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Table 1. Classification of CISs identified in Runx1*/ and Runx1-/~
mice

Classification of
CiS/chromosome

number* Genet Runx1+/,n =52 Runx1--,n = 63
Known CISs, n = 16
5 Gfi1/Evi5t 2 11 (1§, (3)}f
15 c-Myct 3 11
17 Cend3t 2 6
7 RRas2 4 5
10 Ahit/Myb 714 32)#
2 Rasgrp1 2 2
11 lkaros** 1 2
3 Evitt o 5
] Cend2t 0 3
12 N-myct,** 0 3
17 Pim1 0 3
2 Beas1 0 2
Bcl7a o] 2
5 Mad1i1** ] 2
7 Semadb 0 2
12 Jundm2 0 2
Novel CIS, n = 4
X Slisé [V} 4
3 Slis7 ] 3
5 Slis8 4] 2
16 Slis9 0 2

CIS indicates common integration site; and RIS, retroviral integration site.

*The genomic positions of the RIS were determined according to BLAT search of
the UCSC Genome Bioinformatics database.

{Candidate genes in the vicinity of the RIS are shown.

1CISs that are particularly interesting and are discussed in the text.

§Number in parentheses indicates number of integrations inside Gfit.

{Number in parentheses indicates number of integrations inside Evis.

fINumber in parentheses indicates number of integrations inside Myb.

#Number in parentheses indicates number of integrations inside Ahi1.

**Genes with all retroviral integrations inside the gene.

expressing both the T-cell and myeloid markers simultaneously
(supplemental Figure 2A).

In RunxI~~ mice, 34 of 54 (63.6%) developed early-onset
(= 24 weeks) leukemia/lymphoma, whereas only 19 of 52 (36.5%)
Runx1*/* mice showed early onset of leukemia/lymphoma. Out of
the early-onset cases, 51.4% of RunxI™/~ cases and 15.8% of
RunxI** cases showed leukemia with myeloid features that fell
into groups 1 and 2. The remaining mice developed T-cell
leukemia/lymphoma that fell into groups 3 and 4 (Figure 3C). This
result indicates that Runx/ knockout status drives myeloid features
in leukemias despite the strong T-lymphoid tropism of MoMuLV
virus. Some of the group 1 and 2 leukemias recapitulated human
RUNX leukemias with accumulation of immature blasts (as seen in
AML MO0) or accumulation of myeloid cells with differentiation (as
seen in AML M2; Figure 3D).

Stemness related genes are preferentially affected in Runx1-/-
leukemias

There were 710 retroviral integration sites (RISs) found in
63 Runxl~'~ mice and 52 Runx]™'* mice. These sequences were
mapped to the mouse genome to identify the chromosomal location
of the sequences and to identify candidate genes at the loci. Twenty
loci were affected more than once by retroviral integrations in
Runx1~/~ or Runxl*'* mice and these are referred to as common
integration sites (CISs; Table 1). The relative locations of these
integration sites were compared with the tags from the publicly
available Retroviral-Tagged Cancer Gene Database.?” This compari-
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son revealed that 16 CISs correspond to previously known loci
where retroviral integration occurred more than once. The other
4 CISs were detected only by our study and have been designated
as Slis (Singapore leukemia integration site) and classified as novel
CISs (Table 1, supplemental Table 3).

Genes near CISs that are affected with high frequency in
Runx1~/~ mice, but affected with lower frequency in RunxI*'*
mice, may be specifically involved in leukemogenesis of Runx] =~
mice. Notably, candidate leukemogenic genes near CISs in Runx1-
deficient leukemias with myeloid features are more relevant to our
study since these leukemias recapitulate human RUNX1-related
leukemias. A comprehensive list of genes (near CISs or RISs) that
may be involved in tumor progression of each leukemia sample
with myeloid features is given in Table 2. Interestingly, 10 of
18 RunxI~/~ mice that developed leukemia with myeloid features
had integrations near stem cell-related genes such as Gfil/Evi5,
Evil, and Lmo2. These CISs are rarely affected in T-cell leukemia/
lymphoma and preferentially hit in leukemia with myeloid features
(supplemental Table 4).

Integrations at the Gfil/Evi5 locus, the locus where these
2 genes are located in the same direction in no overlapping fashion,
were found in 11 of 63 RunxI~~ mice analyzed and only in 2 of
52 RunxI*'* mice (P < .05, Fisher test). Seven of the 11 RunxI ="~
leukemia cases with integrations at the GfiI/Evi5 locus belonged to
groups 1 and 2 (n = 18), which showed early-onset leukemia with
myeloid features (Table 2). Gfil is a well-known factor involved in
stermn cell maintenance,”® while Evi5 was recently shown to be a
cell-cycle regulator that prevents premature entry of cells into
mitosis.?” Expression levels of Gfil and Evi5 were examined by
gRT-PCR on ¢DNA from 6 of the available leukemic samples with
integrations at this locus and 3 control samples without integration
at this locus (Figure 4A). Evi5 overexpression was seen in all
affected RunxI™~ cases with integration outside this gene, and
became pronounced as the distance between the RIS and the Evi5
gene decreased. This indicates specific, integration site~dependent
activation of Evi5 expression. Gfil expression was not significantly
affected by viral integrations in majority of the cases (Figure 4B).
Thus, Evi5 overexpression appears to play a more cooperative role
with Runx1 deficiency in leukemogenesis. Out of the integrations
that were present only in RunxI—/~ mice and not in RunxI*/* mice,
the most frequent were integrations at the Evil locus seen in
5 RunxI~/~ mice, 3 of which belonged to groups 1 and 2 (Table 2).
Evil functions in self-renewal, maintenance, and proliferation of
stem cells.?03! Integrations near c-Myc, Cyclin D2, and Cyclin D3
genes were also more frequent in Runx!™~ mice. c-Myc is a
well-known protooncogene that causes uncontrolled proliferation
of cells when overexpressed. Cyclin D2 and D3 are G, cyclins and
their dysregulation leads to abnormal cycling of cells (Table 2).

Overexpression of EVI5 cooperates with Runx1~/~ status in
long-term maintenance of aberrant stem/progenitor cells in
vitro

To examine the details of cooperation with RunxI~/~ status, Gfil,
Evi5, and Evil were chosen from the RIM screen due to high
frequency of viral integrations near these genes in Runx]™/~
leukemias compared with wild-type cases. We deduced that they
are likely to prevent exhaustion of RunxI~/~ stem cells due to their
possible function in stem cell maintenance and thus contribute to
development of RunxI-related leukemia.

To study the effect of overexpression of these candidate
oncogenes in immature hematopoietic cells, the c-Kit* fraction of
BM cells transfected with MIG vector carrying GF1, EVIS, or EVII
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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 Runxi1— Gii1/Evi5 (c) c-Myc (c)
807 Runx1-/- Ncoa2} Ing4 Rbm34
966 Runxt— Evit (c) IL6st
714 Runx1—/~ Gfi1/Evi5 (G) Cyclin D3 (c), Cyclin D2 {c) Dab2t Ling,
Swap70
708 Runx1~/~ Evit (c) Pik3cd Mapk3 (Jnk) Slis7 (c) Tmem23%
Group 2: biphenotypic leukemia
691t Runx1—~
813 Runx1-/- GIi1/Evi5 (¢}t Slis6 (c) Arhgap25
775 Runx1-= ' o-Myc () Gimap7z,
Ak1
770 Runx1-/~ Cyclin D3(c), Semadd Gaddds Slis7 (c) Cspg4,
mSin3a
641 Runx1-/~ Cyclin D3{(c), Cyclin D2 {c) Stag1§ Slis8 (c) Ang2
819 Runx1="~ Gfi1/Evi5 (c) Six4a,
Negrt
821 Runx1~/~
779 Runx1-"~ c-Myc (c) Nkd1 Slis8 (c)
982 Runx1-"~ GHi1/Evi5 {c) Stag1§ Slis6 () Limk2
972 Runx1—" Ppfibp1
969 Runx1-* Gfil/Evi5 (c), Evi1 N-myc (o), Cyclin D1 {c) Mad1itt Rabggtb
(©)
948 Runx1-"~ GF1/Evi5 (c) N-myc (€)% Sitk16,
Mdm4
974 Runx1-/~, Lmo2} c-Myc (c), Cyclin D3 (c), Left Ldb1
693 Runx1+/+ Tnifrsf191 Tspan32
690 Runx1++ Lmod Foxp1
663 Runx1++ Gfi1/Evi5 (c) Pip5k2at Ugceg
Unclassified}
2 Runx1-* GIit/Evi5 (c) N-myc {c)t, Sept9, Pim2
4 ' Runx1-* GIi1/Evi5 (c)t, Hes1 iz Slis6 (c) Birc4
998 Runxi1-'~ GFiT/EVI5 ()
838 Runx1-/~ Gfi1/Evi5 (c)}

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.
L.eukemia 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 Runx] /=
and RunxI*/* immature cells (GFP*c-Kit*) on OP9 stromal cells.
The plating efficiency (colony number) of Runxl—~ cells with
overexpression of EVI5 gene was prominently high while that of
mock-transfected RunxI~~ cells or EVI5-transfected Runx1*/*
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 RunxI™ cells overexpressing EVIS.

cells overexpressing EVI5 showed differentiated mast cell and macro-
phage morphology after 30 days of LTC (Figure 5D).

