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Editorial on the Research Topic 
10 years of Frontiers in cell and developmental biology: past discoveries, current challenges and future perspectives


2023 marked the 10th year anniversary of the launch of Frontiers in Cell and Developmental Biology. Our Research Topic celebrates this remarkable milestone by showcasing the work of the journal’s Chief Editors and prominent editorial board members. With an original research paper, a specialty grand challenge, a perspective and four reviews, we highlight some outstanding areas of research that reflect the broad reach of Cell and Developmental Biology.
In their review, Magrath et al. discuss Desmoplastic Small Round Cell Tumor (DSRCT), a rare and highly aggressive pediatric cancer. Given its rarity, for several years model availability was a limiting factor for studying this cancer type but the recent access to new DSRCT samples and cell lines has led to an advance in the field. After explaining the tranlocational origin of a fusion gene between Ewing Sarcoma breakpoint 1 and WT1 DNA-binding domain (EWSR1-WT1) and its oncogenic potential, the authors focus on promising targeted therapeutic strategies. These they divide into two main categories, DSRCT inhibitor targets and immune-based therapy. The authors reflect on the urgent need for more trials of both single and combination therapies, given the new options available and the urgency to advance this field.
A comprehensive review of advances in targeting dysregulated cell death pathways for cancer treatment is provided by Saxena et al. They begin with an overview of how apoptosis can be altered in cancer and outline a series of innovative targeting strategies, such as the use of novel therapeutics like gold complexes, or epigenetic modifying drugs such as 5′ azacytidine. The authors move on to discuss the role of autophagy and summarise an impressive drug panorama of autophagy-targeting drugs that are currently in clinical use, or in clinical/preclinical stages of testing. The review also explores necroptosis and provides details of targeting drugs and their mechanisms of action. The authors helpfully give us insight on the various obstacles that impede the application of necroptosis research for cancer treatment, and stress the necessity for further research in this area. Pyroptosis, a form of regulated cell death that is associated with specific inflammatory responses, is also examined and the exciting potential of combining PD-L1 inhibitors with chemotherapy, or radiation, and using innovative treatments like CAR-T cells to better combat disease, is outlined. New roles of ferroptosis and cuproptosis in cancer research are discussed, and the potential of research in this area to revolutionize cancer treatment is explained. A final section of the review discusses the impact of parthanatos (a cell death mechanism controlled by PARP-1 that is distinct from apoptosis and necroptosis) on carcinogenesis and tumor development. Taken together, this outstanding review highlights the importance that a better understanding the processes of regulated cell death has for future treatment of cancer. It certainly whets the apetite for a deeper understanding of these processes, and illustrates how harnessing combination therapies will improve opportunities to fight cancer.
Liquid-liquid phase separation (LLPS) drives the formation of membraneless intracellular compartments with crucial importance for functional biology. In a review, Xu et al. discuss how aberrant LLPS can influence cancer development and progression, specifically focusing on LLPS and hepatocellular carcinoma (HCC) interplay. To do so, the authors discuss the importance of LLPS in regulating key pathways such as MAPK, cAMP-dependent, and Hippo signaling pathways. They also analyze how LLPS regulates cellular quality control mechanisms including ferroptosis and autophagy. Moreover, they explore the dysregulation of epigenetic factors and the role of RNA in LLPS and HCC. Special attention is given to potential novel treatment strategies for HCC targeting biomolecular condensates and disrupting LLPS. This unique review highlights the involvement of phase separation in HCC and poses the basis for further exploration of drugs that alter phase separation in studies of liver cancer treatment.
Shifting focus to a different field, Kaldis and Porter provide a interesting perspective on ubiquitin ligase research, with a specific focus on Michele Pagano’s many contributions to field. In this perspective, the journey from Pagano’s starting motivation as an endocrinologist in Italy, through his subsequent scientific career is carefully outlined. It is an compelling read, combining personal and scientific opininion, with a particular focus on the stimulating “highs” of collaboration, creating high quality science, publishing, and the thrills of discovery.
In a careful narrative of the embryology field, Brand-Saberi helps us understand the context and significance of her specialty grand challenge, addressing many of the complex ethical considerations that are associated with this field. Brand-Saberi emphasizes the need for international standards and regulations to foster scientific advancement. She mentions the importance of models, while considering the 3R (Replacement, Reduction, Refinment) ethical principles that will lead researchers to develop novel approaches such as organoids and Organ-on-Chip. Although embryology is an evolving field many challenges still persist in understanding the complex signaling pathways, genetic factors, and environmental influences, in addition to technological limitations and increasingly limited teaching in medical and biological education. Without forgetting history, Brand-Saberi reflects on the importance of transparent communication, education and the interdisciplinary nature of this exciting field that holds immense potential.
A detailed review article by Mierke presents the current state of knowledge on the dysregulation of endothelial mechanosensitivity in disease. Several mechanosensors are explored including ion channels, G-Protein-Coupled-Receptors, cell matrix receptors, junctional proteins, and membrane structures. The interplay between endothelial cells and vascular smooth muscle cells is also explored, emphasizing the physiological and pathological consequences of altered mechanotransduction. Future directions for research are highlighted, including advanced models to better mimic the dynamic mechanical environment of blood vessels and deepen our understanding of the fascinating field of endothelial mechanotransduction.
Lastly in this outstanding Research Topic, Ward et al. share their results on how the 3D chromatin architecture of CD4+ T cells changes as they transition from activated and memory states. Using a commercial in situ Hi-C kit from Arima Genomics, the team successfully generated Hi-C contact maps from as few as 50,000 memory CD4+ T cells - a number significantly lower than previously thought necessary. They conducted experiments under three conditions—unstimulated, IL-2 stimulated, and TCR+CD28+IL-2 stimulated—to observe how 3D chromatin in changed and then correlated this to dynamic changes in gene expression. Contrary to the belief that TADs (topologically interacting domains) were static, they found significant changes upon activation with IL-2, which were intensified by additional signaling. This reveals a stepwise refinement of chromatin architecture as mouse CD4+ T cells respond to activation, potentially “priming” them for subsequent responses. The paper offers some new insights into T cell activation and its implications for cancer immunotherapy, advancing our understanding of 3D chromatin architecture and T cell functionality.
This Research Topic is certainly a fitting celebration of the journal’s decade of publications, underscoring the breadth and dynamism of the cell and developmental biology fields. It showcases talented scientists and reinforces the importance of their interdisciplinary research. It also illustrates how the journal and the scientists it serves, can work together in concert to support new breakthroughs in understanding and treating complex biological processes. Before closing this editorial it is perhaps worth underscoring some of the challenges facing the core fields of the Journal. These include integrating multi-omics data with dynamic processes captured by increasingly sophisticated imaging, and modelling the in vivo complexity of important biological processes in a meaningful and quantitative manner to enable accurate prediction. Alongside this we need to improve our understanding of fundamental cellular and biochemical processes, such as the regulation of intracellular membrane trafficking. There are also clear challenges in standardising widely-used models, such as organoids, induced pluripotent stem cells, and even the diverse impacts of maternal diet and exposures on offspring. Improvements of this sort, that embrace fast moving technical innovations within a coherent conceptual framework, will enable our increasingly interdisciplinary community to thrive over the next decade and beyond. For the Journal to keep pace with these advances, it is critical to recruit accomplished editors and reviewers that can span disciplines, and to continue inspiring emerging researchers–a binary talent that has enriched the Cell and Developmental Biology fields successfully over many years.
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Desmoplastic Small Round Cell Tumor (DSRCT) is a highly aggressive pediatric cancer caused by a reciprocal translocation between chromosomes 11 and 22, leading to the formation of the EWSR1::WT1 oncoprotein. DSRCT presents most commonly in the abdominal and pelvic peritoneum and remains refractory to current treatment regimens which include chemotherapy, radiotherapy, and surgery. As a rare cancer, sample and model availability have been a limiting factor to DSRCT research. However, the establishment of rare tumor banks and novel cell lines have recently propelled critical advances in the understanding of DSRCT biology and the identification of potentially promising targeted therapeutics. Here we review model and dataset availability, current understanding of the EWSR1::WT1 oncogenic mechanism, and promising preclinical therapeutics, some of which are now advancing to clinical trials. We discuss efforts to inhibit critical dependencies including NTRK3, EGFR, and CDK4/6 as well as novel immunotherapy strategies targeting surface markers highly expressed in DSRCT such as B7-H3 or neopeptides either derived from or driven by the fusion oncoprotein. Finally, we discuss the prospect of combination therapies and strategies for prioritizing clinical translation.

Keywords: DSRCT, pediatric cancer, sarcoma, fusion oncogene, targeted therapy

1 BACKGROUND
Desmoplastic Small Round Cell Tumor (DSRCT) is an extremely rare but aggressive pediatric sarcoma most commonly originating in the peritoneal or pelvic cavities (Gerald and Haber, 2005). DSRCT is characterized by the t (11; 22) chromosomal translocation which leads to the creation of the oncogenic transcription factor EWSR1::WT1 (Ladanyi and Gerald, 1994; Gerald et al., 1995; Gerald and Haber, 2005). The DSRCT incidence rate differs by sex with an age-adjusted incidence rate of 0.22 per million in males and 0.05 per million in females within the United States (Waqar and Ali, 2022). DSRCT is highly metastatic and commonly presents with tens to hundreds of tumor nodules within the peritoneal lining at diagnosis, which poses a unique challenge for complete surgical resection (Stiles et al., 2018; Xiang et al., 2020). DSRCT derives its name from its histologic appearance which includes nests of small round cells imbedded in fibrous stroma. The cell of origin is unknown and DSRCT cells stain positive for a variety of tissue markers including those from neuronal, epithelial, mesenchymal, and myogenic lineages (Chang, 2006). While there is no standard treatment, patients commonly receive multimodal therapy including a combination of surgery, radiotherapy, and chemotherapy (Lal et al., 2005; Hayes-Jordan et al., 2016; Bulbul et al., 2017; Subbiah et al., 2018; Honoré et al., 2019). Despite this aggressive treatment, patient prognosis remains poor with a 5-year survival rate of only 15%–30% (Kushner et al., 1996; Lal et al., 2005; Subbiah et al., 2018; Honoré et al., 2019). Therefore, novel targeted therapies are urgently needed to improve patient prognosis. Here we review the recent developments in DSRCT including the establishment of new research tools, improvements in the understanding of underlying DSRCT biology, and promising therapies that have been investigated preclinically.
2 MODEL AND DATASET AVAILABILITY
As a result of DSRCT’s scarcity, sample and model availability have been a limiting factor in understanding DSRCT biology and developing effective therapeutics (Lettieri et al., 2014; Stiles et al., 2018; Gedminas et al., 2022a). Nishio et al. established the first DSRCT cell line (JN-DSRCT-1) (Nishio et al., 2002) in 2002 which remained the only commonly available DSRCT cell line for nearly 2 decades. However, recent efforts have led to the establishment of a plethora of new DSRCT cell lines (BER-DSRCT, BOD-DSRCT, SK-DSRCT1, SK-DSRCT2, and OV-054 DSRCT) that are enabling more robust DSRCT research (Bleijs et al., 2021; Smith et al., 2022). Recent efforts have also led to the creation of large tumor banks and the establishment of a variety of patient-derived xenografts (PDXs). PDX models established include at least one at Fondazione IRCSS Istituto Nazionale dei Tumori, three at MD Anderson Cancer Center, and a set of twenty-four at Memorial Sloan Kettering Cancer Center (Slotkin et al., 2021a; Zuco et al., 2023a; Truong et al., 2023). Memorial Sloan Kettering is one of the primary referral centers for DSRCT patients and has further established a tumor bank with >200 DSRCT samples.
These new resources have been coupled with next-generation sequencing technologies to establish critical datasets and insights. DNA sequencing studies have sought to identify recurrent mutations in DSRCT other than the EWSR1::WT1 fusion. Chow et al. performed targeted sequencing of 405 genes from 83 DSRCT tumors and found recurrent mutations in FGFR4 (8%), ARID1A (11%), TP53 (10%), MSH3 (14%), and MLL3 (16%) (Chow et al., 2020). Slotkin et al. performed targeted sequencing of 468 genes in 68 samples and full genome sequencing in 10 samples, identifying recurrent mutations in TERT (3%), ARID1A (6%), HRAS (5%), and TP53 (3%) (Slotkin et al., 2021a). Other studies with smaller tumor sets have similarly found a low tumor mutation burden and few recurrent mutations (Devecchi et al., 2018; Wu C. C. et al., 2022). In light of these findings, RNA sequencing (RNA-seq) may be more clinically informative, and a variety of studies are now sequencing DSRCT samples to understand the DSRCT transcriptome. Hingorani et al. and Wu et al. performed RNA-seq on 12 and 22 DSRCT tumors, respectively (Hingorani et al., 2020; Wu C. C. et al., 2022). More recently, we sequenced a set of 57 DSRCT tumors from the Memorial Sloan Kettering DSRCT Tumor Bank which will soon be made publicly available (unpublished). Three studies have performed RNA-seq on a total of 5 different DSRCT cell lines with and without depletion of EWSR1::WT1 (Gedminas et al., 2020; Bleijs et al., 2021; Magrath et al., 2024a). EWSR1::WT1 has two isoforms (E+KTS, E-KTS) generated from alternative splicing that either includes or excludes the amino acids lysine, threonine, and serine (abbreviated: KTS) between zinc fingers 3 and 4 of WT1 (Kim et al., 1998). Two studies have performed RNA-seq on mesothelial cell lines with overexpression of one or both of these two isoforms (Magrath et al., 2024a). Chromatin Immunoprecipitation and sequencing (ChIP-Seq) directed toward the fusion protein has been performed twice to identify EWSR1::WT1 binding locations in JN-DSRCT-1 as well as isoform specific binding in the MeT-5A mesothelial cell line (Hingorani et al., 2020). ChIP-Seq datasets have further been established examining androgen receptor (AR) binding and characterizing the landscape of histone modifications (Lamhamedi-Cherradi et al., 2022). Together, these datasets have not only led to many novel findings but also provide a critical tool kit for future research.
3 EWSR1::WT1 ONCOGENIC MECHANISM
The EWSR1::WT1 oncogene is a transcription factor formed by the fusion of the N-terminal activating domain of EWSR1 with the final three zinc fingers at the C-terminus of WT1. The EWSR1 breakpoint can occur in one of three introns (Magrath et al., 2023a). However, the different variants induce many common transcriptomic alterations (Magrath et al., 2024a). The essentiality of EWSR1::WT1 has been established with shRNA knockdown in vitro in five independent studies (Kang et al., 2014; Gedminas et al., 2020; Bleijs et al., 2021; Hartono et al., 2022; Magrath et al., 2024a) across five DSRCT cell lines and more recently in vivo using doxycycline-inducible shRNA depletion of EWSR1::WT1 in 3 cell line-derived xenografts (Magrath et al., 2024a). EWSR1::WT1 is present in the nucleus and acts as a transcription factor, both binding to DNA and altering transcription (Gedminas et al., 2020; Hingorani et al., 2020). Recent studies have established sets of genes commonly regulated by EWSR1::WT1 across cell lines including a set of 68 upregulated and 223 downregulated genes identified across 2 cell lines by Gedminas et al., 2020 and a set of 175 upregulated and 166 downregulated genes identified across 4 cell lines in our lab (Magrath et al., 2024a). Integrating this gene expression data and WT1-directed ChIP-seq, we found that EWSR1::WT1 binding predominantly leads to upregulation or stable gene expression, with only 10% of EWSR1::WT1 bound genes negatively regulated by the fusion protein (Magrath et al., 2024a). The native WT1 motif is enriched at EWSR1::WT1 bound sites. However, the binding profile of EWSR1::WT1 in DSRCT differs significantly from WT1 in leukemia cells (Magrath et al., 2024a). This could be due to differences in cell type/epigenetic state or binding specificity and should be investigated in future work.
A unique aspect of EWSR1::WT1 is its existence in two isoforms (E + KTS and E-KTS) which vary based on the inclusion or exclusion of three amino acids between zinc fingers 3 and 4 of the WT1 DNA binding domain. These isoform variants also occur in native WT1, where the difference in distance between zinc fingers 3 and 4 leads to differences in DNA binding and transcription (Potluri et al., 2021). In EWSR1::WT1, the isoforms were initially studied in mouse models where they led to differences in transcription, with most alterations caused by the E-KTS isoform including upregulation of pathways related to neuronal reprogramming (Kang et al., 2014). These findings have been validated and expanded in human cell lines where most upregulation and downregulation is caused by the E-KTS isoform including upregulation of critical proliferation signals such as CCND1 (Magrath et al., 2024a). Given the differences in isoform transcriptional activity, an important question in DSRCT biology is whether one, the other, or both isoforms are necessary to induce oncogenesis. Kim et al. found that E-KTS but not E + KTS was able to increase the growth rate and lead to tumor formation in NIH3T3 mouse fibroblast cells (Kim et al., 1998). In contrast, Bandopadhayay et al., 2013. found that neither isoform was able to transform p53 wildtype murine embryonic fibroblasts, while either isoform led to increased colony formation in p53 mutant murine embryonic fibroblasts. This suggests p53 mutations may be important for EWSR1::WT1 induced oncogenesis. However, DNA sequencing studies have consistently found few p53 mutations in DSRCT (Slotkin et al., 2021a). In our own hands, we find that transduction of normal human mesothelial cell line LP9 with one or both isoforms is insufficient to induce transformation and that E-KTS expression decreases rather than increases growth, perhaps due to an oncogenic stress response (Haigis and Sweet-Cordero, 2011). These data strongly suggest additional alterations or epigenetic states are necessary for EWSR1::WT1 induced oncogenesis. It may be that p53 mutation is one of several potential prerequisite alterations that can prime cells for EWSR1::WT1 induced transformation. Both the role of these isoforms and their interaction with other mutations require further research. Other mechanistic questions that require further investigation include the role of EWSR1::WT1 in altering the chromatin landscape and whether it has oncogenic functions independent of its role as a transcription factor. While the recent availability of new tools for investigating DSRCT has led to many advances in our understanding, the mechanistic framework lags behind other fusion oncoprotein driven tumors such as Ewing sarcoma and necessitates further study.
4 PROMISING TARGETED THERAPEUTIC STRATEGIES
Given DSRCT’s extremely poor prognosis, novel targeted therapies are urgently needed. The recent development of DSRCT models has enabled a rapid expansion in preclinical investigation and the proposal of many novel therapeutic targets over the past 5 years. These proposals have focused on two primary strategies: 1) inhibition of critical growth pathways and 2) immunotherapy directed toward highly expressed surface proteins. Tables 1, 2 summarize the candidate targets identified and investigated preclinically using these two strategies. Table 3 summarizes ongoing clinical trials for DSRCT examining these targets. While most therapeutic targets have been identified due to their role as downstream targets of EWSR1::WT1, a few therapeutic targets are not regulated by EWSR1::WT1 and were instead identified due to their high expression in DSRCT tumors. In contrast to other pediatric cancers such as Ewing sarcoma, functional screening to comprehensively identify critical dependencies in DSRCT has not yet been established. Application of this technology to DSRCT should be prioritized in future studies which can utilize CRISPR knockout screening to not only identify DSRCT critical dependencies but also select targets that uniquely regulate EWSR1::WT1 expression. This application will likely be a critical source for the next set of DSRCT therapeutic targets. The results of this screening can be further combined with single cell sequencing technologies that will provide insights on tumor heterogeneity. Together current therapeutic targets and the novel targets and insights gained from these technologies can enable the establishment of clinically relevant treatments. Here we examine the most promising findings to date and their potential for clinical translation.
TABLE 1 | DSRCT Inhibitor Targets.
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4.1.1 NTRK3
Neurotrophic receptor tyrosine kinase 3 (NTRK3) is a transmembrane receptor tyrosine kinase involved in nervous system development and function. It is one of the three members of the NTRK family (NTRK1, NTRK2, NTRK3), all of which have been identified in fusion oncoproteins such as ETV6::NTRK3 which drives secretory breast cancer and infantile fibrosarcoma (Cocco et al., 2018). Ogura et al. identified NTRK3 as 1 of 1501 human promoters bound by EWSR1::WT1 in a ChIP chip array in 2 cell lines (Ogura et al., 2021). Transcriptomic analysis of EWSR1::WT1 regulated genes and the existence of entrectinib as an FDA approved therapy targeting NTRK3 further narrowed their focus (Table 1). Entrectinib treatment reduced the viability of two DSRCT cell lines (JN-DSRCT-1, SK-DSRCT2) in vitro and decreased phosphorylation of the mitogenic mediator ERK (Ogura et al., 2021). The role of NTRK3 in DSRCT was confirmed genetically via depletion with two independent shRNAs which led to reduced cell viability in both DSRCT cell lines. Examination of entrectinib efficacy in three patient-derived xenografts found near complete growth cessation in one xenograft and growth reductions of 50% and 75% in the other two xenografts (Ogura et al., 2021). Based on these results, DSRCT has been included in an ongoing clinical trial testing the efficacy of the next-generation NTRK inhibitor PBI-200 on solid tumors (Table 3).
4.1.2 SIK1
Salt-Inducible-Kinases (SIKs) are a member of the AMP-activated protein kinase (AMPK) family and known for their role in mediating metabolic homeostasis (Darling and Cohen, 2021). SIK1 is regulated by metabolic signaling and typically expressed in the adrenal cortex, neural, and adipose tissues, while SIK2 and SIK3 are more widely and constitutively expressed in many tissues (Sakamoto et al., 2018). SIK2 has a role in tumorigenesis in prostate and ovarian cancers, and SIK2 and SIK3 promote the growth of acute myeloid leukemia (AML) by inhibiting HDAC4 function (Bon et al., 2015; Tarumoto et al., 2018; Gao et al., 2020). Recent studies have indicated SIK1 acts as a tumor suppressor in many cancer types by promoting p53-dependent anoikis in breast cancer, inhibiting lipid metabolism reprogramming in pancreatic tumorigenesis, and mediating the tumor suppressor function of LKB1 in lung cancer (Cheng et al., 2009; Patra et al., 2018; Hollstein et al., 2019).
SIK1 was identified as a potential target due to its high expression in DSRCT compared to other sarcomas and its regulation by EWSR1::WT1. In contrast to other cancer types where SIK1 acts as a tumor suppressor, Hartono et al. found that SIK1 depletion with siRNA or shRNA reduced the viability of two DSRCT cell lines, indicating an oncogenic role for SIK1 in DSRCT (Hartono et al., 2022). Mechanistically, SIK1 depletion reduced phosphorylation of MCM2 at S27 and S41 leading to a block in DNA replication. Consistent with this, growth of xenografts derived from JN- and BER-DSRCT-shSIK1 cells was significantly reduced with SIK1 depletion. These findings suggest SIK1 as a promising DSRCT therapeutic target. However, no specific SIK1 small molecule inhibitor exists, serving as a barrier to rapid clinical translation. The pan-SIK inhibitor YKL-05-099 induced cytotoxicity in BER-DSRCT but not JN-DSRCT-1 when compared to the LP9 mesothelial cell line which served as a normal control (Hartono et al., 2022). The lack of sensitivity in JN-DSRCT-1 may be explained by the lack of specificity of this inhibitor and suggest the development of a SIK1 specific inhibitor as an urgent priority to help translate these preclinical findings to DSRCT patients.
4.1.3 BLK
B-lymphocyte kinase (BLK) is expressed in B cells where it contributes to their activation and proliferation (Dymecki et al., 1990; Saouaf et al., 1994; Malek et al., 1998). In oncology, studies have suggested BLK as an oncogene in B and T cell lymphomas (Malek et al., 1998; Krejsgaard et al., 2009; Petersen et al., 2014; Petersen et al., 2017). Intriguingly, studies in a Blk knockout mouse demonstrated that B cell development and the humoral immune response are not substantially impacted by BLK depletion, suggesting BLK-specific inhibitors may have few on-target off-tumor effects (Texido et al., 2000). We identified BLK as a kinase upregulated not only by EWSR1::WT1, but also in DSRCT cancer stem cell-like (CSC) culture conditions (Magrath et al., 2024b). Under CSC culture conditions, DSRCT cells form tumorspheres, have increased SOX2 and NANOG expression, and are more resistant to chemotherapy, making it a potentially valuable tool for identifying therapies that can target chemoresistant DSRCT cells (Magrath et al., 2022). Treatment with dasatinib and PP2, which inhibit BLK as well as other SRC family members, decreased DSRCT sphere formation, CSC culture viability, and stemness marker expression. Depletion of BLK with shRNA similarly reduced tumorsphere formation and stemness marker expression, and also sensitized DSRCT CSCs to doxorubicin treatment (Magrath et al., 2024b). While BLK inhibition can reduce CSC characteristics, BLK is not expressed highly in bulk tumor cells and a study by Van Erp et al., 2022. found that dasatinib monotherapy failed to reduced growth of JN-DSRCT-1 xenografts. Together, these findings suggest BLK inhibition alone will be an ineffective DSRCT therapeutic but combination of BLK inhibition with other therapies targeting bulk tumor cells is worthy of further examination.
4.1.4 CCND-CDK4/6-RB axis
The CCND-CDK4/6-RB axis is a critical regulator of the transition from G1 to S phase of the cell cycle and is dysregulated in a variety of cancers (VanArsdale et al., 2015). In combination with estrogen receptor inhibition, CDK4/6 inhibitors (palbociclib, abemaciclib, ribociclib) prolong survival in breast cancer and have led to a new therapeutic paradigm (Cristofanilli et al., 2016; Turner et al., 2018). CDK4/6 inhibitors are also effective against liposarcoma (Hsu et al., 2022) clinically and have demonstrated preclinical efficacy in Ewing sarcoma (Kennedy et al., 2015) and neuroblastoma (Rader et al., 2013). We identified CDK4/6 inhibitors as a promising therapeutic for DSRCT due to the control of this axis by EWSR1::WT1 (Magrath et al., 2024a). The E-KTS isoform binds to and regulates expression of CCND1, which in turn activates CDK4/6, enabling DSRCT cells to overcome the RB tumor suppressor and proliferate. Palbociclib treatment effectively reduced RB phosphorylation and significantly decreased tumor growth in 2 cell line-derived xenografts (Magrath et al., 2024a). The primary mechanism of CDK4/6i resistance in tumor is RB inactivation. However, genomic studies of DSRCT (Slotkin et al., 2021a; Wu C.-C. et al., 2022) have not identified frequent RB mutations, making it likely that most DSRCT tumors will be at least initially responsive to CDK4/6 inhibition.
4.1.5 EGFR
Epidermal growth factor receptor (EGFR) is a receptor tyrosine kinase (RTK) which plays an important role in cell division and growth in epithelial cells (Talukdar et al., 2020). EGFR is overexpressed in glioblastoma, breast, and lung cancers leading to dysregulation of the EGFR pathway and increased cell proliferation (Sigismund et al., 2018; Talukdar et al., 2020; Uribe et al., 2021). EGFR was identified in DSRCT by Smith et al. due to the enrichment of EGFR-related pathways in a gene set variation analysis of DSRCT microarray data (Smith et al., 2022). While EGFR is highly expressed in DSRCT, it is not transcriptionally regulated by EWSR1::WT1, in contrast to other proposed therapeutic targets to date. Smith et al. demonstrated through both chemical inhibition and genetic silencing that EGFR is critical to DSRCT growth. Multiple EGFR-targeting therapeutics including afatinib, neratinib, and cetuximab are FDA approved for the treatment of other cancers and could be quickly applied to DSRCT in the clinic, making EGFR an exciting therapeutic target. In mice, cetuximab monotherapy or combination therapy with cetuximab and afatinib reduced tumor growth in 2 cell line derived xenografts, while afatinib therapy alone had a limited effect. In a PDX model, the combination therapy of cetuximab and afatinib led to a 40% reduction in tumor volume over a 49-day treatment (Smith et al., 2022). While likely insufficient as a monotherapy, these data suggest EGFR targeting can reduce DSRCT growth in vivo and could be combined with other therapies to produce a greater therapeutic response. The success of targeting EGFR in combination therapy may be better understood through further elucidation of its relationship with EWSR1::WT1. Smith et al. found that several ligands of the ERBB system were upregulated in LP9 cells with exogenous expression of EWSR1::WT1 including EGF, NEUREGULIN 1 (NRG1), EPIREGULIN (EPGN), and AMPHIREGULIN (AREG). This could suggest EWSR1::WT1 regulation of these targets drives EGFR-dependent growth in DSRCT and that this pathway is in fact fusion protein regulated. However, more recent RNA-seq data with EWSR1::WT1 depletion has not found consistent downregulation of these ligands (Magrath et al., 2024a). The role of these ligands in DSRCT survival also remains uninvestigated. If EGFR is determined to be an EWSR1::WT1-independent DSRCT dependency, this could allow combined therapy targeting EWSR1::WT1 dependent and independent pathways which may be necessary to improve prognosis.
4.1.6 AR
DSRCT’s high male predominance has led to several investigations to uncover a potential role of the androgen receptor (AR) in its pathogenesis. Similar to EGFR, AR expression is not transcriptionally controlled by EWSR1::WT1 and represents a potential EWSR1::WT1 independent critical pathway (Magrath et al., 2023b). In 2007, Fine et al., 2007 identified AR positivity in immunohistochemistry samples from 10 of 27 DSRCT patients and discovered that flutamide treatment reduced DSRCT growth in vitro. Translating these findings to the clinic, they found three out of six DSRCT patients responded to combined androgen blockade (bicalutamide and Lupron), with two patients experiencing a partial response for 3 months and a third patient experiencing stable disease (Fine et al., 2007). In 2022, Lamhamedi-Cherradi et al., 2022 expanded on these findings and suggested a higher rate of AR positivity in DSRCT of 75%. Testing 1 cell line derived and one patient derived xenograft, Lamhamedi-Cherradi et al., 2022. found that treatment with either enzalutamide or an AR-directed antisense oligonucleotide substantially reduced tumor growth in vivo. Similarly, we began investigating AR as a result of its male predominance and showed that three DSRCT cell lines respond to high dose treatment with enzalutamide, flutamide, and darolutamide (Magrath et al., 2024c). Using immunoprecipitation, we identified an interaction between AR and EWSR1::WT1 which may explain some of their shared binding locations in the genome. However, despite these findings suggesting an important role of AR in DSRCT, we found that knockdown of AR in two DSRCT cell lines (JN-DSRCT-1, BER-DSRCT) with four independent shRNAs failed to reduce DSRCT viability and that enzalutamide and flutamide cytotoxicity remained after AR depletion (Magrath et al., 2024c). These findings suggest the AR antagonists may act through an AR-independent mechanism in DSRCT which may involve other members of the NR3 nuclear receptor pathway such as the glucocorticoid receptor which is highly expressed in DSRCT (Magrath et al., 2024c). Intriguingly, we found that enzalutamide treatment reduced EWSR1::WT1 expression which could explain its efficacy. Further research is necessary to better understand the mechanism of AR antagonists and their potential role in suppression of EWSR1::WT1. As many AR directed therapies are FDA approved for the treatment of prostate cancer, better elucidation of their efficacy and mechanism in DSRCT could lead to quick clinical translation. Even though AR may not be one of the drivers of DSRCT, AR could still play a pivotal role in the initiation of DSRCT. Previous studies showed that AR binds to genomic regions of TMPRSS2 and ERG and facilitates chromosomal translocation in prostate cancers (Nicholas et al., 2021). AR has been shown to bind to introns of EWSR1 and WT1 (Lamhamedi-Cherradi et al., 2022; Magrath et al., 2024c), raising a tantalizing possibility that similar AR-induced chromosomal translocation could be responsible for generating the pathognomonic alteration and the male predominance in DSRCT.
4.1.7 PARP
Poly-ADP ribose polymerase (PARP) belongs to a family of proteins involved in various cellular processes including DNA transcription, replication, and repair, programmed cell death, chromatin structure modulation, and genomic stability. PARP enzymes function by catalyzing the transfer of ADP-ribose to target proteins (Amé et al., 2004). PARP is overexpressed in different types of cancers and its inhibition using FDA approved drugs like olaparib, rucaparib, and veliparib are therapeutics for treating cancers of the breast, ovary, prostate, pancreas, and other solid tumors (Wang et al., 2017). During DNA damage, PARP binds to damaged DNA and recruits DNA repair proteins to the site of damage leading to DNA repair. PARP inhibitors trap PARP within the damaged DNA leading to damage accumulation. Combination of PARP inhibitors with DNA damaging agents is often synergistic and can improve lethality. In DSRCT, PARP was identified as a potential therapeutic target due to its high expression in 16/16 DSRCT IHC samples (van Erp et al., 2020). As a monotherapy, the PARP inhibitor olaparib reduced the viability of JN-DSRCT-1 cells with an IC50 of 1.38 µM72. Intriguingly, the combination of olaparib with temozolomide induced synergistic reductions in viability and increased apoptosis. In a JN-DSRCT-1 xenograft model, neither olaparib nor temozolomide monotherapy significantly reduced tumor growth. However, in combination, a significant growth reduction was seen (van Erp et al., 2020). This data demonstrates the value of PARP inhibition with other DNA damaging agents in DSRCT which warrants investigation in other DSRCT models.
4.1.8 Unknown target of trabectedin/lurbinectedin
Trabectedin and lurbinectedin are alkylating agents that interact with the minor groove of DNA and many DNA binding proteins (Grosso et al., 2007; Grosso et al., 2009; Di Giandomenico et al., 2014; Kauffmann-Guerrero and Huber, 2020). Trabectedin is a naturally occurring compound while lurbinectedin is a synthetic variant of trabectedin where tetrahydro β-carboline is substituted for tetrahydroisoquinoline to improve pharmacokinetics and reduce toxicity (Kauffmann-Guerrero and Huber, 2020). Both compounds induce DNA damage and disrupt transcription. This latter mechanism has led to investigations into their ability to treat transcriptionally driven cancers such as those caused by fusion oncoproteins. Trabectedin decreases the DNA binding of the FUS::CHOP oncogenic transcription factor in myxoid liposarcoma and has led to both partial and complete clinical responses (Grosso et al., 2007; Grosso et al., 2009; Di Giandomenico et al., 2014). Trabectedin has additionally shown efficacy in the treatment of liposarcoma, leiomyosarcoma, and ovarian cancer (Demetri et al., 2016; Teplinsky and Herzog, 2017). Similarly, lurbinectedin has shown preclinical effects on EWSR1::FLI1 in Ewing sarcoma (Harlow et al., 2016).
Trabectedin was first investigated preclinically in DSRCT by Uboldi et al. who showed that JN-DSRCT-1 cells are sensitive to trabectedin with an IC50 around 4.5 nM80. Using Chromatin Immunoprecipitation assays, they found that trabectedin treatment significantly reduced EWSR1::WT1 binding to the promoter of three genes highly expressed in DSRCT (Uboldi et al., 2017). Gedminas et al. extended these findings to lurbinectedin, finding that exposing DSRCT cells to lurbinectedin decreased growth and led to repression of 80% of EWSR1::WT1 regulated targets (Gedminas et al., 2022b). Intriguingly, they showed that lurbinectedin treatment led to localization of fusion protein to the nucleolus and reduced overall EWSR1::WT1 protein expression. In vivo, lurbinectedin led to significant reductions in tumor growth in 1 cell line-derived and one patient-derived xenograft (Gedminas et al., 2022b). Most recently, Zuco et al. utilized a novel DSRCT PDX model to examine the anticancer effectiveness of several chemotherapy agents including trabectedin (Zuco et al., 2023b). Individually, trabectedin had a maximum tumor volume inhibition of 82% while irinotecan led to a >99% response. However, discontinuation of either monotherapy led to a steep increase in tumor volume. In contrast, combination treatment with irinotecan and trabectedin resulted in a complete and sustained response for 86 days after therapy discontinuation (Zuco et al., 2023b). RNA-seq analysis of treated tumors found that the irinotecan-trabectedin combination treatment, but not either monotherapy, resulted in downregulation of E2F targets, G2M checkpoint, and mitotic spindle gene sets (Zuco et al., 2023b). Intriguingly, combination therapy but not trabectedin monotherapy also led to reductions in the EWSR1::WT1 regulated targets NTRK3 and EGR1 at the protein and gene transcription levels (Zuco et al., 2023b). This suggests trabectedin alone may act through a mechanism other than EWSR1::WT1 depletion, which is in contrast to the proposed mechanism of lurbinectedin by Gedminas et al. Given the similarity of these compounds, further investigation is required to understand the true mechanism of action of lurbinectedin and trabectedin, whether they are the same, and whether they are true inhibitors of EWSR1::WT1. Regardless of their mechanism, lurbinectedin and trabectedin stand as intriguing therapeutics for DSRCT and have led to a few notable responses in case studies. In a report of two patients treated with the combination of trabectedin and irinotecan, one patient experienced stable disease while the other experienced a complete remission (Ferrari et al., 2023). There is currently an ongoing Phase I/II clinical trial examining the potential of lurbinectedin therapy for the treatment of FET-fused tumors including Ewing sarcoma and DSRCT (Table 3).
4.1.9 CHK1
Checkpoint kinase 1 (CHK1) is a serine/threonine kinase involved in the DNA damage response, specifically homologous repair of double strand breaks. Activation of CHK1 leads to cell cycle arrest in the G2/M phase and eventual cell death due to mitotic catastrophe (Sanchez et al., 1997). As DSRCT is known to upregulate expression of DNA damage response elements, it stands to reason that interfering with this dependency would negatively impact tumor cell survival (Gedminas et al., 2020). Indeed, in a study of 38 pediatric sarcoma CDX and PDX models treated with prexasertib monotherapy, the two DSRCT PDX included in the study exhibited complete regression (Lowery et al., 2019). In one PDX, the initial response to prexasertib was durable. The other recurred 2 months after treatment but remained sensitive to prexasertib and following retreatment did not recur. A Phase I/II clincal trial of prexasertib + irinotecan was conducted with DSRCT and rhabdomyosarcoma patients (19 and 2 patients, respectively) with relapsed or refractory disease. The study met its primary objective to consider this drug combination for further investigation in DSRCT, with 32% of patients achieving partial response and 47% of patients achieving stable disease (Slotkin et al., 2022). Notably, the majority of patients who responded had previously been treated with irinotecan, suggesting that combination with prexasertib may resensitize tumors to irinotecan. Development of prexasertib was discontinued by Eli Lilly in 2019, but the drug was later licensed by Acrivon Therapeutics, allowing for the possibility of its availability for future trials.
4.2 Immunotherapy, radioimmunotherapy, and antibody-drug conjugates
Antibody-based therapeutics have the potential to deliver cytotoxic immune cells (monoclonal antibodies [mAbs] and T cell-engaging bispecific antibodies [T-BsAbs]), radionuclides (radioimmunotherapy [RIT]), and chemotherapeutic drugs (antibody-drug conjugates [ADC]) with specificity for tumors by targeting cell surface antigens expressed uniquely by or at high levels on the cell surface of cancer cells (Larson et al., 2015; Goydel and Rader, 2021). All of these can be delivered as off-the-shelf drugs. Chimeric antigen receptor (CAR) T cells also direct cytotoxic immune cells to tumors through targeting of cell surface tumor antigens, though in this strategy the T cells themselves are harvested, genetically engineered ex vivo to express receptors specific for these antigens, expanded, and reinfused into the patient (Sterner and Sterner, 2021). All these strategies face issues related to effectively delivering immune cells and large molecules (antibodies >150 kDa) within a tumor comprised of chaotic vasculature and a stiff, fibrotic extra-cellular matrix. DSRCT, as its name suggests, is densely stromal, similar in some ways to pancreatic ductal adenocarcinoma, protected by what has been described as a “fibrotic fortress” (Myo Min et al., 2023). This tumor microenvironment (TME) rich in cancer-associated fibroblasts (CAFs) results in not only a physical barrier to drug diffusion and immune cell trafficking, but also promotes immunosuppression through the secretion of chemokines and cytokines that induce differentiation of regulatory T cells and myeloid-derived suppressive cells (Monteran and Erez, 2019). Terry et al. describe various strategies to overcome these challenges specifically in the context of CAR T cells for pediatric sarcomas (Terry et al., 2021), but any of these could be employed to improve efficacy of other immunotherapy strategies as well. Immune checkpoint inhibitors (ICIs), which disrupt immunosuppressive interactions between T cells and tumor cells, rely on both the presence of sufficient numbers of immune cells in the TME and the existence of tumor neoantigens, both of which are commonly lacking in pediatric sarcomas with relatively silent genomes such as DSRCT (Negri et al., 2017; Slotkin et al., 2021b; Wu C. C. et al., 2022; Shiravand et al., 2022; Anzar et al., 2023). While ICIs have led to significant benefits for adult cancers with high mutational burden, they have largely failed in clinical trials for adolescents and young adults with low-mutational burden sarcomas (Tawbi et al., 2017; Blay et al., 2023), although anecdotal reports of partial responses in DSRCT patients do exist (Schöffski et al., 2023). While it is plausible that this class of drugs may synergize with other immunotherapy strategies (T-BsAbs, CAR T cells), as monotherapy they are not promising for DSRCT in the absence of neoantigens and a robust immune cell population in the TME. Recent work on immunotherapy in DSRCT has therefore focused on identifying and developing new targets for antibody-based treatments including 1) testing previously identified DSRCT immunotherapy targets such as B7-H3 in clinical trials, 2) investigating repurposed immunotherapy targets from other cancer types in DSRCT xenograft models, and 3) identifying new, more specific DSRCT immunotherapy targets.
4.2.1 B7-H3
B7 homolog 3 (B7-H3) was the first target antigen identified in DSRCT and since then has been the most well-validated in the clinic (Modak et al., 2002). Its strong, homogenous, and nearly ubiquitous expression in DSRCT makes it an excellent candidate for antibody-based anti-cancer strategies (Modak et al., 2002; Espinosa-Cotton et al., 2023). A Phase I trial of intraperitoneal 131I-omburtamab (a radioantibody targeting B7-H3) opened in 2010 and results indicated that the treatment was safe, well-tolerated, and led to prolonged abdominal progression-free survival (Modak et al., 2020). The follow up Phase II trial opened in 2019 (NCT04022213, Table 3) and is expected to be completed in 2024. If successful, this will represent the first new treatment for DSRCT in decades, and could go on to be tested in other types of B7-H3-expressing cancer that spread within the peritoneum, including colorectal and ovarian cancer (Kontos et al., 2021). One pitfall this therapy will face is the prospect of extra-abdominal relapse, which was noted in several patients in the Phase I trial (Modak et al., 2020). However, strategies to safely administer curative doses of radioimmunotherapy systemically by decreasing myelotoxicity and other normal tissue toxicity are being investigated, including the use of two and three-step platforms and alternative antibody formats (Santich et al., 2021). B7-H3 CAR T cells are in Phase I trials for children and young adults at two different institutions (NCT04483778 and NCT04897321, Table 3) though it is unknown if any DSRCT patients have or will be enrolled in these trials and no results have yet been reported. In 2016, Macrogenics began enrolling pediatric patients with B7-H3-expressing solid tumors in a Phase I clinical trial (NCT02982941) for its Fc-enhanced B7-H3 mAb (enoblituzumab), but aside from a 2017 abstract confirming that enrollment had begun and was to include DSRCT patients, no updates or results have been published as of April 2024 (Desantes et al., 2017).
4.2.2 HER2
Human epidermal growth factor receptor 2 (HER2) is most well-known for its role in breast cancer, for which the anti-HER2 mAb trastuzumab was developed. Since then, HER2 expression has been reported in many other solid tumor types, including sarcomas such as osteosarcoma and DSRCT (Zhang et al., 2003; Tabak et al., 2018; Espinosa-Cotton et al., 2023; Zhu et al., 2023). Because it is a growth factor receptor, anti-HER2 antibody-based therapeutics can inhibit tumor cell growth by downregulating proliferative pathways as well by redirecting immune cells or delivering cytotoxic payloads (Smith et al., 2022). Our group recently investigated a set of 8 potential immunotherapy targets in DSRCT (B7-H3, c-Met, EGFR, GD2, HER2, L1CAM, mesothelin, and polysialic acid) (Espinosa-Cotton et al., 2023). T-BsAb against HER2, EGFR, and mesothelin showed promising results in cytotoxicity assays in vitro and were further investigated in a humanized immunodeficient mouse model of intraperitoneal DSRCT. While T-BsAb targeting EGFR and mesothelin failed to significantly reduce tumor growth, HER2-targeted T-BsAbs displayed potent anti-tumor activity, eliminating tumors derived from two different cell lines with durable responses (Espinosa-Cotton et al., 2023). These findings are bolstered by a 2015 report of a DSRCT patient treated with HER2 CAR T cells in a basket trial for sarcoma patients who had stable disease for over 14 months after the initial infusion (Ahmed et al., 2015). However, it should be noted that this patient’s tumors were localized only to the liver at the time of treatment and they received 8 additional infusions of CAR T cells during their period of disease stabilization. Still, this experience suggests a possibility for HER2 CAR T cells to be safely and repeatedly administered to DSRCT patients to maintain remission. While yet untested clinically in DSRCT, HER2 ADCs are likely to be investigated in the future owing to their success in other HER2-positive solid tumors and the high expression of HER2 in DSRCT. Although trastuzumab deruxtecan failed in a recent Phase I trial for osteosarcoma (OS) (Hingorani et al., 2022), several issues with patient selection in this trial should be noted (Nakano, 2023). Specifically, patients with as few as 10% HER2 positive tumor cells were included, and the type of drug included in the payload, a topoisomerase I inhibitor, has not been shown to be effective against OS. In DSRCT, the topoisomerase I inhibitor irinotecan is under clinical investigation in numerous combinations with promising results and careful trial design could ensure that only patients with strong HER2 expression are included (Espinosa-Cotton et al., 2023; Hovsepyan et al., 2023).
4.2.3 Neopeptides as neoantigens
Another intriguing set of potential DSRCT immunotherapy targets are neopeptides. Fusion proteins are themselves neopeptides with the amino acid sequence at the breakpoint junction serving as a neoantigen that can be targeted by the immune system (Wang et al., 2021). Studies have shown that a variety of fusion protein breakpoints can be recognized by T cells including BCR::ABL in chronic myelogenous leukemia and SYT::SSX in synovial sarcoma (Yotnda et al., 1998; Sato et al., 2002). Yang et al. attributed a complete remission of head and neck squamous cell carcinoma in a patient treated with anti-PD1 to T cells targeting the DEK::AFF2 fusion protein (Yang et al., 2019). In DSRCT, the EWSR1::WT1 breakpoint fuses either EWSR1 exon 7, 9, or 10 to exon 8 of WT1. The most common fusion is between exon 7 of EWSR1 and exon 8 of WT1 which was seen in 43/47 samples in our recent RNA-seq dataset. Work is currently underway using this junction as a therapeutic target and has been presented at conferences but not yet published (Banks et al., 2023).
A second source of neopeptides in DSRCT are neogenes. Neogenes are new genes created by oncogenic transcription factors that lead to novel mRNA in genomic regions normally not transcribed. Vibert et al. identified neogenes induced by the EWSR1::FLI oncoprotein in Ewing sarcoma including a few which are translated into neopeptides (Vibert et al., 2022). Vibert et al. further identified neogenes in 17 additional fusion protein driven cancers, including 37 neogenes in DSRCT. Building on this work, we examined the expression of these neogenes in an independent set of 22 DSRCT samples, finding that most neogenes are consistently expressed in DSRCT tumors (Truong et al., 2024). We further explored the transcriptional control of these neogenes across four DSRCT cell lines and identified seven neogenes whose expression was decreased by at least 75% in all cell lines upon EWSR1::WT1 knockdown (Truong et al., 2024). In Ewing sarcoma, EWSR1::FLI1 driven neogenes have been shown to be translated to neopeptides that are displayed on MHC and can be therapeutically targeted, increasing the probability that a similar therapeutic modality may be developed in DSRCT.
4.3 Combination therapy
While many novel therapies have been tested and demonstrated benefits in preclinical models, almost all have failed to induce durable tumor remission, partly because of tumor heterogeneity, partly because of intrinsic tumor resistance to a single modality approach. Combination therapy will likely be necessary to achieve the desired clinical outcome in DSRCT and could be a productive area of future investigation both in preclinical models and clinical applications. Combination therapy may include multiple inhibitors, multiple immunotherapy targets, or a combination of growth pathway inhibition and immunotherapy. In addition to addressing target heterogeneity, combination therapy takes advantage of fundamental differences in mechanisms of cell killing. For example, immunotherapy is generally not S-phase dependent, a dependency necessary for many chemotherapy drugs, and small molecule targets are often cytostatic hence requiring continuous long term administration unlike CARTs which are living drugs. When drugs that do not share toxicity profiles are combined to achieve synergy, the sum is much more than the parts, when they can be safely administered. In breast cancer, simultaneous inhibition of the estrogen receptor and CDK4/6 leads to greater reduction in RB phosphorylation than monotherapy and has led to significant gains in survival (VanArsdale et al., 2015; Cristofanilli et al., 2016; Turner et al., 2018). A similar strategy in DSRCT could combine an EWSR1::WT1 upstream regulator (yet to be identified) with entrectinib to inhibit NTRK3 or palbociclib to inhibit the CCND-CDK4/6-RB axis. It may also be beneficial to simultaneously inhibit EWSR1::WT1 dependent and independent pathways: for example, combination of EGFR inhibition (EWSR1::WT1 independent) and inhibition of NTRK3 or the CCND-CDK4/6-RB axis (EWSR1::WT1 dependent).
Combining multiple immunotherapy targets may be beneficial to increase specificity or account for expression heterogeneity among tumor cells. Dual targeting antibodies (Huang et al., 2020; Long et al., 2024) combining specificities for HER2 and B7-H3, or HER2 and EGFR may be more specific than bispecific antibodies targeting HER2 alone and thereby reduce on-target off-tumor side effects. Instead of carrying both specificities on the same antibody, multi-specific T cells can be created ex vivo by simple arming of polyclonal T cells with multiple BsAb specific for individual targets before iv injection (Park et al., 2021; Park and Cheung, 2022). Single cell RNA sequencing, proteomics and surfaceomics on DSRCT samples in the future can shed light on the heterogeneity profile of DSRCT cells to inform optimal immune target combination.
Combining critical pathway inhibitors and immunotherapy targets is an intriguing approach, but one where further investigation is required to understand the potential ramifications. Inhibitors could affect not only the DSRCT cells but also immune cells and stromal cells, the latter of which make up a large portion of DSRCT tumors. This could lead to synergistic or antagonistic effects which will likely be inhibitor-specific. BRAF and CDK4/6 inhibitors have recently been shown to increase immune cell infiltration and cytotoxic T cell activity, leading to synergistic effects when combined with immune checkpoint inhibitors in melanoma and lung cancer models (Hooijkaas et al., 2012; Wilmott et al., 2012; Liu et al., 2013; Deng et al., 2018; Lelliott et al., 2022). As CDK4/6 inhibitors have demonstrated efficacy in DSRCT (Magrath et al., 2024a), it may be beneficial to combine them with effective immunotherapy approaches, such as HER2-directed bispecific antibodies. NTRK3 is a particularly interesting target for combining inhibition and immunotherapy as it is both a critical dependency of DSRCT amenable to inhibition and expressed on the cell surface, making it potentially targetable by immunotherapy. In HER2+ breast cancer, inhibition with lapatinib increases the expression of HER2 and improves the efficacy of immune system mediated cytotoxicity induced by the HER2-targeting antibody trastuzumab (Scaltriti et al., 2009). A similar approach could lead to synergy in DSRCT with inhibition of NTRK3 kinase activity combined with NTRK3 targeting bispecific antibodies or CAR T cells. Conversely, combination therapy with an EWSR1::WT1 upstream inhibitor and NTRK3-directed immunotherapy may be predicted to have antagonistic effects. By reducing EWSR1::WT1 expression, the inhibitor could reduce NTRK3 expression and thus the efficacy of NTRK3-directed immunotherapy. Future preclinical investigations should therefore focus on both expanding the pool of DSRCT targeted therapies and testing the potential of combination therapies for synergy or antagonism.
5 CLINICAL TRANSLATION
The recent availability of new DSRCT samples and cell lines has led to a rapid advance in the understanding of DSRCT biology and the identification of a variety of new therapeutic targets. Several of these targets are associated with pharmaceuticals that have already undergone safety testing and been approved by the FDA for the treatment of another malignancy. These targets, including NTRK3, EGFR, and CDK4/6, can be quickly translated to the clinic and should be urgently investigated in DSRCT. Inhibitors to all three of these targets have demonstrated efficacy in cell line-derived and/or patient-derived xenograft models. NTRK3 inhibition demonstrated efficacy in the highest number of PDXs at three and an active study is now examining the potential of the NTRK3 inhibitor PBI-200 in a cohort that includes DSRCT patients (NCT04901806). As none of these therapies are likely to eliminate all DSRCT cells alone, trials with arms for both single and combination therapy may be the best approach moving forward and should be prioritized by sarcoma researchers.
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Protein homeostasis depends on many fundamental processes including mRNA synthesis, translation, post-translational modifications, and proteolysis. In the late 70s and early 80s the discovery that the small 76 amino acid protein ubiquitin could be attached to target proteins via a multi-stage process involving ubiquitin-activating enzymes, ubiquitin conjugating enzymes, and ubiquitin ligases, revealed an exciting new post-translational mechanism to regulate protein degradation. This cellular system was uncovered using biochemical methods by Avram Hershko, who would later won the Nobel prize for this discovery; however, the biological functions of ubiquitin ligases remained unknown for many years. It was initially described that ubiquitin modifies proteins at one or more lysine residues and once a long ubiquitin chain was assembled, proteins were degraded by the proteasome. Now we know that proteins can be mono-, multimono-, homotypic poly-, or heterotypic poly-ubiquitylated, each of which confers a specific signal that goes beyond protein degradation regulating additional key cellular functions such as signal transduction, protein localization, recognition of damaged proteins, etc.
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INTRODUCTION
Protein homeostasis depends on many fundamental processes including mRNA synthesis, translation, post-translational modifications, and proteolysis. In the late 70s and early 80s the discovery that the small 76 amino acid protein ubiquitin could be attached to target proteins via a multi-stage process involving ubiquitin-activating enzymes, ubiquitin conjugating enzymes, and ubiquitin ligases, revealed an exciting new post-translational mechanism to regulate protein degradation. This cellular system was uncovered using biochemical methods by Avram Hershko, who would later won the Nobel prize for this discovery (Varshavsky, 2006); however, the biological functions of ubiquitin ligases remained unknown for many years. It was initially described that ubiquitin modifies proteins at one or more lysine residues and once a long ubiquitin chain was assembled, proteins were degraded by the proteasome. Now we know that proteins can be mono-, multimono-, homotypic poly-, or heterotypic poly-ubiquitylated, each of which confers a specific signal that goes beyond protein degradation regulating additional key cellular functions such as signal transduction, protein localization, recognition of damaged proteins, etc. [for review see (Dikic and Schulman, 2023)].
Cell cycle progression is a highly regulated process that ensures accurate replication of the genetic material of a cell prior to distribution to two daughter cells. Integrity of the process depends on the regulated production and destruction of proteins known as cyclins, which in turn activate cyclin-dependent kinases (CDKs). In the mid 90s, elegant genetic work in yeast, as well as biochemical studies in higher eukaryotes suggested that cyclins were degraded via the ubiquitin system. In the meantime, researchers realized that there were several hundred ubiquitin ligases encoded in the human genome, starting a race to determine their functions. It became clear that the functions of ubiquitin ligases extend way beyond the cell cycle and seem to be involved in many biological processes. The laboratory directed by Michele Pagano contributed substantially to these studies and, therefore, we decided to sit down with him for a “Fireside Chat.” This conversation reveals the motivations and journey of Dr. Pagano, one of the top cancer biologists performing mechanistic studies in the fields of cell cycle control and ubiquitin-mediated degradation. We aim to highlight Dr. Pagano’s scientific success from his viewpoint and share his thoughts on where the field is heading, as well as potential challenges and opportunities.
CONTRIBUTIONS BY MICHELE PAGANO AND HIS LABORATORY
Dr. Pagano obtained an MD and a “specialty diploma” degree (similar to a PhD) in molecular endocrinology from the University of Naples Federico II School of Medicine, Italy. He then did a postdoc with Giulio Draetta at the EMBL in Heidelberg, Germany, and, after Draetta’s move, at the biotech company Mitotix in Boston. Next, he became an Assistant Professor at the New York University School of Medicine (NYUSoM) where he rose thru the ranks and since 2015 has served as the Chair of the Department of Biochemistry and Molecular Pharmacology. His research has been supported by the NIH continuously since 1998 and by the Howard Hughes Medical Institute (HHMI) since 2008.
What made you decide to become a scientist? You started out as a physician. Was there a specific event that led you to discovery-based research?
My interest in science began in my native Naples during high school thanks to the influence of Ugo Moncharmont, a professor of biology. Prof. Moncharmont encouraged me to do an internship in a laboratory located in the basement of the school, culturing monocellular eukaryotic cells, mostly paramecia, and dissecting various species of fish, including little sharks. The great enthusiasm with which Prof. Moncharmont taught biochemistry and biology classes was contagious. He had also a consulting position at the Stazione Zoologica Anton Dohrn, an aquarium and an outstanding research center that attracted scientists from all over the world. Moncharmont often brought some of us to visit the laboratories of the aquarium. Because of these experiences, I wanted to go into basic research in biology, but my father, an MD, hoped that I too would get a medical degree. So, he convinced me to attend medical school with the idea that I could decide later between working as a clinician (as he wanted) or as a researcher (as I wanted). What he forgot is that, during the first 2 years of medical school, which in Italy starts immediately after high school, they teach hard core basic sciences (physics, chemistry, biochemistry, and biology) and this cemented my passion even more. During the last 2 years of my MD degree, I did an internship in general pathology and then, upon graduation I stayed on as a molecular endocrinology fellow to obtain my specialty diploma degree. During these years, I learned the basics of experimental biochemistry and cell biology investigating the regulation of the estrogen receptor.
You completed a successful postdoctoral fellowship – can you give us context on how you decided to join the Draetta lab and what this experience was like?
I reached out to Giulio Draetta, who, after a very successful postdoctoral experience with David Beach at the Cold Spring Harbor Laboratory, had become an independent PI in the same research institute. Giulio accepted me as a postdoc around the same time as he accepted a new position at EMBL, hence instead of moving to New York, I moved to Heidelberg, Germany, for my postdoc. For 2.5 years I had a great experience, surrounded by the international environment of the EMBL and the rich collaborations that we were able to engage there. I was lucky enough to publish three papers in a short time (Pagano et al., 1992a; Pagano et al., 1992b; Pagano et al., 1992c). The first two through a collaboration with Dr. Pidder Jansen-Dürr at the Deutsches Krebsforschungszentrum, also in Heidelberg. These studies were focused on my interest in cyclins, activators of CDKs and how these proteins function to promote DNA replication during S-phase. While all of this was going on, Giulio decided to start a biotech company, Mitotix, which I co-founded. We moved to Cambridge, United States, to set up the company where I started to work on a project aimed at understanding why cyclin D1 is degraded prior to S-phase. We discovered that cells depleted of cyclin D1 synthesize more DNA during DNA repair, suggesting that cyclin D1 inhibits long resection upon DNA damage (Pagano et al., 1994). However, it was not until 30 years later (!) that we would understand the function of cyclin D1 in DNA repair, with us demonstrating that cyclin D1 keeps the mismatch repair pathway in check during G1 (Rona et al., 2024). At Mitotix, I also took on a different project that led to the discovery that p27Kip1, an inhibitor of CDKs, is degraded by the ubiquitin system. This was really novel and well received as, at the time, p27 became one of only two examples of cell cycle regulators being degraded by the ubiquitin system. We published this study in 1995 (Pagano et al., 1995) and after that, I decided to go back to academia and follow my interest in basic research. I applied for an assistant professorship at NYUSoM, where I continue to work today.
What influenced you to select NYUSoM as an academic institution?
I had offers from three institutions in New York City and I am not completely sure why I chose NYUSoM. Partially, it was the respect for Vittorio DeFendi, the person who recruited me–among all the Italian scientists I have ever met, he was one of the warmest and most cultured individuals.
Earlier, you mentioned the importance of collaborations; how have collaborations shaped and impacted your career?
My successes have been heavily influenced by collaborations. Among the most notable was the one with Avram Hershko, who I met at a conference in 1997. We discussed working together to dissect p27 degradation – Avram was very keen to discover the role of ubiquitin in a physiological context. We agreed that he would spend a summer sabbatical in my lab, which actually became seven summer sabbaticals. Avram is also a very warm, authentic person. Even after winning the Nobel Prize for discovery of the ubiquitin system, he has remained not only a great scientist, but also a wonderful person. Having Avram in the lab early in my career not only impacted my science, but it was an amazing experience for everyone in the lab. We ended up publishing nine papers together, which is a great testimony of our collaboration.
What are some significant changes in the focus of your lab over the years?
With Avram, we discovered that p27 is ubiquitylated via SKP2 (Carrano et al., 1999), which is a member of the family of F-box proteins, substrate receptors of CUL1-RING ubiquitin ligase (CRL1) complexes. Following the early focus on p27, my lab became interested in dissecting the functions of other F-box proteins, thinking that other members may also control the cell cycle. In fact, we discovered that β-TrCP targets upstream CDK regulatory proteins, such as CDC25A (Busino et al., 2003), EMI1 (Guardavaccaro et al., 2003), claspin (Peschiaroli et al., 2006), REST (Guardavaccaro et al., 2008), etc. Subsequently, we characterized the role of other F-box proteins (FBXO1, FBXO5, and FBXO11), as well as of substrate receptors of other CRLs in controlling the progression through the cell cycle.
To take an unbiased approach, we performed an siRNA screen to downregulate all 69 F-box proteins in humans and, using various phenotypes as readouts, we asked which of them played a role in cell cycle control. These types of screens can take your research in completely different directions; for example, through this screen we focused on certain F-box proteins only to realize that they are involved in processes outside of (or perhaps upstream to) the cell cycle, like cell signaling, transcription, translation, organelle biogenesis, and even the circadian clock. One notable example was FBXL3, whose downregulation resulted in the inhibition of the intra S-phase checkpoint. Yet, when we purified the FBXL3 complex, we did not find checkpoint regulatory proteins, but the two cryptochrome proteins (CRY1 and CRY2), key regulators of the circadian clock.
Admittedly, I was hesitant to explore the circadian clock at first; it was not until a postdoc, Luca Busino (now an Associate Professor at the University of Pennsylvania) convinced me that maybe the circadian clock controls the cell cycle. This could be one of the reasons for which the cell cycle of proliferating mammalian cells is 24 h. We still do not know how cryptochrome proteins regulate the cell cycle, but Luca’s study turned into a very interesting story, which we were able to publish (Busino et al., 2007) despite our initial collaborator becoming our competitor and rushing the submission of their own paper containing data that reproduced ours before we could submit our own paper. Not all collaborators are like Avram…
Where are we going from here? What’s our next step? We aim to apply our biochemical methods to fields heavily dominated by genetics, which struggle with mechanistic studies, similarly to what we have done for the circadian clock field.
How did you balance the desire to “follow your nose” vs. keeping a focus?
Moving outside to the cell cycle field, I had to study completely different pathways, but learning new things is something I thoroughly enjoy. I was also very fortunate to recruit the right people to the lab, which made it possible for us to take on very different areas of focus. To recruit highly skilled lab members in general is becoming a major challenge today. I was in a lucky position to start my lab at a time when biomedical sciences were exploding (at the time of the doubling of the NIH budget) and many scientists were motivated to go into basic research.
Over your career, what has been the greatest changes to academia as a whole?
As I mentioned, today a major challenge in science is that the pool of postdocs interested in academic work has tremendously decreased. Americans historically are going into other more financially profitable professions. It is also more difficult to attract talent from outside of the US, countries like Asia and Europe, which populated academic US institutions in the past. At NYUSoM (and elsewhere) we increased the salary of postdocs in an attempt to incentivize people to pursue a postdoctoral experience but I believe that the decreased motivation to go into sciences goes beyond just financial benefits. Science requires great resilience; long work hours, continuously applying for grants, fighting problematic reviewers, and all with no guarantee for success. Still, we do it, because research is not a “job” but rather a “call.” This “bohemian” mentality is, for many reasons, disappearing.
There are other reasons why is difficult to recruit highly skilled talent. These days, there are many good biomedical institutes in Asia and Europe, and people can still do great research staying closer to home. Yet, in my opinion, coming to the US has its advantages and is an experience worth doing. Since I have lived and done research in Europe, I can say that the various European countries are very similar to each other, much more than they like to admit. However, there are substantial differences between Europe and the US. For example, US institutions are often very efficient because they are extremely dynamic, while being less hierarchical and less bureaucratic. Moreover, positive influence from the corporate world has helped US institutions manage and attract money in a more efficient way, which is good for science as extra funds are used to improve infrastructure and facilities. In Europe, research institutes are producing high quality science but sometimes they struggle with bureaucracy for grant applications, animal protocols, etc. A postdoctoral experience in the US promotes independence and can teach the American, dynamic mentality - which is very useful going back to Europe to work. And vice versa, some elements of the European background and mentality can be useful if one wants to remain in the US.
With the crisis of postdocs, I fear that in 10 years many of the research buildings recently built will be left empty as there will be no succession plan for current PIs. Of course, with less PIs, perhaps there will be less competition, more funds/capita, higher salaries, etc.; all things that could increase the quality of science. In fact, there is already a tendency to have smaller but more collaborative labs, although this is still hindered by the old model where the first and last authors in publications get most of the credit, which is opposite to the spirit of collaboration. Collaborations are also spurred by the increasing need of different kinds of expertise. In all cases, though, collaborations need to be spontaneous and never imposed from the top, as sometimes happens because administrators decide so.
What is your opinion about the climate of publishing today?
Publishing today is a major issue and it is not helping science. The NIH wanted to change things but, ultimately, they merely asked every grantee to make papers available online 1 year after publication. If they wanted to be really bold, they could have done much more than that, by requesting grantees to upload all papers in a dedicated NIH repository in a peer review-free manner. In fact, in my opinion, peer review is overrated and does not impact what is published, just where is published. I believe that peer review does not significantly improve most papers; it definitely increases the time until publication and consumes much more money, yet the core message of the studies remains largely unchanged in most cases. There are also risks associated with peer review. For example, when the authors need the publication to apply for jobs, promotions, or grant applications this generates a conflict of interest, and unreproducible results could result from the pressure put on by reviewers. Moreover, to publish papers in high impact journals, authors may spin the story to make it to appear more interesting. If scientists could publish directly in a repository, time and money would be saved, and potentially this could also lead to more reproducible results. Additionally, all the time and efforts in the review process can be saved and invested into better studies. In other terms, we could save billions of dollars, which include the large amount of scientists’ time spent in peer reviewing papers, by eliminating peer review and the for-profit publishing system. I do realize, though, that this may not be a very popular view…
How about scientific discussions at conferences? Were they more intense or honest 20–25 years ago compared to now?
When I started with research, the scientific community was smaller, everybody knew each other, and conferences were a sort of work in progress to present new data and hypotheses. There were more discussions, sometimes even animated since when people actual know each other, it was easier to express honest opinions, even if contrasting. Parenthetically, back then, everyone knew if a lab consistently produced work that could not be reproduced, and such a lab would be marginalized unless they corrected their course. Now the community is so large that only a small percentage of people know the rigor of the work in each lab, so, those who cheat have an easier life than they did before.
How can we ensure quality control?
The only way to assess the quality of a study is to carefully read the paper and for other labs to do studies that confirm the finding. For new recruits and promotions, not only do you have to read their papers, but letters of recommendation play a role. I believe that we should call referees on the phone and listen to their input. It is also beneficial to talk to trainees and colleagues directly. Of course, all of this takes more work and time but the outcome would improve the quality of the scientific community.
What is exciting to you right now in science?
I am really happy when I find the right people to interact with, both inside and outside my lab. People who are truly interested about noteworthy biological problems. I need an intellectually stimulating environment since, at the end of the day, this is an intellectual job. Yet, intellect and heart cannot be completely separated. This is why we use words as love and passion when talking about this job. As Carlos Castaneda wrote in his book “The Teachings of Don Juan,” this work is worth all the efforts when “traveling on paths that have heart.”
In your office, you display on the wall all the laptops from your career. What is the purpose?
There will be one more soon! I do not have the talents of my father who can paint (M.P. is pointing to a beautiful oil painting on the wall) (Figure 1). My “Mac installation” (Figure 2) is my way of expressing my own artistic creativity outside of science.
[image: Figure 1]FIGURE 1 | Photo of paintings by Michele’s father, artist Dr. Renato Pagano. Michele jokes that the first two remind him of academic meetings and the last painting reminds him of the view from his office window. Photograph by the authors, published with Dr. Michele Pagano's permission.
[image: Figure 2]FIGURE 2 | Dr. Michele Pagano’s office wall installation of all his (past) Mac laptops. Photograph by the authors, published with Dr. Michele Pagano's permission.
CONCLUSION
There are many open questions in the field of ubiquitin research that include elucidating the ubiquitin code, understanding the 3-dimensional structure of various classes of ubiquitin ligases, and determining the physiological functions of ubiquitin ligases. These investigations require the contribution of many laboratories, a lot of time and effort that will help to understand not only basic biology but also the development of diverse diseases.
We thank Michele Pagano for this informative fireside chat. More information about Michele Pagano can be found at: https://med.nyu.edu/faculty/michele-pagano; https://www.hhmi.org/scientists/michele-pagano; https://www.paganolab.org/
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding authors.
AUTHOR CONTRIBUTIONS
PK: Conceptualization, Project administration, Writing–original draft, Writing–review and editing. LP: Conceptualization, Project administration, Writing–original draft, Writing–review and editing.
FUNDING
The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. PK is supported by the Swedish Research Council (2021-01331), the Swedish Cancer Society (Cancerfonden; 21-1566Pj), the Crafoord Foundation (Ref. No. 20220628), the Faculty of Medicine, Lund University, the Swedish Foundation for Strategic Research Dnr IRC15-0067, and Swedish Research Council, Strategic Research Area EXODIAB, Dnr 2009-1039. LAP is funded by the Canadian Institutes of Health Research (202209PJT-486378-CBB-CEOA-145983), Natural Sciences and Engineering Council of Canada (RGPIN-04144), Cancer Research Society, Breast Cancer Society of Canda (2024-003), Ontario Institutes of Cancer Research, CTIP program, WE-SPARK Incentive Grant Program and Prostate Cancer Fight Foundation, Ride for Dad. The funders had no role in study design, data collection and interpretation, or the decision to submit the work for publication.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
	 Busino, L., Bassermann, F., Maiolica, A., Lee, C., Nolan, P. M., Godinho, S. I. H., et al. (2007). SCFFbxl3 controls the oscillation of the circadian clock by directing the degradation of cryptochrome proteins. Sci. (New York, N.Y.) 316 (5826), 900–904. doi:10.1126/science.1141194
	 Busino, L., Donzelli, M., Chiesa, M., Guardavaccaro, D., Ganoth, D., Dorrello, N. V., et al. (2003). Degradation of Cdc25A by beta-TrCP during S phase and in response to DNA damage. Nature 426 (6962), 87–91. doi:10.1038/nature02082
	 Carrano, A. C., Eytan, E., Hershko, A., and Pagano, M. (1999). SKP2 is required for ubiquitin-mediated degradation of the CDK inhibitor p27. Nat. Cell Biol. 1 (4), 193–199. doi:10.1038/12013
	 Dikic, I., and Schulman, B. A. (2023). An expanded lexicon for the ubiquitin code. Nat. Rev. Mol. Cell Biol. 24 (4), 273–287. doi:10.1038/s41580-022-00543-1
	 Guardavaccaro, D., Frescas, D., Dorrello, N. V., Peschiaroli, A., Multani, A. S., Cardozo, T., et al. (2008). Control of chromosome stability by the beta-TrCP-REST-Mad2 axis. Nature 452 (7185), 365–369. doi:10.1038/nature06641
	 Guardavaccaro, D., Kudo, Y., Boulaire, J., Barchi, M., Busino, L., Donzelli, M., et al. (2003). Control of meiotic and mitotic progression by the F box protein beta-Trcp1 in vivo. Dev. Cell 4 (6), 799–812. doi:10.1016/s1534-5807(03)00154-0
	 Pagano, M., Draetta, G., and Jansen-Dürr, P. (1992b). Association of cdk2 kinase with the transcription factor E2F during S phase. Sci. (New York, N.Y.) 255 (5048), 1144–1147. doi:10.1126/science.1312258
	 Pagano, M., Dürst, M., Joswig, S., Draetta, G., and Jansen-Dürr, P. (1992a). Binding of the human E2F transcription factor to the retinoblastoma protein but not to cyclin A is abolished in HPV-16-immortalized cells. Oncogene 7 (9), 1681–1686.
	 Pagano, M., Pepperkok, R., Verde, F., Ansorge, W., and Draetta, G. (1992c). Cyclin A is required at two points in the human cell cycle. EMBO J. 11 (3), 961–971. doi:10.1002/j.1460-2075.1992.tb05135.x
	 Pagano, M., Tam, S. W., Theodoras, A. M., Beer-Romero, P., Del Sal, G., Chau, V., et al. (1995). Role of the ubiquitin-proteasome pathway in regulating abundance of the cyclin-dependent kinase inhibitor p27. Sci. (New York, N.Y.) 269 (5224), 682–685. doi:10.1126/science.7624798
	 Pagano, M., Theodoras, A. M., Tam, S. W., and Draetta, G. F. (1994). Cyclin D1-mediated inhibition of repair and replicative DNA synthesis in human fibroblasts. Genes and Dev. 8 (14), 1627–1639. doi:10.1101/gad.8.14.1627
	 Peschiaroli, A., Dorrello, N. V., Guardavaccaro, D., Venere, M., Halazonetis, T., Sherman, N. E., et al. (2006). SCFbetaTrCP-mediated degradation of Claspin regulates recovery from the DNA replication checkpoint response. Mol. Cell 23 (3), 319–329. doi:10.1016/j.molcel.2006.06.013
	 Rona, G., Miwatani-Minter, B., Zhang, Q., Goldberg, H. V., Kerzhnerman, M. A., Howard, J. B., et al. (2024). CDK-independent role of D-type cyclins in regulating DNA mismatch repair. Mol. Cell 84 (7), 1224–1242.e13. doi:10.1016/j.molcel.2024.02.010
	 Varshavsky, A. (2006). The early history of the ubiquitin field. Protein Sci. 15 (3), 647–654. doi:10.1110/ps.052012306

