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Abstract

Mixed lineage leukemia (MLL) fusion proteins directly activate the expression of key downstream 

genes such as MEIS1, HOXA9 to drive an aggressive form of human leukemia. However, it is still 

poorly understood what additional transcriptional regulators, independent of the MLL fusion 

pathway, contribute to the development of MLL leukemia. Here we show that the transcription 

factor PU.1 is essential for MLL leukemia and is required for the growth of MLL leukemic cells 

via the promotion of cell-cycle progression and inhibition of apoptosis. Importantly, PU.1 

expression is not under the control of MLL fusion proteins. We further identified a PU.1-governed 

15-gene signature, which contains key regulators in the MEIS-HOX program (MEIS1, PBX3, 

FLT3, and c-KIT). PU.1 directly binds to the genomic loci of its target genes in vivo, and is 
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required to maintain active expression of those genes in both normal hematopoietic stem and 

progenitor cells and in MLL leukemia. Finally, the clinical significance of the identified PU.1 

signature was indicated by its ability to predict survival in acute myelogenous leukemia patients. 

Together, our findings demonstrate that PU.1 contributes to the development of MLL leukemia, 

partially via crosstalk with the MEIS/HOX pathway.
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INTRODUCTION

Acute myeloid leukemias (AMLs) are a heterogeneous group of diseases characterized by 

recurrent chromosomal rearrangements and a blockade of differentiation in distinct 

hematopoietic lineages and at different developmental stages. AML with mixed lineage 

leukemia (MLL) translocations represents a group of aggressive forms of acute leukemias 

with poor prognosis.1,2 The most common MLL fusion partners are AF4, AF9, ENL, AF10 

and ELL, which together account for more than 85% of all.3 The AF9 protein is highly 

homologous to the gene product of ENL.4 AF4, ENL, AF9, and AF10 form a complex that 

promotes transcription through DOT1L-dependent H3K79 methylation.5,6 MLL 

chromosomal translocations initiate the disease, yet the translocation alone usually is not 

sufficient to result in full-blown leukemia.1,7 Forty percent of MLL-rearranged AML cases 

were shown to harbor mutations in genes involved in the RAS pathway, including mutations 

in N-RAS, K-RAS, PTPN11 and NF1. In addition, approximately 5% of MLL patients had 

FLT3 mutations.8

Aberrant transcriptional programs have a critical role in the development of AMLs.9 

Expression profiling using cDNA microarray on patient primary samples and established 

mouse models has revealed hundreds of genes, which are dysregulated in AML with MLL 

rearrangements.10–13 MLL fusion proteins, resulting from chromosomal translocations, 

directly activate the expression of downstream genes including MEIS1 and HOXA9.14,15 

Persistent overexpression of MEIS1 and HOXA9 has been shown to be essential for the 

initiation and maintenance of MLL-associated leukemia.16–21 Previous studies have shown 

that Hox proteins not only interact with cofactors such MEIS1, but also collaborate with 

additional sequence-specific transcription factors to modulate target gene expression.22 

Specifically, many Hoxa9 and Meis1 binding sites are also bound by PU.1 and other 

lineage-restricted transcription factors implicated in the establishment of myeloid enhancers 

in hematopoietic stem and progenitor cells.23 Considering the critical requirement of MEIS1 

and HOXA9 in MLL leukemia, it remains unknown whether the lineage-specific 

transcription factor, such as PU.1, collaborates with MEIS/HOX proteins and contributes to 

the development of MLL leukemia.

In this study, we identified PU.1 as an essential regulator in the development of MLL fusion 

myeloid leukemias. We showed that PU.1 expression is not regulated by the MLL fusion 

protein and has a critical role in the initiation and maintenance of mouse MLL-AF9 
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leukemia models. The PU.1-driven transcriptional program predicted survival in AML 

patients. Mechanistically, PU.1 activated receptor tyrosine kinases FLT3, c-KIT and 

transcription factors MEIS1 and PBX3, key genes in the MLL fusion-regulated MEIS/HOX 

pathway.23–27 Our study demonstrated that the PU.1-driven transcriptional program 

contributes to the development of MLL leukemia via crosstalk with the MEIS/HOX 

pathway.

MATERIALS AND METHODS

Cells

A murine MLL-ENL-inducible cell line (csh3) was obtained from Dr Robert Slany 

(University Erlangen, Germany) and maintained in a RPMI 1640 medium supplemented 

with 10% fetal bovine serum, with 5ng/ml IL-3, IL-6, GM-CSF, 50 ng/ml SCF and 100 nM 

4-hydroxytamoxifen (4-OH). HEK293T cells were grown in DMEM with 10% fetal bovine 

serum. All cells were maintained at 37°C, 95% humidity and 5% CO2. THP1 and MV4;11 

were maintained in a RPMI 1640 medium supplemented with 10% fetal bovine serum.

Chromatin Immunoprecipitation (ChIP)

THP1, MV4;11 and csh3 cells were cross-linked with 1% formaldehyde for 10 min at room 

temperature and the reaction was subsequently stopped with 0.125 M glycine. Cross-linked 

cell pellets were sonicated five times at 10 s at a 25% amplitude for csh3 and four-times at 

10 s at a 20% amplitude for THP1 and MV4;11 (Fisher Sonic Dismembrator Model 500) a 

at 4 °C. After centrifugation, the supernatants were precleared with Protein A/G sepharose 

beads (17-5280-01, 17-0618-01, GE healthcare) for 1 h at 4 °C. The pre-cleared lysate was 

incubated with an anti-PU.1 antibody (sc-352X, Santa Cruz, Dallas, TX, USA) and an anti-

MEIS1/2 antibody (sc-10599X, Santa Cruz) at 4 °C overnight. The ChIP-enriched DNA was 

purified using the MinElute Reaction Cleanup Kit (Cat. No 28206, QIAGEN, Valencia, CA, 

USA) and subjected to SYBR Green qPCR analysis (Bio-Rad, Hercules, CA, USA) using 

various primer sets (Supplementary Table S2).

