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Abstract

Kallistatin is an endogenous protein that regulates differential signaling pathways and biological 

functions. Our previous studies showed that kallistatin gene therapy inhibited angiogenesis, tumor 

growth and metastasis in mice, and kallistatin protein suppressed Wnt-mediated growth, migration 

and invasion by blocking Wnt/β-catenin signaling pathway in breast cancer cells. In this study, we 

show that kallistatin reduced cell viability, and increased apoptotic cell death and caspase-3 

activity in MDA-MB-231 breast cancer cells. Kallistatin also induced cancer cell autophagy, as 

evidenced by increased LC3B levels and elevated Atg5 and Beclin-1 expression; however, co-

administration of Wnt or PPARγ antagonist GW9662 abolished these effects. Moreover, kallistatin 

via its heparin-binding site antagonized Wnt3a-induced cancer cell proliferation and increased 

PPARγ expression. Kallistatin inhibited oncogenic miR-21 synthesis associated with reduced Akt 

phosphorylation and Bcl-2 synthesis, but increased BAX expression. Kallistatin via PKC-ERK 

activation reduced miR-203 levels, leading to increased expression of suppressor of cytokine 

signaling 3 (SOCS3), a tumor suppressor. Conversely, kallistatin stimulated expression of the 

tumorigenic suppressors miR-34a and p53. Kallistatin’s active site is essential for suppressing 

miR-21 and miR-203, and stimulating miR-34a and SOCS3 expression. This is the first study to 

demonstrate that kallistatin’s heparin-binding site is essential for inhibiting Wnt-mediated effects, 

and its active site plays a key role in regulating miR-21, miR-203, miR-34a and SOCS3 synthesis 

in breast cancer cells. These findings reveal novel mechanisms of kallistatin in inducing apoptosis 

and autophagy in breast cancer cells, thus inhibiting tumor progression by regulation of Wnt/

PPARγ signaling, as well as miR-21, miR-203 and miR-34a synthesis.
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1. Introduction

Breast cancer is a common malignancy and the second leading cause of cancer mortality in 

women [1]. The major treatment for breast cancer is surgery and postoperative adjuvant 

chemotherapy. However, the prognosis remains poor for a significant population of patients 

due to the adverse side effects of chemotherapy and drug resistance [2–4]. Recently, 

numerous evidences have indicated that microRNAs (miRNAs) are key players in cancer 

biology [5]. miRNAs are endogenous non-coding RNA molecules that regulate one-third of 

all human protein-coding genes and affect a wide variety of biological processes, including 

proliferation, differentiation, cell fate determination, apoptosis, organ injury and cancer 

[6,7]. miR-21 is one of the most common miRNAs associated with cancer patient outcome 

and has emerged as a novel molecular target for cancer therapy [8]. Indeed, the oncogenic 

miR-21 is overexpressed in many types of tumors [9]. In breast cancer, miR-21 is 

significantly increased and associated with patients’ poor survival [10,11]. Bcl-2, a key 

regulator of apoptosis in many types of human tumors, is positively regulated by miR-21 

[12]. Moreover, miR-203 was found to be overexpressed in human breast cancer, while 

knockdown of miR-203 sensitized MCF-7 breast cancer cells to cisplatin-mediated apoptotic 

cell death by up-regulation of suppressor of cytokine signaling 3 (SOCS3) [13]. Conversely, 

miR-34a is a critical tumor suppressor in many types of cancers, including breast cancer 

[14–17]. miR-34a, which is regulated by the p53 network, is remarkably diminished in many 

types of human cancers [14,18]. Overexpression of miR-34a in breast cancer cells induced 

cell apoptosis and inhibited cell proliferation and migration by targeting Bcl-2 and various 

cyclins [17–19]. These findings indicate that miR-21, miR-203 and miR-34a play a vital role 

in cancer progression, either as an oncogene or a tumor suppressor.

Kallistatin, discovered in human plasma, is a tissue kallikrein-binding protein (KBP) and a 

unique serine proteinase inhibitor [20–22]. Plasma levels of kallistatin are reduced in 

patients with sepsis, liver disease and obesity [23,24]. Kallistatin gene or protein 

administration exerts multi-factorial properties by inhibiting inflammation, angiogenesis, 

oxidative stress, apoptosis, tumor growth and metastasis in animal models and cultured cells 

