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A novel small molecule agent displays potent anti-myeloma
activity by inhibiting the JAK2-STAT3 signaling pathway
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ABSTRACT

The oncogenic STAT3 signaling pathway is emerging as a promising target for
the treatment of multiple myeloma (MM). In the present study, we identified a novel
STAT3 inhibitor SC99 in a target-based high throughput screen. SC99 inhibited JAK2-
STAT3 activation but had no effects on other transcription factors such as NF-kB,
and kinases such as AKT, ERK, and c-Src that are in association with STAT3 signaling
pathway. Furthermore, SC99 downregulated the expression of STAT3-modulated
genes, including Bcl-2, Bcl-xL, VEGF, cyclin D2, and E2F-1. By inhibiting the STAT3
signaling, SC99 induced MM cell apoptosis which could be partly abolished by the
ectopic expression of STAT3. Furthermore, SC99 displayed potent anti-MM activity
in two independent MM xenograft models in nude mice. Oral administration of SC99
led to marked decrease of tumor growth within 10 days at a daily dosage of 30 mg/
kg, but did not raise toxic effects. Taken together, this study identified a novel oral
JAK2/STAT3 inhibitor that could be developed as an anti-myeloma agent.

[7, 8]. In addition, STAT3 also regulates angiogenesis
via the transcription of vascular endothelial growth
factor (VEGF) [9].

STATS3 is overexpressed in a broad range of cancers
including hematological malignancies, including leukemia
[10], lymphoma [11] and multiple myeloma (MM)
[12, 13]. MM is an incurable malignancy of plasma cells.

INTRODUCTION

Signal transducer and activator of transcription
3 (STAT3) is an oncogenic transcription factor widely
expressed in many tissues and plays an important role in
regulating cellular activities. Being activated by a panel
of stimuli, including cytokines, such as interleukin-6

(IL-6) [1, 2], and growth factors, such as insulin-like
growth factor 1 (IGF-1) [1, 2], STAT3 forms homo- or
hetero-dimers before being translocated to the nuclei
where it binds to DNA and regulates gene transcription
[1, 3]. STAT3 has a broad spectrum of substrate genes
including anti-apoptotic Mcl-1, Bcl-2, survivin [4-6],
and cell cycle regulators (such as D-cyclins, E2F-1)

In a survey of constitutive and activated STAT3 expression
and MM therapy, STAT3 was found highly expressed in
more than 63% of CD138" bone marrow cells of primary
MM patients [14] and the highly activated STAT3 is
associated with chemoresistance to most of the standard
therapies [13], including dexamethasone [14]. Currently,
The STAT3 signaling pathway has been proposed as a
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promising target for MM therapy [15]. A recent clinical
trial with a STAT3 inhibitor OPB-51602 has been reported
for the treatment of MM and acute myeloid leukemia [16].

D-type cyclins including cyclin D1, D2 and D3 are
key members in regulating cell cycle progress. Cyclin
D2 (CCND2) was reported in more than 50% of MM
cell lines and primary patient cells [17] and is associated
with poor prognosis [18]. We previously demonstrated
that knock-down CCND2 can induce MM cell apoptosis
[19]. Because CCND2 could be regulated by STAT3 [20]
and this duo is critical for MM pathogenesis and poor
clinical outcomes, targeting STAT3/CCND?2 is an anti-
MM strategy. In the present study, we designed a screen
of STAT3/CCND?2 inhibitors, through which a novel small
molecule compound called SC99 was found to inhibit
STAT3 via JAK2, a kinase that activates STAT3, and
displayed oral potency in the treatment of MM.

RESULTS

Identification of SC99 as a STAT3 inhibitor

To find out small molecule compounds that
inhibit STAT3 activation and CCND?2 transactivation,
a luciferase reporter system driven by the CCND2
promoter containing a STAT3 response element was
stably established in NIH3T3 cells and was applied
to screen a Maybridge chemical library composed of
56000 compounds with unknown functions as described
previously [21], from which SC99 was identified. SC99
inhibited STAT3-luciferase (Figure 1A) but did not
inhibit luciferase activity modulated by another nuclear
transcription factor NF-kB (Figure 1B). Consistent with
this finding, SC99 inhibited the transactivation of CCND2
promoter which containing a STAT3 response element
(Figure 1C) but failed to suppress the transactivation
of CCND2 promoter which lacks a STAT3 response
element (Figure 1D). These results thus suggested that
SC99 was probably a STAT3 inhibitor. To optimize
the structure of SC99, a panel of SC99 analogs were
designed and synthesized (Figure 1E) and were applied
to test their inhibitory effects on STAT3 activation at the
phosphorylation level at Tyr705 (p-STAT3). As shown
in Figure 1F, SC99 was the most potent one to inhibit
STAT3 phosphorylation in both cell lines examined. JP31
also inhibited STAT3 activation but less potent than SC99
which was probably due to the 3-chloro-4-fluorophenyl
group, especially the chlorine and fluorine atoms that
were missing from JP31.

SC99 inhibits STAT3 activation and dimerization

To investigate the effect of SC99 on the
constitutive activation of STAT3, five MM cell lines
with highly activated STAT3 were treated with SC99
(10 uM) or DMSO, followed by immunoblotting

analyses against p-STAT3. As shown in Figure 2A,
SC99 decreased the p-STAT3 level but had no effects
on total STAT3 expression in all cell lines examined.
Moreover, SC99 was found to suppress STAT3 activation
in a concentration- and time course-dependent manner
(Figure 2B and 2C). STAT3 phosphorylation was
decreased at a concentration as low as 2.5 uM of SC99,
and it was completely inhibited by SC99 at 10 uM
(Figure 2B). In the time-course study, constitutive STAT3
phosphorylation was suppressed by SC99 within 30 min
in OPM2 cells (Figure 2C). Therefore, SC99 was potent
to inhibit STAT3 activation.

