Miyazawa Y, Uekita T, CUB domain-containing protein |Cancer.Res |70 5136-51 |2010
Hiraoka N, Fujii S, Kosuge T, |1, a prognostic factor for human 46
Kanai Y, Nojima Y, Sakai R. | pancreatic cancers, promotes
cell migration and extracellular
- |matrix degradation
Tazaki T, Sasaki T, Uto K, p130Cas, Crk-associated Hepatology |52 1089-10 2010
Yamasaki N, Tashiro S, Sakai |substrate plays essential rolesin | - 99
R, Tanaka M, Oda H, Honda Z, |liver development by regulating
Honda H. sinusoidal endothelial cell
fenestration
Futami H, Sakai R. All-trans retinoic acid Cancer Lett.  |297 220-225 |2010
‘ downregulates ALK in
neuroblastoma cell lines and
induces apoptosis in
neuroblastoma cell lines with
activated ALK
Yagi R, Tanaka M, Sasaki K, |ARAP3 inhibits peritoneal Oncogene 30 1413-14 12011
Kamata R, Nakanishi Y, Kanai |dissemination of scirrhous v |21
Y, Sakai R. gastric carcinoma cells by
regulating cell adhesion and
invasion.
Ozeki C, Sawai Y, Shibata T, |Cancer susceptibility ] Biol Chem. |286 18251-1 |2011
Kohno T, Okamoto K, Yokota |polymorphism of p53 at codon 8260
1, Tashiro F, Tanuma S, Sakai |72 affects phosphorylation and
R, Kawase T, Kitabayashi 1,  |degradation of p53 protein.
Taya Y, Ohki R.
Yamaguchi H, Yoshida S, Phosphoinositide 3-kinase J. Cell Biol In 2011
Muroi E, Yoshida N, signaling pathway mediated by press
Kawamura M, Kouchi Z, p110a regulates invadopodia
Nakamura Y, Sakai R, and formation
Fukami K
Murata Y, Mori M, Kotani T,|Tyrosine phosphorylation of |Genes Cells |15 513-524 12010
Supriatna Y, Okazawa H,|R3 subtype receptor-type
Kusakari S, Saito Y, Ohnishi |protein tyrosine phosphatases
H, Matgzaki T. and their complex formations
with Grb2 or Fyn.
Mori M, Murata Y, Kotani T,|Promotion of cell spreading |J Cell Physiol (224 195-204 |2010
Kusakari S, Ohnishi H, Saito|and migration by vascular
Y, Okazawa H, Ishizuka T,|endothelial-protein  tyrosine
Mori M, Matozaki T. phosphatase  (VE-PTP) in
cooperation with integrins.
Matozaki T, Murata Y, Mori | Expression, localization and|Cell Signal (22 1811-18 {2010
M, Kotani T, Okazawa H,|biological function of the R3 17
Ohnishi H. subtype of  receptor-type
protein tyrosine phosphatases
in mammals,
Saito Y, Iwamura H, Kaneko|Regulation by SIRP o of Blood 116  |3517-35|2010
dendritic cell homeostasis in 25

T, Ohnishi H, Murata Y,
Okazawa H, Kanazawa Y,
Sato-Hashimoto M,
Kobayashi H, Oldenborg
P-A, Naito M, Kaneko Y,
Nojima Y, Matozaki T.

lymphoid tissues.

19




© 2010 Nature America, Inc. All rights reserved.

e

LETTERS

nature

medicine

PU.1-mediated upregulation of CSFIR 1 crucial for
leukemia stem cell potential induced by MOZ-TIF2

Yukiko Aikawa?, Takuo Katsumoto!, Pu Zhang?, Haruko Shima!, Mika Shino!, Kiminori Terui’, Etsuro Ito’,
Hiroaki Ohno?, E Richard Stanley®, Harinder Singh®, Daniel G Tenen?’ & Issay Kitabayashi!

Leukemias and other cancers possess self-renewing stem
cells that help to maintain the ‘cancerl:2, Cancer stem cell
eradication is thought to be crucial for successful anticancer
therapy. Using an acute myeloid leukemia (AML) model
induced by the leukemia-associated monocytic leukemia zinc
finger (MOZ)-TIF2 fusion protein, we show here that AML can
be cured by the ablation of leukemia stem cells. The MOZ
fusion proteins MOZ-TIF2 and MOZ-CBP interacted with

the transcription factor PU.1 to stimulate the expression of
macrophage colony-stimulating factor receptor (CSF1R, also
known as M-CSFR, c-FMS or CD115). Studies using PU.1-
deficient mice showed that PU.1 is essential for the ability
of MOZ-TIF2 to establish and maintain AML stem cells. Cells

expressing high amounts of CSF1R (CSF1Rhigh cells), but not

those expressing low amounts of CSF1R (CSF1R'¥ cells),
showed potent leukemia-initiating activity. Using transgenic
mice expressing a drug-inducible suicide gene controlled by the
CSF1R promoter, we cured AML by ablation of CSF1RMieh cells,
Moreover, induction of AML was suppressed in CSF1R-deficient
mice and CSF1R inhibitors slowed the progression of MOZ-
TIF2-induced leukemia. Thus, in this subtype of AML, leukemia
stem cells are contained within the CSF1R"E cell population,
and we suggest that targeting of PU.1-mediated upregulation of
CSF1R expression might be a useful therapeutic approach.

Chromosomal translocations that involve the MOZ gene? (official gene
symbol Myst3) are typically associated with acute myelomonocytic
leukemia and predict a poor prognosis*. Whereas MOZ is essential for
the self-renewal of hematopoietic stem cells™, MOZ fusion proteins
enable the transformation of non-—self-renewing myeloid progenitors
into leukemia stem cells’. We previously generated a mouse model
for AML by introducing c-Kit" mouse myeloid stem/progenitor cells
infected with a retrovirus encoding MOZ-TIF2 and EGFP into lethally
irradiated mice®. .

To identify leukemia-initiating cells (LICs), we investigated the
bone marrow cells of these mice for various cell surface markers by
FACS analysis. CSF1R"2 and CSFIRI® cells were present in thie bone
marrow (Fig. 1a) and expressed equivalent amounts of MOZ-TIF2
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protein (Fig. 1b). To determine the LIC activity of these cell popula-
tions, we isolated CSFIRMh and CSF1R!¥ cells by cell sorting and
transplanted limited numbers (10 to 1 x 10* cells) into irradiated
mice. One hundred CSF1RbiSh cells were sufficient to induce AML in
all transplanted mice (Fig. 1¢). Conversely, n6 mice developed AML '
after 1 x 10% CSFIRIo¥ cells were transplanted per mouse, and only
half of the mice developed AML with delayed onset when 1 X 10t
CSF1RIo¥ cells were transplanted (Fig. 1d). Thus, the CSF1Rbi#h cells
showed a >100-fold stronger LIC activity than CSF1RIO¥ cells.
FACS analysis indicated that the CSFIRP#® cell population had
the phenotype of both granulocyte-macrophage progenitors (GMPs,
Kit*Sca-1-CD16/CD32*) and differentiated monocytes (Mac- 1oWGr-1*)
(Supplementary Fig, 1a). Comparisen of the CSF1Rhigh and CSFIR'™™
cell populations indicated that Mac-1 expression was lower in CSF1Rbigh
than in CSFIR!¥ cells (Fig. 1¢). However, we did not observe signifi-
cant differences between the CSF1IR"#h and CSFIR™Y cell populations

_with respect to their cell morphology (Fig. 1), colony-forming abilityin

methylcellulose medium (Fig. 1g), cell cycle distribution (Supplementary
Fig. 1b) or homeobox A9 (HoxA9) expression (Supplementary Fig. 1¢).
To investigate whether downstream pathways of CSFIR signaling
were activated, we measured phosphorylation levels of signal trans-

* ducer and activator of traranscription-5 (STATS5) and extracellular

signal-regulated kinase (ERK) in CSFIRN? and CSFIR'®Y cells. STATS
was highly phosphorylated in the CSF1RMish cell population but notin
the CSF1RIo¥ population, whereas ERK was equivalently phosphorylated
in the two cell populations (Fig, 1h).

Side population cells, which'are present in some types of normal
and malignant stem cell populations, were present in the bone
marrow of MOZ-TIF2-induced AML mice (Supplementary Fig. 2a).
Whereas most side population cells were CSFIR™#, the non—side
population fraction contained both CSFR1Mh and CSFIRM™ cells
(Supplementary Fig. 2b). LICs were approximately tenfold more
enriched in the side population fraction than in the non-side popula-
tion fraction (Supplementary Fig. 2c,d). Because the side population
fraction was very small (~0.12% of total bone marrow cells), the
fraction of LICs in the side population fraction was also small (~1%
of all LICs), and most LICs were present in the non-side population
fraction (~99%).

2Harvard Stem Cell Institute, Boston, Massachusetts, USA.
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" after the transplantation of MSCV-MOZ-TIF2-

Figure 1 CSF1RNEh cells show potent leukemia-
initiating activity. (a) FACS analysis of bone
marrow cells from mice with MOZ-TIF2-induced
AML for expression of GFP and CSF1R.

The red and black boxes signify CSF1Rhigh

and CSF1R0¥ cell fractions, respectively. -

(b} Immunoblot analysis of MOZ-TIF2
expression in CSF1RM8h and CSF1RM¥ cell
populations (sorted by flow cytometry) with 2
MOZ-specific antibody. MW, molecular weight;
BM, bone marrow. (c,d) Leukemia-free survival
after the indicated numbers of flow-sorted
CSF1RNE (¢) and CSF1RIV (d) cells were
transplanted into sublethally irradiated mice.
n=6, P=0.0001(1x 104, 1 x 103 and

1 x 102 and 0.3173 (1 x 10) {CSF1Rhigh
versus CSF1RO¥ cells), (e) FACS analysis of
Mac-1 and CSF1R expression in bone marrow
cells from mice with MOZ-TIF2-induced AML.
The red and blue, boxes signify CSF1R"igh

and CSF1RIo¥ cell fractions, respectively.

(f-h) CSF1RMEh and CSF1R¥ cells were sorted
and analyzed for morphology by staining with
May-Giemsa {f), colony-forming activity in
methylcellulose medium (g) and levels of total and phosphorylated STATS,
bars represent s.d. in g. {i} FACS analysis of CSF1R expressi
were cultured for 3 d in 10 ng mi-! human M-CSF. (j) RT-
t(8;16) AML. The results are representative of 25 (a,e), four (b), three (c,d

To determine whether a high level of CSFIR expression also occurs
in human AML cells with MOZ translocations, we investigated CSF1R
expression in bone marrow cells from a subject with AML harboring
2 1(8;16) translocation, yielding a MOZ-CREB-binding protein (CBP,
encoded by the Crebbp gene) fusion®, FACS analysis indicated that both
CSFIRhigh and CSFIRI¥ cells were present among the bone marrow cells
with this translocation (Fig. 1i). We detected MOZ-CBP fusion tran-
scripts in both the CSF1R8" and CSFIR'™ cell populations (Fig. 1j).

