cyclins are upregulated by Notch signalling, and Cyclin D1 is a direct target of JAG1-Notch1/3 signalling in triple negative breast cancer cells (Reedijk, 2012). Inhibition of JAG1 expression in MDA-MB-231 cells is sufficient to reduce cell cycle progression, while JAG1 and cyclin D1 expression are positively correlated in basal breast cancers (Cohen et al., 2010). The proto-oncogene c-Myc is an important direct RBPJκ-dependent Notch target gene. Ablation of c-Myc in MMTV/NICD1 mice can prevent tumour formation (Klinakis et al., 2006; Aster et al., 2017). Crosstalk with signalling molecules such as Ras and Wnt also mediate the role of Notch in breast cancer cell proliferation, with studies detecting concomitant suppression of these pathways in response to Notch inhibition (Mittal et al., 2014; Lai et al., 2018).
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FIGURE 3. Notch regulates breast cancer cell proliferation. Notch signalling has several direct target genes implicated in cell cycle regulation. These include cyclins A, B and D1, and Hes/Hey family members (Rizzo et al., 2008; Cohen et al., 2010). While most factors downstream of Notch increase the proliferative rate of the cell, Hes1 downregulates E2F1 expression which inhibits cell cycle progression (Hartman et al., 2009; Strom et al., 2009). Notch also activates key oncogenic signalling pathways with pleiotropic effects on cellular function including proliferation, such as c-Myc, Ras and Wnt (Mittal et al., 2009; Aster et al., 2017; Lai et al., 2018).




CELL SURVIVAL

Notch1/3/4 signalling is anti-apoptotic in the breast, and hence promotes breast cancer cell survival (Figure 4). Previous work in our lab has shown that activation of Notch signalling in non-transformed breast epithelial cells inhibits drug-induced apoptosis. Conversely, inhibition of Notch in breast cancer cells is sufficient to re-sensitise the cells to apoptosis. This was determined to be through Notch-induced activation of Akt, via an unknown autocrine signalling factor, and a downstream apoptosis signal regulating kinase 1 (ASK1)/c-Jun N-terminal kinase (JNK)/p53 signalling axis (Stylianou et al., 2006; Meurette et al., 2009). This mechanism was independent of PTEN, an important negative regulator of Akt activation which is downregulated by Notch in other cancer types (Palomero et al., 2007). This work intertwines Notch, Akt and p53 in anti-apoptotic signalling. This supports previous findings by researchers such as Mungamuri et al. (2006) who showed that treatment of Notch-activated MCF-7 cells with a PI3K or mTOR inhibitor sensitised the cells to cytotoxic drug-induced apoptosis, which was accompanied by activation of a p53-specific reporter. Mechanistically, it was determined that Notch1-induced pro-survival signalling was mediated by mTOR-dependent PI3K/Akt inhibition of p53 (Mungamuri et al., 2006).
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FIGURE 4. Notch signalling inhibits breast cancer cell apoptosis. Notch activates pro-survival Akt signalling through NFκB, PI3K, and mTOR signalling (Mungamuri et al., 2006; Osipo et al., 2008a; Efferson et al., 2010; Zang et al., 2010; Zhu et al., 2013; Li L. et al., 2014b; Hossain et al., 2018). Our lab have shown that Notch also stimulates Akt through a secreted factor, which triggers stabilisation of p53 through ASK1/JNK signalling (Meurette et al., 2009). The Notch target gene c-Myc is anti-apoptotic, and there is significant evidence demonstrating upregulation of survivin in response to Notch activation (Klinakis et al., 2006; Lee et al., 2008a, b). Survivin prevents apoptosis through indirect and direct caspase inhibition (Garg et al., 2016). Of the Bcl-2 family members, Notch upregulates the anti-apoptotic members including Bcl-2 and Bcl-XL, while downregulating pro-apoptotic members such as Bim and Noxa (Portanova et al., 2013; Sales-Dias et al., 2019). Active Notch signalling reduces the sensitivity of TNBC cells to TRAIL-induced apoptosis (Portanova et al., 2013). Notch regulation of cell cycle regulators, including cyclin D1, p21 and p15, also contributes to apoptosis resistance (Cohen et al., 2010; Sales-Dias et al., 2019).


Furthermore, Notch can activate pro-survival Akt signalling through NFκB in breast cancer cells. Cytoplasmic Notch and phosphorylated Akt (pAkt) correlate with nuclear NFκB in TNBC tumour samples, while mechanistic work in triple negative cell lines demonstrated JAG1-Notch1 (but RBPJκ-independent) stimulation of Akt via mTOR and IκB kinase (IKK) α. Combination treatment of a GSI with either an Akt inhibitor or an IKK inhibitor significantly inhibited TNBC PDX-derived mammosphere growth (Zhu et al., 2013; Hossain et al., 2018). This corroborates data from the Liu lab which showed that Notch1-induced proliferation and reduction in apoptosis was accompanied by NFκB activation and target gene expression in triple negative MDA-MB-231 cells (Li L. et al., 2014b).

Additionally, Notch upregulates anti-apoptotic proteins such as survivin and Bcl2 (Lee et al., 2008b; Sales-Dias et al., 2019). Lee et al. (2008a) showed that GSI treatment reduced survivin expression in triple negative breast cancer cell lines (but not ER+ cell lines), which was sufficient to induce apoptosis, prevent colony formation in soft agar and inhibit xenograft tumour growth and lung metastasis in mice. Portanova et al. (2013) also demonstrated sensitisation of breast cancer cell lines to tumour necrosis-factor related apoptosis-inducing ligand (TRAIL)-induced apoptosis by GSI treatment. Interestingly this effect was found to be more potent in the triple negative MDA-MB-231 cell line compared to ER+ MCF-7 cells. TNBC is the most common breast cancer subtype that develops in BRCA1 mutation carriers (Mavaddat et al., 2012). In a high throughput sequencing screen of BRCA1-deficient murine mammary tumours, Notch1 was identified as an oncogenic driver. Notch1 suppressed DNA damage and mitotic catastrophe (and therefore lethality) caused by BRCA1 deficiency. Notch1 signalling restored the S/G2 and G2/M cell cycle checkpoints, likely through an ATR/CHK1 signalling pathway (Miao et al., 2020).



EMT, INVASION AND METASTASIS

Notch signalling is implicated in a broad range of processes required for breast cancer cell metastasis including survival of hypoxia, angiogenesis, EMT, local tissue invasion, survival in the circulation, chemoresistance and colonisation of secondary sites (Zhang et al., 2019).

Notch signalling promotes breast epithelial cell EMT (Leong et al., 2007). Inhibition of Notch signalling in TNBC cells reverses the characteristic epithelial to mesenchymal cobblestone to spindle cell morphology and associated marker switch, as well as reducing invasion and migration (Shao et al., 2015; Zhang J. et al., 2016). Mechanistically, Notch induces EMT through activation of Slug and Snail; transcriptional repressor proteins that downregulate E-cadherin expression (Martin et al., 2005; Leong et al., 2007; Zhang et al., 2010; Shao et al., 2015; Figure 5). JAG1, Notch1 and Slug expression correlate in patient tumour samples. Notch4 inhibition also reduces the number and size of MDA-MB-231 xenograft tumour metastases in vivo, which is accompanied by restoration of E-cadherin expression, inactivation of β-catenin and downregulation of Slug (Leong et al., 2007). Interesting recent work suggests that differences between Notch/DLL and Notch/JAG signalling may induce different patterns of EMT within a cancer, with Notch/DLL signalling favouring the induction of EMT in individual cells and Notch/Jag signalling favouring EMT in clusters of cells (Bocci et al., 2019, 2020). The latter may go on to form circulating tumour cell clusters.
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FIGURE 5. Notch signalling regulates breast cancer cell metastasis. Notch-mediated metastasis is induced by factors such as TGFβ and Sphk1 (Zavadil et al., 2004; Zhang et al., 2010; Sethi et al., 2011; Wang S. et al., 2018b). Notch activates key regulators of EMT including the transcriptional repressors Slug and Snail, that mediate loss of cell-cell contacts through inhibition of E-cadherin expression (Leong et al., 2007; Sahlgren et al., 2008; Zhang et al., 2010; Du et al., 2012; Shao et al., 2015; Kong et al., 2018). The mesenchymal markers ZEB1, β-catenin, N-cadherin and vimentin are upregulated by Notch signalling (Bolós et al., 2013; Lai et al., 2018). ZEB1 is activated through complex bi-directional signalling involving micro-RNAs (Brabletz et al., 2011). Micro-RNAs negatively regulate Notch signalling, and their loss is sufficient to induce EMT in breast epithelial cells (Du et al., 2012; Chao et al., 2014; Kong et al., 2018). Notch is also implicated in tissue invasion, as it upregulates matrix-degrading enzymes including MMP2 and 9 and urokinase-type plasminogen activator (uPA), as well as β1-integrin (Shimizu et al., 2011; Lai et al., 2018). Anti-apoptotic Notch signalling (see Figure 4) enables the cells to survive in the blood stream and travel to secondary sites. Notch signalling between the cancer cells and cells in the bone microenvironment facilitates colonisation and growth at the metastatic site (Sethi et al., 2011).


Hypoxia-induced breast epithelial cell EMT appears to be dependent on Notch signalling, with one study finding that hypoxia downregulated E-cadherin in MCF10A cells only when Notch signalling was aberrantly activated by immobilised JAG1 (Sahlgren et al., 2008). Another study found that Snail expression and E-cadherin downregulation induced by hypoxic treatment of breast cancer cells was abrogated by GSI treatment or dominant negative MAML expression. Hypoxic breast cancer cells had increased invasive and migratory capability in Boyden chamber and scratch wound assay respectively, which was reversed by GSI treatment (Chen et al., 2010). Notch1 has been implicated specifically in triple negative breast cancer EMT. For example, Notch1 is a downstream target of miRNA-3178, an inhibitory miRNA downregulated in TNBC (but not non-TNBC subtypes), that plays a role in EMT through regulation of Snail (Kong et al., 2018). Micro-RNAs are a recurring theme in Notch-mediated EMT, with miRNAs acting both upstream and downstream of the pathway (Du et al., 2012; Chao et al., 2014; Figure 5). Notch is also implicated in bi-directional crosstalk with the mesenchymal marker zinc finger E-box binding homeobox 1 (ZEB1). Knockdown of ZEB1 in breast cancer cells inhibits Notch activity, including downregulation of JAG1, MAML2/3 and HEY1 expression, via de-repression of miRNA-200 expression. In primary TNBC samples high ZEB1 expression was correlated with upregulated JAG1 and Notch activity in invasive tumour regions (Brabletz et al., 2011).

The role of Notch signalling in EMT corresponds to its promotion of invasive and metastatic phenotypes. Activation of Notch signalling in non-invasive breast cancer cells promotes cell invasion and migration, while inhibition of Notch in invasive cells reduces their invasive and migratory capacity (Bolós et al., 2013; Castro et al., 2015; Lai et al., 2018; Leontovich et al., 2018). Moreover, Notch signalling is correlated with metastasis in vivo (Kontomanolis et al., 2014). In a single cell gene expression analysis, NOTCH4, NOTCH3 and JAG1 were upregulated in metastatic breast cancer cells compared to primary tumour cells isolated from TNBC patient-derived xenograft (PDX) models (Lawson et al., 2015). JAG1-induced Notch signalling is also important in breast cancer cell colonisation of the bone metastatic niche (Zhang et al., 2010). High JAG1 expression is correlated with bone-tropic metastatic breast cancer cell lines and samples from patient bone metastasised tumours. It was shown that JAG1 is upregulated in the cancer cells by SMAD-dependent TGFβ signalling (Figure 5), and activates Notch signalling in osteoblasts within the bone microenvironment. Importantly, pharmacological inhibition of Notch signalling was sufficient to reduce breast cancer bone metastasis and osteolysis in vivo, implying that targeting Notch signalling may be a suitable therapeutic approach for inhibiting breast cancer metastasis (Sethi et al., 2011).



A ROLE IN BREAST CANCER THERAPY RESISTANCE

Notch signalling is induced by breast cancer chemotherapy, and is upregulated in therapy-resistant tumour cells (Bhola et al., 2016; Xiao et al., 2019). Activation of Notch signalling is sufficient to induce chemotherapy resistance, while inhibition of Notch signalling re-sensitises resistant cells to conventional therapy (Li X.J. et al., 2012a; García-Heredia et al., 2016; Xiao et al., 2019). Combining Notch inhibitors with conventional chemotherapies has an additive effect, increasing treatment efficacy both in vitro and in vivo (Qiu et al., 2013; Rustighi et al., 2014; Li et al., 2015; Zhou et al., 2017). Furthermore, the failure of inhibitors of key pro-oncogenic signalling pathways in clinical trials has been partially attributed to Notch signalling. For example, investigation of TNBC PI3K/mTOR inhibitor resistance found that PI3K/mTOR or TORC1/2 treatment enriched for BCSCs with upregulated Notch1 expression. GSI Notch blockade prevented this BCSC enrichment (Bhola et al., 2016). In addition, Diluvio et al. (2018) demonstrated that GSI treatment sensitised EGFR tyrosine kinase inhibitor (TKI) resistant TNBC cells to gefitinib.

Notch signalling is also implicated in breast cancer cell resistance to radiotherapy. Radiation induces BCSCs and Notch activity in vivo (Lagadec et al., 2013; Kim et al., 2016), which confers radioresistance in TNBC (Lee et al., 2019). GSI treatment prevents radiation-induced BCSC enrichment (Lagadec et al., 2013). Mechanistically, Notch has been found to mediate triple negative/basal-like breast cancer radioresistance through BCSC enrichment downstream of tribbles homolog 3 (TRIB3), and in parallel with STAT1 (Boelens et al., 2014; Lee et al., 2019). It also mediates radiation-induced EMT as part of an IL-6/JAK/STAT3 signalling axis (Kim et al., 2016).

There is significant evidence to suggest that Notch signalling plays a role in ER+ breast cancer endocrine therapy resistance (Acar et al., 2016). Notch signalling is upregulated in endocrine therapy resistant ER+ breast cancer cell lines (Magnani et al., 2013). In particular, Notch4 activity has been found to be increased in resistant ER+ cell lines and tamoxifen and fulvestrant-treated PDX models. Activation of JAG1/Notch4 signalling was sufficient to induce endocrine therapy resistance in MCF-7 cells, and tamoxifen resistance could be predicted for in ER+ breast cancer patients using a Notch4/HES/Hey gene signature. This Notch4-induced resistance was accompanied by an enrichment for BCSCs. GSI treatment inhibited endocrine therapy-induced BCSC activity and re-implantation tumour formation in breast cancer PDX models and cell lines (Simões et al., 2015). Furthermore, evidence suggests that Notch signalling functions in a paracrine signalling mechanism between bulk ER+ tumour cells and ER- BCSCs (Harrison et al., 2013).

Finally, Notch signalling has been connected to trastuzumab and lapatinib resistance in HER2+ breast cancer. Notch signalling is upregulated following trastuzumab or lapatinib treatment and HER2 positive cells have lower Notch transcriptional activity than HER2 negative cells (Osipo et al., 2008b; Abravanel et al., 2015). This is controlled by several mechanisms, including through HES1 and NRARP, but also through protein kinase C (PKC) α, which acts downstream of HER2 to restrict the availability of JAG1 for receptor binding (Abravanel et al., 2015). Interestingly, PKCα/Notch4 crosstalk has also been identified in endocrine therapy resistant ER+ breast cancers (Yun et al., 2013). Regardless, trastuzumab inhibits HER2, so trastuzumab treatment releases the block on Notch activation, enabling the cells to survive. Importantly, combining trastuzumab with a GSI potentiates the HER2-targeting treatment, and restores sensitivity to resistant cells (Osipo et al., 2008b; Pandya et al., 2016). Trastuzumab/GSI combination treatment also prevented breast tumour recurrence post-treatment insensitive orthotopic breast tumour xenografts (Pandya et al., 2011).



BREAST CANCER STEM CELLS

Notch-conferred therapy resistance is often accompanied by enrichment for breast cancer stem cells (BCSCs). BCSCs are defined as a subpopulation of cancer cells within the breast tumour, capable of both self-renewal and differentiation. They are purportedly responsible for tumour initiation, intratumoral heterogeneity and disease recurrence, and are more resistant to therapy than the rest of the tumour cell population. This puts them in particular focus for the development of novel breast cancer therapies, as ablation of BCSCs would result in tumour regression and eliminate risk of recurrence (Figure 6).
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FIGURE 6. Elimination of breast cancer stem cells is key to achieving complete tumour regression. Conventional therapies destroy the bulk tumour cells, causing tumour regression, however resistant BCSCs survive and re-populate the tumour. Elimination of the BCSCs (even without immediate destruction of the bulk tumour cells) could induce complete tumour regression, as the tumour cells die off and are not replaced.


Notch signalling is implicated in BCSC self-renewal. Notch1 expression is positively correlated with ALDH positivity in breast tumour samples, and downregulation of Notch signalling in ALDH+ cells inhibits growth and induces apoptosis (Suman et al., 2013; Zhong et al., 2016). Breast cancer cells with high Notch activity are also more stem cell-enriched, and activation of Notch with DSL peptide increases mammosphere self-renewal in patient-derived samples (Dontu et al., 2004; D’Angelo et al., 2015; Mamaeva et al., 2016).

In line with its connection to endocrine therapy resistance, Notch4 appears to be the most important of the Notch receptors in breast cancer stem cells (Harrison et al., 2010). Notch4 expression is detected in secondary mammospheres, the basal layer in mammary gland tissue samples and is restricted to the terminal end bud (TEB) regions of mammary ducts (Dontu et al., 2004; Harrison et al., 2010). Notch4 blocking antibody treatment reduces primary mammosphere forming efficiency (MFE) and abolishes secondary mammosphere formation (Dontu et al., 2004; Farnie et al., 2007). Notch3 is also involved, with inhibition or ablation of Notch3 sufficient to reduce breast cancer cell mammosphere formation and self-renewal, and BCSC marker expression (Sansone et al., 2007a, b). Mechanistically, Notch signalling may enhance the expansion of BCSCs and/or progenitors through downstream cyclin D1 activity (Ling et al., 2010; Ling and Jolicoeur, 2013). Numerous factors have been identified upstream of Notch-induced BCSC activity including JNK, Ras, Pin1, HIF, cyclooxygenase 2 (COX2), syndecan-1 and BMP-4 (Mittal et al., 2014; Rustighi et al., 2014; Ibrahim et al., 2017; Xie et al., 2017; Yan et al., 2018; Choi et al., 2019). Notch/ZEB1 signalling has recently been implicated in the critical interaction between BCSCs and the tumour microenvironment. JAG1 expressed on endothelial cells in the tumour microenvironment activates Notch1 in adjacent BCSCs, resulting in ZEB1 induction and increased stemness. A positive feedback loop is formed as ZEB1 upregulates endothelial JAG1 via VEGFA (Jiang et al., 2020).

Evidence collected in these studies suggest that targeting Notch signalling as a part of breast cancer therapy may enable us to home in on BCSCs within the tumour cell population. In an exciting study, Mamaeva et al. (2016) developed mesoporous silica nanoparticles (MSNs, functionalised with glucose moieties) designed to specifically target breast cancer cells and BCSCs with γ-secretase inhibitors. They found that these DAPT loaded MSNs reduced the BCSC pool both in vitro and in vivo (Mamaeva et al., 2016). A note of caution however, lies in the heterogeneity of BCSCs and the implication on treatment efficacy. For example, one study identified two tumour initiating cell subsets within the BCSC population and demonstrated active Notch1 signalling in the more proliferative, invasive and metastatic subpopulation (CD44+/CD24low) but not the other (CD44+/CD24–). Concordantly, GSI treatment reduced mammosphere formation and tumour growth from CD44+/CD24low cells but not CD44+/CD24– cells (Azzam et al., 2013). These data warn that BCSC heterogeneity may limit the efficacy of GSI’s in breast cancer therapy. Despite this concern, studies have shown that Notch inhibitors can still successfully reduce the overall CD44high/CD24low/– subpopulation, and that this has phenotypic effect in mammosphere and re-implantation assays, particularly in combination with other agents (Qiu et al., 2013; Mittal et al., 2014; D’Angelo et al., 2015). Importantly, GSI treatment and Notch antibody blockade have been used to inhibit breast cancer cell secondary re-implantation tumour development, alone or in combination with docetaxel (Qiu et al., 2013; D’Angelo et al., 2015).



CROSSTALK WITH ER AND HER2 SIGNALLING

A significant factor when considering the therapeutic value of targeting Notch signalling in the different subtypes of breast cancer, is the pathway’s crosstalk with ER and HER2 signalling. There is a clear correlation between aberrant Notch signalling and the triple negative phenotype, and multiple studies have identified roles for Notch signalling in TNBC that are not recapitulated in ER+ or HER2+ breast cancer (Lee et al., 2008a; Yamaguchi et al., 2008; Giuli et al., 2019). Notch/ER/HER2 crosstalk is also key in Notch-mediated resistance to endocrine and HER2-targeting therapy.

The Miele group have shown that Notch transcriptional activity is highest in ER- breast cancer cells, where inhibition of Notch signalling is effective in inducing cancer cell death in vitro. In contrast, in ER+ breast cancer cells, oestrogen inhibits Notch activity. This means that Notch activity is induced by endocrine therapy in the ER+ subtype, contributing to therapy resistance. Combining tamoxifen with a GSI resulted in significantly enhanced ER+ xenograft tumour regression compared to monotherapy, suggesting that combining Notch inhibitors with endocrine therapy may be a promising therapeutic strategy for ER+ breast cancer (Rizzo et al., 2008). Supporting this, mutation of ER in breast cancer stem cells induces Notch4 activity (Gelsomino et al., 2018). Similarly, HER2 suppresses Notch signalling in HER2+ breast cancer cells (Osipo et al., 2008b; Ju et al., 2013). HER2 regulates the activity of γ-secretase via ERK, and the nuclear translocation of NICD via Akt, in independent mechanisms (Ju et al., 2013).

Collectively, these studies suggest that in the absence of the growth-promoting pathways induced by ER and HER2, whether it be in the context of TNBC or cancers treated with anti-ER or HER2 therapies, Notch acts as a compensatory growth-promoting stimulus, enabling the cells to survive in the absence of these pathways (Figure 7).
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FIGURE 7. Notch inhibition may be a viable strategy for targeting therapy resistant breast cancer cells. ER and HER2 signalling inhibits Notch in ER+ and HER2+ breast cancer cells respectively. Endocrine or trastuzumab treatment inhibit these pathways, releasing the blockade on Notch signalling. Pro-survival Notch activity enables the cells to survive the targeted treatments. Notch inhibitors could be used in combination to sensitise these resistant cells to the targeted treatment. Triple negative breast cancer cells lack the ER and HER2 receptors, meaning that they are unaffected by endocrine therapy or trastuzumab, but are sensitive to Notch inhibitors.


Conversely, several studies contradict these findings and provide evidence that ER signalling promotes Notch signalling (Calaf and Roy, 2008; Kumar et al., 2019). Imperfect oestrogen response elements (EREs) have been detected in the Notch1 and JAG1 promoters, which translated to oestrogen-induced expression and increased signalling activity (Soares et al., 2004). Moreover, adding further complexity and implying the presence of regulatory feedback loops, Notch signalling can transactivate lower levels of the ER signalling pathway in the absence of oestrogen (Hao et al., 2010). RBPJκ binding sites have also been identified in the ERα promoter, suggesting that Notch can upregulate ERα expression (Dou et al., 2017). Likewise, Notch1 induces HER2 transcription in a RBPJκ-dependent mechanism (Chen et al., 1997).



TARGETING NOTCH IN BREAST CANCER THERAPY

Due to its multiple roles in breast tumorigenesis and therapy resistance, the Notch signalling pathway is an attractive therapeutic target. Many studies have shown that pharmacological Notch inhibition is effective both in vitro and in in vivo mouse models at inhibiting tumour growth, inducing tumour regression, preventing metastasis, targeting BCSCs and sensitising breast cancer cells to conventional therapies.

Many strategies for targeting the Notch signalling pathway have been developed and examples of currently available inhibitors are summarised in Figure 8. However, there are several issues that must be considered before these inhibitors are used clinically, beyond the obvious need to select patients with Notch-responsive tumours. These issues may explain why many clinical trials involving the use of Notch inhibitors have been put on hold or terminated due to toxicity or failure to reach trial endpoints, despite showing promise in pre-clinical studies (Table 1; Mollen et al., 2018).


[image: image]

FIGURE 8. Summary of targetable points of the Notch pathway. The Notch signalling pathway can be inhibited at almost all stages, and a number of strategies are being developed to target these steps for therapeutic purposes (Andersson and Lendahl, 2014). γ-secretase inhibitors (GSIs) are the most well-established Notch inhibitors. Most competitively inhibit presenilin in the γ-secretase complex, and are hence pan Notch inhibitors that prevent all signalling events downstream of the Notch receptor regardless of receptor isoform or activating ligand (Krishna et al., 2019). The γ-secretase complex can also be targeted with monoclonal antibodies raised against presenilin or nicastrin (Hayashi et al., 2012; Takagi-Niidome et al., 2013; Zhang et al., 2014). Other pan Notch inhibitors include those that target the NICD/RBPJκ/MAML transcriptional activator complex. SAHM1 is a synthetic hydrocarbon-stapled α-helical peptide designed to mimic a portion of the N terminus of MAML. It competitively binds NICD/RBPJκ, preventing MAML binding (Moellering et al., 2009). Ligand-receptor binding is a popular target for current Notch inhibitor development. This can be achieved through receptor decoys, monoclonal antibodies, bispecific antibodies and antibody-drug conjugates (Noguera-Troise et al., 2006; Li L. et al., 2008; Hoey et al., 2009; Wu et al., 2010; Sharma et al., 2012; Li D. et al., 2014; Kangsamaksin et al., 2015; ClinicalTrials.gov., 2016, 2019a; Hidalgo et al., 2016; Lee et al., 2016; Cubillo Gracian et al., 2017; Hu et al., 2017; Lamy et al., 2017; Zheng et al., 2017; Hughes et al., 2018; Giuli et al., 2019; Jimeno et al., 2019; Smith et al., 2019; Rosen et al., 2020). Various natural compounds (and their derivatives) have been found to inhibit Notch signalling (Kawahara et al., 2009; Kallifatidis et al., 2011; Li Y. et al., 2012b; Pan et al., 2012; Xia et al., 2012; Nwaeburu et al., 2016; Sha et al., 2016; Mori et al., 2017; Castro et al., 2019; Li et al., 2020). These hold potential to be adapted and appropriated into cancer therapy.



