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Abstract: Objective: The aim of the present study was to investigate the anti-tumor effects of formononetin on human non-small cell lung cancer (NSCLC) and its potential molecular mechanism. Methods: A549 cells were treated with different concentrations of formononetin, then detected the cell proliferation, apoptosis and the expression of HIPK2 respectively by MTT assay, flow cytometry analysis and RT-qPCR. Then the interaction between miR-27a-3p and its target gene HIPK2 was verified through luciferase reporter assay. The expression of miR-27a-3p, HIPK2, and p53 was detected after being treated with different formononetin concentrations by RT-qPCR and western blot. Results: The results showed that formononetin significantly inhibited the proliferation and induced the apoptosis of A549 cells in a time- and dose-dependent manner. miR-27a-3p targeted HIPK2 3’UTR and inhibited the expression of HIPK2. Also, formononetin-treated A549 cells were remarked with a significant decline in the expression of miR-27a-3p, accompanied with growth of HIPK2, and subsequently a reduction of p53. Conclusions: The study indicates that miR-27a-3p might pose regulated effects on the HIPK2/p53 pathway, resulting in formononetin’s anti-carcinogenic effects on NSCLC in vitro.
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1  Introduction

Lung cancer, a leading cause of global cancer deaths and a leading public health issue in China, accounts for more than 28% death toll caused by all types of malignant tumors [1]. Small cell lung cancer (SCLC) and non-small cell lung cancer (NSCLC) which are recognized as two prime lung cancer types, accounting for roughly 15% and 85% of all lung cancer instances, respectively [2]. NSCLC usually develops resistance to radiation and chemotherapy, and the rate of patients who could survive for more than five years is only 15% [3]. Out of the high fatality rate of NSCLC, it is crucial and urgent to discover innovative and functional remedial procedures.

MicroRNA (miRNA) is a type of endogenous small non-coding RNAs, which has various critical regulatory effects in cells of both animals and plants [4,5]. By combining with genes responsible for protein-coding at mRNAs, miRNAs can result in translational capability decline or post-transcriptional levels modulation of the target mRNAs [6]. miRNAs play as regulators in various bioprocesses [7], but different target genes could trigger contrasting results concerning the genesis of tumors and the process of cancerous growth. From evidential studies, miRNAs can either suppress the tumor or act as oncogenes [8,9]. miR-27a-3p was known as an oncogene involved in many cancers, including gastric cancer, breast cancer, thyroid cancer, etc. [10,12]. However, the role of miR-27a-3p in NSCLC is remaining unclear.

With the promotion of healthy lifestyles, the public’s focus has increasingly shifted into the field of plant food-derived phytochemicals to act as potential anti-cancer drugs. Astragalus membranaceus (Huangqi), which is a broadly used Chinese traditional herb and has been believed to have the ability to enhance the immune system by one of its major components—flavonoids [13]. Among various flavonoids, a recently found type, formononetin, extracted from A. membranaceus has arisen scholarly attention for its special effects on preventing tumors and neuron damages [14,15]. Many recent studies showed the substantial potentiality of formononetin in inhibiting the speed of cell proliferation by inducing programmed death of tumor cells through multiple signaling pathways [16,17]. Formononetin also manifests abilities of cancer-preventing in various body parts, like the prostate [18,19], breast [20,21], colon [22], to name just a few. However, the potency of formononetin in human NSCLC is still unsure, as well as its role as a mediator in the interfering process of miRNAs during the transformation of tumor cells.

Therefore, the present study aimed to investigate the influence of formononetin on proliferation and apoptosis in NSCLC cells, and further elucidate the underlying mechanisms involved in the anticancer effects of formononetin.

2  Materials and Methods

2.1 Cell Culture and Formononetin Treatment

A549 cells were obtained from American Type Culture Collection (ATCC, USA). The cell culture was set in DMEM (HyClone, USA), added with 100 U/ml penicillin/streptomycin and 15% fetal bovine serum (FBS; Gibco, USA), under a moisturized atmosphere with a 5% CO2 level. The test group processed cells (60%–70% confluent) in dimethyl sulfoxide (DMSO) with formononetin (Sigma, USA), while the control group set cells with vehicle (DMSO). Before the experiments, all cells had been starved for a day in a low-serum medium (containing 0.5% FBS).

