Breast Cancer Res Treat (2014) 146:71-84
DOI 10.1007/s10549-014-3000-0

PRECLINICAL STUDY

Obatoclax analog SC-2001 inhibits STAT3 phosphorylation
through enhancing SHP-1 expression and induces apoptosis
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Abstract Interfering oncogenic STAT3 signaling is a
promising anti-cancer strategy. We examined the efficacy
and drug mechanism of an obatoclax analog SC-2001, a
novel STAT3 inhibitor, in human breast cancer cells.
Human breast cancer cell lines were used for in vitro stud-
ies. Apoptosis was examined by both flow cytometry and
western blot. Signaling pathways were assessed by western
blot. In vivo efficacy of SC-2001 was tested in xenograft
nude mice. SC-2001 inhibited cell growth and induced
apoptosis in association with downregulation of p-STAT3
(Tyr 705) in breast cancer cells. STAT3-regulated proteins,
including Mcl-1, survivin, and cyclin D1, were repressed by
SC-2001. Over-expression of STAT3 in MDA-MB-468
cells protected cells from SC-2001-induced apoptosis.

Chun-Yu Liu and Jung-Chen Su contributed equally to this work.

Electronic supplementary material The online version of this
article (doi:10.1007/s10549-014-3000-0) contains supplementary
material, which is available to authorized users.

C.-Y. Liu - J.-C. Su - C.-W. Shiau (P<)

Institute of Biopharmaceutical Sciences, National Yang-Ming
University, No. 155, Sec. 2, Li-Nong Street,

Taipei 112, Taiwan

e-mail: shiau4 @yahoo.com; cwshiau@ym.edu.tw

C.-Y. Liu
e-mail: liuchunyu_tw@yahoo.com.tw

J.-C. Su
e-mail: jjjaannee @hotmail.com

C.-Y. Liu - L.-M. Tseng - M.-H. Hung

School of Medicine, National Yang-Ming University, No. 155,
Sec. 2, Li-Nong Street, Taipei 112, Taiwan

e-mail: Imtseng@vghtpe.gov.tw

M.-H. Hung
e-mail: cindybeaty @ gmail.com

Moreover, SC-2001 enhanced the expression of protein
tyrosine phosphatase SHP-1, a negative regulator of
STAT3. Furthermore, the enhanced SHP-1 expression, in
conjunction with increased SHP-1 phosphatase activity, was
mediated by upregulated transcription by RFX-1. Chroma-
tin immunoprecipitation assay revealed that SC-2001
increased the binding capacity of RFX-1 to the SHP-1
promoter. Knockdown of either RFX-1 or SHP-1 reduced
SC-2001-induced apoptosis, whereas ectopic expression of
RFX-1 increased SHP-1 expression and enhanced the
apoptotic effect of SC-2001. Importantly, SC-2001 sup-
pressed tumor growth in association with enhanced RFX-1
and SHP-1 expression and p-STAT3 downregulation in
MDA-MB-468 xenograft tumors. SC-2001 induced apop-
tosis in breast cancer cells, an effect that was mediated by
RFX-1 upregulated SHP-1 expression and SHP-1-depen-
dent STAT3 inactivation. Our study indicates targeting
STAT3 signaling pathway may be a useful approach for the
development of targeted agents for anti-breast cancer.
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Abbreviations
HER2 Human epidermal growth factor receptor 2

TNBC  Triple-negative breast cancer

JAK Janus kinase

ALK Anaplastic lymphoma kinase

MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide

FLT-3 FMS-like tyrosine kinase 3

MEK Mitogen-activated protein kinase kinase

TRAIL  Tumor necrosis factor-related apoptosis-
inducing ligand

STAT3  Signal transducers and activators of
transcription 3

DMEM Dulbecco’s modified Eagle’s medium

IL-6 Interleukin-6

PARP Poly ADP-ribose polymerase

DMSO  Dimethyl sulfoxide

PTP Protein tyrosine phosphatase

SHP Src homology 2-domain-containing tyrosine
phosphatase

VEGFR Vascular endothelial growth factor receptor

PDGFR Platelet-derived growth factor receptor

EGF Epidermal growth factor

ERK1/  Extracellular signal-regulated protein kinases 1

2 and 2

FGFR Fibroblast growth factor receptor

RFX Regulatory factor X

Introduction

Breast cancer is a major issue in women’s health world-
wide [1, 2]. Breast cancers that are characterized by lack of
expression of the estrogen receptor, progesterone receptor,
or human epidermal growth factor receptor type 2 (HER2)
have been classified as triple-negative breast cancer
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(TNBC) [2]. TNBC accounts for 10-20 % of invasive
breast cancers and is characterized by occurrence in
younger women, aggressive clinical behaviors with a high
recurrence rate, high incidence of metastasis, and poor
prognosis despite chemosensitivity at the initial stage [2,
3]. Currently, there are no well-established specific thera-
peutic targets for TNBC. Increasing knowledge of the
biology of TNBC has led to promising studies using ther-
apies such as EGFR-targeted agents, anti-angiogenics, and
PARP inhibitors [4]. Despite promising data from pre-
clinical studies, there are still no validated targeted thera-
pies available for TNBC patients. Therefore, there is a
pressing need to uncover the molecular mechanisms of
TNBC. Revealing new compounds that target these
mechanisms may advance the development of TNBC
treatments.

Management of breast cancer has been greatly influ-
enced by the availability of novel-targeted therapies as a
result of increasing biological knowledge and the identi-
fication of new molecular targets. Apoptosis-resistance is
one of the major reasons for breast cancer progression and
tumorigenesis [5]. The anti-apoptotic proteins of the B cell
lymphoma 2 (Bcl-2) family have been shown to be over-
expressed and dysregulated in breast cancer [6], and have
emerged as attractive targets for novel anti-cancer drugs.
Obatoclax is a BH3 mimetic that can interact with anti-
apoptotic Bcl-2 family proteins at their BH3-binding
grooves and disrupt the interaction of the anti-apoptotic
proteins and bind pro-apoptotic proteins [7]. In preclinical
studies of breast cancer cells, obatoclax has shown a
synergistic effect when used with lapatinib, a targeted
therapy for HER2-positive breast cancer, to induce apop-
totic and autophagic cell death in human breast cancer
cells [8-10].

