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Abstract: Ginkgolic acid C 17:1 (GAC 17:1) extracted from Ginkgo biloba leaves, has been previously
reported to exhibit diverse antitumor effect(s) through modulation of several molecular targets
in tumor cells, however the detailed mechanism(s) of its actions still remains to be elucidated.
Signal transducer and activator of transcription 3 (STAT3) is an oncogenic transcription factor that
regulates various critical functions involved in progression of diverse hematological malignancies,
including multiple myeloma, therefore attenuating STAT3 activation may have a potential in cancer
therapy. We determined the anti-tumor mechanism of GAC 17:1 with respect to its effect on STAT3
signaling pathway in multiple myeloma cell lines. We found that GAC 17:1 can inhibit constitutive
activation of STAT3 through the abrogation of upstream JAK2, Src but not of JAK1 kinases in
U266 cells and also found that GAC can suppress IL-6-induced STAT3 phosphorylation in MM.1S
cells. Treatment of protein tyrosine phosphatase (PTP) inhibitor blocked suppression of STAT3
phosphorylation by GAC 17:1, thereby indicating a critical role for a PTP. We also demonstrate that
GAC 17:1 can induce the substantial expression of PTEN and SHP-1 at both protein and mRNA
level. Further, deletion of PTEN and SHP-1 genes by siRNA can repress the induction of PTEN
and SHP-1, as well as abolished the inhibitory effect of drug on STAT3 phosphorylation. GAC 17:1
down-regulated the expression of STAT3 regulated gene products and induced apoptosis of tumor
cells. Overall, GAC 17:1 was found to abrogate STAT3 signaling pathway and thus exert its anticancer
effects against multiple myeloma cells.
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1. Introduction

Multiple myeloma is the second most common hematological malignancy [1], characterized by
a multifocal proliferation of clonal, long-lived plasma cells within the bone marrow and associated
with the skeletal destruction, serum monoclonal gammopathy, immune suppression, and end-organ
sequelae [2]. Two-thirds of newly diagnosed patients with multiple myeloma are over 65 years and/or
physically unfit [3]. Therefore, novel treatment modalities that can prolong survival and improve
quality of life while maintaining good tolerability profiles in patients are required. Chemotherapeutic
drugs, such as thalidomide, bortezomib, lenalidomide are the most commonly used treatment options;
however multiple myeloma still remains incurable because of toxicity and poor response rates to these
drugs. Thus, more effective therapeutic agents are urgently needed for its therapy.

Prior studies have reported that signal transducer and activator of transcription 3 (STAT3) is an
oncogenic transcription factor that can regulate many critical functions including cell proliferation,
differentiation and apoptosis in tumor cells [4,5]. Among STAT family members, STAT3 in particular is
often persistently activated in various human cancer cell lines such as multiple myeloma [6], leukemia,
lymphoma, and solid tumors [7]. The expression of various gene products required for tumorigenesis
(e.g., Survivin, Bcl-xl, Bcl-2), proliferation (e.g., Cyclin D1), invasion (MMP-9), and angiogenesis
(e.g., VEGF) can be elicited by phosphorylation of STAT3 [7,8]. STAT3 activation has also been
implicated in decreased survival in patients with multiple myeloma [9]. Phosphorylation at tyrosine
residue (Tyr705) is critical for STAT3 activation, which contributes to dimerization, leading to nuclear
translocation, DNA binding, and subsequent gene transcription. This phosphorylation is mediated
through the activation of intracellular tyrosine kinases called janus-like kinase (JAK). JAK1, JAK2, JAK3,
and TYK2 have been linked to the activation of STAT3 [10,11]. STAT3 has also been proposed to be
regulated by c-Src [12]. Whereas these kinases positively regulate the STAT3 pathway, various protein
tyrosine phosphatases (PTPs), such as PTEN [13] and SHP-1 [14] have been identified to negatively
regulate STAT3 activation. Also, various prior reports indicate that pharmacological agents that can
abolish STAT3 activation may have a great potential in the prevention and therapy of cancer [15].

Since approximately 74.8% (131/175) of all anti-cancer drugs approved either have been isolated
from natural sources or mimic them in one form or another (1981–2010) [16,17], agents derived from
natural sources could be one potential source of STAT3 inhibitors for targeting the proliferation and
survival of tumor cells [18–21]. One potentially useful source of diverse natural compounds is the
plant Ginkgo biloba whose leaves contain various glycosides and terpenoids that can exert diverse
pharmacological activities [22–25], such as cardiotonic effect for the prevention and treatment of
cardiovascular disease [26,27]. Among various compounds, ginkgolic acid C 17:1 and ginkgolic acid C
15:1 are the most abundant ones isolated from this medicinal plant [28]. It has been demonstrated that
ginkgolic acid can inhibit the proliferation of various tumor cell types, including pancreatic [29], breast,
lung, and leukemia [30], and also induce substantial apoptosis [29,31,32]. Ginkgolic acid exhibits
its antitumor effects through the modulation of several oncogenic targets including attenuation of
pathways involved in lipogenesis [29], cell cycle arrest and decrease of the Bcl-2/Bax ratio [31].
Especially, it has been suggested that ginkgolic acid can cause inhibition of SUMOylation that controls
diverse cellular functions and its de-regulation may lead to both cancer and neurodegenerative
diseases [33,34]. These reports suggest that ginkgolic acid could be an attractive candidate agent
for cancer treatment, although the detailed mechanism(s) through which ginkgolic acid exhibits its
pharmacological effects still remains to be elucidated.

In this study, we specifically investigated whether ginkgolic acid can suppress the STAT3 pathway
in multiple myeloma cells and the underlying molecular mechanism(s) involved. We found for the
first time that GAC indeed inhibits both constitutive and inducible STAT3 activation leading to the
suppression of cell proliferation and down-regulation of various gene products that prevent apoptosis
and promote inflammation and metastasis in tumor cells.
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2. Results

2.1. GAC 17:1 Selectively Exerted Cytotoxic Effects against Multiple Myeloma Cells

The structure of ginkgolic acid C 17:1 (GAC 17:1) and ginkgolic acid C 15:1 (GAC 15:1) are shown
in Figure 1A. The cytotoxic effects of GAC 17:1 against U266 and PBMCs were evaluated by MTT assay.
We found that GAC 17:1 treatment reduced the viability of U266 cells in a concentration dependent
manner with IC50 value of approximately 64 µM (Figure 1B) but not PBMCs (Figure 1C).

2.2. GAC 17:1 Suppressed Constitutive STAT3 Phosphorylation in U266 Cells

We determined effect of GAC 17:1 using multiple myeloma U266 cells in which STAT3 has been
found to be constitutively activated. First, the effect of GAC 17:1 and GAC 15:1 was examined by
western blotting in U266 cells. As shown in Figure 1D GAC 17:1 can inhibit the constitutively active
STAT3 in U266 cells, while GAC 15:1 was not able to suppress the activation of STAT3; Next, U266 cells
were treated with the GAC 17:1 (30 or 50 µM) for 3 h or incubated with GAC 17:1 (50 µM) for 1.5 or
3 h. Figure 1E,F show that GAC 17:1 substantially suppresses phosphorylation of STAT3 in a dose-
and time-dependent manner. However, STAT3 expression was not affected by GAC 17:1. Thus,
we proceeded to determine the in depth molecular mechanisms of GAC 17:1-induced inhibition of
STAT3 signaling pathway in U266 cells.

2.3. GAC 17:1 Attenuated Phosphorylation of Upstream Kinases in U266 Cells

Because STAT3 activation is mediated through Src and JAK families [35,36], we set out to
determine whether GAC 17:1 could modulate constitutive phosphorylation of Src, JAK2, and JAK1
kinases in U266 cells. As shown in Figure 1G, substantial decrease of Src and JAK2 activation could be
noted in a time dependent manner following GAC 17:1 (50 µM) treatment.

Molecules 2017, 22, 276 3 of 16 

 

2. Results 

2.1. GAC 17:1 Selectively Exerted Cytotoxic Effects against Multiple Myeloma Cells 

The structure of ginkgolic acid C 17:1 (GAC 17:1) and ginkgolic acid C 15:1 (GAC 15:1) are shown 
in Figure 1A. The cytotoxic effects of GAC 17:1 against U266 and PBMCs were evaluated by MTT assay. 
We found that GAC 17:1 treatment reduced the viability of U266 cells in a concentration dependent 
manner with IC50 value of approximately 64 μM (Figure 1B) but not PBMCs (Figure 1C). *** p < 0.001 
indicates significant differences from the control group. 

2.2. GAC 17:1 Suppressed Constitutive STAT3 Phosphorylation in U266 Cells 

We determined effect of GAC 17:1 using multiple myeloma U266 cells in which STAT3 has been 
found to be constitutively activated. First, the effect of GAC 17:1 and GAC 15:1 was examined by 
western blotting in U266 cells. As shown in Figure 1D GAC 17:1 can inhibit the constitutively active 
STAT3 in U266 cells, while GAC 15:1 was not able to suppress the activation of STAT3; Next, U266 
cells were treated with the GAC 17:1 (30 or 50 μM) for 3 h or incubated with GAC 17:1 (50 μM) for 
1.5 or 3 h. Figure 1E,F show that GAC 17:1 substantially suppresses phosphorylation of STAT3 in a 
dose- and time-dependent manner. However, STAT3 expression was not affected by GAC 17:1. Thus, 
we proceeded to determine the in depth molecular mechanisms of GAC 17:1-induced inhibition of 
STAT3 signaling pathway in U266 cells. 

