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            Abstract
Single-cell RNA genomics technologies are revolutionizing biomedical science by profiling single cells with unprecedented resolution, providing fundamental insights into the role of different cellular states and intercellular heterogeneity in health and disease. The combination of single-cell RNA sequencing (scRNA-seq) with metabolic RNA labelling approaches now enables time-resolved monitoring of transcriptional responses for thousands of genes in thousands of individual cells in parallel. This facilitates and accelerates direct characterization of the temporal dimension of biological processes, which has been largely missing in current data. In this Primer, we provide an overview of the various metabolic RNA labelling approaches and their combination with currently available scRNA-seq and multi-omics platforms. We summarize the main challenges in the design of such experiments and discuss the various applications of time-resolved scRNA-seq in vitro and in vivo. We outline the computational tools and challenges to the analyses of the temporal dynamics of transcriptional responses at the single-cell level. We discuss the prospect of integrating data obtained by the respective time-resolved scRNA-seq approaches with complementary methods to elucidate gene regulatory networks that underlie molecular mechanisms. Finally, we discuss open questions and challenges in the field and give our thoughts for future development and applications.
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                    Fig. 1: Metabolic RNA labelling chemistries and approaches.[image: ]


Fig. 2: Overview of workflows that allow recording of transcriptional activity at the single-cell level.[image: ]


Fig. 3: scSLAM-seq data analysis and results.[image: ]


Fig. 4: Applications of time-resolved scRNA-seq using metabolic RNA labelling across biological fields.[image: ]


Fig. 5: Overview of methods compatible with RNA metabolic labelling amenable to multi-modal single-cell analysis.[image: ]
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Glossary
	Bulk RNA-seq
	
                  Transcriptomics analysis of pooled cell populations, tissue sections or biopsy samples.

                
	Nucleotide salvage pathways
	
                  Used to recover bases and nucleosides that are formed during degradation of RNA and DNA.

                
	Prodrugs
	
                  Medications or compounds that are metabolized in the body into pharmacologically active drugs.

                
	Click chemistry
	
                  A growing class of biocompatible chemical reactions for bioconjugation that are high in yield, wide in scope and simple to perform in easily removable or benign solvents under ambient temperatures.

                
	Pulse-labelling
	
                  Metabolic labelling of a biological target molecule (in this case, RNA) with a chemically modified compound by administering the compound to the cell culture medium or injecting it into a living organism.

                
	Pulse-chasing
	
                  Monitoring active degradation of a target molecule (in this case, RNA) after pulse-labelling to determine its decay rate.

                
	Paired-end sequencing
	
                  Sequencing the cloned complementary DNA (cDNA) fragments from both ends enables the detection and removal of sequencing errors in the overlapping sequence and is necessary for reliable identification of nucleotide conversions in metabolically labelled RNA molecules.

                
	Unique molecular identifiers
	
                  Random barcode sequences introduced during reverse transcription to distinguish multiple copies of the same RNA from PCR duplicates, providing an absolute quantification of transcript numbers of a given gene per single cell.

                
	BAM format
	
                  Binary and compressed file format to store genomic coordinates along with specific information on each read — sequence and quality scores — and its alignment with the reference sequence.

                
	RNA velocity
	
                  Temporal information contained in intronic reads (nascent RNA) of single-cell RNA sequencing data to predict future cell states and infer cell trajectories.

                
	Off–on switches
	
                  Initiation (off–on) or abrogation (on–off) of transcription in individual cells in response to a stimulus that can be differentiated from a general increase (up) or decrease (down) in transcriptional activity in all cells.

                
	Transcriptional bursting
	
                  A fundamental property of genes in which transcription from DNA to RNA occurs in pulses (‘bursts’).
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