Taken together, the overexpression of EVIS 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 RunxI~/~ 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, EVI5 transfected RunxI~/~ or
Runx1** cells were transplanted into sublethally irradiated (6 Gy)

GFII- and EVII-transfected RunxI*/* or RunxI~/~ cells did not
show any colony or CAFCs after 30 days of LTC (Figure 5A,C).
Morphologic analyses of cells after 30 and 60 days of LTC revealed
that Runx] ™~ cells overexpressing EVI5 have immature cell morphol-
ogy characterized by nucleus with fine chromatin and basophilic
cytoplasm. Runx]™" cells transfected with mock vector and Runx]*+'*

recipient mice. Recipients of Runx1*/* 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 RunxI™"~ cells overexpressing EVI5 increased progres-
sively, with a mean value of 25% at 6 weeks and 50% at 30 weeks
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Figure 4. Frequent integrations at Gfi1/Evi5 locus in
Runx1-/- leukemias lead to overexpression of Evis.
{A) Schematic diagram of retroviral integration sites at Gfi1/
Evi5 locus in 2 Runx1*7* and 11 Runx1~/~ leukemias.
Numbers are unique to each leukemic mouse. Thin bent
arrows represent the retrovirus integration site and its direc-
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tion of integration. The 2 genes Gfi (light gray) and Evi5 (dark

’ *TGA *TGA
- > gray) span from their initiation codons (ATG) to stop codons
46.8kb (TGA) with boxes representing exons. *Leukemia cases in
which expression of Gfi1 and Evi5 was checked using
B 50 gRT-PCR. (B) qRT-PCR analysis of Gfi1 and Evi5 expression
4 ” mGﬁ 1 in leukemic cells harboring integrations at Gfi1/Evi5 locus (),
integrations within the Evi5 gene (1), and 3 control samples
40 (B mEws without integrations at this locus. Data are represented as
‘5' 35 fold change relative to control sample no. 776.
o
§’3 ag-
2
w25 -
2
2 20
g 15
14 4
&
g

Leukaemic mouse number

(Figure 5E). This is in contrast to the results seen atter transplanta-
tion of mock vector-transfected Runx] =/~ cells described earlier
where the contribution of RunxI™ cells to PB of recipient mice
decreased progressively (Figure 1C). Thus, EVI5 cooperates with
RunxI~/~ status in vivo also by preventing stem cell exhaustion
and maintaining an increased number of RunxI-deficient stem
cells, A secondary transplantation experiment was repeated to
examine whether EVIS overexpression in RunxI™~ cells could
rescue the defects in long-term repopulating abilities of Runx] 7/~
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 RunxI™/~ cells overexpressing EVIS were alive (Figure
5F). We conclude that EVIS overexpression in RunxI™'~ 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 EVII
overexpression and RunxI ™/~ status (supplemental Figure 3A), BMT
was carried out for EVII overexpressing cells as well. Recipients of
RunxI*/* and Runx]~/~ cells transfected with EVI/ 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 to rescue
RunxI™" stem cell exhaustion in vivo.

EVI5is overexpressed in 44% of human patients with AML M2
RUNX leukemia

To evaluate whether EVIS overexpression synergizes with
loss-of-function of RUNXI! in human patients with RUNXI-
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 RUNXI1. Expression of EVI5 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 EVI5 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

#776  #OB4 #3 #O60° RBIYT #O48T HOBZ® #B13°Y B4 %

and AML samples without RUNXI1 alteration (Figure 6). Thus,
EVI5 overexpression and concomitant loss-of-function of
RUNXI are often observed in human RUNX1-related leukemia
cases, especially in AML M2 carrying RUNXI-ETO fusion gene,
suggesting that EVIS 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. 33
Analysis of a panel of niche-related factors in immature cell fraction
(c-Kit*GFP™*) of MIG vector—transfected RurxI 7+ and Runxl 7~ BM
cells, revealed that one of the most important molecules for interaction
with the stem cell niche, Cxcrd, was down-regulated in Rumnx] ™" cells.
However, normal level of Cxcrd expression was restored after overex-
pression of EVIS in RunxI™"~ cells (supplemental Figure 4A). The
down-regulation of Cxcrd expression in the RunxI ™" stem/progenitor
(KSL) cell fraction was further confirmed by flow cytometry (P < .001)
and qRT-PCR (P <.005) (Figure 7A). Cxcr4 expression was also
down-regulated in wild-type immature (c-Kit*) BM celis 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 1. 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 Cxcrd, 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 EVI5 in these cells
(supplemental Figure 4A).

We carried out a homing assay to evaluate whether Runx] =/~
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 celis in vitro and in vivo. Graphic representation of (A) colony assay and
(C) CAFC assay of immature cells frorn Runx1+/* and Runx1~" BM celis transfected with mock MIG vector, EVI5, GFI1, or EVI1, after 30 and 60 days of fong-term culture. Pictures of
(B) 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) BM cells 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 cohort. 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 Runx7+/* (blug; n = 4) and Runx1~/~ (red; n = 4) BMcells
transfected with mock MIG vector (dashed fine) or MIG vector carrying EVI5 (solid line). 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 Runx!=/~ 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 RunxI*/*
mice. PB (20 uL) 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 Runx/™~ 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 RunxI '~ 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 RurnxI '~ mice, resulting in approxi-
mately 7-fold more BrdU* stem/progenitor cells in RunxI~/~ mice
(P <.05). Taken together, all the above results suggest that the
interaction between Runx] ™~ 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 EVIS-transfected (GFP*) BM cells from
RunxI*/* and Runx1~/~ mice, by gqRT-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,>% were overexpressed in
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Runx]'" cells,'s and the expression of these genes was further
enhanced by overexpression of EVI5 (data not shown).

Discussion

Loss-of-function of RUNXI 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 Runx!~/~ mice, accompanied by resistance to cell death,
senescence, and differentiation, characteristic of a leukemia-
susceptible status.!® Three other groups, who generated conditional
Runx] knockout mice independently, also reported the expansion
of the HSC/progenitor population.’1737 However, there is no
spontaneous leukemia development in the Runx 1-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 RunxI™/~ 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 Runx/ 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 Runx/~/" stem cell
exhaustion, we explored cell intrinsic changes and alterations in
stem cell niche interaction. Immature Runxl™ 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 RunxI™~ 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
Cxcrd 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! 7~
status. There was a high frequency of stem cell-related genes affected in
RunxI~"~ mice and EVI5 overexpression showed the most significant
effect in rescuing stem cell exhaustion, followed by EVII overexpres-
sion. Our results show that EVI5 may rescue RunxI™~ 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
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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
Runxl-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 EVI5 mediates this effect. The tole 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.*? EVIS might play a similar role as Cdc42GAP and
mediate homing and engraftment of Runx1-deficient HSCs through its
GAP domain.

The recipient mice that underwent transplantation with Runx]~/~
cells overexpressing EVIS5 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 RunxI~~ leukemia cases showing Evi5 overexpression in the
RIM study (Table 2). In human RUNXIl-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 RUNX1-ETO which showed overex-
pression of EVIS5, 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 RUNXI1-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 Runx!1 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
Runxl-related leukemias and the known properties and functions
of these genes, we propose the following mechanism of Runxl-
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 Runx] =/~
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 ¢-Myc, N-myc, D-type
cyclins, Ras, or c-Kit result in overt proliferation of Runxl-
deficient cells due to attenuated cellular fail-safe mechanism, thus
providing the necessary stimulus for Runxl-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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Myelofibrotic transformation in essential
thrombocythemia. Author reply

We thank Juergen Thiele and Hans Kvasnicka for com-
menting on our recently published paper including 605
patients with essential thrombocythemia (ET).! We pro-
vided evidence that progression to myelofibrosis (post-
ET MF) has a prevalence of 2.8% (10-year risk of 3.9%),
and that progression to acute leukemia (AL) has a preva-
lence of 2.3% (10-year risk of 2.6%). The first question
of Thiele and Kvasnicka concerns the evolution of ET in
post-ET MF and AL. They asked that the prevalence of
post-ET MF and AL in patients diagnosed according to
the PVSG criteria’ and with the WHO criteria,’ be evalu-
ated separately. The analysis suggested would be strong-
ly biased by the fact that PVSG-classified patients have
longer follow-up than WHO-classified patients. In the
paper, we mentioned that the longer the follow-up, the
higher the risk of transformation into myelofibrosis or
leukemia. We regret that their request could not be sat-
istied, but a direct comparison of these two cohorts with
different follow-up may give a misleading message. The
second question from Thiele and Kvasnicka concerns the
diagnostic  differentiation  between ET  and
prefibrotic/early fibrotic phase of primary myelofibrosis
(PME), an entity recognized on the basis of bone marrow
features by the WHO classification of 2001.* However,
the recent WHO classification requires the combination
of histological picture, clonal markers and clinical param-
eters to diagnose PMF at prefibrotic or fibrotic phase.’ In
our series we excluded cases of PMF (excluded combina-
tion of leukoerythroblastosis, anemia, elevated LDH,
spleen enlargement). Concerning the discussion on
sequential bone marrow evaluations, we perform bone
marrow biopsy at diagnosis in all the patients and during
follow-up when we suspect clinical progression of the
disease. We are glad to know that the prevalence of
myelofibrosis reported by Thiele and Kvasnicka ranges
between 2.8% and 3.5%. We find that this is a reassur-
ingly low prevalence for patients with ET.

Francesco Passamonti,’ Elisa Rumi,’ Emanuela Boveri*
and Mario Lazzarino'

‘Division of Hematology, and *Department of Surgical Pathology,
Fondazione IRCCS Policlinico San Matteo, University of Pavia,
ltaly

Correspondence: Francesco Passamonti, Clinica Ematologica,
Fondazione IRCCS Policlinieo S. Matieo, viale Golgi 19, 27100
Pavia, ltaly. E-mail: . passamonti@smatteo. pv.it

Citation: Passamonti E Rumi E, Boveri E, and Lazzarino M.
Myelofibrotic transformation in essential thrombocythemia. Author
reply. Haematologica 2009; 94: 433-433.
doi:10.3324/hacmatol 2008.002071

References

1. Passamonti F, Rumi E, Arcaini L, Boveri E, Elena C, Pietra
D, et al. Prognostic factors for thrombosis, myelofibrosis,
and leukemia in essential thrombocythemia: a study of
605 patients. Haematologica 2008;93:1645-51.

2. Murphy S, Peterson P, lland H, Laszlo ]. Experience of the
Polycythemia Vera Study Group with essential thrombo-
cythemia: a final report on diagnostic criteria, survival, and
leukemic transition by treatment. Semin Hematol
1997,34:29-39.

3. Tefferi A, Thiele ], Orazi A, et al. Proposals and rationale
for revision of the World Health Organization diagnostic
criteria for polycythemia vera, essential thrombocythemia,
and primary myelofibrosis: recommendations from an ad
hoc international expert panel. Blood 2007;110:1092-7.

4. Vardiman JW, Harris NL, Brunning RD. The World Health
Organization (WHO) classification of the myeloid neo-
plasms. Blood 2002;100:2292-302.

