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Table 2. Cooperating genetic changes in leukemic mice belonging to groups 1 and 2
Group/tumor ID Genotype Stem celi* Proliferation* Tumor suppressor* Novel Others
Group 1: myeloid leukemia
696 Runxi-+~ Gfi1/Evi5 (c} c-Myc {c)
807 Runx1-/- Ncoazt Ingd Rbm34
966 Runx1—* Evit (c) IL8st
714 Runx1— Gfi1/Evi5 {c) Cyclin D3 (c), Cyclin D2 (c) Dab2t Lfng,
Swap70
708 Runx1-"~ Evit (c) Pik3cd Mapk3 (dnk) Slis7 (c) Tmem23t
Group 2: biphenotypic leukemia
691% Runx1-/~
813 Runx1~/~ Gfi1/Evis (c)t Slis6 (¢} Arhgap25
775 Runx1-/~ c-Myc () Gimapz,
’ Ak1
770 Runx1-/~ Cyclin D3 {c}, Sema4d Gadd4s Slis7 {c) Cspg4,
mSin3a
641 Runx1=/-, Cyclin D3 (c), Cyclin D2 {¢) Stag1§ Slis8 {c) Ang 2
819 Runx1-/~ GHil/Evi5 (c) Stx4a,
Negr1
821 Runx1-"~
779 Runx1—" c-Myc (c) Nkd1 Slis8(c)
982 Runx1- Gfit/Evis (¢) Stag1§ Slisé (c) Limk2
972 Runx1-"~ Ppfibp1
969 Runxi~/~ Gfi1/Evi5 (c), Evit N-myc (c), Cyclin D1 (c) Mad1l1t Rabggtb
©
948 Runx1-/~ GIi1/Evi5 (c) N-myc (c)f Stk16,
Mdm4
974 Runx1:/= Lmo2| c-Myc (¢}, Cyclin D3 {c), Lef1 Ldb1
693 Runx1+* Tnfrsf191 Tspan32
690 Runx1+4+ Lmod| Foxpt
663 Runx1+++ Gfil/Evi5 (c) Pip5sk2at Ugcg
Unclassifiedt
2 Runx1-% GH1/EVi5 (c) N-mye (o), Sept9, Pim2
4 Runxt1-+ GIil/Evi5 (c)t, Hest 2 Slis6 (c) Birc4
998 : Runx1:/- GIit/EVi5.(c)
838 Runx1-/- GIi1/Evi5 (c)f

Table shows the genes near CISs or RISs that may have a role in oncogenesis based on their known or predicted function. (c) indicates CISs identified in this study.

Leukemia cases in each group are arranged in ascending order of latency.
*Known or predicted function,
1RIS information is not available for this sample.
1Genes with retroviral integrations inside the gene.

§Unclassified leukemia cases, which could belong to group 1 or 2; they showed early onset of disease and no enlargement of thymus/lymph node, and flow cytometric data

are not available.
lGene near 2 RISs that cannot be classified as CISs based on definition.

was isolated by FACS and subjected to the experiments. LTC-IC
assay was carried out after 30 days’ culture of transfected RunxI =/~
and Runx!** immature cells (GFP*c-Kit*) on OP9 stromal cells.
The plating efficiency (colony number) of Runx!='~ cells with
overexpression of EVI5 gene was prominently high while that of
mock-transfected RunxI~~ cells or EVI5-transfected Runxl*+'+
cells was lost, suggesting that cells overexpressing EVI5 maintain a
higher number of stem cells than other combinations (Figure
5A-B). When replated after 30 days, Runx! /- cells carrying EVIS
also showed a significantly high number of cobblestone area
forming cells (CAFCs; Figure 5C). Furthermore, colony assay and
CAFC assay after 30 more days of culture of replated cells (total
60 days after initial transfection) still showed a high number of
colonies and CAFCs in Runx!™/~ cells overexpressing EVIS.
GFII- and EVIi-transfected RunxI** or RunxI~"~ cells did not
show any colony or CAFCs after 30 days of LTC (Figure SA,C).
Morphologic analyses of cells after 30 and 60 days of LTC revealed
that Runx1~"~ cells overexpressing EVIS have immature cell morphol-
ogy characterized by nucleus with fine chromatin and basophilic
cytoplasm. Runx]™"" cells transfected with mock vector and RunxI*'~*

cells overexpressing EVIS5 showed differentiated mast cell and macro-
phage morphology after 30 days of LTC (Figure 5D).

Taken together, the overexpression of EVI5 strongly cooperates
with RunxI™~ status in maintenance and proliferation of stem
cells, and overexpression of GFII or EVII does not show signifi-
cant cooperation in the OP9 culture. However, colony replating
assay showed modest cooperation between Runx]~/~ status and
EVII overexpression (supplemental Figure 3A).

Overexpression of EVI5 and EVI1 prevents exhaustion of
Runx1-/- stem cells in vivo

To assess the in vivo effect, EVIS transfected RunxI™'~ or
RunxI*/* cells were transplanted into sublethally irradiated (6 Gy)
recipient mice. Recipients of RunxI*/* cells transfected with EVIS
showed stable GFP chimerism throughout, from 6 weeks to
30 weeks after transplantation, with an average of 20% to 25%.
However, the GFP chimerism of mice that underwent transplanta-
tion with Runxl =/~ cells overexpressing EVIS increased progres-
sively, with a mean value of 25% at 6 weeks and 50% at 30 weeks
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(Figure SE). This is in contrast to the results seen after transplanta-
tion of mock vector—transfected RunxI ™/~ cells described earlier
where the contribution of Runx]™/~ cells to PB of recipient mice
decreased progressively (Figure 1C). Thus, EVI5 cooperates with
Runx]~/~ status in vivo also by preventing stem cell exhaustion
and maintaining an increased number of Runx/-deficient stem
cells. A secondary transplantation experiment was repeated to
examine whether EVI5 overexpression in RunxI™ cells could
rescue the defects in long-term repopulating abilities of RunxI~"~
stem cells. Contrary to the previous results where 60% of the secondary
recipients of RunxI™~ cells died within 3 months, all the secondary
recipients of Runx] =/~ cells overexpressing EVI5 were alive (Figure
5F). We conclude that EVIS overexpression in Runx]™'~ cells can
prevent stem cell exhaustion of these cells and render them capable of
reconstituting hematopoiesis in the secondary recipients.

As colony replating assay showed mild cooperation between EVI]
overexpression and RunxI ™" status (supplemental Figure 3A), BMT
was carried out for EVII overexpressing cells as well. Recipients of
Runx1** and Runx1~/~ cells transfected with EVII showed stable GFP
chimerism throughout, from 6 weeks to 30 weeks after transplantation,
with no significant increase or decrease in GFP chimerism (supplemen-
tal Figure 3B). Thus, EVII overexpression also seems (o rescue
RunxI~/~ stem cell exhaustion in vivo.

EVI5 is overexpressed in 44% of human patients with AML M2
RUNX leukemia

To evaluate whether EVI5 overexpression synergizes with
loss-of-function of RUNX1 in human patients with RUNX1-
related leukemia, we carried out qRT-PCR on cDNA from
patient samples with AML M2 carrying RUNXI-ETO fusion
gene or AML M4Eo carrying CBFB-MYH 11 fusion gene. These
fusion genes are more commonly found RUNX] alterations and
they lead to loss-of-function of RUNX1. Expression of EVIS5 in
other AML and CML samples without known RUNXI1 alter-
ations was also analyzed. cDNA from BM of 3 patients who had
undergone complete remission was used as control. Indeed, very
significant overexpression of EVIS was seen in 4 of 9 (44%)
AML M2 patients examined. AML M4Eo patients also showed
2- to 3-fold overexpression as compared with control samples

and AML samples without RUNXI alteration (Figure 6). Thus,
EVI5 overexpression and concomitant loss-of-function of
RUNXI1 are often observed in human RUNX1-related leukemia
cases, especially in AML M2 carrying RUNXI-ETO fusion gene,
suggesting that EVIS5 is likely to prevent stem cell exhaustion in
human RUNX 1 -related leukemias.

Runx1-/- stem cell exhaustion may be due to defective
interaction with the niche

Interaction of stem cells with the stem cell niche is important for
maintaining the integrity and self-renewal properties of stem cells.’233
Analysis of a panel of niche-related factors in immature cell fraction
(c-Kit*GFP*) of MIG vector-transfected RunxI*/* and RunxI~~ BM
cells, revealed that one of the most important molecules for interaction
with the stem cell niche, Cxcr4, was down-regulated in Runx =/~ cells.
However, normal level of Cxcr4 expression was restored after overex-
pression of EVI5 in Runx]™~ cells (supplemental Figure 4A). The
down-regulation of Cxcr4 expression in the RunxI~~ stem/progenitor
(KSL) cell fraction was further confirmed by flow cytometry (P < .001)
and gRT-PCR (P < .005) (Figure 7A). Cxcr4 expression was also
down-regulated in wild-type immature (c-Kit*) BM cells transfected
with the dominant-negative chimeric gene RUNXI-ETO, indicating that
niche interaction may be altered in human RUNX1-related leukemic
cases (Figure 7B). The gRT-PCR result indicates transcriptional regula-
tion of Cxcr4 expression by Runx!. Indeed, 2 RUNX binding sites are
present in the CXCR4 promoter region, and luciferase assay using the
CXCR4 promoter region showed that RUNXI transactivates CXCR4
more than 20-fold, in a DNA binding-dependent manner (Figure 7C).
Along with Cxcr4, another niche interacting factor, CD49b, which is an
o2 integrin, was also down-regulated in immature Runx! ™~ cells and its
expression restored to normal after overexpression of £VI5 in these cells
(supplemental Figure 4A).