2.2 Cell Transfection

A549 cells were seeded in 6-well plates with a 3 × 106 cells per well density in the environment of DMEM. Followed the manufacturer’s protocol of Lipofectamine 2000 Transfection Kit (Thermo Fisher Scientific, Waltham, MA, USA), transfection was conducted with final concentrations of miRNA mimic, negative control (NC), inhibitors, and inhibitors negative control (I-NC) were 100 nM. After that, the cells were set for 48 h in order for future analysis.

2.3 RNA Isolation and qRT-PCR

TRIzol (Invitrogen) was used as a separating reagent for total RNA to get the first-strand cDNA using a FastKing RT Kit (With gDNase) (Tiangen) following the official instructions. The qRT-PCR analysis was carried out by SYBR Green (Tiangen), and the primers are demonstrated in Tab. 1. GAPDH and U6 were taken as endogenous controllers for mRNAs and miRNAs, respectively.
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2.4 MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyl Tetrazolium Bromide) Assay

A549 cells were seeded in a 96-well plate at a 1 × 105/mL dose and incubated for 22 h. Subsequently, cells were starved for another 2 h. Culture medium was replaced with 20 μL of methyl thiazolyl tetrazolium (MTT) solution (5 g/L) (Sigma-Aldrich, St. Louis, MO, USA) and incubated at 37°C for 4 h. The supernatant was discarded, and 100 μL of DMSO (dimethyl sulfoxide) (Sigma-Aldrich, St. Louis, MO, USA) was put on to each well. The absorbance value was tracked at the wavelength of 570 nm with a microplate reader.

2.5 Western Blot

A549 cells were undergone lysis for protein extraction. Each protein sample concentration was determined by a BCA (bicinchoninic acid) kit (Beyotime, Shanghai, China). The protein sample was divided by gel electrophoresis and moved into PVDF (polyvinylidene difluoride) membranes (Roche, Basel, Switzerland). After the primary and secondary antibody incubating process, immunoreactive bands were exposed by intensified chemiluminescence (ECL) method.

2.6 Flow Cytometry Analysis for Cell Apoptosis

The programmed death of A549 cells was identified by an Annexin V-FITC/PI Apoptosis Kit (Multi Sciences, Hangzhou, China). The specific process was as follows: first, obtained cell pellets from digested cells which had been undergoing transfection for 48 h; secondly, resuspended cell pellets in 200 µl of 1 × working solution; thirdly, added annexin V-FITC (5 μl) and propidium iodide (PI; 5 μl) into two single dye tubes; then 5 μl of annexin V-FITC and 5 μl of PI were mixed into sample tubes for 10 min reaction. The flow cytometry analysis was conducted subsequently for 1 h.

2.7 Luciferase Reporter Assay

To detect the target miRNA, we co-transfected 293T cells with miR-27a-3p mimics under the condition of negative controls, pmiR-HIPK2-3’UTR-WT, and pmiR-RB-REPORTTM. Moreover, for miR-27a-3p, 293T cells were co-transfected under the condition of the mimics, negative controls, pmiR-HIPK2-3’UTR-WT, pmiR-HIPK2-3’UTR-MUT, and pmiR-RB-REPORTTM. The 293T cells were seeded in 96-well plates, which fill with 100 µl of DMEM, by a 1.5 × 104 cells/well density. The transfection was set in Lipofectamine 2000 reagent (Invitrogen, USA) for 48 h; then as the luciferase activity was shown out, a fluorescence intensity meter was used for measuring (Veritas 9100-002). The above process was repeated at least three times. To exclude the experimental uncertainties, Renilla luciferase was applied as an internal reference. Reporter plasmid construction and luciferase reporter assay were performed by Guangzhou Ribobio Biotech Co., Ltd., Guangzhou, China.

2.8 Statistical Analysis

In this study, we used SPSS 17.0 as the experimental data analysis tool, and single-tailed p < 0.05 was regarded as significant statistically.