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.
The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.
Copyright © 2024 Kaldis and Porter. 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.
		SPECIALTY GRAND CHALLENGE
published: 19 September 2024
doi: 10.3389/fcell.2024.1467261


[image: image2]
Embryonic development grand challenge: crosslinking advances
Beate Brand-Saberi*
Department of Anatomy and Molecular Embryology, Institute of Anatomy Universitaetsstrasse, Ruhr University Bochum, Bochum, Germany
Edited and reviewed by:
Amanda Gay Fisher, University of Oxford, United Kingdom
* Correspondence: Beate Brand-Saberi, beate.brand-saberi@rub.de
Received: 19 July 2024
Accepted: 03 September 2024
Published: 19 September 2024
Citation: Brand-Saberi B (2024) Embryonic development grand challenge: crosslinking advances. Front. Cell Dev. Biol. 12:1467261. doi: 10.3389/fcell.2024.1467261

Research on embryonic development is entering into a new era. As a traditionally descriptive discipline within anatomy, embryologists have formed international consortia and digitized important histological collections for preservation and open access. Embryonic development has recently received a wider attention in context with temporo-spatial transcriptomics at single cell level. These can be expected to fuel the realization of the transdisciplinary significance of efforts to decipher embryonic development. Addressing its complexities encompasses a wealth of challenges that intersect across the domains of science, society, and politics underlining its outstanding importance as well as its inherently interdisciplinary nature. The challenges of this field are by no means confined to understanding the intricate biological mechanisms but also have humanitarian implications. To fully appreciate the mechanisms underlying human development, principles of embryogenesis have predominantly been analyzed employing animal models which allow us to broaden our view on developmental processes. As a result of recent pioneering work and technical progress centered around stem cell-based 3D approaches, we are entering into a historical new phase of learning about mammalian embryonic development. In vertebrates, a growing concern now focuses the reduction of animal experimentation. This perspective article outlines the major challenges in this amazing field that offer an enormous potential for basic biomedical sciences as well as related translational approaches if they are tackled in a multidisciplinary discourse.
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INTRODUCTION
Embryonic development has moved forward as a discipline that is entering into a new complex and amazing phase. As a traditionally descriptive discipline within anatomy, embryologists have assembled into international consortia (Brand-Saberi et al., 2012) and digitized important histological collections of high quality (Hill, 2019; Maricic et al., 2019; Figure 1). Embryology has recently received a wider attention in context with temporo-spatial transcriptomics at single cell level such as the human cell atlas project (Zhang et al., 2023; https://www.humancellatlas.org) that will help tremendously in the realization of the transdisciplinary significance of efforts to decipher embryonic development. Addressing its complexities encompasses a wealth of challenges that intersect across the domains of science, society, and politics underlining its outstanding importance as well as its inherently interdisciplinary nature. The challenges of this field are by no means confined to understanding the intricate biological mechanisms but extend to ethical, legal, social and philosophical implications. To fully appreciate the mechanisms underlying human development, principles of embryogenesis have been mainly analyzed employing animal models which allow us to widen our view on developmental processes. As a result of recent pioneering work and technical progress centered around stem cell-based 3D approaches, we are entering into a historical new phase of learning about mammalian embryonic development (Dupont, 2024). Simultaneously, ethical concerns strive to reduce the extent of animal experimentation, particularly of vertebrates.
[image: Cross-sectional anatomical illustration of a human abdomen, showing internal organs. The kidneys, spine, and part of the digestive system are visible, with tissues and structures in varying shades of red and brown.]FIGURE 1 | Digitized frontal section of a Carnegie stage 21 (22.5 mm) human embryo from Professor Klaus Hinrichsen’s histological collection of human embryos at Ruhr University Bochum, Germany. The thoracic cavity with pleural sacs and the developing lungs is in the center of the section. The esophagus is located ventral to the tracheal bifurcation. The section passes through the skull base cranially with myelencephalon and fourth ventricle and the caudal part of the spinal cord at the opposite end (Hill, 2024).
This perspective article outlines the major challenges in this amazing field that offer an enormous potential for basic biomedical sciences as well as related translational approaches if they are tackled in a multidisciplinary discourse.
ETHICAL CONSIDERATIONS AND HUMAN RIGHTS
A paramount challenge in human embryonic development research is navigating the ethical landscape. The use of human preimplantation stage embryos for research has prompted global-scale ethical discussion, including the moral status of the embryo and the rights it should be afforded. Human stem-cell-derived embryo-like structures (embryoids) can nowadays develop a remarkable maturity (Bian et al., 2018; Trujillo et al., 2019). When generating complex neural structures such as mini-brains that sometimes display electrical patterns resembling those of prematurely born babies, we will have to rethink the emergence of mental phenomena such as consciousness.
When we strive to understand more and more the immensely complex interactions between the components of living tissues, one of the greatest challenges will be to closely observe (and to define) the transition between inanimate matter and living beings. This aspect impressively reflects the genuine and close associations between our curiosity regarding our personal origin (i.e., embryonic development) and the most profound philosophical questions about life (Gómez-Márquez, 2023).
Balancing the potential benefits of embryonic research in treating diseases against ethical concerns is a delicate endeavor, necessitating a consensus that respects diverse viewpoints and upholds human dignity. Varying legal frameworks across countries create a fragmented landscape for embryonic development research. Some nations allow extensive research under strict guidelines, while others impose severe restrictions or outright bans. Establishing international standards and regulations that accommodate ethical considerations while fostering scientific advancement is crucial. Such frameworks must also address issues of genome editing technologies, like CRISPR, ensuring responsible use in embryonic research.
THE 3R’S IN ANIMAL DEVELOPMENTAL RESEARCH
Thinking outside the box of human development, we have been able to learn by looking at other organisms: The animal kingdom offers a wealth of stunning mechanisms during development and regeneration that can certainly broaden our mind in general, as well as towards innovative therapeutic approaches. However, our society is searching intensely for new ways for the replacement, reduction and refinement (3R’s) of animal experiments and encourages novel approaches to achieve this goal. While feasible and desirable to a certain extent, especially when considering animal experiments as a surrogate for experiments on human cells, tissues and organs, we should not forget that important mechanisms have been highly conserved during evolution and a considerable part of our knowledge about the molecular mechanisms and control of development in humans results from various well-established model organisms. By stem cell-based novel 3D-approaches like organoids and Organ-on-Chip we cannot only contribute to the reduction of animal experimentation, but at the same time obtain a much more accurate insight into human development that enables disease modelling including personalized medicine. Hence, both the human and non-human approach are contributing in their own way decisively to the elucidation of embryonic development.
SCIENTIFIC CHALLENGES AND TECHNOLOGICAL LIMITATIONS
Despite major advances, significant scientific challenges remain in fully understanding embryonic development. These include elucidating the complex signaling pathways, genetic factors, and environmental influences that dictate embryonic growth and differentiation. Overcoming technological limitations in imaging, gene editing, and in vitro culture systems is vital for advancing our understanding as well as for appropriately addressing developmental disorders and infertility. Last, but not least, human embryonic development is not taught in depth in most regular curricula of medical education and is only sporadically offered to students of biology and related biomedical programs. This inevitably restricts the view of future generations to the three dimensions of adult - often male - human biology and medicine by neglecting the critical time dimension of human life from fertilization to adulthood, quite in contrast to the well-established field of degenerative disease and aging (Burggren and Mueller, 2015).
SOCIETAL IMPLICATIONS AND INTERDISCIPLINARY COLLABORATION
Embryonic development research often sparks intense public debate, influenced by cultural, religious, and personal beliefs. Misinformation and misconceptions about the nature and goals of such research can hinder its acceptance and support. Engaging with the public through transparent communication, education, and dialogue is essential to build trust and consensus on the ethical pursuit of embryonic development research.
One of the most eminent challenges related to in depth embryonic development research is its interdisciplinary nature. It is inevitable to crack the discipline boundaries between quite diverse fields of biology, medicine, ethics, and law. Fostering collaboration across these fields is essential for holistic understanding and responsible advancement. Creating platforms for a genuine problem-centered dialogue and cooperation among scientists, ethicists, legal experts, and policymakers will be necessary to facilitate efficient and balanced approaches to research and its applications.
The environmental impact of research practices, including the use and disposal of biological materials, chemicals, climate and resources, needs consideration. Adopting sustainable practices in research laboratories and considering the long-term ecological impacts of scientific advancements in embryonic development are challenges that require innovative solutions and responsible stewardship.
The rapid pace of technological advancement presents both opportunities and challenges. Innovations such as artificial placentas and enhanced genetic editing tools promise to revolutionize our understanding and manipulation of embryonic development. Single-cell sequencing and big data handling require new avenues of qualification for researchers which should not supersede the traditional basic competencies, such as the interpretation of morphological findings. Only a combination of expert views from different angles will enable the scientific community to tackle unforeseen ethical, legal, and social challenges that our societies must be prepared to address in a responsible way.
NEW INSIGHTS INTO HISTORICAL DISASTERS AFFECTING HUMAN EMBRYONIC DEVELOPMENT
Disruption of embryonic development by exposure to physical and chemical, biological and pharmacological and other noxa the effects of which may currently still be unknown require interdisciplinary efforts for elucidation. The gained knowledge regarding the molecular and cellular mechanisms of teratogenesis will exert a meaningful impact on our society and protect future generations (Vargesson and Hootnick, 2017; Holmes et al., 2018; Vanderhaeghen et al., 2021).
The underlying causes of human malformations can either be genetic alterations or disturbances in gene regulation. The prodigious progress of epigenetics has opened another essential molecular dimension to the elucidation of physiological and teratogenic processes (Walker and Burggren, 2020; Wan et al., 2021) that impressively underscores the importance of a transdisciplinary approach on embryonic development. The latter also comprises genes controlling cell metabolism, survival and proliferation. A key element in the influence of environmental factors that can disturb developmental processes is the oxygen level and resulting production of reactive oxygen species (ROS) in the tissue which in turn can be influenced by pharmacological interventions (Danielsson et al., 2023; Burggren, 2021; Fowden and Forhead, 2015). Catastrophic scenarios such as the teratogenic effect of thalidomide (Vargesson, 2003; 2015; 2023) and Misoprostol/Duogynon (Danielsson et al., 2023), have until now only partially been elucidated, despite them happening several decades ago. Recent challenges in the molecular analysis of developmental defects involve epigenetic mechanisms that unfold their effects even after the exposure has ceased, as well as vertical transmission across generations (Hougaard, 2021). The availability of big data screens and the power of bioinformatical tools hold enormous promise for elucidating many of the open questions soon.
IMPLICATIONS FOR BALANCING DISCIPLINES IN HIGHER EDUCATION
Responsibility for our society comprises efforts to train specialists whose competencies contribute to effective interdisciplinary approaches, especially in the biomedical disciplines. This may involve transnational approaches and international networking exceeding the average research collaborations. Young scientists embarking on a career in the field of the molecular control of embryonic development are entering an exciting and dynamic area of research that has far-reaching implications for both scientific understanding and clinical practice. Career prospects for young scientists in this field often start in our medical faculties which have a crucial role in training the next-generation of healthcare professionals and researchers. They must provide comprehensive and up-to-date curricula that incorporate the latest research findings and methodologies on the solid ground of a profound understanding of biological, chemical and physical processes. Only a solid scientific basis can lead to a competent interpretation of the cellular processes in normal and abnormal development (Burggren, 2020). Research departments can foster interdisciplinary connections and provide platforms for knowledge exchange.
Medical faculties could contribute efficiently with great impact by counteracting the growing tendency to eliminate embryology from their curricula and instead actively engage in research related to harmful conditions such as oxidative stress and other threats to physiological embryonic development. This includes conducting clinical trials, translational research, and epidemiological studies to address pressing societal health issues under rapidly changing social and environmental conditions.
Raising awareness of the importance of research on oxidative stress caused by various scenarios and adversely affecting prenatal development is pivotal to combatting its impact on public health. Faculties should educate young scientists also regarding ethical principles and provide guidance on navigating these challenges.
Medical faculties have a vital role to play in nurturing and supporting these scientists, ensuring that their work leads to advancements in maternal and child health and the broader field of medicine. As this field continues to evolve, young scientists will be at the forefront of discoveries that have the potential to transform healthcare and improve the lives of future generations.
PERSPECTIVE
The future of embryonic development research holds immense potential for understanding human biology with the goal of preventing or treating a plethora of malformations and serious health conditions. However, navigating the complex web of ethical, legal, scientific, and social challenges requires a multidisciplinary and thoughtful approach. By fostering dialogue, enhancing collaboration, and prioritizing ethical considerations, we can responsibly harness the power of embryonic development research for the betterment of humanity. The journey ahead is fraught with challenges, but with concerted efforts, we can pave the way for a future where scientific advancements and ethical principles coalesce to improve human health and understanding.
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The endothelial cells of the blood circulation are exposed to hemodynamic forces, such as cyclic strain, hydrostatic forces, and shear stress caused by the blood fluid’s frictional force. Endothelial cells perceive mechanical forces via mechanosensors and thus elicit physiological reactions such as alterations in vessel width. The mechanosensors considered comprise ion channels, structures linked to the plasma membrane, cytoskeletal spectrin scaffold, mechanoreceptors, and junctional proteins. This review focuses on endothelial mechanosensors and how they alter the vascular functions of endothelial cells. The current state of knowledge on the dysregulation of endothelial mechanosensitivity in disease is briefly presented. The interplay in mechanical perception between endothelial cells and vascular smooth muscle cells is briefly outlined. Finally, future research avenues are highlighted, which are necessary to overcome existing limitations.
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1 INTRODUCTION
Endothelial cells are subject of mechanical cues from their microenvironment. They form a continuous monolayer at the inner side of vessels, and thus, they are located at the interface of the blood flow and the vessel wall. This specific location of endothelial cells enables them to sense mechanical cues, such as forces that can alter endothelial cell functions. Moreover, due to the blood flow–vessel wall interface location, endothelial cells can serve as mechanical transducers for neighboring cells, such as vascular smooth muscle cells (VSMCs). In turn, from a mechanical viewpoint, VSMCs may act as regulators of the endothelial cell shape and function. Apart from VSMCs, the morphology and functions of endothelial cells are mainly controlled by the blood pressure and extracellular matrix (ECM). The intricate hemodynamic milieu exposes mechanical signals toward endothelial cells in a direct manner, such as tensile forces. These tensile forces strain endothelial cells (Raupach et al., 2007) and strengthen their cell–cell junctions. These mechanical cues are converted into biochemical messages and determine numerous facets of cell fate and determinacy, ranging from endothelial cell proliferation, differentiation, motility, adhesiveness, cell death, and survival. The hemodynamic shear stress has been revealed as a major and relevant determinant of endothelial functionality and shape. Arterial shear stress above 15 dyne/cm2 causes endothelial dormancy and an atheroprotective gene expression pattern. In contrast, a low shear stress of less than 4 dynes/cm2 is predominant at atherosclerosis-prone locations and induces an atherogenic phenotype. In large arteries of healthy individuals, average wall shear rates of 80–400 s-1 and maximum wall shear rates of 900–1,600 s-1 have been determined. Major veins have a larger diameter and less fluid velocity, which leads to lower shear rates (Stroev et al., 2007; Tinken et al., 2009). Likewise, the average shear stress is usually higher in the arterial system, which is between 4 and 70 dynes/cm2, than in the venous system, which ranges from 1 to 6 dynes/cm2 (Malek et al., 1999). Pathological vessels suffering from stenosis exhibit abrupt alterations in vessel diameter, which can modify the normal flow profile and generate shear stresses of over 1,000 dynes/cm2 (Strony et al., 1993). Even though smaller vessels demonstrate reduced fluid velocities, the reduction in the diameter of the vessel is accompanied by an escalation in shear stress and shear rate. In vivo determinations of maximum and average shear rates in 6–12-µm precapillary arteries yielded values of 733–6,562 s-1 and 587–3,515 s-1, respectively (Koutsiaris et al., 2013; Sakariassen et al., 2015).
In adults, maintaining normal blood pressure is also critical for the sustenance of vascular structure and functionality. The pulsatile characteristic of blood pressure produces radial and axial forces, mainly in the shape of cyclic dilation and shear flow, which have a lasting impact on the make-up of the vessel walls so that high blood pressure causes thickening and stiffening of the arterial walls (Laurent and Boutouyrie, 2020; Humphrey, 2021). The friction generated between the blood and the vessel wall produces fluid shear stresses running parallel to the vessel surface, acting primarily on the endothelial cells at the vessel wall boundary (Chiu and Chien, 2011; Roux et al., 2020); circumferential stresses act vertically to the vessel wall on all cells in the vessel wall, such as endothelial cells and VSMCs (Davis et al., 2023; Katoh, 2023).
Endothelial cells sense mechanical forces through specific molecules or structures referred to as mechanosensors. Mechanosensors are first responses to alterations in the mechanical surroundings, and many of them are located at the cell’s plasma membrane. Mechanosensors can transduce extracellular mechanical cues into intracellular chemical signals and initiate signaling pathways, following the engagement of adapter molecules. The process involved is known as mechanotransduction, a mechanism consisting of a series of signaling processes triggered by mechanical impulses. Apart from the activation of mechanosensors, physical forces impact the fluidity of the plasma membrane and cause alterations in protein assemblies on the plasma membrane, which is associated with changes in intercellular junctions, cell–ECM connectivity, cytoskeletal remodeling, and, subsequently, transcriptional reactions in sculpting certain cell phenotypes. The endothelium can perceive these mechanical signals and assimilate inputs from various kinds of physical stimuli, which is of vital importance for the control of vascular functions. The functions of endothelial cells lie in the production of messenger molecules that regulate vascular tone, vascular flow, activity of immune cells, and adhesion, which are all involved in the maintenance of blood pressure and perfusion (Félétou and Vanhoutte, 2006; Moncada and Higgs, 2006). These various endothelial functions are depicted in Figure 1 and also comprise regulation of overall vessel integrity, angiogenesis, hemostasis, vascular growth, vessel restructuring, and growth of tissues, as well as metabolism.
[image: Figure 1]FIGURE 1 | Various endothelial cell functions in the vascular system.
Endothelial function homeostasis is prevalent under physiological conditions, whereby the endothelium keeps an equilibrium between vasodilation and vasoconstriction, impairment and fostering of the migration and proliferation of VSMCs, and fibrinolysis and thrombogenesis, as well as hindering and encouraging the adhesion and platelet agglomeration (Risman et al., 2023). Endothelium-originated molecules with vasodilatory and antiproliferative actions comprise endothelium-derived hyperpolarizing factor (EDHF) (Chen et al., 1988), nitric oxide (NO) (Garty and Palmer, 1997), and prostacyclin (PGI2) (Moncada et al., 1976), whereas endothelin-1 (ET-1) (Yanagisawa et al., 1988), angiotensin II, and reactive oxygen species (ROS) belong to the factors that enhance vasoconstrictive processes (Endemann and Schiffrin, 2004; Just et al., 2008). Endothelial cells also secrete antithrombotic molecules such as NO and PGI2, both of which suppress platelet aggregation, and prothrombotic molecules, such as the von Willebrand factor that fosters the aggregation of platelets and plasminogen activator inhibitor-1 (PAI-1) that blocks fibrinolysis (Risman et al., 2023). In contrast, the dysregulation of homeostasis is tethered to pathological conditions, comprising atherosclerosis, hypertension, cancer metastasis, and diabetes (hampered endothelium-based vasodilation).
In mechanobiological research, the endothelium has been found to be predestined for mechanical analyses because of its appearance as a mostly closed monolayer, the internal apical–basal polarity of endothelial cells, the barrier function of the endothelium, the facilitation of transmigration of immune cells and cancer cells, angiogenesis, and the ease of stimulation. Several mechanosensory elements have been identified, and it has been proposed that the perception of mechanical signals enables the endothelial cells to mechanically analyze their environment and react to changes. There is still much to be done in the field of physical characterization of individual endothelial cells and the perception of physical changes in the environment by endothelial cells regarding their function. The key goals of this review article are, first, to introduce the mechanical environment of endothelial cells lining blood vessels. Second, the most important mechanosensory proteins on endothelial cells are presented. Third, the prominent membrane structures serving as mechanosensors are discussed. Fourth, the coupling between mechanosensation and endothelial cell functions is highlighted. Fifth, the deregulation of the mechanosensory system in pathological conditions is discussed. Sixth, future research directions in the fields of physiology and pathology are predicted.
2 PHYSICAL ENVIRONMENT TO WHICH THE ENDOTHELIAL CELLS IN THE BLOOD VESSELS ARE EXPOSED
It is important to describe which biomechanical forces are relevant for endothelial function and possibly for dysfunction, e.g., endothelial cells lining the lumen of different types of (mostly distensible) vessels. The physical environment of the endothelium consists of a series of interconnected stresses (for definitions see Box 1) that fit into two general classes. The blood vessels are, therefore, not exposed to hydrostatic pressure as such but to the distension that accompanies a rise in (blood) pressure, which stresses the contacts between the neighboring endothelial cells. Hydrostatic pressure is the amount of pressure that a fluid column, e.g., blood, creates when it is trapped in blood vessels or heart chambers. The circulatory system depends on hydrostatic pressure to govern the blood flow and ensure optimized perfusion of organs and tissues. The hydrostatic pressure inside the blood vessels fluctuates according to parameters such as the position of the vascular tree and the level of the pathological disorder. Gravity increases the hydrostatic pressure in the lower body limbs. In the case of pathological states such as high blood pressure, the hydrostatic pressure can rise and result in endothelial malfunction and damage to the blood vessels (Weenink and Wingelaar, 2021). The intensity of this force is several orders of magnitude higher than the shear stress to which only the endothelial cells (but not other cells inside the vessel wall) are subjected. This is the most physiologically pertinent biomechanical force for endothelial cells, which possess an augmentation mechanism at their cell–cell junctions to perceive it more effectively. Most notably, it controls the synthesis of endothelial NO (Vozzi et al., 2014). NO is a highly relevant mediator that mainly governs the phenotype of the endothelial cells themselves, both in the microcirculation in which unidirectional shear stress is mostly dictated by narrowing of the lumen caused by vasoconstriction and at bifurcations or bends of large conduit arteries, in which it declines and undergoes oscillatory behavior, leading to atherogenesis.
Vascular endothelial cells are affected in vivo by two different hemodynamic forces: cyclic strain due to the distension (dilatation) of the vessel wall caused by transmural pressure and shear stress, and the frictional force created through blood flow (Ballermann et al., 1998). Shear stress operates at the apical cell surface to distort cells in the blood flow direction; wall stretch tends to distort cells in all orientations (Ballermann et al., 1998). The response to shear stress is at least partially distinct from the reaction to cyclic elongation, implying that elongation of the cytoskeleton by itself is not sufficient to account for it. Acute shear stress in vitro causes fast cytoskeletal reorganization and activates endothelial cell signaling pathways, leading to acute liberation of NO and prostacyclin, activation of transcription factors, such as nuclear factor (NF)κB, c-fos, Nrf2, c-Jun, and SP-1 (Chien et al., 1998; Wilson et al., 2000; Dai et al., 2007; Hahn et al., 2009). Thereby, the transcription of genes, comprising ICAM-1, VCAM-1, MCP-1, tissue factor, platelet-derived growth factor-B (PDGF-B), transforming growth factor (TGF)-β1, cyclooxygenase-II, and endothelial nitric oxide synthase (eNOS), is activated (Wilcox et al., 1988; Nakashima et al., 1998; Viñals and Pouysségur, 2001; Chien, 2003; Tang et al., 2014; Tran et al., 2022). This type of reaction thus has analogies with the reactions of endothelial cells reacting to inflammatory cytokines (Wautier and Wautier, 2021). In sharp distinction, endothelial cells adjust to chronic shear stress through reshaping and thinning their architecture to mitigate shear stress (Zhong et al., 2020). These bordered cells adhere strongly to their substrate and exhibit indications of cell differentiation (Gifre-Renom et al., 2022). The elevated adhesion, following chronic shear stress, has been artificially generated to produce vascular grafts with confluent endothelial cell monolayers that are better preserved post-implantation in vivo, thereby surmounting a principal hurdle to endothelization of vascular grafts (Dardik et al., 1999). In the following, the cyclical strain and the shear stress are defined by physical equations.
2.1 Cyclical strain
Cyclic strain, especially in arteries and heart valves, is the periodic distortion of blood vessels due to pulsatile blood flow. The vessel wall is cyclically dilated and relaxed because of this mechanical stress, which triggers a reaction in the endothelial cells (Katoh, 2023). The blood flow triggered by myocardial spasm and relaxation generates cyclic tension on the walls of the arteries. The magnitude and length of cyclic stretch are determined by blood pressure, diameter of the vessel, and compliance (Brozovich et al., 2016). Cyclic stress has been found to impact the proliferation of endothelial cells, migration, and the liberation of vasoactive molecules. It has also been implicated in vascular smooth muscle cell attachment, inflammation, restructuring of the ECM, and expression of genes (transcriptional profile). For example, stretch-activated ion channels, focal adhesions and focal adhesion complexes, and integrins are representative mechanosensitive proteins that transmit the reaction of arterial endothelial cells toward cyclic stretching (Baeyens et al., 2014; Zhang et al., 2020).
In vivo, endothelial cells are subjected to two principal hemodynamic forces: transmural pressure gradients and wall shear stress. In blood vessels in vivo, these forces fluctuate in a pulsatile manner, apart from those points where the pressure curve of the heart has been attenuated due to high upstream resistances. Transmural pressure gradients cause vessel wall distention and generate the emergence of wall tension (T), as provided in Equation 1 using Laplace’s law:
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where [image: image] denotes the transmural pressure gradient and r stands for the vessel radius. The wall tension is, therefore, in direct proportion to the transmural pressure gradient and the diameter of the vessel. Transmural pressure gradients lead to the development of wall tension, which causes the cells to elongate and deform in all directions. The vessel wall’s distensibility is dictated through its thickness, its constitution, and the extent of contraction of smooth muscle cells (Katoh, 2023). Since wall tension increases with the growing vessel diameter, for a given transmural pressure gradient, tension is maximized in vessels characterized as highly distensible. The tension propagates throughout all structural constituents of the vessel wall, incorporating the extracellular connective tissue and the cytoskeleton of the cells that it is composed of. The tension is transferred to the cell cytoskeleton at the sites of cell–cell and cell–matrix attachment, at which the cytoskeleton links to adhesion molecules on adjacent cells or to matrix moieties through various transmembrane proteins. In highly distensible vessels, the extent of cell cytoskeleton deformation and tension resulting from transmural pressure gradients may be extremely pronounced. Wall shear stress exerts its strong vascular actions not through a mechanical effect on the vascular structure itself but solely by initiating biological signaling and is several orders of magnitude lower than other mechanical stresses acting on the coronary arteries, such as tensile or compressive stresses (Gijsen et al., 2019).
BOX 1 Definitions of mechanical terms
Axial stress = This refers to a normal stress that is positioned parallel to the symmetrical axis of the cylinder.
Circumferential stress (or hoop stress) = This is a normal stress in the tangential (azimuthal) orientation.
Longitudial stress = The axial force places the vessel either in tension or in compression.
Radial stress = It represents a stress that acts toward or away from the central axis of a construction element.
Shear stress = It refers to the tangential stress resulting from the friction of a fluid flowing alongside a solid interface.
Tensile stress = It is produced by the blood pressure, has a circumferential spread, and influences all elements of the vessel wall. It is directly proportional to the transmural pressure (P) and radius (r) and reciprocally related to the vessel wall thickness (w).
Transmural pressure = This is defined as the pressure difference between the intravascular pressure and the pressure applied to the external surface of the vessel wall.
Wall shear stress = It is the resistance that the flowing blood places on the vessel wall, i.e., the force applied by the blood movement against the arterial wall. This stress is assumed to have an important effect on the adaptive processes of the vascular wall by triggering the release of substances such as nitric oxide (NO), prostacyclin, and endothelin from the endothelial cells.
Vasoconstriction = It refers to the narrowing of blood vessels due to the tightening (constriction) of blood vessels, typically occurring when the muscles of the blood vessel walls contract, thereby reducing the vessel lumen. It is the opposite phenomenon of vasodilation.
Vasodilation = It is a process that occurs when the lumen of the blood vessels is enlarged by the muscles of the blood vessel walls expanding.
2.2 Shear stress
Endothelial cells are also exposed to the frictional force created by the shear force of blood rushing along their apical sites. This force is based on the mean fluid flow velocity, its viscosity, and the physical geometry of the blood vessels. For Newtonian fluids, which are defined as fluids for which the flow velocity has no influence on the viscosity, flowing in stiff vessels with constant internal geometry, uniform gradients of velocity arise so that the fluid velocity is lowest at the fixed vessel wall and increases with rising distance therefrom. A liquid flow with this typical uniform velocity gradient is referred to as laminar flow as the liquid can be considered a sequence of molecular layers (laminae) that slide along one another with accelerating velocity as one comes closer to the middle of the vessel. In a uniform, stiff cylinder, the shear stress ([image: image]) across the vessel wall based on Poiseuille’s law can be deduced as provided in Equation 2:
[image: image]
whereby Q stands for the fluid flow rate and [image: image] provides fluid viscosity. At a steady mean flow velocity, the larger the flow resistance, the higher the shear stress, owing to either increased fluid viscosity or decreased vessel diameter. Shear stress induces a deformation of the cell (elongation) that increases the tension of the cytoskeleton, even though the orientation of the deformation is distinct from that generated by transmural pressure gradients. In the strict meaning of the word, shear stress and transmural pressure gradients are, therefore, unconnected forces that both exert strain on the endothelial cells. In both situations, deformation of cytoskeletal elements, cell membranes, and cell–cell and cell–matrix adhesion sites occurs, leading to tension generation. With shear stress, the force acts on a particular cell in a single direction only, whereas stretching occurs in all directions because of transmural pressure gradients. It is also noteworthy that it is solely the endothelial cells but not vascular smooth muscle cells or pericytes that are subjected to shear stress, while all vessel wall elements are distorted through transmural pressure gradients. Thus, the endothelial cell seems to play a unique part in sensing various mechanical cues.
2.3 In vivo shear stress
Biological systems deviate from the conditions defined in the previous section because the blood fluid is not a Newtonian fluid, i.e., the viscosity of the blood drops with rising speed, and the vessels are non-uniform, differently expandable containers (Katoh, 2023). At extremely low blood speeds, the aggregation of cell elements leads to a significant increase in blood viscosity, while the viscosity at very high speeds is just four times higher than that of water (Letcher et al., 1981). Even though the blood flow in vessels with a diameter of less than 0.5 mm is generally laminar, it deviates somewhat from this characteristic in very small vessels like the glomerular capillaries. Moreover, the shear stress is affected by transmural pressure gradients as vessel distention enlarges the vessel diameter and thus leads to a tendency to reduce the shear stress. The impact of vessel distention on shear stress can be substantial since shear stress is in inverse relation to the third power of the radius of the vessel. Differences in vessel wall folds and cell structure also lead to fluctuations in shear stress at various points within a single vessel (Satcher et al., 1992) and even on the single cell (Satcher et al., 1992). Wall shear stress is estimated at a variety of sites in the circulation (Giddens et al., 1993; Jones et al., 1997); some have considered circulating cellular components and the structure and distensibility of the vessel. Therefore, the analysis of the wall shear stress has been standardized later (Gijsen et al., 2019). The mean shear stress is usually at its lowest in the large veins, typically below 1 dynes/cm2. It is generally greatest in small arterioles, in which it can range from 60 to 80 dynes/cm2. It is remarkable that the mean shear stress in small venules is also high due to the large flow rates and the small diameter of these vessels (20–40 dynes/cm2) (Lipowsky et al., 1978). Human cervical artery bifurcation observations indicate that the curvature and shape of the vessel can influence wall shear stress in a dramatic fashion, with values varying from less than 1 dyne/cm2 to over 600 dyne/cm2 at various locations in the same vessel (Zarins et al., 1983). Shear stress in glomerular capillaries has been estimated with a computer modeling approach and varies from approximately 1 to approximately 95 dynes/cm2, with mean stress levels of 5–20 dynes/cm2 in the majority of circuits (Remuzzi et al., 1992).
2.4 Shear stress in different types of vessels
The shear stress is exerted on the endothelial cells through the blood circulation. It has a major impact on both vascular physiology and the functioning of endothelial cells. The impact of shear stress in arteries and its involvement in regulating endothelial cell response is reviewed in this section (Chien, 2007). The aorta and other large arteries experience laminar shear stress, which is characterized by the unidirectional blood flow of restricted spatial and temporal variations (Tarbell and Pahakis, 2006). Arterial shear stress, which fluctuates across the vascular system, is fundamental to the sustenance of endothelial functioning and integrity. Laminar shear stress is a condition with unidirectional flow and exhibits moderate temporal and spatial variations and occurs in large arteries like the aorta. The permeability of the endothelium is influenced, the expression of endothelial adhesion molecules is adjusted, and the formation of vasodilators, such as NO, is activated, whereas thrombosis and inflammation of the endothelium are suppressed (Cunningham and Gotlieb, 2005; Chiu and Chien, 2011). Mechanosensitive gene expression linked to vascular reorganization and evolution of atherosclerosis is impacted through the pulsatile and bidirectional flow in mid-sized arteries (Khan et al., 2021). Smaller arterioles have a branching and twisting shape, which leads to perturbed or fluctuating flow characteristics. Varying shear stress profiles in arteries impact endothelial cell physiology and gene expression in different ways (Cunningham and Gotlieb, 2005; Tarbell and Pahakis, 2006; Chiu and Chien, 2011). Capillaries are essential for exchanging nutrients and for perfusing the tissue. They are exposed to a lower shear stress compared to larger arteries. The shear stress in capillaries is generally at a minimum and exhibits considerable spatial and temporal fluctuations due to the fluctuating spread of the blood flow (Pries et al., 2000). The form and orientation of endothelial cells and the development of fenestrations in capillaries are altered when subjected to shear stress. Moreover, shear stress affects the formation of carriers that support the exchange of nutrients and angiogenesis. The sensitive interplay of shear stress and endothelial reactions within the capillaries is fundamental for homeostasis of the tissue and maintaining optimal microvascular functionality (Chien, 2007). A typical vessel’s shear stresses are the following: aorta ranges from 1 to 22 dyn/cm2 (Cheng C. P. et al., 2003), arteries are in the range of 10–70 dyn/cm2 (Cheng C. et al., 2003), veins are between 1 and 6 dyn/cm2 (Malek et al., 1999), and capillaries exhibit 3–95 dyn/cm2 (Koutsiaris et al., 2013).
Proliferation of endothelial and vascular smooth muscle cells takes place in reaction to a rise in axial stress due to arterial stretching, while shear stress and circumferential stretching stay undisturbed. Enhanced matrix metalloproteinase MMP activity (a family of zinc-dependent extracellular matrix proteins) and the buildup of ECM accompany this process, which leads to growth in length to compensate the effect and re-establish normal axial tension (Liu and Khalil, 2017; Wang and Khalil, 2018; Shimoda, 2019). In laminar flow conditions, the shear stress is dictated by parameters such as blood viscosity, flow speed, and the diameter of the vessel. The shear stress rises with declining vessel diameter if viscosity and speed are kept at a constant level. When blood vessels are exposed to elevated shear stress, they tend to dilate to accommodate and revert to their normal state. In theory, vessels are capable of unlimited expansion and remodeling within the boundaries of the body if this leads to a normalization of circumferential stretching and shear stress. Nevertheless, the mechanical adjustment capability of elastin and collagen within the vascular wall is restricted (Hoefer et al., 2013).
The wall tension is directly correlated with the blood pressure, particularly the pulse pressure. Blood pressure applies three forms of stress to the arterial wall: the longitudinal stress, the radial (or normal) stress (vertically to the vessel axis), and the tangential (or hoop) stress (for definitions see Box 1). The shear stress operates parallel to the surfaces of the intima, media, and adventitia sheets and has the effect that one sheet glides over the other sheet. The strain is the degree of deformation per initial material length and is linked to the stress. Shear stress is able to injure the vessel wall by causing harm to the intima, which is the inner vessel layer, as blood flows over the surface, and it is now considered that this is the gateway for the incorporation of plasma lipids into the wall, causing atherosclerosis (Wang S. et al., 2016). The effect of shear stress does not halt at the intima. Shear stress may alter the inner sheets of a multilayer artery so that one layer is displaced in relation to the other as a function of blood pressure and the varying characteristics of the individual layers (Mishani et al., 2021). Alterations in mechanical forces, like tensile or shear stresses, lead to adaptations in the vessel wall architecture to compensate for the altered circumstances and eventually bring the tensile and shear stresses back to their former values (Gimbrone et al., 1999; Cui et al., 2020). Temporary alterations in vessel diameter are caused by sudden alterations in mechanical stress. These alterations are predominantly governed by the liberation of vasoactive stimulants or alterations in myogenic tone. Conversely, chronic alterations lead to considerable alterations in the form and configuration of the vessel wall (Renna et al., 2013; Martinez-Quinones et al., 2018). This process is termed vascular restructuring, which is a term that refers to alterations in vessels exposed to mechanical forces. For instance, experimental hypertension results in an augmentation of wall thickness in resistance arterioles and arteries because of VSMC hyperplasia and in conduit arteries because of hypertrophy. In the same way, decreased mechanical stress results in vascular atrophy (Lehoux and Tedgui, 1998).
2.5 Vascular tone
Vascular tone refers to the extent to which the blood vessel walls, especially the arteries and arterioles, constrict or relax. Vasoconstriction means the narrowing (constriction) of blood vessels by vascular smooth muscle cells within the vessel walls. If the blood vessels narrow, the blood flow is reduced or obstructed. The relation to NOS (nitric oxide synthase) consists in its function as an essential controller of vascular tone. NO produced by endothelial cells fulfills a key function in governing the acute dilation of arteries that takes place when the blood flow rises inside these vessels (Rubanyi et al., 1986). Shear stress demonstrably enhances nitric oxide production by activating endothelial NO synthase and increasing its gene expression (Boo and Jo, 2003). Shear stress is also proven to activate NO synthesis in cultured endothelial cells (Ohno et al., 1993). Tetrahydrobiopterin, an essential cofactor of eNOS, and intracellular Ca2+ concentration rise in reaction to shear stress, and the activation of protein kinases switches on eNOS (Corson et al., 1996; Fleming et al., 1998). NF-κB, a shear stress response component in the promoter of the eNOS gene, and 3′-polyadenylation help in stabilizing eNOS mRNA to improve transcription in reaction to shear stress (Uematsu et al., 1995; Weber et al., 2005). Endothelial cells subjected to shear stress are also more likely to generate the potential vasodilators prostacyclin, adrenomedullin, and C-type natriuretic peptide (Chun et al., 1997). The generation of endothelin and the enzyme expression, which turns angiotensin into the powerful vasoconstrictor angiotensin II, are both reduced in reaction to shear stress (Rieder et al., 1997).
2.6 Endothelial barrier function
The endothelial barrier ensures the retention of vascular integrity and the transfer of substances between the bloodstream and the adjacent tissue. The function of the endothelium as a barrier can be perturbed through mechanical stresses, including tension, hydrostatic pressure, and shear stress (Cahill and Redmond, 2016). The intactness of the endothelial barrier is mostly sustained by two distinct kinds of junctional complexes, adherens junctions which offer cell–cell adhesion and provide mechanical stability, and tight junctions which serve as a physical border restricting paracellular permeability (Adil et al., 2021). Mechanical stress can influence the endothelial barrier capacity via the regulation of the production and breakdown of junctional complexes. For instance, shear stress encourages the maturation and growth of the tight junctions, which leads to increased barrier strength. In turn, cyclic stress causes harm to the proteins that comprise the tight junctions, thereby enhancing permeability (Gulino-Debrac, 2013). Mechanical stress impacts the permeability of endothelia; shear stress, in particular, reduces permeability through encouraging the creation of tight junctions and decreasing the expression of adhesion molecules (Sukriti et al., 2014; Claesson-Welsh et al., 2021). Inversely, excessive shear stress or prolonged cyclic stress can enhance permeability and interfere with the endothelial barrier. Alterations in the junctional proteins, the arrangement of the cytoskeleton, and the endothelial glycocalyx contribute to these irregularities (Sukriti et al., 2014; Schött et al., 2016; Claesson-Welsh et al., 2021). Studying the processes that control endothelial barrier function during mechanical stress is essential to gain an insight into vascular diseases characterized mainly due to enhanced permeability. This has previously been initiated by exerting shear stress on two kinds of endothelial cells, such as human aortic endothelial cells (HAECs) and human umbilical vein endothelial cells (HUVECs). Shear stress application increases the typical characteristic manifestation of a mature endothelium, which shows a linear arrangement of VE-cadherin at the cell–cell interface and a redistribution of actin filaments alongside the periphery of the endothelial cells (Silvani et al., 2021). An escalating sequence of ascending force levels, varying from 186 pN to 3.5 nN, has then been utilized in a single measurement to assess the force-dependent apparent stiffness of the membrane cortex in the kPa regime, indicating that the membrane cortex has become stiffer and can exert increased forces. Moreover, it has been found that the beads adhered to cells grown in dynamic conditions were more difficult to dislodge using acoustic force spectroscopy than those grown in static culture, indicating a more rigid membrane cortex located at the periphery of the cell. Based on the successful acoustic force spectroscopic measurements, it can be concluded that this biophysical method can be used in the future to determine changes in cell mechanics based on force measurements on adherent cells under conditions that mimic their native microenvironment and, thus, also to uncover the shear stress relationship of the mechanical characteristics of adjacent endothelial cells (Silvani et al., 2021).
2.7 Endothelial nitric oxide synthase (eNOS) and nitric oxide (NO) generation
Activity of eNOS and NO generation in endothelial cells is governed through mechanical stress, specifically shear stress. NO, which is a powerful vasodilator and signal molecule with numerous physiological roles (Figure 2), is generated upon shear stress activation of eNOS (Li et al., 2004; Sriram et al., 2016). The phosphorylation of eNOS at certain locations, which is triggered via shear stress, leads to the generation of NO because of its activation. NO is a key actor in maintaining vascular homeostasis. NO is produced in endothelial cells through eNOS upon converting L-arginine to L-citrulline (Vallance and Chan, 2001). It is predominantly secreted from endothelial cells in reaction to shear stress triggered by circulating blood or receptor-regulated compounds like acetylcholine, bradykinin, or serotonin (Boulanger and Lüscher, 1990). NO efficiently dissipates to the VSMCs and stimulates soluble guanylate cyclase (sGC), leading to elevated levels of cyclic guanosine-3,5-monophosphate (cGMP) and VSMC relaxation (Joannides et al., 1995; Vallance, 2001). In addition, NO also hinders the adhesion and migration of leukocytes, the proliferation of VSMCs, and the adhesion and agglomeration of platelets, and counteracts apoptosis and inflammation, which has an altogether anti-atherogenic impact (Wheatcroft et al., 2003). The natural half-life of NO is extremely short (under 4 s). It is quickly broken down into nitrite and subsequently nitrate, prior to being removed from the body via urine (Moncada and Higgs, 2006). At the same time, NO can also be an endocrine vasoregulator that regulates the flow of blood in the microcirculation (Datta et al., 2004). The key point is that decreased eNOS expression and/or NO bioavailability is linked to dysfunction of the endothelium (Oemar et al., 1998; Sena et al., 2008). When NO penetrates the smooth muscle cells of the vascular system, it causes them to relax and dilate. This helps control the vascular tone, the flow of blood, and the retention of endothelial functionality (Boo et al., 2002; Sriram et al., 2016). Moreover, NO exhibits multiple favorable actions on endothelial functioning, which includes anti-inflammatory and anti-thrombotic effects. It reduces the formation of adhesion molecules, inhibits platelet agglomeration, and inhibits the adhesion of leukocytes to endothelial cells (Kubes et al., 1991; Riddell and Owen, 1997; Liao, 2013; Gao et al., 2018). NO has additional impacts on the motility, angiogenesis, and proliferation of endothelial cells (Pilard et al., 2022). NO represents a signal transduction molecule that exhibits various functions in physiological events including vasodilation (relaxation of blood vessels), neurotransmission, and immune reactions (Ziegler et al., 1998; Balligand et al., 2009; Boycott et al., 2020; Uchida et al., 2021).
[image: Figure 2]FIGURE 2 | Endothelial nitric oxide synthetase (eNOS)-generated nitric oxide (NO) provides atheroprotective characteristics.
eNOS is induced through different agonists and shear stress by a multitude of cellular mechanisms, which includes elevated intracellular Ca2+, engagement with substrates and cofactors, protein phosphorylation, engagement with adapter and regulatory proteins, and inter-subcellular domain shuttling (Fleming, 2010). Certain serine and threonine residues of eNOS have been phosphorylated through PKA and Akt. Activation of eNOS relies on its degree of phosphorylation. eNOS usually exists as a monomer and is in an inactive form. The dimerization of eNOS is evoked through phosphorylation and the attachment of calcium–calmodulin, which leads to the generation of an active enzyme (Fleming and Busse, 1999). Mechanical forces can induce the stimulation of tyrosine kinases, which are enzymes that attach phosphate groups directly to tyrosine residues. The activity of NOS or other associated molecules can be influenced through subsequent signaling routes that are potentially induced. Moreover, NO can influence cellular events that affect tyrosine phosphorylation since NO is able to react with specific molecules to produce nitrosylated derivatives that can interfere with protein functioning (Gantner et al., 2020; Pourbagher-Shahri et al., 2021; Lundberg and Weitzberg, 2022). Importantly, the relation between NOS, mechanoresponsiveness, and tyrosine phosphorylation can be impacted from the environmental milieu and may potentially engage intricate signaling cascades that are still under exploration.
3 MECHANOSENSORS OF ENDOTHELIAL CELLS
Research into the pathways underpinning endothelial cell mechanotransduction has advanced remarkably. Several molecules located in the apical, junctional, and basal regions of endothelial cells have been found to be crucial for endothelial cell mechanotransduction. Therefore, an overview of the different mechanosensory elements is given and discussed below.
The groups of Chalfie and coworkers and Patapoutian and coworkers (Árnadóttir and Chalfie, 2010; Syeda et al., 2016) identified the following criteria for a well-functioning mechanosensitive ion channel, which had to meet stringent criteria to ensure that the channel is a direct and not an indirect mechanosensor.
	I. The channel is designed to incorporate a pore-forming subunit that enables fast ion conduction.
	II. When the purified channel is reformed in an artificial, cell-free lipid bilayer, it is expected to open in response to tension exerted on the bilayer.
	III. Site-directed mutagenesis of key channel domains that influence pore selectivity or conductivity is expected to modify mechanosensitivity.
	IV. Forced expression of the channel in a non-mechanosensitive cell is expected to provide mechanosensitive.
	V. Both the gene and the protein of the channel need to be expressed in the presumably mechanosensitive cell.
	VI. Genetic deletion of the channel is intended to eliminate mechanosensitivity in a manner that excludes the possibility that the channel plays solely a developmental function or is a downstream signaling partner of another mechanosensor. Genetic deletion, nevertheless, can perturb normal signaling complexes, resulting in off-target events, so expression of a dominant-negative (dead) channel construct might be an improved option.

