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            Abstract
In development, pioneer transcription factors access silent chromatin to reveal lineage-specific gene programs. The structured DNA-binding domains of pioneer factors have been well characterized, but whether and how intrinsically disordered regions affect chromatin and control cell fate is unclear. Here, we report that deletion of an intrinsically disordered region of the pioneer factor TCF-1 (termed L1) leads to an early developmental block in T cells. The few T cells that develop from progenitors expressing TCF-1 lacking L1 exhibit lineage infidelity distinct from the lineage diversion of TCF-1-deficient cells. Mechanistically, L1 is required for activation of T cell genes and repression of GATA2-driven genes, normally reserved to the mast cell and dendritic cell lineages. Underlying this lineage diversion, L1 mediates binding of TCF-1 to its earliest target genes, which are subject to repression as T cells develop. These data suggest that the intrinsically disordered N terminus of TCF-1 maintains T cell lineage fidelity.
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                    Fig. 1: The N terminus of TCF-1 is intrinsically disordered.


Fig. 2: Loss of TCF-1â€™s L1 domain limits DN1-to-DN2 transition.


Fig. 3: GATA2-driven mast cell gene signature is identified in developing T cells lacking L1.


Fig. 4: L1 modulates binding and transcriptional outcomes in early T cell development.


Fig. 5: L1 can be functionally substituted with another unstructured domain.


Fig. 6: Loss of L1 has limited effect on chromatin accessibility in committed T cells.
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Extended data

Extended Data Fig. 1 The N terminus of TCF-1 is intrinsically disordered.
a) Size exclusion chromatography purification of affinity- and ion exchange-purified recombinant TCF-1 protein expressed in E. coli. Chromatogram (left) displays measured A280 vs. elution volume for a representative injection of pooled ion exchange fractions. Vertical dashed lines indicate approximate position of fractions pooled for analysis by HX-MS. Gel image displays SDS-PAGE analysis (stained with SYPRO Orange) of final protein input to HX-MS. Chromatogram (right) displays A280 vs. elution time for repeated analysis of indicated fractions from a prior Superose 6 Increase 10/300GL run during the initial purification. b) Plots of normalized deuterium uptake (relative to measured deuterium content after 23hrs of H-to-D exchange) at each indicated measured sample pH (pHmeas) for each TCF-1 peptide observation at the indicated exchange times. For observations with technical replicates (n = 3 independent samples for pHmeas 6.0 4sec, 10sec), center line represents mean value with error bars corresponding to standard deviation. Shaded columns indicated pHmeas and time conditions where approximately equivalent exchange is expected given the pH dependency of HX rates. c) Representative mass spectra of indicated peptide observations (generated using ExMS259). Relative to the all-1H sample (treated as HX time = 0sec), the change in m/z of each centroid distribution reflects the indicated change in mass due to deuterium incorporation. d) Time-scaled, back exchange-corrected deuterium content vs. time experimental data as in Fig. 1c was fit to a stretched-exponential function for each peptide across the indicated regions of TCF-1. Boxplots of estimated kex values are approximate estimates of observed peptide-level HX rate constants. Center line of box plots is median, limits are 1st and 3rd quartiles, and whiskers are maximum and minimum values. e) Comparison of approximate predicted (random coil) kpred vs. observed kex peptide-level HX rate constants across peptides from the L1-L7 regions of TCF-1. Values for kex are as in (d). Values for kpred were estimated from the stretched-exponential fitting approach using predicted deuterium content vs. time data calculated from the predicted residue-specific HX rate constants across each respective peptide sequence under the assumption of no protection from exchange. Pearson correlation coefficient and corresponding correlation P value are displayed.


