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A novel STAT inhibitor, OPB-31121, has a significant antitumor
effect on leukemia with STAT-addictive oncokinases

F Hayakawa', K Sugimoto'?, Y Harada? N Hashimoto?, N Ohi?, S Kurahashi' and T Naoe'

Signal transduction and activator of transcription (STAT) proteins are extracellular ligand-responsive transcription factors that
mediate cell proliferation, apoptosis, differentiation, development and the immune response. Aberrant signals of STAT induce
uncontrolled cell proliferation and apoptosis resistance and are strongly involved in cancer. STAT has been identified as a promising
target for antitumor drugs, but to date most trials have not been successful. Here, we demonstrated that a novel STAT inhibitor,
OPB-31121, strongly inhibited STAT3 and STAT5 phosphorylation without upstream kinase inhibition, and induced significant
growth inhibition in various hematopoietic malignant cells. Investigation of various cell lines suggested that OPB-31121 is
particularly effective against multiple myeloma, Burkitt lymphoma and leukemia harboring BCR-ABL, FLT3/ITD and JAK2 V617F,
oncokinases with their oncogenicities dependent on STAT3/5. Using an immunodeficient mouse transplantation system,

we showed the significant antitumor effect of OPB-31121 against primary human leukemia cells harboring these aberrant kinases
and its safety for normal human cord blood cells. Finally, we demonstrated a model to overcome drug resistance to upstream
kinase inhibitors with a STAT inhibitor. These results suggested that OPB-31121 is a promising antitumor drug. Phase | trials
have been performed in Korea and Hong Kong, and a phase I/Il trial is underway in Japan.
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INTRODUCTION

Signal transduction and activator of transcription (STAT) proteins
are extracellular ligand-responsive transcription factors that
mediate a wide range of biological processes such as cell
proliferation, apoptosis, differentiation, development and the
immune response."? Stimulation with cytokines or growth
factors results in the tyrosine phosphorylation of STAT proteins
via the activation of upstream tyrosine kinases such as JAK family
kinases (JFKs) and Src family kinases (SFKs).> Activated STAT
proteins translocate to the nucleus and regulate gene expression
through direct binding to the promoters of responsive genes.**
Out of 7 STAT family members, STAT3 and STAT5 are widely
recognized as being master regulators of the cellular functions
that lead to the cancer phenotype. Constitutive STAT3 activation is
required for oncogenic transformation by oncokinases such as
v-Src,®” v-Eyk® and v-Ros’ In addition, constitutive STAT3
activation is associated with transformation by tumor viruses,
including HTLV-1'° and EBV."" Constitutive activation of STAT5 is
essential for oncogenesis by the v-Abl tyrosine kinase,'*'3
BCR-ABL fusion protein,''® FLT3 with internal tandem
duplication (FLT3/TD)'"'® and JAK2 V617F mutation.'® Moreover,
a constitutive activation mutant of STAT3 or STAT5 alone is
enough to induce oncogenic transformation.?>?’ These results
indicate that STAT3 and STAT5 have intrinsic oncogenic potential
and are strongly associated with cancer development.
Considering the strong association of STAT signaling with
cancer development and the observed constitutive activation of
STAT3/5 in various cancers, STAT3/5 have been identified as
promising targets for antitumor drugs; however, to date most

trials to block STAT signaling have not been fully successful.?

Many trials aimed to inhibit upstream kinases such as JAK2;
however, specific JAK2 inhibition was overcome by alternative
activation of other JFKs.?® Several JFK inhibitors are under
development, but no significant clinical effect has been
achieved. Other approaches that directly inhibit STAT function,
such as STAT dimerization inhibitors and STAT phosphorylation
inhibitors, are under development, but none has undergone a
clinical trial yet.

