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Abstract

:

Cell-based interception and precision medicine is a novel approach aimed at improving healthcare through the early detection and treatment of diseased cells. Here, we describe our recent progress towards developing cell-based interception and precision medicine to detect, understand, and advance the development of novel therapeutic approaches through a single-cell omics and drug screening platform, as part of a multi-laboratory collaborative effort, for a group of neurodegenerative disorders named leukodystrophies. Our strategy aims at the identification of diseased cells as early as possible to intercept progression of the disease prior to severe clinical impairment and irreversible tissue damage.
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1. Introduction


Under the leadership of Niklaus Rajewski from the Max Delbruck Center in Berlin, Germany and Geneviève Almouzni from the Curie Institute in Paris, France, the Lifetime initiative was launched to support the development of cell-based interceptive medicine [1]. The goal of the LifeTime initiative is to generate tools, reagents, and technologies to measure, analyze, and predict the mechanisms involved in disease onset and progression. LifeTime is expected to expand our basic understanding of genome function within cells and tissues, significantly influencing basic biomedical sciences across diverse fields. In addition, this initiative is likely to redefine the role of artificial intelligence (AI) in precision medicine by acting on cell and molecular biology [2]. For example, some LifeTime scientists are developing novel AI-driven cellular imaging software, while others harness AI/AlphaFold software (version 2.3.2) for molecular modeling. LifeTime is expected to design 21st century biology and next-generation data sciences that will directly and profoundly impact medical practice, improving human health by intervening early in disease progression. Clearly, the new developments in the health sector will provide benefits in terms of business volume, jobs, and personal income. In addition, several pharmaceutical companies will be strengthened by the emergence of totally novel targeted medicines. Indeed, a large number of pharmaceutical companies, as well as many biomedical research centers, have already initiated partnerships with LifeTime in Europe.



The 37TrillionCells initiative has been created by Canadian researchers to accelerate the development of cell-based interception and precision medicine by taking advantage of and further developing novel proteomics technologies at single-cell resolution [3]. The 37TrillionCells initiative is currently under the leadership of Benoit Coulombe from the Institut de Recherches Cliniques de Montréal and Université de Montréal. Details regarding this Montréal-based proteomics initiative are provided in this manuscript and represent the core of the 37TrillionCells initiative. The 37Trillion Cells initiative seeks to provide a proteomics-specific approach aimed at complementing LifeTime’s specific objectives.



Cell-based interception and precision medicine is an emerging medical paradigm where diseased cells are identified and intercepted as early as possible, before symptoms present and irreversible tissue damages occurs, enabling the development of therapies for the early treatment of diseases [1,2,3]. One of the most challenging aspects of this approach is developing ultra-sensitive and reproducible methods for diseased cell detection. Detection through DNA sequencing of variants in known disease-causing genes is one way to achieve early diagnosis. As mutations are present in all cells in every developmental stage, even before birth, identifying cells that show increased vulnerability to potential pathogenic variants and are specifically involved in disease progression requires additional analyses. For example, characterization of disease-causing variants using affinity purification coupled with mass spectrometry (AP-MS) has been exploited by looking at changes in interaction partner profiles [4,5,6]. However, interactor profiling using AP-MS falls short of specifically identifying diseased cells. Single-cell transcriptomics and proteomics have revolutionized the ability to profile gene/protein expression networks allowing early identification of dysfunction and disease manifestations. Once affected cells are detected, disease mechanisms can be elucidated using experimental cell models and predictive computational cell trajectory modeling [7]. This approach can identify proteins (including posttranslational modifications, PTMs), protein complexes, and intra- or extra-cellular networks that participate in the disease process and provides the necessary knowledge for the development of disease-modifying therapies. This procedure can be briefly summarized into four steps: detection, understanding, therapy development, and lastly, the implementation of collaborative work to form a multidisciplinary team of experts (Figure 1). As a prototype of step 4, we have initiated the development of a procedure applied to hypomyelinating leukodystrophies.