A JAK2-VB17F activating mutation in addition to
KIT and FLT3 mutations is associated with

clinical outcome in patients with (8;21)(q22;422)
acute myeloid leukemia

A JAK2-V617F mutation was found in 3 of 45 (6.7%)
patients with t(8;21) acute myeloid leukemia (AML),
whereas only one of 137 (0.7%) patients with de novo
AML other than t(8;21) had the same mutation (p=0.047).
We examined the clinical significance of KIT, FLT3 and
JAK2 mutations as a collective group. There was a signif-
icant difference in the cumulative incidence of relapse:
77 % in the 21 patients with the mutations and 26% in 19
lacking mutations respectively (7=0.0083). Our study
highlights the importance of JAK2 mutations in addition
to KIT and FLT3 mutations as a prognostic factor in
t(8;21) AML patients.

RUNX1(AML1)-RUNX1T1(MTG8) generated by
t(8;21)(q22:922) contributes to leukemic transformation,
but additional events are required for full leukemogene-
sis.'” Mutations in the receptor tyrosine kinases (RTK)
including the KIT and FLT3 genes are the genetic events
that appear to cause acute myeloid leukemia (AML) har-
boring t(8;21) and are associated with unfavorable prog-
nosis.* The activating missense mutation in the pseudo-
kinase domain of the JAK2 cytoplasmic tyrosine kinase
has been identified in a significant proportion of patients
with myeloproliferative disorders.” Although the same
somatic mutation has been found in a small number of
AML patients, a relatively high incidence of JAK2-V617F
mutation is often seen in de novo and therapy-related
t(8;21) AML patients.* Nevertheless, whether JAK2-
V617F mutation is associated with other biological
parameters including clinical prognosis in patients with
t(8;21) AML remains to be fully determined.

To examine its biological and prognostic impact, we
studied the JAK2 mutation in 45 patients with de novo
t(8;21) AML. Approval for this study was obtained from
the Institutional Review Board of Kumamoto University
School of Medicine. The results of KIT, FLT3, N-RAS, K-
RAS and PDGFRo mutations in 37 of the 45 patients have
been reported previously.’ Of the 45 patients, activating
mutations in KIT and internal tandem duplications in
FLT3 were observed in 18 (40%) and 3 (6.7%) respective-
ly. Mutations of JAK2-V617F were identified by allele spe-
cific RT-PCR and direct sequencing." We detected the het-
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erozygous JAK2-V617F mutation in 3 patients (6.7%)
with t(8;21) AML, which was consistent with previous
studies.”” None of the 3 t(8;21) AML patients had a his-
tory of previous myeloproliferative disorders. No muta-
tions other than V617F were found in the exons 12-14 of
JAK2. Among 137 patients with de novo AML other than
t(8;21), there was only one patient who had JAK2 muta-
tion (p=0.047). This patent had M2 with
46,XY,add(7)(q11),del(20)(q13). Thus, the present study
confirmed that the JAK2 mutation is highly associated
with t(8;21) AML.

Although the occurrence of KIT and FLT3 mutations
was mutually exclusive in t(8;21) AML patients,’ one
patient harboring a JAK2 mutation also had a KIT muta-
tion and the other patient had a K-RAS mutation (Table
1). Although we cannot exclude the possibility that two
different subclones in leukemic cells had each mutation, it
is also likely that the same leukemic cells carry both muta-
tions because heterozygous JAK2 and KIT or K-RAS
mutations are identified as equivocal peaks in the electro-
pherogram of direct sequencing (data not shown). It is of
note that a high prevalence of co-operating mutations of
FLT3, KIT, or N-RAS in AML patients with the JAK2
mutation has been reported.”” In the current study, a total
of 23 (51%) patients had mutations in KIT, FLT3 and
JAK2, suggesting that activating mutations in the RTK and
JAK2 play a critical role as a secondary event leading to
the development of £(8;21) AML.

We examined the clinical significance of KIT, FLT3
and JAK2 mutations as a collective group because the
present study was limited to a small number of JAK2

mutated cases for the comparison of clinical features,
and these mutations activate the same STAT signal
transduction pathway and belong in the same class 1
mutation.” There was no significant relationship
between the mutations and age, sex, leukocyte counts,
platelet counts, CD56 expression, or additional chromo-
somal aberrations. However, t(8;21) AML patients with
an activating mutation in KIT, FLT3 and JAK2 had sig-
nificantly greater marrow blast percentages and serum
lactate dehydrogenase levels than those without a
mutation (data not shown). Considering that the JAK2
mutation confers a proliferative and survival advantage
on hematopoietic cells,” these clinical profiles appear to
be associated with these mutations.

A total of 44 patients received intensive chemotherapy
based on the Japan Adult Leukemia Study Group (JALSG)
protocols in the AML87, AML89, AML92, AML95 and
AMLI7 studies.” Although patients were treated with dif-
ferent schedules, all received regimens consisting of
anthracyclines and cytarabine as induction therapy.
Cytarabine plus one of the anthracyclines, high-dose
cytarabine, or allogeneic hematopoietic stem cell trans-
plantation (HSCT) was used as post-remission therapy.
Patient 1 carrying both KIT and JAK2 mutations did not
respond to multiple induction chemotherapies including
high-dose cytarabine therapy (Table 1). Patient 2 with the
JAK2 and K-RAS mutations achieved a complete remis-
sion (CR) but later relapsed. Patient 3 received allogeneic
HSCT during the first CR and continued in CR. Twenty-
one out of 23 (91%) patients with the mutations achieved
CR, while 19 out of 21 (90%) patients lacking mutations
obtained CR (p=0.9240). On the other hand, there was a
significant difference in the cumulative incidence of

A 1.0] KIT, FLT3 and JAK? relapse: 77% in the 21 patients with the mutations and
] mutation (+) N=21 (77%) 26% in 19 lacking mutations respectively (#=0.0083)
0.8 (Figure 1A). It is likely that the poor outcome cannot be
= attributable only to JAK2 mutation in patients with a KIT
= or K-RAS mutation although JAK2 mutation together
S 06 g £
s with other mutations may confer additive effects on the
& 0.4 KIT, FLT3 and JAK2
: mutation {(—) N=19 (26%)
0.2 Yahte 1. Clinical profiles of 1(8;21) acute myeloid leukemia patients
: harboring the JAK2 mutation.
1 (p=0.0083)
0 —ereep—— . .
0 10 20 Jake VBI7F V6ITF  VBITF
Year KIT N822y - .
1.0 K-RAS - 612D :
B J Age (years) 31 68 26
081 KIT, FLT3 and JAK2 Sex Male Female Female
= ! mutation (-} N=21 (62.0%) Hemoglobin (g/dL) - 69 8.1 71
= 0.6 Platelet (x107L) 13 57 15
§ ) Leukocyte (x104) 439 30 32
T 041 KIT, FLT3 and JAK2 Circulating blast (%) 35 18 78
’ mutation (+) N=23 (25.2%) Marrow blast (%) 25 40 NT
021 WBC index’ 9.88 12 NT
; LDH (UA)" 1,829 2,398 1,120
0 (p=0.1368) i i CD56 expression + + NT
0 10 20 Additional chromosome
Year abnormality add(7)(q22) - X
Induction Failure CR CR
Figwre 1. Cumulative incidence of relapse (&) and overall survival Relapse-free survival (vears) 0 14 12.0+
(&) in patients with t(8;21) acute myeloid leukemia by mutations o -
in KIT, FLT3 and JAK2. Estimation of survival distributions was per-  Overall survival (years) 1.3 18 120+

formed using the Kaplan-Meier method and the differences were
compared using the tog-rank test.

“Leukocyte count x marrow blast,"Normal range of lactate deliydrogenase is 112 -
213 U/L.NT: not tested, CR: complete remission.
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clinical outcome. Hlmer et al.® also showed that 4 of 5
t(8;21) or inv(16) AML patients with a JAK2 mutation had
early relapses within 20 months after diagnosis. Taken
together, these results suggest that mutations in the JAK2,
KIT and FLT3 genes are associated with unfavorable clin-
ical outcome in patients with t(8;21) AML.

Our study also implies that patients with RTK and JAK2
mutations may benefit from allogeneic HSCT. Three
patients with mutations received allogeneic HSCT after
relapse and have achieved continuous second CR. Three
patients in each group also received allogeneic HSCT at
the first CR. As a consequence, 6 out of 9 patients with
AML harboring KIT, FLT3 and JAK2 mutations who con-
tinued CR received allogeneic HSCT. When patients who
underwent HSCT were censored at the date of the HSCT,
the 6-year overall survival in patients with mutations was
25% compared to 62% in those without mutations
(#=0.1368) (Figure 1B). These findings are of significant
clinical import as activating mutations in KIT, FLT3 and
JAK2 could be potential therapeutic targets for specific
tyrosine kinase inhibitors and JAK2 pathway inhibitors in
patients with £(8;21) AML harboring the mutations.
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JAK1 mutation analysis in T-cell acute
lymphoblastic leukemia cell lines

T-cell acute lymphoblastic leukemia (T-ALL) is a
malignancy of T-cell precursors that mainly occurs in
children and adolescents. A variety of oncogenic events
that are involved in the pathogenesis of T-ALL have
been identified, including NOTCH? and PTEN muta-
tions, overexpression of TAL{, LYLY and TLX?, and
deletion of CDKN2A (p16)." Apart from mutations in
FLT3 and NRAS, and chromosomal aberrations generat-
ing the NUP214-ABL1 fusion, mutations that drive pro-
liferation and survival of T-ALL cells are still unknown
in the majority of patients. Recently, activating point
mutations in the JAK/ gene were identified in patients
with ALL, and rarely also in acute myeloid leukemia
(AML) patients.”"In T-ALL, JAK/ mutations were iden-
tified in approximately 20% of adult T-ALL cases, with
a much lower frequency in childhood T-ALL.? These
mutations are very heterogeneous in the sense that they
are dispersed over several JAK1 domains, and differ in
their ability to transform hematopoietic cells and to acti-
vate downstream signaling pathways such as the STAT,
PI3K and MAPK cascades.””

Leukemia cell lines with mutations in FLT3, JAK2 and
NOTCH1 have been described as useful models for pre-
clinical testing of small molecule inhibitors.”® Given the
recent identification of JAKY mutations in T-ALL, we
investigated if JAK/ mutations could be detected in a
panel of 18 common T-ALL cell lines. By sequencing of
the JAK1 open reading frame at cDNA level in these cell
lines, we identified 2 transcript variants, one non-syn-
onymous substitution, as well as several synonymous
substitutions (Table 1).