Extended Data Fig. 2 Loss of TCF-1â€²s L1 domain limits DN1 to DN2 transition.
a) Thy1+ CD25+ cells (b) DN1 (CD44+ CD25âˆ’), DN2 (CD44+CD25+), and DN3 (CD44- CD25+) in OP9-DLL1 co-cultures of Tcf7 cKOs transduced with EV, WT, or mutant TCF-1 (Î”L1-7) on day 13. c) Quantification of Thy1+ CD25+ cells (top) and DN2s, and DN3s by CD44 and CD25 surface expression (bottom) in OP9-DLL1 co-cultures of Tcf7 cKOs transduced with EV, WT, or mutant TCF-1 on day 13. d) DN1 (CD44âˆ’ CD25âˆ’), DN2 (CD44+ CD25+), and DN3 (CD44âˆ’ CD25+) cells in co-cultures of wild type (WT) ckit+ bone marrow (BM) progenitors transduced with WT TCF-1, EV, or mutant TCF-1 (Î”L1-L7) (GFP+) on OP9-DLL1 cells at day 5. e) Frequency of GFP+ (transduced) and GFPâˆ’ (un-transduced) DN2s and DN3s in (D) (top). Analysis of ratio of GFP+ to GFP- Thy1+ CD25+ cells in (d) (middle). Frequency of GFP+ and GFPâˆ’ Thy1+ CD25+ cells in (d) (bottom). f) DN1 (CD44âˆ’ CD25âˆ’), DN2 (CD44+ CD25+) and DN3 (CD44âˆ’ CD25+) cells in WT ckit+ BM progenitors transduced with WT TCF-1, Î”L1, or EV (GFP+) on OP9-DLL4 after 5 days. g) DN1 (CD44+ CD25âˆ’), DN2 (CD44+ CD25+), and DN3 (CD44âˆ’ CD25+) cells in WT ckit+ BM progenitors transduced with WT TCF-1 (GFP+) on OP9-DLL1 cells (left) and OP9 cells (right) for 5 days. h) Histogram depicting TCF-1 intracellular flow cytometry in Tcf7 cKO progenitors un-transduced (Vexâˆ’) or transduced with WT TCF-1, Î”L1, or EV (Vex+) as well as WT TCF-1 sufficient progenitors. i) Frequency of B220+ Vex+ (transduced) cells in Tcf7 cKO OP9-DLL1 at day 5 (left) and 13 (right). j) Number (left) and frequency (right) of CD11b+ CD25âˆ’ cells at day 7 in Tcf7 cKO OP9-DLL1 co-cultures. All cells (a-j) are pre-gated on SSC-A/FSC-A, Singlets, Live cell (Viability-), CD45+ and for a,b,c,i,j Vex+ and all data are representative of at least 3 independent experiments. In c, e, i,j, bars show mean from n = 2 independent animals, dots represent individual data points. In c, i, P values are determined by one-way ANOVA followed by Dunnettâ€™s multiple comparison test with WT TCF-1 (P45) as a control. *P < 0.05, ** P < 0.01, *** P < 0.001, and **** P < 0.001.


Extended Data Fig. 3 GATA2 driven mast cell gene signature is unmasked in developing T cells lacking L1.
a) Heatmaps depicting gene ontology enrichment in significantly differential gene sets (adjusted P<0.05, |Log2FoldChange|>1). P values are calculated using a hypergeometric test. b) Heatmap demonstrating differentially expressed genes (adjusted P <0.05) between wild type (WT) TCF-1 transduced DN1 and DN2s from Tcf7 cKO cells on OP9-DLL1 co-cultures at day 7. P-values are calculated by the Wald test and adjusted using the Benjamini and Hochberg method. c) Principle component plot of RNA-sequencing on 293T human cell line transduced with empty vector (EV), wild type (WT) human TCF-1, and an internal deletion mutant lacking the analogous L1 region of human TCF-1; human Î”L1 (upper panel). GSEA depicts the enrichment of genes in GSE22601_IMMATURE_CD4_SINGLE_POSITIVE VS_DOUBLE_POSITIVE_THYMOCYTE_UP gene set within genes upregulated in 293T cells with human TCF-1 vs. EV. d) Heatmap depicting transcription factors differentially upregulated in Î”L1 and WT TCF-1 transduced DN2s from Tcf7 cKO cells on OP9-DLL1 co-cultures at day 7 (adjusted P<0.05 and |Log2FoldChange|>1). P-values are calculated by the Wald test and adjusted using the Benjamini and Hochberg method. e) Bar plots depicting select gene expression (in RPKM) values in DN1 and DN2s from Tcf7 cKO cells on OP9-DLL1 co-cultures at day 7. Bars represent mean RPKM values, error bars represent Standard deviation (SD), and individual data points are represented with dots.


Extended Data Fig. 4 GATA2 driven mast cell transcriptional signature is unmasked in developing T cells lacking the L1 region of TCF-1.
aâ€“e. Representative genome browser views of counts per million normalized strand specific RNA-seq tracks at Gata2 (a.), Gata3 (b.), Thy1 (c.), Mcpt1/2/4 (d.) and Bcl11b loci (e).