STAT3 activation leads to STAT3 dimerization and
further is translocated to the nuclei where it exerts its
transcriptional activity [22]. To evaluate whether SC99
interferes with STAT3 dimerization, we designed a Myc-
and a Flag-tagged STAT3 plasmid. These two plasmids
were then co-transfected into HEK293T cells followed
by SC99 treatment. The whole cell lysates were then
subjected to immunoprecipitation/immunoblotting assay.
As shown in Figure 2D, dimerization of Myc-STAT3:Flag-
STAT3 was found in the absence of SC99, but this
dimerization was significantly decreased when SC99 was
added. Because STAT3 dimerization is an outcome of
STAT3 activation, this experiment further demonstrated
that SC99 inhibited STAT3 activation.

There are 7 members in the STAT3 family, of
which STAT1, STAT3 and STATS are associated with
oncogenesis, to exclude the effects of SC99 on STAT1
and STATS, MM cells were treated with SC99 for 24
hrs followed by immunoblotting analysis. It turned
out that SC99 dose-dependently suppressed STAT3
phosphorylation, but had no effects on the p-STAT1 or
p-STATS level (Figure 2E). Therefore, SC99 preferred to
inhibit STAT3 activation.

SC99 inhibits STAT3 nuclear translocation

STAT3 is a transcription factor and it must enter
nuclei to exert its activity after its activation. The above
experiments showed that SC99 potently inhibited STAT3
activation, to further evaluate whether SC99 affected
STAT3 nuclear translocation, an immunofluorescent assay
was performed. Starved OPM2 cells were pre-treated
with DMSO or SC99 followed by IL-6 stimulation for
20 min because IL-6 can trigger STAT3 phosphorylation
and nuclear import [23]. The immunofluorescent assay
revealed that in the resting status without IL-6 stimulation,
both STAT3 and p-STAT3 were distributed around the
nuclei or in the cytosol, however, when IL-6 was added,
both total and activated STAT3 were mainly found in the
nuclei (Figure 3A and 3B). As expected, pretreatment
of SC99 prevented STAT3 from activation and nuclear
translocation, which was similar to a previous report [23].
These findings further demonstrated that SC99 inhibited
STAT3 activation.

www.impactjournals.com/oncotarget

9297

Oncotarget



SC99 inhibits JAK2 but not other kinases
associated with STAT3 signaling

Several important signaling pathways are in associa-
tion with STAT3 activation, including MAPK/ERK [24],
PIBK/AKT/mTOR [25], c-Src [26], and JAK pathways
[24]. We next evaluated the effects of SC99 on these specific
kinases including JAK2, ERK, AKT, mTOR, and c-Src by
immunoblotting. As shown in Figure 4A, although SC99
steadily suppressed STAT3 activation, it did not inhibit
the phosphorylation levels of AKT, ERK, mTOR or c-Src
at a concentration up to 20 uM, which suggested that the
inhibition of SC99 on STAT3 was not an off-target effect.

JAK2 is a key kinase activating STAT3, we
therefore evaluated the effect of SC99 on JAK2. As shown
in Figure 4B, SC99 inhibited JAK2 phosphorylation in a
concentration-dependent manner. At 2.5 uM, SC99 was
capable to inactivate JAK2 in a manner similar to the
inhibition on STAT3 (Figure 2B). As reported previously,
STAT3 can be activated by the cytockine IL-6 via JAK2
signaling [1, 2]. To find out whether SC99 was able to
repress 1L-6-stimulated JAK2 and STAT3 activation,
starved OPM2 cells were pre-treated with SC99 followed
by IL-6 stimulation. As expected, addition of IL-6 raised
the phosphorylation level of both JAK2 and STAT3 which
could be suppressed by SC99 within 30 min (Figure 4C).
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Figure 1: Identification of SC99 as a STAT3 inhibitor. The luciferase reporter systems were established driven by STAT3 A.
or NF-kB B. response elements, cyclin D2 promoter containing C. or lacking D. STAT3 response element. NIH3T3 cells expressing
individual luciferase reporters were treated with SC99 for 24 hrs. Luciferase activity was evaluated with a specific substrate according to
the manufacturer's instruction. E. a series of SC99 analogs was synthesized. F. MM cell lines OPM2 and RPMI-8226 were treated with
each compound at 10 pM for 24 hrs, followed by immunoblotting assay against p-STAT3, STAT3 and GAPDH. DM, dimethyl sulfoxide.
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To further evaluate whether SC99 could interfere with
the JAK2 molecule, a computer modeling was performed.
The results showed that SC99 was well docked into the
ATP-binding pocket of JAK2 in which SC99 formed strong
and stable hydrogen bond (red line in Figure 4D) with
Leu932 of JAK2. The H-bond could prevent SC99 from
escaping from the active sites and enhanced the inhibition of
JAK2. Moreover, because of the hydrophobicity of the ATP-
pocket, SC99 formed extensive van der Waals interactions
with the hydrophobic residues of JAK2 (Figure 4D). These
results further indicated that SC99 strongly interacted with
JAK2 and led to the inhibition of JAK2.

SC99 downregulates STAT3-modulated gene
expression

As a key transcription factor, STAT3 modulates the
expression of a panel of key cell cycle regulators such

as cyclins and transcription factor E2F-1 [7, 9]. Because
STAT3 inhibitors usually result in decreased expression
of STAT3 targeted genes [27], and the above studies had
demonstrated that SC99 was a JAK2/STAT3 inhibitor. We
subsequently evaluated the effect of SC99 inhibition on
STAT3 downstream gene expression by immunoblotting.
As shown in Figure SA, SC99 suppressed the expression
of cyclin D2 and E2F-1 in a concentration-dependent
manner which was similar to the effects of SC99 on
the promoter transactivation of cyclin D2 as shown in
Figure 1A. Because these proteins are key regulators of
cell cycle progression, SC99 arrested MM cells at the G1
phase (Supplementary Figure S1).