Here, we demonstrated that a novel STAT3 inhibitor, OPB-
31121, strongly inhibited not only STAT3 but also STAT5
phosphorylation. OPB-31121 did not inhibit activities of kinases
including JFKs and SFKs and its exact mechanism of action is
under investigation; however, it induced significant growth
inhibition in a wide range of hematopoietic malignant cells.
Investigation among various cell lines indicated that this
compound was particularly effective against multiple myeloma
and Burkitt lymphoma, and leukemia harboring BCR-ABL, FLT3/
ITD and JAK2 V617F, oncogenic kinases with their oncogenicities
dependent on STAT3/5. Using an immunodeficient mouse
transplantation system, we also showed the significant antitumor
effect of this compound against primary human leukemia cells
harboring these aberrant kinases and its safety for normal human
cord blood cells. Finally, we demonstrated a model to overcome
drug resistance to upstream kinase inhibitors with a STAT
inhibitor. These results suggested that OPB-31121 is a promising
antitumor drug. Phase | trials have been performed in Korea
(NCT00955812) and Hong Kong (NCT00511082), and a phase I/II
trial is underway in Japan (NCT1406574).
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MATERIALS AND METHODS

Cells and reagents

TCC-Y/sr was described previously.>* OCI-Ly1, OCl-Ly3, OCl-Ly7 and
OCl-Ly10 were kind gifts from Dr K Takeyama (Dana-Farber Cancer
Institute, MA, USA) and were cultured in Iscove’s modified Dulbecco’s
medium supplemented with 20% fetal bovine serum. Other cells were
purchased from the American Type of Culture Collection (ATCC, Rockville,
MD, USA) and cultured according to the recommendation of ATCC.
Sunitinib was purchased from Wako Chemicals (Osaka, Japan). OPB-31121
was described previously?® and provided by Otsuka Pharmaceuticals Co.
Ltd. (Tokushima, Japan).

Antibodies

The following antibodies were purchased from Cell Signaling Inc. (Beverly,
MA, USA): anti-phospho-STAT5 (Y694) antibody, anti-phospho-JAK2
antibody, anti-phospho-Src antibody, anti-phospho-Akt antibody, anti-
phospho-MAPK p44/p42 antibody, anti-phospho-NFkB antibody, anti-
STAT3 antibody, anti-STAT5 antibody, anti-JAK2 antibody, anti-Src antibody
and anti-IKBa antibody. Anti-phospho-STAT3 (Y705) antibody was obtained
from EPIT MICS (Burlingame, CA, USA). Anti-human CDA45 antibody
and anti-mouse CD45 antibody were from Becton Dickinson (San Jose,
CA, USA).

Cell proliferation assay

Cell proliferation was analyzed by the MTT assay using Cell Count Reagent
SF (Nacalai Tesque, Kyoto, Japan) or TetraColor One (Seikagaku Co., Tokyo,
Japan) according to the manufacturer’s instructions.

Immunohistochemistry, immunoblotting, immunofluorescence
and flow cytometry

These were performed as described previously.?®?’

Subcutaneous xenotransplantation of cell lines into SCID mice

This was performed as described previously?® except that 8-week-old male
SCID mice purchased from Clea Japan (Tokyo, Japan) were used. Tumor
size was monitored twice a week. Tumor volume was calculated using the
following formula: Tumor volume (mm3) = (d? x D)/2, where D (mm) and
d (mm) are the longest and shortest diameters of the tumor, respectively.

Primary leukemia cell xenotransplantation into NOD/SCID/IL2-
Ryc~/~ (NOG) mice

Primary leukemia cells from patients were collected after obtaining written
informed consent, preserved and transplanted into NOG mice as described
previously.?” Patients’ characteristics are shown in Supplementary Table 2.

Human cord blood cells

Human cord blood cells were obtained from RIKEN BRC (Tsukuba, Japan).
The use of human cord blood cells in this study was permitted by the
ethics committee of Nagoya University Graduate School of Medicine.

RESULTS
OPB-31121 selectively inhibits STAT phosphorylation without
upstream kinase inhibition
OPB-31121 was identified by Otsuka pharmaceuticals Co. Ltd. as a
chemical that induced strong growth inhibition of various kinds of
tumor cell lines. It was reported that OPB-31121 inhibited growth
of gastric cancer cell lines and phosphorylation of STAT1, STAT3
and STATS5 in those cell lines; however, the exact mechanism of
action is yet to be clarified.?® In the phase | study performed in
Korea, 21 patients with advanced solid tumor were enrolled. The
most common toxicities were nausea, vomiting, diarrhea, fatigue
and anorexia. Those were predominantly grade 1 or grade 2.%°
We first analyzed the signal transduction pathway inhibited by
OPB-31121. Four major growth signal components, STAT3, ERK1/2,
Akt and NFk-B, were analyzed. Among them, tyrosine phosphory-
lation of STAT3 was selectively inhibited by this compound
(Figure 1a). Inhibition of STAT3 nuclear translocation by this
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compound was investigated by immunofluorescent staining.
Inhibition of STAT3 nuclear translocation was observed by
immunofluorescent staining with anti-STAT3 antibody (Figure 1b,
upper-right corner panel of left panels). On the other hand,
residually phosphorylated STAT3 completely translocated to the
nucleus under OPB-31121 treatment (Figure 1b, upper-right
corner panel of right panels), indicating that this compound did
not inhibit nuclear translocation of phosphorylated STAT3.
Observed inhibition of nuclear translocation seemed to be the
consequence of the inhibition of STAT3 phosphorylation by this
compound.

