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Single-Cell Transcriptome Analysis Reveals Six Subpopulations Reflecting Distinct Cellular Fates in Senescent Mouse Embryonic Fibroblasts
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Replicative senescence is a hallmark of aging, which also contributes to individual aging. Mouse embryonic fibroblasts (MEFs) provide a convenient replicative senescence model. However, the heterogeneity of single MEFs during cellular senescence has remained unclear. Here, we conducted single-cell RNA sequencing on senescent MEFs. Principal component analysis showed obvious heterogeneity among these MEFs such that they could be divided into six subpopulations. Three types of gene expression analysis revealed distinct expression features of these six subpopulations. Trajectory analysis revealed three distinct lineages during MEF senescence. In the main lineage, some senescence-associated secretory phenotypes were upregulated in a subset of cells from senescent clusters, which could not be distinguished in a previous bulk study. In the other two lineages, a possibility of escape from cell cycle arrest and coupling between translation-related genes and ATP synthesis-related genes were also discovered. Additionally, we found co-expression of transcription factor HOXD8 coding gene and its potential target genes in the main lineage. Overexpression of Hoxd8 led to senescence-associated phenotypes, suggesting HOXD8 is a new regulator of MEF senescence. Together, our single-cell sequencing on senescent MEFs largely expanded the knowledge of a basic cell model for aging research.
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INTRODUCTION

Cellular senescence was first discovered by Hayflick and Moorhead (1961) in normal human fibroblasts during a study in which they observed a finite replicative life span. The mechanism of this phenomenon was subsequently explained as gradual shortening and loss of telomeres in the absence of telomerase (Olovnikov, 1996). Loss of telomeres triggers the DNA damage response. Proteins involved in DNA damage response (e.g., ATM, Chk1, and Chk2) activates cell cycle proteins p53 and p21, which then inhibit a subset of cyclin-dependent kinases (CDKs) and lead to cell cycle arrest (Leonardo et al., 1994; Herbig et al., 2004). In addition to replicative exhaustion, other factors such as DNA damage, oncogene hyperactivation, oxidative stress, and chromatin perturbation can also cause cellular senescence. These factors are considered “stress” and can induce premature cellular senescence. DNA damage can be caused by external agents, such as H2O2, X-ray or ultraviolet irradiation, and many chemotherapeutic drugs. The pathways activated in this context are similar to those activated during telomere erosion. In oncogene-induced cellular senescence, overexpression (OE) of certain oncogenes causes a DNA damage response or upregulation of alternative reading frame (ARF) (belongs to CDKN2A locus), which activates the p53-p21 pathway or p16 (Campisi and Fagagna, 2007). In contrast to replicative senescence, oncogene-induced senescence (OIS) is telomere-independent and much more acute (Gorgoulis and Halazonetis, 2010). In mouse embryonic fibroblasts (MEFs), telomeres are much longer (40–60 kb) than those in human cells (5–15 kb). Cellular senescence that occurs in MEFs is a response to oxidative stress, instead of telomere erosion (Sherr and Dipinho, 2000; Wright and Shay, 2000). MEFs cultured in standard conditions (20% oxygen) show substantial DNA damage, whereas physical oxygen concentration (3% oxygen) does not trigger cellular senescence in MEFs (Parrinello et al., 2003). Exposure of MEFs to oxidative stress activates the p19/ARF-p53 pathway, which leads to cellular senescence (Harvey et al., 1993; Kamijo et al., 1997). In summary, replicative senescence is intrinsic and acts as an intracellular mitotic clock in the cell, whereas stress-induced senescence is extrinsic.

Based on the notion that tumorigenesis is the result of escape of a cell’s regular senescence fate of a cell, replicative senescence can be regarded as an important cancer prevention mechanism (Elkon et al., 2009). A recent study demonstrated that the in vivo induction of senescence in cancer cells attracts natural killer cells to clear the cancer cells; thus, this senescence is beneficial to immunotherapy (Ruscetti et al., 2018). Senescence-associated secretory phenotype (SASP) components released by senescent cancer cells mediate such clearance by immune cells. Replicative senescence also contributes to individual aging (López-Otín et al., 2013). Accumulation of senescent cells in aged tissues/organs leads to a considerable release of SASP components into the local environment, which promotes senescence of nearby cells in a paracrine fashion and ultimately results in tissue/organ dysfunction (Dimri et al., 1995; Muñoz-Espín and Serrano, 2014). Thus, clearance of senescent cells in the mouse model benefits tissue function and increases health span (Baker et al., 2016).

Studies of cellular senescence have been performed using normal human fibroblasts (Hayflick and Moorhead, 1961), human diploid keratinocytes (Rheinwald and Green, 1975), human vascular smooth muscle cells (Bierman, 1978), human lens cells (Tassin et al., 1979), and human peripheral lymphocyte (Tice et al., 1979), as well as a variety of other cells. MEFs have a relatively short cultivation time in vitro (typically 15–30 population doublings) and thus serve as a time-saving model to study cellular senescence (Sherr and Dipinho, 2000). Previous studies illustrated that in vitro cultivated senescent MEFs manifested upregulation of Cdkn1a (encoding p21), Cdkn2a (encoding p16), Lmnb1, Mki67, and other conventional senescence markers (Sherr and Dipinho, 2000; Parrinello et al., 2003; Itahana et al., 2004). This phenotype was similar to that of senescence in human fibroblasts (Kim et al., 2013). Significant enhancement of senescence-associated β-galactosidase (SA-β-Gal) staining was also detected in senescent MEFs, mimicking the same traditional senescence marker in human cells (Dimri et al., 1995). Furthermore, primary MEF cells have been used for lentivirus-mediated gene knockdown or OE experiments, facilitating the mechanistic investigation of candidate genes’ impact on senescence (Xu et al., 2019). Importantly, findings discovered in cultured MEFs can also be extended in vivo. For example, the transforming growth factor (TGF)-β/miR-29 pathway that originally revealed in MEFs was further proven to contribute to cardiac aging in a mouse model (Lyu et al., 2018). Therefore, MEFs can be used as an alternative model for investigation of cellular senescence.

In the past decade, various single-cell RNA sequencing (scRNA-seq) methods were developed and revealed the heterogeneity of seemingly identical cells, emphasizing minute differences between single cells in immune cells, embryonic cells, neurons, and others (Tang et al., 2010; Xue et al., 2013; Deng et al., 2014). Some studies applied scRNA-seq to aging and/or senescence. One study reported that upon activation, CD4+ T cells from old (21 months) B6 or CAST mice displayed higher cell-to-cell transcriptomic variability of the core activation program compared with cells from their young (3 months) counterparts; this increasing transcriptomic variability was independent of expression level alteration (Martinez-Jimenez et al., 2017). Another study illustrated that hematopoietic stem cells from old mice have a higher rate of self-renewal and a lower rate of differentiation, compared with those cells from younger mice, based on single-cell transcriptome analysis (Kowalczyk et al., 2015). By combining Hi-C, single-cell and bulk RNA-seq, as well as imaging in proliferating and senescent human umbilical vein endothelial cells (HUVECs), Zirkel et al. (2018) found that high mobility group box 2 (HMGB2) loss during early senescence led to genomic reorganization and senescence-induced CCCTC-Binding Factor (CTCF) clustering. Despite such progress regarding aging-related single-cell RNA-seq analyses, some basic questions remain elusive in replicative senescence models such as MEFs. For example: (1) What is the degree of heterogeneity in MEF senescence? (2) Does SASP contribute to MEF senescence? (3) Could scRNA-seq aid in the discovery of novel senescence regulators in MEFs?

To address these questions, we performed single-cell full-length RNA-seq in atmospheric (20%) oxygen-cultivated MEFs at a passage where half of the cells were positive in SA-β-Gal staining. We observed considerable variation in gene expression levels, although these cells were obtained from the same passage. Six clusters and three distinct lineages were detected, which exhibited specific molecular features during senescence. In contrast to the finding of a previous bulk study, we discovered that some SASP components were upregulated in a few single MEFs from senescent clusters. Additionally, OE of Hoxd8 led to several senescence-associated phenotypes. This study provides a new perspective for understanding the basic features of an important senescence model.



MATERIALS AND METHODS


Cell Isolation and in vitro Cultivation

Mouse embryos were taken from 12.5∼14.5 days of pregnant C57BL/6, and primary MEF cells were isolated following a previously described protocol (Todaro and Green, 1963). NIH3T3 cells were provided by the American Type Culture Collection (ATCC, Manassas, VA, United States). Cells were cultivated in vitro in Dulbecco’s modified Eagle’s medium (DMEM) medium (Gibco) with 10% fetal bovine serum (FBS; Gibco) in 25-cm2 flasks, which were placed in an incubator with 5% CO2 and 37•C. Once the confluence reached 70% in the flask, cells were resuspended by 0.25% trypsin-EDTA (Gibco) and evenly divided into two new flasks. Population doubling (PD) was added by 1 each time MEF cells were subcultured.