TABLE 1. Notch inhibitor clinical trials featuring breast cancer patients.

[image: Table 1a]

[image: Table 1b]
Firstly, Notch signalling is a ubiquitous and essential developmental signalling pathway. It functions in normal tissue homeostasis throughout the body, meaning that systemic inhibition could have potentially harmful effects in healthy organs and mammary gland tissue. For example, long term γ-secretase inhibition has been shown to cause significant histopathologic changes in the gastrointestinal (GI) tract, including intestinal goblet cell metaplasia, apoptosis of small intestinal crypt epithelial cells, villous stunting, epithelial vacuolation and accumulation of intraluminal mucous (Milano et al., 2004). Another study found that long term anti-DLL4 antibody treatment in mice and rats caused highly significant histopathological defects in multiple organs including the liver and thymus. Most detrimentally, was the formation of ulcerating subcutaneous tumours with features of vascular neoplasms. Rarer necrotic lesions were also identified in the heart and lungs (Yan et al., 2010).

Secondly, targetable proteins within the Notch pathway are shared with other pathways important in normal cellular function. For instance, γ-secretase cleaves many other substrates including low density lipoprotein (LDL) receptor-related protein, E-cadherin, ErbB-4 and amyloid-β protein precursor (AβPP) (Haapasalo and Kovacs, 2011).

Thirdly, particularly in the case of cancer therapy, Notch functions as a tumour suppressor in certain contexts. This means that patients treated with systemic pan Notch inhibitors may be in danger of secondary tumour development, an unacceptable risk. Studies have found evidence for tumour suppressive Notch in a number of tissues, but this is most well characterised in the skin (Nicolas et al., 2003). Loss of function Notch1 mutations have been identified in squamous cell carcinoma, where they occur early on in tumorigenesis (Agrawal et al., 2011; Wang et al., 2011; South et al., 2014). The clinical significance of this was demonstrated in a phase III trial of the GSI semagacestat for Alzheimer’s disease. In addition to failing to slow disease progression, semagacestat increased the risk of skin cancer in the treated patient cohort (Extance, 2010). It may also be the case that Notch has contrasting roles within the same tissue, dependent on factors such as receptor isoform, the strength of activation signal and the presence or absence of regulators (Nowell and Radtke, 2017). Within breast cancer, the role of Notch2 has been controversial, with some studies finding that it has a tumour suppressive role, in direct contrast to the Notch1 and 4 isoforms (Parr et al., 2004; O’Neill et al., 2007). Similarly, Notch3 has been found to inhibit breast cancer cell EMT (Zhang X. et al., 2016; Lin et al., 2018; Wen et al., 2018).

There are a number of strategies that have been suggested for overcoming the gastrointestinal side effects associated with pan Notch inhibition. These include minimal dosing and intermittent administration to reduce the length of continuous treatment periods, which has shown some success (Krop et al., 2012). Z-Leu-Leu-Nle-CHO can be used at lower doses than conventional GSIs, as it is also anti-tumorigenic through negative regulation of the proteasome (Han et al., 2009). Moreover, nanoparticles could be utilised to specifically direct GSIs to the tumour, avoiding damage to healthy tissue (Mamaeva et al., 2016).

GSIs could be combined with conventional chemotherapy and targeted treatments. This has the dual benefit of minimising of the dose of each individual drug required (reducing toxicity), and enhancing overall treatment efficacy. Notch inhibition alone is unlikely to be sufficient to induce tumour regression, but shows promise in combination therapy (Meurette et al., 2009; Brennan and Clarke, 2013; Proia et al., 2015). In clinical trials, GSIs have been combined with conventional chemotherapeutics and endocrine therapy, as well as radiotherapy to help improve radiosensitivity and reach metastatic cells in hard to access areas (Table 1; Albain et al., 2010; ClinicalTrials.gov., 2016, 2019a,b; Lamy et al., 2017).

An alternative strategy to minimise the risk of side effects is to target specific Notch receptors or ligands. Monoclonal antibodies have been developed that bind to specific Notch receptor/ligand isoforms to inhibit receptor-ligand interaction, prevent processing by ADAM proteases, or induce inactivation via a conformational change of the receptor structure (Giuli et al., 2019; see Figure 8 for examples). These have shown promising results in pre-clinical studies, but have suffered end point failure in clinical trials (Noguera-Troise et al., 2006; Li L. et al., 2008; Hoey et al., 2009; Wu et al., 2010; Sharma et al., 2012; Li D. et al., 2014; ClinicalTrials.gov., 2016, 2019a; Hidalgo et al., 2016; Cubillo Gracian et al., 2017; Lamy et al., 2017; Zheng et al., 2017; Hughes et al., 2018; Giuli et al., 2019; Smith et al., 2019). Bispecific antibodies and antibody-drug conjugates may be able to improve on the limited success of monoclonal antibodies. Bispecific antibodies can be used to target other oncogenic signalling pathways simultaneously, which has been proven to be more efficacious than administering two separate monoclonal antibodies (Lee et al., 2016; Hu et al., 2017; Jimeno et al., 2019). Antibody-drug conjugates are designed to target cancer cells with potent cytotoxic drugs while minimising damage to surrounding healthy cells and tissues, reducing side effect risk and severity. For example, PF-06650808 is a novel anti-Notch3-auristatin conjugate that has demonstrated manageable toxicity and signs of anti-tumour activity in breast cancer patients. The anti-Notch3 component binds the agent to Notch3-expressing tumour cells, where it is internalised and trafficked to vesicles containing proteolytic enzymes. These enzymes cleave the linker connecting the two components, releasing the auristatin-based payload into the cytoplasm where it induces cell cycle arrest and apoptosis (Rosen et al., 2020).

Recent research has begun investigating whether Notch signalling could be harnessed in immunotherapy-based cancer treatment. Notch is important in lineage determination in the haematopoietic system where it helps to direct the differentiation of CD4+ T helper cells into TH1 and TH2 subsets. The TH1 response is generally considered to be anti-tumorigenic, meaning that if Notch could be very specifically and carefully activated to induce the TH1 response, then immune cell anti-cancer activity could be increased (Nowell and Radtke, 2017). For instance, Kondo et al. (2017) generated induced stem cell memory T (iTSCM) cells with potent anti-tumour activity from activated CD4+ and CD8+ T cells by co-culture with stromal cells expressing DLL1. In these circumstances, systemically inhibiting Notch signalling would be a hindrance rather than a help.



DISCUSSION

Over the last 20 years, it has become abundantly clear that Notch signalling plays an important role in both the development of the mammary gland and the aetiology of breast cancer. Within the normal mammary gland, Notch signalling is important in driving multipotent foetal MaSCs into the unipotent luminal progenitor cell fate and in maintaining the progenitor fate through puberty and adult life. In breast cancer, elevated Notch signalling is seen in all cancers but it is particularly associated with TNBC and cancers that show therapy resistance where elevated Notch signalling is associated with poor prognosis.

Given the role Notch signalling plays in lineage commitment within the normal mammary gland as well as in the self-renewal of breast cancer stem cells, it is worth speculating that the majority of breast cancers arise from the unipotent luminal progenitor cells. This is in keeping with several studies looking at the cell-of-origin of breast cancers. Firstly, Molyneux et al. (2010) and Melchor et al. (2014) elegantly demonstrated that the loss of BRCA1 within luminal progenitors in mice leads to the development of basal-like tumours and subsequently, depending on the initiating genetic insult, that luminal-like, basal-like and normal-like tumours can all arise from luminal progenitors. Secondly, the cell-of-origin for the luminal-like tumours that arise in MMTV-PyMT and MMTV-Neu mice and the basal-like tumours that arise in Etv6-NTRK3 mice were all found to be luminal progenitor cells (Tao et al., 2015). Lastly, transforming luminal cells isolated from normal human tissue by virally introducing a variety of oncogenes leads to the formation of both ER+ve and ER-ve breast cancers when the cells are transplanted into immunocompromised humanised mice (Proia et al., 2011; Keller et al., 2012). Given these observations, it would be interesting to know whether specifically activating Notch signalling within different cells of the luminal lineage is enough to convert the cells into a progenitor-like fate and initiate tumorigenesis.

It is also interesting to note that mature luminal cells and luminal progenitor cells are arranged in mosaic patterns within the mature mammary ductal epithelium similar to those generated by mathematical modelling of Notch signalling (Hadjivasiliou et al., 2016; Bocci et al., 2020; Dawson and Visvader, 2021). These patterns are particularly associated with lateral induction by Notch/JAG signalling which fits well with known expression of JAG1 in the mammary ductal epithelium (Raafat et al., 2011; Xu et al., 2012; Bocci et al., 2020). The role of Notch/JAG signalling within the pattern of mature luminal cells and luminal progenitor cells could be addressed by disrupting signalling specifically within the mature mammary gland.

The involvement of Notch signalling in resistance to all types of breast cancer treatment, including chemotherapy, radiotherapy, endocrine and HER2-targeting therapies, means that Notch inhibition could be valuable in a broad range of patient groups. However, to date it has proven difficult to target Notch signalling in patients. Pan Notch inhibitors have led to unacceptable side effects, whilst we have most likely failed to stratify patients appropriately for homologue-specific Notch inhibitors to be successful. However stratification to signalling through individual Notch proteins may make identifying appropriate patients for therapy too complex. An alternative approach could be to target one of the signalling events downstream of all Notch homologues. Notch activates numerous pro-tumorigenic signalling pathways, some of which have pre-existing inhibitors prime for re-appropriation into breast cancer therapy. Ideally, a pathway would be targeted that has roles in multiple hallmarks of breast cancer, but in particular apoptosis given the role Notch signalling has in cell survival and the enrichment of BCSCs observed following therapy.
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Aberrant regulation of developmental pathways plays a key role in tumorigenesis. Tumor cells differ from normal cells in their sustained proliferation, replicative immortality, resistance to cell death and growth inhibition, angiogenesis, and metastatic behavior. Often they acquire these features as a consequence of dysregulated Hedgehog, Notch, or WNT signaling pathways. Human tumor viruses affect the cancer cell hallmarks by encoding oncogenic proteins, and/or by modifying the microenvironment, as well as by conveying genomic instability to accelerate cancer development. In addition, viral immune evasion mechanisms may compromise developmental pathways to accelerate tumor growth. Viruses achieve this by influencing both coding and non-coding gene regulatory pathways. Elucidating how oncogenic viruses intersect with and modulate developmental pathways is crucial to understanding viral tumorigenesis. Many currently available antiviral therapies target viral lytic cycle replication but with low efficacy and severe side effects. A greater understanding of the cross-signaling between oncogenic viruses and developmental pathways will improve the efficacy of next-generation inhibitors and pave the way to more targeted antiviral therapies.
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INTRODUCTION

About 15% of all human tumors have infectious etiology and yet only a handful of viruses are known to promote tumor development (White et al., 2014). Clearly, tumor development is neither the aim of the virus nor it is required for virus transmission. The evolutionary mechanisms of viral replication, establishment of latency and immune evasion are often the underlying causes that make the infected cell emancipate from normal proliferation dictated by homeostasis. Discovering oncogenic virus-targeted genes and developmental signaling pathways is imperative to understanding viral tumorigenesis. Viruses hijack different cellular programs with the aim to survive and replicate within its host. By interacting with host proteins, they perturb and interfere with host signaling pathways to modify critical cellular functions. Integration of the viral genome into the host DNA may be a critical factor in carcinogenesis, particularly for some Human Papilloma virus (HPV) serotypes (Oyervides-Muñoz et al., 2018). Herpesviruses on the other hand, mainly remain as extra-chromosomal DNA in the host cell nucleus. In both cases, viruses alter expression and function of genes primarily associated with cell proliferation, differentiation, and survival, and induce chromosomal instability chromosomal instability.

In recent years, computational reconstruction of proteome-wide protein–protein interaction (PPI) networks between viruses and developmental pathways have enhanced our understanding of virus-induced carcinogenesis. Mei and Zhang studied PPI networks to highlight important relationships between Epstein-Barr virus (EBV) proteins and developmental pathways, including Hedgehog (HH) and Notch signaling (Mei and Zhang, 2016). By exploiting components of the HH pathway, viruses promote tumor growth, survival, and stemness-associated programs in order to transform infected cells. Therefore, HH-targeted therapies could represent a promising strategy to combat virus-induced tumors. Another study demonstrated that Hepatitis B Virus (HBV) DNA integration preferentially targets cancer related pathways such as MAPK, extracellular matrix (ECM)-receptor interactions, and the HH signaling pathways (Yang et al., 2018).

The Notch pathway is evolutionarily conserved and participates in a plethora of physiological intercellular and intracellular signaling processes during differentiation and development of an organism. Evidence shows that virally perturbed Notch signaling may lead to cancer (Meisel et al., 2020). Oncogenic viruses also exploit Notch pathway to escape immune recognition and facilitate their own survival in the host to enhance infectivity and transmission. Remarkably, several viral oncoproteins, such as Epstein-Barr nuclear antigen 2 (EBNA2), Hepatitis Bx (HBx), latency-associated nuclear antigen (LANA) of Kaposi’s sarcoma-associated herpes virus (KSHV, also known as HHV-8) and others, interact with several members of the Notch pathway (Hayward, 2004).

The WNT signaling developmental program is also frequently targeted by oncogenic viruses to transform the target cells. HBV, Hepatitis C virus (HCV), EBV and Human T Lymphocyte Virus-1 (HTLV-1) co-opt or modulate components of the WNT pathway to effectively subvert normal cellular processes including cell proliferation, differentiation, and survival.

Thus, as our understanding of the mechanisms that regulate oncogenic transformation grows, the extent and complexity of cellular processes targeted by oncoviruses is better appreciated. The recognition that multiple developmental pathways are frequently targeted, either individually or collectively, may represent unexplored opportunities for developing unique or synergistic therapeutic strategies to treat or prevent viral tumorigenesis.

In this review, we present an overview of the three developmental pathways, namely, HH, Notch, and WNT and how some oncogenic viruses interact with them. We will review immune system interactions with these viruses, and how they regulate these pathways through viral miRNAs to survive and contribute to carcinogenesis and tumor progression. We will also provide perspectives for the development of therapies that target important and common regulators of these three developmental pathways.



HH SIGNALING IN VIRAL ONCOGENESIS


Overview of HH Signaling

Tissue patterning, cell differentiation and proliferation require HH signaling but aberrant HH signaling is an important cause of cancer. In humans, the HH pathway is activated by three ligands: Sonic Hedgehog (SHH), Indian Hedgehog (IHH), and Desert Hedgehog (DHH) (Qi and Li, 2020). These ligands share a high degree of sequence and functional homology and act to initiate this paracrine signaling cascade. The two Patched genes, PTCH1 and PTCH2 in humans, code for the primary receptors of HH ligands, consisting of 12 transmembrane helices (TMs), three extracellular domains (ECDs), and one C-terminal domain (CTD). The two receptors share a conserved TM domain and two of three ECDs. In contrast, PTCH2 lacks the CTD domain. After binding HH, PTCH1 is inhibited and forms oligomers, which are further moved out of the cilia and degraded in the endosome (Tukachinsky et al., 2016). In so doing, Smoothened (SMO) is no longer inhibited and this Frizzle-class G protein-coupled receptor (GPCR) can relocate to the cilia, a small organelle extending from the plasma membrane, which provides a localized hub in which transmembrane receptors can concentrate (Figure 1). SMO signals through at least two effector routes. The first is a G protein-independent, canonical pathway that signals to three members of the glioma-associated (GLI) oncogene family, with the aim to upregulate target genes (Figure 1). One of them, Hip (Figure 1), a HH interacting protein attenuates ligand diffusion (Arensdorf et al., 2016). In vertebrates, suppressor of Fused (SUFU) represses GLI transcription factor activation and the active SMO releases this inhibition. GLI1 functions as a feed-forward activator to sustain or amplify target gene expression (Pandit and Ogden, 2017). GLI2 and GLI3 are bifunctional and can be processed to act either as transcriptional activators or repressors (Crompton et al., 2007). Ciliary SMO signaling halts GLI processing, further stabilizing GLI2 and GLI3 as transcriptional activators of SHH target genes, such as GLI1. The second route, referred to as the non-canonical SMO signaling pathway, triggers transcription-independent responses that are fundamental to establishing and maintaining distinct cell behaviors during development (Pandit and Ogden, 2017). Involvement of the non-canonical SMO signaling in viral carcinogenesis is yet to be fully explored (Palle et al., 2015).
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FIGURE 1. Overview of the Hedgehog (HH) signaling pathway and modulation by oncoviruses. On the left, in the absence of HH ligands (SHH, IHH, and DHH), the HH receptor Patched (PTCH) keeps the pathway off (OFF) by inhibiting Smoothened (SMO), and keeping the glioma-associated oncogene (GLI) transcription factors in an inactive form (GLI-R). In the middle, binding of HH ligand to HH receptor, PTCH, turns the pathway on (ON), and inhibits its activity, relieving the repression of SMO, which converts full-length GLI (GLI-FL) into a transcriptional activator (GLI-A). In vertebrates, cilia are required for production of GLI-repressor (GLI-R) and/or GLI-activator (GLI-A). On the left, viruses hyperactivate HH signaling with multiple mechanisms (VIRUS MEDIATED). EBV, Epstein Barr Virus; HBV, Hepatitis B Virus; HCV, Hepatitis C Virus; HPV, Human Papilloma Virus, KSHV, Kaposi’s Sarcoma-associated Herpes Virus; MCPyV, Merkel Cell Polyoma Virus.




HH Signaling Targeted by Oncogenic Viruses Promotes Tumor Development

In addition to its indispensable role in developmental processes, more than 25% of all cancers require autocrine or paracrine HH signaling as a fundamental supporter of tumor cell growth and survival (Figure 1) (Lum and Beachy, 2004; Iriana et al., 2021). In EBV-positive nasopharyngeal carcinomas (NPC) and EBV-infected epithelial cell lines, the virus can activate the HH signaling pathway through autocrine induction of SHH (Port et al., 2013). This is corroborated by the expression of HH pathway effectors (GLI1 and GLI2) and HH target genes, such as PTCH1, FOXM1, and WNT5A, a highly evolutionarily conserved non-canonical WNT ligand. Altered HH signaling is common in NPC and specifically a reduced expression of SUFU has been detected in a large number of NPC specimens (Port et al., 2013). An HH autocrine signaling loop has also been associated with HPV infection, a ‘primary hit’ in cervical cancer (CC) development. Tumor cells express HH pathway components, and HH signaling promotes proliferation, survival, and migration of CC cells. These pro-survival and protective roles are prevented by a small molecule inhibitor that blocks binding of Gli to DNA, GANT-61, which induces caspase 3 cleavage indicating an increased apoptosis in human CC cell lines (Samarzija and Beard, 2012).

Viruses can also epigenetically affect factors involved in cellular HH activation, which implies that they may participate directly in configuring chromatin architecture. This is the case of a malignant T cell disorder caused by infection with the human retrovirus, HTLV-1. Indeed, in adult T cell leukemia (ATL), the HTLV-1 TAX transcription factor epigenetically upregulates Ellis Van Creveld (EVC) family members, EVC1 and EVC2, both of which have been associated with the cellular HH activity and thus provides the pro-survival attributes of ATL cells (Takahashi et al., 2014). Additionally, TAX can also induce SHH transcription in an NF-κB-dependent manner to sustain HH autocrine stimulation in malignant cells (Figure 1). Besides directly activating HH signaling, oncogenic viruses may exploit the connection between the transcription factor, ZIC2, and the microRNA (miRNA), miR-129-5p, as recently reported in lymphangiogenesis and lymph node metastasis during NPC progression (Yu et al., 2020). Importantly, it has been demonstrated that EBV, a virus closely associated with NPC, may down-regulate miR-129 expression (Forte and Luftig, 2011). This leads to ZIC2 activation, a zinc-finger transcription factor that upregulates HH related signaling molecules, SMO, GLI1, and SHH. Additionally, Yu et al. (2020) demonstrate that miR-129-5p overexpression silences ZIC2 and decreases NPC cell proliferation, migration, and invasiveness, suggesting that miR-129-5p may serve as a novel therapeutic tool for NPC.

Infection with oncogenic viruses may be silent for years and HH pathway reactivation later in life has been associated with tumor development (Kuromi et al., 2017). Merkel cell polyomavirus (MCPyV) is detected in approximately 80% of Merkel cell carcinoma (MCC) (Harms et al., 2018). It is an aggressive neuroendocrine skin cancer that mainly affects the elderly. In this case, higher expression of SHH and GLI1 were significantly associated with a favorable prognosis and represent useful markers of MCC (Kuromi et al., 2017). Intriguingly, the interaction between MCPyV and developmental pathways has remained hitherto unexplored.

In EBV-associated tumors, the virus persists in one of the three distinct latent phases, each characterized by expression of a set of viral genes. In NPC, EBV latent gene expression is restricted to EBNA1, EBV-encoded RNA1/2 (EBER1/2), BARF1, the BamHIA transcripts (BARTs), as well as variable expression of genes encoding oncogenic membrane proteins LMP1 and LMP2. In these tumors, EBNA1, LMP1 and LMP2 all stimulate HH signaling, but only the latter two are capable of reprogramming cells toward stemness. This would suggest that each viral protein can trigger different molecular pathways involved either in tumor cell growth and survival, or in stemness-associated programs. Just like normal stem cells, cancer cells have the ability to self-renew, differentiate in different cell types and under specific tumor microenvironmental condition, dedifferentiate backward a primitive state. This feature provides tumor cells the ability to grow, metastasize and home to specific tissues. Given its ability to activate the WNT and Notch pathways, Port et al. (2013) suggested LMP2A may impose stem-like characteristics on EBV-infected epithelial cells by recruiting additional onco-developmental pathways. Indeed, the HH pathway, together with WNT and Notch signaling, maintain a population of normal stem cells and transforms cancer stem cells by inducing stemness-associated gene expression (Katoh, 2007). Overall, EBV and other oncogenic viruses trigger the HH autocrine signaling loop, a fundamental mechanism in cell survival and proliferation.



HH Pathway Mediates Virus-Induced Epithelial to Mesenchymal Cell Transition (EMT)

Co-expression of cancer stem/initiating and mesenchymal cell markers have been observed in peritumoral stromal tissues within nodules of Hepatocellular Carcinoma (HCC) from livers of patients with chronic hepatitis. Both HBV and HCV clearance rates are high in infected individuals, often depending on the age (Chou et al., 2015). Only about 5–10% infected individuals become chronic carriers. In case of HBV, integration of the viral genome plays an important role in both chronic carrier state and subsequent diseases (Chou et al., 2015). Indeed, the chronically infected individuals have higher risk of developing HCCs. Other genetic events like mutation and/or inactivation of p53 are also frequent (Feitelson et al., 1993). HBx protein of HBV directly binds p53 and sequesters it in the cytoplasm thus compromising its ability to induce apoptosis (Elmore et al., 1997).

The HH signaling pathway is maintained in an inactive state in a healthy adult liver due to high levels of Hip, which disrupts engagement between the HH ligand and the receptor (Hyun and Jung, 2016). Gene profiling studies of human liver cancers provide evidence that chronic infection by HBV and HCV significantly increases hepatic mRNA expression of HH-ligands, SHH and IHH, and target genes, PTCH and GLI2, possibly during more advanced stages of liver disease (Pereira Tde et al., 2010). Indeed, Pereira Tde et al. (2010) reported that the fibrosis stage and HCC development are predicted to increase in parallel with the level of HH pathway activity. As the level of HH ligands increases, hepatic accumulation of HH-reactive progenitors also increases, concurrent with a decreased Hip expression (Hyun and Jung, 2016). The EMT transition is characterized by epithelial cells losing their polarity, the ability of cell-cell contact and acquiring features which make them resemble mesenchymal cells. While EMT occurs physiologically during embryogenesis, this transition is also a characteristic of many neoplastic diseases. The loss of E-cadherin by epithelial cells is considered the cornerstone of EMT (Kalluri and Weinberg, 2009). As such, Pereira Tde et al. (2010) reported that an increased activity of HH signaling in chronic viral hepatitis correlates to the enriched sub-population of HH-responsive progenitors that are undergoing EMT in hepatic nodules. Cellular migration is an integral step in EMT that results in liver remodeling in chronic liver disease and promotes metastasis during cancer progression (Arzumanyan et al., 2012). This event is largely dependent on activation of HH signaling (SHH and GLI2) by the HBV transcription factor, HBx, in HCC pathogenesis. The mechanism by which HBx upregulates the expression of HH components, either through transcriptional control (Arzumanyan et al., 2012) or through post-translational stabilization and nuclear localization (Kim et al., 2011), remains to be fully elucidated. Moreover, HBx also promotes stemness in the liver (Arzumanyan et al., 2011). Perhaps, the discovery that HBx activates HH signaling in the pathogenesis of HCC may lead to therapies that are better targeted to prevent tumor initiation and/or that block the growth and relapse of established tumors. Interestingly, in hepatic carcinogenesis EMT and enhanced HH signaling activation have been suggested to promote chemoresistance and invasion of poorly differentiated hepatoma cells often negative for CD133 and EpCAM. These observations may provide a new basis for reclassifying HCC specimens and may represent promising targets in eradicating chemoresistant subpopulations in HCC (Chen et al., 2011).



