NPM1 mutation reprograms leukemic transcription network via reshaping TAD topology
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	primer
	sequence
	method

	Cebpa-sgRNA-1-F
	CACCGGCGCACCTCCGGGTCGCGAA
	sgRNA

	Cebpa-sgRNA-1-R
	AAACTTCGCGACCCGGAGGTGCGCC
	sgRNA

	Cebpa-sgRNA-2-F
	CACCGGAGGCCGCCTCGGACTCTAG
	sgRNA

	Cebpa-sgRNA-2-R
	AAACCTAGAGTCCGAGGCGGCCTCC
	sgRNA

	Pu.1-sgRNA-1-F
	CACCGTTTATCGAAGGGCCTGCCGC
	sgRNA

	Pu.1-sgRNA-1-R
	AAACGCGGCAGGCCCTTCGATAAAC
	sgRNA

	Pu.1-sgRNA-2-F
	CACCGGAGATTTATGCAAACGGGTT
	sgRNA

	Pu.1-sgRNA-2-R
	AAACAACCCGTTTGCATAAATCTCC
	sgRNA

	Human P15-F
	CGTTAAGTTTACGGCCAACG
	RT-qPCR

	Human P15-R
	CCATCATCATGACCTGGATCG
	RT-qPCR

	Human P16-F
	ATGGAGCCTTCGGCTGACT
	RT-qPCR

	Human P16-R
	CACCAGCGTGTCCAGGAAG
	RT-qPCR

	Human P21-F
	TCTTGTACCCTTGTGCCTCG
	RT-qPCR

	Human P21-R
	AGAAGATCAGCCGGCGTTTG
	RT-qPCR

	Human CEBPA-F
	AGCCTTGTTTGTACTGTATG
	RT-qPCR

	Human CEBPA-R
	AAAATGGTGGTTTAGCAGAG
	RT-qPCR

	Human CEBPD-F
	AGCGCAACAACATCGCCGTG
	RT-qPCR

	Human CEBPD-R
	GTCGGGTCTGAGGTATGGGTC
	RT-qPCR

	Human P15 Pro-F
	CCGTCGTCCTTCTGCGGCTTG
	ChIP-qPCR

	Human P15 Pro-R
	AGTGAGGACTCCGCGACGCGT
	ChIP-qPCR

	Human P16 Pro-F
	TCGCCAGGAGGAGGTCTGTGATTAC
	ChIP-qPCR

	Human P16 Pro-R
	CAGGTGGGTAGAGGGTCTGCAGC
	ChIP-qPCR

	Human P21 Pro-F
	CCGAAGTCAGTTCCTTGTGG
	ChIP-qPCR

	Human P21 Pro-R
	CGCTCTCTCACCTCCTCTGA
	ChIP-qPCR

	Human CEBPA Pro-F
	CCTGCCGGGTATAAAAGCTG
	ChIP-qPCR

	Human CEBPA Pro-R
	GACTCCATGGGGGAGTTAGAG
	ChIP-qPCR

	Human CEBPD Pro-F
	TCCGTAGACCTGGAAGAAAC
	ChIP-qPCR

	Human CEBPD Pro-R
	CAAAAGCAGAGCAGATGGG
	ChIP-qPCR

	Human GAPDH Pro-F
	CCACATCGCTCAGACACCAT
	ChIP-qPCR

	Human GAPDH Pro-R
	CCCGCAAGGCTCGTAGAC
	ChIP-qPCR

	Human Pu.1-F 
	GCGACCATTACTGGGACTTC
	RT-qPCR

	Human Pu.1-R
	ATGGGTACTGGAGGCACATC
	RT-qPCR

	Human CEBPA-F 
	GTGGACAAGAACAGCAACGAG
	RT-qPCR

	Human CEBPA-R
	GCGGTCATTGTCACTGGTCA
	RT-qPCR



Supplementary Materials and Methods:

