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Editorial on the Research Topic

Novel Targets and Biomarkers in Solid Tumors

This research topic “Novel Targets and Biomarkers in Solid Tumors” consists of 29 articles contributed by more than 245 authors in the fields of cancer pharmacology and therapeutics. The topic collects the most relevant research in fast emerging areas of clinical molecular diagnostics, drug development, and targeting diverse signaling pathways involved in tumorigenesis and development. Our aim was to generate a collaborative discussion contributing to the future direction of pharmaceutical drug development and therapeutic options.

Transcription factors, tyrosine kinase receptors, and enzymes are closely related to tumor cell growth, proliferation, apoptosis, invasion, and metastasis. Vendrell et al. indicated that overexpression of the ZNF217 transcription factor was predictive of clinical response to neoadjuvant endocrine therapy (ET) in postmenopausal ER-positive (ER+) breast cancer patients. Supporting Vendrell’s group observations, Cohen et al. found that the expression of ZNF217 was predictive of the Oncotype DX® (ODX) Recurrence Score in ER+ breast cancers. Liu et al. provided evidence that high expression of the transcription factor SOX2 was associated with shorter overall survival and disease-free survival in patients with triple-negative breast cancer (TNBC), and inhibition of SOX2 could be a potential therapeutic strategy for TNBC. Saby et al. highlighted the relevance of low expression of DDR1, a tyrosine kinase receptor activated by collagen in the aggressiveness and the prognosis of breast carcinoma. Bilal et al. clarified that SMS1 downregulation is associated with sphingolipid metabolism reprogramming, occurs frequently in melanoma, and constitutes a poor prognosis biomarker in metastatic melanoma. Salemi et al. examined the level of MMP-9 and circulating-free DNA BRAFV600E mutations and found that they were associated with poor prognosis. Furthermore, MMP-9 might represent a promising indicator of response to BRAF inhibitors in combination with the detection of BRAFV600E mutation. Wang et al. investigated the hematological biomarkers with regard to tumor grades, IDH, age, and sex in 706 patients with gliomas. Luo et al. provided a review focusing on molecular and histological findings in hereditary diffuse gastric cancer (HDGC) syndrome and their implications for the management of CDH1 mutation carriers and the diagnosis and treatment of HDGC. Taken together, these mechanistic-based biomarkers in tumor samples might be able to predict clinical outcome, holding great promise in clinical application.

The discovery of miRNAs and LncRNAs is propelling the future advancement of biomarker development, and they also play critical roles in tumorigenesis. Lu et al. found that miR-181a is overexpressed in gastric cancer tissues and directly inhibits caprin-1 and promotes gastric cancer development. He et al. explored the miR-26-induced apoptosis and inhibited autophagy in human non-small cell lung cancer (NSCLC) cells through the TGF-β1-JNK signaling pathway, suggesting that miR-26 could be a potential novel target for the treatment of NSCLC. Wang et al. demonstrated that miR-3188 interacted with mTOR and FOXO1 to inhibit NSCLC cell proliferation through the mTOR-p-PI3K/AKT-c-JUN signaling pathway. Therefore, miR-3188 might be a potential target for the treatment of NSCLC. Dong et al. confirmed that upregulation of lncRNA NR-046683 serves as a prognostic biomarker and potential drug target for multiple myeloma. Zhu et al. elegantly summarized the characteristics of peptides/proteins that have recently been identified as putative ncRNA translation products and their outlook for small-molecule peptide drugs, drug targets, and biomarkers. Moreover, Luo et al. summarized currently utilized biomarkers in some of the commonly known endocrine tumors, as well as future research directions.

Novel targets and biomarkers are essential components in drug developments and treatments, particularly in this era of targeted therapies. Tremendous efforts are being made to interpret the mechanisms of cancer development with the aim of discovery of novel drugs. Zhao et al. confirmed that Y6, a new epigallocatechin gallate derivative synthesized by their group, inhibited the transport activity of ABCG2. Their results showed that Y6 may potentially be a novel reversal agent in ABCG2-positive drug-resistant cancers. Ji et al. showed that VS-4718, a tyrosine kinase inhibitor targeting focal adhesion kinase (FAK), interacted with the substrate-binding sites of both ABCB1 and ABCG2 through docking study, suggesting that VS-4718 may affect the activity of ABCB1 and ABCG2 competitively. Additionally, Zhang et al. illustrated the reversal effect of olmutinib on ABCG2-mediated MDR cells. Collectively, these findings provided a novel insight into multi-drug resistance in cancer treatment. Next, Wang et al. investigated the anti-tumor effect of DT-13 on human prostate cancer cells and the underlying mechanism. Lu et al. reported the anti-tumor effect and internal molecular mechanism of ORY-1001 in KDM1A-positive lung cancer cells. Vollaire et al. demonstrated the LDN-193189 compound, a potent inhibitor of the BMP type I receptor, might affect the interaction between breast cancer cells and the bone environment, favoring the emergence and development of multiple metastases in vivo. Yuan et al. proved that inhibition of WEE1 by MK-1775 could exert the anti-tumor effects on laryngeal squamous cell carcinoma cells in vivo and in vitro. Finally, the review by Qin et al. presented a brief introduction on the molecular mechanisms of PARP14 as a novel drug target for several cancers, and potential PARP inhibitor-associated adverse effects are discussed.

The rapid emerging high-throughput sequencing and bioinformatics analysis technologies in gene, as well as the openness of a variety of tumor-related databases, facilitate the rapid elucidation of the intrinsic molecular mechanisms of cancer, and the screening of targets for the development of clinically effective anti-tumor drugs and biomarkers offers great opportunities. Suhaimi et al. investigated the gene mutation profile in ER-positive and -negative endometrioid endometrial cancer (EEC) through next-generation sequencing (NGS) and further elucidate the role of WHSC1 mutations in this cancer. The research method of NGS could lead to a better understanding of the biological mechanisms of cancer and may ultimately result in improvement of treatment options and patient prognosis. Menyhárt et al. identified mutations associated with elevated PD-L1 expression that facilitate the development of better prognostic biomarkers for gastric cancer, and might offer insight into the underlying tumor biology. Chen et al. commendably summarized the expression and prognostic value of PD-L1, as well as the relationships between PD-L1 and immune cell infiltration in glioma. The mechanisms regulating PD-L1 expression and the oncogenic roles of endogenous PD-L1 were discussed. Zhang et al. investigated the protein expression of C-MYC, BCL-2, and BCL-6 in diffuse large B-cell lymphoma and their relationship with genetic abnormalities. Overexpression of those proteins suggested the possibility of translocation. Therefore, immunohistochemical detection of C-MYC, BCL-2, and BCL-6 was useful in diagnosis and prognosis of diffuse large B-cell lymphoma. Xiang et al. performed a cross-database study to analyze the data of ERBB2+ gastric cancer deposited in the cancer genome atlas (TCGA), gene expression omnibus (GEO), InBio Map™, cancer cell line encyclopedia (CCLE), and cancer therapeutics response portal (CTRP), and found that a combination of ERBB2 antagonist or RARA agonist might be effective synergistic regimens for ERBB2+ gastric cancer. Zhang et al. explored potential biomarkers associated with the Lauren classification of gastric cancer through screening microarray datasets with information of Lauren classification in the GEO database and comparing differentially expressing genes between intestinal-type or diffuse-type gastric cancer. Chen et al. demonstrated that DEAD-Box helicase 5 interacted with transcription factor 12 and promoted the progression of osteosarcoma by stimulating cell cycle progression.

In conclusion, the “Novel Targets and Biomarkers in Solid Tumors” research topic highlights the importance of developing novel targets and biomarkers for cancer diagnosis and therapy.
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Endometrioid endometrial cancer (EEC) is the commonest form of endometrial cancer and can be divided into estrogen receptor (ER) positive and negative subtypes. The mutational profiles of EEC have been shown to aid in tailoring treatment; however, little is known about the differences between the gene mutation profiles between these two subtypes. This study aims to investigate the gene mutation profile in ER positive and negative EEC, and to further elucidate the role of WHSC1 mutations in this cancer. EEC and normal endometrial tissues were obtained from 29 patients and subjected to next-generation sequencing (NGS) using Ion Ampliseq Comprehensive Cancer PanelTM targeting 409 cancer related. A total of 741 non-synonymous alterations were identified from 272 genes in ER positive subtype while 448 non-synonymous variants were identified from 221 genes in ER negative subtype. PTEN is the most frequently altered gene in ER positive subtype (64%, 7/11) while ARID1A is the most frequently altered gene in ER negative subtype (50%, 4/8). We also identified alterations in ERRB3 (36%, 4/11), GNAS (36%, 4/11), and WHSC1 (27%, 3/11) in the ER positive subtype. WHSC1 R1126H and L1268P were shown to significantly increase cell viability, proliferation, migration, and survival. In addition, reduction in ER expression sensitized EEC-1 cell with WHSC1 L1268P mutant to Fulvestrant treatment. We revealed the mutational spectra of ER positive and ER negative EEC that could lead to better understanding of the biological mechanisms of endometrial cancer and may ultimately result in improvement of treatment options and patient prognosis.

Keywords: endometrial cancer, endometrioid subtype, next-generation sequencing, estrogen receptor, WHSC1, Fulvestrant


INTRODUCTION

Endometrial cancer is the sixth most common cancer diagnosed among women with approximately 320,000 new cases and 76,000 deaths worldwide each year (Ferlay et al., 2013). Early detection is common as the disease is symptomatic even at an early stage and therefore is often diagnosed at Stage I (Morice et al., 2016). Despite the fact that most cases are diagnosed early, the incidence and mortality rates for endometrial cancer have been rising in both developed as well as developing countries and are expected to rise further with the increasing aging population and high prevalence of obesity (Ferlay et al., 2015; Morice et al., 2016). Furthermore, although endometrial cancer is generally thought to be a cancer of the postmenopausal women, 14% of cases are diagnosed during premenopausal period with 5% of the patients younger than 40-year old (Duska et al., 2001).

In the past three decades, endometrial cancer has been broadly divided into two subtypes based on histological characteristics, expression of estrogen receptor (ER) and grade (Bokhman, 1983). Majority of endometrial cancer which are designated as Type I endometrioid endometrial cancer (EEC) account for more than 75% of all cases (Carlson et al., 2012), follow the estrogen-related pathway, and arise from hyperplastic endometrium background (Bansal et al., 2009). Frequently diagnosed in premenopausal and young postmenopausal women, Type I EEC is often low grade and well-differentiated thus carrying a favorable outcome (Garg and Soslow, 2014). The less common Type II non-endometrioid endometrial cancer (NEEC), which accounts for 10–20% of all cases, follows the estrogen unrelated pathway and arise in background of atrophic endometrium (Doll et al., 2008). This type has a poorer prognosis and usually presents at the advanced stage, especially in older postmenopausal women (Amant et al., 2005). NEEC is also associated with a high mortality, reduced survival rates, and tendency to recur. This dualistic categorization has been incorporated into clinical decision-making algorithms to define high-risk patients, yet its prognostic value remains limited because one-fifth of EEC (i.e., Type I) will eventually relapse, whereas half of NEEC (i.e., Type II) do not (Bokhman, 1983). Furthermore, 15–20% of EEC are high-grade lesions, and it is unclear where they fit into the dualistic model (Zannoni et al., 2013).

This dualistic model has also been supported by molecular studies where Type I EEC has been symbolized by frequent alterations in PTEN, PIK3CA, KRAS, CTNNB1, and ARID1A as well as defects in DNA mismatch repair (MMR) resulting in the microsatellite instability (MSI) phenotype (O’Hara and Bell, 2012). In contrast, mutations in TP53 and PP2R1A as well as a high expression of oncogene Her2/ERBB2 are the major genetic changes among Type II NEEC (Lax et al., 2000; O’Hara and Bell, 2012). However, this classification is controversial due to existence of a minority of endometrial cancer cases with overlapping clinical features, morphological and molecular characterization which represents a major obstacle to effective cancer treatment (Talhouk and McAlpine, 2016). For example, Type I EEC is not completely ER positive and loss of ER expression is correlated with aggressive behavior, high grade histology, and poor survival rate (Maniketh et al., 2014; Backes et al., 2016). In contrast to breast cancer, where the ER status (in addition to progesterone) is a pillar for its molecular and clinicopathological classification (Nadji et al., 2005), a comprehensive view of the mutation spectrum between ER positive and ER negative in the same molecular subtype (i.e., endometrioid) has not been fully elucidated. Therefore, the aim of this study is to characterize somatic gene alterations in ER positive and ER negative EEC using targeted deep sequencing of 409 cancer-related genes.



MATERIALS AND METHODS

Clinical Specimen, DNA Extraction, and Quality Assessment

Fresh frozen tissues of EECs (n = 19) were obtained after hysterectomy from the patients admitted to the Universiti Kebangsaan Malaysia Medical Centre (UKMMC). The cancers were classified according to the World Health Organization (WHO) classification of tumors of the female reproductive system (Pecorelli, 2009). In addition, fresh frozen normal endometrium (n = 10) were obtained from patients surgically treated for non-malignant endometrial diseases. This study was approved by the Universiti Kebangsaan Malaysia Research Ethics Committee (UKM 1.5.3.5/244/AP-2012-011) and carried out in accordance with the approved guidelines. All patients provided written informed consent for their tissue samples to be used for research. Immunohistochemical staining for ER (antibody clone 1D5, DAKO, Carpinteria, CA, United States) and Hematoxylin and Eosin (H&E) staining was performed on the frozen sections and then reviewed by a pathologist. Immunohistochemical staining for ER was scored as positive if 1% or more of tumor nuclei were immunoreactive and negative if less than 1% of tumor cell nuclei were immunoreactive. Only cancer specimens containing more than 80% cancer cells and normal tissues with less than 20% necrosis were subjected to DNA isolation using the QIAamp® DNA Mini Kit (Qiagen, Valencia, CA, United States) following the manufacturer’s protocol.

Next-Generation Sequencing

The Ion AmpliseqTM Comprehensive Cancer Panel V2 (Life Technologies, Guilford, CT, United States), which covers 409 oncogenes and tumor suppressor genes, was used for library preparation (Supplementary Table S1) according to manufacturer’s instruction. The libraries were then normalized to 12–25 pM for template preparation on the Ion One Touch (Life Technologies, Guilford, CT, United States). The clonal amplification of the DNA libraries on the Ion Sphere Particles (ISPs) was carried out using emulsion PCR and the subsequent isolation of templated ISPs was performed using Ion OneTouch ES (Life Technologies, Guilford, CT, United States). Subsequently, next-generation sequencing (NGS) was performed on the Ion Torrent Personal Genome Machine (PGMTM) using 318TM chip and Ion Torrent PGM Sequencing 200 kit V2 (Life Technologies, Guilford, CT, United States).

Bioinformatics Analyses

Read Mapping and Variant Calling

Data from the sequencing runs were automatically transferred to the Torrent Server hosting the Torrent Suite Software v4.0.3. The readings were mapped to the reference genome (hg19) using the Torrent Mapping Alignment program (TMAP). Variant calling was generated using Torrent Variant Caller v 4.0 with low stringency settings (Life Technologies, Guilford, CT, United States).

Variant Annotation and Prioritization

The functional effects of the variants were further annotated using ANNOVAR (Wang et al., 2010) with respect to gene regions and filter-based annotations. Prediction on protein impact of variants was performed using SIFT, PolyPhen2 HDIV, PolyPhen2 HVAR, LRT, MutationTaster, MutationAssessor, FATHMM, GERP++, PhyloP, and SiPhy databases that are available in ANNOVAR. We classified SNVs as pathogenic if they were observed to be deleterious by three or more than three SNV protein prediction algorithms.

To evaluate which mutations could be actionable and to prioritize for the true somatic mutations, several additional filtering steps were performed. Details on filtrations steps are illustrated in Supplementary Figure S1. The alignment of each candidate variant was manually inspected to check for sequencing artifacts and alignment errors using the Integrated Genomic Viewer (IGV) (Thorvaldsdóttir et al., 2013). Oncoprint diagram and lollipop plot were created using Oncoprinter and Mutation Mapper tools, respectively (Cerami et al., 2012; Gao et al., 2013). The detected mutations were compared to those in available cancer databases from the COSMIC v82 (Forbes et al., 2017), MyCancerGenome (Van Allen et al., 2013), and International Cancer Genome Consortium (ICGC) database (Zhang et al., 2011). Cancer Genome Interpreter was used to classify driver mutation among the somatic alterations (Tamborero et al., 2018).

To identify relevant genes for further characterization, we prioritized the genes involved in endometrial cancer carcinogenesis using following strategies: (1) genes associated with EEC carcinogenesis and (2) genes relevant to ER signaling pathways [based on Kyoto Encyclopedia of Genes and Genomic (KEGG) estrogen signaling pathway (hsa04915)] (Kanehisa et al., 2016).

Sanger Sequencing for Validation

Identified variants were selected randomly for validation by Sanger sequencing. Primers for Sanger sequencing validation were designed using the IDT-DNA Primer Quest (Coralville, IA, United States). The PCR primers were described in Supplementary Table S2. PCR amplifications were performed using Applied Biosystem AmpliTaq® Gold 360 master Mix (Applied Biosystems, Foster City, CA, United States) following manufacturer’s instructions. Sanger sequencing was performed using BigDye Terminator v.3.1 Cycle Sequencing kits (Applied Biosystems, Foster City, CA, United States) on an ABI 3500 Genetic Analyzer platform (Life Technologies, Guilford, CT, United States).

Site-Directed Mutagenesis and Constructs

The wild-type plasmid construct of WHSC1 (RC212404) was obtained from OriGene Technologies (Rockville, MD, United States). Site-directed mutagenesis was performed using the Quick-ChangeTM Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA, United States), according to the manufacturer’s instructions. The mutagenic primers were designed using QuickChange Primer Design Program and the sequences were provided in Supplementary Table S3.

Cell Lines and Transient Transfection

Endometrioid endometrial cancer-1 (ATCC® CRL-2923TM) and 293T (ATCC® CRL-3216TM) cells were maintained in RPMI 1640 and DMEM: F12 (both from Gibco, United States) supplemented with heat inactivated 10% fetal bovine serum (FBS; Gibco, United States). Twenty-four hours prior to transfection, cells were seeded in a 6-well plate with a density of 4 × 105 (EEC-1) and 6 × 105 (293T). Four micrograms of each construct was transfected using 8 μl Lipofectamine 2000 (Invitrogen, Carlsbad, CA, United States) according to the manufacturer’s instructions. Control cells were cells transfected with the empty vector pCMV6.

Gene Expression and Protein Analysis

Total RNA was isolated from the cell lines using the RNeasy Kit (Qiagen, Valencia, CA, United States) according to the manufacturer’s directions and cDNA was synthesized using High Capacity RNA to cDNA Kit (Applied Biosystem, Foster City, CA, United States). Quantitative real-time PCR was performed using TaqMan Fast Advanced Master Mix on the ABI 7500 Fast Real-Time PCR system (Applied Biosystem, Foster City, CA, United States). Relative expression was calculated using the ΔΔCt method (Livak and Schmittgen, 2001) with GAPDH as the housekeeping gene.

Protein lysate was resolved on a mini-protean TGX precast gel of 4–20% polyacrylamide (BioRad Laboratories, Hercules, CA, United States) and analyzed against the following primary antibodies; anti-DDK (Clone OTI4C5) (OriGene Technologies, Rockville, MD, United States), NSD2 (G12), ERα (HC-20), and anti-β-actin (sc-47778) (Santa Cruz Biotechnology Inc., Santa Cruz, CA, United States).

Cell-Based Assays

Cell viability was assessed using PrestoBlue® cell viability reagent (Invitrogen, Carlsbad, CA, United States), wound healing assay was performed using IBIDI Culture-Inserts (IBIDI GmbH, Martinsried, Germany), migration ability of the cells was assessed using QCMTM 24-well cell migration assay (Millipore, Billerica, MA, United States), and colony formation assay was performed by seeding 500 transfected cells in six-well plates followed by incubation at 37°C for 14 days and crystal violet staining. All assays were performed in triplicate.

BrdU Proliferation Assay

Endometrioid endometrial cancer-1 cell lines were seeded at 2 × 104 cells per well in 96-well plate and transfected with mutants or wild type of WHSC1 expression constructs before BrdU incorporation using BrdU Cell Proliferation Assay (Millipore, Temecula, CA, United States).

Luciferase Assay

To substantiate the importance of WHSC1 as a potential coactivator, dual luciferase assay was performed. We used Cignal ERE Reporter Assay kit from SABiosciences (Valencia, CA, United States). 293T cells were plated at a density of 3 × 105 cells per well (96-well plates) in phenol red-free DMEM: F12 with 10% v/v charcoal–dextran-treated FBS. The cells were then transfected with 100 ng of reporter plasmid, wild-type WHSC1 plasmid, and Renilla. Each sample was done in triplicate. The WHSC1 mutants were transfected in the same manner. After transfection for 24 h, the cells were stimulated with 10 nM E2 or vehicle (DMEM). The Dual-Glo Luciferase Assay System (Promega) was used according to the manufacturer’s instructions using VARIOLUX luminometer. Values were normalized to Renilla luciferase activity.



RESULTS

Patient Demographic Data and Tumor Characteristic

Clinical specimens used in this study were collected from patients who were treated at the UKMMC. The information on the patient’s age, degree of differentiation, FIGO staging of tumor, metastasis, and ER status is summarized in Table 1. The majority of EEC in both groups were stage 1B 64% (7/11) in ER positive, 50% (4/8) in ER negative. While there are three cases of metastasis in ER negative = 37.5%, (3/8) has shown patients with advance disease.

TABLE 1. Patient demographics and tumor characteristics.
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Mutations Analysis of Endometrial Cancer With Ion AmpliseqTM Cancer Panel

All patients from both groups have at least three alterations among the 409 genes screened. A total of 741 variants were identified in 272 genes in ER positive subtype [718 single-nucleotide variations (SNVs), 14 insertions/deletions (INDELs), and 9 block substitutions] (Figure 1A). While in ER negative subtype, a total of 448 variants altered in 221 different genes, including 421 SNVs, 21 INDELs, and 6 block substitutions (Figure 1B). We noted that mutations distribution of EECs in both subtypes were genomically heterogeneous. There were five highly mutated patients (median 178 per tumor, range from 97 to 330) and another 14 patients were non-highly mutated (median 11 mutations per tumor; range 3–42). We further investigated and found that hypermutated phenotype group could have a perturbed DNA repair system due to frequently altered DNA repair genes especially in MMR genes such as (i.e., MSH2, MSH6, and PMS1) (Supplementary Table S4).
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FIGURE 1. (A,B) Bar charts showing the number of somatic alterations identified in each patients according to respective groups. Indel in these bar charts including frameshift and non-frameshift substitution. (C) Pie chart showing the frequency of functional impact of gene mutations based on protein prediction algorithms in ANNOVAR.



Based on protein prediction algorithms among identified 1139 SNVs in both subtypes, 739 variants (65%) were predicted to have deleterious effects, 301 variants (27%) have possibly deleterious effects, while the other 78 variants (7%) has neutral or low protein impact (Figure 1C). We identified 134 out of 371 (36%) genes predicted as tumor driver which included a total of 295 alterations. From this 295 alteration, 178 (60%) were identified in ER positive whereby 9 out of 11 ER positive patients have at least two candidate driver alteration. Meanwhile in ER negative subtype, 117 (40%) alterations were identified in ER negative patients where all ER negative patients have at least three candidate driver alterations (Supplementary Table S5).

PTEN is the most frequently altered gene in ER positive subtype (64%, 7/11) while ARID1A is the most frequently altered gene in ER negative group (50%, 4/8) as shown in Figure 2A (Supplementary Tables S6, S7). Majority of PTEN alterations were missense and in-frame mutations. On the other hand, ARID1A mutations were truncating alterations including nonsense mutations and INDELs. Mutations in the ER signaling pathway is known to be important in endometrial cancer; therefore, we further examined the prevalence of mutations in the genes involved in ER signaling pathway. Overall, there are 38 genes out of 409 genes panel list of CCP known to be involved in ER signaling pathway (Supplementary Table S1). As shown in Figure 2B (Supplementary Tables S8, S9), ERBB3, GNAS, PIK3R1, and WHSC1 are the most frequently altered genes in ER positive subtype (36%, 4/11); (36%, 4/11); (27%, 3/11); and (27%, 3/11) while PIK3CA is the most frequently altered gene in ER negative group (50%, 4/8). Table 2 showed classification based on protein impact prediction and candidate driver mutations for each alteration in PTEN, ARID1A, PIK3CA, ERBB3, GNAS, PIK3R1, and WHSC1.

TABLE 2. Classification of somatic alterations in PTEN, PIK3CA, ARID1A, ERBB3, GNAS, PIK3R1, and WHSC1 genes.
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FIGURE 2. Frequency of mutations in (A) genes related in carcinogenesis of EEC. PTEN is the most frequently altered gene in ER positive subtype (64%, n = 11); ARID1A is the most frequently altered gene in ER negative group (63%, n = 8). (B) Frequency of mutations in genes relevant to ER signaling pathway compiled from literatures. ERBB3 and GNAS are the most frequently altered genes in ER positive subtype (36%, n = 11); PIK3CA is the most frequently altered gene in ER negative group (50%, n = 8).



Mutations Distribution in the Functional Domains of PTEN, ARID1A, ERBB3, and WHSC1

Mutations distribution in the functional domains of PTEN, ARID1A, and WHSC1 was illustrated in Supplementary Figure S2. Mutations in PTEN were localized to the catalytic phosphatase domain, with majority of mutants belongs to ER positive subtype group including the recurrent hotspot R130 residue, D92E, K128T (Supplementary Figure S2a). In addition, a frameshift deletion (R11fs) and two missense mutations (P190L and F341V) in C2 domain were also found in ER positive subtype. While in ER negative subtype group, two nonsense mutations (E7X and S59X) and two missense alterations (I122N and F145V) located on phosphatase domain have been identified. Most of these mutations have been reported via COSMIC v82, with the exception to R11fs, which was identified in our study.

Out of the 19 EECs sequenced, seven patients had nine ARID1A mutations (four mutations were identified in ER positive and five in ER negative EEC patients). Interestingly, recurrent hotspot mutation (R1989X) was observed in both ER positive and ER negative subtype group as shown in Supplementary Figure S2b. More ARID1A mutations were identified among ER negative subtype group, with mainly truncating type of mutations (nonsense and frameshift deletion) (G324fs, R1335X, R1989X, and G2040fs) and a missense mutation (S1985P). However, two nonsense mutations (R1989X and S2269X) and two missense mutations (P1576L and R1636W) which were located on non-functional domain of ARID1A have been identified in ER positive subtype. This study is the first to report the somatic G2040fs variant in EEC.

Higher mutation frequency of ERBB3 was observed in ER positive subtype (36%, 4/11) compared to ER negative subtype (18%, 1/8). As shown in Supplementary Figure S2c, the missense mutations in ER positive sample were mapped at functional domain of ERBB3 gene including two in extracellular domain (L143M and P558S) and one in tyrosine kinase domain (L924V), while the others mapped on non-functional domain (R488Q), (R670Q), and (G1073V). Nevertheless, the single frameshift deletion mutation (E560fs) reported in ER negative subtype was located at the extracellular domain IV of ERBB3. To date, most of the mutations we discovered in ERBB3 gene are novel, except for L143M, R488Q, and R670Q that have been recorded in Cosmic v82 and ICGC database, respectively.

WHSC1 was found to be altered in three ER positive patients and one ER negative patient. Majority of these somatic variations were distributed along the functional domain of WHSC1 as shown in Supplementary Figure S2d. All of the variants identified in this study are novel, with the exception of a mutation on the catalytic SET domain (R1126H) that has been identified in several cancers (Supplementary Table S10). One missense mutation K547E was identified in an area without a defined domain, while two missense mutations (P748L and L1268P) were located within the plant homeodomain (PHD) domains II and V, respectively. A nonsense mutation (R824X) was identified which was predicted to cause premature truncation of WHSC1 protein with a deletion of C terminal functional domains including PHD IV, proline–tryptophan–tryptophan–proline-2 (PWWP2), SET, and PHD V-CH5CH domain. The frequency and location of alterations in WHSC1 suggest that these cancer-associated mutations may have functional consequences.

Expression Analysis of Wild-Type and Mutant Constructs

The level of WHSC1 expression was firstly screened in several cell lines (Figure 3A) in order to gauge its expression. Upon transfection, WHSC1 mRNA levels were significantly reduced in the transfected cells with the mutant constructs K547E, R824X, and R1126H compared to the wild type indicating that these mutations affected the stability of the mRNA levels. However, the wild type and mutant L1268P were equally expressed in the transfected EEC-1 cell line (Figure 3B). This result was confirmed by the Western blot in EEC-1 and 293T cell lines (Figure 3C). Of note however, there is a second migrating band seen in L1268P in Western blot assay, which might explain the differences of mRNA of transcription level of L1268P and other mutant constructs.
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FIGURE 3. WHSC1 gene and protein analysis. (A) Quantification of mRNA from nuclear extract of normal prostate cell lines RPWE1 and endometrial cancer cell lines (EEC-1, HTB-112, KLE). (B) Quantification of mRNA expression of mutant WHSC1 in EEC-1 cell line. Relative WHSC1 mutants were calculated in comparison to WT WHSC1 48 h post-transfection by real-time PCR and normalized to GAPDH mRNA expression. Negative control (no template) was included in each experiment (mean ± SD, n = 2, ∗p < 0.05). The mRNA expression of WT was assigned as 1. (C) Western blot analysis shows protein expression of wild type and WHSC1 mutants in EEC-1 and 293T cell lines after 48 h post-transfection. Total protein harvested from EEC-1 cells and 293T cells solubilized in cell lysis buffer were analyzed using precast SDS 4–12% gels. The WT and mutants of WHSC1 (152.1 kDa) were detected using Anti-DDK Clone OTI4C5 (mouse origin). While β-actin (47 kDa) was detected using anti-β-actin (mouse origin) for positive control. Mutants WHSC1 promote cell growth. (D) Mutants WHSC1 promote cell viability. At 72 h, the mutants K547E, R1126H, and L1268P resulted in 15, 19, and 18% increase significantly in motility, respectively, over EV in EEC-1. Statistical significance in all cases was measured by Student’s t-test (∗p < 0.05), n = 3. Error bars represent average ± SD. Overall p-values were calculated by two-way ANOVA for time. (E) Mutants WHSC1 promote cell proliferation. BrdU colorimetric incorporation assay shows that wild type of WHSC1, R1126H, and L1268P significantly increased cell proliferation in EEC-1. Statistical significance in all cases was measured by Student’s t-test (∗p < 0.05), n = 2. Error bars represent average ± SD.



