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Abstract:



The maintenance of ordinal cell cycle phases is a critical biological process in cancer genesis, which is a crucial target for anti-cancer drugs. As an important natural isoquinoline alkaloid from Chinese herbal medicine, Berberine (BBR) has been reported to possess anti-cancer potentiality to induce cell cycle arrest in hepatocellular carcinoma cells (HCC). However, the underlying mechanism remains to be elucidated. In our present study, G0/G1 phase cell cycle arrest was observed in berberine-treated Huh-7 and HepG2 cells. Mechanically, we observed that BBR could deactivate the Akt pathway, which consequently suppressed the S-phase kinase-associated protein 2 (Skp2) expression and enhanced the expression and translocation of Forkhead box O3a (FoxO3a) into nucleus. The translocated FoxO3a on one hand could directly promote the transcription of cyclin-dependent kinase inhibitors (CDKIs) p21Cip1 and p27Kip1, on the other hand, it could repress Skp2 expression, both of which lead to up-regulation of p21Cip1 and p27Kip1, causing G0/G1 phase cell cycle arrest in HCC. In conclusion, BBR promotes the expression of CDKIs p21Cip1 and p27Kip1 via regulating the Akt/FoxO3a/Skp2 axis and further induces HCC G0/G1 phase cell cycle arrest. This research uncovered a new mechanism of an anti-cancer effect of BBR.
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1. Introduction


Hepatocellular carcinoma (HCC) is one of the most prevalent malignancies throughout the world, with a particularly high incidence in the Asian population. Despite the substantial advances in drug discovery and development, the treatment options for HCC are still limited [1,2]. Although chemotherapy and radiotherapy for HCC have significantly increased the survival rate, HCC treatment is still struggling due to considerable limitations and deleterious clinical side effects [3,4]. Herein, to develop safer effective agents in HCC therapy is urgently needed. Among all the therapeutic strategies, traditional Chinese medicine (TCM) and its phytochemicals have been reported to be effective in the treatment and improvement of quality of life (QOL) for HCC patients [5].Therefore, research to uncover the underlying mechanisms of the anti-tumor effect of TCM in HCC seems rather imperative.



Accumulated evidence has emerged, illuminating anti-cancer effects of phytochemical-berberine (BBR) [6], which is an isoquinoline type of botanical alkaloid present in many traditional Chinese medicines as the major bioactive compound. BBR has several potent pharmacological functions and has been used for its antidiabetic, antimicrobial, antidiabetic, antidiarrheal and anti-inflammatory activities [7,8,9]. Additionally, BBR has been reported to possess anti-tumor activity in multiple types of cancers including HCC [10,11]. According to previous studies, BBR could not only induce HCC apoptosis by regulating the p38 mitogen activated protein kinase (MAPK) pathway and reactive oxygen species (ROS) generation [12], but also inhibits HCC migration, invasion and metastasis through the induction of plasminogen activator inhibitor-1 (PAI-1) [13]. To the best of our knowledge, few studies have demonstrated, in detail, the underlying mechanism by which BBR could influence HCC cell cycle, a critical cellular activity concerning cancer cell proliferation and neoplastic transformation.



FoxO3a belongs to Forkhead box Type O (FoxO) family of transcription factors that are characterized by a distinct forkhead DNA-binding domain. Many studies have demonstrated that FoxO3a exerts tumor suppressive activities by negatively regulating cell proliferation, promoting cell cycle arrest, repairing damaged DNA and inducing cell apoptosis after translocating into nucleus [14]. Furthermore, the loss of FoxO3a could induce the epithelial-mesenchymal transition (EMT) and subsequently promote tumor cells metastasis, which enables FoxO3a to be a candidate marker for tumor metastasis [15]. Nevertheless, BBR could reduce FoxO3a phosphorylation, causing its translocation into the nucleus and subsequent regulation of cell cycle arrest [16]. Therefore, FoxO3a might be a tangible participant of BBR-induced cell cycle arrest [17].



Skp2 is a specific substrate-recognition subunit of the Skp1 Cullin-F-box protein (SCF) type ubiquitin ligase complex [18]. Skp2 has been reported to be up-regulated in a large number of human cancers, including prostate cancer, breast cancer, lung cancer, colorectal carcinoma, liver cancer and others [19].The Skp2-containning SCF (SCFSkp2) has been previously reported to participate in proteasomal degradation of cyclin-dependent kinase inhibitors (CDKIs) that are key regulators of cell cycle [20]. Therefore, to investigate the mechanism by which BBR influences HCC cell cycle, we carried out the research to discover potential relationships among FoxO3a, Skp2 and CKDIs. The consequent findings can provide new insights on how BBR inhibits tumor proliferation and exerts anti-cancer activity.




2. Results


2.1. BBR Inhibits the Proliferation of Huh-7 and HepG2 Cells


The cell counting kit-8 (CCK8) assay was performed to detect the effect of BBR on the viability (under concentrations of 0, 30, 60 and 120 μM for 12–72 h) of Huh-7 and HepG2 cells. The results demonstrated that Huh-7 cells were more sensitive to alteration of BBR concentration, for the increased degree of inhibition were significant between 30 and 60 μM of BBR after 24 h treatment (1.6 fold at 24 h, p < 0.05; 1.65-fold at 48 h, p < 0.01; and 1.56 fold at 72 h, p < 0.01), while those were minute of HepG2 cells (Figure 1A). However, HepG2 cells were more rapid-changing as inhibition rate increased more within 24 h (17% for 30 μM, 28% for 60 μM and 45% for 120 μM) than those in 24–72 h (14% for 30 μM, 14% for 60 μM and 11% for 120 μM). Additionally, the apoptosis-inducing potential of BBR was confirmed using annexin V/propidium iodide (PI) dual staining. We observed that 120 μM of BBR induced nearly 29.24% apoptosis at 24 h in Huh-7 cells and 28.03% apoptosis in HepG2 cells (Figure 1B). These results indicated that these two different HCC cell lines responded differently to BBR-induced cytotoxicity, with inhibition of cell growth in a dose- and time-dependent manner.