3  Results

3.1 Formononetin Suppresses the Proliferation and Induces Apoptosis in NSCLC

To discover the anti-tumor mechanism of formononetin in NSCLC, we detected the proliferation of A549 cells by MTT assay and apoptosis by flow cytometry analysis. Compared with the negative control, formononetin exhibited with significantly inhibitory effect on the proliferation of A549 cells in both time- and dose-dependent manner (Fig. 1A), while formononetin showed the opposite effect on the apoptosis process, namely, it can significantly induced A549 cells programmed death as compared with the negative control (Fig. 1B).
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Figure 1: Formononetin suppresses the proliferation and induces apoptosis in NSCLC. (A) Formononetin-treated A549 cells were analyzed using MTT assay for determining cell viability at a time of 24 h, 48 h, and 72 h. (B) Formononetin-treated A549 cells were analyzed using flow cytometry analysis for determining cell apoptosis at a time of 24 h, 48 h, and 72 h. All experiments were repeated at least three times, and the data are shown in the form of M (mean) ± SD (standard deviation) and processed by one-way ANOVA analysis (*p < 0.05)

3.2 HIPK2 is the Key Gene Changed in NSCLC after Treated with Formononetin

Based our previous study, we constructed an mRNA profiles in NSCLC cell lines (including A549, PC-3, T24, PKO cell lines) after treated with formononetin. Furthermore, 84 genes related to cell apoptosis were expressed differentially. Formononetin also changed the protein level in VEGF and p53 pathways. Because HIPK2 was involved in p53 pathways and differentially expressed, so we chose this gene for the next experiment. We detected the expression of HIPK2 after formononetin treatment in both mRNA and protein levels. The result showed that formononetin increased HIPK2 expression in a dose-dependent manner (Figs. 2A and 2B) .
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Figure 2: HIPK2 is the key gene changed in NSCLC after treated with formononetin. (A) The expression of HIPK2 after treating with formononetin at different concentrations (0, 50, 70, and 100 μM) for 24 h by RT-qPCR. (B) The protein expression of HIPK2 was analyzed by western blot. β-Actin was used as an internal control. All experiments were repeated at least three times, and the data are shown in the form of M (mean) ± SD (standard deviation) and processed by one-way ANOVA analysis (*p < 0.05)

3.3 miR-27a-3p Targets HIPK2 3’UTR

Carcinogenesis is considered to connect with miR-27a-3p. To determine the relationship between miR-27a-3p and lung cancer, we used the Targetscan program as the detection method. The target site of miR-27a-3p in the HIPK2 3’ UTR was shown as Fig. 3A. We used a luciferase reporter assay to detect the interaction between miR-27a-3p and HIPK2. As a result, the luciferase activity of 293T cells showed a decline of more than 40% under the condition of miR-27a-3p mimics and pmiR-HIPK2-3’ UTR-WT co-transfection; additionally, compared with the control group, an increase showed in luciferase activity when replaced the miR-27a-3p binding site, HIPK2 3’UTR originally, with a mutant sequence pmiR-HIPK2-3’UTR-MUT (Fig. 3B). Therefore, a direct interaction can be seen between miR-27a-3p and HIPK2, which suggests the regulatory ability of miR-27a-3p for HIPK2 expression.
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Figure 3: miR-27a-3p inhibits the expression of HIPK2. (A) The sequences marked in red are regions of matching seed between the HIPK2 3’UTR and miR-27a-3p from TargetScan’s prediction. (B) The relative luciferase activity of miR-27a-3p with negative control and mimic under 48 h pmiR-HIPK2-3’UTR-WT and pmiR-HIPK2-3’UTR-MUT co-transfection. (C) The relative expression of HIPK2 in miR-27a-3p mimic negative control (NC), mimic, inhibitor negative control (I-NC), and inhibitor groups. (D) The protein expression of HIPK2, analyzed by western blot under transfection conditions of 24 h with miR-27a-3p NC, mimic, I-NC, and inhibitor. All experiments were repeated at least three times, and the data are shown in the form of M (mean) ± SD (standard deviation) and processed by one-way ANOVA analysis, the single-tailed significance is identified as p < 0.05, and dissimilarities are distinct with differential symbols

