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Editorial on the Research Topic 
Chemo-Radiation-Resistance in Cancer Therapy

In recent years, technical advances in chemotherapy and radiotherapy have helped substantially improve the treatment outcome and quality of life of cancer patients. Nevertheless, successful cancer therapy remains a major challenge, particularly in tumors that are resistant to chemotherapy or radiation therapy. Searching the topic “Chemoradiation Resistance in Cancer Therapy” results in 34 articles (six reviews, 27 original research, and one brief research report) contributed by more than 262 authors with over 90000 views in all of time until 20 April 2022, in the fields of cancer diagnosis and therapeutics. Our aim was to generate a collaborative discussion contributing to the future direction of overcoming chemoradiation resistance and improve cancer patient care during chemo- and/or radiation therapy.
Characteristics of chemo-and radiation-resistant cells include altered membrane transporter expressions and functions, enhanced DNA repair activity, apoptotic pathway defects, alteration of target molecules, or enzymatic deactivation. There are two general causes of failure of antineoplastic therapy: Inherent genetic characteristics that induce resistance in cancer cells and acquired resistance after drug exposure and radiation exposure. As the primary anti-cancer therapies, ionizing radiation and chemotherapeutic agents induce cell death by directly or indirectly causing DNA damage, dysregulation of the DNA damage response may contribute to hypersensitivity or resistance of cancer cells to genotoxic agents. Targeting DNA repair pathway can therefore increase the tumor sensitivity to cancer therapies. While more attention have been paid lately to the relationship between defective nuclear DNA repair pathway and therapeutic resistance, less is known about the role of mitochondrial repair pathways. Lan-Ya Li et al. (Li et al., 2021) reviewed the biology and the regulatory mechanisms of DNA repair pathways, which has the potential to facilitate the development of inhibitors of nuclear and mitochondria DNA repair pathways for enhancing anticancer effect of DNA damage-based therapy.
Platinum resistance poses a significant problem for oncology clinicians. The role of epigenetics and DNA methylation in platinum-based chemoresistance has gained increasing attention from researchers in recent years. Ruizheng Sun et al. (Sun et al., 2021) analyzed the platinum chemotherapy response-related methylation patterns from different perspectives of 618 patients across 13 cancer types and integrated transcriptional and clinical data. They indicated that the methylation-transcription axis exists and participates in the complex biological mechanism of platinum resistance in various cancers. Six methylated positions (differentially methylated positions, DMPs) and four associated genes may have the potential to serve as promising epigenetic biomarkers for platinum-based chemotherapy and guide clinical selection of optimal treatment.
Cisplatin (DDP) is commonly used for gastric cancer treatment, whereas recurrence and metastasis are common because of intrinsic and acquired DDP-resistance. Experiments by Yingying Kou et al. (Kou et al., 2020) suggested that berberine improves chemo-sensitivity to cisplatin by enhancing cell apoptosis and repressing PI3K/AKT/mTOR signaling pathway.
Cisplatin-based regimens also commonly applied for nasopharyngeal carcinoma (NPC) patients receiving concurrent chemotherapy and radiation. The sensitivity of cisplatin is closely associated with the efficacy of radiation therapy. Wenwen Hao et al. (Hao et al., 2021) found that Solute Carrier Family 1 Member 6 (SLC1A6) contributed to reducing cisplatin sensitivity in radioresistant NPC cells by altering drug metabolism profiles and genes.
Carboplatin is the cornerstone of chemotherapy for ovarian cancer. However, drug resistance to this agent continues to present challenges, and the mechanism of resistance to carboplatin in ovarian cancer has become a focus of research in recent years. Increasing evidence has shown that collagen type I alpha 1 chain (COL1A1) has an important role in chemoresistance and could represent a potential therapeutic target, but the mechanism of COL1A1 in carboplatin-resistant ovarian cancer has remained unclear. Feng Yang et al. (Yang et al., 2021) discovered that COL1A1 had a pivotal role in carboplatin resistance in ovarian cancer and identified two key pathways involving COL1A1 in carboplatin resistance: the “extracellular matrix (ECM)-receptor interaction” and “focal adhesion” Kyoto Encyclopedia of Genes and Genomes pathways. Furthermore, they proposed that ZINC000085537017 and quercetin were potential drugs for COL1A1 based on virtual screening and the TCMSP database, respectively.
Besides platinum, paclitaxel (PTX) is a first-line chemotherapeutic drug for the treatment in many different types of cancer, but drug resistance seriously limits its clinical use. Fenfen Xiang et al. (Xiang et al., 2021) showed that DNA-methyltransferase 1 (DNMT1) mediated hypermethylation of Krüppel-like factor 4 (KLF4) promoter leads to downregulation of KLF4 in breast cancer. The level of KLF4 is correlated with the sensitivity of MCF-7 and T47D cells to PTX 3,3′-diindolylmethane (DIM) could enhance the antitumor efficacy of PTX on MCF-7 and T47D cells by regulating DNMT1 and KLF4. In ovarian cancer, Yaqing Zhang et al. (Zhang et al., 2021) found that the drug resistance protein CSAG2 is translationally induced by cytoplasmic polyadenylation element binding protein 4 (CPEB4), which underlies CPEB4-promoted paclitaxel resistance in ovarian cancer in vitro. They found interfering CPEB4/CSAG2 axis might be of benefit to overcome paclitaxel-resistant ovarian cancer.
Doxorubicin (DOX) is a first-line chemotherapeutic drug for breast cancer, which can kill tumor cells but it causes multidrug resistance (MDR) if used for a long period of time, resulting in chemotherapy failure. In DOX-resistant breast cancer cells, P- glycoprotein protein can pump DOX out of MCF-7/DOX cells, as a result, DOX fails to exert effective cytotoxic effect and breast cancer cells can evade attack of chemotherapeutics. Reversal of drug resistance can be realized by repressing P- glycoprotein protein. Ting Wang et al. (Wang et al., 2021a) identified that a new chalcone derivative, C49, reverses DOX resistance in MCF-7/DOX cells by inhibiting P-glycoprotein expression.
Despite chemotherapy is the most effective treatment for breast cancer, many patients develop chemoresistance. Early indicator of therapy efficacy might aid in the search for better treatment and patient survival. Emerging evidence indicates a key role of the purinergic receptors P2X7 and A2A in cancer. Victor Manuel Ruiz-Rodríguez (Ruiz-Rodríguez et al., 2020) explored the purinergic receptors P2X7 and A2A in cancer and their involvement in breast cancer chemoresistance, demonstrating the importance of purinergic signaling in CD8+ T cells during chemoresistance as the chemotherapeutic treatment stimulates immune system response, and how it could be considered for implementing personalized therapeutic strategies.
Both long-term anti-estrogen therapy and estrogen receptor-negative breast cancer contribute to drug resistance, causing poor prognosis in breast cancer patients. Breast cancer resistance protein (BCRP) plays an important role in multidrug resistance. The study by Wenting Ni et al. (Ni et al., 2021) suggested that cryptotanshinone (CPT) is a novel BCRP inhibitor that blocks the oligomer formation of BCRP on the cell membrane. CPT can inhibit the activity of BCRP in an ERα-dependent and -independent manner, sensitizing breast cancer cells to chemotherapy.
Histone deacetylases and histone acetylases (HDACs) are important enzymes participating in the regulation of gene expression by acetylating and deacetylating of histones. Specifically, HDACs are the enzymes controlling the epigenetic modifications of histone. In recent years, inhibition of HDACs has exhibited potency for the treatment tumors. Nitrogen mustard anticancer drugs were used clinically since 1942, which effectively bind and cross-link to DNA, resulting in prevention of DNA replication and cell proliferation. Yiming Chen et al. (Chen et al., 2020b) discovered that N-(2-amino-4-fluorophenyl)-4-[bis-(2-chloroethyl)-amino]-benzamide (FNA) was a potent HDAC3 inhibitor by inhibiting tumor growth and promoting apoptosis and G2/M phase arrest, which improved the anticancer activity of paclitaxel and camptothecin.
Overexpression of nucleophosmin (NPM) is involved in the MDR development during acute lymphoblastic leukemia (ALL). Donghui Gan et al. (Gan et al., 2021) identified that doxorubicin/nucleophosmin binding protein-conjugated nanoparticle (DOX-PMs-NPMBP) was able to significantly exert growth inhibition and apoptosis induction, and markedly enhance anti-leukemia activity in acute lymphoblastic leukemia cells in vitro and in vivo. Mechanistically, p53-driven apoptosis induction and cell cycle arrest played essential role in DOX-PMs-NPMBP-induced anti-leukemia effects.
Nowadays, many natural-derived drugs serve as sources of novel drug discovery and are tested clinically. However, the efficacy of certain natural products could be compromised by MDR-associated ATP-binding cassette (ABC) transporters. ABC subfamily C member 1 (ABCC1, multidrug resistance protein 1/MRP1), ABC sub-family B member 1 (ABCB1, multidrug resistance protein 1/MDR1, P-glycoprotein/P-gp), and ABC sub-family G member 2(ABCG2, breast cancer resistance protein/BCRP, mitoxantrone-resistant protein/MXR) are extensively studies, and are commonly responsible for MDR. Betulin is susceptible to drug resistance mediated by ABCC1 overexpression, and a known ABCC1 inhibitor, MK571, can sensitize the cells expressing ABCC1 to betulin. Xuan-Yu Chen et al. (Chen et al., 2021) explored ABCC1-induced resistance to betulin by its upregulated protein expression of ABCC1 and found that betulin at high concentration had the ability to inhibit ABCC1 transport function, which may affect the pharmacokinetic profile of other ABCC1 drug substrates, such as vincristine.
Sorafenib, a multireceptor tyrosine kinase inhibitor is FDA approved first-line drug for the treatment of advanced liver cancer and is reported to extend the overall survival in individuals with advanced hepatocellular carcinoma (HCC). However, the primary or acquired resistance to sorafenib is gradually increasing, leading to failure of HCC treatment with sorafenib. Wubin He et al. (He et al., 2021) reported that artesunate regulates neurite outgrowth inhibitor protein B receptor (NgBR) to overcome resistance to sorafenib of HCC in a cell culture model.
Typically, renal cell carcinoma (RCC) is insensitive to traditional chemo- and radio-therapeutic treatments. Moreover, the use of targeted treatment options as first- and second-line treatments have limited effect on the survival rates. Dian Fu et al. (Fu et al., 2020) explored low-toxicity novel treatment strategies for RCC and investigated costunolide (Cos), a natural sesquiterpene compound isolated from various medicinal plants, and found that it exerted autophagic and apoptotic effects on renal cancer through the ROS/JNK-dependent signal route.
Chemoresistance has become a prevalent phenomenon in cancer therapy, which alleviates the effect of chemotherapy and makes it difficult to break the bottleneck of the survival rate of tumor patients. Jin-Feng Xu et al. (Xu et al., 2021) reviewed the functional roles of ginsenosides in chemoresistance reversal. Its underlying mechanism is correlated with inhibition of drug transporters, induction of apoptosis, and modulation of the tumor microenvironment(TME), as well as the modulation of signaling pathways, such as nuclear factor erythroid-2 related factor 2 (NRF2)/AKT, lncRNA cancer susceptibility candidate 2(CASC2)/protein tyrosine phosphatase gene (PTEN), AKT/sirtuin1(SIRT1), epidermal growth factor receptor (EGFR)/PI3K/AKT, PI3K/AKT/mTOR and nuclear factor-κB (NF-κB).
Modulated electro-hyperthermia (mEHT), induced by 13.56 MHz radiofrequency, has been demonstrated both in preclinical and clinical studies to efficiently induce tumor damage and complement other treatment modalities. Tamás Vancsik et al. (Vancsik et al., 2021) used a mouse xenograft model of human melanoma (A2058) to test mEHT (∼42°C), both alone and combined with NK-cell immunotherapy. They found that mEHT monotherapy of melanoma xenograft tumors induced irreversible heat and cell stress leading to caspase-dependent apoptosis to be driven by p53. mEHT could support the intra-tumoral attraction of distantly injected NK cells, contributed by CXCL11 and MMP2 upregulation, resulting in additive tumor destruction and growth inhibition.
Many cancer patients who are treated with chemotherapy and/or radiotherapy eventually become resistant, and acquired resistance accounts for the majority of cases. One of the most well understood mechanisms of chemoresistance is the overexpression of ABC transporters. Zhuo-Xun Wu et al. (Wu et al., 2021) reported how to establish a novel irinotecan-resistant human colon cell line to investigate the underlying mechanism(s) of irinotecan resistance, particularly the overexpression of ABC transporters.
Radiotherapy is recommended as an important and effective method for malignant treatment in about half of cancer patients during clinical treatment. Esophageal squamous cell carcinoma (ESCC) patients who have contraindications for surgery or locally advanced disease have a treatment option through Radiotherapy. However, radioresistance is a major cause of treatment failure, contributing to inadequate cure, relapse, and metastasis. Zuoquan Zhu et al. (Zhu et al., 2021) provided evidence that the FMS-related tyrosine kinase 3 ligand (FL) increases the radioresistance of esophageal cancer cells and that FL-related tyrosine kinase 3 (Flt-3) could be a potential target for enhancing radiosensitivity in ESCC.
More attentions have been attracted to radiosensitizers because of their abilities to increase the radiosensitivity of cancer cells and reduce the side effects on normal cells. In order to identify promising radiosensitivity agents, a large number of natural products with anti-inflammatory, antioxidant, and antitumor activations have been considered. The major treatment modality for non-small-cell lung carcinoma (NSCLC) is radiotherapy. However, radiotherapy can induce radioresistance in cancer cells, thereby resulting in a poor response rate. Yarong Du et al. (Du et al., 2021) demonstrated the effects of isorhamnetin (ISO), which is a naturally occurring radiosensitizer, and its impact on the responsiveness of lung cancer cells to irradiation through IL-13 and the NF-κB signaling pathway.
Protein turnover is a dynamically regulated process influencing many important biological functions, including DNA damage response (DDR), cell cycling, and signaling transductions. Pharmacological intervention of protein turnover offers a new therapeutic window for radiosensitization. Driven by their unique cytotoxic mechanisms, the novel strategies targeting the ubiquitin-proteasome system (UPS) with NEDDylation inhibitors and the PROteolysis TArgeting Chimeras (PROTACs) carry great potential as radiosensitizers to improve the efficacy of radiotherapy. The NEDDylation inhibitor MLN4924 exerts several cytotoxic functions, including DNA damage, cell cycle checkpoints dysregulation, and inhibition of NF-κB, and mTOR pathways. Preclinical studies had validated the efficacy of NEDDylation inhibitors as radiosensitizers. Meanwhile, recent progress in PROTAC technology has shown significant improvements in terms of the cellular permeability and substrate specificity. The PROTACs can selectively recruit key proteins related to radioresistance, such as EGFR, androgen receptor (AR) and estrogen receptor (ER), cyclin-dependent kinases (CDKs), MAP kinase kinase 1 (MEK1), and MEK2, for the cullin-RING E3 ligase (CRL)-mediated polyubiquitin conjugation and subsequent degradation. Shuhua Zheng et al. (Zheng and Tao, 2020) summarized basic and preclinical investigations on NEDDylation inhibitors and PROTACs as radiosensitizers.
Chemotherapy is the backbone of subsequent treatment for patients with lung adenocarcinoma (LUAD) exhibiting radiation resistance, and pemetrexed plays a critical role in this chemotherapy. Yuqing Wang et al. (Wang et al., 2021b) assessed changes in the sensitivity of LUAD cells to pemetrexed under radioresistant circumstances. They showed the much lower efficacy of pemetrexed in radioresistant cells than in parental cells, and that the mechanism of action was the significant downregulation of folate receptor alpha (FRα) by long-term fractionated radiotherapy, which resulted in less cellular pemetrexed accumulation. The activation of FRα by decitabine can sensitize radioresistant LUAD cells to pemetrexed both in vitro and in xenografts.
NPC is endemic in southern China and South-East Asia. Radiotherapy is the primary treatment for the non-metastatic disease. Although the local control of NPC can be increased by intensity-modulated radiation therapy (IMRT) rather than conventional radiotherapy, approximately 20% of the patients still present locoregional recurrence following radical IMRT. Tumor recurrence has been recommended to have relationship strong association with radio-resistance. Shan-Shan Guo et al. (Guo et al., 2021b) demonstrated the radioresistant function of angiogenin, as a biomarker that can help identify radio-sensitivity, and showed the clinical prognostic significance of ANG, which could help predict radiosensitivity and stratify high-risk patients or tumor recurrence.
Identifying metastasis-associated genes and finding effective targets is the main strategy to prevent metastasis and improve survival of breast cancer. On the explore of putative tumor suppressor protein, Xin An et al. (An et al., 2020) confirmed that Cavin3 expression is significantly downregulated in breast cancer, and correlated with distant metastasis and worse survival. Cavin3 functions as a metastasis suppressor by downregulating the Akt pathway, which suggests that cavin3 can be a potential prognostic biomarker and a target for breast cancer treatment. Studies by Xin Hua et al. (Hua et al., 2020) suggested that IQ motif-containing GTPase activating protein 3 (IQGAP3), the latest identified member of the IQGAP family, was significantly upregulated in breast cancer cell lines and human tumor tissues at both the mRNA and protein level compared to controls, and the expression was an independent prognostic factor among all 257 breast cancer patients in their cohort. Therefore, IQGAP3 may be a reliable prognostic biomarker in breast cancer.
E3 ubiquitin ligases (E3s) are a large class of proteins, and there are over 800 putative functional E3s. E3s play a crucial role in substrate recognition and catalyze the final step of ubiquitin transfer to specific substrate proteins. The diversity of the set of substrates contributes to the diverse functions of E3s, indicating that E3s could be desirable drug targets. The E3s MDM2, FBWX7, and SKP2 have been well studied and have shown a relationship with drug resistance. Strategies targeting E3s to combat drug resistance include interfering with their activators, degrading the E3s themselves and influencing the interaction between E3s and their substrates. Yuanqi Liu et al. (Liu et al., 2021) summarize the role of E3s in cancer drug resistance from the perspective of drug class and the most important research findings of targeting the cullin-RING E3 ligases for radiosensitization.
The crosstalk between cancer cells and their microenvironment triggers a variety of critical signaling cues and promotes the malignant phenotype of cancer. As a type of transmembrane protein, integrin-mediated cell adhesion is essential in regulating various biological functions of cancer cells. Integrins are the adhesion molecules and receptors of ECM. They mediate the interactions between cells-cells and cells-ECM. Recent evidence has shown that integrins present on tumor cells or tumor-associated stromal cells are involved in ECM remodeling, and as mechanotransducers sensing changes in the biophysical properties of the ECM, which contribute to cancer metastasis, stemness and drug resistance. Chao-Yue Su et al. (Su et al., 2020) outlined the mechanism of integrin-mediated effects on biological changes of cancers and highlight the current status of clinical treatments by targeting integrins.
Most tumor cells are in a hypoxic microenvironment that promotes resistance to radiation therapy. In addition to radiation resistance, the hypoxic microenvironment also promotes cancer proliferation and metastasis. Cordell Gilreath et al. (Gilreath et al., 2021) reviewed the hypoxic microenvironment of breast cancer tumors, related signaling pathways, breast cancer stem-like cells, and the resistance to radiation therapy.
Microenvironmental serine may alter cancer proliferation and invasion. A high serine content in body fluid was identified in a portion of patients with gastric cancer, but its biological significance, such as cell growth, migration and invasion, and drug resistance, was not clearly. Jun Li et al. (Li et al., 2020) characterized the basal gene expressing profiles of MGC803 and HGC27. The HGC27 cells were more differentiated than MGC803 cells while MGC803 cells were more sensitive to the change of serine content. They demonstrated that genetic profiles can affect the biological effects of serine on gastric cancer cells.
The tumor immunological microenvironments of gliomas differ based on their molecular properties. In glioblastoma (GBM), Ji Zhang et al. (Zhang et al., 2020) profiled the immune status of O-6-methylguanine-DNA methyltransferase (MGMT) promoter methylation in GBM and established a local immune signature for GBM that could independently identify patients with a favorable prognosis, indicating a relationship between prognosis and GBM immune signature. MGMT promoter methylation with lower Tim-3 expression was significantly associated with better survival.
Tumorigenesis is strongly associated with a series of cumulative genetic and epigenetic changes occurring in a normal cell; it is also closely related to the body’s microenvironment and immunity. The immune system recognizes and kills cancerous cells and their precursors, while cancerous cells develop strategies to escape from immune-surveillance thereby promoting tumorigenesis. Recently, long non-coding RNA (lncRNA) was proven to play an active part in the regulation of the immune system by affecting tumor microenvironment, epithelial-mesenchymal transition, dendritic cell and myeloid-derived stem cell regulation, and T and B cell activation and differentiation. Immune-related lncRNAs, which were identified as a prognostic marker of various types of cancer, are markedly connected with immune cell infiltration, and might be a potential target for cancer treatment. Peijie Chen et al. (Chen et al., 2020a) constructed a prognostic model and explored the immune characteristics of different risk groups in cervical cancer patients to analyze the relationship between immune-related lncRNAs and the prognosis.
Inherent gene/protein-associated drug and radiation resistance is largely rooted in cancer cell heterogeneity. For this type of resistance, we may be able to detect variants through gene sequencing, flow cytometry, and microarray to determine their mechanisms of resistance, and guide physicians in choosing the right approach for their individual patients. While variants identified for leukemia and lung cancer have improved our ability to predict prognoses and provide personalized medical care, there remain other types of cancer where many new advances could be made.
The efficiency and safety of hypofractionated radiotherapy (HFR) combined with paclitaxel chemotherapy for the treatment of post surgery tracheoesophageal groove lymph node (TGLN) metastasis in patients with esophageal cancer were investigated by Jian Wang et al. (Wang et al., 2020). They found that the combination of hypofractionated radiotherapy (HFR) and chemotherapy improved the prognosis of esophageal cancer patients with tracheoesophageal groove lymph node (TGLN) metastasis with no increased adverse events.
In recent years, multimodal approaches are recommended in unresectable hepatocellular carcinoma (HCC), either as first-line or subsequent therapy. Some studies have shown that the combination of transarterial chemoembolization (TACE) and sorafenib or TACE and thermal ablation is superior to monotherapy. However, few data are available on patients with huge unresectable HCCs treated by TACE and sorafenib, with or without thermal ablation. Ying Wu et al. (Wu et al., 2020) retrospectively evaluate and compare the benefits of TACE and sorafenib with or without thermal ablation in the management of patients with huge unresectable HCCs. They provided a promising strategy of TACE-sorafenib-thermal ablation, which demonstrated extended long-term overall survival in patients with huge unresectable HCC, and this may be a better choice than TACE-sorafenib alone.
Esophageal cancer is one of the most common cancer types, with its most common distant metastatic site being the lung. Currently, population-based data regarding the proportion and prognosis of patients with esophageal cancer with lung metastases (ECLM) at the time of diagnosis is insufficient. Analyses conducted by Jida Guo et al. (Guo et al., 2021a) on Surveillance, Epidemiology, and End Results (SEER) database from 2010 to 2016 of ECLM indicated that age, number of extrapulmonary metastatic sites, treatment three factors as independent predictors for esophageal cancer-specific survival (CSS). Considering the factors that may predict the occurrence of lung metastasis at diagnosis, high-risk patients should undergo a 64-slice multidetector CT (MDCT) examination for small lung nodules screening. According to their findings, chemotherapy or chemoradiotherapy may represent the most advantageous treatments for patients with ECLM.
In conclusion, the “Chemoradiation Resistance in Cancer Therapy” research topic highlights the complex phenomenon of resistance to anticancer therapy in cancer cells. The recent research implies the need to continue improving our understanding into the fundamental mechanisms of chemoradiation resistance related to target mutations, tumor microenvironment, undiscovered genes and signaling pathways in cancers, with the aim of identifying relevant new biomarkers and to develop the strategies that can overcome chemoradiation resistance or improve patient care during chemo- and/or radiation therapy.
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Purpose

To investigate the effectiveness and safety of transarterial chemoembolization (TACE) combined with sorafenib and thermal ablation in patients with huge hepatocellular carcinoma (HCC).



Materials and Methods

This retrospective study examined 50 patients with huge unresectable HCC treated from January 2009 to December 2015. Among them, 28 cases received TACE-sorafenib treatment (TACE-sorafenib group), and 22 cases received TACE-sorafenib plus thermal ablation treatment (TACE-sorafenib-thermal ablation group). The Overall survival (OS), progression-free survival (PFS), and adverse events (AEs) were compared.



Results

The median follow-up was 13.5 months (ranges 4.2 to 96.7 months). The median OS was significantly longer in the TACE-sorafenib-thermal ablation group than that in the TACE-sorafenib group (20.8 vs. 10.4 months, P=0.003). The median PFS of the ablation and no ablation groups were 4.3 vs. 7.1 months (P=0.546). The treatment modality was an independent predictor of OS (P=0.004). There were no notable drug-related high grade adverse events or permanent adverse sequelae.



Conclusion

TACE-sorafenib-thermal ablation provided extended OS to patients with huge unresectable HCC and could be a better choice than TACE-sorafenib.
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Introduction

Hepatocellular carcinoma (HCC) is the second most common cause of cancer-related mortality in China (Jemal et al., 2011). Huge unresectable HCC (i.e., >10 cm in its larger axis) is encountered in a considerable portion of patients at diagnosis.

Huge HCCs have specific features that need to be taken into account for successful management. Firstly, HBV-related liver cirrhosis is the predominant underlying cause of HCC in China (Chen et al., 2016). Secondly, huge HCCs always show an incomplete capsule and are prone to invade local vasculature, increasing the risk of tumor thrombus and metastasis (Xue et al., 2015). Thirdly, huge HCCs have an increased risk of rupture, which may accelerate their local spread and deterioration of liver function (Poon et al., 2002). Hence, adequate management of huge HCCs is a challenge.

For unresectable huge HCC, multiple approaches such as sorafenib adminstration, transarterial chemoembolization (TACE), and thermal ablation can be used for its management. Sorafenib, is approved in patients with unresectable HCC based on two phase III randomized trials (Llovet et al., 2008; Cheng et al., 2009) and is the recommended treatment for patients with advanced HCC (Omata et al., 2010; European Association For The Study Of The et al., 2012). However, the efficacy of sorafenib monotherapy is generally limited. Sorafenib is beneficial in only approximately 30% of patients, and acquired resistance often develops within 6 months, with a mean overall survival (OS) and time to progression of 10.7 and 5.5 months, respectively, in the SHARP study (Cheng et al., 2009), and 6.5 and 2.8 months, respectively, in the Asia-Pacific study (Llovet et al., 2008).

TACE is considered as the standard treatment for unresectable HCC (Llovet et al., 2002; Llovet and Bruix, 2003), but TACE monotherapy rarely results in complete necrosis of the lesions (Han et al., 2019). In addition, TACE increases VEGF levels, and VEGF is known to stimulate tumor angiogenesis, thereby contributing to tumor invasion and metastasis (Sergio et al., 2008; Shim et al., 2008). Thermal ablation therapies such as radiofrequency ablation (RFA) and microwave ablation (MWA) have been shown to be safe and effective for local control in patients with HCC (Lee et al., 2014; Hernandez et al., 2015). For early-stage HCC, thermal ablation has been shown to have similar OS compared with surgical resection (Lee et al., 2014; Hernandez et al., 2015). For moderate to advanced stage HCC, thermal ablation can provide a good local control (Lee et al., 2014; Hernandez et al., 2015). Both TACE and thermal ablation are local therapies, and they have limited preventive effect against tumor recurrence and metastasis.

In recent years, multimodal approaches are recommended in unresectable HCC, either as first-line or subsequent therapy. Some studies have shown that the combination of TACE and sorafenib or TACE and thermal ablation (Cabrera et al., 2011; Kim et al., 2011; Kudo et al., 2011) is superior to monotherapy. However, few data are available on patients with huge unresectable HCCs treated by TACE and sorafenib, with or without thermal ablation. In the present study, we retrospectively evaluate and compare the benefits of TACE and sorafenib with or without thermal ablation in the management of patients with huge unresectable HCCs.



Materials and Methods


Patients

This study followed the requirements of the Declaration of Helsinki and was approved by the Institutional Review Board of Sun Yat-sen University Cancer Center. This single-center retrospective study examined the clinical data of patients with huge unresectable HCC treated from January 2009 to December 2015 at Sun Yat-sen University Cancer Center.

The inclusion criteria were: (1) diagnosis of HCC confirmed by liver biopsy or clinically according to the American Association for the Study of Liver Diseases (AASLD) criteria (Llovet et al., 2008); (2) original tumor ≥10 cm in diameter, and satellite foci ≤2 cm; (3) All target lesions that could be measured according to the modified Response Evaluation Criteria in Solid Tumors Group (mRECIST) guidelines (Lencioni and Llovet, 2010); (4) 18–80 years of age; and (5) underwent TACE with sorafenib or TACE, sorafenib, and thermal ablation treatment. The exclusion criteria were: (1) procedure other than TACE and thermal ablation; (2) extrahepatic HCC metastases; (3) portal vein tumor thrombus beyond type IIa (Chan et al., 2016); or (4) previous treatment for HCC.

A total of 533 patients with HCC were treated with sorafenib in our cancer center during the study period. According to the inclusion/exclusion criteria, only 50 patients with huge HCC were included in the present analysis.



Treatment Option

Prior to their treatment, the patients were fully informed of the specific implications of TACE-sorafenib and TACE-sorafenib-thermal ablation therapies, as well as the possible adverse effects (AEs). The fact that there is limited evidence on the treatment effect was emphasized. Then, the patient received the treatment he/she selected. Informed treatment consent was obtained from all patients before treatment.



Transarterial Chemoembolization

All TACE treatments were performed by three physicians who have at least 5 years of experience. Under local anesthesia, a 5F French catheter (Yashiro type; Terumo Corporation, Tokyo, Japan) was introduced into the abdominal aorta via the femoral artery using the Seldinger technique. Hepatic arterial angiography was performed using fluoroscopy to guide the catheter into the celiac and superior mesenteric arteries. The feeding arteries, tumor, and vascular anatomy surrounding the tumor were identified. A microcatheter (Renegade Hi Flo; Boston Scientific Corporation, Boston MA, USA) was super-selectively inserted into the feeding arteries. A solution containing pirarubicin (10–40 mg, Shenzhen Main Luck Pharmaceuticals Inc., China), lobaplatin (50 mg/m2, Hainan Changan International Pharmaceutical Co., Ltd., China), and 10 mg of mitomycin c (Zhejiang Hisun pharmaceutical Co., Ltd., China) in iodized oil (Lipoid ultra-fluid, Guerbet, France) was infused into the arteries according to the number and size of the lesions. Liver and kidney function of the patient, and blood supply of the tumors (Chung et al., 2011) were evaluated. Follow-up imaging was performed 1–3 months later to evaluate the effects of TACE. The treatment was repeated once every 1–2 months. Reexamination was conducted one month after TACE. If there were still enhanced tumors, repeated thermal ablation therapy was required. Treatments were discontinued in the presence of significant liver function deterioration or complete elimination of the liver tumors.



Thermal Ablation

All thermal ablation treatments were performed by three physicians who have at least 5 years of experience. For patients who were willing to receive thermal ablation therapy, we usually performed 3–4 TACE sessions for hypervascular HCCs and 2–3 TACE sessions for hypovascular HCCs before performing thermal ablation based on our experience. Patients were instructed to fast from all foods for 12 h before the procedure. Computed tomography (CT) (Brilliance CT Big Bore; Philips, Best, The Netherlands) was used to locate the liver tumors and to design the optimal route for puncture needle. Routine disinfection and local anesthesia were applied around the puncture points. A microwave antenna (FORSEA; Qinghai Microwave Electronic Institute, Nanjing, China) or RFA (RITA2000, Mountain View. California, USA) was gradually inserted into the tumor along the predetermined angle. The whole MWA procedure was conducted under intravenous anesthesia (propofol; AstraZeneca, London, UK). Vital signs were monitored during the procedure. The settings of the ablation parameters depended upon the manufacturer’s recommendation and our experience. An upper abdominal CT scan was carried out immediately after the procedure to evaluate the ablation area and complications. Routine blood and biochemical tests were performed on the first day after ablation treatment to monitor for eventual complications. After the first thermal ablation, TACE was repeated according to the proportion of residual tumor or disease status. If the proportion of residual tumor was >50% or new tumors appeared in the liver, additional TACE were performed.



Sorafenib Treatment

All patients received continuous standard doses of sorafenib (400 mg twice a day, orally). Sorafenib was started from 3 days to 2 months after the TACE treatment or when tumor progression was found. During sorafenib treatment, the patients visited the outpatient clinic every three or four weeks for AE and tolerability assessments. Dose adjustments were made based on clinically significant toxicity (grade 3 or 4 according to the National Cancer Institute Common Terminology Criteria for Adverse Events Version 4.0) or the determination of patient tolerance by clinicians. For patients who have grades 3 and 4 toxicities, sorafenib was withdrawn until the symptoms improved to grade 2 or lower. Sorafenib was reintroduced at a dose of 200 mg bid for 5 days and then increased back to 400 mg bid if well tolerated. Otherwise, sorafenib was continued at 200-mg bid. Sorafenib was continued until toxicities were unmanageable.



Follow-Up

OS was calculated from the date of treatment of HCC until the date of the final follow-up or death (no patient was lost in follow-up). Progression-free survival (PFS) was calculated from the day of diagnosis to radiologic progression based on the modified Response Evaluation Criteria in Solid Tumors (mRECIST) evaluation (Lencioni and Llovet, 2010). The procedure-related complications of TACE and thermal ablation were evaluated based on the guidelines for trans-catheter therapy and image-guided tumor ablation (Brown et al., 2009; Goldberg et al., 2009). Major complications were defined as events that led to substantial morbidity or disability, required hospital admission, or substantially lengthened hospital stay (Sacks et al., 2003). All other complications were considered minor. The drug-related toxicity was observed and recorded according to the National Cancer Institute Common Terminology Criteria for Adverse Events Version 4.0.

Liver function, blood coagulation profile, and serum alpha-fetoprotein (AFP) levels were examined monthly. A three-phase helical CT (HiSpeed or LightSpeed QX/I; GE Medical Systems, Milwaukee, WI, USA) or MRI (Discovery MR750 3.0T; GE Medical Systems, Milwaukee, WI, USA) examination was carried out every month for the first 3 months post-operatively. Patients with residual tumor were re-treated with the original procedure. If no residual tumor or tumor recurrence was found, re-examinations were carried out every 3–6 months. Follow-up was censored on June 30, 2017.



Statistical Analysis

Continuous variables were presented as mean ± standard deviation (SD) and analyzed using the Student’s t test. Categorical variables were analyzed using the Chi-square or Fisher’s exact test, as appropriate. Survival rates were estimated by the Kaplan-Meier method. Differences in OS were assessed for significance using the log-rank test. The Cox proportional hazards regression model was used to determine the factors associated with survival. As per initial design, all variables with a P<0.05 by univariable analysis were entered in the multivariable analysis; finally, only one variable was found to be associated with survival and multivariable analysis could not be performed. All analyses were performed using SPSS 13 (SPSS, Inc., Chicago, IL, USA). Two-tailed P-values <0.05 were considered statistically significant.




Results


Baseline Clinical Characteristics

Among 533 patients with HCC who were treated with sorafenib at our hospital between January 2009 and December 2015, 28 and 22 patients with huge HCCs were treated with TACE-sorafenib and TACE-sorafenib-thermal ablation therapy, respectively. The baseline characteristics of these patients are shown in Table 1. In the TACE-sorafenib group, the 28 patients with 56 liver tumors received 72 TACE treatments (2.6 ± 1.3, range: 1–7). In the TACE-sorafenib-thermal ablation group, 22 patients with 40 liver tumors received 88 TACE treatments and 71 ablations. The specific information about RFA and MWA procedures are provided in Table 2.


Table 1 | Baseline characteristics of the patients.




Table 2 | Procedure-related information about radiofrequency ablation (RFA) and microwave ablation (MWA) in the transarterial chemoembolization (TACE)-sorafenib-thermal ablation group.





Patient Survival and Tumor Progression

The median follow-up of the entire cohort was 13.5 months (ranges 4.2–96.7 months). During follow-up, 28 (100%) and 18 (81.8%) patients died in the TACE-sorafenib and TACE-sorafenib-thermal ablation group, respectively. The median OS was significantly longer in the TACE-sorafenib-thermal ablation group than in the TACE-sorafenib group (20.8 vs. 10.4 months, P=0.003) (Figure 1). The 1-, 2-, and 3-year cumulative survival rates in the TACE-sorafenib-thermal ablation and TACE-sorafenib groups were 68.2%, 40.9%, and 31.8% vs. 46.4%, 10.7%, and 3.6%, respectively (all P<0.05). The median PFS of the TACE-sorafenib-thermal ablation and TACE-sorafenib groups were 4.3 vs. 7.1 months, respectively (P=0.546) (Figure 2).




Figure 1 | Overall survival of the transarterial chemoembolization (TACE)‑sorafenib-thermal ablation and TACE-sorafenib groups.






Figure 2 | Progression-free survival of the transarterial chemoembolization (TACE)-sorafenib-thermal ablation and TACE-sorafenib groups.



In the subgroup analysis, the median OS of the patients without and with vascular invasion/metastasis were 14.0 vs. 9.8 months (P=0.648) in the TACE-sorafenib group, and 22.2 vs. 13.7 months (P=0.55) in the TACE-sorafenib-thermal group (Figure 3). The median OS of the patients who received RFA and MWA alone were 25.0 vs. 10.5 months (P=0.18) in the TACE-sorafenib-thermal ablation group (Figure 4).




Figure 3 | Overall survival of patients with and without vascular invasion/metastasis in the transarterial chemoembolization (TACE)-sorafenib group (A) and the TACE-sorafenib-thermal ablation group (B).






Figure 4 | Overall survival of patients who received radiofrequency ablation (RFA) and microwave ablation (MWA) in the transarterial chemoembolization (TACE)-sorafenib-thermal ablation group.





Cox Analysis

The predictors of OS in the Cox analysis are shown in Table 3. Multivariate analysis was not performed because only the choice of treatment had a P-value <0.05 in univariable analyses. HBV status and Child-Pugh grades could not be analyzed because the number of patients in some categories are too small. TACE-sorafenib-thermal ablation (HR=2.512, 95%CI:1.348–4.680, P=0.004) was found to be a predictor of OS.


Table 3 | Factors influencing overall survival according to the Cox analysis.





Adverse Events

The most common drug-related toxicities were hand-foot syndrome (HFS, 86.4% vs. 85.7%), alopecia (31.8% vs. 39.3%), diarrhea (18.2% vs. 35.7%), and hypertension (13.6% vs. 3.6%) in the TACE-sorafenib-thermal ablation and TACE-sorafenib groups, respectively. Most adverse events were grade 1 or 2. Four cases of drug-related grade 3 toxicitiy were reported, including one case of HFS in the TACE-sorafenib-thermal ablation group and three cases (one with HFS, one with bleeding, and one with liver dysfunction) in the TACE-sorafenib group. No drug-related grade 4–5 AEs were recorded. All drug-related toxicities are listed in Table 4.


Table 4 | Drug-related toxicity.



The most common minor complications were post-embolization/ablation syndrome which includes fever (37.7% vs. 83.3%), pain (28.9% vs. 15.3%), and vomiting (7.5% vs. 4.2%) in the TACE-sorafenib-thermal ablation and TACE-sorafenib group, respectively. Meanwhile, two cases of minor bleeding (one thoracic hemorrhage and one liver subcapsule hemorrhage) were observed in the TACE-sorafenib-thermal ablation group; both cases resolved without special treatment. Four major complications were reported, including two cases of liver dysfunction in the TACE-sorafenib-thermal ablation group and two cases of myelosuppression in the TACE-sorafenib group. No permanent adverse sequelae or treatment-related death were observed. All procedure-related complications are listed in Table 5.


Table 5 | Procedure-related complications.






Discussion

Few data are available on the treatment strategies for huge HCC. This study compares the effectiveness and adverse events (AEs) of TACE combined with sorafenib and with or without thermal ablation in patients with huge unresectable HCC. The results suggest that TACE-sorafenib-thermal ablation provided an extended long-term OS to patients with huge unresectable HCC. TACE-sorafenib-thermal ablation may be a better choice than TACE-sorafenib for huge unresectable HCC.

TACE-sorafenib therapy has received more and more acceptance for the treatment of HCC. Compared with the studies of TACE monotherapy for huge HCCs by Xue et al. (2015) and Min et al. (2014), the present study suggests that the TACE-sorafenib group had a higher 1-year survival rate than the studies by Xue et al. (2015) and Min et al. (2014) (46.4% vs. 33% and 37.8%), despite the fact that the patients in the present study had a high risk of vessel invasion and multiple tumors. Hence, TACE-sorafenib therapy could provide survival benefits for patients with huge unresectable HCC. However, TACE is not a curative treatment and the rates of objective response range from 16% to 60% (Llovet and Bruix, 2003), suggesting limited benefits for huge HCC, particularly for hypovascular HCC. In addition, post-TACE vascular changes and hepatic dysfunction caused by sequential TACEs ultimately limit the number of TACE treatments that a patient can receive. Thus, TACE-sorafenib could only provide limited survival benefits for huge unresectable HCC.

Thermal ablation is a minimally invasive technique and is increasingly being used in managing HCCs. The present study provided evidence that thermal ablation plus TACE and sorafenib could be used for the treatment of huge unresectable HCC. In the present study, patients in the TACE-sorafenib-thermal ablation group had significantly higher 1-, 2-, and 3-year survival rates and longer median survival than those in the TACE-sorafenib group. Moreover, although all patients included in the present study had unresectable huge HCCs, Mok et al. (2003) and Hwang et al. (2015) reported that patients treated with TACE+MWA had a similar 1-year OS survival rate (68.6%) compared with surgical resection. TACE-sorafenib-thermal ablation has the following advantages. Firstly, increased levels of proangiogenic factors following thermal ablation have been reported and may be a potential reason for tumor recurrence (Dong et al., 2015). As reported by Dong et al. (2015), sorafenib inhibits the up-regulation of p-Akt and p-ERK1/2 in HCC cells after insufficient RFA, and further down-regulates the expression of N-cadherin, vimentin, and snail, resulting in enhanced migration and invasion of HCC cells after insufficient RFA. Secondly, thermal ablation can directly and efficiently kill tumor cells and lighten tumor load, especially for hypovascular HCC or HCC with arteriovenous fistula, in which failures to TACE are common. Thermal ablation can specifically eliminate residual tumor tissues after TACE, which could increase the local control rate and reduce neovascularization. Thirdly, thermal ablation causes little damage on liver function and allows an extension of the time interval between two TACE treatments, thus protects liver function. Finally, thermal ablation, especially RFA, could enhance various TAA-specific T cell response and release tumor antigen, heat shock protein, etc., thereby improving tumor-specific immunity, killing residual tumor cells, and reducing recurrence (Mizukoshi et al., 2013). Therefore, TACE-sorafenib-thermal ablation therapy could have great benefits for the treatment of huge unresectable HCC.

In the present study, TACE-sorafenib therapy was the only independent predictor for poor prognosis according to the Cox analysis, suggesting that the addition of thermal ablation is of vital importance in treating huge unresectable HCC. In the ablation procedure, the following principles are taken into account at our hospital and may contribute to the survival benefits. Firstly, for huge HCCs with satellite foci, the original or relatively larger tumor is always the first MWA target. Secondly, MWA should be performed first in the center of the tumor, then in the peripheral residual lesions. Finally, MWA ablation should be given to tumor located in a relatively safe place, then in the tumor that is adjacent to susceptible organs such as the intestines and gallbladder.

The difference of PFS between the TACE-sorafenib-thermal ablation and TACE-sorafenib groups was not statistically significant. We noticed that the median PFS and the 1-year PFS rates were longer in the TACE-sorafenib group, which may be caused by different sorafenib treatment time. The patients in the TACE-sorafenib-thermal ablation group began to take sorafenib at a later time than the patients in the TACE-sorafenib group. Kudo et al. (2011) reported that sorafenib did not significantly prolong survival in patients who responded well to TACE, due to delays in starting sorafenib (>9 weeks) after TACE. Therefore, we recommend starting sorafenib as soon as possible.

In the subgroup analysis, as in the study by Qu et al. (2012), we observed that there was no significant difference in OS between patients with and without vascular invasion in the two groups. Meanwhile, there was no significant difference in OS between patients who received only MWA and RFA treatment in the TACE-sorafenib-thermal ablation group. Nevertheless, patients who received MWA treatment had a slightly shorter time of ablation per site, and this may be due to its advantages over RFA, i.e., more rapid heating rate, higher intratumor temperature (reaching 130°C), larger ablation range, deeper tissue penetration, and smaller influence of blood flow (Hernandez et al., 2015). Hence, it is suggested that priority should be given to MWA for the treatment of huge unresectable HCCs, but this has to be validated by future studies.

In terms of AEs, the present study suggests that TACE-sorafenib-thermal ablation was well tolerated and led to only manageable side effects in patients with huge unresectable HCC. The most common reported drug-related toxicities were HFS, alopecia, diarrhea, and hypertension, similar to previous studies (Abdel-Rahman and Elsayed, 2013). Furthermore, TACE-sorafenib-thermal ablation did not increase the procedure-related complications in patients with huge unresectable HCC. The most common reported procedure-related complications were post-embolization/ablation syndrome, similar to a study by Yao et al. (2015). The major complications in the TACE-sorafenib-thermal ablation and TACE-sorafenib groups were liver dysfunction (n=2) and myelosuppression (n=2), similar to the 4.6% incidence reported for large HCCs by previous studies (Paul et al., 2011; Liang et al., 2013), but lower than in another study by Dong et al. (2016), which could be due to the choice of drugs for TACE. Meanwhile, no permanent adverse sequelae or treatment-related death were observed. Thus, these results suggest that TACE-sorafenib-thermal and TACE-sorafenib are well tolerated by patients with huge unresectable HCC.

There are some limitations in the current study. Firstly, it was a retrospective study and treatment strategy was determined by the choice of patients. Secondly, it was a single-center study in China. The HBV infection rate was higher in China than in Western countries. Thirdly, the sample size might not be large enough. In addition, our study failed to reveal the difference of RFA and MWA and risks factors for prognosis, maybe due to the relatively small sample size. Fourthly, the duration of sorafenib use in these two groups was not the same, which may have affected the OS. Therefore, a prospective trial with a larger sample size is needed.

In conclusion, the present study provides the evidence that TACE-sorafenib and TACE-sorafenib-thermal ablation are well-tolerated and beneficial in patients with huge unresectable HCC. TACE-sorafenib-thermal ablation is associated with significant survival benefits for patients with huge unresectable HCCs compared with TACE-sorafenib.
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A high serine content in body fluid was identified in a portion of patients with gastric cancer, but its biological significance was not clear. Here, we investigated the biological effect of serine on gastric cancer cells. Serine was added into the culture medium of MGC803 and HGC27 cancer cells, and its influence on multiple biological functions, such as cell growth, migration and invasion, and drug resistance was analyzed. We examined the global transcriptomic profiles in these cultured cells with high serine content. Both MGC803 and HGC27 cell lines were originated from male patients, however, their basal gene expression patterns were very different. The finding of cell differentiation-associated genes, ALPI, KRT18, TM4SF1, KRT81, A2M, MT1E, MUC16, BASP1, TUSC3, and PRSS21 in MGC803 cells suggested that this cell line was more poorly differentiated, compared to HGC27 cell line. When the serine concentration was increased to 150mg/ml in medium, the response of these two gastric cancer cell lines was different, particularly on cell growth, cell migration, and invasion and 5-FU resistance. In animal experiment, administration of high concentration of serine promoted cancer cell metastasis to local lymph node. Taken together, we characterized the basal gene expressing profiles of MGC803 and HGC27. The HGC27 cells were more differentiated than MGC803 cells. MGC803 cells were more sensitive to the change of serine content. Our results suggested that the responsiveness of cancer cells to microenvironmental change is associated with their genetic background.




Keywords: gastric cancer, MGC803, HGC27, microenvironment, serine



Introduction

Gastric cancer (GC), which ranks the fifth in incidence and the third in mortality worldwide, is one of the most common malignant tumors of digestive tract. This malignancy commonly occurs in Asian countries, especially in China, Japan, and South Korea (Torre et al., 2015; Bray et al., 2018). Because there is no sensitive and specific diagnostic method for GC, most patients have developed to advanced stage and lost the best time for surgical treatment when they were diagnosed. Therefore, novel detection methods and molecular biomarkers for early diagnosis have been extensively explored (Dou et al., 2018; Song et al., 2019).

Our team has been working on translational research and exploring the pathogenesis of gastric cancer. In a previous study on urine metabolites, a group of amino acids were found to be abnormally elevated in GC patients than that in healthy controls. Those amino acids include alanine, glycine, valine, serine, isoleucine, threonine, proline, methionine, tyrosine, and tryptophan. Among them, all the values of the area under curve (AUC) of the diagnostic curves of threonine, serine, and alanine were above 0.8, indicating the good diagnostic value for GC. Moreover, some of the amino acids showed predictive potential for prognosis (Chen et al., 2016). These findings implied that increased certain amino acids in body fluid might have biological significance on GC development.

Tumor is the overgrowth of cell clusters and the result of abnormal metabolism. Compared with normal cells, tumor cells demand more nutrients for their rapid proliferation and metastasis, and reshape a variety of anabolic and catabolic pathways in the nutrient-deficient microenvironment (Davidson et al., 2016; Bubnovskaya and Osinsky, 2020). Amino acids are important metabolites of tumor cells. Elevation of some amino acids in microenvironment could provide favorable conditions for tumor growth, metastasis, drug resistance, and others. For example, Saito et al. reported that elevated leucine in microenvironment can promote cell proliferation in breast cancer, and induce resistance to tamoxifen (Saito et al., 2019). Engel et al. found that serine content of microenvironment determined the growth and survival of glioblastoma (Engel et al., 2020). In lung cancer, the imbalance of kynurenine to tryptophan ratio in microenvironment was closely related to the resistance for immune checkpoint inhibitor (Li et al., 2019). In this study, we explored the influence of high serine concentration on multiple biological behaviors, as well as the possible molecular mechanisms for GC.



Materials and Methods


Cell Culture and Reagents

GC cell lines MGC803 and HGC27 were stored at the Shanghai Institute of Digestive Surgery. Both cell lines were cultured in RPMI-1640 medium (Gibco, USA) supplemented with 10% fetal bovine serum (Gibco, USA) and 5 μg/ml penicillin-streptomycin in a humidified incubator at 37°C with 5% CO2. In addition, RPMI-1640 medium supplemented with 1% fetal bovine serum was prepared for experiments and stored at 4°C.

Serine (Purity>98.5%, LR, BBI Life Sciences, China) was fully dissolved with phosphate buffer (1 x PBS) to the concentration of 150 mg/ml and was filtered with 0.22 µm aperture needle filter (Millipore, United States) and then stored at 4°C. Puromycin (Cat. #ANT-PR-5B, Invivogen, USA), rabbit GFP monoclonal antibody (Proteintech, 50430-2-AP, China), HRP-labeled goat anti-rabbit antibody (Servicebio, GB23305, China), 5-Fluorouracil (5-FU, Shanghai Xudong Haipu Pharmaceutical Co., Ltd., China) and Cryptotanshinone (2.5 μM, S2285, SELLECK, Houston, USA) were stored at −20°C.



Determining the Serine Concentration

In order to find proper concentration of serine in functional experiments, we designed five serine concentrations of 0, 30, 150, 300, and 600 μg/ml. Then we calculated migration cells through transwell experiment. Briefly, MGC803 or HGC27 cells (8×104/well) were added onto a 24-well plate (Corning Life Science, Acton, MA, USA). A 700-μl RPMI-1640 medium complemented with 10% fetal bovine serum (FBS), and different concentration of serine was added to the lower chamber of the 24-well plate, and 300 μl FBS-free medium to the upper chamber. After incubation for 24 h, we stained the GC cells on the inserts by 0.5% crystal violet for 20 min at room temperature. The upper remaining cells of the inserts were removed with cotton swabs. Finally, the migrated GC cells were counted at the 200× under the Olympus BX50 microscope (Olympus Optical Co. Ltd., Tokyo, Japan), and photographed by Nikon Digital Sight DS-U2 (Nikon, Tokyo, Japan) camera. Five visual fields were randomly chosen to calculate the number of migrated cells.



RNA Sequencing and Data Analysis

HGC27 and MGC803 cells (1×106) were planted in 10cm dish with RPMI-1640 medium and 10% FBS. The next day, the cells were divided into two groups. One is in standard RPMI-1640 medium plus with serine 30 μg/ml and 1% FBS. The other is in standard RPMI-1640 medium with 1% FBS and an additional serine of 150 μg/ml. Three repeated wells were set for each group. After incubation for 48h, cells were collected into 1.5ml tube with 1 ml Trizol (Invitrogen, USA) for RNA extraction. RNA purification was checked by NanoPhotometer® spectrophotometer (IMPLEN, CA, USA), and RNA integrity was evaluated by Bioanalyzer 2100 system (Agilents, CA, USA). After the RNA quality control, sequencing libraries were generated using NEBNext® UltraTM RNA Library Kit for Illumina® (NEB, USA). RNA sequencing was performed on Illumina Novaseq6000 platform (Jiayin Biomedical Technology Co., Ltd., Shanghai, China). Indexes clustering were performed on cBot Cluster System using TruSeq PE Cluster Kit v3-cBot-HS (Illumia). HTSeq v0.6.0 was used to count the reads numbers mapped to each gene, and then the FPKM (Fragments Per Kilobase per Millions base pairs) of each gene was calculated based on the length of each gene and reads counts. The DESeq2 algorithm was used to filter the expression of differential genes. Differential genes between MGC803 and HGC27 cell lines were plotted with R software (version, R i386.3.6.3). The differential genes (at the standard |log2 (fold change)| >0.585 and P<0.001) between high-serine medium group and standard medium group were analyzed. The RNA-seq data of cancer cell lines treated by serine could be found in SRA database (PRJNA638214).



Cell Proliferation Assay

In the CCK8 assays, MGC803 or HGC27 cells (2 × 103/well) were added into the 96-well plate with six repeated wells for each condition under RPMI-1640 medium 100 μl with 10% FBS incubation for 24 h. Then, the medium was replaced by RPMI-1640 medium with 1% FBS. The experimental groups were divided as above. On the first, second, and third days, each well was added 100 μl 10% CCK8 solution diluted in medium with 1% FBS for 2 h incubation. The OD values at 450nm wavelength were measured by a spectrophotometry (BioTek, Vermont, USA).



Colony Formation Assay

In the colony formation assay, cancer cells (1 × 103/well) were added to six-well plate, and incubated with 2.5 ml mediums with 1% FBS for 3 days. And then, the medium was replaced with 2.5 ml above medium for another four days. The chemical cryptotanshinone was added at the 7th day. On the 14th day, the cell colony were fixed and dyed with 0.5% crystalline purple diluted in methanol for 20 min. After washing with clean water, the colony was photographed and counted by observing visible colony units in five fields.



Cell Migration and Invasion Assays

Cell migration and invasion assay were performed by using transwell chambers (Corning, Lowell, MA, USA) coated with or without matrigel (BD Biosciences, Bedford, MA). MGC803 or HGC27 cells (8× 104/well) were added to the upper chamber and cultured for 48 h at 37°C with 5% CO2. RPMI-1640 medium 700 μl with 10% FBS and different serine concentration was added to lower chambers and 200 μl medium without FBS but containing different serine concentration or cryptotanshinone was added to upper chamber. After incubation for 48 h, cells on the inserts were fixed and stained with 0.5% crystal violet diluted by methanol for 20 min at room temperature. The upper remaining cells of the inserts were removed with cotton swabs. Permeating cells were counted under the inverted microscope in five random fields. The photographs were taken under the 200× field (Nikon, Tokyo, Japan).



5-FU Sensitivity Assay

MGC803 or HGC27 cells (5 × 103/well) were added into 96-well plates, and incubated in 100 μl high serine medium (150 μg/ml) or standard medium with 1% FBS for 24 h. Then, the medium was replaced with above two mediums containing gradient concentrations of 5-FU (0, 0.25, 0.5, 1, 2, 4, and 8 μg/ml). After incubation for 48 h, 100-μl solution of 10% CCK8 was added for 2 h, and OD values at 450nm were measured by a spectrophotometry (BioTek, Vermont, USA).



Popliteal Lymph Node Metastasis

A total of twelve 5-week-old female nude mice (BALB/C nude, Beijing Vitolihua Experimental Animal Technology Co., Ltd.) were randomly divided into two groups. One is high serine group, and another is standard group (Normal). The mice were raised at the Shanghai Experimental Animal Research Center. The experiment was approved by the Research Ethics Committee of Shanghai Jiaotong University School of Medicine. A total of 5 × 106 HGC27 cells were injected into the left rear foot pad. The detailed steps were reported in the previous study (Xiang et al., 2019). The experimental animals were injected intraperitoneally with serine solution (2g/kg) (Sasaki et al., 2017), and control animals were injected intraperitoneally with 150-μl PBS solution. The first three injections were given every two days, then changed to every three days. Four weeks later, the mice were sacrificed, and primary tumors in foot pad and popliteal lymph nodes were removed for analysis. The size of the popliteal lymph nodes were calculated using the formula (volume=length ×width ×width/2). The popliteal lymph nodes were fixed with 4% formalin and slices were made for examination.

All removed lymph nodes were fixed by formalin and embedded in paraffin. The 4-μm thick slices were made to perform H&E and IHC staining by streptavidin-peroxidase method. Rabbit anti-GFP monoclonal antibody (1:100, Proteintech, 50430-2-AP, China) and HRP-labeled goat anti-rabbit antibody (1: 200, Servicebio, GB23305, China) were used. After staining, semi-quantitative analysis of GFP was conducted according to the proportion and intensity of stained tumor cells. The photographs were taken under the Nikon Digital Sight DS-U2 (Nikon, Tokyo, Japan) at low- and high-power fields.



Statistical Analysis

All data were performed using GraphPad Prism 8.0 (Inc., La Jolla, CA, USA). The inter-group differences were analyzed by the Student’s t test. The positive popliteal lymph node metastasis was analyzed by χ2 test. P<0.05 was considered statistically significant.




Results


The Effect of Serine on Cancer Cell Migration

Five concentrations of serine (0, 30, 150, 300, and 600 μg/ml) were added to RPMI-1640 medium. After incubating MGC803 or HGC27 cells with the above five mediums for 24 h, the medium with 150 μg/ml serine showed the highest effect in promoting cell migration (69.2 ± 5.4) compared to that in RPMI-1640 medium (28.8 ± 5.3) in HGC27 cells (P<0.0001). The similar trend was observed in MGC803 cells (146.6 ± 11.5 vs 71.6 ± 6.2, P<0.0001) (Figure 1). In addition, the MGC803 cells showed more migrating cells than that of HGC27 cells in high serine culture medium (146.6 ± 11.5 vs. 69.2 ± 5.4, P<0.0001).




Figure 1 | The effect of different serine concentration on cancer cell migration. Five serine concentrations from 0 to 600 μg/ml in culture medium were set. After incubating MGC803 or HGC27 cells in mediums with different serine concentrations for 24 h, the optimum serine concentration of 150 μg/ml medium was observed in both cancer cell lines. In addition, the migratory ability of MGC803 cells was higher than that in HGC27cells at high serine condition. These data are representative examples taken from one of the three experiments. “*” represents P < 0.05, comparing to “Normal” group, **P < 0.01, ***P < 0.001, ****P < 0.0001.





The Effect of Serine on Global Transcriptomic Profiles on Gastric Cancer Cells

Because 150 μg/ml serine promoted cancer cell migration, we analyzed the effect of serine on global transcriptomic profiles of these two cancer cells. By RNA-Seq analysis, although the basal expression of Y chromosome-located genes of MGC803 and HGC27 cells were highly associated (coefficient R=0.794), the expression of thousands of autosomal genes were very different. For instance, the top ten highly expressed genes in HGC27 cells were ALPI, KRT18, TM4SF1, KRT81, A2M, MT1E, MUC16, BASP1, TUSC3 and PRSS21. The expression levels of each of those genes in HGC27 cells were over ten thousand-fold higher than that in MGC803 cells (Figure 2A). We separately analyzed the effect of high serine on MGC803 cells and HGC27 cells. Under the strict condition, only one gene TAP2 was differentially expressed between high-serein group and standard medium group in MGC803 cells (Figure 2B), while nine genes were differentially expressed in HGC27 cells. Among those different genes, four were up-regulated, and five were down-regulated (Figure 2C). The fold changes of different genes in both cell lines were presented in Figure 2D. Notably, gene PDK1, which involves in the JAK/STAT3 molecular pathway and associates with cell growth and invasion, was one of the differentially increased genes in the high serine group.




Figure 2 | The effect of serine on global transcriptomic profiles of MGC803 and HGC27 cells. (A) Image of hierarchical clustering analysis for basal expression profiles of MGC803 and HGC27 cancer cells. The heatmap is presented by the FPKM of each differential gene. Row represents experimental cells, and column represents genes. The up-regulated genes are marked by light red color, and down-regulated genes are marked by dark blue color. (B, C) The volcano plots of differential gene expression of MGC803 cells and HGC27 cells in high serine group and standard medium group. (D) The fold change of differential genes in MGC803 and HGC27 cells. These data are representative examples taken from one of the three experiments.





The Effect of Serine on Cell Growth

CCK-8 assay showed that the cell proliferation ability of HGC27 and MGC803 cells were significantly increased in high serine group (1.69 ± 0.07, 72 h and 1.96 ± 0.01, 72 h, respectively), compared with that in standard medium (1.22 ± 0.05, 72 h, and 1.62 ± 0.05, 72 h, respectively, p<0.0001). The cell proliferative ability could be suppressed by cryptotanshinone (0.52 ± 0.01, 72 h, P<0.0001) in high-serine condition (0.57 ± 0.01, 72 h, 0.55 ± 0.01, 72 h, respectively, P < 0.0001, Figure 3A). The cell proliferation promoting effect of high serine in MGC803 cells was stronger than that in HGC27 cells (P<0.001, Figure 3B). In addition, we observed much more colony formation of HGC27 cells in high serine group (219.3 ± 5.7), compared with that in standard medium (147.7 ± 2.5, p<0.001). The cryptotanshinone could suppress colony formation in high serine condition (47.3 ± 3.7, P<0.001, Figure 3C). In MGC803 cells, colony formation was higher in high serine group (182.3 ± 3.7), compared with that in standard medium (137.3 ± 2.5, p<0.01). The cryptotanshinone suppressed colony formation in high-serine-condition (51.7 ± 2.5, P<0.001). There are more colony formation in HGC27 cells that in MGC803 cells with high serine concentration (P<0.01, Figure 3D).




Figure 3 | The proliferation-enhancing effect of high serine on HGC27 and MGC803 cells. (A) CCK8 assay on the proliferation-enhancing effect of high serine on HGC27 and MGC803 cells. (B) CCK8 assay on the cell growth of HGC27 and MGC803 cells. (C) Colony formation assay on the proliferation-enhancing effect on HGC27 and MGC803 cells. (D) The comparison of different effects on colony formation between HGC27 and MGC803 cells. These data are representative examples taken from one of the three experiments. “*” represents P < 0.05, comparing to “Normal” group, **P < 0.01, ***P < 0.001, ****P < 0.0001. "####" represent P < 0.0001, compared to high-serine group.





The Effect of Serine on Cell Migration and Invasion

High serine promoted cell migration of HGC27 cells (58.0 ± 4.4), compared to standard medium (41.8 ± 5.9 cells, P<0.0001), The cryptotanshinone significantly suppressed cell migration in high-serine condition (5.2 ± 1.2, P<0.0001). Similar experimental results were obtained in MGC803 cancer cells (Figure 4A). In addition, the migration cells of MGC803 in high serine group were much more than that in HGC27 cells (138.2 ± 8.5 vs. 58.0 ± 4.4, P < 0.0001, Figure 4B). In cell invasion assay, the strongest invasion ability of HGC27 cells (102.6 ± 7.3) was observed in high serine group, compared with that in standard medium (62.4 ± 5.2 cells, P < 0.0001). The cryptotanshinone significantly suppressed cell invasion of HGC27 cells in high-serine condition (14 ± 1.7, P < 0.0001). Similar experimental results were obtained in MGC803 cells (Figure 4A). We noticed that the cell invasion ability in high serine group in MGC803 were stronger than that of HGC27 cells (149.8.2 ± 10.0 vs. 102.6 ± 7.3, P<0.0001, Figure 4C).




Figure 4 | Effects of high serine condition on cell migration and invasion of MGC803 and HGC27 cells. (A) The enhancing effect on cell migration and invasion under high serine condition. High serine in medium significantly promotes migration and invasion of HGC27 and MGC803 cells. Incubation with chemical cryptotanshinone suppresses cell migration and invasion. (B) Comparison of the difference on cell migration between HGC27 and MGC803 cells under the same cell culture conditions. (C) Comparison of the difference on cell invasion between HGC27 and MGC803 cells under the same cell culture conditions. These data are representative examples taken from one of the three experiments. "***" and "****" represent P < 0.001, and P < 0.0001, compared to normal group. "####" represent P < 0.0001, compared to high-serine group.





The Effect of Serine on 5-FU Sensitivity

To evaluate the effect of high serine on chemosensitivity, MGC 803 and HGC27 cells were treated with 5-FU. The IC50 of 5-FU on HGC27 cells was higher in high serine group (1.46 ± 0.06 μg/ml), compared to standard medium group (0.76 ± 0.02 μg/ml, p<0.01) (Figure 5A). Similarly, the IC50 of 5-FU on MGC803 cells was higher in high serine group (1.01 ± 0.03 μg/ml) than that in standard medium group (0.89 ± 0.03 μg/ml, p<0.05) (Figure 5B). In standard medium, the IC50 of 5-FU in MGC803 cells (0.89 ± 0.03 μg/ml) was higher than that in HGC27 cells (0.76 ± 0.02 μg/ml, P<0.05, Figure 5C). However, in high serine condition, the IC50 of 5-FU in MGC803 cells (1.01 ± 0.03 μg/ml) was lower than that in HGC27 cells (1.46 ± 0.06 μg/ml, P<0.01) (Figure 5D). It means that the sensitivity to 5-FU on MGC803 cells was 1.45-fold higher than that in HGC27 cells in high-serine condition.




Figure 5 | Drugs sensitivity analyzed by CCK8 assay. (A, B) Dose-response curves and drug concentration of IC 50 of 5-FU between high serine group and standard medium in HGC27 and MGC803 cells. The sensitivity to 5-FU is reduced in high serine condition. (C) The difference of IC50 between HGC27 and MGC803 cells in standard medium. (D) The difference of IC50 between HGC27 and MGC803 in high serine medium. These data are representative examples taken from one of the three experiments. “*” represents P < 0.05, comparing to “Normal” group, **P < 0.01, ***P < 0.001,





The Effect of Serine on Lymph Node Metastasis In Vivo

To examine the possible effect of serine on promoting cancer cell metastasis in vivo, we established a popliteal lymph node metastatic model in nude mice. In experimental group, high concentration of serine (2g/kg) was administrated via abdominal cavity, while PBS was administrated via abdominal cavity as control (Figure 6A). After ten times administration of serine, the mice were sacrificed, and the popliteal lymph nodes were examined (Figure 6B). It was found that the sizes of the popliteal lymph nodes in high serine group were significantly larger than that in controls (4.29 ± 1.56 mm3 vs.1.54 ± 0.67 mm3, P<0.01, Figures 6C, D). We further detected the metastatic cancer cells histologically, and found that the metastatic rate of cancer cells in lymph nodes of high serine group was significantly higher than that in controls (83.3% vs 16.7%, P<0.05, Figures 6E, F).




Figure 6 | Cancer metastasis analysis in nude mice. (A) The schematic of time points for cancer inoculation and serine administration. (B) Examination of foot pad and popliteal lymph nodes in nude mice. (C) The size differences of popliteal lymph nodes between experimental group and control group. (D) The volume differences of popliteal lymph nodes measured between experimental group and control group. (E) The primary tumor (up) and nodal metastases (down) were examined by H&E staining (400X). Compared to control, more metastatic cancer cells were observed in lymphatic sinuses (arrows). (F) The metastatic rate of popliteal lymph nodes was significantly different between the two groups. **P < 0.01.






Discussion

Gastric cancer is the most common primary malignancy of digestive tract with a dismal prognosis. Multimodal therapeutic approaches have been used in gastric cancer treatment, such as surgical resection, chemotherapy, and radiotherapy. However, the response to therapies is very different, which could be attributed to different genetic background of individuals. Cancer cells are frequently used as experimental model in basic and clinical studies. MGC803 and HGC27 cell lines have been used for many years in gastric cancer research, however, the difference of their genetic background have not been reported (Tamura et al., 1996; Zhang et al., 2004; Jin et al., 2015). By global transcriptomics profiling for both cell lines, we characterized the differential expression of genes between these two cell lines. Among those, HGC27 cell line showed much more expression of differentiated genes compared to MGC803 cells. MGC803 cells had more genes of poorly differentiated cells. Cancer cells with different genetic backgrounds may response differently to external stimulation, including drug treatment. There were reports indicated that microenvironmental serine may alter cancer proliferation and invasion. For instance, Engel and colleagues reported that tumor microenvironment with high serine concentration contributed to rapid cell growth in glioblastoma. Interfering serine metabolism could be a plausible therapeutic target (Engel et al., 2020). It was reported that the proliferative ability of cancer cells could be enhanced by high content of microenvironmental serine (Labuschagne et al., 2014). Serine promoted cancer growth in prostate cancer (Reina-Campos et al., 2019). Up to date, there is no report on the biological effects of microenvironmental serine on gastric cancer.

In our previous study, significantly increased amino acids, including serine, were found in urine of patients with gastric cancer, implying a disturbed metabolism of amino acids (Chen et al., 2016). Amino acids serve the essential functions of redox balance, energetic regulation, biosynthesis, and homeostatic maintainence for living things (Lieu et al., 2020; Vettore et al., 2020). Serine is one of the pivotal nutrients for cell growth in routine RPMI-1640 culture medium with 30 μg/ml concentration (Mossinger, 1991). In the current study, in order to find out a proper high serine environment, we screened several concentrations and found that 150 μg/ml serine is the optimal concentration on enhancing cell growth and invasiveness of cancer cells. Our study showed that MGC803 cells and HGC27 cells had different biological behaviors no matter in standard condition or in high serine condition. This phenomenon could be explained by their different genetic backgrounds. These two cell lines were established from male patients, because they showed similar expression of genes of Y chromosome. However, the top ten significantly decreased genes (ALPI, KRT18, TM4SF1, KRT81, A2M, MT1E, MUC16, BASP1, TUSC3 and PRSS21) in MGC803 cell were over ten thousand-fold lower than that in HGC27 cells. Most of those genes were closely related to epithelium differentiation (Wang et al., 2008; Green et al., 2009; Shin et al., 2014; Kratochvilova et al., 2015; Wang et al., 2016; Conway et al., 2019; Golob-Schwarzl et al., 2019). This result indicated that the MGC803 cell originated from poorly differentiated gastric cancer, while HGC27 cell might come from relatively differentiated gastric cancer. Our results will provide important reference for selecting proper cell models for future research. The higher proliferating and invasive ability of MGC-803 cells may attribute to its lower differentiation.

We treated MGC803 and HGC27 cells with same concentration of serine in vitro. The change of gene expression pattern was very different. Upon analysis, only TAP2 (transporter 2, an ATP binding cassette subfamily B member) gene showed significant down-regulation in high serine condition in MGC803 cells. TAP2 encodes a membrane-associated protein, which is a member of the MDR/TAP subfamily. Members of the MDR/TAP subfamily are involved in multidrug resistance (Lage et al., 2001). Since high serine stimulation significantly reduced TAP2 expression, the MGC803 cells showed increased sensitivity to 5-FU treatment after up-regulation of microenvironmental serine content. However, the molecular mechanisms should be explored further. In HGC27 cells, high serine condition resulted in different gene expression pattern. The increased expression of genes included oncogenic gene PDK1. PDK1 encodes a pyruvate dehydrogenase kinase 1, which is one of the major enzymes responsible for the regulation of homeostasis of carbohydrate fuels in mammals (Ba et al., 2020). The aberrant activation of PDK1 and its downstream effectors has been reported to involving in pathological phenotypes such as uncontrolled cell proliferation, apoptosis escape, invasion, and metastasis (Qian et al., 2020a), which may explain why HGC-27 cells showed higher metastatic ability in high serine administration in animal experiment. Some researches showed that PDK1 plays a role in chemoresistance in different types of malignancies, and targeting PDK1 could be a selection for promoting chemosensitization (Emmanouilidi and Falasca, 2017; Qian et al., 2020b). Recently, Yuan and colleagues reported that cryptotanshinone, originally a STAT3 inhibitor showed multiple suppressing activity on eight targets with anticancer potential, including MAP2K1, RARalpha, RXRalpha, PDK1, CHK1, AR, Ang-1 R, and Kif11 (Yuan et al., 2014). Those targets are related to promoting cancer growth. Their results provided a clue for the study of the anticancer effects and mechanisms of cryptotanshinone (Gagliardi et al., 2018). In our study, cryptotanshinone showed the suppressing effect on both cancer cell lines. It implied that microenvironmental high serine may activate multiple pathways. The biological behaviors observed in our study suggested that cancer cells might respond differently to microenvironmental serine and the difference might be related to different genetic background and original histological classification. Carter and coworkers reported that sensitivity of radiotherapy of colorectal cancer depended on the genetic background of cancers (Carter et al., 2019).



Conclusions

This study demonstrated the global basal expression profiles of MGC803 and HGC27 cells. We found HGC27 cell was more differentiated than MGC803 cell. Although high serine condition could enhance the malignant behaviors in both cancer cells, MGC803 cells are more sensitive to change of serine concentration. This discrepancy could be attributed to different genetic background of cells. Since MGC803 and HGC27 cell lines are commonly used in basic experiments of gastric cancer. This finding will provide important references for cell selection for future research. Moreover, microenvironmental serine content could affect multiple biological behaviors, such as cell growth, cell migration, and invasion, and chemoresistance. Altering serine content of tumor microenvironment could be a new direction for cancer therapy in future.
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As a dynamic regulator for short-lived protein degradation and turnover, the ubiquitin-proteasome system (UPS) plays important roles in various biological processes, including response to cellular stress, regulation of cell cycle progression, and carcinogenesis. Over the past decade, research on targeting the cullin-RING (really interesting new gene) E3 ligases (CRLs) in the UPS has gained great momentum with the entry of late-phase clinical trials of its novel inhibitors MLN4924 (pevonedistat) and TAS4464. Several preclinical studies have demonstrated the efficacy of MLN4924 as a radiosensitizer, mainly due to its unique cytotoxic properties, including induction of DNA damage response, cell cycle checkpoints dysregulation, and inhibition of NF-κB and mTOR pathways. Recently, the PROteolysis TArgeting Chimeras (PROTACs) technology was developed to recruit the target proteins for CRL-mediated polyubiquitination, overcoming the resistance that develops inevitably with traditional targeted therapies. First-in-class cell-permeable PROTACs against critical radioresistance conferring proteins, including the epidermal growth factor receptor (EGFR), androgen receptor (AR) and estrogen receptor (ER), cyclin-dependent kinases (CDKs), MAP kinase kinase 1 (MEK1), and MEK2, have emerged in the past 5 years. In this review article, we will summarize the most important research findings of targeting CRLs for radiosensitization.
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INTRODUCTION

Over 60% of cancer patients undergo radiotherapy (RT) during their course of illness, with an estimated 40% contribution toward curative cancer treatment (1, 2). While RT is an essential element for curative, adjuvant, and palliative treatment of a range of human malignancies, a key challenge in RT is to maximize radiation doses to the tumor mass while sparing the surrounding healthy tissue (1). To that end, various approaches combining RT with chemotherapies as radiosensitizers have been explored, which led to improvements in tumor response and higher overall survival (OS) rates (3). Despite a clear success, the favorable clinical outcome of chemoradiotherapy still comes at the sacrifice of increased toxicity in many clinical contexts, mainly due to the limited specificity of conventional chemotherapies (4). In the past two decades, several clinical trials have been conducted to test combining RT with targeted therapies against radioresistance conferring proteins such as epidermal growth factor receptor (EGFR), histone deacetylase (HDAC) and the B-rapidly accelerated fibrosarcoma (BRAF), aiming to develop combined-modality treatment regimens with fewer side effects (5–7). Clinical studies consistently suggested increased efficacy and improved survival rates of these new strategies, highlighting the clinical importance of using targeted agents as radiosensitizers (4). However, cancer cells will inevitably develop resistance toward these targeted therapies, leading to disease progression and relapse (8). Therefore, there is an urgent need to develop new strategies for radiosensitization.

In the past decade, targeting the activities of cullin-RING (really interesting new gene) E3 ligases (CRLs) in the ubiquitin-proteasome system (UPS) has gained considerable momentum for cancer treatment with the entry of several late-phase clinical trials of its first-in-class inhibitor MLN4924 (pevonedistat) (9). As early as the 1990s, the implication of targeting CRL for radiosensitization was suggested when its key component RING box protein 2 (Rbx2, a.k.a., SAG, ROC2) was identified as a redox inducible antioxidant protein (10). In recent years, studies showed that CRLs carry out the turnover of vital proteins involved in DNA damage response (DDR), as well as those in cell signaling pathways that are critical for radiosensitization (9, 11). Furthermore, in the past 5 years, the development of cell-permeable PROteolysis TArgeting Chimeras (PROTACs), which can selectively recruit radioresistance conferring proteins for CRL-mediated polyubiquitination, paved new methods in developing radiosensitizers that are less likely to develop chemoresistance (12). As such, it is crucial to systematically overview the mechanism of actions of CRL inhibitors for radiosensitization.

In this review article, we will summarize major strategies targeting CRLs and evaluate their potential as radiosensitizers based on the revised framework of the Steel hypothesis, originally described by George Steel in the 1970s (4). The revised hypothesis describes the scenario whereby combined-modality of targeted therapies and RT can improve the therapeutic outcomes by five mechanisms: (1) spatial cooperation, (2) temporal modulation, (3) biological cooperation, (4) cytotoxic enhancement, and (5) normal tissue protection (4).



A GLIMPSE OF TRADITIONAL RADIOSENSITIZERS

Typical RT involves ionizing radiation (IR), which uses high-energy photon radiation, such as X-rays and gamma (γ) rays, and particle radiation, such as electron (e), carbon ion and proton (13, 14). The IR exerts cytotoxic effects via direct DNA damage, or indirectly via generation of free radicals, particularly reactive oxygen species (ROS) (15–17). Therefore, the radiosensitivity of cancer cells can be influenced by biological factors that regulate DNA damage repair, oxygen perfusion levels, and cell cycle stage (16). Traditional radiosensitizers target these underlying parameters for radiosensitization.

Platinum analogs, 5-fluorouracil (5-FU), and taxanes are the most common clinically used radiosensitizers. Platinum analogs, such as cisplatin and oxaliplatin, can bind to DNA and produce DNA-DNA crosslinking, which will lead to cell cycle arrest and exacerbating the radiation-induced DNA damage (18). Meanwhile, 5-FU, capecitabine (a 5-FU oral prodrug), and gemcitabine act as pseudo-substrates, incorporation of these nucleoside analogs can dysregulate cell cycle checkpoint in the S phase, disabling DNA damage repair machinery in cancer cells upon IR administration (19, 20). On the other hand, taxanes, such as paclitaxel and docetaxel, synchronize tumor cells at cell cycle G2-M phase and trigger chromosomal missegregation (21, 22). Meanwhile, tumors in the hypoxic microenvironment (low pO2) are more radioresistant than those well-oxygenated (13). At the presence of oxygen, RT-induced DNA damages will be “fixed” via the formation of peroxyl radicals in DNA that had been insulted by free radicals (23). The oxygen mimics such as nitroimidazole derivatives (i.e., pimonidazole and nimorazole), and hypoxia-specific toxins were investigated in clinical trials as radiosensitizers (24, 25). Wang et al. (16) provided a comprehensive review on the recent development of radiosensitizers based on these principles.

The therapeutic potential of radiosensitizer is largely determined by the enhanced efficacy and selectivity against cancer cells but not normal tissue. However, traditional radiosensitizers are also chemotherapeutic drugs, which can cause prominent side effects. For example, cisplatin can cause intolerable nausea, vomiting, hearing loss, and kidney damage (26). Targeted therapies, such as MLN4924 and PROTACs are highly selective and would have fewer side effects. In fact, clinical trials of MLN4924 showed that this compound is well-tolerated (27).



TARGETING THE UBIQUITIN-PROTEASOME SYSTEM (UPS)

Cellular protein levels are tightly controlled by both protein synthesis and degradation. The ubiquitin-proteasome system (UPS), first characterized in the mid-20th century, is a dynamically regulated multi-enzyme process that earmarks substrate proteins for proteasomal-mediated degradation via polyubiquitination (28). Targeted inhibition of the UPS via direct eradication of the proteasome activities using bortezomib, carfilzomib, or ixazomib has been proven clinically effective for treating multiple myeloma (MM) (29). Several clinical trials also investigated the UPS inhibitors for their potential as radiosensitizers in the treatment of metastatic melanoma (Phase I), head and neck cancer (Phase I), and glioblastoma multiforme (GBM; Phase II) (30–32). However, unexpected earlier tumor progression as a result of EGFR stabilization has been reported with the combined administration of bortezomib and conventional radiochemotherapy in head and neck cancer (32, 33). Such suboptimal response is conceivable as proteasome inhibition indiscriminately stabilizes the substrates, including EGFR and other oncogenic proteins, limiting the clinical applications in targeting proteasome as a radiosensitizing strategy (32). Instead of directly inhibiting the proteasome, recent studies have employed alternative strategies such as targeting the UPS via inhibition of the upstream ubiquitin (Ub) conjugation events or directly recruiting specific substrate protein for polyubiquitination using PROteolysis TArgeting Chimeras (PROTACs) (Figures 1, 2).


[image: Figure 1]
FIGURE 1. A schematic overview of cullin-RING E3 ligase (CRL) and NEDD8 conjugation. Conjugation of NEDD8 to the scaffold cullin protein in the CRL is carried out in three enzymatic steps involving NEDD8-activating enzyme (NAE, E1N), UBC12, and UBE2F (E2N). The substrate receptor protein, docked in the CRL complex by binding to the adaptor protein, recruits substrates for ubiquitin conjugation. MLN4924 and TAS4464 are specific NAE inhibitors, prohibiting NEDD8 conjugation and thus inhibit CRL activity. The 2-D structure of MLN4924 and TAS4464 was derived from Yu et al. (34). N, NEDD8; U, ubiquitin; Rbx, RING box protein.
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FIGURE 2. Overview of the major cytotoxic mechanism of NEDDylation inhibition. All the characters in “Red” color are CRL substrates. Accumulation of Cdt1 can trigger DNA rereplication, resulting in DNA damages. Stabilization of CDC25A can potentially cause dysregulation of both early (G1 phase to S phase) and late (G2 phase to M phase) cell cycle checkpoints (dash arrow). Meanwhile, the accumulation of Wee1, p21, and p27 will trigger cell cycle arrest at the G1 or G2 phase. Stabilization of IκBα will lead to sequestration NF-κB p65 and p50 heterodimer in the cytosol, leading to inhibition of its transcriptional activities. Stabilization of DEPTOR can directly inhibit mTOR. Ionizing radiation also triggers cell death via induction of DNA damages. p, phosphor group.




NEDDYLATION INHIBITION


NEDD8 Conjugation Pathway

The cullin-RING E3 ligases (CRLs) are responsible for polyubiquitination of about 20% of cellular proteins degraded via the UPS, most of which are critically involved in cell cycle progression, DDR, and oncogenic signaling cascades (9). The CRL complex's core structure is formed with a scaffold protein cullin bound with the RING-finger containing proteins (Rbx1 or Rbx2) at the C-terminus of cullin (35). This core complex will be joined by the adaptor protein, which binds the cullin's N-terminus domain to form a complete CRL complex (Figure 1) (35). Fully activation of CRLs requires conjugation of an Ub-like protein called neural precursor cell-expressed developmentally downregulated 8 (NEDD8) to near the C-terminus of the cullin in the CRL complex (11). Conjugation of NEDD8 to cullins is carried out in three enzymatic steps involving NEDD8-activating enzyme (NAE; E1), UBC12 and UBE2F (E2s), and E3s (Figure 1). NAE adenylates NEDD8 on its C-terminal glycine, forming a NEDD8-NAE complex via a covalent thiol-ester bond, and then transfers NEDD8 to the E2s via another thiol-ester bond (36, 37). NEDD8 E3 ligases execute the final step in conjugating NEDD8 to cullins, forming an isopeptide bond with the ε-amino group of a substrate lysyl residue (38, 39). NEDD8 conjugation facilitates the CRL structural remodeling that will juxtapose the substrate toward the catalytically active ubiquitylation site of CRL (40–42). The substrate receptor protein, docked in the CRL complex by binding to the adaptor protein, recruits substrates for Ub conjugation once CRL is fully functional (43) (Figure 1). So far, seven different types of human cullin proteins (CUL1, 2, 3, 4A, 4B, 5, 7) have been identified, and new members of the receptor and adaptor proteins are emerging (44). A more detailed overview of NEDD8 conjugation in CRLs has been summarized by Petroski and Deshaies in their review paper (45).

MLN4924 is an adenosine sulfamate analog that inhibits NEDDylation via the formation of an MLN4924-NEDD8 adduct, blocking the downstream NEDD8 conjugation cascade within a few hours after administration (46) (Figure 1). TAS4464 is another NAE inhibitor recently developed with more potent inhibitory effects and prolonged duration of target-binding compared with MLN4924 (47, 48). NAE inhibitors MLN4924 and TAS4464 targeting the process of NEDD8 conjugation have shown particularly promising results in several clinical trials (phase I/II/III) for cancer treatment (46). NEDDylation inhibition appears to have a unique profile of sensitivity toward various types of malignancies. So far, the primary identified cytotoxic mechanisms of MLN4924 include induction of DNA rereplication, senescence, dysregulation of cell cycle checkpoints control, as well as inhibition of mTOR and NF-κB pathways (Figure 2) (46, 49–55). Substrates of CRLs, such as Wee1, checkpoint kinase 1 (CHK1), p21, and cell division cycle 25A (CDC25A), are key components of double-strand breaks (DSBs) repair proteins (56–60) (Figure 2). Mainly, the degradation of cell cycle proteins Cdt1, p21, and Set8 is mediated by CRL4Cdt2, in which Cdt2 plays as a substrate recognition protein (61–63). Genotoxic insults trigger binding of Cdt2 on to the DNA sliding clamp—proliferating cell nuclear antigen (PCNA)—loading CRL4Cdt2 on to DNA for the substrate degradation (61–63). Set8 stabilization leads to lysine 20 of histone H4 (H4K20) hypermethylation, triggering transcriptional downregulation of histone with the resultant chromatin decompaction and DNA damage activation, as depicted elegantly by Abbas et al. (61). Driven by the fact that the development of radioresistance is largely determined by factors such as DNA damage response DDR activation after ionizing radiation (IR), cell cycle checkpoints controls, and anti-apoptotic pathways dysregulation, it is essential to investigate the potential of using NEDDylation inhibitors as radiosensitizers (64).



NEDDylation Inhibitors as Radiosensitizers—DNA Damage Response

One of the major cytotoxic effects of MLN4924 is achieved through the stabilization of its substrate Cdt1, a so-called “DNA replication licensing factor,” which tightly regulates the cell cycle progression by facilitating the formation of the pre-replicative complexes (pre-RC) at the G1 phase of cell cycle (46, 65). To prevent relicensing, which will lead to multiple rounds of DNA replication initiation per cell cycle, Cdt1 is rapidly degraded by the CRL Skp1-cullin1-F-box protein (SCF) right after G1 phase (66) (Figure 2). MLN4924-mediated inhibition of SCF will lead to the accumulation of Cdt1, causing firing of several rounds of DNA replication initiations without cell division, as evidenced by the accumulation of cells with > 4N DNA in flow cytometry (46) (Figure 2). This process will lead to the collision of replication forks and the induction of overwhelming both single- and double-strand DNA damage (67).

The majority of IR-mediated cell killing is mediated by the massive induction of DNA DSBs (64). Radiosensitivity of tumor cells is largely decided by their ability to trigger the DDR, via activation of cell cycle checkpoints and DNA damage repair (64). MLN4924 functions as a radiosensitizer in several types of cancer by potentiating DNA damage and interfering with DDR activation. In the orthotopic xenograft mouse models of human pancreatic cancer and head and neck squamous cell carcinoma (HNSCC), MLN4924 overcame radioresistance via induction of DNA rereplication, leading to prominent induction of DSBs (68, 69). In pancreatic cancer cells, the maximal radiosensitizing effects of MLN4924 was achieved when MLN4924 was administered 24 h prior to receiving RT (69). MLN4924 pretreatment before RT administration will allow time for CRL substrates' accumulation. The radiosensitizing effect of MLN4924 was partially reversed in pancreatic cancer cells with Cdt1 knockdown (69). However, the exact involvement of Cdt1 stabilization in MLN4924-induced radiosensitization needs further investigation.

Expression levels of CRL components were significantly elevated in HNSCC cells compared with those in adjacent normal squamous mucosa of the oral cavity and nasopharynx (68). As a result, DNA rereplication was not observed in the cells of normal tissue (68). Besides HNSCC, hyperactivation of CRLs was also observed in GBM, breast cancer, and liver cancer (70). Therefore, the unique cytotoxic mechanism highlights the potential of NEDDylation inhibitors as radiosensitizers from the perspectives of “spatial cooperation,” “biological cooperation,” “normal tissue protection,” and “cytotoxic enhancement” based on the revised Steel framework.



MLN4924 as a Radiosensitizer—Cell Cycle Arrest

Due to the lethality of unrepaired DNA DSBs, developing new agents to prevent activation of cell cycle checkpoints in response to IR is critical to overcoming radioresistance (71). DDR is initiated by activation of ataxia-telangiectasia mutated (ATM) and ataxia-telangiectasia and RAD3-related (ATR), which will locate the DNA damage and activate various downstream proteins (72). ATM is the major regulator of DDR following IR-induced DSBs, leading to phosphorylation of downstream CHK1 and CHK2 (72). Activated CHKs will then phosphorylate the isoforms of CDC25 phosphatases, triggering their polyubiquitination and degradation (73). Meanwhile, the dephosphorylation and activation of CDK2-cyclinE and CDK1-cyclinB depend on the phosphatase activities of CDC25 (73). As a result, with activation of DDR and subsequent CDC25 degradation, cell cycle arrest will occur at the end of G1 phase or the end of G2 phase to allow time for DNA repair (73) (Figure 2). Among the three isoforms of CDC25s (CDC25A, B, C), CDC25A regulates both early (G1 phase to S phase) and late (G2 phase to M phase) cell cycle checkpoints (Figure 2) (73). Rapid degradation of CDC25A is critical for activating cell cycle arrest upon IR-induced DNA damages (72). The ubiquitination of CDC25A is carried out by the CRL E3 ligase SCFbeta−TrCP, in which the beta-TrCP (β-transducin repeat-containing protein) facilitates the recruitment of the CDC25A for Ub conjugation (74). MLN4924-mediated inhibition of SCFbeta−TrCP will stabilize the CDC25A protein, causing cell cycle checkpoint dysregulation and potentially radiosensitization (Figure 2).

Accumulation of CRL substrates may also induce cell cycle arrest via checkpoint activation. The Wee1 kinase, which phosphorylates and keeps CDK1 in inactive form for activation of cell cycle checkpoints, is another major CRL substrate (Figure 2) (75). Meanwhile, degradation of members of the universal cyclin-dependent kinase inhibitors (CDKIs) family p21 (Cip1) and p27 (Kip1) is also mediated by CRLs (76). As such, several studies reported the activation of cell cycle checkpoints with MLN4924 treatment (77–79). In cell lines of hormone-refractory prostate cancer (HRPC), MLN4924 triggered cell cycle arrest at the G2 phase due to Wee1, p21, and p27 accumulation (79). In the colorectal cancer cell lines of HT-29 and HCT-116, and breast cancer cell lines of SK-BR-3 and MCF7, MLN4924 induced stabilization of p27 and p21, respectively, leading to cell cycle G2/M arrest (77, 78). MLN4924 and RT cotreatment induced a more significant accumulation of Wee1, p21, and p27 than either treatment modality alone, leading to prominent cell cycle arrest and unanimous sensitization all these types of cancer cells toward RT (77–79).



MLN4924 as a Radiosensitizer—Anti-apoptotic Pathways

Increased radioresistance of cancer cells is developed by the activation of several compensatory pro-survival cell signaling pathways, including phosphatidylinositol 3-kinase (PI3K)/AKT/mTOR pathway, EGFR/mitogen-activated protein kinase (MAPK) pathway and NF-κB signaling pathway (80, 81). The classical theories of how radiation activates these anti-apoptotic pathways state that ionizing events in the cytosol and the mitochondria will generate large quantities of reactive oxygen species (ROS) and reactive nitrogen species (RNS) that will inhibit protein phosphatase (PTPase) activities (81). Radiation can also promote membrane-associated receptor activation by lipid rafts aggregation, leading to activation of downstream pathways (82). Activation of the PI3K/AKT/mTOR, EGFR/MAPK, and NF-κB pathways can facilitate the development of radioresistance by promoting DNA damage repair, and transcriptional upregulation of a myriad of stress-responsive proteins (83, 84) (Figure 2). Therefore, it is critical to understand the impact of NEDDylation inhibition on these compensatory pro-survival pathways activated by RT.

Inhibition of NF-κB pathway is one of the major causes of MLN4924 induced cytotoxicity, as evidenced in the initial studies in acute myeloid leukemia (AML) (49). The inhibitor of nuclear factor kappa B (IκBα) binds to the NF-κB p65 and p50 complex and keeps the heterodimer in the cytosol as an inactive form (85). Activation of the pathway triggers rapid degradation of IκBα via the SCFβ−TrCP E3 ligase, releasing the p65 and p50 heterodimer for nuclear translocation and transcriptional upregulation of its target genes (86). Treatment of MLN4924 will inhibit the SCFβ−TrCP and prohibit RT-induced IκBα degradation, with resultant sequestration of p65 and p50 in the cytoplasm (49, 52, 87) (Figure 2). This mechanism is validated in studies showing that eradication of the RING-box protein Rbx2 in the SCFβ−TrCP complex triggered IκBα stabilization and NF-κB pathway inhibition, leading to re-sensitization of cancer cells toward RT (88) (Figure 2). Furthermore, the existing studies also suggested that the radiosensitizing effect of bortezomib is largely due to the inhibition of the NF-κB pathway (89). As a result, another major radiosensitizing mechanism of MLN4924 is achieved through the NF-κB pathway inhibition (Figure 2).

Several mTOR inhibitors, including everolimus and temsirolimus, are under early Phase (I/II) clinical trials as a radiosensitizer to treat several cancer types such as prostate cancer, GBM, and lung cancer (90–92). In human cancer cell lines of acute lymphoblastic leukemia (ALL), AML, cervical, breast, colon, GBM, and kidney, the activity of mTOR is downregulated by MLN4924 in an almost dose-dependent manner, as evidenced with dephosphorylation of mTOR downstream targets such as p70S6 kinase (51, 93–95). Intrinsic mTOR's upstream inhibitors, including the DEP domain containing MTOR interacting protein (DEPTOR) and the regulated in development and DNA damage responses 1 (REDD1), are substrates for SCFβTrCP and cullin4A-RING (CRL4A), respectively. These protein-drug interactions largely explain the unanimous response of mTOR inhibition toward NEDDylation inhibition (50, 51, 55). The significant inhibitory effect of MLN4924 on the PI3K/AKT/mTOR axis has implicated the NEDDylation inhibitors as potential therapeutic radiosensitizers (Figure 2).

In summary, NEDDylation inhibition can block key pro-survival pathways activated with RT via stabilization of their intrinsic upstream inhibitory proteins. The unique role of MLN4924 in blocking these compensatory pathways demonstrated its potential application as a radiosensitizer via “spatial cooperation,” “biological cooperation,” and “cytotoxic enhancement” (4).




PROTEOLYSIS TARGETING CHIMERAS (PROTACS)

Neither bortezomib nor MLN4924 addresses specific proteins as they broadly inhibit the general machinery necessary for protein degradation. MLN4924 is not selective since all the CRL complexes in the cells are inhibited, blocking the activities of over 400 enzymes (70). The PROteolysis TArgeting Chimeras (PROTACs) technology was developed in recent years to overcome these limitations of targeting the protein degradation machinery (96). PROTACs are heterobifunctional molecules with two different ligands connected via a linker (Figure 3). One end of the PROTAC, i.e., the “warhead,” binds to the protein of interest (POI), and the other end binds to the receptor protein in the CRL complex, thereby promoting the physical interaction of the target protein with the E3 ligase for polyubiquitination (Figure 3) (97). Traditional targeted therapies using occupancy driven pharmacology only affect enzymatic function via competitive inhibition, which requires druggable active sites in those enzymes that are susceptible to mutations and protein overexpression (8). Whereas, polyubiquitinated POIs will be degraded by the proteasome with the eradication of both the enzymatic activities and the scaffold functions of target proteins (97). Furthermore, PROTACs-induced protein degradation is a catalytic process, as PROTACs will dissociate from the CRL complex after POI polyubiquitination and binds to a new target. This unique catalytic property of PROTACs can lead to efficient POI clearance at a very low dose5 (98) (Figure 3).


[image: Figure 3]
FIGURE 3. An overview of the PROTAC targeting EGFR for CRL2VHL-mediated polyubiquitination. (A) 2D structure of the PROTAC MS39 that targets EGFR. The “warhead” potion of the PROTAC is based on EGFR inhibitor (EGFRi) gefitinib. (B) MS39 can recruit EGFR for polyubiquitin conjugation by the CRL2VHL. MS39 mediated EGFR degradation is a catalytic process, as evidenced with dissociation of the PROTAC from the CRL2VHL complex after EGFR polyubiquitination.


Due to these unique characteristics, targeting CRL substrates related to the development of radioresistance with PROTACs could provide a new strategy to sensitize cancer cells toward RT (70) (Figure 4). Since 2015, over 30 small-molecule PROTACs have been reported, most of them utilize substrate receptor proteins von Hippel-Lindau (VHL) in the CRL2 complex (CRL2VHL), and cereblon (CRBN) in the cullin4-RING complex (CRL4CRBN) as the PROTAC binding sites in the E3 ligase (99) (Figure 4). PROTACs against radioresistance-related key substrates of CRL2 and CRL4 have been developed. These substrates include the EGFR, androgen (AR) and estrogen (ER) receptors, CDKs, MAP kinase kinase 1 (MEK1) and MEK2, anaplastic lymphoma kinase (ALK), Bruton tyrosine kinase (BTK), bromodomain and extra-terminal motif (BET) proteins, and bromodomain (BRD) proteins (Figure 4) (100–107). Since all these PROTACs are first-in-class protein degraders developed within the past 5 years, a comprehensive understanding of the underlying molecular mechanism of these novel compounds is essential for developing next-generation radiosensitizers.


[image: Figure 4]
FIGURE 4. A non-exhaustive list of PROTACs targeting proteins related with the development of radioresistance. Corresponding CRLs that mediate polyubiquitination of these proteins were also identified. EGFR, epidermal growth factor receptor; ER, estrogen receptor; AR, androgen receptor; CDK, cyclin-dependent kinase; ALK, anaplastic lymphoma kinase; MEK, mitogen-activated protein kinase kinase; BTK, Bruton tyrosine kinase; BET, bromodomain and Extra-Terminal motif; BRD, bromodomain.



PROTACs as Radiosensitizers—Targeting Receptors

Targeting EGFR using traditional targeted therapies, such as monoclonal antibodies or tyrosine kinase inhibitors (TKIs), as radiosensitizers have gained moderate success in non-small-cell lung cancer (NSCLC), but failed in GBM and HNSCC to improve OS rates (108, 109). Genetic alterations, including amplification, rearrangement, altered splicing, and mutations, that regulate EGFR expression levels and protein activities in GBM and HNSCC, will eventually lead to the development of resistance toward EGFR inhibitors (108, 110). Lysosome-independent degradation of EGFR is mediated by CRL2VHL, consistent with the report in clinical trial showing stabilization of EGFR with bortezomib-mediated proteasome inhibition (32, 111). Recently, several PROTACs were developed to target EGFR for CRL2VHL-mediated degradation. PROTAC-based technology offers great flexibility in choosing the clinically relevant forms of EGFR proteins targeted for degradation by changing the “warhead” of the degrader (Figure 3). For example, the lapatinib-based PROTAC largely degraded the wildtype, and exon-20 insertion mutant forms of EGFR; the gefitinib-based PROTAC selectively degraded EGFR with exon-19 deletion, and L858R point mutation; afatinib-based PROTAC degraded double mutant (L858R/T790M) EGFR (112). All these PROTACs can efficiently eliminate EGFR at low-nanomolar concentrations, and exerted sustained inhibitory effects on cancer cell proliferation and downstream kinases signaling of EGFR (112).

RT-induced overexpression of hormonal receptors, including AR and ER, plays a vital role in mediating radioresistance in prostate and breast cancers, respectively (113, 114). In castration-resistant prostate cancer (CRPC) cells, the PROTAC ARD-61 can efficiently degrade AR and inhibited cancer cell proliferation with half-maximum inhibitory concentration (IC:50) values <500 nM, regardless of AR mutations, and expression status of AR splice variants, such as AR splice variant-7 (AR-V7) (102). Meanwhile, the viability of cells not expressing AR was not affected (102). Another AR degrader ARD-69 has DC50 values of <1 nM in prostate cancer cell lines LNCaP and VCaP (DC50: the concentration at which 50% of the target protein has been degraded) (115). The importance of these PROTACs as potential radiosensitizers for prostate cancer is emphasized by the study showing that targeted degradation of RT-increased AR with FDA-approved AR degradation enhancer, dimethylcurcumin (ASC-J9), significantly sensitized prostate cancer toward radiation in xenograft models, while conventional anti-androgen drugs, such as enzalutamide, has no radiosensitizing effects (114). Meanwhile, the ER degrader ERD-308 can induce over 95% of ER degradation at concentrations of <5 nM in ER+ breast cancer cell lines of MCF-7 and T47D (101). Given the synergistic effect of typical anti-estrogenic drugs with RT in the breast, and cervical cancers, these ER degraders can also be used as potential radiosensitizers alongside with RT (116). More importantly, these degraders can overcome the common resistant mechanism developed during anti-hormonal therapy.



PROTACs as Radiosensitizers—Targeting Oncogenic Kinases

It is well-known that many patients will eventually become drug resistant and develop disease relapse with prolonged treatment of protein kinase inhibitors (117). The mechanism of drug resistance is mainly attributed to the kinome rewiring effect, whereby reactivation of the oncogenic pathways restored via compensatory feedback activation of alternative kinases (117). Particularly, RT-induced activation of MEK1/2 is associated with radioresistance is found in several human malignancies (118, 119). Targeted inhibition of MEK1/2 using kinase inhibitors led to radiosensitization in several types of cancer, such as astrocytoma and pancreatic tumor (120, 121). Meanwhile, CDK inhibitors, especially those against CDK4 and CDK6, synergized with RT in killing GBM cells and prolonged survival in the orthotopic GBM model (122). However, resistance toward MEK1/2 and CDK inhibitors will inevitably occur with prolonged treatment (123).

Treatment with PROTACs will lead to catalytic degradation of specific kinases, offering sustained inhibition on their downstream targets (112). PROTACs for kinases critical for radioresistance, including CDKs, MEK1/2, ALK, and BTK, have been recently developed (103, 105–107). Given their unique pharmacological characteristics, these PROTACs carry great potential as radiosensitizers. For example, the PROTAC MS432 recruits MEK1/2 for CRL2VHL-mediated polyubiquitination (105). It can suppress extracellular signal-regulated kinase (ERK) phosphorylation and efficiently inhibit colorectal cancer cell proliferation with DC50 values of 31 nM and 17 nM for MEK1 and MEK2 in HT-29 cells, respectively (105). Meanwhile, the CDK6 degrader was recently developed by linking the FDA-approved CDK6 inhibitor palbociclib with a thalidomide derivative for targeted CDK6 polyubiquitination by CRL4CRBN (124). Given that the combination treatment of RT with CDK inhibitors palbociclib and ribociclib are well-tolerated in malignancies such as breast cancer and glioma (NCT 02607124), CDKs-targeting PROTACs are great pharmaceutical candidates for radiosensitizers (125).




CONCLUSION AND DISCUSSION

In summary, protein turnover is a dynamically regulated process influencing many important biological functions, including DDR, cell cycling, and signaling transductions. Pharmacological intervention of protein turnover offers a new therapeutic window for radiosensitization. Driven by their unique cytotoxic mechanisms, the novel strategies targeting the UPS with NEDDylation inhibitors and the PROTACs carry great potential as radiosensitizers to improve the efficacy of RT. The NEDDylation inhibitor MLN4924 exerts several cytotoxic functions, including DNA damage, cell cycle checkpoints dysregulation, and inhibition of NF-κB, and mTOR pathways (Figure 2). Preclinical studies had validated the efficacy of NEDDylation inhibitors as radiosensitizers. Meanwhile, recent progress in PROTAC technology has shown significant improvements in terms of the cellular permeability and substrate specificity. The PROTACs can selectively recruit key proteins related to radioresistance, such as EGFR, AR, ER, MEK1/2, and CDKs, for CRL-mediated polyubiquitin conjugation and subsequent degradation. Based on these strong basic and preclinical investigations hereby summarized, further clinical studies using NEDDylation inhibitors and PROTACs as radiosensitizers are warranted for the therapeutic gain of human malignancies.
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This study investigated the efficiency and safety of hypofractionated radiotherapy (HFR) combined with paclitaxel chemotherapy for the treatment of postsurgery tracheoesophageal groove lymph node (TGLN) metastasis in patients with esophageal cancer (EC). Fifty-three EC patients with TGLN metastasis after surgery admitted to the Yancheng Third People’s Hospital from January 2013 to June 2015 were included in this study. They were randomly divided into the HFR group (n = 25) and conventional fractioned radiotherapy (CFR) group (n = 28) based on the random grouping method. Patients in the HFR group received treatment with radiation of 60 Gy (5 fractions per week, total 20 fractions) combined with paclitaxel chemotherapy at a dose of 50 mg once per week for 4 weeks. Patients in the CFR group received radiation of 60 Gy (5 fractions per week, total 30 fractions) combined with paclitaxel chemotherapy at a dose of 50 mg once per week for 6 weeks. The adverse events and treatment outcomes in these two groups were analyzed. It was found that there was no significant difference in the incidence of radiation esophagitis in the HFR group compared with that of the CFR group (grades 3–4, 44.0 vs. 25.0%; P = 0.149). There was no statistical difference in the incidence of radiation pneumonitis between these two groups (grades 3–4, 16.0 vs. 7.1%; P = 0.314). No statistical difference was noticed in complete response (CR), partial response (PR), and no response (NR) between these two groups. The median overall survival (OS) in the HRF group was significantly longer compared with that of the CRF group (24.2 months (95% CI, 16.2–32.1 months) vs. 11.8 months (95% CI, 9.2–14.4 months); P = 0.024). Our results indicated that the combination of HFR and chemotherapy improved the prognosis of EC patients with TGLN metastasis with no increased adverse events.
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INTRODUCTION

Esophageal cancer (EC), the common malignancy in China, is one of the leading causes of cancer-related death (1). Currently, surgery is preferred for the treatment of EC; however, a larger number of patients may present tracheoesophageal groove lymph node (TGLN) metastasis after surgery, with an incidence of 12–80% (2–5). Most of these patients are featured by hoarseness, bucking, and dyspnea, which hamper their quality of life. Furthermore, TGLN is also a negative prognostic factor for patients with EC. Radiotherapy is a major treatment option for TGLN metastasis in EC patients (6). Recently, the application of intensity-modulated radiation therapy (IMRT) contributes to target conformance and dose homogeneity, which reduces the dose of radiation to normal tissues and increases the local control and survival rate (7).

In a previous study, the efficiency and prognosis of EC patients who underwent chemoradiotherapy (CRT) were superior to that of the radiation monotherapy, and the related adverse events were tolerable (8). In clinical practice, conventional fractionated radiotherapy (CFR) has been commonly used for the treatment of EC. In recent years, it has been reported that hypofractionated radiotherapy (HFR) is feasible for treating moderate and advanced EC as it contributes to the overall survival (OS) (9, 10).

In this study, we investigate whether HFR could be used to improve the treatment efficacy in EC patients with TGLN metastasis after surgery. EC patients with TGLN metastasis were divided into two groups and treated with HFR or CFR, combined with paclitaxel chemotherapy. The treatment efficiency, toxicity, and prognosis of patients who underwent these two different treatment options were analyzed.



MATERIALS AND METHODS


Patients

Postoperative EC patients with TGLN metastasis admitted to the Yancheng Third People’s Hospital from January 2013 to June 2015 were included in this study. The inclusion criteria were as follows: (1) patients aged less than 75 years, with clinical symptoms of hoarseness and bucking, after excluding vocal cord lesions; (2) patients who were diagnosed with TGLN metastasis using CT, MRI, and/or PET-CT; (3) patients with no severe cardiovascular diseases (CVDs), renal or splenic dysfunction; and (4) patients with an expected survival duration of at least 3 months. The exclusion criteria were as follows: (1) women with pregnancy or lactation; (2) patients complicated with concurrent malignancies; (3) patients with metastasis in the other organs and/or lymph nodes; (4) patients with CRT contraindications; and (5) patients with inadequate follow-up data. The following variables were gathered for analysis: age, gender, previous history, clinical symptoms, laboratory test results, and imaging findings. All participants provided informed consent. The study protocol was approved by the Ethical Committee of Yancheng Third People’s Hospital. This clinical trial was registered in the Chinese Trial Registry (ID: CTR1800016848).



Grouping of Patients

As the radiation frequency in both groups was different in this study, we could not arrange the blinded study. Instead, an open-label study was conducted. The patients were randomly divided into two groups: the HFR group and the CFR group. Patients in the HFR group received radiation of 60 Gy/20 fractions (3 Gy/fraction, 5 fraction/week) combined with chemotherapy using paclitaxel with a dose of 50 mg once per week for 4 weeks. Patients in the CFR group received radiation of 60 Gy/30 fractions (2 Gy/fraction, 5 fraction/week) combined with chemotherapy using paclitaxel with a dose of 50 mg once per week for 6 weeks.

For the radiotherapy, all the patients were fixed with a thermoplastic head mask, followed by cervical and thoracic scanning with a slice thickness of 2.5 mm. The CT images were delivered to the Eclipse system. The gross tumor volume (GTV) was defined as TGLN shown on CT, MRI, and/or PET-CT scans. Planning target volume (PTV) was termed by adding a 1-cm margin around the GTV. The maximal doses for the spinal cord in the CRT and HRT groups were less than 45 and 40 Gy, respectively. The average dose for lung in the CRT and HRT groups were less than 13 and 10 Gy, respectively. The volume of the whole lung receiving ≥20 Gy (V20) in the CRT and HRT groups was less than 25 and 20%, respectively. The treatment was carried out in a linear accelerator (Varian Unigue) using a photon beam of 6 MV. For the chemotherapy, paclitaxel was given via intravenous drip (50 mg) before radiotherapy for 4 weeks in the HFR group and 6 weeks in the CFR group.



Patients Follow-Up

The evaluation for the acute radiation-induced esophageal and/or pulmonary injury was based on the standards proposed by the Radiation Therapy Oncology Group (RTOG) in 1997 (11). The lymph node metastasis was evaluated using the Response Evaluation Criteria in Solid Tumors (RECIST, version 1.1). After treatment, the patients were followed up every 3 months within the first 2 years and 6 months once after 2 years. The follow-up data included case history, physical examination, laboratory test results, electrocardiogram, cervical CT, and thoracic CT. The primary endpoint was OS. All the patients were followed up until November 30, 2017.



Statistical Analysis

The SPSS 19.0 software was used for the statistical analysis. Measurement data were presented as mean ± standard deviation and were compared using the Student’s t test. The numeration data were compared using the Chi square test. Non-parametric statistics was used for the analysis of ranked data. Kaplan-Meier method was used to calculate the OS and PFS. Log rank test was used for the analysis of prognosis, and Cox regression analysis was used for the multivariate analysis. P < 0.05 was considered to be statistically significant.



RESULTS


Patients’ Characteristics and Adverse Events of Radiotherapy

Fifty-three patients were included in the study. Among them, 25 patients were in the HFR group and 28 in the CFR group. There was no statistical difference in the demographic characteristics of patients, such as sex, age, site of lymph nodes, diameter of lymph node, and clinical TNM stage between the two groups (P > 0.05; Table 1).


TABLE 1. Patients’ characteristics.

[image: Table 1]The adverse events of radiotherapy for patients with EC were mainly manifested by radiation esophagitis and pneumonitis. HFR caused no alternation to the incidence of radiation esophagitis and pneumonitis compared with CFR. The incidence of grades 1–2 or 3–4 radiation esophagitis in the HFR group showed no statistical difference compared with that of the CFR group (44.0 vs. 25.0%; P = 0.149). Similarly, no statistical difference was noticed in the incidence of grades 0–2 or 3–4 radiation pneumonitis between these two groups (P = 0.314; Table 2).


TABLE 2. Comparison of radiation-induced adverse events.
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HFR Showed Similar Short-Term Efficiency Compared With CFR

Two months after radiotherapy, the complete response (CR) and partial response (PR) rate of HFR was 36 and 44%, while that of CFR was 21.4 and 53.6%, respectively. There was no statistical difference in the treatment efficiency between these two groups (P = 0.314; Table 3). The treatment efficiency in patients with lymphatic lesion with a diameter of ≤2 cm was significantly higher than those with lymphatic lesion with a diameter of >2 cm (P < 0.001; Table 4).


TABLE 3. Comparison of short-term efficiency between two groups.

[image: Table 3]
TABLE 4. Comparison of short-term efficiency in patients with a lymphatic metastatic lesion of different diameters.
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HFR Treatment Prolonged OS and Reduced Mortality

The 1- and 2-year survival rate of patients was 56.6 and 35.6%, respectively (median OS, 14.7 months; 95% CI, 9.6–19.8 months). The median OS was significantly higher in the HFR group compared with that in the CFR group (24.2 months (95% CI, 16.2–32.1 months) vs. 11.8 months (95% CI, 9.2–14.4 months); P = 0.024; Figure 1). For the patients with lymphatic metastatic lesion ≤2 cm, the median OS was 24.1 months (95% CI, 12.0–36.1 months), which was significantly higher than those with a lymphatic metastatic lesion >2 cm, who had a median OS of 7.3 months (95% CI, 6.2–8.2 months; P = 0.001; Figure 2). Patients with a lymphatic metastatic lesion ≤2 cm in the HFR group showed a longer OS compared with those of the CFR group (31 vs. 7.3 months; P = 0.039; Figure 3). Meanwhile, patients with a lymphatic metastatic lesion >2 cm in the HFR group showed a longer OS compared with those of the CFR group (12.1 vs. 6.9 months; P = 0.027; Figure 4). Univariate analysis indicated that TGLN diameter (P < 0.001) and fractioned types (P = 0.028) were risk factors for the prognosis. After adjusting with the age, gender, TGLN, and fractioned types, multivariate analysis indicated that TGLN with a diameter ≤2 cm (HR = 0.108; 95% CI, 0.047–0.249) and HFR (HR = 0.236; 95% CI, 0.105–0.528) were independent risk factors for better prognosis (Table 5).
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FIGURE 1. Comparison of OS between HFR group and CFR group. Patients who received HFR treatment have better OS than those treated with CFR.
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FIGURE 2. Comparison of OS in patients with various lymph node metastases. Patients with lymph node diameter ≤2 cm have better OS than those with >2 cm.
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FIGURE 3. Comparison of OS between HFR group and CFR group in patients with lymph node diameter ≤2 cm.
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FIGURE 4. Comparison of OS between HFR group and CFR group in patients with lymph node diameter >2 cm.



TABLE 5. Univariate and multivariate analyses of OS covariants.

[image: Table 5]There were 38 deaths in total (71.70%) during the study period. Among the death cases, 3 cases died from TGLN recurrence in the HFR group, while in the CFR group, 12 cases died from TGLN recurrence. In each group, five cases died from metastasis to other organs. In the HFR group, one died from pulmonary embolism and one died from cardiac failure. In the CFR group, one died from pulmonary embolism. Five cases died from unknown causes in each group. The TGLN recurrence in the HFR group was significantly lower than that of the CFR group (12.0 vs. 42.9%; P = 0.016).



DISCUSSION

Surgery is commonly used for the treatment of EC, while lymphadenectomy is used for the resection of TGLN (12–15). However, TGLN metastasis after surgery is the major cause of treatment failure of EC, with an incidence of 12–80% (2–5), especially the right lymph node metastasis (16, 17). The diagnosis of TGLN metastasis is mainly relied on CT and PET-CT scans (6, 18–21), where there is a presence of a short diameter ≥0.5 cm and/or high uptake of 18F-PDG (22). In clinical practice, lymph node metastasis may induce injury of laryngeal nerve, which results in hoarseness and bucking and a poor prognosis.

There is no consensus on the treatment of TGLN metastasis after surgery. Local radiotherapy and adjuvant chemotherapy are usually used for treating TGLN metastasis. After surgery, there is a decrease in blood supply to the TGLN leading to lower sensitivity of radiotherapy. Thus, the treatment efficiency of CFR is not satisfactory. Currently, HFR has rarely been used for the treatment of TGLN metastasis, because severe tracheal and/or esophageal perforation might occur. In a previous study, Song et al. showed that a daily dose of radiation ≤5 Gy was feasible for treating patients with advanced EC with satisfactory tolerance (10). Besides, Ma et al. showed that a dose of 54–60 Gy/18–20 fractions induced no obvious adverse events and may contribute to improving efficiency. Radiotherapy was used for the management of local tumor and peripheral infiltration, and it could not control distal metastasis (23). Several studies had tried the combination of radiotherapy and chemotherapy using low-dose paclitaxel to improve the sensitivity of radiation of EC cells, which could inhibit the metastasis and improve the OS (24, 25). In this study, the major effects of paclitaxel were to sensitize radiation rather than its chemotherapy-related features.

In this study, we compared the treatment efficacy using either HFR or CFR combined with chemotherapy in patients with TGLN metastasis after surgery. The dose used in the HFR group was about 80 Gy. The incidence of radiation esophageal and pulmonary injury in the HFR group was slightly higher than those of the CFR group, but there was no statistical significance. The median OS in the patients with a lymph node diameter ≤2 cm was significantly higher than that of the counterparts with a lymph node diameter >2 cm (24.1 months (95% CI, 12.0–36.1 months) vs. 7.3 months (95% CI, 6.2–8.2 months), P < 0.05). This demonstrated that it would be beneficial for EC patients to receive regular thoracic CT or PET/CT in order to monitor TGLN metastasis at an early stage. The median OS in the HFR group was higher than those of the CFR group (24.2 months (95% CI, 16.2–32.1 months) vs. 11.8 months (95% CI, 9.2–14.4 months), P < 0.05). Patients with a lymph node metastasis of ≤2 cm in the HFR group showed a longer OS compared with those of the CFR group (31 months vs. 7.3 months, P = 0.039). In addition, patients with a lymph node metastasis of >2 cm in the HFR group showed a longer OS compared with those of the CFR group (12.1 vs. 6.9 months, P = 0.027). These demonstrated that patients with TGLN metastasis may benefit from the HFR. This was not consistent with the previous description in which a higher radiotherapy dose was required for the patients with a large tumor size (26). As previously described, pathological staging was a prognostic factor for EC (27, 28). Nevertheless, in this study, TGLN with a diameter ≤2 cm (HR = 0.108; 95% CI, 0.047–0.249) and HFR (HR = 0.236; 95% CI, 0.105–0.528) were independent risk factors for better prognosis.

There are some limitations in this study. The sample size is small because the incidence of TGLN is usually low. Studies involving a larger sample size are required to further validate the efficiency and safety of the combination of HFR and chemotherapy for the treatment of TGLN metastasis after surgery.

In conclusion, EC patients with TGLN metastasis after surgery may benefit from the combinational treatment using HFR and paclitaxel chemotherapy. This study would help clinicians to make individual treatment decisions on late-stage cancer patients.
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Background

A profound understanding of the molecular landscape of glioblastoma multiforme (GBM) will make it possible to develop better and more intelligent therapies directed toward specific molecular targets and may one day yield better prognostic capabilities. Immune checkpoint molecules have inspired the emergence of immune checkpoint-targeting therapeutic strategies. However, the prognostic significance of the immune checkpoint molecule T cell immunoglobulin mucin-3 (Tim-3) on tumor-infiltrating immune cells (TIICs) and O-6-methylguanine-DNA methyltransferase (MGMT) promoter methylation status has not yet been fully elucidated. We aimed to develop an MGMT promoter methylation status-associated immune prognostic signature for GBM.



Patients and Methods

A total of 84 patients with newly diagnosed GBM were included in this study. MGMT promoter methylation status was retrospectively analyzed, and the expression level of Tim-3 was investigated using immunohistochemistry (IHC). The correlation between Tim-3 expression combined with MGMT promoter methylation status and prognosis was explored.



Results

Tim-3 expression varied in GBM patients. Mesenchymal expression of Tim-3 in GBM tissues was present 73.81% (62/84) of patients, and these were subdivided into groups based on low 15.48% (13/84), moderate 7.14% (6/84), or strong expression 51.19% (43/84). Forty-eight patients had tumors that tested positive for MGMT promoter methylation, while the remaining 36 patients tested negative.



Conclusions

We profiled the immune status of MGMT promoter methylation in GBM and established a local immune signature for GBM that could independently identify patients with a favorable prognosis, indicating a relationship between prognosis and GBM immune signature. MGMT promoter methylation with lower Tim-3 expression was significantly associated with better survival.
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Introduction

Glioblastoma is the most common and devastating primary brain tumor in adults (Wirsching et al., 2016). Despite recent advances, only a few treatment strategies are available for GBMs, and their outcomes remain dismal (Stupp et al., 2015). There are few effective treatment options for GBMs, and these carry high risks of relapse and short survival periods. Because the biology of GBM at the cellular and molecular levels is not well understood, especially in relation to treatment, the development of novel therapeutic approaches requires a deeper understanding of the tumor’s nature (Yu et al., 2017). In addition to standard treatment involving surgery, radiotherapy and chemotherapy, immunotherapy has been rapidly identified as a promising modality to treat GBM (Deng et al., 2019). A number of immune-related parameters have been reported to be predictive of outcomes for patients with GBM (Han et al., 2014; Han et al., 2015). In particular, MGMT promoter methylation status was reported to be significantly related to GBM prognosis (Rao et al., 2018). However, there is still a lack of studies that systematically explore the effects of MGMT promoter methylation status on the immune microenvironment and on the associations between MGMT promoter methylations status, immune microenvironment, and prognosis.

Tim-3 is widely expressed by mature T lymphocytes and macrophages (Sabatos et al., 2003). Of note, with the exception of the immune response, increasing evidence has suggested that Tim-3 has functional roles in tumor biology (Yan et al., 2015). Previous studies suggest that Tim-3 is a negative immune regulator that may be upregulated in the GBM tumor environment, so Tim-3 is a promising target in glioma treatment. However, until now, no evidence has revealed the value of Tim-3 as a prognostic biomarker in GBM patients. The present study aimed to investigate the influence of MGMT promoter methylation on the immune microenvironment and to develop an MGMT-associated immune prognostic signature for GBM.



Materials and Methods


Patients and Specimens

A cohort of patients with newly histologically diagnosed GBM (WHO grade IV) was studied consecutively from July 2016 to January 2018. We only included patients for whom affirmatory MGMT promoter methylation status, treatment course, and survival outcome were known. Patients with a mixed history of cancer other than GBM and previous adjuvant radiotherapy or chemotherapy were excluded. Patients who died of diseases unrelated to glioma were also excluded from the study. Patient age ranged from 18 to 70 years at the time of diagnosis. Neurological status was assessed before and after neurosurgery, and Karnofsky performance status (KPS) was not less than 70 in all patients. A series of 84 eligible patients who had tumor tissue available for testing were included in this study. These patients received standard subsequent treatment according to the Stupp protocol (Stupp et al., 2005). Follow-up was carried out regularly. The overall survival (OS) was defined as the interval from GBM diagnosis until either death or, for those who were removed, until the last known follow-up.



Immunohistochemistry (IHC)

Tim-3 was immunohistochemically stained using a previously described standard technique (Li et al., 2018). Briefly, slides were deparaffinized in xylene and rehydrated in graded alcohol. Antigen retrieval was performed in tris-ethylenediaminetetraacetic acid (EDTA; pH 9.0) buffer at 95°C for 20 min. Slides were incubated in tris-buffered saline (TBS) for 5 min. Endogenous peroxidase blocking was performed in 3% H2O2 for 10 min. Subsequently, the slides were incubated in a rabbit polyclonal antibody against Tim-3 (1:500; Abcam, Inc., Cambridge, MA) overnight at 4°C. The slides were rinsed five times with 0.01 M phosphate-buffered saline (PBS; pH 7.4) for 10 min. Sections were incubated with primary antibodies against Tim-3 (1:1,000; catalog no. ab185703, Abcam) and with a horseradish peroxidase (HRP)–tagged secondary antibody (1:1,000; catalog no. sc-3836, Santa Cruz Biotechnology, Inc.) for another 1 hour at 37°C. Subsequently, the slides were washed in PBS and stained with 3,3-diaminobenzidine (DAB). Finally, the slides were counterstained, dehydrated, and mounted.



IHC Assessment

The degree of Tim-3 protein expression was independently reviewed by two neuropathologists. The number of stained cells was designated as unexpressed (0), weak (1–5 cells/HPF), moderate (5–10 cells/HPF), or strong (>10 cells/HPF). The model of the microscope was a BX53, Olympus.



MGMT Promoter Methylation

For the subset of patients who had documented positive MGMT promoter methylation of their initially resected tumor tissues, MGMT promoter methylation was further confirmed by methylation-specific real-time PCR, according to our institutional practice.



Statistical Analysis

Statistical analyses were performed using GraphPad Prism version 7.0.0. The correlation between Tim-3 expression intensity combined with MGMT promoter methylation status and prognosis was calculated using a chi-square test. Spearman’s correlation analysis and the corresponding statistical significance were used to evaluate correlations with gene expression. Independent prognostic factors for OS were identified using the Cox’s proportional hazards model. The OS curves were plotted using the Kaplan-Meier method, and log-rank tests were employed to assess the resulting survival curves. A probability value of less than 0.05 was regarded as significant.




Results


Clinicopathological Characteristics

Archival tissue samples from 84 patients with GBM were enrolled in the study. Of the 84 GBM patients, 43 were men (51.19%) and 41 were women (49.81%). The median age at diagnosis was 41 years (range, 18–70 years), and the median KPS was 90 (range, 70–100). All specimens were obtained from the supratentorial area as identified by preoperative MRI. The follow-up duration ranged from 4 to 47 months, and the median OS was 17.3 months.



Tim-3 Expression

The expression status of specific inhibitory receptors, including Tim-3, programmed cell death 1 (PD-1), cytotoxic T-lymphocyte-associated protein 4 (CTLA4), and lymphocyte-activation gene 3 (LAG-3), are associated with T cell exhaustion and immune escape. The Oncomine database was used to investigate the mRNA levels of these molecules in GBMs and normal tissues (Figure 1C). As shown in Figure 1A, Tim-3 expression was markedly higher in GBM than in corresponding normal tissue. To validate the relationships between the immune checkpoint molecules Tim-3 and LAG-3 and between Tim-3 and PD-1, RNA-seq data from the TCGA database (https://cancergenome.nih.gov/) were analyzed. As shown in Figure 1B, with a p-value threshold of 0.05, Tim-3 expression was significantly related to both LAG-3 and PD-1 expression in GBM. Further, Tim-3 and other exhausting immune molecules (LAG-3, PD-1, CTLA4, CD244, and PD-1) exhibited significantly different expression profiles between normal brain tissues and GBM tissues according to the TCGA database, indicating their potential correlation with glioma progression (Figure 1). According to our immunohistochemical analysis, mesenchymal expression of the immune checkpoint molecule Tim-3 in tumor-infiltrating immune cells (TIICs) was not observed in 22/84 patients (26.19%), weak in 13/84 patients (15.48%), moderate in 6/84 patients (7.14%), and strong in 43/84 patients (51.19%) (Figure 2 and Table 1). Notably, strong expression of Tim-3 was more frequently observed in GBM than it was in other tissues.




Figure 1 | Differential expression of the immune checkpoint molecules PD-1, CTLA4, Tim-3 and LAG-3 in GBM tissues compared to corresponding normal adjacent tissues by TIMER analysis. Tim-3 expression in GBM compare with normal adjacent tissues (A). Tim-3 expression is significantly associated with LAG-3 and PD-1 in GBM according to the TCGA database (B). Tim-3 is one of the genes expressed differentially in exhausted T cells in GBM according to the TCGA database (C).






Figure 2 | (A–D) Immunohistochemical staining of Tim-3 expression in formalin-fixed, paraffin-embedded GBM tissues.




Table 1 | Tim-3 expression in 84 GBM samples.





MGMT Methylation Status in 84 GBM Samples

MGMT methylation status was analyzed for the 84 patients included in this study. All patients had MGMT promoter methylation test results. Testing was performed via methylation specific real-time PCR at the time of diagnosis. Forty-eight patients (57.14%) were determined to have MGMT methylated tumors, and 36 patients (42.76%) were determined to have MGMT unmethylated tumors (Figure 3 and Table 1).




Figure 3 | The bar graph shows the methylated and unmethylated MGMT distributions in different Tim-3 expression groups.





Correlations Between MGMT Methylation Status Combined With Tim-3 Expression and Survival

The relationship between Tim-3 expression and MGMT promoter methylation status is shown in Table 1 and Figure 3. A low expression of Tim-3 in TIICs was associated with MGMT promoter methylation status. Univariate analysis revealed a significant correlation between low expression of Tim-3 in TIICs in combination with MGMT promoter methylation and a better prognosis. We summarized the correlation between Tim-3 expression combined with MGMT promoter methylation and GBM patient prognosis (Figure 4). Increased expression of Tim-3 combined with MGMT promoter nonmethylation was significantly associated with a poor prognosis. No significant correlations between Tim-3 expression level and either gender (P = 0.846) or tumor location (P = 0.447) were observed. However, moderate or strong expression of Tim-3 with either MGMT promoter methylation or nonmethylation was associated with a poor prognosis. In patients with no Tim-3 expression in combination with MGMT promoter nonmethylation, there was a similar association with prognosis, while MGMT promoter methylation was associated with a good prognosis.




Figure 4 | Kaplan-Meier survival curves showing overall survival according to MGMT promoter methylation status.



Multivariate Cox regression analyses confirmed that a combination of Tim-3 expression and MGMT promoter methylation status was an independent risk factor for survival in GBM patients. Strong expression of Tim-3 in combination with MGMT promoter nonmethylation correlated significantly with shorter OS in each of the four subgroups (p < 0.05, Figure 4). The median survival was 16.9 and 16.4 months for patients whose tumor had unexpressed and moderate levels of Tim-3, respectively, whereas the median survival was 7.6 months for those who showed high levels of Tim-3 expression and MGMT promoter nonmethylation. In patients with low expression of Tim-3 and with MGMT promoter methylation, the average survival time was 21.8 months.




Discussion

Glioblastoma is the most common and lethal primary brain tumor, with a high risk of recurrence and a short survival period, and finding the cure for this formidable disease is a daunting task (Stupp et al., 2015; Li et al., 2018). Recent developments in glioblastoma research emphasize targeting the molecular characteristics of the tumor as well as various approaches related to immunotherapy. Many new molecular markers have been identified, but MGMT promoter methylation status in particular is commonly used in GBM studies (Guo et al., 2019). 

