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Fig. 6 | NanoDam identifies Cph target genes that important for proliferation and 
differentiation of ISCs in vivo. (a) NanoDam binding profile for Cph in various target genes 
are shown as summed coverage difference relative to NanoDam only. (b) UMAP of Cph+ 
(green) and sff+ (red) cells, with co-expression indicated in orange. (c) Expression of Cph and 
sff along the ISC-EEP-EE lineage. Notice a burst in expression of both Cph and sff early along 
this trajectory. (d) Expression of sff in ISCs and EEPs during homeostasis and Notch mutant 
condition. (e) Expression of sff in all progenitors during homeostasis, NotchRNAi and 
CphRNAi+NotchRNAi conditions. (f) Knockdown of sff in progenitors depleted of Notch 
significantly reduces GFP+ progenitors and pros+ EEs when compared to NotchRNAi expressing 
progenitors. (g) Quantification of mitotic cells in the entire midgut. (h) Quantification of EEs 
in the field of view. One-way ANOVA test with Tukey post hoc comparison was used for (g) 
and (h). *P < 0.05, **P < 0.01, ***P < 0.001. Scale bar for f is 100 μm.  
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Extended Data Fig. 1 | Quality control of scRNA-seq dataset. (a) UMAP uncorrected for 
batch effects for each scRNA-seq replicate. (b) Quantification of the number of genes detected 
per cell across each condition and replicate. (c) Quantification of the number of UMIs per cell 
across each condition and replicate. (d) Number of cells recovered after QC from this study 
compared to two other studies. 
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Extended Data Fig. 2 | Marker gene expression, regional mapping and velocity profiles 
of scRNA-seq dataset. (a) Z-score of marker gene expression in different intestinal cell types. 
To preserve space, only a random subset of ISCs, EBs, aECs and dECs was plotted. (b) Violin 
plot of genes with interesting expression profile in different intestinal cell types. (c) in vivo 
validation of marker genes in different intestinal regions. (d) UMAP of regional prediction of 
cell types from control and Notch mutant condition. (e) Regional predictions for EEs and their 
sub-classes in control and Notch mutant condition. Scale bar for c is 100 μm. 
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Extended Data Fig. 3 | Identification of perturbed cells using MELD. (a) MELD UMAPs 
arranged by cell type, experimental labels, perturbation likelihood were used to generate 
MELD labels. (b) Sanger sequencing traces of progenitor-specific Notch mutant intestine, 
highlighting where sgRNA starts. (c) Expression of Notch in control and Notch mutant 
condition. Notice the drop in quality (bottom row) after sgRNA binding site. (d) Expression of 
various Notch target genes in control and Notch mutant condition. For all comparisons, an 
asterisk denotes the mean. 
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Extended Data Fig. 4 | Identification of DEGs based on MELD. (a) Correlation coefficient 
of DEGs identified by MELD and conventional method (see M&M). (b) Number of DEGs up 
and downregulated in perturbed and unperturbed progenitor cells compared to control 
condition. (c) Expression of various genes in control and perturbed Notch mutant progenitor 
cells. (d) Hallmark gene set enrichment analysis. (e) Number of DEGs that are up and 
downregulated in different intestinal cell types.    
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Extended Data Fig. 5 | Cph expression across intestinal cell types and lineages. (a) 
Expression of Cph in all intestinal cell types during homeostasis or Notch mutant condition. 
(b) Expression of Cph and pros during ISC-EEP-EE differentiation in homeostatic condition. 
(c) Expression of Cph and pros during ISC-EEP-EE differentiation in Notch mutant condition. 
(d) PC plot of the expression of tap in control and Notch mutant condition. (e) PC plot of the 
expression of h in control and Notch mutant condition. (f) Differentiation potential of DlHigh 

