Cytotoxic protein induces apoptosis and autophagocytosis 
in MCF-7 breast cancer cells

GIOU-TENG YIANG1,2,†, JAANG-JIUN WANG3,†, PEI-LUN CHOU 4,5, HSIU-FENG TSAI2, LI-ANN CHEN2, YEN HSIEH CHEN6, KUO-JUNG SU7 , Da-Tian Bau8,9,10,*, YUNG-LUEN YU7,11,12,13,* and CHYOU-WEI WEI14,*
1Department of Emergency Medicine, Buddhist Tzu Chi University, Hualien, Taiwan 
2Department of Emergency Medicine, Buddhist Tzu Chi General Hospital, Taipei branch, New Taipei City, Taiwan
3Division of Pediatric Infectious Diseases, Emory University School of Medicine, Atlanta, USA.
4Department of Internal Medicine, School of Medicine, College of Medicine, Taipei Medical University, Taipei, Taiwan. 

5Division of Allergy-Immunology-Rheumatology, Department of Internal Medicine, Shuang Ho Hospital, Taipei Medical University, New Taipei City, Taiwan. 

6Department of life science, Fu Jen Catholic University, New Taipei City, Taiwan. 
7The Ph.D. Program for Cancer Biology and Drug Discovery, China Medical University, Taichung, Taiwan.

8Terry Fox Cancer Research Laboratory, China Medical University Hospital, Taichung, Taiwan 
9Graduate Institute of Basic Medical Science, China Medical University, Taichung, Taiwan
10Graduate Institute of Clinical Medical Science, China Medical University, Taichung, Taiwan
11Graduate Institute of Cancer Biology, China Medical University, Taichung, Taiwan
12Center for Molecular Medicine, China Medical University Hospital, Taichung, Taiwan
13 Department of Biotechnology, Asia University, Taichung, Taiwan
14Department of Nutrition, Master Program of Biomedical Nutrition. Hungkuang University, Taichung, Taiwan. 
*Correspondence to: Yung-Luen Yu, Graduate Institute of Cancer Biology, China Medical University, 9F, No.6, Hsueh-Shih Road, Taichung, 40454, Taiwan, Tel: +886-4-2205-2121 ext 7933, Fax : +886-4-2233-3496, E-mail: ylyu@mail.cmu.edu.tw; Chyou-Wei Wei, Department of Nutrition, Master Program of Biomedical Nutrition, Hung Kuang University, No. 34, Chung-Chie Road., Sha Lu, Taichung 433 Taiwan, Tel: +886-4-26318652 ext 5819, Fax: +886-4-26338212, E-mail: wcwnina@gate.sinica.edu.tw; datian@mail.cmuh.org.tw......
† These authors contributed equally to this work.

*To whom all correspondence and reprint requests should be addressed
Keywords: MCF-7, phagocytosis, autophage, apoptosis