Several oncogenic transcription factors, such as signal
transducer and activator of transcription 3 (STAT3), can
regulate the transcription of the anti-apoptotic Bcl-2 family
proteins. STAT3 has emerged as a potential anti-cancer
target as it is crucial in the regulation of genes involved in
cell proliferation and survival, and is constitutively acti-
vated in common human cancers, including breast cancer
[11, 12]. In cancer cells, constitutively activated STAT3
directly contributes to tumorigenesis, invasion, and
metastasis [12]. STAT3 has been shown to play an
important role in breast carcinogenesis and is often over-
expressed in primary breast tumors [13]. STAT3 can be
phosphorylated by tyrosine kinase which is activated by
cytokines, growth factors, or hormones. Upon tyrosine
phosphorylation, STAT3 homodimerizes or heterodimer-
izes with STATI, then translocates to the nucleus, and
activates transcription of target genes by binding to the
consensus sequence of the promoters [12]. STAT3 regu-
lates expression of numerous apoptosis-related proteins,
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including Bcl-2, Bcl-xL, Mcl-1, survivin, and cyclin D1
[14]. Knockdown of STAT3 expression by RNA interfer-
ence inhibits the induction of breast tumors in immuno-
competent mice [15]. Scientists have shown that reduction
of STAT3 activity has synergistic effect with doxorubicin
in breast cancers [16]. Notably, STAT3 signaling is
downregulated by protein tyrosine phosphatases, such as
the SH2 domain-containing tyrosine phosphatase family
(SHP-1 and SHP-2), and protein tyrosine phosphatase 1B
(PTP-1B). These phosphatases reduce STAT3 activation
directly by dephosphorylation of STAT3 [17]. Therefore,
activity of protein tyrosine phosphatases may be critical for
the regulation of STAT3 activity in cancer cells. A previ-
ous study revealed that SHP-1 expression was confined to a
well-defined subset of high-grade breast tumors, including
HER2-positive or estrogen receptor-negative tumors [18].
Recently, Esposito et al. reported that SHP-1 expression
correlates with imatinib sensitivity in chronic myeloid
leukemia cells [19]. Moreover, several investigational
agents with anti-cancer potential have been shown to
increase either SHP-1 expression or its activity and sup-
press p-STATS3 signaling [20-26]. Our previous results also
suggest that SHP-1-dependent STAT3 inhibition is a major
target of sorafenib and its analogs in hepatocellular carci-
noma and breast cancer cells [27, 28]. Collectively, these
data suggest that inhibiting STAT3 by enhanced SHP-1
phosphatase function is a potential therapeutic target in
breast cancers.

Previously, we reported the efficacy of SC-2001, a novel
obatoclax derivative, in hepatocellular carcinoma cells
[29]. SC-2001 is structurally related to the Mcl-1 inhibitor
obatoclax [30]. We showed that SC-2001 not only inhibits
the protein—protein interactions between Mcl-1 and Bak
but also down-regulates Mcl-1 by reducing its transcription
[29]. We further discovered that SC-2001 can down-regu-
late p-STAT3 and showed better antitumor effects than
obatoclax in hepatocellular carcinoma cells [29]. Here, we
examined the efficacy and drug mechanism of SC-2001 in
breast cancer cells including TNBC cells.

Materials and methods
Reagents and antibodies
Synthesis, purification, and characterization of SC-2001

SC-2001 ((2)-2-((3-methoxy-2H-pyrrol-2-ylidene)methyl)-
1H-pyrrole) compounds were synthesized and purified in
the medicinal chemistry laboratory at the Institute of Bio-
pharmaceutical Sciences, National Yang-Ming University,
Taiwan. The detailed process has been described in our
previous study [29]. The structures of SC-2001 and

obatoclax are shown in Supplementary Fig. 1. SC-2001
compounds were subjected to nuclear magnetic resonance
and mass spectrometry for structure and molecular weight
characterization. The molecular weight of SC-2001 calcu-
lated by high-resolution mass spectrometry for C;gHj,
BrN;O (M+H+) was 368.0393.

Other reagents and antibodies

Sodium vanadate and specific SHP-1 inhibitor were pur-
chased from Cayman Chemical (Ann Arbor, MI, USA).
Antibodies for immunoblotting such as cyclin D1 and
PARP were purchased from Santa Cruz Biotechnology
(San Diego, CA, USA). Other antibodies such as survivin,
phospho-STAT3 (Tyr705), STAT3, and SHP-1 were from
Cell Signaling (Danvers, MA, USA).

Cell culture

The HCC-1937, MDA-MB-231, MDA-MB-468, MDA-
MB-453, and MCF-7 cell lines were obtained from the
American Type Culture Collection (Manassas, VA, USA).
All breast cancer cells were maintained in DMEM medium
supplemented with 10 % fetal bovine serum, 0.1 mM
nonessential amino acids, 2 mM L-glutamine, 100 units/
mL penicillin G, 100 pg/mL streptomycin sulfate, and
25 pg/mL amphotericin B in a humidified incubator in an
atmosphere of 5 % CO, at 37 °C in air. Lysates of breast
cancer cells were treated with drugs at the indicated con-
centrations for various periods of time.

Cell viability and proliferation of breast cancer cell
lines in vitro

Cell viability and proliferation of breast cancer cells treated
with or without SC-2001 were assessed by colorimetric
assay using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltet-
razolium bromide (MTT). Cells were plated in a 96-well
plate in 100 uhL DMEM per well and cultured for up to
24 h. Cells were incubated for 4 h at 37 °C with MTT;
after incubation, the medium was removed and the cells
were treated with DMSO for 5 min. Viability was evalu-
ated by ultraviolet absorption spectrum at 550 nm with a
Microplate Reader Model 550 (Bio-Rad, Richmond, CA,
USA).

