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            Abstract
Understanding the development and function of an organ requires the characterization of all of its cell types. Traditional methods for visualizing and isolating subpopulations of cells are based on messenger RNA or protein expression of only a few known marker genes. The unequivocal identification of a specific marker gene, however, poses a major challenge, particularly if this cell type is rare. Identifying rare cell types, such as stem cells, short-lived progenitors, cancer stem cells, or circulating tumour cells, is crucial to acquire a better understanding of normal or diseased tissue biology. To address this challenge we first sequenced the transcriptome of hundreds of randomly selected cells from mouse intestinal organoids1, cultured self-organizing epithelial structures that contain all cell lineages of the mammalian intestine. Organoid buds, like intestinal crypts, harbour stem cells that continuously differentiate into a variety of cell types, occurring at widely different abundances2. Since available computational methods can only resolve more abundant cell types, we developed RaceID, an algorithm for rare cell type identification in complex populations of single cells. We demonstrate that this algorithm can resolve cell types represented by only a single cell in a population of randomly sampled organoid cells. We use this algorithm to identify Reg4 as a novel marker for enteroendocrine cells, a rare population of hormone-producing intestinal cells3. Next, we use Reg4 expression to enrich for these rare cells and investigate the heterogeneity within this population. RaceID confirmed the existence of known enteroendocrine lineages, and moreover discovered novel subtypes, which we subsequently validated in vivo. Having validated RaceID we then applied the algorithm to ex vivo-isolated Lgr5-positive stem cells and their direct progeny. We find that Lgr5-positive cells represent a homogenous abundant population of stem cells mixed with a rare population of Lgr5-positive secretory cells. We envision broad applicability of our method for discovering rare cell types and the corresponding marker genes in healthy and diseased organs.
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                    Figure 1: Profiling cell composition of mouse intestinal organoids with single-cell sequencing.


Figure 2: RaceID algorithm identifies rare cell types among hundreds of sequenced cells.


Figure 3: Reg4 is a novel marker of differentiated enteroendocrine cells.


Figure 4: Single-molecule FISH and immunofluorescence experiments confirm expression of markers for enteroendocrine cell sub-populations in the mouse small intestine.


Figure 5: Characterization of ex vivo isolated Lgr5–EGFP+ cells.
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Extended data figures and tables

Extended Data Figure 1 Sequencing statistics.
a, Histogram of the number of sequenced transcripts per cell. The median (red line) is 8,559. The 288 cells were sequenced on two lanes to a total depth of 106,950,038 reads. Of those, 32,694,069 (31%) were mapped with a valid cell-specific barcode. b, Histogram of the total number of reads per cell divided by the total number of sequenced transcripts as counted with unique molecular identifiers. The average level of oversequencing across all genes is 6.9-fold (red line).


Extended Data Figure 2 Clustering reveals major transcriptome differences between intestinal cells.
a, Dendrogram obtained by hierarchical clustering of the transcriptome correlation matrix of 238 intestinal cells that survived all filtering steps using Euclidean distance metric. At least three distinct groups of cells can be recognized. b, Gap statistic of k-means clustering of the correlation matrix as a function of the cluster number. The gap statistic reflects the difference of the average within cluster distance of points in uniformly distributed data and the actual data. The first local maximum provides a good estimate for the number of clusters that achieves optimal separation of the data into clusters15. Data points and error bars represent mean and standard deviation across 50 bootstrap samples. For the intestinal cells a number of six clusters was predicted on the basis of the gap statistic.


Extended Data Figure 3 Marker gene expression reveals intestinal cell types.
a–f, In the t-SNE maps the transcript count of known marker genes is colour-coded. Shown are maps for the enterocyte specific gene Alpi (a), the enteroendocrine marker Chga (b), the goblet cell marker Muc2 (c), the Paneth cell marker Lyz1 (d), for transcript counts aggregated across all ribosomal genes (e) and for the stem cell marker Lgr5 (f). The latter two are upregulated in cells of cluster 2, for which no other specific markers could be identified. These cells most likely correspond to transit-amplifying cells. The inset shown in b depicts transcript counts of Chga on a logarithmic scale, since the dynamic range of this gene was very large. Dim, dimension.