Figure 1. Berberine treatment inhibits the viability and clonogenicity of Huh-7 and HepG2 cells. (A) Inhibition rate of indicated cells after berberine (30–120 μM) treatment for 12–72 h was detected by CCK8 assay. In the line graphs, * represents p < 0.05, and ** represents p < 0.01 (60 vs. 30 μM); # represents p < 0.05, and ## represents p < 0.01 (120 vs. 30 μM). The experiments were carried out for three times; (B) Flow cytometry analysis of apoptosis cells assessed using annexin V/PI dual staining after 24 h treatment of Huh-7 and HepG2 cells with 30, 60, and 120 μM berberine; (C) Clonogenic analysis of Huh-7 and HepG2 cells after berberine treatment. The indicated cells were cultured with DMSO (control) or 30 μM berberine for 14 days. Colonies were fixed and stained with Giemsa solution. PI: propidium iodide; BBR: berberine.
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2.2. BBR Inhibits Clonogenic Ability of Huh-7 and HepG2 Cells


To further investigate the influence of BBR, clonogenic abilities of Huh-7 and HepG2 cells were analyzed in a prolonged period of culture time. Since 30 μM of BBR has revealed an inhibitive effect on the viability of both cell lines as shown in Figure 1, this specific concentration was further chosen to carry out the following experiments. After cultivation for 14 days, images of Giemsa staining revealed that 30 μM of BBR could effectively inhibit the clonogenic ability of both Huh-7 and HepG2 cells (Figure 1C).




2.3. BBR Causes G0/G1 Phase Cell Cycle Arrest in Huh-7 and HepG2 Cells


Since 24 h treatment of BBR could show a satisfactory inhibition effect (Figure 1), following experiments were carried for such duration. After 24 h treatment for different concentrations, PI staining was used to determine the cell cycle profiles of different cells. As shown in Figure 2, BBR could cause G0/G1 phase cell cycle arrest in both Huh-7 and HepG2 cells in a dose-dependent manner. The results also demonstrated that more HepG2 cells were under G0/G1 phase cell cycle arrest than Huh-7 cells after BBR treatment, which was consistent with the changes of viability in Figure 1.


Figure 2. Berberine induces G0/G1 cell cycle arrest in a dose-dependent manner in Huh-7 (A) and HepG2 (B) cells. Cells were treated with DMSO (control) or berberine (30–120 μM) for 24 h before staining with PI and analyzed by flow cytometer analysis. Distributions of cell cycle are shown in the following bar graph. *** represents p < 0.001, and ** represents p < 0.01 (60, 120 μM vs. control group). The experiments were carried out for three times.
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2.4. The Induction of BBR-Mediated G0/G1 Phase Cell Cycle Arrest Is Associated with the Regulation of p21Cip1, p27Kip1 and Skp2 Expression


To investigate the underlying mechanism of BBR-mediated G0/G1 phase cell cycle arrest, expression levels of crucial Cip/Kip family of CDKIs were detected by Western blot. As shown in Figure 3A,B, BBR treatment significantly increased both p21Cip1 and p27Kip1 in a dose-dependent manner. We also found that siRNA knockdown of p21Cip1 and p27Kip1 rescued the cell proliferation of Huh-7 cells being treated with 120 μM BBR, confirming their important roles in regulating cell cycle arrest induced by BBR treatment (Figure 3D). Furthermore, since Skp2-containing SCF ubiquitin ligase (SCFSkp2) controls the ubiquitylation and degradation of p21Cip1 and p27Kip1 [21,22,23], which plays a critical role in G1/S transition, the expression levels of Skp2 as well as p21Cip1 and p27Kip1 were also determined. The results indicated that, together with p21Cip1 and p27Kip1 accumulation, BBR treatment down regulated Skp2 expression, which induced consequent G0/G1 phase cell cycle arrest.


Figure 3. Berberine increases Skp2-mediated p21Cip1 and p27Kip1 downregulation though abating phosphorylation level of AktHuh-7 cells (A) and HepG2 cells (B) were treated with DMSO (control) or berberine (30–120 μM) before detecting p21Cip1, p27Kip1, Skp2, p-Akt (Akt) and β-actin (standard) by western blot. The following bar graphs demonstrate relative expression levels of indicated proteins; (C) Huh-7 cells were treated with LY294002 (20 μM), which blocked expression of p-Akt; (D) Knockdown of p21Cip1 and p27Kip1 rescued the suppressive effect of berberine on cell proliferation of Huh-7 cells. CCK8 assay was conducted for cell proliferation. ** represents p < 0.01 and * represents p < 0.05 (experimental group vs. control group). The experiments were carried out for at least three times.
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2.5. Activation of Akt Is Involved in BBR-Mediated Skp2 Regulation


As it has been previously reported that Akt could directly phosphorylate Skp2 triggering SCF complex formation and E3 ligase activity [24], we then detected the effects of BBR on the expression of p-Akt and Akt in HCC cells. As shown in Figure 3A,B, the expression level of Akt remained unchanged after BBR treatment, while its activated form (p-Akt) was decreased in a dose-dependent manner. Furthermore, the changed level of p-Akt was more apparent in HepG2 cells, which was consistent with previous results [25]. To investigate the validity of our results, we treated Huh-7 cells with BBR or LY294002, an inhibitor of the phosphatidylinositol 3 kinase (PI3K)/Akt signaling. We found that the protein level of p-Akt was reduced in cells exposed to LY294002, which confirmed its inhibitory effect on the Akt pathway. Moreover, inhibition of the Akt pathway remarkably increased the expression of FoxO3a, while decreasing that of p-FoxO3a and Skp2 (Figure 3C), which were similar to the effected of BBR treatment solely. Therefore, these results suggested that Akt activation is responsible for the role of BBR on cell cycle arrest.




2.6. FoxO3a Translocates into Nucleus after BBR Treatment


Studies have shown that FoxO3a was implicated within cell cycle arrest in different types of cells. Since inactivation of Akt led to decreased phosphorylation of FoxO3a, which can localize in the nucleus to activate transcription target genes such as p21Cip1 and p27Kip1, and FoxO3a is a negative regulator of Skp2 in a transcription-independent activity [26,27], we detected the phosphorylation level of FoxO3a in Huh-7 and HepG2 cells. In addition to upregulation of FoxO3a, Figure 4A showed that BBR significantly decreased the level of phosphorylated FoxO3a. Next, we determined whether the expression level coincided with changes in localization of FoxO3a after BBR treatment. As shown in Figure 4B, more FoxO3a was translocated from the cytoplasm into the nucleus after treatment with 120 μM BBR in Huh-7 cells, indicating the role of FoxO3a as transcription factor in the expression of p21Cip1 and p27Kip1. To confirm the nuclear and cytoplasmic fractionation results, immunofluorescence microscopy directly visualized that BBR induced the FoxO3a protein level in the nucleus when compared with untreated Huh-7 cells (Figure 4C).


