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Table S1. Colony formation by Hhex-deleted BM cells 
 Hhex Colonies per 25,000 BM cells 

Stimulus Genotype Blast G GM M Eo Meg TOTAL 
GM-CSF +/fl - 23 ± 12 5 ± 3 43 ± 21 4 ± 2 - 75 ± 30 

 +/ΔMx - 22 ± 10 4 ± 3 38 ± 2 3 ± 2 - 67 ± 11 
 -/ΔMx - 43 ± 12** 3 ± 2 6 ± 3*** 5 ± 3 - 57 ± 16 
         

G-CSF +/fl - 14 ± 8 - - - - 14 ± 8 
 +/ΔMx - 11 ± 3 - - - - 11 ± 3 
 -/ΔMx - 17 ± 7 - - - - 17 ± 7 
         

M-CSF +/fl - 6 ± 5 7 ± 5 48 ± 22 - - 61 ± 31 
 +/ΔMx - 5 ± 3 4 ± 2 58 ± 23 - - 67 ± 26 
 -/ΔMx - 2 ± 2* 2 ± 2* 18 ± 6** - - 22 ± 9** 
         

IL-3 +/fl 5 ± 3 28 ± 10 9 ± 6 17 ± 9 3 ± 3 5 ± 3 68 ± 27 
 +/ΔMx 5 ± 4 33 ± 9 7 ± 3 20 ± 7 3 ± 3 7 ± 1 75 ± 17 
 -/ΔMx 8 ± 4 49 ± 19* 15 ± 7 15 ± 5 3 ± 2 7 ± 5 98 ± 31 
         

IL3,SCF, +/fl 6 ± 3 37 ± 12 15 ± 4 18 ± 7 4 ± 3 20 ± 9 100 ± 25 
EPO +/ΔMx 8 ± 6 37 ± 9 15 ± 3 26 ± 6 2 ± 2 22 ± 10 110 ± 19 

 -/ΔMx 6 ± 4 56 ± 12** 18 ± 5 28 ± 10* 3 ± 2 24 ± 11 135 ± 27* 
Data are combined from triplicate cultures of n=6 (+/fl), 3 (+/ΔMx) and 9 (-/ΔMx) mice per group. 
*p<0.05 **p<0.01 ***p<0.001 vs +/fl (Student’s T-test). Significant differences are shaded. 
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Table S2: Excel file: RNA sequencing - differentially expressed genes in LICs  
 
Table S3: Excel file: RNA sequencing -  differentially expressed genes in MLL-ENL cell lines 
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Table S4. Gene Set Enrichment Analysis of Hhex-deleted cell lines 

MSigDB Gene Set NES p value FDR q 
value 

Downregulated    
SCHUHMACHER_MYC_TARGETS_UP 1.69 0.002 0.151 
WONG_EMBRYONIC_STEM_CELL_CORE 1.66 0.000 0.170 
DANG_MYC_TARGETS_UP 1.60 0.000 0.232 
DANG_REGULATED_BY_MYC_UP 1.53 0.015 0.275 
Upregulated    
ONGUSAHA_TP53_TARGETS -2.09 0.000 0.001 
BROWN_MYELOID_CELL_DEVELOPMENT_UP -1.79 0.000 0.129 

GSEA was used to compare the indicated MSigDB gene sets to normalized RNA 
expression data from Hhex-knockout versus Hhex-heterozygous MLL-ENL AML cell lines. 
NES, normalized enrichment score. FDR, false discovery rate. 
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Table S5. Oligonucleotides sequences for CRISPR-Cas9-mediated gene disruption 

Gene  Target  
Reverse 
complement Exon 

Quality 
score* 

# off-target sites 
(in genes) 
[mismatches]** 

mTp53  

C1 
CACCGAGGAGCTC
CTGACACTCGGA 

AAACTCCGAGTGT
CAGGAGCTCCTC 3 79 187 (18) [2] 