We carried out a homing assay to evaluate whether RunxI ="~
BM cells are compromised in homing and niche interaction. Five
million BM cells from Runxi*/* and RunxI™/~ mice were labeled
with 100% efficiency by CFSE, and transplanted into recipient
mice. Analysis of recipient BM 16 hours after transplantation
revealed that Runx]™~ cells traffic to the BM with significantly
reduced efficiency (Figure 7D, supplemental Figure 4B). Thus,
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Figure 5. EVI5 overexpression and Runx1-/- status synergize in long-term maintenance of stem cells in vitro and in vivo. Graphic representation of (A) colony assay and
(C) CAFC assay of immature cells from Aunx1++ and Runx1-/- BM celis transfected with mock MIG vector, EVI5, GFI1, or EVI1, after 30 and 60 days of long-term culture. Pictures of
(8) colonies and (D) morphology of cells after 30 days of long-term culture. (E) GFP chimerism in recipients of Runx1*/* (n = §) and Runx1~/- (n = 4) BMcells transfected with EVI5, 6 and
30 weeks after transplantation. Each open circle represents data from an individual mouse and the closed red circle is the average of a cohont. Statistical difference using unpaired Student
ttestis given at the bottom and on top. NS indicates not significant. (F) Kaplan-Meier survival curves of secondary recipients of Runx1+/+ (blue; n = 4) and Runx1-" (red; n = 4) BMcells
transfected with mock MIG vector (dashed line) or MIG vector carrying EVI5 (solid ling). Circles represent end point of analysis.

altered ability to home and attach to the stem cell niche in the BM
may be one of the reasons for Runx1~/~ stem cell exhaustion.

To assess whether defects in niche interaction of Runxl-
deficient HSCs lead to mobilization of stem/progenitor cells to

the PB and spleen, we carried out colony assay of PB and flow .

cytometry analysis of spleen cells from Runx! =/~ and Runxl*/+
mice. PB (20 pL) from each RunxI~"~ mouse formed an average of
35 colonies while PB from RunxI** mice did not form any colonies
(Figure 7E). Similarly, a significantly higher number of stem/progenitor
cells was present in the spleen of RunxI~~ mice (Figure 7F). These
results indicate that Runx1 deficiency leads to dramatic egress of HSCs
from the BM into the PB and spleen.

We also carried out a BrdU incorporation assay to analyze whether
there is increased proliferation of HSC compartment of Rurnx/ '~ mice
due to their defective niche interaction and increased cell-cycle entry. As

shown in Figure 7G, proliferation of stem/progenitor cells (KSL
fraction) was strongly induced in Runx!~~ mice, resulting in approxi-
mately 7-fold more BrdU* stem/progenitor cells in Runx~/~ mice
(P <.05). Taken together, all the above results suggest that the
interaction between Runxl™~ HSC and its niche may be perturbed,
probably due to reduced expression of Cxcrd, resulting in the release of
stem cells from the niche, leading to initial expansion and subsequent
exhaustion of HSCs (supplemental Figure 5B).

Finally, expression of several genes involved in stem cell
function and apoptosis were checked in immature (c-Kit*) cell
fraction of mock- or EVI5-transfected (GFP*) BM cells from
Runx1** and Runx1~/~ mice, by gRT-PCR. Among the candidate
genes tested, Bmi-1, important for self-renewal of normal and
cancer stem cells,* and the antiapoptotic gene, Bcl2, which is
negatively regulated by Runx family,®*3% were overexpressed in
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RunxI~'~ cells,’”® and the expression of these genes was further
enhanced by overexpression of EVIS5 (data not shown).

Discussion

Loss-of-function of RUNXI1 is frequently observed in human
leukemia, implying that RUNX1 deficiency may predispose cells
to leukemia development. Consistently, our previous study re-
vealed that there is an expansion of the HSC/progenitor compart-
ment in RunxI~/~ mice, accompanied by resistance to cell death,
senescence, and differentiation, characteristic of a leukemia-
susceptible status.!® Three other groups, who generated conditional
RunxI knockout mice independently, also reported the expansion
of the HSC/progenitor population.!>1737 However, there is no
spontaneous leukemia development in the Runx I-deficient mice. In
this report, we show that the reason for this paradox may be
exhaustion of Runxl-deficient HSCs over time. We provided
strong evidence for exhaustion of Runx/™/~ stem cells using
limiting dilution and secondary transplantation experiments. A
similar conclusion was reported by others using competitive
transplantation experiment.'® Ichikawa et al also suggested that
there appears to be a distinct difference in HSC numbers soon after
deletion of RunxI alleles (4 to 9 weeks) and over long periods of
time, although they described only the initial phase expansion.?”

In order to understand the mechanism of RunxI~/~ stem cell
exhaustion, we explored cell intrinsic changes and alterations in
stem cell niche interaction. Immature Runx/™~ cells expressed
higher levels of Bmil and Bcl2,' and they maintained their
inherent proliferative ability at 40 weeks of age and even 2 years
after transplantation (Figure 2B,C). These results suggest a cell-
intrinsic bias toward survival rather than exhaustion of Runx]—~
cells. On the other hand, niche interaction, which is essential for
maintaining the functional integrity and quiescence of HSCs, was
impaired in immature Runx!~/~ cells as evidenced by reduced
expression of Cxcr4 in the KSL fraction, defective homing, and
mobilization of HSCs from BM into PB and spleen. Conditional
Cxcr4 knockout mice show a very similar egress of HSCs from BM
to PB and spleen,? supporting the notion that Cxcr4 could be the
downstream factor that affects the niche interaction of Runxl-
deficient cells. Quiescent LT-HSCs are found attached to osteo-
blasts in the endosteal niche of the trabecular bone. Under the
steady-state condition, these HSCs are forced to leave their original
niche and migrate to another niche due to continuous bone
turnover. When there are coexisting wild-type HSCs in the cell
milieu, HSCs that lack Runx1 could be outcompeted in establishing
adequate interaction with another niche, leading to their slow
exhaustion (supplemental Figure 5C). Thus, problems in niche
interaction would be a critical issue in leukemia development,
particularly at the initial step, and a leukemia initiating clone, or
preleukemic stem cells, with Runx! alteration have to overcome
this selective disadvantage for leukemia progression.

RIM to identify cooperating genetic alterations revealed that Runx] =/~
mice injected with retrovirus showed shorter latency of leukemia
development, thus confirming the leukemic predisposition of Runx] =/~
status. There was a high frequency of stem cell-related genes affected in
Runx]~"~ mice and EVI5 overexpression showed the most significant
effect in rescuing stem cell exhaustion, followed by EVII overexpres-
sion. Our results show that EVIS may rescue RumxI ™ stem cell
exhaustion by restoring expression of Cxcr4 and CD49b (supplemental
Figure 4A), which enables HSCs to home back and establish adequate
interaction with the niche. It is well known that factors such as CXCR4

STEM CELL EXHAUSTION AND LEUKEMOGENESIS 1619

and CD44, which mediate homing and interaction with the stem cell
niche, are often up-regulated in leukemia and are essential for mainte-
nance of leukemic stem cells.*-#! Thus, the ability of EVIS to restore
Runx1-deficient HSC interaction with its niche, together with other
intrinsic factors, may be an important mechanism to rescue stem cell
exhaustion, maintain leukemia-initiating stem cells, and promote leuke-
mogenesis. It is not known how EVIS5 mediates this effect. The role of
EVI5 in the cell cycle may result in the indirect effects seen in
HSC/progenitors since cell-cycle regulation is tightly linked to stem cell
maintenance. Alternatively, EVI5 contains a conserved GAP domain,
which has been shown to be important for actin cytoskeleton reorganiza-
tion. Hematopoietic stem/progenitor cells from knockout mice of
Cdc42GAP, one of the GAP domain family genes, showed impaired
cortical F-actin assembly, deficiency in adhesion and migration, and
defective homing and engraftment in the stem cell niche, leading to
decline in stem cells.*? EVIS5 might play a similar role as Cdc42GAP and
mediate homing and engraftment of Runx 1-deficient HSCs through its
GAP domain.