RNA Interference

shRNAs specific for PU.1 and MEIS1 were obtained from Openbiosystem (Thermo 

Scientific, Pittsburgh, PA, USA). High-titer production of lentivirus was achieved by 

transiently cotransfecting 293T cells with pCMVR8.2, pCMV-VSVG and the shRNA of 

interest. At 60% confluence, csh3 cells were infected with the indicated shRNA lentivirus 

with the help of RetroNectin (T100B, TAKARA, Mountain View, CA, USA) according to 

the manufacturers instructions. Lysates or RNA was collected 48 h post infection and used 

for ChIP, RT-qPCR and western blots. Knockdown efficiency was determined by RT-qPCR.

Real-Time qPCR

Total RNA was isolated and then reverse transcribed to cDNA using the TRIzol Reagent 

(15596018, Invitrogen, Carlsbad, CA, USA) and the Reverse Transcription System (A3500, 

Promega, Madison, WI, USA), respectively, according to manufacturer’s instructions. Gene-

expression assays were performed by using the Maxima SYBR Green qPCR Master Mix 
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(K0222, Fermentas) on a MyiQThermocycler (Bio-Rad). All transcript levels were 

normalized to GAPDH (see Supplementary Table S2 for primer sequences).

Cell Growth Assay

To measure the cell growth rate, mouse MLL-ENL expressing csh3 cells were cultured at 

60% confluence on 48-well plates and infected with the indicated shRNA lentivirus with the 

help of RetroNectin. At various times after transduction, cell growth was monitored by cell 

counting.

Cell-cycle and apoptosis assay

The csh3 cells were infected with lentivirus containing the PU.1 specific shRNA or 

scramble shRNA. Cells were collected at 72 h after infection. Nuclei were stained with 

propidium iodide (P4864, Sigma, St Louis, MO, USA) and analysis of the nuclear DNA 

content was performed using the CellQuest-Pro software (BD Biosciences, San Jose, CA, 

USA). For analysis of apoptosis, cells were collected 72 h after shRNA infection and 

suspended in an Annexin-V-FITC-PI dye using the FITC Annexin V/Dead Cell Apoptosis 

Kit (V13242, Invitrogen). After adding the Annexin-Vbinding buffer, the samples were run 

through a Flow cytometer.

Antibodies

Polyclonal rabbit antibody to PU.1 (Spi-1, Santa Cruz sc-352X) and polyclonal goat 

antibody to MEIS1 (MEIS1/2, Santa Cruz sc-10599X) were used for ChIP. For western 

blots, we also used the following antibodies: MEIS1 (Upstate Biotechnology, Billerica, MA, 

USA; #05-779), PU.1 (ab88082, Abcam, Cambridge, MA, USA), beta-action (ab8226, 

Abcam) and GAPDH (ab75834, Abcam).

Retrovirus transduction

Retroviruses MSCV-Flag-MLL-AF9-hPGK-eGFP and corresponding blank virus were 

generated by calcium phosphate transient co-transfection of the retroviral vectors with the 

packaging plasmids Gag and Eco-env into 293T cells. The supernatants containing 

retroviruses were collected after 42 h of culture, filtered through a 0.45 μm filter and 

immediately used to infect recipient cells.

Mouse and BM transplantation assay

PU.1 conditional knockout (PU.1flox/flox/Mx1-Cre), PU.1 upstream regulatory elements 

(URE) knockout and mRUNX UREki/ki mice were previously described.28–30 All animals 

were housed in the animal barrier facility at the Cincinnati Children’s Hospital Medical 

Center. All animal studies were conducted according to an approved Institutional Animal 

Care and Use Committee protocol and federal regulations. Bone marrow cell 

transplantations were performed as described previously.31

GEO Datasets and statistical analysis

Publicly available gene-expression datasets of AML patients were downloaded from NCBI-

GEO with accession numbers GSE1159,11 GSE6891,32 GSE10358,33 GSE1315934 and 
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GSE1241735 (http://www.ncbi.nlm.nih.gov/geo/). PU.1 ChIP-seq data from hematopoietic 

progenitor cells-7 and macrophage cells were also downloaded from NCBI-GEO with 

accession numbers GSE2217836 and GSE21314.37 For sample size and other detailed 

information regarding each dataset please see Supplementary Table S1. Statistical analysis 

relative to microarray gene-expression data were performed using RMAExpress,38 BRB-

Array Tools (http://linus.nci.nih.gov/BRB-ArrayTools.html) and R (Version 2.12.0). We 

utilized several different R/Bioconductor packages for further statistical analysis including 

the t-test, Wilcoxon rank-sum test, Pearson correlation calculation and so on.

Survival analysis

We used multivariate Cox proportional-hazards regression analysis to evaluate the 

association between survival and gene-expression levels within a given gene signature. Four 

microarray datasets (GSE1159, GSE6891, GSE10358 and GSE12417) of AML patients 

were used. Clinical outcome information was obtained from the same study or the same 

group, respectively. A risk score was generated by Cox regression for each patient. All 

patients were classified into a high- and low-risk group with the 75% quantile of all risk 

scores as the threshold value. The Kaplan–Meier method was used to estimate overall 

survival and log-rank test was used to compare prognostic difference among different risk 

groups. See the Supplementary Materials and methods section for details.