Assessment of Oncogenic Properties of WHSC1 Mutants

At 72 h, the mutants K547E, R1126H, and L1268P showed a 15 (p = 0.0002), 19 (p = 0.0043), and 18% (p = 0.0056) significant increase in cell proliferation, respectively, over the empty vector control in EEC-1 cell line (Figure 3D). The effect of the WHSC1 mutants on cell proliferation was further assessed by quantifying the activity of proliferating cells within 24 h after BrdU labeling. BrdU incorporation assay revealed significant increase in DNA synthesis in WHSC1 wild type (p = 0.0190), R1126H (p = 0.0341), and L1268P (p = 0.0136) mutants, relative to empty vector. In contrast, no significant effect on DNA synthesis was caused by the K547E and R824X mutants (Figure 3E).

To further address the role of constitutive activation of WHSC1 mutants on cell migration, we employed both the wound-healing and transwell migration assays. As shown in Figure 4A, the open area was rapidly covered by the mutant R1126H and L1268P in comparison with control (p = 0.0049 and p = 0.0040, respectively). The quantified open area in vector control cells reduced from 100 to only 76%, while R1126H mutant cells reduced from 100 to 95%, whereas L1268P mutant caused reduction from 100 to 94%. The wild type WHSC1 also showed significant wound closure from 100 to 85% (p = 0.0233). To further confirm migration ability of the mutants, we employed the transwell migration assay. Similarly, EEC-1 transfected with WHSC1 mutants R1126H and L1268P displayed a significant increase in number of migrated cells (Figure 4B) (p = 0.0102 and p = 0.0086, respectively). In this transwell migration assay, the wild-type WHSC1 also showed potential migration ability compared with vector alone control cells (p = 0.0233). In addition, only mutants R1126H and L1268P showed a significant increase in colony number compared to empty vector (Figure 4C) (p = 0.00416 and p = 0.0232, respectively).
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FIGURE 4. Effect of WHSC1 mutants on cell migration and clonogenic potential. (A) Wound healing assay displayed significant increase in average rate of wound closure at 72 h shown in R1126H and L1268P compared with EV and WT. (B) Transwell migration assay showed the numbers of migrated mutants R1126H and L1268P were significantly higher than EV. (C) Clonogenic survival was assessed by colony formation assay at day 14. The numbers of colonies were counted after crystal violet staining, and are expressed as percentage of cells expressing empty vector. There is significance of colony formation in R1126H and L1268P when compared with empty vector. No obvious effects were observed on the colony formation ability of EEC-1 cells after transfection with WT and mutants K547E and R824X. Statistical significance was measured by Student’s t-test (∗p < 0.05), n = 3. Error bars represent average ± SD.



WHSC1 Regulates ERα Gene Expression

Both R1126H and L1268P led to a significant increase of the coactivation potential in WHSC1 (Figure 5) albeit lower than the wild type WHSC1 when compared with empty vector. However, the truncated R824X mutant showed reduction of the coactivation potential of WHSC1 suggesting that the catalytic SET activity is required for its ability to stimulate estrogen-dependent gene transcription. When compared all mutants with the wild type, only L1268P signaling did not differ significantly.
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FIGURE 5. Effects of WHSC1 mutations on transcriptional activation of Estrogen Receptor Gene (ERα). WT WHSC1 showed increase in ERE-mediated luciferase activity relative to EV. K547E, R824X, and R1126H were associated with reduced ability to activate ER activity, compared to WT. Whereas L1268P activated ER activity comparable to WT (n.s.). Data are presented as mean values ± SD, n = 2.



Activating WHSC1 L1268P Is Sensitive to Fulvestrant

Fulvestrant acts as an antagonist to inhibit ER activity; therefore, we examine the effect of WHSC1 R1126H and L1268P on the dose-dependent inhibition of proliferation in EEC-1 cells. Fulvestrant was able to inhibit the activity of wild type and WHSC1 mutants. As shown in Figures 6A,B, L1268H had significantly greater antiproliferative effect only when compared with the empty vector with a 60% growth inhibition (p = 0.0281) compared to the wild type (54%) which was not significant (p = 0.362). The estrogen responsiveness was assayed as shown in Figure 6C, where we compared the ability of Fulvestrant to reduce ER protein levels in wild-type and mutants WHSC1, in the presence and absence of estrogen. We observed that Fulvestrant was able to downregulate the ER proteins of both wild type and mutants, with more reduction seen in the L1268P mutant’s ER proteins level. Upon treatment with estradiol and Fulvestrant, a clear reduction of steady-state L1268P WHSC1 mutant’s exogenous protein can be seen in the Western blot assay.


[image: image]

FIGURE 6. Effect of Fulvestrant on cell proliferation in mutants WHSC1 expressing EEC1 cells. (A) Treatment was performed with 10 nM E2 and various dosage of Fulvestrant for 24 h. (B) Quantification of proliferation after exposure to 10 nM E2 and 10-3 M Fulvestrant. The values represent the percentage of growing cells compared to the normalized control (100%). Results represent mean values ± SD, n = 2 performed in triplicate. WHSC1 mutants counteract the effect of ER inhibitor. (C) EEC-1 cells were transiently transfected with WT, R1126H, and L1268P mutant constructs and treated with 10 nM E2 or 100 nM of Fulvestrant for 24 h. Protein lysates were prepared and analyzed by Western Blot with indicated antibodies.





DISCUSSION

Over the past few years emergence of novel technologies based on NGS have led to a new paradigm in understanding the mutational landscape of endometrial cancers. However, most studies were limited to either characterization of endometrial cancer without stratification based on grade and histological subtypes, or were focused on aggressive serous carcinoma subtype of endometrial cancer only (Kuhn et al., 2012; Le Gallo et al., 2012; Liang et al., 2012; Chang et al., 2017). Our study is not only the first report on the mutational landscape in ER positive and ER negative EEC, but also on the functional analysis of a potential gene candidate, WHSC1, involved in ER positive endometrioid tumorigenesis. Of the 11 ER positive and 8 ER negative EEC patients sequenced in our study, the mutation spectrum notably diverges among both subtypes.

Among known genes that have been reported to be altered in endometrial cancer in earlier studies, PTEN mutations occur frequently in ER positive subtype compared to ER negative subtype. In the TCGA study on EEC, PTEN mutations have also been associated with ER expression in endometrial cancer (The Cancer Genome Atlas Research Network et al., 2013). However, our study showed that PIK3CA mutations were comparable between both ER subtypes with more events occurring in the ER negative subtype compared to ER positive subtype. This is inconsistent with results from TCGA on breast cancer, which suggested the association between PIK3CA with ER positive expression (The Cancer Genome Atlas Network, 2012). From the 10 patients with PTEN mutation in our study, only 3 patients had mutation in PIK3CA, which is consistent with other investigators that claimed PIK3CA mutations are mutually exclusive with PTEN mutations, suggesting that carcinogenic signaling through phosphatidylinositol 3-kinase (PI3K) pathway is mediated either through inactivation of PTEN or activation of PIK3CA (Prat et al., 2007). ARID1A mutations were identified in both endometrial cancer subtypes but more commonly seen in the ER negative subtype. Almost all ARID1A mutants in our analysis coexist with PTEN and PIK3CA mutations, and it is postulated that these mutations together induce aberrant activation of PI3K and protein kinase B (AKT) phosphorylation that result in inhibition of cell survival and apoptosis (Liang et al., 2012).

PTEN is a 200-kb gene located on chromosome 10q23.3 that consists of nine exons coding for 403 amino acids yielding a 47 kDa protein (Li, 1997). This tumor suppressor gene plays an important role in the tumorigenesis of endometrial cancer, particularly in EEC (Djordjevic et al., 2012; O’Hara and Bell, 2012; The Cancer Genome Atlas Research Network et al., 2013). PTEN functions primarily as a lipid phosphatase via a dual specificity protein phosphatase dualistic domain (Maehama and Dixon, 1998). Remarkably, most reported mutations (R130, I122N, K128T) are clustered within the phosphatase signature motif between codon 122–132 that has been considered as the mutation hotspot site (Prasad et al., 2005; Bansal et al., 2009). In addition, mutations on the phosphatase binding loop D92E on this domain play critical roles as well (Giudice and Squarize, 2013). These mutants may abolish the phosphatase activity of the substrate phosphoinositide lipid, a key signaling component of PI3K pathway that regulate cell growth, proliferation, migration, and apoptosis (Fayard et al., 2010). In comparison, mutants located on C2 domain (P190L and F341V) could impair the phosphoinositide lipid binding function, ultimately its growth-suppressing activity despite retaining the catalytic phosphatase activity (Naguib et al., 2015). Other truncating mutations including nonsense and frameshift deletion (E7X, S59X, and R11fs) may result in functional inactivation of PTEN protein function, which leads to tumorigenesis (Xu et al., 2014). A number of PTEN missense mutations have been screened for its phosphatase activity which is important for its tumor suppression function, and majority of the mutants were shown to eliminate or reduce phosphatase activity (Han et al., 2000).

ARID1A mutations have been increasingly reported upon the emergence of NGS technology especially among various malignancies (Jones et al., 2012) including endometrial cancer (Liang et al., 2012). ARID1A is located on chromosome 1p36.11 and it contains 20 coding exons. The gene encodes a 24-kDa chromatin remodeling protein consisting of 2285 amino acids and a member of SWI/SNF family which plays a significant role in regulating the transcription of genes via ATP hydrolysis (Wilson and Roberts, 2011). Therefore, it is critical in regulating diverse cellular processes including DNA repair, differentiation, and development as well as tumor suppression (Lu and Allis, 2017). The ARIDIA mutations identified in our study are consistent with others regardless of the type of cancers, where most were truncating mutations that would result in loss of function, supporting its tumor suppressor role (Guan et al., 2012; Chang et al., 2015). Both nonsense and frameshift mutants (R1335X, R1989X, S2269X, G324fs, and G2040fs) would result in loss of function ARID1A protein by nonsense-mediated mRNA decay and degradation of misfolded truncated proteins. Thus, its tumor suppression activity is abolished due to disruption in CDKN1A and SMAD3 pathway which is related to cell cycle regulation and aberrant activation of PI3K/AKT pathway (Bosse et al., 2013). Missense mutations occur less frequently in ARID1A; hence, the functional manifestations are poorly understood (Bateman et al., 2016). Our study showed that the mutations commonly occurred in the ER negative subtype group, suggesting that inactivation of ARID1A might play important role in ER-mediated transcription in endometrial cancer. Moreover, the SWI/SNW complex has been reported to be vital for the transcriptional activation of ER (Belandia et al., 2002). Mutation in ARID1A is not that frequent in breast cancer (only ∼5%) (Jones et al., 2012) and there has been no reported association with ER status. However, low ARID1A expression has been found to associate with ER negativity of breast cancer (Zhang et al., 2012).

By focusing on genes involved in the ER signaling pathway, we identified relatively frequent mutations in ERBB3, GNAS, PI3KR1, and WHSC1 in ER positive subtype. Previous data by TCGA reported that 5.2% (16/373) of EEC have ERBB3 mutations (Cerami et al., 2012). This gene is located on 12q13.2 chromosome, consists of 28 exons, and encodes a protein composed of 1342 amino acids (Sithanandam and Anderson, 2008). ERBB3 encodes a member of EGFR family receptor tyrosine kinase, which is a well-known gene to be amplified and overexpressed in various cancers (Olayioye et al., 2000). With emergence of NGS, more somatic mutations in ERBB3 have gained attention. ERBB3 has been uncovered as a driver cancer gene in endometrial cancer through whole exome sequencing and loss of function screening by Liang et al. (2012). Using whole exome sequencing, ERBB3 mutations have been reported in colon, gastric, and gallbladder cancers (Jaiswal et al., 2013; Li et al., 2014). ERBB3 comprises of extracellular ligand-binding domains (I–IV), a tyrosine kinase domain, and a regulatory domain (Olayioye et al., 2000). In concordance with previous studies, the majority of mutations detected in our patients are located in the extracellular domain (L143M, P558S, E560fs) of the gene which are predicted to induce conformational changes, dysregulate ligand binding, or heterodimerization of ERBB3 with kinase-active ERBB2 (Jaiswal et al., 2013). Distinct from other EGFR members, ERBB3 has impaired tyrosine kinase activity; hence, it could be hypothesized that mutations mapped on this domain (L924V) could activate and stimulate protein tyrosine kinase (Jeong et al., 2006). These oncogenic mutations might promote tumorigenesis through aberrant activation of PI3K/AKT pathway, eliciting various biological responses including cell cycle progression, stimulation of cell migration, and invasion (Sithanandam and Anderson, 2008).

Perhaps the most promising gene from our study, based on mutation frequency and function, is WHSC1. It was more frequently mutated in the ER positive subtype. The WHSC1 gene encodes a histone methyltransferase, is classified as chromatin modification group, and plays an important role in regulating gene transcription (Li et al., 2009). A previous study showed that WHSC1 interacts with and regulate gene transcription activity of androgen receptors in prostate cancer (Kang et al., 2009) and ER in breast cancer (Feng et al., 2014), which provide a new basis for tumorigenesis in endocrine-related cancers. Hence, there is high possibility that WHSC1 is involved in development of endometrial cancer. WHSC1 is shown to be essential for ERα-dependent transcription induction in tamoxifen-resistant breast cancers, one of the potent coactivators in the ER pathway (Feng et al., 2014). They postulated that WHSC1 is recruited to the ER promoter by the bromodomain protein (BRD4) and direct H3K36 methylation that is responsible for promoting transcription initiation and elongation. Moreover, genetic alterations in the transcriptional coregulators of ER genes are likely to be the key players in the development of estrogen-dependent tumors through deregulation in the estrogen signaling pathway (Girault et al., 2006), further supporting our hypothesis for WHSC1 as the likely target gene in endometrial cancer.

WHSC1 (MMSET/NSD2) spans 120 kb, consists of 24 exons that encode a 1360 amino acid protein containing catalytic SET domain, and several chromatin-associated domains comprising a high mobility group (HMG) box which often representing a DNA-binding domain, two PWWP domains, five PHD zinc fingers defined as binding modules for methylated lysines, and C5HCH domain (Cys–His-Rich). Previous studies have almost exclusively focused on translocation and overexpression of WHSC1 while mutations in this gene have not yet been extensively characterized (Jaffe et al., 2013), even though the occurrence in a variety of cancers is increasingly reported (Huether et al., 2014; García-Carpizo et al., 2016). Based on our analysis, WHSC1 is frequently mutated in the ER positive subtype where four mutations (K574E, R1126H, R824X, and L1268P) were identified in three patients. We went on to study the role of these mutations in cell transformation by performing transient transfection in EEC-1 cell lines (endometrial cancer cell line expressing ER), followed by luciferase-based assay. Of the four mutations, we observed that only two WHSC1 mutations (R1126H and L1268P) resulted in increased cell proliferation, increased ability of the cells to migrate, and survive in clonogenic growth which represents gain of function phenotype. Both mutants are likely to exhibit increased level of methyltransferase activity of H3K36, which is generally thought to drive tumorigenesis, through activation of key genes (Rao et al., 2005). We postulate that the mutant R1126H which is located in the histone binding groove on SET domain, which is in proximity to the established hotspot mutants E1099K and D1125N, lead to a hyperactive WHSC1, causing an increase in methyltransferases activity and hence progression of malignancies (Jaffe et al., 2013). Since the mutant R1126H exhibited independent ER pathway activation, it may be involved in endometrial carcinogenesis through other pathways. Endometrial cancer may also be triggered through the transcriptional regulation of CCND1, the target gene of the β-catenin/Tcf-4 complex, through H3K36 methylation and activation of the WNT signaling pathway (Toyokawa et al., 2011). This was supported by the discovery of recurrent R1126H mutants in colorectal cancer (Supplementary Table S10), where WNT signaling is the hallmark among the many genetic events. The other pathway that this mutation might be involved in is the RAS pathway by altering the oncogenic RAS transcriptional responses resulting in increased methyltransferase activity (García-Carpizo et al., 2016). However, there is still the need to elucidate which one is the key event since epigenetic alterations usually mediate the transcription of a plethora of genes (Huang et al., 2013).

Hormonal therapy and chemotherapy are frequently used for advanced endometrial cancer, and there is no approved molecular targeted therapy so far (Temkin and Fleming, 2009). However, in one clinical trial, the use of Fulvestrant has resulted in positive response in some patients with advanced or recurrent endometrial cancer (Emons et al., 2013). Fulvestrant is a selective ER downregulator (SERD) which competitively inhibits the binding of estradiol to the ER and it degrades ER via the ubiquitin-proteasome (Berry et al., 2008). Our study also provides evidence that Fulvestrant has the ability to induce ER degradation and that it inhibits the proliferation of the transforming mutant L1268P cells, which is associated with increased sensitivity to this treatment. Hence, we propose that Fulvestrant the potential to inhibit the activity of ER signaling pathway in this particular mutant.



CONCLUSION

Using NGS, we have characterized the mutational landscape of different ER subtypes of EEC. We further demonstrated the role of the WHSC1 L1268P mutation in endometrial cancer carcinogenesis by activating the ER signaling pathway and its pivotal role in promoting cell proliferation, migration, and survival. The ER signaling pathway activation by WHSC1 LP1268H provides new evidence which is important for the future applications of targeted therapies for endometrial cancer carrying the WHSC1 L1268P mutations. A major limitation of our study is the small sample size, therefore further studies are warranted to explore the diagnostic and therapeutic potential of our discovery.
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This study explored potential biomarkers associated with Lauren classification of gastric cancer. We screened microarray datasets on gastric cancer with information of Lauren classification in gene expression omnibus (GEO) database, and compared differentially expressing genes between intestinal-type or diffuse-type gastric cancer. Four sets of microarray data (GSE2669, GSE2680, GDS3438, and GDS4007) were enrolled into analysis. By differential gene analysis, UBE2C, CDH1, CENPF, ERO1L, SCD, SOX9, CKS1B, SPP1, MMP11, and ANLN were identified as the top genes related to intestinal-type gastric cancer, and MGP, FXYD1, FAT4, SIPA1L2, MUC5AC, MMP15, RAB23, FBLN1, ANXA10, and ADH1B were genes related to diffuse-type gastric cancer. We comprehensively validated the biological functions of the intestinal-type gastric cancer related gene UBE2C and evaluated its clinical significance on 1,868 cases of gastric cancer tissues from multiple medical centers of Shanghai, China. The gain of copy number on 20q was found in 4 out of 5 intestinal-type cancer cell lines, and no similar copy number variation (CNV) was found in any diffuse-type cancer cell line. Interfering UBE2C expression inhibited cell proliferation, migration and invasion in vitro, and tumorigenesis in vivo. Knockdown of UBE2C resulted in G2/M blockage in intestinal-type gastric cancer cells. Overexpression of UBE2C activated ERK signal pathway and promoted cancer cell proliferation. U0126, an inhibitor of ERK signaling pathway reversed the oncogenic phenotypes caused by UBE2C. Moreover, overexpression of UBE2C was identified in human intestinal-type gastric cancer. Overexpression of UBE2C protein predicted poor clinical outcome. Taken together, we characterized a group of Lauren classification-associated biomarkers, and clarified biological functions of UBE2C, an intestinal-type gastric cancer associated gene. Overexpression of UBE2C resulted in chromosomal instability that disturbed cell cycle and led to poor prognosis of intestinal-type gastric cancer.

Keywords: gastric cancer, Lauren classification, data mining, biomarkers, UBE2C


INTRODUCTION

Gastric cancer is one of the most common digestive malignancies, which threats public health worldwide, especially in Asia (Torre et al., 2015). Lauren classification is a standard histopathological classification which divides gastric cancer into two subtypes: intestinal-type and diffuse-type (Lauren, 1965). This histological classification was established based on histological observation by a Nordic pathologist half a century ago when there was no evidence at molecular level. Multiple reports including our previous study had demonstrated that there are different biological behaviors between intestinal-type and diffuse-type gastric cancers (Liu et al., 2013; Qiu et al., 2013; Chen et al., 2016). However, there is no systematic study on biomarkers that associated with Lauren classification in gastric cancer.

With the application of high-throughput gene analysis, many gene expression profiles of gastric cancer have been accumulated and deposited in open accessible database. DNA microarray or gene chip is the first one of the high-throughput technologies applied on molecular classification for cancers (Tusher et al., 2001). HER2/Neu positive breast cancer was successfully identified according to microarray analysis (Slamon and Pegram, 2001; van 't Veer et al., 2002). Utilization of high-throughput technologies also promoted changing gastric cancer research from histologic level to molecular level (Ji et al., 2002; Kim et al., 2003). Currently, a number of datasets come from separated institutes and there is no comparable analysis.

In this study, microarray datasets of gastric cancer deposited in NCBI database were extracted, and microarray data with clear Lauren classification information were enrolled into data mining. We found a set of Lauren classification-associated differential genes. UBE2C is one of the genes that highly expressed in intestinal-type gastric cancer. We validated the expression of UBE2C on a separated cohort of gastric cancer from Shanghai, China. To clarify the underlying molecular mechanisms of UBE2C, we explored the variation of UBE2C gene copy number in gastric cancer cells originated from intestinal-type or diffuse-type gastric cancers. We further analyzed biological function and related signaling pathway of UBE2C gene both in vitro and in vivo. This study established a link between up-regulation of UBE2C with chromosome instability and disturbed ERK signaling pathway in intestinal-type gastric cancer.



MATERIALS AND METHODS


DNA Microarray Data Analysis

We searched gene expression omnibus (GEO) database of NCBI (http://www.ncbi.nlm.nih.gov/geo/) using keywords of “Gastric Cancer,” “Gastric Carcinoma” or “Stomach cancer,” and obtained four sets of microarray datasets (GEO serial numbers: GSE2669, GSE2680, GSE3438, and GSE4007) that included detail information of Lauren classification. Significance Analysis of Microarray (SAM) was used for differential genes selection of intestinal-type gastric cancer and diffuse-type gastric cancer through an open-accecerable tool, MultiExperiment Viewer (MEV) which supported by Stanford University (Tusher et al., 2001; Saeed et al., 2003). By adjusting permutation, false disvovery rate (FDR) and delta value, we obtained sets of differential genes between intestinal-type gastric cancer and nomal mucoasa, diffuse-type gastric cancer and normal mucosa, as well as differential genes between intestinal-type and diffuse-type gastric cancers.



Tissue Microarray Construction and Immunohistochemistry

This study was approved by the institutional review board of hospital, and a written informed consent was obtained from the participants of this study. A total of 1,868 cases of gastric cancer were included in this study. All cancer tissues came from gastrectomy in the following 4 medical centers of Ruijin hospital, Renji hospital, Zhongshan hospital, and Changzheng hospital, Shanghai, China from 2002 to 2015. Including criteria were: patients with histological slides and paraffin blocks. Excluding criteria were: patients who have stump gastric cancer, neoadjuvant chemotherapy, incomplete information, multiple lesions, and combined with other malignancies. Finally, 109 cases were excluded and only 1,759 cases were included in the final analysis. Among them, 1,224 cases (69.6%) were male, and 535 (30.4%) cases were female. The median age was 61-year old (22–88 year-old). All samples were fixed in neutral buffered formalin and embedded in paraffin. Patients were followed up every 6 months for the first 3 years and annually after 3 years. The last followed up was December 30, 2015, with the longest follow-up time of 142 months. The average follow-up time was 48.73 months. Tumor stage was determined based on the 7th edition of TNM staging system by AJCC/UICC organizations.

Tissue microarray blocks were constructed from these 1,759 cases using a tissue microarrayer (Beecher Instruments, Silver Spring, MD, USA). Two tissue cores (2 mm diameter) from each cancer or normal mucosa block were taken and transferred to a recipient paraffin block. Subsequently, 4-mm-thick sections were cut from each tissue microarray block, de-waxed, and dehydrated.

A standard peroxidase-conjugated streptavidin-biotin method was used for immunohistochemical staining with UBE2C (mouse-anti human UBE2C monoclonal antibody, 1:50, SC-100611, Santa Cruz, SC-100611, USA). The immunohistochemical staining results were evaluated by two independent pathologists and scored according to the percentage of positive cells and staining intensity. The graded percentage of positive cells 0 (<10%), 1 (10–30%), 2 (31–50%), and 3 (51–100%) was recorded. The staining intensity was graded as 0 (negative), 1 (weak), 2 (moderate), and 3 (strong). A cumulative score ranging from 0 to 9 was obtained by multiplying the staining intensity and percentage. The total score graded as weakly positive (scores <3) and moderately or strongly positive (scores ≥4).



Analysis of Chromosomal Copy Number in Gastric Cancer Cells

The global copy number variation (CNV) of chromosomes was analyzed in 6 different cancer cell lines: SGC-7901, BGC-823, MKN-45, MKN-28, AGS, and HTB-103 by Affymetrix® Genome-Wide Human SNP Array 6.0 chip. The peripheral blood samples from 2 healthy individuals were used as controls. The information of gain or loss of copy number of each sample was analyzed by Genotyping Console software, which was calculated based on comparison of Hapmap project.



Cell Culture

Cancer cells were seeded in 6-well plates (3.0 × 105 cells) and cultured in RPMI-1640 medium with 10% fetal bovine serum (Gibco, Invitrogen, USA) in 5% CO2 cell culture incubator at 37°C. Transfection of siRNAs or eukaryotic expression vectors was carried out using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) according to protocol provided with the product. The cells were harvested 3–5 days following transfection.



Western Blot

The protein concentration was determined using a BCA Kit (Pierce Biotechnology, Rockford, IL, USA). Each protein extract (100 μg) was electrophoresed on a 12.5% SDS-polyacrylamide gel, transferred to PVDF membranes in a buffer containing 25 mMTris-HCl (pH 8.3), 192 mM glycine and 20% (v/v) methanol, and blocked in 5% (w/v) skimmed milk in Tris buffered saline-Tween 20 (0.1% by volume, TBST) for 2 h at room temperature, and probed with specific primary antibodies overnight at 4°C. Blots were reacted with secondary antibodies coupled to horseradish peroxidase in TBST. The primary antibodies were mouse anti-UBE2C (1:1,000; Cat. AM1831a, ABGENT, San Diego, CA, USA), anti-ERK (Cat. 4695S, Cell Signaling Biotechnology), p-ERK (1:1,000; Cat. 9284, Cell Signaling Biotechnology) and mouse anti-glyceraldehyde-3-phosphate dehydrogenase (1:5,000, Sigma) antibody. The horseradish peroxidase-conjugated secondary antibodies were goat anti-rabbit IgG (1:2,000; Cat. 7,074, Cell Signaling Biotechnology) or horse anti-mouse IgG (1:2,000; Cat. 7,074, Cell Signaling Biotechnology). Signals were detected by a SuperSignal West Pico Chemiluminescent Substrate kit (Pierce, Rockford, IL, USA) according to the manufacturer' s instructions.



Cell Proliferation Assay

CCK8 assay was performed to assess the effect of UBE2C on cell proliferation. Cells were transfected with siRNAs or UBE2C overexpressing vector for approximately 12 h. Following transfection, cells were transferred to 96-well microplates and seeded at a density of approximately 1.0 × 103 cells per well. Then each batch of cells were stained with 10 μl of CCK8 regent (Dojindo, Kumamoto, Japan) at 37°C for 2 h every 24 h for 4 days. The coloring reaction was quantified by an automatic plate reader (Tecan, Swiss) at 450 nm. All experiments were performed in triplicate.

For clonogenicity assay, cells were transfected with siRNAs or UBE2C overexpressing vector for approximately 12 h. Following transfection, cells were transferred into 6-well plates and seeded at a density of approximately 1.0 × 103 cells per well. Culture medium was changed every 3 days. Clonogenicity was analyzed 12 days following transfection by staining cells with 0.05% crystal violet solution for 1 h. Visible colonies were manually counted. A group of cells >50 was counted as a colony. The data were reported as means ± SD by counting 10 fields randomly.



Cell Migration and Invasion

For migration and invasion assays, cell culture was performed in 24-well Transwell chambers (Corning, USA). For the invasion assay, the insert membranes were coated with diluted Matrigel (BD Biosciences, USA). Cells (1 × 105) were added to the upper chamber and cultured for 48 h. For the migration assay, cells were cultured under the same conditions except that the insert membranes were not coated with Matrigel. Finally, the insert membranes were cut and stained with 0.1% crystal violet for 2 min. The penetrating cells were counted under an inverted microscope and photographed in five random fields and the average number of cells per field was counted. These experiments were performed in triplicate.



Construction of shRNA and shUBE2C Plasmids

The full-length cDNA of UBE2C (NM_000690.3) was purchased (GENECHEM, Shanghai, China). The full-length cDNA of human UBE2C was cloned and inserted into pBABE-puro vector (Clontech Laboratories, Mountain View, CA, USA). Two pairs of complementary short hairpin RNA (shRNA) expression vectors targeting UBE2C (UBE2C-shRNA1 and UBE2C-shRNA2) and a pair of scrambled negative control shRNA oligonucleotides were constructed using RNAi-Ready pSIREN-RetroQ vector (Clontech Laboratories). The retroviral packaging process was performed in a plate of 293T cells. After 12 h, 15 mL viral collection medium was added into the transfected cells. Infection of BGC-823 or SGC-7901 cancer cells was performed in the presence of 5 μg/mL of polybrene (Sigma, MO, USA) in each well of a 6-well plate. Stable retroviral transduction was achieved by infection for 48 h and followed by puromycin (1 μg/mL) selection.



Assay of ERK Signaling Pathway

The ERK1/2 inhibitor U0126 was purchased from Selleckchem (Cat. 9903S). The final concentration of U0126 used in culture medium was 10 μmol/L. Cells were harvested for protein extraction and Western blotting analysis.



Tumorigenesis of UBE2C in Nude Mice

Cancer cells (1 × 106/100 μl) transfected with UBE2C or sh-UBE2C were collected and inoculated subcutaneously into 4-week-old BALB/c nude mice (Institute of Zoology, Chinese Academy of Sciences, Shanghai). Each experimental and control groups consisted of four mice. Tumor nodules were measured every 4 days with a caliper. Mice were sacrificed after 1 month. Tumor growth curves and inhibiting rates were calculated. After tumor excision, the tissues were fixed in 10% buffered formalin. All formalin-fixed and paraffin-embedded samples were carefully examined after staining with hematoxylin-eosin (HE) and photographed. The animal experiment was approved by the Institutional Animal Care and Use Committee of Shanghai Jiao Tong University School of Medicine.



Statistical Analysis

Statistical analysis was performed using SPSS 17.0 statistical software (SPSS Inc., Chicago, IL, USA.). Associations between expression of UBE2C and clinicopathological variables were analyzed using the Chi square test. The continuous variables were expressed as mean values ± standard deviation. The differences between groups were analyzed using the Student's t-test when there were only two groups, or assessed by one-way ANOVA when there were more than two groups. Two-way ANOVA was used for the analysis of multiple comparisons. Cox regression method was used to analyze multivariate survival. Kaplan-Meier method and Log-Rank test were used to analyze non-parametric survival. A P-value of <0.05 was considered statistically significant.