[25–32]. Local administration of the human kallistatin gene reduced breast tumor growth 

and angiogenesis in nude mice via antagonizing VEGF-mediated cell proliferation, 

migration and invasion of cultured endothelial cells [26,27]. Systemic injection of lenti-virus 

carrying the human kallistatin gene dramatically decreased cancer metastasis into lungs in 

association with reduced angiogenesis and inflammation, and enhanced survival of tumor-

bearing mice [32]. SPTBN1 (β II-spectrin) has been shown to suppress the progression of 

hepatocellular carcinoma and Wnt signaling by regulation of kallistatin [33]. Moreover, 

kallistatin antagonizes the Wnt3a signaling pathway by forming a complex with Wnt co-

receptor low-density lipoprotein receptor 6 (LRP6) in breast cancer cells [34]. Thus, 

kallistatin is capable of inhibiting Wnt-induced motility and invasion of breast cancer cells 

[34]. Furthermore, kallistatin (KBP) induced apoptotic cell death in human colorectal cancer 

cells [35]. As miR-21, miR-203 and miR-34a have been shown to play crucial roles in 

promoting or inhibiting tumor development, the aim of this study was to investigate potential 

mechanisms of kallistatin in programmed cell death by modulation of these miRNAs in 

breast cancer cells.
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2. Materials and methods

2.1. Purification and characterization of recombinant human kallistatin

Recombinant human kallistatin was secreted into the serum-free medium of cultured human 

embryonic kidney cells (HEK293T). Cultured medium was then concentrated by ammonium 

sulfate precipitation followed by nickel-affinity chromatography [36]. Recombinant wild-

type, heparin-binding site mutant and active site mutant kallistatin were expressed in 

Escherichia coli and purified as described [37]. The purity and identity of human kallistatin 

were verified by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 

and western blot using a specific monoclonal antibody [23,36].

2.2. Cell culture and treatment

Human MDA-MB-231 breast cancer cells were maintained at 37°C in a humidified 

atmosphere of 5% CO2 in 95% air, and grown in 1640 medium supplemented with 100 

U/mL of penicillin, 100 g/mL of streptomycin and 10% fetal bovine serum. For protein 

expression studies, cells were starved overnight and treated with 1 µM kallistatin or media 

alone for 24 h. Phospho-Akt (Cell Signaling, Danvers, MA) was determined by western blot. 

For mRNA and miRNA expression, cells were starved overnight and treated with 1 µM 

kallistatin or media alone for 12 h. Total RNA was then extracted. The mRNA levels of 

Bcl-2, BAX, p53, Atg5 and Beclin-1, and miRNA levels of miR-21 and miR-34a were 

measured by real-time reverse transcription-polymerase chain reaction (RT-PCR). To 

determine the role of Wnt3a or PPARγ antagonist GW9662 (R&D systems, Minneapolis, 

MN) on kallistatin-mediated effect on PPARγ or autophagy-related gene expression, cells 

were pretreated with Wnt3a (200 ng/ml) or PPARγ antagonist GW9662 (10 µM) for 30 min 

and further incubated with 1 µM kallistatin or media alone for 24 h. Total RNA was then 

extracted. The mRNA levels of PPARγ, Atg5 and Beclin-1 were measured by real-time RT-

PCR. To determine the effect of chelerythrine, a protein kinase C (PKC) inhibitor, on 

kallistatin-mediated phospho-ERK activation and levels of SOCS3 and miR-203, cells were 

starved overnight and pretreated with chelerythrine (1 µM) for 30 min followed by 

stimulation with 1 µM kallistatin for 12 or 24 h. Levels of SOCS3 and miR-203 were 

measured by real-time RT-PCR. Phospho-ERK was determined by western blot. The role of 

kallistatin’s active site in kallistatin-mediated apoptosis-related gene expression was also 

evaluated by starving cells overnight and incubating with 2 µM wild-type kallistatin, 

heparin-binding site mutant kallistatin or active site mutant kallistatin in the presence of 

polymyxin B (10 µg/ml) for 12 h. Total RNA was extracted and levels of PPARγ, miR-21, 

miR-203, miR-34a and SOCS3 were measured by real-time RT-PCR.

2.3. Cell viability assay

Cell viability was determined using 3-[4,5-dimethylthiazol-2-yl]-2,5-dephenyl tetrazolium 

bromide (MTT; Sigma Chemical Co., St Louis, MO) assay. Cells were seeded in 96-well 

plates and treated with different concentrations of kallistatin (0.5, 1 and 2 µM) for 72 h. 

Each well was supplemented with 20 µl of 5 mg/mL MTT and incubated for 4 h. The 

medium was then removed and the MTT formazan was solubilized with 150 µl DMSO. The 

optical density was measured at 490 nm using a microplate ELISA reader. The experiment 

was repeated twice and each experiment had five replicate wells. For 5-bromo-20-
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deoxyuridine (BrdU) assay, MDA-MB-231 cells were serum-deprived, pretreated with 2 µM 

wild-type kallistatin, heparin-binding site mutant kallistatin or active site mutant kallistatin 

in the presence of polymyxin B (10 µg/ml) for 30 min, and then cultured with Wnt3a (200 

ng/ml) for another 24 h. BrdU colorimetric assay was performed according to the 

manufacturer’s instructions (Roche Applied Science, Indianapolis, IN).