A first transcript variant was identified in the HPB-
ALL cell line (Figure 1A, 1B). This transcript lacks
nucleotides 2896-2967, encoding amino acids 966-989
that are located between the P-loop and the activation
loop in the kinase domain. When sequencing HPB-ALL
genomic DNA, we could not detect the presence of a
deletion, but we detected a single nucleotide change
(2897 A>T) generating a novel GT splice donor site in
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KW-2449, a novel multikinase inhibitor, suppresses the growth of leukemia cells
with FLT3 mutations or T315I-mutated BCR/ABL translocation

*Yukimasa Shiotsu, *Hitoshi Kiyoi,2 Yuichi Ishikawa,23 Ryohei Tanizaki,? Makiko Shimizu, Hiroshi Umehara,’ Kenichi ishit,!
Yumiko Mori,23 Kazutaka Ozeki,? Yosuke Minami,® Akihirc Abe,? Hiroshi Maeda,* Tadakazu Akiyama,? Yutaka Kanda,'
Yuko Sato,® Shiro Akinaga,* and Tomoki Naoe®

'Fuji Research Park, Kyowa Hakko Kirin, Shizuoka; 2Department of Infectious Diseases and *Department of Hematology and Oncology, Nagoya University
Graduate School of Medicine, Nagoya; “Clinical Development Division, Kyowa Hakko Kirin, Tokyo; and ®Research institute, International Medical Center of
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KW-2449, a multikinase inhibitor of FLT3,
ABL, ABL-T315l, and Aurora kinase, is
under investigation to treat leukemia pa-
tients. In this study, we examined its
possible modes of action for antileuke-
mic effects on FLT3-activated, FLT3 wild-
type, or imatinib-resistant leukemia cells.
KW-2449 showed the potent growth inhibi-
tory effects on leukemia cells with FLT3
mutations by inhibition of the FLT3 ki-
nase, resulting in the down-regulation of
phosphorylated-FLT3/STAT5, G; arrest,
and apoptosis. Oral administration of KW-

2449 showed dose-dependent and signifi-
cant tumor growth inhibition in FLT3-
mutated xenograft model with minimum
bone marrow suppression. In FLT3 wild-
type human leukemia, it induced the re-
duction of phosphorylated histone H3,
Gy/M arrest, and apoptosis. In imatinib-
resistant leukemia, KW-2449 contributed
to release of the resistance by the simulta-
neous down-regulation of BCR/ABL and
Aurora kinases. Furthermore, the antipro-
liferative activity of KW-2449 was con-
firmed in primary samples from AML and

imatinib-resistant patients. The inhibitory
activity of KW-2449 is not affected by the
presence of human plasma protein, such
as al-acid glycoprotein. These results
indicate KW-2449 has potent growth in-
hibitory activity against various types of
leukemia by several mechanisms of ac-
tion. Our studies indicate KW-2449 has
significant activity and warrants clinical
study in leukemia patients with FLT3 mu-
tations as well as imatinib-resistant muta-
tions. (Blood. 2009;114:1607-1617)

Introduction

Overexpression and activating mutations of protein tyrosine ki-
nases (PTK) are frequently observed in several kinds of hemato-
logic malignancies.!> Abnormally activated PTK-mediated signal
transduction pathways are involved in their pathogenesis, such as
autonomous proliferation, antiapoptosis, and differentiation block.
The remarkable clinical success of the ABL kinase inhibitor,
imatinib mesylate (IM), in the treatment of BCR/ABL-positive
chronic myeloid leukemia (CML) and acute lymphoblastic leuke-
mia (ALL) has proved the principle of molecularly targeted
therapy.3* Therapeutic intervention targeting PTKs is therefore
highly expected to improve prognosis of patients with hematologic
malignancy. FMS-like receptor tyrosine kinase (FLT3) is a class I11
receptor tyrosine kinase together with cKIT, FMS, and PDGFR >6
FLT3 mutations were first reported as internal tandem duplication
(FLT3/I'TD) of the juxtamembrane domain-coding sequence; subse-
quently, a missense point mutation at the Asp835 residue and point
mutations, deletions, and insertions in the codons surrounding
Asp835 within a tyrosine kinase domain of FLT3 (FLT3/KDM)
have been found.”® FLT3 mutation is the most frequent genetic
alteration in acute myeloid leukemia (AML) and involved in the
signaling pathway of proliferation and survival in leukemia cells.>¢
Several large-scale studies have confirmed that FLT3/ITD is
strongly associated with leukocytosis and a poor prognosis.” In
addition to FLT3 mutation, overexpression of FLT3 is an unfavor-

able prognostic factor for overall survival in AML, and it has been
revealed that overexpressed FLT3 had the same sensitivity to the
FLT3 inhibitor as FUT3/ITD.!® Because high-dose chemotherapy
and stemn cell transplantation cannot conquer the adverse effects of
FLT3 mutations, it is expected that the development of FLT3 kinase
inhibitors will make more efficacious therapeutic strategy for
leukemia therapy.!!"? To date, several small-molecule tyrosine
kinase inhibitors have been shown to have a potency to inhibit the
FLT3 kinase, and several of them, such as CEP-701, PKC412,
MLN-518, and SU11248, have been subjected to clinical trials.!3-'6
However, the clinical efficacy of these FLT3 inhibitors for AML
with FLT3 mutations is limited to the transient clearance of
leukemia blast cells as a single agent; thus, the therapeutic strategy
of some FLT3 inhibitors moves toward a combination with
conventional chemotherapy.!” This move is a logical step based on
the in vitro evidence of the synergy with conventional cytotoxic
agents,'819 although it should be considered that several problems
regarding adverse effects and pharmacokinetics have been apparent
from clinical trials of monotherapy.?® Furthermore, because acute
leukemia is a complex multigenetic disorder,2!"* a simultancous
inhibition of multiple protein kinases is thought to be advantageous
over the increasing potency against the selective kinases. Recent
high-throughput resequencing of TK in AML samples revealed
new somatic mutations of JAK1, DDR1, and NRTK1 in addition to
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previously well-known FLT3, cKit, JAK2, and FGFR muta-
tions.2*?3 These observations collectively indicate that FLT3 inhibi-
tors in the next generation should have an adequately balanced
potency against key oncogenic kinases, which are responsible for
the disease progression and/or the resistance to standard therapeu-
tics. Here we describe efficacy of a novel small-molecule protein
kinase inhibitor, KW-2449, which has a potent and unique kinase
inhibition profile against FLT3, ABL, T315I-mutant ABL (ABL-
T315I) tyrosine kinases as well as Aurora kinase.

Methods
Kinase inhibition profile

The in vitro kinase assays were performed according to the KinaseProfiler
Assay Protocols of Upstate Biotechnology.

Growth inhibition profile cell-cycie analysis

FLT3/ITD-, FLT3/D835Y-expressing, wt-FLT3/FL-coexpressing, and FLT3/
ITD-green fluorescent protein (GFP)—expressing murine myeloid-progeni-
tor 32D cells were previously reported.”® Human leukemia cell line
MOLM-13 was obtained from DSMZ (German Resource Center for
Biological Material); MV4:11, RS4;11, K562, and HL60 from ATCC.
Wt-BCR/ABL-positive human ALL cell line TCC-Y and its IM-resistant
clones, TCC-Y/sr cells, which has the T315I-mutated BCR/ABL, were
reported previously.?” Cell viability was determined by the sodium 3'-[1-
(phenylaminocarbonyl)-3, 4-tetrazolium]-bis (4-methoxy-6-nitro) benzene
sulfonic acid hydrate assay after incubation with or without KW-2449 for
72 hours at 37°C. The number of viable cells was determined using the Cell
Proliferation Kit I (Roche Diagnostics). For cell-cycle analysis, MOLM-13
and RS4;11 cells were treated with KW-2449. After 24, 48, and 72 hours of
incubation at 37°C, DNA contents were analyzed as previously described.?8
Cell cycle distribution of K562, TCC-Y, and TCC/Ysr was analyzed
24 hours after treatment with KW-2449 or imatinib.

Effects of hAGP on growth inhibitory activity by FLT3 inhibitors

MOLM-13 cells were incubated with various concentrations of KW-2449,
PKC-412, and CEP-701 in the presence of 0.1% of human ol-acid
glycoprotein (hAGP; Sigma-Aldrich). Cell viability was determined by
sodium 3’-[1-(phenylaminocarbonyl)-3, 4-tetrazolium]-bis (4-methoxy-
6-nitro) benzene sulfonic acid hydrate assay after incubation for
72 hours at 37°C.

Western blot

MOLM-13 cells were treated with KW-2449 for 24 hours, and cell peliets
were suspended with lysis buffer. FLT3 proteins were immunoprecipitated
with anti-FLT3 antibody (S18; Santa Cruz Biotechnology). The precipitated
samples were separated by sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS-PAGE), and electroblotted onto Immobilon polyvinyli-
dene difluoride membranes (Millipore). Immunoblotting was performed
with antiphosphotyrosine antibody (4G10; Upstate Biotechnology). The
membranes were incubated with the stripping buffer and then reprobed with
anti-FLT3 antibody (C20; Santa Cruz Biotechnology). Signals were devel-
oped using an enhanced chemiluminescence system (GE Healthcare). To
examine the phosphorylation level of STATS, whole cell lysates were
subjected to immunoblotting with antiphospho-STATS antibody (Kyowa
Hakko Kogyo). The membranes were incubated with the stripping buffer
and then reprobed with anti-STATS5 antibody (Santa Cruz Biotechnology).

RS4;11 cells were suspended in culture medium containing nocodazole
with or without KW-2449. After a 30-minute incubation, cells were
harvested and cell pellets were suspended in lysis buffer. Whole cell lysates
were subjected to immunoblotting with antiphospho-HH3 (Ser10) antibody
(Upstate Biotechnology). The membranes were incubated with the stripping
buffer and then reprobed with anti-HH3 antibody (Cell Signaling).
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Concentration of KW-2449 in plasma and tumors

Severe combined immunodeficiency (SCID) mice (Fox CHASE C.B-17/Icr-
scidicl, male, 5 weeks old) were purchased from CLEA Japan. Mice were
treated with an intraperitoneal injection of antiasialo GM1 antibody
(0.3 mg/mouse, Wako Pure Chemical Industries). The day after antiasialo
GM1 antibody treatment, all mice were subcutaneously inoculated in the
shaved area with 107 of MOLM-13 cells. Ten days after inoculation,
KW-2449 at 20 mg/kg was orally administered to mice twice. Blood and
tumor samples were collected 4, 8, 12, and 24 hours after the second
administration. The plasma and tumor samples were analyzed to measure
KW-2449 concentration with liquid chromatography—-mass spectrometry—
mass spectrometry (LC/MS/MS).

