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Cetyltrimethylammonium bromide inhibits the metastasis of breast cancer to the lungs by inhibiting epithelial–mesenchymal transition
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Abstract: Breast cancer is a highly aggressive cancer in females. Metastasis is a major obstacle to the efficient and successful treatment of breast cancer. Cetyltrimethylammonium bromide (CTAB) has anti-tumor effects on a variety of tumors. We showed that CTAB inhibits the metastasis of breast cancer to the lungs both in vitro and in vivo. Epithelial-mesenchymal transition (EMT) is thought to be one of the major processes mediating breast cancer metastasis. We found that CTAB suppressed EMT and regulated the levels of the classical EMT markers E-cadherin, N-cadherin, vimentin, Snail and Twist1. Moreover, as a candidate anti-tumor agent, CTAB showed primary safety in vivo. Taken together, our results suggest that CTAB inhibits the migration of primary breast cancer to the lungs. Our findings confirm the clinical potential of CTAB for the treatment of breast cancer by targeting EMT. CTAB may thus be a promising novel anti-tumor drug for the treatment of breast cancer metastasis.
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Introduction

Breast cancer is one of the most common neoplasms in women, and it has high potential for metastasis (Liang et al., 2020). Furthermore, the mortality rate is high in breast cancer patients due to metastasis and relapse (Rios Garcia et al., 2017). Although there are treatments available, such as surgery, chemotherapy and hormone therapy, breast cancer remains typified by a poor prognosis (Shah et al., 2018). Therefore, developing new therapies targeting metastasis is necessary to improve breast cancer outcomes.

The transition between epithelial cells and mesenchymal-like cells occurs via a process known as epithelial-mesenchymal transition (EMT) (Gordan et al., 2007; Greenburg and Hay, 1982; Yang et al., 2019). It is believed that the EMT process confers malignancy to tumors and that the activation of EMT may initiate an invasion-metastasis cascade. In fact, EMT is closely related to the invasion and metastasis of a variety of cancers. During EMT, epithelial cells lose their adhesion junctions and acquire mesenchymal cell phenotypes (Koual et al., 2020), which are the main characteristics of aggressive and metastatic cancer cells. EMT can be stimulated by many factors, such as hypoxia and intracellular pH changes (Polyak and Weinberg, 2009). In response to these stimuli, several transcription factors, including E-cadherin, N-cadherin, Twist1, Snail and vimentin, are regulated and serve as important downstream mediators of EMT. A number of studies have reported that EMT-inducing transcription factors (EMT-TFs), such as Twist, Snail, Slug, and Zeb, are directly or indirectly involved in cancer cell metastasis (Fu et al., 2012; Tania et al., 2014). It is generally considered that E-cadherin inhibits EMT and acts as a suppressor of cancer invasion (Comijn et al., 2001; Lasagna et al., 2020). Zheng et al. (2018) reported that NRBE3 inhibits E-cadherin expression and further promotes breast cancer metastasis.

AMP-activated protein kinase (AMPK) is an evolutionarily conserved stress-sensing kinase that is activated under a variety of stresses, including hypoxia, ischemia, and nutrient deprivation. Furthermore, a change in the ATP:AMP ratio directly activates AMPK (Steinberg and Kemp, 2009). In addition to energy regulation, AMPK is also involved in a variety of physiological processes, including cell growth, cell division, autophagy, and cell migration. Several studies have linked AMPK to the migration and invasion of cancer cells (Chiu et al., 2009), and the activation of AMPK has been shown to prevent TGF-β-induced EMT (Thakur et al., 2015).

Cetyltrimethylammonium bromide (CTAB) has a non-polar hydrophobic tail and a positively charged polar head (Bag et al., 2016). This structure allows it to attach to cell membranes and form nanopores (Wu et al., 2016). Therefore, CTAB may disrupt lipid bilayers and increase the permeability of cellular membranes, resulting in a change in the intracellular AMP: ATP ratio. CTAB is a good candidate for an anti-tumor agent (Zhang et al., 2015). CTAB could prevent the metastasis of hepatic cancer through targeting MMP2 and MMP9. CTAB is involved in the suppression of TGF-β-mediated mesenchymal phenotype and could be a potent medical agent for use in controlling the migration and invasion of hepatic adenocarcinoma (Wu et al., 2019). What is more, our previous study demonstrated that CTAB has anti-tumor effects on liver cancer and enhances the chemosensitivity of breast cancer cells by targeting various signaling pathways. However, the effect of CTAB on breast cancer metastasis is unclear. Based on the data presented above, we speculate that CTAB may affect breast cancer metastasis.