Developmental Pathways Are Not the Only Downstream Targets of Oncogenic Viruses

Although the role of viral oncoproteins E6 and E7 in HPV-mediated cervical carcinogenesis is well-established, still to be studied is the interaction of GLI signaling with HPV encoded oncogenes. Recently, active GLI signaling has been demonstrated in CC cells irrespective of the presence of HPV and was associated with cell viability. Inhibiting GLI signaling in HPV-positive CC cells is associated with reduced HPV E6 oncogene expression and loss of stemness (Vishnoi et al., 2016). Conversely, silencing the HPV-16 E6 oncogene reduced GLI1 transcription. This reciprocal interference suggests a cooperation between viral and HH proteins. Indeed, inhibiting both E6 and GLI signaling produces an additive effect on cell viability, leading to the hypothesis that they synergize to promote stemness in CC cells. Loss of p53, triggered by HPV E6, is a probable connecting link with constitutively active GLI signaling observed during persistent high risk HPV infection. Additionally, GLI-HPV E6 cooperation sustains cancer cell stemness possibly leading to tumor progression and chemoresistance, as observed in clinically advanced CC (Vishnoi et al., 2016).

According to Piirsoo et al. (2019) full-length GLI has a role in regulating HPV transcription and, surprisingly, it acts as a repressor. Human GLI1 has at least three alternatively spliced isoforms, including GLI1ΔN that lacks the conserved phosphorylation cluster and the SUFU binding motif. Shuttling of GLI1 between the cytoplasmic and nuclear compartments depends on several factors, including interaction with SUFU and Protein Kinase A-mediated phosphorylation. These authors further demonstrate that, in contrast to GLI1ΔN, full-length GLI1 suppresses replication of multiple HPV genomes, including HPV-5, -11, and -18. Non-productive infections often terminate the viral life cycle and may be crucial for HPV-DNA persistence and tumorigenesis (Gaglia and Munger, 2018). According to the bioinformatic analysis, the predicted GLI1 binding site mostly overlaps with the viral E2 binding site, suggesting a direct impact on the initiation of HPV5 replication. Overall, this observation suggests there may be differing contributions of GLI1 isoforms to the HPV lifecycle and, interestingly, highlights the regulatory role of Gli1 on HPV transcription.

Viral carcinogenesis may also rely on the ability of oncogenic viruses to select a suitable genetic cell environment without directly targeting HH signaling. Cervical carcinogenesis is a multistep process. HPV infection is not sufficient per se, but provides a ‘second hit,’ most likely through moderate levels of Notch1 and the cooperation of HH and WNT signals to transform keratinocytes (Lathion et al., 2003). In this context, HH signaling is not triggered directly by HPV E6 and E7 proteins but, rather, that HH-activating mutations are selected in cells initially immortalized by HPV (Samarzija and Beard, 2012). Therefore, the dual role of HH signaling, serving either as a collaborator of HPV-induced carcinogenesis or as a regulator of viral oncogene expression stresses the critical role of HH inhibitors as a therapeutic option in CC.



Virus-Induced Tumor Progression and Immune Evasion Strategies Point to GLI1 Activity

Recently, Asha et al. (2020) reported on the unexplored function of HH signaling in regulating the biology of latent and lytic states of sarcoma KSHV. This virus, also known as human herpesvirus 8 (HHV8) hijacks pro-inflammatory pathways and concurrently reduces anti-inflammatory Lipoxin A4 (LXA4) secretion to maintain the virus in a latent state. In KS skin tissue, GLI1 is significantly increased and is distributed both in the cytoplasm and nucleus (Figure 1). This is in contrast to healthy tissue in which GLI1 is expressed exclusively in the nuclei. LXA4-treated KSHV-infected cells showed decreased GLI1 expression, independent of SHH modulation, and mainly through GLI1 destabilization, which may also decrease the angiogenic processes. In fact, GLI1 can transcriptionally upregulate vascular endothelial growth factor C (VEGF-C) expression to promote angiogenesis (Carpenter and Lo, 2012). To this end, the GLI1 antagonist, GANT-61, can reduce tumor formation by a KS-derived cell line. The sphere-forming efficiency, as well as the average volume of the formed spheres, were significantly decreased in GANT-61-treated cells, suggesting GLI1 inhibitors may act to attenuate tumor formation during KS initiation or progression. Immune evasion strategies, such as HLA class I downregulation is frequent during the progression of human tumors. In EBV-associated gastric cancer, latency I viral genes are often expressed (Deb Pal and Banerjee, 2015). Among the latency I viral genes, EBERs and LMP2A are frequently detected in most gastric cancer samples, suggesting the virus expresses only cell context-adapted genes. It has been reported that LMP2A exploits the HH pathway by activating SHH signaling to induce HLA class Ia downregulation in gastric cancer cells (Deb Pal and Banerjee, 2015). LMP2A-induced downmodulation or complete loss of HLA class Ia expression was specifically mediated by elevated GLI1 protein expression. Furthermore, inhibition of other important self-renewal pathways such as Notch, WNT, or PI3K, in LMP2A-expressing gastric cancer cells could not prevent HLA class I down-regulation, providing evidence in support of the hypothesis of cell-context and signaling-specific requirements by the virus (Deb Pal and Banerjee, 2015).

Overall, viruses can impinge on HH signaling in several ways. For example, EBV, HPV, HTLV, MCPyV, HBV, and HCV can trigger an autocrine SHH signaling loop to promote tumor development and stemness-associated programs. Instead, KSHV triggers Gli-mediated angiogenesis (VEGF) without involving SHH. The hepatotropic HCV and HBV can cause chronic inflammation and turn on an inactive HH signaling in the healthy liver to promote fibrosis and HCC development. Another mode of action to perturb HH signaling is through alteration of Gli transcription as highlighted by HPV encoded E6 protein.

Autocrine stimulation plays an indispensable role in HH-mediated viral carcinogenesis, but its effect in the tumor microenvironment is still uncovered. Future studies are required to investigate how viruses utilize and relocate HH family members in infected cells to drive host cell machinery to carcinogenesis.



NOTCH SIGNALING IN VIRAL ONCOGENESIS


Overview of the Notch Pathway

Morgan (1917) observed a “notch” in the wings of a mutant Drosophila. It was subsequently found to be linked to a heterozygous deletion of a gene located on the chromosome X, hence named Notch. The Notch signaling cascade is highly conserved from Drosophila to humans (Artavanis-Tsakonas et al., 1999), and consists of receptors, ligands, and intracellular proteins that transmit the signals to the nucleus. The four mammalian Notch receptors (Notch1-4) are large Type I transmembrane proteins. A furin-like convertase catalyzes the proteolytic maturation of Notch receptor pro-proteins in the Golgi apparatus (Logeat et al., 1998). The proteolysis generates two subunits connected by Ca2+-dependent ionic bonds: the Notch extracellular domain (NECD), consisting of multiple epidermal growth factor-like (EGF) repeats which mediate ligand binding, and the Notch intracellular domain (NICD), which is the transcriptionally active part of the molecule (Gordon et al., 2008; Yavropoulou and Yovos, 2014). NICD translocates to the nucleus where it binds Recombination signal binding protein for immunoglobulin kappa J region (RBP−Jκ) and, in cooperation with Mastermind-like 1 (MAML1), regulates the transcription of Notch target genes (Borggrefe and Oswald, 2009; Borggrefe et al., 2016; Roo and Staal, 2020). Interestingly, MAML1 is a versatile coactivator in other signaling pathways too. Indeed, it can serve as a Notch-independent transcriptional activator in the HH, Wnt/β-catenin and Hippo signaling pathways (Quaranta et al., 2017; Zema et al., 2020). The Notch pathway signaling can be “canonical” or “non-canonical,” based on whether NICD interacts with RBP−Jκ or not (Ayaz and Osborne, 2014). Canonical Notch ligands are also Type I transmembrane proteins and belong to the Delta/Serrate/LAG-2 (DSL) family of proteins. Considered to be the structural homologs to the Delta and Serrate ligands of Drosophila, mammalian Notch ligands are Delta-like proteins, named Dll1, Dll3, and Dll4, and Serrate homologs known as Jagged1 and Jagged2 (JAG1 and JAG2) (D’Souza et al., 2008; Kopan and Ilagan, 2009). Independently of Notch, Jagged1 can induce intrinsic reverse signaling within the ligand-expressing cell as demonstrated in CC cells (Pelullo et al., 2019). One non-canonical Notch signaling example is the regulation of Wnt/β-catenin signaling, which uses β-catenin as a transcriptional mediator (Sanders et al., 2009; Andersen et al., 2012).

Ligand-receptor interactions and transcription factor activity in Notch signaling play pivotal roles in a wide variety of differentiation processes, including regulation of cell-fate determination during tissue and cell development (Wang et al., 2015; Chandiran et al., 2018; Ferrandino et al., 2018b). Notch signaling affects proliferation, apoptosis, and cell differentiation (Grazioli et al., 2017). Moreover, active Notch signaling allows cells to maintain stem-cell-like features (Kopan, 2012; Kessler et al., 2015; Moriyama et al., 2018).



Notch Signaling in Viral Oncogenesis

Perturbing the Notch pathway can lead to the onset of various diseases, including cancer (Sjölund et al., 2005; Penton et al., 2012; Takebe et al., 2015; Krump and You, 2018). Co-opting and dysregulating developmental pathways by oncogenic viruses also involve targeting Notch signaling components (Figure 2) (Krump and You, 2018). HBV proteins activate Notch signaling to stimulate uncontrolled cell proliferation, which then may lead to HCC (Mesri et al., 2014). The HBV encoded protein, HBx, is one of the key viral factors capable of malignantly transforming infected cells. It upregulates Notch1 receptor, either through a direct interaction or through the p38 MAPK pathway, to promote HCC proliferation (Kong et al., 2016). This viral protein also stimulates Notch1-4 expression. The cytoplasmic Notch1 and the nuclear Notch4 correlate with HBx expression in HCC tissues (Gao et al., 2016). HBx-Dll4-Notch1 axis seems to have a critical role in regulating cell survival in HCC. Indeed, HBx mediates Dll4 upregulation, which increases Notch1 cleavage, thus activating Notch signaling (Kongkavitoon et al., 2016). Crosstalk between HBx and JAG1 in HCC has also been documented. JAG1 is highly expressed in HCC tissues and is regulated by HBx, further confirming an oncogenic role of the latter in activating Notch signaling (Gao et al., 2007). HBx involvement in HCC pathogenesis was further demonstrated by the discovery of a regulatory axis between this viral protein and miR-3188. This oncogenic miRNA is overexpressed in HCC tissue and knocking-out miR-3188 using CRISPR/Cas9 de-repressed expression of its target (zinc fingers and homeoboxes 2) (ZHX2), a transcriptional repressor of Notch1. Thus, at least one way by which miR-3188 acts to induce Notch signaling and promote HCC pathogenesis is by negatively regulating ZHX2 (Zhou et al., 2017).
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FIGURE 2. Oncogenic viruses exploit the Notch signaling pathway. Notch ligands (Delta-like or Jagged) on the signaling cell bind to Notch 1–4 receptors on the receiving cell, generating the Notch extracellular domain (NECD) and the Notch intracellular domain (NICD). Subsequently, the proteolytic cleavage of NECD by γ-secretase, generates NICD translocation into the nucleus where it binds with the transcription factors (TFs): recombining binding protein Jk (RBP–Jκ), cAMP response element-binding protein (CREB), forming an active complex that regulates the transcription of Notch target genes. On the (Left side): EBNA2, HBx and Tax proteins encoded by EBV, HBV, and HTLV, respectively, promote cell proliferation or epithelial-mesenchymal transition (EMT) through a direct interaction with the transcription complex, leading to tumorigenesis. On the (Right side): LANA protein, encoded by KSHV, prevents the activation of the transcription complex, resulting in an accumulation of NICD and increased cancer cells proliferation. EBV, Epstein Barr Virus; HBV, Hepatitis B Virus; HTLV-1, Human T Lymphocyte Virus-1; KSHV, Kaposi’s Sarcoma-associated Herpesvirus.


The EBV encoded nuclear protein EBNA2 is a biological equivalent of Notch1 (Zimber-Strobl and Strobl, 2001). Interestingly, this viral protein interacts with the same cellular repressor RBP-Jk as does NICD. EBNA2 and NICD, both have activating domains that interact with RBP-Jk transcriptional repressor, causing HDAC replacement leading to viral and cellular gene transcription (Strobl et al., 1997). Histone acetyltransferases (HATs), such as P300/CBP-associated factor (PCAF), also interact with EBNA2 and NICD in the context of gene transactivation. Constitutive activation of Notch1-4 in different cell types can lead to tumorigenesis (Aster et al., 2017; Tottone et al., 2019). Since Notch1 signaling is associated with cancer, it is significant that EBNA2 can hijack components of this pathway to immortalize and transform B cells into lymphoblastoid cell lines (LCLs) (Tierney et al., 2015). In a reciprocal experiment, Strobl et al. (2000) have shown that activated Notch1 (N1ICD) can substitute for some EBNA2 functions. Specifically, they observed that in stably transfected Burkitt lymphoma (BL) cell lines carrying EBNA2-deletion, N1ICD was able to induce expression of some but not all EBNA2-inducible genes, such as c-myc, CD21, and LMP2A, but not LMP1 or CD23 (Strobl et al., 2000). These observations have led to the hypothesis that in those EBV associated cancers where EBNA2 is not expressed, NICD signaling can play a very critical role in transformation (Höfelmayr et al., 2001; Zimber-Strobl and Strobl, 2001; Chiara et al., 2016). A previous study showed that EBV-immortalized LCLs are characterized by high levels of telomere-specific reverse transcriptase (TERT), a catalytic component of telomerase, which prevented the switch from latency to lytic cycle activation of EBV (Giunco et al., 2015). The underlying mechanism involved activation of Notch2, which in turn, induced the Basic Leucine Zipper ATF-like (BATF) transcription factor. BATF negatively regulated BZLF1, the master regulator of the EBV lytic cycle, thereby preserving the latent state of the virus and survival of the infected B cells (Giunco et al., 2015).

KSHV can also subvert Notch signaling to promote survival of KSHV-infected primary B cells (Lan et al., 2006). One of its latent proteins, LANA, interacts with the tumor suppressor Sel10-mediated ubiquitin-proteasome pathway, which negatively regulates NICD. A study showed that LANA sequesters Sel10 by forming a complex in primary effusion lymphoma (PEL) cells (Lan et al., 2007). This complex prevents Sel10-NICD interactions, resulting in stabilized NICD, increased cell proliferation and angiogenesis. Moreover, KSHV-encoded replication and transcription activator (RTA) induced JAG1 expression, thereby activating Notch signaling. This leads to inhibition of lytic reactivation in a pro-lytic tumor microenvironment, maintaining the balance between lytic and latent state in KSHV infected cells, and ultimately resulting in virus-immune escape and persistence in the host (Li et al., 2016).

A recent study showed that in HPV-related CC, the Notch pathway is indeed affected by aberrant mutations, amplifications, and deletions (Yang et al., 2020). A copy number variation analysis (CNV) was performed in 282 CC patients and among the affected genes, they found amplifications of 4q34.1 F-Box And WD Repeat Domain Containing 7 (FBXW7) and of 1p36.11 hairy and enhancer of split-1 (HES)2/3/4/5 tumor suppressor genes belonging to the Notch pathway. Interestingly, this was associated with significantly improved overall survival (OS) of these patients. In spite of several important limitations, such as the lack of information about HPV-type associated with the aberrant amplification of the two tumor suppressor genes of the Notch pathway, this study provides new insights for the prognosis of CC patients, based on tumor cell methylation signatures.

Notch signaling is exploited by the HTLV-1 encoded Tax1. This viral transcription factor activates Notch1 and prolongs the half-life of NICD, in ATL cells (Cheng et al., 2019). Tax1 formed a ternary complex with NICD, and RBP-Jκ, thus promoting cell proliferation and tumor progression. Another study showed that HTLV-1-encoded Tax induced JAG1 in most ATL cell lines, through the transcription factor NF-kB (Bellon et al., 2018). The ATL cell lines which did not express high levels of JAG1 were investigated for the presence of post-transcriptional inhibitory mechanisms mediated by miRNAs. The lack of JAG1 protein expression in these cell lines was due to high expression of miR-124a, which directly binds to the 3′UTR of JAG1 mRNA. Furthermore, in most ATL patients with high JAG1 expression, miR-124a levels were low. Interestingly, STAT3, and NFATc1 were also highly expressed. Remarkably, they are both miR-124a targets. The absence of miR-124a in ATL might enhance JAG1 and Notch1 signaling pathway sustained by constitutive expression of STAT3 and NFATc1. Therefore, inhibiting JAG1 could be a promising therapeutic strategy in ATL (Bellon et al., 2018).

Another virus that perturbs the Notch pathway is HCV. The virus encoded non-structural protein 3 (NS3) is essential for its replication and contributes to viral induced HCC (Iwai et al., 2011). The Yeast two-hybrid screening and co-immunoprecipitation assays in mammalian cells, showed that Snf2-related CBP activator protein (SRCAP) interacted with NS3 and both proteins activated the Hes1 promoter, a downstream target of the Notch pathway. Thus, HCV NS3 together with SRCAP and a SRCAP-resembling protein, p400, activated the Notch signaling pathway. A more recent article has demonstrated report showed that Notch signaling and CD4 T helper 22 (Th22) cells are involved in chronic HCV pathogenesis (Jiang B.C. et al., 2017). Specifically, the Notch interaction with aryl hydrocarbon receptor (AhR) induced IL-22 production by Th22 cells, thus favoring persistent HCV infection. Another study reported that Notch1 and -2 enhanced regulatory T cells (Tregs) and Th17 cell functions thus facilitating HCV infection (Qin et al., 2017). These studies suggest that inhibiting γ-secretase and thus Notch activation, might enhance immune surveillance against chronic HCV infection by down-regulating the production of IL-22, IL-17, as well as Treg-mediated immune tolerance in patients with chronic HCV.

Since oncogenic viruses co-opt Notch pathway components to sustain their survival leading to tumor progression, the development of inhibitors to block virus-Notch interactions could become a valuable therapeutic approach. To this end, utilizing monoclonal antibodies, drugs targeting Notch receptors, γ-secretase inhibitors (GSI), or small molecules that disrupt the interaction between Notch and RBP-Jk, RBPJ INhibitor-1 (RIN1), provide novel therapeutic avenues to pursue. For instance, monoclonal antibodies (mAbs) specifically targeting Notch1 reduced stemness of breast cancer cells (Sharma et al., 2012), whilst blocking antibodies against JAG1 in colorectal cancer (CRC) patients provided therapeutic benefits with low intestinal toxicity (López-Arribillaga et al., 2018). Enoticumab, an anti-Dll4 mAb, administered to patients with advanced solid tumors, inhibited the growth of these tumors and in ovarian cancer (OC), in a dose-dependent manner (Chiorean et al., 2015). RIN1 inhibited RBP-Jk transcription and interaction with NICD, thereby reducing proliferation in T-ALL and mantle cell lymphoma (MCL) cell lines (Hurtado et al., 2019). Focusing on viral-Notch interactions, it has been shown that H1N1 influenza virus challenge in mice increased Notch ligand Dll1 expression on macrophages, dependent on retinoic acid-inducible gene-I (RIG-I), which in turn induced the type I IFN pathway. Inhibiting γ-secretase during viral infection resulted in decreased IFNγ production, increased H1N1 load and acute inflammation in mouse lungs (Ito et al., 2011). Treating primary and immortalized KSHV cells with the GSI, LY-411,575 induced apoptosis in these cells, revealing a therapeutic alternative for patients with KSHV related diseases (Curry et al., 2005). Additionally, given that Notch 2 plays an important role in maintaining EBV latency, the use of GSIs has been proposed as a therapeutic strategy for EBV associated lymphomas (Giunco et al., 2015).

With some exceptions mentioned above, such as in the case of H1N1, in which inhibiting the Notch pathway with GSI led to adverse effects in mice, the Notch inhibitors have the potential to be therapeutically implemented with necessary precautions to interrupt the Notch pathway activation by viral proteins.



Viruses Exploit Notch Signaling to Escape Immune Responses

Immune escape by tumor cells is a fascinating phenomenon. Indeed, tumor development is, quintessentially, a failure of the immune system to recognize and eliminate the cells that have emancipated themselves from cell cycle control and have gone awry (Prendergast, 2008). The immune evasion is achieved in several different ways. For instance, downregulation of HLA molecules on the tumor cell surface, upregulation of inhibitory immune checkpoint proteins, alteration of tumor cell death pathways, or an increase in immunoregulatory and immunosuppressive cytokines within the tumor microenvironment (TME) are some examples how tumor cells become invisible to the immune control.

A paradigmatic example of how Notch pathway activation could be central to immune suppression is provided by EBV associated Hodgkin’s lymphoma (HL). This tumor is characterized by increased infiltration of regulatory T (Treg) cells. The characteristic Reed Sternberg (RS) cells, which represent the HL tumor component, highly express Notch1 and Notch2 (Jundt et al., 2002). Interestingly, the same cells also produce high levels of CCL22 (Ishida et al., 2006) and this chemokine is important for recruiting Tregs into the TME. It has also been shown that another chemokine, CCL20, is upregulated in HL by the EBV-encoded nuclear protein, EBNA1. Just as CCL22, CCL20 is also critical for the increased numbers of Tregs see in HL. Given that Notch signaling can significantly influence cytokine and chemokine profiles in tumor cells to alter the tumor landscape (Colombo et al., 2018), it will be important to investigate if increased Notch1 and 2 expression in RS cells might affect CCL22 and CCL20 expression to augment regulatory T cell recruitment in HL.

Non-coding RNAs, especially miRNAs, play a significant role in helping tumors escape immune control by negatively regulating critical immunomodulatory genes (Li et al., 2021; Mondal et al., 2021). MiR-346 targets transport associated protein 1 (TAP1) and reduces transport of peptides into the endoplasmic reticulum for binding to HLA class I molecules (Bartoszewski et al., 2011). MiRNAs are also involved in immune checkpoint regulation. Recently, we have shown that EBV-encoded EBNA2 can induce PD-L1 expression in lymphoma cells (Trivedi et al., 2018; Anastasiadou et al., 2019). The increase in PD-L1 was due to a decrease in miR-34a. Interestingly, miR-34a also targets Notch (Kang et al., 2013). Thus, it seems that EBNA2, in addition to acting as a functional homolog of NICD, may also keep Notch expression and activity high by downregulating miR-34a. It will also be important to examine whether Notch and PD-L1 expression are positively correlated.

In HBV associated HCC, the metastatic event characterized by the portal vein tumor thrombus (PVTT), is common in over a third of patients. The positive correlation between the presence of HBV and PVTT has been established (Yang et al., 2012). These PVTT symptoms of HCC were also positively correlated with TGFb, where an increase in TGFb led to downregulation of miR-34a. Strikingly, CCL22 was shown to be an authentic target of miR-34a. Thus, TGFb-mediated miR-34a downregulation in HCC led to an increase in CCL22 and, consequently, to regulatory T cell recruitment to create an immunosuppressive tumor environment (Figure 3). The role of HBV in PVTT development is clear because over 82% of HBV positive HCC patients developed PVTT, compared with only 14% HBV negative HCC patients (Yang et al., 2012). As mentioned above, since miR-34a downregulates Notch, it will be critical to establish the link between high CCL22 and Notch expression and how Notch signaling may play an immunosuppressive role in HBV associated HCC. Furthermore, several studies have shown that aberrant activation of NICD in T cells may lead to T-cell acute lymphoblastic leukemia (T-ALL) confirming the importance of the Notch pathway in the progression of immune system-related malignancies (Ferrando, 2009; Bernasconi-Elias et al., 2016; Ferrandino et al., 2018a).
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FIGURE 3. Oncoviruses exploit Notch signaling to escape immune responses. Reed Sternberg cells, which represent the Hodgkin’s Lymphoma tumor component are high expressers of Notch 1 and 2 and produce high levels of CCL22. This chemokine is important for recruiting regulatory T (Treg) cells to the tumor microenvironment. In HBV associated HCC, PVTT symptoms are positively correlated with TGFβ. The increase in TGFβ led to downregulation of miR-34a, which targets CCL22. Downregulation of miR-34a induced by TGFβ in HCC led to an increase in CCL22 and consequently in regulatory T cell recruitment to create an immunosuppressive tumor environment. HBV, Hepatitis B virusVirus; EBV, Epstein Barr Virus; HCC, Hepatocellular Carcinoma.


It is remarkable how diverse viral proteins, such as EBNA2, LANA and Tax1, are all able to deregulate the same effector of the Notch pathway, NICD, leading to cell transformation, latency maintenance, proliferation, angiogenesis and tumor progression. HBx and NS3 viral proteins interact with other activators of the Notch pathway, such as JAG1, Dll4, and SRCAP, respectively, to favor HCC progression. Continued investigation will enable a deeper understanding of how viral proteins interact with the Notch signaling to take advantage of host cells and escape immune surveillance. The knowledge of these interactions is an important step for the development of targeted therapies in virus-associated cancer patients.



WNT SIGNALING IN VIRAL ONCOGENESIS


Overview of WNT Signaling

WNT signaling is involved in cell proliferation, cell polarity, and cell fate determination during embryonic development and tissue homeostasis. Evolutionarily, the WNT signaling pathway is highly conserved. Under normal or homeostatic conditions, in the absence of WNT ligands, the signaling is maintained in an “off” state (Figure 4A). Under this condition, b-catenin that is not membrane-associated is sequestered in a cytosolic complex together with Auxin, adenomatous polyposis coli (APC), casein kinase I (CKI), and glycogen synthase kinase (GSK) 3b. Within this complex, b-catenin is sequentially phosphorylated by CKI and GSK3b, which primes b-catenin for ubiquitination and proteasomal degradation (Stamos and Weis, 2013). This process of active degradation prevents b-catenin from translocating to the nucleus. In the absence of nuclear b-catenin, WNT target gene transcription is repressed when Transcription Factor (TCF) binds to WNT gene promoters in association with transcriptional co-repressors, such as TLE1 (Transducin-Like Enhancer of Split1).
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FIGURE 4. WNT signaling is targeted by oncogenic viruses during tumorigenesis. (A) WNT signaling is maintained in an “OFF” state by active processes that result in proteosomal degradation of cytosolic β-catenin and prevent transcription of WNT target genes. (B) Secretion of WNT ligands activate signaling though FZD and LRP5/6 to recruit the AxinAXIN-APC-GSK3αGSK3b complex away from β-catenin, resulting in its cytosolic stabilization and eventual translocation to the nucleus where it activates the TCF/LEF transcriptional complex to induce expression of WNT target genes. The oncogenic viruses, HBV, HCV, HPV, EBV, HTLV-1, and KSHV target various aspects of WNT signaling either to (C) repress inhibitors of or (D) enhance positive regulators of WNT signaling. (red) Negative regulation; (green) positive regulation. See text for details.


