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As one of the leading causes of cancer-related death in the world, hepatocellular carcinoma (HCC) has continued to attract growing attention in recent decades. The use of traditional Chinese herbs in medicine has been practiced for thousands of years, and holds the potential of being a possible treatment for HCC. Curcumin, a bioactive ingredient derived from Curcuma longa, exhibits anti-tumor activity in various cancers. Although the effects of Curcumin on HCC have been elucidated, the underlying mechanism remains unclear. In the present study, Curcumin was demonstrated to inhibit the proliferation of HCC cells via inducing cell cycle arrest and apoptosis. Several previously reported lncRNAs related to tumorigenesis were chosen for examination of their expression profiles, and lincROR was found to be the most down-regulated in the Curcumin-treated HCC cells. Furthermore, Curcumin was found to decrease β-catenin expression and induce the inactivation of Wnt/β-catenin signaling. Therefore, Curcumin suppressed tumor growth through a lincROR/β-catenin regulatory pattern. In conclusion, our results demonstrated that Curcumin suppressed the cell proliferation via the down-regulation of lincROR and inactivation of Wnt/β-catenin signaling, suggesting that it may be a potential anti-cancer candidate for HCC patients with activated Wnt/β-catenin signaling.
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Introduction

As the most common type of liver cancer, hepatocellular carcinoma (HCC) is the third most frequent cause of cancer-related death in the world (Okuda, 2000; Jemal et al., 2005). Although the mortality rate in cancers has been decreasing recently, HCC is still one of the leading causes of death and remains a serious health problem in most countries (Bosch et al., 2004). Therefore, the development of more effective therapies is imperative and of high clinical significance for HCC patients. During recent years, the use of traditional Chinese medicine (TCM) has become increasingly popular in cancer therapeutics. Some medicines within TCM have been reported to serve as effective anti-cancer drugs or adjuvants to alleviate cancer progression and to improve the life quality of patients (Hu et al., 2013). Curcumin, a bioactive phenol, is isolated from Curcuma longa, which has been used for hundreds of years (Tsuda, 2018). Mounting evidence has revealed that Curcumin exhibited anti-cancer properties in various cancers, such as colorectal cancer, breast cancer, prostate cancer, HCC, etc. (Golonko et al., 2019; Vallée et al., 2019). However, the detailed underlying mechanisms of this anti-cancer effect remain obscure.

In recent years, non-coding RNAs, especially long non-coding RNAs (lncRNAs), have attracted more and more attention in research fields. They have been identified as important and powerful regulators in multiple diseases, including carcinogenesis (Mercer et al., 2009). Series of lncRNAs, such as H19, Hotair, and HOTTIP, have been demonstrated to serve as oncogenes to promote cancer development and metastasis (Gupta et al., 2010; Fan et al., 2018; Lecerf et al., 2019). The human lincROR is a recently identified lncRNA which negatively regulated the expression of p53 and inhibited cell cycle and apoptosis (Zhang et al., 2013), indicating its significant role in tumorigenesis.

In the present study, Curcumin was found to suppress tumorigenesis via inducing cell cycle arrest and apoptosis in HCC. Further investigation of underlying mechanisms demonstrated that lincROR was down-regulated and thus induced the inactivation of Wnt/β-catenin signaling. Therefore, our study provides a novel molecular mechanism of Curcumin in liver cancer progression and helps to generate a promising therapeutic candidate for cancer patients with aberrantly activated Wnt/β-catenin signaling.



Material and Methods


Preparation of Curcumin

Curcumin was purchased from sigma laboratory (Sigma-Aldrich, St. Louis, MO, USA) with purity over 99%.



Cell Culture

Two HCC cell lines, SMMC7721 and Huh-7, and an immortalized non-tumorigenic cell line, LO2, were cultured in Dulbecco's modified Eagle's medium (DMEM, GIBCO, USA) supplemented with 10% fetal bovine serum (FBS, GIBCO) and 1% penicillin/streptomycin (P/S, GIBCO) in a humidified incubator at 37°C with 5% CO2. All the following experiments were repeated in triplicate, if no special indication is mentioned.



Cell Proliferation

The SMMC7721 and Huh-7 cells were seeded in a 96-well plate and treated with various concentrations of Curcumin for 24, 48, and 72 hours. 10μl methylthiazoletetrazolium (MTT) solution (5mg/ml) was incubated for another four hours. Then the medium was removed, and 100μl dimethylsulfoxide (DMSO) was added to dissolve the formazan crystals. The absorbance was measured at 570nm with a Multiskan FC plate reader (Thermo Scientific, USA).