2.3. GAC 17:1 Attenuated Phosphorylation of Upstream Kinases in U266 Cells 

Because STAT3 activation is mediated through Src and JAK families [35,36], we set out to determine 
whether GAC 17:1 could modulate constitutive phosphorylation of Src, JAK2, and JAK1 kinases in 
U266 cells. As shown in Figure 1G, substantial decrease of Src and JAK2 activation could be noted in 
a time dependent manner following GAC 17:1 (50 μM) treatment. 

 
Figure 1. Cont. 
Figure 1. Cont.



Molecules 2017, 22, 276 4 of 16

Molecules 2017, 22, 276 4 of 16 

 

 
Figure 1. Inhibitory effects of GAC 17:1 on constitutively activated STAT3 in U266 cells. (A) The chemical 
structure of GAC 17:1 and GAC 15:1; (B,C) U266 cells and PBMCs (1 × 104 cells/well) were treated with 
various concentrations of GAC 17:1 for 24 h and cell viability was determined by MTT assay; (D) U266 
cells (5 × 105 cells/well) were treated with GAC 17:1 (50 μM) or GAC 15:1 (50 μM) for 3 h. Whole-cell 
extracts were prepared then equal amount of lysates were subjected to western blot analysis for 
p-STAT3 (Tyr705), STAT3, and β-actin; (E) U266 cells (5 × 105 cells/well) were incubated with GAC 17:1 
(30 or 50 μM) for 3 h. Thereafter, equal amounts of lysates were analyzed by western blot analysis using 
antibodies against for p-STAT3 (Tyr705), STAT3, and β-actin; (F,G) U266 cells (5 × 105 cells/well) were 
treated with GAC 17:1 (50 μM) for the indicated time. Lysates from the cells were analyzed using 
western blot analysis for p-STAT3 (Tyr705), STAT3, p-JAK1 (Tyr1022/1023), JAK1, p-Src (Tyr416), and Src; 
(H) After 3 h of GAC 17:1 (50 μM) treatment, the cells were fixed and permeabilized. STAT3 (green) and 
p-STAT3 (red) were immunostained with rabbit anti-Stat3 and goat anti-p-STAT3 respectively followed 
by FITC-conjugated secondary antibodies, then nucleus (blue) was stained with DAPI. The fourth 
panels show the merged images of the first, second and third panels; (I) U266 cells (5 × 105 cells/well) 
were incubated with the GAC 17:1 (50 μM) for 1.5 or 3 h. Nuclear extracts were prepared for detection 
of STAT3 binding activities and testing was performed by EMSA. 

2.4. GAC 17:1 Repressed Nuclear Translocation of STAT3 in U266 Cells 

Tyrosine phosphorylation causes dimerization of STAT3 and nuclear translocation [9,18], hence 
we next examined whether GAC 17:1 can also affect nuclear translocation of STAT3 in U266 cells by 
immunocytochemistry. Figure 1H shows that GAC 17:1 abolishes STAT3 translocation from the 
cytoplasm to the nucleus in U266 cells. 

2.5. GAC 17:1 Inhibited Binding of STAT3 to the DNA 

Once STAT3 is translocated to the nucleus, it binds to the DNA and regulates STAT3-dependent 
gene expression [37]. We next examined whether GAC 17:1 inhibits nuclear location of STAT3 by 
EMSA. Nuclear extracts prepared from U266 cells show that GAC 17:1 clearly inhibited STAT3-DNA 
binding activity in a time-dependent manner (Figure 1I). 
  

Figure 1. Inhibitory effects of GAC 17:1 on constitutively activated STAT3 in U266 cells.
(A) The chemical structure of GAC 17:1 and GAC 15:1; (B,C) U266 cells and PBMCs (1 × 104 cells/well)
were treated with various concentrations of GAC 17:1 for 24 h and cell viability was determined
by MTT assay, ** p < 0.01 and *** p < 0.001 indicates significant differences from the control group;
(D) U266 cells (5 × 105 cells/well) were treated with GAC 17:1 (50 µM) or GAC 15:1 (50 µM) for 3 h.
Whole-cell extracts were prepared then equal amount of lysates were subjected to western blot analysis
for p-STAT3 (Tyr705), STAT3, and β-actin; (E) U266 cells (5 × 105 cells/well) were incubated with
GAC 17:1 (30 or 50 µM) for 3 h. Thereafter, equal amounts of lysates were analyzed by western
blot analysis using antibodies against for p-STAT3 (Tyr705), STAT3, and β-actin; (F,G) U266 cells
(5 × 105 cells/well) were treated with GAC 17:1 (50 µM) for the indicated time. Lysates from the
cells were analyzed using western blot analysis for p-STAT3 (Tyr705), STAT3, p-JAK1 (Tyr1022/1023),
JAK1, p-Src (Tyr416), and Src; (H) After 3 h of GAC 17:1 (50 µM) treatment, the cells were fixed and
permeabilized. STAT3 (green) and p-STAT3 (red) were immunostained with rabbit anti-Stat3 and goat
anti-p-STAT3 respectively followed by FITC-conjugated secondary antibodies, then nucleus (blue) was
stained with DAPI. The fourth panels show the merged images of the first, second and third panels;
(I) U266 cells (5 × 105 cells/well) were incubated with the GAC 17:1 (50 µM) for 1.5 or 3 h. Nuclear
extracts were prepared for detection of STAT3 binding activities and testing was performed by EMSA.

2.4. GAC 17:1 Repressed Nuclear Translocation of STAT3 in U266 Cells

Tyrosine phosphorylation causes dimerization of STAT3 and nuclear translocation [9,18], hence we
next examined whether GAC 17:1 can also affect nuclear translocation of STAT3 in U266 cells by
immunocytochemistry. Figure 1H shows that GAC 17:1 abolishes STAT3 translocation from the
cytoplasm to the nucleus in U266 cells.

2.5. GAC 17:1 Inhibited Binding of STAT3 to the DNA

Once STAT3 is translocated to the nucleus, it binds to the DNA and regulates STAT3-dependent
gene expression [37]. We next examined whether GAC 17:1 inhibits nuclear location of STAT3 by
EMSA. Nuclear extracts prepared from U266 cells show that GAC 17:1 clearly inhibited STAT3-DNA
binding activity in a time-dependent manner (Figure 1I).
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2.6. GAC 17:1 Decreased IL-6-Induced Phosphorylation of STAT3 in U266 Cells

IL-6, a growth factor for multiple myeloma cells, is overexpressed in various cancers and is
a potent inducer of STAT3. Whether GAC 17:1 can also abrogate IL-6-induced STAT3 phosphorylation
in MM.1S cells was determined. We observed that IL-6 induced phosphorylation of STAT3 as early as
15 min, and pretreatment of GAC 17:1 inhibited IL-6-induced STAT3 phosphorylation (Figure 2A).

2.7. Inhibition of STAT3 Phosphorylation by GAC 17:1 Is Reversible

Whether GAC 17:1-induced inhibition of STAT3 activation was reversible was also investigated.
Figure 2B shows that removal of the compound can reverse the GAC 17:1-induced inhibition of STAT3
phosphorylation (Figure 2A). The level of total STAT3 protein was not affected under these conditions.

2.8. Tyrosine Phosphatase Inhibitor Blocked the Suppression of STAT3 Phosphorylation by GAC 17:1

Because protein tyrosine phosphatases (PTPs) have been implicated in STAT3 activation [38],
therefore, we next determined whether GAC 17:1-induced inhibition of STAT3 phosphorylation
could be due to activation of a PTP. Treatment of U266 cells with the broad-acting tyrosine
phosphatase inhibitor sodium pervanadate reversed the GAC 17:1-induced suppression of STAT3
phosphorylation (Figure 3E). This result indicated that PTPs may play an important role in inhibition
of STAT3 phosphorylation.

2.9. GAC 17:1 Induced the Expression of PTEN and SHP-1 in Protein and mRNA Level

Since PTEN and SHP-1 have been reported to regulate STAT3 signaling pathway [39,40], whether
GAC 17:1 has the potential to modulate the expression of PTEN and SHP-1 proteins was investigated.
Our result shows that GAC 17:1 can induce the expression of PTEN and SHP-1 in a time-dependent
manner. (Figure 2D upper panels). We also examined the effect of GAC 17:1 on the expression of PTEN
and SHP-1 in mRNA level by RT-PCR. We found that GAC 17:1 clearly up-regulated the expression of
both PTEN and SHP-1 mRNA in a time-dependent manner (Figure 2D lower panels). GAPDH was
used as an internal control to show equal RNA loading.

2.10. Silencing of SHP-1 and PTEN Reversed the Effect of GAC 17:1 on STAT3 Activation

Whether the inhibition of PTEN and SHP-1 by siRNA can attenuate the effect of GAC 17:1
on STAT3 activation was determined. As shown in Figure 2E, the deletion of PTEN and SHP-1
substantially suppressed the GAC 17:1-induced inhibition of STAT3 phosphorylation. These results
indicated that both PTEN and SHP-1 may play a critical role in the suppression of STAT3 activation.