C2 
CACCGGACACTCG
GAGGGCTTCACT 

AAACAGTGAAGCC
CTCCGAGTGTCC 3 76 101 (10) [2] 

p16 
 

C1 
CACCGCGGGGCGT
TGGGCGAAACCC 

AAACGGGTTTCGC
CCAACGCCCCGC 1 95 26 (11) [3] 

C2 
CACCGGGTACGAC
CGAAAGAGTTCG 

AAACCGAACTCTT
TCGGTCGTACCC 1 96 12 (4) [3] 

p19 
 

C1 
CACCGTGGTGAAG
TTCGTGCGATCC 

AAACGGATCGCAC
GAACTTCACCAC 1 94 46 (10) [3] 

C2 
CACCGCGGGCCGC
CCACTCCAAGAG 

AAACCTCTTGGAG
TGGGCGGCCCGC 1 85 49 (12) [3] 

p16+p19 
 

C1 
CACCGCGGTGCAG
ATTCGAACTGCG 

AAACCGCAGTTCG
AATCTGCACCGC 2 94 33 (8) [3] 

C2 
CACCGCGCTGCGT
CGTGCACCGGGC 

AAACGCCCGGTGC
ACGACGCAGCGC 2 94 32 (11) [3] 

p15 
 

C1 
CACCGTTGGGCGG
CAGCAGTGACGC 

AAACGCGTCACTG
CTGCCGCCCAAC 1 84 97 (22) [2] 

C2 
CACCGCACTTGCC
CCCGCGCCGCGG 

AAACCCGCGGCGC
GGGGGCAAGTGC 1 90 52 (21) [3] 

ffLuc 
 

C1 
CACCGCTTCGAAA
TGTCCGTTCGGT 

AAACACCGAACGG
ACATTTCGAAGC 2 96 31 (2) [3] 

Boldface indicates non-targeting sequence added to generate BsmB1 restriction recognition 
sites and the PAM (NGG) site. 
* Quality score is the inverse likelihood of off target binding in the mouse genome (Shalem et 
al. 2014). 
** Number of potential off-target sites in the mouse genome. Numbers in parenthesis indicate 
the number of sites within genes. Numbers in square brackets indicate the minimum number of 
mismatches between the guide sequence and the potential off-target sites. 
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Table S6: Excel file: Gene sets used in GSEA  
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Supplementary Materials and Methods 
 
Soft agar colony assays 

 Soft agar colony assays were performed as previously described (Alexander et al. 1995). BM 

cells were seeded at 25,000 cells/plate in 1 ml of 0.3% agar in DMEM supplemented with 20% fetal 

calf serum in the presence of mIL-3 (10ng/mL), mSCF (100ng/mL), mouse GM-CSF (mGM-CSF; 

10ng/mL), mouse G-CSF (mG-CSF; 10ng/mL), mouse M-CSF (mM-CSF; 10ng/mL), and human 

EPO (hEPO; 4U/mL) as indicated. Cultures were incubated for 7 days at 37°C in a fully humidified 

atmosphere of 10% CO2 in air. Cultures were then fixed and sequentially stained for 

acetylcholinesterase and with Luxol fast blue and hematoxylin, and the cellular composition of each 

colony was determined by microscopic examination. 

 

RNA sequencing 

 RNA was extracted from sorted LSKs, GFP+ LICs and GFP+ leukemia cell lines using the 

RNeasy Kit (Qiagen, Valencia CA). RNA quality and quantity was evaluated with a 2100 

Bioanalyser (Agilent, Santa Clara CA). 16-46 million single-end 100bp reads were generated for 

Illumina libraries by an Illumina HiSeq sequencer. Reads were mapped to the GRCm37/mm9 build 

of the Mus musculus genome using the Subread aligner (Liao et al. 2013). Only uniquely mapped 

reads were retained. 83-91% of reads were successfully mapped for each library. Mapped reads 

were assigned to mouse RefSeq genes using the featureCounts program (Liao et al. 2014). NCBI 