WNT signaling is activated when secreted WNT proteins bind to the seven-pass transmembrane receptor, Frizzled (FZD), together with its co-receptor, low-density lipoprotein receptor related protein (LRP) 6, or to the closely related, LRP5. Following WNT binding, the FZD-LRP6 receptor complex associates with the Disheveled segment polarity protein (Dvl), a scaffold protein that facilitates LRP6 phosphorylation and subsequent recruitment of Axin way from APC and GSK3b to form the FZD-WNT-LRP6-Dvl-Axin multiprotein complex (Komiya and Habas, 2008). As the interactions of Axin with APC and GSK3b are diminished, the complex loses its ability to bind to b-catenin and mediate its degradation. As a result, b-catenin accumulates in the cytosol and, ultimately, translocates to the nucleus, where it successfully out-competes TLE for binding to TCF and activates WNT target gene transcription (Figure 4B).

WNT signaling regulation is complex. Many components of this pathway are, themselves, positively or negatively regulated through the WNT pathway. Through their co-evolution with the human immune system, oncogenic viruses have devised means either to down-regulate inhibitory WNT proteins, such as Dickkopf WNT signaling pathway inhibitor1 (DKK1) (Niida et al., 2004) (Figure 4C) or reinforce positive WNT signaling networks (Figure 4D) to promote cellular transformation and tumorigenesis.



Oncogenic Hepatitis Viruses Modulate WNT Signaling

Oncogenic HBV and HCV infect cells of the liver causing hepatic inflammation, fibrosis, cirrhosis, and, ultimately, HCC. The progression from initial infection to HCC is a lengthy, complex, multi-step process. HBV and HCV are vastly different – HBV is a partially double-stranded DNA virus (Liang, 2009), while HCV is a positive-sense, single-strand RNA virus (Dubuisson and Cosset, 2014)– making it unsurprising that the molecular mechanisms by which they induce tumorigenesis also differ. However, evidence suggesting that both HBV and HCV hijack components of the WNT signaling pathway underscores the importance of subverting WNT signaling in HCC.



Oncogenic Viruses Subvert WNT Signaling Through Multiple Mechanisms

Mutations in CTNNB1, the b-catenin encoding gene, is associated with HCC (Javanmard et al., 2020). However, genomic instability caused by HBV infection is more commonly associated with inactivating mutations in AXIN1 leading to HCC (Li et al., 2013). The HBV genome consists of four overlapping genes encoding surface antigens (S gene), core proteins (C gene), HBV polymerase (P gene), and the HBx protein (X gene). The polymerase lacks proofreading activity, so HBV mutations occur with greater frequency than other DNA viruses. Frequently, these mutations are associated with activation of WNT signaling. Mutations in the core promoter, overlapping with the X gene, have also been described. The resulting single or combination point mutations in HBx, which is thought to act as a promiscuous transcription factor, also upregulated WNT signaling (Chen et al., 2016). Overexpressing HBx mutants in human hepatocyte cell lines increased phosphorylated GSK3b, in the absence of increased total GSK3b. This suggests HBx mutants may be acting upstream of GSK3b to regulate its phosphorylation and subsequent inactivation, although whether this occurs as a result of Srk or Erk kinase activation or through its interaction with APC, remains to be fully elucidated. Functionally, cells expressing HBx mutants showed greater proliferation and migration, which could be abrogated by co-expressing siRNA to b-catenin. HBx mutant cells showed increased expression of cytoplasmic and nuclear b-catenin and, importantly, HCC patient samples with combination mutations also showed high levels of cytoplasmic b-catenin as well as evidence of nuclear accumulation. Well-documented WNT pathway proteins were also upregulated, including c-Myc, Connective Tissue Growth Factor (CTGF), Cyclin D1, and WISP2, in mutant HBx-expressing cells, suggesting these mutations act at multiple levels to increase WNT signaling (Figures 4C,D).

Hepatitis B Virus has been shown to increase WNT signaling by upregulating its activating ligand Frizzled7 (FZD7) (Merle et al., 2004). Additional HBV proteins are also thought to participate in this activating pathway. The pre-core protein 22 (p22) is further processed to p17, also known as HBeAg, before being secreted by infected cells (Tran et al., 2020). A human HCC cell line, Huh7, when transfected with p22 upregulated FZD7 to a greater extent than HBx (Tran et al., 2020). Expressing p22 in cell lines without or with known mutations in APC or b-catenin resulted in a synergistic increase in TCF/CTNNB1 transcription that could be reversed with co-expression of DN-TCF4. FZD7 is not the only HBx-induced ligand implicated in activating WNT signaling. Expressing HBx in a normal liver cell line upregulated N1ICD and increased expression of FZD10, but not FZD7 (Sun et al., 2014). Cyclin D1 and b-catenin levels were also upregulated, along with increased cytosolic and nuclear b-catenin. WNT signaling was diminished in cells treated with a Notch inhibitor, or in which NOTCH1 was knocked down using siRNA approaches. However, delivering siFZD10 to cells had no effect on NOTCH1 expression, placing NOTCH1 upstream of WNT pathway activation in these cells. Thus, WNT signaling is likely activated by HBx through different mechanisms to promote HCC.

In addition to HBV, HCV can also promote HCC by instilling extended, sequential changes to the liver that occur over time. The HCV genome encodes structural proteins like core, E1, E2, p70 and non-structural proteins namely NS1, NS2, NS3, NS4A, NS4B, NS5A, and NS5B (Mahmoudvand et al., 2019). The HCV core, NS3, NS5A, and NS5B proteins contribute to HCC by interacting with and modulating key host cellular functions, such as cell cycle, proliferation, and apoptosis. When core protein Type 1B or NS4B was expressed in Huh7 cells, or in the normal liver L02 cell line, increased nuclear b-catenin was observed upon activation of WNT3a (Jiang X.H. et al., 2017). This was accompanied by increased expression of MYC, WNT1, and CCND1 in Huh7, but not in L02 cells, suggesting these HCV proteins increase WNT signaling to directly affect WNT-mediated cellular processes (Jiang X.H. et al., 2017). The HCV core protein has been shown to inactivate GSK3b, further promoting WNT/b-catenin activity. In the nucleus, b-catenin complexes with TCF to activate downstream targets such as MYC, CCND1, and WISP2, to enhance cell-cycle progression and cell proliferation (Mahmoudvand et al., 2019). HCV core protein can also act positively to increase WNT/b-catenin signaling by upregulating expression of LRP5/6 and FZD receptors. Increased signaling through these receptors releases b-catenin from E-cadherin complexes, facilitating its translocation to the nucleus, and subsequent transcriptional activity (Figures 4C,D) (Mahmoudvand et al., 2019). To further complicate the predicted effects of core proteins on patient disease progression, Aicher et al. (2018) used HEK293 and Huh7.5 cells to demonstrate core protein sequence-specific effects on the expression of b-catenin and its transcriptional targets, based on the differences in HCV substrains obtained from clinical isolates. Thus, although it is clear that HCV co-opts WNT signaling pathways to promote HCC, it is possible this occurs in a substrain-specific manner, at least with regard to core protein effects.

Hepatitis C virus infection is also associated with promoter hypermethylation of the WNT pathway inhibitors, Secreted Frizzled-related Protein 2 gene (SFRP2) and DKK1, leading to WNT/b-catenin activation. Studies by Umer et al. (2014) suggest SFRP2 and DKK1 hypermethylation may occur early following HCV infection and may lead to HCC via a multi-step process. In this study, the authors utilized bisulfite sequencing to analyze liver biopsies from patients with chronic hepatitis, liver cirrhosis, and HCC. Compared to normal liver samples, SRFP2 and DKK1 showed significant hypermethylation in HCV-infected patients. Although no differences in DKK1 methylation was noted between the different conditions, there was a progressive increase in SFRP2 promoter methylation with normal liver < chronic hepatitis < liver cirrhosis < HCC (Umer et al., 2014). These findings are consistent with those of Eldeeb et al. (2020) which showed that in HCV-infected patients with liver cirrhosis, with or without corresponding HCC, DKK1 expression was significantly decreased. Thus, evaluating promoter methylation status, especially for SFRP2, or DKK1 protein levels may prove to be useful for monitoring disease progression following HCV infection (Figure 4C).

In an interesting study, Zhang et al. (2012) examined how HCV infection intersects with miRNA expression. HCV-infected Huh7 cells expressed higher levels of the pro-inflammatory miRNA, miR-155, via an NF-kB-mediated pathway. This resulted in greater accumulation of nuclear b-catenin, along with increased expression of cMYC, Cyclin D1, and survivin. Increased miR-155 did not appear to affect GSK3b or AXIN1 signaling. Functionally, high miR-155 expression led to a block in apoptosis and increased cellular proliferatio in vitro and increased tumorigenesis in nude mice. HCV core protein can also act positively to increase WNT/b-catenin signaling by upregulating expression of LRP5/6 and FZD receptors. Increased signaling through these receptors releases b-catenin from E-cadherin complexes, facilitating its translocation to the nucleus and subsequent transcriptional activity. Taken together, these data point to additional direct and indirect means by which HCV promotes HCC through dysregulated WNT signaling.



WNT Signaling Is Dysregulated Following Infection With HPV or EBV

HPV codes for multiple viral proteins with critical functions in viral infection, integration and replication. Its capacity to transform human epithelial cells are ascribed to its E6 and E7 proteins, and this includes promoting b-catenin translocation to the nucleus where it acts transcriptionally, to facilitate tumorigenesis. Unlike the actions of HCV and HBV, HPV infection rarely causes mutations in CTNNB1 or AXIN1. However, HPV can activate components of the WNT signaling pathway to facilitate cellular transformation. Microarray gene analysis shows HPV infection induces multiple genes, including upregulation of WNT related proteins (Fragoso-Ontiveros et al., 2012). It has also been shown that in some cervical and oropharyngeal squamous cell cancers, HPV infection reduces the amount of membrane-associated b-catenin while, at the same time, it increases its cytosolic and nuclear accumulation (Rodríguez-Sastre et al., 2005). HPV can further act to increase GSK3b phosphorylation, which can further attenuate its inhibitory action on WNT signaling (Figures 4C,D) (Rath et al., 2015).

Akin to HCV, HPV can also modulate miRNAs expression to affect WNT signaling. Mo et al. (2015) showed HPV can increase expression of miRNAs, the targets of which may repress WNT signaling only during early stages of CC development. The authors suggest that the differential regulation of AXIN2, DVL3, and LEF1 by miR-622, miR-920, and miR-507, respectively, may act to stabilize or increase WNT signaling at later stages of cancer progression (Mo et al., 2015). However, additional functional studies are needed to confirm how differences in miRNA expression contribute to cellular transformation caused by HPV.

Epigenetic changes that modulate the WNT pathway have been observed as a result of HPV infection and, frequently, the WNT inhibitory genes are targeted. For instance, in some HPV associated OC, increased APC and SFRP3 promoter methylation have been observed (Al-Shabanah et al., 2014). In HPV positive CC, hypermethylated SFRP2 and DKK3 promoters have also been reported (van der Meide et al., 2011).

Studies suggest HPV can also affect other proteins that crosstalk with the WNT pathway. LRG5 is a G-protein coupled receptor. Chen Q. et al. (2014) demonstrated that, as HPV-induced CC progressed, increased LGR5 expression could be detected via immunohistochemistry. Furthermore, in vitro reporter assays indicated that LGR5 activates WNT signaling by upregulating c-myc, cyclin D1, and b-catenin to increase cell cycle progression and drive proliferation (Chen Q. et al., 2014). HPV can also modulate less well-known WNT signaling partners like, FOXM1, a novel component of WNT signaling (Chen P.M. et al., 2014). Patients diagnosed with lung or oral cancer showed worse overall and relapse-free survival compared to patients who lacked a demonstrated interaction between b-catenin and FOXM1 (Chen P.M. et al., 2014). Finally, Lichtig et al. (2010) provide evidence that HPV infection may even alter b-catenin proteasomal degradation and this may require E6/E6AP. Thus, HPV infection can successfully promote WNT-mediated epithelial cell transformation through multiple mechanisms to directly or indirectly activate the WNT pathway.

EBV is yet another oncovirus that targets the WNT signaling pathway to transform epithelial cells. Studies using telomerase-immortalized normal oral keratinocytes (NOKs) showed that EBV infection led to epigenetic reprogramming, CpG hypermethylation, and delayed responsiveness to differentiation cues (Birdwell et al., 2014). Using the same system, Birdwell et al. (2018) further investigated the effects of EBV infection on cellular transformation and discovered that the invasive phenotype acquired by NOKs persisted, even after the viral loss. LEF and WNT5a, both of which are elevated in NPC, were increased in EBV-infected NOKs. LEF and WNT5a expression remained high for more than 20 passages, after EBV viral expression was no longer detected. Forced expression of LEF and WNT5a enhanced the invasive capacity of NOKs, while knocking down LEF1 reduced their invasiveness, even in the presence of WNT5a expression. The data suggest that EBV may provide a selective advantage to infected cells, with LEF1 contributing to their metastatic potential (Birdwell et al., 2018).

The tumor suppressor, DACT2, is expressed in various healthy tissues and is a methylation target in some cancers (Zhang et al., 2018). Zhang et al. (2018) demonstrated this WNT regulator was also the target of hypermethylation in EBV-related NPC. Treating NPC cells with the DNA methyltransferase inhibitor, 5-aza-2′-deoxycytidine, restored DACT2 expression to normal levels. Ectopic expression of DACT2 in NPCs also reduced proliferation, migration, and invasion, and induced G2/M arrest by blocking b-catenin/Cdc25 activity (Zhang et al., 2018). Restoring DACT2 expression sensitized NPC cells to the cytotoxic actions of paclitaxel and 5FU, but not to cisplatin, suggesting DACT2 may be an additional means of modulating the WNT pathway in NPC.

EBV also affects miRNAs to regulate WNT signaling in NPC. The EBV encoded miR-BART22 can induce the cellular miR-4721 through a PI3K/AKT/cMYC/cJUN/Sp1 mediated pathway. GSK3b is a direct target of miR-4721 and in clinical samples, low GSK3b expression correlates with high miR-4721 levels (Tang et al., 2020). Increased miR-4721 further correlates with increased nuclear b-catenin accumulation and greater CCND1 and MYC expression (Tang et al., 2020). Thus, as with other oncogenic viruses, EBV promotes tumorigenesis by subverting WNT signaling through direct and indirect mechanisms.



Immune Cells as Targets of Oncogenic Viral Transformation

HTLV-1 infection is the underlying cause of ATL in a significant proportion of infected individuals. The virus expresses several proteins known to facilitate leukemic transformation, including the basic leucine zipper (bZIP) factor, HBZ, and the Tax protein; however, they can have opposing effects on WNT signaling. For instance, HBZ and Tax, both can interact with the WNT pathway through a related protein, DAPLE (disheveled-associated protein with a high frequency of leucine residues) (Ma et al., 2013). In the presence of DAPLE, Tax can activate canonical WNT signaling while HBZ suppresses this activation. One way by which HBZ inhibits canonical WNT signaling is by impairing LEF DNA-binding. HBZ can also enhance TGFb-mediated transcription of WNT5A to antagonize the canonical WNT pathway (Ma et al., 2013). Knocking down WNT5A in HTLV-1-infected cells repressed cellular proliferation and migration, confirming the contribution of WNT signaling to the leukemic process. These contradictory findings suggest that it may be the balance of Tax and HBZ expression following HTLV-1 infection that ultimately tips the scale in favor of leukemogenesis (Figures 4C,D).

To highlight the complex interactions between HTLV-1 and the WNT pathway, it is interesting to note that while Tax functions to promote HTLV-1 viral replication, TCF1 and LEF1 both interact with Tax to attenuate Tax-dependent viral expression and activation of NF-kB and AP-1 (Ma et al., 2015). In contrast, both TCF and LEF are downregulated in activated T cells. Ma et al. (2015) provide in vivo data supporting this yin and yang between TCF/LEF expression and viral load using Japanese macaques as a model system. In animals infected with the closely related, Simian T Lymphocyte Virus-1 (STLV-1), a negative correlation between the STLV-1 proviral load and TCF/LEF1 expression was observed in T cells (Ma et al., 2015).

Among its symptoms, patients with severe cases of ATL may exhibit hypercalcemia, bone loss, and bone lesions that are associated with osteoclast-mediated bone resorption (Xiang et al., 2019). One key mediator of these processes is the WNT inhibitor, DKK1, which has been identified as a key regulator of hypercalcemia and bone loss (Colditz et al., 2019). In keeping with the role of Tax protein in modulating WNT signaling, it represses DKK1 in HTLV-1 infected cells (Polakowski et al., 2010). However, DKK1 has also been associated with bone lesions in Multiple Myeloma (Fujita and Janz, 2007). Polakowski et al. (2010) found that HBZ nuclear localization can modulate transcription by binding to p300/CBP transcriptional co-activators. Microarray analysis of cells expressing wild-type or mutant HBZ revealed transcriptional upregulation of DKK1, which was attenuated following siRNA knock-down of p300/CBP. Forced HBZ expression in T cells uninfected with HTLV-1 caused de novo expression of DKK1, while expressing HBZ in HTLV-1-infected T cells increased its expression (Polakowski et al., 2010). These data are consistent with another study that examined mechanisms of osteolytic bone lesions. Elevated serum levels of DKK1 has also been reported in a mouse model of ATL that expresses HBZ from a granzyme promoter (Esser et al., 2017).

Finally, the γ-herpesvirus KSHV, can target components of the WNT signaling pathway in B cells to promote tumorigenesis (Fujimuro et al., 2003). The LANA protein in KSHV shares homology with AXIN and has been shown to bind GSK3b (Fujimuro and Hayward, 2003). Furthermore, it was shown that interaction with LANA could draw GSK3b away from the inhibitory complex that keeps b-catenin inactive in the cytosol and allows for its nuclear translocation and subsequent transcription of WNT target genes.

Collectively, the data suggest that dysregulating WNT signaling is an effective mechanism by which oncogenic viruses target and manipulate multiple normal cellular processes to facilitate tumorigenesis. Furthermore, these viruses often employ multiple means of circumventing normal WNT signaling. HBV, HCV, EBV, HPV, and KSHV can all inhibit various components of the WNT pathway that normally keep it in its “OFF” state. These same viruses can also enhance positive regulators of WNT signaling, resulting in increased expression of WNT target genes. Thus, by “releasing the brakes and stepping on the gas” of the WNT signaling pathway, oncogenic viruses have evolved to be very efficient at driving cell proliferation, survival, and ultimately, transformation.



HH, NOTCH AND WNT PATHWAYS: INTERSECTION FOR COMMON THERAPEUTIC TARGETS

Given the complexity of the crosstalk between viruses and the multiple members of the developmental pathways, it is of paramount importance to better understand the molecular mechanisms involved in host-pathogen interactions to develop novel therapies. Notwithstanding the multitude of signaling proteins participating in each developmental pathway, the biological outcome is the same, thus leading to proliferation, cell survival, angiogenesis, stemness, EMT, immune evasion, and maintenance of latent viral state. The ability of the same viral protein to connect cellular proteins of the different pathways, such as HPV E6 or E7 with members of the Notch, HH, and WNT pathways raises the question whether simultaneous or ordered interactions occur in enhanced cell proliferation or tumor progression. Conversely, different viral proteins can interact with signaling proteins of the same pathway. For instance, HBx and NS3/5A/5B encoded by HBV and HCV, respectively, interact with the same HH signaling proteins, leading to cell proliferation and survival. GLI1/2 is activated by HBV, HPV, HCV, KSHV, and EBV proteins bringing to cell proliferation and survival, as well as virus immune evasion (Figure 5). Oncogenic JAG1 signaling is induced by HBx, Tax and LANA. The commonly targeted β-catenin by HPV and HCV induces stemness, proliferation and survival in the host cell (Figure 5). Therefore, viral proteins such as HBx, E6-E7, Tax, NS3/5A/5B, LANA, EBNA1/2, and LMP1 could be targeted to block viral communication with the components of each developmental pathway (Figure 5). On the other hand, already available inhibitors of each pathway might be used as therapeutic strategies for virus-associated diseases (Table 1). For instance, GANT-61 inhibited HH pathway members, GLI1 and GLI2 in HPV and KSHV associated tumors (Samarzija and Beard, 2012; Asha et al., 2020). Vismodegib, a SMO inhibitor that effectively terminates HH signaling, decreased liver fibrosis induced by HBV and HCV infection (Kumar et al., 2019). GSI repressed Notch signaling induced by KSHV, EBV, and HCV in associated diseases (Ito et al., 2011; Giunco et al., 2015; Jiang B.C. et al., 2017; Qin et al., 2017). Inhibitors of the WNT pathway decreased oncogenic signaling in EBV and HCV associated diseases (Kimura et al., 2017; Tokunaga et al., 2017; Chan et al., 2019). RIN1 could be used to inhibit RBP-Jk, a Notch pathway molecule exploited by HTLV-1-encoding Tax and EBV-encoding EBNA2, or antibodies against JAG1 might be used to inhibit the oncogenic action of HBV-encoding HBx, HTLV-1-encoding Tax and KSHV-encoding LANA. Similarly, inhibitors against GLI1 and -2 could be used against HBV, HPV, HCV and KSHV associated malignancies and the β-catenin inhibitor (ICG-001), might be used to target HPV and HCV proteins (Table 1 and Figure 5).


[image: image]

FIGURE 5. Developmental pathways co-opted during viral oncogenesis. Viruses deregulate developmental signaling to support malignant transformation and disease progression, via a variety of mechanisms, including (but not limited) to, increased proliferation and cell survival, induced stemness to improve fitness of the cancer cells, accrued neo-vascularization, activation of the epithelial-to-mesenchymal transition (EMT), evasion of tumor-targeting immune response. Inhibitors of developmental pathways may prevent the acquisition of new properties by the cancer cells, such as virus-induced transcriptional, metabolic, and functional reprogramming. Each color is associated with a specific virus and the cell processes controlled the developmental pathway.



TABLE 1. Inhibitors of developmental pathways as therapeutic strategies in viral carcinogenesis.

[image: Table 1]
In addition, developmental pathways may interact with each other to form a complex intertwined network connected by common molecules. Thus, understanding the crosstalk between developmental pathways might help to reveal common, druggable targets. This could be the case with β-catenin, a transcriptional activator of the WNT pathway, which also regulates the Notch-regulated transcriptional repressor, Hes1 (Borggrefe et al., 2016). Furthermore, there is a direct interaction between Notch1 and β-catenin, the latter having a protective role on Notch1 by reducing its ubiquitination and ultimately activating Hes1 expression. In addition, during in vitro angiogenesis, the protein complex, NICD/RBP-Jk/β-catenin, was formed and directed the differentiation of vascular progenitor cells toward arterial endothelial cells (Yamamizu et al., 2010). In carcinogenesis, WNT signaling activates Notch1 and Notch3 through its ligand, JAG1, in colorectal and OC, respectively (Borggrefe et al., 2016). Crosstalk exists also between HH and Notch pathways. For instance, GLI2 and JAG1 induced expression of each other in OC cells (Steg et al., 2011). Although most studies showed a positive feedback loop between components of the developmental pathways, we cannot exclude cases of negative feedback, especially when designing drugs that target specific common molecules.

Considering the complexity of signaling cascades in each developmental pathway and the existing crosstalk between them, there is a need to carefully design appropriate targeted therapies to avoid adverse, toxic, or off-target drug effects in patients. It will be mandatory to test these drugs in appropriate cellular models in vitro, including combined with three-dimensional cell models, which better recapitulate the TME, as well as in vivo experiments using robust animal models to fully evaluate how these drugs might influence anti-viral/anti-tumor immune responses in the host.