2.11. GAC 17:1 Caused the Accumulation of the Cells in the Sub-G1 Phase of the Cell Cycle, and Increased
Annexin V Positive Cells

Because suppression of aberrantly activated STAT3 could lead to apoptosis [41,42], we determined
whether GAC 17:1 could also induce apoptosis using cell cycle analysis. After 24 h of GAC 17:1 (30 or
50 µM) treatment, the sub-G1 DNA contents were substantially increased in a dose-dependent manner.
(Figure 3A). Next, U266 cells treated with GAC 17:1 (30 or 50 µM) for 24 h were incubated with
Annexin-V/FITC and PI and then analyzed by a flow cytometer. Figure 3B shows that the Annexin V
positive cells were clearly increased in GAC 17:1-treated cells in a dose-dependent manner.
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Figure 2. Inhibition of IL-6 inducible STAT3 activation and the induction of PTEN and SHP-1 proteins
by GAC 17:1 in multiple myeloma cells. (A) MM1.S cells (5 × 105 cells/well) were pretreated with
GAC 17:1 (50 µM) for 3 h and then stimulated with IL-6 (10 ng/mL) for 15 min to induce activation of
STAT3. Whole-cell extracts were prepared and immunoblotted with antibodies for phospho-STAT3
(Tyr705) and STAT3; (B) U266 cells (5 × 105 cells/well) were treated with GAC 17:1 (50 µM) for
the indicated time and washed with PBS to remove GAC 17:1 before resuspension in fresh medium.
Cells were removed at indicated times and lysed to prepare the whole-cell extract, then analyzed
using Western blot analysis for p-STAT3 (Tyr705) and STAT3; (C) U266 cells (5 × 105 cells/well) were
treated with 50 µM of GAC 17:1 for 3 h following pretreatment of the indicated concentrations of
pervanadate for 30 min. Whole-cell extracts were prepared and immunoblotted with antibodies for
p-STAT3 (Tyr705) and STAT3; (D) U266 cells (5 × 105 cells/well) were treated with GAC 17:1 (50 µM)
for 1.5 or 3 h. Whole-cell extracts were prepared, equal amounts of lysates were analyzed by western
blot analysis using antibodies against PTEN and SHP-1. And total RNA was extracted and examined
for expression of PTEN and SHP-1 by RT-PCR; (E) U266 cells were transfected with scrambled or PTEN
or SHP-1-specific siRNA (50 nM). After 24 h, cells were treated with GAC 17:1 (50 µM) for 3 h and
the whole-cell extracts were subjected to western blot analysis for PTEN, SHP-1, p-STAT3 (Tyr705),
and STAT3. β-Actin was used as a loading control.
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Figure 3. Apoptotic effects of GAC 17:1 in U266 cells. (A) U266 cells were treated with GAC 17:1 (50 µM)
for 24 h. The cells were harvested, washed with a cold PBS buffer and digested with RNase A. Cellular
DNA was stained with propidium Iodide and a flow cytometric analysis was done to determine
the cell cycle distribution; (B) U266 cells were treated with GAC 17:1 (50 µM) for 24 h and the cells
were incubated with Annexin-V/FITC and propidium iodide, then analyzed by a flow cytometer;
(C) Apoptosis in U266 cells was detected by TUNEL assay. After treatment, the cells were stained
with a TUNEL assay reagent and then analyzed under a flow cytometer; (D) After 24 h of GAC 17:1
(50 µM) treatment, cells were stained with a Live/Dead assay reagent for 30 min and then analyzed
under a confocal microscope; (E) U266 cells were treated with GAC 17:1 (50 µM) for 24 h. The cells
were washed with a PBS and treated with 5 µM of TMRE (tetramethylrhodamine, ethyl ester) and then
analyzed by a flow cytometer to detect MMP activity.

2.12. GAC 17:1 Elicited Apoptosis and Caused Loss of Mitochondrial Membrane Potential in U266 Cells

Next TUNEL assay and Live/Dead assay were performed to examine the apoptotic effect of
GAC 17:1. For this, U266 cells were exposed to 30 or 50 µM of GAC 17:1 for 24 h. Our results
indicated that GAC 17:1 can significantly induce apoptosis in U266 cells (Figure 3C,D). In addition,
as the mitochondrial membrane potential decreases during apoptosis [43], flow cytometric analysis
was performed to determine the possible changes in mitochondrial membrane potential upon drug
exposure. The percentage of cells with higher fluorescent intensities was clearly decreased in the cells
treated with GAC 17:1 (30 or 50 µM) for 24 h (Figure 3E).

2.13. GAC 17:1 Suppressed the Proliferation of Multiple Myeloma Cells

As GAC 17:1 inhibited phosphorylation of STAT3 which plays an important role in tumor cell
proliferation [44], we next examined whether cell proliferation of U266 and MM1.S cells can also be
affected by GAC 17:1. The cells were treated with GAC 17:1 (30 or 50 µM) for the indicated time
intervals and then MTT assay was performed to analyze cell proliferation. Figure 4A demonstrates
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that GAC 17:1 significantly repressed cell proliferation in both U266 and MM.1S cells in a dose- and
time-dependent manner (Figure 3A).

2.14. GAC 17:1 Down-Regulated the Expression of STAT3-Regulated Gene Products

Since constitutive activation of STAT3 regulates the expression of various gene products involved
in proliferation, anti-apoptosis, invasion, and angiogenesis, thus we determined whether GAC
17:1 could suppress STAT3-regulated gene expression. The results show that GAC 17:1 treatment
down-regulated the expression of anti-apoptotic proteins, such as Bcl-2, Bcl-xL, Survivin and IAP-1 and
expression of COX-2, Cyclin D1, VEGF, MMP-9, and MMP-2 involved in cell proliferation, angiogenesis,
and metastasis in a dose-dependent manner (Figure 4B). GAC 17:1 (30 or 50 µM) treatment also reduced
mRNA expression of Bcl-2, Bcl-xL, and Cyclin D1 in a similar manner (Figure 4C).
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Figure 4. Suppression of STAT3 regulated gene products by GAC 17:1 in multiple myeloma cells.
(A) U266 and MM.1S cells (1 or 2 × 104 cells/well) were incubated with the GAC 17:1 (30 or 50 µM) for
the indicated time intervals. MTT assay was performed to investigate the effect of GAC 17:1 on cell
proliferation; (B–D) U266 cells (3 × 105 cells/well) were incubated with the GAC 17:1 (30 or 50 µM)
for 24 h. Lysates from the cells were analyzed using western blotting against Bcl-2, Bcl-xL, Survivin,
IAP-1, COX-2, Cyclin D1, VEGF, MMP-9,MMP-2, Caspase-3, and PARP. In addition, Total RNA was
isolated, and analyzed by real time PCR for Bcl-2, Bcl-xL, and Cyclin D1. Data represents means ± S.D.,
*** indicates p < 0.001; (E) MEF cells were transfected pMXs-STAT3C or pMXs-STAT3gw and incubated
for 24 h. The cells were treated with GAC 17:1 (100 µM) for 3 h (left panels) or 24 h (right panels).
The lysates from the cells were analyzed by Western blotting using antibodies against p-STAT3 (Tyr705)
and STAT3 (left panels) or PARP and β-actin (right panels) respectively.
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2.15. GAC 17:1 Induced the Cleavage of Caspase-3 and PARP

Next, we examined the effect of GAC 17:1 on the activation of caspase-3 and PARP. As shown in
Figure 4D, GAC 17:1 treatment activated caspase-3 in a dose-dependent manner. We also found that
GAC 17:1 caused PARP cleavage in a similar manner (Figure 4D). These results suggest that GAC 17:1
obviously induces caspase-3-dependent apoptosis in U266 cells.

2.16. GAC 17:1 Inhibited pMXs-STAT3C-Induced Phosphorylation of STAT3 in MEF Cells

We further investigated the inhibitory effect of GAC 17:1 on inducible STAT3 activation. For this,
MEF cells were transfected with pMXs-STAT3C and incubated with 100 µM of GAC 17:1 for 3 h,
and then examined for phosphorylated STAT3 by western blot analysis. As shown in Figure 4E,
transfection with pMXs-STAT3C clearly caused an increased phosphorylation of STAT3 and GAC 17:1
(100 µM) significantly inhibited pMXs-STAT3C-induced activation of STAT3.

2.17. Activation of STAT3 Abolished the Apoptotic Effect of GAC 17:1 in MEF Cells

Next, we examined whether GAC 17:1 can induce apoptosis in MEF cells and activation of STAT3
can mediate the apoptotic effect of GAC 17:1. As shown in Figure 4F, GAC 17:1 (100 µM) caused an
increased apoptosis in MEF cells and the induction of apoptosis by GAC 17:1 was abrogated upon
transfection with pMXs-STAT3C. These results indicated that anti-apoptotic effects of STAT3 signaling
pathway can block the induction of apoptosis by GAC 17:1.

3. Discussion

Persistent STAT3 activation has been linked with several chronic diseases [45–47], including
various cancers [48–51]. Given the pivotal role of STAT3 in multiple myeloma initiation and
progression, the aim of our study was to investigate whether GAC 17:1 can exert its anti-tumor
activity through the attenuation of the STAT3 signaling pathway in multiple myeloma cells. We found
that GAC 17:1 inhibited both constitutive and IL-6-inducible STAT3 activation in multiple myeloma
cells along with the abrogation of c-Src and JAK2 activation and the induction of PTEN and SHP-1
proteins. This inhibition was linked to the down-regulation of numerous oncogenic proteins leading to
the inhibition of proliferation, induction of apoptosis, and significant suppression of the growth of
multiple myeloma cells. Additionally, it has been previously reported that GAC 17:1 exhibits minimal
toxicity towards normal cells [29,31] and we also observed that the drug was comparatively less
toxic towards normal cells. Overall, these results demonstrate that GAC 17:1 could be an effective
anticancer agent that is predominantly safe and can act as a novel blocker of STAT3 activation in
multiple myeloma.