2.4. Apoptosis assay by Hoechst 33342 and TUNEL staining

MDA-MB-231 cells were treated with different concentrations of kallistatin (1 and 2 µM) 

for 48 h. Following treatment, the cells were incubated with 1 µg/mL Hoechst 33342 for 15 

min at 37 °C and examined by fluorescence microscopy. TUNEL staining was performed 

using a TUNEL kit according to the manufacturer’s instructions (Roche, Indianapolis, IN).

2.5. Caspase-3 activity assay

Caspase-3 activity was determined with a caspase-3 colorimetric activity assay kit (EMD 

Millipore Corporation, Temecula, CA) according to the manufacturer’s instructions. Briefly, 

cells were treated with 1 µM kallistatin for 72 h and lysed in lysis buffer (50 mM HEPES, 

pH 7.4, 100 mM NaCl, 0.1% CHAPS, 1 mM dithiothreitol, 0.1 mM EDTA) on ice for 10 

min, then centrifuged for collection of the supernatants. Supernatants were transferred to a 

fresh tube and the protein concentration for each sample was measured. Equal volumes of 

the lysates were incubated with assay mixture (including colorimetric substrate) at 37 °C for 

1 h. The fluorescent intensity (405 nm) was recorded.

2.6. Immunofluorescence staining

Primary antibody for LC3B (Cell Signaling, Danvers, MA) was used to detect its protein 

levels with fluorescence microscopy. Briefly, cells were grown and treated with kallistatin (1 

µM) for 48 h. At the end of treatment, cells were fixed with 4% formaldehyde diluted in 

PBS for 15 min at room temperature. Cells were then permeabilized with 0.2% Triton X-100 

and blocked with 3% BSA in PBS for 1 h at room temperature, followed by incubation with 

primary antibody overnight at 4 °C. At the end of incubation, cells were rinsed three times 

with PBS and incubated with fluorochrome-conjugated secondary antibody (1:400) for 2 h 

at room temperature in the dark. Cells were then washed with PBS and observed under a 

fluorescence microscope.

2.7. Real-time RT-PCR

Total RNA was extracted from cells with TRIzol Reagent (Invitrogen, Calsbad, CA) 

following the manufacturer’s protocol. cDNA was synthesized with High Capacity cDNA 

Reverse Transcription Kit or MicroRNA Reverse Transcription Kit (Applied Biosystems, 

Foster City, CA) according to the manufacturer’s instructions. Quantitative real-time PCR 

was performed by Prism 7300 Real Time PCR System (Applied Biosystems) using TaqMan 

Gene Expression Master Mix (Applied Biosystems) in a final reaction volume of 20 µl with 

each primer. The following human primers were purchased from Applied Biosystems: 18S 

(Hs 99999901_sl), tp53 (Hs01034249_m1), Bcl-2 (Hs00236808_s1), BAX 

(Hs00180269_m1), Atg5 (Hs00169468_m1), Beclin-1 (Hs00387943_m1), PPARγ 
(Hs00234592_m1), SOCS3 (Hs02330328_s1), U6 snRNA (001973), hsa-miR-203b-3p 
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(464535-mat), hsa-miR-34a-3p (002316), and hsa-miR-21-3p (002438). A negative control 

without cDNA did not produce any amplicons. Data were analyzed with 2−ΔΔCt value 

calculation using 18S or U6 RNA for normalization.

2.8. Western blot analysis

Cells were lysed with ice-cold RIPA lysis buffer. All lysed samples were kept on ice for 30 

min and centrifuged for 10 min at 4 °C at 12,000 g. The supernatant was collected and 

stored at −20 °C until further analysis. Cell lysates were subjected to 10% SDS-PAGE and 

transferred onto a polyvinylidene difluoride membrane. The membranes were blocked with 

7% milk in TBST (20 mM Tris, 500 mM NaCl, and 0.1% Tween 20) for 1 h. After washing 

with TBST twice, membranes were incubated with primary antibody overnight at 4 °C. The 

following primary antibodies were used: polyclonal anti-phospho-p44/42 MAPK (ERK1/2), 

polyclonal anti-p44/42 MAPK (ERK1/2), monoclonal anti-phospho-Akt, and monoclonal 

anti-Akt (Cell Signaling, Boston, MA). The membranes were washed twice with TBST and 

incubated with HRP conjugated secondary antibody in blocking buffer for 1 h. After 

washing three times with TBST, immunoreactive bands were visualized by incubation with 

ECL plus detection reagents (GE Healthcare, Waukesha, WI) for 5 min and exposed to 

BioMax light film (Thermo Scientific, Waltham, MA). The densitometry of bands was 

quantified with ImageJ2 software.