FUTURE PERSPECTIVES

Developmental pathways are important mediators of the transformation potential of different oncogenic viruses. They can turn normal physiologic pathways into potent carcinogenic routes, either to promote aberrant proliferation and acquisition of stemness, and/or to evade immune surveillance. Future efforts focused on better dissecting the cross-signaling between cellular developmental pathways and viruses will further our understanding of the evolution of viral carcinogenesis, including host-pathogen communications that can also shape the cells in the tumor microenvironment and modulate anti-tumoral immune responses. Given the ability of viruses to behave as forced activators of developmental pathways, we should consider targeting their members in future experimental studies. Viruses can repress signaling pathways at early stages of carcinogenesis, as HPV does with TGFβ and Notch, but can promote later activation, as seen in malignant progression (Meyers et al., 2018). Moreover, as suggested by experimental works in HTLV-1-infected cells and human ATL, inhibitors of developmental pathways may represent drug candidates for intractable human diseases (Takahashi et al., 2014). Taken together, we propose that developmental pathway inhibitors have the potential to attenuate tumor development and further research would underpin their role in combined cancer immunotherapy.
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Dysregulation of the Notch pathway is implicated in the pathophysiology of cardiovascular diseases (CVDs), but, as of today, therapies based on the re-establishing the physiological levels of Notch in the heart and vessels are not available. A possible reason is the context-dependent role of Notch in the cardiovascular system, which would require a finely tuned, cell-specific approach. MicroRNAs (miRNAs) are short functional endogenous, non-coding RNA sequences able to regulate gene expression at post-transcriptional levels influencing most, if not all, biological processes. Dysregulation of miRNAs expression is implicated in the molecular mechanisms underlying many CVDs. Notch is regulated and regulates a large number of miRNAs expressed in the cardiovascular system and, thus, targeting these miRNAs could represent an avenue to be explored to target Notch for CVDs. In this Review, we provide an overview of both established and potential, based on evidence in other pathologies, crosstalks between miRNAs and Notch in cellular processes underlying atherosclerosis, myocardial ischemia, heart failure, calcification of aortic valve, and arrhythmias. We also discuss the potential advantages, as well as the challenges, of using miRNAs for a Notch-based approach for the diagnosis and treatment of the most common CVDs.
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INTRODUCTION

The Notch pathway, a highly conserved modality of intercellular signaling, is crucial for the development and postnatal homeostasis of the cardiovascular system (MacGrogan et al., 2018). The Notch signaling is activated as a result of the interaction between receptors (Notch 1–4) and ligands (Delta-like 1, 3, 4, and Jagged 1, 2) present on the surface of adjacent cells. The interaction between receptors and ligands triggers a first proteolytic cut which removes the extracellular portion of the receptor generating a membrane intermediate that undergoes a second proteolytic cut mediated by the γ-secretase complex that releases the intracellular active form of Notch (Notch intracellular domain, NICD). Notch intracellular domain translocates into the nucleus and, through the interaction with the transcription factor recombinant binding protein for the immunoglobulin region kJ (RBPJ, also known as CBF1/Suppressor of Hairless/LAG1, CSL) and the Mastermind-like (MAML 1–3) adaptor proteins, modifies the transcriptional landscape of the cell. The best characterized Notch target genes belong to HES (Hairy and Enhancer of Split) and HEY (Hairy / enhancer-of-split related) genes family and are essential modulators of transcription in neuronal, endocrine, and cardiovascular districts (Wiese et al., 2010) [for more details on the Notch pathway the reader is referred to Siebel and Lendahl (2017) and Akil et al. (2021)]. The above described modality of action of Notch is commonly defined as “canonical,” however, there is accumulating evidence of the existence of a “non-canonical” Notch pathway which is activated in the absence of “canonical” ligands (Delta-like 1, 3, 4, and Jagged 1, 2), independent of γ-secretase cleavage and leading to the formation of NICD that can interact with nuclear proteins different from RBPJ and with cytoplasmic proteins. Through the “non-canonical signaling,” Notch modulates pathways such as Wnt/β-catenin, mammalian target of the rapamycin 2 complex (mTORC2)/Akt, Nuclear Factor kappa B (NF-κB), IkB kinase (IKK)-α/β and phosphatase and tensin homolog (PTEN)-induced kinase (PINK1) on mitochondria which, after binding NICD, activates mTORC2/Akt pathway, promoting cell survival (Ayaz and Osborne, 2014) (Figure 1A).
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FIGURE 1. Schematic representation of the Notch pathway and miRNA biogenesis. (A) The Notch precursor is cleaved by a furin-like protease in the Golgi apparatus and then transported to the plasma membrane. Notch receptor on the membrane is activated by the binding with ligands present on adjacent cells, which induces a second proteolytic cut mediated by A Disintegrin And Metalloprotease (ADAM) 10 or 17, followed by a third cleavage by the γ-secretase complex that releases the Notch intracellular domain (NICD). In the “canonical” Notch signaling, NICD translocates into the nucleus and, through the interaction with the transcription factor CBF1/Suppressor of Hairless/LAG1 (CSL) and the Mastermind-like (MAML) adaptor proteins, modulates the transcription of several target genes. In the “non-canonical” signaling, Notch modulates Wnt/β-catenin, mammalian target of the rapamycin 2 complex (mTORC2)/Akt, Nuclear Factor kappa B (NF-κB), IkB kinase (IKK)-α/β and phosphatase and tensin homolog (PTEN)-induced kinase (PINK1) on mitochondria, independently from CSL. NECD: Notch extracellular domain. (B) In the nucleus, genes coding for miRNAs are transcribed by RNA polymerase II or III into primary miRNAs (pri-miRNAs), which are processed by the complex consisting of RNA-binding protein DGCR8 and type III RNase Drosha, into a stem-loop structure called precursor miRNAs (pre-miRNAs). Afterward, pre-miRNA is transported into the cytoplasm by Exportin-5 complex (Exportin -5_ Ran-GTP), where pre-miRNA is processed by another type III RNase enzyme Dicer to form the mature miRNA duplex. The two strands of the duplex are loaded into Argonaute (Ago) protein to form the RNA-induced silencing complex (RISC); one strand (also called guide strand) is selected to form the functional RISC complex, the other strand (passenger strand) is released from Ago and degraded (Medley et al., 2021). For most miRNAs, one strand is preferentially loaded into Ago, forming the functional RISC, while the other is released and degraded. However, for some miRNAs, both strands give rise to functional miRNAs that are loaded into the RISC. Functional miRNAs regulate gene expression at post-transcriptional level mainly by binding their seed region (nucleotides 2–8) to the 3′-untranslated region (UTR) of their target mRNAs. The interaction miRNA/mRNA modulates gene expression by inhibiting translation or inducing degradation of a specific mRNA depending on the complementarity of the sequence.


Depending on the cellular context, the Notch signaling plays different, even opposite, roles, but generally, its activation provides a pro-survival stimulus to the cell, and thus, dysregulated activation of Notch favors cancer progression by promoting cancer cells survival (Rizzo et al., 2013). The evidence that the Notch pathway is upregulated in cancer has prompted tremendous efforts for the development of therapeutic strategies able to interfere with cancer progression by inhibiting Notch. Several approaches have been used to inhibit Notch in vitro and in vivo, such as: (a) γ-secretase inhibitors (GSI), small-molecules that prevent the release of the active form of Notch by inhibiting proteolytic activity of γ-secretase complex; (b) inhibitors of ADAM (A Disintegrin And Metalloprotease), proteases involved in Notch receptors and ligands processing; (c) monoclonal antibodies (mAbs) that specifically target Notch receptors and/or ligands; (d) γ-secretase modulators, small-molecules that modify the proteolytic activity of γ-secretase and, potentially, able to selectively inhibit a specific Notch receptor and, (e) synthetic small molecules able to inhibit the Notch transcriptional activity by blocking MAML, such as CB-103 (Cellestia Biotech AG) and Syntana-4 (Anastasis Biotech) [reviewed in Majumder et al. (2021)]. Delivery of both γ-secretase inhibitors and Dll4 mAb by specific binding of solid lipid nanoparticles to death receptors (DR)-5 on triple negative breast cancer cells is being investigated (Kumari et al., 2021). Several clinical trials targeting Notch in cancer patients using γ-secretase inhibitors have been conducted, and more are ongoing (clinicaltrials.gov). These trials have shown tolerable toxicity but also limited response to these compounds. The scarce efficacy of the γ-secretase inhibitors in the clinic is thought to be due, at least in part, to off-target effects and dose of the administration, which must not be toxic but, at the same time, able to completely block the pathway [for a discussion of the challenges and the state of art on Notch inhibition in cancer the reader is referred to Aquila et al. (2019), Fortini et al. (2019), Moore et al. (2020), and Rizzo et al. (2020)]. Clinical trials testing the safety and efficacy in cancer patients of alternative approaches to γ-secretase inhibitors for Notch inhibition are ongoing (Fabbro et al., 2020). Notch activation is also required for the induction of the inflammatory response. Thus, its inhibition by γ-secretase inhibitors or by mAb has shown efficacy in animal models of pathologies with a recognized underlying inflammatory state, such as chronic obstructive pulmonary disease (COPD) (Danahay et al., 2015), arthritis (Park et al., 2015), and metabolic syndrome (Fukuda et al., 2012): no clinical trials testing the efficacy of Notch inhibition in these contexts have been conducted so far.

In the cardiovascular system, Notch activation prevents apoptosis of cardiomyocytes (Nistri et al., 2017) and endothelial cells caused by different types of insults (Fortini et al., 2017). Thus, activation of Notch in the heart (Ferrari and Rizzo, 2014) and endothelium (Rizzo et al., 2013) could represent a new therapeutic approach against diseases, such as coronary artery disease (CAD) and heart failure (HF), which remain the leading cause of death worldwide despite continued progress in term of diagnosis, prognosis, and treatment (Aquila et al., 2019). One of the challenges in inhibiting Notch in cancers has been the need to develop a cell- specific delivery of the Notch inhibitor to prevent the onset of tumors in tissues, like the skin, where Notch acts as a tumor suppressor gene (Aquila et al., 2019). In analogy to cancer, for the treatment of CAD and HF, Notch activators should be specifically targeted to cardiomyocytes and endothelial cells in order to prevent cell transformation in other tissues and/or the induction of a harmful, dysregulated inflammation. These are major challenges to overcome and they could explain why, so far, Notch activation to interfere with the progression of heart disease and atherosclerosis has been attempted only in animal models (Ferrari and Rizzo, 2014). Therefore, new approaches are needed to explore the feasibility and effectiveness of Notch-based diagnostic tests and therapies for human CVDs.

One possible approach to specifically activate Notch in the heart and endothelium could be the use of Notch-regulating microRNAs (miRNAs or miRs). MiRNAs are single stranded, non-coding RNAs of 21–25 nucleotides in length involved in the post-transcriptional regulation of many genes, including Notch (Figure 1B). MiRNAs have specific characteristics that make them very attractive in terms of drug development. Depending on the biological context, a specific miRNA may need to be inhibited (miRNA-inhibitors) or over-expressed (miRNA mimics). MiRNA-inhibitors (anti-miRs or antagomiRs) are synthetic single stranded miRNA complementary to a specific endogenous mature miRNA and abolish its activity. Conversely, miRNA mimics (agomiRs) are synthetic double-stranded RNA molecules with a sequence identical to the endogenous specific miRNA. However, use of “naked” miRNAs is not recommended because: (1) difficulty passing through cell membrane due to their polarity, (2) induction of immune response, (3) short half-life and limited stability in systemic circulation due to their rapid nucleases-mediated degradation or inactivation, (4) difficulty in cell- or tissue-specific delivery of miRNA. To date, the most common approaches that have been used to deliver miRNAs are: (a) viral vectors, such as adenoviruses, lentiviruses and adeno-associated viruses (AAVs); (b) oligonucleotide-based products, such as miRNA mimics and miRNA inhibitors, with chemical modifications that preserve the integrity of RNA in the systemic environment; (c) cell derived membrane vesicles, such as exosomes, microvesicles (MVs) and apoptotic bodies; (d) nanoparticles (NPs), made up of organic and inorganic components and, (e) 3D scaffold-based systems, such as hydrogels. These miRNAs delivery approaches [thoroughly discussed in Lu and Thum (2019)] allow to deliver the miRNA systemically, by intravenous (Wahlquist et al., 2014) or subcutaneous administration (Bernardo et al., 2014), or locally, through intramyocardial injection of hydrogels (Wang L. L. et al., 2017), catheter-based intracoronary application of antagomiR (Hinkel et al., 2020) and, by subcutaneous injection (Huang D. et al., 2020) or inhalation of NPs (Miragoli et al., 2018).

Many miRNAs have been identified with the potential to treat and diagnose CVDs [for details the reader is referred to Nouraee and Mowla (2015) and Lucas et al. (2018)]. The aim of this Review is to provide an overview of the existing knowledge on miRNAs-mediated Notch regulation in atherosclerosis, myocardial ischemia, heart failure, calcific aortic valve disease, and arrhythmias, and to propose investigations in the cardiovascular setting on crosstalks between miRNAs and Notch signaling reported in other pathologies, such as cancer and cerebral stroke. This knowledge could represent a step forward in the achievement of cell-specific targeting of Notch for the treatment of CVDs.



NOTCH IN ATHEROSCLEROSIS

Atherosclerosis is a multistep, chronic inflammatory condition of the arteries widely recognized as the major cause of CVDs (Geovanini and Libby, 2018). The first step of atherosclerosis is the loss of endothelium integrity. Endothelial cells (ECs) are highly plastic cells that can become chronically activated in response to different stimuli, such as disturbed blood flow, exposure to pro-inflammatory mediators, and lipids. Under physiological conditions, stable/laminar shear stress protects the endothelium favoring an anti-inflammatory, vasodilatory, antithrombotic, and quiescent, non-proliferative phenotype. Instead, low and disturbed/oscillatory shear stress promotes endothelial dysfunction (Bretón-Romero et al., 2016; Aquila et al., 2019) by increasing the transcription of pro-atherogenic genes, such as genes involved in the uptake of circulating low-density lipoproteins (LDLs) and in production of pro-inflammatory cytokines. Once accumulated in the subendothelial space, LDLs undergo different modifications, including oxidation by reactive oxygen species (ROS). Oxidized LDLs induce the expression of adhesion molecules on the surface of ECs, such as vascular cell adhesion molecule-1 (VCAM-1), intercellular adhesion molecule-1 (ICAM-1), and E-selectin, which act as chemioattractors for circulating monocytes and T lymphocytes (Kattoor et al., 2019). Once in the sub-endothelium, the monocytes differentiate into macrophages, which phagocytize the oxidized LDL, thus becoming foam cells. Foam cells and macrophages produce growth factors and cytokines that amplify the inflammatory response (Shaposhnik et al., 2007) and recruit extracellular matrix (ECM) proteins- producing vascular smooth muscle cells (VSMCs), leading to the formation of fibrous, lipid-loaded plaques (Bennett et al., 2016). Atherosclerotic plaque can become unstable and break off, leading to thrombus formation, and thus, myocardial infarction (Virmani et al., 2005).

The Notch pathway modulates the functions of each cell type involved in atherosclerosis progression (Aquila et al., 2019). Stable/laminar shear stress upregulates Notch1, which is required for transcription of genes that preserve endothelial function (Theodoris et al., 2015; Aquila et al., 2018). In line with this observation, other studies have shown that stable/laminar blood flow favors the induction of Notch1, which promotes maintenance of endothelial barrier function (Polacheck et al., 2017) and upregulates the anti-apoptotic protein Bcl-2, thus protecting ECs against apoptosis (Walshe et al., 2011). Furthermore, in vitro and in vivo studies have shown that decreased expression of Notch1 in response to circulating lipids and pro-inflammatory cytokines, such as tumor necrosis factor alpha (TNF-α) and interleukin (IL)-1β, leads to recruitment of monocytes and overexpression of inflammatory molecules (Briot et al., 2015). In support for the protective role of Notch1 in the endothelium, studies in vitro have shown that the dysregulation of Notch signaling in ECs induced by inflammation, leads to NF-kB activation and induction of ICAM-1, VCAM-1, and apoptosis (Quillard et al., 2009, 2010; Fazio and Ricciardiello, 2016). In addition, we have shown that the protective effect of 17-β-estradiol against TNF-α induced apoptosis requires Notch1 activation (Fortini et al., 2017). However, the studies discussed so far are in contrast with other observations suggesting a pro-atherogenic and pro-inflammatory role of the Notch pathway in the contest of endothelium (Verginelli et al., 2015; Nus et al., 2016; Poulsen et al., 2018). The features of Notch signaling that could explain these opposite roles of Notch in the endothelium are discussed elsewhere (Aquila et al., 2019).

In VSMCs, the Notch signaling is mediated by Notch 1, 2, 3, and the ligand Jagged1 (High et al., 2007; Tang et al., 2010; Baeten and Lilly, 2015; Rizzo et al., 2018). Boucher et al., showed that Jagged-1 mediated activation of Notch2 significantly inhibited proliferation of human VSMCs via cell-cycle arrest and that high levels of Notch2 were localized to the non-proliferative zone of injured arteries (Boucher et al., 2013). Similarly, the Jagged1/Notch3 axis promotes the VSMCs contractile phenotype (Domenga et al., 2004; Doi et al., 2006; Boscolo et al., 2011) and NF-kB-mediated inhibition of Notch3 favors the transition from a contractile to a secretory, pro-inflammatory phenotype (Clement et al., 2007). Consistent with these studies, we demonstrated that in rat aortic VSMCs, cholesterol accumulation favored the reduction of contractile phenotype and the induction of pro-inflammatory markers in association with low levels of Jagged1 and high levels of Dll4 (Aquila et al., 2017). Furthermore, in VSMCs expression of active form of Notch1 and Notch3 promotes cells survival and inhibition of Notch favors apoptosis (Sweeney et al., 2004). Notch1 seems to be also implicated in proliferation and cell survival in the context of vascular injury (Li et al., 2009) and, consistently, Redmond and colleagues showed that perivascular delivery of siRNA for Notch1 inhibited neointimal formation and VSMCs migration and proliferation (Redmond et al., 2014).

In macrophages, the Notch signaling induces a pro-inflammatory phenotype. Treatment of macrophages with pro-inflammatory stimuli such as lipopolysaccharide (LPS), which promotes the M1 pro-inflammatory phenotype, induces the transcription of Dll4, Jagged1, and Notch1 (Monsalve et al., 2006). In addition, as shown by Fung et al., Dll4-dependent activation of Notch signaling in macrophages leads to an increased inflammatory response (Fung et al., 2007). Conversely, Notch inhibition appears to increase the polarization of macrophages toward an anti-inflammatory M2 phenotype (Singla et al., 2017).


MiRNAs Which Regulate Notch in Atherosclerosis

Endothelial cell-specific miRNA miR-126 is well-known for its modulation of angiogenesis (Wang et al., 2008), but several in vitro and in vivo studies also suggest a protective role of both strands of miR-126, namely miR-126-3p and miR-126-5p, against atherosclerosis. MiR-126-3p [also known as miRNA-126 (Cerutti et al., 2017)] reduces endothelial cells injury by restoring autophagic flux (Tang and Yang, 2018) and by regulating VCAM-1 levels and thus, limiting leukocytes-EC interactions (Harris et al., 2008). In support of the atheroprotective effect of miR-126-3p, Zernecke et al. showed that systemic delivery of miR-126-3p induces C-X-C motif chemokine ligand 12 (CXCL12), promoting vascular protection (Zernecke et al., 2009). Likewise, Pei and colleagues demonstrated that miR-126-3p counteracts vascular injury through upregulation of C-X-C Motif Chemokine Receptor 4 (CXCR4) and promotion of stemness gene expression in endothelial progenitor cells (EPCs) (Pei et al., 2020). MiR-126-3p is an important regulator of vascular wall remodeling: its delivery by endothelial microparticles inhibits VSMCs proliferation and neointima formation by targeting LDL Receptor Related Protein 6 (LRP6) (Jansen et al., 2017). Under conditions of high shear stress, miR-126-5p prevents apoptosis, by targeting caspase-3, and promotes autophagy, thus maintaining endothelial integrity (Santovito et al., 2020). Furthermore, Hao et al, highlighted its role in preventing atherosclerosis progression through the targeting of mitogen-associated protein kinase (MAPK) signaling pathway in THP-1 cells (Hao and Fan, 2017), and Schober et al. demonstrated that miR-126-5p delays atherosclerotic plaques formation by reducing endothelium damage through suppression of the Notch1 inhibitor, Delta-like 1 homolog (Dlk1), which promotes ECs proliferation. On the contrary, lower expression of miR-126-5p in response to disturbed flow, suppresses ECs proliferation by upregulating Dlk1 (Schober et al., 2014). Of relevance, plasma levels of miR-126 were found significantly downregulated in CAD patients compared with healthy subjects (Wang X. et al., 2017).

Another miRNA showing a protective effect in the endothelium is miR-107. As demonstrated by Gao et al., in a mouse model of coronary arteries atherosclerosis, miR-107-specific inhibition of KRT1 activates Notch1 protecting against inflammation and endoplasmic reticulum stress in vascular endothelial cells (Gao et al., 2019). On the contrary, in response to hyperlipidemia and oxLDL, Notch1 is inhibited by the upregulation of miR-103-3p, which interferes with lncWDR59 interaction with Numb, a protein involved in the downregulation of Notch (Natarelli et al., 2018).

Experiments in bone marrow endothelial cells have shown that miRNA-155 promotes inflammation by targeting κB-Ras1, an inhibitor of the nuclear factor κB (NF-κB) and that Notch1 activation represses miR-155 expression by promoting binding of RBPJ to the miR-155 promoter (Wang et al., 2014). In the context of cerebral ischemia/reperfusion damage, deletion of miR-155 increased the expression of active Notch1 induced endothelial NO synthase (eNOS) expression and NO production (Jiang et al., 2019). In light of these data, the finding of miR-155 downregulation in the serum of patients with coronary artery disease may be interpreted as protective measure to limit vascular damage (Fichtlscherer et al., 2010).

The miR-143/145 cluster plays a major role in regulating VSMCs functions. Under atheroprotective, laminar shear stress, endothelial vesicle-mediated transfer of miR-143/145 promotes a contractile phenotype in VSMCs (Hergenreider et al., 2012). In addition, in vitro and in vivo studies have shown that overexpression of miR-143/145 inhibited VSMCs proliferation and neointimal formation by targeting angiotensin-converting enzyme (ACE), Krüppel Like Factor 5 (KLF5), and CD40 (Boettger et al., 2009; Cheng et al., 2009; Cordes et al., 2009; Elia et al., 2009; Guo et al., 2016). Jagged1-mediated activation of Notch1 is required by miR-143/145 to maintain a differentiated phenotype in VSMCs (Boucher et al., 2011). Upregulation of miRNA-146a in VSMCs promotes cells proliferation in vitro and vascular neointimal hyperplasia in vivo, through the silencing of Krüppel-like factor 4, and its downregulation attenuates platelet-derived growth factor (PDGF) mediated induction of VSMCs proliferation (Sun et al., 2011). miR21 was also found to be upregulated in injured arteries, and downregulation of aberrantly overexpressed miR-21-5p [also known as miR-21 (Dai et al., 2020)] is associated with the inhibition of neointima lesion formation in rat carotid artery after angioplasty (Ji et al., 2007). Of interest, miR-146a and miR-21 increase VSMCs proliferation through suppression of the Jagged1/Notch2 pathway (Cao et al., 2015).

In macrophages, miR-181b suppresses Notch1 and blocks vulnerable lesion development by favoring macrophage polarization toward anti-inflammatory phenotype (An et al., 2017). Similarly, in macrophages and monocytes, miR-146a targets tumor necrosis factor receptor–associated factor 6 (TRAF6), leading to inhibition of NF-κB-driven inflammation and atherosclerosis (Li et al., 2015), and promotes macrophage polarization toward an anti-inflammatory phenotype by inhibiting Notch1 (Huang et al., 2016). MiR-133b downregulation inhibits macrophages migration and the formation of vulnerable atherosclerotic plaques by interfering with the Notch signaling, with molecular mechanisms still partially unknown, which include MAML1 (Zheng et al., 2019). Of interest, both miR-133a and miR-133b have been found upregulated in vulnerable atherosclerotic plaques isolated from patients (Cipollone et al., 2011; Maitrias et al., 2015), thus providing the rationale for the targeting of these miRs in atherosclerosis. MiR-148a-3p, downstream of Notch, promotes a pro-inflammatory M1 phenotype through PTEN/AKT-mediated upregulation of NF-κB signaling (Huang et al., 2017).



NOTCH IN MYOCARDIAL ISCHEMIA/REPERFUSION INJURY

Myocardial ischemia (MI) results from the rupture or erosion of an atherosclerotic plaque with thrombotic occlusion of an epicardial coronary artery. The myocardium perfused by the occluded artery is in jeopardy, and if the coronary artery is not reopened, the myocardium becomes necrotic. Timely restoration of blood flow, namely reperfusion, is the only effective option to limit myocardial necrosis and then infarct size. However, the salvaged myocardium is never 100% of the myocardium alive at the time of reperfusion, and a large body of experimental and clinical evidence supports the notion that reperfusion may induce additional damage to the myocardium. This damage is called reperfusion injury. Numerous processes are involved in reperfusion injury, including changes in pH, generation of ROS, intracellular Ca2+ overload, inflammation (Bonora and Pinton, 2019; Soares et al., 2019), mitochondrial dysfunction and mitophagy, the process that removes defective and not functional mitochondria by autophagy (Patergnani and Pinton, 2015; Morciano et al., 2020), leading to the stimulation of multiple programs of cardiomyocytes death, such as apoptosis, necrosis, necroptosis, and autophagy-associated cell death (Konstantinidis et al., 2012; Bonora et al., 2019).

Notch signaling plays a crucial role in regulating cardiac development by controlling the proliferation and differentiation of cardiomyocytes precursors (Campa et al., 2008; Collesi et al., 2008; Kratsios et al., 2010; Gude et al., 2015). Although it has been reported that Notch1 is turned off in adult cardiac cells, several studies have shown that this pathway is re-activated following myocardial ischemia/reperfusion (I/R) injury (Gude et al., 2008; Kratsios et al., 2010; Li et al., 2011). Specifically, activated Notch limits the extent of the ischemic damage: (a) by reducing oxidative stress (Pei et al., 2015); (b) by regulating mitochondrial function (Zhang et al., 2015) and mitophagy (Zhou et al., 2019); (c) by promoting cardiomyocytes survival through stimulation of phosphatidylinositol 3-kinase (PI3K)/Akt pro-survival signaling (Gude et al., 2008; Kratsios et al., 2010), upregulation of the anti-apoptotic proteins Bcl-2 and Bcl-xl and downregulation of the pro-apoptotic protein Bax (Zhou et al., 2013; Yu and Song, 2014). The activation of the Notch signaling by melatonin (Yu et al., 2015b), G1, an agonist of G protein-coupled estrogen receptor (GPER30) (Rocca et al., 2018), and berberine (Yu et al., 2015a) contributes to the reduction of myocardial I/R damage through the activation of HES1 and of PTEN/Akt signaling. The protective effect of Notch in the infarcted heart may depend not only on its role in reducing the I/R damage but also, at later stages after the MI, by promoting angiogenesis and reducing hypertrophic response and fibrosis (Ferrari and Rizzo, 2014).


