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Figure 2. Canonical and noncanonical pathways of NF-xB signaling are activated in AML1-deficlent cells. (A) Immunofluorescent staining of p65 in c-kit + BM cells
transduced with CreER or mock from AML1 flox/flox (f/f) mice with or without BMS-345541 (1.M). Scale bar represents 10 um. Blue indicates TO-PRO3 (nucleus), and red
indicates p65. The mean intensity of nuclear localized p65 was quantified with Imaged Version 1.410 software.3' (B) Fractionated Western blotting of p65 in c-kit + BM cells of
AML1-deficient (AML1 /f Mx-+), or control (AML1 f/f Mx—) mice. (C) NFKB2 mRNA expression in BM cells transduced with CreER or mock from AML1 f/f mice 48 hours after
4-OHT addition. Error bars show mean = SEM (D) Western blotting of NFKB2 (p100 or p52) in B220 + spleen cells from AML1 ¢KO mice (AML1 f/f Mx+) or control mice (AML1
1/f Mx—) with or without BAFF (200 ng/mL). Protein levels were quantified with ImageJ Version 1.410 software.®'

AMLL1 results in the inhibition of both nuclear translocation of p65
and activation of NF-«B target genes.

Critical role for NF-xB signaling in the myeloid transformation
induced by AML1 mutants

Next, we analyzed the contribution of NF-kB signaling to
AML.1-related myeloid transformation. We found that 3 types of
AML1 mutants, A224fsX228, S291fsX300, and R293X, can
transform bone marrow cells in a serial replating assay (Figure SA
and supplemental Figure 2A). A224fsX228 and S291£sX300

were found in human cases with MDS. Similar types of mutants,
N209fsX233, R290fsX299, and V292fsX300, were found in
cases with de novo AML. R293X was found in both cases with
MDS and de novo AML. These mutants belong to the
C-terminally truncated type.>>*0 Among these mutants, it was
recently reported that S291fsX300 induce AML in a mouse
BMT model, indicating the in vivo transforming activity of this
mutant.'? We first assessed the effect of $291fsX300 overexpres-
sion on NF-kB signaling. Remarkably, in contrast to the wild
type of AMLI1, S291fsX300 did not inhibit p65 nuclear
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Figure 3. AML1 inhibits nuclear translocation and phosphorylation of p65. (A) Nuclear translocation assays of p65 in HEK233T cells transduced with AML1 or mock,
20 minutes after the addition of TNF-a, Scale bar represents 10 pm. Green indicates AML1; blue indicates TO-PRO3 (nucleus); and red indicates p85. (B) Intracellular FACS
analysis of phospho-p65 (Ser 536) in HEK293T cells transduced with AML1 or mock. GFP-positive fractions were gated. Green line shows phosphorylated p65 protein

5 minutes after TNF-a stimulation. MFl indicates mean fluorescence intensity.

translocation induced by TNF-« (Figure 5B-C). As is compat-
ible with these findings, S291fsX300 has lost the ability to
repress kinase activities of IKKa and IKKB (Figure 5D-E). In
addition, neither A224fsX228 nor R293X inhibited p65 nuclear
translocation (Figure 5F-G). In accordance with the inability to
inhibit NF-«B signaling, replating capacity of the bone marrow
cells introduced with these 3 mutants was highly susceptible to
the pharmacologic inhibition of NF-kB signaling by BMS-
345541 (Figure 5H). In-frame mutation in the Runt domain such
as D171IN is another type of AML1 abnormality frequently
found in MDS patients (supplemental Figure 2B).'2 We found
that D17IN also did not inhibit p65 nuclear translocation

(supplemental Figure 2C). Consistently, the inhibitory effect
against IKK activity of D171N was attenuated (supplemental
Figure 2D-E). These results suggest that the loss of inhibition of
NF-«B signaling is a critical mechanism shared by many types
of AML1 mutants in the development of AML.

To seek the NF-«kB inhibitory domain of AMLI, we analyzed
a series of deletion mutants of AMLI1 in nuclear translocation
assays of p65 (supplemental Figure 3A). As shown in supplemen-
tal Figure 3B, AML1 A444, which lacks the domain interacting
with a corepressor TLE, inhibited p65 nuclear translocation,
whereas AML1 A335, AMLI1a, a truncated isoform of AML1, or
AML1 ARunt did not (supplemental Figure 3B). These data
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Figure 4. AML1 physically interacts with IKK complex and inhibits its kinase activity. (A-B) Interaction between AML1 and IKK complex. HEK283T cells were transfected
with plasmids encoding for HA-AML1, FLAG-IKKe (A) and FLAG-IKKB (B), as indicated, and extracts were immunoprecipitated with the antibody against FLAG. Western blots
of the input lysate or immunoprecipitates were analyzed using the indicated antibodies. (C) Endogenous interaction between AML1 and the IKK complex in Jurkat cells. Cell
extract from the Jurkat cells was immunoprecipitated with the antibody against AML1. Western blots of the input lysate orimmunoprecipitates were analyzed using the indicated
antibodies. (D) Interaction between AML1 and the IKK complex in cytoplasmic or nuclear fraction in HEK283T cells. (E) Endogenous interaction between AML1 and the IKK
complex in cytoplasmic or nuclear fraction in Jurkat cells. (F) Endogenous interaction between AML1 and the IKK complex in U837 cells. Cell extract from the U937 cells was
immunoprecipitated with the antibody against AML1. Western blots of the total lysate or immunoprecipitates were analyzed using the indicated antibodies. (G-H) In vitro kinase
assays of IKKa (G) or IKKB (H) in HEK293T cells transduced with AML1 or mock. Kinase activities were detected by autoradiography and quantified with Imaged Version 1.410
software.3! Error bars show mean = SEM, (I) Western blotting of l«Ba degradation in HEK293T cells transduced with AML1 or mock. Protein levels of [xBa were quantified with

ImageJ Version 1.410 software.®! Error bars show mean = SEM.

indicate that C-terminal region with intact Runt domain of
AML1 is required for inhibition of p65 nuclear translocation.
We also assessed the physical interaction between each mutant
of AML1 and IKK and found that all of the employed mutants
retain the ability to interact with IKK«a (supplemental Figure 3C).
In addition, we found that D17IN and S291fsX300 can interact
with IKK« (supplemental Figure 2F). These results indicate that
besides the physical interaction, there exists some additional
mechanism that requires the integrity of AML1 for efficient
inhibition of NF-xB by AML1.

AML1/ETO-positive leukemia is dependent on NF-xB signaling

Formation of chimeric genes because of chromosomal transloca-
tion is a major cause of AML1 dysfunction that leads to human
leukemia. Among them, AMLI/ETO, generated in t(8;21)
leukemia, is one of the most frequent chimeric genes found in
human leukemia. We examined how AMLI1/ETO affects NF-kB
signaling. In contrast to AML1, AMLI/ETO could not block
nuclear translocation of p65 (Figure 6A). As is compatible with
this observation, AML1/ETO has lost the ability to inhibit the
kinase activity of IKKa and IKKR, although it can physically

interacted with IKK« (Figure 6B-C and supplemental 4A). In
addition, mouse bone marrow cells transformed by AML1/ETO
showed enhanced nuclear localization of p65 compared with
those immortalized by MLL/ENL (Figure 6D). In agreement
with these findings, the growth of AML1/ETO-transformed cells
was more susceptible to the NF-«B inhibitor BMS-345541,
compared with MLL/ENL-transformed cells (Figure 6E-F).
These results indicate a critical role of NF-kB signaling in
hematopoietic cell transformation by AML1/ETO.

To evaluate activation of NF-«B signaling by AML1/ETO in
human hematopoietic cells, we first used Kasumi-1 cells, a cell
line derived from AML1/ETO-positive leukemia, and we exam-
ined their susceptibility to NF-«B inhibition. In Kasumi-1 cells,
small amounts of AML1 and AML1/ETO were detected in the
cytoplasmic fraction (supplemental Figure 4B). As shown in
Figure 6G, proliferation of Kasumi-1 cells was more sensitive to
BMS-345541 than that of THP-1 cells, a human leukemia cell
line expressing MLL/AF9. Next, we analyzed in silico the
previously reported gene expression data of human leukemias
by Valk et al.2® As shown in supplemental Figure 4C, NF-xB
signaling was strongly activated in cluster 5, which was defined
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Figure 5. A critical role of NF-«B signaling in the myeloid transformation induced by AML1 mutants. (A) Schematic presentation of structures of the AML1 mutants. Runt
indicates Runt domain, and TAD indicates transactivating domain. (B-C) Nuclear translocation assays of p65 in HEK293T cells transduced with AML1 mutants as indicated,
20 minutes after the addition of TNF-c. AML1 (B) and $291fsX300 (C). Scale bar represents 10 um. (D-E) In vitro kinase assays of IKKa (D) or IKKR (E) in HEK293T cells
transduced with AML1 or 8291fsX300, 20 minutes after the addition of TNF-«. Kinase activities were detected by autoradiography and quantified with ImagedJ Version 1.410
software.3! (F-G) Nuclear translocation assays of p65 in HEK293T cells transduced with AML1 mutants as indicated, 20 minutes after the addition of TNF-o.. A224fsX228 (F)
and R293X (G). Scale bar represents 10 um. (H) Colony counts from the serial replating assays of AML1-mutants-transformed cells with BMS-345541. Error bars show

mean = SEM,

by Valk et al according to gene expression profiles.?® Remark-
ably, NF-«kB signaling was activated in cluster 13, which
contains patients with t(8;21), compared with any other clusters
except cluster 5 (Figure 6H and supplemental Figure 4D). These
results again indicate that NF-«B signaling is activated in
AMLI1/ETO-positive leukemia and suggest that deregulated
NF-«B signaling plays a significant role in AML1/ETO-induced
transformation of hematopoietic cells.

