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            Abstract
Molecular noise is a natural phenomenon that is inherent to all biological systems1,2. How stochastic processes give rise to the robust outcomes that support tissue homeostasis remains unclear. Here we use single-molecule RNA fluorescent in situ hybridization (smFISH) on mouse stem cells derived from haematopoietic tissue to measure the transcription dynamics of three key genes that encode transcription factors: PU.1 (also known as Spi1), Gata1 and Gata2. We find that infrequent, stochastic bursts of transcription result in the co-expression of these antagonistic transcription factors in the majority of haematopoietic stem and progenitor cells. Moreover, by pairing smFISH with time-lapse microscopy and the analysis of pedigrees, we find that although individual stem-cell clones produce descendants that are in transcriptionally related statesâ€”akin to a transcriptional priming phenomenonâ€”the underlying transition dynamics between states are best captured by stochastic and reversible models. As such, a stochastic process can produce cellular behaviours that may be incorrectly inferred to have arisen from deterministic dynamics. We propose a model whereby the intrinsic stochasticity of gene expression facilitates, rather than impedes, the concomitant maintenance of transcriptional plasticity and stem cell robustness.
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                    Fig. 1: Stochastic bursting of mRNAs drives co-expression of antagonistic transcription factors in HSPCs.[image: ]


Fig. 2: Inferred dynamics of the PU.1/Gata1/Gata2 network in CMPs.[image: ]


Fig. 3: Transcription-state correlation among clonal progeny of single HSCs.[image: ]


Fig. 4: Stochastic and reversible HSC transcription state dynamics.[image: ]
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                Data availability


All source data used to generate figures are available within the manuscript files or at the GitHub repository (https://github.com/justincwheat/Single-Molecule-Imaging-of-Transcription-Dynamics-in-Somatic-Stem-Cells) associated with this manuscript. Further information and reasonable requests for resources, reagents and data should be directed to the corresponding author.Â For data used for generating figures related to kin correlation analysis or simulations (Figs. 2, 4, Extended Data Figs. 8 and 9), separate .mat files have been provided as Supplementary DataÂ 1 and also uploaded to the GitHub repository listed above or are generated upon running the associated scripts. All data are available from the corresponding author upon reasonable request.Â Source data are provided with this paper.



Code availability


Software written for parameter estimation and stochastic simulations are provided in Supplementary DataÂ 2, (FSP.m, getKLD.m, GSSA.m). Software relevant for Figs. 3 and 4 can also be found in Supplementary DataÂ 2: the code for KCA (KCA.m), generating 3-cell frequency matrices (ThreePtFreqs.m), testing different molecular cutoffs (KCA_thresholdtesting.mlx), and calculating time spent in each state (GenerateAllTrees.m). Data structures for each colony are also provided (Colony[#].mat). All scripts and data files have also been published in a publicly available repository at https://github.com/justincwheat/Single-Molecule-Imaging-of-Transcription-Dynamics-in-Somatic-Stem-Cells. All software generated by other groups used in this study are listed in Supplementary Table 7.
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Extended data figures and tables

Extended Data Fig. 1 Transcriptional dynamics of genes conditional on PU.1 state.
a, b, Cumulative distribution function (CDF) of spot intensity (a) and histogram of signal-to-noise ratio (SNR) of spot intensity to local background intensity (b) are shown for all spots that passed intensity and 3D point-spread function (PSF) fit thresholding in FISH-QUANT. c, Probability densities for fluorescence (corresponding to mRNA molecules) in HPC-7 cells for Cy3-, Alexa Fluor 594- and Cy5-labelled readout probes. Insets are XY and XZ average PSFs for each fluorophore. The overlaid line is the fit to a Gaussian distribution. More than 10,000 spots were obtained per fluorophore. d, Representative images three-colour smFISH for PU.1 (Cy5, red), Gata2 (Cy3, white) and Gata1 (AF594, green) in HPC-7 cells. Scale bar,Â 5 Î¼m. e, Bivariate distributions of Gata1 and Gata2 (left), Gata2 and PU.1 (middle) and PU.1 and Gata1 (right) in two independent experiments (nÂ >Â 400 cells per experiment) with HPC-7 cells. f, Representative images of multiplexed smFISH between PU.1 and eight other haematopoietic genes in Kit+Linâˆ’ bone marrow from wild-type mice (nÂ =Â 258â€“2,488 cells for each gene, derived from a single experiment; scale bar, 5 Î¼m). g, Probability distribution for PU.1 mRNA per cell in KL cells from bone marrow from wild-type mice. Overlaid are the high (red) and low (blue) components of the two-component negative binomial distribution fitted to the data. h, Comparison of PU.1 bursting kinetics between high and low states. Left, representative images from smFISH for PU.1 with a single, large transcription site in the nucleus. Middle, frequency of cells with the indicated number of active PU.1 transcription sites. Right, frequency distribution of summed nascent mRNA per cell in each PU.1 state. i, Schematic demonstrating a hypothetical transcriptional phase portrait. j, Phase portraits for each gene based on the PU.1 state of the cell.