MiRNAs Targeting Notch in Myocardial Ischemia/Reperfusion Injury

A large number of miRNAs have been identified that play a critical role in the context of myocardial I/R injury (Weiss et al., 2012). Studies in vitro and in vivo of I/R have shown upregulation of several miRNAs, whose inhibition can reduce the I/R damage. MiR-34a-5p is upregulated in rat model of myocardial I/R and, miR-34a-5p knockdown attenuates myocardial I/R injury by promoting Notch1-mediated reduction of H9C2 rat cardiomyoblast cells apoptosis and ROS accumulation (Wang Z. et al., 2019). Similarly, miR-155 overexpression is associated with enhanced ROS production and activation of macrophages in a mouse model of ischemic heart (Eisenhardt et al., 2015), whereas reduced expression of miR-155 attenuates myocardial I/R-induced injury by maintaining physiological levels of hypoxia-inducible factor 1-alpha (HIF-1α), a critical cardioprotective factor (Chen J. G. et al., 2019). Since HIF-1α is a well-known Notch activator (Pistollato et al., 2010), it is tempting to speculate that the detrimental effects on the heart of miR-155 overexpression is due to reduced expression of HIF-1α, which, in turn, inhibits Notch signaling. Consistently, miR-155 downregulation limits cerebral I/R injury by activating the Notch signaling (Jiang et al., 2019). MiR-363 is upregulated during in vitro ischemia and, its downregulation protects cardiomyocytes against hypoxia-induced apoptosis through the increase of Notch1 activity (Meng et al., 2017). Similarly, in response to H2O2 and I/R stress, miR-381 expression is upregulated both in cardiomyocytes and in MI mouse model. MiR-381 overexpression enhances H2O2 and hypoxia-reperfusion (H/R)-induced cardiomyocytes apoptosis and, vice versa, in vitro transfection with miR-381 inhibitor or in vivo delivery of miR-381 antagomiR significantly reduces cardiomyocytes apoptosis and infarct size, respectively. The detrimental effect of miR-381 seems to be mediated, at least in part, by reducing the Notch signaling through the inhibition of the expression of Jagged1 (Lu et al., 2018). In H9C2 cells, miR-449a expression increases after hypoxia-reperfusion (H/R) injury, and its inhibition protects cells against H/R-induced apoptosis and necrosis by inducing Notch1 signaling (Cheng et al., 2018). Similarly, in a porcine model of I/R-induced damage, miR-92a is upregulated in cardiac ischemic tissue, and its inhibition results in reduced infarct size, increased angiogenesis, decreased inflammation, and cardiac cells death (Hinkel et al., 2013). In this study, the gene target of miR-92a has not been investigated: based on findings in osteosarcoma cells (Liu et al., 2018) and in gastric cancer cells (Shin et al., 2018) showing that miR-92a targets Notch1, it might be interesting to investigate whether this interaction also occurs in the presence of heart damage caused by I/R.

On the other hand, upregulation of specific miRNAs during I/R can mitigate cardiac injury. MiR-146a is upregulated at an early stage of myocardial I/R in mice (Zhang et al., 2019). MiR-146a overexpression protects H9C2 cells and mouse hearts against I/R-induced apoptosis (Wang et al., 2013) and inhibition of miR-146a exacerbates cerebral I/R damage in mice (Chu et al., 2018). After I/R stress, in rats, intramyocardial injection of human mesenchymal stem cells overexpressing miR-146a determines the reduction of fibrosis and induction of Vascular Endothelial Growth Factor (VEGF) expression in the site of injury, which could promote a reparative angiogenesis (Seo et al., 2017). In VSMCs, miR-146a targets Notch2 (Cao et al., 2015) and, in podocytes, the absence of miR-146a upregulates Notch1 (Lee et al., 2017). On the contrary, in melanoma cell lines, miR-146a targets NUMB, a repressor of Notch1 signaling, determining activation of Notch (Forloni et al., 2014). However, to date, it is not known whether miR-146a activates or inhibits Notch1 in cardiomyocytes. After hypoxic stress, miR-210 was found upregulated in non-apoptotic cardiomyocytes and, delivery of miR-210 through injections with non-viral minicircle vector in the ischemic heart of mice improved cardiac function by promoting angiogenesis and inhibiting cardiomyocytes apoptosis (Hu et al., 2010). Similarly, miR-210 overexpressing mice hearts showed a significant increase in blood vessel density in the peri-infarct zone and reduced infarct size following ischemic injury (Arif et al., 2017). It has also been shown that after cerebral ischemia, the upregulation of miR-210 activates the Notch signaling pathway, contributing to angiogenesis (Lou et al., 2012). This suggests that the pro-angiogenic and pro-survival effect of miR-210 in the heart could be due to Notch activation. A recent study has shown that extracellular vesicles (EVs) released by human induced pluripotent stem cell (iPSC)-derived cardiomyocytes (iCMs) exposed to hypoxic conditions are enriched with miR-106a-363 cluster. This EVs-derived mRNA cluster promotes cell cycle re-entry and proliferation of cardiomyocytes by repressing Notch3 to potentially improve cardiac function in the injured myocardium (Jung et al., 2021).

Hypoxic conditions also lead to downregulation of specific miRNAs. In mice, miR-322 levels were found reduced in the heart after myocardial I/R injury and intramyocardial injection of miR-322 mimic significantly reduced cardiac apoptosis and infarct size by inhibiting the F-box and WD repeat domain-containing 7 (FBXWT), a ubiquitin ligase involved in Notch1 degradation (Chen Z. et al., 2019). Reduced levels of miR-30e have been observed in the serum of patients with myocardial I/R injury (Zheng et al., 2018), a reduction that may represent a protective response of the heart to limit the I/R damage since silencing of miR-30e in H9C2 cells during I/R leads to a decrease in oxidative stress and apoptosis by activating the Notch1/HES1/Akt signaling axis (Zheng et al., 2018). Furthermore, Notch is a target of miR-30 in other cell contexts: miR30e downregulates Dll4 leading to abnormal differentiation of small intestine epithelial cells (Shan et al., 2016) and angiogenesis in Zebrafish embryos (Jiang et al., 2013), and its downregulation induces metabolic inflammation by activating Notch (Miranda et al., 2018).

Endothelial cells in the heart are also a target of I/R injury (Singhal et al., 2010). Under hypoxic conditions, miR-24-3p is upregulated in cardiac endothelial cells causing impairment of angiogenesis both in the mice ischemic heart (Meloni et al., 2013) and in developing Zebrafish (Fiedler et al., 2011). Of interest, in a mouse model of limb ischemia, endothelial overexpression of the active form of Notch1 prevents the miR-24-3p-mediated anti-angiogenic effect and, conversely, the inhibition of Notch enhances the anti-angiogenic effect of miR-24-3p, showing that Notch1 is a target of miR-24-3p (Marchetti et al., 2020).



NOTCH IN HEART FAILURE

Heart failure (HF) is a complex syndrome caused by pathological ventricles remodeling, which determines inadequate blood perfusion of tissues and organs. HF typically develops as a result of heart injuries, such as MI, pressure and volume overload, myocarditis, and cardiomyopathy. These conditions cause the dysregulation of cellular and molecular signaling cascades leading to cardiomyocytes apoptosis, ultimately causing myocardial hypertrophy and fibrosis, all contributing to ventricular wall thickening and stiffening that ultimately compromise the heart contractile function (Cohn et al., 2000; Ferrari and Rizzo, 2014). Even in the presence of novel therapeutics treatments, the morbidity and mortality due to HF remain high (Rachamin et al., 2021).

Studies in vitro and in vivo [reviewed in Aquila et al. (2019)] have shown a dysregulation of the Notch pathway in HF, but only a few studies have been carried out in patients to investigate the involvement of Notch in HF. Oie et al. have shown that the Notch components are differentially expressed in myocardium biopsies from patients with HF (Øie et al., 2010). High levels of Notch ligand Dll1, were found in the serum of patients with HF (Norum et al., 2016) and, similarly, high levels of Dll1 and periostin, a non-canonical Notch ligand, were found in serum from patients with dilated cardiomyopathy (Norum et al., 2017). In both these studies, high levels of Dll1 and periostin were associated with the stage of the disease and with adverse outcome. Furthermore, in a clinical study to assess the safety of DII4 blocking mAb to limit tumor angiogenesis, HF was observed in some patients confirming the critical role of Notch dysregulation in the physiopathology of HF (Smith et al., 2014; Chiorean et al., 2015).


MiRNAs Targeting Notch in Heart Failure

Overexpression of miRNAs has been reported in animal models of HF and shown to be associated with its progression. Overexpression of miR-25 determines a significant loss of contractile function in a mice model of HF. Conversely, inhibition of miR-25 using an antagomiR (Wahlquist et al., 2014) or tough decoy (TuD) RNA inhibitor (Jeong et al., 2018) markedly halted established HF, improving cardiac function and survival, at least in part, by increasing the expression of sarcoplasmic reticulum calcium uptake pump (SERCA2a). Since the overexpression of miRNA-25-3p inhibits Notch1 signaling and TGF-β-induced collagen expression in hepatic stellate cells (Genz et al., 2019), it would be of interest to investigate if the inhibition of Notch signaling determines the detrimental effects of miR-25 overexpression on cardiac function.

In response to cardiac stress and aging, also miR-34a increases (Boon et al., 2013) and targets the critical Ec-coupler, Junctophilin 2 (Jph2) (Hu J. et al., 2019) and Phosphatase 1 nuclear targeting subunit (PUNTS), causing myocardial insufficiency and progressive HF (Boon et al., 2013). In mice with congenital heart disease, Notch1 is a target of miR-34a (Wu et al., 2018), suggesting that the miR-34a-mediated effect on HF development may be due to Notch1 inhibition. MiR-195 levels are upregulated in the myocardium of patients with HF (Zhang X. et al., 2018). MiR-195-5p stimulates cardiac hypertrophy through mitofusin-2 (MFN2) and F-box and WD Repeat Domain Containing 7 (FBXW7) and upregulates angiotensin II (Ang II) (Wang L. et al., 2019). In colorectal cancer cells, miR-195-5p directly negatively regulates Notch2 expression (Lin et al., 2019). MiR-195-mediated regulation of Notch in the heart has not been investigated. The expression levels of miR-199b-5p are upregulated in biopsies of cardiac tissues from patients with HF and, in mouse models of HF, miR-199b-5p inhibition reduces cardiac hypertrophy and fibrosis (da Costa Martins et al., 2010). Duygu et al. suggest that miR-199b-5p may act as a negative regulator of the Notch1 receptor and Jagged1 ligand in post-infarct heart of mice, resulting in pathological cardiac remodeling (Duygu et al., 2017). The miR-212/132 family is upregulated in failing hearts of mice and humans. This family promotes cardiac hypertrophy (Ucar et al., 2012), and miR-212/132 knock-out mice are protected against pressure overload-induced HF. The miR-212/132 family inhibits FoxO3, an anti-hypertrophic and pro-autophagic transcription factor (Ucar et al., 2012) and an activator of Notch signaling (Gopinath et al., 2014). Notch inhibition by miR-212 has also been observed in mice with ischemic stroke, in which miR-212 promotes endothelial progenitor cells proliferation and tube formation through the inhibition of the Notch signaling (Hu and Dong, 2019). Similarly, miR-375 is increased in patients with HF (Akat et al., 2014) and is associated with cardiac hypertrophy and MI in rodent models (Feng et al., 2014; Garikipati et al., 2015). In mice, subcutaneous injection of anti-miR-375 following ischemia reduces infarct size and improves left ventricular function by decreasing inflammation, apoptosis, and stimulating angiogenesis (Garikipati et al., 2017). MiR-375 disrupts the cardiac development of Zebrafish (Zhuang et al., 2020) by targeting Notch2, but the effect on Notch of the heart has not been investigated. Expression of miR-652 also increases in mice following pressure overload and negatively affects heart function. In this model, inhibition of miR-652 improves cardiac function, reducing cardiomyocytes apoptosis and fibrosis, and preserving angiogenesis. These positive effects could be mediated, at least in part, by the upregulation of Jagged1 (Bernardo et al., 2014). MiR-199a is upregulated in several models of HF (Li Z. et al., 2017) but its role in the injured heart is still not completely understood. MiR-199a-3p inhibition through injection of adeno-associated virus (AAV)-anti-miR-199a reduces cardiac remodeling after MI (Yan et al., 2021). In contrast, miR-199a overexpression stimulates cardiomyocytes de-differentiation and proliferation, determining cardiac regeneration in mice (Eulalio et al., 2012) and pig model of MI (Gabisonia et al., 2019). Furthermore, Gabisonia et al. have shown that one month after MI and delivery of miR-199a, treated pigs showed long-term and non-controlled proliferation of poorly differentiated cardiomyocytes, which determines sudden death due to arrhythmia. In this study, the negative effect of miR-199a has been attributed, at least in part to the simultaneous expression of both miR-199a-3p and miR-199a-5p, which could have a detrimental effect on the heart (Gabisonia et al., 2019). MiR-199a-3p induces Notch signaling in cardiospheres, consisting of both primitive cells and committed progenitors of cardiomyocytes, endothelial cells, and smooth muscle cells, resulting in increased cardiospheres growth to a cardiovascular fate (Secco et al., 2018). However, the effects on heart function of the crosstalk between miR-199a and Notch need to be further investigated.

High levels of miR-99a, a Notch-activating miRNA in a cardiac setting (Jing et al., 2017), are protective for the heart. Overexpression of miR-99a attenuates cardiac hypertrophy in transverse aortic constriction (TAC) mice and in isoprenaline (ISO)/angiotensin-II (Ang II)-induced hypertrophic cardiomyocytes through downregulation of hypertrophic mammalian target of rapamycin (mTOR) signaling pathway (Li et al., 2016).

MiRNAs have been found downregulated in HF, and their overexpression has proven to be beneficial for HF. Lack of miR-26a is involved in hypertension-induced myocardial fibrosis, which leads to HF. Specifically, miR-26a knockout mice developed myocardial fibrosis, whereas spontaneous hypertensive rats overexpressing miR-26a showed reduced blood pressure and myocardial fibrosis. Mechanistically, miR-26a prevents angiotensin II-induced fibrogenesis in cardiac fibroblasts by targeting connective tissue growth factor (CTGF) and Smad4 (Zhang et al., 2020). It has been shown that in a lens fibrosis model, miR-26a and miR-26b inhibits endothelial-to-mesenchymal transition (EMT), a key process in cardiac fibrosis, by directly targeting Jagged1 and suppressing Notch signaling (Chen et al., 2017): no data exist on the relationship between miR-26 and Notch in the cardiac fibrosis. Patients with HF show lower levels of circulating miR-30d correlated with an adverse clinical outcome (Melman et al., 2015; Xiao et al., 2017). In the rat and mouse models of ischemic HF, overexpression of miR-30d protects against cardiomyocyte apoptosis, myocardial fibrosis and improves cardiac remodeling, while miR-30d silencing causes opposite effects (Li et al., 2021). Of interest, in pulmonary fibrosis miR-30d overexpression induces the activation of Notch signaling by regulating Jagged1 (Zhao et al., 2018). To date, the interaction between miR-30d and Notch in cardiac remodeling has not been determined.

When considering a miR-based therapy, it should be kept in mind that miRNAs can play different roles in each myocardial cell type. In a mouse model of HF, the silencing of miR-29 family members (miR-29a, b, and c) specifically in cardiomyocytes protects against cardiac hypertrophy and fibrosis, at least in part, by inhibiting Wnt activation (Sassi et al., 2017) and, in vitro, miR-29b-3p inhibition induces cardiomyocytes proliferation by activating Notch2 (Yang Q. et al., 2020). Conversely, in cardiac fibroblasts, miR-29b downregulation promotes pro-fibrotic effects (van Rooij et al., 2008) but, no data exist on the possible interaction between miR-29 and Notch in this context. Both strands of miR-21, miR-21-5p and miR-21-3p, are involved in the regulation of cardiac fibrosis and play different roles in cardiac fibroblasts and cardiomyocytes. MiR-21 [also known as miR-21-5p (Dai et al., 2020)] upregulation in cardiac tissue and changes in circulating levels of this miRNA have been associated with right ventricle dysfunction fibrosis and failure (Reddy et al., 2017). In cardiac fibroblasts, miR-21 induces fibrosis in response to myocardial injury (Thum et al., 2008; Ramanujam et al., 2016). In agreement with this study, in a pig model of HF, the intracoronary infusion of antagomiR against miR-21 reduced cardiac fibrosis and hypertrophy and restored cardiac function mainly through the reduction of fibroblast proliferation and macrophage infiltration (Hinkel et al., 2020). In a mouse model of Ang II–induced cardiac damage, cardiac fibroblasts secrete exosomes enriched with miR-21-3p, which induces cardiomyocytes hypertrophy. Additionally, in the same animal model, antagonism of miR-21-3p by injection of rAAV9 via tail vein prevents the development of cardiac hypertrophy (Bang et al., 2014). Conversely, in injured cardiomyocytes, miR-21-3p and miR-21 over expression has an anti-hypertrophic and anti-apoptotic effect, respectively (Sayed et al., 2010; Yan et al., 2015). Additionally, cardiomyocytes and endothelial cells treated with exosomes isolated from explant heart tissue from patients with HF, which are lacking in miR-21 in comparison to exosomes isolated from healthy donors, show reduced ability to promote proliferation and angiogenesis (Qiao et al., 2019). Of interest, in a rat model of MI, miR-21 overexpression promotes cardiac fibroblast-to-myofibroblast transformation and myocardial fibrosis by targeting the Notch ligand Jagged1 and inhibiting the Notch signaling (Zhou et al., 2018). In agreement with this result, previous studies have clearly shown that Notch counteracts cardiac fibrosis by inhibiting myofibroblast differentiation and proliferation (Fan et al., 2011; Nemir et al., 2014; Boopathy et al., 2015; Zhang et al., 2016). To date, the possible role of the interaction between miR-21 and Notch in cardiomyocytes has not been investigated.

During the last decades many studies have investigated the expression profile of miRNA in HF patient’s serum and/or plasma to identify miRNAs that could be used as diagnostic and prognostic markers. Seventy-two differentially expressed miRNAs have been identified in the serum of HF patients in comparison to control groups. Of these, only 5 miRNAs, namely, miR-1228, miR-122, miR-423-5p, miR-142-3p, and exosomal miR-92b-5p, were differentially expressed in more than one study (Peterlin et al., 2020). In agreement with these data, we recently found that miR-423-5p could represent an independent predictor of left ventricle end diastolic volume (D’Alessandra et al., 2020).



NOTCH IN CALCIFIC AORTIC VALVE DISEASE

Calcific aortic valve disease (CAVD) is a degenerative, inflammatory process characterized by alterations such as fibrosis, lipid and calcium accumulation in the valve leaflets sufficiently severe to result in aortic valve stenosis (AVS), causing hemodynamic changes in the heart (Pasipoularides, 2016; Cho et al., 2018). Aortic valve stenosis is currently the most common valvular heart disease, and to date, there are no effective therapies to prevent or slow down the progression of this pathology (Minamino-Muta et al., 2017). Alteration of functions of ECs, SMCs, and valve interstitial cells (VICs), which form the aortic valve, all contribute to its calcification (Rutkovskiy et al., 2017; van der Ven et al., 2017; Vieceli Dalla Sega et al., 2020).

The involvement of the Notch pathway in calcification of the aortic valve is certain since inherited Notch1-inactivating mutations are associated with severe calcification of the aortic valve (Garg et al., 2005). However, the details on Notch dysregulation leading to AVS have not been fully elucidated. Active Notch in ECs is necessary to prevent calcification. In 2012 Hofmann et al. demonstrated that Jagged1 deletion in murine endothelial cells leads to valve calcification (Hofmann et al., 2012) and, later, Theodoris et al. showed that, in human induced pluripotent stem cell (iPSC)-derived ECs heterozygous nonsense mutations in NOTCH1 cause aortic valve calcification by inducing transcription of genes involved in inflammation, osteogenesis and oxidative stress (Theodoris et al., 2015). Activation of Notch1 seems to prevent osteogenic differentiation in aortic VICs (Nigam and Srivastava, 2009; Acharya et al., 2011). On the contrary, it has been reported that activation of Notch1 promotes the calcification process in VICs (Zeng et al., 2013) and interaction with ECs leads to induction of Notch1/3/4 and HEY1 expression in SMCs, promoting their osteogenic transformation (Kostina et al., 2019). Furthermore, in VICs derived from CAVD patients, activation of Notch1 contributes to pro-osteogenic differentiation (Kostina et al., 2018). Further studies are needed to clarify the role of Notch in the contribution of VICs/SMCs to CAVD.


MiRNAs Targeting Notch in Calcific Aortic Valve Disease

Several studies reported downregulation of miR-126, miR-30b, miR-26a, and miR-195 in the calcific aortic valve. As discussed in the previous paragraphs, miR-126 is mainly expressed in ECs and protects these cells by activating Notch: we can therefore speculate that its downregulation in calcific aortic valve causes endothelial damage leading to CAVD (Wang H. et al., 2017). miRNA-30b and miR-26a mRNA levels were found decreased in VICs of AS patients. Furthermore, in vitro experiments in human VICs showed that overexpression of miR-30b or miR-26a represses mRNA levels of pro-calcification genes such as SMAD1, SMAD3, and Alkaline Phosphatase (ALP) and increases the expression of Jagged2 and SMAD7, suggesting that the Notch ligand Jagged2 may be required for the inhibition of calcification (Nigam et al., 2010). MiR-195 is downregulated and von Willebrand factor (vWF) increased in aortic valves of AS patients. In aortic VICs isolated from patients undergoing aortic valve replacement, the upregulation of miR-195 reduces aortic valve calcification, reducing calcium accumulation and the expression of the pro-calcification genes, osteocalcin, Runx2, and ALP by suppressing vWF and p38-MAPK signaling pathway (Yang L. et al., 2020). On the contrary, Nigam et al. showed that human VICs treated with miR-195 mimic had increased expression of pro-calcification genes such as BMP2 and RUNX2, and also increased expression of Jagged2 and SMAD7 (Nigam et al., 2010). Therefore, the precise role of miR-195 in CAVD needs to be established.

MiR-146a, miR-34a and miR-21 are overexpressed in CAVD. Petrkova and colleagues found increased levels of miR-146a and miR-34a in valvular tissue of patients with AS (Petrkova et al., 2019). MiR-34a promotes the calcification of the aortic valve by inhibiting Notch1, providing evidence supporting a link between Notch1 inhibition in VICs and CAVD (Toshima et al., 2020). As discussed in the previous paragraph, miR-146a increases VSMCs proliferation by suppressing the Jagged1/Notch2 pathway (Cao et al., 2015) suggesting that this miRNA could also promote AS by inhibiting Notch. Villar et al. found that myocardial and plasma levels of miR-21 were significantly higher in AS patients and that miR-21 is required for myocardial fibrosis induction by pressure overload in AS patients (Villar et al., 2013). It was shown that in cancer stroma miR-21 induces the TGF-β1-stimulated transdifferentiation of cultured fibroblasts into myofibroblasts by targeting Programmed Cell Death 4 (PDCD4), a significant negative predictor of collagen I expression. Of interest, Zhou et al. showed that in a rat model of MI, upregulation of miR-21 induced cardiac fibroblast-to-myofibroblast transformation and myocardial fibrosis by targeting Jagged1 and inhibiting the Notch signaling (Zhou et al., 2018). In this case, it remains to be proven whether increasing levels of miR-21 could accelerate CAVD progression by inhibiting the Notch pathway.



NOTCH IN ARRHYTHMIAS

Cardiac arrhythmias, characterized by the dysregulation of the normal rhythm of the heart, are a cause of significant morbidity and mortality (Kim, 2013). Based on the origin of the arrhythmic focus, arrhythmias are commonly classified in ventricular or supraventricular. The most common type of heart arrhythmia is atrial fibrillation (AF), a supra-ventricular tachycardia. Cardiac arrhythmia shows a complex phenotype, which is the result of a variety of cardiac structural remodeling (fibrosis) and electrical remodeling (dysregulation of ion channels expression and function) (Luo et al., 2015). This cardiac remodeling can be caused by multiple factors, such as genetic, lifestyle, and other pathological stress. A genetic etiology has been established for some pathologies, such as Long QT Syndrome (LQTS), Brugada syndrome, and Timothy syndrome. In particular, loss-of-function mutations in SCN5A, a gene encoding a subunit of the cardiac sodium channel (Nav1.5) (Veerman et al., 2015) have been associated with Brugada syndrome (Bezzina et al., 2013). Given the complexity of the pathology, the treatment of cardiac arrhythmias remains a big challenge and the comprehension of how genetics and other concomitant factors might influence disease is of great importance.

There is evidence involving Notch in the pathogenesis of cardiac arrhythmias. In developing mouse myocardium, Notch1 overexpression determines ventricular pre-excitation that mimics Wolff-Parkinson-White syndrome, a condition associated with an increased risk of fatal arrhythmia (Rentschler et al., 2011). In addition, Notch regulates the expression of genes coding for ion channels and transcriptional factors involved in atrial electrophysiology and, as a result, transient Notch1 re-activation predisposes to atrial arrhythmias in mice (Qiao et al., 2017). Furthermore, the inhibition of the Notch signaling with N-N-(3,5-difluorophenacetyl-L-alanyl)-S-phenylglycine-t-butyl ester (DAPT), a γ-secretase inhibitor, attenuates sympathetic hyper-innervation, which is implicated in the etiology of arrhythmia (Yin et al., 2016). Strong evidence in support of the role of Notch in cardiac arrhythmias comes from a study showing an association between single-nucleotide polymorphism (SNP) of the Notch target gene HEY2 (rs9388451) and the Brugada syndrome (Bezzina et al., 2013). As demonstrated in Hey2 (+/−) heterozygous knockout mice, in the presence of this SNP, Hey2 affects the normal transmural electrophysiological gradient in the ventricle (Veerman et al., 2017). The link between Notch and arrhythmias has been recently confirmed by a study showing that Notch activation within left atrium cardiomyocytes generates a transcriptomic fingerprint resembling AF and distinct cellular electrophysiologic responses (Lipovsky et al., 2020).