Bortezomib ameliorates AML1-related leukemia in vivo

To assess the consequence of NF-kB inhibition on AMLI-
related leukemia in vivo, we used a mouse BMT model of AML1
S291£sX300.'* We isolated spleen cells from leukemic mice that
express AML1 S291fsX300 and transplanted them into sub-
lethally irradiated (7.5 Gy) C57/B6 mice. These mice were
treated with twice weekly injections of vehicle or bortezomib, a
proteasome inhibitor that broadly inhibits NF-«B signaling
(Figure 7A). As shown in Figure 7B, bortezomib significantly
prolonged survival of the recipient mice compared with the
vehicle-treated mice. Given that NF-xB signaling is not acti-
vated in MLL leukemia (Figure 6D-G), we used another
leukemia mouse model generated by MLL/ENL as a control that
is independent of NF-«B signaling. In contrast to the case with
AML1 S291£sX300, bortezomib could not prolong survival of
MLL/ENL leukemia mice (Figure 7C).

Next, we examined whether bortezomib can suppress AML1/
ETO-induced leukemia in vivo. Because retroviral transduction
of AML1/ETO alone cannot induce leukemia in mice,*' we used
an orthotopic cell line model of luciferase-positive SKNO-1
cells, a human AML cell line that expresses AMLI1/ETO
(Figure 7D).3®* We transplanted SKNO-1 cells into sublethally
irradiated NOG mice via tail vein and treated these mice with
vehicle or bortezomib. Tumor burden was quantified using in
vivo bioluminescence imaging. Mice were intraperitoneally
injected with 150 mg/kg luciferin and imaged them with an IVIS
imaging system 10 minutes after injection. Total body biolumi-

nescence was determined by in vivo bioluminescence imaging
(IVIS Lumina2; Caliper Life Sciences) and quantitated using
Living Image 2.60 software. In accordance with our results in
vitro and in silico (Figure 6E-H), bortezomib significantly
inhibited the growth of SKNO-1 cells in vivo (Figure 7E-F).
Although bortezomib may have effects besides the NF-«xB
signaling inhibition, these results indicate that NF-«B signaling
plays a critical role in the pathogenesis of myeloid tumors with
deregulated AML1 function in vivo.

Discussion

In this study, we found that targeted disruption, as well as
leukemia-related gene alteration, of AMLI results in the aberrant
activation of NF-«B signaling. To detect immediate targets of
AML1, we analyzed the gene expression profiles of LSK cells just
after the synchronous inactivation of AML1 using the CreER
system, and we captured the immediate alteration of target gene
expression that is sometimes hidden by cell population shift or
secondary changes in cellular signaling. Although changes in the
expression of individual target genes were relatively subtle, we
successfully identified NF-«B signaling to be a target subject to
immediate regulation of AML1. The in vitro synchronous inactiva-
tion system may provide us with a useful tool that can find
unidentified target signaling of transcription factors. Furthermore,
by determining expression of several genes related to NF-kB
signaling, we can select patients who are candidates for NF-kB—
targeted therapy. This strategy should be effective especially when
genetic mutations are unknown. Previously, Valk et al made
unsupervised cluster analyses and identified 16 clusters of patients
with AML on the basis of gene expression profiles.?® We reanalyzed
their gene expression data in silico and found that NF-«B signaling
is highly activated in a cluster previously identified as “cluster 5.”
Valk et al found that cluster 5 was associated with poorer prognoses
but that specific genetic changes have not been identified in this



From bloodjournal.hematologylibrary.org at University of Tokyo on May 16, 2012. For personal use only.

6634 NAKAGAWAet al

Figure 6. AML1/ETO-induced leukemic cells depend
on NF-«B signaling. (A) Nuclear translocation assays of
p65 in HEK293T cells transduced with AML1 (left) or
AML1/ETO (right), 20 minutes after the addition of TNF-a.
Scale bar represents 10 um. (B-C) In vitro kinase assays
of IKKa (B) or IKKB (C) in HEK293T cells transduced with
AML1 or AML1/ETO, 20 minutes after the addition of
TNF-a. (D) Immunofluorescent staining of p65 in the
BM cells transformed with AML1/ETO (top) or MLL/ENL
(bottom). Scale bar represents 10 um. Blue indicates
TO-PRO3 (nucleus), and red indicates p65. The mean
intensity of nuclear localized p65 was quantified with
imagedJ Version 1.410 software.®! (E) Comparison of
sensitivities between AML1/ETO-transformed cells with
MLL/ENL-transformed cells in liquid culture. (F) Colony
counts from the serial replating assay of AML1/ETO- or
MLL/ENL-transformed cells with BMS-345541. Error bars
show mean = SEM (G) Comparison of sensitivities be-
tween Kasumi-1 cells (AML1/ETO) with THP-1 cells D
(MLL/AF9) in liquid culture. (H) Enrichment of NF-xB
target genes in t(8;21) leukemia cluster (c13) compared

with other clusters (except c5).28
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cluster.?® In addition to t(8;21)-positive leukemia, the clinical
activity of NF-«B inhibitors in AML cases belonging to this cluster
warrants further investigation.

Although AMLI mutations that lead to functional impairment
have been frequently discovered in AML and MDS, it remains very
difficult to develop a molecularly targeted therapy against deregu-
lated AMLI1 function, as is often the case with leukemia-related
transcription factors. We discovered that NF-«B signaling is
distinctly activated as a consequence of AMLI mutation found in
human leukemia. In the current study, bortezomib, a clinically
available drug that can inhibit NF-«B signaling, has shown a
significant activity against AML1-related leukemia. A wide variety
of small molecules that inhibit NF-«kB signaling are now being

developed and can become attractive candidates for targeted
therapy of AML1-related leukemia in the future.

Although the amount of AML1 in the cytoplasm is lower than
that in the nucleus, we show that the physical interaction
between AML1 and IKK complex mainly occurs in the cyto-
plasm. In addition, the finding that AML1 inhibits the nuclear
translocation of p65 that is tightly regulated by the cytoplasmic
IKK complex supports the cytoplasmic function of AMLI.
Although nuclear exporting signal was not reported in AMLI,
IKK may export AML1 to the cytoplasmic fraction. We
identified both AML1 and AML1/ETO protein in the cytoplas-
mic fraction of Kasumi-1 cells in supplemental Figure 4B. The
amounts of AML1 and AML1/ETO protein in the cytoplasm are
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Figure 7. Bortezomlb Inhibits the proliferation of leukemic cells with AML1 $291fsX300 or AML1/ETO in vivo. (A) Schematic representation of the following
experiments. Spleen cells isolated from S291fsX300-expressing leukemia mice were transplanted into sublethally irradiated (7.5 Gy) recipient mice. These mice were treated
with twice weekly injections of vehicle or bortezomib, (B) Survival curves of mice transplanted with $291{sX300-induced leukemic cells treated with vehicle or bortezomib. Each
group contains 12 mice. (C) Survival curves of mice transplanted with MLL/ENL-induced leukemic cells treated with vehicle or bortezomib. Each group contains 12 mice. The
overall survival of mice in BM transplantation assays was analyzed by log-rank (Mantel-Cox) test. (D) Schematic representation of the following experiments. Luciferase
positive SKNO-1 cells were injected into sublethally irradiated (2.0 Gy) NOG mice via tail vein, and these mice were treated with twice weekly injections of vehicle or
bortezomib. (E-F) Tumor burden was quantified using in vivo bioluminescence imaging. Each group contains 3 mice.

fairly small. One possibility is that these proteins translocate
between the cytoplasm and the nucleus in a context dependent
manner. Another possibility is that AML1/ETO sequesters some
components necessary for AML1 to inhibit IKK complex. A
function of transcription factors that is exerted in the cytoplasm
is well documented in p53.#? Besides acting in the nucleus as a
transcription factor to regulate expression of genes involved in
apoptosis and cell cycle regulation, p53 triggers apoptosis and
inhibits autophagy in the cytoplasm through a variety of
processes, including induction of mitochondrial outer mem-
brane permeabilization, direct regulation BAX activity, inhibi-
tion of AMP-dependent kinase, and activation of mammalian
target of rapamycin. Revealing cytoplasmic functions of tran-
scription factors will provide a new perspective for the therapy
against malignancy with deregulated transcription factors.