Leukodystrophies are a group of hereditary white matter disorders that predominantly affect children, causing a gradual decline in abilities and often resulting in early mortality within months to years after onset [8]. These conditions selectively affect the brain’s white matter, which serves as the protective covering for nerve cells within the brain and spinal cord. Ultimately, this results in abnormalities in myelin formation (classified as hypomyelinating) or disruptions in myelin maintenance (non-hypomyelinating) which compromises the proper functioning of the central nervous system (CNS) leading to neurodegeneration and ensuing sequalae [9,10,11]. To date, there are over 50 different well-defined leukodystrophies with diverse clinical and genetic characteristics and varied Mendelian inheritance patterns. A myriad of genes involved in disparate cellular processes are known to cause leukodystrophies, including those involved in brain development and functioning, metabolism, and housekeeping functions to name a few. Most leukodystrophies remain without a cure or disease-modifying therapy, and interventions are primarily focused on symptomatic treatment [12,13]. Here, we examine the benefits of cell-based interception and precision medicine procedures to hypomyelinating leukodystrophies, with a focus on RNA polymerase III-related leukodystrophy.




2. Cell-Based Interception and Precision Medicine Applied to Leukodystrophies


2.1. Detect


Sequence analysis of the genome or exome of patients and their parents can reveal the presence of pathogenic variant(s) causing a leukodystrophy. In the last few years, our group has identified and validated eight genes causative for leukodystrophy, including POLR3A, POLR3B, POLR1C, POLR3D, EPRS1, VARS1, and ABHD16A [4,14,15,16,17,18,19]. In tandem, we have developed a complimentary rare disease database to collect detailed information on individual patients’ phenotypes, positioning our group in a unique capacity to integrate genetic, clinical, and pathophysiologic research to better advance patient care and eventual treatment of these disorders [20].



Specifically, our group has identified four of the five known causative genes associated with POLR3-related leukodystrophy (POLR3-HLD), one of the most common hypomyelinating leukodystrophies [21]. POLR3-HLD, also termed 4H (Hypomyelination, Hypodontia, and Hypogonadotropic Hypogonadism) leukodystrophy, is caused by biallelic pathogenic variants in genes encoding subunits of the ubiquitous RNA polymerase III (Pol III) enzymatic complex (e.g., POLR3A, POLR3B, POLR1C, POLR3K, and POLR3D) [4,14,15,16,22] (Figure 2). The majority of variants are found in the genes encoding the two largest subunits of Pol III, POLR3A and POLR3B, which form the catalytic core of the complex [23]. Leukodystrophy-associated variants in genes encoding Pol III subunits have been shown to either reduce the amount of a given subunit, to cause abnormal interactions of the affected subunit with other Pol III subunits, impacting proper complex assembly, or to interfere with the enzymatic activity involved in the transcription of small non-coding RNAs [4,24,25]. Indeed, crystallization of the human Pol III complex in the past few years confirmed that the majority of pathogenic variants in POLR3-HLD map to subunit interfaces or DNA-binding domains, further highlighting how some of these variants may impact Pol III complex assembly or its transcriptional activity [26,27].



Pathogenic variants of genes encoding aminoacyl-tRNA synthetases (ARS) have been linked to a number of neurodegenerative diseases, including hypomyelinating leukodystrophies (e.g., EPRS1 [17], VARS1 [18], DARS1 [28] and RARS1 [29]). Further, biallelic pathogenic variants in POLR1A also cause leukodystrophy [30,31], further supporting the link between translation (i.e., protein production) and CNS development. Although genotype–phenotype correlations exist for some pathogenic variants [23,32,33,34], this is not the case for most patients, thereby necessitating further analyses beyond the genetic basis to successfully stratify patient cohorts. In addition, the identification of disease-causing variants does not provide much insight into potential disease mechanisms or identify the cells and pathways most affected. To this end, analysis of gene/protein expression profiles at single-cell (SC) resolution appears necessary to identify the cells most vulnerable to disease and may prove to be a useful tool for patient stratification and treatment. SC transcriptomics and proteomics allow the ability to profile gene expression and identify the top dysfunctional cell candidates.




