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We have shown that Alox5 is a critical
regulator of leukemia stem cells (LSCs) in
a BCR-ABL–induced chronic myeloid leu-
kemia (CML) mouse model, and we hy-
pothesize that the Alox5 pathway repre-
sents a major molecular network that
regulates LSC function. Therefore, we
sought to dissect this pathway by compar-
ing the gene expression profiles of wild
type and Alox5�/� LSCs. DNA microarray
analysis revealed a small group of candi-
date genes that exhibited changes in the

levels of transcription in the absence of
Alox5 expression. In particular, we noted
that the expression of the Msr1 gene was
upregulated in Alox5�/� LSCs, suggest-
ing that Msr1 suppresses the prolifera-
tion of LSCs. Using CML mouse model,
we show that Msr1 is downregulated by
BCR-ABL and this down-regulation is par-
tially restored by Alox5 deletion, and that
Msr1 deletion causes acceleration of CML
development. Moreover, Msr1 deletion
markedly increases LSC function through

its effects on cell cycle progression and
apoptosis. We also show that Msr1 af-
fects CML development by regulating the
PI3K-AKT pathway and �-Catenin. To-
gether, these results demonstrate that
Msr1 suppresses LSCs and CML develop-
ment. The enhancement of the tumor sup-
pressor function of Msr1 may be of signifi-
cance in the development of novel
therapeutic strategies for CML. (Blood.
2011;118(2):390-400)

Introduction

Cancer stem cells (CSCs) are believed to be promising targets with
the potential to offer curative therapies for some types of cancer,
especially leukemias. Several genes and their pathways, including
Wnt/�-Catenin,1,2 Hedgehog,3 Notch,4 Bim-1,5 p53,4 p166 and p19,7

Pten,8 PML,9 PP2A,10 Alox5,11 TGF-�/FOXO,12 and Musashi,13

have been found to promote or inhibit CSC proliferation. Some of
these genes and pathways also play similar roles in regulating the
function of normal stem cells.1,6,14 There is a need to identify
CSC-specific genes for developing anti–stem cell strategies. Chronic
myeloid leukemia (CML) is a stem cell–derived hematologic
malignancy and serves as a good disease model for the study of
CSC behavior and function. We have previously identified BCR-
ABL–expressing Lin�Sca-1�c-Kit� cells as leukemia stem cells
(LSCs) in CML mice.15 We have demonstrated the critical role of
the Alox5 gene in functional regulation of LSCs.11 We believe that
the Alox5 pathway represents a major pathway that regulates the
function of LSCs, and it will be important to identify other genes
that interact with Alox5.

In theory, genes regulating LSC function can be grouped in
2 categories: those that enhance or promote LSC function or those
that suppress and/or negatively regulate LSC function. Genetic
deletions and/or mutations in the latter group are likely to favor
leukemogenesis and a few genes in this category have been
identified in LSCs. For example, Pten is down-regulated by
BCR-ABL in LSCs. Pten deletion accelerates CML development
and delays the disease on overexpression.16 p53 is also down-
regulated by BCR-ABL and loss of p53 accelerates CML develop-
ment.17,18 In this study, we identified that macrophage scavenger
receptor (Msr1) suppresses BCR-ABL-expressing LSCs and CML

development. Msr1 is a member of scavenger receptor family and
is mostly expressed in hematopoietic cells.19 Msr1 is important for
mediating host-cell interactions, macrophage adhesion and phago-
cytosis of apoptotic cells.20 Using Msr1�/� mice, we show that
Msr1 delays CML development and regulates the self-renewal and
differentiation capacity of LSCs through PI3K-AKT-GSK-3� and
�-Catenin pathways.

Methods

Mice

C57BL/6, B6.SJL-Ptprca Pepcb/BoyJ, homozygous Alox5 knockout
(Alox5�/�) mice and homozygous Msr1 knockout (Msr1�/�) mice in a
C57BL/6 background were obtained from The Jackson Laboratory. Mice
were maintained in a temperature- and humidity-controlled environment
and given unrestricted access to 6% chow diet and acidified water.

