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Summary

Polycomb group protein Bmi1 is essential for hematopoietic stem cell (HSC) self-renewal and 

terminal differentiation. However, its target genes in hematopoietic stem and progenitor cells 

are largely unknown. We performed gene expression profiling assays and found that genes 

of the Wnt signaling pathway are significantly elevated in Bmi1 null hematopoietic stem and 

progenitor cells (HSPCs). Bmi1 is associated with several genes of the Wnt signaling pathway 

in hematopoietic cells. Further, we found that Bmi1 represses Wnt gene expression in HSPCs. 

Importantly, loss of β-catenin, which reduces Wnt activation, partially rescues the HSC self-

renewal and differentiation defects seen in the Bmi1 null mice. Thus, we have identified Bmi1 

as a novel regulator of Wnt signaling pathway in HSPCs. Given that Wnt signaling pathway 
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plays an important role in hematopoiesis, our studies suggest that modulating Wnt signaling 

may hold potential for enhancing HSC self-renewal, thereby improving the outcomes of HSC 

transplantation.
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Introduction

Hematopoietic stem cells (HSCs) are multipotent, self-renewing progenitors that generate 

all mature blood cells [1–2]. In order to maintain hematopoietic homeostasis throughout 

the lifetime of an organism, the HSC pool must be maintained, which is achieved by the 

process of self-renewal [3–4]. Although practiced clinically for more than 40 years, the 

use of HSC transplants remains limited by the ability to expand functional HSCs ex vivo 
[5]. Deciphering the molecular mechanisms controlling HSC self-renewal is essential for 

developing clinical strategies that can enhance ex vivo HSC expansion [3–5].

Polycomb group (PcG) proteins are epigenetic gene silencers that have been implicated in 

stem cell maintenance and cancer development [6–11]. Genetic and biochemical studies 

indicate that Polycomb group proteins exist in at least two protein complexes, Polycomb 

repressive complex 2 (PRC2) and Polycomb repressive complex 1 (PRC1), that act in 

concert to initiate and maintain stable gene repression [10–11]. Bmi1, a key component of 

the Polycomb repressive complex 1 (PRC1), is essential for both HSC and leukemia stem 

cell (LSC) self-renewal [12–15]. We demonstrate that Bmi1 is a substrate of AKT and that 

AKT-mediated phosphorylation of Bmi1 inhibits HSC self-renewal [16]. In addition to HSC 

self-renewal, Bmi1 also plays key roles in multi-lineage differentiation [17]. We found that 

Bmi1 enhances erythroid differentiation through upregulating ribosomal genes [18]. We also 

found that Bmi1 maintains the self-renewal property of innate-like B lymphocytes [19]. 

While Bmi1 plays critical roles in hematopoiesis [12–19], its target genes in hematopoietic 

stem and progenitor cells (HSPCs) are largely unknown. Bmi1 is a potent negative regulator 

of the Ink4a/Arf locus, which encodes the cell cycle regulator and tumor suppressor p16Ink4a 
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and p19Arf proteins [20–21]. In Bmi1−/− bone marrow (BM) cells, there is an upregulation 

of both p16Ink4a and p19Arf [22]. However, loss of both p16 and p19 only partially rescues 

the self-renewal defects of Bmi1−/− HSCs [22], suggesting that Bmi1 may regulates the 

expression other genes in HSPCs.

The Wnt signaling pathway has pivotal roles during the development of many organ 

systems, and dysregulated Wnt signaling is a key factor in the initiation of various tumors 

[23]. In the canonical Wnt pathway, Wnt ligand binds to its receptor Frizzled at the cell 

surface and inhibits glycogen synthase kinase-3β (GSK-3β)-mediated phosphorylation and 

degradation of β-catenin. Stabilized β-catenin then translocates to the nucleus where it binds 

to T cell factor (TCF)/lymphoid enhancer factor (LEF) transcription factors and induces 

the expression of Wnt target genes, such as Tcf and Axin2. In the absence of Wnt ligand, 

GSK-3β phosphorylates β-catenin and targets it for ubiquitination and degradation [23]. 