The recipient mice that underwent transplantation with Runx =~
cells overexpressing EVI5 or EVII did not develop leukemia even 1 year
after BMT, although the stem cell exhaustion was definitely rescued
(Figure SE-F, supplemental Figure 3B). Further genetic changes, such as
strong mitogenic stimuli, are considered to be required for overt
leukemia. Indeed, overexpression of oncogenes such as c-Myc, N-Myc,
or D-type cyclins that promote cell proliferation was concurrently seen
in 5 of 8 Runx] ™" leukemia cases showing Evi5 overexpression in the
RIM swudy (Table 2). In human RUNXI-related leukemia, similar
mitogenic events such as mutations in receptor tyrosine kinases includ-
ing ¢-KIT and RAS have been previously reported*!® In fact, of the
4 human AML M2 cases carrying RUNXI-ETO which showed overex-
pression of EVI5, 3 cases had concurrent activating mutations in c-KIT
or FLT3. Thus, these genetic alterations overlap with each other and act
as second and third hits in RUNXI-related leukemia. Interestingly,
mitogenic stimuli such as oncogenic Ras are shown to induce apoptosis,
senescence, and differentiation, all of which function as negative factors
for oncogenesis, and are considered as a vital cellular fail-safe mecha-
nism. However, these detrimental effects due to oncogene stimulation
are attenuated by Runx1-deficient status in the development of leuke-
mia.’® Similarly, negative effect of Runx1 deficiency, stem cell exhaus-
tion, is in turn rescued by overexpresssion of Evi5 and Evil,

Considering the genes that are altered with high frequency in
Runx1-related leukemias and the known properties and functions
of these genes, we propose the following mechanism of RunxI-
related leukemogenesis. Loss-of-function of Runx! results in
increase of stem/progenitor cell fraction and therefore serves as the
target cell pool for leukemia. However, maintenance of Runxl /-
stem cells is compromised, probably due to the defect in interaction
between HSC and niche, resulting in stem cell exhaustion. Overex-
pression of stem cell-related gene like Evi5 rescues exhaustion of
Runx1-deficient stem cells and maintains a significantly expanded
pool of the aberrant cells with enhanced stem cell properties.
Mitogenic stimuli such as activation of c-Myc, N-mye, D-type
cyclins, Ras, or c-Kit result in overt proliferation of Runxi-
deficient cells due to attenuated cellular fail-safe mechanism, thus
providing the necessary stimulus for RunxI-deficient cells to
develop full-blown leukemia. Such cooperative mechanism may be
generally seen in cancer development whereby negative aspects
caused by certain oncogenic hits are overcome by the others.
Elucidation of these combinatorial mechanisms would provide
profound insights into the understanding of oncogenesis and may
provide a novel direction for therapeutic applications.
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Mixed-lineage-leukemia (MLL) fusion oncogenes are closely
involved in infant acute leukemia, which is frequently accom-
panied by mutations or overexpression of FMS-like receptor
tyrosine kinase 3 (FLT3). Earlier studies have shown that MLL
fusion proteins induced acute leukemia together with another
mutation, such as an FLT3 mutant, in mouse models. However,
little has hitherto been elucidated regarding the molecular
mechanism of the cooperativity in leukemogenesis. Using
murine model systems of the MLL-fusion-mediated leukemo-
genesis leading to oncogenic transformation in vitro and acute
leukemia in vivo, this study characterized the molecular
network in the cooperative leukemogenesis. This research
revealed that MLL fusion proteins cooperated with activation of
Ras in vivo, which was substitutable for Raf in vitro,
synergistically, but not with activation of signal transducer
and activator of transcription 5 (STATS5), to induce acute
leukemia in vivo as well as oncogenic transformation in vitro.
Furthermore, Hoxa9, one of the MLL-targeted critical molecules,
and activation of Ras in vivo, which was replaceable with Raf in
vitro, were identified as fundamental components sufficient for
mimicking MLL-fusion-mediated leukemogenesis. These find-
ings suggest that the molecular crosstalk between aberrant
expression of Hox molecule(s) and activated Raf may have a
key role in the MLL-fusion-mediated-leukemogenesis, and may
thus help develop the novel molecularly targeted therapy
against MLL-related leukemia.

Leukemia (2009) 23, 2197-2209; doi:10.1038/leu.2009.177;
published online 27 August 2009
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Introduction

Multistep oncogenesis has been suggested in malignancy by the
observation of more than two heterogeneous genetic and/or
epigenetic lesions. In leukemogenesis, recurring chromosomal
translocations are frequently found in hematological malignan-
cies, which sometimes coincide with subtle but critical genetic
mutations leading to functional aberration.>™ Earlier studies

Correspondence: Dr T Nosaka, Department of Microbiology and
Molecular Genetics, Mie University Graduate School of Medicine,
2-174 Edobashi, Tsu, Mie 514-8507, Japan.

E-mail: nosaka@doc.medic.mie-u.ac.jp

Received 1 October 2008; revised 17 july 2009; accepted 21 July
2009; published online 27 August 2009

showed that many of the translocation target genes are
transcription factors involved in hematopoietic differentiation
and/or self-renewal, whereas coincident mutations often occur
on the genes involved in cell proliferation.* These results lead to
a hypothetical model of leukemogenesis in which these two
kinds of genetic alterations may cooperate to induce acute
feukemia. This concept has been recently exemplified in
experimental models using combinations of fusion genes,
including mixed-lineage leukemia (MLL, also called ALLT or
HRX) or AMLT fusion genes, and other coincident genetic
mutations.>™

MLL is a proto-oncogene that is rearranged in human acute
leukemia with chromosome 11 band g23 (11q23) transloca-
tion,'®'" encoding a histone methyltransferase that assembles in
a chromatin-modifying supercomplex.'> Meanwhile, MLL
fusion gene leads to leukemogenesis through several HOX genes
directly transactivated by MLL fusion protein itself. %1314 |t js
noteworthy that most of the genetically engineered mice
carrying the MLL fusion developed hematological malignancy
after a long latency, suggesting that secondary genotoxic stress is
required to develop overt acute leukemia.’>™'® An earlier study
presented direct evidence that MLL fusion proteins induced
myeloproliferative disease (MPD) with a long latency, and
caused acute leukemia with a short latency together with a
coincident mutation of FMS-like tyrosine kinase 3 (FLT3).°

Recent studies revealed that genetic alterations, including
FLT3, NRAS (neuroblastoma RAS viral {v-ras) oncogene homo-
log) and KRAS (v-Ki-ras2 Kirsten rat sarcoma viral oncogene
homolog), are frequently accompanied by 1123 transloca-
tion."”?% FLT3 is a receptor tyrosine kinase involved in
leukemogenesis and normal hematopoiesis.?’ The mutations of
FLT3 are mainly classified into length mutations such as internal
tandem duplication (ITD) of the juxtamembrane domain, and
point mutations within the activation loop of the second tyrosine
kinase domain (TKD).?" Interestingly, FLT3-TKD, as well as
overexpression of the wild type of FLT3, is found to be
frequently associated with infant acute lymphoid leukemia
(ALL), with rearrangements of MLL.'®?* Both types of FLT3
mutations result in a constitutive activation of FLT3 kinase
activity, followed by activation of signaling pathways, including
signal transducer and activator of transcription 5 (STAT5) and
Ras/Raf/mitogen-activated protein (MAP) kinase.”>?* Both
STATS5 and Ras/Raf/MAP kinase (MAPK) are involved in cellular
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proliferation, survival and differentiation.”>*® Constitutively
active mutants of Ras induce oncogenic transformation through
activation of the MAPK cascade.”® However, little has so far
been elucidated regarding the molecular mechanism of colla-
boration in leukemogenesis.

To further clarify the molecular mechanism of MLL-fusion-
mediated leukemogenesis, we focused on signal transduction
associated with malignant transformation that collaborates with
MLL fusion protein in vitro, and highlighted the contrastive roles
of STAT5 and MAPK in leukemogenesis. Interestingly, compara-
tive analyses suggested synergistic collaboration with activated
Ras in MLL-fusion-mediated leukemogenesis, and also activa-
tion of Raf in malignant transformation in vitro, but not with
STATS5 activation in vive and in vitro. Thus, the activation of
Ras/Raf/MAPK cascade may have an important role in multistep
leukemogenesis with 11923 translocations.

Materials and methods

Construction of the plasmids and retrovirus production
Fragments of murine constitutively active mutants of STAT5A
(#2%7 and 1*6%%) fused with a FLAG tag at the C-terminus, a
coding region of human NRAS®'?Y and MLL-eleven nineteen
leukemia (ENL) short form® were inserted upstream of the
internal ribosomal entry site (IRES)-enhanced green fluorescent
protein (EGFP) cassette of pMYs-IRES-EGFP.*? Fragments of
coding regions of a wild type of NRAS and NRAS®'?Y were
inserted into pMXs-puro.?® A fragment of murine Hoxa9*°
(a kind gift from Dr G Sauvageau) was inserted into pMXs-IRES-
EGFP.2® A fragment of a dominant negative mutant (dn) of
STAT5A%® was inserted upstream of the IRES-Kusabira-Orange
(KO)*! cassette of pMXs-IRES-KO, in which the EGFP cassette
in pMXs-IRES-EGFP?® was replaced with the KO cassette of
phKO1-S1 (MBL, Nagoya, Japan). pMXs-neo-MLL-SEPT6,°
pMY-FLT3-ITD-IRES-EGFP,® pMY-FLT3P®5V_[RES-EGFP® and
pBabe-puro-ARaf-estrogen receptor (ER)*® were described ear-
lier. Retroviruses were harvested 48h after transfection with
each retroviral construct into PlatE cells?® in which appropriate
expression of the transgenes was confirmed by western blot
analysis, as described earlier.®

Cells

An MLL-SEPT6-immortalized murine myelomonocytic cell line,
HF6, was established through colony-replating assays using
retroviral transduction with pMXs-neo-MLL-SEPT6 as described
earlier.® A Hoxa9-immortalized murine myelomonocytic cell
line, A9G, was established through infection with retroviruses
harboring Hoxa9 in pMXs/IRES-EGFP*® as reported earlier.*
The HF6,° A9G and murine pro-B Ba/F328 cells were cultured in
the presence of interleukin-3 (IL-3) (R&D Systems, Minneapolis,
MN, USA). HF6 cells transduced with FLT3 mutants were
cultured in the same medium, except for the absence of IL-3.
The expression levels of FLT3 in these cells were evaluated using
a phycoerythrin (PE)-conjugated anti-CD135 antibody, or an
anti-mouse immunoglobulin G1,x, as the isotype-matched
control (BD Biosciences, San Diego, CA, USA) using fluores-
cence-activated cell sorting (FACS) Calibur (BD Biosciences) as
described earlier.*