Next, we examined whether OPB-31121 inhibited the upstream
kinases of STAT. In Hep G2 cells, JAK2 phosphorylation was
induced by IL-6 stimulation and was not inhibited by this
compound, whereas STAT3 phosphorylation was strongly inhib-
ited (Figure 2a). In HEL cells with active mutation of JAK2,
phosphorylation of STAT3 and STAT5 was inhibited at early time
points when JAK2 phosphorylation was not inhibited, although
phosphorylated JAK2 was reduced 24 h after OPB-31121 adminis-
tration, probably due to cell death-related degradation of JAK2
(Figure 2b). In H1650 cells, where mutated epidermal growth
factor receptor (EGFR) constitutively activated STAT3 via SFKs, this
compound reduced STAT3 phosphorylation without reduction of
SFK phosphorylation, indicating that this compound could inhibit
STAT3 phosphorylation independently of the type of upstream
kinases (Figure 2c). These results strongly suggested that this
compound was not an inhibitor of upstream kinases such as JFKs
and SFKs. Consistent with this, in vitro screening of kinase
inhibitory activity demonstrated that this compound had almost
no kinase inhibitory activity against any of the 31 kinases
examined (Supplementary Table S1). To further investigate
whether STAT was directly inhibited by this compound, we set
up in vitro kination assays using STAT3 immunoprecipitated from
cells as a substrate and recombinant JAK2 or Lyn as a kinase, and
examined whether this compound could inhibit STAT3 phos-
phorylation in vitro; however, this compound did not inhibit STAT3
phosphorylation in vitro, suggesting that another cellular protein
was required for this compound to inhibit STAT phosphorylation
(Supplementary Figure S1).

OPB-31121 had a strong growth inhibitory effect against a wide
range of hematopoietic malignant cells

We next investigated the effect of OPB-31121 on the cell growth
of various hematopoietic cell lines. Among 35 hematopoietic cell
lines, IC5o of OPB-31121 was <10nm in 20 cell lines (57%), but
>100nm in 8 cell lines (23%, Table 1). Multiple myeloma, Burkitt's
lymphoma and chronic myeloid leukemia (CML) seemed to be
generally sensitive to this compound. Concerning to other
leukemias and lymphomas, all disease types contained both
sensitive and insensitive cell lines. Sensitivity to this compound
was independent of the strength of STAT3/5 phosphorylation
detected by immunoblotting (data not shown); however, looking
at gene aberrations, leukemia cells harboring gene aberrations
such as BCR-ABL, FLT3/ITD and JAK2 V617F were all sensitive to
this compound (Table 2). It has been established that these three
mutated kinases are oncokinases and cause constitutive activation
of STAT3 and/or STAT5, and that the oncogenicities of these
kinases depend on STAT3/5 signal.'’2%3" We designated these
oncokinases as STAT-addictive oncokinases (SAO).