Figure 4. Effects of berberine treatment on FoxO3a and p-FoxO3a expression. (A) Huh-7 and HepG2 cells were treated with DMSO or 120 μM berberine for 24 h. Western blot was used to detect changes in the FoxO3a and p-FoxO3a; (B) FoxO3a in cytoplasm and nucleus of Huh-7 cells were detected by western blot and normalized by GAPDH and Histone H3 respectively. Relative expression levels are shown in the following bar graph where ** represents p < 0.01 and * represents p < 0.05 (120 μM group vs. control group.) The experiments were carried out for three times; (C) The induction effect of berberine on the nuclear translocation of FoxO3a in Huh-7 cells. Immunofluorescence images stained for anti-FoxO3a (1:100) and DAPI; ** represents p < 0.01 and * represents p < 0.05 (other experimental groups vs. control group). Scale bar = 90 µm.
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2.7. BBR-Induced G0/G1 Phase Cell Cycle Arrest Is Dependent on FoxO3a Expression


In order to further confirm the role of FoxO3a in the effect of BBR, in this study, Huh-7 cells were incubated with siRNA targeting FoxO3a and the treated with BBR. We found that treatment of the Huh-7 cells with BBR led to an increased expression level of FoxO3a. Moreover, silencing of FoxO3a by siRNA significantly abrogated the BBR-induced p21Cip1 and p27Kip1 protein expression (Figure 5A). Expectedly, silencing of FoxO3a reversed the effect of BBR on Skp2 protein expression (Figure 5A). Furthermore, it attenuated, in part, the BBR-induced G0/G1 phase cell cycle arrest in Huh-7 cells (Figure 5B). These data indicated that FoxO3a was required in mediating the effect of BBR on p21Cip1, p27Kip1 and Skp2 protein expression. This also confirmed the important role of FoxO3a in the BBR-induced cell cycle arrest.


Figure 5. BBR-induced G0/G1 phase cell cycle arrest is attributed to FoxO3a up-regulation in Huh-7 cells. (A) Knockdown of FoxO3a induces down-regulation of p21Cip1 and p27Kip1, up-regulation of Skp2. Huh-7 cells were transfected with control and FoxO3a siRNA with lipofectamine 2000 for 48 h, followed by exposure the cells to berberine (120 μM) for an additional 24 h. The protein levels of FoxO3a, p21Cip1, p27Kip1 and Skp2 were examined by western blot. Bar graphs demonstrate relative expression levels of indicated proteins. ## represents p < 0.01 and # represents p < 0.05 (FoxO3a siRNA vs. ctrl group) *** represents p < 0.001, ** represents p < 0.01 and * represents p < 0.05 (FoxO3a siRNA + BBR vs. BBR group); (B) Cell cycle analysis for treatment of berberine with FoxO3a siRNA in Huh-7 cells. Silencing FoxO3a attenuated in part the BBR-induced cell cycle arrest in G0/G1 phase. Distributions of cell cycle are shown in the following bar graph. ** represents p < 0.01, * represents p < 0.05 (other groups vs. control group). The experiments were carried out for three times.
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3. Discussion


Hepatocellular carcinoma (HCC) is an aggressive malignancy with rapid clinical progression. For HCC patients, offering potentially curative treatments is desirable. The investigation of effective anti-cancer drugs is still extensively required in cancer chemotherapy. In our present study, we found that BBR could induce time- and dose-dependent inhibition of the proliferation of Huh-7 and HepG2 cells. Moreover, BBR could effectively abrogate long-term clonogenic survival of Huh-7 and HepG2 cells. As continuous replicative potential is a major cause of neoplastic proliferation and transformation [28], discovering innovative therapies to induce cell cycle arrest could provide new opportunities for treating HCC. Our data showed that 24-h-treatment by BBR could trigger G0/G1 phase cell cycle arrest in Huh-7 and HepG2 cells. Mechanistically, our findings demonstrated that BBR induced cell cycle arrest via reducing the expression level of p-Akt, which in turn diminished Skp2 expression and promoted the expression and nuclear translocation of FoxO3a. The elevated nuclear level of FoxO3a could on one hand, promote the expression of p21Cip1 and p27Kip1 as a transcription factor, on the other hand, negatively regulate Skp2 expression in a transcription-independent manner [26], leading to accumulation of p27Kip1 and p21Cip1, and obstruction of G1/S transition. To the best of our knowledge, we have shown for the first time that the Akt/FoxO3a/Skp2 signaling pathway is responsible for BBR-induced proliferative inhibition and cell cycle arrest in Huh-7 and HepG2 HCC cells.



Previous studies have shown that BBR could promote cell apoptosis of HCC cells via a caspase-dependent mitochondrial pathway [10,29], and Fas mediated inhibition of the mammalian target of rapamycin (mTOR) signaling pathway [30]. However, there are no reports covering how BBR induced cell cycle arrest of HCC cells in detail. As we know, the regulatory elements of cell cycle such as cyclins, CDKs, CDKIs, Skp2 and FoxO are key components that respond to mitogenic and survival signals to control the cell cycle, which play an important role in controlling tumor proliferation and cell survival [31,32]. We found that FoxO3a participated vigorously in BBR-induced cell cycle arrest. FoxO3a has been previously described as a tumor suppressor in various tumors, including HCC. As a downstream target of the PI3K/Akt pathway, FoxO3a could mediate cell cycle arrest at the G1/S transition by regulating the transcription of p21Cip1 and p27Kip1. Many studies demonstrated that Akt activation could directly phosphorylate the tumor suppressor FoxO3a via triggering its nuclear exclusion and subsequent degradation [33]. Therefore, dysregulation of the Akt/FoxO3a signalling axis is a hallmark of oncogenesis, which becomes the potential target of many anti-cancer drugs [34]. Besides, FoxO3a acts as not only a transcription factor, but also a regulator in DNA damage response, which could control damage-induced cell-cycle checkpoints and stimulate DNA repair pathways. This accompanied by the lack of FoxO3a which fails to trigger DNA-repair after DNA damage [35]. In addition, FoxO3a has been reported to be involved in the regulation of cell cycle-related and apoptosis-related gene expression [31,36], and implicated in the oxidative detoxification through regulation of reactive oxygen metabolism by inhibiting mitochondrial gene expression [37]. All these features emphasized the importance of Akt/FoxO3a signaling in BBR-induced cancer cell inhibition.