2.9. Statistical analysis

Data are expressed as mean ± standard error of the mean (SE). Statistical significance was 

determined by analysis of variance (ANOVA) with Fisher’s probability least-squares 

difference test or Student’s t-test using GraphPad Prism software. A value of P < 0.05 was 

considered statistically significant.

3. Results

3.1. Kallistatin reduces viability and increases apoptotic cell death in breast cancer cells

Human kallistatin protein inhibited the growth of MDA-MB-231 breast cancer cells, as 

determined by MTT assay. Kallistatin at concentrations at 0.5, 1, and 2 µM dose-

dependently reduced cell viability to 87.8 ± 2.5%, 76.7 ± 1.7% and 68.1 ± 2.1% of the 

control group, respectively (P < 0.05; Fig. 1A). Representative images by Hoechst 33342 

and TUNEL staining showed that kallistatin at 1 µM and 2 µM increased apoptotic cell death 

of breast cancer cells (Fig. 1B). Quantitative analysis confirmed these findings (Fig. 1C and 

D). Moreover, kallistatin treatment (1 µM) significantly augmented caspase-3 activity (1.7 

± 0.1 fold, n = 3, P < 0.05; Fig. 1E). These results indicate that kallistatin is capable of 

reducing the viability and inducing apoptosis of breast cancer cells.

3.2. Kallistatin induces autophagy in breast cancer cells

Since recent evidences have highlighted the important role of autophagy in breast cancer 

development [38], we next determined the effect of kallistatin on autophagy in MDA-

MB-231 cells. Representative immunostaining showed that kallistatin (1 µM) significantly 

increased levels of the autophagy marker LC3B, which was confirmed by quantitative 

analysis (Fig. 2A). Moreover, kallistatin significantly increased expression of the autophagy 
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gene markers Atg5 and Beclin-1 (1.6 ± 0.1 and 1.6 ± 0.1 fold, respectively; n = 3–6, P < 

0.05), but the effect was blocked by pretreatment with Wnt3a (200 ng/ml; n = 3–6, P < 0.05; 

Fig. 2B and C). Wnt3a alone was found to inhibit Atg5 and Beclin-1 expression (39.2 

± 3.4% and 38.4 ± 4.0% reduction, respectively; n = 3–6, P < 0.05; Fig. 2B and C). PPARγ 
activation has been shown to induce autophagy in breast cancer cells [39]. Therefore, we 

investigated the role of PPARγ in kallistatin-mediated autophagy. Our results showed that 

kallistatin dramatically increased PPARγ expression (1.8 ± 0.1 fold, n = 3, P < 0.05; Fig. 

2D) in MDA-MB-231 cells, while pretreatment with Wnt3a abolished this effect. Wnt3a 

alone was found to decrease PPARγ expression (34 ± 2.9% reduction, n = 3, P < 0.05; Fig. 

2D). Furthermore, pretreatment with PPARγ antagonist GW9662 blocked kallistatin-

induced Atg5 and Beclin-1 expression (n = 3, P < 0.05; Fig. 2E and F), whereas GW9662 

alone markedly decreased Atg5 and Beclin-1 expression (n = 3, P < 0.05; Fig. 2E and F). 

Wnt3a-induced breast cancer cell proliferation was significantly blocked by wild-type 

kallistatin (n = 3, P < 0.05) and active-site mutant kallistatin (n = 3, P < 0.05), but not 

heparin-binding site mutant kallistatin (n = 3, P > 0.05; Fig. 2G). Moreover, wild-type 

kallistatin (n = 3, P < 0.05) and active-site mutant kallistatin (n = 3, P < 0.05), but not 

heparin-binding site mutant kallistatin (n = 3, P > 0.05; Fig. 2H), increased PPARγ 
expression. These composite findings demonstrate for the first time that kallistatin via its 

heparin-binding site induces autophagy by antagonizing Wnt signaling, thus increasing 

PPARγ expression in MDA-MB-231 cells.

3.3. Kallistatin inhibits miR-21 and Bcl-2 synthesis and Akt phosphorylation, but increases 
BAX expression

Oncogenic miR-21 and Bcl-2 levels were shown to be up-regulated in breast cancer patients 

[10,11,40]. Our results demonstrate that kallistatin (1 µM) significantly inhibited miR-21 

expression (60 ± 6.1% reduction, n = 3, P < 0.05; Fig. 3A) in MDA-MB-231 cells. 

Kallistatin also reduced Akt phosphorylation (29 ± 5.6% reduction, n = 3, P < 0.05; Fig. 