The discovery that differential MGMT promoter methylation in GBM plays a key role in the understanding of glioma biology (Chai et al., 2019). Increasing numbers of studies indicate that the tumor immunological microenvironments of gliomas differ based on their molecular properties (Berghoff et al., 2017). However, the mechanism that regulates the relationship between MGMT promoter methylation status and the immune microenvironment is still unknown. The current study systematically investigated the prognostic impact of GBM of immune checkpoint molecule Tim-3 expression and MGMT promoter methylation status in TIICs. We identified Tim-3 expression in combination with MGMT promoter methylation status as a novel prognostic parameter for GBM. MGMT promoter methylation status was related to Tim-3 expression in immune cell infiltrating GBM. Our data demonstrated that Tim-3 is differentially expressed in most GBM tissues. Further, we observed that the checkpoint molecule Tim-3 in combination with MGMT promoter methylation status showed significant prognostic potential. Interestingly, strong expression of Tim-3 in combination with MGMT promoter nonmethylation showed a poor effect on survival. Thus, expression of Tim-3 with MGMT promoter methylation status has potential to be a prognostic predictor in immune cell infiltrating GBM.

To the best of our knowledge, the present study is the first to report that Tim-3 expression in combination with MGMT promoter methylation status is a critical prognostic variable for patients with GBM. Tim-3 is an immune regulatory molecule that motivates downstream cascade events upon stimulation by its ligand (Liu et al., 2014; Yan et al., 2015). Emerging research has demonstrated the importance of Tim-3 in human tumorigenesis. However, no studies have been performed which investigate the role of Tim-3 expression in combination with MGMT promoter methylation status in GBM patient prognosis. Aberrant expression of Tim-3 has been reported to boost tumor progression and to be associated with unfavorable prognosis in many types of cancers (Piao et al., 2014; Yan et al., 2015; Zheng et al., 2015; Tawk et al., 2016; Zhang et al., 2019).

Tim-3 has previously been reported to be highly expressed in prostate cancer, hepatocellular carcinoma, and melanoma (Piao et al., 2014; Yan et al., 2015; Zheng et al., 2015; Tawk et al., 2016; Zhang et al., 2019). We initially examined Tim-3 protein levels in GBM tissues using immunohistochemical analysis and observed the expression of Tim-3 in GBM interstitial tissue. In line with previous reports, the present study found that expression of Tim-3 was significantly stronger in GBM samples without MGMT methylation. Tim-3 can efficiently predict the aggressive behavior of head and neck squamous cell carcinomas (Chakravarthi et al., 2014). In prostate cancer, Tim-3 overexpression results in an attenuated level of tumor suppressor FLRT3 and increased expression of genes that trigger invasion and metastasis, such as MMPs (Kim et al., 2017). One study reported that Tim-3 promotes glioma cell proliferation, and increased levels of Tim-3 enhance angiogenesis by inducing transdifferentiation of glioma stem cells into endothelial cells and by stabilizing vascular base membranes, which was implicated as a mechanism by which Tim-3 furthers the progression of gliomas (Hegi et al., 2005). However, that study did not explore the association between Tim-3 levels and prognosis in glioma patients, probably due to the limited number of glioma specimens available. Therefore, the prognostic significance of Tim-3 in glioma remains unclear.

Molecular genetic testing, in particular testing for MGMT promoter methylation, is currently performed to predict the success of standard chemotherapy in GBM (Wick et al., 2010). In one study, 57.14% of responders exhibited MGMT promoter methylation. The same study concluded that patients with MGMT promoter methylation had better outcomes following treatment with temozolomide (Malmstrom et al., 2010). Another single-center study reported that MGMT promoter methylation is an independent prognostic factor for positive outcomes in GBM, including prolonged progression-free survival (PFS) and OS (Dunn et al., 2009). To further investigate the relationship between MGMT promoter methylation status and the expression of Tim-3 in GBM, we retrieved 84 specimens from a tumor tissue bank. In line with previous findings, Tim-3 was expressed at differing levels in GBM tissues. High Tim-3 expression was more frequently observed in GBMs from patients who did not show MGMT promoter methylation, which itself was capable of predicting poor prognosis. Among the 84 patients included in this study, the median OS was 17.3 months. The survival time for the subset of GBM patients with low Tim-3 expression and MGMT promoter methylation was longer than those with moderate or strong Tim-3 expression. Subsequent multivariate cox regression analyses confirmed that Tim-3 expression with MGMT promoter methylation was an independent prognostic factor for GBM patients. The subgroup analysis revealed that strong Tim-3 expression together with MGMT promoter nonmethylation was strongly correlated with shorter survival time. The average survival time, however, hardly differed between patients with unexpressed and those with moderate Tim-3 expression.

We also observed that high-risk GBM patients had higher levels of Tim-3 and unmethylated MGMT. We then constructed an MGMT-associated immune prognostic signature which demonstrated the potential to provide novel insights into the GBM immune microenvironment and possible immunotherapies. This enabled us to classify patients into subgroups with distinct outcomes and immunophenotypes, signifying that this signature may be used to delimit the current prognostic model and facilitate further stratification of patients with GBM and improve the accuracy of prognoses. The results of the current study integrate the complementary values of molecular pathology and immune checkpoint molecule Tim-3 expression to develop a novel model which provides superior survival prediction.



Conclusion

Our data demonstrate that Tim-3 expression together with MGMT promoter methylation status is correlated with survival in GBM, indicating that Tim-3 is a promising target. Our study assessed the association between clinical prognosis and Tim-3 expression in combination with MGMT promoter methylation. For the first time, we report an association between high levels of Tim-3 expression without MGMT promoter methylation in GBM tissues and worse prognoses. More importantly, univariate and multivariate analyses revealed that a high expression of Tim-3 with MGMT promoter methylation status was a clear prognostic factor for patients with GBM. Moreover, the checkpoint molecule Tim-3 is clearly associated with treatment response and offers prompt, meaningful information for selecting chemotherapeutic drugs.



Limitations

The current study has several limitations. First, it was a retrospective study. Second, the number of patients was limited. Third, selection bias could not be avoided completely. In addition, there may be other parameters we did not consider that could have influenced the study’s results.
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Integrins are the adhesion molecules and receptors of extracellular matrix (ECM). They mediate the interactions between cells-cells and cells-ECM. The crosstalk between cancer cells and their microenvironment triggers a variety of critical signaling cues and promotes the malignant phenotype of cancer. As a type of transmembrane protein, integrin-mediated cell adhesion is essential in regulating various biological functions of cancer cells. Recent evidence has shown that integrins present on tumor cells or tumor-associated stromal cells are involved in ECM remodeling, and as mechanotransducers sensing changes in the biophysical properties of the ECM, which contribute to cancer metastasis, stemness and drug resistance. In this review, we outline the mechanism of integrin-mediated effects on biological changes of cancers and highlight the current status of clinical treatments by targeting integrins.
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Introduction

The transformation process from normal cells to malignant cancer cells involves a series of complex pathological mechanisms, including the abnormal activation/deactivation of various cancer-related signaling molecules and signaling pathways (Cooper and Giancotti, 2019). Incipient cancer cells acquire multiple biological functions during their evolution that enable them to become tumorigenic and ultimately malignant (Hanahan and Weinberg, 2011). Integrins are widely present on the surface of cells and mediate the adhesion between cells -to -cells and cells to ECM (Hamidi and Ivaska, 2018). Accumulating evidence showed that integrins and integrin-dependent biological process play vital roles in mediating cancer stem-like property, cancer metastasis and drug resistance (Seguin et al., 2015; Hamidi et al., 2016; Cooper and Giancotti, 2019). Interaction between integrins and ECM enhances cell adhesion and activates cancer cell pro-survival and anti-apoptotic programs, resulting in the development of drug resistance (Leask, 2019). In addition, integrins are involved in the regulation of survival signaling of cancer stem cells (CSCs), which is another reason for developing cancer drug resistance (Seguin et al., 2015). A number of studies in recent years have reported that integrins on exosomes make a significant contribution in mediating cancer organotropic metastasis and preparing pre-metastatic niche (Hoshino et al., 2015; Paolillo and Schinelli, 2017; Shimaoka et al., 2019). Hoshino et al. (2015) first demonstrated that tumor exosomal integrins mediated organotropic metastasis. Given the multiple biological functions mediated by integrins in cancers, integrins have been regarded as a promising target for cancer treatment. Although there are few successful clinical trials, many preclinical studies have shown encouraging results (Hamidi and Ivaska, 2018). Additionally, integrins, such as integrin αvβ3, integrin α6 and integrin α7 might have potential as cancer diagnostic and prognostic biomarkers (Seguin et al., 2015; Haas et al., 2017). In this review, we summarized current studies on the roles of integrins in cancer progression and its clinical value.



Integrins: An Overview

Integrins consist of 18 α and 8 β subunits, that pair to form at least 24 different functional heterodimeric receptors (Humphries et al., 2006). Integrin heterodimers are transported from the endoplasmic reticulum to Golgi apparatus, where they are further post-translationally modified and transferred to the cell surface in an inactive state (De Franceschi et al., 2015). The integrin α and β subunits are both glycosylated, and their amino acid terminals are bonded to each other by a non-covalent bond, thereby forming αβ integrin heterodimers (Seguin et al., 2015). Some integrin subunits only appear in a single heterodimer, 12 integrins contain β1-subunits and five contain αv-subunits (Kechagia et al., 2019). As a receptor on the cell membrane, integrins mainly interact with ECM components to mediate cell adhesion (Dustin, 2019). According to different types of ECM components, integrins can be classified into two main categories: receptors that recognize Arg-Gly-Asp (RGD) peptide motifs and receptors that independent on RGD binding region (collagen receptors, laminin receptors and leukocyte-specific integrins) (Hamidi and Ivaska, 2018). On one hand, different types of integrins can recognize and bind the same ligand (Kechagia et al., 2019). For example, all five αv integrins (αvβ1, αvβ3, αvβ5, αvβ6, and αvβ8) and two β1 integrins (α5β1 and α8β1) and αIIbβ3 are RGD-binding integrins (Humphries et al., 2006). Integrins α1β1, α2β1, α10β1, and α11β1 binding to laminins and collagens (Humphries et al., 2006). The common feature of these integrins is that they contain an α-subunit of the αA-domain, which specifically bind to β1-subunit. Additionally, three β1 integrins (α3β1, α6β1, and α7β1) and α6β4 are highly selective laminin receptors (Marsico et al., 2018). Interestingly, the α-subunits of these integrins do not contain αA-domain (Marsico et al., 2018). Moreover, α4β1, α4β7, α9β1, and αEβ7 recognize similar sequences in their ligands. On the other hand, the same integrins can bind to multiple ligands (Kechagia et al., 2019). For instance, αvβ3 not only recognizes RGD peptide motifs but also binds to other ligands, including ADAM (a disintegrin and metalloprotease) family members, COMP (cartilage oligomeric matrix protein), connective tissue growth factor, ICAM-4 (intercellular cell adhesion molecule-4), and MMP-2 (Seguin et al., 2015). Other integrins that have been identified but less reported include αDβ2, αLβ2, αMβ2, and αXβ2 (Hamidi et al., 2016). Compare with RGD-independent integrins receptors, 8 types of integrins that recognize RGD motifs constitute a most important integrin receptor subfamily instrumental in cancers and their metastasis (Kechagia et al., 2019). However, not all integrins exert a tumor-supporting role in tumorigenesis. Studies have reported that laminin-binding integrins (α3β1 and α6β4) have opposite roles in tumors (Ramovs et al., 2017). Laminin-binding integrins have high affinity to the tetraspanin CD151, which in turn regulate the binding properties of integrin and ECM (Ramovs et al., 2017).

Integrins switch specific ligands from an inactive low avidity state to a high avidity state when binding with them (Shattil et al., 2010). Integrins with altered configuration mediate signal transduction from “outside-in” through physical connection between intracellular domain and actin cytoskeleton, and subsequently activate focal adhesion kinase (FAK) and SRC family kinase (SFK) (Seguin et al., 2015; Cooper and Giancotti, 2019). The activation of intracellular signals can mediate signal transduction from “inside-out,” resulting in increased affinity of integrins and ligands. In conclusion, integrins act as “intermediate contacts” to transmit bidirectional transmembrane signals, thereby affecting the biological functions of cancer cells, including proliferation, metastasis, drug resistance, metabolism and cancer cell stemness (Seguin et al., 2015).



Integrins and Cancer Metastasis

Cancer metastasis is a complex multi-step process that requires cancer cells to invade from their primary tumor site, survive in the circulation, and eventually colonize on nearby or distant organs (Hoshino et al., 2015). It has gradually become clear that integrins participate in various aspects of these steps in tumor metastasis (Casal and Bartolomé, 2018). Integrins are the main receptors of ECM molecules, and cell adhesion mediated by them is crucial for the spread of cancer cells (Casal and Bartolomé, 2018). In addition, integrins participate in ECM remodeling, provided cancer pre-metastatic niche, and promote survival of circulating cancer cells (CTCs) and colonization of cancer cells in new metastatic sites (Wortzel et al., 2019). However, recent studies have reported that certain integrins, such as integrin α3β1 and α6β4, might exert an inhibitory role in cancer metastasis (Ramovs et al., 2017).


Integrins Involve in ECM Remodeling

The TME is rich of ECM components, such as collagens, fibronectin, and laminins, and is the key regulator of cancer metastasis (Hamidi and Ivaska, 2018). In recent years, various studies have reported that integrins are involved in ECM remolding that provide a favorable microenvironment for tumor metastasis (Kai et al., 2019). For example, cancer-associated fibroblasts (CAFs), the most abundant tumor stromal cells in TME, mediated matrix remodeling and matrix deposition through integrins, resulting in increased tumor tissue stiffness (Handorf et al., 2015; Attieh et al., 2017; Jang and Beningo, 2019). CAFs express a variety of integrins, such as integrin αvβ3 (Attieh et al., 2017), α5β1 (Erdogan et al., 2017), and α11 (Primac et al., 2019; Zeltz et al., 2019), that participate in the assembly of fibronectin in ECM and facilitate the conversion of fibronectin matrix to fibronectin and the deposition of CAFs on tumor stroma (Cavaco et al., 2018). Studies have shown that platelet-derived growth factor receptor (PDGFR) is an important intermediate mediator of integrin-mediated ECM remodeling (Erdogan et al., 2017). CAFs aligned fibronectin matrix by increasing non-muscle myosin II and PDGFRα-mediated contractility and traction forces and then converted it to fibronectin by α5β1 integrin (Erdogan et al., 2017). A study performed by Primac and colleagues showed that the crosstalk between CAFs-integrin α11 and PDGFRβ activated downstream JNK signaling pathway, leading to the production of tenascin C (an ECM molecule) (Primac et al., 2019). In addition, pericyte integrin α6β1, a laminin receptor, has been reported to control PDGFRβ and basement membrane structure, which plays a vital role in the stability of tumor blood vessels and the recruitment of pericytes (Reynolds et al., 2017). It is worth noted that tumor cells recruit CAFs and promote their survival by expressing integrins (Peng et al., 2018). Peng et al. (2018) showed that integrin αvβ6 on colon cancer cells induced inactive fibroblasts to become CAFs. Overexpression of integrin α9β1 in breast cancer promoted the recruitment of CAFs (Ota et al., 2014). Briefly, these findings indicated that integrin-mediated ECM remodeling in the TME enables CAFs and cancer cells to communicate with each other, consequently supporting cancer progression and metastasis (Figure 1).




Figure 1 | Integrin-mediated crosstalk between cancer cells and tumor-associated stromal cells in the TME promotes cancer metastasis. Integrins expressed on CAFs interacted with ECM and promoted the metastasis of cancer cells. Cancer cells also expressed integrins to recruit and promote the activation of fibroblast. Moreover, pericytes and epithelial cells in TME promoted tumor angiogenesis through the interaction of integrins and ECM.





Interaction Between Integrins and ECM Promotes Cancer Invasion and Migration

Cell migration occurs in a variety of physiological and pathological processes, including wound healing, development, induction of immune response, and cancer metastasis (Maritzen et al., 2015). The invasion and migration of tumor cells not only allow cancer cells to spread to distant organs, but more importantly, the increased cell motility permits tumors to grow rapidly by avoiding the steric hindrance and crowding (Waclaw et al., 2015). In the complex regulatory network of tumor metastasis, integrin, as a key regulatory molecule, connects ECM and actin cytoskeleton to support tumor spread (Manninen, 2015). Accumulated studies have shown that integrins interact with a variety of ECM components, activate metastasis-related signaling pathways or molecules, and trigger cancer cell invasion and migration to adjacent tissues. For example, the interaction between integrin α9β1 and tenascin-C promoted the migration of glioblastoma and osteosarcoma cells as well as induced lung metastasis (Sun et al., 2018). Poor cell adhesion mediated by tenascin-C and integrin α9β1 inhibited actin stress fibers, resulting in decreased activity of MKL1 and YAP (Sun et al., 2018). In addition, the combination of integrin αvβ3 and ECM protein vitronectin upregulates mTOR activity, which overrides the inhibition by hypoxia and facilitates tumor cell invasion (Pola et al., 2013). In oral squamous cell carcinoma, integrin α3 combines with laminin γ2 rich extracellular vesicles (EVs) is absorbed by lymphatic endothelial cells, resulting in enhanced lymphangiogenesis and tumor metastasis to lymph nodes (Wang S. H. et al., 2019). Interestingly, the α5 subunit of integrin α5β1 can be replaced by c-Met to form a c-Met/β1 complex, which has a much greater affinity for fibronectin than α5β1 integrin (Jahangiri et al., 2017). In addition, integrin-linked kinase phosphorylates c-Met, leading to ligand-independent receptor activation (Jahangiri et al., 2017). Crystallography showed that the c-Met/β1 complex could maintain a high-affinity β1 integrin conformation (Jahangiri et al., 2017). The cross-activation of c-Met/β1 integrin complex and its high affinity for fibronectin together drive invasive oncologic processes (Jahangiri et al., 2017).

In addition to activating metastasis-related signaling pathways, the interaction between integrins and ECM has also been reported to promote the intracellular circulation and plasma membrane expression of integrins via the endosomal pathway (Novo et al., 2018). The integrins produced through the endosomal pathway can regulate the accumulation and remodeling of proteins in the ECM, thereby facilitating the invasion of tumor cells into adjacent tissues (Novo et al., 2018). Mutant p53 tumor cells showed enhanced invasiveness, characterized by the recycling of Rab-coupling protein (RCP) and diacylglycerol kinase-α (DGKα)–dependent endosomal pathway (Novo et al., 2018). RCP is known for its ability to control integrin recycling (Muller et al., 2009). Mutant p53 tumor cells produced exosomes, which were transmitted horizontally to other tumor cells, and mediated invasiveness and migratory function by activating RCP-dependent integrin recycling (Novo et al., 2018). RCP-driven endocytic recycling of integrin α5β1 promoted actin-related protein 2/3 (ARP2/3) complex-independent ovarian cancer cell migration in 3D ECM rich in fibronectin (Paul et al., 2015). Further research found that ROCK-dependent phosphorylation and FH1/FH2 domain-containing protein 3 (FHOD3)–dependent activation were key mechanisms for cancer cells to mediate invasive migration via the RCP-α5β1 integrin pathway (Paul et al., 2015). These findings suggest that integrins play important roles in cancer migration and invasion, mainly through interaction with ECM.



Integrin Mediates Organ-Specific Metastasis of Cancer Cells

The formation of a pre-metastatic niche is conducive to cancer metastasis to specific sites and colonization of distant organs. Recent evidence has shown that integrins on extracellular vesicles, especially exosomes, promote the establishment of pre-metastatic niche by interacting with cells or ECM at specific tissue sites (Hoshino et al., 2015; Huang et al., 2020). Hoshino and his collages first revealed that exosomal integrins secreted by tumor cell is the decisive factor for tumor organotropic metastasis (Hoshino et al., 2015). Lung-tropic cancer cells secreted α6β1- and α6β4-bearing exosomes preferentially transported to the lungs and were mainly taken up by S100A4+ fibroblasts and SPC+ epithelial cells (Hoshino et al., 2015). Similarly, liver-tropic cancer cells secreted αvβ5-bearing exosomes, which were preferentially distributed in the liver and were mainly taken up by F4/80+ macrophages (Hoshino et al., 2015). Further research found that integrins α6β1 and α6β4 located in the lung bind to laminin in the lung microenvironment, while integrins αvβ5 located in the liver bind to fibronectin (Hoshino et al., 2015). In a study of colorectal cancer, it was found that the primary tumor secreted integrin β1-rich EVs were taken up by resident fibroblasts of remote organs (Ji et al., 2020). Fibroblasts were activated to secrete proinflammatory cytokines (IL-6, IL-8, IL-1β, α-SMA, TGF-β, and CXCL12) to induce the formation of pre-metastatic niche (Ji et al., 2020). It was worth noting that exosomes derived from CAFs also possessed ability to induce the formation of lung pre-metastatic niche (Kong et al., 2019). Exosomal integrin α2β1 of CAFs were uptaken by lung fibroblasts and activated TGF-β signaling pathway, which led to metastasis of salivary adenoid cystic carcinoma (Kong et al., 2019). In a nutshell, tumor exosome integrins are key molecules that mediate tumor cells organ-specific metastasis.

In addition, it has been reported that the integrins expressed on circulating tumor cells (CTC) also made a significant contribution to organ-specific metastasis of primary tumor cells (Aceto et al., 2014). For example, melanoma is prone to metastasize to different organs in human body, depending on the type of integrins expressed on circulating melanoma tumor cells (Huang and Rofstad, 2018). Melanoma cells expressing integrin β3 tend to metastasize to lungs, while melanoma cells expressing integrin β1 preferentially undergo lymph node metastasis (Vink et al., 1993; Hieken et al., 1999). Additionally, integrin of target organ endothelial cells can help infiltration of CTCs. The underlying mechanism may be related to regulating microvasculature (Huang and Rofstad, 2018). In conclusion, integrins interact with specific ECM components in the tissue microenvironment to promote the formation of pre-metastatic niche, thereby providing a favorable “soil” for cancer cells to metastasis and colonize in specific organs (Figure 2).




Figure 2 | Integrin mediates the formation of cancer pre-metastatic niche. Primary cancer cells secreted extracellular vesicles-containing multiple types of integrins, such that integrin α6β1, α6β4, and αvβ5, which reprogramed lung or live resident fibroblasts, epitheliums, and macrophage to cancer-supporting phenotype and facilitated the formation of cancer pre-metastatic niche.





The Opposing Roles of Integrins in Cancer Metastasis

Most studies have shown that upregulation/overexpression of integrins is closely associated with cancer metastasis. However, several studies reported that the role of integrins in different types of tumors and different stages of tumor development might be different, meaning that the role of integrins in tumors was complex (Longmate and Dipersio, 2017; Ramovs et al., 2019). For example, in HER2-driven breast cancer, downregulation of integrin α3β1 not only reduced the survival of mice, but also increased tumor growth and vascularization, resulting in an increased burden of lung metastasis (Ramovs et al., 2019). Another study on prostate cancer reported that integrin α3β1 inhibited cancer cell metastasis by regulating Hippo signaling pathway (Varzavand et al., 2016). Integrin α3β1 signals by Abl family kinases to suppress Rho GTPase activity, leading to the inhibition of Hippo pathway, and restrain prostate cancer migration and invasion (Varzavand et al., 2016). Moreover, integrin α9, a molecule related to cell adhesion, mobility and angiogenesis, has been reported to play opposite role in different types of cancers (Zhang et al., 2018; Wang Z. S. et al., 2019). The depletion of integrin α9 in triple-negative breast cancer significantly reduced tumor angiogenesis and metastasis (Wang Z. S. et al., 2019). Mechanistically, knockout of integrin α9 caused integrin-linked kinase (ILK) to relocate from cell membrane to cytoplasm. ILK interacted with protein kinase A (PKA) and inhibited its activity, subsequently increased activity of glycogen synthase kinase 3 (GSK3) and promoted the degradation of β-catenin (Wang Z. S. et al., 2019). However, in HCC, the overexpression of integrin α9 significantly suppressed cancer cell migration in vitro and tumor metastasis in vivo (Zhang et al., 2018). Thus, attention should be paid to the inhibitory effect of certain integrins in tumors when targeting integrins are used for tumor treatment. More studies are warranted to clarify the mechanisms (Table 1).


Table 1 | Role of integrins in cancer metastasis.






Integrins and Cancer Stemness

Accumulating evidence suggested that crosstalk between integrins and cancer cells activated cancer cell stemness-related signaling pathways, which promoted the transformation of stem-like phenotype and caused the transformation of non-CSCs to CSCs (Seguin et al., 2015). In addition, integrins are biomarkers for normal adult stem and progenitor cells. Recent studies have found that these integrins, such as integrin β1, β4, α6, and α7 also exist on CSCs, that could help identify CSC phenotype (Bierie et al., 2017; Moon et al., 2019; Ge et al., 2020).



Integrins as Biomarker of Cancer Stem Cells

Cancer cells with overexpression of certain specific integrins exhibit the characteristics of CSCs, suggesting that integrins may become potential biomarkers of CSCs (Haas et al., 2017; Krebsbach and Villa-Diaz, 2017). In fact, integrins β1, α6, and β3 have been found to be overexpressed in normal adult stem and progenitor cells, and recent studies have shown that they are also biomarkers of CSCs. Enrichment of integrin α6 is found in a variety of CSCs, including breast cancer (Brantley et al., 2016), glioblastoma (GSC) (Herrmann et al., 2020), colorectal cancer (Haraguchi et al., 2013) and squamous cell carcinoma (Schober and Fuchs, 2011). Moreover, the overexpression of integrin β4 is associated with enhanced self-renewal ability and chemotherapy resistance in lung cancer cells. Similarly, integrin β4 is overexpressed in GSCs and breast CSCs (Ma et al., 2019). Inhibiting the expression of integrin β4 reduced the self-renewal capacity and tumorigenicity of CSCs (Bierie et al., 2017; Ma et al., 2019). These findings suggest that integrin β4 may be used as a novel biomarker for CSCs. In addition, studies showed that integrin α7 might be a potential biomarker for CSCs (Haas et al., 2017). Integrin α7 is usually up-regulated in CSCs and tumor tissues, which associated with poor clinical characteristics and poor prognosis of patients (Ming et al., 2016; Ge et al., 2020; Lv et al., 2020). Thus, specific integrins can help identify a small subset of the most aggressive and dangerous cancer cells, and provide beneficial information for the diagnosis and prognosis of tumor patients.


Activation of Integrin Signaling Promotes Cancer Stemness

Recent studies have shown that activation of integrin signaling pathways plays crucial roles in the regulation of cancer cell stemness (Cooper and Giancotti, 2019). Interestingly, current studies indicate that integrins regulate tumor stemness in either a ligand-dependent or a ligand-independent manner. For example, GSCs grown on laminin-coated dishes showed overexpression of integrin αvβ3 and αvβ5, which was related to phosphorylation of FAK and protein kinase B (Paolillo et al., 2018). This result indicates that the interaction of integrins αvβ3 and αvβ5 with laminin is necessary for regulating the stemness of GSCs. Breast CSCs produced Laminin 511, which acted as a ligand for α6Bβ1 integrin and subsequently activated Hippo transducer TAZ to promote the self-renewal ability of cancer cells (Chang et al., 2015). Moreover, colorectal cancer cells cultured on 2D collagen showed enhanced cancer stemness (Wu X. et al., 2019). Mechanistic studies have shown that the interaction of collagen-integrin α2β1 activates the PI3K/Akt/Snail signaling pathway, resulting in enhanced metastasis and stemness of colorectal cancer cells (Wu X. et al., 2019). In pancreatic cancer, integrin αvβ3 interacted with osteopontin on pancreatic stellate cells, which led to the activation of αvβ3-Akt/Erk-FOXM1 (forkhead box protein M1) cascade and promoted CSC-like properties of pancreatic cancer (Cao et al., 2019). However, Seguin et al. (2014) showed that integrin αvβ3 promoted the stemness and drug resistance of lung and pancreatic cancer in a ligand-independent manner. The unliganded integrin αvβ3 had the ability to recruit KRAS and RalB to the plasma membrane of tumor cells, which subsequently led to the activation of TBK1 and NF-κB (Seguin et al., 2014). Indeed, several studies have found that integrins may affect CSCs independent of their capacity to interact with the ECM ligands. Ge et al. (2020) demonstrated that integrin α7 regulated the stemness of HCC by activating PTK2-PI3K-Akt signaling pathway. GSCs used integrin αvβ8 to drive tumor initiation and progression (Guerrero et al., 2017). The activation of integrin αvβ8-TGFβ1 signaling pathway was crucial for the self-renewal of GSCs (Guerrero et al., 2017). Additionally, activation of integrin β1-Notch1 signaling pathway promoted the self-renewal ability and xenograft tumorigenicity of head and neck squamous cell carcinoma (Moon et al., 2019). It is worth noting that integrin α6 and fibroblast growth factor receptor 1 (FGFR1) play a synergistic role in enhancing the expression of glioblastoma stem-related factors and the growth of tumor spheroids (Kowalski-Chauvel et al., 2019). The activation of integrin α6-FAK-STAT3 signaling pathway significantly increased the tumorigenicity and drug resistance of GSCs. (Herrmann et al., 2020). To sum up, integrins activate a variety of downstream signaling pathways in a ligand-dependent or ligand-independent manner, thereby regulating the stemness of tumor cells (Table 2).


Table 2 | Role of integrins in the maintenance of tumor stemness.






Integrins and Cancer Drug Resistance

More and more studies have elucidated the mechanisms of acquisition and development of cancer drug resistance (Naci et al., 2015; Cruz Da Silva et al., 2019). It is known that resistance to anti-cancer therapies is driven by not only internal factors, such as genetic mutations and epigenetics but also external factors (Seguin et al., 2015). Tumor cells acquired drug resistance by adaptive responses to external stimuli, activation of certain pro-survival signals/anti-apoptotic programs, selection of drug-resistant subpopulations, and alteration of microenvironmental features (Eke and Cordes, 2015; Seguin et al., 2015). Cell adhesion mediated by the interaction between integrins and ECM has been proved to be one of the strategies for tumor cells to evade anti-tumor therapies (Eke and Cordes, 2015).


Abnormal Activation of Integrin-Driven Signals Leads to Tumor Drug Resistance

Tumor cells often develop resistance to certain targeted drugs (such as tyrosine kinase inhibitors) (Wu and Fu, 2018). One of the reasons is that tumor cells overexpress integrin molecules and activate downstream signaling pathways, thereby triggering cell proliferative signals independent of receptor tyrosine kinase and bypassing the blocking effect of targeted drugs (Kim et al., 2017). It has been reported that activation of integrin β1-driven signal plays a key role in resistance to tumor treatment (Kim et al., 2017; Yang et al., 2018). For example, integrin β1-driven Src-Akt hyperactivation triggered EGFR ligand-independent proliferation signaling in PDAC, resulting in the failure of cetuximab treatment (Kim et al., 2017). Interestingly, Neuropilin-1 (NRP1) physically interacted with active integrin β1, which could be blocked by NRP1 targeting peptide TPP11 (Kim et al., 2017). Therefore, co-targeting EGFR and integrin β1 could produce a synergistic effect, reversing the resistance of PDAC to cetuximab therapy (Kim et al., 2017). In addition, integrin β1 promoted PDAC resistance to gemcitabine by activating the Cdc42 molecule on the PI3Kp110β signaling pathway (Yang et al., 2018). In head and neck cancer, targeting integrin β1 enhanced the sensitivity on cancer cells (Eke et al., 2012; Koppenhagen et al., 2017). c-Abl tyrosine kinase is an important mediator of β1-integrin signaling for radioresistance. AIIB2 (targets integrin β1)/imatinib (targets c-Abl) dual-targeted therapy has radiosensitization effect on tumor cells that grown on 3D laminin-rich ECM cultures and significantly inhibited the DNA damage repair ability of head and neck cancer cells (Koppenhagen et al., 2017). Additionally, a study performed by Eke et al. (2015) showed that simultaneous targeting integral β1 and EGFR had a radiosensitization effect on head and neck cancer. AIIB2 combined with cetuximab and X-ray enhanced cytotoxicity and radiosensitization in various head and neck cancer cells (Eke et al., 2015). Moreover, studies have shown that long-term use of trastuzumab + pertuzumab + buparlisib (PI3K inhibitors) combination treatment in HER2+/PIK3CAH1047R transgenic mice with breast cancer produces buparlisib resistant tumors (Hanker et al., 2017; Wang and Xu, 2019). RNA sequencing showed that the genes of ECM and cell adhesion were significantly up-regulated, accompanied by activation of integrin β1/Src signaling pathway (Hanker et al., 2017). It was worth mentioning that this drug-resistant tumor only showed resistance to buparlisib when cells were coated on collagen or re-introduced into mice, while those cells were sensitive to buparlisib in vitro 2D culture (Hanker et al., 2017). This result indicated that collagen/integrin β1/Src signal transduction was a key regulatory pathway that mediated the resistance of HER2+ breast cancer to anti-HER and anti-PI3K inhibitor combination therapy. In addition to integrin β1, another study found that activation of the integrin α6/Src/Akt signal transduction pathway mediated the resistance of breast cancer cells to tamoxifen (Campbell et al., 2018). Upregulation of integrin α6 was found both in tamoxifen-resistant breast cancer cells and tumor tissue sections from patients who relapsed on tamoxifen treatment (Campbell et al., 2018). In short, integrin is a promising anti-tumor target, and the combination of targeted integrin and other anti-tumor therapies (radiotherapy, chemotherapy, and targeted therapy) has the potential to reverse tumor resistance.



Crosstalk Between Integrins and ECM Promotes Tumor Drug Resistance

A number of studies have shown that interaction between integrin and ECM is crucial for cancers to develop drug resistance (Azzariti et al., 2016; Jin et al., 2019). Jin et al. (2019) identified that integrin β8 in ECM-based 3D cell culture regulated PDAC resistance to ionizing radiation and cytotoxic drugs. Clinically, patients with HCC often show resistance to sorafenib (Azzariti et al., 2016). Recent studies have shown that HCC resistance to sorafenib is associated with the ECM protein laminin-332 produced by hepatic stellate cells in the HCC TME (Azzariti et al., 2016). The activation of laminin-332-integrin α3 signaling axis reversed the dephosphorylation of sorafenib on FAK, leading to drug resistance (Azzariti et al., 2016). Indeed, ECM stiffening endows tumor cells a strong resistance to chemotherapy. In the collagen-rich microenvironment, the activation of integrin β1 and its downstream effector JNK mediated resistance to sorafenib in triple-negative breast cancer (Nguyen et al., 2014). In addition, resistance to Adriamycin in patients with T-cell acute lymphoblastic leukemia might be due to the interaction between integrin β1 and matrigel that activated the ABCC1 drug transporter (Berrazouane et al., 2019). Glucocorticoid drugs are often used to reduce the toxic and side effects of chemotherapeutic drugs (Chen et al., 2010). However, recent studies have found that dexamethasone increased the levels of integrin β1, α4, and α5 in ovarian cancer cells and enhanced the cancer cells adherent to ECM, thereby mediating resistance to cisplatin and paclitaxel-induced apoptosis (Chen et al., 2010). Another study in ovarian cancer revealed that the combination of ECM protein TGFBI (transforming growth factor beta induced) and integrin β3 mediated the resistance of cancer cells to paclitaxel (Tumbarello et al., 2012). The RGD motif present in the carboxy-terminus of TGFBI is essential for cell adhesion (Tumbarello et al., 2012; Zou et al., 2018) (Figure 3). Thus, it would be a promising strategy to reduce or inhibit integrin-mediated ECM stiffness and degradation to achieve homeostasis in ECM, which will increase the penetration of anti-tumor drugs (Table 3).




Figure 3 | Integrin mediates tumor therapy resistance. Crosstalk between integrins and ECM promoted tumor drug resistance by activating the downstream signaling pathways.




Table 3 | Role of integrins in cancer therapy resistance.






Current Cancer Therapeutic Strategies by Targeting Integrins: Challenges and Opportunities

The interaction between integrins and their ligands activates downstream signaling molecules and leads to a series of cell biological processes, such as proliferation, differentiation, migration, invasion and development of drug resistance (Huang and Rofstad, 2018). With the elucidation of the mechanisms of integrin-ligand interaction and the encouraging results shown by in vitro experiments, integrin targeted drugs and the clinical trials are developed (Stupp et al., 2014). Despite the small number of successful clinical trials, integrins are considered as potential targets for cancer treatment (Hamidi and Ivaska, 2018). More importantly, integrins are also valuable probes in cancer imaging studies and can be used to determine prognosis and therapeutic efficacy (Haas et al., 2017; Huang et al., 2017).


Main Challenges of Integrins as Therapeutic Targets

Currently, drugs or inhibitors are primarily designed to interfere with integrin-ligand interactions, with the treatment strategy targets integrin itself. However, such treatment strategy has encountered challenges in clinical trials. Multiple clinical studies have shown that integrin-selective inhibitors have not achieved the expected efficacy, whether used alone or in combination with chemoradiation. A multicenter, open-label, phase III study (NCT00689221) evaluated the efficacy of cilengitide (a selective αvβ3 and αvβ5 integrin inhibitor) and standard treatment (temozolomide combined with radiochemotherapy) in newly diagnosed glioblastoma (particularly in tumors with methylated MGMT promoter) (Stupp et al., 2014). Unfortunately, cilengitide has not shown significant benefits for treatment, neither the overall survival nor the prognosis was improved (Stupp et al., 2014; Nabors et al., 2015). Another phase I study (NCT00979862) on cilengitide also yielded frustrating results (Gerstner et al., 2015). Cilengitide plus cediranib was used for the treatment of recurrent glioblastoma showed well tolerance, but the survival and response rate did not warrant further development of this combination (Gerstner et al., 2015). Given the current clinical trial data, cilengitide has been discontinued for the treatment of glioblastoma. However, a phase II clinical trial (CERTO) showed that cilengitide plus cetuximab and platinum-based chemotherapy used in advance NSCLC patients showed potential clinical significance (Vansteenkiste et al., 2015). Compared with the control group, the cilengitide combined group had an improved progression-free survival (PFS) trend (Vansteenkiste et al., 2015). Another phase I study (NCT01118676) for stage III NSCLC patients found that continuous infusion of cilengitide plus chemoradiotherapy showed remarkably favorable clinical response, with a PFS and OS of 14.4 and 29.4 months, respectively (Massabeau et al., 2018). Therefore, although cilengitide has not been further developed as an anti-cancer drug, integrins are still potentially interesting therapeutic targets (Vansteenkiste et al., 2015; Haddad et al., 2017; Yuan et al., 2019).

In addition to cilengitide, several clinical trials have also investigated the efficacy of other integrin-targeted drugs combined with chemotherapeutic drugs, such as abituzumab (a humanized antibody specific for αv integrin) and MINT1526A (an anti-α5β1 monoclonal antibody) (Wirth et al., 2014; Élez et al., 2015; Hussain et al., 2016; Weekes et al., 2018). NCT01008475 was a randomized phase I/II POSEIDON trial that evaluated the efficacy and safety of abituzumab combined with cetuximab plus irinotecan in KRAS wild-type metastatic colorectal cancer (Élez et al., 2015). Although abituzumab did not show improved PFS, it produced an overall survival benefit for patients with high expression of integrin αvβ6 (Élez et al., 2015). In addition, two other clinical trials of castration-resistant prostate cancer (NCT00958477 and NCT01360840) showed that abituzumab was not significantly extended PFS but had potential clinical activity and was worthy of further study (Wirth et al., 2014; Hussain et al., 2016). Moreover, a phase I study (NCT01139723) showed that MINT1526A with or without bevacizumab was well-tolerant and had a preliminary combined effect, although it could not be distinguished from bevacizumab monotherapy (Weekes et al., 2018). In conclusion, the combination of integrin-targeted therapy and chemotherapeutics has potential clinical application value, but there is still a need to develop more effective integrin-specific targeted drugs.



Potential Treatment Opportunities

Since inhibitors that directly target integrin have not been successfully reflected in clinical treatment, other alternative strategies for inhibiting integrin were developed. Gao et al. (2016) combined integrin-targeted treatment strategy with tumor photodynamic therapy, with the goal of triggering the host immune response to achieve tumor clearance. They used phthalocyanine dye-labeled probes to perform photodynamic therapy on tumors targeted by integrin αvβ6, which significantly inhibit lung metastasis in the mouse breast cancer model (Gao et al., 2016). In addition, the treatment promoted the maturation of dendritic cells and the killing activity of CD8+ T cells (Gao et al., 2016). Combining integrin-targeted therapy with cancer immunotherapy is another potential strategy. Kwan et al. (2017) prepared an integrin-binding peptide fused to the antibody Fc-domain and used it together with the engineered mouse serum albumin/IL-2 fusion, which significantly improve the survival of various types of tumor mouse models. This treatment strategy promoted the activation of CD8+ T cells and natural killer cells by activating the host immune system, rather than blocking the integrin function to achieve therapeutic effects (Kwan et al., 2017).

The overexpression of integrin in cancer cells makes it a promising molecular target in integrin targeting-probes for non-invasive medical imaging and development of biomarkers (Cooper and Giancotti, 2019; Xiao et al., 2019). Recently, the development of radiotracers for integrin targets was used to predict the overall survival and prognosis of patients (Huang et al., 2017). An early phase I clinical trial (NCT04289532) was the first to use 99mTc-RWY, a radiotracer targeting integrin α6, to conduct SPECT (single-photon emission computed tomography) imaging in breast cancer patients. Moreover, Huang et al. (2017) used the integrin α2β1 targeting 68Ga-DOTA-A2B1-PET (positron emission tomography) imaging to identify the phenotypes of aggressive lung cancer and monitor drug responses. Interestingly, PET imaging of the RGD motif-containing αvβ6 integrin-binding peptides SFLAP3 also showed the potential for diagnosing head and neck squamous cell carcinoma (Roesch et al., 2018). Other similar radiotracers include RDG-K5 PET/CT for integrin αvβ3, which has the potential to identify patients with incomplete response to concurrent chemoradiotherapy (Chen et al., 2016). In addition to being a molecular targeted probe, integrins can also be used for cancer diagnosis and prognosis by directly detecting the expression level of specific integrins in serum or tissues. For example, integrin αvβ3 has been shown to be a potential diagnostic and prognostic biomarker in a variety of cancers, including gastric cancer (Böger et al., 2015), breast cancer (Radwan et al., 2019), glioblastoma (Zhang et al., 2019), and lung cancer (Schniering et al., 2019). It is worth noting that new anti-cancer therapies targeting integrins using nanoparticles as carriers are emerging. The treatment strategy is to use integrin-specific ligands to engineer nanoparticles, thereby increasing their affinity for cancer cells (Wu P. H. et al., 2019). In summary, integrins have shown great potential in the diagnosis, prognosis, and treatment of cancer. However, more clinical trials are needed for further verification.




Conclusions

As a cell membrane receptor, crosstalk between integrin and ECM is crucial for cancer metastasis, maintenance of cancer stemness, and drug resistance. Integrin-targeted treatment strategy is an emerging cancer treatment concept. Because of the remarkable therapeutic effect of targeting integrin in preclinical research, more in vitro and preclinical studies are warranted to fully understand the mechanisms of integrin-mediated biological behavior of cancer cells, which will facilitate further development of drugs targeting integrin signaling pathways.
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Objective

Cavin3 is a putative tumor suppressor protein. However, its molecular action on tumor regulation is largely unknown. The aim of the current study is to explore the implication of cavin3 alteration, its clinical significance, and any potential molecular mechanisms in the regulation of breast cancer (BC).



Methods

TCGA (The Cancer Genome Atlas) and GTEx (Genotype-Tissue Expression) data bases, and 17 freshly paired BC and adjacent normal tissues were analyzed for mRNA levels of Cavin3. Furthermore, cavin3 protein expression from 407 primary BC samples were assessed by immunohistochemistry (IHC) and measured by H-score. The clinical significance of cavin3 expression was explored by Kaplan-Meier analysis and the Cox regression method. In vitro biological assays were performed to elucidate the function and underlying mechanisms of cavin 3 in BC cell lines.



Results

Cavin3 mRNA was dramatically down-regulated in BC compared with the negative control. The median H-score of cavin3 protein by IHC was 50 (range 0-270). There were 232 (57%) and 175 (43%) cases scored as low (H-score≤50) and high (H-score >50) levels of cavin3, respectively. Low cavin3 was correlated with a higher T and N stage, and worse distant metastasis-free survival (DMFS) and overall survival (OS). Multivariate survival analysis revealed low cavin3 was an independent fact for worse DMFS. In BC cells, an overexpression of cavin3 could inhibit cell migration and invasion, and significantly decreased the level of p-Akt. Knockout of cavin3, meanwhile, promoted cell invasion ability and increased the level of p-AKT.



Conclusion

Cavin3 expression is significantly lower in BC and is correlated with distant metastasis and worse survival. Cavin3 functions as a metastasis suppressor via inhibiting the AKT pathway, suggesting cavin3 as a potential prognostic biomarker and a target for BC treatment.





Keywords: Akt, breast cancer, cavin3, metastasis, human patient



Introduction

Breast cancer (BC) is the most common cancer and the second leading cause of cancer death in women worldwide (DeSantis et al., 2016; Bray et al., 2018). Distant metastases account for more than 90% of BC death. Therefore, identifying metastasis-associated genes and finding effective targets is the main strategy to prevent metastasis and improve survival of BC.

Caveolae are special lipid rafts located on plasma membranes. As signal transducing organelles, caveolae play an essential role in cell physiology through the regulation of molecule trafficking and signaling, and are involved in a host of human diseases, such as diabetes, cardiovascular disease, muscular dystrophy, pulmonary fibrosis, and cancers (Razani and Lisanti, 2001; Fridolfsson et al., 2014). There are two crucial components for caveolae formation and function: caveolin and cavin proteins. The caveolin family consists of caveolin-1 (Cav-1), caveolin-2 (Cav2), and caveolin-3 (Cav-3). The cavin family includes cavin1 (Polymerase 1 and Transcript Release Factor, PTRF), cavin2 (Serum-Deprivation Response Protein, SDPR), cavin3 (SDR-related gene product that binds to c-kinase, SRBC), and cavin4 (Muscle-Restricted Coiled-Coil Protein, MURC). Increasing evidence indicates the important role of caveolin and cavin family members in cancer regulation. Thus, they are regarded as new “tumor and metastasis-modifying genes” which might be targeted in cancer therapies (Gupta et al., 2014; Martinez-Outschoorn et al., 2015). However, heterogeneity expression patterns and paradoxical roles of these proteins on tumor suppression and oncogenesis have been reported on different tumor types and stages (Zhang et al., 2008; Di Vizio et al., 2009; Witkiewicz et al., 2009a), suggesting the dual role of these caveolin and cavin family members in cancer regulation.

The two most studied cavin family members in cancer regulation are cavin1 and cavin2. Cavin1 serves as a tumor suppressor in prostate cancer, but acts as a tumor promoter in pancreatic cancer (Aung et al., 2011; Liu et al., 2014). Several recent studies showed that cavin2 functioned as a metastasis suppressor in BC (Ozturk et al., 2016) and hepatocellular carcinoma (HCC) (Jing et al., 2016). Loss of expression of cavin2 was correlated with poor survival both in BC and HCC (Ozturk et al., 2016; Jing et al., 2016). Moreover, cavin1 and cavin2 were reported to be expressed in MDR cell lines and to be involved in drug resistance. In contrast to cavin1 and cavin2, cavin3’s function in cancer is not well established. Loss of cavin3 was demonstrated in lung, gastric, ovarian, and colorectal cancers (Zochbauer-Muller et al., 2005; Lee et al., 2008; Tong et al., 2010; Lee et al., 2011), suggesting the tumor suppressing role of cavin3 in these tumors. Cavin3 inactivation was shown to be associated with the acquisition of chemoresistance to oxaliplatin in colorectal cancers (Moutinho et al., 2014). Inactivation of cavin3 was first reported in BC cell lines (Xu et al., 2001). A later study by Lin Bai et al. observed the down-regulation of cavin3 protein in human BC tissue compared with adjacent normal tissue. However, only 40 pairs of samples were tested in this study. Also, the clinical relevance of this down-regulation and related signal pathway were not investigated (Bai et al., 2012). The current study enrolled a large number of BC patients, and conducted analysis to explore the expression, clinical relevance, and possible molecular mechanism of cavin3 in BC. In vitro studies were performed to determine the potential molecular actions of cavin3.



Method


Databases for Bio-Informatics Analysis

Datasets from the Genotype Tissue Expression project (GTEx) (dbGaP, http://www.ncbi.nlm.nih.gov/gap) and The Cancer Genome Atlas (TCGA) project (CGHub, https://cghub.ucsc.edu) were obtained to compare Cavin3 mRNA expression from BC tissue and matched normal breast tissue.



Tissue Specimens and Cancer Cell Lines

Paired fresh-frozen breast tumor and adjacent normal tissues from 17 BC patients who had undergone BC surgery at Sun Yat-Sen University Cancer Center (SYSUCC) were obtained for Cavin3 mRNA assay.

Paraffin-embedded (FFPE) specimens from 407 stage I-IV BC patients who were diagnosed and treated at SYSUCC during 2011, and had complete clinical and pathological follow-up data were collected. Duplicate tissue microarray (TMA) was constructed for immunohistochemistry (IHC) analysis. Ethical approval for the study was provided by the independent ethics committee of SYSUCC.

BC (MCF7, MDA-MB-231) and 293FT cell lines were purchased from the American Type Culture Collection (ATCC), and cultured in Dulbecco’s Modified Eagle’s Medium containing 10% fetal bovine serum, 1% L-glutamine, and 1% penicillin/streptomycin. Cells were cultured at 37°C in 5% CO2.



Real-Time Quantitative PCR (qPCR)

Total RNA was isolated from fresh tissue samples using Trizol Reagent (Invitrogen, USA). cDNA was synthesized via “5X All-In-One MasterMix (with AccuRT Genomic DNA Removal Kit)” (G492, ABM Company, Vancouver, Canada) according to the manufacturer’s instructions. qPCR analysis was performed in Roche Light Cycler 480 Real-Time PCR system. The cycling program was 10 min at 95°C one cycle, 10 seconds at 95°C, 20 seconds at 60°C, and 30 seconds at 72°C, for 45 cycles. Primer pairs for Cavin3 were: 5’- CACGTTCTGCTCTTCAAGGAG -3’ (forward); 5’- TGTACCTTCTGCAATCCGGTG -3’ (reverse). Primer pairs for β-actin were: 5’-ACCTTCTACAATGAGCTGCG-3’(forward); 5’- CCTGGATAGCAACGTACATGG -3’ (reverse). Relative expression (RE) of Cavin3 was calculated with the formula: ΔCt = Ct (Cavin3) − Ct (β-actin). Fold change expression of Cavin3 mRNA in BC tissue compared with the normal control was calculated by the standard 2-△△Ct method (Giulietti et al., 2001).



Immunohistochemistry (IHC)

IHC staining was performed on an automatic immune stainer (BenchMark XT; Ventana Medical Systems, Tucson, Ariz) according to the manufacturer’s instructions. The primary antibodies used were anti-total cavin3 (PRKCDBP) antibody (Cat# PA534523, Invitrogen, USA)). Expression of cavin3 protein was semi-quantified using H-scores (range 0–300), which incorporate the staining intensity (range 0–3) and the percentage of positively-stained tumor cells (range 0–100%). The average H-score of the duplicate tissue microarray for each tumor was calculated as the final score.



Construction of Cavin3 Overexpression or Knockout Cell Lines

Cavin3 overexpression plasmid (cavin3-pLVX) was created by cloning the protein coding sequence of cavin3 into the pLVX-puro lentiviral vector (Invitrogen: Thermo Fisher Scientific, Inc., USA). A blank lentiviral vector was used as negative control. The constructs were then transducted into 293FT cells with lentiviral packaging vectors by using Lipofectamine 2000 (Invitrogen: Thermo Fisher Scientific, Inc., USA) based on the manufacturer’s instructions. Cavin3 knockout plasmid was generated using the clustered regularly interspaced short palindromic repeats (CRISPR) RNA-guided Cas9 nucleases technique.



Cell Proliferation and Viability Assays

The cell proliferation was evaluated by Cell Counting Kit-8 (CCK-8) assay (Sigma-Aldrich; Merck KGaA, Germany.). Cells were grown in 96-well plates (2×103 cells/well) and incubated overnight. CCK-8 solution (10 μl) was added to each well, followed by incubation for 2 h at 37°C. After that, a microplate reader (Thermo Fisher Scientific, Inc, USA.) was applied to record the absorbance value of each well at 450 nm. Cell viability was expressed as a percentage of that of the control cells. The viability of cancer cells was measured by clonogenic assay. Cells in a logarithmic growth period were plated in a 6-well plate (about 600 cells each plate) and incubated for 14 days at 37C in a 5% CO2 incubator. Thereafter, cells were fixed with methanol/acetic acid and stained with crystal violet. The number of colonies was counted manually.



Cell Migration and Invasion Assays

Migration and invasion assays were performed using a Transwell system (BD Biosciences, USA). About 5 × 105 cells were seeded into the upper chamber with serum-free medium, and DMEM with 20% FBS was added into the lower chamber. After incubation for 24 h, cells on the upper surface of the filter were removed and the cells on the lower surface were stained with 1% crystal violet for quantification. The invading cells were counted under an optical microscope (Olympus Corporation, Japan). The number of transferred cells was determined in 10 randomly selected fields.



Western Blotting

Cells were lysed in sample buffer and subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and then transferred to a polyvinylidene fluoride (PVDF) membrane. The primary antibodies used included: anti-Akt rabbit mAb (Cat# 4685S, Cell Signaling Technolog, USA), anti-phospho Akt rabbit mAb (Cat# 4060S,Cell Signaling Technology, USA), anti-Vimentin rabbit mAb (Cat# 5741S, Cell Signaling Technology, USA), anti-E-Cadherin rabbit mAb (Cat# 3195,Cell Signaling Technology, USA), anti-PTEN rabbit mAb (Cat# 9188S,Cell Signaling Technology, USA), and anti-p53 rabbit mAb (Cat# 2527S, Cell Signaling Technology, USA). The secondary horseradish peroxidase-conjugated antibody used was HRP-Goat Anti-Rat IgG (H+L) (Cat# SA00001-2, ProteintechGroup, USA). Bands were detected by enhanced chemiluminescence (Amersham, Bucks, UK). Densitometric values were normalized to GAPDH levels.



Statistical Analysis

We used SPSS software for Windows (V16.0; SPSS Inc., Chicago, IL) for all statistical analyses. All data were expressed as the means ± standard deviations (SD). Student’s t test was used to compare mean values between the two groups. The correlation of cavin3 with clinicopathological factors was analyzed by chi-square test. Survival curves were plotted using the Kaplan-Meier method and compared by log-rank test. The Cox proportional hazards model was used for the univariate and multivariate survival analyses, and hazard ratios and 95% confidence intervals (CIs) were calculated. Breast Cancer Gene-Expression Miner v4.4 (bc-GenExMiner v4.4) was used to explore RNA-seq of cavin3 of different molecular subtypes of BC. A P value of <0.05 was considered statistically significant.




Results


Cavin3 mRNA Is Significantly Lower in BC Compared With Adjacent Normal Control

We first analyzed TCGA and GTEx datasets and found expression of Cavin3 mRNA was significantly lower in BC tumors compared with normal tissues, P<0.05 (Figures 1A, B). Cavin3 mRNA levels were further analyzed in 17 paired fresh-frozen breast tumor and tumor-adjacent tissues collected in SYSUCC, which showed the relative Cavin3 mRNA leves to β-actin were significantly lower in 14 out of 17 pairs of BC tissues compared with normal control, P=0.0047(Figure 1C).




Figure 1 | Lower expression of Cavin3 mRNA in breast cancer samples compared with normal control. (A) TCGA database; (B) GTEx database; (C) 17paired fresh-frozen breast tumor and adjacent normal tissues. *p<0.05; **p<0.01.





Reduced Cavin3 Protein Expression in BC Tissue Is Correlated With Advanced Tumor Stage and Poor Survival

IHC analysis of cavin3 was performed in all 407 of the enrolled patients. The median H-score was 50 (range 0-270). There were 175 (43%) and 232 (57%) cases scored as high (H-score >50) and low (H-score ≤50) levels of cavin3 expression, respectively. Representative IHC images for high and low levels of cavin3 expression were shown in Figures 2A, B. Low cavin3 expression was found to be correlated with a higher pathologic T and N stage, and poor recurrence-free survival (RFS) and distant metastasis-free survival (DMFS) (Figures 2C, D). No significant association between cavin3 expression and tumor grade, hormone receptor, and HER2 expression was found (Table 1). Patients with luminal (HR+/HER2-) subtype showed a relative low level of cavin3 expression compared with those in other subtypes, but the difference did not reach statistical significance (Supplementary Table 1). RNA-seq analysis by bc-GenExMiner v4.4 also demonstrated significantly lower levels of Cavin3 RNA in luminal A and B subtypes as compared with those in basal- like and HER2 over-expression subtypes (Supplementary Figure 1). The worse prognosis of low cavin3 seemed to not depend on T and N stages (Supplementary Figure 2), but was more remarkable in luminal (HR+/HER2-) subtype (Figure 3). No association between cavin3 expression and a specific metastatic site was found (Supplementary Table 2). Multivariate analysis showed low cavin3 was an independently worse predictor for DMFS. Other risk factors for distant metastasis included positive lymph nodes and negative hormone receptors (Table 2).




Figure 2 | Expression of cavin3 in breast cancer and its impact on cancer survival. (A) Diffusely and strongly positive expression of cavin3 (H-score was 270); (B) completely negative expression of cavin3 (H-score was 0); (C) Low cavin3 (H-score≤50) is associated with worse recurrence free survival; (D) Low cavin3 (H-score≤50) is associated with worse distant metastasis-free survival.




Table 1 | Comparison of baseline characteristics between patients with high and low expressions of cavin3.






Figure 3 | Impact of cavin3 protein expression on distant metastasis-free survival stratified by IHC-based molecular subtypes. (A) HR+/HER2- subtype; (B) HR+/HER2+ subtype; (C) HR-/HER2+ subtype; (D) HR-/HER2- subtype; HR, hormone receptor; HER2, human epidermal growth factor receptor-2.




Table 2 | Univariate and Multivariate analysis of factors for distant metastasis-free survival (DMFS).





Cavin3 Suppresses BC Metastasis by Down-Regulating AKT Pathway

In vitro studies were based on two BC cell lines: the hormone receptor–positive MCF7 and triple-negative MDA-MB-231cell lines. A lack of baseline cavin3 expression was observed in the MCF7 cell line. Therefore, the MCF7 cell line with cavin3 overexpression and MDA-MB-231cell lines with cavin3 overexpression and knockout were generated. As a result, we found overexpression of cavin3 inhibited cell invasion, while knockout of cavin3 promoted cell invasion ability by transwell assay (Figure 4). No effect of cavin3 expression on overall cell proliferation rate (Supplementary Figure 3) or migration (Supplementary Figure 4) were observed. Western blot study showed the loss of cavin3 increased the level of p-AKT, while gain of cavin3 decreased the level of p-AKT (Figure 5). Thus, these results suggested that the metastasis suppressive function of cavin3 might be carried out by inhibiting the AKT signaling pathway.




Figure 4 | Impact of cavin3 on cell migration. Overexpression of cavin3 inhibits cancer cell migration (A, C); (B) Knockout of cavin3 promote breast cancer cell migration. **p<0.01; ***p<0.001. KO, knockout; NC, normal control; OE, overexpression.






Figure 5 | Cavin3 suppresses breast cancer metastasis by down-regulating the AKT pathway. (A) Loss of cavin3 increases the level of p-AKT and gain of cavin3 decreases the level of p-AKT; (B) No effect of cavin3 expression on PTEN expression, and EMT markers were observed. KO, knockout; NC, normal control; OE, overexpression.






Discussion

Cavin3 was originally called SRBC (SDR-related gene product that binds to c-kinase) or protein kinase C delta binding protein (PRKCDBP), due to its high similarity with the serum deprivation response (SDR) gene product and its ability to bind protein kinase C delta (PKCdelta) (Izumi et al., 1997). The gene is located in the 11p15.5 tumor suppressor region (Xu et al., 2001). Loss of cavin3 expression has been observed in several human malignancies including lung cancer (Xu et al., 2001), gastric cancer (Lee et al., 2008), colorectal cancer (Moutinho et al., 2014), ovarian cancer (Tong et al., 2010), and BC (Xu et al., 2001; Bai et al., 2012). Therefore, it is regarded as a potential tumor suppressor gene. However, till now there has been no large-scale study involving a high volume of patients to confirm the tumor suppressive role of cavin3. Moreover, the clinical utility and molecular function of cavin3 in cancer remains unclear. The inactivation of Cavin3 gene was first reported in BC cell lines in 2001. Down-regulation of cavin3 protein in human BC tissue compared with adjacent normal tissue was later reported in 2012 by Lin Bai et al. (Bai et al., 2012). However, only 40 pairs of samples were detected in Lin Bai’s study. Also, the clinical relevance of this down-regulation was not investigated. In the current study, by using the largest available data resources of TCGA and GTEx and by analyzing more than 1000 patients, we confirmed that expression of Cavin3 mRNA was significantly lower in BC compared with normal breast tissue. In line with this result, among the 17 paired fresh-frozen breast tumor and tumor-adjacent samples from our cancer center, 14 showed significantly lower expression levels of Cavin3 mRNA in BC compared with adjacent normal tissue. All these observations suggest cavin3 functions as a tumor suppressor and is involved in breast tumorigenesis. However, whether cavin3 can be used as a marker for the early diagnosis of BC remains unclear. Another caveolar protein caveolin1 has been reported to be a useful biomarker for early prediction of ductal carcinoma in situ (DCIS) progression to invasive BC (Witkiewicz et al., 2009b). Since the current study did not enroll hyperplasia and DCIS populations, the role of cavin3 as an early diagnosis biomarker remains to be investigated.

To further explore the function of cavin3 in established BC, expression of cavin3 in BC tissues was examined and compared with clinicopathologic data. As a result, we found over 50% of BC patients showed undetectable or low expression of cavin3. Loss or reduction of cavin3 expression correlated with advanced T and N stage and distant metastasis. DMFS was significantly decreased in patients with low cavin3 expression, suggesting the metastasis suppressive function of cavin3. It is noteworthy that low expression of cavin3 was more prominent in the HR+/HER2- subgroup of BC. Moreover, the worse impact of lower cavin3 on DMFS was also more significant in this subtype, indicating cavin3 will probably serve as a promising prognostic marker and therapeutic target for the HR+/HER2- subtype of BC. Harriet Wikman et al. reported the Cavin3 (PRKCDBP) gene was significantly down-regulated in BC with brain metastases compared to BC without relapse or with bone-only metastasis (Wikman et al., 2012). In the current study, we analyzed the correlation between cavin3 expression and initial metastatic sites, and found five out of six patients with brain metastasis showed lower cavin3. However, due to the small number of events, we could not confirm such a relationship.

In order to elucidate the potential signaling cascade associated with the metastasis suppression role of cavin3, in vitro cell lines studies were performed. Consistent with human studies, the overexpression of cavin3 inhibited cell migration, while knockout of cavin3 by CRISPR increased the invasion ability of BC cells. These results further indicate cavin3 is a metastasis suppressor in BC. Moreover, we found the loss of cavin3 increased the level of active p-AKT, while gain of cavin3 decreased p-AKT. It is well known that AKT is a serine/threonine kinase with a crucial role in major cellular functions. As a key element of the PI3K/AKT/mTOR signaling pathway, AKT is one of the most important pathways involved in BC survival, invasiveness, metastasis, and drug-resistance (Hinz and Jucker, 2019; Khan et al., 2019). Besides the PI3K/AKT/mTOR pathway, activated p-AKT also regulates many other signal molecules in metabolism, proliferation, apoptosis, and migration, such as GSK3, Mdm2, BAD, pro-caspase 9, NFKB, Bcl-XL, MMP2, MMP9, and many more (Khan et al., 2019). The study by Hernandez et al. reported cavin3 suppressed p-AKT signaling by promoting EGR1 and PTEN expression (Hernandez et al., 2013). However, we could not find a change of PTEN in cavin3 overexpressed or knockout breast cell lines. The exact molecular mechanism of cavin3 on the AKT pathway in BC requires further investigation.

Previous studies showed epigenetic inactivation of cavin3 due to aberrant promoter hypermethylation was the main mechanism for the loss of cavin3 (Lee et al., 2011; Wikman et al., 2012). Meanwhile, both the demethylation drug Decitabine (methylation inhibitor 5-aza-2’-deoxycytidine) and chemopreventive agent Anethole Dithiolethione could restore cavin3 expression (Primiano et al., 1996; Moutinho et al., 2014). Actually, many clinical trials concerning cancer treatment or prevention of these two drugs are ongoing (Nervi et al., 2015; Ramakrishnan et al., 2017; Ansari et al., 2018), which makes cavin3 a promising target for the development of new and more efficient therapies.

In summary, our current study suggests that cavin3 serves as a metastasis suppressor in BC and might be a potential prognostic marker and potential target for treating metastatic BC.
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Supplementary Figure 1 | Violin plot of Cavin3 RNA expression (all RNA-seq data) according to molecular subtypes of breast cancer by bc-GenExMiner v4.4. Cavin3 RNA levels in luminal A and B subtypes are significantly lower than those in basal-like and HER2 over-expression subtypes.

Supplementary Figure 2 | Impact of cavin3 protein expression on distant metastasis-free survival (DMFS) stratified by tumor size and lymph node status.

Supplementary Figure 3 | Cavin3 has no effect on breast cancer cells’ proliferation by cell counting assay. KO, knockout; OE, overexpression.

Supplementary Figure 4 | Cavin3 has no effect on breast cancer cells’ viability by colony-forming assay. KO, knockout; OE, overexpression.

Supplementary Table 1 | Comparison of cavin3 protein expression among different molecular subtypes of breast cancer based on IHC. HR: hormone receptor, HER2: Human epidermal growth factor receptor 2.

Supplementary Table 2 | Correlation between cavin3 expression and initial recurrence pattern. *including 57 patients with distant recurrence.
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In discovery of HDAC inhibitors with improved activity and selectivity, fluorine substitution was performed on our previously derived lead compound. The synthesized molecules N-(2-amino-4-fluorophenyl)-4-[bis-(2-chloroethyl)-amino]-benzamide (FNA) exhibited class I (HDAC1, 2, and 3) selectivity in the in vitro enzymatic assay and especially potent against HDAC3 activity (IC50: 95.48 nM). The results of in vitro antiproliferative assay indicated that FNA exhibited solid tumor cell inhibitory activities with IC50 value of 1.30 μM against HepG2 cells compared with SAHA (17.25 μM). Moreover, the in vivo xenograft model study revealed that FNA could inhibit tumor growth with tumor growth inhibition (TGI) of 48.89% compared with SAHA (TGI of 48.13%). Further HepG2 cell–based apoptosis and cell cycle studies showed that promotion of apoptosis and G2/M phase arrest make contributions to the antitumor activity of FNA. In addition, drug combination results showed that 0.5 μM of FNA could improve the anticancer activity of taxol and camptothecin. The present studies revealed the potential of FNA utilized as a high potent lead compound for further discovery of isoform selective HDAC inhibitors.

Keywords: 4-fluorine-benzamide, nitrogen mustard, HDAC, antitumor activity, isoform selectivity


INTRODUCTION

Histone deacetylases and histone acetylases are important enzymes participating in the regulation of gene expression by acetylating and deacetylating of histones (1, 2). Specifically, HDACs are the enzymes controlling the epigenetic modifications of histone, along with more than 50 nonhistone proteins (3, 4). So far, a total of 18 different HDACs isoforms have been identified and classified into four classes according to their size, distribution in cells, and homology (5–8). Among the four classes, classes I (HDAC1, 2, 3, and 8), II (HDAC4, 5, 6, 7, 9, and 10), and IV (HDAC11) HDACs require zinc ion as cofactor and thus are known as zinc-dependent enzymes. On the other hand, class III HDACs are a group of NAD+-dependent enzymes (also known as sirtuins), whose activity does not require the presence of zinc iron (9–13).

In recent years, inhibition of HDACs has exhibited potency for the treatment tumors (14, 15), diabetes (16), Parkinson disease (17), inflammation (18, 19), HIV (20), and heart disease (21). In tumor cells, it had been shown that overexpression of HDACs led to increased deacetylation of histones, which increases the gravitational pull between DNA and histones by restoring the positive charge of the histones, making the relaxed nucleosomes very tight and unfavorable for the expression of specific genes, including some tumor suppressor genes (22–28).

In the field of epigenetics, HDAC inhibitors (HDACIs) have been successfully developed in the antitumor therapy, and several HDACIs have been developed into the market (29). Vorinostat (SAHA) is the first approved HDACI, which has been administered clinically for the treatment of cutaneous T-cell lymphoma (CTCL) (30). Afterward, romidepsin (FK-228), belinostat (PXD101), and panobinostat (LBH589) were approved for the treatment of CTCL, peripheral T-cell lymphoma (PTCL), and multiple myeloma, respectively (31–33). Chidamide (CS055) was approved by the Chinese Food and Drug Administration for the treatment of PTCL (34). Generally, pharmacophores of HDACIs are consist of three structural elements: a capping group, which recognizes the hydrophobic region at the opening of HDAC active site; a linker, which connects the hydrophobic ring and the zinc-binding group (ZBG) via occupation of the tubular channel; a ZBG, whose functions include binding to the zinc ion located in the active center of HDACs, as well as forming hydrogen bonds with certain amino acid residues of active sites (35–37).

Nitrogen mustard anticancer drugs were used clinically since 1942, which effectively bind and cross-link to DNA, resulting in prevention of DNA replication and cell proliferation (38). Nitrogen mustard antitumor drugs are mainly composed of alkylation part and carrier part. According to different carriers, they can be divided into aliphatic nitrogen mustard and aromatic nitrogen mustard (39). Aromatic nitrogen mustard is still used in clinical because of its relatively low toxicity such as chlormethine (40), chlorambucil (41), and melphalan (42).

In discovery of novel and potent HDACIs, aromatic nitrogen mustard parts were integrated into the structure of HDACI CI994 in our previous study (43). The resulting molecule, N-(2-aminophenyl)-4-(bis(2-chloroethyl)amino)benzamide (NA) exhibited class I selectivity in the enzymatic assay and potent in vitro antitumor activity in the cell based assay. However, NA exhibited lower potency than SAHA in the in vivo assay using nude mice xenograft model with inoculation of HepG2 cells. Fluorine substitution in the benzamide ZBG was discovered to improve the metabolic stability of HDACIs, such as the design of chidamide (44, 45). In the present study, to improve the selectivity, activity, and in vivo stability of NA, fluorine was introduced to the para-position of amide bond in the phenyl ring of ZBG considering the structure of chidamide (Figure 1). The designed compound N-(2-amino-4-fluorophenyl)-4-[bis-(2-chloroethyl)-amino]-benzamide (FNA) was synthesized and evaluated in the antitumor assay.


[image: Figure 1]
FIGURE 1. The design of FNA.




RESULTS AND DISCUSSION


Chemistry

The designed compound FNA was synthesized as described in Scheme 1. Methyl esterification was performed to protect the starting material 4-aminobenzoic acid (a). To synthesize intermediate methyl 4-(bis(2-hydroxyethyl)amino)benzoate (c), 2-hydroxyethyl groups were added by reaction of intermediate b with ethylene oxide. Subsequent chlorine substitution and deprotection of carboxyl group afforded key intermediate 4-(bis(2-chloroethyl)amino)benzoic acid (e). Target compound FNA was synthesized by condensation of intermediate e with 1,2-diamino-4-fluorobenzene.


[image: Scheme 1]
SCHEME 1. (1) CH3COCl, MeOH, reflux 5 h. (2) oxirane, H2O/CH3COOH, 0°C 48 h. (3) POCl3, MB, reflux 4 h. (4) 4 M HCl, reflux 4 h. (5) 1,2-diamino-4-fluorobenzene, CDI, THF (dry), rt overnight.




Enzyme Inhibitory Selectivity of FNA

To assess the isoform selectivity and the inhibitory activity of the derived FNA, enzymatic assay was performed against HDAC1, 2, 3, 4, 6, 7, 8, and 9 using SAHA (nonselective inhibitor) and MS275 (class I selective inhibitor) as positive control drugs. The selectivity of isoforms and IC50 of the tested compounds were displayed in Table 1. According to the results, FNA exhibited IC50 values of 842.80, 949.15, and 95.48 nM against HDAC1, 2, and 3, respectively. While in inhibition of HDAC4, 6, 7, 8, and 9, FNA exhibited more than 5,000 nM of IC50 values. It is suggested that FNA is a highly class I–selective inhibitor. Nevertheless, in the inhibition of HDAC1, 2, and 3, it is remarkable that FNA showed 8.83- and 9.94-fold of HDAC3 selectivity vs. HDAC1 and HDAC2, respectively. The results suggested that FNA has the potential to be utilized as a lead compound for the discovery of HDAC3-selective inhibitors.


Table 1. Enzyme inhibitory activity of FNA compared with MS275 and SAHA (IC50, nM)a.

[image: Table 1]

Among all the HDAC isoforms found in human, HDAC3 is unique for its expression in the nucleus, cytoplasm, or membrane. As a single HDAC isoform, HDAC3 was revealed to promote the phosphorylation and activation of AKT, which specifically binds to HDAC3, participate in the self-renewal of liver cancer stem cells, and engage in the growth of triple-negative breast cancer cells (15). Therefore, discovery of selective HDAC3 inhibitors make contributions to the treatment of specific diseases related to the abnormal function of HDAC3. As a potent lead compound, FNA could be utilized for further structural modification in discovery of HDAC3-selective inhibitors.



Antiproliferative Activity of FNA

The in vitro antiproliferative activities of target compound FNA along with the positive control SAHA were tested against multiple tumor cell lines, including the lung cancer (H460, H322, and A549), colon carcinoma SW480, renal carcinoma (OS-RC-2, SK-NEP-1), thyroid cancer (FTC-133, SW-579), breast cancer (MDA-MB-231), ovarian cancer (A2780), cervical carcinoma (Hela), myeloma (U266), liver cancer (HepG2), and leukemic (U937 and K562) cells. According to the results shown in Table 2, potent antiproliferative activities against most of the tumor cell lines tested (except SW480 and OR-RC-2) were observed from FNA, as evidenced by the low IC50 values. Compared with SAHA, it is obvious that FNA could effectively inhibit the growth of HepG2, U937, H460, FTC-133, HELA, and K562 cells with IC50 values of 1.30, 0.55, 4.73, 9.09, 1.41, and 1.31 μM, respectively. It showed that FNA has a significant inhibitory effect on both solid tumor cells and nonsolid tumor cells. Remarkably, in inhibition the growth of HepG2 cells, FNA (similar to NA) was revealed to be 13.3-fold (IC50 value of 1.30 μM) more potent relative to SAHA, whose IC50 value is 17.25 μM. The present results indicate the future of development of FNA analogs for the treatment of liver cancer.


Table 2. Antiproliferative activities of compound FNA against human cancer cells (IC50, μM)a.

[image: Table 2]



In vivo Antitumor Activity

To further investigate the anticancer activity of FNA, HepG2 xenograft nude mice model was utilized to assess the in vivo antitumor activity of compound FNA. Mice were injected intraperitoneally with FNA and SAHA, both at 100 mg/kg, once a day for 15 days. When the tumor is prominent, the BALB/c female mice were randomly assigned into control and treatment groups (six mice per group). As shown in Figure 2A, all the mice in the treatment groups displayed no significant change in body weight. The results showed that both FNA and SAHA can inhibit tumor growth compared with the control group (Figures 2B–D). Compound FNA effectively inhibited the tumor growth with tumor growth inhibition (TGI) rate of 48.89% compared with SAHA (with TGI of 48.13%). Although FNA exhibited improved inhibitory activity compared with SAHA in the in vitro test, the activity improvement was not obvious in the in vivo study. It is suggested that further structural modification of FNA is needed to improve the activity and pharmacokinetic properties. To improve the in vivo activity of FNA, introduction of bioactive groups with anticancer activities to the structure of FNA will be performed in further studies.


[image: Figure 2]
FIGURE 2. Results of in vivo evaluation of FNA in the HepG2 xenografts mouse model. (A) Body weight of mice. (B) Tumor volume measurements from HepG2 xenografts mice in each group. (C) The final tumor weights in each group. *p < 0.05 compared with the control group. (D) Images of the excised tumors in each group.




Cell Apoptosis Analysis

In order to confirm whether apoptosis contributes to the observed antiproliferative activities of FNA, apoptosis study was performed using HepG2 cells. Flow cytometry analysis was shown in Figure 3. From the annexin V–fluorescein isothiocyanate/propidium iodide (FITC/PI) stating data, it is obvious that compound FNA promoted cell apoptosis against HepG2 cells dose-dependently. Following treatment with different doses of FNA (1, 3, and 9 μM), the apoptosis rate of HepG2 cells was significantly elevated from 5.83% of the normal group to 14.08, 19.11, and 28.83% compared with SAHA (apoptosis rate of 10.03, 10.91, and 12.43% at concentrations of 1, 3, and 9 μM), respectively. It is suggested that apoptosis plays a role in the HepG2 cell inhibitory activity of FNA.


[image: Figure 3]
FIGURE 3. Proapoptotic effect of molecule FNA. HepG2 cells were exposed to FNA and SAHA at concentrations of 1, 3, and 9 μM for 24 h. Then cells were stained with annexin V–FITC/PI, and the apoptotic status of the cells was assessed with flow cytometry analysis.




Cell Cycle Analysis

Generally, the cell cycle consists of three phases: G0/G1, S, and G2/M phase. A characteristic change in tumor cells is dysregulated cell cycle due to genetic mutations, resulting in uncontrolled cell proliferation. The designed compound FNA was evaluated for the cell cycle effect on HepG2 with various doses (0.125, 0.25, and 0.5 μM). As shown in Figure 4, it is significant that FNA increased cell number at G2/M phase with raising concentrations. The percentage of cells in G2/M phase was increased from 18.84 to 59.36% in the FNA (with concentration increase from 0.125 to 0.5 μM) group. However, at the tested concentrations, SAHA did not exhibit any effects in the regulation of HepG2 cell cycle. The results indicated that induction of the G2/M phase arrest also plays a significant role in the antiproliferative effects of molecule FNA.



Antiproliferative Activities of FNA in Combination With Taxol and Camptothecin

It had been reported that HDACIs (HDACIs) may work as chemosensitizers when used together with other antitumor drugs (8). Because of the high cell cycle arrest ability of FNA, drug combination investigation was performed by combining FNA with the G2/M phase arrest drug taxol and camptothecin. HepG2 cells were used for the test, and percentage inhibition rate (PIR) was used as a measure of potency. As shown in Figure 5, it is revealed that the PIRs of FNA (0.5 μM) in combination with taxol and camptothecin are higher than that of the single-drug groups on HepG2 cells. The PIRs of taxol were 57.07 and 62.41 at the concentrations of 0.1 and 0.2 μM, respectively. Addition of 0.5 μM of FNA increased the PIR to 62.43 (0.1 μM of taxol) and 67.23 (0.2 μM of taxol), respectively. The PIRs of camptothecin at doses of 0.25 and 0.5 μM were 61.70 and 60.86, respectively. Improved activities were obtained by addition of FNA (0.5 μM) with PIR values of 67.07 (0.25 μM of camptothecin) and 75.52 (0.5 μM of camptothecin), respectively. It is suggested that FNA could synergistically improve the antiproliferative ability of the cell cycle arrest drugs such as taxol and camptothecin.


[image: Figure 4]
FIGURE 4. Cell cycle analysis on HepG2 cells treated with FNA. Cells were treated with FNA and SAHA at concentrations of 0.125, 0.25, and 0.5 μM for 6 h. The results were evaluated with flow cytometry analysis.



[image: Figure 5]
FIGURE 5. Antiproliferative activities of taxol and camptothecin alone and in combination with FNA.





CONCLUSION

Benzamide HDACIs exhibited the advantage of class I selectivity compared with HDACIs with hydroxamic acid as their ZBGs. However, none of the benzamide HDACIs have been approved by US Food and Drug Administration (FDA) yet. The fluorine substituted benzamide HDACI, chidamide, approved by the CFDA, exhibited advantage of high pharmacokinetic properties compared with the unsubstituted benzamide (such as MS275). Therefore, fluorine substituted was performed on the previous lead compound NA. The derived FNA exhibited HDAC3 selectivity and high HepG2 cell inhibitory activity. Moreover, FNA was also effective in the HepG2 nude mice xenograft model–based assay. Further investigations revealed that promotion of apoptosis and cell cycle arrest at G2/M phase both contributed to the antitumor activity of FNA. Moreover, in combination with FNA, taxol and camptothecin exhibited improved antiproliferative activities against HepG2 cells. Collectively, a potent HDAC3 inhibitor was discovered, which could be utilized as a lead compound in the development of new drugs for cancer treatments.



MATERIALS AND METHODS


Chemistry

All the starting materials and reagents commercially available were used in the current study without further purifications. The dry THF was used by heating reflux with sodium. TLC with 0.25-mm silica gel plates (60GF-254) was used to monitor all the reactions. The sports were visualized with UV light and ferric chloride. With a Burker DRX spectrometer, the 1H NMR spectra were recorded at 500 MHz, using TMS as an internal standard. High-resolution mass spectra were performed at Weifang Medical University in Weifang, China. The derived target compound (FNA) is of 95.48% purity analyzed by ultraperformance liquid chromatography (UPLC), which was performed on a Waters Acquity H class UPLC instrument using an Acquity UPLC®BEH C18 (150 × 2.1 mm). The mobile phase was acetonitrile–water (90:10), and detection wavelength was 254 nm.

The synthesis and description of 4-(bis(2-chloroethyl)amino)benzoic acid (e) were presented in our previous work (43).


(2-Aminophenyl)-4-(bis(2-Chloroethyl)Amino)Benzamide

To a solution of compound e (2.00 g, 7.7 mmol) in THF (50 mL), CDI (1.87 g, 11.6 mmol) was added, and the solution was refluxed for 3 h. 1,2-Diamino-4-fluorobenzene (3.8 g, 30.6 mmol) and TFA (1.1 g, 9.24 mmol) were added with stirring, and the mixture was kept for 16 h at room temperature. The solvent was then evaporated with the residue being dissolved in EtOAc (50 mL). The resulting EtOAc solution was washed with NaHCO3 (3 × 20 mL), 1 M citric acid (3 × 20 mL), and brine (3 × 20 mL), dried over MgSO4, and evaporated under vacuum. The desired compound FNA was obtained by crystallization in EtOAc under 4°C as brown powder. HRMS (AP-ESI) m/z calculated for C17H19Cl2FN3O [M+H]+ 370.0889 found 370.0870. 1H NMR (400 MHz, (CD3)2SO): δ = 9.33 (s, 1H), 7.86 (d, J = 8.8 Hz, 2H), 7.08 (dd, J1 = 2.3 Hz, J2 = 6.4 Hz, 1H), 6.83 (d, J = 8.8 Hz, 2H), 6.54 (dd, J1 = 2.6 Hz, J2 = 11.2 Hz, 1H), 6.35 (td, J1 = 2.8 Hz, J2 = 8.5 Hz, 1H), and 5.14 (s, 2H), 3.86–3.75 (m, 8H). 13C NMR (400 MHz, (CD3)2SO): δ = 165.60, 161.32, 149.41, 145.81, 130.06, 127.80, 122.59, 120.42, 111.39, 102.60, 102.09, 52.33, and 41.52 ppm.




Enzyme Inhibitory Selectivity of FNA

All of the HDAC enzymes tested were purchased from BPS Bioscience. First, 20 μL of each recombinant HDAC enzyme solution (HDAC1, 2, 3, 4, 6, 7, 8, and 9) was mixed with various concentrations of tested compound samples (20 μL) in a 96-well plate. The mixture was incubated at 30°C for 1 h for the dose-dependent assay. Additionally, mixtures were incubated for 15, 30, 60, and 90 min, for the time-dependent assay, and then 10 μL of fluorogenic substrate [3 mM Boc-Lys(acetyl)-AMC or Boc-Lys (trifluoroacetyl)-AMC for HDAC1/2/3/6 or HDAC4/7/8/9, respectively] was added. Then, the acetylation reaction was initiated by adding HDAC substrate working solution and incubating at 30°C for 2 h. After the desired time, 10 μL developer with trypsin and trichostatin A was added to stop the reaction, and then the mixture was incubated at 30°C for another 30 min.

A microplate reader was used to determine fluorescence intensity at excitation: 360 nm and emission: 460 nm. The inhibition ratios were calculated by comparing the fluorescence intensities from tested wells to those of controls. The IC50 curves and values were then obtained with GraphPad Prism 6.0 software.



Antiproliferative Activity of FNA

Antiproliferative activities of FNA were evaluated with cell viability assay (MTT assay) with SAHA as the control drug (46). The stock solutions of compounds to be tested were prepared in culture medium. Tumor cell lines were cultured in 96-well plates at a density of 5 × 103 cells per well and incubated until 90–95% confluence, and then each well received 100 μL medium containing desired concentrations of test compounds, and then incubated at 37°C and 5% CO2 for 48 h. To determine cell viability, 20 μL MTT working solution (5 mg/mL) was then added to each well and incubated for another 4 h. After this incubation, the medium was carefully aspirated, and 200 μL dimethyl sulfoxide (DMSO) was added to each well and vibrated for 10 min to make sure formed formazans were completely dissolved. The optical densities (ODs) at 490 and 630 nm were counted by Universal Microplate Spectrophotometer. The cell growth inhibition rate was calculated with the following equation: % inhibition = [1–(sample group OD490-sample group OD630)/(control group OD490-control group OD630)] × 100%. Origin 7.5 software was used to calculate the IC50 values from at least three independent experiments.



In vivo Antitumor Activity

All animal experiments were performed in compliance with the Animal Experiment Ethical Review Board of Weifang Medical University. For in vivo antitumor efficacy studies, male athymic nude mice (5–6 weeks old, Slac Laboratory Animals, Shanghai, China) were inoculated subcutaneously in the right shoulder with 1.8 × 107 HepG2 cells.

Injected mice were kept for 10 days; those with palpable tumors were then randomly assigned into treatment and control groups (six mice per group). The treatment groups were administrated with 100 mg/kg/d test compound intragastrically, whereas the control group was administered with an equal volume of phosphate-buffered saline (PBS) solution. The tumor size and body weight were assessed every day. After 15 days of treatment, the mice were euthanized, and tumor weights were acquired with an electronic balance. The TGI was calculated using the following formula: TGI = 100% × [1 – (TVt(T) – TVinitial(T))/(TVt(C) – TVinitial(C))], where TVt(T) and TVinitial(T) stand for the mean tumor volume measured at final time and at initial time for the treatment groups, respectively, and TVt(C) and TVinitial(C) represent the mean tumor volume for the control group.



Cell Apoptosis Assay

HepG2 cells in logarithmic growth phase were cultured in 6-well plates (4 × 105 cells per well).Various doses of FNA and SAHA (1, 3, and 9 μM) were added and incubated for 24 h. Then cells were washed with PBS, collected, and resuspended with binding buffer from a commercially available annexin V–FITC kit (Thermo Fisher Co., USA) and mixed with 5 μL of annexin V–FITC gently. Following 10 min of incubation, 1 μL of propidium iodide was added to the samples and incubated for another 20 min while avoiding light. Flow cytometry was used to determine cell apoptosis status (CytoFLEX, Beckman Coulter).



Cell Cycle Analysis

HepG2 cells in logarithmic growth phase were cultured in 6-well plates with 6 × 105 cells per well and incubated with different doses of FNA and SAHA (0.125, 0.25, and 0.5 μM). Following 6-h incubation, cells were washed twice with cold PBS and then fixed in 70% precooled ethanol at 4°C for 12 h. The fixed cells were washed again and then stained with PI/RNase A for 30 min at room temperature.



Drug Combination Analysis

The efficacy of drug combination of FNA with taxol and camptothecin was evaluated via cell viability assay (MTT assay). The stock solutions of tested compounds were diluted to the desired concentrations with culture medium. The cells were cultured in 96-well plates at a density 5 × 103 cells per well and incubated until 90–95% confluence, and then 100 μL of medium containing desired concentrations of test compounds was added to the wells. Following 48-h incubation, 10 μL of MTT working solution was added to each well and incubated for another 4 h. After removal of the medium, 200 μL DMSO was added to each well to dissolve the formed formazan. The plates were vortexed for 10 min to ensure complete dissolution. Then the OD was acquired with a microplate reader at 490 and 630 nm. The cell growth inhibition rate was calculated with the following equation: % inhibition = [1 – (sample group OD490 – sample group OD630)/(control group OD490 – control group OD630)] × 100%.
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Although costunolide (Cos), a natural sesquiterpene compound isolated from various medicinal plants, exhibits antiproliferative and pro-apoptotic effects in diverse types of cancers, the mechanism associated with the anticancer property of Cos has not been elucidated. The present investigation was carried out to study the anticarcinogenic influence of Cos on kidney cancer cells. Several human renal cancer cell lines were used and biological and molecular studies were conducted. It was found that Cos significantly suppressed renal carcinoma cell growth via stimulation of apoptosis and autophagy in a concentration-dependent manner. Further studies revealed that Cos increased Bax/Bcl-2 ratio, decreased mitochondrial transmembrane potential (MMP), and enhanced cytoplasmic levels of cytochrome c, and activation of caspase-9, caspase-3, and cleaved PARP, resulting in cell apoptosis. The autophagy induced by Cos resulted from the formation of GFP-LC3 puncta and upregulation of LC3B II and Beclin-1 proteins. Compared with Cos treatment, the autophagy inhibitor 3-MA or ROS scavenger NAC significantly inhibited apoptosis and autophagy. Moreover, NAC and JNK-specific inhibitor SP600125 attenuated the effect of Cos. Taken together, Cos exerted autophagic and apoptotic effects on renal cancer through the ROS/JNK-dependent signal route. These findings suggest that Cos could be a beneficial anticarcinogenic agent.
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INTRODUCTION

Renal cell carcinoma (RCC) comprises 3–4% of all human cancers, and it is the most lethal kidney malignant tumor (1). Surgical intervention is the most effective therapeutic strategy for RCC. However, up to 30% of RCC cases are diagnosed at the stage of metastasis (2). The 5-year overall survival of metastatic RCC patients is below 10%. Typically, RCC is insensitive to traditional chemo- and radio-therapeutic treatments (3). Moreover, the use of targeted treatment options as first and second-line treatments have limited effect on the survival rates. Therefore, there is need for exploring low-toxicity novel treatment strategies for RCC.

Costunolide (Cos) is a naturally occurring sesquiterpene compound present in various medicinal plants, including Magnolia sieboldii, L aurus nobilis, and Saussurea lappa (4, 5). It has various effects such as anti-inflammatory and antifungal properties (6, 7). Recently, Cos has been reported to be able to assist chemotherapeutic agents in overcoming multidrug resistance in cancer cells (8). Although some studies have shown that Cos exhibits potent anticarcinogenic activity in human cancer cells through induction of cell cycle arrest and apoptosis (9, 10), its effect on human renal cancer cells and the possible associated mechanisms have not been unraveled.

Cell death can be classified according to the classical morphological criteria as apoptotic or autophagic. Apoptotic cell death is a tightly regulated event, which is important for sustaining tissue constancy via removal of genetically compromised cells. The typical features of apoptosis are membranous blebs and nuclear fragments (11). It has been established that apoptosis may occur through either extrinsic or intrinsic route (12). Both pathways may lead to the activation of a related group of caspases involved in the initiation (caspases-8 and -9) and execution (caspases-3) phases of apoptosis (13). Autophagy is an evolutionarily preserved process by which cells degrade macromolecules, unwanted organelles and certain types of bacteria via double-membrane structures termed autophagosomes (14). Autophagy performs a complex function in cancer development and treatment (15). It can function as a cytoprotective mechanism that protects cancer cells from apoptotic cell death induced by various anticancer drugs (16). On the other hand, excessive autophagy can cause cell death and arrest tumor progression. Therefore, extensive attention has been paid to redefining the precise function of autophagic processes in malignancy therapy, so as to enhance the designing, selection, and utilization of autophagy-regulating agents (autophagy inducers or inhibitors) (17). In addition, increasing evidence have shown that apoptosis and autophagy may be cooperative or antagonistic to determine cell fate depending on cell types, strength, and duration of the stress-inducing signals, and influence of other signaling routes (18).

In this study, it was found that Cos exerted reactive oxygen species (ROS)-induced autophagic and apoptotic effects on renal cancer cells through ROS induction, resulting in stimulation of JNK signal pathway. Thus, Cos could be a promising inducer of autophagy and apoptosis, which can be used for targeting human cancers.



MATERIALS AND METHODS


Materials and Chemicals

Cos, 3-methyladenine, and inhibitors of JNK, MAPK, and ERK1/2 were purchased from Selleck. Cos was dissolved in dimethyl sulfoxide (DMSO) and preserved at –20°C. RPMI-1640, DMEM, and FBS were products of Thermo Fisher, while N-acetyl-L-cysteine was obtained from Sigma (St. Louis, MO, United States). Immunoglobulins against caspases-3, -9, and -8; and Bax, PARP, Bcl-2, Cyt c, CoxIV, JNK, p-JNK, p38, p-p38, ERK, phospho-ERK, LC3B, Beclin-1, and β-actin were products of Cell Signaling Technology (Shanghai, China). Reagents for mitochondrial transmembrane potential (MMP) and apoptosis were obtained from Beyotime Inst. Biotech (Beijing, China). Polyvinylidene difluoride membrane was product of Millipore Corp, United States.



Cell Maintenance and Cultural Conditions

Four human RCC cells (786-O, A-498, ANCH, and 769-P) were supplied by American Type Culture Collection (Manassas, Virginia, United States). The cell lines were cultured in medium (786-O and 769-P in RPMI-1640; A-498 and ANCH in DMEM) with fetal calf serum and antibiotics. The cell culture was done in a 37°C and 5% CO2 humidified atmosphere. The cells were grown to confluence before drug treatment. Cos was solubilized in DMSO.



Cell Viability Assay

The CCK8 assay was used. The cells in suspension were exposed to graded doses of Cos (5, 10, 20, and 40 μM) for 24 h, followed by incubation with 10 μL CCK8 solution for 180 s at 37°C and measurement of absorbance at 455 nm.

For cell counting, cell suspension was incubated for 24 h with the same doses of Cos as in CCK8 assay. Thereafter, the population of dead cells was determined with trypan blue dye exclusion procedure.



Nuclear Morphologies of Apoptotic Cells

Cell suspension treated with graded doses of Cos were subjected to fixation in paraformaldehyde and stained with DAPI away from light. Nuclear fluorescence intensities were obtained using Nikon fluorescence microscopy (Nikon Inc., Japan).



Flow Cytometry Analysis of Apoptosis

After treatment with Cos, the cells were rinsed in phosphate-buffered saline (PBS) and resuspended in 200-μL binding solution that contained 5 μL Annexin V-FITC and 10 μL propidium iodide for 20 min away from light. All samples were subjected to flow cytometric analysis.



Caspase Activity Assay

Caspase-3, caspase-8, and caspase-9 were assayed fluorometrically using Beyotime kits (Beijing, China) in line with respective manual protocols.



Measurement of Mitochondrial Transmembrane Potential

The MMP (Δψm) was measured using JC-1 Assay Kit (Beyotime, Beijing, China) in line with the manufacturer’s protocol. The Cos treatment was followed with JC-1 staining for 30 min away from light at 37°C. Cellular fluorescent photographs obtained with microscope (Nikon Inc., Japan) were analyzed with flow cytometry.



RNA Isolation and Real-Time Quantitative PCR Assays

The 769-P cells were plated in six-well plates. After 12-h incubation, the cells were exposed to Cos (10, 20, and 40 μM) for 24 h, followed by extraction of total RNA and cDNA generation, and RT-PCR with Bio-Rad iQ5 System, with β-actin as control. The β-actin primers were generated as outlined previously (19). Relative abundances of the target mRNAs were calculated.



ROS Generation

The generation of intracellular ROS was determined with a cell-permeable probe, DCFH-DA. Following treatment of the cells with Cos, they were subjected to incubation with the fluorescent probe at 37°C for ½ h away from light. Fluorescent photographs of cells were analyzed with flow cytometry.



GFP-LC3 Puncta Assay

The 769-P cells with stable expression of GFP-LC3 were plated in six-well plates. After treatment with Cos, the cells were PBS-rinsed and paraformaldehyde-fixed at room temperature for 10 min. Following removal of paraformaldehyde, the cells were washed thrice with PBS and then stained with DAPI away from light at room temperature. Fluorescent images were captured with a fluorescence microscope.



Western Blotting

Extraction of total protein from Cos-treated 769-P cells followed the method outlined earlier (19). Moreover, proteins from mitochondria and cytosol were extracted using appropriate Kits (Pierce, Rockford, IL, United States). Bicinchoninic assay method was used for determination of protein levels. Then, equal amounts of protein were subjected to 12% SDS-PAGE and electro-transferred to PVDF membranes, the membranes were blocked in 5% non-fat dry milk at room temperature for 1 h, and then incubated with primary antibodies for overnight at 4°C. Thereafter, the membranes were subjected to incubation with HRP-linked 2° conjugated secondary antibodies at room temperature for 1 h. The signals were detected using chemiluminescence (ECL).



Statistical Analysis

All data are expressed as mean ± SD of three independent experiments. Student’s t-test and one-way ANOVA were employed for statistical analyses. Values of p less than 0.05 were considered statistically significant.



RESULTS


Cos Decreased Cell Viability via Induction of Apoptosis in RCC

To determine the cytotoxic influence of Cos on RCC cells, the 786-O, A-498, 769-P, and ACHN cells were exposed to different concentrations of Cos (10, 20, and 40 μM) for 24 h, followed by CCK8 and Trypan blue exclusion assays. Figure 1A shows that Cos significantly decreased viability of RCC cells concentration-dependently. Moreover, Cos enhanced apoptosis in a concentration-based fashion (Figure 1B). The occurrence of apoptosis in Cos-treated RCC cells was determined with DAPI staining and flow cytometry. Results revealed that the cells without Cos treatment had rounded nuclei with well distributed chromatin, whereas typical apoptotic features of condensed chromatin and nuclear fragmentation were seen following treatment with Cos (10, 20, and 40 μM) (Figure 2A). Flow cytometric analysis showed that significant and dose-based increases in apoptotic cell number were observed after Cos exposure (Figure 2B).
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FIGURE 1. Treatment with Cos decreased cell viability and induced cell death. (A) Cell viability, as determined with CCK8 assay. (B) Cell death, as measured using trypan blue exclusion assay. All results are presented as mean ± SD (n = 3). *p < 0.05; **p < 0.01, vs the control.
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FIGURE 2. Cos induced apoptosis in 769-P cells. (A) Apoptotic nuclear morphology, as assessed using DAPI staining and visualized using fluorescence microscopy. (B) Percentage of Cos-induced apoptosis in 769-P cells, as measured using Annexin V-FITC/PI staining and flow cytometry. The histograms indicate the percentage of early apoptosis and late apoptosis. All results are presented as mean ± SD (n = 3). *p < 0.05; **p < 0.01, vs the control.


Previous studies have demonstrated that apoptosis involves stimulation of cysteine proteases, including both initiators and executors of cell death (13). Thus, further evaluation was done on the effects of Cos on the levels of caspases-8, -9, and -3 using caspase fluorometric assay kits. No significant change was observed in the activity of caspase-8 in the Cos-treated cells, when compared with cells with no Cos treatment. Interestingly, Cos treatment markedly enhanced levels of caspases 9 and 3 (Figure 3A). Consistent with these results, procaspases-9 and -3 levels were lowered with increase in Cos concentration, while the cleaved forms of caspase-9 and caspase-3 increased (Figure 3B). Procaspase-8 was not affected, while PARP was apparently cleaved following Cos treatment for 24 h (Figure 3B). In addition, specific inhibitors of caspase-9 or caspase-3, not caspase-8, significantly attenuated Cos-provoked apoptosis (Figure 3C). Caspase-3 was also significantly inhibited with treatment of caspase-9 inhibitor, but not caspase-8 inhibitor (Figure 3D). The observations provide evidence that Cos enhanced apoptosis via stimulation of caspases-9 and -3 only.
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FIGURE 3. Cos-induced apoptosis was mediated by caspases 9 and 3 in 769-P cells. (A) Activities of caspase-3, caspase-8, and caspase-9 as measured using the colorimetric assay kits. (B) Caspases-8, -9, and -3, and PARP in 769-P cells treated with various concentrations of Cos for 24 h. (C) Effect of caspase inhibitors on Cos-induced cell viability, as measured with CCK8 assay. (D) Inhibitory effects of caspase-8 and caspase-9 inhibitors on caspase-3 activity. The activity of caspase-3 was assayed using colorimetric assay kit. All results are presented as mean ± SD (n = 3). *p < 0.05; **p < 0.01, vs the control.




Cos-Activated Mitochondrial Apoptotic Route in RCC Cells

To determine whether mitochondrial pathway mediated Cos-induced apoptosis, MMP (Δψm) was determined with JC-1. In normal cells, JC-1 aggregates in normal mitochondria emit red fluorescence. In contrast, JC-1 aggregates in cytosol emit green fluorescence when the mitochondria membrane is depolarized. The results obtained in this study showed a clear change from red to green fluorescence after Cos treatment, indicating that a change in Δψm was triggered by Cos treatment in 769-P cells (Figure 4A). Flow cytometric analysis showed that MMP-depolarized cells were enhanced from 6.83% (normal level) to 12.99, 22.77, or 37.70% after Cos treatment (Figure 4B).
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FIGURE 4. Influence of Cos on mitochondrial membrane potential in 769-P cells. (A) 769-P cells exposed to Cos (40 μM) for 24 h and observed under fluorescent microscope after JC-1 staining. Untreated cells served as control. Red fluorescence = normal Δψm; green fluorescence = damaged Δψm. (B) Δψm after Cos exposure and JC-1 treatment, as determined flow cytometrically, showing that Δψm-depolarized cells increased by about 26.2 and 61.3% at 12 and 24 h, respectively. All results are presented as mean ± SD (n = 3). *p < 0.05; **p < 0.01, vs the control.


It is known that Δψm is controlled by the Bcl-2 proteins. Therefore, the expressions of Bax and Bcl-2 were assayed using quantitative RT-PCR and Western blot. Results showed that the expression of Bcl-2 was significantly decreased at both mRNA and protein levels (Figures 5A,C). In contrast, Cos treatment significantly increased the mRNA and protein expressions of Bax (Figures 5B,C). Moreover, Bax/Bcl-2 was elevated in Cos-exposed cells, relative to control, indicating enhancement of occurrence of apoptosis (Figure 5D). In addition, Cos enhanced transfer of Bax from the cytosol to the mitochondrion, and enhanced the release of cytochrome c from mitochondria (Figures 5E,F). Thus, Cos provoked apoptosis through the mitochondrial pathway.
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FIGURE 5. Cos-mediated 769-P cell apoptosis was mediated via mitochondrial route. Bcl-2 mRNA (A) and (B) Bax mRNA levels, as determined with qRT-PCR. (C) Bax and Bcl-2 proteins. (D) Bax/Bcl-2 ratio. (E) Bax and cyt c in 769-P cells. All results are presented as mean ± SD (n = 3). *p < 0.05; **p < 0.01, vs the control. (F) Cytosolic proteins were isolated and analyzed by Western blot to measure the localization of Bax and cyt c.




Cos Induced Autophagy in RCC Cells

To determine whether Cos induced autophagy in 769-P cells, GFP-LC3 dot formation was performed. The results showed that Cos treatment accentuated GFP-LC3 puncta generation in 769-P cells in a dose-based fashion (Figures 6A,B). Moreover, the expression of several protein biomarkers of autophagy were assayed with Western blot analysis. The results revealed that Cos treatment increased the protein expressions of LC3B II and Beclin-1 (Figures 6C–E). It is known that autophagy may exert protective effect on cells or contribute to apoptosis (16). Treatment of 769-P cells with 3-MA, an autophagic suppressor, resulted in marked increase in viability (Figure 6F). Furthermore, 3-MA markedly decreased Cos-induced mitochondrial depolarization (Figures 6G,H). These results suggest that inhibiting autophagy could attenuate apoptosis induced by Cos in 769-P cells.
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FIGURE 6. Cos exerted autophagy-mediated cell death through ROS production in 796-P cells. (A) Photomicrograph of cells showing GFP-LC3 and indicating formation of autophagosomes. Cos-exposed cells had a punctate profile of GFP-LC3B expression. (B) Protein expressions of LC3B-I/lC3-II and Beclin-1, as assayed using Western blot. (C) LC3-II/LC3-I ratio and (D) Beclin-1/β-actin ratio in Cos-treated 769-P cells, as determined with Image J. (E) Cell viability, as measured using CCK8. (F) Mitochondrial membrane potential. All results are presented as mean ± SD (n = 3). *p < 0.05; **p < 0.01, vs the control. (G) The mitochondrial membrane potential were measured using JC-1 staining by flow cytometry. (H) The histograms indicate the ratio of green in JC-1 fluorescence.




Cos Induced Autophagy-Associated Cell Death Through ROS

It is established that ROS are involved in apoptosis and autophagy (20–22). In this study, ROS generation was determined in 769-P cells with the ROS probe DCFH-DA. Treatment with Cos increased ROS in a concentration-dependent fashion (Figures 7A–C). Furthermore, the increases in ROS were significantly attenuated by pretreating the cells with the ROS scavenger N-Acetyl-cysteine (NAC) (Figure 7D). Moreover, NAC treatment attenuated the decrease in cell viability (Figure 8A) and apoptosis (Figure 8B) caused by Cos treatment, and NAC significantly decreased the levels of Bax and LC3-II and increased Bcl-2 level (Figures 8C,D). Thus, ROS are implicated in autophagy and cell death induced by Cos.
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FIGURE 7. Cos increased ROS generation in 769-P cells. (A) ROS levels. (B) ROS levels measured as fluorescent intensity. (C) ROS of cells pretreated with NAC prior to Cos exposure for 24 h. The histograms indicate the change of fluorescent intensity in Cos treated cells. (D) Cells were pretreated with NAC (5 mM) for 2 h and then treated with Cos for 24 h. Fluorescent intensity was detected using flow cytometry. All results are presented as mean ± SD (n = 3). *p < 0.05; **p < 0.01, vs the control.
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FIGURE 8. Cos exerted apoptotic and autophagic effects in 769-P cells via ROS generation. (A) Cell viability. (B) Cell apoptosis was evaluated by flow cytometry. (C,D) Protein expressions of Bax, Bcl-2, Beclin-1, and LC3B-I/LC3B-II ratio. All results are presented as mean ± SD (n = 3). *p < 0.05; **p < 0.01, vs the control.




Cos Induced Apoptotic and Autophagic Changes via the JNK Signaling Pathway

The MAPK signaling route is linked to apoptosis and autophagy (23). Levels of p-ERK1/2, p-JNK, and p38 were assayed in this study. As shown in Figures 9A–C, Cos treatment markedly increased the level of phosphorylated JNK in a concentration-dependent manner. Furthermore, pretreatment with JNK inhibitor (SP600125), but not ERK1/2 inhibitor (SCH772984) or p38 MAPK inhibitor (SB203580), significantly attenuated cell viability caused by Cos treatment (Figure 9D). The Cos-stimulated apoptosis was mitigated by SP600125 (Figure 9E). In addition, SP600125 decreased the protein expressions of LC3-II and Beclin-1 (Figure 9F). Taken together, these results indicate the involvement of JNK in Cos-mediated autophagy and cell death.
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FIGURE 9. Cos-induced apoptosis and autophagy were associated with JNK activation in 769-P cells. Western-blotting results on protein expressions of ERK1/2 and p-ERK1/2 (A), p38 and p-p38 (B), and JNK and p-JNK (C). Phosphorylated proteins in each immunoblot were normalized to total protein content of the respective protein. (D) Results CCK8 assay on 769-P cells pretreated with MEK1/2 inhibitor PD98059 (10 μM), JNK inhibitor SP600125 (10 μM), or the p38 inhibitor SB203580 (10 μM) for 2 h prior to treatment with or without Cos (20 μM), for 24 h. (E) Apoptosis of 769-P cells pretreated with JNK inhibitor SP600125 (10 μM) for 2 h prior to treatment with or without Cos (20 μM). (F) Expression levels of autophagy-related proteins, as assayed using Western blot. All results are presented as mean ± SD (n = 3). *p < 0.05; **p < 0.01, vs the control.




ROS Production Preceded JNK Stimulation in Cos-Provoked Apoptosis

Figure 10A shows that the JNK inhibitor SP600125 did not affect Cos-induced ROS generation, suggesting that JNK did not enhance ROS levels. Interestingly, suppression of ROS with NAC eliminated Cos-associated JNK2 phosphorylation (Figure 10B), indicating that ROS generation preceded the activation of JNK in Cos-treated 769-P cells. Taken together, these findings indicate that ROS/JNK pathway activated by Cos treatment is involved in the induction of apoptosis and autophagy (Figure 11).
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FIGURE 10. ROS production preceded JNK activation in Cos-provoked apoptosis and autophagy in 769-P cells. (A) Effect of NAC (5 mM) on expressions of phospho-JNK1/2 and total JNK1/2 in 769-P cells exposed to Cos (20 μM) for 24 h. (B) ROS levels in 769-P cells pretreated with SP600125 (10 μM) for 2 h prior to treatment with or without Cos (20 μM). All results are presented as mean ± SD (n = 3). *p < 0.05; **p < 0.01, vs the control.
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FIGURE 11. Costunolide induced autophagy and apoptosis via ROS/JNK signaling pathway.




DISCUSSION

Cos is a sesquiterpene lactone isolated from the stem bark of M. sieboldii. It exhibits various biological and immunological properties. Previous studies showed that Cos exerted various anticancer effects such as blockage of the angiogenic factor (VEGFR) signaling pathway (24), disruption of microtubule proteins (25), inhibition of telomerase activity (26), and triggering of apoptosis and arrest of the cell cycle (9). However, the association between Cos-induced cell death and autophagy has not been reported. The present study has provided evidence, indicating that Cos induced apoptosis and autophagy in human renal cancer cells via ROS/JNK signaling pathway.

It is well-known that apoptosis is a basic event needed for maintenance of tissue constancy (11). Earlier reports have shown that Cos induced apoptotic cell death in different cancers such as breast, lung, bladder, and esophageal cancers (9, 27–30). Consistent with these reports, the results obtained in this study showed that Cos decreased RCC cell viability and increased cell death. Chromatin condensation and presence of phosphatidylserine on the exterior of the cell are crucial indices of apoptosis. These features were present in RCC cells 24 h after Cos treatment, indicating that Cos induced RCC cell apoptosis.

The possible mechanisms underlying Cos-induced apoptosis in 769-P cells were investigated. Cascade activation of caspases plays important roles in apoptosis. The two major caspase activation pathways (death receptor and mitochondrial pathways) have been well described (12). The death receptor pathway is initiated by binding of ligands to death receptors, resulting in caspase-8 activation (13). Mitochondria pathway depends on Cyt c release from mitochondrion into the cytoplasm, leading to caspase-9 stimulation and activation of capase-3 associated with generation of typical apoptotic features. Previous studies showed that Cos induced cancer cell death via stimulation of caspase-8 or caspase-9, depending on cancer cell types or other factors. For instance, it has been reported that Cos induced apoptosis of breast and leukemia cancer cells through the extrinsic route (9, 31). Moreover, Cos induced apoptosis in bladder and lung cancer cells through the mitochondrial pathway (28, 29). The results of the present study revealed that Cos promoted caspases-9 and -3, and cleaved PARP in 769-P cells, but caspase-8 was not affected. In addition, the caspase-8 specific inhibitor (z-IETD-fmk) did not attenuate cell death induced by Cos treatment. Western blot and other assays revealed that Cos treatment enhanced Bax/Bcl-2, reduced mitochondrial membrane potential, and resulted in cytochrome c release from mitochondrion into the cytosol. These data indicate that Cos induced apoptosis in 769-P cells through mitochondrial pathway.

Protracted exposure of cancerous cells to chemotherapy makes them resist apoptosis. Previous studies have demonstrated that modulation of autophagic processes could be useful for circumventing chemoresistance and enhancing the effects of chemotherapeutics (32, 33). Autophagy is a cellular process for clearance of damaged organelles, and it is involved in carcinogenesis and sensitivity of cancer to therapy (16). Due to different cell types as well as genetic factors, autophagy performs dual roles in cancers. On the one hand, tumor cells can activate autophagy to survive under metabolic and therapeutic conditions by limiting tumor necrosis and mitigating genome damage, such that cancer fighting strategy can be improved by blocking autophagy (15, 34, 35). On the other hand, autophagy may be beneficial in treatment of insensitive cancers (36). In recent years, a great variety of natural products or chemotherapeutic drugs have been demonstrated to participate in the modulation of autophagy through different molecular mechanisms (17, 36–38). For instance, hernandezine, an alkaloid, mediated autophagy in drug-resistant fibroblasts or cancer cells via direct stimulation of AMPK (39). Pirarubicin induced an autophagic cytoprotective response via inhibition of mTOR/p70S6K signal route in human bladder carcinoma (40). In this study, the results showed that Cos-induced autophagy was evidenced by the increased autophagic vesicle formation and LC3 conversion in 769-P cells. Moreover, 3-MA decreased Cos-provoked cell death, suggesting that autophagy due to Cos was involved in the cell death. These results suggest that Cos induced pro-apoptotic autophagy in 769-P cells.

ROS have been identified as important molecules in the regulation of cell survival or cancer cell death (29, 36). Low ROS concentrations participate in cellular signaling, whereas excessive ROS impair proteins and DNA in the cell, eventually causing autophagy or cell death (32, 41). This study has shown that Cos induced significant increases in ROS, but pretreatment with NAC markedly reversed Cos-associated apoptosis and autophagy, indicating that Cos exerts apoptotic and autophagic influences through the generation of ROS in 769-P cells. It is well-known that ROS, acting as second messengers, exert their biological effects via activation of downstream molecules, mainly MAPK signaling pathways (21, 42, 43). Cinobufagin exerted apoptotic and autophagic cell death via the ROS/JNK/p38 signaling pathway (44). The ROS-mediated JNK signal route can also modulate autophagic cyto-protection in Ciclopirox olamine-administered rhabdomyosarcoma (45). The results of this study are consistent with these reports, in that among the members of the MAP kinase family studied, only JNK, but not ERK or p38 was activated in Cos-treated 769-P cells. The JNK inhibitor SP600125 significantly reversed Cos-mediated apoptotic and autophagic lesions. In addition, the stimulation of JNK pathway regulated Beclin-1 expression thereby triggering autophagy. Consistent with this finding, Cos significantly increased Beclin-1 expression, and the increases in Becline-1 expression were blocked by SP600125. These results showed that prior NAC exposure attenuated p-JNK. These findings indicate that Cos induced apoptotic and autophagic changes via the activation of ROS/JNK signal route.

