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Abstract

AIM: To evaluate whether 8-bromo-7-methoxychrysin (BrMC), a synthetic analogue of chrysin, inhibits the properties of cancer stem cells (CSCs) derived from human liver cancer MHCC97 cell line and the potential mechanisms.
MOTHODS: CD133+ cells were sorted from MHCC97 cell line by magnetic activated cell sorting (MACS), and amplified in stem cell-conditioned medium to obtain the enriched CD133+ sphere forming cells (SFCs). The stem cell properties of CD133+ SFCs were validated by tumorsphere formation assay in vitro and the xenograft model in nude mouse in vivo, termed liver cancer stem cells (LCSCs). The effects of BrMC on LCSCs in vitro were evaluated by MTT assay, tumorsphere formation assay and transwell chamber assay. The effects of BrMC targeting LCSCs in vivo were determined using a primary and secondary xenograft model in Balb/c-nu mice. Expressions of the stem cell markers, epithelial-mesenchymal transition (EMT) markers and β-catenin protein were analyzed by Western blot or immunohistochemical analysis.
RESULTS: The CD133+ SFCs exhibited stem-like cell properties of tumorsphere formation and tumorigenesis capacity compared with the parental MHCC97 cells. We found that BrMC preferentially inhibited proliferation and self-renewal of LCSCs (P < 0.05). Furthermore, BrMC significantly suppressed EMT and invasion of LCSCs. Moreover, BrMC could efficaciously eliminate LCSCs in vivo. Interestingly, we showed that BrMC decreased the expression of β-catenin in LCSCs. Silencing of β-catenin by small interfering RNA (siRNA) could synergize the inhibition of self-renewal of LCSCs induced by BrMC, while Wnt3a treatment antagonized the inhibitory effects of BrMC. 
CONCLUSION: BrMC can inhibit the functions and characteristics of LCSCs derived from liver cancer MHCC97 cell line through down-regulation of β-catenin expression.
© 2013 Baishideng. All rights reserved.
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Core tip: We successfully obtained liver cancer stem cells (LCSCs) from liver cancer MHCC97 cell line by employing the combination of magnetic activated cell sorting (MACS) and tumorsphere culture. And we showed for the first time that 8-bromo-7-methoxychrysin (BrMC), a synthetic analogue of chrysin, could preferentially inhibit proliferation and self-renewal, suppress epithelial-mesenchymal transition and invasion of LCSCs, and further eradicate LCSCs in vivo. The results of this study support the use of BrMC for liver cancer chemoprevention or chemotherapy.
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INTRODUCTION
Human liver cancer is the fifth most common cancer in the world and the third leading cause of cancer-related death
 ADDIN EN.CITE 
[1, 2]
. Although surgery, liver transplantation or chemotherapy offers the possibility of prolonged survival for liver cancer patients, the mortality still remains high, largely due to recurrence and drug-resistance
 ADDIN EN.CITE 
[3, 4]
. According to the cancer stem cell hypothesis, this is thought to be due to the survival of a population of chemo-resistant cells within the tumor, the cancer stem cells(CSCs) in liver cancer, that are able to regenerate the tumor following chemotherapy5[]
. However, most currently available therapeutic approaches, including chemotherapy and radiotherapy, lack the ability to effectively kill these CSCs, which may eventually lead to the disease relapse and metastasis
 ADDIN EN.CITE 
[6, 7]
. A number of previous studies have suggested that CD133, originally identified as a hematopoietic stem cell marker, could be used to isolate liver cancer stem cells (LCSCs) from human liver cancer cell lines, xenograft tumors and primary liver cancer specimens
 ADDIN EN.CITE 
[8-13]
. These CD133+ liver cancer cells possess many stem cell properties, including extensive proliferation, self-renewal, and differentiation into the bulk of cancer cells. Thus, such minor subpopulation of CD133+ LCSCs may contribute to the high recurrence rate of liver cancer. Therefore, the identification of a compound that can target LCSCs is one of the main steps in improving overall survival of liver cancer patients.
More recently, a number of studies have found that several dietary compounds can directly or indirectly inhibit cancer stem cell self-renewal pathways
 ADDIN EN.CITE 
[14]
. For example, natural flavonoid, genistein and a synthetic derivative of Daidzein, N-t-boc-Daidzein have been reported to possess inhibitory effect against prostate and epithelial ovarian CSCs, respectively
 ADDIN EN.CITE 
[15, 16]
. Chrysin (5,7-dihydroxyflavone, ChR), a naturally wide distributed flavonoid, has been shown to possess promising effects on the inhibition of proliferation and induction of apoptosis in a variety of cancer cells17[]
. 8-bromo-7-methoxychrysin (BrMC) is a synthetic derivative of chrysin, and our previous study have demonstrated the effect of BrMC on the inhibition of proliferation and induction of apoptosis in colon, gastric and liver cancer cells was stronger than that of chrysin
 ADDIN EN.CITE 
[18-21]
.
In this study, we investigated the inhibitory effects of BrMC on characteristics of LCSCs. We showed for the first time that BrMC was able to inhibit cancer stem-like properties of LCSCs and eliminate LCSCs in vivo. We also found that BrMC significantly decreased β-catenin expression in LCSCs and knockdown of β-catenin expression could synergize the inhibition of self-renewal of LCSCs induced by BrMC. Together, our results indicated that the down-regulation of β-catenin expression appeared to contribute to the inhibitory effects of BrMC on the properties of LCSCs.