Colony Formation Assays

Cells were seeded in a 6-well plate at 500 cells/well and incubated with 16μM Curcumin for two weeks. After being fixed with methanol, the colonies were stained with Giemsa for 20 min. ImmunoSpot analyzers (CTL, USA) were used to quantify the colonies.



Apoptosis Assays

Cells were incubated with 16μM Curcumin for 48 hours and collected for flow cytometry examination. The apoptotic cells were quantified with an FITC-labeled Annexin V/propidium iodide (PI) Apoptosis Detection Kit (KeyGEN, China), as mentioned before (Fu et al., 2015).



Cell Cycle Analysis

Cells were treated with 16μM Curcumin for 48 hours, and then were fixed in 70% ethanol. Then, the samples were stained with the dye from the Cell Cycle Detection Kit (KeyGEN), and the cells were subjected to flow cytometry examination (Beckman, Pasadena, CA).



The lincROR Overexpressing Stable Cells

The SMMC-7721 cells with lincROR overexpression were generated using the retrovirus-mediated gene delivery system as previously described (Feng et al., 2018). Briefly, the retrovirus was generated in 293T cells by co-transfecting with pBabe-lincROR (plincROR) vector and the viral packaging vector pCL-Ampho. The pBabe vector (pVector) was used as the control. The SMMC-7721 cells were infected by retroviral particles, and the stable cells were developed by Puromycin (Sigma-Aldrich, USA) selection.



Luciferase Activity Assays

HCC cells were seeded in 12-Well plates and co-transfected with a TOPflash luciferase reporter (1.25ug) by Lipofectamine 3000 (Invitrogen, USA). With 28-hour Curcumin treatment, luciferase activity was determined using the luciferase reporter assay system (Promega, USA) (Liang et al., 2019). Each experiment was repeated in triplicate.



Quantitative Real Time PCR (qPCR)

Total RNA was extracted by Trizol reagent (Invitrogen, USA), and the cDNA was generated with PrimeScript RT Reagent Kit (TaKaRa, Japan). The qPCR analyses were conducted using a power up SYBR Green PCR master mix (Thermo Fisher Scientific) on a Light-Cycler480 System (Roche, Basel, Switzerland). The primers were listed in Table 1.


Table 1 | Primers for qRT-PCR.





Immunoblotting Analysis

The total proteins were extracted using RIPA solution. Nuclear protein fraction was extracted by the nuclear and cytoplasmic extraction kit (Invent, USA). The proteins were separated by 10% sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to PVDF membranes (Millipore, Billerica, MA). After blocking, PVDF membranes were incubated with specific antibodies against β-catenin (1:2000; Cell Signaling Technology, USA), GADPH (1:2000; Cell Signaling Technology, USA), and Lamin A/C (1:1000; Cell Signaling Technology, USA) overnight, followed by the HRP-labelled corresponding IgG (Merck, Germany). Finally, the chemiluminescence (ECL, USA) was used to visualize the bands and the quantitative densitometries were determined with Image J.



Immunofluorescence Analyses

After treatment with Curcumin for 72 hours, HCC cells were incubated with the anti-β-catenin antibody (1:100; Cell Signaling Technology, USA) overnight. They were then incubated with anti-rabbit IgG-Alexa Fluor 594 (Absin, Beijing, China) at 1:2000 dilution in the dark at 37°C for one hour. After the cell nuclei were labeled with DAPI (Beyotime, Shanghai, China), images were captured using a Zeiss Axiophot 2 microscope.



Statistical Analysis

Data are presented as mean±SEM. Two-tailed unpaired Student's t test was employed to determine the statistical significance of differences. Differences were considered significant when P-values <0.05.




Results


Curcumin Significantly Suppressed Cell Viability in HCC Cells

Curcumin has been reported to inhibit cell proliferation in multiple cancers (Golonko et al., 2019; Vallée et al., 2019). To validate this conclusion in our study, two HCC cells, SMMC-7721 and Huh-7, and one non-tumorigenic cells, LO2, were exposed to the concentrations of Curcumin varying from 0 to 160µM. As shown in Figures 1A–C, Curcumin significantly suppressed the two HCC cells' proliferation in dose-dependent manners. Compared with the effect of Curcumin on two HCC cells, it exhibited a weaker effect on cell viability in the LO2 cells (Figure 1C). The IC50 value of curcumin for 48 hours in SMMC-7721 cells was 15.41µM and it was 13.98µM in Huh-7 cells; we therefore selected 16µM for the further investigation. Moreover, the suppressive effect of Curcumin was further assessed by colony formation assays, and the results validated its anti-tumor function in HCC cells (Figure 1D).