Apoptosis analysis

Drug-induced apoptotic cell death was assessed by the
following three methods: (a) measurement of apoptotic
cells by flow cytometry (sub-G1 analysis), (b) Western blot
analysis of PARP cleavage, and (c) detection of cytoplas-
mic histone-associated DNA fragmentation with a Cell
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Death Detection ELISA kit (Roche Diagnostics Mannheim,
Germany). ELISA was conducted according to the manufac-
turer’s instructions. Briefly, breast cancer cells were treated
with DMSO or SC-2001 at the indicated dose for 24 h, and the
specific enrichment of oligonucleosomes released into the
cytoplasm was quantified by cell death ELISA.

Dual luciferase assay

After transfection with firefly luciferase reporter construct
and reference pCMV-renilla luciferase plasmid for 48 h,
cells were collected and lysed with passive lysis buffer.
The lysate was placed into glass tube, and promoter
activity was analyzed by dual luciferase assay according to
the instruction manual.

Gene knockdown using siRNA

Smart-pool siRNA, including control (D-001810-10), SHP-
1, and RFX-1, were all purchased from Dharmacon (Chi-
cago, IL, USA). Briefly, cells were transfected with siRNA
(final concentration, 100 nM) in 6-well plates using the
lipid-mediated transfection with Lipofectamine2000
(Invitrogen, Life technologies, Carlsbad, CA, USA)
according to the manufacturer’s instructions. After 48 h,
the medium was replaced and the breast cancer cells were
incubated with SC-2001, harvested, and separated for
western blot analysis and apoptosis analysis by flow
cytometry as described previously [28].

MDA-MB-468 cells with ectopic expression of STAT3

STAT3 cDNA was purchased from Origene (Rockville,
MD, USA), and the vector backbone is pCMV6-Entry (C-
terminal Myc and DDK Tagged). MDA-MB-468 cells with
ectopic expression of STAT3 derived from a single-stable
clone were prepared for in vitro assay for STAT3 target
validation. Briefly, following transfection, cells were incu-
bated in the presence of Geneticin (G418, 0.78 mg/mL,
Invitrogen). After 8 weeks of selection, surviving colonies,
i.e., those arising from stably transfected cells, were
selected and individually amplified.

Phosphatase activity assays

The RediPlate 96 EnzChek Tyrosine Phosphatase Assay Kit
(R-22067) was used for SHP-1 activity assay (Molecular
Probes, Carlsbad, CA, USA). Briefly, breast cancer cell
protein extracts were incubated with anti-SHP-1 antibody in
immunoprecipitation buffer overnight. Protein G-Sepharose
4 Fast Flow (GE Healthcare, Piscataway, NJ, USA) was
added to each sample followed by incubation for 3 h at4 °C
with rotation and then assayed for phosphatase activity.

@ Springer

Colony-forming assays

Colony-forming assays were prepared in triplicate wells
with breast cancer cells. Cells were seeded in 6-well plates
(~1,000-5,000 cells per well) and subjected to the indi-
cated treatments, with the drug being removed to terminate
the treatment. Two weeks later, plates were washed in PBS,
fixed with 100 % methanol, and stained with a filtered
solution of crystal violet (5 % w/v). After washing with tap
water, the colonies were counted both manually (by eye)
and digitally using a ColCount TM plate reader (Oxford
Optronics, Oxford, England).

Chromatin immunoprecipitation (ChIP) assay

The ChIP assay was performed according to the protocol of
the EZ ChIP chromatin immunoprecipitation and EZ-Zyme
Chromatin Prep Kit (Upstate Biotechnology, Lake Placid,
NY, USA) according to the manufacturer’s description.
Briefly, after cross-linking with 17.5 % paraformaldehyde,
cells were washed with phosphate-buffered saline and
lysed in lysis buffer. The DNA was fragmented to about
200-500 base pairs by the EZ-Zyme™. Approximately,
5 x 10° cells were used per ChIP assay and the resulting
DNA fragments were incubated with 2 pg RFX1 antibod-
ies (NBP1-52652) (Novus Biologicals, Littleton, CO,
USA), which were generated from rabbit, or non-specific
rabbit IgG (Millipore). The immunoprecipitated products
were washed sequentially with low-salt immune complex
wash buffer, high-salt immune complex wash buffer, LiCl
immune complex wash buffer, and twice with TE buffer.
The chromatin was eluted from the agarose by incubating
with elution buffer (1 % SDS, 100 mM NaHCO;); the
DNA-protein complexes were reversely cross-linked by
high-salt solution containing 200 mM NaCl at 65 °C for at
least 5 h. To eliminate contaminations of proteins and
RNAs, the mixture was treated with 10 mg RNase A at
37 °C for 30 min and then treated with protease K for 2 h
at 45 °C. Finally, the precipitated DNA was recovered
using the spin column provided in the ChIP kit, and eluted
with 50 ml elution buffer. PCR reaction was conducted
using Tag DNA polymerase (MyTaq). Two microliters of
the precipitated DNA was used as the template. The
sequences of the primers used in the ChIP assay were as
follows: 5'-CCTCTTGCAGGTGTCCTTAAG-3', and
5"TGGAAAGGCAGAGGGAATCAG-3'.

Xenograft tumor growth

Female NCr athymic nude mice (4—6 weeks of age) were
obtained from the National Laboratory Animal Center
(Taipei, Taiwan, ROC). The mice were housed in groups
and maintained in an SPF-environment. All experimental
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procedures using these mice were performed in accordance
with protocols approved by the Institutional Animal Care
and Use Committee of Taipei Veterans General Hospital.
Each mouse was inoculated subcutaneously in the dorsal
flank with 2 x 10° breast cancer cells suspended in 0.1 mL
serum-free medium containing 50 % Matrigel (BD Bio-
sciences, Bedford, MA, USA) under isoflurane anesthe-
sia. Tumors were measured using calipers and their
volumes calculated using a standard formula: width® x
length x 0.52. When tumors reached 100-200 mm®, mice
received SC-2001 (20 mg/kg/every other day), or vehicle
alone (control group). On termination of treatment, mice
were sacrificed and xenografted tumors were harvested and
assayed for molecular events by western blot analysis and
for SHP-1 activity.