In vivo antileukemia effects on xenograft transplantation

SCID mice were subcutaneously inoculated with MOLM-13 cells. Five
days after inoculation, tumor volume was measured using the Antitumor
test system 1l (Human Life). The 25 mice with tumors ranging from 90 to
130 mm? were selected and randomized using the Antitumor test system I1.
From the day of randomization, vehicle (0.5 wt/vol% MC400) or KW-2449
(2.5, 5.0, 10, and 20 mg/kg) was orally administered to mice twice a day for
14 days. Tumor volume was measured twice a week during the treatment.

In vivo antileukemia effects on syngeneic transplantation

C3H/Hej mice were purchased from Charles River Japan. Fifteen C3H/Hej
mice were intravenously inoculated with 2 X 10° of FLT3/ITD-GFP-32D
cells and then randomly divided into 3 groups of 5 mice each. On the
seventh day after inoculation, peripheral blood (PB) was collected from the
mice. From the 10th day after inoculation, mice were treated with KW-2449
at 40 mg/kg (orally) twice a day, cytosine arabinoside (AraC) at 150 mg/kg
(intravenously) daily, or vehicle for 4 days. Six hours after the last
administration, PB was collected. Total RNA was extracted from each PB
sample using a QlAamp RNA Blood Mini Kit (QIAGEN). ¢cDNA was
synthesized from each RNA sample using a random primer and Moloney
murine leukemia virus reverse transcriptase (Super-Script II; Invitrogen)
according to the manufacturer’s recommendations. The expression level of
the human FLT3 transcript was quantitated using a real-time fluorescence
detection method on an ABI Prism 7000 sequence detection system
(Applied Biosystems) as previously reported.'® After the collection of PB,
spleens and bone marrow (BM) cells from femora were collected, and the
total cell number from each femur was counted using a cell counter. To
discriminate the FLT3/ITD-GFP-32D leukemia cells and normal BM cells,
all collected cells were subjected to flow cytometry analysis after phyco-
erythrin-conjugated antihuman FLT3 monoclonal antibody (SF1.340; Immu-
notech) staining. In this flow cytometry analysis, GFP-positive cells were
defined as residual leukemia in the femur. The weight of each collected
spleen was measured.

Primary patient samples

BM samples from patients with AML or CML in blast crisis were subjected
to Ficoll-Hypaque (Pharmacia LKB) density gradient centrifugation. All
samples were morphologically confirmed to contain more than 90%
leukemia cells after centrifugation on May-Griinwald Giemsa-stained
cytospin slides, and then cryopreserved in liquid nitrogen before use.
Informed consent was obtained from all patients in accordance with the
Declaration of Helsinki to use their samples for the present study as well as
banking and molecular analysis, and approval was obtained from the ethics
committees of Nagoya University and Ogaki Municipal Hospital for this
study. Mutations of the FLT3 gene were examined as previously reported.
Primary AML cells were incubated with RPMI1640 medium containing
10% fetal calf serum and 0.1 pM KW-2449 for 6 hours, and cell pellets
were suspended with lysis buffer. Whole cell lysates were subjected to
immunoblotting with antiphospho-FLT3 (Tyr591) (Cell Signaling Technol-
ogy) and antiphospho-STATS antibodies. The membranes were incubated
with the stripping buffer and then reprobed with anti-FLT3 (C20; Santa
Cruz Biotechnology) and anti-STATS antibodies (Santa Cruz Biotechnology).
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Colony formation analysis

Human AML cells (10° cells) were plated in MethoCult methylcellulose
semisolid medium containing human stem cell factor, granulocyte-
macrophage colony-stimulating factor (GM-CSF), and interleukin-3 (H4534;
Stem Cell Technologies) with or without KW-2449 (0.1 pM) and then
incubated at 37°C for 14 days. Colonies with more than 20 cells were
scored using an inverted microscope.

Human cord blood (CB) was collected after full-term deliveries with
informed consent obtained in accordance with the Declaration of Helsinki
and approved by the Review Board of Tokai Cord Blood Bank. Mono-
nuclear cells were collected by the Ficoll-Hypaque (Pharmacia LKB)
density gradient centrifugation. CB mononuclear cells (5 X 10* cells) were
plated in complete MethoCult methylcellulose medium (H4435; Stem Cell
Technologies) with an increasing concentration of KW-2449. After 14 days
in culture, erythroid burst-forming units (BFU-E), colony-forming unit-
granulocyte macrophage (CFU-GM), and colony-forming unit-granulo-
cyte, erythrocyte, monocyte/macrophage, megakaryocyte (CFU-GEMM)
colonies were counted.

Inhibitory effects on BCR/ABL-positive leukemia cells

K562, TCC-Y, and TCC/Ysr cells were incubated with an increasing
concentration of KW-2449 or imatinib for 72 hours, and cell pellets were
suspended with lysis buffer. Whole cell lysates were subjected to immuno-
blotting with antiphospho-ABL (Tyr245; Cell Signaling Technology),
antiphospho-STATS, and anti-poly(ADP-ribose) polymerase (PARP; Cell
Signaling Technology) antibodies.

Human CML in blast crisis (CML-BC) cells with T315I-mutation were
intravenously inoculated into nonobese diabetic (NODYSCID mice (CLEA
Japan). On the 28th day after the inoculation, engrafiment of leukemia cells in
each mouse was confirmed by the detection of human CD45-positive cells in PB.
On the next day, PB was collected from the leukemia cell-engrafted mice, and
then the mice were treated with KW-2449 at 20 mg/kg twice a day, IM at
150 mg/kg daily, or vehicle for 5 days. Twelve hours after the last administration,
PB was collected from each mouse. Total RNA was extracted from each PB
sample, and cDNA was synthesized from each RNA sample using a random
primer and Moloney murine leukemia virus reverse transcriptase as described in
“In vivo antileukemia effects on syngeneic transplantation.” The expression level
of the BCR/ABL transcript was quantitated using a real-time fluorescence
detection method as previously reported.?® The GAPDH served as a control for
¢DNA quality. Relative gene expression levels were calculated using standard
curves and adjusted based on the expression level of the GAPDH gene.

After the collection of PB, femora were subjected to pathologic
examination. Residual leukemia cells were evaluated by the immunohisto-
chemical staining with antihuman CD45 antibody (Dako North America) as
previously reported.’® The animal experiments were approved by the
institutional ethics committee for Laboratory Animal Research, Nagoya
University School of Medicine and performed according to the guidelines
of the institute.

Statistical analysis

Differences in continuous variables were analyzed with the Mann-Whitney
U test for distribution among 2 groups or the Bonferroni test for distribution
among more than 3 groups. Differences in therapeutic effects were analyzed
with the repeated-measures analysis of variance method. These statistical
analyses were performed with the StatView-J 5.0 software (Abacus
Concepts).

Results
Development of KW-2449 and its kinase inhibition profile

Our aim was to generate an orally available and highly potent FLT3
inhibitor with low toxicity profile for leukemia patients. For this
goal, we screened the chemical libraries of Kyowa Hakko Kirin
(previously Kyowa Hakko Kogyo) using several leukemia cells,

KW-2449 SUPPRESSES LEUKEMIACELLS 1609

which have several activated mutations in FLT3 or BCR-ABL
translocation. As a result, we identified several chemo-types with
different kinase inhibition profiles, intensively studied the struc-
tures of the identified chemo-types to improve the potency and
selectivity, and then finally generated KW-2449 (Figure 1A).

KW-2449 inhibited FLT3 and ABL kinases with half-maximal
inhibitory concentration (ICsp) values of 0.0066 and 0.014 uM,
respectively. In addition, it potently inhibited ABL-T3151, which is
associated with IM resistance, with an ICs; value of 0.004 pM. On
the other hand, KW-2449 had little effect on PDGFRp, IGF-1R,
EGFR, and various serine/threonine kinases even at a concentration
of 1 uM. Among various serine/threonine kinases examined,
KW-2449 inhibited Aurora A kinase with 1Csy of 0.048 uM (Table
1) and Aurora B kinase with the equivalent potency (data
not shown).

In vitro effects of KW-2449 on FLT3 mutated leukemia

In vitro kinase inhibition profile of KW-2449 indicated its extreme
potency against FLT3 kinase. We first examined the effects of
KW-2449 on several human leukemia cell lines with activated
FLT3 and mutant FLT3-transfected cells. Because constitutive
activation of FLT3 in leukemia cells is reportedly induced by
mutation or coexpression of wild-type FLT3 (wt-FLT3) and FLT3
ligand (FL), we evaluated the growth inhibitory effect on mutant
FLT3 (FLT3/ITD or FLT3/D835Y)-expressing and wt-FLT3- and
FL-coexpressing (wt-FLT3/FL) murine myeloid-progenitor 32D
cells. In addition, we evaluated the efficacy against FLT3/ITD-
harboring human AML cell lines, MOLM-13 and MV4;11. Previ-
ously, we confirmed that FLT3 kinase is constitutively activated in
these cell lines, and FI-700, a FLT3 selective inhibitor, can suppress
the growth of mutated FLT3 transfected 32D cells as well as
MOLM-13 and MV4;11 cells3! As expected, KW-2449 showed
growth inhibitory activities against FLT3/ITD-, FLT3/D835Y-, and
wi-FLT3/FL-expressing 32D cells, MOLM-13 and MV4;11 with
half-maximal growth inhibitory concentration (Glsg) values of
0.024, 0.046, 0.014, 0.024, and 0.011 pM, respectively (Table 2).
These results indicate that KW-2449 has the potent growth
inhibitory activities against not only FLT3/ITD-expressing leuke-
mia cells but also FLT3/KDM-activated and wild-type FLT3-
overexpressing leukemia cells.

It has been reported that PKC-412 and CEP-701, whose
chemical structure contains indolocarbazole, tightly bind to hAGP.
Although these compounds have been in clinical investigation as
FLT3 inhibitors, the significant reduction of their inhibitory activity
caused by tight hAGP binding is in part associated with the limited
clinical efficacy despite their long exposure in vivo, as well as the
potency in vitro.??3? In these circumstances, we selected the
compounds whose cellular efficacy was not attenuated by the
presence of hAGP. Indeed, an addition of hAGP to culture media
reduced the growth inhibitory effect of PKC-412 and CEP-701
more than 100- to 1000-fold, whereas the growth inhibitory activity
of KW-2449 was not attenuated by hAGP (Figure 1E).