Figure 1 | Curcumin inhibited cell proliferation in HCC cells. A-C, SMMC-7721, and Huh-7 cells were treated with serial concentrations of Curcumin, and the effects of Curcumin on cell proliferation were measured by MTT assays at 24, 48, and 72 hours (A–C). (D) SMMC-7721 and Huh-7 cells were treated with Curcumin for about 14 days and the colony formation was examined. *P < 0.05, **P < 0.01, ***P < 0.001, compared with DMSO.





Curcumin Induced Cell Cycle Arrest and Apoptosis in HCC Cells

In the subsequent experiments, the Curcumin-treated HCC cells were subjected to flow cytometry examination for cell cycle analysis. As shown in Figure 2, Curcumin induced an increased percentage of cells in the S phase and fewer cells in G0-G1 phase (Figures 2A, B), indicating that its anti-proliferation effect partially resulted from S-phase arrest. The quantitative apoptotic cells induced by Curcumin were also monitored. Compared with the DMSO-treated group, the Curcumin-treated group exhibited more apoptotic cells in SMMC-7721 cells (Figures 3A, B) and Huh-7 cells (Figures 3C, D). These results suggested that Curcumin suppressed cell proliferation partially via the induction of cell cycle arrest and apoptosis.




Figure 2 | Curcumin induced cell cycle arrest in HCC cells. SMMC-7721 (A) and Huh-7 (B) cells were treated with 16μM Curcumin for 48 hours, then harvested and subjected to cell cycle analyses. **P < 0.01, ***P < 0.001, compared with DMSO.






Figure 3 | Curcumin induced apoptosis in HCC cells. SMMC-7721 (A, B) and Huh-7 (C, D) cells were incubated with 16μM Curcumin for 48 hours, and the apoptotic cells were examined by Annexin V-FITC and PI double staining. (A, C), The results of one such assay; and (B, D), mean ± SD of three independent experiments. *P < 0.05, ***P < 0.001, compared with DMSO.





Curcumin Suppressed the LincROR Expression in HCC Cells

Many lncRNAs have been demonstrated to serve as critical regulators in tumorigenesis (Bhan et al., 2017). To identify the putative lncRNAs involved in this process, four previously reported lncRNAs including HULC (Figure 4A), lincROR (Figure 4B), HOTTIP (Figure 4C), and H19 (Figure 4D) were chosen and subjected for qRT-PCR examination to check their expression profiling. Among these candidate lncRNAs, only lincROR presented significant down-regulation in Curcimin-treated HCC cells (Figure 4B), and thus it was chosen for further investigation.




Figure 4 | lincROR was the most changeable candidate in Curcumin-treated HCC cells. The two HCC cells were incubated with Curcumin for 48 hours, and several lncRNAs were chosen to examine their expression by qRT-PCR assays (A–D). LincROR was the most dramatic change candidate in these treated cells. *P < 0.05; **P < 0.01; ***P < 0.001, compared with DMSO.





Curcumin Blocked the Activation of Wnt/β-Catenin Signaling in HCC Cells

The Wnt/β-catenin signaling is an important mechanism for cell proliferation, while its abnormal activation could lead to the development of various cancers (Anastas and Moon, 2013). To determine whether this signaling could be involved in this process, the Wnt signaling reporter TOPflash, which contains three binding sites for TCF and β-catenin, was transfected into the Curcumin-treated HCC cells. The results showed that Curcumin significantly suppressed the luciferase activity of TOPflash in SMMC-7721 cells (Figure 5A). Furthermore, the total β-catenin expression was reduced by Curcumin in SMMC-7721 cells at mRNA and protein levels (Figures 5B, C, Supplementary Figure S1). It is well known that β-catenin could be translocated from the cytoplasm to the nucleus, thus leading to the suppression on its transcription. We therefore examined the expression of the nuclear β-catenin and it was shown that less nuclear β-catenin was enriched in the Curcumin-treated HCC cells (Figure 5D, Supplementary Figure S1). Further immunofluorescence investigation also demonstrated that nuclear β-catenin was decreased by Curcumin in HCC cells (Figure 5E), and the quantitative analyses were showed in Supplementary Figure S2. Several downstream target genes of Wnt/β-catenin signaling, such as CD44, Oct3/4, CCND1, and c-Myc, were examined and the results showed that their expression was suppressed by Curcumin in SMMC-7721 cells (Figure 5F). All these results indicated that Curcumin suppressed the β-catenin expression, and thus induced the activation of the canonical Wnt/β-catenin signaling.