Immunohistochemical staining

Paraffin-embedded breast cancer tissue sections (4 pm) on
poly-1-lysine-coated slides were deparaffinized and rinsed
with 10 mM Tris-HCl (pH 7.4) and 150 mM sodium
chloride. Paroxidase was quenched with methanol and 3 %
hydrogen peroxide. Slides were then placed in 10 mM
citrate buffer (pH 6.0) at 100 °C for 20 min in a pressur-
ized heating chamber. After incubation with 1:50 dilution
of rabbit monoclonal antibody to SHP-1 (ab32559) (Ab-
cam, Cambridge, MA, USA), or with 1:50 dilution of
rabbit polyclonal antibody to RFX-1 (NBP1-52652)
(Novus Biologicals, Littleton, CO, USA), or with 1:50
dilution of rabbit polyclonal antibody to p-STAT3
(Tyr705) (ab30646) (Abcam, Cambridge, MA, USA) for
1 h at room temperature, slides were thoroughly washed
three times with phosphate-buffered saline. Bound anti-
bodies were detected using the EnVision Detection Sys-
tems Peroxidase/DAB, Rabbit/Mouse kit (Dako, Glostrup,
Denmark). The slides were then counterstained with
hematoxylin.

This study was approved by the ethics committee of the
Institutional Review Board of Taipei Veterans General
Hospital. Informed consent was obtained from all sample
donors at time of their donation in accordance with the
Declaration of Helsinki.

Statistical analysis

Data are expressed as mean £+ SD or SE. Statistical com-
parisons were based on nonparametric tests and statistical
significance was defined at p < 0.05. All statistical analy-
ses were performed using SPSS for Windows software,
version 12.0 (SPSS, Chicago, IL, USA).

Results

SC-2001 induces apoptosis in breast cancer cells
including triple-negative breast cancer cells

To investigate the antitumor effect of SC-2001 on breast
cancer cells, we first assessed growth inhibition in response
to SC-2001 treatment in a panel of five human breast cancer
cell lines: triple-negative breast cancer (TNBC) cells HCC-
1937, MDA-MB-231, and MDA-MB-468; human epider-
mal growth factor receptor type 2 (HER2)-overexpressing
cells MDA-MB-453; and estrogen receptor-positive cells
MCEF-7. Cell viability was determined by MTT assay after
treatment for 48 h at the indicated doses. As shown in
Fig. 1a, SC-2001 significantly reduced cell viability in a
dose-dependent manner in all tested cell lines. We next
assessed the apoptotic effect of SC-2001 in human breast
cancer cell lines. The results showed that SC-2001 induced
apoptotic effects in a dose- and time-dependent manner
(Fig. 1b, ¢). Of note, SC-2001 elicited obvious cell death in a
relatively low dose range (less than 2 pM). These data
indicate that human breast cancer cell lines, including TNBC
cells, are sensitive to the cytotoxic activity of SC-2001.

Downregulation of p-STAT3 contributes
to the apoptotic effects of SC-2001 in TNBC cells

Drug-induced apoptosis was evidenced by the activation of
PARP cleavage (Fig. 2a). Our previous report showed that
inhibition of STAT-3 and downregulation of Mcl-1 are key
factors in SC-2001-induced apoptosis [29]. To elucidate the
mechanism by which SC-2001 inhibits cell growth and
induces apoptosis in TNBC cell lines, we examined the
effects of SC-2001 on STAT-3 and its downstream death
signaling molecules Mcl-1, cyclin D1, and survivin. SC-
2001 downregulated p-STAT3 (Y705) as well as Mcl-1,
cyclin D1, and survivin in a dose-dependent manner in the
three tested TNBC cell lines without altering of total protein
levels of STAT3 (Fig. 2a). We then examined whether SC-
2001 affected the transcription activity of STAT3 in TNBC
cells. Our data showed that SC-2001 decreased the DNA-
binding activity of STAT3 (Fig. 2b). Taken together, these
data demonstrate that SC-2001 inactivates STAT3, reduces
its DNA binding activity, and subsequently suppresses
transcription of the downstream molecules Mcl-1, cyclin
D1, and survivin in TNBC cells. To demonstrate the role of
STAT3 in SC-2001-induced apoptosis in TNBC cells,
STAT3 was ectopically transfected into MDA-MB-468
cells. Overexpression of STAT3 significantly reduced the
effects of SC-2001 on apoptosis in MDA-MB-468 cells
(Fig. 2¢). These results confirm the importance of STAT3
inhibition in mediating the effect of SC-2001 in TNBC cells.

@ Springer



76

Breast Cancer Res Treat (2014) 146:71-84

I 150 T 150 T 150
A - MDA-MB-468 - MDA-MB-231 = MDA-MB-453
2 > . 2> .
= 100 1Cs0:0.46 = 100 ICs0:2.34 £ 100 1Cs0:2.12
£ S a
8 ] ©
S 50 S 50 S 50
E - -
S ol S ol 3 ol
0 5 10 15 0 5 10 15 0 5 10 15
Dose (uM) Dose (1M) Dose (uM)
< 150 < 150
g MCF-7 ‘S HCC1937
2 400 ICs0:1.37 £ 400 ICs0:1.82
o o
s ©
S 50 S 50
° °
o ot o o
0 5 10 15 0 5 10 15
Dose (uM) Dose (pM)
MCF-7
B MDA-MB-468 MDA-MB-231 MDA-MB-453
100 30 40 _ 50
= = = T
X 80 8 & 30 <
S < 2 < 5 30
Q Q Q 20 2 20
g 40 S 10 S a
@ 20 ] a 10 10
0 0 0 0-s © N
Qg‘f’ N QQ‘.\f’ N QQ‘.\f’ o MY N
$C-2001 (uM) $C-2001 (uM) SC-2001 (uM) $C-2001 (uM)
MDA-MB-468 MDA-MB-231 MDA-MB-453 MCF-7
100 _ 60 100 100
R 80 2 I 80 X 80
) 5 Y = 5 60
) o 6 60 1)
g 40 S 20 2 40 S 40
»n 20 (7] » 20 " 20
0 0 0
S o @ 4 (hn) S & ® v (hr) S & @ 4 (hr) S o @ A (hr)
SC-2001 (2uM) $C-2001 (2puM) SC-2001 (2uM) SC-2001 (2uM)
Cs MDA-MB-468 c MDA-MB-231 c HCC1937
2 500 2 400 2 400
£ k) I
g 400 £ 300 < 300
g 300 g € oo
2 200 5 200 =]
- & 100 & 100
% 100 p p
- 0 Q N9 & E 0 F 0 Q % N ™
K NN o 2
SC-2001 (2uM) $C-2001 (2uM) $C-2001 (2uM)