NPM1C+-expressing mouse model
Generation of a mouse line that inducibly expresses a human NPM1C+ transgene has been described 1. To achieve hematopoietic-specific expression, NPM1C+ animals were intercrossed with the Mx1-driven Cre deletor line. Activation of the Cre-mediated excision of the Lox-Stop-Lox cassette preceding the NPM1C+ transgene was achieved by 5 intraperitoneal injections of poly(I:C) every other day. Bone marrow cells were harvested from femurs, tibiae, and ilea of fully excised mice and littermate controls, and hematopoietic stem/progenitor populations were isolated by a two-step procedure consisting of mature hematopoietic lineage-depletion (Cat. # 19856, StemCell Technologies) followed by cKit/CD117-enrichment (Cat. # 18757, StemCell Technologies) according to manufacturer’s protocols. Efficiency of HSPC enrichment was confirmed by flow cytometry, routinely achieving >95% cKit+ cells. Double-enriched NPM1C+ and WT control HSPCs were then subjected to gene expression (RNA-seq) and chromatin confirmation capture (Hi-C) analyses.
Cells culture and transfection
OCI-AML3 cells were maintained in alpha-MEM (with ribo- and deoxyribonucleosides) supplemented with 20% heat inactivated fetal bovine serum and 100 U/ml of penicillin/100 g/ml of streptomycin. For expression of GFP-NPM1, the plasmid pEGFP-NPM1 was purchased from Addgene (Plasmid #17578). pEGFP-NPM1 plasmid was transfected into OCI-AML3 cells using the Nucleofection protocol according to the manufacturer's instructions. Monoclonal cells were selected by serial dilution protocol followed by flow cytometry sorting of GFP positive cells.
XPO1 inhibitor treatment
Selinexor (KPT-330, XPO1 inhibitor) was purchased from Selleck Chemicals (Houston, TX, US). Selinexor treatment was performed with a final concentration of 50 nM according to a previous study 2. 
dCas9-mediated activation of SPI1 or CEBPA
Two guide RNAs targeting the promoter regions of SPI1 or CEBPA (Table S1) were designed using the Zhang laboratory web tool (http://crispr.mit.edu), and cloned into the pLKO5.sgRNA.EFS.tRFP vector (Addgene #57824). The gRNA plasmids encoding RFP and puromycin resistance were co-transfected with a plasmid encoding dCas9-VP160 (pAC94-pmax-dCas9VP160-2A-puro, Addgene #48226) in OCI-AML3 cells. After 24 hr post-transfection, OCI-AML3 cells were selected with 2 μg/mL puromycin for another 48 hr, and then FACS sorted for RFP+ cells. RNA was extracted from RFP+ cells, and RT-qPCR was performed using the following primer pairs (Table S1).
Cell cycle analysis
WT and modified OCI-AML3 cells were harvested and washed with phosphate buffered saline (PBS). The washed cells were fixed by adding 70% ethanol drop wise to the pellet with vortexing and incubated overnight at 4 °C. After fixation, cells were washed with PBS twice, treated with the staining buffer (RNase A, Triton X-100, propidium iodide) and then incubated at 37 °C for 30 min in the dark.  Stained samples were analyzed on the BD AccuriTM C6 Plus flow cytometer (BD Biosciences), and cell cycle data analysis was performed using FlowJo software. Triplicate experiments were performed for each sample.