MATERIALS AND METHODS
Cell culture and reagents
Human liver cancer MHCC97 cell line was purchased from Fuxiang Biotechnology Co., Ltd. (Shanghai, China). MHCC97 cells were maintained in DMEM supplemented with 10% fetal bovine serum, 100 U/mL penicillin and 100 μg/mL streptomycin (Invitrogen Life Technologies) in an incubator containing 5% CO2 at 37℃. Wnt3a-conditioned medium was prepared as described by Willert et al
 ADDIN EN.CITE 
[22]
. BrMC was synthesized as described previously18[]
. MTT was purchased from Sigma (St. Louis, MO). Fetal bovine serum was from Hangzhou Sijiqing Biological Engineering Materials Co., Ltd. Trypsin and DMSO were from Amersco Company. Antibodies used in this study were as follows: rabbit polyclonal antibodies against ZO-1 (Abcam), mouse monoclonal antibodies against N-cadherin (Upstate), Vimentin (Neo Markers), E-cadherin (BD Transduction), β-catenin and CD44 (Cell Signaling), β-actin (Sigma), and horseradish peroxidase-conjugated goat anti-mouse secondary antibody (Santa Cruz).
Cell sorting and flow cytometry
Cell sorting was performed on MHCC97 cells using the cell surface marker CD133+ by magnetic activated cell sorting (MACS) separation columns (Miltenyi Biotec, Germany) according to the manufacturer’s protocol. Cells were trypsinized and washed with PBS, and suspended in PBS containing 0.5% BSA. 100 μL FCR Blocking Reagent (anti-CD133 antibody) and 100 μL CD133-conjugated MicroBeads (AC133, Cell Isolation Kit, Miltenyi Biotec) per 108 cells were subsequently added to the sample and incubated in parallel for 30 min on ice. After washing the cells, CD133 positive and negative fractions were isolated respectively through MACS separation columns. The quality of sorting was controlled by flow cytometry analysis for CD133 expression using PE-conjugated anti-human CD133 antibody and isotype control mouse IgG2b-PE (Biolegend). The single cell suspension was cultured in stem cell-conditioned medium (DMEM/F12 medium supplemented with 1 × B27, 20 ng/mL EGF, 20 ng/mL bFGF, 0.4% BSA, 4 μg/mL Insulin, 100 U/mL penicillin and 100 μg/mL streptomycin; Invitrogen) for the following assays. 
Tumorsphere culture
Single-cell suspensions were suspended at a density of 2000 cells per milliliter in stem cell-conditioned medium and seeded into ultralow attachment 24-well plates (Corning, United States). When the diameter of spheroid reached 50 μm, suspension cultures were passaged every six days. Colonies were counted at 10 different views under microscope (Nikon, Japan). And the volume of spheroid was estimated using V = (4/3)π R3. Experiments were repeated three times with duplication in each experiment.
Western blot analysis

