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Breast cancer is the most common cancer and the leading cause of cancer deaths in women worldwide. (e rising incidence rate
and female mortality make it a significant public health concern in recent years. Dovitinib is a novel multitarget receptor tyrosine
kinase inhibitor, which has been enrolled in several clinical trials in different cancers. However, its antitumor efficacy has not been
well determined in breast cancers. Our results demonstrated that dovitinib showed significant antitumor activity in human breast
cancer cell lines with dose- and time-dependent manners. Downregulation of phosphor-(p)-STAT3 and its subsequent effectors
Mcl-1 and cyclin D1 was responsible for this drug effect. Ectopic expression of STAT3 rescued the breast cancer cells from cell
apoptosis induced by dovitinib. Moreover, SHP-1 inhibitor reversed the downregulation of p-STAT3 induced by dovitinib,
indicating that SHP-1 mediated the STAT3 inhibition effect of dovitinib. In addition to apoptosis, we found for the first time that
dovitinib also activated autophagy to promote cell death in breast cancer cells. In conclusion, dovitinib induced both apoptosis
and autophagy to block the growth of breast cancer cells by regulating the SHP-1-dependent STAT3 inhibition.

1. Introduction

Breast cancer is the most common cancer in women, and the
mortality rate is in the rank of top five cancers [1]. In Taiwan,
breast cancer is also the top diagnosed cancer in women.(e
incidence rate of breast cancer keeps climbing high in the
last 30 years. (erefore, breast cancer is the critical public
health issue in recent years. It was found that epidermal
growth factor receptor- (EGFR-) positive breast cancer was
more prevalent in Asian women diagnosed than Western
women [2] and high expression of EGFR oncoprotein was
associated with advanced stages of breast cancer [3]. (e
receptors of EGFR family regulate the transcription of
molecules that control several cellular functions, including
cell proliferation, differentiation, apoptosis, invasion, and

angiogenesis [4]. (us, EGFR is one of the first identified
important targets of these novel anti-breast tumor agents in
Asia. However, treatment of EGFR inhibitors on breast
patients has been found to rapidly advance to resistance and
disease progression [5, 6], implying that more effective
therapeutic receptor tyrosine kinases (RTKs) inhibitors are
required.

Fibroblast growth factors (FGFs) and FGF receptors
(FGFRs) signaling network play essential roles to promote
angiogenesis and tumor growth by binding to tyrosine ki-
nase [7]. FGFR is reported to be overexpressed and po-
tentially promote tumor growth and invasion in patients
with breast cancer [8]. Recent studies reported that FGFR-
dependent signaling contributes to a mechanism for in-
trinsic resistance to EGFR inhibitors in EGFR-dependent
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cell lines [9, 10]. Taken together, FGFR inhibitors are
considered one of the potential RTK inhibitors that can be
used to treat patients with breast cancer.

Dovitinib (TKI258) is a small-molecule tyrosine kinase
inhibitor targeting multiple RTKs, such as FGFRs [11],
vascular endothelial growth factor receptor (VEGFR) [12],
fetal liver tyrosine kinase receptor 3 (FLT-3) [13], and
colony-stimulating factor receptor 1 (c-Fms) [14], which
participates in tumor growth, survival, angiogenesis, and
vascular development and is under clinical investigation in
different malignancies [15]. According to previous studies,
dovitinib exhibits potent tumor growth inhibition in a board
range of preclinical animal models and clinical trials, in-
cluding leukemia, advanced melanoma, endometrial cancer,
brain neoplasm, digestive system neoplasm, breast cancer,
etc. For example, dovitinib has been shown to have the
antitumor effect in endometrial cancer beyond FGFR2-
mutated cases [16]. In addition, a preclinical FGFR1-am-
plified xenograft model demonstrated that dovitinib showed
antitumor activity in FGFR-amplified breast cancer cell lines
[17]. Moreover, a phase I/II dose-escalation study revealed
that dovitinib exhibited an acceptable safety profile at a dose
of 400mg/day and showed clinical benefit by specifically
inhibiting FGFR and VEGFR in patients with advanced
melanoma [18].

Although several studies have focused on the clinical
efficacy of dovitinib in different cancers, comparatively few
reports have looked at molecular mechanisms of dovitinib
action in cancer cells, especially in breast cancer. In some
human tumor models, dovitinib was shown to inhibit the
STAT3/5, MAPK, PI3K/AKT/mTOR, and Wnt signaling
pathways [19–21]. In vivo studies using both Huh-7 and
PLC5 xenograft tumors model showed dovitinib down-
regulated phospho-(p)STAT3 and subsequently reduced the
expressions of its downstream-regulated proteins, Mcl-1,
survivin, and cyclin D1 [22]. STAT3 plays a vital role in
transcriptional regulation of genes involved in cell pro-
liferation and tumor progression triggered by cytokines and
growth factors such as EGFR and FGFR [23]. Many protein
families act as negative regulators of the STAT3 signaling
pathway, such as SH2-domain-containing cytosolic phos-
phatases, SHP-1 and SHP-2 [24]. SHP-1 belongs to a family
of nonreceptor protein tyrosine phosphatases (PTP) and
consists of 2 SH2 domains that bind phosphotyrosine, a
catalytic PTP domain and a C-terminal tail [25]. Recently,
studies identified that dovitinib acts as a SHP-1 agonist or
SHP-1 mediator that enhances activation of protein tyrosine
phosphatase SHP-1 and subsequent dephosphorylation of p-
STAT3TYR705, resulting in the downregulation of anti-
apoptotic STAT3 target genes Mcl-1 and survivin and cyclin
D1. However, dovitinib frequently reduced the activity of
these signaling pathways while tyrosine kinase receptor-
independent mechanisms of dovitinib also occur.

(e mechanism of how breast tumor-suppressive role of
dovitinib works is not fully known. Moreover, it is unclear
whether dovitinib modulation using a pharmacologically
relevant approach would yield similar activation of SHP-1
and subsequent inhibition of p-STAT3Tyr705 in breast cancer
cells. Here, we report that dovitinib-mediated breast cancer

cell death in both autophagic and apoptotic ways. To better
understand the molecular mechanism of dovitinib in breast
cancer therapy, we investigated the molecular events altered
by dovitinib treatment in various breast cancer cells.(e role
of SHP-1 activity-mediated downregulation of p-STAT3 was
also confirmed, thus providing novel mechanistic insight
into this molecular target for breast cancer.

2. Materials and Methods

2.1. Reagents andAntibodies. Dovitinib (TKI258) was kindly
provided by Novartis Pharmaceuticals. Bafilomycin A1 was
purchased from Invivogen (California, USA). (iazolyl blue
tetrazolium bromide (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphe- nyltetrazolium bromide, MTT) and acridine orange
were purchased from Sigma-Aldrich (Missouri, USA). SHP-
1 inhibitor, the STAT3-specific inhibitor, was purchased
from Merck Millipore (Massachusetts, USA). G418, being
used for selecting transformed with STAT3 plasmid cell line,
was purchased from Amresco (Ohio, USA). Antibody for
immunoblotting, such as PARP, was purchased from Santa
Cruz (Dallas, USA). Other antibodies, such as beclin 1,
cyclin D1, Mcl-1, survivin, p-STAT3Tyr705, STAT3,
SQSTM1/p62, and SHP-1, were from Cell Signaling (Mas-
sachusetts, USA).