Single-Cell RNA Sequencing

PD9 MEF cells were collected. Cell counting was performed in Cellometer Mimi (Nexcelom Bioscience). Single cells were added into three 17–25-μm Single-Cell mRNA Seq IFC (Fluidigm C1). After loading into the chip, cells were imaged on the microscope to filter out wells with no cell, cell doublet, or cell debris. Full-length cDNA libraries were auto-constructed in Fluidigm C1 system using SMART-seq v4 kits. Quality control was carried out on each single-cell cDNA library using Qubit 3.0 and Aligent Bioanalyzer 2100 to exclude libraries with abnormal molecular features. Sequencing libraries were constructed using Nextera XT DNA library kit, and another round of quality control was performed. RNA-seq libraries were then pooled and sequenced by Illumina Hiseq 4000 with an average depth of 3 million reads for each single cell.



Paracrine Experiments

For total SASP experiments, primary MEF cells were in vitro cultivated to PD11. PD11 MEF cells were cultivated with DMEM medium (10% FBS) for 2 days, and senescence-conditioned medium (SCM) was collected. Then, SCM was centrifuged at 3,000 rpm for 5 min and filtered through a 0.45-μm syringe filter. After that, newly thawed primary MEF cells were evenly distributed into two flasks and cultured with normal medium (NM) and SCM simultaneously. For interleukin (IL)6 experiments, we bought recombinant mouse IL6 from R&D Systems (Bio-Techne). Newly thawed primary MEF cells were evenly distributed into three flasks and cultured with DMEM (10% FBS), DMEM (10% FBS and 5 ng/ml IL6), and DMEM (10% FBS and 50 ng/ml IL6) simultaneously. SA-β-Gal staining, cell cycle analysis, RNA extraction, quantitative reverse transcription PCR (qRT-PCR), and RNA-seq were conducted on these three different treated MEFs.



Senescence-Associated β-Galactosidase Staining

Proper amount of cells were seeded into multiple wells in a 12-well plate and cultivated for 24 h. Then, SA-β-Gal staining was performed for MEFs with different conditions using Senescence Cells Histochemical Staining Kit (Sigma) following its manual. Photos were taken under an inverted microscope.



Cell Cycle Analysis

One fourth of the cells in a flask with 70% confluence was lysed and washed twice with 1 × phosphate buffered saline (PBS). Then, cells were permeabilized with 50 μg/ml Triton-X100 (Sigma) and stained with 0.15% propidium iodide (Thermal Fisher) in the dark for 10 min. Cells were then loaded into Calibur flow cytometer (Becton Dickinson) to measure the fluorescence. Three replicates for each sample were performed. Results were analyzed by ModFit software.



Ethynyl-2′-Deoxyuridine Incorporation Assay

The proper amount of cells was seeded into multiple wells in a 24-well plate. Cells were cultivated until the confluence reached 50%. Then, culture medium was aspirated, and cell was incubated at 10 μM 5-ethynyl-2′-deoxyuridine (EdU) for 2 h. Cell fixation, permeation, and staining with fluorescence dyes were implemented following keyFluor488 Click-iT Edu image kit manual (KeyGEN). Fluorescence was examined under IX73 fluorescence microscope (Olympus) with 495 nm (kFluor488) and 350 nm (Hochest 33342) excitation filter. Photos shot on the same field were merged.



Cell Proliferation Rate Assay

A total of 2,000 cells were seeded into each well of a 96-well plate. For each sample, five replicates were applied (five wells per sample). Cells were then cultivated at an incubator for 24, 48, 72, and 96 h. After cultivation, cell medium was aspirated, and cells were incubated at 10% Cell Counting Kit-8 solution (Dojindo) at 37•C for 3 h. Absorbance at 450 and 630 nm were detected at Bio-Rad 680 microplate reader.



Quantitative Reverse Transcription PCR and Bulk Population RNA Sequencing

Total RNA was extracted by TRIzol reagent (Life Technology) following its manual. For qRT-PCR, genomic DNA depletion and reverse transcription were performed using HiScript II Q RT SuperMix for qPCR (Vazyme) following its manual. qPCR mix was composed of 1 μl 1:5 diluted cDNA product, 0.4 μl 10 μM F/R primer, 10 μl 2 × ChamQ Universal SYBR qPCR Master Mix (Vazyme), and 8.2 μl nuclease-free water. Three replicates were applied for each sample. Then, qPCR was performed in CFX Connect Real-Time PCR Detection System (Bio-Rad) following Vazyme’s program: one cycle of 95•C 30 s, followed by 40 cycles of 95•C 10 s and 60•C 30 s, finally one cycle of 95•C 15 s, 60•C 60 s, and 95•C 15 s. For bulk population RNA-seq, 1 μg total RNA was used as starting material. Libraries were constructed using KAPA RNA HyperPrep Kit (Roche) following its manual. Paired-End 150-bp (PE-150) sequencing was performed at Illumina Hiseq 2500 platform with an average depth of 30 million reads for each sample.



Hoxd8 Overexpression

Total RNA from mouse NIH3T3 cell was reversely transcribed by oligo dT(20) primer. The resulting cDNA was amplified by gene-specific PCR primer to obtain full-length cDNA of Hoxd8 and ligated into pCDH vector to make the OE vector. The vector was sequenced to ensure 100% accuracy of inserted Hoxd8 cDNA. After vector construction, lentivirus was assembled in 293T cells. Culture medium were centrifuged at 3,000 rpm for 5 min and filtered through a 0.45-μm syringe filter to obtain lentivirus. Then, NIH3T3 cells were infected with lentivirus containing Hoxd8. Uninfected cells were filtered out by adding Puro (10 mg/ml, Sangon Biotech) into the culture medium. The OE of Hoxd8 was confirmed by qRT-PCR, and multiple senescence-associated phenotypes were then examined.



Bulk-Population RNA Sequencing Data Analysis

Adapter trimming was performed by cutadapt for RNA sequencing reads in FASTQ-format files. Trimmed sequencing reads were aligned to annotated reference genome (NCBI RefSeq annotations for genomes mm10) by STAR following the default parameters (e.g., “runMode” as genome Generate mode, “allows varying length with parameter sjdbOverhang” as 149, “outFilterMultimapNmax” as 10; Dobin et al., 2013). The reads per kilobase million (RPKM) of genes were quantified by FeatureCounts (Liao et al., 2014), which took paired-end reads into consideration, and then normalized by gene length. To compare the difference between bulk population RNA-seq and scRNA-seq, gene expression level of scRNA-seq was averaged for each cluster of cells.



Dimension Reduction and Clustering Analysis

RNA sequencing reads were adapter trimmed by cutadapt. Trimmed sequencing reads were further aligned to reference genome using STAR with parameters similar with those as described above. RPKM of genes was quantified by FeatureCounts and normalized by gene length. Cells with extremely low abundance of valid reads were removed. Dimension reduction, namely, principal component analysis (PCA) and T-distributed stochastic neighbor embedding (tSNE), was performed using Seurat v3 (Macosko et al., 2015). The highly variable genes (HVGs) were selected based on normalized dispersion following Macosko et al. (2015). We used around 2,500, 5,000, 8,000 HVGs, respectively, to perform dimension reduction and clustering analysis in order to get reliable results. Because the clustering results were similar, we chose to use around 2,500 HVGs. Outliers were further determined and filtered by PCA projection. About top 50 principal components (PCs) were chosen for tSNE projection (Maaten and Hinton, 2012). Clustering of single cells was performed by KNN graph construction and Louvain algorithm. Considering the sample size in our case, parameter k in clustering algorithm was set as 10. Parameter of resolution was set from 0.8 to 2 to screen all possible clusters. Differentially expressed gene (DEG) identification of each cluster was performed using all genes following the pipeline of a previous paper (McDavid et al., 2013). Gene Ontology (GO) analysis was performed in Metascape (Zhou et al., 2019). Raw clusters with few DEGs were merged to avoid excessive classification. At last perplexity in tSNE was set as 10.



Expressed Gene Selection of Single-Cell RNA Sequencing and Bulk Population RNA Sequencing Data on Mouse Embryonic Fibroblasts

The bulk population RNA-seq data of transcriptomes of in vitro cultivated MEFs from PD6 to PD11 was obtained from our previous paper (Chen et al., 2018). The expressed genes in scRNA-seq were filtered by criteria of log (exp) > 0.01, which is the 10% quantile of expression level. For bulk RNA data, we only considered genes of > 1 fragment per kilobase million (FPKM) in all the in vitro cultivation passages from PD6 to PD11.



Gene Set Enrichment Analysis

Gene set enrichment analysis (GSEA) measures the enrichment of a priori defined set of genes. We implemented a GSEA approach for single cells, following steps as below: (1) Genes were ranked according to their expression level for each cell. (2) Recovery curve was created by walking down a priori defined gene list, and steps were increased when we encounter a gene in the gene set. The area under the curve (AUC) was computed as the indicator of enrichment for a certain gene set. And only AUC of top 3,000 ranked genes was considered. AUC values were normalized across cells.



Cell Cycle-Related Genes, Immune and Senescence-Related Genes, and Translation-Related Genes

The list of cell cycle-related genes in mouse was obtained from the previous paper “Highly Parallel Genome Wide Expression Profiling of Individual Cells Using Nanoliter Droplets” (Macosko et al., 2015). Immune and senescence-related genes were chosen from immune and senescence-related GO terms enriched by DEGs of clusters 3 and 4. Translation-related genes were all the genes of GO term “translation” enriched by DEGs of cluster 6.