STAT3 is also involved in cell survival by
upregulating several important genes, such as Bc/-2 and
Bcl-xl [4, 5]. To further view the effects of SC99 on the
activity of STAT3, we next measured the protein levels
of Bcl-2 and Bcl-x1. As shown in Figure 5B, both Bel-2
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Figure 2: SC99 inhibits STAT3 activation in MM cells. A. Five MM cell lines were treated with or without 10 uM of SC99
overnight followed by cell lysate preparation and immunoblotting analysis for p-STAT3 (Tyr705) and total STAT3. B. OPM2 cells were
treated with SC99 at the indicated concentrations followed by the analysis of the expression of p-STAT3. C. OPM2 cells were treated with
SC99 (10 uM) at indicated time periods. Expression of p-STAT3 and STAT3 was measured by immunoblotting assay. D, HEK293T cells
were transfected with Myc- and/ or Flag-STAT3 for 40 hrs, followed by SC99 treatment for 8 hrs. Cell lysates were then prepared for
immunoprecipitation (IP) with an anti-Flag antibody and subsqeuent immunoblotting. TCL: total cell lysates. E. OPM2 cells were treated
with SC99 for 24 hrs followed by immunoblotting with specific antibodies against STAT1, p-STAT1, STAT5 and p-STATS.
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Figure 3: SC99 inhibits STAT3 nuclear translocation. A. OPM2 cells were starved overnight followed by treatment with
SC99 or DMSO for 2 hrs. Cells were then treated with 50 ng/ml of IL-6 for 20 min. For immunofluorescent assay, cells were fixed
and stained with anti-phospho-STAT3 (p-STAT3) and DAPI before subject to confocal microscopy analysis. Red, total STAT3; Green,
p-STAT3; blue, nuclei. B. Statistical analysis of STAT3 and p-STAT3 subcellular distribution using Image J software.
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Figure 4: SC99 inhibits JAK2 but not other associated kinases. A. OPM2 and RPMI-8226 cells were treated with SC99 for 60
min at indicated concentrations, followed by immunoblotting assays for the phosphorylation levels of mTOR, AKT, ERK and c¢-Src. B.
OPM2 cells were treated with SC99 followed by JAK2 activation. C. OPM2 cells were starved overnight followed by SC99 treatment.
Sixty minutes later, cells were stimulated by IL-6 for 15 min. Cell lysates were prepared for immunoblotting analysis to measure the
expression level of p-JAK2 and p-STAT3. JAK2, STAT3 and GAPDH were used as controls. D. SC99 interacts with JAK2 active pocket
analyzed by computer modeling using the G/ide module in the Schrodinger.
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and Bcl-xI was decreased by SC99 in a concentration-
dependent manner (Figure 5B). SC99 also downregulated
the expression of VEGF, another STAT3 substrate
gene (Figure 5C). All of these results thus further
demonstrated SC99 inhibited STAT3 activity.

SC99 induces MM cell apoptosis

Because JAK2-STAT3 signaling pathway is
critical for MM cell survival, we next evaluated SC99-
induced cell death by Trypan blue exclusion and flow
cytometry. As shown in Figure 6A, SC99 induced
most of MM cell death within 72 hrs at 10 pM. A more
precise assay with Annexin V staining, a benchmark of
early apoptosis, was performed. As shown in Figure 6B,
more than 20% of cells underwent apoptosis after
treatment with SC99 for 24 hrs. To further evaluate
whether SC99 was effective in primary MM cells, a
colony forming assay was performed in bone marrow
cells from both healthy donors and MM patients. As
shown in Figure 6C, SC99 had no effects on colony
forming from healthy bone marrow cells, but markedly
suppressed colony forming in MM patients. These
results demonstrated that SC99 was toxic to MM cells
and it might affect MM cell self-renewal.

SC99 activates apoptotic signaling but it is
attenuated by overexpressed STAT3

To further evaluate SC99-induced cell apoptosis,
we evaluated PARP and caspase-3, two representative
hallmarks of cell apoptosis, in MM cells treated with
SC99. PARP was cleaved in all MM cell lines exa-
mined (Figure 7A), and this cleavage was concentration-
dependent, in a manner similar to caspase-3 cleavage
(Figure 7B). These results indicated that cell apoptotic
signaling was activated by SC99. Because STAT3 was
demonstrated to be the target of SC99, we next questioned
whether the ectopic expression of STAT3 could rescue
cell death induced by SC99. OPM2 cells were transfected
a STAT3 plasmid before being treated with SC99.
Immunoblotting showed that SC99 induced a marked
cleavage of PARP in the cells which was partly abolished
by ectopic expression of STAT3 (Figure 7C). We also
evaluated cell death when STAT3 was knocked down.
STAT3 siRNA was infected into HeLa cells, 24 hrs later,
cells were treated with SC99 for another 24 hrs. As shown
in Figure 7D, STAT3 knockdown could slightly induce
PARP cleavage because STAT3 was still expressed at a
certain level, but cell death was markedly enhanced by
SC99 at which p-STAT3 was fully suppressed (Figure 7D).
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Figure 5: SC99 downregulates STAT3-regulated genes in MM cells. OPM2 and RPMI-8226 cells were treated with increasing
concentrations of SC99 for 24 hrs. After incubation, cells were harvested and total proteins were isolated for immunoblotting analysis
against CCND2 and E2F-1 A., Bcl-2 and Bel-xL B. and VEGF C. GAPDH and B-actin were used as loading control.
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Taken together, all these results further demonstrated that down tumor growth with a p value < 0.01 (Figure 8A). To
SC99 induced cell apoptosis by targeting STAT3. confirm this finding, another MM xenograft model was
established with OPM2 cells. The same treatment showed
that SC99 suppressed tumor growth more than 40% in 14