Finally, whether these criteria are sufficient to distinguish true mechanosensitive channels from those that are indirect mechanosensors is a matter of debate.
The translation of shear forces into biological inputs is facilitated through mechanosensors that can be either specialized intercellular compartments or protein assemblies. These particularly comprise intercellular junctional complexes, integrins, the cytoskeletal components, specific ion channels, G-proteins and G-protein-coupled receptors (GPCRs), the cellular glycocalyx, caveolae, primary cilia (if present on mammalian endothelial cells), and plexin D1 (PLXND1) (Figure 3) (Chatterjee and Fisher, 2014; Mehta et al., 2020). In the case of stimulation, the transmission of the mechanical force commences at the neighboring cell circumference and then spreads across the entire cell (Vogel and Sheetz, 2006). Several signal paths arranged after the mechanosensors are triggered at almost the same time.
[image: Figure 3]FIGURE 3 | Types of endothelial mechanoreceptors at their luminal site are permanently subject to vascular mechanical forces. The sensing of these forces can be performed through specific mechanosensors. Among them are ion channels, such as Piezo1, transient receptor potential vanilloid 4 channel (TRPV4), K+ channel inwardly rectifying 2.1 (Kir 2.1), epithelial sodium channel (ENaC), TREK-1, DDR1, CD44, and mechanoreceptors, comprising the G-protein-coupled receptor (GPCR).
Messenger substances like cytosolic calcium (Ca2+) and NO are subsequently produced, and the mechanical transduction of nuclear transcription factors becomes enabled. Such shear stress-responsive transcription factors comprise Krüppel-like factor 2 (KLF2) and KLF4, nuclear factor erythroid 2-like (NRF2), and Yes-associated protein (YAP)/transcriptional coactivator with a PDZ-binding domain (TAZ) (Tsaryk et al., 2022). KLF2, which is expressed in vascular endothelial cells of mouse embryos even at E9.5, is triggered through atheroprotective streaming (Dekker et al., 2002) and controls nuclear gene transcription (Dekker et al., 2005). Nevertheless, endothelial cells in arteries with perturbed flow exhibited, amongst other characteristics, an accumulation of TEAD1 and ETV3 tethering sites for transcription factors (Andueza et al., 2020). Shear stress-responsive elements have been found in endothelial cells that are susceptible to atheroporotic oscillatory shear stress. Their activation of the YAP/TAZ signaling pathway was implicated in facilitating the endothelial cell reaction to this mode of shear stress (Bondareva et al., 2019).
In the study of histone changes in reaction to pulsatile shear stress, KLF4 was recognized as a cognate downstream transcription factor (He et al., 2019). In addition, the early growth response (EGR1) and SMAD1/5 are involved in the control of shear stress-induced alterations in gene expression (Khachigian et al., 1997; Zhou J. et al., 2012), whereas the transcription factor Snail reacts to low shear stress and facilitates the switch from an endothelial to a mesenchymal state (Mahmoud et al., 2017). Twist transcription factor is also expressed at low shear stress (Mahmoud et al., 2016). Consequently, the comprehension of transcriptional organization of the shear stress reaction is by no means exhaustive and could imply the involvement of different groups of transcription factors based on the flow scheme and/or endothelial cell type studied (Nakajima and Mochizuki, 2017).
The diverse kinds of mechanosensors can be broadly grouped into three major types, such as apical mechanosensors, cell–cell junctions, and cell-matrix interactions. Apical mechanosensors comprise mechanosensitive ion channels, including PIEZO (Barakat et al., 1999; Yamamoto et al., 2000; Ranade et al., 2014; Wang et al., 2020; Cudmore and Santana, 2022), primary cilia (Iomini et al., 2004; Hierck et al., 2008), the glycocalyx—like glypican-1, heparan sulfate, hyaluronan (HA), and sialic acid—(Weinbaum et al., 2003; Foote et al., 2022), GTP-binding proteins (Gudi et al., 2003; Iomini et al., 2004), and the caveolae (Boyd et al., 2003; Shihata et al., 2016). There are convergent roles of Piezo1 action as, on one hand, Piezo1-driven Akt activity triggers vasodilation and vasorelaxation due to increased flow conditions and, on the other hand, conveys in vasoconstriction (Porto Ribeiro et al., 2022). The cooperation between these two mechanisms is presumably key to controlling the blood pressure. In cell–cell contacts, platelet endothelial adhesion molecule-1 (PECAM-1), vascular endothelial cadherin (VE-cadherin), and vascular endothelial growth factor receptors (VEGFRs), such as VEGFR2, have been demonstrated to constitute an intricate mechanosensory system (Osawa et al., 2002; Tzima et al., 2005; Chiu et al., 2008). PECAM-1 can perceive unidirectional and perturbed flow and consequently transmit protecting and inflammatory messages. Therefore, PECAM-1 knockouts exhibit an intriguing phenotype consisting of amplified lesion formation at locations of the unidirectional flow and diminished lesion development at locations of the perturbed flow (Goel et al., 2008; Harry et al., 2008). In contrast, syndecan-4, which belongs to transmembrane heparan sulfate proteoglycans, is necessary for aligning endothelial cells during shear stress but not required for other mechanoreactions, pointing to a function in flow direction recognition (Baeyens et al., 2014). Depletion of syndecan-4 leads to atherosclerotic plaque formation.
There are important and comprehensive review articles on cell–cell junctions acting as mechanosensors (Dorland and Huveneers, 2017; Angulo-Urarte et al., 2020), but nonetheless, some main cell–cell adhesion receptors are discussed in this review. The major class of mechanosensory receptors comprises ion channels, and thus, they are presented and discussed in the following.
3.1 Ion channels
Several classes of ion channels operate under the control of ligands or are voltage-activated, whereas others are mechanically activated. Mechanosensitive ion channels can be directly activated through physiological mechanical forces. Because of the vital importance of endothelial cells, the question of how the endothelium perceives and reacts to blood flow and the accompanying mechanical forces is something that has been of great concern to scientists for decades. The first proof of a mechanosensitive endothelial channel that transmits the mechanically triggered cation inflow occurred over 40 years ago (Guharay and Sachs, 1984). This groundbreaking revelation was soon afterward followed by the finding of shear stress-activated K+ currents within endothelial cells (Olesen et al., 1988).
Endothelial mechanosensory channel activity varies in direct reaction to shear forces, while the activity of other channels can be modified by forces in an indirect way. For an ion channel to be regarded as a genuine mechanosensory channel, several criteria must be satisfied. First, channel overexpression in a null cell needs to impart mechanosensitivity, and removal or blocking of the channel needs to abrogate the mechanoreaction. The second is that the signal and the protein expression of the channel need to be detectable in the mechanosensitive cell—here the endothelial cell. The third is that the alleged mechanosensitive channel needs to have a direct part in ion permeation as a force reaction. Fourth, the expression of channels is essential to the mechanosensing mechanism and cannot be a downstream objective of any other mechanosensing mechanism. Lastly, the targeted mutagenesis of the ion channel needs to change the mechanoresponse.
Mechanosensitive ion channels are an entrenched group of biological molecules that have an exceptional ability to perceive and handle external mechanical stimuli by triggering an electrical or chemical response that is ultimately incorporated into a coherent cellular reaction (Brohawn, 2015). Several ion channels, such as the ion channels TREK-1 (Honoré, 2007) and TRPC1 (Maroto et al., 2005), are found to be triggered directly by the lipid bilayer during force propagation with no additional associated cellular constituents, such as the cytoskeleton. This corresponds to a kind of gating model that is commonly seen in bacterial ion channels and is referred to as the bilayer mechanism. In sharp distinction, the overwhelming majority of mechanosensitive ion channels present in the membranes of animal cells, which comprise multiple TRP channels (Kanzaki et al., 1999; Liman, 2007; Nilius et al., 2007; Pedersen and Nilius, 2007; Zhu et al., 2011), are controlled through a process referred to as the tethered mechanism. The tethered mechanism exerts a force on them indirectly through the cytoskeleton via ECM molecules like fibronectin and auxiliary scaffold constituents (Rohács et al., 1999; Matsuda et al., 2003). As a multitude of physical stimuli act on the plasma membrane, they are transmitted via the ECM toward the cytoskeleton, which is referred to as the dual tether model, by activating overlapping integrin receptors situated at focal adhesions (Geiger et al., 2009). Consequently, cytoskeletal actin and other structural elements may represent pivotal pathways of cellular force transduction that distinctly affect the mechanosensitivity of ion channels.
The opening of mechanosensitive ion channels, such as Piezo1, triggered upon shear stress or flow-induced membrane elongation constitutes the initial phase of mechanosignaling (Christensen and Corey, 2007; Murthy et al., 2017; Martino et al., 2018). These ion channels exhibit opposing characteristics sometimes, varying from hyperpolarization by K+-selective TREK channels to depolarization through Ca2+- and Na+-permeable Piezo1 channels. The primary area of focus was on mechanosensitive cation-permeable ion channels, causing Ca2+ entry in the endothelial cell. Ample evidence indicates that the increase in intracellular Ca2+ occurs as a first step in reaction to shear stress. In the endothelium, augmented Ca2+ is followed by the activation of eNOS and Ca2+-activated intermediate conductance K+ channels (IKCa), all of which leads to vasodilation via eNOS-driven NO liberation and possibly hyperpolarization of the plasma membrane. Ion channels appear to be exceptionally skilled at sensing forces, and it is widely assumed that they perform a pivotal task in the perception of shear stress (Hyman et al., 2017).
Transient receptor potential (TRP) channels operate as non-voltage-driven cation channels that are controlled by a variety of stimuli and are associated with a wide range of cellular processes (Nilius and Owsianik, 2011). There are, at minimum, 10 different TRP channels (TRPC1, 5, 6; TRPV1, 2, 4; TRPM3, 7; TRPA1; and TRPP2) that are suggested to act mechanosensitive (Tobin et al., 2002; Sidi et al., 2003; Christensen and Corey, 2007; Inoue et al., 2009b; Malsch et al., 2014). TRP can moderate Ca2+ transmission, although it may be regulated by direct Ca2+ engagement with the channel or by the Ca2+–calmodulin complex-driven activation mechanism. The inward Ca2+ current from TRP channels in VSMCs results in the depolarization of the plasma membrane and a compelled inward current via voltage-gated Ca2+ channels, comprising L-type or T-type Ca2+ channels, CaV1.2/CaV3.1. The Ca2+–calmodulin compound triggers myosin light-chain kinase and starts the contractile response (Hill-Eubanks et al., 2014). TRPV1 can exercise an anti-inflammatory impact on endothelial cells through the activation of eNOS over the eNOS/NO signaling route (Wang Y. et al., 2017). In the last two decades, there have been major advances in research on TRP channels, including their involvement in diseases and their function as mechanosensors (Zhang et al., 2023). The subsequent mechanisms have been proposed: first, direct activation through extracellular forces including membrane elongation and shear-induced alterations of the lipid bilayer structure and consequent distortion of channel domains (Gao et al., 2003; Maroto et al., 2005; Spassova et al., 2006); second, the engagement of ion channel architecture with cellular or matrix constituents including ECM, intracellular cytoskeleton, or proteins (Becker et al., 2009; Matthews et al., 2010); and third, secondary activation through other well-defined primary mechanosensors and their consequent biochemical conversion into effector TRP channels (Köhler et al., 2006; Loot et al., 2008; y Schnitzler et al., 2008). In the following, after the discussion of Piezo1, specific mechanosensitive receptor types of the TRP family are also presented and discussed, including TRPV4, TRPC1, TRPC6, TRPM7, TRPP2, and ENaC.
3.1.1 Piezo1
Piezo1 and Piezo2 constitute mechanically excited cation channels that function as large homomultimeric assemblies capable of facilitating cation fluxes in multiple tissues (Coste et al., 2015; Volkers et al., 2015). Both isoforms function as mechanically driven gates and convey non-selective Na+, K+, and Ca2+ ion flows characterized by rapid activation kinetics. However, Piezo2 is mainly expressed in tactile epithelial cells (Merkel) (Woo et al., 2014) and mechanosensory nerve cells (Murthy et al., 2017). Piezo1 can convey mechanically derived flows in different cell types, comprising endothelial cells and VSMCs. (Ranade et al., 2014; Retailleau et al., 2015). Piezo1 protein represents a trimeric, propeller-shaped channel protein consisting of a central anchor, three long rods, and three blade-like structures (Zhao et al., 2019).
Ion channels respond extremely sensitively toward mechanical forces and change their conformation when mechanically excited (Martinac, 2004). The most well-characterized ion channel in endothelial shear stress reactions is Piezo1, which is necessary for shear stress-imposed endothelial orientation, Ca2+ influx, and reshaping of focal adhesions in reaction to the flow (Li et al., 2014). Both the stable/laminar and disturbed flow trigger a signaling route through Piezo1 and the GPCRs Gq/G11 and P2Y2 (P2RY2) (Albarrán-Juárez et al., 2018). When the flow is disturbed, this route activates the mechanosensory complex and integrins, thereby initiating NFκB activity and inflammation, which ultimately leads to atherosclerosis. In addition, Piezo1 has been shown in zebrafish embryos to react to mechanical forces in heart valve development, where it induces endothelial expression of the transcription factor KLF2 (Duchemin et al., 2019). Piezo1 also acts in the flow-induced mitochondrial signaling route, resulting in the activation of ERK and upregulation of KLF2 (Coon et al., 2022). Intriguingly, Piezo1 associates with PECAM1, the Ca2+ influx, and dynamical remodeling of the actin cytoskeleton under flow (Chuntharpursat-Bon et al., 2023).
VE-cadherin at the endothelial cell–cell junction, where it maintains Ca2+, is a bone-fide mechanosensitive ion channel. Piezo1 is a true mechanosensory since it fulfills the criteria as such. Piezo1 acts as a non-selective cation channel, which is somewhat better permeable for Ca2+ compared to Na+. Electrophysiological and imaging investigations on endothelial cells derived from several vascular beds revealed that activation of Piezo1 results in cationic currents and intracellular Ca2+ signaling (Porto Ribeiro et al., 2022). Activation of Piezo1 can be accomplished in experiments by mechanical (for example shear stress) or chemical activation, such as by Yoda1—which is a selective Piezo1 activator (Servin-Vences et al., 2017). The impact of the endothelial cell Yoda1 imitates shear stress-induced reactions and is mitigated by inhibitors of mechanically gated channels (Wang S. et al., 2016).
Piezo1 has been found to be an effective sensor for shear forces in endothelial cells and is implicated in the orientation of the endothelial cells in the direction of the flow (Li et al., 2014). Endothelial Ca2+ signaling fulfills a critical task in the development of the vasculature. Therefore, after the identification of Piezo1 in endothelial cells, previous endeavors were focused on comprehending the impact of Piezo1-mediated Ca2+ transients on vessel evolution. Piezo1 also activates multiple Ca2+-dependent endothelial metalloproteinases implicated in the process of angiogenesis (Ichioka et al., 1997; Zhou et al., 2000; Kang et al., 2019). Piezo1-based Ca2+ events regulate wayfinding and cerebrovascular organization within brain endothelial cells (Liu T. et al., 2020). Collectively, these investigations have revealed that Piezo1-faciliated Ca2+ signaling is necessary for vascular evolution, patterning development, and angiogenesis. The activation of Ca2+-dependent enzymes is essential for the three-dimensional arrangement and orientation of endothelial cells throughout developmental processes. Ca2+-activated protease calpain, which cleaves focal adhesion proteins necessary for cellular orientation, becomes upregulated with the activation of Piezo1 and is critical during vessel evolution (Lai et al., 2022). Piezo1 activation has been found to be important for stress fiber orientation and the alignment of endothelial cells (Ranade et al., 2014). Laminar flow-based activation of Piezo1 induces the flow-triggered liberation of ATP from endothelial cells, leading to Gq/G11-coupled purinergic P2Y2 receptor engagement (Wang et al., 2015; Wang S et al., 2016). P2Y2 receptor and Gq/G11 pathways cause the activation of AKT and eNOS and facilitate flow-based vasodilation. Laminar and perturbed currents equally activate the identical early mechanosignaling route that integrates Piezo1- and Gq/G11-based paths (Albarrán-Juárez et al., 2018). Consequently, the Piezo1 channel activator Yoda1 triggers NO-driven relaxation of intrapulmonary arteries of mice (Lhomme et al., 2019; Porto Ribeiro et al., 2022). Moreover, in cultured microvascular endothelial cells, Piezo1 channel activation induced, either by shear stress or by the chemical agonist Yoda1, a disintegrin and metalloproteinase domain-containing protein 10 (ADAM10), which is a Ca2+-regulated transmembrane sheddase that facilitates S2-Notch1 modification by cleavage. In accordance with this finding, a Piezo1-induced abundance enhancement of the Notch1 intracellular domain (NICD) has been identified, which relies on ADAM10 and the subsequent S3 cleavage enzyme, namely, γ-secretase. Conditional endothelial-specific silencing of Piezo1 of adult mice repressed the expression of several Notch1 target genes in the liver vasculature, implying a constitutive functional importance of Piezo1 in vivo. Together, the data imply that Piezo1 functions as a mechanism that imparts force responsiveness to ADAM10 and Notch1, with subsequent implications for the persistent activation of Notch1 target genes and possibly related processes. Ca2+ translocations trigger subsequent signaling cascades and stimulate Ca2+-based endothelial mechanisms that control vascular diameter guidance (Caolo et al., 2020).
A pivotal mechanism enabled through Ca2+ signals involves the synthesis of the powerful vasodilator NO. Flow-mediated vasodilation is due to Piezo1-driven Ca2+ inward current and Ca2+-driven eNOS activation, NO formation, and ultimately relaxation of VSMC. Endothelial-cell specific loss of NO-driven vasodilation in lead to hypertension in Piezo1-knockout mice (Wang S. et al., 2016). In addition, the downregulation of Piezo1 leads to a reduction in renin and thus to blood pressure control in the kidney (Yang et al., 2022). Conditional endothelial cell-specific ablation of Piezo1 in adult mice resulted in a reduction in physical fitness (Bartoli et al., 2022). Apoptosis of muscle microvascular endothelial cells and capillary dilution were apparent and enough to account for the impact on performance. Selective high regulation of thrombospondin-2 (TSP2), which triggers apoptosis of endothelial cells, occurred without affecting TSP1, which is a cognate key actor in the physiology of muscle. In muscle endothelial cells, TSP2 was barely expressed but strongly expressed in muscle pericytes, where NO suppressed the Tsp2 gene without affecting Tsp1. In endothelial cells, Piezo1 was necessary for the normal endothelial NOS expression. The findings point to a cooperative partnership between endothelial cells and muscle pericytes, where the endothelial Piezo1 perceives the blood flow to preserve the capillary density and thus preserve the physical performance (Bartoli et al., 2022).
Nevertheless, Piezo1-driven vasodilation in several vascular patches is facilitated through NO generation (Li et al., 2014; Evans et al., 2018; John et al., 2018; Lhomme et al., 2019). Endothelial Piezo1 has been demonstrated to affect the activity of GPCRs. Laminar flow triggers Piezo1 activation and facilitates the liberation of adenosine triphosphate (ATP), which then stimulates the activation of purinergic Gq/11 PCRs to finally enhance NO generation (Albarrán-Juárez et al., 2018). Specifically, Gq-PCR activity is a key controller of ion channels in endothelial cells (Harraz et al., 2018a; Harraz et al., 2018a), but it is uncertain whether Gq-PCR signal transduction impacts endothelial Piezo1 activity.
The cation inward current connected with activation of Piezo1 causes depolarization of cells, such as endothelial cells (Rode et al., 2017; Ye et al., 2022). Endothelial cells are linked with VSMCs in structural and electrical terms through myo-endothelial protrusions and gap junctions (Yamamoto et al., 1999; Wu et al., 2006). This electrical pairing eases endothelial cell communication with adjacent VSMCs and probably facilitates the propagation of Piezo1-facilitated electrical cues from endothelial cells to VSMCs. Evidence indicates that Piezo1-triggered endothelial cell depolarization spills over to VSMCs and triggers the activation voltage-gated Ca2+ channels that induce vasoconstriction of the mesenteric artery (Rode et al., 2017). This accounts for the reported flow-mediated vasoconstriction rather than vasodilation and the complete cessation of this reaction in endothelial cells from Piezo1-knockout mice. These results, nonetheless, are in contrast to other investigations, demonstrating that blood flow-triggered vasodilation relies on NO and is mitigated in endothelial cells of Piezo1-knockout mice (Li et al., 2014). These disparities need to be examined more closely and may be partly attributable to differing expression profiles in the various arterial branches or to variations between the mouse models. It is also an open question whether Piezo1 stimulates Ca2+-activated ion channels within endothelial cells. When this is the case, Piezo1 activity potentially hyperpolarizes or depolarizes the Vm of endothelial cells through the activation of Ca2+-activated K+ or Cl− channels, which is a theory that needs to be verified experimentally. In general, Piezo1 is an essential mechanosensory mechanism within endothelial cells. Two envisionable potential scenarios exist for the prospective regulatory actions of capillary Piezo1 channels in the cerebral blood flow (CBF) (Harraz et al., 2022). In the first case, mechanical forces cause Piezo1-driven Ca2+ signaling, which might influence CBF at a local level through the production of NO and consequent relaxation of mural cells, such as pericytes or VSMCs. In the second place, Piezo1, acting as a non-selective cation channel, might convey a depolarizing conductance within capillary endothelial cells. From a conceptual perspective, hyperemia-induced Piezo1 activation potentially depolarizes capillary endothelial cells, which is an action that is proposed to be a built-in restraint system that enables membrane potential restoration, thus aiding the repetitive function of the previously described hyperpolarization-based NVC mechanism (Longden et al., 2017). The two outlined mechanisms are not strictly mutually independent; they may occur in parallel and control CBF by spatially and temporally different mechanisms. In confirmation of this hypothesis, the Ca2+/Na+-permeable TRPV4 channel within the cerebral capillaries appears to fulfill two tasks: control of membrane potential (Harraz et al., 2018b) and facilitation of Ca2+ signal transduction (Dabertrand et al., 2021). It remains unclear as to whether and how Piezo1 channels control CBF and, therefore, needs experimental modification of Piezo1 with simultaneous surveillance of CBF, which is a key aspect under investigation.
Piezo1 channels open as a reaction to a variety of mechanical cues, such as physical membrane deformations that regulate the curvature of flexible domains known as blades. It has been revealed that flow-induced blade movements are functionally coupled to the pore and that at least two widely separated blade regions distinguish flow from two other stimuli, indicating that Piezo1 utilizes different mechanisms to perceive a wide spectrum of mechanical stimuli (Ozkan et al., 2022). An uncommon characteristic of Piezo1 is the highly curved blade, which allows the protein to locally distort the membrane to form a dome shape (Guo and MacKinnon, 2017). When the channel opens, the enclosing membrane is flattened, which expands the dome into an in-plane configuration (Guo and MacKinnon, 2017). This specific event produces free energy, which could act as a cause for the mechanical gating of Piezo1 (Guo and MacKinnon, 2017). Membrane dome hypothesis is a piece of evidence that piezoelectric channels obey the force-from-lipid (FFL) model, which proposes that mechanosensitive channels are directly manipulated through variations from nearby membrane curvature and tension (Martinac and Kung, 2022). A further model that can account for the sensitivity of piezo channels to wide-ranging mechanical cues is the force-from-filament (FFF) model, which enables full-cell mechanosensing across the cytoskeleton (Jiang et al., 2021; Chuang and Chen, 2022). In fact, piezo channels act as a physical connection to the actin cytoskeleton through the cadherin–β-catenin–vinculin complex, and the Cap domain of Piezo1 also interfaces in a direct manner with the extracellular domain of E-cadherin (Wang et al., 2022b) and possibly also VE-cadherin in a similar way (Chuntharpursat-Bon et al., 2019). In living cells, Piezo1 is able to exploit the FFF model in concert with the FFL model, allowing them to act as multipurpose and adaptable mechanotransducers (Jiang et al., 2021). Apart from the activation of the plasma membrane or the filaments of the cytoskeleton, it was found that the activation of Piezo by the ligand Yoda1 is independent of the presence of TRPV4 (Harraz et al., 2022), all of which leads to the hypothesis that Piezo also possibly fulfills a prominent and unique function in mechanosensation and mechanotransductions. The lack of specific and selective inhibitors, given that the molecular structure and ligand binding mechanism are not fully elucidated, is a major challenge in Piezo1 research. Progress has recently been achieved in the design of novel selective inhibitory substance of the Piezo1 channel (Thien et al., 2024). The discovery of inhibitors, although, is so far in its fledgling stages.
3.1.2 TRPV4
TRPV4 was first recognized in the endothelium in 2002 (Watanabe et al., 2002). TRPV4 has since been detected in endothelial cells of various vascular sites, including carotid arteries, mesenteric resistance arteries, pulmonary arteries, arterioles of the skeletal muscle, and cerebral capillaries (Köhler et al., 2006; Hartmannsgruber et al., 2007; Mendoza et al., 2010; Earley and Brayden, 2015). TRPV4 acts as a non-selective cation channel, which is better permeable for Ca2+ compared to Na+ ions (Liedtke et al., 2000; Strotmann et al., 2000). The endothelial TRPV4 channel participates in multiple vascular processes, which includes control of vascular tone, endothelial cell alignment, angiogenesis, and perfusion (Earley and Brayden, 2015; White et al., 2016). TRPV4 appears to be a prospective receptor for the molecular blood flow sensor that triggers flow-based vasodilation, which is a reaction to elevated blood fluid speed or enhanced blood fluid viscosity. In agreement, TRPV4 has been found to be activated during hypertonic circumstances and membrane elongation induced through cell swelling (Liedtke et al., 2000). The TRPV4 channel reacts sensitively to forces and is essential for recognizing shear stress in endothelial cells (Köhler et al., 2006; Hartmannsgruber et al., 2007; Mendoza et al., 2010). Whether TRPV4 is a genuine mechanosensor is, nonetheless, controversial. Cell-attached patch-clamp approaches failed to activate TRPV4 directly through pipette suction, indicating its indirect activation via force-driven signaling pathways (Earley and Brayden, 2015). Using the rat carotid artery, it has been demonstrated that activation of TRPV4 triggered by endothelial cell agonists or shear stress causes expansion of the rat gracilis arteries. The impairment of eNOS mitigates the TRPV4-driven response (Köhler et al., 2006). In addition, TRPV4 knockouts exhibited markedly decreased flow-driven vasodilation (Hartmannsgruber et al., 2007). In this context, TRPV4-driven relaxation has been identified engaging NO and EDHFs, as well as Ca2+ inward flow across endothelial TRPV4 channels in reaction to flux (Mendoza et al., 2010). Thus, direct activation of the channel by mechanical forces has not yet been clearly identified, which indicates that TRPV4 may not be a true mechanosensor (Liedtke et al., 2000; Loukin et al., 2010; Servin-Vences et al., 2017; Nikolaev et al., 2019). Beyond this, the fact that TRPV4 can be stimulated in a physiological manner through endogenous compounds like arachidonic acid (AA) and epoxyeicosatrienoic acids (EETs), which are liberated as a reaction to shear stress, would account for how TRPV4 activity rises with force (Watanabe et al., 2003; Köhler et al., 2006; Loot et al., 2008). In this sense, Piezo1 activation has been found to induce AA metabolite formation in tissue-engineered endothelial cells, which ultimately increases the activity of TRPV4 (Swain and Liddle, 2021). These results imply that Piezo1 functions as the mechanosensor and TRPV4 is functionally downstream to augment and maintain the mechanically generated Ca2+ inward current.
Endothelial TRPV4 activation causes vasodilation via NO liberation and/or by changing the Vm of endothelial cells. These two regulatory principles are not inherently mutually independent and potentially synergistic. Strongly localized Ca2+ effects during the activation of TRPV4 channels, referred to as TRPV4 sparklets, are linked to, first, the activation of eNOS, NO generation, and vasodilation, or second, the engagement of Ca2+-activated K+ channels and subsequent endothelial cell hyperpolarization (Köhler et al., 2006; Hartmannsgruber et al., 2007; Mendoza et al., 2010; Sonkusare et al., 2012; Longden et al., 2021). Genetic ablation of TRPV4 causes dampened endothelial Ca2+ reactions and impaired NO liberation (McFarland et al., 2020). The enhancement of TRPV4-driven Ca2+ signal transduction is achieved by sensitization of the inositol 1,4,5-trisphosphate receptor (IP3R) (Heathcote et al., 2019).
TRPV4 channels engage with a variety of proteins and molecules, including proteins and molecules that are manipulated directly through mechanical forces. Similar to various other TRP channels, TRPV4 undergoes activation, following GqPCR induction. Activation of endothelial GqPCR increases the activity of phospholipase C (PLC) and the hydrolytic breakdown of phosphatidylinositol 4,5-bisphosphate (PIP2) into IP3, which results in the liberation of Ca2+ from intracellular storage, and diacylglycerol (DAG), inducing protein kinase C (PKC) activation. GqPCR signal transduction in endothelial cells triggers the activation of TRPV4 channels in a PKC- or PIP2-dependent mode (Sonkusare et al., 2014; Harraz et al., 2018b), and IP3/IP3 R signal transduction enhances the activity of TRPV4 (Heathcote et al., 2019). Since some GPCRs exhibit mechanosensitivity (Xu et al., 2018) (see section below), the activation of these GPCRs through forces could increase endothelial cell TRPV4 activity, prompting the hypothesis that TRPV4 channels are integral mechanosensors. Notably, GqPCR signal transduction and subsequent regulation of ion channels like TRPV4 and Piezo1 may represent an important interface between various mechanosensing mechanisms. CAV1, a scaffold protein, directly engages with TRPV4 and colocalizes with gap junction proteins to promote electrical pairing. In fact, CAV1 is necessary for the endothelial Ca2+ inward flow and consequent vasodilation (Saliez et al., 2008; Rath et al., 2012). Overall, there is strong support that caveolae are critical microdomains participating in the activity of TRPV4 and vasodilation. In addition to mechanosensing and flow-induced vasodilation, there are several other TRP channels that are key for signal transmission in endothelial cells. For instance, the cerebral endothelial transient receptor potential ankyrin 1 channel (TRPA1) is part of the neurovascular connection, and the activation of TRPA1 through reactive oxygen species causes vasodilation (Sullivan et al., 2015; Thakore et al., 2021).
Shear stress also results in exocytosis-facilitated enrollment of TRPV4 channels and mechanical stress awareness of the endothelium (Baratchi et al., 2016). TRPV4 can colocalize with TRPC1 proteins in endothelial cells derived from rabbit mesenteric arteries. High external Ca2+-based endothelial cell-driven vasodilation exhibited TRPV4- and TRPC1-driven Ca2+ affluence and NO production stimulation. Activation of TRPV4-based triggered NO formation and consecutive vasodilation could be impeded with N(ω)-nitro-L-arginine methyl ester (L-NAME), which is an eNOS inhibitory substance, the TRPC1 antagonist T1E3, which is an inhibitory peptide or TRPV4 antagonist RN1734. Heteromeric TRPV4 and TRPC1 channels convey calcium receptor-triggered vasorelaxation via NO generation (Greenberg et al., 2017). In HUVECs, agonist-driven stimulation of the calcium-sensing receptor (CaSR) results in a TRPC1-driven elevation of intracellular Ca2+ ion levels and encourages the generation of NO. It has been postulated that engagement of TRPC1 with CaSR and TRPC1-mediated store-operated Ca2+ entry (SOCE) mechanisms have been hypothesized to promote an inward flow of Ca2+ ions (Qu et al., 2017). TRPC1 co-localizes with TRPV4 in mesenteric artery endothelial cells. This kind of heteromeric channel is triggered through CaSR and enhances NO formation and vasorelaxation (Greenberg et al., 2017; Greenberg et al., 2019).
3.1.3 TRPC6
TRPC6 appears to be a mechanosensitive TRP channel that can be specifically and directly activated via diacylglycerol (Hofmann et al., 1999; Kress et al., 2008). TRPC6 functions to modulate endothelial permeability in reaction to proinflammatory cytokines and inflammatory mediators (Leung et al., 2006; Singh et al., 2007). In pulmonary artery ECs, TRPC6 silencing reduced TRPC6 agonist-driven rise in intracellular Ca2+ ion levels, vascular perfusion, and edema production (Samapati et al., 2012). Cytochrome P450 (CYP)-based epoxyeicosatrienoic acids (EETs), which are among the other mechanically generated compounds, promote the displacement of TRPC6 into caveolin-1-rich cell plasma membrane areas, with increased caveola generation upon fluid shear stress (Fleming et al., 2007). The direct mechanical activation of TRPC6 has not yet been clearly identified. The synergistic activation of a dual mechanical and muscarinic receptor agonist carbachol-mediated activation mechanism has been postulated (Inoue et al., 2009a).
3.1.4 TRPM7
TRPM7 expression has been detected within HUVECs (Baldoli et al., 2013), wherein it is coupled to the trafficking of magnesium. TRPM7 is, to some extent, unique relative to other TRPs, in which it contains a regulatory kinase domain located near the C-terminus (Ryazanova et al., 2014). The mechanosensitive capability of TRPM7 has been confirmed in pressure-loaded patch-clamp assays (Xiao E. et al., 2015) and in fluid shear stress studies of mesenchymal stromal cells (Liu et al., 2015).
3.1.5 TRPP2
TRPP2, synonymously referred to as polycystin-2 or polycystic kidney disease 2 (PKD2), has been coupled to mechanosensitive functions of primary cilia. Decreased expression of TRPP2 decreases NO formation of mouse endothelial cells (AbouAlaiwi et al., 2009). Elimination of TRPP2 prevents endothelial cells from converting external shear stress into intracellular Ca2+ signals and nitric oxide production (Nauli et al., 2008). An interplay of TRPP2 and TRPC1 and a hypothesized involvement in stretch-driven blood–brain barrier endothelial cell damage are also proposed (Patel et al., 2010; Berrout et al., 2012). Moreover, it has been found that, solely, a heteromeric channel assemblage of TRPP2, TRPC1, and TRPV4 is capable of imparting flux-driven cation flows (Earley and Brayden, 2015).
3.1.6 Kir2.1
In an early effort to identify mechanosensors in endothelial cells, a K+ channel was revealed that responds to forces (Olesen et al., 1988). Expression of functional Kir2 channels has been identified in VSMCs (Sancho et al., 2022). Kir2 channels are not subject to conventional regulatory oversight, which is why they are frequently regarded as being merely background conductance (Sancho et al., 2022). Two membrane lipids, phosphatidylinositol 4,5-bisphosphate (PIP2) and cholesterol, provide stabilization of Kir2 channels in a favored open or closed configuration and, in conjunction with the cytoskeleton, CAV1 and syntrophin, endow them with hemodynamic sensitivity.
Kir2.1 channels, which are part of the inwardly rectifying potassium Kir channel family that let larger amounts of potassium ions into the cell than out of it, have been linked to neurovascular coupling (NVC). The cerebral circulation consists of a mesh of interlinked surface vessels with a substantial capacity to reroute the blood flow (Blinder et al., 2013). Arterioles enter the brain in an orthogonal fashion, ramify into smaller arterioles, and merge into capillaries, which vastly expand the zone of blood flow. Capillaries, which comprise the tiniest of all blood vessels, are small of approximately 5-μm diameter ducts composed of a monolayer of capillary endothelial cells. It has been observed that inwardly rectifying Kir2.1 channels in capillary endothelial cells are activated by K+ liberated by active neurons, causing a spreading hyperpolarization that propagates upstream and enlarges arterioles, referred to as dilation (Longden et al., 2017). This mechanism is a key driver of the NVC mechanism, which conveys an enhancement of the local blood flow toward active neurons, which is referred to as functional hyperemia (Longden et al., 2017; Harraz et al., 2018a; Dabertrand et al., 2021). Since the red blood cells are a little more than capillary diameter, the blood cells get “squeezed” through the capillary in a single stream, thereby exerting a unique mechanical force on the capillary endothelium. It is currently uncertain how the capillaries of the brain perceive the forces connected with blood motion and whether this mechanosensitivity plays a role in NVC. There is, therefore, a need to investigate this in further studies.
In cultured aortic endothelial cells, a Kir channel has been found to be activated by shear stress. It was hypothesized that this channel participates in flow-based hyperpolarization and the regulatory control of vascular tone (Olesen et al., 1988). This research sparked the pursuit of the function of Kir channels in mechanosensation and regulation of blood flow. The Kir2.1 channel found to be expressed in endothelial cells from various vascular types (Zaritsky et al., 2000; Ahn et al., 2017; Longden et al., 2017), is responsive to extracellular K+ levels, and its activation is triggered by hyperpolarization (Hibino et al., 2010). The flow activates Kir2.1 in a way that relies on the level of shear stress and oscillation frequency, which results in K+ efflux and hyperpolarization. In addition to regulation of Vm, Kir2.1 activity has been implicated in NO generation (Hoger et al., 2002; Lieu et al., 2004; Ahn et al., 2017). It has been hypothesized that Kir2.1 in endothelial cells is critical for flow-triggered phosphorylation and activation of eNOS and Akt and downstream NO production, probably in a Ca2+-independent fashion (Ahn et al., 2017). Shear stress enhances Kir2.1 activity, although the channel may not serve as the primary mechanosensor. Cell-attached electrophysiology was utilized to induce shear activation of Kir channels, although the cell-tethered membrane was not necessarily directly subjected to shear stress (Jacobs et al., 1995). It is probable that some upstream mechanosensing mechanisms are implicated in the reaction of Kir2.1 to shear stress. It is speculated that shear stress changes the lipids and fluidity of the plasma membrane, which then, in turn, impacts the activity of Kir2.1. Kir2.1 is, in fact, an essential regulatory target of phosphoinositides such as PIP2 and cholesterol (Romanenko et al., 2004; Harraz et al., 2018a). In arterial endothelial cells, among ion channel mechanosensors, Piezo1 and Kir2.1 channels convey shear stress-initiated NO liberation, although the Piezo1 channel functions in a depolarizing manner via the Ca2+/Na+ influx and Kir2.1 in a hyperpolarizing manner via the K+ efflux (Wang S. et al., 2016; Ahn et al., 2017). In other investigations, flow-driven activation of the TRP polycystin (PKD2) channel has been connected to the activation of eNOS and K+ channel-based hyperpolarization (MacKay et al., 2020). These findings and other related findings underscore the versatility of endothelial signal transduction. Endothelial cells use various mechanisms to provide resilient signaling and mechanotransduction paths in reaction to hemodynamic forces.
3.1.7 ENaC
ENaC is a type of Na+ channel that is nonvoltage-dependent, composed of three subunits, constitutive active channel, and an amiloride-sensitive channel. It belongs to the ENaC/degenerin family (Kellenberger and Schild, 2002). ENaC has been originally identified in epithelial cells, and it has been suggested to express exclusively on these cells. The epithelial sodium channel ENaC has been characterized mainly in the principal cells of the distal renal nephron, where it is mostly implicated in water and salt balance homeostasis (Garty and Palmer, 1997; Bhalla and Hallows, 2008). Evidently, ENaC is widely expressed in several different tissues, where it performs various tasks (Zhang et al., 2022). In specific, ENaC has been detected in the vascular endothelium, in which it regulates endothelial mechanical characteristics at the nanoscale (Fels et al., 2010; Tarjus et al., 2017). The endothelial ENaC channel seems to be activated through laminar flow in a direct fashion. ENaC, along with several other ion channels, is connected to cytoskeletal elements, and these connections serve for mechanotransduction purposes (Mazzochi et al., 2006; Ilatovskaya et al., 2011; Fels et al., 2012; Warnock et al., 2014). It is assumed that elevated ENaC activity within the endothelial cells and, thus, enhanced sodium inflow cause the cortical actin to become stable in its filamentous form (F-actin), thereby creating a stiffer cell cortex (Oda et al., 2001; Warnock et al., 2014). AFM-based nanoindentation approaches were employed to demonstrate a relationship between shear stress-induced ENaC membrane abundance, polymerization of actin, and the nanomechanical characteristics of the endothelial cortex. In other words, shear stress under laminar flow resulted in a stiffening of the cortex of the cells by 18.9% ± 5.5% (N = 3, n = 37, p ≤ 0.01) relative to static control conditions, which can be attributed to an elevated quantity of F-actin in laminar shear stress (Cosgun et al., 2022). It is important to note that the implementation of non-laminar shear stress enhanced cortical stiffness by a further 67.9% ± 8.9% (N = 3, n = 36, p ≤ 0.01), which was accompanied by additional non-laminar shear stress-driven actin polymerization (Cosgun et al., 2022). Consequently, these results emphasized the impact of non-laminar shear stress in a robust in vitro model. Moreover, an increase in the ENaC channel density and/or activity, referred to as ENaC gain-of-function (GOF), has been demonstrated to cause endothelial cells to stiffen and subsequently lead to vasoconstriction (Jernigan and Drummond, 2005). ENaC GOF, resulting from elevated channel expression, has been seen in hypertension (Mills et al., 2016; Ahmad et al., 2023). The mechanisms through which ENaC GOF impairs endothelial functioning and shear stress-driven vasodilation include decreased generation of NO. NO loss is the outcome of increased Na+ influx, which weakens the driving force for L-arginine, which is a NO precursor, incorporation through cationic amino acid transporters. As an alternative, NO depletion can result from the negative regulation of the phosphoinositide 3-kinase (PI3K)/Akt pathway, which is essential for the synthesis of NO (Stojanovic et al., 2006).
Functional blockade of ENaC can cause a switch from F- to G-actin, resulting in a softening of the cell cortex (Fels and Kusche-Vihrog, 2020). On the contrary, the fixation of the actin cytoskeleton through chemical substances cancels this switching effect. In addition, the decrease in the spacing between the cortex and actin filaments is crucial for the thickness and tension of the cortex (Lembo et al., 2023). Thus, ENaC functioning and actin dynamism are tightly coupled in endothelial cells. In addition, ENaC could be triggered due to the flow and elevated hydrostatic pressure, and raised intracellular sodium concentrations cause lower NO formation in endothelial cells (Guo et al., 2015). In agreement with these results, ENaC has been observed to insert into the plasma membrane of HUVECs (cultured as a 2D monolayer) due to acute shear stress application or alterations (Cosgun et al., 2022). Consequently, an enhanced Na+ flow into the endothelial cells and the polymerization of the cortical actin take place. ENaC shear force detection relies on the engagement of sugar residues with the endothelial glycocalyx. Extracellular N-glycosylated asparagine moieties of ENaC bind the channel to both the ECM and endothelial glycocalyx, and elimination of these N-glycans decreases shear force-triggered ENaC flows (Leung et al., 2006). Notably, the endothelial glycocalyx is also engaged in the capacity of endothelial ENaC to moderate flow-mediated vasodilation, and removal of ENaC in endothelial cells abrogates shear stress-based relaxation.
Together, these findings reinforce the concept of a close cooperation and mutual relationship between the endothelial glycocalyx, ion channel functionality, and the endothelial cytoskeleton as linked mechanosensors. Finally, ENaC has a dual function, such as being beneficial or detrimental for the vascular function (Zhang et al., 2022). In summary, normal endothelial ENaC activity promotes shear stress-mediated vasodilation, whereas increased ENaC activity is associated with dysfunction of the endothelium. The differential effect of ENaC on vascular functioning can be attributed to the heterogeneity of the vascular sites and whether ENaC activity is increased in physiological or pathological manners (Zhang et al., 2022).
3.1.8 TREK-1
Two-pore K+ channel (K2P channel) superfamily members have been hypothesized to act as endothelial mechanosensors. The K2P channels are widely found to be expressed in various vascular patches, where they control the vascular function (Gurney and Manoury, 2009). TRAAK, TREK-1, and TREK-2 belong to the K2P channel family, and the TREK-1 channel has been thoroughly characterized in endothelial cells (Lesage et al., 2000; Brohawn et al., 2014). TREK-1 exhibits a direct responsiveness to positive and negative pressure within lipid bilayers, and the mechanosensitivity of the channel is maintained in various electrophysiological settings (Patel et al., 1998; Brohawn et al., 2014). TREK-1 is directly controlled through membrane tension; distortion of the plasma membrane removes the lipid blockade of ion conductance and consequently increases the activity of the channel, which results in hyperpolarizing flows (Honoré et al., 2006; Brohawn et al., 2014; Brohawn, 2015; Schmidpeter et al., 2023). TREK-1 not only modifies the Vm value of endothelial cells but is also involved in endothelium-driven, NO-facilitated vasodilation (Garry et al., 2007). The TREK-1 channel is not only solely mechanosensitive but also sensitive to osmotic pressure and becomes activated through ischemia-associated swelling. The cerebrovascular TREK-1 channel, therefore, plays a preservative role in the event of ischemia as it hyperpolarizes the endothelial cells and dilates the vessels (Patel et al., 1998; Maingret et al., 1999; Rao et al., 1999). It is hypothesized that hyperpolarization conveyed by TREK-1 may act in synergy with some other hyperpolarizing channels or mechanosensors, such as Kir2.1, or antagonize depolarizing channels, such as Piezo1 or TRPV4. The TREK-1 channel is regulated through GPCRs, with several of them being mechanosensors (Maingret et al., 1999; Lesage et al., 2000; Chemin et al., 2005; Mathie, 2007; Brohawn et al., 2014; Brohawn, 2015). PIP2 increases the activity of TREK-1, and cyclic adenosine monophosphate/protein kinase A (cAMP/PKA) acts to repress the channel. Consequently, TREK-1 activity is inhibited through Gs-PKA (enhanced inhibitory PKA) and Gq-PKA (reduced stimulatory PIP2) but is not blocked through Gi-PKA (reduced PKA) (Chemin et al., 2005; Mathie, 2007). Overall, the function of endothelial TREK-1 in mechanosensing is probably influenced through the other mechanosensitive GPCRs in place.
3.1.9 Future perspectives of ion channel actin as mechanosensors
Many endothelial mechanosensitive ion channels have been examined, and the emerging lines of evidence that Piezo1 is a genuine mechanosensor are very strong. Piezo1 appears to be expressed in most vascular grafts investigated so far, but the functions of endothelial Piezo1 are still not sufficiently characterized, which has been due to the recent detection of Piezo1 and the general relatively low number of specific/selective blockers. There exist inhibitors against the Piezo-ligand Yoda1, such as salvianolic acid B (Pan et al., 2022), and the Yoda1 derivative Dooku1 (Evans et al., 2018; Hatem et al., 2023). Recently, there have also been inhibitors that target Piezo1, comprising the toxin GsMTx4 from tarantulas; specific fatty acids; amyloid beta (Aβ) peptides; metal-containing compounds, such as ruthenium red and gadolinium; the Yoda1 derivative Dooku1; and natural compounds, such as tubeimoside I, salvianolic acid B, jatrorrhizine, and escin (Tapia and Velasco, 1997; Peng et al., 2016; Evans et al., 2018; Thien et al., 2024). The results showed that Piezo1 misexpression can be linked to a variety of chronic illnesses, which range from hypertension to cancer and hemolytic anemia. As a result, the blockade of Piezo1 and the resulting calcium inward current may have favorable implications for several pathological processes as several in vitro and in vivo investigations have been revealed (Thien et al., 2024). The development of Piezo1 inhibitors is still in its infancy, although, and there are still plenty of options and many challenges to be exploited.
As mentioned above, several mechanosensors cooperate, and Piezo1 may be a crucial element in these mechanisms. It is assumed that progress will be made in the near future in gaining an improved insight into mechanosensors, in general, and Piezo1 as the prevailing channel mechanosensor in endothelial cells. Remarkably, the expression of these ion channel species differs according to the anatomical position of the endothelial cells in the vascular tree. Arterial/arteriolar endothelial cells exhibit IK and SK channels, which are crucial in converting increases in intracellular Ca2+ levels into hyperpolarizing/dilator cues, whereas in the capillary endothelium, this ion channel family is lacking (Jackson, 2022). Notably, endothelial cells that do not express voltage-gated channels can be electrically coupled to VSMCs and can, therefore, directly control the basal tone of the vessels (Ebong et al., 2014). Finally, the characteristics of the mechanosensors must be defined to be able to better work out the similarities and differences. In addition, these hallmarks could be used to focus on the essential mechanisms of these receptors in the regulation of vascular functions to be able to intervene in these mechanisms with inhibitors or activators.
3.2 G-protein-coupled receptors
Selected G-protein-coupled receptors are briefly presented as mechanosensory units. Canonical activation of a GPCR is induced when an extracellular ligand engages the receptor, thereby initiating second messenger cascades that rely on Ca2+ signal transduction, cyclic nucleotides, or β-arrestin. Nevertheless, some GPCRs transduce mechanochemical signaling, regardless of ligand tethering (Takada et al., 1997; Chachisvilis et al., 2006). The mechanisms behind the mechanosensitivity of GPCRs are not yet completely elucidated but probably comprise alterations in membrane fluidity that permit GPCRs to acquire an active configuration even in the complete lack of a receptor agonist (Gudi et al., 1998; Yamamoto and Ando, 2013; 2015). In addition, helix 8, which is a conserved helical motif situated adjacent to transmembrane segment 7, has been demonstrated to confer mechanosensitivity to GPCRs. Structural and functional investigations have revealed that mechanical pacing extends helix 8 and thus stimulates the activation of GPCR (Erdogmus et al., 2019). Multiple mechanosensory mechanisms intertwine. Activation of an endothelial cell mechanosensor is frequently accompanied by metabolic alterations. Shear stress triggers Gq-PCRs and subsequently enhances the production of DAG and IP3 and the degradation of PIP2. Alterations in the intracellular metabolite content have considerable effects on mechanosensitive ion channels. DAG increases the activity of TRPV4 in arterial endothelial cells. Depletion of PIP2 increases TRPV4 and TREK-1 activity and represses the Kir2.1 activity. The activation of Piezo1 can increase AA synthesis, and then, AA triggers TRPV4 and TREK-1 and subsequent reactions (Patel et al., 1998; Chemin et al., 2005; Sonkusare et al., 2014; Harraz et al., 2018b; Harraz et al., 2018b; Swain and Liddle, 2021). The overlaps among various metabolic routes are hence key components of mechanosensory mechanisms.
3.2.1 GPR68
G protein-coupled receptor 68 (GPR68) has been shown to be an endothelial Gq/11-coupled receptor that acts to promote flow-induced vasodilation by increasing NO levels. Deletion of GPR68 compromised flow-based dilation of mesenteric arteries and had no impact on the regulation of blood pressure (Xu et al., 2018). Disruption of the structural integrity of the helix 8 (H8) domain of GPR68 by amino acid replacement limits mechanosensitivity, suggesting that H8 is an essential structural motif that provides mechanosensitivity to GPCRs (Erdogmus et al., 2019). Inconsistent findings employing cultured cells, nevertheless, revealed that flow-driven GPR68 activation is sustained, regardless of H8 removal or the pharmacological blockade of G protein signal transduction (Ozkan et al., 2021). The latter is in accordance with the piece of evidence that shear stress triggers the activation of Gq/11, regardless of the activation of GPCRs in cultivated endothelial cells (Dela Paz et al., 2017).
3.2.2 Bradykinin 2 receptor
Another type of endothelial mechanosensors is the Gq/11-coupled bradykinin-2 (B2) receptors (Chachisvilis et al., 2006). Shear stress, hypo-osmotic excitation, or a modification of plasma membrane fluidity stimulates the B2 receptor, resulting in an elevation of intracellular Ca2+ ion levels. Ca2+ signal transduction facilitated through the endothelial B2 receptor causes vasodilation through enhancing NO generation or stimulating Ca2+-driven hyperpolarization (Liao and Homcy, 1993; Chachisvilis et al., 2006; Hu et al., 2022). In addition, the endothelial B2 receptor increases the generation of AA, which can elevate the Ca2+ flux through TRPV4 (Watanabe et al., 2003), indicating a possible link between the B2 receptor and other mechanosensors.
3.2.3 Endothelial sphingosine-1-phosphate receptor 1 and histamine H1 receptor
Shear stress has been found to induce activation of sphingosine-1-phosphate receptor 1 (S1PR1) and the histamine H1 receptor (H1R) in endothelial cells. Activation of S1PR1 triggers NO synthesis, which causes vasodilation. S1PR1 is likewise critical for vessel development and homeostasis of blood pressure (Jung et al., 2012; Cantalupo et al., 2017). Overall, the results indicate that S1PR1 acts as a pivotal element in an endothelial mechanosensory signal transduction route, behaving more as a mechanotransducer than as a sensor. H1R contains helix 8 and has thus been described as an endothelial mechanosensitive GPCR that can promote NO signal transduction and vasodilation (Erdogmus et al., 2019).
3.2.4 Perspectives for the mechanosensitive GPCRs
Endothelial GPCRs that act as putative mechano-GPCRs comprise GPR68, B2 receptor, S1PR1, and H1R. Mechanosensing evidence indicates that GPR68 may fulfill the most important function. The expression at the messenger RNA (mRNA) stage, nevertheless, is most prominent for S1PR1 and tends to be minor for other culprits (Vanlandewijck et al., 2018). Moreover, some putative mechanosensitive Gq/11-coupled receptors are lacking indications of a direct activation through mechanical forces when exposed to heterologous expression networks, confirming the concept that GPCRs are implicated in mechanosensation in an indirect manner (Marullo et al., 2020). The downstream actions of GPCR signaling intersect with and modify the activity of other mechanosensitive ion channels; the complement of the endothelial cell receptors may hence orchestrate and control the mechanosensitive ion channel activity (Harraz et al., 2018b). This indicates that the mechanosensors work together, are functionally linked, and thus may be able to cancel each other out.
3.3 Cell matrix receptors such as integrins
Another focus of the review article is placed on apical mechanotransduction and on cell–matrix mechanotransduction. Cell–matrix receptors like integrins act as the major mechanosensors on the basal face of the endothelial cell, establish a direct connection from the actin cytoskeleton to the ECM (Geiger et al., 2009; Eyckmans et al., 2011), and are implicated in the reaction toward substrate-related and flow-related stimuli (Tzima et al., 2005).
Integrins constitute heterodimeric adhesion receptors consisting of α- and β-subunits that are capable of tethering extracellular matrix compounds, among other ligands, that are essential for basement membrane attachment (Hynes et al., 2002). Integrins can create 24 different, specific integrin heterodimers. Various integrin heterodimers couple to various ligands, such as fibronectin receptors, collagen receptors, laminin receptors, and leukocyte-specific receptors (Hynes, 2002). Expression of integrins is specific to cells, and the various α/β-subunit pairs generated determine the types of extrinsic ligands that cells can engage, impacting their differentiation and performance. Integrins are connected to the actin cytoskeleton via focal adhesion proteins, such as talin, vinculin, kindlin, and paxillin, which also serve as signal transduction centers that promote intracellular signal transmission (Sun et al., 2019; Kadry and Calderwood, 2020). Integrin signaling is unique because it is bidirectional as it can be triggered by the engagement of external ligands (outside-in signaling) or by the engagement of cytosolic scaffold proteins (inside-out signaling) (Hynes, 2002; Ye et al., 2012; Humphries et al., 2019; Kadry and Calderwood, 2020). Most of the knowledge about integrins and their functioning stems from the examination of cell–cell interactions among leukocytes (Chigaev and Sklar, 2012; Martín-Cófreces et al., 2018) and cell/ECM adhesion at the basolateral cell surface (Schwartz, 2010; Geiger and Yamada, 2011).
The structure and conformation of integrins are crucial to each part of its operation, ranging from adhesion to signal transduction. The α-subunit comprises a head domain and two leg domains (Luo et al., 2007; Campbell and Humphries, 2011). Half of the α-subunits possess an I domain incorporated into the head domain, which enables them to bind divalent metal ions that can function as an activation switch (Luo et al., 2007; Campbell and Humphries, 2011). Similar to the α-subunit, the β-subunit contains leg domains in the upper and lower parts of the molecule, as well as a head domain with a cation-tethering I-like domain (Luo et al., 2007; Campbell and Humphries, 2011). This structure allows both α- and β-subunits to take on conformations with bent and stretched head groups (Luo et al., 2007; Campbell and Humphries, 2011). In inactive conditions, integrins exist in a bent conformation (Takagi and Springer, 2002; Luo et al., 2007; Ye et al., 2012). The conformational rearrangement that enables the head group to switch to an outstretched conformation coincides with activation (Takagi and Springer, 2002; Ye et al., 2012). Activation is a prerequisite for the engagement of integrins with ligands and for the transduction of intracellular cues. Following activation, integrins exhibit a higher affinity for ligand engagement (Luo et al., 2007; Ye et al., 2012). Although the elongated head group is a characteristic of activated integrins, they can also assume intermediate conformations, such as an elongated closed conformation in which the head group is turned outward but still exhibits a low affinity for the linking ligand (Ye et al., 2012; Su et al., 2016; Li and Springer, 2017).
The resting endothelium expresses a minimum of seven classes of integrins, where β1-integrin, being one of the most well-characterized in the endothelium, confers the specificity for fibronectin (α5β1), laminin (α3β1 and α6β1), and collagen (α1β1 and α2β1) (Stupack and Cheresh, 2002). Simultaneous endothelial-specific α5 and αv deletion results in heart vascular defects and in embryonic lethality up to E14.5 (Van Der Flier et al., 2010). Endothelial cell-specific deletion of β1-integrin throughout development led to embryonic lethality ranging from E9.5-E.10 .5, which has been found to be marked through defective vascular patterning and vascular abnormalities (Lei et al., 2008). Inducible genetic knockdown of β1-integrin in endothelial cells or postnatal pharmacological inhibition of β1-integrin compromised lumen generation and caused apical–basal polarity defects in endothelial cells throughout new vessel outgrowth (Zovein et al., 2010). Moreover, endothelial cell-specific genetic deletion of β1-integrin in mice provides strong evidence for a regulatory mechanism of β1-integrin expression in the stabilization of VE-cadherin at cell–cell junctions (Yamamoto et al., 2015). Overall, these findings imply that the expression of β1-integrin in endothelial cells is decisive for proper vascular development and the stability of blood vessels.
Even though the abovementioned examples only deal with monovalent molecular interactions, there are multivalent interactions in several receptor–ligand systems. P-selectins and E-selectins, for example, can form dimeric links with the dimeric P-selectin-GP ligand 1 (Ramachandran et al., 2001; Zhang et al., 2013). Fibrinogen and VWF are each able to attach multiple replicas of their corresponding receptors to the identical or distinct platelets (Rooney et al., 1998; Zhou Y.-F. et al., 2012). The assembly and disassembly of these intricate linkages involve multi-step kinetic mechanisms that include intermediary events with additional speed variables. In addition, the force loading is probably non-uniformly spread over multiple bonds, which complicates the force sensitivity to bond lifetime (Friddle et al., 2012). Nevertheless, it is probable that a multimeric ligand has a higher probability to reach the cell receptors for elevated mechanopresentation. The total lifetime of attachment is likely also extended by the fact that disconnected elements of the receptor–ligand cluster are maintained in close distance by other members and stay assigned so that they can rapidly reconnect, leading to enhanced mechanoreception. Although cross-linking of receptors by multimeric ligands promotes cell signaling in multiple settings, multivalence may eventually guarantee enhanced mechanosensing. Although the formation of clusters results in a higher local accumulation of signaling molecules to amplify the signaling response, the generation of multiple tethers requires a reduction in the force distributed across the individual linkages, which can attenuate the signaling effect of the individual receptors. When the mechanosensors switch to a threshold mechanism that demands a specific force amplitude at individual receptors, then excessive force scattering may disable the transmission of signals. Moreover, although several proteins lack a dimeric/multimeric architecture, they include binary or plural binding sites that can independently or cooperatively engage. For instance, fibronectin incorporates a synergistic site in its III9 domain that enhances the engagement of the RGD sequence of the III10 domain with integrin α5β1 (Friedland et al., 2009; Kong et al., 2009). Thy-1 is able to concomitantly engage the integrin α5β1 and syndecan-4 in a force-triggered cooperative fashion (Fiore et al., 2014). Consequently, mechanoreception is amplified in these two events.
β1-integrins can sense the direction of the vascular flow (Xanthis et al., 2019; Su et al., 2024). Thereby, the activation of β1-integrins seems to be critical and mandatory for endothelial cell-alignment at locations of the unidirectional flow (Vion et al., 2021). In addition, reduced tension across intercellular VE-cadherin junctions and, thus, impaired lateral forces between adjacent endothelial cells have been demonstrated to prevent endothelial cells from collectively polarizing, such as in processes of vascular wounding, following physical damage. At sites of bidirectional flux, β1-integrins fail to be activated, which is a pivotal mechanism for unraveling the mechanics of blood flow to foster vascular homeostasis. A unidirectional shear stress leads to orientation of the endothelial cells with a simultaneous rest phase, while bidirectional and other irregular shear stress patterns fail to encourage orientation (Sorescu et al., 2004; Wang et al., 2006; Wang et al., 2013; Wu et al., 2011; Feaver et al., 2013; Ajani et al., 2015). The shear stress-mediated activation of α5β1 integrins induces Ca2+-dependent signal transduction processes (Matthews et al., 2006; Loufrani et al., 2008; Thodeti et al., 2009; Buschmann et al., 2010; Yang et al., 2011, p. 190), which then guides the migration and invasion of endothelial cells (Urbich et al., 2002) and endothelial inflammatory events (Bhullar et al., 1998; Dekker et al., 2005; Luu et al., 2013; Chen et al., 2015; Sun X. et al., 2016; Yun et al., 2016; Budatha et al., 2018). A model for the integrin involvement in shear stress signal transduction assumes that the tension produced at the apical surface is transferred through the cytoskeleton to the integrins positioned at the basal surface, causing structural alterations that raise their binding capabilities for ECM ligands (Bhullar et al., 1998; Tzima et al., 2001; Orr et al., 2005; Orr et al., 2006; Puklin-Faucher and Sheetz, 2009). Experiments with a chimeric form of the α5 integrin, replacing the cytoplasmic region with that of the α2 integrin, have revealed that the flow fuels ECM-driven signal transduction through the basally situated α5 integrin to facilitate the inflammatory activation of endothelial cells (Yun et al., 2016; Budatha et al., 2018). Nevertheless, further investigations revealed that integrins expressed on the apical face of endothelial cells can also react to mechanical force (Conforti et al., 1992; Matthews et al., 2006), which has been refined thereafter (Xanthis et al., 2019). The following indications lead to the deduction that β1-integrins are force direction-sensitive elements. First, β1-integrin transforms from a deflected inactive shape to an elongated active mode as a reaction to a unidirectional shear force, as contrasted to a bidirectional shear force. Second, steered molecular dynamics (SMD) simulations demonstrated that a force exerted along parallel to the membrane can produce structural redistributions, resulting in elongation of the β1-integrin. Third, unidirectional shear force initiates Ca2+ signal transduction through a β1-integrin-driven pathway, while the response to bidirectional force is completely unrelated to β1-integrins. Fourth, deletion of β1-integrin inhibited the orientation of cultured endothelial cells subjected to unidirectional shear stress, whereas it failed to change the shape of cells undergoing bidirectional shear stress. Fifth, β1-integrins underwent selective activation at locations of unidirectional shear stress within the mouse aorta (Xanthis et al., 2019), and sixth, removal of β1-integrin from endothelial cells diminished the orientation of endothelial cells at locations of unidirectional shear stress across the aorta of mice but made no changes to their shape at locations of the disturbed flow (Xanthis et al., 2019).
3.3.1 Basal or apical position of integrins and their reaction to flow
A question arises whether the location of integrins, such as at the basal or apical site of endothelial cells, plays a role in the sensing and reaction to flow-induced shear stress. Another important question that arises is whether apical integrins can transduce physical signals without being tethered to an extracellular substrate. In contrast to basal integrins, which organize focal adhesions or cell–cell interactions, apical integrins are usually distributed over the entire plasma membrane, complicating their assignment to specific structures or molecular complexes. The treatment of human umbilical vein endothelial cells (HUVECs) with a type I collagen hydrogel on the apical surface causes the rearrangement of α2β1 integrins on the apical cell surface (Turner et al., 2020). Activation of α2β1 integrins has also been shown to be an essential step in fast tube assembly and angiogenesis (Turner et al., 2020). The administration of collagen coating on the apical surface of the cell has no influence on the size of the apical β1-integrin pools (Zuk and Matlin, 1996). This indicates that the apical integrins themselves do not influence polarity but that the interplay between the apical integrins and external ECM proteins favors a reorientation of the apical/basolateral polarity axis (Ojakian and Schwimmer, 1994; Zuk and Matlin, 1996).
Interrupting integrin–ligand adhesion with blocking antibodies against α5 or β1 reduces cell adhesion and enhances cell migration (Akiyama et al., 1989). In accordance with this model, integrins are present on the upper surface of migrating skin fibroblasts, as determined by FRAP, whereas in stationary cells, they are clustered into fibrillar streaks (Duband et al., 1988). In line with this finding, cells exhibit high migratory activity when the apical pools of β1-integrins on F98 cells adopt the closed conformation (Holz et al., 2000). Conversely, exposure of cells to ligands that both cluster and activate apical β1-subunits decreases focal adhesion and cellular stretch, thereby impeding migration (Mang et al., 2020). Consequently, these investigations imply that the interaction between apical integrins and specific ligands acts as a molecular on–off switch that regulates cell motility.
At first glance, it seems reasonable that the functionality of α5β1-heterodimers differs according to their position on the basal or apical site. For example, basally positioned integrins are activated upon perturbed flow (Figure 4) (Sun Z. et al., 2016), while apically situated integrins are exclusively activated upon unidirectional flow. The mechanisms by which endothelial cells incorporate these diverse types of proximal cues from apical and basal compartments of β1-integrins deserve closer examination. Flow dynamics dictate that blood flow near the vessel wall approaches zero speed (no slippage), and therefore, it is uncertain how shear stress acts to activate proteins at the apical surface. Nevertheless, endothelial cells harbor structures that protrude into the vessel lumen and could be relevant for mechanosensing; among them are the primary cilium and the glycocalyx, which is a coating of glycolipids, glycoproteins, and proteoglycans present on the apical face of endothelial cells. Despite the glycocalyx frequently being lacking in cultured endothelial cells, like HUVECs (Chappell et al., 2009), the glycocalyx has been detected on the arterial endothelium where it may impart shear forces toward the apical face of endothelial cells (Bartosch et al., 2017). It has been established that β1-integrins became activated at the apical face of the aortic endothelium of mice, and it seems to be intriguing to conduct future experiments on the regulatory impact of the glycosylation of β1-integrins (Xu Z. et al., 2019) and the glycocalyx of this kind of process.
[image: Figure 4]FIGURE 4 | The apical surface of the endothelial cell possesses mechanosensory proteins, such as Plexin D1, NOTCH, Piezo1, P2X4, DDR1, CD44, and G protein-coupled receptors, such as GPR68 and mechanosensitive structures like caveolar, glycocalyx, and primary cilia. Cell–cell junctions, such as adherens junctions, compromise VE-cadherin, PECAM-1, vascular endothelial growth factor 2 (VEGFR2), and VEGFR3. At the basal site of the endothelium is the contact to the basement membrane via integrins, such as [image: image], which also act as mechanosensors. All these mechanosensors contribute to mechanotransduction processes, including the PI3K-Akt pathway, YAP-TAZ pathway, ERK1-ERK2 pathway, and Rho signal transduction pathway. Several mechanotransduction routes lead to the activation of transcription factors, such as Krüppel-like factor (KLF2) and KLF4, hypoxia-inducible factor 1[image: image], and nuclear factor-[image: image]B (NF-[image: image]B); endothelial-to-mesenchymal transition (EndMT); junctional adhesion molecule (JAM); focal adhesion kinase (FAK); endothelial nitric oxide synthetase (eNOS); reactive oxygen species (ROS); transcription factor SOX13; and nuclear factor erythroid 2-related factor 2 (NRF2). The mechanosensors affect multiple endothelial vascular functions and can lead to diseases upon the perturbed flow, such as cancer and atherosclerosis.
3.3.2 Force sensors and anisotropic distribution of forces
Typically, integrins are located on basolateral and lateral cell surfaces, where they promote tethering to the ECM and intercellular adhesion via cytosolic engagement proteins that drive the arrangement of actin microfilaments. Thereby, force transmission plays a pivotal role. So far, it appears that the molecular complexes utilized to drive cell signal transduction via apical integrins are the same as those utilized by integrins in the general setting. Apical-localized integrins, nevertheless, diverge from ECM-localized integrins with respect to their ability to bind ECM proteins, a feature that may affect their physiological role. Apical integrins are not frequently organized into immobile focal adhesions and may, thus, be more quickly rearranged in reaction to different stimuli, as compared to ECM-bound integrins. Moreover, the apical integrin function is most likely affected by the local environment of the apical plasma membrane, which is clearly distinct from the basolateral plasma membrane. They also have entry to apical ligands, comprising ECM elements that are apically secreted, particularly fibronectin.
The accumulation of apical integrins, especially in activated integrins, seems to be a critical step in triggering cellular responses ranging from cell migration to enhanced permeability (Ojakian and Schwimmer, 1994; Zuk and Matlin, 1996; Walsh et al., 2015; Stewart et al., 2017; Badaoui et al., 2020; Mang et al., 2020; Turner et al., 2020). Apical integrin clusters can also promote endocytosis, which may be physiological in the event of integrin turnover in the course of cell migration. How apical integrin clustering is connected to integrin conformation and activation is poorly understood. A number of investigations have shown that integrin activation, typically by ligand binding (Ojakian and Schwimmer, 1994; Zuk and Matlin, 1996; Badaoui et al., 2020; Mang et al., 2020; Turner et al., 2020) but not strictly in clustering (Xu et al., 2016), was needed to trigger a reaction in the cells. β1-integrins tend to be linked to focal adhesion, which comprise nanoclusters with specific populations of both active and inactive integrins, indicating two independent reservoirs according to their activation state (Spiess et al., 2018). Considering the transition from freely mobile integrins to clustered, immobile integrins that occur when cells stabilize (Duband et al., 1988), it is probable that there is also a connection between clustering and the integrin inactivation state at the apical surface.
Similar to their basolaterally localized equivalents, apically localized integrins engage with the actin cytoskeleton (Tafazoli et al., 2000; Li et al., 2009; Yang and Rizzo, 2013; Uehara and Uehara, 2014; Walsh et al., 2015; Badaoui et al., 2020; Mang et al., 2020). The apical integrins may access unique actin pools that differ from actin engaged by integrins involved in focal adhesion. For example, a membrane-proximal pool of F-actin has been characterized, and if apical integrins mainly recruit to this pool of actin, this could account for the participation of apical integrins in processes like apical signal transduction, mechanosensing, and control of barrier function (Bisaria et al., 2020). Identification of specific actin patches preferentially controlled by apical integrins will contribute to the refinement of hypotheses associating them with the organization of other actin-binding proteins, like ZO-1, involved in tight junctions (Belardi et al., 2020).