Our data, however, do not deny the contribution of the
transcriptional function of AMLI1 in inhibiting NF-«B signaling.
It may be possible that AML1 attenuates NF-«B signaling
transcriptionally and via the inducible IKK complex like
Notch1.20

AML1 mutants including AML1/ETO tested in our study fail
to inhibit kinase activity of IKKs, although they can physically
interact with IKK complex. Therefore, it is likely that additional
mechanism exists for wild-type AML1 to repress IKK activity
after binding to IKK complex, which should be inactivated in
AML1 mutants. One possible mechanism is that AML1 disturbs
the formation of IKK complex. Another possibility is that AML1
blocks the interaction between IKK complex with upstream
kinase or downstream substrates, such as IkBa or p65. Impor-
tantly, critical for the repression of IKK is C-terminal region, a
region that may directly inhibit the IKK complex or to which
some cofactor may bind. D17IN cannot repress IKK activity,
although it possesses the intact C-terminal region, and a
conformational change caused by the point mutation may impair
the inhibitory effect against IKK. Because AML1 mutants in this
study can bind to IKK complex but do not attenuate IKK activity,

it is assumed that they exert a dominant-negative effect against
wild-type AMLI.

In normal hematopoiesis, AML1 suppresses NF-«B signaling
and thus may contribute to inhibition of excessive proliferation of
hematopoietic cells. Aberrant activation of NF-kB signaling may
cause expansion of HSCs in AML1 cKO mice. Although it is
reported that neither p65 nor a constitutively active form of IKK
increases the number of human cord blood cells when transduced in
vitro, intact AML1 may inhibit the NF-«B signaling in these cells.*?
It also is reported that NF-«xB signaling is more activated in
leukemic stem cells than normal HSCs.* In leukemic cells, the
NF-«B inhibitory mechanism including AML1 may be disrupted.
Once genetic mutation of AMLI occurs in hematopoietic cells,
aberrant activation of NF-xB signaling exerts antiapoptotic and
proliferation-promoting effects via activation of BCL-XL or JUNB.
Proliferative advantage conferred by activated NF-kB signaling
may contribute to the clonal evolution of AML1-mutated cells that
leads to leukemic transformation. Conversely, it is known that
activation of NF-«B signaling causes myeloproliferative disease
via the stroma-mediated signaling.*> Thus, germ line mutation of
AMLI that occurs in familial platelet disorder patients may
contribute to leukemogenesis in those patients not only via a
hematopoietic cell-autonomous function but also via niche-derived
signaling.”

Both of AML1 and NF-«B play important roles in lymphocyte
differentiation.'*6 Well documented is the pathogenetic signifi-
cance of NF-«kB signaling in autoimmune diseases, especially
theumatoid arthritis (RA).*’ Disease-associated single-nucleotide
polymorphisms in autoimmune diseases are found in AMLI
binding sites of several gene promoters: SLC9A3R1 and NAT9 in
psoriasis; SLC22A4 in RA; and PDCD1 in systemic lupus erythem-
atosus.*8-30 A single-nucleotide polymorphism in AML1 per se also
is associated with RA#* Along with this study, AML1 may
contribute to the pathogenesis of autoimmune diseases through the
cytoplasmic function to modulate NF-«B activity as well as the
nuclear function as a transcription factor.
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In summary, our experiments identified direct regulation of
NF-«B signaling by AML1. AML1 negatively regulates NF-xB
signaling by inhibiting kinase activity of IKK. Furthermore,
mutated forms of AML1 found in MDS or AML fail to inhibit
NF-«B signaling. NF-kB signaling can be a promising molecu-
lar target for the treatment of AML1-related hematologic
malignancies.
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MYELOID NEOPLASIA

Loss of AML1/Runx1 accelerates the development of MLL-ENL leukemia
through down-regulation of p19ARF

*Nahoko Nishimoto,' *Shunya Arai,! Motoshi Ichikawa,! Masahiro Nakagawa,! Susumu Goyama,! Keiki Kumano,'
Tsuyoshi Takahashi,! Yasuhiko Kamikubo,! Yoichi Imai,! and Mineo Kurokawa!

Department of Hematology and Oncology, Graduate School of Medicine, University of Tokyo, Tokyo, Japan

Dysfunction of AML1/Runx1, a transcrip-
tion factor, plays a crucial role in the
development of many types of leukemia.
Additional events are often required for
AML1 dysfunction to induce full-blown
leukemia; however, a mechanistic basis
of their cooperation is still elusive. Here,
we investigated the effect of AML1 defi-
ciency on the development of MLL-ENL
leukemia in mice. Ami1 excised bone

marrow cells lead to MLL-ENL leukemia
with shorter duration than Aml/7 intact
cells in vivo. Although the number of
MLL-ENL leukemia-initiating cells is not
affected by loss of AML1, the proliferation
of leukemic cells is enhanced in Am/1-
excised MLL-ENL leukemic mice. We
found that the enhanced proliferation is
the result of repression of p19ARF that is
directly regulated by AML1 in MLL-ENL

leukemic cells. We also found that down-
regulation of p19ARF induces the acceler-
ated onset of MLL-ENL leukemia, suggest-
ing that p19ARF is a major target of AML1
in MLL-ENL leukemia. These resuits pro-
vide a new insight into a role for AML1 in
the progression of leukemia. (Blood. 2011;
118(9):2541-2550)

Introduction

AML1, also called RUNX1, CBFA2, or PEBP2aB, was found at the
breakpoint on chromosome 21 from acute myeloid lenkemia (AML)
patients with t(8;21)(q22;q22).! AMLL1 is a transcription factor that
belongs to RUNX family proteins. It heterodimerizes with CBFf3 and
binds to the specific DNA sequence (TGT/CGGT), called the PEBP2
binding site.2* AML1 regulates transcription of various genes related to
normal hematopoiesis, and targeted disruption of AML1 in mice
revealed that it is essential for definitive hematopoiesis during embryo-
genesis.3 Conventional knockout mice are embryonic lethal because of
hemorrhage in the central nervous system. We generated conditional
knockout mice of AML.1 to study a role of AMIL1 in adult hematopoiesis
after birth.% These mice showed thrombocytopenia because of matura-
tion block of megakaryocytes, perturbed lymphocyte development, and
increase in the number of hematopoietic stem/progenitor cells.

The disruption of AML1 functions is highly related to occurrence of
myeloid malignancies through chromosomal translocation or point
mutation.”? Although introduction of AMLI-ETO, the fusion protein
generated in AML with t(8;21) chromosomal translocation, into mouse
bone marrow (BM) cells leads to proliferation of myeloid cells, it is not
sufficient to induce leukemia without providing alkylating agents for the
mice.'®'4 AML1-ETO acts as a dominant negative effector for wild-type
AML1, and it is supposed that function of AML1 is lost in AML1-ETO~
expressing cells. These results suggest that the other genetic change in
addition to the loss of AML1 function is necessary for the development
of full-blown leukemia. In mice, ¢-Kit and FLT3-ITD mutations are
reported to collaborate with gene alteration of AML1 in leukemogen-
esis.!516 Furthermore, positive correlation between ¢-Kit mutations and
AMLI1-ETO is reported in human cases.'”'¥ However, precise molecu-
lar mechanisms that underlie the development of AML1-related leuke-
mia are still to be elucidated.

We previously demonstrated that hematopoietic stem/progenitor
cells are expanded in Aml]-deficient mice.!” Expansion of the
hematopoietic stem/progenitor cells is also observed in the
mouse models of AML with t(8;21), in which the chimeric
protein AML1-ETO suppresses the normal function of AMLI1.
Expansion of the hematopoietic stem/progenitor cells is sup-
posed to predispose the animals to full-blown leukemia when
additional mutations occur in the proliferating cells.

Mixed lineage leukemia (MLL) is located on band q23 of the
chromosome 11 and is frequently translocated in human leukemias. In
addition to formation of fusion genes with > 50 partners, partial tandem
duplication of MLL (MLL-PTD) is also found in human leukemias.
Interestingly, in human leukemias without 1123 chromosomal translo-
cation, point mutations of AMLI and MLL-PTD are frequently observed
in the same patients.!” This prompted us to speculate that AML1 loss
and MLL mutations may cooperate in the development of human
leukemia. To test this, we evaluated the effect of AMLI1 loss on
MLL-related leukemia using a mouse model and found that loss of
AML1 significantly accelerated the development of MLIL-leukemia. We
also found that p19°%F, a known target of AML1 and AMLI-ETO,?
plays a critical role in the leukemia acceleration caused by AMLL1 loss.
These findings provide a novel mechanistic basis of cooperation
between impaired AML1 function and other leukemia-related gene
alteration.