Running title: Cytotoxic protein induces apoptosis and autophagocytosis
Experimental study
Date of submission: Dec 06, 2011
Abstract 
Phagocytic clearance of dying cells is found in many phagocytes. Many studies have demonstrated that dying cells can be phagocytosed by other phagocytic cells through autophaggic or apoptotic cellular death pathway. To date, whether cancer cells have such phagocytic activity remained to be studied.  Today, our study shows that cytotoxic proteins can induce cell death in MCF-7 cancer cells through apoptotic pathway.  Interestingly when treated with cytotoxic protein, the remaining MCF-7 cells can phagocytose the dying MCF-7 cells (autophagocytic activity).  The autophagocytic activity of MCF-7 cells is demonstrated directly by real-time image observation and electron microscope analysis in this study.  Taken together, this study firstly demonstrates that cytotoxic protein can induce apoptosis and autophagocytosis in MCF-7 cancer cells. 
Introduction
Phagocytic clearance of dying cells is a very important mechanism in the resolution of inflammation (1,2).  Previous studies have demonstrated that dying cells can be phagocytosed by professional or semi-professional phagocytes (3). These phagocytic cells include monocytes, macrophages, dendritic cells and leukocytes (4-6). Many reports showed that most of the dying cells could be engulfed by phagocytes through apoptotic or autophagic cellular death pathways (7-9). These results suggested that cellular death triggered by apoptosis or autophage can be effectively and rapidly removed by phagocytes to prevent further inflammatory response. Therefore, apoptosis and autophage are important cellular death pathways for animal development, tissue homeostasis and cancer therapy (10-12). Whether other cells possessed phagocytic activity other than monocytes,macrophages, dendritic cells and leukocytes are less well understood. A recent study showed that human endometrial endothelial cells express a phagocytic activity to phagocytose apoptotic trophoblasts (13). This result indicated that endothelial cells also have a phagocytic activity.  Besides phagocytes and endothelial cells, our results in this study directly demonstrate that MCF-7 breast cancer cells have a phagocytic activity.    
Previous studies found out that the dying MCF-7 cancer cells, treated with tamoxifen, can be phagocytosed by macrophages through autophagic death pathway (9,14). In addition, the study used autophagic marker combined with flow cytometric analysis to demonstrate that the autophagic markers were involved in live MCF-7 cancer cells. Therefore these studies indicated that the dying MCF-7 cells may be phagocytosed by live MCF-7 cancer cells. In order to directly demonstrate that MCF-7 cancer cells have a phagocytic function, we used real-time imaging analysis with electron microscopy in this study. Our results demonstrated directly that MCF-7 cancer cells certainly have a phagocytic activity when treated with a cytotoxic protein.  