In summary, the results of this study have demonstrated that Cos treatment exerted apoptotic and autophagic effects via ROS/JNK-linked signaling route. Therefore, Cos could be a novel antitumor drug candidate for therapy of renal cell carcinoma and other cancers.
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Breast cancer (BRCA) is the most frequent cancer type that afflicts women. Unfortunately, despite all the current therapeutic strategies, many patients develop chemoresistance hampering the efficacy of treatment. Hence, an early indicator of therapy efficacy might aid in the search for better treatment and patient survival. Although emerging evidence indicates a key role of the purinergic receptors P2X7 and A2A in cancer, less is known about their involvement in BRCA chemoresistance. In this sense, as the chemotherapeutic treatment stimulates immune system response, we evaluated the expression and function of P2X7 and A2A receptors in CD8+ T cells before and four months after BRCA patients received neoadjuvant chemotherapy. The results showed an increase in the levels of expression of P2X7 and a decrease in the expression of A2A in CD8+ T cells in non-chemoresistant (N-CHR) patients, compared to chemoresistant (CHR) patients. Interestingly, in CHR patients, reduced expression of P2X7 occurs along with a decrease in the CD62L shedding and the production of IFN-γ. In the case of the A2A function, the inhibition of IFN-γ production was not observed after chemotherapy in CHR patients. A possible relationship between the modulation of the expression and function of the P2X7 and A2A receptors was found, according to the molecular subtypes, where the patients that were triple-negative and human epidermal growth factor receptor 2 (HER2)-enriched presented more alterations. Comorbidities such as overweight/obesity and type 2 diabetes mellitus (T2DM) participate in the abnormalities detected. Our results demonstrate the importance of purinergic signaling in CD8+ T cells during chemoresistance, and it could be considered to implement personalized therapeutic strategies.
Keywords: chemoresistance, P2X7 receptor, A2A receptor, CD8+ T cells, obesity, diabetes, BMI
INTRODUCTION
Breast cancer (BRCA) is the most common type of cancer in women, both in developed and underdeveloped countries. The World Health Organization (WHO) estimates that 627,000 women died worldwide in 2018 due to this type of cancer. The BRCA incidence rates range from 25.9 cases per 100,000 in South-Central Asia to 94.2 cases per 100,000 in Western Europe (GCO, 2018). In 2015, Mexicos’ BRCA incidence was 27.70 new cases per 100,000 women aged 20 years and older (INEGI, 2016). According to its origin, BRCA can develop in the milk ducts (ductal cancers) or the milk-producing glands (lobular cancers). Biopsy evaluation provides information about the degree of aggressiveness of the tumor and the presence or absence of specific markers that aid in making decisions about the best chemotherapy option. In this sense, patients might fall into one of the four intrinsic molecular groups depending on the presence of estrogen receptor (ER), progesterone (PR) or human epidermal growth factor receptor 2 (HER2): luminal A (ER+, PR+, HER2−), luminal B (ER+, PR+/−, HER2+/−), HER2-enriched (ER−, PR−, HER2+), and triple-negative (ER−, PR−, HER2−) (Breastcancer.org, 2018).
To date, chemotherapy is the most effective treatment for BRCA, which can be adjuvant, applied to patients after mastectomy to avoid a recurrence or neoadjuvant, that targets large tumors to reduce its size before the mastectomy. According to Mexican guidelines, neoadjuvant therapy for BRCA includes fluorouracil, cyclophosphamide, and doxorubicin (Secretaría de Salud, 2017). These drugs favor the death of cancer cells due to their cytotoxic mechanism of action, such as intercalating into DNA, inhibiting pyrimidine synthesis or adding alkyl groups to DNA. In this sense, chemotherapeutic treatment has a stimulating effect on the immune system and its cytotoxic action on the tumor cells (Haynes et al., 2008). One of these effects is observed with doxorubicin or oxaliplatin, where the cancer cells release the alarmin high-mobility group box protein 1 (HMGB1), which acts upon the immune cell patter recognition receptors (PRR). High levels of alarmins are found in patients with BRCA after chemotherapeutic treatment (Apetoh et al., 2007; Stoetzer et al., 2013). On the other hand, doxorubicin induces greater involvement of the CD8+ T cells that produce IFN-γ and increases the production of IL-1β and IL-17 in murine models of BRCA. In samples from BRCA patients, higher expression of genes for CD8α, CD8β, and IFN-γ is associated with a better response to treatment with doxorubicin (Mattarollo et al., 2011). However, despite all the available therapeutic strategies, many patients do not adequately respond to chemotherapy and develop chemoresistance (Ji et al., 2019).
ATP also functions as an alarmin and emerging evidence suggests that purinergic signaling pathways play a crucial role in the development of various types of cancer and immune activation (Buxton et al., 2010; Adinolfi et al., 2012; Zhou et al., 2015). In this regard, ATP activation of P2X7 receptors, an ionotropic receptor that belongs to the P2X family, by ATP, promotes the process of metastasis in a BRCA cell line (Xia et al., 2015). In contrast, in glioma patients, higher expression of P2X7 receptors favors radiotherapy's effectiveness by inducing apoptosis (Gehring et al., 2012). The efficiency of anticancer treatment (oxaliplatin, doxorubicin, thapsigargin, staurosporine, or cisplatin) relates to the degree of ATP released by cancerous cells, which promotes the activation of the P2X7 receptor. P2X7 activation contributes to the activation of the NLRP3-inflammasome pathway and the production of IL-1β, favoring antitumor activity, and better treatment efficiency (Ghiringhelli et al., 2009). Therefore, there is conflicting evidence to the prognosis value of P2X7 expression, due to its pro-tumoral or anti-tumoral functions depending its expression in cancer cells or in immune cells.
The A2A and A2B receptors signaling, which belongs to the P1 receptor family, is activated mainly by adenosine, and it also poses immunosuppressive activity. The A2A receptor is the most studied of the P1 receptor family in the regulation of T cell responses. Adenosine is produced from AMP, mainly by CD73, an ecto-5’-nucleotidase. The A2A/A2B receptors antagonists on CD73-positive cancer cells induce a reduction on metastasis while A2A receptor antagonist increases the cytotoxic capacity of the NK cells (Beavis et al., 2013). In triple-negative BRCA (TNBC) that expresses high levels of CD73, conventional chemotherapy is not effective (Spychala et al., 2004; Mittal et al., 2014). In this case, activation of A2B and A2A receptors leads to metastasis and an immune ineffective antitumor activity, which suppresses the efficacy of anthracyclines (doxorubicin), leading to a worse outcome for patients (Loi et al., 2013). These data together suggest that purinergic signaling might influence the efficacy of chemotherapy in BRCA, which might lead to tumor chemioresistance. Because few studies have been conducted with patients, it is crucial to determine the possible involvement of purinergic signaling in chemoresistance mechanisms in BRCA patients and to generate relevant information on the efficacy of first-line drugs to understand better the role of the immune system in the evolution of patients during chemotherapy.
MATERIAL AND METHODS
Study Group
This study included 50 newly diagnosed BRCA women that received neoadjuvant chemotherapy with 5-fluorouracil, adriamycin, and cyclophosphamide (FAC) scheme, which is administered for six cycles consisting of one administration every four weeks at doses of 600 mg/m2 of five- fluorouracil and cyclophosphamide, and 60 mg/m2 of doxorubicin according to the body surface area (BSA) of each patient (Arun et al., 2011). A peripheral venous blood sample was taken before the start of neoadjuvant chemotherapy (C0) and four months later, before administering of the fourth cycle of chemotherapy (C4). The response to chemotherapy was evaluated at the clinic following the Response Evaluation Criteria in Solid Tumors (RECIST), considering the reduction in initial tumor size measured by clinical oncology doctors (Eisenhauer et al., 2009). The patients with a tumor size reduction equal to or less than 30% at C4 were considered chemo-resistant (CHR), including patients who presented tumor enlargement. The molecular identification of each patient’s type of cancer was carried out in the pathology service of the Central Hospital Dr. Ignacio Morones Prieto, San Luis Potosí, using the immunohistochemical or fluorescence in situ hybridization (FISH) technique to identify the presence of hormone receptors and HER2; Luminal A (ER+, PR+, HER2−), Luminal B (ER+, PR+/−, HER2+/−), HER2-enriched (ER−, PR−, HER2+), and triple-negative (ER−, PR−, HER2−). All patients signed an informed consent letter before the collection of blood samples. Our study was approved by the Research Committee of the Central Hospital (COFEPRIS 14 CI 24 028 083) and the Committee of Ethics in Research (CONBIOETICA-24-CEI-001-20160427).
Isolation of Peripheral Blood Mononuclear Cells
The hospital's nursing staff collected the peripheral blood samples during the morning, and patients were no fasting. The blood sample for C0 was collected before the first administration of chemotherapy, and C4 blood was drawn before administering the fourth cycle of chemotherapy. The blood samples were diluted with PBS in a 1:2 ratio and placed in 3 ml of Ficoll per 10 ml of diluted blood. Then, the cells were centrifuged at 2,500 rpm for 20 min, and the fraction of the PBMC was separated and placed in a new tube. Then, a PBS wash was performed at 1,500 rpm for 5 min, and a cell button was obtained and resuspended in RPMI culture medium for the experiments using different stimuli or in PBS, to carry out the analyzes by flow cytometry. Cell viability was determined by trypan blue staining; viable samples were considered when ≥ 95% of living cells were present.
Flow Cytometry Analysis
The PBMC were placed in a tube (at 2 × 105 cells), washed with PBS, centrifuged at 1,500 rpm for 5 min, and the supernatant was discarded to resuspend the cell button. Surface labeling was performed to determine the expression of P2X7 or A2A receptors on CD8 T cells, incubating the samples with anti-CD8 antibody FITC (BD Bioscience™) or anti-CD8 PE (BD Bioscience™) respectively, for 20 min at 4°C in the dark; the determination of each receptor was performed in separate tubes. After washing with PBS, the cells were fixed with 4% paraformaldehyde (PFA) for 15 min at 4°C in the dark. Subsequently, for P2X7 detection, 0.1% saponin was added for 10 min, then the sample was centrifuged at 1,500 rpm for 5 min, and the supernatant discarded. Rabbit anti-P2X7-human intracellular primary antibody (Sigma-Aldrich) was added and incubated for 30 min at 4°C in the dark. After washing with PBS and discarding the supernatant, the cell button was incubated with the secondary anti-rabbit-PerCP antibody (Santa Cruz Biotechnology) for 30 min at 4°C in the dark. A wash step was then carried out with PBS, and 1% PFA was added and preserved at 4°C. For A2A detection, Triton X-100 was added and incubated for 5 min at 4°C and washed with PBS + 1% albumin at 1,500 rpm for 5 min. The supernatant was discarded, and the cell button was resuspended and incubated with 0.1% saponin for 5 min. Then, the cells were centrifuged at 1,500 rpm for 5 min, and the supernatant discarded. The anti-A2A-PE antibody (Santa Cruz Biotechnology) was added and incubated for 30 min at 4°C in the dark, then 1% PFA was added, and samples were preserved at 4°C. The cells were analyzed in a FACSCanto II flow cytometer (BD Biosciences™) using FlowJo software (Becton, Dickinson and Company). To determine the expression of the P2X7 or A2A receptors in CD8+ T lymphocytes by flow cytometry, the following analysis strategy was followed: first, the singlets were selected, and the doublets were discarded with the forward scatter-height (FSC-H) vs. forward scatter-area (FSC-A) analysis. Then, the population of lymphocytes was analyzed based on their size (FSC) and granularity side scatter (SSC), the CD8+ T cells were subsequently determined as well as the expression of each receptor.
Determination of the Shedding of CD62L by Flow Cytometry
The PBMC were incubated in the presence or absence of 100 ng/ml Phorbol 12-myristate-13-acetate (PMA) (as a positive control) or 3 mM ATP at 37°C and 5% CO2 for 30 min. The cells were washed with PBS and incubated in the presence of anti-CD8-PE (BD Bioscience™) and anti-CD62L-FITC antibody (BD Bioscience™) for 30 min. After washing with PBS, the cells were analyzed by flow cytometry, and the percentages of CD8+ cells that were positive for CD62L were obtained in the presence and absence of ATP. The results are expressed as the percentage of CD62L + cells of CD8+ and as the percentage of shedding of CD62L, according to the following formula: percent shedding of CD62L = percentage of CD62L + cells of CD8+ without ATP–the percentage of CD62L + cells of CD8+ stimulated with ATP.
Determination of the synthesis of IFN-γ by flow cytometry
The PBMC were incubated in the presence or absence of the CD3/CD28 antibodies (5 µg/ml) for 5 days to favor cell activation at 37°C and 5% CO2. Besides, they were incubated separately and simultaneously with the A2A receptor agonist and antagonist, called CGS-21680 (70 µM) and ZM-241385 (10 µM), respectively, these stimuli were used for 1 h before stimulation with the CD3/CD28 antibodies. Cells were washed with PBS and incubated in the presence of an anti-IFN-γ-FITC antibody (BioLegend™) for 30 min. After washing with PBS, the cells were analyzed by flow cytometry.
Statistical Analysis
The data are shown as the mean ± the standard error of the mean, and the data were analyzed using the GraphPad Prism v.5 program (GraphPad Software Inc., San Diego, CA). The Kolmogorov-Smirnov test determined the distribution of each of the variables. For the analysis of parametric data, a paired Student t-test was performed, and for the case of non-parametric data, a Wilcoxon matched-pairs test was performed. A one-way ANOVA test was performed with a Bonferroni post-hoc test or a Kruskal-Wallis test with Dunn’s post-hoc test to determine the differences between the variables and a Spearman r correlation test to determine the correlation between the variables. A statistically significant difference with a value of P<0.05 was considered.
RESULTS
Patient Characteristics
The BRCA study group was 49.9 ± 9.6 years old and presented an average body mass index (BMI) of 30.4 ± 6.7. According to the WHO classification of obesity, 54% of the studied patients presented obesity. Also, 30.9% showed comorbidity with type 2 diabetes mellitus (T2DM), and 31.7% with hypertension. All patients received chemotherapy followed the Mexican guide using FAC therapy (5-fluorouracil, adriamycin, and cyclophosphamide). The patients were classified by the intrinsic molecular type; 36% were luminal A, 24% were luminal B, and 20% of the patients were triple-negative, and HER2 enriched represented a 20% (Table 1).
TABLE 1 | Anthropometric parameters of the individuals included in this study
[image: Table 1]Effect of Chemotherapy on P2X7 Expression in CD8+ T Cells
We assessed how purinergic signaling influences the efficacy of chemotherapy in the BRCA patients, as this pathway has been linked to carcinogenic breast processes. We initially evaluated the expression of P2X7 receptors before and after receiving the FAC chemotherapy (C0 and C4, respectively; see methods). An unmarked control and isotype control were used to finally determine the expression of the P2X7 receptors (Figure 1A). There was a significant increase in P2X7 expression in CD8+ T cells at C4 (Figure 1B). However, as 20% of patients developed chemoresistance, we evaluated P2X7 expression within each group. Interestingly, CD8+ T cells of non-chemoresistant (N-CHR) patients showed the significant increase in P2X7 positivity (Figure 1C). In contrast, CHR patients showed similar frequencies of P2X7 positive CD8+ T cells (Figure 1D). When we evaluated the four intrinsic molecular cancer subtypes, significant increased frequency of P2X7 positivity was observed in luminal B and HER2-enriched BRCA (Figure 1E,F), while no significant changes were detected in luminal A or triple-negative patients (Figure 1G,H).
[image: Figure 1]FIGURE 1 | Expression of the P2X7 purinergic receptor in CD8+ T cells from Breast cancer (BRCA) patients by flow cytometry. The graphic representations of peripheral blood cells depict the flow cytometry analysis. The singlets were selected, and the lymphocyte population based on cell size and granularity characteristics (FSC and SSC, respectively) was selected. The population of CD8+ T cells was determined using specific CD8 staining, and then the expression levels of the P2X7 receptor (A) were obtained. Expression levels of P2X7 in CD8+ T cells from total samples before the start of neoadjuvant chemotherapy (C0) and four months later, before the administration of the fourth cycle of chemotherapy (C4) (B) and non-chemo-resistant (N-CHR) (C) or chemo-resistant (CHR) patients (D) are shown. P2X7 receptor expression is shown in CD8+ T cells in different groups according to their molecular type; luminal A (E), luminal B (F), HER2-enriched (G) and triple-negative (H) patients. The results correspond to the mean ± SEM. *p<0.05, ***p<0.001. In graphs and onward, CHR is in red while N-CHR is in black symbols.
Relationship between P2X7 expression, metabolic alterations and tumor size
As 76% of BRCA patients were overweight or obese, we analyzed whether there was a relationship between P2X7 expression in CD8+ T lymphocytes and BMI levels. Interestingly, we found a positive correlation before starting chemotherapy (r=0.2970; p=0.04, Figure 2A). However, this correlation was not observed at C4, presumably due to the increase in P2X7 expression in CD8+ T cells (r=0.07; p=0.63, Figure 2B); also, there were no changes in the BMI of patients after chemotherapy (see Table 1). Subsequently, when patients were classified depending on their response to chemotherapy, only the N-CHR at C0 showed a correlation between P2X7 expression and BMI (Figure S1B). There was not a correlation between P2X7 and BMI in N-CHR at C4, or CHR at C0 and C4 (Supplementary Figure S1A,B).
[image: Figure 2]FIGURE 2 | Effect of BMI and tumor size on the expression of P2X7 in CD8+ T cells from BRCA patients. Correlation analysis between the expression of the P2X7 receptor and the BMI of patients at C0 (A) or C4 (B). Expression of P2X7 in CD8+ T cells from patients classified into three groups according to the size of the tumor (≤5 cm, 6–9 cm, ≥10 cm) before starting treatment. Values are shown as the mean ± SEM. *p<0.05.
As BMI emerged as an influential component of our study, we evaluated P2X7 expression in patients classified accordingly to their BMI (Normal weight ≤ 24.9; Overweight 25-29.9, Obesity ≥ 30), and whether they also presented T2DM. The normal weight and obesity group showed a significant increase in the frequency of P2X7 expression in CD8+ T cells in the T2DM group (Supplementary Figure S2A). This difference was maintained only in the group of normal weight when T2DM patients were excluded from the analysis (Supplementary Figure S2B), demonstrating that obesity could play a role in the regulation of P2X7 expression after chemotherapy. On the other hand, when the analysis was performed with BRCA patients who also suffer from T2DM, a significant increase in the expression of P2X7 after chemotherapy in both T2DM and non T2DM (N-T2DM) patients was detected (Supplementary Figure S2C,D), which shows that T2DM has no effect in the regulation of P2X7 expression.
Finally, we explore the change of P2X7 expression in CD8+ T cells according to the initial tumors size -the variable that reveals the effectiveness of chemotherapy, as well as disease progression- and a significant increase in P2X7 expression only was observed in patients with initial tumors size ≤ 5 cm (Figure 2C).
Alterations in the Function of P2X7 in Chemo-Resistant Patients
Next, we determined the function of the P2X7 receptor in CD8+ T lymphocytes treated with ATP by flow cytometry measuring two markers of activation, CD62L down-regulation and IFN-γ production. The following analysis strategy was carried out to determine shedding of CD62L. First, the singlets were selected, and the doublets were discarded with the analysis of FSC-H vs. FSC-A. Then, the lymphocyte population was analyzed, considering their size (FSC) and granularity (SSC), in which the population of CD8+ T cells and the expression of CD62L was determined (Figure 3A). It is expected that activation of the P2X7 receptor with ATP reduces the expression of CD62L. In N-CHR patients, we found a significant decrease in the frequency of CD62L positive CD8+ T cells at C0 and C4 when activating the P2X7 receptor with 3 mM ATP (Figure 3B). In the case of CHR patients, this P2X7 function was lost. No difference in the expression of CD62L was observed in the presence of 3 mM ATP (Figure 3C). The shedding of CD62L calculated at C0 in N-CHR patients was greater than that in CHR patients (Figure 3D); therefore, the activation of P2X7 is diminished in patients with CHR.
[image: Figure 3]FIGURE 3 | Role of the P2X7 receptor in CD8+ T cells from BRCA patients through the shedding of CD62L and the production of IFN-γ. Dot plots representative of the analysis strategy to determine the shedding of CD62L in CD8+ T cells are shown. The following different culture conditions were used: RPMI-1640 medium, a positive control, with 100 ng/ml PMA and a condition with 3 mM ATP to stimulate the P2X7 receptor (A). CD62L expression in CD8+ T cells at C0 or C4 in N-CHR (B) or CHR (C) BRCA patients. Comparison analysis of the shedding of CD62L in N-CHR and CHR breast cancer patients at C0 and C4 (D). Dot plots representative of the analysis strategy to determine IFN-γ expression in CD8+ T cells under two culture conditions: RPMI-1640 medium and with anti-CD3/CD28 (E). The IFN-γ expression levels in CD8+ T cells in the absence or presence of stimulation at C0 and C4 in N-CHR (F) or CHR (G) patients and triple-negative patients (H). Comparison analysis of IFN-γ expression in CD8+ T cells with prior stimulation in N-CHR and CHR patients (I). Values are shown as the mean ± SEM. *p<0.05, **p<0.01.
The analysis of the P2X7 receptor activation, when divided by the molecular tumor type, showed a significant decrease in the expression of CD62L only in patients classified as luminal A or in ER + patients (Supplementary Figure S3). Regarding the role of P2X7 in patients with metabolic disorders, we only found a significant decrease in the frequency of CD62L positive CD8+ T cells in the group of BRCA patients with normal weight or obesity at C0. However, this P2X7 activation was not observed at C4 (Supplementary Figure S4A,B). Additionally, by eliminating the group of patients who also suffer from T2DM to determine the effect of this comorbidity, we were unable to observe any difference (Supplementary Figure S4C,D). In contrast, the analysis of data obtained from T2DM or N-T2DM patients showed a decrease in the levels of expression of CD62L only in the group of N-T2DM patients (Supplementary Figure S4E,F).
The second strategy to study the influence of P2X7 expression in T cell activation was through the production of IFN-γ using the same flow cytometry analysis described above to determine the population of CD8+ T cells (Figure 3E). The percentage of IFN-γ producing CD8+ T cells was evaluated in a control condition stimulated with anti-CD3/CD28. The N-CHR group presented similar production of IFN-γ between C0 and C4 (Figure 3F). In contrast, the production of IFN-γ was less at C4 in the group of CHR patients (Figure 3G) or triple-negative patients (Figure 3H), compared to C0. Additionally, when comparing the percentage of IFN-γ producing CD8+ T cells between N-CHR and CHR patients at C0, we found an increase in the percentage of IFN-γ in CHR vs. N-CHR patients. However, at C4, a significant decrease was observed in the CHR patients compared to N-CHR (Figure 3I).
Effect of Chemotherapy on A2A Expression in CD8+ T Cells
The expression of the A2A receptor in CD8+ T lymphocytes by flow cytometry was determined using an unmarked control as shown in Figure 4A. It has been shown that A2A receptors regulate the antitumor immune response. Contrary to what we observed with the P2X7, we found a significant decrease in the frequency of A2A positive CD8+ T cells at C4 compared with the same patient at C0 (Figure 4B). When analyzing the expression of A2A only in N-CHR patients (Figure 4C), a significant decrease was also observed. However, when the CHR patients were analyzed (Figure 4D), no differences were detected. When analyzing A2A expression in the different intrinsic molecular subtypes, we found that A2A positive CD8+ T cells decreased significantly at C4 in groups of patients classified as ER+, luminal A, and luminal B patients (Figure 4F–H).
[image: Figure 4]FIGURE 4 | Expression of the A2A purinergic receptor in CD8+ T cells from BRCA patients by flow cytometry. Flow cytometric analysis was carried out using the following strategy; the singlets were first selected and then the lymphocyte population, based on cell size and granularity characteristics (FSC and SSC, respectively). The population of CD8+ T cells was determined using specific CD8 staining, and the expression levels of the A2A receptor were obtained (A). The A2A expression levels in CD8+ T cells of the total samples (B), the group of N-CHR (C), or CHR (D) patients. The expression of the A2A receptor in CD8+ T cells in different groups according to their molecular type; absence of the estrogen receptor (ER-) (E); presence of estrogen receptor (ER+) (F), luminal A (G), luminal B (H), human epidermal growth factor receptor 2 (HER2)-enriched (I), and triple-negative (J). The results correspond to the mean ± SEM. *p<0.05, **p<0.01.
Relationship Between A2A Receptor in Patients With Metabolic Disorders
When comparing the expression of A2A relative to the BMI, no correlation was found at C0 or C4 (data not shown). However, when A2A expression levels were analyzed in patients with BRCA who also have T2DM, overweight or obesity, we found a significant difference in the expression of A2A between C0 and C4 only in the group of normal-weight patients (Supplementary Figure S5A). Also, by excluding patients who also suffer from T2DM, the significant decrease in A2A expression in patients with normal weight was preserved (Supplementary Figure S5B). On the other hand, if we compared the A2A levels of expression in T2DM (Supplementary Figure S5C) or N-T2DM (Supplementary Figure S5D) patients, we found a significant decrease only in the group of N-T2DM patients.
Alterations in A2A Function in Chemo-Resistant Patients
To determine the function of the A2A receptor, the inhibition in the production of IFN-γ in CD8+ T cells was determined by flow cytometry (Figure 5A). The same flow cytometry analysis strategy previously described was followed to determine the percentage of IFN-γ produced by CD8+ T cells. It is expected that upon activation of the A2A receptor with CGS-21680, a specific agonist, the percentage of IFN-γ producing by CD8+ T cells will decrease and when ZM-241385 -a specific antagonist-is used, the levels of IFN-γ are similar to basal point. A significant decrease in the percentage of IFN-γ producing CD8+ T cells at C0 was observed in N-CHR patients when stimulating the A2A receptor. Furthermore, no differences were detected between C0 and C4 when comparing the percentage of IFN-γ producing CD8+ T cells (Figure 5B). On the other hand, in the group of CHR patients, a decrease in the percentage of IFN-γ producing CD8+ T cells was observed at C0 and C4 when pre-stimulated with CD3/CD28. However, no difference was found in the percentage of cells when stimulating the A2A receptor at C4, which was observed at C0 (Figure 5C). Similar results in CHR patients were observed in the group of patients classified as triple-negative (Figure 5D).
[image: Figure 5]FIGURE 5 | Function of the A2A receptor in CD8+ T cells from patients with BRCA by inhibiting IFN-γ production. The analysis strategy to determine IFN-γ expression in CD8+ T cells included the following culture conditions: RPMI-1640 medium or pre-stimulation with the CD3/CD28 antibodies. Then, the A2A agonist was added (CGS-21680), or a combination of an agonist and an antagonist (CGS-21680 and ZM-241385) (A). The IFN-γ expression in CD8+ T cells at C0 and C4 in N-CHR patients (B) or CHR patients (C), triple-negative patients (D), BRCA patients with type 2 diabetes mellitus (T2DM) (E), and N-T2DM patients (F). Values are shown as the mean ± SEM. *p<0.05, **p<0.01.
Additionally, we performed an analysis of the A2A receptor function in patients with T2DM. BRCA patients with T2DM did not show a decrease in the percentage of IFN-γ producing CD8+ T cells when stimulating the A2A receptor (Figure 5E). The function of A2A was detected only in N-T2DM patients (Figure 5F).
P2X7+/A2A + Ratio in CD8 T Cells of Breast Cancer Patients
The expression and function results suggest a key role of the P2X7 and A2A receptors in CD8+ T cells from patients with BRCA. Then, we analyzed the P2X7/A2A ratio, and a significant increase only in N-CHR patients between C0 and C4 was detected (Figure 6A). Finally, the correlation between the P2X7/A2A ratio and the percentage of response of each patient was determined, where at C0 a positive and significant correlation was obtained (p = 0.0448, R = 0.285, Figure 6B), but at C4 was lost (p = 0.4514, R = 0.1089, Figure 6C).
[image: Figure 6]FIGURE 6 | P2X7/A2A ratio in CD8+ T cells from patients with BRCA. Analysis of the P2X7/A2A ratio in CD8+ T cells from N-CHR and CHR patients at C0 and C4 (A). Correlation analysis between the percentage of response and the P2X7/A2A ratio at C0 (B) and C4 (C). Values are shown as the mean ± SEM. *p<0.05, ***p<0.001.
DISCUSSION
A growing body of evidence indicates that purinergic signaling plays a key role during tumorigenesis and tumor growth (Di Virgilio and Adinolfi, 2017). Among the purinergic receptors, the P2X7 receptor is one of the most studied as it promotes cancer cell proliferation, angiogenesis, and migration (Di Virgilio and Adinolfi, 2017; Di Virgilio et al., 2018). Besides, the P2X7 receptor participates in immune cells activation response, differentiation, and production of proinflammatory cytokines, and it promotes cell death by forming a non-selective pore, mainly in cells with high expression of the receptor as monocytes/macrophages (Surprenant and North, 2009; Di Virgilio et al., 2017; Adinolfi et al., 2018). Therefore, it is of great interest to determine whether the P2X7 receptor expressed in CD8+ T lymphocytes plays a role in the chemoresistance of BRCA patients. Here, we showed that CD8+ T cells present an increase in P2X7 receptor expression and a decrease in the A2A content only in patients that positively responded to neoadjuvant chemotherapy. In contrast, patients that developed chemoresistance showed no change in the expression of P2X7 and A2A in CD8+ T cells.
Our results showed that the administration of first-line neoadjuvant chemotherapy significantly increased the expression of P2X7 in CD8+ T cells. This effect might be caused by the release of molecules such as HMGB1 or ATP from cancer cells treated with drugs used in chemotherapy, which then activate dendritic cells to promote the presentation of an antigen (Aymeric et al., 2010), causing activation of CD8+ T cells and elevated the expression of the P2X7 receptor (Borges da Silva et al., 2018). Therefore, this increase in extracellular ATP causes stimulation of the P2X7 receptor in CD8+ T lymphocytes, which further favors its activation. On the other hand, in CHR patients, there was no increase in P2X7 receptor expression, which could indicate that the immune response against the tumor triggered after chemotherapy administration is not optimal. In fact, mouse models with deficient P2X7 expression developed accelerated tumorigenesis, lower infiltration of CD8+ T cells into the tumor tissue, and reduced chemotherapy efficiency (Ghiringhelli et al., 2009; Adinolfi et al., 2015). Some isoforms of P2X7 have been reported related to cancer (Adinolfi et al., 2010), which could be participating in the mechanisms of chemotherapy efficacy. However, the relationship of each isoform with chemoresistance in BRCA is still unknown.
We also observed altered function of P2X7 receptor in patients who presented chemoresistance, as evidenced by no change in the percentage of CD62L positive cells from CD8+ T cells as well as the lower production of IFN-γ in the presence of ATP. These results might be related to the reduced expression of P2X7 receptors in cells from CHR patients. This observation is consistent with published results showing that changes in the expression of P2X7 alter CD8+ T cells maturation and its production of IFN-γ that impairs tumor infiltration (Borges da Silva et al., 2018; De Marchi et al., 2019). The shedding of CD62L is dependent on the activity of P2X7 (Mahnke et al., 2017); therefore, low shedding of CD62L reflects diminished function and expression of the P2X7 receptor. In the case of CHR patients, no significant change in the expression of CD62L occurred when stimulated with ATP, as well as low shedding of CD62L at C0. Therefore, these results suggest that an adequate response to chemotherapy largely depends on the level of expression of the P2X7 receptor. However, further assays need to be performed to confirm this hypothesis.
Although it is known that there are differences in the survival of BRCA patients according to the expression of hormonal receptors, such as estrogen, progesterone, or the HER2 receptor (DeSantis et al., 2019), our results showed no changes in the expression of P2X7 and the CD62L marker, as well as low production of IFN-γ in patients classified as triple-negative or HER2-enriched. In the case of luminal B patients, expression levels P2X7 were not modified after chemotherapy, and there were no changes in the CD62L marker. However, the analysis with the data from estrogen receptor-negative (ER−) or positive (ER+) patients showed that only RE–patients presented this alteration in the function of P2X7 (Supplementary Figure S3E,F). Therefore, these results could corroborate previously published information showing a relationship between disease-free survival or overall survival in patients with ER−and triple-negative BRCA (Liu et al., 2012) or HER2+ (Hou et al., 2018) and the presence of CD8+ T lymphocytes infiltrated in the tumor, which could indicate that changes in the expression of P2X7 in these BRCA subtypes could be used as a marker of worse prognosis and the survival of these patients.
Metabolic disorders, such as T2DM, overweight obesity, are known as some of the main risk factors that increase the probability of developing cancer (Sun et al., 2017). As our study group was obese or overweight (76%) or had T2DM (30.9%), a significant correlation between P2X7 expression and the BMI of patients before chemotherapy administration was detected, but this correlation was lost during the fourth cycle of chemotherapy. This was possibly due to the side effects of chemotherapy that occasionally produce weight loss. However, when analyzing patients in normal weight, overweight, and obese (excluding patients with T2DM), we observed that in the obese or overweight group, the expression of P2X7 was not modified, and the function was altered. Our results confirm the previously reported relationship between obesity and BRCA, demonstrating the involvement of adipose tissue and the promotion of BRCA metastasis (Sabol et al., 2019). In this sense, we previously reported that purinergic signaling in adipose tissue and peripheral blood participates in generalized low-grade inflammation during overweight or obesity (Ruiz-Rodriguez et al., 2019). Furthermore, BRCA patients with T2DM showed no alteration in the P2X7 expression, which is consistent with previously reported showing that the expression and function of P2X7 on CD8+ T cells is not modified in patients with T2DM (Garcia-Hernandez et al., 2011).
On the other hand, one of the variables that are normally considered to determine the progression of cancer, or as an indicator of treatment efficacy, is the tumor size. We found that only patients with a initial tumor size less than or equal to 5 cm presented an increase in the expression of P2X7 in CD8+ T cells. These results might indicate a possible relationship between the P2X7 receptor and tumor size, BRCA subtype, and the number of lymphocytes infiltrated in the reported tumor, as was previously reported (Liu et al., 2012; Huang et al., 2015). The possible association between the variations in the percentage of P2X7 in CD8+ T cells and chemoresistance, in patients with small initial tumor size (≤ 5 cm), could be a preliminarily indicator of chemoresistance and aid doctors during the decision-making when administering the first-line chemotherapy regimen. In this sense, one question that emerges in the context of our results is how does the expression of the P2X7 and A2A receptors change in the tumor during chemotherapy.
We also evaluated the A2A adenosine receptor, since it participates in the regulation or inhibition of the immune response (Linden and Cekic, 2012; Takenaka et al., 2016). It promotes the development and progression of BRCA tumor cells (Kutryb-Zajac et al., 2018). We found that CD8+ T lymphocytes showed a decreased expression of the A2A receptor after the administration of chemotherapy, which may be related to the activation of CD8+ T lymphocytes caused by the chemotherapy administration. Dendritic cells play an important role promoting the activation of CD8+ T lymphocytes, coupled with an increase in extracellular ATP, possibly causing an increase in the expression of transcription factors such as NF-kB, which has been described as requiring activation in T lymphocytes for adequate control of tumor development (Barnes et al., 2015). Besides, the activation of NF-kB has a negative regulatory role for the A2A receptor (Zhang and Li, 2018; Silva et al., 2019). It has been shown the anergic CD8+ T lymphocytes secrete low IFN-γ production impairs NF-kB signaling (Clavijo and Frauwirth, 2012). These results could explain that the decrease in A2A receptor expression in patients after chemotherapy may be evidence for an adequate response to chemotherapy since CHR patients did not show a significant difference in receptor expression after chemotherapy. Also, we observed no changes in IFN-γ production after chemotherapy administration in N-CHR patients. In contrast, in the case of CHR patients, a decrease in IFN-γ production was detected, which supports the idea that no changes in A2A expression can continue to favor an inhibition in IFN-γ production.
Additionally, the expression of A2A did no change in ER−, HER2-enriched or triple-negative patients. A decrease in IFN-γ production after chemotherapy was observed, which might confirm previous findings showing that triple-negative BRCA patients were resistant to chemotherapy with doxorubicin and expressed the ectonucleotidase CD73 (Loi et al., 2013). The CD73 protein favors an increase in extracellular adenosine concentrations, and A2A receptor activation is involved.
BRCA patients with metabolic alterations comorbidity such as for overweight, obesity, or T2DM, significant changes in the modulation of A2A expression, and possibly in its activity might occur. For example, in the case of T2DM, a lack of function in the A2A receptor was found between C0 and C4, which is consistent with previously published results with T2DM patients showing that the A2A receptor has an altered function and a higher receptor expression compared to healthy people (Guzman-Flores et al., 2015). Another comorbidity, such as obesity, hampers the survival of residual tumor cells in a HER2+ BRCA model (Ecker et al., 2019), which may support the idea that obesity has a negative impact on the response to chemotherapy, where the A2A receptor could have a key role. However, a study focused on low-grade inflammation present in adipose tissue from overweight or obese subjects showed that the A2A receptor does not have an important effect on this condition (Cortes-Garcia et al., 2018), which agrees with our results where we did not observe differences in the function of A2A in patients with alterations related to BMI (data not shown). However, obesity could play an important role in the response at the end of chemotherapy. Therefore, more studies are necessary to focus on patients with obesity after chemotherapy has been concluded, and searching for the role of purinergic receptors on residual tumor cells and the possible clinic relapse.
A ratio analysis between the expression or absence of CD16 in monocytes has been previously studied for some types of cancer such as lymphomas to determine possible biomarkers predictive of survival (Zhang et al., 2020). In our study, the P2X7/A2A ratio is proposed as a good prognosis marker related to chemoresistance, which was found only in N-CHR patients and a correlation with the percentage of response before starting chemotherapy. Therefore, it could be useful for decision-making in the use of the neoadjuvant FAC scheme for patients with BRCA, and it is also proposed as a possible marker of chemoresistance in patients with BRCA.
In conclusion, purinergic signaling of P2X7 and A2A receptors in CD8+ T correlates with the response of BRCA patients to chemotherapy, and it can be utilized to implement personalized therapeutic strategies. Also, changes in the content of P2X7 and A2A receptors in CD8+ T cells could serve as a sign of good prognosis in response to FAC chemotherapy for patients with BRCA, especially in patients with small tumors (≤ 5 cm) and HER2-enriched or triple-negative patients. The metabolic alterations are a risk factor for cancer, but they also have implications for the chemoresistance of patients.
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Objectives: The study is performed to analyze the relationship between immune-related long non-coding RNAs (lncRNAs) and the prognosis of cervical cancer patients. We constructed a prognostic model and explored the immune characteristics of different risk groups.
Methods: We downloaded the gene expression profiles and clinical data of 227 patients from The Cancer Genome Atlas database and extracted immune-related lncRNAs. Cox regression analysis was used to pick out the predictive lncRNAs. The risk score of each patient was calculated based on the expression level of lncRNAs and regression coefficient (β), and a prognostic model was constructed. The overall survival (OS) of different risk groups was analyzed and compared by the Kaplan–Meier method. To analyze the distribution of immune-related genes in each group, principal component analysis and Gene set enrichment analysis were carried out. Estimation of STromal and Immune cells in MAlignant Tumors using Expression data was performed to explore the immune microenvironment.
Results: Patients were divided into training set and validation set. Five immune-related lncRNAs (H1FX-AS1, AL441992.1, USP30-AS1, AP001527.2, and AL031123.2) were selected for the construction of the prognostic model. Patients in the training set were divided into high-risk group with shorter OS and low-risk group with longer OS (p = 0.004); meanwhile, similar result were found in validation set (p = 0.013), combination set (p < 0.001) and patients with different tumor stages. This model was further confirmed in 56 cervical cancer tissues by Q-PCR. The distribution of immune-related genes was significantly different in each group. In addition, the immune score and the programmed death-ligand 1 expression of the low-risk group was higher.
Conclusions: The prognostic model based on immune-related lncRNAs could predict the prognosis and immune status of cervical cancer patients which is conducive to clinical prognosis judgment and individual treatment.
Keywords: Cervical cancer, Long non-coding RNA, Immunology, Gene express, Prognosis
BACKGROUND
Cervical cancer is the fourth most common malignant tumor among women worldwide, both in morbidity and mortality (Bray et al., 2018). Approximately 90% of cervical cancer cases in recent years occurred in developing countries, with a higher rate of morbidity and mortality than in developed countries (WHO, 2018). Most of the early stage cervical cancer patients can be cured by surgery, and the primary treatment for locally advanced cervical cancer is chemo-radiotherapy. The 5-year overall survival (OS) rate of stage I cervical cancer patients is 92.1%, and that of stages II, III, and IV patients is 74.2, 52.0, and 29.8%, respectively (Nagase et al., 2019). While the drug resistance to patients leads to limited therapeutic response, including chemotherapeutics and radiation therapy; it has become a serious problem on cervical cancer therapy (Burger et al., 2011; Eskander and Tewari, 2014). With the advancement in tumor immunology, especially the development of immune checkpoint inhibitors (ICIs), the treatment of cervical cancer has made some progress in immunotherapy and targeted therapy (Menderes et al., 2016; De Felice et al., 2018). Evidence suggests that the objective response rate (ORR) of programmed death-ligand 1 (PD-L1) inhibitor is only about 14% (Chung et al., 2019). Nevertheless, the survival status and prognosis of recurrent and advanced cervical carcinoma patients is not yet satisfactory. Thus, performing risk stratification with immune factors for patients with cervical cancer may be helpful in predicting their survival and immunotherapeutic response.
Long non-coding RNA (lncRNA), a non-protein coding transcript, is more than 200 nucleotides in length. Previous research revealed that lncRNAs are extensively involved in different aspects of the immune system, including immune cell lineage development, immune cell activation, and immune-related diseases (Atianand et al., 2017). Notably, lncRNA is reported as a critical regulator in cancer immunity, covering antigen presentation, immune stimulation, tumor infiltration and so on (Yu et al., 2018). Numerous studies on cancer indicated that lncRNAs take part in tumorigenesis of cervical cancer, being closely correlated with the prognosis of patients. For instance, gastric carcinoma high expressed transcript 1 is considered a carcinogenic lncRNA that promotes proliferating, migrating and infiltrating in different kinds of cancer, including cervical cancer (Zhang et al., 2019). Another study demonstrated that lncRNA cancer susceptibility 15 plays a driving role in cell proliferation, invasion, cycle progression, and epithelial-to-mesenchymal signaling pathway of cervical cancer (Shan et al., 2019). LINC0051 also promote the progression of cervical cancer, as well as resistance to paclitaxel (Mao et al., 2019). Hence, lncRNA may act as a potential target in the treatment and prognosis of cervical cancer. However, we have not yet identified exactly what role the immune-related lncRNAs play in the prognosis of cervical cancer. Our study was, therefore, designed to explore the correlation between immune-related lncRNAs and the prognosis of cervical cancer, and construct a prognostic model by analyzing the gene expression profile in The Cancer Genome Atlas (TCGA) database.
MATERIALS AND METHODS
Samples and Datasets
In this research, we downloaded the gene expression profiles of tumor samples, and the corresponding prognostic information of 255 cervical cancer patients from the TCGA database (https://cancergenome.nih.gov/). Patients were excluded if the survival time was ≤30 days because they may have died of other fatal complications. Finally, 227 patients were enrolled in our research and each sample corresponded to one patient. The combination set were divided into training set 167 and validation set 60 randomly for the following study. Data collection date was January 10, 2020.
Immune-Related Long Non-Coding RNAs Extraction and Mining
Extraction and mining methods of immune-related lncRNAs were described previously (Wang et al., 2018; Wei et al., 2019). We obtained the immune-related genes from Molecular Signatures Database 4.0.1 (Immune system process M13664, Immune response M19817) on Gene Set Enrichment Analysis (GSEA) website (http://software.broadinstitute.org/gsea/index.jsp) (Wang et al., 2018). LncRNAs were extracted by the GENCODE project (http://www.gencodegenes.org) (Derrien et al., 2012). We obtained the expression levels of immune genes and lncRNAs in each sample, and the cohort of immune-related lncRNAs was identified according to Pearson’s correlation analysis by the cor. test function of R (correlation coefficient Cor > 0.6, p < 0.001).
Prognostic Model Construction and Validation
The training set including 167 patients were used to construct the model. The Survival package of R (3.5.2) software was used for multivariate analysis of lncRNAs with statistically significant differences in univariate analysis, and the optimal prediction model was determined based on the Akaike Information Criterion (AIC). The risk score of each patient was determined by the lncRNAs’ expression level and the regression coefficient (β) of the weighted linear combination in the multivariate analysis. The formula was listed as follows: Risk score = β gene 1 × expr (gene 1) + β gene 2 × expr (gene 2) + …+ β gene N × expr (gene N). exprgene referred to the expression of lncRNAs. According to the median risk score, we divided all the patients into two groups: high-risk group and low-risk group. To evaluate the accuracy of this prognostic model, the same algorithm was performed in the validation set (60 patients) and combination set (227 patients) with the same coefficient (β), and also performed for further examination of cancer tissues from 56 cervical cancer patients in our center.
Patient Eligibility and Evaluation
We enrolled 56 cervical cancer patients treated in Affiliated Cancer Hospital & Institute of Guangzhou Medical University between January 1, 2013 and December 30, 2017. All of the patients were diagnosed with postoperative histopathological examination. Primary cancer tissues were stored in RNAlater™ Stabilization Solution (Invitrogen) immediately after resection at −80 °C. This study was approved by the Ethic Committee of Affiliated Cancer Hospital & Institute of Guangzhou Medical University, and written informed consent was obtained from each patient. Baseline characteristics were obtained from the patients’ history. OSs were measured from the date of diagnosis to either the end of the follow-up period, to the date of death from any cause or to the date of loss to follow-up.
Quantitative Real-Time PCR
Total RNA was extracted from tissue samples using TRIzol (Invitrogen) according to the manufacturer’s protocol. Samples were treated with DNase using the RNase-free DNase Set (Qiagen) during the total RNA isolation. First strand complementary DNA (cDNA) was synthesized using the cDNA Synthesis kit (Thermo Fisher Scientific) according to the manufacturer’s instructions. ABI prism 7900-HT sequence detection system (96-well, Applied Biosystems) was used to perform quantitative real-time PCR (RT-PCR) analysis. For RT-PCR, the following primers were used:
GAPDH: 5′- GAC​TCA​TGA​CCA​CAG​TCC​ATG​C-3′ (forward), 5′- AGA​GGC​AGG​GAT​GAT​GTT​CTG-3′ (reverse).
H1FX-AS1: 5′- GAT​GGG​GAA​GGG​ATT​CGC​TC-3′ (forward), 5′- TCT​CCT​TTG​CTG​TGT​TCC​CG-3′ (reverse).
AL441992.1: 5′- AAG​AAG​CTC​TCG​TGT​GGC​TC-3′ (forward), 5′- TGG​CTT​TGA​AGC​GAG​GAT​GA-3′ (reverse).
USP30-AS1: 5′- AGC​AAT​AGC​TGA​CGG​ACC​AC-3′ (forward), 5′- TGA​AAA​CCA​AGC​AGC​CCC​A-3′ (reverse).
AP001527.2: 5′- ATT​GGG​AAT​GAC​TCA​TCT​GTT​TG-3′ (forward), 5′- AGC​AGT​AGA​CTC​CCA​GGA​AAG-3′ (reverse).
AL031123.2: 5′- ACA​CAC​GTG​GTC​TGT​AGC​G-3′ (forward), 5′- GGG​CCT​TGC​TTT​CCC​CAT​AA-3′ (reverse).
All samples were processed in triplicate. The relative gene expression was determined using the 2−ΔΔCT method.
Tumor Component Assessment
The distribution of immune-related genes was presented by principal component analysis (PCA). To identify whether the functional phenotypes were different between the high- and low-risk groups, GSEA was performed. Estimation of STromal and Immune cells in MAlignant Tumors using Expression data (ESTIMATE) was performed to evaluate the immune microenvironment, including the presence of stromal cell, tumor infiltration, and tumor purity in each sample (Yoshihara et al., 2013).
Statistical Analysis
Kaplan–Meier curves were drawn to evaluate the OS and the data was statistically compared with the log rank test. The prognostic value of the immune-related lncRNAs was assessed by the univariate and multivariate cox proportional-hazards regression model. The receiver operating characteristic (ROC) curve was established to evaluate the reliability and accuracy of the prognostic model. All the statistical analyses were done using R software (version 3.5.2). p value (two-sided) < 0.05 was taken as being statistically significant.
RESULTS
Patient Characteristics
We enrolled 227 patients with cervical cancer in our study, with an average age of 48.35 years (20–88 years) and sorted out their clinicopathological characteristics (Table 1).
TABLE 1 | Characteristics of 227 patients with cervical cancer from The Cancer Genome Altas database.
[image: Table 1]Identification of Immune-Related Long Non-Coding RNAs With Prognostic Value
We extracted 331 immune-related protein-coding genes from Molecular Signatures Database and obtained 121 immune-related lncRNAs by the co-expression network (correlation coefficient Cor > 0.6, p < 0.001). Finally, univariate Cox regression analysis based on the training set revealed nine immune-related lncRNAs with the most significant prognostic value for cervical cancer patients (Table 2). Among all the lncRNAs, AC015922.2 and AP001527.2 were considered as perilous factors while the rest were protective factors.
TABLE 2 | Immune-related LncRNAs with significant prognostic value identified by univariate Cox regression analysis.
[image: Table 2]Construction and Verification of Prognostic Model
Based on the multivariate analysis and the AIC value, five lncRNAs were used to construct the prognostic model (Table 3). The expression level of lncRNAs and regression coefficient (β) were integrated to calculate the risk score for each patient. Based on the median risk score, we divided the patients from the training set into a high-risk group with 84 individuals and a low-risk group with 83 individuals. Kaplan-Meier plot showed differences in survival rate between the two groups (p = 0.004, Figure 1A). We verified this model in the validation set (p = 0.013, Figure 1B) and combination set (p < 0.001, Figure 2A) with the similar result. In the combination set, the risk score and survival time of each risk group and the expression of five lncRNAs are shown in Figure 2B. To further investigate the value of this prognostic model in stratifying patients with different TNM stages, we carried out Kaplan-Meier analysis and showed that the risk subgroups differed significantly in both FIGO stage I and II (p = 0.023 and p = 0.027, respectively; Figures 3A,B). The area under the ROC curve (AUC) of the predictionmodel was 0.780, which was much better than that of age (0.505), grade (0.620), and FIGO stage (0.711) (Figure 3C). Moreover, 56 patients (Table 4) with cervical cancer were selected and QRTPCR was used to calculate the expression level of five lncRNAs, finally the prognostic modelwas validated using their accordingly clinical data. We found differences in survival rate between the two groups (p 0.024, Figure 3D).
TABLE 3 | The optimal immune-related prognostic LncRNAs screened out by multivariate cox regression analysis and the AIC value, five lncRNAs were used to construct the prognostic model.
[image: Table 3][image: Figure 1]FIGURE 1 | Construction of the five immune-related Long non-coding RNAs prognostic model of cervical cancer patients. Based on the median risk score, we divided patients from the training set into high-risk group with 84 individuals and low-risk group with 83 individuals. (A), Kaplan–Meier curve of the high-risk and low-risk groups of training set showed differences in survival rate. (B), Kaplan–Meier curve of the high-risk and low-risk groups of validation set also showed differences in survival rate.
[image: Figure 2]FIGURE 2 | Characteristics of the patients in the combination set based on the constructed model. (A), Kaplan–Meier curve of the high-risk and low-risk groups of combination set showed differences in survival rate. (B), Distribution of risk score, survival status of each patients, and heat map expression of five immune-related Long non-coding RNAs in high-risk and low-risk groups were presented.
[image: Figure 3]FIGURE 3 | Applicability and reliability of the prognostic model. (A,B) Kaplan–Meier curve of FIGO stages I and II of the high- and low-risk groups. (C), Receiver operating characteristic (ROC) curve of the risk score, age, grade, and stage. The area under the ROC curve (AUC) of the prediction model was 0.780, which was much better than that of age (0.505), grade (0.620) and FIGO stage (0.711). (D) Kaplan–Meier curve of 56 cervical cancer patients. 56 patients from our cancer center were selected and QRT-PCR was used to calculate the expression level of five Long non-coding RNAs, finally the prognostic model was validated using their accordingly clinical data.
TABLE 4 | Characteristics of 56 patients with cervical cancer, whom were enrolled from our cancer center for further q-PCR examination.
[image: Table 4]Immune Characteristics of High-Risk and Low-Risk Groups
Based on immune genes and whole gene expression profiles, we investigated the distribution mode of the high-risk and low-risk groups by PCA in the combination set. On whole gene expression profiles, PCA showed that the high- and low-risk groups were mixed up (Figure 4A). While based on the immune genes, these two groups were obviously different, indicating that the distribution of immune-related genes between the high- and low-risk groups was significantly different (Figure 4B). Further analysis by GSEA showed that the low-risk group had adequate immune response and immune system process pathways (Figure 4C). According to the ESTIMATE analysis, the immune score of the low-risk group was higher than that of the high-risk group (Figure 5A). The low-risk group had more immune and stromal cells but lower tumor purity (Figure 5B). Meanwhile, PD-L1 expression of the low-risk group was higher than that of the high-risk group (Figure 5C), presenting a potential target for immunotherapy. Moreover, GO and KEGG enrichment analysis found that the functions of this group were mainly concentrated in immune-related functions (Table 5).
[image: Figure 4]FIGURE 4 | Immune status of the high- and low-risk groups. (A), Principal component analysis (PCA) showed that whole gene expression profiles between the high- and low-risk groups were mixed up. (B), PCA indicated that the distribution of immune-related genes between the high- and low-risk groups were significantly different. (C), Gene set enrichment analysis implied that the low-risk group had adequate immune response and immune system process pathways. NES, Normalized Enrichment Score.
[image: Figure 5]FIGURE 5 | Immune microenvironment of the high- and low-risk groups. (A), Estimation of STromal and Immune cells in MAlignant Tumors using Expression data (ESTIMATE) analysis showed that the immune score of the low-risk group was higher than that of the high-risk group. (B), ESTIMATE analysis indicated that the low-risk group had more immune and stromal cells but lower tumor purity. (C), Programmed death-ligand 1 expression of the low-risk group was higher than that of the high-risk group.
TABLE 5 | Significantly enriched GO terms and KEGG pathways of low risk group.
[image: Table 5]DISCUSSION
It has been reported that tumorigenesis is strongly associated with a series of cumulative genetic and epigenetic changes occurring in a normal cell; it is also closely related to the body’s microenvironment and immunity (Prendergast and Jaffee, 2007). The immune system recognizes and kills cancerous cells and their precursors, while cancerous cells develop strategies to escape from immune-surveillance thereby promoting tumorigenesis (Tesniere et al., 2006). Recently, lncRNA was proven to play an active part in the regulation of the immune system by affecting tumor microenvironment, epithelial-mesenchymal transition, dendritic cell and myeloid-derived stem cell regulation, and T and B cell activation and differentiation (Heward and Lindsay, 2014; Yu et al., 2015; Denaro et al., 2019). Immune-related lncRNAs, which were identified as a prognostic marker of various types of cancer (Wang et al., 2018), are markedly connected with immune cell infiltration (Li et al., 2020), and might be a potential target for cancer treatment.
Many lncRNAs have been shown to participate in the occurrence and progression of cervical cancer, either promoting (like SNHG7) or inhibiting (like GAS5) the disease (Cao et al., 2014; Zeng et al., 2019). Recent study identified a two-lncRNA signature (ILF3-AS1 and RASA4CP) as an independent biomarker which could predict the prognosis of cervical cancer based on the TCGA database and quantitative reverse transcription PCR (qRT-PCR) (Wu et al., 2019). This new finding further proved the importance of lncRNAs in cervical cancer, enlarged its application prospect on the prognosis of the disease, and emphasized the significance of future study on the function and mechanism of lncRNAs. In this study, we explored the connection between immune-related lncRNAs and prognosis of cervical cancer. Among the five immune-related lncRNAs used to construct the model, H1FX-AS1, AL441992.1, USP30-AS1, and AL031123.2 were protective factors, while AP001527.2 was a risk factor. As far as we know, all of these five immune-related lncRNAs have not been studied in clinical and fundamental research. We hypothesized that the immune-related lncRNAs in our study might play a similar role in cervical cancer.
The prognostic model demonstrated superior ability in dividing patients into low- and high-risk groups. We found that patients in the low-risk group showed favourable prognosis, either the training set or the validation set, as well as in the combination set, which indicate that our model might be capable of risk stratification. The AUC for the prognostic model was 0.780, which was greater than the AUC of other clinicopathological factors. Moreover, this model can also distinguish the prognosis of patients in FIGO stages I and II, and could be an important supplement to FIGO stage. It is important that the value of the prognostic model was further verified with the tissue samples of patients.
There is evidence demonstrating that immunotherapy is a novel therapeutic strategy for cervical cancer treatment (Eskander and Tewari, 2015; Ventriglia et al., 2017). While the efficacy of immunotherapy varies from person to person, the ORR of nivolumab (ICI, anti-PD-1) in cervical cancer is 26.3% and the median OS is 21.9 months (Naumann et al., 2019). The efficiency of immunotherapy depends on the immunogenicity of the tumor microenvironment, therefore knowing more about the tumor microenvironment is the key to evaluating the probability of immunotherapy (Gasser et al., 2017). The predictive biomarkers of cancer immunotherapy mainly include PD-L1 expression, immune cell infiltration, tumor mutational burden, specific gene mutations, and so on (Chen et al., 2018; Darvin et al., 2018; Yi et al., 2018; Otoshi et al., 2019). Though the efficacy of immunotherapy is better than that for traditional treatment, only a few patients are suitable for it because of limited availability and high cost. It is essential to screen the appropriate individuals for immunotherapy. We found that the distribution of immune-related genes was significantly different in each group, the immune score and the PD-L1 expression of the low-risk group was higher, GSEA revealed that the low-risk group had abundant immune response and immune system process pathways. Thus, the low-risk group might be more suitable for immunotherapy because of possessing high immunogenicity but the mechanism remains unclear. Moreover, we ultimately look forward to verify the response rate of ICIs in different risk group, further work is needed to validate these findings in future.
CONCLUSION
We constructed a prognostic model based on immune-related lncRNAs to evaluate the prognosis of patients with cervical cancer, the high- and low-risk groups displayed different immune states, indicating that immunogenicity might be a potential factor to determine the suitability of patients for immunotherapy. We expect this model to be helpful in clinical treatment, but its application value needs to be further verified by a multicenter, large-sample clinical study.
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Gastric cancer is one of the most common malignancies ranks as the second leading cause of cancer-related mortality in the world. Cisplatin (DDP) is commonly used for gastric cancer treatment, whereas recurrence and metastasis are common because of intrinsic and acquired DDP-resistance. The aim of this study is to examine the effects of berberine on the DDP-resistance in gastric cancer and explore the underling mechanisms. In this study, we established the DDP-resistant gastric cancer cells, where the IC50 values of DDP in the BGC-823/DDP and SGC-7901/DDP were significantly higher than that in the corresponding parental cells. Berberine could concentration-dependently inhibited the cell viability of BGC-823 and SGC-7901 cells; while the inhibitory effects of berberine on the cell viability were largely attenuated in the DDP-resistant cells. Berberine pre-treatment significantly sensitized BGC-823/DDP and SGC-7901/DDP cells to DDP. Furthermore, berberine treatment concentration-dependently down-regulated the multidrug resistance-associated protein 1 and multi-drug resistance-1 protein levels in the BGC-823/DDP and SGC7901/DDP cells. Interestingly, the cell apoptosis of BGC-823/DDP and SGC-7901/DDP cells was significantly enhanced by co-treatment with berberine and DDP. The results from animals also showed that berberine treatment sensitized SGC-7901/DDP cells to DDP in vivo. Mechanistically, berberine significantly suppressed the PI3K/AKT/mTOR in the BGC-823/DDP and SGC-7901/DDP cells treated with DDP. In conclusion, we observed that berberine sensitizes gastric cancer cells to DDP. Further mechanistic findings suggested that berberine-mediated DDP-sensitivity may be associated with reduced expression of drug transporters (multi-drug resistance-1 and multidrug resistance-associated protein 1), enhanced apoptosis and repressed PI3K/AKT/mTOR signaling.
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INTRODUCTION
Gastric cancer is one of the most common malignancies ranks as the second leading cause of cancer-related mortality in the world (Thrift and El-Serag, 2020). Around 30% of the total cases were diagnosed in China (Leung et al., 2008; Piñeros et al., 2017). Recently, great advancements have been made in early diagnosis and therapeutic treatments including surgical resection and chemo-/radio-therapy, whereas the clinical outcomes of the patients with this malignancy remains poor (Van Cutsem et al., 2016). Cisplatin (DDP) as a chemotherapeutic reagent has been widely used in the treatment for gastric cancer, and DDP-based therapy could significantly improve the survival of patients with gastric cancer (Wagner et al., 2017). Unfortunately, metastasis and recurrence of the gastric cancer are commonly existing in the patients due to the acquired and intrinsic DDP resistance (Haller and Misset, 2002; Baek et al., 2012; Choi et al., 2017). As DDP is still the standard chemotherapy for gastric cancer, developing effective way to reduce the DDP-resistance in gastric cancer is of great clinical significance.
The compounds from the herbal medicine have been attracting attentions due to their anti-cancer activities (Wang et al., 2018). Berberine is an iso-quinoline alkaloid and can be extracted from Beberis species (Imenshahidi and Hosseinzadeh, 2016; Wang et al., 2017). Studies have demonstrated that berberine possessed various pharmacological actions including anti-hypertensive, anti-arrhythmic, anti-bacterial and anti-cancer effects (Imenshahidi and Hosseinzadeh, 2016; Wang et al., 2017). Furthermore, studies found that berberine attenuated the radio-resistance of colon cancer cells via repressing P-gp expression (Guan et al., 2020). Gao et al., found that berberine could sensitize breast cancer cells to different chemotherapeutic drugs (Gao et al., 2019). Liu et al., showed that berberine could attenuate the DDP-resistance of ovarian cancer cells by targeting miR-21/programmed cell death 4 axis (Liu et al., 2013). Pre-treatment with berberine was effective to promote the anti-tumor effects of DDP in laryngeal cancer cells (Palmieri et al., 2018). Studies from Pandey et al., showed the potential actions of berberine to attenuate 5-fluoruracil-resistance in gastric cancer cells (Pandey et al., 2015); however, the exact actions of berberine in the DDP-resistance are not fully explored.
In the present study, we firstly established the DDP-resistant cellular model using two gastric cancer cell lines (BGC-823 and SGC-7901) under elevated concentrations of DDP. After that, we explored if berberine could attenuate the drug-resistance in these cell lines and deciphered the potential molecular mechanisms. This study may provide a novel strategy for managing the DDP-resistance in gastric cancer.
MATERIALS AND METHODS
Cell Lines and Generation of DDP-Resistant Cells
The BGC-823 and SGC-7901 cells were purchased from the Shanghai Institutes for Biological Sciences, Chinese Academy of Sciences (Shanghai, China) and the cells were cultured according to the instructions. For the generation of DDP-resistant BGC-823 (BGC-823/DDP) and DDP-resistant SGC-7901 (SGC-7901/DDP) cells, the parental cells (BGC-823 and SGC-7901) were initially treated with 0.5 µM DDP; and then the concentrations of DDP were gradually increased to 1, 3 and 10 µM (the highest concentration) every days. BGC-823 and SGC-7901 cells became resistant to DDP (10 µM) were chosen for further experimentation.
Drug Treatments
The chemicals including DDP (catalogue #1134357) and berberine (catalogue #200275; purity ≥95%) were purchased from Sigma-Aldrich (St. Louis, United States). For the DDP treatments, the BGC-823, SGC-7901, BGC-823/DDP and SGC-7901/DDP cells were treated with increased concentrations of DDP (1, 3, 10, 30, 100 and 300 µM) for 24 h; for the berberine treatments, these cells were treated with increased concentrations of berberine (1, 3, 10, 30, 100, 300 and 1,000 µM) for 24 h; for the co-treatments, these cells were co-treated with DDP and berberine at different concentrations for 24 h. After the drug treatments, these cells were harvested for further in vitro analysis.
3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide (MTT) Assay
The effects of DDP and berberine on the cell viability were determined by (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) MTT assay. Different cell lines with respective treatments were seeded in triplicate in a 96-well plate, and after incubating at 37°C for 24 h, the cells were incubated with 5 mg/ml MTT reagent in phosphate buffered saline at 37 °C for 2 h. After that, the 50% dimethyl formamide was added to solubilize the formazan crystals. Finally, the optical density (OD) values at 570 nm wavelength was determined using the microplate reader. Cell viability (%) was calculated as follows: (OD in the experimental group/OD in the control group) * 100. The IC50 values were analyzed using the non-linear regression fit.
Caspase-3 and Capsase-9 Activities Determination
Caspase-3 and caspase-9 activities of BGC-823/DDP and SGC-7901/DDP cells with respective treatments were assessed using the commercial caspase-3 and -9 activity kits, respectively (Beyotime, Beijing, China) according to the supplier’s protocols.
Flow Cytometry for Cell Apoptosis
Cell apoptosis of BGC-823/DDP and SGC-7901/DDP cells were assessed using the propidium iodide (PI) and fluorescein isothiocyanate (FITC)-Annexin V Apoptosis Detection kit (Thermo Fisher Scientific). BGC-823/DDP and SGC-7901/DDP cells with respective treatments were harvested and stained with PI and FITC-Annexin V according to the supplier’s protocols. The percentage of Annexin V-positive population cells was assessed using a Calibur Flow cytometer (BD Biosciences, Franklin Lake, United States), and the cell apoptotic rates were determined using Flow Jo software (Version 7.6.1, TreesStar, Ashland, United States).
Western Blot Analysis
BGC-823/DDP and SGC-7901/DDP cells with respective treatments were lysed with Radioimmunoprecipitation assay buffer supplied with the protease inhibitors cocktail (Sigma, St. Louis, United States) on ice for at least 15 min. The protein samples were collected by obtaining the supernatants after centrifugation (12,000 g) for 20 min at 4°C. The concentration of the protein samples was determined using the bicinchoninic acid protein assay kit (Beyotime) according to the supplier’s protocol. A total of 45 µg proteins were separated on the sodium dodecyl sulphate-polyacrylamide gel electrophoresis followed by transferring to the polyvinylidene difluoride membranes (Millipore) by using the electrophoretic method. After blocking with non-fat milk (5%) in Tris-buffered saline with 0.1% Tween-20 (TBST), the membrane was washed with TBST followed by incubating with corresponding primary antibodies at 4°C for 16 h. After that, the membrane was washed with TBST for 3 × 5 min followed by incubating with the membrane was then washed with TBST three times, followed by incubation with a horseradish peroxidase-conjugated secondary antibody (Cell Signaling Technology) at room temperature for 2 h. The blot bands on the membrane was detected using the enhanced chemiluminescence kit (Thermo Fisher Scientific) according to the supplier’s protocol. The protein expression levels were evaluated using densitometric method using the Image J software. The concentrations and the sources of the primary antibodies were shown below: β-actin (1:2,000; Cell Signaling Technology, Danvers, United States), cleaved caspase-3 (1:1,000; Cell Signaling Technology), cleaved caspase-9 (1:1,000, Cell Signaling Technology), Bax (1:1,000; Cell Signaling Technology), multidrug resistance-associated protein 1 (MRP1; 1:1,000; Cell Signaling Technology), multi-drug resistance-1 (MDR1; 1:1,500; Cell Signaling Technology), phosphorylated (phospho)-PI3K (1:1,000; Cell Signaling Technology), PI3K (1:1,000; Cell Signaling Technology), phospho-AKT (1:1,000; Cell Signaling Technology), AKT (1:1,000; Cell Signaling Technology), phospho-mTOR (1:1,000; Cell Signaling Technology) and mTOR (1:1,000; Cell Signaling Technology). The protein levels were normalized to β-actin.
In vivo Tumor Growth of SGC-7901/DDP Cells
The BALB/c-nu mice (5 weeks old; body weight: 15–19 g) were purchased from Guangdong Laboratory Experimental Animal Center (Guangzhou, China). The animals were housed in individual ventilated cage at 25.4 ± 2.2°C with 50.6 ± 8.8% humidity under controlled lighting (12 h light/day). All the animal experimental procedures were under the approval of Animal Ethic Committee of Nanjing Medical University. For the tumor inoculation and drug treatments, SGC-7901/DDP cells (1×107 cells) were subcutaneously injected into the left flank of the nude mice. For the drug treatments, the mice from the vehicle group received phosphate buffered saline (2 ml/kg/day, i.p.); the mice from the DDP group received intraperitoneal DDP injection at 3 mg/kg/day; the mice from berberine group were treated with berberine (10 mg/kg/day); the mice from DDP + berberine group were injected with both DDP (3 mg/kg/day, i.p.) and berberine (10 mg/kg/day, i.p.). The tumor volume was measured every 5 days for 30 days. The formula for calculating tumor volume was as follow: volume = length × width × width/2. All treatments for 30 days, the animals were sacrificed by pentobarbitone (80 mg/kg, i.p.). The tumors were dissected and the weight of the tumors were weighed using a balance. The tumor tissues were then fixed for Ki-67 immunostaining and TUNEL assay.
Ki-67 Immunostaining and TUNEL Assay
The proliferative potential of the tumor cells assessed by Ki-67 immunostaining. The Ki-67 immunostaining for the tumor tissues was performed according to previously published method (He et al., 2019). Briefly, the 4% paraformaldehyde-fixed tumor tissues were embedded in paraffin and sectioned into 4 µm thickness slices, and the slices were stained with Ki-67 (Cell Signaling Technology). The Ki-67-positive cells were analyzed using a confocal microscope by randomly choosing five fields. For the TUNEL assay, the sectioned tumor tissues (4 µm in thickness) were stained with TUENL In Situ Apoptosis Detection kit (Roche Diagnostic, Mannheim, Germany) according to previous studies (Ma et al., 2020). The TUNEL-positive cells were analyzed using a confocal microscope by randomly choosing five fields.
Statistical Analysis
The statistical analyses were performed using GraphPad Prism Software (version 6.0; GraphPad Software, La Jolla, United States). Depending on the experiment type, two-tailed Student’s t-test or one-way ANOVA followed by Bonferroni’s multiple comparison tests was used for the analysis. The statistical significance was evaluated based on p values, and p < 0.05 was considered to indicate statistical significance.
RESULTS
Effects of cisplatin and berberine on the cell viability gastric cancer cells and DDP-resistant gastric cancer cells
Firstly, we performed the MTT assay to examine the effects of DDP on the cell viability of the gastric cancer cells and DDP-resistant cells. In the BGC-823 and BGC-823/DDP cells, DDP dose-dependently inhibited the cell viability, and the IC50 of DDP in BGC-823/DDP cells was significantly higher than that in BGC-823 cells (BGC-823: 21.37 ± 5.13 µM vs. BGC-823/DDP: 206.8 ± 55.98 µM; Figure 1A). Similarly, DDP reduced the cell viability of SGC-7901 and SGC-7901/DDP cells in a concentration-dependent manner with the IC50 of DDP in the SGC-7901/DDP cells being remarkably higher than that in SGC-7901 cells (SGC-7901: 23.66 ± 2.14 µM vs. SGC-7901/DDP: 182.9 ± 32.71 µM; Figures 1B). These results suggest that BGC-823/DDP and SGC-7901/DDP exhibited resistance to the DDP treatment. Furthermore, we explored the effects of berberine on the cell viability of BGC-823 and BGC-823/DDP cells, and berberine at 30 µM started to exhibit inhibitory effects on the cell viability of BGC-823 and BGC-823/DDP cells, and berberine concentration-dependently supressed the cell viability of these cells. The IC50 of berberine in BGC-823/DDP cells was significantly higher than that in BGC-823 cells (BGC-823: 117.9 ± 20.49 µM vs. BGC-823/DDP: 549.6 ± 56.88 µM; Figures 1C). Consistent findings were observed in the SGC-7901 and SGC-7901/DDP cell lines (SGC-7901: 87.90 ± 15.23 µM vs. SGC-7901/DDP: 562.1 ± 135.9 µM; Figures 1B).
[image: Figure 1]FIGURE 1 | Effects of cisplatin and berberine on the cell viability gastric cancer cells and DDP-resistant gastric cancer cells. MTT assay determined the cell viability of BGC-823 and BGC-823/DDP cells (A), and SGC-7901 and SGC-7901/DDP cells (B) after being treated with different concentrations of cisplatin. MTT assay determined the cell viability of BGC-823 and BGC-823/DDP cells (C), and SGC-7901 and SGC-7901/DDP cells (D) after being treated with different concentrations of cisplatin. **p < 0.05 and ***p < 0.001 compared to the parental cell group (n = 3).
Berberine Sensitizes DDP-Resistance Gastric Cancer Cells to Cisplatin Treatment
In order to examine if berberine could sensitize DDP-resistant gastric cancer cells to DDP, we co-treated BGC-823/DDP and SGC-7901/DDP cells with different concentrations of DDP and berberine. As shown in Figure 2A, 3 µM berberine treatment failed to significantly affect the IC50 values of DDP in BGC-823/DDP cells; whereas berberine at 10 and 30 µM significantly reduced the IC50 values of DDP in BGC-823/DDP cells when compared to BGC-823/DDP cells treated with DDP alone. Consistently, berberine at 10 and 30 µM significantly, but not 3 µM remarkably reduced the IC50 values of DDP in SGC-7901/DDP cells when compared the cells treated with DDP alone (Figure 2B). To gain into the mechanistic actions of berberine on the DDP-resistance, the protein levels of MDR1 and MRP1 were determined in both BGC-823/DDP and SGC-7901/DDP cells using Western blot analysis. DDP at 30 µM and berberine at 30 µM both caused a significant reduction of MDR1 and MRP1 protein levels in BGC-823/DDP cells when compared to Blank control group (Figure 2C). Importantly, berberine concentration-dependently down-regulated MDR1 and MRP1 protein expression when compared to non-treated BGC-823/DDP cells (Figure 2C). Consistent results were also shown in the SGC-7901/DDP cells (Figure 2D). These data indicated that berberine could sensitize BGC-823/DDP and SGC-7901/DDP cells to DDP possibly via down-regulating MDR1 and MRP1 protein expression.
[image: Figure 2]FIGURE 2 | Berberine sensitizes DDP-resistance gastric cancer cells to cisplatin treatment. (A) MTT assay determined the cell viability of BGC-823 cells after cisplatin treatment or BGC-823/DDP cells after cisplatin or cisplatin + berberine treatments. (B) MTT assay determined the cell viability of SGC-7901 cells after cisplatin treatment or SGC-7901/DDP cells after cisplatin or cisplatin + berberine treatments. N = 3; **p < 0.01 compared to parental cell group; #p < 0.05 and ##p < 0.01 compared to SGC-7901/DDP cells treated with DDP alone. (C,D) Western blot analysis of MDR1 and MRP1 protein levels in BGC-823/DDP and SGC-7901 cells after different concentrations of berberine treatments. *p < 0.05 and **p < 0.01 compared to Blank group (n = 3).
Berberine Promoted Cell Apoptosis of DDP-Resistant Gastric Cells With DDP Treatment
The cell apoptosis of BGC-823/DDP and SGC-7901/DDP cells was evaluated by several experimental assays including flow cytometry, caspase-3 and -9 activities and western blot. DDP at 30 µM and berberine at 30 µM both slightly increased the cell apoptotic rates of BGC-823/DDP and SGC-7901/DDP cells when compared to Blank group (Figures 3A,B). Moreover, DDP and berberine co-treatment dramatically increased the BGC-823/DDP and SGC-7901/DDP cell apoptotic rates when compared to the other three groups (Figures 3A,B). Further examination of the capase-3 and -9 activities, we found that DDP and berberine co-treatment increased the caspase-3 and -9 activities by around two fold in BGC-823/DDP and SGC-7901/DDP cells; whereas DDP alone and berberine alone only caused a slightly increase in the capsase-3 and -9 activities of BGC-823/DDP and SGC-7901/DDP cells (Figures 3C–F). Moreover, the western blot analysis showed that the cleaved caspase-3,-9 and Bax protein levels were slightly increased after DDP or berberine treatment in both BGC-823/DDP and SGC-7901/DDP cells when compared to blank group (Figures 3G,H). Moreover, DDP and berberine co-treatment dramatically enhanced the protein expression of cleaved caspase-3,-9 and Bax in both BGC-823/DDP and SGC-7901/DDP cells when compared to the other three groups (Figures 3G,H).
[image: Figure 3]FIGURE 3 | Berberine promoted cell apoptosis of DDP-resistant gastric cells with DDP treatment. (A,B) Flow cytometry of apoptotic BGC-823/DDP and SGC-7901/DDP cells after treatment with DDP (30 µM), Berberine (30 µM) or DDP (30 µM) + Berberine (30 µM). (C,D) Caspase-3 activity kit determined caspase-3 activity of BGC-823/DDP and SGC-7901/DDP cells after treatment with DDP (30 µM), Berberine (30 µM) or DDP (30 µM) + Berberine (30 µM). (E,F) Caspase-9 activity kit determined caspase-9 activity of BGC-823/DDP and SGC-7901/DDP cells after treatment with DDP (30 µM), Berberine (30 µM) or DDP (30 µM) + Berberine (30 µM). (G,H) Western blot determined cleaved caspase-3 (c-Caps3), cleaved caspase-9 (c-Caps9) and Bax protein levels in BGC-823/DDP and SGC-7901/DDP cells after treatment with DDP (30 µM), Berberine (30 µM) or DDP (30 µM) + Berberine (30 µM). *p < 0.05 compared to Blank group; #p < 0.05 compared to DDP (30 µM) group; $p < 0.05 compared to berberine (30 µM) group (n = 3).
Berberine Sensitizes DDP-Resistance Gastric Cancer Cells to Cisplatin Treatment In Vivo
The in vivo growth of SGC-7901/DDP cells were evaluated in a xenograft mice mode, DDP (3 mg/mg/day) or berberine (10 mg/kg/day) treatment caused a trivial suppression in the tumor growth of SGC-7901/DDP cells when compared to blank group (Figure 4A). Moreover, co-treatment with DDP and berberine suppressed the in vivo tumor growth of SGC-7901/DDP cells by around 50% when compared to blank group (Figure 4A). The examination of tumor weight showed the consistent results (Figure 4B). Further the proliferative potential and apoptosis of tumor tissues were assessed by Ki-67 immunostaining and TUENL assay. As shown in Figures 4C,D, DDP or berberine alone slightly suppressed the number of Ki-67-positive cells and increased the number of TUNEL-positive cells, when compared to blank group. Moreover, a dramatic reduction in the number of Ki-67-positive cells and an increase in the number of TUNEL-positive cells were observed in the tumor tissues from DDP and berberine co-treatment group (Figures 4C,D).
[image: Figure 4]FIGURE 4 | Berberine sensitizes DDP-resistance gastric cancer cells to cisplatin treatment in vivo. (A)In vivo tumor growth of SGC-7901/DDP cells in the nude mice after treatment with DDP (3 mg/kg, i.p.), berberine (10 mg/kg, i.p.) or DDP (3 mg/kg, i.p.) + Berberine (10 mg/kg, i.p.). (B) Tumor weight dissected from the nude mice after treatment with DDP (3 mg/kg, i.p.), berberine (10 mg/kg, i.p.) or DDP (3 mg/kg, i.p.) + Berberine (10 mg/kg, i.p.). (C) Immunostaining of Ki-67 in the tumor tissues from the mice after treatment with DDP (3 mg/kg, i.p.), berberine (10 mg/kg, i.p.) or DDP (3 mg/kg, i.p.) + Berberine (10 mg/kg, i.p.). (D) TUNEL assay determined cell apoptosis in the tumor tissues from the mice after treatment with DDP (3 mg/kg, i.p.), berberine (10 mg/kg, i.p.) or DDP (3 mg/kg, i.p.) + Berberine (10 mg/kg, i.p.). *p < 0.05 compared to Blank group; #p < 0.05 compared to DDP (3 mg/kg) group; $p < 0.05 compared to berberine (10 mg/kg) group (n = 6).
Berberine inhibited PI3K/AKT/mTOR signaling in the DDP-resistant gastric cancer cells with cisplatin treatment
The effects of berberine on the PI3K/AKT/mTOR signaling were further examined by western blot assay. The phospho-PI3K,-AKT and -mTOR protein levels were slightly reduced after DDP or berberine treatment in both BGC-823/DDP and SGC-7901/DDP cells when compared to blank group (Figures 3G,H). Moreover, DDP and berberine co-treatment dramatically enhanced the protein expression of phospho-PI3K, -AKT and -mTOR in both BGC-823/DDP and SGC-7901/DDP cells when compared to the other three groups (Figures 5A,B).
[image: Figure 5]FIGURE 5 | Berberine inhibited PI3K/AKT/mTOR signaling in the DDP-resistant gastric cancer cells with cisplatin treatment. (A,B) Western blot determined phosphor-PI3K, PI3K, phospho-AKT, AKT, phosphor-mTOR or mTOR protein levels in BGC-823/DDP and SGC-7901/DDP cells after treatment with DDP (30 µM), Berberine (30 µM) or DDP (30 µM) + Berberine (30 µM). *p < 0.05 compared to Blank group; #p < 0.05 compared to DDP (30 µM) group; $p < 0.05 compared to berberine (30 µM) group (n = 3).
DISCUSSION
DDP has been widely used as the chemotherapeutic drugs for treating different types of human malignancies; however, the intrinsic and acquired DDP-resistance during the course of the chemotherapy largely hindered the clinical use of DDP in these patients (Venerito et al., 2018). On the other hand, the severe side effects of DDP are also an obstacle during the clinical application. Thus, identifying novel targets/strategies to promote the sensitivity of gastric cancer cells to DDP is of great importance. In this study, we established the DDP-resistant gastric cancer cells, where the IC50 values of DDP in the BGC-823/DDP and SGC-7901/DDP were significantly higher than that in the corresponding parental cells. Berberine could concentration-dependently inhibited the cell viability of BGC-8203 and SGC-7901 cells; while the inhibitory effects of berberine on the cell viability were largely attenuated in the DDP-resistant cells. Berberine pre-treatment significantly sensitized BGC-823/DDP and SGC-7901/DDP cells to DDP. Furthermore, berberine treatment concentration-dependently down-regulated the MRP1 and MDR1 protein levels in the BGC-823/DDP and SGC7901/DDP cells. Interestingly, the cell apoptosis of BGC-823/DDP and SGC-7901/DDP cells was significantly enhanced by co-treatment with berberine and DDP. The results from animals also showed that berberine treatment sensitized SGC-7901/DDP cells to DDP in vivo. Mechanistically, berberine significantly suppressed the PI3K/AKT/mTOR in the BGC-823/DDP and SGC-7901/DDP cells treated with DDP. Taken together, our results indicated that berberine sensitized DDP-resistant gastric cancer cells to DDP via enhanced cell apoptosis and inhibited PI3K/AKT/mTOR signaling.
The anti-tumor effects of berberine in gastric cancer have been illustrated in various studies. Berberine was effective to induce cell cycle arrest and apoptosis in human gastric carcinoma SNU-5 cells (Lin et al., 2006), and berberine-induced gastric cancer cell apoptosis is associated with Akt signaling (Yi et al., 2015). Moreover, berberine inhibited SNU-5 cell migration via down-regulating metalloproteinase-1, -2 and -9 expression (Lin et al., 2008). Wang et al., showed that berberine enhanced the anti-tumor effects of EGFR inhibitors in gastric cancer via supressing EGFR signaling (Wang et al., 2016). A recent study by Hu et al., showed that berberine attenuated gastric carcinoma proliferation, invasion, and migration by targeting the AMPK/HNF4α/WNT5A signaling (Hu et al., 2018). In agreement with previous findings, we also demonstrated the berberine exerted tumor-suppressive effects on the gastric carcinoma cell lines in a concentration-dependent manner. In the gastric cancer cells with drug-resistance, berberine could target surviving and STATs to sensitize gastric cancer cells to 5-Fluorouracil (Pandey et al., 2015). Consistently, our data showed that berberine sensitizes BGC-823/DDP and SGC-7901/DDP cells to DDP in a concentration-dependent manner. MDR1 is encoded by the ABCB1 gene with a molecular weight of 170 kDa, and studies found that MDR1 is highly expressed in tissues of the gastric carcinoma, and up-regulation of MDR1 was closed correlated with chemo-resistance of the gastric cancer cells (Lage, 2003). MDR1 exerted its effects via transporting toxic substances and intracellular drugs to extracellular space. MRP1 is encoded by the ABCC1 gene and belong to the superfamily of ATP-binding cassette transporters. MRP1 was also found to be up-regulated in the DDP-resistant gastric cancer cells, and MRP1 enhanced chemo-resistance via transporting chemotherapeutic drugs to extracellular space (Lage, 2003). To uncover the relationship of MDR1 and MRP1 with berberine-mediated DDP-sensitivity, we further examined the effects of berberine on the MDR1 and MRP1 protein expression. The expression of MDR1 and MRP1 proteins was significantly down-regulated by berberine in the BGC-823/DDP and SGC-7901/DDP cells. These results implied that MDR1/MRP1 pathway could participate in the berberine-mediated DDP-sensitivity in gastric cancer.
The effects of berberine on the cell apoptosis have been well-documented in various types of cancers. Berberine in combination with DDP induces apoptosis in ovarian cancer cells (Liu et al., 2019). Berberine enhances chemosensitivity by inducing apoptosis via dose-orchestrated AMPK signaling in breast cancer (Pan et al., 2017). More importantly, berberine promoted gastric cancer cell apoptosis via regulating Akt signaling (Yi et al., 2015). Further studies showed hat berberine-induced apoptosis was associated with caspase activation (Wang et al., 2020). In the study, we consistently showed that berberine plus DDP significantly induced apoptosis in BGC-823/DDP and SGC-7901/DDP cells. In addition, the caspase-3 and -9 activities and protein levels were significantly increased in these cells upon berberine plus DDP treatment. These results implied that berberine-mediated DDP-sensitivity in gastric cancer cells may be associated with enhanced apoptosis by caspase-3 and -9 activation.
PI3K/Akt/mTOR signaling axis has been regarded as an important pathway in regulating drug-resistance in different cancer types including gastric cancer. Studies have demonstrated that phosphorylation of Akt and mTOR was increased in DDP-resistant gastric cancer cells and inhibition of PI3K/Akt pathway significantly attenuated CCL2-mediated DDP-resistance in gastric cancer (Xu et al., 2018). Dual inhibitor of PI3K and mTOR (NVP-BEZ235) promoted the drug resistance of gastric cancer cells to 5-fluorouracil (Li et al., 2018). TSPAN9 enhance the resistance of gastric cancer to 5-fluorouracil by activating PI3K/AKT/mTOR-mediated autophagy (Qi et al., 2020). On other hand, berberine could ameliorate diabetes-associated cognitive decline and hepatic ischemia/reperfusion injury via down-regulating PI3K/Akt/mTOR signaling pathway (Sheng et al., 2015; Chen et al., 2017). Berberine in combination with solid lipd curcumin particles could also increase cell death by inhibiting PI3K/Atk/mTOR pathway in glioblastoma cells (Maiti et al., 2019). In our results, the phosphorylation of PI3K, AKT and mTOR was remarkably repressed by the treatment with berberine plus DDP in BGC-823/DDP and SGC-7901/DDP cells. This indicated that berberine-mediated DDP-sensitivity of gastric cancer cells might be associated with inhibition of PI3K/AKT/mTOR signaling.
Our current findings are still at the preliminary stages, and further molecular mechanisms of berberine-mediated effects on the chemo-sensitivity should be investigated. Our results showed that berberine improved the DDP-sensitivity of gastric cancer cells, and berberine enhanced the chemo-sensitivity possibly via attenuating the expression of chemo-resistance associated mediators, which still require further examination. Recent studies also demonstrated that berberine exerted anti-tumor effects via regulating the expression of non-coding RNAs (Wei et al., 2016; Chang, 2017; Wang and Zhang, 2018), and further studies may use the non-coding RNA microarrays to determine the berberine-mediated downstream non-coding RNAs associated with chemosensitivity of the gastric cancer. The present study has not systematically examined the toxic effects of berberine, which may be considered in the future studies. Besides, berberine has also been reported to regulate the angiogenesis in the tumor tissues (Jin et al., 2018; Luo et al., 2019; Lopes et al., 2020), whether berberine-mediated angiogenesis-associated mechanisms contributes to the chemo-sensitivity of the gastric cancer cells should be further explored.
In conclusion, we observed that berberine sensitizes gastric cancer cells to DDP. Further mechanistic findings suggested that berberine-mediated DDP-sensitivity may be associated with reduced expression of drug transporters (MDR1 and MRP1), enhanced apoptosis and repressed PI3K/AKT/mTOR signaling.
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Background: Drug resistance is a major obstacle in chemotherapy for ovarian cancer, wherein the up regulation of drug-resistant genes plays an important role. The cytoplasmic polyadenylation element binding protein 4 (CPEB4) is an RNA binding protein that controls mRNA cytoplasmic polyadenylation and translation.
Methods: The expression of CPEB4 in paclitaxel-resistant ovarian cancer cell lines and recurrent ovarian tumors relative to counterparts was determined by qRT-PCR, Western blotting and immunohistochemistry. The response to paclitaxel treatment was evaluated by cellular viability test and colony formation assay. RNA immunoprecipitation and poly(A) tail test were applied to examine the levels of RNA binding and cytoplasmic polyadenylation.
Results: CPEB4 is elevated in paclitaxel-resistant ovarian cancer cells and recurrent ovarian tumors treated with paclitaxel-based chemotherapy. In addition, CPEB4 overexpression promotes paclitaxel resistance in ovarian cancer cells in vitro, and vice versa, CPEB4 knockdown restores paclitaxel sensitivity, indicating that CPEB4 confers paclitaxel resistance in ovarian cancer cells. Mechanistically, CPEB4 binds with the taxol (paclitaxel)-resistance-associated gene-3 (TRAG-3/CSAG2) mRNAs and induces its expression at a translational level. Moreover, CSAG2 expression is upregulated in paclitaxel-resistant ovarian carcinoma and cancer cell lines, and more importantly, siRNA-mediated CSAG2 knockdown overtly attenuates CPEB4-mediated paclitaxel resistance.
Conclusion: This study suggests that the drug-resistant protein CSAG2 is translationally induced by CPEB4, which underlies CPEB4-promoted paclitaxel resistance in ovarian cancer in vitro. Thus, interfering CPEB4/CSAG2 axis might be of benefit to overcome paclitaxel-resistant ovarian cancer.
Keywords: CPEB4, paclitaxel, resistance, ovarian carcinoma, CSAG2
INTRODUCTION
Ovarian cancer is the most lethal gynecologic malignancy, and approximate 22,440 new cases and 14,080 deaths have been estimated to occur in the United States in 2017 (Siegel et al., 2017). The standard first-line option for treating ovarian cancer is cytoreductive surgery followed by paclitaxel/platinum-based chemotherapy (Jayson et al., 2014). Although up to 80% of patients initially respond well to therapy, most of them develop recurrent ovarian cancer within 12–24 months and succumb to progressive refractory disease resistant to therapy, with a poor 5-years survival rate lower than 30% (Au Yeung et al., 2016). Therefore, there is an urgent need to develop a new therapeutic strategy targeting mechanisms leading to chemoresistance.
The development of resistance to paclitaxel is multifactorial and several mechanisms have been documented, including enhanced activity of xenobiotics transporter P-glycoprotein (Alam et al., 2019), alterations of β-tubulin (Yang et al., 2016) and remodeling of tumor microenvironment (Au Yeung et al., 2016). Recently, CSAG2, also known as the taxol resistance associated gene 3 (TRAG-3), has been identified to be overexpressed in a paclitaxel-resistant ovarian cancer cell line and also be a prognostic factor for predicting clinical outcome after paclitaxel-based chemotherapy (Lage and Denkert, 2007; Materna et al., 2007). Whereas, the specific role of CSAG2 in paclitaxel resistance is still unknown.
The reprogramming of gene expression via posttranscriptional regulation of specific mRNA subpopulations is an important mechanism underlying the broad modulation of expression of genes responsible for governing the malignant properties (Wurth et al., 2016; Hu et al., 2020). This regulation is primarily mediated by common cis-acting elements present in 3′ untranslated regions (UTRs), such as the cytoplasmic polyadenylation element (CPE) (Chen Y. et al., 2016), which is bound by the CPE binding proteins (CPEBs) (Harvey et al., 2018). To date, CPEBs have been found to act as either translational repressors or activators to regulate cell cycle, energy metabolism and senescence (Kang et al., 2020). Moreover, CPEB4, one member of CPEBs, has been shown to play a key role in the progression of pancreatic ductal adenocarcinoma, glioblastoma, glioma and gastric cancer (Ortiz-Zapater et al., 2011; Zhijun et al., 2017; Cao et al., 2018). In this study, we report that CPEB4 promotes paclitaxel resistance in ovarian cancer, and suggest that this effect depends on its translational regulation of CSAG2.
MATERIALS AND METHODS
Antibodies and Reagents
The antibodies and paclitaxel were purchased from the following sources: CPEB4 (Novus, NBP2-15984), CSAG2 (Invitrogen, PA5-25339), β-actin (Santa Cruz, sc-69879), goat anti-mouse IgG-HRP (Santa Cruz, sc-2302), goat anti-rabbit IgG-HRP (Santa Cruz, sc-2004), goat anti-rabbit peroxidase-conjugated IgG (Sigma-Aldrich, A0545), and paclitaxel (Sigma-Aldrich, T7191).
Ovarian Tumor Specimens and Immunohistochemistry
Eighteen formalin-fixed and paraffin-embedded ovarian cancer specimens were obtained from Gansu Provincial Hospital under the ethical approval by the Ethics Committee of Medical College of Northwest Minzu University. Informed written consent was obtained from all patients, whose detailed clinical information was shown in Supplementary Table S1. Immunohistochemistry was performed to compare the expression levels of CPEB4 or CSAG2 in paired primary tumors before treatment and recurrent ovarian tumors post-chemotherapy, who received standard paclitaxel-based chemotherapy for three to six courses of treatment. Briefly, 5 μm specimen sections were prepared. Antigen retrieval was conducted by immersing slides in 0.1 M citrate (pH 6.0) at 120°C for 15 min. Slides were blocked with 5% goat serum for 1 h at room temperature (RT) prior to incubation with primary antibodies for overnight at 4°C. The isotype IgG antibody was used as negative control. After incubation, peroxidase-conjugated secondary antibodies were added onto slides for further 1 h incubation at RT. Eventual reactions were performed using diaminobenzidine (DAB) as chromogenic substrate [EnVision + System (DAKO)]. At last, sections were counterstained with haematoxylin, and visualized under a Leica DM6000 Digital microscope, and images were acquired using QWin software (Leica). The immunoreactivity was scored by the H score system (Wallin et al., 2016), ranging from zero to three, as assessed by two investigators based on the percentage of stained cells and intensity of staining.
Cell Culture and Generation of Paclitaxel-Resistant Cells
Ovarian carcinoma cell lines SKOV3 and CaOV3, and human embryonic kidney 293T (HEK293T) cell line were obtained from the American Tissue Culture Center (Manassas, VA). All cell lines were cultured in a humidified incubator (ThermoFisher Scientific) at 37°C with 5% CO2. SKOV3 and CaOV3 cell lines were maintained in complete RPMI-1640 medium (ThermoFisher Scientific) with 10% fetal bovine serum (FBS). HEK293T cell line was maintained in complete dulbecco’s modified eagle’s medium (DMEM) (ThermoFisher Scientific) with 10% FBS. The paclitaxel-resistant ovarian cancer cell lines SKOV3 (R) and CaOV3 (R) were established by over 7-months culture with increasing concentrations of paclitaxel, resulting in approximately 6.3-fold and 7.0-fold as compared with the parental cell lines, respectively. In brief, paclitaxel-resistant SKOV3 (R) and CaOV3 (R) were selected by culturing cells with paclitaxel in a dose-escalation manner using 72-h exposure. SKOV3 and CaOV3 cells were initially cultured with 5 nM paclitaxel. When sensitive cells were removed and surviving SKOV3 and CaOV3 cells repopulated the flask, the concentration of paclitaxel was increased to 10, 25, 50, 100, and 200 nM. After 7 and 8 months, the paclitaxel-resistant SKOV3 and CaOV3 cells were obtained, respectively. Meanwhile, naïve SKOV3 and CaOV3 cells were cultured with DMSO in the same manner. After resistance testing via continuous 1-week culture with 200 nM paclitaxel, the resistant SKOV3 and CaOV3 cells were maintained in the presence of 10 nM paclitaxel, as compared with DMSO for naïve cells.
Cellular Viability Test
Cells were harvested, then immersed in PBS, and stained with 0.4% trypan blue solution (Sigma-Aldrich, T8154). Trypan blue positive cells were defined as nonviable cells and excluded from the counting. The number of trypan blue negative cells were determined by TC20 Automated Cell Counter (Bio-Rad), and its percentage (%) within total cell number was calculated.
Colony Formation Assay
Cells were harvested and counted by TC20 Automated Cell Counter as described before. A total of 1,000 viable cancer cells in each group were seeded in six-well plate and cultured with 2 ml medium. Three replicates were set for each treatment condition. The culture medium with or without paclitaxel was replaced with fresh medium every 3 days until the formed colonies were clearly visible for naked eyes. Eventually, colonies were washed with PBS, fixed with 4% paraformaldehyde solution (Santa Cruz, sc-281692), and stained by 0.05% crystal violet (Sigma-Aldrich, V5265). The final images were photographed and the ImageJ software was used to analyze the number of colonies in each well.
Protein Extraction and Western Blotting
The whole cell proteins were extracted from cells lyzed in RIPA lysis buffer (Beyotime, P0013C) with protease inhibitor Cocktail (Roche, CO-RO) on ice for 10 min. The lysates were centrifuged with 12,000 × g at 4°C for 20 min. Protein samples in supernatants were denatured with 5× loading buffer at 100°C for 10 min. Equal amount of proteins were resolved by 10% SDS-PAGE, transferred onto Immobilon-P PVDF membrane (Millipore, IPVH00010), and then blocked by 5% bovine serum albumin (BSA) (Roche) saluted in tris buffered saline (TBS) supplemented with 0.1% Tween (TBST) for 1 h at RT. PVDF membrane were then incubated with primary antibodies overnight at 4°C. Next, membranes were washed with TBST for three times, and incubated further with secondary antibodies at RT for 1 h. Membranes were again washed with TBST for three times and reacted with the enhanced chemiluminescence (GE Healthcare, RPN2209) for protein detection under GE ImageQuant LAS 4000 instrument. The intensity of protein bands was quantified with ImageJ software.
RNA Extraction and qRT-PCR Analysis
Cells were harvested and homogenized, and the total RNA were extracted with agents according to Trizol-based method (Thermo Fisher, 15596026). Procedures were performed as described in the manufacturer’s instructions. The levels of target transcripts were determined by SYBR green real-time PCR kit (TakaRa, RR420A) and run by the 7500 Real-Time PCR System (Applied Biosystems). Data were analyzed based on the comparative Ct method. Human ACTB was used as an endogenous control. Primer sequences are listed as follows: CPEB4 sense 5′-TGG​GGA​TCA​GCC​TCT​TCA​TA-3′, antisense 5′-CAA​TCC​GCC​TAC​AAA​CAC​CT-3′; CSAG2 sense 5′-CAA​CAT​CTC​TGC​CGC​TAA​CC-3′, antisense 5′-GTA​GCC​GCC​GAC​ATT​ACA​AG-3′. ACTB sense 5′-ACG​GGC​ATT​GTG​ATG​GAC​TC-3′, antisense 5′-GTG​GTG​GTG​AAG​CTG​TAG​CC-3′.
Overexpression via Retrovirus Infection
Clone of human CPEB4 was constructed into pBABE-puro system (addgene, 1764), and empty vector construct was used as a control. Retrovirus expressing these retrovirus plasmids were packaged with HEK293T cells. Cancer cells were cultured and infected with retrovirus solution in the presence of 4 μg/ml polybrene for 18°h, and further cultured for 1°day in fresh medium. Cells infected with retrovirus were selected by culturing with 2 μg/ml puromycin for 1–2 weeks. The stably infected cells were maintained in culture medium containing 1 μg/ml puromycin. Overexpression was confirmed by qRT-PCR or Western blotting analysis.
shRNA and siRNA-Mediated Knockdown
shRNA-mediated knockdown of human CPEB4 was implemented using a specific targeting sequence (5′-CCG​GGC​CTG​CCT​CAT​TTG​GCG​AAT​ATT​TCT​CGA​G AAT​ATT​CGC​CAA​ATG​AGG​CAG​GCT​TTT​TG-3′). A non-specific ‘scrambled’ shRNA was used as a control. These sequences were constructed into the pLKO.1-puro vector (Sigma, SHC201). For producing lentivirus, plasmids carrying these sequences were co-transfected with the packaging plasmids into HEK293T cells. At 2 days following transfection, supernatants containing lentivirus were harvested and stored at −80°C if not being used immediately. The cultured cancer cells were then infected with lentivirus solution for 18 h in the presence of 4 μg/ml polybrene. The stably infected cells were obtained by culturing them under the selective pressure of 2 μg/ml puromycin for 1–2 weeks. For gene knockdown mediated by siRNA transfection, cancer cells were transfected with 20 nM siRNAs targeting luciferase control (siCtrl), CSAG2 (siCSAG2) using Lipofectamine RNAimax (Invitrogen, 13778150) for 24 h. Medium was replaced with fresh medium and cells were cultured for further 2 days. Gene knockdown was confirmed by qRT-PCR or Western blotting analysis.
RNA Immunoprecipitation
RNA immunoprecipitation (RIP) was performed using a MagnaRIP Kit (Millipore) as described previously (Lu et al., 2016). Briefly, Cells were harvested and lyzed with RIP lysis buffer (10 mM HEPES, pH 7.0, 100 mM KCl, 5 mM MgCl2, 0.5% NP-40, 1 mM DTT) for 20 min on ice. After centrifuge, the whole cell lysates were incubated at 4°C overnight with magnetic protein A-protein G beads (Sigma-Aldrich) coupled with isotype IgG control or CPEB4 antibody to obtain RNA-protein immunocomplexes. Beads were washed three times with washing buffer, and incubated with proteinase K buffer for 45 min at constant 55°C, which was followed by RNA isolation from the immunoprecipitates according to the manufacturer’s instructions. cDNA was reversely transcripted by First-strand cDNA Synthesis System (Thermo Scientific, K1621). qRT-PCR was performed by amplifying a 300-bp region in the 3′ UTR of each transcript.
Poly(A) Tail Test
Poly(A) tail test was performed as described previously (Pique et al., 2008; Ortiz-Zapater et al., 2011). Briefly, 3 μg of total RNA were ligated to sense anchor primer (5′P-GGTCACCTCTGATCTGGAAGCGAC-NH2-3′) and reversely transcribed with antisense anchor primer (GTC​GCT​TCC​AGA​TCA​GAG​GTG​ACC​TTT​TT). The product was then treated with 2 μg RNAse A. This final product was used as a template for PCR amplification with antisense anchor primer and a specific primer for each mRNA analyzed. FastStart Taq DNA polymerase (Roche, FPCRN-RO) was utilized as recommended by the manufacturer in the absence or presence of 5 μCi (32P) α-dATP. PCR products were separated in a denaturing 8% polyacrylamide gel and visualized by autoradiography.
Statistical Analyses
Statistical analyses were performed with GraphPad Prism 6. Data are presented as mean ± SEM. Statistical analyses comparing data between two groups were assessed by unpaired Student’s t test, and ANOVA with a post hoc Dunnett’s test was used for analyzing data among more than two groups. p < 0.01 and p < 0.05 indicate a statistical difference.
RESULTS
CPEB4 Is Upregulated in Paclitaxel-Resistant Ovarian Cancer Cells and Recurrent Ovarian Tumors
To explore whether CPEB4 plays a role in paclitaxel resistance in ovarian cancer, we compared its transcript levels between naive sensitive SKOV3 (S) cells and their paclitaxel-resistant counterparts SKOV3 (R) through qRT-PCR analysis. As depicted, the transcript level of CPEB4 in SKOV3 (R) was nearly twice than that of SKOV3 (S) (Figure 1A, left half). Additionally, similar tendency was obtained when comparing another pair of ovarian cancer cell lines, CaOV3 (S) and CaOV3 (R) (Figure 1A, right half). We next examined the protein level of CPEB4 by performing Western blotting analysis. As shown in Figure 1B, in consistent with its transcript level, the protein level of CPEB4 was upregulated in both SKOV3 (R) and CaOV3 (R), as compared with their naive sensitive counterparts. Of note, we further found that CPEB4 failed to be increased in SKOV3 (S) and CaOV3 (S) treated with paclitaxel for 72 h (Figure 1C). Overall, these results suggest that the upregulation of CPEB4 was associated with functional resistance of ovarian cancer cells to paclitaxel and is impossibly due to acute inducible effect of paclitaxel in naive sensitive cells.
[image: Figure 1]FIGURE 1 | CPEB4 is upregulated in paclitaxel-resistant ovarian cancer cells and recurrent ovarian tumors. (A,B) The paclitaxel-resistant ovarian cancer cell lines SKOV3 (R) and CaOV3 (R) were established with treatment of increasing concentrations of paclitaxel (PTX) for over 7 months. The mRNA (A) and protein (B) levels of CPEB4 in these cells were analyzed by qRT-PCR and Western blotting analysis, and compared with those of naive sensitive cells, SKOV3 (S) and CaOV3 (S). β-Actin was used as a loading and reference control. The representative images are shown. Data represent mean ± SEM. n = 3. **p < 0.01. (C) SKOV3 (upper) and CaOV3 (lower) naive cells were treated with indicated concentrations of PTX for 72 h. The protein level of CPEB4 was analyzed by Western blotting. β-Actin was used as a loading control. The representative images are shown. (D) Representative images (left) of immunohistochemical staining of CPEB4 from matched primary and recurrent ovarian tumors treated with paclitaxel-based chemotherapy. Scale bar, 50 µm. H-score (right) is used to semi-quantify CPEB4 expression levels. The black line inside the box is the median, and the lines above and below the box indicate the maximum and minimum of the H-scores. Each group contained 18 paired samples. (E) The mRNA levels of CPEB4 in matched primary and recurrent ovarian tumors (D) were analyzed by qRT-PCR. β-Actin was used as a reference control. Each symbol represents the mean value of three replicates.
Next, we performed immunohistochemistry to compare CPEB4 expression between paired primary untreated ovarian tumors and recurrent tumors treated with paclitaxel-based chemotherapy. The result showed that CPEB4 had stronger immunoreactive staining in recurrent tumors than that of primary tumors (Figure 1D, left), and semi-quantification using H-score analysis proved the higher expression level of CPEB4 in recurrent ovarian tumors (Figure 1D, right). The transcript level of CPEB4 in these paired tumors was also quantified, and likewise, significant upregulation of CPEB4 was observed in recurrent ovarian tumors (Figure 1E). Collectively, these data indicate that CPEB4 is upregulated in paclitaxel-resistant ovarian cancer cells and recurrent ovarian tumors, and also imply an association of its upregulation with paclitaxel resistance.
CPEB4 Promotes Paclitaxel Resistance in Ovarian Cancer Cells In Vitro
To understand the effect of CPEB4 upregulation on paclitaxel resistance, we enforced its expression in SKOV3 (S) and CaOV3 (S) via retrovirus infection (Figure 2A). The stable overexpression of CPEB4 did not obviously affect cell proliferation or survival (Figure 2B), however, it markedly increased the survival rate of both two ovarian cancer cell lines when treated with paclitaxel (Figure 2C). In addition, higher colony formation rate was also found in CPEB4-overexpressing cells compared with vector controls, in the presence of continuous paclitaxel exposure (Figure 2D). Therefore, these results support a promotive effect of CPEB4 overexpression on paclitaxel resistance in ovarian cancer cells, and also suggest that CPEB4 upregulation detected in paclitaxel-resistant cells (Figures 1A,B) may contribute to the development and maintenance of resistance. To test this idea, we performed shRNA-mediated CPEB4 stable knockdown in SKOV3 (R) and CaOV3 (R) cells (Figure 2E). Under untreated condition, CPEB4 knockdown had no obvious effect on cell proliferation or survival (Figure 2F). But, when cells were continuously treated with paclitaxel, CPEB4-deficient cells exhibited lower rates of survival (Figure 2G) and colony formation (Figure 2H) compared with shCtrl group, indicating that CPEB4 is essential for paclitaxel-resistant property. Together, these lines of evidence prove that CPEB4 upregulation promotes paclitaxel resistance in ovarian cancer cells in vitro.
[image: Figure 2]FIGURE 2 | CPEB4 promotes paclitaxel resistance in ovarian cancer cells in vitro. (A) The naive sensitive cells, SKOV3 (S) and CaOV3 (S), were stably infected with retrovirus expressing empty vector or human CPEB4, and the protein level of CPEB4 was analyzed by Western blotting. The representative images are shown. (B) The viable cell numbers of cells (A) cultured for 3 days with an initial 2 × 106 cell number. Trypan blue staining was used to exclude unviable cells. Data represent mean ± SEM. n = 3. NS, not significant. (C) Cells (A) were cultured with an initial 2 × 106 cell number and then treated with 20 nM PTX for indicated periods of time. The viable cell number relative to DMSO treated group is shown. Data represent mean ± SEM. n = 3. **p < 0.01. (D) Representative images of cells (A) stained with crystal violet after 2-weeks culture with 20 nM PTX treatment (left). The colony number was quantified by ImageJ (right), and results relative to vector are shown. Data are mean ± SEM. n = 3. **p < 0.01. (E) The paclitaxel-resistant cells, SKOV3 (R) and CaOV3 (R), were stably infected with lentivirus expressing shRNA targeting control or human CPEB4, and the protein level of CPEB4 was analyzed by Western blotting. The representative images are shown. (F) The viable cell numbers of cells (E) cultured for 3 days with an initial 2 × 106 cell number. Trypan blue staining was used to exclude unviable cells. Data represent mean ± SEM. n = 3. NS, not significant. (G) Cells (E) were cultured with an initial 2 × 106 cell number and then treated with 20 nM PTX for indicated periods of time. The viable cell number relative to DMSO treated group is shown. Data represent mean ± SEM. n = 3. **p < 0.01. (H) Representative images of cells (E) stained with crystal violet after 2-weeks culture with 20 nM PTX treatment (left). The colony number was quantified by ImageJ (right), and results relative to control are shown. Data are mean ± SEM. n = 3. **p < 0.01.
CPEB4 Binds With CSAG2 mRNA and Induces Its Cytoplasmic Polyadenylation and Translation
CSAG2, also known as taxol (paclitaxel)-resistance-associated gene-3 (TRAG-3), is overexpressed in paclitaxel-resistant ovarian cancer cells (Duan et al., 1999), and also shown to be negatively associated with clinical outcome after paclitaxel treatment (Lage and Denkert, 2007; Materna et al., 2007). These clues imply a role of CSAG2 in paclitaxel resistance. Moreover, in a genome-wide screening study, CSAG2 was found to be coimmunoprecipitated with CPEB4 in pancreatic ductal adenocarcinoma cells line (Ortiz-Zapater et al., 2011), although remains to be validated further. These prompt us to investigate whether CSAG2 mediates the effect of CPEB4 on paclitaxel resistance. Firstly, we validated the binding between CPEB4 and CSAG2 in HEK293 cells which were enforced to express different amounts of exogenous CPEB4 (Figure 3A). The results from RNA immunoprecipitation (RIP) showed that CPEB4 indeed bound with the 3′ UTR of CSAG2 mRNA, and the binding intensity was positively correlated with the amount of CPEB4 (Figures 3A,B). To assess whether the cytoplasmic polyadenylation of CSAG2 mRNA was regulated by CPEB4, we measured the length of poly(A) tail of CSAG2 mRNA by anchored RT-PCR (Pique et al., 2008). In CPEB4-overexpressing HEK293 cells, the poly(A) tail was elongated along with increased CPEB4 level, which is in contrast to the short poly(A) tail observed in control cells (Figure 3C), illustrating that the CSAG2 mRNA is more polyadenylated when CPEB4 is overexpressed. Cytoplasmic polyadenylation plays a key role in the translational control of mRNAs (Mendez and Richter, 2001). Consistent with elongated poly(A) tail, the protein level of CSAG2 was induced upon CPEB4 overexpression (Figure 3D), in parallel, with its transcript level unaffected (Figure 3E). Together, these data show that CSAG2 expression is regulated by CPEB4-mediated translational control. We further examined whether this mechanism also exists in ovarian cancer cells. RIP assay showed that CPEB4 also bound with CSAG2 mRNA in SKOV3 (R) and CaOV3 (R) cells (Figure 3F). Moreover, shRNA-mediated CPEB4 knockdown resulted in shorter poly(A) tail of CSAG2 mRNA in these cells (Figure 3G), and accordingly, CSAG2 expression was decreased (Figure 3H), and its transcript level remained unchanged (Figure 3I). Therefore, these findings indicate that CPEB4 can bind with CSAG2 mRNA and induce cytoplasmic polyadenylation and translationally control its expression.
[image: Figure 3]FIGURE 3 | CPEB4 binds with CSAG2 mRNAs and induces its cytoplasmic polyadenylation and translation (A,B) HEK293T cells were transfected with 5 or 10 µg plasmids expressing vector or human CPEB4 as indicated, and the cell lysates were immunoprecipitated with IgG isotype control antibody or CPEB4 antibody. The protein level of CPEB4 in whole cell lysates and IP products was analyzed by Western blotting (A). Total RNAs bound with agarose beads were purified from immunoprecipitates and reversely transcribed to cDNA and analyzed by qRT-PCR to measure the level of CSAG2 transcript (B). The results in each sample represent the mean value of three replicates. The enrichment value relative to IgG group is shown. Data are mean ± SEM. **p < 0.01. (C–E) HEK293T cells were transfected with 5 or 10 µg plasmids expressing vector or human CPEB4 as indicated and cultured for 3 days. (C) Total RNAs were then extracted and the polyadenylation was measured by RNA ligation-coupled RT-PCR using (32P) α-dATP and specific primers for CSAG2. Products were separated in a denaturing 8% polyacrylamide gel and visualized by autoradiography. *, non-adenylated RNAs; AA-, adenylated RNAs. (D) The whole cell lysates were analyzed by Western blotting for detecting the level of CSAG2. β-Actin was used as a loading control. Shown here are representative images. (E) The mRNA of CSAG2 was analyzed by qRT-PCR. β-Actin was used as a reference control. Data are mean ± SEM. n = 3. NS, not significant. (F) The cell lysates of SKOV3 (R) and CaOV3 (R) cells were immunoprecipitated with IgG isotype control antibody or CPEB4 antibody. The binding of 3′-UTR of CSAG2 mRNA with CPEB4 was analyzed as in (B). Data are mean ± SEM. **p < 0.01. (G–I) SKOV3 (R) and CaOV3 (R) cells stably expressing shRNA targeting control or human CPEB4 were routinely cultured for 3 days. The polyadenylation of CSAG2 mRNA (G), and the protein level (H) and mRNA level (I) of CSAG2 were analyzed as in (C–E). Data are mean ± SEM. n = 3. NS, not significant.
CSAG2 Is More Polyadenylated and Translated by CPEB4 in Paclitaxel-Resistant Ovarian Cancer Cells and Recurrent Ovarian Tumors
Since paclitaxel-resistant ovarian cancer cells have higher expression level of CPEB4 (Figures 1A,B), together with the results mentioned above (Figure 3), we speculated that CSAG2 mRNA maybe more polyadenylated and expressed in paclitaxel-resistant ovarian cancer cells than that of naïve sensitive ones. As expected, anchored RT-PCR analysis revealed that poly(A) tail of CSAG2 mRNA was longer in KOV3 (R) and CaOV3 (R) cells (Figure 4A). Consistently, its protein level was increased (Figure 4B) and transcript level was not obviously affected (Figure 4C). Furthermore, keeping in line with these observations, CSAG2 showed stronger immunoreactive staining (Figure 4D, left) and higher H-score (Figure 4D, right) in recurrent tumors than that of primary tumors, and similarly, its transcript level did not show significant change (Figure 4E). Taken together, these data suggest that, due to different CPEB4 levels, CSAG2 expression is differentially regulated by CPEB4-mediated translational control in paclitaxel-resistant ovarian cancer cells and recurrent ovarian tumors compared with their counterparts, which leads to CSAG2 accumulation in resistant cells.
[image: Figure 4]FIGURE 4 | CSAG2 is more polyadenylated and translated by CPEB4 in paclitaxel-resistant ovarian cancer cells and recurrent ovarian tumors. (A–C) Cells of SKOV3 (R), SKOV3 (S), CaOV3 (S), CaOV3 (R) were routinely cultured for 3 days. (A) Total RNAs were extracted and the polyadenylation was assessed as described before. *, non-adenylated RNAs; AA-, adenylated RNAs. (B) The protein level of CSAG2 in cell lysates was analyzed by Western blotting. β-Actin was used as a loading control, and representative images are shown. (C) The mRNA of CSAG2 was analyzed by qRT-PCR. β-Actin was used as a reference control. Data are mean ± SEM. n = 3. NS, not significant. (D) Representative images (left) of immunohistochemical staining of CSAG2 from matched primary and recurrent ovarian tumors treated with paclitaxel-based chemotherapy. Scale bar, 50 µm. H-score (right) of CSAG2 staining is used to semi-quantify its expression levels. The black line inside the box is the median, and the lines above and below the box indicate the maximum and minimum of the H-scores. Each group contained 18 paired samples. (E) The mRNA levels of CPEB4 in matched primary and recurrent ovarian tumors (D) were analyzed by qRT-PCR. β-Actin was used as a reference control. Each symbol represents the mean value of three replicates.
CSAG2 Knockdown Attenuates CPEB4-Mediated Paclitaxel Resistance in Ovarian Cancer Cells
We then asked whether CSAG2 mediates the promotive effect of CPEB4 on paclitaxel resistance in ovarian cancer cells. CSAG2 was silenced by siRNA in KOV3 (S) cells overexpressing CPEB4 (Figure 5A), and these manipulations did not per se affect cell proliferation or survival under untreated condition (Figure 5B). On the other side, CSAG2 silencing significantly attenuated the survival advantage conferred by CPEB4 overexpression when treated with paclitaxel, although did not completely reduce to the extent of two vector groups (Figure 5C), at any rate, suggesting that CSAG2 knockdown attenuates CPEB4-mediated paclitaxel resistance in ovarian cancer cells. Notably, this effect of CSAG2 seems contextual, since CSAG2 silencing did not apparently affect paclitaxel resistance in vector groups (Figure 5C). Consistently, similar tendency was obtained when examining the effect of CSAG2 knockdown on CPEB4-mediated advantages for colony formation (Figure 5D), further strengthening the notion that CSAG2 at least in part contributes to CPEB4-mediated paclitaxel resistance in ovarian cancer.
[image: Figure 5]FIGURE 5 | CSAG2 knockdown attenuates CPEB4-mediated paclitaxel resistance in ovarian cancer cells. (A) Cells of SKOV3 (S) and CaOV3 (S) stably expressing empty vector or human CPEB4 were transfected with siRNA targeting control or CSAG2, and further cultured for 3 days. The protein levels of were analyzed by Western blotting. β-Actin was used as a loading control. The representative images are shown. (B) Cells were treated as in (A), and the viable cell number was counted by Trypan blue staining to exclude unviable cells. Data represent mean ± SEM. n = 3. NS, not significant. (C) Cells were treated as in (A), and then treated with 20 nM PTX for indicated periods of time. The viable cell number relative to DMSO treated group is shown. Data represent mean ± SEM. n = 3. **p < 0.01; NS, not significant. (D) Cells were treated as in (A), and then further cultured with 20 nM PTX for 2 weeks. Representative images of cells stained with crystal violet are shown (left). The colony number was quantified by ImageJ (right), and results relative to vector are shown. Data are mean ± SEM. n = 3. **p < 0.01.
DISCUSSION
Understanding the mechanisms of paclitaxel resistance is of great importance for developing effective therapeutic strategies to treat paclitaxel-resistant ovarian cancer. Our study provides biological basis and preclinical relevance that likely support a novel mechanism underpinning the paclitaxel resistance in ovarian cancer in vitro, in which CEPB4 is connected to the enhancement of paclitaxel resistance by its translational control of inducing CSAG2 expression, and thereby, uncovering the promotive function of CEPB4/CSAG2 axis in paclitaxel resistance in ovarian cancer. Deduced from our findings, it is possible that ovarian cancer cells may develop paclitaxel resistance through upregulating CEPB4 and thereafter inducing translational expression of CSAG2. Presumably, the higher levels of CEPB4 and CSAG2 this population of paclitaxel-resistant cells have, the more resistant these cells may respond to paclitaxel chemotherapy. If this is indeed the case and also applicable for paclitaxel resistance acquired by ovarian cancer after paclitaxel chemotherapy, the therapeutic strategy targeting CEPB4/CSAG2 axis, such as genetically reducing their expression or chemically inhibiting their activities, may thus be of potential clinical benefits for reducing paclitaxel resistance and enhancing the cytotoxic response of ovarian cancer to paclitaxel treatment.
The key aspect of the above proposition appears to rely on the activation of CEPB4 expression in ovarian cancer cells. In this study, in addition to paclitaxel-resistant ovarian cancer cell lines, SKOV3 and CaOV3, we also found that CPEB4 was upregulated at transcript and protein levels in recurrent ovarian tumors after treatment of paclitaxel-based chemotherapy, suggesting a molecular mechanism that transcriptionally regulates its expression induction is announced in ovarian cancer in response to paclitaxel. However, cautions are needed here when drawing a further conclusion about its clinical relevance, because the recurrent ovarian tumors were obtained from patients treated with cisplatin and paclitaxel combination chemotherapy. To date, although no reports have associated cisplatin with paclitaxel resistance in ovarian cancer, its possible effect can not be easily excluded. Therefore, to better relate CEPB4 upregulation to paclitaxel resistance, examining CEPB4 expression in recurrent ovarian tumors receiving paclitaxel monotherapy may provide a more direct evidence to demonstrate the specificity of this phenotype. Alternatively, at an opposite direction, future studies investigating whether CEPB4 responds to cisplatin treatment could also aid the estimation of its effect on paclitaxel.
On the other hand, however, the appearance of CEPB4 upregulation in ovarian cancer cells treated with paclitaxel seems to take a relatively long period of time, since CPEB4 upregulation was not observed as an acute responding mechanism, at least within 72 h observed in our study, to paclitaxel exposure. In other words, certain responsive mechanisms occurring at later phase may be responsible for its induction. However, at present, much less is known concerning the mechanisms controlling CEPB4 transcription.
CEPB4 is an RNA binding protein that controls meiotic mRNA cytoplasmic polyadenylation and translation (Novoa et al., 2010). Its role in cancer is barely investigated, until recently its overexpression in pancreatic ductal adenocarcinomas and glioblastomas was reported, where it could support tumor growth, vascularization and invasion by translational activation of mRNAs including the tissue plasminogen activator (Ortiz-Zapater et al., 2011). In addition, its upregulated expression in human glioma (Hu et al., 2015), breast cancer (Sun et al., 2015), astrocytic tumor (Chen W. et al., 2016) hepatocellular carcinoma (Tsai et al., 2016), colorectal carcinoma (Cortes-Guiral et al., 2017), has been correlated with disease progression and poor prognosis. These studies suggest a pro-oncogenic role of CEPB4 in tumorigenesis. One previous study has shown that the enhancer region of CEPB4 gene binds with transcriptional factors Gata1 and Tal1, and during terminal erythroid differentiation, Gata1 and Tal1 induce its transcription (Hu et al., 2014). Moreover, CPEB4 gene could also be directed by p53 transcriptional targets (Zaccara et al., 2014). Whether these regulatory circuitries are responsible for CEPB4 upregulation in paclitaxel-resistant ovarian cancer cells and recurrent ovarian tumors needs intensive investigations. In functional studies, we found that CPEB4 promoted paclitaxel resistance in ovarian cancer cells in vitro. In despite of the largely unclear role of CPEB4 in ovarian cancer progression, our study reveals its connection to paclitaxel resistance in ovarian cancer.
By using RIP assay, followed by validation, we demonstrate that the mRNA of CSAG2, one protein closely related to paclitaxel resistance in ovarian cancer, binds with CEPB4. Although CSAG2 has been associated with paclitaxel resistance in ovarian cancer in vitro and in clinic study (Materna et al., 2007), its specific functions remain elusive and contradictory (Duan et al., 1999). In this study, we validate CSAG2 as a paclitaxel-resistant protein. CSAG2 is more polyadenylated and translated by CPEB4 in paclitaxel-resistant ovarian cancer cells and recurrent ovarian tumors, and this post-transcriptional regulation of CSAG2 by CPEB4 has a causal link to paclitaxel resistance, because CSAG2 knockdown attenuates CPEB4-mediated paclitaxel resistance in ovarian cancer cells. Nevertheless, the unsolved question is how CSAG2 exerts resistance response to paclitaxel treatment. In a latest study, CSAG2 was demonstrated necessary for proliferation and tumorigenesis in vivo, and CSAG2-stimulated SIRT1 activity to enhance p53 deacetylation was shown to inhibit p53 transcriptional activity, leading to improved cell survival under genotoxic stress (Yang and Potts, 2020). We speculate this regulatory circuit may be one of the mechanisms through which CSAG2 promotes paclitaxel resistance in ovarian cancer. Another critical issue needs to be addressed is whether CPEB4-regulated paclitaxel resistance via CSAG2 in ovarian cancer can be reproduced with in vivo scenarios. Elucidating these issues would not only help us to deeply understand paclitaxel resistance in ovarian cancer, but also develop a rational therapeutic treatment targeting active CEPB4/CSAG2 axis in paclitaxel-resistant ovarian cancer.
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Background: IQ motif-containing GTPase activating protein 3 (IQGAP3), the latest identified member of the IQGAP family, may act as a crucial factor in cancer development and progression; however, its clinical value in breast cancer remains unestablished. We explored the correlation between IQGAP3 expression profile and the clinicopathological features in breast cancer.
Methods: IQGAP3 mRNA and protein levels were detected in breast cancer cell lines and tumor tissues by real-time PCR and western blotting and compared to the normal control groups. Protein expression of IQGAP3 was also evaluated immunohistochemically in archived paraffin-embedded specimens from 257 breast cancer patients, and the associations between IQGAP3 expression level, clinical characteristics, and prognosis were analyzed. We assessed the relationship between IQGAP3 expression and sensitivity to radiation therapy which was determined by subgroup analysis.
Results: IQGAP3 was significantly upregulated in breast cancer cell lines and human tumor tissues at both the mRNA and protein level compared to controls. Additionally, high levels of IQGAP3 expression were detected in 110/257 (42.8%) of archived paraffin-embedded breast cancer specimens. High IQGAP3 expression level was significantly related to clinical stage (p = 0.001), T category (p = 0.002), N category (p = 0.001), locoregional recurrence (p = 0.002), distant metastasis (p = 0.001), and vital status (p = 0.001). Univariate and multivariate statistical analysis showed that IQGAP3 expression was an independent prognostic factor among all 257 breast cancer patients in our cohort (p = 0.003, p = 0.001). Subgroup analysis revealed IQGAP3 expression correlated with radioresistance and was also an independent predictor of radiotherapy outcome.
Conclusion: Our findings suggest that high IQGAP3 expression predicts poor prognosis and radioresistance in breast cancer. Therefore, IQGAP3 may be a reliable prognostic biomarker in breast cancer and could be used to identify patients who may benefit from radiotherapy.
Keywords: breast cancer, IQGAP3, prognosis, radiation therapy, resistance
INTRODUCTION
Breast cancer is the most frequent malignancy in women and the second leading cause of cancer-related deaths worldwide (Siegel et al., 2015). Radiotherapy (RT) is an indispensable part of the systemic therapeutic regimen for breast cancer, yet locoregional recurrence and distant metastasis remain key problems, resulting in poor survival (Gerber et al., 2010). Locoregional recurrence results from the presence or evolution of radioresistant tumor cells for which standard fractionated RT doses are sublethal (Speers et al., 2015). Currently, there is a dearth of clinically available predictive biomarkers to indicate the optimal radiation dosing in breast cancer, which leads to suboptimal treatment of these patients (Coates et al., 2015). Therefore, biomarkers associated with disease prognosis and RT sensitivity are required to optimize RT treatment plans and improve outcomes among breast cancer patients.
IQ motif-containing GTPase activating protein 3 (IQGAP3), the latest identified member of the IQGAP family, is an evolutionarily conserved GTPase-activating protein (Wang et al., 2007) and a hotspot for gene amplification in tumors. IQGAPs comprise five conserved domains: an IQ domain with four IQ motifs (IQ), a poly-proline protein-protein domain (WW), a calponin homology domain (CHD), a RasGAP-related domain (GRD), and a carboxy-terminal domain (RasGAPC) (Briggs and Sacks, 2003). Multiple proteins interact with these domains to regulate diverse cellular processes, including cell migration, cytokinesis, vesicle trafficking, cell proliferation, intracellular signaling, and cytoskeletal dynamics (Nojima et al., 2008).
Overexpression of IQGAP3 has been observed in lung, liver, pancreatic, and gastric cancer (Yang et al., 2014; Xu et al., 2016; Oue et al., 2017; Shi et al., 2017). Recently, IQGAP3 expression was found to be related to clinical stage and was an independent prognostic classifier of gastric cancer patients. Additionally, IQGAP3 knockdown was shown to reduce the number and size of the spheres formed by a gastric cancer cell line (MKN-74) and inhibited the phosphorylation of Akt and Erk1/2 (11). In hepatocellular carcinoma, IQGAP3 was reported to function as an important regulator of epithelial-mesenchymal transition (EMT) and metastasis by activating the transforming growth factor (TGF)-β signaling pathway (Shi et al., 2017). Regarding breast cancer, IQGAP3 knockdown inhibited cell proliferation and invasion in two breast carcinoma cell-lines (Hu et al., 2016). These reports provide some clues about IQGAP3 expression changes in several cancer types and the role of IQGAP3 in tumor development. However, the correlation between IQGAP3 expression and prognosis or RT sensitivity in breast cancer remained unclear.
Therefore, we investigated the expression pattern of IQGAP3 in breast cancer cell lines compared to control cell lines, as well as in patient tissues and matched adjacent normal tissues. We also analyzed the association of IQGAP3 protein expression with the survival outcomes and RT sensitivity in breast cancer patient cases.
MATERIALS AND METHODS
Microarray Data
We performed integrative analyses on the Cancer Genome Atlas (TCGA) data for Breast Invasive Carcinoma-BRCA (Ye et al., 2016). mRNA expression data [mRNA fragments per kilobase transcript per million mapped reads (FPKM)] and matched clinical metadata (n = 1,208, 113 normal breast samples and 1,095 breast cancer samples) were acquired from the TCGA data portal https://portal.gdc.cancer.gov/projects/TCGA-BRCA. The FPKM data were first transformed into transcripts per million data for better comparison and edgeR package was used to normalize gene expression, and then the IQGAP3 expression value was extracted (Lv et al., 2019). Breast cancer patients who received RT were then divided into a radioresistant group (n = 115, who showed disease progression via locoregional recurrence) and a radiosensitive group (n = 600, without disease progression) according to their response to RT treatment.
Cell Lines
Breast cancer cell lines, including MCF-10A, ZR-75-1, SK-BR-3, MDA-MB-468, MDA-MB-453, MCF-7, BT-474, MDA-MB-231, BT-549, HCC1937, SUM159PT, Hs-578T, and ZR-75-30, were cultured in DMEM medium (Gibco, Grand Island, NY) supplemented with 10% fetal bovine serum (FBS; HyClone, Logan, UT).
Patients and Tissue Specimens
A total of 257 paraffin-embedded breast cancer tissue samples with histologically confirmed invasive carcinoma of no-specific-type breast cancer were collected from 2006 to 2008 at Sun Yat-sen University Cancer Center (SYSUCC), Guangzhou, China. In addition, six paired breast cancer and adjacent normal tissues were collected from patients who had undergone surgery from 2017 to 2018 at our center. All samples were frozen and stored in liquid nitrogen until further use. All patients received surgery and 201 (78.2%) received RT after surgery. The recommended indications for postoperative RT were involvement of ≥4 axillary nodes, primary tumor ≥5 cm in size, post-breast-conserving surgery, positive surgical margins, the involvement of internal mammary node (in selected cases, n = 3), and the involvement of one to three axillary nodes (in selected cases, n = 15). Clinicopathological classification and staging were determined according to the criteria of the American Joint Committee on Cancer (AJCC 2010; seventh edition). This study was approved by the Clinical Research Ethics Committee of SYSUCC, and written informed consent was obtained from each patient.
PCR
We used quantitative real-time PCR (qRT-PCR) to evaluate mRNA expression of IQGAP3 in 12 breast cancer cell lines and a control cell line (MCF-10A), as well as in six tumor tissues and adjacent normal control tissues obtained from breast cancer patients. Total RNA samples from cell lines and freshly frozen tissues were isolated using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) following the manufacturer’s recommendations. qRT-PCR was performed according to previously described standard methods, using GADPH as a control (Liu et al., 2017). All primers were designed using Primer Express version 2.0 software (Applied Biosystems, Foster City, CA, USA) as follows: IQGAP3 forward: 5′-ATG​AGC​AGA​GGC​GGC​AGA​AT-3′, reverse: 5′-GAA​CCA​CGG​AGG​GTG​CAA​AA-3′, GAPDH forward: 5′-GTC​TCC​TCT​GAC​TTC​AAC​AGC​G-3′, and reverse: 5′-ACC​ACC​CTG​TTG​CTG​TAG​CCA​A-3′. IQGAP3 expression levels were normalized to the geometric mean of GAPDH and calculated using 2−[(Ct of IQGAP3)−(Ct of GAPDH)], where Ct represents the threshold cycle for each transcript. Each experiment was performed in triplicate.
Western Blot
Western blot analysis was used to evaluate IQGAP3 protein expression in all 12 breast cancer cell lines and the control cell line (MCF-10A), as well as in six tumor tissue samples and adjacent normal tissues from breast cancer patients. Western blotting was carried out as described previously (Li et al., 2008) using the anti-IQGAP3 antibody (Abcam, Cambridge, MA). The membranes were stripped and reprobed with an anti-α-tubulin antibody (Sigma, Saint Louis, MI) as a loading control.
Immunohistochemistry
Immunohistochemistry (IHC) and quantification of IQGAP3 expression were performed by two independent pathologists, as previously described (Song et al., 2012) using an anti-IQGAP3 antibody (1:1,000; Sigma, Saint Louis, MI). The percentage of cancer cells was scored as 1 (<10%), 2 (10–50%), 3 (50–75%), or 4 (>75%), and the staining intensity was sorted into four grades: 0 (no staining), 1 (weak staining, light yellow), 2 (moderate staining, yellow brown), and 3 (intense staining, brown). The scores for the staining intensity and proportion in each section were multiplied. The best cutoff value for IQGAP3 was defined by receiver operating curve (ROC) analysis with respect to overall survival: a staining score≥6 was classified as high expression and a score≤4 as low IQGAP3 expression.
Gene Set Enrichment Analysis
Gene set enrichment analysis (GSEA, http://software.broadinstitute.org/gsea/index.jsp) was used to predict potential hallmarks using transcriptional sequences in the TCGA database. GSEA was performed on the gene list and ranked according to a moderated t-statistics (Ritchie et al., 2015), comparing patients with high and low IQGAP3 expression. A permutation test (of 1,000 times) was used to identify the significantly changed pathways (Subramanian et al., 2005).
Statistical Analysis
All statistical analyses were conducted using SPSS (version 20.0; IBM Corporation, Armonk, NY, USA), and the survival curves were drawn using the GraphPad Prism 6.0 Software. The Pearson’s χ2 tests or Fisher exact tests were used to analyze the associations between IQGAP3 expression and clinicopathological features. The Kaplan-Meier method and log-rank test were used to calculate and compare the curve survival curves. Multivariate analysis was performed via a Cox’s proportional hazards model. A two-sided p-value of <0.05 was considered statistically significant.
RESULTS
IQGAP3 Expression Is Elevated in Breast Cancer Cell Lines
We found IQGAP3 mRNA levels were increased in tumor samples compared with normal tissues by analyzing the publicly available microarray TCGA data for breast cancer (Figure 1A). Additionally, we found IQGAP3 expression was elevated at both the mRNA and protein level in all 12 breast cancer cell lines compared with the MCF-10A control cell line (Figure 2A). Higher IQGAP3 expression was also detected at the mRNA and protein level in breast cancer tissues compared to adjacent normal tissues from six different patients (Figure 2B). Together, these results indicated IQGAP3 is overexpressed in breast cancer cell lines and tissues.
[image: Figure 1]FIGURE 1 | Microarray data reveals IQGAP3 is upregulated in breast cancer patients and in cases that are resistant to radiotherapy (RT). (A) Expression of IQGAP3 in TCGA (breast invasive carcinoma) tumor and normal tissue data (Mann–Whitney test; p < 0.01). (B) Expression of IQGAP3 in TCGA (breast invasive carcinoma) including RT-resistant and RT-sensitive cases (Mann–Whitney test; p < 0.05).
[image: Figure 2]FIGURE 2 | IQGAP3 is upregulated in breast cancer cell lines and tissues. (A) Quantitative real-time PCR analysis of IQGAP3 mRNA expression in MCF-10A immortalized breast epithelial cells and twelve cultured breast cancer cell lines. GAPDH was used as a loading control. *p < 0.05. (B) Real-time PCR analysis of IQGAP3 mRNA expression in six paired breast cancer tumor tissues and adjacent normal tissues (ANT). GAPDH was used as a loading control. *p < 0.05. (C) Western blotting analysis of IQGAP3 protein expression in MCF-10A immortalized breast epithelial cells and twelve cultured breast cancer cell lines. α-tubulin was used as a loading control. (D) Western blotting analysis of IQGAP3 protein expression in six paired breast cancer tumor tissues and adjacent normal tissues (ANT). α-tubulin was used as a loading control.
IQGAP3 Overexpression Correlates With the Clinicopathological Features of Breast Cancer
Next, we investigated whether IQGAP3 overexpression levels in 257 cases of breast cancer specimens (detected via IHC) were associated with patients’ clinicopathological features. Among the 257 breast cancer cases, 21 were in stage Ⅰ (8.2%), 32 were in stage Ⅱ (12.5%), and 204 were in stage Ⅲ (79.4%). A total of 110 samples (42.8%) had a higher level of IQGAP3 protein level expression (staining was strongly positive). A lower expression level (staining was weakly positive or negative) was found in 147 samples (57.2%, Table 1). Positive IQGAP3 staining was observed mainly in the cancer cell nuclei (Figure 3). IQGAP3 overexpression significantly correlated with the following characteristics: clinical stage (p = 0.001), T category (p = 0.010), N category (p = 0.001), distant metastasis (p = 0.001), locoregional recurrence (p = 0.002), and vital status (p = 0.001; Table 1).
TABLE 1 | Association between IQGAP3 expression and clinicopathological features of breast cancer (n = 257).
[image: Table 1]TABLE 2 | Association of clinicopathological features with overall survival and progression-free survival in breast cancer patients (n = 257).
[image: Table 2][image: Figure 3]FIGURE 3 | Immunohistochemical detection of IQGAP3 expression in paraffin-embedded breast cancer tissues. Representative images of immunohistochemical staining for IQGAP3 in normal breast tissues (controls) and breast tumor tissues are shown.
High IQGAP3 Expression Is Significantly Associated With Poor Prognosis in Breast Cancer
In the entire cohort, the 5-year overall survival (OS), locoregional recurrence-free survival (LRFS), and distant metastasis-free survival (DMFS) rates were as follows: 76.9%, 90.7%, and 71.9%, respectively. The cumulative 5-year OS, LRFS, and DMFS rates for patients with high IQGAP3 expression were 58.3%, 83.2%, and 50.8%, respectively, compared with 89.9%, 96.1%, and 88.2%, respectively, for patients with low IQGAP3 expression (p = 0.001, Figure 4A; p = 0.001, Figure 4B; and p = 0.001, Figure 4C).
[image: Figure 4]FIGURE 4 | IQGAP3 protein expression is associated with clinical outcomes in the whole cohort of breast cancer cases and in the radiotherapy (RT) subgroup (A and B,C). Kaplan–Meier overall survival (A), locoregional recurrence-free survival (B), and distant metastasis-free survival (C) curves for all 257 patients with breast cancer stratified by high IQGAP3 expression (n = 110) vs. low IQGAP3 expression (n = 147) (D and E,F). Kaplan–Meier overall survival (D), locoregional recurrence-free survival (E), and distant metastasis free survival (F) curves for RT subgroup of 201 patients stratified by high IQGAP3 expression (n = 87) vs. low IQGAP3 expression (n = 114). p values were calculated using the log-rank test.
We also evaluated the prognostic, predictive value of IQGAP3 overexpression in the RT subgroup (n = 201). IQGAP3 overexpression significantly correlated with poor OS, LRFS, and DMFS in patients who had undergone RT (p = 0.001, Figure 4D; p = 0.003, Figure 4E; and p = 0.001, Figure 4F). This data demonstrates that breast cancer patients with high levels of IQGAP3 show poor survival even after RT.
IQGAP3 Overexpression Is an Independent Negative Prognostic Factor in Breast Cancer
Univariate Cox regression analysis showed that the T category, N category, estrogen receptor (ER) status, progesterone receptor (PR) status, and IQGAP3 expression were significantly associated with survival in breast cancer patients. Multivariate survival analysis also indicated IQGAP3 expression was indeed an independent prognostic factor for OS and progression-free survival (PFS; p = 0.003 and p = 0.001, respectively; Table 2) in the whole cohort breast cancer patients (n = 257). Multivariate survival analysis in the RT subgroup (n = 201) showed that IQGAP3 expression remained an independent prognostic factor for OS and PFS (p = 0.002 and p = 0.001, respectively; Table 3). These results suggest that IQGAP3 may be an independent prognostic factor of breast cancer treatment outcome, especially for patients who have undergone RT.
TABLE 3 | Association of clinicopathological features with overall survival and progression-free survival in breast cancer patients undergoing radiotherapy (n = 201).
[image: Table 3]TABLE 4 | Association of clinicopathological features with radioresistance-free survival in breast cancer cases resistant to radiation therapy (n = 159).
[image: Table 4]IQGAP3 Overexpression Significantly Correlates With Radioresistance in Breast Cancer
Breast cancer patients who received RT were divided according to their response to treatment into a radioresistant group (who showed disease progression via locoregional recurrence) and a radiosensitive group (without disease progression). We first analyzed the public microarray TCGA data of breast cancer and found IQGAP3 was overexpressed in radioresistant samples (n = 115) compared to radiosensitive samples (n = 600; Figure 1B).
To confirm whether IQGAP3 is overexpressed in radioresistant breast cancer patients, we also examined IQGAP3 expression in 159 post-RT patients (radioresistant group n = 19; radiosensitive group n = 140) using IHC. IQGAP3 was overexpressed in radioresistant breast cancer patients compared to radiosensitive patients (Figure 5).
[image: Figure 5]FIGURE 5 | Immunohistochemical (IHC) detection of IQGAP3 expression in paraffin-embedded breast cancer tissues in the radiotherapy- (RT-) sensitive and RT-resistant subgroups. Left panel: representative images of IHC staining for IQGAP3 in the RT-resistant and RT-sensitive tissues. Right panel: average IHC score of IQGAP3 in the RT-resistant (n = 19) and RT-sensitive tissues (n = 140).
IQGAP3 Overexpression Is an Independent Prognosis Factor for Radiation Therapy Outcome in Breast Cancer
Through subgroup analysis of the 159 post-RT cases, we discovered IQGAP3 overexpression was correlated with an obviously shorter radioresistance-free survival (RRFS). Univariate Cox regression analyses showed that IQGAP3 expression, T stage, N stage, ER, and PR were significant prognostic factors for RT outcome (p = 0.012, p = 0.005, p = 0.005, p = 0.001, and p = 0.001, respectively; Table 4). IQGAP3 overexpression remained an independent prognostic factor for shorter RRFS in multivariate analysis (HR: 3.321; 95% CI: 1.135–9.716; p = 0.028).
IQGAP3 Overexpression May Promote DNA Damage Repair and Lead to Radiotherapy Resistance by Modulating the PI3K/AKT/mTOR Pathway
To examine the mechanism of IQGAP3 in the development of breast cancer radioresistance, we performed GSEA. We found IQGAP3 expression is positively correlated with DNA repair gene signatures (HALLMARK_DNA_REPAIR) and phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K) signaling-activated gene signatures (HALLMARK_PI3K_AKT_MTOR_SIGNALING) in TCGA published gene expression profiles (Figure 6).
[image: Figure 6]FIGURE 6 | Gene Set Enrichment Analysis (GSEA) plots showing that IQGAP3 expression correlates positively with DNA repair gene signatures (HALLMARK_DNA_REPAIR) and PI3K signaling-activated gene signatures (HALLMARK_PI3K_AKT_MTOR_SIGNALING) in the published Cancer Genome Atlas (TCGA) breast invasive carcinoma gene expression profiles.
DISCUSSION
Growing evidence suggests IQGAP3 is overexpressed in various tumors, including melanoma, pancreatic cancer, gastric cancer, bladder cancer, hepatocellular carcinoma, and breast cancer (Yang et al., 2014; Hu et al., 2016; Xu et al., 2016; Oue et al., 2017; Shi et al., 2017). IQGAP3 has also been suggested to help in screening and diagnosis by acting as a biomarker in hepatocellular carcinoma (Qian et al., 2016). Furthermore, recent studies showed that IQGAP3 overexpression accelerates cell proliferation and invasion in several tumors, indicating it may play a role in cancer progression (Yang et al., 2014; Hu et al., 2016; Kumar et al., 2017). However, its role in breast cancer remained vague until now. To the best of our knowledge, this is the first study to confirm an association between IQGAP3 expression and disease prognosis and RT sensitivity in breast cancer.
Previous studies have shown that IQGAP3 may promote and accelerate cancer development in vitro. For example, IQGAP3 knockdown inhibited proliferation and ERK activity in cultured epithelial cells (Nojima et al., 2008); IQGAP3 was also found to activate EGFR–ERK signaling and, thus, promote the metastasis of lung cancer cells (Yang et al., 2014). Furthermore, in two pancreatic cancer cell lines (BXPC-3 and SW1990), IQGAP3 knockdown inhibited cell proliferation, migration, and invasion and induced cell apoptosis (Xu et al., 2016). Moreover, silencing IQGAP3 was found to inhibit the proliferation, motility, and invasion of breast cancer cell lines (Hu et al., 2016). Consistent with this study involving breast cancer cell lines, the present research provides evidence that IQGAP3 expression may have important clinical significance in breast cancer.
We confirmed IQGAP3 was overexpressed both at the mRNA level (transcriptionally) and protein level (translationally) in breast cancer cell lines and human tumor samples compared to noncancerous breast epithelial cells and tissues. IQGAP3 overexpression significantly correlated with the following characteristics: gender, clinical stage, T category, N category, vital status, and distant metastasis. Moreover, patients with high IQGAP3 expression were more likely to exhibit locoregional recurrence and distant metastasis, indicating that IQGAP3 protein expression promotes the progression of breast cancer. We also found a significant association between high IQGAP3 expression and poorer 5-year OS, LRFS, and DMFS in both the entire cohort and the RT-treated subgroup. Together, this evidence suggests that IQGAP3 contributes to the development and progression of breast cancer.
Breast cancer recurrence ranges from 10 to 41%, depending on T status, N status, and tumor grade (Pan et al., 2017). Compared to other thoracic tumors, innate or acquired radioresistance leads to locoregional recurrence and results in treatment failure. Therefore, radioresistance represents a formidable clinical problem in the systematic treatment regimen of breast cancer. However, no reliable biomarkers are currently available to identify patients who may be radioresistant before undergoing RT in breast cancer. We found IQGAP3 was strongly positively associated with radioresistance, and high IQGAP3 protein expression significantly correlated with shorter LRFS and OS, even after RT treatment. Therefore, IQGAP3 may be a valuable biomarker to identify specific patients who need a more aggressive RT therapeutic regimen (such as a higher dose of radiation) to reduce locoregional recurrence and improve survival. Moreover, our multivariate analysis confirmed IQGAP3 was an independent prognostic factor for RRFS in the subgroup analysis of radiosensitive breast cancer cases. In conclusion, IQGAP3 may be a reliable novel predictive biomarker of radioresistance and poor survival in breast cancer patients following RT. It can be a potential marker to determine RT effect in the future, in addition to other traditional risk factors, like young age, vessel invasion, and a low number of examined axillary lymph nodes.
Tumor cellular exposure to radiation results in damage to DNA and other cellular structures, which then triggers a complex cascade of downstream response pathways in both the nucleus and cytoplasm, including DNA repair, cell cycle modulation, reactive oxygen species defense, cytokine production, and apoptosis (Pajic et al., 2018). In certain tumor cell subpopulations, these pathways can be innately biased towards a radioresistant, prosurvival phenotype (i.e., a phenotype with accelerated cell cycle arrest, reduced proliferation, more efficient or prolonged DNA repair, or dampened apoptotic signaling) (Gewirtz et al., 2009; Karar and Maity, 2009; Goldstein and Kastan, 2015). Indeed, IQGAP3 was found to bind to the Ras protein (Nojima et al., 2008), which plays a role in cell cycle arrest, DNA repair, proliferation, and antiapoptosis in human cancers (Simanshu et al., 2017). Studies have also shown that IQGAP3 can regulate certain signaling pathways and cellular functions (Hedman et al., 2015), including mitogen-activated protein kinase (MAPK) signaling, Ca2+/calmodulin signaling, cell–cell adhesion, β-catenin-mediated transcription, and microbial invasion.
To further examine the mechanism of IQGAP3 in the development of breast cancer radioresistance, we performed GSEA and found IQGAP3 expression positively correlates with DNA repair gene signatures (HALLMARK_DNA_REPAIR) and phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K) signaling-activated gene signatures (HALLMARK_PI3K_AKT_MTOR_SIGNALING) in published TCGA gene expression profiles. The PI3K signaling pathway is regulated by Ras; that is, the direct binding of Ras to the catalytic p110 subunit can directly activate PI3K. The PI3K pathway may contribute to the repair, regrowth, redistribution, and reoxidation of cells after RT. As per evidence, Fan et al. demonstrated that increased expression of PI3K in the breast cancer cell line MDA-DB-453 after RT not only protects cells from apoptosis but also significantly enhances their DNA repair ability (Fan et al., 2001). In addition, reducing PI3K signaling with a PI3K inhibitor (LY294002) after RT can lead to G2/M cell cycle arrest in a breast cell line MCF-7 (Shtivelman et al., 2002). Based on the above-mentioned evidence, we assume that high levels of IQGAP3, combined with Ras, may promote radioresistance in breast cancer by modulating the PI3K signaling pathway. Although many PI3K inhibitors are currently undergoing investigation in clinical trials, CAL-101 was the first PI3K inhibitor to be approved by the US Food and Drug Administration and the European Medicines Agency for the treatment of different types of leukemia in 2014 (Bendell et al., 2012; Shapiro et al., 2014).
There are some limitations to our study. First, it was a retrospective study, and the cohort size was not sufficiently large. Second, we lack direct evidence to support the role(s) of IQGAP3 in breast cancer progression and radioresistance. Therefore, further biochemical studies into the precise mechanism(s) of action of IQGAP3 are warranted.
CONCLUSION
This study shows IQGAP3 is overexpressed in breast cancer cell lines and tissues and is associated with the clinicopathological features of the disease. Additionally, IQGAP3 overexpression correlates with radioresistance and significantly poorer prognosis. Therefore, IQGAP3 may be a reliable novel biomarker to provide personalized prognostication in breast cancer and could be used to identify patients who may benefit from more aggressive RT treatment to improve their survival.
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Isorhamnetin (ISO), a naturally occurring plant flavonoid, is widely used as a phytomedicine. The major treatment modality for non-small-cell lung carcinoma (NSCLC) is radiotherapy. However, radiotherapy can induce radioresistance in cancer cells, thereby resulting in a poor response rate. Our results demonstrated that pretreatment with ISO induced radiosensitizing effect in A549 cells using colony formation, micronucleus, and γH2AX foci assays. In addition, ISO pretreatment significantly enhanced the radiation-induced incidence of apoptosis, the collapse of mitochondrial membrane potential, and the expressions of proteins associated with cellular apoptosis and suppressed the upregulation of NF-κBp65 induced by irradiation in A549 cells. Interestingly, the expression of interleukin-13 (IL-13), an anti-inflammatory cytokine, was positively correlated with the ISO-mediated radiosensitization of A549 cells. The knockdown of IL-13 expression by RNA interference decreased the IL-13 level and thus reduced ISO-mediated radiosensitivity in cells. We also found that the IR-induced NF-κB signaling activation was inhibited by ISO pretreatment, and it was abrogated in IL-13 silenced cells. We speculated that ISO may confer radiosensitivity on A549 cells via increasing the expression of IL-13 and inhibiting the activation of NF-κB. To our knowledge, this is the first report demonstrating the effects of ISO treatment on the responsiveness of lung cancer cells to irradiation through IL-13 and the NF-κB signaling pathway. In summary, ISO is a naturally occurring radiosensitizer with a potential application in adjuvant radiotherapy.
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INTRODUCTION
Isorhamnetin (ISO), a flavonoid isolated from traditional Chinese medicine (Hippophae L.), has been known to have antioxidative and anti-inflammatory effects and immunomodulatory properties (Echeverry et al., 2004; Seo et al., 2014). In addition, ISO can play a tumor-suppressive role in diverse human tumors as well (Teng et al., 2006; Manu et al., 2015). Zhang et al. reported that ISO could induce mitotic block in non-small-cell lung carcinoma cells (NSCLC), thus enhancing carboplatin- and cisplatin-induced G2/M arrest (Zhang et al., 2015), suggesting that ISO might be a potential clinical chemotherapeutic drug for NSCLC. ISO restrains the proliferation and colony formation and induces the apoptosis of A549 cells, which may be related to mitochondrial dependent pathway. Through disrupting mitochondrial membrane potential (MMP), ISO promoted the release and activation of cytochrome c and caspases 3 and 9 and then induced A549 cells apoptosis (Li et al., 2015).
Lung cancer is one of the most frequently diagnosed cancers in terms of both incidence and mortality, with almost 1.38 million deaths every year worldwide (Alberg et al., 2005; Smith et al., 2019). NSCLC accounts for almost 80% of lung cancers, among which the most common subtypes are lung adenocarcinoma (LUAD) and lung squamous cell carcinoma (LUSC) (Posther and Harpole, 2006; Chen et al., 2017). Radiotherapy is a widely used therapeutic modality for patients in NSCLC. However, NSCLC has been historically considered as a radioresistant malignancy; therefore, conventional chemotherapy or radiotherapy is usually poor in cure rate for cancer patients. More attentions have been attracted to radiosensitizers because of their abilities to increase the radiosensitivity of cancer cells and reduce the side effects on normal cells. In order to identify promising radiosensitivity agents, a large number of natural products with anti-inflammatory, antioxidant, and antitumor activations have been considered (Li et al., 2017; Sun et al., 2017). ISO, a natural product, has these features and is also safe, easily available, and of better efficacy. Can it be potentially served as a radiosensitizer for cancer treatment?
The transcription factor Nuclear Factor-κB (NF-κB) is retained in the cytoplasm in a form of primary heterodimer containing P50 and P65 subunits bound to I-κB. When I-κB is phosphorylated and degraded, NF-κB would be activated, and p50 and p65 translocate to the nucleus and bind to its specific DNA site, which results in a series of key downstream proteins mediating antiapoptosis and attenuates radiation-induced apoptosis (Wang et al., 1996). Several reports have shown that NF-κB activation was associated with worse survival and radioresistance in multiple types of cancers (Magne et al., 2006; Bai et al., 2015; Wu et al., 2015). Thus, the therapeutic effect of radiotherapy is closely related to the active state of NF-κB and the level of inflammatory factor. Inhibition of NF-κB, therefore, has the potential to improve radiotherapeutic efficacy by enhancing radiation-induced cell kill. ISO, as a candidate to inhibit inflammation, has been shown to regulate immune responses via blocking the activation of NF-κB signal and downregulating the secretion of proinflammatory cytokines (TNF-α, IL-1β, and IL-6) (Chi et al., 2016; Li et al., 2016), which may suggest the potential of ISO as a radiosensitizer.
In the present study, we investigated the effects of treatments with ISO alone, irradiation (IR) alone, and combination of ISO + IR on cell viability, DNA damage repair, and apoptosis to determine the radiosensitivity of ISO. Meanwhile, we investigated the mechanisms underlying this effect likely involving NF-κB pathway. Our results demonstrated that ISO could sensitize A549 cells to radiation via inhibition of NF-κB activation mediated by upregulating the level of anti-inflammatory interleukin-13 (IL-13).
MATERIALS AND METHODS
Cell Culture
The non-small-cell lung carcinoma A549 and H460 cells were obtained from Shanghai Cell Bank of Chinese Academic of Science and maintained in RPMI 1640 medium (Gibco, United States) containing 10% heat-inactivated fetal bovine serum (Hyclone, United States) and 1% penicillin/streptomycin at 37°C in a humidified atmosphere containing 95% air and 5% CO2.
Chemical Treatment
ISO was purchased from Baoji Herbest Bio-Tech Company (CAS No: 480-19-3, China; with purity >98%) and stored as 100 mM stock solution in DMSO, protected from light at −20°C.
Irradiation
Cells were incubated with or without ISO at concentration of 20 μM for 24 h and then irradiated with the indicated dose of X-rays, which were generated by XRad225 (PRECISION X-RAY) operated at 50 kVp energy. The dose rate was about 1.3 Gy/min.
MTT Assay
Cells were seeded in a 96-well plate at a density of 5 × 103 cells/well and treated with various concentrations of ISO (0, 5, 10, 20, 40, 50, 60, or 80 μM). The control group was treated with an equal volume of DMSO. At the appropriate timepoints, cell proliferation assay was performed by the addition of 50 μl of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) stock solution (2 mg/ml). After 4 h, the formazan crystals in each well were dissolved by addition of DMSO (150 μl). The absorbance was measured at 550 nm using an automated microplate reader.
Colony Formation Assay
Cells were pretreated with or without 20 μM ISO for 24 h and then followed by irradiation at the exposure doses of 0, 0.5, 1, 2, 4, or 6 Gy. Cells were irradiated and then immediately reseeded at different densities to yield approximately 50–100 surviving colonies in the ф60 mm petri dish. After being cultured for 12–14 days, the colonies were stained with 0.5% crystal violet for 30 min and manually counted. The survival fraction was generated from three independent experiments with colony numbers normalized to Sham-treated controls.
Micronucleus Assay
Micronucleus (MN) formation assay is another generally used biological endpoint for potential genotoxic study. Cells were pretreated with or without ISO for 24 h followed by X-rays. After being cultured for 48 h again, cells were fixed with methanol/acetic acid (3:1 v/v) for 20 min at room temperature and then air-dried cells were stained with 20 μl of Acridine Orange in an aqueous solution (10 μg/ml). The analyses were done under the fluorescence microscope (Axio Imager. Z2) at ×20 magnification and the scoring of MN was performed following the criteria established by Fenech (Fenech, 2000). At least 500 cells were scored for each sample. Each experiment was repeated three times independently at least.
Immunostaining
Immunochemical staining of cells was performed as described (Aten et al., 2004) for DNA double-strand breaks. The cells were reseeded at a density of 1 × 105 cells in 35 mm cell culture dishes overnight and were then pretreated with or without ISO for 24 h followed by X-rays. After irradiation, cells were fixed with 4% paraformaldehyde for 20 min at different time points. The fixed cells were permeabilized with 0.5% Triton X-100 in 10% BSA for 1 h. Subsequent experimental procedures followed the previous description (Jia et al., 2020). The cells were incubated with anti-γH2AX (surrogate of DSB) antibody (1:5,000, Abcam, United States) for 1 h at room temperature, washed three times with PBS, and then incubated in buffer containing the FITC-conjugated goat anti-mouse secondary antibody (1:2,500, ZSGB-BIO, China) for 1 h. After washing with PBS for five times, cells were counterstained with DAPI (Invitrogen, United States). The fluorescent images were taken under a fluorescence microscope (Axio Imager Z2) at ×63 magnification and were analyzed. The fraction of cell with γ-H2AX foci was calculated (numbers of cells with DSBs/total cells) (d’Adda di Fagagna et al., 2003). At least 100 cells were counted for each sample.
Western Blot Assay
Cells were pretreated with or without 20 μM ISO for 24 h followed by 2 Gy X-rays irradiation. After 12 h, cells were lysed with RIPA buffer (Beyotime, China) with Protease Inhibitor Cocktail Tablets (Roche, Switzerland). Equal amounts of total protein were denatured with 1× loading buffer (Beyotime, China) and subjected to 12% SDS-PAGE and then transferred to a methanol-activated PVDF membrane (Millipore, United States). The membranes were blocked and then probed overnight at 4°C with the following primary antibodies against: Bax, Bcl2, NF-κB, IL-13Rα2, and GAPDH (1:1,000, Proteintech, China); IL-13, IL-13Rα1, (1:1,000, Affinity Biosciences, United States); p-IκBα and p-NF-κB (1:800, CST, United States). After three washes with TBS, membranes were probed with the horseradish peroxidase- (HRP-) labeled secondary antibody (1:2,500, ZSGB-BIO, China) for 1 h at room temperature. Staining was visualized using enhanced chemiluminescence (ECL) reagents, according to the manufacturer’s recommendations. The intensity of protein bands on the western blot image was quantified by Image J software.
Apoptosis Assays
The cells were incubated with or without 20 μM ISO for 24 h and then irradiated by 2 Gy X-rays. After 48 h, the cells (>1 × 105 cells) were collected, washed, and stained with Annexin V-FITC and propidium iodide (PI) kit (BD, United States) for 15 min according to the manufacturer’s protocol. The ratio of apoptosis was measured by a Coulter Epics on a flow cytometer FlowSight (Amnis, United States).
Level of Cytokines Measurement by Meso Scale Discovery Assay
The A549 cells were pretreated with or without 20 μM ISO for 24 h and then exposed to 2 Gy X-rays. After 12 h, the supernatant was collected by the centrifuge and detected by MSD assay. According to the manufacturer’s instruction of MSD kit, the MSD V-Plex Proinflammatory Panel 1 Human Kit (MSD platform) (Rockville, MD, United States) was used to measure IL-6, IL-8, IL-10, IL-13, IL-1β, IL-2, IL-4, IFN-γ, IL-12p70, and TNF-α concentrations in cell medium by MSD instrument. Ten kinds of cytokines can be detected simultaneously one-off in each well.
Mitochondrial Membrane Potential Measurement
JC-1 (BD Biosciences), a dye that can selectively enter into mitochondria and reversibly change color from green to red, was used to detect the MMP levels according to the manufacturer’s instruction. Briefly, after being pretreated with or without ISO for 24 h followed by X-rays irradiation and then being cultured for 24 h again, the cells (∼1 × 106 cells/ml) were loaded in 500 μl JC-1 working solution at 37°C for 20 min and then washed twice with 1× assay buffer. We detected the fluorescence intensity of JC-1 monomers green fluorescence (λex 488 nm, λem 530 nm) as well as JC-1aggregates red fluorescence (λex 525 nm, λem 590 nm). The ratio of fluorescence intensity was calculated to reflect the MMP.
RNA Interference
IL13 siRNA-1 that targets IL-13 homo-205 (sense: 5′ GCA​GCA​UGG​UAU​GGA​GCA​UTT-3′, antisense: 5′ AUG​CUC​CAU​ACC​AUG​CUG​CTT-3′) and IL13 siRNA-2 that targets IL-13 homo-25 (sense: 5′ UCC​UCA​AUC​CUC​UCC​UGU​UTT-3′, antisense: 5′ AAC​AGG​AGA​GGA​UUG​AGG​ATT-3′) were purchased from GenePharma (Guangzhou, China). A549 cells were transiently transfected with nontargeting siRNA or IL-13 siRNA oligos at a final concentration of 50 nM. The efficacy of interfering IL-13 expression was detected by western blot and quantitative real-time polymerase chain reaction (qRT-PCR). Twenty-four hours after transfection using jetPEI (Polyplus, United States), the cells were treated with or without 20 μM ISO for additional 24 h and then exposed to 2 Gy X-rays. The cells were further subjected to apoptosis detection, MN, and western blotting.
Cell Growth Curve
The cells were transfected with IL-13 siRNA, pretreated with or without ISO for 24 h, and then exposed to 2 Gy X-rays. The cells were trypsinized soon after irradiation and reseeded in ф60 mm petri dish with 1 × 105 cells/dish for four days and counted by automated cell counter (Z2, Beckman, United States).
Quantitative Real-Time Polymerase Chain Reaction
According to manufacturer’s instructions, total RNA was isolated using Trizol (Invitrogen). To obtain the cDNA, reverse transcription was conducted using a high-capacity Transcriptor First Strand cDNA synthesis kit (Roche, Switzerland). qRT-PCR was performed with SYBR Green Mix kit (Roche, Switzerland) by using Bio-Rad CFX system. The specific primer for detection of IL-13 gene was F: CAA​TGG​CAG​CAT​GGT​ATG; R: ATC​CTC​TGG​GTC​TTC​TCG. The primer for GAPDH gene was F: GAA​GGT​GAA​GGT​CGG​AGT; R: CAT​GGG​TGG​AAT​CAT​ATT​GGA​A. The mRNA expression levels were normalized to GAPDH using the 2−ΔΔCt method.
Statistics
The results were presented as means ± standard errors (SE) from at least three independent experiments. The significance of differences (p value) was determined by Student’s t-test for single comparisons and analysis of variance (ANOVA) for statistical comparison between different groups. The p values of 0.05 or less were regarded as significant in two sample’s comparison.
RESULTS
Isorhamnetin Treatment Induces Vacuolation and Inhibits Cell Proliferation of Non-Small-Cell Lung Carcinoma Cells
After treatment with ISO (5, 10, 20, 40, 60, and 80 μM) for 24 h, the morphology of A549 cells was altered, and cells were round. Cell vacuolation and disintegration were observed in a dose-dependent manner (Figure 1A). The results of the MTT assay showed that the viability of ISO-treated A549 and H460 cells decreased in concentration- and time-dependent manners. The viability of both A549 (Figure 1B) and H460 (Figure 1C) cells was ∼50% that of respective controls after treatment with 60 μM ISO for 24 h and >85% that of respective controls after treatment with 20 μM ISO, indicating that ISO inhibited cell proliferation.
[image: Figure 1]FIGURE 1 | ISO treatment induces vacuolation of NSCLC cells and inhibits cell proliferation. (A) The morphology of A549 cells after treatment with different concentrations (0, 5, 10, 20, 40, 50, 60, and 80 μM) of ISO for 24 h. The red arrow indicates the vacuolated A549 cells. The inhibitory effect of ISO was detected by MTT assay after different time of ISO treatment on the proliferations of A549 (B) and H460 (C) cell lines. *p < 0.05, **p < 0.01, ***p < 0.001 vs. the control groups.
Isorhamnetin Enhances the Radiosensitivity of A549 Cells
To investigate whether ISO treatment could enhance the radiosensitivity of cells, two NSCLC cell lines were treated with 20 μM ISO for 24 h and then irradiated with different doses of radiation. Colony formation, micronucleus, and γH2AX foci (a surrogate marker for DNA damage) assay were performed to examine the degree of radiosensitivity.
In A549 cells, treatment with ISO and irradiation decreased the viability (Figure 2A) and increased the MN fraction (Figure 2C) compared to the IR alone, especially at radiation doses of 2, 4, and 6 Gy. As shown in Figures 2E,F, treatment with ISO and irradiation significantly increased the numbers of γH2AX foci per cell, compared with IR alone at 1 Gy for 0.5 h (p < 0.01) in A549 cell lines. In addition, the dissolution of foci was faster in cells treated with ISO and irradiation from 0.5 to 6 h, compared to the IR alone. Interestingly, the number of γH2AX foci per cell in ISO + IR group was higher than that in the IR group from 12 to 24 h (Figure 2F).
[image: Figure 2]FIGURE 2 | ISO sensitized NSCLC cells to IR. Survivals measured by colony formation assay in A549 (A) and H460 (B) cells pretreated with/without ISO and followed by 0, 0.5, 1, 2, 4, and 6 Gy X-rays irradiation. The fraction of MN in A549 (C) and H460 (D) cells pretreated with/without ISO and followed by 0, 1, and 2 Gy X-rays irradiation. Five hundred cells were scored under microscopy to determine the frequency of cell with micronuclei. Representative images of γH2AX foci (green) in A549 (E) and H460 (G) cells pretreated with/without 20 μM ISO for 24 h and then exposed to 1 Gy X-rays, fixed at different time points, and detected by immunofluorescence staining assay. The numbers of γH2AX foci in 100 cells of each group were counted at each time point in A549 (F) and H460 (H) cells. Each data point represents the mean of three separate experiments. *p < 0.05, **p < 0.01, ***p < 0.001 vs. non-drug-treated cells.
As shown in Figure 2D, the MN fraction for H460 cells treated with ISO and irradiation was greater than that for cells treated with irradiation alone. However, this difference was not found by means of the colony formation assay (Figure 2B). As shown in Figures 2G,H, the number of γH2AX foci per cell in the ISO + IR group was higher than that in the IR group from 0.5 to 1 h after a radiation dose of 1 Gy (p < 0.01). However, this difference in the numbers of γH2AX foci per cell between ISO + IR and IR groups was not found in H460 cells after 2 h, indicating that ISO enhances the radiosensitivity of A549 cells and inhibits the repair of damaged DNA induced by irradiation.
Treatment With Isorhamnetin Enhances Irradiation-Induced Cell Apoptosis and the Mitochondrial Membrane Potential
Apoptosis is one type of programmed cell death. We investigated the apoptosis rate in A549 and H460 cells treated with ISO and irradiation or irradiation alone using flow cytometry (Figure 3A). Figure 3B shows that the apoptosis rate was higher in A549 cells treated with ISO and irradiation than that in cells treated with irradiation alone. However, this difference in the apoptosis rate between ISO + IR and IR groups was not found in H460 cells (Figure 3C).
[image: Figure 3]FIGURE 3 | The impact of ISO combined irradiation on cell apoptosis and the MMP. The levels of apoptosis in A549 (A,B) and H460 (A,C) cells pretreated with/without ISO and then exposed to 2 Gy X-rays irradiation. The irradiated cells were sequentially cultured for 48 h and then harvested to be analyzed by an Annexin V/PI flow cytometry analysis. The MMP was quantified by the microplate reader in A549 (D) and H460 (E) cells pretreated with/without ISO and followed by 2 Gy X-rays at 24 h after irradiation. (F) The expression levels of apoptosis-related proteins were assessed and quantified by western blotting in A549 and H460 cells. Cells were pretreated with/without ISO for 24 h and followed by 0 or 2 Gy X-rays and then analyzed by western blot after 12 h. ***p < 0.001 vs. the control group. ###p < 0.001 vs. non-drug-treated cells.
The MMP is a key indicator of mitochondrial function and activity, and mitochondrial depolarization has been reported to associate with apoptosis. Mitochondrial depolarization is indicated by decreased red fluorescence and increased green fluorescence after JC-1 staining, and the collapse of the MMP is revealed by the green/red fluorescence intensity ratio. We investigated whether the MMP was affected in cells treated with ISO and irradiation. Figures 3D,E show that ISO treatment significantly enhanced the radiation-induced collapse of MMP (increase in the green/red fluorescence intensity ratio) in both A549 and H460 cells.
We also examined the expression of proteins associated with apoptosis. As shown in Figure 3F, ISO treatment significantly suppressed the upregulation of radiation-induced NF-κBp65 expression in A549 and H460 cells. In addition, the expression of NF-κBp65 in A549 cells was higher than in H460 cells, which may be associated with the difference of radiosensitivity among different cell lines pretreated by ISO. Interestingly, ISO treatment decreased the Bcl2 level and increased the Bax level, compared to the irradiation alone (Figure 3F), indicating that ISO and irradiation accelerated the decrease of the of Bcl2/Bax ratio. Taken collectively, these results indicated that ISO treatment facilitated the apoptosis after irradiation.
The radiosensitization of ISO in H460 cells was not significant, reflected by clonogenic survival and apoptosis endpoints. Therefore, the mechanism of ISO radiosensitivity was widely investigated only in A549 cells in the following experiments.
Treatment With Isorhamnetin Upregulates the Irradiation-Induced Interleukin-13 Level
To widely identify immune-related protein involved in the radiosensitization of ISO in A549 cells, the levels of 10 cytokines (IL-6, IL-8, IL-10, IL-13, IL-1β, IL-2, IL-4, IFN-γ, IL-12p70, and TNF-α) were measured using the Meso Scale Discovery (MSD) platform. MSD is a highly sensitive high-throughput electrochemiluminescence measurement system, which can detect as little as ∼0.29 pg/ml of a target cytokine (Osuchowski et al., 2005). We found that the IL-13 level in the ISO + IR group (8.6886 ± 0.5642 pg/ml) was higher than that in the IR group (6.3332 ± 0.6143 pg/ml). The levels of IL-13 expression in negative control and ISO treatment groups were 3.9742 ± 0.1879 pg/ml and 3.6637 ± 0.6046 pg/ml, respectively (Figure 4A).
[image: Figure 4]FIGURE 4 | ISO enhances the levels of anti-inflammatory IL-13 activated by IR in A549 cells. The level of IL-13 (A) in supernatant of cells pretreated with/without ISO for 24 h, exposed to 2 Gy X-rays, and then detected 12 h after irradiation by MSD assay. The expression of IL-13 gene (B) and associated receptor proteins (C) were analyzed at 12 h after irradiation by qRT-PCR and western blot, respectively, in A549 cells pretreated with/without ISO for 24 h and then exposed to 2 Gy X-rays. Fold changes over negative control were presented from 2−ΔΔCt formula. *p < 0.05, **p < 0.01, ***p < 0.001 vs. the control group. #p < 0.05, ##p < 0.01, and ###p < 0.001 vs. non-drug-treated cells.
IL-13 can suppress the production of the inflammatory cytokine TNF and inhibit NF-κB activation by preventing degradation of IκBα (Lentsch et al., 1997; Manna and Aggarwal, 1998). A previous study has demonstrated that IL-13 is a mediator, and possibly a therapeutic target, in radiation-induced lung injury, as shown by saturating fraction of the circulating decoy receptor IL-13Rα2 (Chung et al., 2016). Therefore, ISO may upregulate the expression of IL-13, thereby inhibiting NF-κB activation, inducing apoptosis, and triggering radiosensitivity.
IL-13 mRNA and protein expression were analyzed by qRT-PCR (Figure 4B) and western blot (Figure 4C), respectively. As shown in Figure 4C, ISO treatment upregulated the IL-13 mRNA levels compared to the negative control. Treatment with ISO and irradiation also significantly increased IL-13 mRNA and protein levels compared to irradiation alone. Furthermore, the expression of IL-13Rα2, the high affinity binding decoy receptor for IL-13, was significantly decreased in the ISO + IR group compared to the IR group (Figure 4C), indicating that ISO sensitizes cells to irradiation by affecting the function of IL-13.
Interleukin-13 Is Required for the Radiosensitivity Mediated by Isorhamnetin
To confirm the effects of ISO on the radiosensitivity of cells through the increased expression of IL-13, we silenced IL-13 by RNA interference and measured several relevant biological endpoints. The most effective IL-13 siRNA, as confirmed by qRT-PCR and western blot (Figure 5A), was selected for further studies. As shown in Figure 5B, IL-13 knockdown (si-IL13 cells) failed to increase MN formation in ISO + IR group, compared to the IR group. When the cells were pretreated with 20 μM ISO and then irradiated with a radiation dose of 2 Gy, the cell number decreased to 80.9 ± 3.2% (green bar) compared with irradiation alone (set as 100%, purple bar) (Figure 5C). However, there was no significant toxicity in si-IL13 A549 cells after ISO treatment and irradiation (Figure 5C).
[image: Figure 5]FIGURE 5 | IL-13 is required for the radiosensitivity mediated by ISO. (A) A549 cells were transiently transfected with IL-13 siRNA or scramble-siRNA as a control. Forty-eight hours after transfection the knockdown efficiency of IL-13 in cells was confirmed by western blot and qRT-PCR assays. Knockdown of IL-13 disturbed radiosensitivity mediated by ISO indicated in si-Ctrl or si-IL13 groups by micronucleus (B), cell growth (C), and apoptosis assays (D,E). (F) The expression of phosphorylated and total NF-κBp65 and p-IκBα, as well as IL-13 and β-actin, was assessed in negative vector or IL-13 silenced A549 cells by western blotting, respectively.
We measured the apoptosis rate in si-IL13 cells after ISO treatment and irradiation. Figures 5D,E show that irradiation did not increase the apoptosis rate in si-IL13 cells treated with ISO, compared to cells without ISO treatment. However, the apoptosis rate in IL-13 silenced control cells was higher than that in mock silenced cells (si-ctrl), which may be associated with the anti-inflammatory role of IL-13.
Figure 5F shows that ISO treatment significantly increased IR-induced IL-13 expression and inhibited the IR-induced activation of NF-κB by decreasing p-NF-κBp65 and the p-IκBα expression, compared to the IR group in si-ctrl group. Intriguingly, we observed that IL-13 knockdown also promoted the expression of p-IκBα and p-NF-κBp65 in control group, allowing for its nuclear translocation and regulation of gene expression. However, the upregulation of p-NF-κBp65 induced by IR was not suppressed by ISO in si-IL13 cells, suggesting that the gene of IL-13 pathway is required in the activation of NF-κB agitated by IR. Together, these results indicated that ISO treatment further increased the radiation-mediated upregulation of the IL-13 level, which inhibits the activation of NF-κB, thereby promoting apoptosis and enhancing radiosensitivity.
DISCUSSION
Radiotherapy is commonly used to treat cancer, with more than 50% of cancer patients receiving radiotherapy during the clinical management of the disease. Unfortunately, the 5-year survival rate of radiotherapy alone is only 5–10% in lung cancer patients (Mauguen et al., 2012). The main cause of the poor response is the intrinsic or acquired resistance of lung cancer to radiotherapy (You et al., 2014). Radiosensitizers, sensitizing cancer cells to the effects of irradiation but protecting normal cells from its deleterious effects, play an important role in radiotherapy. For example, ISO (a 3′-O-methylated metabolite of quercetin) has been studied for its anticancer and antioxidant activity and anti-inflammatory properties, as well as its ability to induce chemosensitivity in several human cancer cells (Ramachandran et al., 2012; Saud et al., 2013; Yang et al., 2013; Li et al., 2014; Ahn and Lee, 2017). Due to its lower toxicity, ease of oral administration, and affordability, we investigated its mechanism of radiosensitization in order to provide a foundation for its development as a naturally occurring radiosensitizer of cancer cells. We selected A549 (lung adenocarcinoma) and H460 (large lung cell carcinoma) cell lines as representative models of NSCLC (Ji et al., 2018). We found that treatment with ISO, followed by irradiation, significantly decreases the surviving fraction in A549 cells and increases the MN fraction in A549 and H460 cells. In addition, we found that treatment with ISO + IR could significantly enhance DNA damage, the collapse of MMP, and the apoptotic rate, suggesting that ISO treatment can significantly enhance the radiosensitivity of A549 cells. We did not find the significant decrease of the survival and the increase of apoptosis in H460 cells after ISO pretreatment followed by IR. It may be because of the different biological endpoints having different sensitivity at certain timepoint after stress (Hu et al., 2005). In addition, this difference may be caused by the low expression of NF-κB in H460 cells, which weaken the role of ISO radiosensitivity. In A549 cells, NF-κB expression is high, the activation of NF-κB has a greater effect, and ISO treatment enhances more effective radiosensitivity.
Prior studies have indicated that ISO exerts its anti-inflammatory effects through the deactivation of NF-κB (Zhang et al., 2011; Yang et al., 2013). The activation of the NF-κB signaling pathway confers lung cancer cell radioresistance and thus survival by interfering with apoptotic signals. For example, c-IAP1 and c-IAP2 either directly block caspase function or indirectly induce ubiquitination in irradiated cancer cells (Varfolomeev et al., 2008). Furthermore, irradiation can induce DNA damage, which evokes a response where NF-κB is activated to protect cells from inflammation and subsequent death. Our results demonstrated that ISO treatment suppressed the irradiation-mediated activation of the NF-κB signaling pathway, which promoted programmed cell death.
IL-13, a pleiotropic immune regulatory cytokine, exhibits both immunomodulatory and anti-inflammatory properties. The anti-inflammatory effects of IL-13 are supported by its ability to downregulate the level of lipopolysaccharide-induced macrophage inflammatory protein-1α and the production of proinflammatory cytokines, namely, IL-1, TNF, IL-6, IL-8, IL-10, and IL-12 in monocytes (Yang et al., 2013). In addition, blocking the IL-13 mediated phosphorylation of STAT6 can protect breast cancer cells from developing sensitivity to irradiation (Rahal et al., 2018). In particular, IL-13 is a prominent feature in causing barrier effects and the epithelial apoptosis in cell models (Heller et al., 2005). Consistent with our findings in NSCLC cells, ISO treatment and irradiation increased the IL-13 level, which induced apoptosis of si-ctrl cells by downregulating p-IκBα and inhibiting NF-κB activation (p-NF-κBp65). IL-13 not only acts an apoptotic effector but also has a profound effect. We also found that the IR-induced NF-κB signaling activation was inhibited by ISO treatment, and it was abrogated in IL-13 silenced cells, which implied that NF-κB activation is inhibited by IL-13. Other studies have demonstrated IL-4 and IL-13 bind to the same receptors and exert similar biological functions by inhibiting NF-κB dependent transcription (Bennett et al., 1997; Shinozaki et al., 2010). In this study, the IL-4 expression was also upregulated in A549 cells after X-rays irradiation but not enhanced after treatment with ISO (data not shown). Transcriptional regulatory mechanisms are complex, and further studies are needed to completely understand the molecular mechanisms responsible for the ISO-mediated increase in IL-13 expression and decrease in NF-κB activation after radiation.
Studies have proven that autophagy has been revealed as a novel response of cancer cells to ionizing radiation (Klionsky and Emr, 2000; Djavaheri-Mergny et al., 2006; Xiao, 2007). In our study, ISO treatment induces the formation of vacuolation in A549 cells, which may be involved in autophagic cell death. Therefore, we speculated the occurrence of mitochondrial dysfunction after ISO treatment and irradiation, resulting in autophagy in A549 cells. It is, therefore, necessary to further investigate the mechanism involved in sensitizing effect of ISO.
The GEPIA database (http://gepia.cancer-pku.cn/index.html) is a comprehensive web-based analysis tool that provides information on the expression of different genes in tumor and normal tissue specimens. We browsed the GEPIA database and observed low IL-13 expression in 483 LUAD and 486 LUSC tumor specimens, compared with 347 LUAD and 338 LUSC nontumor specimens (Figure 6A). From stage I to stage IV, the expression of IL-13 gradually decreased in LUAD (Figure 6B) and LUSC (Figure 6C) specimens, indicating that the changes in the IL-13 level can serve in evaluation of NSCLC. These results also suggested that IL-13 may be a biomarker of the disease and a therapeutic target in NSCLC.
[image: Figure 6]FIGURE 6 | The levels of IL-13 expression in NSCLC cells analyzed according to cancer public database. (A) IL-13 expression profile across tumor samples and adjacent normal tissues from GEPIA in LUAD and LUSC. (B,C) IL-13 expression levels in different stages of LUAD and LUSC from GEPIA database.
CONCLUSION
To our best knowledge, this is the first study to report that ISO treatment enhanced the radiosensitivity of lung cancer cells through IL-13 and the NF-κB signaling pathway, thereby promoting programmed cell death. These findings provided new insights into the mechanism responsible for the effects of ISO and may guide the development of novel therapeutic approaches for lung cancer.
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DNA repair pathways are triggered to maintain genetic stability and integrity when mammalian cells are exposed to endogenous or exogenous DNA-damaging agents. The deregulation of DNA repair pathways is associated with the initiation and progression of cancer. As the primary anti-cancer therapies, ionizing radiation and chemotherapeutic agents induce cell death by directly or indirectly causing DNA damage, dysregulation of the DNA damage response may contribute to hypersensitivity or resistance of cancer cells to genotoxic agents and targeting DNA repair pathway can increase the tumor sensitivity to cancer therapies. Therefore, targeting DNA repair pathways may be a potential therapeutic approach for cancer treatment. A better understanding of the biology and the regulatory mechanisms of DNA repair pathways has the potential to facilitate the development of inhibitors of nuclear and mitochondria DNA repair pathways for enhancing anticancer effect of DNA damage-based therapy.
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THE DNA REPAIR PATHWAYS
A variety of endogenous and exogenous DNA-damaging agents such as UV light, ionizing radiation (IR) and chemotherapeutic agents can lead to DNA lesions, including mismatches, single-strand breaks (SSBs), double-strand breaks (DSBs), chemical modifications of the bases or sugars, and interstrand or intrastrand cross-links. If the damage is not corrected, it will cause genomic instability and mutation, which is one of the cancer hallmarks (Hanahan and Weinberg, 2011). In order to prevent this situation, cells have evolved a series of mechanisms called DNA damage response (DDR) in order to deal with such lesions. DDR is a complex network that functions in different ways to target various DNA lesions, including signal transduction, transcriptional regulation, cell-cycle checkpoints, induction of apoptosis, damage tolerance processes, and multiple DNA repair pathways (Figure 1) (Giglia-Mari et al., 2011; Tian et al., 2015).
[image: Figure 1]FIGURE 1 | DNA damage response. DNA damage is caused by endogenous agent oxygen species (ROS) or exogenous agents such as UV light, ionizing radiation (IR) and chemotherapy agents. DNA damage response (DDR) is induced to deal with the lesions, including signal transduction, transcriptional regulation, cell-cycle checkpoints, induction of apoptosis, multiple DNA repair pathways as well as damage tolerance processes. DNA repair pathways include nuclear and mitochondrial DNA repair pathways. Direct repair, BER, MMR and recombinational repair (HR and NHEJ) are existence in both nuclear and mitochondrial repair systems. NER has been reported only appearance in nucleus, and the existence of TLS pathway in mitochondria is unknown. NDNA, nuclear DNA; MtDNA, mitochondrial DNA; BER, base excision repair; HR, homologous recombination repair; NHEJ, non-homologous end joining; MMR, mismatch repair; TLS, translesion synthesis; NER, nucleotide excision repair.
In mammalian cells, the two main organelles containing DNA are nucleus and mitochondria. Nuclear DNA (nDNA) repair systems are divided into the following major pathways: 1) direct reversal, which mainly repairs the lesion induced by alkylating agents, 2) base excision repair (BER), aiming at DNA breaks (SSBs) and non-bulky impaired DNA bases, 3) nucleotide excision repair (NER), correcting bulky, helix-distorting DNA lesions, 4) mismatch repair (MMR), repair of insertion/deletion loops (IDLs) and base-base mismatch, 5) recombinational repair, which is further divided into homologous recombination repair (HRR) and non-homologous end joining (NHEJ), primarily functioning at DNA double strand breaks, 6) alternative nonhomologous end joining (alt-NHEJ, MMEJ), involved in repair of DSBs, 7) translesion synthesis (TLS), which is more likely to be a DNA damage tolerance mechanism (Jackson and Bartek, 2009; Hosoya and Miyagawa, 2014). Mitochondrial DNA (mtDNA) repair pathways, including the direct reversal, BER, MMR, TLS and double-strand break repair (DSBR), can repair damaged DNA to maintain mitochondria genetic integrity, protect mtDNA against oxidative damage, and promote cell survival (Ohta, 2006; Saki and Prakash, 2017).
ROLE OF DNA REPAIR PATHWAYS IN CANCER BIOLOGY
DNA repair pathways play an important role in the maintenance of genome stability and integrity through correcting the impaired DNA that may contribute to carcinogenesis (Clementi et al., 2020). Numerous studies have indicated that certain cancers are associated with the defect or mutation in the proteins of nuclear or mitochondrial DNA repair pathways (Pearl et al., 2015; Cerrato et al., 2016). For example, the defect in the ATM–Chk2–p53 pathway, which plays a crucial role in DNA double-strand breaks repair, promoted glioblastoma multiforme (GBM) formation and contributed to GBMs radiation resistance (Squatrito et al., 2010). The human syndrome hereditary nonpolyposis colorectal cancer (HNPCC), which connects with high degrees of microsatellite instability, is caused by germline mutations in MMR genes, and the tumorigenesis of this disease is connected with the defect in the MMR pathway (Hampel et al., 2005). People who carry an MMR gene mutation have the increased risk of a wide variety of cancers than their noncarrier relatives (Win et al., 2012). Two important homologous recombination (HR) DNA repair-related genes, BRCA1 and BRCA2 germline mutant confer the genetic predisposition to breast, ovarian cancer and pancreatic cancer (Riaz et al., 2017). In addition, the tumor microenvironment characteristic of hypoxia, low pH and nutrient deficiency, can give rise to genomic instability and tumor progress through downregulating DNA repair pathway. It has been reported that hypoxic circumstance can result in the reduction of MLH1 expression, a core protein in the MMR pathway (Mihaylova et al., 2003). The downregulation of RAD51, a key mediator of HRR, was observed in multiple cancer cell types induced by hypoxia, suggesting that the hypoxic tumor microenvironment can suppress the HRR pathway to cause genetic instability (Bindra et al., 2004; Lu et al., 2011). Tumor hypoxia also regulated the DDR by driving alternative splicing (Memon et al., 2016). Study in human pulmonary epithelial cells has found that the acidic conditions delayed DNA damaging compounds benzo[a]pyrene (B[a]P) metabolism and inhibited NER capacity, ultimately enhanced B[a]P-induced DNA damage (Shi et al., 2017). Recent studies have shown that extracellular nutrients have significant effects on genome integrity. Glutamine is the main source of carbon and nitrogen for tumor cells. Lack of glutamine led to DNA alkylation damage by inhibiting ALKBH activity and increased the sensitivity of cancer cells to alkylating agents (Tran et al., 2017). Glucose starvation also enhanced radiosensitivity of tumor cells by reducing DNA double-strand break (DSB) repair (Ampferl et al., 2018). Thus, the dysregulation of DNA repair pathways can contribute to the development of cancer by promoting genomic instability and mutation in mammal cells.
TARGETING DNA REPAIR PATHWAYS IN CANCER THERAPY
The most common cancer treatments, including chemo- or radiotherapy, are designed to induce cell death by direct or indirect DNA damage. However, tumor cells can initiate DNA repair pathways to resist these anticancer agents during chemo- or radiotherapy. Therefore, combination of the nuclear or mitochondrial DNA repair pathway inhibitors with anticancer agents may increase the tumor cell sensitivity to these agents.
O-6-Methylguanine-DNA Methyltransferase (MGMT)
The role of MGMT is to remove alkyl adducts from the O6 position of guanine. Thus, the protective effect of MGMT could diminish the cytotoxic effects of alkylating agents (Middleton and Margison, 2003), suggesting that MGMT activity is likely to be a useful marker of the sensitivity of cancer cells to alkylating agents. It has been reported that high MGMT expression in tumor cell is associated with the resistance to 1,3- bis- (2-chloroethyl) -1- nitrosourea (BCNU) and temozolomide (TMZ) (Happold et al., 2018; Hsu et al., 2018), which target the O6-position of guanine, resulting in cytotoxic and mutagenic DNA adducts (Rabik et al., 2006). Recently, researchers found that MGMT-mediated the resistance to DNA alkylating agents in cancer cell is profoundly dependent on the DNA repair enzyme PARP. Combination of temozolomide with PARP inhibitors (PARPi) in MGMT-positive cancer cells enhanced the anticancer effects (Erice et al., 2015; Jue et al., 2017).
The inactivation of MGMT in tumor cells has been appreciated as a therapeutic target for sensitizing cells to O6-alkylating agents (Maki et al., 2005). In vitro and in vivo studies demonstrated that O6-Benzylguanine (O6-BG), a typical pseudo-substrate that was developed to inactivate MGMT, in combination with O6-alkylating agents increased the therapeutic efficacy of chemotherapeutic alkylating agents (Maki, Murakami, 2005). Lomeguatrib (called O6-(4-bromothenyl) guanine, as well as PaTrin-2), another pseudo-substrate tested in clinical trials, has been shown to increase the therapeutic index of methylating agent temozolomide in nude mice bearing A375M human melanoma xenografts and patients with advanced solid tumors (Middleton et al., 2002; Ranson et al., 2006). Bobustuc GC et al. demonstrated that inhibition of MGMT suppressed the expression of survivin and enhanced the cytotoxicity of gemcitabine in pancreatic cancer (Bobustuc et al., 2015). Another approach to MGMT inactivation is to silence the MGMT gene expression through its promoter methylation. Several studies in animal models have suggested that the therapy of MGMT gene silence was able to overcome TMZ resistance and increase tumor cell death (Viel et al., 2013). Clinical study indicated that patients with glioblastoma containing a methylated MGMT promoter obtained more benefits from TMZ than those who did not have a methylated MGMT promoter (Hegi et al., 2005). Lately, it has been confirmed that MGMT gene methylation can be a biomarker for temozolomide (TMZ) treatment and a potent prognostic factor in patients with GBM (Kim et al., 2012; Iaccarino et al., 2015; Zhao et al., 2016; Binabaj et al., 2018). However, according to the data from National Cancer database (NCDB) indicated that only 4.9% of GBM patients have MGMT promoter methylation. Even though MGMT promoter methylation status has prognostic value, it is ignored in the United States (Lee et al., 2018). More researches need to conduct to identify the prognostic value of MGMT promoter methylation in tumor patients responding to alkylating agents.
Base Excision Repair
A number of investigations have shown that inhibition of BER pathway can enhance the sensitivity of cancer cells to alkylating agents and radiotherapy (Neijenhuis et al., 2005; Gao et al., 2019). The primary methods to prevent the activity of BER pathway focus on the development of AP endonuclease 1 (APE1) or Poly (ADP-ribose) polymerase (PARP) inhibitors.
Several studies indicated that methoxyamine (MX), a small alkoxyamine that can bind with the free aldehyde of AP site to prevent APE1 cleavage at AP sites, thereby inhibiting APE-1 endonuclease activity. Combined treatment with chemotherapeutic alkylating agent such as TMZ and BCNU could reinforce the cytotoxicity of alkylating agent by targeting BER pathway (Liu et al., 2003; Montaldi and Sakamoto-Hojo, 2013). Recently, based on preclinical studies, several clinical trials were conducted, for example combination therapy with MX and TMZ in patients with advanced solid tumors has completed (NCT00892385). Currently, phase Ⅰ clinical trials of MX in combination of TMZ is undergoing in patients with relapsed solid tumors and lymphomas (NCT01851369). MX combination with pemetrexed disodium, cisplatin, is now investigating in phase Ⅰ/II stage in patients with advanced malignant solid neoplasm (NCT02535312). Lucanthone, a topoisomerase II inhibitor as well as an APE1 endonuclease inhibitor, has been shown to reinforce the cell killing effect of alkylating agents in human breast cancer cell line MDA-MB-231 (Luo and Kelley, 2004). Lucanthone combination with radiation and TMZ in GBM patients was tested in phase Ⅱ clinical trial (NCT01587144). However, it was terminated in 2016. Another phase II clinical trial investigating lucanthone combination with radiation in patients with brain metastases from non-small cell lung cancer was withdrawn due to drug issues (NCT02014545).
PARP family is composed of 17 members, of which PARP1 and PARP2 are well-recognized DNA damage sensors, especially PARP1. PARP1 detect the region of damaged DNA and play a key role in several DNA repair pathway including BER, HHR and MMEJ (Konecny and Kristeleit, 2016). While PARP1 is best studied in BER and the mechanism of PARP inhibitor (PARPi) is based on trapping PARP1 on SSBs DNA site to inhibit BER repair. Finally, it converted SSBs into DSBs and impelled cell death in HR-deficiency tumor, for example BRCA1/2 mutations, RAD51 deficiency (Figure 2) (Konecny and Kristeleit, 2016; Brown et al., 2017; Lord and Ashworth, 2017; Oplustil O’Connor et al., 2016). In 2005, two pre-clinical researches published in nature indicated that BRCA1 or BRCA2 deficient cells highly sensitized to PARP inhibition (Farmer et al., 2005; Bryant et al., 2005). Based on the concept of “synthetic lethality”-targeting either gene alone in a synthetic lethal pair is tolerated, but simultaneous targeting both genes is lethal, researchers applied PARPi to BRCA mutation tumors (Dhillon et al., 2016). Several clinical trials using PARPi including Olaparib, Veliparib, Rucaparib (Table 1) as monotherapy for the treatment of patients with germline BRCA1/2 mutation tumors including advanced breast cancer, ovarian cancer, pancreatic cancer and prostate cancer presented significantly antitumor effect (Kaufman et al., 2015; Robson et al., 2017; Moore et al., 2018; Golan et al., 2019). Olaparib as maintenance therapy also significantly prolonged progression-free survival in advanced ovarian cancer patients with HRD-positive tumors who have achieved first-line standard therapy including bevacizumab. It has been approved by FDA for utilization of Olaparib in patients with advanced germline BRCA-mutated ovarian cancer following three or more prior lines of chemotherapy (Kim et al., 2015). On May 19, 2020, the FDA also approved Olaparib for patients with metastatic castration-resistant prostate cancer (mCRPC) carrying HRR gene-mutated based on NCT02987543. PAPR1 inhibitors in combination with IR or with other different anticancer agents are currently undergoing clinical trials for treatment of patients with BRCA1/2 mutation or HRR-deficiency advanced solid tumors, which shown promising clinical activity (Bang et al., 2017; Wilson et al., 2017; Loibl et al., 2018; Coleman et al., 2019; Farago et al., 2019; Konstantinopoulos et al., 2019; Liu et al., 2019).
[image: Figure 2]FIGURE 2 | Mechanism and function of PARP and PARP inhibitors. The catalytic function of PARP1 is activated through binding to the SSBs site cuased by alkylating agents. Activated PARP1 undergo PARylation and recruitment of a serials of key DNA repair effectors involved in BER to repair DNA lesion. Finally, PARP1 release from DNA and regain inactive state. PARP inhibitors binds the catalytic site of PARP and impaired of the enzymatic activity of PARP which “trap” PARP1 on DNA, results in suppression of the catalytic cycle of PARP1 and BER. Trapping PARP1 on DNA lesion also collapses DNA replication fork, therefore transforming SSBs into genotoxic DSBs. This type of DNA lesion would normally induce HR for repairing damaged DNA. However, if HR-defective exist in tumor cells, including BRCA1/2 deficiency or mutation, another less effective and error-prone DSBs repair pathway NHEJ or alt-NHEJ could be utilized, which causing genomic instability, chromosomal fusions/translocations and subsequently inducing cell death. SSBs, single-strand breaks; DSB, double-strand break; BER, base excision repair; alt-NHEJ, alternative nonhomologous end joining; NHEJ, non-homologous end joining; HR, homologous recombination repair.
TABLE 1 | DNA repair pathway inhibitors in current clinical trials.
[image: Table 1]Double Strand Breaks Repair
Among various DNA lesions, DSBs is the leading lethal damage that leads to cell death and genetic mutations. DNA-dependent protein kinase (DNA-PK), a member of the PI3K-related protein kinase (PIKK) family, is involved in DSBs repair pathway via non-homologous end joining (NHEJ) (Jette and Lees-Miller, 2015). It has been reported that DNA-PK activity plays a role in chemo-radiotherapy resistance (Wang Y. et al., 2018; Stefanski et al., 2019; Alikarami et al., 2017; Liu et al., 2015). Selective DNA-PK inhibitor have been developed, including NU7026 (Dolman et al., 2015), NU7441 (Yang et al., 2016), IC87361 and SU11752 (Shinohara et al., 2005). They could inhibit DSBs repair pathway and enhance the sensitivity of cancer cells to ionizing radiation or/and chemo-potentiation such as doxorubicin (Ciszewski et al., 2014). The combination of DNA-PK inhibitor M3814 with type II topoisomerase inhibitors, including doxorubicin, etoposide and pegylated liposomal doxorubicin, enhanced the efficacy of type II topoisomerase inhibitors in ovarian cancer xenografts (Wise et al., 2019). Several novel DNA-PK inhibitors including MSC2490484A, VX-984 (M9831), M3814 are under clinical trial as single-agent or combination with Chemo-radiotherapy (Table 2). Alexander K. Tsai et al. recently found that NU7441 combination with a multikinase inhibitor regorafenib altered immune microenvironment of melanomas and enhanced the efficacy of various immunotherapies (Tsai et al., 2017).
TABLE 2 | Inhibitors of DNA repair pathway recently under preclinical studies.
[image: Table 2]Ataxia-teleangectasia mutated (ATM) and ATM-RAD3-related (ATR) protein, like DNA-PK protein, are the members of PIKK family. They work as a transducer of the DSB signal, and are involved in the repair of DNA DSBs (Weber and Ryan, 2015). A large of ATM inhibitors, including KU-55933, KU-60019, KU-59403, CP-466722, AZ31, AZ32, AZD0156, and AZD1390, have been developed and their antitumor effects have been investigated (Jin and Oh, 2019). It has been reported that human tumor cells treated with KU-55933, a specific inhibitor of the ATM kinase, could sensitize tumor cells to the cytotoxic effects of IR and DNA DSBs-inducing chemotherapeutic agents such as etoposide, doxorubicin, and camptothecin (Hickson et al., 2004; Hoey et al., 2018). KU-60019, an improved ATM kinase inhibitor, acts as a highly effective radio-sensitizer in human glioma cells (Biddlestone-Thorpe et al., 2013). AZD0156, a newly discovered ATM inhibitor, has the potential to promote the survival of leukemia-bearing mice and now is under clinical trial (Morgado-Palacin et al., 2016). Preclinical study demonstrated that ATM inhibitor AZD1390 enhanced the radiosensitivity of tumor cells and extended animal survival in preclinical brain tumor models (Durant et al., 2018). AZD1390, as a radiosensitizer, is now undergoing two clinical trials in patients with brain cancer (NCT03423628) or non small cell lung cancer (NCT04550104). Many inhibitors aiming at both ATM and DNA-PK have been reported to have great potential as a chemo- and radiotherapy sensitizing agents in cancer therapy (Powell and Bindra, 2009).
The cell cycle checkpoint kinases CHK1 and CHK2 are downstream substrates of ATM /ATR, which act as the “central transducers” of the DDR (Pilie et al., 2019). Activation of these pathways is essential for the proper regulation of checkpoint and DNA repair (Smith et al., 2010). The ATM–Chk2 and ATR–Chk1 pathways respond to different DNA damages, ATM is activated at DSBs, whereas ATR is recruited to tracts of ssDNA (Di Benedetto et al., 2017). Subsequently, CHK1 and CHK2 activated by ATR and ATM respectively upon their recruitment to DNA damage sites. Protein kinase WEE1 functioned as furthest downstream in ATR/CHK1 pathway, which is indirectly regulated by DNA damage (Cleary et al., 2020). WEE1 actives the G2/M cell cycle checkpoint by impeding cyclin-dependent kinase 1 and 2 (CDK1/2) activity, thereby inducing cell cycle arrest and promoting DNA damage repair. Inhibition of WEE1 causes aberrant DNA replication and replication-dependent DNA damage in cells by suppressing CDK2 (Guertin et al., 2013). Recently, compounds targeting CHK1 are currently in clinical trials (Table 1). The first-in-class WEE1 kinase inhibitor AZD1775 is also undergoing a series of clinical trials as monotherapy or in combination with other therapies (Table 1).
mtDNA Repair Pathway
Recently, the exploration of novel anticancer strategies aiming at the differences in mitochondrial function and structure between normal cells and cancer cells has received intensive attention (Porporato et al., 2018). However, there are few studies that have discovered new anticancer approaches via targeting mtDNA repair pathway.
Like nDNA, efficient mtDNA repair pathway, especially BER pathway that mainly repairs ROS-induced lesion, may play an important role in cellular resistance to cancer therapeutic agents. MtDNA D-loop mutations were common in gastrointestinal cancer and correlated with carcinoma progression (Wang B. et al., 2018). It has been found that human breast cancer cells defective of mtDNA repair are more sensitive to oxidative damage than the control cells (Shokolenko et al., 2003). Grishko V I et al indicated that mtDNA repair pathways played an important role in protecting cells against ROS in normal HA1 Chinese hamster fibroblasts (Grishko et al., 2005). Another study clarified that mtDNA repair capacity was important for cellular resistance to oxidative damage by increasing their viability following exposure to oxidative stress (Shokolenko et al., 2003). Ueta E et al demonstrated that downregulation of the mtDNA repair-associated molecules, mitochondrial transcription factor A (mtTFA) and Polγ by using inhibitors of PI3K/Akt signaling in oral squamous cell carcinoma cells (OSC) increased the susceptibility of radio-sensitive OSC cells and radio-resistant OSC cells to gamma-rays (Ueta et al., 2008). This observation implied that PI3K/Akt signal inhibitors can suppress mtDNA repair capacity. Thus, these inhibitors combined with ionizing irradiation or chemotherapeutic drugs may be utilized as an effective strategy in cancer therapy.
DNA glycosylases are involved in the initiation step of BER that recognizes and removes the abnormal base (Anderson and Friedberg, 1980). 8-OxoG-recognizing DNA glycosylase 1 (OGG1) is an important DNA glycosylase for repair of 8-oxoguanine (8-oxoG), which is one of the major DNA lesions both of the nDNA and mtDNA, especially in mtDNA (Rachek et al., 2002). It has been found that tumor cells harboring overexpressed recombinant OGG1 were more proficient at repairing of oxidative damage to mtDNA, and had increased cellular survival under oxidative stress (Rachek et al., 2002; Yuzefovych et al., 2016). We previously found that Sirt3, a major mitochondrial NAD+-dependent deacetylase, physically associated with OGG1 and deacetylated this DNA glycosylase, and that deacetylation by Sirt3 prevented the degradation of the OGG1 protein and controlled its incision activity (Cheng et al., 2013). We further showed that regulation of the acetylation and turnover of OGG1 by Sirt3 played a critical role in repairing mitochondrial DNA (mtDNA) damage, protecting mitochondrial integrity, and preventing apoptotic cell death under oxidative stress. We observed that following ionizing radiation, human tumor cells with silencing of Sirt3 expression exhibited oxidative damage of mtDNA, as measured by the accumulation of 8-oxoG and 4,977 common deletion, showed more severe mitochondrial dysfunction, and underwent greater apoptosis, in comparison to the cells without silencing of Sirt3 expression. Our results not only reveal a new function and mechanism for Sirt3 in defending the mitochondrial genome against oxidative damage and in protecting from the genotoxic stress-induced apoptotic cell death, but also provide evidence supporting a new mtDNA repair pathway. Recently, researchers also proved that overexpression of mitochondrial OGG1 decreased breast cancer progression and metastasis (Yuzefovych et al., 2016).
In conclusion, combination of DNA repair pathway inhibitors with anticancer agents may enhance the tumor sensitivity to certain chemotherapeutic drugs and radiation. More effective and less toxic DNA-damaging agents have been developed and carried out in preclinical studies (Table 2). Based on the preclinical data, a number of clinical trials have been launched to test whether targeting DNA repair pathways can reinforce the efficacy of some anticancer drugs and benefit cancer patients (Table 1).
THE RELATIONSHIP BETWEEN DNA REPAIR PATHWAYS AND CANCER THERAPEUTIC RESISTANCE
Resistance to cancer therapy remains the leading cause of treatment failure in cancer patients. DNA repair capacity (DRC) of tumor cells has been known to involve in drug resistance, including chemoradiotherapy, targeted therapy and immunotherapy. DNA damage inducing drug cisplatin is one of the most widely employed chemotherapeutic drugs. In a murine model of human lung cancer, tumor cells were initially effective with cisplatin treatment, but resistant emerged after prolonged treatment (Oliver et al., 2010). Cisplatin-resistant tumor cells exhibited higher level of DNA damage repair related genes and DRC, inhibition of NER pathway significantly enhanced the sensitivity of tumor cells to cisplatin (Oliver, Mercer, 2010; Wang et al., 2011). Low expression of 53BP1, a DDR protein involved in NHEJ, was associated with higher local recurrence in triple negative breast cancers (TNBC) patients treated with breast-conserving surgery and radiotherapy, indicating that 53BP1 may be a predictor of radio-resistance (Neboori et al., 2012). PTEN Y240 phosphorylation induced by ionizing radiation (IR), a standard treatment for glioblastoma (GBM) patients, promoted therapeutic resistance by enhancing DNA repair (Ma et al., 2019). Inhibiting DNA repair kinases could also prevent doxorubicin (DOX) resistance in breast cancer cells (Stefanski et al., 2019). Abnormal DNA repair activity was found in CDK4/6 inhibitors palbociclib-resistant breast cancer cells, whereas PARP inhibitors, olaparib and niraparib treatment could significantly inhibit palbociclib-resistant cancer cell viability (Kettner et al., 2019). In the recent years, immunotherapy is a major breakthrough in the field of cancer treatment. Therefore, the role of DDR in tumor immunotherapy has attracted much attention. Studies have shown deficiency of a specific DNA repair pathway was associated with immune checkpoint blockade (ICB) response. For example, MMR has been reported as a critical biomarker of response to immune checkpoint inhibitors in cancer (Le et al., 2017). Alterations in genes encoding MMR proteins often contribute to frameshift mutations, resulting in neoantigen generation (Germano et al., 2017). Phase II clinical trials proved that mismatch repair–deficient tumors exhibited higher responsive to PD-1 blockade compared with mismatch repair–proficient tumors(Asaoka et al., 2015). Based on lines of pre-clinical and clinical evidence, the US Food and drug Administration (FDA) has approved anti-PD-1 antibodies for the treatment of patients with MMR-deficient (Ruiz-Bañobre and Goel, 2019). On the contrary, researchers also found that colorectal cancer (CRC) patient with DNA mismatch repair deficiency (dMMR)/a high-level of microsatellite instability (MSI-H) exhibited intrinsic resistance to immune checkpoint immune checkpoint inhibitor (Gurjao et al., 2019). Metastatic urothelial carcinoma (mUC) shown relatively low response rates to PD-1/PD-L1 blockade (15–24%), whereas the presence of DDR gene mutations is a potential marker of clinical benefit from anti-PD-1/PD-L1 immune checkpoint inhibitors in mUC (Teo et al., 2018). Preclinical studies have also revealed that suppression of PARP induced PD-L1 expression and consequently caused immunosuppression (Jiao et al., 2017). Researches also elucidated that PARP inhibitor olaparib enhanced CD8+ T-cell recruitment and activation by activating the cGAS/STING pathway in BRCA1-deficient triple-negative breast cancer (Pantelidou et al., 2019). Therefore, multiple combination studies involving immune checkpoint inhibitors with DDR inhibitors are undergoing clinical trials, such as combination PARP inhibitor Niraparib and anti-PD-1 antibody pembrolizumab in patients with triple-negative breast cancer or ovarian cancer (NCT02657889). In the phase I, multi-center, dose-escalation study, patients with advanced solid tumors will receive WEE1 inhibitor AZD1775 (Adavosertib) in combination with MEDI4736 (durvalumab) (NCT02546661). These studies suggest that DRC plays a key role in cancer therapy resistance, therefore, evaluation of DNA repair phenotype before treatment could be of great value in clinical management of clinical therapeutic drugs or modalities.
A number of DDR inhibitors have currently come to market or under clinical development. PARP inhibitors are the first clinically approved DDR drugs based on the concept of “synthetic lethal” (Lord and Ashworth, 2017). PARP inhibitors have been widely used for cancer patients with BRCA1/2 mutation or HRR deficiency and showed promising clinical activity. However, resistance inevitably developed in the majority of patients and led to treatment failure. The mechanism of resistance to PARP inhibitors can be innate or acquired though clinical and preclinical studies. Preclinical studies demonstrated that overexpression of P-glycoprotein drug efflux transporter implicated in intrinsic resistance to Olaparib (Henneman et al., 2015). Resumption of PARformation due to poly (ADP-ribose) glycohydrolase (PARG) depletion conferred acquired resistance to PARP inhibition in BRCA2-deficient tumor cells (Gogola et al., 2018). PARP1 p. T910A mutation could override PARP1 inhibition promoted the secondary failure of Olaparib treatment (Gröschel et al., 2019). Another mechanism leading to resistance may restoration of HRR function or re-construction of replication fork stability by increasing RAD51 expression or re-expressing BRCA1/2 (Ter Brugge et al., 2016; Quigley et al., 2017; Clements et al., 2018; Lim et al., 2018; Marzio et al., 2019). Upregulation of certain oncogenic pathways such as Wnt/β-catenin signaling pathway or DDR related protein may also confer cancer cells insensitive to PARP inhibitors and providing some rationale for combination strategies with PARP inhibitors (Fukumoto et al., 2019; Watson et al., 2019; Liu et al., 2020).
CONCLUSION AND PERSPECTIVES
Based on the relationship between DNA repair pathways and cancer development and progression, a new therapeutic strategy has emerged to increase the efficacy of DNA damaging agents through combination with inhibitors of DNA repair pathways. The inhibitors of several DNA repair pathways have been developed, and some of them are currently undergoing clinical trials. The therapeutic benefits of these agents should be further evaluated in cancer treatment, and the more specific inhibitors should be developed to reduce the adverse effect on normal tissues and cells. Many studies have demonstrated that the inhibition of DNA repair pathways may be an important way in anticancer therapies. However, we should realize that use of certain inhibitors of DNA repair pathways may have potential drawbacks. The combination of IR or chemotherapeutic agents with inhibitors of DNA repair pathway may increase the mutagenic lesions in surviving cells and lead to the development of secondary tumors. More attentions have been paid to the relationship between defective nuclear DNA repair pathway and therapeutic resistance but less about the association between the mitochondrial repair pathway and cancer cells. Due to the difference in mtDNA between cancer cells and normal cells, the development of mtDNA repair pathway inhibitors that can reduce the adverse effects to normal cells may be a more effective strategy to enhance the anticancer therapy than targeting nDNA. A better understanding on the mechanisms of mtDNA repair pathways shall facilitate the development of new effective chemo- and radiosensitizers by targeting mtDNA repair pathway in cancer therapy.
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Carboplatin resistance in ovarian cancer (OV) is a major medical problem. Thus, there is an urgent need to find novel therapeutic targets to improve the prognosis of patients with carboplatin-resistant OV. Accumulating evidence indicates that the gene COL1A1 (collagen type I alpha 1 chain) has an important role in chemoresistance and could be a therapeutic target. However, there have been no reports about the role of COL1A1 in carboplatin-resistant OV. This study aimed to establish the detailed molecular mechanism of COL1A1 and predict potential drugs for its treatment. We found that COL1A1 had a pivotal role in carboplatin resistance in OV by weighted gene correlation network analysis and survival analysis. Moreover, we constructed a competing endogenous RNA network (LINC00052/SMCR5-miR-98-COL1A1) based on multi-omics data and experiments to explore the upstream regulatory mechanisms of COL1A1. Two key pathways involving COL1A1 in carboplatin resistance were identified by co-expression analysis and pathway enrichment: the “ECM-receptor interaction” and “focal adhesion” Kyoto Encyclopedia of Genes and Genomes pathways. Furthermore, combining these results with those of cell viability assays, we proposed that ZINC000085537017 and quercetin were potential drugs for COL1A1 based on virtual screening and the TCMSP database, respectively. These results might help to improve the outcome of OV in the future.
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Introduction