2.2. Cell Culture. (e MCF-7, HCC1937, MDA-MB-231,
MDA-MB-468, MDA-MB-453, and SK-BR-3 cell lines were
acquired from American Type Culture Collection (Virginia,
USA). (e MDA-MB-468 with STAT3 overexpression cell
line was generously provided by Dr. Liu CY, working in
Division of Hematology and Oncology, Department of
Medicine, Taipei Veterans General Hospital (Taipei, Tai-
wan). All cell lines were immediately expanded and frozen
down immediately after acquiring. All cell lines could be
restarted every 3months from a frozen vial of the same batch
of cells. Cells except for MDA-MB-468 with STAT3 over-
expression were maintained as described culture medium by
ATCC; MDA-MB-468 with STAT3 overexpression cells was
maintained in L-15 medium with G418 700 μg/mL. All
media were supplemented with 10% FBS (Caisson, USA),
100 units/mL penicillin, 100mg/mL streptomycin, and
25mg/mL amphotericin B (Caisson, USA). All human breast
cancer cell lines were incubated in a humidified incubator at
37°C in an atmosphere of 5% CO2 in air.

2.3. Cell Viability Analysis. (e effect of individual test
agents on cell viability was assessed by using the thiazolyl
blue tetrazolium bromide (MTT). Human breast cancer
cells were seeded in the density of 3,000 cells/well with
200 μL FBS-contained cultured medium in 96-well flat-
bottom plate and incubated under 37°C and 5% CO2 for
24 hours. (e very next day, the medium with FBS was
removed and 200 μL serum-free medium with various
concentrations of dovitinib was added and dissolved in
DMSO in serum-free medium, and human breast cancer
cells were cocultured with dovitinib under 37°C and 5%
CO2 for different time intervals. Controls received DMSO
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vehicle at a concentration equal to that in the highest
dosage of drug-treated cells. After coculturing with dovi-
tinib for a period of time, 20 μL of 0.5mg/mL MTT (1/10
volume of the medium) was added and further incubated
under 37°C and 5% CO2 for 3 more hours. At the end of the
incubation period, the medium was removed and 200 μL
DMSO was added and then incubated in no-light condition
at room temperature for 15minutes with a gentle shake.
After the incubation period, the 96-well plate was measured
at a wavelength of 570 nm with background subtraction at
690 nm by using SpectraMax M5 multimode microplate
readers (Molecular Devices, USA).

2.4. Autophagy Analysis. (e following two methods were
used to assess drug-induced autophagy: western blot analysis
of microtubule-associated protein-1 light chain 3 (LC3 II)
and immunofluorescence of acridine orange. Formation of
acidic vesicular organelles (AVOs), a morphological char-
acteristic of autophagy, was detected by acridine orange
staining [26]. Cells were stained with 5mg/mL acridine
orange for 10min at room temperature, and samples were
observed under a Nikon Eclipse TS100-F fluorescence mi-
croscope (Nikon, Japan).

To quantify the percentage of cells with acidic vacuolar
organelles (red-marked cells), human breast cancer cells
treated with the indicated concentration of dovitinib were
stained with acridine orange and incubated for 10min in the
dark at room temperature. (e percentage of autophagic
cells (containing the red-marked organelle in the cytoplasm)
was analyzed with a FASCaliber flow cytometer.

2.5. Apoptosis Analysis. (e following two methods were
used to assess dovitinib-induced apoptotic cell death:
measurement of apoptotic cells by flow cytometry (sub-G1)
and western blot analysis for PARP caspases cleavage. For
measurement of sub-G1 percentage, human breast cancer
cells were treated with DMSO or dovitinib at the indicated
dose for 24 hours. (e human breast cancer cells were
harvested and washed with ice-cold phosphate-buffered
saline (PBS) solution twice. (ey were vortexed gently, and
the ice-cold 70% EtOH was added for fixation of the sample
lysate at the same time. (ey were stored at − 20°C in a
refrigerator for at least 1 day.(e pellets were resuspended in
PBS and then washed with PBS twice. Samples were in-
cubated with 10 μg/mL DNase-free RNase A (Sigma-
Aldrich, USA) and 83 μg/mL propidium iodide (Sigma-
Aldrich, USA) at 37°C for 30minutes. (e percentage of
apoptotic cells was shown by cell-cycle distribution using
flow cytometry. (e DNA content of individual cells was
analyzed with the fluorescence-activated sorter. Cells with
less DNA than that of G1/G0 cells were considered to be
apoptotic cells.

2.6. Western Blot Analysis. Cell lysates of human breast
cancer cells treated with drugs at the indicated concentration
for certain periods of time were prepared for immuno-
blotting of p-STAT3, STAT3, cyclinD1, PARP, Mcl-1,

survivin, LC3, p62, beclin 1, and α-actin. Human breast
cancer cells treated with DMSO and other various con-
centrations of drugs were collected by trypsinization with
Trypsin-EDTA solution and washed with ice-cold PBS.
(en, the human breast cancer cell pellets were resuspended
in 50–60 μL of RIPA lysis buffer (50mM Tris-HCl (pH 7.4),
0.25% sodium deoxycholate, 1% Nonidet P-40, 150mM
sodium chloride (NaCl), 1mM EDTA, 1mM PMSF, 1mM
sodium orthovanadate (Na3VO4), 1mM sodium fluoride
(NaF), 1.5 μg/ml aprotinin, 1 μg/ml leupeptin and 1 μg/ml
pepstatin) for 30minutes and vortexed gently every
10minutes. After incubation with RIPA lysis buffer, the
physical disruption method was applied for lysis of the
remaining pellets. (e sonication was proceeded with a
Misonix Sonicator S-4000 (New York, USA) as follows:
Probe sonication performed to the lysates on ice with 6
cycles of 2-second bursts and 10-second rest at burst am-
plitude setting of 10. Soluble cell lysates were collected after
centrifugation at 200g for 20minutes. (e supernatant was
collected, and the protein concentrations of the lysates were
determined by using a BCA Protein Assay Reagent ((ermo,
USA), and the absorbance was measured at 595 nm by using
SpectraMax M5 multi-mode microplate readers (Molecular
Devices, USA). (e lysates were aliquoted with 50 μg/mL in
each eppendorf with the sample buffer (0.3M Tris-HCl, 5%
SDS, 50% glycerol, 100mMdithiothreitol (DTT)) and stored
in − 80°C refrigerator. Each sample lysate was defrosted and
boiled in sample buffer at 100°C for 5–10minutes before
running the gel. (e stacking gel (DDW, 30% acrylamide,
1.0M Tris (pH 6.8), 10% SDS, 10% ammonium persulfate,
and TEMED) and 8%/12% resolving gel with DDW, 30%
acrylamide, 1.5M Tris (pH8.8), 10% SDS, 10% ammonium
persulfate, and TEMED were prepared. (e SDS-PAGE gel
was prerun at 80V for 10minutes before loading the sample
lysates. Equal amounts of protein were loaded into the wells
along with molecular weight markers, and the stacking gel
and resolving gel were run at 80V and at 140V, respectively.
(en, the protein from the gel is transferred to the PVDF
membrane (Millipore, USA) with the use of wet transfer cell
(Bio-rad, USA). (e membranes were washed twice with
TBS (0.3% (wt/vol) Tris, 0.8% (wt/vol) NaCl, and 0.02% (wt/
vol) KCl) containing 0.1% Tween 20 (TBST) and then in-
cubated with TBST containing 5% bovine serum albumin
(Sigma, USA) for 1 hour to block nonspecific antibody
binding. (en, every PVDF membrane was incubated at 4°C
overnight with a primary antibody in TBS containing 5%
bovine serum albumin. (e membranes were washed twice
with TBST and then incubated at room temperature for one
hour with horseradish peroxidase- (HRP-) conjugated goat
anti-rabbit or anti-mouse immunoglobulin G (IgG) diluted
1 :10,000 in TBS containing 5% bovine serum albumin at
room temperature. (e membranes were washed for three
times with TBST, and bound antibody was visualized by
chemiluminescent HRP substrate (Millipore, USA).