SC99 delays tumor growth in MM xenograft i } : -
days in the OPM2 model (Figure 8B), which was similar

models to that observed in the JIN3 model. However, there were
To further evaluate the anti-myeloma efficacy of no significant differences in the body weight over the
SC99 in vivo, two independent human myeloma xenograft experimental period in both models (Figure 8C and 8D).
models were established. One was established by s.c.
inoculation of JIN3 cells into nude mice because compared DISCUSSION
with other MM cell lines, JIN3 was more adherent and
resistant to several drugs such as dexamethasone [21] In the above study, we identified a JAK2/STAT3
and it was easier to grow into a tumor in nude mice. Oral inhibitor that displays potent activity against MM in both
administration of SC99 (30 mg/kg body weight every cellular and animal models.
day) led to a marked delay in tumor growth in 7 days Several key steps are involved in the modulation
(»<0.05). On the 14th day, SC99 significantly slowed of STAT3 activation. Upon stimulation, STAT3 is rapidly
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Figure 6: SC99 induces MM cell death. A. Six MM cell lines were treated with SC99 (10 or 30 uM) for 72 hrs, followed by
trypan blue exclusion assay. B. U266, OPM2 and OCI-MY5 were treated with 20 uM of SC99 for 24 hrs. Cells were then stained with
Annexin V-FITC and PI and analyzed on a BD FACSCalibur™ flow cytometer. C. mononuclear cells were isolated from bone marrow
collected from healthy donors or MM patients. These cells were then treated with SC99 (10 uM) for 10 hrs before being plated in
triplicate in MethoCult GF H4434 medium.
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phosphorylated at Tyr705 and forms a homo- or hetero-dimer
which subsequently translocates to the nuclei where it
binds to target genes and modulates their transcription. For
example, BP-1-102, a recently reported STAT3 inhibitor,
inhibits STAT3 activity by binding to the SH2 domain which
is critical for the formation of the STAT3 dimers through
reciprocal  phosphotyrosine-SH2-binding interactions
[28]. S31-1757, another small molecule also inhibits
STAT3 activity by this manner [29]. In our study, SC99
inhibit STAT3 activation and dimerization, which leads to
decreased p-STAT3 level and nuclear import as evidence
of immunofluorescent assay. However, different from
BP-1-102 and S31-1757, SC99-induced STAT3 inhibition
is probably due to the inhibition of JAK2 activity. JAK2
is located at the upstream of STAT3 signaling pathway
and is the major activator of STAT3. Our study confirmed
this hypothesis because SC99 inhibits JAK2 activation but
not other closely related kinases, such as AKT, ERK and
c-Src, which is similar to previous studies [28]. Moreover,
computer modeling also found that SC99 is well fitted into
the active pocket of JAK2 and interacts with key amino acid

residues thus interfering with its activity. Therefore, SC99
displays potent inhibition on STAT3 activation probably via
the JAK?2 kinase and SC99 is a JAK2/STAT3 inhibitor.

As a critical transcription factor, STAT3 modulates
the transcription and expression of a broad panel of
important genes, including angiogenic VEGF, pro-
survival Bcl-2, Mcl-1, anti-apoptotic survivin and XIAP,
as well as cell cycle regulators, including cyclins,
cyclin-dependent kinase and transcription factor E2F-1.
Our study demonstrated that SC99 suppresses these
gene expressions. Importantly, these genes are also
involved in MM cell proliferation and progression and
chemoresistance [13, 30]. Bcl-2 is over-expressed in
MM cells and plays a “gatekeeper” role in control of
the integrity of mitochondrial membrane and blocks the
mitochondria-derived cell apoptosis [31]. D-type cyclins
are universally dysregulated in MM cells, and confer to
chemoresistance and poor prognosis [18, 32, 33]. B
inhibiting STAT3 activation and cell cycle regulators,
SC99 thus decreases proliferation and increases apoptosis
of MM cells. Moreover, SC99-activated apoptosis could

A
OPM2  RPMI-8226 LP1 U266 JIN3
SC99 (M) 0 10 0 10 0 10 0 10 0 10
PARP (116KD)=> e s s u’-— g“* u
PARP (89KD) - = ‘ e -
GAPDH 'S Sl e s S0 Sl | ommor-emmme F———
B
OPM2 RPMI-8226
SC99(uM) 0 25 5 10 20 0 25 5 10 20
PARP 89KD T o ——— e
Pro-Cas3 (34KD) ‘ RSSR— 1 ﬁ - e
o-tublin ‘----; — — - — —
C D
sC99(uM) 0 10 20 O 10 20 0 10 20 0 10 20
SC99 (M)
Myc-STAT3 - - - + o+ )
STAT3SiRNA - - - + + +
PARP (116KD e —
PARP (39KDJS = B PARP (116KD)> S S e e e
PARP (89KD == —s-oea = 3
p-STAT3 i s = ;——jiﬂiiiii p-STAT3 B X
STAT3 T STATS [
Myc i amw U C——

Figure 7: SC99 activates apoptotic signaling pathway but it is attenuated by ectopic STAT3. A. MM cell lines were treated
with 10 uM SC99 or DMSO for 24 hrs followed by lysate preparation and immunoblotting analysis against PARP and GAPDH. B. OPM2
and RPMI-8226 cells were treated with SC99 at indicated concentrations for 24 hrs followed by analysis for PARP and Caspase-3. GAPDH
and a-tublin were used as a loading control. C. OPM2 cells were trasnfected with a STAT3 plasmid for 24 hrs followed by SC99 treatment
for another 24 hrs. Cells were then applied for immunoblotting assay against specific proteins as indicated. D. HeLa cells were transfected
with a STAT3 siRNA for 24 hrs, followed by SC99 treatment for another 24 hrs. Cells were than subject to immunoblotting assay against

specific proteins as indicated.
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Figure 8: SC99 delays myeloma tumor growth in xenograft mice models. Human MM cells OPM2 A. or JIN3 B. were injected
subcutaneously into nude mice with a density of 30 million cells/site/mouse. When tumors were palpable, mice (n = 10/group) were orally
given SC99 (30 mg/Kg body weight) in PBS containing 10% Tween 80 and 10% DMSO daily for continuous 14 or 28 days. Tumor volumes
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be partly abolished by ectopic expression of STAT3,
further suggests STAT3 is the target of SC99.