Ovarian cancer (OV) is the leading cause of death among women with gynecological malignancies and is characterized by high recurrence and mortality rates (1). Each year, 225,500 new cases of ovarian cancer are diagnosed, with 140,200 cancer-specific deaths worldwide (2). Owing to the use of chemotherapy, which is the mainstay of OV treatment, the mortality rate has decreased in recent decades (1). Chemotherapy, especially carboplatin, is the primary treatment for OV and can improve patients’ overall survival and quality of life (3). However, most OV patients receiving carboplatin chemotherapy develop chemoresistance, which leads to treatment failure (4).

Recently, many studies have demonstrated that the COL1A1 (collagen type I alpha 1 chain) gene is a potential therapeutic target with an important role in chemoresistance (5, 6). Most of these studies focused on the relationship between the expression of COL1A1 and chemoresistance. Some researchers found that the expression of COL1A1 was associated with resistance of OV to taxol (7), cisplatin (8), paclitaxel, doxorubicin, topotecan, vincristine, and methotrexate (5). However, the molecular mechanism by which COL1A1 participates in carboplatin-resistant OV has remained unclear; thus, the development of potential targeted therapeutic drugs is challenging.

In the present study, we performed data mining based on large-scale multi-omics data to explore the detailed molecular mechanism of COL1A1 in carboplatin-resistant OV and to identify potential drugs to target COL1A1. Our study provides new insight into the chemoresistance of OV at the molecular level and explores potential therapeutic drugs to overcome carboplatin resistance in OV and improve the outcomes of OV patients.



Materials and Methods


Data Collection

The gene expression count profile (transcriptome sequencing and microRNA [miRNA] profiles) and corresponding clinical data of OV patients were collected from The Cancer Genome Atlas (TCGA) database (accessed on September 21, 2019). Protein-coding genes and long non-coding RNAs (lncRNAs) were isolated from the transcriptome sequencing data. Based on their clinical data and previous study (9), 98 OV patients were categorized into a carboplatin-nonresistant group (complete response and partial response; n = 84) and a carboplatin-resistant group (stable disease and progressive disease; n = 14). Patients’ clinical characteristics are shown in Table S1. The use of TCGA data in the present study was in accordance with TCGA publication guidelines. As the patient data originated from the TCGA database, no further ethical approval was required.



Study Design

The workflow of this study is shown in Figure 1. In order to confirm the function of COL1A1 in carboplatin-resistant OV, we used weighted correlation network analysis (WGCNA), an unsupervised analysis method, to identify carboplatin-resistance-related genes. Then, we performed hub gene analysis and survival analysis to further validate the key role of COL1A1 in carboplatin-resistant OV. Subsequently, we explored the upstream regulatory mechanisms of COL1A1 by constructing a competing endogenous RNA (ceRNA) network. Moreover, we performed co-expression analysis and pathway enrichment to identify the downstream regulatory mechanisms of COL1A1. Finally, we identified candidates for drug-repurposing by virtual screening based on the structure of COL1A1 and the traditional Chinese medicines in the TCMSP database. Furthermore, we performed experiments to evaluate the results of the analysis.




Figure 1 | Flow diagram of the analysis procedure: data collection, preprocessing, analysis, and validation.





Identification of the Hub Genes in Carboplatin-Resistant OV

To obtain modules related to carboplatin resistance in OV, WGCNA was performed using R package WGCNA (10). A total of 8,791 genes with the top 70% median absolute deviations were screened from the database (n = 98) based on carboplatin response. Gene expression modules with similar patterns were identified by the dynamic tree cut method (minModuleSize = 50, mergeCutHeight = 0.25, and deepSplit = 1). An unsigned network type was used to retain relationships between modules and sample type (nonresistant or resistant). Modules with the highest absolute correlation values and p < 0.05 were considered to be significantly related to carboplatin resistance. Then, the identified carboplatin resistance genes were used to construct a network based on WGCNA. Subsequently, we employed two different methods to determine the hub gene in the carboplatin resistance module obtained by WGCNA. We assumed that a biological network G = (V, E) is an undirected network, where V is the collection of nodes within the network and E is the edge set. We used another notation, G = (V[G], E[G]), to represent a network, where V(G) is the collection of nodes in a network G, and E(G) is the collection of edges in a network G. For a set S, we used |S| to denote its cardinality (i.e., the number of elements in the set). Given a node v, N(v) denotes the collections of its neighbors. The two methods were as follows.

1. Degree method (Deg)

	

2. Maximum neighborhood component (MNC)

 , where MC(v) is a maximum connected component of the G[N(v)] and G[N(v)] is the induced subgraph of G by N(v).

The gene ranked in first place by both methods was considered to be the hub gene in carboplatin-resistant OV. Finally, survival analysis was performed using KmPlot with an auto-selected best cutoff (11).



Identification of Differentially Expressed mRNAs, miRNAs, and lncRNAs

We used the R package edgeR (12) to normalize and analyze significantly differentially expressed lncRNAs (DElncRNAs), miRNAs (DEmiRNAs), and mRNAs (DEmRNAs) between the carboplatin-resistant OV group (n = 14) and the carboplatin-nonresistant OV group (n = 84). According to the previous study (13), we wanted to obtain more candidates. So, the cutoff values were |log2 fold change| ≥ 0.4 and p < 0.05. The DElncRNAs, DEmiRNAs, and DEmRNAs were identified based on these thresholds.



Construction of the ceRNA Network for COL1A1

We constructed a ceRNA network based on the DEmRNAs, DEmiRNAs, and DElncRNAs as described previously (14). To construct the mRNA (COL1A1)-related ceRNA network, interactions between COL1A1 and miRNAs were predicted using TargetScan (http://www.targetscan.org/vert_71/), and lncRNA–miRNA relationships were identified using miRcode (http://mircode.org/). According to the ceRNA hypothesis (15), lncRNAs act as miRNA sponges and negatively regulate miRNA-mediated gene silencing. The COL1A1-related ceRNA network was constructed and visualized using Cytoscape 3.7.1 (16).



Co-Expression Analysis of COL1A1 and Pathway Enrichment Analysis

To explore the downstream regulatory mechanism of COL1A1, we performed co-expression analysis between COL1A1 and genes related to carboplatin resistance according to WGCNA, with cutoff values of Pearson correlation coefficient > 0.9 and p < 0.005. After obtaining the genes co-expressed with COL1A1, a KEGG over-representation test was performed using R package clusterProfiler (17) with a cutoff of p < 0.01. Gene set enrichment analysis (GSEA) (18) was also used to explore the potential molecular mechanisms in the carboplatin-resistant (n = 14) and carboplatin-nonresistant (n = 84) groups based on the expression profiles of all protein-coding genes, with cutoff values of false discovery rate (FDR) < 0.25 and p < 0.05. These results were combined to obtain the key pathways involving COL1A1 in carboplatin-resistant OV.



Potential Drug-Repurposing and Traditional Chinese Medicine

The three-dimensional (3D) structure of COL1A1 was downloaded from the Protein Data Bank (PDB; 5CVB, https://www.rcsb.org/), and its binding sites were identified by Schrodinger Maestro (19). Then, we built a library of 2,106 US Food and Drug Administration (FDA)-approved drugs obtained from the ZINC15 database (20). Finally, we performed virtual screening and molecular docking with Schrodinger Maestro to identify potential drug-repurposing. We also used TCMSP (http://www.tcmspw.com/tcmsp.php) (21) to find traditional Chinese medicines that might target COL1A1.



Chemicals

Carboplatin (≥ 98% purity, CAS: 41575-94-4), ZINC000085537017 (Cangrelor; ≥ 95% purity, CAS: 163706-36-3), and quercetin (≥ 98.5% purity, CAS: 117-39-5) were purchased from Aladdin (China). Stock solutions were prepared in dimethyl sulfoxide (≥99.7% purity, CAS 67-68-5, Sigma-Aldrich) and stored at 4°C. The fresh stock solution was made on a weekly basis. Other chemicals used in the study were analytic grade.



Cell Culture

Pairs of parental and resistant SKOV3 and A2780 cell lines were provided by Soochow University. Cells were cultured in DMEM (Gibco, 12800017) supplemented with 10% fetal bovine serum (Gibco, 10270-106) containing penicillin (100 IU/ml) and streptomycin (100 μg/ml) (Gibco, 15140122) at 37°C in a 5% CO2 atmosphere.



Real-Time Quantitative PCR

Total RNA was extracted using TRIzol reagent (Invitrogen). cDNA was synthesized using a cDNA synthesis kit (TIANGEN). Quantitative real-time PCR analysis was performed in triplicate with SYBR Green (TIANGEN) and specific primers (Table S2) using a CFX Connect Real-Time PCR Detection System (Bio-Rad, USA). U6 was used as an internal control for miRNAs. The relative expression levels of mRNAs or lncRNAs were evaluated relative to glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Relative expression values were calculated using the 2-△△Ct method.



Cell Viability

Cell viability was detected by cell counting kit‐8 (CCK‐8; TongRen) assay following the manufacturer’s instructions. The CCK‐8 test solution was added 30 min before the end of treatment, and the absorbance was measured at 450 nm using a microplate reader. Carboplatin-resistant cells were exposed to a concentration gradient (0, 0.01, 0.1, 1, 10, and 100 μM) of ZINC000085537017 or quercetin for 24 h. To understand the influence of ZINC000085537017 and quercetin on sensitivity to carboplatin, resistant cells were pretreated with 1 μM ZINC000085537017 or 10 μM quercetin for 24 h, followed by incubation with 20% maximal inhibitory concentration (IC20) or IC50 doses of carboplatin for 48 h, and then subjected to cell viability assays.



Statistical Analysis

Statistical analysis was performed using R 3.6.3 (R Foundation for Statistical Computing, Vienna, Austria). Normal distribution and homogeneity of variance tests were performed before the statistical analysis. The Wilcoxon test was used to evaluate the expression of COL1A1 between the carboplatin-resistant (n = 14) and carboplatin-nonresistant groups (n = 84), and t-tests were used to compare data between the two groups; p < 0.05 was considered statistically significant.




Results


COL1A1 Has an Important Role in Carboplatin-Resistant OV

A total of 98 samples (84 nonresistant to carboplatin and 14 resistant to carboplatin) were included in WGCNA. We selected β = 6 as the appropriate soft-thresholding value to ensure a scale-free network, and 16 modules were identified. These modules are shown in distinct colors in Figure 2A. Then, the correlations between module eigengenes and the clinical trait of interest (resistance to carboplatin) were determined (Figure 2B, Table S3). The modules with the highest absolute correlation values and p < 0.05 were considered to be significant carboplatin-resistance-related modules. Based on the cutoffs used, the yellow module was screened as significantly related to carboplatin resistance in OV (Figure 2B). A total of 412 genes of the yellow module (Table S4) were found to be significantly related to carboplatin resistance by WGCNA. Subsequently, we constructed a network based on these 412 genes, then used the Deg and MNC methods to identify the hub gene involved in carboplatin-resistant OV. COL1A1 was ranked first place in the hub gene analysis by both methods (Table S5). We also found that COL1A1 mRNA was significantly overexpressed in the carboplatin-resistant OV group (p < 0.05, Figure 2C). We used overall survival analysis with KmPlot to further validate the role of COL1A1 in carboplatin resistance. The results showed that high mRNA expression of COL1A1 was associated with poor prognosis in OV (p < 0.05, Figure 2D). Taken together, these results showed that COL1A1 plays an important part in carboplatin resistance in OV.




Figure 2 | Identification of modules and genes associated with carboplatin-resistant OV. (A) Dendrogram of 8,791 genes in the top 70% median absolute deviations clustered based on a dissimilarity measure (1-TOM). (B) Heatmap of the correlation between module eigengenes and clinical traits. Each cell contains the correlation coefficient and p-value. (C) mRNA expression of COL1A1 in carboplatin-nonresistant OV (n = 84) and carboplatin-resistant OV (n = 14). *p < 0.05. (D) The overall survival of patients with high expression of COL1A1 was lower than that of patients with low expression (p < 0.05).





Constructing of the ceRNA Network of COL1A1

We performed bioinformatics analysis to explore the ceRNA network of COL1A1 in carboplatin-resistant OV (Figure 3A). A total of 845 DElncRNAs (Table S6), 96 DEmiRNAs (Table S7), and 1,684 DEmRNAs (Table S8) were identified according to the cutoff values (|log2 fold change| ≥ 0.4 and p < 0.05). Then, based on the ceRNA hypothesis and online databases (TargetScan and miRcode), the ceRNA network of COL1A1 was constructed. According to the results of Targetscan (Table S9), the conserved sites of miR-98 and miR-143 on 3′ untranslated region (3′-UTR) of COL1A1 were 789–795 and 152–158, respectively. To make the results more creditable, we also did anther analysis by miRsystem. According to the results from miRsystem (Table S10), there were 6 hits and 4 hits for miR-98 and miR-143, respectively. Finally, several lncRNAs (FAM86C2P, LINC00315, WARS2-IT1, ATP11A-AS1, FOXP1-IT1, LINC00470, SMCR5, HERC2P4, DIRC3, LINC00052, HERC2P5, FLRT1, and ZNF876P) sponged has-mir-143 and has-mir-98 to regulate COL1A1 (Figure 3B). As determined by real-time PCR (Figure 3C), the expression levels of COL1A1 mRNA, miRNAs (miR-143 and miR-98), and lncRNAs (FLRT1, LINC00470, ZNF876P, SMCR5, DIRC3, LINC00052, FAM86C2P, and ATP11A-IT1) were all significantly different between the carboplatin-sensitive and carboplatin-resistant cell lines (p < 0.05), which was in line with our preliminary expectations. There was no change in mRNA expression of lncRNAs (HERC2P4, HERC2P5, LINC00315, WARS2-IT1, and FOXP1-IT1) (Figure 3C), inconsistent with the analysis results. Subsequently, we performed KmPlot analysis to examine the relationships between these candidates and the prognosis of OV patients. Consistent with our expectations, overexpression of miR-98 was associated with better outcomes in OV (p < 0.05, Figure 3D). However, overexpression of miR-143 was related to poor prognosis (Figure S1). As shown in Figures 3E and F, overexpression of LINC00052 or SMCR5 was significantly related to poor outcomes in OV, which was consistent with our expectations. The remaining lncRNA candidates did not show relationships in accordance with our expectations (Figure S1). Taken together, these results suggest that the ceRNA network of COL1A1 is LINC00052/SMCR5-miR-98-COL1A1.




Figure 3 | Upstream regulation mechanism of COL1A1 in carboplatin-resistant OV. (A) Bioinformatics methods were used to construct the ceRNA network of COL1A1. (B) ceRNA network of COL1A1. Red represents COL1A1, green represents miRNAs, blue represents lncRNAs. (C) Real-time PCR validation of candidates in ceRNA network. (mean ± SD, n =3). Asterisks indicate significant differences compared with the control group (*p < 0.05). Kaplan–Meier overall survival analyses for miR-98 (D), LINC00052 (E), and SMCR5 (F) in OV.





Identification of the Downstream Regulatory Mechanism of COL1A1

To explore the downstream mechanism of COL1A1 in carboplatin-resistant OV, we analyzed the genes co-expressed with COL1A1 among the 412 carboplatin-resistance-related genes. There were 14 genes co-expressed with COL1A1 (Table S11) according to the cutoff values of absolute Pearson correlation coefficient > 0.9 and p < 0.005. In addition, 11 KEGG pathways were enriched in the KEGG over-representation test based on the co-expressed genes of COL1A1 (Figure 4A). Another method for pathway analysis, GSEA targets the expression across the whole genome. GSEA analysis produced a total of five pathways (Table S12) in the carboplatin-resistant group and 22 pathways (Table S13) in the carboplatin-nonresistant group, using cutoff values of FDR < 25% and p < 0.05. Based on the KEGG over-representation test and GSEA results (Figure 4B), two overlapping pathways, “ECM receptor interaction” and “focal adhesion,” were identified.




Figure 4 | Downstream regulation mechanism of COL1A1 in carboplatin-resistant OV. (A) KEGG over-representation test pathway analysis of genes co-expressed with COL1A1 by clusterProfiler (p < 0.01). (B) Results of GSEA between carboplatin-resistant and nonresistant groups (p < 0.05 and FDR < 25%).





Potential Drug-Repurposing and Traditional Chinese Medicine

We used virtual screening with Schrodinger Maestro 2019-1 to identify potential drugs that could be repurposed to target COL1A1. The 3D protein structure of COL1A1 was downloaded from the PDB (5CVB, Figure S2A), and the active site was found by Schrodinger Maestro (Figure S2B). According to the glide scores (Table S14), ZINC000085537017 (Cangrelor) was the top hit from the structure-based virtual screening process. The 3D structure of ZINC000085537017 is shown in Figure 5A. There were six H-bonds and one pi–pi interaction in the ligand–protein complex (Figure 5B). The docking results for ZINC000085537017 and COL1A1 are shown in Figure 5C. Furthermore, we found that COL1A1 was targeted by quercetin based on the TCMSP database (Table S15). The docking results for quercetin and COL1A1 are shown in Figure S2C. To identify whether ZINC000085537017 or quercetin affected carboplatin sensitization in OV, first, carboplatin-resistant cell lines (A2780-carboplatin and SKOV3-carboplatin) were assayed for cell viability after treatment with a concentration gradient of ZINC000085537017 or quercetin (0, 0.01, 0.1, 1, 10, 100 μM) for 24 h. As shown in Figures S3A–B and S3C–D, 0.01–1.00 μM ZINC000085537017 and 0.01–10.0 μM quercetin did not significantly inhibit cell growth, but 10–100 μM ZINC000085537017 and 100 μM quercetin significantly reduced cell viability (p < 0.05). Then, based on previous research (22, 23), we selected 1 μM ZINC000085537017 and 10 μM quercetin for subsequent studies. Second, we calculated the IC50 values for carboplatin treatment for 48 h. The IC50 values of A2780, A2780-carboplatin, SKOV3, and SKOV3-carboplatin were 19.03 μM (7.066 μg/mL), 91.28 μM (33.89 μg/mL), 15.18 μM (5.635 μg/mL), and 68.96 μM (25.6 μg/mL), respectively. As shown in Figure 5D, 1 μM ZINC000085537017 significantly enhanced the carboplatin sensitivity (p < 0.05) of carboplatin-resistant cells treated with IC20 carboplatin, although it did not affect cell viability responses to IC50 carboplatin (Figure 5D). Similarly, 10 μM quercetin significantly enhanced the sensitivity of carboplatin-resistant cells to carboplatin (IC20 and IC50) after 48 h of treatment (p < 0.05, Figure 5E).




Figure 5 | Potential drugs based on the structure of COL1A1. (A) Structure of ZINC000085537017. (B) 2D structure of ZINC000085537017’s binding mode in COL1A1. (C) 3D structure of ZINC000085537017’s binding mode in COL1A1. Yellow represents hydrogen bonds, green represents pi–pi interactions, and purple represents salt bridges. ZINC000085537017 (D) and quercetin (E) enhanced the cytotoxicity of carboplatin in resistant cells. Cells were pretreated with ZINC000085537017 or quercetin for 24 h, followed by incubation with carboplatin for 48 h, and were then subjected to cell viability assays. The results are presented as mean ± SD (n = 6) and were normalized to the control (*p < 0.05).






Discussion

Carboplatin is the cornerstone of chemotherapy for OV. However, drug resistance to this agent continues to present challenges, leading to a poor prognosis for OV patients with a 5-year survival rate of only 25–30% (4, 24). Therefore, the mechanism of resistance to carboplatin in OV has become a focus of research in recent years. Increasing evidence has shown that COL1A1 has an important role in chemoresistance and could represent a potential therapeutic target (5, 6), but the mechanism of COL1A1 in carboplatin-resistant OV has remained unclear. In the present study, we determined the detailed molecular mechanism involving COL1A1 in carboplatin resistance and identified potential targeted drugs (both traditional Chinese medicine and FDA-approved drugs). These results provide new information and supporting data that could help to improve the outcomes of OV patients.

Many hub genes involved in carboplatin resistance have been identified by screening of differentially expressed genes (25–28). However, they were selected by an artificially set threshold, potentially excluding some important genes. In the present study, carboplatin resistance genes were screened by WGCNA, an unsupervised analysis method, making our results potentially more realistic and objective. We first screened carboplatin-resistance-related genes by WGCNA, then used hub gene analysis to identify COL1A1 as the hub gene. Furthermore, the expression of COL1A1 mRNA was found to be higher in carboplatin-resistant OV (p < 0.05), and survival analysis showed that high expression of COL1A1 mRNA was correlated with poor prognosis (p < 0.05), further demonstrating the pivotal role of COL1A1 in carboplatin resistance. The mRNA expression of COL1A1 was also found to be increased significantly (p < 0.05) in two carboplatin-resistant cells by real-time PCR. Although many studies have reported that the expression of COL1A1 was related to chemoresistance in OV (5–8), this was the first time that COL1A1 had been shown to play an important part in carboplatin-resistant OV. Furthermore, as type I collagen is composed of COL1A1 and COL1A2 (29), we speculated that COL1A2 might also have an important role in carboplatin-resistant OV, although there have been no reports about the role of COL1A2 in carboplatin resistance. According to the WGCNA and hub gene analysis results, COL1A2 was found in the 412 carboplatin resistance gene sets and was ranked 12th and 20th by Deg and MNC, respectively. Previously, Januchowski et al. reported that mRNA levels of COL1A2 and COL1A1 were significantly increased in OV cell lines resistant to cisplatin, paclitaxel, doxorubicin, topotecan, vincristine, and methotrexate (5). Taken together, these results suggest that COL1A1 and COL1A2 could be used as molecular targets for new antitumor drugs against carboplatin-resistant OV.

Emerging evidence indicates that ceRNA networks have an important role in chemoresistance to cancers (30, 31) and can provide therapeutic targets. In the present study, we used bioinformatics analysis to identify the ceRNA network of COL1A1. We also performed real-time PCR and KmPlot analysis to further confirm that the ceRNA network was LINC00052/SMCR5-miR-98-COL1A1 (Figure 6). Moreover, COL1A1 was previously found to be regulated by miR-98 in hypertrophic scarring (32) and muscular dystrophies (33); overexpression of miR-98 could increase cell apoptosis and enhance sensitivity to cisplatin in lung adenocarcinoma (34); and low miR-98 expression was correlated with temozolomide resistance of glioma (35). Although there have been no reports on the relationship between LINC00052/SMCR5 and chemoresistance, high expression of LINC00052 was found to promote gastric cancer cell proliferation and metastasis (36) and progression of head and neck squamous cell carcinoma (37). However, some of the experimental results in this study were inconsistent with our expectations. We propose two possible reasons for this. First, the associations observed between dysregulated expression of some candidates and prognosis of OV might not have been causal. Second, false positive results may have been generated in our analysis. Overall, in this study, we identified a ceRNA network (LINC00052/SMCR5-miR-98-COL1A1), which expanded our understanding of the upstream regulatory mechanism of COL1A1 in carboplatin-resistant OV and could provide therapeutic targets to improve the prognosis of OV.




Figure 6 | Possible mechanism of COL1A1 in carboplatin-resistant OV.



Furthermore, the “ECM-receptor interaction” and “focal adhesion” KEGG pathways were identified as downstream pathways of COL1A1 involved in carboplatin-resistant OV. We identified these two key pathways using the KEGG over-representation test based on the co-expressed genes of COL1A1 and GSEA, suggesting that COL1A1 promoted carboplatin resistance in OV through these pathways. According to previous studies, the “ECM-receptor interaction” pathway is involved in platinum- (38), paclitaxel-, and topotecan-resistant OV (39), trastuzumab-resistant gastric cancer (40), and temozolomide-resistant glioblastoma (41). Moreover, to date, many drug resistance mechanisms involving the extracellular matrix have been identified across cancer types; these mechanisms have been classified into a range of categories including physical barriers to treatment (hypoxia, pH, and interstitial fluid pressure) and cell-adhesion-associated drug resistance (42). The “focal adhesion” KEGG pathway has been shown to be associated with taxol- (43) and cisplatin-resistant OV (44, 45). Taken together, these results indicated that COL1A1 was involved in carboplatin resistance in OV through the “ECM-receptor interaction” and “focal adhesion” KEGG pathways (Figure 6).

In the present study, we also explored potential drug-repurposing by virtual screening of FDA approved drugs and traditional Chinese medicines targeting COL1A1, which might expand potential therapeutic strategies for carboplatin-resistant OV treatment. We found that ZINC000085537017 and quercetin were potential drugs for treatment of COL1A1. Although 1 μM ZINC000085537017 did not affect cell viability in response to carboplatin, we expected that ZINC000085537017 and quercetin would enhance the sensitivity of carboplatin-resistant cells based on the cell viability assays. We speculated that the leaching toxicity of IC50 carboplatin in resistant cells might have exceeded the influence of 1 μM ZINC000085537017, resulting in no significant differences being found when IC50 carboplatin was combined with 1 μM ZINC000085537017 in these cells. Previous study showed that quercetin could increase the sensitivity of OV to cisplatin (46); however, in contrast to these studies, which focused on the relationship between the expression of COL1A1 and chemoresistance, we not only showed that COL1A1 was a therapeutic target but also identified some potential drugs. These results could help accelerate the development of drugs to improve the outcomes of carboplatin-resistant OV patients.



Conclusion

In summary, we identified that COL1A1 has an important role in carboplatin-resistant OV by WGCNA; this result was further validated by survival analysis. Then, we constructed a ceRNA network for COL1A1 by bioinformatics analysis and experiments to expand understanding of the upstream regulatory mechanism of COL1A1 in carboplatin-resistant OV and identify potential therapeutic targets that could be used to improve the prognosis of OV. Moreover, we found that COL1A1 participated in carboplatin resistance in OV through the “ECM-receptor interaction” and “focal adhesion” KEGG pathways by co-expression analysis and pathway enrichment. Furthermore, combining these results with those of experiments, we found that ZINC000085537017 and quercetin were potential drugs for COL1A1 by virtual screening based on the structure of COL1A1 and the TCMSP database. These findings could accelerate drug development to improve the outcomes of carboplatin-resistant OV patients.
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The American Cancer Society has estimated an expected 279,100 new breast cancer cases, and an expected 42,690 breast cancer deaths in the U.S. for the year 2020. This includes an estimated 276,480 women who are expected to be diagnosed. Radiation therapy, also called ionizing radiation therapy, is one of the most frequently used methods in the treatment of breast cancer. While radiation therapy is used in the treatment of more than 50% of all cancer cases, tumor resistance to ionizing radiation presents a major challenge for effective cancer treatment. Most tumor cells are in a hypoxic microenvironment that promotes resistance to radiation therapy. In addition to radiation resistance, the hypoxic microenvironment also promotes cancer proliferation and metastasis. In this review, we will discuss the hypoxic microenvironment of breast cancer tumors, related signaling pathways, breast cancer stem-like cells, and the resistance to radiation therapy. Recent developments in our understanding of tumor hypoxia and hypoxic pathways may assist us in developing new strategies to increase cancer control in radiation therapy.
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Introduction

Breast cancer is the second leading cause of cancer death in women. The American Cancer Society has estimated an expected 279,100 new breast cancer cases and an expected 42,690 breast cancer deaths in the U.S. for the year 2020 (1). There have been many advancements in the diagnosis and treatment of breast cancer in the past few decades. However, more research is still needed to overcome cancer resistance to therapy and improve the prognosis of advanced-stage breast cancer.

One significant obstacle to improve prognosis is breast cancer recurrence that is often associated with metastasis (2, 3). Breast cancer recurrence is the return of breast cancer months to years after the completion of initial treatment. Some cancer cells survive initial treatment and become undetected. These cancer cells may multiply and repopulate in nearby or distant areas. As such, the three types of breast cancer recurrence are local, regional, and metastatic recurrence. Local recurrence is the return of cancer in the same area of the breast as initial cancer; Regional recurrence is the return of cancer in the lymph nodes near the original cancer location; Metastatic recurrence, also called distant recurrence, is the return of breast cancer in areas distant from the original cancer site (1). Common metastatic sites include the bone, lungs, or brain, and these metastatic recurrences are the foremost cause of breast cancer death (4).

Radiation therapy is used as an adjunct therapy for many primary cancers and is one of the most frequently used methods in breast cancer therapy. Ionizing radiation targeted at breast cancer cells causes an interaction with water and O2 molecules near and inside the cells. This interaction produces free radicals and superoxide ions, which in turn cause damage to the cancer cell’s DNA and other macromolecules, and potentially induces cell death (5). The primary purposes of radiation therapy are to improve prognosis of primary treatments, to treat metastasized cancer cells, and to decrease the chance of recurrence. However, tumor resistance to ionizing radiation presents a major challenge for effective breast cancer treatment. Tumor resistance may be in part due to a hypoxic microenvironment that is common in tumors. Here, we outline the cellular response to ionizing radiation and signal transduction pathways induced by hypoxic conditions as targets to identify novel strategies to increase the efficacy of radiation therapy.



Ionizing Radiation

Ionizing radiation in breast cancer therapy is greatly dependent on the damaging effects of low linear energy transfer (Low LET) radiation, such as X rays (5). There are direct and indirect effects of ionizing radiation. Direct effects of ionizing radiation are direct interactions between the particle and the targeted macromolecule, such as DNA (Figure 1), which eventually can lead to cell death (5, 6). Indirect effects of ionization consist of an intermediate step between radiation and the macromolecules, such as in water radiolysis. During water radiolysis in radiation therapy, water molecules are decompositioned by ionization radiation, and several types of free radicals are generated to damage macromolecules. These free radicals primarily include the hydrated electron (e-aq), the hydrogen radical (H•), and the hydroxyl radical (OH•), which are highly reactive to the adjacent macromolecules (5). During radiaton therapy, the majority of deposited radiation will be absorbed by cellular water. This makes indirect ionization of water the primary cause of biological damage from radiation exposure (5).




Figure 1 | DNA breaks induced by direct and indirect effects of ionizing radiation activate cellular stress response mechanisms. These response mechanisms can either repair the DNA damage or signal the activation of apoptosis, which is the primary objective in cancer radiation therapy.





The Hypoxic Microenvironment

Tumor hypoxia, which is the lack of oxygen within a tumor, is one of the most common characteristics of the tumor microenvironment due to rapid cell growth and oxygen consumption (7). The hypoxic microenvironment in breast cancer requires the tumor to adapt in order to survive, and as such, tumor hypoxia has been closely associated with angiogenesis, metastasis, chemoresistance, and radiation resistance (8–10). Hypoxia has been recognized to activate many signaling transduction pathways, such as RAS/RAF/and mitogen-activated protein kinase (MAPK) (11). Hypoxia within the tumor microenvironment activates the heterodimer hypoxia-inducible factor 1 (HIF-1), a transcription factor consisting of two protein subunits, HIF-1α and HIF-1β. The expression and function of HIF-1α is regulated by oxygen concentration, while HIF-1β is constitutively expressed. Under normoxic conditions, HIF-1α is hydroxylated at proline residues 402 and 564, then ubiquitinated by prolyl-hydroxylase domain enzymes (PHD), which leads to proteasomal degradation (Figure 2A) (12–14). Under hypoxic conditions, HIF-1α is stabilized by dimerizing with HIF-1β (Figure 2A). Upon hypoxia, the HIF-1 heterodimer binds to the hypoxia response elements of multiple genes, which activates their transcription (Figure 2A) (8, 15). Many of these gene products participate in metabolism, such as, glycolytic enzymes, glucose transporters, antigenic growth factors, and carbonic anhydrases. The upregulation of these genes in breast cancer mediate a metabolic change from oxidative to glycolytic (11, 16, 17). Intratumoral hypoxia and alterations of the tumor microenvironmentare mechanisms that increase HIF-1α levels in breast cancer. In addition, the mutation and inactivation of tumor suppressor genes such as the von Hippel-Lindau tumor suppressor (pVHL), tumor protein p53 (p53)), and phosphatase and tensin homolog (PTEN) are associated with increased HIF-1α activity (18). It is important to note that although HIF-1α is widely recognized as the main regulator in tumor hypoxia, many additional factors, such as histone acetyltransferase (p300) and the CREB-binding protein (CBP) (19, 20), are essential to promote the comprehensive hypoxic response within the tumor microenvironment (11).




Figure 2 | (A) Under normoxic conditions, HIF-1α is produced and rapidly undergoes hydroxylation, ubiquitination, and proteasomal degradation. While under hypoxic conditions, HIF-1α does not undergo proteasomal degradation. HIF-1α enters the nucleus and dimerizes with HIF-1β to form a stable heterodimer. The HIF-1 heterodimer promotes tumor growth and angiogenesis. (B) MAPK and PI3K signaling cascades inhibit apoptosis and promote the function of HIF1α.





Hypoxic and Anti-Apoptotic Signaling Pathways

Hypoxic signaling within the tumor microenvironment is used by cancer cells to communicate with other cells and their extracellular environment. This communication within the hypoxic microenvironment is a highly explored area and is still not fully understood.

During hypoxia signaling, exosomes, the extracellular nanovesicles released by cells, play a vital role in communicating intercellular signals by way of paracrine signaling (7, 21). Tumor cells produce exosomes that contain several types of molecules from within the tumor cells, including miRNA, mRNA, DNA, proteins, and lipids that affect the activity of neighboring cells (21, 22). During hypoxia signaling, multiple pathways and even multiple cell types may crosstalk via exosomes. Boelens et al. showed that stromal cells released exosomes to communicate with breast cancer cells. This multi-signaling pathway uses both paracrine antiviral and juxtacrine neurogenic locus notch homolog protein 3 (NOTCH3) signaling to enhance breast cancer survival and therapy resistance. The communication is initiated by the stromal cells by increasing Ras-related protein Rab-27B (RAB27B) and transferring 5’-triphosphate RNA in exosomes. It results in the activation of retinoic acid-inducible gene 1 (RIG-l) antiviral signaling while simultaneously activates NOTCH3 receptors in breast cancer cells (23). The crosstalk between stromal and breast cancer cells signaling pathways converge as STAT1 promotes transcriptional responses to NOTCH3. This also promotes the initiation of producing tumor cell subpopulations that are prone to therapeutic resistance. These findings also suggest that blocking the NOTCH pathway resensitizes tumor cells to radiation and may be a therapeutic target in the treatment of cancer (24). The role of exosomes in the breast cancer tumor microenvironment is still not fully understood, but there is an established correlation between the activation of hypoxic signaling and increased exosome production (7). Research is currently underway to determine whether tumor cell exosomes may be a novel target in cancer therapy.

Several signaling pathways participate in breast cancer resistance to radiation therapy, such as Ras/phosphoinositide 3-kinase (PI3K)/PTEN/protein kinase B (Akt)/mammalian target of rapamycin (mTOR) (Figure 2B) (25), and Ras/Raf/mitogen-activated protein kinase kinase (MEK)/extracellular signal-regulated kinase (ERK) (MAPK) (Figure 2B) (26, 27).

The activation of Akt, as part of PI3K pathway, could directly promote therapeutic resistance, including resistance to radiation (26). Akt is a kinase that is activated through the phosphorylation of its two residues, threonine 308 and serine 473 (28, 29). As a promoter of cell division and growth, Akt also plays a role in response to DNA damage (28). Akt can deactivate the BCL2 family member BAD by phosphorylation (30) and deactivate the cysteine protease Caspase-9. The deactivation of BAD and Caspase 9 is detrimental to the promotion of apoptosis, which is an essential factor of therapeutic resistance in breast cancer treatment. PI3-K/Akt signaling pathway is dysregulated in breast cancer. Söderlund et al. showed that the stimulation of the epidermal growth factor erbB2 (HER2)/PI3-K/Akt with heregulin-B1 triggered the resistance to radiation-induced apoptosis in breast cancer (28). Furthermore, it was found that the inhibition of the PI3K signaling resulted in sensitizing brease cancer cell line BT-474, which overactivates PI3K pathway by overexpressing human epidermal growth factor receptor 2 (HER2). Independently, Steelman et al. showed that the PI3-k/PTEN/Akt/mTOR signaling cascade pathway was activated in breast cancer, therefore promoting its resistance to therapy. Consistently, the elevated levels of Akt-1 promoted resistance to doxorubicin, tamoxifen, and radiation. Interestingly, cells that were resistant to chemotherapy or radiation therapy harbored p53 mutations and expression of the downstream cyclin-dependent kinase inhibitor 1 (p21Cip1). Also, ERK, an enzyme associated with cell development and proliferation, was induced by Doxorubicin therapy (26). A better understanding of the mechanisms of these signaling cascades, the activation and inhibition of Akt, may present promising therapeutic targets in the treatment of breast cancer.

The MAPK signaling pathway is known to promote cancer cell survival and limit the effectiveness of radiation therapy (31). Criswell et al. showed that ionizing radiation activated the insulin-like growth factor -1 receptor (IGF-1R), which in turn activated the MAPK signaling pathway, which upregulates secretory clusterin (sCLU) expression, a stress induced pro-survival protein. The study presented evidence that AG1024, an IGF-1R inhibitor blocked the induction of sCLU after radiation (31). More research is necessary to fully understand the role of the delayed EGF-1R/MAPK signaling pathway, but inhibition of IGF-1R may be a potential target in cancer therapy.

The mammalian target of rapamycin (mTOR) is another signaling pathway closely related to radiation resistance in breast cancer. mTOR and ribosomal protein S6 Kinase Beta-1 (p-S6K1) were found to be elevated in breast cancer cells (32, 33). CD44high/CD24low Michigan Cancer Foundation-7 (MCF-7) cells, a radioresistant breast cancer cell line, expresses higher levels of p-S6K1 than radiosensitive cells, suggesting a possible correlation between p-S6K1 and radiation resistance. Consistently, the inhibition of mTOR using everolimus increased radio-sensitivity in the CD44high/CD24low MCF-7 cells (32). In radio-sensitivity prognosis, p-S6K1expression levels may be a predictor of therapeutic response and may also be a potential target to increase radiation therapy sensitivity (32).

Micro-RNA-21 (miR-21) suppresses the functions of many tumor suppressor genes, such as tropomyosin 1 (TPM1) and PTEN, which are associated with proliferation, apoptosis and metastasis (34–36). In the research study by Anastov et al., T47D, a radioresistant breast cancer cell line, and MDA-MB-361, a radiosensitive breast cancer cell line, were studied in parallel, miR-21 was found to be significantly elevated in the T47D cells, suggesting miR-21 contributes to radioresistance of breast cancers. The study presented evidence that miR-21 knockdown improved radiation induced apoptosis and growth arrest in radiation resistant cells comparable to that of radiation sensitive cells (35). It is well accepted that the overexpression of the anti-apoptotic miR-21 can stimulate cell cycle progression in the G2/M checkpoint. However, it is not established that the correlation between miR-21 and G2/M checkpoint arrest promotes radiation resistance. Nevertheless, the inhibition of miR-21 may be a potential therapeutic target and its overexpression a possible prognosis indicator (35).

Long non-coding RNA (lncRNA) HOX Transcript Antisense RNA (HOTAIR) has been shown in several studies to participate in the promotion and metastasis of breast cancer (37, 38), and its single nucleotide polymorphism is a marker for breast cancer. HOTAIR is upregulated in breast cancer, links DNA damage and nuclear factor kappa B (NF-κB) signaling and takes part in p53 regulated DNA damage response. The link between HOTAIR and the p53 and NF-κB pathways correlate with the promotion of breast cancer and radiation resistance. HOTAIR binds with many miRNAs in various cancer types, causing an upregulation of the miRNA targets and deviations in signaling transduction. Braunstein et al. showed that binding lncRNA HOTAIR with miR-218 resulted in a phenotypical radiation-sensitive breast tumor. The research suggested that the inhibition of HOTAIR could be a novel target in breast cancer treatment (39).



Cancer Stem Cells

In recent decades, a tumor cell population with cancer stem cell (CSC) phenotype has accumulated attention for its role in resistance to treatments. These cells have the ability to self-renew and initiate subpopulations of differentiated progeny (40). Cancer stem cells have been identified in a variety of tumors, including brain cancers, breast cancers, prostate, and melanoma (41). This population of cancer cells has presented evidence of resistance to radiation therapy and chemotherapy (42–44). Research has presented evidence that the hypoxic tumor microenvironment is ideal for CSC survival (45). Further research is needed to better understand the role of the CSC phenotype subpopulation, but this subpopulation may be a new target to increase radiation sensitivity in cancer therapy.

Lin28 is a stem cell marker that is associated with radiation resistance in breast cancer (46). Apoptotic proteins poly(ADP-ribose) polymerase (PARP), caspase-3, and caspase-9 have significantly lower cleavage levels, thus less activation, in Lin28 overexpressing cells (46). As such, it was suggested that the overexpression of Lin28 mediated radioresistance by inhibiting radiation-induced apoptosis. Additionally, it has been shown that the Let-7 miRNA is downregulated in association with upregulation of Lin28 (47); and when the stabilized cells are transfected with Let-7 miRNA precursor, radiation sensitivity is resumed (46). Lin28 regulates Let-7 by directly interacting with the precesors of Let-7 family members (48). This suggests that Lin28 and Let-7 could be used as predictive biomarkers of response to radiation therapy.

The stem cell marker CD44+/CD24- is recognized primarily in triple-negative breast cancer (TNBC) stem cells (49). CD44+/CD24- has been associated with breast cancer resistance to ionizing radiation. In a 2011 study, Yin et al. showed that BRCA1 and Ataxia-Telangiectasia Mutated Kinase (ATM) activity are increased in CD44+/CD24- cells (42). As an initiating factor for homologous recombination (HR), ATM is essential for the repair of radiation-induced double-strand DNA breaks (27, 50). ATM, a Ser/Thr kinase itself, is activated by autophosphorylation during double-strand DNA breaks. In CD44+/CD24- cell lines and the primary culture of patient breast cancer cells, elevation in both expression and phosphorylation of ATM were found. Inhibition of ATM increased radiation sensitivity of the isolated CD44+/CD24- cell, which suggests that ATM is a potential target to improve radiation sensitivity in breast cancer therapy (42).

Many studies have verified the breast cancer stem cell line with the CD44+/CD24-/ALDH+ marker, and recently the high expression of aldehyde dehydrogenase (ALDH+) was associated to therapeutic resistance. Croker et al. reported on the roles of ALDH+/CD44+ in breast cancer, where ALDH+/CD44+ was associated with chemoresistance, radiation resistance, poor prognosis, and played a role in metastasis (51). Considering that these stem cells are more resistant to therapy and promote proliferation in tumors (52), they may be more prone to distant metastasis. Additionally, it has been shown that this subset of cells expressed higher levels of therapy resistance proteins, p-glycoprotein, GSTpi, and/or CHK1 (51). Consistently, inhibition of ALDH+ using diethylaminobenzaldehyde (DEAB) or all trans retinoic acid (ATRA) resulted in significantly improved radiation sensitivity, suggesting ALDH could be a potential target for improving therapeutic results (51).



Conclusion

As one of the most used methods to treat breast cancer, ionizing radiation in radiation therapy creates reactive oxygen species that cause cell damage and induce cell death. The hypoxic microenvironment of breast cancer cells promotes tumor cell proliferation, apoptosis resistance, metastasis, and resistance to radiation as well as other therapeutics. The overexpression and stabilization of the protein HIF-1α do not only result from low oxygen levels within the microenvironment, but also promote the advancement of hypoxia and facilitates tumor cell survival within the hypoxic microenvironment. The cancer cell’s capacity to survive in a low oxygen environment presents a major challenge to effective radiation therapy. In addition, the adaptation to the hypoxic microenvironment also promotes additional alterations, including metabolic changes, mutations, signaling pathways, upregulation and downregulation of various cellular components. Many of these adaptations decrease radiation sensitivity.

Extensive studies have been performed to elucidate the hypoxic response mechanisms, anti-apoptotic pathways, and cascades that lead to resistance to radiation. This led to the discovery of promising therapeutic targets for drug development to sensitize tumors to radiations. Importantly, the presence of the radiosensitizing targets will be critical to predict the prognosis after radiaotherpy. To achieve these goals, a deeper understanding of the development of radiation resistance in breast cancers, especially for the subgroups, is needed to develop specified and personalized therapy.
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Colorectal cancer (CRC) is a leading cause of cancer-related deaths worldwide. Irinotecan is widely used as a chemotherapeutic drug to treat CRC. However, the mechanisms of acquired resistance to irinotecan in CRC remain inconclusive. In the present study, we established a novel irinotecan-resistant human colon cell line to investigate the underlying mechanism(s) of irinotecan resistance, particularly the overexpression of ABC transporters. The irinotecan-resistant S1-IR20 cell line was established by exposing irinotecan to human S1 colon cancer cells. MTT cytotoxicity assay was carried out to determine the drug resistance profile of S1-IR20 cells. The drug-resistant cells showed about 47-fold resistance to irinotecan and cross-resistance to ABCG2 substrates in comparison with S1 cells. By Western blot analysis, S1-IR20 cells showed significant increase of ABCG2, but not ABCB1 or ABCC1 in protein expression level as compared to that of parental S1 cells. The immunofluorescence assay showed that the overexpressed ABCG2 transporter is localized on the cell membrane of S1-IR20 cells, suggesting an active efflux function of the ABCG2 transporter. This finding was further confirmed by reversal studies that inhibiting efflux function of ABCG2 was able to completely abolish drug resistance to irinotecan as well as other ABCG2 substrates in S1-IR20 cells. In conclusion, our work established an in vitro model of irinotecan resistance in CRC and suggested ABCG2 overexpression as one of the underlying mechanisms of acquired resistance to irinotecan. This novel resistant cell line may enable future studies to overcome drug resistance in vitro and improve CRC treatment in vivo.
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Introduction

Colorectal cancer (CRC), one of the most common type of malignant tumors, is the third leading cause of cancer-related deaths in the United States and fourth most deadly cancer worldwide (1). Currently, the mainstream therapeutic approaches to treat metastatic CRC are surgery, chemotherapy, irradiation, and targeted therapy (2). The first-line chemotherapy strategy is usually a combination of 5-fluorouracil, leucovorin, and either irinotecan or oxaliplatin (3). The combination chemotherapy regimens have been shown to achieve greater efficacy as compared to single agent treatment (4). Irinotecan, derived from camptothecin, is a broad-spectrum chemotherapeutic agent targeting DNA topoisomerase I (topo I) (5). Topoisomerases are nuclear enzymes that are actively involved in the control of DNA topology during the replication and translation processes (6). It is well established that topo I levels are upregulated in some cancer types, and inhibiting topo I activity can affect the proliferation of tumor cells (7). Since its approval in 1996 by the United States Food and Drug Administration, irinotecan has been the first-line option in treating CRC, gastrointestinal cancers, lung cancer, and a variety of other malignancies (8). In the first-line treatment of mCRC, the combination of irinotecan with bolus or 5-fluorouracil/leucovorin can significantly increase patient survival compared with 5-fluorouracil/leucovorin alone, with an acceptable toxic profile (9). Furthermore, irinotecan-based combinations can be extremely diversified, including combination with kinase inhibitors and cell-cycle checkpoint inhibitors (10). Currently, new derivatives of irinotecan are still under development to improve anticancer efficacy and reduce side effects. After two decades of clinical usage, irinotecan remains a must-have drug in CRC treatment (11). However, one major obstacle of chemotherapy is inevitably the development of drug resistance. To date, the mechanism of irinotecan resistance is still inconclusive and requires further investigation. Studies have suggested several possible mechanisms that may lead to irinotecan resistance, including: 1) reduced topo I expression level, 2) mutation in the metabolizing enzyme or structure of topo I, 3) activation of NF-κB which suppresses the cell apoptosis, and 4) reduced intracellular drug accumulation by active drug efflux (12).

Several ATP-binding cassette (ABC) transporters are well-established mediators of multidrug resistance (MDR). Specifically, ABCB1, ABCG2, and ABCC1 are able to confer cancer cell MDR to a wide range of anticancer drugs with different chemical structures and mechanisms of action. These ABC transporters, by utilizing energy derived from ATP hydrolysis, extrude substrates from the cytoplasm to the extracellular matrix, resulting in decreased sensitivity of cancer cells to substrate drugs. In vitro model has been an ideal method to delineate the potential mechanisms contributing to drug resistance. The ABCB1 and ABCG2 transporters were first discovered from cells resistant to colchicine and mitoxantrone, respectively (13). The docetaxel-resistant cell lines were shown to overexpress ABCB1 transporter (14), and the arsenic trioxide-resistant cell line was shown to overexpress ABCB6 transporter (15). In the past few decades, a broad array of chemotherapeutic drugs as well as tyrosine kinase inhibitors (TKI) were identified as substrates of ABC transporters. The chemotherapeutic drugs paclitaxel, vincristine, and colchicine are substrates of ABCB1, while mitoxantrone, topotecan, and etoposide are substrates of ABCG2 (13, 16). In addition, TKIs such as imatinib (17), gefitinib (18), tivantinib (19), pevonedistat (20) are reported to be substrates of ABC transporters. Studies have resulted in mixed conclusions surrounding the role ABCG2 plays in mediating irinotecan resistance (21–24). Both irinotecan and its active metabolite SN-38 were reported to be substrates of ABCG2 (25). One exploratory analysis study was performed and suggested that the response to irinotecan is highly related to tumor ABCG2 mRNA expression (26). In a retrospective study, it was found that ABCG2 level serves a predictive role for SN-38 resistance (27). In contrast, studies also suggested that ABCG2 was not a predictor of progression-free survival (PFS) in patients receiving irinotecan treatment and no significant correlation was found between ABCG2 level and treatment response (28, 29). Currently, the investigation of irinotecan and ABCG2 were mostly conducted by correlating ABCG2 expression level with response to irinotecan. However, whether irinotecan treatment can lead to ABC transporters overexpression remain inconclusive and should be further explored.

The present study aimed to facilitate the understanding of resistance mechanism of irinotecan in CRC. To achieve this, a colon cancer cell line resistant to irinotecan was established. It was found that, unlike ABCB1 or ABCC1, ABCG2 was overexpressed in irinotecan-resistant S1-IR20 cells. Furthermore, ABCG2 overexpression in S1-IR20 cells also conferred high levels of cross resistance to other ABCG2 substrates. Inhibiting the efflux function of ABCG2 significantly decreased the drug resistance to ABCG2 substrate drugs in S1-IR20 cells. Our results suggested that overexpression of ABCG2 is a key mediator of acquired resistance to irinotecan in CRC; thus, ABCG2 level may be monitored during irinotecan treatment.



Materials and Methods


Chemicals

Chemicals were obtained from Sigma Chemical Co (St. Louis, MO) unless stated otherwise. Chemotherapeutic drugs used in this study were irinotecan, SN-38, mitoxantrone, topotecan, doxorubicin, colchicine, paclitaxel, and oxaliplatin. Ko143 was purchased from Enzo Life Sciences (Farmingdale, NY). Venetoclax was requested from Chemietek (Indianapolis, IN). Stock solutions (10 mM) were reconstituted in DMSO for all the drugs except oxaliplatin, which was dissolved in dimethylformamide.



Development of Drug-Resistant S1-IR20 Cell Line

Human colon cancer S1 cell line was used as the parental cell line to establish the irinotecan-resistant subline. The parental S1 cells were initially cultured in medium with 0.5 μM of irinotecan for 48 h. Subsequently, the surviving cells were cultured in drug-free medium for 7 days and subjected to the next cycle of drug treatment. After 3–5 cycles of drug treatment, the cells were cultured with increased concentrations of irinotecan, a 50% increase each time. Finally, the resultant cell lines that grew exponentially in the presence of 20 μM of irinotecan were designated as drug-resistant subline and named S1-IR20. Established S1-IR20 cells were maintained in drug-free medium for 14 days before experiment.



Cell Lines and Cell Culture

The human epidermoid carcinoma cell line KB-3-1 and its ABCB1-overexpressing subline KB-C2, ABCC1-overexpressing subline KB-CV60, human NSCLC NCI-H460 and its ABCG2-overexpressing subline NCI-H460/MX20, and human colon cancer cell line S1 and its irinotecan-resistant subline S1-IR20 were maintained in DMEM with 10% FBS. In addition, KB-C2 cells were maintained in the presence of 2 μg/ml of colchicine (30). NCI-H460/MX20 cells were maintained in the presence of 20 nM of mitoxantrone (31). KB-CV60 cells were maintained in the presence of 1 µg/ml of cepharanthine and 60 ng/ml of vincristine (32). All cell lines were maintained in a humid incubator (37°C, 5% CO2) and subcultured at 80% confluency.



Evaluation of S1-IR20 Drug Resistance Profile by MTT Assay

The MTT assay was used to determine the cytotoxicity of chemotherapeutic drugs as previously described (33). Cell viability curves were plotted as percentages relative to untreated controls. The half maximal inhibitory concentrations (IC50) were calculated from the curves using GraphPad Prism 7.



Western Blotting

Protein extraction and visualization were performed as previously described (19). The ABCG2-overexpressing NCI-H460/MX20, ABCB1-overexpressing KB-C2, and ABCC1-overexpressing KB-CV60 protein samples were used as positive control of ABCG2, ABCB1, and ABCC1, respectively. Immunoblotting was carried out with the following antibodies: anti-ABCG2, anti-ABCB1, anti-ABCC1, anti-topo I and anti-GAPDH (catalog number MAB4146, MA1-26528, MA5-16079, 44321M, MA5-15738, Thermo Fisher Scientific Inc., Waltham, MA) and anti-rabbit or anti-mouse secondary HRP-linked antibodies (catalog number 7074S and 7076S, 1:1,000 dilution, Cell Signaling Technology Inc., Danvers, MA). GAPDH was used as a loading control. The protein bands were visualized using an enhanced ECL Kit (Thermo Fisher Scientific Inc., Waltham, MA).



Immunofluorescence Assay

The localization of ABCG2 transporter was visualized by immunofluorescent microscopy. Both S1 and S1-IR20 cells were seeded in 24-well plates (1 × 106 cells per well). The immunofluorescence experiment was carried out as previously described (34). The antibodies used in this experiment were anti-ABCG2 (1:1,000, Thermo Fisher Scientific Inc., Waltham, MA) and Alexa Fluor 488 conjugated anti-mouse IgG antibody (1:1,000, Thermo Fisher Scientific Inc., Waltham, MA). The nuclei were counterstained with DAPI solution. The immunoreactivity was visualized using a Nikon TE-2000S fluorescence microscope (Nikon Instruments Inc., Melville, NY).



Intracellular Accumulation of Irinotecan Determined by HPLC Assay

The HPLC assay was carried out with modified protocol as previously described (35, 36). Briefly, both S1 and S1-IR20 cells were seeded in six-well plates (1 × 106 cells per well) and incubated overnight. On the following day, cells were pre-treated with or without Ko143 for 2 h. Subsequently, cells were further incubated with irinotecan in the presence or absence of Ko143 for another 2 h. At the end, cells were harvested and subjected to HPLC analysis.



Statistical Analysis

All data are presented as the mean ± standard deviation from three independent experiments. Comparisons of differences in the quantitative data among groups were performed using one-way ANOVA. P < 0.05 was considered statistically significant.




Results


Establishment of Irinotecan-Resistant Colon Cancer Cell Line and Its Drug Resistance Profile

To obtain the irinotecan-resistant subline, the colon cancer cell line S1 was exposed to increasing concentrations of irinotecan. The resistant subline S1-IR20 was obtained from the population growing in 20 μM of irinotecan. MTT assay was carried out to evaluate the drug resistance profile of S1-IR20 cells. Drug sensitivity of both parental S1 cells and drug-resistant S1-IR20 cells toward a panel of chemotherapeutic drugs is presented in Table 1. S1-IR20 showed no significant resistance to ABCB1 substrate drugs paclitaxel (IC50 = 0.459 and 0.624 μM for S1 and S1-IR20 lines, respectively), colchicine (IC50 = 0.227 and 0.321 μM, respectively), or non-substrate drug oxaliplatin (IC50 = 13.62 and 12.61 μM, respectively). In contrast, the resistant cells exhibited high resistance to irinotecan compared to the parental cells (IC50 = 0.668 and 31.78 μM for S1 and S1-IR20 lines, respectively). The S1-IR20 cells also showed cross-resistance to SN-38 (47.18-fold), mitoxantrone (37.14-fold), topotecan (41.06-fold), and doxorubicin (18.10-fold) as compared to the parental cells. Therefore, the MTT results suggested that irinotecan-selected S1-IR20 cells may harbor the MDR phenotype.


Table 1 | The cytotoxicity of chemotherapeutic drugs in S1 and S1-IR20 cell lines.





Western Blot Analysis

Since some ABC transporters have been well established to mediate MDR to a broad range of chemotherapeutic drugs, the expression level of ABCB1, ABCC1, and ABCG2 was evaluated by Western blotting (Figure 1). ABCG2 was overexpressed in S1-IR20 cells compared to the parental S1 cells, and the expression level was similar to the ABCG2-overexpressing NCI-H460/MX20 cells (Figure 1A). In contrast, both parental S1 and drug-resistant cells displayed no detectable levels of ABCB1 or ABCC1 as shown in Figures 1B, C. Since irinotecan’s anticancer activity is by targeting topo I, we assessed the expression level of topo I in S1 and S1-IR20 cells. As shown in Figure 1D, topo I was expressed at the same level in both parental and resistant cells. Therefore, the high resistance to irinotecan as well as to mitoxantrone, topotecan, and doxorubicin in S1-IR20 cells may be associated with the overexpression of ABCG2.




Figure 1 | Protein expression profile of S1 and S1-IR20 cells. (A) The expression level of ABCG2 in S1 and S1-IR20 cells. The parental NCI-H460 and its ABCG2-overexpressing subline NCI-H460/MX20 were used as negative and positive control of ABCG2, respectively. (B) The expression level of ABCB1 in S1 and S1-IR20 cells. The parental KB-3-1 and its ABCB1-overexpressing subline KB-C2 were used as negative and positive control of ABCB1, respectively. (C) The expression level of ABCC1 in S1 and S1-IR20 cells. The parental KB-3-1 and its ABCC1-overexpressing subline KB-CV60 were used as negative and positive control of ABCC1, respectively. (D) The expression level of topoisomerase I in S1 and S1-IR20 cells. Data are expressed as mean ± SD derived from three independent experiments. *p < 0.05 versus the corresponding parental cells. NS, no significant.





Immunofluorescence Assay

As a membrane transporter, ABCG2 requires membrane localization to exert its drug efflux function. Therefore, immunofluorescence assay was performed to confirm the overexpression of ABCG2 and visualize its localization in S1-IR20 cells (Figure 2A). In parental S1 cells, no detectable green fluorescence was observed, as S1 cells do not overexpress ABCG2. In contrast, strong green fluorescence was observed on the cell membrane of S1-IR20 cells, suggesting that the overexpressed ABCG2 transporter is localized on the cell membrane.




Figure 2 | The localization of ABCG2 in S1-IR20 cells and intracellular accumulation of irinotecan in S1 and S1-IR20 cells. (A) Cellular membrane localization of the ABCG2 transporter in S1 and S1-IR20 cells. (B) The intracellular accumulation of irinotecan was determined in S1 and S1-IR20 cells via HPLC assay. Data are expressed as mean ± SD derived from three independent experiments. *p < 0.05 versus the control groups.





Intracellular Accumulation of Irinotecan in S1 and S1-IR20 Cells

To evaluate the efflux activity of the overexpressed ABCG2 transporter, we measured the intracellular accumulation of irinotecan in parental S1 and resistant S1-IR20 cells. If irinotecan is exported by the efflux function of the ABCG2 transporter, the intracellular accumulation will be lower in the drug-resistant cells than in the parental cells. As shown in Figure 2B, the S1-IR20 cells demonstrated a marked decrease of intracellular accumulation of irinotecan, which is 60% lower than that in the parental S1 cells. Furthermore, the intracellular accumulation of irinotecan in S1-IR20 cells was restored to the same level as S1 cells with the co-treatment of ABCG2 inhibitor Ko143.



Drug Resistance Phenotype of S1-IR20 Cells Is Abolished by ABCG2 Inhibitor

To confirm that overexpression of ABCG2 is the major factor contributing to the resistance phenotype of S1-IR20 cells, we performed ABCG2-inhibition experiments using the MTT assay. The selective ABCG2 inhibitor Ko143 was used to inhibit the efflux function of ABCG2. As shown in Figure 3, resistance to irinotecan as well as to other ABCG2 substrate drugs was abolished by Ko143 in S1-IR20 cells, indicated by the overlapped cell viability curves with the parental cells. In the parental cells, the cell viability curves showed no significant difference in the presence or absence of Ko143. Notably, the cytotoxicity of non-substrate drug oxaliplatin was not altered by Ko143 in both parental and resistant cells. Therefore, these results further confirmed that ABCG2 is the major mediator of drug resistance in S1-IR20 cells. To determine whether S1-IR cells overexpress wild-type or mutant-type ABCG2, we performed reversal studies using venetoclax, an inhibitor of wild-type ABCG2. In S1-IR cells, venetoclax showed no effect to the cytotoxicity of mitoxantrone or irinotecan, suggesting that S1-IR cells may overexpress mutant-type ABCG2.




Figure 3 | Reversal of ABCG2-mediated MDR using Ko143 in S1 and S1-IR20 cells. The effect of Ko143 and venetoclax on the cytotoxicity (i.e., cell viability curves) of (A) mitoxantrone, (B) irinotecan, (C) doxorubicin, and (D) oxaliplatin in S1 and S1-IR20 cells. Data are expressed as mean ± SD derived from three independent experiments.






Discussion

Chemotherapy is the mainstream strategy for the treatment of CRC, and irinotecan is commonly used as part of the treatment strategies in treating CRC (37). However, chemotherapy inevitably leads to drug resistance, which decreases the anticancer efficacy of chemotherapeutic agents. Furthermore, chemotherapy resistance is often associated with MDR (38). Hence, great effort has been devoted to exploring the mechanisms of MDR in cancer, mostly by establishing drug-selected, acquired drug-resistant cell lines (30, 31). By studying the parental drug-sensitive cells to the drug-resistant cells by molecular biology and cellular methods, several MDR-associated molecules have been revealed (39). Numerous studies have suggested that ABCB1, ABCG2, and ABCC1 are key mediators of MDR through their drug efflux activity (40). In particular, ABCG2 has been reported to impact the pharmacokinetics of irinotecan (41). In contrast, the role of ABCG2 in predicting clinical response of or resistance to irinotecan in CRC is uncertain (22). To date, there are few studies describing the drug resistance mechanisms, e.g., overexpression of efflux pumps in irinotecan-selected resistant human CRC cell line (42, 43). In addition, whether irinotecan treatment will cause ABC transporter overexpression and lead to MDR is unknown. Previous study has established a mitoxantrone-selected drug-resistant S1-M1-80 subline from human S1 colon cancer cell line and suggested ABCG2 overexpression as the major resistance mechanism in the resistant subline (44). However, since mitoxantrone is not mainly used for CRC treatment, establishing an irinotecan-resistant subline would be more suitable to reveal the underlying drug resistance mechanisms and develop effective strategies to overcome the drug resistance. Although in vivo drug resistance mechanisms are more complicated than in vitro, investigating such in vitro drug resistance mechanisms can firstly provide strategies to circumvent or overcome acquired drug resistance in CRC.

In the present study, we established the irinotecan-resistant human colon cancer cell line (S1-IR20) through in vitro selection after exposing parental S1 human colon cancer cells to stepwise increasing concentrations of irinotecan. The characterization of the resistant subline S1-IR20 was performed by comparing it to the parental S1 cells. MTT assay was performed to evaluate the cytotoxic effect of irinotecan in parental S1 cells and drug-resistant S1-IR20 cells. This resistant subline exhibited over 40-fold resistance to irinotecan as compared with parental cells, and the drug resistance was stable after at least 2 months in the absence of irinotecan maintenance. Since ABCB1, ABCG2, and ABCC1 are major mediators of MDR, we explored whether these ABC transporters are involved in this irinotecan resistance. Subsequently, the cytotoxicity of a panel of chemotherapeutic drugs were assessed in S1 and S1-IR20 cells. Interestingly, the S1-IR20 cells showed significant cross resistance to SN-38 (47-fold), topotecan (41-fold), mitoxantrone (37-fold), doxorubicin (18-fold), which are known substrates of ABCG2 transporter (34, 45). In contrast, S1-IR20 cells did not exhibit any resistance to paclitaxel, colchicine, and oxaliplatin, suggesting that ABCG2 may be a major contributor to the drug resistance phenotype.

We then evaluated the protein expression level of ABCB1, ABCG2, and ABCC1 in both parental S1 cells and drug-resistant S1-IR20 cells. Our results showed that S1 cells did not have detectable expression levels of ABCB1, ABCG2, or ABCC1, which is consistent with previous studies (46). However, overexpression of ABCG2 but not ABCB1 or ABCC1 was observed in S1-IR20 cells. The expression level of ABCG2 in S1-IR20 cells is comparable to that of mitoxantrone-selected ABCG2-overexpressing NCI-H460/MX20 cells, suggesting that acquired resistance to irinotecan may be associated with ABCG2 overexpression. This result is in line with the drug resistance profile of S1-IR20 cell line. Furthermore, irinotecan exerted anticancer effects by targeting DNA topo I, therefore alteration of topo I expression may contribute to drug resistance (47). However, this is unlikely since S1 and S1-IR20 cells showed similar expression levels of topo I. This result is consistent with a previous study that demonstrated that SN-38 (active metabolite of irinotecan)-selected resistant cell line showed no change in topo I expression level (25). ABCG2 has been characterized as a transporter causing of MDR in many human cancers by actively transporting chemotherapeutic agents out of cancer cells (48). As irinotecan is reported as a substrate of ABCG2, exposing cancer cells to irinotecan may cause an up-regulation of both ABCG2 mRNA and protein expression level. Our results suggested that in the presence of irinotecan, ABCG2 is induced to export the drug from the cell and to prevent cytotoxicity.

Since ABCG2 transporter requires cell membrane localization in order to function as an efflux pump to extrude its substrates from intracellular space, we conducted an immunofluorescence assay to visualize the localization of ABCG2 in S1-IR20 cells. The results clearly showed that the overexpressed ABCG2 transporter is localized on the cell membrane of S1-IR20 cells, suggesting that ABCG2 can actively pump out substrate drugs from the cells, leading to decreased intracellular drug accumulation and thus decreasing drug efficacy. To further confirm that the irinotecan resistance is caused by overexpression of ABCG2, we performed an HPLC assay to directly measure the intracellular accumulation of irinotecan in parental S1 cells and drug-resistant S1-IR20 cells in the presence or absence of ABCG2 inhibitor Ko143. It was observed that the intracellular amount of irinotecan in S1-IR20 cells was significantly lower than in S1 cells, with more than 60% of the drug being pumped out from S1-IR20 cells. In addition, co-treatment with Ko143 was able to restore the accumulation of irinotecan in S1-IR20 cells to the same level as that in the parental S1 cells. Ko143 demonstrated no effect on irinotecan accumulation in parental S1 cells, as the cell line does not overexpress ABCG2 transporter. This result was also validated by ABCG2-inhibition experiments. By performing an MTT assay, the cytotoxic effect of irinotecan as well as ABCG2 substrates mitoxantrone and doxorubicin was compared in the presence or absence of Ko143. Our results showed that Ko143 was able to abolish drug resistance to irinotecan, mitoxantrone, and doxorubicin. In contrast, Ko143 did not alter the cytotoxicity of oxaliplatin, a non-substrate drug, in S1 or S1-IR20 cells. In addition, venetoclax can reverse wild-type ABCG2-mediated MDR but has no inhibition effect to mutant-type ABCG2 (49). Our results showed that venetoclax did not affect to the cytotoxicity of irinotecan and mitoxantrone in S1-IR cells, suggesting that S1-IR cells may overexpress mutant-type ABCG2. However, the actual mutation site of ABCG2 in S1-IR cells remains to be determined.