Canonical Wnt signaling is differentially activated during hematopoiesis [24–26], suggesting 

an important regulatory role for specific Wnt signaling levels [27–29]. The Adenomatous 

polyposis coli gene (Apc) is a negative modulator of the canonical Wnt pathway and loss 

of Apc in hematopoietic compartment leads to stabilization of β-catenin and activation of 

the Wnt signaling pathway [29–30]. By combining different targeted hypomorphic alleles 

and a conditional deletion allele of Apc, a gradient of five different Wnt signaling levels 

were obtained in vivo [26]. By analyzing the effect of different mutations of Apc on 

hematopoiesis, Luis and colleagues demonstrated that the canonical Wnt signaling regulates 

hematopoiesis in a dosage-dependent fashion: Low levels of Wnt signaling activation (2-

fold increase above normal) result in the maintenance of a multipotent state, therefore 

resulting in increased reconstitution in stem cell transplantation assays, and that high level 

of Wnt signaling (more than 10-fold increase above normal) results in impaired HSC 

self-renewal and a block in differentiation [26]. While Wnt signaling plays an important role 

in hematopoiesis [24–26], how Wnt signaling is regulated in HSCs remains elusive. Identify 

key regulators of Wnt signaling in HSCs may lead to novel approaches to expand human 

HSCs ex vivo and improve transplantation efficiency.

In this study, we discovered that several genes of the Wnt signaling pathway are upregulated 

in Bmi1 null hematopoietic stem and progenitor cells (HSPCs). Bmi1 binds to several Wnt 

genes on the chromatin and represses their transcription in HSPCs. Importantly, we found 

that loss of β-catenin partially rescues the HSC self-renewal and differentiation defects seen 

in the Bmi1−/− mice. Thus, we have identified Bmi1 as a novel regulator of Wnt signaling 

pathway in hematopoietic stem and progenitor cells.

Materials and Methods

Mice

Global Bmi1 knockout mice were provided by Dr. Martin van Lohuizen at the Netherlands 

Cancer Institute, the Netherlands [20]. Conditional Bmi1 knockout mice (Bmi1F/F) in the 

C57BL6 background were generated at the National Institute of Biological Science, Beijing, 

China. The Ctnnb1F/F mice were obtained from the Jackson Labs and have been backcrossed 

to the C57BL6 background for at least 8 generations. Wild type C57BL/6 (CD45.2+), 

B6.SJL (CD45.1+) and F1 mice (CD45.2+ CD45.1+) mice were obtained from an on-site 
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core breeding colony. All mice were maintained in the Indiana University Animal Facility 

according to IACUC-approved protocols.

Flow cytometry

Flow cytometry analysis of hematopoietic stem and progenitor cells was performed 

as described previously [31–32]. Murine hematopoietic stem and progenitor cells were 

identified and evaluated by flow cytometry using a single cell suspension of bone marrow 

mononuclear cells (BMMCs). Hematopoietic stem and progenitors are purified based upon 

the expression of surface markers. Bone marrow (BM) cells were obtained from femurs by 

flushing cells out of the bone using a syringe and phosphate-buffered saline (PBS) with 

2mM EDTA. Red blood cells (RBCs) were lysed by RBC lysis buffer (eBioscience) prior to 

staining. Experiments were performed on FACS LSR IV cytometers (BD Biosciences) and 

analyzed by using the FlowJo Version 9.3.3 software (TreeStar).

Gene expression and Pathways Analyses

Transcript profiling of HSCs and MPPs from Bmi1+/+ and Bmi1−/− mice were analyzed 

by Agilent Whole Mouse Genome Oligo Microarrays. Raw data will be available for 

download from Gene Expression Omnibus (http://ncbi.nlm.nih.gov/geo/, accession number 

in progress). Genes whose expressions are increased or decreased more than 2-fold in 

Bmi1−/− cells compared to wild-type cells are shown. The Microarray data were analyzed 

using the Ingenuity Pathways Analysis program (Ingenuity Systems, www.ingenuity.com); 

to identify the pathways that met the < or > 2-fold change cutoff and were associated 

with a canonical pathway in the Ingenuity Pathways Knowledge base were considered for 

the analysis. The significance of the association between the data set and the identified 

canonical pathway was measured in 2 ways: (1) A ratio of the number of genes from the 

data set that map to the pathway divided by the total number of genes from the data set that 

map to the canonical pathway and (2) Fischer’s exact test, to calculate a p value determining 

the probability that the association between the genes in the data set and the canonical 

pathway is explained by chance alone.