Safety is a critical factor in drug development, many
candidates are abandoned because of the safety issue. As
a critical transcription factor, STAT3 is also important
for normal biological activity in addition to cancer cells.
Disruption of STAT3 therefore is potentially toxic to
normal cells. However, our animal studies showed SC99
is not toxic but affects tumor growth. The cellular studies
also showed that SC99 prefers to suppress myeloma
cell growth and proliferation but does not affect normal
bone marrow cells. Therefore, SC99 is a relatively safe
candidate for myeloma therapy.

In summary, the present study identified a novel
JAK?2/STAT3 inhibitor. Given its safety and efficacy in
vitro and in vivo, SC99 could be developed as a promising
oral active anti-myeloma drug, however, further extended
safety and therapeutic efficacy evaluation must be
performed.

MATERIALS AND METHODS

Cell culture

MM cell lines LP1 and JJN3 were kindly provided
by Dr. Aaron Schimmer from Ontario Cancer Institute,
Toronto, Canada. MM cell lines RPMI-8226, OPM2,
and U266, and HelLa were purchased from American
Type Culture Collection. All cells were grown in Iscove’s
Modified Dulbecco’s Medium supplemented with 10%
fetal bovine serum (Hyclone), penicillin (100 units/mL)

and streptomycin (100 pg/mL) in an incubator humidified
with 95% air and 5% CO, at 37°C.

Primary bone marrow samples were collected
from the Department of Hematology, the First Affiliated
Hospital of Soochow University, with the approval from
the Institutional Review Board of Soochow University.
Informed consent was obtained in accordance with the
Declaration of Helsinki. Mono-nuclear cells were isolated
by Lympholyte® Cell Separation (Cedarlane, Canada) [34].

Constructs of luciferase reporters

A STAT3 luciferase construct (p-STAT3-luc) driven
by a quadrupled STAT3 response element was obtained
from Beyotime Biotechnology Institute (Nantong, China).
A cyclin D2 luciferase reporter plasmid was established in
pGL4 vector (Promega) driven by a fragment of cyclin D2
promoter containing or lacking a STAT3 response element
[21]. A NF-kB luciferase reporter construct (pNF-kB-Luc)
was provided by Clontech Laboratories.

Identification of inhibitors of cyclin D2
transactivation

The plasmid p-STAT3.Luc was stably introduced
into NIH3T3 cells which was used to screen Maybridge
Chemicals (Trevillett, UK) using a protocol as descri-
bed previously under the robot assistance [21, 34, 35].
Compounds downregulated CCND2-luciferase activity
to 50% or higher but did not induce 90% of viable after
treatment were chosen for further studies [21].
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Preparation of SC99 and analogs

SC99 is chemically named 2-(2-(3-chloro-4-
fluorophenyl)hydrazono)-3-(4-chlorophenyl)-3-oxo-pro
panenitrile. SC99 and its analogs were synthesized from
4-(trifluoro-methyl)benzoamine and 2-(2-thiophene-
Sulfonyl) acetonitrile. The detailed method was available
in Supplementary File 1. All chemicals were confirmed by
NMR and Mass spectrometry.

Luciferase assay

Specific luciferase constructs were transiently
introduced into HEK293 cells using 25 KD polyethylenimine
(Sigma, St. Louis, MO) as described previously [36].
Luciferase activity evaluation was performed using a Bright-
Glo luciferase assay system (Promega) [21].

Flow cytometry

To determine cell apoptosis, MM cells treated
with SC99 were stained with Annexin V-fluorescein
isothiocyanate (Annexin V-FITC) and propidium iodide
(PI, Sigma) according to the manufacturer’s instruction.
Stained cells were analyzed on a flow cytometer
(FACSCalibur®, Becton Dickinson). To determine cell
cycle, MM cells after SC99 treatment was stained with
PI and subsequent analysis on the flow cytometer as
described previously [34].

Cloning of the STAT3 gene

To clone STAT3, total RNA was prepared from
U266 cells and used for the synthesis of the first strand
cDNA in a cDNA reaction system (TransGen Biotech,
Beijing, China). The STAT3 gene was then cloned into a
pcDNA3.1 vector with a Myc or a Flag tag using primers:
5'-CCCAAGCTTATGGCCCAATGGAATCAGCTACAG
-3’ (Forward primer) and 5'-CATCTCGAGTCACATGG
GGGAGGTAGCGCACT-3" (Reverse primer). STAT3
siRNA was designed and provided by Genepharm Co. Ltd,
Suzhou, China.

Molecular docking

The structure of SC99 was constructed in Schrodinger
(version 09) and then preprocessed with the LigPrep
module. The structure of JAK2 (PDB ID: 3UGC) was
used as the initial structure. All crystallographic water
molecules were removed, hydrogen atoms were added,
and the structure was submitted to restrained minimization
to relieve steric clashes using the OPLS2005 force field
within the Protein Preparation Wizard in Schrodinger. The
minimization was terminated when the root-mean-square
deviation (RMSD) reached a maximum value of 0.3 A.
For the grid generation and ligand docking procedures,
the default settings were used and the Glide module in the
Schrodinger was employed for molecular docking [37-39].