Fig. 1 SC-2001 induces apoptosis in triple-negative breast cancer
cells. a Dose-escalation effects of SC-2001 on cell viability in breast
cancer cell lines. Cells were exposed to SC-2001 at the indicated
doses for 48 h, and cell viability was assessed by MTT assay. Points,
mean (n = 3); bars, SD. b Upper panel, dose-escalation effects of
SC-2001 on apoptosis in breast cancer cell lines. Cells were exposed
to SC-2001 at the indicated doses for 48 h. Lower panel, time-
dependent effects of SC-2001 on apoptosis in breast cancer cell lines.
Cells were exposed to SC-2001 at the indicated doses for 24, 48, and

SHP-1 mediates the effects of SC-2001 on p-STAT3

Protein phosphatase SHP-1 is a tyrosine phosphatase that is
known to mediate the phosphorylation of JAK/STAT sig-
naling [17]. To further delineate the crucial regulator of
SC-2001-induced apoptosis and dephosphorylation of
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72 h. Apoptotic cells were analyzed by flow cytometry. Columns,
mean (n = 3); bars, SD. ¢ Dose-escalation effects of SC-2001 on
apoptosis in triple-negative breast cancer cell lines MDA-MB-468,
MDA-MB-231, and HCC-1937. Cells were exposed to SC-2001 at the
indicated doses for 24 h. Apoptotic cells were analyzed by detection
of cytoplasmic histone-associated DNA fragmentation with the Cell
Death Detection ELISA kit (Roche Diagnostics Mannheim, Ger-
many). Columns, mean (n = 3); bars, SD

STAT3 in TNBC cells, we analyzed the protein expression
of SHP-1 in TNBC cells after SC-2001 treatment. Our data
revealed that SC-2001 upregulated the protein level of
SHP-1 in a time-dependent manner in all three tested
TNBC cell lines (Fig. 3a). SC-2001 increased the tran-
scription of SHP-1 in TNBC cells in a time-dependent
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Fig. 2 Downregulation of p-STAT3 contributes apoptotic effects of
SC-2001 in triple-negative breast cancer cells. a dose-escalating
effects of SC-2001 on p-STAT3 and STAT3-regulated proteins MCI-
1, survivin, cyclin D1, and cleavage PARP-1. Cells were exposed to
SC-2001 at indicated doses for 24 h. Cell lysates were prepared and
assayed for these molecules by western blotting. Western blot data are
representative of three independent experiments. Apoptosis is
evidenced by cleavage of PARP-1. b Effects of SC-2001 on STAT3
transcription activity. STAT3-binding region was cloned into Luc

manner (Fig. 3b). Moreover, SC-2001 increased SHP-1
activity significantly in the tested cells (Fig. 3c). To
examine whether increased SHP-1 activity accounted for
the effects of SC-2001 induction in TNBC cells, we first
assessed the effects of sodium vanadate, a general protein
tyrosine phosphatase inhibitor and a specific SHP-1
inhibitor PTP inhibitor III on SC-2001-induced downreg-
ulation of p-STAT3 and apoptosis. Both these two inhibi-
tors affect the activity of SHP-1. Sodium vanadate reversed
the effects of SC-2001 on p-STAT3 and DNA fragmenta-
tion (Fig. 3d, 1st). Similarly, we found that the SHP-1-
specific inhibitor also reversed SC-2001-induced inhibition
of p-STAT3 and cell death (Fig. 3d, 2nd). Moreover,
knock-down of SHP-1 by using siRNA significantly abol-
ished the effects of SC-2001 on p-STAT3 and DNA frag-
mentation as well as the colony formation ability (Fig. 3d,
3rd and 4th). Furthermore, either sodium vanadate or
specific SHP-1 inhibitor alone did not affect cell viability;
despite these two agents efficiently inhibit SHP-1 activity
(Supplementary Fig. 2). Taken together, these data indicate

reporter and was transfected into MDA-MB-231 and MDA-MB-468
cells. Cells were then exposed to SC-2001 at 2 uM for 6 h. The firefly
luciferase activity was evaluated and normalized by Renilla lucifer-
ase. Columns, mean; bars, SD (n = 3). *p < 0.05. ¢ Protective effect
of STAT3 on apoptosis induced by SC-2001 in MDA-MB-468 cells.
Cells (wild-type or ectopic expression of STAT3) were exposed to
SC-2001 at 2 pM for 48 h. Apoptotic cells were analyzed by flow
cytometry. Columns, mean; bars, SD (n = 3). *p < 0.05

that SC-2001 induces p-STAT3 downregulation and
mediates apoptosis through a SHP-1-dependent mechanism
in TNBC cells.