We further investigated the growth inhibitory effect of OPB-
31121 against tumors of cell lines inoculated into SCID mice. Orally
administered OPB-31121 suppressed the tumor growth of HEL
cells significantly in mice, and consistently, STAT3 phosphorylation
was strongly inhibited in the tumors (Figures 3a and b). We further
examined using OPB-31121-sensitive cell lines containing mye-
loma and SAO-positive leukemia cell lines. OPB-31121 demon-
strated significant tumor growth suppression or even regression in
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Figure 1. OPB-31121 selectively inhibited STAT. (a) Selective inhibition of STAT. Hep G2 cells were treated with or without 100 nm OPB-31121
for 4 h and stimulated with or without 100 ng/ml IL-6 for 10 min as indicated. Then, cells were lysed and subjected to immunoblotting (IB) with
the indicated antibodies. (b) OPB-31121 did not inhibit nuclear translocation of phosphorylated STAT3. Hep G2 cells were treated with
OPB-31121 and IL-6 as in (a). Cells were fixed and subjected to immunofluorescent staining with the indicated antibodies. Nuclear
translocation of residually phosphorylated STAT3 was not inhibited on immunofluorescence by anti-phospho-STAT3 antibody (upper-right
corner panel).
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Figure 2. OPB-31121 inhibited STAT3 and STAT5 phosphorylation without upstream kinase inhibition. (a) OPB-31121 inhibited IL-6-induced
STAT3 phosphorylation without JAK2 inhibition. Hep G2 cells were treated with OPB-31121 and IL-6, as described in Figure 1a, except that the
concentration of OPB-31121 was 1 uwm. Cells were lysed at the indicated time after IL-6 stimulation and subjected to IB with the indicated
antibodies. (b) OPB-31121 inhibited constitutive activation of STAT3 and STAT5 without JAK2 inhibition. HEL cells were lysed at the indicated
time after 1 um OPB-31121 treatment and subjected to IB with the indicated antibodies. (c) OPB-31121 inhibited constitutively activated STAT3
without Src inhibition. H1650 cells were analyzed as in (b).
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Table 1. List of ICs, of OPB-31121 and gene aberrations in various cell lines
Disease Cell line ICsp (Nm) Fusion gene Gene mutation Gene deletion
AML KG-1 0.3 NRAS, p53
U937 3.2 CALM-AF10 p53
MV4-11 4.0 MLL-AF4 FLT3
HEL 9.5 JAK2 CDKN2A , CDKN2B
MOLM13 10.0 MLL-AF9 FLT3 CDKN2A , CDKN2B
NB4 19.0 PML-RARx CDKN2A , CDKN2B
HL-60 95.0 p53
uT-7 95.0 p53 CDKN2B
THP-1 > 100 MLL-AF9 NRAS, p53 CDKN2A , CDKN2B
Kasumi-1 > 100 AML1-ETO
CML KU812 0.6 BCR-ABL p53
K562 21.0 BCR-ABL p53 CDKN2A , CDKN2B
B-ALL ALL-1 25 BCR-ABL
TCC-Y/sr 24.7 BCR-ABL T315I
BALL-1 > 100 IgH-Myc CDKN2B
RS4;11 >100 MLL-AF4 CDKN2A , CDKN2B
B-lymphoblast CRL8062 7.0
T-ALL Jurkat 5.6 p53 CDKN2A , CDKN2B, IFNAT
CCRF-CEM 70.0 SIL-SCL p53 CDKN2B, IFNAT, IFNB1
MOLT-4 >100 NRAS CDKN2B
DLBCL OCl-Ly10 2.1
RL 29 IgH-BCL2 p53
OCl-Ly3 4.0
OCl-Ly7 7.8
RC-K8 7.9
IM-9 10.9
OCILLY1 > 100 IgH-BCL1
SU-DHL4 > 100 IgH-BCL2 p53
WILL2 > 100 Igh-Myc, IgH-BCL2
BL Ramos 24 p53
Raji 3.1 IgH-Myc p53
Daudi 45 IgH-Myc p53
MM U266 3.9 p53
LICR-LON-Hmy2 6.0
WI-L2-729HF2 7.0 p53
Abbreviations: AML, acute myeloid leukemia; ALL, acute lymphoblastic leukemia; BL, Burkitt’s ymphoma; CML, chronic myeloid leukemia; DLBCL, diffuse large
B cell lymphoma; MM, multiple myeloma.

mice inoculated with these cell lines (Figure 3c). These results
indicated that this compound was effective against myeloma and
SAO-positive leukemia in vivo.