In the present study, we aimed to determine whether CTAB inhibits the metastasis of breast cancer to the lungs. We also investigated the effects of CTAB on molecular changes related to EMT in breast cancer cells.

Materials and Methods

Materials and reagents

All cells were donated by the Department of Pharmacology, College of Basic Medical Sciences, Jilin University. CTAB (hexadecyltrimethylammonium bromide, Cat. H6269-250G) was purchased from Sigma Aldrich (St Louis, MO, USA); the anti-β-actin antibody (Cat. 66009-1-1g) was purchased from Proteintech (Rosemont, IL, USA) and antibodies against E-cadherin (Cat. WL01482), N-cadherin (Cat. WL01047), vimentin (Cat. WL01960), Snail (Cat. WL01863) and Twist1 (Cat. WL00997) were purchased from Wanleibio (Shenyang, China).

Cell culture and MTT assays

MCF-7 cells were treated with CTAB at final concentrations of 0, 2.74 × 10−4, 5.49 × 10−4, 8.23 × 10−4, 13.7 × 10−4, 20.6 × 10−4, 41.2 × 10−4, 82.3 × 10−4, and 165 × 10−4 mM for 24 h. MDA-MB-231 and 4T1 cells were treated with CTAB at final concentrations of 0, 1.37 × 10−4, 2.47 × 10−4, 5.21 × 10−4, 10.4 × 10−4, 20.6 × 10−4, 41.2 × 10−4, 82.3 × 10−4 and 165 × 10−4 mM for 24 h. MTT assays were performed as previously described (Pan et al., 2019).

Wound-healing assays

Wound-healing assays were performed as previously described (Pan et al., 2019). MCF-7, MDA-MB-231 and 4T1 cells were treated with 8.23 × 10−4 mM, 20.6 × 10−4 mM, and 5.21 × 10−4 mM CTAB, respectively, for 24 h. The results were analyzed using Image J (National Institutes of Health, Bethesda, MD, USA).

Transwell assays

Transwell assays were performed as previously described (Shao et al., 2017). MCF-7 cells were treated with 8.23 × 10−4 mM CTAB for 24 h, MDA-MB-231 cells were treated with 20.6 × 10−4 mM CTAB for 16 h and 4T1 cells were treated with 5.21 × 10−4 mM CTAB for 16 h. The results were analyzed using Image J.

Western blotting

MCF-7, MDA-MB-231 and 4T1 cells were treated with 8.23 × 10−4 mM, 20.6 × 10−4 mM and 5.21 × 10−4 mM CTAB, respectively, for 24 h. Total protein was extracted from the cells and from breast tissue of control and CTAB-treated mice with 4T1 orthotopic breast cancer. Western blotting was performed as previously described (Tao et al., 2020).

RNA isolation and quantitative reverse transcription PCR

MCF-7 cells were treated with 8.23 × 10−4 mM CTAB for 24 h. Total RNA was extracted from the cells and from breast tissue of control and CTAB-treated mice with 4T1 orthotopic breast cancer. Quantitative reverse transcription PCR was performed as previously described (Parvani et al., 2015).

Animals

BALB/c mice were purchased from Liaoning Changsheng Biotechnology Co., Ltd. (Benxi, China). All experiments were performed in accordance with the China Public Health Service Guide for the Care and Use of Laboratory Animals. Experiments involving mice and associated protocols were approved by the Dalian University of Technology. 4T1 cells were injected into female BALB/c mice. Mice were divided into control and CTAB groups. Mice in the control group were treated with saline and those in the CTAB group were treated with 13.7 mmol/kg CTAB, both of which were injected into the tail vein every 3 days for 30 days. Mouse body weight was measured every 3 days. After sacrificing the mice, serum, breast tissue and other organs were harvested (Pan et al., 2019).