We demonstrated for the first time that GAC 17:1 can inhibit activation of STAT3 in U266 cells
and also found that GAC 17:1 suppressed IL-6-induced STAT3 activation in multiple myeloma and
MEF cells. We noted that GAC 17:1 can indeed inhibit STAT3 activation at Tyr705 as observed by
western blotting, its DNA binding as determined by EMSA, and its nuclear translocation as analyzed
by immunohistochemistry in U266 cells. Since STAT3 is constitutively active in multiple myeloma cell
lines and contributes to chemoresistance [52,53], these findings may have a great significance in the
therapy of multiple myeloma.

The underlying molecular mechanism(s) through which GAC 17:1 can inhibit STAT3 activation
was also investigated in detail. STAT3 can directly interact with JAK1 and JAK2 kinases as scaffold,
and this interaction can lead to STAT3 phosphorylation at Tyr 705 [17]. We showed that GAC 17:1
treatment causes substantial abrogation of JAK2 phosphorylation level in a time-dependent manner
that may be directly implicated in its STAT3 inhibitory effects in multiple myeloma cells. Besides
causing attenuation of JAK2 activation, GAC 17:1 can also abrogate c-Src phosphorylation involved in
STAT3 activation in U266 cells. Therefore, we can conclude that GAC 17:1 may down-regulate STAT3
activation by repressing the phosphorylation of both Src and JAK2 proteins.
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We also found evidence that GAC-induced inhibition of STAT3 activation may be linked with the
induction of PTPs. Previous studies have reported that numerous PTPs have been closely associated
with STAT3 phosphorylation [51]. In this study, we observed that GAC 17:1 down-regulated STAT3
activation through the induction of both PTEN and SHP-1 proteins in U266 cells, which related to its
inhibitory effect on STAT3 phosphorylation. Deletion of the PTEN gene by siRNA abrogated the effect
of GAC 17:1 on STAT3 phosphorylation, thereby clearly indicating that the PTP plays an important
role in down-regulation of STAT3 by GAC 17:1. Moreover, silencing of SHP-1 gene by transfection
also reversed the GAC 17:1-induced inhibition of STAT3. Since it has been previously suggested that
various pharmacological agents may exhibit their effects through the up-regulation of PTEN [41,42,54]
or SHP-1 [55–57] expression, GAC 17:1 was found to simultaneously induce both PTEN and SHP-1
expression and thus can also form a basis of novel strategy to modulate STAT3 activation in cancer cells.

Because constitutive STAT3 activation can induce specific target genes that may stimulate cell
proliferation, prevent apoptosis and promote angiogenesis [52], we examined whether GAC 17:1 can
suppress the expression of STAT3-regulated gene products, overexpressed in multiple myeloma
cells [53], including proliferative gene product cyclin D1, COX-2, the angiogenic protein VEGF,
and anti-apoptotic gene products, such as IAP, survivin, Bcl-2, and Bcl-xL. Therefore, the effect
of GAC 17:1 on the expression of various STAT3 regulated oncogenic genes or gene products were
analyzed by Western blotting, RT-PCR, and real-time PCR. We demonstrate that GAC 17:1 suppressed
the expression of various STAT3-regulated proteins, including Bcl-2, Bcl-xL, survivin, IAP-1, COX-2,
Cyclin D1, MMP-9, MMP-2, and VEGF. The down-regulation of bcl-2 by GAC 17:1 that we found is
in agreement with previous reports [31]. Previous studies have already shown that anti-apoptotic
proteins, Bcl-2, Bcl-xL and survivin are targets of STAT3 and overexpression of these proteins promote
cell survival, enhance cellular resistance for chemo radiation and inhibit apoptosis [55,56]. Therefore,
we propose that GAC 17:1 may induce apoptosis by inhibition of STAT3 activation which can lead
to the reduction of anti-apoptotic proteins. Since VEGF expression can also be modulated by STAT3,
GAC 17:1 may also exert anti-angiogenic effect by modulating VEGF expression [55].

Recent studies have suggested that constitutively-activated STAT signaling can directly contribute
to oncogenesis [58] and increase Bcl-xL expression which can inhibit induction of apoptosis [6].
The reduced expression of anti-apoptotic proteins could be correlated with the ability of GAC 17:1
to induce apoptosis in multiple myeloma cells. We further found that GAC 17:1 treatment increases
the sub-G1 DNA content in a dose-dependent manner. This result indicated that the inhibition of
Cyclin D1 expression by GAC 17:1 may be associated with its ability to induce accumulation of the
cells in sub-G1 phase [54]. We also observed that Annexin V positive cells are clearly increased in GAC
17:1-treated cells in a dose-dependent manner. GAC 17:1-induced apoptosis was further confirmed by
TUNEL assay, Live/Dead assay and loss of mitochondrial membrane potential. We also noted that
GAC 17:1 treatment can activate caspase-3 and induce PARP cleavage in a dose-dependent manner.
Overall, our results indicate for the first time that GAC 17:1 can suppress constitutive and inducible
STAT3 signaling pathway, inhibit growth, and induce substantial apoptosis through the up-regulation
of PTPs. This presents a rationale for the use of GAC 17:1 as an anticancer agent to improve the existing
therapeutic options for multiple myeloma in near future. Further studies in animals may provide
further insight into the potential application of GAC 17:1 in the therapy of multiple myeloma and
other cancers.

4. Materials and Methods

4.1. Reagents

Ginkgolic acid C 17:1 (GAC 17:1) (95% purity) and ginkgolic acid C 15:1 (GAC 15:1) (98% purity),
anti-STAT3, anti-SHP-1, anti-PTEN, anti-Bcl-2, anti-Bcl-xL, anti-survivin, anti-IAP-1, anti-COX-2,
anti-MMP-9, anti-MMP-2, anti-caspase-3, anti-PARP, anti-β-actin, and horseradish peroxidase
(HRP)-conjugated secondary antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz,
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CA, USA). 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), Tris base, glycine,
NaCl, sodium dodecylsulfate (SDS), and bovine serum albumin (BSA) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). RPMI 1640, MEM, and fetal bovine serum (FBS) were obtained
from Thermo Fisher Scientific Inc. (Waltham, MA, USA). Annexin V was obtained from BD Biosciences
(Palo Alto, CA, USA). Anti-p-STAT3 (Tyr705), anti-p-JAK1 (Tyr1022/1023), anti-JAK1, anti-p-src
(Tyr416), anti-src, anti-cyclin D1, and anti-cleaved caspase-3 were purchased from Cell Signaling
Technology (Beverly, MA, USA). pMXs-gw (#18656) and pMXs-STAT3C (#13373) were obtained from
Addgene (Cambridge, MA, USA).

4.2. Cell Lines

U266, MM.1S and MEF cells were purchased from American Type Culture Collection (Manassas,
VA, USA). U266 and MM.1S cells were cultured in RPMI1640 medium containing 10% FBS, penicillin
(100 units/mL), and streptomycin (100 µg/mL). MEF cells were incubated with DMEM medium
containing 15% FBS, penicillin (100 units/mL), and streptomycin (100 µg/mL).

4.3. Isolation of Human Peripheral Blood Mononuclear Cells (PBMCs)

Human peripheral blood mononuclear cells (PBMCs) were isolated from the blood of healthy
adult volunteer donors by density gradient centrifugation on Lymphoprep (Axis-Shield PoC AS,
Oslo, Norway).

4.4. Western Blot Analysis

Western blot analysis was performed as previous described [59]. Briefly cells were washed with
1× PBS and lysed in 1× cell lysis buffer. 50 µg of the whole cell extract was taken for western blot
analysis. First, the protein was resolved in SDS page gel and transferred to nitrocellulose membrane.
The membranes were then blocked in blocking buffer to reduce background noise, and probed for
protein of interest using target specific primary antibody overnight at 4◦. The membranes were washed
with 0.1% TBST, and incubated for 1 h with horse radish peroxidase (HRP) tagged secondary antibody.
The blots were then examined for the presence or absence of target protein using chemiluminescence
substrate (Millipore, Bedford, MA, USA).

4.5. Immunocytochemistry for STAT3 Localization

Cells were attached by centrifuging and fixed in 4% paraformaldehyde (PFA) for 20 min at room
temperature following the treatment of GAC 17:1 for 3 h, the cells were then permeabilised using
0.2% triton X-100 and blocked with 5% BSA for 1 h. Next, the cells were incubated with human STAT3
or phospho-STAT3 antibody overnight at 4 ◦C. The slides were then washed with PBS and incubated
with FITC-tagged secondary antibody (Jackson ImmunoResearch, West Grove, PA, USA) for 1 h at
room temperature, washed with PBS and stained with 1 µg/mL DAPI solution. The slides were
then taken for imaging. The cells were excited for DAPI stain at 405 nm and FITC fluorescence at
488 nm and the emitted images signals were captured using a FluoView FV1000 confocal microscope
(Olympus, Tokyo, Japan).