Inference of Aging Lineage and Cell Pseudotime Along Lineages

In order to identify the continuous senescence of MEFs, we implemented Slingshot (Kelly et al., 2018) on the single-cell sequencing data. The cell clusters inferred by PCA and Louvain algorithm were used as input for Slingshot to infer the lineage relationship. Cluster 1 was set as the starting cells according to the expressing trend of aging genes we found in bulk RNA-seq data and previous studies. Pseudotime of each single cell along lineages was projected by principal curve implemented in Slingshot. Weight of projection was filtered by cutoff of 0.6. Lineage inference was performed on three panels of HVGs, which were around 2,500, 5,000, and 8,000, respectively. Three lineages, namely, the main lineage (1-2-3-4), duplication-regained lineage (1-2-5), and translation-elevated lineage (1-2-6), were supported by analysis using 2,500, 5,000, or 8,000 HVGs.



Transcription Factor Network Discovery and Lineage Committed Transcription Factor Inference in the Main Lineage

We constructed co-expression modules between transcription factors (TFs) and candidate target genes (TGs). Motif rankings which indicate motif–target affinity were drawn from SCENIC database (Aibar et al., 2017). Co-expressed genes in the TF modules where treated as TF targets if they are enriched in the top motif rankings. Enrichment analysis of TF regulons in each single cell was implemented in each cell by calculating the AUC value of recovery curve. Pseudotime of each cell on certain lineage was inferred by principal curve implemented in Slingshot. Lineage committed TF networks were identified by examining the correlation between enrichment of TF network and the increase of cell pseudotime. AUC values of the recovery curve of each TF regulon were normalized across cells.



RESULTS


Full-Length Single-Cell RNA Sequencing for Senescent Mouse Embryonic Fibroblasts

To explore the heterogeneity and potential cell–cell interactions during replicative senescence of MEFs, we cultured MEFs in atmosphere (20%) oxygen condition until nearly half of the cells exhibited SA-β-Gal positive staining (Figures 1A,B). The advantage of this stage is that it includes both senescent and younger cells; thus, it is relatively cost-effective compared with select populations containing excesses of pro-senescent or senescent cells. Cell shape and viability were also evaluated prior to loading in the Fluidigm C1 system. Distinct differences among single cells were observed in terms of cellular shape (Supplementary Figure S1), suggesting that cells might undergo different stages of senescence process during a single passage. Single-cell transcriptome libraries were constructed in the C1 system and submitted to high-throughput sequencing. After quality control (including removal of potential contaminants and cell doublets), 175 single cells with an average sequencing depth of 3.96 million (M) reads per cell were selected for further analyses (Supplementary Figure S2). A total of 26,121 genes in total and an average of nearly 10,000 genes per cell were detected (Supplementary Figure S2), suggesting the high sensitivity with this full-length RNA-seq strategy. Subsequently, 2,556 genes that were more likely to reflect real biological differences among these single cells were selected based on gene expression dispersion, in accordance with previous publications (Macosko et al., 2015); these genes were subjected to further analysis (Supplementary Figure S3).
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FIGURE 1. Single-cell RNA sequencing (RNA-seq) for senescent mouse embryonic fibroblasts (MEFs) revealed six clusters with distinct expression patterns. (A,B) Senescence-associated β-galactosidase (SA-β-Gal) staining of PD6 and PD9 MEFs. The left panel shows representative staining, and the right panel shows the quantitative evaluation. ∗∗p-value < 0.01, t-test. (C) T-distributed stochastic neighbor embedding (tSNE) visualization of six color-coded clusters of PD9 MEFs. (D) Heatmap of significantly enriched Gene Ontology (GO) terms using differentially expressed genes (DEGs) of each cluster. Clusters representing GO terms are highlighted in red color. (E) Cricos showing connections of DEGs of the six clusters. Purple lines link the identical DEGs between clusters. PD, population doubling.




Clustering Analysis Reveals Six Subpopulations of Mouse Embryonic Fibroblasts With Distinct Senescence Features

PCA coupled with clustering is widely used in single-cell transcriptome analysis (Zheng et al., 2017; Han et al., 2018). We thus applied it to our single-cell data; the 2,556 HVGs mentioned above were included in PCA. Because the top 50 PCs explained more than 90% of single-cell variance (Supplementary Figure S4), we chose them to cluster 175 MEFs by Seurat package (Macosko et al., 2015). One hundred seventy-five MEFs were split into six clusters and displayed in two-dimensional tSNE (Figure 1C and Supplementary Figure S5). DEG identification, followed by GO analysis, was carried out on these six clusters. Upregulated DEGs for each cluster were analyzed as compared to combined remaining five clusters to define the molecular features of this cluster. Overall, each cluster had characteristic GO terms (Figure 1D), reinforcing the reliability of the clustering analysis. Notably, several clusters also showed overlapped GO terms. For example, the senescence-associated GO term inflammatory response existed in both clusters 3 and 4 (Figure 1D), suggesting that these two clusters of cells were senescent but may have been at different stages of senescence.

We next analyzed these six clusters in a sequential manner. Cluster 1 was enriched in GO terms such as mitotic cell cycle, cell division, and DNA replication (Figure 1D); this suggested a normal replication status for the cells in the cluster. Cluster 2 had weak enrichment of normal function such as cell–cell junction organization and a few senescence-related GO terms such as inflammatory response (Figure 1D), implying that this group of cells was undergoing a transition state to senescence. Clusters 3 and 4 both showed signs of senescence (e.g., inflammatory response; Figure 1D). In addition, cluster 3 exhibited DEGs enriched in positive regulation of cell death and migration, while cluster 4 exhibited DEGs enriched in acute inflammatory response and apoptotic signaling pathway. As noted above, the results suggest that clusters 3 and 4 are at two different stages of senescence, as in previous reports where cell death-related genes were highly expressed in senescent cell populations (Kim et al., 2013). Notably, cluster 5 was a small but unique cluster in which upregulated DEGs were enriched in both cell duplication-associated GO terms (e.g., mitotic cell cycle and cell division) and SASP-associated GO terms (e.g., inflammatory response and positive regulation of cytokine production) (Figure 1D). There are two possible reasons to explain the appearance of these cells. One possibility is that these cells might be affected by SASP components in the culture, which were produced by adjacent senescent cells (e.g., cells in clusters 3 and 4) through a paracrine effect. The other possibility is that these cells might escape from cell cycle arrest (Sherr and Dipinho, 2000; Krones-Herzig et al., 2003). The exact origin of this small number of cells deserves further experimental validation. Cluster 6, another small but distinct cluster, exhibited OE of translation and ATP synthesis-associated GO terms based on enrichment analysis of upregulated DEGs (Figure 1D); this finding implied mass production of proteins coordinated with higher energy supply because protein translation is a biological process with a high energy demand (Lane and Martin, 2010; Gonskikh and Polacek, 2017). There were some shared GO terms between two clusters, such as mitotic cell cycle and cell division in both clusters 1 and 5, as well as ribosome biogenesis in both clusters 1 and 6. Thus, we examined whether these shared GO terms reflected similar or different DEGs in the same GO category. To systematically address this question, we analyzed all possible genes overlapping among these six clusters. We found that clusters 3 and 4 shared a considerable proportion of DEGs (Figure 1E). Certain DEGs in cluster 1 were also present in cluster 5 or 6 (Figure 1E), suggesting that these genes were dynamically regulated. Taken together, we defined these six clusters of single cells with signature genes and speculated that (1) cluster 1 was presumably proliferating cells that replicated normally; (2) cluster 2 could be an intermediate stage between clusters 3 and 4; (3) clusters 3 and 4 were presumably senescent cells with cell cycle arrest and SASP (Supplementary Figure S6); (4) cluster 5 represented a subset of MEFs that might be affected by SASP components in the culture or might escape from cell cycle arrest; (5) cluster 6 suggested that a subset of MEFs could coordinate protein translation with ATP synthesis.