3B). Moreover, Bcl-2 expression was significantly decreased (32.1 ± 5.5% reduction, n = 3, 

P < 0.05; Fig. 3C), whereas BAX expression was increased after kallistatin treatment (2.1 

± 0.3 fold, n = 3, P < 0.05; Fig. 3D). These results indicate that kallistatin inhibits the 

miR-21-Akt pathway, leading to reduced Bcl-2 and increased BAX synthesis.

3.4. Kallistatin via PKC activation modulates miR-203 and SOCS3 synthesis, and 
stimulates ERK phosphorylation

Kallistatin (1 µM) markedly reduced miR-203 expression (64 ± 4.2% reduction, n = 3, P < 

0.05) in MDA-MB-231 cells, but the effect was blocked by chelerythrine (PKC inhibitor, 1 

µM; n = 3, P < 0.05; Fig. 4A). Conversely, kallistatin induced SOCS3 expression (2.1 ± 0.3 

fold, n = 3, P < 0.05), which was also reversed by chelerythrine (1 µM; n = 3, P < 0.05; Fig. 

4B). In addition, kallistatin significantly increased ERK1/2 phosphorylation (1.6 ± 0.1 fold, 

n = 3, P < 0.05), and chelerythrine abolished the effect (1 µM; n = 3, P < 0.05; Fig. 4C). The 

present findings indicate that kallistatin activates a PKC-ERK signaling pathway, leading to 

down-regulation of miR-203 and up-regulation of SOCS3 expression.
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3.5. Kallistatin increases miR-34a and p53 expression

miR-34a has been widely reported as a critical tumor suppressor, which can be regulated by 

the p53 network in human cancer [14–17]. In contrast to suppression of miR-21 and 

miR-203 synthesis, kallistatin (1 µM) up-regulated miR-34a and p53 expression in MDA-

MB-231 cells (1.6 ± 0.1 and 1.5 ± 0.1 fold, respectively; n = 3, P < 0.05; Fig. 5A and B). 

These findings reveal that kallistatin’s anti-tumor effect is partly mediated by stimulating 

miR-34a and p53 synthesis.

3.6. Kallistatin via its active site suppresses miR-21 and miR-203, and stimulates miR-34a 
and SOCS3 expression

Kallistatin contains two important structural elements: an active site and a heparin-binding 

domain [37,41]. We therefore examined the role of kallistatin’s structural elements in 

regulating miRNA synthesis. miR-21 and miR-203 expression was significantly decreased 

by wild-type kallistatin (38.5 ± 3.6% and 36.7 ± 3.9% reduction, respectively; n = 3, P < 

0.05) and heparin-binding site mutant kallistatin (37.8 ± 1.1% and 27.1 ± 2.1% reduction, 

respectively; n = 3, P < 0.05), but not by active site mutant kallistatin (n = 3, P > 0.05; Fig. 

6A and B). Moreover, miR-34a synthesis was significantly increased by wild-type kallistatin 

(1.5 ± 0.2 fold, n = 3, P < 0.05) and heparin-binding site mutant kallistatin (1.5 ± 0.1 fold n 
= 3, P < 0.05), but not active site mutant kallistatin (n = 3, P > 0.05; Fig. 6C). SOCS3 

expression was also significantly increased by wild-type kallistatin (1.6 ± 0.1 fold, n = 3, P < 

0.05) and heparin-binding site mutant kallistatin (1.6 ± 0.1 fold, n = 3, P < 0.05), but not 

active site mutant kallistatin (n = 3, P > 0.05; Fig. 6D). These results indicate that 

kallistatin's active site plays a crucial role in suppressing miR-21 and miR-203, and 

stimulating miR-34a and SOCS3 expression in breast cancer cells.

4. Discussion

This is the first study to demonstrate that kallistatin inhibits tumor progression by promoting 

cancer cell apoptosis through suppression of oncogenic miR-21 and miR-203, and 

stimulation of tumor suppressor miR-34a in MDA-MB-231 breast cancer cells. Recent 

reports indicate that miR-21, miR-203 and miR-34a play important roles in tumor 

development, either as oncogenes or tumor suppressors [10,13,19]. Our previous studies 

have shown that kallistatin inhibits tumor growth and invasion in animal models and cancer 

cells [26,27,34,35]. These present findings further demonstrate that kallistatin can reduce 

cancer cell viability and induce programmed cell death by down-regulation of oncogenes 

(miR-21 and miR-203) and by up-regulation of a tumor suppressor gene (miR-34a). 