To elucidate how apical integrins engage the actin cytoskeleton, it is critical to identify how scaffolding proteins can be attracted by stimulation of apical integrins. At present, there is little data on how apical integrin stimulation influences association with scaffold proteins, like kindlin, vinculin, or focal adhesion kinase, even though some indirect evidence indicates a rearrangement of talin in reaction to stimulation with apically presented nanostructured surfaces (Huang et al., 2020). In the actin cytoskeleton, the apical integrins are also associated with alterations in lipid organization of the plasma membrane, increasing ceramide accumulation and decreasing sphingosine (Grassmé et al., 2017). Similarly, data connecting caveolin, eNOS, and connexin hemichannels to apical integrin-facilitated mechanosensing (Batra et al., 2012; Yang and Rizzo, 2013; Liu J. et al., 2020) broaden the range of proteins that associate with integrin past actin and canonical integrin scaffolding proteins. A technique that uses antibodies to coat polystyrene beads mimicking the polyvalency of collagen fibrils causes the formation of tubes similar to the effect of collagen (Turner et al., 2020). This implies that, at a minimum, apical integrin stimulation on its own is capable of producing the same results.
Nevertheless, the apical β1-integrins can perceive force even without ligand engagement. Although apical β1-integrins are unattached to the ECM scaffold, it can be hypothesized that in cells subjected to flows, they function as “sea anchors,” facilitating the transmission of force toward the cell. Therefore, it was hypothesized that unidirectional shear stress triggers tension in β1-integrins that results in downstream signal transduction cascades, while bidirectional shear stress is inadequate as it reverses the flow direction prior to tension buildup (Xanthis et al., 2019). This concept is in agreement with similar findings, which have revealed that mechanical forces are capable of activating β1-integrins, regardless of whether the ligand is tethered or not (Ferraris et al., 2010; Petridou and Skourides, 2016). The direction-specific β1-integrin signal transduction event is anisotropic as it is increased in cells oriented in the force direction, whereas it is diminished in cells subjected to the flow in the reverse or tangential direction. The underlying principle of anisotropy is not determined, but it can be assumed that mechanisms are implicated that restrict rotational diffusion and keep the β1-integrin aligned. The mechanism is likely to entail a flow-driven alteration of actin dynamism or membranous fluid dynamics (Sun Z. et al., 2016), both of which are characterized to affect the alignment and activity of integrins. Because β1-integrin advances endothelial cell orientation, it can be conversely inferred that there is a forward loop present from the activation of β1-integrin to the orientation. Feed-forward schemes are essential for maintaining physiological robustness, and thus, the positive interplay between endothelial cell orientation and β1-mechanosensation is postulated to sustain long-term homeostasis at areas of unidirectional flow.
3.3.3 β1-integrin-dependent Ca2+ signaling engages with TRPV4 and Piezo1
There is a requirement to clarify whether β1-integrin-driven Ca2+ signals engage Piezo1 and TRPV4 as these Ca2+-permeable channels are recognized to perceive shear stress (Köhler et al., 2006; Thodeti et al., 2009; Mendoza et al., 2010). Therefore, HUVECs have been modified with specified siRNAs to inhibit Piezo1 or TRPV4 before applying unidirectional force via magnetic tweezers paired with 12G10 (anti-β1-integrin antibody that targets the β1-domain)-coated superparamagnetic beads (Xanthis et al., 2019). Piezo1 or TRPV4 gene silencing markedly decreased the buildup of Ca2+ in HUVECs subjected to the unidirectional flow, implying that the two channels are engaged in Ca2+ signal transduction. In agreement with this, β1-integrin-driven Ca2+ signal transduction is markedly diminished upon EGTA challenge, suggesting a need for extracellular Ca2+. In sharp distinction, the reaction to bidirectional flux upon application of EGTA was only marginally and not significantly decreased. Turning off Piezo1 or TRPV4, nonetheless, had no effect on β1-integrin signal transduction in reaction to unidirectional flow, indicating that these channels are not operating upstream of β1-integrin. It can be inferred that a unidirectional force that triggers Ca2+ signaling through a mechanism necessitates β1-integrin-driven activation of Piezo1 and TRPV4 linked to extracellular Ca2+, while in contrast, the bidirectional force is initiated by a β1-integrin-independent route. As the shear stress-induced integrin αvβ1 primarily tethers with TGF-β, fibronectin, neural cell-adhesion molecule L1, and osteopontin (Takada et al., 2007), it is likely that, thereby, the ligands contribute to the phenotypic switch of endothelial cells to mesenchymal cells. Consistent with these results, both laminar and perturbed flows can trigger activation of the identical early mechanosignaling route comprising Piezo1- and Gq/G11-based signal transduction (Albarrán-Juárez et al., 2018). According to the flow characteristics, however, the endothelial cells interpret these signaling events alternatively as atheroprotective cues, leading to the activation of eNOS or as inflammatory cues, causing the activation of NF-κB. This variable responsiveness of cells to the initial mechanotransduction event relies on α5-integrin activation, which is enabled only by the perturbed flow and not by the persistent laminar flow (Albarrán-Juárez et al., 2018).
3.3.4 Integrins engage via talin with the adherence junction protein VE-cadherin
A key feature of integrins is well known to be affinity control for extracellular ligands, a process referred to as integrin activation or “inside-out integrin signaling.” An essential terminal stage in the activation of integrins is the tethering of the N-terminal head domain of the cytoskeletal protein talin to the cytoplasmic domain of β-integrins (Calderwood et al., 1999; Tadokoro et al., 2003; Wegener et al., 2007; Ye et al., 2011). Although evidence has emerged on a lot of molecular and structural particulars of how talin engagement activates integrins (Wegener et al., 2007) and the biological relevance of talin-driven integrin activation in hematopoietic cells (Nieswandt et al., 2007; Petrich et al., 2007; Stefanini et al., 2014; Yago et al., 2015; Klann et al., 2017), the precondition for talin-driven integrin activation in committed blood vessels has not yet been addressed so far. This issue was addressed by using a mouse model with deleted talin. Embryonic lethality results from endothelial cell-specific deletion of Tln1 in mice because of deficiencies in angiogenesis, leading to widespread vascular hemorrhage and lethality up to E9.5 (Monkley et al., 2011). This finding substantiates a distinct role of talin in angiogenesis during embryonic development. Mice were studied where Tln1 was genetically removed selectively in the endothelium of mature adult mouse blood vessels utilizing an inducible conditional Cre/loxP recombination setup. These results highlight the significance of talin1 in endothelial cells for the stabilization and barrier role of the visceral microvasculature (Pulous et al., 2019). In addition, both in vivo and in vitro studies support a function for talin in VE-cadherin regulation, and talin-driven activation of β1-integrin is a pivotal hub in this signaling pathway necessary for adherence junction stability and endothelial integrity (Pulous et al., 2019). Consequently, VE-cadherin is not independently regulated of other cell surface receptors.
3.3.5 Discoidin domain receptor 1 (DDR1)
The tyrosine kinase discoidin domain receptor 1 (DDR1) is critical for normal embryonic development and organogenesis and is also associated with the advancement of several diseases, such as different types of cancer, atherosclerosis, and fibrotic illnesses (Borza and Pozzi, 2014). DDR1 exhibits mechanoresponsivity to the stiffness of the ECM scaffold (Coelho et al., 2017; Ngai et al., 2022; Wang et al., 2022c; Liu et al., 2023a). DDR1 consists of an N-terminal extracellular discoidin (DS) domain and a DS-like domain, a juxtamembrane (JM) extracellular region, a transmembrane helix, a large cytosolic JM region, and a tyrosine kinase domain at its C-terminal end (Leitinger, 2014). The binding of collagen to the DS domain of dimerized DDR1 leads to activation of the receptor by oligomerization and consequent autophosphorylation of cytoplasmic tyrosine residues (Chen and Lin, 2019). A disturbed flow enhances, while a laminar flow attenuates endothelial YAP activity with respect to dephosphorylation and nuclear translocation (Wang K.-C. et al., 2016; Wang L. et al., 2016). The activation of the YAP signal transduction path fosters endothelial inflammation and impaired vascular function, leading to atherogenesis (Wang L. et al., 2016; Wang K.-C et al., 2016). A key outstanding question in YAP signal transduction pertains to the way in which external mechanical stimuli are converted and transmitted to the YAP upstream regulator. Several mechanosensory molecules and complexes, including integrins and focal adhesion proteins, have been linked together (Elosegui-Artola et al., 2017; Nardone et al., 2017). DDR1 was shown to transduce ECM stiffness-triggered YAP activation in vascular smooth muscle cells (Ngai et al., 2022; Liu et al., 2023a). It is uncertain, nevertheless, as to whether endothelial DDR1 senses the flow to orchestrate YAP. DDR1 has been seen to act as a direct mechanosensor in endothelial cells, which governs the cellular responsiveness toward shear flow and consequently the site-specific distribution of atherosclerosis (Liu et al., 2023b). The function and mechanism of its DS-like domain in force-driven oligomerization of DDR1 have been elucidated, and it has been found that force-activated DDR1 assembles liquid-like biomolecular condensates with the 14-3-3ε protein (YWHAE) to block phosphorylation and cytoplasmic retention of YAP. Subsequently, DDR1 tyrosine kinase was identified as a direct mechanosensor and proved to be indispensable for transmitting the force exerted by shearing to endothelial reactions. The flow-driven activation of endothelial DDR1 seems to be atherogenic. The shear force probably results in conformational rearrangement of the DDR1 ectodomain, deploying its DS-like domain to uncover the hidden cysteine-287, whose uncovering promotes force-based receptor oligomerization and phase separation. Upon shear stress, DDR1 generates liquid-like biomolecular condensates and co-condenses together with YWHAE, resulting in YAP nuclear translocation. These results demonstrate a hitherto underappreciated role of DDR1 in directly sensing the flow, suggest a conceptual scheme for how endothelial DDR1 upstream governs YAP signaling, and offer a mechanism through which endothelial DDR1 activation fosters atherosclerosis. Among these mechanosensors, YAP/TAZ has been shown to promote an inflammatory and atherogenic phenotype in endothelial cells of the aortic arch (Wang K.-C. et al., 2016; Wang L. et al., 2016). Laminar flow enhances integrin α5β1–Gα13 coupling and represses YAP through decreased RhoA activity (Wang L. et al., 2016), whereas the disturbed flow enhances active nuclear YAP through the integrin α5β1 signaling path and c-Abl kinase (or ABL1) to boost downstream ICAM1 and VCAM1 expression and atherosclerosis (Li et al., 2019). The YAP/TAZ target CCN1 enhances atherosclerosis through tension-driven engagement of α6β1 integrin to activate downstream NFκB (Hsu et al., 2019). In particular, the transcription factor BACH1 has been characterized as a mechanosensor that moves into the cell nucleus when flow is disturbed, where it functions as a YAP-binding partner (Jia et al., 2022). In cases of the disturbed blood flow, the pro-inflammatory transcription program BACH1-YAP promotes the progression of atherosclerosis. In addition, it has been shown that BACH1 directly activates YAP expression by interacting with the YAP promoter. The mechanosensor JCAD has been pinpointed in genome-wide association analyses of patients with coronary heart disease (Erdmann et al., 2011), and JCAD deficiency attenuated atherosclerosis in Apoe-knockout mice (Xu S. et al., 2019; Douglas et al., 2020). In human endothelial cells, JCAD depletion has also been demonstrated to suppress YAP activity through stabilizing its interaction with the cytoskeletal modulator TRIOBP to prevent its entrance into the cell nucleus (Xu S. et al., 2019). This blocked the expression of its subsequent atherogenic target CCN1 and verified that JCAD encourages endothelial malfunction, inflammation, and atherosclerosis (Xu S. et al., 2019). Despite reduced VCAM1 and ICAM1 levels detected in the aortic arch, consistent with an atheroprotective phenotype, enhanced VCAM1 expression has been observed in the descending aorta of Jcad-knockout mice, indicating that Jcad could also have a site-specific effect in contributing to atherosclerosis (Douglas et al., 2020). Impairment of function experiments showed that DDR1 is important for shear stress-driven alignment of endothelial cells and affects the modulation of mechanoresponsive genes. In addition, direct mechanical force measurements employing magnetic tweezers to exert minimal tensile force on DDR1 expressed on endothelial cell surfaces led to an inflow of calcium. This is critical since small-scale forces, like 4 pN, do not affect the plasma membrane or some other mechanosensors (Monticelli et al., 2016). Using a FRET-based membrane-bound tension biosensor provided evidence that shear force-based DDR1 activation was, at minimum, partially tension-based in terms of DDR1 droplet formation and droplet number enhancement. This mechanism has earlier been proposed for other well-known mechanosensors like the mechanosensitive ion channel Piezo1 (Lewis and Grandl, 2015; Lai et al., 2022) and mechanosensitive GPCRs (Erdogmus et al., 2019).
3.4 Junctional proteins act as mechanosensors
There are three major types of cell–cell junctions: adherence junctions, tight junctions, and gap junctions. The adherence junctions have been identified to be highly active in mechanosensation processes, and thus, the focus is placed on them. A brief discussion on the role of tight junctions and gap junction is provided. The adherence junctional proteins PECAM-1, VE-cadherin, and VEGFR2, a tyrosine kinase receptor, have been shown to be abundantly present and required for shear stress signaling within endothelial cells (Yamada et al., 2005). Recently, another junctional protein plexin D1 has been revealed. They are all described briefly in the following.
3.4.1 PECAM-1
The adhesion molecule PECAM-1 is a member of the immunoglobulin superfamily. The extracellular domain of PECAM-1 that facilitates hemophilic engagement with adjacent endothelial cells comprises six Ig-like subunits. The intracellular and extracellular domains of PECAM-1 are linked through a short transmembrane domain. The most crucial characteristics of the intracellular domain include two immunoreceptor tyrosine-based inhibitory motif domains. These domains comprise two tyrosine residues, namely, 663 and 686, which are subject to fast phosphorylation upon the initial application of shear stress. Together with the Ca2+ inward current and the activation of the K+ channel, the phosphorylation of PECAM-1 is the first recognized reaction to shear stress. It is assumed that the phosphorylation of PECAM-1 occurs regardless of the calcium influx since Ca2+ agonists themselves cannot enhance PECAM-1 phosphorylation levels. There are abundant in vitro investigations on the involvement of PECAM-1 in shear stress signal transduction. Early supporting data for the involvement of PECAM-1 in endothelial cell force sensing revealed that phosphorylation of PECAM-1, enrollment of Shp2 and Gab1, and phosphorylation of ERK accelerate in reaction to hypoosmotic shock and fluid shear stress (Osawa et al., 2002). In addition, the phosphatase activity of Shp2 is necessary for PECAM-1-driven ERK activation. Fyn has been identified as the kinase acting as a mediator of stretch- and shear stress-induced PECAM-1 phosphorylation, utilizing an extracted endothelial cell model (Chiu et al., 2008). Subsequently, PECAM-1 has been found to be involved with VE-cadherin and VEGFR2 in facilitating multiple reactions to shear stress. These reactions comprise endothelial cell orientation, NF-kB activation, and Akt phosphorylation induced by shear stress (Fleming et al., 2005; Tzima et al., 2005). Crucially, PECAM-1 is necessary for both anti-inflammatory and inflammatory signal transduction in endothelial cells (Tzima et al., 2005). PECAM-1 is needed for polarity determination in endothelial cells, following the onset of shear stress through the spatiotemporal activation of Rac GTPase (Liu Y. et al., 2013). In this model, PECAM-1 is necessary for the activation of Rac subsequent to the phosphorylation of Src and Vav2, whereas VE-cadherin serves as a framework for the localized activation of Rac at the endothelial cell downstream edge. Knockout of PECAM-1 also results in dysregulation of eNOS localization and a consequent rise in NO generation in non-stimulated endothelial cells (McCormick et al., 2011). Moreover, in endothelial cells exhibiting PECAM-1 knockout, the activation of eNOS is reduced in reaction to shear stress (Fleming et al., 2005).
Direct force exposure to PECAM-1 through ferromagnetic beads has permitted the investigation of specific PECAM-1-based signaling cascades. Early work using magnetic beads covered with PECAM-1 antibodies has revealed that direct force exposure to PECAM-1 triggers phosphorylation of both PECAM-1 and ERK (Osawa et al., 2002). The action of PECAM-1 is necessary for these reactions, underlining the significance of confluence in investigations of endothelial cell shear stress signal transduction. It has been demonstrated that a localized force directly exerted on PECAM-1 can activate overall cellular stiffening responses in endothelial cells. Force exerted on PECAM-1 with magnetic beads affects only a small region of the endothelial cell; nevertheless, global growth of focal adhesions and activation of RhoA are monitored, following 5 min of force exposure (Collins et al., 2012). The monitored growth of focal adherence junctions and RhoA signal transduction peaks in a stiffening of the cells in reaction to the exertion of force. Importantly, cellular stiffening, associated cytoskeletal dynamics, and focal adhesion growth are ECM-specific phenomena. When endothelial cells are seeded on collagen, the force-triggered growth of focal adhesion and cytoskeletal dynamics usually witnessed in endothelial cells cultured on fibronectin are impeded (Collins et al., 2014). This indicates that PECAM-1 and integrins work together in transducing subsequent signal transduction for force-driven processes. As the pharmacological blockade of PI3 kinase prevents force-based focal adhesion generation and the activation of integrins (Collins et al., 2012), PECAM-1 possibly engages in biochemical interactions with integrins rather than direct cytoskeletal force transmission.
PECAM-1-null mice remain healthy and fertile (Duncan et al., 1999), which is unexpected considering the involvement of shear stress signal transduction in vascular plexus formation. Starting at 4 weeks of age, nonetheless, PECAM-1-knockout mice exhibit cardiac deficiencies, comprising an enlarged left ventricular diameter, diminished fractional shortening, and decreased cardiac ejection fraction (McCormick et al., 2011). Blood flow-induced dilation is inhibited in ex vivo arteries of PECAM-KO mice because eNOS is not activated (Bagi et al., 2005). Moreover, PECAM-1 KO mice undergoing regional carotid artery ligation exhibit defective flow-based vascular remodeling and intima-based thickening because of deficiencies in the NF-kB signal transduction route (Chen and Tzima, 2009). PECAM-1 KO mice are also characterized by less collateral rearrangement, following ligation of the femoral artery, which again is attributed to decreased NF-kB-dependent transcriptional activity (Chen Z. et al., 2010). The results of atherosclerosis experiments with PECAM-1-knockout mice are challenging to understand, perhaps due to variations in the atherogenic genetic background and the period of feeding. PECAM-1-knockout mice, by contrast, have been found to exhibit less atherosclerotic plaque buildup in the smaller curvature of the aortic arch (Goel et al., 2008; Harry et al., 2008; Stevens et al., 2008; Harrison et al., 2013). This region is permanently subjected to perturbed flow, indicating that silencing of PECAM-1 attenuates the inflammatory signaling of the endothelial cells caused by the perturbed flow (Figure 4).
3.4.2 VE-cadherin
When VE-cadherin-expressing cells are pooled with VE-cadherin-knockout cells and subjected to the flow, the VE-cadherin-expressing cells align toward the flow, while VE-cadherin-knockout cells fail to do so (Tzima et al., 2005). Endothelial cells align properly even in the complete lack of homophilic VE-cadherin adhesion. This indicates that VE-cadherin functions as an adapter in shear stress signal transduction. VE-cadherin knockout also prevents integrin activation, following the imposition of shear stress; however, it does not impede the activation of Src (Tzima et al., 2005). Src activation occurs immediately after phosphorylation of PECAM-1 and is among the earliest steps in shear stress signal transduction. This implies that VE-cadherin operates downstream of PECAM-1 in shear stress signal transduction, enabling VEGFR2 transactivation and subsequent signaling pathway initiation (Tzima et al., 2005; Liu et al., 2008). The transmembrane domain of VE-cadherin appears to be also necessary for the enrollment of VEGFR2 to the mechanosensory system, which further implicates VE-cadherin being an adapting molecule in this network (Coon et al., 2015). Emerging indications point to the potential for VE-cadherin to also be a mechanosensitive protein. Previous research indicates that exerting force on VE-cadherin utilizing antibody-coated magnetic beads fails to activate established force-sensitive signaling cascades; nevertheless, more recent findings indicate that this phenomenon could be epitope-specific (Tzima et al., 2005; Barry et al., 2015). Exposure of VE-cadherin to force utilizing the VE-cadherin FC antibody triggered reactions resembling those induced via force on PECAM-1, specifically cell stiffness and rearrangement of actin (Barry et al., 2015). Moreover, FRET experiments employing PECAM-1 and VE-cadherin tension sensors indicate that VE-cadherin bears a high-tension load in non-stimulated endothelial cells. This stress decreases as soon as a shear stress is imposed. Curiously, the tension on PECAM-1 is extremely low before shear stress is exerted. Following the introduction of shear, tension on PECAM-1 rises due to its engagement with vimentin (Conway et al., 2013). The primary function of VE-cadherin in shear stress signaling is probably to act as an adapting factor. The recent reports referred to earlier, however, indicate that VE-cadherin may also play additional functions in shear stress signal transduction in endothelial cells. Further investigations are required to ascertain whether the force-measuring characteristics of VE-cadherin are pertinent to physiological signal transmission.
3.4.3 VEGF receptor 2
VEGF receptors 2 and 3 (VEGFR2 and VEGFR3) are likewise implicated in the perception of shear stress. The ligand VEGF and one of its receptors VEGFR-2 are the master regulatory agents in angiogenesis (Miller and Sewell-Loftin, 2022); nevertheless, VEGFR-2 is recognized to be activated, regardless of whether its ligand is bound or not (Jin et al., 2003; Warren et al., 2014). Multiple studies have demonstrated that mechanical forces can modulate the expression and activation of VEGFR-2 (Chen et al., 1999; Jin et al., 2003; Chen T. T. et al., 2010; Tian et al., 2016; LaValley et al., 2017; Vion et al., 2021; DeCastro et al., 2022). For instance, endothelial cells subjected to shear stress comprised the creation of a VEGFR-2 and VE-cadherin-β-catenin complex, which served as a mechanotransducer and permitted the cells to activate subsequent signal transduction pathways like p38 and Akt (Shay-Salit et al., 2002). VEGFR2, which appears to be the more well-defined of the two VEGFRs, is quickly phosphorylated at the initiation of shear stress exposure (Shay-Salit et al., 2002; Tzima et al., 2005; Liu et al., 2008). Shear stress-derived activation of Akt is inhibited when tyrosines 801 and 1,175 of VEGFR2 become mutated, indicating that VEGFR2 is necessary for shear stress-based PI3-kinase activation and the consequent subsequent signal transduction process. Therefore, although there is a lack of proof that VEGFR2 is directly mechanosensitive, its activity is necessary for proper shear stress signal transduction. Two further members of the VEGF receptor family are VEGFR-1 and VEGFR-3, both of which also engage members of the VEGF family (Takahashi and Shibuya, 2005). Neuropilin-1 (NRP-1) and neuropilin-2 (NRP-2) function as co-receptors for members of the VEGF receptor family and are proven to be involved in vascular growth, in developmental angiogenesis, and tumor-driven angiogenesis (Gelfand et al., 2014; Melincovici et al., 2018; Luo et al., 2020). VEGFR-1, similar to VEGFR-2, modulates angiogenesis, through the repression of pro-angiogenic signal transduction caused by the kinetics of engagement with the VEGF ligand. The extracellular domain of VEGFR-1 exhibits a higher affinity for VEGF relative to VEGFR-2, and there is emerging support that this linkage is involved in the angiogenesis restraint; however, VEGFR-2 displays higher tyrosine kinase activity, which leads to its greater involvement in angiogenesis (Takahashi and Shibuya, 2005; Koch and Claesson-Welsh, 2012; Melincovici et al., 2018). Alternative splicing can result in a soluble VEGFR-1 (sVEGFR-1) that lacks a transmembrane or intracellular domain, and it has been demonstrated that this variant inhibits the proliferation of vascular endothelial cells (Kendall and Thomas, 1993). Conversely, VEGFR-3 is generally linked to the lymphatic system development or lymphangiogenesis, although it is implicated in controlling some other angiogenic characteristics like VEGFR-2 expression (Mäkinen et al., 2001; Veikkola et al., 2001; Heinolainen et al., 2017). In a similar fashion to VEGFR-2, VEGFR-3 can be mechanically activated under sheer stress and produces complexes with VEGFR-2, PECAM-1, and VE-cadherin at the plasma membrane (Coon et al., 2015). These supporting data also suggest that VEGFR3 is involved in the perception of distinct shear forces, which advances the understanding of how distinct shear profiles are perceived. Upon initiation of shear, VEGFR2 and VEGFR3 are attracted to the mechanosensory complex through the transmembrane domain of VE-cadherin, which is immediately succeeded by the phosphorylation of VEGFR2 and VEGFR3 (Coon et al., 2015). There is also indication that VEGFR2 and VEGFR3 respond in a redundant manner to shear stress signals. Silencing both proteins, and not VEGFR2 or VEGFR3 separately, inhibits shear-driven Akt activation (Coon et al., 2015). Intriguingly, VEGFR3 has been involved in assessing the sensitivity of various types of endothelial cells toward shear stress (Baeyens et al., 2015). For example, human dermal lymphatic endothelial cells (HDLECs) and HUVECs exhibit tip alignment at various shear intensities, when subject to a series of shear stresses. HDLECs orient themselves most efficaciously at 5 dynes/cm2, whereas HUVECs orient themselves most efficaciously at 10 dynes/cm2. Moreover, HDLECs express larger amounts of VEGFR3 compared to HUVECs. HDLECs replicate HUVECs’ phenotype after VEGFR3 silencing and align at higher shear forces relative to normal HDLECs. Collectively, these findings imply that the perception of shear stress could be more diverse in the phenotypic landscape of endothelial cells than initially envisioned. Endothelial mechanosensitivity might not just be an efficient transmission of force and biochemical communication of information through a specialized endothelial cell protein(s), whose mechanisms are the same in all endothelial cells. Mechanosensing mechanisms can differ depending on the endothelial specific niche conferred by the varying expression of mechanosensory components.
3.4.4 Tie receptors and angiopoietin 1
The endothelial TIE1 and TIE2 receptor tyrosine kinases constitute a dedicated subfamily identified through their unique extracellular domains. Tie family members of receptor tyrosine kinases have also been associated with the perception of shear stress (Chen-Konak et al., 2003; Porat et al., 2004). Tie1, which is a tyrosine kinase containing immunoglobulin-like and EGF-like domains 1, is expressed within endothelial cells, and its expression is clearly found in areas subjected to perturbed shear stress (Woo et al., 2011). Its expression is downregulated under laminar shear stress in vitro, whereas the perturbed flow enhances the activity of the Tie1 promoter. Deletion of Tie1 augmented eNOS activation and reduced inflammatory signaling in direct reaction to laminar flow in vitro. The same group detected a dose-driven decrease in atherosclerosis in Tie1-attenuated ApoE−/− mice, supporting the concept that Tie1 is a crucial controller of the endothelial reaction to perturbed shear stress (Woo et al., 2011). Although it is mechanoresponsive that it changes its expression and thereby alters downstream signal transduction, it is uncertain whether it acts as a direct sensing element for shear stress. The ANG receptors TIE1 and TIE2, which are synonymously referred to as TEK, constitute a small subfamily of growth factor receptor tyrosine kinases (Saharinen et al., 2015). TIE1 and TIE2 are expressed nearly entirely in the endothelium, but there is also evidence of expression in hematopoietic cells, like M2 monocytes (Skiba et al., 2022). Along with angiopoietin growth factors, such as ANGPT1, ANGPT2, and ANGPT4, which is also shortened as ANG, the TIE receptors constitute an endothelial-specific signal transduction pathway with key roles in the control of lymphatic and cardiovascular development and in maintaining vascular homeostasis. The growth factors angiopoietin-1 (ANG1), ANG2, and ANG4, which comprise the human ortholog of mouse ANG3, are the ligands for TIE2 (Suri et al., 1996; Maisonpierre et al., 1997; Lee et al., 2004), while TIE1 is an orphan receptor that can still be triggered by ANG proteins through its engagement with TIE2 (Marron et al., 2000). Angiopoietins are present in multimeric versions that trigger TIE receptors through distinct mechanisms. Upon an endothelial cell–cell interface, angiopoietins stimulate the generation of homomeric in trans-TIE receptor complexes spanning the cell junctions, while matrix-bound ANG1 induces TIE receptor activation in a cis configuration. Compared to vascular endothelial growth factor receptors, TIE receptors are only slightly catabolized after activation by ubiquitin, while TIE2 signaling is negatively controlled via the vascular endothelial protein tyrosine phosphatase VE-PTP. ANG1 activation of TIE2 promotes stabilization of vessels, while ANG2, a context-dependent mild TIE2 agonist/antagonist, enhances abnormal tumor angiogenesis, permeability of vessels, and inflammation. ANG2 has been shown to convey some of its vessel-destabilizing and angiogenic roles through integrin signal transduction. Circulating ANG2 concentrations are increased in cancer and in several human diseases accompanied by inflammation and vascular leakage, such as sepsis. ANG2 blockade has proven to be a promising new therapeutic option for these diseases. Moreover, preclinical findings demonstrate that genetic deletion of TIE1 in mice retards vascularization and growth of tumor isografts and prevents atherosclerosis, with minimal impact on normal vascular homeostasis of adult mice (Saharinen et al., 2015). The ANG-TIE pathway’s capacity to regulate vascular stability and angiogenesis renders it an attractive vascular objective for the therapy of several diseases (Saharinen et al., 2011; Saharinen et al., 2015; Saharinen et al., 2017).
3.4.5 Plexin D1
A novel membrane receptor, namely, plexin D1 (PLXND1), has been identified on endothelial cells that may operate as a mechanoreceptor for sensing forces (Mehta et al., 2020). More specifically, PLXND1 controls the functionality of the vessels and is responsible for the location-specific spread of atherosclerosis. Plexins are generally plasma membrane counterreceptors for semaphorins and are implicated in the axonal guidance, cancer propagation, and immune cell control (Valentini et al., 2021). In addition to its function as a counterreceptor for semaphorin 3E, PLXND1 is capable of perceiving physical forces that are translated into biochemical cues within the cell that subsequently determine the formation of atherosclerotic sites. In general, plexins are critical cell surface receptors belonging to the semaphorin family of signaling molecules and can govern the architecture of cells through modulation of the cytoskeleton and focal adhesion (Sakurai et al., 2010; Aghajanian et al., 2014). First, based on in vitro and in vivo models, it has been revealed that PLXND1 is necessary for the endothelial cell reaction to shear stress and that PLXND1-based mechanotransduction is not reliant on its ligand semaphorin 3E. Under laminar flow regimes, PLXND1 is necessary for the orientation of endothelial cells in the forward flow direction, which represents a characteristic reaction toward atheroprotective shear stress, and for the elevated expression of Klf2 and Klf4 that encode anti-inflammatory transcription factors. In disturbed flow regimes, PLXND1 is implicated in the elevated expression of pro-inflammatory genes, which include Ccl2 and VCAM-1. PLXND1 has been found to control the site-specific spread of atherosclerotic plaques. In atheroprone mice on a high-fat diet, a lack of PLXND1 in endothelial cells reduced aortic plaque load in the entire aorta and in atheroprone areas, such as the aortic arch, when compared to mice expressing wildtype levels of PLXND1 in ECs. PLXND1 lack resulted in a decreased concentration of CCL2 and VCAM1 in the inside bend of the aortic arch. Finally, PLXND1 was found to act as a direct force sensor that can trigger mechanical responses in endothelial cells, and the mechanism by which a single receptor can have a binary function was uncovered. In specific detail, PLXND1 builds a complex with neuropilin 1 and VEGFR2 in reaction to the fluid flow. This complex functions by acting upstream of the PECAM-1 junctional compound complex and integrins, which comprise two mechanosensory hubs participating in cell–cell and cell–extracellular matrix attachment, and the tri-complex can react to shear stress. PLXND1 fulfills its binary functions as a ligand receptor and force receptor, in which it alternates between two conformations: a ring-shaped state preserves its ligand-dependent features, while flexion of the ectodomain yields a more open configuration necessary for mechanotransduction.
Multiple mechanosensors have been found in the endothelial cell, and among the most well-described mechanosensors is the PECAM-1 complex used for mechanosensing. These studies, nonetheless, failed to provide structural insights into the way the receptors exert mechanosensitivity, their role in disorders, and how they interact with the other established mechanosensors.
3.4.6 Future perspective of junctional proteins as mechanosensors
The findings obtained for endothelial cells may be transferable to epithelial cells exposed to mechanical cues at interfaces. Moreover, the identification of mechanosensors on endothelial cells may help understand the interaction between the endothelium and immune cells or cancer cell transmigration. Apart from adherence junctions, tight junctions and gap junctions may act as mechanosensory proteins. Thus, elevated research effort is needed to fully reveal the function of these two other types of endothelial cell–cell junctions in mechanosensation. Endothelial mechanosensing is certainly essential for vascular functions. In this conjunction, it is important to recognize that the mechanosensory system of endothelial cells is by no means a uniform system. Instead, there exists a diverse nature of endothelial mechanosensing. The perception of hemodynamic forces involves several components: first, mechanosensors, some of which function in tandem and others that act as possible alternative or counter mechanisms; second, signaling proteins that act as regulators or amplifiers; and third, multiprotein assemblies that operate as integrated entities. The mechanotransduction mechanisms of the endothelium include fast reactions, such as acute alterations in vessel diameter, or lingering responses, involving alterations in the cytoskeleton of endothelial cells, or perhaps speculating on various physiological settings where Piezo1 is involved in vascular functioning and blood flow management. Mechanosensory elements can act together and can operate differently due to their location. Endothelial cells can even switch their phenotype upon mechanical stimulation. When examining mechanosensing and mechanotransduction, the physiology is complicated and sometimes enigmatic. The solution requires a comprehensive approach that recognizes that unrelated mechanosensors share downstream effectors and can, therefore, work together. Mechanosensors additionally transmit signals via molecules that reinforce or inhibit the activity of other mechanosensors. The concept also acknowledges the physical connection or colocalization of mechanosensors and mechanotransducers, whereby a common characteristic is the ability of various mechanosensors to trigger the exact same effector.
3.5 Membrane structures function as mechanosensors
Several protein microdomains are incorporated in the plasma membrane of endothelial cells. These microdomains endow the various areas with unique mechanical characteristics and thus lead to the heterogeneity of endothelial cells. Exposure of endothelial cells to shear forces generates a buildup of forces in plasma membrane areas with higher mechanical strength, such as focal adhesion. The latter results in the formation of regions with high strain or rigidity, which can function as mechanosensors. Other membrane structures that can be considered mechanosensors are the glycocalyx and caveolae.
3.5.1 Glycocalyx acts as a mechanosensor
Endothelial cells possess a thick pericellular coating that is abundant in carbohydrates termed the glycocalyx. The endothelial glycocalyx functions as a critical interface that regulates the interaction of cells with multiple components of the microenvironment (Purcell and Godula, 2019). The endothelial glycocalyx acts in the apical mechanosensory system. The endothelial glycocalyx consists of a gel-like coating that covers the luminal surfaces of all endothelial cells. In the endothelial glycocalyx, the carbohydrates are linked to glycoproteins and proteoglycans (PGs), which are either sequestered or attached to the plasma membrane (Sprovieri and Martino, 2018). Due to its composition of glycosaminoglycans, proteoglycans, and glycoproteins, as well as its ability to adsorb proteins of the blood plasma (Weinbaum et al., 2007), it was first assumed that the glycocalyx acts as a structural shield and has been referred to as a permeability barrier (Dull and Hahn, 2022).
Determining the structure of the glycocalyx continues to be a difficult endeavor as the physical characteristics appear to vary according to a range of parameters, which includes the species and vascular cradle, resulting in a broad spectrum of assumptions about the thickness and architecture of the glycocalyx (Fronius, 2022). Most of these reciprocal effects are conveyed through the chondroitin sulfate (CS), glycosaminoglycans (GAGs), HA, and heparan sulfate (HS). These GAGs are linked to the PGs of the glycocalyx via covalent linkages, like HS and CS, or via weak binding interactions with non-PG membrane glycoproteins, like HA. PGs, which form a subclass of glycoproteins, have different HS/CS transport properties with different amounts of covalently bound HS and CS, according to the specific PG and PG isoform. The proportion of HS to CS chains in the vascular endothelium is about 4:1, and the amount of sulfation within each chain can also differ based on the underlying cellular microenvironment. In contrary to the sulfated GAGs HS and CS, HA misses sulfation and builds linear polymer chains that meander through the other constituents of the glycocalyx and attach themselves only weakly to certain membranous adhesion glycoproteins (Gao and Lipowsky, 2010; Kolářová et al., 2014). The availability of monosaccharides and the extent of enzymatic glycan activity finally govern the make-up of the glycocalyx, which is constantly changing and contributes to the diversity in building a “homogeneous” glycocalyx structure (Becker et al., 2015). Nevertheless, it has been proven that proteins can utilize saccharide-rich structures of the glycocalyx for several purposes. These involve adhesion to tissue and detection through the immune system, the adjustment of microvascular tonicity, and permeability of the endothelium, as well as the inhibition of excessive inflammation and coagulation reactions. Moreover, these molecular remnants have a decisive function within glycoproteins as they enable proper membrane folding and arrangement (Suzuki and Fujihira, 2021). The endothelial glycocalyx plays numerous roles in the vascular network, extending from the regulation of vascular tonicity to immune response and coagulation of blood. These functions comprise, first, the regulation of the coarse permeability of the vascular wall; second, the modification of the reciprocal exchange between endothelial cells and flowing circulation cells; and third, the perception and transmission of shear forces to endothelial cells, which—in the majority of instances—favors vasodilation (Bai and Wang, 2012). The glycocalyx serves as the principal mechanosensor. Nevertheless, the sole purpose of triggering the countless cell events that arise as a reaction to mechanical forces on the membrane cannot be the mere stimulation of the glycocalyx. Therefore, the force needs to be transferred to other proteins that probably engage in a direct interaction with the glycocalyx and experience conformational shifts as a function of physical disturbances of the glycocalyx, thereby eliciting stimuli for certain cell signaling phenomena (Askari et al., 2023). The glycocalyx has been proposed to fulfill a critical mechanosensing function (Zeng et al., 2018). The glycocalyx acts as an interface between the flowing blood and endothelial cells and transforms mechanical signals into intracellular cues. The glycocalyx engages with mechanosensitive ion channels such as ENaC (Reitsma et al., 2007; Fels and Kusche-Vihrog, 2020) and participates in shear-induced signal transduction routes that implicate endothelial cell junctional proteins like PECAM-1 (Kršek et al., 2024). The glycocalyx is also an important participant in shear stress-driven proteoglycan spreading and the expression of caveolin-1 (CAV1) (Ebong et al., 2014).
The glycocalyx, a layer of sialic acid and glycosaminoglycans, containing hyaluronic acid (HA) and heparan, is attached to the apical membrane through the HA receptor (Aruffo et al., 1990) and transmits shear stress sensing through endothelial cells (Mochizuki et al., 2003; Pahakis et al., 2007). Earlier work has shown that the glycocalyx is disrupted under disturbed flow regimes, undergoes erosion in the internal aortic arch, and modulates CAV1 expression and eNOS signal transduction (Harding et al., 2018). Additionally, it has been proposed that enzymatic cleavage of heparan sulfate fosters the flow-facilitated angiopoietin-2 expression through the AMPK/FoxO1 signaling route, which does not rely on KLF2 (Richter et al., 2022). A signaling cascade was identified that connects the glycocalyx, apical CD44 expression, and the cytoskeletal network of intracellular spectrin filaments, which governs the orientation of endothelial cells in response to shear stress (Mylvaganam et al., 2022). This orientation is junction-independent as subconfluent endothelial cells orient under in vitro flow situations, a behavior that necessitates HA, glycocalyx, CD44, and the spectrin scaffold. The importance of the integrity of the spectrin reticulum for preserving the orientation of aortic endothelial cells in vivo was also confirmed in the same investigation. In addition, shear stress has been shown to impact plasma membrane tension, which consequently induced caveolae-localized Piezo1 activity and the inflow of Ca2+ ions that was needed for downstream mechanosignaling and alignment of endothelial cells (Mylvaganam et al., 2022). This result raises new questions about the glycocalyx and the HA–CD44–spectrin–mechanosensor complex. Moreover, shear-induced generation of NO is controlled by spectrin (Mylvaganam et al., 2022). In the vasculature, NO is produced by eNOS that interferes with CAV1 under basal conditions. CAV1 keeps eNOS inactive through its sequestering via caveolae. Elevations in cytoskeletal Ca2+ levels lead to the activation of calmodulin that complexes with Ca2+ and tethers with eNOS, which perturbs its inhibitory interference with CAV1 (Schlessinger, 2000). When eNOS is separated from caveolae, it can be phosphorylated and hence activated (Noordeen et al., 2006; Mihai et al., 2009; Carafoli et al., 2012; Su et al., 2021). An apical spectrin scaffold is crucial for transmitting the force exerted by shearing on endothelial mechanosensors. When CD44 is attached, spectrins regulate the cell surface density of hyaluronan and sense shear stress and convert it into alterations of the plasma membrane tension. Spectrins also stabilize apical caveolae, which are likely to contain PIEZO1 mechanosensitive channels. Consequently, the shear-facilitated PIEZO1 activation and the related calcium influx were lacking in cells deficient in spectrin. Subsequently, cell alignment and blood flow-based endothelial nitric oxide synthase stimulation were found to be equally reliant on spectrin. Thus, the apical spectrin mesh is not just required for determining the shear force but also transfers and disperses the resulting tensile forces to mechanosensors that fulfill protective and vasoactive reactions.
Additional junction-independent processes may contribute to endothelial mechanotransduction. In this context, the glycocalyx has been associated with shear-induced reactions, and HA appears to be specifically important in this regard. HA, a non-sulfated glycosaminoglycan, is attached to the cell surface by attaching to its receptors, mainly CD44 (Coelho et al., 2017). Enzymatic breakdown of HA in vitro and in vivo interferes with endothelial reactions to shear forces (Ngai et al., 2022; Wang et al., 2022c; Liu et al., 2023a). Mechanosensitive ion channels, including PIEZO1, are also involved in endothelial responsiveness toward shear stress (Leitinger, 2014). In this way, several apparently unrelated molecules work together to produce endothelial reactions to the blood flow. However, there is still no coherent mechanism that reveals the coordination of the elements.
3.5.2 Caveolae serve as mechanosensors
Caveolae are 50–100 nm small bottle-shaped indentations in the plasma membrane that are encrusted with cholesterol, caveolin, sphingolipids, and some other signaling molecules. Their creation and sustenance are based on a cholesterol-binding protein, CAV1, in non-muscle cells, and it is implicated in the control of multiple signaling pathways (Drab et al., 2001; Razani et al., 2001; Razani et al., 2002; Park et al., 2002). Caveolae are engaged in several vascular cell behaviors, and endothelial caveolae are probably implicated in mechanosensation and are, therefore, considered mechanosensory elements. Thereby, caveolae have been shown to alter their assembly state, the structural architecture of their membrane liquids, and/or activate mechanosensory receptors in their caveolae membrane. Caveolae respond to mechanical disturbances by breaking down quickly and in a reversible manner, liberating membrane regions and molecules as they flatten (Tomita et al., 2024). In reaction to tension, caveolae liberate free caveolins, the basic component of caveolae, and thus function as a cushion for the membrane tension (Yu et al., 2006; Sinha et al., 2011). Liberated caveolins interfere with other signaling molecules to trigger the initiation of mechanosensing cues.
Spectrin is required for endothelial caveolae stabilization that govern PIEZO1 regulation. Consistent with this, immunofluorescence in wildtype endothelial cells showed substantial colocalization of PIEZO1 and CAV-1, which is a key constituent of caveolae. Since caveolae are stably maintained at the plasma membrane via associations with cytoskeletal proteins (Parton and Del Pozo, 2013), the impact of spectrin on caveolae can be assessed as it may indirectly affect PIEZO1 activity. Although they were still available, significantly fewer caveolae were seen on the surface of SPTBN1-KO cells. Enhanced surface tension at quiescence in SPTBN1-KO cells could be responsible for the loss of caveolae and thus cell flattening. Shear forces lead to caveolae flattening. Collectively, these data indicate that spectrin transmits forces that are perceived by HA to elicit alterations in plasma membrane tension that cause caveolae to flatten, which then activates the tension-sensitive PIEZO1. Spectrin is a protein that is essential for the integrity of apical caveolae in endothelial cells. As an essential membrane reservoir, caveolae provide cell deformability (Sinha et al., 2011) and have been suggested to be part of the shear force sensing apparatus (Parton and Simons, 2007). It was uncertain whether shear forces lead to caveolae flattening or whether they primarily act as mechanosensitive molecular organizers. Spectrin modulates PIEZO1 sensitivity and activation in a dual manner: by affecting caveolae density and sustaining relatively low membrane tension. These findings offer a preliminary unified picture of how shear stress signaling is integrated and relayed to intracellular target effectors. Glycocalyx constituents, particularly HA, appear to be the primary sensors for fluid shear, and CD44 appears indispensable to relay the messages to the subjacent spectrin network. The latter is also associated with caveolae and determines their stability and dispersion. A shift in the spectrin mesh could slightly change the curvature or tension applied to caveolae, thereby activating PIEZO1. The subsequent calcium influx, possibly together with a mechanical deformation of the caveolae, leads to the stimulated liberation and activation of eNOS. In this scheme, spectrin plays a twofold function: on one hand, it modulates the stability of glycocalyx constituents (most directly exposed to the fluid flow) and senses and spreading them; on the other hand, it regulates plasma membrane tension through the stabilization of curved membrane microdomains like caveolae to affect the activation of mechanosensitive ion channels.
Laminar shear stress (15 dynes/cm2) elevated the expression of CAV1 at the plasma membrane, which is implicated in inflammation, adhesion, and phagocytosis. CAV1 changes ERK and Akt signaling profiles and promotes the enrichment and activation of eNOS inside the caveolae (Rizzo et al., 1998b; Rizzo et al., 1998a). Caveolae are able to engage with focal adhesion molecules, and this interplay is implicated in flow-induced reactions (Sonveaux et al., 2004; Radel and Rizzo, 2005). In addition, caveolae link mechanical stress to the activation of integrins and thus control the early stages of the mechanosensing reaction (Lolo et al., 2022). These effects underpin the participation of caveolae in endothelial cells in mechanosensitivity. Caveolae are key regulators of some other proteins and signaling molecules, including those implicated in endothelial cell Ca2+ signal transduction. Candidate mechanosensors like GPCRs and TRPV4 are two examples, both of which are implicated in endothelium-based vasodilation triggered through shear stress (Frank et al., 2003; Saliez et al., 2008; Rath et al., 2012). Caveolae are engaged in flow-driven ATP liberation of endothelial cells, which, in turn, activates purinergic signal transduction to augment Ca2+ signals (Yamamoto et al., 2011). Whether the endothelial Piezo1 channel is controlled through CAV1 and whether Piezo1 is primarily distributed in the caveolae of endothelial cells are still uncertain. In summary, caveolae are implicated in facilitating endothelial mechanosensation and various mechanotransduction events. Thus, CAV1 modulates endothelial NO synthesis, the microvascular permeability, and remodeling (Murata et al., 2007). In addition to caveolins, several accessory proteins have been recognized as fundamental components for the development and functioning of caveolae. Cavin-1, for example, which is synonymously referred to as polymerase transcript release factor (PTRF), and cavin-2, known synonymously as serum deprivation protein response (SDPR), are both necessary for the generation and operation of caveolae (Murata et al., 2007). CAV1 and Cavin-1 are major constituents of caveolae, both of which interfere with caveolae and affect their assembly and stabilization. CAV1 is linked with pulmonary arterial hypertension (PAH). The bone morphogenetic protein (BMP) receptor type 2 (BMPR2) is found in the caveolae linked with CAV1 and is frequently mutated in PAH. BMP/Smad signal transduction has been observed to be reduced in pulmonary microvascular endothelial cells isolated from CAV1-knockout mice. In addition, hypoxia increases the CAV1/Cavin-1 engagement while it weakens the CAV1/BMPR2 engagement and BMPR2 membrane targeting within pulmonary artery endothelial cells (PAECs). Cavin-1 and BMPR2 are both connected to the scaffold domain of CAV1. Cavin-1 reduces membrane localization of BMPR2 through blocking the interplay of BMPR2 with CAV1 and decreases Smad signal transduction within PAECs. Moreover, knockdown of cavin-1 renders it resilient to CAV1-driven pulmonary hypertension in vivo. The interaction between cavin-1 and CAV1 has been found to mitigate BMP/Smad signal transduction and represent a very encouraging therapeutic target for PAH (Tomita et al., 2024).
It is possible that caveolae in endothelial cells operate as mechanosensors of shear stress to trigger a set of events that enhance NO generation and vasodilation, but instead, they trigger a structural type of reaction, following stretch. Since flattening occurs as an intrinsic feature of caveolae, it has been hypothesized that this is a rapid cell survival strategy that provides a broader endothelial cell surface area (Parton and Del Pozo, 2013; Parton et al., 2020). This is consistent with other studies that emphasize caveolae as a membrane resource (Dulhunty and Franzini-Armstrong, 1975; Sinha et al., 2011). Flattening activity has been demonstrated to degrade caveolar scaffold proteins and liberate them into the plasma membrane (caveolin) and cytosol (cavin) (Sinha et al., 2011). Beyond conformational modifications, such degradation has no apparent effect. It remains to be seen whether this results in any compensatory responses that encourage the development of caveolae because of their fewer abundance. Based on the breakdown of the caveolae, it was hypothesized that the subunits of the protein can carry out independent functions, such as interactions with other proteins (McMahon et al., 2019). Underpinning evidence for this is a study proving that dissociated cavin-1 can tie to a transcription factor famously referred to as a type I collagen promoter-binding factor (BFCOL1), which, in turn, increases type I collagen, which is a key driver of depositing of the ECM (Hasegawa et al., 2000). CAV1 is able to engage with different types of intracellular signaling molecules accumulated in caveolae, including G-protein-coupled receptors, tyrosine kinases, eNOS, and several members of the MAPK signaling route (Li et al., 1995; García-Cardeña et al., 1996; Huang et al., 1997; Engelman et al., 1998; Dudãu et al., 2020; Zhao et al., 2022). There is an agreement that these molecules act as key effectors in shear stress-based induction of the endothelial cell’s activity. In line with this, exposing cells to chronic shear stress has revealed enhanced tyrosine phosphorylation and activation of surface proteins associated with shear-responsive signaling cascades, such as Akt, eNOS, and ERK (Sun et al., 2002; Boyd et al., 2003; Rizzo et al., 2003; Sun et al., 2003).
Although three isoforms have been recognized in the vascular smooth muscle, CAV1 is the sole compound necessary for caveolae generation, and its removal decreased contractile responsiveness (Gosens et al., 2011). The absence of this isoform results in an inhibition of endothelium-based relaxation, contractility, and myogenic tone (Brozovich et al., 2016). CAV1 and caveolae functionally amplify signaling pathways by incorporating important molecular elements like ion channels, adapter proteins, and receptors into membrane microdomains (Fridolfsson et al., 2014). In addition, CAV1 can control the activity of several ion channels and enzymes. For instance, swelling-activated Cl− flows are inhibited in cell strains deficient in CAV1, whereas the transient expression of CAV1 can restore the phenotype. Actin filaments are reported to bind to and support stabilization of caveolae since depolymerization of the cytoskeleton results in the migration of CAV1 across the cell (Fridolfsson et al., 2014). This connection establishes a highly efficacious mechanosensitive region, which is a localized zone where mechanical signals can be gated, perceived, and handled. This mechanism has been hypothesized for stretch-activated Ca2+ channels because they are located in caveolae, and their activity is closely governed through the actin cytoskeleton (Fridolfsson et al., 2014; Davis et al., 2023). CAV1 has been reported to engage directly with Kir2 channels, thereby reducing the current density without affecting the characteristics of individual channels or the expression of membrane proteins. In this respect, it has been revealed that CAV1 serves as a negative controller of Kir channel activity and that CAV1 and cholesterol function to stabilize the channel in a closed, quiescent condition through a common modulatory mechanism (Han et al., 2014), albeit CAV1 is not necessary to impart cholesterol sensitivity on the channel. Using crystallography, two presumptive CAV1-binding domains have been observed, whereby the first lies at the interface between the outer transmembrane helix and the N-terminus and the second is located in the outer transmembrane helix adjacent to the channels’ extracellular domain. In terms of cerebral circulation, it has been revealed that there is a tight connection (<40 nm) of Kir2 channel subunits and CAV1 located within caveolae formations in the membrane of cerebral vascular smooth muscle cells. Through this tandem arrangement, the mechanosensitivity of the Kir2 channel is potentially increased (Sancho et al., 2022). Importantly, simulated pressure utilizing a hypoosmotic stimulus challenge has been demonstrated to inhibit cerebral arterial smooth muscle cell Kir2 flows in whole-cell recordings, which was fully restored by pre-incubation with actin-disrupting agents, such as latrunculin A and/or cytochalasin D. Similarly, disconnection of caveolae-forming proteins hindered the inhibition of Kir2 smooth muscle flows during cell swelling. In addition, immunofluorescence assays revealed the expression of both scaffold proteins, syntrophin and CAV1, in vascular smooth muscle, and a proximity ligation assay emphasized the tight structural connection with Kir2.2 subunits, which was seen within 40 nm of one another, pointing to their participation in mechanosensing of the channel. These results offered convincing support that the mechanosensitivity of Kir2 channels entails distinct interactions with the cytoskeleton that are probably regulated by scaffold proteins.
Knockdown of CAV1 using siRNA (Wang et al., 2009) or caveolae abrogation by methyl-β-cyclodextrin (MβCD) abolished shear stress-driven ATP liberation and Ca2+ signal transduction (Albrakati, 2022). Laurdan imaging revealed that caveolar membrane domains react to laminar shear stress (15 dyn/cm2) through fast shifting their lipid-ordered configuration from the liquid-ordered state toward the liquid-disturbed state. Moreover, the addition of cholesterol to the endothelial cells inhibits the lipid-ordering reaction of the caveolae and significantly represses shear stress-driven ATP liberation (Parasassi et al., 1997). These results imply that the transition in the caveolar lipid order is engaged in mechanotransduction through shear stress, resulting in ATP liberation. The caveolae are likewise implicated in cellular reactions to stretching. A sustained 20% stretch induced activation of the small Rho family GTPases, such as RhoA and Rac1, in rat cardiomyocytes and then disengaged them from the caveolae. Caveolar disconnection with MβCD prevented stretch-induced activation of RhoA and Rac1 (Sinha et al., 2011). Subjecting mouse mesangial cells to cyclic 1 Hz loading for 10 min induced transactivation of the epidermal growth factor receptor (EGFR) and activation of protein kinase B (Akt). Caveolae disconnection with MβCD or filipin inhibited stretch-induced Akt activation, and both EGFR and Akt activation from stretch were abolished in mice with CAV1 knockout, implying that healthy caveolae are necessary for stretch signals to emerge (Luo et al., 2021).
3.5.3 Primary cilia function as mechanosensors
The contributing function of cilia as endothelial sensors of fluid shear stress is poorly understood, although there is considerable evidence that cilia serve as primary sensors of the flow (Nauli et al., 2008; AbouAlaiwi et al., 2009). The presence of primary cilia on mammalian is still to be confirmed and under debate. Primary cilia appear to be deficient in calcification of mammalian endothelial cells (Sánchez-Duffhues et al., 2015). Shear stress distorts the cilia and initiates downstream calcium signaling necessary for endothelial responsiveness toward the flow (Goetz et al., 2014). In addition, endothelial cells have cilia with a specialized architecture that enables a flexible responsiveness to the flow (Goetz et al., 2014). In the mammalian aorta, primary cilia exist in areas of low disturbed flow (Van der Heiden et al., 2008) and control atherosclerosis (Dinsmore and Reiter, 2016). Recent studies also point to the fact that the deciliation of endothelial cells in high-flow settings could even be a possible biomarker for endothelial injury (Gupta et al., 2022).
Primary cilia consist of 3–5-μm-long cellular protuberances that are organized by microtubule bundles. In the embryonic phase, there is indication that cilia are needed in the evolving vessels, where the flow conditions are low. In a developing zebrafish, disruption of the intraflagellar transport protein Ift81 leads to cranial hemorrhages, whereas silencing of Pkd2, which is specific for endothelial cells, leads to hemorrhages in the skull and back of the developing mice (Sen-Banerjee et al., 2005; Parmar et al., 2006; Hamik et al., 2007; Garcia-Gonzalez et al., 2010; Kallakuri et al., 2015). Primary cilia of endothelial cells are mainly located in parts of the vascular network where the blood flow is low or disturbed. Their existence has been detected in embryonic endocardial and venous endothelial cells of the chicken (Van der Heiden et al., 2006). Cilia are present in the embryonic aorta of mice and in the inner curvature within the aorta in adult mice; both regions of the vascular system are characterized by a low flow (Nauli et al., 2008; Van der Heiden et al., 2008). Moreover, it has been found that zebrafish arteries and veins display cilia (Goetz et al., 2014). Cilia have been identified in primary chicken endothelial cells (Hierck et al., 2008), embryonic mouse aortic endothelial cells (Nauli et al., 2008), and HUVECs (Iomini et al., 2004). Laminar shear forces lead to fast breakdown of cilia in endothelial cells, so the potential role of cilia in prolonged shear stress signal transduction is still uncertain (Iomini et al., 2004).
Several research projects dealing with the reaction of cilia to shear forces indicate that cilia are involved in early calcium signal transduction and NO synthesis. Primary cilia cooperate with polycystin 1 and 2 (PKD1 and PKD2), which are expressed by the Pkd1 and Pkd2 genes, to transduce shear-induced calcium and NO signaling. PKD1, which represents a GPCR, activates Gi/o proteins in a constitutive manner. Physical linkages with PKD2, which belongs to the Ca2+ channels, impair this constitutive activation (Delmas et al., 2002). Microfluorimetry has been employed to investigate early shear-dependent calcium inward flow and NO generation in vitro in aortic endothelial cells of Pkd1−/− mice. High levels of calcium influx and NO generation have been detected in wildtype cells 20 seconds after shear stress application (Nauli et al., 2008). Nevertheless, early calcium inward flow and NO synthesis have been obstructed in endothelial cells of Pkd1−/− mice. Moreover, Pkd2 is necessary for the shear-triggered calcium inward flow and NO generation. The silencing of Pkd2 within endothelial cells suppresses these initial processes (AbouAlaiwi et al., 2009). Most interestingly, endothelial cells derived from a patient with autosomal dominant polycystic kidney disease exhibit heterogeneous expression of PKD2. In these patients, PKD2-null endothelial cells reveal abnormal eNOS positioning upon shear stress exposure (AbouAlaiwi et al., 2009). In vivo investigations on primary cilia add to the earlier in vitro investigations on cilia. A morpholino against Pkd2 inhibits the calcium inward flow into the arterial endothelium of zebrafish embryos (Goetz et al., 2014). There are also Tnnt2 and gata1 morpholinos utilized, which inhibit the heartbeat and decrease the hematocrit, respectively. Tnnt2 morphants show no deflection of the cilia, whereas the cilia in gata1 morphants are only mildly deflected. It is significant that the calcium entry into the endothelial cells relates to the level of deflection of the cilia as tnnt2 morphants exhibit a marked decrease in calcium entry into the endothelial cells, whereas gata1 morphants have a moderate decrease (Nauli et al., 2008; Goetz et al., 2014). Notwithstanding the reported evidence of cilia participation in Ca2+ and NO signal transduction, the role of primary cilia functioning as shear sensors is not yet clearly elucidated. Cilia are located in areas of the vasculature with low blood flow (Tzima et al., 2001; Li et al., 2005; Liu et al., 2008; Van der Heiden et al., 2008) and tend to be missing in high-flow zones. This raises the fascinating prospect that cilia generation is itself a flow-dependent event as cilia generate when blood flow is low or perturbed. Although this does not rule out cilia acting as mechanosensors, their function as reinforcers of shear signatures (Lan et al., 1994; Hierck et al., 2008; Cuhlmann et al., 2011) is surely coherent with their existence in regions of low blood flow. Cilia can function as a sensor of low flow in the endothelium, but the disentanglement of cilia roles in development and the overall shear signaling of endothelial cells continue to be a major effort.
3.5.4 Cytoskeleton is engaged in endothelial mechanoresponse
It has been postulated that the cytoskeleton serves as an integrative mechanism to transmit forces from mechanosensory receptors to mechanosensitive molecular entities in cells (Davies, 1995). Most studies have concentrated on the actin cytoskeleton due to its fundamental involvement in controlling the activity of integrins and junctional protein complexes, which are frequently implicated in mechanotransduction (Hahn and Schwartz, 2009). Actin filaments, in contrast, cannot sustain large forces and are usually highly dynamic (Palmer et al., 1999). This indicates that actin-rich structures on their own are not well-adapted to serve as a framework for mechanosensitive cells. In addition, the hypothesis was put forward that the spectrin cytoskeleton, which includes only short, relatively stable actin filaments, is a basic integrator of mechanical signal transduction on the apical surface of the endothelium. Spectrins, found abundantly and highly conserved in the tissues of multicellular organisms, are involved in stabilizing cell membranes and regulating the activity of ion channels (Bennett and Healy, 2009). Albeit the underlying mechanism is still unclear, spectrins appear to be especially critical for vascular function. Spectrins are highly flexible and bind with short actin filaments, making them very stable. The ensuing spectrin–actin lattice is particularly flexible and durable (Lambert and Bennett, 1993). The flexibility imparts enhanced conformance and deformability to the membrane and is optimal for cells subjected to the dynamic vascular environment. In fact, the spectrin cytoskeleton is needed to preserve the integrity of the erythrocytes when they are put under hemodynamic stresses (Sheetz and Singer, 1977; Sheetz et al., 1980) and have to pass through narrow constrictions (Lux et al., 1976; Agre et al., 1982; Chasis et al., 1988). Endothelial cells are likewise exposed to hemodynamic stress, notably in the aorta, and in constricted capillaries, where the endothelium is distorted by streaming erythrocytes. Ultimately, it has been found that shear stress causes endothelial spectrin to reshape, a characteristic that is likely to be pivotal in vascular homeostasis (Mylvaganam et al., 2022).
4 MECHANICAL INTERPLAY BETWEEN ENDOTHELIAL CELLS AND VASCULAR SMOOTH MUSCLE CELLS
Not only mechanosensory cells can interact but also different cell types such as endothelial cells and VSMCs can cooperate in mechanosensation, mechanotransduction, and vascular function. Resistance arteries make up small blood vessels that are less than 400 μm in diameter and, therefore, account for peripheral vascular resistance. The vessel wall of these blood vessels responds structurally and intrinsically (locally) to the constantly arising dynamic forces in such a way as to finally control the vascular tone and adjust the blood flow to the metabolic needs of the tissue. This capability is accomplished through the plasma membranes of two of the major parts of the vascular wall, such as smooth muscle and the endothelium, which are permanently subjected to mechanical irritations caused mainly by the pulsatile blood flow, including stretch (tensile stress) and/or shear stress (Lehoux and Tedgui, 1998). In this regard, certain mechanosensitive molecules located in the plasma membrane, such as ion channels, caveolae, and/or surface receptors, can change their conformational status and electrical/chemical characteristics in reaction to mechanical perturbations, transforming them into a physiological reaction (Ingber, 2006; Martinac, 2014). The endothelium is not a closed system in mechanical terms; it can interact with other nearby cells, such as VSMCs (Figure 5). Once the mechanical forces have been perceived from the endothelial cells, they are codified and passed on to the VSMCs, which react by either relaxing or contracting. A tight functional engagement between the endothelial cells and the neighboring VSMCs is necessary for the control of vascular tonicity and the capacity of the cells to respond to different biochemical and mechanical impulses received from the flowing blood. In recent years, it has been found that the mechanical properties of endothelial cells rely on flow-induced forces, on one hand, and govern the contractile nature of VSMCs, on the other. At the heart of this well-known process is the capacity of endothelial cells to liberate NO in accordance with shear stress, causing it to diffuse toward neighboring VSMCs, where it induces vasodilation through cGMP-dependent routes (Bolotina et al., 1994). A decrease in NO is closely related to elevated amounts of reactive oxygen species (ROS) produced by NAD(P)H oxidase, xanthine oxidase, or uncoupled endothelial nitric oxide synthase (eNOS) in the vessel wall, resulting not solely in a depletion of NO but also in an interruption of several signaling cascades that convey NO generation (Lubos et al., 2008). Therefore, the close communication between endothelial cells and VSMCs regulates vascular performance and vascular tonicity. An important physiological feature of the endothelium is mainly the capacity of endothelial cells to modify their mechanical characteristics, that is, to switch between “stiff” and “soft” states. Endothelial cells that have lost this capacity and are stuck in chronic stiffening can be considered dysfunctional (Marti et al., 2012). Moreover, the mechanoresponse involves the interaction of endothelial cells with VSMCs, stromal cells, and immune cells in the local vessel walls via microRNA-driven and extracellular vesicle-driven mechanisms (Tan et al., 2020; Li et al., 2022). Endothelial cells and VSMCs constitute the key adjacent wall cells that build barriers. They can exchange information through direct proximity, the transfer of signaling agents, and the accumulation of ECM. Their interaction is a key mechanism in the control of vascular tonicity. Endothelium-derived factors (PDGF-B, CXCL12, ET-1, and MIF) have been found to drive VSMC proliferation, thereby promoting vascular restructuring and pulmonary arterial hypertension (Dai et al., 2018). Consequently, the endothelial-specific alk5 overexpression in alk5−/− has been hypothesized to reestablish VSMC proliferation in the wall of the coronary effluent tract (Boezio et al., 2020). Finally, the emphasis is the role of endothelial cells in the process of mechanosensing and mechanotransduction, and therefore, in the following, the three main types of endothelial mechanosensors are presented and discussed.
[image: Figure 5]FIGURE 5 | Vascular interference is regulated by shear flow. Shear stress can alter the endothelial cell function via endothelial mechanosensing and mechanotransduction events to govern the epigenome, transcriptome, phenotype, and interplay between endothelial cells and VSMCs and other adjacent cells, such as macrophages. The regulation of this interferences results in homeostasis under normal conditions, and in pathological conditions, it leads to diseases. lncRNAs, long non-coding RNAs.
4.1 Epigenomic mechanoregulation of vascular smooth muscle cells
Epigenetic signatures characterize the non-genetic alterations to the genome through chemical changes to DNA and its associated proteins like DNA methylation and histone modifications (Rivera and Ren, 2013). These heritable alterations in expression are regulated through various chemical changes of bases in DNA, involving DNA methylation and histone modification, and non-coding RNA (ncRNA) regulatory mechanisms. In contrast to the majority of cell types, nevertheless, VSMCs are non-terminally differentiated and, therefore, exhibit phenotypic plasticity (Babaev et al., 1990). This plasticity varies widely from contractile-resting to migratory-proliferative-synthetic to osteogenic or macrophage-like cells (Jaminon et al., 2019). Endothelial cells may possibly alter the phenotype of VSMCs by changing their epigenetic signatures upon mechanical sensing and signaling, More generally, several genes that determine the VSMC phenotype have been identified to be governed through DNA methylation, involving SRF, platelet-derived growth factor B (PDGF-B) of the GATA-6-PDGF-B pathway in endothelial cells, and TAGLN (De Oca et al., 2010). Thereby, TET2 can serve as a key epigenetic modulator of the phenotype of VSMCs (Liu R. et al., 2013). In addition, knockdown of TET2 attenuates the expression of crucial VSMC genes like MYOCD and SRF with concomitant transcriptional upregulation of KLF4, which enhances pluripotency network reactivation and consequently phenotype transition. Conversely, overexpression of TET2 leads to a contractile VSMC phenotype, reestablishes the epigenetic 5-hmC map, and substantially decreases intimal hyperplasia in vivo (Liu R. et al., 2013). Post-transcriptional histone modifications comprise, among others, acetylation, methylation, and ubiquitinylation, which are primarily occurring at arginine (R) and lysine (K) residues (Lawrence et al., 2016). Usually, these changes can take place in combined form, like, for example, dimethylation (me2) or trimethylation (me3) at histone H3K4 in combination with H3K9ac or H3K14ac, all of which activate gene expression (Kimura, 2013). Acetylation by histone acetyltransferases (HATs) generally attenuates the DNA–histone interactivity, thereby rendering genes more amenable to transcription. In contrast, deleting an acetyl group by histone deacetylases (HDACs) reinforces the coupling between DNA and histone, leading to suppression of gene expression (Gomez et al., 2015; Jiang et al., 2018). Several alterations in the levels of histone methylation and acetylation have been determined to have a critical impact on the progression of diseases, such as atherosclerosis, and the transition of VSMC toward the synthetic phenotype, which involves a marked reduction in H3K9 and H3K27 methylation (Greißel et al., 2015) with a simultaneous rise in H3K9 and H3K27 acetylation in progressing atherosclerotic plaques (Greißel et al., 2016). The involvement of H3K27 methylation in the VSMC transition phenotype has been confirmed by experiments, in which a decrease of H3K27me3 in tunica media cells has a key function in the differentiation and proliferation of VSMCs in endothelial dysfunction like atherosclerosis (Wierda et al., 2015). Reduced levels of H3K9me2 have been detected in VSMCs in atherosclerotic lesions and arteries experiencing lesion-related restructuring and are linked to increased transcription of inflammation-responsive genes (Harman et al., 2019). Elevated expression of the histone demethylase KDM3a in diabetic rats has been demonstrated to promote neointimal hyperplasia by diminishing H3K9 dimethylation within the ROCK2 and AGTR1 sites, suggesting that the shift from the contractile to the synthetic VSMC phenotype is amplified through activation of the Rho/ROCK and AngII/AGTR1 signal transduction routes (Chen et al., 2017). Finally, several epigenetic alterations can either enhance or impede arterial restructuring in diseases like atherosclerosis by influencing directly and indirectly the VSMC phenotype. Several target genes and molecules that regulate all forms of epigenetic modifications have been evaluated in animal models and clinical studies for their efficacy in the general therapy of atherosclerosis (Jiang et al., 2018). For instance, the DNMT inhibitor 5-aza-2′-deoxycytidine (5-aza-dC) has inhibited the depressed expression of methylated genes (Mossman et al., 2010), reduced overall 5-mC levels, and re-established the expression of myocardin expression in VSMCs triggered through PDGF, which thereby impedes excessive dedifferentiation of VSMCs (Zhuang et al., 2017).