2.7. MDA-MB-468 Cells with Ectopic Expression of STAT3.
(e stable clone cells, MDA-MB-468 with STAT3 over-
expression, were prepared for evaluating the major target of
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dovitinib. MDA-MB-468 with STAT3 overexpression cells
were cultured in the presence of G418 (0.7mg/mL). MDA-
MB-468 with STAT3 overexpression cells were treated with
the indicated concentration of dovitinib for 24 hours. At the
endpoint of treatment, the cell pellets were collected and
aliquoted into two parts: one for sub-G1 population analysis
and the other for protein immunoblotting analysis.

2.8. Statistical Analysis. Data are expressed as individual
data or mean± SD. Experiments were repeated at least three
times with similar result. Analysis significance was per-
formed using the Student’s t-test (Microsoft Excel), and P-
value< 0.05 was considered significant.

3. Results

3.1. Inhibition of Human Breast Cancer Cell Viability by
Dovitinib in aDose- andTime-DependentManner. (e effect
of dovitinib on cell viability in six human breast cancer cell
lines (HCC1937, MCF-7, MDA-MB-231, MDA-MB-453,
MDA-MB-468, and SK-BR-3) was evaluated for 24 h and
48 h by MTT assays. All the optical density (OD) values of
dovitinib-treating groups were compared to the OD values
of the control group, in which there was no dovitinib added.
Dovitinib decreased the cell numbers in a dose-dependent
manner in all tested cell lines (Figure 1), displaying a minor
difference of IC50. (e inhibitory effects were similar in
HCC1937 cells (estimated IC50, 13.8± 2.1 μmole/L), MCF-
7 cells (estimated IC50, 12.7± 3.4 μmole/L), MDA-MB-
231 cells (estimated IC50, 11.9± 3.8 μmole/L), MDA-MB-
453 cells (estimated IC50, 9.7± 1.9 μmole/L), MDA-MB-
468 cells (estimated IC50, 10.1± 2.4 μmole/L), and SK-BR-
3 cells (estimated IC50, 11.7± 2.8 μmole/L). (erefore, the
susceptibility of these cancer cells to dovitinib was con-
sidered to be similar. In addition, the drug effect was per-
sistent even at 48 hours and the cell numbers reduced much
lower than that at 24 hours to reveal that dovitinib inhibited
cell growth in a time-dependent manner (Figure 1).

3.2. Dovitinib-Mediated Autophagic Cell Death and Induced
Accumulation of Autophagic Markers. Recent studies in-
dicate that chemotherapeutic drugs trigger autophagic but
not apoptotic cell death in various cancer cells [27]. (e
process of autophagy starts with the autophagosome for-
mation and subsequently fuses with an acidic lysosome to
form an autolysosome [28]. In order to verify whether
dovitinib induced the autophagic pathway, acridine orange
staining was employed to visualize acidic vesicular organ-
elles (AO-R positive cells) in control and dovitinib-treated
MCF-7 cells. As shown in Figure 2(a), dovitinib treatment
markedly elevated the amount of AO-R positive cells, in-
dicating that dovitinib induced a high basal level of auto-
phagic activities. We also evaluated the autophagic cell death
by acridine orange staining with flow cytometry in three
breast cancer cells treated with 0, 10, and 15 μmole/L
dovitinib for 24 h. As shown in Figure 2(b), the percentage of
the autophagic cell was 52.1± 2.5 and 63.9± 1.4% when
exposed to 10 and 15 μmole/L dovitinib for 24 h in MCF-

7 cells, 49.13± 2.6 and 67.2± 6.1% in MDA-MB-231 cells,
and 47.2± 1.6 and 55.4± 4.7% in MDA-MB-468 cells. (ese
results indicated that dovitinib induced the autophagy of
various breast cancer cells in a dose-dependent manner.

To obtain better insight into the mechanism of dovi-
tinib-induced autophagy, we next analyzed the effects of
dovitinib on autophagy-related proteins by western blot
analysis. As shown in Figure 2(c), the expression levels of p-
STAT3, Mcl-1, and beclin 1 was decreased significantly in
response to 5, 10, and 15 μmole/L dovitinib in both MDA-
MB-468 and MCF-7 breast cell lines. It was reported Mcl-1
could inhibit autophagy by overexpression of beclin 1 [29].
(e decreases in the expression levels of Mcl-1 and beclin 1
suggest that Mcl-1 regulates autophagy at least in part by
downregulating the activity of beclin-1. We also observed
the expression levels of the protein LC3B-I (an unprocessed
form of LC3) and the cleaved protein LC3B-II (lipidated
and autophagosome-associated form of LC3) were mark-
edly increased in both MDA-MB-468 and MCF-7 breast
cell lines following dovitinib treatment at various con-
centrations compared with the nontreated cells
(Figure 2(c)). It was noted that when the expression of Mcl-
1 was suppressed, the autophagy markers, LC3-II and p62,
also responded to the changing of Mcl-1: LC3-II expression
increased and p62 expression decreased (Figure 2(c)). In
brief, dovitinib had induced autophagy in breast cancer
cells through inhibiting STAT3/Mcl-1 axis and resulted in
the formation of autophagy.

3.3. Blocking Autophagy Reduced the Antitumor Effects of
Dovitinib. To determine the role of autophagy in dovitinib-
treated breast cells, the present study cotreated with various
concentrations of dovitinib and 20 μmole/L autophagy in-
hibitor, bafilomycin A1, in three breast cancer cells: MCF-7,
MDA-MB-231, and MDA-MB-468 cells. (e percentage of
viable cells increased in the presence of bafilomycin A1
compared to that in the absence of bafilomycin A1. How-
ever, bafilomycin A1 exhibited the maximal autophagy
inhibiting efficacy on MCF-7 cell line when compared to
those in the MDA-MB-231 and MDA-MB-468 cell lines
(Figure 3(a)). We further validated the inhibitory effects of
bafilomycin A1 on dovitinib-induced activation of LC3B by
western blotting. Bafilomycin A1 treatment reduced the
accumulation of LC3B by 15 μmol/L dovitinib in MCF-7
breast cancer cells, whereas it caused the increased accu-
mulation of LC3B inMDA-MB-468 cells (Figure 3(b)). Since
bafilomycin A1 has been reported to block the fusion of
autophagosomes with lysosomes [30], our results in-
terestingly suggest that MCF-7 cells were relatively less ac-
tivated to autophagosome marker LC3-II compared to
MDA-MB-468 cells. As a result, an autophagy inhibitor,
bafilomycin A1, blocked dovitinib-induced autophagy in
various breast cancer cells, especially MCF-7, and reduced
the anti-tumor effects of dovitinib.