RESULTS


Data Mining Revealed Genes Related to Lauren Classification

By searching GEO database, datasets GSE2669, GSE2680, GSE3438, and GSE4007 were selected because they contain large sample size with detail clinical information including Lauren classification of gastric cancer (Table 1). We extracted differential expression genes between intestinal-type vs. control or diffuse-type vs. control by SAM method. The permutation value was set at 1,000 and FDR <5% on 1.5-fold-change. A total of 263 feature genes were chacaterized. Among them, 40 genes were highly expressed in intestinal-type gastric cancer, and 223 genes were highly expressed in diffuse-type gastric cancer. We listed the top 10 genes with >1.5-fold-change in two types of gastric cancers (Table 2).



Table 1. The details of four microarray datasets from GEO database.
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Table 2. The top 10 related genes in intestinal- or diffuse-type gastric cancer.
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Up-Regulation of UBE2C Related to Amplification of Chromosomal Copy Number

Gastric cancer cell lines SGC-7901, BGC-823, MKN-45, MKN-28, HTB-103, and AGS were used to analyze chromosomal CNV. Four out of 5 intestinal-type gastric cancer cell lines BGC-823, MKN-45, MKN-28, and AGS revealed amplification of chromosome 20q which contains the gene locus of UBE2C. No 20q amplification was observed in diffuse-type gastric cancer cell line HTB-103 (Figure 1).
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FIGURE 1. Representative chromosomal CNV features by SNP 6.0 microarray analysis. (A) Normal control from healthy peripheral blood. Asterisk indicates chromosome 20, and arrow indicates gene locus of UBE2C. (B) CNV feature of intestinal-type gastric cancer cell line BGC-823. The blue bar on the right of chromosome represents copy number amplification, and red bar means copy number loss. The arrow indicates copy number amplification in gene locus of UBE2C. (C) CNV feature of diffuse-type gastric cancer cell line HTB-103. There is no copy number amplification in gene locus of UBE2C.





Interfering or Enforcing UBE2C Expression Affected Cell Growth and Invasion

Two intestinal-type gastric cancer cell lines, BGC-823 which has high expression of UBE2C and SGC-7901 which has low expression of UBE2C, were used to investigate the function of UBE2C on cell growth and invasion. The expression of UBE2C was monitored by qRT-PCR and Western blot. Cell proliferation was determined by CCK-8 assay and colony formation. The migration and invasion of cancer cells were determined by transwell assay. The UBE2C knockdown using si01 and si02 sequences achieved over 50% down-regulation of UBE2C. UBE2C-si02 was used for subsequent experiments because it down-regulated UBE2C expression by up to 57.24 ± 7.54% (Figure 2A). The siRNA was transfected into BGC-823 cells, and the light absorbance of 0, 24, 48, 72, and 96 h at 450 nm wavelength was determined. Compared to the siNC, the light absorbance of 72 and 96 h of siUBE2C was 0.62 ± 0.08 vs. 1.15 ± 0.14 (P = 0.001) and 0.88 ± 0.16 vs. 1.96 ± 0.19 (P = 0.001; Figure 2B). As for colony formation assay, colony numbers were evaluated at the 21st day after siUBE2C transfection. The colony numbers were significantly reduced in siUBE2C group, compared to siNC group (85 ± 12 vs. 219 ± 12, P = 0.001; Figure 2B). These results indicated that down-regulation of UBE2C inhibited cancer cell growth in vitro.
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FIGURE 2. Interfering or enforcing UBE2C expression affected cancer cell proliferation and invasion. (A) Protein level of UBE2C detected after siRNA transfection in BGC-823 cells. Among three siRNA sequences, si02 showed the best knockdown efficacy. (B) Knockdown of UBE2C decreased cell growth and colony formation in BGC-823 cells. (C) Knockdown of UBE2C decreased migration and invasion of BGC-823 cells. (D) Protein level of UBE2C detected after enforcing UBE2C expression in SGC-7901 cells. (E) Overexpression of UBE2C increased cell growth and colony formation in SGC-7901 cells. (F) Overexpression of UBE2C increased migration (upper) and invasion (lower) of SGC-7901cells. Experiments were performed in triplicates. *p < 0.05; **p < 0.01.



To examin the effect of UBE2C on cell migration and invasion abilities, transwell chambers were used. Migrated cells were counted after 48 h transfection of siUBE2C. The number of migrated cells decreased in siUBE2C group compared with the siNC group (71 ± 7 vs. 160 ± 16, P = 0.004; Figure 2C, upper panel). Similarly, the number of invasive cells decreased in siUBE2C group compared with the siNC group (21 ± 4 vs. 116 ± 7, P = 0.001, Figure 2C).

We reversely verified the functions of UBE2C by enforcing UBE2C expression in gastric cancer cells. The transfection efficacy of UBE2C eukaryotic expression vector was confirmed at 48 h after UBE2C transfection in SGC-7901 cells by Western blot. Compared to control, transfection of UBE2C increased protien level of UBE2C by 3.72 ± 0.75-folds (Figure 2D, P = 0.025). CCK-8 assay was used to examine cell proliferation. The 450 nm absorbance at 72 and 96 h for UBE2C and control group was 1.66 ±0.22 vs. 1.07±0.17 and 2.66±0.29 vs. 1.56±0.22 (Figure 2E), respectively. The ability of colony formation was evaluated in the UBE2C transfected and control cells after 21 days of UBE2C transfection. The colony numbers were significantly increased in UBE2C group, compared to the control group (106 ± 16 vs. 71 ± 11, P = 0.043, Figure 2E). These results supported that up-regulation of UBE2C promoted cell growth of cancer cells in vitro.

In addition, we analyzed the ability of cell migration and invasion at 48 h after enforcing UBE2C expression. There were increased migraed cells and increased invasive cells in the UBE2C group compared with control group (342 ± 18 vs. 204 ± 25, P = 0.002; Figure 2F, upper panels) and (218 ± 16 vs. 103 ± 17, P = 0.001), (Figure 2F, lower panels). These results further confirmed that overexpression of UBE2C promoted invasive ability of gastric cancer cells in vitro.



Down-Regulation of UBE2C Caused Cell Cycle Arrest and Inhibited ERK1/2 Signaling Pathway

Cell cycle was analyzed by synchronize cells using dual blockage of thymidine for 16 h. Flow cytometry analysis found that the G2/M fraction of BGC-823/siUBE2C group was significantly higher than those in control group (25.79±0.72 vs. 0.03±0.02%, P = 0.001), while the G1 fraction (74.39±0.72 vs. 80.59±2.32% P = 0.034) and S fraction (0.01 ± 0.01 vs. 19.37 ± 2.32%, P = 0.005) were less than those in controls (Figure 3A). This result suggested that about one-fourth of the cells was blocked in G2/M phase by down-regulation of UBE2C in gastric cancer cells.
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FIGURE 3. Cell cycle and ERK1/2 signaling pathway affected by interfering or enforcing UBE2C expression. (A) Cell cycle detected after release of thymidine blockage at 0 and 16 h. The percentage of cells in G2/M phase was significantly higher (25.79%) in siUBE2C group than that in siNC group (0.03%). (B) Knockdown of UBE2C decreased ERK1/2 phosphorylation and overexpression of UBE2C promoted ERK1/2phosphorylation. (C) U0126 reversed phosphorylated ERK1/2 level caused by UBE2C overexpression. (D) Migration (upper) and invasion (lower) inhibited by U0126 treatment in SGC-7901 cells. Experiments were performed in triplicates. **p < 0.01.



The phosphorylation of extracellular signal-regulated kinase1/2 (ERK1/2) was analyzed by Western blotting. The results revealed that UBE2C silencing down-regulated the phosphorylation of the ERK1/2 in BGC-823 cancer cells, while UBE2C overexpression up-regulated phosphorylation of the ERK1/2 in SGC-7901 cancer cells (Figure 3B). Additionally, the ERK1/2 inhibitor U0126 was used to confirm the signaling pathway involved in UBE2C-mediated cancer progression. ERK1/2 inhibitor U0126 (10 μmol/L) decreased the phosphorylation of the ERK1/2 caused by UBE2C overexpressing SGC7901 cells. The ratio of phosphorylated ERK1/2 to ERK1/2 was 0.55 ± 0.03 vs. 0.92 ± 0.01, P = 0.001 (Figure 3C). On the contrary, the ratio of phosphorylated ERK1/2 to ERK1/2 increased, compared with control by UBE2C overexpression in SGC-7901 cells (0.95 ± 0.02 vs. 0.51 ± 0.02, P = 0.001).

ERK1/2 inhibitor U0126 (10 μmol/L) was added in culture medium and CCK-8 assay was used to examine cell proliferation. We found that the 450 nm absorbance decreased at 72 h (0.69 ± 0.14 vs. 1.61 ± 0.19, P = 0.003) and 96 h (0.82 ± 0.16 vs. 2.6 ± 0.32, P = 0.003) in UBE2C-U0126 group compared to UBE2C-DMSO group, respectively. This result suggested that reduced ERK1/2 phosphorylation could reverse cell proliferation induced by UBE2C.

We analyzed the ability of cell migration and invasion at 48 h after SGC-7901 cancer cells were incubated with U0126. Compared with control group, the migrated cells in UBE2C-U0126 group were significantly less than those in UBE2C-DMSO group (286 ± 17.52 vs. 84.33 ± 17.24, P = 0.001; Figure 3D, upper panel), while the invasive cells was also less in UBE2C-U0126 group than that in UBE2C-DMSO group (136.67 ± 12.5 vs. 51.67 ± 9.61, P = 0.001, Figure 3D, lower panel). These results confirmed that reduced ERK1/2 phosphorylation could reverse cell invasive ability in vitro.



Intervening UBE2C Affected Tumorigenesis in Vivo

Short hairpin RNA (shUBE2C) expression vectors were constructed to silence UBE2C. Lentiviral vector was used to infect BGC-823 cells and the transfection efficacy reached 100% observed under a fluorescence microscope. The expression of UBE2C was monitored by Western blot analysis. Compared with control group, the UBE2C expression in Lv-shUBE2C cells declined 77.00 ± 8.81% (P = 0.004; Figure 4A). The effect of UBE2C in tumorigenesis was evaluated in BALB/c nude mice. BGC-823/Lv-shUBE2C cells (1.5 × 106) and control cells were inoculated subcutaneously (n = 4). The tumor volumes were measured every week. Mice were sacrificed at the 35th day of tumor formation. It was found that the tumor volume was smaller in BGC-823/Lv-shUBE2C group compared with the BGC-823/Lv-shNC group. Under microscope, tumor cells were reduced in experimental group, compared to control (Figure 4B), while both tumor volume (2136.99 ± 827.98 vs. 4304.33 ± 958.75 mm3, P = 0.015) and tumor weight (1.8 ± 0.18 vs. 3.6 ± 1.07 g, P = 0.04) of BGC-823/Lv-shUBE2C group were decreased compared to those in BGC-823/Lv-shNC group (Figures 4C,D).
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FIGURE 4. Effect of UBE2C in in vivo tumorigenesis. (A) Fluorescent images of stably transfected BGC-823 cells (200 × ). All cells were transfected. Knockdown of Lv-shUBE2C was documented by Western blot analysis. (B) Knockdown of UBE2C inhibited tumorigenesis in nude mice at day 35 after tumor cell inoculation. The tumor volumes were obviously larger in experimental group than that in control group (upper). Under microscope, tumor cells were reduced in experimental group, compared to control (down). Scale bar indicates 25 μm. (C) Tumor volume curves of xenografts in different groups of BGC-823 cancer cells. (D) Tumor weight of xenografts in different groups of BGC-823 cancer cells. *p < 0.05.



In addition, lentiviral vector of UBE2C was used to infect SGC-7901 cells which inoculated to nude mice (n = 4) subcutaneously. The tumor volumes were measured every week. Mice were sacrificed at the 35th day. Compared with the SGC-7901/Lv-NC group, the tumor volume was larger in SGC-7901/Lv-UBE2C group (2096.85 ± 944.66 vs. 3986.48 ± 1306.44 mm3, P = 0.033), while the tumor weight of SGC-7901/Lv-UBE2C group was heavier than that in SGC-7901/Lv-NC group (3.9 ± 0.62 vs. 2.7 ± 0.52 g, P = 0.026, data not shown).



Up-Regulation of UBE2C Expression in Gastric Cancer was Validated in a Clinical Cohort

The protein expression of UBE2C was examined on tissue microarrays from a large cohort of gastric cancer by immunohistochemistry. The microarray set included 1,759 cases of cancer tissues and 1,710 cases were enrolled into final analysis because 49 cases was dropped during staining process. UBE2C was negative or weakly positive in normal gastric mucosa, while increased UBE2C expression was seen in gastric cancer, especially the intestinal-type gastric cancer (Figure 5A). The total staining score was higher in gastric cancer than that in normal mucosa (2.735 ± 2.709 vs. 0.743 ± 1.288, P = 0.001, Figure 5B) by semi-quantitative analysis. The staining score of intestinal-type gastric cancer was significantly higher than that of diffuse-type gastric cancer (3.241 ± 2.839 vs. 1.951 ± 2.409, P = 0.001, Figure 5C). The diagnostic value of UBE2C expression was evaluated by ROC curve analysis. The overall AUC was 0.711 (CI: 0.693–0.730, Figure 5D). The AUC of intestinal-type of gastric cancer was 0.755 (CI: 0.734–0.776, Figure 5D), and AUC for diffuse-type of gastric cancer was 0.676 (CI: 0.647–0.704, Figure 5D). It suggested that UBE2C could be a potential biomarker for intestinal-type gastric cancer.
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FIGURE 5. Protein expression and diagnostic value of UBE2C analyzed in a large cohort of gastric cancer. (A) Overall tendency of UBE2C expression in gastric cancer. Arrow indicates the borderline between intestinal-type and diffuse-type gastric cancer. The staining score ≥4 is dominantly observed in intestinal-type gastric cancer. (B) Immunohistochemistry. UBE2C protein is expressed in cytoplasm of intestinal-type gastric cancer, but negative in the corresponding normal mucosa. Scale bar indicates 25 μm. (C) The staining score of UBE2C is higher in gastric cancer tissues than in normal mucosa (left); the staining score of UBE2C is higher in intestinal-type gastric cancer than that in diffuse-type gastric cancer (right). (D) ROC curve of UBE2C in all gastric cancers (AUC = 0.711, left), in intestinal-type gastric cancer (AUC = 0.755, middle), and in diffuse-type gastric cancer (AUC = 0.676, right).



Among 1,710 cases of gastric cancer, 1,417 cases were used for survival analysis after a long-term follow-up. We divided cases into UBE2C-high group (staining score ≥4) and UBE2C-low group (staining score ≤3). There was no significant difference of overall survival between these two groups (P = 0.361, Figure 6A). However, when we separately analyzed intestinal-type and diffuse-type gastric cancer, the overall survival was significantly different between the two groups. In intestinal-type cancer, the UBE2C-high expression correlated with shorter survival than that in UBE2C-low expression group (P = 0.037, Figure 6B). In diffuse-type gastric cancer, the overall survival was slightly shortened in UBE2C-high group compared with the UBE2C-low expression group, but there was no statistical significance (P = 0.07, Figure 6C). These results indicated that UBE2C could be an oncogene related to intestinal-type gastric cancer.
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FIGURE 6. Kaplan–Meier analysis on prognostic significance of UBE2C expression. (A) All gastric cancers. There is no significant difference between UBE2C-high and UBE2C-low groups. (B) Intestinal-type gastric cancer by Lauren classification. The overall survival is significantly shorter in UBE2C-high expression group than that of UBE2C-low group. (C) Diffuse-type gastric cancer. The overall survival of UBE2C-high expression group is shorter than that in UBE2C-low expression group.






DISCUSSION

Molecular classification of cancers has been achieved based on clusters of differential expressed genes using high through-put technologies. UBE2C is one of the genes used in molecular classification in several types of cancers. Studies revealed that overexpression of UBE2C is related to some kinds of solid tumors, such as stomach cancer (Zhang H. Q. et al., 2018), colorectal cancer (Cacciola et al., 2016; Zhang Y. et al., 2018), esophageal cancer (Matsumoto et al., 2014; Li et al., 2018), pancreatic cancer (Zhao et al., 2013), breast cancer (Mo et al., 2017; Qin et al., 2017), ovarian cancer (Martínez-Canales et al., 2018), hepatocellular cancer (Ieta et al., 2007), lung cancer (Tang et al., 2014; Zhang et al., 2015), prostate cancer (Shuliang et al., 2013), and other cancers (Wagner et al., 2004; Shen et al., 2013; Kraft et al., 2017). Therefore, UBE2C has been considered as an important functional gene in cancer development.

Lauren classification has been used over half a century. This classification was proposed by a Nordic pathologist based on microscopic observation (Lauren, 1965). Since there were no supporting technologies such as immunohistochemistry, molecular biology and gene sequencing, Lauren classification was a pure experience-based cancer classification. With the development of novel technologies, especially high-throughput methods, molecular classification has become possible. However, global genomic study is high-cost and there is always a limited case number in a single study. The experimental error was inevitable in studies from small sample size. In high-throughput community, submitting data was required for international file sharing. In this case, a large number of research data were uploaded in public database. Data mining of cancer-related data in public database could greatly reduce the cost and neutralize experimental error. Currently, huge amount of data were accumulated in GEO database of NCBI website and ArrayExpress database of EBI website (Barrett and Edgar, 2006; Parkinson et al., 2007). In this study, we focused on expressing profiles of microarray dataset of gastric cancer containing Lauren classification information, and found a set of Lauren classification-related genes. UBE2C is the gene we found that highly expressed in intestinal-type gastric cancer.

UBE2C gene is located on chromosome 20q13.12, which encodes one of the ubiquitin-binding enzyme families. Ubiquitin-binding enzymes are essential for activation of ubiquitin and binding to substrate proteins. UBE2C is a member of the anaphase promoting complex/cyclosome, and facilitates the degradation of target proteins with cell cycle progression (Nicolau-Neto et al., 2018). Therefore, UBE2C is an important regulatory factor of cell cycle. The imbalance of UBE2C expression could promote CIN and accumulated CNV of eukaryotic cells (van Ree et al., 2010; Heng et al., 2013; Sansregret et al., 2017).

In 2014, TCGA group reported a comprehensive molecular evaluation of 295 gastric cancers. They divided gastric cancer into four subtypes: tumors positive for Epstein-Barr virus, microsatellite unstable tumors, genomically stable tumors, and tumors with CIN. The latter shows marked aneuploidy and focal amplification of receptor tyrosine kinases (Cancer Genome Atlas Research Network, 2014). We recently reviewed histopathological images of those 295 cases of gastric cancer deposited in public database, and found that about 50% of gastric cancer in TCGA group belongs to CIN molecular subtype, which covered several phenotypes of intestinal-type gastric cancer with different degree of differentiation (Yu, 2018). In general, the overall survival of intestinal-type gastric cancer is better than that of diffuse-type gastric cancer (Liu et al., 2013). Molecular heterogeneity of cancer might explain the difference of biological behaviors of intestinal-type gastric cancer. Our study provided evidence that intestinal-type gastric cancer could be biologically heterogenous.

ERK1/2 signaling pathway is an important signaling pathway in tumor cells, which is closely related to immortality, growth factor-independent proliferation, apoptosis escape, cell cycle acceleration and cell invasiveness (Liu et al., 2010; Chen et al., 2013). It is generally believed that the degree of activation of ERK1/2 is positively correlated with the malignancy, and is related to the innate or acquired drug resistance to chemotherapy (Zhao et al., 2015). In our study, interfering UBE2C expression led to G2/M arrest. It was known that G2/M checkpoint is an important factor for cell cycle progression and drug resistance (Yang et al., 2016). Sarin and coworkers found that efficacy of cisplatin-based chemotherapy is limited by the occurrence of innate and acquired drug resistance. They examined lung cancer cell line A549 and its cisplatin-resistant sub-line A549rCDDP2000. Compared to A549 cells, the cisplatin-resistant cell line A549rCDDP2000 lacked cisplatin-induced G2/M cell cycle arrest, and led to reduced apoptosis (Sarin et al., 2017). Actually, many anti-tumor drugs act on cell cycle, most of them are strongly dependent on G2/M checkpoint, which suggests that G2/M checkpoint is a potential target for cancer therapy (Kawabe, 2004). Several years ago, Sabitha and Rajkuma have noticed the value of UBE2C as therapeutic target. They successful predicted two small molecular inhibitors in silico (Sabitha and Rajkumar, 2012). It is our hope to carry out some preclinical experiments for those small molecule inhibitors, which may provide a new strategy for targeted therapy of intestinal-type, a predominant subtype of gastric cancer.

In summary, this study identified a group of genes related to Lauren classification on the basis of data mining of public databases. UBE2C is one of the genes overexpressed in intestinal-type gastric cancer. We explored the biological function of UBE2C gene in vitro, and found that the overexpression of UBE2C is related to gain of DNA copy number caused by CIN of intestinal-type carcinoma. Overexpression of UBE2C accelerates cell cycle progression and promotes cell growth and invasiveness of gastric cancer cells by activating ERK1/2 signaling pathway. The increased expression of UBE2C of intestinal-type gastric cancer is verified in a large cohort of gastric cancer tissues from Shanghai, China. It was found that overexpression of UBE2C could be the underlying molecular mechanism of biological heterogeneity of intestinal-type gastric cancer and overexpression of UBE2C correlated with poor overall survival of intestinal-type cancer.
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Exploring ERBB2-related pathways will help us finding sensitive molecules and potential combined therapeutic targets of ERBB2-targeted therapy for ERBB2+ gastric cancer (GC). In this study, we performed a cross-databases study focused on ERBB2+ GC. The data of ERBB2+ GC deposited in the cancer genome atlas (TCGA), gene expression omnibus (GEO), InBio MapTM, cancer cell line encyclopedia (CCLE), and cancer therapeutics response portal (CTRP) were analyzed. The correlation of expression levels of candidate and IC50 of candidate genes-targeted drugs were verified on NCI-N87 and MKN-45 GC cell lines. We found that RARA, THRA, CACNB1, and TOP2A are drug sensitive biomarkers of ERBB2-targeted treatment with FDA-approved drugs. All these genes act through Myc signaling pathway. Myc is the downstream hub gene of both ERBB2 and RARA. The expression of RARA, THRA, and CACNB1 were negatively correlated with Myc activation, while ERBB2 and TOP2A positively correlated with Myc activation. SH3BGRL3, SH3BGRL, and NRG2 were identified as potential ligands of ERBB2. The ERBB2+ GC with RARA amplification demonstrated better prognosis than those without RARA amplification, while overexpression of NRG2 and SH3BGRL correlated with poor prognosis in ERBB2+ GC. About 90% of ERBB2+ GC was compatible with chromosome instability (CIN) subtype of TCGA, which overlaps with intestinal-type GC in Lauren classification. In validating experiments, combination of Lapatinib and all-trans retinoic acid (ATRA) synergistically suppresses cell growth, and accompanied by decreased expression of MYC. In conclusions, we identified several predicting biomarkers for ERBB2-targeted therapy and corresponding histological features of ERBB2+ GC. Combination of ERBB2 antagonist or RARA agonist may be effective synergistic regimens for ERBB2+ GC.

Keywords: gastric cancer, HER2, RARA, lapatinib, ATRA


INTRODUCTION

Gastric cancer (GC) is one of the most common cancers and the third leading cause of mortality worldwide (Ferlay et al., 2015). In China, both of the morbidity and mortality of GC rank the second (Chen et al., 2016). The major therapeutic approaches for GC are surgery, adjuvant chemotherapy and targeted therapy. The targeted drugs approved by FDA are trastuzumab (for ERBB2), cetuximab (for EGFR), and ramucirumab (for VEGF2) (Van Cutsem et al., 2012; Wilke et al., 2014). Lapatinib, a small-molecule inhibitor of ERBB2, plus paclitaxel demonstrated activity in the second-line treatment of ERBB2+ GC (Hecht et al., 2016). In clinics, ERBB2+ GC is defined by scoring 3+ by immunohistochemistry or copy number amplification by FISH (He et al., 2013). In general, ERBB2+ GC accounts for about 13% of all GC cases (Bass et al., 2014). A phase III ToGA study showed that the incidence of ERBB2+ GC is up to 22% (Bang et al., 2010). Because the prognosis of ERBB2+ GC is poor, clarifying the mechanisms of drug sensitivity of ERBB2+ GC will be of clinical significance in ERBB2-targeted therapy (Wang et al., 2017). Currently, trastuzumab plus fluorouracil and platinum can effectively improve overall survival of ERBB2+ GC patients, but the response rate was only 32–68% (Ock et al., 2015). Finding additional therapeutic targets for combined therapy will benefit more ERBB2+ GC patients.

ERBB2 is located in chromosome 17q21.2, where some common oncogenes or tumor suppressor genes, such as TOP2A, TAU, p53, and HIC-1 are located (Zhang and Yu, 2011). Our previous studies confirmed that re-activation of tumor suppressor HIC-1 by small-activating RNAs inhibits cell division, growth and invasion (Zhao et al., 2014, 2015). Retinoic acid receptor alpha (RARA) is another gene located on chromosome 17q21.2. Paroni et al. (2012) reported that combination of RARA agonist and ERBB2-targeted drug demonstrated a synergistic anticancer activity in breast cancer. It suggested that some novel therapeutic targets for ERBB2+ GC may harbor on chromosome 17. In this study, we analyzed ERBB2-related pathways and explored potential drug sensitivity biomarkers that could be used as reference for targeted therapy of ERBB2+ GC.



MATERIALS AND METHODS

Data Extraction and Data Mining

The data of gene expression, copy number variation, tissue images and clinical information of 413 GC cases was extracted from The Cancer Genome Atlas database (TCGA1) and cBioPortal database2 (Cerami et al., 2012; Gao et al., 2013; Bass et al., 2014). The data of gene expression and copy number variation of GC was also extracted from GSE62717 and GSE57302 in gene expression omnibus (GEO) database3 (Qian et al., 2014; Cristescu et al., 2015). The data of protein-protein interaction was used in InBio MapTM database4 (Li et al., 2017). The information of Lapatinib IC50 of 17 GC cell lines were extracted from database of Cancer Cell Line Encyclopedia (CCLE5) (Barretina et al., 2012). The information of Afatinib IC50 of 16 GC cell lines was extracted from database of Cancer Therapeutics Response Portal (CTRP6) (Basu et al., 2013). Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway database is used for explaining functions and biology of genes7. The analytic results were confirmed for proteins expression using The Human Protein Atlas8.

Gastric Cancer Cell Lines and Cell Culture

Human GC cell lines NCI-N87 and MKN45 were purchased from the type Culture Collection of Chinese Academy of Sciences (Shanghai, China). All cell lines were cultured in RPMI-1640 containing 10% fetal bovine serum (FBS) at 37°C in a humidified incubator with 95% air and 5% CO2.

Cell Viability Assay

Firstly, 5000/well NCI-N87 or MKN45 cells were placed in 96 well plates (100 μl/well). Cells were treated by different concentrations of Lapatinib (Selleck, Houston, TX, United States) and All-Trans Retinoic Acid (ATRA, Selleck, Houston, TX, United States), respectively. CCK-8(10 μl/well) was used and OD value was measured at 450 nm by spectrophotometry (BioTek, VT, United States) at different time points.

Western Blot

The cytoplasmic protein and nuclear protein were extracted, respectively by extraction kit (Cat. P0027, Beyotime, Shanghai, China) according to the protocols. Western blot was performed as previously described (Duan et al., 2016). The antibodies used in this study were as following: HRP-conjugated mouse monoclonal GAPDH (1: 5000, Cat. HRP-60004, Proteintech Group, Inc. Wuhan, China), rabbit monoclonal Histone H3 (1: 5000, Cat. ab1791, Abcam, Cambridge, United Kingdom), and rabbit monoclonal c-MYC (1:1000, Cat. ab32072, Abcam, Cambridge, United Kingdom). Of those, GAPDH and Histone H3 were used as internal controls for cytoplasmic protein and nuclear protein, respectively.

Statistical Analysis

EdgeR package in R language was used to screen differentially expressed genes (Robinson et al., 2010). We plotted OncoPrinter map based on gene copy number data from TCGA and cBioPortal platforms. Pheatmap package in R language was utilized to plot heatmap. Receiver operating characteristic (ROC) was plotted and an optimal cutoff value was selected for biomarkers from clinical samples. The median value was used as cutoff value for cancer cell lines. Survival rate was calculated by Kaplan-Meier method and log-rank test. GSEA software was applied to perform gene set enrichment analysis (Subramanian et al., 2005). Pearson correlation between RNA levels and IC50 was analyzed by Pearson test. CompuSyn software (ComboSyn Inc., Paramus, NJ, United States) was used to calculating combination index (CI) of drugs synergistic effects. CI < 1, =1, and >1 indicate synergistic, additive and antagonistic effects, respectively (Yu et al., 2018). Other statistical analysis was performed by using GraphPad Prism 6.0 (Inc., La Jolla, CA, United States). P-value less 0.05 was considered statistically significant.



RESULTS

ERBB2+ GC Showed Amplification of RARA, THRA, CACNB1, and TOP2A

Among 413 cases of GC from TCGA dataset, ERBB2+ GC accounted for 14.29% (59/413 cases), and the others were ERBB2- GC (354/413 cases). We compared the differential expressed genes and copy number variations between ERBB2+ and ERBB2- GC groups. Forty-seven differential expressed genes were selected based on the likelihood ratio (LR) and P-value (LR > 100, P < 0.0001; Figure 1A). Four out of these 47 genes are the molecular targets of FDA-approved drugs. They are CACNB1 (calcium voltage-gated channel auxiliary subunit beta 1) for amlodipine, TOP2A (DNA topoisomerase II alpha) for etoposide, RARA for ATRA and THRA (thyroid hormone receptor, alpha) for tiratricol. These genes were selected as potential targets of combination therapy with ERBB2-targeted drugs.
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FIGURE 1. Identification of potential targets for combination therapy of ERBB2+ GC. (A) Forty-seven genes were up-regulated in ERBB2+ GC (n = 59 vs. n = 354, P < 0.0001). Among them, five genes are molecular targets of FDA approved drugs (indicated by red triangle). (B) The gene copy number amplification of ERBB2, RARA, THRA, TOP2A, and CACNB1. (C) The five genes ERBB2, RARA, THRA, TOP2A, and CACNB1 located in adjacent region of chromosomal 17q. (D). The mRNA expression of RARA, THRA, CACNB1, and TOP2A in ERBB2+ GC and ERBB2– GC (P < 0.001).



Gene amplification of RARA, THRA, CACNB1, and TOP2A was often accompanied by ERBB2 amplification (Figure 1B). These genes were located in adjacent region of chromosomal 17q (Figure 1C). In ERBB2+ GC, the rate of gene amplification was 57.63% (34 out of 59) for RARA, 62.71% (37 out of 59 (62.71%) for THRA, 50.85% (30 out of 59) for TOP2A, and 54.24% (32 out of 59) for CACNB1. The elevated mRNAs were also identified for cases with gene amplification, compared to cases without gene amplification (Figure 1D, P < 0.001).