2.2. Understand


Despite having shown that Pol III complex assembly defects are one of the most common outcomes of pathogenic variants in POLR3-HLD, questions remain as to how they lead to hypomyelination. Recent in vivo and in vitro models of POLR3-HLD have found impaired oligodendrocyte (OL) development, pointing to a cellular mechanism for the hypomyelination seen in disease [35,36,37]. Recently, a severe conditional/inducible mouse model with an exon 10 deletion in Polr3b (Polr3b∆10) was shown to recapitulate characteristic neurological and non-neurological features of disease, including hypomyelination [35]. Lineage tracing analysis in these mice revealed insufficient mature OLs and a reduced proliferative capacity of OL precursor cells (OPCs), highlighting the cellular defects underlying this hypomyelination [35]. A less severe mouse model with a conditional knock-in of two adjacent variants in Polr3a also showed a reduced number of mature MOG+ OLs, emphasizing an impairment of oligodendrogenesis in POLR3-HLD [36]. Further, an in vitro approach based on downregulating the endogenous expression of leukodystrophy-associated Pol III subunits via siRNA found an impairment of OL maturation, most evident at the level of reduced morphological complexity, in addition to impaired myelination capacity [37]. Nonetheless, additional work is required to link impaired Pol III function to stunted OL development. In fact, two hypotheses have been proposed to explain the vulnerability of OLs to disease [11]. First, some authors have hypothesized that defects in Pol III function likely affect a key as-yet-unidentified component of myelin biogenesis or the maintenance apparatus. For instance, Choquet et al. found that the M852V mutation in POLR3A specifically downregulates the expression of the Pol III transcript BC200, a gene encoding a brain cytoplasmic regulatory RNA [5]. So far, a function for BC200 in regulating myelination has not been conclusively established. The second hypothesis pertains to the protein synthesis demand required for OL development and myelination. OLs and their progenitors necessitate that a large amount of protein be produced to proliferate, mature, and expand their processes, and to myelinate the brain [38]. As such, defects in Pol III transcription, by impairing the production of components of the translation machinery (e.g., transfer RNAs (tRNAs) and the 5S ribosomal RNA (rRNA)), may have a deleterious effect on this particular process. This second hypothesis is supported by recent work, which identified a decrease in distinct tRNAs in Pol III siRNA-treated OLs [37]. This reduction of specific tRNA transcripts has likewise been shown in patient-derived fibroblasts [16,22]. Moreover, the fact that other hypomyelinating disorders are associated with pathophysiological mechanisms involving abnormal translation (including the aforementioned ARS; see for example Mendes et al. [17] and references therein) further substantiates this latter hypothesis [17,28]. Finally, it is possible that these hypothesized mechanisms are not mutually exclusive and that both contribute to disease pathogenesis.



To understand the effect of Pol III subunit variants in human cells, we used affinity purification coupled with mass spectrometry (AP-MS) as a highly sensitive proteomic method to assess polymerase assembly. In several cases, we observed Pol III assembly defects and/or impact on its assembly with co-factors [4,16,25]. In those that were further studied, these assembly defects proved to decrease transcription efficiency by the polymerase [4] or were shown to be embryonically lethal in a homozygote mouse model [25]. A limitation of these proteomic studies is that they have not investigated the diseased cells specifically. Further experiments, including single-cell proteomics (SCP), are required to further understand the molecular mechanisms of this disease.



Using a procedure adapted from the SCoPE2-MS technique developed in the Slavov laboratory at Northeastern University, USA [39,40,41], multiple sample preparation steps can be combined to minimize sample manipulation, resulting in reduced peptide loss. It incorporates Tandem Mass Tag (TMT) as a chemical barcode enabling the simultaneous detection of multiple single cells, facilitating analysis of high quantities of specific proteins Each single cell is labeled with a TMT-10plex (Fisher scientific, Hampton, New Hampshire), but the TMT-labeled pool also includes important controls such as a carrier (200 cells of interest), a reference (5 cells of interest) and a negative control (no cells). In the future, we anticipate that additional TMT tags will be developed, further increasing the number of analyzed cells. We plan to improve our procedure with the TMT18plex/proteome discoverer combo. Sample analysis is performed on a Fusion Orbitrap MS, and raw data are analyzed as in Specht et al., 2021 [41] by using a combination of MaxQuant (version 2.4.13.0) [42] and DO-MS analysis using the R programming language (version 2.0.8) [43]. MaxQuant is used to match peptides to the proper characterized proteins in the UniProtKB database [44], with TMT tags as fixed modifications and additional parameters. Subpopulation evaluation will be assessed by performing a principal component analysis (PCA) [45].