Extended Data Figure 4 Identification of rare cell types with RaceID.
a, Variance of transcript count across the entire ensemble of sequenced intestinal cells as a function of mean expression. The red line represents a second order polynomial (upper left corner) that was fitted to the data. Assuming that a large number of genes follows a similar transcript count distribution across different cell types this function can be used to estimate the parameters for a negative binomial that represents a background model for the expected transcript count variability at a given mean expression. The probability of observing a given transcript count in a particular cell of a cluster can be computed using this distribution with the average expression within this cluster as input. If the expression of at least two genes has a probability <10−4 after multiple testing correction a cell is considered an outlier. b, Number of outlier cells as a function of the probability threshold. The threshold used in this study (10−4) is indicated (red broken line). c, d, RaceID of pool-and-split controls reflects a low false-positive rate (see Supplementary Note). c, t-SNE map of 93 pool-and-split controls. RaceID identifies only a single large cluster with no outliers. d, Outlier probability for all pool-and-split controls. The p-value of all cells is higher than the default threshold for outlier identification (10−4). e, RaceID on a defined mixture of cells demonstrates high specificity (see Supplementary Note). RaceID clusters for a mixture of cells comprising 75 random organoid cells, 5 mouse embryonic stem cells (mESCs) and 5 mouse embryonic fibroblasts (MEFs). Two out of five MEFs did not pass the filtering criteria (>3,000 transcripts per cell). EC, enterocytes; ECpr, enterocyte precursors; TA, transit amplifying cells; EE, enteroendocrine cells; EEpr, enteroendocrine precursors; P, Paneth cells. Dim, dimension.


Extended Data Figure 5 Benchmarking RaceID.
a, b, To benchmark the RaceID algorithm we compared to a previously published method developed to distinguish cell types from the spleen5 in thousands of sequenced single cells. We implemented the method according to the specification provided in the original paper. A shortcoming of the method is that it has to be initialized with an expected number K of cell types. Running the algorithm with K = 6 (a) yields results very similar to k-means clustering with K = 6 (Fig. 1c). However, when the algorithm is run with a larger number of cell types, e. g. K = 20 (b), rare cells of the secretory lineage can still not be separated while clusters corresponding to relatively uniform cell types fall apart. We conclude that this algorithm performs well for more abundant cell types but cannot identify rare cell types. c, Principal component analysis (PCA) of the transcriptome similarities. The cell types identified by RaceID are highlighted. The first two principal components can only classify major groups of enterocytes, transit amplifying cells, and secretory cells. d, To demonstrate that our method is not affected by technical noise due to varying detection efficiency across individual cells, we downsampled the transcriptome of all cells with >3,000 transcripts to the same size, given by the minimum total transcript counts across all cells that passed the filtering, and repeated the outlier identification. The t-SNE map shows all cell types identified by this strategy and the results are highly consistent with the normalization-based approach. e, The t-SNE map shows the results of RaceID run with relaxed filtering constraints (>1,000 transcripts per cell and only genes with more than three transcripts in at least one cell) as used for the Reg4-positive organoid cells. All the rare secretory cell types identified with the original settings were recovered. The different stages of enterocyte differentiation are also apparent. EC, enterocytes; EClpr, late enterocyte precursors; ECepr, early enterocyte precursors; TA, transit amplifying cells; G, goblet cells; EE, enteroendocrine cells; EElpr, late enteroendocrine precursors; EEepr, early enteroendocrine precursors; P, Paneth cells; T, tuft cells. f, Same as Extended Data Fig. 4a, but cell cycle related genes are highlighted as blue circles. This set of genes comprises all genes containing “cell cycle” within their associated “biological process” Gene Ontology terms. Cell cycle related genes do not show increased variability and are thus unlikely to lead to false positives in the outlier detection by RaceID. Dim, dimension.