Amplified Genes of Chromosome 17q Were Myc Pathway-Related Genes

Gene set enrichment analysis (GSEA) is a visualized method of the gene ontology analysis, which could help researchers finding a group of functional genes in a signaling pathway. Through GSEA, we found that all amplified genes of 17q are Myc-related genes. Of those, RARA, THRA, and CACNB1 were negatively correlated with Myc activation, which revealed minus value of enrichment score (ES). For instance, the ES value of RARA is −1.93 (FDR = 0.017, P = 0.004, Figure 2A), THRA is −1.85 (FDR = 0.035, P = 0.010, Figure 2B), and CACNB1 is −1.89 (FDR = 0.028, P = 0.004, Figure 2C). TOP2A and ERBB2 were positively associated with Myc activation (ES = 2.05, FDR = 0.002, P < 0.001, Figure 2D and (ES = 1.88, FDR = 0.077, P = 0.018, Figure 2E). These results implied that agonists of RARA, THRA, and CACNB1 or inhibitors of TOP2A or ERBB2 might be combined together for the treatment of ERBB2+ GC.
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FIGURE 2. Identification of RARA, THRA, CACNB1, and TOP2A related pathways in ERBB2+ GC. (A–C) RARA, THRA, and CACNB1 are negatively related to Myc pathway activation with minus ES value. (D,E) TOP2A and ERBB2 are positively related to Myc pathway activation with plus ES value. The green curve represents enrichment score. The highest point is the enrichment score value in Myc pathway. The ES value indicates the correlation between gene and Myc pathway. The black bar codes represent genes in pathway, which are ordered according to their expression levels. The left end or right end genes are leading edge subset strongly contributed to ES value. The bottom numbers represent order of expression levels from high to low in genome.



The Association Between Amplified Genes and Biological Significance

The association and pathway of amplified genes were analyzed by InBio MapTM. SH3BGRL3, SH3BGRL, and Neuregulin 2 (NRG2) are three candidate ligands of ERBB2. Both RARA and ERBB2 are upstream genes in Myc pathway (Figure 3A). To clarify the clinical significance of amplified genes in ERBB2+ GC, these genes in two datasets from TCGA and GEO were further analyzed. The tendency of better prognosis was noted in RARA amplification group, compared to non-RARA amplification group of ERBB2+ GC in both TCGA cohort (HR = 0.628, 95% CI 0.242–1.539, P = 0.295, Figure 3B), and GEO cohort (HR = 0.312, 95% CI 0.104–0.942, P = 0.04, Figure 3C). In ERBB2+ GC of TCGA cohort, high levels of NRG2 and SH3BGRL were significantly related to poor prognosis (P = 0.009 and P = 0.042, respectively, Figures 3D,E), but not for SH3BGRL3 (P = 0.267, Figure 3F). These results implied the ligand function of NRG2 and SH3BGRL in cancer progression of ERBB2+ GC.
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FIGURE 3. Identification of regulatory association for amplified genes and biological significances. (A) SH3BGRL3, SH3BGRL, and NGR2 are identified as potential ligands of ERBB2, while Myc is the downstream hub of ERBB2 and RARA based on InBio MapTM analysis. (B) In ERBB2+ GC, RARA amplification shown better prognosis in TCGA cohort (HR = 0.628, 95% CI 0.242–1.539; P = 0.295). (C) In ERBB2+ GC of GEO datasets, RARA amplification shown better prognosis than that without RARA amplification (HR = 0.312, 95% CI 0.104–0.942; P = 0.040). (D) In ERBB2+ GC of TCGA cohort, overexpression of NRG2 was significantly correlated with poor prognosis (NRG2-L vs. NRG2-H, HR = 0.286, 95% CI 0.265–0.592, P = 0.009). (E) High expression of SH3BGRL was significantly correlated with poor prognosis (SH3BGRL-L vs. SH3BGRL-H, HR = 0.248, 95% CI 0.144–0.960, P = 0.042). (F) No significance was found for SH3BGRL3 (SH3BGRL3-L vs. SH3BGRL3-H, HR = 0.600, 95% CI 0.202–1.55, P = 0.267).



The Relationship Between Amplified Genes and Sensitivity to ERBB2-Targeted Drugs

Since the gene copy number, mRNA level and IC50 value to ERBB2-targeted drugs of multiple cancer cell lines were deposited in CCLE database, the drug responsive status of 17 GC cell lines was analyzed. Among those, four cell lines (NCI-N87, KE39, NUGC-4, and MKN-7) were ERBB2-amplified cell lines that showed lower IC50 (μM) to drug Lapatinib than other GC cell lines (P = 0.031, Figure 4A, left). The ERBB2-amplified cell lines also showed lower IC50 (μM) to drug Afatinib than other cell lines (P = 0.027, Figure 4A, right). The CNV of ERBB2 or RARA and their responses to targeted drugs Lapatinib or Afatinib of GC cell lines were listed in Table 1. Cell line NCI-N87 were more sensitive to ERBB2-targeted drugs, which is related to dual amplification of ERBB2 and RARA, while MKN7 was not sensitive to ERBB2-targeted drugs, which is related to non-amplification of RARA.
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FIGURE 4. Drug sensitivity analysis of ERBB2, RARA, NRG2, and SH3BGRL. (A) GC cells with ERBB2 amplification showed lower IC50 (μM) to Lapatinib (P = 0.031) and Afatinib (P = 0.027) than those without ERBB2 amplification. (B) Relationship between IC50 of ERBB2-targeted drugs Lapatinib and Afatinib and mRNA expression of ERBB2, RARA, NRG2, and SH3BGRL. (C) IC50 of ERBB2-targeted drugs Lapatinib and Afatinib in cells with different mRNA expression, including ERBB2-H/NRG2-H, ERBB2-H/NRG2-L, ERBB2-L/NRG2-H, and ERBB2-L/NRG2-L group. (D) IC50 of Lapatinib on GC cells with different mRNA expression, including Group 1: NRG2-L/ERBB2-L/RARA-L (n = 3); Group 2: higher expression of any one out of NRG2, ERBB2, and RARA (n = 6); Group 3: lower expression of any one out of NRG2, ERBB2, and RARA (n = 6); and Group 4: NRG2-H/ERBB2-H/RARA-H (n = 2).



TABLE 1. The correlation of CNV of ERBB2 or RARA with sensitivity to Lapatinib or Afatinib in ERBB2+ GC cells.
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The Relationship of Expression of ERBB2, RARA, NRG2, and SH3BGRL and Sensitivity to ERBB2-Targeted Drugs

ERBB2 mRNA overexpression was often significantly related to lower IC50 to Lapatinib (R = −0.446, P = 0.073) and Afatinib (R = −0.515, P = 0.041). Similarly, overexpression of RARA mRNA was significantly associated with lower IC50 to Lapatinib (R = −0.494, P = 0.044) and Afatinib (R = −0.482, P = 0.059). However, there was no significant correlation for NRG2 and SH3BGRL mRNA expression and drug sensitivity (Figure 4B). Nevertheless, GC cases with overexpression of ERBB2 and NRG2 (ERBB2-H/NRG2-H) were more sensitive to Lapatinib, compared to low gene expression of ERBB2-L/NRG2-L group (P = 0.042, Figure 4C, left). However, there was no significant difference between ERBB2-H/SH3BGRL-H group and ERBB2-L/NRG2-L group for drug Afatinib (Figure 4C, right).

The relationship of simultaneous overexpression of NRG2, ERBB2, and RARA with Lapatinib sensitivity was listed in Table 2. Group 1: NRG2-L/ERBB2-L/RARA-L; Group 2: high expression of any one of NRG2, ERBB2, or RARA; Group 3: lower expression of any one of NRG2, ERBB2, or RARA; and Group 4: NRG2-H/ERBB2-H/RARA-H. The IC50 to Lapatinib of Group 4 was the lowest (P = 0.001). Group 3 is better than that in Group 2 for sensitivity to Lapatinib (Figure 4D).

TABLE 2. The association of Lapatinib sensitivity, mRNA expression and gene amplification of ERBB2, RARA, and NRG2.
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ERBB2+ GC Strongly Associates With CIN Subtype of TCGA and Intestinal-Type of Lauren Classification

The clinical details and histology of TCGA cohort were recorded in cBioPortal database9, which provided opportunity to analyze correlation between genomic information and clinicopathological characteristics. For 59 cases of ERBB2+ GC, the pathology reports and slide images of 46 cases were uploaded in database (Figure 5A). Fifty-three cases out of 59 ERBB2+ GC (89.83%) belong to chromosome instability (CIN) molecular subtype, and the others include three Epstein-Bar Virus-related (EBV) subtype, two genome stable (GS) subtype, and one microsatellite instability (MSI) subtype (Figure 5B). Based on their pathological reports of ERBB2+ GC, all of those are intestinal-type GC in traditional Lauren classification, such as tubular adenocarcinoma, papillary adenocarcinoma, and a few mucinous adenocarcinomas.
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FIGURE 5. The relationship of molecular classification and clinicopathological types of ERBB2+ GC. (A) The flowchart of extracting clinicopathological information of TCGA cohort. (B) The molecular classification features of ERBB2+ GC and corresponding clinicopathological types to Lauren classification in TCGA cohort. The predominant molecular classification is CIN subtype, which overlaps with intestinal-type GC of Lauren classification.



Validating Study of Lapatinib and ATRA Drugs on Different GC Cell Lines

Based on data analysis of multiple GC cell lines (Table 2), cell line NCI-N87 (ERBB2-H/RARA-H) and MKN-45 (ERBB2-L/RARA-L) were selected for further validating experiments. The IC50s of Lapatinib (targeted to ERBB2) and ATRA (targeted to RARA) were assayed by CCK8 method on NCI-N87 and MKN-45 cell lines. As showed in Figure 6A, cell line NCI-N87 was more sensitive than cell line MKN-45 to drug Lapatinib (IC50 0.88μM vs. 15.38 μM, P < 0.001), while there was no significant difference of IC50s of ATRA in both GC cell lines (71.26μM vs. 67.70 μM, P = 0.281). By further CI analysis, synergistic effect of ATRA (25 μM) and Lapatinib (between 0.005 and 0.5 μM) was observed on NCI-N87 cell line, but not in MKN-45 cell line (Table 3).To verify the effect on Myc signaling pathway, the cytoplasmic protein and nuclear protein were extracted separately, and examined expressing levels after incubating Lapatinib, ATRA or both. As results, after 2 h incubation of Lapatinib (0.05 μM), ATRA (25 μM), or both on NCI-N87 and MKN-45 cells, obvious down-regulation of MYC protein levels of cytoplasm and nucleus was found in Lapatinib treated NCI-N87 cells, but bot ATRA did. Importantly, incubation of Lapatinib and ATRA simultaneously further reduced nuclear protein level of MYC in NCI-N87 cells (Figure 6B, right). The similar effects were also observed on NCI-N87 cells after 48 h incubation by Lapatinib and ATRA, or both (Figure 6C, right). However, these effects were not observed in MKN-45 cells (Figures 6B,C, left).
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FIGURE 6. The validating study on NCI-N87 and MKN-45 GC cell lines based on drug Lapatinib and ATRA treatment. (A) Analyzing IC50 of Lapatinib and ATRA on MKN-45 and NCI-N87 cell lines. NCI-N87 is a cell line with ERBB2 and RARA amplification, while MKN-45 is a cell line without ERBB2 and RARA amplification. (B) Examination of MYC protein levels on cytoplasm and nucleus after incubation by Lapatinib (0.05 μM) or ATRA (50 μM) or both drugs for 2 h. (C) Examination of MYC protein levels on cytoplasm and nucleus after incubation by Lapatinib (0.05 μM) or ATRA (50 μM) or both drugs for 48 h. “C” represents cytoplasmic protein. “N” represents nuclear proteins. ∗P < 0.05; ∗∗∗P < 0.001.



TABLE 3. Analysis of combination index for Lapatinib and ATRA (25 μM).
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DISCUSSION

ERBB2 plays a critical role in carcinogenesis and cancer progression and has become a targeted therapeutic molecule in breast cancer and GC. Exploring ERBB2 related pathways and mechanisms of resistance will help oncologist to overcome drug resistance and enhance therapeutic effect of ERBB2-targeted therapy (Shi et al., 2016). Clinically, not all ERBB2+ GC respond well to ERBB2-targeted treatment due to innate resistance or acquired resistance (Kim et al., 2014; Piro et al., 2016). Therefore, exploring resistant mechanism of ERBB2+ GC is desirable. Han et al found that SRC inhibitor combined with trastuzumab can synergistically inhibit proliferation of ERBB2+ GC in vitro (Han et al., 2014).

Two decades passed since trastuzumab was used for treatment of ERBB2+ breast cancer (Goldenberg, 1999; Shak, 1999; Sakamoto and Mitsuyama, 2000). Some ERBB family inhibitors, such as Lapatinib and Afatinib are also developed for treatment of ERBB2+ breast cancer or GC (Geuna et al., 2012; Huang and Rizzo, 2012; Lin et al., 2012; Schuler et al., 2012; Hecht et al., 2016). Large amount of clinical information as well as their corresponding genomic changes has been submitted to open databases. Cross-database analysis is a challenging work, but it helps researchers to get an overview of interested problems. In this study, we performed a cross-database data mining for factors involved in sensitivity or resistance to ERBB2-targeted therapy in ERBB2+ GC. We found that both ERBB2 and RARA are involved in Myc signaling pathway. Myc is the important hub gene of both ERBB2 and RARA. By data mining, a total of 47 genes were outlined as potential targets of treatment for ERBB2+ GC. We noticed that RARA, THRA, CACNB1, and TOP2A are targets of FDA-approved drugs. For instance, CACNB1 is a calcium channel protein and the inhibitor amlodipine is one of the most popular medications for treatment of high blood pressure (Gregg et al., 1993; Nussberger et al., 2008). TOP2A is the target of etoposide, which has been used in cancer treatment (Slater et al., 2001; Bartlett et al., 2015). RARA, which participates in regulation of cell development, differentiation, apoptosis and granulopoiesis. ATRA is a RARA agonist, which revealed clinical efficacy in leukemia treatment (Degos and Wang, 2001). THRA is thyroid hormone receptor alpha, whose ligand tiratricol was used in treatment of hypothyroidism (Yazdanparast et al., 2006; Tylki-Szymanska et al., 2015). GSEA is a powerful tool to find biological pathways for associated genes. By GSEA method, all amplified genes ERBB2, RARA, THRA, CACNB1, and TOP2A are identified to be related to Myc signaling pathway. Myc plays important roles in carcinogenesis and cancer progression (Sun et al., 2011; Stine et al., 2015). In gastric carcinogenesis, pathogen infection of H. pylori and EBV could activate Myc pathway (Calcagno et al., 2008). Our cross-database analysis suggests that inhibitor of TOP2A and agonist of RARA, THRA, or CACNB1 may have synergistic efficacy in ERBB2-targeted therapy for ERBB2+ GC. Li and coworkers found that ERBB2 activated downstream Myc and promoted cells proliferation by phosphorylating AKT1 and Erk1/2 in cervical cancer (Li et al., 2018). RARA could interact with Myc and regulate RARA-dependent genes expression in leukemia cells (Uribesalgo et al., 2012).

In this study, three potential ligands (SH3BGRL3, SH3BGRL, and NGR2) of ERBB2 have been proposed. The latter has been reported as a ligand for ERBB3/ERBB4 (Chang et al., 1997; Schulze et al., 2005; Chiang et al., 2015). Slattery and coworkers found that NRG2 as a growth factor was involved in progression of breast cancer (Slattery et al., 2013). Sun and colleagues found that both NRG1 and NRG2 functioned as ligands of ERBB family and involved in progression of non-small cell lung cancer (Sun et al., 2009). Hitherto, the relationship of NRG2 and ERBB2 in GC is not clear yet. Our analysis disclosed that overexpression of NRG2 is significantly associated with poor prognosis of ERBB2+ GC. Some reports suggested that NRG2 can promote phosphorylation of ERBB2, ERBB3, and ERBB4 directly or indirectly (Sliwkowski et al., 1994; Chang et al., 1997; Mill et al., 2011). Therefore, NRG2 as a potential ligand of ERBB2 is worth further explored. Regarding to SH3BGRL3 and SH3BGRL, there is no any report on the relationship of these genes with ERBB2. In the present study, the simultaneous overexpression of ERBB2, NRG2, and RARA were correlated with increased sensitivity to Lapatinib. We speculate that ERBB2, NRG2, and RARA might act together as a functional network.

It has been reported that there are some histopathological features of ERBB2+ GC (Park et al., 2016). ERBB2 positivity is more often observed in intestinal-type GC (He et al., 2013; Irkkan et al., 2017). Up-to-date, there is no correlation analysis on both levels of genomics and clinical histology for ERBB2+ GC. TCGA database provides a good resource for comparative analysis on both levels because it stores perfect genomics and histological information for GC samples. In 59 cases of ERBB2+ GC, 46 cases were accompanied by whole slide tissue images. ERBB2+ GC revealed characteristic histopathology. All 46 cases were classified into intestinal-type GC using Lauren classification, mainly including tubular adenocarcinoma, papillary adenocarcinoma, and a few mucinous adenocarcinomas. The majority (near 90%) of ERBB2+ GC was classified into CIN subtype on genomic level using TCGA molecular classification (Bass et al., 2014). These findings provide an important clue for clinical selection of ERBB2-targeted therapy.

In our validating study, we confirmed that GC cell line with amplified ERBB2 and RARA (NCI-N87) was sensitive to Lapatinib relative to GC cell without amplified ERBB2 and RARA (MKN-45). The sensitivity to ATRA on both cell lines did not show significant difference, which may attribute to some alternative pathways for ATRA-mediated apoptosis (Patrad et al., 2018). We found that Lapatinib and ATRA could synergistically inhibit cell growth in NCI-N87 cell, but not in MKN-45 cell. These biological effects were involved in interfering Myc signaling pathway. The similar effect was reported for breast cancer (Paroni et al., 2012).

In summary, by cross-database analysis, GC with increased expression of ERBB2, RARA, and NRG2 simultaneously should be taken as sensitive category to Lapatinib therapy. The current study proposed that NRG2-ERBB2-MYC is cross-interfaced with RARA-MYC pathway. Intervention of both routes will regulate hub gene Myc, and then inhibit cell growth for ERBB2+ GC (Figure 7). Moreover, combination of RARA agonist ATRA with ERBB2-targeted drug disclosed synergistic anticancer effect for ERBB2+ GC in vitro.
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FIGURE 7. The crucial molecules and regulatory pathways of ERBB2+ GC. The main regulatory pathway is NRG2-ERBB2-MYC, which is cross-interfaced with RARA-MYC pathway. For ERBB2+ GC, beyond ERBB2 itself, RARA and NRG2 are potential drug sensitive biomarkers too for predicting response to ERBB2-targeted therapy. Combination of NRG2 antagonist or RARA agonist with ERBB2-targeted drug may be effective regimens for ERBB2+ GC.
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Background: Preoperative hematological markers that indicate nutritional, coagulation, and inflammation statuses have prognostic value for gliomas. This study aimed to investigate hematological markers with regard to tumor grades, isocitrate dehydrogenase mutations (IDH), age, and sex in patients with gliomas.

Methods: From 2008 to 2017, patients with a pathological diagnosis of glioma who underwent surgery were retrospectively enrolled in this study. Information from clinical records, including age, sex, preoperative experiment tests (routine blood tests, biochemistry, and coagulation examinations), pathological results, and IDH status, was collected. A univariable survival analysis was performed. Hematological factors such as the neutrophil-to-lymphocyte ratio (NLR), platelet-to-lymphocyte-ratio (PLR), and albumin-to-globulin (AGR) were calculated. The prognostic nutrition index (PNI) was calculated as 10 × serum albumin value (g/dl) + 0.005 × peripheral lymphocyte count (per mm3).

Results: Our study included 706 patients. The univariate analysis showed that age, IDH-1, and hematological factors were all significantly associated with overall survival (OS) in patients with gliomas. Our results showed that inflammation markers (NLR, PLR, and fibrinogen) were positively associated with age, whereas AGR was negatively associated with age. The PLR was significantly increased, whereas the AGR and PNI were decreased in women with gliomas, as compared with men. We found that inflammation markers increased and nutrition markers decreased with gliomas grade. However, these hematological markers did not significantly differ with IDH status. NLR was the best single hematological marker for distinguishing glioblastoma (GBM) [0.684 (0.645–0.723)], IDH-wt GBM [0.672 (0.631–0.71)] from other gliomas subtypes. Combinations of age with PNI and age with AGR were the best predictors of GBM [0.750 (0.713–0.786)] and IDH-wt GBM [0.759 (0.719–0.798)], respectively.

Conclusion: Preoperative hematological marker levels vary among glioma grades and have high predictive values for GBM.

Keywords: glioma, prognostic biomarkers, grades, gender, IDH mutations


INTRODUCTION

Gliomas are the most common malignant primary tumors that originate from the central nervous systems (CNS) (Ostrom et al., 2017). According to the 2016 World Health Organization (WHO) criteria, gliomas are classified as grades I-IV, with different molecular subtypes and histopathologies (Louis et al., 2016). Glioma therapies greatly vary across the different grades and molecular subtypes (Tanase et al., 2015; Nabors et al., 2017). Designing individual therapies after identifying the glioma grade and molecular subtype is very helpful. However, the traditional way to identify the glioma grade and molecular subtype is to acquire tumor tissue by surgery or biopsy, which causes significant trauma to the human body. The disadvantages of conventional invasive methods motivate us to develop a reliable method for predicting glioma grade and survival.

Recently, mounting evidence has suggested that preoperative hematological markers related to nutrition, coagulation, and inflammation are predictive and prognostic factors of cancers (Perisanidis et al., 2015; He J. et al., 2017; Hwang et al., 2017; Ye et al., 2018; Zhao et al., 2018). In gliomas, neutrophil-to-lymphocyte ratio (NLR) (Han et al., 2015; Lopes et al., 2018), platelet-to-lymphocyte ratio (PLR) (Han et al., 2015), fibrinogen, albumin-to-globulin ratio (AGR) (Xu W. Z. et al., 2017), and prognostic nutrition index (PNI) (He Z. Q. et al., 2017; Xu W. Z. et al., 2017) have been identified as prognostic markers. Moreover, the levels of these hematological markers vary among tumor grades, providing diagnostic value for gliomas (Schwartzbaum et al., 1999; Zadora et al., 2015; Zheng et al., 2017). However, existing studies that investigated their diagnostic values have not included all markers. Little is known about the relationship between age, sex, and the hematological factors for the prognoses of patients with gliomas.

The present study aimed to identify the tumor grade, subtype, and clinical outcome in gliomas using hematological markers. We compared the levels of these hematological markers, including NLR, PLR, fibrinogen, AGR, and PNI among patients with different glioma grades and molecular subtypes. We also performed a receiver operating characteristic curve (ROC) analysis to identify the optimal combinations for glioma diagnosis.



METHODS


Study Population

We retrospectively enrolled 706 patients with gliomas at the Sanbo Brain Hospital, from 2008 to 2017. All patients underwent surgical treatment and had a pathological diagnosis of glioma (Louis et al., 2007, 2016). Routine biochemistry and coagulation blood test results were obtained preoperatively. Patients with metabolic diseases, hematological diseases, autoimmune diseases, or current infections were excluded. Patients who were treated with glucocorticoids or anti-inflammatory drugs were also not included. IDH-1R132H mutations were determined by immunohistochemistry, as described in our previous report (Wang et al., 2017). Overall survival (OS) was calculated from the date of surgery to death or censored at the final follow-up, which was in December 2017. This study was approved by the ethics committee of the Sanbo Brain Hospital, Capital Medical University.



Calculations of Hematological Markers

We calculated the hematological markers as follows: NLR = neutrophil count/lymphocyte count; PLR = platelet count/lymphocyte count; AGR = albumin/globulin; and PNI = albumin [g/L] + total lymphocyte count × 5.



Statistical Analysis

SPSS 22.0, Graph Pad Prism 6, and X-tile 3.61 were used for data analysis, drawing figures, and identifying continuous variable cutoffs, respectively. The hematological marker levels were compared across tumor grades, IDH-1 subtypes, and sexes using the student's t-test. The correlation of hematological markers with age was analyzed with the spearman test. The area under the curve (AUC) was acquired using ROC analysis, to identify the diagnostic value of prognostic factors and their combinations. A univariate analysis was used for the survival analysis. Statistical significance was determined as p < 0.05.




RESULTS


Study Characteristics

The basic clinical characteristics of the 706 patients with gliomas are shown in Table 1. The median patient age was 45 (7–80) years, and 42.4% (299/706) of the patients were women. There were 238 (33.7%), 154 (21.8%), and 314 (44.5%) patients with grade II, III, and IV gliomas, respectively. The IDH-1 mutation rate was 44.1% (311/706). The mean neutrophil, platelet, lymphocyte, albumin, and fibrinogen values were 3.83 ± 1.38, 222.64 ± 58.90, 1.87 ± 0.62, 43.03 ± 3.96, and 2.44 ± 0.61, respectively. The mean NLR, PLR, AGR, and PNI were 2.39 ± 1.71, 133.26 ± 62.44, 1.87 ± 0.36, and 52.37 ± 5.27, respectively. The survival analysis showed that younger age; IDH-1 mutations; higher albumin, AGR, and PNI levels; and lower NLR, PLR, and fibrinogen levels were favorable prognostic factors of OS in all gliomas and glioblastomas (GBMs) (Table 2).



Table 1. Baseline characteristics.
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Table 2. Univariate analysis of prognostic factors.
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The Association of Hematological Markers With Age and Sex in All Gliomas and GBM

We found that nutrition-related markers, such as albumin, AGR, and PNI, were significantly negatively correlated with age in all gliomas (p < 0.001) and GBMs (p < 0.001). In contrast, a positive correlation was observed with age and NLR (p < 0.001), PLR (p = 0.023), and fibrinogens (p < 0.001) in all gliomas. Although fibrinogen (p < 0.001) positively correlated with age, a non-statistically significant association was found between age and NLR (p = 0.050) and PLR (p = 0.256) in GBMs. These results indicate generally poor nutrition and severe inflammation states in elderly patients with gliomas (Table 3).



Table 3. The association of hematological factors with age and gender in gliomas.
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Increased levels of albumin (43.31 ± 4.02 vs. 42.65 ± 3.86, p = 0.029), AGR (1.92 ± 0.35 vs. 1.79 ± 0.35, p = 0.000), and PNI (52.81 ± 5.19 vs. 51.76 ± 5.32, p = 0.009) were found in men, in contrast to women with gliomas. However, only one nutrition marker, AGR, was higher in men than in women with GBMs (1.82 ± 0.37 vs. 1.67 ± 0.35, p = 0.000). PLRs significantly decreased in men in both all glioma (143.56 ± 71.23 vs. 125.70 ± 53.95, p = 0.000) and GBM (158.25 ± 81.51 vs. 133.06 ± 55.77, p = 0.003; Table 3) cohorts.



Hematological Marker Levels Vary Among Glioma Grades and Molecular Subtypes

In our study, OS was negatively correlated with glioma grades (p < 0.001, Supplementary Figure 1A). Increased levels of NLR, PLR, and fibrinogen were noted in GBMs, compared with Grade II and III gliomas (Figure 1). The levels of albumin, AGR, and PNI significantly decreased in GBMs, in contrast to Grade III and II gliomas (Figure 1). Next, we classified gliomas based on IDH-1R132H status as follows: IDH-mut II-III, IDH-wt II-III, IDH-mut GBM, and IDH-wt GBM. OS significantly differed among the four groups (p < 0.001, Supplementary Figure 1B). Inflammatory markers such as NLR, PLR, and fibrinogen were elevated in IDH-wt GBM, compared with II-III gliomas with or without IDH mutation. However, the levels of nutrition markers varied among the four subtypes (Figure 2). The worst nutritional status was observed in IDH-wt GBM, followed by that of IDH-mut GBM (Figure 2).
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FIGURE 1. (A) The diversity of NLR in different glioma grades. (B) The diversity of PLR in different glioma grades. (C) The diversity of fibrinogen in different glioma grades. (D) The diversity of albumin in different glioma grades. (E) The diversity of AGR in different glioma grades. (F) The diversity of PNI in different glioma grades.
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FIGURE 2. (A) The diversity of NLR in different glioma grades and IDH-mutation status. (B) The diversity of PLR in different glioma grades and IDH-mutation status. (C) The diversity of fibrinogen in different glioma grades and IDH-mutation status. (D) The diversity of albumin in different glioma grades and IDH-mutation status. (E) The diversity of AGR in different glioma grades and IDH-mutation status. (F) The diversity of PNI in different glioma grades and IDH-mutation status.





The Diagnostic Value of Hematological Markers in Predicting Glioma Grade and Subtype

First, we used one marker to predict GBMs and IDH-1 wt subtype (Table 4). The ROC curve analysis showed that NLR had the highest diagnostic value for distinguishing GBM from grade II to III [0.684 (0.645–0.723), Figure 3A] and predicting the GBM IDH-1 wt molecular subtype [0.672 (0.631–0.71), Figure 3B]. Next, we investigated whether we could increase the diagnostic value by combining these hematological markers (Table 4). We found that the combination of age and PNI was best suited for predicting the diagnosis of GBMs [0.750 (0.713–0.786)] (Figure 3C). Furthermore, the combination of age and AGR had the highest AUC for distinguishing GBM IDH-1 wt from other subtypes [0.759 (0.719–0.798), Figure 3D].



Table 4. The diagnostic value of hematological markers in predicting glioma grade and subtype.
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FIGURE 3. (A) The diagnostic value of preoperative NLR in patients with GBM. (B) The diagnostic value of preoperative NLR in patients with grade IV-IDH wild type. (C) The diagnostic value of preoperative age + PNI combination in patients with GBM. (D) The diagnostic value of preoperative age + AGR combination in patients with grade IV-IDH wild type.






DISCUSSION

Our study shows that the prognostic value of hematological markers and their levels vary among glioma grades and molecular subtypes. Moreover, patient age, sex, and hematological markers were strongly associated. These results indicate different inflammation and nutritional states, with regard to patient age, sex, tumor grade, and genetic alternations. Furthermore, we combined these prognostic factors to predict glioma classification.

This study shows that NLR, PLR, and fibrinogens were positively correlated with glioma grade, whereas PNI and AGR were negatively correlated with glioma grade. In addition, previous studies observed higher NLRs (Zadora et al., 2015) and lower PNIs in higher grade gliomas (He Z. Q. et al., 2017). These results indicate that patients with higher grade gliomas have more severe inflammation and poorer nutritional statuses. NLR and PLR hematological markers were not associated with IDH mutations in this study, which is consistent with our previous report (Wang et al., 2017). However, immune responses in the tumor microenvironment are more significantly regulated by IDH mutations in lower grade gliomas (Qian et al., 2018). This result might be due to differences between systemic and local inflammation and immune regulation.