DNA microarray

Bone marrow cells from C57BL/6 (B6) or Alox5�/� mice pretreated with
5-fluorouracil (5-FU) were transduced with BCR-ABL, followed by
transplantation into B6 recipient mice (30 recipient mice for each group).
Fourteen days later, bone marrow cells were isolated and subsequently sorted by
FACS for LSCs (GFP�Lin�c-Kit�Sca-1�). Total RNA was isolated from
these BCR-ABL–expressing LSCs or from the GFP�Lin�c-Kit�Sca-1�

cells that only expressed GFP, and DNA microarray analysis was carried out
using the Affymetrix chips. All microarray data related to this Blood article
have been deposited into the GEO public database, with accession numbers
GSE10912 and GSE29347.
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DNA constructs

Human Msr1 cDNA are kindly provided by Dr Sulahian (Harvard School of
Public Health). To make the MSCV-BCR-ABL-Msr1 construct, Msr1 cDNA
was amplified by Msr1-EcoRI 5�GAATTCATGGAGCAGTGGGAT-
CACTTTC3� and Msr1-ClaI 5�ATCGATTTATAAAGTGCAAGTGAC3�.
The cDNA was sequenced from both ends to confirm the sequence. The
Msr1 cDNA was cloned into the pMSCV-BCR-ABL-GFP vector between
MfeI and ClaI sites. To make the pMSCV-Msr1-GFP construct, Msr1 cDNA
was amplified by Msr1-EcoRI 5�GAATTCATGGAGCAGTGGGAT-
CACTTTC3� and Msr1-EcoRI 5�GAATTCTTATAAAGTGCAAGTGAC3�.
The cDNA was sequenced from both ends to confirm the sequence. The
Msr1 cDNA was cloned into the pMSCV-GFP vector at the EcoRI site.

Cell lines

Human K562 myeloid leukemia cell line was grown in RPMI 1640 medium
containing 10% FBS. To generate the Msr1-expressing K562 cell lines,
K562 cells were transduced with the pMSCV-Msr1-GFP retrovirus, and the
Msr1-expressing cells were sorted for GFP by FACS. K562 cells transduced
with the pMSCV-GFP retrovirus were used as a control.

Flow cytometry

Hematopoietic cells were collected from the bone marrow and peripheral
blood of the normal and diseased mice. Erythrocytes were lysed in NH4Cl
red blood cell lysis buffer (pH 7.4). The cells were washed with PBS and
stained with B220-PE for B cells, Gr-1–APC for neutrophils, Mac-1–PE for
macrophages, CD3E-APC for T cells and Sca-1/c-Kit/CD34/CD135 (Flt3)/
CD204 for HSCs. All of these antibodies were purchased from Ebioscience
Inc and Serotec Inc. After staining, the cells were washed once with PBS
and subjected to FACS analysis.

Bone marrow transduction/transplantation

The retroviral vector MSCV-IRES-EGFP carrying the p210 BCR-ABL
cDNA was used to make high-titer, helper-free, replication-defective
ecotropic virus stock by transient transfection of 293T cells using the kat
system as previously described.21,22 6- to 10-week-old WT C57BL/6 mice
(The Jackson Laboratory) were used for leukemogenesis experiments.
Induction of CML and B-acute lymphoblastic leukemia (ALL) was as
previously described.21,22 Briefly, to model CML, bone marrow from
5-FU–treated (200 mg/kg) donor mice was transduced twice with BCR-ABL
retrovirus by cosedementation in the presence of IL-3, IL-6, and SCF. To
model B-ALL, bone marrow from non–5-FU–treated donors was transduced
without cytokines. Wild-type recipient mice were prepared by 1100 cGy �
irradiation (given by 2 split 550 cGy doses) and 0.5 � 106 (CML) or 1.0 � 106

(B-ALL) cells were transplanted into recipient mice via tail vein injection. To
make the retrovirus infecting human K562 cells, the MSCV-ecopac was replaced
by pkat2ampac.23

Western blot analysis and antibodies

Antibodies against c-ABL, �-actin, �-Catenin and MSR1 were purchased
from Santa Cruz Biotechnology and antibodies against p-Pten, Pten,
p-PI3K, PI3K, p-AKT, AKT, p-GSK-3� and GSK-3� from Cell Signaling
Technology. Protein lysates were prepared by lysing cells in RIPA buffer
and Western blotting was carried out as described previously.24

In vitro culture of LSCs and drug treatment

Bone marrow cells isolated from CML mice were cultured in vitro in the
presence of Stemspan SFEM (StemCell Technologies), stem cell factor,
insulin-like growth factor-2, thrombopoietin, heparin, and �-fibroblast
growth factor as described previously.25 PMA (Sigma-Aldrich) were
dissolved in DMSO to make stock solution at 10mM, and were then diluted
in culture media to different concentrations for use.