In summary, our work revealed that overexpression of ABCG2 may be an important mechanism in acquired resistance to irinotecan in CRC. Although clinical data suggest an inconclusive relationship of irinotecan response with ABCG2 expression level, our finding reemphasized the importance of ABCG2 in the development of irinotecan-resistance. Therefore, tumor ABCG2 level may serve as a predictor for irinotecan resistance during long-term treatment. The establishment of this drug-resistant cell line may facilitate the understanding of other potential mechanisms contributing to irinotecan resistance in CRC and for developing effective strategy to improve therapeutic response in CRC patients.
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The multireceptor tyrosine kinase inhibitor sorafenib is a Food and Drug Administration-approved first-line drug for the treatment of advanced liver cancer that can reportedly extend overall survival in patients with advanced hepatocellular carcinoma (HCC). Primary and acquired resistance to sorafenib are gradually increasing however, leading to failure of HCC treatment with sorafenib. It is therefore crucial to study the potential mechanism of sorafenib resistance. The results of the current study indicate that neurite outgrowth inhibitor protein B receptor (NgBR) is overexpressed in cultured sorafenib-resistant cells, and that its expression is negatively correlated with the sensitivity of liver cancer cells to sorafenib. Artesunate can inhibit the expression of NgBR, and it may block sorafenib resistance. Herein we report that sorafenib treatment in combination with artesunate overcomes HCC resistance to sorafenib alone in a cell culture model.
Keywords: artesunate, NGBR, sorafenib, resistance, hepatocellular carcinoma
INTRODUCTION
Hepatocellular carcinoma (HCC) is a primary solid tumor that develops chemoresistance. This limits the number of effective interventions for advanced HCC, leading to over 700,000 deaths annually around the world (Fukui et al., 2018). In early stages HCC can be treated using tumor resection, ablation, or liver transplantation (Díaz-González et al., 2020). The successful development of molecularly targeted drugs has reportedly extended the overall survival of patients with chronic liver cancer (Al-Salama et al., 2019).
The multityrosine kinase inhibitor sorafenib was the first small-molecule-targeted drug that demonstrably extended the overall survival of advanced HCC patients (Gramantieri et al., 2020). In the last decade it has been widely used as the first-line therapeutic drug for the treatment of chronic HCC (Wang et al., 2020). Most patients with advanced HCC develop resistance to sorafenib early during treatment, and thus do not benefit from it in the long term (Zhang et al., 2020). A previous report has demonstrated the role of mitogen-activated protein kinase 14 (MAPK14) activation in the development of sorafenib resistance in HCC (Rudalska et al., 2014). MAPK14 activation in HCC cells was associated with no response to sorafenib in a murine model of tumor development and treatment with sorafenib (Hashiba et al., 2020). In other studies persistent activation of mitogen-activated protein kinase (MAPK kinase)/extracellular signal-regulated kinase (MEK/ERK) signaling pathways was evident in HCC due to the development of sorafenib resistance (Sung et al., 2018; Ghousein et al., 2020).
Artesunate is one of the derivatives of artemisinin, and it can inhibit tumor cell proliferation, tumor angiogenesis, tumor invasion, and metastasis. It can also induce tumor cell apoptosis, regulate cell signal transduction, reverse drug resistance, and enhance sensitization to anti-tumor chemotherapeutic drugs (Ji et al., 2019). The anti-cancer effects of artesunate have been confirmed in liver cancer (Yao et al., 2020), ovarian cancer, and breast cancer cells (Zhang et al., 2018). Previous work in our laboratory confirmed that artesunate can regulate and inactivate MEK/ERK signaling, and inhibit the propagation of liver cancer cells. Because sorafenib does not directly act on the MEK/ERK signaling pathway, we speculate that artesunate may synergistically enhance the sensitivity of liver cancer cells to sorafenib.
Reticulons are a relatively newly characterized eukaryotic gene family, and they are widely distributed in plants, animals, and yeasts (Oertle et al., 2003). Neurite outgrowth inhibitor (Nogo) proteins, also known as reticulon-4, are myelin-associated glycoproteins. Three Nogo protein subtypes are generated via differences in the transcription and splicing process, Nogo-A, Nogo-B, and Nogo-C, which contain 1,192, 373, and 199 residues respectively. These three translational products differ but they are all distributed in the endoplasmic reticulum (Josephson et al., 2002). Nogo-B is a shorter subtype than Nogo-A, and is widely distributed in various tissues and organs of the human body, but not in the central nervous system. It is expressed in the liver, lung, kidney, blood vessels, pancreas, and inflammatory cells (Long et al., 2017). (Oertle and Schwab, 2003) first discovered the Nogo-B-specific receptor (NgBR). NgBR is widely distributed in various tissues and organs in the body (Duff et al., 2015), and has specific effects on nervous system regeneration, cell chemotaxis, apoptosis, and propagation. It also plays key roles in cell apoptosis, epithelial-mesenchymal transition, and the development of drug resistance in tumor cells. The Nogo-B gene, also known as ASY (Li et al., 2001), is a human apoptosis-inducing gene but it has no known specific apoptosis-related motif. One study has shown that Nogo-B overexpression promotes endoplasmic reticulum stress and intracellular calcium disorder, and ultimately induces apoptosis (Teng and Tang, 2013). Schweigreiter et al. (2007) have shown that Nogo-B can regulate cell apoptosis through the caspase-7 pathway. NgBR can reportedly also directly bind to isoamylated Ras, stabilizing it on the envelope and promoting its function, which in turn enhances epidermal growth factor signal pathway activity, promoting tumor formation (Zhao et al., 2017).
This study was designed to identify the relationship between neurite outgrowth inhibitor protein B receptor (NgBR) and sorafenib resistance. Our results show that artesunate can inhibit NgBR expression, and in combination sorafenib artesunate can overcome the resistance to sorafenib in hepatocellular carcinoma cells.
MATERIALS AND METHODS
Cell Lines
The HepG2 human hepatoma cell line was purchased from the Shanghai Institute of Biochemistry and Cell Biology (Shanghai, China). All cell lines in the study were maintained in DMEM medium (Gibco, CA, United States) supplemented with 10% fetal bovine serum (Gibco, CA, United States), 50 μg/ml streptomycin, and 100 U/ml sodium penicillin at 37°C in an atmosphere containing 5% CO2. HepG2 sorafenib-resistant cells (HepG2-SR) were generated by selection starting with sorafenib (Selleckchem, United States) at 2 μm, increasing to 10 μm over the course of 3 months.
Quantitative Real-Time PCR
TRIzol reagent was used to extract total cellular RNA in accordance with the manufacturer’s instructions (Thermo Fisher, United States). SYBR Green quantitative reverse transcription PCR (qRT-PCR) was used to evaluate NgBR mRNA expression levels. Primer NgBR F (5’-TGC​CAG​TTA​GTA​GCC​CAG​AAG​CAA-3’); NgBR R (5’-AAC​CTG​CCA​AGT​ATG​ATG​AC-3’)
Cell Proliferation
The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay and the 5-ethynyl-2’-deoxyuridine (EDU) immunofluorescence staining assay (Ribobio, Guangzhou, China) were used to test the propagation capacity of HCC cells. Sorafenib (99.15% purity) and artesunate (99.89% purity) were purchased from Selleck Chemical (United States). Briefly, for the MTT assay the cells were cultured at a density of 6,000 cells/well in 96-well plates in triplicate and treated with sorafenib and/or artesunate for 48 h. For the EDU immunofluorescence staining assay the cells were incubated with sorafenib for 24 h before permeabilization. EDU staining and fixation were performed in accordance with the manufacturer’s instructions. A concentration of 1 mg/ml of 4′,6-diamidino-2-phenylindole (DAPI; Beyotime, China) was used to stain the cell nuclei for 15 min. Cell numbers were calculated via confocal laser scanning microscopy (Olympus, FV10i, Japan).
Colony Formation Assay
Cells were seeded into six-well plates (103 cells per well) and cultured in complete media for two weeks. After two weeks, cells were fixed with methanol (1%), stained with 1% crystal violet, and imaged using a digital camera (Olympus, Japan). Cell colonies (cell clone diameter ≥1 mm) were counted in this experiment.
Fluorescein Isothiocyanate-Terminal Deoxynucleotidyl Transferase-Mediated dUTP Nick-End Labeling
Cells in logarithmic growth phase were seeded into culture flasks (1.5 × 105 cells/ml) and treated with sorafenib and/or artesunate in complete DMEM for 48 h. Paraformaldehyde (4%) in phosphate-buffered saline was used to fix the cells for 30 min, followed by permeabilization in 0.3% Triton X-100 in phosphate-buffered saline for 5 min at room temperature. Cells were stained with terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) reagent in the dark for 60 min, then the number of apoptotic cells was assessed via confocal laser scanning microscopy.
Transfection
siRNA
Cells were plated in a 6-well culture plate for 24 h and transfection reagents prepared. The control group was treated with 2 ml transfection medium, 2 μl RNAiMAX, and 2 μl siNC. The siNgBR group was treated with 2 ml transfection medium, 2 μl RNAiMAX, and 2 μl siNgBR. The siNC and siNgBR group was transfected using transfection reagents in a 6-well culture plate. The siRNA sequences used were: siNgBR F (GGA​AAU​ACA​UAG​ACC​UAC​A), R (UGU​AGG​UCU​AUG​UAU​UUC​C); and siNC F (UUC​UCC​GAA​CGU​GUC​ACG​U), R (ACG​UGA​CAC​GUU​CGG​AGA​A) (QIAGEN).
Plasmids
NgBR overexpression plasmid transfection: cells were plated in 10-cm culture dishes for 24 h then 5 ml transfection medium, 20 μl Lipofectamine 2000 (Invitrogen), and 4 μg plasmid was prepared. Plasmid DNA and Lipofectamine 2000 were diluted in serum-free and antibiotic-free medium, respectively. Diluted DNA was added to diluted Lipofectamine 2000, mixed well, and incubated at room temperature for 20 min. NgBR overexpression group cells were transfected with the pIRES-NgBR-HA plasmid and control group cells were transfected with blank vector. The transfection efficiency was determined by western blot after 48 h incubation.
Western Blotting
Radioimmunoprecipitation assay lysis buffer was used to prepare cell lysates for protein analysis. The BCA Assay Kit (Beyotime, China) was used to determine protein concentrations and achieve standardization among the samples. Aliquots of 40 μg of each lysate were prepared, run through SDS-PAGE, and transferred to a polyvinylidene difluoride membrane. The membrane was then blocked with 10% bovine serum albumin (Sigma, United States) and incubated at 4°C overnight with antibodies against the proteins of interest. The antibodies used were NgBR (ab168351, 1:1,000, Abcam, United Kingdom), Nogo-B (AF6034, 1:2,000, Imgenex, United States), phospho-Erk1/2 Thr202/Tyr204 (#4370, 1:1,000, Cell Signaling, United States), Erk1/2 p42/44 (#4696, 1:1,000, Cell Signaling), MEK1/2 (#8727, 1:1,000, Cell Signaling), phosphor-MEK1/2 Ser217/221 (#3958, 1:1,000, Cell Signaling), and β-actin (#3700, 1:1,000, Cell Signaling).
Xenotransplantation Studies
All xenotransplantation experiments were approved by the Experimental Animal Ethics Committee of Jinzhou Medical University (protocol 20170503) and conformed to the Guide for the Care and Use of Laboratory Animals published by the United States National Institutes of Health (eighth Edition, 2011). Cells (1 × 107) were resuspended in 100 μl DMEM and injected into the dorsal flanks of female 6-week-old nu/nu mice subcutaneously. Two weeks later, 20 mice with tumor volumes of approximately 100 mm3 were selected and dicided into four groups. The four group treatments were dimethylsulfoxide (DMSO) (Selleckchem, United States) with corn germ oil, artesunate (50 mg/kg) with corn germ oil, sorafenib (30 mg/kg) with corn germ oil, and artesunate/sorafenib (80 mg/kg/30 mg/kg) with corn germ oil. All treatments were administered once every 3 days for 21 days. The solvent used to dissolve the drugs was DMSO, with corn germ oil as a co-solvent.
Data Analysis
All data were analyzed using GraphPad prism software 8.0. One-way analysis of variance and chi-square tests were used to compare single-factor groups. Inter-group analysis was performed using Student’s t-tests. p values <0.05 were considered statistically significant.
RESULTS
Artesunate Inhibition of Hepatocarcinoma Parent Cell and Sorafenib Resistant Cell Proliferation
HepG2 cells and HepG2-SR cells were treated with 0, 25, 50, or 100 μm concentrations of artesunate for 48 h, and artesunate alone inhibited the propagation of HepG2 and HepG2-SR liver tumor cells in a dose-dependent manner (Figure 1A). Cell viability was investigated via EDU immunofluorescence staining assays after 24 h, and several concentrations of artesunate inhibited the growth of HepG2 and HepG2-SR cells (Figure 1B). FITC-TUNEL staining apoptosis assays also revealed dose-dependent artesunate-induced apoptosis of HepG2 and HepG2-SR cells (Figure 1C).
[image: Figure 1]FIGURE 1 | Artesunate (ART) can effectively inhibit the propagation of sorafenib-resistant cells. (A). HepG2-SR cells were treated with 0, 25, 50, or 100 μm artesunate, and 48 h later MTT assays were performed to detect artesunate sensitivity in the cells. (B). Cell propagation detected by EDU assays. Cells were stained with DAPI (blue) for visualization of nuclei, and EDU (green) signifies proliferative cells. EDU-positive cells per field were quantified in multiple fields, and cell proliferation was measured relative to total cells. Scale bars = 10 μm. (C). Apoptosis detected via FITC-TUNEL staining assays. Blue (DAPI) represents nuclei, and green (FITC-TUNEL) represents apoptotic cells. FITC-TUNEL-positive cells per field were quantified in multiple fields and the ratio of apoptotic cells was measured relative to total cells. Scale bars = 20 μm. Experiments were repeated three times.
Artesunate Inhibition of NgBR Expression in Sorafenib-Resistant HCC Cells
In qRT-PCR and western blotting analyses there were significant increases in NgBR expression in sorafenib-resistant cells compared to normal cells (Figurea 2A, B). Sorafenib affected NgBR expression in a dose-dependent manner in sorafenib-resistant cells (Figure 2C). In experiments in which sorafenib-resistant cells were treated with various concentrations of artesunate for 48 h or a uniform concentration for various times, artesunate reduced NgBR expression in a dose-dependent manner (Figure 2D) and a time-dependent manner (Figure 2E).
[image: Figure 2]FIGURE 2 | Artesunate (ART) can inhibit NgBR expression in sorafenib-resistant HCC cells. NgBR expression was higher in HepG2-SR cells as determined by (A) qRT-PCR and (B) western blotting. Western blotting (C) indicated that NgBR expression increased in a dose-dependent manner in the presence of sorafenib in HepG2-SR cells. The experiment was performed in triplicate. Western blotting indicated that artesunate can inhibit the expression of NgBR in both HepG2 cells and sorafenib-resistant HCC cells, in a dose-dependent manner (D) and in a time-dependent manner (E). Experiments were repeated three times, and data are expressed as means ± the standard error of the mean. Student’s t-test was used to analyze the data. *p < 0.05
NgBR Knockdown and the Restoration of Sorafenib Sensitivity in Sorafenib-Resistant Liver Cancer Cells
Western blotting was used to determine NgBR knockdown efficiency (Figure 3A). MTT (72 h) and colony formation (14 days) assays revealed that NgBR downregulation can reduce the viability of HepG2-SR cells (Figure 3B). Likewise, MTT (48 h) and EDU immunofluorescence staining (24 h) assays, after treatment with various sorafenib concentrations, revealed that NgBR knockdown significantly decreased cell proliferation in HepG2-SR cells. This effect was particularly evident with 5 and 10 μm sorafenib treatments (Figures 3C, D). FITC-TUNEL staining showed that sorafenib treatment at a lower concentrations (5 μm) caused significantly more apoptosis in NgBR-knockdown cells than in mock treated cells (Figure 3E).
[image: Figure 3]FIGURE 3 | NgBR knockdown reduces sorafenib resistance. (A). NgBR knockdown efficiency of was assessed via western blotting. (B). Cell growth of NgBR knockdown and normal control HepG2-SR cells was measured by MTT (72 h) and colony formation (14 days) assays. Data are presented as means ± standard deviation (SD). (C). HepG2-SR cells were treated with various doses (0, 2.5, 5, and 10 μm) of sorafenib. After 48 h, the MTT assay was used to detect sorafenib sensitivity. (D). Cell propagation was detected by EDU assays. Scale bars, 10 μm. (E). Apoptosis was detected by FITC-TUNEL staining. Scale bars, 20 μm. Experiments were repeated three times and data are presented as mean ± SD. Student’s t-test was used to analyze data. *p < 0.05
NgBR Overexpression in Hepatocarcinoma Parent Cells and the Promotion of Sorafenib Resistance in Liver Cancer Cells
NgBR was overexpressed in parental HepG2 cells (Figure 4A). MTT (72 h) and colony formation (14 days) assays revealed that NgBR overexpression can increase HepG2 cell viability (Figure 4B). We also found that, in HepG2 cells, NgBR overexpression significantly decreases the sensitivity of liver cancer cells to sorafenib at doses of either 5 μm or 10 μm (Figures 4C, D), and decreases rates of apoptosis following sorafenib (5 μm or 10 μm) treatment (Figure 4E).
[image: Figure 4]FIGURE 4 | NgBR overexpression promotes sorafenib resistance in liver cancer cells. (A). NgBR overexpression was assessed via western blotting. (B). Cell growth in NgBR overexpression and normal control HepG2 cells was detected by MTT (72 h) and colony formation (14 days) assays. The data are presented as means ± standard deviation (SD). (C). MTT assay was employed to evaluate cellular proliferation, as a measure of sorafenib sensitivity in the cells, after 48 h. (D). Cell proliferation was detected by EDU assays. Scale bars, 10 μm. (E). Apoptosis was detected by FITC-TUNEL staining assays. Scale bars, 20 μm. Experiments were repeated three times and data are presented as mean ± SD. Student’s t-test was used for data analysis. *p < 0.05
Effects of Artesunate Combined With Sorafenib on Sorafenib Resistance in vitro
The results of MTT assays conducted to determine appropriate concentrations of sorafenib alone or in combination with artesunate to achieve inhibitory effects on sorafenib-resistant liver cancer cells are shown in Figure 5A. In the combination study the sorafenib concentration was 2.5 μm and the artesunate concentration was 25 μm. HepG2-SR cells were treated with sorafenib (2.5 μm) and/or artesunate (25 μm) for 48 h, and artesunate rendered the cells significantly more sensitive to sorafenib. Inhibited proliferation and increased apoptosis were associated with sorafenib sensitivity (Figures 5B, C).
[image: Figure 5]FIGURE 5 | Artesunate (ART) combined with sorafenib overcomes adaptive resistance to sorafenib in vitro and in vivo. (A). Cells were treated with sorafenib alone or in combination with a fixed dose of artesunate, then MTT assays were conducted after 48 h. (B). Sorafenib and artesunate alone or in combination were used in HepG2 cells and HepG2-SR cells after 24 h, and cell proliferation was detected via EDU assays. Scale bars = 10 μm. (C). HepG2-SR cells and HepG2 cells were treated with sorafenib and artesunate alone or in combination for 48 h, then apoptosis was detected via FITC-TUNEL staining assays. Scale bars = 20 μm. (D). ∼1 × 107 HepG2 or HepG2-SR cells were injected into mouse flanks. When tumors reached ≥100 mm3 in size the mouse was administered (1) DMSO with corn germ oil, (2) sorafenib (30 mg/kg) with corn germ oil, (3) artesunate (50 mg/kg) with corn germ oil, or (4) sorafenib (30 mg/kg) and artesunate (50 mg/kg) with corn germ oil once every 3 days via oral cannular. Tumor sizes were measured periodically with calipers, and tumor volumes were calculated using the formula volume = (width2 × length)/2. (E). After 21 days mice were killed by cervical dislocation, and the tumors were removed and weighed. Experiments were repeated three times.
Effects of Artesunate Combined With Sorafenib on Sorafenib Resistance in vivo
In experiments using xenografts derived from HepG2 and HepG2-SR cells to examine efficacy in vivo, after 3 weeks sorafenib alone and artesunate alone inhibited cancer growth as measured by tumor weight. The combination of artesunate and sorafenib resulted in greater growth inhibition than artesunate or sorafenib alone in both HepG2 and HepG2-SR xenograft models (Figures 5D, E). Thus, artesunate combined with sorafenib overcame NgBR-dependent sorafenib resistance in liver tumors in vivo.
Artesunate can Block NgBR-Induced Sorafenib Resistance by Suppressing the MEK/ERK Pathway
The role of NgBR downregulation and overexpression in artesunate-induced sorafenib sensitization was examined. Firstly, The MTT assay was used to determine the appropriate concentrations of sorafenib alone, or in combination with artesunate, to use in HepG2-SR cells with downregulated NgBR and HepG2 cells with NgBR overexpression (Figure 6A). We found that artesunate can effectively inhibit cell proliferation in NgBR overexpressing cells only. To confirm that NgBR promotes HepG2 cell proliferation and survival through the activation of MEK/ERK signaling we examined the expression of relevant proteins. Activation of MEK/ERK signaling in HepG2 and HepG2-SR cells was examined by western blot. We found that, compared to HepG2 cells, the phosphorylation levels of MEK (p-MEK) and ERK (p-ERK) were significantly upregulated in HepG2-SR cells (Figure 6B). We then treated HepG2 and HepG2-SR cells with 10 μm U0126, a MEK 1/inhibitor, for 7 days. Western blotting performed after U0126 treatment indicated that U0126 can inhibit p-MEK and p-ERK levels in both HepG2 and HepG2-SR cells (Figure 6C). MTT and EDU immunofluorescence staining (24 h) assays showed that in NgBR overexpressing HepG2 cells, artesunate-induced sorafenib sensitization was significantly decreased in U0126-treated cellscompared to U0126-untreated cells (Figures 6D, E).
[image: Figure 6]FIGURE 6 | Artesunate (ART) overcomes NgBR-induced sorafenib resistance by suppressing the MEK/ERK pathway. (A). MTT assay detected proliferation in HepG2-SR cells with NgBR downregulation and HepG2 cells with NgBR overexpression after treatment with sorafenib alone or in combination with artesunate. (B). Phosphorylation levels of MEK (p-MEK) and ERK (p-ERK) in HepG2 and HepG2-SR cells were detected by western blot. (C). HepG2 and HepG2-SR cells were treated with 10 μm U0126 for 7 days to inhibit p-MEK and p-ERK. Western blot was used to determine inhibition efficiency. (D). HepG2 cells with NgBR overexpression were treated with 10 μm U0126 for 7 days, and MTT assays were used to detect the artesunate-induced sorafenib sensitization. (E). EDU assays were used to detect the proliferation in HepG2 cells overexpressing NgBR and treated with 10 μm U0126 for 7 days. Scale bars, 10 μm. Experiments were repeated three times and data are presented as means ± standard deviation (SD). Student’s t-test was used for data analysis. *p < 0.05
DISCUSSION
Sorafenib is a molecularly targeted drug available for the clinical management of liver cancer, but the development of resistance to sorafenib in liver cancer cells has reduced its therapeutic efficacy. Therefore, the current study investigated the mechanism of resistance of liver cancer to sorafenib. Increasing the cancer cells’ sensitivity to therapeutic molecules is one of the main strategies for effective liver cancer treatment. Artesunate is a widely used effective anti-malarial agent, but studies have also confirmed that it has anti-tumor effects (Ye et al., 2020). Moreover, its cost-effectiveness and comparatively fewer adverse effects make it an ideal anti-tumor drug. The in vitro experimental results of the present study indicate that artesunate can prevent the propagation of hepatocarcinoma parent cells as well as cells resistant to sorafenib in a dose-dependent manner, and promote their apoptosis.
Previous studies suggest that NgBR upregulation may affect the occurrence and development of hormone receptor-positive breast cancer (Wang et al., 2013). Studies investigating tamoxifen resistance also indicate that epithelial-mesenchymal transition can play a key role (Liang et al., 2017). NgBR promotes epithelial-mesenchymal transition in breast and lung cancer (Zhao et al., 2015; Wu et al., 2018). The role of NgBR in the development of resistance to chemotherapy in HCC and breast cancer is clear, but whether NgBR can affect the development of sorafenib resistance has not been reported.
In this study, we investigated the correlation between NgBR and sorafenib resistance in HCC. To examine the correlation between sorafenib resistance and NgBR, we developed a sorafenib-resistant HCC cell line for in vitro studies. All sorafenib-resistant liver cancer cells showed strong propagation and reduced apoptosis in the presence of sorafenib. Additionally, NgBR was overexpressed in sorafenib-resistant cells, and sorafenib promoted NgBR expression in sorafenib-resistant liver cancer cells in a dose-dependent fashion. To study the role of NgBR in developing resistance to sorafenib, we knocked down NgBR in sorafenib-resistant cells. Sorafenib sensitivity increased in HepG2-SR knockdown cells, but not in mock-treated HepG2-SR cells. Then, we overexpressed NgBR in HCC parent cells and found that NgBR overexpression accounted for the observed sorafenib resistance in HCC. Therefore, we concluded that NgBR expression in sorafenib-resistant cells was correlated with resistance to sorafenib.
According to previous studies, artesunate can promote apoptosis and inhibit the propagation of sorafenib-resistant liver cancer cells. We speculated that artesunate functioned through inhibiting NgBR. Time and concentration-dependent studies confirmed that artesunate can inhibit the NgBR expression in sorafenib-resistant liver cancer cells.
Artesunate prevented the progression of sorafenib resistance in liver cancer cells by inhibiting NgBR expression, suggesting that artesunate, in combination with sorafenib, can increase the sensitivity of liver tumor cells to sorafenib. This study confirmed that artesunate can enhance the sensitivity of liver cancer cells to sorafenib both in vivo and in vitro. HepG2 cells overexpressing NgBR and HepG2-SR cells with downregulated NgBR were treated with different concentrations of sorafenib alone or in combination with artesunate. We found that artesunate can only effectively inhibit cell proliferation in NgBR overexpressing cells. This indicates that artesunate enhances the sensitivity of liver cancer cells to sorafenib by inhibiting the NgBR expression.
In a previous study, Gao et al. discovered that increased NgBR can enhance EGF-stimulated Ras activation and phosphorylation of AKT and ERK in tamoxifen-resistant breast cancer cells (Gao et al., 2018). Moreover, NgBR expression is associated with non-small cell lung cancer (NSCLC) development and increases Snail 1 expression in NSCLC cells by MEK/ERK pathway activation (Wu.et al., 2018). We examined the MRK/ERK pathway using western blot analysis. NgBR expression was positively correlated with the activation of phosphorylated MEK, confirming that the MEK/ERK pathway was significantly upstream in HepG2-SR cells. U0126-EtOH, a highly selective MEK1/2 inhibitor, was used to treat NgBR overexpressing HepG2 cells for 7 days. Compared to the non-treated U0126-EtOH group, the effects of artesunate-induced sorafenib sensitivity were inhibited by the MEK1/2 inhibitor. This result indicates that NgBR promotes HepG2 cell proliferation and survival through MEK/ERK pathway activation, and that artesunate can overcome NgBR-induced sorafenib resistance by suppressing the MEK/ERK pathway. The main limitation of this study is that it does not investigate the specific mechanism through which artesunate inhibits NgBR to increase the sensitivity of liver cancer cells to sorafenib. Thus, further studies focusing on the specific mechanism should be performed.
Taken together, the results of the current study demonstrate that NgBR is highly expressed in sorafenib-resistant HCC cells. NgBR is a functional marker that is essential for sorafenib resistance via activation of the MEK/ERK pathway. Artesunate can increase liver cancer cell sensitivity to sorafenib via inhibition of NgBR. Thus, targeting NgBR with a combination of artesunate and sorafenib can effectively overcome sorafenib resistance in HCC cells.
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Modulated electro-hyperthermia (mEHT), induced by 13.56 MHz radiofrequency, has been demonstrated both in preclinical and clinical studies to efficiently induce tumor damage and complement other treatment modalities. Here, we used a mouse xenograft model of human melanoma (A2058) to test mEHT (~42°C) both alone and combined with NK-cell immunotherapy. A single 30 min shot of mEHT resulted in significant tumor damage due to induced stress, marked by high hsp70 expression followed by significant upregulation of cleaved/activated caspase-3 and p53. When mEHT was combined with either primary human NK cells or the IL-2 independent NK-92MI cell line injected subcutaneously, the accumulation of NK cells was observed at the mEHT pretreated melanoma nodules but not at the untreated controls. mEHT induced the upregulation of the chemoattractant CXCL11 and increased the expression of the matrix metalloproteinase MMP2 which could account for the NK-cell attraction into the treated melanoma. In conclusion, mEHT monotherapy of melanoma xenograft tumors induced irreversible heat and cell stress leading to caspase dependent apoptosis to be driven by p53. mEHT could support the intratumoral attraction of distantly injected NK-cells, contributed by CXCL11 and MMP2 upregulation, resulting in an additive tumor destruction and growth inhibition. Therefore, mEHT may offer itself as a good partner for immunotherapy.
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Introduction

Modulated electro-hyperthermia (mEHT) is an effective and safe form of hyperthermia, which aims at selective heating of the extracellular matrix and cell membranes in the malignant tissues rather than homogenous heat delivery into tumors (1). The benefits of mEHT as a complementary therapy relies in its property to induce tumor-damage by direct cell killing, mediated by irreversible heat and cell stress and its tolerability by patients as it has almost no side-effects. In the recent years numerous papers have described the growth inhibiting effect of mEHT in various tumor types, mostly in preclinical mouse models (2–6). These results provide evidence that besides the direct cell killing, mEHT has an immunomodulatory effect supporting the anti-tumor immune response (3, 4, 7). In the clinical setting, several case studies have revealed beneficial effects of mEHT (8, 9) including the on-going clinical phase studies which are expected to provide more details on the advantages of combining mEHT with radio- and chemotherapy (10). However, despite evidence supporting the rationale of hyperthermia for augmenting immunotherapy in pre-clinical models, these has not been implemented into the clinical practice (11). Natural killer (NK) cell therapy represents a promising novel treatment modality for both hematological malignancies and solid tumors (12). The cytotoxic activity of the NK cells is independent of tumor antigens, they are tolerant to cells expressing human leukocyte antigen class I (HLA class I) ligands but trigger cytotoxicity against altered cells of reduced HLA-I expression and, due to their short lifetime, the side effects of NK cell immunotherapy are negligible. Clinical trials have been performed with either primary NK cells derived from peripheral blood mononuclear cells (PBMCs) or commercially available clonal NK cell lines, which are easy to expand and maintain in vitro (12). The therapeutic outcomes of the adoptive transfer of NK cells was successful mainly in hematological malignancies, while in the case of solid tumors it has been disappointing due to impaired trafficking, infiltration and the immunosuppressive environment of the tumors (13). Several strategies have been proposed to overcome these obstacles and to augment NK cell activity in solid tumors (14). The treatment of NK cells with IL-15 helped to maintain anti-tumor activities in the context of an immunosuppressive microenvironment compared with IL-2 treated NK cells (15). Arming of NK cells with additional CXCR receptors to facilitate their migration toward various cytokine producing tumors (16) or engineering NK-92 cells to express T-cell receptors with tumor antigen specificity have also been proposed as promising strategies in different tumor models (17). In a recent study Yang et al. has reported that the focused ultrasound enhanced the accumulation of NK cells in ovarian cancer xenograft mainly by inducing CX3CL1 expression (18).

The effect of hyperthermia on NK cell mediated anti-tumor response has been extensively studied and reviewed (19). While the in vitro hyperthermia diminished the viability and cytotoxic activity of isolated NK cells (19, 20), in vivo treatment supported NK cell activity in several tumor models including the very first report about whole body hyperthermia on NK cell cytotoxicity in a patient treated for Ewing’s sarcoma. Hyperthermia was shown to restore and enhance the NK cell activity possibly via inducing supportive interferon production (21). Ostberg et al. demonstrated that besides the NK activating pyrogenic cytokines (TNF-α, IFN-γ) secreted during hyperthermia, another possible mechanism behind enhanced NK cell cytotoxicity by fever range thermal stress is associated with plasma membrane NKG2D clustering and increased expression of MICA on target cells (22). Multhoff et al. reported recently that hyperthermia-induced hsp70 promoted NK cell activation, when used in combination with PD-1 inhibition, significantly increased the overall survival in preclinical models of glioblastoma and lung cancer (23, 24). The effectiveness of hyperthermia in melanoma treatment was demonstrated by us and others in several preclinical models (2, 25). Regarding its clinical application Overgard et al. reported that in a phase III clinical trial hyperthermia augmented significantly the fractionated radiotherapy (26).

In the present study we aimed at elucidating the effect of mEHT on A2058 human melanoma xenografts combined with adoptive transfer of primary or immortalized human NK-92MI cells. We demonstrate that mEHT, besides its tumor growth inhibiting effect, augments NK cell infiltration into the treated tumors and thus, it is a promising strategy to enhance the effectiveness of adoptive NK cell transfer.



Material and Methods 


Cell Culture

A2058 human melanoma cell line originated from the American Type Culture Collection (ATCC; Rockville, MD, USA), a kind gift of Gabor Tigyi, Department of Physiology, UTHSC, Memphis) was maintained in DMEM with 10% fetal bovine serum in a humidified incubator with 5% CO2 at 37°C. Primary human NK cells were isolated from PBMCs of a healthy donor by a density gradient with Ficoll-Paque Plus (Sigma-Aldrich; St. Louis, MO, USA) followed by purification using an NK cell isolation kit (Miltenyi Biotec; Teterow, Germany). Purified NK cells were expanded during 7 days in NK MACS medium (Miltenyi Biotec) supplemented with 2% human serum (Sigma-Aldrich) and 500 U of IL-2 (Miltenyi Biotec) under standard culture conditions in a humidified incubator. NK-92MI cell line purchased from ATCC was grown in NK MACS medium supplemented with 2% human serum and 10 U of IL-2. Cell staining of the NK cells for in vivo tracing was done with CellTrace Far Red Cell Proliferation Kit (Thermo Fisher Scientific; Waltham, MA, USA) as described by the manufacturer. For the co-culture experiments A2058 melanoma cells were plated in 12-well plates at 1 x 105/ml in the culture medium described above. Next day graded doses of human primary NK cells were added to A2058 culture to reach the following ratio of 1:0, 1:0.25, 1:0.5, and 1:1 melanoma: NK cell and cultured for two h. Phase contrast microscopy images were taken with the Nikon TI2E microscope using the 20X objective.



In Vitro mEHT Treatment

Sub‐confluent cell-cultures were resuspended in fresh medium at 1 × 106 cells/ml density, then 1.5 ml cell suspension was used for each experimental group. Normothermic controls were treated in water bath for 30 min at 37°C, while 42°C treatment of mEHT was performed between two plan‐parallel electric condenser plates using the Lab‐EHY 100 device (Oncotherm Ltd; Budaörs, Hungary). Right after the treatment cells were cultured for 24 h at 1 x 106 in a 60 mm diameter Petri dish or at 1.25 × 105 cells/well in a 6 well plate for RNA isolation or flow cytometry respectively.



Quantitative RT‐PCR

Total RNA was extracted 24 h after treatment of tumor cells using the NucleoSpin RNA Plus XS (Macherey-Nagel GmbH & Co. KG; Düren, Germany). Complementary DNA (cDNA) synthesis was done with RevertAid First Standard cDNA Synthesis Kit (Thermo Scientific). The primer sets used were as follows: RPS13 Fwd: CGAAAGCATCTTGAGAGGAACA, Rev: TCGAGCCAAACGGTGAATC, CXCL-9 Fwd: AGTGCAAGGAACCCCAGTAG, Rev: AGGGCTTGGGGCAAATTGTT, CXCL-10 Fwd: AGCAGAGGAACCTCCAGTCT, Rev: AGGTACTCCTTGAATGCCACT, CXCL-11 Fwd: GAGTGTGAAGGGCATGGCTA and Rev: ACATGGGGAAGCCTTGAACA (Merck KGaA; Darmstadt, Germany). Quantitative real-time PCR was performed with CFX Connect Real‐Time PCR Detection System (Bio-Rad; California, USA) using the SsoAdvanced Universal SYBR Green Supermix (Bio-Rad). RPS13 was used as internal control, and the fold change in expression was calculated as 2−ΔΔCT.



Flow Cytometry

Dying cell fractions were identified and measured by flow cytometry. 24 h post-treatment the supernatants were collected and cells were trypsinized, then placed on ice for all further steps. The suspensions were centrifuged for 5 min at 300 × g, washed twice in PBS and resuspended in Annexin V Binding Buffer at a concentration of 1 × 106 cells/ml. To 100 µl of cell suspension 2.5 µl Alexa Fluor® 647 Annexin V stock solution (Biolegend; San Diego, CA, USA) and 1 µl of 1 mg/ml propidium‐iodide (Sigma‐Aldrich) was added. Samples were incubated in dark on ice for 20 min, then further diluted with 200 µl Annexin V Binding Buffer (Biolegend) and measured by flow cytometry. 638 nm wavelength excitation laser was used for Alexa Fluor® 647 Annexin V and 488 nm for PI fluorochrome. Based on its low forward and side scatter (FSC/SSC) properties, cell debris was excluded from the measurement, where 2 × 104 events per sample were counted by using flow cytometry (CytoFLEX Flow cytometer, Beckman Coulter Life Sciences; Indianapolis, USA). Obtained data were analyzed with CytExpertCell software (Beckman Coulter Life Science). For granzyme B detection primary NK cells were stained with FITC-labeled anti-human/mouse granzyme B antibody (#505403, Biolegend) according to the manufacturer’s protocol. Cells were measured using 488 nm blue laser excitation wavelength and 525/40 nm bandpass filter for detection.



In Vivo mEHT Treatment Model and In Vivo Imaging

The A2058 tumor cell suspension (1 million cells/100 µl) was inoculated subcutaneously into both flanks of NOD.CB-17-Prkdc scid/Rj mice (Janvier Labs; Le Genest-Saint-Isle, France). Depending on the follow-up timepoint different tumor sizes were used. When mice were sacrificed 24 post-treatment in order to characterize the early stress response, the tumors were treated when having 10 mm diameter while when the animals were used for 4-day follow-up the xenografts had 5-6 mm diameter (0.1–0.15 cm3 volume).

Once the tumor had reached the desired volume, the right-side tumors were subjected to mEHT or sham treatment and the left-side ones were left untreated and used as controls. The mEHT treatment was performed as described before (2) by using the Lab‐EHY 100 device (Oncotherm Ltd, Budaörs, Hungary). In the sham-treated mice the right-side tumors were placed between the electrodes and exposed to the same physical force like the treated ones. Tumor growth was monitored with ultrasound measurement (Philips Sonos 5500 Ultrasound; Amsterdam, Netherlands). Whole body imaging was performed to detect far red fluorescence with the fluorescent optical imaging system FOBI (CELLGENTEK Co., Ltd., Suwon, South Korea). Images were analyzed using VivoQuant software (inviCRO, LLC; Boston, USA). All animal work conducted during this study was approved by the Hungarian National Scientific Ethical Committee on Animal Experimentation under No.PE/EA/51-2/2019.



Immunohistochemistry

Tumors were fixed in 4°C buffered 8% formalin for 48 h, dehydrated and embedded into paraffin wax. Then, 3 µm thick sections were cut, dewaxed and rehydrated prior to hematoxylin-eosin (H & E) staining or immunohistochemistry (IHC). Endogenous peroxidase activity was blocked for 15 min in methanol containing 3% H2O2. For antigen retrieval, rehydrated sections were heated at ~105°C in Tris-EDTA (TE) buffer pH 9.0 (0.1 M Trisbase and 0.01 M EDTA) for 20 min in a pressure cooker (2100 Antigen Retrieval, Aptum Biologics Ltd.; Southampton, United Kingdom) followed by 20 min cooling. After blocking non-specific protein-binding sites in 0.1 M Tris-buffered saline (TBS, pH7.4) containing 3% bovine serum albumin (BSA, Millipore; Kankakee, Illinois, USA), 0.1% TWEEN® 20 (Sigma-Aldrich) and 0,01% sodium-azide (BSA/TBST) for 20 min, slides were incubated in a humidity chamber at room temperature using antibodies (listed in Table 1) diluted in 1% BSA/TBST. HISTOLS® Labeled polymer-peroxidase (anti-rabbit Ig) detection system (Histopathology Ltd.; Hungary) was applied for rabbit monoclonal antibodies (mAbs) with an additional preliminary incubation step using rabbit anti-mouse Ig for mouse mAbs, for 40 min each. For the immunoperoxidase development a DAB chromogen/hydrogen peroxide kit (Leica-NovoCastra; Newcastle Up-on-Tyne, UK) was used. Samples were washed for 3 × 3 min in TBST (pH 7.4) buffer between the incubations. Stained slides were digitalized and the immunoreactions were evaluated using modules of QuantCenter image-analysis software package (3DHISTECH; Budapest, Hungary). Positive immunoreactions for cleaved caspase-3, hsp70, p53, MMP-2, was determined as percentages within annotated tumor areas (HistoQuant module). In case of cleaved caspase-3 (cC-3), hsp70, p53, p21, and AIF the late apoptotic areas which might be lysed by metalloproteases, were excluded from the evaluation. For p53 and p21 evaluation nuclei with strong positive reaction were masked and calculated its area compared to the whole tumor area.


Table 1 | Antibodies and conditions used for immunohistochemistry and immunofluorescence.





Statistical Analysis

Statistical analysis was performed using GraphPad Prism software (v.6.07; GraphPad Software Inc.; La Jolla, CA, USA). Statistical significance between groups during the tumor growth follow-up was calculated using two-way ANOVA followed by Tukey’s multiple comparisons. Mann–Whitney nonparametric test was performed for statistical comparison between treated and control groups. In experiments with more than two groups, statistical differences were assessed with ANOVA accompanied by Tukey’s or Sidak’s multiple comparisons test. p-values < 0.05 were considered significant.




Results


mEHT Inhibits A2058 Melanoma Tumor Growth

To examine the effect of mEHT on A2058 melanoma, we have exposed established tumors to a single mEHT or sham treatment lasting for 30 min and monitored the tumor growth up to day four by using ultrasound. Mice were divided in two groups. In one group symmetrically grown tumors were either treated with mEHT or left untreated. In the other group, tumors were sham treated or left untreated. We found that already a single mEHT treatment had a marked effect on tumor growth. There was a significant difference manifested on the third- and fourth-day post treatment both between the mEHT-treated and its untreated counterpart (p=0.006) and also between mEHT-treated and the sham-treated tumors (p=0.01). There was no significant difference between the sham-treated and sham-untreated tumors at any timepoint (Figure 1).




Figure 1 | Tumor growth is arrested by modulated electro-hyperthermia (mEHT) treatment. N=6 for mEHT-treated and mEHT-untreated, n=5 for sham-treated and sham-untreated, **p=0.006 between mEHT-treated and untreated, #p=0.01 on day three and ##p=0.007 on day four between mEHT-treated and sham-untreated, *p=0.01 for mEHT and sham-treated on day three and four using two-way ANOVA followed by Tukey’s multiple comparisons test.





mEHT Activates p53 and Induces Caspase-3 Dependent Cell Death

Histological analysis of the tumors 24 h after a single mEHT treatment showed massive cell death in the treated side (Figure 2A). While in the non-treated tumors the percentage of the dead area is negligible, in the treated ones it reached 40% (*p=0.02). The cellular stress induced by mEHT was accompanied by abundant hsp70 expression which doubled one day post-treatment (*p=0.02) (Figure 2B).




Figure 2 | Modulated electro-hyperthermia (mEHT) monotherapy-induced cellular stress results in massive tumor destruction of established human A2058 xenografts. (A) Quantitative analysis and representative images of hematoxylin-eosin (H & E) staining reflecting live/death tumor areas of untreated and mEHT-treated tumors. (B) Heat stress response demonstrated by hsp70 expression. Arrowheads indicate characteristic staining of damaged tumor tissue and hsp70 expression in the mEHT-treated tumor sections. Samples were analyzed 24 h post-treatment, *p=0.02, n=4. Statistical significance was calculated using Mann-Whitney test.



In order to elucidate the cell killing mechanism of mEHT in A2058 melanoma xenografts, we used immunohistochemistry (IHC) to detect the expression of several proteins involved in apoptosis. We reported before that mEHT stabilized and induced the nuclear translocation of p53 in B16F10 mouse melanoma cell line in vitro and in vivo (2). Regarding the p53 status, A2058 contains TP53MUT which is still functional as upon exposure to nutlin-3, the prototypic MDM2 antagonist, p53 increased and led to apoptosis (27). Using IHC we detected the expression level of p53 one day post-treatment. Our results demonstrate that in response to mEHT-induced stress the p53 protein level elevated and it was two-fold higher as compared to the non-treated, control side tumors (*p=0.02) (Figure 3A). Next, we investigated the expression of p21, the canonical p53 target gene, but it did not show any significant change (Figure 3D), which points to the fact that tumor cells at this timepoint (24 h post-treatment) are not in the cell cycle arrest phase but rather underwent apoptosis. To demonstrate this, we measured the level of cleaved caspase-3 and found that it was three times higher in the treated tumors compared to the non-treated counterparts (*p=0.02) (Figure 3B). It was shown before that mEHT could activate not only the caspase dependent but also the caspase independent apoptotic pathway characterized by high apoptosis inducing factor (AIF) expression (28). Figure 3C illustrates that in A2058, despite the fact that mEHT elicits significant increase of this protein, as its localization remains cytoplasmatic and not nuclear AIF is not contributing to mEHT-induced cellular death.




Figure 3 | Modulated electro-hyperthermia (mEHT) treatment induces caspase dependent apoptosis via p53 activation in established human A2058 xenografts. (A) Quantitative analysis and representative images of immunostained tumor sections for p53, *p=0.02, n=4. (B) Cleaved caspase-3 (cC-3) *p=0.02, n=4. (C) AIF (apoptosis inducing factor) *p=0.04, n=6 and (D) D. p21 which is not significantly (NS) altered demonstrating that cellular senescence is not induced by mEHT. Arrowheads point to characteristic expression of the given protein on the mEHT treated tumor sections. Samples were analyzed 24 h post-treatment. Statistical significance was calculated using Mann-Whitney test.





mEHT Treatment Facilitates NK Cell Infiltration of Melanoma

We had reported previously that in vivo mEHT treatment causes downregulation of MHC-I expression in B16F10 mouse melanoma tumors (2). Our hypothesis was that this tumor phenotype was favorable to the cytotoxic activity of NK cells. Furthermore, the mEHT generated tumor microenvironment is rich in damage associated molecular pattern (DAMP) proteins (2–4), which are known to serve as chemoattractant to facilitate the recruitment of NK cells to the tumor site (4, 25). In the B16F10 mouse melanoma model we could not prove this unequivocally, at least not based on the frequency of the tumor infiltrating NK cells as there was no significant difference between the treated and control tumors. In order to address this question, we designed a different animal model, where we traced the distribution of in vitro expanded and fluorescently labeled primary NK cells or the immortalized NK-92MI cell line injected subcutaneously. Similar to the tumor growth model discussed above, we used mice implanted bilaterally and treated the right-side tumor only. One day after the mEHT treatment we injected the labeled NK cells at equal distance from both tumors subcutaneously above the lumbar region of the spine and traced their distribution daily using in vivo imaging system. The fluorescence signal was detectable already on day one after NK cell injection and further intensified during the following days within the treated tumor (Figures 4A, B). The accumulation of NK cells was assessed based on the ratio of the fluorescence detected on day 0 and day 3 in untreated control and treated tumors. Measured signal on day three was significantly higher when mEHT was followed by adoptive NK cell transfer regardless of NK cell origin (Figure 4E), whereas in the untreated tumors low intensity was detected in the explanted tumors only (Figures 4C, D).




Figure 4 | The modulated electro-hyperthermia (mEHT) treatment generated tumor microenvironment favors and permits NK infiltration of melanoma tumors regardless of natural killer (NK) cell origin. (A, B) In vivo imaging of tumor bearing mice with right side treated and left side control. Fluorescently labeled primary NK cells or NK92MI cells were injected subcutaneously one day post mEHT. In vivo imaging was done during 3 days to follow the NK cell trafficking. (C, D) Explanted control and mEHT-treated tumors infused by NK-92 MI or primary human NK cells. (E) Change of the signal intensity represented as ratio of the fluorescence detected on day 0 and day 3 in control and treated tumors infiltrated with fluorescent NK cells. Significance was calculated using two-way ANOVA followed by Sidak’s multiple comparisons test. n=3 for untreated/treated + primary NK cells, n=6 for untreated/treated +NK92MI, n=5 for untreated/treated mEHT. *p between mEHT-untreated and treated counterparts; **p=0.001 for primary NK cell infused tumors, ****p<0.0001 for NK92MI cell line infiltrated tumors.



To characterize the cytotoxicity of the ex vivo expanded primary NK cells and the susceptibility of the A2058 melanoma cell line to NK cell killing we set up an in vitro co-culture of the two cell types by adding graded doses of NK cells to A2058 melanoma cells. The phase contrast microscopy images shown on Figure 5A demonstrate that our primary human NK cells are potent and strongly cytotoxic and as such they are capable of lysing the A2058 cells. Additionally, the granzyme B expression, what plays crucial role in the cytotoxic effect of the primary NK cells was also measured by flow cytometry and we found that 100% of the population stains positive for this specific marker (Figure 5B).




Figure 5 | Characterization of ex vivo expanded primary NK cells. (A) Cytotoxic effect of primary NK cells and susceptibility of A2058 melanoma to natural killer (NK) cell killing demonstrated in co-culture. Graded doses of NK cells were added to A2058 culture in different ratios, phase contrast microscopy images were taken after 2 h of co-culture. Note the change in morphology of the melanoma culture from adherent to lysed, floating rounded dead cells in the presence of NK cells which indicates that tumor cells might have been eradicated by NK cells. (B) Flow cytometry analysis of granzyme B expression in primary NK cells. (C) Detection of CD57 positive primary NK-cells in modulated electro-hyperthermia (mEHT) treated and control tumors. Arrowheads emphasize the area where the average abundance of CD57+ marker can be seen on the control and an NK-infiltrated site of the mEHT samples.



As we demonstrated above, based on the fluorescence signal intensity within in vivo conditions, the primary NK cells were able to sense and migrate toward the mEHT treated tumors. The intratumoral presence of the primary NK cells was further confirmed by immunostaining, using the NK specific CD57 marker (Figure 5C).

Next, we investigated the potential mechanism by which mEHT could enhance the migration of NK cells with respect to chemokines and MMP-2. The recruitment of NK cells in the inflamed tissues is regulated by the expression of several chemokine receptors, including CXCR3 that binds to the tumor-derived chemokine ligands (29). It has been shown that some of the inflammatory chemokines that recruit NK cells (CXCL9, CXCL10, CXCL11, and CXCL12) contain putative HSF1-binding sites and thus could be upregulated by thermal stress (30). To test whether mEHT can induce the expression of chemokines, we exposed A2058 cells to mEHT in vitro and measured the gene expression one day after treatment using qPCR. In order to confirm the effect of mEHT treatment first, we measured the extent of apoptosis using flow cytometry. As expected, mEHT was cytotoxic and resulted in a two-fold increase of the annexin V+ PI+ apoptotic population (*p=0.01) (Figure 6A). The qPCR result shows that mEHT had disparate effect on the tested chemokines as out of the three tested chemokines CXCL9 and CXCL10 were downregulated and CXCL11 was upregulated by thermal stress (*p=0.02) 24 h post-treatment (Figure 6B). Besides the chemoattractants, the migration of NK cells is determined by its ability to cross the ECM and basement membrane. These structures are degraded by MMPs produced by both the NK cells and the tumor cells. Using IHC we detected the MMP-2 protein expression and we show that one day after treatment the MMP-2 positive area was five times higher in the mEHT treated tumors as compared to the control group (*p=0.02) (Figures 6C, D).




Figure 6 | Tumor damage and the potential mechanism of natural killer (NK)-cell trafficking to modulated electro-hyperthermia (mEHT) treated melanoma. (A) In vitro mEHT treatment induces apoptosis of the A2058 cells marked by the elevated PI+/Ann+ population detected by flow-cytometry 24 h post-treatment, data shows the average of six experiments, *p=0.01, **p=0.003. (B) In vitro mEHT treatment regulates the expression of chemoattractants in A2058 cells detected by qPCR 24 h post-treatment, data shows the average of three experiments, *p=0.02 calculated with Mann-Whitney test. (C, D) mEHT upregulates MMP-2 expression detected by IHC 24 h post-treatment, n=4, *p=0.02 calculated with Mann-Whitney test.





mEHT Induced Tumor Microenvironment Augments NK Cell Cytotoxic Activity

To assess the effect of combined mEHT and NK cell immunotherapy on tumor destruction, the explanted tumors were subjected to histology and immunostaining for cleaved caspase-3. Based on the H & E staining, both in the mEHT and the mEHT combined with adoptive NK cell transfer cases, the treated tumors contain extensive damaged areas (Figure 7A). When the comparison was done between treated and untreated counterpart statistical significance was reached in each treatment group. The mEHT monotherapy resulted in massive cell death represented by 60% of the tumor area accounting for the strong statistical significance versus mEHT untreated (#p <0.0001). The percentage of damaged tumor area escalated to almost 100% when the treatment was combined with the NK92MI cells and it was statistically significant not only when compared to its untreated counterpart (#p <0.0001) but also versus monotherapy (***p=0.0007). When the primary NK cells were administered after the mEHT, we could not detect additive effect of the cell treatment versus the mEHT monotherapy (Figure 7B).




Figure 7 | NK cell therapy effectively complements the modulated electro-hyperthermia (mEHT) treatment. (A, B) Additive effect of natural killer (NK) cell therapy is demonstrated by hematoxylin-eosin (H & E) staining and evaluation of the damaged tumor area. n=3 for untreated/treated + primary NK cells, n=6 for untreated/treated +NK92MI, n=5 for untreated/treated sham, n=8 for untreated/treated mEHT. Statistical significance was calculated using two-way ANOVA followed by Sidak’s multiple comparisons test. ***p=0.0007 between mEHT +NK92MI cell line infiltrated and mEHT treated tumors and #p <0.0001 between untreated tumors and treated counterparts.



Next, we characterized more specifically the apoptotic response using cleaved caspase-3 staining (Figure 8). As expected, our findings correlate with the previous data: the caspase positive area is the highest in the mEHT+NK92MI treated group with statistical value of ***p=0.0005 between untreated and treated mEHT+NK92MI tumors. Strong cC-3 expression was detected also in the mEHT+primary NK cell-treated group, **p=0.003 between untreated mEHT+primary NK vs treated mEHT + primary NK cells, while no significant difference was noted in the mEHT treated/untreated groups.




Figure 8 | Caspase-3 expression is more increased in tumors treated with modulated electro-hyperthermia (mEHT) combined with primary or NK92MI cell line. Statistical significance was calculated using two-way ANOVA followed by Sidak’s multiple comparisons test. **p=0.003 between mEHT-treated + primary natural killer (NK) cells and untreated + primary NK cells, ***p=0.0005 between untreated mEHT+NK92MI vs treated mEHT+NK92MI cell line.






Discussion

In a recently published paper, we described the effect of mEHT on B16F10, a mouse melanoma cell line, in vitro and in vivo (2, 31). The repeated mEHT treatment resulted in a delayed tumor growth marked by cell cycle arrest and senescence but without considerable immune activation of the host. In the present research, we make use of immunodeficient NOD/SCID mice to extend our studies on the effectiveness of mEHT on human melanoma using the A2058 cell line and, furthermore, to investigate the role of mEHT in combination with NK cell immunotherapy. First, we provided evidence of the cytotoxicity of mEHT on A2058 cells, showing that a single mEHT treatment was sufficient to elicit a significantly delayed growth of established tumors which were more susceptible to the deleterious effect of the treatment than the B16F10 mouse melanoma cell line. Dissecting the mechanism behind this effect we identified several key proteins. Similarly, to B16F10 mouse melanoma tumors, mEHT induced DNA damage and p53 activation but in contrary to B16F10, where this led to cell cycle arrest and senescence marked by high p21waf1 expression without pronounced cell death (2) in the A2058 human melanoma xenografts the mEHT-induced p53 expression resulted in strong caspase-3 activation and subsequent apoptosis without significant p21 induction. This observation is in line with previous findings reported by Vancsik et al. (3, 32) who demonstrated that in C26 colorectal carcinoma the in vitro mEHT treatment induced p53 activation and caspase dependent cell death similarly to the in vivo experiments, where besides the caspase dependent cell death, they also detected the caspase independent pathway, marked by the elevated expression of apoptosis inducing factor (AIF) (28). In our present model the AIF protein was also upregulated by mEHT, but its nuclear translocation was inhibited, probably complexed by hsp70, recapitulating the findings we had described in the case of B16F10 mouse melanoma (2).

In the second part of our study, we investigated the effect of mEHT on the tumor microenvironment with respect to NK trafficking, homing and tumorigenic activity. While several lines of evidence indicate the effect of hyperthermia through hsp70 on the cytolytic activity of NK cells (20, 23), there is no evidence for the effect of hyperthermia on NK cell trafficking. We demonstrated that mEHT facilitated the migration and tumor infiltration of both the primary, ex vivo expanded NK cells and the genetically modified, IL-2 producing NK92-MI cells administered subcutaneously one day after loco-regional mEHT treatment of tumor bearing mice. We and others have shown previously that hyperthermia triggered immunogenic cell death accompanied by the release of DAMPs like ATP, HMGB1 and hsp70 which have cytokine-like effects attracting immune cells (2–4, 7, 25, 33). In a similar animal model with C26 colorectal cancer symmetrical allografts in immunocompetent mice Vancsik et al. showed that mEHT triggered a massive infiltration of autologous CD3+ T cells into the tumor (3). In the present study we propose that the mechanism of NK cell recruitment elicited by mEHT consists of multiple cellular events involving DAMP and chemokine secretion as well as extracellular matrix degradation, while NK cell activity is potentiated by increased susceptibility to NK-induced lysis of the target tumor cells. Nagarsekar et al. had proposed that CXC chemokines were a new family of heat-shock proteins. The analysis of the promoters of the CXC genes in both human and mouse showed that they share a common promoter organization with multiple copies of the HSF-1 binding sequence (heat shock response element) demonstrating a strong correlation between activation of HSPs and generation of CXC chemokines (34). In the present study we found that mEHT induced CXCL11 expression in A2058 cells, which has the strongest affinity to its receptor CXCR3, expressed on IL-2 activated primary NK cells and immortalized NK92MI cell line responsible for recruiting effector T cells. Surprisingly, the other two tested chemokines (CXCL9 and -10) were strongly downregulated at this timepoint. In order to gain a more precise overlook on the effect of mEHT on chemokine expression a time course experiment should be performed which then would allow the fine tuning of the therapeutic window of NK infusion depending on the highest peak of chemoattractants elicited by mEHT. Besides HSF1, p53 was also shown to cause tumor cells to secrete various chemokines with the potential to recruit NK cells. Antibody-mediated neutralization of the chemokine (C-C motif) ligand CCL2, but not CCL3, CCL4, or CCL5, prevented NK cell recruitment to the senescent tumors and reduced their elimination (35). It remains to be verified if the activation of p53 by mEHT in the A2058 melanoma contributes or not to NK recruitment via the induction of chemoattractant secretion.

Another factor which influences the amount and efficiency of NK cell delivery is the ECM of the tumor. ECM is a dynamic structure, defined by its synthesis by the particular cellular microenvironment and degradation by MMPs which enhance the migration of NK cells into the tumor. The role of hyperthermia in the MMP expression is not well established. It was shown that mild hyperthermia up-regulated matrix metalloproteinases and accelerated basement membrane degradation in experimental stroke (36). In breast cancer the extracellular hsp70 and heat shock protein 90 alpha were identified and shown to activate MMP-2 to facilitate cell migration and invasion (37). In the case of A2058 melanoma MMP-2 and MMP-9 expression was upregulated by various cytokines and inducers (38). We provide evidence that mEHT promotes the expression of MMP-2 and ECM degradation of the A2058 melanoma in vivo facilitating the NK cell invasion of the tumor.

Once the NK cells have penetrated the tumor tissue, their cytolytic activity can effectively be manifested only in a permissive tumor microenvironment. Several lines of evidence prove that hyperthermia induces NK cell activity via either membrane bound or secreted hsp70 (23). We have previously shown that mEHT upregulated all the three forms (intracellular, secreted and membrane bound) of hsp70 in the B16F10 mouse melanoma (2). In the present study we detected the increase only in the intracellular form using IHC but as it was shown in repeated tumor models, we assume that the membrane bound form is also upregulated, resulting in enhanced cytolytic activity of NK cells. Based on histochemistry and detection of cC-3 expression, we show that the combined therapy results in higher tumor death rate proving the functionality of infiltrated NK cells. We noticed that this effect is more pronounced when mEHT is combined with NK92MI cell line most probably due to its stable expression of the IL-2 transgene rendering it IL-2 independent, while the primary NK cells rely on the host’s IL-2 reservoir.

In summary, based on our results, mEHT might be an effective therapeutic approach in melanoma both via its direct inhibition of tumor growth, shown both earlier and here, and through its ability to promote the efficient intratumoral migration and homing of NK-cells. These together may ultimately lead to the complete eradication of melanoma when mEHT is combined with NK-cell therapy. Further preclinical studies using different molecular subclasses of melanomas and NK-cell species are required in combination with mEHT for establishing and efficient clinical translation of our results.
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Betulin is a lupane-type pentacyclic triterpene, which is isolated from birch bark. It has a broad spectrum of biological and pharmacological properties, such as anti-inflammatory, anti-tumor, anti-viral, and anti-bacterial activity. Herein, we explored the factors that may result in betulin resistance, especially with respect to its interaction with ATP-binding cassette subfamily C member 1 (ABCC1). ABCC1 is an important member of the ATP-binding cassette (ABC) transporter family, which is central to mediating multidrug resistance (MDR) in naturally derived anticancer agents. An MTT-based cell viability assay showed that ABCC1 overexpression has the ability to desensitize both cancer cell line and gene-transfected cell line to betulin and that this betulin-induced resistance can be antagonized by a known ABCC1 inhibitor MK571 at 25 μM. Additionally, betulin upregulates the ABCC1 protein expression level in both concentration-dependent and time-dependent manners, also blocks the transport function mediated by ABCC1. Subsequently, a high affinity score of betulin was achieved in a computational docking analysis, demonstrating a strong interaction of betulin with ABCC1.
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Introduction

To date, many drugs have originated from natural products, including vincristine, vinblastine, doxorubicin, and paclitaxel all have the potential to inhibit tumor progression (1). However, the effectiveness of these drugs can be restricted by multidrug resistance (MDR)-associated ATP-binding cassette (ABC) transporters (2). Specifically, vincristine, vinblastine, doxorubicin, and paclitaxel can be transported by ABC sub-family B member 1 (ABCB1, multidrug resistance protein 1/MDR1, P-glycoprotein/P-gp) (3); whereas, vincristine, vinblastine, and doxorubicin are substrate drugs of ABC sub-family C member 1 (ABCC1, multidrug resistance protein 1/MRP1) (4).

The 190 kDa MRP1, located in human chromosome locus p13.11, was firstly isolated from doxorubicin-resistance small cell lung cancer line H69AR, and was found to be associated with MDR in 1992 (5, 6). The protein structure of MRP1 has three membrane-spanning domains (MSDs), and two nucleotide-binding domains (NBDs) (7). Functionally, the NBDs serve as the energy source to produce hydrolyzed ATP, while the MSDs provide support for drug binding, putative drug transport channel, dimerization, and trafficking (4). MRP1 has a wide distribution, for example throughout the adrenal gland, bladder, choroid plexus, helper T cells, and muscle cells (8).

Betulin, a lupane-type pentacyclic triterpene, is isolated from bark of birches. Due to its poor solubility in aqueous media, several more soluble derivatives and betulin nanoparticles were developed (9, 10). The chemical structure of betulin is presented in Figure 1A. Betulin and its derivatives have a broad spectrum of anti-cancer profile, such as against lung, breast, prostate, colon, colorectal, cervical, and pancreatic cancer, as well as melanoma and leukemia (11). The interaction between betulinic acid and ABCB1 or ABCG2 is conclusive (12, 13); however, the effect of ABCC1 on betulin efficacy needs to be elucidated. Interestingly, it has been documented that ABCC1 overexpression is correlated with lung, breast, prostate, and ovarian cancer, gastrointestinal carcinoma, melanoma, and leukemia (14, 15). Based on the overlapping cancer spectrum, we postulated that the overexpression of ABCC1 may attenuate the anticancer efficacy of betulin.




Figure 1 | Chemical structure and cell viability-concentration curves. (A) The chemical structure of betulin. The cell viability-concentration curves for (B) KB-3-1 and KB-CV60 cells, (C) HEK293/pcDNA3.1 and ABCC1-tansfected HEK293 cells, (D) HEK293/pcDNA3.1 and ABCB1-tansfected HEK293 cells, (E) HEK293/pcDNA3.1 and HEK293 cells transfected with wild-type or R482G-mutant ABCG2 after treatment with serial concentrations of betulin. Each point is shown as mean ± SD, from the experiment that was repeated at least three times and performed independently.



Herein, we focused on the interaction of betulin with ABCC1, and found that ABCC1 overexpression confers drug resistance to betulin. This finding may provide a valuable foundation for future preclinical and clinical investigations of betulin.



Materials and Methods


Chemicals and Reagents

Betulin was kindly provided as a free sample from MedChemExpress (Purity > 98.0%, Monmouth Junction, NJ). Dulbecco’s modified Eagle medium, trypsin-EDTA, penicillin/streptomycin, and fetal bovine serum were purchased from Corning (Corning, NY). Phosphate buffer saline (PBS) was obtained from VWR chemicals (Solon, OH). Vincristine, dimethyl sulfoxide (DMSO), and methylthiazolyldiphenyl-tetrazolium bromide (MTT) were obtained from Millipore-Sigma (Burlington, MA). MK571 and G418 were purchased from Enzo Life Sciences (Farmingdale, NY). Anti-MRP1/ABCC1 (D5C1X) antibody (product #72202), anti-GAPDH (D16H11) antibody (product #5174), and HRP-conjugated anti-rabbit IgG secondary antibody (product #7074) were obtained from Cell Signaling Technology (Danvers, MA). [3H]-Vincristine (0.7 Ci/mmol) was purchased from Moravek Biochemicals (Brea, CA). Liquid scintillation cocktail, and all other chemicals and reagents were purchased from ThermoFisher Scientific (Waltham, MA).



Cell Lines and Cell Culture

Human epidermoid carcinoma cell line KB-3-1 was used as the drug-sensitive cell line, and its ABCC1-overexpressing cell line KB-CV60 was maintained in the medium with 1 µg/ml of cepharanthine and 60 ng/ml of vincristine (16). HEK293/pcDNA3.1, HEK293/ABCC1, HEK293/ABCB1, HEK293/ABCG2-WT, and HEK293/ABCG2-G2 were transfected with either an empty vector pcDNA3.1 or a pcDNA3.1 vector containing a full length ABCC1, ABCB1, or ABCG2 encoding arginine (R) or glycine (G) at position 482 (17). All transfected cells were selected in the medium with 2 mg/ml G418. All cell lines were cultured in medium supplemented with 10% serum and 1% antibiotics at 37°C under 5% CO2. All drug resistant cell lines were cultured in drug-free medium for more than 2 weeks prior to further use.



MTT-Based Cell Viability Assay

An established protocol of MTT assay was used to determine the cell viability of betulin with or without an inhibitor (18). DMSO was used as a solvent to prepare a stock solution (10 mM) of all compounds. As the highest concentration in the cell viability assay was 100 μM, the final concentration of DMSO was 1% in the treatment medium. Also, all control groups in the experiment were treated with solvent only. Briefly, 5,000 to 7,000 cells/well were evenly seeded in a 96-well plate, and incubated at 37°C overnight prior to further experiment. On the next day, a serial dilution of substrate drugs (0–100 μM) with or without inhibitors at the indicated concentration was added to the designated well. The cells were further incubated for 72 h. On the last day of treatment period, MTT solution was added to each well, and incubated for 4 h protected from light. After incubation, the supernatant was removed, and 100 μl/well DMSO was added to dissolve the formazan crystals. Subsequently, absorbance at 570 nm was measured by an UV/Vis microplate spectrophotometer (Fisher Science, Fair Lawn, NJ). The log scale curves in GraphPad (log inhibitor vs. responses) were used to fit cell viability curves and to calculate the IC50 values. The values of resistance fold (RF) were calculated as previously stated (19).



[3H]-Vincristine Accumulation Assay

The transport function of MDR-associated ABC transporter was determined by tritium-labeled substrate accumulation assay (20). Briefly, 5×105 cells/well were seeded evenly in a 24-well plate, and incubated for 24 h. On the second day, cells were treated with betulin or MK571 at the indicated concentrations for 2 h. Then, [3H]-vincristine was added to the designated wells at a final concentration of 36 nM. After 2 h incubation, cells were washed with PBS twice, and harvested and transferred into scintillation fluid. Subsequently, the intracellular radioactivity was measured by a liquid scintillation analyzer (Packard Instrument, Downers Grove, IL).



Western Blot Analysis

As previously described, the protein expression level of ABCC1 was examined by a Western blot analysis (19). In short, cells were treated with or without betulin, and then the lysate was collected. This was followed by determining the protein concentration in the lysates, and equal amount of protein sample (12 μg) was separated by SDS-PAGE then transferred onto PVDF membrane. The membranes were blocked for 2 h with 5% non-fat milk at room temperature followed by incubation with primary antibody (anti-MRP1/ABCC1 and anti-GAPDH at 1:1000) overnight at 4°C. On the second day, after washing with TBST three times, the membranes were incubated with HPR-conjugated secondary antibody (at 1:1000) for 1 h at room temperature. Subsequently, the protein was visualized using an ECL substrate by a digital Western blot scanner (LI-COR, NE), and quantified and analyzed by Fiji software (NIH, Bethesda, MD).



Molecular Docking Analysis of Betulin With Human ABCC1 Model

The betulin 3D structure was constructed for docking simulation with an ABCC1 model as previously described (21). ABCC1 protein model 5UJA (LTC4 bound) was obtained from RCSB Protein Data Bank. The model is inward-facing ABCC1 with a resolution of 3.34 (22). Docking calculations were performed in AutoDock Vina (version 1.1.2) (23). Hydrogen atoms and partial charges were added using AutoDock Tools (ADT, version 1.5.4). Docking grid center coordinates were determined from the bound ligand LTC4 provided in 5UJA PDB files. Receptor/ligand preparation and docking simulation were performed using default settings. The top-scoring pose (sorted by affinity score: kcal/mol) was selected for further analysis and visualization.



Statistics

All data were presented as mean ± SD, and evaluated using a one-way or two-way ANOVA as appropriate by GraphPad software (La Jolla, CA). Statistical significance was considered when p < 0.05.




Results


The Efficacy of Betulin Is Attenuated in ABCC1-Overexpressing Cells and That This Betulin-Induced Resistance Can Be Sensitized by ABCC1 Inhibitor

An MTT assay was performed to examine the cell viability of substrate drugs with or without an inhibitor. Herein, the RF values were used to assess the degree of attenuated effectiveness resulting from ABCC1 overexpression. As shown in Figures 1B, C, the efficacy of betulin was restricted in cells expressing ABCC1 as evidenced by higher IC50 values in MDR cells mediated by ABCC1 compared to their corresponding drug-sensitive cell line counterparts. The RF value of betulin was significantly increased to 6.53-fold in KB-CV60 cells, and 8.93-fold in ABCC1-transfected HEK293 cells (Table 1). Importantly, the betulin-induced drug resistance can be antagonized by a known ABCC1 inhibitor MK571 at 25 μM. By contrast, vincristine serves as a reference substrate to compare the drug resistance conferred by ABCC1. Based on Table 1, vincristine had 19.33- and 23.79-fold resistance in drug-selected cancer cells and gene-transfected cells expressing ABCC1, and similarly, this resistance can be reversed by MK571 at 25 μM. Thus, betulin is less sensitive in ABCC1-overexpressing cells, and an established ABCC1 inhibitor could overcome the resistance effect induced by betulin.


Table 1 | MK571 at 25 μM sensitized ABCC1-overexpressing cells to betulin.





ABCB1 or ABCG2 Cannot Confer Resistance to Betulin in Cells Overexpressed ABCB1 or ABCG2

As overexpression of ABCB1 and ABCG2 are also central to MDR, cell lines expressing either ABCB1 or ABCG2 were investigated. Based on Figures 1D, E, the IC50 values of betulin were 5.72, 7.56, 6.37, and 7.34 μM for HEK293/pcDNA3.1, HEK293/ABCB1, HEK293/ABCG2-WT, and HEK293/ABCG2-G2 cells, respectively. The RF values were 1.32, 1.11, and 1.28 in ABCB1-overexpressing cells, and wide-type or R482G-mutant ABCG2-overexpressing cell lines, respectively (Figures 1D, E). Given no significant difference in RF values between drug-sensitive and MDR cells mediated by ABCB1 or ABCG2, it is likely that ABCB1 and ABCG2 overexpression did not affect the effectiveness of betulin.



Betulin Blocks the Transport Function Mediated by ABCC1

A tritium-labeled drug accumulation analysis was conducted to assess the interaction between betulin and MDR-associated ABC transporter. Our results in Figure 2A showed that betulin at 25 μM enhanced the intracellular vincristine accumulation from 44% to 52% compared with KB-CV60 cells without an inhibitor. Herein, 25 μM MK571 acted as a reference ABCC1 inhibitor to increase substrate drug accumulation in KB-CV60 cells (from 44% to 65%). Therefore, betulin at a high concentration has the ability to impede the ABCC1 transport function resulting in increased level of intracellular accumulation of substrate drug.




Figure 2 | Effects of betulin on the transport function mediated by ABCC1 and the ABCC1 protein expression level. (A) [3H]-vincristine intracellular accumulation in KB-3-1 and KB-CV60 cells after betulin or MK571 treatment at indicated concentrations. (B) The ABCC1 protein expression level after incubated with 1 μM or 3 μM betulin for 72 h, or with 10 μM betulin up to 72 h. All data are presented as mean ± SD. *indicates p < 0.05 compared with its corresponding control group.





Betulin Induces ABCC1 Protein Expression Level

It is documented that upregulation of ABC transporter expression can induce MDR. A Western blot analysis was used to determine the ABCC1 protein expression level after betulin treatment. As shown in Figure 2B, 3 μM betulin had the ability to significantly induce ABCC1 expression after a 72 h incubation period. Also, the expression level of ABCC1 time-dependently increased following treatment with betulin at 10 μM up to 72 h. Betulin time- and concentration-dependently upregulated ABCC1 protein expression.



Docking Simulation of Betulin in the Drug-Binding Pocket of ABCC1

To further validate the interaction of betulin and ABCC1 protein, an in silico analysis was conducted. Our results showed that betulin docked into the drug-binding site of ABCC1 with an affinity score of −6.8 kcal/mol. Overall, betulin binds in the pocket surrounded by the transmembrane domains of ABCC1 protein (Figure 3A), partially overlapping the leukotriene C4 (LTC4)-binding site (Figure 3C). Details of the ligand-receptor interaction are displayed in Figure 3B. The primary factor contributing to the binding affinity of betulin to the ABCC1 protein is via hydrophobic interactions. According to Figures 3B, D, betulin is positioned and stabilized in the hydrophobic cavity formed by Leu381, Phe385, Phe389, Tyr440, Thr439, Ile598, Phe594, Met1092, Thr1241, Tyr1242, Asn1244, and Tpr1245. Betulin was stabilized by a hydrogen bond formed with Trp553. Together, these results demonstrated that betulin has an interaction with the ABCC1 protein.




Figure 3 | Interaction between betulin and human ABCC1 protein. (A) Overview of the best-scoring pose of betulin in the drug-binding pocket of ABCC1 protein (5UJA). ABCC1 was displayed as colored ribbons (helix: pink; strand: blue; coil: white). Betulin was displayed as colored balls. (B) Details of the interactions between betulin and ABCC1 (5UJA) binding pocket. ABCC1 helices were displayed as colored ribbons. Important residues were displayed as colored sticks (carbon: pink; oxygen: red; nitrogen: blue; hydrogen: white; fluoride: lime; chloride: light green). Surface formed by important residues were depicted as grey solid planes. Betulin was displayed as colored sticks (carbon: yellow; oxygen: red; nitrogen: blue; chloride: lime; fluoride: light green). Hydrogen bonds were displayed as blue dash lines. (C) Binding poses of betulin and ABCC1 substrate LTC4 in ABCC1 binding pocket. (D) 2D diagram of the interaction between betulin and ABCC1. Amino acids within 3 Å from betulin were displayed as colored bubbles (green: hydrophobic; blue: polar). Purple solid lines with arrow indicate hydrogen bonds.






Discussion

Nowadays, many natural-derived drugs serve as sources of novel drug discovery and are tested clinically (24, 25). Unfortunately, the efficacy of certain natural products could be compromised by MDR-associated ABC transporters (3, 4). ABCC1 (MRP1), ABCB1 (MDR1, P-glycoprotein/P-gp), and ABCG2 (BCRP/MXR) are extensively studies, and are commonly responsible for MDR (18, 19). Betulin and betulinic acid derived from birch bark have a broad spectrum of pharmacological activity (11, 26). Researchers reported that betulinic acid inhibits ABCB1-, ABCG2-, and ABCB5-mediated MDR with similar effectiveness as counterparts in parental cell lines (12). Also, Zhao et al. found that betulinic acid nanoparticle exerts its anticancer efficacy via downregulating ABCG1 oncogene expression level (13). These provide us a clue that betulin may interact with MDR-associated ABC transporters. However, the interaction of betulin and ABCC1 remains inconclusive and needs to be determined. Considering the similar cancer spectrum between ABCC1 and betulin as described in the introduction section, we herein focused on the effectiveness of betulin influenced by ABCC1 overexpression.

Our experiments started from an MTT-based cell viability assay to assess the cytotoxicity of betulin and a reference substrate drug vincristine with or without an inhibitor. The results indicated that ABCC1 overexpression can confer resistance to betulin in cancer cells expressing ABCC1. As KB-3-1 is a human epidermoid carcinoma cell line, it is possible that, to some extent, developing other mechanism induces drug resistance apart from ABCC1 overexpression in the KB-CV60 cell line. Hence, the cell viability of betulin was determined on ABCC1-transfected HEK293 cells. Similarly, betulin resistance was found in HEK293/ABCC1 cells as evidenced by the higher RF value in cells transfected with ABCC1 compared with its corresponding sensitive HEK293/pcDNA3.1 cells counterpart. Vincristine, a vinca alkaloid isolated from the Madagascar periwinkle Catharanthus roseus (27), served as a reference substrate of ABCC1 (2). Although betulin does not have as high of an RF value as vincristine, it is still rather comparable to vincristine. Importantly, betulin-conferred drug resistance can be antagonized by a known ABCC1 inhibitor, MK571. Overexpression of ABCB1 and ABCG2 is also central to MDR, therefore cell viability of cells overexpressing ABCB1 or ABCG2 was also examined after betulin treatment. Given different cellular context, it is possible that switching arginine to glycine (R > G) in the ABCG2 gene at amino acid 482 could affect substrate specificity and different resistance levels to substrate drugs (17). Our results showed that no significant difference in IC50 values was observed in drug-sensitive cells and corresponding MDR cells mediated by ABCB1, and wild-type or R482G-mutant ABCG2, which were consistent with results from Saeed et al (12).. Together, ABCC1 overexpression may promote betulin resistance, while overexpression of ABCB1 and ABCG2 could not confer resistance to betulin. Thus, we hypothesized that betulin is a, ABCC1 substrate.

Following mechanism-based studies, a Western blot analysis was conducted to assess the ABCC1 protein expression. Our results showed that within a 72 h incubation period, betulin upregulates ABCC1 expression level in time- and concentration-dependent manners. Interestingly, other researchers generated Pearson’s correlation coefficients (R-values) to correlate the expression level of different genes and the log10IC50 values for betulinic acid (12). Results from Saeed et al. demonstrated that there is no significant correlation between betulinic acid and ABCC1 gene expression. In the chemical structure, betulin and betulinic acid are different in hydroxymethyl and carboxyl groups, which may lead to differences in their pharmacological properties. We also postulated that this inconsistency may be the results from post-transcriptional and/or post-translational modification and regulation (28–31), which needs further validation.

Substrate drugs can occupy MDR-associated ABC transporters, and result in a competition with another drug substrate for transport function (20). As a result, a repurposed drug substrate acting as an inhibitor or a reversal agent has the ability to sensitize MDR-associated ABC transporter to another drug substrate (32). In our study, the [3H]-vincristine accumulation in cancer cells was measured. Results from an accumulation assay demonstrated that betulin at 25 μM inhibits MDR-mediated by ABCC1. However, the inhibitory effect of betulin to ABCC1 is not as strong as 25 μM MK571, which might be the result of high resistance level caused by ABCC1 in KB-CV60 cells and/or the lower RF value difference of betulin relative to vincristine between KB-3-1 cells and KB-CV60 cells. Notably, the concentrations of betulin used in the accumulation assay are higher than the IC50 values in corresponding cell lines, which can be toxic to the cells. However, the 4 h incubation of betulin with cells may not affect the cellular function. This is confirmed in the parental cells that no significant difference was observed between the vehicle group and the treatment groups. Of note, even the weaker inhibitory effect of betulin than MK571 counterpart, our findings do not warrant further investigation of betulin as a reversal agent or modulator to MDR mediated by ABCC1 overexpression.

The computational docking analysis serves as an efficient tool to predict the interaction of compound with protein models even though it indicates a virtual binding instead of an actual one (33, 34). Betulin received an affinity score of −6.8 kcal/mol with human ABCC1 protein model (5UJA). Also, it is known that leukotriene C4 (LTC4) can be pumped by ABCC1 (35). Our results revealed that betulin has binding interaction with human ABCC1 protein, and more importantly shares certain overlapping binding sites with LTC4. Overall, betulin may exhibit a similar substrate behavior.



Conclusions

Betulin is susceptible to drug resistance mediated by ABCC1 overexpression, and a known ABCC1 inhibitor, MK571, can sensitize the cells expressing ABCC1 to betulin. ABCC1-induced resistance to betulin can be explained by its upregulated protein expression of ABCC1. Additionally, betulin at high concentration has the ability to inhibit ABCC1 transport function, which may affect the pharmacokinetic profile of other ABCC1 drug substrates, such as vincristine. These findings may be a valuable foundation for follow-up clinical investigation on the potential use of betulin.
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Background

Esophageal cancer is one of the most common cancer types, with its most common distant metastatic site being the lung. Currently, population-based data regarding the proportion and prognosis of patients with esophageal cancer with lung metastases (ECLM) at the time of diagnosis is insufficient. Therefore, we aimed to determine the proportion of patients with ECLM at diagnosis, as well as to investigate the prognostic parameters of ECLM.



Methods

This population-based observational study obtained data from the Surveillance, Epidemiology, and End Results (SEER) database registered between 2010 and 2016. Multivariable logistic regression was performed to identify predictors of the presence of ECLM at diagnosis. Multivariable Cox regression and competing risk analysis were used to assess prognostic factors in patients with ECLM. Median survival was estimated using Kaplan–Meier curves.



Results

Of 10,965 patients diagnosed with esophageal cancer between 2010 and 2016, 713 (6.50%) presented with initial lung metastasis at diagnosis. Lung metastasis represented 27.15% of all cases with metastatic disease to any distant site. Considering all patients with esophageal cancer, multivariable logistic regression indicated that pathology grade, pathology type, T staging, N staging, race, and number of extrapulmonary metastatic sites were predictive factors for the occurrence of lung metastases at diagnosis. The median survival time of patients with ECLM was 4.0 months. Patients receiving chemotherapy or chemoradiotherapy had the longest median overall survival, 7.0 months. Multivariable Cox regression indicated that age, histology type, T2 staging, number of extrapulmonary metastatic sites, and treatment (chemotherapy, radiotherapy, or chemoradiotherapy) were independent predictors for overall survival (OS). Multivariable competing risk analysis determined that age, number of extrapulmonary metastatic sites, and treatment were independent predictors for esophageal cancer-specific survival (CSS).



Conclusion

The findings of this study may provide important information for the early diagnosis of ECLM, as well as aid physicians in choosing appropriate treatment regimens for these patients.
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Introduction

Esophageal cancer is the seventh most prevalent malignant tumor and has the sixth highest mortality rate worldwide (1). In 2019, 18,440 new esophageal cancer cases and 16,171 esophageal cancer-related deaths were registered in the United States (2). In Western countries, the incidence of esophageal cancer—especially esophageal adenocarcinoma—has increased over the recent decades (3–5). At the time of diagnosis, approximately 50% of patients with esophageal cancer have metastases to distant lymph nodes or other organs (6, 7). In general, the most common distant metastasis organs for esophageal cancer are, in descending order, the liver, lung, bone, and brain (8–10). The prognosis of esophageal cancer patients with distant metastases is very poor, with a 5-year survival rate <5% (11, 12). In recent years, the overall 5-year survival rate for patients with metastatic esophageal cancer may increase to approximately 20% in many countries owing to the development of new treatment methods and use of targeted drugs (13). Nonetheless, the establishment of an optimal treatment for esophageal cancer with distant metastasis (M1) requires further studies and clinical trials.

Wu et al. (13) suggested that surgery combined with radiotherapy could improve survival in patients with metastatic esophageal cancer; however, other studies had different perspectives (14, 15). Tanaka et al. (11) proposed chemoradiotherapy as an effective treatment for esophageal squamous cell carcinoma (ESCC) patients with distant metastasis. Additionally, the National Comprehensive Cancer Network (NCCN) guidelines recommend solely supportive and palliative care for these patients (16). Thus, treatment strategies for patients with M1 esophageal cancer remain controversial. To the best of our knowledge, a few population-based studies on esophageal cancer with distant metastasis have been published (17, 18). However, these studies did not provide population-level estimates of prognosis parameters for patients newly diagnosed with esophageal cancer with lung metastases (ECLM). Therefore, a population-based study providing detailed information about ECLM remains necessary to clarify the epidemiologic characteristics and prognosis associated with this disease.

The NCCN guidelines recommend using computed tomography (CT) and positron emission tomography (PET)/CT to estimate the clinical stage of esophageal cancer and determine whether distant metastases are present (16). For lung metastasis diagnosis, CT may be combined with fiberoptic bronchoscopy, endoscopic ultrasonography, and chest X-ray (19). Although CT is a routine imaging technique to monitor potential lung metastasis, its detection at the earliest stage remains a great challenge because of its small size and low density (20). With the advent of multidetector computed tomography (MDCT), especially 64-slice systems, the detection of small pulmonary nodules has improved (21). PET/CT has great advantages for excluding metastatic lesions; moreover, its positive and negative predictive values for distant metastatic diseases reached 68 and 99%, respectively (22). However, PET/CT is expensive, making it not cost-effective to use in diagnosis and evaluation. Therefore, identifying esophageal cancer patients who are at high-risk of lung metastases and determining predictive factors for ECLM occurrence are important. We believe that combining predictive factors with 64-slice MDCT may improve early and accurate diagnosis of ECLM.

In this population-based study, we used data of esophageal cancer patients with or without lung metastases from the Surveillance, Epidemiology, and End Results (SEER) database between 2010 and 2016 to determine the incidence of lung metastasis at diagnosis and to investigate predictive factors of lung metastasis detection at diagnosis on a population level. Additionally, we analyzed prognostic factors affecting the survival of ECLM patients and compared the effect of different treatments in disease prognosis.



Methods


Cohort Selection and Data Collection

This retrospective study analyzed publicly available data from the SEER database. We used SEER*stat software version 8.3.4 (with additional treatment from 1975 to 2016) to extract data from the SEER-18 database, which includes information on cancer incidence, treatment, and survival for approximately 28% of the US population (23). The most recent datapoints available in the SEER database date from 2016 based on submissions up until November 2018; these became available in April 2019. Moreover, the SEER database did not include any information regarding metastases location until 2010. Therefore, we analyzed data from patients diagnosed with esophageal cancer between January 1, 2010 and December 31, 2016, including as many medical records as possible.

We screened the records of 28,213 patients who were initially diagnosed with esophageal cancer between 2010 and 2016. All patients were 18 years old or older. Exclusion criteria were as follows: 1) patients diagnosed based on death certificate or autopsy; 2) patients without active follow-up; 3) patients whose esophageal cancer was not the primary cancer; 4) lack of information about lung, liver, bone, and brain metastases at diagnosis; 5) patients whose esophageal cancer was stage T0; and 6) lack of information regarding histology grade, primary site, radiotherapy regimen, T staging, and N staging. A detailed data extraction flowchart is shown in Figure 1. Finally, 10,965 patients were included in the final study cohort. Of those, 2,626 patients were diagnosed with metastases to any distant site and 713 patients were diagnosed with lung metastases. Subsequently, we collected clinical and sociodemographic variables to conduct a descriptive statistical analysis and summarize the demographic and tumor characteristics of patients. Clinical variables included sex, age at diagnosis, tumor location, pathology grade, pathology type, tumor staging, T staging, N staging, treatment, race, and extra lung metastases number. Sociodemographic variables included insurance status, marital status, high school education, and median family income.




Figure 1 | Flowchart of the esophageal cancer patients selection from SEER database.



In this study, the optimal age cut-off points were determined using the X-tile program (http://www.tissuearray.org/rimmlab/), which can divide the cohort into three subsets and determine two optimal cut-off values using the minimum p-value from the log-rank χ2 statistics for patients’ age based on survival rates (24). Therefore, we used X-tile to identify the optimal age cut-off based on the esophageal cancer-specific mortality rate of ECLM patients. As shown in Figure 2, the optimal age cut-off points were 58 and 74 years; thus, we stratified the cohort into three age groups: 18–58 years old, 59–74 years old, and ≥75 years old. Tumor locations included lesions in the upper, middle, and lower esophagus, as well as overlapping lesions. Cancer pathology grade was classified into three categories: well-differentiated (Grade I), moderately differentiated (Grade II), and poorly differentiated or undifferentiated (Grade III/IV). Histological types were determined using the International Classification of Diseases for Oncology, third edition (ICD-O-3) (adenocarcinoma: 8140, 8144, 8145, 8210, 8211, 8244, 8255, 8260–8263, and 8323; squamous carcinoma: 8051, 8052, 8070–8075, and 8083; others: 8000, 8010, 8013, 8020, 8033, 8041, 8046, 8094, 8480, 8490, 8560, 8574, and 8980).




Figure 2 | Identification of the optimal age cut-off points for esophageal cancer patients with lung metastasis. (A) X-tile plots based on age according to esophageal cancer-specific mortality. The plots show χ2 log-rank values; the brightest pixel represents the maximum χ2 log-rank value. (B) Distribution of patients according to age ranging from 25 to 95 years old. The optimal age cut-off of ECLM patients age is shown as 58 and 74 years old (χ2 = 9.65, P < 0.001).



TNM staging was based on the seventh edition of the Cancer Staging Manual of the American Joint Committee on Cancer (AJCC) (25). Because the eighth edition is the most commonly used classification at present, we converted the codes from the previous edition to their corresponding eighth-edition codes. T staging included T1, T2, T3, and T4; N staging included N0, N1, N2, and N3. Patients were also stratified according to treatment regimens: those who received radiotherapy (Ra), those who received chemotherapy (Che), those who received chemoradiotherapy (Che+Ra), and those who received none of these (No). In this study, the number and proportion of patients who received chemoradiotherapy were determined based on with/without chemotherapy patients number and with/without radiotherapy patients number.

Race contained white, black, and others. Insurance status was classified into insured, uninsured, and unknown. Marital status was divided into married, unmarried, and unknown. Educational levels were stipulated based on 10% increments with high school education as the base level. Median household income levels were defined using $20,000 increments. High school education and median family income were derived from the US Census American Community Survey obtained from the SEER*Stat software (26). Additionally, we investigated if the number of extrapulmonary metastases (in the liver, bone, brain, and other sites) at diagnosis was associated with the presence of metastasis in the lung and prognosis of ECLM patients.



Statistical Analysis

We used descriptive statistics to calculate the absolute number, percentage, and median survival (in months) of patients with ECLM at diagnosis. ECLM incidence was determined based on the proportion of ECLM patients among the entire cohort, as well as among those diagnosed with metastatic esophageal cancer to any distant site. All data were stratified by sex, age, tumor location, and other variables. Multivariable logistic regression was used to determine predictive factors for the presence of lung metastases at diagnosis. The variables included in the multivariable logistic regression analysis were selected based on an univariable logistic regression analysis to identify statistically significant variables (P < 0.05).

Survival estimates were obtained using the Kaplan–Meier method and compared using the log-rank test. We conducted an univariable Cox regression model to identify statistically significant variables (P < 0.05); subsequently, these variables were included in the multivariable Cox regression model to determine the covariates associated with all-cause mortality. To analyze the variables that affected esophageal cancer-specific mortality, we conducted Fine and Gray’s competing risk regression for univariable and multivariable analysis (27).

Statistical analyses were performed using SPSS (version 25.0; IBM Corp., Armonk, NY, USA) and R (version 3.3.2; R Foundation for Statistical Computing, Vienna, Austria) software. Logistic and Cox regression analyses were performed using SPSS. Prism 7.0 (GraphPad Software, San Diego, CA, USA) was used to plot Kaplan–Meier survival curves. R was used for competing risk analysis using the package “cmprsk” (version 2.2-72014). Two-sided P-values <0.05 were considered statistically significant.




Results


Patient Characteristics

Overall, 10,965 patients were diagnosed with esophageal cancer between 2010 and 2016 in the USA. Of these, 8,867 (80.87%) were men and 2,098 (19.13%) were women, with a median age of 66 years (range, 18–102 years). The proportion of patients diagnosed with esophageal adenocarcinoma was more than two-fold of patients diagnosed with ESCC (64.30 vs. 28.15%). Patients’ median survival was 11 months. Among all patients diagnosed with esophageal cancer, 2,626 presented with metastatic disease to any distant site and 713 presented with metastases in the lung. Regarding those with lung metastases, 594 (83.31%) were men and 119 (16.69%) were women. Moreover, those with lung metastases represented 6.50% of the entire cohort and 27.15% of patients with metastatic disease to any distant site. Patients’ clinical and demographic characteristics are shown in Table 1.


Table 1 | Clinical Characteristics of Patients With Esophagus Cancer With Identified Lung Metastases at Diagnosis.






Predictors for the Presence of Lung Metastases

Univariable logistic regression analysis (Supplementary Table 1) identified 10 statistically significant variables (P < 0.05) among the entire cohort: age, tumor location, pathology grade, pathology type, T staging, N staging, race, insurance status, marital status, and number of extrapulmonary metastatic sites. These variables were included in the multivariable logistic regression analysis. As shown in Table 2, pathology grade, pathology type, T staging, N staging, race, and number of extrapulmonary metastatic sites were identified as statistically significant among the entire cohort.


Table 2 | Multivariable Logistic Regression for the Presence of Lung Metastases at Diagnosis of Esophagus Cancer.



Specifically, the following factors were associated with greater odds of lung metastasis presence at diagnosis: pathology grade II (vs. grade I; odds ratio [OR], 2.031; 95% confidence interval [CI], 1.222–3.375; P = 0.006), pathology grade III/IV (vs. grade I; OR, 1.975; 95% CI, 1.190–3.276; P = 0.008), squamous cell carcinoma (vs. adenocarcinoma; OR, 1.349; 95% CI, 1.064–1.710; P = 0.013), stage T4 (vs. T1; OR, 1.287; 95% CI, 1.040–1.592; P = 0.020), stage N1 (vs. N0; OR, 2.055; 95% CI, 1.682–2.512; P < 0.001), stage N2 (vs. N0; OR, 2.076; 95% CI, 1.482–2.909; P < 0.001), stage N3 (vs. N0; OR, 2.419; 95% CI, 1.695–3.452; P < 0.001), black race (vs. white; OR, 1.359; 95% CI, 1.028–1.797; P = 0.031), 1 extrapulmonary metastatic site (vs. 0 extrapulmonary metastatic site; OR, 6.294; 95% CI, 5.194–7.627; P < 0.001), 2 extrapulmonary metastatic sites (vs. 0 extrapulmonary metastatic site; OR, 10.187; 95% CI, 7.643–13.576; P < 0.001), and 3 extrapulmonary metastatic sites (vs. 0 extrapulmonary metastatic site; OR, 32.767; 95% CI, 17.187–62.472; P < 0.001). Conversely, the multivariable model indicated that sex, age, tumor location, insurance status, and marital status were not associated with the risk of lung metastasis presence at diagnosis. Additionally, stage T2 (vs. T1; OR, 0.297; 95% CI, 0.188–0.414; P < 0.001) and stage T3 (vs. T1; OR, 0.441; 95% CI, 0.355–0.547; P < 0.001) were associated with marginally lower odds of lung metastasis presence at diagnosis.

Considering these results, patients with esophageal cancer who presented with poor tumor grade, squamous cell carcinoma, T4 staging, late N staging, and presence of more metastatic sites, as well as black patients, had a higher risk of presenting with lung metastases at diagnosis, whereas T2 and T3 staging were considered protective factors for lung metastasis at diagnosis.



Survival

For all-cause mortality among patients with metastatic disease to any distant site, univariable Cox regression analysis identified twelve variables that were significantly associated with overall survival (P < 0.05): sex, age, pathology type, T staging, N staging, number of extrapulmonary metastatic sites, race, insurance situation, marital status, high school education, median household income, and treatment (Supplementary Table 2). These variables were included in the multivariable Cox regression analyses. The statistics showed that eight variables were significantly associated with all-cause mortality for esophageal cancer patients with distant metastases (P < 0.05), including sex, age, pathology type, T staging, number of extrapulmonary metastatic sites, marital status, median household income, and treatment. Detailed statistical results are shown in Supplementary Table 3.

Univariable Cox regression analysis for all-cause mortality among patients with ECLM identified seven variables that were significantly associated with overall survival (P < 0.05): age, tumor location, pathology type, T staging, number of extrapulmonary metastatic sites, median household income, and treatment type. Regarding esophageal cancer-specific mortality, univariable competing risk analysis identified four variables that were significantly associated with cancer-specific survival (P < 0.05): age, pathology type, number of extrapulmonary metastatic sites, and treatment type. Details of the univariable analysis of mortality among patients with ECLM are displayed in Supplementary Table 4.

The variables identified using univariable analyses were included in multivariable analyses (Table 3). Multivariable Cox regression analysis indicated that the following factors were associated with an increase in all-cause mortality among patients with ECLM: age ≥75 years (vs. 18–58 years; hazard ratio [HR], 1.481; 95% CI, 1.168–1.877; P = 0.001), other pathology types (vs. adenocarcinoma; HR, 1.769; 95% CI, 1.275–2.454; P = 0.001), 1 extrapulmonary metastatic site (vs. 0 extrapulmonary metastatic site; HR, 1.190; 95% CI, 1.333–1.107; P=0.002), and ≥2 extrapulmonary metastatic sites (vs. 0 extrapulmonary metastatic site; HR, 1.822; 95% CI, 1.419–2.339; P < 0.001). Conversely, stage T2 (vs. T1; HR, 0.633; 95% CI, 0.404–0.992; P = 0.046), Ra treatment (vs. No treatment; HR, 0.648; 95% CI, 0.500–0.839; P = 0.001), Che treatment (vs. No treatment; HR, 0.260; 95% CI, 0.209–0.325; P < 0.001), and Che+Ra treatment (vs. No treatment; HR, 0.259; 95% CI, 0.206–0.325; P < 0.001) were significantly associated with a decrease in all-cause mortality. Tumor location and median household income were not significantly associated with all-cause mortality (P > 0.05).


Table 3 | Multivariable Cox Regression for All-Cause Mortality and Esophageal Cancer Specific Mortality Among Patients With Lung Metastases.



Multivariable competing risk analysis for esophageal cancer-specific mortality among patients with ECLM identified the following factors associated with an increase in esophageal cancer-specific mortality: age ≥75 years (vs. 18–58 years; HR, 2.359; 95% CI, 1.346–4.135; P = 0.003), 1 extrapulmonary metastatic site (vs. 0 extra-pulmonary metastatic site; HR, 1.278; 95% CI, 1.026–1.593; P=0.029), ≥2 extrapulmonary metastatic sites (vs. 0 extrapulmonary metastatic site; HR, 1.469; 95% CI, 1.099–1.963; P = 0.009). Conversely, Che treatment (vs. No treatment; HR, 0.169; 95% CI, 0.098–0.391; P < 0.001) and Che+Ra treatment (vs. No treatment; HR, 0.223; 95% CI, 0.117–0.423; P < 0.001) were significantly associated with a decrease in esophageal cancer-specific mortality. Pathology type (including squamous cell carcinoma, adenocarcinoma, and others) and Ra treatment were not associated with esophageal cancer-specific mortality.

Multivariable Cox regression analysis indicated that other histology types were associated with poor overall survival, whereas T2 staging was associated with improved overall survival. Furthermore, considering the results of both multivariable models, patients with ECLM who were 75 years old or older had a worse prognosis, which was consistent with the optimal age cut-off points for patients with ECLM (Figure 2). Moreover, the multivariable analyses indicated that those with an extensive systemic disease at diagnosis had poor survival, while those who received positive treatment (radiotherapy, chemotherapy, or chemoradiotherapy) had improved survival.

Survival estimates obtained using the Kaplan–Meier method indicated that the median survival of patients with ECLM was 4.0 months (interquartile range [IQR], 1.0–9.0 months) (Figure 3A). The median survival of patients with ECLM aged 18–58 years was 5.0 months (IQR, 2.0–11.0 months); 59–74 years, 4.0 months (IQR, 1.0–9.3 months); and ≥75 years, 3.0 months (IQR, 1.0–7.3 months) (Figure 3B). The median survival of those with no extrapulmonary metastatic site was 5.0 months (IQR, 2.0–11.0 months); 1 extrapulmonary metastatic site, 4.0 months (IQR, 1.0–9.0 months); with ≥2 extrapulmonary metastatic sites, 3.0 months (IQR, 1.0–6.0 months) (Figure 3C). Finally, the median survival of patients with ECLM who received No treatment was 1.0 month (IQR, 0.0–2.0 months); Ra treatment, 2.0 months (IQR, 1.0–5.0 months); Che treatment, 7.0 months (IQR, 3.0–13.0 months); and Che+Ra treatment, 7.0 months (IQR, 4.0–12.0 months) (Figure 3D). In summary, those treated with chemotherapy or chemoradiotherapy had the best prognosis, while those who received no treatment had the worst prognosis.




Figure 3 | Kaplan–Meier analysis of overall survival among esophageal cancer patients with lung metastasis at diagnosis. (A) overall, (B) stratified by age, (C) stratified by the extent of extrapulmonary metastatic disease, and (D) stratified by type of treatment.



Among all patients with ECLM, 102 (14.31%) received radiotherapy, 204 (28.61%) received chemotherapy, and 228 (31.98%) received chemoradiotherapy. Among the entire cohort, 727 (6.63%) patients received radiotherapy, 1,303 (11.88%) received chemotherapy, and 6,670 (60.83%) received chemoradiotherapy. Therefore, those who received chemoradiotherapy represented the majority in the entire cohort and among patients with ECLM.




Discussion

To the best of our knowledge, this is the first population-based study to describe the incidence proportion of ECLM and analyze the predictive and prognostic factors associated with the outcomes of patients with ECLM at diagnosis. We used the most recent data on esophageal cancer available in the SEER database, identifying and including 713 patients with ECLM in our study—possibly the largest number of patients with ECLM included in a study. We used descriptive statistical and logistic regression analyses to investigate the factors associated with ECLM at diagnosis. Moreover, we used three statistical methods (Kaplan–Meier curves, Cox regression, and competing risk analyses) to obtain survival estimates. The results presented in this study may aid physicians in timely detecting lung metastases and choosing appropriate treatment methods.

We demonstrated that 6.50% of patients with esophageal cancer had lung metastases at diagnosis, and 27.15% of esophageal cancer patients with any distant metastases at diagnosis had lung metastases. These results were similar to those of a previous study that also used data from the SEER database (17); conversely, our results were higher than those reported by another study based on the SEER database (28). This discrepancy may be caused by the use of different exclusion criteria. Nonetheless, our study included a larger cohort than the abovementioned studies, indicating that our analysis had greater statistical power. A previous study reported that lung metastases represented 20% of all metastatic esophageal cancer cases (14), a proportion slightly lower than that found in our study. This difference may be explained by an increase in the proportion of metastatic diseases over the past 20 years, as well as the development of diagnostic technologies that can detect the presence of lung metastases more efficiently. An autopsy-based study reported that 52% of patients had lung metastases, the largest proportion ever reported (29). The authors of this study hypothesized that differences in race and sex between patients included in their cohort and those included in other studies were the main reason for this discrepancy, as well as the use of data with very few postoperative deaths.

Our and other studies have shown that patients with squamous cell carcinoma were more likely to develop lung metastasis compared with those with other esophageal cancer histological types (17, 28). The aforementioned autopsy-based study (29) was based solely on autopsy findings of patients with ESCC, representing an additional reason for the high proportion of lung metastases found in their study. Another autopsy-based study reported that 31% of patients with metastatic esophageal cancer had lung metastases (30), a proportion slightly higher than that found in our study. Their autopsy series included patients with recurred or post-treatment lung metastases, whereas we exclusively included those with lung metastases at diagnosis. In addition, metastases are more easily detected during autopsy than during physical and imaging examinations performed at the time of esophageal cancer diagnosis. Accordingly, the proportion of patients with ECLM found in our study and in other SEER-based studies are consistently lower than those found in autopsy-based studies (17, 28–30).

In our study, we used multivariable logistic regression analysis to determine predictive factors for the presence of lung metastasis at diagnosis and identify those at increased risk of having lung metastases. We showed that patients with poor tumor grade, squamous cell carcinoma histological type, T4 staging, late N staging, and more extrapulmonary metastatic sites, as well as black patients, had an increased risk of having lung metastases at diagnosis compared with the entire cohort. Regarding pathology grades, among the entire cohort, 6.66, 42.59, and 50.75% of patients with lung metastases had diseases grade I, II, and III/IV, respectively. Among those with metastatic esophageal cancer, 2.63, 34.92, and 62.45% of patients with lung metastases had diseases grade I, II, and III/IV, respectively. Those with disease grade II and III/IV had a significantly greater likelihood of presenting with lung metastases at diagnosis than those with disease grade I. These results are in accordance with previous studies (17, 31, 32). Higher pathology grades are considered more malignant; accordingly, several studies have demonstrated that pathology grade is a strong survival predictor, with higher grades indicating a poor prognosis (33, 34). Nonetheless, the mechanism behind the association between higher pathology grades and lung metastasis occurrence requires further elucidation.

Regarding tumor pathology types, patients diagnosed with squamous cell carcinoma had a higher proportion of lung metastases than those diagnosed with adenocarcinoma. This finding is in accordance with previously mentioned studies (17, 28), as well as with other Japanese studies that reported the lung as the most common distant metastasis site in ESCC (35, 36). We hypothesized that the higher proportion of lung metastasis in ESCC may be related with tumor location because most esophageal adenocarcinomas were located in the lower esophagus, whereas ESCC was more evenly distributed throughout the upper, middle, and lower esophagus, with the middle esophagus representing the largest proportion (8, 31). However, the underlying mechanisms of distant metastasis responsible for the differences observed between these two pathology subtypes remain unclear.

Regarding T staging, tumors in T4 stage had a significantly higher percentage of lung metastasis compared with those of tumors in T2 and T3 stages. Furthermore, tumors in late N staging had a higher proportion of lung metastasis than that of tumors in early N staging. Accordingly, a previous study reported that T and N staging were the greatest contributors in metastasis prediction (32). Sakanaka et al. (37) demonstrated that patients with larger metastatic lymph nodes were at a higher risk of developing diseases with distant metastases. Therefore, many studies have recognized late T staging and N staging as important factors for the occurrence of distant metastasis in esophageal cancer. In our study, T2 and T3 staging were associated with a lower risk of lung metastasis at diagnosis. Most T and N staging included in the SEER database were based on clinical staging using CT and other imaging examinations; consequently, the staging may be less accurate than pathological and autopsy-based staging used in other studies (38).

Black patients had a significantly greater likelihood of presenting with lung metastases at diagnosis than white patients. The reason for this difference remains unknown and requires further elucidation (38). In our study, esophageal cancer patients with more extrapulmonary metastatic sites had a significantly higher risk of lung metastasis. This finding is similar to those of studies on other metastatic malignant tumors, such as breast and gastric cancers (38, 39). We hypothesized that hematogenous and lymphatic dissemination caused by metastatic sites may increase the occurrence of distant metastases. Further studies focusing on this topic are warranted.

In clinical practice, CT scanning is often used to detect lung metastases; however, the detection of early metastatic lesions in the lung using this imaging technique is challenging (20). Conversely, 64-slice MDCT has great advantages for detecting small lung nodules (21). Patients poor tumor grade, squamous cell carcinoma histological type, T4 staging, late N staging, and more extrapulmonary metastatic sites, as well as black patients, should receive increased attention during clinical examination. Specifically, we suggest that these patients should undergo 64-slice MDCT scanning for lung nodules screening and, if necessary, pulmonary puncture pathology to ensure the early diagnosis of lung metastases. Timely diagnosis is important to assure that patients will receive appropriate treatment as soon as possible, significantly prolonging their survival and improving their quality of life (11, 17, 31).

In our study, we used competing risks analysis to identify variables affecting esophageal cancer-specific mortality. This analysis is based on events that occurred prior to the primary event of interest. Therefore, when predicting disease-specific outcomes, competing risk analysis provides a better estimation for the clinical prognosis of patients, helping clinicians to apply appropriate therapy strategies (40). Multivariable Cox regression analysis among patients with lung metastases indicated that patients with other histology types (e.g., signet ring cell carcinoma) had poorer OS than those with adenocarcinoma owing to their more aggressive biological behaviors (41). Interestingly, patients with T2-stage tumors had a better prognosis than those with T1-stage tumors. This finding may have been influenced by T staging inaccuracies in the SEER database.

Our study showed that patients who were 75 years old or older and with more extrapulmonary metastatic sites had a significantly lower overall survival and cancer-specific survival, while patients who received positive treatment (radiotherapy, chemotherapy, or chemoradiotherapy) had better prognoses. Patients aged ≥75 years had a shorter survival time than those aged 18–58 years. This discrepancy may be a result of poorer physical fitness and reduced natural life expectancy of older adults. Furthermore, from our findings, we observed that more extrapulmonary metastatic sites were consistently associated with poorer survival, which is in accordance with the results of other studies (17, 18). This trend is similar to that observed in other malignant tumors (38, 39). Therefore, a higher number of metastatic sites may indicate a poor prognosis in malignant diseases in general.

As evidenced by the Kaplan–Meier curves, radiotherapy, chemotherapy, and chemoradiotherapy treatment increased the median survival of patients with ECLM by 1, 6, and 6 months, respectively, compared with no treatment. The median survival of patients who received chemotherapy or chemoradiotherapy did not differ significantly (P = 0.366). Furthermore, patients who received radiotherapy had a better prognosis than patients who received no therapy (P < 0.01). However, similarly to the results of another SEER-based study (42), radiotherapy did not significantly affect cancer-specific mortality. In contrast, other studies have reached different conclusions (12, 43). Differently from these studies, we focused on patients with ECLM and their cancer-specific mortality, which may explain the result discrepancy. A prospective study suggested that chemoradiotherapy was superior to radiotherapy alone for treating patients with esophageal cancer (44). Another retrospective study showed that patients with stage IV B ESCC who underwent multimodality therapy, especially chemoradiotherapy, had significantly better survival than those who underwent single-modality therapy and supportive care (11). Similarly, we also found that chemoradiotherapy was superior to radiotherapy alone (P < 0.01). Furthermore, Wang et al. (45) reported that local therapy with radiation (median dose, 5,040 cGy) after initial palliative chemotherapy could achieve better local control and long-term survival in patients with stage IV B esophageal cancer. Guttmann et al. (46) demonstrated that chemotherapy combined with definitive dose radiotherapy (≥5,040 cGy) to the primary tumor could improve survival in patients with metastatic esophageal cancer compared with chemotherapy alone, whereas chemotherapy combined with palliative dose radiotherapy (<5,040 cGy) had a slightly worse prognosis than that of chemotherapy alone. Thus, radiation dose has a significant impact on the prognosis of patients with metastatic esophageal cancer. Because the SEER database did not provide radiation dose information, we were unable to evaluate this aspect. This lack of radiotherapy dose data may also explain why we observed no differences in prognosis between chemotherapy and chemoradiotherapy.

The NCCN guidelines recommend solely palliative and supportive care for patients with metastatic esophageal cancer (16). Previous studies also indicated that patients with stage IV esophageal cancer should not undergo esophagectomy (14, 15). In our study, among 713 patients with ECLM, only 22 underwent surgery for primary tumor treatment. Thus, the number patients in the surgery sub-cohort was insufficient to perform a survival analysis and assess the effect of surgery on patients’ outcomes. Other studies have encountered this same limitation (18, 47). Therefore, randomized controlled and multicenter trials are required to determine whether surgery is an effective treatment option for patients with M1 esophageal cancer.

Presently, treatment strategies for esophageal cancer with distant metastasis remain controversial. Several studies, as well as the NCCN guidelines, demonstrated that surgery was inappropriate for M1 esophageal cancer because of patients’ short life expectancy and attendant risks (14–16). Moreover, no large-scale prospective studies have demonstrated whether surgery has a beneficial effect on the prognosis of patients with M1 esophageal cancer. Conversely, many studies showed that multimodality therapy (chemoradiotherapy) provided better treatment results for these patients (11, 43–45). In our study, most patients received chemoradiotherapy, achieving a median survival of 7 months. Over the past 10 years, targeted therapy (e.g., trastuzumab) for treating HER2-positive advanced and metastatic esophageal cancer has received increased attention and achieved positive results (13, 48). Thus, non-surgical multimodality treatments may represent the most appropriate choices for treating M1 esophageal cancer, including ECLM.



Limitation

This study has some limitations. First, we utilized information from the SEER database, which is derived from a retrospective study and may carry inherent biases. Second, we only considered patients who had lung metastasis at initial diagnosis because data regarding patients who developed lung metastases during their disease course was not included in the SEER database. Third, all statistical analyses were based on the population of the United States and may not represent the population of other countries or regions. Fourth, education level and median family income were determined at a county level instead of a patient level, which may have affected the results of the uni- and multivariate analysis conducted in this study. Fifth, the SEER database did not include information regarding recurrence rate and mortality after treatment, which may have affected the evaluation of treatment effects. Finally, the SEER database did not provide details regarding chemotherapy drugs or radiotherapy dose and target. The incomplete information may have affected grouping accuracy, as well as the results derived from these groupings.