To increase specificity and disease relevance, we plan to perform our SCP profiling using induced pluripotent stem cells (iPSCs) and their downstream derivatives [46]. Utilizing iPSCs provides the benefits of being able to directly study disease-relevant patient tissue as they can be reprogrammed directly from patients and directed to differentiate into cell types of interest. In the case of hypomyelinating leukodystrophies, examining CNS cell types, notably glial cells, would be most specific to our platform. Using a recent adaptation of a widely used protocol to derive OPCs [47], we can generate mixed glial cultures of astrocytes, OPCs, and MBP+ OLs [48], thereby limiting the use of bulk analysis. Thus, fluorescent-activated cell sorting (FACS) is essential to isolate the specific cell types to be profiled by SCP using different combinations of cellular markers identified by our group [47,49]. Proteomic profiling of a high number of single cells will provide a better understanding of the molecular function and the developmental stage and trajectory of diseased cells. Further, these results will provide complementary data to publicly available SC transcriptomics sequencing [50,51,52] as well as unpublished sequencing data of our iPSC-derived glial cells.



Indeed, single-cell transcriptomics (also known as sc-RNAseq) has been invaluable not only to study the progression of different diseases, but also to study the biology of various tissues and organs including the CNS. SC transcriptomics studies performed in either mouse brain tissues or human iPSCs have confirmed the heterogeneity of OPC, OL, and astrocyte populations [50,51,52,53,54,55,56,57]. These different populations were confirmed at the single-cell resolution level after the analysis of specific cells obtained either at different developmental stages of the CNS [50,52,53,55,56], at localization in brain tissue sections [56,57], or in multiple disease cells [54,56]. The subpopulations observed so far contained multiple clusters with a range between immature OPCs to mature myelinating OLs. Moreover, the expression of different genes such as PDGFRα, Nkx2-2, SOX10, PLP1, and MBP, to name a few, was associated with specific cell population clusters and could be used to follow these populations during differentiation in various experimental conditions [50,52].



Nonetheless, these variations do not indicate protein fate or which cascades are activated during cell maturation. Because proteins are the functional actors of cells, and because RNA levels often do not correlate with protein levels, we think that single-cell proteomics (SCP) is a method of choice to profile cells in a given tissue. Proteomic studies are likely to provide details beyond sc-RNAseq, which can include protein stability, cellular localization, or more importantly, posttranslational modifications (PTMs). For example, the phosphorylation, methylation, acetylation, ubiquitination, and proteolytic cleavage profiles of peptides can be differentially detected in different cells. Researchers have identified more than 400 different types of PTMs that regulate the function of proteins [58]. We expect to establish roles for some of them during brain cell differentiation or disease progression. In addition, the stoichiometry of protein components that are part of given complexes is likely to determine whether whole complexes or individual subunits are regulated during cell differentiation or disease progression. For example, if RNA polymerase III (or any other multisubunit complex) is regulated during the differentiation of a given cell type, we expect to find a difference in the expression of multiple polymerase subunits in our analysis. These previous points are in addition to the changes in protein expression levels occurring during normal or disease cell evolution. In the case of leukodystrophies, we trust that changes in the proteome during disease progression will illuminate causative mechanisms and reveal the link between Pol III defects and aberrant myelin metabolism. Such a discovery would represent a quantum leap in our understanding of the causative mechanisms of leukodystrophies.



To advance the understanding of molecular defects, we intend to employ SCP to map the proteomic profiles of the cells most vulnerable to leukodystrophy-causative variants. Recent progress in the development of proteomics and microfluidic and computational methods has allowed the detection of 100s to 1000s of proteins in single cells [59,60,61]. However, most of them are abundant proteins, and the detection of low-abundance proteins is still a challenge. We have recently developed a procedure for systematic identification of low-abundance proteins in specific parts of the proteome. This method generates a library of low-abundance MS2 peptides with varying levels in disease vs. healthy conditions. Monitoring these peptides allows the understanding of the role of each protein at different stages in diseased cells and the evaluation of their response to drug treatment. This generic method is applicable to any type of disease, making it a generalizable platform to elucidate disease progression mechanisms and accelerate drug and biomarker discovery. Peptides from the list corresponding to known proteins of OLs and OPCs [62,63] are validated for their capacity to discriminate between OLs or OPCs by conducting additional SCP experiments. scRNA-seq experiments will be used to support the proteomic profile difference observed between OLs and OPCs. These validation experiments will serve to monitor proteome changes during diseased cell progression through cell differentiation into OLs, in organoid spatial organization, or after drug treatment. Such a targeted approach using a disease-specific (or condition-specific) peptide library, which we named Deep-SCP, is expected to greatly increase the sensitivity and throughput of our new improved method.