The procedures for preparation of whole cell lysates and Western blot analysis have been previously described
 ADDIN EN.CITE 
[23]
. Mouse anti-human β-catenin, N-cadherin, Vimentin, E-cadherin, ZO-1, CD133, CD44 and β-actin antibodies were used as primary antibodies. Signals were visualized using chemiluminescent substrate (ECL; Amersham, Arlington Heights, IL, United States). β-actin was used as an internal control. Images were scanned, followed by densitometry analysis with UN-SCAN-IT software (Silk Scientific).
MTT assay
CD133+ SFCs or parental MHCC97 cells were seeded in a 96-well plate pre-coated with 0.6% agarose at a density of 5000 cells/well as described previously
 ADDIN EN.CITE 
[24]
. One day after plating, BrMC of different concentrations were added to each well and the culture continued for 48 h. After removal of the medium, cells were incubated with 5 mg/mL of MTT for 4 h. Cells were then extracted with acidic isopropanol and the absorbance at 570 nm wavelength (A570) was measured by means of Enzyme-labeling instrument (EXL-800 type). Relative cell proliferation inhibition rate (IR) = (1 average A570 of the experimental group/average A570 of the control group) × 100%.
Matrigel invasion assay 
The invasion ability of tumor cells was examined in vitro using a transwell chamber system with 8.0 μm pore polycarbonate filter inserts (Corning Coster, Cambridge, MA, United States). The lower side of the filter was coated with 10 μL gelatin (1 mg/mL), and the upper side was coated with 10 μL of Matrigel. Parental MHCC97 cells or LCSCs (2 × 103) were placed in the upper part of the filter. 10% fetal bovine serum was added in the lower part of the chamber as a chemical attractant. The chamber was then incubated at 37 °C for 48 h. Cells that could not invade through the filter were removed with a cotton swab. And the cells in the lower part of the chamber were fixed with methanol and stained with crystal violet. The invasiveness of tumor cells was determined by counting the total number of cells on the lower side of the filter at 100 ×  magnification. In the drug-intervention trial, cells were pre-treated with different concentrations of BrMC for 24 h prior to the transwell chamber assay. 
In vivo tumorigenicity experiments 
Pathogen-free Balb/c-nu mice aged 5-6 wk were purchased from Shanghai Laboratory Animal Center (Shanghai, China). All animal studies were performed in accordance with the standard protocols approved by the Ethical Committee of Hunan Normal University and the Committee of Experimental Animal Feeding and Management. Mice were randomly divided into 3 groups (4 mice/group) and maintained under standard conditions, according to the standard protocols. Cells were suspended in serum free-DMEM/Matrigel (BD Biosciences) mixture (1:1 volume). Each recipient Balb/c-nu mouse was inoculated subcutaneously with various numbers of CD133+ SFCs (2 × 103, 1 × 104 and 1 × 105 cells) in one flank and parental MHCC97 cells (1 × 104, 1 × 105 and 1 × 106) in the other, respectively. Tumorigenicity experiments were terminated 2 mo after cell inoculation. Tumor size were measured with a caliper, and the volume was calculated using V (mm3) = L × W2 × 0.5. Harvested tumors were imaged and weighed immediately. After that, specimens from tumor tissue samples were fixed in 10% neutral buffered formalin, processed in paraffin blocks, and sectioned. The sections were stained with hematoxylin and eosin and examined for the histopathology.
For BrMC treatment studies, 5 × 104 LCSCs per mouse were injected subcutaneously. Two weeks after inoculation, animals were divided into 4 groups randomly. One group was daily gastrically lavaged with refined olive oil as control, and the other three groups were treated with 12.5, 25 and 50 mg/kg BrMC respectively. After 20 d of treatment, living cells from the primary tumors were dissociated and injected into 3 groups of mice (4 mice per group). Each mouse was implanted with 5 × 104 cells from the control group and the 50 mg/kg BrMC treated group at the two flanks, respectively. The growth of tumors was monitored; and tumor volumes were measured every 3 d. Animals were humanely sacrificed when the larger one of the two tumors reached 500 mm3.
Immunohistochemical examination.
For immunohistochemical analysis of CD44 and CD133, tissues of the LCSCs derived-tumors in the nude mouse xenograft model were performed with formalin-fixed, paraffin-embedded sectioning as previously described by Moinfar F et al25