MCF-7 breast cancer cells, as well as estrogen receptor positive cells can live depending on the estrogen signal pathway (15,16). Previous studies have reported that many drugs have anti-tumor activity against the MCF-7 cancer cells through estrogen signal pathway such as benzoxazepine, flaxseed oil, secoisolariciresinol diglucoside, anacardic acid, linoleic acid and tamoxifen (17-21). In addition, previous studies have demonstrated that the cytotoxic protein RC-RNase can activate the caspase activity and induce cell death in MCF-7 cancer cells (22,23). A recent study showed that the cytotoxic protein has an anti-cancer activity in MCF-7 cancer cells related to estrogen signal pathway (24). However, none of these studies have demonstrated whether cytotoxic protein can induce cell death in MCF-7 cancer cells without caspase activation. Today, our results showed that cytotoxic protein can induce cell death in MCF-7 cancer cells while blocking the activation of caspases. It is very interesting on the other hand that when treated with cytotoxic protein, the dying MCF-7 cancer cells can then be phagocytosed by the remaining MCF-7 cancer cells (autophagocytosis).  Although many studies have demonstrated that cytotoxic protein expressed anti-cancer activities in many tumors including hepatoma, cervical cancer cells, leukemia, and breast cancer cells (22-26), autophagocytosis was only observed in MCF-7 breast cancer cells in this study.  To sum up, our study is the first to demonstrate that cytotoxic protein can induce cell death in MCF-7 cancer cells through caspase-dependent/independent pathway and cytotoxic protein can induce autophagocytosis in MCF-7 cancer cells.                  
Materials and Method
Chemicals and cell culture. Cytotoxic protein and RC-RNase can be purified as described from previous studies (22-25) and was kindly provided by Dr. Jaang-Jiun Wang (Emory University School of Medicine).  Ac-LEHD-pNA(acetyl-Leu-Glu-His-Asp-p-nitroanilide: caspse-9 substrate), Ac-DEVD-pNA(Acetyl-Asp-Glu-Val-Asp-p-nitroanilide: caspase-3 like substrate), Ac-IETD-pNA(acetyl-Ile-Glu-Thr-Asp-p-nitroanilide: caspase-8 substrate), Z-VAD-FMK(general caspases inhibitor) and Z-DEVD-FMK(caspase-3 like inhibitor) were bought from Anaspec (San Jose, CA). XTT assay kit was bought from Roche (Mannheim, Germany). Human MCF-7 breast cancer cells and human ZR-75-1 breast cancer cells were kindly provided by Dr. Jiang (Tzu Chi General Hospital). MCF-7 and ZR-75-1 cells were cultured in Dulbecco’s Modified Eagle Medium (GIBCO BRL) supplemented with 10% heat-inactivated fetal bovine serum (Hyclone® Laboratories, Inc., Logan, UT), 2 mM L-glutamine (GIBCO BRL), 100 IU/ml penicillin G sodium (GIBCO BRL), 100 µg/ml streptomycin sulfate (GIBCO BRL), 1 mM sodium pyruvate (Sigma Chemical Co., St. Louis, MO), and 0.1 mM non-essential amino acids (GIBCO BRL). 
Cell survival rate assay. Cell survival rates of MCF-7 cancer cells and ZR-75-1 cells were calculated using the XTT (sodium 3’-[1-(phenylamino-carbonyl)-3,4-tetrazolium]-bis(4-methoxy-6-nitro) benzene sulfonic acid hydrate) assay as described in previous studies (22-24). Briefly, 5×103 cells were cultured in each well of 96-well plates. On the second day, cells were treated with or without 20 μg/ml cytotoxic protein. XTT assays were determined everyday according to the manufacturer’s instructions. Absorbance at 492 nm and 620 nm were determined under a multi-well ELISA reader (Molecular Devices).
Caspase activity assay. Cells were lysed with lysis buffer (50 mM Tris-HCl, 120 mM NaCl, 1 mM EDTA, 1% NP-40, pH 7.5) and protease inhibitors. Cell pellets were collected by centrifugation under 15,000×g at 4(C for 30 min. The caspase activity was executed as previous described (22, 25). Briefly, the caspase activity was studied with a working reaction containing 40 μl cell lysates(80 μg total protein), 158 μl reaction buffer(20% glycerol, 0.5 mM EDTA, 5 mM dithiothreitol, 100 mM HEPES, pH 7.5), and 2 μl fluorogenic Ac-LEHD-pNA, Ac-DEVD-pNA, or Ac-IETD-pNA substrates(100 μM final concentration); the reaction was then incubated at 37(C for 6hrs. The fluorogenic substrate cleavage readout was the p-nitroanilide release as detected at 405 nm in an ultra-microplate reader (Bio-Tek instruments). Fold increase in caspase activity was calculated by using the following formula: (A405sample ( A405control) / A405control. 
Inhibition of caspase activity. Z-VAD-FMK is a general caspase inhibitor which inhibits all caspase activity. Z-DEVD-FMK is a specific caspase inhibitor that inhibits caspase-3 like activity. In this study, MCF-7 cells were pretreated with Z-VAD-FMK or Z-DEVD-FMK prior to cytotoxic protein treatment. The survival rates of these cells were determined by XTT assay as described in method 2.2.
Nuclear staining. DNA condensation and fragmentation can be observed in apoptotic cells with nuclear staining method. Nuclear staining was performed using Hoechst 33342. Cells were treated with 10 ug/ml Hoechst 33342 solution for 10 minutes.  DNA condensation and fragmentation were then observed under a fluorescent microscope (Excitation：352 nm；Emission：450 nm).   
Real-time image observation. Cells were cultured in the numbered plate. After cytotoxic protein treatment for 3days, the remaining cells in the specific numbered site could be observed and recorded every 30 minutes under an optical microscope.
Electron microscope observation. MCF-7 cells were treated with cytotoxic protein for 3 days. Cells were collected and fixed with 2.5% glutaraldehyde in PBS (pH 7.4) for 1 hour. The cells were postfixed with osmium tetraoxide for 1 hour then dehydrated in graded alcohol, and were embedded with eponate-12 resin (26). Using an ultra-microtome, thin sections could be obtained. After the thin sections were double stained with lead citrate and uranyl acetate, they were observed on a Zeiss 900 electron microscope for real-imaging analysis.