RESULTS

PU.1 is required for the initiation and maintenance of MLL fusion leukemia

The binding of transcription factors Meis1 and Hoxa9 at myeloid enhancers has been shown 

to be associated with that of PU.1 in murine myeloblastic cells.23 In an effort to explore the 

potential role of PU.1 in MLL leukemias, which consistently have a high expression of 

MEIS1 and HOXA9, we found that PU.1 is differentially expressed at a significantly higher 

level in MLL leukemia compared with CD34 control bone marrow (P = 0.04649, 

Supplementary Figure S1A), cytogenetically normal AML (P = 1.6e-05, Supplementary 

Figure S1B) and non-MLL AMLs with distinct cytogenetic abnormalities (except inv(16) 

and tri8) (Supplementary Figure S1A and S1B). To directly determine the functional 

relevance of PU.1 activation in the pathogenesis of MLL leukemia in vivo, we employed a 

PU.1 hypomorphic mouse model, in which PU.1 expresses at approximately 20% of wild-

type mice levels due to knockout of the endogenous URE of PU.1 (PU.1URE−/−). These 

mice develop spontaneous AML with a long latency. To induce MLL-AF9 leukemia, we 

transduced the PU.1 URE−/− and PU.1flox/flox/Mx1-Cre bone marrow (see Materials and 

Methods) with the MLL-AF9 retrovirus. In this primary bone marrow transplantation 

(BMT) assay, MLL-AF9 infected bone marrow cells with normal PU.1 (PU.1flox/flox/Mx1-

Cre) induced a typical MLL-associated leukemia in recipient mice that died of the disease 

from day 20 to day 50 (n = 8). In contrast, low PU.1-expressing bone marrow cells (PU.1 

URE−/−) did not result in leukemia until day 50 after the BMT (Figure 1a). These data 

demonstrate that lower PU.1 expression can significantly delay the onset of MLL-AF9 

induced leukemia in the primary BMT assay.
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To gain further insight into the role of PU.1 in the maintenance of MLL-AF9 leukemia, we 

transplanted the PU.1flox/flox/Mx1-Cre leukemia cells isolated from the primary BMT 

leukemia mice into secondary recipients. As expected, these leukemia cells were engrafted 

in the recipient mice that quickly died of the disease (Figure 1b). Notably, injection of pIpC 

in this secondary BMT experiment completely abolished the expression of PU.1 in PU.

1flox/flox/Mx1-Cre cells and resulted in 100% survival of the recipient mice. All of the PU.

1flox/flox BMT mice injected with pIpC survived more than 2.5 months (end of the 

observation). Collectively, these data demonstrate that PU.1 has an essential role in the 

initiation and maintenance of MLL-AF9 leukemia.

To explore the potential mechanism underlying the functional role of PU.1, we turned to an 

in vitro model of MLL-ENL leukemia.13 Infection of the MLL-ENL expressing cell line 

with PU.1 shRNAs significantly downregulated PU.1 expression at both the RNA and 

protein levels (Figure 1c). PU.1 knockdown markedly slowed down the growth of MLL-

ENL cells, compared with those infected with scrambled control shRNA lentivirus (Figure 

1d), suggesting a requirement of PU.1 in the promotion of the growth of MLL leukemic 

cells. PU.1 shRNA transduced cells showed an increase in G0/G1 and a decrease in the 

proportions in S phase and G2/M (Figure 1e). Besides a cell-cycle defect, PU.1 shRNA 

transduction also led to an increase in apoptosis, as shown by Annexin-V and PI staining 

(Figure 1f). These data demonstrate that a high expression of PU.1 is required to promote 

proliferation of MLL-ENL leukemic cells.

PU.1 expression is not under the control of MLL fusion proteins

To explore the molecular mechanisms in the regulation of PU.1 in MLL leukemia, we 

examined whether PU.1 is a part of the MLL fusion-controlled program. Using a murine 

inducible MLL-ENL model,13 we performed an mRNA expression profiling and whole-

genome promoter ChIP-chip experiments on MLL and H3K79me2 in the presence and 

absence of the MLL-ENL (GSE2479439). Multiple-known MLL fusion target gene sets were 

found to be significantly enriched in the MLL-ENL activated condition compared with 

fusion inactivated cells (gene sets for MLL-ENL39 and MLL-AF940,41)(Supplementary 

Figure S2). Interestingly, 72 h after induced MLL-ENL inactivation, PU.1 expression 

remained active, whereas known MLL fusion target genes such as Meis1 and Hoxa9 

underwent a significant reduction in their mRNA expression (Figure 2a). Furthermore, 

promoter regions of MEIS1 and HOXA9 had significantly higher levels of MLL binding and 

enrichment of MLL fusion induced-H3K79 dimethylation (H3K79me2) in the presence of 

MLL-ENL (Figure 2b, middle and right panels, yellow highlighted boxes). In contrast, the 

enrichment of both MLL and MLL fusion-induced H3K79me2 at the PU.1 promoter 

remained at the same levels in the presence or absence of the MLL-ENL protein (Figure 2b, 

left panel), suggesting that PU.1 is not bound by MLL-ENL. Further, the PU.1 promoter 

region showed a high level of H3K79me2 enrichment, but minimally detected MLL binding 

in the presence of MLL-ENL. Together, these data demonstrate that PU.1 is not a 

downstream-direct target of MLL-ENL in this inducible model.