MiRNAs Targeting Notch in Arrhythmias

MiR-1, a muscle-specific miRNA, plays a crucial role in cardiogenesis and prevention of cardiac hypertrophy. However, under ischemic conditions, the ectopic expression of miR-1 has a pro-arrhythmic effect. Specifically, miR-1 levels are elevated in individuals with CAD and, in the rat model of MI, miR-1 over expression, inhibiting the inward rectifier K+ channel (Kir2.1) and connexin 43 (a cardiac gap junction protein), causes a prolonged action potential duration and slows conduction with consequent arrhythmogenesis. Conversely, reducing miR-1 by an antisense inhibitor in infarcted rat hearts relieves arrhythmogenesis (Yang et al., 2007). These results have also been confirmed in the atrial tissue of patients with persistent AF in which miR-1 expression was inversely correlated with Kir2.1 mRNA and protein levels (Girmatsion et al., 2009). It has also been reported that miR-1 promotes cardiac arrhythmia by altering calcium signaling in rat ventricular myocytes (Terentyev et al., 2009) and dysregulates intracellular trafficking-related genes and pathways (Su et al., 2017).

Crosstalk between miR-1 and Notch have been observed in Drosophila cardiac progenitor cells and mouse embryonic stem cells, in which miR-1 downregulates the Notch ligand Dll1 (Kwon et al., 2005; Ivey et al., 2008), whose intracellular form is an inhibitor of Notch1 (Jung et al., 2011). Additionally, in H9C2 cells, miR-1 targets Notch3 (Xu et al., 2020), but the role of Notch3 in cardiac arrhythmia remains to be investigated. Thus, the reduction of arrhythmogenesis by anti-miR-1 could also be due to the inhibition of Notch. A recent study has shown that increased production of ROS, which occurs during cardiac injury, leads to the oxidation of guanine (8-oxoguanine, o8G) at positions 2, 3 and 7 in the seed region of miR-1, resulting in a change in mRNAs target. Specifically, miR-1 with o8G in position 7 (7o8G-miR-1) acquires the ability to downregulate anti-hypertrophic molecules, such as GATA4, glycogen synthase kinase 3β (GSK3β), and the sarco-endoplasmic reticulum Ca2+ ATPase (SERCA2) (Seok et al., 2020), an important regulator of excitation–contraction coupling in cardiomyocytes. GATA4 (Walker et al., 2014) and SERCA2 (Roti et al., 2013) inhibition impairs the Notch activation in intestinal epithelial cells and in human leukemia cells, respectively. Conversely, GSK3β suppression enhances Notch1 activity (Zheng and Conner, 2018). This evidence suggests that the oxidative modification of miR-1 differently modulates the Notch pathway. In conclusion, the effects of miR-1 on Notch signaling in cardiac cells may depend on the cellular context, and thus, more data are needed to unveil the role of Notch in miR-1 arrhythmogenic potential.

Upregulation of miR-208a and miR-34a has been reported in animal models and in patients with AF (Callis et al., 2009; Zhu et al., 2018). Studies in transgenic mice have shown that miR-208a determines pro-arrhythmogenic cardiac remodeling by targeting GJA5, encoding the cardiac gap junction protein connexin-40 (Callis et al., 2009; Li S. et al., 2017). MiR-34a plays an important role in the development of AF, regulating Ankyrin B expression, an adaptor protein associated with arrhythmia (Zhu et al., 2018). For miR-208a, both inhibition and induction of Notch1 signaling have been observed in cardiac cells treated with ketamine, a cardiotoxic agent (Yuan et al., 2019), or subjected to H/R, respectively (Zhang S. et al., 2018). MiR-34a downregulates Notch1 in mice with congenital heart disease (Wu et al., 2018), possibly leading to atrial tachyarrhythmia (Hernández-Madrid et al., 2018). Further studies are needed to establish the role of Notch in the arrhythmias associated with miR-208a and miR-34a. MiR-26 is downregulated in atrial samples from animal models and patients with AF, and this downregulation determines an upregulation of Kir2.1 protein, which may promote AF (Luo et al., 2013). miR-30 is downregulated in dogs with AF and, its overexpression reduces connective tissue growth factor (CTFG) expression, reducing fibrosis and inflammation in the left atrium (Li et al., 2012). MiR-26 inhibits Notch in lens (Chen et al., 2017). In obesity, miR-30 downregulation induces Notch1 signaling and inflammation (Miranda et al., 2018). It remains to be established whether loss of these miRNAs in the heart contributes to AF by the activation of Notch.



CONCLUSION

Dysregulation of the Notch pathway underlies atherosclerosis, heart failure, aortic valve stenosis, and arrhythmias. Notch is crucial to promote the survival of cardiomyocytes and endothelial cells and maintain the contractile phenotype of VSMCs. On the other hand, high Notch levels in cardiomyocytes are linked to arrhythmias and promote the inflammatory phenotype in macrophages. Based on these premises, any attempt to target Notch for CVDs will have to be highly cell- specific and able to fine tune the level of activity of this signaling pathway. Due to their specific characteristics, miRNAs could represent a tool able to achieve both aims. In this Review, we focused on crosstalk between Notch and miRNAs dysregulated in CVDs that could be exploited to develop novel therapeutic approaches.

In the context of atherosclerosis, the use of cell-specific Notch- regulating miRNAs could help (i) to reduce endothelium damage (e. g., agomiR-126-5p, agomiR-107, antagomiR-103-3p, and antagomiR-155) and preserve the contractile/differentiated phenotype in VSMCs (e. g. agomiR-143/145, antagomiR-146a and antagomiR-21) by maintaining high levels of active Notch; (ii) to inhibit the release of inflammatory cytokines by macrophages (e. g. agomiR-181b, agomiR-146a, antagomiR-133b, and antagomiR-148a-3p) by inhibiting Notch1 (Figure 2A). In CAVD, restoring miR-126, miR-30b and miR-26a levels or using antagomiR to miR-34a and miR-146a might be a strategy to block disease progression (Figure 2B). Similarly, re-establishing the levels of Notch signaling in cardiomyocytes (e. g. agomiR-322 or antagomiR-30e, -34a-5p, -363, -381 and -449a) may reduce the myocardial damage caused by I/R (Figure 2C). In the context of HF, heart function could be preserved by agomiR-99a or antagomiR-21, -29b-3p, -199b-5p, and -652 able to induce the Notch signaling in the heart (Figure 2D). Treatment based on antagomiR-1 could be a novel therapeutic strategy to reduce AF (Figure 2E). A list of miRNAs able to modulate the Notch pathway in CVDs is provided in Table 1.
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FIGURE 2. Overview of miRNAs that regulate the Notch pathway in cardiovascular diseases (CVDs). Possible strategies to modulate Notch with miRNAs in CVDs: atherosclerosis (A), calcification of aortic valve (B), myocardial ischemia/reperfusion (C), heart failure (D), and arrhythmia (E). For each pathology, the microRNAs that could be overexpressed (through the use of AgomiR) or downregulated (through the use of AntagomiR) to interfere with disease progression are indicated. The asterisk indicates that the role of miRNAs in specific CVD is still poorly investigated. ECs, endothelial cells; VSMCs, vascular smooth muscle cells; VICs, valve interstitial cells; CAVD, calcific aortic valve disease.



TABLE 1. Crosstalk between miRNAs and Notch pathway in cardiovascular diseases.

[image: Table 1]MiRNAs have been acquiring growing relevance as diagnostic, prognostic markers, and possible drugs in several pathologies (Nouraee and Mowla, 2015; Lucas et al., 2018; Hanna et al., 2019). Among the various miRNAs delivery systems, both viral and non-viral, nanoparticles (NPs) allow the delivery of the miRNA to a specific district, avoiding off-target effects and the induction of immune response. Specifically, NPs can be loaded with antibodies, cell-specific ligands, and aptamers that can recognize a specific cell. To date, NPs targeting macrophages (Hu G. et al., 2019), tumor endothelial cells (Sakurai et al., 2019), cardiac cells (Fan et al., 2020) and VSMCs (Kona et al., 2012) have been developed. When attempting to target Notch for CVDs, this ability of miRNA-loaded NPs to target a specific cell is crucial since, as discussed: (1) the role of Notch signaling is dependent on the cell context and (2) specific miRNAs (e.g., miR-21 and miR-29 in cardiomyocytes and cardiac fibroblasts) can differently affect each myocardial cell type.

MiRNA-based drug therapies are entering into clinical practice. To date, there are several phase I and II clinical trials investigating new miRNA drug candidates (clinicaltrials.gov) (Huang C. K. et al., 2020), including a phase 1b (NCT04045405) investigating the safety and tolerability of a miR-132 inhibitor in patients with stable HF (Täubel et al., 2021). Other clinical trials investigating the efficacy of miRNA for skin disorders could provide crucial information for miRNA-based therapies for CVDs. A phase I clinical trial (NCT03603431) has investigated the effect of intradermal injection of MRG110 (miR-92a inhibitor) on angiogenesis and wound healing in healthy volunteers with small skin wounds. The results of this trial could generate data providing the rationale preliminary data to investigate the efficacy of miR-92a inhibitor in promoting angiogenesis in patients with HF, ischemic cardiomyopathy, and peripheral artery disease. A phase II study (NCT03601052) has investigated the effect of MRG-201 (miR-29 mimic) in preventing or reducing keloid formation in subjects with a history of keloid scar. MiR-29 decreases the expression of collagen and other proteins involved in scar formation (Wang et al., 2012); therefore, this miRNA might show efficacy in the context of extracellular matrix remodeling and myocardial fibrosis occurring in HF. A phase II clinical trial is ongoing to investigate the effect of antimiR-21 in patients with Alport nephropathy and kidney fibrosis (NCT02855268). Of interest, antimiR-21 reduces remodeling and preserves cardiac dysfunction caused by I/R in a large animal model of chronic HF (Hinkel et al., 2020).

Even though the conduction of these early trials justifies a certain enthusiasm, it is clear that further research is required to increase the effectiveness of miRNA-based therapeutics. Among the challenges to be overcome, there is the optimal approach to scale-up production of NPs and the need to obtain more data on clinical safety and long-term stability of loaded miRNAs (van der Ven et al., 2017; Flores et al., 2019).

The use of miRNAs for targeting Notch for CVDs could be even more challenging, given the different roles of this pathway in each cell of the cardiovascular system. Therefore, before attempting the targeting of Notch by miRNA, we will need to identify the most effective miRNA, or combination of miRNAs, to repristinate physiological levels of Notch in the cell type involved in a specific CVD. The knowledge acquired during these last thirty years for the targeting of Notch cancer could be useful in this context. Recently, in an in vitro model of triple negative breast cancer, poly (lactic-co-glycolic acid) (PLGA) NPs loaded with miR-34a mimics and Notch1 antibodies are able to stop tumor growth by inhibiting Notch1 signaling and by miR-34a-mediated activation of tumor suppressive genes (Valcourt and Day, 2020). Similarly, targeting the Notch signaling with a combination of miRNAs and other available approaches (Majumder et al., 2021), could successfully achieve the fine tuning of this pathway required to treat CVDs.
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Reporters, markers, and Target Description

actuators

FRET-based EKAR-type biosensors ~ ERK Fluorescence resonance energy transfer (FRET)-based ERK biosensors employed in vitro and in vivo
(Fritz et al., 2013)

Tgfef1:ERK biosensor-nes] (Teen) Used for mapping spatiotemporally Erk activity during embryonic development in zebrafish blastula,

transgenic zebrafish line gastrula and segmentation stage (Wong et al, 2018)

ERK and PKA FLIM sensors ERK Highly sensitive sensors for monitoring ERK and PKA activity by optimizing the FRET pair for

(EKARet) PKA two-photon fluorescence lifetime imaging microscopy (2pFLIM). Useful in the context of rodent
structural neuronal plasticty (.., long-term potential) (Tang and Yasuda, 2017)

FLIM-based RAS sensor RAS FLIM-based RAS biosensor for two-photon imaging used to study RAS signaling during long-term
potentiation in hippocampal neurons (Yasuda et al., 2006)

KTR-based ERK sensors (ie.. ERK Kinase translocation reporters for measuring nuclear ERK activity in vitro and in vivo. Accurate reporting

ERK-NKTR)

Tg (ubi-ERK-KTR-Clover)28
(DREKA) transgenic zebrafish line

MPK1 activity (ERK ortholog in C. elegans) in different cell types/developmental processes in vivo such
as polarized epithelial cells, migrating muscle cell precursors, sensory neurons, and germ line
development (Regot et al., 2014; Maryu et al., 2016)

Useful for determining Erk dynamics during zebrafish muscle wounding and establishing small
compounds kinetics (Mayr et al., 2018)

RAF-FLUC bioluminescent

RAF1 reporter

Monomolecular bioluminescent biosensor based on split firefly luciferase complementation approach for

biosensor downstream imaging endogenous RAS activity in vitro and in vivo. Employed in xenograft mouse models to
Ras/MAPK determine the effect of mutant Ras activity and the responsiveness to treatments (Chen et al., 2017)
signaling

Photoswitchable MEK (0SMEK) MEK1 actuator Dronpa-based photoswitchable mitogen-activated protein kinase 1 enzyme (pSMEK) for exploring

downstream Ras/MAPK cascade in vivo. Employed in Drosophila and zebrafish to manipulate Ras/MAPK signaling
Ras/MAPK during gastrulation and expandable to test the strength in signaling activation of gain of function MEK
signaling disease-associated mutations (Patel et al,, 2019)

OptoSOS ERK Optogenetic actuator to modulate Ras/MAPK activity using light-inducible dimers (LD). Utilized in
Drosophila to study the tolerance of early stem cells to increased ERK signaling during gastrulation and
cell fate decision (Johnson et al., 2017; Johnson and Toettcher, 2019)

FRET-based RHO biosensors RHO FRET approach useful to measure the activity of several RHO GTPases including CDC42, RHOA and
RAC. Used in Xenopus embryos to evaluate neural crest cells directional migration (Viatthews et .,
2008)

FRET sensor Raichu-RHO RHO Advanced FRET-biosensor imaging technology to study the activation dynamics of RHOA, CDC42, and

combined with the photoactivable RAC1. The combination of PA-Rac1 and Raichu-Rac1 biosensors was useful in the context of cell

RHO version (PA-RHO) migration in Xenopus and Drosophila embryos (Wang et al., 2010)

PA-Rac1 RAC1 Optogenetic tool to induce Rec1 activation was used to investigate neutrophils-mediated immune
response in zebrafish (Yoo et al., 2010). Specific transgenic line generated to express PA-Rac in
developing motoneurons used in zebrafish to control axonal growth and correct axonal guidance
defects in plod3~/~ mutant fish (Harris et al., 2020)
Improved deconvolution algorithm with stepwise optical saturation microscopy (DeSOS) approach used
in zebrafish for studying Rac' function in mediating actin remodeling and filopodia stabilization during
sensory neurons axogenesis (Zhang et al., 2019)

Near-infrared (NIR)-FRET biosensor  RACH ‘Smart combination of RACT with cyan fluorescent protein-yellow fluorescent protein (YFP) FRET

biosensors for RHOA and RAC1-GDP dissociation inhibitor (GD)) binding. Used concomitantly with
LOV-TRAP optogenetics is advantageous for observing and quantifying antagonist actions of RHOA
and RAC1 on the RHOA-downstream effector ROCK in the context of cell motilty (Shcherbakova et al.,
20182)

New-generation intensiometric
small GTPase biosensors

All small GTPases

Red-shifted sensors combined with blue light-controllable optogenetic modules allow visualization and
manipulation of GTPases activity in a highly spatiotemporal manner in single cells in vivo (e.g., structural
plasticity of neuronal denditic spines). Used to monitor subcellular Ras activities i the brains of freely
behaving mice (Kim et al., 2019)

GAL/UAS-based transgenic RHO
reporter fish

Cdod2:
10xuas:mCherry-F2A-myc-Cdc42
Ract: 10xuas:EGFP-F2A-Ract
RhoA:
10xuas:mCherry-F2A-myc-RhoA

Several
RHO

Stable lines employed for in vivo visualization of wild-type and mutant Rho signaling dynamics in
Zzebrafish (Hanovice et al., 2016)

Cell-specific transgenic fish
Mpx/mpeg:mCherry-2A-rac2
Mpx: mCherry-2A-racl

RAC1
RAC2

Stable lines with specific expression in zebrafish macrophages and neutrophits (Deng et al., 2011;
Rosowski et al,, 2016) used to study Rac-mediated cell motilty in host defense mechanisms
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LOV-domain-based inducible
RAC1

Optogenetic actuator to control RACT activity in vivo (W et al., 2009).
The tool was useful to investigate the function of RAC1 in cell polarity and migration of Drosophila
ovary (Wang et al., 2010) and to study dynamics of neutrophils activity in zebrafish (Yoo et al., 2010)

UAS:Myr-GFP-ACK42

Stale line expressing a specific inhibitor used in vivo to investigate the contribution of Cc42 to
endothelial cell motilty during angiogenesis in zebrafish (Wakayama et al., 2015)

Biomolecular Luminescence RHO Bioluminescent sensors, based on genetically engineered firefly luciferase, enable non-invasive

Complementation (BILC) visualization and quantification of RHO activity in mouse (such as in tumor models) and for in vivo

biosensors imaging and high-throughput screening of therapeutic drugs targeted to RHO (Leng et al., 2013)

FRET-sensor Raichu-Rab5 RABS FRET-sensor based on Venus/SECFP FRET pair used to study Rabs activity during phagocytosis in
mammalian cells (Kitano et al., 2008)

COnformational Sensors for RABT Universally applicable conformational FLIM-based sensors for monitoring RAB1 and KRAS activity

GTPase Activity (COSGA) RAS in live cells. Used for quantitative analysis of small GTPases activity at high spatial and temporal
resolution (Voss et al., 2016)

IM-LARIAT Several Optogenetically controlled RAB actuator based on the biue light-sensitive cryptochrome 2 (CRY2)

RAB used in rodent hippocampal neurons to study various aspects of intracellular trafficking depending

on specific RAB in dendritic maturation (Nguyen et al., 2016)

Transgenic toolkit

Rabs, Rab7, Rab11

GalT-EGFP

Actin and microtubules (MT)
cytoskeleton

Small GTPases-controlled
intracellular processes

Stable lines marking Rab proteins in zebrafish to visualize dynamics in early, late, and recycling
endosomes, respectively, and endosome biology in vivo (Clerk et al, 2011)

Transgenic tool marking the specific trans-Golgi enzyme galactose-1-phosphate uridyl transferase
(GalT) in zebrafish (Sepich and Solnica-Krezel, 2016)

Stable lines labeling intracellular actin (Riedi et al., 2008) and MT (Asakawa and Kawakam, 2010;
Tran et al,, 2012) for in vivo study of cytoskeleton dynamics in zebrafish

Lampi/2 Transgenic tool labeling autolysosomes and other acidic compartments in zebrafish, useful to
evaluate lysosome biogenesis dependent on the small GTPase regulation (Sasaki et al., 2017)

GFP-MapiLc3 Stable line used to follow zebrafish autophagy in vivo (Moss et al., 2020)

MitolD RAB and other small Molecular tool to identify effectors and regulators by in vivo proximity biotinylation approach with

GTPases

Examples of specific tools used in zebrafish are italicized.

mitochondrially localized GTPases (Gilingham et al., 2019)
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death
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biogenesis
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Immune system
Localization and transport
Membrane

Metabolism

Organelle

System process
Unclassified

Positive (1,201)

8.05E-25" (225)

1.72E-106" (570)

8.05E-25" (199)

7.37E-05" (322)
1(102)

1.19E-34" (427)
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1 (225)
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0.434 (747)
2.45E-08* (1,118)
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1 (130)

1 (68)

Enrichment p-values are listed and marked significant (*) for p < 0.05. The number

of genes belonging to each category is reported in parentheses.
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GSIS process

Positive (1,206)

Negative (3,431)

E15.5-Het (280) P1-P4 (958) P12-P60 (483) E15.5-Het P1-P4(1,396) P12-P60 (2,961)

Calcium-mediated processing - 1.52E-18* (56) 0.018* (19) - 1(7) 0.825 (63)
Glycolysis, glucose processing, pyruvate metabolism, 0.908 (9) 1(30) 1(6) - 0.032* (64) 0.186 (82)
and TCA cycle

GTPase and G-protein activity 0.062 (28) 2.06E-20* (109) 1(22) - 1(39) 0.715 (164)
Insulin processing and signaling 0.908 (9) 1.51E-34* (83) 1(6) - 1(7) 1(87)
lon transport and homeostasis 0.908 (16) 1.16E-19* (117) 1(23) - 1(43) 1(108)
Membrane potential and ion channels 0.908 (10) 4.41E-33" (89) 1(8) - 1(11) 1 (40)
Oxidation-reduction and oxygen-mediated activity - 1(34) 1(13) - 0.217 (72) 0.323 (162)
Oxoacid metabolic process and Fatty acid activity 1(6) 1(18) 1(8) - 0.005* (97) 0.718 (161)
Protein tyrosine and serine/threonine kinase activity 19 0.498 (54) 1(19) - 1(62) 0.003* (193)
Vesicle-mediated transport and secretion by cell 0.908 (15) 1.62E-18* (111) 1(27) - 1(44) 1(109)

The number of genes belonging to each GSIS process, time break, and main pattern (MIP) is reported in brackets. *P < 0.05.
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R-126-5p* CAVD

iR-26a*
iR-30b*

R-146a*
R-34a

iR-1* Arrhytmia

Cellular type

ECs
ECs

ECs

ECs

VSMCs
VSMCs
VSMCs
lacrophages
lacrophages
acrophages

acrophages
Rat cardiomyoblasts (HOC2)
HOC2

ouse cardiomyocytes

HOC2
ouse neonatal cardiomyocytes

HO9C2
Rat cardiac fibroblasts

ouse atrial cardiomyocytes (HL-1)
H9C2
ouse cardiomyocytes
ouse cardiomyocytes
ECs
VICs
VICs
VSMCs
VICs
Drosophila cardiac progenitor cells

Details on interaction between
miRNA and Notch

{DIk1 —tNotch1
{KRT1 —1tNotch1

1IncWDR59 — | Notch1

Notch — |miR-155
Jagged1/Notch1 —1miR-143/145
JJagged1/Notch2
JJaggedi/Notch2

I Notch1

I Notch1

I MAMLA

Notch —1tmiR-148a-3p
I Notch1
I Notch1

JFBXW7 — tNotch1

JNotch1
JJagged1

I Notch1
JJagged1

| Notch2
ftJagged1/Notch1/Notch2
JJaggedi/Notch
JJagged1
|DIk1 —1Notch1
tJagged2/SMAD7
tJagged2/SMAD7
JJaggedi/Notch2
I Notch1

1D

s

Role of miRNA

Preserves endothelial integrity

Reduces inflammation and endoplasmic
reticulum stress

Contributes on ECs maladaptation
Promotes inflammation

Promotes a contractile phenotype
Promotes proliferation

Promotes proliferation

Promotes anti-inflammatory phenotype
Promotes anti-inflammatory phenotype

nduces migration and vulnerable plaque
ormation

Promotes proinflammatory M1 phenotype

ncreases I/R-induced H9C2 apoptosis and
ROS accumulation

size

ncreases hypoxia-induced H9C2 apoptosis
ncreases Ho O and hypoxia-induced
cardiomyocytes apoptosis

ncreases I/R-induced H9C2 apoptosis

Promotes cardiac fibroblast-to-myofibroblast
ransformation

Reduces cardiomyocytes proliferation

Promotes pathological cardiac remodeling
Promotes pathological cardiac remodeling
Preserves endothelial integrity

Represses calcification related genes
Represses calcification related genes
Promotes proliferation

Promotes osteogenesis

Promotes cardiac arrhytmia

ncreases H9C2 apoptosis and oxidative stress

Reduces cardiomyocytes apoptosis and infarct

Reduces H9C2 apoptosis and oxidative stress
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* The role of miRNA in cardiovascular disease is still poorly investigated.
CAVD, calcific aortic valve disease; ECs, endothelial cells; EPCs, endothelial progenitor cells; HF, heart failure; MI/R, myocardial ischemia/reperfusion; ROS, reactive oxygen species; VICs, valve interstitial cells; VSMCs,
vascular smooth muscle cells.
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Developmental Inhibitors Virus Disease Effects References
pathway
Hedgehog GANT-61 KSHV Kaposi’'s sarcoma Reduces tumor-sphere Asha et al., 2020
formation
HPV Cervical cancer Decreases proliferation survival and Samarzija and Beard, 2012
migration
Vismodegib HBV, HCV  Chronic hepatitis, liver cirrhosis Decreases liver fibrosis in murine Kumar et al., 2019
models
Notch GSI X H1N1 Influenza Decreases IFNy production, increases lto et al., 2011
viral load
LY-411575 KSHV Kaposi’'s sarcoma Induces apoptosis of KSHV-infected Curry et al., 2005
cells
CompE and DBZ EBV EBV-associated lymphomas Induce EBV-lytic cycle, leading to cell Giunco et al., 2015
death
DAPT HCV Chronic hepatitis C Increases immunosurveillance by
down-regulating Jiang B.C. et al., 2017; Qin
IL-22, IL-17, Tregs etal., 2017
Wnt ICG-001 EBV NPC Down-regulates CD44 via p-catenin Chan et al., 2019
in vitro
PRI-724 HCV HCV-associated fibrosis Decreases liver fibrosis in humans liver Kimura et al., 2017; Tokunaga

cirrhosis

et al., 2017

NPC, nasopharyngeal carcinoma; EBV, Epstein-Barr Virus; HPV, human papilloma virus; HBV, hepatitis B virus; HCV, hepatitis C virus; KSHV, Kaposi’s Sarcoma
associated Herpes Virus; 2,2'-[[Dihydro-2-(4-pyridinyl)-1,3(2H,4H)-pyrimidinediyljbis(methylene)jbis[N,N-dimethyl-benzenamine (GANT-61), 2-chloro-N-[4-chloro-3-(2-
pyridinyljohenyl]-4-(methylsulfonyl)benzamide (Vismodegib); vy-secretase inhibitors, GSI X, hydroxyethylene dipeptide isostere LY-411575; Compound E (CompE),
dibenzazepine (DBZ) and N-[N-(3,5-difluorophenacetyl)-L-alanyl]-(S)-phenylglycine t-butyl ester (DAPT). cAMP-responsive element binding (CREB)-binding protein (CBP)
inhibitor (ICG-001) and Potent, specific Wnt pathway inhibitor (PRI-724).
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Patients #, Sex (age in years) HAART duration Plasma HIV RNA CD4+ T cells FISH [MYC-IGH % B cell nuclei