Histology

The lungs from the placebo- or drug-treated mice were fixed in Bouin
fixative (Fisher Scientific) for 24 hours at room temperature, followed by an

overnight rinse in water. 10-�m sections were stained with hematoxylin and
eosin (H&E) and observed by a model DMRE compound microscope
(Leica). All sections were imaged with a 2.5� PH1 objective (NPLan, NA
0.25) and 10� PH1 objective (NPLan, NA 0.40). All images were imported
into MetaMorph Basic software (Molecular Devices) as a series of tagged
image files. All images were then constructed in Adobe Photoshop 7.0
(Adobe).

Statistics

Statistical analyses were performed using Student t test (*P 	 .05,
**P 	 .01; GraphPad Prism v5.01 software for Windows).

Results

Loss of Msr1 accelerates CML development

We previously demonstrated that Alox5 deficiency impairs the
function of LSCs and prevents the initiation of BCR-ABL–induced
CML. To identify the pathways in which Alox5 gene regulates
function of LSCs, we performed a comparative DNA microarray
analysis using total RNA isolated from non–BCR-ABL–expressing
wild-type (WT) Lin�Sca-1�c-Kit� cells, BCR-ABL–expressing
WT LSCs and BCR-ABL–expressing Alox5�/� LSCs. Our data
identified Msr1 as a candidate gene important for LSC function, as
it was downregulated by BCR-ABL and restored by loss of Alox5 in
LSCs (Figure 1A). This result was validated by quantitative
real-time PCR (Figure 1B). The BCR-ABL downregulation of Msr1
in LSCs could not be restored by the treatment with the BCR-ABL
kinase inhibitor imatinib (supplemental Figure 1, available on
Blood Web site; see the Supplemental Materials link at the top of
the online article). To further demonstrate the regulation of Msr1 by
BCR-ABL, we compared the cell surface expression levels of
MSR1 between LSCs and HSCs by FACS and found that MSR1
was downregulated by BCR-ABL (Figure 1C). This downregula-
tion was rescued by the loss of Alox5 (Figure 1D). These results
suggest that Msr1 suppresses LSCs and CML development. To
test whether Msr1 affects CML development, we transduced
bone marrow cells from 5-FU–treated WT or Msr1�/� mice with
BCR-ABL-GFP retrovirus and transplanted these cells into
lethally irradiated recipient mice. Recipients of BCR-ABL–
transduced bone marrow cells from Msr1�/� donor mice devel-
oped CML significantly faster than those receiving BCR-ABL–
transduced bone marrow cells from WT donor mice (Figure 1E).
The accelerated death of CML mice in the absence of Msr1 also
correlated with an elevated percentage of GFP�Gr1� myeloid
leukemia cells and an elevated number of total leukemia cells in
the bone marrow and spleens of recipient mice (Figure 1F).
Accelerated CML development in the absence of Msr1 corre-
lated with more severe infiltration of leukemia cells in the lung
and spleen (Figure 1G-H). These results show a potent tumor
suppressor role for Msr1 in BCR-ABL–induced CML.

Msr1 overexpression delays CML development

To further test whether the Msr1 can inhibit CML development, we
coexpressed BCR-ABL and Msr1 in WT bone marrow cells by
retroviral transduction and transplanted the transduced cells into
recipient mice to induce CML. The BCR-ABL-IRES-GFP-pMSCV–
expressing retrovirus was used as a control. The BCR-ABL-IRES-
Msr1-pMSCV construct expressed BCR-ABL and MSR1 in 293T
cells (Figure 2A). We next transduced wild-type donor bone
marrow cells with BCR-ABL-IRES-Msr1-pMSCV or BCR-ABL-
IRES-GFP-pMSCV retrovirus and transplanted these cells into
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recipient mice. CML development was significantly slower in
mice receiving bone marrow cells transduced with BCR-ABL-
IRES-Msr1-pMSCV than in those receiving bone marrow cells
transduced with BCR-ABL-IRES-GFP-pMSCV. Some recipient
mice did not even develop the CML (Figure 2B). The delayed
CML development correlated with fewer leukemia cells in
peripheral blood compared with recipients of pMSCV-GFP–
transduced bone marrow cells (Figure 2C). In addition, FACS
analysis of peripheral blood of recipients of BCR-ABL-IRES-
Msr1-pMSCV–transduced bone marrow cells showed that the
percentage of Gr-1� myeloid leukemia cells declined with time
(Figure 2D). These data further support the tumor suppressor
function of Msr1 in CML development.