ChIP assays

For ChIP assays, Kit+ BM cells and Baf3 cells were fixed with 1% (vol/vol) formaldehyde 

for 10 min at room temperature. ChIP assays were performed using the EZ-Magna ChIP 

A/G Kit (Millipore). Anti-Bmi1 antibody (Active Motif, AF27) and normal mouse IgG 

were used for immunoprecipitation. ChIP DNA was then subjected to real-time PCR 

analysis using primers targeting different region of genes of the canonical Wnt pathway 

and Ink4a/Arf locus.

Reporter assays

The Top-Flash luciferase construct encodes the firefly luciferase reporter gene under the 

control of a minimal CMV promoter and 8 tandem repeats of the TCF/LEF transcriptional 

response element (TRE). A Top-Flash mutant plasmid, containing defective TCF/LEF 

transcriptional response element, was used as a negative control in this assay. Each reporter 

is premixed with constitutively expressing Renilla luciferase, which serves as an internal 
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control for normalizing transfection efficiencies and monitoring cell viability. 293T cells 

were transfected using Lipofectamine 2000 transfection reagent (ThermoFisher), according 

to the manufacturer’s instructions. Transfected cells were harvested 24 hours later, and 

processed using Dual-Luciferase Reporter Assay (Promega).

Generation of retroviruses and infection of murine HSCs and MPPs

Retroviral vectors were produced by transfection of Phoenix E cells with the MIGR1 control 

(MSCV-IRES-GFP) or MIGR1 full-length Bmi1 c-DNA plasmid (MSCV-Bmi1-IRES-GFP), 

according to standard protocols [16]. Murine HSCs and MPPs were infected with high-titer 

retroviral suspensions in the presence of 8 μg/mL polybrene (Sigma-Aldrich). Forty-eight 

hours after infection, the GFP-positive cells were sorted by FACS.

Transplantation

We transplanted 500,000 BM mononuclear cells isolated from Bmi1F/F-Ctnnb1F/F-
Mx1Cre-, Bmi1+/+-Ctnnb1F/F-Mx1Cre+, Bmi1F/F-Ctnnb1+/+-Mx1Cre+, and Bmi1F/F-
Ctnnb1F/F-Mx1Cre+ mice (CD45.2+) together with 250,000 competitor BM cells (CD45.1+) 

into lethally irradiated recipient mice (CD45.1+CD45.2+). Eight weeks following 

transplantation, we injected pI:pC to delete Bmi1 and/or Ctnnb1 from hematopoietic cells. 

Peripheral blood was obtained by tail vein bleeding every 4-week after pI:pC treatment, 

RBC lysed, and the PB mononuclear cells stained with anti-CD45.2 FITC and anti-CD45.1 

PE, and analyzed by flow cytometry. 20 weeks following transplantation, bone marrow 

cells from recipient mice were analyzed to evaluate donor chimerism in bone marrows. For 

secondary transplantation, 3 × 106 BM cells from primary recipient mice reconstituted with 

Bmi1F/F-Ctnnb1F/F-Mx1Cre-, Bmi1+/+-Ctnnb1F/F-Mx1Cre+, Bmi1F/F-Ctnnb1+/+-Mx1Cre+, 

and Bmi1F/F-Ctnnb1F/F-Mx1Cre+ BM cells were injected into lethally irradiated F1 mice 

(CD45.1+CD45.2+).

Statistical Analysis

Statistical analysis was performed with GraphPad Prism 8 software (GraphPad software, 

Inc). All data are presented as mean ± standard error of the mean (SEM). The sample size 

for each experiment are included in the figure legends. Statistical analyses were performed 

using unpaired, two-tailed Student’s t test where applicable for comparison between two 

groups, and a One-way ANOVA test or Two-way ANOVA was used for experiments 

involving more than two groups. Statistical significance was defined as *p < 0.05, **p < 

0.01, ***p < 0.001; ns, not significant.