3.4.DovitinibTriggeredApoptoticCellDeath inHumanBreast
Cancer Cells. Recent studies reported that dovitinib
showed antitumor activity by inhibiting cell proliferation
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and inducing apoptosis in breast and colorectal cancer cells
[31, 32]. However, accumulated studies suggest that auto-
phagy induces chemoresistance against chemotherapeutic

agents by inhibiting apoptosis of cancer cells [33]. Our prior
finding showed that dovitinib increased autophagy in various
breast cancer cells, and the antitumor effect of dovitinib could
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Figure 1: Dovitinib inhibited cell proliferation in a dose- and time-dependent manner. (e breast cancer cell lines were treated with
dovitinib at the indicated doses for 24 and 48 h, and cell viability was assessed by MTT assay. Points, mean; bars, SD (N� 3). ∗p< 0.05;
∗∗p< 0.01. (a) HCC1937. (b) MCF-7. (c) MDA-MB-231. (d) MDA-MB-453. (e) MDA-MB-468. (f ) SK-BR-3.
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be restricted by autophagic cell death. To determine whether
autophagy is associated with the suppression of dovitinib-
induced apoptotic cell death, the nucleic acid stain propidium
iodide (PI) flow cytometric assay was used for the evaluation
of the number of hypodiploid cells undergoing a late stage of
apoptosis process (sub-G1) in the present study. MCF-7,
MDA-MB-231, MDA-MB-468, and SK-BR-3 were exposed to
dovitinib at the indicated concentration for 24 hours. Dovi-
tinib increased apoptotic cell death in a dose-dependent
manner on all tested cell lines. However, the percentages of
dovitinib-induced apoptotic cells in 4 human breast cancer
cells represented a significant difference. Treating 15 μmole/L
dovitinib induced about 15%, 40%, 25%, and 17% cell apo-
ptosis at 24 h for MCF-7, MDA-MB-231, MDA-MB-468, and
SK-BR-3 cells, respectively (Figure 4). (e data clearly show
that increased dovitinib-induced autophagy led to decreased
percentages of apoptotic cells on MCF-7 cells, whereas de-
creased dovitinib-induced autophagy led to increased per-
centages of apoptotic cells on MDA-MB-468 cells. (us, we
considered that the MCF-7 and MDA-MB-468 cell lines are
better comparing the cell model in this experiment to reflect
the true dovitinib-mediated apoptotic and autophagic cell
death.

In order to provide a better understanding of the mo-
lecular mechanisms underlying dovitinib-induced apopto-
sis, the detection of apoptotic-related protein expression is
required. Incubation with dovitinib using a range of con-
centrations (5–15 μmole/L) for 24 h resulted in a gradual and
dose-dependent decrease in the level of p-STAT3Tyr705 and
the downstream targets activated by STAT3, such as cyclin
D1, and survivin in both MCF-7 and MDA-MB- 468 cells,
whereas the total STAT3 protein was not influenced (Fig-
ure 5). Meanwhile, the protein expression levels of cleaved
caspase-9 and cleaved poly (ADP-ribose) polymerase
(PARP) were markedly increased by dovitinib in a dose-

dependent manner. (ese observations suggested that
dovitinib interferes with STAT3 signaling and downstream
targets resulting in apoptosis in both MCF-7 andMDA-MB-
468 cell lines.

3.5. Overexpression of STAT3 Rescued Dovitinib-Induced
Apoptosis in Human Breast Cancer Cells. (e previous re-
search pointed out that dovitinib downregulates the p-
STAT3 and subsequently reduced the levels of expression
of STAT3-related proteins Mcl-1, survivin, and cyclin D1
in a time-dependent manner in human hepatocellular
carcinoma (HCC) [22]. In our present study, the wild and
overexpression of STAT3 MDA-MB-468 breast cancer
cells were treated with dovitinib for 24 h and cell apo-
ptosis and expression of STAT3/cyclin D1 axis were
analyzed subsequently. (e results indicated that 10 and
15 μmole/L dovitinib treatments in wild-type MDA-MB-
468 cells cause 7.8 ± 1.1% and 20.7 ± 2.8% cell apoptosis,
respectively. However, 10 and 15 μmole/L dovitinib in-
duced 8.1 ± 2.6% and 8.9 ± 2.7% apoptotic cells, re-
spectively, in overexpression of STAT3 MDA-MB-
468 cells (Figure 6). (e ratio of apoptotic cells in over-
expression of STAT3 MDA-MB-468 cells significantly
reduced after dovitinib treatment compared to that in the
wild-type MDA-MB-468 cells. Furthermore, the expres-
sion levels of the protein p-STAT3, STAT3, and cyclin D1
were markedly increased in overexpression of STAT3
MDA-MB-468 cells following dovitinib treatment at
various concentrations compared with the wild-type
MDA-MB-468 cells.

Otherwise, since STAT3 has been demonstrated to be a
target underlying dovitinib-induced cellular cytotoxicity
and apoptosis, we are also interested in that if the other
STAT3 negative regulator, SH2-domain-containing
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Figure 2: Dovitinib increased the autophagy-mediated cell death in the breast cancer cell. (a) MCF-7 cells were exposed to dovitinib
(15 μmole/L) for 24 h. Detection of autophagy was performed by staining the cells with acridine orange for 15minutes and examined by
fluorescence microscopy. AO-R indicated the formation of acidic vesicular organelles. (b) Cells were treated with dovitinib (10 and
15 μmole/L) for 24 h, and the autophagic vacuoles were analyzed by staining of acridine orange. Columns, mean; bars, SD (N� 3). ∗p< 0.05;
∗∗p< 0.01. (c) (e protein extracts from dovitinib-treated were subjected to immunoblot analysis for p-STAT3, STAT3, Mcl-1, beclin1,
LC3B, p62, and actin.
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phosphatase 1 (SHP-1), is involved in dovitinib-mediated
downregulation of STAT3/cyclin D1 axis. SHP-1 is a
nonreceptor protein tyrosine phosphatase (PTP) that no-
tably has tumor-suppressive potential due to its negative
regulation of STAT3 oncogenic signaling during tumor
progression [34, 35]. (e present study examined whether
blocking SHP-1 affected the downregulation effect of
dovitinib in the STAT3/cyclin D1 axis. As shown in Fig-
ure 7, the expression levels of p-STAT3 and cyclin D1 were
decreased in response to dovitinib. However, the expres-
sion levels of p-STAT3 and cyclin D1 were markedly in-
creased in response to dovitinib and SHP-1 inhibitor
cotreatment compared with cells treated with dovitinib
alone. Taken together, the SHP-1 inhibitor reversed the
dovitinib-induced downregulation of p-STAT3, indicating
that SHP-1 mediated the STAT3 inhibition effect of
dovitinib.