Statistical analysis

All experiments were performed on three independent occasions. The experimental data were analyzed using GraphPad Prism 8.0 statistical analysis software (GraphPad, San Diego, CA, USA). Data are expressed as the mean ± standard deviation (SD) from at least three independent experiments. A two-tailed Student’s t-test or one-way analysis of variance was used for statistical analyses. P-value < 0.05 was deemed statistically significant.

Results

CTAB inhibited the metastasis of breast cancer cells in vitro

Our previous study showed that CTAB is an anti-cancer agent against various types of cancer. To investigate the effect of CTAB on breast cancer metastasis, we selected the human breast cancer cells MCF-7 and MDA-MB-231 and the mouse breast cancer cells 4T1. Wound-healing assays showed that the breast cancer cells spread slower to the wound area when they were treated for 24 h with non-toxic concentrations of CTAB (MCF-7 cells, 8.23 × 10−4 mM CTAB; MDA-MB-231 cells, 20.6 × 10−4 mM CTAB; 4T1 cells, 5.21 × 10−4 mM CTAB; Figs. 1A–1C). Moreover, quantitative data showed that CTAB significantly inhibited the motility of MCF-7, MDA-MB-231 and 4T1 cells (Figs. 1A–1C). Transwell migration assays showed that CTAB decreased the number of breast cancer cells passing through the polyester fiber membrane (Figs. 1D–1F). Importantly, the concentration of CTAB used in these experiments did not affect the viability of the breast cancer cells (Fig. S1). These results suggest that CTAB inhibited the metastasis of breast cancer cells in vitro without causing cell death.
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Figure 1: CTAB inhibited the metastasis of breast cancer cells in vitro. (A–C) Migration toward the wound area in MCF-7, MDA-MB-231 and 4T1 cells treated with CTAB for 24 h. (D, E and F) Migration of MCF-7, MDA-MB-231 and 4T1 cells in transwell assays after treatment with CTAB for 24, 16 and 16 h, respectively. Image magnification: 200×. Data are expressed as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001 vs. controls.

CTAB inactivated the EMT signaling pathway in breast cancer cells

The activation of EMT facilitates cancer metastasis, and E-cadherin, N-cadherin, vimentin, Snail and Twist1 are classical biomarkers of EMT. To investigate the inhibitory effect of CTAB on EMT in breast cancer cells, we measured the protein levels of biomarkers involved in EMT. MCF-7 cells were treated with a non-toxic concentration of CTAB for 24 h. Western blotting results showed that CTAB upregulated the expression levels of E-cadherin and downregulated the expression levels of N-cadherin, vimentin, SNAIL and TWIST1 (Fig. 2A, Fig. S2A). Consistent with the results in MCF-7 cells, CTAB also inhibited the EMT signaling pathway in MDA-MB-231 (Fig. 2B) and 4T1 cells (Fig. 2C). In summary, these findings suggest that CTAB suppressed the activation of EMT signaling in breast cancer cells in vitro.
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Figure 2: CTAB suppressed EMT in breast cancer cells in vitro. (A–C) Protein expression levels of EMT-related markers after treatment of MCF-7 (A), MDA-MB-231 (B) and (C) 4T1 cells with CTAB for 24 h. Image magnification: 200×. Data are expressed as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001 vs. controls.

CTAB inhibited metastasis by activating AMPK in vitro

Recent studies have indicated that AMPK plays an important role in cancer cell metastasis. Our results showed that CTAB increased the levels of p-AMPK, indicating that it may activate the AMPK signaling pathway (Fig. 3A). To determine the effect of AMPK on breast cancer metastasis, we used the CTAB inhibitor compound C. The addition of compound C to the wound-healing assays alleviated the inhibition of motility caused by CTAB (Figs. 3C and 3D). Consistent with the wound-healing assay results, treatment with compound C increased the number of cells passing through the membrane that was decreased by CTAB in transwell migration assays (Figs. 3E and 3F). CTAB inhibited the EMT process related to breast cancer metastasis, but treatment with compound C reactivated EMT (Figs. 3G and 3H). In summary, CTAB inhibited metastasis and the EMT process by activating AMPK in vitro.
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Figure 3: CTAB inhibited metastasis by activating AMPK in vitro. (A–B) AMPK and p-AMPK levels after treatment of MDA-MB-231 and 4T1 cells with CTAB or CTAB combined with compound C for 24 h. (C–D) Migration of MDA-MB-231 and 4T1 cells toward the wound area after treatment with CTAB or CTAB combined with compound C for 24 h. (E–F) Migration of MDA-MB-231 and 4T1 cells in transwell assays after treatment with CTAB or CTAB combined with compound C for 24 h. (G–H) Protein expression levels of EMT-related markers in MDA-MB-231 and 4T1 cells treated with CTAB or CTAB combined with compound C for 24 h. Image magnification: 200×. Data are expressed as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001 vs. controls.