4.2 MIRs facilitate exchange between endothelial cells and vascular smooth muscle cells
MIRs can be secreted by endothelial exosomes, which are small extracellular vesicles of a diameter of 40–150 nm that emanate from endosomal multivesicular bodies (Stoorvogel et al., 2002; Tkach and Théry, 2016). Numerous studies have revealed that exosomes are key paracrine facilitators of intercellular signaling (Loyer et al., 2014; Wu et al., 2019) and modulate the functionality of recipient cells by transmitting various functional molecules, including proteins, lipids, and nucleic acids, such as miRNA, mRNA, and lncRNA (Hergenreider et al., 2012; Deng et al., 2015; Lin et al., 2019). Endothelial cells can sequester exosomal miR-143/145 clusters that are conferred to VSMCs and regulate atherosclerotic lesion development by acting on KLF2 (Hergenreider et al., 2012). Several studies have described the transfer of microRNAs, like miR-143/145, between endothelial cells and their connected VSMCs (Hergenreider et al., 2012; Climent et al., 2015; Deng et al., 2015). It has been observed that miR-143–3p regulates exosome-based intercellular communication between pulmonary arterial endothelial cells and VSMCs in the development of pulmonary arterial hypertension (Deng et al., 2015). Nevertheless, it is uncertain as to whether and in what way exosomes also facilitate endothelial cell–VSMC intercellular communication in diseases (Lin et al., 2022). Finally, a critical role of endothelial cell-derived exosomal miR-670–3p in the regulation of arteriosclerosis has been established. Therefore, it can be hypothesized that miR-670–3p secreted by endothelial cells could be a candidate target for the treatment and prediction of arteriosclerosis and other diseases. Both endothelial dysfunction and VSMC plasticity are key factors in the pathogenesis of hypertension and stiffness of arteries. MicroRNAs can facilitate cellular signaling between vascular endothelial cells and VSMCs. The role of endothelium-derived extracellular miR-92a in promoting arterial stiffness by modulating intercellular communication of endothelial cells and VSMCs has been investigated (Wang C. et al., 2022). The serum level of miR-92a has been seen to be elevated in hypertensive patients compared to control subjects. Circulating miR-92a levels correlated positively with pulse wave velocity (PWV), systolic blood pressure (SBP), diastolic blood pressure (DBP), and serum endothelin-1 (ET-1) levels, although inversely with levels of serum NO. In vitro, elevated levels of miR-92a in endothelial cells induced by angiotensin II (Ang II) caused a phenotype shift from contractile to synthetic in cocultured VSMCs. In mice infused with Ang II, a lock nucleic acid-modified antisense miR-92a (LNA-miR-92a) ameliorated Ang II-induced PWV, SBP, and DBP and compromised vasodilation. Application of LNA-miR-92a also completely reverted the elevated levels of proliferative genes and the reduced amounts of contractile genes triggered in the mouse aorta with Ang II. The circulating serum concentration of miR-92a and vascular stiffness were positively related in these mice. These results lead to the hypothesis that endothelial cell miR-92a can be delivered to VSMCs through extracellular vesicles to control phenotypic transitions of VSMCs, which consequently results in elevated arterial stiffness. Moreover, extracellular vesicles secreted by endothelial cells contributed to the contractile phenotype of VSMCs through the miR-206/ARF6&NCX1/exosome route (Lin et al., 2016). MiR-582 secreted by endothelial cells acts on VSMCs (Fontaine et al., 2021). The proliferation of VSMCs is also affected with miR-582 since this miRNA reduces the expression of CASP3 and PTPRJ (Woo et al., 2003; Smart et al., 2012). The regulation of ITGA3 and PDCD6 by miR-582, which is implicated in cell migration, could finally be affirmed (Su et al., 2012; Kurozumi et al., 2016).
4.3 Myogenic tone (pressure-driven constriction) control of vessels via vascular smooth muscle cells
The VSMC layer of a resistance artery or of arterioles penetrating inferiorly has an intrinsic capacity, which is regardless of the endothelium and nerves, to contract and decrease luminal diameter in reaction to an abrasive rise in transmural pressure, such as radial stretch (Bayliss, 1902). Within the brain, this process, termed ‘myogenic tone,’ enhances opposition to the blood flow (Davis and Hill, 1999; Kirby et al., 2007) and is critical for setting marrow basal vascular tone, sustaining steady perfusion across a wide array of intraluminal pressures and finely adjusting local CBF simultaneously safeguarding the downstream capillary meshwork against injury (Figure 6) (Hill and Davis, 2007; Cole and Welsh, 2011). Curiously, the reaction to myogenic tone gets stronger as the vessel size reduces (Russell et al., 1970; Davis, 1993), which may be attributed to an elevation in vessel wall distensibility with the ramification of the vascular tree (Thorin-Trescases et al., 1997). In addition, the myogenic tone of resistance arteries can be affected via hemodynamic forces, such as the flow, metabolic agents, and vasoactive modulators secreted by other cell types, such as the endothelium (Bevan and Joyce, 1990; Garcia-Roldan and Bevan, 1990; Ngai and Winn, 1995). The mechanisms behind this phenomenon have been thoroughly investigated (Davis and Hill, 1999; Welsh et al., 2000; Hill et al., 2001; Osol et al., 2002; Brayden et al., 2008; Sharif-Naeini et al., 2010). An elevation in intraluminal pressure acts to modify the activity of stretch-sensitive ion channels that are expressed in VSMCs, leading to membrane depolarization and the engagement of voltage-gated calcium channels (VGCCs), resulting in elevated intracellular levels of Ca2+ ions (Knot and Nelson, 1998; Thorneloe and Nelson, 2005). Therefore, mechanosensitive ion channels in VSMCs are frequently studied because they function as pressure sensors through depolarizing the arterial membrane potential (VM) and triggering the myogenic reaction (Davis and Hill, 1999; Welsh et al., 2002). Cerebral myogenic reaction is essential for accurate VSMC functionality, and consequently, disruption of myogenic tone has been linked to multiple vascular diseases, like stroke, hypertension, and dementia (Izzard et al., 2003; Toth et al., 2013; Toth et al., 2017).
[image: Figure 6]FIGURE 6 | The net filtration takes place close to the arterial end of the capillary, when capillary hydrostatic pressure (CHP) is larger than the blood colloidal osmotic pressure (BCOP). There is no motion of fluid near the midpoint (CHP = BCOP). Net reabsorption takes place close to the venous end of the capillary (BCOP is larger than CHP).
5 ENDOTHELIAL MECHANOSENSING IN PATHOLOGICAL SETTINGS, SUCH AS CANCER
The process of mechanosensing involves a force and a sensor. When one or both are changed, mechanosensing and/or mechanotransduction is compromised, causing endothelial malfunction. Disturbances also arise in ambiguous circumstances, for example, in collateral vessels and in cases of ischemia-reperfusion. At the same time, mechanosensors are susceptible to post-translational alterations and mutations that impair their performance. In the following, pathologies associated with altered mechanosensing are briefly presented with emphasis on cancer.
5.1 Flow pattern regulates the signal transduction processes in endothelial cells
Hemodynamic disturbances may cause pathologic results rather than physiologic reactions. Atherosclerosis is a prime illustration of changing forces acting on endothelial cells. Atheroprotective or atherogenic endothelial signals mark vascular areas in relation to blood flow profiles (Albarrán-Juárez et al., 2018). Blood vessels with a high laminar flow show an orientation of endothelial cells in the direction of the flow, an anti-inflammatory phenotype, reduced oxidative stress, turnover of cells, and permeability (Hahn and Schwartz, 2009). In contrast, vascular areas with a low or oscillating flow, like arterial bifurcations, are marked through an inflammatory phenotype, increased endothelial cell proliferation, apoptosis, enhanced permeability, endothelial cell misalignment, enhanced proinflammatory gene expression, and increased extracellular matrix production (Mohan et al., 1997; Brooks et al., 2004; Cheng et al., 2006; Hahn and Schwartz, 2009). This shows that various hemodynamic patterns can alter endothelial signal transduction and thus protect from or exacerbate vascular disease. Shear stress and flow patterns determine inflammatory signal cascades in endothelial cells. Impaired flow activates an inflammatory phenotype centered on elevated regulation of reactive oxygen species generation, oxidative stress, expression of cytokines, alterations in the ECM, and persistent alterations in inflammatory gene expression from hours to days, which can even be seen in atherosclerosis-resistant animal models (Thoumine et al., 1995; Orr et al., 2005; Jongstra-Bilen et al., 2006; Hahn and Schwartz, 2009). These alterations based on perturbed flow led to a permanently activated inflammatory phenotype, sustained inflammation, and reorganization of the blood vessels. In opposition, laminar flow stimulates only transient endothelial inflammation symptoms that decay fast (Hsieh et al., 1998).
5.2 Hypertension governs signal transduction processes and mechanosensors of endothelial cells
Chronic hypertension is marked with substantial perturbations of hemodynamic forces (Mayet and Hughes, 2003), to which endothelial cells are exposed and which probably affect mechanosensation. Hypertension leads to oxidative stress elevation, the formation of reactive oxygen species, and inflammation. Blood flow disorders are further risks for the development of atherosclerotic plaques (Figure 7) (Cheng C. et al., 2003; Jongstra-Bilen et al., 2006; Hahn and Schwartz, 2009). It is well known that hypertension is linked to impaired expression and/or dysfunction of mechanosensors and mechanotransducers. Reactive oxygen species produced in hypertension react with NO and remove it, thus preventing vasodilation (Harrison et al., 2006). Animal experiments have also shown that the activation of mechanosensitive channels is compromised because of disease. Whether the changed activity of a mechanosensor is a reason or a consequence of the altered forces is still uncertain. Hypertension influences the vascular channels, such as TRPV4, Kir2.1, and Piezo1 (Koide et al., 2021). Mutations in genes that encode mechanosensors, such as PIEZO1, are widespread in humans and may be cardiovascular disease risk mechanisms (Ma et al., 2018). Overall, impaired hemodynamics and dysregulated mechanosensors are closely associated with vascular impairment and disease.
[image: Figure 7]FIGURE 7 | Development of diseases such as atherosclerosis: the behavior of endothelial cells is guided by dynamics of the vascular microenvironment. Most commonly, vessel walls are subject to uniform/laminar/stable flow that fosters the healthy state of endothelial cells. Vessel bifurcations and curvatures can lead to perturbed flow areas, which cause altered endothelial cells with development toward a diseased behavior. For instance, endothelial cells possess hyperpermeability, and they get proinflammatory. Consequently, endothelial cells enable the transmigration of low-density lipoprotein (LDL) and immune cells into the blood vessel wall, whereby atherosclerotic plaques can be built-up.
5.3 Mechanoswitching of endothelial cell phenotypes
Endothelial cells sense changes in their environment, must respond to the neighboring mechanical stimuli, and accommodate to the ongoing alterations in their microenvironment. The cellular adaptation of endothelial cells involves a broad spectrum of responses, including (de)activation, (de)differentiation, and cell proliferation/apoptosis. It is, therefore, helpful for the adaptation of endothelial cells to changes in their environment that they themselves can exhibit plastic behavior. Endothelial cells are capable of significant phenotypic plasticity (Dejana et al., 2017), exemplified by their capacity to change their endothelial phenotype to a mesenchymal phenotype. This plasticity, termed endothelial-to-mesenchymal transition (EndMT), was originally reported in cardiac embryonic development; however, it has also been emphasized in different postnatal pathologies like atherosclerosis, cardiac fibrosis, calcification of the vessels, and pulmonary hypertension (Li et al., 2018a). EndMT seems to be important in these inflammation-related diseases and could be an important connecting element between endothelial dysfunction and inflammation (Cho et al., 2018). In the case of cancer, the EndMT mechanism has been identified in melanoma and pancreatic cancer mouse models (Zeisberg et al., 2007) and is significantly implicated in cancer propagation. Due to their plasticity and their capacity to transdifferentiate into mesenchymal cells, these cells have been characterized through a process referred to as EndMT. This complex process is driven by several different factors that convert endothelial cells into a phenotype marked with mesenchymal protein expression and a mobile, contractile shape. EndMT has originally been characterized in normal heart development, but it is now also found in various pathologies and, in particular, in cancer (Clere et al., 2020). This crossover is linked to a marked reduction in endothelial markers, like VE-cadherin, PECAM-1, Tie-1, Tie-2, and vWF, whereas the expressions of mesenchymal biomarkers, like α-SMA, CD44, COL I/III, FSP-1 (S100A4), SM22a, N-cadherin, and vimentin, rise (Piera-Velazquez and Jimenez, 2019). EndMT markers develop from an early stage with regional reduction of endothelial biomarkers and elevation of some early mesenchymal biomarkers (α-SMA, SM22a, and FSP-1) to a subsequent stage marked by a reduction of endothelial biomarkers and elevation of mesenchymal biomarkers such as matrix proteins, such as fibronectin and COL I, and matrix metalloproteases (MMPs) (Dejana et al., 2017). Originally, EndMT has been viewed as a complete differentiation event; however, in the pathophysiological setting, especially in cancer, it can also be partial. Intermediate levels of differentiation of cancer-derived endothelial cells have been observed (Xiao L. et al., 2015), and these cancer endothelial cells exhibit heterogeneity in their capacity for EndMT. It is in agreement with the phenotypic heterogeneity of endothelial cells within various cancer types (Maishi et al., 2019; Goveia et al., 2020), coupled with the variety of cues emanating from the tumor microenvironment, as EndMT subtuning seems to be regulated by various drivers like TGF-β and basic fibroblast growth factor (bFGF) (Xiao and Dudley, 2017). In addition, partial EndMT has been considered a first step of endothelial sprouting in the course of angiogenesis (Welch-Reardon et al., 2015; Wang S.-H. et al., 2017). The reversibility of EndMT in cancer has hardly been characterized; however, a transition from mesenchyme to the endothelium has recently been implicated in Kaposi’s sarcoma (Li et al., 2018b). Limited in vitro research indicates that reversibility of EndMT may arise on exposure to EndMT inducers within a brief period (Rieder et al., 2011), while extended exposure compels mesenchymal differentiated cells to progress to a point where there is no reversion to endothelial characteristics (Xiao L. et al., 2015). Apart from their signal mechanotransduction function of endothelial cells, it is possible that they may undergo a mechanoswitch upon mechanical stimulation, like the epithelial-to-mesenchymal transition of epithelial cells. As expected, EndMT can be induced by mechanical cues via the Alk5-Shc mechanotransduction pathway (Egorova et al., 2011b; Egorova et al., 2011a). Vascular pathologies like atherosclerosis, which are typified by aberrant mechanical forces, are often paralleled by EndMT. Nevertheless, it is not well enough established how the forces impact the mechanotransduction pathways that govern cellular plasticity, inflammation, and, finally, pathology of the vessels. A mechanoreceptor unique to EndMT has been identified, and a molecular Alk5-Shc pathway, resulting in EndMT and atherosclerosis, has been elucidated. Depleting Alk5 abolishes shear stress-induced EndMT reactions, and targeting endothelial Shc genetically decreases EndMT and atherosclerosis in zones of impaired flow. Tensile force and readjustment studies highlight a mechanosensory role for Alk5 in EndMT signaling that appears to be unique and separate from that of other mechanosensors. Despite the multifunctional cytokine TGFβ performing a pivotal function in EndMT (Moustakas and Heldin, 2016; Ma et al., 2020), emerging evidence has indicated that the imposition of atheroporotic (or oscillatory/perturbed) shear stress on endothelial cells induces the expression of EndMT transcription factors and mesenchymal hallmarks in vitro and in vivo (Saito, 2013; Kovacic et al., 2019). In addition to its embryonic developmental involvement, EndMT has also been linked to inflammatory cardiovascular pathologies (Kovacic et al., 2019), including atherosclerosis (Islam et al., 2021). TGFβ-Alk5 signaling is critical for the reaction to shear stress (Egorova et al., 2011b), and emerging evidence has revealed that endothelial-specific deletion of both TGFβR1 (Alk5) and TGFβR2 retards the outgrowth of atherosclerotic lesions and causes complete remission of well-established plaques, demonstrating a clear cause-and-effect connection of EndMT to atherosclerosis (Frutkin et al., 2009). Finally, Alk5 has been implicated as the receptor in charge of mechano-EndMT, and Shc has been established as a candidate driver of EndMT and atherosclerosis in zones of disrupted shear stress (Liu et al., 2008; Mehta et al., 2021). There is even the possibility for endothelial cells to undergo differentiation into adipocytes via EndMT and into mural cells like pericytes and smooth muscle cells (Huang et al., 2015). Endothelial progenitor cells have also been previously shown to undergo smooth muscle-like progenitor cell differentiation through TGF-β1-driven EndMT (Moonen et al., 2015). In addition, tumor EndMT causes the creation of a tumor microenvironment that is accompanied by cancer-associated fibroblasts (CAFs) and abnormal tumor vessels (Huang et al., 2016; Choi et al., 2018; Choi et al., 2020).
6 CONCLUSION AND FUTURE DIRECTIONS
There is a need for advanced cell culture systems, such as organoids, to study the effects of shear stress on vessel formation in a sophisticated 3D environment. 3D models are needed instead of 2D monolayer cultures that mimic the structural and mechanical properties of the ECM of tissues as closely as possible. In many studies, magnetic tweezers or several magnetic tweezers were used to mimic unidirectional and bidirectional flows. The question now arises whether there are not much better biophysical systems to simulate the fluid flow through vessels. Alternative ways are needed (interaction of magnetized superparamagnetic beads as they induce a magnetic field, hysteresis). Alternative biophysical methods seem to be needed since the interaction of cells with magnetized beads, as they induce a magnetic field, is given, and an unwanted interaction could falsify the results in this case. Another limitation that needs to be overcome is the type of endothelial cells used as there are very large organ-specific differences that need to be considered when comparing results from different groups and identifying general mechanisms. In addition, the interaction of endothelial cells with immune cells also plays a role regarding their mechanosensing and mechanotransduction properties. The possibility of transition of endothelial cells to mesenchymal cells appears to be of crucial importance in angiogenesis and is likely to play a role in tumor angiogenesis, which requires more research activity in this field. All these new research activities will contribute to a more comprehensive understanding of the function of endothelial cells in mechanosensation and mechanotransduction, which may also have a positive impact on the treatment of diseases, such as cancer, which results in an altered vascular system. Finally, the possibility of personalized medicine for diseases that affect the endothelial cells appears to be given here via special “reprogramming” of the endothelial cells from the patient’s own pool.
The literature analysis outlined in this review article has led to the development and deployment of a human cell-based experimental model that subjects endothelial cells to an ambient environment that includes a properly managed dynamic fluid flow with support that provides mechanical stiffness values corresponding to physiological and pathological states. Based on this experimental approach, the goal is to elucidate how the natural mechanical environment with a mixture of fluid and solid tissue affects the organization of the endothelial glycocalyx, which acts as the foremost sensor of the mechanical surrounding, transferring mechanical force to the endothelial cells and converting the force into intracellular activity. It can be postulated that the endothelial glycocalyx is at its most uninterrupted and at minimum porosity under physiological flow conditions in conjunction with relatively soft subendothelial tissue, whereas it is at its most fragmented and at its thinnest under perturbed (pathological) flow regimes in conjunction with fairly stiff subendothelial tissue. Moreover, it is necessary to investigate the mechanisms through which endothelial glycocalyx translates extracellular forces into the biological response of endothelial cells. The cytoskeleton, such as the spectrin scaffold containing short and stable actin filaments, underneath these mechanosensory structures, comprising caveolae, glycocalyx, and membrane receptors, such as integrins, DDR1, and PIEZO, seem to be key elements that are interrelated. Spectrin is needed for stabilization endothelial caveolae, which controls the regulation of PIEZO1. Glycocalyx constituents, especially HA, can be seen as the primary mechanosensors for fluid shear, and CD44 may be indispensable to transduce cues to the nearby spectrin scaffold. When bound to CD44, spectrins control the density of hyaluronan on the cell surface, sensing shear forces and translating them into changes in plasma membrane tension. In turn, an alteration in the spectrin scaffold could slightly alter the curvature or tension exerted on caveolae, which subsequently activates PIEZO1. Consequently, the calcium influx, probably the mechanical deformation of the caveolae, leads to the release of eNOS from the caveolae and to the activation of eNOS. This dual function of spectrin seems to be essential for the mechanotransduction process in endothelial cells.
It is important, in the future, to investigate the participation of YAP/TAZ as a possible mechanism, whereby the glycocalyx exerts an influence on endothelial cells. In addition, it should also be analyzed whether YAP/TAZ acts upstream of the endothelial glycocalyx and regulates the glycocalyx instead. The research findings were expected to yield evidence on how to regulate mechanotransduction in the cells to control and alter cell performance and how cell-dependent vascular functionality can be fixed or restored. DDR1 has been identified as a mechanosensory receptor. Upon shear stress, DDR1 produces liquid-like biomolecular condensates and co-condenses together with YWHAE, which causes the nuclear translocation of YAP that activates transcription of shear stress-induced genes, such as ICAM1 and VCAM1. Developing in vitro models is required to examine the impact of mechanical stress on endothelial cells in a defined microenvironment. Complex models that closely mirror the complex microenvironment in vivo can be created using dynamic mechanical loading of endothelial cells.
A better insight into cellular reactions can be gained, and high-throughput testing for potential therapeutic treatments can be carried out (He et al., 2015; Zhang et al., 2017). The emergence of high-throughput screening instruments able to systematically investigate the effects of various mechanical stressors and their associations on endothelial cells would be of great benefit to mechanobiology. This can make it easier to identify key mechanosensors, signaling routes, and pharmaceutical targets (Nazari-Jahantigh et al., 2012; Michalik et al., 2014). The incorporation of multi-omics techniques, comprising proteomics, transcriptomics, epigenomics, and genomics, may enable a comprehensive insight into the molecular alterations that arise in endothelial cells in reaction to mechanical stress. With the help of a multidisciplinary analysis, it is potentially feasible to detect new mechanotransduction processes, possible biomarkers, and therapeutic objectives for cardiovascular illnesses (Wang et al., 2019). Progress in omics techniques and experimental models has contributed to the identification of several new potential therapeutic candidates for atherosclerosis (Tamargo et al., 2023). Omics-based analyses have emerged as a standard procedure to assess alterations in endothelial cells reacting to different flow and disease states. In contrast to conventional reductionist strategies, where only a single or a handful of candidate genes or proteins are investigated at a time, amazing breakthroughs in omics technologies and computational bioinformatics have opened the opportunity to identify alterations in genes, proteins, and metabolites at genome-wide, epigenome-wide, proteome-wide, and metabolome-wide scales, often at single-cell-level resolution and utilizing a limited quantity of the sample. The utilization of these methods with in vitro and in vivo models has generated a wealth of datasets with flow-based transcriptomic, epigenomic, proteomic, and metabolomic patterns in endothelial cells and blood vessels under both healthy and diseased states (Wu et al., 2007; Chen X. et al., 2010; Ni et al., 2010; Dunn et al., 2014; Goveia et al., 2014; Andueza et al., 2020; Ajami et al., 2017). Initial transcriptomic studies utilized bulk RNA and miRNA probes from pooled endothelial cell cultures and animal tissues to perform microarray and RNA sequencing studies. These investigations revealed many unsuspected flow-responsive genes, miRNAs, and lncRNAs, leading to far-reaching new theories concerning their various functions in endothelial cells and atherosclerosis (Tarbell et al., 2014; Simmons et al., 2016a; Demos et al., 2021). Proteomics investigations with modern mass spectrometry have revealed a large number of flow-sensitive proteins that are expressed differently in endothelial cells as a reaction to the flow or are post-translationally altered (Burghoff and Schrader, 2011; Firasat et al., 2014; Simmons et al., 2016b). Endothelial cell secretome studies indicate that the impaired flow changes the abundance of hundreds of proteins, including ANGPT2 and endothelin 1 (Burghoff and Schrader, 2011). A proteome-wide S-sulfhydration of reactive cysteines (S-sulfhydrome) in endothelial cells in reaction to pro-atherogenic stimuli in vitro and in vivo revealed hundreds of flow-sensitive S-sulfhydrated proteins (Bibli et al., 2021), such as integrins that are involved in the flow-based vascular relaxation reaction.
Future perspectives of the coupling between mechanosensation and function are still needed for a comprehensive and detailed view of the function of endothelial cells in mechanobiology. Mechanotransduction is frequently assessed after the cell has achieved equilibrium and is depicted as a unidirectional pathway from cytoskeletal activation to the transfer of nuclear events, leading to a displacement of state parameters, such as lineage determination. The mechanotransduction can, nevertheless, also activate feedback circuits that change the cell’s reaction to downstream mechanical impulses. These feedback circuits are essential to keep the cytoskeleton in a reactive equilibrium or to maintain an adapted status. A disturbance of these components impairs the mechanosensory system of the endothelial cells and may form the basis of the pathophysiology. Finally, it can be assumed that future endeavors to investigate the colocalization of mechanosensors will largely profit from new technological progress like super-resolution microscopy.
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Cancer is a complex disease characterized by specific “mission-critical” events that drive the uncontrolled growth and spread of tumor cells and their offspring. These events are essential for the advancement of the disease. One of the main contributors to these events is dysregulation of cell death pathways—such as apoptosis, necroptosis, ferroptosis, autophagy, pyroptosis, cuproptosis, parthanatos and—allows cancer cells to avoid programmed cell death and continue proliferating unabated. The different cell death pathways in cancers provide useful targets for cancer treatment. This review examines recent progresses in the preclinical and clinical development of targeting dysregulated cell death pathways for cancer treatment. To develop effective cancer therapies, it is essential to identify and target these mission-critical events that prevent tumor cells from timely death. By precisely targeting these crucial events, researchers can develop therapies with maximum impact and minimal side effects. A comprehensive understanding of the molecular and cellular mechanisms underlying these regulated cell death pathways will further the development of highly effective and personalized cancer treatments.
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1 INTRODUCTION
Cancer, an intricate disease characterized by uncontrolled cell proliferation and evasion of regulated cell death mechanisms, is a significant global health concern (Brown et al., 2023; Bhat et al., 2024). Among the several cellular mechanisms disrupted in cancer, the regulation of cell death pathways is crucial (Peng et al., 2022; Tong et al., 2022; Gong et al., 2023; Hadian and Stockwell, 2023). Programmed cell death (PCD), also known as regulated cell death (RCD), is a genetically controlled process in which cells die in an orderly manner (Koren and Fuchs, 2021; Gong et al., 2023). RCD encompasses several mechanisms, including apoptosis, necroptosis, autophagy and the newly identified pathways of pyroptosis, ferroptosis, cuproptosis, and parthanatos (Galluzzi et al., 2018) (Figure 1). Each of these mechanisms is crucial for maintaining cellular balance and responding to cellular stress (Tang et al., 2019; Lamichhane and Samir, 2023). When mammalian cells experience irreversible disruptions in their internal or external milieu, they can initiate several signal transduction cascades that ultimately result in cell death (Kayagaki et al., 2024; Newton et al., 2024). In cancer, the disruption of these pathways not only enables the initiation and progression of tumors but also significantly affects treatment resistance and patient outcomes (Table 1) (Gong et al., 2023). Each of these RCD patterns is triggered and propagated through molecular pathways that exhibit significant connectivity (Tang et al., 2019) (Figure 2). Each variant of RCD exhibits a diverse array of morphological characteristics, ranging from complete to partial programmed cell death, which elicit unique immunomodulatory properties, including anti-inflammatory effects, promotion of immune tolerance, enhancement of inflammation, and immunogenicity. Apoptosis, marked by regulated cell shrinkage and membrane blebbing, typically leads to anti-inflammatory outcomes since apoptotic cells are phagocytosed without provoking immune activation (Elmore, 2007). Autophagy is a process of cellular degradation that generally promotes cell survival; however, under prolonged stress, it can result in cell death. Autophagy can either suppress or promote inflammation based on the context, as it regulates the immune response by degrading immune modulators or releasing signals that activate immune cells (Liu et al., 2023). Necroptosis, characterized by membrane rupture and the release of cellular contents, triggers inflammation by activating immune cells via damage-associated molecular patterns (DAMPs) (Kaczmarek et al., 2013). In a similar manner, pyroptosis, characterized by pore formation and cell lysis, enhances inflammation through the release of pro-inflammatory cytokines such as IL-1β (Liu Y. et al., 2024). Cuproptosis, a form of cell death that relies on copper, inflicts damage on the mitochondria and has the potential to trigger immune responses, although its specific immunomodulatory characteristics are still under investigation (Springer et al., 2024). Ferroptosis, initiated by iron-dependent lipid peroxidation, has the potential to promote inflammation via the release of DAMPs, which in turn can affect immune responses (Qi and Peng, 2023). Parthanatos, resulting from excessive PARP activation that leads to significant DNA damage, can trigger inflammation while potentially fostering immune tolerance in chronic conditions (Huang et al., 2022). In summary, these RCD pathways influence immune dynamics by either inhibiting or facilitating immune activation, thereby affecting cancer progression and treatment results. (Galluzzi et al., 2018; Liao M. et al., 2022).
[image: Figure 1]FIGURE 1 | Regulated cell death pathways in cancer and their associated genes. For each RCD pathway, a set of key regulators are listed and the change of expression levels are indicated. Figure created using Biorender.
TABLE 1 | Role of RCD pathways in cancer.
[image: Table 1][image: Figure 2]FIGURE 2 | An overview of regulated cell death processes. A summary of the RCD pathways involved in cancer pathogenesis. Intrinsic apoptosis: Following an inherent fatal signal, BH3-only proteins activate BAX and BAK either directly or indirectly by binding to and blocking BCL-2 proteins. The mitochondrial outer membrane is then permeabilized (MOMP), releasing cytochrome C (Cyt C) and SMAC, the latter of which can suppress apoptosis. The apoptosome is subsequently produced, which activates caspase-9, followed by caspases 3 and 7, and initiates apoptosis. Extrinsic apoptosis: When death receptors (TNFR1, FAS, or TRAIL-R) receive an extrinsic fatal signal, they join with pro-caspase-8 and -10 to create complex I. Complex IIa is then generated, resulting in caspase-8 and -10 activation. Apoptosis is then initiated either directly by cleaving caspases-3 and -7, or indirectly by cleaving BID into tBID and activating BAX and BAK. Granzyme pathway: Cytotoxic T-cells are the main controllers for the granzyme pathway, which results in caspase-10 activation that in turn activates caspase-3. Granzyme B can activate caspases in the targeted cell. Necroptosis occurs when an extrinsic fatal signal is received but caspase-8 is not activated. Complex IIb (also known as the necrosome) is generated. This causes RIPK 1 and 3 to phosphorylate and activate mixed lineage kinase domain-like pseudokinase (MLKL). MLKL then forms a complex, causing the release of cytokines, chemokines, and damage-associated molecular patterns (DAMPS). Finally, this causes inflammation and necroptosis of the cell. Pyroptosis occurs when toll-like receptors (e.g., TLR4) detect an external fatal signal. Nuclear factor kappa B (NF-KB) signaling is initiated. This causes inflammasome development and subsequent caspase-1 activation. Then, pro-IL-1b is converted to active IL-1b, and gasdermin D (GSDMD) is broken down into N-GSDMD fragments resulting in inflammation and pyroptosis of the cell. Parthanatos occurs when an inherent fatal signal arises (for example, high reactive oxygen species accumulation), poly [ADP-ribose] polymerase 1 (PARP-1) is activated. Overactivation of PARP-1 can result in the accumulation of PAR polymer and the translocation of apoptosis inhibitory factor (AIF) from the mitochondria. AIF forms a compound with macrophage migration inhibitory factor (MIF) and re-enters the nucleus. Ultimately, this leads to cell parthanatos and DNA fragmentation. Autophagic Cell Death: Beclin-1 generally forms a complex with Bcl-2 proteins. After they have been phosphorylated and inactivated, free Beclin-1 can start autophagy. Ferroptosis occurs exclusively when there is an imbalance in the regulatory system, leading to the accumulation of lipid peroxide to a lethal threshold. Transferrin (TF) binds to extracellular Fe3+ and facilitates its transport into cells via transferrin receptor 1 (TfR1), where it is then converted to Fe2+. Later, intracellular divalent metal transporter 1 (DMT1) and zinc transporter 8/14 (ZIP8/14) store the Fe2+ in the intracellular labile iron pool (LIP). Fe2+ transfers electrons through the Fenton reaction with peroxide, resulting in the production of oxidizing free radicals. Following an excessive accumulation of iron within cells, numerous free radicals interact with polyunsaturated fatty acids (PUFA) found in the phospholipids of cell membranes resulting in the formation of lipid peroxides, which ultimately lead to cell death. The intracellular antioxidant stress system depends on GPX4 to eliminate surplus lipid peroxides. The Cystine/glutamate antiport (system xc−) facilitates the movement of glutamate from within cells to the outside, while simultaneously transporting cystine from the outside into cells. Cuproptosis: FDX1 plays a crucial role as a copper ion carrier in the induction of cell death and is involved in the regulation of protein lipoylation. Elevated copper levels foster the accumulation and functional impairment of lipoylated proteins, leading to instability of iron–sulfur cluster proteins, protein toxicity stress, and ultimately cell death. In addition, excessive copper binds to lipoylated DLAT, triggering abnormal oligomerization of DLAT and the formation of DLAT foci. This process contributes to cellular protein toxicity stress, further exacerbating cell death. Figure created using Biorender.
Targeting various RCD pathways to treat cancer has been under intensive investigation for several decades (Peng et al., 2022). Research in the last decade has revealed novel RCD pathways and with these discoveries, progress has been made in clinical application to target these newly identified pathways for cancer treatment (Man et al., 2017; Seehawer et al., 2018; Zhou et al., 2021; Wang Y. et al., 2022; Zhang C. et al., 2022). Furthermore, therapeutic approaches that target these RCD pathways have been used in combination with immunotherapeutic agents to further enhance their efficacies (Tong et al., 2022). Such combined approaches have the potential to significantly improve patient outcomes. Despite notable advancements, major challenges such as treatment resistance exist. This review summarizes recent advancement in preclinical and clinical development to target RCD pathways in cancer from a therapeutic standpoint, exploring how alterations in these mechanisms contribute to cancer development and impact the efficacy of current treatment methods.
1.1 Dysregulated apoptosis in cancer and targeting strategies for therapy
Apoptosis is a vital intracellular mechanism that maintains tissue homeostasis in an organism by regulating cell populations (Elmore, 2007; Akhtar and Bokhari, 2024) (Figure 1). However, in cancer, cells lose their capacity to undergo apoptosis-induced death, which results in unchecked cell proliferation (Morana et al., 2022). Therefore, targeting the regulation of the apoptosis signaling pathway can be one of the crucial methods to improve cancer treatment (Pfeffer and Singh, 2018). Apoptosis is characterized by cell shrinkage, chromatin condensation, membrane blebbing, DNA breakage, and apoptotic body formation (Elmore, 2007). It involves two primary pathways: the extrinsic pathway, triggered by death receptors, and the intrinsic pathway, regulated by mitochondria (Zhang et al., 2005; Jan and Chaudhry, 2019) (Figure 2). The extrinsic pathways are controlled by transmembrane death receptors belonging to the CD95 (Apo-1 or Fas)/TRAIL/tumor-necrosis factor (TNF) receptor 1 family. When death ligands such as TNFα (tumor necrosis factor-alpha), Fas ligand (FasL), or TRAIL bind to their corresponding cell surface receptors—TNFR1, Fas, and death receptors 4 and 5 (DR4/5)—it triggers a signaling cascade. This ligand-receptor interaction leads to the recruitment and activation of caspase-8, an initiator caspase, which in turn activates downstream effector caspases (Annibaldi and Walczak, 2020). The mitochondrion is involved in the other primary route that is responsible for death signaling. It performs the function of an integrating sensor of numerous death insults by releasing cytochrome c into the cytosol, where it then activates caspase. It is believed that the mitochondrial route is the primary target of survival signaling pathways (Elmore, 2007). The Bcl-2 family controls the mitochondrial (intrinsic) pathway, which is triggered by damage of the mitochondria and the subsequent release of cytochrome c. This route is initiated by cytotoxic agents and UV radiation. Cytochrome c, Apaf-1, d-ATP/ATP, and procaspase-9 interact to form an apoptosome, which then triggers the caspase cascade (Wang and Youle, 2009). Additionally, a third pathway related to endoplasmic reticulum (ER) stress has also been described (Iurlaro and Munoz-Pinedo, 2016). Stress causes mutant proteins to accumulate in the endoplasmic reticulum, disrupting the balance between protein folding and protein requirement. This event triggers the unfolded protein response (UPR), which identifies and modulates ER stress (Schroder and Kaufman, 2005; Gardner et al., 2013). Key sensors in the UPR—ATF6 (activating transcription factor 6), IRE1α (inositol-requiring enzyme 1 alpha), and PERK (protein kinase R-like ER kinase)—are activated when misfolded protein concentrations exceed a certain threshold. If the stress is too severe or prolonged, the UPR can shift from a protective role to triggering apoptosis, in order to eliminate the affected cell and prevent damage (Spencer and Finnie, 2020). Despite having distinct mechanisms of initiation, these intrinsic, extrinsic and stress-induced pathways all lead to activation of a series of proteolytic enzymes that are members of the caspase family (Elmore, 2007; McIlwain et al., 2015) (Figure 2). The caspases, which are cascades of cysteine aspartyl proteases are produced as dormant zymogens, which are then activated by proteolytic cleavage. This is normally accomplished by the action of upstream apical caspases (McIlwain et al., 2015). Apart from these intrinsic, extrinsic and stress-induced processes, there exists an additional pathway that entails T cell mediated cytotoxicity and perforin/granzyme-dependent cell death. The cell death inducing enzymes in this pathway are granzyme B and granzyme A proteases (Trapani and Smyth, 2002).
Cancer cells often overexpress proteins that prevent the apoptotic cascade from being activated, including Bcl-2 and related anti-apoptotic proteins such as Bcl-xL, Mcl-1, A1/Bf1 and Bcl-w (Table 1) (Lowe and Lin, 2000). Targeting these proteins has become a strategy to inhibit cancer proliferation and promote cell death (Frenzel et al., 2009; Carneiro and El-Deiry, 2020). Developing cancer drugs targeting the apoptosis pathway represents the first phase of clinical development in the field (Jan and Chaudhry, 2019). A comprehensive list of compounds targeting apoptotic pathways and demonstrating anti-cancer properties is presented in Table 2. ABT-737 was the initial chemical inhibitor targeting Bcl-2, Bcl-xL and Bcl-w (Del Gaizo Moore et al., 2007). It binds to the hydrophobic pocket of Bcl-2 family members and has shown efficacy against lung cancer, especially when combined with chemotherapy and radiation therapy. Navitoclax (ABT-263) demonstrates anti-cancer properties, particularly when used with MEK or tyrosine kinase inhibitors against solid tumors (Tse et al., 2008; Walensky et al., 2004) (ABT-199), a potent Bcl-2 inhibitor, has shown promising outcomes for treating acute myeloid leukemia (AML), chronic lymphocytic leukemia (CLL) and non-Hodgkin lymphoma (NHL) (Souers et al., 2013). Selective Bcl-xL inhibitors include a vaccine for prostate cancer and ABBV-155, an antibody-drug conjugate being studied as monotherapy or for use in combination with taxanes for solid tumors (Walensky et al., 2004).
TABLE 2 | Apoptosis targeting drugs for cancer therapy.
[image: Table 2]BH3 mimetics have been effectively created using stapled peptides that specifically bind through protein-protein interactions and have an improved ability to enter the cell (Ali et al., 2019). SAHBA (Stabilized Alpha-Helix of BCL-2 Domains) mimics the α-helical BH3 section of proapoptotic BID, efficiently enters leukemia cells, binds to Bcl-xL, and promotes apoptosis (Chang et al., 2013). Targeting Bax using small molecules like SMBA1-3, which bind directly to Bax and inhibit the phosphorylation of S184, promotes cytochrome c release and apoptosis (Li et al., 2017).
The Bcl-2 family member Mcl-1 can prevent apoptosis induced by multiple apoptotic triggers such as radiation and chemotherapy (Wertz et al., 2011; Widden and Placzek, 2021). AM-8621 attaches to the Mcl-1 binding pocket, displaces BIM and induces apoptosis in a myeloma cell line (Wei et al., 2020). Derivatives AMG 176 and AZD5991 have shown notable outcomes in combination with venetoclax and chemotherapy (Caenepeel et al., 2018; Tron et al., 2018). Mcl-1 inhibitors VU661013 and S63845 show promise in treating blood cancers and overcoming resistance to venetoclax when used in combination with other therapies (Carneiro and El-Deiry, 2020; Satta and Grant, 2020). In addition, IAP inhibitors have been used to target apoptosis in cancer (Fulda and Vucic, 2012; Monian and Jiang, 2012). Antagonists like LCL161 and birinapant (TL32711) show promising anti-tumor effects, particularly in combination with chemotherapy, radiation and the immune checkpoint inhibitor (ICI) anti-PD1 pembrolizumab (Amaravadi et al., 2015; Yang et al., 2019).
Agonist antibodies were also created targeting DR4 and DR5 due to their favorable half-life and notable preclinical efficacy (Hymowitz et al., 1999; LeBlanc and Ashkenazi, 2003). The only clinically tested anti-DR4 monoclonal antibody is mapatumumab, a completely human DR4-agonistic antibody with selective and strong binding to DR4 and high cytotoxicity (Pukac et al., 2005). Mapatumumab was tested in phase I and II clinical trials for HCC, NSCLC, colorectal cancer, and refractory non-Hodgkin’s lymphoma (Greco et al., 2008; Hotte et al., 2008; Trarbach et al., 2010; Younes et al., 2010; von Pawel et al., 2014; Ciuleanu et al., 2016), but none of the assays met the initial objectives, ending clinical development. Unlike DR4, several DR5 agonist antibodies have been developed and tested in clinic including Conatumumab, Drozitumab, Lexatumumab, LBY135, Tigatuzumab, and DS-8273a (Belyanskaya et al., 2007; Herbst et al., 2010; Kang et al., 2011; Forero-Torres et al., 2013; Burvenich et al., 2016; Dominguez et al., 2017; Forero et al., 2017). Conatumumab and Drozitumab demonstrated efficacy in advanced solid tumors, while Lexatumumab was tested in prostate and bladder cancer cells (Shimada et al., 2007; Herbst et al., 2010; Rocha Lima et al., 2012). DS-8273a is the newest clinically tested anti-DR5 antibody. The initial study showed that DS-8273a might be used to eliminate myeloid-derived suppressor cells in advanced cancer patients, but no objective response was seen (Dominguez et al., 2017). It is tested in three more clinical trials to assess its safety in advanced solid tumors and lymphomas or its efficacy in combination with Nivolumab in advanced colorectal cancer and unresectable stage II and IV melanoma (Dubuisson and Micheau, 2017). In addition, chimeric mouse–human antibodies LBY135 and Tigatuzumab were developed. Solid advanced cancers tolerated LBY135 well, and Tigatuzumab was investigated for relapsed lymphoma or solid malignancies (Forero-Torres et al., 2010; Sharma et al., 2014). Conatumumab and Drozitumumab reached phase II clinical trials, but Lexatumumab, LBY-135, and Tigatuzumab did not (Dubuisson and Micheau, 2017).
The p53 protein, a critical tumor suppressor, is often altered or deactivated in various malignancies, making it an ideal target for therapeutic treatments. Several p53-targeted medicines have been developed to help restore or improve p53 function. MDM2 inhibitors, including Nutlin-3, APG-115, RG7388, DS-3032, and MK-8242, suppress the p53-MDM2 interaction, stabilizing p53 and inducing apoptosis in malignancies such as gastric cancer and leukemia (Ding et al., 2013; Levine, 2022). Other MDM2 antagonists include AMG-232, HDM201, BI 907828, and ALRN-6924 (Carneiro and El-Deiry, 2020; Peng et al., 2022). MDMX inhibitors, such as XI-011 and DIMP53-1, restore p53 stability by inducing apoptosis and reducing migration in cervical and colon malignancies (Soares et al., 2017; Zhang J. et al., 2022). Small compounds such as PRIMA-1 (APR-017), APR-246 (Eprenetapopt), and COTI-2 restore mutant p53 to a functional state, reactivating its tumor-suppressive capabilities, with potential therapeutic uses in a variety of malignancies (Berke et al., 2022). The p53 agonist HO-3867 restores transcriptional repression in mutant p53, especially in ovarian cancer, resulting in cell death (Devor et al., 2021).
Cyclophilin A (CypA) inhibitors, such as HL001, impede MDM2-mediated p53 degradation, resulting in cell cycle arrest and death in NSCLC (Lu et al., 2017). Natural compounds such as Renieramycin T (RT) (Petsri et al., 2019) and Protopine (Son et al., 2019) stabilize p53, inducing apoptosis in lung and colon tumors, respectively, whereas Andrographolide (ANDRO) degrades mutant p53 (Sato et al., 2018). Actinomycin V and TCCP also increase p53 expression, which causes apoptosis in many cancer cells (Lin S. Q. et al., 2019; Rashmi et al., 2019). Heat-shock protein inhibitors, such as Mortaparib (Plus), reactivate p53 by disrupting its association with mortalin, causing apoptosis in colorectal and breast malignancies (Sari et al., 2021). Furtherrmore, Protoporphyrin IX (PpIX) targets both p53 and its homolog p73, which promotes apoptosis in CLL (Son et al., 2019).
Novel therapeutics include gold complexes like MC3, which upregulate p53 via the ROS formation and have shown effectiveness in colorectal cancer (Dabiri et al., 2019), as well as platinum-based compounds like bromocoumarinplatin 1 and diplatin, which activate p53 to overcome cisplatin or carboplatin resistance respectively in lung cancer (Lin X. et al., 2019; Ma et al., 2020). Other small compounds, such as DJ34, kill leukemia stem cells by inhibiting c-Myc and activating p53 (Tadele et al., 2021), whereas AQ-101 inhibits MDM2 to activate p53 and increase apoptosis in leukemia (Gu et al., 2018).
Research is exploring inhibitors of uncontrolled oncogenic effectors such as PI3K, AKT, β-catenin, Myc, CDKs, mTOR, and VEGF (Sever and Brugge, 2015). CDK4/6 inhibitors like palbociclib enhance cell death and induce cell cycle arrest in various cancers (Tao et al., 2016). Epigenetic strategies focused on inducing apoptosis in cancer cells involve histone deacetylase (HDAC) inhibitors and Bromodomain and Extra-Terminal motif (BET) inhibitors (Bolden et al., 2006; Kim et al., 2018). HDAC inhibitors, such as panobinostat, enhance Noxa expression, reduce Mcl-1 levels, and increase sensitivity to Bcl-2 inhibitors (Liu et al., 2018). They also enhance the effectiveness of MEK inhibitors and venetoclax in treating multiple myeloma (DiNardo et al., 2019). BET inhibitors like ABBV-075, when combined with venetoclax, demonstrate promising outcomes in patients with cutaneous T cell lymphoma (CTCL) (Kim et al., 2018). The hypomethylating agent azacytidine, when combined with venetoclax and ABT-737, has shown promising results (Mishra et al., 2023).
1.2 Targeting autophagy for cancer therapy
Autophagy, a critical mechanism for maintaining cellular balance by removing damaged organelles and protein aggregates, can also facilitate cell death (Liu et al., 2023). Cells can undergo autophagy-related cell death in two primary ways: autophagy-dependent cell death (ADCD) which transpires independently of other programmed death mechanisms and autophagy-mediated cell death (AMCD) that occurs when autophagy-related molecules directly engage with those implicated in forms of cell death. (Zhou et al., 2022) (Figure 1). Moreover, autophagy is linked to other cell death mechanisms, such as apoptosis, necrosis, and ferroptosis, through a variety of processes (Dunkle and He, 2011; Gordy and He, 2012; Chen et al., 2018; Liu J. et al., 2020; Peng et al., 2022) (Figure 2).
Three distinct forms of autophagy have been identified: macroautophagy, microautophagy, and chaperone-mediated autophagy (CMA) (Parzych and Klionsky, 2014). Microautophagy is a form of autophagy in which lytic organelles autonomously engulf and degrade cytoplasmic components. It is essential for regulating biosynthesis, transport, metabolic adaptability, organelle remodeling, and the maintenance of cellular component quality (Saha et al., 2018). Macroautophagic autophagosomes convey cellular constituents for destruction to endosomes or lysosomes (Feng et al., 2014). Autophagy starts with an isolating membrane known as the phagophore, which encases a portion of the cytoplasm. The Atg9 protein promotes growth by supplying crucial lipid constituents. The Atg1 and Atg9 proteins, together with a phosphatidylinositol 3-kinase complex, govern this activity. In the subsequent phase, two conjugation steps transpire. The first activation entails Atg12 and the Atg7 protein. The Atg12 protein is conveyed to the Atg10 protein, leading to a covalent connection with Atg5. The Atg12-Atg5 complexes subsequently associate with the Atg16L protein. The ATG12-ATG5-ATG16L1 complex is essential for the production of autophagosomes. The second step of conjugation involves the proteins Atg3, Atg4, Atg7, and LC3. The Atg4 protease cleaves proLC3, resulting in the formation of LC3-I. Subsequently, the Atg7, Atg3, and Atg12-Atg5-Atg16L proteins are conjugated. The LC3-I protein interacts with the lipophilic phosphatidyle-thanolamine (PE) to generate the LC3-II form. These stages generate the autophagosome, which encapsulates a segment of the cytoplasm and proteins. The outer membrane of the autophagosome fuses with the lysosome to form an autophagolysosome. Lysosomal enzymes facilitate the digestion of the autophagolysosome’s inner membrane and its contents (Gomez-Virgilio et al., 2022; Liu et al., 2023). Chaperone-mediated autophagy (CMA) removes damaged proteins during fasting or oxidative stress. The chaperone complex links the protein’s target motif to facilitate lysosome trafficking. In the lysosome, the complex interacts with LAMP-2A’s cytoplasmic tail and is destroyed (Bejarano and Cuervo, 2010).
Autophagy plays a complex role in cancer, acting as both an inhibitor and promoter of tumor growth (Chavez-Dominguez et al., 2020; Nawrocki et al., 2020; Debnath et al., 2023). It can help cancer cells avoid damage induced by chemotherapeutics and promote chemoresistance (Table 1) (Nawrocki et al., 2020; Debnath et al., 2023). Preclinical research using chemotherapeutics like cyclophosphamide, imatinib, and vorinostat has shown that autophagy reduces the effectiveness of these drugs and contributes to acquired resistance (Mele et al., 2020). Furthermore, autophagy aids cancer cells in adapting to chemotherapy (Ahmadi-Dehlaghi et al., 2023).
Autophagy inhibitors have shown promise in combination with chemotherapeutic and targeted immunotherapeutic drugs (Table 3). While many prospective autophagy inhibitors are being developed, chloroquine (CQ) and its derivative hydroxychloroquine (HCQ) are the only approved drugs (Wang et al., 2011). HCQ, like CQ, suppresses autophagy by blocking lysosomal acidification and autophagosome degradation but has lower toxicity (Sui et al., 2013; Cook et al., 2014; Pellegrini et al., 2014; Lee et al., 2015). A Phase II trial for muscle-invasive bladder cancer is investigating the combination of HCQ with gemcitabine and cisplatin for systemic chemotherapy (Ojha et al., 2016). Similarly, in breast cancer, HCQ combined with tamoxifen was found more effective in suppressing autophagy in estrogen-positive (ER+) cell lines (Cook et al., 2014). In renal cell carcinoma, HCQ combined with temsirolimus led to increased apoptosis by inhibiting autophagy (Lee et al., 2015). Early phase I/II trials of HCQ have focused on adult solid tumors, including pancreatic adenocarcinoma, melanoma, colorectal carcinoma, myeloma, lymphoma and renal cell carcinoma, using chemotherapy drugs such as temsirolimus, bortezomib, temozolomide, vorinostat, and doxorubicin (Llovet et al., 2008; Mahalingam et al., 2014; Rangwala et al., 2014a; Rangwala et al., 2014b; Rosenfeld et al., 2014; Vogl et al., 2014; Wolpin et al., 2014). HCQ doses ranged from 400 mg to 600 mg twice daily, showing tolerability with partial responses and stable disease in some patients (Carew and Nawrocki, 2017). For advanced solid tumors and melanoma, HCQ combined with 150 mg/m2 of temozolomide showed 27% stable disease and 14% partial response in wildtype melanoma (Cheng et al., 2009; Rangwala et al., 2014b). The combination of HCQ and rapamycin, an inhibitor of mTORC1 activity, was well-tolerated in advanced solid tumor (Rangwala et al., 2014a). In myeloma, HCQ combined with bortezomib improved the efficiency of proteasome inhibitors by causing the accumulation of misfolded proteins, with 45% of patients showing stable disease. The most common adverse effects were gastrointestinal issues and cytopenias (Vogl et al., 2014).
TABLE 3 | Autophagy targeting drugs for cancer therapy.
[image: Table 3]Autophagy activation by drugs like sorafenib, a multi-tyrosine kinase mTOR inhibitor used for hepatocellular cancer, is being explored as a potential cause of drug resistance (Llovet et al., 2008). Clinical trials have investigated HCQ in hepatocellular cancer (Cheng et al., 2009) and targeted immunotherapeutic treatments, such as checkpoint inhibitors, have limited efficacy and high costs. Combining autophagy modulators like HCQ with immune checkpoint inhibitors (ICI) has the potential to improve efficacy and reduce treatment costs. Several inhibitors targeting different stages of autophagy are under investigation including inhibitors of upstream signaling molecules: SBI-0206965 (ULK1 inhibitor) (Tang et al., 2017), Spautin-1 (Beclin1 inhibitor), SAR405 (Vps18 kinase inhibitor), and gambogic acid (induces caspase-mediated cleavage of autophagy proteins) (Ishaq et al., 2014; Pasquier, 2015). Autophagy initiation inhibitors include ATG4 inhibitors NSC185058 and NSC377071, and Verteporfin (inhibits early-stage autophagosome formation) (Donohue et al., 2011; Akin et al., 2014). Lysosomal inhibitors include ROC325 (Nawrocki et al., 2019), Lys05 (Amaravadi and Winkler, 2012), DQ661 (Rebecca et al., 2017), and DC661 (Rebecca et al., 2019).
Preclinical trials have also explored autophagy’s potential to enhance radiation therapy (Kim et al., 2008; Kuwahara et al., 2011). For example, in a lung cancer mouse model, combining Z-DEVD (caspase-3 inhibitor), RAD001 (mTOR inhibitor), and irradiation induced the highest levels of autophagy and associated radiation damage. This suggests that inhibiting both apoptosis and mTOR during radiotherapy could improve outcomes in non-small cell lung cancer patients (Kim et al., 2008). Similarly, in glioma cells, autophagy induction by silver nanoparticles (AgNPs) and/or radiation was confirmed by applying 3-methyladenine (3-MA), highlighting selective autophagy as a promising therapeutic avenue for effective cancer treatment (Wu et al., 2015).
1.3 Necroptosis in cancer development and treatment
Programmed inflammatory cell death, known as necroptosis, was first identified as an alternative to apoptosis following the activation of death domain receptors (Degterev et al., 2005; Dhuriya and Sharma, 2018) (Figure 1). Necroptosis is a regulated type of necrosis that is dependent on receptor interacting kinase-1 (RIPK1) and RIPK3 phosphorylating mixed-lineage kinase-like (MLKL) (Vandenabeele et al., 2010; Sun et al., 2012; Newton et al., 2014) (Figure 2). The necroptotic process begins when RNA- and DNA-sensing molecules and cell surface death receptors including FasRs, TNFR1, IFN receptors, and TLRs are activated (Kaiser et al., 2013). There are two ways that cell death signaling continues (Pasparakis and Vandenabeele, 2015). Complex I, a survival complex that communicates via NF-kB, can be created by TNF-α. RIPK1 deubiquitination transforms the complex into apoptotic complex IIa. When caspase-8 is absent and RIPK3 is elevated, the complex forms IIb (the necrosome). The death domain-related proteins RPK1, RPK3, and Fas on this necrosome directly phosphorylate the kinase domain-like protein (MLKL) to induce necroptosis. MLKL phosphorylation forms an oligomer that punctures the plasma membrane, killing the cell. Calmodulin-dependent protein kinase and mitochondrial serine/threonine protein phosphatase II are other RIPK3 downstream effects (He et al., 2009; Cai et al., 2014; Wang et al., 2014; Murphy, 2020). Necroptotic cell death is characterized by cell membrane perforation, elevated intracellular osmotic pressure, cell rounding and swelling, organelle swelling, impaired mitochondrial activity, mitochondrial membrane potential loss, nuclear chromatin loss, and plasma membrane rupture (Dhuriya and Sharma, 2018). Plasma membrane rupture causes potassium efflux, cytokines, and chemokines, which cause inflammation and immunological responses (Dhuriya and Sharma, 2018).
Necroptosis is involved in various aspects of tumor biology, including tumor development, necrosis, metastasis and the immune response within tumors (Najafov et al., 2017; Gong et al., 2019; Yan et al., 2022; Meier et al., 2024). This cell death pathway exhibits both pro- and anti-tumorigenic effects (Ye et al., 2023). Major regulators of necroptosis are often downregulated in cancer cells, correlating with unfavorable outcomes (Table1) (Yan et al., 2022). Necroptosis has emerged as a novel target for anticancer therapy due to its significant role in tumor biology (Gong et al., 2019).
Several natural compounds and small molecule inhibitors are known to induce necroptosis in cancer cells (listed in Table 4) (Wu et al., 2020). Chloroquine increases the expression of endogenous RIPK3 in colorectal cancer cell lines, with necroptosis being the mechanism (Meng et al., 2016). Shikonin, derived from a Chinese medicinal herb, induces necroptosis in nasopharyngeal carcinoma cells by enhancing reactive oxygen species (ROS) production and increasing RIPK1, RIPK3 and MLKL expression (Liu et al., 2019). Emodin triggers necroptosis in glioma cell lines by activating the TNF/RIPK1/RIPK3 pathway (Zhou et al., 2020). Neoalbaconol (NA), a compound derived from the fungus Albatrellus confluens, has been found to trigger necroptosis by facilitating the autocrine release of TNFα through the modulation of the RIPK/NF-κB signaling pathway and RIPK3-dependent reactive oxygen species (ROS) generation (Yu et al., 2015). The steroid glycoside Ophiopogonin D induces necroptosis in prostate cancer cells by activating RIPK1 (Lu et al., 2020). Resibufogenin inhibits colorectal cancer cell line growth by increasing RIPK3 expression (Han et al., 2018). The initiation of necroptosis can also be influenced by adjusting upstream signaling pathways, such as using the sphingosine analog FTY720 (fingolimod), which triggers necroptosis in human lung cancer cells by interacting with the I2PP2A/SET oncoprotein and activating the PP2A/RIPK1 pathway (Saddoughi et al., 2013).
TABLE 4 | Necroptosis targeting drugs for cancer therapy.
[image: Table 4]Nanoparticles to induce necroptosis in cancer cells is another emerging field (Mohammadinejad et al., 2019). Although the antifungal agent Shikonin shows potential, its clinical use is limited due to poor tumor specificity, low water solubility, short bloodstream half-life, and high risk of side effects on healthy tissues (Boulos et al., 2019). To address these issues, Feng et al. developed an Fe(III)-shikonin supramolecular nanomedicine (FSSN) using metal-polyphenol coordination of Fe(III) and shikonin, demonstrating improved water solubility and reduced cytotoxicity in normal cells and induced both ferroptosis and necroptosis (Feng et al., 2022). In CT26 colon cancer cells, graphene oxide nanoparticles triggered necroptosis by enhancing RIPK1, RIPK3, and HMGB1 activity (Chen et al., 2015). Similarly, selenium nanoparticles induced necroptosis in prostate adenocarcinoma cells by increasing ROS production and TNF and interferon regulatory factor 1 expression (Sonkusre, 2019). Folate-sodium alginate-cholesterol nanoparticles delivering doxorubicin and metformin achieved targeted accumulation and induced various forms of programmed cell death, including necroptosis, apoptosis, and pyroptosis in xenograft melanoma tumors (Song et al., 2021). Myricetin-loaded solid lipid nanoparticles (MYC-SLNs) enhanced necroptosis in A549 cells by increasing RIPK3 and MLKL expression without affecting apoptosis and without apparent effects on the growth and health of MRC5 cells (Alidadi et al., 2022). Ma et al. developed star-PCL-azo-PEG micelles (sPCPEG-azo) to deliver dimethyl fumarate (DMF) specifically to the colon, inducing necroptosis by eliminating GSH, increasing ROS levels and activating MAPKs (Ma Z. G. et al., 2016).
In a study conducted by Liu et al., MLKL inhibitor necrosulfonamide (NSA) was shown to significantly delay tumor growth, thus offering compelling evidence of the role necroptosis plays in promoting tumor development (Liu et al., 2016). In mice, the use of necrostatin-1, another necroptosis inhibitor, has been found to be effective in reducing colitis-associated tumorigenesis (Liu et al., 2015). There is ongoing testing of the RIPK1 inhibitor, GSK2982772, in phase 2a clinical studies for individuals with inflammatory disease. Furthermore, in a clinical trial (NCT04739618), researchers explored the potential benefits of nonablative cryosurgical freezing-induced necroptosis followed by immunotherapeutic drug injection in metastatic solid tumors. The immunotherapy included pembrolizumab (anti-PD1), ipilimumab (anti-CTLA-4), and GM-CSF. The aim was to assess the overall response rate of radiographic changes (Tong et al., 2022). In addition, induction of apoptosis has also been shown to reverse drug resistance. Xu Zhao et al., effectively employed trichothecin to trigger necroptosis in cancers that are resistant to chemotherapy. Mechanistically, the natural secondary metabolite trichothecin significantly increased the expression of RIPK3. Subsequently, RIPK3 enhanced the phosphorylation of MLKL and activated mitochondrial energy metabolism and ROS production. This novel approach sensitizes cancer cells to cisplatin therapy (Zhao X. et al., 2021).
In addition, it has been shown that necroptosis-inducing drugs could impact the effectiveness of ICIs in individuals with cancer (Tang et al., 2020). Using a viral vaccination strategy, Hoecke et al. were able to effectively deliver the necroptosis mediator MLKL to tumor cells, resulting in the promotion of necroptotic death and the enhancement of antitumor immunity. Increased immunity directly against neo-epitopes was responsible for the potent antitumor immunity (Van Hoecke et al., 2020). In addition, the RNA editing enzyme ADAR1 has been widely recognized for its role in suppressing Z-type dsRNA, a substrate for ZBP1. This suppression mechanism leads to resistance and limited responsiveness to ICIs (Zhang T. et al., 2022). However, the small-molecule drug CBL0137 has the ability to directly induce the formation of Z-type dsDNA in cells. This in turn activates ZBP1-dependent necroptosis and effectively reverses the insensitivity to ICIs in mouse melanoma models (Zhang T. et al., 2022). In addition, cIAPs have the ability to hinder the RIPK1-dependent necroptosis process. However, this inhibition can be counteracted by Smac mimetics which then trigger the activation of the necroptotic death pathway in Burkitt’s lymphoma cell lines (Koch et al., 2021). In melanoma, the response to ICIs can be enhanced by using Smac mimetics which have a direct impact on immune cells such as B cells, MDSCs, DCs, and cytotoxic T cells (Michie et al., 2020). Based on the evidence, it appears that necroptosis could potentially be employed to enhance the readiness of the tumor microenvironment for immunotherapy.
Even with progress in necroptosis research, various obstacles impede its application in cancer treatment. The practicality of necroptosis, having potential as an alternative therapy for tumors resistant to apoptosis, continues to be debated. Hitomi et al. (2008) identified a cellular signaling network that regulated necroptosis and implicated two suppressor genes, CYLD and EDD1, and four Ras-related proteins, suggesting a role in tumorigenesis. CYLD gene mutations in tumorigenic epidermal cells promote carcinoma aggressiveness by increasing angiogenic factor production, which is crucial to epidermal cancer malignancy (Alameda et al., 2010). RIPK3 and CYLD were downregulated in CLL cells, and LEF1 represses CYLD. Together, necroptosis may be crucial to carcinogenesis (Reed, 2006). Tumor heterogeneity presents a significant challenge, as numerous cancers are deficient or have mutated for essential necroptosis regulators such as RIPK3 or MLKL, which restricts the effectiveness of necroptosis inducers. RIPK3-r, a truncated splice variation of RIPK3, was dramatically elevated in colon and lung tumors compared to matched normal tissues, suggesting that it may be a primary splice form involved in carcinogenesis, according to Yang et al. (2005). The RIPK3 gene lies on chromosome 14q11.2, which is mutated in several malignancies, including nasopharyngeal carcinoma and T cell leukemia/lymphoma (Kasof et al., 2000). In non-Hodgkin lymphoma, RIPK3 gene polymorphisms increases tumor risk (Wu et al., 2012). Furthermore, existing inducers exhibit a lack of selectivity, resulting in uncontrolled inflammation and the possibility of harming healthy tissues, which raises concerns regarding off-target effects and systemic toxicity. Necroptosis may enhance anti-tumor immunity due to its pro-inflammatory characteristics, yet it also has the potential to facilitate tumor progression by creating a pro-tumor environment. Necroptosis of tumor cells can affect the TME in a way that can contribute to tumor growth because the inflammation associated with necroptosis can stimulate cell division, genetic instability, angiogenesis and metastasis (Negroni et al., 2020). Furthermore, the restricted clinical evidence, primarily based on preclinical models, along with the unpredictable nature of necroptosis outcomes, adds to the complexity of its application. Tumors can develop resistance to necroptosis, similar to how they respond to therapies that induce apoptosis. Consequently, additional research is essential to enhance targeting specificity, reduce inflammatory risks, and confirm the efficacy of necroptosis-based treatments in clinical environments.
1.4 The roles of pyroptosis in cancer cell survival and treatment strategies
Pyroptosis is a form of RCD associated with inflammatory responses. It is triggered by human caspase-1, -3, -4, -5 (mouse caspase-11), −6, −8, and −9 and NLRP3 and has significant therapeutic implications for several malignancies due to its profound effects on the invasion, proliferation, and metastasis of tumor cells (Table 1) (Shi J. et al., 2014; Fang et al., 2020; Zheng and Li, 2020; Rao et al., 2022; Wei et al., 2022) (Figure 1). Gasdermin (GSDM) superfamily members, GSDMA-GSDME, which are essential to pyroptosis, are triggered by caspases and perforate the plasma membrane (Kayagaki et al., 2015; Shi et al., 2015; Rogers et al., 2019) (Figure 2). The characteristic features of pyroptosis in cancer involve gasdermins family protein cleavage and polymerization, both N-terminal and C-terminal junction domain cleavage, and activated N-terminal regions. The N-terminal generates a cell membrane pore by binding to membrane lipids, phosphatidylinositol, and cardiolipin, causing cell osmotic swelling, plasma membrane rupture, and death (Ding et al., 2016; Feng et al., 2018). Gasdermins create 10–20 nm holes in cell membranes, releasing cell contents slowly and potentially causing inflammatory responses. The cells become flattened eventually and create 1–5 μm apoptotic body-like protrusions. Nuclear concentration and chromatin DNA breaking occur as cells enlarge to rupture plasma membrane (Zhang et al., 2018). Pyroptotic pathway can occur either through classical or non-classical pathway in cancer. The classical pathway is activated by pathogen-associated molecular patterns (PAMPs) or damage-associated molecular patterns (DAMPs) (Chen and Nunez, 2010; Franchi et al., 2012). Cytoplasmic pattern recognition receptors (PRRs) identify them. Based on particular inputs, nod-like receptors (NLRs) or melanoma deficiency factor 2-like receptors (ALRs) produce inflammatory bodies and activate caspase-1. After Caspase-1 cleaves GSDMD, its N-terminal aggregates into cell membrane holes (Amarante-Mendes et al., 2018; Zheng D. et al., 2020) (Figure 2). Additionally, caspase-1 cleaves pro-IL-1β and pro-IL-18 into mature IL-1β and IL-18, which are then released via the membrane hole. The nonc-lassical pyrolytic pathway requires caspase-4/-5/-11 activation. After lipopolysaccharide (LPS) stimulates the cytoplasm, caspase-4/caspase-5/caspase-11 (the human equivalent of mouse caspase-11 caspase-4/caspase-5) can directly bind to the conserved structure of LPS, lipoprotein A, causing oligomerization, activation, and the N-terminal of GSDMD to be cleaved and localized to the cell membrane to form membrane pores (Kayagaki et al., 2015). Pyroptosis is quicker and more violent than apoptosis, releasing several pro-inflammatory molecules. Cell scorch is caused by inflammatory corpuscles and GSDM family proteins.
Several chemotherapeutic drugs, including cisplatin, paclitaxel, 5-FU, lobaplatin and others have been found to trigger pyroptosis in tumor cells (Table 5) (Zhang C. C. et al., 2019; Jia et al., 2023). Chemotherapy-induced pyroptosis is frequently the result of GSDME pathway activation. Chemotherapy drug Lobaplatin triggers pyroptosis in cervical cancer and colorectal cancer by activating GSDME (Chen et al., 2022). This effect is achieved by activating caspase-3/9 through the ROS/JNK/BAX mitochondrial apoptosis pathway (Yu et al., 2019). 5-FU triggers pyroptosis in gastric cancer cells via GSDME instead of GSDMD (Wang Y. et al., 2018). When exposed to cisplatin or 5-FU, GSDME+/+ mice experience significant intestinal damage and infiltration of immune cells. On the other hand, GSDME−/− mice show less injury, indicating that triggering pyroptosis in cancer cells might offer a potential alternative approach for cancer treatment (Yu and He, 2017).
TABLE 5 | Pyroptosis targeting drugs for cancer therapy.
[image: Table listing drugs or compounds with their mechanisms of action, cancer type, clinical status, and references. Examples include Cisplatin, 5-Fluorouracil, and Atezolizumab. Mechanisms involve inducing pyroptosis via pathways like GSDME activation. Cancer types range from gastric to melanoma. Clinical statuses vary from FDA approved to preclinical. References include multiple studies from 2015 to 2024.]Clinical trials have demonstrated that the combination of PD-L1 inhibitors with chemotherapy or radiation can effectively eliminate tumor cells through pyroptosis induction (Reck et al., 2019). This approach has shown promising results in terms of improved patient survival rates, surpassing those observed in patients solely treated with PD-L1 inhibitors. In breast cancer cells, the presence of Trimethylamine N-oxide (TMAO) can trigger GSDME-mediated pyroptosis (Wang H. et al., 2022), and when TMAO is combined with PD-1, it has the potential to enhance the antitumor effects of anti-PD-1 (Jia et al., 2023).
CAR-T cells have been successfully utilized to effectively treat hematological malignancies, yielding favorable outcomes (Gill and Brudno, 2021). However, cytokine release syndrome (CRS) is a significant side effect of this technology. When CAR-T cells release granzyme B, it can trigger pyroptosis by activating the caspase-3/GSDME pathway (Liu Y. et al., 2020). Interestingly, the elimination of GSDME through knockout has been found to effectively prevent CRS. Furthermore, the presence of perforin/granzyme B in CAR-T cells, as opposed to in CD8+ T cells, triggers GSDME-mediated pyroptosis in target cells (Liu Y. et al., 2020). These findings underscore the clinical importance of pyroptosis in immunotherapy. The release of IL-1β and IL-18 by pyroptotic cells, along with other DAMPs, can attract immune cells like dendritic cells (DCs) and macrophages (MFs) to engulf the pyroptotic cells (Wang Q. et al., 2018; Karki and Kanneganti, 2021). Mature DCs display tumor-specific antigens to activate cytotoxic T lymphocytes, which then eliminate tumors (Wang et al., 2013).