To further determine whether PU.1 is regulated by other MLL fusion proteins, we analyzed 

ChIP-chip data (GSE24794) of MLL and H3K79me2 in multiple-human MLL-leukemia cell 
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lines, which harbor MLL-AF6 (ML-2 cells), MLL-AF9 (THP-1 cells) or MLL-AF4 (MV4; 

11 cells).39 Although the genomic locus of PU.1 had significant enrichment of H3K79me2, 

MLL binding was barely detected in these MLL leukemia cells (Figure 2c, left panels). A 

similar binding pattern was observed in the non-MLL human-leukemia cell line HL-60, 

which actively expresses PU.1 (Figure 2c, left panels and data not shown). In sharp contrast, 

MEIS1 and HOXA9 loci had high levels of both MLL binding and H3K79me2 enrichment 

(Figure 2c, middle and right panels) in MLL-rearranged cell lines. HL-60 cells did not 

actively express MEIS1 and HOXA9, and were absent of MLL binding and H3K79me2 

signals in the genomic regions of these two genes (Figure 2c, middle and right panels). 

These data are consistent with earlier genome-wide ChIP-seq studies that also did not 

identify PU.1 as a target of either MLL-AF9 or MLL-AF4.40,42 These data demonstrate that 

PU.1 is not a direct-downstream target of MLL-AF4, MLL-AF9 and MLL-AF6.

Identification of a PU.1 target genes signature in MLL leukemias

Having shown that regulation of PU.1 is independent of the MLL fusion proteins, we further 

sought to define the potential target genes directly regulated by PU.1 in AML. To achieve 

improved sensitivity and specificity in defining direct-target genes, we proceeded to conduct 

an integrative analysis of the DNA–protein binding and in vivo differential-expression data 

(Figure 3a). We first analyzed PU.1 ChIP-seq data from two publicly available datasets, 

hematopoietic progenitor cells36,43 and more mature macrophage cells.37 The common set 

of PU.1 targets shared by hematopoietic progenitor cells and macrophage may better reflect 

the monocytic origin of MLL leukemia, as AMLs with MLL translocation are typically 

associated with the monocytic lineage.44–46 Together, we identified a set of 5995 PU.1-

bound genes shared by these two cell types. To determine the specific subset of genes whose 

expression is directly activated by PU.1, we compared the expression profiles of the Lin-Sca

+ c-kit + hematopoietic stem and progenitor cell populations of wild type and mRUNX 

URE ki/ki mice (which express PU.1 at levels ~20% of wild type mice28). Among the 5995 

PU.1-bound targets identified, 40 genes showed a significant decrease in mRNA expression 

in PU.1 low expressing Lin-Sca + c-kit + cells (mRUNX UREki/ki) (Figure 3a). To further 

identify PU.1 target genes that may have a role in MLL leukemia, we performed expression 

analysis of these 40 genes in a cohort of MLL-leukemia patients for which the expression 

profiling data are publicly available (GSE115911). Interestingly, 15 of the 40 genes share a 

similar expression pattern (Figure 3b) and on average, express at a ten-fold higher level 

compared with the remaining target genes within MLL patients (Figure 3c). We found that 

the 15 target genes of PU.1 express at a significantly higher level in MLL leukemia 

compared with normal CD34 bone marrow, as well as t(8;21) and t(15;17) AMLs, which are 

known to have suppressed PU.1 function47–49 (Supplementary Figure S3A). The level of 

PU.1 expression is well correlated with the average expression level of the 15 identified 

genes in AML patients (Figure 3d for dataset GSE1159, Pearson correlation coefficient = 

0.667, P<2.2e-16; Supplementary Figure S3B for dataset ROSS2004,(ref. 12) Pearson 

correlation coefficient = 0.7064761, P<2.2e-16). We referred to these 15 targets as the ‘15 

PU.1 targets’, which include key regulators in the MEIS/HOX pathway (FLT3, c-Kit, 

MEIS1, and PBX3),23–27 as well as those involved in stem cell function, cell proliferation 

and apoptosis.
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PU.1 directly regulates its 15 target genes in MLL leukemic cells

We further examined whether PU.1 directly activates the set of 15 target genes in MLL 

leukemia. PU.1 is required for the myeloblast proliferation of an MLL-leukemia cell line 

(Figure 1d). Knockdown of PU.1 resulted in the downregulated expression of the majority 

(14 out of 15) of its targets (Figure 4a), suggesting that PU.1 is required to maintain the 

expression of its target genes even in the presence of MLL fusion proteins. This result is 

consistent with the observation that PU.1 is necessary to sustain the expression of this set of 

all 15 genes in normal hematopoietic stem and progenitor cells (Figure 4b). To determine 

whether PU.1 directly binds to its target genes, we performed PU.1 ChIP-seq in the MLL-

ENL cell line model. Physical presence of PU.1 proteins was detected at the genomic loci 

for all 15 target genes (Supplementary Figure S5). Using ChIP-qPCR, we confirmed the 

ChIP-seq results and detected significant binding of PU.1 at genomic regions of all 15 genes 

in MLL-ENL (Figure 4c), THP-1 (MLL-AF9) or MV4;11(MLL-AF4) cells (Supplementary 

Figure S4B). Together, these data suggest that the majority of these 15 genes is directly 

regulated by PU.1 in MLL leukemia cells.

We further examined whether the remaining 25 genes in the original 40-gene set (Figure 3b) 

are similarly regulated by PU.1 in MLL-ENL cells. Consistent with the low expression of 

this set of 25 genes in MLL patients (Figure 3b), 9 out of 25 genes were undetectable in the 

MLL-ENL containing cells using RT-qPCR. For the remaining 16 genes, the majority (12 

out 16) did not show a significant change in expression levels after knockdown of PU.1 

(Supplementary Figure S4A). However, in the ChIP-seq analyses of MLL-ENL cells, 

significant PU.1 binding was detected at the genomic loci of all 25 genes (data not shown). 