Immunoblotting

Cells after SC99 treatment were prepared for
immunoblotting according to our previous method
[35, 40]. A specific primary antibody against cyclin D,
(CCND2) was purchased from Santa Cruz Biotechnology,
Inc. (Santa Cruz, CA); antibodies against Bcl-2, Bel-xL,
Caspase-3, STAT3, p-STAT3(Tyr705), c-Src, p-Src,
JAK2, p-JAK2, E2F-1, AKT, p-AKT, ERK, p-ERK,
mTOR, p-mTOR, and PARP were purchased from Cell
Signaling Technology (Danvers, MA). Antibodies against
VEGEF, B-actin, a-tubulin, anti-mouse immunoglobulin
G (IgG) and anti-rabbit IgG horseradish peroxidase
conjugated antibody were purchased from R&D Systems
(Minneapolis, MN). Anti-Myc antibody and GAPDH was
purchased from Sigma (St. Louis, MO).

Immunofluorescence staining

The basic protocol for the analysis of p-STAT3
subcellular location was referred to our previous protocol
[35]. Briefly, OPM2 cells were starved overnight, followed
by incubation with SC99 or DMSO for 60 min. Cells were
then stimulated with 50 ng/ml of IL-6 for 20 min before
being harvested in Tris-buffered saline (TBS) containing
I mM sodium orthovanadate. Cells were transferred
to polylysine-coated slides by cytospin and dried in air
for 20 min at room temperature. After being fixed in 2%
of paraformaldehyde for 10 min and permeabilized in
0.1% Triton-100 for 5 min, cells were blocked in TBS
containing 5% bovine serum albumin for 1 hr at room
temperature before being stained with STAT3 or p-STAT3
(Tyr705) overnight at 4°C. Then cells were gently washed
and incubated with FITC conjugated goat anti-rabbit
IgG (Beyotime Biotechnology Ltd). Finally, slides were
incubated with 5 pg/ml of 4°,6-diamidino-2-phenylindole
(DAPIL, Beyotime) for 10 min. The subcellular location and
relative abundance of STAT3 or p-STAT3 were immediately
analyzed with an Olympus confocal microscope.

Colony forming assay

To assess clonogenic growth in bone marrow cells
(6.25 X 105/mL) from primary MM patients or healthy
donors, a colony forming unit assay was performed as
described previously [34]. Cells treated with SC99 or
buffer control for 24 hrs were washed and equal volumes
were plated in triplicate in MethoCult GF H4434 medium
(StemCell Technologies, Vancouver, BC) containing 1%
methycellulose in IMDM, 30% FCS, 1% bovine serum
albumin, 3 U/mL of recombinant human erythropoietin,
0.1 mM of 2-mercaptoethanol, 2 mM of L-glutamine,
50 ng/mL of recombinant human stem cell factor, 10 ng/
mL of GM-CSF, and 10 ng/mL of rh IL-3. Seven days
(AML samples) or 14 days (normal PBCS) after plating,
the number of colonies containing 20 or more cells was
counted as described previously [34].

www.impactjournals.com/oncotarget

9306

Oncotarget



Myeloma xenograft study

Two MM xenograft models were established with
human MM cell line JIN3 and OPM2, respectively, as
described previously [35] . Thirty million of MM cells
were injected subcutaneously in the right flanks of each
nude mouse (5-6 weeks old, female, Shanghai Slac
Laboratory Animal Co. Ltd.). When tumors were palpable,
mice were randomly divided into two groups, one was
given SC99 (30 mg/kg body weight) in PBS containing
10% Tween 80 and 10% DMSO daily, another group was
received the vehicle only. Tumor sizes and body weight
were monitored every day [34]. This xenograft study was
approved by the Review Board on Experimental Animals
of Soochow University.

Statistical analysis

Statistical significance of differences observed in
drug-treated vs. control cells or animals was determined
by using the Student’s ¢ test. The minimal level of
significance was P < 0.05.

ACKNOWLEDGEMENTS

This work was partly supported by the National
Natural Science Foundation of China (#81320108023,
81272632, 81301906, and 81373302), by Natural
Science Foundation of Jiangsu Province (BE2014630),
by the National Basic Research Program of China
(2011CB933501), by the Priority Academic Program
Development of Jiangsu Higher Education Institutions
(PAPD), by Jiangsu Key Laboratory of Translational
Research and Therapy for Neuro-psycho-diseases
(BM2013003), and by Jiangsu Natural Science Foundation
for Universities and Colleges (14KJB310019).

CONFLICTS OF INTEREST

All authors declared they don’t have any competing
financial interests in relation to the work described.

Authorship

Contribution: Z.Z., HM, X.D., J.Z, X.X., PJ.,
YY. B.C, M.F, ZX., and K.H. performed research
and analyzed data. T.H., YK., G.J., X.T., C.Q., and
X.M. analyzed the data. Z.Z., C.Q. and X.M. wrote the
manuscript. X.M. designed the research.

REFERENCES

1. Levy DE, Lee CK. What does stat3 do? J Clin Invest.
2002; 109:1143-1148.

2. Darnell JE, Jr. Stats and gene regulation. Science. 1997;
277:1630-1635.

10.

11.

12.

13.

14.

Bowman T, Garcia R, Turkson J, Jove R. Stats in onco-
genesis. Oncogene. 2000; 19:2474-2488.

Bhattacharya S, Ray RM, Johnson LR. Stat3-mediated
transcription of bcl-2, mcl-1 and c-iap2 prevents apop-
tosis in polyamine-depleted cells. Biochem J. 2005;
392:335-344.

Liu H, Ma Y, Cole SM, Zander C, Chen KH, Karras J,
Pope RM. Serine phosphorylation of stat3 is essential for
mcl-1 expression and macrophage survival. Blood. 2003;
102:344-352.