Kallistatin inhibited miR-21-Akt signaling, thereby suppressing Bcl-2 and stimulating BAX 

expression. Moreover, kallistatin via PKC-ERK activation inhibited miR-203 and increased 

SOCS3 expression. Conversely, kallistatin up-regulated the miR-34a/p53 axis, and may also 

modulate miR-34a-Akt-Bcl2 signaling. In particular, kallistatin’s active site was 

demonstrated to play a key role in suppressing miR-21 and miR-203, and stimulating 

miR-34a and SOCS3 expression. These new findings reveal new mechanisms of kallistatin 

in inducing breast cancer cell death (Fig. 7).
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Oncogenic miR-21 levels are increased in many types of cancer, including gastric, 

colorectal, lung, pancreatic, ovarian and breast [9]. Elevation of miR-21 in breast cancer 

patients is associated with larger tumor size, higher stage, higher grade and lower overall 

survival [10,42]. Anti-miR-21 inhibitor was shown to down-regulate levels of the survival 

protein Bcl-2 in breast cancer [43]. Similarly, matrine, one of the major alkaloids extracted 

from Sophora flavescens, inhibited breast cancer cell growth by suppressing miR-21, which 

in turn dephosphorylated Akt and increased accumulation of Bad [44]. Akt activation also 

has an impact on miR-21 expression in cancer cells, as resveratrol reduced prostate cancer 

growth and metastasis by inhibiting the Akt-miR-21 pathway [45]. Herein, we showed that 

kallistatin treatment increased apoptotic cell death in conjunction with reduced miR-21 

synthesis and phospho-Akt expression, which in turn inhibited Bcl-2 expression and elevated 

BAX synthesis in breast cancer cells. Kallistatin may also regulate miR-21 by suppressing 

the Akt-miR-21 signaling pathway. These new findings indicate that kallistatin-mediated 

breast cancer cell apoptosis is partly mediated by miR-21 through an Akt-Bcl-2 signaling 

pathway.

In addition to miR-21, miR-203 has also found to be increased in human breast cancer 

tissues [13]. Depletion of miR-203 enhances cisplatin chemosensitivity by increasing 

SOCS3, p53 and BAX expression in breast cancer cells [13]. SOCS3, a tumor suppressor, 

was found to inhibit breast cancer cell proliferation [46], and a MEK inhibitor was shown to 

increase miR-203 synthesis [47]. Our present study showed that kallistatin treatment 

significantly increased ERK phosphorylation and decreased miR-203, but increased SOCS3 

expression; however, these effects were abolished by a PKC inhibitor. These results indicate 

a novel mechanism of kallistatin in inducing cancer cell death by up-regulation of SOCS3 

expression through a PKC-ERK-miR-203 signaling pathway.

The tumor suppressor miR-34a is markedly reduced in breast cancer cell lines and clinical 

specimens [19]. miR-34a was reported to inhibit breast cancer cell proliferation by inhibiting 

the Akt signaling pathway [48]. Restoration of miR-34a reduces breast cancer proliferation 

and migration through regulation of Bcl-2 [19]. miR-34a, regulated by p53, was shown to 

suppress breast cancer invasion and metastasis [17]. Moreover, diallyl disulfide was reported 

to inhibit human breast cancer proliferation and metastasis through up-regulation of 

miR-34a [49]. In the present study, we showed that kallistatin significantly increased the 

expression of the tumor suppressors miR-34a and p53 in breast cancer cells (Fig. 5). As 

kallistatin is capable of inhibiting Akt activation (Fig. 3), kallistatin may also induce cancer 

cell death through miR-34a-mediated inhibition of Akt signaling, in addition to stimulation 

of the miR-34a/p53 axis (Fig. 7).

Kallistatin appears to have double-edged actions in apoptosis. Our previous studies showed 

that kallistatin gene delivery attenuated cardiovascular and renal injury in association with 

reduced cell death in rats with myocardial ischemia/reperfusion or salt-induced hypertension 

[28,50]. In addition, kallistatin treatment prevented apoptosis and inflammation in septic 

mice [36]. Moreover, kallistatin blocked TNF-α-induced apoptosis in cultured endothelial 

cells and endothelial progenitor cells [28,51]. However, SERPINA3K (KBP) was shown to 

promote apoptotic cell death in colorectal cancer cells [35]. Our present study also indicated 

that kallistatin is capable of inducing breast cancer cell death. Taken together, these 
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combined findings indicate that kallistatin exerts both anti- and pro-apoptotic effects 

depending on pathological conditions and cell types.

Recent studies have highlighted the association between autophagy and breast cancer 

[38,52]. Autophagy is a morphologically distinctive mode of programmed cell death, and 

controlled by autophagy-related genes (ATGs) [52]. Beclin-1 and LC3B are two major 

markers of autophagy. The role of autophagy in cancer cell death is still controversial. 