[ ADDIN EN.CITE ]
. After incubated with 1% non-fat dry milk in PBS (pH 7.4), the sections were then reacted with mouse anti-CD44 monoclonal antibody (1:250, Cell Signaling) or mouse anti-CD133 monoclonal antibody (1:200, Abzoom) for 1 h at room temperature followed by incubation with the secondary biotinylated antibody for 30 min. After washing, sections were subsequently incubated with streptavidin-peroxidase for 30 min. Finally, the results were visualized after a 15-minute incubation with diaminobenzidine (DAB).
RNA interference
A control non-specific small interfering RNA (siRNA) (5’-GACTTCATAAGGCGCATGC-3’) and β-catenin siRNA (5’-AGCUGAUAUUGAUGGACAGTT-3’) were synthesized by Shanghai Sangon Biotech Co., Ltd. (Shanghai, China). Transfection of siRNA was carried out with Lipofectamine 2000 (Invitrogen Life Technologies) according to the procedure recommended by the manufacturer. 24 h after transfection, the cells were treated with DMSO (control) or BrMC at the indicated concentrations for 24 h. The cells were then collected and processed for Western blot and tumorsphere formation assay. 
RESULTS
Isolation and characterization of LCSCs derived from MHCC97 cell line

CD133 has previously been classified as a CSC marker in liver cancer. Therefore, we first isolated the CD133+ subpopulation from MHCC97 cells by MACS. Following sorting, we examined the expression of CD133 by flow cytometry. As shown in Figure 1A, the sorted CD133+ cells showed a high purity of 57.29% ± 4.61%, as compared with the purity of 1.02% ± 0.65% for CD133- counterparts and 7.21% ± 1.34% for non-sorted MHCC97 cells, respectively. To establish long-term cultures enriched in stem cells from sorted CD133+, we performed the tumorsphere assay by culturing the cells in stem cell-conditioned medium. Within 6 d of culture, we obtained liver cancer spheroids both in CD133+ cells and parental MHCC97 cells (Figure 1B). As shown in Table 1, CD133+ subpopulation exhibited a 2.7- and 2.5-fold enhancement in tumorsphere formation amount and size, respectively, compared with that of parental cells, whereas, CD133- counterparts could not grow as spheroids with the nonadherent and serum-free conditions.
To further confirm the stem cell properties and functions of the CD133+ SFCs, we evaluated their self-renewal capacity and tumorigenic potential. First, we measured the capacity of single cells obtained from these CD133+ dissociated spheres to form secondary tumorspheres. Within 9 d of culture, we obtained new LCSCs spheroids of growing undifferentiated CD133+ cells (Figure 1C). These suggest an in vitro self-renewing capacity of CD133+ SFCs. In addition, CD133+ SFCs also expressed an enhanced level of stem cell markers, CD133 and CD44, compared with their parental cells (Figure 1D). Next, we evaluated the tumorigenic potential of CD133+ SFCs. We investigated the ability of CD133+ SFCs and parental cells to give rise to tumors in Balb/c-nu mice. As many as 1 ×  106 parental cells were needed to initiate stable tumor formation 39 days after injection, while, in contrast, as few as 1 ×  104 CD133+ SFCs were sufficient to generate visible tumors only 23 days post-injection (Table 2). These data indicate that CD133+ SFCs, namely LCSCs are more tumorigenic than their parental cells in vivo. Additionally, hematoxylin-eosin (H and E) staining was performed and revealed similar histological characteristics in tumor xenografts derived from CD133+ SFCs and their parental cells (Figure 1E). 
BrMC inhibits proliferation and self-renewal of LCSCs derived from MHCC97 cell line

CSCs possess the property of limitless proliferative potential. A number of previous studies have demonstrated that some naturally-occurring polyphenol compounds such as genistein preferentially inhibit proliferation of pancreatic cancer stem cells
 ADDIN EN.CITE 
[26]
. In this study, we thus evaluated the anti-proliferative effects of BrMC on LCSCs derived from MHCC97 cell line by MTT assay. As shown in Figure 2A, when cells were treated with different concentrations of BrMC for 48 h, BrMC preferentially inhibited proliferation of LCSCs in a dose-dependent manner, with the IC50 around 0.5 μmol/L for LCSCs and 17.9 μmol/L for parental MHCC97 cells.