Results 
Cell cytotoxicity and activation of caspase-3 like are found in MCF-7 and ZR-75-1 breast cancer cells under cytotoxic protein treatment. MCF-7 and ZR-75-1 cells are classified as estrogen-positive breast cancer cells (24). Both cells were treated with cytotoxic protein in this study. As shown in figure 1, our study indicates that cytotoxic protein can induce cytotoxicity in MCF- 7and ZR-75-1 breast cancer cells. The results showed that the survival rates of MCF-7 and ZR-75-1 cells were below 40% at day 3 under cytotoxic protein treatment (Fig. 1A). Moreover caspase activities were determined in this study and showed that caspase-3 like activity can be induced in cytotoxic protein-treated MCF-7 and ZR-75-1 cells (Fig. 1B). Caspase-8 and 9 activities were not activated (Fig. 1B).  The observed findings therefore suggest that cytotoxic protein could induce cytotoxicity and caspase-3 like activity on MCF-7 and ZR-75-1 cells.     
Cytotoxic protein can induce apoptosis through caspase-dependent or independent pathway in MCF-7 and ZR-75-1 cells. Whether cytotoxic protein-induced cytotoxicity depends on caspase activities is determined in this study. Cytotoxic protein can still induce cytotoxicity in MCF-7 and ZR-75-1 cells in this study despite blocking the caspase activity with caspase inhibitors. Our data shows that the survival rates of cytotoxic protein-treated MCF-7 cells with caspase inhibitors are similar to those without caspase inhibitors treatment (Fig. 2). In addition, the characteristic of apoptosis, DNA condensation or fragmentation are the observations noted in this study. Figure 3 shows that DNA condensation or fragmentation can be found in cytotoxic protein-treated MCF-7 cells with or without caspase inhibitors treatment.  Similar result is also observed in ZR-75-1 cells (data not shown). Taken together, this study suggests that cytotoxic protein induced cytotoxicity via the caspase-dependent and independent apoptotic pathways.           
Autophagocytosis are found in MCF-7 cells under real- time imaging and electron microscopic observation. Our study has demonstrated that cytotoxic protein can induce cell death in MCF-7 cells (Fig. 1 and 2). However, there are about 40% survival cells with cytotoxic protein treatment at day 3 (Fig. 1A). What the remaining cells do is noteworthy to find out. MCF-7 cells are cultured in specific dish, labeled and numbered. After MCF-7 cells have been treated with cytotoxic protein for 3 days, the non-dying MCF-7 cells were observed real-time under the microscope hourly. It was observed that the remaining MCF-7 cells transformed their shape, extended pseudopodes and engulfed the dying MCF-7 (autophagocytosis) as shown in figure 4.  We further demonstrate the self-phagochtosis of MCF-7 cells under electron microscope. As shown in figure 5, MCF-7 cell can extend the pseudopodia to contact another MCF-7 cell (Fig. 5A) and phagocytose another MCF-7 cell (Fig. 5B).  In addition, our data shows that the cell debris have been involved in MCF-7 cell (Fig. 5C). Thus, these results demonstrate directly that MCF-7 cells have the autophagocytosis function under cytotoxic protein treatment.                           
Discussion 
Two major caspase-mediated death pathways have been reported. Caspase-8 cascade can be activated through death receptor while caspase-9 cascade can be activated through alteration of mitochrondria (22-25, 27). These studies also showed that the downstream caspse-3 like activity can be activated by caspase-8 or casaspe-9 cascade then induced cell death. In this study, it shows that caspase-3 like activity can be found in cytotoxic protein-treated MCF-7 cells however activation of caspase-8 and caspase-9 are not found. Our results are the same as previous studies (22,23). Hence we suggest that caspase-3 like activity does not only depend on caspase-8 or caspase-9 cascade in MCF-7 cells. Previous studies have indicated that cytotoxic protein can activate caspase-3 like activity and induce cell death in MCF-7 cells (22,23). However, whether cytotoxic protein-induced cell death resulted from caspase-3 like activity still remained unclear. In this study, we also found out that blocking the caspase-3 like activity could not prevent cell death in cytotoxic protein-treated MCF-7 cells. We then can conclude that cytotoxic protein can induce cell death through caspase-dependent or independent pathway in MCF-7 cells.        
Tamoxifen has been used as an anti-cancer drug in estrogen positive breast tumors (28,29). Previous studies have demonstrated that tamoxifen induces cell death in MCF-7 cells through autophagic death pathway (9,14). The studies (reference) also demonstrated that the dying MCF-7 cells through autophagic pathway can be phagocytosed by macrophages. Moreover, the autophagic MCF-7 cells and non-dying MCF-7 cells were co-cultured and analyzed under flow cytometric method in those studies and results demonstrated that the autophagic markers were involved in non-dying MCF-7 cells. Therefore, the studies indicated indirectly that non-dying MCF-7 may have a phagocytic activity to phagocytose the autophagic MCF-7 cells (9,14). Today, we further demonstrate that the remaining MCF-7 cells can engulf the dying cells under cytotoxic protein treatment by direct real-time imaging and electron microscopic observation (Fig. 3 and 4). In line with previous studies, we consider that MCF-7 certainly has a self-phagocytic activity. In addition, while previous studies have shown that autophagic MCF-7 cells could be phagocytosed by non-dying MCF-7 cells, our study shows that the dying MCF-7 cells through apoptotic pathway can be phagocytosed by the remaining MCF-7 cells when treated with cytotoxic protein. Hence we suggest that not only autophagic MCF-7 cells but also apoptotic MCF-7 cells can be phagocytosed by the remaining live MCF-7 cells. 