These data suggest that the majority of the remaining 25 genes in the original 40-gene set 

(Figure 3b) are not directly regulated by PU.1 at the mRNA level in MLL-ENL cells, 

although physical presence of PU.1 at the gene loci can be detected.

A subset of 15 PU.1 targets is also regulated by MEIS1

Considering that the PU.1 gene signature includes known regulators (MEIS1, PBX3, c-Kit 

and FLT3) in the MEIS/HOX pathway,23–27 we examined whether PU.1 and MEIS1 co-

regulate the same set of target genes in MLL leukemia cells. Knockdown of MEIS1 in the 

MLL-ENL cells resulted in decreased expression for a subset (7 out 15) of PU.1 target genes 

(Meis1, Ly86, Pbx3, Flt3, Tbxas1, c-Kit and CD180), whereas expression for the remaining 

PU.1 targets was unaffected (Figure 5a). We referred to this set of seven genes as PU.1/

MEIS1 co-regulated target genes. Consistently, inactivation of MLL-ENL resulted in a 

lowered MEIS1 expression and decreased expression of the same set of genes (Figure 5b) 

that were downregulated upon MEIS1 knockdown. These data strongly suggest that among 

the targets of PU.1, a subset of key genes that include c-Kit and Flt3, are co-regulated by 

MEIS1.

We further inquired whether the set of seven PU.1/MEIS1 co-regulated genes is part of the 

MEIS1/HOXA9 program. Using the ‘transcription factor binding site conserved’ function in 

the UCSC genome browser (http://genome.ucsc.edu/), we searched for evolutionarily 

conserved MEIS1/HOXA9 motifs in each gene locus between 2 kb upstream of the 

transcription start site (TSS) and 2 kb downstream of TES (transcription end site). Notably, 
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regions of the seven PU.1/MEIS1-co-regulated genes contain multiple MEIS1/HOXA9 sites, 

whereas the remaining eight PU.1 targets are deprived of the predicted motifs (Figure 5f, 

and data not shown). Using ChIP-qPCR, we were able to confirm the binding of MEIS1 at 

the predicted MEIS1/HOXA9 motif for Meis1, Pbx3, Tbxas1 and c-Kit in the MLL-ENL 

cells (Figure 5c and Supplementary Figure S4C). As Meis1 and Hoxa9 have been shown to 

interact with enhanceosomes that contain lineage-specific transcription factors such as PU.

1,23 we further examined whether MEIS1 and PU.1 co-bind to common regulatory 

sequences. To this end, we looked for ChIP-seq PU.1 signals within the proximity (200 bp) 

of the predicted MEIS1/HOXA9 motifs (Figure 5f and data not shown) and validated the 

binding of MEIS1 and PU.1 using ChIP-qPCR. This analysis identified three DNA 

elements, which have significant enrichment of both MEIS1 and PU.1 in the genomic 

regions of c-Kit, Pbx3 and Meis1, respectively (Figures 5d–e, and Supplementary Figure 

S6). These data are consistent with the recent ChIP-seq data, which showed that two out of 

seven MEIS1-responsive PU.1 targets were bound by MEIS1 and/or HOXA9 (c-Kit, and 

Tbxas1) in immortalized mouse hematopoietic stem and progenitor cells, whereas none of 

the eight remaining PU.1 target genes were bound by either MEIS1 or HOXA9 in their 

experimental setting.23 Together, these results showed that PU.1 directly regulates Meis1 

and Pbx3, and also important genes in the MEIS/HOX pathway that includes known 

MEIS/HOX targets c-Kit and Tbxas123 (Figure 5d).

The PU.1-driven target gene signature is a predictive factor for patient survival in AML 
patients

To examine the clinical relevance of the PU.1-driven transcription program in AML 

patients, we performed a multivariate Cox proportional-hazards regression analysis50 using 

the PU.1 15-gene signature in four published datasets of patients with AML, for whom gene 

expression and time-to-event data were available (NCBI-GEO accession number GSE1159, 

GSE6891, GSE10358 and GSE12417, see Supplementary Table S1). A risk score was 

generated by Cox regression for each patient. The Kaplan–Meier analysis showed that 

patients stratified as ‘high score group’ (those with a high-risk score: top 25%) had a 

significantly lower overall survival rate than patients in the ‘low score group’ (those with a 

low-risk score: bottom 75%) in GSE1159 (P<1e-4, Figure 6a), as well as in GSE6891 

(P<1e-4, Figure 6b). Results from the other two independent cohorts were similar 

(Supplementary Figure S7A, GSE10358: P=0.0002; Supplementary Figure S7B, 

GSE12417: P<1e-4). We further combined all patients from the four datasets into one large 

cohort of 804 AML patients using a random effect model of meta-analysis.51 This analysis 

demonstrated that PU.1 15-gene signature had a prognostic effect on the combined cohort of 

patients (n = 804, Figure 6c).

To address the concern that many published cancer signatures are not significantly better 

outcome predictors than random signatures,52 we performed Kaplan–Meier analyses on 

10000 individual randomly selected 15-gene sets in each dataset. The real PU.1 15-gene 

signature showed a significant ability for outcome prediction and outperformed most 10000 

randomly generated gene signatures (Monte-Carlo P=0.0059, Figure 6d). We performed 

multivariate analysis using a Cox regression model in GSE1159 and GSE6891 (Figure 6e). 

The results showed that the predictive power of PU.1 15-gene signature is independent of 
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known clinical variables (P=0.0001 in GSE1159, P= 0.009 in GSE6891), indicating it could 

provide additional prognostic information for AML patient’s outcomes. These results 

demonstrate the clinical significance of a PU.1-driven transcriptional program in AML. The 

independent prognostic ability of the PU.1 15-gene signature may provide novel prognostic 

information that can influence treatment decisions along with previously established 

classification method in AMLs.