However, increasing evidence has shown that autophagy can suppress tumor cell growth and 

is a promising strategy for the treatment of breast cancer [38,53]. Overexpression of 

Beclin-1 in MCF-7 breast cancer cells is associated with reduced cellular proliferation, in 

vitro clonigenicity, and tumorigenesis in nude mice [54]. Moreover, Beclin-1 expression was 

found to inhibit breast cancer development, and its expression was negatively correlated with 

Bcl-2 expression in human breast cancer tissue [55]. Our present study showed that 

kallistatin induces autophagy, as kallistatin significantly induced LC3B levels, Atg5 and 

Beclin-1 expression in MDA-MB-231 cells. Our previous report indicated that kallistatin 

antagonizes Wnt-β-catenin signaling via binding to LRP6 in MDA-MB-231 cells [34]. 

Resveratrol has been demonstrated to induce autophagy via suppressing Wnt/β-catenin 

signaling pathway in breast cancer stem-like cells [56]. In addition, β-catenin levels are 

negatively correlated with PPARγ expression in breast cancer patients [57]. Inhibition of 

LRP6 by RNAi leads to increased PPARγ expression in human mesenchymal stem cells 

[58], and PPARγ activation induces autophagy in human breast cancer cells [39,59]. 

Furthermore, high expression levels of PPARγ significantly correlate with long-term 

survival of breast cancer patients [57]. Consistent with these findings, our data showed that 

Wnt3a markedly decreased PPARγ expression, while kallistatin increased PPARγ synthesis, 

and kallistatin’s effect was blocked by Wnt3a pretreatment. Kallistatin alone induced Atg5 

and Beclin-1 synthesis; however, co-administration of Wnt3a or PPARγ antagonist GW9662 

abolished kallistatin's effects. Using purified human kallistatin mutants, we further showed 

that kallistatin’s heparin-binding site is essential for blocking Wnt-mediated proliferation 

and PPARγ expression in breast cancer cells. Our data demonstrated for the first time that 

kallistatin via its heparin-binding site induces autophagy by antagonizing Wnt signaling 

pathway, thus increasing PPARγ expression in breast cancer cells. These findings indicate 

that kallistatin increases programmed cancer cell death, in part, via induction of autophagy.

The current study demonstrates that kallistatin promotes programmed cell death by 

differential regulation of miR-21, miR-203 vs. miR-34a in breast cancer cells. Kallistatin, an 

endogenous protein, exerts cancer suppression through multi-faceted pathways, including 

inhibition of angiogenesis, inflammation, tumor growth and metastasis, and induction of 

cancer cell death [25–33,35]. Kallistatin inhibits tumor growth by blocking VEGF-mediated 

angiogenesis and NF-κB signaling [26,27,60]. Moreover, kallistatin attenuates breast cancer 

cell migration and invasion via antagonizing a Wnt signaling pathway [34]. The present 

results provide new insights into the mechanisms by which kallistatin promotes breast 

cancer cell death: 1) inhibiting miR-21-Akt-Bcl-2 signaling; 2) suppressing miR-203 and 

increasing SOCS3 expression through PKC-ERK activation; 3) stimulating the miR-34a/p53 

axis and/or miR-34a-mediated inhibition of Akt-Bcl-2 signaling; and 4) blocking Wnt 

signaling, inducing PPARγ expression and autophagy (Fig. 7). Taken together, these 

Li et al. Page 9

Exp Cell Res. Author manuscript; available in PMC 2017 January 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



findings provide novel insights into the beneficial effects of kallistatin in tumor development 

by down-regulating miR-21 and miR-203 and up-regulating miR-34a synthesis.
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Fig. 1. 
Kallistatin induces cytotoxicity and apoptosis in MDA-MB-231 cells. (A) Cell viability was 

determined by MTT assay. Kallistatin exhibited a dose-dependent growth inhibition in 

MDA-MB-231 cells. (B) Hoechst 33342 (apoptotic cells stain bright blue) and TUNEL 

(apoptotic cells stain green) staining were employed separately to investigate the effect of 

kallistatin on apoptosis. The representative images are shown at × 100 magnification. 

Arrows indicate apoptotic cells. (C and D) Quantitative analysis showed that kallistatin 

significantly increased apoptosis (n = 5–8). (E) Kallistatin treatment also significantly 

enhanced caspase-3 activity (n = 3). Data are expressed as means ± SE from at least two 

independent experiments. *P < 0.05 vs. Control group.
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Fig. 2. 
Kallistatin induces autophagy in MDA-MB-231 cells. (A) LC3B immunostaining was 

performed, and quantitative analysis showed that kallistatin treatment significantly increased 

LC3B levels (n = 6). The representative images are shown at × 200 magnification. 