SC-2001 leads to cell death by modulating RFX-1/
SHP-1 signaling pathway

A previous report showed that RFX-1 is a major tran-
scription factor of SHP-1 in breast cancer cells [31]. To
investigate whether RFX-1 is involved in the regulation of
SC-2001-induced SHP-1 expression, first, the expression
level of RFX-1 in SC-2001-treated cells was examined.
RFX-1 and SHP-1 were found to be upregulated in a dose-
dependent manner in SC-2001-treated MDA-MB-468 cells
(Fig. 4a). To demonstrate the involvement of RFX-1 in
SHP-1 transcription in SC-2001-treated cells, chromatin IP
of RFX-1 was performed. As shown in Fig. 4b, the binding
capacity of RFX-1 to the SHP-1 promoter was obviously
increased in the SC-2001-treated cells. Furthermore,
silencing of RFX-1 by RNAIi reduced the effects of SC-
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Fig. 3 SHP-1 mediates effects of SC-2001 on p-STAT3. a Time-
dependent effects of SC-2001 on SHP-1 expression in association
with p-STAT3 expression in MDA-MB-231, MDA-MB-468, and
HCC-1937 cells. Cells were exposed to SC-2001 at 2 uM for 6, 9, and
12 h. Cell lysates were prepared and assayed for these molecules by
western blotting. Western blot data are representative of three
independent experiments. b Time-dependent effects of SC-2001 on
SHP-1 mRNA levels in MDA-MB-231, MDA-MB-468, and HCC-
1937 cells. Cells were exposed to SC-2001 at 2 uM for 6, 9, 12, and
18 h. SHP-1 mRNA extracts were assayed by quantitative RT-PCR.
Columns, mean; bars, SD (n = 3). *p < 0.05, **p < 0.01. ¢ Time-
dependent effects of SC-2001 on SHP-1 activity in MDA-MB-231,
MDA-MB-468, and HCC-1937 cells. Cells were treated with SC-
2001 at 2 pM for 6 and 9 h, and then cell lysates were analyzed by
phosphatase activity assay. Columns, mean; bars, SD (n = 6).
*p < 0.05, **p < 0.01. D, SHP-1-dependent inhibition of STAT3
mediates the antitumor effects of SC-2001. Ist, and 2nd, inhibition of
SHP-1 reverses effects of SC-2001 on apoptosis. Ist, sodium

2001 on SHP-1 expression, apoptosis, and colony forma-
tion (Fig. 4c, e, left). Ectopic expression of RFX-1 in
MDA-MB-468 cells increased SHP-1 expression; treating
RFX-1-overexpressing cells with SC-2001 further
increased SHP-1 expression and induced more apoptosis
than that of any single treatment (Fig. 4d). Concurrently
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vanadate, a non-specific phosphatase inhibitor. 2nd, PTP inhibitor
III, a specific SHP-1 inhibitor. MDA-MB-468 cells were pretreated
with sodium vanadate (25 pM) or specific SHP-1 inhibitor (50 uM)
for 120 min and then treated with SC-2001 at 2 uM for 24 h.
Apoptotic cells were assayed by Cell Death Detection ELISA Kkit.
Columns, mean; bars, SD (n = 3). *p < 0.05. 3rd, silencing SHP-1
by siRNA reduces the effects of SC-2001 on p-STATS3 inhibition and
apoptosis in MDA-MB-468 cells. Cells were transfected with control
siRNA (scrambled) or SHP-1 siRNA for 48 h then treated with SC-
2001 at 2 uM for another 24 h. Apoptotic cells were assayed by Cell
Death Detection ELISA kit. Columns, mean; bars, SD (n = 3).
*p < 0.05. 4th, silencing SHP-1 by siRNA reduces the inhibitory
effects of SC-2001 on colony-forming ability of MDA-MB-468 cells.
Cells were treated with SC-2001 at 2 uM for 24 h and then were
prepared for colony-forming assays as described in “Materials and
methods.” Colonies were scored after 14 days of culture. Columns,
mean; bars, SD (n = 6). *p < 0.05

treating RFX-1-overexpressing cells with SC-2001 almost
completely abolished colony formation ability (Fig. 4e,
right). Finally, we treated three TNBC cell lines with SC-
2001 in an earlier time-dependent manner and analyzed the
mRNA levels of RFX-1 as well as the cell viability (Sup-
plementary Fig. 3). As shown in Supplementary Fig. 3, the
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Fig. 4 SC-2001 leads to cell death by modulating RFX-1/SHP-1
signaling pathway. a Dose-dependent effects of SC-2001 on SHP-1
and RFX-1 expression. MDA-MB-468 cells were treated with SC-
2001 in a dose-dependent manner. Cell lysates were prepared and
assayed for these molecules by western blotting. Western blot data are
representative of three independent experiments. b MDA-MB-468
cells were treated with 2 uM of SC-2001 for 12 h. DNA from control
and SC-2001-treated MDA-MB-468 cells was immunoprecipitated
with RFX-1 or rabbit IgG antibody and captured by protein A-agarose
beads. The RFX-1-binding site fragment in the SHP-1 promoter was
detected by PCR in ChIP samples. C, RFX-1 was involved in the SC-
2001-induced cell death effect. MDA-MB-468 cells were transfected
with control siRNA or RFX-1 siRNA for 48 h then treated with SC-
2001 at 2 uM for 24 h. Apoptotic cells were analyzed by Cell Death
Detection ELISA kit (Roche Diagnostics Mannheim, Germany).

mRNA expressions of RFX-1 in three TNBC cell lines are
already upregulated, whereas the cell viability is not
obviously affected, indicating the RFX-1/SHP-1 pathway
is the cause of SC-2001-mediated cell death. Taken toge-
ther, these data suggest that RFX-1 regulates SHP-1 tran-
scription and plays an important role in mediating SC-
2001-induced cell death in TNBC cells.

Therapeutic evaluation of SC-2001 on TNBC xenograft
tumor growth in vivo

To verify the drug effect in vivo, we assessed the effects of
SC-2001 on MDA-MB-468 xenograft tumors. Tumor-
bearing mice were treated with vehicle or SC-2001 orally

d RFX-1 overexpression can enhance the effect of SC-2001. MDA-
MB-468 cells were transfected with vector control or RFX-1
overexpression plasmid for 48 h and then treated with SC-2001 at
2 uM for 24 h. Apoptotic cells were analyzed by Cell Death
Detection ELISA kit (Roche Diagnostics Mannheim, Germany).
e Left, knockdown of RFX-1 can reduce the inhibitory effect of SC-
2001 on colony-forming ability of cells. Cells were transfected with
control si-RNA and RFX-1 si-RNA and then treated with SC-2001 at
2 uM for 24 h. Then the cells were prepared for colony formation
assay. Right, overexpression of RFX-1 enhanced the inhibitory effect
of SC-2001 on colony-forming ability of cells. Cells were transfected
with vector control or RFX-1 overexpression plasmid for 48 h and
then treated with SC-2001 at 2 uM for 24 h. Then the cells were
prepared for colony formation assay. For c—e, Columns, mean; bars,
SD (n = 3). *p < 0.05