We found that inflammation markers were positively correlated with age in patients with gliomas or GBM. These results explain why older age is a negative prognostic factor in gliomas, as a result of inflammation status. Furthermore, we observed different hematological marker levels between women and men, and specifically, albumin was higher in men than in women. Consistent with data from other studies (Zhou et al., 2016), we observed that PNI was higher in men than women. We found that PLR was higher in women than in men, both in gliomas and GBMs, which was contrary to Xu et al.'s report (Xu W. et al., 2017). There were no survival differences with regard to sex, and this finding might be influenced by NLR and fibrinogens, which showed no differences with respect to sex.

We observed that NLR was the best single predictive marker for distinguishing GBM and IDH-wt GBM from other types of gliomas. Our results are consistent with the finding that NLR was able to predict the diagnosis of glioma from acoustic neuroma, meningioma, and non-lesional epilepsy (Zheng et al., 2017). Our study showed that the best combinations for predicting the diagnosis of GBM or IDH-wt GBM were age + PNI and age + AGR; however, NLR + LMR had the highest diagnostic accuracy. It should be noted that grade I gliomas were included in a previous study (Zheng et al., 2017), and more studies are needed to confirm and optimize the prognostic factor combinations.

The mechanisms underlying the associations between hematological markers and glioma grades were not very clear. The tumor-infiltrating neutrophil count was positively correlated with glioma grade, by promoting the progression of glioma (Fossati et al., 1999; Liang et al., 2014). Moreover, Fossati et al. observed that circulating neutrophils were positively associated with glioma grade, which was influenced by glioma-derived factors that may impact neutrophil circulation and infiltration (Fossati et al., 1999). Neutrophil-induced immunosuppression and angiogenesis in gliomas have also been found to promote glioma progression (Massara et al., 2017). The circulating fibrinogen could activate neutrophils via integrin αMβ2 (Steinbrecher et al., 2010; Massara et al., 2017). Natural killer cell function has also been found to be negatively affected by fibrinogen, which suppresses anti-tumor immunity (Degen and Palumbo, 2012). Albumin, AGR, and PNI are all associated with nutritional status in patients with cancer. Albumin also reflects the systemic inflammation status, as it is downregulated by tumor necrosis factor alpha (TNFα) and interleukin 6 (IL-6) (Chojkier, 2005). Furthermore, TNFα and IL-6 could negatively affect the function of immune cells in GBMs (Kozlowska et al., 2016).

This study has several limitations. First, as our study had a retrospective design, some unavoidable biases may exist. Second, we did not continuously monitor various prognostic factors. Furthermore, we only investigated the changes of blood indices and did not study the differences of tumor immune microenvironments. Therefore, prospective multicenter studies, continuous perioperative monitoring, and further molecular biology experiments are needed. Furthermore, previous reports indicated that hematological markers could effectively distinguish gliomas from non-lesional epilepsy, acoustic neuroma, and meningioma (Zheng et al., 2017). However, the present study focused on the correlation between hematological markers and tumor grade, molecular subtype, and clinical outcomes in glioma. Therefore, we did not investigate the hematological markers in other neuropathological states.

In conclusion, our study proves that there are different prognostic factors among glioma grades and molecular subtypes, and NLR was the best single marker to distinguish GBM and IDH-wt GBM. The combinations of age with PNI and age with AGR could best diagnose IDH-wt GBM. These prognostic factors correlate with age and sex in patients with gliomas.
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Supplementary Figure 1. (A) Kaplan-Meier survival curves of glioma patients in grade II (n = 238), III (n = 154), IV (n = 314), have significant value (p < 0.001). (B) Kaplan-Meier survival curves of glioma patients in IDH-1R132H-mutant II-III (n = 236), IDH-1R132H-wild type II-III (n = 156), IDH-1R132H-mutant IV (n = 75), IDH-1R132H-wild type (n = 239) have significant value (p < 0.001).
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The BRAFV600E mutation is associated with melanoma development and its detection in circulating-free DNA cannot be observed in all melanoma patients harboring this mutation in tumor specimens. Beside the circulating-free DNA BRAFV600E mutation, other markers of therapeutic response should be identified. Matrix metalloproteinase-9 (MMP-9) could be one of them as its role as indicator of invasiveness in melanoma have been explored. In this study, MMP-9 was evaluated in melanoma cells after treatment with dabrafenib. In vitro data were validated in 26 melanoma patients, of which 14 treated with BRAF inhibitor alone and 12 treated with both BRAF and MEK inhibitors, by ELISA assay and droplet digital PCR for measuring MMP-9 serum levels and circulating-free DNA BRAFV600E mutation, respectively. Statistical analyses were performed to evaluate the prognostic significance of MMP-9, progression-free survival (PFS) and overall survival (OS) according to the BRAFV600E mutation and MMP-9 levels. The performed analyses showed that MMP-9 and pEKR1-2 were statistically down-regulated in melanoma cells after treatment with dabrafenib. Circulating-free DNA BRAFV600E mutation was detected in 11 out of 26 melanoma patients showing higher levels of MMP-9 compared to those with undetectable BRAFV600E mutation. Furthermore, higher levels of MMP-9 and circulating-free DNA BRAFV600E mutation were associated with lower PFS and OS. Finally, the monitoring of therapy showed that MMP-9 significantly decreased at T1 and T2, but not at T-last, for the patients with detectable circulating-free DNA BRAFV600E mutation. In conclusion, high levels of MMP-9 and circulating-free DNA BRAFV600E mutation are associated with poor PFS and OS. MMP-9 may represent a promising indicator of response to BRAF inhibitors in combination with the detection of BRAFV600E mutation.
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INTRODUCTION

In the last decade, the treatment of melanoma has been revolutionized by the introduction in the therapy of several pharmacological molecules. In particular, with the recent introduction of the immune checkpoint inhibitors and the new selective tyrosine kinase inhibitors, including BRAF and MEK inhibitors, there has been a significant improvement in the progression-free survival (PFS) and overall survival (OS) of patients with melanoma (Spagnolo et al., 2016; Ugurel et al., 2017). Despite these promising results, a part of patients develops pharmacological resistance significantly reducing the effectiveness to these treatments (Sandri et al., 2016; Kalal et al., 2017). Several studies showed a very high mortality rate for cutaneous melanoma ranging from 2.17 to 2.7 per 100,000 persons (McCourt et al., 2014; Tejera-Vaquerizo et al., 2016; Brunssen et al., 2017). This high mortality rate is mainly linked to the aggressiveness of cutaneous melanomas (Mathieu et al., 2012), to the development of drug resistance (Lim et al., 2017) and to their high invasive and metastatic powers (Aladowicz et al., 2013).

It was demonstrated that CM invasiveness is mainly due to the over-expression of several proteases, including matrix metalloproteinases (MMPs) (Hofmann et al., 2000; Saladi et al., 2010; Sandri et al., 2016). In particular, a fundamental role is played by Matrix Metalloproteinase 9 (MMP-9) that promoted melanoma invasiveness and spreading via the degradation of several components of the extracellular matrix (Lu et al., 2011; Tang et al., 2013; Shi et al., 2014; Guarneri et al., 2017). Of note, the MMP-9 expression is regulated by several molecular pathways (Gordon et al., 2009; Wu et al., 2015) and its over-expression is associated to epigenetic events (Falzone et al., 2016b) and to the aberrant activation of the Ras-Raf-MEK-ERK, MAPK and PI3K/PTEN/AKT/mTOR signaling pathways (Dange et al., 2015; Shi et al., 2015). In addition, the MMP-9 expression is also regulated by several miRNAs (Falzone et al., 2016a; Yang et al., 2017).

Several point mutations affect key genes involved in the regulation of these pathways altering the cellular homeostasis resulting in cell proliferation, apoptosis prevention and tumor invasion (Zhang et al., 2016; Liu et al., 2017). Among these point mutations, BRAFV600E represents the most frequent alteration observed in melanoma (Forbes et al., 2017) and many scientific evidences suggest that BRAFV600E mutation is associated with the over-expression of MMP-9 in several tumor types, including melanoma (Mesa et al., 2006; Frasca et al., 2008; Guarneri et al., 2017). Other mutations may occur in NRAS, TERT, PTEN and, less frequently, PIK3CA (Zhang et al., 2016).

The identification of these mutated genes allowed to develop new therapeutic approaches using selective inhibitors for such altered proteins. Promising results were achieved by the treatment with BRAF inhibitors alone or in combination with MEK inhibitors (Chen et al., 2017; Russo et al., 2017). However, the identification of effective biomarker of therapeutic response is still lacking (Masucci et al., 2017; Branca et al., 2018; Ross et al., 2018; Veenstra et al., 2018).

It has been demonstrated that circulating-free DNA analysis allows to characterize the molecular features of tumors. The analysis of circulating-free DNA may be used to identify directly in serum or plasma BRAFV600E mutated clones and establish the efficacy of the treatments and the tumor aggressiveness (Schreuer et al., 2016; Herbreteau et al., 2017; Quéreux et al., 2017). However, the reduction of circulating-free DNA BRAFV600E mutated clones, followed by the treatment with BRAF inhibitors, was not directly associated with clinical efficacy (Ascierto et al., 2013; Schreuer et al., 2016). Therefore, there is a need to identify new markers that can be associated with the MAPK pathway modulation as consequence of BRAF inhibitors treatment. Among these, MMP-9 may be a right marker candidate easily detected in the peripheral blood samples from melanoma patients. Moreover, MMP-9 was demonstrated to be a marker of aggressiveness in several tumors, including melanoma (Falzone et al., 2016b; Zhang et al., 2016); while, its role as an indicator of therapeutic response was not fully investigated yet.

On these bases, in the present study functional experiments were performed using melanoma cell models to confirm the correlation between MMP-9 expression and MAPK pathway modulation during the treatment with BRAF inhibitors. Validation of in vitro data were assessed in peripheral blood samples from melanoma patients analyzing MMP-9 levels according to the presence of circulating-free DNA BRAFV600E mutation.



MATERIALS AND METHODS

Cell Lines and Treatment

The A375 and A2058 melanoma cell lines were purchased from ATCC (Rockville, MD, United States). Both cell lines were cultured in RPMI-1640 medium supplemented with L-glutamine (2 mmol/L), penicillin (100 IU), streptomycin (100 μg/ml) and 10% fetal bovine serum (FBS) (all provided from GIBCO TM) and grown in humidified incubator (5% CO2) at 37°C. The cell lines were seeded in 60 mm cell-culture dishes (Thermo Fisher Scientific Inc., Waltham, MA, United States) at a density of 300,000 cells/well and 400,000 cells/well for A375 and A2058, respectively.

A375 cells were treated with dabrafenib (dissolved in DMSO) (cat. n. S2807 - Selleckchem, United States) at the concentration of 2, 1, 0.5, 0.25, 0.125 nM, whereas A2058 cells were treated with 32, 16, 8, 4, 2 nM of dabrafenib. DMSO was used as control. Both cell lines were treated for 12, 24, and 48 h.

Dabrafenib resistant A375 cells were obtained by culturing the cells with growing concentration of dabrafenib (up to 70 nM) for 2 months. Parental A375 and resistant A375 cells both untreated and treated with 70 nM dabrafenib were seeded in triplicate in 60 mm cell-culture dishes for 48 h.

For each cellular condition, conditioned supernatants were collected and cleaned up from debris by centrifugation. Adherent cells were collected by scraper after washing once in cold 1X DPBS GIBCO TM (cat. n. 14190250 - Thermo Fisher Scientific Inc., Waltham, MA, United States). Cell pellets were collected by centrifugation and stored at -80°C. All experiments were conducted in triplicate.

ELISA

ELISA test was performed to detect MMP-9 levels in A375 and A2058 culture supernatants using MMP-9 Human ELISA Kit (cat. n. BMS2016-2 - Invitrogen Corporation, Carlsbad, CA, United States) according to the manufacturer’s instructions. Whereas, Human MMP-9 Quantikine ELISA KIT (cat. n. DMP900 - R&D Systems, Minneapolis, MN, United States) was used to detect serum levels of MMP-9 in melanoma patients enrolled in this study. Optical density (OD) was measured by Tecan ELISA plate reader (Tecan, Männedorf, Switzerland). Linear regression analysis was performed to generate standard curve from average absorbance of standards. MMP-9 concentrations were calculated fitting the average of duplicate ODs of each sample with standard curve.

Real-Time PCR Quantification of MMP-9 Transcript Levels

Total RNA was extracted from cellular pellet by using the PureLink RNA mini RNA extraction kit (cat. n. 12183025 - Ambion/Life Technologies, Carlsbad, CA, United States) according to the manufacturer’s instructions. For each sample, 1 μg of total RNA was reverse transcribed using SuperScript III Reverse Transcriptase kit (cat. n. 18080044 - Thermo Fisher Scientific Inc., Waltham, MA, United States). First-strand cDNA was used for quantitative PCR (qPCR) reactions performed using the AB 7300 Real-Time PCR system (Applied Biosystems, Foster City, CA, United States). Amplification was performed using Fast SYBR Green Master Mix (cat. n. 4385617 – Applied Biosystems, Foster City, CA, United States) according to the conditions reported below:

Initial denaturation at 95°C for 10 min, followed by 40 cycles at 95°C for 15 s and 60°C for 1 min. Relative expression of MMP-9 transcript was performed using the 2-ΔΔCt method. For the detection of MMP-9 transcript the following primers were used:

Forward 5′-GAACCAATCTCACCGACAGG-3′; Reverse 5′-CCACAACTCGTCATCGTCG-3′. The phosphoglycerate kinase 1 (PGK1) housekeeping gene was used as an internal control for result normalization.

PGK1 primer sequences were: Forward 5′-TTAAAGGGAAGCGGGTCGTT-3′; Reverse 5′-CAGGCATGGGCACACCAT-3′.

Western Blot

Cellular pellets were lysed in NP-40 cell lysis buffer (cat. n. FNN0021 - Thermo Fisher Scientific Inc., Waltham, MA, United States) supplemented with protease and phosphatase inhibitor cocktails (Sigma, St. Louis, MO, United States). Quick StartTM Bradford 1X Dye Reagent assay (cat. n. 5000205 - Bio-Rad Laboratories, Inc., Hercules, CA, United States) was used to quantify protein amount. For each sample, 30 μg of proteins were electrophoretically separated using 4–15% Mini Protean TGX Precast Gels (cat. n. 4561083 - Bio-Rad Laboratories, Inc., Hercules, CA, United States). Bio-Rad Trans-Blot Turbo was used to transfer the gel proteins into a PVDF/nitrocellulose membrane (Bio-Rad Laboratories, Inc.). Primary antibody Anti-MAP Kinase ERK1/ERK2 (pThr202/pThr204) rabbit Ab (diluted 1:1000 - cat. n. 442685) and Anti-MAP Kinase ERK1/ERK2 rabbit Ab (diluted 1:1000 - cat. n. 442704) (Merck Millipore, Darmstadt, Germany) were used to detect phosphorylated and total ERK 1/2 proteins.

Tubulin housekeeping protein was detected by using Anti-beta Tubulin rabbit Ab (diluted 1:1000 – cat. n. 15568- Abcam, Cambridge, United Kingdom). Chemiluminescent detection was performed using Clarity Western ECL Substrate (cat. n. 1705060 - Bio-Rad Laboratories, Inc., Hercules, CA, United States). Western blot images were collected by Bio-Rad ChemiDoc Touch Imaging System and analyzed with ImageJ software (National Institutes of Health, Bethesda, MD, United States). All Western blot experiments were performed in triplicate.

Melanoma Patients

In this study 28 melanoma patients treated with BRAF inhibitors (53.5%) alone or in combination with MEK inhibitors (46.5%) were included. Informed consent forms were signed by each participant, and appropriate ethical committee approval was obtained. For each patient socio-demographics, clinical-pathological and therapeutics data were reported in Table 1. Peripheral blood samples were collected from patients prior each cycle of chemotherapy. Serum and plasma were obtained by centrifugation at 2,000 g for 10 min and immediately frozen (-80°C) until further analysis. All patients were enrolled at National Cancer Institute “Fondazione Giovanni Pascale,” Naples (Italy) and accepted the informed consent, according to the recommendations of the Board of Ethics of the study hospitals.

TABLE 1. Distribution of 28 patients with melanoma according to socio-demographic and clinical characteristics.

[image: image]

Circulating-Free DNA Isolation

Circulating-free DNA isolation was obtained from serum of melanoma samples enrolled in the present study according to manual protocols adapted from Hufnagl C and colleagues (Hufnagl et al., 2013). Briefly, 1 mL of serum, 100 μL of solution composed by EDTA (250 mmol/L) and NaCl (750 mmol/L), 100 μL of 100 g/L sodium dodecyl sulfate and 40 μL of proteinase K (stock solution 20 mg/mL) were added. After 2 h incubation at 56°C, the proteins were precipitated with 200 μL of saturated 6M NaCl solution (final concentration of 0.86 mol/L). The circulating-free DNA was extracted from supernatant by phenol-chloroform mixture at room-temperature (RT). After 5 min of incubation at RT, mixture was centrifuged for 15 min at 14,000 g. The upper phase was transferred in a new tube and mixed to an equal volume of absolute ethanol and then incubated over night at -20°C. The DNA was centrifuged for 15 min at 14,000 g. The precipitated pellet was first washed with 70% ethanol and finally dissolved in 20 μL of DNAse and RNAse free water. For two of 28 samples the extracted circulating-free DNA was found to be excessively degraded and therefore the circulating-free DNA BRAFV600E mutation detection was not performed.

Circulating-Free DNA BRAFV600E Mutation Detection

The BRAFV600E mutation was detected in circulating-free DNA using Bio-Rad droplet PCR analysis system (Bio-Rad Laboratories, Inc., Hercules, CA, United States), according to the manufacturer’s protocol. Briefly, a 22 μl of reaction mixture was prepared by mixing 11 μL ddPCR Supermix for probes (no dUTP – cat. n. 1863010), 1 μl of Bio-Rad BRAF-V600E FAM/HEX mixture (cat. n. dHsaMDV2010027), 5 μl of circulating-free DNA sample and 5 μl of PCR water. Twenty microliters of PCR reaction was loaded on the cartridge contending 70 μl of Droplet Generation Oil (cat. n. 1863005 - Bio-Rad Laboratories, Inc., Hercules, CA, United States) in appropriate wells, and then Droplet Generator QX100 was used to generate the nano-sized droplets. Droplet mixture was transferred in PCR plate and amplified by C 1000 Touch Thermal Cycler (Bio-Rad Laboratories, Inc., Hercules, CA, United States) under the following cycling conditions: 10 min at 95°C, 40 cycles of 94°C for 30 s, 55°C for 1 min, followed by 98°C for 10 min (ramp rate 2°C/s).

Fluorescent signals were detected using QX200 Droplet Reader (Bio-Rad Laboratories, Inc., Hercules, CA, United States) and analyzed using QuantaSoft software, version 1.7.4 (QuantaSoft, Prague, Czechia). Samples were considered positive when three or more FAM/HEX-positive droplets were detected. Absolute quantification (copies/mL) were determined using the QuantaSoft software.

Statistical Analysis

MMP-9 mRNA expression, MMP-9 supernatant level and pERK/ERK ratio in treated melanoma cells and relative control were compared using two-tailed Student’s t-test. Fisher exact test was used to determine the association between clinical characteristics and cancer progression and vital status. Mann-Whitney test was used to compare the serum concentration of MMP-9 clustered melanoma patients according to clinical-pathological parameters.

Progression-free survival was calculated from the date of treatment initiation to progression, death, or end of follow-up, whichever occurred first. OS was calculated from the date of treatment initiation to patients’ death. Survival curves were estimated through Kaplan–Meier method; log-rank non-parametric test was used to compare the survival distributions of melanoma patients according to the detectability of circulating-free DNA BRAFV600E mutation and the MMP-9 serum concentration. Statistically significant difference was considered when p ≤ 0.05 (two-tailed).



RESULTS

MMP-9 Expression Levels in Melanoma Cells Sensitive and Resistant to Dabrafenib

To test the hypothesis that MMP-9 expression is associated with MAPK pathway modulation, induced by the treatment with BRAF inhibitors, A375 and A2058 melanoma cells harboring BRAFV600E mutation were used.

ELISA and Real-Time PCR analyses showed that MMP-9 was statistically down-regulated (p < 0.05) in A375 and A2058 melanoma cell lines after treatment with dabrafenib for 48 h (Figures 1A,B, 2A,B). No significant MMP-9 modulation was observed when the cell lines were treated for 12 and 24 h (data not shown). Similar trend was observed for pERK1-2 protein levels detected by Western Blot in both A375 and A2058 cell lines at 12, 24, and 48 h (p < 0.05) (Figures 1C,D, 2C,D).
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FIGURE 1. Dabrafenib treatment of A375 cell line. MMP-9 expressionlevels were evaluated by qPCR (A) and ELISA Assay (B) in A375 cell line treated with increasing doses of dabrafenib (0.125, 0.25, 0.5, 1, and 2 nM) for 48 h. pERK and total ERK protein levels were evaluated by Western blot analysis after treatment with dabrafenib for 12, 24, and 48 h (C,D). The statistical significance of the two-tailed Student’s t-test was referred to the control. ∗p < 0.05; ∗∗p < 0.01.
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FIGURE 2. Dabrafenib treatment of A2058 cell line. A2058 cell line was treated with different doses of dabrafenib (2, 4, 8, 16, and 32 nM) for 12, 24, and 48 h. Real-Time PCR (A) and ELISA assay (B) were performed to evaluate MMP-9 expression levels of A2058 after 48 h of treatment. pERK and total ERK protein levels in A2058 cells treated with dabrafenib at 12, 24, 48 h were evaluated by Western blot (C,D). The statistical significance of the two-tailed Student’s t-test was referred to the control. ∗p < 0.05; ∗∗p < 0.01.



To verify if MMP-9 may be involved in the mechanism of resistance to BRAF inhibitors, such as dabrafenib, resistant clones of A375 were used. Both higher mRNA and protein MMP-9 expression levels were observed in the A375 resistant clones compared to those detected in the parental cells. As expected, the increase of MMP-9 expression was independent to the treatment with dabrafenib (Figures 3A,B). To further investigate the effects of resistance to dabrafenib on MAPK pathway, pERK1-2 levels in resistant clones were measured. pERK1-2 levels were higher in resistant clones when compared with sensitive parental cells (p < 0.05) (Figures 3C,D).
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FIGURE 3. MMP-9 expression in A375 cell resistant to dabrafenib. MMP-9 expression levels were evaluated in, A375 parental clone, A375 dabrafenib resistant clones with and without addition of 70 nM of dabrafenib to RMPI-1640 medium (A,B). Western Blot analysis was performed to evaluate pERK levels in resistant clones e control cell line after 48 h (C,D). The statistical significance of the two-tailed Student’s t-test was referred to the control. ∗p < 0.05; ∗∗p < 0.01.



These in vitro data showed that BRAF inhibitor efficiently counteracts the MAPK signal pathway in A375 cells where the concomitant decrease of pERK and MMP-9 levels was observed in a dose-dependent manner. In contrast, activation of pERK was observed in resistant cell clones with concomitant MMP-9 overexpression. These encouraging data support the notion that MMP-9 may be considered a marker of response to dabrafenib in melanoma cells.

Circulating MMP-9 Expression Levels in Peripheral Blood From Melanoma Patients Treated With BRAF Inhibitors

MMP-9 serum levels were evaluate in melanoma samples according to socio-demographic, clinical and molecular features, including the presence of circulating-free DNA BRAFV600E mutation (Table 2). Such mutation was identified in 11 out of 26 melanoma patients (42%). Notably, MMP-9 higher levels were observed in patients with detectable circulating-free DNA BRAFV600E mutation compared to those with undetectable BRAFV600E mutation (p = 0.058). In agreement with these data, it appears speculating that higher levels of MMP-9 are associated with the spreading of tumor DNA in the bloodstream where BRAFV600E mutation is detectable (Table 2). Accordingly, the PFS and OS are higher in melanoma patients with undetectable circulating-free DNA BRAFV600E mutation compared with those harboring the detectable mutation (p = 0.004 and p = 0.007 respectively) (Table 3 and Figures 4A,C). These data indicate that the detectability of circulating-free DNA BRAFV600E mutation may be considered as a negative prognostic factor. Although no statistics significance has been reached due to the low number of patients, it was observed that highest MMP-9 levels were associated with a lower PFS and OS (Table 3 and Figures 4B,D). No statistical difference was observed for both PFS and OS in patients treated with monotherapy or combination therapy (Table 3).

TABLE 2. MMP-9 concentration at baseline in serum of 28 patients with melanoma according to socio-demographic, clinical characteristics and molecular features.
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TABLE 3. Median time to progression (TTP) and progression free survival (PFS) in 28 patients with melanoma according to BRAF and MMP-9.
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FIGURE 4. Melanoma patients PFS and OS. Kaplan–Meier estimate of PFS and OS in patients with detectable (dotted line) and undetectable (continuous line) BRAFV600E (PFS log-tank test: p = 0.004; OS log-tank test: p = 0.007) (A,C). PFS and OS evaluations in patients with MMP-9 serum concentration at baseline (continuous line: < 680 ng/mL; dotted line: ≥ 680 ng/mL; PFS log-tank test: p = 0.415; OS log-tank test: p = 0.219) (B,D).



In addition, the percentage of MMP-9 serum variations at different times during the treatment with BRAF inhibitors were analyzed in melanoma patients. Such variations were also evaluated according to the detectability of circulating-free DNA BRAFV600E mutation. No significant percentage variations of MMP-9 serum levels were observed in melanoma patients at different times during the treatment with BRAF inhibitors (data not shown). While, a significant percentage of MMP-9 decrement in samples with circulating-free DNA BRAFV600E mutation compared to those with undetectable one was observed at T1 and T2 (Figure 5). Such percentage of MMP-9 decrement was not observed at T-last where novel microenvironmental factors and/or genetic alteration may occur conferring a drug resistance phenotype to the tumor cells (Figure 5). These data indicate that the MMP-9 decrement is more evident during the first week of treatment, where the therapy is effective, in melanoma patients with detectable circulating-free DNA BRAFV600E mutation. However, at last follow-up MMP-9 decrement in those patients is not significant compared to patients with undetectable BRAFV600E mutation, suggesting that the treatment became ineffective.
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FIGURE 5. MMP-9 reduction in patients with BRAFV600E mutation at different time. Percentage variation of MMP-9 from baseline to first (T1) and second (T2) clinical examination after treatment initiation and to last follow-up (T-last) according to circulating BRAFV600E mutation.





DISCUSSION

In the last decade, the treatment with BRAF and MEK kinase inhibitors improved the prognosis of advanced melanoma. However, a significant fraction of these patients experiences progression disease. The identification of new biomolecular markers of progression disease and acquired resistance may lead to change therapeutic setting and, eventually, reduce overtreatment (Fattore et al., 2016, 2017; Leonardi et al., 2018).

Improvement of liquid biopsy through the recent advances in molecular technologies, such as the development of digital polymerase chain reaction (dPCR), led to identify tumor molecular features by analyzing the circulating-free DNA harboring pathogenetic mutations (Busser et al., 2017; Gorgannezhad et al., 2018). Several studies showed that detection of circulating-free DNA BRAFV600E mutations is predictive of the response to MAPKs inhibitors in melanoma treatment. In particular, high basal levels of circulating-free DNA BRAFV600E mutation are associated with poor response to therapy and PFS and OS (Ascierto et al., 2013; Sanmamed et al., 2015; Santiago-Walker et al., 2016; Lee et al., 2018). Furthermore, it has been demonstrated that increase of circulating-free DNA BRAF mutation during treatment is predictive of acquired resistance and therapeutic failure (Gray et al., 2015).

To the best of our knowledge, no previous studies have identified new markers that can be linked with the MAPK pathway modulation after treatment with BRAF inhibitors. However, MMP-9 has been associated with the aberrant activation of MAPK pathway in melanoma, suggesting its role as prognostic indicator (Guarneri et al., 2017). Therefore, in the present study, the modulation of MMP-9 in melanoma after treatment with B-RAF inhibitors was analyzed through different experimental approaches.

Our in vitro data showed that BRAF inhibitor efficiently counteracts the MAPK signal pathway in A375 cells where the concomitant decrease of pERK and MMP-9 levels was observed in a dose-dependent manner. Furthermore, to verify if MMP-9 may be involved in the mechanism of resistance to BRAF inhibitors A375 resistant cells were obtained and pERK protein levels showed opposite behavior compared to sensitive cells when treated with dabrafenib. In particular, an activation of pERK was observed in resistant cell clones with concomitant MMP-9 overexpression. These encouraging data support the notion that MMP-9 may be considered a marker of response to dabrafenib in melanoma cells.

After the in vitro evaluations, circulating-free DNA BRAFV600E mutation and MMP-9 serum levels were evaluated in melanoma patients. Unexpectedly, circulating-free DNA BRAFV600E mutation was detected in only the 42% (11 out of 26) of melanoma patients positive to BRAFV600E mutation after the histopathological diagnosis. Interestingly, ELISA assay showed that MMP-9 serum levels where higher in patients with detectable circulating-free DNA BRAFV600E mutation compared to those with undetectable BRAFV600E mutation suggesting that the increase of MMP-9 in the subset of patients with detectable circulating mutation are associated with the spreading of tumor and in the release of circulating-free DNA in the bloodstream. These evidences encourage the use of MMP-9 as a prognostic marker in the subsets of patients with detectable circulating mutation, where the concomitant evaluation of circulating-free DNA status and MMP-9 serum levels may give important information about the prognosis of patients.

Indeed, the PFS and OS analyses according to the circulating-free DNA BRAFV600E status and the MMP-9 expression levels showed a worse prognosis for melanoma patients with detectable circulating BRAFV600E mutation and high MMP-9 serum levels (>680 ng/mL) compared with those with undetectable mutation and lower levels of MMP-9.

Finally, the analysis of MMP-9 during the treatment showed that MMP-9 serum protein levels significantly decreased at T1 and T2, but not at the last follow-up, for the patients with detectable circulating-free DNA BRAFV600E mutation.