Co-immunoprecipitation (co-IP) Assay
For co-IP assays, cells were harvested by centrifugation and then washed by 1×PBS. Nuclear and cytoplasmic extracts were prepared using NE-PER™ Nuclear and Cytoplasmic Extraction Reagent kit (Thermo Scientific™). Nuclear extracts were pre-cleared by rotating with Protein A/G agarose beads (Santa Cruz, #sc-2003) for 30 min at 4°C. After centrifugation, the supernatant was transferred into two tubes and diluted to 1 ml by RIPA buffer (Thermo Scientific™). Precleared nuclear extracts were then incubated with primary antibody (anti-MIZ1 Santa Cruz #sc-22837) and normal IgG control by rotating at 4°C overnight. Protein-antibody complexes were captured by Protein A/G Agarose beads at 4°C under gentle rotation for 4 hrs. After washing the beads four times with RIPA buffer (supplemented with protease inhibitor cocktail), the associated proteins were eluted by adding 2 × SDS loading buffer and boiling for 5 min.  Supernatant containing associated proteins were then subjected to Western blot analysis.
RNA isolation, quantitative RT-PCR, and RNA-sequencing 
Total RNA was extracted from untreated, XPOi-treated OCI-AML3 cells and NPM1-WT overexpressing OCI-AML3 cells, and WT and NPM1c+ knock-in mouse lineage-depleted cKit-enriched bone marrow (BM) cells using the RNeasy Mini kit (Qiagen) according to the manufacturer's instructions. cDNA was generated from 1 μg DNase-treated total RNA with the Superscript II Reverse Transcriptase kit (Invitrogen), and used as template for quantitative PCR.
RNA libraries were prepared according to the Illumina TruSeq mRNA sample preparation kit (Illumina, Cat# 20020594) for next generation sequencing. Firstly, polyadenylated mRNA was enriched using poly-T oligo beads, then purified mRNA was fragmented following manufacturer's instructions. Subsequently, cDNA synthesis and amplification of indexed libraries were performed. Library quality was then assessed by Qubit and Agilent Bioanalyzer. Libraries were subjected to paired-end sequencing at a 50 bp length on an Illumina NovaSeq 6000. Sequenced reads were trimmed and quality filtered using cutadapt (http://cutadapt.readthedocs.io, version 1.2.0) program 3 and aligned to the human (hg19) or mouse (mm9) genome using TopHat (version 2.0) and Bowtie2 4-6. FPKM (paired-end fragments per kilobase of exon model per million mapped reads) values were calculated using Cufflinks v2.2.1 and differential expression analysis was performed using Cuffdiff 7. The heatmap was generated using cluster3.0 and treeview based on log2 transformation of the FPKM values 8. Gene set enrichment analysis (GSEA) was performed with gene sets obtained from the Molecular Signatures Database 9. GO analysis of differentially expressed (greater than 2 fold) genes was generated using Database for Annotation, Visualization and Integrated Discovery (DAVID) Bioinformatics Resources 10. Sequence reads have been deposited in the NCBI GEO under accession number (GEO: GSE208022).
Chromatin immunoprecipitation (ChIP) assay 
ChIP assay was performed as described previously 11. Briefly, cells were harvested by centrifugation and then washed by 1×PBS. Cells were cross-linked by adding formaldehyde dropwise to a final concentration of 1%. Lysed cell solution was subjected to chromatin shearing using bioruptor (Diagenode) with a 30s on and 30s off condition. Sonicated and purified chromatin from indicated cells was incubated at 4°C overnight under gentle agitation with indicated primary antibodies and 30 ul 50% pre-washed protein A/G agarose beads slurry. Bound chromatin and beads underwent buffer washing, reverse crosslinking, and DNA precipitation to elute the ChIP DNA. Immunoprecipitated DNA was then analyzed by qPCR to quantify relative enrichment of the target loci. 