In the normal cell cycle, the levels of Skp2 remain low in G0/G1 phase and become increased in S phase [38]. Conversely, Skp2 is found to be overexpressed in numerous human cancers, reflecting its crucial role in oncogenesis [39]. The Skp2-SCF complex displays oncogenicity through regulating protein ubiquitination and degradation by its E3 ligase activity, which reveals that Skp2 suppression might be an excellent strategy to inhibit tumorigenesis in tumors. In our research, we found that after BBR treatment, Skp2 level was down-regulated, while p21Cip1 and p27Kip1 were up-regulated. Consistently, Li Z et al. found that Skp2 participates in cell cycle regulation by degradation of p27Kip1 [40]. In addition to the regulation of the post transcriptional level of p27Kip1 by Skp2, the ubiquitination and degradation of FoxO3a are also regulated by Skp2 [41]. Moreover, Wu J [26] showed that FoxO3a could directly bind to the Skp2 promoter as a transcriptional repressor, thereby inhibiting the protein expression of Skp2. FoxO3a also displays transcription-independent activity by directly interacting with Skp2 and disrupting Skp2 SCF complex formation, in turn inhibiting Skp2 SCF E3 ligase activity. Therefore, we suspect that FoxO3a/Skp2 is involved in the process of BBR-induced cell cycle arrest in Huh-7 and HepG2 cells. Thus, the results of this study point to an inverse relationship between Skp2 expression and p27Kip1 on one hand and, on the other hand, a clear link between Skp2 and FoxO3a activation.



In summary, our results provided evidence, for the first time, that BBR could induce growth inhibition and cell cycle arrest through the Akt/FoxO3a/Skp2 axis in Huh-7 and HepG2 liver cancer cells (Figure 6). This finding suggested a reproducible and reliable anti-cancer effect of BBR, which could improve the understanding of a novel and effective TCM in HCC treatment. Future investigations are needed to explore the upstream involvement of PI3K/Akt in BBR-induced cell cycle arrest, and in vivo studies are required to confirm its effectiveness in the treatment of HCC.


Figure 6. Schematic model of the mechanism underlying the effect of berberine on cell cycle arrest. P: phosphorylation; u: ubiquitylation.
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4. Materials and Methods


4.1. Reagents and Antibodies


BBR was purchased from Sigma-Aldrich (St. Louis, MO, USA) and diluted with Dimethyl Sulfoxide (DMSO, Sigma-Aldrich, MO, USA). Antibodies specific to p21Cip1, p27Kip1, p-Akt, Akt, GAPDH and Histone H3 were purchased from Cell Signaling Technology (Beverly, MA, USA), antibodies specific to FoxO3a and p-FoxO3a (Ser253) were purchased from HuaBio (Hangzhou, China), antibody specific to Skp2 (p45) and β-actin were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). LY294002 was obtained from Selleck Chemicals (Houston, TX, USA). Human small interfering RNA (siRNA) for FoxO3a and the control siRNA were purchased from Invitrogen. siRNA duplexes sequence against p27 (GTACGAGTGGCAAGAGGUG) and siRNA duplexes sequence against p21 (GCCTTAGTCTCAGTTTGTGTGTCTT), and a non-specific Control (TTCGTAAGAGACCGTGGATCCTGTC) were purchased from GenePharma (Shanghai, China). Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) was used for transfection following the manufacturer’s protocols.




4.2. Cell Culture


Human hepatoma cell lines Huh-7 and HepG2 cell were purchased from American Type Culture Collection (ATCC, Manassas, VA, USA) and cultured in DMEM (containing 10% fetal bovine serum (FBS, Gibco, Invitrogen, Carlsbad, CA, USA) and 0.1% Penicilin-Streptomycin (Fischer Bioreagents, Pittsburgh, PA, USA)) at 37 °C in a 5% CO2 incubator.




4.3. Colony Formation Analysis


Huh-7 and HepG2 were seeded in 6-well plate at a density of 100 cells. BBR was added in various concentrations (0 and 30 μM) to the cultured medium that were changed every three days for 14 days. After that colonies were fixed and stained with Giemsa solution. Numbers of individually stained colonies were counted manually.




4.4. Cell Viability Analysis


Cell viability was measured by Cell Counting Kit-8 Assay Kit (CCK8, EngreenBiosystem, Beijing, China). Cells were seeded into 96-well plate at a density of 1 × 103 cells per well and were treated with the indicated concentrations (0–120 μM) of BBR for 24 h. CCK8 were add to each well after treatment and incubated for 3 h at 37 °C. The absorbance at 450 nm was detected by ELISA plate reader (Epoch, Biotek, VT, USA). The inhibition rate of BBR was calculated as [(Ac − As)/(Ac − Ab)] × 100% (As, cultured cells with BBR and CCK8; Ac, cultured cell with CCK8 but not BBR; Ab, cultured cells with only CCK8).




4.5. Cell Cycle Analysis


Propidium iodide (PI) staining was performed to analyze cell cycles. Briefly, after collecting from 24-well plates, cells were fixed by 70% ethanol for 20 min and washed twice in Phosphate Buffered Solution (PBS). They were stained in 50 uM PI containing 5 μg/mL RNase A for 1 h and analyzed by flow cytometry (FCM) using FACScan (Beckman Coulter, Fullerton, CA, USA).




4.6. Phosphatidylserine Externalization Analysis


Following treatment with berberine (30, 60 or 120 µM) for 24 h, cells were harvested and washed with PBS. To quantify the percentage of apoptotic cells, annexin V-FITC and propidium iodide dual staining was performed according to the manufacturer’s protocol (BD Biosciences). Briefly, the cells were resuspended in the binding buffer, and 5 µL Annexin V-FITC staining solution was added and gently mixed. Subsequently, 5 µL propidium iodide (PI) staining solution was added and mixed evenly. Finally, the cells were incubated in the dark for 15 min at room temperature. Samples were analyzed using a FACScan Flow Cytometer. Early apoptotic cells were Annexin V-positive and PI-negative, whereas late apoptotic cells were Annexin V and PI-positive.