OPB-31121 caused strong growth inhibition of primary SAO-
positive leukemia cells but did not affect the growth of normal
cord blood cells in mice

For further analyses, we used a primary leukemia cell xenotrans-
plantation system in which primary human leukemia cells were
maintained by serial transplantation into NOG mice. In this system,
we could test the drug effect on primary leukemia cells, whose
phenotype and heterogeneity mainly maintained their original
status.?’ Oral administration of OPB-31121 induced significant
reduction of the leukemia cell rate in mice transplanted with
primary acute myeloid leukemia cells with FLT3/ITD, whereas
cytarabine treatment hardly affected it. The treated group/control
group (T/C) tumor cell rate were 15.9 and 102.1%, respectively
(Figure 4a). Analyzing in detail, cytarabine reduced the number of
both human leukemia cells and mouse normal hematopoietic
cells, so the rate of leukemia cells did not change by this
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treatment. On the other hand, OPB-31121 treatment induced
selective leukemia cell reduction and the recovery of mouse
hematopoietic cells (Figure 4b). These could be clearly observed
by immunohistochemistry of bone marrow (Figure 4c). Represen-
tative images of flow cytometric analysis of the leukemia cell rate
and larger images of the immunohistochemistry of bone marrow
are shown in Supplementary Figure S2A and B.

We examined the effect of this compound on other primary
leukemia cells. This compound induced significant reduction of
the leukemia cell rate of another FLT3/ITD-positive AML (T/C:
26.3%), three BCR-ABL -positive ALL (T/C: 4-58%) and one CML
blast crisis (BC) with T315] mutation in BCR-ABL (T/C: 87%,
Figure 4g). The effect of OPB-31121 on the CML BC sample was
relatively weak, when drug administration was started after
leukemia engraftment; however, starting administration earlier,
this compound showed stronger tumor growth inhibition
(T/C: 153%, Figure 4g) and a significant survival benefit
(Figure 4d). These results further confirmed the effectiveness
of this compound on SAO-positive leukemia and suggested
that the growth inhibitory effect of this compound was selective
to tumor cells.
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Table 2. Comparison of OPB-31121 effect between STAT-addictive
oncokinase-positive and unknown leukemia
Disease Cell line SAO ICsp (Nm)
AML MV 4-11 FLT3/ITD 4.0
MOLM13 FLT3/ITD 10.0
HEL JAK2 V617F 9.5
CML KU812 BCR-ABL 0.6
K562 BCR-ABL 21.0
B-ALL ALL-1 BCR-ABL 2.5
TCC-Y/sr BCR-ABL T315I 24.7
AML KG-1 Unknown 0.3
U937 Unknown 3.2
NB4 Unknown 19.0
HL-60 Unknown 95.0
UT-7 Unknown 95.0
THP-1 Unknown > 100
Kasumi Unknown > 100
B-ALL BALL-1 Unknown >100
RS4;11 Unknown > 100
T-ALL Jurkat Unknown 5.6
CCRF-CEM Unknown 70.0
MOLT-4 Unknown > 100
Abbreviation: SAO, STAT-addictive oncokinase.
1C50 (nm) < 10
IC50 (nm) > 10 to < 100
IC50 (nm) > 100.

To further confirm the safety of this compound for normal
hematopoiesis, we performed colony formation assay using
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CD34" human cord blood cells. OPB-31121 did not significantly
affect the number and composition of colonies (Supplementary
Figure S3A). Furthermore, we used NOG mice transplanted with
healthy human cord blood cells. OPB-31121 administration did
not affect the percentage of human CD45" cells (T/C: 99%,
Figures 4e-g). The rate of stem cell fraction (CD34"/CD38 "),
monocytic progenitor fraction (CD13*/CD14~) and granulocytic
progenitor fraction (CD137/CD147) in CD457 cells were not
significantly changed by this compound (Supplementary Figure
S3B). These results indicated the safety of this compound for
normal hematopoiesis. Taken together, OPB-31121 is a promising
antitumor drug for Burkitt's lymphoma, multiple myeloma and
SAO-positive leukemia.

OPB-31121 overcame autocrine-induced FLT3 inhibitor resistance
by STAT signal inhibition