These results suggest that leukemia stem cells in this subtype of
AML express a high amount of CSFIR, indicating that leukemia might
be cured by inducing apoptosis of CSF1RM8! cells. To test this idea,
we used transgenic mice expressing a drug-inducible FK506-binding
protein (FKBP)-Fas suicide gene and EGFP under the control of the

Figure 2 Cure of AML by ablation of CSF1Rhigh
cells. (a) Top, structure of the CSFIR
promoter-EGFP-NGFR-FKBP-Fas suicide
construct, Bottom, schematic showing the
activation of the NGFR-FKBP-Fas fusion
protein: in transgenic mice carrying this
suicide construct, ablation of cells expressing
high levels of CSF1R can be induced by
exposure to the AP20187 dimerizer. (b) FACS
analysis of GFP and CSF1R expression in
bone marrow cells of mice with AML 2 months

Leukemia-free €Y

MOZ-TIF2

ion in bone marrow cells from an individual with AML with a t
PCR analysis of MOZ-CBP transcripts in CSF1Rhigh
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CSFIR promoter'® (Fig. 2a). The suicide gene products are inactive
monomers under normal conditions but can be activated by injection
of the AP20187 dimerizer, inducing apoptosis of cells expressing high
amounts of CSF1R!, We infected c-Kit* bone marrow cells of transgenic
mice with the MOZ-TIF2 retrovirus and transplanted them into lethally
irradiated wild-type mice. These mice developed AML ~2 months )
after transplantation. In the bone marrow of these mice, we observed
morphologically indistinguishable CSFIRh8" and CSPIRIOW cells,
As expected, endogenous CSFIR expression was proportional to EGFP
and FKBP-Fas expression (Fig. 2b and Supplementary Fig. 3a).

Next, we transplanted the bone marrow cells of these AML mice
(1 % 10° cells per mouse) into secondary sublethally irradiated recipi-
ent mice. Seven days after transplantation, we injected the mice with

d.

Normal ~AP +AP

GFP
Apoptosis
+AP20187

+AP20187

IRES-GFP-transfected bone marrow cells
derived from transgenic mice into lethally
irradiated C57BL/6 mice. The red boxes
signify CSF1RM8h and CSF1R"W cell fractions.
(c—e) Bone marrow cells (1 x 10) of primary
transplanted mice with AML, generated as in
b, were transplanted into sublethally irradiated
C57BL/6 mice, Administration of AP20187

or solvent (control) to the secondary transplanted mice was started by intr

100% i
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Figure 3 The requirement for CSF1R in MOZ-TiF2-induced AML, (a) Leukemia-free survival after fetal liver
cells of E16.5 Csf1r+™ and Csf1r’- mouse embryo littermates were infected with the MOZ-TIF2-IRES-GFP
virus and transplanted into irradiated mice. =8, P< 0.0001. (b) Leukemia-free survival after fetal liver cells
of Csf1rt* mice were infected with CSF1R- or MOZ-TIF2-encoding viruses, of both, and transplanted into
inradiated mice. n= 5. (c-e) Bone marrow cells (1 x 10%) expressing MOZ-TIF2 (c,d) or N-Myc {e) from mice
with AML were transplanted into irradiated mice. imatinib mesilate (100 mg per kg body weight) and Ki20227
(20 mg per kg body weight) were administered twice daily. The micrographs depict spleen sizes of the mice
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transplanted with MOZ-TIF2-expressing cells, analyzed three weeks after transplantation (¢). Scale bars, 1 cm. (d,e) Leukemia-free survival of the
control and drug-treated mice was analyzed. In d, n= 8, P < 0.0001 (control versus + Ki20227 and control versus + imatinib). Ine, n= 8, P=0.3825

(control v.s. + Ki20227) and 0.4051 (control versus + imatinib).

AP20187 or a control solvent, as previously described!®. We observed
an increase in the number of CSF1RP? cells (Fig. 2¢) and splenomegaly
(Fig. 2d} in the control-treated mice 3 weeks after transplantation.
However, we detected neither CSFIRM8 cells nor splenomegaly in the
AP20187-treated mice after a 1-week course of treatment (Fig. 2c,d).
Although we observed CSF1RI® cellsin the bone marrow and peripheral
blood after the 1-week treatment course, we did not detect these cells
after three months of treatment (Fig, 2c and Supplementary Fig. 3b).
All control-treated mice developed AML 4-6 weeks after transplan-
tation, but none of the AP20187-treated mice died of AML within
6 months of transplantation (Fig, 2¢), These results indicate that abla-
tion of the CSF1RM#P cells was sufficient to cure MOZ-TIF2-induced
AML, and that a high level of CSFIR expression is a key contributor
to leukemia stem cell potential.

As it has been reported that N-Myc overexpression rapidly causes
AML in mice!!, we next tested the specificity of the requirement for
CSF1RYigh cells in AML progression. We transfected the bone marrow
cells of suicide gene—expressing transgenic mice with a retrovirus
encoding N-Myc and EGFP, and transplanted the cells into lethally
irradiated recipient mice, which developed AML. In these mice, GFp*
leukemia cells were Mac1*Gr1*CSF1R™ blast cells (Supplementary
Fig. 4a,b), and treatment with AP20187 did not affect AML induc-
tion (Supplementary Fig. 4c). These results indicate a specific role
of CSFR expression in MOZ-TIF2-induced AML.

To investigate the role of CSF1R in the development of MOZ-TIF2~
induced AML, we infected wild-type and CsfIr~'~ (ref. 12) mouse fetal
liver cells of embryonic day 16.5 (E16.5) littermate embryos with the
MOZ-TIF?2 virus and transplanted them into lethally irradiated mice.
All mice transplanted with wild-type cells developed AML within
3 months (Fig. 3a). In contrast, AML induction was initially sup-
pressed in mice transplanted with CsfI =/ cells, but half of the mice
developed AML after alonger latency period (Fig. 3a). The suppres-
sion of AML was rescued by co-infection with the retrovirus encod-
ing CSFIR (Fig. 3b). STATS, which was highly phosphorylated in
CSF1RMgh cells but not in CSFIR'Y cells (Fig. 1h), was phospho-
rylated in the bone marrow of recipient mice transplanted with
Csflr*'* cells but not with CsfIr~'~ cells (Supplementary Fig. 5). To
test the specificity of the requirement of CSFIR for AML induction by
MOZ-TIF2, we transfected CsfIr*/* and Csflr~/ fetal liver cells with
the retrovirus encoding N-Myc and transplanted them into irradiated_

recipient mice. All of the mice transplanted with either CsfI 1+ or
Csf1r=/~ cells expressing N-Myc developed AML (Supplementary ‘
Fig. 4d). These results indicate that CSFIR has a key role in AML
induction by MOZ-TIF2, but not by N-Myc.

The above results suggest that signaling through CSF1R might be
a therapeutic target for kinase inhibitors in leukemogenesis induced
by MOZ fusions. To test this, we used the CSFIR-specific inhibitor
Ki20227 (ref. 13) and the tyrosine kinase inhibitor imatinib mesylate
(STI571), which inhibits CSF1R1'4-16, Oral administration of Ki20227
or imatinib inhibited MOZ-TIF2—-induced splenomegaly (Fig. 3¢} and
slowed MOZ-TIF2—induced AML onset (Fig. 3d). However, the drugs
did not affect the progress of N-Myc~induced AML (Fig. 3¢).

Next, we investigated the molecular mechanism of CSF1R expres-

sion in the leukemia cells. Monocyte-specific expression of CSF1R is

reportedly regulated by transcription factors such as AMLL, PU.1 and
CCAAT /enhancer-binding proteins (C/EBPs)!7. We previously found
that MOZ interacts with AML1 and PU.1, but not with C/EBPo or
C/EBPs, to stimulate transcription of their target genes®3, Deletion
analysis indicated that PU.1 interacted with the N-terminal and central
regions of MOZ (Fig. 4a and Supplementary Fig. 6), and that the
acidic amino acid-rich region (DE region) of PU.1 was required for
its high-affinity interaction with MOZ (Fig. 4a and Supplementary
Fig, 7a—d). Although binding of PU.1 to N-terminal MOZ (amino
acids 1-513) was inhibited by several deletions in the PU.1 protein
(Supplementary Fig. 7c), binding to full-length MOZ was not
completely inhibited by these deletions (Supplementary Fig. 7b),
suggesting that there may be other PU.1-binding sites in MOZ, its
associated proteins or both. A pull-down assay with Escherichia coli-
produced GST-PU.1 or GST-AMLI and in vitro-produced N-terminal
MOZ indicated a direct interaction between both PU.1 and MOZ
and between AML1 and MOZ (Supplementary Fig. 8), However,
we cannot rule out a possibility that other factors may facilitate
interactions between PU.1 or AML1 and MOZ in vivo.

To investigate transcriptional regulation of CSF1R, we performed
reporter analysis with a CSFIR promoter-luciferase construct and
found that MOZ, MOZ-TIF2 and MOZ-CBP could all activate the
CSFI1R promoter in the presence of PU.1 but not in the presence
of AML1 (Fig. 4b). Moreover, MOZ, MOZ-TIF2 and MOZ-CBP
did not activate a CSFIR promoter mutant lacking PU.1-binding
sites (Fig. 4c). These results suggest that MOZ and MOZ fusion
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(b} Effects of MOZ, MOZ-CBP and MOZ-TIF2 on AML1- and PU,1-mediated

transcription of the CSF1R promoter, Osteocarcinoma Sa0S2 cells were

transfected with the CSF1R-luciferase construct and the indicated effector constructs encoding AMLI or PU.1 together with MOZ, MOZ-CBP or

MOZ-TIF2. Luciferase activity was analyzed 24 h after transfection. Error bars represent s.d. *P < 0.01 and **P < 0.005

The results are representative of six independent experiments in which three

{comparison to PU.1 only).

samples were tested for each group in each experiment. {c) PU.1-dependent

activation of CSF1R promoter. Sa032 cells were transfected with the wild-type (WT) CSF1R-luciferase construct or its mutant lacking the PU.1-binding

site (dPU.1), together with the indicated effectors. Error bars represent s.d.

representative of three independent experiments in which three samples were tested for each
expression in PUER cells infected with MSCV-GFP (top) or MSCV-MOZ-TIF2-IRES-GFP

Population (%) of CSF1R8" and CSF1R'™ cells were indicated. The results
and the numbers above the graphs indicate CSF1RNBh (right) and CSF1R'o%

*P<0.01 and **P < 0.005 {comparison to PU.1 only). The results are
group in each experiment. (d) FACS analysis of CSF1R
{bottom) retroviruses and exposed to 100 nM 4-HT for 0,20r5d.
are representative of three independent experiments. The horizontal lines
(left) cell fractions and their populations (%), respectively. (e,f) Leukemia-

free survival after fetal liver cells of E12.5 Sfp/i1+* and Sfoil-"- mouse embryo littermates were infected with either MOZ-TIF2- (e) or N-Myc— (f)
encoding viruses and transplanted into irradiated mice. (g) Leukemia-free survival after fetal liver cells of Sfpil~'- mice were infected with PU.1- or

MOZ-TIF2-encoding viruses, or both; and transplanted into irradiated mice.