3.4 miR-27a-3p Inhibits HIPK2 Expression

The interaction between miR-27a-3p and HIPK2 in A549 cells has been detected accordingly. Specifically, A549 cells were treated in two ways: 100 nM negative control (NC) with miR-27a-3p mimic; the other was inhibitor negative control (I-NC) with miR-27a-3p inhibitor; then, we examined the level of HIPK2 after 24 h by the method of quantitative RT-PCR. Compared with the NC group, the decline levels of HIPK2 mRNA showed statistical significance (0.63-fold, p < 0.05; Fig. 3C) after the overexpression of miR-27a-3p. On the contrary, the HIPK2 expression levels of miR-27a-3p increased significantly in the inhibitor group compared with the I-NC group (1.46-fold, p < 0.05; Fig. 3C). Due to the overexpression and inhibition of miR-27a-3p can trigger opposite fluctuation in HIPK2 levels, we western blotted the 24 h transfected cells to observe the trend of HIPK2. It showed the same tendency in both protein and mRNA levels (Fig. 3D).

3.5 Formononetin Regulates the Expression of miR-27a-3p and HIPK2 through the p53 Pathway in NSCLC

To clarify the anti-tumor mechanism of formononetin on A549 cells through the mediator miR-27a-3p, different concentrations of formononetin was used to detect the differential effects on miR-27a-3p, HIPK2 expression, and p53 phosphorylation in A549 cells, respectively. As the results showed, compared with the untreated cells, the expression level of miR-27a-3p decreased in A549 cells as the concentrations of formononetin increased (p < 0.05; Fig. 4A). Meanwhile, the changing of HIPK2 protein level in A549 cells was positively correlated with formononetin concentrations (Fig. 2B). Simultaneously, the phosphorylation of p53 went down after incubation with formononetin, especially in the 70 μM and 100 μM formononetin-treated group (p < 0.05) (Fig. 4B). These data showed that formononetin concentration can significantly alter the reaction of miR-27a-3p expression by down-regulating, HIPK2 by up-regulating, and p53 phosphorylation by inhibition.
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Figure 4: Formononetin regulates the expression of miR-27a-3p and HIPK2 through p53 pathway in NSCLC. (A) The expression of miR-27a-3p for 24 h by RT-qPCR and (B) the protein expression of p-p53 by western blot after treating with formononetin at different concentrations (0, 50, 70, and 100 μM). All experiments were repeated at least three times, and the data are shown in the form of M (mean) ± SD (standard deviation) and processed by one-way ANOVA analysis (*p < 0.05)

4  Discussion

Currently, the efficacy of chemoradiotherapy in the clinical treatment of cancer is limited due to drug toxicity. The good news is that there is growing evidence that traditional Chinese medicine has alleviating effects on malignancy with low toxicity and side effects [23,24]. The isoflavone formononetin, an active component of Astragalus membranaceus, has attracted much attention due to its potential anti-cancer potency. The anti-tumor function of formononetin in vitro and in vivo is performed by causing programmed death of cancer cells (by inherent pathway including Bax, Bcl-2, and caspase-3 proteins) or halting their cell cycle(by mediating cyclins like cyclin A, B1, and D1) by interfering with certain signaling pathways, to slow down the speed of cell multiplication and prevent cell invasion [25]. In 2018, Zhang et al. [26] reported that the expression levels of cleaved caspase-3 and caspase-9 in ovarian cancer cells went up after exposure to formononetin. Formononetin inhibits the DNA repairing ability by resulting in the cell division of poly (ADPribose) polymerase (PARP), which consequentially induces apoptosis in human multiple myeloma and nasopharyngeal carcinoma cells [16,27]. In our study, we found that formononetin could induce cell apoptosis. This result is consistent with previous reports [28]. Moreover, formononetin could increase cell proliferation in time- and dose-dependent manner. These results suggested that formononetin might function as an oncogene in NSCLC cells.