Methods

Mouse strains

Aml]8ov/iox Mx_Cre (+) mice and Aml]fox/flox Mx.Cre (—) mice were
previously described. To induce Amll deletion in vivo, mice were
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intraperitoneally injected with 250 pg of polyinosinic-polycytidylic
acid (pIpC; Sigma-Aldrich) 3 times every other day and were used for
the experiments after 4 to 8 weeks.5 The genotypes of the loxP-flanked
Amll (AmlIf) and excised Amill (Amil%) loci were analyzed, using
primers as described previously.® Eight- to 10-week-old female C57BL/6J
mice were used as recipients in transplantation. Mice were kept at the
Center for Disease Biology and Integrative Medicine, University of
Tokyo, according to institutional guidelines. All animal experiments
were approved by the University of Tokyo Institutional Animal Care and
Use Committee.

Retrovirus infection

The cDNA of MLL-ENL (generous gift from Toshio Kitamura) was
subcloned into the EcoRI site of pMSCV-neo (Clontech).?! To produce
MLL-ENL~expressing retrovirus, Plat-E packaging cells (generous gift
from Toshio Kitamura) or Ecopack2-293 cells (Clontech) were tran-
siently transfected with retroviral constructs, as described previ-
ously.?>?? To produce green fluorescent protein (GFP)- or AML1-GFP—
expressing retrovirus, we used cMP34 packaging cells.?* Two retrovirus
vectors expressing small hairpin RNAs were constructed for p19ARF,25
After transfection, puromycin-resistant cells were selected in medium
(RPMI with 20% FCS, 10 ng/mL IL-3) containing 2 pg/mL puromycin
for 3 days.

Colony replating assay

The cells infected with retrovirus were washed by PBS and resuspended
in IMDM (with 2% FCS), and 1 X 103 cells were plated in the 35-mm
plate with Methocult M3434 (StemCell Technologies) containing
10 ng/mL of murine GM-CSF and 0.8 mg/mL of G418. After 7 days, the
cells were collected and washed by PBS twice. A total of 1 X 104 cells
were plated in the same semisolid culture medium without G418.
Colony counting and replating were performed every 7 days.

Transplantation assay

A total of 1 X 108 of cells infected with retrovirus were injected into
sublethally irradiated (x-ray, 7.5 Gy) recipient mice via the tail vein.
To transplant leukemic cells into recipient mice, mononuclear cells
isolated from the spleen of leukemic mice were infected with retrovirus
and injected into sublethally irradiated (7.5 Gy) recipient mice via the
tail vein.

In vitro liquid culture

Leukemic or immortalized cells were cultured in RPMI medium containing
20% FCS and 10 ng/mL of IL-3. In apoptotic cell analyses, liquid culture
medium without IL-3 was also used.

Quantitative real-time PCR

Quantitative real-time PCR was performed as described previously.26
mRNA expression levels of all genes, relative to those of normal BM
mononuclear cells, were normalized to Gapdh. The primers used are as
follows: Amll: TagMan Gene Expression Assay (Applied Biosystems;
Assay ID Mm00486762_ml); Gapdh: forward, TGGTGAAGCAG-
GCATCTGAG; reverse, TGCTGTTGAAGTCGCAGGAG; pI9*RF: for-
ward, CATGTTGTTGAGGCTAGAGAGG; reverse, TCGAATCTGCAC-
CGTAGTTG; p21€PI: forward, CTGTTCCGCACAGGAGCAA; reverse,
ACGGCGCAACTGCTCACT/TagMan probe TGTGCCGTTGTCTCT-
TCGGTCCC (Applied Biosystems); p53: forward, CACAGCGTGGTG-
GTACCTTATG; reverse, TTCCAGTGTGATGATGGTAAGGA/
TagMan probe CCACCCGAGGCCGGCTCTG (Applied Biosystems);
p27KIPL: forward, GGCCCGGTCAATCATGAA; reverse, TTGCGCT-
GACTCGCTTCTTC; p15"WK45; forward, TCAGAGACCAGGCTGTAG-
CAA; reverse, CCCCGGTCTG,; Bax: forward, AAAATGGCCAGTGAA-
GAGCA; reverse, GTGAGCGGCTGCTTGTCT/TagMan probe (Roche
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Universal Probe Library #83); pl6™k#: forward, CCCAACGC-
CCCGAACT; reverse, GTGAACGTTGCCCATCATCA; PU.I: for-
ward, GGAGAAGCTGATGGCTTGG; reverse, CAGGCGAATCTTT-
TTCTTGC TagMan probe (Roche Universal Probe Library #94); Bmil:
forward, AAACCAGACCACTCCTGAACA; reverse, TCTTCTTC-
TCTTCATCTCATTTTTGA/TagMan probe (Roche Universal Probe
Library #20); Hoxa5: forward, GCAAGCTGCACATTAGTCAC; re-
verse, GCATGAGCTATTTCGATCCT; Hoxa7: forward, CTCTTTCTTC-
CACTTCATGCGCCGA; reverse, TGCGCCTCCTACGACCAAAA-
CATC; Hoxa9: forward, TCCCTGACTGACTATGCTTGTG,; reverse,
GTTGGCAGCCGGGTTATT/TagMan probe (Roche Universal Probe
Library #25); Hoxal0: forward, GGAAGGAGCGAGTCCTAGA; re-
verse, TTCACTTGTCTGTCCGTGAG; Meisl: forward, TTGTAATG-
GACGGTCAGCAG; reverse, GCTACATACTCCCCTGGCATA/Tag-
Man probe (Roche Universal Probe Library #105); Gapdh promoter:
forward, CACAAACAGGACCCAACATT; reverse, ATGAAGTGTC-
CCTCCTTGTC; pI94RF AMLI1 binding site (distal): forward, AGTTA-
ACCGGAGCGAAAGCC; reverse, CACCCATCGCGGTGACAG;
pl9*FF AML1 binding site (proximal): forward, GGATTACAACTTA-
CACCTGCGGTC; reverse, CCACAGATTCTATTTTTCACGCAC.

Flow cytometric analysis

Cells were sorted with FACSAria, and analysis was performed on an LSRII (BD
Biosciences). To analyze the cell surface antigen, anti~Mac-1 (phycoerythrin-
conjugated), Gr-1 (allophycocyanin), CD117 (allophycocyanin), and Sca-1
(phycoerythrin; BD Biosciences) were used. To analyze the cell-cycle status,
cells were stained with propidium iodide (BD Biosciences) at room temperature
for 30 minutes. Apoptosis was assayed by annexin V and propidium iodide
staining. To analyze the intracellular protein levels, cells were fixed and
permeabilized with fixation/permeabilization solution (BD Cytofix/Cytoperm
Fixation/Permeabilization kit) following the manufacturer’s protocol, before
incubation with antibodies. Fixed cells were incubated with either anti-p53
(1C12) mouse monoclonal antibody (AlexaFluor-647—conjugated) or mouse
(MOPC-21) monoclonal antibody IgGl isotype control (AlexaFluor-647—
conjugated; Cell Signaling Technology) at room temperature for 60 minutes. The
geometric mean fluorescence intensity was calculated by the subtraction of that
of the cells stained with isotype control IgG1 from that of the cells stained with
anti-p53 antibodies.

ChIP assay

ChIP assays were performed as described earlier,”” with minor modifica-
tions. A total of 1X 107 of splenocytes from leukemic mice were
crosslinked with 1% formaldehyde. Subsequently, chromatin was frag-
mented by sonication to obtain an average fragment length of 200-900 bp
(Bronson Sonifier 250). After the chromatin fraction was incubated with
normal rabbit IgG (Abcam) or polyclonal rabbit AML1/Runx1 antibody
(Active Motif), immune complexes were bound to Dynabeads protein G
(Invitrogen). Eluted DNA samples were then analyzed by quantitative
real-time PCR using specific primer pairs listed in the primers for
quantitative real-time PCR. PCR results were calculated validly using the
AAC, method.

Luciferase reporter assay

The mouse pI9**F promoter region was obtained by PCR with the following
primers: forward, GCCGGTACCGTACCGCTAAGGGTTCAAAACGCCC; re-
verse, GCGAGATCTCTCACAGTGACCAAGAACCTGCGAC. This frag-
ment was subcloned into luciferase reporter vector, pGLA.10. Mutations of the
PEBP?2 sites in the pI9*RF promoter construct were introduced by QuickChange
site-directed mutagenesis kit (Stratagene) using the following primers; forward,
CCGCGGCGCTGGCTGTCAAAAAAATGGGTGGCGAGCGAAGC; re-
verse, GCTTCGCTCGCCACCCATTTTTITGACAGCCAGCGCCGCGG. For
reporter assays, COS-7 cells were seeded in 12-well culture plates at a density of
1 X 105 cells per well. At 6 hours after seeding, the cells were transfected with
200 ng of each luciferase reporter construct, together with 200 ng of each
appropriate expression plasmid (eg, pME18S vector [Mock], pME18S-AML1)
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using FuGENE 6 (Roche Diagnostics). The cells were harvested 40 hours after
transfection, and luciferase activities were analyzed. CMV [3-gal expression
vector was also cotransfected for normalization of transfection efficiency. Results
are expressed as fold activation with SD.