Msr1 deletion causes an increase in LSC function

CML is a stem cell–derived disease and the accelerated develop-
ment of CML in absence of Msr1 (Figure 1) prompted us to
examine whether Msr1 regulates the function of LSCs. The
accelerated CML development in the absence of Msr1 could be
caused by an increase in the number of LSCs. To test this
hypothesis, we quantified LSCs in the bone marrow and spleens of
CML mice at 8, 10 and 14 days after CML induction. At day 8,
Msr1 deficiency did not cause an increase of LSCs in either bone
marrow or spleen compared with CML mice receiving BCR-ABL–
tranduced wild-type bone marrow cells. At day 14, a significant
increase in Msr1-deficient bone marrow LSCs was observed

Figure 1. Msr1 deletion accelerates CML development. (A) Expression of the Msr1 gene was compared among non–BCR-ABL–expressing Lin�Sca-1�c-Kit� cells, BCR-ABL-
expressing WT LSCs and BCR-ABL-expressing Alox5�/� LSCs. Msr1 expression was down-regulated by BCR-ABL and restored on Alox5 deletion in LSCs. (B) Quantitative real-time
PCR analysis of non–BCR-ABL–expressing Lin�Sca-1�c-Kit� cells, BCR-ABL–expressing WT LSCs and BCR-ABL–expressing Alox5�/� LSCs. Expression of the Msr1 gene was
significantly down-regulated by BCR-ABL and partially rescued after Alox5 deletion in LSCs compared with WT LSCs by RT-PCR. Mean value (
 SD) for each group is shown (**P 	 .01).
(C) FACS analysis showed that MSR1 protein was down-regulated by BCR-ABL in LSCs compared with GFP�Lin�c-Kit�Sca-1� cells that did not express BCR-ABL. (D) FACS analysis
showed that MSR1 protein was up-regulated by Alox5 deletion in LSCs compared with WT LSCs. (E) Kaplan-Meier survival curves for recipients of BCR-ABL–transduced bone marrow
cells from WT or Msr1�/� donor mice. All recipients of BCR-ABL–transduced bone marrow cells from Msr1�/� donor mice developed CML and died within 3 weeks post bone marrow
transplantation, whereas recipients of BCR-ABL–transduced bone marrow cells from WT donor mice survived longer. (F) FACS analysis showed a higher percentage of GFP�Gr-1� cells
in the bone marrow and spleens of recipients of BCR-ABL–transduced bone marrow cells from Msr1�/� than WT donor mice (**P 	 .01). (G) Gross pathology and (H) H&E staining of the
lungs and spleens showed severe lung hemorrhages and splenomegaly in recipients of BCR-ABL–transduced bone marrow cells from Msr1�/� donor mice. Recipient of
pMSCV-GFP–transduced bone marrow cells was shown as a control.
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(Figure 3A), but Msr1 deficiency did not change the number of
Msr1�/� LSCs in the spleen of CML mice (Figure 3A).

The ability to transfer leukemia to next generation recipient
mice can be used to examine the biologic function of LSCs. We
transduced WT or Msr1�/� donor bone marrow cells with a lower
titer BCR-ABL retrovirus and transferred the transduced cells to
recipient mice to induce primary CML. At day 13 after CML
induction, bone marrow cells from primary CML mice were
transplanted into secondary recipient mice. Subsequently, leukemic
bone marrow cells were serially transferred to recipient mice for
2 more generations. We found that BCR-ABL–expressing Msr1�/�

bone marrow cells could transfer CML up to the fourth generation
of recipient mice, while BCR-ABL–expressing WT bone marrow
cells only transferred CML once in recipient mice (Figure 3B).
These results suggest that Msr1 deficiency causes an increase in
LSC function. To further evaluate the effect of Msr1 on LSC
function, we sorted WT (CD45.1) and Msr1�/� (CD45.2) LSCs
from bone marrow of CML mice by FACS. The sorted WT and
Msr1�/� LSCs were mixed in a 1:1 ratio (5000 LSCs for each
group), and were transplanted into recipient mice. We observed that
at day 10, the percentages of GFP�Gr-1� WT (CD45.1) and
Msr1�/� (CD45.2) cells in peripheral blood of the mice were
similar, and then gradually increased and eventually became a
dominant leukemic cell population (Figure 3C). We also observed
that Msr1 deficiency did not cause an increase in the homing ability
of bone marrow cells (supplemental Figure 2), which could result
in accelerated CML development. To explain how the loss of Msr1
caused an increase in LSC function, we performed a DNA content
analysis to examine the effect of Msr1 deficiency on cell cycle

progression of LSCs. We found that the percentage of LSCs in the
S�G2M phase was significantly higher in the Msr1�/� group than
in the WT group (Figure 3D), indicating that the loss of Msr1
causes more LSCs to enter the cell cycle, thereby enhancing the
proliferation of LSCs. Furthermore, we examined whether Msr1
deletion reduces apoptosis of LSCs by staining the cells with
7AAD and annexin V. We observed that apoptosis of Msr1�/�

LSCs was reduced compared with WT LSCs (Figure 3E). Thus,
Msr1 regulates cell cycle progression and apoptosis of LSCs. To
further demonstrate the role of Msr1 in suppressing LSC function,
we performed the long-term culture-initiating cell assay (LTC-IC).
GFP� bone marrow cells were collected from recipients of
BCR-ABL–transduced WT or Msr1�/� donor bone marrow cells,
and then the cells were cultured for 5 weeks in the presence of
stromal cells. Colony formation was then analyzed 2 weeks later.
Compared to WT CML cells, the ability to form colonies was
significantly increased in Msr1�/� CML cells (Figure 3F).

Induction of Msr1 expression by PMA causes inhibition of
human CML cells and LSCs

Next, we tested whether Msr1 inhibits human CML cells. Phorbol
12-myristate 13-acetate (PMA) induces differentiation of THP-1
cells, leading to a marked increase in the expression of MSR1 on
the cell surface.26 We found that the level of MSR1 was signifi-
cantly increased in K562 cells treated with PMA for 48 hours
(Figure 4A). We also noted that PMA significantly inhibited the
proliferation of K562 cells (Figure 4B). The decreased prolifera-
tion of K562 cells was consistent with an increase in apoptosis

Figure 2. Msr1 over-expression causes a delay of CML development. (A) BCR-ABL and MSR1 were detected by protein blotting using antibodies against ABL and MSR1.
MSR1 protein was detected in cells transfected with BCR-ABL-IRES-Msr1-pMSCV. (B) Kaplan-Meier survival curves for recipients of BCR-ABL-IRES-pMSCV–transduced
bone marrow cells (n � 7) or BCR-ABL-IRES-Msr1-pMSCV–transduced bone marrow cells (n � 7) donor mice. FACS analysis showed that the total number (C) and
percentage (D) of Gr-1� cells in peripheral blood of recipients of BCR-ABL-IRES-pMSCV–transduced bone marrow cells or BCR-ABL-IRES-Msr1-pMSCV–transduced bone
marrow cells (*P 	 .05, **P 	 .01). Recipient of pMSCV-GFP–transduced bone marrow cells was shown as a control.
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Figure 3. Msr1 deletion affects the function of LSCs. (A) Loss of Msr1 caused a significant increase in LSCs in bone marrow (*P 	 .05). Mean value (
 SD) for each group is shown
(*P 	 .05). (B) Kaplan-Meier survival curves for a serial transplantation of recipients of 1 � 106 bone marrow cells from mice receiving BCR-ABL–transduced WT (n � 5) or Msr1�/�

(n � 5) donor bone marrow cells. (C) Bone marrow cells derived from CML mice induced by transplanting BCR-ABL–transduced WT (CD45.1) or Msr1�/� (CD45.2) donor bone marrow
cells were isolated. 5 � 103 WT and Msr1�/� LSCs were sorted by FACS, mixed by 1:1 ratio, and transplanted into lethally irradiated secondary recipient mice. At days 10, 20, 25 and
30 after BMT, FACS analysis showed that the percentages of CD45.2� cells were much higher than those of CD45.1� cells. All these mice died of CML, presumably because of the
development of CML from CD45.1� cells. (D) At 14 days post transplantation, bone marrow cells were isolated from recipients of BCR-ABL–transduced bone marrow cells from WT or
Msr1�/� donor mice. The cells were stained with Hoechst Blue, and the DNA content, represented by the percentages of LSC populations in the S�G2M phase of the cell cycle, was
examined by FACS. Mean percentage for each cell population (n � 4) is shown (*P 	 .05). (E) At 14 days post transplantation, bone marrow cells were isolated from recipients of
BCR-ABL–transduced bone marrow cells from WT or Msr1�/� donor mice. The cells were stained with 7AAD and annexin V, and the percentages of LSCs positive for 7AAD and annexin
V, representing apoptotic cells, were determined by FACS. (F) LTC-IC assay was performed to compare the function of LSCs. GFP� bone marrow cells were sorted from recipients of
BCR-ABL–transduced from WT or Msr1�/� donor bone marrow cells. The cells were cultured for 5 weeks in the presence of stromal cells. Colony formation was assessed 2 weeks later.
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Figure 4. PMA inhibits proliferation and induces apoptosis of human CML cells. (A) FACS analysis showed that MSR1 protein was up-regulated in human leukemic cells
treated with PMA for 48h compared with untreated cells. (B) PMA inhibits proliferation of human leukemic cells. K562 cells were treated with DMSO or PMA (80nM) for 48 and
96 hours, and live cells were counted (**P 	 .01). (C) PMA induces apoptosis of K562 cells. K562 cells were treated with DMSO or PMA (80nM) for 48 hours. Apoptotic cells
(annexin V�/7AAD�) cells were analyzed by FACS (**P 	 .01). (D) PMA inhibits LSCs from CML mice in vitro. Bone marrow cells isolated from mice with CML induced by
BCR-ABL-GFP were cultured (2 � 106 cells/6 cm plate) under stem cell conditions in the presence of DMSO, imatinib (1�M) or PMA (80nM) for 3 days, followed by FACS
analysis of LSCs (*P 	 .05, **P 	 .01). (E) Bone marrow cells from recipients of BCR-ABL–transduced bone marrow cells from Msr1�/� donor mice were treated with PMA
(80nM) for 3 days. The total number LSCs at the end of the culture were calculated based on FACS analysis and total cell counts.
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(Figure 4C). We also tested whether PMA inhibits LSCs from
CML in vitro under stem cell culture conditions. We cultured
bone marrow cells from CML mice in the presence of imatinib
(1�M) or PMA (80nM) for 3 days, and calculated the total
number and percentage of LSCs that remained at the end of the
culture based on FACS analysis and total cell counts. We
showed that PMA significantly inhibited LSCs in vitro (Figure
4D). To further confirm that PMA inhibits LSCs through

inducing Msr1, we treated bone marrow cells from recipients of
BCR-ABL–transduced WT or Msr1�/� donor bone marrow cells
with PMA (80 nM) for 3 days and calculated the total numbers
of LSCs at the end of the culture based on FACS analysis and
total cell counts. We found that the number of Msr1�/� LSCs
was reduced in a much lesser degree than the reduction of WT
LSCs by PMA (Figure 4E), indicating that the induction of Msr1
contributes to the inhibition of LSCs by PMA.

Figure 5. Msr1 deletion does not affect the function of normal HSCs. (A) Bone marrow cells from WT and Msr1�/� mice were analyzed by FACS for the percentages of total
HSCs (Lin�c-Kit�Sca-1�), LT-HSCs (Lin�c-Kit�Sca-1�CD34�), ST-HSCs (Lin�c-Kit�Sca-1�CD34�Flt3�) and MPPs (Lin�c-Kit�Sca-1�CD34�Flt3�). (B) Cells from bone
marrow and peripheral blood of WT and Msr1�/� mice were analyzed by FACS for the percentages of Gr-1�, B220� and CD3E�cells. (C) 3 doses (1 � 105, 5 � 104 and
2.5 � 104) of WT or Msr1�/� bone marrow cells were injected into lethally irradiated recipient mice. Survival curves showed that there was only a minor engraftment defect of
bone marrow cells in Msr1�/� mice. (D) Msr1�/� (CD45.2) and WT (CD45.1) bone marrow cells were 1:1 mixed and then transferred into recipient mice (n � 5). 12 weeks after
transplantation, FACS analysis showed the percentages of WT and Msr1�/� cells in peripheral blood of recipient mice.
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Msr1 deletion does not affect the function of normal HSCs