Homologous domain interaction protein kinases (HIPKs) are Ser/Thr kinases that interrelate homologous box proteins and other transcription factors and act as transcription co-activators or co-suppressors, HIPK2 is known as the “caretaker” gene because of its activating properties [29,30]. HIPK responds to various extracellular stimuli and regulates a variety of biological processes, such as signal transduction, apoptosis, embryonic development, DNA damage response, and cell proliferation [31]. HIPK2 activation could induce apoptotic function of p53 onco-suppressor, which could further trigger cancer cell death and misfolding in p53 [32,33]. In 2019, Hu et al. [34] reported that exosomal miR-1229 targeting HIPK2 promoted colorectal cancer cell angiogenesis. One study reported that the crystal structure of HIPK’s kinase domain bound to CX-4945, a casein kinase 2α (CK2α) inhibitor currently in clinical trials against several cancers [35]. Another study indicated HIPK2 suppressed pancreatic cancer cell proliferation and aerobic glycolysis via ERK/cMyc axis [36]. Our study found the expression of HIPK2 increased after formononetin treatment, and HIPK2 inhibited p53 phosphorylation in a dose-dependent manner in NSCLC.

miRNAs can regulate post-transcription activity in a wide range of bioprocess, participating in stem cell differentiation, physical growth, disease development, and cancer formation [37–39]. Moreover, miRNAs function as discrete and preserved controllers of tissue identity, the process of which is achieved by its specialized expression based on various tissue and time [40]. Furthermore, miRNAs play dual roles, as oncogenes or tumor suppressors, in the development of cancerous growth [41]. In gastric cancer, miR-27a-3p played an essential role as an oncogene by targeting BTG2 [10], it can also promote GC cell metastasis by causing the transition from epithelial to mesenchymal [42]. Zhang et al. [43] reported that miRNA polymorphisms miR-27 rs895819 were associated with relatively lower evidence of malignancies in Caucasians. Tanaka et al. [44] indicated that miR-27a/b could cause mutation of normal fibroblast into cancer-associated fibroblasts to resist chemotherapy in esophageal cancer. Pei Yue’s data suggested that miR-27-3p could suppress the expression of ING5 by promoting the G1-S phase transition, which proliferates cells [45]. Furthermore, high expression of miR-27a is associated with the remarkable malignancy of breast cancer which causes the overall survival rate to go down with high miR-27a expression [11]. The increased level of miR-27 in thyroid cancer cells imposes its impact on the metastasis, invasion, and angiogenesis activity of cancer cells by targeting downstream genetic coding regions. By this phenomenon, miR27a is likely to be an indictive biocomponent of thyroid cancer [12]. However, the related information of miR-27a-3p in NSCLC is still limited. The results indicated that miR-27a-3p decreased in a dose-dependent manner after formononetin treatment in NSCLC, and we also verified that miR-27a-3p could target HIPK2 3’UTR and further inhibited the expression of HIPK2. These outcomes collectively pointed out that miR-27a-3p might play an important role in NSCLC.

5  Conclusion

Collectively, our findings demonstrate that formononetin exerts an anti-carcinogenic effect on NSCLC in vitro, in which the underlying mechanisms may be associated with reducing miR-27a-3p, and subsequent upregulation of HIPK2 inhibited p53 pathway (Fig. 5). Thus, these findings improve our understanding of the anti-tumor activity of formononetin, and support that formononetin may have curative and prophylactic applications in NSCLC.
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Figure 5: Schematic of the proposed mechanism of formononetin in NSCLC

Formononetin exerts an anti-carcinogenic effect on NSCLC in vitro, in which the underlying mechanisms may be associated with reducing miR-27a-3p, and subsequent upregulation of HIPK2 inhibited p53 pathway.
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Table 1: Primers used in RT-qPCR

Primers name Sequence (5'-3")

GAPDH F acagtcagccgcatcttctt

GAPDH R gacaagcttcccgttctcag

HKIP2 F cactgtgcagtctcectcaa

HIPK2 R tgaggcctggactaagetgt

U6 F gcttcggcagcacatatactaaaat

U6 R cgcttcacgaatttgcgtgtcat

U6 RT cgcttcacgaatttgegtgteat

miR-27a-3p RT ctcaactggtgtcgtggagtcggeaattcagttgagageccaaa
miR-27a-3p F gttcacagtggctaagtt

Universal reverse gagcagggtccgag
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