Overall, the results of the present study confirm that the occurrence of circulating-free DNA BRAFV600E mutation is a negative prognostic factor of cutaneous melanoma; furthermore, MMP-9 may be considered a prognostic indicator of response to BRAF inhibitors only in the subset of patients harboring the circulating-free DNA BRAFV600E mutation supporting the notion that MMP-9 is associated with the MAPK pathway. Further studies, including a larger series of melanoma patients, are needed to better clarify the impact of MMP-9 as a marker of response to treatment with BRAF inhibitors.
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This study explored the expression, biological function and prognostic role of SOX2 in triple negative breast cancer (TNBC). Quantitative real-time PCR and immunohistochemistry were used to detect the expression of SOX2 in TNBC cell lines and clinical tissues. MTT assay, Transwell assay, flow cytometry and xenograft mouse model were used to assess the biological functions of SOX2. It was found that SOX2 was up-regulated in both TNBC cell lines and clinical tissues. High expression of SOX2 was associated with shorter overall survival and disease free survival. Moreover, inhibition of SOX2 suppressed cell proliferation and invasion, induced cell apoptosis in vitro, and suppressed tumorigenesis and metastasis in vivo. In addition, analysis of TNM stage and lymph nodes infiltration among the 237 TNBC patients by paired χ2 test showed that SOX2 was inversely correlated with tumor status, our findings provided evidence that SOX2 acts as a tumor promoter in TNBC and inhibition of SOX2 could be a potential therapeutic strategy for TNBC.
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INTRODUCTION

Triple negative breast cancer (TNBC) is defined by the lack of estrogen receptor (ER), progesterone receptor (PR) as well as the gene expression of human epidermal growth factor receptor 2 (HER2) (Denkert et al., 2016). TNBC accounts for approximately 20% of all breast cancers and is an aggressive breast cancer subtype with poor prognosis (Liedtke et al., 2010). Currently, the main strategy of therapy for TNBC is chemotherapy. However, drug resistance and tumor metastasis occurs frequently (Zhang et al., 2016). Although trastuzumab is an effective targeted therapeutic drug for HER2+ breast cancer, there is no effective specific targeted agent approved for the treatment of TNBC (Yao et al., 2017). Therefore, new targeted strategies for TNBC are urgently needed.

Triple negative breast cancer is a heterogeneous disease characterized by aberrations at genomic or molecular levels resulting in a great multitude of dysregulated signaling pathways (Jiang et al., 2014; Hon et al., 2016). SRY-related HMG box-containing transcription factor-2 (SOX2) is one of these abnormal expressed genes in many cancers including breast cancer (Zheng et al., 2015). SOX2 is a key transcription factor and plays an extremely important role in maintaining pluripotency of stem cells. SOX2 is highly expressed in embryonic tissues while rarely expressed in adult normal somatic cells (Feng and Wen, 2015). As an important cancer stem cell marker, SOX2 is involved in cell proliferation, differentiation, invasion, metastasis, drug resistance, relapse, and others processes of tumors (Saigusa et al., 2009; Yang S. et al., 2015). Such as SOX2 can promote tumor tumorigenesis and development in tongue squamous cell carcinoma, osteosarcoma, or gastric cancer through various signaling pathways (Liu et al., 2018; Luo et al., 2018; Maurizi et al., 2018). Studies show that SOX2 is frequently abnormally expressed in a variety of malignant tumors. For example, SOX2 is not expressed in normal breast tissues but highly expressed in breast cancer tissues (Abd El-Maqsoud and Abd El-Rehim, 2014); SOX2 is highly expressed in normal gastric mucosa, but there is almost no expression of SOX2 in intestinal metaplasia of gastric mucosa (Carrasco-Garcia et al., 2016), suggesting that the expression of SOX2 is tumor specific.

A number of studies have shown that the expression of SOX2 is associated with the prognosis of metastatic or recurrence tumors. The DNA amplification and protein expression of SOX2 are associated with smoking status and histology, and is favorable for prognosis in NSCLC (Li et al., 2016). SOX2 expression is correlated with the expression of proliferation and apoptosis-related proteins and is associated with clinicopathological parameters of worse outcome in primary head and neck squamous cell carcinomas (Schröck et al., 2014). SOX2 can predict prognosis for head and neck squamous cell carcinoma (Chung et al., 2018), and its expression also can be associated with an advanced tumor stage in adenoid cystic carcinoma of the head and neck (Thierauf et al., 2018). SOX2 has also been proved to have anti-proliferative, anti-metastatic, and pro-apoptotic effects. SOX2 is associated with pathological stage and clinical outcome in gastric cancer. SOX2 is the independent prognostic marker for gastric cancer (Wang et al., 2015). The level of SOX2 expression is valuable to predict distant metastasis or the prognosis of nasopharyngeal carcinoma (Wang et al., 2012).

The prognostic value of SOX2 in TNBC is not well-documented. Therefore, it is important to explore the functions and roles of SOX2 in TNBC. Here, we explore the expression, functions and prognostic roles of SOX2 in TNBC and confirm the association of SOX2 in TNBC.



MATERIALS AND METHODS

Cell Lines and Culture

Human normal mammary epithelial cell lines (MCF-10A and 184A1) and breast cancer cell lines (MCF-7, BT474, T47D, MDA-MB-468, BT-20, MDA-MB-435, BT549, and MDA-MB-231) were obtained from the American Type Culture Collection (Manassas, VA, United States) and passaged in our laboratory for less than 6 months after thawing frozen aliquots. All the cell lines were authenticated by short-tandem repeat DNA profiling and all found to be free of mycoplasma infection before use. All cells were maintained according to the supplier’s instructions.

Clinical Samples

Fresh tissue samples from 20 TNBC tissues (TNBC) and their corresponding paired normal adjacent tissues (Normal), 20 non-triple-negative breast cancer tissues (NTNBC) and their adjacent normal mammal tissues (Control) were cut during surgery and immediately stored in RNAlater (Ambion). The age range of 20 TNBC patients is between 29 and 67, with an average age of (50.7 ± 7.61). The age range of 20 NTNBC patients is between 31 and 64 years, with an average age of (51.3 ± 8.22). There was no significant difference in the basic data between the two groups of patients. These tissue samples were subjected to quantitative real-time polymerase chain reaction (qRT-PCR) analysis. Another 237 TNBC tissues were collected during surgery to be formalin-fixed and embedded in paraffin and then subjected to immunohistochemistry (IHC). All clinical samples were collected between 2006 and 2012 at the Sun Yat-sen University Cancer Center (SYSUCC). The age range of 237 TNBC patients is between 27 and 63, with an average age of (50.93 ± 9.05). This study was approved by the Ethics Committee of SYSUCC Health Authority. The collection and use of tissues followed procedures that are in accordance with the ethical standards formulated in the Declaration of Helsinki. Informed consents were obtained from all patients included in the study.

qRT-PCR Analysis

The total RNA from all cell lines and tissues were extracted with TRIzol reagent (Invitrogen, Carlsbad, CA, United States). Reverse transcription and qRT-PCR reactions were performed with qSYBR-green-containing PCR kit (Qiagen, United States). The threshold cycle value (CT, the fractional cycle number at which the fluorescence of each sample passes the fixed threshold) of SOX2 was normalized against the CT value of internal control β-actin. The fold change was determined as 2-ΔΔCt. The primers for qRT-PCR detection were synthesized by Invitrogen. SOX2 forward, 5′-TAATTAGAATTCATGTA CAACATGATGGAGACG-3′, reverse, 5′-TAATTAGGTACCT CACATGTGTGAGAGGGGCAGTGTGC-3′. The detection was performed with Bio-Rad IQTM5 Multicolour Real-Time PCR Detection System (United States).

IHC Analysis and Scoring System

After deparaffinization and rehydration, the slides were treated with 90% methanol/3% H2O2 solution for 10 min at room temperature to block endogenous peroxidase. Then, the slides were soaked in sodium citrate buffer (10 mM Sodium citrate, 0.05% Tween 20, pH 6.0) under 96°C for 5 min for antigen retrieval. After blocking by BSA, antibody against SOX2 (Santa Cruz, CA, United States) was used. We added antibody to the slides for overnight storage at 4°C and then incubated the slides at room temperature with biotinylated secondary antibody for 10 min, and finally HRP-Streptavidin for 10 min. After DAB staining, the results were graded for intensity. The intensities of SOX2 staining were scored between 0 and 4 according to the standards of 0–1 (no staining), 1–2 (weak staining), 2–3 (medium staining), and 3–4 (strong staining). The percentages of SOX2 positive cells in 3 representative high-power fields of individual samples were analyzed. Scores of intensity multiplied by the percentages of positive cells equalled to the final scores of SOX2 expression. The maximum score was 4 and the minimum score was 0. Individual samples were evaluated by three pathologists in a blinded manner, and those expression scores greater or equal to 2 were defined as high expression, less than 2 was defined as low expression.

Establishment of Stably Transfected Cell Lines

Recombinant shRNA lentiviruses containing sh-SOX2 and sh-control were purchased from FulenGen (Guangzhou, Guangdong, China), Four shRNA sequences were respectively used to knock down SOX2 in MDA-MB-231 and BT549. The relative SOX2 mRNA expression after transfection was respectively showed in Supplementary Figure S2, S3. MDA-MB-231 and BT549 cells were respectively infected with sh-SOX2 or sh-control in 24-well plates with the medium changed every 24 h. Cells were selected with minimum lethal concentration of 5 mg/L puromycin (Invivogen, San Diego, CA, United States) for 10 days till drug-resistant cells were obtained. Then these stably transfected cells were used in the following in vivo or in vitro experiments.

Cell Proliferation Assay

MDA-MB-231 and BT549 cells respectively infected with sh-SOX2 or sh-control were plated in 6-well plates at a desired cell concentration. The number of cells was counted at 24, 48, 72, and 96 h after incubation by Coulter Counter (Beckman Coulter, Fullerton, CA, United States) in triplicate.

Cell Invasion Assay

MDA-MB-231 and BT549 cells infected with sh-SOX2 or sh-control were seeded in the upper chamber with Matrigel in the insert of a 24-well culture plate (BD Biosciences, Bedford, MA, United States) with serum-free medium. Then the lower chamber was added with DMEM medium with 15% fetal bovine serum as a chemoattractant. Then the invasive cells adhering to the lower membrane of the inserts were stained with Crystal Violet after 48 h of incubation. Al last the invasive cells were counted and imaged with OLYMPUS IX71 Inverted Microscope (Olympus, Japan, Image-Pro Plus7.0 imaging system).

Apoptosis Assay

5 × 105 of MDA-MB-231 and BT549 cells infected with sh-SOX2 or sh-control were collected and washed twice with ice-cold PBS. The cells were treated with Alexa Fluor®488 annexin V/Dead Cell Apoptosis Kit (Invitrogen, Carlsbad, CA, United States) for Flow Cytometry analysis according to manufacturer’s instructions. The negative control for the double staining was untreated cells. The apoptosis ability of MDA-MB-231 and BT-549 were immediately detected by a FACSCalibur instrument (Becton Dickinson, San Diego, CA, United States).

Mouse Xenograft Model

5 × 106 MDA-MB-231 cells infected with sh-SOX2 or sh-control were inoculated subcutaneously into the dorsal flanks of nude mice (6 mice in each group). The mice were sacrificed after 28 days, then necropsies were performed, and the tumors were weighed. Then IHC was used to detect the expression of SOX2 in tumor tissues of nude mice. In order to explore the effect of sh-SOX2 on tumor metastasis, 5 × 105 MDA-MB-231 cells infected with sh-SOX2 or sh-control were injected into the tail vein of nude mice (5 mice in each group). The mice were sacrificed 28 days later, and then necropsies were performed. The number of micrometastases in lung tissues per HE-stained section of every individual mice were analyzed by morphological observation with microscope. All procedures for handling animals were performed according with the institutional guidelines and all possible steps were taken to avoid animal suffering at all stages during the experiment.

Statistical Analysis

All statistical analyses were performed by SPSS16.0 software. t-Test and χ2 test were used to compare the data between groups. Kaplan–Meier method and Log-rank test were used to plot Overall survival (OS) and disease free survival (DFS) curves. Survival was counted from the day of surgery. The differences were considered statistically significant when p < 0.05.



RESULTS

SOX2 Was Overexpressed and Correlated With Poor Clinical Outcomes in TNBC

The expression of SOX2 in eight breast cancer cell lines (five TNBC cell lines, three NTNBC cell lines) and two mammary normal cell lines were detected by qRT-PCR. The results showed that SOX2 was strongly expressed in all 8 breast cancer cell lines, particularly in TNBC cell lines (Figure 1A and Supplementary Figure S1): The SOX2 expression levels for some of the TNBC, NTNBC or normal mammary cell lines. The expression of SOX2 in 20 TNBC tissues and their matched adjacent normal tissues (Normal), 20 NTNBC tissues and their matched adjacent normal tissues (Control) were also detected by qRT-PCR. The results showed that approximately 95% (19/20) of the tissues in TNBC group showed notable increase in SOX2 expression compared with the average expression in Normal group (p < 0.001, Figure 1B). However, there was no significant increase of SOX2 expression in NTNBC tissues compared with the Control group (p = 0.1237, Figure 1B). These data indicated that SOX2 was mainly overexpressed in TNBC.
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FIGURE 1. SOX2 overexpressed in TNBC cells and tissues, and correlated with poor clinical outcomes in TNBC. (A) Expression of SOX2 in 4 TNBC cell lines, 4 NTNBC cell lines and 2 mammary normal cell lines detected by qRT-PCR. β-actin was used as an internal control (∗p < 0.05, ∗∗p < 0.01). (B) Expression of SOX2 in 20 TNBC tissues and their corresponding paired normal adjacent tissues (Normal), 20 NTNBC tissues and their corresponding paired normal adjacent tissues (Control). (C) OS and DFS curves for 237 cases of TNBC patients with high or low level of SOX2 expression.



In order to determine the significance of SOX2 in clinical prognosis of TNBC, we performed IHC to evaluate SOX2 expression in 237 TNBC tissues. The 237 cases of tissues were divided into low or high groups based on the level of SOX2 expression. The presentative IHC images of three staining degrees (weak-medium-strong) of SOX2 expression under a microscope were showed in Supplementary Figure S4 (400X). Then OS and DFS curves of these TNBC patients were performed by Kaplan–Meier survival analysis. The results indicated that patients with high SOX2 expression exhibited shorter time of OS (p < 0.001) and DFS (p < 0.001) than patients with low SOX2 expression (Figure 1C). These data indicated that overexpression of SOX2 was significantly associated with poor clinical outcomes of TNBC.

SOX2 Inhibition Reduced Cell Proliferation and Invasion, and Promoted Cell Apoptosis in TNBC

The above results indicated an inverse correlation between the SOX2 expression and the clinical outcomes of TNBC. We hypothesized that inhibition of SOX2 expression may improve the malignant status of TNBC. Therefore, we explore the role of SOX2 in proliferation, invasion, and apoptosis in TNBC cell lines. Two TNBC cell lines (MDA-MB-231 and BT549) were respectively infected with sh-SOX2 or sh-control lentivirus. Then the proliferation ability of these two cell lines was detected by MTT assay. We found that the cell numbers in sh-SOX2 infected group (sh-SOX2) were significantly reduced compared with sh-control infected group (sh-CTR) (Figure 2A). Meanwhile, the invasion ability of cells was detected by Transwell assay. As expected, the invasion ability of sh-SOX2 group was significantly decreased compared with sh-CTR group (Figure 2B). Furthermore, the apoptosis ability of cells was tested by Apoptosis assay. Consistent with our hypothesis, the number of apoptosis cells of sh-SOX2 group was obviously more than those in sh-CTR group (Figure 2C).
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FIGURE 2. SOX2 inhibition reduced cell proliferation and invasion, and promoted cell apoptosis in TNBC. (A) MDA-MB-231 and BT-549 cells were infected with sh-SOX2 or sh-control lentivirus. Cell number was counted at 24, 48, 72, 96 h after infection (∗∗p < 0.01). (B) The invasion ability of MDA-MB-231 and BT-549 cells infected with sh-SOX2 or sh-control lentivirus detected by transwell assays. (C) The apoptosis ability of MDA-MB-231 and BT-549 cells infected with sh-SOX2 or sh-control lentivirus detected by apoptosis assays.



SOX2 Inhibition Reduced Tumorigenesis and Metastasis in Xenograft Model

To further evaluate the role of SOX2 in tumor formation and growth in vivo, we adopted xenograft model of human TNBC cells in nude mice. MDA-MB-231 cells infected with sh-SOX2 or sh-control lentivirus were injected subcutaneously into nude mice (6 mice in each group). All mice were sacrificed to harvest the xenograft tumors after 28 days. The results showed that the mean volume and weight of tumors generated from sh-SOX2 group were both significantly lower than sh-control group (Figure 3A). Then the effect of SOX2 on tumor metastasis in vivo was performed by metastatic model of human TNBC cells in nude mice. MDA-MB-231 cells infected with sh-SOX2 or sh-control lentivirus were transplanted into the nude mice via tail vein injection. The mice were anesthetized after 28 days and all lungs were dissected. Hematoxylin and eosin (HE) staining was performed to evaluate the tissue morphology. The result showed that the number of macroscopic lung metastases and the SOX2 expression levels observed in sh-SOX2 group was significantly lower than sh-CTR group (Figures 3B,C). These results showed that SOX2 inhibition reduced tumorigenesis and metastasis in TNBC.
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FIGURE 3. SOX2 inhibition reduced tumorigenesis and metastasis in xenograft model. (A) Tumor xenografts in mice. MDA-MB-231 cells infected with sh-SOX2 or sh-control were subcutaneously injected into nude mice (6 in each group). 28 days later, the mice were sacrificed and dissected, and the tumors were weighed. (B) Tumor metastasis in mouse xenograft models. MDA-MB-231 cells infected with sh-SOX2 or sh-control lentivirus were injected into the tail vein of nude mice (5 in each group). 28 days later, the mice were sacrificed and micrometastases in the lung per HE-stained section from individual mice were calculated. (C) Expression levels of SOX2 in the mouse xenograft model. The expression level of SOX2 in the sh-SOX2 group was significantly lower than that in the sh-CTR group.



Increased SOX2 Levels Were Correlated With Tumor Status, TNM Stage, and Lymph Nodes Infiltration

We explored the potential clinicopathological implications when the expression of SOX2 altered. The expression level of SOX2 was inversely correlated with tumor status, TNM stage and lymph nodes infiltration (three p-values were less than 0.001), but not correlated with the patients’ age, menopause, tumor size, and histological grade (four p-values were more than 0.05) among these 237 TNBC patients (Table 1). These results revealed that SOX2 may play a vital role in the occurrence and progression of TNBC.

TABLE 1. Clinicopathological variables and SOX2 expression in 237 TNBC patients.
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DISCUSSION

Breast cancer is the most common malignancy and the second most common cause of cancer death among female malignant neoplasms (Huang et al., 2016). TNBC is a highly aggressive subcategory of breast cancer. The lack of well-defined molecular targets leads to no effective and readily available targeted therapies for treatment of TNBC (Mayer et al., 2014). In addition, tumor relapse, metastasis and drug resistance also render standard chemotherapy ineffective in the treatment of TNBC (Schröck et al., 2014). Search for specific molecular biomarkers for the treatment of TNBC has become an important area of research for both basic scientists and clinicians.

The acquisition of metastatic phenotypes of various cancers has been linked to the alterations of SOX2 expression. SOX2 is frequently up regulated in cancers and related with worse outcomes. It is reported that SOX2 promotes metastasis through the induction of the epithelial–mesenchymal transition (EMT) (Li et al., 2015). High expression of SOX2 has been correlated with tumor progression of oral squamous cell carcinoma (Fu et al., 2016), hepatocellular carcinoma (Zhao et al., 2015), colorectal cancer (Zheng et al., 2017), glioblastoma (Dong et al., 2017) and others. In this study, we found that SOX2 was up-regulated in both TNBC cell lines and clinical tissues by qRT-PCR. We also found that high expression of SOX2 was associated with shorter OS and DFS. We evaluated the immunohistochemical expression of SOX2 in 237 cases of TNBC tissues and assessed their prognostic significance. We found that SOX2 expression showed a significant association with tumor status, TNM stage and lymph nodes infiltration. All these results are consistent with the existing reports that high expression of SOX2 is associated with poor OS in intrahepatic cholangiocarcinomas (Gu and Jang, 2014). SOX2 was reported to be a prognostic indicator of tongue squamous cell carcinoma (Huang et al., 2014). These results suggest that SOX2 could be a prognostic biomarker for TNBC as well.

Furthermore, we found that SOX2 inhibition reduced cell proliferation and invasion, induced cell apoptosis in vitro. SOX2 inhibition also suppressed tumorigenesis and metastasis in vivo. These results indicate that SOX2 can act as a tumor promoter in TNBC. Inhibition the expression of SOX2 by recombinant shRNA lentiviruses containing sh-SOX2 can improve the alleviate malignancy of TNBC. All these results are consistent with the existing studies that silencing SOX2 expression by RNA interference can inhibit the proliferation, invasion and metastasis, and induces apoptosis in human laryngeal cancer (Yang N. et al., 2015). Our results demonstrate that SOX2 has a tremendous potential to be a therapeutic target against TNBC.



CONCLUSION

In summary, inhibiting the expression of SOX2 can reduce the malignancy state of TNBC including proliferation, invasion, and metastasis. Our findings reveal the biological functions of SOX2 in TNBC. SOX2 is a valuable biomarker for TNBC prognosis and could be a potential therapeutic target of TNBC.
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The complexity of endocrine tumor diagnosis stems from its variable symptoms and presentation that may mimic many other disease states, or display asymptomatic properties for a prolonged amount of time. Early and accurate disease identification is needed for better patient prognosis. The key to this may be in using validated biomarkers with enhanced sensitivity and specificity. Several biomarkers are consistently used across various endocrine tumor types, possibly indicating a deeper pathophysiological mechanism behind endocrine cancer genesis and development. For example, carbohydrate antigen (CA) is measured in both pancreatic adenocarcinoma as well as ovarian cancer for diagnosis, surveillance, and risk stratification. The discovery of measuring miRNAs that are highly expressed in malignant tumors is also a novel strategy across multiple endocrine tumor types, and is propelling the future advancement of biomarker development. This review introduces currently utilized biomarkers in some of the commonly known endocrine tumors, including thyroid, adrenal, pituitary, pancreatic, and gonadal carcinoma, as well as future research directions.
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INTRODUCTION

Endocrinology comprises of a complex web of hormonal regulations. Understanding the intricacies of glands and hormones produced, as well as their downstream effects, is critical to the success of the field of endocrinology. It is difficult to categorize endocrinology strictly by organ systems, as its impact falls across multiple anatomic areas. On the other hand, the management of endocrinopathology is very simply summarized by initially assuming that most endocrine disorders can be treated by hormone replacement or suppression when accurately determined (Larry Jameson, 2015). However, variable symptoms and presentation that may mimic other disease states can make initial diagnosis difficult (Wolin et al., 2017). The key to correct disease identification may be in using biomarkers. Particularly for malignant tumors that require immediate medical attention, it is vital that clinically verified biomarkers be developed and utilized for timely diagnosis, and subsequently, to track treatment progress.

The current standard across most endocrine tumors includes an initial workup of measuring the level of offending hormone; yet this is generally low in specificity as abnormal hormone levels can also indicate other non-tumor disorders. Further biomarkers found in the serum and imaging diagnostics are required to confidently pinpoint the cancer diagnosis and monitor treatment success. However, many of these have not been shown to provide the specificity and sensitivity required for accurate surveillance. With the advancement of biotechnologies, scientists may be turning increasingly to newer biomarkers such as micro RNAs (miRNAs). In this review, we discuss some of the most well-known endocrine tumors, including thyroid, adrenal, pituitary, pancreatic, and gonadal carcinoma, and their associated biomarkers, as well as future research directions.



THYROID CARCINOMA

Thyroid carcinoma is the malignant tumor of thyroid epithelia, which is also known as thyroid nodules. Thyroid carcinoma occurs infrequently when compared with the incidence of thyroid nodules. The lifetime diagnosis risk of thyroid carcinoma is 1.2% (Noone et al., 2018). The prevalence of thyroid nodules is currently about 5%, and the probability of developing thyroid nodules increases with older age (Noone et al., 2018). If tumors are present, identifying between aggressive and benign tumors can be a major challenge in thyroid pathology (Baloch et al., 2018). Thyroid carcinomas are categorized into differentiated (e.g., papillary, follicular, and Hürthle cell), medullary, and undifferentiated or anaplastic tumors (The National Comprehensive Cancer Network [NCCN], 2018e).

Diagnosis of Thyroid Carcinoma

Because both benign and malignant nodules can remain asymptomatic, diagnosis is often delayed and can lead to worse prognosis (The National Comprehensive Cancer Network [NCCN], 2018e). The protocol for evaluating thyroid carcinoma is well established. First and foremost, the thyroid-stimulating hormone (TSH) level is measured, and an ultrasound is performed to determine whether a fine-needle aspiration (FNA) is necessary (Czerwonka et al., 2014). Ultrasound features are often interpreted with high observer variability. As such, further tests may be required to confirm the diagnosis. Serum thyroglobulin (TG) levels can be taken, but are elevated in most thyroid diseases and may be relatively non-specific to tumors. Serum calcitonin levels can help with the early detection of medullary thyroid cancer (MTC) or tumors of C-cell origin. Focal (18F) fluorodeoxyglucose positron emission tomography (18FDG-PET) imaging is being increasingly utilized in malignant and non-malignant disease evaluation (Haugen et al., 2016). Soelberg et al. reported in a meta-analysis that approximately 35% of focal 18FDG-PET positive thyroid nodules were cancerous (Soelberg et al., 2012). Contrastingly, diffuse 18FDG-PET uptake is associated with benign disease. This test should be combined with sonographic evidence for further clinical confirmation. It is recommended that FNA cytology interpretation be standardized to the Bethesda System for Reporting Thyroid Cytopathology, which consists of six categories of malignancy risk (Crippa et al., 2010).

Molecular Testing of Thyroid Carcinoma

Recent advancement in molecular technology has made it possible to more conveniently test the molecular biomarkers in thyroid carcinoma. The most common molecular biomarkers are involved in the analysis of gene mutation profile, epigenetic profile, microRNA profile, and cancer stem cell biomarkers. Molecular testing of FNA samples can further specify patient diagnosis, prognosis, therapeutic benefit, or aid in active observation (The National Comprehensive Cancer Network [NCCN], 2018e). Immunohistochemistry may be supplemental in confirming and differentiating thyroid tumors from other endocrine cancers, to further sub-classify tumor cell types or high-risk mutations. These biomarkers are critical in guiding individualized cancer treatment (Baloch et al., 2018). Most commonly studied genetic biomarkers include a seven-gene panel of mutations (BRAF, RAS, RET/PTC, and PAX8/PPARγ) (Nikiforov et al., 2011), a gene expression classifier (mRNA expression of 167 genes) (Alexander et al., 2012), and galectin-3 immunohistochemistry (Bartolazzi et al., 2008). These tests have been shown to rule out malignancy in indeterminate cytology specimen or to guide surgical procedures. A variety of molecular marker test are also available in hospital-based laboratories for the ease of clinician.

Common Biomarkers in Thyroid Carcinoma

The biomarkers for thyroid carcinoma are numerous and diverse; therefore it is important to understand the nuances in biochemical and imaging test results to appropriately identify tumor types. For example, the human TG levels, though a rather insensitive form of measurement, can be significantly increased in patients with follicular-derived thyroid cancers as compared with those with benign conditions (Baloch et al., 2018). TG expression can give a clue to the thyroid follicular origin of the tumor, or can be decreased in the case of poorly differentiated thyroid carcinomas. Additional examination can reveal dense granular deposits localized to the perinuclear area or some cases of weak and focal expression in the case of oncocytic (Hürthle cell) tumors. Huürthle cell carcinoma can also look similar to medullary carcinoma on a frozen section (The National Comprehensive Cancer Network [NCCN], 2018e). Rare thyroid tumors can express both TG and calcitonin in the follicular cell- and C-cell-derived constituents, respectively. Other tests may be required to confirm the diagnosis (Baloch et al., 2018). On the imaging side, gallium-68 (68Ga) radiolabelled somatostatin analog peptides in PET/CT have been well established for the diagnosis of neuroendocrine tumors. A study by Castroneves et al. showed that 68Ga PET/CT may also be highly sensitive to identifying bone metastases in thyroid carcinoma (Castroneves et al., 2018).

Future Directions of Thyroid Carcinoma Biomarkers

Future research looks to optimize these molecular biomarkers for determining the diagnosis, prognosis, and treatment success. For example, mRNA (Lappinga et al., 2010) and miRNA (Agretti et al., 2012) markers have shown promise in diagnostic utility but have yet to be validated. Agretti et al. used data mining to identify miRNA with predictive enough expression to differentiate between benign and malignant nodule. They found that miR-146b, miR-187, and miR-224 expressions were significantly increased in papillary thyroid carcinoma compared with in benign nodules (Agretti et al., 2012). Peripheral blood TSH receptor mRNA assay has been associated with high positive predictive value (90%) and negative predictive value (39%) in a single-center, prospective study (Milas et al., 2010). Longer-term studies are required to standardize and determine the validity of the diverse options for molecular testing.



NEUROENDOCRINE AND ADRENAL CARCINOMAS

Neuroendocrine carcinomas result from cells throughout the diffuse endocrine system (The National Comprehensive Cancer Network [NCCN], 2018a). Most common of these are well differentiated or carcinoid tumors, which are gastroenterohepatic and pulmonary in origin and exhibit a variety of symptoms (Gabriel et al., 2018). Patients may present with symptoms associated with hormonal hypersecretion (“functional” tumors) or those that are asymptomatic are considered to have “non-functional” disease (The National Comprehensive Cancer Network [NCCN], 2018a). Furthermore, due to the sporadic and gradual nature of tumor growth, as well as their small size, the lesions can be difficult to detect (Gabriel et al., 2018).

The most common inherited syndrome associated with neuroendocrine tumors is multiple endocrine neoplasia type (MEN) 1 (Oberg, 2013). Inherited genetic syndromes such as MEN types 1 and 2 are characterized by tumors of a number of origins depending on mutation type. For example, in MEN type 1, mutations in menin gene is associated with tumors of parathyroid, pituitary, and pancreatic glands, while MEN 2 is characterized by mutations in the RET proto-oncogene and leads to the development of medullary thyroid carcinoma, pheochromocytoma, and hyperparathyroidism (The National Comprehensive Cancer Network [NCCN], 2018a). Other genetic aberrations found upon mutational analysis include the VHL gene in pancreatic neuroendocrine tumors (NETs) and JAK3, NRAS, RB1, and VHL1 in pulmonary NETs (Oronsky et al., 2017).

Diagnosis of Neuroendocrine Carcinomas

Neuroendocrine carcinomas are histologically categorized by tumor differentiation (The National Comprehensive Cancer Network [NCCN], 2018a). Generally, tumor grade is positively correlated with mitotic count and Ki-67 proliferation index, while the classification method differs depending on tumor origin (Klimstra et al., 2010). Staging is according to the AJCC tumor, node, metastasis (TNM) system and determined similarly to other cancers of organs in its physiologic vicinity (Edge et al., 2010). In other words, for example, carcinoids of the lung and bronchi are staged in the same manner as common lung carcinomas, and carcinoids of gastrointestinal origin are staged by other means.