Ine,n=8, P<0.0001; inf, n=4, P=0.0943; ing, n=5, P= 0.0001

(PU.1 + MOZ-TIF2 versus either PU.1 or MOZ-TIF2). (h) Fetal liver cells of E14.5 SfpiJfloxflex ER-Cre mice were infected with the MOZ-TIF2—-encoding
virus and transplanted into irradiated mice, which developed AML. The bone marrow cells of these mice were then transplanted into sublethally irradiated
wild-type mice. Tamoxifen or solvent (control) was administered to the secondaty transplanted mice every 2 d by intravenous injection starting 17 d )

after transplantation, when GFP+ cells were detected in peripheral blood. Le

ukemia-free survival of the secondary transplanted mice is shown. n = 5,

P=0.0018. (i) Model for transcriptional regulation by normal and fusion MOZ proteins. MOZ fusion proteins stimulate constitutive CSF1R expression
to induce leukemia (left). Normal MOZ protein controls CSF1R expression by binding to PU.1 to regulate normal hematopoiesis (right).

proteins activate CSFIR transcription in a PU.1-dependent manner.
It was recently reported that although chromatin reorganization of
Csflr requires prior PU.1 expression together with AML1 binding,
stable transcription factor complexes and active chromatin can be
maintained at the CsfIr locus without AML1 once the full hernato-
poietic program has been established!?, This might explain why
we found that AMLI was not required for MOZ-TIF2—mediated
activation of CsfIr. Deletion analysis indicated that the DE-rich,
Q-rich and ETS DNA-binding domains of PU.1, as well as the his-
tone H1 and H5-like (H15) and the central PU.1-binding domains
of MOZ and MOZ fusion proteins, are required for the activation of
CSF1R transcription (Supplementary Figs, 7e and 9). A truncated
version of MOZ (1-1518) lacking the C-terminal region failed to

activate transcription, indicating that the transcriptional activity of
MOZ-TIF2 and MOZ-CBP, which do not centain that C-terminal
region, requires the TIF2 or CBP portion of the fusion protein,

To test the requirement of PU.1 for the expression of endogenous
CSFIR, we used PU.1-deficient (Sfpil~/~) myeloid progenitors
expressing the PU.1-estrogen receptor fusion protein (PUER). Upon
restoration of PU.1 activity by exposure to 4-hydroxytamoxifen
(4-HT), PUER cells can differentiate into macrophages?®. We infected
PUER cells with the MOZ-TIF2 retrovirus or control retrovirus, sorted
them for GFP expression and cultured the GFP* cells in the presence
of 4-HT. The results of FACS (Fig. 4d) and quantitative RT-PCR
(Supplementary Fig, 10) analyses indicated that CSFIR expression
was induced after exposure to 4-HT, and that MOZ-TIF2 enhanced
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the PU.1-induced upregulation of CSF1R. Notably, 5 d after exposure
to 4-HT, we detected CSFIRP# and CSF1Re¥ cells in the population
of PUER cells expressing MOZ-TIF2, but only CSF1 Rlo¥ cells were in
the control PUER cell population (Fig. 4d). We did not detect CSFIR
expression before addition of 4-HT, even in PUER cells expressing
MOZ-TIF2 (Fig. 4d), indicating that functional PU.1 is required for
MOZ-TIE2-induced CSFIR expression. Chromatin immunoprecipi-
tation (ChIP) analysis indicated that PU.1, MOZ-TIF2 and possibly
endogenous MOZ were recruited to the CsfIr promoter in the bone
marrow cells of mice with MOZ-TIF2-induced AML (Supplementary
Fig. 11a). In PUER cells expressing MOZ-TIF2, recruitment of
MOZ-TIF2 and MOZ to the Csfir promoter was detected after 4-HT
treatment, but not before the treatment (Supplementary Fig. 11b),
suggesting that the recruitment of MOZ-TIF2 and MOZ is dependent
upon functional PU.1.

To determine whether PU.1 is essential for the development of
MOZ-TIF2-induced AML, we infected wild-type and Sfpil -/- fetal
liver cells of E12.5 littermates with retroviruses encoding MOZ-TIF2
or N-Myc and transplanted them into irradiated mice. Although mice
transplanted with Sfpil*/* cells expressing MOZ-TIF2 developed AML
8-14 weeks after transplantation, mice transplanted with Sfpi1~/~
cells were healthy for at least 6 months (Fig. 4¢). In contrast, all mice
transplanted with either wild-type or Sfpil 1= cells expressing N-Myc
developed AML 610 weeks after transplantation (Fig. 4f). When both
PU.1 and MOZ-TIF2 were introduced into PU.1-deficient fetal liver
cells, the transplanted mice developed leukemia (Fig. 4g). However,
introduction of either PU.1 or MOZ-TIF2 alone was not sufficient
for AML induction. Thus, we conclude that PU.1 is required for the
initiation of MOZ-TIF2~induced AML.

To determine whether PU.1 is also required for the maintenance of
MOZ-TIF2-induced AML, we infected fetal liver cells of PU.1 condi-
tional knockout mice (Sfpil flox/flox 3nd expressing estrogen receptor
(ER)-Cre) with MOZ-TIF2 and transplanted them into irradiated recip-
ient mice, which developed AML. We next transplanted bone marrow
cells of these mice intoirradiated secondary recipients and then treated
half of the mice with tamoxifen to induce PU.1 deletion. All of the
control mice died of AML within 6 weeks, but none of the tamoxifen-
treated mice developed AML for at least for 6 months (Fig. 4h).
These results indicate that PU.1 is also required for the maintenance
of MOZ-TIF2-induced AML stem cells.

Taken together, our results indicate that MO?Z and its Jenkemia-
associated fusion proteins activate PU.1-mediated transcription of
the monocyte-specific gene Csflr. MOZ fusion proteins might con-
stitutively stimulate high Csflr expression to induce AML (Fig, 4i).
In contrast, we previously found that MOZ fusion proteins inhibit
AML]-mediated activation of granulocyte-specific Mpo gene
transcription!®. Because MOZ fusion proteins are associated with
monocytic leukemia, commitment to the monocytic lineage may be
determined by différential regulation of target genes by MOZ fusion
proteins (that is, upregulation of monocyte-specific genes such as
Csflr and downregulation of granulocyte-specific genes such as that
encoding myeloperoxidase). It is also likely that the normal MOZ
protein modulates CsfI7 expression to an appropriate Jevel to regulate
normal hematopoiesis (Fig. 4i), as CsfIr expression was impaired in
MOZ-!- fetal liver cells (Supplementary Fig. 12).

Although AML induction was suppressed in mice transplanted
with Csfl7/~ cells, half of these mice developed AML, albeit at a
longer latency. Thus, MOZ-TIF2 can provoke either a rapid induc-
tion of AML in a CSE1R-dependent manner or a slower inductionina
CSF1R-independent manner. There are several possibilities to explain

this CSF1R independence. First, we observed increased HoxA9 expres-
sion in both CSF1RMgh and CSF1R!¥ cells. HoxA9 overexpression is
reportedly not sufficient to induce AML and additional mutations or
oncogene activation is required for AML induction in this context?h22,
Thus, MOZ-TIF2-transfected Csfl 7/~ cells might require additional
mutations to induce leukemia, Second, because we used a retrovirus
vector to introduce MOZ-TIF2, it is passible that oncogene activation
by retroviral integration might mediate AML pathogenesis.

In conclusion, our results indicate that PU.1-mediated upregula-
tion of Csflr is crucial for leukemia stem cell potential induced by
MOZ-TIF2. Our findings add to previous work associating CSFIR
with AML. CSF1R upregulation has been reported in human?*-25
and mouse AML. CSFIR is also known as the oncoprotein ¢-Fms,
and transplantation of bone marrow cells expressing the v-fms onco-
protein induces multilineage hematopoietic disorders®”. A chromo-
somal translocation resulting in expression of a fusion protein in
which RNA-binding motif protein-6 (RBMS6) is fused to CSF1R has
recently been reported to be associated with AML2, CSF1R may thus
be crucial for not only leukemia induced by MOZ fusions but also 2
wider subset of AML.

METHODS
Methods and any associated references are available in the online
version of the paper at http://www.nature.com/naturemedicine/.

Note: Supplewentury infor is available on the Nature Medicine website.
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PU.1-mediated upregulation of CSFIR is crucial for
leukemia stem cell potential induced by MOZ-TIE2

Yukiko Aikawa®, Takuo Katsumoto’, Pu Zhang?, Haruko Shima!, Mika Shino!, Kiminori Terui?, Etsuro Ito?,
Hiroaki Ohno, E Richard Stanley’, Harinder Singh®, Daniel G Tenen?’ & Issay Kitabayashi®

Leukemias and other cancers possess self-renewing stem
cells that help to maintain the cancer’:2, Cancer stem cell
eradication is thought to be crucial for successful anticancer
therapy. Using an acute myeloid leukemia (AML) model
induced by the leukemia-associated monocytic leukemia zinc
finger (MO2)-TIF2 fusion protein, we show here that AML can
be cured by the ablation of leukemia stem cells. The MOZ
fusion proteins MOZ-TIF2 and MOZ-CBP interacted with

the transcription factor PU.1 to stimulate the expression of
macrophage colony-stimulating factor receptor (CSF1R, also
known as M-CSFR, c-FMS or CD115). Studies using PU.1-
deficient mice showed that PU.1 is essential for the ability
of MOZ-TIF2 to establish and maintain AML stem cells. Cells

expressing high amounts of CSF1R (CSF1Rhigh cells), but not

those expressing low amounts of CSF1R (CSF1R"™ cells),
showed potent leukemia-initiating activity. Using transgenic
mice expressing a drug-i nducible suicide gene controlled by the
CSF1R promoter, we cured AML by ablation of CSF1Rhih cells.
Moreover, induction of AML was suppressed in CSF1R-deficient
mice and CSF1R inhibitors slowed the progression of MOZ-
TIF2-induced leukemia. Thus, in this subtype of AML, leukemia
stem cells are contained within the CSF1RMeh cell population,
and we suggest that targeting of PU.1-mediated upregulation of
CSF1R expression might be a useful therapeutic approach.

Chromosomal translocations that involve the MOZ gene’ (official gene
symbol Myst3) are typically associated with acute myelomonocytic
leukemia and predict a poor prognosis®. Whereas MOZ is essential for
the self-renewal of hematopoietic stem cells®6, MOZ fusion proteins
enable the transformation of non—self-renewing myeloid progenitors
into leukemia stem cells’. We previously generated a mouse model
for AML by introducing c-Kit* mouse myeloid stem/progenitor cells
infected with a retrovirus encoding MOZ-TIF2 and EGFP into lethally
irradiated mice®,

To identify leukemia-initiating cells (LICs), we investigated the
bone marrow cells of these mice for various cell surface markers by
FACS analysis. CSF1RMEh and CSFIR'®" cells were present in the bone
marrow (Fig, 1a) and expressed equivalent amounts of MOZ-TIF2

IMolecular Oncology Division, National Cancer Center Research Institute, Tsukiji, Chuo-ku, Tokyo, Japan.
Hirosaki, Japan. 4pharmacological Research Laboratories,
6Department of Molecular Genetics and Cell Biology,

3pepartment of Pediatrics, Hirosaki University School of Medicine,
Gunma, Japan. SAlbert Einstein College of Medicine, Bronx, New York, USA,

protein (Fig. 1b). To determine the LIC activity of these cell popula-
tions, we isolated CSF1RNEP and CSFIR'¥ cells by cell sorting and
transplanted limited numbers (10 to 1 x 10* cells) into irradiated
mice. One hundred CSF1Righ cells were sufficient to induce AMLin
all transplanted mice (Fig. 1c). Conversely, n6 mice developed AML '
after 1 x 10% CSFIRIOV cells were transplanted per mouse, and only
half of the mice developed AML with delayed onset when 1 x 10*
CSF1R!¥ cells were transplanted (Fig. 1d). Thus, the CSF1Rbigh cells
showed a >100-fold stronger LIC activity than CSFIR'®¥ cells.

FACS analysis indicated that the CSFIRM® cell population had
the phenotype of both granulocyte-macrophage progenitors (GMPs,
Kit*Sca-1-CD16/CD32*) and differentiated monocytes (Mac-1°*Gr-1*)
(Supplementary Fig. 1a). Comparison of the CSF1 Rhigh and CSFIR'™Y
cell populations indicated that Mac-1 expression was lower in CSF1Rbigh
than in CSF1RIV cells (Fig. 1¢). However, we did not observe signifi-
cant differences between the CSF1R™#h and CSF1R'" cell populations
with respect to their cell morphology (Fig. 1f), colony-forming ability in
methylcellulose medium (Fig. 1g), cell cycledistribution (Supplementary
Fig. 1b) or homeobox A9 (HoxA9) expression (Supplementary Fig. 1c).
To investigate whether downstream pathways of CSFIR signaling
were activated, we measured phosphorylation levels of signal trans-
ducer and activator of traranscription-5 (STAT5) and extracellular
signal-regulated kinase (ERK) in CSF1Rb#h and CSFIR'Y cells. STATS
was highly phosphorylated in the CSF1RMig cell population but not in
the CSF1RIo% population, whereas ERK was equivalently phosphorylated
in the two cell populations (Fig. 1h).