Statistical analysis

To compare data between groups, unpaired Student ¢ test was used when
equal variance was met by the F test. When unequal variances were
detected, the Welch ¢ test was used. Differences were considered statisti-
cally significant at a P value < .05. Statistical analyses were performed
using the statistical software package R Version 2.13.0.

Results

Proliferation of MLL-ENL-~transduced hematopoietic
precursors is enhanced on AML1 deletion

To examine the effect of AML1 deletion on proliferation of MLL
leukemic cells, we retrovirally transduced BM progenitors from
Aml]8oviox; Mx-Cre(—; AmlIPt) or AmlIfoxfox; Mx-Cre (+) mice that
had been injected with pIpC (AmiI¥%), with MLL-ENL vector
(Figure 1A). As shown in the previous study, MLL-ENL-infected BM
progenitors were immortalized and proliferated in the methylcellulose
culture.?! Cre-mediated recombination was confirmed by genomic PCR
in the BM cells harvested from the pIpC-treated Armlfovfiex; Mx-Cre
(+) mice (Figure 1B). The absence of AML1 mRNA was additionally
confirmed by quantitative reverse-transcribed PCR of Amll-excised
immortalized cells (Figure 1C). We transferred these immortalized cells
into liquid cultures in the presence of IL-3. Although growth of the cells
differed immediately after the initiation of liquid cultures, each type of
cells showed exponential growth after several days (Figure 1D-E). After
day 9, Amll-excised immortalized cells proliferated significantly faster
than the Amll intact controls (P <.001, Figure 1E). These results
indicate that the proliferation of MLL-ENL-transformed cells is en-
hanced in the absence of AML1. AmlI-excised transformed cells were
Gr-1*, Mac-1*, Scal™, and c-Kit°*~, which was not significantly
different from control cells (Figure 1F). Morphologic changes were
neither observed (data not shown).

Loss of AML1 accelerates leukemia onset in MLL-ENL mice

Our in vitro studies showed that loss of AML1 enhances the prolifera-
tion of MLL-ENL~transformed cells. These results suggest that loss of
AML1 accelerates the onset of MLL-ENL leukemia. To test this, we
retrovirally transduced MLL-ENL into Amll-intact or -excised BM
progenitors. Those cells were transplanted into sublethally irradiated
recipient mice (Figure 2A). Mice transplanted with control MLL-ENL
cells died of leukemia within 90 days, as is consistent with the previous
report (Figure 2B).%* Remarkably, leukemia onset was significantly
earlier in mice transplanted with AmlI-excised MLL-ENL cells (AmiI/%;
49.5 = 6 days vs AmlI™; 75 = 9 days, P < .01). Immunophenotyping
of leukemic cells revealed infiltration of Mac-1"/Sca-1~ cells, and
Wright-Giemsa-stained peripheral blood smears showed immature
blasts in both types of leukemia (Figure 2C; and data not shown).
Surface marker expression, including c-Kit, Sca-1, Mac-1, and Gr-1,
was not significantly changed regardless of Ami status (Figure 2C).

Induction of MLL-ENL leukemia after conditional
deletion of AML1

A previous study shows that MLL-ENL leukemia can arise from
hematopoietic stem cells (HSCs), common myeloid progenitors (CMPs),
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and granulocyte-macrophage progenitors (GMPs), whereas trans-
formation efficiency is higher in HSCs than in CMPs and
GMPs.?8 In our previous experiment of MLL-ENL leukemia, we
retrovirally introduced MLL-ENL into Aml]-excised BM cells.
On the other hand, we have already reported that the number of
HSCs is increased in Amll-excised mice.!® Because HSCs are
increased in the Amll-excised BM, there is one possibility that
earlier onset of MLL-ENL leukemia from Amll-excised BM
cells is just the result of an increased number of MLL-ENL~
transduced HSCs in the Amil-excised BM. To explore this
possibility, we transduced MLL-ENL into the BM cells from
Aml]foxflox: Mx_Cre (—) or Aml]foxflox; Mx-Cre (+) before
injection of pIpC. We transplanted those cells into sublethally
irradiated recipient mice and injected pIpC one month after
transplantation to delete Amll in Aml1fox/flox; Mx-Cre (+) cells
(Figure 3A). We found that the onset of leukemia from
Amlil-excised cells (AmlI2/A) was earlier than that of control
cells (AmlI™; Figure 3B), indicating that loss of AML1 acceler-
ates the development of leukemia even after introduction of
MLL-ENL. These results suggest that the earlier onset of
MLL-ENL leukemia from Amll-excised hematopoietic progeni-
tors is not simply the result of an increase in immature cells that
can be efficiently transformed by MLL-ENL but potentially
caused by an enhanced leukemogenic potential of MLL-ENL~
transduced cells.

AML1 deletion in MLL-ENL mice does not increase
leukemia-initiating cells

Next, we performed limiting dilution analysis to estimate the
frequency of leukemia-initiating cells (L.ICs) of MLL-ENL
leukemia in these murine models. Twenty to 500 000 MLL-
ENL leukemic cells harvested from recipient mice were
transplanted into sublethally irradiated secondary recipient
mice (Figure 2A). As shown in Table 1, 500 leukemic cells
were sufficient to induce leukemia in all secondary recipient
mice, regardless of the status of Amll. Moreover, the
incidence of leukemia in the recipient mice injected with
20 Amll-excised leukemic cells was not significantly changed.
These results indicate that the frequency of LICs is not altered
in Amll-excised MLL-ENL leukemic cells and that the early
onset of MLL-ENL leukemia is not the result of an increased
number of LICs.

Decreased expression of cell cycle- and apoptosis-related
genes in Aml/1-excised leukemic cells

Given that the number of LICs is not significantly altered in Amll-
excised MLL-ENL leukemic cells, we evaluated the correlation be-
tween Amll status and proliferative potentials of MLL-ENL leukemic
cells. As shown in Figure 4A, the growth rate of Amil-excised
MLL-ENL cells obtained from the leukemic mice culture was
enhanced in liquid compared with that of Amll-intact MLL-
ENL cells, as is consistent with the proliferation of the in vitro
transformed cells (Figure 1E). To explore the mechanism of the
growth advantage of MLL-ENL leukemic cells in the absence of
AML1, we analyzed cell-cycle status and apoptotic rate of
Amll-excised MLL-ENL leukemic cells. Cell-cycle analyses
revealed a significant increase of S/G,/M phase cells in Amli-
excised MLL-ENL leukemic cells (Figure 4B-C). Moreover, the
rate of annexin V-positive apoptotic cells was reduced in
Amll-excised MLL-ENL leukemic cells in liquid culture with
and without IL-3 (Figure 4D). These results suggest that
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Figure 1. Proliferation of Ami1-excised immortalized BM cells Is enhanced in vitro. (A) MLL-ENL was retrovirally transduced into Am/1 intact (Ami1 ) and excised
(Ami1 42} BM cells, and replating assay was performed using these cells. (B) Genotyping of Am/1 floxed and A alleles by PCR from Ami1 # and Ami1 #/* immortalized cells.
Each lane indicates the PCR products of an independent case. (C) mRNA [evels of Aml1in Ami1 ! and Ami1 44 immortalized cells were measured. *P < .05, (D) Growth of
Ami1™(n = 5; &) or Ami1 ¥4 (n = 5; () immortalized cells in liquid medium. Data are on a semilogarithmic plot of cell counts versus time. (E) Growth of the immortalized cells
as in Figure 1D after day 9. Cell counts at day 14 relative to those at day 9 are shown as mean = SD on a linear plot (n = 5 from each group). Day 14 proliferation was
significantly different between groups (f test, P <.001). (F) Flow cytometric analyses of the colony-forming cells after 3 rounds of replating. (Top) Representative
fluorescence-activated cell sorter plots. (Bottom) Percentages of cells expressing indicated surface markers in each group (mean + SD).

growth advantage of Amll-excised MLL-ENL leukemic cells
depends on both acceleration of cell-cycle progression and
inhibition of apoptosis. Consistently, expression of cell cycle—
regulating genes, such as pI94FF and p21¢P7, decreased in
Amll-excised leukemic cells (Figure 5A). Expression of apopto-
sis-related genes, such as p53 and Bax, also decreased in those
cells (Figure 5A). On flow cytometric analysis, we observed that
Amll-excised leukemic cells expressed lesser amount of p53
protein (Figure 5B). The geometric mean fluorescence intensity

and SD of p53-AlexaFluor-647 was 9.7 + 1.3 for AmlI-excised
cells and 14.2 = 2.0 for controls (P = .030). In contrast,
expression of Meisl and Hoxa (Hoxa5, Hoxa7, Hoxa9, and
Hoxal0), which are direct target genes of MLL-ENL,?® was not
changed in Amll-excised MLL-ENL cells compared with con-
trols (Figure 5C).