Figure 5 | Curcumin induced the inactivation of the Wnt/β-catenin signaling. (A–D) With Curcumin treatment for 48 hours, the TOPflash luciferase activity was examined in SMMC-7721 cells (A). The expression of β-catenin in SMMC-7721 cells was determined at mRNA level (B). The expression of total β-catenin (C) and intranuclear β-catenin (D) were examined in SMMC-7721 cells at protein level. Lamin A/C (nuclear expression) and GADPH (cytoplasmic expression) were used as the loading controls. (E) β-catenin was detected in SMMC-7721 cells with 48 hours' treatment by immunofluorescence staining (100×). (F) The downstream targets of the Wnt/β-catenin pathway in Curcumin-treated SMMC-7721 cells were examined by qRT-PCR assays. ***P < 0.001, compared with DMSO.





Curcumin Suppressed Cell Viability Through LincROR/β-Catenin Regulatory Pattern

In our previous studies, lincROR has been demonstrated to activate Wnt/β-catenin signaling so as to promote osteogenesis in human mesenchymal stem cells (Feng et al., 2018). In this study, we firstly silenced lincROR by using the specific shRNA plasmid to test whether the reduced expression could mimic the suppressive effect of Curcumin. As shown in Supplementary Figure S3A, the lincROR expression was reduced by lincROR shRNA (sh-lincROR) at the mRNA level. The SMMC-7721 cells were transfected with sh-lincROR, and we then examined cell growth. We found that lincROR knockdown led to a weaker inhibitory effect on cell growth (Supplementary Figure S3B) than that induced by Curcumin. On the other hand, the lincROR-overexpressing SMMC-7721 cell line was generated, and lincROR was obviously up-regulated in these stable cells (Figure 6A). The examination of cell viability and colony formation showed that lincROR overexpression partially reversed the Curcumin-induced cell proliferative inhibition (Figures 6B, C). As for the Wnt/β-catenin signaling, our results demonstrated that lincROR overexpression significantly abolished the suppressive expression of total β-catenin (Figure 6D, Supplementary Figure S4) and several downstream target genes of Wnt/β-catenin signaling (Figure 6E), thus partially cancelling the inactivation of Wnt/β-catenin signaling in Curcumin-treated HCC cells.




Figure 6 | lincROR overexpression reversed Curcumin-induced growth inhibition and inactivated Wnt/β-catenin signaling. (A) The expression of lincROR in lincROR overexpressing SMMC-7721 cells was measured by qRT-PCR examination. ***P<0.001, compared with pVector. (B, C) The cell viabilities (B) and colony formation (C) was measured with Curcumin 48-hour treatment in lincROR overexpressing SMMC-7721 cells. (D) The protein level of β-catenin was examined by Western blotting after 48-hour treatment of Curcumin in lincROR overexpressing SMMC-7721 cells. (C) Other Wnt/β-catenin downstream target genes were examined by qRT-PCR with the same treatment in lincROR overexpressing SMMC-7721 cells. *P < 0.05; **P < 0.01; ***P < 0.001; compared with pVector+DMSO.






Discussion

Traditional Chinese herbs have been used for thousands of years and continue to be popular today. Many herbs have been demonstrated to alleviate tumorigenesis, relieve the side effects of chemotherapy, or extend the patients' life (Hu et al., 2013). Curcumin is a polyphenol found in Curcuma longa and has been used as a spice in India for centuries (Tsuda, 2018). It has been reported to exhibit health benefits such as being antioxidant, anti-inflammatory, and having anticancer properties (Joe et al., 2004; Strimpakos and Sharma, 2008; Basnet and Skalko-Basnet, 2011). As for the anti-cancer activity, Curcumin has been demonstrated to suppress various cancers such as gastric cancer (Jakubek et al., 2019), breast cancer (Choudhuri et al., 2002; Liu and Chen, 2013), lung cancer (Hatcher et al., 2008; Chen et al., 2019), etc. In the present study, we found that Curcumin inhibited the in vitro HCC tumor growth through inducing cell cycle arrest and apoptosis. However, although some fragmented studies have touched on the underlying mechanism, there is a lack of systemic investigation. Therefore, depicting the detailed mechanism involved could provide a strong basis for its clinical practice in the near future.