Conclusion

To the best of our knowledge, this population-based study was the first to analyze patients with ECLM at initial diagnosis. Our study provided information regarding the epidemiology of lung metastases in these patients. Considering the factors that may predict the occurrence of lung metastasis at diagnosis, high-risk patients should undergo a 64-slice MDCT examination for small lung nodules screening. According to our findings, chemotherapy or chemoradiotherapy may represent the most advantageous treatments for patients with ECLM. Therefore, our study may provide useful information to help physicians in early diagnosis and selection of appropriate treatment for patients with ECLM, ultimately improving the outcomes of these patients.
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Cisplatin-based regimens are commonly used for the treatment of nasopharyngeal carcinoma (NPC) in patients who receive concurrent chemoradiotherapy. The sensitivity of NPC cells to cisplatin is closely associated with the efficacy of radiation therapy. In this study, we established two radioresistant NPC cell lines, HONE1-IR and CNE2-IR, and found that both cell lines showed reduced sensitivity to cisplatin. RNA-sequence analysis showed that SLC1A6 was upregulated in both HONE1-IR and CNE2-IR cell lines. Downregulation of SLC1A6 enhanced cisplatin sensitivity in these two radioresistant NPC cell lines. It was also found that the expression of SLC1A6 was induced during radiation treatment and correlated with poor prognosis of NPC patients. Notably, we observed that upregulation of SLC1A6 led to elevating level of glutamate and the expression of drug-resistant genes, resulted in reduced cisplatin sensitivity. Our findings provide a rationale for developing a novel therapeutic target for NPC patients with cisplatin resistance.
Keywords: nasopharyngeal carcinoma, SLC1A6, cisplatin, radiation-resistance, glutamate
INTRODUCTION
Nasopharyngeal carcinoma (NPC) is a malignant tumor in the head and neck with high incidence in southern China and Southeast Asia (Chen et al., 2019; Ji et al., 2019). According to the guidelines of the National Comprehensive Cancer Network (NCCN), radiotherapy and cisplatin-based regimens are the main treatments for NPC patients (Pfister et al., 2020). The cisplatin-based concurrent chemoradiotherapy has been proven to improve the outcome of early and locally advanced NPC (Chen et al., 2011). However, there are a small portion of patients who did not response effectively or became recurrent to these treatments, and their prognosis remains poor (Chen et al., 2011; Karam et al., 2016).
The antitumor mechanism of cisplatin is to form covalent DNA adducts thus interfering with DNA repair (Wang and Lippard, 2005). The combination of cisplatin provides a synergetic effect for radiotherapy for the reason that cisplatin could enhance the sensitivity to radiation (Boeckman et al., 2005). Interestingly, some studies have revealed that cancer cells could acquire cisplatin resistance after radiation therapy (Eichholtz-Wirth, 1995; Zhuang et al., 2019). Based on our clinical observations, the phenomenon of cisplatin resistance is commonly seen in NPC patients who also resistant to radiotherapy. However, the association of cisplatin and radiation resistance is elusive.
The SLC1A6 (Solute Carrier Family 1 Member 6) is a member of the SLC1A family, which consists of the excitatory amino acid transporters EAAT1–EAAT5 (designated as SLC1A1-3, 6-7) and the alanine serine cysteine transporters ASCT1-ASCT2 (designated as SLC1A4-5) in mammals (Freidman et al., 2020). This transmembrane transporter encoded by SLC1A6 mediates the uptake of l-glutamate and L/d-aspartate (Fairman et al., 1995; Ryan et al., 2009; Vandenberg and Ryan, 2013; Guskov et al., 2016). Although the role of SLC1A6 in cancers was not well documented, other members of the SLC1A family were reported to be overexpressed in multiple tumors and predict poor prognosis. For example, expression of SLC1A1, SLC1A2 or SLC1A3 contributed to promoting tumor progression in solid tumors, such as lung cancer, glioma, and gastric cancer (Ye et al., 1999; de Groot et al., 2005; Tao et al., 2011; Xu et al., 2020; Guo et al., 2021). Besides, the SLC1A members were also reported to be associated with drug resistance. SLC1A1 was upregulated in oxaliplatin-resistant colorectal cancers (Pedraz-Cuesta et al., 2015), and SLC1A3 was associated with l-asparaginase resistance in acute lymphoblastic leukemia (Sun et al., 2019). As mammalian transporters of amino acids, members of the SLC1A family are implicated to impact drug-related metabolic profiles in tumor cells.
In the present study, we established two radioresistant NPC cell lines, HONE1-IR and CNE2-IR. We found that the radioresistant NPC cells acquired the characteristic of reduced cisplatin sensitivity, which was associated with the upregulation of SLC1A6. By inducing SLC1A6, HONE1-IR and CNE2-IR cells increased the cellular glutamate level and drug resistance genes, leading to reduced cisplatin sensitivity.
MATERIALS AND METHODS
Ethical Statement
The approval of this study was obtained from the Ethics Committee of Sun Yat-sen University Cancer Center (SYSUCC, Guangzhou, China). This study met the ethical standard of the Declaration of Helsinki. The nasopharyngeal biopsy was performed in all patients who have submitted their informed consent.
Patients and Specimens
A total of 78 NPC patients treated in Sun Yat-sen University Cancer Center were recruited and completely followed up from February 2011 to August 2014. The NPC biopsy specimens were fixed in 4% paraformaldehyde and paraffin-embedded and used for immunohistochemical (IHC) analysis of SLC1A6 expression. SLC1A6 expression was scored according to the staining intensity and percentage of positively stained cells. The staining intensity score of SLC1A6 was graded as follows: 0, no staining; 1, weak staining (light yellow); 2, moderate staining (yellow-brown); 3, intense staining (brown). The staining percentage score of SLC1A6 was graded as follows: 1, percentage of positive cells less than 30%; 2, percentage of positive cells between 30 and 60%; 3, percentage of positive cells more than 60%. The total-score was calculated as the formula: Total score = ∑ (Intensity score × percentage score)=(1 × percentage score) + (2 × percentage score) + (3 × percentage score). Finally, the intensity score, percentage score, and total score were used to verify the prognostic value of SLC1A6 expression for overall survival (OS).
Immunohistochemistry
The 5-μm paraffin sections were deparaffinized with xylene and rehydrated in graded ethanol. Antigen retrieval was achieved by placing the sections in sodium citrate buffer (pH 6.0) at 95°C for 20 min. The sections were blocked with 5% goat serum in PBS and incubated with primary antibody against SLC1A6 (1:100, Thermo fisher, the United States) overnight at 4°C. The next day, the sections were stained with SP-9000 Detection Kits (Biotin-Streptavidin HRP Detection Systems, ZSGB-Bio, China) and the DAB Kit (ZSGB-Bio, China) was used for color development according to the manufacturer’s manual. The sections were counterstained with hematoxylin and observed with a light microscope.
Cells and Cell Culture
Human NPC cell lines CNE2 and HONE1 were gifted from Professor Chaonan Qian (SYSUCC) (Guo et al., 2020). Both the CNE2 and HONE1 cell lines, and their radioresistant cell lines HONE1-IR and CNE2-IR, were cultured in RPMI-1640 medium (Gibco, Thermo fisher, United States), supplemented with 10% fetal bovine serum (FBS, Gibco) and 1% antibiotics (Penicillin-Streptomycin). Another head and neck cell line SCC9 was cultured in F12-Dulbecco’s modified Eagle’s medium (Gibco, Thermo fisher, United States), supplemented with 10% FBS and 1% antibiotics (Penicillin-Streptomycin). Customized RPMI-1640 (deprived glutamic acid or aspartic acid) was ordered from Weiga Biotechnology Company (Guangzhou, China), supplemented with 10% dialyzed FBS (Gibco, Thermo fisher, United States). All cells were incubated in a humidified atmosphere with 5% CO2 at 37°C.
Establishment of Radioresistant Cell Lines
According to our previous study (Guo et al., 2020), HONE1 cells were cultured in RPMI-1640 medium supplemented with 10% FBS and reached approximately 50% confluence in 25-cm2 flasks. Cells were treated with a dose of 6Gy radiation using an X-rays generator. After radiation, the culture medium was replaced with complete fresh medium and cells were returned to the incubator. Cells were passaged until they reached approximately 90% confluence. The fractionated irradiations were repeated five times and reached a total dose of 30Gy. The interval between each radiation was at least 2-weeks for all cells. Radioresistant cell population were selected and were referred as HONE1-IR cells. The parental cells without irradiation were used as control cells. The CNE2-IR cells were kindly provided by Professor Yunfei Xia (SYSUCC).
Quantitative Real-Time PCR
The total RNAs were extracted by the TRIzol reagents (RNAiso PLUS, Invitrogen, US) following the manufacturer's manuals. The isolated RNAs were assessed by Bioanalyzer 2,200 (Agilent, Uunited States) to determine their concentrations and quality before conversion to cDNA. Quantitative RT-PCR was carried out using the Real-Time PCR Detection System (Lightcycler 480 II, Roche, United States) based on the manufacturer's manual. Values were expressed as fold changes of the controls using the 2e−ΔΔCt method.
RNA-Seq Transcriptome Analysis
NPC Cells (HONE1 and HONE1-IR, CNE2, and CNE2-IR) were cultured and their total RNAs were extracted as described above and kept at −80°C. Sequencing and bioinformatic analysis were performed by DESeq2 and edgeR platforms with the aid of Novogene Company (Beijing, China). The intensity was used to generate the heatmap by Novomagic platform (Novogene Company). Differentially expressed genes were determined when p0.05 and the absolute log2 fold change of expression was greater than 3.
MTS Assay
HONE1 (HONE1-IR and NC cells) and CNE2 (CNE2-IR and NC cells) were planted into 96-well plates at 1–2 × 103 cells/200 μl/well, treated with increasing concentration of cisplatin for 24 h. In the last 2 h of incubation, 20 μL of MTS tetrazolium (Promega, United States) was added to each well based on the manufacturer's protocols. Cell viability was examined by assessing the light absorbance at 490–500 nm. The cell survival curves were drawn based on the results obtained.
Colony Formation
HONE1 (HONE1-IR cells and NC cells) and CNE2 (CNE2-IR and NC cells) were planted into 6-well plates at 5 × 102 cells/well. Subsequently, cisplatin was added to the cultured medium at the concentration of 20 μM for 24 h of treatment. After that, the culture medium was replaced by a fresh medium. The cells were cultured for 2 weeks. Crystal violet was used to stain the colonies.
Small Interfering RNA Transfection
HONE1-IR and CNE2-IR cells were planted into 6-well plates one day before transfection to reach about 60–70% confluence. The siRNAs targeting SLC1A6 gene were purchased from Ruibo Company (Guangzhou, China). Transient transfection of HONE1-IR and CNE2-IR cells was performed using Lipofectamine RNAiMax (Invitrogen, United States) according to the manufacturer's protocols. Cells were transfected with a total of 50 pmol siRNA and subjected to Western blot and MTS assays after 24–48 h post-transfection. The siRNA sequences for SLC1A6 were as follows:
SLC1A6-siRNA-15′-AUGAAAACUGCAAUGACUGUA-3′
SLC1A6-siRNA-25′-AAGGAAUAAGCCAACGAUGAC-3′
Establishment of SLC1A6 Overexpressed Stable Cell Lines
The cDNA of SLC1A6 was synthesized according to the human full-length open reading frame of SLC1A6 mRNA (NM_001,272,087) and integrated into pcDNA3.1 plasmid. The lentiviral expression plasmid was used to transfect 293T cells for packaging. The culture media of transfected 293T cells was harvested and used to transfect HONE1 or CNE2 cells. Cells expressing SLC1A6 were selected with puromycin (Sigma-Aldrich, United States) in the concentration of 2 µg/ml. SLC1A6-overexpressed stable cells were established after 10 days selection.
Western Blotting Analysis
Following treatments, cells were lyzed by RIPA buffer (Beyotime, China) containing protease and phosphatase inhibitors (Life Technologies, United States). Protein concentrations were detected by a BCA kit (Thermo Fisher, United States). Proteins of samples were subjected to 8–10% SDS-PAGE and transferred to PVDF membranes (Biorad, United States). After being blocked with 5% non-fat milk for 1 h, membranes were incubated with primary antibodies at 4°C overnight. Primary antibodies against SLC1A6 (1:1,000, Thermo fisher), γH2AX (1:1,000, Cell Signaling), Beta-actin (1:1,000, Cell Signaling) were used. Then the membranes were washed with TBS containing 0.1% Tween-20, followed by incubation with HRP anti-rabbit (1:1,000, Cell Signaling) secondary antibody. The band intensity values were normalized to that of Beta-actin.
Measurement of Glutamate or Aspartate Level
A total of 10 × 106 cells were collected and lyzed by ultrasonication (low frequency, 3s, 20 times), glutamate or aspartate content was extracted by glutamate assay kit (Solarbio, China) or aspartate assay kit (Abnova, Taiwan). The level of glutamate or aspartate was detected by comparing the light absorbance value with the standard solution curve. The absorbance value was measured at 340 nm or 570 nm, respectively.
Online and Public Database
The correlation of SLC1A6 expression and survival outcome in patients with head and neck squamous cell carcinoma (HNSCC) in the TCGA database was analyzed on the GEPIA website (http://gepia.cancer-pku.cn/).
Statistical Analysis
The data were expressed as the mean ± SD (the standard deviation). Comparisons between two groups were analyzed by unpaired Student’s t test. Comparisons among groups were performed by one-way analysis of variance (ANOVA) followed by Tukey’s test. Significant p value was considered as0.05. In all cases, *p < 0.05, **p < 0.01, ***p < 0.001.
RESULTS
Radioresistant HONE1-IR and CNE2-IR Cells Showed Reduced Sensitivity to Cisplatin
Two radioresistant human NPC cell lines, HONE1-IR and CNE2-IR, were generated and their resistance to radiation was verified by survival assay (Guo et al., 2020). As the sensitivity to cisplatin is closely associated with radiotherapy efficacy, we compared the sensitivity to cisplatin in radioresistant NPC and their parental cells. MTS assay supported that radioresistant NPC cells exhibited reduced sensitivity to cisplatin compared to their parental cells. Subsequent analysis of chemosensitivity indicated that the cisplatin IC50 of HONE1-IR cells was significantly higher than that of their parental cells (66.07 vs. 21.65 μM)). Similarly, CNE2-IR cells also showed higher IC50 than that of their parental cells (62.50 vs. 19.18 μM) (Figures 1A,B). Colony formation assay showed that cisplatin treatment significantly reduced tumor cell proliferation in HONE1 and CNE2 cells, but not in HONE1-IR and CNE2-IR cells (Figures 1C,D). These findings indicated that radioresistant NPC cells reduced cisplatin sensitivity.
[image: Figure 1]FIGURE 1 | Radioresistant HONE1-IR and CNE2-IR cells showed reduced sensitivity to cisplatin. (A–B) MTS assay on the IC50 values of radioresistant NPC cell lines HONE1-IR and CNE2-IR, as well as their parental cell lines HONE1 and CNE2 with cisplatin treatment. ANOVA test (C–D) Colony formation assay on the radioresistant NPC cell lines and their parental cell lines. Unpaired Student’s t test. *p < 0.05, **p < 0.01, ***p < 0.001.
SLC1A6 Gene was Up-Regulated in Both HONE1-IR and CNE2-IR Cells
To explore the potential regulators of cisplatin sensitivity in radioresistant NPC cells, RNA-Sequence was performed to compare the transcriptome profile of HONE1-IR cells and their parental cells. The cutoff criteria were more than 3-fold or less than 3-fold for upregulation or downregulation, respectively. As for CHE2-IR cells and their parental cells, the same method was performed. Heatmap showed a total of 573 genes in HONE1 cells (HONE1-IR cells vs. their parental cells) and 404 genes in CNE2 cells (CNE2-IR cells vs. their parental cells) were identified to be differentially expressed (Figures 2A,B). There were 30 common genes upregulated in both HONE1-IR and CNE2-IR cells compared to their parental cells (Figure 2C). SLC1A6 gene was particularly noted in the top nine over-expressed genes (Figure 2D) and verified by qRT-PCR (Figure 2E). These results indicated that SLC1A6 might be a crucial gene associated with cisplatin or radiation sensitivity in radioresistant NPC cells.
[image: Figure 2]FIGURE 2 | SLC1A6 up-regulated in radioresistant NPC cells. (A) Heat maps showing the expression pattern of up-regulated and down-regulated genes in HONE1 cells (HONE1-IR vs. HONE1) and CNE2 cells (CNE2-IR vs. CNE2). Red or blue represents high or low expression, respectively (Raw Z score). (B) Volcano maps showing the expression pattern of genes. (C) Venn maps showing 573 up-regulated genes in HONE1R vs. HONE1 cells and 404 up-regulated genes in CNE2-IR vs. CNE2 cells, with 30 common genes. (D) Transcriptome sequencing showing the highest fold change in up-regulated nine genes, co-expressed in both radioresistant NPC cells, including SLC1A6. (E) qRT-PCR verified the different mRNA expression of the nine genes. Unpaired Student’s t test. *p < 0.05, **p < 0.01, ***p < 0.001.
SLC1A6 Overexpression Conferred Reduced Cisplatin and Radiation Sensitivity in Radioresistant NPC Cells
Furthermore, the up-regulation of SLC1A6 has been verified by Western blots in both HONE1-IR and CNE2-IR cells compared to their parental cells (Figure 3A). To further investigate the role of SLC1A6 in NPC radioresistant cells, siRNA or SLC1A6 overexpression lentivirus was used to knock down or up regulate the expression of SLC1A6 in cells (Figure 3B). Results showed that downregulation of SLC1A6 gene re-sensitized radioresistant NPC cells to cisplatin treatment (Figure 3C). Moreover, overexpression of SLC1A6 decreased the sensitivity to cisplatin in parental cells (Figure 3D). Besides, modulation of the SLC1A6 also impacted the sensitivity to radiation in radioresistant NPC and parental cells (Figures 3E,F). Cisplatin and radiation both cause DNA damage. Increased gamma-H2AX (γH2AX) expression, a biomarker of DNA damage, was noticed in radioresistant NPC cells by knocking down SLC1A6, followed by cisplatin or radiation treatment (Figures 3G,H). These results demonstrated that SLC1A6 contributed to reducing cisplatin and radiation sensitivity of radioresistant NPC cells.
[image: Figure 3]FIGURE 3 | SLC1A6 mediated reduced sensitivity to cisplatin and radiation in radioresistant NPC cells. (A) SLC1A6 and Beta-actin protein expression of HONE1, CNE2, HONE1-IR, CNE2-IR and radioresistant NPC SLC1A6 knockdown cell lines, detected by Western blots. (B) SLC1A6 and Beta-actin protein expression of HONE1, CNE2, HONE1-overSLC1A6 and CNE2-overSLC1A6 cell lines, detected by Western blots. (C–D) MTS assays conducted in HONE1, CNE2, HONE1-IR, CNE2-IR, radioresistant NPC SLC1A6 knockdown cell lines or SLC1A6 overexpressed cell lines, treated with cisplatin. The difference was analyzed by repeated ANOVA. (E–F) MTS assays conducted in HONE1, CNE2, HONE1-IR, CNE2-IR, radioresistant NPC SLC1A6 knockdown cell lines or SLC1A6 overexpressed cell lines, treated with fractional radiation. The difference was analyzed by repeated ANOVA. (G–H) The levels of γH2AX and Beta-actin analyzed by Western blots. *p < 0.05, **p < 0.01, ***p < 0.001.
SLC1A6 Induced by Radiation Treatment and Correlated with Poor Prognosis
As SLC1A6 gene was up-regulated in the radioresistant NPC cells, we next investigated the impact of radiation on SLC1A6. We observed both RNA (Figure 4A) and protein levels (Figure 4B) of SLC1A6 increased during radiation treatment in NPC cells. As NPC belongs to HNSCC, another HNSCC cell line SCC9, was utilized to further verify the role of the SLC1A6 gene on the sensitivity to cisplatin. Similarly, SLC1A6 up-regulation was seen during radiation treatment in SCC9 cells (Figures 4A,B). SLC1A6 over-expressed SCC9 cells exhibited low sensitivity to cisplatin (Figure 4C). Analysis on TCGA database showed that high SLC1A6 expression was correlated with poor prognosis in HNSCC patients (Figure 4D). To further validate the prognostic role of the SLC1A6 in NPC patients, we collected 78 biopsies from NPC patients in Sun Yat-sen University Cancer Center. We demonstrated that high SLC1A6 expression was correlated with poor prognosis in these patients (Figures 4E,F). These results demonstrated that overexpression of SLC1A6 was associated with low therapeutic efficacy and poor survival in NPC patients.
[image: Figure 4]FIGURE 4 | SLC1A6 induced by radiation treatment and correlated with poor prognosis. (A) The mRNA expression of SLC1A6 in HONE1, CNE2, and SCC9 cells treated with increasing radiation doses. (B) The protein expression of SLC1A6 in HONE1, CNE2, and SCC9 cells treated with increasing doses of radiation. (C) Cell viability examined by MTS assays in SCC9 cells treated with cisplatin. (D) Patients with SLC1A6 overexpression showed poor overall survival analyzed with GEPIA websites. (E) Representative micrographs (400x). All images were acquired and processed at identical conditions. (F) OS curves on the SLC1A6 expression in validation set consisting of 78 patients with NPC from Sun Yat-sen University Cancer Center, using intensity score, percentage score, or total score, respectively. The differences were measured by Kaplan–Meier log-rank test. *p < 0.05, **p < 0.01, ***p < 0.001.
SLC1A6 Up-Regulated Glutamate Level and Drug Resistance Genes
Further experiments were conducted to elucidate the underlying mechanism of SLC1A6 in regulating cisplatin sensitivity in radioresistant NPC cells. SLC1A6 is one of the members of the EAATs family, which transport aspartate, glutamate, and cysteine. These amino acids serve as substrates in several biochemical and metabolic pathways in cancer cells. Previous studies have reported that the EAATs-mediated therapeutic resistance is related to altered tumor metabolic profiles (Ye et al., 1999; de Groot et al., 2005; Tao et al., 2011; Pedraz-Cuesta et al., 2015; Sun et al., 2019; Xu et al., 2020; Guo et al., 2021). It was found that the level of glutamate and aspartate increased in the radioresistant NPC cells compared to their parental cells (Figure 5A). In addition, deprivation of glutamate, not aspartate, in the culture medium re-sensitized radioresistant NPC cells to cisplatin treatment (Figure 5B). Moreover, PCR analysis revealed that the expression of CYP1A1, CYP2C8, CYP2D6, DHFR, GSTP1, and SULT1E1 genes, that are associated with drug catabolism, were significantly higher in radioresistant NPC cells compared to their parental cells (Figure 5C). ABCC1 and ABCC3, that are associated with drug transportation, were also elevated in radioresistant NPC cells (Figure 5C). The expressions of these genes were significantly decreased when SLC1A6 was knocked down in radioresistant NPC cells (Figure 5D). These results collectively supported that SLC1A6 overexpression reduced cisplatin sensitivity in radioresistant NPC cells by increasing the level of glutamate and drug resistance genes.
[image: Figure 5]FIGURE 5 | SLC1A6 increased glutamate level and drug resistance gene expression. (A) The level of glutamate and aspartate in radioresistant NPC cells and their parental cells. (B) The level of γH2AX and Beta-actin in radioresistant NPC cells, radioresistant NPC SLC1A6 knockdown cells, radioresistant NPC cells cultured with glutamic acid free medium and radioresistant NPC cells cultured with aspartic acid free medium, treated with cisplatin. (C–D) RT-PCR on the mRNA expression of drug resistance genes in NPC cells, radioresistant NPC cells and radioresistant SLC1A6 knockdown cells. Unpaired Student’s t test. *p < 0.05, **p < 0.01, ***p < 0.001.
DISCUSSION
Radiation resistance has been a significant obstacle for the local control of NPC. Some patients who are resistant to radiotherapy are also not sensitive to cisplatin treatment. In this study, we observed the decreased sensitivity to cisplatin in radiation resistant NPC cells. Although previous studies have revealed the mechanism of radiation-resistance or cisplatin resistance, the relationship between radiation and cisplatin resistance is complicated and not elucidated. The cause of cisplatin resistance, included aberrant repair of DNA damage, apoptosis pathway defects, activation of drug export system, altered cellular metabolism, reduced oxidative stress, and cancer stem cell induction, etc. (Ikuta et al., 2005; Galluzzi et al., 2012; Zhang et al., 2012; Cruz-Bermúdez et al., 2019) As both radiation and cisplatin cause DNA damage in tumor cells, they might share the same biological pathway to reverse DNA damage. Cross-resistance mechanisms reported by studies include elevated GSH level, DNA repair enzymes, NFκB and TNFα, etc. (Chao et al., 1991; Poppenborg et al., 1997; Zhu et al., 2019)
Here, the identification of SLC1A6 as the crucial gene conferring reduced cisplatin sensitivity in radiation-resistant NPC cells is novel. In this study, it was found that SLC1A6 expression was upregulated in HONE1-IR and CNE2-IR cells. Down-regulating SLC1A6 expression could significantly rescue the cisplatin sensitivity in HONE1-IR and CNE2-IR cells. The SLC1A6 could be the common factor to reduce DNA damage from radiation or cisplatin treatment, which was confirmed by our study. Our results were in consistent with previous studies that described the radiation-induced cisplatin resistance (Eichholtz-Wirth et al., 1993; Eichholtz-Wirth, 1995; Zhuang et al., 2019). The cisplatin resistance acquired during radiation could explain the phenomenon that some patients with radio-resistance also didn’t respond to cisplatin treatment and correlated with the radiation-induced SLC1A6 upregulation. However, the mechanism of radiation induced SLC1A6 overexpression remained far from understood. We hypothesized that genetic reprogramming happened in the process of DNA injury and repair upon radiation.
SLC1A family is thought to contribute to tumor progression by regulating microenvironments and metabolic profiles (Ye et al., 1999; de Groot et al., 2005; Tao et al., 2011; Pedraz-Cuesta et al., 2015; Sun et al., 2019; Freidman et al., 2020; Xu et al., 2020; Guo et al., 2021). SLC1A6 transports aspartate, glutamate, and cysteine, and regulation of these amino acids is essential for numerous biochemical and metabolic pathways such as the TCA cycle or nucleotide synthesis. For example, glutamate could be transformed into glutamine, facilitating nucleotide synthesis and repair DNA damage (Fu et al., 2019). The endocrine resistance breast cancer cells would increase aspartate and glutamate import to sustain DNA, lipid, and protein synthesis (Bacci et al., 2019). We found both glutamate and aspartate were elevated in radioresistant NPC cells. However, only glutamate played a vital role in resisting DNA injury from cisplatin treatment. These findings suggested that SLC1A6 contributed to metabolic reprogramming in radioresistant NPC cells.
We also uncovered that SLC1A6 promoted the upregulation of drug catabolic genes (CYP1A1, CYP2C8, CYP2D6, DHFR, GSTP1, and SULT1E1) and drug transport genes (ABCC1 and ABCC3). The CYP enzymes have been extensively investigated in drug metabolism, and their inhibitors were proven to be effective in reversing cisplatin sensitivity in cancer cells (Sonawane et al., 2019). Gstp1, a GST family member, is involved in the detoxification of cisplatin via cisplatin-glutathione adducts formation (Li et al., 2019). DHFR and SULT1E1 have been reported to be up-regulated in cisplatin-resistant cells (Marverti et al., 2009; Varamo et al., 2019). The ABC family of transporters is referred to as multidrug resistance proteins that transport substrates across the cellular membranes (Chen et al., 2016). These results implicated that SLC1A6 contributed to cisplatin resistance in radioresistant NPC cells through multiple factors.
In summary, we identified the upregulation of SLC1A6 in radioresistant NPC cells. Overexpression of SLC1A6 is correlated with reduced sensitivity to cisplatin by elevating the level of glutamate and drug resistance genes. Targeting SLC1A6 could be a potential strategy to enhance cisplatin sensitivity in NPC patients.
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Objective: C49 is a chalcone derivative. The aim of the current study is to illuminate the efficacy of C49 in reversing multidrug resistance (MDR) in MCF-7/DOX cells and its underlying molecular mechanism.
Methods: The cytotoxic effects of C49 on MCF-7/DOX cells were evaluated by MTT assay using different concentration (0–250 μmol/L) of C49. Cell proliferation was evaluated by colony formation assay. Cell death was examined by morphological analysis using Hoechst 33,258 staining. Flow cytometry and immunofluorescence were utilized to evaluate the intracellular accumulation of doxorubicin (DOX) and cell apoptosis. The differentially expressed genns between MCF-7 and MCF-7/DOX cells were analyzed by GEO database. The expression of PI3K/Akt pathway proteins were assessed by Western blot The activities of C49 combined with DOX was evaluated via xenograft tumor model in female BALB/c nude mice.
Results: C49 inhibited the growth of MCF-7 cells (IC50 = 59.82 ± 2.10 μmol/L) and MCF-7/DOX cells (IC50 = 65.69 ± 8.11 μmol/L) with dosage-dependent and enhanced the cellular accumulation of DOX in MCF-7/DOX cells. The combination of C49 and DOX inhibited cell proliferation and promoted cell apoptosis. MCF-7/DOX cells regained drug sensibility with the combination treatment through inhibiting the expression of P-gp, p-PI3K and p-Akt proteins. Meanwhile, C49 significantly increased the anticancer efficacy of DOX in vivo.
Conclusion: C49 combined with DOX restored DOX sensitivity in MCF-7/DOX cells through inhibiting P-gp protein.
Keywords: breast cancer, DOX, C49, multidrug resistance, P-gp, PI3K/akt signaling pathway
INTRODUCTION
Breast cancer has the highest mortality of female cancers and is the second cause of death in females (Siegel et al., 2020). Treatment for breast cancer includes surgery, chemotherapy, and radiotherapy, among them, chemotherapy plays a critical role (Harbeck et al., 2017; Waks and Winer, 2019). The first-line chemotherapeutic drug for breast cancer is doxorubicin (DOX), which is an anthracycline (Li et al., 2019b; Pondé et al., 2019; Tun et al., 2019; Zeinoddini et al., 2019). DOX represses DNA replication, interrupts cell cycle, and facilitates generation of intracellular reactive oxygen species (Meredith et al., 2016; Cui et al., 2018; Khaki-Khatibi et al., 2019) to induce tumor cell death (Marinello et al., 2018; El-Hamid et al., 2019). However, breast cancer cells generate DOX resistance and cause serious cardiotoxicity with increasing length of chemotherapy. These two factors are major causes for treatment failure and metastasis of breast cancer (Cappetta et al., 2017; Li et al., 2017; Ponnusamy et al., 2018; Wenningmann et al., 2019; Zheng et al., 2019; Al-Malky et al., 2020).
Numerous studies have found that P-glycoprotein (P-gp) expression is elevated in breast cancer patients who are insensitive to chemotherapy (Badowska-Kozakiewicz et al., 2016; Dyson et al., 2018; Mehrotra et al., 2018). This finding indicates that P-gp on cell membrane may participate in the development of drug resistance in breast cancer (Pokharel et al., 2016; Ge et al., 2017; Xiong et al., 2018). P-gp is a transmembrane protein encoded by ABCB1 gene, which is an ATP-dependent drug transport protein and is closely associated with multidrug resistance (MDR) of tumors. The function of P-gp protein is to excrete endogenous and exogenous substances and reduce the content of intracellular chemotherapeutics, as a result, chemotherapeutics fail to effectively kill tumor cells (Waghray et al., 2018; Guo et al., 2019). This defense mechanism is important for tumor cells to evade chemotherapeutic attack (Kartal-Yandim et al., 2016). A number of studies show that MDR can be reversed by inhibiting P-gp transport activity or competitively binding to P-gp protein binding site with chemotherapeutics (Li et al., 2016; Komoto et al., 2018; Chang et al., 2019).
Although several drugs can reverse drug resistance by repressing P-gp protein, their side effects have restricted the clinical application. For instance, verapamil may give rise to cardiotoxicity, and cyclosporin A may cause hepatotoxicity, nephrotoxicity, myelogenous toxicities and neurotoxicity (Joshi et al., 2017; Ding et al., 2018; Dong et al., 2019). Therefore, there is no approved MDR-reversing agent applied in clinical chemotherapy of cancers available at present. Thus, developing drugs with efficient reversal activity and few toxicities is urgently needed.
Chalcone derivatives extensively exist in plants, such as glycyrrhiza and lupulus (Watanabe et al., 2016; Gomes et al., 2017; Seliger et al., 2018; Wu et al., 2020). They have multiple biological activities, such as antioxidation and antivirus (Mateeva et al., 2017; Liang et al., 2018; Gupta et al., 2019; Lin et al., 2019; Maria Pia et al., 2019; Xu et al., 2019). Some researchers have designed a quinone chalcone compound, which can inhibit DNA topoisomerase I and has anti-inflammatory activity. The compound has a strong anti-tumor effect, and its inhibition rate on breast cancer cells is as high as 50% at the dose of 10 μg/ml. Natural chalcones have few side effects and high anti-tumor activity. Therefore, finding new natural chalcone derivatives has attracted a lot of interests. Studies have shown that chalcone derivatives have antitumor activity, such as facilitating apoptosis and autophagy of hepatocellular carcinoma cells and inhibiting proliferation of human bladder cancer cells (Wang et al., 2017; Hong et al., 2019; Pinto et al., 2019; Yang et al., 2019; Zhu et al., 2019). Previous studies have reported that some chalcone derivatives can repress the expression of P-gp protein, increase DOX accumulation in cells, and reverse MDR (Yin et al., 2019). In this study, we investigate a new chalcone, namely C49, for its ability to enhance the chemosensitivity of MCF-7/DOX cells to DOX and the possible mechanism of action. This study will provide a novel therapeutic option for breast cancer.
MATERIALS AND METHODS
Cell Culture
MCF-7/DOX and MCF-7 cells were obtained from the Cell Bank of Chinese Academy of Science (Shanghai, China). The cells were cultured in RPMI1640 medium containing 10% fetal bovine serum (FBS) at 37°C, in a humidified atmosphere with 5% CO2. The resistance of MCF-7/DOX cells was maintained by using a medium containing DOX at a concentration of 50 ng/ml.
Reagents and Chemicals
C49 (>99% purity) was synthesized in the School of Pharmacy of East China University of Science and Technology. DOX, 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), and Hoechst 33,258 were purchased from Sigma Chemical Co. The primary antibodies, P-gp, Caspase-3, Caspase-9, Caspase-10, Bcl-2, Bcl-xL, p53, phospho-p53, PI3K, phospho-PI3K, Akt, phospho-Akt, β-actin, and Ki-67, were brought from Proteintech.
Synthesis of C49
The method was performed as described previously (Tseng et al., 2013). Ccarboxylic acid (1.47 g, 5.0 mmol) was heated at 280°C for 4 h (TLC monitoring) and add hexane (50 ml), then the resulting precipitate was collected and purified by flash chromatography on silica gel (hexane/CH2Cl2 1/1). During extracted with CH2Cl2 and ethyl acetate (50 ml × 3), the crude product was purified and crystallized with EtOH to give quinolinyl chalcones.
MTT Cell Viability Assay
The cell viability assays were performed by MTT method (Wang et al., 2016; Śliwka et al., 2016; Schröder et al., 2019). MCF-7 and MCF-7/DOX cells were seeded in 96-well plates (1 × 105 cells/well) until they attached to the plate. Then, cells were treated with C49, DOX, or their combinations at different concentrations. After 24, 48 and 72 h, MTT assay was performed and the IC50 of drug was calculated.
Evaluating the Effect of Drug Combination
The drug combination index (CI) was calculated by Calcusyn (Biosoft, Cambridge, United Kingdom). CI reflects the synergistic effect of the drug combination (Liu et al., 2016; Bahri et al., 2019). The CI value <1, =1, and >1 represents synergy, addiction and antagonism, respectively.
Colony-forming Assay
MCF-7/DOX cells were seeded in 24-well plates (100 cells per well). Cells were respectively treated with C49 (25 μmol/L), DOX (8 μmol/L) and their combination. After 7 days, they were washed, fixed, stained with 0.1% crystal violet at room temperature for 20 min, and photographed. ImageJ was utilized for quantitative analysis.
Hoechst 33,258 Staining for Cell Morphology
MCF-7/DOX cells were inoculated into 12-well plates (approximately 2 × 105 cells/well) for 12 h and were respectively cultured with C49 (25 μmol/L), DOX (8 μmol/L) and their combination for 24 h. Then, they were fixed in paraformaldehyde (4%) for 15 min, stained with Hoechst 33,258 for 15 min with phosphate buffer saline (PBS) at room temperature, washed and photographed by a fluorescence microscope (Nikon, Tokyo, Japan).
Western Blot Assay
WB assay was performed as described previously (Wang et al., 2019). MCF-7 and MCF-7/DOX cells were treated with C49 (25 μmol/L), DOX (8 μmol/L) and their combination for 24 and 48 h. The cells were washed twice with pre-cold PBS and were lyzed using RIPA lysate buffer with phosphatase inhibitor for 30 min. Then, the crude cell lysates were centrifuged at 12,000 rpm for 10 min at 4°C. Equal amounts of protein were separated with SDS-PAGE and transferred onto PVDF membranes. The resultants were blocked with BSA (50 mg/ml) and incubated overnight at 4°C with the primary antibodies of P-gp, Caspase-3, Caspase-9, Caspase-10, Bcl-2, Bcl-xL, p53, phospho-p53, PI3K, phospho-PI3K, Akt, phospho-Akt and β-actin. The PVDF was washed three times with TBST, incubated with horseradish peroxidase-conjugated secondary antibodies (1:2000) for 2 h at the room temperature, and washed three times with TBST. Protein bands were obtained from WB detection system and quantitated using the ImageJ software.
Gene Expression Profiles
GEO Series Accession Number GSE24460 (https://www.ncbi.nlm.nih.gov/geo/) contains the data of gene expression, which can be obtained from the database of the National Center for Biotechnology Information. It contains four samples including parental MCF-7 cell line vs. DOX-resistant MCF-7 cell sublines. Biological replicates include two parental controls and two drug resistance, which are independently grown and harvested.
Screening Differentially Expressed Gene
Limma package, Hochberg False Discovery Rate and Benjamini were used to analyze the gene expression profiles and filter out the differentially expressed genes in MCF-7 and MCF-7/DOX cells using GSE24460. The differentially expressed genes was showed in heatmap, volcano and KEGG plot. The fold change threshold was >2, and the p value was <0.05.
Flow Cytometry
Flow cytometry (FCM) was used to detect cell apoptosis and intracellular DOX accumulation (Sui et al., 2017). The apoptosis was detected following the manual of Annexin V-FITC apoptosis detection kit (Invitrogen). MCF-7/DOX cells were seeded in 6-well plates (1 × 104 cells/well). The cells were treated with C49 (25 μmol/L), DOX (8 μmol/L) and their combination for 48 h, collected and washed with PBS twice. Cells were re-suspended in PBS (250 μL) and then analyzed by FACS using flow cytometer (Becton Dickinson) to detect DOX intracellular accumulation.
Drug Efflux Fluorescence Microscopy Assay
A FP-6200 spectrofluorometer (Jasco Corp., Tokyo, Japan) was used for measuring the emission spectrum of DOX in the presence and absence of DNA. Studies were carried out as described (Xiong et al., 2005). Briefly, MCF-7/DOX cells were plated in 24-well plates (1 × 104 cells/well). When cells were attached, C49 (25 μmol/L) was used with or without DOX (8 μmol/L) for 48 h. Then, cells were exposed to DOX for 2 h, washed and fixed with 4% paraformaldehyde fixation solution for 15 min. DAPI staining was used to stain the nucleus. Cells were washed and photographed using a fluorescent microscope (Nikon, Tokyo, Japan).
Tumor Xenografts
Female BALB/c nude mice (4–6 weeks old) were purchased from Shanghai Jiesijie Experimental Animal Company and maintained in a specific pathogen-free environment. The animal facility was authorized by the Ministry of Science and Technology of the PRC. MCF-7/DOX cells (1 × 106) were suspended in 100 μL of PBS and injected into the right flank of nude mice. When the tumor size grew up to approximately 50 mm3, the mice were randomly divided into 6 groups (n = 5): 1) vehicle control (0.1 mL PBS), 2) C49 (5 mg/kg), 3) C49 (15 mg/kg), 4) DOX (2 mg/kg), 5) DOX (2 mg/kg) combined with C49 (5 mg/kg), and 6) DOX (2 mg/kg) combined with C49 (15 mg/kg). Then PBS and C49 were used by tail intravenous injection, and DOX was used by intraperitoneal injection every 2 days for 30 days. During the treatments, the tumor volumes were recorded using formula (L × D × D) × 0.5, where “L” represents the length and “D” represents the breadth of the tumors. Experiments were terminated at the 30th day, and the animals were anesthetized and sacrificed. Tumors were fixed in 10% paraformaldehyde fixation solution for further analysis.
Hematoxylin and Eosin Staining and Immunohistochemistry Staining
Histological analysis was performed on tissue samples isolated from mouse xenografts. Sections of 5 µm were cut from paraffin-embedded tissues and were prepared according to standard protocols for H&E (hematoxylin and eosin) and IHC (immunohistochemistry) staining. Images of sections were visualized using a microscope (Nikon, Tokyo, Japan).
Statistical Analysis
GraphPad Prism Software was used to analyze the experimental data. Values were denoted by the mean ± standard deviation or standard error of the mean. p values of *p < 0.05, **p < 0.01, ***p < 0.001, #p < 0.05, ##p < 0.01, ###p < 0.001 represent significant difference.
RESULTS
Effect of C49 and DOX Treatment on MCF-7 and MCF-7/DOX Cells
C49 is a chalcone derivative, and its structure is shown in Figures 1A,B.
[image: Figure 1]FIGURE 1 | Chemical structure of C49 and the effects of C49 on the viability of MCF-7 and MCF-7/DOX cells. (A–B) Chemical structures of C49 and its parent compound. (C) MCF-7 cells and MCF-7/DOX cells treated with DOX for 48 h, and the cell viability assessed by MTT assay. (D) MCF-7/DOX cells treated with C49 for 24, 48 and 72 h. Viability quantitated by the MTT assay. Each point represents mean ± SD, n = 3. *p < 0.05, **p < 0.01, and ***p < 0.001.
Before we investigated the anticancer efficiency of C49 with different dose of DOX, we first examined the doxorubicin-resistance of MCF-7 and MCF-7/DOX cells by MTT assay at 24 h. As showed in Figure 1C, the results indicated that DOX exerted significantly inhibit effect in MCF-7 cell when the dose of DOX exceed 5 μM. However, more than 90% of cells survived the concentration of 10 μM in MCF-7/DOX cell treated with DOX for 24 h (Figure 1D). Based on this resistance testing result, we then examined the cytotoxicity of C49 in MCF-7/DOX cell by CCK-8 assay at 48, and 72 h. C49 under concentration of 12.5 μmol/L was nontoxic through calculation based on IC20 value. Thus, this dose was applied to the subsequent experiment to eliminate C49 toxicity interfering with drug-resistant cell strains.
Effect of C49 Combined With DOX on Proliferation of MCF-7/DOX Cells
MTT assay was performed to assess the proliferation of cells treated with different concentration of C49 and DOX. After combined treatment of C49 and DOX on MCF-7/DOX cells for 24, 36, 48 and 72 h, the anti-proliferative effect was remarkably lower in DOX single drug treatment group than that of C49 combined with DOX group. Compared with C49 (12.5 μM) combined with DOX group, the anti-proliferative effects of 25 and 50 μM C49 combined with DOX groups were markedly stronger than that of C49 low-dose group. The effects were dose and time dependent (Figure 2A). This result indicated that C49 could reverse the resistance of MCF-7/DOX cells against DOX, and a high C49 concentration is associated with a strong effect of reversing drug resistance. Meanwhile, the synergistic index of 12.5 μM C49 and DOX was evaluated using Calcusyn software. The CI values were smaller than 1 after their combined action for 24 and 36 h, suggesting that C49 and DOX exerted synergistic effect (Figure 2B).
[image: Figure 2]FIGURE 2 | The effect of C49 combined with DOX on the viability of MCF-7/DOX cell. (A) DOX or C49 combined with DOX inhibits the viability of MCF-7/DOX cells. Each point represents mean ± SD, n = 3. *p < 0.05, **p < 0.01 and ***p < 0.001 for DOX treated cells vs. combination treated cells. (B) Compusyn software used to compute the Combination Index (CI). CI values <1, =1, and >1 respectively represents synergic, addictive and antagonistic effect.
C49 Enhanced the Cytotoxicity of Doxorubicin to Repress Cell Proliferation and Induced Cell Apoptosis
Colony formation test, Hoechst 33,258 staining method, and FCM were used to examine the proliferation inhibitory effect of DOX, C49 (12.5 μM) or combination of both on MCF-7/DOX cells. Figure 3A showed that colony formation has no significant difference in C49 treatment group (p > 0.05). However, there was a difference in colony formation in DOX treatment group (p < 0.05) and significant difference was observed in C49 combined with DOX treatment group (p < 0.01) compared with the blank control group. Therefore, DOX and C49 in combination with DOX treatment could inhibit the proliferation of MCF-7/DOX cells, and the inhibiting effect of C49 combined with DOX group was remarkably stronger than that of DOX alone.
[image: Figure 3]FIGURE 3 | C49 combined with DOX inhibited proliferation and promoted apoptosis of MCF-7/DOX cells. (A) Colony formation showed the proliferation of MCF7/DOX cells after DOX (8 μM) and/or C49 (12.5 μmol/L) treatment. The right panel was the quantitative analysis of colony formation experiment. Each bar represents mean ± SD, n = 3. *p < 0.05, **p < 0.01 and ***p < 0.001 for control cells vs. DOX and/or C49 treated cells. ###p < 0.001 for DOX treated cells vs. combination treated cells. (B) Hoechst 33,258 staining showing nuclear morphology of MCF-7/DOX cells 24 h after DOX (8 μmol/L) and/or C49 (12.5 μM) treatment. (C) Apoptotic cells detected by flow cytometry after DOX (8 μM) and/or C49 (12.5 μM) treatment for 48 h.
The cell nuclear morphology of the four groups were observed using Hoechst 33,258 staining at 48 h after cells treated with drugs. Usually, cells exhibited apoptotic features with chromatin condensation, nuclear condensation and DNA fragmentation (Wang et al., 2011; Li et al., 2018). As shown in Figure 3B, the nuclear morphology of cells treated with C49 did not undergo marked changes, the cells treated with DOX showed increasing chromatin condensation and nuclear fragmentation, and a large number of cells treated with C49 combined with DOX are dying compared with cells in the blank control group. This result indicated that C49 combined with DOX could strengthen the DOX cytotoxicity in MCF-7/DOX cells. The cell apoptosis were detected by FCM. As shown in Figure 3C, the percentage of apoptotic cells (including the early and late apoptotic cells) was 1.05% in the control group, 3.23% in C49 group, 8.48% in DOX group and 57.4% in C49 combined with DOX group, indicating that the C49 and DOX alone had weak effect causing apoptosis of MCF-7/DOX cells, but C49 could enhance the sensitivity of DOX in MCF-7/DOX cells. These results suggested that C49 did not have marked cytotoxicity but could reverse drug resistance and enhance the cytotoxicity of DOX inhibit cell proliferation and induce cell apoptosis.
C49 Increased Intracellular Accumulation of Doxorubicin in MCF-7/Doxorubicin Cells
FCM assay and immunofluorescence (IF) assay were performed to examine the intracellular accumulation of DOX in MCF-7/DOX cells. Cells were treated with DOX or C49 combined with DOX for 24 and 48 h. FCM was adopted to detect intracellular DOX concentration. As shown in Figure 4A, intracellular DOX concentration in cells of DOX group was increased compared with that in the control group, and DOX concentration in C49 combined with DOX group was the highest among the three groups. This result indicated that C49 could facilitate intracellular accumulation of DOX in MCF-7/DOX cells. Immunofluorescent microscope was used to verify the result. As shown in Figure 4B, red fluorescence was increased in MCF-7/DOX cells in DOX (8 μM) group relative to the control group, while that in C49 (12.5 μM) combined with DOX (8 μM) group was significantly increased relative to DOX group. These results suggested that C49 increased the intracellular concentration of DOX in MCF-7/DOX cells.
[image: Figure 4]FIGURE 4 | C49 combined with DOX increased intracellular concentration of DOX in MCF-7/DOX cells. (A) Cells were treated with DOX (8 μM) and C49 (12.5 μM) for 24 or 48 h, and DOX accumulation in the cells were analyzed using flow cytometry. (B) Cells were treated with DOX (8 μM) and/or C49 (12.5 μM) for 48 h and stained with DAPI. DAPI: blue fluorescence, DOX: red fluorescence.
Differential Gene Expression Between MCF-7 and MCF-7/DOX Cells
GSE24460 gene chip was analyzed using Limma software package, Hochberg False Discovery Rate and Benjamini. Differential genes were screened through the expression of various chips, such as ABCB1, VIM, LDHB, NNMT, MMP1, FSTL1, CCN2, GPX1, ESR1, and AGR2 (Supplementary Table S1). Through the expression levels of the first 200 differential genes, heat maps were drawn to indicate differences of genes between the two cell lines (Figure 5A). KEGG graph showed that PI3K/Akt signaling pathway was activated in MCF-7/DOX cells (Figure 5B). Volcano plots embodied gene differences between the two cell lines (Figure 5C). The above-mentioned data indicated that PI3K/Akt signaling pathway and ABCB1 played dominant roles in the drug resistance of MCF-7/DOX cells.
[image: Figure 5]FIGURE 5 | P-gp upregulated in MCF-7/DOX cells. (A) Heatmap of differentially expressed genes in GEO dataset. (B) Analysis of pathways related to drug resistance revealed the PI3K/Akt signaling pathway is the fifth largest factor. (C) Volcano plot analyzed the differentially expressed gene between MCF-7 cells and MCF-7/DOX cells. The fold change threshold was >2, p value was <0.05.
C49 Combined With Doxorubicin Repressed the Expression of P-gp, Phosphorylated-Phosphoinositide-3-kinase, and Phosphorylated-Protein Kinase B (p-Akt) proteins
Western blot analysis was used to detect the changes of protein expression in MCF-7/DOX cells before and after drug intervention. The results showed that the expression of P-gp protein in MCF-7/DOX cells was markedly higher than that in MCF-7 cells (Figure 6A). Following drug intervention for 24 and 48 h, C49 (12.5 μM) combined with DOX (8 μM) could remarkably reduce the level of P-gp protein in MCF-7/DOX cells compared with the control group (Figure 6B). As shown in Figure 6C, the expression levels of p-PI3K and p-Akt proteins in the combinational treatment group were significantly reduced, but the expression levels of total-PI3K and total-Akt did not obviously changed. The expression of apoptins in the downstream of PI3K/Akt signaling pathway was explored, and the results showed that the expression of Caspase-3 and Caspase-9 in the combinational treatment group were remarkably up-regulated while the expression of Bcl-2 was markedly down-regulated (Figure 6D). Some reports have shown an increase in phosphorylated p53 was induced by treatment with chemotherapeutic reagents in vitro and in murine xenograft models (Ohara et al., 2018). In our present study, there is no change in the expression level of p53 among the different groups, but its phosphorylated expression have been changed after C49 treatment in MCF-7/DOX cells (Figure 6D). The corresponding semi-quantitative results are showed in Figure 6E. Therefore, C49 combined with DOX could reverse MDR by repressing the expression of P-gp protein and PI3K/Akt signaling pathway.
[image: Figure 6]FIGURE 6 | The combination of C49 and DOX inhibited P-gp expression, apoptotic signaling pathway and the PI3K/Akt signaling pathway. (A) The P-gp expression in MCF-7 cells and MCF-7/DOX cells. (B–F) WB and quantitative analysis of P-gp, PI3K, p-PI3K, Akt, p-Akt, Caspase-3, Caspase-10, Caspase-9, p53, p-p53, Bcl-2, and Bcl-xL proteins expression compared with β-actin. *p < 0.05, **p < 0.01vs. MCF-7/DOX cells.
The Role of C49 on Breast Cancer Xenograft Mice
A breast cancer xenograft model was constructed on nude mouse to further verify the effect of C49 on the reversal of MDR in vivo. Consistent with previous results, no difference was noted in animal weight and hepatorenal toxicity among treatment groups during the experiment (Supplementary Figures S1, S2). After C49 or C49 combined with DOX intervention, C49 low and high-dose groups did not exert the effect of inhibiting tumor growth, DOX treatment group had a better inhibiting effect on tumor growth, and low and high-dose groups of combinational treatment remarkably inhibited tumor growth in a dose-dependent way compared with the control group (Figure 7A). H&E staining was implemented to detect the pathological change of tumor tissues in these mice. As shown in Figure 7B, tumor cells disorganization was evident in the control group with disorder cell arrangement and pathological nuclear mitotic figures. Compared to cells in the control group, those in the combination treatment group were sparsely arranged. Apart from nuclear fragmentation and dissolution, small vacuoles could be observed in the cytoplasm of many tumor cells. Nuclear fission was remarkably reduced. The cell proliferation of tumor tissues was examined by IHC staining. The expression of Ki-67 in tumor tissues was the highest in the control group, and lowest in the combinational treatment group compared to the control group (Figure 7C). These results showed that C49 had no significant antitumor effect but could significantly reverse the DOX resistance in grafted tumor of drug-resistant breast cancer. C49 combined with DOX could remarkably enhance the cytotoxicity of DOX to repress tumor growth and could thus realize the antitumor effect.
[image: Figure 7]FIGURE 7 | C49 combined with DOX increased antitumor activity in MCF-7/DOX bearing nude mice. (A) Tumor volume in each group measured once every two days during drug treatment. Each bar represents mean ± SEM. Significant differences between control and DOX and/or C49 drug treatment group were indicated by *p < 0.05, **p < 0.01 and ***p < 0.001. Significant differences between DOX treatment group and combination treatment group were indicated by #p < 0.05, ##p < 0.01 and ###p < 0.001. (B) H&E staining showed the necrosis of the tumor xenografts. (C) Ki-67 immunostaining showed the proliferation of tumor xenografts. (D) Quantitative analysis of Ki-67 immunostaining assay.
DISCUSSION
The main treatment for breast cancer is surgery, which can lengthen the overall survival of patients when combined with chemotherapy. DOX is a first-line chemotherapeutic drug for breast cancer, which can kill tumor cells but it causes MDR if used for a long period of time, resulting in chemotherapy failure. Konieczkowski et al. (Konieczkowski et al., 2018) found that the mechanism of DOX in inducing MDR involved multiple processes, e.g., reducing drug absorption, increasing drug excretion and changing drug metabolism, where high expression of P-gp protein was the primary cause of drug resistance of tumors (Gao et al., 2018; Lowrence et al., 2019). In DOX-resistant breast cancer cells, P-gp protein can pump DOX out of MCF-7/DOX cells, as a result, DOX fails to exert effective cytotoxic effect (Cao et al., 2019) and breast cancer cells can evade attack of chemotherapeutics (Genovese et al., 2017). Reversal of drug resistance can be realized by repressing P-gp protein. For example, cryptotanshinone and dihydrotanshinone of Salvia miltiorrhiza can repress expression of P-gp protein to reverse drug resistance (Lee et al., 2018). Myrsinol diterpene can inhibit the excretory function of P-gp protein to reverse drug resistance of breast cancer (Wang et al., 2016). In our study, C49 combined with DOX could lower the expression of P-gp protein, leading to intracellular DOX accumulation in drug-resistant cells, inhibit cell proliferation and promote cell apoptosis.
MDR is associated with abnormal activation of relevant signaling pathways in drug-resistant cells. PI3K/Akt plays a critical role in regulating cell proliferation, survival, metabolism, and apoptosis of normal cells (Aoki et al., 2017; Tewari et al., 2019). This signaling pathway is abnormally activated in various tumors, e.g., breast, lung, ovarian, and prostate cancers (Lu et al., 2016; Gu et al., 2018; Ediriweera et al., 2019; Verret et al., 2019; Madsen et al., 2020) and participates in mediating tumor MDR (Guerrero-Zotano et al., 2016; Yang et al., 2017; Li et al., 2019a; Liu et al., 2020). For example, PI3K/Akt signaling pathway is involved in paclitaxel resistance when it is abnormally activated in prostate cancer. Meanwhile, abnormally activated PI3K/Akt signaling pathway can contribute to the phosphorylated activation of serine sites of Bcl-2 protein and change its spatial conformation to discourage apoptins from exerting normal functions and inhibiting cell apoptosis.
Previous studies show that the expression of some protein molecules in PI3K/Akt signaling pathway is up-regulated in chemotherapeutic-resistant cells, and the drug-resistant phenotypes could be reversed by inhibiting those proteins. For example, resveratrol and matrine can reverse the MDR of breast cancer by repressing PI3K/Akt signaling pathway (Chen et al., 2018; Zhou et al., 2018). Likewise, PI3K/Akt can target the anti-apoptotic genes like Bcl-2 and Bcl-xL, resulting in the suppression of apoptosis machinery. A report confirmed that a natural chalcone, has been shown to exert growth inhibitory effects on the human Hepatocellular carcinoma cells serves as a transcription suppressor of anti-apoptotic genes like Bcl-2 and Bcl-xL (Ji et al., 2019). In yet another study, Xanthohumol caused arrest of the cancer cells at the G2/M phase of the cell cycle, which was also accompanied with suppression of Caspase-family (Liu et al., 2019). Our study showed that the expression of p-PI3K, p-Akt and Bcl-2 proteins reduced remarkably in MCF-7/DOX cells treated with C49 in combination with DOX, indicating that PI3K/Akt signaling pathway was involved. In contrast, those of p-p53, Caspase-9, Caspase-3, and Caspase-10 were elevated. Therefore, this signaling pathway can promote or inhibit downstream signaling molecules, such as Bcl-2, Caspase-9 and p-p53, to regulate cell apoptosis.
In the DOX-resistant breast cancer xenograft mouse model, different concentrations of C49 or C49 combined with DOX were used for the treatment of tumors. The results showed that C49 combined with DOX could remarkably repress tumor growth, inhibit tumor cell proliferation, and accelerate tumor cell apoptosis. suggesting that C49 can enhance the chemotherapeutic effect of DOX in vivo.
CONCLUSION
C49 combined with DOX can remarkably inhibit the proliferation of MCF-7/DOX cells and promote cell apoptosis both in vitro and in vivo. C49 may degrade the ability of P-gp protein to pump DOX out of cells by repressing the expression of P-gp protein, increasing the intracellular concentration of DOX. The combination of C49 and DOX may also repress the expression of p-PI3K and p-Akt proteins and reverse the drug resistance of breast cancer. Therefore, C49 can be a potential therapeutic drug for reversing DOX resistance in the treatment of breast cancer and other cancers.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding authors.
ETHICS STATEMENT
The animal study was reviewed and approved by the Animal Ethics Committee of Traditional Chinese Medicine at Shanghai University.
AUTHOR CONTRIBUTIONS
TW, XY, JL, HS, and WD conceived and designed the experiments. TW, XY, PZ, HW, LW participated in the specific experimental process. TW, XY, PZ, HW, and LW performed the research and analyzed the data. TW wrote the paper. TW, XY,,HS, and WD drafted the manuscript. TW, XY, and JL revised the manuscript. All authors approved and agreed to be responsible for all aspects of the work.
FUNDING
This research were supported by the Putuo District Science and Technology Innovation Project of Shanghai Province in China (ptkwws201715) and the Hospital-level project in Putuo hospital (2020306A).
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2021.653306/full#supplementary-material.
GLOSSARY
Akt protein kinase B
Bcl-2 B cell lymphoma/leukemia-2
Bcl-xL B cell lymphoma-extra large
BSA bovine serum albumin
Caspase-10 cysteinyl aspartate-specific proteinase -10
Caspase-3 cysteinyl aspartate-specific proteinase -3
Caspase-9 cysteinyl aspartate-specific proteinase -9
CI combination index
DAPI 2-(4-Amidinophenyl)-6-indolecarbamidine dihydrochloride
DMSO dimethyl sulfoxide
DOX doxorubicin
FACS fluorescence activating cell sorter
FBS fetal bovine serum
FCM flow cytometry
FITC fluoresceine isothiocyanate
GEO gene expression omnibus
H&E hematoxylin and eosin
IC inhibitory concentration
IC20 twenty percent of maximal inhibitory concentration
IC50 half maximal inhibitory concentration
IF immunofluorescence
IHC immunohistochemistry
KEGG kyoto encyclopedia of genes and genomes
MCF-7 michigan cancer foundation-7
MDR multidrug resistance
MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
PBS phosphate buffer saline
P-gp p-glycoprotein
PI3K phosphatidylinositol 3-kinase
PVDF polyvinylidene fluoride
RIPA radio immunoprecipitation assay
RPMI1640 roswell park memorial institute 1640
SDS-PAGE sodium dodecyl sulfate-polyacrylamide gel electrophoresis
TBST tris-buffered saline and tween 20
WB western blot
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Drug therapy is the primary treatment for patients with advanced cancer. The use of anticancer drugs will inevitably lead to drug resistance, which manifests as tumor recurrence. Overcoming chemoresistance may enable cancer patients to have better therapeutic effects. However, the mechanisms underlying drug resistance are poorly understood. E3 ubiquitin ligases (E3s) are a large class of proteins, and there are over 800 putative functional E3s. E3s play a crucial role in substrate recognition and catalyze the final step of ubiquitin transfer to specific substrate proteins. The diversity of the set of substrates contributes to the diverse functions of E3s, indicating that E3s could be desirable drug targets. The E3s MDM2, FBWX7, and SKP2 have been well studied and have shown a relationship with drug resistance. Strategies targeting E3s to combat drug resistance include interfering with their activators, degrading the E3s themselves and influencing the interaction between E3s and their substrates. Research on E3s has led to the discovery of possible therapeutic methods to overcome the challenging clinical situation imposed by drug resistance. In this article, we summarize the role of E3s in cancer drug resistance from the perspective of drug class.
Keywords: E3 ubiquitin ligase, cancer, cancer treatment, drugresistance, drug
INTRODUCTION
Cancer is a multifactorial disease and is considered the most severe public health issue worldwide (Siegel et al., 2019). Drug therapy is the main treatment for patients with advanced cancer. The drugs currently used for tumor treatment include platinum drugs, antitumor antibiotics, alkylating agents, hormones, molecular targeting agents, and immunotherapy. The use of tumor drugs will inevitably lead to drug resistance, which manifests as tumor recurrence (Glickman and Sawyers, 2012; Vasan et al., 2019).
Several mechanisms have been found to underlie anticancer drug resistance, including the effects of cancer stem cells (CSCs), epithelial-mesenchymal transition (EMT), and DNA damage repair (DDR) (Gong et al., 2018). Identifying the key molecules in these processes can help us understand the occurrence of drug resistance, and these key molecules play an essential role in predicting and reversing resistance to anticancer drugs. However, the mechanisms have not yet been elucidated.
Ubiquitination and E3 Ubiquitin Ligases
Protein ubiquitination-based modification can regulate various signal-mediated cell death responses and plays an essential role in the occurrence, development, and outcome of cancer (Nalepa et al., 2006). Ubiquitination refers to the process by which ubiquitin is covalently bound to target proteins under the catalysis of a series of enzymes. The ubiquitination process usually requires the cooperation of the E1 ubiquitin-activating enzymes (E1s), E2 ubiquitin-coupling enzymes (E2s), and E3 ubiquitin ligases (E3s) (Buetow and Huang, 2016). Mechanistically, ubiquitin is activated in an ATP-dependent manner, inducing a thioester bond with an E1. The moieties are then transferred to the active site cysteine of the E2. The E3 binds to both the E2∼Ub thioester and the substrate, catalyzing the transfer of ubiquitin from the active site cysteine of the E2 to the substrate lysine or N terminus (Tatham et al., 2013; Berndsen and Wolberger, 2014).
Ubiquitin chain topology determines the fate of ubiquitylated proteins (Ikeda and Dikic, 2008). Usually, ubiquitin-dependent proteolysis is associated with K48-linked and K11-linked ubiquitin chains. However, activation of signaling pathways is mainly dependent on K63‐linked or M1-linked ubiquitin chains. Ubiquitin-mediated proteolysis is essential for the maintenance of protein homeostasis because it removes misfolded or unwanted proteins. The non-proteasomal ubiquitin-mediated assembly of signaling complexes also plays a pivotal role in several cellular processes, such as autophagy, DNA repair, and endocytosis (Bennett and Harper, 2008; Chen and Sun, 2009; Cappadocia and Lima, 2018). Given these phenomena, it is understandable that the dysregulation of ubiquitination can lead to genetic and epigenetic alterations in cancer.
E3s are critical components in the ubiquitination reaction owing to their strict control of both substrate affinity and specificity (Zheng and Shabek, 2017). E3s are a large class of proteins, and there are over 800 putative functional E3s (Ciechanover, 2015). E3s have been classified into three subgroups: E3s containing really interesting new gene (RING) and UFD2 homology (U-box) domains, the 28-member homologous to E6AP carboxyl terminus (HECT) E3 family, and the 14‐member RING‐between‐RING (RBR) E3 family (Uchida and Kitagawa, 2016). The diversity of the E3 substrates contributes to the diverse functions of E3s (Li et al., 2014), and as a result, E3s are closely related to tumorigenesis because they regulate oncogenes and tumor suppressors (Senft et al., 2018). In addition, the substrate specificity of E3s suggests that they have promise as anticancer drug targets (Wang et al., 2017). Here, for the first time, we summarize the role of E3s in anticancer drug resistance from the perspective of drug class (Figure 1).
[image: Figure 1]FIGURE 1 | Overview of the Ubiquitin system. Ubiquitin is initiate through the thioester bond with E1 in the ATP-depend manner. The activated ubiquitin then be transferred to the E2. E3 ligases recognize and transfer the ubiquitin to substrate. The ubiquitin chains lead to several ending, including proteasome-mediated degradation, ubiquitination signals transduction, autophagy, DNA remolding and repair, Protein identification, and endocytosis.
Platinum Drugs
Platinum drugs are widely used in the treatment of human cancers. The zinc-finger E3s MUL1 and UBR5 was found to be involved in platinum resistance. The E3 UBR5 was amplified and overexpressed in ovarian cancer (OC). Higher UBR5 expression was observed in platinum-resistant OC tumor tissue than in normal tissues. Overexpression of UBR5 induced cisplatin resistance in OC cells both in vivo and in vitro. Moreover, UBR5 knockdown via siRNA partly reversed platinum resistance in OC cells (O'Brien et al., 2008; Bradley et al., 2014). Mitochondrial E3 ubiquitin-protein ligase 1 (MUL1) is an E3 that interacts with and negatively regulates AKT. The degradation of AKT was found to lead to cisplatin sensitivity in OC cells (Lee et al., 2019). A decrease in EMT in cisplatin-resistant nasopharyngeal carcinoma (NPC) cells was observed after upregulation of NEDD4 in cells, suggesting that NEDD4 could be a novel therapeutic target for overcoming drug resistance in NPC (Feng et al., 2017).
Tripartite motif (TRIM) family proteins, most of which have E3 activities, control important cellular processes such as intracellular signaling, innate immunity, transcription, autophagy, and carcinogenesis (Hatakeyama, 2017). TRIM25 expression was identified to be significantly lower in the cisplatin-resistant non-small cell lung carcer (NSCLC) cell line A549 than in control cell lines (Qin et al., 2012). Overexpression of TRIM32 promoted degradation of Abi2, resulting in enhancement of cell growth, transforming activity, and cell motility. Moreover, TRIM32 suppressed the apoptosis induced by cisplatin in the hepatocellular carcinoma (HCC) cell line HEp2. Overexpression of TRIM32 in the HCC cell line also induced resistance to another platinum drug, oxaliplatin (Cui et al., 2016). Increased TRIM11 expression inhibits the apoptosis induced by cisplatin, and TRIM11 functions as an oncogene related to drug resistance both in vivo and in vitro. TRIM11 destabilized Daple in a p62-selective autophagic manner, further upregulating β-catenin expression to induce enhanced expression of ABCC9, which can transport chemotherapeutic drugs (Zhang et al., 2020). Autophagy can be a key mechanism of resistance to chemotherapy (Onorati et al., 2018). TRIM65 was found to be upregulated in NSCLC, and its overexpression promoted NSCLC cell resistance to cisplatin (Li et al., 2016). The inhibition of miR-138–5p attenuated the effects of TRIM65 knockdown on autophagy and cisplatin-induced apoptosis, suggesting that TRIM65 regulates cisplatin resistance in NSCLC by regulating miR-138–5p (Pan et al., 2019). TRIM59 was also found to be overexpressed in cisplatin-resistant A549 cells, and its overexpression in these cells resulted in increased cisplatin resistance. TRIM59 enhanced the ubiquitination of PTEN, a critical upstream regulator of HK2. The regulation of the PTEN/AKT/HK2 pathway induced by TRIM59 might provide insights into overcoming cancer resistance to cisplatin treatment (He and Liu, 2020).
Another type of RING-box-containing E3s, RING finger proteins (RNFs), play a role in platinum resistance. RNF38 was proposed as a biomarker of poor NSCLC prognosis, and its silencing increased the sensitivity of NSCLC cells to cisplatin (Wu et al., 2020). RNF138 was more highly expressed in cisplatin-resistant gastric cancer (GC) cell lines than in normal cell lines and modulated cisplatin resistance in these GC cells (Lu et al., 2018). Pellino family proteins (Pellino-1, 2, and 3) are E3s that contain C-terminal RING-like domains. Pellino-1 overexpression conferred NSCLC cells with resistance to the apoptosis induced by cisplatin or paclitaxel (Jeon et al., 2016).
The F-box-containing family member FBXW7 is one of the four subunits of the SKP1-cullin-F-box (SCF)-E3 complex, which functions in phosphorylation-dependent ubiquitination (Skaar et al., 2014). In NSCLC, FBXW7 upregulation significantly increased cisplatin chemosensitivity and abrogated the mesenchymal phenotype of NSCLC cell lines (Yu et al., 2013). Another report by Guodong X et al. indicated that FBXW7 could interact with Snai1 in NSCLC cell lines and directly degrade its expression, resulting in suppression of cisplatin and sorafenib resistance (Guodong et al., 2018). In colorectal carcinoma (CRC) cells, FBXW7 deficiency induced by mutation or loss can lead to the aberrant phosphorylation of p53 at serine 15 and further promote resistance to oxaliplatin. An understanding of the regulation of phospho-p53 (Ser15) by FBXW7 E3 activity could provide important clues for the clinical targetability of this axis (Perez-Losada et al., 2005; Li et al., 2015). In NPC, upregulation of FBXW7 significantly increased cisplatin-based chemosensitivity (Song et al., 2015). The CRL4 expression level was increased in cisplatin-resistant OC cells. CRL4 knockdown with shRNAs was able to reverse the cisplatin resistance of OC cells (Hu et al., 2019). In CRC, knockdown of CUL4A sensitized parental CRC cells to cisplatin (Englinger et al., 2017). CUL4B destabilized HP1α, a gene that suppresses the open confirmation of chromatin that is important for the DDR and DNA repair. The DDR and DNA repair are believed to be reasons for cisplatin resistance (Kim et al., 2017).
F-box-only proteins are the substrate-recognition component of the SCF-E3 complex. The relatively low level of FBXO22 in A549 cells contributes to an accumulation of CD147 and the cisplatin resistance of the cells (Wu et al., 2017). Additionally, FBXO21 was found to ubiquitinate and destabilized P-glycoprotein (P-gp), resulting in attenuation of multidrug resistance. However, a stem cell marker, CD44, was found to inhibit FBXO21-directed degradation of P-gp and promote multidrug resistance (Ravindranath et al., 2015). Using a microarray, another E3, FBXO32, was newly identified as a negative regulator of EMT in urothelial carcinoma (UC) tumors after they had acquired platinum resistance. FBXO32 dysregulation in platinum-resistant UC cells resulted in elevated expression of the EMT marker snail and decreased expression of E-cadherin (Tanaka et al., 2016).
SKP2, also known as F-box and leucine-rich repeat protein (FBXL1), is a member of the FBXL subfamily of F-box proteins and plays a pivotal role in cell cycle progression and proliferation. Evidence has shown that SKP2 can interact with Akt and facilitate its ubiquitination. K63-mediated AKT ubiquitination can be mediated by Skp2 and can regulate NPC to induce cisplatin resistance (Yu et al., 2019). Overexpression of SKP2 reduced the expression of p27Kip1, cyclin E, and p21Cip1, increased the proportion of S-phase cells, and increased resistance against cisplatin in NSCLC cell lines (Ishii et al., 2004).
E3s targeting P53 play a role in cisplatin resistance. MDM2, an important regulator of P53, controls cisplatin resistance in multiple cancers. MDM2 interacted and destabilized P53 and induced tumor cell resistance to cisplatin (Muscolini et al., 2011; Sheng et al., 2017). The genes encoding molecules that interfere with the interaction between MDM2 and p53 might also lead to drug resistance. Some genes, such as zinc-finger CCHC-type containing 10 (ZCCHC10) and NUMB, inhibit cisplatin resistance by interfering with P53 ubiquitination mediated by MDM2 (Colaluca et al., 2008; Ning et al., 2019). TRAF6, an E3 that controls p53 mitochondrial translocation, was found to be overexpressed in CRC tissues. TRAF6 overexpression negatively correlates with apoptosis and predicts poor response to cisplatin-based chemotherapy and radiotherapy (Zhang et al., 2016). Cisplatin can enhance the FLIP-p53-Itch interaction, inducing FLIP ubiquitination and degradation in a p53-and Itch-dependent manner. These results suggest that the modulation of FLIP content may be an effective strategy for overcoming chemoresistance in OC (Abedini et al., 2008; Abedini et al., 2010).
The U-box domain-containing E3 CHIP has been studied to help understand drug sensitivity. CHIP knockdown increases the proportion of cisplatin-sensitive cells. CHIP can act as an activator of Bcl-2 expression levels to suppress breast cancer (BC) malignant progression (Tsuchiya et al., 2015). In addition to CHIP’s role in BC, Dong‐E Tang et al. revealed that CHIP could ubiquitinate YAP1 at the K280 site by K48‐linked polyubiquitination and also generated a human GC cell line with resistance to cisplatin resistance (Tang et al., 2019). Microtubule-associated serine/threonine kinase 1 (MAST1) mediates cisplatin resistance in human cancers. Pan C et al. used a proteomics screen to identify CHIP-destabilized MAST1. The MAST1 destabilization resulted in hsp90B-induced sensitivity to cisplatin (Pan et al., 2019). ZFP91 knockdown reduced FOXA1 polyubiquitination, which decreased FOXA1 turnover and enhanced cellular sensitivity to cisplatin therapy (Tang et al., 2020). E3s and their corresponding substrates are summarized in Figure 2.
[image: Figure 2]FIGURE 2 | The relationship of E3 ligase and platinum resistance. The E3 was cataloged as five group: U-box, F-box, Ring-Box, HETC, and Zing finger. Abbreviation was as follow: BC: Breast cancer; GC: Gastric cancer; UC, urothelial carcinoma; NPC, nasopharyngeal carcinoma; NSCLC, non-small cell lung cancer; CRC, colorectal carcinoma; PCC, pancreatic carcinoma; HCC, hepatocellular carcinoma; OC, ovarian cancer.
Drugs Derived From Plants
Paclitaxel is an M-phase-specific plant drug initially derived from the Pacific yew and has become the first member of the taxane family to be used in cancer chemotherapy (Bernabeu et al., 2017). In a single-cell RNA sequencing analysis, protein ubiquitination was identified as the most differentially regulated pathway in docetaxel-resistant prostate cancer (PC) cells (Schnepp et al., 2020).
In NSCLC, BC and GC, silencing FBXW7 resulted in enhanced Taxol resistance (Yokobori et al., 2014; Gasca et al., 2016). However, in dormant BC cells, disruption of FBXW7 resulted in a shift of tumor cells from the quiescent state, rendering them susceptible to chemotherapy (Shimizu et al., 2019). miR-363 expression can promote chemoresistance by directly targeting FBXW7 (Zhang et al., 2016). Another Fox-containing E3, FBXW11, was also found to be involved in the development of Taxol resistance via associations with FOXO3a (Su et al., 2011). In PC, Skp2 silencing or using Skp2 inhibitors restored paclitaxel sensitivity in paclitaxel-resistant PC cells (Yang et al., 2016). EDD, an E3, promotes docetaxel resistance in hormone-refractory PC by regulating Wnt/β-Catenin signaling (Bian et al., 2020). In PC, SPOP knockout was found to confer resistance to cell death caused by docetaxel (Shi et al., 2019). Taxol decreased the expression of HDAC3 while increasing the expression of SIAH2 in melanoma cells. In addition, the E3 ligase SIAH2 can interact with HDAC3 and by so doing confers resistance to Taxol (Kim et al., 2015).
E3s targeting p53 also play roles in Taxol resistance. Pirh2, a RING finger-containing E3, can lead to polyubiquitination and proteasomal degradation of p53. The ectopic expression of Pirh2 enhanced cell proliferation, resistance to doxorubicin, and migration potential (Daks et al., 2016). The protease HAUSP is a critical component of the p53-Mdm2 pathway and acts as a specific deubiquitinase for p53 and Mdm2 and is thus essential for p53 regulation. HAUSP downregulation causes resistance to another plant-derived drug, camptothecin, and camptothecin-induced apoptosis (Becker et al., 2008). Parkin interferes with paclitaxel-induced microtubule assembly and stabilization by directly binding the microtubules on the outer cell surface. In addition, Parkin promotes the activity of paclitaxel to trigger multinucleation and apoptosis. Moreover, clinical data have revealed that the response of patients to preoperative paclitaxel therapy is correlated with Parkin expression (Wang et al., 2009).
Antimetabolite Drugs
Fludarabine is a DNA synthesis inhibitor (Lukenbill and Kalaycio, 2013). In vitro and in vivo experiments showed that COP1 overexpression reduced HG3 cell sensitivity to fludarabine treatment by promoting ubiquitin-dependent p53 degradation (Fu et al., 2018). This result indicates that E3s promoting P53 degradation can also be related to fludarabine resistance.
5-Fluorouracil (5-FU) inhibits thymidylate synthase from activating thymine-induced cell death and functions mainly as an S-phase antimetabolite (Longley et al., 2003). In BC, high preoperative expression of Skp2 was found to be associated with resistance to 5-FU therapy in 94% of patients (Davidovich et al., 2008). Cbl was decreased in 60% of human pancreatic ductal adenocarcinoma (PDAC) cases. Cbl knockdown increased PDAC resistance to gemcitabine and 5-FU (Kadera et al., 2015). TRIM47 is commonly overexpressed and related to poor prognosis in CRC patients. TRIM47 increases the ubiquitination and degradation of SMAD4. The overexpression of TRIM47 elevated CRC chemoresistance in response to 5-FU therapy (Liang et al., 2019). In CRC, high FBXW7 expression downregulated CRY2 through proteasomal degradation and increased CRC cell sensitivity to 5-FU (Fang et al., 2015). Cancer-associated fibroblasts (CAFs) play a pivotal role in creating the tumor microenvironment, which impacts adaptive resistance to chemotherapy (Kalluri, 2016). CRC cells cocultured with CAFs showed increased expression of RANBP2-type and C3HC4-type zinc-finger-containing 1 (RBCK1). Additionally, overexpression of RBCK1 was demonstrated in chemoresistant CRC tumors and CRC patients with poor prognosis. Exogenous expression of RBCK1 or RBCK1 inhibition was able to significantly influence 5-FU sensitivity in CRC cells (Liu et al., 2019).
Gemcitabine is another widely used S-phase antimetabolite drug (Mini et al., 2006). In pancreatic cancer (PCC) cells, FBW7 promoted gemcitabine sensitivity via upregulation of equilibrative nucleoside transporter 1 (ENT1) through lysosome inhibition (Hu et al., 2017). SMURF2 was downregulated in PCC tissues, and its expression was negatively associated with gemcitabine resistance. Upregulation of miR-15b was associated with degradation of SMURF2, and its expression was associated with EMT (Zhang et al., 2015). TRIM31 overexpression conferred gemcitabine resistance to PCC cells by promoting K63-linked polyubiquitination of tumor necrosis factor receptor-associated factor 2 (TRAF2) and sustained the activation of nuclear transcription factor kappa B (NF-κB) in PCC cells (Yu et al., 2018). Cul4A degraded TGFβ1, and its overexpression promoted resistance to gemcitabine in lung cancer. In vivo experiments, Cul4A-RNAi combined with gemcitabine chemotherapy inhibited lung cancer tumor growth, suggesting that this combination may provide a new approach for lung cancer treatment (Hung et al., 2015).
Asparaginase is a drug that selectively inhibits tumor cells by hydrolyzing asparagine (Asselin and Rizzari, 2015). FBXW7 overexpression can rescue Wnt-induced sensitization to asparaginase in FBXW7 mutant or wild-type leukaemias. In contrast, the FBXW7 R465C mutant, which has impaired binding to its canonical phosphodegron, abrogated this effect (Hinze et al., 2019).
Alkylating Agents
Among various antitumour drugs, alkylating agents may be the most widely used category (Bhatt et al., 2017). Alkylating agents are cytotoxic drugs that combine with cell proteins and nucleic acids to kill tumor cells and have a direct toxic effect on cells (Lajous et al., 2019). Temozolomide (TMZ) is a DNA alkylating agent that can penetrate the blood-brain barrier. HERC3, an E3, promotes the ubiquitination-mediated degradation of SMAD7 and consequently activates the TGF-β pathway. Moreover, ectopic HERC3 expression was correlated with TMZ resistance in glioblastoma (GBM) cells (Li et al., 2019). Nucleolin (NCL) is overexpressed in GBM, and its overexpression was found to be positively relative to response to TMZ in GBM cells. The loss of MDM2-mediated NCL ubiquitination resulted in the inhibition of HDAC activity and sensitized GBM cells to TMZ (Ko et al., 2018).
Anticancer Antibiotics
Doxorubicin is a cytotoxic anthracycline antibiotic that is often used as a tumor chemotherapy agent. Using mass spectrometry analysis, Kamran M et al. found that AURKA restricted FBXL7-induced survivin ubiquitination and degradation in GC, resulting in the promotion of doxorubicin resistance (Kamran et al., 2017). Doxorubicin-resistant HCC cells showed decreased expression of FBXW7. HSF1 was found to play an essential role in transcriptional activation of MDR1 via FBXW7-mediated degradation (Mun et al., 2020). Expression of P-gp on cancer cell surfaces is a critical determinant of anticancer drug resistance (Lin and Yamazaki, 2003). In other words, the reversal of drug resistance can be achieved by modulating the ubiquitination of P-gp (Zhang et al., 2004). Via mass spectrometry analyses, FBXO15/Fbx15 was found to interact with P-gp (Katayama et al., 2013). The downregulation of P-gp expression by UBE2R1-and FBXO15-mediated ubiquitination boosted sensitivity to vincristine and doxorubicin (Katayama et al., 2016).
Zeb1, an influential EMT-related transcription factor, mediated cell resistance to doxorubicin treatment. In HCC doxorubicin-resistant cells, the downregulation of SIAH1 mediated the stability of Zeb1, aiding resensitization of cells to doxorubicin treatment (Long et al., 2019). RNF8 activated K63 ubiquitination of Twist, which induced its translocation to the nucleus for subsequent EMT and CSC functions, thereby conferring doxorubicin resistance (Lee et al., 2016). SMO stabilizes and activates TRAF6, suggesting that the SMO/TRAF6 axis can contribute to doxorubicin resistance in lymphoma (Qu et al., 2018).
Dysregulated cholesterol metabolism in cancer cells may lead to drug resistance. Lower expression of the E3 Trc8 produced a decreased ubiquitination rate of 3-hydroxy-3-methylglutaryl-coenzyme A reductase (HMGCoAR), increased cholesterol synthesis, and increased cholesterol content in multidrug-resistant cells (Gelsomino et al., 2013). Overexpression of the E3 ubiquitin-protein ligase ZNRF2 improved cell survival in the presence of doxorubicin (Xiao et al., 2017). TRIM25 regulated p53 expression in NSCLC tissues and cell lines. Using TRIM25 RNAi increased the doxorubicin sensitivity of lung cancer cell lines (Qin et al., 2016). CUL2 knockdown enhanced cell sensitivity to doxorubicin treatment by regulating MAF1-mediated actin stress fiber integrity and apoptosis (Wang et al., 2019). MDM2, an E3 targeting p53 for degradation, can influence PC and BC cell sensitivity to doxorubicin (Lang et al., 2017; Cheteh et al., 2020). FKBP12 attenuated the cell toxicity of doxorubicin by binding to and degrading MDM2, disrupting the MDM2/MDM4 interaction, and inducing MDM2 self-ubiquitination (Liu et al., 2017). Cbl-b was found to be poorly expressed in multidrug-resistant GC and GC cells. In addition, Cbl was also found to induce cell resistance to adriamycin (Xu et al., 2017; X CHe et al., 2017; Zhang et al., 2015).
Endocrine Drugs
Endocrine therapy is an optional treatment for patients with hormone sensitivity, especially in PC and BC (Heinlein and Chang, 2004; Waks and Winer, 2019). Androgenic drugs such as abiraterone and enzalutamide can control the progression of PC.
Persistent androgen receptor (AR) activation leads to the loss of efficacy of anti-AR drugs in advanced PC. Reversal of this aberrant activation could be an ideal method for overcoming drug resistance. STUB1 disassociates AR/AR-V7 from HSP70, leading to AR/AR-V7 ubiquitination and degradation, which confers enzalutamide and abiraterone resistance (Liu et al., 2018). Inhibition of protein degradation by blocking Cullin-RING E3 complexes can interfere with the AR–ERG interaction, which is related to survival in PC (Rulina et al., 2016). AMFR can mediate the loss of 11b-hydroxysteroid dehydrogenase-2 (11b-HSD2), which inactivates cortisol, sustaining tumor cortisol concentrations to stimulate enzalutamide resistance. Reinstatement of 11b-HSD2 expression, or AMFR loss, reverses enzalutamide resistance in mouse xenograft tumors (Li et al., 2017).
Tamoxifen, a blocker of estrogen in breast cells, remains a cornerstone in the treatment of BC patients with estrogen receptor-positive tumors (Jordan, 2003). The RING finger protein TRIM2 is highly expressed in tamoxifen-resistant MCF-7 cells. TRIM2 was overexpressed in tamoxifen-resistant BC cells, which led to a reduction in Bim (Yin et al., 2017). The E3 HRD1 was downregulated in tamoxifen-resistant BC cells, and its knockdown significantly increased the survival of MCF7 cells treated with tamoxifen (Wang et al., 2017). The E3 RBCK1 regulated FKBPL stability at the posttranslational level via ubiquitination, and its downregulation increased sensitivity to tamoxifen treatment (Donley et al., 2014). The FBXW2-mediated downregulation of Sox2, a transcription factor conferring drug resistance, suppressed stem cell properties and overcame BC cell resistance to tamoxifen (Yin et al., 2019). The ubiquitin ligase c-Cbl was upregulated during tamoxifen-induced apoptosis of MCF-7 cells. Overexpression of c-Cbl significantly downregulated c-Src protein levels and tamoxifen-induced AKT activity (Yan et al., 2011). In addition, SIAH2 expression is significantly correlated with ER positivity in BC. SIAH2 sensitizes cells to tamoxifen through regulation of ER-a expression (Interiano et al., 2014).
Targeted Drugs
The fusion of BCR (located on chromosome 22q11.2) and ABL1 (located on chromosome 9q34) leads to chronic myeloid leukemia (CML) (Baccarani et al., 2019). Imatinib is a tyrosine kinase inhibitor that can selectively inhibit BCR/ABL kinase activity and function as an effective therapy for CML. Smith PG et al. found that TGFβ played a key role in imatinib resistance by directly affecting c-Cbl-dependent Lyn ubiquitination and turnover, which resulted in bursts of Lyn kinase activity (Smith et al., 2012). TRAF6, an E3, facilitates the K63 ubiquitination of ULK1, resulting in reversal of imatinib resistance in CML cells (Han et al., 2019). LZTR1 acts as the regulator of RAS ubiquitination and MAPK pathway activation. Johannels W et al. reported that loss of LZTR1 expression could induce resistance to imatinib and rebastinib in CML cell lines (Bigenzahn et al., 2018).
Bortezomib is an effective proteasome inhibitor for cancer treatment that reversibly and selectively inhibits the 20S proteasome (Scott et al., 2016). Using an RNA microarray, researchers found that genes related to ubiquitination were differentially regulated in a bortezomib-resistant cell line (Park et al., 2014). NEDD4-1 ubiquitinates Akt and targets pAkt-Ser473 for proteasomal degradation. Low NEDD4-1 expression has been linked to poor prognosis in patients with multiple myeloma (MM), and NEDD4-1 knockdown results in bortezomib resistance in vitro and in vivo (Huang et al., 2020). Additionally, BAP1 depletion resulted in decreased gallbladder carcinoma (GBC) sensitivity to bortezomib (Hirosawa et al., 2018). Shen Y et al. demonstrated that silencing DTX3L improved the sensitivity to bortezomib in MM cell lines and increased the expression of apoptosis biomarkers (Shen et al., 2017). Malek E et al. observed increased CUL1 and SKP2 mRNA levels in patient CD138 + cells. Skp2 binds to Cullin-1 and Commd1 and synergistically enhances bortezomib-induced apoptosis (Malek et al., 2017).
Targeting HER2 with an inhibitor can be a treatment strategy for HER-2-positive BC or GC. c-Cbl and CHIP can interact and ubiquitinate HER2, which can be an effective strategy for combatting lapatinib resistance in HER2-positive cancer (Nunes et al., 2016; Huang et al., 2020). In addition, Skp2 silencing sensitized Her2-overexpressing tumors to trastuzumab treatment (Chan et al., 2012). MDM2 inhibition overcame lapatinib resistance in cells with either wild-type or mutant p53 and xenograft models, suggesting the potential of therapy directed against MDM2 for overcoming lapatinib resistance (Kurokawa et al., 2013). In GC, miR-223, which can regulate FBXW7, decreased GC cell sensitivity to trastuzumab (Eto et al., 2015). Jagged-1-mediated activation of Notch-1 can lead to trastuzumab resistance. The E3 Mindbomb-1 was required for Jagged-1 ubiquitination and subsequent Notch activation, which led to resistance to trastuzumab (Pandya et al., 2016).
Targeting aberrant EGFR expression in cancer cells is a promising treatment strategy for NSCLC. Activation of the Hippo-YAP pathway was correlated with EGFR inhibitor treatment (Kim and Myung, 2018). Wang H et al. identified tankyrase and its associated E3 RNF146 as positive YAP activity regulators by CRISPR screening. Tankyrase inhibition by RNF146 enhanced the growth inhibitory activity of EGFR inhibitors in NSCLC by inhibiting YAP signaling (Wang et al., 2016). FBXW7 regulated quiescence by targeting the c-MYC protein for ubiquitination. High levels of FBXW7 and low levels of c-MYC were observed in gefitinib-resistant cells with EGFR exon 19 deletion, suggesting that FBXW7 plays a pivotal role in the maintenance of gefitinib resistance in EGFR mutation-positive NSCLC (Hidayat et al., 2019). Cetuximab is a monoclonal antibody with a molecular target of EGFR. Specific silencing of Cbl-b expression increased the expression of EGFR and decreased the sensitivity of GC cells to cetuximab (Yu et al., 2016).
Regorafenib and sorafenib are multikinase inhibitors of RAS/RAF/MEK/ERK signaling that function to prevent tumors. CRC cells containing FBW7-inactivating mutations, including missense mutations in three arginine residues (R465, R479, and R505), were found to be insensitive to regorafenib and sorafenib (Tong et al., 2017). Nanog is a master transcriptional regulator of stemness in CSCs. The E3 FBXW8 ubiquitinates Nanog and suppresses Nanog expression, resulting in stemness enhancement and sorafenib resistance (Cao et al., 2019).
JQ1 and I-BET, two selective inhibitors of the bromodomain and extraterminal (BET) family, have shown promising early clinical trial outcomes. Xiangpeng Dai et al. found that cullin-3SPOP was responsible for promoting BET protein degradation. PC cell lines derived from individuals harboring SPOP mutations had increased resistance to BET inhibitor-induced cell growth arrest and apoptosis (Dai et al., 2017). Moreover, specific SPOP mutations could impair BET degradation (Janouskova et al., 2017).
BRAF inhibitors (BRAFi) and MEK inhibitors (MEKi) provide rapid disease control in patients with BRAF-mutant metastatic melanoma (Kuske et al., 2018). BRAFi/MEKi resistance triggers proteasomal degradation of AMPK-α1 and consequently drives autophagy and metabolic reprogramming in melanoma cells. Li YY et al. discovered that RING finger 44 (RNF44) could earmark AMPK-α1 for ubiquitination-mediated degradation in BRAFi-resistant melanoma cells (Li et al., 2017). PARP inhibitors (PARPi) are used clinically to treat BRCA-mutated breast tumors. FBXO5 assembles the active SCF ubiquitin ligase complex constitutively targeting RAD51 for degradation. This mechanism controls BC biology and sensitivity to PARPi (Marzio et al., 2019). The E3s involved in the response to non-platinum anticancer drugs are listed in Table 1.
TABLE 1 | Representative E3 ligase involved in non-platinum anti-cancer drug resistance.
[image: Table 1]DISCUSSION
“Druggability” of E3s
The purpose of studying the mechanisms of resistance is to identify strategies to combat resistance. E3s control tumor drug resistance by specifically binding to drug resistance-related genes and controlling their expression. Therefore, targeting E3 ligases can serve as a potential and effective strategy for combatting drug resistance. In the current environment, studying the resistance mechanisms of all existing E3s is challenging and impractical. However, some E3s have shown their ability to combat resistance. Several kinds of E3s have been deemed “druggable”. First, E3s that target key pathway molecules, like Cbl, which targets EGFR, and NEDD4, which targets AKT, have potential (Zhao et al., 2020). Second, E3s targeting important oncogenes have also been proposed to be druggable. E3s like MDM2, which targets p53, FBXW2, which targets Sox2, and FBXW7, which targets MYC, have shown value in combating drug resistance.
Targeting E3s to Combat Drug Resistance
Ongoing research mainly focuses on potential drugs that can be used in therapeutic applications targeting E3s. Such drugs must directly target the E3s to exert their effect; this requirement fits with several different tools, such as siRNAs, agonists, small molecule compounds that affect the binding of E3s to target proteins, and PROteolysis TArgeting Chimera (PROTAC) technology. Strategies targeting E3s include using small molecules or PROTACs that degrade E3s or interfere with the interaction between E3s and their substrates.
Small Molecules Targeting E3s
Small molecules can target different E3s by directly binding with them and inhibiting their enzymatic activity. As mentioned above, MDM2 is a selective E3 that binds to P53. Agents that inhibit MDM2 include Nutlin-3a, RG7112, NVP-CGM097, AMG-232 and MI319. The combination of traditional anticancer drugs with novel agents was better for drug efficacy than monotherapy (Azmi et al., 1990; Kojima et al., 2006; Vu et al., 2013; Reuther et al., 2018) (Figure 3). These data suggest that targeting relevant E3s with small molecules to overcome drug resistance could be effective. Agonists have also been shown to be effective in controlling drug resistance. The PPARγ agonist pioglitazone inhibited EGFR/MDM2 signaling-mediated PPARγ degradation and increased cancer cell sensitivity to chemotherapy drugs (Shi et al., 2016).
[image: Figure 3]FIGURE 3 | Small molecules compounds and Genes affect anti-cancer drug through regulation of MDM2.
Interfering With the Interaction Between E3s and Their Substrates
Another strategy for combating drug resistance is interfering with the interaction between E3s and their target substrates. Using chemical library screens, E Malek et al. identified a novel compound, DT204, that reduced Skp2 binding to Cullin-1 and Commd1 and synergistically enhanced bortezomib-induced apoptosis (Malek et al., 2017). Small molecules have also been used to interfere with the interaction between EGFR and its E3. The downregulation of EGFR ubiquitination inhibits the internalization of EGFR, which is an essential mechanism of EGFR activation and drug resistance (Yu et al., 2020).
Traditional Drugs Targeting E3s
Traditional drugs also facilitate the ubiquitination of E3s. Vitamin K3, an inhibitor of Siah2, promoted sensitivity of leukemia cells to imatinib (Huang et al., 2018). ATA is a molecular compound derived from Tanshinone IIA through chemical modification (Tian et al., 2010). A mechanistic study revealed that ATA promoted HER2 degradation by increasing c-Cbl and CHIP-mediated HER2 ubiquitination (Huang et al., 2020). Oridonin is a natural compound inducing oxidative stress that enhances CHIP targeting of BCR-ABL for ubiquitin-proteasome degradation, resulting in the enhancement of cancer cell death (Huang et al., 2017). Ginsenoside RD is another natural compound that increases the ubiquitination of multidrug resistance 1 (MDR1). Ginsenoside Rd treatment can reverse doxorubicin resistance in MCF-7/ADR cells (Pokharel et al., 2010).
PROTACs That Degrade E3s
PROTAC technology utilizes the ubiquitin‐protease system to target a specific protein for ubiquitination and degradation (Sakamoto et al., 2001). PROTAC technology targets proteins, including transcription factors, skeletal proteins, enzymes, and regulatory factors (Zhang et al., 2018). Targeting oncogene family proteins using PROTACs to overcome drug resistance has recently become a popular area of research.
PROTACs directly targeting oncogenes are a tool for overcoming drug resistance. Ibrutinib resistance can occur due to a cysteine to serine mutation (C481S) in the site normally covalently bound by ibrutinib. Alexandru D. Buhimschi et al. introduced MT-802, which is a PROTAC that induces ubiquitination-dependent degradation of wild-type and C481S-mutant BTK from PROTAC, which could be a novel tool for overcoming ibrutinib resistance (Buhimschi et al., 2018). CP5V (apcin-A-PEG5-VHL ligand 1), as an efficient Cdc20 PROTAC, can mediate degradation of the oncogene Cdc20 through the ubiquitous pathway and overcome resistance to taxane chemotherapy in BC by inhibiting mitotic slippage (Chi et al., 2019). The SH2-U-box targets both native and T315I-mutant BCR-ABL for ubiquitination and degradation and thus may serve as a tool for treating both imatinib-sensitive and imatinib-resistant CML (Ru et al., 2016).
Limitations of Targeting E3s to Combat Drug Resistance
In summary, E3s can play a role in tumor resistance by binding oncogenes or pathway proteins. Degrading E3s via different strategies or affecting their function can be used as strategies for anticancer treatment. However, E3s have some shortcomings in treating drug resistance. The first is the diversity of E3s, which prevents a complete understanding of all of the E3 functions and their corresponding target genes. The second is that E3s can bind to multiple different oncogenes. For example, TRIM family proteins perform different functions by binding to different oncogenes. The same E3 not only combines with one oncogene or tumor suppressor gene but also can interact with multiple oncogenes or tumor suppressor genes at the same time. Directly targeting E3s in anti-drug resistance research may lead to failure.
CONCLUSION
Drug resistance has been a prominent factor negatively affecting clinical treatment. Various E3s target oncogenes or tumor suppressors, affecting the sensitivity of tumor cells to different drug treatments. Strategies that target E3s to combat drug resistance include interfering with E3 activators, degrading E3s and affecting the interaction between E3s and their substrates. Some famous E3s, like MDM2, FBWX7, and SKP2, have been well studied and shown to have value for treating drug resistance. Research on E3s has led to the discovery of possible therapeutic methods to overcome the challenging clinical situation imposed by drug resistance.
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Both long-term anti-estrogen therapy and estrogen receptor-negative breast cancer contribute to drug resistance, causing poor prognosis in breast cancer patients. Breast cancer resistance protein (BCRP) plays an important role in multidrug resistance. Here, we show that cryptotanshinone (CPT), an anti-estrogen compound, inhibited the oligomer formation of BCRP on the cell membrane, thus blocking its efflux function. The inhibitory effect of CPT on BCRP was dependent on the expression level of estrogen receptor α (ERα) in ERα-positive breast cancer cells. Furthermore, ERα-negative breast cancer cells with high expression of BCRP were also sensitive to CPT because CPT was able to bind to BCRP and inhibit its oligomer formation on the cell membrane, suggesting that the high level of BCRP expression is crucial for CPT to reverse drug resistance. The combination of CPT and chemotherapeutic agents displayed enhanced anticancer effects. The results suggest that CPT is a novel BCRP inhibitor via blocking the oligomer formation of BCRP on the cell membrane. CPT is able to inhibit the activity of BCRP in an ERα-dependent and -independent manner, sensitizing breast cancer cells to chemotherapy.

Keywords: cryptotanshinone, breast cancer resistance protein (BCRP or ABCG2), estrogen receptor α, oligomer formation, multidrug resistance


BACKGROUND

Chemotherapy is one of the foremost approaches to treat cancer, but the occurrence of multidrug resistance (MDR) has weakened its clinical efficacy (1). MDR happens frequently in breast cancer, especially in estrogen receptor α-positive (ERα+) breast cancer. After receiving hormone therapy such as tamoxifen, about 70% of patients have recurrence of drug resistance in the late stages (2). Recently, many studies have shown a close relationship between the occurrence of breast cancer MDR and the expression of the ATP-binding cassette (ABC) transporter family, especially P-glycoprotein (P-gp/ABCB1), multidrug-resistance-associated protein 1 (MRP1/ABCC1), and the breast cancer resistance proteins (BCRP/ABCG2) (3, 4).

ABCG2, a member of the human ABC transporter superfamily, was known as BCRP, having “drug pump” function (5). BCRP is structurally similar to P-gp and MRP (1), sharing certain homologous sequences (6). However, it still has its own unique conformation, a nucleotide-binding domain (NBD) at the C-terminus and a hydrophobic transmembrane domain (TMD) at the N-terminus, indicating BCRP as a semi-transporter (7). In general, P-gp and MRP1 that have two NBD and multiple TMD structures are called full transporters (8). Semi-transporters are commonly localized in the cytoplasm, but BCRP is the first reported semi-transporter localized on the cell membrane (9). Studies have demonstrated that BCRP is likely to form homodimers, tetramers, dodecamers, and even larger oligomer structures by intramolecular disulfide linkages, which significantly increase the efficiency of external pumping by increasing the formation of the outer channel cavity (10). Thus, inhibiting BCRP or blocking the efflux of therapeutic drugs has been considered a feasible strategy for eliminating the MDR, which boosts the development of BCRP inhibitors (11).

Cryptotanshinone (CPT) is a natural diterpenoid from the plant Salvia miltiorrhiza. Since CPT was shown to execute its anticancer action by inhibiting signal transducer and activator of transcription 3 (STAT3) dimerization (12), it has received great attention. We have demonstrated that CPT is able to inhibit the mammalian target of rapamycin (mTOR) signaling (13) and activate the mitogen-activated protein kinase (MAPK) pathways (14), leading to cell death. Of interest, CPT, unlike rapamycin and its derivatives, inhibits mTOR signaling via activating the AMP-activated protein kinase (AMPK)–tuberous sclerosis complex 2 (TSC2) axis (15). Most recently, we have observed that the anticancer activity of CPT is related to the status of ERα in breast cancer cells, as MCF7 (ERα-positive) cells are more sensitive to CPT than MDA-MB-231 (ERα-negative) cells (16). Also, MCF-7/ADR, a doxorubicin (DOX)-induced multidrug-resistant cell line, is also sensitive to CPT, and CPT is able to distinctly enhance the inhibitory effect of tamoxifen on MCF-7/ADR (16). MCF-7/ADR cell line is characterized by a high expression of ABC protein family and negative ERα expression induced by DOX to acquire MDR. Therefore, we hypothesized that CPT may target BCRP to reverse the MDR.

In this study, we, for the first time, showed that CPT could inhibit BCRP by interfering with the oligomer formation of BCRP on the cell membrane in both ERα-positive and -negative breast cancer cells. Our results indicate that CPT is a novel inhibitor of BCRP and has great potential to overcome MDR due to high expression of BCRP in both ERα-positive and -negative breast cancer.



MATERIALS AND METHODS


Chemicals and Reagents

CPT [purity 98%, high-performance liquid chromatography (HPLC), Xian Yuxuan Biotechnology Co., Ltd.], RPMI 1640, Dulbecco's Modified Eagle Medium (DMEM), fetal bovine serum (FBS), Opti MEM medium, trypsin-ethylenediamine tetraacetic acid (EDTA), and penicillin/streptomycin were purchased from Gibco (Grand Island, NY, USA). KO143 was obtained from MCE (Newark, NJ, USA). Mitoxantrone (MX) was brought from Meilunbio (Dalian, Liaoning, China). Rhodamine123 was purchased from Sigma-Aldrich (St. Louis, MO, USA). DOX was obtained from Bairui Biotechnology (Nanjing, China). Goat Anti-Rabbit IgG H&L fluorescein isothiocyanate (FITC) was from Abcam (Cambridge, UK). MTS and bovine serum albumin (BSA) were purchased from Biosharp (Hefei, Anhui, China), while radioimmunoprecipitation assay (RIPA) and phenylmethylsulfonyl fluoride (PMSF) were from Dingguo Biotechnology (Beijing, China).



Cell Culture

Human breast cancer cells (MCF-7 and MDA-MB-231) were obtained from American Type Culture Collection (Manassas, VA, USA). MCF-7 cells were cultured in RPMI 1640 with 10% FBS, and MDA-MB-231 cells were cultured in DMEM with 10% FBS. DOX multidrug-resistant cell line MCF-7/ADR cells were purchased from Nanjing BERKE Biology (Nanjing, China). MCF-7/ADR cells were cultured in RPMI 1640 with 10% FBS and 1.25 μg/ml DOX. All cell lines were cultured in a humid incubator (37°C and 5% CO2).



Cell Viability Assay

MCF-7 cells, MDA-MB-231 cells, and MCF-7/ADR cells were seeded in a 96-well plate at a density of 1 × 104/well. After treating with agents, one solution reagent (MTS, 1:10 dilution in serum-free medium, Promega) was added and incubated at 37°C for 4 h. Finally, the cell viability was evaluated through measuring the optical density (OD) at 490 nm using the BioTek Synergy2 microplate reader (BioTek Instruments, VT, USA).



High-Performance Liquid Chromatography Analysis

Cell lysates were prepared in the extraction buffer [containing methanol:water (1:1, v/v)] in the cold room for 15 min, followed by scraping and centrifuging at 17,000 g for 10 min. The concentration of CPT in the lysates was measured using HPLC (Waters E2695). Samples were injected into a 4.6 mm × 250 mm Stable Bond column (ZORBAX Eclipse Plus C18; Agilent, CA, USA). The chromatography was run starting with 45% solution A (methanol) and 55% solution B (H2O), and the volume of solution A was raised to 50%, 90%, and 100% at 10, 30, and 35 min, respectively. Finally, 45% solution A was used at 45 min and until the end of the assay. Data were collected and analyzed by Analyst Software (AB Sciex).



Molecular Docking Assay

The three-dimensional structures of CPT and MX were obtained from PubChem Compound database (https://www.ncbi.nlm.nih.gov/pccompound/). Meanwhile, the structure of BCRP/ABCG2 [Protein Data Bank (PDB) ID: 6FFC with resolution of 3.56 Å] was retrieved from the Research Collaborator for Structural Bioinformatics PDB (Anonymous, www.rcsb.org). The molecular docking between the two compounds and BCRP/ABCG2 was evaluated by Discovery Studio (DS) 3.5 using the CDOCKER Protocol under the protein–ligand interaction section after preparing the protein and ligands. The poses were scored by CDOCKER interaction energy, and the binding sites were also shown.



Plasmids and Transient Transfection

The ERα shRNA (sense: 5′-GATCCCGCTACTGTTTGCTCCTAACCTCGAGGTTAGGAGCAAACAGTAGCTTTTTGGAT-3′; Antisense: 3′-AGCTATCCAAAAAGCTACTGTTTGCTCCTAACCTCGAGGTTAGGAGCAAACAGTAGCGG-5′) (16) was synthesized by Genechem (Shanghai, China). MCF-7 cells were planted in six-well plates at a density of 3 × 105 cells/well. The ERα shRNA plasmid (888 ng/μl) was diluted in Opti-MEM (100 μl) and then mixed with Lipofectamine 2000 reagent (Life Technologies, NY, USA). After 6-h transfection, culture medium was changed to normal medium and sequentially incubated in 37°C for 16 h. The Con-shRNA (535 ng/μl) was used as a negative control.



Mitoxantrone/Rhodamine 123/Doxorubicin/Topotecan Efflux Experiment

The MX/rhodamine 123 (Rh123)/DOX/topotecan (TOPO) efflux experiment was performed as described (17). Briefly, breast cancer cells (3 × 105 cells per well) were seeded in six-well plates and incubated overnight. At about 80% confluence, the cells were with CPT for 8 h. Then, the cells were collected by centrifugation in 2-ml tubes, and each tube was added with 1 ml of serum-free medium to homogenize the cells. All the cells except the blank group were added with the corresponding compounds and incubated in the dark under 37°C for 30 min (the MX-positive group was treated with KO143 10 μmol/L for 15 min in advance). Next, all cells were centrifuged (1,500 rpm, 4°C, 5 min), and the supernatants were discarded. The cells were washed with pre-cooled PBS twice. Finally, the cells were resuspended in 400 μl pre-cooled PBS. The fluorescence accumulation of MX/Rh123/DOX/TOPO is detected with a BD Accuri C6 Flow Cytometer (Becton, Dickinson and Company, NY, USA). The detection channel was FL-4/FL-1/FL-2. The wavelength of Ex/Em for MX/Rh123/DOX/TOPO is, respectively, 488/660 nm, 488/525 nm, 488/575 nm, and 488/525 nm.



Non-Reducing Gradient Gel Electrophoresis

The non-reducing gradient gel electrophoresis was performed as described (18). Membrane and cytoplasmic proteins were extracted as described in Extraction of Cell Membrane and Cytoplasmic Proteins. The protein samples were denatured with a loading buffer containing no reducing agents such as dithiothreitol (DTT) or 2-mercaptoethanol (2-ME). Samples were boiled at 100°C for 15 min. The remaining steps were essentially identical to those in Western blotting. When detecting the BCRP polymer, membrane proteins were separated by 6% Tris-glycine sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and a multicolor broad range protein ladder ranging from 10 to 260 kDa (Thermo Scientific, Waltham, MA, USA) was used.



Fluorescence Resonance Energy Transfer Microscopy Imaging

The fluorescence resonance energy transfer (FRET) was performed as described (19). The pCFP-ABCG2 and pYFP-ABCG2 plasmids were generously provided by Jun Wang (Shanghai Institute of Materia Medica, Chinese Academy of Sciences, Shanghai, China). Cells were seeded in a 35-mm confocal culture dish, and when the cell confluence reached 70%, the plasmid transfection was performed following the protocol provided by the manufacturer (Invitrogen, NY, USA). Plasmid pCFP-ABCG2 (191.3 ng/μl), pYFP-ABCG2 (399.3 ng/μl), and 3 μl Lipofectamine 2000 reagent (Life Technologies, NY, USA) were, respectively, mixed with 50 μl Opti-MEM medium. After incubating for 5 min at room temperature, the above two mixtures were lightly mixed and cultured for 10 min at room temperature. Finally, the 100 μl mixture was added dropwise to 1 ml serum-free medium, and 100 μl FBS was added 6 h later. After incubation for 16 h at 37°C, CPT was added. Finally, the living cell FRET images were collected under an inverted fluorescence microscope (Leica Microsystems, Solms, Germany) and analyzed by ImageJ software.



Immunofluorescence Staining

Cells were plated on glass coverslips in six-well plates and then treated with corresponding compounds. The cell membrane was stained with 10 μmol/L DiI (Beyotime Biotechnology, Shanghai, China) for 10 min at 37°C. Then, cells were fixed in 4% paraformaldehyde for 20 min and blocked in BSA (1% BSA dissolved in PBS). The cells were incubated with the corresponding primary antibody (1:100 dilution) overnight at 4°C, followed by incubation with goat anti-rabbit IgG H&L FITC (1:1,000 dilution) for 2 h and Hoechst nuclear dye for 10 min in the dark. The images were obtained from a laser scanning confocal microscope (Leica TCS SP5 X, Solms, Germany).



Extraction of Cell Membrane and Cytoplasmic Proteins

Cell membrane protein and cytoplasmic protein were extracted according to the protocol provided by the manufacturer (Beyotime Biotechnology, Shanghai, China). In brief, cells were seeded into 150-mm culture dishes (Lab services, Waltham, MA, USA) and treated with compounds when the cell coverage area reached about 80%. After treatment for 8 h, the cells were washed once with ice PBS and were then collected with a scraper, followed by centrifuging (4°C, 600 g, 5 min). The supernatants were discarded, and the cells were resuspended in reagent A containing PMSF (1:100 dilution) and incubated in an ice bath for 10–15 min. Then, the cells were treated with liquid nitrogen, freezing and thawing twice, and centrifuged (4°C, 700 g, 10 min). The supernatants were collected and centrifuged (4°C, 14,000 g, 30 min) to precipitate cell membrane fragments. The supernatants contained cytoplasmic protein. The pellets were resuspended in reagent B and vortexed for 5 s and incubated in an ice bath for 5–10 min. After centrifugation (4°C, 14,000 g, 5 min), the supernatants contained cell membrane protein, which were stored at −80°C.



Western Blotting Analysis

Western blot was performed and analyzed as described (15). The primary antibodies were used as follows: ERα, BCRP/ABCG2, MDR1/ABCB1 (Cell Signaling Technology, Danvers, MA, USA), and glyceraldehyde 3-phosphate dehydrogenase (GAPDH; Bioworld Technology, MN, USA). ABCC1 (Affinity, MA, USA) HRP-Goat Anti-rabbit IgG (H+L) was purchased from Bioworld Technology Company.



RNA Isolation and Real-Time PCR

Total RNA was extracted from MCF-7 or MDA-MB-231 cells with TRIzol (Vazyme, Nanjing, China) according to the manufacturer's guidelines and reversely transcribed to cDNA by HiScript® II Reverse Transcriptase (Vazyme, Nanjing, China). Real-time PCR was executed of the ChamQTM SYBR® qPCR Master Mix (Vazyme, Nanjing, China) using Applied Biosystems 7500 Real-Time PCR Systems (Thermo Scientific, Waltham, MA, USA). GAPDH served as a reference control, and mRNA levels were expressed as fold changes after normalizing to GAPDH. The primers (Sangon Biotech, Shanghai, China) used are listed in Supplementary Table 1.



Statistical Analysis

The results were determined using Student's t-test (two-group comparison) and ANOVA test by GraphPad Prism 5.0 software. P < 0.05 was considered statistically significant.




RESULTS


Intracellular Accumulation of Cryptotanshinone Is Possibly Related to Breast Cancer Resistance Protein

In order to understand why MCF-7 and MDA-MB-231 cells show different sensitivity to CPT except the status of the ERα, we first detected the intracellular and extracellular CPT levels in the two cell lines by HPLC. As shown in Figure 1A, treatment with CPT dose-dependently increased the intracellular and extracellular levels of CPT robustly and evenly in MCF-7 cells, but not in MDA-MB-231 cells. Of note, the increase in the intracellular CPT level was greatly less than that of the extracellular CPT level in MDA-MB-231 cells. This difference was significant when MDA-MB-231 cells were treated with CPT at 10 or 20 μmol/L (Figure 1B). The result suggests that there is a certain transporter that regulates the intake and pumping process of CPT in the cells. The most studied transporter proteins are ATP-binding transporters, such as P-gp, MRP1, and BCRP (5). We analyzed the expression of these three transporters in many cell lines from multi human tissues with the Human Protein Atlas Database. The results indicated that BCRP/ABCG2 was highly expressed in MCF-7 cells (Figure 1C), whereas P-gp/ABCB1 was almost not expressed and MRP1/ABCC1 was lowly expressed in the cells (Figures 1D,E). Accordingly, we speculated that BCRP may play an important regulatory role in transporting CPT across the membrane.
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FIGURE 1. Intracellular accumulation of cryptotanshinone (CPT) in MCF-7 cells is possibly related to breast cancer resistance protein (BCRP). (A) The indicated breast cancer cells were treated with CPT (5, 10, 20 μmol/L) for 8 h. Then, the medium was collected, and the intracellular and extracellular CPT concentrations (μmol/L) were detected by high-performance liquid chromatography (HPLC). The data are presented as mean ± SD (n = 3). (B) Statistical analysis of the ratio of intracellular CPT/extracellular CPT × 100%, n = 3, *P < 0.05, **P < 0.01. (C–E) The expression of ABCB1/ABCC1/ABCG2 mRNA levels in different cells based on the Human Protein Atlas database analysis.




Cryptotanshinone Inhibits Efflux Function of Breast Cancer Resistance Protein, Depending on the Expression Level of Estrogen Receptor α in Cells

The close relationship between CPT and BCRP led us to further explore the specific regulation of CPT on BCRP. Firstly, CPT had no significant effect on the total protein expression of BCRP in both MCF-7 and MDA-MB-231 cells (Figures 2A,B). In addition, CPT did not significantly affect ABCG2 mRNA levels in MCF-7 and MDA-MB-231 cells by q-PCR (Figures 2C,D; Supplementary Table 1). Considering that the most important ability of BCRP is to transport substrates, next we examined whether CPT influences the function of BCRP. For this, we evaluated the efflux function of BCRP through the MX efflux experiment (20). Compared with the positive control Ko143, a selective BCRP inhibitor, the fluorescence peak of CPT-treated group in MCF-7 cells was also significantly shifted to the right (Figures 2E,F). The increased fluorescence abundance of intracellular MX indicated that the efflux function of BCRP was inhibited. However, this effect was not observed in MDA-MB-231 cells (Figures 2G,H). So we wondered if the difference between the two cells might be related to the expression of ERα. To this end, the expression of ERα was silenced in MCF-7 cells, followed by treatment with CPT for 8 h (Figure 2I). Interestingly, knockdown of ERα partially decreased the accumulation of MX induced by CPT treatment (Figures 2J,K). These results indicate that CPT does not affect the cellular protein and mRNA levels of BCRP/ABCG2 but is able to inhibit the efflux function of BCRP in MCF-7 cells, and this effect is closely relevant with the presence of ERα.
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FIGURE 2. Cryptotanshinone (CPT) inhibits the efflux function of breast cancer resistance protein (BCRP) in MCF-7 cells. Western blot analysis of the protein levels of BCRP in MCF-7 (A) and MDA-MB-231 cells (B) treated with CPT for 8 h. Q-PCR analysis of the mRNA levels of BCRP in MCF-7 (C) and MDA-MB-231 cells (D) treated with CPT for 8 h. The mitoxantrone (MX) fluorescence accumulation was detected in MCF-7 (E) and MDA-MB-231 cells (G) treated with CPT for 8 h by flow cytometry. The fluorescence intensity represents the activity of BCRP efflux. The quantitated results are shown in panels (F,H), respectively, vs. negative control (NC), n = 3, *P < 0.05, **P < 0.01. (I) MCF-7 cells with shCON or with shERα were, respectively, treated with or without CPT (20 μmol/L) for 8 h and then (J) analyzed for MX fluorescence accumulation by flow cytometry. The quantitated results are shown in (K), n = 3, *P < 0.05.




Cryptotanshinone Reduces the Level of Breast Cancer Resistance Protein on the Cell Membrane

BCRP is a semi-transporter on the cell membrane and functions as an oligomer (21). Next, we examined whether CPT affected the level and oligomerization of BCRP on the cell membrane. Our fractionation experiment showed that CPT treatment significantly reduced the level of BCRP on the cell membrane rather than in the cytoplasm in MCF-7 cells (Figures 3A,B). However, CPT treatment had no effect on the level of BCRP on the cell membrane or in the cytoplasm of MDA-MB-231 cells (Figures 3C,D). The results indicated an inhibitory effect of CPT on the function of BCRP in ER-positive breast cancer cells. This was further verified by our laser confocal scanning microscope (LCSM) experiment. As seen in Figure 3E, when MCF-7 cells were treated with high concentrations of CPT (10 and 20 μmol/L), the enrichment of FITC-BCRP on the cell membrane dyed with Dil was obviously inhibited. But this phenomenon was not observed in MDA-MB-231 cells (Figure 3F). Additionally, we confirmed the role of ERα during this process again. Compared with membrane BCRP expression in shCON MCF-7 cells, CPT inhibition of BCRP was partially enriched in ERα-silenced MCF-7 cells (Figure 3G). Cytoplasm BCRP had no significant change (Figure 3H). Collectively, our observations support the notion that CPT inhibits the efflux function of BCRP through reducing its expression on breast cancer cell membrane, which is dependent on the presence of ERα in the cells.
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FIGURE 3. Cryptotanshinone (CPT) reduces the expression and localization of breast cancer resistance protein (BCRP) on the cell membrane of MCF-7 cells. Western blot analysis of BCRP in the cell membrane and cytoplasm of MCF-7 (A,B) and MDA-MB-231 cells (C,D) treated with CPT for 8 h vs. negative control (NC), n = 3, **P < 0.01, ***P < 0.001. Immunofluorescence staining for BCRP in MCF-7 (E) and MDA-MB-231 cells (F) treated with CPT for 8 h. Cell membrane was labeled with DiI. Scale bar, 25 μm. (G,H) MCF-7 cells with shCON or with shERα, were, respectively, treated with or without CPT (20 μmol/L) for 8 h, and then cell membrane protein and cytoplasmic protein were extracted to analyze the levels of BCRP. n = 3, *P < 0.05.




Cryptotanshinone Inhibits the Oligomer Formation of Breast Cancer Resistance Protein on the Cell Membrane

Next, we evaluated the effect of CPT on the oligomerization of BCRP using the assay of non-reducing gradient gel electrophoresis. As shown in Figure 4A, BCRP on the membrane of MCF-7 was primarily in the form of dimers and oligomers (molecular weight over 140 kDa). Oligomer formation was significantly inhibited by treatment with CPT (10 and 20 μmol/L). BCRP was also detected in the cytoplasm of MCF-7 cells, but its main form is a non-functional monomer with a molecular weight of 70 kDa (Figure 4B). Besides, after transfection, pCFP-ABCG2 and pYFP-ABCG2 were successfully expressed on the cell membrane of MCF-7 or MDA-MB-231 cells (Figure 4C). Our FRET assay revealed that CPT inhibited the BCRP oligomer formation on the cell membrane (Figure 4D), which was consistent with the observation from the non-reducing electrophoresis. CPT was able to interfere with BCRP oligomer formation in MCF-7 cells (Figures 4E,F), but not in MDA-MB-231 cells (Figures 4G,H). These data indicate that CPT inhibits the oligomer formation of BCRP on the cell membrane, thus impeding its efflux function.
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FIGURE 4. Cryptotanshinone (CPT) inhibits breast cancer resistance protein (BCRP) oligomer formation in MCF-7 cells. (A,B) MCF-7 cells were treated with or without CPT (20 μmol/L) for 8 h. The membrane protein or cytoplasmic protein was extracted to detect the oligomer formation of BCRP under a non-reducing condition. (C) MCF-7 cells were transfected with pCFP-ABCG2 and pYFP-ABCG2 plasmids, respectively, for 24 h. The expression of BCRP on the cell membrane was observed under a microscope (200 × and 400 × magnification). (D) Schematic diagram of fluorescence resonance energy transfer (FRET) experiment; pCFP and pYFP are the donor and acceptor of fluorescence energy, respectively. When their distance reached within 10 nm, the FRET phenomenon would happen. FRET was applied to analyze the oligomer formation of BCRP in MCF-7 cells (E,G) and MDA-MB-231 cells (F,H) treated with CPT in the state of living cells. Images are shown as 16 colors map, and the color represents the degree of FRET efficiency. The quantitated data of FRET are vs. control, n = 10, *P < 0.05, ***P < 0.001.




Cryptotanshinone Inhibits Breast Cancer Resistance Protein in Doxorubicin-Resistant Breast Cancer Cells Independent of Estrogen Receptor α

It has been noticed that DOX-resistant breast cancer cells MCF-7/ADR are sensitive to CPT (16). As indicated in Figure 5A, a high level of BCRP expression was detected in MCF-7/ADR cells, but very little in MDA-MB-231 cells. Next, we explored whether the cytotoxic effect of CPT on MCF-7/ADR cells is also dependent on inhibition of BCRP. Firstly, HPLC analysis showed that the concentration of intracellular CPT was nearly equivalent to that of extracellular CPT in MCF-7/ADR cells (Figure 5B). This result suggests that the transporters are involved in the inhibition of MCF-7/ADR cell proliferation by CPT. Despite the high expression of P-gp and MRP1 in MCF-7/ADR cells, CPT did not apparently alter the protein levels of P-gp and MRP1 either on the cell membrane or in the cytoplasm, as detected by Western blotting (Supplementary Figures 1A–D). In line with this, the flow cytometric assay indicated that CPT did not affect the efflux functions of P-gp and MRP1 (Supplementary Figures 1E–G). So, after excluding P-gp and MRP1 proteins, we focused on BCRP. Further experiments showed that CPT had no significant effect on the total cellular protein expression of BCRP in MCF-7/ADR cells (Figure 5C) but strongly inhibited the membrane protein expression of BCRP even at a low concentration (5 μmol/L) (Figure 5D). CPT treatment increased the BCRP content in the cytoplasm to some extent (Figure 5E). Similarly, the flow cytometry results showed that CPT inhibited the efflux function of BCRP in MCF-7/ADR cells, especially at a high concentration (20 μmol/L) (Figures 5F,G). FRET experiments also demonstrated that CPT inhibited the oligomer formation of BCRP in MCF-7/ADR cells (Figures 5H,I). It is worth noting that MCF-7/ADR cells have undergone many changes in morphology, characteristics, and functions compared with parental MCF-7 cells, especially MCF-7/ADR cells are ERα-negative. This suggests that CPT is also able to inhibit the function of BCRP in ERα-negative cells with high expression of BCRP.
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FIGURE 5. Cryptotanshinone (CPT) inhibits membrane expression and function of breast cancer resistance protein (BCRP) in MCF-7/ADR cells. (A) Western blot analysis of BCRP in different breast cancer cells. n = 3, **P < 0.01. (B) High-performance liquid chromatography (HPLC) analysis of the intracellular and extracellular concentrations (μmol/L) of CPT in MCF-7/ADR cells treated with CPT for 8 h. The data are presented as mean ± SD. Western blot analysis of the BCRP total protein (C), membrane protein (D), cytoplasm protein (E) expression in MCF-7/ADR cells treated with CPT for 8 h. (F) Mitoxantrone (MX) fluorescence accumulation was detected by flow cytometry in MCF-7/ADR cells treated with CPT for 8 h, and (G) the quantitated data were vs. control, n = 3, **P < 0.01. (H) Fluorescence resonance energy transfer (FRET) analysis of the oligomer formation of BCRP in MCF-7/ADR cells treated with CPT in the state of living cells. Images are shown as 16 colors map, and the color represents the degree of FRET efficiency. (I) The quantitated data were vs. control, n = 10, **P < 0.01, ***P < 0.001. (J) Schematic diagram of BCRP structure; TM1, TM2, TM3 are substrate-binding regions. (K) The molecular docking analysis about the sites of CPT docking with BCRP and their interaction energy. (L) The 3D structure of CPT docking with BCRP substrate-binding pocket, and three stable conformations and binding sites are listed. (M) The whole process of BCRP transporting substrates.


BCRP consists of an NBD and a TMD (7), as well as substrate-binding regions TM1-3 (Figure 5J). To further determine whether CPT can be recognized by BCRP and extracellularly pumped out, molecular docking was used to dock MX, a substrate of BCRP, with the 3D structure of BCRP (Supplementary Figures 2A,B). After confirming the drug-binding pocket, the 3D structure of CPT was embedded for docking (Figures 5K,L). As shown in Figure 5K and Supplementary Figure 2A, through the intermolecular force comparison and calculation, the common binding sites were found to be VAL401, PHE439, LEU405, PHE432, and PHE439. The results indicated that CPT can be recognized by BCRP and pumped out of cells. The whole transport simulation process is shown in Figure 5M. When the substrate is bound into the cavity 1, the conformation of the protein changes with the transition from inward open to outward open. NDB combines with ATP hydrolysis to provide energy for conformational changes in the protein, while the substrate is transferred into the cavity 2, which has a relatively weak binding force, and the drug can finally be pumped out. Taken together, CPT can bind to BCRP and inhibit its efflux function, leading to an accumulation of CPT in MCF-7 cells.



Cryptotanshinone Enhances the Sensitivity of Cancer Cells to Chemotherapeutic Drugs

Based on the above results, we reasoned that CPT may be synergistic with BCRP efflux anticancer drugs. To test this, we selected two of the most classic BCRP efflux drugs, MX and TOPO (22). At first, we screened the concentration of CPT and the positive control drug Ko143. Then, we carried out a 72-h co-incubation experiment at a concentration of 1 μmol/L, which had no significant effect on the proliferation of MCF-7/ADR cells (Figures 6A,B). Compared with the single treatment with MX (Figure 6C) or TOPO (Figure 6D), the co-treatment with CPT significantly attenuated drug resistance at higher doses (MX 10 μmol/L, TOPO 0.5 μmol/L), and the inhibition rate of proliferation was under 50%, close to the co-treatment with Ko143 (Figures 6E,F). And the IC50 of CPT with MX is about 26 times of that of MX alone; CPT with TOPO is about 16 times of that of TOPO treatment alone. Meanwhile, subsequent flow cytometry showed that when MCF-7/ADR cells were co-treated with CPT and MX, the accumulation of MX increased in the cells, i.e., the functional inhibition of BCRP by CPT made the drug efflux reduced (Figures 6G,H). Similar results were observed in the co-treatment with CPT and TOPO (Figures 6I,J). The findings indicate that CPT is able to enhance the sensitivity of cancer cells to chemotherapeutic agents that can be pumped out by BCRP, reversing the MDR.
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FIGURE 6. Cryptotanshinone (CPT) synergizes with breast cancer resistance protein (BCRP) efflux anticancer drugs in cancer cells. MCF-7/ADR cells were, respectively, treated with CPT (A) or Ko143 (B) for 72 h to screen the highest concentration that does not significantly affect cell proliferation. MCF-7/ADR cells were treated with mitoxantrone (MX) (C) and topotecan (TOPO) (D) for 72 h to test cell viability. (E) Cell proliferation of MCF-7/ADR cells treated with MX and Ko143 1 μmol/L + MX and CPT-1 μmol/L + MX for 72 h. (F) Cell proliferation of MCF-7/ADR cells treated with TOPO and Ko143 1 μmol/L + TOPO and CPT 1 μmol/L + TOPO for 72 h. MX (G) and TOPO (H) fluorescence accumulation was detected by flow cytometry in MCF-7/ADR cells, respectively, treated with CPT + MX or CPT + TOPO for 8 h, and the fluorescence intensity reflects the relative content of intracellular drugs. (I) Comparison of intracellular MX content in CPT + MX group and MX alone group in MCF-7/ADR cells for 8 h. Results were vs. MX alone, respectively, n = 3, **P < 0.01, ***P < 0.001. (J) Comparison of intracellular TOPO content in CPT + TOPO group and TOPO alone group in MCF-7/ADR cells for 8 h. Results were vs. TOPO alone, respectively, n = 3, **P < 0.01, ***P < 0.001.





DISCUSSION

The role of ERα in breast cancer is well-understood. ER expression is a critical factor for hormonal therapy and also considered as a prognostic marker. Overall, about 75% of breast cancer patients are ER-positive and treated with anti-estrogen drugs, such as the selective estrogen receptor modulator tamoxifen. However, a part of ERα-positive breast cancers can become resistant to hormone therapy partly due to loss of ERα expression, so a majority of these patients may suffer a relapse in 5 years (23). Furthermore, many researchers have also found that some chemotherapeutic agents may be less effective in ERα-positive breast cancer patients than ERα-negative ones (24). These bidirectional results imply the complex role of ERα in the resistant breast cancer.

Generally, breast cancer may develop MDR. Several factors including ABC transporters (5), mutations of targeted oncogenes, survived cancer stem cells (CSCs) (25), and activated cell growth factors are possibly involved in MDR. Especially BCRP, one type of the ABC transporters is an important factor controlling the breast cancer MDR. Indeed, the relationship between ERα and BCRP expression has been investigated (26). The estrogen response element (ERE) and progesterone response element (PRE) exist in the promoter region of BCRP (27). The excessive transcriptional expression of this type of response element may play a major role in the development of breast cancer MDR (11). The MDR is a multi-factor, multi-way, multi-stage, and comprehensive process (28). This study focused on BCRP primarily and expected to look for new applications of CPT to reverse breast cancer MDR.

In the previous research, we have proven that CPT is not a selective estrogen receptor inhibitor, though it can bind ERα and produce tamoxifen-like effects on cancers (16). More importantly, CPT inhibits DOX-resistant MCF-7/ADR cells, although it can activate MAPK and AKT, suggesting that CPT's overcoming the resistance is not through suppressing the activation of MAPK (29) and AKT (30) but by targeting other factors. So we studied if BCRP is the key molecule targeted by CPT. At present, numerous BCRP inhibitors including highly selective inhibitors and non-selective inhibitors have been identified, and some highly selective inhibitors should be prospectively applied in the clinic for reversing the MDR (31). However, the molecular mechanism of BCRP inhibition is complex. Some compounds inhibit BCRP through inhibiting its ATPase activity, such as FTC, Ko134, and Ko143, while others as BCRP substrates can bind to BCRP and competitively suppress the transport function of BCRP (9, 31). In this study, we found that CPT was able to interfere with the oligomer formation of BCRP on the cell membrane, thereby impeding its efflux function. On the one hand, in ERα-positive MCF-7 cells, inhibition of BCRP oligomer formation was dependent on the status of ERα, as downregulation of ERα attenuated CPT-induced accumulation of MX in the cells. How ERα mediates this process is unclear. On the other hand, in the ERα-negative MCF-7/ADR cells with a high expression of BCRP, the expression and oligomer formation of BCRP on the cell membrane were both inhibited by CPT. However, in the ERα-negative MDA-MB-231 cells with low expression of BCRP, CPT did not affect cell proliferation. These data suggest that CPT reversing resistance of breast cancer is dependent on the expression level of BCRP: the higher expression of BCRP, the stronger inhibitory effect of CPT on breast cancer cells. Although CPT is an anti-estrogen compound, it can directly bind BCRP and block its efflux function. It has been observed that breast cancer cells can switch between ERα and ErbB signaling to induce resistance, and combined inhibition of the two pathways can postpone the development of resistance (32). From MCF-7 to MCF-7/ADR, ERα is nearly undetectable but BCRP is overexpressed. Together, these observations suggest that there are two modes of CPT inhibition of BCRP: ERα-dependent and ERα-independent. CPT switches the targets between ERα and BCRP to attenuate MDR.

Increasing evidence indicates that a drug designed for individual molecular target is generally hard to conquer multigenic diseases such as cancer, diabetes, hypertension, and neural diseases (33, 34). So combined drugs that simultaneously affect multiple targets are more beneficial to control complex disease and reverse drug resistance. If a compound could target multiple proteins under various cell circumstances, the occurrence of resistance would also be decreased to minimal extent. We believed that CPT is a multi-target compound, since it has been shown to target a number of molecules such as STAT3 (12), AMPK (15), MAPK (14), ER (16), and nuclear factor erythroid-2 related factor 2 (NRF2) (35). Though different action mechanisms have been proposed for CPT, our findings indicate that ER and BCRP can be structurally bound with CPT. Figure 7 illustrates the molecular process of CPT inhibition of BCRP in an ERα-dependent and -independent manner.
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FIGURE 7. The molecular mechanistic diagram of cryptotanshinone (CPT) reversing the multidrug resistance.


At present, designing the multi-target molecules based on the systems biology, structural biology, and chemical informatics has become an optimal way to develop a new drug (34). CPT as a multi-target compound is a potential candidate drug, particularly considering its selective inhibition of BCRP in ERα-negative breast cancer. Our observation that CPT is synergistic with anticancer drugs further highlights the great potential in clinical applications. Although the inhibitory activity of CPT is not dominant compared to some current BCRP inhibitors, CPT, as a lead natural compound, after appropriate optimization of the structure, may be developed into a highly effective and low-toxicity BCRP-specific inhibitor to serve clinical therapy.



CONCLUSIONS

CPT is a novel natural BCRP inhibitor. It directly binds to BCRP and interferes with the oligomer formation of BCRP on the cell membrane, thereby blocking the efflux function of BCRP. In the ERα-positive cells, the inhibitory effect of CPT on BCRP is dependent on the expression level of BCRP. However, in the ERα-negative DOX-resistant breast cancer cells highly expressing BCRP, CPT can directly inhibit BCRP efflux function. So, CPT inhibits BCRP in an ERα-dependent and -independent manner. Our findings suggest that CPT has great potential to be explored for treatment of breast cancer with a high expression of BCRP regardless of the status of ERα.
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Supplementary Figure 1. Effect of CPT on P-gp and MRP1 protein expression and efflux function in MCF-7/ADR cells. Western blot analysis of P-gp and MRP1 cell membrane protein expression (A) and cytoplasmic protein expression (C) in MCF-7/ADR cells treated with CPT for 8 h, and the corresponding semi-quantitation analyses are shown in (B,D). RH123 (E) and DOX (F) fluorescence accumulation in MCF-7/ADR cells treated with CPT for 8 h was, respectively, detected by flow cytometry, and the fluorescence intensity represents the activity of P-gp and DOX efflux. RH123 and DOX were, respectively, the substrates of P-gp and MRP1. (G) The quantitated data of (E) and (F).

Supplementary Figure 2. The situation of mitoxantrone binding to BCRP. (A,B) The 3D structure of BCRP-specific substrate mitoxantrone (MX) is docked with BCRP to find substrate binding pocket, and three stable conformations, binding sites, and interaction energy are listed.

Supplementary Figure 3. (A) The chemical structure of cryptotanshinone. (B) The HPLC chemoprofile of cryptotanshinone.