Targeted drugs have also been discovered that selectively trigger pyroptosis in tumor cells (Table 5). Val-boroPro triggers pyroptosis in primary acute myeloid leukemia (AML) cells by activating the inflammasome sensor protein CARD8 which then activates procaspase-1 (Johnson et al., 2018). In a melanoma study, it was found that the combination of BRAFi and MEKi could potentially have an antitumor effect by inducing pyroptosis through GSDME (Erkes et al., 2020). Additionally, the combination of DDP and BI2536 (a PLK1 kinase inhibitor) was observed to induce pyroptosis in esophageal cancer cells (Wu M. et al., 2019). In a study conducted by Dobrin et al., triple-negative breast cancer cells were exposed to ivermectin, resulting in the activation of the pannexin-1 pathway. This activation led to the overexpression of P2X4/P2X7 receptors, the release of ATP and ultimately the induction of pyroptosis (Draganov et al., 2015). Several drugs, including metformin, anthocyanin, and DHA have been found to trigger GSDMD mediated pyroptosis in different types of cancers (Pizato et al., 2018; Wang L. et al., 2019; Yue et al., 2019).
1.5 Clinical development targeting ferroptosis for cancer treatment
Ferroptosis is a recently discovered RCD pathway distinguished by oxidative and non-apoptotic mechanisms. It is characterized by iron-dependent lipid peroxide damage in mitochondria and a lack of glutathione peroxidase 4 (GPX4) and is distinct from apoptosis, autophagy, and necrosis (Dixon et al., 2012) (Figures 1, 2). From a morphological perspective, the cell membrane stays intact while developing blisters. The mitochondria decrease in size, and their membrane density increases. The mitochondrial cristae may either reduce in number or vanish entirely. The nucleus retains its typical size, while the chromatin remains uncondensed. Ferroptosis takes place when there is a disruption in the regulatory system, resulting in the buildup of lipid peroxide to a critical level. Transferrin (TF) attaches to extracellular Fe3+ and aids in its transport into cells through transferrin receptor 1 (TfR1), where it is subsequently transformed into Fe2+ (Masaldan et al., 2018). Subsequently, intracellular divalent metal transporter 1 (DMT1) and zinc transporter 8/14 (ZIP8/14) facilitate the storage of Fe2+ in the intracellular labile iron pool (LIP) (Sterling et al., 2017). Fe2+ can transfer electrons via the Fenton reaction with peroxide, leading to the generation of oxidizing free radicals. After an excessive buildup of iron within cells, many free radicals engage with polyunsaturated fatty acids (PUFA) present in the phospholipids of cell membranes, leading to the creation of lipid peroxides, which ultimately result in cell death (Doll et al., 2017). The intracellular antioxidant stress system relies on GPX4 to remove excess lipid peroxides. The Cystine/glutamate antiport (system xc−) enables the transfer of glutamate from inside cells to the exterior, while concurrently bringing cystine from outside into the cells. Inhibiting cysteine with system xc− blockers like erastin reduces the necessary cysteine levels for GSH production and disrupts GSH synthesis. GPX4 facilitates the hydrolysis of lipid peroxide through the action of GSH. Enhancing ferroptosis requires the inhibition of system Xc−, depletion of GSH, and deactivation of GPX4 (Yang et al., 2014).
Cancer cells’ higher iron (Fe) accumulation makes them more susceptible to ferroptotic cell death, thereby impacting tumor development, proliferation and metastasis (Table 1) (Maru et al., 2022; Lei et al., 2024; Zhou Q. et al., 2024). Several ferroptosis inducers have been developed, and their effectiveness varies in different cancer types (listed in Table 6) (Luo et al., 2024; Zhou Q. et al., 2024). Sorafenib, an FDA-approved chemotherapeutic for hepatocellular carcinoma (HCC), renal cell carcinoma (RCC), and thyroid cancer stimulates ferroptosis by inhibiting system XC− and glutathione (GSH) formation (Dixon et al., 2014; Sun et al., 2017). Combining sorafenib with sulfasalazine can further inhibit sulfur-based amino acid metabolism, triggering ferroptosis in HCC cells both in vitro and in vivo (Wang K. et al., 2021). In NSCLC and colon cancer, cisplatin induces ferroptosis by depleting GSH and inactivating GPX4 (Guo et al., 2018). Etoposide, a phenolic anticancer drug, depletes GSH in myeloperoxidase-rich myelogenous leukemia cells, reducing GPX4 and triggering ferroptosis (Kagan et al., 2017). Further, Ma et al. demonstrated that the combination of the lysosome disruptor siramesine with the tyrosine kinase inhibitor lapatinib resulted in the ferroptotic death of breast cancer cells. This was achieved by blocking iron transport and inducing lipid peroxidation (Ma S. et al., 2016). The combination of DHA with cisplatin triggered cell death in pancreatic ductal adenocarcinoma (PDAC) by promoting the degradation of GPX4, creation of ROS and the degradation of ferritin, leading to induction of ferroptosis (Du J. et al., 2021).
TABLE 6 | Ferroptosis targeting drugs for cancer therapy.
[image: A table presents information on various drugs and compounds, including their mechanisms of action, associated cancer types, clinical status, and references. Drugs listed include Erastin, RSL3, Sorafenib, Sulfasalazine, and others, with actions like GPX4 inhibition and inducing ferroptosis. Cancer types range from prostate to pancreatic cancer, and statuses vary from preclinical to FDA-approved. References are provided for each entry, indicating the source of the information.]Nanotechnology enhances RCD induction by delivering inducers directly to tumors (Mohammadinejad et al., 2019). FePt@MoS2 nanoparticles, for example, release Fe(II) in the tumor microenvironment, accelerating the Fenton reaction and triggering ferroptosis in various cancer cell lines (Zhang D. et al., 2019). Similarly, additional research showed that zero-valent iron nanoparticles transformed Fe(II) to enhance the Fenton reaction, resulting in mitochondrial lipid peroxidation in oral cancer cells (Huang K. J. et al., 2019). In addition, FSSN based on the metal-polyphenol coordination of Fe(III) and shikonin, led to necroptosis and a reduced GSH level induced ferroptosis in mouse breast cancer cell lines (Feng et al., 2022).
Radiation therapy induces ferroptotic cell death by generating reactive oxygen species (ROS), leading to lipid peroxidation (Lang et al., 2019; Lei et al., 2020; Ye et al., 2020). ROS extract electrons from polyunsaturated fatty acids (PUFAs), forming lipid peroxyl radicals and hydroperoxides. Radiation also upregulates ACSL4 to facilitate PUFA-phospholipid production and also reduces GSH levels, impairing GPX4 and promoting ferroptosis (Lei et al., 2020; Ye et al., 2020; Zhang C. et al., 2022). Moreover, studies have demonstrated that disulfiram induces lysosomal membrane permeabilization through a process dependent on reactive oxygen species (ROS), leading to ferroptosis induction and enhancing the vulnerability of cells to radiation (Ye L. et al., 2021).
ICIs have advanced cancer therapy, but their efficacy is limited without tumor-associated antigens (Ding et al., 2022; Kou et al., 2023). CD8+ T lymphocytes can suppress tumors by triggering necroptosis, pyroptosis, and ferroptosis (Tang et al., 2020; Chen L. et al., 2021; Liao P. et al., 2022; Wang Z. et al., 2022). Unique RCDs in the TME stimulate proinflammatory cytokines and cytotoxic T cell infiltration, enhancing ICI responsiveness (Workenhe et al., 2020). Lipid peroxides generated during ferroptosis signal DCs to present tumor antigens to CD8+ T cells, improving immunotherapy (Zhao et al., 2022). Combining ferroptosis inducers with ICIs may enhance cancer cell susceptibility to immunotherapy. Wang and colleagues have demonstrated that the concurrent administration of a GPX4 inhibitor, cyst(e)inase, and PD-L1 inhibition enhances T cell-mediated antitumor immune responses and synergistically promotes ferroptotic death of cancer cells (Wang W. et al., 2019). On the other hand, ferroptosis inhibition therapy yielded greater antitumor efficacy when used in combination with anti-PD-1 antibodies [346].
However, ferroptosis can sometimes promote tumor initiation and progression (Dang et al., 2022). Ferroptosis-induced inflammation may drive necroinflammation-associated malignancies, and immune cell susceptibility to ferroptosis can undermine tumor suppression or promote tumor development (Bell et al., 2024). Ferroptotic cancer cells may also have immunosuppressive effects that enhance tumor growth (Chen X. et al., 2021; Qi and Peng, 2023). In addition, the ferroptosis of non-tumor cells is linked to a diminished ability to combat tumors due to a decrease in the generation of cytotoxic cytokines. Utilizing the ferroptosis inhibitor ferrostatin-1 effectively prevents CD8+ T cell ferroptosis by inhibiting lipid peroxidation (Wang W. et al., 2019). As a result, the production of pro-inflammatory cytokines is enhanced, leading to the elimination of tumors. Ferroptosis inhibition yields enhanced antitumor effectiveness when combined with anti-PD-1 antibodies (Ma et al., 2021). Further, Inhibiting ferroptosis could mitigate adverse effects from therapies promoting it, suggesting its suppression might be a viable cancer treatment strategy in certain contexts.
Currently, a phase II clinical study is assessing the ferroptosis inhibitor MIT-001 for preventing oral mucositis in lymphoma or multiple myeloma patients undergoing conditioning chemotherapy with autologous hematopoietic stem cell transplantation (NCT05493800).
1.6 New roles for cuproptosis in cancer cell death and targeting strategies
In 2019, Tsvetkov et al. discovered Cu-dependent death while investigating the anticancer mechanism of the Cu ionophore elesclomol (Tsvetkov et al., 2019). It was discovered that administering elesclomol to a mouse model of multiple myeloma decreased the cancer cells’ resistance to the damage caused by proteasome inhibitors. Mechanistically, reduced Cu(I) is produced when elesclomol-bound Cu(II) interacts with the mitochondrial enzyme ferredoxin 1 (FDX1), raising ROS levels (Nagai et al., 2012; Tsvetkov et al., 2019). Lipid peroxidation was once thought to be the cause of elesclomol’s lethality (Gao et al., 2021). Later, in 2022, they reported that intracellular copper build-up causes mitochondrial lipoylated protein oligomerization and destabilizes Fe–S cluster proteins, resulting in cuproptosis, an independent mode of cell death that is different from other RCD pathways (Ge et al., 2022). Research in the domains of cancer pathology and cell physiology has long focused on the role of copper in tumor progression, with studies emphasizing the critical connection between cuproptosis and cancer. Tumor angiogenesis and metastasis are activated by copper, a proangiogenic factor (Xu et al., 2022). Dysfunctional copper metabolism is the cause of both radioresistance and chemoresistance (Liu et al., 2022; Yang et al., 2022). Increased serum copper levels have been linked in a number of studies to disease invasion and tumor stage in patients with breast, lung, and colorectal cancer (Baszuk et al., 2021; Cui et al., 2021; Tsang et al., 2022). On the other hand, cuproptosis causes endothelial cell dysfunction, oxidative stress, and mitochondrial damage in malignant cells by interfering with lipid metabolism (Halliwell and Chirico, 1993; Ruiz et al., 2021).
Further, elevated Cu has been strongly associated with the increased expression level of hypoxia-inducible factor 1α (Feng et al., 2009; Wu Z. et al., 2019), inducing angiogenesis, and neovascularization leading to increased production of vascular endothelial growth factor (Zimna and Kurpisz, 2015). Elevated expression of intracellular Cu-dependent protein MEMO1, an oncogenic protein, has been associated with migration and invasion of breast and lung cancer cells (MacDonald et al., 2014). Zhang et al. have demonstrated that MEMO1 preferentially binds to Cu(I) and not Cu(II) and thus protects cells from redox activity (Zhang et al., 2022d). Consequently, releasing Cu ions and preventing the spread of tumor cells may be achieved by devising a suitable strategy to disrupt the Cu(I) binding site on the MEMO1 protein.
Cuproptosis may prevent the spread of cancer cells and reduce their proliferation (Li J. et al., 2022; Feng et al., 2024). Cuproptotic tumors exhibit reduced angiogenesis and respond well to therapy with sunitinib and sorafenib (Li K. et al., 2022). Cancer cells have developed mechanisms to defend against Cu-induced apoptosis (Table 1). For example, individuals with hepatocellular carcinoma (HCC) had significantly reduced levels of the critical cuproptosis regulator FDX1, making HCC cells resistant to cuproptosis (Zhang Z. et al., 2022). More advanced tumor-node-metastasis stages are closely linked to reduced FDX1 expression. Additionally, shorter survival rates have been associated with decreased FDX1 expression across various cancer types (Wang T. et al., 2022).
Copper ionophores, or cuproptosis-related drugs which trigger cuproptosis, may hold promise for future tumor treatments (Table 7) (Springer et al., 2024; Wang Y. et al., 2024). Elesclomol (ES) and Disulfiram (DFS) induce apoptosis by transporting copper ions into cells and mitochondria, resulting in the oligomerization of dihydrolipoamide s-acetyltransferase, decreased stability of Fe-S clusters and interaction with Npl4 (Reeder et al., 2011). Copper complexes with bis(thiosemicarbazone) ligands raise copper ion levels in both cancer cells and in Chlamydia-infected host cells (Cater et al., 2013; Marsh et al., 2017). Furthermore, derivatives of quinolines also function as copper ionophores (Oliveri et al., 2017; Oliveri, 2022). Derivatives from simple compounds such as 3-Hydroxyflavone (Dai et al., 2017), as well as more intricate copper ionophores like Hydrophilic Temperature-Sensitive Liposomes (Gaal et al., 2020) and a copper ionophore designed using salicylaldehyde isonicotinoyl hydrazone (Ji et al., 2018), also increase copper levels inside cells.
TABLE 7 | Cuproptosis targeting drugs for cancer therapy.
[image: A table lists drugs and treatments targeting copper pathways for various cancers. It includes Elesclomol, Disulfiram, Tetrathiomolybdate, D-Penicillamine, Trientine, Copper-64 Radiopharmaceuticals, Copper Oxide Nanoparticles, and Ammonium Tetrathiomolybdate. Cancer types include melanoma, lung, breast, prostate, kidney, neuroendocrine tumors, and colon cancer. Clinical statuses range from preclinical to Phase III trials. References from various studies are provided for each treatment.]Among these agents, Elesclomol (ES) and Disulfiram (DFS) are currently undergoing evaluation in clinical trials (Xie J. et al., 2023). Recent trials investigating ES (O'Day et al., 2013) and DSF (Kelley et al., 2021) have demonstrated excellent safety profiles. Current research in this area is focused on nanomedicines that combine copper ions with copper ionophores (Lee et al., 2023; Zhou et al., 2023). Combining other cancer treatments with cuproptosis-related therapy may yield improved outcomes. Overall, copper ionophores may have greater efficacy in tumors with elevated mitochondrial metabolism. In the phase III clinical trial of ES, the impact of ES varied among individuals with low serum LDH levels (O'Day et al., 2013). Thus, serum LDH levels may serve as a prognostic indicator in the future clinical use of cuproptosis-related medications, helping to assess the potential effectiveness of these drugs. To summarize, copper ionophores can be combined with targeted therapeutic agents like TKI and PI. This combination is most effective in tumors with high mitochondrial metabolic status. Additionally, LDH can be used as a predictor to guide treatment before drug administration and as a prognostic indicator afterward. Further research is necessary to ascertain the feasibility of cuproptosis-inducing therapies in select patients with distinct types of cancer.
1.7 Parthanatos as target in cancer treatment
Parthanatos is a cell death mechanism controlled by PARP-1 and is distinct from apoptosis and necroptosis (Harraz et al., 2008) (Figures 1, 2). In parthanatos, abnormal PARP-1 activation causes excessive PAR production (Dawson and Dawson, 2004), mitochondrial membrane depolarization decreases ATP and NADPH levels, and triggers AIF translocation from mitochondria to the nucleus. Additionally, AIF binds to MIF nuclease, activating it (Wang Y. et al., 2019). After translocating to the nucleus, AIF and MIF cause nuclear shrinkage, chromatin agglutination, and big DNA fragments (15–50 KB) that cause parthanatos (Zhou et al., 2021). The lack of caspase is its main characteristic.
There is a strong correlation between parthanatos and tumor formation and progression (Zhou et al., 2021). The expression level of PARP-1 in breast cancer, ovarian cancer, endometrial cancer, lung cancer, skin cancer and non-Hodgkin’s lymphoma is elevated compared to normal tissues, thus establishing a strong association between parthanatos and these cancers (Harraz et al., 2008; Fong et al., 2009; Galia et al., 2012; Dorsam et al., 2018; Pazzaglia and Pioli, 2019). PARP-1 knockout mice showed a considerable decrease in susceptibility to epithelial malignancies. Downregulating PARP-1 protein hinders the action of NF-κB and the expression of tumor-promoting proteins controlled by NF-κB, thereby preventing the induction of parthanatos (Pazzaglia and Pioli, 2019). Additionally, the absence of PARP-1 in mice resulted in a notable decrease in the occurrence of colorectal cancer caused by oxymethane (AOM) and dextran sulfate sodium (DSS). Reducing PARP-1 protein levels may effectively prevent induced colorectal cancer by suppressing the expression of cyclin D and STAT3 (Dorsam et al., 2018).
The impact of parthanatos on carcinogenesis and tumor development manifests in two key dimensions (Zhou et al., 2021). During rapid cellular proliferation, DNA is highly susceptible to radiotherapy or chemotherapy, leading to tumor cell death. PARP-1 plays a crucial role in DNA repair and is essential for tumor cell survival. Hence, inducing apoptosis in tumor cells can be achieved by suppressing PARP-1 activity. Conversely, the occurrence of parthanatos primarily arises from the abnormal activation of PARP-1. Promoting parthanatos in tumor cells by augmenting PARP-1 activity can impede tumor cell proliferation. Given PARP-1’s involvement in several DNA repair pathways and its role in maintaining genomic stability (Yang et al., 2020), modulating PARP-1 activity may be therapeutic for treating associated malignancies (Table 8).
TABLE 8 | Parthanatos targeting drugs for cancer therapy.
[image: A table listing drug treatments, their target pathways, cancer types, clinical status, and references. It includes FDA-approved drugs like Olaparib and Rucaparib for BRCA-mutated cancers, Niraparib for ovarian cancer, and others in various trial phases. References cite multiple studies from 2008 to 2024.]In clinical trials, PARP inhibitors are mostly administered to cancer patients with homologous recombination repair deficiencies including those with breast and ovarian cancers carrying BRCA1 and BRCA2 mutations (gBRCA1/2m) and castration-resistant prostate cancer. Currently, Olaparib (Clarke et al., 2024; Fenton and Hussain, 2024; Kawamoto et al., 2024; Lee et al., 2024; Shah et al., 2024), niraparib (Wu X. et al., 2024), rucaparib (Monk et al., 2022; Sayyid et al., 2024), veliparib (Mizuno et al., 2023; Rodler et al., 2023; Zhao et al., 2023; Dieras et al., 2024; Kashbour et al., 2024; Sun and Li, 2024) and talazoparib (Fizazi et al., 2024; Heiss et al., 2024; Narang et al., 2024; Piha-Paul et al., 2024; Telli et al., 2024) hinder the cancer-fighting effects of parthanatos by suppressing the catalytic function of PARP-1 and PARP-2 (Fong et al., 2009; Sandhu et al., 2013; Mateo et al., 2016; de Bono et al., 2017; Nishikawa et al., 2017; Wu X. et al., 2024).
β-Lapachone, a naturally occurring compound derived from the bark of the lapacho tree, triggers parthanatos by activating the NQO1-dependent ROS-mediated RIPK1-PARP1-AIF pathway, leading to the death of hepatocellular carcinoma cells (Zhao W. et al., 2021). This process was prevented by the inclusion of a PARP-1-specific inhibitor (Park et al., 2014). Deoxypodophyllotoxin (DPT), a naturally occurring chemical derived from Anthriscus sylvestris, effectively suppressed glioma growth by promoting the generation of excessive reactive oxygen species (ROS), enhancing PARP-1 expression and facilitating AIF translocation to the cell nucleus. This has been shown in both xenograft glioma models and in glioma cells cultured in vitro (Ma D. et al., 2016).
2 CONCLUSION AND FUTURE PERSPECTIVE
The evolution of cancer therapy always involves trial and error, but discovery of novel mechanisms to target the mission-critical events shared by all tumors offers a glimpse of previously unthinkable therapeutic possibilities (Debela et al., 2021; Levantini, 2023). Understanding carcinogenesis, especially through the identification of altered cellular processes that maintain cancer cells and the development of diagnostic and prognostic biomarkers, has been made possible by studying these altered cell death pathways (Koren and Fuchs, 2021; Peng et al., 2022; Zhou Y. et al., 2024). Since RCD pathways are fundamental to the genesis of all tumors, they present clear targets for therapeutic intervention in all cancer types (Koren and Fuchs, 2021; Peng et al., 2022; Gong et al., 2023). Moreover, detecting abnormalities in these signaling pathways can aid in identifying the DNA, mRNA and protein mutations present in cancer cells, and may play a significant role in determining the efficacy of specific targeted therapies (Waarts et al., 2022; Chitluri and Emerson, 2024; Liu B. et al., 2024). While a tumor’s mutational profile may impact a therapy’s effectiveness, identifying altered RCD pathways may yield identification of novel targets.
The complexity of the cellular signaling that occurs in tumor cells presents the biggest obstacle to addressing the dysregulated pathways in distinct cancers (Bou Antoun and Chioni, 2023; Swanton et al., 2024). Crosstalk and inhibitory feedback mechanisms are just two examples of the many elements that obstruct targeted signaling pathways. Additionally, the risk of resistance selection exists with all tumor therapies and this risk may be exacerbated by the genetic plasticity present in most malignancies (Emran et al., 2022; Khan et al., 2024).
The primary therapeutic challenge in targeting RCD pathways for cancer treatment lies in the emergence of resistance mechanisms (D'Amico and De Amicis, 2024). Cancer cells often experience genetic and epigenetic changes that enable them to evade or inhibit cell death signals, even in the presence of targeted therapies designed to activate these pathways (Ozyerli-Goknar and Bagci-Onder, 2021; Tufail et al., 2024). For instance, the overexpression of anti-apoptotic proteins like BCL-2 and BCL-XL or mutations in tumor suppressors such as TP53 can inhibit apoptosis, allowing cancer cells to escape death induced by chemotherapy (Mohammad et al., 2015). In a similar vein, autophagy—a mechanism that enables cells to survive under stress—can be exploited by cancer cells to endure therapeutic damage, resulting in certain cancers, such as pancreatic and lung cancer, becoming resistant to drugs aimed at metabolic pathways (Li et al., 2019; Mele et al., 2020).
Ferroptosis, serves as another significant instance where resistance develops (Nie et al., 2022). The overexpression of GPX4, a lipid peroxidase enzyme, diminishes oxidative stress and inhibits ferroptosis-mediated cell death (Xie Y. et al., 2023), enabling cells to escape therapies aimed at triggering this type of RCD, particularly in liver and pancreatic cancers. Resistance to necroptosis, arises from the inactivation of essential regulators such as RIPK1 and RIPK3, resulting in treatment resistance in cancers including glioblastoma (Xie Y. et al., 2023) and colorectal cancer (Feng et al., 2015). In cuproptosis, cancer cells evade copper-induced cell death by disrupting copper ion homeostasis, with changes in proteins such as FDX1 and DLAT contributing to resistance in lung and melanoma cancers (Abdullah et al., 2024).
Moreover, pyroptosis, can be inhibited by the dysregulation of inflammasome components such as NLRP3 and caspase-1 (Zheng M. et al., 2020). This enables cancer cells to evade the inflammatory response typically associated with pyroptosis. This evasion mechanism has been noted in cancers including colorectal, gastric, and breast cancer. Ultimately, parthanatos, associated with the overactivation of PARP1 due to DNA damage, is often evaded in breast and ovarian cancers by the overexpression of PARP1 or mutations in related pathways, which diminishes the effectiveness of PARP inhibitors in these instances (Pazzaglia and Pioli, 2019).
These examples illustrate how cancer cells’ capacity to manipulate and resist RCD pathways complicates therapeutic strategies. The flexibility and redundancy in cell death mechanisms necessitate the creation of combination therapies or innovative strategies to re-sensitize cancer cells, highlighting the importance of addressing these resistance mechanisms across different cancers. Furthermore, recent high-throughput sequencing data demonstrate the significance of these dysregulated signaling pathways in sustaining supportive TMEs that facilitate the growth and metastasis of numerous solid tumors (Wang et al., 2023). Understanding the composition and function of the TME is thus crucial for deciphering the impact of genetic and epigenetic changes that occur in tumors and the cells that surround them. By studying various tumor types, researchers may identify common pathways that contribute to tumor development.
While the caveats associated with targeting RCD pathways for cancer therapies described above are challenging, the most effective approach to address these issues likely requires use of more advanced combination therapies that target multiple lesions unique to tumors simultaneously. Building a pathway interaction network to determine the functional dependencies between different signaling pathways may offer new perspectives on disease causes and lead to development of more effective drug formulations. Future research should place a stronger emphasis on the utilization of combination therapies for studies employing patient-derived xenografts, organoids/tumoroids and genetically modified mouse models to target oncogenic signaling pathways, RCD and the TME.
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Liquid-liquid phase separation (LLPS) drives the formation of membraneless intracellular compartments within both cytoplasm and nucleus. These compartments can form distinct physicochemical environments, and in particular display different concentrations of proteins, RNA, and macromolecules compared to the surrounding cytosol. Recent studies have highlighted the significant role of aberrant LLPS in cancer development and progression, impacting many core processes such as oncogenic signalling pathways, transcriptional dysregulation, and genome instability. In hepatocellular carcinoma (HCC), aberrant formation of biomolecular condensates has been observed in a number of preclinical models, highlighting their significance as an emerging factor in understanding cancer biology and its molecular underpinnings. In this review, we summarize emerging evidence and recent advances in understanding the role of LLPS in HCC, with a particular focus on the regulation and dysregulation of cytoplasmic and nuclear condensates in cancer cells. We finally discuss how an emerging understanding of phase separation processes in HCC opens up new potential treatment avenues.
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INTRODUCTION
LLPS is a common form of density transition that many macromolecules can undergo, where a homogeneous solution spontaneously decomposes into a solute depleted phase and a solute rich phase. The importance of LLPS for functional biology was initially introduced by Hyman and Brangwynne in 2009. This pivotal observation demonstrated that P granules, responsible for RNA and protein’s regulation, display liquid-like properties, thus highlighting the importance of dense liquid phases in functional biology. Different techniques, including live-cell imaging, genetic manipulation, and fluorescence recovery after photobleaching (FRAP) revealed a range of prototypical liquid-like behaviours such as fusion, dripping, and wetting (Brangwynne et al., 2009; Shin et al., 2017). It has become apparent that LLPS of this type is in fact encountered commonly in biology and serves as a mechanism for achieving spatiotemporal control, allowing for the compartmentalisation of biological reactions within distinct subcellular locations (Zhang et al., 2015). These findings indicate that the control of spatial localisation of biological molecules within a cell is not exclusively achieved by conventional membrane structures, but that the intrinsic phase behaviour of the component molecules is a crucial factor. Indeed, such membraneless processes exist to exert spatiotemporal control at subcellular and suborganelle levels, thus broadening our understanding of cellular regulation (Sabari et al., 2020). Furthermore, studies have revealed that dysregulation of LLPS plays a significant role in human health and diseases including Alzheimer’s disease (Boyko and Surewicz, 2022; Fu et al., 2024), Amyotrophic lateral sclerosis (Conicella et al., 2016), and notably cancer (Boija et al., 2021; Tong et al., 2022; Xie et al., 2023). Biomolecular condensates, formed through LLPS, are of considerable importance in directly regulating essential cellular processes associated with cancer cell pathology. For instance, mutations that affect the assembly behaviour of oncoproteins or tumour suppressors can lead to the formation of aberrant condensates that promote cancer progression. LLPS, driven by multivalent weak interactions among macromolecules, is fundamental to the formation of biomolecular condensates. Various combinations of these multivalent interactions can facilitate liquid-liquid phase transitions (LLPT) (Boeynaems et al., 2018; Taniue and Akimitsu, 2022). LLPT represents a cooperative process arising from the collective behaviour of interacting modules within multivalent proteins. Dysregulation of LLPS and LLPT leads to aberrant condensate and amyloid formation, which causes many human diseases such as neurodegeneration and cancer (Boeynaems et al., 2018; de Oliveira et al., 2019). Especially, the aberrant LLPS is increasingly recognized as a hidden driver of oncogenic activity (Jiang et al., 2020; Cai et al., 2021).
Recent studies have underscored the pivotal role of aberrant LLPS in tumour biology. Tumour cells frequently adapt their intracellular milieu to foster growth and dissemination. The dynamic modulation of LLPS can profoundly impact tumour cell behaviours by influencing gene expression patterns, protein functionality, and intracellular signalling pathways (Wang et al., 2021; Tong et al., 2022). Disruptions in normal LLPS processes, stemming from genetic or epigenetic mutations, can induce aberrant biomolecular condensates. These condensates contribute to tumourigenesis by affecting chromosome organization (Gibson et al., 2019), signal transduction (Zhang J. Z. et al., 2020), and transcriptional regulation (Han et al., 2020), thereby facilitating cancer development. Ming et al. demonstrated that cancer cells could be particularly sensitive to disruptions in LLPS, given the numerous abnormal biological processes inherent to cancer cells (Ming et al., 2019). The importance of LLPS is also being more widely recognized in physiology, especially in gastrointestinal cancers. For example, in oesophageal cancer, research has revealed that the MALR binds to the dsRBD1 domain of interleukin enhancer-binding factor 3 (ILF3), thereby enhancing the stability of ILF3 protein. This interaction promotes ILF3-mediated LLPS, which, in turn, increases HIF1α mRNA stability by preventing PARN-mediated degradation (Liu J. et al., 2023). In pancreatic ductal adenocarcinoma (PDAC), the KMT2D protein, with two low-complexity domain (LCD) structures, undergoes LLPS to regulate histone monomethylation transcription. This process is crucial for tumour cell proliferation and migration, facilitating PDAC progression (Li et al., 2021). Notably, stress granules (SGs) inhibit apoptosis and enhance PDAC viability. KRAS-mutated PDAC upregulates SGs levels, which is advantageous for PDAC development. Reagents that target SGs by blocking SG assembly pathways or promoting SG clearance have shown anti-tumour effects (Xing et al., 2023). More specifically, in colorectal cancer, treating colorectal cancer cells with MS-444, a small molecule targeting HuR, inhibits proliferation (Blanco et al., 2016). The phase separation ability of Axin facilitates the nuclear translocation of β-catenin and its incorporation into transcriptional condensates, impacting the transcriptional activity of the Wnt signalling pathway (Zhang et al., 2024). MiR-490-3p targets CDK1 through an LLPS-dependent miRISC system, inhibiting colon cancer cell proliferation. Furthermore, studies have revealed that SENP1 reduces RNF168 phase separation, promoting DNA damage repair and drug resistance in colon cancer (Da et al., 2019; Qin et al., 2021). These cases collectively highlight the significant role of LLPS in regulating the tumour procession within the digestive system.
Hepatocellular carcinoma (HCC), the predominant type of primary liver cancer, presents a significant global health challenge with a rising prevalence worldwide (Villanueva, 2019; Llovet et al., 2021). The World Health Organization predicts over 1 million deaths from liver cancer by 2030 (Organization, 2019). Globally, liver cancer ranks 6th in incidence (4.3%) and 3rd in mortality (7.8%). Primary liver cancer includes HCC (comprising 75%–85% of cases) and intrahepatic cholangiocarcinoma (10%–15%) and other rare types (Bray et al., 2024). HCC is a highly heterogeneous disease and poses significant challenges in prevention, diagnosis, and treatment (Llovet et al., 2021). Most HCC cases occur in individuals with underlying liver disease, often resulting from hepatitis B or C virus (HBV or HCV) infection or alcohol abuse (Villanueva, 2019). HCC poses a particularly challenging treatment landscape, as evidenced by its current heterogeneity and the limited efficacy of therapeutic responses (Yang et al., 2023). Hence, a comprehensive understanding of the mechanisms underlying HCC is essential for developing effective management strategies to address this escalating health concern. Several studies have highlighted the key role of LLPS in shaping the tumour microenvironment and influencing various aspects of HCC, including its initiation, development, progression, invasion and metastasis (Liu et al., 2021; Liu B. et al., 2023; Meng et al., 2023; Xiao et al., 2023). In this review, we classify HCC-related condensates into cytoplasmic, nuclear, and combined categories, based on the biophysical characteristics of cells, given that the presence of condensates on the nuclear or cell membrane remains unexplored. In Table 1, we summarize molecules related to LLPS in HCC. We aim to provide a comprehensive summary of the latest research on LLPS and its association with the initiation, progression, and metastasis of HCC, with the ultimate goal of shedding light on potential therapeutic strategies against HCC.
TABLE 1 | LLPS-associated molecules in HCC.
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To explore how LLPS contributes to HCC tumourigenesis and unravel the intricate workings of intracellular signalling in the cytoplasm, we delve into key pathways including the MAPK, cAMP-dependent, and Hippo signalling pathways, which are key pathways that control cell proliferation, differentiation, and apoptosis in normal and tumour cells (Figure 1A). Moreover, we shed light on the importance of LLPS in regulating these pathways and its profound impact on cancer progression. Additionally, our analysis extends to cellular quality control mechanisms such as ferroptosis and autophagy, meticulously examining how LLPS regulates these processes and their implications in tumourigenesis. Furthermore, we investigate the dysregulation of epigenetic factors and the role of RNA in LLPS and HCC, providing a comprehensive understanding of the complex molecular landscape of HCC related to LLPS.
[image: Figure 1]FIGURE 1 | LLPS and signalling pathways in the cytoplasm of healthy liver cells and HCC cells. (A) In healthy liver cells, LLPS is involved in regulation of the cAMP-dependent pathway. In Hippo signalling pathway, the core kinases MST1/2 bind to Laforin, which then phosphorylate the transcription co-activators YAP and TAZ. Phosphorylated YAP/TAZ are sequestered in the cytoplasm and degraded, reducing their activity in promoting cell proliferation and growth. In the cAMP-dependent pathway, elevation of cAMP levels activates PKA. PKA then phosphorylates transcription factors CREB, ultimately regulating gene expression and cellular proliferation. In the MAPK/ERK pathway, TAB3 acts as an adaptor protein that recruits TAK1, facilitating its activation. Activated TAK1 then phosphorylates and activates downstream MAPK kinases, leading to the activation of ERK. (B) In HCC cells, LLPS regulates the transmission of three signalling pathways to regulate cell proliferation as follows. In the MAPK/ERK pathway, TAK1 forms liquid-like condensates with TAB3 to promote downstream signalling. In the cAMP-dependent pathway, the disputation of PKA/cAMP condensates disrupts cAMP compartmentation and leads to increased cell proliferation. In the Hippo signalling pathway, glycogen accumulates to form droplets, which promotes complex formation between Laforin and MST1/2, leading to tumourigenesis in a Yap-dependent manner (Red arrows in Figure 1B indicate changes compared to Figure 1A). Abbreviations: TLR5: Toll-Like Receptor 5, ATP: Adenosine Triphosphate, AMP: Cyclic Adenosine Monophosphate, PKA: Protein Kinase A, PIP2: Phosphatidylinositol 4,5-bisphosphate, IRAK1,2,4: Interleukin-1 Receptor-Associated Kinase 1, 2, 4, CREB: cAMP response element-binding protein, TRAF6: TNF Receptor-Associated Factor 6, TAK1: Transforming growth factor beta-Activated Kinase 1, MEK: Mitogen-activated protein kinase kinase, ERK: Extracellular signal-Regulated Kinases, MKK3: Mitogen-activated protein Kinase Kinase 3, MST1/2: Mammalian STE20-like protein kinase 1/2, LATS1/2: Large Tumor Suppressor kinase 1/2, YAP/TAZ: Yes-Associated Protein/Transcriptional coActivator with PDZ-binding motif, TEAD: TEA Domain transcription factor.
LLPS and intracellular signalling pathways
LLPS and dysregulated intracellular signalling are closely related. One such pathway is the Mitogen-Activated Protein Kinase (MAPK) pathway, which plays a key role in transmitting and coordinating signals from different stimuli to elicit specific physiological responses in mammalian cells. These responses encompass cellular proliferation, differentiation, development, inflammatory reactions, and apoptosis in the healthy liver (Zhang and Liu, 2002) (Figure 1A). The MAPK pathway consists of four distinct signalling families that undergo a series of regulatory events within the cytoplasm (Burotto et al., 2014). These events exhibit precise spatial and temporal dynamics to effectively modulate the output of the MAPK/ERK pathway. Recent studies have shed light on the impact of LLPS on MAPK activation (Figure 1B). For instance, oncogenic mutations in SHP-2 have been found to facilitate LLPS, resulting in localized dephosphorylation events and subsequent MAPK signalling activation (Zhu et al., 2020). Moreover, SHP-2 operates as a critical mediator of hepatocyte-driven tumorigenic signalling downstream of receptor tyrosine kinases (RTKs) and its deficiency induces a tumour promoting hepatic microenvironment (Han et al., 2015; Liu et al., 2018). In HCC, fetal TGF-β Activated Kinase 1 (TAK1) is constitutively active and forms liquid-like condensates with TAK1-binding protein 3 (TAB3) within the cytoplasm of HCC cells. This interaction and subsequent condensate formation are hypothesized to sustain the activation of downstream signalling pathways in HCC (Yan et al., 2023).
Emerging evidence suggests that LLPS contributes to liver tumour development by influencing the Cyclic Adenosine Monophosphate (cAMP) pathway. In healthy liver cells, cAMP, a modulator of critical physiological processes such as metabolism, gene expression, and apoptotic pathways, is synthesized and broken down by Phosphodiesterases (PDEs) (Conti, 2000; Beavo and Brunton, 2002). Its association with Protein Kinase A (PKA), a tetrameric holoenzyme consisting of a regulatory subunit dimer bound to a pair of catalytic subunits through its cooperation with and the protein cAMP response element-binding protein (CREB) activates the kinase, enabling it to exert its effects on different cellular components and functions (Lonze and Ginty, 2002) (Figure 1A). The coordinated actions of cAMP and PKA play a critical role in regulating important processes such as cell growth and survival. Recent findings indicate that LLPS is involved in liver tumour development through the modulation of this pathway in response to dynamic cAMP signalling, the regulatory subunit Iα (RIα) of PKA undergoes LLPS at endogenous levels (Zhang J. Z. et al., 2020). This leads to the formation of specialized compartments called RIα bodies, which contain high levels of cAMP and PKA activity. This dynamic sequestration of cAMP is essential for spatially constraining its distribution within untransformed cells. RIα phase separation is critical for effective cAMP compartmentations which prevent tumourigenesis (Figure 1B). Fibrolamellar carcinoma (FLC) is a rare variant of HCC, comprising 1%–9% of all HCCs. In one of atypical liver cancers FLC, aberrations in the cAMP-dependent pathway occur through the disruption of LLPS (Honeyman et al., 2014). A PKAcat fusion oncoprotein can associate with PKA and disrupts RIα LLPS, leading to abnormal cAMP signalling. This loss of RIα LLPS in untransformed cells is associated with increased cell proliferation and cellular transformation. Therefore, spatially dysregulated cAMP/PKA pathway and disrupted RIα punctum leads to defective cAMP compartmentation, and the aberrant cAMP/PKA signalling caused by altered cAMP compartmentation is linked to this liver tumour (Zhang J. Z. et al., 2020).
Hippo pathway serves as an important tumour suppressor mechanism, with extensive research supporting its role in inhibiting tumour growth (Pan, 2010; Harvey et al., 2013). The Hippo pathway is a critical regulator of cell proliferation and apoptosis. Glycogenolysis enzymes, deficiency results in glycogen storage diseases (GSDs) associated with Yes-associated protein (YAP) activation, phenocopying Hippo signalling deficiency within the healthy liver (Figure 1A) (Wilson et al., 2019). In the context of cancer, glycogen dysregulation leads to the malignant transformation. For instance, the loss of STK3/STK4 which activates a kinase cascade that inhibits Yes-associated protein/Transcriptional coactivator with PDZ-binding motif (YAP/TAZ) effector proteins, controlling transcription related to cell growth in mouse liver models leads to uncontrolled cellular proliferation and differentiation, while overexpression of YAP/TAZ results in tissue hyperplasia and tumour formation (Camargo et al., 2007; Zhou et al., 2009). Interestingly, recent discoveries have uncovered a link between the formation of glycogen LLPS and liver tumourigenesis. In the context of HCC, glycogen accumulates to form droplets at high concentration, leading to the formation of complexes between Laforin, the Hippo kinases and mammalian STE20-like protein kinase 1/2 (MST1/2) that were encapsulated by the droplets. This process sequesters Mst1/2 and alleviates their inhibitory effect on YAP. Inactivation of the oncoprotein YAP by the Hippo/Mst1/2 pathway emerges as a critical tumour suppression mechanism (Figure 1B). Furthermore, deficiencies in G6PC or the glycogenolysis enzyme liver glycogen phosphorylase (PYGL) in both humans and mice result in glycogen storage disease. Under conditions of glycogen accumulation in live cells are undergoing LLPS which is associated with liver enlargement and tumourigenesis in a YAP-dependent manner. Consistently, reducing glycogen accumulation has been observed to inhibit liver growth and cancer development, while increased glycogen storage is linked to accelerated tumour formation. In view of the existing studies of LLPS in the pathogenesis of HCC, LLPS exacerbates pre-existing oncogenic effects. Whether it is the formation or destruction of condensates, LLPS plays a key role in the abnormal conditions of cell proliferation (Liu et al., 2021).
LLPS and cellular quality control
Ferroptosis, a form of programmed cell death distinct from apoptosis, necrosis, and autophagy, has emerged as an important tumour suppression mechanism and is characterized by the iron-dependent accumulation of reactive oxygen species (ROS) to lethal levels (Chen et al., 2021). Most recently, LLPS has been implicated in the clearance of cancer cells through its dysregulation of ferroptosis. For example, LLPS promotes the binding of FASA, a long non-coding RNA (LncRNA), to the Ahpc-TSA domain of Peroxiredoxin 1 (PRDX1) and inhibits its peroxidase activity, thus disrupting intracellular ROS balance. In addition, LLPS facilitates the degradation of Ferritin, an important protein involved in the storage of iron, which prevents ferroptosis. Thus, in regulating the ferroptosis pathway, LLPS is involved in activation-related activities of cancer (Chen et al., 2021).
Specifically in HCC, it has been demonstrated that the induction of phase separation of Ferritin by the direct interaction with lncRNA URB1-AS1, can reduce intracellular free iron levels and inhibit ferritinophagy triggered by the chemotherapy drug sorafenib. Since Ferritin degradation is normally initiated by binding with the Nuclear Receptor Coactivator 4 (NCOA4) complex, the formation of LLPS between URB1-AS1 and Ferritin inhibits its degradation. This mechanism is achieved, in part, by the formation of a cluster formed from the encapsulated lncRNAs, and various recruited RNA and proteins together with URB1-AS1 and ferritin. These clusters block direct interaction between the NCOA4 and the ferritin by steric hindrance and prevent the ferritin clusters from being transported to lysosomes for their degradation. As ferritin accumulates (ferritinophagy), iron becomes trapped, causing functional iron deficiency. Excessive levels of iron inside cells are harmful, which can trigger a chain reaction that damages cell membranes leading to cell death by ferroptosis (Gao et al., 2023).
Beyond ferroptosis, LLPS as also has an established role as positive regulator of autophagic activity through diverse mechanisms. Notably, phase separation plays a crucial role in modulating the activity of the target of Rapamycin Complex 1 (TORC1): the suppression of TORC1 signalling triggers the initiation of autophagy, and dysregulation of both TORC1 and autophagy has been implicated in the development of tumours (Noda et al., 2020).
Recent research has highlighted the significance of biomolecular condensates in establishing microenvironments characteristic of HCC biology. It is well established that P62 can protect ROS-rich HCC-initiating cells from oxidative stress-induced cell death by activating the Nuclear Factor Erythroid 2-Related Factor 2 (Nrf2) and the mechanistic Target of Rapamycin Complex 1 (mTORC1) pathways thereby contributing to its persistence-elevated levels of p62 have been observed in HCC progenitor cells and are commonly found in most chronic liver diseases that progress to HCC. Now it is increasingly realized that biological condensates formed by P62 also contribute to this process. P62 are critical components of Mallory-Denk bodies and intracellular hyaline bodies, which are characteristic of chronic liver diseases and significantly increase the risk of HCC (Büscher et al., 2022; Kurusu et al., 2023). Vault RNA (vtRNA), a component of the vault complex has been found to negatively regulate p62-body formation by binding p62 via its Phox1 and Bem1p (PB1) domain or adjacent region to inhibit its polymerization (Tanaka et al., 2009). Both Major Vault Protein (MVP) and Neighbour of BRCA1 gene 1 (NBR1) are able to colocalize with p62-positive Mallory-Denk bodies. These structures are prominent in steatohepatitis and HCC, and their formation depends on the phase separation of p62. Moreover, Modulator of Apoptosis 1 (MOAP-1) plays a vital role in downregulating p62 bodies and Nrf2 activity in livers exposed to the carcinogen Diethylnitrosamine (DEN). This regulation significantly reduces the susceptibility to liver tumourigenesis induced by DEN exposure. It is through the regulation of autophagy and ferroptosis that LLPS is involved in cellular homeostasis and quality control, and the abnormal mechanism of LLPS leads to the occurrence of HCC (Kurusu et al., 2023).
Condensate mediated dysregulation of epigenetics
Recent advancements in understanding protein synthesis have shed light on the involvement and regulatory role of LLPS in this crucial biological process. Abnormalities in this mechanism, such as the mislocalisation of FUS and dysfunctional phase separation within the RNA Binding Protein (RBP) network, have been found to be associated with LLPS and have been implicated in disrupting neuronal function. These disruptions, caused by a misregulation of precise translational requirements, may contribute to the development of Amyotrophic Lateral Sclerosis (ALS) and impact the survival of motor neurons. Moreover, specific mutations in an RBP can induce the formation of condensates that sequester other RBPs, thereby interfering with essential biological functions in protein translation regulation (Birsa et al., 2021).
Biomolecular condensates have also been identified as a major regulator in the progression and metastasis of HCC by influencing mRNA degradation. One key player in this process is YTHDF2, a reader protein that recognizes N6-methyladenosine (m6A) modification on mRNA (Wang et al., 2014; Shi et al., 2019). YTHDF2 controls mRNA decay by guiding it to membrane-less cytoplasmic P granules for its destruction (Wang et al., 2014). The deficiency of YTHDF2 promotes HCC growth and serves as a prognostic marker for HCC patients. In cell models, manipulating the levels of YTHDF2 in liver cancer cells, either through knockdown or overexpression, leads to changes in OCT4 protein expression. This occurs because the 5′-untranslated region (UTR) of OCT4 mRNA can be modified with m6A marks. These alterations contribute to the generation of cancer stem cells and the transformation of cancer cells, influencing the HCC phenotype (Zhang C. et al., 2020). Recent studies have now demonstrated that YTHDF2 undergoes phase separation, a process that is promoted by m6A-modified RNA (Wang et al., 2020). The ability for YTHDF2 to form condensate may provide an additional explanation for the control of m6A methylations of OCT4 mRNA by YTHDF2, in turns its effect on promoting the cancer stem cell (CSC) liver phenotype and facilitating cancer metastasis (Zhang C. et al., 2020; Wang and Lu, 2021).
Stress granules (SGs) are specialized membrane-less ribonucleoprotein (RNP) condensates that form in the cytoplasm in response to environmental stress (Namkoong et al., 2018). Under stress conditions, these granules are promoted by the circular RNA circVAMP3, which plays a crucial role in suppressing tumour cell proliferation and metastasis. In the context of HCC, circVAMP3 co-localizes with CAPRIN1, and c-Myc within SGs, this not only promotes further CAPRIN1 and stress granule phase separation, but also inhibits c-Myc translation (Chen et al., 2022). The reduction in the levels of Myc protein thus leads to the suppression of proliferation and metastasis in HCC. This mechanism emphasizes the involvement of LLPS in the post-transcriptional regulation of RNA molecules in HCC (Liu B. et al., 2023).
RNAs can drive LLPS via electrostatic interactions (Tsoi et al., 2021; Tong et al., 2022). Additionally, through repeated intermolecular base pairing, they can achieve multivalency, and lead to cluster formation, thus they modulate phase behaviour (Tong et al., 2022). Long non-coding RNAs (lncRNAs), which are non-protein-coding RNA molecules over 200 nucleotides long, constitute a major part of human genome transcripts (Wei et al., 2023). lncRNAs exert their influence through interactions with DNA, proteins, and other RNAs. Furthermore, the LLPS-related lncRNAs signature may help assess prognosis and predict treatment efficacy in clinical settings (Hashemi et al., 2022). Specifically, the lncRNA ZNF32-AS2 is involved in regulating liver cancer cell proliferation, mobility, sorafenib resistance, and tumour growth, making it a potential biomarker for HCC. Therefore, emphasis should be laid on prognostic importance of LLPS-related lncRNAs in hepatocellular HCC (Huo et al., 2017; Peng et al., 2024).
OVERVIEW OF LLPS IN HCC CELL NUCLEUS
In this comprehensive exploration, we delve into the complex dynamics of intracellular signalling and its implications in HCC cell nucleus. Specifically, we focus on the role of LLPS in the deregulation of transcription within the nucleus. Then, we investigate the important roles of super-enhancers and the phase separation ability of YAP in gene transcription. Additionally, we discuss the impact of proteins like BRD4 and Pinin on nuclear localisation and transcriptional regulation, which are intricately linked to oncogenesis. Moreover, we delve into the complexities of epigenetic dysregulation mediated by LLPS.
LLPS and dysregulation of transcription
Transcription factors (TFs) may exhibit a predisposition to undergo LLPS due to the presence of intrinsically disordered regions (IDRs). Disease-associated repeat expansions in various TFs were found to modify their phase separation behaviours in a similar way. The transcription factors HOXA13, HOXD13, RUNX2, and TBP possess these regions, and it is within the LLPS bodies they form that these transcriptional factors interact with the transcriptional machinery (Boija et al., 2018; Sabari et al., 2018). Regulation of biological condensates within the nucleus involves interactions with nuclear circular RNA. Condensates formed by Y-box binding protein 1 (YBX1) and heterogeneous nuclear ribonucleoproteins (hnRNPs), involved in pre-mRNA splicing and mRNA decay regulation, is subject to modulation by the presence of circASH2, a nuclear circular RNA. (Figure 2A). This interaction enhances condensate formation and leads to an accelerated decay of TPM4 transcripts (Liu B. et al., 2023).
[image: Figure 2]FIGURE 2 | LLPS and transcriptional regulation in the nucleus of HCC cells. (A) LLPS of nuclear YBX1 enhanced by circASH2 augments TPM4 transcripts decay. (B) Initiation of transcriptional start sites by YAP and TEAD4 is facilitated by LLPS, which promotes HCC cell proliferation. (C) Formation of condensate between SE elements at the miR-9 super-enhancer site promotes its expression. (D) BRD4 can form discrete condensates in chromatin to facilitate active gene transcription. (E) Pinin augments Mettl3 localisation within nuclear speckles (a form of condensates), to promote m6A modification, leading to increased snail1 expression. (F) G4s recruit MAZ to the CCND1 promoter and facilitate the motility in MAZ condensates that compartmentalize coactivators to activate CCND1 expression. Abbreviations: TEAD1: TEA Domain transcription factor 1, YAP/TEAD4: Yes-Associated Protein/TEA Domain transcription factor 4, TFAM: Transcription Factor A, Mitochondrial, circASH2L: circular RNA ASH2L, YBX1: Y-box Binding protein 1, TPM4: Tropomyosin 4, BRD4: Bromodomain containing 4, CCND1: Cyclin D1, CCND1-G4: Cyclin D1 G-quadruplex, MAZ: MYC Associated Zinc finger protein, m6A: N6-methyladenosine, Mettl3: Methyltransferase 3.
Proteins containing a coiled-coil domain are also prone to phase separation. One example is YAP. It shows two regions predicted to be IDR, including the TEA Domain Transcription Factor 1 (TEAD) domain, the CC domain, and the TAD domain. Nuclear-active YAP forms transcription sites via LLPS, regulating target gene transcription and promoting hepatoblastoma (HB) cell proliferation (Chen et al., 2019; Mao et al., 2023) (Figure 2B).
Super-enhancers (SEs), the dense clusters of enhancer elements, have important functions in regulating tissue-specific gene transcription through its ability to recruit specific TFs (Mansour et al., 2014; Boija et al., 2018). LLPS can indirectly regulate SE elements: Twist1, a transcription factor which significantly contributes to tumour metastasis, can complex with YY1 TF and p300 cofactor to form condensates at the miR-9 super-enhancer site to promote miR-9 expression. In HCC, elevated miR-9 expression is associated with epithelial-mesenchymal transition (EMT), leading to a more invasive phenotype (Meng et al., 2023) (Figure 2C).
Additionally, the short isoform of BRD4S forms discrete condensates in chromatin, facilitating active gene transcription. Studies reveal a robust correlation between endogenous BRD4 puncta in the nuclei of liver cancer cell and BRD4S and total BRD4 levels, but not with the long isoform of BRD4L (Han et al., 2020; Shi et al., 2023) (Figure 2D).
Pinin, characterized as a multifunctional protein, exhibits dual localisation within the cellular architecture, being found both at the desmosome and in the nucleus (Ouyang, 1999). Recent studies have elucidated Pinin’s nuclear localisation, particularly in nuclear speckles, and its significant role in transcriptional regulatory processes (Brandner et al., 1998). These processes encompass alternative splicing and transcriptional modulation, with a notable association with oncogenesis (Costa et al., 2006). Pinin is hypothesized to act as a scaffold protein in the interaction between Pinin and Mettl3, potentially influencing m6A RNA modification levels (Figure 2E). This scaffolding role enhances the localisation of Mettl3 within nuclear speckles, thereby promoting m6A modification levels and the upregulation of snail1, a crucial transcription factor implicated in EMT (Wang et al., 2014; Qiao et al., 2021).
Four-stranded G-quadruplex (G4) structures form through self-recognition of guanines into stacked tetrads. The initial detection of four-stranded G-quadruplex (G4) structures emerging from natural sequences originated from the observation of higher-order secondary structures of nucleic acids in vitro. These structures arose from oligonucleotides bearing resemblance to G-rich sequences found in the immunoglobulin switch region (Varshney et al., 2020). G4 can promote molecular motility in MAZ-containing condensates. Recent research revealed that G4s recruit MAZ to the CCND1 promoter and facilitate the molecular motility in MAZ condensates that compartmentalize coactivators to activate CCND1 expression and subsequently exacerbate hepatocellular carcinogenesis (Wang et al., 2024) (Figure 2F).
LLPS and cellular quality control
SURF6, an intrinsically disordered protein, plays a crucial role in ribosome biogenesis and cellular proliferation, thereby regulating the process of ribosome biogenesis. It co-localizes with Nucleophosmin (NPM1), a protein that confers liquid-like characteristics to the granular component of the nucleolus through phase separation. SURF6 is implicated in regulating the cell cycle and is observed to be elevated in liver cancers, aligning with the overexpression of nucleolar constitutive proteins in these malignancies (Ferrolino et al., 2018).
LLPS and abnormal activation of oncogenes and tumour suppressor genes
Oncogene-Related Condensates: The dysregulation and heightened expression of MYC transcription factors, including MYC itself, are implicated in the majority of human cancers (Yang et al., 2022). In the context of HCC, the circular RNA circVAMP3 has been identified as playing a role in the abnormal activation of MYC through the formation of biomolecular condensates. CircVAMP3 promotes the assembly of condensates containing MYC and its cofactors, leading to enhanced transcriptional activity and HCC progression. Also, LLPS of RIα, a PKA regulatory subunit, controls cAMP compartmentalisation as well as oncogenic signalling. The loss of RIα LLPS in cells promotes cell proliferation and induces cell transformation in liver cancer (Chen et al., 2022).
Tumour Suppressor-Related Condensates: The tumour suppressor protein p53, known for its role in maintaining genomic stability and preventing tumour formation, also undergoes LLPS in the nucleus. Phase separation of p53 facilitates its interactions with various cofactors and target genes, enabling its tumour suppressive functions. Disruption of p53 phase separation impairs its transcriptional activity and contributes to the development of HCC (Kamagata et al., 2020; Xiao et al., 2023).
LLPS and epigenetic dysregulation
Nuclear bodies, such as nucleoli and promyelocytic leukaemia (PML) bodies are membraneless organelles formed through LLPS. These structures play crucial a role in various nuclear processes, including transcriptional regulation, RNA processing, and DNA repair. Disruption of phase separation leads to nuclear body dissolution, giving rise to genomic instability and contribute to HCC development (Sawyer et al., 2019).
The MLL1/KMT2A protein, a histone methyltransferase implicated in gene activation, undergoes LLPS in the nucleus. MLL1/KMT2A concentrates into liquid-like droplets, facilitating its interactions with chromatin and promoting gene expression. Dysregulation of phase separation can disrupt its normal function and contribute to epigenetic dysregulation in HCC (Sha et al., 2023).
In summary, the dysregulation of transcription through LLPS within the nucleus plays a significant role in HCC development. The phase separation of transcription factors, super-enhancers, and proteins like YAP, BRD4, Pinin, and p53 contribute to altered gene expression patterns and cellular phenotypes in HCC. Additionally, cellular quality control mechanisms, abnormal activation of oncogenes and tumour suppressor genes, and epigenetic dysregulation mediated by LLPS further contribute to HCC progression. Understanding the intricate dynamics of LLPS in the nucleus provides valuable insights into the molecular mechanisms underlying HCC and may pave the way for the development of novel therapeutic strategies.
LLPS IN BOTH THE NUCLEUS AND CYTOPLASM OF HCC CELLS
We discuss the tumourigenesis of LLPS in hepatoma cells, focusing on both the nucleus and the cytoplasm. Specifically, we explore the formation of biomolecular condensates involving STAT3 in response to IL-6 activation. These condensates have been observed in both the nucleus and the cytoplasm of hepatoma cells. In hepatocytes with wild-type p53, exposure to IL-6 leads to a reduction in STAT3 immunostaining in the nucleus, despite the presence of intact STAT3 protein as confirmed by Western blotting (Rayanade et al., 1997). This phenomenon, referred to as “STAT masking,” is now understood as a cytoplasmic phase transition of STAT3 into biomolecular condensate structures. These structures are not detectable by anti-STAT3 antibodies (Sehgal, 2019). Importantly, this process is transient and can be inhibited by proteasomal inhibitors like lactacystin and MG-132 (Sehgal, 2019; Sehgal, 2022).
POTENTIAL STRATEGIES TO TARGET HCC BY DISRUPTING PATHOGENIC LLPS
It is increasingly recognized that targeting LLPS holds promise as an effective strategy for therapeutic intervention in cancer. Several small molecules have been identified that impact LLPS and related processes. The study identifies gene modules related to LLPS that correlate with the tumour grade of HCC. The Liquid-Liquid Phase Separation Risk Index (LLPSRI) emerges as a promising prognostic marker for HCC, capable of distinguishing patients with low or high risk of adverse survival outcomes (Fang et al., 2021). Through rigorous analysis, 43 LLPS-related genes were found to significantly impact the overall survival (OS) of HCC patients. Among these, five genes—BMX, FYN, KPNA2, PFKFB4, and SPP1—were utilized to create a prognostic risk score signature, highlighting their potential as therapeutic targets for HCC treatment (Fang et al., 2021; Lai et al., 2023). We propose that targeting genetic phase separation using CRISPR-Cas9 gene editing or RNA interference (RNAi) techniques will be a clinically effective attempt and a novel therapeutic strategy in HCC (Figure 3A).
[image: Figure 3]FIGURE 3 | Potential strategies to target HCC by disrupting LLPS. (A) Targeting genetic phase separation at the genetic level, e.g., using CRISPR-Cas9 gene editing or RNA interference techniques. (B) Inhibitors targeting LLPS-related proteins include various approaches such as small molecules, peptides, and aptamers, e.g., Elvitegravir directly bind to SRC1 and effectively inhibit YAP oncogene transcription by disrupting condensates. (C) The drug that modifies a protein post-translationally, e.g., Sorafenib induces SG formation, leading to a reduction in the levels of Myc protein. (D) Directed protein degradation by PROTAC, e.g., ARV-825 recruits BRD4 to the E3 ubiquitin ligase cereblon, resulting in the downregulation of MYC expression. Abbreviations: eIF2α: eukaryotic Initiation Factor 2α, circVAMP3: circular Vesicle Associated Membrane Protein 3, SGs: Stress granules, YAP: Yes-Associated Protein, TEAD: TEA Domain transcription factor, SRC-1: Steroid Receptor Coactivator-1, EVG: Elvitegravir, BRD4: Bromodomain containing 4, E3 ligase: E3 ubiquitin ligase, E2: E2 ubiquitin-conjugating enzyme, Ub: Ubiquitin. Note: Figures were created using BioRender.
The tumour suppressor protein p53 can form aggregates, with disease-relevant mutants accelerating this process to form aggregates, oligomers, and even fibrils. These structures can impair the transcriptional function of p53. The YAP oncogene acts upstream to inhibit apoptosis and promote cell growth, often through negative interaction with p53 tumour suppressor (Vousden and Prives, 2009; Kamagata et al., 2020). The highly disordered steroid receptor coactivator 1 (SRC1) colocalizes with YAP-transcriptional enhancer factor domain family member TEAD in phase-separated transcriptional condensates. The anti-HIV drug Elvitegravir (EVG) directly binds to SRC1 and effectively inhibits YAP oncogene transcription by disrupting SRC1 LLPS in SRC1/YAP/TEAD condensates (Zhu et al., 2021; Liao et al., 2022) (Figure 3B). Thus, EVG presents itself as a promising treatment option for HCC, featuring a pathway akin to that of YAP.
SGs are involved in pathogenesis of cancers, just as mentioned. CircVAMP3 co-localizes with CAPRIN1, and c-Myc within SGs in HCC. Additionally, small molecules can affect SG dynamics, including assembly, disassembly, maintenance and clearance (Chen et al., 2022). Thus, targeting SGs is a potential therapeutic strategy. The major SG formation-regulating signalling pathways include the eIF4F and eIF2α pathways, and the mammalian target of rapamycin (mTOR) is also involved in signalling. The Raf1/Mek/Erk kinase inhibitor sorafenib is approved for advanced HCC, and it’s noted that the formation of SGs in sorafenib-treated HCC cells correlates with inhibition of translation initiation (Tong et al., 2022). Sorafenib induces SG formation in various cancer cells via PERK-mediated eIF2α phosphorylation (Figure 3C). This highlights the potential of directly targeting LLPS as a new avenue for cancer therapy.
A promising strategy to target condensates in HCC involves the use of cell-penetrating peptides, which can selectively disrupt phase-separated condensates via IDR and DNA-binding domains (DBD). The designed peptide DP6 binds to TP53, inhibiting its DNA binding and suppressing its tumour suppressor activity (Gabizon et al., 2012). Another peptide, ReACp53, selectively targets mutant p53 to rescues p53 transcription of target genes and restores apoptosis, but has no effect on wild type p53, offering a precise treatment in cancer (Soragni et al., 2016). In addition, Kang et al. designed the 2142-R8 blocking peptide, which disrupts the KAT8-IRF1 condensate, inhibits PD-L1 expression and enhances antitumor immunity both in vitro and in vivo (Wu et al., 2023). Therefore, based on the mechanisms related LLPS involved in HCC progression outlined in this study (Table 1), specific blocking peptides can be designed to target and disrupt these condensates.
Recent studies have highlighted that aptamers and homologous double-stranded DNA can organize TP53 into amyloid-like structures. Binding to a consensus DNA sequence stabilizes the TP53 core domain (p53C) and prevents misfolding, an effect tied to DNA-binding affinity (Ishimaru et al., 2009). Aptamers are nucleic acids with high specificity and affinity for single protein targets, uniquely capable of binding with varying affinities to different conformations of the same protein (Macedo and Cordeiro, 2017). Similarly, they can be applied as potential tools to target phase-separated proteins, offering a novel approach to modulate LLPS mechanisms in HCC and serve as a promising therapeutic strategy. Thus, targeting LLPS in HCC can involve a variety of approaches, including the use of small molecules, cell-penetrating peptides, aptamers, and other inhibitors to disrupt condensates in HCC.
Disrupting condensate formation through the manipulation of IDRs or physicochemical properties represents a promising method. Emerging evidence suggests that small molecules have the ability to interact with IDRs of transcription factors—such as TAF2, MYC, c-FOS, p53, and EWS—to inhibit malignant cell transformation (Ren et al., 2022). Research found that ABCF1 interacts with closed circular DNA (cccDNA) to form phase-separated condensates via the poly-glutamine (PolyQ) of N-terminal IDR. ABCF1 acts as an antiviral restriction factor of HBV cccDNA by phase-separation-driven innate immune signalling and transcription inhibition (Ren et al., 2023). We can delay and even prevent the progression of HCC by interfering with IDR to prevent the replication of HBV.
Recently, protein degradation mediated by proteolysis targeting chimeras (PROTACs) represents itself as the latest progress in the treatment of prostate cancer (Stone, 2023). PROTACs are heterobifunctional compounds composed of two ligands linked together, enabling the simultaneous recruitment of a protein of interest (POI) and an E3-ubiquitin ligase. This dual action induces ubiquitination and subsequent proteolysis of the POI. PROTACs leverage the cell’s inherent protein degradation machinery to selectively remove specific target proteins from cells (Li et al., 2022). Lu et al. designed a heterobifunctional PROTAC, ARV-825, which can lead to efficient and prolonged degradation of BRD4 in BL cell lines by recruiting BRD4 to the E3 ubiquitin ligase Cereblon and thus downregulating the expression of MYC (Lu et al., 2015). Applying the same principle, targeting the phase separation of BRD4 with the BRD4 degrader ARV-825 (Figure 3D), particularly focusing on its short isoform (BRD4S), known for forming distinct condensates in chromatin within liver cancer cells, has proven to be an efficacious approach for targeting HCC (Shi et al., 2023).
DISCUSSION
In summary, we have discussed the intricate interplay between LLPS and HCC, with a specific focus on its ramifications within the cell, encompassing both cytoplasmic and nuclear domains. This includes how LLPS disrupts certain cell signalling pathways like MAPK, cAMP-dependent, and Hippo, which contributes to HCC development. Additionally, our examination has scrutinized the role of LLPS in regulating cell viability via mechanisms such as Ferroptosis and autophagy. We have explored its impact on gene expression and RNA dynamics, as well as its influence on critical cellular processes including transcription and nuclear DNA organization. These insights could help understand HCC better and find new treatment. Furthermore, we have discussed how a specific long non-coding RNA (FASA) interacts with PRDX1, affecting its function and altering the balance of ROS through LLPS. This process holds significant importance in elucidating cellular iron homeostasis, particularly in how LLPS governs the degradation of Ferritin, thereby influencing ferroptosis—a type of cell death pivotal in cancer therapy. In particular, the lncRNA URB1-AS1’s modulation of Ferritin via LLPS can lead to reduced cellular iron levels, thereby impacting ferroptosis and, consequently, influencing the outcomes of cancer treatment. Finally, while most LLPS research in HCC focuses on the nucleus and cytoplasm, studying how it affects cell membrane receptors could offer valuable insights into the underlying mechanisms of HCC.
Then, we focused on potential novel treatment strategies for HCC targeting biomolecular condensates and disrupting LLPS. We highlight the identification of LLPS-related gene modules linked to HCC tumour grades and introduce the LLPSRI as a promising prognostic marker. The study identifies 43 LLPS-related genes significantly affecting patient survival, with five genes forming a prognostic risk score signature. It suggests CRISPR-Cas9 and RNAi as potential methods for disrupting genetic phase separation in HCC treatment. Additionally, the article discusses the role of SGs and IDRs in cancer pathogenesis, pointing out specific small molecules and drugs like Sorafenib and Elvitegravir that impact LLPS dynamics and offer therapeutic benefits. It also mentions the use of PROTACs for protein degradation, providing a comprehensive overview of emerging therapeutic strategies targeting LLPS in HCC.
Existing studies have demonstrated the impact of LLPS on various signalling pathways, including MAPK pathways, the cAMP-dependent pathway, and the Hippo signalling pathway. By specifically disrupting phase-separated condensates, we can modulate these pathways. For instance, disrupting EML4-ALK in the MAPK pathway and RIα in the cAMP-dependent pathway can be effective. Additionally, targeting the Laforin-Mst1/2 complex to inhibit the Hippo signalling pathway may impede liver tumour initiation. Although technologies like PROTAC are addressing the challenge of targeting, the precise targeting and degradation of phase-separated condensates remain to be unsolved hurdles. Furthermore, based on the fact that p62 is a critical component of Mallory-Denk bodies and intracellular hyaline bodies in autophagy as mentioned above, it is worth considering that modulating the phase separation involving p62 could have a significant impact on HCC treatment.
Research and development efforts are currently underway for drugs leveraging phase separation technology. To date, five companies globally are utilizing this technology for novel drug development, with a notable example being Dewpoint Therapeutics. Dewpoint Therapeutics aims to address related diseases by screening small molecule compounds that regulate cell phase separation and restore the liquid morphology of membrane-free organelles. Our review provides sufficient evidence for the involvement of phase separation in HCC, and we hope that more clinical studies will focus on targeted investigations and drug trials in HCC, such as BRD4, which forms distinct condensates on chromatin, facilitating active gene transcription in liver cancer cell nuclei. By combining the dynamics of protein BRD4 condensates with PROTAC technology, we anticipate promising results from future experimental studies.
The DNA damage response is crucial for maintaining genomic stability, and recent research shows that the repair centre is characterized as a condensate formed by LLPS of key DSB repair factors. DNA damage repair mechanisms associated with LLPS are crucial, yet there is a paucity of cancer-related phase separation experiments in HCC currently. Further research in this direction holds significant promise for enhancing our understanding of HCC mechanisms. The advancement of targeted phase separation studies is in its nascent phase, and effectively applying phase separation targeting technology to specific targets poses a significant challenge. Nevertheless, ongoing endeavours are directed towards drug development based on phase separation, particularly for nervous system diseases and cancer. With publication of this review, we anticipate further exploration of phase separation drugs and clinical studies related to HCC, which will pave the way for a new era in liver cancer treatment. Further research is needed to elucidate the precise mechanisms underlying phase separation in HCC and its functional implications in cellular processes and disease.
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Background: CD4+ T cells are a highly differentiated cell type that maintain enough transcriptomic plasticity to cycle between activated and memory statuses. How the 1D chromatin state and 3D chromatin architecture support this plasticity is under intensive investigation.Methods: Here, we wished to test a commercially available in situ Hi-C kit (Arima Genomics Inc.) to establish whether published performance on limiting cell numbers from clonal cell lines copies across to a primary immune cell type. We achieved comparable contact matrices from 50,000, 250,000, and 1,000,000 memory CD4+ T-cell inputs. We generated multiple Hi-C and RNA-seq libraries from the same biological blood donors under three separate conditions: unstimulated fresh ex vivo, IL-2-only stimulated, and T cell receptor (TCR)+CD28+IL-2-stimulated, conferring increasingly stronger activation signals. We wished to capture the magnitude and progression of 3D chromatin shifts and correlate these to expression changes under the two stimulations.Results: Although some genome organization changes occurred concomitantly with changes in gene expression, at least as many changes occurred without corresponding changes in expression. Counter to the hypothesis that topologically associated domains (TADs) are largely invariant structures providing a scaffold for dynamic looping contacts between enhancers and promotors, we found that there were at least as many dynamic TAD changes. Stimulation with IL-2 alone triggered many changes in genome organization, and many of these changes were strengthened by additional TCR and CD28 co-receptor stimulation.Conclusions: This suggests a stepwise process whereby mCD4+ T cells undergo sequential buildup of 3D architecture induced by distinct or combined stimuli likely to “prime” or “deprime” them for expression responses to subsequent TCR-antigen ligation or additional cytokine stimulation.Keywords: 3D-genome organization, memory CD4+ T cells, sequential immune activation, gene expression regulation, Hi-C, IL-2, enhancer–promoter interactions, primed/de-primed genes