Assay for Transposase-Accessible Chromatin using sequencing (ATAC-seq) assay
ATAC-seq assay was performed using the Nextera DNA library preparation kit as described previously 12. Briefly, 5×104 indicated cells were harvested and washed with cold PBS twice. Cell pellets were then resuspended in 50ul cold lysis buffer containing 10 mM Tris-HCl (pH 7.4), 10 mM NaCl, 3 mM MgCl2, and 0.1% NP-40. Cells were spun down immediately at 500g for 10min at 4°C, and cell pellets were resuspended and treated with a transposase reaction mixture containing 2.5ul Tn5 transposase at 37°C for 30 min. The fragmented DNA was purified using the MinElute Kit (QIAGEN) and fragments were simultaneously amplified and indexed in a PCR reaction with 2x NEBNext High-Fidelity PCR master Mix (NEB). Following purification with AMPure XP beads (Beckman Coulter), libraries were quantified using qPCR Kapa Library Quantification Kit for Illumina (Roche). Quality control was done using Qubit and Agilent Bioanalyzer and libraries were subjected to 100 bp paired-end sequencing on an Illumina NovaSeq 6000. 
ATAC-seq analysis
Sequenced reads were trimmed and filtered using cutadapt (http://cutadapt.readthedocs.io, version 1.2.0) 3, PCR duplicates were removed using Picard MarkDuplicates (version 2.0.1), mitochondrial reads were removed with samtools 13, and sequences underwent quality control by FastQC 14. Reads and were mapped to the human (hg19) or mouse (mm9) reference genome using Bowtie2 with default parameters 5. ENCODE blacklist regions were filtered (https://sites.google.com/site/anshulkundaje/projects/blacklists). SAM files were converted to BAM files and sorted using Samtools 15. Peak calling was performed using MACS2 with parameters (-g mm -p 1e-9 –nolambda -f BAMPE –nomodel –shiftsize 100 --extsize 200)16. A bigWig file, including fragment or read coverages for control and experimental datasets, was generated with the bedGraphToBigWig​ program, (https://www.encodeproject.org/software/bedgraphtobigwig/). Sequencing tracks were viewed using the Integrated Genomic Viewer 17. Peak annotation was performed using HOMER 18. DEseq2 (Benjamini-Hochberg adjusted p< 0.05; FoldChange≥2) was used to identify differentially accessible sites 19. All genomics datasets were deposited in the NCBI GEO under accession number (GEO: GSE208022).
Chromosome Conformation Capture (Hi-C) Assay
Hi-C assay was performed as described previously with Arima-HiC Kit (Cat: A410030) (https://arimagenomics.com/). Briefly, 5×106 indicated cells, including untreatment, XPOi treated OCI-AML3 cells and NPM1-WT overexpressing OCI-AML3 cells, and Lin-cKit+ BM cells derived from WT and NPM1c+ knock-in mice were washed with PBS twice, crosslinked in 1% formaldehyde for 10 min at room temperature, quenched by 125 mM glycine for 5 min at room temperature, and washed with ice-cold 1x PBS twice. Cells were then resuspended in lysis buffer and incubated at 4 °C for 15 min, conditioning solution was added at 62 °C for 10 min, and the reaction was stopped by stop solution for 15 min at 37 °C. Cell pellets were then digested with the enzymatic digestion reaction buffer and restriction enzyme cocktails (Arima-HiC Kit) overnight at 37 °C with rotation and DNA was purified using AMPure XP Beads. Next, 750 ng of DNA was sheared by sonication (Bioruptor UCD200, 10 cycles 30s ON,30s OFF for 9-10 cycles) and size-selected to 200-600 bp. Sequencing libraries were then prepared from 250ng of DNA using KAPA Hyper Prep Kit (Cat. # KK8500, KK4824 and KK8502). Libraries were subjected to 100 bp paired-end sequencing on an Illumina NovaSeq 6000.
Hi-C sequencing data analysis
Adapters and low-quality reads were removed using bbmap and bbduk.sh (https://jgi.doe.gov/data-and-tools/bbtools/bb-tools-user-guide/bbduk-guide/). Reads were trimmed using Homer (version 4.10) 18. PCR duplicates were removed using Picard MarkDuplicates (version 2.0.1), and underwent quality control by FastQC program 14. Filtered reads were mapped to the mouse (mm9) or human (hg19) reference genome using Bowtie2 with parameters (“-n 1 -m 1 -p 8”) 5. Mapped sequencing data was used to generate a contact matrix using Homer (version 4.10). Then, analyHiC program was performed to generate a normalized and visualizable interaction matrix with default parameters, and the intra-chromatin interactions of the specific loci were generated by analyzeHiC program in Homer/4.10 with parameters (-res 10,000 -superRes 20,000 -pos chromosome location). ANOVA analysis was performed to identify TADs with significant variability in domain score by comparison of WT and XPO1 treated AML cells, or WT and NPM1c+ murine cells (cutoff: Bonferroni-corrected p value < 0.05). The differential chromatin interactions were evaluated through HiCExplorer (version 3.5.3) 20. These normalized and visualized chromatin interaction matrices were used to generate the Hi-C heatmap using juicer (version 1.5.5) 21, and visualized with Juicebox 22. Furthermore, the domain score of the TAD was normalized by subtracting the mean of all TADs, and quantile-normalization was applied on domain scores to facilitate comparison among all Hi-C signals with HOMER program (v4.10) 23. All genomics datasets were deposited in the NCBI GEO under accession number (GEO: GSE208022).