Results

Genes of the Wnt signaling pathway are upregulated in Bmi1 null hematopoietic stem and 
progenitor cells

To understand how Bmi1 regulates HSC self-renewal and differentiation, we performed gene 

expression profiling assays (using microarray analysis and quantitative RT-PCR analysis) 

to identify Bmi1 target genes in HSCs (CD48−CD150+Lin−Sca1+Kit+ cells) and MPPs 

(CD48+CD150−Lin−Sca1+Kit+ cells). Microarray analysis revealed that several genes in the 

canonical Wnt signaling pathway are significantly elevated in both HSCs and MPPs from 
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Bmi1−/− mice (Fig. 1A–B), suggesting that Wnt signaling may be activated in the absence 

of Bmi1. We first confirmed upregulation of several genes of the canonical Wnt pathway, 

including Fzd4, Fzd7, Fzd9, Tcf3, and Axin2, in Bmi1−/− HSCs compared to Bmi1+/+ 

HSCs using quantitative RT-PCR analysis (Fig. 1C). Fzd4, Lgr4, Lef1, Tcf3, and Axin2 are 

significantly upregulated in Bmi1−/− MPPs compared to Bmi1+/+ MPPs. (Fig. 1D). These 

findings suggest that Bmi1 may be associated with genes in the Wnt pathway, thereby 

repressing their expression in HSPCs.

Bmi1 is associated with Wnt genes in hematopoietic cells

To determine if Bmi1 is directly associated with genes in the Wnt pathway, we performed 

chromatin immunoprecipitation (ChIP) assays using an antibody against Bmi1 or normal 

mouse IgG. As expected, Bmi1 was associated with the Ink4a/Arf locus in both Kit+ BM 

and Baf3 cells (Fig. 2A–B). We detected the association of Bmi1 with the Lef1, Fzd4, 

and Axin2 promoters in these cells (Fig. 2A–B). Ring1b is the catalytic component of the 

PRC1 complex and genome-wide ChIP-seq analysis showed Ring1b binging to several Wnt 

target genes, including Ccnd2, Fzd7, Ckn2a and Tcf3, in murine L8057 megakaryoblastic 

cells (Fig. 2C) [33]. Thus, we demonstrate that Bmi1/PRC1 is associated with Wnt genes in 

hematopoietic cells.

Bmi1 represses Wnt gene expression in hematopoietic stem and progenitor cells

To determine the impact of Bmi1 expression on Wnt activation in cells, we used the 

Top-Flash Wnt reporter system. The Top-Flash reporter system is designed to monitor the 

activity of Wnt signal transduction pathway in cultured cells [34]. While Wnt3a readily 

activates the Wnt reporter in 293T cells, Wnt activation is efficiently repressed by ectopic 

Bmi1 expression, demonstrating that Bmi1 indeed can inhibit Wnt signaling activation in 

cultured cells (Fig. 3A).

To determine whether Bmi1 represses the expression of Wnt signaling genes in HSPCs, 

we introduced Bmi1 (MSCV-Bmi1-IRES-GFP) or GFP (MSCV-IRES-GFP) into HSCs and 

MPPs purified from Bmi1+/+ and Bmi1−/− mice using retroviruses mediated transduction. 48 

hours after transduction, we isolated mRNA from transduced cells (GFP+) and performed 

qRT-PCR assays for genes involved in the canonical Wnt signaling pathway. We found that 

that ectopic Bmi1 expression results in downregulation of Fzd4, Fzd7, and Lef1 expression 

in Bmi1+/+ HSCs compared to that of the control viruses (MSCV-IRES-GFP) transduced 

cells (Fig. 3B). We also found that that ectopic Bmi1 expression leads to downregulation of 

Fzd4, Fzd7, Fzd9, Lef1, and Axin2 expression in Bmi1+/+ MPPs compared to that of the 

control viruses transduced cells (Fig. 3C). In addition, ectopic Bmi1 expression represses 

Fzd4, Fzd7, and Fzd9 expression in Bmi1−/− HSCs compared to that of the control viruses 

transduced cells (Fig. 3D). Further, ectopic Bmi1 expression leads to downregulation of 

Fzd4, Fzd9, and Lef1 in Bmi1−/− MPPs (Fig. 3E). Thus, we demonstrate that Bmi1 represses 

Wnt gene expression in HSPCs.
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Loss of β-catenin partially rescued HSC self-renewal and differentiation defects seen in 
Bmi1 null mice

The Ctnnb1 gene encodes β-catenin and loss of β-catenin reduces Wnt activation [35]. 