It was reported that loss of AMIL1 in mouse BM cells induces
the enhanced expression of the Polycomb gene Bmi-I and an
increase in the stem/progenitor cells because of suppression of
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apoptosis.?0 Bmi-1, which is highly expressed in HSCs, criti-
cally suppresses the expression of pI94fF and pl6™ in the
regulation of hematopoietic cell proliferation.3' Therefore, down-
regulation of pI94FF may be a consequence of Bmi-1 up-
regulation by loss of AML1. To explore this possibility, we
determined the expression of Bmi-I in Amll-excised MLL-ENL—~
transduced cells and found that there was no significant change
in Bmi-1 expression, suggesting that p]94kF down-regulation is
independent of Bmi-1. Consistently, the expression of p167#4s,
another target gene of Bmi-1, is also unaffected by loss of
AMLI1 (Figure 5D).
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Transcriptional regulation of p79ARF by AML1 in MLL-ENL
leukemic cells

It has been reported that overexpression of AML1 up-regulates the
expression of PI4ARF (human homolog of murine pI9**F), whereas
AMLI1-ETO, a chimeric protein that exerts a dominant-negative
effect over normal AML1, down-regulates its expression by
directly binding to the promoter.2® Because p194RF affects cell
cycle and apoptosis by regulating p53, Bax, and p21°P!, we
hypothesized that p19ARF is a critical effector in the AMLI-
mediated regulation of MLL-ENL leukemia. To test this, we
expressed AML1 in AmlI-excised MLL-ENL leukemic cells and
evaluated whether pl94fF is expressed in an AMLI1 dose-
dependent manner. We collected MLL-ENL leukemic cells and
transduced them with AML1. Forty-eight hours after transduc-
tion, we assessed the expression of pI94RF in these cells by
real-time reverse-transcribed PCR. As shown in Figure 6A,
overexpression of AML1 enhanced pl94RF expression in Amil
intact MLL-ENL~transformed cells. Expression of pl94%F in
Amll-excised MLL-ENL cells is decreased compared with
controls, and this reduction was rescued by restoration of AML1
to the level observed in Amil intact cells transduced with GFP
(Figure 6A). p19ARF expression levels in this setting were higher
than the results of primary leukemic cells (Figure 5A), probably
because of additional retroviral transduction and in vitro culture.
These results are consistent with the hypothesis that AML1
up-regulates the expression of pI9ARF also in MLL-ENL
leukemia.

To determine a role of p19ARF in MLL-ENL leukemia in vivo, we
tested whether down-regulation of p19A%F can accelerate the onset of
MLL-ENL leukemia. We used short hairpin RNA (shRNA) to knock
down the expression of pI94RF25 We retrovirally transduced
3000 MLL-ENL leukemic cells with 2 types of pl9RF-directed
shRNAs and injected them into sublethally irradiated secondary recipi-
ent mice. As shown in Figure 6B, only 42% of mice injected with
leukemic cells transduced with control shRNAs developed leukemia.
On the other hand, nearly all mice injected with leukemic cells
transduced with p194RF shRNAs developed leukemia in shorter laten-
cies. pI94FF expression levels in cells of secondary leukemic mice were
lower than those in primary leukemic mice (Figures SA, 6C), possibly
because of the development of secondary leukemia in vivo. We
confirmed that expression of pI9**F was efficiently suppressed in
leukemic cells obtained from pI94*F shRNAs-transduced MLL-ENL
mice (Figure 6C). These results indicate that p194%F down-regulation
promotes the development of MLIL-ENL leukemia, which supports the
notion that p1 9*RF plays a critical role in the acceleration of MLL-ENL
leukemia induced by loss of AML1.

To examine the direct binding of AMLI1 to the pl94RF
promoter, we performed chromatin immunoprecipitation
assays. Two consensus AML1 binding sites (PEBP2 sites) were
found in the pI194RF promoter (Figure 6D). The splenocytes
from MLL-ENL leukemic mice were lysed after crosslinking by
formaldehyde and eluted DNA was broken by sonication.
Protein-DNA complexes were immunoprecipitated by the anti-
AML1 antibody or normal rabbit IgG. Then we amplified the
genomic DNA from this solution using the primers for the
sequence containing the PEBP2 sites and found that the
distal PEBP2 site of p/ 94FF promoter was significantly coprecipi-
tated with AML1, suggesting that AML1 binds to the pl94kF
promoter (Figure 6E). To ascertain whether the distal PEBP2
site contributes to AML1-dependent transactivation of the
p19ARF promoter, we performed a luciferase reporter assay. We



From bloodjournal.hematologylibrary.org at University of Tokyo on May 16, 2012. For personal use only.

2546  NISHIMOTOetal BLOOD, 1 SEPTEMBER 2011 - VOLUME 118, NUMBER 9
A Figure 3. Deletion of the AML1 gene after MLL-ENL
Induction accelerates the onset of leukemia in trans-
planted mice. (A) BM cells from Am/1 ¥ Mx-Cre (+) or
Ami1 #: Mx-Cre (—) were transduced with MLL-ENL and
. transplanted into congenic mice. Injection with p!pC was
pMSCVneo-MLL-ENL transduction performed 3 to 4 weeks after transplantation, so that the
l Aml1 gene was excised in transplanted Ami1 #; Mx-Cre
(+) cells (Ami1 /%), (B) Survival curves of the recipient
éﬁ_—:} BM —} BMT -> . plp(.: —'P L mice. Data from 10 mice for each group are shown.
cells InjeCthh - Arrowheads indicate plpC injection. Comparison of sur-
Aml1 fif. Mx-Cre(-) 1 month Leukemia vival curve was performed using log-rank test.
! fif A
Ami1™: Mx-Cre(+) Ami1™" or Ami1
B
1.0
AAA
N plpC treatment
0.8 -
5]
- -
(4
= 064 Ami1 A -
] i
; . n=10 i
1
5 044 51 days :
I |
0.2+ y
:
N -
0.0 41T

0 10 20 30 40 5 60 70 &
Days after transplantation P < 0.0001

constructed a luciferase reporter containing the 0.6-kb fragment
of the pl94RF promoter, and a mutant reporter containing the
same promoter fragment in which the distal PEBP2 site
(CGCGGT) was mutated (TTTTTT). COS-7 cells were cotrans-
fected with an AML1 expression plasmid and these luciferase
reporter plasmids. As shown in Figure 6F, AMLI1 activated the
pI194%F promoter > 2-fold, whereas pl94*F-mutated promoter
was not activated by AML1. These results indicate that AML1
regulates p19ARF transcription through binding to the distal
PEBP2 site. ‘

Discussion

The results presented here provide direct evidence that loss of
AML1 induces the accelerated onset of MLL-ENL leukemia in
mice because of enhanced proliferation of leukemic cells.
Because additional mutations are required for the development
of full-blown leukemia along with loss of AML1 function, their
cooperation in leukemogenesis is of interest in understanding
the molecular mechanisms of human leukemia. Recently, co-
existence of MLL-PTD mutation and AML! point mutation in

Table 1. Quantification of leukemia initiating cells

No. of leukemic mice/no. of transplanted mice
Ami1t# MLL-ENL Ami14A MLL-ENL

No. of transplanted cells cells cells
500 000 8/8 8/8
50 000 8/8 8/8
5000 8/8 8/8
500 8/8 8/8
20 5/8 4/8

AML with normal karyotype was reported,'” and the signifi-
cance of this correlation in leukemogenesis is to be elucidated.
In this regard, to understand the interaction between AMLI
mutation and MLL leukemia, we explored accelerated leukemo-
genesis in Amll-excised cells in vitro and in vivo using
MLL-ENL fusion-induced mouse AML model. Our results
indicate that AML1 acts as a tumor suppressor against the
MLL-ENL oncogene, and loss of AML1 supports the develop-
ment of leukemia via down-regulation of the genes related to the
cell-cycle inhibition and apoptosis. Among them is pl19ARF,
which acts as a negative regulator of cellular proliferation
upstream of the cascade, including p53 and p21<P!, We found
that AML1 activates transcription of p19ARF in MLL-ENL
leukemic cells mainly through binding to distal consensus
AML1 binding site (PEBP2 site) in the pl94%F promoter
(Figure 6D) and that down-regulation of p19RF induces the
early onset of MLL-ENL leukemia, suggesting that p194ARF is a
major target of AML1 in MLL-ENL leukemia (Figure 6A-B).
These results suggest the function of AML1 as a tumor
suppressor. Supporting our observation with the mouse model,
down-regulation of p144RF, a human homolog of mouse p19ARF,
has also been reported in patients with human AMLI1-ETO
leukemia.?® Several other mutations, such as ASXLI®? and
FLT3* mutations, are reported in AML with point mutations of
AMLI, and our results suggest a novel mechanistic basis also for
these leukemias.