Supplementary Figures and legends:
Supplementary Figure 1. NPM1C+ KI in mouse BM HS/PCs reprograms Hoxa and Hoxb TAD topology and transcription signatures. (A) Volcano plot analysis of RNA-seq shows that posterior Hoxa, anterior Hoxb, and myeloid master TF Runx1 genes were activated upon NPM1C+ KI. (B) ATAC-seq analysis of chromatin accessibility of hoax (Top) and Hoxb (Bottom) loci comparing WT and NPM1C+ KI mouse BM HS/PCs. (C) Hi-C contact matrices of all chromosomal interactions in WT and NPM1C+ KI mouse BM HS/PCs. (D) Hi-C interacting maps in part of mouse chromosome 6 regions containing Hoxa locus comparing WT and NPM1C+ KI mouse BM HS/PCs. (E) Hi-C interacting maps in part of mouse chromosome 11 regions containing Hoxb locus comparing WT and NPM1C+ KI mouse BM HS/PCs. 
[bookmark: _Hlk108178193]Supplementary Figure 2. Nuclear retention of NPM1 enhanced NPM1 and CTCF interaction and alters leukemic TAD formation and gene expression. (A) Overlapping upregulated (Top) or downregulated (Bottom) genes by RNA-seq between XPO1i treatment and NPM1OE OCI-AML3 cells. (B) GO term analysis of overlapped upregulated or downregulated gene by XPO1i treatment and NPM1OE. (C) Overlapping of enhanced or reduced TAD encompassed gene and upregulated (Left) or downregulated (Right) genes by RNA-seq upon XPO1i treatment in OCI-AML3 cells. (D) List of genomic regions and encompassed genes of top 10 downregulated TADs upon NPM1OE in OCI-AML3 cells. (E) Overlapping of TADs identified from WT OCI-AML3 cells and XPO1i treated OCI-AML3 cells by Hi-C assay (Left). GO term analysis of overlapped enhanced TAD encompassed genes and upregulated genes by RNA-seq XPO1i treated OCI-AML3 cells (Right).  (F) Overlapping of enhanced or reduced TAD encompassed gene and upregulated or downregulated genes by RNA-seq upon NPM1OE in OCI-AML3 cells. GO term analysis of overlapped reduced TAD encompassed genes and downregulated genes by RNA-seq XPO1i treated OCI-AML3 cells (Right). (G) Hi-C interacting maps in part of human chromosome 6 regions containing CDKN1A gene comparing WT, XPO1 treated, or NPM1OE OCI-AML3 cells. (H) Hi-C interacting maps in part of human chromosome 9 regions containing CDKN2A/CDNK2B genes comparing WT, XPO1 treated, or NPM1OE OCI-AML3 cells.
[bookmark: _GoBack]Supplementary Figure 3. Nuclear retention of NPM1 switched MYC/MIZ-1 axis to block aberrant cell cycle and promote myeloid differentiation. (A) ChIP-qPCR analysis of IgG control in the target loci. (B) ChIP-qPCR analysis of H3K27ac enrichment at MIZ-1 target genes comparing WT and XPO1i treated or NPM1OE OCI-AML3 cells. (C) ChIP-qPCR analysis of H3K9me2 enrichment at MIZ-1 target genes comparing WT and XPO1i treated or NPM1OE OCI-AML3 cells. (D) May-Giemsa staining of OCI-AML3 cells comparing WT, XPO1i treated, or NPM1OE OCI-AML3 cells. (E) FACS analysis of CD11b and CD14 double positive cells comparing WT, XPO1i treated, or NPM1OE OCI-AML3 cells. (F) Quantitation of CD11b and CD14 double positive cells comparing WT, XPO1i treated, or NPM1OE OCI-AML3 cells. (G) FACS analysis of the cell cycle was performed using propidium iodide staining of WT, XPO1i treated, or NPM1OE OCI-AML3 cells. (H) FACS analysis of Annexin V positive apoptotic cells in WT, XPO1i treated, or NPM1OE OCI-AML3 cells. (I) Ki67 antibody staining of proliferative cells comparing WT, XPO1i treated, or NPM1OE OCI-AML3 cells.
Supplementary Figure 4. Target activation of SPI1 or CEBPA in NPM1C+ mutant AML cells. (A) West blotting analysis of Pu.1 and CEBPA protein expression comparing WT vs. SPI1 activated- or CEBPA activated-OCI-AML3 cells. (B) RT-qPCR analysis of Pu.1 and CEBPA mRNA expression comparing WT vs. SPI1 activated- or CEBPA activated-OCI-AML3 cells.
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