and DlLow ISCs. (g) RFP expression using the ProsTS driver overlaps with endogenously tagged 
CphYFP. Scale bar for g is 10 μm  
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Extended Data Fig. 6 | Evolution of BCL11a/Cph and expression in AML. (a) Alignment 
of Cph in Drosophila melanogaster (Dm) with its homologues in Homo sapiens (Hs), 
Anopheles gambiae (Ag), Bombyx mori (Bm), Daphnia pulex (Dp), Parasteatoda tepidariorum 
(Pt), Apis mellifera (Am), and Tribolium castanaeum (Tc). The zinc finger domain (ZnF) of 
Cph is highly conserved across diverse species. Asterisks denote conserved cysteine or 
histidine residues, while asterisk inside a circle indicate a lack of conservation across species 
(b) Expression of BCL11a and Notch receptor and downstream target genes in primitive 
leukemic blasts. Data obtained from patients with AML39. 
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Extended Data Fig. 7 | Lineage tracing of Cph depleted progenitor cells. (a) REDDM 
lineage tracing highlighted that Cph depletion increases the number RFP+ cells and decreases 
GFP+/RFP+ cell, some of which are abnormally large. Scale bar for all is 100 μm. 
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Extended Data Fig. 8 | Characteristics of sc expressing intestinal cells. (a) Expression of sc 
in DlHigh and DlLow ISCs, demonstrating that sc is highly expressed in DlHigh ISCs. (b) Co-
expression of sc and Cph, illustrating high correlation. (c) Expression of CycA, CycE, 
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E(spl)mα-BFM and klu in scHigh and scLow expressing intestinal cells. (d) ChIP-seq tracks for 
sc binding to pros and rdhB. 
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Extended Data Fig. 9 | Transcriptional reprogramming of progenitor cells. (a) Expression 
of Notch in ISCs under control, NotchRNAi and CphRNAi+NotchRNAi condition. (b) Expression of 
Cph in ISCs under control, NotchRNAi and CphRNAi+NotchRNAi condition. (c) Correlation 
coefficient of all DEGs between NotchRNAi and NotchsgRNAx2. (d) Correlation coefficient of all 
significant commonly deregulated genes in ISCs in NotchRNAi and CphRNAi+NotchRNAi 
condition. (e) Correlation coefficient of all commonly deregulated genes in ISC-EBs in 
NotchRNAi and CphRNAi+NotchRNAi condition. 
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Extended Data Fig. 10 | NanoDam profiling of Cph. (a) Schematic of NanoDam in 
progenitor cells. (b) Expression of NanoDamRFP in GFP+ progenitor cells using the esgTS 
driver. (c) Differential binding correlation heatmap across different replicates. (d) Significant 
Cph target genes within the progenitor population. (e) Cph NanoDam binding intensity on the 
pros and rtp locus. Notice one major peak within the intronic region of pros. Scale bar for b is 
100 μm. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 9, 2024. ; https://doi.org/10.1101/2024.09.08.611891doi: bioRxiv preprint 

https://doi.org/10.1101/2024.09.08.611891
http://creativecommons.org/licenses/by-nc-nd/4.0/


 35 

REFERENCES 
 
1. Biteau, B., Hochmuth, C.E. & Jasper, H. Maintaining tissue homeostasis: dynamic 

control of somatic stem cell activity. Cell Stem Cell 9, 402-411 (2011). 
2. Ferraro, F., Celso, C.L. & Scadden, D. Adult stem cels and their niches. Adv Exp Med 

Biol 695, 155-168 (2010). 
3. Carley, E., King, M.C. & Guo, S. Integrating mechanical signals into cellular identity. 

Trends Cell Biol 32, 669-680 (2022). 
4. Yamashita, Y.M., Yuan, H., Cheng, J. & Hunt, A.J. Polarity in stem cell division: 

asymmetric stem cell division in tissue homeostasis. Cold Spring Harb Perspect Biol 
2, a001313 (2010). 

5. Kiela, P.R. & Ghishan, F.K. Physiology of Intestinal Absorption and Secretion. Best 
Pract Res Clin Gastroenterol 30, 145-159 (2016). 

6. Guo, X., Lv, J. & Xi, R. The specification and function of enteroendocrine cells in 
Drosophila and mammals: a comparative review. FEBS J 289, 4773-4796 (2022). 

7. Sanchez, J.G., Enriquez, J.R. & Wells, J.M. Enteroendocrine cell differentiation and 
function in the intestine. Curr Opin Endocrinol Diabetes Obes 29, 169-176 (2022). 