In accordance with growth inhibitory effect, KW-2449 sup-
pressed the phosphorylations of FLT3 (P-FLT3) and its down-
stream molecule phospho-STATS (P-STATS) in MOLM-13 cells in
a dose-dependent manner (Figure 1B). Furthermore, KW-2449
increased the percentage of cells in the G, phase of the cell cycle
and reciprocally reduced the percentage of cells in the S phase,
resulting in the increase of apoptotic cell population (Figure 1C-D).
These results indicated that the dephosphorylation of constitutively
active FLT3 kinase by KW-2449 induced the G, arrest to leukemia
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Figure 1. Effects of KW-2449 on human leukemia
cells with FLT3 mutation. (A) Chemical structure of

KW-2449. (B) MOLM-13 cells, which express FLT3/ITD,
were treated with KW-2449 at the indicated concentra-
tions for 24 hours. For analysis of FLT3 and its phosphor-
ylated form (P-FLT3), the blots of immunoprecipitated
FLT3 SDS-PAGE samples were analyzed by antiphospho-
tyrosine (P-Tyr} antibody and anti-FLT3 antibody. For
detection of STATS and its phosphorylated form (P-
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cells with FLT3 activation, resulting in apoptosis. Apparent in-
crease of sub-G, apoptotic cells was also observed after KW-2449
exposure over 0.10 uM, at which concentration complete down-
regulation of P-FLT3 was observed.

To confirm these effects on primary leukemia, we further
analyzed the activities of KW-2449 using 10 human primary AML
cells that consisted of 5 AML with wt-FLT3: 4 with FLT3/ITD and

0

tions of KW-2449 for 48 hours, and apoptosis induction
was analyzed by 7-amino-actinomycin D/annexin V stain-
ing. (E} Inhibitory effects of hAGP on growth inhibitory
activity against MOLM-13 cells were compared between
KW-2449 and potent FLT3 inhibitors, PKC-412 and
CEP-701, as described in “Effects of hAGP on growth
inhibitory activity by FLT3 inhibitors.” Growth inhibitory
activity of KW-2449 was not affected by the presence of
hAGP.

KW-2449

0.01 0.1 1 )
(umol/L)

10 100

I with both FLT3/ITD and FLT3/KDM. In all AML cases with
FLT3 mutation, KW-2449 (0.1 pM) reduced the phosphorylation
levels both of FLT3 and STATS5 (Figure 2A). In accordance with the
dephosphorylation level, the colony formations of AML cases with
FLT3 mutation were inhibited by KW-2449 (Figure 2B). In
contrast, the inhibitory effect of KW-2449 on the colony forma-
tions of all AML cases with wit-FLT3 was minimal at 0.1 pM
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Table 1. Kinase inhibitory profile of KW-2449

Kinase KWwW-2449
Tyrosine kinase
FLT3 0.0066
FLT3/D835Y 0.001
KIT 0.30
PDFGRa 1.7
ABL 0.014
ABL-T315I 0.004
SRC 0.40
JAK2 0.15
FGFR1 0.036
Serine/threonine kinase
Aurora A 0.048

In vitro kinase inhibition 1Csg (umol/L). ICso vaiues of KW-2449 were determined
by in vitro kinase assays as described in “Kinase inhibition profile.”

(Figure 2B). In 2 cases with wt-FLT3 (Wt-3 and Wt-5), constitutive
phosphorylations of FLT3 were observed, although KW-2449 did
not inhibit their colony formations. In the Wt-3 case, the weak
inhibitory effect on P-FLT3 might reflect the minimum effect on
the colony formation. However, in the Wt-5 case, KW-2449
significantly reduced the level of P-FLT3, whereas the colony
formation was not inhibited. In this case, constitutive phosphoryla-
tion of STATS was also observed, although KW-2449 did not
reduce its phosphorylation level, indicating that the STATS was
phosphorylated by another kinase signal. These resuits therefore
suggested that KW-2449 can dephosphorylate constitutively active
wt-FLT3 kinase but not inhibit the proliferation of leukemia cells if
they were not mainly addicted to FLT3 the kinase.

The inhibitory effect of KW-2449 on normal hematopoiesis was
also evaluated using human hematopoietic progenitors. Mono-
nuclear cells from 5 independent CB were plated in complete
methylcellulose semisolid medium with an increasing concentra-
tion of KW-2449. Although KW-2449 inhibited the colony forma-
tion of CB mononuclear cells in a dose-dependent manner, the
distribution of BFU-E, CFU-GM, and CFU-GEMM colonies was
not affected by the KW-2449 treatment (Figure 2C-D). The
Bonferroni test revealed that statistically significant differences in

Table 2. Growth inhibitory profile of KW-2449

Cell lines KW-2449 Imatinib
32D transfectant
Mock (with IL-3) >10 —
FLT3/TD 0.024 —
FLT3/D835Y 0.046 -
WH-FLT3/FL 0.014 —_
Human leukemia
MOLM-13 0.024 >10
MV4;11 0.011 —
RS4;11 0.23 20
HL-60 0.65 > 10
BCR/ABL + leukemia
K862 ; 0.27 0.24
TCC-Y 0.49 0.18
TCC-Y/sr 0.42 24

Growth inhibition Glso (umol/L). Glso values of KW-2449 and imatinib were
determined by in vitro XTT assays. MOLM-13 and MV4;11 cells had FLT3/ITD. K562
and TCC-Y cells had wi-BCR/ABL, and TCC-Y/sr had the T315i mutation in the
BCR/ABL gene.

— indicates not applicable.
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Figure 2. Inhibitory effects of KW-2449 on primary AML and colony-forming
cells. (A) Ten AML samples consisting of 5 with wild-type FLT3 (Wt-1 to Wt-6), 3 with
FLT3/TD (ITD-1 to ITD-4), and one with both FLT3/ITD and FLT3/KDM (ITD/KDM),
were analyzed. Primary AML cells were incubated with or without KW-2449 at 0.1 uM
for 6 hours, and then phosphorylation status of FLT3 and STATS was analyzed.
KW-2449 reduced phosphorylation levels of FLT3 and STATS in all AML samples with
FLT3 mutations. in the W1i-5 sample, KW-2449 reduced the phosphorylation level of
FLT3 but not of STATS. Vertical lines have been inserted to indicate a repositioned gel
lane. (B) AML. cells were suspended in methyiceliulose semisolid medium containing
human stem cell factor, GM-CSF, and interleukin-3 with or without 0.1 pM KW-2449.
Colonies were counted after 14 days. Mean treatment/contro! ratio = SD from
3 experiments in each sample are shown. In accordance with the down-regulation
levels of FLT3 and STATS phosphorylations, KW-2449 inhibited the colony formations
in all AML samples with FLT3 mutations. In the Wi-5 sample, weak inhibition of the
colony formation seems to reflect the sustained STATS5 activation induced by another
activation mechanism. (C) Mononuclear cells from human CB were plated in the
complete methylcellulose semisolid medium with an increasing concentration of
KW-2449. After 14 days of culture, BFU-E, CFU-GM, and CFU-GEMM colonies were
counted. Mean total colony numbers = SD at the indicated concentrations of
KW-2449 are shown (n = 5). Aithough KW-2449 inhibited a total number of colonies
in a dose-dependent manner, the Bonferroni test revealed that the statistical
significances were found between control and at the 0.5 pM (P < .01), and at the
.01 pM and at the 0.5 pM (P < .05). (D) The representative result of the distribution
of BFU-E, CFU-GM, and CFU-GEMM colonies from 1 CB sample is shown. Although
KW-2449 inhibited the colony formation of CB mononuclear cells in a dose-
dependent manner, the distribution of BFU-E, CFU-GM, and CFU-GEMM colonies
was not affected by the KW-2449 treatment.

the total number of colonies were found between control and at the
0.5 WM (P < .01) concentration, and at the 0.01 pM and at the
0.5 pM (P < .05) concentration. The reduction of a total colony
number was at most 59.6% plus or minus 20.2% of the control, at
0.1 pM of KW-2449. These results indicated that the suppressive
effect of KW-2449 on the normal hematopiesis was modest,
whereas that on leukemia with FLT3 mutations was significant
(Figure 2B-C).
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Figure 3. Pharmacokinetic and pharmacodynamic effects of KW-2449 in FLT3-activated leukemia. (A) MOLM-13 cells (107 cells/mouse) were subcutaneously
inoculated into 2 SCID mice. Ten days after inoculation, KW-2449 at 20 mg/kg was orally administered twice every 12 hours. The concentrations of KW-2448 in plasma and
tumor were sequentially analyzed by LC/MS/MS after the final administration of KW-2449. (B) The transition of FLT3 and STATS5 phosphorylation levels in tumor were analyzed
by Western blotting. For analysis of FLT3 and its phosphorylated form (P-FLT3), the blots of immunoprecipitated FLT3 SDS-PAGE samples were analyzed by
antiphospho-tyrosine (P-Tyr) antibody and anti-FLT3 antibody. For detection of STAT5 and its phosphorylated form (P-STATS5), total tumor lysate SDS-PAGE samples were
analyzed by anti-P-STATS antibody and anti-STATS5 antibody as primary antibodies. Dephosphorylations of FLT3 and STATS in MOLM-13 were observed until 12 hours after

the last administration. Results from 2 mice at each point are shown.

In vivo effects of KW-2449 on leukemia cells with FLT3
mutation

In vivo antileukemia activities of KW-2449 were evaluated using
MOLM-13, FLT3-ITD AML, xenograft model. First, the concentra-
tions of KW-2449 in both plasma and tumor after oral administra-
tion were sequentially examined in SCID mice bearing the
subcutaneous MOLM-13 tumor. The tumor/plasma concentration
ratio of KW-2449 tended to increase along with the time after
administration and reached approximately 400, 24 hours after
dosing (Figure 3A). The levels of P-FLT3 and P-STATS in the
tumor were completely reduced from 4 to 12 hours after the
administration of KW-2449 (Figure 3B). Although dephosphoryla-
tions of FLT3 and STATS were observed until 12 hours after
administration, these returned to almost the basal level at 24 hours.
These results suggested that the oral administration of KW-2449 at
a twice daily schedule could be adequate for continuous inhibition
of activated FLT3 in the mouse model.