4.7. Immunoflurescence Staining


Huh-7 cells were first seeded into to dishes overnight, and then, cells were incubated with or without 120 μM berberine for 24 h. Cells were fixed with 4% paraformaldehyde in PBS at 1 h intervals and permeabilized with 0.5% Triton X-100 (Sigma-Aldrich, St. Louis, MO, USA) for 10 min. Cells were blocked with 2% BSA for 30 min. Incubation with primary antibody anti-FoxO3a (diluted 1:100) was done overnight at 4 °C. Immunolabeling was visualized by incubation (3 h at room temperature) with CFTM555 Goat Anti-Rabbit IgG (H + L) (Biotium, Hayward, CA, USA).The nuclei were counterstained with DAPI (Vector Labs, Burlingame, CA, USA). Images were observed and captured with Revolve FL microscope (Echo-labs, San Diego, CA, USA).




4.8. Western Blot


After the indicated treatment, cells in 6-well plates were lysed on ice for 15 min by Radio Immunoprecipitation Assay (RIPA) Lysis Buffer (Beyotime Biotechnology, Beijing, China) containing PMSF, protease inhibitor (cOmplete, Roche, Basel, Switzerland), and phosphatase inhibitor (PhosSTOP, Roche, Basel, Switzerland). Cell lysates were centrifuged at 13,000× g for 15 min at 4 °C. Proteins in the supernatant were collected and measured by Micro BCA Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA). An equal amount of total protein was separated on 10% SDS-polyacrylamide gel before transferring onto equilibrated PVDF membranes. The membranes were blocked with 5% (w/v) Bovine serum albumin (BSA, MP Biomedicals, Santa Ana, CA, USA). After that, incubation of specific primary antibodies was carried out overnight at 4 °C. After washing for 3 times with TBST, the membrane was incubated with appropriate secondary antibodies at room temperature for 1 h. Signals were detected by ChemiDoc Touch Imaging System (Bio-Rad, Hercules, CA, USA) using Pierce™ ECL Western Blotting Substrate (Thermo Fischer Scientific, Waltham, MA, USA). Densitometric scanning of the desired band was corrected by β-actin to determine the changed level of specific protein. Each immunoblotting experiment was carried out for at least two times.




4.9. Statistical Analysis


SPSS V.12 was used to conduct statistical analysis. Comparisons between groups were assessed by one-way ANOVA and post-hoc analysis (Bonferroni’s test). Statistical values are expressed as mean ± SE. p-values < 0.05 were considered as statistically significant.








Acknowledgments


This work was supported by Grants from the China Postdoctoral Science Foundation (No. 2017M613350), and Grants from the National Natural Science Foundation of China (No. 31371405).




Author Contributions


Jianli Jiang and Fanni Li designed the experiment and revised the manuscript; Fanni Li, Xiwen Dong and Peng Lin conducted the experiments. Peng Lin analyzed the data.




Conflicts of Interest


The authors declare no conflict of interest.




References


	1. 
El-Serag, H.B. Hepatocellular carcinoma. N. Engl. J. Med. 2011, 365, 1118–1127. [Google Scholar] [CrossRef] [PubMed]

	2. 
Maluccio, M.; Covey, A. Recent progress in understanding, diagnosing, and treating hepatocellular carcinoma. CA Cancer J. Clin. 2012, 62, 394–399. [Google Scholar] [CrossRef] [PubMed]

	3. 
Shukla, S.; Rizvi, F.; Raisuddin, S.; Kakkar, P. FoxO proteins’ nuclear retention and BH3-only protein Bim induction evoke mitochondrial dysfunction-mediated apoptosis in berberine-treated HepG2 cells. Free Radic. Biol. Med. 2014, 76, 185–199. [Google Scholar] [CrossRef] [PubMed]

	4. 
Gao, Q.; Shi, Y.; Wang, X.; Zhou, J.; Qiu, S.; Fan, J. Translational medicine in hepatocellular carcinoma. Front. Med. 2012, 6, 122–133. [Google Scholar] [CrossRef] [PubMed]

	5. 
Wang, X.; Wang, N.; Cheung, F.; Lao, L.; Li, C.; Feng, Y. Chinese medicines for prevention and treatment of human hepatocellular carcinoma: Current progress on pharmacological actions and mechanisms. J. Integr. Med. 2015, 13, 142–164. [Google Scholar] [CrossRef]

	6. 
Zou, K.; Li, Z.; Zhang, Y.; Zhang, H.Y.; Li, B.; Zhu, W.L.; Shi, J.Y.; Jia, Q.; Li, Y.M. Advances in the study of berberine and its derivatives: A focus on anti-inflammatory and anti-tumor effects in the digestive system. Acta Pharmacol. Sin. 2017, 38, 157–167. [Google Scholar] [CrossRef] [PubMed]

	7. 
Chang, W. Non-coding RNAs and Berberine: A new mechanism of its anti-diabetic activities. Eur. J. Pharmacol. 2017, 795, 8–12. [Google Scholar] [CrossRef] [PubMed]

	8. 
Li, D.; Zhang, Y.; Liu, K.; Zhao, Y.; Xu, B.; Xu, L.; Tan, L.; Tian, Y.; Li, C.; Zhang, W.; et al. Berberine inhibits colitis-associated tumorigenesis via suppressing inflammatory responses and the consequent EGFR signaling-involved tumor cell growth. Lab. Investig. 2017, 97, 1343–1353. [Google Scholar] [CrossRef] [PubMed]

	9. 
Kumar, A.; Ekavali; Chopra, K.; Mukherjee, M.; Pottabathini, R.; Dhull, D.K. Current knowledge and pharmacological profile of berberine: An update. Eur. J. Pharmacol. 2015, 761, 288–297. [Google Scholar] [CrossRef] [PubMed]

	10. 
Hou, Q.; Tang, X.; Liu, H.; Tang, J.; Yang, Y.; Jing, X.; Xiao, Q.; Wang, W.; Gou, X.; Wang, Z. Berberine induces cell death in human hepatoma cells in vitro by downregulating CD147. Cancer Sci. 2011, 102, 1287–1292. [Google Scholar] [CrossRef] [PubMed]