We further tested whether the loss of Msr1 affects the function of
normal HSCs. We first compared hematopoietic cell lineages in
bone marrow and peripheral blood of Msr1�/� mice with those of
WT mice. The percentages of HSCs (Lin�c-Kit�Sca-1�), LT-HSCs
(Lin�c-Kit�Sca-1�CD34�), ST-HSCs (Lin�c-Kit�Sca-
1�CD34�Flt3�) and MPPs (Lin�c-Kit�Sca-1�CD34�Flt3�) in
bone marrow of Msr1�/� mice were only slightly higher than those
of WT mice (Figure 5A), and the percentages of Gr-1�, Mac-1�,
B220� or CD3E� cell populations in bone marrow were similar
between WT and Msr1�/� mice (Figure 5B). To compare the
function of HSCs between Msr1�/� and WT mice, we conducted
an irradiation rescue assay, in which several doses of Msr1�/� or
WT bone marrow cells were transplanted into lethally irradiated
WT mice. Survival of mice receiving WT or Msr1�/� bone
marrow cells was similar (Figure 5C). To more stringently
compare the stem cell function, we carried out a competitive
reconstitution analysis, in which WT (CD45.1) and Msr1�/�

(CD45.2) bone marrow cells were mixed in a 1:1 ratio and then
transferred into recipient mice by tail vein or bone injection.
Twelve weeks after the transplantation, the percentages of WT
(CD45.1) and Msr1�/� (CD45.2) were similar in peripheral
blood of the mice (Figure 5D), indicating that Msr1 did not
suppress the function of normal HSCs.

Msr1 affects CML development by regulating the
PI3K-AKT-GSK-3� and �-Catenin pathways

To determine the signaling pathways involved in Msr1 function,
we analyzed protein lysates isolated from the spleens of CML
mice receiving BCR-ABL–transduced WT or Msr1�/� donor
bone marrow cells. Loss of Msr1 resulted in a marked activation
of the PI3K-AKT-GSK3� pathway and increased expression of
�-Catenin (Figure 6A). Conversely, we tested whether the
upregulation of Msr1 expression inhibits these signaling mol-
ecules by treating K562 cells with PMA. PMA markedly
inhibited the activation of the PI3K-AKT and reduced expres-
sion of �-Catenin (Figure 6B). To confirm the inhibitory effects
of Msr1 on these signal pathways in leukemia cells, we
overexpressed Msr1 gene in K562 cells by retroviral infection of
the cells with pMSCV-Msr1-GFP or pMSCV-GFP (as a control;
supplemental Figure 3A). The pMSCV-Msr1-GFP construct
expressed MSR1 and GFP and the pMSCV-GFP construct
expressed GFP in 293T cells (supplemental Figure 3B). K562
cells transduced with pMSCV-Msr1-GFP or pMSCV-GFP were
sorted by FACS for GFP� cells and overexpression of MSR1
was confirmed by FACS (supplemental Figure 3C) and Western
blotting (Figure 6D). We found that overexpression of Msr1
inhibited the activation of the PI3K and AKT, reduced expres-
sion of �-Catenin (Figure 6D), and suppressed proliferation of
leukemia cells (Figure 6E). Together, these results suggest that
Msr1 is a negative regulator between BCR-ABL–activated
Alox5 and the PI3K-AKT-GSK-3� and �-Catenin pathways
(Figure 6F).

Msr1 does not affect BCR-ABL–induced lymphoid leukemia

We also tested whether Msr1 affects BCR-ABL–induced acute
lymphoblastic leukemia (ALL), which originates from committed
lymphoid progenitors. WT or Msr1�/� donor bone marrow cells
were transduced by BCR-ABL-GFP retrovirus, followed by trans-
plantation cells into lethally irradiated WT recipient mice. Both
groups of mice developed and died of ALL with similar disease

latency and survival time (Figure 7A). FACS analysis of lymphoid
leukemia cells showed that both groups of ALL mice had similar
percentages of B220� leukemia cells in peripheral blood of these
mice (Figure 7B-C) although the mass of spleen in Msr1�/� donor
group was slightly more elevated than WT group (Figure 7D).
Together, these results showed that Msr1 did not affect the
development of BCR-ABL–induced ALL, and suggest that Msr1 is
not required by ALL stem cells.

