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            Abstract
The mechanisms underlying haematopoietic lineage decisions remain disputed. Lineage-affiliated transcription factors1,2 with the capacity for lineage reprogramming3, positive auto-regulation4,5 and mutual inhibition6,7 have been described as being expressed in uncommitted cell populations8. This led to the assumption that lineage choice is cell-intrinsically initiated and determined by stochastic switches of randomly fluctuating cross-antagonistic transcription factors3. However, this hypothesis was developed on the basis of RNA expression data from snapshot and/or population-averaged analyses9,10,11,12. Alternative models of lineage choice therefore cannot be excluded. Here we use novel reporter mouse lines and live imaging for continuous single-cell long-term quantification of the transcription factors GATA1 and PU.1 (also known as SPI1). We analyse individual haematopoietic stem cells throughout differentiation into megakaryocytic–erythroid and granulocytic–monocytic lineages. The observed expression dynamics are incompatible with the assumption that stochastic switching between PU.1 and GATA1 precedes and initiates megakaryocytic–erythroid versus granulocytic–monocytic lineage decision-making. Rather, our findings suggest that these transcription factors are only executing and reinforcing lineage choice once made. These results challenge the current prevailing model of early myeloid lineage choice.
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                    Figure 1: Normal function and stability of PU.1–eYFP and GATA1–mCherry.[image: ]


Figure 2: PU.1–eYFP and GATA1–mCherry expression in different HSPCs.[image: ]


Figure 3: Sensitive quantification of PU.1–eYFP and GATA1–mCherry protein numbers by live-cell imaging.[image: ]


Figure 4: Single-cell dynamics refute random PU.1:GATA1 ratios as initiators of early myeloid lineage choice.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Knock-in of fluorescent proteins does not alter the composition of fetal livers and adult peripheral blood.
a, Gata1-mCherry knock-in strategy. BamHI and XbaI were chosen to generate restriction fragment length polymorphisms (from 11.1 kbp to 5.7 kbp in the case of XbaI and from 9.9 kbp to 11.1 kbp in the case of BamHI) to screen for successful knock-ins. Genomic sequences for Southern probes were identified at indicated positions. The final knock-in construct contained a 5.0 kilo base pairs (kbp) long 5′ homology arm until the last codon of Gata1, a short linker sequence (5'-AGAGCATCAGGTACCAGTGGAGCT-3'), the open reading frame (ORF) of mCherry, a FRT-flanked Neomycin-resistance cassette (including a eukaryotic and a prokaryotic promoter and a polyadenylation signal) and a 4.6 kbp long 3′ homology arm. b, Fetal livers of E14.5 embryos were collected, subjected to Ficoll-density centrifugation, pooled (C57Bl/6, 7 fetal livers; GATA1–mCherry, 6 fetal livers) and analysed by flow cytometry. Shown are percentages of the parental gate. c, Peripheral blood counts of adult mice (C57Bl/6 n = 6 biological replicates; PU.1eYFPGATA1mCherry n = 9; error bars, mean + s.d.). wbc, white blood cells (200 cells per mm3); rbc, red blood cells (4 × 105 cells per mm3); plt, platelets (20 cells per mm3); hgb, haemoglobin (0.4 g dl−1); hct, haematocrit (%); mcv, mean corpuscular volume (μm3); mch, mean corpuscular haemoglobin (0.4 pg); mchc, mean corpuscular haemoglobin concentration (g dl−1); rdw, red cell distribution width (0.4%); mpv, mean platelet volume (0.2 μm3); lypro, % lymphocytes of wbc (2%); mopro, percentage monocytes of wbc (0.1%); grpro, percentage of granulocytes of wbc (%); eopro, percentage eosinophils of wbc (0.2%). No significant difference, one-way MANOVA (P > 0.09).


Extended Data Figure 2 MegE versus GM-lineage differentiation of GATA1–mCherry/PU.1–eYFP cells in vivo is unaltered upon competitive transplantation.
a, 106 bone marrow cells each from CD45.1 C57Bl/6 and CD45.2 C57Bl/6 or from CD45.1 C57Bl/6 and CD45.2 PU.1eYFPGATA1mCherry mice were transplanted into lethally irradiated recipient mice and bone marrow progenitor cell composition was analysed after 6–7 weeks. X and Y (X.Y, e.g. 1.1) denote donor pair (X) and recipient mouse (Y). MkP, megakaryocyte progenitor; proEry, proerythroblast; preCFU-E, pre-colony-forming unit erythrocyte; preMegE, premegakaryocyte-erythrocyte progenitor; preGM, pregranulocyte–macrophage progenitor. Asterisk (*) indicates data excluded owing to low donor contribution. b, Summarized bone marrow lineage contribution per donor pair (from a).