4.6. EMSA for STAT3-DNA Binding

STAT3-DNA binding was analyzed by EMSA using a 5′-biotinylated STAT3 oligonucleotide
(5′-GATCCTTCTGGGAATTCCTAG ATC-3′ and 3′-CTAGGAAGACCCTTAAGGATCTAG-5′) as
described in [53]. GAC 17:1-treated cells were collected and nuclear extract was prepared
following standard protocol. The nuclear extract protein was then incubated with 5′-biotinylated
STAT3 oligonucleotide probe. The protein-oligonucleotide complex was then separated on a 5%
native polyacrylamide gel and transferred to nylon membrane and detected using LightShift®

Chemiluminescent EMSA kit following the manufacturer’s instructions (Thermo Fisher Scientific Inc.).
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4.7. RNA Analysis and Reverse Transcription Polymerase Chain Reaction

Total RNA was extracted using a Trizol reagent according to the manufacturer’s instructions
(Invitrogen, Carlsbad, CA, USA).The following pairs of forward and reverse primer sets were used
PTEN (5′-TTTCTAACCGTGCAGCCTCTT-3′ and 5′-AGCTGTGGTGGGTTATGGTCT-3′) and SHP-1
(5′-GGCTTCTGGGAGGAGTTTGAG-3′ and 5′-CGGAGTTTGTATTCGGTTGTG-3′). All conditions of
RT-PCR was performed as described previously [59].

4.8. Electroporation-Mediated Transfection in U266 and MEF Cells

Briefly, one million U266 cells were suspended in 120 µL of Neon resuspension buffer R and added
50 nM of PTEN, SHP-1 or scrambled siRNA and transfected using the Neon™ Transfection System
(Invitrogen, Carlsbad, CA, USA) following manufacturer instructions. U266 cells were pulsed twice
with a voltage of 1150. Similarly, MEF melanoma cells were transfected with 2 µg of pMXs-STAT3C,
a dominant active mutant which could express consistently activated STAT3 or pMXs-gw, control
vector, in the same manner as described above. After 24 h of transfection, the cells were treated with
GAC 17:1 (50 µM) and whole-cell extracts were prepared for Western blotting.

4.9. Cell Cycle Analysis

Apoptotic cells were determined by fluorescence-activated cell sorting (FACS) analysis with
propidium iodide (PI). U266 cells (1 × 106) were treated with GAC 17:1 for 24 h, washed with PBS,
and fixed with 70% ethanol. After fixation, the cells were then washed and incubated in PBS containing
0.1% RNase A at 37 ◦C for 30 min and then stained with propidium iodide. The apoptotic cells were
then analyzed using a using a flow cytometer (Becton-Dickinson, Heidelberg, Germany).

4.10. Annexin V assay

To determine if the cells are undergoing early phases of apoptosis before the loss of cell membrane
integrity and permits measurements of the kinetics of apoptotic death in relation to the cell cycle.
U266 cells (1× 106) were treated with GAC 17:1 for 24 h, washed with PBS and stained with FITC tagged
Annexin V antibody and propidium iodide and analyzed using a flow cytometer (Becton-Dickinson).

4.11. TdT-Mediated dUTP Nick end Labeling (TUNEL) Assay

TUNEL assay was performed using a TUNEL assay kit according to manufacturer’s instructions
(Roche, Mannheim, Germany). Briefly, U266 cells were treated with GAC 17:1 (50 µM) for 24 h, washed
and the cells were fixed with 4% paraformaldehyde for 30 min at RT. The cells were then resuspended
in TUNEL reaction solution and incubated for 1 h in dark. The TUNEL positive cells were analyzed by
flow cytometer using a FACScan (Becton-Dickinson).

4.12. Mitochondrial Membrane Potential

Flow cytometric analysis was performed to determine mitochondrial membrane potential.
U266 cells were treated with GAC 17:1 (50 µM) for 24 h, cells were collected, washed with 1× PBS
and treated with 5 µM TMRE (tetramethylrhodamine, ethyl ester) for 30 min. The reduction in
mitochondrial membrane potential was determined using a flow cytometer (Becton-Dickinson).
Acquisition and analysis of the data were performed by using Cell Quest 3.0 software (BD Biosciences,
San Jose, CA, USA).

4.13. Live/Dead Assay

To assess cytotoxicity, we used a Live/Dead assay kit (Invitrogen) as described in [60].
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4.14. MTT Assay

The cell viability was measured by using MTT assay. Briefly, U266 and MM.1S melanoma cells
were incubated with different concentration of GAC 17:1. At the end of treatment period, 30 µL of MTT
solution (2 mg/nL) was added directly to the cells and incubated for an additional 2 h. The formed
formazan crystals were then dissolved in DMSO and the absorbance was measured at 570 nm using
an automated spectrophotometric plate reader. Cell viability was normalized as relative percentages
in comparison with untreated controls.

4.15. Real-Time Quantitative PCR

To determine the expression levels of Bcl-2, Bcl-xL, and Cyclin D1 real-time quantitative
PCR was performed as described in the manufacturer’s protocol (Applied Biosystems, Waltham,
MA, USA). 2−∆∆Ct value was determined with StepOne software (Applied Biosystems). Briefly,
total RNA was extracted using Trizol reagent following manufacturer’s instructions (Invitrogen,
Life Technologies). 1 µg total RNA was converted to cDNA by M-MLV reverse transcriptase
(Promega, Fitchburg, WI, USA). The following pairs of forward and reverse primer sets were
used Bcl-2 (5′-TCCCTCGCTGCACAAATACTC-3′ and 5′-GACGACCCGATGGCCATA-3′), Bcl-xL
(5′-TACCAGCCTGACCAATATGGC-3′ and 5′-TGGGTTCAAGTGATTCTCCTG-3′), and Cyclin
D1, (5′-AGAAGCTGTGCATCTACACCGACA-3′ and 5′-AGAAGCTGTGCATCTACACCGACA-3′).
GAPDH (5′-ACCTGACCTGCCGTCTAGAAAA-3′ and 5′-ACGCCTGCTTCACCACCTT-3′) was used
as a house keeping gene and endogenous control.

4.16. Statistical Analysis

Statistical significance of the data was determined using the Student unpaired t-test. All numeric
values are represented as the mean ± SD. Significance was set at p < 0.05.

Acknowledgments: This work was supported by a National Research Foundation of Korea (NRF) grant funded
by the Korean government (MSIP) (NRF-2015R1A4A1042399). The authors extend their appreciation to the
International Scientific Partnership Program ISPP at King Saud University for funding this research work through
ISPP# 0091.

Author Contributions: S.H.B., J.H.L., C.K., J.-H.K. conception and design. S.H.B., J.H.L., C.K., J.-H.K., S.-G.L,
W.M.Y., J.-Y.U., S.-H.R. development of methodology. S.H.B., J.H.L., A.C., S.A.A. analysis and interpretation of
data. S.H.B., J.H.L., S.-G.L, W.M.Y., J.-Y.U., G.S., K.S.A. writing, review, and/or revision of the manuscript. G.S.,
K.S.A. study supervision.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Abdi, J.; Chen, G.; Chang, H. Drug resistance in multiple myeloma: latest findings and new concepts on
molecular mechanisms. Oncotarget 2013, 4, 2186–2207. [CrossRef] [PubMed]

2. Anderson, K.C.; Carrasco, R.D. Pathogenesis of myeloma. Annu. Rev. Pathol. 2011, 6, 249–274. [CrossRef]
[PubMed]

3. Tarkun, P.; Atalay, F.; Atesoglu, E.B.; Mehtap, O.; Simsek, M.; Terzi, E.; Geduk, A.; Balli, F.; Batman, A.;
Baydemir, C.; et al. Treatment of patients with multiple myeloma over 65 years: More tolerability or better
response? Eur. J. Haematol. 2015, 94, 424–430. [CrossRef] [PubMed]

4. Mantovani, A.; Allavena, P.; Sica, A.; Balkwill, F. Cancer-related inflammation. Nature 2008, 454, 436–444.
[CrossRef] [PubMed]

5. Manu, K.A.; Shanmugam, M.K.; Ong, T.H.; Subramaniam, A.; Siveen, K.S.; Perumal, E.; Samy, R.P.; Bist, P.;
Lim, L.H.; Kumar, A.P.; et al. Emodin suppresses migration and invasion through the modulation of CXCR4
expression in an orthotopic model of human hepatocellular carcinoma. PLoS ONE 2013, 8, e57015. [CrossRef]
[PubMed]

http://dx.doi.org/10.18632/oncotarget.1497
http://www.ncbi.nlm.nih.gov/pubmed/24327604
http://dx.doi.org/10.1146/annurev-pathol-011110-130249
http://www.ncbi.nlm.nih.gov/pubmed/21261519
http://dx.doi.org/10.1111/ejh.12448
http://www.ncbi.nlm.nih.gov/pubmed/25220635
http://dx.doi.org/10.1038/nature07205
http://www.ncbi.nlm.nih.gov/pubmed/18650914
http://dx.doi.org/10.1371/journal.pone.0057015
http://www.ncbi.nlm.nih.gov/pubmed/23472074