Side population cells, which'are present in some types of normal
and malignant stem cell populations, were present in the bone
marrow of MOZ-TIF2-induced AML mice (Supplementary Fig. 2a).
Whereas most side population cells were CSF1Rbsh, the non-side
population fraction contained both CSFR1bigh and CSF1RIOY cells
(Supplementary Fig. 2b). LICs were approximately tenfold more
enriched in the side population fraction than in the non-side popula-
tion fraction (Supplementary Fig. 2¢,d). Because the side population
fraction was very small (~0.12% of total bone marrow cells), the
fraction of LICs in the side population fraction was also small (~1%
of all LICs), and most LICs were present in the non-side population
fraction (~99%).
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Figure 1 CSF1Rbigh cells show potent leukemia- a c d
initiating activity. (a) FACS analysis of bone 100 = . 100 T
marrow cells from mice with MOZ-TIF2-induced § g oo Exeo

AML for expression of GFP and CSF1R. £E 60 g-g 60} 10¢

The red and black boxes signify CSF1Rhigh £ g4 10 ]10% |30? £E w0

and CSF1R'¥ cell fractions, respectively, - %2 3% 20

(b) Immunoblot analysis of MOZ-TIF2
expression in CSF1RN&h and CSF1Ro¥ cell
populations (sorted by flow cytometry) with a
MOZ-specific antibody. MW, molecular weight;
BM, bone marrow. (c,d) Leukemia-free survival
after the indicated numbers of flow-sorted
CSF1RMeh (¢) and CSF1R'¥ (d) cells were
transplanted into sublethally irradiated mice.
n=6, P=0.0001(1 x 104, 1 x 103 and

0
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1x102) and 0.3173 (1 x 10?) (CSF1RMigh MOZ-TIF2 Mec-1

versus CSF1RIo¥ cells). (e) FACS analysis of ' .

Mac-1 and CSF1R expression in bone marrow f CSF1RM CSF1RP L 300

cells from mice with MOZ-TIF2-induced AML. | 4 , ” g oo

The red and blue boxes signify CSF1RMgh ST S 400

and CSF1R'o¥ cell fractions, respectively. " ‘ ' S 200

(f-h) CSF1RMe" and CSF1R' cells were sorted A T o0 tor 10t 108 1o

and analyzed for morphology by staining with
May-Giemsa (f), colony-forming activity in
methylcellulose medium (g) and levels of total and phosphorylated STATS,

CSF1R

phosphorylated ERK and PU.1 (h). Scale bars represent 10 um in f. The error

bars represent s.d. in g. {i) FACS analysis of CSF1R expression in bone marrow cells from an individual with AML with a t(8;16) translocation; the cells
were cultured for 3 d in 10 ng mi~1 human M-CSF. (j) RT-PCR analysis of MOZ-CBP transcripts in CSF1R"eh and CSF1R'" cells of the individual with

1(8;16) AML. The results are representative of 25 (a,e),

To determine whether a high level of CSFIR expression also occurs
in human AML cells with MOZ translocations, we investigated CSF1R
expression in bone marrow cells from a subject with AML harboring
a t(8;16) translocation, yielding a MOZ-CREB-binding protein (CBP,
encoded by the Crebbp gene) fusion®. FACS analysis indicated that both
CSF1RM8h and CSF1RIOW cells were present among the bone marrow cells
with this translocation (Fig. 1i), We detected MOZ-CBP fusion tran-
scripts in both the CSF1IRM8" and CSF1R'o¥ cell populations (Fig, 1j).

These results suggest that leukemia stem cells in this subtype of
AML express a high amount of CSF1R, indicating that leukemia might
be cured by inducing apoptosis of CSFIRM8h cells, To test this idea,
we used transgenic mice expressing a drug-inducible FK506-binding
protein (FKBP)-Fas suicide gene and EGFP under the control of the

Figure 2 Cure of AML by ablation of CSF1Rhigh
cells. (a) Top, structure of the CSF1R
promoter-EGFP-NGFR-FKBP-Fas suicide
construct. Bottom, schematic showing the
activation of the NGFR-FKBP-Fas fusion
protein: in transgenic mice carrying this
suicide construct, ablation of cells expressing
high levels of CSF1R can be induced by
exposure to the AP20187 dimerizer. (b) FACS
analysis of GFP and CSF1R expression in
bone marrow cells of mice with AML 2 months

four (b), three (c,d,f-h) and two (i,j) independent experiments.

CSFIR promoter'” (Fig. 2a). The suicide gene products are inactive
monomers under normal conditions but can be activated by injection
of the AP20187 dimerizer, inducing apoptosis of cells expressing high
amounts of CSF1R!?, We infected c-Kit* bone marrow cells of transgenic
mice with the MOZ-TIF2 retrovirus and transplanted them into lethally
irradiated wild-type mice. These mice developed AML ~2 months )
after transplantation. In the bone marrow of these mice, we observed
morphologically indistinguishable CSFIRhi#" and CSFiRlo% cells.
As expected, endogenous CSF1R expression was proportional to EGFP
and FKBP-Fas expression (Fig. 2b and Supplementary Fig. 3a).

Next, we transplanted the bone marrow cells of these AML mice
(1 x 10° cells per mouse) into secondary sublethally irradiated recipi-
ent mice. Seven days after transplantation, we injected the mice with
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IRES-GFP-transfected bone marrow cells
derived from transgenic mice into lethally
irradiated C57BL/6 mice. The red boxes
signify CSF1RMeh and CSF1R!o¥ cell fractions.

(c—e) Bone marrow cells (1 x 105) of primary
transplanted mice with AML, generated as in
b, were transplanted into sublethally irradiated
C57BL/6 mice. Administration of AP20187

or solvent (control) to the secondary transplanted mice was started by
CSF1R in bone marrow cells (c) and spleen sizes (d) were analyzed 4

10

three (d,e) independent experiments.
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intravenous injection 3 weeks after transplantation. Expression of GFP and
weeks after transplantation. Scale bars,
the untreated (n = 6) and AP20187-treated (n = 6) secondary transplanted mice. P < 0.0001. The results are

1 cm. (e) Leukemia-free survival of
representative of five (b), four (c) and
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Figure 3 The requirement for CSF1R in MOZ-TIF2-induced AML. (a) Leukemia-free survival after fetal liver é: i_‘; 60 + Ki20227
cells of E16.5 Csf1r/* and Csf1r- mouse embryo littermates were infected with the MOZ-TIF2-IRES-GFP :E’_g matinib
virus and transplanted into irradiated mice. n =8, P< 0.0001. (b) Leukemia-free survival after fetal liver cells 3 3 0 + matin
of Csf1r* mice were infected with CSF1R- or MOZ-TIF2-encoding viruses, or both, and transplanted into - 20
irradiated mice. 1= 5. (c-e) Bone marrow cells (1 x 105) expressing MOZ-TIF2 (c,d) or N-Myc (e) from mice oo 1'0 2-0 T e

with AML were transplanted into irradiated mice. Imatinib mesilate (100 mg per kg body weight) and Ki20227

(20 mg per kg body weight) were administered twice daily. The micrographs depict spleen sizes of the mice Time (d)
transplanted with MOZ-TIF2-expressing cells, analyzed three weeks after transplantation (c). Scale bars, 1 cm. (d,e) Leukemia-free survival of the
control and drug-treated mice was analyzed. Ind, n= 8, P< 0.0001 (control versus + Ki20227 and control versus + imatinib). Ine, n= 8, P=0.3825

(control v.s. + Ki20227) and 0.4051 (control versus + imatinib).