Extended Data Figure 3 Normal reprogramming capacity of PU.1–eYFP and GATA1–mCherry in both wild-type and PU.1eYFPGATA1mCherry cells.
a, b, LSK CD34+Flt3+ were sorted, transduced with lentivirus expressing the indicated proteins and plated in methylcellulose under permissive conditions. Cells from C57Bl/6 mice (a) (3 independent experiments) and cells from PU.1–eYFP knock-in mice (n = 2; except tdTomato–GATA1 n = 1) (b) were used. c, d, PreMegE cells (c) or preGM cells (d) from both C57Bl/6 wild-type and PU.1eYFPGATA1mCherry (PU/GATA) knock-in mice were sorted and transduced with mock, PU.1 or PU.1–eYFP expressing lentivirus (c) or with mock, GATA1 or GATA1–mCherry expressing lentivirus (d), respectively. After 24 h, cells were seeded in methylcellulose under permissive conditions. Colonies were scored after 8–10 days of culture (3 independent experiments; except for C57Bl/6, PU/GATA, C57Bl/6 + PU.1 and PU/GATA + PU.1 n = 4). There was no significant difference between PU.1 and PU.1–eYFP overexpression in either C57Bl/6 or PU/GATA cells (P > 0.23; Kruskal–Wallis test). In contrast, C57Bl/6 and PU/GATA colonies without PU.1–eYFP overexpression were significantly different (P < 0.05 for M, Meg and E) (c). There was no significant difference between GATA1 and GATA1–mCherry overexpression in either C57Bl/6 or PU/GATA cells (P > 0.77; Kruskal–Wallis test). In contrast, C57Bl/6 and PU/GATA colonies without GATA1–mCherry overexpression were significantly different (P < 0.007, MegE) (d). Data are mean values. GEMMeg, granulocytic, erythroid, monocytic, megakaryocytic; MegE, megakaryocytic–erythroid; Meg, megakaryocytic; E, erythroid; GM, granulocytic–monocytic; M, monocytic; G, granulocytic.


Extended Data Figure 4 PU.1 is expressed in nuclei of all HSCs, MPPs, GMPs and MEPs of wild-type and PU.1eYFPGATA1mCherry mice, and overlaps with eYFP expression.
a, b, Indicated cell populations from wild-type C57Bl/6 (a) and PU.1eYFPGATA1mCherry (b) mice were sorted, fixed and probed with PU.1 antibody followed by staining with secondary antibody. Representative examples from controls (‘secondary’, without primary antibody) and staining of GMPs, MPPs, HSCs, and MEPs (CD150+ progenitors) are shown. DAPI stains nuclei. Scale bar, 10 μm. c, d, Quantifications of relative PU.1 expression levels determined by pixel intensities (rel. intens.). Data includes samples from three independent experiments (biological replicates), each of which was normalized to the mean expression levels of the respective MEP population. Individual data points for c are 884 MEP secondary only (475, 148 and 261 data points from the individual experiments), 1,218 MPP secondary only (553, 260 and 405), 755 GMP secondary only (599, 122 and 34), 1,213 MEP (659, 371 and 183), 603 HSCs (360, 194 and 49), 1,458 MPP (749, 283 and 426) and 819 GMP (571, 183 and 65). Individual data for d points are 1,530 MEP secondary only (739, 449 and 342 data points from the individual experiments), 1,194 MPP secondary only (547, 394 and 253), 1,866 GMP secondary only (1,616, 126 and 124), 1,521 MEP (518, 581 and 422), 273 HSCs (116, 79 and 78), 1,531 MPP (616, 463 and 452) and 2,339 GMP (1,351, 673 and 315). e, Correlation plot of PU.1 and eYFP staining in the indicated cell populations from one experiment. Pixel intensities were normalized to the mean expression in MEPs. Pearson correlation coefficients are displayed. Mean Pearson correlation values (± s.d.) of all three independent experiments were 0.82 ± 0.04 (MEP), 0.69 ± 0.10 (HSC), 0.71 ± 0.06 (MPP) and 0.63 ± 0.08 (GMP).


Extended Data Figure 5 GATA1 is expressed in nuclei of MegE committed cells of wild-type and PU.1eYFPGATA1mCherry mice, and overlaps with mCherry expression.
a, b, Indicated cell populations from wild-type C57Bl/6 (a) and PU.1eYFPGATA1mCherry (b) mice were sorted, fixed and probed with GATA1 (a, b) and mCherry (b) antibody followed by staining with secondary antibodies. Representative examples from controls (‘secondary’, without primary antibody) and staining of GMP, LSK and MEP (CD150+ progenitors) are shown. DAPI stains nuclei. Scale bar, 10 μm. c, d, Quantifications of relative GATA1 expression levels determined by pixel intensities. Data includes samples from three independent experiments (biological replicates), each of which was normalized to the mean expression levels of the respective MEP population. Individual data points for c are 292 GMP secondary only (56, 188 and 48 data points from the individual experiments), 698 LSK secondary only (155, 287 and 256), 563 MEP secondary only (308, 216 and 39), 344 GMP (64, 158 and 122), 1167 LSK (394, 294 and 479) and 590 MEP (252, 155 and 183). Individual data points for d are 485 GMP secondary only (171, 173 and 141 data points from the individual experiments), 1,295 LSK secondary only (360, 552 and 383), 886 MEP secondary only (561, 203 and 122), 462 GMP (73, 114 and 275), 1,184 LSK (252, 441 and 491) and 865 MEP (632, 115 and 118). e, Correlation plot of GATA1 and mCherry staining in the indicated cell populations from one experiment. Pixel intensities were normalized to the mean expression in MEPs. The mean Pearson correlation value of all three independent experiments was 0.87 ± 0.06 (s.d.). f, Representative example of GATA1–mCherry expression in MPP1–4 from three independent experiments (biological replicates). GATA1–mCherry is also expressed in some MPP2 cells36. These are already committed to the MegE lineage (data not shown). Upper panels PU.1eYFP mouse (negative control), lower panels PU.1eYFPGATA1mCherry mouse.