Molecules 2017, 22, 276 14 of 16

6. Catlett-Falcone, R.; Landowski, T.H.; Oshiro, M.M.; Turkson, J.; Levitzki, A.; Savino, R.; Ciliberto, G.;
Moscinski, L.; Fernandez-Luna, J.L.; Nunez, G.; et al. Constitutive activation of Stat3 signaling confers
resistance to apoptosis in human U266 myeloma cells. Immunity 1999, 10, 105–115. [CrossRef]

7. Bharti, A.C.; Donato, N.; Aggarwal, B.B. Curcumin (diferuloylmethane) inhibits constitutive and
IL-6-inducible STAT3 phosphorylation in human multiple myeloma cells. J. Immunol. 2003, 171, 3863–3871.
[CrossRef] [PubMed]

8. Wang, X.; Crowe, P.J.; Goldstein, D.; Yang, J.L. STAT3 inhibition, a novel approach to enhancing targeted
therapy in human cancers (review). Int. J. Oncol. 2012, 41, 1181–1191. [PubMed]

9. Aggarwal, B.B.; Sethi, G.; Ahn, K.S.; Sandur, S.K.; Pandey, M.K.; Kunnumakkara, A.B.; Sung, B.; Ichikawa, H.
Targeting signal-transducer-and-activator-of-transcription-3 for prevention and therapy of cancer: Modern
target but ancient solution. Ann. N. Y. Acad. Sci. 2006, 1091, 151–169. [CrossRef] [PubMed]

10. Heinrich, P.C.; Behrmann, I.; Haan, S.; Hermanns, H.M.; Muller-Newen, G.; Schaper, F. Principles of
interleukin (IL)-6-type cytokine signalling and its regulation. Biochem. J. 2003, 374, 1–20. [CrossRef]
[PubMed]

11. Hodge, D.R.; Hurt, E.M.; Farrar, W.L. The role of IL-6 and STAT3 in inflammation and cancer. Eur. J. Cancer
2005, 41, 2502–2512. [CrossRef] [PubMed]

12. Mali, S.B. Review of STAT3 (Signal Transducers and Activators of Transcription) in head and neck cancer.
Oral Oncol. 2015, 51, 565–569. [CrossRef] [PubMed]

13. Sun, S.; Steinberg, B.M. PTEN is a negative regulator of STAT3 activation in human papillomavirus-infected
cells. J. Gen. Virol. 2002, 83, 1651–1658. [CrossRef] [PubMed]

14. Han, Y.; Amin, H.M.; Franko, B.; Frantz, C.; Shi, X.; Lai, R. Loss of SHP1 enhances JAK3/STAT3 signaling
and decreases proteosome degradation of JAK3 and NPM-ALK in ALK+ anaplastic large-cell lymphoma.
Blood 2006, 108, 2796–2803. [CrossRef] [PubMed]

15. Siveen, K.S.; Sikka, S.; Surana, R.; Dai, X.; Zhang, J.; Kumar, A.P.; Tan, B.K.; Sethi, G.; Bishayee, A. Targeting
the STAT3 signaling pathway in cancer: Role of synthetic and natural inhibitors. Biochim. Biophys. Acta 2014,
1845, 136–154. [CrossRef] [PubMed]

16. Newman, D.J.; Cragg, G.M. Natural products as sources of new drugs over the 30 years from 1981 to 2010.
J. Nat. Prod. 2012, 75, 311–335. [CrossRef] [PubMed]

17. Dai, X.; Ahn, K.S.; Kim, C.; Siveen, K.S.; Ong, T.H.; Shanmugam, M.K.; Li, F.; Shi, J.; Kumar, A.P.;
Wang, L.Z.; et al. Ascochlorin, an isoprenoid antibiotic inhibits growth and invasion of hepatocellular
carcinoma by targeting STAT3 signaling cascade through the induction of PIAS3. Mol. Oncol. 2015, 9,
818–833. [CrossRef] [PubMed]

18. Sethi, G.; Chatterjee, S.; Rajendran, P.; Li, F.; Shanmugam, M.K.; Wong, K.F.; Kumar, A.P.; Senapati, P.;
Behera, A.K.; Hui, K.M.; et al. Inhibition of STAT3 dimerization and acetylation by garcinol suppresses
the growth of human hepatocellular carcinoma in vitro and in vivo. Mol. Cancer 2014, 13, 66. [CrossRef]
[PubMed]

19. Subramaniam, A.; Shanmugam, M.K.; Ong, T.H.; Li, F.; Perumal, E.; Chen, L.; Vali, S.; Abbasi, T.; Kapoor, S.;
Ahn, K.S.; et al. Emodin inhibits growth and induces apoptosis in an orthotopic hepatocellular carcinoma
model by blocking activation of STAT3. Br. J. Pharmacol. 2013, 170, 807–821. [CrossRef] [PubMed]

20. Kannaiyan, R.; Hay, H.S.; Rajendran, P.; Li, F.; Shanmugam, M.K.; Vali, S.; Abbasi, T.; Kapoor, S.; Sharma, A.;
Kumar, A.P.; et al. Celastrol inhibits proliferation and induces chemosensitization through down-regulation
of NF-kappaB and STAT3 regulated gene products in multiple myeloma cells. Br. J. Pharmacol. 2011, 164,
1506–1521. [CrossRef] [PubMed]

21. Rajendran, P.; Li, F.; Manu, K.A.; Shanmugam, M.K.; Loo, S.Y.; Kumar, A.P.; Sethi, G. gamma-Tocotrienol is
a novel inhibitor of constitutive and inducible STAT3 signalling pathway in human hepatocellular carcinoma:
Potential role as an antiproliferative, pro-apoptotic and chemosensitizing agent. Br. J. Pharmacol. 2011, 163,
283–298. [CrossRef] [PubMed]

22. Ahlemeyer, B.; Krieglstein, J. Pharmacological studies supporting the therapeutic use of Ginkgo biloba
extract for Alzheimer’s disease. Pharmacopsychiatry 2003, 36 (Suppl. 1), S8–S14. [PubMed]

23. Kuo, I.; Chen, J.; Chang, T.K. Effect of Ginkgo biloba extract on rat hepatic microsomal CYP1A activity: Role
of ginkgolides, bilobalide, and flavonols. Can. J. Physiol. Pharmacol. 2004, 82, 57–64. [CrossRef] [PubMed]

24. Han, Y. Ginkgo terpene component has an anti-inflammatory effect on Candida albicans-caused arthritic
inflammation. Int. Immunopharmacol. 2005, 5, 1049–1056. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/S1074-7613(00)80011-4
http://dx.doi.org/10.4049/jimmunol.171.7.3863
http://www.ncbi.nlm.nih.gov/pubmed/14500688
http://www.ncbi.nlm.nih.gov/pubmed/22842992
http://dx.doi.org/10.1196/annals.1378.063
http://www.ncbi.nlm.nih.gov/pubmed/17341611
http://dx.doi.org/10.1042/bj20030407
http://www.ncbi.nlm.nih.gov/pubmed/12773095
http://dx.doi.org/10.1016/j.ejca.2005.08.016
http://www.ncbi.nlm.nih.gov/pubmed/16199153
http://dx.doi.org/10.1016/j.oraloncology.2015.03.004
http://www.ncbi.nlm.nih.gov/pubmed/25817923
http://dx.doi.org/10.1099/0022-1317-83-7-1651
http://www.ncbi.nlm.nih.gov/pubmed/12075083
http://dx.doi.org/10.1182/blood-2006-04-017434
http://www.ncbi.nlm.nih.gov/pubmed/16825495
http://dx.doi.org/10.1016/j.bbcan.2013.12.005
http://www.ncbi.nlm.nih.gov/pubmed/24388873
http://dx.doi.org/10.1021/np200906s
http://www.ncbi.nlm.nih.gov/pubmed/22316239
http://dx.doi.org/10.1016/j.molonc.2014.12.008
http://www.ncbi.nlm.nih.gov/pubmed/25624051
http://dx.doi.org/10.1186/1476-4598-13-66
http://www.ncbi.nlm.nih.gov/pubmed/24655440
http://dx.doi.org/10.1111/bph.12302
http://www.ncbi.nlm.nih.gov/pubmed/23848338
http://dx.doi.org/10.1111/j.1476-5381.2011.01449.x
http://www.ncbi.nlm.nih.gov/pubmed/21506956
http://dx.doi.org/10.1111/j.1476-5381.2010.01187.x
http://www.ncbi.nlm.nih.gov/pubmed/21198544
http://www.ncbi.nlm.nih.gov/pubmed/13130383
http://dx.doi.org/10.1139/y03-133
http://www.ncbi.nlm.nih.gov/pubmed/15052306
http://dx.doi.org/10.1016/j.intimp.2005.02.002
http://www.ncbi.nlm.nih.gov/pubmed/15829420


Molecules 2017, 22, 276 15 of 16

25. Mahadevan, S.; Park, Y. Multifaceted therapeutic benefits of Ginkgo biloba L.: Chemistry, efficacy, safety, and
uses. J. Food Sci. 2008, 73, R14–R19. [CrossRef] [PubMed]

26. Mahady, G.B. Ginkgo biloba for the prevention and treatment of cardiovascular disease: A review of the
literature. J. Cardiovasc. Nurs. 2002, 16, 21–32. [CrossRef] [PubMed]

27. Yang, X.M.; Wang, Y.F.; Li, Y.Y.; Ma, H.L. Thermal stability of ginkgolic acids from Ginkgo biloba and the
effects of ginkgol C17:1 on the apoptosis and migration of SMMC7721 cells. Fitoterapia 2014, 98, 66–76.
[CrossRef] [PubMed]