Kallistatin also significantly up-regulated (B) Atg5 and (C) Beclin-1 expression, which were 

blocked by Wnt3a pretreatment, as indicated by real-time PCR (n = 3–6). (D) Kallistatin 

significantly increased PPARγ expression, which was blocked by Wnt3a pretreatment, as 

indicated by real-time PCR (n = 3). PPARγ antagonist GW9662 abolished kallistatin-
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induced (E) Atg5 and (F) Beclin-1 expression (n = 3). (G) Wild-type kallistatin and active 

site mutant kallistatin, but not heparin-binding site mutant kallistatin, significantly inhibited 

Wnt3a-induced MDA-MB-231 cell proliferation (n = 3), as determined by BrdU assay. (H) 

Wild-type kallistatin and active site mutant kallistatin, but not heparin-binding site mutant 

kallistatin, significantly increased PPARγ expression (n = 3). Data are expressed as means ± 

SE from at least two independent experiments. *P < 0.05 vs. Control group. #P < 0.05 vs. 

KS alone group.
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Fig. 3. 
Kallistatin decreases miR-21 expression, Akt phosphorylation and Bcl-2 expression, but 

increases BAX synthesis in MDA-MB-231 cells. (A) miR-21 expression levels were 

significantly reduced by kallistatin, as indicated by real-time PCR (n = 3). (B) Western blot 

analysis showed that Akt phosphorylation was decreased after kallistatin treatment (n = 3). 

Kallistatin also significantly (C) down-regulated Bcl-2 expression, and thus (D) increased 

BAX synthesis, as evidenced by real-time PCR (n = 3). Data are expressed as means ± SE 

from at least two independent experiments. *P < 0.05 vs. Control group.
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Fig. 4. 
Kallistatin enhances SOCS3 expression through activation of a PKC-ERK-miR-203 

signaling pathway in MDA-MB-231 cells. (A) Kallistatin treatment significantly inhibited 

miR-203 expression, as shown by real-time PCR. The inhibitory effect of kallistatin on 

miR-203 expression was abolished by chelerythrine (CHE, PKC inhibitor). Kallistatin also 

induced (B) SOCS3 mRNA synthesis and (C) ERK phosphorylation, but the effects were 

reversed by chelerythrine. Data are expressed as means ± SE from at least two independent 

experiments (n = 3–4). *P < 0.05 vs. Control group; #P < 0.05 vs. KS alone group.
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Fig. 5. 
Kallistatin increases miR-34a and p53 expression in MDA-MB-231 cells. Kallistatin 

significantly up-regulated (A) miR-34a and (B) p53 expression, as determined by real-time 

PCR. Data are expressed as means ± SE from at least two independent experiments (n = 3). 

*P < 0.05 vs. Control group.
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Fig. 6. 
Kallistatin’s active site is essential for down-regulation of miR-21 and miR-203 expression, 

and up-regulation of miR-34a and SOCS3 expression in MDA-MB-231 cells. Wild-type 

kallistatin and heparin-binding site mutant kallistatin, but not active site mutant kallistatin, 

significantly decreased (A) miR-21 and (B) miR-203 expression, as determined by real-time 

PCR. (C) miR-34a and (D) SOCS3 synthesis were significantly increased by wild-type 

kallistatin and heparin-binding site mutant kallistatin, but not active site mutant kallistatin. 

Data are expressed as means ± SE from at least two independent experiments (n = 3). *P < 

0.05 vs. Control group.
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Fig. 7. 
Proposed mechanism by which kallistatin induces breast cancer cell death. Kallistatin via its 

active site down-regulates miR-21 and miR-203 expression, and up-regulates miR-34a and 

SOCS3 expression. The heparin-binding domain is essential for kallistatin's ability to 

increase PPARγ expression via inhibition of Wnt signaling, and further induce autophagy. 

SOCS3, suppressor of cytokine signaling 3.

Li et al. Page 21

Exp Cell Res. Author manuscript; available in PMC 2017 January 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	1. Introduction
	2. Materials and methods
	2.1. Purification and characterization of recombinant human kallistatin
	2.2. Cell culture and treatment
	2.3. Cell viability assay
	2.4. Apoptosis assay by Hoechst 33342 and TUNEL staining
	2.5. Caspase-3 activity assay
	2.6. Immunofluorescence staining
	2.7. Real-time RT-PCR
	2.8. Western blot analysis
	2.9. Statistical analysis

	3. Results
	3.1. Kallistatin reduces viability and increases apoptotic cell death in breast cancer cells
	3.2. Kallistatin induces autophagy in breast cancer cells
	3.3. Kallistatin inhibits miR-21 and Bcl-2 synthesis and Akt phosphorylation, but increases BAX expression
	3.4. Kallistatin via PKC activation modulates miR-203 and SOCS3 synthesis, and stimulates ERK phosphorylation
	3.5. Kallistatin increases miR-34a and p53 expression
	3.6. Kallistatin via its active site suppresses miR-21 and miR-203, and stimulates miR-34a and SOCS3 expression

	4. Discussion
	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4
	Fig. 5
	Fig. 6
	Fig. 7