	11. 
Tsang, C.M.; Cheung, K.C.; Cheung, Y.C.; Man, K.; Lui, V.W.; Tsao, S.W.; Feng, Y. Berberine suppresses Id-1 expression and inhibits the growth and development of lung metastases in hepatocellular carcinoma. Biochim. Biophys. Acta 2015, 1852, 541–551. [Google Scholar] [CrossRef] [PubMed]

	12. 
Hur, J.M.; Hyun, M.S.; Lim, S.Y.; Lee, W.Y.; Kim, D. The combination of berberine and irradiation enhances anti-cancer effects via activation of p38 MAPK pathway and ROS generation in human hepatoma cells. J. Cell. Biochem. 2009, 107, 955–964. [Google Scholar] [CrossRef] [PubMed]

	13. 
Wang, X.; Wang, N.; Li, H.; Liu, M.; Cao, F.; Yu, X.; Zhang, J.; Tan, Y.; Xiang, L.; Feng, Y. Up-Regulation of PAI-1 and Down-Regulation of uPA Are Involved in Suppression of Invasiveness and Motility of Hepatocellular Carcinoma Cells by a Natural Compound Berberine. Int. J. Mol. Sci. 2016, 17, 577. [Google Scholar] [PubMed]

	14. 
Calnan, D.R.; Brunet, A. The FoxO code. Oncogene 2008, 27, 2276–2288. [Google Scholar] [CrossRef] [PubMed]

	15. 
Ni, D.; Ma, X.; Li, H.Z.; Gao, Y.; Li, X.T.; Zhang, Y.; Ai, Q.; Zhang, P.; Song, E.L.; Huang, Q.B.; et al. Downregulation of FOXO3a promotes tumor metastasis and is associated with metastasis-free survival of patients with clear cell renal cell carcinoma. Clin. Cancer Res. 2014, 20, 1779–1790. [Google Scholar] [CrossRef] [PubMed]

	16. 
Shi, J.; Zhang, L.; Shen, A.; Zhang, J.; Wang, Y.; Zhao, Y.; Zou, L.; Ke, Q.; He, F.; Wang, P.; et al. Clinical and biological significance of forkhead class box O 3a expression in glioma: Mediation of glioma malignancy by transcriptional regulation of p27kip1. J. Neuro-Oncol. 2010, 98, 57–69. [Google Scholar] [CrossRef] [PubMed]

	17. 
Zhang, Y.X.; Liu, X.M.; Wang, J.; Li, J.; Liu, Y.; Zhang, H.; Yu, X.W.; Wei, N. Inhibition of AKT/FoxO3a signaling induced PUMA expression in response to p53-independent cytotoxic effects of H1: A derivative of tetrandrine. Cancer Biol. Ther. 2015, 16, 965–975. [Google Scholar] [PubMed]

	18. 
Jia, T.; Zhang, L.; Duan, Y.; Zhang, M.; Wang, G.; Zhang, J.; Zhao, Z. The differential susceptibilities of MCF-7 and MDA-MB-231 cells to the cytotoxic effects of curcumin are associated with the PI3K/Akt-SKP2-Cip/Kips pathway. Cancer Cell Int. 2014, 14, 126. [Google Scholar] [CrossRef] [PubMed]

	19. 
Frescas, D.; Pagano, M. Deregulated proteolysis by the F-box proteins SKP2 and β-TrCP: Tipping the scales of cancer. Nat. Rev. Cancer 2008, 8, 438–449. [Google Scholar] [CrossRef] [PubMed]

	20. 
Koo, K.H.; Kim, H.; Bae, Y.K.; Kim, K.; Park, B.K.; Lee, C.H.; Kim, Y.N. Salinomycin induces cell death via inactivation of Stat3 and downregulation of Skp2. Cell Death Dis. 2013, 4, e693. [Google Scholar] [CrossRef] [PubMed]

	21. 
Carrano, A.C.; Eytan, E.; Hershko, A.; Pagano, M. SKP2 is required for ubiquitin-mediated degradation of the CDK inhibitor p27. Nat. Cell Biol. 1999, 1, 193–199. [Google Scholar] [CrossRef] [PubMed]

	22. 
Huang, Y.; Tong, S.; Tai, A.W.; Hussain, M.; Lok, A.S. Hepatitis B virus core promoter mutations contribute to hepatocarcinogenesis by deregulating SKP2 and its target, p21. Gastroenterology 2011, 141, 1412–1421.e5. [Google Scholar] [CrossRef] [PubMed]

	23. 
Yoshida, Y.; Ninomiya, K.; Hamada, H.; Noda, M. Involvement of the SKP2-p27(KIP1) pathway in suppression of cancer cell proliferation by RECK. Oncogene 2012, 31, 4128–4138. [Google Scholar] [CrossRef] [PubMed]

	24. 
Lin, H.K.; Wang, G.; Chen, Z.; Teruya-Feldstein, J.; Liu, Y.; Chan, C.H.; Yang, W.L.; Erdjument-Bromage, H.; Nakayama, K.I.; Nimer, S.; et al. Phosphorylation-dependent regulation of cytosolic localization and oncogenic function of Skp2 by Akt/PKB. Nat. Cell Biol. 2009, 11, 420–432. [Google Scholar]

	25. 
Yi, T.; Zhuang, L.; Song, G.; Zhang, B.; Li, G.; Hu, T. Akt signaling is associated with the berberine-induced apoptosis of human gastric cancer cells. Nutr. Cancer 2015, 67, 523–531. [Google Scholar] [CrossRef] [PubMed]

	26. 
Wu, J.; Lee, S.W.; Zhang, X.; Han, F.; Kwan, S.Y.; Yuan, X.; Yang, W.L.; Jeong, Y.S.; Rezaeian, A.H.; Gao, Y.; et al. Foxo3a transcription factor is a negative regulator of Skp2 and Skp2 SCF complex. Oncogene 2013, 32, 78–85. [Google Scholar] [CrossRef] [PubMed]

	27. 
Sarkar, M.; Khare, V.; Guturi, K.K.; Das, N.; Ghosh, M.K. The DEAD box protein p68: A crucial regulator of AKT/FOXO3a signaling axis in oncogenesis. Oncogene 2015, 34, 5843–5856. [Google Scholar] [CrossRef] [PubMed]