(months) (copies/mL) (x 109/L) t(8;14) (q24;932)] with MYC-IGH
translocation translocation

1, M (30) NRA Undetectable 337 + 40

2, M (26) NRA 77 221 + 100

3, F (63) NRA 12 000 324 + 55

4, M (39) NRA NRA NRA % 55

5, F (30) NRA NRA NRA -+ 92

6, F (25) 0 NRA 84 NRA

7,F (34) 0 NRA NRA NRA

8, F (32 1 120 NRA NRA

9, F (44) 0 NRA 249 — 0

10, F (50) NRA NRA 160 NRA

11, M (33) NRA NRA 700 NRA

12, M (569) NRA Undetectable NRA NRA

HAART, Highly active antiretroviral therapy; FISH, Fluorescence in situ hybridization; NRA, No record available.
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Gene Primer sequence (5 —3’) Product size (bp)

PINK1 F: GACCTGAAATCCGACAACATCC 160
R: CCATCAGACAGCCGTTTCC

PRKN F: CTGATCGCAACAAATAGTCGG 185
R: CAAGGCAGGGAGTAGCCAAGT

DNM1L F: GAATGACCAAGGTGCTGTAG 124
R: AGCTAGGGTTCTGCGACCAT

LC3B F: GAGCAGCATCCAACCAAA 215
R: GAGATTGGTGTGGAGACGCT

BECN1 F: CAAGATCCTGGACCGTGTCA 102
R: TGGCACTTTCTGTGGACATCA

SQSTM1 F: GCACCCCAATGTGATCTGC 168
R: CGCTACACAAGTCGTAGTCTGG

TLR9 F: CCGTGCAGCCGGAGATGTTT 171
R: CCGTGAATGAGTGCTCGTGGTAG

MyD88 F: AACTGGAACAGACAAACTATCG 164
R: GAGACAACCACCACCATCC

NF-kB F: ATCCTGAAGGCTACCAACTA 179
R: GACACCAGGTCAGGATTTTG

ACTB F: CTTAGTTGCGTTACACCCTTTCTTG 156

R: CTGTCACCTTCACCGTTCCAGTTT

F, forward primer; R, reverse primer; PINK1, phosphatase and tensin homolog
(PTEN) inducing putative kinase 1; PRK1, Parkin; DNM1L, dynamin 1 like; LC3B,
microtubule associated protein 1 light chain 3 B, BECN, beclin 1; SQSTM1,
sequestosome 1; TLR, Toll-like receptor; MyD88, myeloid differentiation factor 88;
NF-kB, nuclear factor-«B; ACTB, B-actin.
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Drug/Alias name

DAPT
MRK-560

MRK-003
LY900009

AL 101 (BMS-906024)

Crenigacestat (LY3039478)

MK0752

Nirogacestat (PF-03084014)

RO4929097 (RG473)

CT16
PTG12
Anti-NRR1

Anti-NRR2
Brontictuzumab (OMP-52M51)

Tarextumab (OMP-59R5)

15D11
Anti-Jag1/2
Anti-DIIt

YW152F

MMGZ01

Target

y-secretase
y-secretase-

Presenilin1
y-secretase
y-secretase

y-secretase

y-secretase

y-secretase

y-secretase

y-secretase

hNotch 2/3, hEGFR
hEGFR/hNotch 2/3
h/mNotch 1

h/mNotch 2
hNotch 1

hNotch 2/3
hdag 1
hlag1/2

h/mDilt

h/mDll4

hDIl4

Latest phase, indication

Preclinical: Tumor
Preclinical - T-ALL

Preclinical - T-ALL, solid tumor

Phase I: Tumor
Phase II: Tumor; Preclinical:
Insulin resistance

Phase II: Tumor

Phase II: Tumor

Phase Ill: Tumor

Phase II: Tumor

Preclinical: Tumor

Preclinical: Tumor

Preclinical: Tumor, GVHD, graft
rejection

Preclinical: Tumor, GVHD
Phase I: Tumor

Phase II: Tumor

Precinical: Tumor
Preclinical: Aiway

Preclinical: GVHD, graft
rejection

Preclinical: Tumors, GVHD,
grat rejection

Preclinical: Tumor

Key references

Morohashi et al., 2006

Best et al., 2007; Habets et al.,
2019

Ramakrishnan et al., 2012; Tanaka
etal, 2015

Pantet al., 2016

Ferrarotto et al., 2019; Spariing
etal, 2020

Mancarella et al., 2020

Whitehead et al., 2012

Kummar et al., 2015

Luistro et al., 2009; Sahebjam
etal,, 2013; Lee et al., 2015

Huetal., 2017

Fuetal., 2019

Wu et al., 2010; Tran et ., 2013;
Magee et al., 2019

Wu et al., 2010; Tran et al., 2013
Ferrarotto et al., 2018

Huetal., 2019

Zheng et al., 2017
Yan et al., 2010
Liang et al., 2006; Tran et al., 2013

Liang et al., 2006; Ridgway et al.,
2006; Tran et al., 2013; Wood
etal, 2015

Jia et al.,, 2016; Xu et al., 2016

Clinical Trials Identifier

NCTO1158404

NCT04461600 NCT03691207
NCT01292655 NCT01363817
NCTO1653470

NCT02836600 NCT02906618
NCT02917733 NCT02659865
NCT02518113 NCT02784795
NCT01695005 NCTO3502577
NCT00756717 NCT00803894
NCT00572182 NCT00645333
NCTO1098344 NCTO1295632
NCT01243762 NCTO0106145
NCT00100152

NCT02299635 NCT02462707
NCT02338531 NCT01981551
NCT01876251 NCT02955446
NCT02109445 NCT00878189
NCT04195399 NCT03785964
NCT01238133 NCTO1175343
NCTO1154452 NCTO1198535
NCT01232829 NCTO1141569
NCTO1122901 NCTO1116687
NCT01131234 NCTO1120275
NCTO1217411 NCTO1193881
NCTO1193868 NCT01269411
NCT01088763 NCT01251172
NCT01216787 NCTO1145456
NCTO1158274 NCTO1071564
NCT01270438 NCTO1151449
NCTO1196416 NCT01096355
NCTO1189240 NCT01192763
NCTO1200810 NCTO1198184
NCTO1119599 NCTO1149356
NCT01070927 NCTO1236586
NCT01208441 NCTO1218620
NCT00532090

NCT01778439 NCT01703572
NCT02662608 NCT03031691
NCT01277146 NCT01647828
NCT01859741
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mABLOO1
HMD4-2
Demcizumab (OMP-21M18)

Enoticumab (REGN421)

MEDI0639

Navicixizumab (OMP-305B883)

ABT-165

NOV1501 (ABLOO1; HD105)

IMR-1

RIN1
SAHM1

CB-103

mDll4, mVEGF
h/mDIl4
hDll4

hDll4

hDIl4

hDIl4, hVEGF

hDIl4, hVEGF

h/pDIl4, h/pVEGF

hRBPJ/ICN1/MAML

hRPBJ
h/mICN1/RBPJ

hRBPJ/MAML

Preclinical: Tumor
Preclinical: Tumor
Phase I: Tumor

Phase I: Tumor

Phase I: Tumor

Phase I: Tumor

Phase II: Tumor

Phase II: Tumor

Preclinical: Tumor

Preclinical: Tumor
Preclinical: Tumor, Airway

Phase I/lla

Kim et al., 2020
‘Yamanda et al., 2009

Smith et al., 2014; McKeage et al.,

2018

Chiorean et al., 2015

Jenkins et al., 2012; Falchook
etal., 2015

Jimeno et al., 2019; Perez-Fidalgo
etal., 2020

Lietal., 2018; Wainberg et al.,
2018

Choi et al., 2016; Lee et al., 2016;
Sosa Iglesias et al., 2018; Kim
et al,, 2020; Yeom et al., 2021

Lafkas et al., 2015
Hurtado et al., 2019

Moellering et al., 2009; KleinJan
etal, 2018; Takam Kamga et al.,
2019

Lehal et al., 2020

NCT00744562 NCT01189942
NCT01189968 NCT01189929
NCT02722954 NCT01952249

NCT00871559
NCT01577745

NCT03035253 NCT02298387
NCT03030287
NCT03368859 NCT01946074

NCT03292783 NCT04492033

NCT04714619 NCT03422679

Note that many of the drugs reactive to human targets may also be active in primates. Cross-reactivities in this table are only listed if a primary source of literature could

be found. Clinical trials using these drugs are listed with their unique ideentifier in clinicaltrials.gov.
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Docetaxel
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Paclitaxel
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5-fluorouracil

Adriamycin

Glucocorticoid

Type of
resistance

Acquired

Intrinsic

Intrinsic

Acquired

Intrinsic

Acquired
Notch1
Intrinsic

Acquired/Intrinsic

Acquired

Intrinsic

Intrinsic

Intrinsic

Intrinsic

Intrinsic

Intrinsic

Acquired
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Intrinsic

Intrinsic

Acquired

Acquired

Mechanism

Gemcitabine treatment upregulated N2/Jag1 which and induce EMT,
leading to develop drug resistance of cells

Cancer cells having high Notch3 showed increased resistance to drug,
which upon silencing (N3 siRNA) leads to gemcitabine-induced
apoptosis.

Crosstalk between Leptin and Notch signaling regulated the expression
of miR343-3p, which inhibited tumor suppressor, KLF6 thereby
affecting the chemosensitivity.

Notch signaling is active in stem like cells, which leads to increased
expression of ABCB1 (P-glycoprotein), leading to resistance of cells to
drug.

DLL1 in tumor stem cells activated Nf-kB survival pathway, which drives
chemoresistance in breast cancer.

Knockdown of Notch via siRNA enhanced sensitivity to Doxorubicin.
Notch-1 could contribute to trastuzumab resistance in breast cancer
Hypoxia in tumor microenvironment upregulated HIF2a expression
which in turn increased expression of Notch/stem cell marker, leading
to enhanced CSC phenotype responsible for resistance to drugs.
Notch1 bind to promoter of Major Vault protein (MVP) and increases its
expression, resulting in activation of AKT mediated EMT, which leads to
acquisition of resistance to drugs. Silencing of N1 reversed this effect
Docetaxel activated Notch signaling and suppressed NUMB, which
lead to increased survival and EMT acquisition in cancer cells, resulting
on enhanced chemoresistance to drugs.

Jag1 present in stromal cells (niche) activated Notch signaling in MM
cells—activates PKC, which phosphorylates MARKS —contributes to
survival of MM cells

ADAM17 inhibitor (ZLDU-8) downregulated Notch signaling leading to
decrease EMT, which affected chemoresistance phenotype.

Notch inhibition by gamma secretase inhibitor enhances the antitumor
effect of cisplatin in resistant osteosarcoma.

Wnt/Notch inhibition with MTX synergistically inhibited growth and
increased death of Saos?2 cells, thereby sensitizing osteosarcoma cells
to chemotherapy.

Notch3 is upregulated in ovarian cancer stem cells. Combination of
cisplatin with GSI effectively eliminates CSCs and bulk tumors, thus
sensitizes tumors to platinum therapy

Upregulation of Notch 3 was observed in drug resistant cell. Silencing
of Notch3 using siRNA induced apoptosis in resistant cells

Nuclear orphan receptor NR2F6 was upregulated in resistant EOC,
which leads to sustain expression of Notch3 signaling in Cancer Stem
Cells, leading to acquisition of resistant phenotype.

Loss of PLK2 leads to activation of Notch signaling in GBM, which
induces the acquired resistance to Temozolomide

Notch?2 sig enhances FGFR1 activity to target AKT-GSK3 signaling to
block apoptosis

Activation of Notch/Wnt signaling by PRMT1 in tumor initiating cells was
responsible for chemoresistance phenotype.

In CD133+ HCC cells, increased activation of Notch signaling is
observed, and its inhibition enhanced BBC3-mediated apoptosis
leading to increased sensitization of cells to vincristine and 5-fluorouracil
Chemoresistant AML cells showed increased expression of PRKD2,
which regulated Notch signaling pathway

Activated Notch signaling regulate AKT, which resulted in survival and
resistance to glucocorticoids.
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Mechanism

TET1 downregulated the CHL1-associated Hedgehog signaling
pathway, thereby reverses chemoresistance in PDAC.

HH signaling is responsible for chemoresistance in pancreatic cancer
and its inhibition in combination with CXCR4 inhibition improved
chemotherapeutic efficacy in pancreatic cancer.

Neoplastic cells secrete Hedgehog ligands to modify CAF, which in turn
secrete cytokines for CSC and collagen fibrillar to modulate
microenvironment, thus providing chemoresistance to drugs.

Gli2 was restricted in high acetylation and low ubiquitination states in
bortezomib resistant mylenoma cells, thererby upregulating Hedgehog
signaling in stem cells, which are resistant to drugs.

HH secretion by MM cells upregulated stromal CYP26 and further
reinforced a protective microenvironment against drugs

HIF-1a and cancer-associated fibroblasts (CAFs)-secreted TGF-p2
activate the expression GLI2 in CSCs, resulting in increased
stemness/dedifferentiation and intrinsic resistance to chemotherapy
HH inhibitor (AY9944/GANT61) with 5FU/Trinotecan reduces stem cells
marker and colony formation, thereby reduces resistance to
chemotherapy.

Shh/Gli1 regulated BMI, which in turn regulated MRP1, thereby
chemoresistance. Thus inhibition of Hedgehog by (GANT61) together
with Temozolomide showed synergistic effect.

Gli inhibition modulates nuclear p53 levels and decreases MGMT
expression in combination with TMZ, leading to increases apoptosis,
and decreases stem like cells, thus affecting chemoresistance to drugs
Hedgehog signaling directly regulate MGMT expression and
chemoresistance to TMZ. Thus inhibition of Hedgehog activity restored
the chemosensitivity to TMZ

Drug resistant cells have increased HH signaling. Inhibiting of
Hedgehog signaling by NVP-LDE225 lowers MRP1 expression, leading
to increased intracellular accumulation of Adriamycin, thereby reversing
the chemotherapeutic resistance.

CSC has aberrant activation of Hedgehog signaling and regulate the
drug sensitivity of hepatoma through the ABCC1 transporter.
Treatment with cisplatin upregulate Hedgehog signaling in CSC, which
directly upregulate ABCG2 expression, which leads to acquisition of
chemoresistance to drug.

Gli2 expression in NSCLC, provide resistance to platinum based
chemotherapy.

Activation of Hedgehog signaling pathway in oral squamous cell
carcinoma, regulate ABC transporters, which is associated with
Multidrug resistance in OSCC

Gli1 regulates the ABC transporters expression, thereby promoting the
chemoresistance features.

Sub population expressing high Gli1 showed chemoresistance, which
was mediated by regulating ABC transporter.

Mechanism of action

Overexpression of long noncoding RNA PVT1 and Pygo2 is associated
with high Wnt/B- activation

miR-181a-SFRP4 axis mediates Wnt activation and promotes
stemness and cell proliferation

INncRNA LINC00665 expression is associated with BCLIL or
miR-424-5p—Wnt/b-catenin signaling via regulating stemness and
EMT in drug resistant cells
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NCT02299635

NCT02338531

NCT01292655
(El-Khoueiry
etal., 2018)

NCT01653470

NCT04461600
(Traina et al.,
2021)
NCT02784795
(Azaro et al.,
2021b)
NCT01695005
(Massard et al.,
2018; Azaro

et al., 2021a)
NCTO1071564
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Salva
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Tissue, Cell
lines

Oral scrapings

Tissue (tumor/
paracancerous)
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Oral gargles.
Tissue

Tissue

Tissue

Tissue

Samples HPV-related

OC/OPC/Controls  Yes

0SCC/Controls No
HNSCC/Controls No
HNSCC/Controls Yes
HNSCC/Controls Yes
HNSCC/Controls. Yes.
HNSCC/Controls. Yes.
HNSCC/Controls Yes
OPMD/OSCC/ No
Controls

ESCC/Controls. No
ESCC/Controls No
OPC/Controls. Yes
HNSCC Yes
osce- No
GB/Controls:
OPSCC/Controls Yes
Oral Yes
lesions/HNSCC/

Controls.

Methylation status

Hypermethylation

P16INKda, RASSFIA, TIMPS,
PCQAPMEDIS

PASSF1A, RARD, CDH1 (meta-analysis)

RASSF1A, DAPKI, p16INKda
P2
1001

SALLS
SALL2
TET1,TET2TET3

ZNF582, PAXI

ZNF582, PAX1
PAX1, SOX1, ZNF582

EPBAILS
CDH18, CTNND2 (methylome
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TETH (methylome analyses)
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(methylome analyses)

RADS1B, BARX2, SLCSA10/FAMESG,
NINL NSMCE2, PGAP2, INOBOC, IL34,
ZNF516, GFOD2, PARD3, MCEE,
POLM, ASPG,TBC1D2 (Promoters in
HNSCG Tissue Compared to Oral
lesions-methylome analyses)

Hypomethylation

NCAN, NRXN1, COL19AT, SYCP2,
RPA2, SMC1B (methylome analyses)

D274, CD8O, DNMTB (methylome
analyses)

ART4, EPB41L3, ESRRG, ENPP1,
GNG7, PAPSS2, NGEF, HIPK4,
GPR158, GSG1L, SMPD3, GDF2,
RERE, CDH13, HS3ST4 (Promoters in
HNSCC Tissue Compared to Oral
lesions-methylome analyses)

Results

Discrimination and early detection of
0C/OPC

Association with the oral cancer risk

Prediction of incidence fisk in HNSCC
Prognostic biomarker in HNSCC
Potential biomarker for prediction of
response toIDO1 immune checkpoint
inhibitors

Potential biomarker in HNSCC
Important clnica risk assessment
TET3 methylation independently
associated with aggressive tumor
Detection of oral dysplasia and oral
cancer and prediction of oral cancer
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Distinguishing ESCC tumor tissues
from non-tumor tissues

Promising biomarker for ESCC
screening and diagnosis

Possible utity in identifying OPG early
Novel epigenetic signature of HPV
infection in HNSCCs independent of
the anatornic site

Indication of novel therapeutic targets,
including immunotherapeutic, for
treatment of OSCC-GB

20 highly specific DMRs in HPV- related
OPSCC, with potential appiication to
molecular-based detection tests

Potential biomarkers for early
diagnostics of HNSCC and
premalignant oral lesions
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Microbiome profile
Pushalkar et al. Tissue  OSCC/Control

(2012)

Pandactal. (2020)  Saiva  OPC/HPC/Control

Vangetal.(2018)  Saiva  OSCC(3TPS3
mutational
GroupsIMSC1/2/3

Wolfetal. (2017)  Saiva  OCG/OPC/Control

HPV-related

Yes

Method 165 rRNA
region
Culture-independent,  V4-V5

cloning, sequencing

Next-generation Va-va
sequencing

Next-generation v4
sequencing

Next-generation -
sequencing

Bacteria abudance (Tumor)

Streptococcus sp. oral taxon
088, Peptostreptococcus
stomatis, Streptococcus
salivarius, Streptococcus
‘gordoni, Gemela haemolysans,
Gemella morbillorum,
Johnsonsl ignava, and
Streptococcus parasanguinis |
Haemophius parainfluenzae,
Haemophius influenzae and
Prevotela copri and lower
‘abundance of Rothia
‘muciaginosa, Aggregatibacter
segnis, Veilonel dispar,
Prevotela nan- ceiensis, Rothia
aeria, Capnocytophaga
ochracea, Neisseria
baciliormis, Prevotella
nigrescens, and Selenomonas
noxiain OP and HP cancer
patients./Streptococcus
anginosus in OP cancer
Firmicutes (MSC2),
Bacteroidetes and
Synergistetes (

MSC2 <x<MSC3), Sefeno-
‘monas and Rothia (%

MSG1 <xMSC2 <xMSC3),
Capnocytophaga (MSC3)
Actinomyces (Actinobacteria),
Schwartzia (Firmicutes),
Treponema (Spirochaetes), and
‘Selenomonas (Firmicutes)

Bacteria abudance
(non-tumor)

Granuiicatella adiacens

Bacteroidetes,
Proteobacteria,
Firmicutes.

Results.

Bacterial diversity in the
oral mucosal tissues.
from non-tumor and
tumor sites of OSCC

subjects

Possible non-invasive
diagnostic biomarker
for OP and HP cancer
patients.
Streptococcus
anginosus may be
considered as a
noninvasive dagnostic
biomarker for OP
cancer patients only

Oral microbiota s
‘compositonaly and
functionally associated
with the mutational
changes i oral cancer

Evidence that
difterences in microbial
abundance and
diversity might inform
disease status in SCC
patients
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Lim et al. (2018) Oralinse OCC/OPG/Control
Hayes et al. Mouth  HNSCG/Control
2018) washes

Guertero- Saiva  HNSOC/Control
Preston et al.

2017)

Yes

Yes

Yes.

Next-generation
sequencing

Pyrosequencing

Next-generation
‘sequencing (454)

Va-v4

Rothia, Haemophilus,
Corynebacterium,
Palucibacter,
Porphyromonas,
Oribacterium, and
Capnocytophaga
discriminate OCC and OPC
patients ffom age-matched
normal healthy
individuals/Haemophits
and Gemella positive
correation with HPV
infection

Corynebacterium (order
Corynebacterials), Kingella
(order Neisseriales),
Neisseria (order
Neisseriales), Abiotrophia
(order Lactobacillales),
Capnocytophaga (order
Flavobacteriales) and
species Kingela dentificans
and Streptococcus
‘sanguinis were associated
with reduced risk for larynx
cancer

Fusobacterium nucleatum
(600x highe), Lactobacillss
gasserifohnsonii (710x
highen), Lactobacilus
vaginals (62x higher),
Streptococcus salivarius:
Streptococcus vestibularis

Oral microbiome
prediction of the
presence of OCC and
OPC with sensitivity
and specificiy of 100
‘and 90%, respectively

Greater oral abundance
of commensal
Corynebacterium and
Kingela s associated
with decreased risk of
HNSCC

Fusobacterium
nucleatum,
Lactobacilus
gasservjohnsonii, and
Lactobacillss vaginalis
‘associated to oral and
‘oropharyngeal cancer
in saliva from HPV.
positve and HPV
negative patients
treated with surgery
and chemoradation

HNSCC, head and neck squamous cell carcinorma; HPC, hypopharyngeal cancer: MSC, mutational signature cluster: OCC, oral cavity cancer: OPC, oropharyngeal cancer: OSCC, oral squamous cell carcinoma.
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miRNAS

Gao et l. (2019) Tissue HNSCC/ No miR-145-5p Promoter hypermethylation MiR-145-5p and FSCN1 are
LSCC/Controls important potential prognostic
markers and therapeutic targets for
Lsce
Laier et al. (2012) Tissue HNSCC/TSCC/ Yes miR-15a/miR-16/miR195/miR-497 - New knowledge to known
0SCC/PSCC/ family, miR-143/miR-145 and the pathogeric pathways of HPV and
Control miR-106-363 cluster substantiates the oncogenic role of
HPVin subsets of HNSCCs
Tuet al. (2015) Tissue/Cel fnes  OSCC/Control No miR-372, miR-373 - Overexpression of miR-372 and
miR-373 indicates worse suvivalin
osce
Zhang et al. (2019) Tissue/Cellines  OSCC/Control No. miR-373 = MiR-373/SPOP potential
therapeutic target for OSCC
Wang L. etal. (2019) Tissue/Cel nes  ESCC/Control No miR-371a-5p, miR- 371b-6p, miR-373-3p promoter DNA epigenetic modfication in the
miR-372-3p, miR-373-3p hypomethylation miR-373-3p promoter region and

the Hippo and pS3 signaling
pathways play important roles
during the miR-373-8p mediating
ESCC development process

Wa et al. (2016) Tissue LSCC/Control No IncRNA H19/miR-148a-3p/DNMT Promoter hypomethylation IGRNA H19 promoted LSCC
progression via miR-148a-3p and
DNMT1

Wang Y. et al. 2019) Tissue/Cellnes  ESCC/Control No miR-148a-3p - miR-148a-3p, by targeting DNMT1,

likely reguiates cell prolieration and
invasion in esophageal cancer.
Might also be used prognostically in
esophageal cancer and serve as a
therapeutic target i the future

Liu et al. (2019) Tissue HNSCC/Control Yes 128 miRNAS as significantly - hsa-miR-383, hsa-miR-615, and
differentially expressed in HNSCC hsa-miR-877 may serve as an
tissue compared with the normal excellent diagnostic biomarker for
samples HNSCC, and potential prognostic

significance for HNSCC paients

Hess et al. (2019) Tissue HNSCC/DKTK- Yes (negative)hsa- et-7g-3p, hsa-miR-6508-5p, - The five-miRNA signature is a

ROG/LMU-KKG: hsa-miR-210-5p, hsa-miR-4306, strong and independent prognostic

(radiochemotherapy and hsa-miR-7161-3p factor for disease recurrence and

received) sunvival of patients with
HPV-negative HNSCC

DKTK-ROG, German Consortum for Translational Cancer Research-Raciation Oncology Group; ESCC, esophageal squamous cell carcinoma HNSCC, head and neck squamous cell carcinoma; LMU-KKG, Ludwig-
Maximitans-University of Munich-Ciinical Cooperation Group; LSCC, laryngeal squamous cell carcinoma; OC, oral cancer; OPC, oropharyngeal cancer; OPMD, oral potentially malignant disorders; OSCC, oral squamous
cell carcinoma; OSCC-GB, Gingivo-buccal oral squamous cell carcinoma; PSCC, pharynoeal squamous cell carcinoma; TSCC, tonsiler squamous cell carcinoma.