Extended Data Figure 6 Purification of Reg4-positive cells from reporter mouse organoids.
In total, 288 cells were sequenced. Ninety-six and 192 cells were analysed from two separate sorting experiments. a, Single small intestine cells derived from the wild-type (WT, upper panel) and Reg4–dsRed (lower panel) mice were sorted by FACS. Live cells were gated as DsRed-positive (lower panel, gate denoted by black rectangle, DsRed-High). SSC-W, side scatter width, DsRed-H, DsRed height. A median number of 2,813 transcripts per cell were quantified. After filtering out cells with <1,000 transcripts and genes with <3 transcripts in all cells or >2,000 transcripts in a single cells, 161 cells remained for analysis. b, c, In the t-SNE maps of Reg4-positive cells the transcript count of dsRed, driven by a Reg4 promoter (b) and endogenous Reg4 (c) are colour-coded on a logarithmic (log2) scale. Assuming a previously estimated sensitivity of our sequencing protocol14, we measure ∼10% of all expressed transcripts. Reporter expression is about eightfold reduced in comparison to endogenous Reg4, but expression of both the reporter gene and Reg4 is strongest in the Tac1/Tph1 expressing enteroendocrine cells, while expression in Paneth-like cells is reduced. Noticeably, expression of Reg4 and the reporter gene is also reduced in the Cck-positive enteroendocrine cells, similar to Chga. d, The t-SNE map shows the results of RaceID with more stringent filtering constraints (>3,000 transcripts per cell and only genes with a minimum of five transcripts in at least one cell) as used for the random organoid cells. Although the total number of cells is reduced to 135, most subtypes and rare cells identified with the relaxed settings are still observed, including the Afp and Alb expressing sub-types, the Ucn3-positive cells, the Cck-positive cells, the contamination by enterocytes and transit amplifying cells as well as the different Paneth cell states. e–h, Marker gene expression reveals intestinal cell types among Reg4-positive cells. In the t-SNE maps of Reg4-positive cells the transcript count of known marker genes is colour-coded on a logarithmic (log2) scale. Shown are maps, for transcript counts aggregated across all defensin genes which are highly expressed in Paneth cells (e), for transcript counts aggregated across all ribosomal genes (f), for the enterocyte marker Apoa1 (g) and for the enteroendocrine markers Chga (h). Dim, dimension.


Extended Data Figure 7 Expression of intestinal hormones in Reg4-positive cells.
In the t-SNE maps of Reg4-positive cells the transcript count of hormone encoding genes is colour-coded on a logarithmic (log2) scale. a–f, Shown are maps for cholecystokinin (Cck) (a), ghrelin (Ghrl) (b), secretein (Sct) (c), neurotensin (Nts) (d), proglucagon (Gcg) (e), and somatostatin (Sst) (f). Dim, dimension.


Extended Data Figure 8 Heterogeneity of substance P producing enteroendocrine cells.
In the t-SNE maps of Reg4-positive cells the transcript count of genes specifically expressed in subtypes of enteroendocrine cells is colour-coded on a logarithmic (log2) scale. Shown are maps for tachykinin (Tac1), which encodes substance P, (a), tryptophan hydroxylase 1 (Tph1) (b), urocortin 3 (Ucn3) (c), alpha-fetoprotein (Afp) (d), and VGF nerve growth factor inducible (Vgf) (e). f, The heat map shows the average expression of inferred marker genes for the enterochromaffin subtypes (cluster 2, 3 and 7). To show all genes on the same scale, the sum of average expression levels in each of the three clusters was normalized to one. Expression levels are shown for six cluster 2 markers and for six cluster 7 markers. Cluster 3 is distinct by the downregulation of both sets. Cluster 5 (not shown here) does not have specific markers and differs from the other clusters by lower expression of mature enterochromaffin markers (Chga, Chgb, Tac1, Tph1). This cluster likely comprises non-mature enterochromaffin cells. Dim, dimension.