Extended Data Fig. 5 The L1 domain of TCF-1 modulates binding and transcriptional outcomes in early T cell development independent of chromatin accessibility.
a) SeqLogo depicting top enriched motifs from de novo HOMER motif analysis of differentially accessible ATAC-seq peaks in WT vs. EV, Î”L1 vs. EV, and WT vs Î”L1 transduced DN1 and DN2s with non-differential peaks as background. P values are calculated using a hypergeometric test. b) Venn-diagram representing TCF-1 CUT&RUN experiments and associated unique and overlapping WT TCF-1 and Î”L1 binding events in DN1 and DN2s. c) Principal component analysis of TCF-1 CUT&RUN and chromatin accessibility measurements in DN1 and DN2s. Counts of ATAC-seq and TCF-1 binding in CUT&RUN measurements were generated across the union of all peaks across all ATAC-seq and CUT&RUN conditions. d) SeqLogo depicting top enriched motifs from de novo HOMER motif analysis of L1 dependent and independent binding events in DN1 and DN2s compared to randomly generated background. P values are calculated using a hypergeometric test. e) Heatmap depicting TCF-1 binding events measured by TCF-1 CUT&RUN and chromatin accessibility in DN1 and DN2s at differentially accessible peaks open in WT DN2 vs. DN1s.


Extended Data Fig. 6 Loss of the L1 domain of TCF-1 has limited effect on chromatin accessibility in committed T cells.
a) Principal component plot of RNA-seq on Tcf7âˆ’/âˆ’ DN3 like Scid.adh cells transduced with empty vector (EV), wild type (WT) TCF-1, and internal deletion mutants: Î”L1, Î”L2, Î”L6, and Î”L7. b) Volcano plot demonstrating significantly differential genes comparing WT TCF-1 and EV (left), Î”L1 and WT TCF-1 (middle), and Î”L7 and WT TCF-1 (right) transduced Tcf7âˆ’/âˆ’ DN3 cells. (adjusted P<0.05 and |Log2FoldChange|>1) P-values are calculated by the Wald test and adjusted using the Benjamini and Hochberg method. c) Heatmap depicting significantly up and down-regulated genes comparing WT TCF-1 and EV transduced Tcf7âˆ’/âˆ’ DN3 cells. (adjusted P <0.05 and |Log2FC|>1). P-values are calculated by the Wald test and adjusted using the Benjamini and Hochberg method. d) Pathway enrichment analysis of differential gene sets depicted in B. P values are calculated using a hypergeometric test. e) Quantification of number of WT TCF-1 and Î”L1 binding events profiled by TCF-1 and FLAG CUT&RUN in Tcf7âˆ’/âˆ’ KO DN3 cells. Bars represent mean number of binding sites from n = 2 biologically independent samples. f) Principal component plot of WT TCF-1 and Î”L1 binding events as measured in E.


Extended Data Fig. 7 Proteomics measurements suggest the interaction between RUNX1 and TCF-1 is dependent on the L1 domain.
a) Representative immunofluorescence images depicting GFP tagged wild type (WT) TCF-1, Î”L1 mutant TCF-1 and empty vector (EV). DAPI staining of nuclei and overlay images are included (right). Boxplot of granularity of GFP signal in DN3 cells transduced with either EV, WT TCF-1 or Î”L1 fused with GFP. Granularity indicates the percentage of highest intensity elements of 8 pixels subtracted relative to the background (see Methods). Cells with a more granular pattern or punctate localization are indicated by a lower percentage. Center line of box plots represent median granularity, limits represent 1st and 3rd quartiles, whiskers represent maximum and minimum values, data points represent outliers. Cells analyzed per condition EV: n = 189, WT TCF-1: n = 237, Î”L1: n = 190. P values were determined by a two-tailed Mann-Whitney test: *P < 0.05, ** P < 0.01, *** P < 0.001, and **** P < 0.001. Scale bar: 4Âµm. b) Heatmap indicating the Z score of the log2 normalized abundance of top 100 proteins detected with a higher enrichment between DN3 cells expressing WT TCF-1 and both EV and Î”L1 in mass spectrometry of a TCF-1 immunoprecipitation in DN3 cells. c) Depiction of L1 dependent TCF-1 protein-protein interaction network identified by mass spectrometry of a TCF-1 immunoprecipitation in DN3 cells. Node size and color indicate fold change in log normalized abundance between DN3 cells expressing WT TCF-1 and EV. d) Network terms corresponding to Uniprot keywords are highlighted in the network depicted in c.
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