AP20187 or a control solvent, as previously described?. We observed  recipient mice. Al of the mice transplanted with either Csf1 i+ or
an increase in the number of CSF1Rbi#h cells (Fig. 2c) and splenomegaly ~ Csfl r~/= cells expressing N-Myc developed AML (Supplementary '
(Fig. 2d) in the control-treated mice 3 weeks after transplantation.  Fig. 4d). These results indicate that CSFIR has a key role in AML
However, we detected neither CSF1RPi# cells nor splenomegalyinthe  induction by MOZ-TIF2, but not by N-Mye.
AP20187-treated mice after a 1-week course of treatment (Fig. 2c,d). The above results suggest that signaling through CSFI1R might be
Although we observed CSF1RI?¥ cells in the bone marrow and peripheral  a therapeutic target for kinase inhibitors in leukemogenesis induced
blood after the 1-week treatment course, we did not detect these cells by MOZ fusions. To test this, we used the CSF1R-specific inhibitor
after three months of treatment (Fig. 2c and Supplementary Fig. 3b).  Ki20227 (ref. 13) and the tyrosine kinase inhibitor imatinib mesylate
All control-treated mice developed AML 4-6 weeks after transplan-  (STI571), which inhibits CSF1R1%-16, Oral administration of Ki20227
tation, but none of the AP20187-treated mice died of AML within  or imatinib inhibited MOZ-TIF2-induced splenomegaly (Fig. 3¢) and
6 months of transplantation (Fig. 2¢). These results indicate that abla- slowed MOZ-TIF2-induced AML onset (Fig. 3d). However, the drugs
tion of the CSF1RMh cells was sufficient to cure MOZ-TIF2—induced ~ did not affect the progress of N-Myc~induced AML (Fig. 3e).
AML, and that a high level of CSFIR expression is a key contributor Next, we investigated the molecular mechanism of CSF1R expres-
to leukemia stem cell potential. sion in the leukemia cells. Monocyte-specific expression of CSFIR is
As it has been reported that N-Myc overexpression rapidly causes reportedly regulated by transcription factors such as AMLI, PU.1 and
AML in mice!!, we next tested the specificity of the requirement for ~ CCAAT/enhancer-binding proteins (C/ EBPs)!?. We previously found
CSF1Rbigh cells in AML progression. We transfected the bone marrow  that MOZ interacts with AML1 and PU.1, but not with C/EBPa or
cells of suicide gene—expressing transgenic mice with a retrovirus  C/EBPg, to stimulate transcription of their target genes>18, Deletion
encoding N-Myc and EGFP, and transplanted the cells into lethally  analysis indicated that PU.1 interacted with the N-terminal and central
irradiated recipient mice, which developed AML. In these mice, GFP* regions of MOZ (Fig. 4a and Supplementary Fig, 6), and that the
leukemia cells were Mac1*Grl1*CSF1R™ blast cells (Supplementary  acidic amino acid-rich region (DE region) of PU.1 was required for
Fig. 4a,b), and treatment with AP20187 did not affect AML induc-  its high-affinity interaction with MOZ (Fig, 4a and Supplementary
tion (Supplementary Fig. 4c). These results indicate a specific role Fig. 7a-d). Although binding of PU.1 to N-terminal MOZ (amino
of CSFR expression in MOZ-TIF2-induced AML. acids 1-513) was inhibited by several deletions in the PU.1 protein
To investigate the role of CSFIR in the development of MOZ-TIF2- (Supplementary Fig. 7c), binding to full-length MOZ was not
induced AML, we infected wild-type and CsfIr~/~ (ref. 12) mouse fetal ~completely inhibited by these deletions (Supplementary Fig. 7b),
liver cells of embryonic day 16.5 (E16.5) littermate embryos with the ~ suggesting that there may be other PU.1-binding sites in MOZ, its
MOZ-TIF2 virus and transplanted them into lethally irradiated mice. ~ associated proteins or both. A pull-down assay with Escherichia coli-
All mice transplanted with wild-type cells developed AML within  produced GST-PU.1 or GST-AMLI and in vitro—produced N-terminal
3 months (Fig. 3a). In contrast, AML induction was initially sup- MOZ indicated a direct interaction between both PU.1 and MOZ
pressed in mice transplanted with Csf! - cells, but half of the mice and between AML1 and MOZ (Supplementary Fig. 8). However,
developed AML after a longer latency period (Fig. 3a). The suppres-  we cannot rule out a possibility that other factors may facilitate
sion of AML was rescued by co-infection with the retrovirus encod-  interactions between PU.1 or AML1 and MOZ in vivo.
ing CSFIR (Fig. 3b). STATS, which was highly phosphorylated in To investigate transcriptional regulation of CSF1R, we performed
CSF1Rig cells but not in CSFIRI™ cells (Fig. 1h), was phospho-  reporter analysis with a CSFIR promoter-luciferase construct and
rylated in the bone marrow of recipient mice transplanted with found that MOZ, MOZ-TIF2 and MOZ-CBP could all activate the
Csf1r** cells but not with Csflr™'~ cells (Supplementary Fig. 5). To CSFIR promoter in the presence of PU.1 but not in the presence
test the specificity of the requirement of CSFIR for AML induction by of AMLI (Fig. 4b). Moreover, MOZ, MOZ-TIF2 and MOZ-CBP
MOZ-TIF2, we transfected Csflr*/+ and Csf1r~/~ fetal liver cells with ~ did not activate a CSFIR promoter mutant lacking PU.1-binding
the retrovirus encoding N-Myc and transplanted them into irradiated  sites (Fig. 4c). These results suggest that MOZ and MOZ fusion
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(b) Effects of MOZ, MOZ-CBP and MOZ-TIF2 on AML1- and PU.1-mediated transcription of the CSF1R promoter. Osteocarcinoma Sa0S2 cells were
transfected with the CSF1R-luciferase construct and the indicated effector constructs encoding AML1 or PU.1 together with MOZ, MOZ-CBP or
MOZ-TIF2. Luciferase activity was analyzed 24 h after transfection. Error bars represent s.d. *P < 0.01 and **P < 0.005 (comparison to PU.1 only).
The results are representative of six independent experiments in which three samples were tested for each group in each experiment. (c) PU.1-dependent
activation of CSF1R promoter. Sa0S2 cells were transfected with the wild-type (WT) CSF1R-luciferase construct or its mutant lacking the PU.1-binding
site (dPU.1), together with the indicated effectors. Error bars represent s.d. *P< 0.01 and **P < 0.005 (comparison to PU.1 only). The results are
representative of three independent experiments in which three samples were tested for each group in each experiment. (d) FACS analysis of CSF1R
expression in PUER cells infected with MSCV-GFP (top) or MSCV-MOZ-TIF2-IRES-GFP (bottom) retroviruses and exposed to 100 nM 4-HT for O, 2 or 5 d.
Population (%) of CSF1R8" and CSF1R!™* cells were indicated. The results are representative of three independent experiments. The horizontal lines
and the numbers above the graphs indicate CSF1RME" (right) and CSF1R'™ (left) cell fractions and their populations (%), respectively. (e,f) Leukemia-
free survival after fetal liver cells of E12.5 Sfpi1** and Sfpil~"~ mouse embryo littermates were infected with either MOZ-TIF2- (e) or N-Myc- (f)
encoding viruses and transplanted into irradiated mice. (g) Leukemia-free survival after fetal liver cells of Sfpil~"- mice were infected with PU.1- or
MOZ-TIF2-encoding viruses, or both, and transplanted into irradiated mice. In e, n= 8, P< 0.0001; inf, n= 4, P=0.0943;ing, n=5, P=0.0001
(PU.1 + MOZ-TIF2 versus either PU.1 or MOZ-TIF2). (h) Fetal liver cells of E14.5 Sfpi1floxflox ER-Cre mice were infected with the MOZ-TIF2—encoding
virus and transplanted into irradiated mice, which developed AML. The bone marrow cells of these mice were then transplanted into sublethally irradiated
wild-type mice. Tamoxifen or solvent (control) was administered to the secondary transplanted mice every 2 d by intravenous injection starting 17 d
after transplantation, when GFP+ cells were detected in peripheral blood. Leukemia-free survival of the secondary transplanted mice is shown. n =5,
P=0.0018. (i) Model for transcriptional regulation by normal and fusion MOZ proteins. MOZ fusion proteins stimulate constitutive CSF1R expression
to induce leukemia (left). Normal MOZ protein controls CSF1R expression by binding to PU.1 to regulate normal hematopoiesis (right).

proteins activate CSFIR transcription in a PU.1-dependent manner.
It was recently reported that although chromatin reorganization of
Csflr requires prior PU.1 expression together with AML1 binding,
stable transcription factor complexes and active chromatin can be
maintained at the Csflr locus without AMLI once the full hemato-
poietic program has been established!®. This might explain why
we found that AML1 was not required for MOZ-TIF2—-mediated
activation of Csflr. Deletion analysis indicated that the DE-rich,
Q-rich and ETS DNA-binding domains of PU.1, as well as the his-
tone H1 and H5-like (H15) and the central PU.1-binding domains
of MOZ and MOZ fusion proteins, are required for the activation of
CSFIR transcription (Supplementary Figs. 7e and 9). A truncated
version of MOZ (1-1518) lacking the C-terminal region failed to

activate transcription, indicating that the transcriptional activity of
MOZ-TIF2 and MOZ-CBP, which do not contain that C-terminal
region, requires the TIF2 or CBP portion of the fusion protein.

To test the requirement of PU.1 for the expression of endogenous
CSFIR, we used PU.1-deficient (Sfpil~") myeloid progenitors
expressing the PU.1-estrogen receptor fusion protein (PUER). Upon
restoration of PU.1 activity by exposure to 4-hydroxytamoxifen
(4-HT), PUER cells can differentiate into macrophages?. We infected
PUER cells with the MOZ-TIF2 retrovirus or control retrovirus, sorted
them for GFP expression and cultured the GFP* cells in the presence
of 4-HT. The results of FACS (Fig. 4d) and quantitative RT-PCR
(Supplementary Fig. 10) analyses indicated that CSFIR expression
was induced after exposure to 4-HT, and that MOZ-TIF2 enhanced
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the PU.1-induced upregulation of CSFIR. Notably, 5 d after exposure
to 4-HT, we detected CSF1R"#" and CSFIR'®¥ cells in the population
of PUER cells expressing MOZ-TIF2, but only CSF1R!¥ cells were in
the control PUER cell population (Fig. 4d). We did not detect CSFIR
expression before addition of 4-HT, even in PUER cells expressing
MOZ-TIF2 (Fig. 4d), indicating that functional PU.1 is required for
MOZ-TIF2-induced CSF1R expression. Chromatin immunoprecipi-
tation (ChIP) analysis indicated that PU.1, MOZ-TIF2 and possibly
endogenous MOZ were recruited to the CsfIr promoter in the bone
marrow cells of mice with MOZ-TIF2~induced AML (Supplementary
Fig. 11a). In PUER cells expressing MOZ-TIF2, recruitment of
MOZ-TIF2 and MOZ to the Csf1r promoter was detected after 4-HT
treatment, but not before the treatment (Supplementary Fig. 11b),
suggesting that the recruitment of MOZ-TIF2 and MOZ is dependent
upon functional PU.1.

To determine whether PU.1 is essential for the development of
MOZ-TIF2-induced AML, we infected wild-type and Sfpi1~/~ fetal
liver cells of E12.5 littermates with retroviruses encoding MOZ-TIF2
or N-Myc and transplanted them into irradiated mice. Although mice
transplanted with Sfpil*/* cells expressing MOZ-TIF2 developed AML
8-14 weeks after transplantation, mice transplanted with Spi1~!-
cells were healthy for at least 6 months (Fig. 4¢). In contrast, all mice
transplanted with either wild-type or Sfpil =/~ cells expressing N-Myc
developed AML 6-10 weeks after transplantation (Fig. 4f). Whenboth
PU.1 and MOZ-TIF2 were introduced into PU.1-deficient fetal liver
cells, the transplanted mice developed leukemia (Fig. 4g). However,
introduction of either PU.1 or MOZ-TIF2 alone was not sufficient
for AML induction. Thus, we conclude that PU.1 is required for the
initiation of MOZ-TIF2-induced AML.

To determine whether PU.1 is also required for the maintenance of
MOZ-TIF2-induced AML, we infected fetal liver cells of PU.1 condi-
tional knockout mice (Sfpi110¥/80% and expressing estrogen receptor
(ER)-Cre) with MOZ-TIF2 and transplanted them into irradiated recip-
ient mice, which developed AML. We next transplanted bone marrow
cells of these mice into irradiated secondary recipients and then treated
half of the mice with tamoxifen to induce PU.1 deletion. All of the
control mice died of AML within 6 weeks, but none of the tamoxifen-
treated mice developed AML for at least for 6 months (Fig. 4h).
These results indicate that PU.1 is also required for the maintenance
of MOZ-TIF2-induced AML stem cells.

Taken together, our results indicate that MOZ and its leukemia-
associated fusion proteins activate PU.1-mediated transcription of
the monocyte-specific gene Csflr. MOZ fusion proteins might con-
stitutively stimulate high CsfIr expression to induce AML (Fig. 4i).
In contrast, we previously found that MOZ fusion proteins inhibit
AMLI-mediated activation of granulocyte-specific Mpo gene
transcription!®. Because MOZ fusion proteins are associated with
monocytic leukemia, commitment to the monocytic lineage may be
determined by differential regulation of target genes by MOZ fusion
proteins (that is, upregulation of monocyte-specific genes such as
Csflr and downregulation of granulocyte-specific genes such as that
encoding myeloperoxidase). It is also likely that the normal MOZ
protein modulates Csflr expression to an appropriate level to regulate
normal hematopoiesis (Fig. 4i), as CsfIr expression was impaired in
MOZ-!- fetal liver cells (Supplementary Fig. 12).

Although AML induction was suppressed in mice transplanted
with Csflr~' cells, half of these mice developed AML, albeit at a
longer latency. Thus, MOZ-TIF2 can provoke either a rapid induc-
tion of AML in a CSF1R-dependent manner or a slower induction in a
CSF1R-independent manner. There are several possibilities to explain

this CSF1R independence. First, we observed increased HoxA9 expres-
sion in both CSF1RMgh and CSF1RI¥ cells. HoxA9 overexpression is
reportedly not sufficient to induce AML and additional mutations or
oncogene activation is required for AML induction in this context?!22.
Thus, MOZ-TIF2-transfected Csf1r~~ cells might require additional
mutations to induce leukemia. Second, because we used a retrovirus
vector to introduce MOZ-TIF2, it is possible that oncogene activation
by retroviral integration might mediate AML pathogenesis.

In conclusion, our results indicate that PU.1-mediated upregula-
tion of Csflr is crucial for leukemia stem cell potential induced by
MOZ-TIF2. Our findings add to previous work associating CSFIR
with AML. CSF1R upregulation has been reported in human?*-2
and mouse? AML. CSF1R is also known as the oncoprotein c-Fms,
and transplantation of bone marrow cells expressing the v-fms onco-
protein induces multilineage hematopoietic disorders?’. A chromo-
somal translocation resulting in expression of a fusion protein in
which RNA-binding motif protein-6 (RBM6) is fused to CSFIR has
recently been reported to be associated with AML?, CSF1R may thus
be crucial for not only leukemia induced by MOZ fusions but also a
wider subset of AML.