To further confirm the senescence status of each cluster, we applied our previously published bulk population MEF RNA-seq data (Chen et al., 2018), which contain transcriptomes of in vitro-cultivated MEFs from PD6 to PD11 to the current single-cell data. As expected, two data sets shared a large proportion of expressed genes (Figure 2A). To further investigate shared genes between two data sets, we overlapped those shared genes with literature-supported senescence-associated genes (from CellAge1). Approximately 60% (168 out of 279) senescence-associated genes were simultaneously expressed in two data sets (Figure 2B). Among expressed genes that were shared in these two datasets, we individually displayed expression levels of a subset of well-known senescence marker genes in the tSNE map. Cyclin-dependent kinase inhibitor (CKDI) coding genes like Cdkn1a and Cdkn2b had relatively higher expression levels in clusters 3 and 4 than in cluster 1 (Figure 2C), as did the senescence-associated TF coding gene Egr1, SASP-related genes like Cxcl1 and Ccl2 (Figure 2C). In contrast, the cell proliferation marker gene Mki67 showed a higher expression level in cluster 1 than in clusters 3 and 4. We also performed expression plots of gene pairs (Cdkn1a and Cdkn2b, Cdkn1a and Egr1, Cdkn1a and Hif1a, Cdkn1a and Pcna) to further explore the co-expression at the single-cell level. Expression levels of Cdkn1a and Cdkn2b, expression levels of Cdkn1a and Egr1, and expression levels of Cdkn1a and Hif1a were positively correlated. Although expression levels of Cdkn1a and Pcna were not negatively correlated, the expression level of Cdkn1a in most cells was higher than 1 FPKM, whereas the expression level of Pcna in most cells was lower than 1 FPKM (Supplementary Figure S7). The result above suggested that cluster 1 exhibited transcriptome features of pro-senescent cells, whereas clusters 3 and 4 exhibited transcriptome features of senescent cells.
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FIGURE 2. Comparison of single-cell RNA sequencing (scRNA-seq) data and bulk population data on mouse embryonic fibroblasts (MEFs). (A) Venn diagram presented the overlap of expressed genes between scRNA-seq data and our previous bulk population data on in vitro cultivated MEFs’ transcriptomes. (B) Venn diagram presented the overlap of expressed genes from scRNA-seq data, expressed genes from bulk population data, and senescence-associated genes from CellAge. (C) T-distributed stochastic neighbor embedding (tSNE) plots presenting the expression level of 10 well-known senescence markers in each single cell; these 10 genes were among the overlap of scRNA-seq data and bulk population data. (D,E) Overall expression levels of continuously upregulated (D) and downregulated (E) genes in our previous PD6 to PD11 MEF bulk population RNA-seq data in each single cell were presented in tSNE plot (Figure 1C). The overall expression level was displayed in normalized area under the curve (AUC) level (Z-score). Z-score, value calculated by Z normalization using AUC value; Bulk-seq, PD6 to PD11 MEF bulk population RNA-seq; Exp, expression level.


Next, we selected the genes that were consecutively upregulated (1,531 genes) or downregulated (1,993 genes) during the course of in vitro cellular senescence in MEFs (from PD6 to PD11; Chen et al., 2018) and displayed their overall expression level (displayed by Z score) in the two-dimensional tSNE map of single cells (Figures 2D,E). As expected, upregulated genes in bulk population data demonstrated higher expression levels in clusters 3 and 4 (Figure 2D), in which DEGs were enriched in senescence-associated GO terms. Similarly, downregulated genes in bulk population data demonstrated high expression levels in cluster 1 (Figure 2E), in which DEGs were enriched in duplication-associated GO terms. Cells from cluster 2 expressed subsets of both upregulated and downregulated genes (Figures 2D,E). This result further supported that MEFs in cluster 1 were younger than that in clusters 3 and 4; cluster 2 exhibited intermediate features. To further illustrate this point, we plotted the expression of literature-supported senescence-associated genes (from CellAge1, within those consecutively upregulated or downregulated genes on the two-dimensional tSNE map. The conclusion remained consistent with the finding above (Supplementary Figure S8). Together, we provided three types of evidence (including GO analysis of DEGs for each cluster, classical senescence marker genes, and bulk RNA-seq from senescent MEFs) to support the notion that these six clusters reflect distinct stages of MEF senescence.



Trajectory Analysis Reveals Three Distinct Lineages During Mouse Embryonic Fibroblast Senescence

The above results indicated that MEFs were at different stages of senescence, although they had been cultured simultaneously. Different clusters might reflect different senescence statuses of MEFs through the senescence paths. To explore whether such paths exist, we analyzed the development trajectories of single-cell transcriptome to investigate relationships among these six clusters. Along the pseudotime, there were three indicated lineages, all of which began with cluster 1, followed by cluster 2, and then diverged into three different branches (Figure 3A and Supplementary Figure S9). This result suggested that MEFs might undergo different biological processes during cellular senescence. The main lineage contained clusters 1, 2, 3, and 4, which possessed a large proportion of all single cells and could be a major senescence path. Compared with cluster 2, cluster 1 exhibited upregulation of DEGs that were enriched in duplication-associated GO terms, while cluster 3 exhibited upregulation of DEGs that were enriched in senescence-associated GO terms (Figure 3B); these findings suggested that cluster 1 was younger than cluster 2, while cluster 3 exhibited greater senescence than cluster 2. Next, when conducting DEG analysis between clusters 3 and 4, we found that GO terms such as apoptotic signaling pathway and positive regulation of cell death were exclusively displayed in cluster 4, consistent with the hypothesis that apoptosis and cell death is the next step of senescence (Figure 3B; Kim et al., 2013). These results implied that MEFs in this lineage first underwent cell cycle arrest (from cluster 1 to cluster 2), and then acquired SASP and inflammation-related traits (from cluster 2 to cluster 3), and finally underwent apoptosis or cell death (from cluster 3 to cluster 4). This lineage was also supported by the finding of a previous study that showed senescent human diploid fibroblasts (HDFs, another commonly used cell line in studying senescence) first exhibited features of reduced cell cycle-related genes, followed by elevated expression of inflammation and apoptosis-associated genes and ultimate elevation of cell death-related genes (Kim et al., 2013). The second lineage contained clusters 1, 2, and 5. To understand this lineage further, we conducted DEG analysis between clusters 5 and 2. The result revealed that upregulated DEGs in cluster 5 were enriched in both cell duplication-associated GO terms and senescence-associated GO terms, suggesting a possibility of escape from cell cycle arrest and acquisition of SASP for cells in cluster 5 (Figure 3C). Furthermore, we selected cell cycle-related genes described in a previous publication (Macosko et al., 2015), as well as immune and senescence genes from clusters 3 and 4 DEGs and plotted them on the clusters. We found that cells in cluster 5 expressed higher levels of both cell cycle and immune, senescence-related genes (Figure 3D), further supporting the distinct status of this cluster. Previous studies demonstrated that a small amount of in vitro cultured MEFs may be immortal because of mutations in the p53-MDM2-p19ARF pathway (Krones-Herzig et al., 2003). That might explain how cells in cluster 5 were able to escape cell cycle arrest. The third lineage contained clusters 1, 2, and 6. When compared with cluster 2, cluster 6 did not demonstrate an upregulation of inflammation-related genes, instead upregulated DEGs were enriched in translation and ATP synthesis-associated GO terms (Figure 3C), suggesting coordinated expression of these two biologically relevant gene types. Intriguingly, the overall downregulation of translation-related ribosomal proteins in the main lineage (1-2-3-4) was not detected in this lineage (1-2-6) (Figure 3E). A previous study also observed that ribosomal protein levels and overall translation were elevated in premature aging (Buchwalter and Hetzer, 2017). The underlying mechanism by which enhanced translation and ATP synthesis occurred during in vitro cultivation of MEFs is unclear and merits further investigation. Together, trajectory analysis of these single cells revealed three distinct lineages of MEFs during cellular senescence, namely, the main lineage (1-2-3-4), duplication-regained lineage (1-2-5), and translation-elevated lineage (1-2-6).
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FIGURE 3. Distinct biological processes of senescence uncovered by trajectory inference. (A) Trajectory analysis by Slingshot revealed three development lineages during senescence. (B,C) Heatmaps of main Gene Ontology (GO) terms enriched in Metascape using differentially expressed genes (DEGs) between two adjacent clusters in lineage 1 (B) and lineages 2 and 3 (C). Only highly expressed DEGs were used for GO terms enrichment. (D) T-distributed stochastic neighbor embedding (tSNE) plots of overall expression level of cell cycle-related genes (upper panel) and immune and senescence-related genes (lower panel) in each single cell. (E) Graphs showing overall expression levels of translation-related genes selected from cluster 6 DEGs in each single cell along the pseudotimes of lineages 3 (left panel) and lineage 1 (right panel). Z-score, value calculated by Z normalization using the AUC value.




Upregulation of Some Senescence-Associated Secretory Phenotype Components Was Observed in Subsets of Cells During Senescence of Mouse Embryonic Fibroblasts Cultivated in Atmospheric Oxygen