CTAB inhibited the metastasis of breast cancer to the lungs in vivo

The experiments described above showed that CTAB inhibited the metastasis of breast cancer cells in vitro. To explore the effect of CTAB on breast cancer metastasis in vivo, we established a 4T1 orthotopic breast cancer model in BALB/c mice. After 30 days, the primary orthotopic breast tumor metastasized to lung tissue. As shown in Fig. 4A, mice in the control group had many visible metastatic nodes throughout the lungs. However, CTAB treatment reduced the size and number of metastatic nodes in the lungs. In hematoxylin and eosin staining assays, the metastatic lesions were stained dark blue due to nuclear aggregation in cancer cells. The area of staining and the number of cells, stained dark blue, were greater in the control group than in the CTAB-treated group (Fig. 4B). These results indicated that CTAB inhibited the metastasis of breast cancer to the lungs in vivo. As shown in Fig. 4C and Fig. S2B, CTAB significantly increased E-cadherin protein levels and decreased N-cadherin, vimentin, Snail and Twist1 protein levels. Consistent with the in vitro data, CTAB inhibited the EMT signaling pathway in vivo. Furthermore, we measured AMPK activation in vivo and found that the levels of p-AMPK were significantly increased after CTAB treatment (Fig. 4D). These data further confirmed that CTAB suppressed the metastasis of breast cancer to the lungs by targeting AMPK.
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Figure 4: CTAB inhibited the metastasis of breast cancer to the lungs in vivo. (A) Typical images of lung tissues from mice treated with CTAB. (B) Histological examination of metastatic lesions in the lung tissue (hematoxylin and eosin staining) of mice treated with CTAB (scale bar = 500 μm). (C) Protein expression levels of EMT-related markers in the mammary tissue of mice treated with CTAB. (D) AMPK and p-AMPK levels in the mammary tissue of mice treated with CTAB. Data are expressed as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001 vs. controls.

The safety of CTAB treatment

Besides the obvious therapeutic efficacy of CTAB, systemic safety is another important factor to evaluate when determining whether CTAB is a good candidate for breast cancer metastasis therapy. Alanine aminotransferase (ALT) and aspartate aminotransferase (AST) are enzymes required for the metabolism of sugars and proteins in the human body. Blood urea nitrogen (BUN), which is filtered out by the glomerulus, is one of the indicators used to evaluate renal function. Therefore, ALT, AST and BUN levels are recognized as indices to evaluate safety. We measured the body weight of mice and performed blood chemistry analyses, including the measurement of AST and ALT levels to assess hepatic function and BUN levels to assess renal function. There were no significant differences in body weight or AST, ALT or BUN levels between control and CTAB-treated mice (Figs. 5A–5D). These results indicated that CTAB was a safe and effective agent for breast cancer metastasis therapy. Therefore, CTAB has great potential for use in breast cancer treatment.
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Figure 5: The safety of CTAB treatment. (A) Mouse body weight after treatment with CTAB. (B) ALT, (C) AST and (D) BUN levels in mice treated with CTAB. Data are expressed as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001 vs. controls.