DISCUSSION

Transcriptional dysregulation is a major driving force in the development of human AMLs, 

including those with MLL translocations. Despite extensive studies on the MLL fusion-

driven abnormal MEIS/HOX transcription program, the regulatory mechanisms underlying 

the disordered expression in MLL leukemia, however, remain under investigation. Here we 

show that PU.1 is not regulated by MLL fusions but is essential for the development of MLL 

leukemia. MLL leukemia failed to maintain in vivo in the absence of PU.1. We also found 

that the 15-gene PU.1-governed transcription program is predictive of AML patient survival. 

Furthermore, PU.1 collaborates with MEIS1 to sustain high expression of key regulators in 

MLL leukemia such as MEIS1, PBX3, c-Kit and FLT3. These findings demonstrate the 

prognostic value of the PU.1-governed transcription program and have important 

implications for targeting the PU.1-pathway as an effective therapy in MLL leukemias.

Various studies have shown that maintenance of a proper level of PU.1 is critical for 

preventing the development of myeloid leukemia. Suppression of PU.1 activity by AML1-

ETO or PML-RARα fusion proteins leads to a block of neutrophil differentiation and serves 

as a crucial step in the development of M2/M3 AML.47–49 Inactivation of PU.1 by gene 

deletion or knockdown of PU.1 by radiation-induced point mutation of its DNA binding 

domain causes a block of differentiation and AML in mice.53 PU.1 mutations, although rare, 

have been shown to be associated with AML in humans.54 Despite the important 

requirement of PU.1 in the development of MLL leukemia, the functional role of PU.1, as a 

positive regulator, may not be limited to MLL leukemias in AMLs. Here, PU.1 differentially 

expressed at a significantly high level in both MLL and inv(16) AMLs compared with other 

cytogenetic aberrations and normal CD34 cells (Supplementary Figure S1A). Notably, PU.1 

has been shown to be required for the initiation and maintenance of leukemia stem cells 

induced by MOZ fusion proteins.55 Considering the general requirement of PU.1 in 

hematopoietic stem cell,29,56 PU.1 may be required for the survival of leukemia stem cells in 

multiple subtypes of AMLs. Consistently, the PU.1-regulated gene signature showed 

profound concordance with prognosis in segregating high-risk and low-risk AML patients 

(Figures 6a–d, Supplementary Figure S7A and B). As a result of the limited number of 

patients with distinct cytogenetic abnormalities, we were unable to examine the prognostic 

value of the PU.1 15-gene signature using stratified analysis in AML subgroups. Future 

large cohort studies are needed to confirm the PU.1-pathway as a strong prognostic factor 

for MLL leukemia.

Development of both human and murine MLL-rearranged leukemia is critically dependent 

on the persistent overexpression of MEIS1 and HOXA9.16–21 Interestingly, PU.1 binds to 

and directly activates not only MEIS1 and PBX3, but downstream targets in the MEIS1/
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HOXA9 pathway including c-Kit and FLT3 (Figures 3a, 4c and h). This finding is consistent 

with a recent report, which shows that PU.1 and MEIS1 cooperatively regulate downstream 

target genes in mouse hematopoietic stem and progenitor cells.23 It remains to be 

determined how PU.1, MEIS1 and PBX3 interact at the molecular level. Our data are 

consistent with a model in which the transcriptional regulator PU.1 cooperates with the 

MLL fusion protein to sustain the MEIS/HOX/PBX3 pathway to contribute to MLL myeloid 

leukemia. These finding suggest that the PU.1-driven transcriptional program could serve as 

a molecular target for MLL leukemia therapy. As PU.1 is critical for the commitment and 

survival of both myeloid and B-cell lineages, future studies are warranted to investigate the 

role of PU.1 in MLL mediated B- ALL.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
PU.1 is required for the initiation and maintenance of MLL fusion leukemia. (a) Kaplan–

Meier survival curves of mice transplanted with MLL-AF9 (MA9) expressing bone marrow 

cells. Lineage-negative bone marrow cells of PU.1 URE−/− or PU.1flox/flox mice transduced 

with retrovirus constructs expressing MLL-AF9 were transplanted into lethally irradiated 

recipient mice (n = 8). (b) Kaplan–Meier survival curves of mice transplanted with PU.

1flox/flox MLL-AF9 leukemia cells. Secondary recipient mice were transplanted with bone 

marrow cells from a primary PU.1flox/flox MA9 leukemic mouse (a) and then treated with 
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pIpC (0.5 mg × 3) 2 weeks after BMT (n = 8). (c) PU.1 shRNA knockdown in MLL-ENL 

cells. MLL-ENL cells were transduced with two different PU.1 specific shRNA lentiviruses 

and a scramble shRNA lentivirus. Knockdown efficiency of PU.1 mRNA was examined 

through RT–PCR 48 h after transduction and normalized to the level of PGK (left panel, 

scramble vs PU.1shRNA1: P = 0.0065044, scramble vs PU.1shRNA2: P = 0.0210589) (*: 