4. Discussion

In this study, we showed that dovitinib inactivates STAT3
through SHP-1 to suppress the growth of human breast
cancer via induction of both apoptosis and autophagy.
Further analysis of the mechanisms discovered that
downregulation of STAT3 and cell apoptotic status induced
by dovitinib could be reversed by inhibiting the activity of
SHP-1, the p-STAT3 phosphatase. Moreover, we also dis-
closed an interesting finding that autophagy was also in-
volved in dovitinib-mediated cell death in human breast
cancers. Decreased expression of Mcl-1, the downstream
molecule of p-STAT3, was responsible for the dovitinib-
induced autophagy since its low expression should free
beclin-1 and result in the formation of autophagosome [36].
Autophagy induced by dovitinib was confirmed to play as an
assassin to attack tumor cells when dovitinib triggered it.
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Figure 3: Blocking autophagy reduced the antitumor effects of dovitinib. (a) Cotreatment with the autophagy inhibitor, bafilomycin A1
(20 μmole/L), reduced the effect of dovitinib on cell death. Cells were treated with dovitinib at the indicated doses and/or bafilomycin A1 for
24 h. Cell viability was analyzed by MTT assay. Points, mean; bars, SD (N� 3). ∗p< 0.05; ∗∗p< 0.01. (b) MCF-7 cells were treated with
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analysis for LC3B and actin. Columns, mean; bars, SD (N� 3). ∗p< 0.05; ∗∗p< 0.01.
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(ese findings suggested that dovitinib could be a potential
target therapy reagent for use in treating human breast
cancer. In addition, the STAT3-associated molecular events
pointed out a more specific application of dovitinib.

Dovitinib has shown a significant antitumor effect on
human breast cancer cells. Dovitinib could downregulate p-
STAT3 and subsequently influence the downstream STAT3-
related proteins, such as Mcl-1 [37], PARP [38], cyclin D1 [39],
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Figure 4: Dovitinib induced apoptosis in breast cancer cells. Human breast cancer cells were exposed to dovitinib at the indicated doses for
24 h. (e cells were fixed by EtOH and stained with propidium iodide. Apoptotic cells were measured and determined by flow cytometry.
Columns, mean; bars, SD (N� 3). ∗p< 0.05; ∗∗p< 0.01. (a) MCF-7. (b) MDA-MB-231. (c) MDA-MB-468. (d) SK-BR-3.
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and survivin [40]. (ese proteins are in charge of several major
cellular events, including enhancing cell survival by apoptosis
inhibition, DNA repairing, cell cycle progression, and regulating
apoptosis [41].(ere aremany findings to prove the importance
of STAT3 signaling in carcinogenesis and have contributed to
the designs of new therapeutic targets [42, 43]. It has the ability
to control the expression of the antiapoptotic and proliferative
gene and also plays a part in creating the tumorigenic mi-
croenvironment, which is crucial for tumor progression in
several human cancers [44–46]. In human breast cancer, STAT3
is critical in survival and proliferation of tumor-correlated cells,
which are tumor-supporting cells [47] and, also, is a promoter
in the human breast progression [44] and breast tumor pro-
gression [48].Moreover, STAT3 has been proven tomediate the
EGF-stimulating growth and survival effects of human breast

cancer cells in vitro and, possibly, in vivo [49]. Clearly, this
evidence indicates STAT3 is constitutively activated in the
mammary tumors and contributes to cell transformation,
progression, and survival in human breast cancer [50, 51]. Also,
several STAT3-related proteins, such as survivin and cyclin D1,
are found overexpressed in human breast cancer tissues [52–
55]. (e complicated involvement of STAT3 and its down-
stream molecules in cell fate determination has made STAT3 a
convincible target in cancer therapy [22, 41, 56].

Dovitinib is a multitarget receptor tyrosine kinase inhibitor
and has been reported with inhibition of fibroblast growth
factor receptor (FGFR) on metastatic breast cancer patients
[17]. Most of the reports about dovitinib are focused on ex-
ploring the clinical efficacy in different cancers [57]. (ere is
little research discussing the detailedmechanism of dovitinib in
cancer cells. We have shown dovitinib had significant anti-
tumor effects in breast cancer cells with downregulation of p-
STAT3 and its related molecules to result in cell apoptosis.
Being consistent with the previous finding in hepatocellular
carcinoma [22], the intrinsic apoptotic pathway (caspase 9) was
involved in this dovitinib-mediated tumor cell death.

In addition, we firstly revealed it also caused autophagic cell
death in human breast cancer. Autophagy is a vitally catabolic
process which involves cell degradation of unneeded or dys-
functional cytosolic components with cooperation to lysosome
digestion while cells are under survival stress or starvation [58].
(e digested cellular materials will be recycled to maintain cell
survival. However, once the cells experienced over or consti-
tutively activated autophagy, the cells would be killed even-
tually, and this is the so-called autophagic programmed cell
death or autophagic death [59]. Because of the dual role of
autophagy, it becomes important in the cancer treatments
[60–62]. Our data revealed dovitinib not only triggers apoptosis
(Figure 4) but also conducts the autophagic death of human
breast cancer cells (Figure 3). By simultaneously activating two
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15 μmole/L) for 24 h. Cell extracts were subjected to immunoblot
analysis for STAT3, pSTAT3, cyclin D1, and actin.
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of these significant cell death machinery, dovitinib could ef-
fectively decrease the proliferation of cancer cells.

(ere were several researches reporting that certain
chemotherapy agents would induce autophagy, with pro-
survival or pro-death effect [63–66]. One study also de-
clared that autophagy facilitates the resistance to the breast
cancer therapeutic agent, trastuzumab [67]. Our results
showed dovitinib-induced autophagy to synergize with
apoptosis and promote cell death in human breast cancer
cells.

Shao et al. [68] also noticed that histone deacetylase
(HDAC) inhibitors, both butyrate and suberoylanilide
hydroxamic acid (SAHA), can induce apoptosis and cas-
pase-independent autophagic cell death in several human
cancer cells. HDAC is overexpressed in many cancers
[69–71] and plays a role in transcriptional regulation,
protein-DNA interaction, protein-protein interaction, and
protein stability [72]. Butyrate and SAHA were designed to
target HDAC in Shao’s study to find the induction of both
apoptosis and autophagy might serve as an efficient anti-
cancer strategy. Dovitinib could induce apoptosis in hu-
man breast cancer via regulating survivin. As for the onset
of autophagic cell death, Tai et al. noted that antitumor
agents could induce the release of beclin-1 from Mcl-1 to
induce autophagy [36]. Other reports also demonstrated
that the decreased expression of cyclin D1 triggered the
start of autophagy [73]. (erefore, it could be inferred that
the downexpression of Mcl-1 and cyclin D1 was also in-
volved in autophagic cell death in dovitinib-treated breast
cancer cells.

5. Conclusions

(e present study has proved that dovitinib induced a
significant tumor-inhibitory effect through blockade of p-
STAT3 via SHP-1 activation. Furthermore, the antitumor
effects caused by dovitinib were mainly contributed by the
activation of programmed cell death that includes both
apoptosis and autophagy. (e data represented here have
provided the evidence for tumor cytotoxic effect of dovitinib
to suggest it as a potential target for breast cancer therapy
(Figure 8).

Data Availability

(e data used to support the findings of this study are
available from the corresponding author upon request.

Conflicts of Interest

(e authors declare that they have no conflicts of interest.

Acknowledgments

(e authors thank the grant support provided by the
Ministry of Science and Technology of Taiwan, Republic of
China (MOST 107-2313-B-002-044).