Source data



Extended Data Fig. 2 Comparative analysis of smFISH and scRNA-seq.
a, CDF plots of mRNA per cell for five scRNA-seq datasets and smFISH. Data are normalized to the maximum count for each gene in each dataset. b, Calculated Gini index for seven transcription factor mRNAs in each scRNA-seq dataset (white through to black) and smFISH (red). c, CDF plots of Gini indices for all five scRNA-seq datasets (See Supplementary Table 2 for gene list). d, Schematic of hierarchical clustering followed by random forest classification to identify important variables for cluster assignment. e, Variable importance plotted against Gini index for four scRNA-seq datasets. The bottom and right panels show marginal distributions of Gini index and variable importance, respectively. f, Plot of average mutual information (top) or average absolute value of the Pearsonâ€™s correlation coefficient (bottom) versus normalized abundance of nÂ =Â 200 randomly selected genes against all other genes in the dataset. The r values listed are the correlation coefficients. SeeÂ Supplementary Discussion for further details on the analyses performed.

Source data



Extended Data Fig. 3 Summary statistics of mRNA copy number for primary KL.
a, Representative images of CMPs, GMPs and MEPs stained by smFISH for PU.1, Gata1 and Gata2. Scale bars, 5Â Î¼m. Arrows point to CMPs co-expressing all three mRNAs. b, Boxplots of mRNA count per cell, overlaid with single-cell mRNA values (dots). The pinkÂ box is the 95% confidence interval, the red line is the mean expression, the greyÂ box is Â±s.e.m. c, Table of summary statistics for each gene. Data for aâ€“c are derived from two experiments (CMPs and MEPs) or a single experiment (GMPs). The sample size is listed in c.

Source data



Extended Data Fig. 4 Spot detection in FISH-QUANT and spot calling in T lymphocytes.
a, b, Comparison of raw (a) and filtered (b) smFISH images from CMPs (representative of more than 2 experiments in CMPs; spot quality is consistent with all reported experiments in this manuscript). The insets show line intensity plots; the white line on the cells indicates from where the plots were obtained. Scale bars, 10 Î¼m. c, Average PSF in XY (left columns) and XZ (right columns) for each gene from all detected spots from the CMPs dataset. d, e, Empirical (left) versus theoretical (middle) PSF and residuals (right) in the XY (d) and XZ (e) planes. f, CDFs for all spots passing the initial intensity thresholding for filtered intensity (top row), squared residuals (second row) and width of spots in X, Y, and Z in nanometres (third to fifth rows, respectively). Spots are separated on the basis of those arising from cells with more than five copies of mRNA per cell, between two and five copies per cell, and one copy per cell. Discarded spots that failed 3D fitting are shown in orange. g, mRNA detection in primary CD4+CD8+ thymocytes (nÂ =Â 136 for Gata1, nÂ =Â 154 for PU.1).

Source data



Extended Data Fig. 5 Gating strategy to assign CMP to states.
a, Representative images of CMPs in different states. Scale bar,Â 10 Î¼m. b, Gating scheme for assigning CMPs to transcriptional states. SeeÂ Supplementary Discussion for details on the gating strategy. The t-SNE plot demonstrates the proximity of states to one another and to immunophenotypic GMPs and MEPs. Images and analyses derived from experimental datasets reported in Fig. 1 and Extended Data Fig. 3. c, Frequency distribution of transcriptional bursting for each gene in each transcriptional state. The x axis is the number of active alleles. d, Top, schematic of â€˜statesâ€™ being the consequence of simple transcriptional noise of the LES state (right) versus truly separate transcriptional states (right) that require transition events (arrows). Bottom, time-dependent behaviour of simulated cells in a noise only (grey) or state transition system (red) shown as a bivariate plot of Gata1Â +Â Gata2 copy number against PU.1 copy number. T indicates the elapsed simulation time as a fraction of the final time. e, f, Gillespie simulations of state transitions, modulating half-life alone. If a transition to another state occurs by noise alone, the cell changes the mRNA half-life of only the mRNA defining that state. e, f, Endpoint states reached in the simulations (nÂ =Â 10,000) (e) and 1,000 representative simulation trajectories (f), colour-coded on the final endpoint state. Each panel is a different factor change in the mRNA half-life, with the far-left panel as the reference (that is, the half-lives used in Fig. 2), and the other panels showing 2Ã— (second from left), 3Ã— (second from right), and 4Ã— (far-right).