Immunoprecipitation and western blot analysis
Fifty million parental and additionally transduced HF6 cells, or
10 million parental and transduced Ba/F3 cells, were harvested
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in the lysis buffer, and the lysates were either suspended with
1 x sodium dodecyl sulfate sample buffer after immunopreci-
pitation using polyclonal anti-STAT5A antibody (L-20) (Santa
Cruz Biotechnology, Santa Cruz, CA, USA) or directly mixed
with an equal volume of 2 x sodium dodecyl sulfate sample
buffer and then boiled, as described earlier.?” In some
experiments, the parental HF6 cells had been deprived of IL-3
8 h before harvest. Western blot analysis of each sample was
performed using the polyclonal anti-STAT5A (L-20), monoclonal
anti-phosphotyrosine (4G10) (Upstate Biotechnology, Lake
Placid, NY, USA), polyclonal anti-extracellular signal-related
kinase (ERK)1/2, monaclonal anti-phospho-ERK1/2 (E10) (Cell
Signaling Technology, Danvers, MA, USA), monoclonal anti-a-
tubulin  (Sigma-Aldrich, St Louis, MO, USA), monoclonal
anti-FLAG (M2), polyclonal anti-ERa (MC-20) and monoclonal
anti-N-Ras (F155) (Santa Cruz Biotechnology) antibodies to
probe membranes, as described earlier.”®

Evaluation of cellular effects by inhibition of signal
transduction in vitro

The response to the drug was evaluated as described earlier.
brief, HF6 cells expressing the FLT3 mutants (3 x 10°) were
infected with retroviruses harboring or not harboring the
dnSTAT5A in pMXs-IRES-KO in the presence of polybrene, as
described earlier.® Viable cell numbers were counted with
standard Trypan blue staining, and the expression of the
dnSTAT5A was monitored by assessment of KO positivity using
the FL2 channel on the FACS Calibur, daily after infection. At
48 h after infection, to evaluate the status of phosphorylated
STATS5, half a million of these cells were fixed with fixation
buffer, permeablized with Perm Buffer Il and analyzed with an
Alexa Fluor 647-conjugated anti-phospho-STAT5 (Y694) (all
from BD Biosciences) antibody, or the anti-mouse immunoglo-
bulin G1,x, as the isotype-matched control antibody, using the
FL4 channel on the FACS Calibur, according to the manufac-
turer’s recommendation. As controls, the parental HF6 cells with
and without IL-3 stimulation after deprivation of IL-3 for 8h
were used. Meanwhile, these HF6 cells (1 x 10%) were cultured
for 72 h in 24-well plates in the presence of various concentra-
tions of a MAPK kinase (MEK) inhibitor, U0126, or a PI3 kinase
inhibitor, LY294002 (Calbiochem-Novabiochem, San Diego,
CA, USA) and each vehicle control (ethanol for U0126 and
dimethyl sulfoxide for LY294002). Viable cell numbers were
counted with standard Trypan blue staining after each treatment,
followed by calculation of the 50% inhibitory concentration
(IC50) of each drug using a logistic regression model. To
evaluate the inhibitory effect of U0126 on ERK1/2, five million
of the cells were treated for 2 h, harvested and analyzed with the
anti-ERK1/2 or the anti phospho-ERK1/2 antibody after western
blotting.

23 In

Myeloid transformation assays in vitro

In a series of transformation assays, the acquisition of IL-3-
independent proliferation was examined in [L-3-dependent
cells. HF6 and Ba/F3 cells were infected with retroviruses
harboring NRAS, NRASS™Y or mock in pMXs-puro; ARaf-ER
or mock in pBabe puro; and STAT5A1*6, STAT5A#2 or none
(only GFP) in pMYs-IRES-EGFP, respectively, in the presence of
polybrene, as described earlier.® A9G cells were also retrovirally
transduced with NRAS, NRAS®'?Y ARaf-ER or each mock in the
same way. For puromycin selection, the transduced cells were
cultured with 1pg/ml of puromycin 24-96h after infection,
followed by propagation for 5 days in the absence of puromycin.
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Next, 1 x 10° puromycin-resistant cells transduced with NRAS, primers: NRAS-S, 5-GTGGTTATAGATGGTGAAACCTGTT-3/
NRAS®™Y or mock were cultured in 24-well plates in the  and NRAS-AS, 5-GACCATAGGTACATCTTCAGAGTCCT-3'.
absence of 1L-3, whereas those transduced with ARafER or
mock were cultured under the same condition, except for the
presence of 1um of 4-hydroxy-tamoxifen or a vehicle control Results
(ethanol). The cells transduced with STAT5A1*6, STAT5#2 or
none were purified on the basis of the expression of GFP usinga ~ MLL-SEPT6 cooperates with both types of FLT3
FACS Aria (BD Biosciences) 36h after infection. Immediately,  mutations through different modes of signal
these purified cells (1 x 10%) were cultured in 96-well plates in  transduction
the absence of IL-3, to avoid excessive signals caused by To clarify the molecular mechanism of cooperation between
STAT5A#2 or 1*6 in the presence of IL-3, which led to cell death MLL fusion proteins and FLT3 mutants, signaling pathways of
as described earlier.”®> Viable cell numbers were counted FLT3-ITD and FLT3-TKD that cooperate with MLL-SEPT6 were
periodically after standard Trypan blue staining. examined using the IL-3-dependent MLL-SEPT6-immortalized
cell line, HF6.% Farlier, STAT5 and MAPK ERK1/2 had been
found to be activated downstream of FLT3 mutants in factor-
Leukemogenesis assays in vivo dependent cell lines.”>** Therefore, the activation of these
Leukemogenesis assays in vivo using C57BL/6 mice produced molecules was first examined using parental HF6 and trans-
by a combination of two kinds of transgenes were performed  formed HF6 cells expressing FLT3-ITD (HF6'™®) or FLT3P835Y
with lethal conditioning using lethally (9.5Gy) irradiated  (HF6®*>Y) described earlier.® Nearly equal levels of expression
recipients, or with sublethal conditioning using sublethally of the FLT3 mutants in the transformed HF6 cells were
(5.25 Gyj irradiated recipients receiving no radioprotective bone confirmed (Figure 1a). A western blot analysis after immuno-
marrow (BM) cells, as described earlier® (Supplementary Figure 1). precipitation of the lysates from these cells revealed constitutive
In brief, hematopoietic progenitors were harvested from 6- to phosphorylation of STAT5A in HF6 cells expressing the FLT3
10-week-old Ly-5.1 C57BL/6 mice 4 days after intraperitoneal mutants in the absence of [L-3, but little in the parental HF6 cells
administration of 150 mg/kg 5-fluorouracil, and cultured over- that had been deprived of IL-3 (Figure 1b). In addition, a western
night in alpha minimal essential medium supplemented with blot analysis of the same lysates also revealed constitutive
20% fetal calf serum and 50ng/ml each of mouse stem cell phosphorylation of ERK1/2 in those cells expressing the FLT3
factor, human [L-6, human FLT3-ligand (R&D Systems) and mutants, but little in the parental HF6 cells that had been
human thrombopoietin (Kirin Brewery, Takasaki, Japan). The deprived of IL-3 (Figure 1b).
prestimulated cells were infected with several combinations of Next, to determine whether STAT5 and/or MAPK were
the retroviruses for 60h in the o minimal essential medium important in the transformation of HF6 cells expressing FLT3
supplemented with the same fetal calf serum and cytokines ~ mutants, each signaling pathway was inhibited using dnSTAT5A
using RetroNectin (Takara Bio Inc., Otsu, Japan) according to or MEK inhibitor U0126. After retroviral transduction with the
the manufacturer’s recommendations, followed by intravenous ~ dnSTAT5A, the proliferation of HF6'™ cells expressing dnSTA-
injection of 10% of the cells into Ly-5.2 mice together with either  T5A was suppressed more efficiently than that of HF6”83%V cells
a radioprotective dose (2 x 10°) of Ly-5.2 cells under lethal expressing dnSTATSA (Figure 2a). KO-positive cells expressing
conditioning or none under sublethal conditioning. Morbid dnSTAT5A showed higher levels of phosphorylated STATS than
mice and their tissue samples were analyzed, and immuno- KO-negative cells (Figure 2b). This finding is consistent with the
phenotyping of BM, splenic and thymic cells was performed  earlier report showing that the dnSTATSA exerts its effect on
using the FACS Calibur, as described earlier.*> The hemato- endogenous STAT5A and 5B with persistent phosphorylation
poietic neoplasms were diagnosed mainly on the basis of  of the dnSTATSA itself.>® In contrast, U0126 retarded the
morphology as described earlier.® The probabilities of murine  proliferation of the HF6”®*V cells more effectively than the
overall survival were estimated using Kaplan-Meier method ~ HF6'™ cells (Figure 2c, each IC50 is 0.67+0.35um for
and compared using the log-rank test. All animal studies were ~ HF6P®**Y and 6.09£0.90um for HF6'™ in the absence of
performed in accordance with the guidelines of the Animal IL-3). Indeed, U0126 inhibited phosphorylation of ERK1/2 in the
Care Committees of the Institute of Medical Science, the  HF6'™ and HF6P®**Y cells in a semidose-dependent manner
University of Tokyo and the Mie University. (Figure 2d). In addition, another important signaling pathway
downstream of FLT3, through PI3 kinase, was inhibited using
LY294002. LY294002 also retarded the growth of the HF6P#3>Y
Southern blot analysis and HF6'™® cells in a dose-dependent manner, but there was no
Genomic DNA was extracted from spleens, digested with Nhel remarkable difference between both types of HF6 cells
or BamHI for detecting proviral integration and clonality, (Supglementary Figure 2, each IC50 is 4.18+0.55um for
respectively, and analyzed with the Neo or puro probe  HF6"%**Y and 8.12 £1.54 uM for HF6'™ in the absence of IL-3).
(Supplementary Figure 1) as described earlier,** Taken together, these results in vitro suggested that the
activation of MAPK was more critical for transformation by
FLT3-TKD than by FLT3-ITD in HF6 cells, whereas activation of
Reverse transcriptase-polymerase chain reaction (PCR) STATS5 was more critical for transformation by FLT3-ITD than by
Total RNA was extracted from cell lines, spleen or BM, and FLT3-TKD.
reverse transcribed to complementary DNA as described
earlier.® The conditions, reagents for reverse transcriptase-PCR
and the primers specific for f,microglobulin (8;MG), Hoxa9  Activation of Ras-MAPK cascade enables HF6 cells to
and MLL-SEPT6 have been described earlier,® except that  grow without IL-3 through cooperation between Hoxa9
PCR amplification for MLL-SEPT6 transcripts was sometimes  and Raf
run for 35 cycles. To detect the transcript of NRASS'?, We further examined whether direct activation of either STATS
PCR amplification was run for 21 cycles using the following ~ or MAPK cascade is sufficient to confer factor-independent
Leukemia
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growth on HF6 cells. Although the constitutively active mutants
of STATSA, the relatively stronger mutant STATS5A1*6 and
weaker mutant STAT5A#2, enabled Ba/F3 cells (Ba/F3'™,
Ba/F3) to grow without IL-3 as reported earlier,”>?”*® both
failed to confer factor-independent growth on HF6 cells with
limited elongation of survival time without IL-3 (Figures 3a and
0). In contrast, the oncogenic NRAS mutant, NRAS®'?Y, which
had been detected in a case of AML with MLL-SEPT6,*° enabled
HF6 cells (HF6%'?Y) to grow without IL-3, while it conferred no
factor-independent growth on Ba/F3 with limited elongation of
survival time without IL-3 (Figures 3b and ¢). In addition, Raf-1,
a signal molecule downstream of Ras in Ras-MAPK cascades
associated with malignant transformation, was tested with an
activation-inducible system using ARaf-ER, consisting of the
catalytic domain of human RAF-1 (ARaf) and the hormone-