Gritsko T, Williams A, Turkson J, Kaneko S, Bowman
T, Huang M, Nam S, Eweis I, Diaz N, Sullivan D, Yoder
S, Enkemann S, Eschrich S, et al. Persistent activation
of stat3 signaling induces survivin gene expression and
confers resistance to apoptosis in human breast cancer
cells. Clin Cancer Res. 2006; 12:11-19.

Dauer DJ, Ferraro B, Song L, Yu B, Mora L, Buettner R,
Enkemann S, Jove R, Haura EB. Stat3 regulates genes
common to both wound healing and cancer. Oncogene.
2005; 24:3397-3408.

Yang J, Chatterjee-Kishore M, Staugaitis SM, Nguyen
H, Schlessinger K, Levy DE, Stark GR. Novel roles of
unphosphorylated stat3 in oncogenesis and transcrip-
tional regulation. Cancer Res. 2005; 65:939-947.

Niu G, Wright KL, Huang M, Song L, Haura E, Turkson
J, Zhang S, Wang T, Sinibaldi D, Coppola D, Heller
R, Ellis LM, Karras J, et al. Constitutive stat3 activity
up-regulates vegf expression and tumor angiogenesis.
Oncogene. 2002; 21:2000-2008.

Schuringa JJ, Wierenga AT, Kruijer W, Vellenga E.
Constitutive stat3, tyr705, and ser727 phosphorylation
in acute myeloid leukemia cells caused by the autocrine
secretion of interleukin-6. Blood. 2000; 95:3765-3770.

Holtick U, Vockerodt M, Pinkert D, Schoof N,
Sturzenhofecker B, Kussebi N, Lauber K, Wesselborg S,
Loffler D, Horn F, Trumper L, Kube D. Stat3 is essential
for hodgkin lymphoma cell proliferation and is a target
of tyrphostin agl7 which confers sensitization for apop-
tosis. Leukemia. 2005; 19:936-944.

Loffler D, Brocke-Heidrich K, Pfeifer G, Stocsits C,
Hackermuller J, Kretzschmar AK, Burger R, Gramatzki
M, Blumert C, Bauer K, Cvijic H, Ullmann AK, Stadler
PF, et al. Interleukin-6 dependent survival of multiple
myeloma cells involves the stat3-mediated induction
of microrna-21 through a highly conserved enhancer.
Blood. 2007; 110:1330-1333.

Catlett-Falcone R, Landowski TH, Oshiro MM, Turkson
J, Levitzki A, Savino R, Ciliberto G, Moscinski L,
Fernandez-Luna JL, Nunez G, Dalton WS, Jove R.
Constitutive activation of stat3 signaling confers resis-
tance to apoptosis in human u266 myeloma cells.
Immunity. 1999; 10:105-115.

Bharti AC, Shishodia S, Reuben JM, Weber D, Alexanian
R, Raj-Vadhan S, Estrov Z, Talpaz M, Aggarwal BB.

www.impactjournals.com/oncotarget

9307

Oncotarget



15.

16.

18.

20.

21.

22.

23.

24.

Nuclear factor-kappab and stat3 are constitutively active
in cd138+ cells derived from multiple myeloma patients,
and suppression of these transcription factors leads to
apoptosis. Blood. 2004; 103:3175-3184.

Nelson EA, Walker SR, Kepich A, Gashin LB,
Hideshima T, Ikeda H, Chauhan D, Anderson KC,
Frank DA. Nifuroxazide inhibits survival of multiple
myeloma cells by directly inhibiting stat3. Blood. 2008;
112:5095-5102.

Ogura M, Uchida T, Terui Y, Hayakawa F, Kobayashi
Y, Taniwaki M, Takamatsu Y, Naoe T, Tobinai K,
Munakata W, Yamauchi T, Kageyama A, Yuasa M, et
al. Phase i study of opb-51602, an oral inhibitor of signal
transducer and activator of transcription 3, in patients
with relapsed/refractory hematological malignancies.
Cancer Sci. 2015; 106:896-901.

. Hurt EM, Wiestner A, Rosenwald A, Shaffer AL, Campo

E, Grogan T, Bergsagel PL, Kuehl WM, Staudt LM.
Overexpression of c-maf is a frequent oncogenic event in
multiple myeloma that promotes proliferation and patho-
logical interactions with bone marrow stroma. Cancer
Cell. 2004; 5:191-199.

Bergsagel PL, Kuehl WM, Zhan F, Sawyer J, Barlogie B,
Shaughnessy J, Jr. Cyclin d dysregulation: An early and

unifying pathogenic event in multiple myeloma. Blood.
2005; 106:296-303.

. Tiedemann RE, Mao X, Shi CX, Zhu YX, Palmer SE,

Sebag M, Marler R, Chesi M, Fonseca R, Bergsagel
PL, Schimmer AD, Stewart AK. Identification of kine-
tin riboside as a repressor of ccndl and cend2 with
preclinical antimyeloma activity. J Clin Invest. 2008;
118:1750-1764.

Fukada T, Ohtani T, Yoshida Y, Shirogane T, Nishida K,
Nakajima K, Hibi M, Hirano T. Stat3 orchestrates con-
tradictory signals in cytokine-induced gl to s cell-cycle
transition. EMBO J. 1998; 17:6670-6677.

Mao X, Stewart AK, Hurren R, Datti A, Zhu X, Zhu
Y, Shi C, Lee K, Tiedemann R, Eberhard Y, Trudel S,
Liang S, Corey SJ, et al. A chemical biology screen iden-
tifies glucocorticoids that regulate c-maf expression by
increasing its proteasomal degradation through up-regu-
lation of ubiquitin. Blood. 2007; 110:4047—-4054.

Bromberg J, Darnell JE, Jr. The role of stats in tran-
scriptional control and their impact on cellular function.
Oncogene. 2000; 19:2468-2473.