Factors that contributed to the main lineage (1-2-3-4) were next examined. We noticed that some SASP components were upregulated as cells progressed through this lineage (Figure 4A). However, only a subset of cells exhibited upregulation of these factors (Figure 4B), whereas other cells did not change. Notably, Nfkb1 (p50) and Cebpb, two well-known TF coding genes that have been reported to regulate SASP (Freund et al., 2010), were also upregulated in a subset of cells in the lineage 1-2-3-4 (Figure 4C), implying that certain TF-SASP signal signaling interactions contribute to senescence of some cells in this lineage. This result was initially considered contradictory to the findings of a previous study, which reported that the secretion of SASP factors from atmospheric oxygen cultivated MEFs was not detected during the progression of senescence (Coppé et al., 2010). However, because the discovered SASP-related genes such as Il6 and Cxcl1 were only upregulated in a small percentage of cells (Figures 4A,B), those genes presumably could not be detected by bulk cell analysis due to a dilution effect, whereas they could be detected by single-cell analysis. To further confirm the existence of SASP in MEFs, we simultaneously cultivated MEFs with NM and SCM collected from senescent MEFs. Enhancement of SA-β-Gal staining and G1-phase cell cycle arrest was observed in SCM-cultivated MEFs compared with NM-cultivated cells (Figures 4D–G). Additionally, upregulation of Cdkn2b and Cdkn1a was observed in SCM-cultivated cells by reverse transcription followed by qRT-PCR (Figure 4H). Because SCM contains SASP mediators such as IL6 that are released by senescent cells (Coppé et al., 2010), the above results support the notion that atmospheric oxygen-cultivated MEFs can be induced to senescence through an SASP mechanism.
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FIGURE 4. Upregulation of some senescence-associated secretory phenotypes (SASPs) was observed in atmospheric oxygen-cultivated mouse embryonic fibroblasts (MEFs). (A) Representative SASP components were upregulated along lineage 1 in Figure 3A. Z-score, value calculated by Z normalization using expression level; corr, correlation score along lineage 1. (B,C) T-distributed stochastic neighbor embedding (tSNE) plots presenting expression levels of upregulated SASPs (B) and their upstream transcription factors (TFs) (C) in each single cell. As shown in the picture, SASPs and two SASP-related TFs were upregulated in clusters 3 and 4 in a scattered matter. (D–H) Senescence-associated β-galactosidase (SA-β-Gal) staining (D) and its quantitative evaluation (E), cell cycle analysis (F) and its quantitative evaluation (G), and quantitative reverse transcription PCR (qRT-PCR) of several senescence markers (H) were compared between normal medium (NM)- and senescence-conditioned medium (SCM)-cultivated MEFs. Gapdh was used as internal control in qRT-PCR. *, **, and *** represent p-values less than 0.05, 0.01, and 0.001 by t-test, respectively. (I) Cells cultivated with NM, SCM, medium without interleukin (IL)6, medium with 5 ng/ml IL6, and medium with 50 ng/ml IL6 were collected and subjected to RNA sequencing (RNA-seq). Principal component analysis (PCA) was performed with bulk RNA-seq data and single-cell RNA-seq data (cells in the same cluster were combined together) using their overlapped genes. PC1 likely represents the data type difference between bulk and single-cell RNA-seq. NM, normal medium-cultivated MEFs; SCM, senescence-conditioned medium-cultivated MEFs; -IL6, MEFs cultivated in medium without IL6; + IL6 (5 ng/ml)/ + IL6 (50 ng/ml), MEFs cultivated in medium with 5 or 50 ng/ml IL6. Two replicates (_1 and _2) of samples with NM, SCM, and 50 ng/ml IL6 were included for analysis. Exp, expression level.


To explore if a single SASP factor such as IL6, for which expression was upregulated in a few of the senescent MEFs, can lead to senescence by means of paracrine signaling, we added IL6 into culture medium and examined senescence-associated phenotypes in MEFs by comparison with control medium. The impact of IL6 was less striking than the addition of SCM, which contains multiple SASP factors, however, a paracrine tendency was observed, including a higher percentage of SA-β-Gal staining and elevated Cdkn2b expression upon IL6 treatment in younger MEFs (Supplementary Figure S10). This supported the notion that a few MEFs could secrete SASP mediators such as IL6 to promote senescence of nearby cells in a paracrine manner. To examine the similarity of cellular senescence induced by SCM (or IL6) and the senescent path in the main lineage, we performed bulk population RNA-seq on MEFs with and without SCM or IL6 treatment. PCA was applied to compare bulk RNA-seq with single-cell clusters. Because PC1 apparently differed on the basis of RNA-seq data type (bulk vs. single cell), we used PC2 for comparison of real biological differences. Consistent with the enhanced SA-β-Gal staining upon SCM treatment, we found that SCM-cultivated MEFs were close to clusters 3 and 4, while NM-cultivated cells were close to clusters 1 and 2 with respect to whole transcriptome expression (Figure 4D). Consistent with the weak impact observed regarding Cdkn2b (Figure 4H and Supplementary Figure S10), IL6-treated MEFs also demonstrated a moderate transcriptome shift to senescence compared with NM treatment (Figure 4I). Overall, the above data showed that some SASP components were upregulated in a subset of cells during senescence of atmospheric oxygen-cultivated MEFs, which might be related to paracrine senescence.



Network Analysis Shows HOXD8 Is a Novel Regulator for Mouse Embryonic Fibroblast Senescence in the Main Lineage

We hypothesized that dynamically changed TF may regulate multiple TGs including SASP to promote senescence in the main lineage. To screen potential TF–TG networks, we selected and filtered TFs and their co-expression genes using a pipeline similar to SCENIC (Aibar et al., 2017). We identified lineage-committed TF–TG networks on the basis of the correlation between enrichment of TGs in cells (measured by AUC of recovery curve of the TGs) and cell pseudotime of the main lineage inferred by Slingshot (correlation > 0.3 or < -0.3; Figure 5A). Notably, several TFs (e.g., JUNB, CEBPB, MEOX2, and TFDP) have been shown to inhibit cell proliferation and induce cellular senescence (Konishi et al., 2008; Douville et al., 2011; Ohdaira et al., 2012; Thomsen et al., 2015), suggesting that these discovered TF–TG networks reliably contributes to senescence. To further investigate TFs that have not been identified as regulators of cellular senescence, we overexpressed Nr1d1 and Hoxd8, for which corresponding TGs exhibited positive correlations with cell pseudotime, and knocked down Ssrp1 and Nfyc, for which corresponding TGs exhibited negative correlations with cell pseudotime (Figure 5A and Supplementary Figure S11). We discovered that OE of Hoxd8 could promote senescence-associated phenotypes (Figures 5B–J). HOXD8 is a TF that has been reported to regulate cell proliferation and differentiation and to determine regional identity during embryogenesis (Mcginnis and Krumlauf, 1992; Liu et al., 2016; Mansour and Senga, 2017). OE of Hoxd8 in NIH3T3 (Figure 5B), a mouse fibroblast cell line derived from MEFs, led to multiple senescence-associated phenotypes, including reduced cell proliferation rate (Figure 5C), G1 phase arrest (Figures 5D,E), enhanced SA-β-Gal staining (Figures 5F,G), and reduced DNA replication activity (Figures 5H,I). Upregulation of senescence markers including Cdkn1a, Cdkn1b, Ccnd1, and Ckdn2d was also observed by qRT-PCR (Figure 5J). Notably, the expression of Il6 was also enhanced in Hoxd8-OE cells (Figure 5J). Transcriptomic analysis revealed DEGs between Hoxd8-OE and normal NIH3T3 cells that were enriched in senescence-related GO terms such as cellular response to DNA damage stimulus, cell division, and regulation of translation (Supplementary Figure S12). We also observed a tendency of cellular senescence in Hoxd8-OE MEFs (Supplementary Figure S13). These results indicate that HOXD8 could be a novel regulator in regulating MEF senescence, according to both single-cell analysis and experimental validation.
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FIGURE 5. Transcription factor (TF) HOXD8 is a new senescence regulator in mouse embryonic fibroblasts (MEFs). (A) Co-expression modules of TFs and their predicted target genes (TGs) were filtered using TF-motif database in RcisTarget along lineage 1 (Aibar et al., 2017). Pearson correlation was calculated between the overall expression of co-expression genes and lineage 1 pseudotime. Modules with correlation coefficient (corr.) either more than 0.3 or less than -0.3 are displayed in heatmap. Z-score, value calculated by Z normalization using area under the curve (AUC) value. (B) Overexpression (OE) of Hoxd8 in NIH3T3 cells was confirmed by quantitative reverse transcription PCR (qRT-PCR). Gapdh was used as internal control. (C) Cell proliferation rate was evaluated by Cell Counting Kit-8 (CCK-8) assay. (D,E) Cell cycle analysis between Hoxd8-OE and control NIH3T3 cells. (D) Shows representative cell cycle distribution, and (E) shows the quantitative evaluation. (F,G) Senescence-associated β-galactosidase (SA-β-Gal) staining (F) and its quantitative evaluation (G) were compared between Hoxd8-OE and control NIH3T3 cells. (H,I) 5-Ethynyl-2′-deoxyuridine (EdU) incorporation assay (H) and its quantitative evaluation (I) were compared between Hoxd8-OE and control NIH3T3 cells. Blue, 4′,6-diamidino-2-phenylindole (DAPI) staining; green, EdU incorporation. (J) qRT-PCR analysis for cell cycle and senescence-related genes in both Hoxd8-OE and control cells. Gapdh was used as internal control. ∗, ∗∗, and ∗∗∗ represent p-values less than 0.05, 0.01, and 0.001 by t-test, respectively.




DISCUSSION

To the best of our knowledge, this study is the first single-cell transcriptome analysis of replicative senescent MEFs, a basic and valuable cellular aging model. Although it has been known that senescent cells are not identical, even at the same passage during in vitro cultivation, there has been no clear understanding of this heterogeneity among single MEFs. By sequencing each single cell at a half SA-β-Gal staining passage of MEFs with sufficient sequencing coverage, we identified dramatic differences among these single cells. Six clusters were discovered, and each represents a distinct status with signature genes associated with different stages of MEF senescence. Furthermore, these six clusters reflected three lineages, indicating three distinct cell fates that each single cell may choose. Whereas a previous bulk population study suggested that senescent MEFs cultivated in atmospheric oxygen did not secrete higher levels of any SASP factors, compared with pro-senescent MEFs (Coppé et al., 2010), our single-cell transcriptome analysis revealed that at least a few MEFs exhibited a higher expression of SASPs and their upstream TFs. By integrative analysis and experimental validation, we also identified the TF HOXD8 as a novel regulator for MEF senescence. Thus, this study thus provides a new perspective for this important senescence model.