Unlike transduced Ba/F3 (Ba/F32R*"R) cells, transduced HF6
(HF6*Ra™ER) cells grew without IL-3 only in the presence of
4-hydroxy-tamoxifen (Figure 3e). In these HF6*R~ER celis
treated with 4-hydroxy-tamoxifen, STAT5A was not found to
be secondarily activated by induction of activation of Raf/MAPK
cascade in the absence of {L-3, whereas it was found to be
weakly activated by stimulation with IL-3 for 15min (data not
shown).

Furthermore, we examined whether Hoxa9, which is one of

the well-known target genes of MLL fusion proteins,'®'"131 i

involved in cooperation between MLL fusion protein and Ras/
Raf/MAPK cascade. In the myeloid transformation assays, the
murine BM progenitors immortalized by Hoxa9 in the presence
of IL-3 (named A9G) proliferated without IL-3 after retroviral
transduction of NRAS®'™Y (Figure 3b). In the inducible

binding domain of the ER (Figure 3d), as described earlier.”® transformation transduced  A9G

system

using ARaf-ER,

a 200 4 b
3 HF6
I
a f;
RV, Blot
w? ! & g
200 : aphospho-
. ] HF6'TP tyrosine
1/ aSTAT5A
w® et et 0 g0t
200
: HEGDS35V aphospho-
¢ ERK1/2
B ; ){,«.\
o~
b
w2

» " GERK1/2

Figure 1 Characterization of signal transduction in the HF6 cells transformed by FMS-like receptor tyrosine kinase 3 (FLT3) mutants.
(@) Expression of each FLT3 mutant in HF6 and their transformed cells. The shadow profiles and black lines represent fluorescence-activated cell
sorting (FACS) staining obtained using the antibody specific to FLT3 and its isotype control antibody, respectively. (b) Western blot analyses of
proteins extracted from HF6 and their transformed cells after immunoprecipitation using the anti-signal transducer and activator of transcription 5A
(STAT5A) antibody (upper two panels}, and of the whole lysates (lower two panels). The parental HF6 cells had been deprived of interleukin-3
(IL-3) 8 h before harvest. The blot of the immunoprecipitated samples was probed with the anti-STAT5A antibody (upper bottom panel), followed
by reprobe with 4G10 (the anti-phosphotyrosine antibody) (upper top panel). The blot of the whole lysates was probed with the anti-extracellular
signal-related kinase (ERK)1/2 antibody (lower bottom panel), followed by reprobe with the anti-phospho-ERK1/2 antibody (lower top panel).

>
Figure 2 Differential effects of inhibition of cellular signal transduction on the HF6 cells transformed by FMS-like receptor tyrosine kinase 3
(FLT3) mutants. (@) Fffect of the retroviral transduction with the dominant negative mutant of signal transducer and activator of transcription 5A
(dnSTAT5A) in pMXs-internal ribosomal entry site (IRES)-Kusabira-Orange (KO) on the transformed and parental HF6 cells. Viable cell numbers
and KO expression were monitored daily after the transduction, and the averages of ratios of each KO-positive cell number at days 1, 2, 3 and 4 to
that at day 1 are shown with s.d. (bars). (b} Intracellular flow cytometric analyses of phospho-STATS (Y694) on the transformed and parental HF6
cells transduced with dnSTATSA in pMXs-IRES-KO. The density plots show expression of each intracellular antigen labeled with the Alexa Fluor
647-conjugated anti-phospho-STAT5 (Y694) (upper eight panels) or its isotype control (lower two panels) antibody versus expression of KO. As
negative controls, nontransduced and mock-transduced HF6 cells were used, respectively (lower two panels using the isotype control antibody).
As references, nontransduced HF6 cells were deprived of interleukin-3 (IL-3) for 8 h (HF6 (IL-3(—))), or stimulated with I1L-3 for 15 min after the
same deprivation (HF6 (IL-3(+))), and then used (lower two panels using the anti-phospho-STATS antibody). KO and Alexa Fluor 647 were
detected using the FL2 and FL4 channels of the fluorescence-activated cell sorting (FACS) Calibur, respectively. (c) Effect of the various
concentrations of mitogen-activated protein kinase (MAPK) kinase (MEK) inhibitor, U0126, on the transformed and the parental HF6 cells. The
averages with s.d. (bars) of ratios of viable cell numbers in the presence of each concentration of U0126 to those in the absence of U0126 are
shown. (d) Western blot analyses of the whole lysates extracted from the transformed HF6 cells treated with U0126. Both groups of transformed
HF6 cells were treated with various concentrations {shown above each upper panel) of U0126 for 2 h and then harvested. Both blots were probed
with the anti-phospho-extracellular signal-related kinase (ERK)1/2 antibody (each top panel), followed by reprobe with the anti-ERK1/2 antibody
(each bottom panel).
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Figure 3 Transformation of the HF6 and A9G cells induced by direct activation of Ras/Raf/mitogen-activated protein kinase (MAPK) pathway.
(@) Transformation assays of the HF6 and Ba/F3 cells expressing constitutively active forms of signal transducer and activator of transcription 5A
(STAT5A) (#2 and 1*6). Green fluorescent protein (GFP) was used as a control. {b) Transformation assays of the HF6, A9G and Ba/F3 cells
expressing wild-type (WT)} NRAS or NRASS12V (G12V). The averages of the number of viable cells with s.d. (bars) are shown in (@) and (b). (c, d)
Western blot analyses of the whole lysates extracted from the transduced cells (see legends to panels (a) and (b)) in the absence of interleukin-3
(IL-3). (c) HF6 and Ba/F3 cells transduced with an inducible form of Raf (ARaf-estrogen receptor (ER)) (d) and their parental cells (c, d). The blot was
probed with the anti-FLAG antibody to detect expression of ectopically expressed STATSA mutants (upper left panel), or probed with the anti-
NRAS antibody (upper right panel), followed by reprobe with the anti-a-tubulin antibody as internal control (lower panels) (c). The blot was also
probed with the anti-ER antibody to detect expression of ARaf-ER (d). (e) Transformation assays of the HF6, A9G and Ba/F3 cells expressing ARaf-
ER in the presence of 4-hydroxy-tamoxifen (4-OHT) (+) or vehicle control (-). The averages of the number of viable cells with s.d. (bars) are
shown. () Analysis of Hoxa9 transcripts in A9G cells using reverse transcriptase-PCR. Ba/F3 and HF6 cells were used as negative and positive
controls, respectively.