Supplementary Table 1. Primers used for determination of ABCG2 mRNA expression levels in MCF-7 cells and MDA-MB-231 cells.
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CPT, cryptotanshinone; BCRP, breast cancer resistance protein; ERα, estrogen receptor α; MDR, multidrug resistance; ABC, ATP-binding cassette; MRP1, multidrug resistance-associated protein; NBD, nucleotide-binding domain; TMD, transmembrane domain; MX, mitoxantrone; DOX, doxorubicin; TOPO, topotecan; FRET, fluorescence resonance energy transfer; STAT3, signal transducer and activator of transcription 3; AMPK, AMP-activated protein kinase; MAPK, mitogen-activated protein kinase; NRF2, nuclear factor erythroid-2 related factor 2.
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Background: Platinum resistance poses a significant problem for oncology clinicians. As a result, the role of epigenetics and DNA methylation in platinum-based chemoresistance has gained increasing attention from researchers in recent years. A systematic investigation of aberrant methylation patterns related to platinum resistance across various cancer types is urgently needed.
Methods: We analyzed the platinum chemotherapy response-related methylation patterns from different perspectives of 618 patients across 13 cancer types and integrated transcriptional and clinical data. Spearman’s test was used to evaluate the correlation between methylation and gene expression. Cox analysis, the Kaplan-Meier method, and log-rank tests were performed to identify potential risk biomarkers based on differentially methylated positions (DMPs) and compare survival based on DMP values. Support vector machines and receiver operating characteristic curves were used to identify the platinum-response predictive DMPs.
Results: A total of 3,703 DMPs (p value < 0.001 and absolute delta beta >0.10) were identified, and the DMP numbers of each cancer type varied. A total of 39.83% of DMPs were hypermethylated and 60.17% were hypomethylated in platinum-resistant patients. Among them, 405 DMPs (Benjamini and Hochberg adjusted p value < 0.05) were found to be associated with prognosis in tumor patients treated with platinum-based regimens, and 664 DMPs displayed the potential to predict platinum chemotherapy response. In addition, we defined six DNA DMPs consisting of four gene members (mesothelin, protein kinase cAMP-dependent type II regulatory subunit beta, msh homeobox 1, and par-6 family cell polarity regulator alpha) that may have favorable prognostic and predictive values for platinum chemotherapy.
Conclusion: The methylation-transcription axis exists and participates in the complex biological mechanism of platinum resistance in various cancers. Six DMPs and four associated genes may have the potential to serve as promising epigenetic biomarkers for platinum-based chemotherapy and guide clinical selection of optimal treatment.
Keywords: methylation, DNA, drug resistance, neoplasm, platinum
INTRODUCTION
Platinum-based chemotherapy has been an indispensable anticancer therapy for nearly every cancer, but especially for urogenital, lung, and gastrointestinal cancers (Verhoeven et al., 2013; Dasari and Tchounwou, 2014; Rossi and Di Maio, 2016). Although the forms of platinum agents vary when it comes to treatment for specific cancer types, their pharmacological mechanisms are concentrated on inducing DNA damage and cell apoptosis (Dasari and Tchounwou, 2014). As a response to this extreme external stimulation, cancer cells will exert their full resources to escape and manage to survive the lethal strike, which induces genomic, epigenetic, and functional disorders and results in a platinum-resistant cellular biological phenotype (Fang et al., 2018a; Yu et al., 2020). This corresponds with clinical evidence that chemotherapy-treated patients tend to gradually develop platinum resistance, which leads to unsatisfactory clinical outcomes and survival (Agarwal and Kaye, 2003; Alcindor and Beauger, 2011; Fennell et al., 2016).
Epigenetics play a critical and profound role in the genesis, malignancy, and drug response of cancer by regulating DNA-based biological processes, such as replication, damage repair, and transcription (Dawson and Kouzarides, 2012; Peng and Zhong, 2015; Liu et al., 2018). DNA methylation was the first described and possibly the most extensive characteristic modification in human genetic materials. Accumulating evidence has shown that changes in DNA methylation have the potential to alter the platinum sensitivity of cancer cells and predict the chemotherapeutic response of patients (Vera et al., 2017; Fang et al., 2018a). Although several functional studies on specific methylation sites associated with chemoresistance have been conducted, there is an urgent need for a systematic investigation of DNA methylation affiliated with patients’ platinum response via large-scale screening (Vera et al., 2017; Fang et al., 2018a; Fang et al., 2018b).
The Cancer Genome Atlas (TCGA) project collected the clinical and molecular characteristics of over 11,000 patients across different cancer types, making it the perfect database for analyzing and integrating pan-cancer methylation features of different platinum responses. Fang et al. and Zhu et al. provided a significant grouping method and detailed list of patients who received platinum-based treatment (Fang et al., 2018b; Zhu et al., 2020). This study aimed to provide a systematic landscape of DNA methylation associated with platinum treatment and its potential clinical applications across 13 TCGA cancer types.
MATERIALS AND METHODS
Data Collection and Processing
Profiles of 450 K beta value matrixes, transcriptional data and corresponding clinical information across 13 TCGA cancer types were downloaded by “TCGAbiolinks” (Colaprico et al., 2016). Filter, normalization, and annotation of methylation probes were all based on the functions of R package “ChAMP” (Tian et al., 2017). All methylation and transcriptional data were projected and annotated with hg19 (GRCH37). As described previously, we selected patients receiving platinum-based therapy and defined patients of “Complete Response” as platinum-sensitive group (CR) and other descriptions including “Clinical Progressive,” “Stable Disease,” and “Partial Response” as platinum-resistant group (PR) (Zhu et al., 2020). The integrated information of 618 patients with grouping information, cancer type, drug name and response can be seen in Figures 1A,B, and Supplementary Table S1.
[image: Figure 1]FIGURE 1 | Clinical information and DNA methylation patterns associated with platinum response. (A) Clinical application of platinum agents in 13 TCGA cancer types. (B) The platinum-sensitive group (CR)/platinum-resistant group (PR) relative proportion of 13 cancer types. (C) Number of differentially methylated regions (DMRs) in each cancer type. (D) Number of differentially methylated positions (DMPs) in each cancer type. (E) Volcano plots of DMPs with annotation of the methylation probe feature. (F) Rainfall and density plots of all DMRs and DMPs.
Different methylated loci on the overall methylation level and the chromosome level were compared among medians by Wilcoxon rank sum test. Differentially methylated regions (DMRs) were identified by the method of “Bumphunter” and minimum cutoff adjusted p value of 0.05 (Jaffe et al., 2012). Differentially methylated positions (DMPs) were defined as p value <0.001 and absolute deltaBeta >0.10. Identification of DMRs and DMPs were implemented by functions in “ChAMP”.
Enrichment Analysis
The bias-free enrichment methods which directly calculate global tests and do gene set enrichment analysis (GSEA) were accomplished by Empirical Bayes gene set enrichment analysis (ebGSEA) method in “ChAMP” package. The results of ebGSEA were evaluated by two main parameters: area under curves (AUCs) from Wilcoxon test and P values detected for each pathway from Wilcoxon test. Gene Ontology (GO) and the Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis based on corresponding genes of DMPs were conducted by R package “clusterProfiler” (Yu et al., 2012). Reactome pathway analyses were carried out by R package “ReactomePA” (Yu and He, 2016).
Identification of Transcriptional-Affected DMPs
The corresponding gene names of DMPs were annotated by hg19 and expressions of DMP-related genes were scaled by transcripts per million (TPM) which may be the optimal form of transcriptional normalization. Correlations between methylation and transcriptional data were measured by the Spearman’s test which is not limited to the distribution of data. Transcriptional-affected DMPs should meet the following criteria: 1.) absolute log Fold Change (logFC) of corresponding gene >1; 2.) correlations between values of DMPs and expressions of corresponding genes must be significantly negative (Rho of Spearman’s test < −0.4, adjusted P (Benjamini & Hochberg, BH) value of Spearman’s test <0.05).
Construction of Prognostic and Predictive Models
Screening prognostic DMPs across different cancer types were based on the results of univariate Cox analysis. Schoenfeld tests were conducted and all the Cox models shown in the main text did not violate the proportional hazard assumption. DMPs with adjusted p value (BH) < 0.05 were defined as overall survival (OS) related prognostic DMPs. Multivariate Cox analysis of all prognostic DMPs were conducted to adjust for the potential covariates of age and gender (Gender is not a covariate in CESC and UCEC). Kaplan-Meier curves grouped by the value of specific prognostic DMPs were estimated and drawn using R package “survival” and “survminer”.
Identification of platinum-response predictive DMPs were supported by support vector machines (SVMs), which is a binary classifier by maximizing the distance between the classes’ closest points. C-classification method was used to predict the types of CR/PR based on the values of each DMP. Data of every cancer type were randomly split into train sets (2/3 of the total number) and test sets (1/3 of the total number) as described in R-project e1071. Accuracy and F1-measure of test sets by one-time split were used to evaluate predictive models constructed by train sets. AUCs of receiver operator characteristics (ROCs) according to the entire set and the leave-one-out-cross-validation (LOOCV) were used to see the robustness of predictive model. The platinum-response predictive DMPs were supposed to meet the following criteria: 1.) Accuracy >0.8; 2.) F1-measure > 0.8; 3.) AUC of the entire set >0.8; 4.) Mean AUC of LOOCV >0.6. SVMs, ROCs contribution and LOOCV were conducted respectively by R package “e1071,” “pROC,” and “cvms” (Robin et al., 2011).
RESULTS
Aberrant DNA Methylation Profiling Patterns Associated With Platinum Chemotherapy Across 13 Human Cancer Types
The platinum agents for chemotherapy and proportions of platinum-sensitive group (CR)/platinum-resistant group (PR) vary according to cancer type, as shown in Figures 1A,B. Cisplatin is the most widely used agent, and oxaliplatin is typically the only choice for gastrointestinal cancers. Carboplatin is used in uterine corpus endometrial carcinoma (UCEC), head-neck squamous cell carcinoma (HNSC), and lung cancers to different extents. There are also a few cases of platinum treatment without specifying agents.
The differences in overall methylation status between the CR and PR groups were observed, and PR groups were found to be in a lower methylation state compared with CR groups in most of tumors, especially in cervical squamous cell carcinoma and endocervical adenocarcinoma (CESC, p < 0.05) (Supplementary Figure S1). From the chromosome perspective, 17 types of different methylated chromosomes (p < 0.05) also focused on the three cancer types including CESC, esophageal carcinoma (ESCA) and bladder urothelial carcinoma (BLCA). These results of the primary analysis indicated that DNA methylation may play a critical role in the platinum response (Supplementary Figure S2).
We screened 62 DMRs and 3,703 DMPs between CR and PR group across 13 TCGA cancer types. The total number of identified DMRs and DMPs vary by cancer type due to the heterogeneity (Figures 1C,D). ESCA had the highest DMR and DMP values, which correspond with the overall and chromosome level results. Stomach adenocarcinoma (STAD) displayed no DMR and lung adenocarcinoma (LUAD) presented the lowest DMP value, which suggests that there is a weak connection between platinum resistance and DNA methylation in these two cancer types. Volcano plots revealed that 60.17% hypomethylated DMPs of 3,703 overall DMPs are more abundant than 39.83% hypermethylated DMPs, which may indicate that activation of specific genes is more powerful for gaining a platinum-resistant phenotype. Nearly half of the DMP features are gene body. The features of the intergenic region (IGR) and transcription start position (TSS) also take up over 10% (Figure 1E). From the genome perspective, the DMPs of all cancer types are distributed across the whole genome while DMRs are scattered among chromosomes according to rainfall plots. Density plots show that both DMPs and DMRs seem to form peaks on several chromosomes, including the sixth, nineteenth, and eleventh chromosomes, which may indicate the universal significance of methylation on specific genomic regions for platinum response (Figure 1F).
Cancer Pathways Affected by Methylation and Correlated With Platinum Resistance
Various mechanisms are involved in platinum resistance, including pre-target, on-target, post-target, and off-target resistances (Galluzzi et al., 2012). In order to identify the methylation changes related to the drug response, we selected 30 typical platinum resistance gene sets in the molecular signatures database (MSigDB) and attempted to list the empirical Bayes Gene Set Enrichment Analysis (ebGSEA) results of the CR/PR groups among the 13 cancer types, aiming to obtain an overall landscape of resistance-related enrichment results regardless of DMRs and DMPs (Figure 2A). This shows that all 13 cancer types have significant platinum resistance enrichment on the DNA methylation level, which presents a promising chance to perform enrichment analysis based on DNA methylation data.
[image: Figure 2]FIGURE 2 | Enrichment results of the methylation profiles correlated with platinum resistance. (A) Empirical Bayes gene set enrichment analysis (ebGSEA) results of 30 platinum response-related gene sets across 13 cancer types. (B–D) Gene Ontology (GO), the Kyoto Encyclopedia of Genes and Genomes (KEGG), and Reactome enrichment results of the hypermethylated DMPs in PR patients. (E–G) GO, KEGG, and Reactome results of the hypomethylated DMPs in PR patients.
Both the hypermethylated and hypomethylated top GO results showed gene sets related to biological axon genesis, morphogenesis, and body development, indicating that some development-related genes may be involved in platinum response (Figures 2B,E). The KEGG results focused on cancer-related enrichment, including pathways in colorectal cancer, melanoma, prostate cancer, and renal cell carcinoma, which suggests that platinum-related phenotypes may be influenced by cancerous genes (Figures 2C,F). The Reactome results revealed hypermethylation of the neuronal system, transmission across chemical synapses, muscle contraction, and hypomethylation of ion channel transport, the Rho GTPase cycle, and death receptor signaling (Figures 2D,G). Generally speaking, pathways including the mitogen-activated protein kinase (MAPK) signaling, inositol phosphate metabolism, and neural genesis-related pathways, appeared more than twice in different enrichment results.
Methylation and Transcription Characteristics of the Platinum Response in DMRs
To further investigate the common characteristics of DMRs, we downloaded the cytoband annotation of hg19 and projected DMRs onto the cytoband of each chromosome. Both q13.12 on the nineteenth chromosome and p22.1 on the sixth chromosome, which are the most frequent cytobands, had 6 DMRs (Supplementary Table S2). For p22.1 on the sixth chromosome, all DMRs were concentrated in the IGR genome region and did not correspond with any specific gene, suggesting that this region may affect the platinum response in a more complicated way rather than via transcription.
For the 6 DMRs on q13.12 of the nineteenth chromosome, the corresponding genes were all focused on the zinc finger protein (ZNF) family. In HNSC, the overall methylation status of PR was higher than that of CR, and the expression of the corresponding ZNF420 gene of PR was lower than that of CR, both of which follow a typical hypermethylation-transcription-repressive model (Figures 3A–C). In ESCA, the hypermethylation of PR and low expression of ZNF493 were more obvious (Figures 3D−F). In rectum adenocarcinoma (READ), the methylation status was the same as in HNSC and ESCA but did not induce significant transcriptional changes (Supplementary Figure S3). In CESC and lung squamous cell carcinoma (LUSC), the methylation value of CR was higher than that of PR, but none of the corresponding ZNF family gene expression levels were significantly different (Supplementary Figure S3). Although ZNF family genes have different methylation and expression patterns in different cancer types, all of the above results indicate the significance of methyl modification of ZNF genes in the platinum response of patients with different cancer types.
[image: Figure 3]FIGURE 3 | Methylation and expression of ZNF family genes in the DMRs of HNSC and ESCA. (A) DMR plot of the methylation status of CR/PR patients with gene feature and CpG islands (CGI) information in head-neck squamous cell carcinoma (HNSC) DMR-8. (B) Heatmap of each DMP beta value and bar plots of the mean beta values in HNSC DMR-8. (C) Expression (TPM) of relevant genes in specific DMRs between the CR/PR groups in HNSC DMR-8. (D–F) DMR plot, heatmap, and gene expression in esophageal carcinoma (ESCA) DMR-8. p values were calculated using the Wilcoxon test.
Regulation of DMPs and Expression Profiles in Platinum-Treated Patients
It is a commonly accepted theory that hypermethylation or hypomethylation of DNA will induce silencing or activation of corresponding gene transcription, especially for CpG islands. We screened all DMPs using the Spearman correlation test criteria described in the Materials and methods and divided them into five different regions based on the delta beta probe values of CR/PR and log fold-change (FC) of corresponding mRNA, including transcriptional changes, DNA methylation changes, homodirectional changes, opposite changes, and subtle changes (Figure 4A). According to the methylation-transcription theory, we focused on the probes and genes with opposite changes.
[image: Figure 4]FIGURE 4 | Identification of the methylation-transcription axis in platinum-treated patients. (A) Methylation and transcription plots of transcription-regulative DMPs and corresponding genes in the CR/PR groups. (B) Top 20 DMPs with negative correlation coefficients in the opposite change fractions. (C–D) Proportion of genes and CpG islands (CGI) features of transcription-affective DMPs.
To better demonstrate the relationship between DMPs and gene expression, we drew a lollipop plot of minus correlation coefficient Rho and P values for the top 20 probes ranked by absolute Rho (Figure 4B). There were 43 DMPs negatively associated with the expression of 28 genes (Supplementary Table S3). The proportions of DMPs in gene bodies, TSS1500, and TSS200 were 39.5, 32.6, and 20.9%, respectively, confirming their indispensable roles in transcription (Figure 4C). Features including islands and shores respectively accounted for 41.9 and 39.5% of the overall CpG islands (CGI) feature, respectively, which emphasizes the significance of the CpG theory (Figure 4D). As seen in Supplementary Table S3, there were 26 hypermethylated transcription-repressive genes and two hypomethylated transcription-activated genes. Hypermethylated deactivated pathways included negative regulation of protein phosphorylation, signaling by Hedgehog, and tight junctions. Hypomethylated activated pathways consisted of DNA damage-related pathways, the cellular response to hydroxyurea pathway, and metabolism-related pathways. These enrichment results share some of the same or similar gene sets as those in Figure 2, including tight junctions, DNA damage-related pathways, and metabolism-related pathways (Supplementary Figure S4), which indicates the significance of epigenetic-functional pathways in platinum resistance. Our data suggest the possibility of significant methylation-transcription connections of the genes in platinum-treated patients with different cancer types.
DMP Patterns Associated With Clinical Prognosis and Platinum Response
Patient survival is one of the most important indications for assessing platinum-based chemotherapy responses. Since it is limited to the number of patients in each cancer type, overall survival (OS) is the most common and easiest available index of patient survival. There were 405 prognostic DMPs that could serve as risk factors and predictors of patient OS in four cancer types after univariate Cox screening (Supplementary Table S4). P values of over 99% (404/405) of the prognostic DMPs were less than 0.10 after adjusting for other potential clinical covariates using multivariate Cox analysis (Supplementary Table S4). HNSC, UCEC, BLCA, and CESC had more than 50 prognostic DMPs, which suggests that DMP values in these four cancer types can more easily play the role of survival-risk factors for OS in platinum-treated patients (Figure 5A).
[image: Figure 5]FIGURE 5 | Prognostic and platinum response-predictive DMP models. (A) Distribution of 405 prognostic DMPs among four cancer types. (B) Distribution of 664 platinum response-predictive DMPs among eight cancer types. (C) Intersection Venn plot of the prognostic, predictive, and transcriptional DMPs. (D–F) Different beta values of cg10398993, and cg00888463 in HNSC as well as cg00486340 in UCEC between the CR and PR groups. p values were calculated using the Wilcoxon test. (G–I) K-M survival plots grouped by the beta values of the three DMPs. p values were directly calculated using log-rank test. (J–L) Receiver operator characteristics (ROC) curves of the three DMPs.
Clinically, selection of treatment mainly depends on how the previous patients responded to various treatments. For chemotherapy patients, there is a strong need for valid biomarkers that can predict and assess the reaction of platinum drugs. SVMs provide an optimal method for identifying DMPs that are able to classify the CR and PR classes. As described previously, we defined response-predictive DMPs as potential biomarkers for classifying platinum response groups with promising accuracy, F1 measure, and the AUCs of ROCs. There were a total of 664 response-predictive DMPs distributed in eight cancer types, including COAD, ESCA, HNSC, LUSC, READ, SKCM, and UCEC (Supplementary Table S5; Figure 5B).
There were 12 potentially transcription-regulative DMPs that impacted the survival of patients treated with platinum-based methods (Figure 5C). Interestingly, there were three identified prognostic risk DMPs that also acted as response-predictive DMPs, including cg10398993, and cg00888463 in HNSC as well as cg00486340 in UCEC (Figure 5C). Coincidentally, they were all hypermethylated in PR patients and therefore followed the hypermethylation-deactivation patterns in platinum-treated samples. The independent P values of the Wilcoxon test were 0.0005, 0.0012, and 0.0014, respectively, which indicated significant differences in methylation (Figures 5D−F). The corresponding genes of these three DMPs were mesothelin (MSLN), protein kinase cAMP-dependent type II regulatory subunit beta (PRKAR2B), and msh homeobox 1 (MSX1), all of which correlated with tumor development, malignancy, and treatment (Yue et al., 2018b; Hilliard, 2018; Sha et al., 2018). Patients with hypermethylated status of these three genes were considered as the high-risk group and had poorer survival than those with hypomethylated status. The log-rank P values were calculated to be 0.031, 0.017, and 0.038, respectively, which showed well-performed prognostic distinctions between platinum-treated groups based on the specific methylation status of these four genes (Figures 5G–I). The AUCs of the ROC curves of the three DMPs were 0.834, 0.809, and 0.825, respectively, and all of the lower values of the 95% confidence intervals (CIs) were far greater than 0.5, which indicates promising predictive functions of the platinum-based chemotherapy response (Figures 5J–L). The mean AUCs of LOOCV of the three DMPs were 0.846, 0.627, and 0.780, respectively, which shows the predictive robustness of these three DMPs (Supplementary Table S5). This analysis emphasizes the potential biological and clinical significance of the methylation of these genes for platinum resistance in cancer.
It is worth mentioning that there were three methylation probes (cg15426734, cg01573194, and cg16794070) of the par-6 family cell polarity regulator alpha (PARD6A) significantly hypermethylated in the HNSC PR groups, which was proven by the p values of 0.0006, 0.0017, and 0.0011, respectively (Figure 6A–C). High-risk patients with hypermethylation showed poorer OS than low-risk patients with hypomethylation. The log-rank p values were 0.0068, 0.00021, and 0.00087, respectively, which revealed significant survival differences between the risk groups based on the values of the three PARD6A probes (Figure 6D–F). Although the three PARD6A probes were not defined as response-predictive DMPs because of their slightly inferior accuracy (0.783) and mean AUCs of LOOCV (0.716, 0.474, and 0.706), the AUCs of these entire sets were all over 0.8, which still indicate potential well-performed response-predictive functions (Figure 6G-I). Thus, our investigation suggests a novel clinical and biological understanding of PARD6A methylation.
[image: Figure 6]FIGURE 6 | Methylation and clinical values of PARD6A in platinum-treated patients with HNSC. (A–C) Different beta values of cg15426734, cg01573194, and cg16794070 between the CR and PR groups in HNSC. p values were calculated using the Wilcoxon test. (D–F) K-M survival plots grouped by the beta values of cg15426734, cg01573194, and cg16794070 in HNSC. p values were directly calculated using log-rank test. (G–I) ROC curves of the three DMPs.
DISCUSSION
Platinum-based chemotherapy resistance has always been an intractable problem for oncology clinicians. TCGA provides a landmark platform for analyzing the epigenomic data related to chemotherapy, and several studies have focused on the role of a specific gene or site in chemoresistance for a specific cancer type (Grasse et al., 2018; Mase et al., 2019; Wang et al., 2019). In recent years, the importance of pharmacological epigenetics has received increasing attention from medical researchers and clinicians. DMRs and DMPs are worthwhile indicators to determine the molecular characteristics (Choudhury et al., 2020; Hernandez-Meza et al., 2020). In this study, we attempted to analyze the methylation profiles at various levels from the overall methylation status to the value of a single probe by integrating 618 platinum-treated patients across 13 TCGA cancer types. We screened 62 DMRs and 3,703 DMPs between CR and PR group, which included 2,232 hypomethylated DMPs and 1,471 hypermethylated DMPs. Enrichment results revealed methylation changes in platinum resistance-related pathways, though 13 cancer type had different outstanding enrichment results. Pathways including metabolism-related pathways, MAPK signaling, and neural genesis-related pathways might be epigenetically significant associated with platinum resistance. MAPK signaling is significant in ovarian patients with progression free survival over 6 months under platinum treatment (Matei et al., 2012). Inhibitors toward MAPK signaling are able to enhance sensitivity to platinum agents in melanoma cells (Makino et al., 2018). The role of MAPK signaling, which is specifically activated in platinum-based therapy, is biologically and clinically significant (Hernandez Losa et al., 2003; Makino et al., 2018). Our results indicate the activation of MAPK signaling under platinum-treatment might be driven by DNA hypomethylation of genes in MAPK pathway.
Corresponding transcriptional changes may be the most widely accepted biological mechanism of platinum response-related DNA methylation. Here, we identified the methylation and transcription characteristics of platinum response in DMRs. Leaving intergenic regions alone, q13.12 of the nineteenth chromosome is the most interesting cytoband and their corresponding genes of ZNF family might have extensive methylation patterns and potential biological significance across various cancer types. Recently, Mishra et al. revealed that methylation of ZNF genes could serve as a molecular clustering basis for pancreatic cancer (Mishra and Guda, 2017). A few analyses have focused on the clinical significance of ZNF genes’ expression on drug resistance (Lee et al., 2013; Marzbany et al., 2019). Several functional studies on the role of mediating chemoresistance point out that ZNF genes may induce chemoresistance via DNA repair and activation of resistance genes’ transcription (Rink et al., 2013; Chen et al., 2018). Our study of DMRs suggests that methylation and expression of ZNF genes may be associated with platinum resistance in multiple cancers.
As for potential transcription-affective abilities of DMPs, we integrated methylation and transcription profiles and identified the typical genes/probes following widely known opposite directional patterns. We identified 26 hypermethylated transcription-repressive genes with 41 DMPs and two hypomethylated transcription-active genes with two DMPs in the profiles of platinum-resistant patients, which confirmed the existence and significance of the methylation-transcription axis in platinum response. These genes in methylation-transcription axis under platinum treatment might play a significant and functional role in platinum resistance, some of which has been reported. Overexpression of BLM RecQ like helicase (BLM) is able to induce DNA damage and increase sensitivity to platinum agents in triple-negative breast cancer and ovarian cancer (Birkbak et al., 2018). Overexpressed cyclin D1 (CCND1) can hyperactivate cyclin-dependent kinase 4 and 6 (CDK4/6) and induce cisplatin resistance in HNSC, TGCT and other cancers (Noel et al., 2010; Adkins et al., 2019). Our results might provide an interesting list of genes which participate in platinum resistance through methylation-transcription patterns.
DMPs are promising for identifying potential biological and clinical biomarkers. Regarding two of the most interesting questions, patient prognosis and response to platinum, we constructed models of 405 prognostic and 664 platinum response-predictive DMPs associated with platinum-based chemotherapy, which established a novel perspective of guiding clinical selection of optimal treatment based on pan-cancer methylation profiles. More importantly, six DMPs of four genes may have transcription-affected, prognostic, and platinum-response predictive functions in HNSC and UCEC, including MSLN (cg10398993), PRKAR2B (cg00888463), MSX1 (cg00486340), and PARD6A (cg15426734, cg01573194, and cg16794070). MSLN, a glycoprotein on the cell surface, is overexpressed in many cancers and is relevant to novel anti-cancer treatment by regulating the tumor microenvironment (Hilliard, 2018; Cerise et al., 2019). PRKAR2B plays a significant oncogenic and metastasis-promoting role in prostate cancer, especially in castration-resistant prostate cancers (Sha et al., 2018; Xia et al., 2020). MSX1 is associated with various malignant cancers and is frequently methylated in cervical and breast cancer (Yue et al., 2018a; Yue et al., 2018b). It should be pointed out that there are three PARD6A probes serving as survival risk factors with potential biological, prognostic, and response-predictive values in HNSC. PARD6A is a cell membrane protein that plays a pivotal role in enhancing the migration, invasion, and proliferation of cancer cells (Ruan et al., 2017). Methylation status and potential clinical values of PARD6A should capture the attention of researchers working on HNSC-related biomarkers. Our insufficient analytical methods might be a few minor flaws when identifying prognostic and platinum response-predictive DMPs. Other potential clinical covariates should be adjusted for further prognostic analysis and robustness of the response-predictive DMPs should be proved and verified in other external datasets. Anyway, our work provided a number of DMPs as potential biomarkers and candidates of further research. These five genes and methylation status may be promising candidates for further biological experiments and clinical studies.
Collectively, through systematic DNA methylation array analysis of 618 platinum-treated patients across 13 TCGA cancer types, we screened 62 DMRs and 3,703 DMPs between different responses to platinum-based chemotherapy. We constructed models of 405 prognostic and 664 platinum response-predictive DMPs associated with platinum-based chemotherapy, which may potentially help to guide the identification of additional clinical and epigenetic biomarkers as well as novel designs for molecular biological experiments related to platinum resistance.
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Aim: The FMS-related tyrosine kinase 3 ligand (FL) has an important role in regulating FMS-related tyrosine kinase 3 (Flt-3) activity. Serum FL levels are markedly increased among patients with hematopoietic disease. However, its role in radiation treatment remains unclear. In this study, we investigated the effects of FL on radiotherapy for esophageal squamous cell carcinoma (ESCC).
Methods: KYSE150 and KYSE450 cells were stimulated with FL (200 ng/ml). mRNA expression was analyzed using qRT-PCR. Cell viability was checked using CCK-8 assay kits. Proliferation was determined using the EdU assay. Radiosensitivity was detected through a colony-forming assay. Flow cytometry was used to evaluate cell apoptosis. The number of γH2AX foci was verified using an immunofluorescence assay. The change in relative proteins was determined by western blot analysis. The growth of transplanted tumors was demonstrated in nude mice.
Results: Our results showed that FL increased the radiation resistance of ESCC cells by promoting clone formation, increasing EdU incorporation, enhancing DNA damage repair, and inhibiting apoptosis. Moreover, the Flt-3 receptor expression significantly increased in ESCC cells after radiation, which may have been an important factor in their radioresistance.
Conclusion: Our results suggest that FL increases the radioresistance of esophageal cancer cells and that FL-Flt-3 could be a potential target for enhancing radiosensitivity in ESCC.
Keywords: fms-related tyrosine kinase 3 ligand, esophageal squamous cell carcinoma, apoptosis, radiotherapy, DNA damage
INTRODUCTION
Esophageal cancer (EC) is one of the most common cancers worldwide, with the distribution of its histologic subtypes—esophageal squamous cell carcinoma (ESCC) and esophageal adenocarcinoma (EA)—differing depending on geography (Siegel et al., 2020). More specifically, ESCC is a prevalent histological classification in East Asia (Colvin et al., 2017). Radiotherapy (RT) is recommended as an important and effective method for malignant treatment in about half of cancer patients during clinical treatment (Mariette et al., 2015). ESCC patients who have contraindications for surgery or locally advanced disease have a treatment option through RT. However, radioresistance is a major cause of treatment failure, contributing to inadequate cure, relapse, and metastasis (Cohen and Leichman, 2015). Therefore, there is an urgent need to develop possible targets for radiosensitization to improve therapeutic effects on ESCC.
In 1993–1994, the FMS-related tyrosine kinase 3 ligand (FL) was cloned by two independent groups (Lyman et al., 1993; Hannum et al., 1994). FL is a type I transmembrane protein that can be secreted as a soluble dimeric protein. When the FMS-related tyrosine kinase 3 (Flt-3) receptor is activated by membrane-bound or cell-free forms, the growth of progenitor cells is promoted in the bone marrow and blood (Lisovsky et al., 1996a). There is also a strong synergy between FL and other hematopoietic growth factors (Sitnicka et al., 2003). Bone marrow hyperplasia, splenomegaly, lymphadenectasis, and hepatomegaly were evident in mice treated with FL (Tobón et al., 2010). In addition, FL remains at a high level in the majority of leukemias, and mutations in the Flt‐3 gene are frequent genetic lesions in acute myeloid leukemia (Nakao et al., 1996; Stirewalt and Radich, 2003). In contrast, an increased FL plasma concentration can be used as a biomarker for radiation-induced marrow damage and residual hematopoiesis (Bertho et al., 2001; Prat et al., 2006). Moreover, plasma FL levels respond to radiation dose and time of collection (Sproull et al., 2013).
However, little is known about the role of FL in ESCC after RT. In the present study, we investigated the effect of FL on radiation-induced ESCCs and explored the underlying mechanisms.
MATERIALS AND METHODS
Cell Culture and Irradiation Methods
Human ESCC cell lines were obtained from the Shanghai Institute of Cell Biology (Shanghai, China). Cells were cultured in RPMI 1640 medium supplemented with 10% fetal bovine serum at 37°C in a humidified atmosphere with 5% CO2. Cells were treated with PBS or recombinant human Flt-3 ligand (0, 5, 10, 20, 40, 80, 160, 320, 200, and 640 ng/ml) (PeproTech, United States), and the cells in the IR group were irradiated with 2, 4, 6, 8, or 10 Gy ionizing radiation X-ray from a medical linear accelerator (Precise accelerator, Elekta, Sweden).
Quantitative Real-Time PCR
According to the manufacturer’s instructions, mRNA was extracted from cells using Trizol (Invitrogen, Carlsbad, CA, United States) and was reverse transcribed using PrimeScript RT Master Mix (Takara Bio, Otsu, Japan). RT-PCR reactions were performed using a StepOnePlus Real-Time PCR System (Thermo Fisher Scientific, MA, United States) using SYBR Premix Ex Taq II (Takara Bio). The qRT-PCR primers were F: GGT​GGG​AAT​GGG​TCA​GAA​GG (5′-3′) and R: GTA​CAT​GGC​TGG​GGT​GTT​GA (5′-3′) for ACTB, F: AGG​GAC​AGT​GTA​CGA​AGC​TG (5′-3′) and R: GCT​GTG​CTT​AAA​GAC​CCA​GAG (5′-3′) for Flt-3.
Western Blot Analysis
Total protein was separated from cell lysates using RIPA buffer (Beyotime, Shanghai, China) supplemented with protease and phosphatase inhibitors (Kaygen, Nanjing, Jiangsu Province, China). The protein concentration was quantified using a BCA kit (Beyotime Biotechnology, Shanghai, China). The same amounts of proteins were separated by SDS-PAGE and then transferred to PVDF membranes (BioWorld, Saint Louis, MN, United States). The membranes were blocked with 5% skim milk for 2 h and then incubated overnight with primary antibodies against GAPDH, Flt-3, P-Flt-3, AKT, P-AKT, poly (ADP-ribose), polymerase1 (PARP1), Bad, and P-Bad (Cell Signaling Technology, Boston, MA, United States) at 4°C. On the second day, the membranes were incubated with secondary antibodies (Cell Signaling Technology, Boston, MA, United States) at room temperature for 1 h. Immunoblotted protein signals were detected using an enhanced chemiluminescence detection kit (Thermo Fisher Scientific) on the ChemiDoc XRS imaging system (Quantity One Quantitation software; Bio-Rad Laboratories, Hercules, CA, United States).
Cell Viability Assay
Cell viability was measured using the CCK-8 assay. The cells were seeded into 96-well plates in triplicates at a density of 5,000 cells per well. After adherence, the cells were treated with or without a single dose of 8 Gy radiation and were stimulated with equal amounts of PBS and FL (200 ng/ml) after 24 h of radiation. At the designated time points after radiation (day 1, day 2, day 3, day 4), CCK-8 solution was added to each well according to the manufacturer’s instructions. The absorbance was measured at a wavelength of 450 nm using a microplate reader (ELx800, BioTek, Winooski, VT, United States). The experiment was repeated thrice.
Clonogenic Survival Assay
Cells were plated in triplicates into 6-well plates at a density of 1 × 102–104 cells/well and were allowed to adhere for 12 h. Then, the cells were irradiated at doses of 2, 4, 6, and 8 Gy and were cultured in a 5% CO2 incubator at 37°C for an additional 10 days. After the end of the assay, cells were stained with Giemsa. Cell survival curves were fitted according to a multi-target single-hit model: S = 1−(1− e−D/D0)N.
EdU Assay
The EdU analysis kit (RiboBio, China) was used to assess cell proliferation. ESCC cells were seeded in confocal laser cuvette ESCC plates at a density of 5 × [image: image] cells/well. Next, the cells were incubated in a medium containing 50 μM EdU (C10310-1, RiboBio) for 6 h and processed according to the manufacturer’s instructions. Images were acquired under fluorescence microscopy. The average proportion of EdU-positive cells in three random field of view was analyzed.
Flow Cytometry Analysis
The cells were seeded in 6-well plates at a density of 1 × 105 cells/well. After 24 h treatment, apoptotic cells were detected using the FITC Annexin V Apoptosis Detection Kit (BD Biosciences, Oxford, United Kingdom). We used flow cytometry to evaluate the rate of apoptosis and repeated all experiments thrice.
Immunofluorescence Assay
The cells were seeded into a confocal laser cuvette at a concentration of 5 × 104 and were treated with a single dose of 8 Gy. After 24 h of radiation exposure, the cells were exposed to FL (200 ng/ml). The cells were harvested at 0, 2, 8, and 24 h after FL administration. The cells were then fixed in 4% paraformaldehyde for 30 min at room temperature and permeabilized in 0.1% Triton X-100 (Sigma, Santa Clara, CA, United States) for 15 min. The cells were blocked with 5% BSA (Gibco, NY, United States) for 1 h and incubated overnight with the primary antibody γH2AX (1 μg/ml; Abcam, Cambridge, Cambridgeshire, United Kingdom) at 4°C. The cells were washed thrice in TBST every 5 min and then incubated with secondary antibodies (Beyotime Biotechnology) for 1 h. Finally, the cells were treated with 2 μg/ml DAPI (Beyotime Biotechnology) for 5 min and then observed using a confocal fluorescence microscope (Leica, Frankfurt, Germany).
Xenograft Tumors in Nude Mice
Nude mice (6 weeks old) were obtained from the Nanjing Medical University Animal Center (Nanjing, China). The mice were divided into four groups (n = 5): (a) PBS, (b) FL, (c) IR, and (d) IR + FL. KYSE150 cells were subcutaneously implanted into the right leg of each mouse. Approximately 20 days post-injection, mice in the IR group were exposed to irradiation (8 Gy) once, and 10 μg/d of PBS or FL was administered through intraperitoneal injections. The mice were sacrificed on day 35. Tumor diameters were measured every two days. Tumor volume was calculated according to the following formula: tumor volume (in mm3) = (length [L] × width [W]2)/2. IHC for P-Flt-3 and Ki 67 (Affinity Biosciences, United States) was also performed.
Statistical Analyses
The data are expressed as the mean ± standard error of mean of at least three experiments. We used the t-test, one-way analysis of variance (ANOVA), and two-way ANOVA to determine the differences between treatment groups. Statistical analyses were performed using GraphPad Prism 5.0 (GraphPad Software, San Diego, CA, United States), and a p value of < 0.05 was considered statistically significant.
RESULTS
FL Increased Radioresistance in Radiation-Induced ESCC In Vitro and In Vivo
KYSE150 and KYSE450 cells were treated with PBS or FL to verify whether FL was related to ESCC tumor growth. Cell viability was detected using a CCK-8 assay. As shown in Figure 1A, the optical density (OD) values significantly increased with the FL concentration (ranging from 5 to 640 ng/ml) in the ionizing radiation X-ray exposure group. Compared to the control, FL (640 ng/ml) increased cell viability up to 342.3 and 338.4% in KYSE150 and KYSE450, respectively. Without radiation, the maximum cell viability induced by FL (640 ng/ml) in KYSE150 and KYSE450 was 127.6 and 110.7%, respectively, compared to the control. In subsequent experiments, 200 ng/ml FL was used. Furthermore, cell viability was detected at 24, 48, 72, and 96 h, and after irradiation, the OD values of the FL group were higher than those of the PBS group (Figure 1B). At 48 h, the cell viability induced in KYSE150 and KYSE450 by FL (200 ng/ml) was 121.6 and 125.5% compared to the control, respectively; at 96 h, these values were 132.5 and 132.7%, respectively. However, there was no significant difference between the non-irradiated groups.
[image: Figure 1]FIGURE 1 | FL promotes viability and tumor growth of ESCCs in vitro and in vivo. (A) The cell viability of ESCC cells in different concentration (0, 5, 10, 20, 40, 80, 160, 320, and 640 ng/ml) of FL (n = 3). (B) Cell viability of different time-point after 200 ng/ml FL treatment (n = 3). (C) The tumor volume assessed every 2 days (n = 5). (D) The tumor weight after sacrificed (n = 5). (E) Images of nude mice (n = 5). Mean ± SEM, *p < 0.05, **p < 0 0.01.
To confirm the effects of FL on ESCC cells in vivo, we injected nude mice with KYSE150 cells plus PBS or FL. As shown in Figure 1C, tumor growth significantly slowed in the IR group. The increase in tumor volume was much faster in the FL group than in the PBS group after radiation, and the mean tumor volumes after 15 days were 703 and 305 mm3, respectively. By contrast, FL had no significant effect on tumor growth in the non-irradiated groups. Tumor weight was markedly greater in the non-irradiated group, and there was no difference between the FL- and PBS-alone groups. However, the mean tumor weight of the IR plus FL group was larger than that of the IR plus PBS group (540 and 260 g, respectively; Figures 1D,E). Our results indicate that FL weakened the effects of radiotherapy and increased radioresistance in ESCCs.
FL Promoted Proliferation in ESCC Cell Lines ESCC
The clonogenic survival assay revealed that ESCC cells in the FL plus radiation group had a higher survival fraction (SF) than those in the PBS plus radiation group (Figures 2A,B). In the FL group, the SF of KYSE150 and KYSE450 at 2 Gy was 0.59 and 0.56, whereas those of the control group was 0.5 and 0.43, respectively. In addition, the mean lethal dose (D0) of KYSE150 and KYSE450 in the FL group was 2.34 and 1.66 Gy, compared to the 1.47 and 1.32 Gy in control group, respectively (Supplementary Table S1). Furthermore, we found that FL markedly increased the number of EdU incorporated in the KYSE150 and KYSE450 cells after ionizing radiation. However, there were no obvious changes in the groups without ionizing radiation (Figures 2C,D). So FL has no obvious impact in the groups without ionizing radiation, and it only promoted the proliferation under radiation. These results therefore indicate that FL exerts radiation resistance by promoting the proliferation of ESCC cells.
[image: Figure 2]FIGURE 2 | FL promotes radioresistance of ESCC cells in vitro.(A) The clonogenic survival assays in PBS groups or 200 ng/ml FL administration for 24 h groups after 24 h of 8Gy radiation. (B) The survival curves calculated and fitted to a multi-target single-hit model from (A). (C) the EdU incorporation assays in ESCC cells (Red fluorescence: EdU-positive cells; Blue fluorescence: total cells). (D) Mean rate of EdU positive cells in histogram. Mean ± SEM, N = 3, *p < 0.05, **p < 0.01.
FL Enhanced DNA Damage Repair in ESCC Cell Lines ESCC
Irradiation can directly cause DNA double-strand breaks; therefore, radiosensitivity depends largely on the ability of tumor cells to repair DNA damage caused by irradiation (Sugase et al., 2017). To assess the effect of FL (200 ng/ml) on 8 Gy IR-induced DNA damage and repair in ESCC cells, we used immunofluorescence to detect the number of gamma-H2AX (γ-H2AX) at different time points (0, 2, 6, and 24 h) after FL administration in the ionizing radiation X-ray exposure group. As shown in Figures 3A,B, the number of γ-H2AX in the FL group was not different from that in the PBS group at 0 h. However, the number of γ-H2AX in the FL group was lower than that in the PBS group at 2, 6, and 24 h, especially at 24 h. Furthermore, our results showed that the number of descending γ-H2AX foci in the FL group was greater than that in the PBS group at the same time point after irradiation. Western blot assays showed that FL (200 ng/ml) increased PARP-1 expression in the 8 Gy radiation group. PARP-1 is a well-known regulator of DNA single-strand break excision repair (Figures 3C,D). These findings suggest that FL enhances DNA damage repair and is involved in the radiation resistance of ESCC cells.
[image: Figure 3]FIGURE 3 | FL reduces IR-induced DNA damage level and increases DNA repair. (A,B) Immunofluorescence detection of γH2AX foci in PBS groups or 200 ng/ml FL administration for 24 h groups after 8 Gy radiation different time. Mean ± SEM, N = 3, *p < 0.05, **p < 0 0.01 (C,D) PARP1 protein expression in PBS groups or 200 ng/ml FL administration for 24 h groups after 24 h of 8 Gy radiation. GAPDH is an internal reference.
FL Decreased IR-Induced Apoptosis in ESCC Cell Lines ESCC
Apoptosis is an important mechanism that regulates radiosensitivity. Flow cytometry analyses were used to further illustrate the role of FL in IR-induced apoptosis. The total apoptosis rate consisted of the early and late apoptosis populations. As shown in Figures 4A,B, radiation (8 Gy) induced apoptosis in KYSE150 and KYSE450 cells. Furthermore, FL (200 ng/ml) significantly decreased the IR-induced cell apoptosis rate of KYSE150 (from 26.55 to 20.49%) and KYSE450 (from 29.04 to 17.87%). However, without radiation, the apoptosis rate decreased only slightly in KYSE150 (from 6.68 to 5.49%) and KYSE450 (from 7.51 to 6.40%). These results show that FL decreased the IR-induced apoptosis rate to confer radioresistance to ESCC cells.
[image: Figure 4]FIGURE 4 | FL decreases IR-induced apoptosis. (A,B) Apoptosis ratio in PBS groups or 200 ng/ml FL administration for 24 h groups after 24 h of 8 Gy radiation. Mean ± SEM, N = 3, *p < 0.05.
Radiation Induced High Expression of the Flt-3 Receptor in ESCC Cell Lines ESCC
FL can activate the Flt-3 receptor via membrane-bound forms; hence, we detected the mRNA and protein levels of the Flt-3 receptor in ESCC cells. As shown in Figure 5A, irradiation (8 Gy) upregulated the expression of Flt-3 receptor mRNA in KYSE150 and KYSE450 cells. Furthermore, we found that this irradiation-induced upregulation of the Flt-3 receptor is dose-dependent (0, 2, 4, 6, and 8 Gy), whereas the Flt-3 receptor phosphorylation did not significantly change in either KYSE150 or KYSE450 cells 24 h after irradiation (Figures 5B,C). Furthermore, the time course experiments showed that 200 ng/ml FL led to a rapid and transient phosphorylation of Flt-3, with the peak level occurring at 15 min (Figures 5D,E); however, the Flt-3 receptor level did not change within 1 h after FL administration. These results suggest that IR-induced increased expression of the Flt-3 receptor may play a critical role in the FL-induced radioresistance of ESCC cells.
[image: Figure 5]FIGURE 5 | FL induces radioresistance in ESCC cells through Flt-3/AKT/Bad signal pathway. (A) mRNA levels of Flt-3 receptor with or without IR in ESCC cells. (B,C) Expression and the quantitative analysis results of Flt-3 and P-Flt-3 in ESCC cells after different doses (0, 2, 4, 6, 8, and 10 Gy) radiation. (D,E) Expression and the quantitative analysis results of Flt-3 and P-Flt-3 in ESCC cells administrated with 200 ng/ml FL for different time after 24 h of 8 Gy radiation. (F,G) The levels and the quantitative analysis results of P-Flt-3/P-PI3K/P-AKT signal proteins and apoptosis-related proteins Bad and P-Bad in PBS groups or 200 ng/ml FL administration for 30 min groups after 24 h of 8 Gy radiation. GAPDH is an internal reference. (H) IHC images of nude mice and IHC analysis of P-Flt-3 and Ki 67 in tumor sections of KYSE150 bearing nude mice. Data show mean ± SEM *p < 0.05.
FL Intensified IR-Induced Flt-3/PI3K/AKT Pathway Activation
Downstream-related proteins were analyzed further and we detected the Flt-3/PI3K/AKT signaling pathway and apoptosis-related proteins Bad (pro-apoptotic protein) and P-Bad (anti-apoptotic protein). As shown in Figures 5F,G, the phosphorylation of Flt-3, PI3K, and AKT significantly increased when FL was combined with IR, compared with FL alone. P-Bad (ser136) protein levels were upregulated in the FL plus IR group, compared to the FL alone group. Furthermore, IHC analysis of the xenograft nude mice tumor tissues showed that P-Flt-3 receptor expression significantly increased in the FL plus IR group compared to the control, FL, and IR alone groups. Moreover, Ki 67 expression in the FL plus IR group was significantly higher than that in the FL alone group (Figure 5H). These results indicate that IR-induced upregulation of Flt-3 receptor and FL expression further activated the receptor and its downstream signaling pathway, which resulted in radioresistance in ESCC cells.
DISCUSSION
Cytokines are increased in hematologic malignancies and FL has a vital role in the generation of mature peripheral leukocytes (McKenna et al., 2000), including the common lymphoid progenitor (Sitnicka et al., 2002). FL, a potent hematopoietic cytokine, mobilizes hematopoietic cells into the blood and lymphoid organs, and promotes the growth and differentiation of progenitor and stem cells both in vivo and in vitro (Antonysamy and Thomson, 2000). In addition to its effects to the hematopoietic progenitor and stem cells, FL also increases the number of dendritic cells in the peripheral blood and is involved in maintaining the viability of irradiated hematopoietic stem cells (MacVittie and Farese, 2002). In the current study, we found that FL increased the viability of KYSE150 and KYSE450 cells in a dose-dependent manner after radiation exposure. However, FL treatment did not affect cell viability in the non-irradiated group. By contrast, FL promoted tumor growth in the irradiation exposure group; nevertheless, there was no significant difference between this and the no irradiation exposure group in vivo. These results indicate that FL weakened the effects of radiotherapy on ESCC.
Furthermore, we explored the reasons behind FL’s attenuation of radiotherapy effects. The clonogenic survival assay and the EdU incorporation assay were also employed for a more sensitive evaluation of proliferation after radiation (Feng et al., 2010; Li et al., 2017). We found that FL promoted colony formation and increased the number of EdU incorporated into KYSE150 and KYSE450 cells. On the other hand, previous studies have shown that FL expands the number of functionally competent human DCs in vivo (Maraskovsky et al., 2000). Ultimately, our results suggest that FL’s promotion of cell proliferation ability plays a role in the radioresistance of ESCC cells.
We also found that FL reduced DNA damage, enhanced DNA damage repair, and further reduced radiation-induced apoptosis in KYSE150 and KYSE450 cells. DNA damage repair plays a significant role in radiosensitivity after radiation (Qian et al., 2014). The phosphorylated form of H2AX (γH2AX) is used as a marker of DNA double-strand breaks (Sak and Stuschke, 2010). Poly (ADP-ribose) polymerase-1 (PARP-1) also participates in the modulation of cellular responses to DNA damage (Smith, 2001). Similarly, Veuger et al. revealed that the PARP-1 protein mediates the repair of both single- and double-strand DNA breaks after radiation (Veuger et al., 2003). Furthermore, evidence indicates that the apoptotic pathway is an essential mechanism for the regulation of radiosensitivity (Raleigh and Haas-Kogan, 2013). These results show that FL increased the radiation resistance of ESCC cells by promoting clone formation, increasing EdU incorporation, enhancing DNA damage repair, and inhibiting apoptosis in ESCCs.
FL can activate the Flt-3 receptor via membrane-bound and soluble forms to mobilize progenitor cells of the bone marrow (Tobón et al., 2010). In this study, we demonstrated for the first time that the expression of the Flt-3 receptor is significantly higher in ESCC cells after radiation. We inferred that IR-induced increased expression of the Flt-3 receptor is an important reason for the radioresistance of ESCC cells.
Previous studies have shown that FL induces phosphorylation of Flt-3 receptor signaling and enhances cell proliferation (Lisovsky et al., 1996b). Our study found that FL promoted the phosphorylation of the Flt-3 receptor after radiation to inhibit IR-induced apoptosis. Phosphorylation of the Flt-3 receptor reportedly activates PI3K and downstream AKT, and subsequently, the phosphorylation of BAD protein at Ser-136, leading to anti-apoptotic effects (Kim et al., 2006). Similar experimental results were obtained in our study. The BAD protein phosphorylation changes its binding ability to Bcl-2, resulting in a low ability to heterodimerize with relative survival proteins (Zha et al., 1996). In our study, radiation significantly increased Flt-3 receptor expression, which was phosphorylated by FL in ESCC cells. This phosphorylation of the Flt-3 receptor further activated PI3K/AKT/BAD signaling pathways and promoted clone formation, increased EdU incorporation, enhanced DNA damage repair, and inhibited apoptosis in IR-induced ESCC (Figure 6).
[image: Figure 6]FIGURE 6 | Relevant mechanism of FL mediated the radioresistance of ESCCs during the radiotherapy. Radiation significantly increase Flt-3 receptor expression in ESCCs. FL phosphorylate the increased Flt-3 receptor, which further activate the PI3K/Akt pathway leading to BAD phosphorylation.
In conclusion, our results showed that FL boosted the radioresistance of ESCC cells both in vitro and in vivo. This radioresistance involves improving vitality, weakening DNA damage, enhancing DNA repair, and inducing anti-apoptosis. Moreover, Flt-3 receptor expression significantly increased in ESCC cells after radiation, which may be an important reason for the radioresistance. Therefore, FL-Flt-3 is a potential molecular target for enhancing radiosensitivity in ESCC.
MANUSCRIPT CONTRIBUTION TO THE FIELD
In this manuscript, we found that the Fms-related tyrosine kinase 3 ligand (FL) boosted the radioresistance of ESCCs both in vitro and in vivo. The radioresistance of ESCCs involve in improving vitality, weakening DNA damage, enhancing DNA repair and inducing anti-apoptosis. Moreover, Flt-3 receptor expression increased significantly in ESCC cells after radiation, which is an important reason for the radioresistance of esophageal squamous cell carcinoma This is the first report that irradiation can promote the expression of Flt-3 receptor on tumor cells. We hypothesized that high expression of Flt-3 receptor was phosphorylated by FL. Phosphorylation of Flt-3 receptor further activated PI3K/AKT/BAD signal pathways and led to promote clone formation, increase EdU incorporation, enhance DNA damage repair and inhibit apoptosis in IR-induced ESCCs. Therefore, FL - Flt-3 is a potential molecular target for enhancing radiosensitivity of esophageal squamous cell carcinoma.
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Chemotherapy is the backbone of subsequent treatment for patients with lung adenocarcinoma (LUAD) exhibiting radiation resistance, and pemetrexed plays a critical role in this chemotherapy. However, few studies have assessed changes in the sensitivity of LUAD cells to pemetrexed under radioresistant circumstances. Therefore, the objectives of this study were to delineate changes in the sensitivity of radioresistant LUAD cells to pemetrexed and to elucidate the related mechanisms and then develop an optimal strategy to improve the cytotoxicity of pemetrexed in radioresistant LUAD cells. Our study showed a much lower efficacy of pemetrexed in radioresistant cells than in parental cells, and the mechanism of action was the significant downregulation of folate receptor alpha (FRα) by long-term fractionated radiotherapy, which resulted in less cellular pemetrexed accumulation. Interestingly, decitabine effectively reversed the decrease in FRα expression in radioresistant cells through an indirect regulatory approach. Thereafter, we designed a combination therapy of pemetrexed and decitabine and showed that the activation of FRα by decitabine sensitizes radioresistant LUAD cells to pemetrexed both in vitro and in xenografts. Our findings raised a question regarding the administration of pemetrexed to patients with LUAD exhibiting acquired radioresistance and accordingly suggested that a combination of pemetrexed and decitabine would be a promising treatment strategy.
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Introduction

Radiotherapy has been widely administered to patients with local lung adenocarcinoma (LUAD) patients to eliminate cancer cells (1). However, a majority of patients finally progress after radiation treatment due to either intrinsic insensitiveness or acquired radioresistance, which accelerates aggressive tumor growth or metastasis and further causes poor survival (2). Pemetrexed-based chemotherapy is currently commonly used as the first-line and second line treatment strategy for patients with recurrent or metastatic lung adenocarcinoma either alone or in combination with antiangiogenic drugs or immune checkpoint blockers, as recommended in various guidelines (3, 4). However, a prospective phase II study (5), which combined low-dose radiotherapy and pemetrexed in the treatment of recurrent NSCLC patients, found only 20% of all the previously irradiated patients showed a partial response, which suggested these previously irradiated tumor cells might have resistance to pemetrexed. Another clinic trial treated locally advanced NSCLC with carboplatin/pemetrexed plus radiotherapy and found three patients (20%) without distant metastases at registration developed distant metastases at a median time of 5 months, although these patients received consolidation carboplatin/pemetrexed for 2-3 cycles (6). These data suggested long-term fractionated radiotherapy may change the sensitivity of NSCLC cells to pemetrexed.

Radioresistant cancer cells display distinct gene-phenotypes with higher DNA repair and antioxidant capacities than their parental cells because of the complicated and repeated DNA damage repair process that occurs during the long-term radiation treatment (7, 8) and the dormancy-repopulation cycle of radioresistant cancer stem cells in the acidic tumor microenvironment (9), which may substantially alter the efficacy of chemotherapeutic drugs. For instance, radioresistant MDA-MB-231 breast cancer cells are resistant to paclitaxel (10). Radioresistant esophageal squamous cancer cells are resistant to paclitaxel through the upregulation of P-glycoprotein (11). Whereas, our recent study indicated that radioresistant LUAD cells showed increased sensitivity to SN-38, paclitaxel and docetaxel (12). However, the efficacy of pemetrexed on radioresistant LUAD cells was unclear and there were no basic studies, clinical trials or retrospective studies focused on this scenario. Thus, studies of changes in the cytotoxicity of pemetrexed toward radioresistant cancer cells are necessary.

Pemetrexed is a multitargeted antifolate drug that inhibits DHFR (dihydrofolate reductase), TYMS (thymidylate synthase), and GART (glycinamide ribonucleotide formyltransferase) in the folate pathway (13). Pemetrexed itself mainly relies on folate transporters and folate receptor proteins on the cell membranes to enter cells (13, 14), including reduced folate carrier (RFC), proton-coupled folate transporter (PCFT), folate receptor protein α (FRα), and folate receptor protein β (FRβ), of which FRα is expressed at high levels in epithelial cells of the placenta, female reproductive organs, breast, lung and various human solid tumors (15). FRα, as a high-affinity binding protein encoded by the gene FOLR1, mediates pemetrexed transport through endocytosis. Studies have indicated that patients with LUAD generally have high FRα expression levels (16–18), and the expression level of FRα directly affects the clinical efficacy of pemetrexed (19, 20). Therefore, FRα plays important role in the clinical outcomes of pemetrexed treatment. Interestingly, our study found most LUAD patients presented a significant reduction in serum FRα levels after receiving an average dose of more than 50 Gy radiotherapy, suggesting that long-term radiation treatment may change the expression of FRα and finally affect the efficacy of pemetrexed.

Given the importance of radiotherapy and pemetrexed in the clinical treatment of LUAD and the limited data on changes in FRα expression during long-term radiation treatment, the first aim of the present study was to delineate the altered sensitivity of radioresistant LUAD cells to pemetrexed based on the regulation of FRα. The secondary aim was trying to illustrate the potential regulatory mechanisms and develop a proper drug combination strategy that will increase the cytotoxicity of pemetrexed toward radioresistant lung adenocarcinoma.



Materials and Methods


Cell Culture and Reagents

NCI-H1975, NCI-H1650, NCI-HCC827, NCI-H1299, A549 and PC9 cell lines were purchased from the Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China). They were maintained in RPMI-1640 medium (Gibco-Life Technologies, NY, USA) supplemented with 10% fetal bovine serum (Gibco-Life Technologies), 100 μg/mL streptomycin and 100 U/mL penicillin (Gibco-Life Technologies). Cells were cultured at 37°C with a humid atmosphere of 5% CO2 and 95% air. Pemetrexed, decitabine, and cycloheximide were obtained from Selleck Chemicals (Houston, TX, USA).



Clinical Specimens

Surgical specimens from 18 patients with lung adenocarcinoma patients and paired serum samples collected within 3 days before and after radiotherapy alone from seven adenocarcinoma patients were obtained from Hangzhou First People’s Hospital, which was approved by the Institutional Review Board of Hangzhou First People’s Hospital. The relevant clinic pathological information of the enrolled patients was listed in Supplementary Table 1. All private information of each individual has been carefully blocked.



Establishment of Radioresistant A549 Cells

Cell irradiation was performed with an X-RAD 225 irradiator provided by Precision (North Branford, USA). Briefly, a dose of 2 Gy (3.2 Gy/min, 13.3 mA, 225 kV, 2 mm Al filter) radiation was delivered to 50% confluent A549 cells at room temperature, and then the cells were maintained in culture. Cells were passaged to new flasks when they reached approximately 80% confluence. Afterwards, a repetitive 2 Gy dose of radiation was delivered to 50% confluent cells until a cumulative dose of 60 Gy was administered. A549 cells with acquired radioresistance were named A549R cells, and cells at passages 5-6 were used in all the subsequent experiments. The parental cells without irradiation were cultured and passaged simultaneously.



Plasmid Constructs and Cell Transfection

For the knockdown of FRα, a short hairpin RNA was inserted into the lentiviral vector pLent-U6-GFP-Puro (Vigene Biosciences, Shandong, China). For FRα overexpression, the full-length FRα cDNA was inserted into the lentiviral vector pReceiver-Lv201 purchased from FulenGen Company (Guangzhou, China). Virus particles were packaged in HEK293T cells by transfection with Lipofectamine 3000 (Invitrogen, IL, USA). A549, A549R or H1299 cells were infected with the lentivirus-conditioned medium and 8 μg/mL polybrene (Sigma-Aldrich, MO, USA). Stably-transfected cells were screened by using puromycin (Sigma-Aldrich) at a concentration of 2.5 μg/mL. Target sequences of shRNAs are listed in Supplementary Table 2.



RT-qPCR Analyses

Total RNA was extracted by using an AxyPrep Multisource RNA Miniprep Kit (Axygen, MA, USA) as described recently (12). The cDNA templates were synthesized from 500 ng of RNA using a commercially available reverse transcription kit (Takara, Japan). RT-qPCR was performed using a 7500 System (Applied Biosystems, Singapore) and TB Green Premix Ex Taq (Takara, Japan). All samples were analyzed in 3 biological replicates, with the GAPDH gene serving as an internal control. The relative expression of the target genes was calculated with the comparative threshold cycle (CT) method using the formula 2−ΔCT. Fold changes of target genes were calculated using the formula 2−ΔΔCT. The primers used for RT-qPCR are listed in Supplementary Table 2.



Western Blot Analysis

Western blot analyses were performed to evaluate target protein expression. Briefly, protein lysates (~20 μg per sample) were loaded and run on 10% sodium dodecyl sulfate (SDS)-polyacrylamide gels, transferred to NC membranes (Millipore Corporation, MA, USA), and blocked with 5.0% nonfat milk for 3 h. The membranes were incubated with primary antibodies overnight at 4°C and then washed with Tris-buffered saline Tween-20 (TBST) three times for 10 min. Afterwards, membranes were incubated with the secondary antibodies for 2 h at room temperature and washed again. The bands on the membranes were visualized using an ECL system (Beyotime Institute of Biotechnology). Finally, membranes were exposed with an Odyssey infrared imaging system (LI-COR Biosciences, NE, USA). The following antibodies were used: anti-human FOLR1 (1:5000 dilution; Abcam, Cambridge, UK; CAT# ab221543), anti-human PCFT (1:300 dilution; Santa Cruz Biotechnology, Dallas, TX; CAT# sc-393460), anti-human RFC (1:300 dilution; Santa Cruz Biotechnology; CAT# sc-390948), anti-human GAPDH (1:5000 dilution; Abcam; CAT# ab181602), and HRP-labeled secondary antibodies (1:5000 dilution; Proteintech Group, Rosemont, IL).



Immunofluorescence

A549 cells were fixed with 4% formaldehyde for 10 min, washed with PBS, and permeabilized with 0.1% Triton X-100 in PBS for 20 min. After washed with PBS and blocked with 5% BSA in PBS for 30 min, cells were incubated with primary antibody (anti-human FOLR1, 1:500 dilution) in 1% BSA-PBS overnight at 4°C, washed again, and incubated with fluorescent dye-conjugated secondary antibody for 1 h in the dark. Then, cells were washed with PBS for 3 times. Nuclei were stained with 4,6-diamidino-2-phenylindole (DAPI). Cells were analyzed by confocal microscopy (Zeiss, Stuttgart, Germany).



Drug Treatment and Cell Viability Assay

For FRα induction, cells were cultured in medium supplemented with different concentrations of decitabine (0.1, 0.5, 2.5, 5 or 10 μM) for 72 h, or cells were treated with decitabine for different time (24, 48, 72 or 96 h). The medium was refreshed daily. Finally, total RNA or proteins were extracted. Cell viability was evaluated using the cell counting kit-8 (CCK-8) assay (MedChemExpress, NJ, USA) as described previously (12). Briefly, cells were seeded in 96-well plates at a density of 2000 cells/well. The medium was refreshed with drug-containing medium every 24 h. After 96 h, the cell survival rate was assessed. The absorbance was measured at 450 nm using a Multiskan Spectrum (Thermo Fisher Scientific, IL, USA). A concentration range of 0.005-2.0 μM pemetrexed and 0.05-20 μM decitabine was used to determine the IC50 values. The IC50 values of the concentration-response curves were calculated using CompuSyn software developed by Chou (21). Interactions between pemetrexed and decitabine were evaluated using CalcuSyn software and presented as the combination index (CI): CI < 1 indicates synergism, CI = 1 indicates an additive effect, and CI > 1 indicates antagonism.



Pemetrexed Accumulation and LC-MS/MS Assay

Cells were seeded in 24-well plates to perform pemetrexed accumulation studies. Cells were washed with fresh medium once upon reaching 80% confluence, and then cells were incubated with drug-containing medium (50 μM pemetrexed) for 2, 4, 6, or 8 h at 37°C. Thereafter, the cells were gently washed with cold PBS 3 times and lysed with 0.1% SDS buffer. The pemetrexed concentration was quantified using a 4500 triple quadrupole mass spectrometer (AB Sciex, CA, USA) with a Turbo Ion Spray probe in positive mode. Multiple reaction monitoring (MRM) mode was used for quantitation based on the transitions of protonated molecular ions of pemetrexed at m/z 428.3−281.1 and anlotinib (internal standard) at m/z 408.3−304.2. The optimized mass spectrometric parameters were as follows: dwell time of 150 milliseconds, cell exit potential and entrance potential were 10 V and 12 V, respectively, collision energy (CE) of pemetrexed and anlotinib of27 V and 30 V, respectively, spray voltage temperature of 5500°C, and source temperature of 550°C. Data acquisition and processing were completed using Analyst software (version 1.6.2, AB Sciex, Framingham, MA). The chromatography analysis was performed using an LC-30AD system (Shimadzu Corporation, Kyoto, Japan) equipped with an ACQUITY UPLC BEH T3 column (2.1 mm×50 mm, 1.8 μm, Waters, USA) which was maintained at 40°C. A gradient elution program was conducted with mobile phase A (0.1% FA in 10 mM ammonium acetate/water) and mobile phase B (acetonitrile) as follows: 0 - 0.5 min, 90% of A; 0.5 - 1.5 min, 90% - 5% of A; 1.5 - 2.2 min, 5% of A; 2.3-3.8 min, 90% of A and finished at 3.8 min. The flow rate of the mobile phase was 0.4 mL/min. The injection volume was 5 μL.



Animal Study

Six-week-old male BALB/c nude mice were purchased from the Experimental Animal Center of the Zhejiang Academy of Medicinal Sciences (Hangzhou Medical College, Hangzhou, China). All procedures were approved by the Institutional Animal Care and Use Committee of Zhejiang University. Mice were inoculated subcutaneously in the flank with 5 × 106 A549 or A549R cells. When the volume of the formed tumor reached approximately 0.1 cm3, mice were intraperitoneally injected with 2.5, 5.0, or 10 mg/kg decitabine three times at intervals of 3 h on day 0, and tumors were excised on day 4 and 7 to extract total proteins for immunoblot analyses. A dose of 5.0 mg/kg decitabine that effectively induced FRα expression was chosen for subsequent experiments. Mice were randomly divided into 4 groups with 6 mice in each group: (1) control group (Control): saline; (2) decitabine group (DAC): 5 mg/kg decitabine; (3) pemetrexed group (PEM): 100 mg/kg pemetrexed; (D) pemetrexed plus decitabine group (Combo): 100 mg/kg pemetrexed and 5 mg/kg decitabine. Decitabine was administered intraperitoneally three times at intervals of 3 h (22) on day 1, 8, and 15, and pemetrexed was administered intraperitoneally on day 5, 12, and 19 (23). The tumor size was measured once every 4 days, and the volumes were calculated as follows: L×W2/2, where L and W are the longest and shortest dimensions, respectively.



Quantification of Serum FRα Levels

The concentrations of the FRα protein in human serum were determined using a Human FOLR1 ELISA kit (R&D Systems, Minneapolis, USA) according to the manufacturer’s instructions.



Statistical Analyses

GraphPad Prism version 8 for Windows (La Jolla, CA) was used to perform all statistical analyses, and data are expressed as the mean ± SE. When comparing two groups, Student’s t-test (unpaired two-tailed) was used. For multiple comparisons, one-way analysis of variance (ANOVA) was used followed by Dunnett’s or Tukey’s post hoc test. A probability of p < 0.05 was considered as statistically significant.




Results


Long-Term Fractionated Radiotherapy Downregulated the Expression of FRα in A549 Cells

We collected serum samples from seven patients with LUAD before and after radiotherapy. These patients received an average dose of more than 50 Gy radiotherapy with a fractionated dose of 2-3 Gy and had not received any other traditional chemotherapy before or during radiotherapy. Five patients presented a significant reduction in serum FRα levels after radiotherapy (Figure 1A), suggesting that long-term fractionated radiotherapy may downregulate the expression of FRα. Therefore, we screened several commonly used LUAD cell lines, including NCI-H1975, NCI-H1650, NCI-HCC827, NCI-H1299, A549 and PC9 cells, to determine the proper cell lines to construct radioresistant cell models. Most LUAD cell lines exhibited limited expression of both the FRα mRNA and protein (Figures 1B, C), except for A549 cells, which had a comparable FRα expression level to human LUAD tissues, consistent with a previous report that A549 cells were FRα-positive cells among 19 LUAD cell lines (24). We constructed the acquired radioresistant LUAD cell line A549R by treating A549 cells with fractionated irradiation at 60 Gy and then examined the expression of pemetrexed related transporters and receptors. As shown in Figure 1D, FRα was abundantly expressed in A549 cells, while the expression levels of RFC, PCFT, and FRβ were relatively low. After long-term fractionated irradiation, the level of the FRα transcript decreased approximately 15-fold and the RFC transcript level increased approximately 2-fold in A549R cells compared with the parental cells. Similarly, the level of the FRα protein was significantly decreased by long-term fractionated irradiation (Figure 1E).




Figure 1 | Long-term fractionated radiotherapy downregulated the expression of FRα in A549 cells. (A) Serum FRα concentration in 7 patients with LUAD. (B) The FRα mRNA expression level in human LUAD tissues and LUAD cell lines. (C) Expression of the FRα protein in human LUAD tumors (5 human tumors were pooled) and cell lines. (D) The mRNA expression of pemetrexed-related transporters and receptors. PCFT and FRα were significantly downregulated in A549R cells compared with A549 cells. RFC was upregulated and FRβ was not detected. (E) Expression of the FRα, PCFT and RFC proteins in A549 and A549R cells. Data are presented as the means ± SE, n =18 (human LUAD tissues) or 3 (cell lines or serum). Differences between A549 and A549R cells are denoted as *p < 0.05, **p < 0.01, and ***p < 0.001. ns, not significant.  For immunoblots, densitometric values are shown as optical density after GAPDH normalization using Image J.





A Low-Expression Level of FRα Decreased Pemetrexed Efficacy in A549R Cells

FRα is abundantly expressed on the plasma membrane of A549 cells (Figure 2A) and facilitates pemetrexed to entry into cells ‘slowly’ through endocytosis. Notably, a high expression level of FRα exerts a substantial effect on the efficacy of pemetrexed; thus, we examined the IC50 values of pemetrexed in A549 and A549R cells. Cell viability was evaluated after cells were treated with pemetrexed for 96 h. The dose-response curve significantly shifted to the right from A549 to A549R cells, and the IC50 value was increased from 0.41 μM to 1.45 μM (Figure 2B). Meanwhile, pemetrexed accumulation was induced by incubating cells with 50 μM pemetrexed for 2, 4, 6, and 8 h, and the cellular contents of pemetrexed were detected using LC-MS/MS. The uptake study revealed that the cellular concentration of pemetrexed in A549 cells was 6-fold higher than that in A549R cells (Figure 2C). In addition, we excluded the possibility that the expression of pemetrexed target enzymes (including TYMS, DHFR, and GART) and folylpolyglutamate synthetase (FPGS), an important enzyme that increases the intracellular activity of pemetrexed (25), was perturbed by long-term fractionated irradiation (Supplementary Figure 1A).




Figure 2 | Low FRα expression decreased the efficacy of pemetrexed. (A) Confocal microscope image to determine the location of FRα in A549 cells. Bar = 10 μm. (B, E, H) Effect of pemetrexed on the viability of A549, A549R and their cell models. All cells were treated with pemetrexed at a concentration range of 0.005-2.0 μM for 96 h and then evaluated with the CCK-8 assay. Data are expressed as mean ± SE, n =5. (D) Cell models in which A549R cells stably overexpressing FRα or (G) A549 with stable knockdown of FRα. (C, F, I) Cellular accumulation of pemetrexed (50 μM) in A549, A549R and their cell models over 2, 4, 6 and 8 h. Data are presented as the means ± SE, n =3. Differences between A549 and A549R cells, A549R-vector and A549R-FRα cells, A549-shNC and A549-shFRα-1/shFRα-2 cells are denoted as: *p < 0.05, **p < 0.01, and ***p < 0.001, respectively.



Overexpression and knockdown experiments further validated our results that the low expression level of FRα led to decreased cytotoxicity of pemetrexed. As shown in Figures 2D–F, A549R cells overexpressed with FRα, the dose-response curve shifted to the left significantly from A549R-vector to A549R-FRα cells, and the IC50 value was reduced from 1.27 μM to 0.5 μM (Figure 2E). Additionally, the intracellular pemetrexed concentration was increased in A549R-FRα cells (Figure 2F). Similar results were observed in H1299 cells with overexpression of FRα, the IC50 value was reduced from 0.29 μM to 0.08 μM (Supplementary Figure 2). A549 cells were stably transfected with shRNA to knockdown FRα (Figure 2G). The dose-response curve shifted to the right from A549-shNC to A549-shFRα1/2 cells, and the IC50 values were increased approximately 1-fold (Figure 2H). The intracellular pemetrexed concentration was decreased in A549 cells transfected with FRα-targeting shRNAs (Figure 2I). Based on these results, low FRα expression in cells decreased intracellular pemetrexed accumulation, thus reducing its cytotoxicity.



Decitabine Partially Reversed FRα Expression in A549R Cells Through an Indirect Regulatory Mechanism

We analyzed the expression of FRα-related transcription factors to explore the possible mechanisms underlying the downregulation of FRα and found no difference in transcript levels between A549 and A549R cells (Supplementary Figure 3). Interestingly, when A549R cells were treated with decitabine, a demethylating reagent that blocks cellular DNA methyltransferases (DNMTs) (26), the expression of FRα was significantly upregulated. In addition, decitabine upregulated the expression of the FRα transcript in a concentration-dependent (Figure 3A) and time-dependent manner (Figure 3B) and the optimal concentration of decitabine was 0.5 μM. Similar results were observed for protein expression, as the level of the FRα protein was increased in A549R cells treated with increasing decitabine concentrations and treatment times (Figure 3D). However, decitabine did not affect FRα expression in A549 cells (Figure 3E) but weakly upregulated the expression of its mRNA (Figure 3C). Notably, although decitabine exerted a strong effect on reversing the change in FRα expression in A549R cells, it did not cause the expression of FRα to reach the original level (Figure 3F), indicating that decitabine only partially reversed the change in FRα expression.




Figure 3 | Decitabine upregulated the expression of FRα in A549R cells in a concentration-dependent and time-dependent manner. For the concentration-dependent study, cells were treated with different concentrations of decitabine (0.1-10 μM) for 72 h before RNA or protein was extracted. For the time-dependent study, cells were treated with 0.5 μM decitabine for 24, 48, 72 or 96 h before RNA or protein was extracted. (A) Decitabine upregulated FRα expression in A549R cells in a concentration-dependent manner. (B) Decitabine upregulated FRα expression in A549R cells in a time-dependent manner. (C) Decitabine slightly upregulated FRα expression in A549 cells. (D) Decitabine increased the expression of the FRα protein in a concentration-dependent and time-dependent manner. (E) Decitabine did not alter the expression of the FRα protein in A549 cells. (F) Levels of the FRα protein in A549, A549R and decitabine-treated A549R (A549R-DAC) cells that were exposed to 0.5 μM decitabine for 72 h before proteins were harvested. Data are presented as the means ± SE, n =3. Treatment groups with different letters shower significant differences using ANOVA followed by Tukey’s test. For immunoblots, densitometric values are shown as optical density after GAPDH normalization using Image J.



Decitabine was used to globally inhibit DNA methylation in LUAD cells, thus we speculated that long-term fractionated radiotherapy might induce aberrant methylation in the promoter region of FRα, resulting in low FRα expression. Bisulfite sequencing PCR (BSP) was used to examine methylation of 15 CG sites (-2599 bp to -2152 bp), which contain the only one CpG island in the promoter region of the FOLR1 gene (27). All CG sites were hypermethylated, and no significant difference in methylation was observed between A549 and A549R cells (Supplementary Figure 4). Another interesting phenomenon was the delayed induction of FRα expression by decitabine, which began between 24 h to 48 h and reached up to a 4-fold elevation at 96 h (Figure 3B). In addition, when decitabine was withdrawn at 12, 24, 36, and 48 h, the expression of the FRα mRNA further increased, as observed at 72 h (Figure 4A). This delayed regulation of FRα expression by decitabine suggests that this process is likely mediated indirectly through other productions of decitabine. Cycloheximide was used to inhibit de novo protein synthesis in the early stage (0-12 h) of decitabine treatment to confirm this hypothesis (Figure 4B). The delayed induction of the FRα mRNA observed at 72 h after only a 12-h treatment with decitabine was abrogated when cycloheximide was added (Figure 4B). These results indicated that decitabine reversed the change in FRα expression in A549R cells through indirect regulation by inducing the de novo synthesis of some other protein(s) instead of directly acting on the promoter of FRα.




Figure 4 | Decitabine delayed the induction of FRα expression in A549R cells. (A) The fold change in the expression of the FRα mRNA in A549R cells treated with 0.5 μM decitabine for the indicated periods. After decitabine treatment, cells were washed with decitabine-free media and replenished with new media that did not contain decitabine. At 72 h, all cells were collected for mRNA extraction. (B) A549R cells were pretreated with cycloheximide (CHX; 10 μM) followed by decitabine (DAC; 0.5 μM) as indicated. Twelve hours later, the cells were washed with decitabine/cycloheximide - free media and replenished with new media that did not contain decitabine/cycloheximide. All cells were harvested 60 h later, and total RNA was extracted for the quantification of the FRα mRNA by using RT-qPCR. Data are presented as the means ± SE, n =3. Treatment groups with different letters show statistically differences using ANOVA followed by Tukey’s test.





Cytotoxic Synergism of Pemetrexed and Decitabine

Next, the cytotoxicity of pemetrexed and decitabine alone or in combination was assessed. Based on the IC50 values of pemetrexed and decitabine in A549R cells, a molar ratio of pemetrexed:decitabine of 1:10 was used for the drug combination studies. A549 cells treated with pemetrexed concurrently with decitabine exhibited increased cytotoxicity (Figure 5A). However, the combination index values increased as the concentrations of pemetrexed and decitabine increased and finally exceeded 1.0, indicating that the combination of high concentrations of pemetrexed and decitabine resulted in an antagonistic effect (Figure 5E). On the other hand, the growth inhibition effect of the combination of pemetrexed and decitabine was more potent than that of pemetrexed or decitabine alone in A549R cells (Figure 5B), with the sensitivity of A549R cells to pemetrexed increasing by 9.6-fold (Figure 5H). All the combination index (CI) values were less than 1.0 and consistently remained at low values as the cell growth inhibitory fraction increased (Figure 5E).




Figure 5 | Decitabine enhanced the cytotoxicity of pemetrexed in vitro. (A–D) A549, A549R, A549R-shNC and A549R-shFRα cells were treated with pemetrexed (PEM) and decitabine (DAC) alone or in combination, at the indicated concentrations for 96 h. The results are expressed as the percentage of surviving drug-treated cells relative to DMSO-treated control cells. (E) Combination index-fraction affected plots of pemetrexed and decitabine combinations in A549 and A549R cells. The concentration ranges of pemetrexed and decitabine are 0.01-5 and 0.1-50 μmol/L. A cytotoxicity index (CI) < 1, CI = 1, and CI > 1 indicates synergism, an additive effect, and antagonism, respectively. (F) Effects of decitabine on pemetrexed cellular accumulation. DMSO-treated and decitabine-treated (0.5 μM, 96h) A549R cells were incubated with 50 μM pemetrexed for 6 or 8 h. (G) Effects of FRα knockdown on pemetrexed cellular accumulation. DMSO-treated and decitabine-treated (0.5 μM, 96h) cells were incubated with 50 μM pemetrexed for 6 h. (H) IC50 values and dose reduction index (DRI) of pemetrexed in cells receiving pemetrexed alone or combination treatment. DRI is the ratio of IC50 (alone) to IC50 (combo). (A–D, H), data are presented as the means ± SE, n =5. E and F, data are presented as the means ± SE, n =3. Differences between cells are denoted as **p < 0.01 and ***p < 0.001. ns, not significant.



To further determine whether the synergistic effect depends on FRα activation by decitabine, we assessed the efficacy of combination therapy in A549R-NC and A549R-shFRα cells (Figures 5C, D). Drug combination analysis showed that FRα shRNA expression markedly inhibited the sensitivity of A549R cells to pemetrexed by DAC treatment (Figure 5H). In addition, cellular accumulation studies showed decitabine increased the concentration of pemetrexed in A549R cells (Figure 5F) and this concentration increase could be attenuated by shFRα (Figure 5G). We also assessed the synergistic effect of combination therapy on H1299 and H1975 cells that have low expression levels of FRα. Drug combination analysis showed there was no or a weak synergistic effect of pemetrexed and decitabine on H1299 cells and H1975 cells (Supplementary Figure 5 and Figure 5H).

In summary, these results present a better cytotoxic synergistic effect of pemetrexed and decitabine on A549R cells than on other LUAD cells, and suggest decitabine sensitizes A549R cells to pemetrexed mainly through upregulation of FRα.



Decitabine Enhanced the Cytotoxicity of Pemetrexed In Vivo

Based on the results described above, studies were performed to investigate the cytotoxic synergism of pemetrexed and decitabine in vivo by establishing A549 and A549R xenografts. First, we explored the effective concentration and treatment time of decitabine in vivo. Mice were intraperitoneally injected with different doses (2.5, 5 or 10 mg/kg) of decitabine on day 0 and tumors were collected on day 4 and 7. Treatment with 5 mg/kg and 10 mg/kg decitabine significantly upregulated FRα expression in A549R tumors on day 4 (Figure 6A), and this upregulation was more obvious on day 7 (Figures 6B, C). However, we did not observe the induction of FRα by decitabine in A549 xenografts (Figures 6D, E).




Figure 6 | FRα protein expression in xenograft tumors from mice treated with decitabine. (A, B) FRα expression in A549R xenograft tumors. Mice were intraperitoneally injected with different doses (2.5, 5, or 10 mg/kg) of DAC on day 0, and tumors were collected on days 4 and 7. (C) Comparison of FRα expression in A549R xenograft tumors collected on day 4 and 7. (D, E) FRα expression in A549 xenograft tumors. Mice were intraperitoneally injected with different doses (2.5, 5, or 10 mg/kg) of DAC on day 0, and tumors were collected on day 4 and 7. Densitometric values are shown as optical density after GAPDH normalization using Image J and each band represents a mouse.



The drug administration timeline is shown in Figure 7A. Mice were treated with 100 mg/kg pemetrexed after injection of 5 mg/kg decitabine for 4 days. As showed in Figure 7B, compared to the saline-treated group, the tumor volume of A549 xenografts was decreased in the pemetrexed-treated group, but pemetrexed did not reduce the tumor volume of A549R xenografts (Figure 7C), consistent with the previous result that A549R cells were less sensitive to pemetrexed. As expected, the tumor volume in the combination group was significantly decreased in both A549 and A549R xenografts (Figure 7D) and similar results were observed for the tumor weight (Figures 7F, G). Moreover, the combination of pemetrexed and decitabine showed stronger growth inhibitory effects on A549R xenografts than on A549 xenografts. The concentrations of pemetrexed in tumors were detected by using LC-MS/MS, and the results indicated that decitabine increased the amount of pemetrexed by 2-fold in A549 tumors and 7-fold in A549R tumors (Figure 7H). Interestingly, although decitabine did not induce FRα expression in A549 tumors, the amount of pemetrexed in tumors of the combination group was also increased. By analyzing the levels of pemetrexed-related transporters, we found that the expression of RFC and PCFT was increased significantly (Supplementary Figure 6), which might account for the increased pemetrexed concentration detected in A549 tumors of the combination group. In addition, in the pemetrexed-treated group, the amount of pemetrexed in A549 tumors was much greater than that in A549R tumors, which explained the weaker growth inhibitory effect of pemetrexed on A549R xenografts (Figure 7H). H&E staining shows neither nephrotoxicity nor hepatotoxicity in mice undergoing different treatments (Supplementary Figure 7) and no significant weight loss was observed in each group (Figure 7E). Collectively, these results further indicated that decitabine enhanced the cytotoxicity of pemetrexed in A549R cells mainly by upregulating the expression of FRα in vivo.




Figure 7 | Decitabine sensitizes A549 and A549R cells to pemetrexed in xenograft models. (A) Experimental timeline and dosing schedule for xenograft models. (B, C) Tumor growth curves for A549 and A549R xenografts. (D) Tumors after resection from mice on day 20. (E) Body weight curves for A549 and A549R xenografts. (F, G) Tumor weight of A549 and A549R xenografts on day 20. (H) The concentration of pemetrexed in tumors of A549 and A549R xenografts. Data are presented as the means ± SE from 6 mice. Groups with different letters show significant differences using ANOVA followed by Tukey’s test. Differences between the two groups are denoted as *p < 0.05, **p < 0.01 and ***p < 0.001. ns, not significant. Control, DAC, PEM, and Combo indicate mice treated with saline, decitabine alone, pemetrexed alone, and decitabine-pemetrexed combination, respectively.






Discussion

Many studies have focused on the mechanisms of radioresistance and the discovery of radiosensitizers. However, limited information is available on changes in the efficacy changes of chemotherapeutic drugs during long-term radiotherapy and, in particular, new drug strategies for patients with acquired radioresistance. In the present study, we showed that: 1) long-term fractionated irradiation downregulated FRα expression in LUAD cells, which directly decreased the intracellular accumulation of pemetrexed and resulted in low sensitivity of radioresistant cells to pemetrexed; 2) decitabine enhanced the cytotoxicity of pemetrexed in vitro and in vivo through the indirect upregulation of FRα; and 3) the combination of pemetrexed and decitabine showed strong synergetic cytotoxicity toward A549R cells, which might provide a new strategy for patients with LUAD presenting with acquired radioresistance.

FRα was reported to be expressed at high levels in LUAD (17, 18, 28). However, its expression level in LUAD cell lines is not consistent. According to our study, only the A549 cell line was FRα-positive, and other LUAD cell lines had little or undetectable expression of FRα at the mRNA or protein level. This result was shown in another study in which the researchers analyzed the expression of FRα in 27 lung cancer cell lines, including 19 LUAD, 1 lung squamous cell carcinoma (SqCC), 1 lung adenosquamous carcinoma (ASC), 3 small cell lung cancer (SCLC) and 3 lung large cell carcinoma (LCC) cell lines, and only observed strong bands in the Western blots of A549 (LUAD), H647 (ASC), H460 (LCC) and SBC-5, KB (SCLC) cell lines, whereas other cell lines had faint or no bands, especially LUAD cell lines (24). Given the importance of pemetrexed in the clinical treatment of LUAD and the similar expression level of FRα to human LUAD, we constructed an A549 radioresistant cell model to study changes in the sensitivity of radioresistant cells to pemetrexed, which has been widely used in other studies to illustrate the internal mechanisms of acquired radioresistance (29, 30). Radioresistant isogenic cell models have been generated for many human cancer lines and have formed the basis for the identification of mechanisms of radioresistance (31, 32). When we searched the Gene Expression Omnibus (GEO) datasets for radioresistant cancer cells and FRα, we found that FRα was downregulated in radioresistant B-precursor acute lymphoblastic (ALL) tumor cells and the radioresistant squamous cell carcinoma cell line SCC61 (Supplementary Figure 8), suggesting that the downregulation of FRα in radioresistant cancer cells might be a universal phenomenon. Therefore, the efficiency of FRα-related chemotherapeutic drugs must be closely monitored in for patients with acquired radioresistance.

The membrane transport of pemetrexed in mammalian cells is mediated by several transporters and receptors. RFC, which belongs to the SLC19 family (SLC19A1), is widely distributed in various human tissues and functions as an anion exchanger, but its activity and folate-concentrating ability are limited in a low pH microenvironment (33, 34). Unlike RFC, PCFT which is encoded by SLC46A1, functions optimally at acidic rather than neutral pH. However, it is mainly expressed in the jejunum, duodenum, kidney, spleen, placenta, liver, and choroid plexus, but rarely in the lung (34). The folate receptors FRα and FRβ are high-affinity binding proteins that mediate the transport of pemetrexed through endocytosis. FRα is expressed at high levels in epithelial cells of the placenta, female reproductive organs, breast, lung and various human solid tumors (15, 35), whereas FRβ is mainly detected in hematopoietic tissues (35). Although FRα requires complex processes to facilitate pemetrexed to enter into cells, it has an affinity for preferred substrates more than 3 orders of magnitude greater than RFC (13, 36). In addition, various groups have documented high FRα expression in NSCLC (16, 17, 19, 37) and the results of our study also showed the highest expression level of FRα among the four transporters and receptors in A549 cells. Collectively, FRα may play a pivotal role in pemetrexed treatment of LUAD, and downregulation of FRα inevitably leads to the low sensitivity of radioresistant LUAD cells to pemetrexed.

Drug combinations are currently the mainstream treatment strategy for cancer chemotherapy, and may produce favorable outcomes, including 1) increasing the efficacy of the therapeutic agent, 2) maintaining the same efficacy to avoid toxicity, and 3) minimizing or slowing the development of drug resistance (21). Decitabine was approved by Food and Drug Administration (FDA) as an epigenetic drug for patients with acute myeloid leukemia (AML) and myelodysplastic syndrome (MDS) (38). Although the antitumor mechanisms of decitabine are unclear, low doses of decitabine are efficacious against hematological neoplasms, rather than high doses that induced rapid DNA damage and cytotoxicity (39). Remarkably, low doses of decitabine exert durable antitumor effects on hematological and epithelial tumor cells but are not toxic to normal cells (39). In recent years, several clinical trials have reported the potential of decitabine as a single agent and in combination with other chemotherapeutics for NSCLC (40–44). However, single epigenetic agents had limited effects; thus, the investigative focus now lies on combination therapies of epigenetically active agents with conventional chemotherapy. Patients with lung cancer who are not eligible for aggressive chemotherapy might benefit from epigenetic therapy due to the lower number of side effects (43). In our study, the cytotoxicity of pemetrexed in radioresistant adenocarcinoma cells was decreased approximately 3-fold compared to that in the parental cells, suggesting that 4 times the dose of pemetrexed was needed to maintain the same efficacy, which may undoubtedly increase toxic side effects. Interestingly, the combination of pemetrexed and decitabine effectively increased the accumulation of pemetrexed in radioresistant adenocarcinoma cells. Moreover, in vivo and in vitro studies indicated that the combination of pemetrexed and decitabine exerted a strong synergistic effect on H1975, A549 and A549R cells, consistent with preclinical studies showing that long-term and low-dose decitabine had remarkable chemotherapeutic potential for tumor therapy (40). According to a report, the mean maximum plasma concentration (Cmax) of decitabine in human is 64.8 - 77.0 ng/ml (0.28 μmol/L - 0.34 μmol/L) (45). In our study, a low dose of decitabine (0.2 μmol/L) increased pemetrexed sensitivity 1.2- and 3.1-fold in A549 and A549R cells, respectively, which suggests the good potential of a clinical combination of these two drugs. Unfortunately, the present study did not clarify the specific mechanism by which decitabine regulates the expression of FRα, but decitabine did not reduce CpG methylation in the FRα promoter, indicating that decitabine indirectly activated FRα expression through a mechanism that requires further study.

In conclusion, this study provides important basic data on the changes in pemetrexed-related transporters and receptors after long-term fractionated irradiation and suggests that the pemetrexed-decitabine combination is a promising treatment option that sensitizes radioresistant LUAD cells to pemetrexed by increasing the FRα-mediated accumulation of pemetrexed in cancer cells. By extension, we may provide a more individualized chemotherapy regimen for patients with LUAD presenting with acquired radioresistance. The FRα expression pattern in patients with LUAD acquired radioresistance is suggested to be closely monitored, thereby increased the survival of patients based on pemetrexed treatment. Of course, more preclinical studies are needed to optimize the safety and efficacy of pemetrexed-decitabine combination therapy.
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Acute lymphoblastic leukemia (ALL) is an aggressive malignancy. Adults with ALL have more than 50% relapse rates. We have previously validated that overexpression of nucleophosmin (NPM) is involved in the multidrug resistance (MDR) development during ALL; and a synthetically engineered recombinant NPM binding protein (NPMBP) has been developed in our group; NPMBP and doxorubicin (DOX) can be conjugated in a nanoparticle-based drug delivery system named DOX-PMs-NPMBP to counteract MDR during ALL. Here, we evaluated the antileukemia potential of DOX-PMs-NPMBP in resistant ALL cells. This study demonstrates that DOX-PMs-NPMBP significantly enhances chemosensitivity to DOX in ALL cells. Despite at variable concentrations, both resistant and primary ALL cells from relapsed patients were sensitive to DOX-PMs-NPMBP. In detail, the half maximal inhibitory concentration (IC50) values of DOX-PMs-NPMBP were between 1.6- and 7.0-fold lower than those of DOX in cell lines and primary ALL cells, respectively; and apoptotic cells ratio was over 2-fold higher in DOX-PMs-NPMBP than DOX. Mechanistically, p53-driven apoptosis induction and cell cycle arrest played essential role in DOX-PMs-NPMBP-induced anti-leukemia effects. Moreover, DOX-PMs-NPMBP significantly inhibited tumor growth and prolonged mouse survival of ALL xenograft models; and no systemic toxicity occurrence was observed after treatment during follow-up. In conclusion, these data indicate that DOX-PMs-NPMBP may significantly exert growth inhibition and apoptosis induction, and markedly improve DOX antileukemia activity in resistant ALL cells. This novel drug delivery system may be valuable to develop as a new therapeutic strategy against multidrug resistant ALL.
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INTRODUCTION
Acute lymphoblastic leukemia (ALL) is an aggressive, malignant disease. Improvements in multiagent chemotherapy treatments, along with tailored risk assessment, have raised survival rates in pediatric ALL. However, adult ALL patients still have a relapse rate exceeding 50%, and an overall survival rate of 20–40% (Sive et al., 2012; Tasian and Gardner, 2015; Richard-Carpentier et al., 2019). In recent years, a personalized treatment approach involving the following has contributed to the progress of adult ALL therapy: response to minimal residual disease and disease genetics; adopting pediatric-inspired regimens in younger adults; advances in transplantation; incorporation of new treatments and tyrosine kinase inhibitors found in frontline regimens; as well as adoptive cellular therapy (Aldoss and Stein, 2018; Pillai et al., 2019). In particular, antibody-based therapies, such as monoclonal antibodies and antibody-drug conjugates have shown promising activity profiles for the treatment of ALL (Phelan and Advani, 2018; Schmied et al., 2019). Introduction of these strategies in the frontline setting has been ongoing and will likely unravel significant benefits for ALL.
Nanomedicines is a unique treatment strategy that offers different methods of administering drugs and improvement of the therapeutic efficacy and poses less side effects to healthy cells and tissues. In the context of drug resistance, nanoparticles have been shown to improve P-glycoprotein (P-gp) efficacy, suggesting that nanomedicine might overcome multidrug resistance (MDR) (Dong and Mumper, 2010; Mattheolabakis et al., 2012). Nucleophosmin (NPM) is a multifunctional nucleolar protein involved in several biological processes, as well as the pathogenesis of malignancies in humans (Borer et al., 1989; Colombo et al., 2011). NPM mutations induce the nuclear export of the mutants, while aberrant cytoplasmic delocalization of NPM is of high importance for leukaemogenesis (Liso et al., 2008; Chen and Hu, 2020). We have previously validated that overexpression of NPM and nucleolin (NCL) is involved in the MDR development and an important indicator for prognosis evaluation in ALL (Hu et al., 2011). Additional research demonstrated that RNA interference causes a knockdown of NPM, which can reverse MDR in resistant leukemic cells (Lin et al., 2013; Wang et al., 2015), and a synthetically engineered recombinant NPM binding protein (NPMBP) has been developed. Furthermore, NPMBP and doxorubicin (DOX) were bound to nanoparticle-based drug delivery system named DOX-PMs-NPMBP (China patent application 2020103023956, 2020107395750), in the attempt to counteract MDR during ALL, but this requires pharmacological proof. Here, we evaluated the anti-leukemia potential of DOX-PMs-NPMBP for ALL. We report that such strategy can markedly improve the antileukemia effect of DOX, exposing a new therapeutic strategy for ALL, particularly multidrug resistant ALL.
MATERIALS AND METHODS
Cell Culture and the Induction of DOX-Resistant Nalm6 Cells
Nalm6 cells were obtained from Fujian Medical University (Fuzhou, China). The drug-resistance induction was as previous described (Wang et al., 2015). Briefly, Nalm6 cells were exposed to incrementally higher levels of DOX to establish a leukemia cell line that was resistant to DOX (Hanhui Pharmaceuticals Co., LTD., Shanghai, China). The drug sensitivity between the resistant cells and the parent cells was compared with a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Sigma, St. Louis, MO, United States) assay. Prior to each experiment, cells were grown in a culture medium free of DOX for a minimum of two weeks.
Either Nalm6 cells or Nalm6/DOX cells were further transduced with a lentiviral vector that encoded the luciferase (Luc) gene. The efficiency of the stable transduction was monitored by fluorescence microscopy. Both cell lines with stable luciferase expression were named as Nalm6-Luc cells and Nalm6-Luc/DOX cells, respectively.
Primary Cell Isolation from Peripheral Blood
Peripheral blood (PB) samples were isolated from six ALL patients at our institute. All patients were diagnosed with ALL according to World Health Organization (WHO) and standard French-American-British (FAB) standards. All patients provided their informed consent according to the Helsinki declaration, while the institutional review board of the Ethics Committee of Fujian Medical University Union Hospital approved the study (2018–113). Primary ALL cells were isolated from PB samples as previously reported (Chen et al., 2014; Chen et al., 2020).
Cloning, Protein Expression and Purification
NPMBP was produced in accordance with the standard procedure by Wuhan Institute of Biotechnology (Wuhan, China). Briefly, NPM truncation constructs were cloned in a pET28a vector, and recombinant his-tagged NPMBP was expressed in E. coli BL21 strain in medium with the presence of 50 mg/l Kanamycin. Bacterial cultures wore grown at 37°C to an optical density OD600 0.5–0.8. Protein expression was induced by the addition of 0.8 mM Isopropyl β-D-Thiogalactoside (IPTG, GoldBio, st. Louis, United States), the temperature was lowered to 25°C and the cultures were incubated for 12 h. Bacterial cultures were harvested by centrifugation and lysed by sonication on ice. NPMBP with high binding affinity was screened and isolated by phage display technology, which was further purified using Ni (2+) affinity chromatographic column. SDS-PAGE showed a highly pure 16 kD protein, in accordance with the expected molecular weight (Figure 1A). The peptide with best binding affinity towards NPM was identified (Supplementary Figure 1). Purified proteins were further concentrated and reconstituted in phosphate-buffered saline (PBS) containing 5% glycerol, pH 7.4 at −80°C.
[image: Figure 1]FIGURE 1 | IC50 values of DOX-PMs-NPMBP on multiple ALL cell lines and different primary ALL cells from patients as measured by MTT assay. (A) Representative gel demonstrating the expected molecular weight and purity of NPMBP. (B) Schematic illustration of the structure of DOX-PMs-NPMBP. (C) Quantitative evaluation of inhibitory rates in Nalm6-Luc cells and Nalm6-Luc/DOX cells with equivalent concentrations of polymeric micelles (PMs) for 48 h. (D) Quantitative evaluation of inhibitory rate in various ALL cells with DOX or DOX-PMs-NPMBP indicated concentration. (E) ALL cell lines or primary cells from six patients treated with increasing concentrations of DOX or DOX-PMs-NPMBP for 48 h. IC50 values of DOX and DOX-PMs-NPMBP were calculated. Data are presented as mean ± SD of three independent experiments.
Preparation of DOX-PMs-NPMBP
Polyethylene glycol (PEG) was employed to modify the hydrophobic poly-(lactic acid) (PLA) to form the polymeric micelles (PMs) according to previous reports (Aliabadi et al., 2007; Duncan et al., 2019; Hoang et al., 2019). Equal concentrations of DOX and NPMBP at 0.3 mg/ml, achieving high drug-loading capacity and the high colloidal stability, were conjugated polymer-based nanoparticles and micelles. This drug- and binding protein-coated nanoparticle was named as DOX-PMs-NPMBP (Figure 1B, China Patent Application 2020103023956, 2020107395750). The DOX-PMs-NPMBP stock solutions in PBS at pH 7.4 were stored at −20°C.
Cell Viability Assay
ALL cells (4.0 × 105 cells/ml for cell lines and 2.5 × 106 cells/ml for primary cells) were seeded in 96-well plate. Cells were incubated directly after plating in triplicate with serial concentrations of DOX-PMs-NPMBP, DOX, and PMs. Cell viability was determined by MTT assay as we previously reported (Chen et al., 2020). The half maximal inhibitory concentration (IC50) was determined by the Logit way.
Cell Apoptosis and Cell Cycle Distribution Assessed by Flow Cytometry
A total of 3.0 × 105 Nalm6/DOX cells were seeded in 6-well plate with 3 ml per well of medium. Cells were then treated with DOX, DOX-PMs-NPMBP and vehicle control for 24 h. The staining process of harvested cell pellets was manipulated using Annexin V Apoptosis Detection Kit (Becton Dickinson, CA, United States) according to the manufacturer’s protocols. Frequency of apoptotic cells was analyzed by flow cytometry (BD FACSVerseTM, Becton Dickinson, CA, United States). For cell cycle analysis, a total 3.0 × 106 cells were treated with DOX or DOX-PMs-NPMBP for 24 h. Cell cycle distribution was examined as previously described (Chen et al., 2020). Propidium iodide used in this assay was purchased from BD Biosciences.
Cellular Uptake of DOX
A total of 4.0 × 105 Nalm6/DOX cells per well were plated in 6-well plates in 2 ml of growth medium. Cells were then incubated with or without DOX, DOX-PMs-NPMBP at 37°C for 12 h, cells were twice washed with ice-cold PBS. Flow cytometer analysis was used to assess the cell-associated mean fluorescence intensity (MFI) of the DOX with excitation/emission wave lengths of 485/580 nm.
Rhodamine123 (Rho123) Efflux Assay
Nalm6/DOX cells were seeded and treated with or without DOX, DOX-PMs-NPMBP as the procedures for the measurement of cellular uptake of DOX. Then, for the drug efflux ability analysis, Rho123 at 2 μM was added to each well and incubated for another 30 min at 37°C. After that, cells were twice washed with ice-cold PBS. Flow cytometer analysis was used to assess the MFI of Rho123 in the Nalm6/DOX cells through FITC channel.
RNA Extraction and Sequencing
Nalm6/DOX cells were grown in the presence or absence of DOX or DOX-PMs-NPMBP for 12 h. After treatment, cells were pelleted by centrifugation and total RNA was extracted using TRIzol reagent (Invitrogen, CA) and quantified by UV spectrophotometry (Nanodrop). For each sample 1 µg RNA was inputted when preparing the RNA samples. A NEBNext® UltraTM RNA Library Prep Kit for Illumina® (NEB, United States) was used to create the sequencing libraries according to the manufacturer’s instructions. We added index codes to designate sequences for each sample. A cBot Cluster Generation System with TruSeq PE Cluster Kit v3-cBot-HS (Illumina) was used to cluster the index-coded samples according to the manufacturer’s instructions. After the clusters were generated, an Illumina Novaseq platform was used to sequence the library and 150 bp paired-end reads were created. The RNA sequencing and the bioinformatic analysis were done by Novogene Co., Ltd. (Beijing, China).
Quantitative Real-Time Polymerase Chain Reaction
Quantitative real-time polymerase chain reaction (qRT-PCR) was performed on the ABI prism 7,700 sequence detection system (Applied Biosystems, CA, United States) using EvaGreen MasterMix-Low ROX kit (Richmond, BC, Canada). Table 1 lists primer sequences for glyceraldehyde-3-phosphate dehydrogenase (GAPDH), NPM, proto-oncogene c-myc, TP53 (p53) and p14ARF, B-cell lymphoma 2 (bcl-2), p21WAF1/CIP1, bcl-2 associated X (bax), mouse double minute 4 (MDM4), MDR, and phosphatase and tensin homolog (PTEN) detection by qRT-PCR. The relative mRNA amounts were calculated by the 2−∆∆Ct method as we previously reported (Chen et al., 2020).
TABLE 1 | The primer sequences for qRT‐PCR
[image: Table 1]Western Blotting
Cells were cultured with or without DOX or DOX-PMs-NPMBP for 24 h. Western blot analysis was performed according to we previously described (Chen et al., 2014; Chen et al., 2020). Primary antibodies against Tublin, Actin and c-Myc were obtained from Santa Cruz Biotechnology, Inc. (Santa Gruz, CA, United States). NPM, P-gp, PTEN, Bcl-2, Bax, phospho-14ARF (p14ARF), p21WAF1/CIP1, PI3 Kinase p85, phospho-p85 (p-p85), p53 and phospho-p53 (p-p53), Cyclin D, Cyclin E, phospho-retinoblastoma (p-Rb), mouse double minute 2 (MDM2) and MDM4 antibodies were provided by Cell Signaling Technology (Danvers, MA, United States). GAPDH antibody was purchased from Abcam (Cambridge, United Kingdom).
In vivo Anti-leukemic Effects in Nalm6-Luc/DOX Xenograft Nude Mice
Around 5 × 106 Nalm6-Luc/DOX cells were subcutaneously transplanted to 6- to 8-week-old BALB/C-nude mice (Slac Laboratory Animal Co., Ltd. Shanghai, China). Twenty days after transplantation, the Nalm6-Luc/DOX xenograft models received either DOX, DOX-PMs-NPMBP, or PMs at maximal dose (equivalent to 3 mg/kg DOX) by intraperitoneal injection once daily for 3 days. PBS injection was administered as vehicle control. Animal body weight was monitored during the follow-up. Tumor size was measured during study course. Tumor inhibition rate were calculated as we previously reported (Chen et al., 2018). Nalm6-Luc/DOX xenograft models in response to treatment were monitored by IVIS LUMINA II Imaging system (Caliper Life Sciences, Hopkinton, MA, United States) at the 25th day after the initial treatment. The follow-up was completed at the 30th day, tumor tissues and organs were carefully excised and fixed in 10% formalin, embedded in paraffin. Then, tumor tissue sections were sliced, adhered to slide, and stained with hematoxylin-eosin (HE).
Therapy of NCG Mouse Xenografted With Nalm6-Luc/DOX Cells
NOD-Prkdcem26Il2rgem26Nju (NCG) mice (Nanjing Biomedical Research Institute of Nanjing University, Nanjing, China) aged six-to eight-week-old were inoculated intravenously in their tail veins with 1.0 × 104 Nalm6-Luc/DOX cells. Seven days later, recipient mice were intraperitoneally injected with either DOX or DOX-PMs-NPMBP at 1.5 mg/kg once daily for 3 days. Vehicle control mice were received PBS only. The mouse body weight was tracked and recorded. Either treated mice or vehicle control mice were monitored by IVIS LUMINA II Imaging System. Animals were sacrificed until the 14th day after start of the treatment. The liver and spleen were weighed. Bone marrow (BM) smears were obtained. Cell morphology was assessed microscopically upon Wright-Giemsa staining. BM cells were isolated and stained with anti-human CD19-APC monoclonal antibody (Becton Dickinson). CD19+ Nalm6-Luc/DOX in BM were analyzed by flow cytometry.
The experiment was repeated and all recipients were closely monitored. Survival times were recorded. Follow-up was completed on days 42 post leukemia cell inoculation. All animals were maintained at the animal facility in Fujian Medical University. Animal experiments were performed according to previously reported procedures (Chen et al., 2020). All protocols were reviewed and approved by the Ethics Committee of Institutional Animal Care and Use in Fujian Medical University (2017–071).
Statistical Analysis
The data listed is that of the mean ± the standard deviation (SD). Statistical significance was determined using the two-tailed Student’s t-test or one-way analysis of variance (ANOVA). GraphPad Prism software (version 8.0) was used to conduct statistical analysis. Kaplan-Meier methods and a long-rank test were used to assess the life span of the mice. Statistically significant results were those p < 0.05, p < 0.01, p < 0.001, and p < 0.0001.
RESULTS
Increased DOX-PMs-NPMBP Sensitivity in ALL Cell Lines and Primary Cells Compared to DOX
We determined whether DOX-PMs-NPMBP may effectively inhibit cell growth in DOX-resistant cell lines (Nalm6/DOX cells and Nalm6-Luc/DOX cells) and their parental cell lines (Nalm6 cells and Nalm6-Luc cells). Overall, ALL cells were more sensitive to DOX-PMs-NPMBP compared with DOX (Figure 1D, E). Although the average IC50 value of DOX in resistant Nalm6 cells was around 20-fold higher than that of DOX in its parental cells, cell growth was significantly suppressed by DOX-PMs-NPMBP with a dose-dependent way. The average IC50 value of DOX-PMs-NPMBP was 0.08 ± 0.01 µg/ml and 0.62 ± 0.25 µg/ml in Nalm6-Luc cells and corresponding DOX-resistant cells, respectively, reflecting a 2.6- and 7.0-fold reduction compared to DOX alone. Similar results were found in Nalm6 cells and Nalm6/DOX cells. The average IC50 value of DOX-PMs-NPMBP was 3.5-fold lower than that of DOX in Nalm6 cells and Nalm6/DOX cells. Interestingly, DOX-PMs-NPMBP decreased cell proliferation more significantly than the effects of DOX alone in primary ALL cells. Primary ALL cells from newly diagnosed or relapsed patients, were more sensitive to DOX-PMs-NPMBP compared with DOX. The average IC50 value was significantly decreased from 1.92 ± 0.33 µg/ml and 2.98 ± 0.46 µg/ml in DOX group to 1.18 ± 0.23 µg/ml and 1.42 ± 0.12 µg/ml in DOX-PMs-NPMBP group in newly diagnosed and relapsed patients, respectively. Noticeably, as shown in Figure 1C, the blank PMs without NPMBP and DOX showed no significant toxicity in either Nalm6 cells or Nalm6/DOX cells. About 85% cell viability was observed at maximum polymer concentrations equivalent to 40 µg/ml DOX.
DOX-PMs-NPMBP Induces Apoptosis in DOX-Resistant Nalm6 Cells and DOX-Sensitive Nalm6 Cells
We next assessed the role of DOX-PMs-NPMBP on apoptosis induction in Nalm6 cells and Nalm6/DOX cells. The results demonstrated that DOX-PMs-NPMBP induced apoptosis in both cell lines compared to DOX treatment alone (Figure 2). When treated with DOX-PMs-NPMBP for 24 h, the ratio of apoptotic cells was 16.8 ± 1.7 and 17.7 ± 3.2%, respectively, reflecting a 1.5-fold and 2.2-fold increase compared to Nalm6 cells and Nalm6/DOX cells following single DOX administration. These results indicate that DOX-PMs-NPMBP can increase DOX chemosensitivity in either DOX-responsive or DOX-resistant ALL cells.
[image: Figure 2]FIGURE 2 | DOX-PMs-NPMBP induces apoptosis in Nalm6/DOX cells. Nalm6/DOX cells were incubated with DOX or DOX-PMs-NPMBP for 24 h. Frequency of cells undergoing apoptosis was stained with Annexin V-APC and analyzed by flow cytometry. (A) Representative flow-cytograms of Annexin V+ cells in each groups (B) Summary data for the frequency of apoptotic cells in each measured as in panel A. Data are generated from three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001 compared with control, #p < 0.05 compared with DOX.
DOX-PMs-NPMBP promotes the intracellular retention of DOX in DOX-resistant Nalm6 cells
To illustrate the mechanisms of DOX-PMs-NPMBP growth inhibitory effect in drug-resistant Nalm6 cells, we monitored the intracellular accumulation of DOX after treatment. As shown in Figure 3A, it showed slightly increased the intracellular retention of DOX in Nalm6/DOX cells after treated with DOX. The MFI of DOX significantly increased in a dose-dependent manner in Nalm6/DOX cells after DOX-PMs-NPMBP administration. Compared with DOX alone, DOX uptake was dramatically increased by 1.4- and 2.0-fold in Nalm6/DOX cells, after 1.0 and 2.0 µg/ml DOX-PMs-NPMBP treatment, respectively.
[image: Figure 3]FIGURE 3 | DOX-PMs-NPMBP promotes intracellular accumulation of DOX or Rhodamine123 (Rho123) in Nalm6/DOX cells. Nalm6/DOX cells were treated with indicated concentration of DOX and DOX-PMs-NPMB for 12 h. The intracellular retention of DOX was evaluated by flow cytometry(A). For the drug efflux ability assay, Rho123 at 2 μM was added to each well above and incubated for another 30 min at 37°C. After washed, flow cytometer analysis was used to assess the MFI of Rho123 in the Nalm6/ADR cells through FITC channel (B). Data reflect the mean ± SD of three separate experiments. MFI: mean fluorescence intensity, **p < 0.01, ***p < 0.001 compared with DOX, #p < 0.05 compared with control, ##p < 0.01 compared with DOX-PMs-NPMBP (1 µg/ml).
Biological evaluation shows significant accumulation of intracellular Rho123 in the Nalm6/DOX cells upon DOX-PMs-NPMBP administration
Flow cytometry analysis showed that the MFI of Rho123 was not significant different to that of untreated control in Nalm6/DOX cells after treatment with DOX at 2.0 µg/ml (p = 0.4419), In contrast, DOX-PMs-NPMBP-treated resistant Nalm6/DOX cells dose-dependently increased intracellular accumulation of Rho123. As compared to DOX alone, the intracellular retention of Rho123 was significantly increased by 2.1- and 2.9-fold in Nalm6/DOX cells, after 1.0 and 2.0 µg/ml DOX-PMs-NPMBP treatment, respectively (Figure 3B).
Bioinformation Analysis Shows Significant Transcriptional Changes in Nalm6/DOX cells Following DOX-PMs-NPMBP Treatment
To better understand the mechanisms driving DOX-PM-NPMBP increased anti-leukemia effects, we compared the transcriptional profiles of Nalm6/DOX cells following treatment with either DOX-PMs-NPMBP or DOX. Figures 4A–C show volcano plot of differential gene expressions (DEGs) in DOX-PMs-NPMBP-treated cells vs. vehicle control cells. We identified 2,414 upregulated genes, which are displayed as red dots, and 3,185 downregulated genes, which are displayed as green dots, between the vehicle control and the DOX-PMs-NPMBP treatment. We found 13 genes that were upregulated and 220 genes that were downregulated when compared DOX vs. DOX-PMs-NPMBP treatments. Next, we constructed the protein-protein interaction (PPI) and DEG network via the Search Tool for the Retrieval of Interacting Genes (STRING) repository (https://string-db.org/). The STRING diagram for the initial cohort of 400 gene proteins is shown in Figure 4D. This analysis displayed a clustering coefficient of 0.524 and a PPI enrichment p-value of 0. This suggests adequate connectivity and acceptable conclusions for analysis of the networks. To gain insight into the potential pathways that might be specifically associated with increased DOX-PMs-NPMBP-efficacy in Nalm6/DOX cells, we performed Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis among different treatment groups. For DOX-PMs-NPMBP nanoparticle vs. vehicle control, 21 pathways were identified (p < 0.05, Figure 4E). Among those, p53 protein (gene symbol TP53) overlapped five pathways, e.g., Epstein-Barr virus infection, cell cycle, apoptosis, human T-cell leukemia virus one infection and p53 signaling pathway. The RNA-seq data regarding this study are available on the NCBI website database via the link: https://www.ncbi.nlm.nih.gov/Traces/study/?acc=PRJNA668604.
[image: Figure 4]FIGURE 4 | Bioinformation analysis based on RNA-seq data. (A–C) Volcano plots of differentially expressed genes (DEGs) in Nalm6/DOX cells administered DOX, DOX-PMs-NPMBP, and vehicle control. (D) DOX-PMs-NPMBP-associated protein interaction network. Each circle means a protein/gene (node). (E)DOX-PMs-NPMBP-associated Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis.
RNA-seq data was further validated by qRT-PCR. The relative gene expression levels of specific targets in Nalm6/DOX cells and primary ALL cells from patients were quantified (Figures 5A, B). Compared with either DOX or vehicle control, DOX-PMs-NPMBP conditioning significantly downregulated the mRNA levels of NPM, MDR, c-myc, bcl-2, MDM4 and PTEN, and markedly upregulated p53, bax, p21 and p14ARF. In line with the changes of mRNA expression after DOX-PMs-NPMBP treatment, we found that the protein expression of NPM, MDR, c-Myc, Bcl-2, MDM4 and PTEN dramatically decreased, while the p53, phospho-p53, Bax, p21 and p14ARF protein remarkably increased in the cells after administered DOX-PMs-NPMBP. In addition, DOX-PMs-NPMBP induced the protein expression of p85 and phospho-Rb, but reduced the levels of MDM2, phospho-p85, cyclin D, cyclin E in Nalm6/DOX cells (Figure 5C).
[image: Figure 5]FIGURE 5 | Effects of DOX-PMs-NPMBP on mRNA and protein expression levels, and cell cycle distribution. Nalm6/DOX cells (A) and primary ALL cells from patients (B) were treated with DOX or DOX-PMs-NPMBP for 12 h, cells were harvested, and total RNA was isolated. Real-time PCR analysis was performed. All assays were repeated three times. **p < 0.01, ***p < 0.001, ****p < 0.0001 compared with control, #p < 0.05, ##p < 0.01, ###p < 0.001 compared with DOX. (C) Protein expression levels in the Nalm6/DOX cells treated with DOX or DOX-PMs-NPMBP for 24 h as measured by western blotting. Tublin, Actin or GAPDH was employed as an internal reference. The experiments were repeated at least three times. The intensity of different protein bands was quantified and normalized with GAPDH, Tublin or Actin. Changes in protein expression levels are represented as percentage change from untreated control levels, which were set to 100% (1.00). (D) Cell cycle distribution analysis of Nalm6-Luc/DOX cells administered DOX or DOX-PMs-NPMBP for 24 h. Data are mean ± SD of three experiments performed independently. *p < 0.05, **p < 0.01 vs. control. #p < 0.05 vs. DOX.
DOX-PMs-NPMBP Induces the G0/G1 Cell Cycle Arrest in Nalm6/DOX Cells
We further explored the effects of DOX-PMs-NPMBP on cell cycle distribution of Nalm6/DOX cells. Compared to the control group, DOX-PMs-NPMBP remarkably increased the frequency of cells in the G0/G1 phase (52.82 ± 4.96% vs 39.76 ± 2.75%, p = 0.016), while decreased the proportion of cells in the S phase (35.38 ± 4.33% vs 49.91 ± 2.20%, p = 0.007). In contrast, DOX alone slightly reduced cell amounts in the S phase, and increased frequency of G2/M phase cells. Moreover, the proportion of G0/G1 phase cells upon DOX-PMs-NPMBP administration was significantly increased in comparison with the DOX value (52.82 ± 4.96% vs 43.11 ± 3.11%, p = 0.045, Figure 5D).
DOX-PMs-NPMBP Inhibits the Growth of Implanted Nalm6-Luc/DOX Cells in BALB/C-Nude Mice
To assess the impact of DOX-PMs-NPMBP in vivo, this compound was tested in Nalm6-Luc/DOX subcutaneous transplant model in BALB/C-nude mouse. Either DOX or DOX-PMs-NPMBP regimen was well tolerated when administered at 3 mg/kg once daily for 3 days during the follow-up. As shown in Figure 6A, the body weights in each group increased slightly with time after treatment. When normalized the body weight of PBS control group, the relative body weight in PMs group was similar to that of the controls. The relative body weight in both DOX- and DOX-PMs-NPMBP-treated group was slightly lower than that in PMs group; but without significant differences between the two regimens.
[image: Figure 6]FIGURE 6 | DOX-PMs-NPMBP inhibits xenograft growth and enhances antileukemia activity in Nalm6-Luc/DOX xenograft nude mice. The nude mice with Nalm6-Luc/DOX xenografts were randomly divided into four groups and intraperitoneally administered DOX, DOX-PMs-NPMBP, PMs, or PBS once daily for 3 days. Body weights and tumor size were measured at the indicated time scheme by a caliper (tumor volume = shortest diameter2 × longest diameter/2). (A) Body weight during follow-up. The relative levels of body weight are represented as percentage changes from vehicle control levels, which were set at 100%. (B) Tumor volume at each time point. The relative levels of tumor volume are represented as percentage changes from vehicle control levels, which were set to 100%. *p < 0.05, **p < 0.01 vs. DOX group. (C) Representative of whole-body luciferase reporter images from vehicle, DOX or DOX-PMs-NPMBP treated mice. (D) Representative of photographs of tumors excised from xenograft mice after completed the study. The tumor weight was measured. *p < 0.05, ****p < 0.0001. (E) Hematoxylin-eosin-stained sections of tumor tissue from representative control and treated mice.
The average tumor volume in the DOX-treated animals was obviously smaller than that of PBS- and PMs-conditioned mice, but larger than that of DOX-PMs-NPMBP-administered recipients (Figure 6B). Animals bearing subcutaneous Nalm6-Luc/DOX tumor were imaged by IVIS SPECTRUM Imaging System pre- and post-initial treatment. Bioluminescent imaging demonstrated that Nalm6-Luc/DOX xenograft mice presented strong therapeutic response to DOX-PMs-NPMBP. Lower tumor burden was observed in the recipients which received DOX-PMs-NPMBP as compared to that DOX alone (Figure 6C). Following 30 days after initial regimen, DOX-PMs-NPMBP group demonstrated an excellent antitumor activity with the inhibition rate of 79.2% compared to vehicle control, which remained the lowest among the three groups (Figures 6C,D).
Histologically, xenograft tumor in control group was characterized by high homogeneity and integrity, and unnormal proliferation state; Nalm6-Luc/DOX cells found in the vehicle control’s subcutaneous tumor tissues were different sizes with the large stained nuclei, and were of a round shape. In contrast, the tumor sections of DOX and DOX-PMs-NPMBP showed different levels of inflammation and cell necrosis, depicted by a heterogeneous dyeing and messy cell morphology. Of note, less tumor cells, more erythrocytes and fibroblast cells were visible in the tumor tissues from DOX-PMs-NPMBP-treated mice (Figure 6E).
DOX-PMs-NPMBP Enhances Antileukemia Activity in the NCG Nalm6-Luc/DOX Transplant Models
We further assessed the in vivo anti-leukemia activity of DOX-PMs-NPMBP in NCG mice. A total of 1.0 × 104 Nalm6-Luc/DOX cells were infused into NGG mice by tail vein injection. Seven days later, the mice were administered a single dose of DOX or DOX-PMs-NPMBP daily for 3 days. The day before initial regimen was designated as day 0. As shown in Figure 7A, DOX-PMs-NPMBP showed significant anti-leukemia activity, with less fluorescence signals 14 days after initial administration. In contrast, animals from vehicle control or DOX alone presented strong fluorescence signals, which widely spread to different organs. Body weights from each group mice were also monitored during the follow-up. Significant decreased body weight could be observed in control group; however, there was no significant weight loss for DOX- and DOX-PMs-NPMBP-treated groups. Instead, the body weight of the mice from the nanoparticle conditioning group increased slightly during the study period, indicating the novel drug delivery system produced less systematic toxicity and reached higher therapeutic effect (Figure 7B). Moreover, larger liver and spleen were found in animals from either control group or DOX group compared to DOX-PMs-NPMBP-treatment (Figures 7C, D). Wright-Giemsa staining results demonstrated increased immature blast cells in the BM from vehicle control mice and DOX-treated mice. However, BM samples from DOX-PMs-NPMBP-conditioned mice showed more mature myeloid cells and lymphocytes (Figure 7E). Nalm6-Luc/DOX cells in the BM from individual mice were further confirmed by flow cytometric analysis. As shown in Figures 7F,G, the frequency of CD19+ Nalm6-Luc/DOX cells was dramatically decreased upon DOX-PMs-NPMBP administration in comparison to either vehicle control or DOX-only treatment (p < 0.0001 vs control, p < 0.01 vs DOX).
[image: Figure 7]FIGURE 7 | DOX-PMs-NPMBP enhances antileukemia activity in NOD-Prkdcem26Il2rgem26Nju (NCG) mice implanted with Nalm6-Luc/DOX cells. A total of 1.0 × 104 Nalm6-Luc/DOX cells were infused into NCG mice by tail vein injection. Seven days later, mice were intraperitoneally administered daily single dose of DOX, DOX-PMs-NPMBP, or PBS for 3 days. The day before initial regimen was designated as day 0. Animals were euthanized at the 14th day after the initial treatment. (A) Bioluminescence images of the ventral/dorsal area taken at pre- and post-treatment. (B) Body weights at each time point. (C) Representative photographs of liver and spleen excised from implanted NCG mice. (D) Liver and spleen weight changes in different conditioning group mice. (E) Representative Wright-Giemsa-stained sections of harvested bone marrow (BM) cells in each group mice. (F) Representative images of flow-cytogram illustrating the CD19+ Nalm6-Luc/DOX cells in BM. Dot plots reflect CD19-APC vs. side scatters. *p < 0.05, ***p < 0.001, ****p < 0.0001. (G) The percentages of CD19+ cells in BM were measured by flow cytometry. **p < 0.01, ***p < 0.001, ****p < 0.0001.
DOX-PMs-NPMBP Improves the Survival of Nalm6-Luc/DOX Xenograft NCG Mice
The overall survival of the animals with the different regimens was monitored. In vivo, administration of DOX in Nalm6-Luc/DOX cells yielded only partial improvement in overall survival, through partial delay but incomplete prevention of leukemia cell growth (p > 0.05 compared to PBS vehicle control). However, DOX-PMs-NPMBP regimen significantly reduced Nalm6-Luc/DOX leukemia burden and improved overall survival as compared with the control (p < 0.05). Thus, the in vivo results further confirm the enhanced therapeutic efficacy of DOX-PMs-NPMBP for resistant ALL (Figure 8).
[image: Figure 8]FIGURE 8 | DOX-PMs-NPMBP improves survival in NCG mice implanted with Nalm6-Luc/DOX cells. The day of implantation with Nalm6-Luc/DOX cells was designated as day 0. ALL xenograft models were monitored during the study period. Survival time of the recipients were recorded. (A) Representative bioluminescence images of the ventral/dorsal area taken on different time points during follow-up. (B) Kaplan-Meier survival curves. *p < 0.05 compared with control.
DISCUSSION
ALL is a hematologic malignant disease that occurs due to a buildup of lymphoid progenitor cells in various tissues, particularly bone marrow. The rate at which it is cured in adult ALL patients is between 20 and 40%, provided they undergo chemotherapy (Sive et al., 2012; Richard-Carpentier et al., 2019). There has been a significant increase in our collective understanding of the pathogenesis of ALL over the past decade, as well as novel approaches for treatment. In particularly, the administration of monoclonal antibodies, CAR-T cell therapies, and other novel targeted strategies in ALL show tremendous potential to improve cure and survival rates. For example, Inotuzumab ozogamicin is an anti-CD22 antibody drug conjugate that is set to deliver cytotoxic drugs to B-ALL cells expressing CD22, and shown great outcomes in patients with relapsed or refractory ALL (Kantarjian et al., 2016). We previously confirmed that NPM overexpression was involved in MDR, and was associated with the prognosis of ALL (Hu et al., 2011; Lin et al., 2013; Wang et al., 2015). Engineered nanoparticles have certain chemical and physical characteristics that give them especially useful medical purposes. As such, in the present study, the antileukemia activity of NPM binding protein- and DOX-conjugated nanoparticle in ALL cells were evaluated, and the underlying mechanisms were fully elucidated.
Nanoparticles have high permeability and retention, allowing them to deliver drugs that can accumulate within the tumor (Markman et al., 2013). DOX-PMs-NPMBP is a novel method of delivery, in which adding PEG has refined the polymers. This avoids opsonization and increases in vivo circulation time. Nanoparticles also have wide surface areas, which provides ample space for the absorbed protein NPMBP to attach. Additionally, nanospheres have solid cores, which are optimal for the attachment of chemotherapeutic agent DOX. Moreover, the water-soluble polymer PLA can covalently bind to DOX, which raises the time of circulation and lowers toxicity in normal tissues (Markman et al., 2013). Furthermore, PLA is a polymeric biodegradable nanoparticle that can be used to create nanomedicines that have been approved by the Food and Drug Administration (FDA) in the United States (Mattheolabakis et al., 2012), which further inspired us to carry out an extensive investigation on the effects of the novel drug delivery system DOX-PMs-NPMBP in ALL cells.
Recently, Zhang and colleagues reported that Saporin, a strong cytotoxic compound, can significantly slow the growth of parental cancer cells and resistant ATP-binding cassette (ABC) transporter subfamily B member 1 (ABCB1)- and ABC transporter subfamily G member 2 (ABCG2)-overexpression cells when it has been encapsulated in lipid-based nanoparticles (Zhang et al., 2020). We found the resistant ALL cell lines, as well as the primary ALL cells from relapsed patients, were more sensitive to DOX/NPMBP-conjugated nanoparticles DOX-PMs-NPMBP. Although the resistant Nalm6/DOX cells showed a little effect in response to DOX-only administration, however, more than 2-fold increase in the frequency of apoptotic cells was observed in those cells responding to DOX-PMs-NPMBP vs. DOX alone. Consistently, a higher frequency of DOX-resistant ALL cells undergo G0/G1 phase arrest upon DOX-PMs-NPMBP administration. These observations suggest that DOX and NPMBP conjugation into nanoparticles holds significant potential for enhancing DOX bioavailability and overcoming drug resistance in ALL cells.
When the gene expression profiles of Nalm6/DOX cells were analyzed comprehensively by RNA-seq technology, KEGG enrichment analysis of DEGs showed that 21 pathways were significantly different in following DOX-PMs-NPMBP treatment. Of note, TP53 overlapped in the five different pathways when compared the difference between DOX-PMs-NPMBP vs. vehicle control. And KEGG analysis didn’t show that TP53 were significantly enriched in different biological process between DOX-PMs-NPMBP vs. DOX treatment (Supplementary Figure 2,https://www.ncbi.nlm.nih.gov/Traces/study/?acc=PRJNA668604), exposing p53 as an essential player in DOX-PMs-NPMBP biological activity. Previous studies revealed that the activation of p53 induces several protective reaction activities, such as cell cycle arrest, senescence or cell death. However, p53 inactivation, which is usually caused by TP53 gene mutation or negative regulation of wild type (wt) protein product, is commonly found in most human cancer (Ding et al., 2020; Jiang et al., 2020; Long et al., 2020). More recently, pharmacological manipulation of p53 has been a highly attractive strategy in the development of new anticancer treatments (Lazo, 2017; Duffy et al., 2020). Thus, the present study may be of great value to investigate the underlying mechanisms of DOX-PMs-NPMBP in the pre-B Nalm6 cells, which typically harbor with wt p53.
Furthermore, the underlying mechanisms of DOX-PMs-NPMBP-enhanced anti-leukemia and cell death effects were explored. DOX-PMs-NPMBP dramatically inhibited MDR as well as the targeting molecule NPM as compared to either DOX or vehicle control. Nanoparticle carrier has been reported to circumvent P-gp-mediated resistance, enhancing cellular drug-uptake through the forming of ion pairs and endocytosis, the lowering of ATP, regulating the function and expression of P-gp, as well as alterations in the P-gp downstream signaling pathways (Dong and Mumper, 2010; Zhang et al., 2020). This is a likely explanation for higher level of intracellular accumulation of DOX in the resistant cells when conditioned with DOX-PMs-NPMBP. Moreover, Rho123 efflux assay, a very sensitive functional assay for ABC-transporter P-gp, was further included in this study. The novel DOX-PMs-NPMBP nanoparticle system could markedly modulate the functional activity of P-gp, thereby reducing the drug pumping P-gp-mediated efflux of Rho123 in the resistant ALL cells in comparison to DOX, suggesting the classical MDR phenotype-dependent mechanism was involved in the action of DOX-PMs-NPMBP on DOX-resistant cells.
NPM plays important role for the nucleolar localization of oncogenic c-Myc and enhances c-Myc transformation. Constitutive NPM overexpression may stimulate c-Myc-mediated rRNA synthesis (Li and Hann, 2013). In line with these reports, our data delineates that DOX-PMs-NPMBP not only completely abolished the expression of c-Myc, but also markedly induced the activation of p14ARF, an important partner of NPM and a major tumor suppressor. P14ARF also has functions relating to nucleolar processes, as well as cell cycle arrest, via the MDM-p53 pathway (Lo et al., 2015). Additionally, NPM has been known to play key roles in maintaining p53 stability and regulating its transcriptional activation (Colombo et al., 2002). Interestingly, the presence of DOX-PMs-NPMBP in Nalm6/DOX cells results in the robust activation of p53 and cyclin-dependent kinase inhibitor one p21 coupled with the greatly suppression of MDM2 and MDM4, the two key negative regulators of p53 (Jackson-Weaver et al., 2020; Li and Lozano, 2013). Previous study showed that p21 activation blocked cell cycle progression by function as the inhibitor of cyclin D/E kinases, which are required for the G1-S phase transition of cell cycle (Aubrey et al., 2018; Karimian et al., 2016; Kim and Choi, 2020). Thus, it is likely that we found the exposure of DOX-PMs-NPMBP markedly downregulated the expressions of cyclin D and cyclin E. Moreover, Hüllein J et al previously demonstrated the key role for tumor suppressor p53 in Burkitt lymphoma (BL) and identified MDM4 as a therapeutic target in various cancers. MDM4 knockdown activated p53, induced cell-cycle arrest, and lowered the growth of tumor in a xenograft model (Hullein et al., 2019). Recently, pharmaceutical inhibitors targeting MDM2 and MDM4 have been explored to reactive the p53/Rb tumor suppressor function; and the preliminary response data from the clinical trial in acute myeloid leukemia patients have been gaining increasing interest (Burgess et al., 2016; Vu et al., 2020). Likewise, our findings give an insight into the DOX-PMs-NPMBP-induced MDM2 and MDM4 dual inhibition, which might put forward the clinical perspectives of DOX-PMs-NPMBP to ALL therapy.
Nevertheless, compared with control or DOX alone, we found DOX-PMs-NPMBP-induced significant activation of p53, coinciding with the inhibition of PTEN as well as phospho-p85 and the PI3K regulatory subunit. PTEN is the negative regulator of PI3K/Akt signaling pathway, which is frequently activated in various cancer cells and associated with chemoresistance (Chen et al., 2014; Li et al., 2015; Chen et al., 2020; Yang et al., 2020). Along these lines, we observed the enhanced inhibitory effects on the anti-apoptotic Bcl-2, and the subsequent induction of proapoptotic Bax by DOX-PMs-NPMBP. Taken together and as the most straight forward interpretation of our data, we suggest that treatment with DOX-PMs-NPMBP-induced effects on cell viability mainly due to activated p53, leading to the subsequent p53-mediated apoptosis as well as cell cycle arrest. The graphical depiction regarding the molecular mechanisms of DOX-PMs-NPMBP working on resistant ALL cells were showed in Figure 9.
[image: Figure 9]FIGURE 9 | The molecular mechanisms linking the anti-leukemia activity of DOX-PMs-NPMBP in DOX-resistant ALL cells.
Nanoparticle-based therapy may offer multiple advantages over conventional therapeutics in various cancers, e.g. high carrier capacity, targeted delivery and therapy, improvement of biological properties, and reversal of MDR (Dong and Mumper, 2010; Sanna et al., 2014; Zhang et al., 2020). The therapeutic properties of DOX-PMs-NPMBP were further evaluated in a Nalm6-Luc/DOX xenograft BALB/C-nude and NCG ALL models. Lower tumor burden was observed in DOX-PMs-NPMBP-treated recipients as compared to the animals administered with DOX alone. Tumor inhibition rate achieved as high as 79.2% in DOX-PMs-NPMBP group when finished the following-up. Of note, the regimen of DOX-PMs-NPMBP significantly prolonged mouse survival. Similar findings have been recently reported in other PLA-PEG-based drug nanocarriers, demonstrating the potential of nanomedicine for cancer treatment. In particularly, PEG has been shown to enable site-specific delivery of drugs in various cancers (Xue et al., 2018; Duncan et al., 2019; Heshmati Aghda et al., 2020; Lundsten et al., 2020). Furthermore, no significant cytotoxicity of the blank PMs was observed in ALL cells in vitro, even when administered at maximum doses; and we didn’t find obvious adverse reactions, such as gastrointestinal reactions, neurotoxicity, hepatoxicity and bone marrow suppression in the animals following DOX-PMs-NPMBP treatment. Compared with control or DOX alone, more mature cells were observed in the peripheral blood and bone marrow samples from DOX-PMs-NPMBP-treated animal. Herein, the in vivo experiments indicate that DOX-PMs-NPMBP regimen can enhance the sensitivity of ALL xenograft models to DOX and reach higher therapeutic effects with less systematic toxicity.
In conclusion, DOX-PMs-NPMBP nanoparticle can significantly inhibit leukemia cell growth and induce apoptosis; and markedly improve the antileukemia activity in resistant ALL cells in vitro and in vivo. Therefore, it is worthy of investigation in large animal models.
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Paclitaxel (PTX) is a first-line chemotherapeutic drug for the treatment of breast cancer, but drug resistance seriously limits its clinical use. The aim of the present work was to explore the effect of 3,3’-diindolylmethane (DIM) on PTX sensitivity and its possible mechanism in breast cancer. The expression of Krüppel-like factor 4 (KLF4) and DNA-methyltransferase 1 (DNMT1) in breast cancer tissues were assessed by immunohistochemistry and Western blotting. The methylation of KLF4 was evaluated by the MassARRAY platform. The lentivirus carrying KLF4 and DNMT1 gene or shRNA targeting DNMT1 were used to overexpress KLF4 or knockdown DNMT1 in MCF-7 and T47D breast cancer cells and the role of KLF4 and DNMT1 in regulation of PTX sensitivity was investigated. The effect of PTX on inhibiting the proliferation of MCF-7 and T47D cells was measured by CCK-8 assay. Flow cytometry was used to examine cell apoptosis. The expression of mRNA and protein was evaluated by qRT-PCR and Western blotting analysis, respectively. Our data showed that the expression of DNMT1 was increased, and the methylation level of CpG sites (−148 bp) in the KLF4 promoter was increased while the KLF4 expression was significantly decreased in breast cancer tissues. Overexpression of KLF4 increased the sensitivity of MCF-7 and T47D cells to PTX. DNMT1 increased the methylation of the KLF4 promoter and decrease the expression of KLF4. Knockdown of DNMT1 increased the sensitivity of MCF-7 and T47D cells to PTX. DIM enhanced the PTX sensitivity of MCF-7 and T47D cells, decreased the expression of DNMT1 and the methylation level of KLF4 promoter, thus increasing the level of KLF4. Furthermore, overexpression of DNMT1 attenuated the effect of DIM on the regulation of PTX sensitivity. Collectively, our data indicated that DNMT1-mediated hypermethylation of KLF4 promoter leads to downregulation of KLF4 in breast cancer. The level of KLF4 is correlated with the sensitivity of MCF-7 and T47D cells to PTX. DIM could enhance the antitumor efficacy of PTX on MCF-7 and T47D cells by regulating DNMT1 and KLF4.
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Introduction

Breast cancer is the leading cause of cancer-related death among women (1), which remains a challenging task for oncologists. One major obstacle to the successful treatment of patients who receive chemotherapy is drug resistant which resulted in treatment failure. As a well tolerate microtubule stabilizer, PTX is one of the most frequently used anticancer drugs, especially in the treatment of breast cancer; however, its clinical efficacy is limited by drug resistance (2). Therefore, to better understand the drug resistant mechanism of PTX and to enhance its sensitivity are critical for improving the treatment and prognosis of patients.

Krüppel-like factor 4 (KLF4) is a zinc-finger transcriptional factor which is mainly expressed in terminal differentiated epithelial cells and plays regulatory roles in cell proliferation, differentiation and pluripotency (3, 4). Clinically, loss of KLF4 function has been found in various types of cancers and is related to chemotherapeutic resistance (5–7). The low expression of KLF4 in tumor cells was shown to be caused by genetic and epigenetic alterations (8–10). Our preliminary work demonstrated that the expression of KLF4 is related to PTX sensitivity of breast cancer MCF-7 cells. However, the association of KLF4 expression, its functional alteration and PTX sensitivity in breast cancer are not well understood.

Abnormal methylation of genes is one of the epigenetic modifications involved in the development of tumors (11). DNA-methyltransferase (DNMT) is the principle enzyme responsible for maintaining CpG methylation (12), which mediates the transfer of the methyl group from S-adenosylmethionine to 5-methylcytosine base. Methylation of tumor suppressor genes plays critical roles in the pathogenesis of various cancers. It is generally considered that methylation of tumor suppressor gene is equivalent to gene loss or functional mutation (13–15). Therefore, reversing methylation of tumor suppressor genes may be a promising strategy for cancer prevention and treatment (16, 17). It was reported that inhibition of DNMT could enhance chemotherapeutic sensitivity of tumor cells (18, 19). Therefore, it is of great clinical significance to search for specific and low toxic anticancer agents that can reactivate silent cancer suppressor genes by targeting aberrant DNA methylation.

It was known that the bioactive substances in some foods can regulate epigenomes and possess anti-tumor activity. DIM is abundant in cruciferous vegetables, and was showed to have anticancer activities in some tumors, such as breast, cervical and prostate cancers (20, 21). Some clinical trials have been approved for using DIM in patients with premalignant or malignant lesions (22). However, whether DIM could increase the sensitivity of breast cancer cells to PTX and the underlying molecular mechanism remains poorly understood.

In this study, we showed that the KLF4 expression was downregulated in human breast cancer tissues, which was associated with hypermethylation of its promoter region. DIM could enhance PTX sensitivity in MCF-7 and T47D breast cancer cells by reducing the expression of DNMT1 and subsequently reducing the methylation level of KLF4 and promoting the expression of KLF4. This work provides a new strategy for the improving chemotherapy and sheds a light for further clinical research in breast cancer treatment.