RefSeq mouse annotation build 37.2 was used. Genes were removed from analysis if they failed to 

achieve a CPM (counts per million assigned reads) value of 1 or greater in at least one library. Read 

counts were converted to log2 counts per million, quantile normalized and precision weighted with 

the voom function of the limma package (Smyth 2005; Law et al. 2014). A linear model was fitted 

to each gene, and empirical Bayes moderated t-statistics were used to assess differences in 

expression (Smyth 2004). P-values were adjusted to control the global false discovery rate across all 

comparisons with the ‘global’ option of the limma package. Genes were called differentially 
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expressed if they achieved a false discovery rate of 0.1 or less. Read depth analysis was performed 

using the Integrated Genome Browser (www.bioviz.org) and heat maps were generated using the 

HeatMapViewer module of the GenePattern suite (genepattern.broadinsitute.org). Gene Set 

Enrichment Analysis (GSEA) was performed essentially as described (Subramanian et al. 2005) 

with GSEA v2.0 software, using gene set permutation and 1000 permutations per analysis. RNA 

sequencing data have been deposited in NCBI Gene Expression Omnibus under accession number 

GSE74019. 

 

ChIP sequencing (ChIP-Seq) 

ChIP-Seq DNA libraries were constructed using TruSeq Nano DNA sample preparation 

according to the manufacturer’s instructions and sequenced on an Illumina NextSeq 500 at 

WEHI.  Each sample achieved 8.5-114 million 150bp single-end reads. The reads were aligned to 

the mouse genome (mm10) using the Rsubread aligner (Liao et al. 2014). The BAM files of read 

alignments were then sorted and indexed using SAMtools (Li et al. 2009) and used to generate 

depth graph plots using IGB software. 

To determine differential binding gene body of the H3K27Me3 ChIP sequencing samples 

the number of fragments overlapping each region were counted using featureCounts (Liao et al. 

2014) and NCBI RefSeq annotation. Differential binding analyses were then performed using the 

Bioconductor package edgeR (Robinson et al. 2010). All genes that did not achieve a count per 

million of 2 in at least 1 sample were deemed to be unexpressed and subsequently filtered from the 

analysis. Additionally, genes with no official symbol in the NCBI gene information file were 

removed. Following filtering, 14,247 genes were left in the H3K27Me3 gene body data for 

downstream analysis. Compositional differences between samples were normalized using the 

trimmed mean of M-values (TMM) method (Robinson and Oshlack 2010). Differential binding for 

the two comparisons within each sample group, -/ΔERT2 versus -/fl and -/ΔERT2-Hhex-F versus  -

/fl, was assessed using t-statistics generated by generalized linear model (glm) methods developed 
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by McCarthy et al (McCarthy et al. 2012), with a pre-set dispersion of 0.05. Genes were considered 

to be differentially bound if they attained a false discovery rate of 0.05. The mean-difference plots 

were drawn using edgeR’s plotSmear function, and the strength of the correlation shown in the log-

fold change plot was evaluated using a linear model between the log-fold change RNA-seq and 

H3K27Me3 ChIP data. ChIP-Seq data have been deposited in NCBI Gene Expression Omnibus 

under accession number GSE74019. 

 

ChIP quantitative PCR analysis 

Purified ChIP DNA was used in quantitative PCR reactions using the following 

oligonucleotide primers pairs to amplify p16Ink4a Upstream promotor (A): 5’-

GGCTGTGGAGCCAGGTCAGG-3’, 5’-GCCCAATCGCCCAGTCGTGT-3’, p16Ink4a Exon 

1α (B): 5’-TCGCCCAACGCCCCGAAC-3’, 5’-TCCTGAACAAAAGTTACCCGACTGC-3’ (B), 

Hhex binding site (C) 5’- TTGAGAAGTCTTGTTTCTCCCA-3’, 5’- 

GCCAGGACTCCTTTTAGGCT-3’ and β actin Intron 1 (D): 5’- 

CGTATTAGGTCCATCTTGAGAGTACACAGTATT-3’, 5’- 

GCCATTGAGGCGTGATCGTAGC-3’ using SYBR Green (Roche). qPCR experiments were 

performed on a LightCycler 480 Real- Time PCR System (Roche).  
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