A previous study performed extensive analyses of the transcriptome dynamics of HDFs over the course of in vitro replicative senescence, however, the heterogeneity of these senescent cells remained unclear (Kim et al., 2013). Using single-cell RNA-seq, we detected three distinct lineages in replicative MEFs. The main lineage manifested features on SASPs, inflammation, and cell death, similar to the pattern of HDFs (Kim et al., 2013). However, the duplication-regained lineage indicated a possibility of recovery of cell replication ability and persistent expression of SASPs; the translation-elevated lineage showed a coupled enhancement of translation and ATP synthesis. These two lineages only comprised a small percentage of single cells and may be overwhelmed by bulk transcriptome analysis. Thus, single-cell analysis of MEFs provided us a complex but intriguing perspective of gene expression in senescence. It revealed that single cells may choose different cell fates and exhibit distinct gene expression features upon exposure to replicative stress. Notably, the relationship between global translation level and cellular senescence/aging has been reported in other studies with various study materials. A previous study demonstrated enhancement of global translation level and ribosome synthesis in a premature aging mouse model (Buchwalter and Hetzer, 2017). Additionally, multiple studies showed life span extension in flies or worms in knockout mutants with certain ribosomal protein genes (Steffen et al., 2008; Janssens and Veenhoff, 2016). Because cellular senescence is known to promote individual aging (López-Otín et al., 2013), the higher translation activity in cluster 6, compared with cluster 2, suggested a possible link between protein synthesis and senescence, which merits further investigation.

To deeper understand the driving force of senescence in the main lineage, we investigated the SASP components. Some SASPs were detected to be upregulated in the senescent clusters in a scattered pattern (only upregulated in some cells). A previous study did not detect significantly higher secretion levels of any SASP factor in senescent MEFs (e.g., cultivated in atmospheric oxygen) compared with pro-senescent MEFs (Coppé et al., 2010). This disparity might be related to differences in the experimental approach between these two studies; in particular, upregulation of SASPs in a small proportion of cells might not change the overall expression level. That is another insight that can only be observed by single cell-based experiments. Consistent with the findings of previous studies (Hubackova et al., 2012; Acosta et al., 2013), we observed the induction of paracrine senescence in MEFs by SASP components when cells were exposed to conditioned medium; IL6-treated MEFs displayed weaker senescence features compared with SCM-cultivated MEFs.

Hoxd8 belongs to the Hox gene family, an important regulator family that functions in embryogenesis (Mcginnis and Krumlauf, 1992). Recent studies suggested that reactivation of this developmentally critical gene family played an unexpected role during aging (Schwörer et al., 2016). For example, Hoxa9 was discovered to be reactivated in aged individuals and impaired the function of the muscle stem cell (Schwörer et al., 2016). As for Hoxd8, it has been reported to regulate the cell cycle and oncogenesis in several carcinomas (Liu et al., 2016; Mansour and Senga, 2017). By single-cell analysis of MEFs, we first showed that Hoxd8 could also be a regulator of senescence, extending the link between this gene family and aging. ChIP-seq coupled with RNA-seq analysis need to be performed in a future investigation to fully elucidate the direct TGs of this TF with respect to senescence.

Zirkel et al. (2018) carried out scRNA-seq on ∼8,300 proliferating and ∼5,200 replicative senescent HUVECs on a 10X Genomics platform. We found multiple senescent marker genes [CDKN1A (p21), PCNA, LMNB1, EZH2, CCNA2, IL6] had similar heterogeneity between replicative MEFs and HUVECs (Figures 2B,D from Zirkel et al., 2018, and Figure 2C from our study). For example, PCNA showed higher expression in proliferating cells while reduced expression in senescent cells (in both MEFs and HUVECs). IL6 exhibited increased cell number of IL6high cells in senescent HUVECs compared with younger cells, but the overall cell proportion is not very high (Figure 2B in Zirkel et al., 2018), consistent with our finding in replicative MEFs that a few of the senescent MEFs had high expression of Il6 (Figure 4B). CDKN1A showed an increased expression trend along the pseudotime course of HUVECs (Figure 2D from Zirkel et al., 2018), in line with the elevated expression trend of Cdkn1a along the main lineage (1-2-3-4) of MEFs (Figure 2C, Figure 3). In Figure 3 of our MEF data, we showed that immune and senescence-related genes had an increased expression trend along the main lineage. However, SASP-related genes such as CXCL1 and IL8 did not show an increased expression trend along the pseudotime course of HUVECs (Figure 2D from Zirkel et al., 2018). One possible explanation is that Zirkel et al. (2018) sequenced senescence entry cells while some of the MEFs we sequenced were at a later stage of senescence, which is featured by immune-senescence cross talk-related genes. Since the study of Zirkel et al. (2018) focused on the function and mechanism of candidate gene HMGB2, after discovering the eight senescent cell states along the main path, they did not perform further analysis on scRNA-seq data. We thus did not know the dynamic changes of translation-related genes in HUVECs, and this point deserves further study.

Teo et al. (2019) performed scRNA-seq (Smart-Seq2 protocol) in an H-RasG12V-induced IMR90 fibroblast model. They obtained transcriptome data of hundreds of single cells. The main discovery of their study is that two cell senescence endpoints were identified, and the primary endpoint is featured by Ras while the secondary one is marked by Notch signaling activation. Interestingly, cell cycle-related genes such as CDKN1A and CDKN2B showed distinct expression profiling in these two different senescence states (Figure 1D from Teo et al., 2019). In our MEF model, we also observed dynamic changes of cell cycle-related genes along the three lineages identified (Figures 2C, Figures 3A,D). One common feature between replicative MEFs and oncogene-induced IMR90 senescence is elevated expression of CEBPB. We found increased Cebpb along the main lineage of senescent MEFs (Figures 4A,C, Figure 5A), and Teo et al. (2019) also discovered upregulated CEBPB in both primary and secondary senescent states in IMR90 (see Figure 2D from Teo et al., 2019). We also found that a few SASP genes such as CXCL and IL family members showed a similar upregulation in senescent MEFs and IMR90 cells (Figures 1D, H from Teo et al., 2019; Figures 2–4).

There were some limitations in our study. We observed different senescence stages of single cells from PD9 MEFs and reconstructed the senescence process by lineage analysis. It would be preferable to chronologically sequence the single-cell transcriptomes of cells from the first in vitro cultivation passage to the last passage, which would allow construction of the authentic temporal lineage of each cluster during cell passages. That will help us understand more about the mechanisms involved in senescence (for example, when does the cluster with upregulated translation genes and ATP synthesis genes appear, and whether it will disappear in the end). Another limit is that we provided some new insights about how paracrine effects and Hoxd8 functioned in the senescence process of mouse fibroblasts, but we still did not investigate whether and how they function in other replicative senescence models, premature aging models, or aged tissues/organisms. Future investigations following this study are warranted to fully understand the whole picture of senescence at the single-cell level.



DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found at: https://bigd.big.ac.cn/gsa/browse/CRA002582, CRA002582.



AUTHOR CONTRIBUTIONS

WC conducted the single-cell RNA-seq and cellular experiments and drafted the manuscript. PQ, XW, and GW analyzed the data. YH and DL directed the experiments of single-cell RNA-seq. YS provided the support of Fluidigm C1 system. SQ and JC conducted the partial cellular experiments. BZ separated the MEFs from mouse. MC directed the cellular experiments. WJ directed the data analysis. TN designed the project, directed result analysis, and revised the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

This research was funded by the National Key R&D Program of China (Grant No. 2018YFC1003500), National Natural Science Foundation of China (Grant Nos. 91949107, 31771336, and 31521003), and Shenzhen Science and Technology Program (Grant Nos. KQTD20180411143432337 and JCYJ20170817111841427).