Many studies previously have showed that cytotoxic protein could induce cell death in many cancer cells including cervical cancer cells, leukemia cells, hepatoma cells (22-26). These studies were not able to show self-phagocytic activity in these cancer cells. Like the MCF-7 cells, ZR-75-1 cells also belong to estrogen receptor positive breast cancer cells (24). As shown in figure 1, our study indicates that cytotoxic proteins also induce cytotoxicity on ZR-75-1 cells. However, our study has not shown self-phagocytic activity on ZR-75-1 cells and only the remaining MCF-7 cells have expressed self-phagocytic activity under cytotoxic protein treatment.  Together with other studies, we could suggest that self-phagocytic activity may be a cell-specific manner. Another possible reason is that we thought that cytotoxic protein may only induce phagocytic activity in MCF-7 cells or inhibit phagocytic activity in other cells. In summary, this study is the first to demonstrate that cytotoxic protein can induce cell death in MCF-7 cells through caspase-dependent and independent pathways and induce self-phagocytic activity in MCF-7 cells.    
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Figure legends

Figure 1. Survival rate and caspase activity. The survival rates of MCF-7 and ZR-75-1 breast cancer cells under 20 ug/ml cytotoxic protein treatment for 5 days (A). The indicated caspase activities of MCF-7 and ZR-75-1 cells under 20 ug/ml cytotoxic protein treatment at day 3 (B). Note that cytotoxic protein can decrease the survival rates and increase caspase-3 like activity significantly in both MCF-7 and ZR-75-1 cells. Data was obtained from three independent triplicate experiments and presented as mean  S.D.
Figure 2. The 5-day survival rate of MCF-7 cells. Before MCF-7 cells were treated with 20 ug/ml cytotoxic protein, cells were pretreated with or without caspase inhibitors as indicated. Note that there are no significant differences among the 3 groups (without caspase inhibitor treatment, with general caspase inhibitors treatment and caspase-3 like inhibitor treatment). Data was obtained from three independent triplicate experiments and presented as mean  S.D.
Figure 3. DNA condensation and fragmentation. Nuclear staining was observed in control MCF-7 cells (A) and cytotoxic protein-treated MCF-7 cell (B). Note that the DNA condensation and fragmentation were observed in cytotoxic protein-treated MCF-7 cells as indicated by arrows. In figure 5B, DNA condensation was marked with C. DNA fragmentation was marked with F.

Figure 4. Real-time image observation. MCF-7 cells were cultured in numbered dish and treated with cytotoxic protein for 3 day. At day 3, the process of self-phagocytosis was recorded for 210 minutes. The arrow indicated the remaining live cells while the arrowhead indicated the dying cells. Note that the remaining cell can transform its shape (0-210 minutes), extends the pseudopodium to contact around the dying cell (60-120 minutes) and phagocytosed the dying cell (180-210 minutes).

Figure 5. Electron microscopic observation. MCF-7 cells were treated with cytotoxic protein for 3 days. At day 3, cells were collected and observed on electron microscope. The upper cell extended the pseudopodium (arrow marked) to contact the below cell (A). The dying cell (hollow arrow marked) was engulfed in the remaining live cell (dark arrow marked) (B). The cell debris (hollow marked) was involved in the remaining cell (dark arrow marked) (C). N indicates the cell nucleus.
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