References

[1] C. E. DeSantis, J. Ma, A. Goding Sauer, L. A. Newman, and
A. Jemal, “Breast cancer statistics, 2017, racial disparity in

SHP-1(inactive) SHP-1(active)

STAT3

STAT3
STAT3

STAT3

P

P

Mcl 1

Beclin 1-Mcl 1
interaction

Beclin 1

Autophagy

Survivin, cyclin D1, etc

Survival

Dovitinib (TKI-258)

Nucleus
Nucleus

Apoptosis

Transcription
STAT3

STAT3 P
P

H

H
N

N N N

N

F NH2

O

Figure 8: Proposed model of dovitinib-mediated autophagy and apoptosis with regard to the SHP-1/p-STAT3 pathway in breast cells. In
breast cancer cells, dovitinib inhibit STAT3 phosphorylation and induced autophagy, in part, via releasing of beclin 1 fromMcl-1. Dovitinib
also involved in SHP-1 activation and induced apoptotic cell death by downregulating of p-STAT3/cyclin D1 axis and increasing cleaved
PARP expression. Accordingly, the present study may provide information regarding the association of autophagy and apoptosis with
dovitinib chemotherapy in breast cancer cells, and the regulation of SHP-1/p-STAT3 pathway may be a promising strategy for treating
breast cancer cells in response to RTKs inhibitors-based drugs, such as dovitinib.

Journal of Oncology 11



mortality by state,” CA: A Cancer Journal for Clinicians,
vol. 67, no. 6, pp. 439–448, 2017.

[2] N. Pathmanathan, J.-S. Geng, W. Li et al., “Human epidermal
growth factor receptor 2 status of breast cancer patients in
Asia: results from a large, multicountry study,” Asia-Pacific
Journal of Clinical Oncology, vol. 12, no. 4, pp. 369–379, 2016.

[3] H. Masuda, D. Zhang, C. Bartholomeusz, H. Doihara,
G. N. Hortobagyi, and N. T. Ueno, “Role of epidermal growth
factor receptor in breast cancer,” Breast Cancer Research and
Treatment, vol. 136, no. 2, pp. 331–345, 2012.

[4] C. M. Connell and G. J. Doherty, “Activating HER2mutations
as emerging targets in multiple solid cancers,” ESMO Open,
vol. 2, no. 5, article e000279, 2017.

[5] D. Ercan, K. Zejnullahu, K. Yonesaka et al., “Amplification of
EGFR T790M causes resistance to an irreversible EGFR in-
hibitor,” Oncogene, vol. 29, no. 16, pp. 2346–2356, 2010.

[6] I. F. Tannock, C. M. Lee, J. K. Tunggal, D. S. M. Cowan, and
M. J. Egorin, “Limited penetration of anticancer drugs
through tumor tissue: a potential cause of resistance of solid
tumors to chemotherapy,” Clinical Cancer Research, vol. 8,
no. 3, pp. 878–884, 2002.

[7] M. Katoh, “FGFR inhibitors: effects on cancer cells, tumor
microenvironment and whole-body homeostasis (review),”
International Journal of Molecular Medicine, vol. 38, no. 1,
pp. 3–15, 2016.

[8] J. Perez-Garcia, E. Muñoz-Couselo, J. Soberino, F. Racca, and
J. Cortes, “Targeting FGFR pathway in breast cancer,” >e
Breast, vol. 37, pp. 126–133, 2018.

[9] M. T. Herrera-Abreu, A. Pearson, J. Campbell et al., “Parallel
RNA interference screens identify EGFR activation as an
escape mechanism in FGFR3-mutant cancer,” Cancer Dis-
covery, vol. 3, no. 9, pp. 1058–1071, 2013.

[10] S. A. Kono,M. E.Marshall, K. E.Ware, and L. E. Heasley, “(e
fibroblast growth factor receptor signaling pathway as a
mediator of intrinsic resistance to EGFR-specific tyrosine
kinase inhibitors in non-small cell lung cancer,” Drug Re-
sistance Updates, vol. 12, no. 4-5, pp. 95–102, 2009.

[11] S. H. Lee, D. Lopes de Menezes, J. Vora et al., “In vivo target
modulation and biological activity of CHIR-258, a multi-
targeted growth factor receptor kinase inhibitor, in colon
cancer models,” Clinical Cancer Research, vol. 11, no. 10,
pp. 3633–3641, 2005.

[12] C. Porta, P. Giglione, W. Liguigli, and C. Paglino, “Dovitinib
(CHIR258, TKI258): structure, development and preclinical
and clinical activity,” Future Oncology, vol. 11, no. 1,
pp. 39–50, 2015.

[13] D. E. Lopes de Menezes, J. Peng, E. N. Garrett et al., “CHIR-
258: a potent inhibitor of FLT3 kinase in experimental tumor
xenograft models of human acute myelogenous leukemia,”
Clinical Cancer Research, vol. 11, no. 14, pp. 5281–5291, 2005.

[14] J. Guo, P. A. Marcotte, J. O. McCall et al., “Inhibition of
phosphorylation of the colony-stimulating factor-1 receptor
(c-Fms) tyrosine kinase in transfected cells by ABT-869 and
other tyrosine kinase inhibitors,” Molecular Cancer >era-
peutics, vol. 5, no. 4, pp. 1007–1013, 2006.

[15] P. A. Renhowe, S. Pecchi, C. M. Shafer et al., “Design,
structure− activity relationships and in vivo characterization of
4-Amino-3-benzimidazol-2-ylhydroquinolin-2-ones: a novel
class of receptor tyrosine kinase inhibitors,” Journal of Me-
dicinal Chemistry, vol. 52, no. 2, pp. 278–292, 2009.

[16] G. E. Konecny, T. Kolarova, N. A. O’Brien et al., “Activity of
the fibroblast growth factor receptor inhibitors dovitinib
(TKI258) and NVP-BGJ398 in human endometrial cancer

cells,” Molecular Cancer >erapeutics, vol. 12, no. 5,
pp. 632–642, 2013.

[17] F. Andre, T. Bachelot, M. Campone et al., “Targeting FGFR
with dovitinib (TKI258): preclinical and clinical data in breast
cancer,” Clinical Cancer Research, vol. 19, no. 13, pp. 3693–
3702, 2013.

[18] K. B. Kim, J. Chesney, D. Robinson, H. Gardner, M. M. Shi,
and J. M. Kirkwood, “Phase I/II and pharmacodynamic study
of dovitinib (TKI258), an inhibitor of fibroblast growth factor
receptors and VEGF receptors, in patients with advanced
melanoma,” Clinical Cancer Research, vol. 17, no. 23,
pp. 7451–7461, 2011.

[19] H. J. Chon, Y. Lee, K. J. Bae, B. J. Byun, S. A. Kim, and J. Kim,
“Traf2- and Nck-interacting kinase (TNIK) is involved in the
anti-cancer mechanism of dovitinib in human multiple
myeloma IM-9 cells,” Amino Acids, vol. 48, no. 7,
pp. 1591–1599, 2016.

[20] C. Zang, J. Eucker, P. Habbel et al., “Targeting multiple ty-
rosine kinase receptors with Dovitinib blocks invasion and the
interaction between tumor cells and cancer-associated fi-
broblasts in breast cancer,” Cell Cycle, vol. 14, no. 8,
pp. 1291–1299, 2015.