In order to evaluate whether BrMC could suppress the self-renewal of LCSCs derived from MHCC97 cell line in vitro, we treated the primary tumorspheres with varying concentrations of BrMC and then removed the drug and cultured them for another passage to form the secondary spheres. Results showed that BrMC treatment resulted in a decrease both in tumorsphere number and size of LCSCs. Furthermore, a significant decrease in the number and size of the secondary tumorspheres indicated a reduced self-renewal capacity of these LCSCs by BrMC treatment (Figure 2B and 2C).
BrMC inhibits EMT and invasion of LCSCs derived from MHCC97 cell line 
Epithelial mesenchymal transition (EMT) is an important process during metastasis of LCSCs. Therefore, we sought to examine whether morphological changes existed between LCSCs and parental MHCC97 cells cultured adherently in vitro. As observed in Figure 3A, LCSCs exhibited a spindle-like shape, while parental MHCC97 cells displayed a cobble-stone-like phenotype. However, treatment with 0.1 μmol/L BrMC suppressed EMT in LCSCs as morphological changes from a spindle-like shape to a cobble-stone-like appearance were shown. Moreover, similar results were further confirmed by Western blot using specific antibodies against EMT-relative markers. Figure 3B shows that LCSCs expressed higher vimentin and N-cadherin protein levels, which is typically associated with mesenchymal cells, and lower expression of epithelium-associated E-cadherin and ZO-1 proteins. However, BrMC induced the up-regulation of epithelial markers E-cadherin and ZO-1 and the down-regulation of mesenchymal markers N-cadherin and vimentin after treatment for 24 h in LCSCs derived from MHCC97 cell line.
Since EMT has been identified as being associated with increased cancer cell invasion, we next evaluated the effect of BrMC on cell invasion of LCSCs in vitro using a transwell chamber coated with a Matrigel barrier. As shown in Figure 3C and 3D, BrMC significantly reduced the invasiveness capacity of LCSCs in a dose-dependent manner. These results demonstrated that BrMC possesses inhibitory effects on EMT and invasion in LCSCs derived from MHCC97 cell line.
BrMC eliminates LCSCs derived from MHCC97 cell line in vivo 
In order to evaluate whether BrMC could target LCSCs in vivo, we utilized the xenograft model of LCSCs from MHCC 97 cells in Blab/c-nu mice. Two weeks after cell inoculation with 5 × 104 LCSCs resuspended in Matrigel, animals were daily gastrically lavaged with indicated concentrations of BrMC. After 20 days of treatment, tumors in 25 and 50 mg/kg BrMC-treated mice were smaller than 50% of the size of refined olive oil control animals (Figure 4A and 4B). Immunohistochemical analysis of CD44 and CD133 in LCSCs-derived tumors revealed that the LCSC marker CD44 and CD133 were mainly expressed on the cell surface of the cancer cells and the tumor derived from CD133+ SFCs showed significant higher CD44 and CD133 positive rates than that of tumor derived from parental cells (Figure 4C). Futhermore, BrMC treatment can significantly decrease the CD44 and CD133 expression frequency of the tumors derived from LCSCs (Figure 4D).
To further confirm the results, we investigated the growth of secondary tumors in Blab/c-nu mice inoculated with tumor cells dissociated from primary tumor xenografts. In order to avoid possible variations due to heterogeneity, each recipient mouse was inoculated with 5 × 104 cells obtained from 50 mg/kg BrMC-treated tumors and another 5 × 104 cells obtained from control tumors in two opposite sides. Interestingly, we found that tumor cells from control animals exhibited rapid tumor re-growth, reaching a final tumor volume of 567 - 686 mm3. However, the tumor cells originated from 50 mg/kg BrMC-treated mice mostly failed to generate any tumors up to 33 d after inoculation (Table 3). These results suggest that BrMC was able to eliminate LCSCs in primary tumor xenografts, thereby inhibiting tumor re-growth of the secondary inoculated mice.
BrMC inhibits self-renewal in LCSCs through modulation of β-catenin expression