Source data



Extended Data Fig. 6 Seventy-two-hour progeny of HSCs.
a, Representative images of HSC progeny. PU.1, red; Gata2, cyan; Gata1, yellow. Transcription sites are demarcated with boxes. Full arrows indicate triple-positive cells, and the arrowhead marks a megakaryocyte. Representative images from two separate experiments. b, CDFs for mRNA counts per HSC progeny. The number of cells with Â greater than or equal toÂ 1 mRNA per cell is indicated. Two separate experiments, with n values indicated on the graphs. c, Bivariate distributions of PU.1 versus Gata1 (left) and PU.1 versus Gata2 (right).

Source data



Extended Data Fig. 7 State assignments for HSC progeny.
a, Gating strategy. Left, removal of megakaryocytes occurs first. Right, cells with more than 10 copies of Gata1 are assigned to G1/2H, whereas cells with more than 150 copies of PU.1 are assigned to macrophage. b, Probability density distributions for PU.1 (left) and Gata2 (right) with overlaid fits for a two-component negative binomial distribution amongst cells after removing megakaryocytes, G1/2H, and macrophage . c, Bivariate distribution of the same cells. Contrary to the case in CMPs, the population of Gata2highPU.1high HSC progeny all had morphological characteristics similar to macrophage-like cells seen in GMP datasets, which also were Gata2highPU.1high (see Extended Data Fig. 3). As such, all cells for which PU.1Â >Â 75 and <Â 150Â were assigned to P1H. d, Probability distribution for Gata2 in the remaining cells, fit with a two-component negative binomial. e, A distribution such as that in d cannot be definitively separated into high and low components owing to overlap in the distributions; therefore, cells are assigned probabilistically during KCA to the G2H or LES state in order to correct for false transitions arising from uncertainty in the assignment. SeeÂ Supplementary Discussion for more details on the rationale and implementation of probabilistic gating.

Source data



Extended Data Fig. 8 HSC colony data.
a, Endpoint cells are the leaves on each pedigree. Note that edge lengths are not scaled on time between divisions, and all endpoint cells are 96 h from the start of the experiment. Cells are colour-coded according to the colour scheme used throughout the manuscript. Megakaryocytes are labelled in orange. Nodes (cells) observed upstream of the endpoint (that is, no transcriptional data are available) are coloured black. b, Histogram of number of progeny from a single HSC. câ€“e, Proliferation phenotypes of cells based on endpoint state identity (P1H, nÂ =Â 137; LES, nÂ =Â 1,571; G1/2H, nÂ =Â 81; G2H, nÂ =Â 166). Cell lifetimes in e are the time interval between cell birth (last division) and the next cell division or cell death. Violin plots are normalized to area, with the centre box-and-whisker plots showing the mean (line), standard deviation (box) and 95% confidence interval (whiskers). In e, single dots represent outliers in the 99th percentile.


Extended Data Fig. 9 Robustness of inferred transition matrix to mRNA threshold.
a, Normalized deviation in the inferred transition matrices for each indicated threshold (nÂ =Â 200 bootstrapping iterations) of Gata1 mRNA per cell relative to the reference matrix reported in this manuscript (cutoffÂ =Â 10 mRNA per cell). The reference matrix is boxed. For any given transition (that is, matrix entry), the initial states are the columns, final states are rows. The colour code is the same as is used elsewhere in the manuscript. b, As in a for PU.1 (cutoff in manuscriptÂ =Â 75 mRNA per cell). c, Frobenius distance \(\sqrt{\sum _{ij}{({T}_{i,{j}_{{\rm{ref}}}}-{T}_{i,{j}_{{\rm{test}}}})}^{2}}\) between each matrix versus the reference transition matrix. The solid black line indicates the background Frobenius distance derived from statistical uncertainty in the reference transition matrix, derived by bootstrapping through the analysis nÂ =Â 1,000 times and picking random transition rates from a Gaussian distribution defined by inferred mean and standard deviation of the transition matrix. Frobenius distance values above this line significantly differ from the matrix reported in the manuscript.


Extended Data Fig. 10 Analysis of mRNA partitioning errors.
a, Representative image of a CMP in late anaphase. b, mRNA copy number in each sister cell in CMPs (nÂ =Â 52) and HSCs (nÂ =Â 46). r is the Pearsonâ€™s correlation coefficient for sister-cell mRNA copy number; the red dashed line is yÂ =Â x. c, Correlation of mRNA levels between HSCs that divided within the last 1 h (nÂ =Â 171). Pearsonâ€™s correlation coefficients (r) for each gene are listed.
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