Various imaging techniques are important in initial detection and evaluating the tumor grade of NETs. The current standard work-up includes CT and MRI; clinicians may additionally consider using somatostatin receptor scintigraphy (SRS) (The National Comprehensive Cancer Network [NCCN], 2018a). One of the standard imaging techniques utilizes 111Indium-diethylenetriaminepentaacetic acid (111In-DPTA)-octreotide. Newer, more sensitive PET radiotracers, such as 18F-fluorodopa and 68Ga-labeled somatostatin analogs are also utilized for more differentiated tumors (Gabriel et al., 2018).

Common Biomarkers of Neuroendocrine Carcinomas

One commonly used protein marker is chromogranin A (CgA), which is elevated and particularly useful in patients with non-functioning neuroendocrine tumors as well as in its ability to indicate poorer prognosis (Kapoor et al., 2014; Oronsky et al., 2017). Evaluating serotonin secretion using a 24-h urine collection of a serotonin metabolite, 5-Hydroxyindoleacetic acid (5-HIAA), is another biomarker assessment recommended for patients with metastatic lung or GI carcinoid tumors (Kapoor et al., 2014; Oronsky et al., 2017). Diet and drugs can affect 5-HIAA levels, however, and therefore proper patient counseling is warranted before this test (The National Comprehensive Cancer Network [NCCN], 2018a). Another study found that mammalian target of rapamycin (mTOR) overexpression correlated with decreased overall survival (OS) (Qian et al., 2013). Mutations in cyclin-dependent kinase inhibitor, CDKN1B (p27) or loss of CDKN1B expression have been observed in gastroenteropancreatic neuroendocrine tumors (Kim et al., 2014). Khan et al. (2013) hypothesized that circulating tumor cells (CTC) would suggest a more disseminated disease and found that the presence of CTC was associated with decreased progression-free survival and OS.

Future Directions of Neuroendocrine Carcinoma Biomarkers

Because of the heterogeneity of the disease, neuroendocrine neoplasms secrete a vast spectrum of protein or hormonal markers aside from CgA and 5-HIAA, such as insulin, gastrin, glucagon, somatostatin, growth hormone, calcitonin, substance P, pancreastatin, etc (Oronsky et al., 2017). This makes detection even more difficult for an already rare disease. Having a common biomarker may ease the process and facilitate earlier tumor diagnosis, as pursued, for example, by Gabriel and colleagues, who demonstrated that using 68Ga-DOTATATE PET/CT for primary detection was superior than standard work-up (Gabriel et al., 2018). Yet, there is still a dearth of knowledge on the molecular basis of neuroendocrine tumors, and therefore more studies are needed to validate these molecular assays for clinical application. To date, no single biomarker has been accepted for use in neuroendocrine tumors (Oberg et al., 2015).



PITUITARY ADENOCARCINOMAS

Pituitary tumors often present as sellar masses. Seller masses can form as frequently as in about 10–15% of the adult population. In contrast, pituitary carcinomas (PCs) are one of the most rare but aggressive tumor types, representing only 0.1–0.2% of all pituitary tumors (Ragel and Couldwell, 2004).

Diagnosis of Pituitary Carcinoma

Pituitary carcinomas often present as invasive macroadenomas that metastasize systemically (Ragel and Couldwell, 2004). MRI is used to diagnose the extent of sellar masses (Ragel and Couldwell, 2004). In particular, imaging techniques that accurately measure the dimensions and invasions of the tumor site are recommended (Raverot et al., 2018). For example, SRS with 111In-DPTA-octreotide can identify distant pituitary metastases (Ragel and Couldwell, 2004). Consistent tumor measurements are necessary to track tumor progression and guide treatment throughout the course of the disease (Raverot et al., 2018).

Common Biomarkers of Pituitary Carcinoma

Pituitary carcinomas harbor more commonly renowned neoplastic biomarkers such as Ki-67 and p53. Since the main characteristic of PCs is the mitoses of tumor cells, histopathological results often show an increase in MIB-1 staining index (for Ki-67) as well as a higher level of p53 protein (Ragel and Couldwell, 2004; Raverot et al., 2018). Immunohistochemical findings are often used as differential diagnosis from other diseases, such as Cushing’s syndrome or other metastatic tumors (Hirohata et al., 2014). Majority of PCs are hormone-secreting tumors, including adrenocorticotropic hormone (ACTH) secreting and prolactin (PRL) secreting tumors (Hirohata et al., 2014), and as such, antibodies for these hormones are used to aid in the diagnosis of pituitary tumor origin (Ragel and Couldwell, 2004). Other biomarkers that help identify tumor source are cytokeratin, epithelial membrane antigen, glial fibrillary acidic protein (GFAP), and CgA (Ragel and Couldwell, 2004).

Molecular Testing of Pituitary Carcinoma

Molecular and cytogenetic determination of PCs may play a role in better characterizing PCs. The Gsp gene is present in about 40% of growth hormone (GH)-producing tumors and the Ras oncogene is associated with anaplastic progression (Ragel and Couldwell, 2004). Higher level of p53 is indicative of an aggressive course of disease. A quantitative immunohistochemical study showed that p53 is expressed in 0 and 100% of non-invasive and metastatic disease, respectively (Ragel and Couldwell, 2004).

Future Directions of Pituitary Carcinoma Biomarkers

Early diagnosis of PC is challenging but extremely important due to the morbidity associated with the disease (Raverot et al., 2018). Despite advances in research, however, a single biomarker has yet to be found that accurately predicts tumor behavior (Raverot et al., 2018). Other observed molecular or cytogenetic markers that could be potential biomarkers includes the H-ras gene mutations, the presence or absence of D2 receptors, measured telomerase activity via hTERT expression, the expression of HER-2/neu, the detecting of cyclooxygenase-2 (COX-2) enzymes, and the involvement of the Rb gene (Ragel and Couldwell, 2004; Sav et al., 2012). For detecting high risk disease, FGFR4, MMP, PTTG, and deletions in chromosome 11 in addition to identifying levels of Ki-67 and p53 have been suggested as concerns for aggressive disease management (Mete et al., 2012). Finally, there is a dire research need for standardized criteria for evaluating biomarkers for PCs to validate them as having predictive value (Sav et al., 2012).



PANCREATIC ADENOCARCINOMAS

Pancreatic adenocarcinoma is the fourth most common cause of death in the United States (Siegel et al., 2017). Detection of pancreatic cancer is a challenge because early signs of pancreatic cancer are rarely seen (The National Comprehensive Cancer Network [NCCN], 2018c). Tumor presence is often predicted from astute observation of patient medical histories and presenting symptoms. Therefore, there is a strong consensus on the importance of developing biomarkers for the early diagnosis of pancreatic cancer to prevent further morbidity and mortality. Tumor-associated antigens that are related to pancreatic adenocarcinoma are numerous and include those such as carcinoembryonic antigen (CEA), pancreatic anti-oncofetal antigen, tissue polypeptide antigen, carbohydrate antigen (CA) 125, and CA 19-9 (The National Comprehensive Cancer Network [NCCN], 2018c).

Diagnosis of Pancreatic Adenocarcinoma

The primary means of diagnosis of pancreatic adenocarcinoma is through imaging. All patients with suspected disease should undergo initial CT evaluation, and continue imaging after every step of therapy (e.g., after neoadjuvant treatment), which provides constant assessment. The TNM staging criteria by the AJCC is utilized to determine whether the tumor is resectable (Edge et al., 2010). The initial recommendation is to screen with endoscopic ultrasounds (EUS) and/or MRI for high-risk individuals (i.e., those with cancer in the family or those that are carriers of p16 or BRCA2 mutations) (The National Comprehensive Cancer Network [NCCN], 2018c). A biopsy enhances the pathologic diagnosis of adenocarcinoma before the administration of neoadjuvant therapy (Brugge et al., 2014). Fine-needle aspiration (FNA) guided by EUS is preferred (Brugge et al., 2014). Molecular analyses may supplement EUS by observing for some of the most common mutations in pancreatic cancer, including KRAS, TP53, CDKN2A, and SMAD4 (Waddell et al., 2015).

Common Biomarkers of Pancreatic Adenocarcinoma

Carbohydrate antigen 19-9 is currently the most validated biomarker for early diagnosis and surveillance of pancreatic cancer. However, it is not tumor-specific, as CA 19-9 is often also expressed in other pancreatic diseases, other malignancies, as well as hepatobiliary disease (The National Comprehensive Cancer Network [NCCN], 2018c); nevertheless, it is still useful in differentiating from inflammatory conditions (The National Comprehensive Cancer Network [NCCN], 2018c). CA 19-9 has a sensitivity of 79–81% and a specificity of 80–90% in symptomatic patients (Huang and Liu, 2014). It is also beneficial to evaluate CA 19-9 as a prognostic biomarker, since a low level or a decreasing level were associated with better median survival in patients with resectable disease (Humphris et al., 2012; Bauer et al., 2013).

Furthermore, CA 19-9 may guide treatment in post-operative settings. In a study of 260 patients, those with CA 19-9 levels less than 90 U/mL benefited from adjuvant therapy by showing a longer disease-free survival (DFS), while those with higher CA 19-9 levels receiving adjuvant therapy showed no difference in DFS from untreated patients (Humphris et al., 2012). This prognostic benefit is also reflected in neoadjuvant or borderline resectable disease (Tzeng et al., 2014) and advanced disease (Bauer et al., 2013; Pelzer et al., 2013), as demonstrated by longer OS correlating with lower CA 19-9 levels. The NCCN guidelines recommend drawing serum CA 19-9 levels before and immediately following surgery, before administration of adjuvant therapy, and for surveillance (The National Comprehensive Cancer Network [NCCN], 2018c).

Molecular Testing of Pancreatic Adenocarcinoma

Novel biomarkers to screen for early pancreatic cancer are currently being investigated. Notably, there is much improvement in technology that identifies microRNAs in whole blood, profiles serum metabolism, and measures circulating cell-free DNA as possible biomarkers for screening (Schultz et al., 2014). Additionally, CA 19-9 (which is currently used as part of diagnostic testing) was also found to be elevated in pancreatic patients even before the cancer diagnosis, and therefore could be a potential biomarker for screening high-risk patients and for measuring response to chemotherapy (Morris-Stiff and Taylor, 2012). Another study, a meta-analysis, concluded that S100 calcium-binding protein P (S100P) shows high sensitivity (0.87; 95% CI, 0.83–0.90) and specificity (0.88; 95% CI, 0.82–0.93) for pancreatic cancer diagnosis (Hu et al., 2014).

Future Directions of Pancreatic Adenocarcinoma Biomarkers

While surgical removal of pancreatic cancer can result in better survival, only about 15 to 20% of patients still have localized disease at the time of diagnosis. Therefore, researchers are furiously validating biomarker candidates for earlier detection of disease. For example, Capello et al. (2017) demonstrated the validation of a panel of immunoassays as biomarker candidates, and found that TIMP1 and LRG1 in combination with CA 19-9 enhanced the detection of early-stage pancreatic cancer when compared with CA 19-9 alone. More evidence is needed for the optimal diagnosis and management of pancreatic lesions. Global experts are urging clinicians to share tissue samples to facilitate the research of potential diagnostic and prognostic biomarkers for pancreatic adenocarcinoma (The National Comprehensive Cancer Network [NCCN], 2018c).



GONADAL ADENOCARCINOMAS – TESTICULAR CANCER AND OVARIAN CANCER

Testicular Cancer, Its Diagnostic Biomarkers and Future Directions

Within all testicular cancer cases, 95% of them consist of germ cell tumors (GCTs) (The National Comprehensive Cancer Network [NCCN], 2018d). Biomarkers that aid in the diagnosis, prognosis, and to monitor treatment are well recognized in this disease state. Classic serum markers utilized for GCTs are alpha-fetoprotein (AFP), lactate dehydrogenase (LDH), and beta-human chorionic gonadotropin (beta-hCG) (Gilligan et al., 2010). Beta-hCG is often the most elevated serum biomarker in testicular cancer and its levels differ depending on the disease type (i.e., seminomatous and non-seminomatous) and metastatic risk, making it a useful diagnostic tool (Ferraro et al., 2018). Minor changes in beta-hCG should be interpreted cautiously, however, as it could be confounded with other conditions (Gilligan et al., 2010; Ferraro et al., 2018). Increased AFP levels are often associated with non-seminomatous disease and can be detected at any stage, but must also be analyzed with care; AFP levels that rise steadily can indicate metastasis, but clinicians may hold initial treatment in patients with only mildly increased and stable AFP levels (Gilligan et al., 2010). Another biomarker, LDH, is utilized in the risk-stratification of patients who are starting initial chemotherapy (Gilligan et al., 2010). LDH may be measured to check for relapse, but it is noteworthy that LDH is relatively non-specific with a high false-positive rate and should not be used alone to indicate treatment (Gilligan et al., 2010). These biomarkers guide clinicians in selecting further diagnostic tests (e.g., PET scan or MRI) and in choosing the appropriate course of treatment.

Testicular cancer is staged using the AJCC TNM system and based on the beta-hCG, LDH, and AFP levels (The National Comprehensive Cancer Network [NCCN], 2018d). Additionally, an ultrasound can complement diagnosis by imaging testicular mass and its surrounding conditions. Treatment is mainly radical orchiectomy, and chemotherapy as required. After the procedure, serum biomarkers will be continuously monitored for their physiological kinetics to determine whether the levels are decreasing at target rates. A slower decline than expected can suggest metastatic disease (The National Comprehensive Cancer Network [NCCN], 2018d).

Despite the standardized approach to measuring beta-hCG, AFP, and LDH levels, these traditional serum biomarkers may not be elevated in a significant number of GCT patients (Looijenga et al., 2014). Therefore, other biomarker candidates have been suggested, such as analyzing the expression of XIST gene and detection of specific miRNAs such as from the miR-371-3 and miR-302/367 clusters (Looijenga et al., 2014; Mir et al., 2016). Recently, a number of newer protein markers have been identified to differentiate between histologic subtypes of testicular cancer, such as High Mobility Group A (HMGA), POZ-AT hook-zinc finger protein (PATZ), Aurora-B, Nek-2, c-kit, PLAP, NANOG, SOX2, and CDK10 (Mir et al., 2016). In vitro research shows varying levels of overexpression based on tumor differentiation (i.e., seminoma, embryonic carcinoma, or yolk cell tumors). Study of these biomarkers may hold promise for additional utility for diagnosis or active surveillance of testicular cancer (Mir et al., 2016).

Ovarian Cancer, Its Diagnostic Biomarkers and Future Directions

In contrast to testicular cancers, ovarian tumors consist of a more diverse collection of histopathologic entities (Kurman et al., 2014). Majority of ovarian cancer cases comprise of the epithelial type; others include germ cell tumors and sex-cord stromal cell tumors, as well as a number of rare pathological types (Prat, 2012). The difficulty in treating ovarian cancer mainly stems from the difference in therapy based on each tumor type (The National Comprehensive Cancer Network [NCCN], 2018b). As such, in the United States, it is the fifth most common cause of cancer death in women (The National Comprehensive Cancer Network [NCCN], 2018b).

Due to the physiological location of the ovaries, screening is extremely difficult at an earlier stage (The National Comprehensive Cancer Network [NCCN], 2018b). Therefore, it may be pertinent to find serum biomarkers that help detect less mature disease. While routine screening is not currently required in all women, clinicians may monitor high-risk patients by measuring cancer antigen 125 (CA-125) and performing endovaginal ultrasounds (Smith et al., 2015).

There are multivariate index assay tests previously used for ovarian cancer screening that may now be outdated (Ueland, 2017). Several professional health organizations are now stating that the OVA1 test (which uses five markers: transthyretin, apolipoprotein A1, transferrin, beta-2 microglobulin, and CA-125) should not be used to assess whether patients are candidates for surgery (Timmerman et al., 2016). Additionally, the OvaSure screening test (which uses six biomarkers: leptin, prolactin, osteopontin, insulin-like growth factor II, macrophage inhibitory factor, and CA-125) is no longer reliable because some of the markers are not expressed timely enough to be useful for early stage detection of ovarian cancer (Mai et al., 2011).

What is recommended, on the other hand, may overlap between various histopathologic types. Initial work up of an undiagnosed pelvic mass combines laboratory studies with an abdominal or pelvic ultrasound and/or CT/MRI scan. Serum tumor markers such as CA-125, inhibin, AFP, and beta-hCG can be measured based on patient characteristics (The National Comprehensive Cancer Network [NCCN], 2018b). As an example, clinicians may consider measuring AFP levels in younger women if germ cell tumors are suspected. Furthermore, the FDA has approved HE4 and CA-125 as biomarkers to determine the risk of ovarian cancer in women with undiagnosed pelvic mass (Yoshida et al., 2016); however, measuring these biomarkers is not currently fully recommended by the NCCN and is regarded as optional by other professional organizations such as the Society of Gynecologic Oncologists (SGO) (Salani et al., 2011). If CA-125 levels were initially elevated, measures can be repeatedly taken for follow up post-treatment, but may be inconclusive in patients such as those that are asymptomatic with elevated levels of CA-125 (Lindemann et al., 2016). Others that may be useful in diagnostic tests may include the previously mentioned biomarkers, LDH and CEA (The National Comprehensive Cancer Network [NCCN], 2018b). The CA-125 to CEA ratio is occasionally taken before starting neoadjuvant chemotherapy to confirm the histology of the ovarian cancer along with biopsy results (The National Comprehensive Cancer Network [NCCN], 2018b). Family history plays a strong role in onset of ovarian cancer at an earlier age, particularly when associated with BRCA1 and BRCA2 genotypes (Nakonechny and Gilks, 2016); therefore, genetic analysis to identify BRCA mutations is important in risk-classification.

Less common histopathologies have other unique biomarkers for diagnosis and screening. In mucinous carcinoma, PAX8 immunostaining may be helpful to differentiate from adenocarcinomas that have metastasized to ovaries (Bruls et al., 2015). Endometrioid adenocarcinomas express higher levels of cytokeratin 7 (CK7), PAX8, CA-125, and estrogen receptors (McCluggage et al., 2015).

Determining an accurate sequential application of or crafting an individualized approach to diagnostic methods are some future strategies to be considered. Particularly in a tumor type with extremely diverse morphology, measuring only a serum biomarker may be insufficient and should be combined with ultrasound and CT scan (Ueland, 2017). For advancing the utility of ovarian cancer biomarkers, new types of biomarkers such as miRNAs hold promise and are also being studied extensively (Ueland, 2017). Circulating cell-free miRNAs are showing increasing potential in earlier detection in the general field of oncology (Schwarzenbach et al., 2014). A review by Nakamura et al. described the methodologies for obtaining miRNA samples and summarized studies of miRNAs with clinical relevance in ovarian cancer diagnosis, prognosis, and measuring treatment response (Nakamura et al., 2016). The ideal situation is that a combination of serum nucleic markers and imaging techniques may provide for a simplified yet comprehensive screening panel in a single test.



FUTURE PERSPECTIVES

In reviewing the present biomarkers in various endocrine neoplasms, several recurring themes can be noted. Firstly, measuring hormone secretion is logical and is often the initial sign that a tumor should be suspected, but it is rarely the only way to diagnose tumors of endocrine origin. Rather, a combination of biochemical, imaging, and genetic analyses, as well as patient history and presented symptoms should aid in the tumor characterization. Some of the common serum biomarkers that are used across multiple endocrine tumors are CgA (Kapoor et al., 2014; Oronsky et al., 2017), CA (Bauer et al., 2013), beta-hCG (Gilligan et al., 2010; Looijenga et al., 2014), and AFP (Gilligan et al., 2010; Looijenga et al., 2014). Current standard biomarkers and methods used are summarized in Table 1. Perhaps these biomarkers will further elucidate the basis of endocrinopathy. Furthermore, in the exploration for novel biomarkers, researchers are increasingly turning to miRNAs across all tumor types (Looijenga et al., 2014; Mir et al., 2016; Nakamura et al., 2016; Ueland, 2017). In the age of advanced technology and globalization, it is also important to conduct research to standardize and validate these biomarkers for universal use across the diversity of the human race.

TABLE 1. Summary of biomarkers and diagnostic tests for endocrine tumors.

[image: image]

The complex nature of endocrine pathology requires detailed identification to differentiate an endocrine tumor from other conditions that may be suspected in the same physiologic region, or that may be metastases of other tumors (Wolin et al., 2017). As some of the endocrine malignancies are considered rare, often asymptomatic, and aggressive cancers, it is also imperative to develop biomarkers that enable earlier detection of disease. Similar to the management of other types of cancers, researchers are investigating the applicability of measuring circulating tumor cells in neuroendocrine tumors (Khan et al., 2013). New protein biomarkers have been identified for validation, such as p27 in gastroenteropancreatic neuroendocrine tumors (Kim et al., 2014), COX-2 enzyme in pituitary carcinoma (Ragel and Couldwell, 2004; Sav et al., 2012), TIMP1 and LRG1 in pancreatic adenocarcinoma (Capello et al., 2017), HMGA among others in testicular cancer (Mir et al., 2016), and various test panels recently approved by regulatory bodies for ovarian cancer (Yoshida et al., 2016).

Molecular and genetic testing combined is another strategy that may pave the way for potential uses of targeted therapies in endocrine neoplasms, which can help reduce unwanted adverse effects of systemic chemotherapy. The advent of immunotherapy is also becoming a clinical research area of interest in endocrinopathy such as thyroid carcinoma (Naoum et al., 2018). Finally, professional societies are urging clinicians and researchers to contribute to reporting programs or donate tumor samples. These collaborative efforts will facilitate the acceleration of biomarker discovery and validation, in turn advancing the care of endocrine cancer patients.



CONCLUSION

The diagnosis and treatment of endocrine tumors are still challenging because of the complexity of their clinical presentations. Multiple biomarkers and modalities are required for diagnosis and management of endocrine tumors. Efforts must be warranted to develop newer biomarkers for better patient care.
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WEE1 is a tyrosine kinase that regulates G2/M cell cycle checkpoint and frequently overexpressed in various tumors. However, the expression and clinical significance of WEE1 in human laryngeal squamous cell carcinoma (LSCC) are still unknown. In this study, we found that WEE1 was highly expressed in LSCC tissues compared with adjacent normal tissues. Importantly, overexpression of WEE1 was correlated with T stages, lymph node metastasis, clinical stages and poor prognosis of LSCC patients. Furthermore, inhibition of WEE1 by MK-1775 induced cell growth inhibition, cell cycle arrest and apoptosis with the increased intracellular reactive oxygen species (ROS) levels in LSCC cells. Pretreatment with ROS scavenger N-acetyl-L-cysteine could reverse MK-1775-induced ROS accumulation and cell apoptosis in LSCC cells. MK-1775 also inhibited the growth of LSCC xenografts in nude mice. Altogether, these findings suggest that WEE1 is a potential therapeutic target in LSCC, and inhibition of WEE1 is the prospective strategy for LSCC therapy.
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INTRODUCTION

Laryngeal carcinoma is the second most common malignant tumor of the respiratory system in the male compared to its relative rare in the female (Siegel et al., 2018). The aggressive type of squamous cell carcinoma (LSCC), originating from the laryngeal epithelium, accounts for approximately 90% of laryngeal carcinoma cases (Li et al., 2017). In spite of therapeutic advances, the 5-year survival rate for LSCC patients remains generally unsatisfactory (∼59.6–66.8%) (Hsueh et al., 2017). Thus, it is of great significance to comprehensively understand intrinsic molecular mechanisms underlying LSCC tumorigenesis and identify novel therapeutic targets for the diagnosis and prognostic assessment of LSCC.

WEE1 is a tyrosine kinase that phosphorylates CDC2 at Tyr15 residue and prevents progression through G2/M and S cell cycle checkpoint for DNA repair before mitotic entry (Matheson et al., 2016a). Prior work has demonstrated that ectopic high-expression of WEE1 has been identified in several malignant tumors and associated with poor outcome, such as glioblastoma (Music et al., 2016), vulvar squamous cell carcinoma (Magnussen et al., 2013), ovarian carcinoma (Slipicevic et al., 2014), melanoma (Magnussen et al., 2012), and colorectal carcinoma (Egeland et al., 2016; Ge et al., 2017). On the contrary, in non-small cell lung cancer and colon cancer, patients with absence of WEE1 expression had poor prognosis (Yoshida, 2004; Cormanich et al., 2009). Until now, the expression and clinical significance of WEE1 in LSCC are still unknown. Here, we have investigated the expression and clinical significance of WEE1 in LSCC, and the anti-tumor effects and mechanisms of WEE1 inhibition against LSCC.



MATERIALS AND METHODS

Patients and Specimens

A total 44 pairs of LSCC and corresponding adjacent normal tissues were obtained from patients who underwent partial or total laryngectomy without neoadjuvant radical or chemical therapy before and after surgery at the Department of Head and Neck, Cancer Center, Sun Yat-sen University (Guangzhou, China) from July 2008 to June 2015. The International Union against Cancer (UICC) 2002 norms for staging laryngeal carcinoma (clinical, endoscopic, and imaging) is strictly followed. Signed informed consents were obtained from all patients. The study was approved by the ethics committee of Sun Yat-sen University Cancer Center.

Cell Culture and Reagents

Normal human bronchial epithelium cells HBEC, LSCC cells KB-3-1 and TU212 were cultured in Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal bovine serum (FBS), penicillin (100 U/ml), and streptomycin (100 ng/ml) at 37°C with 5% CO2 in a humidified incubator. MK-1775 was purchased from APExBIO (Shanghai). Methylthiazolyldiphenyl-tetrazolium bromide (MTT), propidium iodide (PI) and other chemicals were purchased from Sangon Biotech (Shanghai). N-acetyl-L-cysteine (NAC) and dihydroethidium (DHE) were purchased from Sigma-Aldrich. Anti-WEE1 (5285) and anti-pCDK T14/Y15 (28435) antibodies were from Santa Cruz Biotechnology. Anti-PARP (9542), anti-pHistone3 S10 (53348), and anti-C-Caspase3 (9964) were from Cell Signaling Technologies. Anti-γ-H2AX (AB55226) antibody was from Sangon Biotech. Anti-CDK1 (610037) antibody was from BD Biosciences. Anti-Ki-67 (2746-1) antibody was from Abcam. Anti-Vinculin (BM1611) antibody was from BOSTER Biological Technology.

MTT Assay

Cells were seeded into a 96-well plate at a density of 0.5 × 104 cells/well and treated with various concentrations of agents. After 3 days, MTT was added to each well at a final concentration of 0.5 mg/ml. After incubation for 4 h, the medium and MTT solution were removed from each well, and formazan crystals were dissolved in 100 μl of DMSO. Absorbance was measured at 570 nm by Multiscan Spectrum (Thermo Fisher). The data were analyzed by CompuSyn software with those results.

Western Blot Assay

Cells were harvested and washed twice with cold PBS, then resuspended and lysed in RIPA buffer (1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 10 ng/ml PMSF, 0.03% aprotinin, 1 μM sodium orthovanadate) at 4°C for 30 min. Lysates were centrifuged for 10 min at 14,000 × g and supernatants were stored at -80°C as whole cell extracts. Proteins were separated on 12% SDS-PAGE gels and transferred to polyvinylidene difluoride membranes. Membranes were blocked with 5% BSA and incubated with the indicated primary antibodies. Corresponding horseradish peroxidase-conjugated secondary antibodies were used against each primary antibody. Vinculin was used as a loading control. Signals were detected with the ChemiDoc XRS chemiluminescent gel imaging system (Analytik Jena).

Cell Cycle Assay

Cells were harvested and washed twice with phosphate-buffered saline (PBS), then permeabilized with 70% cold ethanol for 2 h at 4°C. After washing twice in PBS, cells were resuspended with 0.5 ml PBS containing PI (50 μg/ml), 0.1% Triton X-100, 0.1% sodium citrate, and DNase-free RNase (100 μg/ml), and assessed by flow cytometry (FCM) (Beckman Coulter) after incubation at room temperature in the dark for 15 min. Fluorescence was measured at an excitation wavelength of 480 nm through a FL-2filter. Data were analyzed using ModFit LT 4.1 software.

Cell Apoptosis Assay

Cells were harvested and washed twice with PBS, stained with Annexin V-FITC and PI in the binding buffer, and detected by FCM (Beckman Coulter) after 15 min incubation at room temperature in the dark. Fluorescence was measured at an excitation wave length of 480 nm through FL-1 (530 nm) and FL-2 filters (585 nm). The early apoptotic cells (Annexin V+/PI-) and late apoptotic cells (Annexin V+/PI+) were quantified.

Reactive Oxygen Species Assay

Cells were incubated with 10 μM of DHE for 30 min at 37°C, and observed under fluorescence microscope (Olympus, Japan) immediately after washing twice with PBS. Five fields were taken randomly for each well. After photographed under florescent microscope, cells were rapidly digested, harvested and then washed twice with cold PBS, and detected by FCM (Beckman Coulter). The DHE Fluorescence intensity was measured and quantified at an excitation wave length of 518 nm through PE filters.

Immunohistochemistry Assay

Formalin-fixed, paraffin embedded human LSCC tissues and KB-3-1 subcutaneous tumors in mice were stained with antibodies, respectively, using a microwave-enhanced avidin-biotin staining method. To quantify the protein expression, the following formula was used: immunohistochemical score = percentage of positive cells × intensity score. The intensity was scored as follows: 0, negative (no staining); 1, weak (light yellow); 2, moderate (yellow brown); and 3, intense (brown).

Nude Mice Xenograft Assay

BALB/c nude mice were obtained from the Guangdong Medical Laboratory Animal Center and maintained with sterilized food and water. Five female nude mice with 5 weeks old and 16–18 g weight were used for each group. Every mouse was injected subcutaneously of the KB-3-1 cells (3 × 106 in 100 μl of medium) under the right and left shoulders. When the subcutaneous tumors were approximately 0.3 cm × 0.3 cm (two perpendicular diameters) in size, the mice were randomized into two groups and taken orally with vehicle alone (0.5% methylcellulose) or MK-1775 (50 mg/kg) twice daily. The body weights of mice and the two perpendicular diameters (A and B) of tumors were recorded every day. The tumor volume (V) was calculated as:
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The mice were anesthetized after experiment, and tumor tissue was excised from the mice and weighted. The rate of inhibition (IR) was calculated according to the formula:
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Statistical Analysis

All statistical analyses were performed using the SPSS 20.0 statistical software package. Comparisons between two groups were performed using Student’s t-test or Mann–Whitney U-test, and comparisons among three groups were performed using one-way ANOVA or Kruskal–Wallis test. Fisher’s exact test or Pearson’s correlation were used to analyze the relationship between the expression levels of WEE1 protein. Kaplan–Meier method and the log-rank test were used to compare the survival of patients. ROC curve analyses were used to evaluate the prognostic ability. The difference in tumor volume between the two groups of mice was determined by repeated-measures analysis of variance. Data were presented as mean ± SD or median with the interquartile range. P < 0.05 was considered statistically significant.