T315] mutation in BCR-ABL causes strong ABL kinase inhibitor
resistance in cells. OPB-31121 conquered this mutation-induced
kinase inhibitor resistance in TCC-Y/sr cells (Table 2 and Figure 3c)
and primary CML cells (Figures 4d and g); therefore, we tried to
see whether OPB-31121 overcame another type of kinase inhibitor
resistance by inhibition of the downstream signal. According to
the previous report, a FLT3 inhibitor-resistant subclone of MV4-11,
the FLT3/ITD-positive AML cell line, expressed FLT3 ligand. This
autocrine signaling enhanced not only STAT5 phosphorylation but
also STAT3 phosphorylation. Additional STAT3 phosphorylation
seemed to have an important role in FLT3 inhibitor resistance.>?
We therefore examined whether OPB-31121 overcame FLT3
ligand-induced FLT3 inhibitor resistance. Consistent with the
previous report, under culture with FLT3 ligand, STAT3
phosphorylation became resistant to sunitinib in MOLM13 cells,
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Summary of OPB-31121 effect on subcutaneous tumors of cell line in mice
Disease Cell line Dose (mg/kg) T/C (%)
SAO-positive leukemia HEL 300 21.9
KU812 100 1.8
TCCyl/sr 100 5.9
SAO-unknown leukemia KG-1 100 0.4
U937 300 36.4
Multiple myeloma WI-L2-729HF2 300 6.9
RPMI8226 300 21.6
Lymphoma RL 200 18.5

SAO: STAT-addictive oncokinase
T/C: Tumor volume of treated group/Tumor volume of control group

OPB-31121 inhibited STAT3 phosphorylation and growth of subcutaneous tumors of cell lines in mice. (a) Dose-dependent tumor

growth suppression in mice. HEL cells (4 x 10 cells/body) were subcutaneously inoculated into SCID mice. Oral administration of OPB-31121

or 5% gum arabic for control was started 14 days after inoculation when tumors had developed detectably. The average tumor volume
of five mice was plotted with standard deviation. (b) STAT3 inhibition by OPB-31121 in mouse tumor. HEL cells were inoculated into SCID mice
as in (a). After tumor development, 300 mg/kg OPB-31121 or 5% gum arabic was administered daily for 3 days. On the 4th day, tumors
were resected and subjected to immunohistochemistry with anti-phospho-STAT3 antibody. (c) Summary of OPB-31121 effect on cell line

tumors in mice.
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another FLT3/ITD-positive AML cell line (top panel of Figure 5a
lane 4 and 6 vs lane 1 and 3), although STAT5 phosphorylation
was inhibited similarly to the condition without FLT3 ligand (third
panel of Figure 5a lane 4 and 6 vs lane 1 and 3). Consistently, the
sensitivity of MOLM13 cells to sunitinib fell with FLT3 ligand
(Figure 5b). On the other hand, OPB-31121 induced strong
inhibition of both STAT3 and STAT5 phosphorylation indepen-
dently of FLT3 ligand presence (Figure 5a lane 1 and 2 vs lane 4
and 5), and the growth inhibitory effect of this compound on
MOLM13 was hardly affected by the addition of FLT3 ligand
(Figure 5c). These results indicated that this compound overcame
FLT3 ligand-induced FLT3 inhibitor resistance.
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Summary of OPB-31121 effect on primary leukemia and normal hematopoietic cells
Sample Disease SAO Duration  Dose (mg/kg)  T/C (%)
OMR ALL BCR-ABL Day 23-32 200 4
ARK ALL BCR-ABL Day 18-31 300 58
KwI ALL BCR-ABL Y253H Day 45-54 200 57
INH CMLBC  BCR-ABLT315l Day 21-30 200 87
: Day 1-29 200 15.3
MAE AML FLT3/TD Day 29-38 200 15.9
MIZ AML FLT3/TD Day 40-49 200 26.3
CB Normal (-) Day 50-59 200 99.9
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DISCUSSION

Constitutive activation of STAT3 and STAT5 has been reported in
various cancers and the inhibition of STAT signaling has been
thought to be a promising strategy for cancer therapy.>*~>> Many
trials using several approaches, such as small molecules including
upstream kinase inhibitors, STAT dimerization inhibitors, and STAT
phosphorylation inhibitors, neutralizing antibody against
upstream receptors and ligands, and decoy oligonucleotides,
have been performed; however, very few of them demonstrated
an in vivo effect in mouse models and none has undergone clinical
trials, except upstream kinase inhibitors such as JAK inhibitors.??
To the best of our knowledge, OPB-31121 is the first STAT inhibitor
to undergo phase | trials.