at a dose of 20 mg/kg every other day for three weeks. As a
result, mice receiving SC-2001 showed remarkable tumor
growth inhibition without exhibiting any notable body
weight loss (Fig. 5a, b). To verify the mechanism identified
in vitro, western blots of p-STAT3, SHP-1, and RFX-1
were examined in isolated tumors at termination of treat-
ment. Consistent with the in vitro findings, SC-2001
downregulated p-STAT3 without affecting STAT3
expression, and increased the protein levels of RFX-1 and
SHP-1 in MDA-MB-468 tumors (Fig. 5¢). In addition,
p-STATS3 activity was shown to be significantly lower in
the SC-2001-treated tumors than the control group
(Fig. 5d). Moreover, treatment with SC-2001 induced
SHP-1 activity in tumors (Fig. 5e). Taken together, these
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Fig. 5 Therapeutic evaluation of SC-2001 on MDA-MB-468 xeno-
graft tumor growth in vivo. a Growth curves of MDA-MB-468 tumors
treated with vehicle, and SC-2001 (20 mg/kg/every other day).
Female NCr athymic nude mice (4—6 weeks of age) were treated with
SC-2001 (20 mg/kg body weight) per os every other day. Controls
received vehicle. Points, mean (n = 6); bars, SD. b Body weight of
xenograft mice bearing MDA-MB-468 tumors during the in vivo
experiment. Points, mean (n = 6); bars, SD. ¢ Western blot analysis
of p-STAT3, STAT3, SHP-1, and RFX-1 in MDA-MB-468 xenograft

data indicate that SC-2001 demonstrates anti-TNBC tumor
growth activity in vivo by means of SHP-1-mediated
STAT?3 inactivation.

Expression of RFX-1, SHP-1, and p-STAT?3 in breast
tumor tissue from breast cancer patients

To explore the expression of RFX-1, SHP-1, and p-STAT3
in clinical samples from breast cancer patients, we further
examined expressions of these molecules in tumor tissue
from 110 patients with breast cancers (including 62
[56.4 %] of TNBC, 42 [38.2 %] of HER-2 positive breast
cancers, and 6 [5.4 %] others). Figure 6 shows a repre-
sentative tumor sample showing RFX-1, SHP-1, p-STAT3
expressions under the same magnification power (200x)
comparing breast cancer cells (circled area) with adjacent
normal breast cells (area marked with stars). As shown in
Fig. 6a, RFX-1 showed weak nuclear expression in breast
cancer cells but strong nuclear staining in adjacent normal
breast cells (Fig. 6a, upper). SHP-1, transcriptionally reg-
ulated by RFX-1, showed similar weak nuclear expression
in breast cancer cells but strong nuclear staining in adjacent
normal breast cells (Fig. 6a, middle). Conversely,
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tumors. Tumors were harvested at 21 days after treatment and
assayed for molecular events by western blotting and also for
p-STAT3 or SHP-1 activity in experiments (d) and (e). d Effects of
SC-2001 on p-STAT3 activity in MDA-MB-468 xenograft tumors.
Activity of p-STAT3 was measured by p-STAT3-specific ELISA kit
(Cell signaling, Danvers, MA, USA). Columns, mean; bars, SD
(n=06). *p <0.05. e The activity of SHP-1 in MDA-MB-468
tumors. Columns, mean; bars, SD (n = 6). *p < 0.05

p-STAT3, which can be negatively regulated by SHP-1,
showed prominent nuclear staining in breast cancer cells
but weak nuclear expression in adjacent normal breast cells
(Fig. 6a, lower). Figure 6b the reveals representative reci-
procal RFX-1 expression (nuclear staining) and SHP-1
expression (cytoplasmic staining) in breast cancer cells
(sample#1 and #2). We found a positive correlation of
RFX-1 and SHP-1 expressions in breast cancer cells from
tumor samples of the 110 patients with breast cancers
(Fig. 6¢). Using linear regression model, the correlation
coefficient (Rz) was 0.68 (p = 0.006). More studies are
necessary to further define the roles of RFX-1, SHP-1, and
p-STAT3 and their biological significance in breast
cancers.

Discussion

In this study, we demonstrated that SC-2001, an obatoclax
derivative, had potent antitumor activity that occurred
through SHP-1-dependent STAT3 inactivation. SC-2001
inhibited tumor cell growth and induced apoptosis in both a
dose- and time-dependent manner in breast cancer cells
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Fig. 6 Immunohistochemical stain for RFX-1, SHP-1, and p-STAT3
in clinical breast tumor samples. a Representative immunohisto-
chemical patterns showing weak nuclear expression for RFX-1 in
breast cancer cells and strong nuclear expression for REX-1 in normal
breast cells (upper). Weak nuclear expression for SHP-1 in breast
cancer cells and strong nuclear expression for SHP-1 in normal breast
cells (middle). Strong nuclear expression for p-STAT3 in breast
cancer cells and weak nuclear expression for p-STAT3 in normal
breast cells (lower). Asterisk indicates area of cancer cells, circled

including TNBC cells (Fig. 1). The apoptotic effects elic-
ited by SC-2001 were accompanied by decreases in levels
of p-STATS3 as well as the downstream apoptotic signaling
molecules including anti-apoptotic Bcl-2 family protein
Mcl-1, survivin, and cell cycle regulator cyclin Dl
(Fig. 2a). SC-2001 downregulated the downstream effec-
tors of STAT3 by reducing transcriptional activation
activity of STAT3 (Fig. 2b). Moreover, SC-2001 increased
the expression and also the activity of SHP-1, a negative
regulator of STAT3, in a time-dependent manner (Fig. 3a—
c). The enhanced SHP-1 expression by SC-2001 was
associated with the p-STAT3 downregulation and was
modulated directly by upregulating SHP-1 transcription by

Staining H score* N %
RFX-1
High >50 30 273
Moderate 11-50 40 36.4
Low to none <=10 40 36.4
SHP-1
High >=200 39 355
Moderate 199-81 35 31.8
Low to none <=80 36 327
P-STAT3
Positive >=30 68 61.8
- - v - Negative <30 42 38.2
04 0.6 0.8 1.0
(* defined as the pi of ining % x stainii g
Observed Cum Prob 0

area indicates adjacent normal breast glands. All pictures were taken
under magnification power x200. Summary of picture findings was
shown. B. Representative reciprocal expressions of RFX-1 and SHP-1
in breast cancer cells (sample#l and #2). ¢ Positive correlation of
RFX-1 and SHP-1 expressions in breast cancer cells from tumor
samples of 110 patients with breast cancers. Left, linear regression
model, the correlation coefficient (R*) was 0.68. (p = 0.006). Right,
histological score (H score) of RFX-1, SHP-1, and p-STAT3
expressions

RFX-1 (Fig. 4). Collectively, our data reveal that STAT3,
SHP-1 as well as RFX-1 have important roles in mediating
SC-2001-induced cell death in TNBC cells.