In the future, we aim to test this strategy in myelinating organoids to expand our understanding of disease using 3D models [64]. Overall, iPSC-derived CNS cells represent an interesting alternative to recapitulate brain tissue and could be used to assess the impact of pathogenic variants on disease development and advance potential therapeutics.




2.3. Therapy Development


The unraveling of dysfunctions in Pol III assembly caused by pathogenic variants in genes encoding different subunits prompted us to evaluate the effect of drugs known to modulate the function of molecular chaperones and general proteostasis factors, to improve Pol III assembly and function [65,66]. A number of small molecules known to regulate chaperone function were used in assembly assays using AP-MS. The results revealed that one of these drugs, riluzole, a compound previously approved by the FDA to treat some forms of ALS, positively affects Pol III assembly with the variant POLR3B R103H [6]. Because riluzole does not have a similar stimulatory effect when using other variants, Deep-SCP analysis appears to be even more necessary to generate additional information for selecting more potent compounds. For example, other benzothiazoles chemically similar to riluzole constitute strong candidates for the discovery of drugs targeting disease mechanisms in POLR3-HLD. Other compounds previously shown to positively affect molecular chaperones or co-chaperones, such as components of the Particle for Arrangement of Quaternary structure or PAQosome (see [6]), are also interesting candidates for therapy development.



Leukodystrophy-causing genes, such as the genes encoding faulty Pol III subunits, are putative targets for gene therapy. However, there are limitations in gene therapy approaches, including the size of the given gene, which affects its ability to be packaged within an adeno-associated vector, the challenge of efficiently targeting the most diseased cells, and in some cases, the difficulty of effectively crossing the blood–brain barrier or ensuring widespread distribution beyond the injection site. Deep-SCP will be used to identify proteins that likely play an early role in the disease. Their roles will be validated, leading to additional targets for therapy development using, for example, small molecules, which will be amenable to use in the clinic in a timely fashion and could potentially be used in combination with other therapeutic approaches, such as gene therapy, to ensure the targeting of all cell types and increase the therapeutic benefits.



Detection by exome sequencing of disease-causing variants in patients (or their parents) is an important step for early detection. However, it is not always possible to link mutations specifically to the speed or severity of disease progression. We expect that our single-cell proteomics analysis will provide useful information not only to stratify cohorts but also to engage in meaningful drug discovery.




2.4. Collaborate


Leukodystrophies encompass a collection of individually rare diseases, with a collective incidence of approximately 1:4700 [21]. Due to their low prevalence, research is often limited by the paucity of disease-relevant patient tissue. To circumvent these issues, we have established a collaborative platform that encompasses multiple institutions with a focus on studying hypomyelinating leukodystrophies. Our platform was designed to seamlessly transition between the bedside and the bench, as research is directly informed by patient needs and data, with the ultimate goal of developing effective interventions and therapies. By leveraging animal and cell models specific to these leukodystrophies, we aim to further develop our proteomic pipeline to improve our understanding of disease mechanisms. We trust that Deep-SCP represents a powerful tool to characterize changes in physiological, clinical, and pharmacological conditions.





3. Conclusions and Future Prospects


Targeting the cells most susceptible to disease manifestations is ideal to study pathogenesis and develop novel therapies, increasing the likelihood of seamless transition to the clinic. This pioneering work employing cell-based interception and precision medicine in the study of leukodystrophies will serve as a foundational model for advancing therapeutics in other neurodegenerative diseases.
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Figure 1. Scheme for cell-based interception and precision medicine applied to leukodystrophies. 
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Figure 2. Schematic representation of the 17-subunit Pol III complex. Leukodystrophy-causative mutations were found in the subunits marked in dark grey. 
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