The mechanism of action of OPB-31121 has not been fully
revealed. This compound did not have kinase inhibitory activity
against any kinase (Supplementary Table S1) and inhibited STAT3
and STAT5 phosphorylation without inhibition of JAK2 and SFKs
(Figures 2a-c). This compound did not inhibit nuclear transloca-
tion of STAT3 after it was phosphorylated (Figure 1¢) and did not
disrupt the dimerization of STAT3 (data not shown). In addition,
this compound did not induced the protein expression of JAK-
STAT pathway negative regulators such as suppressor or cytokine
signaling (SOCS)3, protein inhibitor of activated Stats (PIAS)4 and
LNK (data not shown). These data indicated that this compound
did not inhibit the phosphorylation of upstream kinases but
inhibited STAT phosphorylation, most likely by inhibiting the
association of STAT with JAK or cytokine receptors; however, this

<
Figure 4. OPB-31121 selectively reduced human primary leukemia
cells in mice. MAE cells (1 x 10°), primary FLT3/ITD-positive human
AML cells, were intravenously transplanted into NOG mice. On day
29, the rate of human leukemia cells in femoral bone marrow of the
pretreatment mice was measured by flow cytometry using anti-
human CD45 antibody, and daily oral administration of 5% gum
arabic or OPB-31121 (200 mg/kg) for 10 days was started. On day 32,
daily intraperitoneal injection of cytarabine (400 mg/kg) for 7 days
was started. On day 38, bone marrow cells were collected from one
femur and the other femur was fixed and subjected to immuno-
histochemistry with anti-human CD45 antibody. The rate of human
leukemia cells in bone marrow was analyzed as above. (a) The
average human leukemia cell rate of three mice was plotted on the
bar chart with standard deviation. (b) Bone marrow cells collected
from a femur were counted. The leukemia cell number was
calculated by multiplying the total cell number by the human
CD45-positive cell rate. The average value of three mice was plotted
on the bar chart with standard deviation. OPB-31121 did not reduce
the total cell number. (c) Immunohistochemistry of bone marrow
with anti-human CD45 antibody. Cells stained in brown and blue
were human CD45-positive cells (leukemia cells) and negative cells
(mouse normal hematopoietic cells), respectively. Normal hemato-
poietic cells recovered by OPB-31121 treatment. (d) Survival benefit
of OPB-31121 treatment in mice transplanted with primary CML BC
cells harboring BCR-ABL T315l. INH cells (5 x 109), primary BCR-ABL
T315l-positive CML BC cells, were intravenously transplanted into
NOG mice. Daily oral administration of 5% gum arabic or the
indicated dose of OPB-31121 was started on day 2 and continued
until mice died. Each group consisted of nine mice. Survival curve
were plotted according to the Kaplan-Meier method. Statistical
difference of survival was analyzed by the log-rank test. (e) OPB-
31121 did not affect the growth of normal hematopoietic cells.
CD34-positive human cord blood cells (1 x 10°) were transplanted,
treated and analyzed as described above except that mice were
irradiated (2.5Gy) the day before transplantation and that OPB-
31121 and gum arabic were administered daily from days 50-59.
The average human cell rate of two mice was plotted on the bar
chart with standard deviation. (f) Immunohistochemistry of bone
marrow of mice transplanted with cord blood cells were performed
as in (c). (g) Summary of OPB-31121 effect on primary leukemia and
normal hematopoietic cells.
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OPB-31121 overcame autocrine-induced FLT3 inhibitor resistance. (a) MOLM13 cells were treated with 100 nm sunitinib, 100 nm OPB-

31121 and 100 ng/ml FLT3 ligand as indicated for 4 h. Then, cells were lysed and subjected to IB with the indicated antibodies. (b) FLT3 ligand
reduced sunitinib sensitivity in MOLM13 cells. MOLM13 cells were cultured with the indicated dose of sunitinib with or without
100 ng/ml FLT3 ligand. Cell proliferation was analyzed by MTT assay after 48 h culture. MTT values were plotted as relative values to the value
of the cells without FLT3 ligand and sunitinib. The average value of three experiments was plotted with standard deviation. (c) FLT3 ligand
did not affect the sensitivity to OPB-31121 in MOLM13 cells. Sensitivity of OPB-31121 was measured as in (b) using OPB-31121 instead of

sunitinib.