INTRODUCTION
CD4+ T cells are critical to orchestrating adaptive immune responses, and their loss, typically observed in untreated HIV-1 infection, causes profound immune deficiency (Simon et al., 2006). CD4+ T cells can be broadly classified as naïve or memory. Memory CD4+ (mCD4) T cells derive from naïve cells following MHC-II-presented antigen stimulation and exposure to co-stimulation and maintain the ability to respond to the specific antigen for decades (Ahmed and Gray, 1996; Farber et al., 2014; Raphael et al., 2020). Whereas in peripheral blood, mCD4+ T cells are mostly in a quiescent state with only occasional homeostatic cell division (Rufer et al., 2001), upon re-encountering their cognate antigen, these cells rapidly switch to an activated or effector state (the “recall” response) characterized by rapid cell division, high metabolic activity, and secretion of cytokines that ultimately lead to the recruitment of additional immune cells and elimination of the target pathogen (Pepper and Jenkins, 2011; Williams and Bevan, 2007). mCD4+ T cells can be classified into central memory and effector memory, which may differentiate into four main functional subsets: T helper (Th)-1, secreting cytokines IFNγ, and tumor necrosis factor (TNF) and protecting against intracellular viruses and bacteria; Th2, secreting IL-4, IL-5, IL-10, and IL-13 and protecting against extracellular helminths; Th17, secreting IL-17 and protecting against extracellular fungi and bacteria; and T-regulatory (Treg), secreting IL-10 and TGFβ and protecting against excessive immune inflammation and autoimmunity (Farber et al., 2014; Pepper and Jenkins, 2011; Luckheeram et al., 2012).
The development of global techniques to analyze the 3D genome interactions at high resolution, such as Hi-C, revealed some key organizing features (Bonev and Cavalli, 2016). Principle component analysis (PCA) of the Hi-C interaction matrix segregated two distinct spatial genomic subtypes, called A and B compartments, based on their tendencies to have fewer reciprocal interactions. Further correlations with histone marks and gene expression data indicated that the A compartment is highly enriched for active genes while the B compartment is enriched for inactive genes. Intersection of Hi-C data with another spatial genome approach called DamID that has been used to distinguish genome regions at the nuclear periphery (termed LADs for lamina-associated domains) from those in the nuclear interior (Pickersgill et al., 2006) indicated that most of the genome located at the nuclear periphery is in the B compartment (Zheng et al., 2018).
Within these large compartments, a high density of local interactions within specific chromosome regions <1 Mb in size define topologically associated domains or TADs. Although, for the most part, TADs tend to be invariant across cell types, smaller clusters within TADs, called sub-TADs (Cao et al., 2023), have been shown to be more dynamic (Hansen et al., 2018), and less cell-type invariant (Tan et al., 2023). Sub-TADs change conformation in response to signaling cascades, driving transcriptional responses to stimuli in differentiated cells (Winick-Ng et al., 2021) and in cell-fate decisions during development (Boltsis et al., 2021). Often, distinct chromatin regions are tethered by chromatin-associated proteins such as CTCF, cohesin, or condensin, forming chromatin fiber extrusions called loops (Grubert et al., 2020). Loops include enhancer-promoter contacts and are delimited by boundaries at the sites of CTCF and cohesin binding. Thus, they provide a mechanism for spatial genome organization to influence gene expression (Ron et al., 2017).
However, the functional connection between patterns of genome spatial organization and regulation of gene expression is only partially established, and ablation of CTCF or cohesin causes widespread loss of TAD boundaries and impairs loop formation (Grubert et al., 2020; Haarhuis et al., 2017; Nora et al., 2017) but does not appear to cause global dis-regulation of gene expression. There are several possible explanations for these results. Genome 3D organization may have multiple distinct roles in transcriptional regulation, with some interactions acting as barriers, while others might “prime” or “poise” inactive genes for activation once transcription factors (TFs) are available, and yet others could facilitate cell-fate conversions with only a subset of spatial interactions actively optimizing gene expression (Stadhouders et al., 2019). Furthermore, a DamID study of T-cell activation using the Jurkat CD4+ T-cell line revealed that many genes important for activation are released from LADs at the nuclear envelope into the A compartment yet remain peripheral, suggesting that re-recruitment back to the nuclear envelope could be a mechanism for tempering immune responses (Robson et al., 2017).
The 1D (Rothenberg, 2014) epigenetic and 3D (Hu et al., 2018) architectural drivers of expression changes on T-cell activation have been intensely investigated. During T-cell development in the thymus, sequential bursts of mobilization of lineage-defining TFs Bcl11b and TCF1 modify the baseline chromatin state to suppress alterative lineages and activate enhancers driving expression of the machinery necessary for T-cell receptor (TCR) expression and assembly. Many of the principles of chromatin state control are evident in thymic development, including non-coding RNA-directed CTCF binding (Isoda et al., 2017), metabolic integration of epigenetic code deposition (Mocholi et al., 2023), and enhancer hubs driving the continued expression of lineage-defining genes (Zelenka et al., 2022). Mature naïve CD4+ T cells are equipped to respond to various cytokines via diverse STAT signaling cascades that pivot the final differentiated effectors through expression of master TFs T-bet (Th1), GATA3 (Th2), ROR-γt (Th17), and FOXP3 (Tregs). A heritable bias in differentiation potential has been reported to be encoded as 1D inherited chromatin marks (Rogers et al., 2021) that modulate sensitivity to incoming TFs. Whether this extends to the calls of 3D chromatin contacts is unknown. Naïve T cells are released into the periphery for Ag encounter and immune response. FOXP3 has been shown to be a supervisor of functional chromatin contacts (Liu et al., 2023) in Treg cells. Along with the polarization of effector cytokine output, CD4+ T cells must generate both large populations of terminally differentiated effectors during Ag encounters along with a smaller pool of memory cells that both retain a high proliferative capacity and Ag-independent viability. This is accomplished by gene regulatory circuitry that resists, either with a pre-bias or stochastically, a complete switch away from the naïve/memory stem-like 1D/3D chromatin state and outputted transcriptome (Russ et al., 2023; Quon et al., 2023; Wang et al., 2022). This spectrum of maintenance of stemness vs. terminal differentiation could form the basis of the more rapid proliferative and secretory phenotype seen in memory populations (Onrust-van Schoonhoven et al., 2023; Zhu et al., 2023).
We wished to apply deep Hi-C sequencing to capture these shifts in 3D chromatin contacts in this terminal stage of CD4+ T-cell fate and correlate these with RNA abundance in the transcriptome (Bediaga et al., 2021). By analyzing and comparing unstimulated cells to those stimulated with IL-2 only or IL-2 plus T-cell receptor (TCR) and CD28 co-receptor activation, we obtained highly reproducible maps of comparative quality and resolution from 1 million, 250,000, and 50,000 mCD4+ T cells from a single donor using the commercially available in situ Hi-C kit (Arima Genomics Inc.). We found that the 3D architecture of chromatin at important immune loci builds up in a sequential manner in CD4+ T cells upon a stepwise increase in immune stimulation. We also show that, at this unreported sequencing depth on a single biological mCD4+ T-cell donor, most of the genic loci that change expression do not overlap with those undergoing significant alterations in 3D chromatin organization.
MATERIALS AND METHODS
Isolation and activation of mCD4+ T cells
Healthy human donor blood cones were ordered from NHS Blood and Transplant Services, United Kingdom, under UCL Research Ethics Committee Approval reference 3,138/001. This agreement ensures donor anonymity, so donations do not come with any demographic information. The contents of each cone were diluted in 8 mL 1 × PBS and layered onto 15 mL Ficoll in X4 50 mL tubes. Tubes were subjected to centrifugation at 2000 rpm for 20 min at RT. Peripheral blood mononuclear cells (PBMCs) were aspirated using a transfer pipette and washed twice in 10 mL 2 mM EDTA 1 × PBS in 15 mL conical tubes (350 × g 5 min at room temperature, RT). A third wash was done at 200 × g 5 min at RT to maximize platelet removal. PBMCs were spun at 350 × g and resuspended in x1 Mojosort buffer (1 × PBS, 2 mM EDTA, 0.5% BSA) and diluted to 1 × 108 PMBCs/mL. All cell counts were done using an OLS CASY cell counter. mCD4+ T cells were isolated by magnetic separation Biolegend (480,064) following the manufacturer’s protocol. Purity was assessed by flow cytometry (Figure 1; Supplementary Figures S1, S2). Isolated T cells were activated at 2.5 × 106/ml in RPMI 10% FBS 0.5% penicillin/streptomycin solution (Gibco, 15,070,063). The base of 24-well culture dishes was treated for 45 min with 1 mL 1 × PBS containing anti-CD3 antibody Biolegend (317,326) clone OKT at 476 ng/mL. Plates were washed once with 1 × PBS. On day 0 only, anti-CD28 antibody Biolegend (302,902) clone CD28.2 at 1,000 ng/mL was added. T cells were allowed to expand in wells for three days with 1,000 U/mL IL-2 (Prepotech, 200–02) added daily. For days 4 and 5, T cells were transferred to T25 untreated culture flasks with additional RPMI added to prevent medium exhaustion (assessed by color change from pink to yellow). On each of these days, 1000 U/mL IL-2 was added.
[image: Diagram showing a multi-part experiment on T cell activation. Panel A details the treatment timeline using anti-CD25 and anti-CD3/CD28 antibodies. Panel B shows a bar graph indicating the percentage of cells in the S-phase across different conditions. Panel C presents flow cytometry plots comparing untreated, IL2-treated, and TCR plus IL2-treated cells for markers CD69, CD25, and others. Panel D provides histograms displaying receptor expression (CD69 and CD25) under different conditions. Panel E shows additional flow cytometry results for the PerCP channel.]FIGURE 1 | Isolation and stimulation of mCD4-T cells for RNA-seq and in situ Hi-C assays. (A) Cartoon of ex vivo stimulation of mCD4-T cells showing populations on which genomic assays were done. (B) Percentage of events in the unstimulated populations across the three donors falling into the +ve gates for each dye; see Supplementary Figure S1 for the fluorescence minus one (FMO) gate setting and the raw flow dot plots. The isolated CD4m-cell population had excellent purity for CD3, CD4, and CD45RO expression. (C) Donor 1 unstimulated, TCR + IL2, and IL2 populations flow dot plots stained with the full panel of dyes; see Supplementary Figure S1, S2 for donor 2 and 3 data (a plot to gate on singlets is excluded, >99% of cellular events were singlets). (D) Histograms showing the frequency of each bin of CD69 (APC dye) and CD25 (PE dye) expression for donor 1 in the unstimulated TCR + IL2 and IL2-stimulated populations. The vertical red line separates the CD25/CD69 negative (left) from the positive (right) population as placed by FMO gating (MFI, median fluorescence intensity). Donor 2 and 3 data are shown in Supplementary Figure S2. (E) Propidium iodide staining for cell cycle phase assessment of donor 1 populations. The signal was captured using the PerCP detector. Histograms for donors 2 and 3 are shown in Supplementary Figure S3.
Flow cytometry
Fluorescent antibody panel (Live/Dead (blue), L23105), CD3 Biolegend (317,336), CD4 Biolegend (317,414), CD45RO Biolegend (304,204), CD69 Biolegend (310,910), and CD25 Biolegend (302,606) was validated for specificity using fluorescence minus one (Supplementary Figures S1). For this, 3 × 105 cells were pelleted at 4°C, 350 × g, for 5 min and suspended in 100 μL 1x PBS 0.001% Live/Dead (blue) dye. A 1 μL aliquot of each fluorescent antibody was added and briefly vortexed before incubation at 4°C for 30 min. Stained cells were spun and washed once with 0.5 mL ice-cold 1xPBS 1% FBS 2 mM EDTA 0.01% sodium azide, with final suspensions in 300 μL. Samples were run on a BD LSR Fortessa with baseline voltage setting (except CD25, for which the voltage was reduced by 50 units) with gating and analysis done in FlowJo v_10.8.1.
RNA extraction
Cells were pelleted and frozen in freezing buffer (fetal bovine serum 10% DMSO) at −70°C. Total RNA was extracted from each sample, and a high molecular weight fraction (>200 nt) was isolated using the Qiagen RNeasy (74,134) kit with on-column DNase treatment (79,254), according to the manufacturer’s instructions. Final elutions were done at 50 µL NFW and were snap frozen on dry ice. RNA quality was assessed by Novogene (United Kingdom) with a Bioanalyzer (Agilent Technologies), and all samples with an RNA integrity number (RIN) score >5.5 and mass >500 ng were forwarded to Novogene’s lncRNA-seq protocol for library prep and sequencing (Supplementary Table S1).
Differential gene expression analysis
On average, 45 million paired-end (PE) fragments were sequenced per technical replicate. Donor 1 had three replicates, while donors 2 and 3 had two each (Supplementary Table S1). Sequencing quality was assessed with FastQC v0.11.9 (https://www.bioinformatics.babraham.ac.uk/projects/fastqc). Sequencing adaptors were removed with Trimmomatic v0.35 (Bolger et al., 2014). Low-quality reads and mitochondrial contaminants were removed. Differential expression analysis was performed in R with DESeq2 v1.32.0 (Love et al., 2014) after transcript quantitation with Salmon v1.4.0 (Patro et al., 2017). We used an FDR of 1% and 2-fold change thresholds for differential expression (Supplementary Table S2).
Functional analysis of gene sets
Functional analyses were performed with g:Profiler (Reimand et al., 2016). g:Profiler was used to determine enriched categories within a set of DE genes, with an FDR of 5% as threshold. To determine the top terms, the GO Biological Process terms were first sorted for enrichment over the expected based on the number of associated genes changing in the condition. As there is considerable redundancy amongst GO-terms, after this initial sorting, similar terms were removed—particularly those that were a subset of a larger term—so that the variety of genes changing could be better viewed. For example, the cell cycle dominated the GO-terms, so both multiple terms for essentially the same function, such as “spindle pole assembly” and “kinetochore microtubule attachment” would have redundant ones deleted, but also because this is all part of cell division along with many other aspects, multiple sub-parts of the process would be removed to retain only one more-encompassing term. Note that in making these decisions, redundancy amongst the gene lists was also considered. The complete unfiltered results are shown in Supplementary Table S3.
In situ Hi-C (Arima Genomics kit)
Cells were counted and spun into pellets of differing sizes at 5000 × g for 5 min. The supernatant was removed until <20 µl of liquid + cell pellet remained. The pellets were snap frozen on dry ice and then stored at −70°C until processing. All pellets were committed to the mammalian cell low-input Arima Genomics Inc. workflow (https://arimagenomics.com/wp-content/files/User-Guide-Arima-Hi-C-for-Mammalian-Cell-Lines.pdf, September 2024) with the following modifications: conditioning incubation time 20 min, restriction enzyme cutting time 1 h. Proximally ligated DNA samples were quality-controlled (QC) for biotin nucleotide incorporation if enough material was available. Samples that failed QC were not advanced further. Sonication was done using an S220 Covaris machine (Imperial College London) with company-recommended settings (pn_010368.pdf (covaris.com), September 2024) to achieve ∼400 bp fragment peaks. Fragment distribution was assessed using an Agilent TapeStation 4150 using a dsDNA D1000 or D5000 cartridge. Library preparation was done by inputting material into the Arima Genomics library prep module (Microsoft Word - User Guide Arima Library Prep for Arima-Hi-C+.docx (arimagenomics.com), September 2024). The final libraries were quality controlled before shipment by Qubit dsDNA assay and TapeStation as above. Libraries were submitted for sequencing to Novogene (United Kingdom) in the pre-made DNA workflow to generate ∼90 Gb 150 bp PE reads per sample. fastq files were downloaded for entry into the Bioinformatics workflow (Supplementary Table S4).
Hi-C bioinformatic analysis
Sequences were aligned to the Hg38 genome (Ensembl v106) Bowtie2, QC-checked, and valid contact pairs in BAM format extracted using HICUP 0.8.3. Most analyses used tools from HOMER (Heinz et al., 2010) and Hi-C Explorer (Wolff et al., 2020). Around 300 million pair-end reads were obtained from each sample derived from the three donors. Donor 1 was sequenced in duplicate for each treatment (UN, IL2, and TCR + IL2) and input cell number (50 k, 250 k, and 1000 k cells). Donors 2 and 3 were employed in order to confirm that the patterns observed in the donor 1 data were general and not particular to that donor. Once the reproducibility of the data from the different inputs and replicates was established with Hi-C Explorer hicCorrelate, these were pooled. This resulted in ∼0.3B valid contacts in duplicate or ∼0.6B valid contacts per condition with the pooled replicates. Pooled replicates were used for the discovery of genomic features, while the separate replicates were used for the assessment of statistical significance (Supplementary Table S4). The number of contacts and other metrics were obtained with Hi-C Explorer hicInfo.
A and B compartments were calculated with HOMER runHiCpca at 40 kb resolution, and compartment switches were identified with HOMER getHiCcorrDiff. Four A and four B subcompartments were calculated using CALDER (Liu et al., 2021). TADs were detected using HOMER findTADsAndLoops using a range of resolution parameters (3 kb, 5 kb, 10 kb, 25 kb, 50 kb, 100 kb, and 200 kb) and window sizes 5× that of the resolution, with a search space of 5 Mb. A consensus set of TADs was derived considering TADs from all treatments and parameterizations. Loops were detected with HiC Explorer hicDetectLoops with –peakWidth values of 4, 5, and 30, and –windowSize 10, 20, and 60, respectively, in order to capture small sharp loops as well as larger diffused ones. Differential TADs and loops were identified using the HOMER score and HOMER getDiffExpression, which employs edgeR (Robinson et al., 2010) to calculate the statistical significance.
Enhancer-promoter associations were identified using a set of 4,252 enhancers for human CD4+ T cells from Enhancer Atlas 2.0 (Gao and Qian, 2020) and promoters from the gene set in the Ensembl Hg38 genome, version v106. A promoter was defined as a region between 2 kb upstream and 1 kb downstream of each transcriptional start site. In brief, a virtual 4C approach was employed using the enhancer set with HiContacts (Serizay et al., 2024) to detect interactions and HOMER analyzeHiC -interactions to assign statistical significance to each enhancer interaction, using an FDR of 5% as a threshold. Next, each positive interaction was matched to the nearest promoter with BEDTools closest (Quinlan and Hall, 2010). Differential enhancer-promoter interactions were identified using the HOMER score and HOMER getDiffExpression, which employs edgeR (Robinson et al., 2010) to calculate the statistical significance. Visualization of Hi-C contact maps was performed by extracting normalized Hi-C matrices at 5 kb resolution and a 20 kb smoothing window using HOMER analyzeHiC and plotting them with a custom script based on R package pheatmap v1.0.12. Genomic annotation tracks were visualized with IGV (Robinson et al., 2011).
RESULTS
Isolation and stimulation of mCD4+ T cells
To investigate the relationship between 3D chromatin conformation and mCD4+ T-cell activation, we purified this cell population from peripheral blood mononuclear cells (PBMCs) of three healthy donors using magnetic isolation and performed parallel RNA-seq and in situ Hi-C (Ramani et al., 2016). Flow cytometry was used to examine the purity of the mCD4+ T-cell population based on the well-established markers CD3, CD4, and CD45RO (Mousset et al., 2019). Positive gates were established by staining with the 6-dye panel minus one (Supplementary Figure S1). This magnetically sorted cell population was divided into three aliquots. One aliquot was left untreated (unstimulated or “UN”), one aliquot was treated with IL-2 (1000 U/mL) added daily for 5 days (hereafter termed “IL2”), and another aliquot was similarly treated with IL-2 but also with anti-CD3 (TCR) and CD28 (co-stimulatory receptor) monoclonal antibodies for the first 72 h in culture (hereafter defined as “IL2+TCR”) (Figure 1A). The addition of the IL-2 alone supports mCD4 T-cell survival and proliferation (Vella et al., 1998) and promotes the differentiation of mCD4+ T cells toward the Treg, Th1, and Th2 lineages but represses the differentiation of the pro-inflammatory Th17 lineage (Chinen et al., 2016; Almeida et al., 2002). The treatment with the antibodies clusters both the T-cell receptor (TCR) and the CD28 co-stimulator molecules and triggers maximal stimulation (Trickett and Kwan, 2003). RNA was extracted from the unstimulated population on day 0 and from the IL2 and IL2+TCR populations on day 5. Cells were pelleted and fixed with formaldehyde for commitment to the in situ Hi-C workflow (Figure 1A). This experimental setup was well-suited to compare the fresh unstimulated ex vivo status with that induced by strong IL-2 receptor and IL-2 receptor + TCR + CD28 co-receptor signaling.
Isolated populations were >96.5% positive for cell surface expression of the established mCD4+ T-cell phenotypic markers (Figure 1B). A representative donor is shown in Figure 1C (see Supplementary Figure S2 for the other two donors) for each condition. As expected, the IL-2 and IL-2+TCR treatment increased the size of the cells, which is detected as a widening of the distribution of the treated relative to the unstimulated cells in the forward scatter channel (FSC). To measure the physiological effect of these treatments, we used the activation markers CD25 (IL2-Rα), a component of the heterotrimeric IL-2 cytokine receptor, and CD69 (cell adhesion molecule), an early activation marker (Simms and Ellis, 1996) (Figure 1C; Supplementary Figure S2). A proportion of unstimulated cells expressed low levels of CD25, consistent with its pro-survival function, but only ∼15% of the cells expressed both CD25 and CD69, indicating that they were mostly quiescent. The levels of CD25 surface expression and the proportion of CD25+ CD69+ cells increased upon treatment with IL-2 and reached >60% upon TCR + CD28 stimulation (Figure 1C; Supplementary Figure S2). These results were confirmed by comparing the expression strength level or mean fluorescent intensity (MFI) for CD69 and CD25 (Figure 1D; Supplementary Figure S2). Lastly, we assessed the cell cycle profile of the cells using propidium iodide and found that in the unstimulated population, most of the cells were in G1 (resting state), whereas IL-2 stimulated entry into the cell cycle, and this effect was clearly more pronounced in the IL2+TCR population (Figure 1E; Supplementary Figure S3). Taken together, these results demonstrate that we obtained, in a reproducible way, three phenotypic states in mCD4+ T cells.
Gene expression analysis confirms the activated phenotype of mCD4+ T cells
To examine the gene expression profile of unstimulated, IL2, and IL2+TCR mCD4+ T cells, we extracted RNA at days 0 and 5 and performed RNA-seq at ∼44 million paired-end (PE) reads per sample in x3 (d1) or x2 (d2 and d3) technical replicates for each condition and donor (Supplementary Table S1). PCA showed greater similarity across donors than experimental conditions and clear separation between each condition (Figure 2A). We performed differential gene expression analysis to compare conditions (Supplementary Table S3). We examined a set of 41 genes previously reported to define a signature of TCR-activated mCD4+ T cells in Soskic et al. (2022). We found that a cluster of 15 genes established as higher in transcript abundance in resting T cells was downregulated in the IL2 and IL2+TCR samples, two of them stepwise (GIMAP7, SYNE2) (Figure 2B). The panel of 26 genes upregulated on resting to effector T-cell fate change increased in either or both the IL2 or IL2+TCR samples (Figure 2B). Globally, for donor 1, IL-2 significantly upregulated 1,047 genes and downregulated 742 genes compared to unstimulated cells (Figure 2C). TCR stimulation substantially increased the differentially expressed genes over that of the IL-2 alone, with 1,927 upregulated and 1,683 downregulated genes. To better understand the stepwise changes that occur during T-cell activation and distinguish priming by IL-2 from full activation, we also compared the IL2 and IL2+TCR-stimulated cells, revealing 360 upregulated genes and 311 downregulated genes (Figure 2C), indicating high overlap. Donor 2 and 3 transcriptome changes matched those of donor 1 (Supplementary Table S4).
[image: Diagram presenting RNA-Seq analysis results across four panels. Panel A shows a PCA plot displaying sample variance with different shapes and colors for each condition. Panel B is a heatmap of gene expression across various samples and conditions with a color scale indicating expression levels. Panel C contains three volcano plots comparing gene expression between conditions, highlighting significant differentially expressed genes. Panel D consists of vertical dot plots listing top differentially expressed genes between specific conditions, with labels on ratios and significance.]FIGURE 2 | Gene expression changes between the activation conditions. (A) Principal component analysis (PCA) comparing two technical replicates for each of the three conditions (unstimulated, gray; IL2 alone, blue; IL2 + TCR activation, red) for each of the three blood donors (donor 1, squares; donor 2, circles; donor 3, triangles). (B) Heat map comparing donors 1, 2, and 3 across the three conditions. Clustering matches a previous study (Robinson et al., 2011), showing that activation is robust and follows the expectations of the literature. A 15-gene cluster of genes preferentially expressed in the unstimulated cells is indicated on the left. (C) Volcano plots comparing RNA-seq data for IL2 vs. unstimulated, IL2 + TCR activation vs. unstimulated, and IL2 alone vs. IL2 + TCR activation. Upregulated genes are denoted in red, and downregulated genes are denoted in blue. The cluster of 15 genes from (B) is highlighted with black dots. (D) Top GO Biological Process terms linked to upregulated (red) and downregulated (blue) genes are shown.
Next, we used g:Profiler to identify functional GO-terms associated with the induced/repressed genes. To plot associated GO-terms in an unbiased manner, we first sorted gprofiler outputs according to enrichment for a particular term over the expected and plotted the 15 highest enriched terms. Because there is considerable redundancy between the GO-terms themselves, with often different terms for the same gene set and new terms assigned with only slight changes in the composition of a gene set, we further removed redundant terms. The full lists of GO-terms are included in Supplementary Table S2. This analysis (Figure 2D) indicated that for both the IL2 and the IL2+TCR samples compared to the unstimulated, the most upregulated pathways were associated with cell cycle activation and cell proliferation (e.g., DNA replication, chromosome segregation, and histone production) (Figure 2D, red bars), in agreement with the observed cell proliferation profile (Figure 1E; Supplementary Figure S3). Additionally, several terms associated with DNA damage could reflect the need to upregulate this pathway to maintain genome integrity during bursts of rapid cell division. One metabolic pathway (serine family amino-acid biosynthetic process) made the top 15 list for the IL2 versus unstimulated condition, and this function was further enhanced with full activation in the IL2+TCR versus unstimulated condition.
The most enriched downregulated GO-functional terms (Figure 2D, blue bars) in both IL2 and IL2 + TCR samples mainly defined pro-inflammatory pathways. These included IL-6, IL-12, IL-17, and tumor necrosis factor-alpha (TNFα) (54, 55), although we also observed downregulation of the IL-10 pathway, which is anti-inflammatory (Frucht, 2002). Similar results observed for all three donors were analyzed separately (Supplementary Figure S5). These results indicated that the stimulated cells had a late effector phenotype and were less pro-inflammatory, with a reduced Th17-like transcriptional signature.
Robustness and reproducibility of in situ Hi-C on mCD4+ T cells using the commercial in situ Hi-C (Arima) kit
We next performed Hi-C on these cell populations. Because the number of mCD4+ T cells available from clinical samples is often limited, we tested 50 k, 250 k, and 1 M cells for each donor and condition. All conditions yielded similar quality final libraries (Supplementary Figure S6). To determine the global similarity of detected DNA-DNA contacts between conditions, we calculated the pairwise Pearson correlations between samples with Hi-C Explorer (Love et al., 2014) on the 10 kb resolution matrices (Figure 3A). This showed a good correlation between all samples (Pearson r values ranging between 0.65 and 0.8), indicating both high uniformity across donors and good clustering of the different conditions. The high degree of similarity suggests that there is an overall shared genomic 3D structure that only changes in minimal, albeit uniform, ways between experimental conditions/activation states (Figure 3A). There was remarkable consistency across the 50 k, 250 k, and 1 M samples despite different sequencing depths (Figure 3A; Supplementary Table S4).
[image: Panel A shows a heatmap with a color gradient from blue to pink, highlighting interactions across regions. Panel B presents a table of TAD metrics including values for minimum, maximum, mean, and median sizes. Panel C contains a bar chart for TAD size comparison under various conditions. Panel D provides a table of loop metrics showing similar statistical values. Panel E features a bar chart comparing loop sizes across different environments.]FIGURE 3 | Reproducibility of Hi-C data and metrics. (A) Correlation matrix for UN, IL2, and IL2+TCR samples for donors 1, 2, and 3 and their replicates. The column and row names identify the specific samples using a 4-term string, with a dot or underscore as a separator. The first term (d1, d2, or d3) indicates the donor. The second term indicates the treatment (un = unstimulated, il2 = IL2 treatment, ab = IL2+TCR treatment). The third term indicates the number of cells harvested (50 × 106, 250 × 106, or 1,000 × 106), and the last term indicates the replicate (r1 or r2). (B) TAD metrics for numbers, size, and genome coverage are listed for the different conditions in donor 1. The label “any” corresponds to the non-redundant set of TADs detected in at least one of the conditions. (C) Plotting the distribution of TAD sizes between the three conditions revealed a decrease in TAD size during activation. The boxplot whiskers extend to 1.5× the interquartile range, with outliers omitted. (D) Loop metrics for numbers and sizes. The label “any” corresponds to the non-redundant set of TADs detected in at least one of the conditions. (E) Plotting the distribution of loop sizes between the three conditions revealed a slight increase during activation. The boxplot whiskers extend to 1.5× the interquartile range, with outliers omitted. Kolmogorov–Smirnov test, *p < 0.05, **p < 0.01, and ***p < 0.001.
TADs were called by HOMER (Bolger et al., 2014). Identified TADs had similar genomic coverage across all conditions, ∼48%, and were reasonably similar in size range; however, there was a moderate but steady increase in numbers of detected TADs and a decrease in mean size going from unstimulated to IL2 samples and again to the IL2+TCR samples (Figure 3B) (Quon et al., 2023). The overall reduction in TAD size was statistically significant (Figure 3C) and indicates increased intra-TAD contacts to the exclusion of contacts between TADs. Loops were called using an implementation of the HICCUP algorithm in Hi-C Explorer (Love et al., 2014). Although it is sometimes thought to be a general correspondence between loops and TADS (Hansen et al., 2018), roughly four times more loops were identified than TADs, and the literature indicates considerable variability depending on which algorithms are used. The number of loops also progressively increased from unstimulated to IL2+TCR samples (Figure 3D); however, their mean size became larger, showing an opposite trend relative to TAD size (Figure 3E). Although there was no difference in mean loop size between the IL2 and IL2+TCR samples, the IL2+TCR sample loops were marginally but significantly larger than in the unstimulated sample.
Compartment switching occurs at different mCD4+ T-cell activation status
The global decrease in TAD sizes and increase in the number of loops suggested a possible net increase in regulatory interactions. Another metric that can indicate 3D genome changes associated with gene activation or repression is A→B, or B→A, compartment switches (Supplementary Table S5). Using the general compartment calling to compare the unstimulated mCD4+ T cells with the IL2+TCR-stimulated cells revealed 84 genome regions moving from the A to B compartment and 22 regions moving from the B to A compartment, and the size of the moving compartments was similar in either direction (Figure 4A). These changes in compartment call represented only 0.4% and 0.1%, respectively, of the linear genome coverage and, therefore, could be important functional 3D switches modulating transcript output. The small coverage of these switches is similar to that found in naïve CD4+ T-cell activation (Quon et al., 2023). Most genes in these compartments did not change in expression. However, for those genes that did, the general tendency was for genes moving from the A to B compartment to become repressed and for those moving from the B to A compartment to become activated, except for three genes moving from the A to B compartment that were activated (Figure 4B). Downregulated genes did not appear to be relevant for CD4+ T-cell function, whereas upregulated genes included IL-12 receptor component IL-12RB2 and the IL-23 receptor IL23R, which upon IL-23 ligation, induces proliferation of mCD4+ T cells (Frucht, 2002) and their polarization toward the Th17 type, and could thus promote the differentiation of the Treg1/17 sub-lineage (Hollbacher et al., 2020) (Figure 4C).
[image: A composite image depicts data visualizations and tables related to gene expression and compartment switches in a study comparing unstimulated versus IL2+TCR conditions. Panel A is a table summarizing compartment sizes and gene regulations. Panel B is a box plot showing changes in expression levels. Panels C and D list genes that are downregulated and upregulated, respectively. Panels E and F are CALDER plots illustrating compartment switches. Panel G shows a PCA plot comparing CALDER and Rao metrics. Panel H is a line graph showing the distance to the nearest LAD for compartment switches.]FIGURE 4 | Analysis of compartments and compartment switching during mCD4+ T-cell activation. (A) Metrics for numbers and sizes of compartments switching from A to B or B to (A). (B) Plot of compartment switches against gene expression changes for genes within the changing compartment. Nearly all A to B switches correlated with loss of expression, while all B to A switches correlated with a gain in expression. The enrichment of upregulated genes in the B to A switches or downregulated genes in the A to B switches was highly significant when compared to the overall proportion of up/downregulated genes (Fisher’s exact test, p = 0.0012 and 0.0096, respectively). (C) List of genes and lncRNAs in compartments switching from A to B while being downregulated. (D) List of genes and lncRNAs in compartments switching from B to A while being upregulated. (E) Breaking down the larger A and B compartments into CALDER-defined sub-compartments revealed principal switches from A.2.1. to B.1.1 and from A.1.2 to B.1.2. (F) In the opposite direction, CALDER-defined B.1.1 subcompartments changed to all A sub-compartments, while the B.1.2 sub-compartment only changed to A.2.1 and A.2.2 compartments. (G) Correspondence between CALDER-defined sub-compartments and Rao-defined (Serizay et al., 2024) A.1–2 and B.1–4 subcompartments for T cells derived with SNIPER (Xiong and Ma, 2019). (H) Plotting distance from a region switching compartments to nuclear envelope based on the nearest LAD using Jurkat T-cell activation data to define LADs.
Several lncRNAs were among the transcripts that changed in expression, which can often function in the regulation of multiple genes. Although not much is currently known regarding the specific functions of most of these lncRNAs, MAP3K20-AS1, STARD4-AS1 and PCAT1 are high-risk factors for different cancers (Levick and Knight, 1987; Mo et al., 2017; Ghafouri-Fard et al., 2020) and PCAT1 also is known to activate SOX2 as well as affect cGAS/STING signaling (Gao et al., 2022).
Several studies used different approaches to refine compartment classification and identify multiple subcompartments. Serizay et al. (2024) inferred 2A and 4B subcompartments using a Gaussian hidden Markov model; however, this method requires very high sequencing depths, to the tune of several billion valid DNA-DNA contacts. The CALDER approach is a computationally lighter method that uses a divisive hierarchical clustering algorithm to segment the genome into regions according to their intra-to-inter-region similarity in terms of intrachromosomal interactions (Patro et al., 2017). CALDER was applied here to identify four A and four B subcompartments. We found that the frequencies of the subcompartments that switched varied. The A.2.2 sub-compartment more frequently moved to B.1.1 and B.1.2, whereas the A.2.1 compartment more frequently switched to B1.1. (Figure 4E). In the other direction, the B.1.1 and B.1.2 subcompartments more frequently moved to A.2.2 and A.2.1 (Figure 4F). An alternative approach presented by Rao et al. (2014) identified two A subcompartments and four B subcompartments. We previously observed that the Rao et al. B3 sub-compartment was mostly at the nuclear envelope in LADs, and many genes activated in Jurkat cells moved from the B3 sub-compartment to the A2 sub-compartment concomitant upon activation (Robson et al., 2017). Therefore, we compared the CALDER subcompartments to the Rao et al. subcompartments and found that the B3 sub-compartment most strongly corresponds to the CALDER B.2.2 sub-compartment but also included much of the B.2.1 and part of the B.1.1 and B.1.2 subcompartments (Figure 4G). Likewise, the Rao A2 sub-compartment most strongly corresponds to the A.1.1 and A.1.2 CALDER subcompartments (Figure 4G).
The partial overlaps between the Rao-defined B3/A2 and similarly exchanging CALDER-defined subcompartments suggested a potential role for the nuclear envelope in regulating these genome architecture changes. This is consistent with much literature showing a tendency for a significant proportion of heterochromatin to be at the nuclear envelope (Van de Vosse et al., 2011) as well as our previous finding that many important immune genes that are activated during lymphocyte stimulation are released from the Rao-defined B3 compartments at the nuclear envelope into the Rao-defined A2 sub-compartment where they remain close to the nuclear envelope (Robson et al., 2017). However, because the overlap was only partial, it was possible that pericentric heterochromatin, which has been shown to contribute to the regulation of several important adaptive immune genes that similarly switch compartments during development (Skok et al., 2001; Goldmit et al., 2005), was also contributing. Therefore, we plotted the linear genomic distance of each CALDER sub-compartment to the nearest LADs based on those previously defined in Jurkat cells (Robson et al., 2017). B.2.2 and B.2.1 were clearly the closest to the nuclear envelope (Supplementary Figure S7), consistent with these showing the greatest similarity to the Rao-defined B3 sub-compartment (Figure 4G). Although error bars were high for the other individual subcompartments, A.1.1 and A.1.2 were the closest to the nuclear envelope, consistent with these showing the greatest similarity to the Rao-defined A2 sub-compartment (Figure 4G). We separately plotted the distance to the nearest LAD for all genes in regions undergoing A to B switching and all genes in regions undergoing B to A switching based on the CALDER-defined compartments. This revealed that genes moving into B compartments could come from anywhere in the genome, while those moving from B to A compartments were all within ∼1,000 kb from the nearest LAD, and the vast majority were within 100 kb (Figure 4H). This strongly suggests that most genes moving from B to A compartments are released from the nuclear envelope. This, combined with similar findings from studies in different cell lines (Rao et al., 2014), could represent a key principle of spatial control of transcription output. Genes annotated with a threshold distance of a LAD border can be toggled in their expression by increased or decreased tethering to the nuclear envelope, in which the repressive chromatin state is typically found. This mechanism appears to be active in mCD4+ T cells, as shown here, representing a differentiated adult cell type.
Loops and TADs undergo stepwise changes during mCD4+ T-cell activation
To further dissect the impact of IL-2 and IL-2+TCR + CD28 stimulation on the spatial genome organization of mCD4+ T cells, we looked at TADs and loops that changed significantly in their interaction patterns between treatments using HOMER (Supplementary Tables S6, S7). A strong tendency was observed for TADs to undergo losses during mCD4+ T-cell activation, with roughly 20× more TADs lost or diminished than gained or increased in size between the UN pool and the IL2+TCR pool (Figure 5A, left panels). Note that these differential TAD changes more commonly reflected either significant changes in TAD boundaries or significant increases/decreases in interactions detected within a TAD than outright gain/loss of an entire TAD. Although roughly half of these changes required the combination of the IL-2 treatment and TCR + CD28 stimulation, a comparison of the UN and IL2 pools showed that IL-2 treatment alone could generate roughly a tenth of the overall changes and comparison of the IL2 and IL2+TCR conditions could account for roughly a third of the overall changes. Even though roughly four times more loops were detected than TADs (Figure 3D), there were comparatively few differential (gained or lost) loops, with nearly all changes induced only by IL2+TCR treatment. However, unlike the differential TADs, the numbers of gained and lost loops were similar, and the total numbers of differential loops were only about half the number of differential TADs. The addition of IL-2 alone changed TADs without corresponding changes in loops, whereas in the IL2+TCR samples, gains of loops were not accompanied by gains in TADs (Figure 5A, right panels).
[image: Graphical representation of genomic data related to IL2 signaling. Panel A displays scatter plots of donor-specific differential topologically associating domains (TADs) and differential loops, showing inclusion ratios and loop scores under various conditions: IL2 vs UN, IL2+TCR vs UN, and IL2+TCR vs IL2. Panel B focuses on the IL2RA region, illustrating Hi-C heatmaps, promoter and enhancer locations, expression levels, TAD insulation scores, and loop structures across UN, IL2, and TCR+IL2 conditions. Panel C presents similar data for the CCL7 region.]FIGURE 5 | Differential TADs and loops. (A) Volcano plots showing TAD (three left panels) and loop (three right panels) changes when comparing UN vs. IL2, UN vs. IL2+TCR, and IL2 vs. IL2+TCR conditions. A differential TAD or loop means that the TAD inclusion scores or the loop interaction frequencies change significantly. This could indicate gain/loss, a significant change in boundaries, or a significant change in the number of interactions within a TAD. In all cases, red indicates an increase, while blue indicates a decrease. Differential TADs between unstimulated and IL2 treatment (first panel) were highlighted in the comparisons unstimulated against IL2+TCR and IL2 against IL2+TCR (panels 2 and 3) using dark red and dark blue for up- and downregulated, respectively. (B–C) Hi-C interaction maps for particular TADs are given on the top three panels for the status in each condition, with UN on top, IL2 in the middle, and IL2+TCR on the bottom. The genomic tracks underneath indicate, respectively, chromosome coordinates, Ensembl Hg38 v.106 genes (black), promoter positions (green), Enhancer Atlas CD4+ T-cell enhancers (blue), gene expression indicated as zFPKM (z-score transformation of fragments per kilobase per million pair-end reads, FPKM), where low values (blue) indicate no or very low expression and high values (red) indicate high expression levels, TAD insulation scores that dip at TAD boundaries, all loops detected regardless of condition (gray), and differential loops—UP or down (DN) for comparing only the IL2+TCR to the UN condition. (B) IL2RA locus. (C) CCL2-13 locus.
To assess in greater detail the functional implications of these changes in TAD and loop organization, we examined two relevant immunological genes, IL2RA, whose expression was upregulated upon stimulation, and CCL7, whose expression was low and stable. The IL2RA locus appears to be part of a TAD that includes a sub-TAD and a loop (Figure 5B top Hi-C traces and loop tracks). This region includes several ENCODE annotated promoters and borders with an enhancer at the 5′ end (Figure 5B). Whereas the TAD, sub-TAD, and the loop diminish upon stimulation, a smaller region gains contact strength in correspondence with the 5′ region of IL2RA (Figure 5B middle and lower Hi-C traces and loop tracks). Notably, a STAT-5-dependent super-enhancer is located at that position (Vella et al., 1998; Van de Vosse et al., 2011; Skok et al., 2001). This suggests a progressive weakening of the original enhancer-promoter interactions found in unstimulated cells, which are replaced by the STAT-5 super enhancer-promoter interactions upon stimulation. Here, we capture the SE wide contact increase at the expense of the longer-range interactions in the unstimulated landscape. This concentration of STAT5 binding motifs presumably occurs to boost expression in response to IL-2 signaling as part of the feedback circuitry.
Another interesting gene cluster is that containing CCL2, CCL7, CCL11, CCL8, and CCL13 (Figure 5C, CCL7 is highlighted in red). The set of secreted ligands (chemokines) encoded at this locus are important for recruiting immune cells through the ligation of G-protein coupled chemokine receptors that coordinate changes in the migratory cytoskeleton (Goldmit et al., 2005). There is a faint TAD structure in this region in the unstimulated cells, which includes several ENCODE annotated promoters and an enhancer at the outer 5′ boundary (Figure 5C top Hi-C traces). Progressively after IL-2 stimulation and then IL-2+ TCR + CD28 stimulation, this TAD fills in and becomes more solid, and a new loop forms that defines its edges (Figure 5C, middle, and bottom Hi-C traces and loops tracks). These structural changes did not correlate with changes in expression, which remained low (Figure 5C, Expr tracks). We suggest that the 3D shifts at these loci could be priming or de-priming the loci in advance of further TF mobilization not induced under these ex vivo culture conditions.
Changes in enhancer–promoter interactions occur in each step of stepwise activation but often do not correlate with expression changes
To systematically explore how stimulation may change enhancer-promoter interactions in mCD4+ T cells, we used the set of reported enhancers for human CD4+ T cells from Enhancer Atlas 2.0 (Heinz et al., 2010) to query our Hi-C data using a virtual 4C approach in order to identify enhancer-promotor interactions (EPIs). Altogether, there were 4,252 defined enhancers, and we detected interactions for roughly three-quarters of them (3,362) (Figure 6A). The distance range on the linear genome between enhancers and promoters ranged from 10 kb to over a Mb with a peak at approximately 100 Kb (Figure 6B). The greater tendency was for an enhancer to have multiple interactions such that these 3,362 enhancers had a total of 14,036 EPIs (Supplementary Table S8). Nonetheless, most enhancers only interacted with a few (2–3) promoters, though one (Y_RNA) interacted with 168 enhancers (Figure 6C). Promoters, on the other hand, had a tendency to interact with more enhancers (on average ∼5; Figure 6C). Enhancers are often thought to interact with multiple co-regulated genes. Indeed, in many cases, an enhancer interacted with multiple immune genes, though more often, there was a mixture of immune and other types of genes for those enhancers with the most EPIs, suggesting a competition between enhancers and the promotors of genes with differing functional annotations for positioning within the connectome.
[image: Data visualization with five sections:   A) Text detailing CD4+ T cell enhancers: 4,252 total, 3,362 with detected interactions, and enhancers range 10–1,203 Kb. Mean distance is 120 Kb, median is 96 Kb. B) Histogram of enhancer-promoter (E–P) distances, showing a peak under 200 Kb.  C) Box plot comparing counts of enhancers and promoters.  D) Bar graph showing up and down E-P interactions across conditions: UN, IL2, IL2+TCR.  E) Heatmap of E-P interactions with expression levels and E-P scores, listing specific enhancers.  ]FIGURE 6 | Differential enhancer–promoter interactions during stages of activation. (A) Metrics for enhancers and promoters and their interaction. Enhancer–promoter pairs from unstimulated IL2 and IL2+TCR treatment in donor 1 were pooled. (B) Histogram plot of the distribution of enhancer–promoter (E–P) distances. Enhancer–promoter pairs from unstimulated, IL2, and IL2+TCR treatment in donor 1 were pooled. (C) Box plot of numbers of connections between each enhancer and promoters or vice versa. (D) Numbers of enhancer–promoter (E-P) interactions identified in each comparative condition. (E) Heatmap of interaction scores for 17 increasing and 28 decreasing (top red and bottom blue, respectively) E-P interactions that changed with statistical significance (FDR 5%) between UN and IL2+TCR. Changes appear to be stepwise, with the IL2 treatment being intermediate between UN and IL2+TCR. Expression changes—log2FC (IL2+TCR/UN)—are shown under “Expr.”
Despite the large number of measured EPIs, there were only a small number of differential EPIs (i.e., ones that changed between the different conditions), and these all occurred only with the combined IL-2 and TCR activation treatment (Figure 6D). EPIs are known to increase the level of expression at a locus (Zhou, 2016). It is generally thought that EPI establishment occurs at loci already undergoing expression and may even be driven in part by this initial expression (Martin et al., 2001). Although the scores for EPIs only reached our statistical cutoff with the full activation, there was a clear trend for these differential EPI changes to be established after IL-2 stimulation, whether they were increasing or decreasing (Figure 6E). Notably, the same enhancer often exhibited similar interaction changes with multiple genes. Although the general tendency was for higher or lower EPI scores to correlate with respectively increased or decreased expression or no changes, the inverse occurred in 10%–20% of cases (Figure 6E). This could reflect an incomplete identification of all enhancers, as in the case of the IL2RA super-enhancer (Figure 5B), or differences in the mobilization of TFs.
CIITA and AHRR were among the loci with a progressive strengthening of both EPIs and gene expression. CIITA promotes elongation of the MHC-I and MHC-II gene transcripts (Pahl et al., 2024). Although functional MHC-II expression has not been established in T cells, MHC-I expression is increased on infection/inflammatory signaling to promote antigen presentation. AHRR encodes for the aryl hydrocarbon receptor (AHR) repressor, which inhibits AHR, a transcription factor that promotes mCD4+ T-cell polarization toward the pro-inflammatory Th17 lineage (Zhou, 2016). The ITGAD locus showed the opposite trend, with a higher EPI score but some reduction in expression. ITGAD encodes for CD11d, a β2 integrin important for leukocyte migration and extravasation (Yang et al., 2020). Its lower expression upon full stimulation may reflect a late effector cell profile, with a reduced migration and an enhanced tissue retention phenotype (Zhang et al., 2023).
Among the loci with reduced EPIs, E1255 significantly changed its interactions with a set of TRAJ genes at the somatically recombined TCRα loci itself. This enhancer and its 3D interaction with the joining (J) gene promotors at this locus in the germline are responsible for genetic recombination in the thymus (Chin et al., 2022). Each T-cell clone will have selected a single J gene segment from the 51 functional options during thymic development, with those detected here being the most abundant. We suggest that the loss of promiscuous EPIs detected here echoes the past developmental interactions that generated the T-cell repertoire, highlighting the 3D contact changes are not always functional in a given context. The CD84 locus showed progressive loss of EPI strength and downregulation of expression. CD84 is a co-stimulatory receptor that functions as both an immune activator and repressor dependent on inflammatory context (Martin et al., 2001).
To further investigate the spatial rearrangements of EPIs leading to changes in gene expression, we integrated the Hi-C traces with EPI tracks and TADs and loop changes (Figure 7). At the CIITA locus, a differential TAD became progressively larger upon IL-2 and IL-2+TCR + CD28 stimulation. As the TAD expanded, a loop also formed, connecting an enhancer located approximately 100 Kb upstream of the CIITA gene to its internal promoter (Figure 7A). These changes presumably strengthened EP contacts to induce higher gene expression. Notably, this same sequential set of 3D structural changes was observed in all three donors despite the much lower number of reads and sampling for donors 2 and 3 (Figure 7A, other donor Juicebox tracks).
[image: Multiple panels labeled A, B, C, and D showing gene expression data for different donors under various conditions: UN, IL2, and TCR+IL2. Each panel includes a heatmap, graphs of gene activity, and chromatin interactions across the genome regions CLIIA, AHRR, CD84, and ITGAD. Data visualizations reveal peaks and areas of significant interaction, marked by colors ranging from blue to red to indicate intensity or activity level.]FIGURE 7 | Four examples of important immunological genes with sequential changes in the TAD structure. (A–D) Hi-C interaction plots for each gene are shown from each donor for all three conditions (UN, IL2, and IL2+TCR). Annotation tracks are shown under donor 1 plots showing, from top to bottom, chromosome position, Ensembl Hg38 v.106 genes (black), promoters (green), and gene expression indicated as zFPKM (z-score transformation of fragments per kilobase per million pair-end reads, FPKM), where low values (blue) indicate no or very low expression and high values (red) indicate high expression levels, enhancer–promoter interactions (blue), Enhancer Atlas CD4+ T-cell enhancers (blue), TAD insulation scores which dip at TAD boundaries, all loops detected regardless of condition (gray), and differential loops up (UP, in red) or down (DN, in blue) for comparing only IL2+TCR to the UN condition and differential TADs both UP (in red) and down (DN, in blue) for all condition comparisons. (A) The CIITA locus. (B) CD84 locus. (C) ITGAD locus. (D) AHRR locus.
The AHRR locus exhibited a TAD progressively developing upon IL-2 and IL-2+TCR + CD28 treatment (Figure 7D). A differential loop emerged upon cell stimulation, bringing an enhancer located at the 3′ end of the gene in proximity to the first 5′ AHRR promoter. These spatial changes were reproducible across the three donors and occurred in parallel with an upregulation of AHRR expression, supporting their functional relevance. Notably, for this region of the genome, there were several areas where reads could not be mapped either because they were highly repetitive or because this donor did not contain the number of repeats in the reference genome. Thus, CIITA and AHRR seemed to share a similar set of spatial changes upon stimulation, bringing enhancer and promoter into greater proximity, which presumably led to higher gene expression.
The spatial changes at the CD84 and ITGAD loci were more subtle. For CD84, a loop located at the edge of a TAD appeared to become stronger in the IL-2-stimulated cells and weaker in the IL-2 + TCR-stimulated cells (Figure 7B). The loop included an enhancer located next to the CD84 gene and its promoter. As the loop strengthened in IL-2-treated cells, so did CD84 gene expression, and when the loop decreased in the IL-2+TCR + CD28 stimulated cells, CD84 expression became lower, supporting a functional outcome of the loop changes. Although the changes were too subtle to reach our statistical threshold for differential loop calling, they were reproduced in all three donors.
For ITGAD, a large TAD encompassing two sub-TADs was detected. The sub-TAD closer to the ITGAD gene expanded and solidified. Moreover, at the apex of the main TAD, a loop was visible, which increased in IL-2-treated cells and then weakened in IL-2 + TCR-stimulated cells. This loop encompassed several enhancers that contacted the ITGAD promoters as well as multiple promoters of the TRIM72 and BCKDK genes (Figure 7C), both encoding housekeeping-like metabolic functions. Because ITGAD gene expression decreased and increased in parallel with the changing loop size, we speculate that the loop might have shifted the balance of interactions disfavoring ITGAD promoter contacts with the enhancer at the TRIM72 locus while favoring enhancer contacts with promoters of neighboring genes (i.e., BCKDK), which, contrary to ITGAD, showed stronger expression upon IL-2 stimulation relative to the unstimulated samples. Thus, the spatial changes at the CD84 and ITGAD loci seemed to share a similar behavior, characterized by a loop becoming stronger in the IL2 samples relative to both untreated and IL2 + TCR samples, except that the functional outcome of such changes was the opposite.
DISCUSSION
We were able to generate high quality maps from 50,000 mCD4 T cells with two repeats and three conditions from the same blood donor using a commercially available (Arima) kit demonstrating that the large cell numbers ∼10,000,000 committed in many primary cell studies to date (Bediaga et al., 2021; Pahl et al., 2024; Johanson et al., 2018; Yang et al., 2020; Zhang et al., 2023) are unnecessary. Moreover, Hi-C maps were reproducible between three different donors. One caveat of this latter observation is that we started with a highly enriched subpopulation of CD4+ memory T cells, and it is possible that reproducibility correlates with such enrichment; however, we did not test this by comparing it to mixed populations. In either case, the data presented here should build confidence among the growing 3D chromatin architecture community that Hi-C contact maps can be routinely generated along with other functional genomics assays from rare or otherwise limiting primary material.
Although the combined stimulation with IL-2 and TCR activation has long been used as a standard for T-cell activation (Chin et al., 2022), to our knowledge, 3D genome-wide approaches (Hi-C) have not been widely used to test for distinctions between the effects of the IL-2 and TCR + CD28 activation. IL-2 is produced by activated CD4+ T cells and regulates key physiological responses, including CD4+ T-cell survival and proliferation, differentiation toward the Treg, Th1, and Th2 lineages, and suppression of the Th17 lineage (Kim et al., 2017). Furthermore, IL-2 is an emerging target to enhance the effectiveness of cancer immunotherapy (Spolski et al., 2018). Therefore, a better understanding of how IL-2 affects chromatin spatial conformation may lead to improved strategies to regulate its effects. Treatment with IL-2 alone caused many changes in TAD structure and EPIs. Although treatment with the combined IL-2 and TCR activation caused about ten times more changes, our testing of the IL-2 alone suggests a potential stepwise activation where each stimulus builds up the 3D chromatin structure. One enticing hypothesis for a function of such stepwise 3D genome organization changes is that IL-2 may promote the formation of TADs or loops that “prime” further strengthening and/or rearrangement of 3D structures upon TCR stimulation and additional TF mobilization. By manual inspection, we also found reproducible 3D chromatin changes specific to the IL2 samples, for example, at the CD84 and ITGAD loci, that were reversed in the IL2 + TCR samples, pointing to specific functional effects driven by IL-2 signaling. These spatial changes had either positive, negative, or neutral effects on the expression of specific genes, underscoring the complexity of 1D and 3D drivers of gene expression.
The stepwise changes we found in the IL2RA, CCL7, CIITA, CD84, ITGAD, AHRR, and other loci may have functional similarity to the epigenetically imprinted, 3D priming described by Onrust-van Schoonhoven et al. (2023). In that study, differences in the 1D/3D epigenomic and transcriptomic circuitry were compared between naïve, memory, and effector Th2 cells. The resting memory Th2 genome maintained, throughout extended periods of homeostatic cell cycling in vivo, a profile of accessible chromatin and histone modifications in 1D as well as contact hubs in 3D that could be exploited more rapidly by TFs in the recall response. Whether these 3D structures were set up during naïve activation through the kind of stepwise buildup of the 3D genome structure shown here requires further investigation. This question is relevant for optimal vaccine design, where long-lived memory cells epigenetically primed for a specific inflammatory response are the primary goal (Wimmers et al., 2021). Our results also agree with previous studies (Wang and Bian, 2024; Abadie et al., 2024) that have investigated the contribution of shifts in the 3D genome structure in T cells, with the suggestion (Boltsis et al., 2021) that developmental differentiation is associated with clear loss/gain of 3D structures, while response to stimuli is associated with more subtle changes (Acemel and Lupianez, 2023).
We see the CD4+ T-cell subset as a system that merges the boundary between differentiating cell-fate transition and response to external stimuli. This plasticity has been selected for during evolution to ensure CD4+ T cells can modulate both the magnitude of their response to pathogenic challenges through the naïve vs. effector epigenomic circuitry and the type of response, whether inflammatory or immunosuppressive. The setup of the 3D genome during thymic development (Hu et al., 2018) allows for subtle and reversible 3D shifts in response to immune signaling to contribute to this plasticity. Of note, even with the 0.7B total contacts in the donor 1 Hi-C matrices presented here, most differentially expressed gene loci do not overlap with dynamic 3D contact calls, including EPIs. This suggests that the developmental set up of a well-buffered 3D connectome at many loci is exploited by TFs to increase expression in a way that does not require a population-wide change in chromatin conformation. Whether deeper sequencing (Harris et al., 2023) would reveal even more subtle 3D chromatin changes at these loci correlating with the relatively large expression changes (Rebeiz and Tsiantis, 2017) is unknown. Another caveat is that we used existing enhancer data from other studies of lymphocyte activation rather than enhancers specifically identified in our cell populations and thus might have missed novel enhancers that have yet to be identified specific to this cell type (Pahl et al., 2024).
3D compartment organization has been well-correlated to transcript abundance, histone modification patterns, and internal/peripheral nucleosome localization (Boltsis et al., 2021; Zheng et al., 2023), although it is unclear if the separation into A and B compartments is a cause (instructive mode) or an effect (reinforcing mode) of the differences in gene expression characterizing these compartments. Our study cannot address this issue. Nonetheless, the LAD compartment shifts correlating with expression changes that we detected provide support to previous work (Bediaga et al., 2021), suggesting that compartment-level dynamics are functionally relevant in differentiated mCD4+ T cells. In some cases, such as the CCL7 locus, a TAD seemed to be formed to isolate genes from enhancers, presumably to shut down their expression. This might be an alternative repressive mechanism to the recruitment of genes to the lamina-associated B cell compartment (Robson et al., 2017). To reverse silencing, another signal causing de-condensation of the TAD could make the genes available again for interactions with enhancers outside the TAD.
The TAD/loop dynamic algorithmic calls are more difficult to reconcile exclusively with the initially hypothesized (Gonzalez-Sandoval and Gasser, 2016) function of the TAD to provide largely invariant insulation to functional loop/sub-TAD dynamics that influence EPI contact frequency. In the deeply sequenced donor 1 contact maps, we recorded greater dynamics in the TAD calls relative to the loop calls. On manual inspection, there is clearly a spectrum of 3D features from very punctate foci (ITGAD locus) of contacts that are definitively called as loops to clear blocks of contact neatly fitting within a called TAD (CIITA loci). Most gene loci (CD84 as an example) include 3D contacts with both intense dots of contacts and most dispersed TAD-like contact signals. Attempts to algorithmically call this type of structure in the contact matrix have been reported elsewhere (Yoon et al., 2022). Our data suggest that instead of calling specific features in the contacts, an approach based on looking for increased/decreased contacts between promoters and the surrounding gene regulatory landscape, including sub-optimal enhancers (Lim et al., 2024), could be more productive in identifying functional contacts. The IL2RA locus indicates how challenging it will be to call these functional contacts vs the non-functional changes that are a consequence of these shifts in the 3D genomic structure or could represent the 3D equivalent of neutral genetic drift (Rebeiz and Tsiantis, 2017). The CIITA loci highlight an unexplored complexity in that this cell-type-specific developmentally regulated locus is highly interconnected with local housekeeping genes within the same TAD. How the regulation of these housekeeping gene promotors (Dejosez et al., 2023) and the differentiation-/stimuli-regulated CIITA loci are achieved is unknown.
In conclusion, we present here the technical details required to confidently commit populations of as few as 50,000 isolated T-cell subtypes to the established in situ Hi-C workflow using the commercially available Arima kit; we identify stepwise buildup of 3D chromatin structures upon IL-2 and IL-2 + TCR stimulation as a feature of mCD4+ T-cell activation, and we provide a publicly available data set to support future work investigating how 3D chromatin conformation supports T-cell function.
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Glycogen-Laforin-Mst1/
2 complex