Figure 4 Leukemogenesis induced by mixed-lineage-leukemia (MLL)-septin 6 (SEPTO) with NRASC'?Y synergistically, but not with signal
transducer and activator of transcription 5A (STATSA}#2, in vivo under lethal conditioning. (a) Survival curves of mice transplanted with MLL-
SEPT6 and NRASS'2Y (MS6/G12V; n=6), MS6 and STAT5A#2 (MS6/#2; n=6), MS6/GFP (n=6), neo/G12V (n=6), neo/#2 (n=3) and neo/GFP
(n=3). (b) Representative macroscopic images of spleens obtained from each group of mice shown in (a). Scale bar 1cm. (¢, d) Representative
histopathological analysis of morbid mice transplanted with MS6/42, MS6/G12V (c, d), neo/G12V, and neo/#2 (d). Bone marrow (BM) cells (c) and
paraffin sections of spleen (d) were stained with Wright-Giemsa and hematoxylin and eosin (H&E), respectively. Original magnification, x 200
(c) and x 40 (d); scale bars, 30 um (c) and 200 pm (d). (e, f) Immunophenotype of BM or splenic (Sp} cells obtained from representative morbid
mice transplanted with MS6/42 (e, left panels), MS6/G12V (e, right panels), neo/G12V (f, left panels) and neo/#2 (f, right panels). The dot plots
show each surface antigen labeled with a corresponding monoclonal antibody versus expression of GFP. Ly5.1, Gr-1, CD11b, Ter119, and c-Kit
were labeled with phycoerythrin (PE)-conjugated and allophycocyanin (APC)-conjugated monoclonal antibodies, respectively. (g) Southern blot
analysis to detect clonality (left panel) and proviral integration (right panel). Genomic DNA extracted from BM cells obtained from representative
mice transplanted with MS6/G12V (lanes 4, 5, 9 and 10), MS6/GFP (lanes 2, 3, 7 and 8) and neo/GFP (5 months after transplantation; lanes 1 and 6)
was digested with BamHI (lanes 1-5) and Nhel (lanes 6-10), respectively, and hybridized with the Neo probe. Oligoclonal bands of proviral
integration and single bands of the proviral DNA are indicated by arrows and arrowheads, respectively,
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(AIG*RIER) cells grew without IL-3 only in the presence of
4-hydroxy-tamoxifen (Figure 3e). Expression level of Hoxa9 in
A9G cells was shown in comparison with those in Ba/F3 and
HF6 (negative and positive controls, respectively) cells by
reverse transcriptase-PCR (Figure 3f).
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Taken together, these results in vitro suggested the
essential role of activation of the Ras/Raf/MAPK cascade
together with Hoxa9 upregulated by MLL fusion proteins
in the transformation of the cells expressing MLL fusion
protein.
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MLL fusion proteins and oncogenic NRAS cooperate to marker also known as Ly-6G) and low level of c-Kit ({CD117,
induce acute leukemia, at least partly through aberrant  the receptor of stem celi factor) (Figure 4e). In addition, Southern
expression of Hoxa9 blot analysis of genomic DNAs derived from the spleens of the
The findings on the transformation of HF6 cells in vitro led to the MS6/G12V mice showed oligoclonal bands of proviral integra-
hypothesis that MLL fusion proteins might cooperate with tion (Figure 4g). These results indicated that the MS6/G12V mice
activation of Ras to induce AML in vivo. To test this hypothesis, developed AML similar to the mice receiving BM cells trans-
the oncogenic potential of NRAS®'?Y (G12V) or STAT5A#2 (#2) duced with MLL-SEPT6 and FLT3-ITD, as described earlier.®
to cooperate with MLL-SEPT6 (MS6) or MLL-ENL short form was In contrast, the morbid neo/G12V mice showed extremely
examined in the leukemogenesis assays in vivo (Supplementary hypocellular marrows and extramedullary hematopoiesis in the
Figure 1). STAT5A1*6 was not used owing to its too strong spleen, where a majority of the cells did not express Ly5.1
oncogenic potential in vivo as reported earlier.>® The transduc- (Figure 4f), with little expression of Hoxa9 in comparison with
tion efficiencies of NRASS'?Y, STATSA#2 and MLI-ENL were the morbid MS6/G12V mice (Supplementary Figure 3a). Thus,
30-50, 20-40 and 5-10%, respectively, as determined by GFP this finding suggested that, in our leukemogenesis assays under
expression (data not shown). lethal conditioning, NRAS might develop BM aplasia presum-
The mice receiving the BM cells transduced with MLL-SEPT6 ably due to engraftment failure. Meanwhile, the MS6/42 mice
and NRASC'Y (MS6/G12V) died with significantly shorter died of MPD, showing myeloid hyperplasia consisting pre-
latencies (26 + 2.4 days; P<0.05, log-rank test) than the MS6/  dominantly of mature granulocytic elements in the BM cells,
GFP mice that died of MPD (137+£9.0 days) as described where a very small population (1.0%) expressed STAT5A#2,
earlier,® but, unexpectedly, the neo/G12V mice died as early as with splenomegaly similar to the MS6/GFP mice (Figures 4b—d,
the MS6/G12V mice (31 +1.4 days) (Figure 4a, Table 1, and and Table 1). The neo/#2 mice showed neither hepatospleno-
data not shown). The MS6/#2 mice died with significantly megaly nor hematological abnormalities in the peripheral
shorter latencies (82 + 11 days; P<0.05, log-rank test) than the blood, but relative myeloid hyperplasia in the BM, where only
MS6/GFP mice, but as early as the neo/#2 mice (80 * 8.0 days) a small population (9.4%) expressed STAT5A#2 (Figures 4b and
(Figure 4a and Table 1). Notably, the phenotypes of the MS6/ f, data not shown and Table 1), thus implying that STAT5A#2
G12V mice were very different from those of the neo/G12V ~ might induce lethal BM abnormality owing to paracrine
mice and from MPD in the MS6/GFP mice, whereas those of the ~ expression of some cytokines as in the earlier report using
MS6/42 mice were rather similar to MPD in the MS6/GFP mice STAT5A1%6.3¢
than those of the neo/#2 mice. To generalize leukemogenic cooperation between MLL fusion
The morbid MS6/G12V mice showed hepatosplenomegaly proteins and oncogenic NRAS and avoid the early death caused
with various ranges of leukocytosis, anemia and thrombocyto- by transduction of NRASS'?Y, the BM cells transduced with
penia, whereas the morbid neo/G12V mice showed no  MLL-ENL and/or oncogenic NRAS were also transplanted into
hepatomegaly but mild splenomegaly, and severe pancytopenia recipient mice under sublethal conditioning. The MLL-ENL short
(Figure 4b and Table 1). Histopathological analyses of the  form was used for leukemogenesis assays under sublethal
morbid MS6/G12V mice showed that immature myelomono-  conditioning with oncogenic NRAS (NRAS®'?Y), in which
cytic blasts accounted for more than 30% of BM cells, and retroviral vectors were exchanged, so that the expression of
severely infiltrated the spleen and the liver (Figures 4c and d, GFP indicated that of MLL-ENL (Supplementary Figure 1). These
and data not shown). Immunophenotyping analyses of the BM leukemogenesis assays under sublethal conditioning confirmed
cells also revealed that a majority of these cells expressed GFP,  that the combination of MLL-ENL and NRAS®'?V reproduced
which indicated expression of NRAS®'?Y, with high level of  AMIL, and that MLL-ENL (and puro} induced the phenotype of
CD11b, intermediate level of Gr-1 (a myeloid differentiation ~ MPD (Figures 5a, b and d, and Table 1). Meanwhile, NRAS®'?Y
Table 1 Characteristics of the morbid mice transplanted with hematopoietic progenitors transduced with MLL fusion genes or Hoxa9, and/or
either NRASC'? or STATSA #2
Mouse Latency (days) Liver (g) Spleen (g) Thymus (g) WBC (per ul) Hb (g per 100 ml) Pit (x 107 per )
L ethal conditioning
MS6/G12V (n=6) 26+2.4 1.60+£0.35 0.31+£0.07 0.020+0.012 74600%62900 42%1.0 4.0+3.9
MS6/#2 (n=3)* 82+ 11 0.98+0.43 0.32+0.03 0.019+0.006 73100 5.3 4.4
MS6/GFP (n =6) 137+£9.0 1.54+£0.69 0.26+0.09 0.037+0.005 309000263000 7.0x6.6 8.0+5.7
neo/G12V {n=6) 31+1.4 1.04+£0.25 0.25+0.08 0.030+0.030 4600+ 1800 2.5%0.3 0.56+0.4
neo/#2 (n=_3)° 80+8.0 0.66+0.16 0.08£0.06 0.011%0.001 9800 18.8 58.2
neo/GFP (n=3) NA 1.36+0.11 0.09+0.01 0.051+0.010 12000%4700 147106 81113
AQ/G12V (n=4) 28+75 1.93+0.56 0441016 0.033+£0.080 76300%£56700 4.5+127 1.0+£0.6
A9/GFP (n=6) NA NT NT NT 212005400 173124 66+4.7
puro/GFP (n=23) NA 1.48+0.21 0.06+0.01 0.049+0.022 12000%3400 136+1.5 8119
Sublethal conditioning
MEs/G12V (n=10) 21+£3.9 256+045 051+0.10 0.043%£0.020 164000+ 131000 7.2+25 11+4.5
MEs/puro (n =5) 89+ 11 1.89+0.58 0.44+0.11 0.0432£0.006 99000+53000 74429 9.1+31
GFP/G12V (n=5)° 89+£10 0.90+0.31 0.06+0.03 0.63%£0.35 22000+1000 13.6+1.7 97
GFP/puro (n=3) NA NT NT NT NT NT NT
Abbreviations: GFP, green fluorescent protein; Hb, hemoglobin; MEs, MLL-ENL short form; NA, not applicable; NT, not tested; Pit, platelet; WBC,
white blood cell.
Averages with s.d. are shown.
2Blood cell counts of only one morbid mouse were performed.
®One mouse developing acute leukemia and thymoma was excluded, owing to the remarkably increased number of WBCs and
hepatosplenomegaly. The platelet count of only one morbid mouse was determined.
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Figure 5 Leukemogenesis assays under sublethal conditioning using mixed-lineage-leukemia/eleven nineteen leukemia (MLL-ENL) and
NRAS®'?Y. (@) Survival curves of mice transplanted with a short form of MLL-ENL (MEs) and NRASS'2Y (MEs/G12V) (n= 10}, MEs/puro (n=5),
GFP/G12V (n=5) and green fluorescent protein (GFP)/puro (n=3). (b) Representative cytospin preparations of bone marrow (BM) cells obtained
from morbid MEs/G12V and MEs/puro mice. The cells were stained with Wright-Giemsa. Original magnification 200 x ; Scale bars 30 um.
(c) Representative histopathologic images of thymus obtained from the GFP/G12V mouse. A paraffin section of the thymus was stained with

hematoxylin and eosin (H&E). Original magnification,

x 40; vertical and horizontal scale bars, 1Tcm and 200um, respectively.