Yahata Y, Shirakata Y, Tokumaru S, Yamasaki K,
Sayama K, Hanakawa Y, Detmar M, Hashimoto K.
Nuclear translocation of phosphorylated stat3 is essential
for vascular endothelial growth factor-induced human
dermal microvascular endothelial cell migration and tube
formation. J Biol Chem. 2003; 278:40026-40031.

Aznar S, Valeron PF, del Rincon SV, Perez LF, Perona
R, Lacal JC. Simultaneous tyrosine and serine phosphor-
ylation of stat3 transcription factor is involved in rho a

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

gtpase oncogenic transformation. Mol Biol Cell. 2001;
12:3282-3294.

Chew GS, Myers S, Shu-Chien AC, Muhammad TS.
Interleukin-6 inhibition of peroxisome proliferator-acti-
vated receptor alpha expression is mediated by jak2- and
pi3k-induced statl/3 in hepg2 hepatocyte cells. Mol Cell
Biochem. 2014; 388:25-37.

Silva CM. Role of stats as downstream signal transducers
in src family kinase-mediated tumorigenesis. Oncogene.
2004; 23:8017-8023.

Zhang X, Sun Y, Pireddu R, Yang H, Urlam MK,
Lawrence HR, Guida WC, Lawrence NJ, Sebti SM. A
novel inhibitor of stat3 homodimerization selectively
suppresses stat3 activity and malignant transformation.
Cancer Res. 2013; 73:1922-1933.

Zhang X, Yue P, Page BD, Li T, Zhao W, Namanja AT,
Paladino D, Zhao J, Chen Y, Gunning PT, Turkson J.
Orally bioavailable small-molecule inhibitor of tran-
scription factor stat3 regresses human breast and lung
cancer xenografts. Proc Natl Acad Sci U S A. 2012;
109:9623-9628.

Johnston PA, Grandis JR. Stat3 signaling: Anticancer
strategies and challenges. Mol Interv. 2011; 11:18-26.

Nielsen M, Kaestel CG, Eriksen KW, Woetmann A,
Stokkedal T, Kaltoft K, Geisler C, Ropke C, Odum N.
Inhibition of constitutively activated stat3 correlates
with altered bcl-2/bax expression and induction of apop-
tosis in mycosis fungoides tumor cells. Leukemia. 1999;
13:735-738.

Cai J, Yang J, Jones DP. Mitochondrial control of apop-
tosis: The role of cytochrome c. Biochim Biophys Acta.
1998; 1366:139-149.

Ely S, Di Liberto M, Niesvizky R, Baughn LB, Cho
HJ, Hatada EN, Knowles DM, Lane J, Chen-Kiang S.
Mutually exclusive cyclin-dependent kinase 4/cyclin d1
and cyclin-dependent kinase 6/cyclin d2 pairing inac-
tivates retinoblastoma protein and promotes cell cycle
dysregulation in multiple myeloma. Cancer Res. 2005;
65:11345-11353.

Yata K, Sadahira Y, Otsuki T, Sakaguchi H, Isozaki Y,
Uno M, Kurebayashi J, Fujii T, Eda S, Ueki A, Yawata
Y, Yamada O, Sugihara T. Cell cycle analysis and
expression of cell cycle regulator genes in myeloma
cells overexpressing cyclin d1. Br J Haematol. 2001;
114:591-599.

Mao X, Liang SB, Hurren R, Gronda M, Chow S, Xu
GW, Wang X, Beheshti Zavareh R, Jamal N, Messner H,
Hedley DW, Datti A, Wrana JL, et al. Cyproheptadine
displays preclinical activity in myeloma and leukemia.
Blood. 2008; 112:760-769.

Mao X, Cao B, Wood TE, Hurren R, Tong J, Wang X,
Wang W, Li J, Jin Y, Sun W, Spagnuolo PA, MacLean
N, Moran MF, et al. A small-molecule inhibitor of
d-cyclin transactivation displays preclinical efficacy in

WWWwW

.impactjournals.com/oncotarget

9308

Oncotarget



36.

37.

38.

myeloma and leukemia via phosphoinositide 3-kinase
pathway. Blood. 2011; 117:1986-1997.

Shi M, Zhou X, Zhang Z, Wang M, Chen G, Han K, Cao
B, Liu Z, Mao X. A novel pi3k inhibitor displays potent
preclinical activity against an androgen-independent and
pten-deficient prostate cancer model established from the
cell line pc3. Toxicol Lett. 2014; 228:133—-139.

Mao X, Hou T, Cao B, Wang W, Li Z, Chen S, Fei
M, Hurren R, Gronda M, Wu D, Trudel S, Schimmer
AD. The tricyclic antidepressant amitriptyline inhibits
d-cyclin transactivation and induces myeloma cell apop-
tosis by inhibiting histone deacetylases: In vitro and in
silico evidence. Mol Pharmacol. 2011; 79:672-680.
Cao B, Li J, Zhu J, Shen M, Han K, Zhang Z, Yu Y,
Wang Y, Wu D, Chen S, Sun A, Tang X, Zhao Y, et al.

39.

40.

The antiparasitic clioquinol induces apoptosis in leuke-
mia and myeloma cells by inhibiting histone deacetylase
activity. J Biol Chem. 2013; 288:34181-34189.

ZhuJ, Wang M, Yu Y, Qi H, Han K, Tang J, Zhang Z,
Zeng Y, Cao B, Qiao C, Zhang H, Hou T, Mao X. A
novel pi3k inhibitor pik-c98 displays potent preclinical
activity against multiple myeloma. Oncotarget. 2015;
6:185-195.

Ling C, Chen G, Chen G, Zhang Z, Cao B, Han K, Yin J,
Chu A, Zhao Y, Mao X. A deuterated analog of dasatinib
disrupts cell cycle progression and displays anti-non-
small cell lung cancer activity in vitro and in vivo. Int J
Cancer. 2012; 131:2411-2419.

www.impactjournals.com/oncotarget

9309

Oncotarget