8. Casali, A. & Batlle, E. Intestinal stem cells in mammals and Drosophila. Cell Stem 
Cell 4, 124-127 (2009). 

9. Apidianakis, Y. & Rahme, L.G. Drosophila melanogaster as a model for human 
intestinal infection and pathology. Dis Model Mech 4, 21-30 (2011). 

10. Medina, A., Bellec, K., Polcownuk, S. & Cordero, J.B. Investigating local and 
systemic intestinal signalling in health and disease with Drosophila. Dis Model Mech 
15(2022). 

11. Ohlstein, B. & Spradling, A. The adult Drosophila posterior midgut is maintained by 
pluripotent stem cells. Nature 439, 470-474 (2006). 

12. Micchelli, C.A. & Perrimon, N. Evidence that stem cells reside in the adult 
Drosophila midgut epithelium. Nature 439, 475-479 (2006). 

13. Zeng, X. & Hou, S.X. Enteroendocrine cells are generated from stem cells through a 
distinct progenitor in the adult Drosophila posterior midgut. Development 142, 644-
653 (2015). 

14. Hung, R.J., et al. A cell atlas of the adult Drosophila midgut. Proc Natl Acad Sci U S 
A 117, 1514-1523 (2020). 

15. Guo, X., Zhang, Y., Huang, H. & Xi, R. A hierarchical transcription factor cascade 
regulates enteroendocrine cell diversity and plasticity in Drosophila. Nat Commun 13, 
6525 (2022). 

16. Guo, X., et al. The Cellular Diversity and Transcription Factor Code of Drosophila 
Enteroendocrine Cells. Cell Rep 29, 4172-4185 e4175 (2019). 

17. Ohlstein, B. & Spradling, A. Multipotent Drosophila intestinal stem cells specify 
daughter cell fates by differential notch signaling. Science 315, 988-992 (2007). 

18. van Es, J.H., et al. Notch/gamma-secretase inhibition turns proliferative cells in 
intestinal crypts and adenomas into goblet cells. Nature 435, 959-963 (2005). 

19. Fre, S., et al. Notch signals control the fate of immature progenitor cells in the 
intestine. Nature 435, 964-968 (2005). 

20. Patel, P.H., Dutta, D. & Edgar, B.A. Niche appropriation by Drosophila intestinal 
stem cell tumours. Nat Cell Biol 17, 1182-1192 (2015). 

21. Beehler-Evans, R. & Micchelli, C.A. Generation of enteroendocrine cell diversity in 
midgut stem cell lineages. Development 142, 654-664 (2015). 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 9, 2024. ; https://doi.org/10.1101/2024.09.08.611891doi: bioRxiv preprint 

https://doi.org/10.1101/2024.09.08.611891
http://creativecommons.org/licenses/by-nc-nd/4.0/


 36 

22. Chen, J., et al. Transient Scute activation via a self-stimulatory loop directs 
enteroendocrine cell pair specification from self-renewing intestinal stem cells. Nat 
Cell Biol 20, 152-161 (2018). 

23. Bardin, A.J., Perdigoto, C.N., Southall, T.D., Brand, A.H. & Schweisguth, F. 
Transcriptional control of stem cell maintenance in the Drosophila intestine. 
Development 137, 705-714 (2010). 

24. Korzelius, J., et al. The WT1-like transcription factor Klumpfuss maintains lineage 
commitment of enterocyte progenitors in the Drosophila intestine. Nat Commun 10, 
4123 (2019). 

25. Reiff, T., et al. Notch and EGFR regulate apoptosis in progenitor cells to ensure gut 
homeostasis in Drosophila. EMBO J 38, e101346 (2019). 

26. Wang, C., Guo, X., Dou, K., Chen, H. & Xi, R. Ttk69 acts as a master repressor of 
enteroendocrine cell specification in Drosophila intestinal stem cell lineages. 
Development 142, 3321-3331 (2015). 

27. Yin, C. & Xi, R. A Phyllopod-Mediated Feedback Loop Promotes Intestinal Stem 
Cell Enteroendocrine Commitment in Drosophila. Stem Cell Reports 10, 43-57 
(2018). 