METHODS
Methods and any associated references are available in the online
version of the paper at http://www.nature.com/naturemedicine/.

Note: Supplementury information is available on the Nature Medicine ebsite.
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PU.1-mediated upregulation of CSFIR is crucial for
leukemia stem cell potential induced by MOZ-TIF2

Yukiko Aikawa!, Takuo Katsumoto?, Pu Zhang? Haruko Shima!, Mika Shino, Kiminori Terui’, Etsuro Ito3,
Hiroaki Ohno?, E Richard Stanley®, Harinder Singh®, Daniel G Tenen?’ & Issay Kitabayashi!

. Leukemias and other cancers possess self-renewing stem

l@ © 2010 Nature America, Inc. All rights reserved.

cells that help to maintain the cancer2, Cancer stem cell
eradication is thought to be crucial for successful anticancer
therapy. Using an acute myeloid leukemia (AML) model
induced by the leukemia-associated monocytic leukemia zinc
finger (MOZ)-TIF2 fusion protein, we show here that AML can
be cured by the ablation of leukemia stem cells. The MOZ
fusion proteins MOZ-TIF2 and MOZ-CBP interacted with

the transcription factor PU.1 to stimulate the expression of
macrophage colony-stimulating factor receptor (CSF1R, also
known as M-CSFR, c-FMS or CD115). Studies using PU.1-
deficient mice showed that PU.1 is essential for the ability -

of MOZ-TIF2 to establish and maintain AML stem cells. Cells
expressing high amounts of CSF1R (CSF1RMe" cells), but not
those expressing low amounts of CSF1R (CSF1R"¥ cells),”
showed potent leukemia-initiating activity. Using transgenic
mice expressing a drug-inducible suicide gene controlled by the
CSF1R promoter, we cured AML by ablation of CSF1RMih cells.
Moreover, induction of AML was suppressed in CSF1R-deficient
mice and CSF1R inhibitors slowed the progression of MOZ-
TIF2-induced leukemia. Thus, in this subtype of AML, leukemia
stem cells are contained within the CSF1RNeh cell population,
and we suggest that targeting of PU.1-mediated upregulation of
CSF1R expression might be a useful therapeutic approach.

Chromosomal translocations that involve the MOZ gene® (official gene
symbol Myst3) are typically associated with acute myelomonocytic
leukemia and predict a poor prognosis®. Whereas MOZ is essential for
the self-renewal of hematopoietic stem cells®$, MOZ fusion proteins
enable the transformation of non-self-renewing myeloid progenitors
into leukemia stem cells’. We previously generated a mouse model
for AML by introducing c-Xit* mouse myeloid stem/progenitor cells
infected with a retrovirus encoding MOZ-TIF2 and EGFP into lethally
irradiated mice®, .

To identify leukemia-initiating cells (LICs), we investigated the
bone marrow cells of these mice for various cell surface markers by
FACS analysis. CSFIRP8h and CSFIR'®" cells were present in the bone
marrow (Fig. 1a) and expressed equivalent amounts of MOZ-TIF2

protein (Fig. 1b). To determine the LIC activity of these cell popula-
tions, we isolated CSF1R"8" and CSF1R'¥ cells by cell sorting and
transplanted limited numbers (10 to 1 x 10¢ cells) into irradiated
mice. One hundred CSF1RY" cells were sufficient to induce AML in
all transplanted mice (Fig. 1¢). Conversely, no mice developed AML
after 1 x 10% CSF1R!®¥ cells were transplanted per mouse, and only
half of the mice developed AML with delayed onset when 1 x 10*
CSFIR¥ cells were transplanted (Fig. 1d). Thus, the CSF1Rbigh cells
showed a >100-fold stronger LIC activity than CSF1RI cells.

FACS analysis indicated that the CSF1RN8h cell population had
the phenotype of both granulocyte-macrophage progenitors (GMPs,
Kit*Sca-1"CD16/CD32*) and differentiated monocytes (Mac-11%Gr-1*)
(Supplementary Fig, 1a). Comparison of the CSF1RMi8b and CSFIR'*%
cell populations indicated that Mac-1 expression was lower in CSF1Rbigh
than in CSFIRI¥ cells (Fig. 1¢). However, we did not observe signifi-
cant differences between the CSF1RM8b and CSF1R!¥ cell populations
with respect to their cell morphology (Fig. 1f), colony-forming ability in
methylcellulose medium (Fig. 1g), cell cycle distribution (Supplementary
Fig. 1b) or homeobox A9 (HoxA9) expression (Supplementary Fig. 1c).
To investigate whether downstream pathways of CSFIR signaling
were activated, we measured phosphorylation levels of signal trans-
ducer and activator of traranscription-5 (STAT5) and extracellular
signal-regulated kinase (ERK) in CSF1Rh8" and CSFIRI¥ cells. STATS
was highly phosphorylated in the CSF1RM8" cell population but not in
the CSF1RY¥ population, whereas ERK was equivalently phosphorylated
in the two cell populations (Fig. 1h). .

Side population cells, which are present in some types of normal
and malignant stem cell populations, were present in the bone
marrow of MOZ-TIF2-induced AML mice (Supplementary Fig, 2a).
Whereas most side population cells were CSF1RM8h, the non-side
population fraction contained both CSFR1b8h and CSF1RIW cells
(Supplementary Fig. 2b). LICs were approximately tenfold more
enriched in the side population fraction than in the non-side popula-
tion fraction (Supplementary Fig, 2¢,d). Because the side population
fraction was very small (~0.12% of total bone marrow cells), the
fraction of LICs in the side population fraction was also small (~1%
of all LICs), and most LICs were present in the non-side population
fraction (~99%).
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Figure 1 CSF1RM&h cells show potent leukemia- a c - d
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expression in CSF1R"gh and CSF1R!¥ cell
populations (sorted by flow cytometry) with a
MOZ-specific antibody. MW, molecular weight;
BM, bone marrow. (c,d) Leukemia-free survival
after the indicated numbers of flow-sorted
CSF1RMigh (¢) and CSF1R' (d) cells were
transplanted into sublethally irradiated mice.
n=6, P=0.0001 (1 x 104, 1 x 103 and

1x 102) and 0.3173 (1 x 10?) (CSF1Rhigh
versus CSF1R'o% cells). (e) FACS analysis of
Mac-1 and CSF1R expression in bone marrow
cells from mice with MOZ-TIF2-induced AML.
The red and blue boxes signify CSF1Rhigh

and CSF1R'o¥ cell fractions, respectively.

(f-h) CSF1RMigh and CSF1R'¥ cells were sorted
and analyzed for morphology by staining with
May-Giemsa (f), colony-forming activity in
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methylcellulose medium (g) and levels of total and phosphorylated STAT5, phosphorylated ERK and PU.1 (h). Scale bars represent 10 um in f. The error
bars represent s.d. in g. (i) FACS analysis of CSF1R expression in bone marrow cells from an individual with AML with a t(8;16) translocation; the cells
were cultured for 3 d in 10 ng mi~! human M-CSF. (j) RT-PCR analysis of MOZ-CBP transcripts in CSF1R1h and CSF1RIo" cells of the individual with

1(8;16) AML. The results are representative of 25 (a,e), four (b), three (c,d,

To determine whether a high level of CSFIR expression also occurs
in human AML cells with MOZ translocations, we investigated CSF1R
expression in bone marrow cells from a subject with AML harboring
at(8;16) translocation, yielding a MOZ-CREB-binding protein (CBP,
encoded by the Crebbp gene) fusion®. FACS analysis indicated that both
CSF1R"8% and CSF1R!%¥ cells were present among the bone marrow cells
with this translocation (Fig. 1i). We detected MOZ-CBP fusion tran-
scripts in both the CSFIR"8" and CSF1R!¥ cell populations (Fig. 1j).

These results suggest that leukemia stem cells in this subtype of
AML express a high amount of CSFIR, indicating that leukemia might
be cured by inducing apoptosis of CSFIRM8 cells. To test this idea,
we used transgenic mice expressing a drug-inducible FK506-binding
protein (FKBP)-Fas suicide gene and EGFP under the control of the

Figure 2 Cure of AML by ablation of CSF1Rhigh
cells. (a) Top, structure of the CSFIR
promoter-EGFP-NGFR-FKBP-Fas suicide
construct. Bottom, schematic showing the
activation of the NGFR-FKBP-Fas fusion
protein: in transgenic mice carrying this
suicide construct, ablation of cells expressing
high levels of CSF1R can be induced by
exposure to the AP20187 dimerizer. (b) FACS
analysis of GFP and CSF1R expression in
bone marrow cells of mice with AML 2 months
after the transplantation of MSCV-MOZ-TIF2-

f-h) and two (i,j) independent experiments.

CSFIR promoter!? (Fig. 2a). The suicide gene products are inactive
monomers under normal conditions but can be activated by injection
of the AP20187 dimerizer, inducing apoptosis of cells expressing high
amounts of CSF1R!0, We infected ¢-Kit* bone marrow cells of transgenic
mice with the MOZ-TIF2 retrovirus and transplanted them into lethally
irradiated wild-type mice. These mice developed AML ~2 months
after transplantation. In the bone marrow of these mice, we observed
morphologically indistinguishable CSF1Rhg2 and CSFIR!W cells,
As expected, endogenous CSFIR expression was proportional to EGFP
and FKBP-Fas expression (Fig. 2b and Supplementary Fig. 3a).

Next, we transplanted the bone marrow cells of these AML mice
(1x 103 cells per mouse) into secondary sublethally irradiated recipi-
ent mice. Seven days after transplantation, we injected the mice with

Primary AML

%

10° 10" 102 10° 10?

IRES-GFP-transfected bone marrow cells
derived from transgenic mice into lethally
irradiated C57BL/6 mice. The red boxes
signify CSF1RMe" and CSF1R¥ cell fractions.
(c-e) Bone marrow cells (1 x 105) of primary
transplanted mice with AML, generated as in
b, were transplanted into sublethally irradiated
C57BL/6 mice. Administration of AP20187
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A
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or solvent (control) to the secondary transplanted mice was started by intravenous injection 3 weeks after transplantation. Expression of GFP and
CSF1R in bone marrow cells (c) and spleen sizes (d) were analyzed 4 weeks after transplantation. Scale bars, 1 ¢cm. (e) Leukemia-free survival of
the untreated (7 = 6) and AP20187-treated (n = 6) secondary transplanted mice: P < 0.0001. The results are representative of five (b), four (c) and

three (d,e) independent experiments.
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Figure 3 The requirement for CSF1R in MOZ-TIF2-induced AML. (a) Leukemia-free survival after fetal liver % ’_5 0 +Ki20227
cells of E16.5 Csf1r+'* and Csf1r'- mouse embryo littermates were infected with the MOZ-TIF2-IRES-GFP EE it
virus and transplanted into irradiated mice. n = 8, P< 0.0001. (b) Leukemia-free survival after fetal liver cells 55 40 + Imatini>
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with AML were transplanted into irradiated mice. Imatinib mesilate (100 mg per kg body weight) and Ki20227
(20 mg per kg body weight) were administered twice daily. The micrographs depict spleen sizes of the mice
transplanted with MOZ-TIF2-expressing cells, analyzed three weeks after transplantation (c). Scale bars, 1 cm. (d,e) Leukemia-free survival of the
control and drug-treated mice was analyzed. Ind, n=8, P< 0.0001 (control versus + Ki20227 and control versus + imatinib). In e, n= 8, P=0.3825

Time (d)

" (control v.s. + Ki20227) and 0.4051 (control versus + imatinib).
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AP20187 or a control solvent, as previously described!?. We observed recipient mice. All of the mice transplanted with either Csfirt!* or
an increase in the number of CSF1R"#h cells (Fig. 2¢) and splenomegaly ~ CsfI 71~ cells expressing N-Myc developed AML (Supplementary
(Fig. 2d) in the control-treated mice 3 weeks after transplantation.  Fig. 4d). These results indicate that CSFIR has a key role in AML
However, we detected neither CSF1RY8h cells nor splenomegaly inthe ~ induction by MOZ-TIF2, but not by N-Mye.