28. Li, L.; Yao, Q.Q.; Xu, S.Y.; Hu, H.H.; Shen, Q.; Tian, Y.; Pan, L.Y.; Zhou, H.; Jiang, H.D.; Lu, C.; et al.
Cyclosporin A affects the bioavailability of ginkgolic acids via inhibition of P-gp and BCRP. Eur. J.
Pharm. Biopharm. 2014, 88, 759–767. [CrossRef] [PubMed]

29. Ma, J.; Duan, W.; Han, S.; Lei, J.; Xu, Q.; Chen, X.; Jiang, Z.; Nan, L.; Li, J.; Chen, K.; et al. Ginkgolic acid
suppresses the develol.pment of pancreatic cancer by inhibiting pathways driving lipogenesis. Oncotarget
2015, 6, 20993–21003. [CrossRef] [PubMed]

30. Oh, J.; Hwang, I.H.; Hong, C.E.; Lyu, S.Y.; Na, M. Inhibition of fatty acid synthase by ginkgolic acids from the
leaves of Ginkgo biloba and their cytotoxic activity. J. Enzym. Inhib. Med. Chem. 2013, 28, 565–568. [CrossRef]
[PubMed]

31. Zhou, C.; Li, X.; Du, W.; Feng, Y.; Kong, X.; Li, Y.; Xiao, L.; Zhang, P. Antitumor effects of ginkgolic
acid in human cancer cell occur via cell cycle arrest and decrease the Bcl-2/Bax ratio to induce apoptosis.
Chemotherapy 2010, 56, 393–402. [CrossRef] [PubMed]

32. Zhou, C.C.; Du, W.; Wen, Z.; Li, J.Y.; Zhang, P. [Effects of natural plant ginkgolic acids on the apoptosis of
human Hep-2 cancer cells]. Sichuan Da Xue Xue Bao Yi Xue Ban 2009, 40, 459–461. [PubMed]

33. Fukuda, I.; Ito, A.; Hirai, G.; Nishimura, S.; Kawasaki, H.; Saitoh, H.; Kimura, K.; Sodeoka, M.; Yoshida, M.
Ginkgolic acid inhibits protein SUMOylation by blocking formation of the E1-SUMO intermediate. Chem. Biol.
2009, 16, 133–140. [CrossRef] [PubMed]

34. Hirohama, M.; Kumar, A.; Fukuda, I.; Matsuoka, S.; Igarashi, Y.; Saitoh, H.; Takagi, M.; Shin-ya, K.; Honda, K.;
Kondoh, Y.; et al. Spectomycin B1 as a novel SUMOylation inhibitor that directly binds to SUMO E2.
ACS Chem. Biol. 2013, 8, 2635–2642. [CrossRef] [PubMed]

35. Kim, B.H.; Won, C.; Lee, Y.H.; Choi, J.S.; Noh, K.H.; Han, S.; Lee, H.; Lee, C.S.; Lee, D.S.; Ye, S.K.; et al.
Sophoraflavanone G induces apoptosis of human cancer cells by targeting upstream signals of STATs.
Biochem. Pharmacol. 2013, 86, 950–959. [CrossRef] [PubMed]

36. Mohan, C.D.; Bharathkumar, H.; Bulusu, K.C.; Pandey, V.; Rangappa, S.; Fuchs, J.E.; Shanmugam, M.K.;
Dai, X.; Li, F.; Deivasigamani, A.; et al. Development of a novel azaspirane that targets the Janus kinase-signal
transducer and activator of transcription (STAT) pathway in hepatocellular carcinoma in vitro and in vivo.
J. Biol. Chem. 2014, 289, 34296–34307. [CrossRef] [PubMed]

37. Kamran, M.Z.; Patil, P.; Gude, R.P. Role of STAT3 in cancer metastasis and translational advances.
BioMed Res. Int. 2013, 2013, 421821. [CrossRef] [PubMed]

38. Tremblay, M.L. On the role of tyrosine phosphatases as negative regulators of STAT signaling in breast
cancers: new findings and future perspectives. Breast Cancer Res. 2013, 15, 312. [CrossRef] [PubMed]

39. Nair, R.R.; Tolentino, J.H.; Hazlehurst, L.A. Role of STAT3 in Transformation and Drug Resistance in CML.
Front. Oncol. 2012, 2, 30. [CrossRef] [PubMed]

40. Heo, J.Y.; Kim, H.J.; Kim, S.M.; Park, K.R.; Park, S.Y.; Kim, S.W.; Nam, D.; Jang, H.J.; Lee, S.G.; Ahn, K.S.; et al.
Embelin suppresses STAT3 signaling, proliferation, and survival of multiple myeloma via the protein tyrosine
phosphatase PTEN. Cancer Lett. 2011, 308, 71–80. [CrossRef] [PubMed]

41. Park, K.R.; Yun, H.M.; Quang, T.H.; Oh, H.; Lee, D.S.; Auh, Q.S.; Kim, E.C. 4-Methoxydalbergione suppresses
growth and induces apoptosis in human osteosarcoma cells in vitro and in vivo xenograft model through
down-regulation of the JAK2/STAT3 pathway. Oncotarget 2016, 7, 6960–6971. [PubMed]

42. Hadisaputri, Y.E.; Miyazaki, T.; Suzuki, S.; Kubo, N.; Zuhrotun, A.; Yokobori, T.; Abdulah, R.; Yazawa, S.;
Kuwano, H. Molecular characterization of antitumor effects of the rhizome extract from Curcuma zedoaria
on human esophageal carcinoma cells. Int. J. Oncol. 2015, 47, 2255–2263. [CrossRef] [PubMed]

43. Baek, S.H.; Kim, C.; Lee, J.H.; Nam, D.; Lee, J.; Lee, S.G.; Chung, W.S.; Jang, H.J.; Kim, S.H.; Ahn, K.S.
Cinobufagin exerts anti-proliferative and pro-apoptotic effects through the modulation ROS-mediated
MAPKs signaling pathway. Immunopharmacol. Immunotoxicol. 2015, 37, 265–273. [CrossRef] [PubMed]

http://dx.doi.org/10.1111/j.1750-3841.2007.00597.x
http://www.ncbi.nlm.nih.gov/pubmed/18211362
http://dx.doi.org/10.1097/00005082-200207000-00004
http://www.ncbi.nlm.nih.gov/pubmed/12597260
http://dx.doi.org/10.1016/j.fitote.2014.07.003
http://www.ncbi.nlm.nih.gov/pubmed/25016955
http://dx.doi.org/10.1016/j.ejpb.2014.06.012
http://www.ncbi.nlm.nih.gov/pubmed/24980806
http://dx.doi.org/10.18632/oncotarget.3663
http://www.ncbi.nlm.nih.gov/pubmed/25895130
http://dx.doi.org/10.3109/14756366.2012.658786
http://www.ncbi.nlm.nih.gov/pubmed/22380770
http://dx.doi.org/10.1159/000317750
http://www.ncbi.nlm.nih.gov/pubmed/20948210
http://www.ncbi.nlm.nih.gov/pubmed/19627005
http://dx.doi.org/10.1016/j.chembiol.2009.01.009
http://www.ncbi.nlm.nih.gov/pubmed/19246003
http://dx.doi.org/10.1021/cb400630z
http://www.ncbi.nlm.nih.gov/pubmed/24143955
http://dx.doi.org/10.1016/j.bcp.2013.08.009
http://www.ncbi.nlm.nih.gov/pubmed/23962443
http://dx.doi.org/10.1074/jbc.M114.601104
http://www.ncbi.nlm.nih.gov/pubmed/25320076
http://dx.doi.org/10.1155/2013/421821
http://www.ncbi.nlm.nih.gov/pubmed/24199193
http://dx.doi.org/10.1186/bcr3437
http://www.ncbi.nlm.nih.gov/pubmed/23905670
http://dx.doi.org/10.3389/fonc.2012.00030
http://www.ncbi.nlm.nih.gov/pubmed/22649784
http://dx.doi.org/10.1016/j.canlet.2011.04.015
http://www.ncbi.nlm.nih.gov/pubmed/21565443
http://www.ncbi.nlm.nih.gov/pubmed/26755649
http://dx.doi.org/10.3892/ijo.2015.3199
http://www.ncbi.nlm.nih.gov/pubmed/26498695
http://dx.doi.org/10.3109/08923973.2015.1027916
http://www.ncbi.nlm.nih.gov/pubmed/25982794


Molecules 2017, 22, 276 16 of 16

44. Yu, H.; Lee, H.; Herrmann, A.; Buettner, R.; Jove, R. Revisiting STAT3 signalling in cancer: New and
unexpected biological functions. Nat. Rev. Cancer 2014, 14, 736–746. [CrossRef] [PubMed]

45. Vogel, T.P.; Milner, J.D.; Cooper, M.A. The Ying and Yang of STAT3 in Human Disease. J. Clin. Immunol. 2015,
35, 615–623. [CrossRef] [PubMed]

46. Nguyen, P.M.; Putoczki, T.L.; Ernst, M. STAT3-Activating Cytokines: A Therapeutic Opportunity for
Inflammatory Bowel Disease? J. Interferon Cytokine Res. 2015, 35, 340–350. [CrossRef] [PubMed]