[21] A. Chase, F. H. Grand, and N. C. P. Cross, “Activity of TKI258
against primary cells and cell lines with FGFR1 fusion genes
associated with the 8p11 myeloproliferative syndrome,”
Blood, vol. 110, no. 10, pp. 3729–3734, 2007.

[22] W.-T. Tai, A.-L. Cheng, C.-W. Shiau et al., “Dovitinib induces
apoptosis and overcomes sorafenib resistance in hepatocel-
lular carcinoma through SHP-1-mediated inhibition of
STAT3,” Molecular Cancer >erapeutics, vol. 11, no. 2,
pp. 452–463, 2012.

[23] E. Z. P. Chai, M. K. Shanmugam, F. Arfuso et al., “Targeting
transcription factor STAT3 for cancer prevention and ther-
apy,” Pharmacology &>erapeutics, vol. 162, pp. 86–97, 2016.

[24] Z. Zhang, K. Shen, W. Lu, and P. A. Cole, “(e role of
C-terminal tyrosine phosphorylation in the regulation of
SHP-1 explored via expressed protein ligation,” Journal of
Biological Chemistry, vol. 278, no. 7, pp. 4668–4674, 2003.

[25] T. T. Huang, J. C. Su, C. Y. Liu, C. W. Shiau, and K. F. Chen,
“Alteration of SHP-1/p-STAT3 signaling: a potential target
for anticancer therapy,” International Journal of Molecular
Sciences, vol. 18, no. 6, p. E1234, 2017.

[26] C.W. Elston and I. O. Ellis, “Pathological prognostic factors in
breast cancer. I. (e value of histological grade in breast
cancer: experience from a large study with long-term follow-
up,” Histopathology, vol. 19, no. 5, pp. 403–410, 1991.

[27] A. Elliott and J. J. Reiners, “Suppression of autophagy en-
hances the cytotoxicity of the DNA-damaging aromatic amine
p-anilinoaniline,” Toxicology and Applied Pharmacology,
vol. 232, no. 2, pp. 169–179, 2008.

[28] L. Yu, Y. Chen, and S. A. Tooze, “Autophagy pathway: cellular
and molecular mechanisms,” Autophagy, vol. 14, no. 2,
pp. 207–215, 2018.

[29] M. C. Maiuri, G. Le Toumelin, A. Criollo et al., “Functional
and physical interaction between Bcl-XL and a BH3-like
domain in Beclin-1,” >e EMBO Journal, vol. 26, no. 10,
pp. 2527–2539, 2007.

[30] J. J. Shacka, B. J. Klocke, and K. A. Roth, “Autophagy, bafi-
lomycin and cell death: the “A-B-Cs” of plecomacrolide-in-
duced neuroprotection,” Autophagy, vol. 2, no. 3,
pp. 228–230, 2006.

[31] S. Gaur, L. Chen, V. Ann et al., “Dovitinib synergizes with
oxaliplatin in suppressing cell proliferation and inducing

12 Journal of Oncology



apoptosis in colorectal cancer cells regardless of RAS-RAF
mutation status,”Molecular Cancer, vol. 13, no. 1, p. 21, 2014.

[32] A. Issa, J. W. Gill, M. R. Heideman et al., “Combinatorial
targeting of FGF and ErbB receptors blocks growth and
metastatic spread of breast cancer models,” Breast Cancer
Research, vol. 15, no. 1, p. R8, 2013.

[33] Y. H. Chiu, S. H. Hsu, H. W. Hsu et al., “Human non-small
cell lung cancer cells can be sensitized to camptothecin by
modulating autophagy,” International Journal of Oncology,
vol. 53, no. 5, pp. 1967–1979, 2018.

[34] P. Lopez-Ruiz, J. Rodriguez-Ubreva, A. Ernesto Cariaga,
M. Alicia Cortes, and B. Colas, “SHP-1 in cell-cycle regula-
tion,” Anti-Cancer Agents in Medicinal Chemistry, vol. 11,
no. 1, pp. 89–98, 2011.

[35] A. Witkiewicz, P. Raghunath, A. Wasik et al., “Loss of SHP-1
tyrosine phosphatase expression correlates with the advanced
stages of cutaneous T-cell lymphoma,” Human Pathology,
vol. 38, no. 3, pp. 462–467, 2007.

[36] W.-T. Tai, C.-W. Shiau, H.-L. Chen et al., “Mcl-1-dependent
activation of Beclin 1 mediates autophagic cell death induced
by sorafenib and SC-59 in hepatocellular carcinoma cells,”
Cell Death & Disease, vol. 4, no. 2, p. e485, 2013.

[37] S. Bhattacharya, R. M. Ray, and L. R. Johnson, “STAT3-
mediated transcription of Bcl-2, Mcl-1 and c-IAP2 prevents
apoptosis in polyamine-depleted cells,” Biochemical Journal,
vol. 392, no. 2, pp. 335–344, 2005.

[38] A. H. Boulares, A. G. Yakovlev, V. Ivanova et al., “Role of poly
(ADP-ribose) polymerase (PARP) cleavage in apoptosis,”
Journal of Biological Chemistry, vol. 274, no. 33, pp. 22932–
22940, 1999.

[39] D. Sinibaldi, W. Wharton, J. Turkson, T. Bowman,
W. J. Pledger, and R. Jove, “Induction of p21WAF1/CIP1 and
cyclin D1 expression by the Src oncoprotein in mouse fi-
broblasts: role of activated STAT3 signaling,” Oncogene,
vol. 19, no. 48, pp. 5419–5427, 2000.

[40] T. Gritsko, A.Williams, J. Turkson et al., “Persistent activation
of STAT3 signaling induces survivin gene expression and
confers resistance to apoptosis in human breast cancer cells,”
Clinical Cancer Research, vol. 12, no. 1, pp. 11–19, 2006.

[41] H. Xiong, Z.-G. Zhang, X.-Q. Tian et al., “Inhibition of JAK1,
2/STAT3 signaling induces apoptosis, cell cycle arrest, and
reduces tumor cell invasion in colorectal cancer cells,” Neo-
plasia, vol. 10, no. 3, pp. 287–297, 2008.

[42] N. Jing and D. J. Tweardy, “Targeting STAT3 in cancer
therapy,” Anti-Cancer Drugs, vol. 16, no. 6, pp. 601–607, 2005.

[43] R. J. Leeman, V. W. Y. Lui, and J. R. Grandis, “STAT3 as a
therapeutic target in head and neck cancer,” Expert Opinion
on Biological >erapy, vol. 6, no. 3, pp. 231–241, 2006.

[44] N. Li, S. I. Grivennikov, and M. Karin, “(e unholy trinity:
inflammation, cytokines, and STAT3 shape the cancer mi-
croenvironment,” Cancer Cell, vol. 19, no. 4, pp. 429–431,
2011.

[45] J. Bollrath and F. R. Greten, “IKK/NF-κB and STAT3 path-
ways: central signalling hubs in inflammation-mediated tu-
mour promotion and metastasis,” EMBO Reports, vol. 10,
no. 12, pp. 1314–1319, 2009.

[46] S. Pensa, C. J. Watson, and V. Poli, “STAT3 and the in-
flammation/acute phase response in involution and breast
cancer,” Journal of Mammary Gland Biology and Neoplasia,
vol. 14, no. 2, pp. 121–129, 2009.