AP20187-treated mice after a 1-week course of treatment (Fig. 2¢,d). The above results suggest that signaling through CSF1R might be
Although we observed CSF1 Rlow cells in the bone marrow and peripheral  a therapeutic target for kinase inhibitors in leukemogenesis induced
blood after the 1-week treatment course, we did not detect these cells by MOZ fusions. To test this, we used the CSFI1R-specific inhibitor
after three months of treatment (Fig. 2c and Supplementary Fig. 3b). Ki20227 (ref. 13) and the tyrosine kinase inhibitor imatinib mesylate

_ All control-treated mice developed AML 4-6 weeks after transplan- (ST1571), which inhibits CSF1R1*4%¢, Oral administration of Ki20227

tation, but none of the AP20187-treated mice died of AML within  or imatinib inhibited MOZ-TIF2-induced splenomegaly (Fig. 3¢)and
6 months of transplantation (Fig. 2¢). These results indicate that abla-  slowed MOZ-TIF2-induced AML onset (Fig. 3d). However, the drugs
tion of the CSFLRbigh cells was sufficient to cure MOZ-TIF2-induced ~ did not affect the progress of N-Myc-induced AML (Fig. 3e).
AML, and that a high level of CSF1R expression is a key contributor Next, we investigated the molecular mechanism of CSFIR expres-
to leukemia stem cell potential. ) sion in the leukemia cells. Monocyte-specific expression of CSFIR is
As it has been reported that N-Myc overexpression rapidly causes reportedly regulated by transcription factors such as AML1, PU.1 and
AML in mice!?, we next tested the specificity of the requirement for CCAAT/enhancer-binding proteins (C/EBPs)}”. We previously found
CSFIRMh cells in AML progression. We transfected the bone marrow  that MOZ interacts with AMLI and PU.1, but not with C/EBPa. or
cells of suicide gene—expressing transgenic mice with a retrovirus C/EBP¢, to stimulate transcription of their target genes>!8, Deletion
encoding N-Myc and EGFP, and transplanted the cells into lethally  analysis indicated that PU.1 interacted with the N-terminal and central
irradiated recipient mice, which developed AML. In these mice, GFP*  regions of MOZ (Fig. 4a and Supplementary Fig. 6), and that the
leukemia cells were Mac1*Gr1*CSF1R™ blast cells (Supplementary acidic amino acid-rich region (DE region) of PU.1 was required for
Fig. 4a,b), and treatment with AP20187 did not affect AML induc-  its high-affinity interaction with MOZ (Fig. 4a and Supplementary
tion (Supplementary Fig. 4c). These results indicate a specific role  Fig. 7a—d). Although binding of PU.1 to N-terminal MOZ (amino
of CSFR expression in MOZ-TIF2—induced AML. acids 1-513) was inhibited by several deletions in the PU.1 protein
To investigate the role of CSF1R in the development of MOZ-TIF2- (Supplementary Fig. 7c), binding to full-length MOZ was not
induced AML, we infected wild-type and Csf1r~'~ (ref. 12) mouse fetal completely inhibited by these deletions (Supplementary Fig. 7b),
liver cells of embryonic day 16.5 (E16.5) littermate embryos withthe suggesting that there may be other PU.1-binding sites in MOZ, its
MOZ-TIF2 virus and transplanted them into lethally irradiated mice. associated proteins or both. A pull-down assay with Escherichia coli
All mice transplanted with wild-type cells developed AML within  produced GST-PU.1 or GST-AMLI and in vitro—produced N-terminal
3 months (Fig. 3a). In contrast, AML induction was initially sup- MOZ indicated a direct interaction between both PU.1 and MOZ
pressed in mice transplanted with Csf] 7~/ cells, but half of themice  and between AML1 and MOZ (Supplementary Fig. 8). However,
developed AML after a longer latency period (Fig. 3a). The suppres- ~ we cannot rule out a possibility that other factors may facilitate
sion of AML was rescued by co-infection with the retrovirus encod- interactions between PU.1 or AML1 and MOZ in vivo.
ing CSFIR (Fig. 3b). STATS, which was highly phosphorylated in To investigateé transcriptional regulation of CSFIR, we performed
CSF1RM8b cells but not in CSFIRI¥ cells (Fig. 1h), was phospho-  reporter analysis with a CSFIR promoter-luciferase construct and
rylated in the bone marrow of recipient mice transplanted with ~ found that MOZ, MOZ-TIF2 and MOZ-CBP could all activate the
Csf1rt!* cells but not with Csflr'~ cells (Supplementary Fig. 5). To  CSFIR promoter in the presence of PU.1 but not in the presence
test the specificity of the requirement of CSFIR for AML inductionby  of AML1 (Fig. 4b). Moreover, MOZ, MOZ-TIF2 and MOZ-CBP
MOZ-TIF2, we transfected Csf17** and Csflr~/~ fetal liver cells with did not activate a CSFIR promoter mutant lacking PU.1-binding
the retrovirus encoding N-Myc and transplanted them into irradiated  sites (Fig. 4c). These results suggest that MOZ and MOZ fusion
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PHD, PHD-finger domain; PHD, PHD-finger
domain; HAT, histone acetyltransferase
catalytic domain; PQ, proline- and
glutamine-rich domain; M, methionine-rich 10 20 30 40 50 60
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acid-rich domain; Q, glutamine-rich domain; PEST, proline-, glutamic acid-, serine- and threonine-rich domain; ETS, Ets DNA-binding domain.

(b) Effects of MOZ, MOZ-CBP and MOZ-TIF2 on AML1- and PU.1-mediated transcription of the CSFIR promoter. Osteocarcinoma $20S2 cells were
transfected with the CSF1R-luciferase construct and the indicated effector constructs encoding AML1 or PU.1 together with MOZ, MOZ-CBP or
MOZ-TIF2. Luciferase activity was analyzed 24 h after transfection. Error bars represent s.d. *P < 0.01 and **P < 0.005 (comparison to PU.1 only),
The results are representative of six independent experiments in which three samples were tested for each group in each experiment. (c) PU.21-dependent
activation of CSF1R promoter. Sa0S2 cells were transfected with the wild-type (WT) CSF1R-luciferase construct or its mutant lacking the PU.1-binding
site (dPU.1), together with the indicated effectors. Error bars represent s.d. * P < 0.01 and **P < 0.005 (comparison to PU.1 only). The results are
representative of three independent experiments in which three samples were tested for each group in each experiment. (d) FACS analysis of CSF1R
expression in PUER cells infected with MSCV-GFP (top) or MSCV-MOZ-TIF2-IRES-GFP (bottom) retroviruses and exposed to 100 nM 4-HT for 0,20r54d.
Population (%) of CSF1Rig" and CSF1R!¥ cells were indicated. The results are representative of three independent experiments. The horizontal lines
and the numbers above the graphs indicate CSF1RMe" (right) and CSF1RIo¥ (left) cell fractions and their populations (%), respectively. (e,f) Leukemia-
free survival after fetal liver cells of E12.5 Sfpil** and Sfpil-- mouse embryo Iittermates were infected with either MOZ-TIF2- (e) o N-Myc- (f)
encoding viruses and transplanted into irradiated mice. (g) Leukemia-free survival after fetal liver cells of Sfpil-"- mice were infected with PU.1~ or
MOZ-TIF2—-encoding viruses, or both, and transplanted into irradiated mice. In e,n=8, P<0.0001;inf, n=4, P=0.0943; in g, n=5, P=0.0001
(PU.1 + MOZ-TIF2 versus either PU.1 or MOZ-TIF2). (h) Fetal liver cells of E14.5 Sfpi1fledfiox ER_Cre mice were infected with the MOZ-TIF2-encoding
virus and transplanted into irradiated mice, which developed AML. The bone marrow cells of these mice were then transplanted into sublethally irradiated
wild-type mice. Tamoxifen or solvent (control) was administered to the secondary transplanted mice every 2 d by intravenous injection starting 17 d
after transplantation, when GFP* cells were detected in peripheral blood. Leukemia-free survival of the secondary transplanted mice is shown. n=5,
P=0.0018. (i) Mode! for transcriptional regulation by normal and fusion MOZ proteins. MOZ fusion proteins stimulate constitutive CSF 1R expression
to induce leukemia (left). Normal MOZ protein controls CSF1R expression by binding to PU.1 to regulate normal hematopoiesis (right).

h
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H15, histone H1- and H5-like domain; «gg
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proteins activate CSFIR transcription in a PU.1-dependent manner.  activate transcription, indicating that the transcriptional activity of
It was recently reported that although chromatin reorganization of MOZ-TIF2 and MOZ-CBB, which do not contain that C-terminal
Csflr requires prior PU.1 expression together with AML1 binding, region, requires the TIF2 or CBP portion of the fusion protein.

stable transcription factor complexes and active chromatin can be To test the requirement of PU.1 for the expression of endogenous
maintained at the CsfIr Jocus without AMLI once the full hemato-  CSFIR, we used PU.1-deficient (Sfpil~/~) myeloid progenitors
poietic program has been established'”. This might explain why expressing the PU.1-estrogen receptor fusion protein (PUER). Upon
we found that AMLI was not required for MOZ-TIF2-mediated ~restoration of PU.1 activity by exposure to 4-hydroxytamoxifen
activation of Csflr. Deletion analysis indicated that the DE-rich, " (4-HT), PUER cells can differentiate into macrophages?®. We infected
Q-rich and ETS DNA-binding domains of PU.1, as well as the his-  PUER cells with the MOZ-TIF2 retrovirus or control retrovirus, sorted
tone H1 and H5-like (H15) and the central PU.1-binding domains  them for GFP expression and cultured the GFP* cells in the presence
of MOZ and MOZ fusion proteins, are required for the activation of of 4-HT. The results of FACS (Fig. 4d) and quantitative RT-PCR
CSFIR transcription (Supplementary Figs. 7¢ and 9). A truncated (Supplementary Fig. 10) analyses indicated that CSF1R expression
version of MOZ (1-1518) lacking the C-terminal region failed to  was induced after exposure to 4-HT, and that MOZ-TIF2 enhanced
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the PU.1-induced upregulation of CSF1R. Notably, 5 d after exposure
to 4-HT, we detected CSF1RM8h and CSFIR!¥ cells in the population
of PUER cells expressing MOZ-TIF2, but only CSF1RV cells were in
the control PUER cell population (Fig. 4d). We did not detect CSFIR
expression before addition of 4-HT, even in PUER cells expressing
MOZ-TIF2 (Fig. 4d), indicating that functional PU.1 is required for
MOZ-TIF2~induced CSF1R expression. Chromatin immunoprecipi-
tation (ChIP) analysis indicated that PU.1, MOZ-TIF2 and possibly
endogenous MOZ were recruited to the CsfIr promoter in the bone
marrow cells of mice with MOZ-TIF2-induced AML (Supplementary
Fig. 11a). In PUER cells expressing MOZ-TIF2, recruitment of
MOZ-TIF2 and MOZ to the Csflr promoter was detected after 4-HT
treatment, but not before the treatment (Supplementary Fig. 11b),
suggesting that the recruitment of MOZ-TIF2 and MOZ is dependent
upon functional PU.1.