To determine the impact of β-catenin deficiency on Bmi1−/− HSPCs, we generated 

Bmi1F/F-Ctnnb1F/F-Mx1Cre+ mice. We transplanted 500,000 BM cells isolated from 

Bmi1F/F-Ctnnb1F/F-Mx1Cre-, Bmi1+/+-Ctnnb1F/F-Mx1Cre+, Bmi1F/F-Ctnnb1+/+-Mx1Cre+, 

and Bmi1F/F-Ctnnb1F/F-Mx1Cre+ mice (CD45.2+) together with 250,000 competitor 

BM cells (CD45.1+) into lethally irradiated recipient mice (CD45.1+CD45.2+). Eight 

weeks following transplantation, we injected pI:pC to delete Bmi1 and/or Ctnnb1 from 

hematopoietic cells and examined the frequency of donor-derived cells (CD45.2+) in 

peripheral blood every 4 weeks for twenty weeks. Conditional deletion of Ctnnb1 does not 

affect the repopulating ability of BM cells (Fig. 4A). While the percentage of donor-derived 

cells in PB of recipient mice repopulated with Bmi1−/− BM cells decreases, loss of Ctnnb1 
significantly increased the engraftment of Bmi1−/− BM cells at twenty weeks following 

pI:pC treatment (Fig. 4A). We observed increased number of donor-derived HSCs in the 

BM of recipient mice repopulated with Bmi1−/−Ctnnb1−/− BM cells compared to that of 

the Bmi1−/− cells (Fig. 4B–C). Loss of Bmi1 resulted in decreased myeloid differentiation 

and increased lymphoid differentiation in the BM, whereas Ctnnb1 deficiency rescued 

differentiation defects seen in Bmi1−/− mice (Fig. 4D).

To determine the impact of genetic deletion of Ctnnb1 on Bmi1−/− HSC self-renewal, we 

performed secondary BM transplantation assays. We found that Bmi1−/−Ctnnb1−/− BM cells 

show increased engraftment compared to Bmi1−/− cells following secondary transplantation 

(Fig. 4E). Thus, we demonstrate that loss of β-catenin, which reduces Wnt activation, 

partially rescues HSC self-renewal and differentiation defects seen in Bmi1−/− mice.

Discussion

Hematopoietic stem cell (HSC) self-renewal requires a complex crosstalk between extrinsic 

signals from the microenvironment and the HSC-intrinsic regulators to maintain an 

undifferentiated state [1–4]. However, the crosstalk between signaling pathways and HSC-

intrinsic regulators has not been well defined at the molecular level [1–4]. Thus, there 

remains a critical need to improve our understanding of the interactions between signaling 

pathways and HSC-intrinsic regulators and develop novel strategies that can enhance ex vivo 
HSC expansion and improve the efficiency and outcome of HSC transplantation [5].

The role of Wnt signaling in adult hematopoiesis has been controversial [24–25]. While 

loss of Wnt3a impairs HSCs self-renewal and differentiation [37–38], blocking the 

secretions of Wnt proteins in the hematopoietic system does not affect hematopoiesis 

[39]. Constitutive beta-catenin activation impairs HSC self-renewal and blocks terminal 

differentiation [36]; however, mice lacking β- and γ-catenin have normal stem cell self-

renewal and differentiation [35]. These findings indicate canonical Wnt signaling is far 

more complicated than expected. Indeed, the canonical Wnt signaling appears to regulate 

adult hematopoiesis in a dosage-dependent manner: low level of canonical Wnt activation 

enhances HSC self-renewal, whereas high level of canonical Wnt activation impairs HSC 

self-renewal and blocks terminal differentiation [26].
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Polycomb group protein Bmi1 plays an important role in cellular homeostasis by 

maintaining a balance between proliferation and senescence [12–15, 20]. It is often 