To examine whether BrMC could regulate expression of stem cell markers of LCSCs, we determined the expression of CD44 and CD133 following BrMC treatment by Western blot analysis. Results showed that BrMC down-regulated CD44 and CD133 expression in a dose-dependent manner (Figure 5A). These were in accordance with our previous immunohistochemical analysis results in LCSCs-derived tumors (Figure 4D).
CD44 has been shown to be a downstream target of the β-catenin signaling pathway
 ADDIN EN.CITE 
[27]
. Wnt/β-catenin signaling has been implicated in the maintenance of CSCs of liver cancer
 ADDIN EN.CITE 
[28]
. Therefore, we measured the expression level of stem cell signal molecule β-catenin in LCSCs and parental MHCC97 cells, and examined whether β-catenin was down-regulated by BrMC in LCSCs. Western blot analysis showed that β-catenin was highly expressed in LCSCs compared with that of parental MHCC97 cells. We also found that BrMC (0.1, 0.3, 1.0 μmol/L) treatment resulted in a significant decrease in β-catenin expression of LCSCs (Figure 5B).
We furthered our study to determine the role of β-catenin in the maintenance of self-renewal of LCSCs. Silence of β-catenin by siRNA transfection resulted in less expression of β-catenin protein, as confirmed by Western blot (Figure 5C). We also found that the down-regulation of β-catenin expression significantly decreased the tumorsphere formation ability and inhibited expression of stem cell markers of LCSCs (Figure 5D and 5E). 0.1 μM BrMC plus β-catenin siRNA inhibited β-catenin expression to a greater degree compared to each alone (Figure 6A). Moreover, β-catenin siRNA potentiated BrMC-induced decreased tumorsphere formation of LCSCs (Figure 6B). We also treated LCSCs with Wnt3a, a ligand known to activate the Wnt/β-catenin pathway. As expected, Wnt3a induced β-catenin stabilization and resulted in a corresponding up-regulation of β-catenin in LCSCs (Figure 6C). This up-regulation of β-catenin attenuated BrMC-induced down-regulation of β-catenin and stem cell markers and antagonized BrMC-induced inhibition of self-renewal of LCSCs (Figure 6D, 6E and 6F). Taken together, these results provide some molecular evidence suggesting that the down-regulation of β-catenin expression might contribute to the inhibitory effects of BrMC on LCSCs. 
DISCUSSION
Cancer stem cells are defined as a minor population of tumorigenic cells that are capable of continuous self-renewal and differentiation, and undergo unlimited proliferation, giving rise to new tumors
 ADDIN EN.CITE 
[29, 30]
. Therefore, finding compound(s) that are capable of inhibiting or killing the CSCs is extremely important to overcome tumor resistance, reduce relapse, and eventually improve overall survival. Our previous study has shown that BrMC possessed promising inhibitory effects on proliferation and apoptosis of colon, gastric and liver cancer cells. In the current study, we first successfully isolated and identified LCSCs from liver cancer MHCC97 cell line. Further, we showed for the first time that BrMC could preferentially inhibit proliferation and self-renewal, suppress EMT and invasion of LCSCs. Moreover, BrMC was able to eradicate LCSCs in vivo, as assessed by in vivo tumorigenicity assay using primary and secondary Balb/c-nu mouse models. Secondly, we found that the inhibitory effects of BrMC on stem cell function and properties of LCSCs were mediated by inhibition of β-catenin pathways: β-catenin siRNA transfection and BrMC synergized to inhibit self-renewal of LCSCs. Conversely, the antagonization of Wnt3a in LCSCs resulted in an opposite effect.
More recently, CD133 has been used as a surface marker of CSCs in various solid tumors, including liver cancer. However, the function of CD133 is not entirely known yet. Thus, single phenotypic marker CD133 is not sufficient to identify LCSCs. Tumorsphere culture may provide an alternative approach to identify and enrich for LCSCs. Under non-adherent serum-free conditions in vitro, most tumor cells undergo programmed cell death, whereas the rare CSCs divide to generate multicellular three-dimensional spheres
 ADDIN EN.CITE 
[31, 32]
. This assay is a powerful tool to enrich for CSCs and further assess the functional properties of CSCs isolated. By employing the combination of this technique and MACS based on CD133+ surface marker, we have successfully obtained the putative LCSCs namely CD133+ SFCs from MHCC97 cell line. We demonstrate that these CD133+ SFCs possess stem-like properties, including self-renewal, initiating tumor growth in mice at very lower cell numbers and higher expression level of stem cell marker compared to their parental cells. These data indicated that this method which we used to isolate and indentify LCSCs from liver cancer cell lines may be faster, more economic and effective, compared to methods based on two or more surface markers.
The Wnt/β-catenin pathway is one of the key pathways that modulates stem cell self-renewal
 ADDIN EN.CITE 
[14]
. For example, over-expression of β-catenin enhanced self-renewal preferentially and mediated radiation resistance of Sca1+ progenitors in an immortalized mammary gland cell line33[]
. Hallett RM et al reported that pharmacological inhibitors of Wnt/β-catenin signaling could inhibit the viability and or self-renewal of breast tumor-initiating cells, and target breast tumor-initiating cells in a Her2/Neu mouse model of breast cancer 
 ADDIN EN.CITE 
[34]
. Consistent with these previous reports, we found that down-regulation of β-catenin by BrMC resulted in inhibiting CSCs function and characteristics in LCSCs, such as significant inhibition of proliferation and self-renewal, suppression of EMT and invasiveness, down-regulating expression of stem cell markers of LCSCs, and further promoting to efficaciously eliminate LCSCs in vivo.