Cytoplasm
Nucleus

YAP-TEAD complex

paraspeckle Nucleus

Nuclear body Nucleus

1. A PKA fusion oncoprotein associated with an
atypical liver cancer potently blocks Rla
LLPS and induces aberrant cAMP signalling

1. Downregulate the protein level of Myc proto-
oncogene protein by inhibiting c-Myc
translation in hepatocellular carcinoma

1. Accumulated glycogen undergoes phase
separation to suppress Hippo signalling and
drive liver tumour initiation

1. Facilitated transcription of oncogenic genes
via LLPS to recruit the crucial transcription
factor TEADA in hepatoblastoma

1. SFPQ undergoes LLPS through its prion-like
domain in HCC.

2. SEPQ suppresses TGF-b-induced growth-

inhibitory and transcriptional responses

1. BRD4S forms discrete condensates in
chromatin in liver cancer cells while the
specific mechanism is unclear

Zhang et al. (2020b)

Chen et al. (2022)

Liu et al. (2021)

Mao et al. (2023)

Xiao et al. (2023)

Han et al. (2020)

INCENP, Borealin, Survivin,
Aurora kinase B

Pinin

YBX1

SURF6

Twist],YY1

MAZCCND1,G4

STAT3

Chromosome passenger  Nucleus

complex

Nuclear body Nucleus

Nudlear protein granule  Nucleus

NPMI-SURF6 complex Nucleus

Twist1-YY1-p300 complex  Nucleus

MAZ-CCND1- Nucleus

G4 condensates.

STAT3 bodies Nucleus and

Cytoplasm

1. MLL1 methylates Borealin K143 and
regulates LLPS of the CPC in mitotic cells,
and CPC-high HCC shows elevated
dependency on MLLI

1. Pinin induces EMT by regulating m6A.
modification in HCC.

1. CircASH2 facilitates the LLPS of nuclear
YBX1 and targets TPM4 transcripts by
assemblinga complex with hnRNPs in HCC.

1. SURFinteracts with NPM1 playing a role in
dynamic switching during phase separation

1. Twist] and YY1 can be affected by co-
activator P300

2. Twist1/YY1/p300 phase separation complex
promotes EMT in HCC by directly
regulating the expression of miR-9

1. Gds recruit MAZ to the CCND1 promoter
and facilitate the motility in MAZ
condensates that compartmentalize
coactivators to activate CCNDI expression
and subsequently exacerbate
hepatocarcinogenesis

1. IL-6-activated STAT3 transcription factors
form phase-separated biomolecular
condensates in the cytoplasm and the
nucleus

Sha et al. (2023)

Qiao et al. (2021)

Liu et al. (2023a)

Qiu et al. (2015), Ferrolino et al.
(018)

Ghanawi et al. (2021)

Wang et al. (2024)

Sehgal (2019)
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Established Xenograft results
antibody

Reference

B7-H3 No 8H9 None; But tested in clinical trials using Espinosa-Cotton et al. (2023)
various immunotherapy modalities

ERBB2/HER2 No Traztuzumab* Bispecific antibody treatment led to tumor | Espinosa-Cotton et al. (2023)
regression in 2 cell line derived orthotopic
xenograft models

EGER No Cetuximab* Bispecific antibody treatment did not reduce | Espinosa-Cotton et al. (2023)
tumor growth in 1 cell line derived
orthotopic xenograft model

Mesothelin No MORAb-009 Bispecific antibody treatment did not reduce | Espinosa-Cotton et al. (2023)
tumor growth in 1 cell line derived
orthotopic xenograft model

EWSRIL: N/A None None Banks et al. (2023)

WT1 Breakpoint

Neogenes Downstream None None Vibert et al. (2022), Truong et al.

T T T e

(2024)
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NCT04901806  Phase I/II, active, not | PBI-200 Pyramid Biosciences Solid Tumor, Adult
recruiting Brain Tumor, Primary
DSRCT
NCT05918640  Phase U/II, recruiting | Lurbinectedin Children's Hospital of FET-fused tumors, Bwing sarcoma, DSRCT,
Philadelphia undifferentiated sarcoma
NCT02982486 Phase II, unknown Nivolumab plus ipilimumab Assaf-Harofeh Medical Non-resectable sarcoma and endometrial
Center carcinoma
NCT04483778  Phase I, active, not B7-H3 CAR T cells Seattle Children’s Hospital | Recurrent/refractory solid tumors in children
recruiting and young adults
NCT04897321 Phase I, recruiting B7-H3 CAR T cells St. Jude Children’s Research | Pediatric patients with solid tumors
Hospital
NCT04022213  Phase II, recruiting Intraperitoneal RIT Memorial Sloan Kettering | Patients with DSRCT and other solid tumors

with1-Omburtamab (B7-H3 Ab)

Cancer Center

involving the peritoneum
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WT1 regulation

Drug availability

Xenograft results

Reference

NTRK3

Downstream

Entrectinib*, Repotrectinib,
PBI-200

Entrectinib treatment reduced growth
in 3 subcutaneous patient-derived
Xenografts

Ogura et al. (2021)

SIK1

BLK

CCCND-CDK4/6-RB Axis

EGFR

AR

PARP

Unknown target of
Lurbinectedin

Downstream

Downstream

Downstream

No

No

No

N/A

YKL-05-099 (pan-SIKi)

Dasatinib®, PP2

Palbociclib*, Abemaciclib*

Cetuximab®, Afatinib*

Enzalutamide*, Flutamide®,
Darolutamide

Olaparib*

Lurbinectedin®, Trabectedin*

SIK1 depletion with shRNA reduced
growth in 2 cell line derived
subcutaneous xenografts

Dasatinib treatment did not reduce
growth of JN-DSRCT-1 subcutaneous
xenografts

Palbociclib reduced growth in 2 cell line
derived subcutancous xenografts

Combination of cetuximab and afatinib
led to reduced growth in 2 cell line
derived subcutaneous xenografts and.
one patient-derived xenograft

Enzalutamide or AR-directed anti-
sense oligonucleotide reduced DSRCT
growth in 1 cell line derived and one
patient derived xenograft model

Combination of Olaparib and
temozolomide significantly reduced
tumor growth in JN-DSRCT-1 derived
subcutaneous xenografts

Lurbinectedin reduced growth in 1 cell
line derived subcutancous xenograft
and one subcutaneous PDX.

Hartono et al. (2022)

van Erp etal. (2022), Magrath et al.
(2024b)

Magrath et al. (20242)

Smith et al. (2022)

Lamhamedi-Cherradi et al. (2022)

van Erp et al. (2020)

Gedminas et al. (2022b)

CHK1

No

¥adicates the: drog hiae Teen approved by the PO

Prexasertib

Prexasertib led to complete regression
of two subcutaneous PDX.

Lowery et al. (2019)
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rug/Compound Mecl| sm of action Cancer type Clinical status References
Cisplatin (DDP) Induces pyroptosis via activation of Various Cancers EDA Approved Chemotherapy | Yan et al. (2021), Xuzhang et al.
GSDME through caspase-3 (eg. gastric, Agent (2024), Wang et al. (2018b)', Wu
esophageal) etal. (2019a)°
5-Fluorouracil (5-FU) Triggers pyroptosis via GSDME activation | Gastric Cancer, EDA Approved Chemotherapy | Yu and He (2017), Wang et al.
Colorectal Cancer Agent (2018b)
Paclitaxel Induces pyroptosis through GSDME Various Solid EDA Approved Chemotherapy | Zhang et al. (2019a)
activation Tumors Agent
Lobaplatin Induces pyroptosis via ROS/JNK/BAX Cervical Cancer, Approved in China; Yu etal. (2019), Chen et al. (2022)
pathway activating caspase-3/9 and Colorectal Cancer | Investigational elsewhere
GSDME
Atezolizumab Induces pyroptosis when combined with | Non-Small Cell Lung | FDA Approved Wang et al. (2022d)
chemotherapy/radiation Cancer
‘Trimethylamine N-oxide Triggers GSDME-mediated pyroptosis; Breast Cancer Preclinical Wang et al. (2022a), Jia et al. (2023)
(TMAO) enhances anti-PD-1 effects
Val-boroPro (Talabostat) Activates CARDS inflammasome, leading | Acute Myeloid Clinical trials halted after Johnson et al. (2018)
to caspase-1 activation and pyroptosis Leukemia (AML) Phase 1T
BRAF Inhibitors (BRAFi) and | Induce pyroptosis via GSDME activation | Melanoma EDA Approved (both agents | Erkes et al. (2020)
MEK Inhibitors (MEKi) when combined separately); Combination
approved
BI2536 (PLKI Inhibitor) with | Combination induces pyroptosis via Esophageal Cancer | Preclinical Wu et al. (20192)
Cisplatin caspase-3/GSDME pathway
Ivermectin Activates pannexin-1 pathway, leading to | Triple-Negative EDA Approved for Parasitic | Draganov et al. (2015)
pyroptosis via P2X4/P2X7 receptors Breast Cancer Infections; Investigational in
cancer
Metformin Triggers GSDMD-mediated pyroptosis via | Various Cancers FDA Approved for Type Pizato et al. (2018), Zheng et al.
AMPK/NLRP3 pathway 2 Diabetes; Investigational in | (2020¢)
cancer
Anthocyanin Induces GSDMD-mediated pyroptosis Breast Cancer Dietary Supplement Yue et al. (2019)

(Preclinical in cancer)

Docosahexaenoic “Triggers pyroptosis via GSDMD activation | Colon Cancer Dietary Supplement Wang et al. (2019a), Wang et al.
Acid (DHA) (Preclinical in cancer) (2019)"
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Mechanism of action
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References

Erastin Inhibits system Xc- depleting GSH | Various Cancers Preclinical Bakar-Ates and Ozkan (2024),
Sinha et al. (2024), Wu et al.
(2024)
RSL3 Directly inhibits GPX4, leading to | Various Cancers (Research | Preclinical Dixon et al. (2014), Sun et al.
lipid peroxidation tool) (2017)
Sorafenib Inhibits system Xc~; multi-kinase | Hepatocellular FDA Approved for HCC, RCG; Dixon et al. (2014), Sun et al.
inhibitor Carcinoma, Renal Cell Investigational for ferroptosis (2017)
Carcinoma
Sulfasalazine Inhibits system Xc-, depleting GSH | Glioma, Breast Cancer, ~ FDA Approved for RA and UG; Wang et al. (2021b)
and inducing ferroptosis Hepatocellular carcinoma | Investigational in cancer
Artesunate Iron-dependent ROS generator Pancreatic Cancer, Breast | FDA Approved for Malaria; (Eling et al., 2015, Wang et al.,
Cancer, lung cancer Investigational in cancer 2021b, Wang et al., 2024a)
Dihydroartemisinin GPX4 inhibitor pancreatic ductal Preclinical studies Du et al. (2021a)
adenocarcinoma
Lycorine GPX4 inhibitor Renal cell carcinoma Preclinical studies Du et al. (2021b)
Osimertinib EGER inhibitor Non-small cell lung cancer | FDA-approved Zhang et al. (2023)
(NSCLC)
Lapatinib inhibits system Xc- and HER2/ Breast Cancer FDA Approved for HER2+ Breast | Ma et al. (2016b)
EGER pathways Cancer
Altretamine Induces lipid peroxidation leading to | Ovarian Cancer, FDA Approved; Investigational for | Keldsen et al. (2003), Roh et al.
ferroptosis Head and neck cancer ferroptosis (2016)
FIN56 Promotes degradation of GPX4 and | Bladder cancer Preclinical Shimada et al. (2016)
depletes coenzyme Q10
FINO2 Oidizes iron and directly oxidizes | Various Cancers Preclinical Gaschler et al. (2018)

lipids, inducing ferroptosis

Dihydroartemisinin (DHA)

Carboplatin

Cisplatin

Etoposide

Imidazole Ketone
Erastin (IKE)

MLI162 and ML210

Statins (eg, Simvastatin)

SRS16-86

Siramesine

Vitamin C (High Dose)

B-Elemene

FePt@MoS2

Zero-valent iron
nanoparticles transformed
Fe(ll

FSSN

ROS generation and iron metabolism
alteration

Enhances ferroptosis via iron
accumulation and ROS generation

under certain conditions promotes
lipid peroxidation

Depletes GSH

More potent analog of erasti
inhibits system X~

Potent GPX4 inhibitors

Decrease coenzyme Q10 synthesis

GPX4 inhibitor

Lysosomal disruptor that induces
ferroptosis in combination with
lapatinib

Induces ferroptosis via depletion of
GSH and iron-dependent ROS
generation

Induces ferroptosis through
regulation of iron metabolism

release Fe(ll) in the TME,
accelerating the Fenton reaction

to enhance the Fenton reaction

Reduces GSH levels

Hepatocellular
Carcinoma, Leukemia

Ovarian Cancer

Lung Cancer, Ovarian
Cancer

leukemia

Various Cancers
Various Cancers
Prostate Cancer, Breast
Cancer

Pancreatic Cancer

Breast Cancer

Colorectal Cancer,
Pancreatic Cancer

Glioblastoma, Lung
Cancer

Solid tumors

Oral cancer cells

Breast cancer

Preclinical/Clinical Trials
FDA Approved Chemotherapy
Agent

FDA Approved Chemotherapy
Agent

Preclinical
Preclinical
Preclinical
FDA Approved for

Hypercholesterolemia;
Investigational in cancer

Preclinical

Preclinical

Clinical Trials

Preclinical

Preclinical

Preclinical

Preclinical

Yuan et al. (2020), Du et al.
(2021a), Li et al. (2024b)

Basuli et al. (2017)

Guo et al. (2018)

| Kagan et al. (2017)

Zhang et al. (2019¢)
Viswanathan et al. (2017)
Shimada et al. (2016), Yao et al.

(2021)

Pu et al. (2022)

Ma et al. (2016b)

Yun et al. (2015), Wang et al.
(2021d)

Tan et al. (2021)

Zhang et al. (2019b)

Huang et al. (2019a)

Feng et al. (2022)
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Elesclomol (ES)

Target/Pathway

Acts as a copper ionophore, increasing

intracellular copper levels

Cancer Type(s) (€

Melanoma, Lung Cancer,
Lymphoma

cal status

Phase 111 trial (for melanoma) in
combination with chemotherapy for
advanced melanoma.

References

O'Day et al. (2013), Tsvetkov
et al. (2022)

Disulfiram (DES)

Tetrathiomolybdate
(T™)

D-Penicillamine

Forms a complex with copper, inducing

proteasome inhibition

Copper chelator that depletes systemic

copper,

Chelates copper, reducing intracellular

levels

Breast Cancer, Prostate
Cancer, Glioblastoma

Breast Cancer,
Kidney cancer

Lung cancer, Breast
cancer

Phase I clinical trial

Phase II clinical trial

Preclinical

Kelley et al. (2021)

Brewer et al. (2000), Redman
et al. (2003), Chan et al. (2017)

Sciegienka et al. (2017)

Trientine Copper chelator reducing systemic Various Cancers Preclinical/Clinical Trials Yoshii et al. (2001, Huang et al.
copper levels (2019b)
Copper-64 Utilize radioactive copper isotopes for | Neuroendocrine Tumors, | Clinical Trial Boschi et al. (2018), Zhou et al.
Radiopharmaceuticals imaging and targeted radiotherapy, Prostate Cancer (2019)
affecting cuproptosis pathways
Copper Oxide Increase intracellular copper levels, Breast.colotectalr yhrg | Preclinical Benguigui et al. (2019), Ghasemi
Nanoparticles inducing oxidative stress Colon cancer etal. (2023), Abdollahzadeh etal.
(2024)
Ammonium Copper chelator that reduces Breast Cancer, Lung Phase /11 Clinical Trials Chisholm et al. (2016)

Tetrathiomolybdate

angiogenesis and metastasis

Cancer
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Olaparib (Lynparza) PARP inhibitor; inhibits PARP- | BRCA-mutated Ovarian Cancer, FDA approved  Clarke et al. (2024), Fenton and Hussain (2024),
1/2 leading to DNA damage | Breast Cancer pancreatic cancer, and Kawamoto et al. (2024), Lee et al. (2024), Shah
accumulation prostate cancer et al. (2024)

Rucaparib (Rubraca) PARP inhibitor BRCA-mutated Ovarian Cancer, FDA approved  Monk et al. (2022), Sayyid et al. (2024)

Niraparib (Zejula)
Veliparib (ABT-888)
Talazoparib (Talzenna)

p-Lapachone

Deoxypodophyllotoxin
(DPT)

PJ34
CEP-8983

E7016 (GPI 21016)

INO-1001

PARP inhibitor inducing
parthanatos via DNA damage
accumulation

PARP inhibitor inducing
parthanatos; used in
combination therapies

PARP inhibitor with strong
PARP-trapping ability

PARP inducer

PARP inducer

PARP inhibitor
PARP inhibitor

PARP inhibitor

PARP inhibitor

Prostate Cancer

Ovarian Cancer

Various Cancers

BRCA-mutated Breast Cancer,
prostate cancer

Hepatocellular carcinoma

Glioma

Various Cancers
leukemia

Solid Tumors

Melanoma, Glioblastoma

EDA approved

Phase II/1IT
Clinical Trials

EDA approved

preclinical

preclinical

Preclinical
Preclinical

Phase I Clinical
Trials

Preclinical

Wu et al. (2024b)

Mizuno et al. (2023), Rodler et al. (2023), Zhao
etal. (2023), Dieras et al. (2024), Kashbour et al.
(2024), Sun and Li (2024)

Fizazi et al. (2024), Heiss et al. (2024), Narang
et al. (2024), Piha-Paul et al. (2024), Telli et al.
(2024)

Zhao et al. (2021a)

Ma et al. (2016a)

Shi et al. (2014b)
Dilley et al. (2014)

Russo et al. (2009)

Mason et al. (2008)
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Apoptosis Pancreatic cancer, ovarian Overexpression of anti-apoptotic | Resistance to apoptosis through Lowe and Lin (2000), Walensky
cancer, lymphoma, multiple | BCL2 family proteins BCL2 et al. (2004), Del Gaizo Moore
myeloma, lung et al. (2007), Mohammad et al.
adenocarcinoma, prostate (2015)
cancer

Apoptosis Non-Small Cell Lung Cancer | Overexpression of Bel-2 and Inhibits chemotherapy-induced Alam et al. (2022)

downregulation of Bax apoptosis, leading to cisplatin
resistance

Apoptosis Chronic Lymphocytic Overexpression of Bcl-2 family | Inhibition of apoptosis leading to  Tzifi et al. (2012)
Leukemia proteins fludarabine resistance

Apoptosis Prostate Cancer P53 mutation Impaired apoptotic response causing | Gan et al. (2011)

docetaxel resistance

Apoptosis Colon Cancer CSC overexpress death receptors  Increased resistance to apoptosis, | Sussman et al. (2007)

(DR4, DRS) reduced sensitivity to TRAIL therapy
Apoptosis Breast cancer Chemoresistant CSC-like Resistance to apoptosis, potential | Wang and Scadden (2015)
population with elevated FAS, DR5 | therapeutic targeting with FAS
ligand

Apoptosis solid tumors and myeloid Upregulation of XIAP, inhibition | Resistance to apoptosis in the Tamm et al. (2000), Fulda and

leukemias of CASP3/7 presence of apoptotic signals Vucic (2012), Monian and Jiang
(2012), Amaravadi et al. (2015),
Yang et al. (2019)

Apoptosis hematological malignancies,  Amplification/overexpression of | Supresses mitochondrial pro- Wertz et al. (2011), Carneiro
melanoma, testicular germ cell | MCLI apoptotic proteins and El-Deiry (2020), Satta and
tumor, hepatocellular Grant (2020), Wei et al. (2020),
carcinoma, breast cancer, Widden and Placzek (2021), Li
urothelial carcinoma, et al. (2024a)
ovarian cancer

Autophagy Breast cancer Sustained JNK activation, Autophagy linked to cellular Choi et al. (2020)

Beclinl release, p62 accumulation | senescence,
Autophagy Glioblastoma CDK4 downregulation Impairs autophagy Giordano et al. (2023)
Autophagy Ovarian Cancer Downregulation of ATG14, Enhances sensitivity to cisplatin, Hu et al. (2020)
FOXP1 autophagy promotes
chemoresistance
Autophagy Hepatocellular carcinoma P62 accumulation preventing oncogene-induced Taniguchi et al. (2016)
senescence and death of cancer-
initiating cells

Autophagy Lung cancer, Liver cancer, Decreased Beclin-1 and P62 accumulation leads to altered | Park et al. (2013), Tucci et al.
myeloma, P62 accumulation NE-xB and inflammation signaling | (2014)

Autophagy Non-$mall Cell Lung Cancer | ATG3 upregulation ATG3 upregulation weakened miR- | Hua et al. (2018)

I-induced apoptosis in cisplatin-
resistant non-small cell lung cancer
(NSCLC) cells

Necroptosis Breast Cancer, downregulation of Reduced necroptosis leads to poor | Feng et al. (2015), Koo et al.
Colorectal cancer, RIPK3 expression survival and chemoresistance (2015), Wang et al. (2020),
Ovarian cancer, Morgan and Kim (2022)

Acute myeloid leukemia
(AML),
Melanoma
Necroptosis AML (with Sorafenib use) Sorafenib inhibits MLKL Reduces sensitivity to necroptosis,  Feldmann et al. (2017)
phosphorylation in SMAC maintaining chemoresistance
‘mimetic-induced necroptosis

Necroptosis Colorectal cancer Metabolic reprogramming and | Anaerobic glycolysis and pyruvate | Huang and Yu (2015)

hypoxia reduce RIPK1/ scavenging of ROS confer
RIPK3 expression necroptosis resistance
Pyroptosis Melanoma, HER2+ Breast Low GSDME/GSDMB expression | Impairs pyroptosis, resulting in Lage et al. (2001),
Cancer decreased immune cell infiltration | Hergueta-Redondo et al. (2016),
Molina-Crespo et al. (2019)
Ferroptosis Lung Cancer Overexpression of Increases resistance to ferroptosis | Wang et al. (2021¢)
SLC7AIL activated by SOX2 through cystine transport
Ferroptosis Colorectal Cancer P53 boosts antioxidant defenses | Limits ferroptosis, contributing to  Xie et al. (2017)
therapy resistance
Ferroptosis Breast Cancer GPX4 overexpression Prevents lipid peroxidation, leading | Li et al. (2021)
to resistance to chemotherapy
Ferroptosis Ovarian Cancer Dysregulation of SLC7A11/High | Inhibits ferroptosis, aiding in Qin et al. (2023), Fantone et al.
GPX4 activity chemoresistance (2024)
Ferroptosis Pancreatic Cancer High GPX4 activity Protects against ferroptosis Ye et al. (2021b)
Ferroptosis Prostate Cancer, Melanoma, | Altered iron metabolism and Promotes resistance to oxidative | Piccolo et al. (2024)
Sarcoma Fenton reaction stress, preventing ferroptosis

Ferroptosis Glioblastoma Upregulation of antioxidant Blocks ferroptosis, supporting Hangaver et al. (2017)

pathways independent of GPX4 | survival against oxidative stress

Cuproptosis Prostate Cancer Abnormal copper regulation and | Copper promotes metastasis and | Safietal. (2014), Blockhuys etal.
Breast Cancer elevated serum copper levels resistance through metabolic (2017), Blockhuys and

activation Wittung-Stafshede (2017)
Cuproptosis Lung Adenocarcinoma, Glioma | High-risk group associated with | Reduces response to immunotherapy | Ma et al. (2022), Wang et al.
immune escape through (2022b), Wang et al. (2022¢)
cuproptosis-related IncRNAs
Parthanatos Breast Cancer, Overexpression of PARP-1 Enhanced chemoresistance Harraz et al. (2008), Fong et al.

Ovarian cancer, oral cancer

(2009), Galia et al. (2012),
Dorsam et al. (2018), Pazzaglia
and Pioli (2019), Wang et al.
(2021a)
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Venetoclax (ABT-199)

Selective BCL-2 inhibitor

Chronic lymphocytic leukemia,
Acute myeloid leukemia

FDA Approved

DiNardo et al. (2019), Shimony et al. (2022)

Navitoclax (ABT-263) | BCL-2/BCL-XL inhibitor Solid tumors, Hematological | Phase /Il Tse et al. (2008), Gandhi et al. (2011), Rudin et al. (2012),
‘malignancies Nor Hisam et al. (2021), Joly et al. (2022)
Obatoclax (GX15-070) | Pan-BCL-2 inhibitor Hematological malignancies, | Phase /Il Parikh et al. (2010), Paik et al. (2011), Goy et al. (2014)
Solid tumors
ABT-737 BCL-2/BCL-XL/BCL-w Lung cancer, Hematological Preclinical Lee et al. (2022), Yuan et al. (2022), Yang et al. (2024)
inhibitor ‘malignancies
Birinapant (TL32711) | SMAC mimetic (IAP Solid tumors, Hematological | Phase /Il Amaravadi et al. (2015)
antagonist) ‘malignancies
Nutlin-3 MDM?2 inhibitor Leukemia, Solid tumors Phase T Secchiero et al. (2011)
(pS3 activator)
RG7112 MDM2 inhibitor Sarcoma, myelogenous Phase | Andreeff et al. (2016)
(p53 activator) leukemia, hematologic
neoplasms
Renieramycin T (RT) | Natural compound Lung cancer Preclinical Petsri et al. (2019)
stabilizing p53
Andrographolide Degrades mutant p53 Various cancers Preclinical Sato et al. (2018)
(ANDRO)
Protoporphyrin IX Targets ps3 and p73 Chronic lymphocytic leukemia | Preclinical Son et al. (2019)
(PpIX)
DJ34 Inhibits ¢-Myc, activates p53 | Leukemia Preclinical Tadele et al. (2021)
AQ-101 MDM?2 inhibitor Leukemia Preclinical Gu et al. (2018)
Palbociclib CDKA4/6 inhibitor Breast cancer EDA Approved | Loi et al. (2022), Di Cosimo et al. (2023), Slamon et al.
(2024)
Azacytidine Hypomethylating agent Myelodysplastic syndromes, FDA Approved | Mishra et al. (2023), Dohner et al. (2024) 11. Harper et al.,
Acute myeloid leukemia 2023.
HO-3867 P53 agonist Ovarian cancer Preclinical Devor et al. (2021)
SAHBA Stapled peptide BH3 mimetic | Leukemia Preclinical Chang et al. (2013)
targeting BCL-XL
SMBAI-3 Small molecules Various cancers Preclinical Liet al. (2017)
activating Bax
AMG 176 and AZD5991 | MCL-1 inhibitor Myeloma Phase T Caenepeel et al. (2018), Tron et al. (2018)
AM-8621 MCL-1 inhibitor Hematological malignancies Phase T Wei et al. (2020)
VU661013 and $63845 | MCL-1 inhibitor Hematological malignancies, | Preclinical Carneiro and El-Deiry (2020), Satta and Grant (2020)
LCLI6I Oral SMAC mimetic (IAP | Multiple myeloma, Breast Phase /11 Yang et al. (2019)
antagonist) cancer
Mapatumumab TRAIL receptor agonist Solid tumors Phase II Greco et al. (2008), Hotte et al. (2008), Trarbach et al.
antibody (DR4) (2010), Younes et al. (2010), von Pawel et al. (2014),
Ciuleanu et al. (2016)
Conatumumab. TRAIL receptor agonist Solid tumors Phase II Herbst et al. (2010), Kindler et al. (2012)
antibody (DRS)
Drozitumab TRAIL receptor agonist Solid tumors Phase /Il Rocha Lima et al. (2012)
antibody (DRS)
APR-246 (Eprenetapopt) | Restores mutant p53 function | Myelodysplastic syndromes, Phase 11l Lehmann et al. (2012), Cluzeau et al. (2021)
Acute myeloid leukemia
coTI-2 Restores mutant p53 function | Solid tumors Phase T Maleki Vareki et al. (2018), Lindemann et al. (2019),
Nagourney et al. (2023), Tang et al. (2023)
Pancbinostat HDAC inhibitor Multiple myeloma EDA Approved | 23. San-Miguel et al., Lancet Oncology, 2014.
ABBV-075 (Mivebresib) | BET inhibitor Solid tumors, Hematological | Phase I Kim et al. (2018)
‘malignancies
Mortaparib Plus HSP70 inhibitor Colorectal cancer, Breast cancer | Preclinical Sari et al. (2021)

ABBV-155 (Mirzotamab
dlezutoclax)

(p53 reactivator)

Antibody-drug conjugate
targeting B7-H3

relapsed or refractory solid
tumors

Phase I clinical
trial

Walensky et al. (2004)
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Chloroquine (CQ)

Hydroxychloroquine (HCQ)

HCQ + Gemcitabine and Cisplatin

HCQ + Tamoxifen

HCQ + Temsirolimus

HCQ + Bortezomib

HCQ + Temozolomide

HCQ + Rapamycin

SBI-0206965

Bafilomycin Al

Rapamycin (Sirolimus)

Everolimus (RAD001)

Temsirolimus (CCI-779)
BEZ235 (Dactolisib)
Sunitinib,

Vorinostat (SAHA)

Arsenic Trioxide (ATO)

Vitamin D Analogs (e.g.
Calcitriol)

Metformin

Chlorpromazine

3-Methyladenine (3-MA)

Silibinin

Resveratrol

Curcumin

Autophinib

Veru-111 (Sabizabulin)
SBI-0206965

Spautin-1

SAR405

Gambogic Acid

ATG4 Inhibitors (NSCI85058,
NSC377071)

Verteporfin

Lysosomal Inhibitors (ROC325,
Lys05, DQ661, DC661)

Z-DEVD (Caspase-3 Inhibitor) +
RADO01 + Irradiation

Silver Nanoparticles (AgNPs)

Mechanism of acti

Inhibits autophagy by blocking
autophagosome-lysosome fusion

Inhibits autophagy by
preventing lysosomal
acidification

HCQ inhibits autophagy,
potentially enhancing
chemotherapy effectiveness

HCQ inhibits autophagy,
enhancing efficacy of tamoxifen
in ER + breast cancer

HCQ inhibits autophagy,
increasing apoptosis when
combined with mTOR inhibitor

HCQ inhibits autophagy,
enhancing proteasome inhibitor
efficacy

HCQ inhibits autophagy,
enhancing chemotherapy
effectiveness

HCQ inhibits autophagy;
rapamycin induces autophagy
via mTOR inhibition

ULKI inhibitor blocking
autophagy initiation

Inhibits vacuolar H (+)-ATPase
(V-ATPase), preventing
autophagosome-lysosome fusion

Activates autophagy via mTOR
inhibition

mTOR inhibitor inducing
autophagy

mTOR inhibitor inducing
autophagy

Dual PI3K/mTOR inhibitor
inducing autophagy

Induces autophagy via inhibition
of multiple tyrosine kinases

HDAC inhibitor inducing
autophagy

Induces autophagy via oxidative
stress.

Induce autophagy through
modulation of AMPK/mTOR
pathway

Activates AMPK, inducing
autophagy

Antipsychotic drug inhibiting
autophagy by interfering with
lysosomal function

PI3K inhibitor blocking
autophagy initiation

Natural compound inducing
autophagy via modulation of
PI3K/AKUmTOR pathway

Induces autophagy through
SIRT1 activation and mTOR
inhibition

Natural compound inducing
autophagy via multiple pathways

Selective ULK1 inhibitor
blocking autophagy initiation

Microtubule disruptor inducing
autophagy and apoptosis

ULKI inhibitor blocking
autophagy initiation

Beclin-1 inhibitor promoting
Vps34 complex degradation

Vps34 kinase inhibitor blocking
autophagy initiation

Induces caspase-mediated
cleavage of autophagy proteins,
inhibiting autophagy

Inhibit ATG4B protease,
blocking autophagy

Inhibits early-stage
autophagosome formation

Inhibit lysosomal function,
blocking autophagic flux

Induce autophagy by inhibiting
apoptosis and mTOR, enhancing
radiation-induced autophagy

Induce autophagy; effect
confirmed with autophagy
inhibitor 3-MA

C;

er type

Various Solid Tumors,
Glioblastoma, Pancreatic
Cancer

Bladder Cancer, Breast Cancer,
Renal Cell Carcinoma, Multiple
Myeloma, Melanoma

Muscle-Invasive Bladder

Cancer

Breast Cancer (ER+)

Renal Cell Carcinoma

Multiple Myeloma

Advanced Solid Tumors and
Melanoma

Advanced Solid Tumors

Various Cancers

Various Cancers

Renal Cell Carcinoma, Breast
Cancer

Renal Cell Carcinoma, Breast
Cancer, Neuroendocrine
Tumors

Various Cancers

Breast Cancer, Glioblastoma
Renal Cell Carcinoma, GIST
Cutaneous T-cell Lymphoma,
Solid Tumors

Acute Promyelocytic Leukemia,

Multiple Myeloma

Prostate Cancer, Breast Cancer

Breast Cancer, Prostate Cancer,
Colorectal Cancer

Glioblastoma, Lung Cancer

Various Cancers in vitro

Prostate Cancer, Breast Cancer

Various Cancers

Breast Cancer, Colon Cancer

Various Cancers in vitro

Prostate Cancer, Breast Cancer

Various Cancers

Various Cancers

Various Cancers

Various Cancers

Various Cancers

Pancreatic Cancer,
Glioblastoma

Various Cancers

Non-Small Cell Lung Cancer

Glioma

Clinical status

EDA Approved for Malari
Clinical Trials in Cancer

EDA Approved for Malaria
and RA; Clinical Trials in
Cancer

Phase II Clinical Trials

Preclinical/Clinical Trials

Phase I Clinical Trials

Phase I/II Clinical Trials

Phase I/I1 Clinical Trials

Phase 1 Clinical Trials

Preclinical

Preclinical

FDA Approved for Organ
Transplant Rejection;
Investigational in Cancer

EDA Approved for RCC,
Breast Cancer

FDA Approved for RCC
Phase 1/11 Clinical Trials
FDA Approved

DA Approved for CTCL;

Investigational in other cancers

FDA Approved for Acute
promyelocytic leukemia;
Investigational in other cancers

Preclinical/Clinical Trials

FDA Approved for Type
2 Diabetes; Investigational in
cancer

Preclinical

Preclinical

Preclinical

Preclinical/Clinical Trials

Preclinical/Clinical Trials

Preclinical

Phase II/III Clinical Trials

Preclinical

Preclinical

Preclinical

Preclinical

Preclinical

EDA Approved for Macular
Degeneration; Investigational
in Preclinical Cancer Studies

Preclinical

Preclinical

Preclinical

Varisi et al. (2020), Agalakova
(2024)

Sui et al. (2013), Cook et al.
(2014), Pellegrini et al. (2014),
Lee et al. (2015)

Ojha et al. (2016)

Cook et al. (2014)

Lee et al. (2015)

Vogl et al. (2014)

Cheng et al. (2009), Rangwala
etal. (2014b)

Rangwala et al. (2014a)

Tang et al. (2017)

Lu et al. (2015)

Blagosklonny (2023), Li et al.
(2024¢)

Motzer et al. (2008), Singh et al.
(2014), Chen et al. (2019)

Harshman etal. (2014), Zanardi
etal. (2015)

Wise-Draper et al. (2017),
Salazar et al. (2018)

Vuorinen et al. (2019), Lara
etal. (2024)

Mann et al. (2007),
Mahalingam et al. (2014)

Jiang et al. (2023), Gill (2024)

Duffy et al. (2017), Jeon and
Shin (2018)

Kasznicki et al. (2014), Hua
etal. (2023)

Kamgar-Dayhoff and Brelidze
(2021), Matteoni et al. (2021)

Zhang et al. (2022¢)

Chatran et al. (2018)

Song et al. (2023)

Zhao et al. (2016), Saghatelyan
etal. (2020), Deng et al. (2024)

Aleksandrova and Suvorova
(2023)

Krutilina et al. (2022),
Markowski et al. (2022)
Tang et al. (2017)

Kona and Kalivendi (2024)

Pasquier (2015)

Ishaq et al. (2014)

Akin et al. (2014)

Donohue et al. (2011)

Amaravadi and Winkler (2012),
Rebecea etal. (2017), Nawrocki
etal. (2019), Rebecca et al.
(2019)

Kim et al. (2008)

Wu et al. (2015)
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Chloroquine Increases expression of RIPK3  Colorectal Cancer FDA Approved for Malaria; | Meng et al. (2016)
Investigational in cancer
Shikonin ROS production and upregulation | Nasopharyngeal Carcinoma, Preclinical Han et al. (2007), Boulos et al.
of RIPKI, RIPK3, MLKL Various Cancers (2019), Liu et al. (2019)
Emodin activation of TNFa/RIPK1/ Glioma, Various Cancers Preclinical Zhou etal. (2020), Sharifi-Rad
RIPK3 pathway etal. (2022)
Neoalbaconol (NA) modulation of RIPK/NF-kB Breast Cancer Preclinical Yu et al. (2015)
pathway and RIPK3-dependent
ROS generation
Ophiopogonin D activates RIPK1 Prostate Cancer Preclinical Lu et al. (2020)
Resibufogenin increasing RIPK3 expression, Colorectal Cancer Preclinical Han et al. (2018)

FTY720 (Fingolimod)

12PP2A/SET oncoprotein
interaction and activation of

PP2A/RIPKI pathway

Lung Cancer

FDA Approved for Multiple
Sclerosis; Investigational in
cancer

Saddoughi et al. (2013)

Fe(111)-Shikonin Supramolecular | Induces necroptosis and Colon Cancer Preclinical Feng et al. (2022)
Nanomedicine (FSSN) ferroptosis; improved delivery and
reduced toxicity
Graphene Oxide Nanoparticles | enhances RIPKI, RIPK3, and Colon Cancer Preclinical Chen et al. (2015)
HMGBI activity
Selenium Nanoparticles increased ROS production and | Prostate Cancer Preclinical Sonkusre (2019)
upregulation of TNFa and IRF1
Myricetin-loaded Solid Lipid increases RIPK3 and MLKL Lung Cancer (A549 cells) Preclinical Alidadi et al. (2022)
Nanoparticles (MYC-SLNs) expression
Dimethyl Fumarate (Delivered  depletes GSH, increasing ROS | Colon Cancer Preclinical Ma et al. (2016¢)
via SPCPEG-azo Micelles) levels, activating MAPKs
Necrosulfonamide (NSA) MLKL inhibitor; Various Cancers Preclinical Liu et al. (2016)
Necrostatin-1 RIPKI inhibitor Colorectal Cancer Preclinical Liu et al. (2015), Cao and Mu

GSK2982772

Trichothecin

CBLO137

RIPKI inhibitor

increases RIPK3 expression,
enhancing MLKL
phosphorylation, activating ROS
production

Induces Z-type dsSDNA
formation, activating ZBP1-
dependent necroptosis; reverses
insensitivity to immune
checkpoint inhibitors

Approved for Inflammatory
Diseases; investigational in
Cancer

Chemoresistant Cancers

Melanoma

Phase Ila Clinical Trials
(Inflammatory Diseases)

Preclinical

Preclinical

(2021)
Wu et al. (2020), Tong et al.
(2022)

Zhao et al. (2021b)

Zhang et al. (2022¢)
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