Materials and Methods


Tissue Samples

Human breast cancer samples and the adjacent non-malignant breast samples were collected from the Putuo Hospital, Shanghai, China. Before sample collection, all patients signed the informed consent according to the institutional guidelines. This research was granted by the Ethical Review Committee of the Putuo Hospital, Shanghai University of Traditional Chinese Medicine. The procedures of the study were implemented according to the approved guidelines.



Immunohistochemistry

Immunohistochemistry staining was performed according to the instructions. Briefly, the paraffin-embedded breast tumor tissues were continuously sectioned into sections of 5μm in thickness. The sections were dewaxed and rehydrated. The heat-mediated antigen retrieval was performed by boiling sections in Tris/EDTA at pH 9.0. Primary antibody against KLF4(1:300) or DNMT1(1:200) was used to incubate with tissue sections overnight at 4°C, and then horseradish peroxidase-labeled antibody was used as a secondary antibody for 30 min. The color reaction was carried out with diaminobenzidine as a substrate.



Cell Cultures

Human breast cancer cell lines (MDA-MB-231, MDA-MB-468, MCF-7 and T47D) were cultured in DMEM (Gibco Industries, Inc.) containing with 10% FBS and maintained at 37°C in a humidified atmosphere with 5% CO2.



Cell Proliferation Assays

MCF-7 and T47D Cells (8000 per well) were seeded onto 96-well plates and incubated overnight. Then, the cells were incubated with different concentrations of PTX (MedCham Express, dissolved in DMSO) alone or in combination with DIM (MedCham Express, dissolved in DMSO). The cells of the control group were treated with DMSO. After 48h of incubation, cell proliferation was measured using the Cell Counting Kit-8 (CCK-8, Dojindo, Japan). The light absorbance was measured at 450 nm.



Quantitative Real-Time PCR

Total mRNA was isolated from MCF-7 and T47D cells by using TRIzol reagents (Takara Bio, Inc.), and the complementary DNA was synthesized by the PrimeScript RT reagent kit (Takara Bio, Inc.). Reactions were performed at 95°C, 2 min; 95°C, 15 sec and 60°C, 30 sec for 40 cycles in the real time PCR system (StepOne Plus; Applied Biosystems, USA). The relative expression levels of DNMT1 and KLF4 were normalized with GAPDH and calculated by 2-ΔΔct method. The primers used in the research are shown in Table 1.


Table 1 | Nucleotide sequences of primers used for qRT-PCR reactions.





Western Blotting

Tissues or cells were lysed by the RIPA (Beyotime Institute of Biotechnology, Beijing, China) containing with protease inhibitors. The amounts of protein of each sample were quantified. Protein (50μg) was separated by polyvinylidene gel electrophoresis and transferred onto a polyvinylidene fluoride (PVDF) membrane (Merck Millipore). The membranes were blocked with 5% non-fat milk for 2 h and then hybridized with the KLF4 (CST) or DNMT1 (CST) antibody separately at 4°C overnight and with HRP-conjugated secondary antibodies for 1 h at room temperature. Finally, the immunoreactive bands were determined by enhanced chemiluminescence (Pierce Biotechnology).



Analysis of Cell Apoptosis

Apoptosis of MCF-7 and T47D breast cancer cells were analyzed using the Annexin V-Phycoerythrin kit (BD Biosciences). After treatment with PTX alone or in combination with DIM for 48 h, MCF-7 and T47D cells were collected and stained with Annexin V-APC (BD Biosciences) in the dark for 20 min. Then, the stained cells were measured by flow cytometry using the Canto (BD Biosciences). The FlowJo software was used to analyze the data.



Construction of KLF4 Lentiviral Vectors and DNMT1 Vectors

Human KLF4 cDNA was constructed by GenePharma (Shanghai, China), the overexpression of KLF4 and the negative control were named as KLF4-OE and KLF4-NC, respectively. Human DNMT1 cDNA synthesized by Genechem (Shanghai, China) was constructed with CMV-MCS-3FLAG-IRES-EGFP-SV40- neomycin plasmid, the overexpression of DNMT1 was named as DNMT1-OE and the control was named as DNMT1-NC. The shRNA sequence cgACTACATCAAAGGCAGCAA targeted DNMT1 were subcloned with the hU6-MCS-CMV-GFP-SV40-Neomycin plasmid vector, the knockdown of DNMT1was named as DNMT1-KD and the control was named as DNMT1-NC.



Mass Array Methylation Detection

Genomic DNA was obtained from the breast cancer tissues and cells using a QIAamp DNA kit and the bisulfite conversion reaction was implemented using the EpiTect Bisulfite Kit (Qiagen, Hilden, Germany). PCR primers (Table 1) were designed using EpiDesigner. Small RNA fragments with CpG sites were obtained from the PCR products through RNaseA digestion. DNA methylation of CpG was measured using the MassARRAY platform, and the methylation rate was calculated by Epityper software Version 1.0 (Agena, San Diego, CA, USA). The detection and analysis were conducted by the OE Biotech Co., Ltd.



Statistical Analysis

The analyses of data were used by GraphPad Software, all data were expressed as the mean ± standard deviation from at least three independent experiments. The significance was calculated by Student’s t-test, and p<0.05 was considered as statistically significant difference.




Results


The Expression of KLF4 Decreased and Its Promoter Hypermethylated in Breast Cancer

Some previous studies showed that the expression of KLF4 was reduced (23–25), while others reported that KLF4 expression was increased in breast cancer tissues (26, 27). To determine the level of KLF4 in breast cancer tissues, we determined the KLF4 expression in 50 breast cancer and adjacent normal tissues by immunohistochemical (IHC) staining. The results showed that the expression of KLF4 was decreased in breast cancer tissues (Figures 1A, B). Also, the Western blot analysis showed that the KLF4 level was significantly lower in breast tumor tissues compared with normal tissues (Figures 1C, D).




Figure 1 | The expression of KLF4 decreased and its promoter hypermethylated in breast cancer (A) Immunohistochemical assessment of KLF4 expression in breast cancer tissues. (B) Average score of KLF4 immunostaining in breast cancer and adjacent tissues. (C) Western blotting analyses of KLF4 protein level in breast cancer and adjacent tissues. (D) Relative quantity of KLF4 protein in breast cancer and adjacent tissues. (E) The position of CpG sites in the promoter region of KLF4. (F) Methylation level of the KLF4 promoter in breast cancer and adjacent tissues. (G) Real-time PCR and Western blotting analyses of KLF4 expression levels in MCF-7 cells treated with or without 5-AzaC (20 μmol/L) and 5-AzaC (40 μmol/L) for 48 h. (H) Real-time PCR and Western blot analyses of KLF4 expression in T47D cells treated with or without 5-AzaC (20 μmol/L) and 5-AzaC (40 μmol/L) for 48 h. *P<0.05; **P<0.01; ***P<0.001 versus control.



The expression of KLF4 is regulated by the DNA methylation status of its promoter. Therefore, we explored whether the decreased expression of KLF4 was associated with the DNA methylation level of its promoter. The methylation level of KLF4 promoter was measured in breast carcinoma tissues (n = 5) and adjacent normal tissues (n = 5) by the MassArray methylation assay. The selected regions for the bisulfifite sequencing and the CpG island in KLF4 promoter region are shown in Figure 1E. The results showed that the methylation level of the CpG sites (−148 bp) in the KLF4 promoter was significantly higher in breast tumor tissues than in adjacent normal tissues (Figure 1F).

Additionally, to investigate whether the downregulation of KLF4 was caused by the hypermethylation of its promoter, MCF-7 and T47D cells were treated with 5-Aza-2′-Deoxycytidine (5-AzaC), an inhibitor of DNA methyltransferase. The results showed that 5-AzaC significantly increase the expression level of KLF4 in MCF-7 and T47D cells (Figures 1G, H). This result confirmed that downregulation of KLF4 was caused by the hypermethylation of its promoter.



The Expression of KLF4 Was Associated With PTX Sensitivity in Breast Cancer Cells

The KLF4 expression was evaluated in different breast cancer cells, including the MDA-MB-468, MDA-MB-231, MCF-7 and T47D breast cancer cells (Figure 2A) by immunofluorescent staining and Western blotting. It was found that the expression of KLF4 was different in the different breast cancer cells (Figures 2B, C). To investigate the correlation between the KLF4 level and cell sensitivity to PTX, we evaluated the cell growth inhibition after treatment with PTX in these four cell lines. The results showed that the MDA-MB-468 and MDA-MB-231 cells had higher KLF4 level and are more sensitive to PTX than those of MCF-7 and T47D cells, that had lower KLF4 level and are less sensitive to PTX (Figure 2D). The results suggested that the level of KLF4 was related to the PTX sensitivity in breast cancer cells.




Figure 2 | The expression of KLF4 was associated with PTX sensitivity in breast cancer. (A) Morphological images of cell lines. (B) Immunofluorescence analyses of KLF4 protein expression in MBA-MD-468, MBA-MD-231, MCF-7 and T47D cells. (C) Western blotting analyses of KLF4 protein expression in MBA-MD-468, MBA-MD-231, MCF-7 and T47D cells. (D) The inhibition of MBA-MD-468, MBA-MD-231, T47D and MCF-7 cell growth by PTX treatment. **P<0.01 versus control.





Overexpression of KLF4 Increased the Sensitivity of Breast Cancer Cells to PTX

In order to determine whether KLF4 mediates PTX sensitivity in breast cancer cells, the lentiviral vector containing KLF4 were used to overexpress KLF4 in MCF-7 and T47D breast cancer cells. The qRT-PCR and Western blot analysis showed that the KLF4 level was significantly higher in MCF-7 and T47D cells transfected with the KLF4 lentiviral vector compared with the control cells (Figures 3A, D). The proliferation was decreased in of MCF-7 and T47D cells after overexpressing KLF4 (Figures 3B, E). Further, the proliferation was significantly inhibited by PTX in MCF-7 and T47D cells after overexpressing KLF4 compared with the control cells (Figures 3C, F). These results suggested that overexpression of KLF4 could increase the sensitivity of MCF-7 and T47D cells to PTX.




Figure 3 | Overexpression of KLF4 increased the sensitivity of breast cancer cells to PTX. (A) Real-time PCR and Western blot analyses of KLF4 expression after transfection with the KLF4 overexpressing lentivirus in MCF-7 cells. (B) Growth curve of MCF-7 cells after overexpression of KLF4. (C) The inhibition of MCF-7 cell proliferation by PTX after KLF4 overexpression. (D) Real-time PCR and Western blot analyses on the expression of KLF4 after transfection with the KLF4 overexpressing lentivirus in T47D cells. (E) Growth curve of T47D cells after overexpression of KLF4. (F) The inhibition of T47D cell proliferation by PTX after KLF4 overexpression. (G) Apoptosis in MCF-7 cells treated with PTX after KLF4 overexpression. (H) Apoptotic cell percentage of MCF-7 cells treated with PTX. (I) Apoptosis of T47D cells treated with PTX after KLF4 overexpression. (J) Apoptotic cell percentage of T47D cells treated with PTX. *P<0.05; **P<0.01; ***P< 0.001 versus control.



In order to investigate whether KLF4 could mediate apoptosis of MCF-7 and T47D cells after the PTX treatment, we tested apoptotic changes in MCF-7 and T47D cells using Annexin V-7AAD after PTX treatment for 48h. The results showed that the percentage of apoptotic cells was significantly increased in the cells overexpressed KLF4 (Figures 3G–J). This result suggested that the KLF4 overexpression was related to PTX-induced apoptosis in MCF-7 and T47D cells.



DNMT1 Expression Was Negatively Correlated With KLF4 Expression and PTX Sensitivity in Breast Cancers

In order to find out the possible reason underlying hypermethylation of KLF4 promoter in breast cancer, we detected the expression of DNMT1 in these 50 breast carcinoma and adjacent normal tissues by IHC analysis. The results showed that the expression of DNMT1 was lower in breast normal tissues with relatively high KLF4 expression, while DNMT1 was significantly increased in breast cancer tissues with relatively low KLF4 expression. These results indicated that DNMT1 expression was negatively correlated with KLF4 level in breast cancer (Figures 4A, B). Additionally, DNMT1 expression levels were significantly higher in carcinoma tissues than in adjacent tissues (Figures 4C, D). Similarly, the Western blot test showed that DNMT1 protein was significantly higher in carcinoma tissues (n = 5) than in adjacent normal tissues (n = 5) (Figures 4E, F).




Figure 4 | DNMT1 expression was negatively correlated with KLF4 expression and PTX sensitivity in breast cancers. (A) Immunohistochemical assessment of KLF4 and DNMT1 levels in breast cancer tissues. (B) Average score of KLF4 and DNMT1 immunostaining in breast cancer tissues. (C) Immunohistochemical assessment of DNMT1 expression in breast cancer and adjacent tissues. (D) Average score of DNMT1 immunostaining in breast cancer and adjacent tissues. (E) Western blotting analyses of DNMT1 protein expression in breast cancer and adjacent tissues. (F) Relative quantity of DNMT1 protein expression in breast cancer and adjacent tissues. (G) Real-time PCR and Western blot analysis of DNMT1 expression level in MCF-7 cells after transfection with the DNMT1 interference plasmid. (H) Methylation level of the KLF4 promoter in MCF-7 cells after transfection with the DNMT1 interference plasmid. (I) The viability of MCF-7 cells treated with PTX (5μM, 25μM, 50μM and 75μM) after transfection with the DNMT1 interference plasmid. (J) Real-time PCR and Western blot analysis of DNMT1 expression in T47D cells after transfection with the DNMT1 interference plasmid. (K) Methylation level of the KLF4 promoter in T47D cells after transfection with the DNMT1 interference plasmid. (L) The viability of T47D cells treated with PTX (5μM, 25μM, 50μM and 75μM) after transfection with the DNMT1 interference plasmid. *P<0.05; **P<0.01 versus control.



To further confirm that the expression of KLF4 is regulated by DNA methyltransferase, DNMT1 shRNA was used to knockdown DNMT1 in MCF-7 and T47D cells. It was found that KLF4 mRNA and protein expression were significantly increased (Figures 4G, J), and the methylation of the CpG sites (−148 bp) in the KLF4 promoter was significantly decreased (Figures 4H, K) upon decreasing DNMT1 expression. Additionally, the proliferation of MCF-7 and T47D cells was significantly inhibited by PTX after down-regulation of DNMT1 compared with that of the control cells (Figures 4I, L), suggesting that knockdown of DNMT1 could enhance the sensitivity of MCF-7 and T47D cells to PTX. These results indicated that DNMT1 and KLF4 play a critical effect in regulating the sensitivity of PTX in breast cancer cells.



DIM Enhanced PTX Sensitivity in Breast Cancer

Furthermore, we explored whether DIM could enhance the effect of PTX on MCF-7 and T47D breast cancer cells. The concentrations of DIM used were chosen to be 50 μM and 80 μM for the MCF-7 cells, and 30 μM and 50 μM for T47D cells, and the CCK-8 results showed that DIM at a low toxic concentration significantly enhanced the efficacy of PTX in inhibition of cell growth in MCF-7 (Figures 5A–C) and T47D cells (Figures 5D–F). To confirm whether DIM can change the apoptotic rate of MCF-7 and T47D cells after PTX treatment, we tested the apoptotic changes of MCF-7 and T47D cells by Annexin V. It was found that the rate of apoptotic cells was increased significantly in cells treated with DIM in combination with PTX (Figures 5G–J). These results suggested that DIM can enhance PTX sensitivity in breast cancer cells.




Figure 5 | DIM enhanced PTX sensitivity in breast cancer cells. (A) The viability of MCF-7 cells after DIM (10μM, 20μM, 40μM, 80μM, 160μM and 320μM) treatment. (B) The viability of MCF-7 cell after PTX (5μM,10μM, 20μM, 40μM, 80μM, 160μM and 320μM) treatment. (C) The viability of MCF-7 cells treated with PTX after DIM pretreatment. (D) The viability of T47D cells after DIM (10μM, 20μM, 40μM, 80μM, 160μM and 320μM) treatment. (E) The viability of T47D cells after PTX (5μM,10μM, 20μM, 40μM, 80μM, 160μM and 320μM) treatment. (F) The viability of T47D cells treated with PTX after DIM pretreatment. (G) Apoptosis in MCF-7 cells treated with PTX after DIM pretreatment. (H) Percentage of apoptosis of MCF-7 cells treated with PTX after DIM pretreatment. (I) Apoptosis in T47D cells treated with PTX after DIM pretreatment. (J) Percentage of apoptosis of MCF-7 cells treated with PTX after DIM pretreatment. *P<0.05; **P<0.01; ***P< 0.001 versus control.





DIM Enhanced PTX Sensitivity by Inhibiting DNMT1 and Downregulating KLF4 Methylation

Studies have suggested that DIM plays an important role in regulating the expression of DNMT1 (28). Therefore, we evaluated whether DIM affects DNMT1 and KLF4 expression. Real-time PCR and Western blotting analysis revealed that DIM could significantly decrease the DNMT1 expression and increase the KLF4 expression in MCF-7 and T47D breast cancer cells (Figures 6A, C). To demonstrate the effect of DIM on enhancing PTX sensitivity through targeting DNMT1, we used a virus vector carrying DNMT1 to increase the expression of DNMT1 in MCF-7 and T47D cells. qRT-PCR and Western blot analysis showed that the DNMT1 levels were significantly higher in MCF-7 and T47D cells transfected with the DNMT1 vector compared with the control cells (Figures 6B, D). It was found that overexpression of DNMT1 reduced the inhibitory effect of proliferating MCF-7 and T47D cells after DIM and PTX combined treatment (Figures 6E, F). This result suggested that DIM was unable to enhance the sensitivity of MCF-7 and T47D cells to PTX when the expression of DNMT1 was increased. We further investigated whether DIM regulates the methylation level of KLF4 promoter in breast cancer cells, and the results showed that compared with normal cells, the methylation level of CpG sites (−148 bp) in the KLF4 promoter was decreased in breast cancer MCF-7 cells after treatment with DIM (Figure 6G). These results showed that DIM enhanced PTX sensitivity by inhibiting DNMT1 expression and subsequently upregulating the KLF4 level in the breast cancer cells (Figure 6H).




Figure 6 | DIM enhanced PTX sensitivity by inhibiting DNMT1 and downregulating KLF4 methylation. (A) Real-time PCR and Western blotting analyses of KLF4 and DNMT1 expression in MCF-7 cells treated with or without DIM (50 μM or 80 μM) for 48 h. (B) Real-time PCR and Western blot analyses of DNMT1 expression after transfection with the DNMT1 overexpressing plasmid in MCF-7 cells. (C) Real-time PCR and Western blotting analyses of KLF4 and DNMT1 expression in T47D cells treated with or without DIM (30 μM or 50 μM) for 48 h. (D) Real-time PCR and Western blotting analyses of DNMT1 expression in T47D cells transfected with the DNMT1 overexpressing plasmid. (E) The viability of MCF-7 cells treated with PTX and DIM after overexpressing DNMT1. (F) The viability of T47D cells treated with PTX and DIM after overexpressing DNMT1. (G) Methylation levels of the KLF4 gene in MCF-7 cells treated with or without DIM (50 μM or 80 μM) for 48 h. (H) Schematic model of DIM in enhancing PTX sensitivity by regulating the expression of KLF4 and DNMT1. *P<0.05; **P<0.01 versus control.






Discussion

PTX is commonly used in the treatment of breast cancer, but its clinical effect is limited due to the development of drug resistance. Therefore, there is an urgent need to find agents that can be used for effectively reversing PTX resistance in breast cancer. Here, we demonstrated that DNMT1 promoted the methylation of KLF4 promoter and thus decreased KLF4 expression, which was correlated with the PTX sensitivity in breast cancer. In addition, DIM could effectively increase the sensitivity of MCF-7 and T47D breast cancer cells to PTX by downregulating KLF4 methylation through inhibiting DNMT1.

The role and expression of KLF4 in tumors are controversial. Some studies reported that KLF4 is upregulated in breast cancer tissues (26, 27), while others found that KLF4 is downregulated (23–25). In our study, we found that the expression of KLF4 was significantly decreased in breast cancer tissues. Studies have demonstrated that the expression of KLF4 was regulated by the DNA methylation status of its promoter (28). To determine whether the decrease in KLF4 expression is due to the increase in methylation level, we investigated the methylation status of the KLF4 promoter in breast cancer tissues, and found that the methylation level of specific CpG site (−148 bp) in the KLF4 promoter played a critical role in the regulation of KLF4 expression.

KLF4 plays a key role in chemotherapeutic treatments by regulating gene expression that required for signaling pathways (29). Furthermore, studies have shown that KLF4 affected chemoresistance of some chemotherapeutic drugs (30). However, the effect of KLF4 in PTX sensitivity of breast cancer cells has not been reported. Here, we demonstrated that the KLF4 expression was correlated with PTX sensitivity and that breast cancer cells with a lower KLF4 level were less sensitive to PTX. Moreover, we demonstrated that overexpression of KLF4 can increase PTX-induced inhibition of cell growth and promoted apoptosis of MCF-7 and T47D cells, which indicates that restoring KLF4 expression of breast cancer cells could be an effective way to overcome PTX resistance.

DNMT1 is required in maintaining CpG methylation and silencing of various tumor suppressor genes. Increased DNMT1 level often leads to the increased tumorigenesis and elevated DNMT1 expression was associated with PTX resistance (31, 32). Studies have shown that DNMT1 reduced the expression of KLF4 by promoting methylation of its promoter (33, 34). In our present study, we found that DNMT1 expression increased in breast cancer tissues. Furthermore, after knockdown DNMT1 expression in MCF-7 and T47D breast cancer cells, the expression of KLF4 increased, and the sensitivity of breast cancer cells to PTX significantly increased. Our results demonstrated that DNMT1 plays a critical role in breast cancer development and PTX sensitivity.

It has been proved that DNA demethylation drug is effective in adjuvant therapy of some solid cancers and hematological malignancies (35). KLF4 is a major target of demethylation drugs in enhancing the PTX sensitivity of breast cancer. Therefore, a drug that can inhibit DNMT1 expression and promote the expression of KLF4 would considerably improve the status of PTX resistance in the clinical treatment of breast cancer. Dietary DIM is a natural compound and has been proved to be a low toxic substance that can potentially inhibit the expression of DNMT1 (28), and can be used in the prevention and treatment of clinical cancer. Our study demonstrated that dietary DIM can significantly increase the sensitivity of MCF-7 and T47D cells to PTX. To further investigate the mechanism of action of DIM in enhancing PTX sensitivity, we determined the expression levels of DNMT1 and KLF4 in breast cancer MCF-7 and T47D cells after treatment with DIM. We found that DIM can increase the KLF4 expression and decrease the DNMT1 expression level in MCF-7 and T47D cells.

In summary, our findings demonstrate that the expression of DNMT1 and the methylation level of KLF4 promoter increased, while the expression of KLF4 decreased in breast cancer tissues. Knockdown of DNMT1 can enhance PTX sensitivity by increasing KLF4 expression. DIM can effectively decrease the expression of DNMT1 and the methylation level of KLF4 in breast cancer cells, and then promote the expression of KLF4. Our study suggests that DIM can increase the sensitivity of PTX and therefore, combination of DIM and PTX could be an effective strategy to overcome drug resistance in breast cancer cells.
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Background: Despite the development of such multiple therapeutic approaches, approximately 20% patients experience recurrence. Identification of molecular markers for stratifying the different risks of tumour recurrence and progression is considered imperative.
Methods: We used a RayBio Human Cytokine Antibody Array that simultaneously detected the levels of 297 proteins and profiled the conditioned medium of HONE1 cells and the radioresistant NPC cells HONE1-IR. We found Angiogenin(ANG) expression to be significantly increased in HONE1-IR and HONE1-IR cells exposed to 4-Gy X-ray radiation.
Results: We investigated the expression of ANG in NPC tissues and explored its prognostic significance in patients with NPC. We found that ANG expression was increased in recurrent NPC tissues. Elevated expression of ANG induced radio-resistance in NPC cells, in addition to being significantly associated with shorter PFS, OS, and LRFS in patients with NPC. Multivariate analysis results revealed that ANG was an independent prognostic factor that predicted PFS, OS, and LRFS. Furthermore, a nomogram model was generated to predict OS in terms of ANG expression.
Conclusion: Our results found the radioresistant function of ANG and proved the clinical prognostic significance of ANG, and the results could help predict radio-sensitivity and stratify high-risk patients or tumour recurrence.
Keywords: angiongenin, biomarker, radio-resistance, nasopharyngeal carcinoma, prognosis
BACKGROUND
Nasopharyngeal carcinoma (NPC) is endemic in southern China and South-East Asia (Chen et al., 2019). Radiotherapy (RT) is the primary treatment for the non-metastatic disease. For early-stage NPC, RT alone is the recommended treatment, whereas for locoregional NPC, concurrent chemoradiotherapy (CCRT) and induction chemoradiotherapy (IC) + CCRT constitute the standard treatment strategy (Lam and Chan, 2018). Despite the development of such multiple therapeutic approaches, approximately 20% patients experience recurrence (Lee et al., 2019). Although the American joint Committee on cancer (AJCC) staging system can differentiate the prognoses for patients with NPC, patients with the same tumour stage may also show heterogeneity in clinical outcomes. Therefore, identification of molecular markers for stratifying the different risks of tumour recurrence and progression is considered imperative. Development of novel biomarkers might enable better prediction of prognosis for patients with NPC and help develop potential therapeutic targets.
Angiogenin (ANG) is a secreted ribonuclease best known for its ability to promote blood vessel formation (Lyons et al., 2017). It has been reported to promote the metastasis of colorectal cancer cells (Li et al., 2019), proliferation and invasion of lung squamous carcinoma cells (Xu et al., 2016), and tumorigenesis in bladder cancer (Peres et al., 2016). Additionally, ANG can mediate tumour angiogenesis in prostate cancer and the proliferation in prostate cancer cells (Vanli and Guo-Fu, 2015). Recently, serum ANG level has been found to be a prognostic factor for numerous tumours, such as glioblastoma (Hu et al., 2019), non-Hodgkin lymphoma (Fang et al., 2011), cervical cancer (Landt et al., 2011), and laryngeal carcinoma (Marioni et al., 2010). Gino et al. investigated ANG by immunohistochemistry (IHC) in 15 Caucasian patients with NPC and found a trend towards significant inverse correlation between ANG expression and disease-free survival (Marioni et al., 2010). However, due to the very small sample size and all patients being of Caucasian origin, the results of this study would require further validation by other studies with larger sample size in prevalent districts. To date, no study has investigated the prognostic value of ANG in a prevalent district. Hence, exploring the prognostic significance of ANG for patients with NPC in a prevalent district was considered necessary.
In the present study, we used a RayBio Human Cytokine Antibody Array that simultaneously detected the levels of 297 proteins and profiled the conditioned medium of HONE1 cells and the radioresistant NPC cells HONE1-IR. We found ANG expression to be significantly increased in HONE1-IR and HONE1-IR cells exposed to 4-Gy X-ray radiation. Subsequently, we investigated the expression of ANG in NPC tissues and explored its prognostic significance in patients with NPC. Finally, we hypothesised that ANG expression could be a potential prognostic factor for patients with NPC.
MATERIALS AND METHODS
Ethics Statement
This study was approved by the Institutional Review Board of Sun Yat-Sen University Cancer Center. All patients signed a written informed consent for the collection of tissue samples.
Patient Recruitment and Follow-Up
The expression of ANG in tissue cells was evaluated in NPC tumour samples that were obtained before treatment from 175 histologically confirmed patients with NPC, who were prospectively enrolled between January 2010 and November 2011. Entry criteria for patients were as follows: histologically proven NPC, with stage I–IVa (according to the eighth edition of the AJCC/UICC staging system), no distant metastasis at diagnosis, no anti-cancer treatment received prior to admission, no other tumour types or serious illness, and radical intensity-modulated radiotherapy (IMRT) received during treatment. Staging examinations included the following: magnetic resonance imaging of head and neck, chest radiograph, bone scintigraphy, and ultrasonography of the abdominal region of all patients. The median age of all the included patients was 49 years, ranging from 19 to 70 years. There were 137 male and 38 female patients, with a sex ratio of 3.6:1. The characteristics of the 175 patients with NPC were shown in Table 1.
TABLE 1 | Characteristics of the NPC patients.; Abbreviation: CCRT, concurrent chemoradiotherapy; ECOG, Eastern Cooperative Oncology Group; IC, induction chemotherapy; NPC, nasopharyngeal carcinoma; RT, radiotherapy; WHO, World Health Organization.
[image: Table 1]The treatment regimens included RT alone, CCRT, and IC + CCRT. IMRT was performed for all the included patients, in accordance with the treatment policy for NPC at Sun Yat-Sen University Cancer Center (SYSUCC). The chemotherapy regimen used for IC was PF (intravenous (IV) administration of 80–100 mg/m2 cisplatin on day 1 and that of 800 mg/m2/d 5-Fu continuously over days 1–5). The chemotherapy regimen was repeated every 3 weeks for 2–3 cycles. Concurrent chemotherapy primarily included the IV administration of 80–100 mg/m2 cisplatin every 3 weeks.
After the completion of treatment, patients were followed up every month for the first 3 months, every 3 months over 3 years, every 6 months for the next 2 years, and annually thereafter. Median follow-up time for the patients was 83 months (range, 5–106 months).
IHC
The antibody used in the study was anti-ANG (cat. no. 0555–5,008, AbD Serotec, MorphoSys, Oxford, United Kingdom). Tissue sections were de-paraffinised with xylene and rehydrated with ethanol. Hydrogen peroxide (3%) was used to remove any endogenous peroxidase. Tissue slices were incubated with pepsin (no. ZLI-9013, ZSGB-Bio, Beijing, China) at 37°C for 20 min for antigen retrieval. The samples were incubated with the primary antibodies (1:100 dilution) overnight at 4°C. The sections were then washed with PBS and incubated with secondary antibodies (EnVision, Dako, Carpinteria, CA, United States) for 20 min at 37 °C; 3,3′-Diaminobenzidine was used to visualise the antigens. Sections were counterstained with haematoxylin. Hydrochloric acid-alcohol was used for differentiation. The scoring system for IHC, to generate the immunoreactivity score, was used as described previously (Waisberg et al., 2014). Two independent pathologists, without prior knowledge of the clinical origin of the specimen, evaluated each specimen.
Cell Lines and Culture Conditions
The NPC cell line, HONE1, and the radioresistant NPC cell line, HONE1-IR, were cultured in RPMI 1640 medium (Gibco) supplemented with 5% foetal bovine serum (FBS; Gibco). The cell lines were cultured in a humidified incubator containing 5% CO2 at 37°C. Regular morphological observations and tests for the absence of mycoplasma contamination (MycoAlert, Lonza) were conducted for the authentication of all the cell lines used in this study. The radioresistant NPC cell line HONE1-IR has been validated in our previous study (Guo et al., 2020).
Small Interfering RNA Transfection
Transient transfection of HONE1-IR cells was performed using Lipofectamine RNAiMax (cat. no. 1795160; Invitrogen) according to the manufacturer’s instructions. HONE1-IR cells were seeded onto six-well plates at a density of 1.5 × 105 cells/well 1 day prior to transfection. They were transfected with 50 pmol siRNA and subjected to clone formation at 24 h post-transfection. Scramble siRNA was purchased from Ruibo (Guangzhou, China). The siRNA sequences for ANG was 5′-CGT​TGT​TGT​TGC​TTG​TGA​A-3′.
Western Blot Analysis
Cells were collected and lysed in sodium dodecyl sulphate (SDS) sample buffer (62.5 mM Tris-HCl [pH 6.8], 3% SDS, 10% glycerol, 50 mM dl-dithiothreitol, and 0.1% bromophenol blue) containing protease inhibitors (Roche, Indianapolis, IN, United States). Protein concentrations were tested using the BCA method (Pierce, Thermo Fisher Scientific, Rockford, IL, United States). Proteins (20 μg) were separated by SDS-polyacrylamide gel electrophoresis and transferred to polyvinylidene difluoride membranes. Bovine serum albumin (5%) in TBS-T (1 M Tris-HCl [pH 7.5], 0.8% NaCl, and 0.1% Tween 20) was used to block the membranes. The membranes were then incubated with primary antibodies (1:100 dilution) at 4°C overnight, followed by incubation with horseradish peroxidase-conjugated secondary antibodies (Pierce). Proteins were then visualised by enhanced chemiluminescence (Pierce). Antibodies against β-actin (cat. no. 66009-1-Ig; Proteintech) and ANG (cat. no. 0555–5,008, AbD Serotec, Kidlington, United Kingdom) were used in the experiments.
Clonogenic Assay for Radio-Sensitivity and Irradiation
A total of 1 × 103 cells were seeded onto 3-cm dishes and incubated for 10 days after exposure to various doses of irradiation. After visual verification of colony formation, cells were briefly stained with 0.1% crystal violet in 100% methanol. Colonies that consisted of 100 or more cells were counted as clonogenic survivors. The surviving fraction was calculated by dividing the number of colonies by the number of seeded cells and then multiplying it by the plating efficiency, which is defined as the (number of colonies formed/number of cells seeded) × 100%. All the experiments were repeated independently at least thrice. An X-ray irradiation instrument with 4.2 kW X-rays (RS 2000; Rad Source Technologies Inc.), available at SYSUCC, was used to irradiate the cells. The uniformity of irradiation was appreciable, and the difference was less than 5%. Dose rate for irradiating the cells was 1.26 Gy/min.
Cell Cycle and Cell Apoptosis Analysis
Cell cycle was studied on HONE1 cells as control and knock-down the expression of ANG by siRNA interfering at 48 h post-culture, the 5 × 105 cells plated in 6 wells plate were harvested, fixed in 70% ethanol over-night and stained with 500 μl of propidium iodure for 30 min at 37°C. Apoptosis analysis was performed by using FITC Annexin V Apoptosis Detection Kit with PI(Catalog: 556547, Lot: 4136994, BD Biosciences) according to the manufacturer’s instructions. Samples were analyzed by flow cytometry (FACS, AriaIII, and BD, United States) and all tests were repeated three times (in Triplicate).
Statistical Analysis
A chi-squared analysis was used to compare the incidence rates with categorical variables. Survival rates were calculated using the Kaplan-Meier method and compared using log-rank tests. Multivariate analyses were performed using the Cox proportional hazards model. Hazard ratio point and interval (95% confidence interval) estimates were computed using the Cox proportional hazards model. ANG expression was adjusted for patient sex, age, T stage, N stage, UICC stage, and EBV DNA in the Cox proportional hazards model. Locoregional recurrence-free survival (LRFS) was defined as the time interval from the beginning of treatment to the date of first observation of local and/or regional recurrence or censored at the date of the last follow-up. Distant metastasis-free survival (DMFS) was defined as the time interval from the beginning of treatment to the date of first observation of distant lesions or censored at the date of last follow-up. Progression-free survival (PFS) was defined as the time interval from the beginning of treatment to the date of first observation of recurrence, distant metastasis, or death; alternatively, PFS was censored at the date of last follow-up. Overall survival (OS) was defined as the time interval from the beginning of treatment to the date of death or censored at the date of last follow-up.
The Statistical Package for Social Sciences version 18.0 software program (SPSS Inc., Chicago, IL, United States) was used for our analysis. A prognostic nomogram was established with significant variables for OS in the Cox regression model using the survival and rms package in R 4.0.0. The predictive accuracy and discriminative ability of this nomogram were evaluated using the C-index. All p-values were two sided, and p < 0.05 was considered statistically significant.
RESULTS
ANG-Mediated Radio-Resistance in NPC Cells In vitro and its Correlation With NPC Recurrence
Previously, we had used cytokine antibody array test on radioresistant NPC cell line HONE-IR and its original cell line HONE1, as mentioned in our previous study (Guo et al., 2020), and found ANG to be significantly elevated in HONE1-IR cells, and significantly increased further by radiation (Figure 1A). Therefore, we speculated ANG to be correlated with radio-resistance and tumour recurrence in NPC. Ten pairs of tumour tissues from primary NPC and normal tissues from the same patient, presenting tumour recurrence, were tested by IHC. The IHC scores showed ANG expression in recurrent NPC tissues to be significantly higher than that in primary tumour tissues (Figure 1B).
[image: Figure 1]FIGURE 1 | Angiogenin (ANG) expression was elevated in radioresistant NPC cells and recurrent tumour tissues. (A) Heat maps show the expression pattern of 11 genes in HONE1 vs. HONE1-IR cells and 19 genes in HONE1 vs. HONE1-IR cells after 4-Gy irradiation, derived from unsupervised clustering analysis. Red or green reflects high or low expression, respectively, as indicated in the scale bar (Raw Z score). (B) The differential IHC scores of tumour tissues, regarding ANG expression, from 10 patients with NPC before initial treatment and after tumour recurrence in the same patients. * p < 0.05 following nonparametric tests. (C) The human recombinant protein ANG (hrp-ANG) led to increased radio-resistance, as seen by colony formation assays in HONE1 cells (upper panel). Radiation sensitivity was tested by colony formation assays in HONE1-IR cells and those transfected with CCL2-siRNAs (lower panel). Survival curves are constructed based on means ± SEM; * p < 0.05, ** p < 0.001. (D) ANG mRNA expression and protein expression were significantly decreased in HONE1-IR cells transfected with ANG-siRNAs.
Since ANG is a secreted protein, we used hrp-ANG (cat. no. 265-AN; R&D Systems, Minneapolis, MN, USA) to investigate whether ANG could modulate radio-resistance in NPC cells. We found hrp-ANG-treated HONE1 cells to present increased resistance to IR than control cells (Figure 1C upper panel). In addition, we used specific siRNAs to knock down ANG in HONE1-IR cells; colony formation assays indicated ANG knockdown to markedly decrease colony formation after irradiation (Figure 1C lower panel). The efficacy of siRNAs for knocking down ANG expression is shown in Figure 1D.
ANG as an Independent Prognostic Factor for Clinical Outcomes in Patients With NPC
The IHC scores of 175 primary tumour tissues were analysed to identify the prognostic value of ANG in NPC. Figure 2 presents the intensity score of ANG expression in NPC tissues. The baseline data for patient characteristics were well balanced (Table 1). The study included 38 women (21.7%) and 137 men (78.3%), with a median age of 49 years (range, 19–78 years). Four patients (2.3%) were classified to be in stage I, 22 (12.6%) in stage II, 77 (44.0%) in stage III, and 72 (41.1%) in stage IV. The median follow-up time was 83 months (range, 5–106 months).
[image: Figure 2]FIGURE 2 | Criteria for ANG expression intensity scoring. (A) intensity score = 3, (B) intensity score = 2, (C) intensity score = 1, and (D) intensity score = 0. Representative micrographs are shown (400×). All micrographs were collected and processed under identical conditions.
After regular follow-up, a total of 44 patients presented tumour progression, 31 presented distant metastasis, eight presented locoregional recurrence, and 31 died. For all the included patients, 5-years OS was 86.5%, 5-years PFS was 77.0%, 5-years LRFS was 91.1%, and 5-years DMFS was 83.3%.
Five-year LRFS was significantly better in the low ANG-expression group than in the high ANG-expression group (95.1 vs. 85.4%, p = 0.026). Similarly, 5-year PFS was significantly better in the low ANG-expression group than in the high ANG-expression group (83.6 vs. 68.5%, p = 0.049). Five-year OS was also significantly better in the low ANG-expression group than in the high ANG-expression group (90.0 vs. 81.1%, p = 0.034). However, there was no significant difference between the low and high ANG-expression groups regarding 5-years DMFS. The survival curves based on Kaplan-Meier method, for patients with NPC, regarding ANG expression level, are shown in Figure 3.
[image: Figure 3]FIGURE 3 | Kaplan-Meier analysis of (A) the 5-years locoregional recurrence-free survival (LRFS), (B) 5-years distant metastasis-free survival (DMFS), (C) progression-free survival (PFS), and (D) overall survival (OS), with regard to the expression levels of ANG in patients with NPC before initial treatment.
In multivariate analysis, ANG expression was significantly associated with 5-years OS, PFS, and LRFS. Results from the multivariate Cox regression analysis are shown in Table 2. ANG expression was significantly associated with 5-years OS (p = 0.022), HR of 2.428 (95%CI, 1.134–5.200); PFS (p = 0.014), HR of 2.160 (95%CI, 1.165–4.005); and LRFS (p = 0.028), HR of 3.767 (95%CI, 1.153–12.309). Additionally, the results of multivariate analysis revealed that T stage, N stage, and EBV DNA were significantly associated with OS and DMFS, while T stage and N stage were significantly associated with PFS. The results of multivariate analysis of Cox proportional hazard regression were shown in Table 2.
TABLE 2 | The multivariate analysis of Angiogenin in NPC patients.
[image: Table 2]Prognostic Nomogram for OS
A prognostic nomogram for OS was established, containing significant prognostic variables such as T stage, N stage, EBV DNA, and ANG (Figure 4A). The nomogram showed T stage and N stage to contribute the most to the prognosis of OS, whereas ANG and EBV DNA were also found to play important roles. Each subtype of the aforementioned variables was assigned a grade-point score. A straight line could easily be drawn to determine the estimated proportion of OS rate at each time point by adding up the total score and positioning it on the total score scale. Harrell’s C-index of the established nomogram (to predict OS) was 0.80 (95% CI, 0.73–0.87), displaying a model with favourable discriminative capacity. Calibration curves for the 3-years and 5-years OS probabilities displayed optimal agreement between the actual observed survival rate and nomogram prediction (Figure 4B).
[image: Figure 4]FIGURE 4 | The nomogram and model calibration curve. (A) Nomogram including T stage, N stage, EBV DNA, and ANG expression levels in patients with nasopharyngeal carcinoma. (B) Model calibration curve showing the predicted and actual probabilities of ANG expression.
DISCUSSION
Although the local control of NPC can be increased by IMRT rather than conventional radiotherapy, approximately 20% of the patients still present locoregional recurrence following radical IMRT (Lee et al., 2019). Survival of the recurrent patients with NPC remains low, and the side effects after re-radiotherapy as a treatment for recurrent NPC are severe (e.g., bleeding) (Karam et al., 2016). Tumour recurrence has been recommended to have relationship strong association with radio-resistance (Barker et al., 2015). Any biomarker that can help identify radio-sensitivity would be useful in this context; therefore, possible candidates for predicting tumour recurrence and progression are urgently required.
In the present study, we found ANG to promote radio-resistance in NPC cells. In addition, we found ANG to be an independent prognostic factor for OS, PFS, and LRFS. To the best of our knowledge, this is the first study to identify the radioresistant function and prognostic significance of ANG in NPC. The results of our study could help stratify patients with different degrees of risk and guide clinical treatment strategies.
The possible mechanism underlying ANG-promoted radio-resistance in NPC cells is as follows: Since microvesicles derived from mesenchymal stem cells are known to promote angiogenesis, Chen et al. (2014) used an antibody array and found that Angiogenin, VEGF, IGF, Tie-2/TEK, and IL-6 which were higher in microvesicles under hypoxic conditions than under normoxic conditions, which revealed that ANG might be responsible for the hypoxia-augmented proangiogenic effects of microvesicles. In addition, Chang et al. (2017) found several angiogenic cytokines in the medium, including ANG, which promoted the formation of tubules across human umbilical cord vein endothelial cells and protected the cells against radiation-induced apoptosis in vitro.Yamasaki et al. (2009) showed ANG and tiRNAs to participate in a process of stress-induced translational repression. ANG may be a stress-induced factor that protects adjacent or distant cells from the deleterious effects of environmental stress. Studies have demonstrated ANG to induce cell survival, proliferation, endothelial tube formation, xenograft angiogenesis, cell migration, angiogenesis, and tumour suppressor gene expression (Miyake et al., 2015; Peres et al., 2016). Hence, ANG may protect NPC cells from the radiation-induced hypoxia-modulated environmental stress and induce cell survival, proliferation, and radio-resistance. However, the exact mechanism warrants further study. As we further did experiments of cell cycle showed that more cells stayed in S and G2/M phase after siRNA interfered ANG in HONE1 cells (Supplementary Figure S1A). So we speculated that knocked down ANG lead to more cells stayed in G2/M to be more radiosensitive, as previous studies mentioned that cells being most radiosensitive in the G (2)-M phase, less sensitive in the G (1) phase (Pawlik and Keyomarsi, 2004). In addition, knocked down the expression of ANG contributed to cell apoptosis as shown in Supplementary Figure S1B, revealed that ANG’s anti-apoptosis function, which was in accordance with previous studies (Li et al., 2014; Shu-Ping and Guo-Fu, 2015). It is possible that the function on cell cycle and apoptosis of ANG results in the radioresistant function of ANG. We also tested the cell migration after knocked down ANG expression and found that ANG promoted cell migration, which was in accordance with previous studies (Schwartz et al., 2007; Li et al., 2019) and maybe it is associated with its angiogenesis function and accelerated metastasis. Further studies are in urgently need to explain this results.
In the current study, we found the IHC scores of ANG in recurrent NPC tissues to be significantly higher than those in primary tumour tissues, and ANG expression was significantly associated with tumour recurrence in NPC. Since previous studies have indicated tumour recurrence to be related to radio-resistance (Chen et al., 2014; Yang et al., 2020), these findings collectively indicate that ANG expression may be an important biomarker of radio-resistance in patients with NPC.
Previous studies on other tumours have found ANG expression to be a prognostic factor for tumour recurrence, tumour progression, and OS. For example, a study analysed ANG expression in 108 operable laryngeal squamous cell carcinoma tissues and found ANG expression to be related to carcinoma recurrence rate and disease-free survival (DFS) (Marioni et al., 2010). Previous studies have found ANG expression to be significantly high in cases with loco-regional recurrent disease in laryngeal squamous cell carcinoma (Marioni et al., 2014; Lovato et al., 2015); ANG expression ≥ 5.0% is considered a significant, independent, negative prognostic factor in terms of DFS (Chen et al., 2014; Yang et al., 2020). Hu et al. found high ANG expression to be an independent indicator of shorter OS in proneural glioblastoma (Chen et al., 2014; Yang et al., 2020). Eppenberger et al. tested 305 primary breast tumours and found ANG levels to be positively correlated with disease relapse in patients with breast cancer (Eppenberger et al., 1998). Our results, regarding ANG being an independent prognostic factor for OS, PFS, and LRFS are in accordance with the results reported by previous studies. These results collectively recommended ANG as an effective prognostic factor for predicting clinical outcomes in patients with NPC. Since most studies have reported the prognostic significance of ANG on LRFS, PFS, and OS, but not on DMFS, the finding that ANG could not predict DMFS was in accordance with previous studies.
Based on the significant impact of ANG on the survival of patients with NPC and the excellent quantitative ability of the nomogram, a simple and easy-to-use clinical prediction model was established to clinically predict OS in NPC. The nomogram demonstrated favourable discriminative capacity and satisfactory agreement between the predicted and actual results.
There are a few limitations of our study. First, the present study did not explore the exact biological mechanisms underlying ANG-induced radio-resistance. Secondly, the samples of NPC tissues were extracted from a single centre; therefore, further studies incorporating tumour samples from multiple cancer centres should be conducted to validate our results in the future.
In the present study, we found ANG expression to be increased in recurrent NPC tissues. Elevated expression of ANG induced radio-resistance in NPC cells, in addition to being significantly associated with shorter PFS, OS, and LRFS in patients with NPC. Multivariate analysis results revealed that ANG was an independent prognostic factor that predicted PFS, OS, and LRFS. Furthermore, we designed a nomogram model to predict OS in terms of ANG expression. Our results provided a new perspective on the therapeutic strategies of NPC; it could help predict radio-sensitivity and stratify high-risk patients or tumour recurrence.
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Chemoresistance has become a prevalent phenomenon in cancer therapy, which alleviates the effect of chemotherapy and makes it difficult to break the bottleneck of the survival rate of tumor patients. Current approaches for reversing chemoresistance are poorly effective and may cause numerous new problems. Therefore, it is urgent to develop novel and efficient drugs derived from natural non-toxic compounds for the reversal of chemoresistance. Researches in vivo and in vitro suggest that ginsenosides are undoubtedly low-toxic and effective options for the reversal of chemoresistance. The underlying mechanism of reversal of chemoresistance is correlated with inhibition of drug transporters, induction of apoptosis, and modulation of the tumor microenvironment(TME), as well as the modulation of signaling pathways, such as nuclear factor erythroid-2 related factor 2 (NRF2)/AKT, lncRNA cancer susceptibility candidate 2(CASC2)/ protein tyrosine phosphatase gene (PTEN), AKT/ sirtuin1(SIRT1), epidermal growth factor receptor (EGFR)/ phosphatidylinositol 3-kinase (PI3K)/AKT, PI3K/AKT/ mammalian target of rapamycin(mTOR) and nuclear factor-κB (NF-κB). Since the effects and the mechanisms of ginsenosides on chemoresistance reversal have not yet been reviewed, this review summarized comprehensively experimental data in vivo and in vitro to elucidate the functional roles of ginsenosides in chemoresistance reversal and shed light on the future research of ginsenosides.
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1 INTRODUCTION
Chemoresistance is regarded as the capability of cancer cells to evade or to cope with the presence of therapeutics, and a vital challenge that researchers manage to reverse. Chemoresistance occurs before treatment and is acquired after therapy, which causes disease relapse and metastasis and worsens the clinical outcome of the cancer patients in most cases (Gottesman et al., 2016; Hamed et al., 2019). As reported, more than 90% of cancer patients died from metastatic cancer in different degrees, which was related to chemoresistance to varying degrees (Wilson et al., 2009). Notably, occurrence of chemoresistance is attributed to multiple targets and pathways, including inhibition in drug transporter proteins expression and membrane fluidity, alteration in the drug target, apoptosis induction, and modulation of autophagy. Mechanically, the occurrence of multiple factors such as drug efflux, apoptosis, autophagy and microenvironment, are related to multiple pathways and targets, including NRF2/AKT, CASC2/PTEN, AKT/SIRT1, EGFR/PI3K/AKT, PI3K/AKT/mTOR, and NF-κB (Grossman and Altieri, 2001; Vadlapatla et al., 2013). In recent years, chemoresistance reversal has attracted attention worldwide but is still in a bottleneck period. Until now, three measures including chemical drugs, biological therapy and hyperthermia are taken to reverse chemoresistance. Unfortunately, these methods are not suitable for clinical promotion because of their single target and function property, serious side effects, expensive cost, and high technical requirements. Furthermore, these strategies have no anti-cancer effects themselves, but bring new problems to cancer therapy (Baird and Kaye, 2003). Thus, better therapeutic approaches with multiple targets, multi-functions, higher efficiency, and lower cost and toxicity are needed to overcome chemoresistance.
Fortunately, natural products, are one of the most promising options for the management of cancer chemoresistance. It is reported that 49% of anti-cancer drugs which are characterized as multiple targets, high effectiveness, and low toxicity and availability, come directly or indirectly from natural products (Newman and Cragg, 2016). Among these natural products as cancer therapy, none has probably enjoyed as much worldwide prestige and attention as ginseng (Qi et al., 2010). Ginseng is often used in combination with chemotherapeutic drugs to promote chemotherapy. Patients taking ginseng had a 50% lower risk of cancer recurrence compared to patients who do not take ginseng (Yun and Choi, 1995). Shenmai formulation, which contains ginseng, has been proved as a marketed drug in the complementary treatment of cancer chemoresistance, indicating the great treatment potential of ginsenosides when combined with chemotherapeutic agents (Wu et al., 2021; Yang et al., 2020). Ginsenosides, the main active ingredient of ginseng, are usually used in cancer treatment when combined with chemotherapy and this combination provides a better therapeutic intervention than a single usage of ginsenosides or chemotherapy. They are a special group of triterpenoid saponins and composed of 17 carbons and classified into three kinds according to their chemical structure of aglycones: Protopanaxadiol (PPD), protopanaxatriol (PPT) and oleanane (Figure 1). Notably, ginsenoside Rg3 and Rh2, both of which belong to PPD type, are the most intensively researched ginsenosides which possess chemoresistance reversal activity with PPD type. For instance, Li et al. (Li et al., 2016) found that co-treatment of epidermal growth factor receptor-tyrosine kinase inhibitor (EGFR-TKI) and Rg3 may be a promising strategy to delay acquired resistance in clinical treatment. However, to our best knowledge, the chemoresistance-reversal effects of ginsenosides have not been systematically reviewed, which will hamper the usage of ginsenosides in cancer treatment, especially in the development of chemoresistance reversals.
[image: Figure 1]FIGURE 1 | Molecular structures of representative ginsenosides separated from ginseng in our study. (A) Protopanaxatriol ginsenosides (B) Protopanaxadiol ginsenosides (C) Oleanane.
Here, the medicinal potential and the underlying mechanisms behind the reversal effects of ginsenosides on chemoresistance related to alterations in membrane transporters, apoptosis, autophagy and TME are systematically reviewed and analyzed (Figure 2), and the view that ginsenosides can be used as supplements to reverse chemoresistance is pointed out. We hope this review will lay the foundation for the in-depth investigation of the biochemical mechanisms and pharmacological properties of ginsenosides and benefit the future development and utilization of ginsenosides.
[image: Figure 2]FIGURE 2 | The potentially reversal effects and mechanisms of ginsenosides on chemoresistance in cancer therapy. Ginsenosides were used to treat chemoresistance mainly through the regulation of factors and signaling pathways related to drug transporters, apoptosis, autophagy, and tumor microenvironment.
2 INHIBITING MEMBRANE TRANSPORTERS
Overexpression of drug transporters on the plasma membrane has been demonstrated to be a key mechanism conferring chemoresistance (Wu et al., 2008). Generally speaking, these transporters can be classified into ATP-binding cassette (ABC) and non-ABC transporters. Among them, P-glycoprotein (P-gp, gene symbol ABCB1), breast cancer resistance protein (BCRP, gene symbol ABCG2) and multidrug resistance-related protein (MRP, gene symbol ABCC), belong to the ABC transporters family while lung resistance-related protein (LRP) is a non-ABC transporter (Vadlapatla et al., 2013). Additionally, topoisomerase II (TOPO II), glutathione-S-transferase (GST) and protein kinase C (PKC) may also be connected to reverse chemoresistance. However, they usually act as supplements for chemoresistance mediated by drug transporter proteins and genes. Hence, there were few studies to explore their effect alone (Kunze et al., 1991; Daniel, 1993; Beck et al., 1998). Currently, it is recognized that overexpression of these proteins facilitates the efflux of chemotherapeutic agents. The mechanism behind this is that these proteins act as the drug transport barriers between the nucleus and the cytoplasm, inhibit redistribution of drugs as well as prevent chemotherapeutic agents from binding to targets, and in turn directly or indirectly decrease drugs concentration at intracellular targets (Meschini et al., 2002; Thomas and Coley, 2003; Mao and Unadkat, 2015).
Therefore, overexpression and overactivation of these above proteins are considered as the most important reasons resulting in chemoresistance. And an important approach to reverse chemoresistance is to inhibit the expression of drug transporter proteins. And the following mechanisms were involved in the inhibitory effects of ginsenosides on P-gp and non-P-gp transporter proteins.
2.1 Inhibiting P-gp-Mediated Chemoresistance
P-gp, which is firstly discovered in Chinese hamster ovarian cancer cells and is closely related to drug-resistant cells, is mainly located in the cell membrane, and account for a low proportion in the endoplasmic reticulum, mitochondrial, and Golgi body (Juliano and Ling, 1976; Szabó et al., 2000). But it is worth noting that P-gp in the mitochondria pumps the drug from the cytoplasm into the mitochondria, whereas P-gp on the cell membrane pumps the drug out of the cells (Munteanu et al., 2006). Therefore, overexpression of P-gp in different locations may result in drug redistribution and accumulation at targets. Moreover, as a classic mechanism of chemoresistance, the activation of P-gp is associated with chemoresistance to several types of chemotherapeutic agents, such as anthracycline, vincristine and paclitaxel (Gottesman et al., 2002; Bikadi et al., 2011). At present, P-gp mediated chemoresistance can be reversed by three generation inhibitors (Chen Z et al., 2016). Although these inhibitors exert an inhibitory effect on P-gp, their adverse effects limit their implication, such as low specificity and affinity, undesirable drug-drug interactions and toxicity to normal cells in clinical trials (Daenen et al., 2004; Kelly et al., 2011; Syed and Coumar, 2016). Therefore, it is of great necessity to seek out novel P-gp inhibitors that are not only highly effective and low toxic but also obviously potentially reversal agents of P-gp mediated chemoresistance.
Ginsenosides can efficiently reverse chemoresistance as P-gp inhibitors (Chen et al., 2014). Compared to classic P-gp inhibitors, ginsenosides appear to be multi-targeted P-gp inhibitors, whose mechanisms include downregulating the expression of P-gp, competitively or non-competitively blocking the binding site of P-gp and suppressing the cell membrane fluidity.
2.1.1 Downregulating Expression of P-gp
The pharmacological mechanism of chemoresistance is mainly attributed to a decreased accumulation of intracellular drugs mediated by P-gp overexpression. Thereby, inhibiting overexpression of P-gp and MDR1 can result in reversal of chemoresistance (Fu et al., 2013).
Studies have found that ginsenosides in combination with chemotherapeutic agents exert a remarkably inhibitory effect on chemoresistance through inhibiting overexpression of P-gp and MDR1 and consequently suppressing drug effluxes. For example, Fu et al. found that ginsenosides might facilitate Eca109/DDP cells more sensitive to cisplatin (DDP). And their study showed that co-treatment of ginsenoside Rg3 and DDP decreased expression of P-gp more than treatment of DDP alone, suggesting the decreased expression of P-gp might be responsible for ginsenoside Rg3-mediated reversal of chemoresistance. Similarly, Ma and his coworkers (Ma et al., 2019) demonstrated that ginsenoside Rh2 could be a potential agent to reverse chemoresistance when co-treated with oxaliplatin in LoVo/L-OHP cells through decreasing the protein and mRNA levels of P-gp. Also, another study by Li and Chen (Li and Chen, 2013) indicated that ginsenoside Rh2 significantly decreased adriamycin (ADM/Adr) or fluorouracil (FU) efflux in MCF-7/ADM cells. Further, Rh2 could reverse chemo-resistant cells to chemotherapeutic agents by depressing the expression of P-gp. Additionally, ginsenosides can inhibit overexpression of P-gp especially in the nuclei and mitochondria, and thereby change drug distribution. Zhang et al. (Zhang et al., 2012c) showed that treatment of 20 (S)-Rh2 not only decreased IC50 of MCF-7/Adr cells by inhibiting expression of P-gp but also promoted the redistribution of ADM. With the suppressive effect on expressions of P-gp, 20 (S)-Rh2 could up-regulate the rate and amount of ADM entering intracellular sites in MCF-7/Adr cells, especially in the nuclei and mitochondria where P-gp was over-expressed, which ultimately contributed to reverse chemoresistance and enhance cell apoptosis induced by ADM.
Further studies also revealed the underlying mechanism which contributed to the regulation of ginsenosides on overexpression of P-gp. Ginsenosides could also reverse chemoresistance through inhibiting the expression of MDR1 gene and increasing the ubiquitination of MDR1. MDR1 stability is dependent on ubiquitin-dependent protein degradation (Zhang et al., 2004). A study (Pokharel et al., 2010) firstly found that ginsenoside Rd, Re, Rb1, and Rg1, especially Rd, decreased MDR1 protein levels in MCF-7/ADR cells, which could be reversed by MG-132, a proteasome inhibitor, suggesting that the proteasomal degradation pathway was responsible for turnover of Rd-mediated MDR1. However, further study showed that Rd did not change mRNA or nuclear protein levels of key transcription factors including hypoxia-inducible factor-1 α (HIF-1 α), C/-enhancer-binding protein β (C/EBP β), forkhead box-containing protein, O subfamily1(FoxO1), or Y-box binding protein-1(YB-1), which regulated human MDR1 gene transcription or affected the pregnane X receptor (PXR) dependent transcription activity, showing that the effect of Rd on chemoresistance was not related to the transcription of MDR1 gene. Additionally, Rd increased ubiquitination of MDR1 and consequently reversed doxorubicin (DOX)-resistance in MCF-7/Adr cells, which increased MDR1 protein levels. Further study by Zhang et al. (Zhang et al., 2012a) aimed to elucidate the key factors that decreased ABCB1 expression, and altered cellular pharmacokinetics of Adr, revealing the synergistic mechanism of 20 (S)-Rh2 on MCF-7/Adr cells when co-treated with Adr. The mitogen-activated protein kinase (MAPK)/nuclear factor (NF)-κB pathway, translocation and binding activity of NF-κB and the binding capability of NF-κB to the human MDR1 promoter were inhibited by 20 (S)-Rh2 in MCF-7/Adr cells. Moreover, inhibiting the MAPK/NF-κB pathway brought about a decrease in the expression of ABCB1 and the cellular pharmacokinetics regulated by Adr was also significantly altered by inhibiting NF-κB. Overall, 20 (S)-Rh2 might down-regulate Adr-induced overexpression of ABCB1 in MCF-7/Adr cells by alleviating the MAPK/NF-κB pathway.
2.1.2 Blocking the Binding Site of Chemotherapeutic Agents
In addition, blocking the binding site of chemotherapeutic drugs and P-gp is efficient to reverse chemoresistance. There are two types of blockers, including competitive and non-competitive ones. The competitive blockers have high affinity and refer to the ones that leave little place for the binding of P-gp to other chemotherapeutic agents, which result in decreased activity of P-gp (Srivalli and Lakshmi., 2012). In contrast, the non-competitive blockers, substrates of P-gp, are highly effective, reversible, and non-competitive inhibitors of P-gp (Dewanjee et al., 2017).
At present, there were lots of studies showing that ginsenosides could decrease drug effluxes through competitively or non-competitively inhibiting drugs from being bound with P-gp. On one hand, ginsenosides always inhibit chemotherapeutic agents from being bound to these proteins by competitively blocking their binding site and therefore resisting drug efflux, without any effects on the mRNA and protein expressions of drug-related proteins. For example, Choi et al. (Choi et al., 2003) found that protropanaxatriol ginsenosides (PTG) including ginsenoside Rg1 and Re had the potential to reverse MDR by competitively blocking the [3H]-azidopine binding site in DOX resistant AML-2/DX100 cells. Similarly, Gao et al. (Gao et al., 2002) found that Rg3 improved the sensitivity of K562/ADM cells to ADM but failed to affect the growth of K562/ADM cells expressing P-170. Thus, it was speculated that 20 (R)-ginsenoside Rg3 could reverse P-gp-mediated MDR through direct interaction with P-gp in breast cancer treatment. Kim et al. (Kim et al., 2003) revealed that IC50 values of vincristine (VCR), DOX, colchicine (COL) and VP-16 in KBV20C were decreased and the intracellular accumulation of drugs was increased in KBV20C cells following Rg3 treatment. Without any effect on MDR1 gene expression or P-gp level, Rg3 resisted vinblastine efflux and reversed chemoresistance to those drugs in KBV20C cells, properly owing to its competition with [3H] azidopine for binding to the P-gp. It was suggested Rg3 could specifically inhibit P-gp-mediated drug accumulation. Thus, reversal of chemoresistance mediated by Rg3 was redounded to its competition with anticancer drugs for binding to P-gp thereby blocking drug efflux. In addition, Rb1, a major component of ginseng, exerted a synergistic effect with vincristine on chemoresistance in HL60/VCR cells but failed to inhibit the expression of MDR1 (Li et al., 2005). It was worth noting that a membrane breaker was used for the first time in this study to explore the mechanism of why P-gp activity was decreased by Rb1. Although P-gp on the cell membrane was decreased significantly in the presence of Rb1 before cell membrane integrity was broken, the total P-gp was unaffected, indicating that Rb1 has no effect on P-gp expression but P-gp function. Hence, the P-gp inhibitory effect of Rb1 was possibly dependent on the calcium channel since Rb1 was a blocker of the calcium channel, similar to Vp. Consistently, Chen et al. (Chen G et al., 2016) explored the reason why PPD 12, a derivative of 20(S)-protopanaxadiol (PPD), enhanced the sensitivity of MDR cells to ADM. This new compound strengthened the accumulation of ADM and Rho123 via blocking the efflux. As a substrate of P-gp, PPD12 inhibited the transport function of ABCB1 by stimulating the ATPase activity but failed to alter mRNA or protein expression, indicating that PPD is a substrate of P-gp as the first generation of P-gp inhibitor. Moreover, a predicted binding mode showed hydrophobic interactions of PPD12 within the large drug-binding cavity of ABCB1. Residues in the drug-binding pocket of ABCB1 were bound with P-gp stably through hydrogen bonding and hydrophobic interactions. Notably, PPD12 in non-toxic concentrations sensitized chemo-resistant cells to their anticancer substrates better than either the PPD. Additionally, co-treatment of PPD12 and ADM treated in the KB/VCR xenograft mice model inhibited tumor growth without decreasing weight. Similarly, Rg5 could reverse chemoresistance through inhibiting the function of ABCB1 by stimulating the ATPase activity both in A2780/T cells and A549/T cells (Feng et al., 2020). The underlying mechanism was partially attributive to its upregulation on the activity of ABCB1 ATPase. As Rg5 activated the ATPase of ABCB1, it might be a substrate of ABCB1. However, it inhibited Vp stimulated ATPase activity, which showed that Rg5 was bound to P-gp with high affinity and prevented other agents from being bound to the transporters, resulting in decreased activity of ABCB1 transporter. On the other hand, ginsenosides exerted an inhibitory effect on chemoresistant cells by non-competitively blocking the activity of P-gp. For instance, 20 (S)-Rh2 was a non-competitive P-gp inhibitor (Zhang et al., 2010). It significantly inhibited the efflux rates of three typical P-gp inhibitors, involving digoxin, fexofenadine and etoposide and the inhibitory action of 20 (S)-Rh2 on the function of P-gp could persist for 3 h at least after washed in MCF-7/Adr cells. Unlike P-gp substrates, 20 (S)-Rh2 reduced the Vp-stimulated P-gp ATPase activity close to the basal level and UIC2 binding fluorescence. Furthermore, 20 (S)-Rh2 promoted absorption and bioavailability of etoposide significantly without affecting terminal elimination half-time and P-gp expression in situ and in vivo. Collectively, 20 (S)-Rh2 exerted an inhibitory effect in a noncompetitive instead of a competitive manner. Similarly, Zhao et al. (Zhao et al., 2009) held that aPPD, the final deglycosylation metabolite of the PPD group in the gastrointestinal tract, was exactly a non-competitive and reversible inhibitor of P-gp with high efficiency. This study revealed that IC50 values of aPPD-induced cytotoxicity in drug sensitive P388wt and drug resistant P388adr cells were similar, suggesting that aPPD is impossible to be a substrate of P-gp. In addition, the level of calcein accumulation was enhanced and a similar inhibitory effect on the activity of P-gp was observed in MCF-7/Adr and P388/Adr cells in the presence of aPPD. Differently from 20 (S)-Rh2, the activity of P-gp immediately returned to the control levels after removal of aPPD and aPPD exerted no effect on ATPase. Another study (Liu et al., 2004) also indicated that the blockage of P-gp activity was highly reversible after aPPD was washed out, which suggested recovery of P-gp activity. Furthermore, aPPD did not affect ATPase activity of P-gp. Also, the activity of aPPD on chemoresistance was observed in vivo. Paradoxically, although both aPPD and 20 (S)-Rh2 were not substrates of P-gp, the recovery time of P-gp activity was different when aPPD and 20 (S)-Rh2 was removed due to their different chemical structures.
2.1.3 Suppressing the Lipid Fluidity and Modulating Lipid Rafts
The fluidity of the membrane refers to the extent of the molecular disorder and molecular motion within a lipid bilayer. Cholesterol, the main ingredient of a lipid bilayer, is responsible for lipid fluidity owing to its function and activity (Yeagle, 1991). Moreover, cholesterol is a key factor to maintain the complete structure and function of lipid rafts. Depletion of cholesterol leads to rupture of lipid rafts and confusion of cell function (Li et al., 2006). Lipid rafts are detergent-resistant microdomains of the plasma membrane with low-density and enriched in cholesterol and glycosphingolipids. Structurally, quantities of drug transporters, such as P-gp, are located in the cell membrane and lipid rafts. Therefore, lipid fluidity and lipid rafts play a central role in chemoresistance in cancers though affecting the function of drug transporters.
Ginsenosides-induced reversal of chemoresistance mediated by P-gp has been achieved through alteration of lipid fluidity and modulation of lipid rafts. For instance, a study performed by Kwon et al. (Kwon et al., 2008) showed that because of the structural similarity of Rg3 and cholesterol, Rg3 decreased the membrane fluidity and in turn blocked drug efflux induced by P-gp in drug resistant KB V20C cells but not in drug sensitive KB V20 cells, which resulted in reversal of P-gp-mediated chemoresistance. Moreover, Rg3 induced a significant increase of fluorescence anisotropy in KB V20C cells, suggesting that Rg3 significantly decreased cellular lipid membrane fluidity in KB V20C cells, thereby decreasing drug effluxes. Notably, the inhibitory effect could be reversed when Rg3 was removed. Also, the longevity of mice implanted with Adr-resistant P388 leukemia cells was remarkably promoted by Rg3. Collectively, Rg3 exerted an inhibitory effect on the membrane fluidity of drug-resistant cells, consequently reversing chemoresistance. Also, ginsenoside Rp1, a novel semi-synthesized agent from Rg5 and Rk1, had an inhibitory effect on lipid fluidity (Yun et al., 2013) By competing with cholesterol for incorporation into lipid rafts, ginsenoside Rp1 induced lipid raft clustering and accordingly decreased membrane fluidity in drug resistant NCI/ADR-RES and DXR cells, which caused translocation of MDR-1 out of lipid rafts, inhibited the activity of MDR1 and augmented an accumulation of DOX or rho 123. Moreover, the inactivation of Src, a kinase located in lipid rafts, led to a decrease of MDR1 in DXR cells treated by co-treatment of Rp-1 and actinomycin D(ActD). Overall, as a cholesterol depletor, Rp1 reversed chemoresistance via modulating lipid rafts and inactivating Src and MDR1.
2.2 Downregulating Expression of Non-P-gp Proteins
Three transporters, involving MRP, BCRP, and LRP, belong to non-P-gp proteins. MRP functions as the major exporter of organic anions and overexpression of MRP can confer resistance to platinum-containing chemotherapeutic drugs, such as DDP (Surowiak et al., 2006) BCRP, a semi-transport protein, delivers chemotherapeutic drugs through forming homodimers or oligomers and consequently develops transmembrane channels. Overexpression of BCRP is reported to confer chemoresistance for a wide range of chemotherapeutics such as MX, camptothecin derivates, flavopiridol, and methotrexate (Ross et al., 1999). LRP mediates resistance of certain drugs that cannot be mediated by P-gp and MRP, such as carboplatin and alkylating agents, all of which target DNA (Meschini et al., 2002). Collectively, overexpression of one or multiple proteins mentioned above may lead to chemoresistance. Interestingly, the suppression of these proteins and P-gp are observed simultaneously.
Ginsenosides Rg3 and Rh2 are the most studied saponins that can inhibit the expression of transporters. Zhang et al. (Zhang et al., 2002) found that Rg3 might act as a promising candidate for chemoresistance in human lung adenocarcinoma (A549/DDP cells) time–dependently through inhibiting expression of chemoresistance-related proteins, including MDR1, MRP and LRP. Co-treatment of DDP and Rg3 decreased not only IC50 values of DDP in A549/DDP cells but also the mRNA and protein levels of MDR1, MRP and LRP. Liu et al. (Liu Cet al., 2018) obtained similar results from the previous findings. Moreover, the nude mice bearing human lung adenocarcinoma that received co-treatment of DDP and Rg3 had obviously reduced tumor volumes and weights compared with animals treated with DDP alone. Moreover, Rg3 treatment enhanced uptake of technetium-99m labeled hexakis-2-methoxyisobutylisonitrile (99mTc-MIBI) suggesting that Rg3 can sensitize chemotherapy in vivo. Consistently, another study (Liu GW et al., 2018) showed that ginsenoside Rh2 reversed resistance of chemotherapeutic agents through inhibiting multiple drug resistance related proteins in HCT-8/5-FU and LoVo/5-FU cells. Expressions of MRP1, MDR1, LRP and GST were obviously inhibited in the presence of Rh2.
Furthermore, the metabolites of ginsenosides exert inhibitory effects on MDR tumor cells synergistically as well. Jin et al. (Jin et al., 2006) suggested that PPD is a useful ingredient to improve chemotherapy responsiveness as a novel BCRP inhibitor. PPD reinforced the antiproliferative action of MX on human breast carcinoma MCF-7/MX cells that overexpressed BCRP. And MX retention was lower in MCF-7/MX cells than MCF-7 cells, suggesting that the extruding MX ability in MCF-7/Adr cells might be related to BCRP. Additionally, uptake of MX was obviously enhanced and the activity of BCRP ATPase was inhibited in the presence of PPD in MCF-7/MX cells. Therefore, it was indicated that PPD significantly reverses the resistance of MCF-7/MX cells to MX as a BCRP inhibitor in a synergistic fashion. In conclusion, overexpression of chemoresistance-related proteins (P-gp, MRP, LRP, BCRP and GST) could be reversed by co-treatment of chemotherapeutic agents and ginsenosides.
3 REGULATING APOPTOSIS AND AUTOPHAGY
Apoptosis and autophagy are two different forms of programmed cell death, and there may be a functional relationship between them. Presently, studies have found that there are roughly three relationships between autophagy and apoptosis. 1) Autophagy usually precedes apoptosis and then activates apoptosis(Cui et al., 2007). 2) In some cases, such as mitochondrial damage caused by stimulation by oxidation, ischemia/reperfusion and toxic compounds, etc. (Kanzawa et al., 2003), autophagy can protect cells from apoptosis and necrosis. 3) Autophagy and apoptosis promote cell death together (Yanagisawa et al., 2003). In short, autophagy not only has been suggested as a possible mechanism for non-apoptotic death but also represents a survival strategy. However, the specific transformation mechanism between the two types of cell death is not remains unclear. To our best knowledge, ginsenosides reversed chemoresistance by modulating both of apoptosis and autophagy. Therefore, the chemoresistance-reversal mechanism involved in ginsenosides induced apoptosis and autophagy were introduced together as follow.
3.1 Inducing Cancer Cell Apoptosis
Apoptosis, known as programmed death, is one of the important life phenomena in the biological world. Generally, the Fas pathway, mitochondrial passage, adenylyl-cyclase pathway and p53 activation pathway mediate apoptosis. They target Bax and suppress anti-apoptotic proteins such as Bcl-2, finally triggering apoptosis (Lee et al., 2020). Data has suggested that inducing apoptosis sensitized cancer cells to chemotherapeutic drugs, such as 5-FU, DOX and ActD (Boyer et al., 2004; Fulda and Debatin, 2004). Therefore, inducing apoptosis can contribute to the suppression of chemoresistance (Schmitt and Lowe, 2001).
Ginsenosides act as apoptosis inducers to reverse chemoresistance. Investigations had indicated that ginsenosides induced apoptosis in different cancer cell lines, resulting in the reversal of chemoresistance in vitro and in vivo. For instance, Hu et al. (Hu et al., 2010) revealed that the chemoresistance reversal effect of Rh2 in A549/DDP cells could be achieved through the mitochondrial apoptosis pathway. Intracellular calcium ion concentration was higher after DDP treatment than after co-treatment of DDP and Rh2. After co-treatment of Rh2 and DDP, the expression of cyto C in the cytoplasm was higher than that in mitochondria. Moreover, caspase 3 was motivated and highly expressed in A549/DDP cells. In contrast, the expression of cyto C was higher in the mitochondria than that in the cytoplasm and the nucleus was reduced after treatment of Rh2 or DDP alone. Therefore, the combination of Rh2 and DDP significantly increased cell apoptosis in the drug resistant cancer cells. Consistently, Ma et al. (Ma et al., 2019) showed that the reversal effect of Rh2 on oxaliplatin-resistant colon cancer cells was correlated with apoptosis activation as well. Rh2 could reverse L-OHP induced resistance in LoVo/L-OHP cells through inhibiting proliferation and protein and mRNA levels of Bax and promoting protein and mRNA levels of Bax and caspase-3.
More importantly, further in-depth studies showed that inducing apoptosis can be mediated by different signaling pathways which could be clarified as follows.
3.1.1 Modulating the CASC2/PTEN/Akt Signaling Pathway
LncRNA cancer susceptibility candidate 2 (CASC2) and protein tyrosine phosphatase gene (PTEN) have been characterized as tumor suppressors and efficient suppressive regulators of cancers. Regulation of CASC2 and PTEN induced by AKT is closely associated with chemoresistance of tumors. For example, Feng et al. (Feng et al., 2017) found that inhibition of the CASC2/PTEN/Akt pathway sensitized DDP-resistant cervical cancer cells to DDP since overexpression of CASC2 reduced IC50 values in HeLa/DDP and CaSki/DDP cells, while CASC2 knockdown promoted IC50 values. Furthermore, CASC2 inhibits miR-21 and p-AKT protein level and promotes PTEN protein level, indicating that CASC2 might sensitize cancer cells to drugs through regulating PTEN and Akt pathways. Similarly, PTEN has also been regarded as a therapeutic target for reversing chemoresistance (Xia et al., 2013). Therefore, suppression of the CASC2/PTEN/Akt pathway plays an important role in the reversal of chemoresistance.
Co-treatment of Rg3 and gemcitabine (GEM) can inhibit the growth of drug-resistant cells through the CASC2/PTEN/Akt pathway. Zou et al. (Zou et al., 2020) found that inhibition of the PTEN/Akt signaling was involved in the reversal effect of Rg3 in GEM-resistant pancreatic cancer. The cell growth and colony formation of Panc-1/GEM and SW1990/GEM cells were suppressed after treatment of GEM and Rg3. At the same time, Rg3 could activate the CASC2/PTEN signaling, inhibit cell growth and induce cells apoptosis concentration-dependently in Panc-1/GEM cells and SW1990/GEM cells. Moreover, the expression of PTEN was positively related to CASC2, suggesting that Rg3 modulates PTEN signaling through activating CASC2 expression. Additionally, a significant decrease in tumor volume and weight were observed in the nude mice implanted with GEM-resistant pancreatic cancer cells when treated by Rg3. Overall, Rg3 increased cell apoptosis and consequently reversed chemoresistance through modulating the CASC2/PTEN signaling pathway in GEM-resistant pancreatic cancer.
3.1.2 Modulating the AKT/SIRT1 Pathway
Sirtuin1 (SIRT1) can deacetylate various histone and non-histone substrates, such as p53, c-MYC and FOXO, therefore altering DNA repair, cell cycle, apoptosis and development of chemoresistance (Chen et al., 2011; Wang et al., 2013; Mao et al., 2014). Also, SIRT1 inactivates the AKT pathway in a SIRT1 deacetylase-dependent manner (Wang et al., 2015). Therefore, regulation of the SIRT1/AKT pathway could be a possible strategy for reversing chemoresistance.
There was a study confirming that the combination of ginsenoside Rp1 and ActD exerted a synergistic sensitization on the drug resistant cancer lines by modulating the AKT/SIRT1 pathway (Yun et al., 2020). Treatment of ActD or Rp1 alone mildly inhibited the cell growth while the inhibitory effect of co-administration of Rp1 and ActD was significantly promoted in drug-resistant LS513 colon cancer. Importantly, Rp1 re-sensitized the drug resistant cells to ActD through increasing apoptosis and aggravating DNA damage. Further researches suggested that Rp1 could attenuate the up-regulation of SIRT1 caused by ActD and consequently increase apoptosis through enhancing p53 acetylation in drug resistant cells. Meanwhile, co-treatment of Rp1 and ActD also decreased AKT activation to downregulate the expression of SIRT1, and ultimately activated cells apoptosis as well as reversed chemoresistance in tumor cells. More, tumor growth was significantly inhibited when ActD combined with Rp1 in nude mice implanted with LS513 cells as well. Taken together, modulation of the AKT/SIRT1 pathway was involved in Rp1-reversed drug resistance.
3.1.3 Modulating the EGFR/PI3K/AKT Signaling Pathway
Epidermal growth factor receptor (EGFR), known as a key factor in the development of tumor, can bind with a ligand, which leads to autophosphorylation of the receptor, activate downstream signal transduction and activity, involving Ras/MAPK, PI3K/AKT, STAT, and Src family kinases, and promote proliferation, survival, invasion, and migration of tumor cells (Wieduwilt and Moasser, 2008). Among them, the EGFR/PI3K/AKT pathway indirectly regulates tumor cell apoptosis through maintaining the balance between cell proliferation and apoptosis (Hong and Fan, 2019). Therefore, inhibition of the EGFR/PI3K/AKT pathway could be a viable strategy for overcoming chemoresistance through affecting apoptosis.
Rg3-mediated inactivation of the EGFR/PI3K/AKT pathway is an efficient method to induce cancer cell apoptosis, which has been proved by Jiang and his coworkers (Jiang et al., 2017). The sensitivity of erlotinib to pancreatic cancer cells was significantly enhanced when co-treatment with Rg3 in vitro and in vivo. The cell viability, growth and formation of cell colonies in BxPC-3 and AsPC-1 cells were inhibited when exposed to different concentrations of Rg3 and erlotinib. Likewise, apoptosis induced by erlotinib and cleavage of caspase-3, caspase-9 and PARP were obviously promoted by Rg3 in BxPC-3 and AsPC-1 cells. Furthermore, lower expression levels of p-EGFR, p-PI3K and p-AKT were observed when combined with Rg3, which revealed that Rg3 downregulates expressions of p-EGFR, p-PI3K, and p-AKT, thereby sensitizing pancreatic cancer cells to erlotinib. Similarly, the study in vivo showed Rg3 inactivated the EGFR/PI3K/AKT signal pathway. Moreover, the tumor volume was decreased by co-treatment of erlotinib and Rg3 in nude mice implanted with BxPC-3 cells. In conclusion, downregulating the EGFR/PI3K/AKT signal pathway, which induced cell apoptosis, was a vital mechanism related to Rg3-mediated reversal of chemoresistance.
3.1.4 Modulating the PI3K/AKT/mTOR Pathway
Activation of the PI3K/AKT/mTOR pathway is a common feature of a wide range of human cancers (Brown et al., 2008). Upregulation of the PI3K/AKT/mTOR pathway contributes to cancer cell survival, acquires chemoresistance, which was related to inhibition of apoptosis and cell cycle progression, differentiation and growth (Choo and Blenis, 2006). Thus, it is believable that activating the PI3K/AKT/mTOR signaling can effectively result in chemoresistance reversal.
Ginsenoside Rg1 could induce apoptosis in paclitaxel-resistant nasopharyngeal cancer cells which might be correlated to suppression of the mTOR/PI3K/AKT pathway (Li et al., 2019). Rg1 increased Bax and decreased Bcl-2 expression and induced cycle arrest in the S phase in SUNE1 cells. Additionally, Rg1 decreased the phosphorylation of mTOR, PI3K in a concentration dependent manner without apparent effects on the total PI3K, AKT and mTOR, suggesting that Rg1 inactivated the TOR/PI3K/AKT pathway in SUNE1 cells. Taken together, Rg1 is considered as a supplementary anticancer agent to reverse chemoresistance due to its inactivation of the TOR/PI3K/AKT pathway in paclitaxel-resistant nasopharyngeal carcinoma.
3.1.5 Modulating the NF-κB Pathway
Constitutive activation of nuclear factor-κB (NF-κB) in cancer treatment induces tumor promotion, angiogenesis, metastasis, apoptosis, and resistance to anticancer drugs (Garg and Aggarwal, 2002; Pikarsky et al., 2004). Therefore, inhibition of NF-κB is an efficient approach to increase apoptosis and reverse chemoresistance.
Growing evidence implied that the combination of ginsenosides and chemotherapeutic agents exerted an inhibitory effect via inactivation of the NF-κB pathway in cancer cells. For instance, ginsenoside Rg3 combined with the conventional drugs, involving docetaxel (TXT), paclitaxel, DDP and Adr, resisted the growth of HCT116 and SW620 colon cancer cells and induced apoptosis via inhibiting NF-κB (Kim et al., 2009). Co-treatment of Rg3 and TXT obviously induced apoptosis through regulating apoptotic related genes, including inhibiting the expression level of Bcl-2, XIAP and cIAP-1 and promoting the expression of Bax, caspase-3 and caspase-9. In agreement with this, Rg3 resisted the NF-κB DNA binding activity, TNF-α-induced transcriptional activation of NF-κB and AP-1 activity and notably promoted apoptosis and sensitivity of chemotherapeutic drugs in colon cancer cells. Similarly, Kim et al. (Kim et al., 2010) found that higher doses of Rg3 could enhance the sensitivity of prostate cancer to TXT through downregulation of the NF-κB pathway. Inhibition of NF-κB pathway and cells growth and induction of apoptosis was observed after Rg3 treatment in prostate cells (LNCaP, PC-3, and DU145), especially LNCaP cells. Importantly, co-treatment of Rg3 and TXT caused a significant reduction in the expression of G0/G1 regulators cyclin D1, cyclin E, Cdk2, and Cdk4. Moreover, another study by Yuan et al. (Yuan et al., 2017) found that the synergistic inhibitory effect of the combination of Rg3 and paclitaxel in triple-negative breast cancer (TNBC) cells, including three cancer cell lines MDA-MB-231, MDA-MB-453, and BT-549, resulted from regulation of apoptotic proteins and genes and inactivation of NF-κB. Additionally, reduction of tumor volumes and weights in the nude mice implanted with TNBC cells in vivo after co-treatment of Rg3 and paclitaxel was observed. Therefore, the treatment of ginsenoside Rg3 could serve as a novel strategy in treating a line of cancers with a high incidence and mortality via inhibiting the NF-κB pathway.
3.2 Modulating Cell Autophagy
Autophagy is a lysosome-mediated protein and organelle degradation process that is characterized by the formation of autophagosomes (Mizushima and Klionsky, 2007). Intensive studies have suggested that autophagy can serve as both an inhibitor and a motivator of cancer cells relying on the degree of induction (autophagic flux) and stage of tumor progression (Eskelinen, 2011). Similarly, the chemo-resistant mechanism associated with autophagy is separated into two aspects. Some cases maintain high basal autophagic flux, resulting in intrinsic resistance to chemotherapeutic drugs while others gradually acquire chemoresistance by increasing autophagic fluxes in response to the treatment of chemotherapeutic drugs. Paradoxically, an increase in autophagic flux may also induce tumor cell death in some cases, leading to remarked inconsistency across studies (Sheng et al., 2018). In brief, a better understanding of the dual role of autophagy in cancer is necessary to figure out the acquirement of chemoresistance.
Ginsenosides can activate autophagy to reverse chemoresistance. For example, Rp1 was efficient to resist proliferation in paclitaxel-resistant nasopharyngeal cancer by promoting autophagic cell death (Li et al., 2019). The data showed that Rg1 increased the protein levels of LC3-II and decreased the expression of p62 in SUNE1 cells. Taken together, the activation of autophagy was correlated with the reversal of chemoresistance mediated by Rg1.
In contrast, autophagy inhibition is critical for ginsenosides to reverse chemoresistance. Wang et al. (Wang et al., 2019) found that 20(S)-Rg3 sensitized PC-9-resistant (PC-9R) and HCC827-resistant (HCC827R) cells to icotinib through suppressing the late maturation or degradation stage of autophagy. The levels of LC3II protein, p62 protein and the number of LC3II puncta in PC-9 and HCC827 cells were increased by Rg3. However, protein levels of LC3II and p62 were not increased anymore when Rg3 combined with CQ, which indicated that the increased LC3 puncta formation accompanied by increased p62 levels in Rg3-treated cells may attribute to suppression of the late maturation or degradation stage of autophagy. Consistently, their results showed that inhibition of autophagy by Rg3 could reverse chemoresistance in PC-9R xenograft models. Another study performed by Kim et al. (Kim et al., 2014) showed that autophagy was often regarded as a cell survival mechanism in cancer cells exposed to DOX while 20 (S)-Rg3 sensitized hepatocellular carcinoma to DOX through inhibiting autophagy, which resulted in cell death. More importantly, CHOP as well as the ATG-5 dependent autophagic pathway was involved in Rg3-inhibited autophagy. Rg3 did not increase LC3II and p62 protein levels anymore when ATG5 gene was abolished. Moreover, knockdown of CHOP repressed 20 (S)-Rg3-induced death of HepG2 cells while upregulation of CHOP could promote TRAIL-induced apoptosis. Additionally, a decrease in tumor weight and volume was observed after treatment of Rg3 in vivo. Collectively, 20 (S)-ginsenoside Rg3 was a novel inhibitor of autophagy through increasing LC3II and p62 protein levels in a CHOP and ATG-5 dependent autophagic manner and thus sensitized hepatocellular carcinoma to doxorubicin.
4 MODULATING TUMOR MICROENVIRONMENT (TME)
Tumor microenvironment (TME), including smooth muscle cells, endothelial cells, fibroblasts of various phenotypes, myofibroblasts, mast cells, T cells, B cells, natural killer, neutrophils, granulocyte, and antigen-presenting cells is a complex and constantly changing matrix surrounding tumor cells. The interaction of these components in TME has affected the biological behavior of tumors including epithelial-mesenchymal transition (EMT), characteristics maintenance of cancer stem cells (CSCs), invasion, metastasis, and chemoresistance (Polyak et al., 2009; Hale et al., 2013). CSCs, typical cells in TME, show a high degree of uncertainty and instability. They regulate the expression of transporters and apoptotic genes, the activity of microsomal multifunctional oxidases, DNA damage repair, and activation of key cell signaling pathways, which have become one of the main theories that produce chemoresistance. EMT is a phenomenon produced by epithelial cells under the action of matrix metalloproteinases, adhesion molecules, selectins and other factors. It is one of the initial development methods of CSCs and has the potential to endow CSCs with chemoresistance, viability and metastatic ability (Huang et al., 2012). Additionally, hypoxia is the most prominent sign of TME and results from tumor cell proliferation that is faster than angiogenesis or abnormal new blood vessels (Challapalli et al., 2017). Studies have revealed that hypoxia can promote EMT and cancer cell stemness, which facilitates cell survival and acquires chemoresistance (Cosse and Michiels, 2008; Bharti et al., 2016). Therefore, it is important to modulate the resistance of solid tumors to chemotherapeutic agents by modulating TME.
Studies showed that ginsenosides suppressed the ovarian stem cancer cells through inhibiting the process of EMT. For example, Kala et al. (Kala, 2014) found that Rb1 or CK combined with DDP or paclitaxel significantly reversed chemoresistance in a dose and time dependent manner through inhibiting ovarian stem cancer cells. Co-treatment of ginsenosides and chemotherapeutic agents obviously inhibited tumor sphere forming ability and cell viability through downregulating E-cadherin and up-regulating N-cadherin in HEYA8 and SKOV-3 cells. Therefore, modulating EMT to inhibit the cell stemness was the reason why Rb1 or CK enhanced the sensitivity of cancer cells to chemotherapeutic agents. In another case, Wang et al. (Wang et al., 2018) found co-treatment of Rg3 and DDP exerted an important role in hypoxic lung cancer therapy. Rg3 could sensitize hypoxia human NSCLC cells to DDP by inhibiting the NF-κB pathway thereby retaining the progress of EMT and stemness evidenced as reduced expressions of E-cadherin, N-cadherin, sex determining region Y-box 2 (SOX2), NANOG, OCT4, and CD44. Moreover, consistent results both in vivo and in vitro were observed. Collectively, Rg3 could sensitize hypoxic lung cancer cells to DDP through preventing NF-κB induced EMT and stemness. Also, Rg3 (Tan et al., 2020) could target CSCs and reverse osimertinib resistance in H1975 and H1975/OR cells by activating the Hippo pathway, which was key cancer signaling in association with cell proliferation, cell death, and cancer metastasis (Kulkarni et al., 2020). Co-treatment of Rg3 and osimertinib could promote expressions of the active components of the Hippo pathway, such as MST1/2 and LATS1/2, and depress the expression of the negative executor or effector. In addition, ginsenoside panaxatriol (GPT) (Wang et al., 2020) sensitized MDA-MB-231 PTX resistant (MB231-PR) cells to PTX through reducing the characteristics of stem cells, which was correlated with the IRAK1/NF-κB and the ERK pathways. Co-treatment of GPT and PTX inhibited expressions of CSC related genes including octamer-binding transcription factor 4 (OCT4), sex determining region Y-box 2 (SOX2), NANOG, aldehyde dehydrogenase 1 (ALDH1), and CD44 gene expression, indicating that cell stemness-mediated invasion and tumor growth were inhibited by GPT and PTX. And IRAK1 and S100A7/8/9 formed a feedback loop to drive the malignancy of TNBC cells (Goh et al., 2017). The combination inhibited phosphorylation of IRAK1, P65 and ERK1/2, and promoted IκB-alpha as well as inhibited S100A7/9 mRNA expression. In addition, the combination therapy also exerted an inhibitory effect on expressions of NF-κB targeted genes including interleukin 6 (IL6), IL8, chemokine (C-X-C motif) ligand 1 (CXCL1), and chemokine (C-C motif) ligand 2 (CCL2). Thus, GPD could overcome PTX resistance by mediating stemness of tumor cells which resulted from an inhibition of the IRAK1/NF-κB/ERK pathway.
5 DISCUSSION
Chemoresistance is a common phenomenon and the main barrier in cancer chemotherapy. Modern scientific studies have explained the causes of cancer chemoresistance from multi-perspectives and multi-dimensions, which has built a foundation for the development of chemoresistance-reversal agents. Currently, ginsenosides, originated from ginseng, have received much attention as potential preventive and therapeutic strategies against all kinds of tumors, particularly as supplements of chemotherapy in reversing chemoresistance. According to the previous reports, it is notable that Rg3 and Rh2, have the unique advantage over chemotherapeutic drugs and function as multi-targeted and multi-pathway chemoresistance-reversal agents. In this article, the inhibitory effect and mechanisms of ginsenosides on chemoresistance are summarized (Tables 1 and 2). The underlying mechanisms may be correlated with inhibition of drug transport proteins, modulation of autophagy, induction of apoptosis as well as alterations of TME (Figure 2). Further researches suggested that multiple signal pathways are involved in reversing chemoresistance, such as CASC2/PTEN/Akt, AKT/SIRT1, EGFR/PI3K/AKT, PI3K/AKT/mTOR, Nrf2/PI3K/AKT, and MAPK/NF-κB pathways (Figures 3 and 4). Also, these studies revealed the structure-activity relationship of ginsenosides. The differences between the chemical structures of those ginsenosides might have quite a substantial influence on the mechanism of reversing chemoresistance. For instance, the P-gp inhibitory effect of 20 (S)-Rh2 and 20 (S)-PPD was more pronounced than that of 20 (R)-Rh2 and 20 (R)-PPD, respectively (Zhang et al., 2012b). Moreover, ginsenosides with higher molecular weights, including Rg3, PTG, Rb1, PPD12, and Rg5, were more likely to reverse chemoresistance through competitively blocking the binding site of P-gp whereas smaller molecules like 20(S)-Rh2 and aPPD in a non-competitively blocking manner (Table 2).
TABLE 1 | Summary of the reversal effect of ginsenosides when combined with chemotherapeutic agents on chemoresistance in cancer treatment.
[image: Table 1]TABLE 2 | Summary of molecular mechanisms of main ginsenosides against chemo-resistance.
[image: Table 2][image: Figure 3]FIGURE 3 | The molecular mechanisms of ginsenosides against chemoresistance through inhibiting the expression and function of drug transporters. Ginsenosides can regulate the ERK/NF-κB and NRF2 signaling pathways to modulate the expression of drug transporters.
[image: Figure 4]FIGURE 4 | The molecular mechanisms of ginsenosides against chemoresistance. Ginsenosides can regulate NRF2/AKT, CASC2/PTEN, AKT/ SIRT1, EGFR/PI3K/AKT, PI3K/AKT/ m-TOR and NF-κ signaling pathways to modulate cell apoptosis, autophagy and tumor microenvironment.
Substantial evidence in vitro and in vivo reveal the benefits of the combination of ginsenosides and chemotherapy on chemoresistance. However, according to the current studies in this field, these findings also have certain limitations. Firstly, ginsenosides are characterized by low oral bioavailability caused by poor oral absorption, usually <5% in the rodent model (Xu et al., 2003). Therefore, various drug delivery systems and routes should be taken to improve oral bioavailability or exert a novel effect (Hong et al., 2019). Such as the multifunctional liposome system, ginsenosides functioned as not only the chemotherapy adjuvant to exert their inherent anticancer activity, but also the functional membrane material to promote effectiveness in cancer therapy in this system. Furthermore, although studies showed that poor oral bioavailability and absorption, as well as the potency of the anti-tumor effects of ginsenosides, were related to their molecular weights and structure (Zhang et al., 2012b), the structure-activity relationship of ginsenosides has not been completely illuminated. Hence, some measures, such as chemical synthesis and structural modification should be taken to improve the chemoresistance reversal activity of ginsenosides. Secondly, there are a high proportion of studies on classical mechanisms of ginsenosides-induced chemoresistance reversal, mainly involving P-gp and apoptosis mediated chemoresistance, whereas a low proportion of studies on non-classical mechanisms, which are attributed to regulation of GST-π, Topo II, CSCs, et al. Therefore, the metabonomics and molecular docking techniques are needed in the further studies. Also, the quartz crystal microbalance (QCM) (Zhou et al., 2012), a novel monitor method is a preferable choice compared to MTT to real-time monitor the chemotherapy induced death process of tumor cells. Finally, most of the current studies focus on the effect of ginsenosides on chemoresistance through animal models and cells, but there are insufficient clinical researches of such benefits. Thus, large sample-sized, randomized, controlled, and clinical studies should be carried out to investigate their actual effects on chemoresistance, setting a higher level of evidence for the therapeutic effects of ginsenosides.
This article systematically summarizes the therapeutic potential of ginsenosides in reversing chemoresistance in vivo and in vitro and illuminates the mechanisms by which ginsenosides alleviate chemoresistance. The underlying molecular mechanism can be partially elucidated by the roles of the expression and function of P-gp, MDR1, BCRP, LRP, apoptosis, autophagy, and microenvironment as well as CASC2/PTEN/AKT, AKT/SIRT1, EGFR/PI3K/AKT, PI3K/AKT/mTOR and MAPK/NF-κB signaling pathways. Given that ginsenosides can also reduce side effects caused by chemotherapy and elicit anti-cancer activities and little toxicity, they have demonstrated promises as an indispensable strategy for reversing chemoresistance. We look forward to further revealing their reversal mechanisms and widespread clinical applications.
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ABC ATP-binding cassette
ActD actinomycin D
ADM Adriamycin
BCRP
Breast cancer resistance protein
CK Compound K; CQ, Chloroquine
CSCs Cancer stem cells
DDP Cisplatin
DOX Doxorubicin
EGFR Epidermal growth factor receptor
EGFR-TKI Epidermal growth factor receptor-tyrosine kinase inhibitor
EMT Epithelial-mesenchymal transition
FU Fluorouracil
GEM Gemcitabine
GST Glutathione-S-transferase
HCQ Hydroxychloroquine
IL Interleukin; L-OHP, Oxaliplatin
LRP Lung resistance-related protein
MAPK Mitogen-activated protein kinase
MDR1 Multi-drug resistance 1
MRP Multidrug resistance-related protein
m-TOR Mammalian target of rapamycin
MX Mitoxantrone
NF-κB Nuclear factor-κb
NRF2 Nuclear factor erythroid-2 related factor 2
P-gp P-glycoprotein
PI3K Phosphatidylinositol 3-kinase
PKC protein kinase C
PPD Protopanoxadiol
PPT Protopanaxatriol
PTEN protein tyrosine phosphatase gene
PTG Protropanaxatriol ginsenosides
Rho123 Rhodamine 123
SIRT1 Sirtuin1
TME Tumor microenvironment
TNBC Triple-negative breast cancer
TOPOII Topoisomerase II
TXT Docetaxel
VCR Vincristine
Vp Verapamil
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Patients

n 50
Age (Years) 499+ 96
BMI (Kg/m?)

Before chemotherapy (CO) 305+ 66
After chemotherapy (C4) 31:66
Normal weight 233 + 1.25 (24%)
Overweight 27.4 £ 1.42 (22%)
Obesity 35.0 + 5.56 (54%)
T2DM 30.9%
Hypertension 31.7%
Tumor size (cm) 2x2-12x 12
Luminal A (ER+, PR+, HER2-) 36%
Luminal B (ER+, PR+/~; HER2+/-) 24%
HER2-enriched (ER-, PR-, HER2+) 20%
Triple-negative [ER-, PR-, HER2-) 20%
Chemo-resistant 20%

Values are presented as the mean + standard deviation (SD) or percentage. BMI (body
mass index); T2DM (type two diabetes melitus); estrogen receptor (ER), progesterone
receptor (PR) or human epidermal growth factor receptor 2 (HERZ).
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Classification Drug Cancer E3 ligase Mechanism Role Ref

Plants Taxol NSCLC FBXW7 FBXW7/MCL1/PLK1 Sensive  Gasca et al. (2016)
GC FBXW7 MiR-363/FBXW7 Sensitve  Su etal. (2011)
BC/OC/NPG  FBXWA11 FBXW11/E1AFOXO3 Resistance  Yang et al. (2016)
NSCLC Pirh2 Pirh2/p53 Resistance  Bian et al. (2020)
BC Parkin Microtubule assembly/stabiization ~ Sensitive  Kim et . (2015)
Melanoma SIAH2 miR-335/SIAH2/HDAC3 Resistance  Lukenbill and Kalaycio (2013)
Docetaxel PC EDD Wnt/p-Catenin Resistance  Becker et al. (2008)
SPOP SPOP/Caprin Sensitive  Wang et al. (2009)
Camptothecin CRC HAUSP p53/Mdm2 Sensiive  Shi et al. (2019)
Anti-metaboite  Fludarabine HCC COP1 COP1/p53-brn-3a/Bak-2 Sensitive  Longley et al. (2003)
5-Fluorouradil BC Skp2 Skp2/p27"®! Resistance  Kadera et al. (2015)
PDACs CBL CBL/EGFR Sensitive  Liang et al. (2019)
CRC TRIMA7 TRIM47/SMAD4 Resistance  Fang et al. (2015)
FBXW7 FBXW7/CRY2 Sensitve  Kalluri, (2016)
RBCK1 Microenvironment/CAF Resistance  Mini et al. (2006)
Gemoitabine PCC FBXW7 FBW7/ENT1 Sensitive  Zhang et al. (2015)
SMURF2 miR-15b/SMURF2/EMT Sensitve  Yu et . (2018)
TRIM31 TRIM31/TRAF2/NF-kB Sensitive  Hung et al. (2015)
NSCLC Cul4A CUMATGFp1 Resistance  Asselin and Rizzari (2015)
Asparaginase Leukemias FBXW7 Wit pathway Sensitve  Bhatt et al. (2017)
Alkylating Temozolomide GBM HERG3 HERC3/SMAD7/TGFp1 Resistance Ko et . (2018)
GBM MDM2 MDM2/NCL/HDAC Resistance  Kamran et al. (2017)
Antibiotics Doxorubicin GC FBXL7 AURKA/FBXL7/Survivin Sensitive  Kamran et al. (2017)
CRC FBXO15 FBXO15/P-gp/mdr Sensive  Long et al. (2019)
HCC cuL2 CUL2/MAF-1 Resistance ~ Cheteh et al. (2020)
HCC FBXW7 FBXW7/HSF1/MDR1 Sensitive  Lin and Yamazaki, (2003)
HCC SIAH1 SIAH1/Zeb 1/EMT Resistance  Lee et al. (2016)
Lymphoma  TRAF6 SMO/TRAF6 Resistance ~ Gelsomino et al. 2013)
Colon cancer  Trc8 Tre8/HMGCOARMDR Resistance  Xiao et dl. (2017)
Osteosarcoma  ZNRF2 miR-100/ZNRF2 Resistance  Qin et al. (2016)
NSCLG TRIM25 TRIM25/p53 Resistance ~ Wang et al. (2019)
PC/BC MDM2 FKBP12/MDM2/p53 Resistance  Xu et al. (2017)
Adriamycin BC/GC Col-b Cbl-b/EGFR/AK-miR-200c-ZEBT  Resistance X CH et al. (2017); Zhang et al. (2015);
axs Waks and Winer (2019)
Endocrine Enzalutamide/ PC STUB1 STUB1/ar/ar-v7/HSP70 Resistance  Rulina et al. (2016)
abiraterone PC Culin-RING  AR-ERG/Wnt/p-catenin pathway/  Resistance  Li et al. (2017)
NF-xB pathway
Enzalutamide PC AMFR 11b-HSD2/cortisol Resistance  Jordan (2003)
Tamoxifen BC TRIM2 Bim/cleaved PARP/caspase 3 Resistance  Wang et al. (2017)
HRD1 S100A8/HRD1 Sensitive  Donley et al. (2014)
RBCK1 RBCK1/FKBPL/ERa Resistance ~ Yin et al. (2019)
FBXW2 FBXW2/Sox2 Sensive  Yan et al. (2011)
c-Cbl -Cbl/c-sro/AKT Resistance  Interiano et al. (2014)
SIAH2 SIAHZ/ER-a Sensive  Baccarani et al. (2019)
Targeted drugs  Imatinib oML o-Chl TGFp/c-chi/Lyn kinase activity Resistance Han et al. (2019)
TRAF6 TRAF6/ULK1 Sensiive  Bigenzahn et al. (2018)
Imatinib/rebastinib  CML LZTR1 LZTR1/RAS/MAPK pathway Sensitve  Scott et al. (2016)
Bortezomib MM NEDD4-1 NEDD4-1/AKT Sensive  Hirosawa et al. (2018); Hirosawa et al.
(2018)
DTX3L Cleaved PARP/caspase 3 Resistance  Malek et al. (2017)
Skp2 Cullin-1/Commd/caspase 3 Resistance Huang et al. (2020)
Lapatinib BO/GC G-CO/CHIP  HER?2 degration Sensive  Nunes et al. (2016); Chan et al. (2012)
Trastuzumab BC Skp2 AKT/Glut1/glucose uptake/ Resistance  Kurokawa et al. (2013)
glyoolysis
[} FBXW7 miR-223/FBXW7 Resistance  Pandya et al. (2016)
BC Mindbomb-  Mindbomb-1/Jagged-1/Notch Resistance Kim and Myung (2018)
1 activation
Lapatinb BC MDM2 P53 Resistance  Eto et al. (2015)
Erlotinio NSCLG RNF146 RNF146/Hippo-YAP pathway Resistance  Hidayat et al. (2019)
Gefitinib NSCLC FBXW7 FBXW7/c-MYC Resistance  Yu et al. (2016)
Cetuximab GC Col-b CbHO/EGFR Resistance  Tong et al. (2017)
Sorafenib HOC FBXW8 Nanog/CSCs Resistance  Dai et al. (2017)
JQ1/-BET PC Gullin- Culin-35POP/BET Resistance  Janouskova et al. (2017); Kuske et al.
3SPOP (2018)
BRAF/MEKi Melanoma RNF44 AMPK-at/autophagy/metabolic Resistance  Marzio et al. (2019)

PARP inhibitors BC FBXOS5 SCF complex/RAD51 Sensitive Zhao et al. (2020)
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GO:
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GO:
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GO:
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GO:
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hsa04623
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hsa05322
hsa05320
hsa04612

Description

Regulation of leukocyte mediated immunity
Regulation of type | interferon production
Regulation of ymphocyte mediated immunity
Regulation of T cell mediated immunity
Extrinsic component of organelie membrane
Cytosolic DNA sensing pathway

Oxidative phosphorylation

Systemic lupus erythematosus

Autoimmune thyroid disease
Antigen processing and presentation

NSE

2.14
22
210
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1.89
1.87

1.87
1.80

P
0.015
0.014
0.014
0.016
0.022
0.002
0.006
0.002

0.002
0.012

BP, biological process; CC, cellular component: GO, Gene Ontology: MF, molecular function.





OPS/images/fphar-11-616251/crossmark.jpg
©

2

i

|





OPS/images/fphar-11-616251/fphar-11-616251-g001.gif
‘|%/Ji

|

i

4

ity
i

7
ii 'g





OPS/images/fphar-11-585255/fphar-11-585255-t001.jpg
Characteristics N (%)

Age
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260 49 (21.6)

Grade
G1 10 (4.4)
G2 102 (44.9)
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unknown 2(08)

FIGO stage
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unknown 4921.6)

Tumor
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™ 14(6.2)
unknown 35 (15.4)

Lymph node
NO 93 (41.0)
N1 45 (19.8)
NX 54 (23.8)
unknown 35 (15.4)

Metastasis
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M 8(35)
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unknown 37 (16.3)
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Inhibitor

Lomeguatrib
(PaTrin-2)
Lucanthone
CRT0044876
Methoxyamine

APX3330 (E3330)
RI-1

B02

AG-14361
A-966492

KU-55933
ETP-46464

VE-821
AZ20
CGK733
NU7026

NU7441

DNA repair
pathway

Direct repair

BER
BER
BER

BER
HR

HR

BER
BER

HR
HR

HR
HR
HR
NHEJ

NHEJ

Target

MGMT

APE1
APE1
APE1

APE1/Ref-1
RAD51

RAD51

PARP1
PARP1/2

ATM
ATM/ATR,
mTOR
ATR

ATR
ATM/ATR
DNA-PK

DNA-PK

Application

Pancreatic cancer cells; combination with HDACis in ovarian
cancer

Glioblastoma multiforme (GBM) cell

Colon cancer cell lines

Combination with pemetrexed in non-small-cell lung cancer cells
and xenografts

Bladder cancer

Combination with olaparib in breast cancer cells with wild-type
PTEN; combination with radiation in glioma stem cells
Combination with radiation in glioma stem cells; combination with
clinically approved anticancer agents in breast cancer cell
Combination with lestaurtinib in breast cancer cells
Combination with topotecan and radiotherapy on glioblastoma
spheroids

Combination with radiotherapy on glioblastoma spheroids
Single or combination with cisplatin in platinum-sensitive and
~resistant ovarian, endometrial and cervical cancer cell lines
Combination with BETi in myc-induced lymphoma cells
Colorectal adenocarcinoma tumor cells

Human breast cancer cells

Combination with carbon ion irradiation in non-small cell lung
cancer cell

Combination with radiotherapy in non-small cell lung cancer cell

References

Wu et al. (2019), Shi et al.
(2020)

Chowdhury et al. (2015)
Seo and Kinsella (2009)
Oleinick et al. (2016)

(Fishel et al., 2019)
King et al. (2017), Zhao et al.
(2017)

Huang and Mazin (2014), King
etal. (2017)

Vazquez-Ortiz et al. (2014)
Koosha et al. (2017)

Carruthers et al. (2015)
Teng et al. (2015)

Muralidharan et al. (2016)
Foote et al. (2013)

Alao and Sunnerhagen (2009)
Ma et al. (2015)

Sunada et al. (2016)

Abbreviations: MGMT, O-6-methylguanine-DNA methyltransferase; APET, AP endonuclease 1; Ref-1, redox factor-1; RADS1, DNA repair protein RADST homolog 1; PARP, Poly (ADP-
ribose) polymerase; ATM, ataxia telangiectasia mutated; ATR, ataxia telangiectasia and Rad3-related; mTOR, mammalian target of rapamycin; DNA-PK, DNAdependent protein kinase;

BETi. BET inhibitors.
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mTOR
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WEE1

DNA repair
pathway

BER

BER

BER
NHEJ

NHEJ

HR

HR

HR

HR

Inhibitors

Olaparib (AZD-2281)

Talazoparib

Veliparib (ABT-888)

Rucaparib

2X-121

Methoxyamine
(TRC102)

APX3330 (E3330)
MSC2490484A
(M3814)

VX-984 (M9831)
cc-115

AZDO156

AZD1390

AZD6738
(Ceralasertib)

VE-822 (VX-970,
M6620, berzosertib)

Prexasertib

MK-8776
SRA737

Adavosertib
(AZD1775)

Clinical
status

Phase Il

Phase Il

Phase Il
Phase Il

Phase Il

Phase Il

Phase |
Phase |

Phase Il
Phase IV
Phase |
Phase Il
Phase |
Phase Il
Phase |
Phase Il
Phase |

Phase |
Phase Il

Phase Il
Phase |

Phase |

Phase Il

Phase Il

Phase Il

Phase |
Phase |

Phase Il

Phase |

Phase Il

Phase Il

Phase Il

Phase Ul

Phase I

Phase |

Phase |
Phase |

Phase |
Phase I
Phase |
Phase |
Phase |
Phase |
Phase |
Phase Il
Phase |
Phase Il
Phase Il
Phase |
Phase Il
Phase Il
Phase Il
Phaset/Il
Phase |
Phase Il

Phase Il

Phase Il
Phase Il

Phase /Il

Phase Il

Phase |

Phase |
Phase /Il

Phase Il

Phase |
Phase Ul

Phase |

Disease state

Metastatic renal cell carcinoma with DNA
repair gene mutations

Mesothelioma with homologous
recombination deficiency

Non-BRCA metastatic breast cancer (MBC)
Metastatic urothelial cancer with somatic DNA
damage response (DDR) alterations
Metastatic breast cancer with BRCA1 and/or 2
promoter methylation

Cisplatin-resistant germ cell tumor

Advanced cancer
Triple negative breast cancer (TNBC)

HER2-ve metastatic breast cancer patient
BRCA or HRR + mutated ovarian cancer

Advanced solid tumors
Uterine serous carcinoma

EGFR-mutated advanced lung cancer
Pancreatic cancer

Solid tumors,

Ovarian cancer

BRCA mutation-associated breast and ovarian
cancers, pancreatic and small cell lung cancer
Leukemia with cohesin complex mutation
Advanced cancer with DNA repair variations

Triple negative breast cancer
Pancreatic cancer

Refractory Solid Tumors

Malignant glioma without H3 K27M or
BRAFV600 mutations

Metastatic breast cancer with BRCA1/2 gene
mutation

Refractory testicular germ cell cancer

Advanced malignant solid neoplasm
Advanced solid tumor

Nonmetastatic, hormone-sensitive prostate
cancer
Metastatic castration resistant prostate cancer

High-grade serous or endometroid ovarian
cancer
Solid tumors and with deleterious mutations in

HRR genes
Metastatic breast cancer

Relapsed solid tumors and lymphomas
Solid tumors or mesothelioma
Stage IIA-IV non-small cell lung cancer

Advanced solid tumors
Locally advanced rectal cancer

Advanced solid tumor
Locally advanced rectal cancer
Advanced solid tumor

Advanced solid tumors, hematologic
malignancies
Advanced solid tumors

Brain cancer
Non small cell lung cancer

Biliary tract cancer
Leukemia, myelodysplastic syndrome
Relapsed small cell lung cancer subjects

Clear cell renal cell carcinoma, locally
advanced pancreatic cancer, locally advanced
‘malignant solid neoplasm

Refractory cancer

Recurrent ovarian cancer

IDH1 and IDH2 mutant tumors

Solid tumor, leiomyosarcoma, osteosarcoma
Small cell cancers and extrapulmonary small
cell cancers

Refractory solid tumors

Small cell lung cancers and small cell cancers
outside of the lungs
Metastatic urothelial cancer

Triple negative breast cancer
Recurrent or refractory solid tumors

Desmoplastic small round cell tumor,
rhabdomyosarcoma

Platinum-resistant or refractory recurrent
ovarian cancer

Advanced solid tumors

Acute leukemias
Advanced solid tumors

Uterine serous carcinoma

Advanced solid tumors
Relapsed or refractory solid tumors

Newly diagnosed or recurrent glioblastoma

Intervention/treatment

Olaparib
Olaparib

Olaparib
Olaparib

Olaparib
Olaparib

Olaparib, AZD5363
Olaparib, radiation therapy

Olaparib
Olaparib

Niraparib
Niraparib
Niraparib, osime:
Niraparib
SYD98S, nirap:
Nirapairb
Talazoparib

Talazoparib
Talazoparib

Talazoparib, ZEN003694.
Veliparib, gemcitabine,
radiation

Veliparib, VX-970, cisplatin

Radiation, temozolomide,
veliparib
ABT-888, temozolomide

Gem
veliparib

Dinaciclib, veliparib
Rucaparib, camsylate

ine, carboplatin,

Rucaparib

Rucaparib, enzalutamide,
abiraterone
Rucaparib, nivolumab

Rucaparib
2x-121
TRC102

Cisplatin, methoxyamine,
pemetrexed disodium
Radiation, cisplatin

APX3330
M3814, avelumab,
radiation

Radiation, cisplatin,
MSC2490484A
M3814, capecitabine,
radiation

IV pegylated liposomal
VX-984

AZDO0156, olaparib,
irinotecan, fluorouracil,
folinic acid

Radiation, AZD1390
Radiation, olaparib,
AZD1390

AZD6738, durvalumab
AZD6738

Durvalumab, AZD6738

AZD6738, olaparib

AZD6738, paclitaxel
Olaparib pill, AZD6738
Ceralasertib, olaparib
M6620

Topotecan, VX-970

Veliparib, VX-970, cisplatin

Berzosertib, topotecan
hydrochloride

Berzosertib, cisplatin,
gemcitabine hydrochloride

LY3023414, prexasertib
Prexasertib

Prexasertib, irinotecan
Prexasertib
Prexasertib, olaparib

MK-8776, cytarabine
SRA737, gemcitabine,
cisplatin

Adavosertib

Adavosertib
Adavoserti
hydrochloride

Adavosertib, radi
therapy, temozolomide

inotecan

NCT number

NCT03786796

NCT04515836

NCT03367689
NCT03448718

NCT03205761

NCT02533765

NCT02338622
NCT03109080

NCT03286842
NCT02476968
NCT03497429
NCT04080284
NCT03891615
NCT03601923
NCT04235101
NCT03709316
NCT01286987

NCT03974217
NCT04550494

NCT03901469
NCT01908478

NCT02723864

NCT03581292

NCT01009788

NCT02860819

NCT01434316
NCT03521037

NCT03533046

NCT04179396

NCT03824704

NCT04171700

NCT03562832

NCT01851369

NCT02535312

NCT02535325

NCT03375086
NCT03724890

NCT02516813
NCT03770689
NCT02644278
NCT01353625
NCT02588105
NCT03423628
NCT04550104
NCT04298008
NCT03770429
NCT04361825
NCT03682289
NCT02630199
NCT03462342
NCT03878095
NCT03718091
NCT02487095
NCT02723864
NCT03896503

NCT02567409

NCT04032080
NCT02808650

NCT04095221

NCT03414047

NCT03057145

NCT00907517
NCT02797977

NCT04590248

NCT04462952
NCT02005132

NCT01849146

Status.

Recruiting

Not yet
recruiting
Recruiting
Recruiting

Recruiting

Active, not
recruiting
Completed
Active, not
recruiting
Active, not
recruiting
Active, not
recruiting
Completed
Recruiting
Recruiting

Recruiting
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ATM, ataxia telangiectasia mutated: ATR, ataxia telangiectasia and Rad3-related: CHK1, checkpoint kinase 1: WEE1, Wee1-like protein kinase.
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(e <0.05 in unvariablo analyses. HBY status and Chi-Pugh grades could not be
Gibantl Botioks o o 156wl Aeicwer o nadiile b asisiarGlonaiic.
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ablation (n=22)

Sex
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Maie 22(100%)

Age (years) 4642119
<50 15 (68.25%)
250 7018%

HBV infection
Positive 22(100%)
Negalive o

AFP (ng/mi)
<400 9(409%)
2400 13(59.1%)

Child-Pugh

22(100%)
0(0%)
4(182%
67.3%
12(54.5%)
123225

Tumor number 162408
1 9(409%)
23 13(59.19%)

Growth pattern
nfitatie 5(2.7%)
Noninftcative 17 77.3%)

Vascular

invasion
Present 11(50.0%)
Aosent 11(50.0%)

VR S e e

1(36%)

27 (96.4%)
4882123
15(536%)
13 (46.4%)

27 96.4%)
166%)

9321%)
19(67.9%)

25(09.3%)
3(10.7%)

3(107%)
8(286%)
17(60.7%)
123524
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13 (46.4%)
15 (536%)
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11(30.3%)
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Cancer type

Esophageal cancer

Colon cancer

Breast cancer

Breast cancer

Breast cancer

Breast cancer

Acute myelogenous
leukemia

Human myeloid
leukenmia

Fibroblast carcinoma

Acute promyelocytic
leukemia
Breast Cancer

Fibroblast carcinoma

Ovarian cancer; Lung
cancer

Breast cancer

Murine leukemia
Breast cancer

Murine leukemia,
Human fibroblast
cancer

Ovarian cancer

Lung
adenccarcinoma
Lung cancer

Colorectal Cancer

Breast cancer

Lung
adenocarcinoma

Pancreatic cancer

Colon cancer,
Ovarian cancer, Lung
cancer

Pancreatic cancer

Nasopharyngeal

cancer

Colon cancer

Prostate cancer

Triple-negative breast
cancer

Human non-small cel
lung cancer

Hepatocellular
cancer

Ovarian cancer

Hypoxic lung cancer

Non-small cell lung
cancer
Triple-negative breast
cancer

Drugs

Cisplatin

Oxaliplatin

Adriamycin,
Fluorouracil
Adriamycin

Adriamycin

Adriamycin

Daunorubicin

Adriamycin

Vincristine,
Doxorubicin

Vincristine

Adriamycin

Docetaxel,
Doxorubicin,
Pacilitaxel,
Daunorubicin

Digoxin,
Fexofenadine,
Etoposide

Adriamycin

Adriamycin,
Vincristine

Actinomycin D,
Pacitaxel,
Doxorubicin

Cisplatin

Cisplatin

5-FU

Mitoxantrone,

Doxorubicin

Cisplatin

Gemcitabine

Actinomycin D

Erlotinib

Pacilitaxel

Docetaxel

Docetaxel

Paciitaxel

Ieotinib

Doxorubicin

Pacilitaxel or
cisplatin

Ciaplatin

Osimertinib

Paclitaxel

Ginsenosides
Rg3

Rn2

Rn2

20(8-Rh2

Rd

20(8)-Rh2

Protopanaxatriol ginsenosides,
Protopanaxatriol ginsenosides,
Rb1, Rb2, Re, Rg1, Re
20R-Rg3

Rg3

Rb1

20(S)-protopanoxadiol derivative

Rg5

20()-ginsenoside Rh2

20(8)-Protopanaxadiol

aglycon 20(S)-protopanaxadiol

20(8)-Rg3

Rp1

Rg3

20(8)-Rg3

Rh2

Protopanaxadiol-containing
ginsencsides (Rg, A2, and PPD)
and protopanaxatriol-containing

ginsenosides (Rg1, Rht, and PPT)

Rh2

Rg3

Rp1

Rg3

Rgt

Rg3

Rg3

Rg3

20(8)-Rg3

20(8)-Rg3

Ro1, CK

Rg3

Rg3

Panaxatriol

Cell type

Eca109/DDP

LoVo/L-OHP,
LoVo cell

MCF-7/Adr,
MCF-7
MCF-7/Adr,
MCF-7

MCF-7/Adr

MCF-7/Adr

AM-2/D100,
AM-2/DX100

K562/ADM

KB V20C,
P388/DOX

HL60,
HLBONVCR
KBA/CR, MCF-
7/ADM

A2780/T, A549/
T, A549

MCF-7/ADR,
Caco-2 cells
(HTB-37)

P388, P388adr,
MCF-7/ADR

P388/Adr,
KBV20C

OVCAR-8, NCI/
ADR-RES, DXR

A549/DDP

AB49,
AA549/DDP

LoVo, LoVo/s-
FU, HCT, HCT-
8/5-FU

MCF-7, MCF-7/
MX, MCF-7/Adr

A549/DDP

Panc-1, SW
1990, Panc-1/
GEM,
SW1990/GEM
LS513,
OVCAR8-DXR,
A549-DXR

BxPC-3,
AsPC-1

SUNET cells,
NP460

HCT116,
SW620

LNCaP, PC-3,
DU145

MDA-MB-231,
MDA-MB453,
BT-549

PC-9, HCC827,
PC-9R,
HCC827R

SK-Hep,
HepG2

SKOV-3, HEY
A8 CSCs

SPC-At, H1299
cells

H1975

MB231-PR;
SUM159-PR

Effect

Reverse drug
resistance

Inhibit tumor
growth

Reverse drug
resistance

Inhibit
proiferation
Induce apoptosis
Reverse drug
resistance
Reverse drug
resistance
Induce apoptosis

Reverse drug
resistant

Reverse drug
resistant
Reverse drug
resistance

Reverse drug
resistant

Induce apoptosis
reverse drug
resistant
Increase life span
of mice

Reverse drug
resistant

Reverse drug
resistant

Induce apoptosis
Decrease the
volume of tumor
Reverse drug
resistance
Induce apoptosis
Increase cycle
arrest in G2/M
Increase
cytotoxicity
Reverse drug
resistance
Increase
efficiency of
anticancer
Reverse
multidrug
resistance
Induce apoptosis

Reverse drug
resistance
Decrease the
volume of tumor
Reverse drug
resistance
Induce apoptosis

Reverse drug
resistance
Reverse drug
resistance
Decrease tumor
weight

Reverse drug
resistance

Induce apoptosis
Increase cell
cydle arrest: GO/
G1 phase

Inhibit
proliferation,
migration

and EMT
Reverse drug
resistance

Inhibit drug efflux
Increase drug
uptake

Inhibit tumor
growtn

Reverse drug
resistance
Induce apoptosis
Inhibit tumor
growth

Induce apoptosis

Induce apoptosis
Inhibit tumor
growth

Reverse drug
resistance

Inhibit
prolferation
Induce apoptosis
Increase tumor
cells sensitvity
Decrease tumor
growth

Inhibit cell viability
Inhibit cell growth
Induce
autophagy
Induce apoptosis
Inhibit
proliferation
Induce apoptosis
Reverse drug
resistance

Inhibit tumor
growth

Reverse drug
resistance
Induce apoptosis
Inhibit cell viability
Induce apoptosis

Reverse drug
resistance

Inhibit autophagy
Inhibit cell
prolferation
Inhibit tumor
growth

Inhibite
autophagy
Induce cell death
Inhibit tumor
weight and
volume

Reverse drug
resistance

Inhibit
prolferation

Inhibit CSC self-
renewal

Inhibit EMT
Inhibit EMT and
stemness

Inhibit tumor
growth

Induce apoptosis
Inhibit tumor
growth, weight
and volume
Reverse drug
resistance
Induce apoptosis

Inhibits cancer
stemness
Inhibit cell growth

Mechanism
1 p-gp expression

Tcell cycle arrest in G1/S
phase
1 p-gp expression, Bcl-2

1 Bax, caspase-3 and Smadd

1P-gp activity
1Drug accumulation
1P-gp activity

1Drug accumulation and
distribution

1 MDRY via ubiquitination-
dependent protein
degradation

1 ABCB expression, NF-«B/
MAPK pathway

1Drugs inteact with P-gp
1Drugs accumulation

1P-gp

1Drugs toxicity, competitively
blocking bind site

1 Drug bind to P-gp
1Celular drug accumulation
1 Drug bind to P-gp

TABCB1 ATPase activation

1Drugs bind to P-gp, Nirf2/
AKT pathways

TCellular drug accumuiation,
ABCB1 ATPase

1 P-gp, ATPase activity;
change the binding sites

1P-gp activity

1 Cytotoxicity, cellular drug
accumulation

1P-gp

1 Caspase 3, 8,and 9,
cytotoxicity

1 Membrane fluidity, P-gp
function

TCytotoxicity

1 MDR-1 protein expression
and Src activion
TRedistribute fipid raits, MDR-
1 protein, DNA damage
IMDRY, LRP, MRP
expression

1P-go, MPR1, LPR1
expression

1 MRP1, MDR1, LRP and
GST expression, cyciin D1,
CDK2, p-Rb, Bal-2

1 Cleaved-caspase 3

| BCRP-associated vanadate
sensitive ATPase activity

TMitochondrial permeabilty,
transmemtal potential,
cytochrom G, caspase-3

TCASC2, PTEN

ISIRT1, AKT
1DNA damage, 53
acetylation, PARP clevage

1p-EGFR, p-PI3K, p-Akt

1 Caspase-3, caspase-9,
PARP cleavage

1p62, Bok-2
TLCBI, Bax,ROS, cycle arrest
in S phase

1DNA binding activity of NF-
B, Bcl-2, XIAP and clAP-1
1 Bax, caspase-3, caspase-9

IActivity of NF-xB
transcriptional activity, DNA
binding activity of NF-xB, Bl
2, XIAP, CIAP-1

1Cell cycle arrest: GO/G1
phase, Bax, caspase-3,
caspase-9, cleaved PARP
INF-xBactivation, p6s, Bel-2
1Bax, Caspase-3, cytotoxicity

1LC3-1I, LC3II puncta
formation, P62

1LC3 I, LCBIl puncta
formation, GFP-LC3 puncta
formation, CHOP, P62

18nail, Slug, E-cadherin,
p-Akt, p-ERK1/2, Wit/
p-catenin signaling
Teytotoxicity, caspase-3,
N-cadherin

1Bcl-2 and survivin, Snail,
N-cadherin, and Vimentin,
NF-xB DNA binding and
P-pB5, P65, p-IKK, IKK
1Caspase-3, -8, -9 and
Bax,E-cadherin

1Cell stermness

T Hippo pathway

1BCL-2, MCL-1, p-IRAK1,
P65, ERK1/2, S100A7,
$100A9

1Bax, IxB-alpha, cytotoxicity
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LRFS

Age

Gender

T stage

N stage

Cinical stage

EBV DNA

Angiogenin
DMFS

Age

Gender

T stage

N stage

Cinical stage

EBV DNA

Angiogenin
0s

Age

Gender

T stage

N stage

Cinical stage

EBV DNA

Angiogenin
PFS

Age

Gender

T stage

N stage

Cinical stage

EBV DNA

Angiogenin

HR

1.420
0.526
1.507
1.204
1.867
1.070
3.767

1.212
1.416
2.968
2017
0.698
2.998
1.636

1.044
1.408
4.581
1.987
0.480
2793
2428

1.168
0.792
2.387
1.661
1.103
1.877
2.160

95%Cl

0.487-4.139
0.156-1.780
0.502-4.524
0.642-2.266
0.546-6.386
0.301-3.805
1.153-12.309

0.594-2.474
0.407-4.931
1.326-6.644
1.220-3.334
0.270-1.802
1.251-7.184
0.772-3.468

0.511-2.133
0.407-4.874
1.752-11.978
1.236-3.196
0.165-1.398
1.243-6.278
1.134-5.200

0.647-2.109
0.354-1.772
1.251-4.557
1.140-2.422
0.529-2.297
0.959-3.674
1.165-4.005

p Value

0.521
0.302
0.465
0.563
0.320
0916
0.028

0.596
0.684
0.008
0.006
0.457
0.014
0.199

0.906
0.589
0.002
0.005
0.178
0.013
0.022

0.606
0.570
0.008
0.008
0.794
0.066
0.014

Abbreviations: Cl, confidence interval; DMFS, distant metastasis free survival; GPS,
glasgow prognostic score; HR, hazard ratio; LRFS, locoregional recurrence free survival;
OS, overall survival: PFS, progression free survival.
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Characteristics

ECOG score
0
1
Smoking history
0
1
EBV DNA
<4,000
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Treatment strategy
RT
CORT
IC + CCRT

Angiogenin

Low expression

46
46

18
74

1
50
27

18
26
36
12

55
37

46
46

10
35
47

High expression

40
43

20
63

6
15
38
24
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29
24
13

14
36
31

80
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53
30

40
43

12
24
47

p Value

0.811
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0.537

0.327

0.06
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0.816

0811
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Antigen  Type. Reference no.  Dilution Vendor

cC-3  Rabbi, pAb #9664 1100 Coll Sgnaling
Hsp7O  Rabbi, pAb #4872 15 Cell Sgnaling
CDS7  Mouse, mAD #MAD-002084QD-7  RTU  Master Diagndstica
MMP-2  Rabbit,pAb  #RB9283PO  1:50 Neomarkers
P53 Mouse,mAb  #BP-53-12 ATU Genemed

P21 RabbitmAB 4188224 1:500 Abcam

AF Rabb, pAD 14642 125 CellSgnaing

Vendor specifcaton: Cal Signaing Danvers, MA, USA), Neomarkers (Portsmouth, N,
USA), Genemed Botechnologies, inc. (San Francisco, CA, USW), Master Digdstia
Granada, Spain), Novus Biologicals (Centennial, CO. USA).
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CFR group 28 21.4 53.6 25.0

HFR, hypofractionated radiotherapy; CFR, conventional fractionated radiotherapy.
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