ACKNOWLEDGMENTS

We thank Qi Jia for her help on cell cultivation experiments, Suqin Shen for her support on flow cytometry experiment, and Sibo Zhu for his advice on the manuscript organization. We also thank Ryan Chastain-Gross, Ph.D., from Edanz Group of China, for editing the English text of a draft of this manuscript. The sequencing service is provided by Mayorbio.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fgene.2020.00867/full#supplementary-material


FOOTNOTES

1http://genomics.senescence.info/cells/


REFERENCES

Acosta, J. C., Banito, A., Wuestefeld, T., Georgilis, A., Janich, P., Morton, J. P., et al. (2013). A complex secretory program orchestrated by the inflammasome controls paracrine senescence. Nature Cell Biol. 15, 978–990. doi: 10.1038/ncb2784

Aibar, S., González-Blas, C. B., Moerman, T., Huynh-Thu, V. A., Imrichova, H., Hulselmans, G., et al. (2017). Scenic: single-cell regulatory network inference and clustering. Nat. Methods 14, 1083–1086. doi: 10.1038/nmeth.4463

Baker, D. J., Childs, B. G., Durik, M., Wijers, M. E., Sieben, C. J., Zhong, J., et al. (2016). Naturally occurring p16(Ink4a)-positive cells shorten healthy lifespan. Nature 530, 184–189. doi: 10.1038/nature16932

Bierman, E. L. (1978). The effect of donor age on the in vitro life span of cultured human arterial smooth-muscle cells. In Vitro 14, 951–955. doi: 10.1007/BF02616126

Buchwalter, A., and Hetzer, M. W. (2017). Nucleolar expansion and elevated protein translation in premature aging. Nat. Commun. 8:328. doi: 10.1038/s41467-017-00322-z

Campisi, J., and Fagagna, F. A. (2007). Cellular senescence: when bad things happen to good cells. Nat. Rev. Mol. Cell Biol. 8, 729–740. doi: 10.1038/nrm2233

Chen, M., Lyu, G., Han, M., Nie, H., Shen, T., Chen, W., et al. (2018). 3′ UTR lengthening as a novel mechanism in regulating cellular senescence. Genome Res. 28, 285–294. doi: 10.1101/gr.224451.117

Coppé, J., Patil, C. K., Rodier, F., Krtolica, A., Beauséjour, C. M., Parrinello, S., et al. (2010). A human-like senescence-associated secretory phenotype is conserved in mouse cells dependent on physiological oxygen. PLoS One 5:e9188. doi: 10.1371/journal.pone.0009188

Deng, Q., Ramskold, D., Reinius, B., and Sandberg, R. (2014). Single-cell RNA-seq reveals dynamic, random monoallelic gene expression in mammalian cells. Science 343, 193–196. doi: 10.1126/science.1245316

Dimri, G. P., Lee, X., Basile, G., Acosta, M., Scott, G., Roskelley, C., et al. (1995). A biomarker that identifies senescent human cells in culture and in aging skin in vivo. Proc. Natl. Acad. Sci. U.S.A. 92, 9363–9667. doi: 10.1073/pnas.92.20.9363

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

Douville, J. M., Cheung, D. Y., Herbert, K. L., Wigle, J. T., and Aernout, L. (2011). Mechanisms of MEOX1 and MEOX2 regulation of the cyclin dependent kinase inhibitors p21CIP1/WAF1 and p16INK4a in vascular endothelial cells. PLoS One 6:e29099. doi: 10.1371/journal.pone.0029099

Elkon, R., Ugalde, A. P., and Agami, R. (2009). Alternative cleavage and polyadenylation: extent, regulation and function. J. Alzheimers Dis. 17, 483–487. doi: 10.3233/JAD-2009-1076

Freund, A., Orjalo, A. V., Desprez, P. Y., and Campisi, J. (2010). Inflammatory networks during cellular senescence: causes and consequences. Trends Mol. Med. 16, 238–246. doi: 10.1016/j.molmed.2010.03.003

Gonskikh, Y., and Polacek, N. (2017). Alterations of the translation apparatus during aging and stress response. Mech. Ageing Dev. 168, 30–36. doi: 10.1016/j.mad.2017.04.003

Gorgoulis, V. G., and Halazonetis, T. D. (2010). Oncogene-induced senescence: the bright and dark side of the response. Curr. Opin. Cell Biol. 22, 816–827. doi: 10.1016/j.ceb.2010.07.013

Han, X., Wang, R., Zhou, Y., Fei, L., Sun, H., Lai, S., et al. (2018). Mapping the mouse cell atlas by microwell-seq. Cell 173, 1307.e17–1107.e17. doi: 10.1016/j.cell.2018.05.012

Harvey, M., McArthur, M., Montgomery, C., Butel, J. S., Bradley, A., and Donehower, L. A. (1993). Spontaneous and carcinogen-induced tumorigenesis in p53-deficient mice. Nat. Genet. 5, 225–229. doi: 10.1038/ng1193-225

Hayflick, L., and Moorhead, P. S. (1961). The serial cultivation of human diploid cell strains. Exp. Cell Res. 25, 585–621. doi: 10.1016/0014-4827(61)90192-6

Herbig, U., Jobling, W. A., Chen, B. P. C., Chen, D. J., and Sedivy, J. M. (2004). Telomere shortening triggers senescence of human cells through a pathway involving ATM, p53, and p21CIP1, but Not p16INK4a. Mol. Cell 14, 501–513. doi: 10.1016/S1097-2765(04)00256-4

Hubackova, S., Krejcikova, K., Bartek, J., and Hodny, Z. (2012). IL1- and TGFβ-Nox4 signaling, oxidative stress and DNA damage response are shared features of replicative, oncogene-induced, and drug-induced paracrine ‘bystander senescence’. Aging 4, 932–951. doi: 10.18632/aging.100520

Itahana, K., Campisi, J., and Dimri, G. P. (2004). Mechanisms of cellular senescence in human and mouse cells. Biogerontology 5, 1–10. doi: 10.1023/b:bgen.0000017682.96395.10

Janssens, G. E., and Veenhoff, L. M. (2016). The natural variation in lifespans of single yeast cells is related to variation in cell size, ribosomal protein, and division time. PLoS One 11:e0167394. doi: 10.1371/journal.pone.0167394

Kamijo, T., Zindy, F., Roussel, M. F., Quelle, D. E., Downing, J. R., Ashmun, R. A., et al. (1997). Tumor suppression at the mouse INK4a locus mediated by the alternative reading frame product p19ARF. Cell 91, 649–659. doi: 10.1016/s0092-8674(00)80452-3

Kelly, S., Davide, R., Fletcher, R. B., Diya, D., John, N., Nir, Y., et al. (2018). Slingshot: cell lineage and pseudotime inference for single-cell transcriptomics. BMC Genomics 19:477. doi: 10.1186/s12864-018-4772-0

Kim, Y. M., Byun, H. O., Jee, B. A., Cho, H., Seo, Y. H., Kim, Y. S., et al. (2013). Implications of time-series gene expression profiles of replicative senescence. Aging Cell 12, 622–634. doi: 10.1111/acel.12087

Konishi, N., Shimada, K., Nakamura, M., Ishida, E., Ota, I., Tanaka, N., et al. (2008). Function of JunB in transient amplifying cell senescence and progression of human prostate cancer. Clin. Cancer Res. 14, 4408–4416. doi: 10.1158/1078-0432.CCR-07-4120

Kowalczyk, M. S., Tirosh, I., Heckl, D., Rao, T. N., Dixit, A., Haas, B. J., et al. (2015). Single cell RNA-seq reveals changes in cell cycle and differentiation programs upon aging of hematopoietic stem cells. Genome Res. 25, 1860–1872. doi: 10.1101/gr.192237.115

Krones-Herzig, A., Adamson, E., and Mercola, D. (2003). Early growth response 1 protein, an upstream gatekeeper of the p53 tumor suppressor, controls replicative senescence. Proc. Natl. Acad. Sci. U.S.A. 100, 3233–3238. doi: 10.1073/pnas.2628034100

Lane, N., and Martin, W. (2010). The energetics of genome complexity. Nature 467, 929–934. doi: 10.1038/nature09486

Leonardo, A. D., Linke, S. P., Clarkin, K., and Wahl, G. M. (1994). DNA damage triggers a prolonged p53-dependent G1 arrest ana long-term induction of Cipl in normal human fibroblasts. Genes. Dev. 8, 2540–2551. doi: 10.1101/gad.8.21.2540

Liao, Y., Smyth, G. K., and Shi, W. (2014). Featurecounts: an efficient general purpose program for assigning sequence reads to genomic features. Bioinformatics 30, 923–930. doi: 10.1093/bioinformatics/btt656

Liu, Y., Miao, L., Ni, R., Zhang, H., Li, L., Wang, X., et al. (2016). MicroRNA-520a-3p inhibits proliferation and cancer stem cell phenotype by targeting HOXD8 in non-small cell lung cancer. Oncol. Rep. 36, 3529–3535. doi: 10.3892/or.2016.5149

López-Otín, C., Blasco, M. A., Partridge, L., Serrano, M., and Kroemer, G. (2013). The hallmarks of aging. Cell 153, 1194–1217. doi: 10.1016/j.cell.2013.05.039

Lyu, G., Guan, Y., Zhang, C., Zong, L., Sun, L., Huang, X., et al. (2018). TGF-β signaling alters H4K20me3 status via miR-29 and contributes to cellular senescence and cardiac aging. Nat. Commun. 9:2560. doi: 10.1038/s41467-018-04994-z

Maaten, L. V., and Hinton, G. (2012). Visualizing non-metric similarities in multiple maps. Mach. Learn. 87, 33–55. doi: 10.1007/s10994-011-5273-4

Macosko, E., Basu, A., Satija, R., Nemesh, J., Shekhar, K., Goldman, M., et al. (2015). Highly parallel genome-wide expression profiling of individual cells using nanoliter droplets. Cell 161, 1202–1214. doi: 10.1016/j.cell.2015.05.002

Mansour, M. A., and Senga, T. (2017). Hoxd8 exerts a tumor-suppressing role in colorectal cancer as an apoptotic inducer. Int. J. Biochem. Cell B 88, 1–13. doi: 10.1016/j.biocel.2017.04.011