STATS3 is associated with cell proliferation, survival,
and carcinogenesis. Numerous studies have reported that
STAT3 is constitutively phosphorylated in a wide variety
of cancers through the increased activities of positive
regulators, such as the interleukin-6 (IL-6) cytokines,
receptor tyrosine kinases EGFR and VEGFR, and non-
receptor tyrosine kinases such as Src [32]; and decreased
expression of negative regulators, such as the SOCS pro-
teins [33, 34] and tyrosine phosphatases including SHP-1,
SHP-2, and PTP-1B [35]. IL-6 is frequently co-
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overexpressed with its receptor in breast cancer cells and
activates JAK/STAT signaling through an autocrine sig-
naling network [36]. Moreover, prolonged upregulation of
p-STATS3 has been associated with TNBC [37, 38], in part
through autocrine expression of the IL-6 [39-42]. In
addition, epigenetic silencing of the negative regulators of
JAK/STATSs signaling is frequently observed in breast
cancers. For example, silencing of the SOCS 1 gene has
been reported in 9 % of primary breast cancers [43]. Loss
of SHP-1 function may also contribute to the activation of
JAK or STAT proteins in cancer, and thus SHP-1 has been
implicated as a tumor suppressor [44]. These reports
together with our present finding indicate that targeting
STAT3 signaling may have a promising therapeutic
potential in the treatment of TNBC and other cancers.

SC-2001 was originally derived from obatoclax as a
Bcl-2 family inhibitor [30]. Structurally, obatoclax is a
synthetic indole bipyrrol derivative. SC-2001 differs from
obatoclax at the S5-position of indole structure, where
hydrogen is substituted by bromine [30]. Obatoclax is a
BH3 mimetic that is designed to occupy the hydrophobic
cleft within the BH3-binding groove of Bcl-2 family pro-
teins, disrupt the interaction of Bcl-2 family proteins, and
thus induce apoptosis [45]. Our previous study showed that
SC-2001 inhibited the protein—protein interactions between
Mcl-1 and Bak similar to obatoclax [29]. Here we provide
evidence that SC-2001 induces apoptosis in TNBC cells by
modulating SHP-1/STAT3 signaling. Currently, there are
no specific therapeutic targets for TNBC. Our results sup-
port the notion that STAT3 may be a suitable target for
TNBC therapy.

The finding that SC-2001 acts as a SHP-1 activator and
subsequently targets STAT3 downregulation provides new
insight into TNBC drug discovery strategy. Previously, we
demonstrated that sorafenib and the derivatives inhibit
p-STAT3 by increasing SHP-1 activity without affecting
SHP-1 expression [28, 46, 47]. In addition, several com-
pounds including B-escin, gamma-tocotrienol, acety-11-
keto-beta-boswellic acid, butein (3,4,2',4'-tetrahydroxy-
chalcone), and betulinnic acid have also been shown to
enhance SHP-1 activity which accounts for the downreg-
ulation of STAT3 activity and mediates their anti-cancer
effects on various kinds of cancer cells [20, 21, 48, 49].
Taken together, the common mechanism employed by
these structurally distinct agents in various cancer cells
highlights a possibility that targeting the activity or inter-
action of phosphatases and oncokinases could be a prom-
ising anti-TNBC or anti-cancer strategy.

In this study, we also demonstrated an indispensable role
of RFX-1, one of the major transcription factors of SHP-1,
in SC-2001-induced anti-cancer effects (Fig. 5). SC-2001
increased RFX-1 expression and subsequently activated
SHP-1 transcription, both in vitro (Fig. 5) and in TNBC
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xenografts (Fig. 6c, e). RFX-1 belongs to the regulatory
factor X gene family, which is known to regulate major
histocompatibility complex class II gene expression [50].
The role of RFX-1 in cancer remains unclear. Previous
reports have suggested potential tumor-suppressive role of
RFX-1 by negatively regulating cancer cell proliferation,
including breast cancer cells [31, 51-55]. In addition, lower
expression of RFX-1 has been found in human glioma
tissues or cell lines, compared with that in normal brain
tissue [54]. Similarly, the expression of RFX-1 has been
reported to be decreased in esophageal adenocarcinoma, as
compared with that in precancerous Barrett’s esophagus
epithelium [56]. Interestingly, we have shown here that a
representative breast tumor tissue has reciprocal expression
of RFX-1, SHP-1, and p-STAT?3 in cancer cells and adja-
cent non-cancer breast tissue (Fig. 4). Large immunohis-
tochemistry-based studies are needed to address the
correlation of RFX-1 and SHP-1, as well as p-STAT3
expression in heterogeneous breast cancer subtypes. The
current results notwithstanding, the detailed mechanisms
by which SC-2001 enhance RFX-1 expression, remain to
be elucidated. Further studies are necessary to evaluate the
role of RFX-1 in breast cancer carcinogenesis and the
mechanism by which RFX-1 is modulated in breast cancer
cells.

Conclusions

SC-2001 shows a beneficial apoptosis-inducing effect in
breast cancer cells including TNBC cells through a
mechanism involving RFX-1/SHP-1-dependent p-STAT3
downregulation. This study indicates that targeting STAT3
signaling pathway may be a useful approach for the
development of targeted agents for anti-breast cancer,
especially anti-TNBC treatments.
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