(d) Immunophenotype of BM and thymic (Th) cells obtained from representative morbid MEs/G12V and GFP/G12V mice. The dot plots show
each surface antigen labeled with a corresponding monoclonal antibody versus expression of GFP or CD4. Ly5.1, CD11b, CD4, and c-Kit and CD8
were labeled with phycoerythrin (PE)-conjugated and allophycocyanin (APC)-conjugated monoclonal antibodies, respectively.

{and GFP) led to thymoma, sometimes together with leukocy-
tosis, with a long latency (Figures 5a, ¢ and d, and Table 1). In
addition, to examine the possibility that the phenotypes
associated with STAT5A#2 might change, similar to oncogenic
NRAS, the BM cells transduced with STAT5A#2 (in pMYs-IRES-
EGFP) and/or MLL-SEPT6 (in pMXs-neo) were again transplanted
into recipient mice under sublethal conditioning. Within an
observation period of 160 days, two of three neo/#2 mice under
sublethal conditioning died with longer latencies (134 and 139
days) and showed the same phenotype of myeloid hyperplasia
in the BM, where a small population (15%) expressed
STAT5A#2, although these had different phenotypes of pancy-
topenia and splenomegaly (Supplementary Figure 3b and data
not shown). In contrast, two of three MS6/#2 mice and all of
the three MS6/GFP mice survived and showed no hematologi-
cal abnormalities in the peripheral blood, whereas one of
the MS6/#2 mice died (125 day) but could not be analyzed
because of post-mortem change, within the observation period.

Histopathological analysis of one MS6/42 mouse, which was
killed 150 days after the transplantation, showed no significant
hepatosplenomegaly but mild myeloid hyperplasia in the BM
(data not shown). Only 30% of the BM cells were positive for
donor-derived Ly-5.1, and 7% of the BM cells were positive for
GFP, indicating expression of STAT5A#2 (Supplementary
Figure 3c), whereas reverse transcriptase-PCR analysis of the
BM cells gave very weak signals of MLL-SEPT6 after 30 cycles
{data not shown), but clearly visible signals after 35 cycles
(Supplementary Figure 3c). Therefore, sublethal conditioning
seemed to be inappropriate for leukemogenesis assays using
oncogenes, such as MLL-SEPT6 and STAT5A#2, which had
relatively weak oncogenic potential in comparison with
MLL-ENL and NRAS®'?V.

Finally, we examined whether Hoxa9 may be involved in
cooperation between the MLL fusion protein and oncogenic
NRAS in vivo, such as in transformation assays in vitro. The
leukemogenesis assays using the BM cells transduced with
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Hoxa9 and oncogenic NRAS were carried out under lethal MLL fusion, using two different well-characterized types of MLL
conditioning, because preliminary leukemogenesis assays under fusion proteins. {n the light of the role of FLT3 mutations in MLL-
sublethal conditioning were unsuccessful probably because of fusion-mediated leukemogenesis described earlier,® signaling
engraftment failure (data not shown). The combination of Hoxa9 pathways downstream of FLT3 mutations were analyzed in the
and NRASS'?Y (A9/G12V) led to death with short latencies transfectants of HF6, a cell line expressing MLL-SEPT6. The
(28 +7.5 days) (Figure 6a and Table 1), whereas Hoxa9 (and immortalized cells, such as HF6 and A9G, used in this study
GFP) per se induced no lethal disease within 120 days, as might have acquired additional mutations. However, the
reported earlier.’” The A9/G12V mice showed remarkable phenotypes including IL-3 dependency, expression patterns of
hepatosplenomegaly and had a tendency toward leukocytosis, lineage markers and growth rates were not changed since their
anemia and thrombocytopenia (Table 1). Histopathological and establishment (data not shown), thus suggesting that at least no
immunophenotyping analyses of the BM cells revealed that the mutations leading to critical transformation had occurred in
A9/G12V mice had a few, but prominent, myelomonocytic these cell lines. Although recent studies have disclosed the
blasts (Figure 6b), with high expression of CD11band Gr-1, and  differences in activation of signal molecules, including MAPK
low level of c-Kit (Figure 6¢c). A Southern blot analysis of  and STATS, between FLT3-TKD and FLT3-ITD,***® our experi-
genomic DNAs derived from the spleens of the A9/G12V mice  ments using transduction with FLT3 mutants and inhibition of
gave oligoclonal bands (data not shown). These results indicated  the signal molecules first showed a crucial role of activation of
that Hoxa9 cooperated with oncogenic NRAS to rapidly induce MAPK rather than STAT5 in the factor-independent survival and
lethal myeloid malignancy that was not identical but similar to proliferation of HF6 cells. Next, the myeloid transformation
the acute leukemia induced by MLL fusion proteins and assays in vitro revealed that the activation of Raf-1, as well as
oncogenic NRAS. oncogenic NRAS, transformed HF6 cells, but that constitutively
Taken together, these results in vivo suggested that MLL fusion active mutants (1*6 and #2) of STAT5A did not. The
proteins rapidly induce acute leukemia together with activated leukemogenesis assays in vivo also showed that oncogenic
NRAS, at least in part through aberrant expression of Hoxa9. NRAS rapidly induced acute leukemia together with MLL fusion
proteins, which differed from the original phenotype induced by
each molecule. In contrast, the active STAT5A mutant did not
Discussion confer obvious synergistic effects on the MLL-fusion-mediated
leukemogenesis. Thus, these results in vitro and in vivo
The present study provides several evidences that MLL-fusion-  suggested that activation of the Ras/Raf/MAPK pathway may
mediated leukemogenesis cooperated synergistically with Ras be sufficient for the transformation of HF6 cells and develop-
activation, but not with STAT5 activation. Although all known ment of MLL-fusion-mediated leukemia.
MLL fusion proteins were not tested in this study, we showed Oncogenic NRAS induced thymoma in the leukemogenesis
that this synergistic cooperation was not limited to the specific assays under sublethal conditioning, which is consistent with the
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Figure 6 Leukemogenesis induced by Hoxa9 and oncogenic neuroblastoma RAS viral (v-ras) oncogene homolog (NRAS) under lethal
conditioning. (a) Survival curves of mice transplanted with Hoxa9 and NRAS®'?Y (A9/G12V; n=4), A9/green fluorescent protein (GFP) (n=6) and
puro/GFP (n= 3). (b) Representative cytospin preparations of bone marrow (BM) cells obtained from morbid A9/G12V mice. The cells were stained
with Wright-Giemsa. Original magnification, x 200; scale bar, 30 pm. (c) Immunophenotype of BM cells obtained from representative morbid A9/
G12V mice. The dot plots show each surface antigen labeled with a corresponding monoclonal antibody versus expression of GFP. Ly5.1, Gr-1,
CD11b, and c-Kit were labeled with phycoerythrin (PE)-conjugated and allophycocyanin (APC)-conjugated monoclonal antibodies, respectively.
Leukemia

- 159 -



development of T-lymphoma by FLT3-TKD in our experimental
system (Ono et al., unpublished data), whereas it led to the
development of BM aplasia in our leukemogenesis assays under
lethal conditioning. This difference in the disease phenotypes
implies that forced expression of oncogenic NRAS in BM
progenitors might be involved in its inhibitory effects on the
engraftment of radioprotective cells as well as the antiprolifera-
tive effect of oncogenic NRAS in the early phase of the
transplantation.?® These disease phenotypes were also different
from the development of MPD in the earlier reports.>**? This
discrepancy might be due to the differences in the experimental
systems, such as the retroviral transduction and mice strains.
Meanwhile, the BM progenitors transduced with Hoxa9 and
NRAS®?Y seemed to result in engraftment failure under
sublethal conditioning, but these rapidly developed myeloid
malignancy under lethal conditioning. A recent study using BM
transplantation showed the possibility of drastic fluctuation in
the engraftment of donor cells receiving pathological modifica-
tion under sublethal conditioning;*' hence, our unsuccessful
results under sublethal conditioning might be associated with
some instability of the transplantation.