	28. 
Prindull, G. Final checkup of neoplastic DNA replication: Evidence for failure in decision-making at the mitotic cell cycle checkpoint G1/S. Exp. Hematol. 2008, 36, 1403–1416. [Google Scholar] [CrossRef] [PubMed]

	29. 
Zhang, C.; Bai, D.S.; Huang, X.Y.; Shi, G.M.; Ke, A.W.; Yang, L.X.; Yang, X.R.; Zhou, J.; Fan, J. Prognostic significance of Capn4 overexpression in intrahepatic cholangiocarcinoma. PLoS ONE 2013, 8, e54619. [Google Scholar] [CrossRef] [PubMed]

	30. 
Wang, G.Y.; Lv, Q.H.; Dong, Q.; Xu, R.Z.; Dong, Q.H. Berbamine induces Fas-mediated apoptosis in human hepatocellular carcinoma HepG2 cells and inhibits its tumor growth in nude mice. J. Asian Nat. Prod. Res. 2009, 11, 219–228. [Google Scholar] [CrossRef] [PubMed]

	31. 
Park, S.Y.; Piao, Y.; Thomas, C.; Fuller, G.N.; de Groot, J.F. Cdc2-like kinase 2 is a key regulator of the cell cycle via FOXO3a/p27 in glioblastoma. Oncotarget 2016, 7, 26793–26805. [Google Scholar] [CrossRef] [PubMed]

	32. 
Li, A.; Wang, J.; Wu, M.; Zhang, X.; Zhang, H. The inhibition of activated hepatic stellate cells proliferation by arctigenin through G0/G1 phase cell cycle arrest: Persistent p27(Kip1) induction by interfering with PI3K/Akt/FOXO3a signaling pathway. Eur. J. Pharmacol. 2015, 747, 71–87. [Google Scholar] [CrossRef] [PubMed]

	33. 
Dobson, M.; Ramakrishnan, G.; Ma, S.; Kaplun, L.; Balan, V.; Fridman, R.; Tzivion, G. Bimodal regulation of FoxO3 by AKT and 14-3-3. Biochim. Biophys. Acta 2011, 1813, 1453–1464. [Google Scholar] [CrossRef] [PubMed]

	34. 
Prabhu, V.V.; Allen, J.E.; Dicker, D.T.; El-Deiry, W.S. Small-Molecule ONC201/TIC10 Targets Chemotherapy-Resistant Colorectal Cancer Stem-like Cells in an Akt/Foxo3a/TRAIL-Dependent Manner. Cancer Res. 2015, 75, 1423–1432. [Google Scholar] [CrossRef] [PubMed]

	35. 
Tsai, W.B.; Chung, Y.M.; Takahashi, Y.; Xu, Z.; Hu, M.C. Functional interaction between FOXO3a and ATM regulates DNA damage response. Nat. Cell Biol. 2008, 10, 460–467. [Google Scholar] [CrossRef] [PubMed]

	36. 
Zhang, G.; Dong, F.; Luan, C.; Zhang, X.; Shao, H.; Liu, J.; Sun, C. Overexpression of CCAAT Enhancer-Binding Protein alpha Inhibits the Growth of K562 Cells via the Foxo3a-Bim Pathway. Acta Haematol. 2016, 136, 65–70. [Google Scholar] [CrossRef] [PubMed]

	37. 
Ferber, E.C.; Peck, B.; Delpuech, O.; Bell, G.P.; East, P.; Schulze, A. FOXO3a regulates reactive oxygen metabolism by inhibiting mitochondrial gene expression. Cell Death Differ. 2012, 19, 968–979. [Google Scholar] [CrossRef] [PubMed]

	38. 
Zhang, H.; Kobayashi, R.; Galaktionov, K.; Beach, D. p19Skp1 and p45Skp2 are essential elements of the cyclin A-CDK2 S phase kinase. Cell 1995, 82, 915–925. [Google Scholar] [CrossRef]

	39. 
Hao, Z.; Huang, S. E3 ubiquitin ligase Skp2 as an attractive target in cancer therapy. Front. Biosci. 2015, 20, 474–490. [Google Scholar] [CrossRef]

	40. 
Caraballo, J.M.; Acosta, J.C.; Cortes, M.A.; Albajar, M.; Gomez-Casares, M.T.; Batlle-Lopez, A.; Cuadrado, M.A.; Onaindia, A.; Bretones, G.; Llorca, J.; et al. High p27 protein levels in chronic lymphocytic leukemia are associated to low Myc and Skp2 expression, confer resistance to apoptosis and antagonize Myc effects on cell cycle. Oncotarget 2014, 5, 4694–4708. [Google Scholar] [CrossRef] [PubMed]

	41. 
Wang, F.; Chan, C.H.; Chen, K.; Guan, X.; Lin, H.K.; Tong, Q. Deacetylation of FOXO3 by SIRT1 or SIRT2 leads to Skp2-mediated FOXO3 ubiquitination and degradation. Oncogene 2012, 31, 1546–1557. [Google Scholar] [CrossRef] [PubMed]





















© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  ijms-19-00327


  
    		
      ijms-19-00327
    


  




  





media/file8.jpg
A
Foosa (5 =5 v e e =)
[GEE = = 3 T =

27
S [ e ]

Pactin [ —————] % :jLTh

[ v— e
Foos A P
seR (o M
suﬁ
,nz Eaz
“‘.«'r.u/ &,f,w.v'

& o

5’:., TRIAN
7Y






media/file11.png
FoxO3a

7p27Ki;731

Cell cycle arrest





media/file6.jpg
Wan7 Hep2 Cyoplasm Nucleus
& & & )
& o oY & o &

foon (=] =21 reon[Em ] Foose

procn [BEEE] B= =1 ey Histone H3|
pacn [ [———] — -— -

Eoxo3GARDH

) B SN Thom 10, B FoxG3aistone 13
goo 5 gos
i -

DAPI Fox03a Merged

- - - -
- - -






media/file1.png
FL2-H

FL2-H

A Huh-7 HepG2

1.00 = 30uM 1.0 -= 30uM
-+ 60pM -+ 60uM
g08{ — 120uM . 4 2 08] = 120uM
= " @ ° £ 4 i
§ 0.6 idd § 0.6 o
S04 ° 3 0.4-
A = -
£ <
0.2 0.2
0 c I I Ll ] o-c I L) L) I
12h 24h 48h 72h 12h 24h 48h 72h
B
Huh-7 HepG2
Control Berberine 30pM Control Berberine 30uM
10" 0.62% 66% ]  0'Ta% [ 838% 10° 10 56% 2.36% 10T 04% 14.28%
1 Y B S I BV
| R e y bl b
T € T L L
. . z 10 P
5 1" "7.03%
10° 10 10 10 10
FL1-H FL1-H
Berberine 120uM Berberine 60uM Berberine 120puM
10T 84% 15.00% 101 28% wT7%
T T