Discussion

With the malignant development of cancer cells, the acquisition of invasive abilities plays an important role in cancer metastasis. Many studies have demonstrated that EMT is involved in the process of cancer metastasis (Shi et al., 2020; Wang et al., 2020). EMT is activated during the metastasis of many types of cancer, such as primary liver, bladder, lung and colon cancer and malignant melanoma. In addition to its role in cancer metastasis, EMT is also associated with cancer recurrence and drug resistance (Parvani et al., 2015; Wheelock et al., 2008). Cancer stem cells (CSCs) are capable of self-renewal and can differentiate into a variety of cancer cell types (Wang et al., 2018). The acquisition of stem-like characteristics serves as a critical driver of cancer metastasis. Furthermore, EMT is highly activated in CSCs and promotes their development (Hong et al., 2018). Yue et al. (2018) showed that LGR4 regulates CSCs by targeting the EMT process. Kusoglu et al. (2020) reported that EMT is activated during breast cancer metastasis, and the inhibition of EMT decreases the stemness of metastatic breast cancer cells. Our results showed that CTAB suppressed EMT and thus inhibited breast cancer metastasis.

Abnormal energy metabolism is related to the malignancy of cancer cells and promotes cancer proliferation, metastasis, and drug resistance (Park et al., 2020). In particular, metabolic reprogramming in CSCs contributes to their rapid growth and self-renewal (Abd-El-Raouf et al., 2020). Recently, the regulation of energy metabolism in CSCs by targeting HIF, c-Myc, p53 and PI3K has shown anti-tumor effects. EMT is also a target for cancer metabolic reprograming and is regulated by Snail, Dlx-2, HIF-1α, STAT3, TGF-β, Wnt and Akt (Lee et al., 2018).

AMPK plays a key role in regulating energy metabolism by coordinating glucose and lipid metabolism. AMPK is activated by alterations in the cancer microenvironment, after which it maintains intracellular ATP levels in a steady state (Juszczak et al., 2020). As a sensor of energy metabolism, AMPK is closely related to cancer development. AMPK is a cancer therapy target in various types of cancer due to its roles in proliferation, metastasis, and drug resistance. Alterations in the ADP: ATP ratio activate AMPK. Our previous study showed that CTAB has anti-tumor effects on hepatocellular carcinoma and can enhance the chemosensitivity of cancer cells (Pan et al., 2019). As an antineoplastic drug, CTAB attaches to cellular membranes and forms nanopores, which may increase the permeability of the mitochondrial membrane. Due to its effect on membrane permeability, CTAB may regulate the responses to physiological cues, such as hypoxia and TGF-β treatment (Wang et al., 2018). Moreover, the phosphorylation of AMPK upregulates the expression and nuclear localization of Twist1, which is involved in the EMT process. Dong et al. found that the activation of AMPK/mTOR signaling protects papillary thyroid cancer cells from high glucose-induced EMT and cellular senescence (Dong et al., 2017). AMPK may be a target for cancer metastasis treatment, as it regulates cancer energy metabolism by inhibiting EMT. CTAB, as a compound that affects ATP synthesis, may activate AMPK and thus may be a candidate for cancer therapy. CTAB has previously been reported to compromise bio-energetic homeostasis by inhibiting H+-ATP synthase to prevent mitochondrial repolarization, leading to a progressive reduction in intracellular ATP levels in human head and neck cancer. Previous studies by our group and others have shown that CTAB has anti-tumor effects and can enhance the chemosensitivity of cancer cells (Pan et al., 2019). In addition, we previously showed that CTAB decreases the resistance of breast cancer to doxorubicin chemotherapy by activating the AMPK signaling cascade in vitro and in vivo, and that CTAB induces mitochondrial apoptosis in human hepatocarcinoma HepG2 cells by activating AMPK and p53 signaling pathways. Thus, CTAB may also inhibit breast cancer metastasis by targeting AMPK.

Conclusions

In conclusion, we provide evidence that CTAB suppresses breast cancer metastasis by inhibiting EMT in vitro and in vivo. These data may be important in facilitating the development of improved therapies for breast cancer.
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Figure S1: (A–C) The viability of MCF-7 (A), MDA-MB-231 (B), and 4T1 (C) cells treated with different concentrations of CTAB. Data are expressed as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001 vs. control.
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Figure S2: (A) mRNA levels of EMT-related genes inMCF-7 cells treated with CTAB for 24 h. (B) mRNA levels of EMT-related genes in vivo after treatment with CTAB. Data are expressed as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001 vs. controls.
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