overexpressed in cancer cells and is required for stem cell self-renewal [14–15]. However, 

the downstream targets that mediate Bmi1 function remain elusive. To explore the 

mechanism by which Bmi1 enhances hematopoiesis, we performed transcript profiling 

assays to compare gene expression in HSCs and MPPs isolated from wild type and Bmi1−/− 

mice. We found that the expression of several genes of the Wnt signaling pathway was 

upregulated in hematopoietic stem and progenitor cells (HSPCs). Further, Bmi1 directly 

associates with the promoter of these genes in hematopoietic cells. Importantly, we found 

that loss of β-catenin partially rescued self-renewal defects see in Bmi1 null mice. Given 

that activation of the canonical Wnt pathway leads to loss of hematopoietic stem cell 

repopulation and multilineage differentiation block [26, 29–30, 36], our studies uncover 

a novel mechanism by which Bmi1 enhances HSC self-renewal and promotes terminal 

differentiation,

Previous studies have implicated Bmi1 in regulating WNT signaling in some cancer cells 

[40–41]. BMI1 has been shown to autoactivate its own promoter via an E-box present 

in its promoter. Further, BMI1 activates the WNT pathway by repressing DKK family of 

WNT inhibitors. BMI1 mediated repression of DKK1 results in up-regulation of WNT target 

c-Myc, leading to transcriptional autoactivation of BMI1 [36]. This positive feedback loop 

regulating BMI1 expression may be relevant to the role of BMI1 in promoting cancer and 

maintaining stem cell phenotype [40]. For example, BMI1 is upregulated in colon cancer 

tissues and cell lines. Overexpression of BMI1 in primary epithelial colon cells promotes 

cellular growth and activates WNT pathway, whereas knocking down of BMI1 expression 

in colon cancer cells represses these effects [41]. Mechanistically, BMI1 activates WNT 

signaling in colon cancer by negatively regulating the WNT antagonist IDAX [41]. These 

findings suggest that Bmi1 may play a context-dependent role in regulating Wnt signaling 

during development and tumorigenesis.

Although BMI1 is upregulated in many cell types, very little is known about the signaling 

pathways that regulate its expression. Wnt signaling plays a key role in intestinal stem 

cells and Bmi1 has been shown to be a potential marker for intestinal stem cells [42]. The 

expression of Bmi1 in human colon cancers is associated with nuclear β-catenin, a hallmark 

for the activated Wnt signaling. Thus, these studies suggest that Wnt signaling may regulate 

the expression of Bmi1 in colon cancer cells [42]. Whether Wnt signaling regulates Bmi1 

expression in hematopoietic stem and progenitor cells is not known, thereby awaiting future 

investigation.

In summary, we have identified Bmi1 as a negative regulator of canonical Wnt signaling 

pathway in hematopoietic stem and progenitor cells. Our studies suggest that modulating 

canonical Wnt signaling may hold potential for enhancing HSC self-renewal, thereby 

improving the outcomes of HSC transplantation,.
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Fig. 1. 
Genes of the Wnt signaling pathway are upregulated in hematopoietic stem and progenitor 

cells. (A) Transcript profiling of HSCs (CD48−CD150+LSKs) from Bmi1+/+ and Bmi1−/− 

mice were analyzed by Agilent Whole Mouse Genome Oligo Microarrays. Genes that 

are differentially expressed in Bmi1−/− HSCs compared to wild-type cells are shown. We 

utilized Ingenuity pathways Analysis (Ingenuity Systems) to group genes into specific 

canonical pathways. Values are shown for three biological replicates. Color red indicates 

genes that are upregulated in Bmi1−/− HSCs and color blue indicates genes that are 

downregulated in Bmi1−/− HSCs. (B) Transcript profiling of MPPs (CD48+CD150−LSKs) 

from Bmi1+/+ and Bmi1−/− mice were analyzed by Agilent Whole Mouse Genome Oligo 

Microarrays. Genes that are differentially expressed in Bmi1−/− MPPs compared to wild-

type cells are shown. We utilized Ingenuity pathways Analysis (Ingenuity Systems) to group 

genes into specific canonical pathways. Values are shown for three biological replicates. 