P<0.05, **: P<0.01). Error bars represent standard deviation (s.d.). Western blot was 

preformed 72 h after transduction to examine expression changes at protein level (right 

panel). Actin was used as a loading control. (d) Lentivrius-mediated PU.1 knockdown 

inhibits cell proliferation in MLL-ENL cells. Cell counting at consecutive time points of 24 

h, 48 h and 72 h after transduction showed a visible delay of cell growth caused by PU.1 

knockdown (scramble vs PU.1shRNA1: P = 0.010728, scramble vs PU.1shRNA2: P = 

0.007894) (**: P<0.01, ***: P<0.001). The red line represents scramble shRNA and the 

green and blue lines represent two different PU.1 specific shRNA lentiviruses. Data 

represent mean ± s.d. of three experiments. (e and f) Lentivirus-mediated PU.1 knockdown 

induces cell-cycle arrest and apoptosis in MLL-ENL Cells. Cells were transduced with PU.1 

specific shRNA lentivirus or scramble lentivirus and cultured for 48 h in the presence of 

4HT. Nuclei were extracted and stained with PI (e). Analysis of DNA content by Flow 

cytometry showed an increase in the proportion of G0/G1 nuclei (left peak) in PU.1 specific 

shRNA lentivriustransduced cells compared with scramble lentivirus. Increased apoptosis 

was evident by an increase in the uptake of PI and Annexin-V (f). The results from 

averaging three biological replicates are provided in Supplementary Figure 1C and 1D.
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Figure 2. 
PU.1 expression is not under the control of MLL fusion proteins. (a) Scatter plot showing 

gene-expression levels in MLL-ENL induced (MLL-ENL(+)) and inactivated (MLL-

ENL(−)) conditions. All 7858 expressed genes detected by mouse exon array are 

displayed.39 Significantly downregulated genes upon inactivation of MLL-ENL (FDR<0.05) 

are shown as blue dots. Significantly upregulated genes upon inactivation of MLL-ENL 

(FDR<0.05) are shown as red dots. Genes whose expression levels were not significantly 

changed between the two conditions are shown as gray dots. PU.1, Meis1 and Hoxa9 are 
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indicated by black dots. (b) The level of MLL protein enrichment and H3K79 dimethylation 

(H3K79me2) is shown as Log2(ChIP/input) at the PU.1 (Sfpi1, left), Meis1 (middle) and 

Hoxa9 (right) locus (ChIP-chip: NimbleGen whole-genome promoter array, mouse39). Blue 

tracks represent MLL binding and H3K79me2 levels upon MLL-ENL induction (MLL-

ENL(+)). Black tracks represent MLL binding and H3K79me2 levels upon MLL-ENL 

inactivation (MLL-ENL(−)). The regions showing differential ChIP signals are highlighted 

with a yellow box. (c) The level of MLL protein enrichment (upper panels) and H3K79me2 

(lower panels) is shown as Log2 (ChIP/input) at the PU.1 (SPI1, left), MEIS1 (middle) and 

HOXA9 (right) locus (ChIP-chip: customized NimbleGen gene loci array, human39). The 

MLL fusion gene harbored by each cell line is indicated by parenthesis. MLL WT: MLL-

wide type.
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Figure 3. 
Identification of a PU.1 target gene signature in MLL leukemia. (a) Strategy and workflow 

of integrative analysis to identify 15 PU.1 target genes. (b) Unsupervised hierarchical 

clustering of 40 PU.1 target genes based on gene-expression profiling in 17 MLL patients 

(data obtained from GSE115911). Genes in the cluster with relatively high expression levels 

are shown in red and referred to as ‘15 PU.1 targets’. 40*: only 32 of the 40 genes identified 

by combined binding and expression analysis (a) were presented with designed probes in 

GSE1159. For the remaining 25 genes, there were only 17 genes presented with designed 

probes. (c) Average gene-expression levels of the ‘15 PU.1 targets’ and ‘other targets’ are 

shown in box plot. The ‘15 PU.1 targets’ expressed at significantly higher levels than ‘other 
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targets’ (Wilcoxon rank-sum test, P-value = 1.768e-9). 25*: for the remaining 25 genes, 

there were only 17 genes presented with designed probes in GSE1159. (d) Scatter plot 

showing expression level of PU.1 and average expression level of PU.1 15 target genes in 

MLL leukemia (red dots) and other AML patients (gray dots) (data obtained from 

GSE11597). The Pearson correlation coefficient between PU.1 and the average expression of 

15 targets in 285 AMLs was 0.667 (P<2.2e-16).
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Figure 4. 
PU.1 directly regulates its target genes in MLL leukemic cells. (a) Effects of PU.1 

knockdown on target gene expression in MLL-ENL cells. The MLL-ENL cells were 

transduced with PU.1 specific shRNA lentivirus and scramble control lentivirus. The 

expression of PU.1 and its 15 target genes were examined through RT–PCR 48h after 

transduction. The relative expression was normalized to GAPDH. Expression under the 

condition of the scramble targeting cell was designated to be one. Bar charts are mean±s.d. 

Genes with significantly decreased levels of expression after PU.1 knockdown are indicated 
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(t-test, *: P<0.05, **: P<0.01, ***: P<0.001). (b) Expression pattern of PU.1 15 target genes 

in PU.1-defected mice. Q-PCR was performed in the Lin-Sca + c-kit + population of WT 

C57 mice and mRUNX URE ki/ki mice, respectively. The relative expression was normalized 

to GAPDH. Bar charts are mean±s.d. Genes with significantly decreased levels of 

expression in UREki/ki mice are indicated (t-test, *: P<0.05, **: P<0.01, ***: P<0.001). (c) 

PU.1 binding at gene regions of 15 PU.1 target genes. PU.1 binding at gene-body regions 

with ChIP-seq PU.1 signals (data not shown) was examined using ChIP-qPCR. The amounts 

of input DNA and ChIP DNA were normalized and the data are shown as relative 

enrichment ratios of precipitated DNA to input DNA. Intergenic region was used as the 

negative control. Bar charts are mean±s.d. The dotted line indicates the level of no 

enrichment over input.
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Figure 5. 
A subset of 15 PU.1 targets is also regulated by Meis1. (a) Meis1 knockdown in MLL-ENL 

cell line. The cells were transduced for 48 h with the lentivirus constructs of Meis1 specific 

shRNA or scramble shRNA control. PU.1 and its target gene expression were examined 

using RT-PCR. The seven PU.1/Meis1 co-regulated genes are indicated. The relative 

expression was normalized to GAPDH. Expression under the condition of scramble shRNA 

transduced cells was designated to be one. Bar charts are mean ± s.d. Genes with 

significantly decreased levels of expression after Meis1 knockdown are indicated (t-test, *: 
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P<0.05, **: P<0.01). (b) Regulation of PU.1 target genes by the MLL fusion protein. 