47. Haghikia, A.; Ricke-Hoch, M.; Stapel, B.; Gorst, I.; Hilfiker-Kleiner, D. STAT3, a key regulator of cell-to-cell
communication in the heart. Cardiovasc. Res. 2014, 102, 281–289. [CrossRef] [PubMed]

48. Dutta, P.; Sabri, N.; Li, J.; Li, W.X. Role of STAT3 in lung cancer. JAKSTAT 2014, 3, e999503. [CrossRef]
[PubMed]

49. Bruserud, O.; Nepstad, I.; Hauge, M.; Hatfield, K.J.; Reikvam, H. STAT3 as a possible therapeutic target in
human malignancies: Lessons from acute myeloid leukemia. Expert Rev. Hematol. 2015, 8, 29–41. [CrossRef]
[PubMed]

50. Banerjee, K.; Resat, H. Constitutive activation of STAT3 in breast cancer cells: A review. Int. J. Cancer 2016,
138, 2570–2578. [CrossRef] [PubMed]

51. Geiger, J.L.; Grandis, J.R.; Bauman, J.E. The STAT3 pathway as a therapeutic target in head and neck cancer:
Barriers and innovations. Oral Oncol. 2016, 56, 84–92. [CrossRef] [PubMed]

52. Aggarwal, B.B.; Kunnumakkara, A.B.; Harikumar, K.B.; Gupta, S.R.; Tharakan, S.T.; Koca, C.; Dey, S.;
Sung, B. Signal transducer and activator of transcription-3, inflammation, and cancer: how intimate is the
relationship? Ann. N. Y. Acad. Sci. 2009, 1171, 59–76. [CrossRef] [PubMed]

53. Harada, D.; Takigawa, N.; Kiura, K. The Role of STAT3 in Non-Small Cell Lung Cancer. Cancers (Basel) 2014,
6, 708–722. [CrossRef] [PubMed]

54. Zhou, X.; Ren, Y.; Liu, A.; Han, L.; Zhang, K.; Li, S.; Li, P.; Li, P.; Kang, C.; Wang, X.; Zhang, L. STAT3 inhibitor
WP1066 attenuates miRNA-21 to suppress human oral squamous cell carcinoma growth in vitro and in vivo.
Oncol. Rep. 2014, 31, 2173–2180. [CrossRef] [PubMed]

55. Fan, L.C.; Shiau, C.W.; Tai, W.T.; Hung, M.H.; Chu, P.Y.; Hsieh, F.S.; Lin, H.; Yu, H.C.; Chen, K.F. SHP-1 is
a negative regulator of epithelial-mesenchymal transition in hepatocellular carcinoma. Oncogene 2015, 34,
5252–5263. [CrossRef] [PubMed]

56. Wang, J.; Zhang, L.; Chen, G.; Zhang, J.; Li, Z.; Lu, W.; Liu, M.; Pang, X. Small molecule 1′-acetoxychavicol
acetate suppresses breast tumor metastasis by regulating the SHP-1/STAT3/MMPs signaling pathway.
Breast Cancer Res. Treat. 2014, 148, 279–289. [CrossRef] [PubMed]

57. Al-Jamal, H.A.; Mat Jusoh, S.A.; Hassan, R.; Johan, M.F. Enhancing SHP-1 expression with 5-azacytidine
may inhibit STAT3 activation and confer sensitivity in lestaurtinib (CEP-701)-resistant FLT3-ITD positive
acute myeloid leukemia. BMC Cancer 2015, 15, 869. [CrossRef] [PubMed]

58. Bowman, T.; Garcia, R.; Turkson, J.; Jove, R. STATs in oncogenesis. Oncogene 2000, 19, 2474–2488. [CrossRef]
[PubMed]

59. Baek, S.H.; Lee, J.H.; Ko, J.H.; Lee, H.; Nam, D.; Lee, S.G.; Yang, W.M.; Um, J.Y.; Lee, J.; Kim, S.H.;
Shim, B.S.; et al. Ginkgetin Blocks Constitutive STAT3 Activation and Induces Apoptosis through Induction
of SHP-1 and PTEN Tyrosine Phosphatases. Phytother Res. 2016, 30, 567–576. [CrossRef] [PubMed]

60. Kim, S.M.; Lee, J.H.; Sethi, G.; Kim, C.; Baek, S.H.; Nam, D.; Chung, W.S.; Kim, S.H.; Shim, B.S.; Ahn, K.S.
Bergamottin, a natural furanocoumarin obtained from grapefruit juice induces chemosensitization and
apoptosis through the inhibition of STAT3 signaling pathway in tumor cells. Cancer Lett. 2014, 354, 153–163.
[CrossRef] [PubMed]

Sample Availability: Samples of the compounds are available from the authors.

© 2017 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1038/nrc3818
http://www.ncbi.nlm.nih.gov/pubmed/25342631
http://dx.doi.org/10.1007/s10875-015-0187-8
http://www.ncbi.nlm.nih.gov/pubmed/26280891
http://dx.doi.org/10.1089/jir.2014.0225
http://www.ncbi.nlm.nih.gov/pubmed/25760898
http://dx.doi.org/10.1093/cvr/cvu034
http://www.ncbi.nlm.nih.gov/pubmed/24518140
http://dx.doi.org/10.1080/21623996.2014.999503
http://www.ncbi.nlm.nih.gov/pubmed/26413424
http://dx.doi.org/10.1586/17474086.2015.971005
http://www.ncbi.nlm.nih.gov/pubmed/25374305
http://dx.doi.org/10.1002/ijc.29923
http://www.ncbi.nlm.nih.gov/pubmed/26559373
http://dx.doi.org/10.1016/j.oraloncology.2015.11.022
http://www.ncbi.nlm.nih.gov/pubmed/26733183
http://dx.doi.org/10.1111/j.1749-6632.2009.04911.x
http://www.ncbi.nlm.nih.gov/pubmed/19723038
http://dx.doi.org/10.3390/cancers6020708
http://www.ncbi.nlm.nih.gov/pubmed/24675568
http://dx.doi.org/10.3892/or.2014.3114
http://www.ncbi.nlm.nih.gov/pubmed/24676554
http://dx.doi.org/10.1038/onc.2014.445
http://www.ncbi.nlm.nih.gov/pubmed/25619838
http://dx.doi.org/10.1007/s10549-014-3165-6
http://www.ncbi.nlm.nih.gov/pubmed/25301089
http://dx.doi.org/10.1186/s12885-015-1695-x
http://www.ncbi.nlm.nih.gov/pubmed/26547689
http://dx.doi.org/10.1038/sj.onc.1203527
http://www.ncbi.nlm.nih.gov/pubmed/10851046
http://dx.doi.org/10.1002/ptr.5557
http://www.ncbi.nlm.nih.gov/pubmed/27059688
http://dx.doi.org/10.1016/j.canlet.2014.08.002
http://www.ncbi.nlm.nih.gov/pubmed/25130169
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	GAC 17:1 Selectively Exerted Cytotoxic Effects against Multiple Myeloma Cells 
	GAC 17:1 Suppressed Constitutive STAT3 Phosphorylation in U266 Cells 
	GAC 17:1 Attenuated Phosphorylation of Upstream Kinases in U266 Cells 
	GAC 17:1 Repressed Nuclear Translocation of STAT3 in U266 Cells 
	GAC 17:1 Inhibited Binding of STAT3 to the DNA 
	GAC 17:1 Decreased IL-6-Induced Phosphorylation of STAT3 in U266 Cells 
	Inhibition of STAT3 Phosphorylation by GAC 17:1 Is Reversible 
	Tyrosine Phosphatase Inhibitor Blocked the Suppression of STAT3 Phosphorylation by GAC 17:1 
	GAC 17:1 Induced the Expression of PTEN and SHP-1 in Protein and mRNA Level 
	Silencing of SHP-1 and PTEN Reversed the Effect of GAC 17:1 on STAT3 Activation 
	GAC 17:1 Caused the Accumulation of the Cells in the Sub-G1 Phase of the Cell Cycle, and Increased Annexin V Positive Cells 
	GAC 17:1 Elicited Apoptosis and Caused Loss of Mitochondrial Membrane Potential in U266 Cells 
	GAC 17:1 Suppressed the Proliferation of Multiple Myeloma Cells 
	GAC 17:1 Down-Regulated the Expression of STAT3-Regulated Gene Products 
	GAC 17:1 Induced the Cleavage of Caspase-3 and PARP 
	GAC 17:1 Inhibited pMXs-STAT3C-Induced Phosphorylation of STAT3 in MEF Cells 
	Activation of STAT3 Abolished the Apoptotic Effect of GAC 17:1 in MEF Cells 

	Discussion 
	Materials and Methods 
	Reagents 
	Cell Lines 
	Isolation of Human Peripheral Blood Mononuclear Cells (PBMCs) 
	Western Blot Analysis 
	Immunocytochemistry for STAT3 Localization 
	EMSA for STAT3-DNA Binding 
	RNA Analysis and Reverse Transcription Polymerase Chain Reaction 
	Electroporation-Mediated Transfection in U266 and MEF Cells 
	Cell Cycle Analysis 
	Annexin V assay 
	TdT-Mediated dUTP Nick end Labeling (TUNEL) Assay 
	Mitochondrial Membrane Potential 
	Live/Dead Assay 
	MTT Assay 
	Real-Time Quantitative PCR 
	Statistical Analysis 