Extended Data Figure 6 CD16/32 and GATA1–mCherry expression can be used as a lineage-marker for the GM and MegE lineage, respectively.
a, Overlapping PU.1–eYFP expression histograms of MEPs, LSKs and GMPs show that PU.1–eYFP levels alone are not sufficient to attribute individual cells to a specific HSPC population. Mean ± s.d.; n = 4 (biological replicates); one representative example shown. b, Flow cytometry of day 4 HSC culture. Representative example from three independent experiments (biological replicates). GATA1–mCherry and CD16/32 are mutually exclusive. c, Single HSCs were sorted into single wells of a 384-well plate. Colonies were observed for 10 days by one brightfield image per day. Expression of PU.1–eYFP, GATA1–mCherry, and CD16/32 was qualitatively assessed on each day. Colonies were scored into exclusive GATA1–mCherry+ (white bars), exclusive CD16/32+, or GATA1–mCherry+ and CD16/32 double positive (DP) colonies (57%). DP colonies were further subdivided into colonies that started to express GATA1–mCherry and CD16/32 on the same day (blue bars), expressed GATA1–mCherry at least one day before CD16/32 (red bars), or expressed CD16/32 before GATA1–mCherry (green bars). Missing percentages to 100% mean that colonies have either not expressed any marker yet or that individual colonies have died during the course of 10 days. All surviving colonies have turned on at least one marker (GATA1–mCherry or CD16/32) by day 9. Mean (+s.d.) of three biological replicates (n = 141, 185, 129 colonies). d, Colony potential of sorted cells from b, mean ± s.d. (n = 3). e, Cytospin of cells from day 4 cultures, representative example from three independent experiments. Scale bars, 10 μm.


Extended Data Figure 7 Additional HSC genealogy examples.
Example trees with mixed GM/MegE (1st and 2nd tree), only GM (3rd tree) and only MegE differentiation (4th tree). Compare Fig. 4.


Extended Data Table 1 PU.1eYFPGATA1mCherry mice are born at normal Mendelian ratiosFull size table


Extended Data Table 2 Protein abundance in different cell populations in flow cytometry and imagingFull size table


Extended Data Table 3 Data overview from time-lapse moviesFull size table
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Absence of GATA1 expression throughout GM differentiation of HSC
GM differentiating HSC, displaying one daughter cell of each generation. Brightfield images (‚BF‘), PU.1eYFP signal (‚PU.1‘), GATA1mCHERRY signal (‚Gata1‘) and CD16/32 expression (‚CD16/32‘, determined by live antibody staining). Time format (relative to movie start): d (day) – hh (hours):mm (minutes):ss (seconds). (MP4 1446 kb)


Downregulation of PU.1 before GATA1 expression in HSC differentiating into MegE cells 
Meg differentiating HSC, displaying one consecutive daughter cell each in brightfield images (‚BF‘) with PU.1eYFP signal (‚PU.1‘), GATA1mCHERRY signal (‚Gata1‘) and CD16/32 expression (‚CD16/32‘, determined by live antibody staining). Time format (relative to movie start): d (day) – hh (hours):mm (minutes):ss (seconds). (MP4 1618 kb)


PU.1eYFP and GATA1mCHERRY protein expression during early myeloid differentiation
Density scatter plot of PU.1eYFP and GATA1mCHERRY expression levels during differentiation of all tracked HSCs with CD16/32 or GATA1mCHERRY expression. Normalized to the onset (t=0h) of CD16/32 and GATA1mCHERRY, respectively. Light blue circle highlights initial expression profile of HSCs. (MP4 3397 kb)
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How lineage-inducing transcription factors promote cell fate in the haematopoietic lineage is debated. Population level analyses have uncovered the existence of positive feedback and mutual inhibition, which suggested that lineage choice is driven stochastically by fluctuating antagonistic transcription factors. Timm Schroeder and colleagues use live imaging and single-cell analyses to demonstrate that the decision made by haematopoietic stem cells to differentiate along the megakaryocytic–erythroid or granulocytic–monocytic lineage does not depend on such stochastic switching between lineage-specific transcription factors PU.1 and GATA1, a conclusion that challenges the previous model of early myeloid lineage choice.
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