Expression of PU.1 15 target genes in the presence (+) and absence (−) of MLL-ENL. Gene 

expression was examined through RT–PCR at a time point of 72 h after MLL-ENL 

inactivation (without 4HT). The relative expression was normalized to GAPDH. Expression 

under the condition of MLL-ENL (–) was designated to be one. Bar charts are mean ± s.d. 

Genes with significantly decreased levels of expression after MLL-ENL inactivation 

(without 4HT) are indicated (t-test, *: P<0.05, **: P<0.01, ***: P<0.001). (c) MEIS1 

binding at gene regions of PU.1 target genes. MEIS1 binding at regions with predicted 

MEIS1/HOXA9 motifs was examined using ChIP-qPCR. The amounts of input DNA and 

ChIP DNA were normalized and the data are shown as relative enrichment ratios of 

precipitated DNA to input DNA. Intergenic region was used as the negative control. Bar 

charts are mean ± s.d. The seven PU.1/Meis1 co-regulated genes (a and b) are indicated. 

The dotted line indicates the level of no enrichment over input. (d) PU.1 and Meis1 co-

binding at the c-Kit locus. The DNA element bound by both PU.1 and Meis1 is enlarged 

from the gene structure (chromosome coordinates from mm9 are indicated). Positions of the 

conserved MEIS1/HOXA9 motif (http://genome.ucsc.edu/) and the PU.1 binding signal 

detected by ChIP-qPCR are shown as red and blue rectangles, respectively. The paired 

arrows above the DNA element represent the primers used in detecting the binding of both 

Meis1 and PU.1. The enrichments levels of MEIS1 and PU.1 detected by ChIP-qPCR are 

shown in the bar plot. Bar charts are mean ±s.d. (e) PU.1 and Meis1 co-binding at the Pbx3 

locus. The DNA element bound by both PU.1 and MEIS1 is enlarged from the gene 

structure (chromosome coordinates from mm9 are indicated). Positions of the conserved 

MEIS1/HOXA9 motif (http://genome.ucsc.edu/) and the PU.1 binding signal detected by 

ChIP-qPCR are shown as red and blue rectangles, respectively. The paired arrows above the 

DNA element represent the primers used in detecting the binding of both MEIS1 and PU.1. 

The enrichments levels of MEIS1 and PU.1 detected by ChIP-qPCR are shown in the bar 

plot. Bar charts are mean ±s.d. (f) Heatmap for the fold change of 15 PU.1 target gene 

expression under various conditions (the same data used for Figures 4a and b, a and b, and 

summarized in this heatmap). PU.1-KD: PU.1 knockdown in MLL-ENL cells (data for 

Figure 4a); PU.1-Ki/Ki: hematopoietic stem and progenitor cellss from mRUNX UREki/ki 

mice (data for Figure 4b); MEIS1-KD: MEIS1 knockdown in MLL-ENL cells (data for a); 

and MLL-ENL (+) (−): MLL-ENL cells under MLL-ENL induced or inactivated condition 

(data for b). Each experimental condition had a control group (ct). The level of gene 

expression is indicated by a color code: genes with relatively higher expression level 

changes are shown in red and lower changes are shown in blue. M/H: MEIS1/HOXA motif.
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Figure 6. 
The PU.1-driven target gene signature is a predictive factor for patient survival in AML 

patients. (a and b) The Kaplan–Meier survival analysis based on risk predictions using the 

PU.1 15-gene signature. Risk score for each patient was predicted by multivariate Cox 

proportional-hazards regression using PU.1 15-gene signature: GSE115911 (a, P<1e-4) and 

GSE689132 (b, P<1e-4). High- and low-score groups were defined using 75th percentile of 

risk index as the cut-off value. See Supplementary Figure S4 for survival analyses from the 

other two AML cohorts. (c) Forest plot of hazard ratios (HRs) comparing overall survival of 
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combined patient-cohorts using meta-analysis and each independent study. Hazard ratios for 

each study are represented by squares and the horizontal line crossing the square represents 

the 95% confidence interval. Diamonds represent the estimated overall effect based on the 

meta-analysis using random-effects of all cohorts.51 Log-rank P-values were calculated for 

classification of the 15-gene signature in each dataset. (d) Histograms of 10000 Monte-Carlo 

P-values in meta-analysis of all four AML datasets. Kaplan–Meier analyses were performed 

to evaluate associations between 10000 individual randomly generated 15-gene signatures 

and patient outcomes in combined AML cohorts. The random signatures were ordered by 

log-rank P-values generated in a Kaplan–Meier survival analysis. The red arrow indicates 

the real P-value calculated in meta-analysis and the black arrow indicates 95th percentile (P 

= 0.05) for reference. (e) PU.1 15-gene signature is an independent predictor. Multivariate 

COX hazard regression analysis for prognostic factors in GSE6891 and GSE1159.
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