Previous studies have shown that activated Akt was able to phosphorylate Ser9 on GSK3β, which may decrease the activity of GSK3β, thereby leading to stabilization of β-catenin in the cytoplasm35[]
. Chrysin was reported to induce apoptosis through caspase activation and Akt inactivation in leukemia cells
 ADDIN EN.CITE 
[36]
. Our previous study also has demonstrated that 5,7-dihydroxy-8-nitrochrysin, another synthetic chrysin analogue, could induce activation and nuclear localization of FOXO3a which was associated with reduced levels of Akt phosphorylation. Therefore, we speculate that the down-regulation of β-catenin by BrMC is probably through reduced levels of Akt and activation of GSK3β, which results in the consequent degradation of β-catenin. Wnt3a treatment can induce stabilization of β-catenin, that entry into the nucleus and subsequent activation of β-catenin pathway. Thus, Wnt3a treatment can antagonize the inhibitory effects of self-renewal in LCSCs induced by BrMC. On the other hand, Ying Su and his colleagues reported that Gen increases levels of membrane E-cadherin and E-cadherin–β-catenin cell adhesion complex, eventually attenuates β-catenin signaling in mammary epithelial cells37[]
. We also found that E-cadherin, an epithelial marker, was up-regulated by BrMC in LCSCs. E-cadherin is known to anchor and to sequester β-catenin in the membrane and prevent it from activation. Therefore, we suppose that this inactivation of β-catenin by up-regulation of E-cadherin can also contribute to the inhibitory effects of LCSCs by BrMC. Interestingly, the inhibition of the β-catenin at the protein level was not optimal, as treatment of β-catenin siRNA can further down-regulate β-catenin at the transcription level and synergize the inhibition of self-renewal of LCSCs induced by BrMC. 
In conclusion, we have presented supportive evidence for the first time that BrMC, a novel synthetic chrysin analogue, was able to target LCSCs both in vitro and in vivo. Furthermore, our study identified the down-regulation of β-catenin expression by BrMC as one of the possible mechanisms for its efficacy. These studies support the use of BrMC for liver cancer chemoprevention or chemotherapy. These findings provide a strong rationale for preclinical and subsequent clinical evaluation of BrMC for liver cancer therapy.
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Figure 1 Isolation and characterization of liver cancer stem cells derived from MHCC97 cell line. Flow cytometry analysis of CD133 expression following sorting (A). CD133+ cells from MHCC97 cells formed liver cancer spheroids in stem cell-conditioned medium (200 × magnification). (B, anchorage-dependent growth of MHCC97 cells, tumor spheroid formed by CD133+ cells, tumor spheroid formed by parental MHCC97 cells). Secondary tumorspheres formed by single cells from dissociated primary liver spheroids (C, 400 × magnification). Expression of stem cell surface markers CD44 and CD133 in CD133+ SFCs and parental cells (D). Hematoxylin-eosin staining revealed similar histological characteristics in tumor xenografts derived from CD133+ SFCs and their parental cells (E, 100 × magnification).
Figure 2 8-bromo-7-methoxychrysin inhibited proliferation (A), self-renewal (B and C) of liver cancer stem cells derived from MHCC97 cell line (means ( SD, n = 3). aP < 0.05 vs unsorted MHCC97 cells treated with corresponding concentration of 8-bromo-7-methoxychrysin (BrMC), cP < 0.05 vs corresponding 0.1% DMSO treated group. Tumor sphere morphology were shown in the phase contrast image (400 × magnification). 
Figure 3 8-bromo-7-methoxychrysin inhibited epithelial-mesenchymal transition (A and B) and invasion (C and D) of liver cancer stem cells derived from MHCC97 cell line (means ( SD, n = 3). Cell morphological changes associated with epithelial-mesenchymal transition (EMT) were shown in the phase contrast image (200 × magnification). aP < 0.05 vs unsorted MHCC97 cells treated with corresponding concentration of 8-bromo-7-methoxychrysin (BrMC), cP < 0.05 vs corresponding 0.1% DMSO treated group. 
Figure 4 8-bromo-7-methoxychrysin eliminated liver cancer stem cells derived from MHCC97 cell line in vivo. Effects of 8-bromo-7-methoxychrysin (BrMC) on growth of primary and secondary tumor xenografts derived from liver cancer stem cells. (A and B, means ( SD, n = 12). aP < 0.05 vs refined olive oil treatment model, bP < 0.05 vs treatment with 12.5 mg/kg BrMC. Immunohistochemical analysis of CD44 and CD133 in LCSCs-derived tumors before or after BrMC treatment (C and D).
Figure 5 β-catenin siRNA synergized the inhibitory effects of 8-bromo-7-methoxychrysin. 8-bromo-7-methoxychrysin (BrMC) down-regulated CD44 and CD133 expression of liver cancer stem cells in a concentration-dependent manner (A). β-catenin was highly expressed in CD133+ SFCs and can be down-regulated by BrMC treatment (B). β-catenin siRNA decreased protein level of β-catenin (C) and stem cell markers(E), and significantly inhibited self-renewal capacity (D) of CD133+ SFCs (means ( SD, n=3). aP < 0.05 vs CD133+ SFCs or control siRNA transfected CD133+ SFCs. BrMC enhanced β-catenin siRNA induced down-regulation of β-catenin expression (F) and inhibition of self-renewal capacity (G) in CD133+ SFCs (means ( SD, n = 3). aP < 0.05 vs CD133+ SFCs derived from MHCC97 cell line. bP < 0.05 vs 0.1μmol/L BrMC or β-catenin siRNA treated CD133+ SFCs. 
Figure 6 Wnt3a treatment antagonized the inhibitory effects of 8-bromo-7-methoxychrysin. Wnt3a treatment resulted in an increase expression of β-catenin in both LCSCs and parental MHCC97 cells (A) and attenuated the effects of 8-bromo-7-methoxychrysin (BrMC) on expression of β-catenin (B) and stem cell markers (C), and self-renewal capacity (D) of LCSCs derived from MHCC97 cell line. aP < 0.05 vs CD133+ SFCs, bP < 0.05 vs 0.1μmol/L BrMC or β-catenin siRNA alone treated group. 
Table 1 Tumorsphere formation ability of CD133+ cells derived from MHCC97 cell line (mean ± SD, n = 3)