Discussion

In this study, we show that the reduction of LSCs in the absence of
Alox5 is partially because of upregulated expression of Msr1
because Msr1 inhibits the proliferation of LSCs. Our finding
suggest that both Msr1 and Alox5 are in the same pathway and that
Msr1 functions downstream of Alox5 and suppresses BCR-ABL–
induced CML. Compared with well-studied tumor suppressor
genes like Pten and p53, Msr1 may represent a new group of genes
with tumor suppressive activities, because deletion of this gene in
mice does not result in tumor development (data not shown).
Genetic changes to Msr1 have been shown to be related to
prostate cancer risk, although the underlying mechanism is
unclear.27 Our data demonstrate that the expression of Msr1 is
downregulated by BCR-ABL. Loss of Msr1 function leads to
accelerated development of CML in mice, and this disease
phenotype can be rescued by ectopic Msr1 expression. Together,
the results in this study reveal the functional relationship
between Msr1 and Alox5, that is, BCR-ABL activates Alox5 in
LSCs, leading to reduced expression of Msr1. Thus, restoration
of Msr1 expression provides a strategy for shutting down the
Alox5 pathway required for LSC function.11 Thus, the impetus
for the identification of genes critical to LSC function in CML is
the opportunity to find pathways that may be targeted for
eradicating CML LSCs. Remarkably, enhanced Msr1 expression
may provide a means for eliminating LSCs and preventing
CML. Our findings that the pharmacologic induction of Msr1
impairs BCR-ABL expressing LSCs, as well as human CML
cells, lend credence to the notion that Msr1 agonists may be
used as a novel therapeutic strategy for eradicating LSCs in
CML. Targeting Alox5 and Msr1 in combination with the
BCR-ABL kinase inhibitor imatinib or a BCR-ABL protein
inhibitor, such as an HSP90 inhibitor, may provide a novel
approach that leads to better clinical control of CML and the
depletion of LSCs.

Our results also provide insight into the cellular mechanism for
CML development in the absence of Msr1. The CML serial
transplantation assay and LSC competition assay suggest that the
accelerated CML development is caused by the significantly
enhanced ability of LSCs to self-renew and induce leukemia in the
absence of Msr1. The enhanced function of LSCs in the absence of
Msr1 is because of an increase in the number of LSCs in S�G2M
phase and a decrease in LSC apoptosis. However, Msr1 deficiency
does not appear to significantly affect normal HSCs, which is
consistent with our observation that Alox5 deletion only affects
LSCs instead of normal HSCs.11,28

The molecular mechanism for the functional regulation of LSCs
by Msr1 remains largely unknown. We show that the loss of Msr1
function leads to activation of the PI3K-AKT pathway and
upregulated expression of �-Catenin. By contrast, overexpression
of Msr1 in human K562 leukemia cells or up-regulation of Msr1 by
PMA inhibits the activity of the PI3K-AKT pathway and reduces
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Figure 6. Msr1 affects CML development by regulating PI3K-AKT-GSK-3� pathway and �-Catenin. (A) Msr1 regulates signaling pathways involved in the regulation of
LSC functions. Spleens of recipients of BCR-ABL–transduced WT or Msr1�/� donor bone marrow cells (n � 4) at 14 days after transplantation were collected and protein
lysates were prepared for expression of a group of signaling molecules. Loss of Msr1 markedly activated the PI3K-AKT pathway and increased expression of �-Catenin.
(B) Quantification of relative protein expression levels in spleens of recipients of BCR-ABL-transduced WT or Msr1�/� donor bone marrow cells. Mean value (
 SD) for each
group (n � 4) is shown (P 	 .05, **P 	 .01). (C) PMA inhibits PI3K-AKT signaling pathways and �-Catenin expression in human CML cells. K562 cells were treated with PMA,
and protein lysates were collected for expression of a group of signaling molecules. PMA markedly inhibits activity of PI3K-AKT and reduced expression of �-Catenin.
(D) Over-expression of Msr1 inhibits the PI3K-AKT signaling pathways and reduces �-Catenin expression in human CML cells. Protein lysates from K562 transduced with
pMSCV-Msr1-GFP or pMSCV-GFP retrovirus were analyzed by Western blotting for expression of a group of signaling molecules indicated. (E) Msr1 suppresses the
proliferation of human leukemic cells. The same number of K562 cells transduced with pMSCV-GFP or pMSCV-Msr1-GFP was cultured in 24-well plates. Live cells were
counted at 24h, 48h and 96h (*P 	 .05, **P 	 .01). (F) A summary of Msr1 pathway in LSCs of CML.
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the expression of �-Catenin. We and others have recently shown
that �-Catenin plays a critical role in CML LSCs,1,2 and that Akt
affects the progression of BCR-ABL–induced leukemia in a mouse
model.16 Thus, the regulation of these LSC-related genes by Msr1
indicates its potential role in the development of BCR-ABL–
induced CML. Because Alox5 regulates expression of �-Catenin in
LSCs11 and loss of Alox5 upregulates the expression of Msr1, we
propose that Alox5 and Msr1 are functionally linked and critical for
LSC function. More studies are needed to explain how Msr1
suppresses LSCs in CML.
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