Extended Data Figure 9 Single-molecule FISH and immunofluorescence experiments confirm expression of markers for enteroendocrine cell sub-populations in the mouse small intestine.
a, b, Small intestine cryosections were hybridized with smFISH probe libraries. Scale bar, 10 μm. a, The novel marker Ucn3 was found in a small number of Tac1-positive cells. Probes against Tac1, conjugated with TMR (upper panel, red), and against Ucn3, conjugated with Cy5 (lower panel, green), were hybridized to the tissue sections. Dashed lines indicate cell borders. A cell co-expressing the two markers (Tac1+/Ucn3+) is shown in the left column. A cell expressing Tac1, but not Ucn3 (Tac1+/Ucn3−), is shown in the right column. b, The novel marker Vgf is expressed by a subpopulation of Tph1-positive cells. Probes against Tph1, conjugated to TMR (upper panel, red), and against Vgf, conjugated to Cy5 (lower panel, green), were used for hybridization. Cell borders were stained by phalloidin-AlexaFluor 488 (not shown). Dashed lines demarcate cell borders. A Tph1-positive cell, expressing Vgf (Tph1+/Vgf+) is shown in the left column. An example of a Tph1-positive cell, expressing no Vgf (Tph+/Vgf−) is shown in the right column. c, d, Immunostaining was performed on cryosections of mouse small intestinal tissue. Scale bar, 20 μm. c, Expression of UCN3 was observed in a few TAC1-positive cells within the jejunum. Frozen tissue sections were indirectly stained with anti-UCN3 (left panel, red), and anti-TAC1 (middle panel, light blue) antibodies. Nuclei were visualized with DAPI (dark blue). A cell, expressing both markers (TAC1+/UCN3+), is shown in the upper row. A cell, positive for TAC1, but not UCN3 (TAC1+/UCN3−), is shown in the lower row. The arrowhead points at the UCN3-negative cell. d, VGF is expressed by a subpopulation of TAC1-positive jejunal and ileal cells. VGF (left panel, red) and TAC1 (second panel from the left, grey) expression was visualized with indirect immunostaining. Expression of AFP was detected using a directly conjugated antibody (second panel from the right, green). Nuclei were counterstained with DAPI (blue). A TAC1-positive cell, expressing VGF and AFP (TAC1+/VGF+/AFP+) is shown in the upper panel. An example of a TAC1-positive cell, expressing no VGF or AFP (TAC1+/VGF−/AFP−) is shown in the lower panel. Arrowheads point at the VGF- and AFP-negative cell.


Extended Data Figure 10 Purification of Lgr5–GFP+ cells from reporter mouse23 organoids.
Single small intestinal organoid cells, derived from Lgr5–GFP mice were sorted by FACS. In total, 96 cells were sequenced from a single experiment on four lanes with 31,065,854 reads in total of which 33% could be mapped to the transcriptome. Every UMI-derived transcript was sequenced on average 6.4 times. A median number of 9,626 transcripts per cell were quantified. After filtering out cells with <3,000 transcripts and genes with <5 transcripts in all cells or >500 transcripts in a single cell, 74 cells remained for analysis. a, The t-SNE map shows the cell types identified by RaceID. Only a single predominant cell type and few outliers were observed. Cluster 1 comprises intestinal stem cells while the few outliers represent Paneth and enteroendocrine cells. b–d, The t-SNE maps show expression of the stem cell marker Lgr5 (b), the stem cell marker Lrig1 (c), and the +4 niche marker Hopx (d). All markers are homogenously expressed across all cells at low transcript counts. We only observed marginal expression of the stem cell marker Bmi1 in few cells and we did not observe expression of Tert in any of the cells, which is likely owing to the limited sensitivity of the method. The RaceID results indicate that Lgr5-positive intestinal stem cells represent a uniform population of cells. e, f, Combined analysis of random organoid and Lgr5-positive cells using RaceID. The initial clusters of the random organoid cells are conserved. The Lgr5-positive cells give rise to a uniform group that merges with the CBC/TA cluster from the random organoid cells (cluster 2). Shown is a heat map representation (e) and a t-SNE map (f) of the cell-to-cell transcriptome distances. Clusters are indicated by the same colours along the axes of the heat map (e) and for individual data points in the t-SNE map (f). Dim, dimension.
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