Color red indicates genes that are upregulated in Bmi1−/− MPPs and color blue indicates 

genes that are downregulated in Bmi1−/− MPPs. (C) Real-time RT-PCR analysis of gene 

expression in Bmi1+/+ and Bm1−/− HSCs. Data shown are relative expression as compared 

to Bmi1+/+ HSCs (set as 1), n = three biological replicates, *p<0.05, **p<0.01. (D) Real-

time RT-PCR analysis of gene expression in Bmi1+/+ and Bm1−/− MPPs. Data shown are 

relative expression as compared to Bmi1+/+ MPPs (set as 1), n = three biological replicates, 

*p<0.05, **p<0.01, ***p<0.001.
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Fig. 2. 
Bmi1 is associated with Wnt genes in hematopoietic cells. (A) Bmi1 binds to promoters 

of genes of the Wnt pathway in vivo. Chromatin bound DNA from Kit+ BM cells was 

immunoprecipitated with a Bmi1-specific antibody or with normal mouse IgG. qRT-PCR 

amplification was performed on corresponding templates using primers for indicated genes, 

n = three biological replicates, **p<0.01. (B) Bmi1 binds to promoters of genes of the 

Wnt pathway in vivo. Chromatin bound DNA from Baf3 cells was immunoprecipitated 

with a Bmi1-specific antibody or with normal mouse IgG. qRT-PCR amplification was 

performed on corresponding templates using primers for indicated genes, n = three 

biological replicates, *p<0.05, **p<0.01. (C) Representative Ring1b and IgG ChIP-seq 

profiles of loci occupied by Ring1b in murine L8057 megakaryoblastic cells. It appears that 

Ring1b associates with several Wnt target genes, including Ccnd2, Fzd7, Cdkn2a and Tcf3, 

in L8057 cells.
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Fig. 3. 
Bmi1 regulates Wnt gene expression in hematopoietic stem and progenitor cells. (A) 

Bmi1 represses Wnt3a-induced Wnt reporter activation. Luciferase activity was assayed 

24 hours after transfection of 293T cells. Values are means (±SEM), n = three biological 

replicates, *p<0.05. (B) Ectopic Bmi1 expression represses Wnt gene expression in Bmi1+/+ 

HSCs. Data shown are relative expression compared to control viruses (MSCV-IRES-GFP) 

transduced HSCs, n = three biological replicates, *p<0.05, **p<0.01. (C) Ectopic Bmi1 

expression represses Wnt gene expression in Bmi1+/+ MPPs. Data shown are relative 

expression compared to control viruses transduced MPPs, n = three biological replicates, 

*p<0.05, **p<0.01. (D) Ectopic Bmi1 expression represses Wnt gene expression in Bmi1−/− 

HSCs. Data shown are relative expression compared to control viruses transduced Bmi1−/− 

HSCs, n = three biological replicates, *p<0.05, **p<0.01. (E) Ectopic Bmi1 expression 

represses Wnt gene expression in Bmi1−/− MPPs. Data shown are relative expression 

compared to control viruses transduced Bmi1−/− MPPs, n = three biological replicates, 

*p<0.05, ***p<0.001.
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Fig. 4. 
Loss of β-catenin partially rescued HSC self-renewal and differentiation defects seen in 

Bmi1 null mice. (A) Percentage of donor-derived cells (CD45.2+) in the peripheral blood 

of recipient mice following pI:pC treatment. n=7 mice per group, **p<0.01. (B) Percentage 

of donor-derived cells (CD45.2+) in the BM of recipient mice at 20 weeks following pI:pC 

treatment. n=4 mice per group, **p<0.01. (C) The frequency of donor-derived HSCs in the 

BM of recipient mice at 20 weeks following pI:pC treatment. n=4 mice per group, *p<0.05. 

(D) Lineage distribution of donor-derived cells in the bone marrow of primary recipient mice 

at 20 weeks following pI:pC treatment. n=4 mice per group, **p<0.01, ***p<0.001. (E) 

Percentage of donor-derived cells (CD45.2+) in the peripheral blood of recipient mice at 8 

weeks following secondary transplantation. n=7–8 mice per group, ***p<0.001.
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