Motoda et al reported that loss of AML1 in mouse BM cells
induces the enhanced expression of Bmi-1 and an increase in
hematopoietic stem/progenitor cells because of suppression of
apoptosis.®® They demonstrated that pl19ARF expression was
decreased in AML1-deficient BM cells and that the enhanced
expression of p19ARF by N-Ras mutation was also decreased by
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Figure 4. Ami1-excised MLL-ENL leukemic cells re- A
vealed accelerated growth rate because of enhanced
cell-cycle progression and inhibition of apoptosis.
(A) Growth rate of Am/1-excised leukemic celis in liquid
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loss of AMLI1. In their study, it is suggested that N-Ras mutation
directly activates p19ARF and that AMLI indirectly induces the
expression of p19ARF via down-regulation of Bmi-1. However,
we found that the expression level of Bmi-1 is not changed by
loss of AML1 in MLL-ENL leukemic cells and that p19ARF is
directly regulated by AML1 (Figures 5D, 6E-F). Therefore,
different molecular mechanisms that cooperate with loss of
AMLI1 may exist in MLL-ENL and N-Ras leukemias, which
remain to be elucidated.

In our study, we found that the expression level of p53 gene
is also decreased in Amll-excised MLL-ENL leukemic cells
(Figure 5A). These cells expressed significantly less amount of
p53 protein (Figure 5B). Therefore, loss of p53 is probably
involved in the enhanced proliferation of AMIL1-deficient
MLL-ENL leukemic cells, supporting our notion that the
p19ARF-MDM2-p53 pathway may play a critical role in the
acceleration of MLL-ENL leukemia induced by loss of AML1.
However, it is well known that p194RF blocks p53 degradation
by binding to MDM?2,3435 and regulation of p53 transcription by
p19ARF hag not been reported. We confirmed that the expression

levels of p53 did not increase in MLL-ENL leukemic cells by
overexpression of pl9ARF (data not shown). Therefore, it
remains to be elucidated which of transcriptional regulation and
posttranslational regulation is more important than the other for
the reduction of p53 protein.

HSCs and LICs share several biologic properties, such as
self-renewal capacities and an ability to differentiate into more
differentiated cells. These similarities have led us to hypothesize
that the number of LICs may be increased in Amll-excised
MLL-ENL leukemic cells as a consequence of HSC expansion
by loss of AML1.3642 However, the number of LICs was not
affected by loss of AML1 in MLL-ENL mice, suggesting that
promotion of MLL-related leukemia by loss of AML1 is not the
result of the expansion of target population for leukemic
transformation but mainly derived from the enhanced prolifera-
tion of MLL-ENL leukemic cells (Table 1). Given that MLL-
ENL provides self-renewal capacities to the myeloid progeni-
tors, including CMPs and GMPs, which are normally incapable
of self-renewal,?® HSC expansion caused by loss of AML1 may
not influence MLL-related leukemogenesis.
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Figure 5. Decreased expression of cell cycle- and apoptosis-related genes in Ami7-excised leukemia cell. (A) Expression analyses of p1948F, p53, Bax, and p21°/P by
quantitative real-time PCR. The expression of each mRNA, normalized to that of Gapdh, is shown as the ratio to that of the normal BM mononuclear cells. (B) Intracellular
staining of p53 in MLL-ENL leukemic cells was detected by flow cytometry. Representative histograms are shown. (Left) Staining with AlexaFiuor-647-conjugated 1gG1 isotype
control antibodies. (Right) Staining with AlexaFluor-647-conjugated anti-p53 antibodies. Expression analyses of (C) Meis? and Hoxa genes and (D) Bmi1 and p16/NK4A by
quantitative real-time PCR. Error bars represent SD. *P < .05. We performed 3 independent experiments and confirmed that similar results were reproduced. Statistical

significance was evaluated by unpaired ttest.

Amll-excised transformed cells developed MLL-ENL leukemia
earlier than Aml] intact cells (Figures 2B, 3B). When Amll was
excised from the MLL-ENL~transduced cells after engraftment in
the individual mice, transplanted mice developed leukemia in as
early as 21 days (Figure 3B); in contrast, the mice transplanted with
MLL-ENL—transduced, AmlI-excised cells developed leukemia in
49.5 days after transplantation (Figure 2B). This may be because
the transplanted cells in Figure 3B had already expanded and
progressed to the leukemic or preleukemic state by MLL-ENL at

the time of Aml! excision and the Aml] excision caused enhanced
proliferation of the leukemic cells to shorten the latency to develop
leukemia (Figure 3B).

Our study is the first report to reveal the molecular mecha-
nism of leukemia acceleration caused by loss of AMLI1. Our
results demonstrate that pl19RF is a key molecule for the
proliferation of leukemic cells in AMLI1-related leukemia.
Targeted therapy for aberrant p19ARF signaling pathway may be
a novel therapeutic strategy against AML1-related leukemia.
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Figure 6. Expression of p194FF |s regulated by AML1 in MLL-ENL leukemia. (A) Expression analyses of p794AF in MLL-ENL leukemic cells. Am/1 intact or Am!1-excised
MLL-ENL. leukemic cells harvested from each spleen were transduced with GFP or AML1-GFP. Forty-eight hours later, expression levels of p7194FF were measured by
quantitative real-time PCR. (B) Am/1 intact MLL-ENL leukemic cells were transduced with p19°RF shRNA or control shRNA and transplanted into secondary recipient mice.
Survival curves of 12 mice from each group are shown. Comparison of survival curve was performed using log-rank test. (C) Expression levels of p194RFin leukemic cells from
secondary recipient mice were measured by quantitative real-time PCR. (D) Two AML1 binding sites located in the promoter of p194RF are shown as indicated. (E) Chromatin
immunoprecipitation analyses of AML1 for p79 48F promoter region in MLL-ENL leukemic cells. Fold enrichment normalized to the control locus Gapdh was shown. (F) COS7
cells were cotransfected with expression vector for AML1 and wild-type or PEBP2-site mutated p7947F promoter vector. The relative luciferase activity was calculated as the
ratio of luciferase activity with AML1 expression to that without AML1 expression. All luciferase reporter assays were performed in duplicate in 2 independent experiments.
Values and error bars represent the mean and the SD, respectively. *P < .05. We performed 3 independent experiments and confirmed that similar results were reproduced,

except for panel B. Statistical significance was evaluated by unpaired ttest.
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MYELOID NEOPLASIA

Evil represses PTEN expression and activates PI3K/AKT/mTOR via interactions

with polycomb proteins
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Evil (ecotropic viral integration site 1) is
essential for proliferation of hematopoi-
etic stem cells and implicated in the devel-
opment of myeloid disorders. Particu-
larly, high Evil expression defines one of
the largest clusters in acute myeloid leu-
kemia and is significantly associated with
extremely poor prognosis. However,
mechanistic basis of Evil-mediated leuke-
mogenesis has not been fully elucidated.
Here, we show that Evil directly re-
presses phosphatase and tensin homo-
logue deleted on chromosome 10 (PTEN)

transcription in the murine bone marrow,
which leads to activation of AKT/mamma-
lian target of rapamycin (mTOR) signal-
ing. In a murine bone marrow transplanta-
tion model, Evil leukemia showed
modestly increased sensitivity to an
mTOR inhibitor rapamycin. Furthermore,
we found that Evil binds to several poly-
comb group proteins and recruits poly-
comb repressive complexes for PTEN
down-regulation, which shows a novel
epigenetic mechanism of AKT/mTOR acti-
vation in leukemia. Expression analyses

and ChiPassays with human samples in-
dicate that our findings in mice models
are recapitulated in human leukemic cells.
Dependence of Evil-expressing leukemic
cells on AKT/mTOR signaling provides
the first example of targeted therapeutic
modalities that suppress the leukemo-
genic activity of Evil. The PTEN/AKT/
mTOR signaling pathway and the Evil-
polycomb interaction can be promising
therapeutic targets for leukemia with
activated Evil. (Blood. 2011;117(13):
3617-3628)

Introduction

Evil (ecotropic viral integration site 1) is a nuclear transcription
factor that is indispensable for proliferation of hematopoietic stem
cells (HSCs) both during embryogenesis and in the adult.!?
Aberrant expression of Evil is implicated in the development of
myeloid disorders, including acute myeloid leukemia (AML),
myelodysplastic syndrome, and chronic myelogenous leukemia
(CML).*5 High Evil expression occurs in ~ 10% of cases of AML
and genetically defines one of the largest clusters in AML.% The
patients classified into this cluster show an extremely poor
outcome.5” Evil possesses diverse functions as an oncoprotein,
including suppression of transforming growth factor-f—mediated
growth inhibition,® negative regulation of the c-Jun N-terminal
kinase pathway,” and stimulation of cell growth by activator
protein-1 (AP-1).'0 Aberrant expression of Evil affects hematopoi-
etic differentiation in various lineages. Several groups reported that
Evil blocks myeloid differentiation.'"'3 Evil also affects differen-
tiation of erythroid and megakaryocytic cells.!"+16 In addition to
its DNA-binding activity, Evil has the potential to recruit diverse
proteins for transcriptional regulation. We and others have identi-
fied several target genes that are activated by Evil, including globin
transcription factor 2 (GATA2)>'7 and pre-B-cell leukemia homeo-
box 1 (PBX1).'®* However, there are no reports of genes that are
directly repressed by Evil, despite that Evil interacts with several
transcriptional corepressors, such as C-terminal binding protein
(CtBP),"? SUV39H1, and G9a.20-22