Control BBR 30uM






media/file10.jpg
Cell cycle arrest





media/file7.png
Huh-7 HepG2 Cytoplasm Nucleus

N N N

_-— | FoxOBa‘ p— . ‘ FoxO3a W
p-FoxO3a |- —-— | |"“ | GAPDH |-| HistoneH3|-“‘

B-actin |--| l--|

FoxO3a |

| |

FoxO3a/GAPDH

0.5+ g Control 1.07 [ FoxO3a/Histone H3
BBR 120uM
= 0.4 ——
£ 0.
g *
.g 0 3‘ *%
[ *
Z 0.2
S
Q
x 0.1
0.0- T
> > 2> >
o e o o S
QO QO QO (o) \‘\9
< <
Huh-7 HepG2

FoxO3a

Control

BBR 120uM






media/file9.png
Cell Number

Cell Number

100 150 200
1 1 [

50

P

0 20

p21 expression

FoxO3a |~

p21

(- -

p27 |-..---‘- --|

Skp2 |

- — - —w._|

B-aCtin | e c—— — — —|

Ctrl siRNA

FoxO3a siRNA
BBR (120uM)

e o =
> » o

+

©C =
® o

0.6+

Ctrl

G0/G1 53.85% o
S 27.49% =
G2IM  18.66% v oo ]
Y X
8 =7
E o]
5 ¢
Z
CHNE
@)
<
a ]
/ - <
20 40 60 80 100
DNA Content
Ctrl +BBR
G0/G1 68.53%
S 13.42% e
G2/IM  18.05% I
g8
=]
Z o
— o
)
O

40 60 100 120

80
DNA Content

0

0.4

p27 expression

© o
S N

Ctrl SiRNA

GO0/G1 54.41%
S 3517 %
G2IM  10.42%

40

60
DNA Content

80 100 120

Ctrl SiRNA +BBR

G0/G1  65.13%
S 18.50%
G2/IM  16.37%

40 60 80 100 120

DNA Content

Cell Number

Cell Number

FoxO3a SiRNA

G0/G1  32.64%
S 36.96%
G2/M  30.41%

0 20 40 60

DNA Content

80 100

FoxO3a SiRNA +BBR

GO/G1  55.78%
s ] S 942%
- G2M  34.80 %

0 20

40 60 80
DNA Content

100 120

FoxO3a expression

Skp2 expression

o o =
> @ o

o o =
> » o

GO0/G1 phase

EA Ctrl

EA Ctrl siRNA

El FoxO3a siRNA

Ed Ctrl +BBR

Ctrl siRNA + BBR
FoxO3a siRNA + BBR

A
%

S+G2/M phase





media/file5.png
& ,,9§ ¢OQ§ ,09§ RS ,bg§ @§ (19‘§
Y [ I p21 .
p27 [ e e p27 [ e e ] 5,
S Skp2 | e o oy
T A —— PAK [ -~ -~ |

AKE [ — — Akt I—-- --|

B-actin |————

o1 [o= ] e [ ]

FoxO3a | s Haaya |

p-FoxO3a | —— - - |

NC
Akt | — — | 150 = p27cf'° siRNA
Al | | | E p21¥P siRNA
p- . PR——— —
O e ——

o
<

B-actin | —— c— .—|

BBR (120uM) - + —
LY294002 (20uM) - - + control BBR 120 (uM)

relative cell number(%)

[=]
1






media/file3.png
120

CelalD Number

100"

Cell population
N A O O
e = = =

Huh-7

Control Berberine 30uM
G0/G1 51.63% & G0/G1 55.78%
s 25.48% . s 9.42%
G2IM  22.89% g ] G2/M  34.80%
E
3
=
=2
[}
(&)
e -

40 60 80 D_O 20 40 60 80 100 120
DNA Content DNA Content
eSS SO Berberine 120uM

G0/G1  59.87% ] GO/G1  66.51%
32.07% %7 s 19.28%
adM. % | § 3 G2M  14.21%
=
3
-
%S
(&)

40 60 80
DNA Content

* %

/s V74

[ ——
[re——]
Bitm—
E——
Er—
et
——
—
—
[e——
mem————
—
—
e
—
1
et
EmC———
—
e
r——Tm—e
E——
—
e
R—
——
—
1
—
et
——

G0/G1 phase

BNA éjonter:ot

i Control

J Berberine 30uM
Berberine 60puM
Berberine 120uM

/i /4

S+G2/M phase

90 120
1 1

Cell Number
60
1

120
1

80
1

Cell Number

100-

Cell population
N B O O
e e 9 9

HepG2

Control

GO/G1 55.67%

s 9.22% 1

G2IM  35.11% &
2
£
=D
23
3
(&)

40 60 80
DNA Content

Berberine 60pM
G0/G1 73.38% ]
s 21.23% £
G2/Mm  5.39% _
[ =
r-B
£
-
Z ]
K
(&)

DP:IDA Coio\tent N

% %k %k

B

GOIG1 phase

Berberine 30uM

G0/G1 68.53%
S 18.05%
G2/M

13.42%

DNA Content
Berberine 120uM

G0/G1 76.85%
S 19.99%
G2/IMm  3.16%

Control
Berberine 30uM
Berberine 60puM
Berberine 120uM

S+GZIM phase





media/file4.jpg
A Huh-7
w21

A
027 [ ————
swzl-s_-‘lli

I B

meml o

s /’i’.v"/” oy }J"f?

NG sRNA NG sRNA
c D

For0%

=
- ——

i (=]

BBROZM) -+
k2o - -+






media/file0.jpg
B

Control BBR 304

&

Hun






media/file2.jpg
] Berborine 30uM
Berberine 60uM
Borberine 1204M

'S+G2/M phase

GO/G1 phase

& Control

100 Berberine 30uM
orberine 60uM
§ so- Berberine 120uM
3 60

GO/G1 phase _ S+G2/M phase