	Cell line
	Spheroid number / 2 × 103 cells
	Volume of spheroid (μm3)

	
	Parental cells
	CD133+ cells
	Parental cells
	CD133+ cells

	MHCC97
	61 ± 26
	167 ± 31a
	153 ± 31
	397 ± 45a


a P <0.05 vs parental MHCC97 cells.

Table 2 Tumorigenicity of CD133+ sphere forming cell derived from MHCC97cells in Balb/c-nu mice

	Cell type
	No. inoculated cells
	Tumor incidence1
	Latency (/d)1

	Parental cells
	1 × 104
	0/4
	-

	
	1 × 105
	0/4
	-

	
	1 × 106
	4/4
	39

	CD133+ SFCs
	2 × 103
	3/4
	31

	
	1 × 104
	4/4
	23

	
	1 × 105
	4/4
	8


1The number of tumors detected/number of injections; 2Approximate number of days from tumor cell injection to appearance of a tumor. SFCs: Sphere forming cells.
Table 3 Effects of BrMC on growth of secondary tumors in Blab/c-nu mice inoculated with tumor cells obtained from primary xenografts
	Time (d)
	Tumor incidence1
	Volume (mm3)

	
	Control
	BrMC-treated group
	Control
	BrMC-treated group

	1
	0/12
	0/12
	-
	-

	3
	0/12
	0/12
	-
	-

	6
	4/12
	0/12
	28 ± 12
	-

	12
	9/12
	0/12
	134 ± 29
	-

	15
	12/12
	3/12
	321 ± 63
	16 ± 8

	18
	12/12
	3/12
	532 ± 96
	33 ± 16

	21
	8/8
	2/8
	351 ± 67
	23 ± 13

	24
	8/8
	2/8
	593 ± 131
	32 ± 24

	27
	4/4
	1/4
	264 ± 91
	54-

	30
	4/4
	1/4
	387 ± 114
	67

	33
	4/4
	1/4
	567 ± 126
	82


1The number of tumors detected/number of injections.
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