Phosphatase and tensin homologue deleted on chromosome
10 (PTEN) plays critical roles in cell growth, migration, and
death.?® It is mutated or deleted with high frequency in various
human cancer tissues to promote tumorigenesis.?* The primary
target of PTEN in cancer is phosphatidylinositol 3,4,5-triphosphate,
and the loss of PTEN leads to constitutively high expression of
phosphatidylinositol 3,4,5-triphosphate, which induces AKT
kinase activation.® AKT, in turn, phosphorylates a plethora of
targets. In particular, AKT has a remarkable effect on cellular
growth by activating the mammalian target of rapamycin
(mTOR). Deletion of PTEN in murine adult HSCs has been
studied by 2 groups.?’-?8 Both groups observed the rapid onset of
myeloproliferative disorders within 4-6 weeks after PTEN knock-
out, which rapidly progressed to acute leukemia. Importantly,
these phenotypes could be rescued by mTOR inhibitor
rapamycin.?’

Epigenetic perturbations such as altered DNA methylation,
misregulation of chromatin remodeling by histone modifications
have emerged as common hallmarks of tumors.?>3° Polycomb
group (PcG) proteins are one of such epigenetic regulators. PcG
proteins catalyze the addition of a methyl group at lysine 27 of
histone H3 (H3K27me) and function as transcriptional regulators
that silence specific sets of genes through chromatin modifica-
tion.332 PcG proteins comprise 2 functionally and biochemically
distinct multimeric polycomb repressive complexes (PRCs), called
PRCI1 and PRC2/3/4.
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This study shows a novel function of Evil to regulate the
PTEN/AKT/mTOR signaling pathway and involvement of PRCs in
PTEN down-regulation by Evil. These results provide a possibility
of overcoming the poor prognosis of patients with leukemia with
high Evil expression, which is supported by our newly established
mouse model and the analysis of human samples.

Methods

Subjects

Studies that involved human subjects were done in accordance with the
ethical guidelines for biomedical research involving human subjects, which
was developed by the Ministry of Health, Labor, and Welfare, Japan, the
Ministry of Education, Culture, Sports, Science, and Technology, Japan,
and the Ministry of Economy, Trade, and Industry, Japan, and enforced on
March 29, 2001. This study was approved by ethical committee of Tokyo
University. Written informed consent was obtained from all patients whose
samples were collected after the guideline was enforced in accordance with
the Declaration of Helsinki. All animal experiments were approved by the
University of Tokyo Ethics Committee for Animal Experiments.

Reporter assay

Analysis of luciferase activities was performed as described previously.?
Briefly, cells were seeded in 12-well culture plates at a density of
2 X 10%well and were transfected with the use of FuGENE6 (Roche). The
transfected cells were harvested 48 hours after transfection and assayed for
luciferase activity with the use of dual luciferase kit (Piccagene). Firefly
luciferase activity was measured as relative light units. The relative light
units from individual transfection were normalized by measurement of
Renilla luciferase activity in the same samples. Relative PTEN promoter
activity was presented as the ratio of normalized luciferase activity of
mock-transfected cells.

Retrovirus production and bone marrow transplantation
assays

These procedures were performed as described previously.!33-35 Briefly,
Plat E packaging cells were transiently transfected with each retrovirus
vector, and supernatant containing retrovirus was collected 48 hours after
transfection and used immediately for infection. Fluorouracil-primed bone
marrow (BM) cells isolated from C57/B6 mice were used for retroviral
transduction. To establish Evil-induced murine AML models, pMYs-Evil—
internal ribosome entry site (JRES)-green fluorescent protein (GFP) or
empty retrovirus was used, and 0.2-1.2 X 105 of Evil-IRES-GFP3536 or
GFP-transduced BM cells (Ly5.1) were injected through the tail vein into
C57/B6 (Ly5.2)-recipient mice that had been administered a sublethal
irradiation (5.25 Gy). To test the sensitivity of rapamycin in vivo, 1 X 106
of Evil-, translocated ets leukemia (TEL)/platelet-derived growth factor 8
receptor (PDGFRR)~AMLI/ETO-, or AML1_S291fsX300-induced leuke-
mic cells were injected to sublethally irradiated (7.5 Gy) secondary
recipient mice. Diagnosis of AML was made according to the Bethesda
proposals.’’

Colony-forming assays

For short hairpin RNA (shRNA)-mediated knockdown assays, transformed
BM cells from the third to fourth round of in vitro replating were
subsequently infected with retrovirus encoding shRNAs. After retroviral
transduction, BM cells were resuspended in Methocult3434 (StemCell
Technologies) at a concentration of 4 X 104 cells/mL before selection or
1 X 10* cells/mL after selection and seeded at 1 mL/35-mm petri dish in
duplicate. Colony number of each dish was scored weekly. G418 (1.0 mg/
mL) or puromycin (1.0 pg/mL) was added to the Methocult for the purpose
of selection. We defined a colony as a cluster of = 100 cells. For in vitro
inhibitor assays, rapamycin (Cell Signaling), LY294002 (Cell Signaling),
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BMS345541 (Calbiochem), or DAPT (Calbiochem) was reconstituted with
dimethyl sulfoxide (Sigma-Aldrich) and added to methylcellulose.

siRNA interference

Specific siRNA oligos targeting EZH2, SUZ12, and EED mRNAs were
designed as indicated by Clontech and cloned into pSIREN-RetroQ vectors.
Control shRNA is a nonfunctional construct provided from Clontech. See
supplemental Methods (available on the Blood Web site; see the Supplemen-
tal Materials link at the top of the online article) for more information.

Quantitative real-time PCR

Real-time polymerase chain reaction (PCR) was carried out with the
LightCycler480 (Roche) or the ABI PRISM 7000 Sequence Detection
System (Applied Biosystems) according to the manufacturer’s instructions.
The results were normalized to $-actin levels. See supplemental Methods
for more information.

ChiP

Detailed protocols for chromatin immunoprecipitation (ChIP) assays are
presented in supplemental Methods. Immunoprecipitated DNA fragments
were quantified by real-time PCR with the use of the following primers
(Figure 1D); PCR primers 1 and primers 3 amplify sequences, including
putative Evil binding sites (5'-AGACAGGTGAGGAAA-3’ fragment at
position —4257/—4243 and 5'-AAAATAGAA-3’' fragment at position
1935/1943, respectively), which were identified by the rVISTA2.0 tool
(http://rvista.dcode.org/) with the use of a matrix similarity threshold of
0.80 and 0.85, respectively, and PCR primers 2 amplify a sequence,
including possible murine Egrl binding site (5"-CCGCCCACTCGC-3'
fragment at position —1907/— 1896 upstream of the initiation codon ATG
[+1]). Primers for human samples correspond to the primers 3 in Figure
1D, and they amplify a sequence, including 5'-AGAAGATAA-3’ fragment.

EMSA

Protein lysates were obtained from 293T cells transfected with plasmids
encoding Flag-tagged Evil or its mutants, immunoprecipitated with
EZview Red ANTI-FLAG M2 Affinity Gel (Sigma-Aldrich), and eluted
with 3X Flag peptide (Sigma-Aldrich) according to the manufacturer’s
recommendation. The procedures for electromobility shift assay (EMSA)
were performed with the EMSA “Gel Shift” Kit (Panomics) according to
the manufacturer’s recommendation. Biotin-labeled probes were added. A
competition control was set up by adding non-biotin-labeled cold probes to
the reaction. See supplemental Methods for more information.

Microarray analysis

Gene expression analysis was carried out as previously described! with the
use of the Mouse Genome 430 2.0 Array (Affymetrix). All microarray data
have been deposited in National Center for Biotechnology Information’s
Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo/) and are
accessible through accession no. GSE22434. See supplemental Methods for
more information.

Statistical analysis

Statistical significance of differences between parameters was assessed
with a 2-tailed unpaired ¢ test. The correlation between Evil and PTEN
expression was estimated with both the Pearson product-moment correla-
tion coefficient and the Spearman rank-correlation coefficient. The overall
survival of mice in BM transplantation assays was calculated according to
the Kaplan-Meier method.

Results
PTEN is a direct target of Evit

To identify new target genes of Evil, we first carried out
genomewide gene-expression analysis. BM cells derived from