[47] J. Zhou, J. Wulfkuhle, H. Zhang et al., “Activation of the
PTEN/mTOR/STAT3 pathway in breast cancer stem-like cells
is required for viability and maintenance,” Proceedings of the

National Academy of Sciences, vol. 104, no. 41, pp. 16158–
16163, 2007.

[48] R. Behera, V. Kumar, K. Lohite, S. Karnik, and G. C. Kundu,
“Activation of JAK2/STAT3 signaling by osteopontin pro-
motes tumor growth in human breast cancer cells,” Carci-
nogenesis, vol. 31, no. 2, pp. 192–200, 2010.

[49] R. Garcia, T. L. Bowman, G. Niu et al., “Constitutive acti-
vation of STAT3 by the Src and JAK tyrosine kinases par-
ticipates in growth regulation of human breast carcinoma
cells,” Oncogene, vol. 20, no. 20, pp. 2499–2513, 2001.

[50] C. Watson and W. Miller, “Elevated levels of members of the
STAT family of transcription factors in breast carcinoma
nuclear extracts,” British Journal of Cancer, vol. 71, no. 4,
pp. 840–844, 1995.

[51] R. Garcia, C. L. Yu, A. Hudnall et al., “Constitutive activation
of STAT3 in fibroblasts transformed by diverse oncoproteins
and in breast carcinoma cells,” Cell Growth & Differentiation:
>e Molecular Biology Journal of the American Association for
Cancer Research, vol. 8, no. 12, pp. 1267–1276, 1997.

[52] C. J. Ormandy, E. A. Musgrove, R. Hui, R. J. Daly, and
R. L. Sutherland, “Cyclin D1, EMS1 and 11q13 amplification
in breast cancer,” Breast Cancer Research and Treatment,
vol. 78, no. 3, pp. 323–335, 2003.

[53] K. Tanaka, S. Iwamoto, G. Gon, T. Nohara, M. Iwamoto, and
N. Tanigawa, “Expression of survivin and its relationship to
loss of apoptosis in breast carcinomas,” Clinical Cancer Re-
search, vol. 6, no. 1, pp. 127–134, 2000.

[54] S. M. Kennedy, L. O’Driscoll, R. Purcell et al., “Prognostic
importance of survivin in breast cancer,” British Journal of
Cancer, vol. 88, no. 7, pp. 1077–1083, 2003.

[55] N. Diaz, S. Minton, C. Cox et al., “Activation of STAT3 in
primary tumors from high-risk breast cancer patients is as-
sociated with elevated levels of activated SRC and survivin
expression,” Clinical Cancer Research, vol. 12, no. 1, pp. 20–28,
2006.

[56] H. Xin, C. Zhang, A. Herrmann, Y. Du, R. Figlin, and H. Yu,
“Sunitinib inhibition of STAT3 induces renal cell carcinoma
tumor cell apoptosis and reduces immunosuppressive cells,”
Cancer Research, vol. 69, no. 6, pp. 2506–2513, 2009.

[57] Y. J. Choi, H. S. Kim, S. H. Park et al., “Phase II study of
dovitinib in patients with castration-resistant prostate cancer
(KCSG-GU11-05),” Cancer Research and Treatment, vol. 50,
no. 4, pp. 1252–1259, 2018.

[58] J. D. Rabinowitz and E. White, “Autophagy and metabolism,”
Science, vol. 330, no. 6009, pp. 1344–1348, 2010.

[59] A. L. Anding and E. H. Baehrecke, “Autophagy in cell life and
cell death,” Current Topics in Developmental Biology, vol. 114,
pp. 67–91, 2015.

[60] Y. Kondo and S. Kondo, “Autophagy and cancer therapy,”
Autophagy, vol. 2, no. 2, pp. 85–90, 2006.

[61] Z. J. Yang, C. E. Chee, S. Huang, and F. A. Sinicrope, “(e role
of autophagy in cancer: therapeutic implications,” Molecular
Cancer >erapeutics, vol. 10, no. 9, pp. 1533–1541, 2011.

[62] Y. Kondo, T. Kanzawa, R. Sawaya, and S. Kondo, “(e role of
autophagy in cancer development and response to therapy,”
Nature Reviews Cancer, vol. 5, no. 9, pp. 726–734, 2005.

[63] W. Bursch, A. Ellinger, H. Kienzl et al., “Active cell death
induced by the anti-estrogens tamoxifen and ICI 164 384 in
human mammary carcinoma cells (MCF-7) in culture: the
role of autophagy,” Carcinogenesis, vol. 17, no. 8, pp. 1595–
1607, 1996.

[64] T. Kanzawa, I. M. Germano, T. Komata, H. Ito, Y. Kondo, and
S. Kondo, “Role of autophagy in temozolomide-induced

Journal of Oncology 13



cytotoxicity for malignant glioma cells,” Cell Death & Dif-
ferentiation, vol. 11, no. 4, pp. 448–457, 2004.

[65] S. Paglin, T. Hollister, T. Delohery et al., “A novel response of
cancer cells to radiation involves autophagy and formation of
acidic vesicles,” Cancer Research, vol. 61, no. 2, pp. 439–444,
2001.

[66] T. Kanzawa, Y. Kondo, H. Ito, S. Kondo, and I. Germano,
“Induction of autophagic cell death in malignant glioma cells
by arsenic trioxide,” Cancer Research, vol. 63, no. 9,
pp. 2103–2108, 2003.

[67] A. Vazquez-Martin, C. Oliveras-Ferraros, and J. A. Menendez,
“Autophagy facilitates the development of breast cancer re-
sistance to the anti-HER2 monoclonal antibody trastuzumab,”
PLoS One, vol. 4, no. 7, Article ID e6251, 2009.

[68] Y. Shao, Z. Gao, P. A. Marks, and X. Jiang, “Apoptotic and
autophagic cell death induced by histone deacetylase in-
hibitors,” Proceedings of the National Academy of Sciences,
vol. 101, no. 52, pp. 18030–18035, 2004.

[69] B. H. Huang, M. Laban, C. H.-W. Leung et al., “Inhibition of
histone deacetylase 2 increases apoptosis and p21Cip1/WAF1
expression, independent of histone deacetylase 1,” Cell Death
& Differentiation, vol. 12, no. 4, pp. 395–404, 2005.

[70] J. Song, J. H. Noh, J. H. Lee et al., “Increased expression of
histone deacetylase 2 is found in human gastric cancer,”
APMIS, vol. 113, no. 4, pp. 264–268, 2005.

[71] J.-H. Choi, H. J. Kwon, B.-I. Yoon et al., “Expression profile of
histone deacetylase 1 in gastric cancer tissues,” Japanese
Journal of Cancer Research, vol. 92, no. 12, pp. 1300–1304,
2001.

[72] S. Ropero and M. Esteller, “(e role of histone deacetylases
(HDACs) in human cancer,”Molecular Oncology, vol. 1, no. 1,
pp. 19–25, 2007.

[73] N. E. Brown, R. Jeselsohn, T. Bihani et al., “Cyclin D1 activity
regulates autophagy and senescence in the mammary epi-
thelium,” Cancer Research, vol. 72, no. 24, pp. 6477–6489,
2012.

14 Journal of Oncology