Our leukemogenesis assays showed a definitively synergistic
cooperation between MLL fusion proteins and oncogenic NRAS
in the acceleration of disease onset and change of the
phenotypes. Interestingly, the synergistic cooperation between
MLL fusion proteins and Ras/Raf/MAPK activation closely
correlated with recent clinical studies reporting the frequent
coincidence of MLL fusion genes and mutations of RAS*® or
RAF* It was reported that the additional expression of
oncogenic KRAS induced an acute promyelocytic leukemia-like
disease in transgenic mice expressing promyelocytic leukemia/
retinoic acid receptor-o. with an increased penetrance and
decreased latency, although neither the penetrance nor the
latency was significantly different from those in mice that died of
MPD by expression of oncogenic KRAS alone.** Other groups
recently reported that the combination of oncogenic NRAS and
MLL-AF9** or MLL-ENL*® is capable of developing AML, and
that induced repression of oncogenic NRAS on the combination
reverted AML to MPD by the MLL fusion gene (MLL-AF9)
alone.** Although our findings that MLL fusion proteins and onco-
genic NRAS cooperate to induce AML confirmed these notions,
the present study further analyzed the involvement of Hoxa9
and Raf, downstream of the cooperation between MLL fusion
proteins and oncogenic NRAS. The myeloid transformation
assays in vitro showed that the activation of Raf-1, as well as
oncogenic NRAS, transformed A9G, a cell line expressing
Hoxa9. The leukemogenesis assays in vivo also showed that
Hoxa9 and oncogenic NRAS rapidly developed myeloid mali-
gnancy. These results in vitro and in vivo suggested that, as
downstream molecules, Hoxa9 and Raf may have important
roles in the synergistic leukemogenesis by MLL fusion proteins
and oncogenic NRAS.

Our findings suggest a possible model of MLL-fusion-
mediated leukemogenesis that was essentially recapitulated by
Hoxa9 expression and Ras/Raf/MAPK activation (Figure 7). In
the context of secondary genetic alterations, such as FLT3
mutations, this model explains the clinical features of acute
leukemia with 1123 translocations. First, overexpression, as
well as TKD mutations, of FLT3 frequently detected in the MLL-
rearranged infant acute leukemia may be involved in the
leukemogenesis mainly through activation of Ras/Raf/MAPK,
because several studies reported that the signaling pathway of
wild-type FLT3 is similar to FLT3-TKD rather than FLT3-ITD 2438
Second, besides FLT3, other unknown molecular pathways that
lead to the activation of Ras/Raf/MAPK might also be involved in
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Figire 7 A model of mixed-lineage-leukemia (MLL)-mediated
leukemogenesis together with secondary genetic alterations. MLL
fusion protein and secondary genetic alterations cooperate to induce
acute leukemia through synergistic molecular crosstalk between
aberrant expression of Hox genes, including Hoxa9, and the activation
of Ras/Raf/mitogen-activated protein kinase (MAPK). Other signaling
pathways, including signal transducer and activator of transcription 5
(STATS5) activation, only additively affect the leukemogenic potential.

the MLL-rearranged leukemia carrying no known genetic
alterations, as FLT3 alterations are not found very frequently in
most MLL-rearranged leukemia except in infants.***” Mean-
while, in the context of MLL fusion proteins, we analyzed the
role of the Hoxa9-mediated pathway leading to leukemogen-
esis. Recent studies revealed that one of the Hox-cofactor
molecules, Meis1, is an essential molecule involved in normal
hematopoiesis*® as well as Hoxa9-mediated leukemogenesis.*
However, our experimental system® using BM cells transduced
with  MLL fusion proteins did not detect any significant
upregulation of Meis? in comparison with the mock transduc-
tion as reported earlier,”® in contrast with the findings by
other groups.'* Therefore, we focused on Hoxa9, one of the key
molecules directly upregulated by MLL fusion proteins. Inter-
estingly, a recent study showed that the combination of Hoxa9
and Meis1 cooperated with Tribl, which enhanced the
phosphorylation of ERK, to induce acute leukemia in the BM
transplantation assays.®' Their study is not inconsistent with our
findings; thus, the HOX and Ras/Raf/MAPK axes may have
central roles in the molecular network of MLl-mediated
leukemogenesis, which might be additively affected by other
pathways, such as activation of STAT5 (Figure 7). in addition, at
least, endogenous expression of Meis1 in A9G cells is also
considered to be important in this network, but further analysis
will be required to clarify the role of Meis in the collaboration
between HOX and MAPK axes.

Conclusion

This study suggests that MLL fusion proteins synergistically
cooperate with Ras/Raf/MAPK activation in leukemogenesis, at
least partly through the upregulation of Hoxa9. Future studies
analyzing the molecular crosstalk between Hoxa9 and the
Ras/Raf/MAPK cascade are expected to provide novel
insights into the molecular mechanism of MLL-fusion-mediated
leukemogenesis.
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Rare cases of possible materno-fetal transmission of cancer have
been recorded over the past 100 years but evidence for a shared
cancer clone has been very limited. We provide genetic evidence
for mother to offspring transmission, in utero, of a leukemic cell
clone. Maternal and infant cancer clones shared the same unique
BCR-ABL1 genomic fusion sequence, indicating a shared, single-cell
origin. Microsatellite markers in the infant cancer were all of
maternal origin. Additionally, the infant, maternally-derived can-
cer cells had a major deletion on one copy of chromosome 6p that
included deletion of HLA alleles that were not inherited by the
infant (i.e., foreign to the infant), suggesting a possible mechanism
for immune evasion.

fetus | fusion gene | leukemia

Rare cases of melanoma or hemopoietic malignancies in
infants have been recorded that may have been of maternal
origin (1). Genetic evidence for a shared, materno-fetal clone of
cancer cells has, however, to date, been sparse and based upon
limited karotype information (1). Unambiguous attribution of
transmission of a cancer clone should be achievable by genetic
fingerprinting, the most striking precedent for which is canine
transmissible venereal sarcoma (CTVS) in which multiple cases
worldwide derive from a single clone (2). Leukemia fusion genes,
generated by chromosome translocations, have patient-specific
or idiosyncratic genomic sequences at the fusion breakpoints and
are frequently early or initiating events (3). They therefore
provide stable, specific, and sensitive clonal markers and can
unambiguously identify a single-cell origin in different individ-
uals as documented with monozygotic twins with concordant
leukemia (4). We report here equivalent genetic scrutiny of a
case of concordant maternal and infant ALL/lymphoma with the
BCR-ABL1 fusion gene.

Results

The Mother. The Japanese mother was 28 years old at her child’s
delivery. No hematological abnormalities had been identified
during the pregnancy, and the birth was uncomplicated. Thirty-
six days after the delivery, the mother experienced vaginal
bleeding. On day 39, she developed fever, and on day 43,
bleeding became uncontrollable. Blood showed leukocytosis
(206,800/pL) with 97% lymphoblasts, anemia (hemoglobin level:
3.5g/dL), and thrombocytopenia (platelet count: 0.2 X 104/uL).
Bone marrow aspiration revealed peroxidase-negative lympho-
blasts (99.6% of nucleated cells), which were positive for CD10,
CD19, CD20, CD34, TdT, and CD79a. Chromosomal G-banding
showed 46,XX,t (9, 22)(q34;q11), and 3.2 X 10° copies/ugRNA
of p190-type BCR-ABL1 mRNA were detected by RT-PCR. She
was diagnosed as having B-cell precursor Ph+ ALL (see SI Text
for clinical treatment).
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The Infant. The 11-month-old female offspring of the above
mother was admitted to hospital with right cheek swelling. MRI
revealed a mass in the cheek (Fig. S14) and a pleural effusion
of the lung. There was no lymph node swelling or organomegaly.
She was born with normal delivery at 40 weeks, 5 days gestation.
There was no history of prenatal abnormalities including intra-
uterine growth retardation, and she showed normal growth and
development until admission.

Laboratory Findings on Infant Samples. Laboratory analyses of the
maternal and infant samples was carried out with full ethical
approval in accordance with the Declaration of Helsinki (Local
ethics approval # CCR2285) and with informed consent of the
family (father). Biopsy of the primary jaw tumor showed the
presence of small round blue cell tumor with large nucleus/
cytoplasm ratio, which diffusely proliferated with partial hyalin-
ization of stroma. A large antibody panel was used to distinguish
a sarcoma from lymphoma. LCA, CD10, CD20, CD79a, TdT,
CD34, and MIC2 were positive by immunohistochemical stain-
ing, and CD3, CDS, CD56, desmin, HHF35, S100, GFAP,
chromogranin, and synaptophysin were all negative. No cytoge-
netic analysis was performed but subsequent FISH analysis
revealed positivity for the BCR-ABLI gene (Fig. S1B).

Cells (48.2%) in the pleural fluid were positive for CD10,
CD19, CD34, and HLA-DR and p190-type BCR-ABL1 chimeric
mRNA was detected (9.5 X 10% copies/ugRNA) by quantitative
RT-PCR (Q-PCR).

Blood count findings on the infant were as follows; WBC
10,100/uL (segment forms 22%; lymphocytes 72%; monocytes
5%; eosinophil 1%), hemoglobin level 12.5 g/dL, platelet count
38.4 X 10%uL. No blast cells were detected in the cerebrospinal
fluid, and there was no morphological evidence of tumor infil-
tration in bone marrow. Bone marrow aspirates were negative for
BCR-ABLI chimeric mRNA by Q-PCR. The patient’s neoplastic
cells had the same immunophenotype and abnormal genotype
(BCR-ABLI fusion) as her mother’s ALL but, in light of the
presentation features, she was diagnosed as having B-cell pre-
cursor lymphoblastic lymphoma stage I11 by the St. Jude Staging
System (see S Text for clinical treatment of infant).
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