28. Port, F., et al. A large-scale resource for tissue-specific CRISPR mutagenesis in 
Drosophila. Elife 9(2020). 

29. Li, H., et al. Fly Cell Atlas: A single-nucleus transcriptomic atlas of the adult fruit fly. 
Science 375, eabk2432 (2022). 

30. Dutta, D., et al. Regional Cell-Specific Transcriptome Mapping Reveals Regulatory 
Complexity in the Adult Drosophila Midgut. Cell Rep 12, 346-358 (2015). 

31. Burkhardt, D.B., et al. Quantifying the effect of experimental perturbations at single-
cell resolution. Nat Biotechnol 39, 619-629 (2021). 

32. Sunami, Y., et al. BCL11A promotes myeloid leukemogenesis by repressing PU.1 
target genes. Blood Adv 6, 1827-1843 (2022). 

33. Liu, P., et al. Bcl11a is essential for normal lymphoid development. Nat Immunol 4, 
525-532 (2003). 

34. Sankaran, V.G., et al. Developmental and species-divergent globin switching are 
driven by BCL11A. Nature 460, 1093-1097 (2009). 

35. Seigfried, F.A. & Britsch, S. The Role of Bcl11 Transcription Factors in 
Neurodevelopmental Disorders. Biology (Basel) 13(2024). 

36. Shalaby, N.A., et al. A screen for modifiers of notch signaling uncovers Amun, a 
protein with a critical role in sensory organ development. Genetics 182, 1061-1076 
(2009). 

37. Fox, P.M., Tang, J.L.Y. & Brand, A.H. The Drosophila homologue of CTIP1 
(Bcl11a) and CTIP2 (Bcl11b) regulates neural stem cell temporal patterning. 
Development 149(2022). 

38. Murthy, S. & Nongthomba, U. Role of the BCL11A/B Homologue Chronophage 
(Cph) in Locomotor Behaviour of Drosophila melanogaster. Neuroscience 551, 1-16 
(2024). 

39. Waclawiczek, A., et al. Combinatorial BCL2 Family Expression in Acute Myeloid 
Leukemia Stem Cells Predicts Clinical Response to Azacitidine/Venetoclax. Cancer 
Discov 13, 1408-1427 (2023). 

40. Antonello, Z.A., Reiff, T., Ballesta-Illan, E. & Dominguez, M. Robust intestinal 
homeostasis relies on cellular plasticity in enteroblasts mediated by miR-8-Escargot 
switch. EMBO J 34, 2025-2041 (2015). 

41. Jiang, H., et al. Cytokine/Jak/Stat signaling mediates regeneration and homeostasis in 
the Drosophila midgut. Cell 137, 1343-1355 (2009). 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 9, 2024. ; https://doi.org/10.1101/2024.09.08.611891doi: bioRxiv preprint 

https://doi.org/10.1101/2024.09.08.611891
http://creativecommons.org/licenses/by-nc-nd/4.0/


 37 

42. Li, Y., et al. Transcription Factor Antagonism Controls Enteroendocrine Cell 
Specification from Intestinal Stem Cells. Sci Rep 7, 988 (2017). 

43. Powell, L.M., Zur Lage, P.I., Prentice, D.R., Senthinathan, B. & Jarman, A.P. The 
proneural proteins Atonal and Scute regulate neural target genes through different E-
box binding sites. Mol Cell Biol 24, 9517-9526 (2004). 

44. Subramanian, A., et al. Gene set enrichment analysis: a knowledge-based approach 
for interpreting genome-wide expression profiles. Proc Natl Acad Sci U S A 102, 
15545-15550 (2005). 

45. Tang, J.L.Y., et al. NanoDam identifies Homeobrain (ARX) and Scarecrow 
(NKX2.1) as conserved temporal factors in the Drosophila central brain and visual 
system. Dev Cell 57, 1193-1207 e1197 (2022). 

46. Southall, T.D., et al. Cell-type-specific profiling of gene expression and chromatin 
binding without cell isolation: assaying RNA Pol II occupancy in neural stem cells. 
Dev Cell 26, 101-112 (2013). 