In recent years, the emergence of noncoding RNAs (ncRNAs) bring new light for the investigation of TCM's mechanisms. In addition to miRNAs, long or large noncoding RNAs (lncRNAs) with a length of over 200 bases have recently been identified as novel regulators of gene activity (Ponting et al., 2009). A number of recent papers have revealed that lncRNAs are important and powerful regulators in various biological activities (Khalil et al., 2009). To date, several lncRNAs have been reported to mediate carcinogenesis. For example, the H19 gene induced the epithelial to mesenchymal transition (EMT) in colorectal cancer (Liang et al., 2015); HOTAIR expression is closely associated with breast cancer metastasis and the high expression of HOTAIR is a powerful predictor of eventual metastasis and death (Gupta et al., 2010). In the present study, several previously reported on lncRNAs related to tumorigenesis, including HULC, lincROR, HOTTIP, and H19, were chosen for examination of their expression profiling. Of these, lincROR was the most promising candidate in the Curcumin-treated HCC cells. The human lincROR is a recently identified 2.6-kb lincRNA located in chromosome 18 (hg19 chr18:54,721,802-54,739,350), consisting of four exons. lincROR is highly expressed in ESC and iPSCs (Loewer et al., 2010) and maintains their self-renewal (Wang et al., 2013). Interestingly, a recent study also documented that lincROR acted as a strong negative regulator of p53 and inhibited p53-mediated cell cycle arrest and apoptosis (Fan et al., 2018), indicating its likely function in tumorigenesis.

As is well known, the canonical Wnt/β-catenin pathway plays a significant role in many cellular functions including organ formation, stem cell renewal, and cell survival (Anastas and Moon, 2013; Song et al., 2018). Aberrant Wnt/β-catenin pathway activation could promote tumorigenesis and about 35% of HCC patients exhibited this signaling activation (Prasad et al., 2009; Suarez et al., 2015). Therefore, the inactivation of this Wnt/β-catenin signaling may provide an attractive therapeutic strategy for HCC patients. In our study, Curcumin was found to significantly suppress the luciferase activity of Wnt/β-catenin TOPflash in HCC cells, which was consistent with the previous report (Prasad et al., 2009). The β-catenin translocation from cytoplasm to nucleus is critical for the activation of the Wnt/β-catenin signaling, which interacts with LEF/TCF to stimulate the transcription of downstream genes such as c-Myc, CCND1, and CD44 (MacDonald et al., 2009). Our results demonstrated that the expression of nuclear β-catenin was decreased by Curcumin, and its downstream target genes were inhibited as well. Therefore, our data indicated that Curcumin exhibited anti-proliferative effects in HCC cells via inactivating the canonical Wnt pathway.

Several lncRNAs have been demonstrated to exert their function through activating/inactivating Wnt/β-catenin signaling. For example, lncRNA H19 could activate the Wnt/β-catenin pathway to mediate the epithelial to mesenchymal transition (EMT) and migration in colorectal cancer (Liang et al., 2015). lncRNA-NEF could antagonize cancer metastasis through inactivating Wnt/β-catenin signaling in HCC (Liang et al., 2018). Our previous study also demonstrated that lincROR could induce Wnt/β-catenin signaling and promote osteogenic differentiation of mesenchymal stem cells. In this study, lincROR overexpression partially reversed the Curcumin-induced cell proliferative inhibition, and partially abolished the inactivation of Wnt/β-catenin signaling in Curcumin-treated HCC cells. Therefore, our results demonstrated that Curcumin suppressed cell viability through linc-ROR/β-catenin regulatory pattern. Serving as a natural miRNA sponge or RNA decoy, linc-ROR was found to interact with miR-138 and miR-145 and promoted osteogenesis (Feng et al., 2018). This lncRNA could also act as a “sponge” against miR-145 to mediate the self-renewal ability of stem cells (Cheng and Lin, 2013), and mediate the differentiation of endometrial cancer stem cells (Zhou et al., 2014). More interestingly, Curcumin was reported to suppress the proliferation and tumorigenicity of prostate cancer through a ceRNA effect of miR-145 and lncRNA-ROR (Liu et al., 2017).

In summary, our results demonstrated that Curcumin plays an anti-tumor function through the linc-ROR/β-catenin regulatory pattern in HCC. This study elucidates a new mechanism of Curcumin in HCC and sheds light on developing a novel therapeutic for HCC patients, especially for patients with high levels of Wnt/β-catenin signaling. But more interestingly, although Curcumin is considered as a nutraceutical in foods and supplement products, intake of Curcumin from daily foods could be not sufficient for the anti-tumor activity because of its poor solubility and chemical instability, which results in low bioavailability. Therefore, we will try to develop a strategy to improve curcumin's bioavailability in the next study, which may facilitate the extension of its usage in clinical practice in the future.
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