Martinez-Jimenez, C. P., Eling, N., Chen, H. C., Vallejos, C. A., Kolodziejczyk, A. A., Connor, F., et al. (2017). Aging increases cell-to-cell transcriptional variability upon immune stimulation. Science 355, 1433–1436. doi: 10.1126/science.aah4115

McDavid, A., Finak, G., Chattopadyay, P. K., Dominguez, M., Lamoreaux, L., Ma, S. S., et al. (2013). Data exploration, quality control and testing in single-cell qPCR-based gene expression experiments. Bioinformatics 29, 461–467. doi: 10.1093/bioinformatics/bts714

Mcginnis, W., and Krumlauf, R. (1992). Homeobox genes and axial patterning. Cell 68, 283–302. doi: 10.1016/0092-8674(92)90471-n

Muñoz-Espín, D., and Serrano, M. (2014). Cellular senescence: from physiology to pathology. Nat. Rev. Mol. Cell Bio. 15, 482–496. doi: 10.1038/nrm3823

Ohdaira, H., Sekiguchi, M., Miyata, K., Sasaki, T., and Yoshida, K. (2012). Acute loss of DP1, but not DP2, induces p53 mrna and augments p21Waf1/Cip1 and senescence. Cell Biochem. Funct. 30, 54–60. doi: 10.1002/cbf.1818

Olovnikov, A. M. (1996). Telomeres, telomerase, and aging: origin of the theory. Exp. Gerontol. 31, 443–448. doi: 10.1016/0531-5565(96)00005-8

Parrinello, S., Samper, E., Krtolica, A., Goldstein, J., Melov, S., and Campisi, J. (2003). Oxygen sensitivity severely limits the replicative lifespan of murine fibroblasts. Nat. Cell Biol. 5, 741–747. doi: 10.1038/ncb1024

Rheinwald, J. G., and Green, H. (1975). Serial cultivation of strains of human epidermal keratinocytes: the formation of keratinizing colonies from single cells. Cell 6, 331–343. doi: 10.1016/s0092-8674(75)80001-8

Ruscetti, M., Leibold, J., Bott, M. J., Fennell, M., Kulick, A., Salgado, N. R., et al. (2018). NK cell-mediated cytotoxicity contributes to tumor control by a cytostatic drug combination. Science 362, 1416–1422. doi: 10.1126/science.aas9090

Schwörer, S., Becker, F., Feller, C., Baig, A. H., Köber, U., Henze, H., et al. (2016). Epigenetic stress responses induce muscle stem-cell ageing by Hoxa9 developmental signals. Nature 540, 428–432. doi: 10.1038/s41586-019-1455-1

Sherr, C. J., and Dipinho, R. A. (2000). Cellular senescence: mitotic clock or culture shock? Cell 102, 407–410. doi: 10.1016/S0092-8674(00)00046-5

Steffen, K. K., Mackay, V. L., Kerr, E. O., Tsuchiya, M., Hu, D., Fox, L. A., et al. (2008). Yeast life span extension by depletion of 60s ribosomal subunits is mediated by Gcn4. Cell 133, 292–302. doi: 10.1016/j.cell.2008.02.037

Tang, F., Barbacioru, C., Bao, S., Lee, C., Nordman, E., Wang, X., et al. (2010). Tracing the derivation of embryonic stem cells from the inner cell mass by single-cell RNA-Seq analysis. Cell Stem Cell 6, 468–478. doi: 10.1016/j.stem.2010.03.015

Tassin, J., Malaise, E., and Courtois, Y. (1979). Human lens cells have an in vitro proliferative capacity inversely proportional to the donor age. Exp. Cell Res. 123, 388–392. doi: 10.1016/0014-4827(79)90483-x

Teo, Y. H., Rattanavirotkul, N., Olova, N., Salzano, A., Quintanilla, A., Tarrats, N., et al. (2019). Notch signaling mediates secondary senescence. Cell Rep. 27, 997.e5–1007.e5. doi: 10.1016/j.celrep.2019.03.104

Thomsen, M. K., Bakiri, L., Hasenfuss, S. C., Wu, H., Morente, M., and Wagner, E. F. (2015). Loss of JUNB/AP-1 promotes invasive prostate cancer. Cell Death. Differ. 22, 574–582. doi: 10.1038/cdd.2014.213

Tice, R. R., Schneider, E. L., Kram, D., and Thorne, P. (1979). Cytokinetic analysis of the impaired proliferative response of peripheral lymphocytes from aged humans to phytohemagglutinin. J. Exp. Med. 149, 1029–1041. doi: 10.1084/jem.149.5.1029

Todaro, G. J., and Green, H. (1963). Quantitative studies of the growth of mouse embryo cells in culture and their development into established lines. J. Cell Biol. 17, 299–313. doi: 10.1083/jcb.17.2.299

Wright, W. E., and Shay, J. W. (2000). Telomere dynamics in cancer progression and prevention: fundamental differences in human and mouse telomere biology. Nat. Med. 6, 849–851. doi: 10.1038/78592

Xu, S., Wu, W., Huang, H., Huang, R., Xie, L., Su, A., et al. (2019). The p53/miRNAs/Ccna2 pathway serves as a novel regulator of cellular senescence: complement of the canonical p53/p21 pathway. Aging Cell 18:e12918. doi: 10.1111/acel.12918

Xue, Z., Huang, K., Cai, C., Cai, L., Jiang, C. Y., Feng, Y., et al. (2013). Genetic programs in human and mouse early embryos revealed by single-cell RNA sequencing. Nature 500, 593–597. doi: 10.1038/nature12364

Zheng, C., Zheng, L., Yoo, J. K., Guo, H., Zhang, Y., Guo, X., et al. (2017). Landscape of infiltrating T cells in liver cancer revealed by single-cell sequencing. Cell 169, 1342.e16–1356.e16. doi: 10.1016/j.cell.2017.05.035

Zhou, Y., Zhou, B., Pache, L., Chang, M., Khodabakhshi, A. H., Tanaseichuk, O., et al. (2019). Metascape provides a biologist-oriented resource for the analysis of systems-level datasets. Nat. Commun. 10:1523. doi: 10.1038/s41467-019-09234-6

Zirkel, A., Nikolic, M., Sofiadis, K., Mallm, J. P., Brackley, C. A., Gothe, H., et al. (2018). HMGB2 loss upon senescence entry disrupts genomic organization and induces CTCF clustering across cell types. Mol. Cell 70, 730.e6–744.e6. doi: 10.1016/j.molcel.2018.03.030


Conflict of Interest: DL was employed by the Fluidigm (Shanghai) Instrument Technology Co., Ltd.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Chen, Wang, Wei, Huang, Shi, Li, Qiu, Zhou, Cao, Chen, Qin, Jin and Ni. 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.


OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Single-Cell Transcriptome Analysis Reveals Six Subpopulations Reflecting Distinct Cellular Fates in Senescent Mouse Embryonic Fibroblasts



		INTRODUCTION



		MATERIALS AND METHODS



		Cell Isolation and in vitro Cultivation



		Single-Cell RNA Sequencing



		Paracrine Experiments



		Senescence-Associated β-Galactosidase Staining



		Cell Cycle Analysis



		Ethynyl-2′-Deoxyuridine Incorporation Assay



		Cell Proliferation Rate Assay



		Quantitative Reverse Transcription PCR and Bulk Population RNA Sequencing



		Hoxd8 Overexpression



		Bulk-Population RNA Sequencing Data Analysis



		Dimension Reduction and Clustering Analysis



		Expressed Gene Selection of Single-Cell RNA Sequencing and Bulk Population RNA Sequencing Data on Mouse Embryonic Fibroblasts



		Gene Set Enrichment Analysis



		Cell Cycle-Related Genes, Immune and Senescence-Related Genes, and Translation-Related Genes



		Inference of Aging Lineage and Cell Pseudotime Along Lineages



		Transcription Factor Network Discovery and Lineage Committed Transcription Factor Inference in the Main Lineage







		RESULTS



		Full-Length Single-Cell RNA Sequencing for Senescent Mouse Embryonic Fibroblasts



		Clustering Analysis Reveals Six Subpopulations of Mouse Embryonic Fibroblasts With Distinct Senescence Features



		Trajectory Analysis Reveals Three Distinct Lineages During Mouse Embryonic Fibroblast Senescence



		Upregulation of Some Senescence-Associated Secretory Phenotype Components Was Observed in Subsets of Cells During Senescence of Mouse Embryonic Fibroblasts Cultivated in Atmospheric Oxygen



		Network Analysis Shows HOXD8 Is a Novel Regulator for Mouse Embryonic Fibroblast Senescence in the Main Lineage







		DISCUSSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES

















OPS/images/fgene-11-00867-g005.jpg





OPS/images/cover.jpg
frontiers
in Genetics

Single-Cell Transcriptome
Analysis Reveals Six
Subpopulations Reflecting
Distinct Cellular Fates
in Senescent Mouse Embryonic
Fibroblasts





OPS/images/fgene-11-00867-g004.jpg







OPS/images/fgene-11-00867-g001.jpg
.
90
it

— ogaton st e
mmmmwym
p el

P







OPS/images/fgene-11-00867-g003.jpg





OPS/images/fgene-11-00867-g002.jpg
omvopsoe ens bk sn

U gores ke






OPS/images/logo.jpg
’ frontiers
in Genetics