47. Baas, S., et al. Sugar-free frosting, a homolog of SAD kinase, drives neural-specific 
glycan expression in the Drosophila embryo. Development 138, 553-563 (2011). 

48. Yamamoto, S., Charng, W.L. & Bellen, H.J. Endocytosis and intracellular trafficking 
of Notch and its ligands. Curr Top Dev Biol 92, 165-200 (2010). 

49. Pajcini, K.V., Speck, N.A. & Pear, W.S. Notch signaling in mammalian 
hematopoietic stem cells. Leukemia 25, 1525-1532 (2011). 

50. Bahuguna, S., et al. Conditional CRISPR-Cas Genome Editing in Drosophila to 
Generate Intestinal Tumors. Cells 10(2021). 

51. Veenstra, J.A., Agricola, H.J. & Sellami, A. Regulatory peptides in fruit fly midgut. 
Cell Tissue Res 334, 499-516 (2008). 

52. Loza-Coll, M.A., Southall, T.D., Sandall, S.L., Brand, A.H. & Jones, D.L. Regulation 
of Drosophila intestinal stem cell maintenance and differentiation by the transcription 
factor Escargot. EMBO J 33, 2983-2996 (2014). 

53. Lun, A.T., Bach, K. & Marioni, J.C. Pooling across cells to normalize single-cell 
RNA sequencing data with many zero counts. Genome Biol 17, 75 (2016). 

54. Amezquita, R.A., et al. Orchestrating single-cell analysis with Bioconductor. Nat 
Methods 17, 137-145 (2020). 

55. Hao, Y., et al. Integrated analysis of multimodal single-cell data. Cell 184, 3573-3587 
e3529 (2021). 

56. Blondel, V.D., Guillaume, J.-L., Lambiotte, R. & Lefebvre, E. Fast unfolding of 
communities in large networks. Journal of Statistical Mechanics: Theory and 
Experiment 2008, P10008 (2008). 

57. Love, M.I., Huber, W. & Anders, S. Moderated estimation of fold change and 
dispersion for RNA-seq data with DESeq2. Genome Biol 15, 550 (2014). 

58. Aran, D., et al. Reference-based analysis of lung single-cell sequencing reveals a 
transitional profibrotic macrophage. Nat Immunol 20, 163-172 (2019). 

59. Street, K., et al. Slingshot: cell lineage and pseudotime inference for single-cell 
transcriptomics. BMC Genomics 19, 477 (2018). 

60. Roux de Bezieux, H., Van den Berge, K., Street, K. & Dudoit, S. Trajectory inference 
across multiple conditions with condiments. Nat Commun 15, 833 (2024). 

61. Van den Berge, K., et al. Trajectory-based differential expression analysis for single-
cell sequencing data. Nat Commun 11, 1201 (2020). 

62. Crowell, H.L., et al. muscat detects subpopulation-specific state transitions from 
multi-sample multi-condition single-cell transcriptomics data. Nat Commun 11, 6077 
(2020). 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 9, 2024. ; https://doi.org/10.1101/2024.09.08.611891doi: bioRxiv preprint 

https://doi.org/10.1101/2024.09.08.611891
http://creativecommons.org/licenses/by-nc-nd/4.0/


 38 

63. Robinson, M.D., McCarthy, D.J. & Smyth, G.K. edgeR: a Bioconductor package for 
differential expression analysis of digital gene expression data. Bioinformatics 26, 
139-140 (2010). 

64. Zimmerman, K.D., Espeland, M.A. & Langefeld, C.D. A practical solution to 
pseudoreplication bias in single-cell studies. Nat Commun 12, 738 (2021). 

65. Finak, G., et al. MAST: a flexible statistical framework for assessing transcriptional 
changes and characterizing heterogeneity in single-cell RNA sequencing data. 
Genome Biol 16, 278 (2015). 

66. Korotkevich, G., et al. Fast gene set enrichment analysis. bioRxiv, 060012 (2021). 
 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 9, 2024. ; https://doi.org/10.1101/2024.09.08.611891doi: bioRxiv preprint 

https://doi.org/10.1101/2024.09.08.611891
http://creativecommons.org/licenses/by-nc-nd/4.0/