To determine whether PU.1 is essential for the development of
MOZ-TIF2-induced AML, we infected wild-type and Sfpil~/~ fetal
liver cells of E12.5 littermates with retroviruses encoding MOZ-TIF2
or N-Myc and transplanted them into irradiated mice. Although mice
transplanted with Sfpil*'* cells expressing MOZ-TIF2 developed AML
8-14 weeks after transplantation, mice transplanted with Sfpil~/~
cells were healthy for at least 6 months (Fig. 4¢). In contrast, all mice
transplanted with either wild-type or Sfpil /= cells expréssing N-Myc
developed AML 6-10 weeks after transplantation (Fig, 4f). When both
PU.1 and MOZ-TIF2 were introduced into PU.1-deficient fetal liver
cells, the transplanted mice developed leukemia (Fig. 4g). However,
introduction of either PU.1 or MOZ-TIF2 alone was not sufficient
for AML induction. Thus, we conclude that PU.1 is required for the
initiation of MOZ-TIF2-induced AML.

To determine whether PU.1 is also required for the maintenance of
MOZ-TIF2-induced AML, we infected fetal liver cells of PU.1 condi-
tional Knockout mice (Sfpil°¥/1°X and expressing estrogen receptor
(ER)-Cre) with MOZ-TIF2 and transplanted them into irradiated recip-
ient mice, which developed AML. We next transplanted bone marrow
cells of these mice into irradiated secondary recipients and then treated
half of the mice with tamoxifen to induce PU.1 deletion. All of the
control mice died of AML within 6 weeks, but none of the tamoxifen-
treated mice developed AML for at least for 6 months (Fig. 4h).
These results indicate that PU.1 is also required for the maintenance
of MOZ-TIF2-induced AML stem cells.

Taken together, our results indicate that MOZ and its leukemia-
associated fusion proteins activate PU.1-mediated transcription of
the monocyte-specific gene CsfIr. MOZ fusion proteins might con-
stitutively stimulate high Csflr expression to induce AML (Fig. 4i).
In contrast, we previously found that MOZ fusion proteins inhibit
AML1-mediated activation of granulocyte-specific Mpo gene
transcription!8, Because MOZ fusion proteins are associated with
monocytic leukemia, commitment to the monocytic lineage may be
determined by differential regulation of target genes by MOZ fusion
proteins (that is, upregulation of monocyte-specific genes such as

" Csflr and downregulation of granulocyte-specific genes such as that

encoding myeloperoxidase). It is also likely that the normal MOZ
protein modulates CsfIr expression to an appropriate level to regulate
normal hematopoiesis (Fig. 4i), as CsfIr expression was impaired in
MOZ-'~ fetal liver cells (Supplementary Fig. 12).

Although AML induction was suppressed in mice transplanted
with Csflr~/~ cells, half of these mice developed AML, albeit at a
longer latency. Thus, MOZ-TIF2 can provoke either a rapid induc-
tion of AML in a CSF1R-dependent manner or a slower induction in a
CSF1R-independent manner. There are several possibilities to explain

this CSF1R independence, First, we observed increased HoxA9 expres-
sion in both CSF1RM8h and CSF1R¥ cells. HoxA9 overexpression is
reportedly not sufficient to induce AML and additional mutations or
oncogene activation is required for AML induction in this context?22,
Thus, MOZ-TIF2-transfected Csflr~/~ cells might require additional
mutations to induce leukemia. Second, because we used a retrovirus
vector to introduce MOZ-TIF2, it is possible that oncogene activation
by retroviral integration might mediate AML pathogenesis.

In conclusion, our results indicate that PU.1-mediated upregula-
tion of Csflr is crucial for leukemia stem cell potential induced by
MOZ-TIF2. Our findings add to previous work associating CSFIR
with AML. CSFIR upregulation has been reported in human?*-2%
and mouse2® AML. CSFIR is also known as the oncoprotein c-Fms,
and transplantation of bone marrow cells expressing the v-fms onco-
protein induces multilineage hematopoietic disorders®’. A chromo-
somal translocation resulting in expression of a fusion protein in
which RNA-binding motif protein-6 (RBM6) is fused to CSFIR has
recently been reported to be associated with AML?8, CSF1R may thus
be crucial for not only leukemia induced by MOZ fusions but also a
wider subset of AML.

METHODS ’
Methods and any associated references are available in the online
version of the paper at http://www.nature.com/naturemedicine/.

is available on the Nature Medicine website.
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ONLINE METHODS
Human subjects, mice and cells. The study involving human samples was
approved by the Ethics Committee of Hirosaki University Graduate School
of Medicine, and all clinical samples were obtained with informed consent.
C57BL/6 mice were purchased from CREA Japan. NGF-FKBP-Fas transgenic
mice!® (Jackson Laboratories), Csf1r-deficient mice'? (provided by ER.S.),
PU.1-null ($fpi17-) and PU.1 conditionally deficient (Sfpil floxed) mice®®
(provided by D.G.T.), CreERT2 knock-in mice (TaconicArtemis GmbH)* and
MOZ-deficient mice® were backcrossed to C57BL/6 mice at least five times.
Mouse experiments were performed in a specific pathogen—free environment
at the Japan National Cancer Center animal facility according to institutional
guidelines and with approval of the Japan National Cancer Center Animal
Ethics Committee. PUER cells?® were provided by H. Singh.

N
Generation of acute myeloid leukemia mouse models. MSCV-MOZ-TIF2-
IRES-EGFP, MSCV-N-Myc-IRES-EGFP, MSCV-CSF 1R-pgk-pac and MSCV-
PU.1-pgk-pac constructs were generated by inserting cDNAs encoding
MOZ-TIE2, N-Myc, CSF1R or PU.1 into the appropriate vector. The con-
structs were transfected into Plat-E cells* cells using the FuGENE 6 reagent
(Roche Diagnostics) and supernatants containing retrovirus were collected
48 h after transfection. c-Kit* cells (1 X 107 cells) were selected from bone mar-
row or fetal liver cells using CD117-specific MicroBeads (Miltenyi Biotec); the
cells were then incubated with retroviruses using RetroNectin (Takara Bio) for
24 h in StemPro-34 serum-free medium (Invitrogen) containing cytokines
(20 ng ml~! stem cell factor (PeproTech), 10 ng ml-! interleukin-6 (PeproTech),
10 ng ml~! interleukin-3 (a gift from Kirin Pharmaceuticals)). The infected
cells were then transplanted together with bone marrow cells (2 x 10%) into
lethally irradiated (9 Gy) 6- to 8-week-old C57BL/6 mice by intravenous
injection. Secondary transplants were performed by intravenous injection of
bone marrow cells from primary AML mice into sublethally irradiated (6 Gy)
C57BL/6 mice.

Administration of AP20187, imatinib or Ki20227. AP20187 (a gift from
Ariad Pharmaceuticals; 10 mg per kg body weight) was administered daily by
intravenous injection for 5 d, and then 1 mg per kg body weight AP20187 was
administered every 3 d thereafter as described previously'?. Mice were orally
administered imatinib mesylate (Novartis Pharmaceuticals; 100 mg per kg body
weight), Ki20227 (ref. 13) (a gift from Kirin Pharmaceuticals; 20 mg per kg
body weight) or solvent twice daily from 7 d after transplantation.

Immunofluorescent staining, detection of side population cells, flow cyto-
metric analysis and cell sorting. Bone marrow cells from mice with AML
were preincubated with ratIgG and then incubated on ice with the following
staining reagents: antibody 16 CD115 (AFS98) conjugated to phycoeryth-
rin (PE) (eBioscience), antibody to Mac-1 (M1/70) conjugated to PE-Cy7

_ (eBioscience), antibody to Gr-1(RB6-8C5) conjugated to allophycocyanin

(APC) (BD Pharmingen) and antibody to ¢-Kit (2B8) conjugated to APC
(BD Pharmingen). For the detection of side population cells, bone marrow
cells were stained with 5 pg ml~! Hoechst 33342 in the presence or absence of
50 LM verapamil at 37 °C for 60 min. Flow cytometric analysis and cell sorting
were performed using the JSAN cell sorter Baybioscience) and the results were
analyzed with FlowJo software (Tree Star).

Reporter analysis. CSF1R-luciferase constructs were generated by insertion
of CSFIR promoter constructs, either wild type or lacking the PU.1-binding

site*2, into pGL4.10 (luc2) (Promega). Sa0S2 cells (a gift from T. Taya) were
transfected with CSFIR-luciferase constructs and pGL4.75 (hRL-CMV)
(Promega) together with various expression constructs (pLNCX-AML1
(ref. 18), pLNCX-PU.1 (ref. 33), pLNCX-MOZ'¥, pLNCX-MOZ-TIF2
(ref. 18) and pLNCX-MOZ-CBP'®) in 24-well plates, and luciferase activity was
assayed 24 h after transfection using the microplate luminometer GLOMAX
(Promega). The results shown for the reporter assays represent average values
for relative luciferase activity generated from at least three independent experi-
ments; relative values were obtained by normalizing to the luciferase activity
of phRL-CMYV, which served as an internal control.

Immunoprecipitation and immunoblotting. For Flag tag immunoprecipitation
experiments, cells were lysed in a lysis buffer containing 250 mM NaCl, 20 mM
sodium phosphate (pH 7.0), 30 mM sodium pyrophosphate, 10 mM NaF,
0.1% NP-40, 5 mM dithiothreitol, 1 mM phenylmethanesulfonylfluoride and
Complete protease inhibitor (Roche). Cell lysates were incubated with Flag-
specific antibody—conjugated agarose beads (Sigma) and rotated at 10 r.p.m.
(TAITEC RT-50) at 4 °C overnight:. The adsorbed beads were washed three
times with lysis buffer. Precipitated proteins were eluted from the beads by Flag
peptide and dissolved with the same volume of 2x SDS sample buffer. When
immunoprecipitation was not performed, total protein lysates were prepared
in 2x SDS sample buffer. Antibodies were detected by chemiluminescence with
ECL plus Detection Reagents (Amersham Biosciences). The primary antibodies
used in this study were Flag-specific antibody (M2) (Sigma), hemagglutinin-
specific antibody (3F10) (Roche) and MOZ-specific antibody'®, which was
generated by immunizing rabbit with peptides corresponding residue 441460 of
human MOZ.

GST pull-down assay. The HindIII-Clal fragment corresponding to the
N-terminal region (1-664) of MOZ was cloned into the pSP64polyA
vector. [¥55}-MOZ (1-664) was produced by incubating pSP64polyA-MOZ
with [?55)-methionine using the TNT Coupled Rabbit Reticulocyte Lysate
System (Promega). pGEX-6P-PU.1 and PGEX-6P-AML1 were generated by
subcloning full-length human PU.1 and AML1 cDNAs into pGEX-6P (GE
Healthcare). GST, GST-PU.1 and GST-AML1 were produced in Esclierichin coli
BL21 containing pGEX-6P, pGEX-6P-PU.1 and pGEX-6P-AML], respectively.
The [¥S]-MOZ (1-664) protein was incubated with GST-, GST-PU.1- or
GST-AML1-conjugated glutathione-agarose at 4 °C for 60 min in lysis buffer,
washed three times with lysis buffer, analyzed by SDS-PAGE and detected
by autoradiography.

Statistical analyses. We performed unpaired two-tailed Student’s 1 tests for com-
parisons and a log-rank test for survival data with JMP8 software (SAS Institute).
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