compound could not inhibit STAT3 phosphorylation by JAK2 and
Lyn in vitro, suggesting that another cellular protein was required
for this compound to inhibit STAT phosphorylation. This
compound may indirectly bind to STAT through an unknown
protein that interacts with STAT and disrupts the association of
STAT with upstream kinases or receptors. We are now searching
for the components of STAT complex that interact with this
compound. Very recently, another group reported a decrease in
the phosphorylation of STAT3 and JAK2 24 or 48 h after treatment
with this compound in gastric cancer cell lines, and claimed that
this compound was a JAK2 inhibitor;”> however, we clearly
demonstrated that the decrease in STAT3 phosphorylation
occurred much earlier, within 2h after treatment with this
compound, and before the decrease in JAK2 and c-Src
phosphorylation (Figures 2b and c). At 24 h after treatment, we
also observed a decrease in JAK2 phosphorylation, probably due
to the cell death response (Figure 2b). A similar phenomenon
might have been observed in gastric cancer cell lines.

The sensitivity of cell lines to OPB-31121 varied markedly and
was independent of the phosphorylation level of STAT (Table 1
and data not shown). This was probably because the survival
dependency on STAT signaling varied among cell lines and was
independent of the STAT phosphorylation level; therefore, it was
difficult to predict OPB-31121-sensitive cells from the phosphor-
ylation level of STAT. On the other hand, it is reasonable to predict
a cancer to be addictive to STAT signaling, when the cancer gets
addicted to an oncokinase, and the survival supporting activity of
the oncokinase depend on STAT signaling. It is also difficult to
clarify whether a mutated kinase observed in a cancer is really

© 2013 Macmillan Publishers Limited

responsible for cancer cell survival through STAT signaling, but
numerous past studies have proved it in some oncokinaes such as
SAO (BCR-ABL, FLT3/ITD and JAK2 V617F)."2%*" Therefore, we
selected SAO-positive leukemia cells as the target of OPB-31121.
Strikingly, SAO-positive leukemia cells, including primary leukemia
cells, were generally OPB-31121 sensitive both ex vivo and in vivo.
It is intriguing that OPB-31121 did not cause growth inhibition
of normal hematopoietic cells (Figures 5b, ¢, e and f).
In fact, the dose-limiting toxicity of this compound did not show
hematological toxicity in phase | trial with a maximum dose of
800mg/kg.”® No hematological toxicity was observed in the
toxicity study of this compound in monkeys (1000 mg/kg for 14
days, data not shown). Although the importance of STAT3 and
STATS5 in various signals from cytokines such as erythropoietin,
thrombopoietin and granulocyte-colony stimulating factor has
been established, the dependence on STAT signaling will be lower
in normal hematopoietic cells than in malignant cells.

Specific inhibitors of kinases aberrantly activated in tumor cells
are powerful tools with high antitumor effects and less toxicity;
however, cancer cells sometimes develop resistance in various
ways. CML cells are reported to develop the resistance to ABL
kinase inhibitor by a drug-resistant mutation in BCR-ABL,
overexpression of BCR-ABL® overexpression of Lyn as an
alternative activator of STAT53” and STAT3 activation through an
alternative signal from bone marrow stroma cells.3® In FLT3/ITD-
positive AML cells, resistance to FLT3 inhibitor was achieved by a
drug-resistant mutation in FLT3, overexpression of FLT3 and
autocrine Flt3 ligand stimulation.3**° In JAK2 V617F-positive AML
or polycythemia vera, specific JAK2 inhibition was overcome by
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alternative activation of other JFKs.?> The mechanisms of drug
resistance are various but many of them finally lead to the
maintenance of STAT3/5 activation. This is probably because SAO-
positive leukemia cells require the maintenance of STAT3/5
activation for drug-resistant survival; therefore, it is a reasonable
strategy to overcome SAO inhibitor resistance by a STAT inhibitor.
We showed examples of this strategy in the case of a drug-
resistant mutation in BCR-ABL and autocrine-induced FLT3
inhibitor resistance (Figures 4d and 5a—c).

Taken together, we conclude that OPB-31121 holds promise as
a non-myelosuppressive therapeutic agent against a wide range
of hematopoietic malignancies, especially SAO-positive leukemia.
As OPB-31121 showed strong antitumor effects also in a wide
range of solid tumors (data not shown), two phase | studies have
been performed on advanced solid tumors in Korea
(NCT00955812) and for non-Hodgkin’s lymphoma and multiple
myeloma in Hong Kong (NCT00511082), and the results are
awaited. A phase I/Il study of hepatocellular carcinoma in Japan
(NCT1406574) is ongoing.
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