In the MOLM-13 tumor xenograft model, oral administration of
KW-2449 for 14 days showed a potent and significant antitumor
effect in a dose-dependent manner (Figure 4A). KW-2449 treat-
ment at 2.5 and 5.0 mg/kg twice a day showed growth inhibition of
tumors with the ratio of tumor volume in the treated to control mice
minimum values (T/Cy;,) of 0.57 and 0.29, respectively (Figure
4B). Furthermore, KW-2449 treatment at 10 mg/kg twice a day
showed tumor regression with T/C;, of 0.010 and treatment at
20 mg/kg twice a day completely eradicated tumors in all mice
(Figure 4C).

We next compared the effects of KW-2449 on mutant FLT3-
expressing cells with a conventional antileukemic agent, AraC,
using the syngeneic transplantation mouse model. Human FLT3/
ITD-ires-GFP-expressing 32D (FLT3/ITD-GFP-32D) celis were
intravenously inoculated into syngeneic C3H/Hej mice, and then
KW-2449, AraC, or vehicle was administered to the mice 11 days
after inoculation for 4 days (Figure 5A). At the seventh day after
inoculation, mean FLT3 transcript levels in PB were 24.4 plus or
minus 6.7, 11.8 plus or minus 5.7, and 42.0 plus or minus 21.7
copies/pg RNA in vehicle-, KW-2449- and AraC-treated mice,
respectively. In all vehicle-treated mice, FLT3 transcript level
increased, and the mean FLT3 transcript level in PB on day 13 was
5869.6 plus or minus 1640.1 copies/ig RNA. In contrast, KW-
2449 treatment repressed the expansion of FLT3/ITD-GFP-32D
cells as the decrease of FLT3 transcript levels was observed in all
mice, and the mean FLT3 transcript level in PB was 3.25 plus or
minus 2.29 copies/pg RNA on day 13. The increase in FLT3
transcripts level in all AraC-treated mice was lower than that in
vehicle-treated mice, although the effect of AraC treatment was
limited as the mean FLT3 transcript level in PB was 882.7 plus or
minus 305.5 copies/pg RNA on day 13. These results demonstrated
that the repressive effects by KW-2449 on the expansion of
FLT3/ITD-GFP-32D cells were significantly stronger than those by
AraC (P = .026 by the repeated-measures analysis of variance;
Figure 5B). Flow cytometry analysis revealed that KW-2449
significantly eradicated FLT3/ITD-GFP-32D cells from BM (the
mean percentages of FLT3/ITD-GFP-32D cells in BM after

A B Cc Vehicle
hicl
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€ 5000 - : \\\l\ -0 KW-2449 2.5
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Figure 4. In vivo efficacy of xenotransplanted tumors with FLT3/ITD. (A-C) MOLM-13 cells (107 cells/mouse) were subcutaneously inoculated into SCID mice. Five days
after inoculation, tumor volume was measured. The 25 mice with tumors ranging from 90 to 130 mm? were selected 5 days after inoculation and divided into 5 groups. Mice
{n = 5 in each group) were orally administered with vehicle or KW-2449 (2.5, 5.0, 10, and 20 mg/kg) twice a day for 14 days. (A) Tumor volume was measured twice a week
during the treatment. Mean tumor volume = SD is shown. KW-2449 showed potent and significant antitumor effect in a dose-dependent manner. (B) Relative ratio of tumor
volume (V) to initial turmor volume (V0) was represented (V/V0). Relative V/VO ratio of a drug-treated group compared with a control group was represented as T/C.
(C) KW-2449 treatment at 20 mg/kg twice a day showed complete regression and disappearance of tumors in all mice.
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Figure 5. Inhibition effects on FLT3/ITD-GFP-32D cells in C3H/Hej-mice syngeneic transplantation model. (A) C3H/Hej mice were inoculated with 2 x 10°% of
FLT3/ITD-GFP-32D cells on day 0. From the 10th day after inoculation, mice were administrated with KW-2449 at 40 mg/kg (orally) twice a day, AraC at 150 mg/kg
(intravenously) daily or vehicle for 4 days (n = 5 in each group). PB was collected from each mouse on day 7 and day 13. BM was collected on day 13. (B} Human FLT3
transcripts in PB were quantitated by a real-time fluorescence detection method. Mean transcript level + SEM is shown. KW-2449 treatment significantly repressed the
expansion of FLT3/ITD-GFP-32D cells compared with AraC treatment (P = .026 by the repeated-measures analysis of variance method). (C}) The percentage of residual BM
FLT3/ITD-GFP-32D cells in femur was compared among vehicle-, KW-2449-, and AraC-treated mice using flow cytometry. Representative results of flow cytometry are shown.
(D) Mean percentages of residual FLT3/ITD-GFP-32D cells plus or minus SD in BM are shown. KW-2449 significantly eradicated FLT3/{TD-GFP-32D cells from BM compared
with AraC treatment (P = .009 by the Mann-Whitney U test). (E) Mean spleen weight of each treated mouse * SD is shown. The mean spleen weight of
KW-2449-ireated mice was significantly lighter than that of AraC-treated mice (P = .009 by the Mann-Whitney U test). (F) Mean total cell numbers in femur after the
treatment = SD are shown. The total number of nuclear cells in the BM of AraC-treated mice was significantly decreased compared with that of KW-2449-treated mice
(P = .016 by the Mann-Whitney U test).

treatment were 30.0% *+ 3.6% and 0.75% * 0.75% in AraC- and  potency against leukemia cells even without activated FLT3
KW-2449-treated mice, respectively; P =.009 by the Mann- through the inhibition of Aurora kinase, although its potency was
Whitney U test; Figure 5C-D). Furthermore, the mean spleen 5- tolO-fold lower than that against those with activated FLT3
weight of KW-2449-treated mice was significantly lighter than that  Kinase.

of AraC-treated mice (71.4 *£ 6.2 and 122.2 * 204 mg, respec-
tively; P = .009 by the Mann-Whitney U test; Figure 5E). Notably,
the total number of nuclear cells in the BM of AraC-treated mice
was significantly decreased compared with that of KW-2449- 1M resistance is a critical issue to be resolved in the treatment of
treated mice ([4.2 = 1.3] X 10°and {7.3 * 1.3] X 10° cells/femur,  pagients with BCR/ABL-positive leukemia, Because KW-2449
respectively; P = .016 by the Mann-Whitney U test; Figure 5F). In - showed potency against both ABL and ABL-T315] kinases in the in
this model, we confirmed that KW-2449 could potently and  yiirg kinase assays, we evaluated its growth inhibitory effects on wt
selectively eradicate mutant FLT3-expressing leukemia cells both (K562 and TCC-Y) and T315I-mutated (TCC-Y/sr) BCR/ABL-
in PB and BM in contrast to the nonselective BM suppression of  expressing human leukemia cell lines. IM inhibited the growth of
conventional cytotoxic agents such as AraC. K562 and TCC-Y cells with Gls, values of 0.24 and 0.18 pM,
respectively, whereas its Glsq value against TCC-Y/sr was 24 pM,
which was approximately 100-fold higher than against K562 and
On the other hand, KW-2449 inhibited the growth of human ALL  TCC-Y cells. However, KW-2449 equally inhibited the growth of
cell line RS4;11, which expresses unphosphorylated wt-FLT3, with ~ wt and T315}-mutated BCR/ABL-expressing leukemia cells: Glsg
the Glsy value of 0.23 uM (Table 2). Because KW-2449 shows  values were 0.27, 049, and 042 pM in K562, TCC-Y, and
potent Aurora A and Aurora B kinase inhibition, we evaluated TCC-Y/sr cells, respectively (Table 2). In K562 cells, IM decreased
whether the growth inhibitory effect on RS4;11 was induced by  the phosphorylation levels of BCR/ABL and STATS (Figure 7A),
Aurora kinase inhibition. When the cell cycle was arrested in the  increased the number of the G, phase-arrested cells at 0.5 uM, and
M-phase by nocodazole, phosphorylated histone-H3 (P-HH3) was  induced apoptosis, which was also shown by an increase of cleaved
clearly observed in RS4;11, but it was decreased by the treatment  PARP (Figure 7A,D). On the other hand, KW-2449 induced Gy/M
with KW-2449 in a dose-dependent manner (Figure 6A). Cell cycle  phase-arrested cells at 0.50 uM and increased the sub-G; and
distribution analysis indicated that KW-2449 (0.60 pM) induced  polyploidy cells at 1.0 uM (Figure 7D). These inductions of G/M
G,/M arrest and apparent increase of sub-G; apoptotic cells after  arrest and polyploidy in K562 cells are presumed to be caused both
24 hours and 48 hours of exposure, respectively (Figure 6B). Even by the Aurora A and Aurora B inhibitory profile of KW-2449. In
at 0.30 pM, KW-2449 slightly decreased the population of S-phase  TCC-Y cells, the IM treatment at 0.5 and 1.0 pM decreased the
cells from 49.0% to 40.6% after 72 hours (histogram data not  phosphorylation levels of BCR/ABL and STATS, whereas it did not
shown). The increase of annexin V-positive (early apoptotic) cells  increase the apoptotic or the G, phase-arrested cells. In contrast,
was also observed at the Gy, value against RS4;11 cells (Figure  KW-2449 decreased the phosphorylation levels of BCR/ABL and
6C). These results suggested that KW-2449 has a growth inhibitory ~ STATS from 0.25 uM and induced the Gy/M-arrested cells at

Effects of KW-2449 on wt and T315l-mutated
BCR/ABL-expressing leukemia cells

In vitro effects of KW-2449 on FLT3 wild-type leukemia
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Figure 6. Effects of KW-2449 on human leukemia ceils without FLT3 mutation.
(A) RS4;11 cells, which express wild-type FLT3/ITD, were treated with KW-2449 at
the indicated concentrations for 30 minutes. Total and phosphorylation levels of HH3
were analyzed by Western blotling. (B) RS4;11 cells were treated with various
concentrations of KW-2449 for 48 hours, and cell-cycle distribution was analyzed.
(C) RS4;11 cells were treated with various concentration of KW-2449 for 48 hours,
and apoptosis induction was analyzed.

0.25 pM (data not shown), as well as apoptosis at 1.0 uM (Figure
7B.,D). In TCC-Y/sr cells, IM did not affect the phosphorylation
levels of BCR/ABL and STATS as well as apoptosis and the cell
cycle, whereas KW-2449 decreased both phosphorylation levels
from 0.25 and 0.5 pM, respectively. Farthermore, KW-2449 appar-
ently induced apoptosis at 1.0 uM, which was shown by PARP
cleavage and the sub-G, population (Figure 7C-D).

We next compared the effects of KW-2449 on human CML-BC
cells harboring T3 151 mutation with IM, using the xenotransplanta-
tion mouse model. After confirming the engraftment of human
CML-BC cells, NOD/SCID mice were administered with KW-
2449, IM, or vehicle for 5 days. After the treatment, the BCR/ABL
transcript levels in PB increased to 3.391 plus or minus 1.071 and
1.927 plus or minus 0.332 times as much as those before the
treatment in the vehicle- and IM-treated mice, respectively. In
contrast, KW-2449 significantly decreased BCR/ABL transcript
levels as to 0.553 plus or minus 0.288 times as much as those
before treatment compared with the vehicle- and IM-treated mice
(P = .001 and P = .003 by the unpaired f test, respectively; Figure
7E). Furthermore, the immunohistochemical analysis showed that
KW-2449 dramatically eradicated leukemia cells in BM (Figure

BLOOD, 20 AUGUST 2009 « VOLUME 114, NUMBER 8

7F). In addition, KW-2449 treatment significantly prolonged the
survival time of TCC-Y/sr-inoculated SCID mice (data not shown).
These results collectively suggested that KW-2449 potently sup-
presses the growth both of wt- and T315I-mutated BCR/ABL-
expressing leukemia cells by dual-inhibitory activities against
BCR/ABL and Aurora kinases,

Discussion

Here we describe how KW-2449 potently and selectively inhibits
the growth of leukemia cells harboring constitutively activated
FLT3 kinase both in vitro and in vivo. As described previously,
KW-2449 was selected from chemical libraries of Kyowa Hakko
Kirin as a highly potent compound whose Gls, values against
MOLM-13 and FLT3-D835Y-expressing 32D cells were less than
0.10 uM. In parallel, we evaluated the growth inhibitory activities
against BCR/ABL-positive K562 cells and several hematologic
malignant cell lines. As shown in this study, KW-2449 inhibited
FLT3, ABL, and ABL-T3151 kinases. In addition to these tyrosine
kinases, which are involved in oncogenic addiction of several
leukemia cells, KW-2449 has inhibitory effect on Aurora kinase,
which is a key regulatory kinase in mitosis. Because KW-2449
potently inhibited the proliferation of various hematologic malig-
nant cells, including wt-BCR/ABL~ and T3151-mutated BCR/ABL-
expressing cells, with Glsg values ranging from 0.014 to 0.65 pM,
we evaluated which kinase was targeted in each malignant cell. To
address this issue, we analyzed the phosphorylation status of
possibly targeted kinases and the cell cycle distribution after
KW-2449 treatment. In mutant FLT3-expressing leukemia cells,
the reduction of P-FLT3 level was observed from less than
0.030 pM of KW-2449, which was consistent with its growth
inhibitory and the G;-arrest effects. In leukemia cells without FLT3
activation such as RS4;11, the sensitivity of KW-2449 was 5- to
10-fold lower than that in mutant FLT3-expressing leukemia cells.
In these cells, KW-2449 induced the Go/M arrest or polyploidy and

apoptosis at approximately Glsq value (0.25 pM) via Aurora kinase

inhibition, which was detected by the reduction of P-HH3. It has
been reported that P-HH3 is the target molecule of Aurora B kinase,
and the decrease of P-HH3 level was observed from 0.125 pM
(Figure 6A), whereas G,/M arrest, an indicator of Aurora kinase A
inhibition, was clear at 0.60 pM of KW-2449, It suggested that
both Aurora B and Aurora A kinase inhibition by KW-2449
contributes antileukemia effects in FLT3 wild-type. These results
collectively suggested that KW-2449 potently suppressed the
growth of leukemia cells immortalized by FLT3 activation via
FLT3 inhibition alone at a lower concentration, whereas the growth
suppression of FLT3-inactivated leukemia cells was induced by
Aurora inhibition at a higher concentration. It has been reported
that several kinase inhibitors, such as MK-0457 (VX-680), simulta-
neously suppress both FLT3 and Aurora kinases.* When we
examined the effects of MK-0457 on mutant FLT3-expressing
leukemia cells, it induced the Gy/M arrest at the Glsy values,
indicating that its primary cellular target was Aurora kinase, but not
FLT3 even in the constitutively FLT3-activated cells (data not
shown). However, KW-2449 first inhibits FLT3 kinase with
approximately 10-fold higher potency than Aurora kinase. There-
fore, this characteristic mode of inhibitory action may be advanta-
geous over the adverse events associated with the Aurora kinase
inhibition.

The clinical efficacy of both PKC-412 and CEP-701 given as
monotherapy was reportedly unimpressive despite their high
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Figure 7. Inhibitory effects of KW-2449 on BCR/ABL-
positive leukemia cells. We compared inhibitory effects on wt
(K562 and TCC-Y) and T315l-mutated (TCC-Y/sr) BCR/ABL-
expressing human leukemia cells between KW-2449 and ima-
tinib (IM). (A) in K562 cells, KW-2449 and IM equally decreased
the phosphorylation levels of BCR/ABL and STAT5 and in-
creased cleaved PARF. (B) In TCC-Y ceils, IM decreased the
phosphorylation levels of BCR/ABL and STATS5, but did not
increase cleaved PARP. In contrast, KW-2449 decreased the
phosphorylation levels of BCR/ABL and STAT5 and increased
cleaved PARP. (C) In TCC-Y/sr cells, IM did not affect the
phosphorylation levels of BCR/ABL and STATS, whereas KW-
2449 decreased both phosphorylation levels and increased
cleaved PARP. (D) DNA contents were also compared between
KW-2449 and IM treatments. IM increased the number of the
G;-arrested ceils only in K562 celis. However, KW-2449 induced
the Gy/M-arrested cells in K562, TCC-Y, and TCC-Y/sr cells.
(E) We compared the antileukemic efficacy in NOD/SCID mice
xenotransplanted with human CML in blast crisis cells harboring
the T315! mutation after IM treatment. The treatment effects on
the leukemia cells in PB are shown by the after/before BCR/ABL
franscript ratio. After the treatment, the BCR/ABL transcript
levels in PB increased to 3.391 plus or minus 1.071 and 1.927
plus or minus 0.332 times as much as those before the treatment
in the vehicle- and IM-reated mice, respectively. In contrast,
KW-2449 significantly decreased BCR/ABL. transcript levels as
to 0.553 + 0.288 times as much as those before the treatment
compared with the vehicie- and IM-treated mice (P = .001 and
P = .003 by the unpaired t test, respectively). (F) Residual
leukemia cells in femora were evaluated by the immunohisto-
chemical staining with human CD45. KW-2449 more potently
eradicated ieukemia cells in BM than IM.
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potency in the in vitro studies and extensive exposure in
humans. This was partly explained by their structural problem
(both compounds are well known as tight binders to hAGP in
human plasma) because they contain indolocarbazole motif and
result in the significant reduction of their biologic activities in
human bodies. In contrast, the growth inhibitory activity of
KW-2449 was not attenuated by hAGP, indicating the advantage
to keep the biologically active concentration in human plasma.
It is well known that IM that targets the adenosine triphos-
phate-binding site of the kinase domain of BCR/ABL, inducing
remissions in patients with chronic-phase CML. However,
whereas responses in the chronic phase were durable, remissions
observed in blast crisis patients were typically short-lived, with
relapse occurring within 6 months despite continued therapy.
Thus, IM resistance is becoming an increasingly recognized
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problem for the treatment of patients with BCR/ABL-positive
leukemia. Several IM-resistant mechanisms, such as acquired
mutation in the BCR/ABL gene, overexpression of BCR/ABL,
hAGP binding, and the emerging other kinase activations, have
been reported.’> To overcome the resistance, ABL kinase
inhibitors in the second generation have been investigated, and
some of them showed significant clinical response to IM-
resistant or refractory patients, although the resistance of
T3151-mutated BCR/ABL kinase remains to be resolved.’¢ We
therefore evaluated the efficacy of KW-2449 for leukemia cells
with T315I-mutated BCR/ABL both in vitro and in vivo.
KW-2449 at 0.25 pM showed the decrease of P-ABL and
P-STATS in K562, TCC-Y, and TCC-Y/sr cells, whereas IM had
little effect on these signaling molecules in T315I-mutated
leukemia (Figure 7A). In addition to inhibitory activity of
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KW-2449 to T315I-mutated BCR/ABL, Aurora kinase inhibi-
tion, which was indicated by cell-cycle distribution in TCC-Y/sr,
could contribute to the release of IM resistance. On the other
hand, whereas IM showed G, arrest and ABL inhibition in
wi-BCR/ABL cells, it had limited activity both in cell cycle and
cell signaling in T315-mutated BCR/ABL cells. These data
indicated that the inhibition of wt- and T3151-mutated BCR/
ABL kinase by KW-2449 at lower concentrations showed
limited effects on cell viability, whereas the additional inhibi-
tory effects on Aurora kinase by KW-2449 at higher concentra-
tions modulated the survival and proliferation of the IM-
resistant leukemia cells. These multifunctional action
mechanisms, as well as the order of potency against various
kinases, which were involved in oncogenic addiction and
drug-resistance, would contribute to overcome the IM resistance.

It has been reported that potent and selective Aurora kinase
inhibitors show remarkable growth inhibition of a variety of
cancer cells in vitro, although several severe adverse events
such as hematopoietic toxicity have been observed in the
early-phase clinical trials. However, our results suggest that the
additive and/or simultaneous inhibition of Aurora kinase at a
lower potency than mainly targeted kinases might contribute to
increase the growth inhibitory effects on cancer cells without
severe adverse effects.

In conclusion, targeted inhibition of FLT3 kinase with KW-
2449 induced the potent growth inhibition of leukemia cells
transformed by the constitutive activation of FLT3 kinase. KW-
2449 also showed growth inhibitory effects against FLT3 leukemia
by its Aurora kinase inhibition. In addition, simultaneous inhibition
of T315I-mutated BCR/ABL and Aurora kinases by KW-2449 also
induced the growth inhibition of IM-resistant leukemia cells.
Currently, KW-2449 is being investigated in a phase 1/2 study in
patients with relapsed or refractory AML (NCT00779480). The
present results, nevertheless, provide an important insight into
clinical investigations for the treatment of patients with BCR/ABL-
positive leukemia acquiring the IM resistance, including the
T315]-mutation.
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