RESULTS

Up-Regulation of WEE1 Protein in LSCC Is Correlated With T Stages, Lymph Node Metastasis, Clinical Stages, and Poor Prognosis

To investigate the expression and clinical significance of WEE1 in LSCC, the expression of WEE1 protein was detected in the total 44 pair LSCC and adjacent normal tissues. Immunohistochemical staining and Western blot results revealed that the expression of WEE1 protein was higher in LSCC tissues than adjacent normal tissues (Figures 1A–C). Furthermore, statistic analysis indicated that the expression of WEE1 protein was associated with T stage, lymph node metastasis and stage, but not with age, tumor grades and tumor primary locations (Table 1 and Figures 1D–G). The expression of WEE1 protein in T1-2, negative lymph node metastasis and stage I+II groups were respectively lower than that in T3-4, positive lymph node metastasis and stage III+IV groups (Figures 1E,H,I). The levels of WEE1 protein could be a significant parameter to distinguish LSCC and adjacent non-tumorous tissues with an AUC of 0.763 (sensitivity = 65.91%, specificity = 79.55%; P < 0.0001) (Figure 1J). Moreover,
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FIGURE 1. Up-regulation of WEE1 protein in LSCC is correlated with T stages, lymph node metastasis, clinical stages, and poor prognosis. (A) Immunohistochemistry analysis of WEE1 protein expression in the paired LSCC tissues and adjacent normal tissues. (B) Western blot analysis of WEE1 protein expression in the paired LSCC tissues and adjacent normal tissues. (C) Pearson’s correlation scatter plot of the expressions and WEE1 protein in human LSCC tissues. The relative WEE1 protein expression in LSCC tissues and adjacent normal tissues were analyzed with Student’s t-test. The relative WEE1 protein expression in two groups of LSCC tissues classified by age (D), T stage (E), lymph node metastasis (H), and clinical stage (I) were analyzed with Student’s t-test. The relative WEE1 protein expression in three groups of LSCC tissues classified by differentiation (F) and primary location (G) were analyzed with one-way ANOVA. (J) ROC curve analysis of the discrimination between LSCC tissues and adjacent normal tissues by WEE1. (K) Kaplan–Meier analysis of overall survival and disease-free survival curves for LSCC patients with high or/and low expression of WEE1. Data are presented as mean ± SD or median with the interquartile range. ∗P < 0.05; ∗∗P < 0.01; NS, no statistical significance.



TABLE 1. Relationship between WEE1 protein expression level and clinicopathologic parameters.
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Kaplan–Meier analysis on the survival time of patients revealed that high WEE1 protein expression was correlated with poor overall survival, but not with disease-free survival (Figure 1K). Consequently, our results indicate that WEE1 may be a potential therapeutic target in LSCC.

The WEE1 Inhibitor MK-1775 Suppressed the Growth of LSCC Cells in vitro

To further explore whether WEE1 is a therapeutic target in LSCC, we examined the protein expression of WEE1 and cytotoxicity of a WEE1 inhibitor MK-1775 in LSCC cells. Two human LSCC cell lines KB-3-1 and TU212 expressed higher level of WEE1 protein than one normal bronchial epithelium cell line HBEC (Figure 2A). Then these cells were treated with the increasing concentrations of MK-1775 for 72 h. As shown in Figures 2B,D, MK-1775 inhibited the growth of LSCC cells in a dose-dependent manner with the IC50 values of 0.74 μM and 0.56 μM in KB-3-1 and TU212 cells respectively. However, the IC50 value of MK-1775 in HBEC cell is 48.95 μM, suggesting MK-1775 is significantly more cytotoxic to LSCC cells than normal cells. Moreover, the IC50 values of MK-1775 in these three cells were negatively correlated with their WEE1 protein levels (Figure 2C).
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FIGURE 2. The WEE1 inhibitor MK-1775 suppressed the growth of LSCC cells in vitro. (A) Western blot analysis of WEE1 protein expression in KB-3-1, TU212, and HBEC cells. Cells were treated with the indicated concentration of MK-1775 for 72 h. Cell survival was measured by MTT assay. The representative growth curves of KB-3-1, TU212, and HBEC cells treated with MK-1775 (B), correlation analysis of MK-1775 IC50 values and relative WEE1 protein levels (C), and images of cells stained with MTT for 4-h (D) are shown.



MK-1775 Induced Cell Cycle Arrest and Apoptosis in LSCC Cells

To determine whether the growth inhibition was due to cell cycle arrest, cell cycle distribution was examined after MK-1775 treatment. KB-3-1 and TU212 cells were treated with the incremental concentrations of MK-1775 for 48 h, stained with PI and examined by FCM. As shown in Figures 3A,B, MK-1775 induced the accumulation in S and G2/M phase and reduction in G0/G1 phase in these two cell lines. Next, the related proteins of cell cycle were detected by Western blot. Treatment with MK-1775 at 1 μM for 48 h downregulated the protein expressions of WEE1, CDK1, and pCDK T14/Y15, but upregulated the protein expression of γ-H2AX and pHistone3 S10 (Figure 3E).
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FIGURE 3. MK-1775 induced cell cycle arrest and apoptosis in LSCC cells. KB-3-1 and TU212 cells were treated with the indicated concentrations of MK-1775 for 48 h, then cell cycle and apoptosis were detected by FCM. The protein expression was examined by Western blot after lysing cells. The representative charts (A,C), quantified data (B,D) and Western blot results (E) of three independent experiments are shown. ∗P < 0.05 and ∗∗P < 0.01 vs. corresponding control.



To further determine whether MK-1775 could induce cell apoptosis in LSCC cells, TU212 and KB-3-1 cells were treated with 0.1, 0.3, 1 μM of MK-1775 for 48 h, stained with Annexin V/PI and examined by FCM. As shown in Figures 3C,D, MK-1775 dose-dependently induced early apoptosis (Annexin V+/PI-) and late apoptosis (Annexin V+/PI+) in both cells. Furthermore, the protein levels of apoptosis marker cleaved-PARP was increased in a dose-depend manner after MK-1775 treatment in both cells (Figure 3E).

MK-1775 Enhanced the Intracellular ROS Levels in LSCC Cells

There was increasing evidence that extravagant production of ROS was relevant to carcinogenesis, malignant behavior, and mitochondria-mediated apoptosis (Chung, 2016; Miyata et al., 2017; Prasad et al., 2017), and cancer cells generally have higher ROS levels than their normal counterparts (Chung, 2016; De Sa Junior et al., 2017). Thus, we speculated that MK-1775 caused apoptosis in LSCC cells in relation to excessive ROS generation. Firstly, the cellular ROS was tagged by DHE fluorescence staining in MK-1775-treated cells. As illustrated in Figures 4A–E, MK-1775 enhanced the detectable red fluorescent signals of DHE in both KB-3-1 and TU212 cells in the concentration-and time-dependent manners, indicating the intracellular ROS levels were increased after MK-1775 treatment.
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FIGURE 4. MK-1775 enhanced the intracellular ROS levels in LSCC cells. KB-3-1 and TU212 cells were treated with MK-1775 at the indicated times and concentrations then stained with DHE, photographed and quantified respectively under florescent microscope and FCM. The representative micrographs (A), red fluorescent intensity charts by FCM (B,D) and quantified results of red fluorescence (C,E) of KB-3-1 and TU212 cells in three independent experiments were shown. ∗P < 0.05 and ∗∗P < 0.01 vs. corresponding control.



NAC Impeded MK-1775-Induced ROS Production and Cell Apoptosis

To investigate whether ROS generation was involved in the MK-1775-induced cell apoptosis, a specific ROS scavenger (NAC) was co-treated with MK-1775 in both KB-3-1 and TU212 cells. MK-1775-induced DHE fluorescent signals were attenuated by NAC in both cells (Figures 5A–C). Moreover, a reduction of cell apoptosis after co-treatment with MK-1775 and NAC was observed compared with MK-1775 treatment alone in both cells (Figures 5D,E). Collectively, these results suggest that NAC impedes MK-1775-induced ROS production and cell apoptosis.
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FIGURE 5. NAC impeded MK-1775-induced ROS production and cell apoptosis. KB-3-1 and TU212 cells were treated with 1 μM MK-1775 for 48 h in the presence or absence of 5 mM NAC pretreatment for 1 h, then stained with DHE, photographed and quantified respectively under fluorescent microscope and FCM. The apoptosis was detected by FCM with Annexin V/PI staining. The representative micrographs (A), red fluorescent intensity charts by FCM (B) and quantified results of red fluorescence (C), the apoptosis charts (D) and quantified results (E) of three independent experiments were shown. ∗P < 0.05 and ∗∗P < 0.01 vs. corresponding control.



MK-1775 Inhibited the Growth of KB-3-1 Xenografts in Nude Mice

To confirm the antitumor effects of MK-1775 in vivo, KB-3-1 subcutaneous xenografts were generated in the nude mice. As shown in Figures 6A–E, treatment with MK-1775 inhibited the growth of KB-3-1 xenografts with the inhibition ratio of 30.04% by reducing the tumor volumes and weights. Furthermore, mice body weight in MK-1775 group was lower than that of control group, suggesting that MK-1775 at the indicated dose did cause toxicity in mice (Figure 6D). Additionally, the results of immunohistochemical staining showed that the percentage of proliferation marker Ki-67 positive cells was decreased, while apoptosis marker cleaved-caspase 3 positive cells was increased in KB-3-1 xenografts after MK-1775 treatment (Figures 6F,G).
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FIGURE 6. MK-1775 inhibited the growth of KB-3-1 xenografts in nude mice. Each mouse was injected subcutaneously with KB-3-1 cells (3 × 106 in 100 μl of medium) under the right and left shoulders. When the subcutaneous tumors were approximately 0.3 cm × 0.3 cm2 (two perpendicular diameters) in size, mice were randomized into two groups, and were taken orally with vehicle alone (0.5% methylcellulose) or MK-1775 (50 mg/kg) twice daily. The body weights of mice and tumor volume were recorded. The mice were anesthetized after experiment, and tumor tissue was excised from the mice and weighted. The original tumors (A), tumor volume (B), tumor weight (C), body weight (D), summary data (E), immunohistochemical staining of Ki-67 and C-caspase3 in subcutaneous tumors (F) and quantified of Ki-67 and C-caspase3 positive cells (G) were also shown. The values presented are the means ± SD for each group. ∗P < 0.05 and ∗∗P < 0.01 vs. corresponding control.





DISCUSSION

In this study, we reported that WEE1 was significantly expressed in LSCC tissues than adjacent normal tissues, and the expression level of WEE1 was associated with T stage, lymph node metastasis and poor survival of patients with LSCC. These data are similar with previous studies which have shown that WEE1 has served a crucial role in tumorigenesis and related with poor prognosis in several cancers that harbor WEE1 amplifications (Magnussen et al., 2012, 2013; Slipicevic et al., 2014; Music et al., 2016). Therefore, targeting WEE1 has emerged as a promising therapy for human cancers (Matheson et al., 2016a; Geenen and Schellens, 2017). MK-1775, a first-in-class small-molecule inhibitor of WEE1 with undergoing clinical evaluation, abated phosphorylation of CDK1 at Tyr15 and caused mitotic catastrophe in cancer cells (Kreahling et al., 2013). Early preclinical studies suggested MK-1775 was capable of abrogating the G2/M checkpoint allowing for premature entry into mitosis to exert a toxic effect specifically in p53 deficient tumor cells (Guertin et al., 2013; Hirai et al., 2014). Our results showed that inhibition of WEE1 with MK-1775 caused deceased viability, cell cycle arrest, and cell apoptosis, suggesting WEE1 was essential for cell proliferation and tumorigenicity in LSCC cells. MK-1775 has been reported that sensitizes cancers of head and neck (Osman et al., 2015), brain (Matheson et al., 2016b), and non-small cell lung cancer (Richer et al., 2017) to the DNA-damage drug cisplatin as well as pancreatic cancer cells (Kausar et al., 2015) to gemcitabine. Additionally, MK-1775 has promising synergistic antitumor effect when combined with CHK1 inhibitors LY2603618 and Sirt1 inhibitor Ex527 in various malignancies (Chen et al., 2017; Hauge et al., 2017), suggesting a novel strategy for MK-1775-mediated cancer treatment.

Biological roles of ROS were intricate and contradictory in cancers (Halliwell, 2013). Under a low or moderate increase, ROS is vital for regulating various cell physiological processes and maintaining cellular homeostasis, which functions as signaling molecules favoring tumorigenesis (Miyata et al., 2017). On the contrary, exorbitant production of ROS acts to cause DNA damage and oxidative stress to engender genotoxic or even proapoptotic and autophagic effect on cancer cells (Trachootham et al., 2009; Schieber and Chandel, 2014; Kruk and Aboul-Enein, 2017). Accordingly, this oxidative stress causing the cumulative effects may induce cancer cells susceptible to chemotherapeutic agents treatment that perform by amplifying ROS generation (Schumacker, 2006). ROS goes up when cells prematurely enter mitosis, and that the increased ROS drives cell death (Marchetti et al., 2006). To confirm that this was occurring we detected the intracellular level of ROS in MK-1775-treated LSCC cells, we found ROS significantly increased following Wee1 inhibition, and we could limit death by reducing ROS with NAC.



CONCLUSION

Our findings suggest that WEE1 is a potential therapeutic target in LSCC, and inhibition of WEE1 is the prospective strategy for LSCC therapy.
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The main characteristic of tumor cell resistance is multidrug resistance (MDR). MDR is the principle cause of the decline in clinical efficacy of chemotherapeutic drugs. There are several mechanisms that could cause MDR. Among these, one of the most important mechanisms underlying MDR is the overexpression of adenosine triphosphate (ATP)-binding cassette (ABC) super-family of transporters, which effectively pump out cytotoxic agents and targeted anticancer drugs across the cell membrane. In recent years, studies found that ABC transporters and tyrosine kinase inhibitors (TKIs) interact with each other. TKIs may behave as substrates or inhibitors depending on the expression of specific pumps, drug concentration, their affinity for the transporters and types of co-administered agents. Therefore, we performed in vitro experiments to observe whether olmutinib could reverse MDR in cancer cells overexpressing ABCB1, ABCG2, or ABCC1 transporters. The results showed that olmutinib at 3 μM significantly reversed drug resistance mediated by ABCG2, but not by ABCB1 and ABCC1, by antagonizing the drug efflux function in ABCG2-overexpressing cells. In addition, olmutinib at reversal concentration affected neither the protein expression level nor the localization of ABCG2. The results observed from the accumulation/efflux study of olmutinib showed that olmutinib reversed ABCG2-mediated MDR with an increasing intracellular drug accumulation due to inhibited drug efflux. We also had consistent results with the ATPase assay that olmutinib stimulated ATPase activity of ABCG2 up to 3.5-fold. Additionally, the molecular interaction between olmutinib and ABCG2 was identified by docking simulation. Olmutinib not only interacts directly with ABCG2 but also works as a competitive inhibitor of the transport protein. In conclusion, olmutinib could reverse ABCG2-mediated MDR. The reversal effect of olmutinib on ABCG2-mediated MDR cells is not due to ABCG2 expression or intracellular localization, but rather related to its interaction with ABCG2 protein resulting in drug efflux inhibition and ATPase stimulation.

Keywords: multidrug resistance (MDR), ATP-binding cassette (ABC) transporter, tyrosine kinase inhibitor (TKI), olmutinib, breast cancer resistance protein (BCRP/ABCG2)


INTRODUCTION

The main characteristic of tumor cell resistance is MDR, in which cancer cells exhibit a cross-resistant phenotype against multiple unrelated drugs that are structurally and/or functionally different and may also have varying molecular targets (Saraswathy and Gong, 2013). MDR is the main cause of the decline in clinical efficacy of chemotherapeutic drugs. There are several mechanisms that could cause MDR, such as reduced uptake of drugs, overexpression of energy-dependent efflux proteins, increased efflux of drugs by drug transporters, inhibition of apoptosis, activation of DNA repair mechanisms, cell cycle arrest and modification of cell cycle checkpoints (Gillet and Gottesman, 2010; Hu et al., 2016; Kartal-Yandim et al., 2016; Pan et al., 2016). Among these, one of the most important mechanisms underlying MDR is the overexpression of the adenosine triphosphate (ATP)-binding cassette (ABC) super-family of transporters, which effectively pump out cytotoxic agents and targeted anticancer drugs across the cell membrane (Zhang et al., 2017; Fan et al., 2018). ABC transporters that cause drug resistance are currently divided into three main categories: ABCB, ABCC, and ABCG. Among them, ABCB1 (P-glycoprotein, P-gp), ABCC1 (MDR protein 1, MRP1), and ABCG2 (breast cancer resistance protein, BCRP) are the most common ones (Strouse et al., 2013; Miklos et al., 2015).

P-gp was the first ABC transporter that was isolated from colchicine-resistant Chinese hamster ovary cells by Juliano and Ling (1976). P-gp pumps substrates out of tumor cells through an ATP-dependent mechanism (Juliano and Ling, 1976; Kartner et al., 1983; Krishna and Mayer, 2000). MRP1 was first reported in 1992 as the mediator of acquired drug resistance in a small cell lung cancer cell line selected by repeated exposure to doxorubicin (Cole et al., 1992; Fletcher et al., 2016). Although associated with drug resistance properties, it also has been identified as an organic anion transporter in its normal physiological role (Borst et al., 1997). BCRP, encoded by ABCG2, was the third member of the ABC transporter family that was identified (Doyle et al., 1998; Miyake et al., 1999; Robey et al., 2018). A number of chemotherapeutic agents, such as MX, 9-aminocamptothecin, topotecan, irinotecan and SN-38 have been shown to be transported by BCRP (Robey et al., 2007). ABC transporters mainly contribute to MDR by altering drug absorption, distribution, excretion and metabolism (Kathawala et al., 2017). Numerous studies have found that ABC transporters are over expressed in many tumor tissues. For this reason, reversal of MDR caused by ABC transporters is one of the main strategies for tumor treatment. Researchers have been working to find new ways to inhibit ABC transporters and re-sensitize cancer cells to chemotherapeutic drugs (Kathawala et al., 2017).

Tyrosine kinases (TKs) are widely expressed in cells, and they play important roles in various cellular processes. The expression of TKs is related to the proliferation, differentiation, migration, apoptosis, angiogenesis, and metastasis of cancer cells in key signaling events/pathways (van der Geer et al., 1994; Pytel et al., 2009; Shukla et al., 2012). The phosphatidyl inositol-3-kinase (PI3K)/AKT, protein kinase C (PKC) family, and mitogen-activated protein kinase (MAPK)/Ras signaling cascades are activated by TKs and play important roles in cell proliferation and homeostasis (Faivre et al., 2006). TKs can catalyze the transfer of a phosphate group from ATP to target proteins. Therefore, TKIs have become one of the effective targets in cancer treatments (Dohse et al., 2010; Russo et al., 2017). TKIs have achieved significant clinical efficacy as anti-tumor agents. Among them, small-molecule TK inhibitors are the most promising new drugs and have shown good prospects in both clinical and experimental treatments (Chen et al., 2017; Hocker et al., 2017; Chikhale et al., 2018; Parikh and Ghate, 2018).

In recent years, studies have found that ABC transporters and several TKIs interact with each other (e.g., imatinib, sunitinib, nilotinib, and gefitinib). On the one hand, ABC transporters can cause a decrease in the function of TKIs, leading to the occurrence of MDR (Beretta et al., 2017). Parts of TKIs can be the substrates of ABC transporters. The ABC transporters pump them out of the cell and cause drug resistance (Herbrink et al., 2015). On the other hand, more and more studies have shown that some TKIs can reverse ABC transporter–mediated MDR (Ma et al., 2014). The reversal mechanisms include inhibiting the protein expression of ABC transporters, inhibiting the protein pumping function and other signaling pathways (Zhang et al., 2016a,b; Beretta et al., 2017; Kathawala et al., 2017).

Olmutinib (HM61713/BI1482694) is a novel third-generation that is orally active and selectively inhibits EGFR mutations (Figure 1), including both activating mutations and T790M, but not EGFR wild-type (Kim, 2016). It was approved in South Korea on May 13, 2016 for the treatment of patients with locally advanced or metastatic EGFR T790M mutation-positive NSCLC previously treated with an EGFR TKI (Singh and Jadhav, 2018). At present, olmutinib is waiting for the phase III clinical efficacy observation.
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FIGURE 1. The chemical structure of olmutinib.



Tyrosine kinase inhibitors may behave as substrates or inhibitors of ABC transporters depending on the expression of specific pumps, drug concentration, affinity for transporters and types of co-administered agents (Beretta et al., 2017). Therefore, we performed in vitro experiments to evaluate if olmutinib could reverse MDR in cancer cells overexpressing ABCB1, ABCG2, or ABCC1 transporters.



MATERIALS AND METHODS

Chemicals and Reagents

Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine serum (FBS), bovine calf serum (BS), penicillin/streptomycin and trypsin 0.25% were purchased from Hyclone (GE Healthcare Life Sciences, Pittsburgh, PA, United States). 10X solution of phosphate buffered saline (PBS), SN-38, and Alexa Fluor 488 conjugated rabbit anti-mouse IgG secondary antibody were purchased from Thermo Fisher Scientific Inc. (Rockford, IL, United States). The monoclonal antibodies for ABCG2 (BXP-34), paclitaxel, vincristine, vinblastine, cisplatin, MX, verapamil, 3-(4, 5-dimethylthiazol-yl)-2, 5-diphenyltetrazolium bromide (MTT), dimethyl sulfoxide (DMSO), propidium iodide (PI), and Triton X-100, were obtained from Sigma Chemical Co. (St. Louis, MO, United States). Ko-143 and MK-571 were products from Enzo Life Sciences (Farmingdale, NY, United States). Monoclonal antibodies sc-47778 (against β-actin) and secondary HRP-labeled rabbit anti-mouse IgG were purchased from Santa Cruz Biotechnology, Inc. (Dallas, TX, United States). [3H]- MX) (2.5 Ci/mmol) was purchased from Moravek Biochemicals (Brea, CA, United States). Liquid scintillation cocktail was a product from MP Biomedicals, Inc. (Santa Ana, CA, United States). All other chemicals were purchased from Sigma Chemical Co. (St. Louis, MO, United States).

Cell Lines and Cell Culture

The non-small cell lung cancer cell line NCI-H460 and its drug-resistant ABCG2-overexpressing NCI-H460/MX20 cells, which was maintained in medium with an addition of 20 nM MX, were kindly provided by Drs. Susan Bates and Robert Robey (NIH, Bethesda, MD, United States). The human epidermal carcinoma cell line KB-3-1 and its drug-resistant ABCB1-overexpressing KB-C2 cells, which were cloned from KB-3-1 and maintained in medium with 2 mg/ml of colchicine, and its drug-resistant ABCC1-overexpressing cell line KB-CV60, maintained in medium with 1 μg/mL of cepharanthine and 60 ng/mL of vincristine, were also used in this study (Aoki et al., 2001). HEK293/pcDNA3.1, HEK293/ABCB1, HEK293/ABCG2, and HEK293/ABCC1 cells lines were established by transfecting HEK293 cells with either the empty pcDNA3.1 vector or the vector containing full length ABCB1 (HEK293/ABCB1), ABCG2 (HEK293/ABCG2), and ABCC1 (HEK293/ABCC1) DNA, respectively, and were cultured in medium containing 2 mg/mL of G418 (Enzo Life Sciences, Farmingdale, NY, United States) (Zhang et al., 2015). All cell lines were cultured in DMEM medium with 10% FBS and 1% penicillin/streptomycin at 37°C with 5% CO2. All drug-resistant cell lines were grown in a drug-free culture medium for more than 2 weeks prior to use.

Cell Cytotoxicity by MTT Assay

The cytotoxicity of anticancer drugs with or without modulator agents was determined by modified MTT colorimetric assay (Fan et al., 2018). Briefly, 5000 cells were seeded evenly into each well in coated 96-well microplates overnight. Olmutinib and parallel control modulators were added 2 h prior to the addition of chemotherapeutic drugs in a designated concentration gradient. After 68 h of incubation, 20 μL of MTT solution (4 mg/mL) was added into each well with further incubation of 4 h. The medium was aspirated and 100 μL of DMSO was added to dissolve the formazan crystals in each well. The absorbance was determined at 570 nm by the accuSkan GO UV/Vis Microplate Spectrophotometer (Fisher Scientific, Fair Lawn, NJ, United States). Verapamil, KO-143 and MK-571 was used as a inhibitors for ABCB1-overexpressing, ABCG2-overexpressing, and ABCC1-overexpressing cell lines, respectively.

Western Blotting Analysis

After treatment with 0, 3, and 6 μM olmutinib for 72 h, and after treatment with 3 μM olmutinib for 24, 48, and 72 h in NCI-H460/MX20 cells, the cells were incubated with a lysis buffer (2.5% 1M Tris, 0.15% EDTA, 1% sodium deoxycholate, 0.1% SDS, 0.88% NaCl, 1% Triton-X and protease inhibitor cocktail) on ice for 20 min, followed by centrifugation at 12,000 g at 4°C for 20 min. The supernatant was collected, and the protein concentration was determined by a bicinchoninic acid (BCA)-based protein assay (Thermo Scientific, Rockford, IL, United States). 25 μg of protein in 30 μl loading sample was separated by SDS-polyacrylamide gel electrophoresis and transferred to a polyvinylidene difluoride (PVDF) membrane. After blocked by 5% dry milk for 2 h, the membrane was incubated with primary antibody BXP-34 (1:1000, detects BCRP) overnight at 4°C. The signal was detected using enhanced chemiluminescence followed by incubation with secondary HRP-labeled antibody (1:1000). The protein expression was quantified by ImageJ software (NIH, Bethesda, MD, United States).

Immunofluorescence Assay

NCI-H460 and NCI-H460/MX20 cells were seeded as 1 × 105 per well in 24-well plates and cultured at 37°C for 24 h, followed by incubation with 3 μM olmutinib for 0, 24, 48, and 72 h, or followed by incubation with 0, 1, 3, or 6 μM olmutinib. The cells were then washed with cold PBS solution twice and fixed in 4% formaldehyde for 15 min. Subsequently, after incubation with 0.5% Triton X-100 for 15 min, cells were incubated with BSA (2 mg/ml) for 1 h followed by monoclonal antibodies for ABCG2 (BXP-34, 1:1000) overnight at 4°C. Cells were further incubated with Alexa Fluor 488 conjugated IgG secondary antibody for 1 h in dark. PI solution was used to counterstain the nuclei. Immunofluorescence images were collected using a Nikon TE-2000S fluorescence microscope (Nikon Instruments Inc., Melville, NY, United States).

ABCG2 ATPase Assay

The ABCG2 ATPase activity based on vanadate-sensitive membrane vesicles of High Five insect cells was measured as previously described (Zhang et al., 2017). Briefly, the membrane vesicles (10 μg of protein) were incubated in ATPase assay buffer with or without 0.3 mM vanadate at 37°C for 5 min. After that, the assay buffer was incubated with 0–40 μM varying concentrations of olmutinib at 37°C for 3 min. The ATPase reaction was induced by adding 5 mM MgATP with a total volume of 0.1 ml. After 20 min incubation at 37°C, the reaction was stopped by adding 100 μl 5% SDS solution to the reaction mix. The ATPase activity due to ABCG2 is calculated from the amount of inorganic phosphate (IP) released detected at 880 nm using a spectrophotometer.

Accumulation and Efflux Assay

We used the drug accumulation and efflux assays as previously described (Fan et al., 2018). For the accumulation assay, NCI-H460 and NCI-H460/MX20 cells were seeded into 24-well plate (100,000 cells/well) and incubated at 37°C for 12 h. Then the cells were incubated with or without inhibitors for 2 h. The medium was discarded, followed by the addition of medium containing 0.01 μM [3H]-MX, and then the inhibitors were added into the wells. After 2 h incubation, the medium was discarded and the cells were washed with ice-cold PBS three times, lysed, and then transferred to the scintillation fluid. For the efflux assay, we performed similar procedures as the accumulation assay. After discarding the medium containing [3H]-MX, the cells were washed with ice-cold PBS and incubated with medium in the absence or presence of inhibitors. The cells were washed three times, lysed, and then transferred to the scintillation fluid at different time points of 0, 30, 60, and 120 min, respectively. The radioactivity was measured using the Packard TRI-CARB1 190‘A liquid scintillation analyzer.

Molecular Modeling

Molecular modeling was performed in Maestro v11.1 (Schrödinger, LLC) software as described previously (Zhang et al., 2017). Human ABCG2 (PDB ID: 5NJ3) (Taylor et al., 2017) protein preparation was performed and the grid was generated by selecting residues (Phe432, Phe 439, Leu539, Ile543, Val546, and Met549) at a substrate-binding pocket in TMD of ABCG2. The best-scored ligand was obtained through Glide XP docking then the receptor grid for IFD was generated. The IFD protocol with default parameters was performed. The conformation of ligand with the highest docking score (kcal/mol) was used for docking analysis.

Statistical Analysis

All experiments were repeated at least three times and the result values are presented as mean ± SD. Statistical differences between two groups were determined by the two-tailed Student’s t-test and p values equal or below 0.05 were considered significant.



RESULTS

Effects of Olmutinib on Cells Overexpressing ABCB1, ABCG2, and ABCC1 Transporters

To determine the effects of olmutinib on ABC transporters, the sensitivity of ABCB1-, ABCG2-, and ABCC1-overexpressing cells to olmutinib were determined. The cytotoxicity assay indicated that the IC50 values of olmutinib for ABCB1-, ABCG2-, and ABCC1-overexpressing cancer cells (KB-C2, NCI-H460/MX20 and KB-CV60) were 11.42, 12.19, and 17.14 μM. The IC50 values of olmutinib for their parental cells (KB-3-1, NCI-H460, and KB-3-1) were 18.85, 15.58, and 12.62 μM, respectively, (Figure 2). As the concentration of 3 μM olmutinib did not produce significant cytotoxicity, this concentration was used for reversal experiments.
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FIGURE 2. The concentration-survival curve of olmutinib on drug-induced ABCB1-, ABCG2-, and ABCC1-overexpressing cell lines and transfected ABCB1-, ABCG2-, and ABCC1-overexpressing cell lines. (A) Concentration-survival curves of KB-3-1 and KB-C2 cell lines incubated only with olmutinib. (B) Concentration-survival curves of NCI-H460 and NCI-H460/MX20 cell lines incubated only with olmutinib. (C) Concentration-survival curves of KB-3-1 and KB-CV60 cell lines incubated only with olmutinib. (D) Concentration-survival curves of HEK293/pcDNA3.1, HEK293/G2, HEK293/ABCB1, and HEK293/MRP1 cell lines incubated only with olmunitib. Each cell line was incubated with a designated concentration gradient of olmunitib for 72 h.



Effects of Olmutinib on Reversing Drug-Resistance of ABCG2-Overexpressing Cells

To further determine whether olmutinib in the above cell lines reverses the multi-drug resistance (MDR) mediated by ABC transporters, the drug-induced resistant human cancer cell line (KB-C2, NCI-H460/MX20, and KB-CV60) and the transfected resistant cell line (HEK293/ABCB1, HEK293/G2, and HEK293/MRP1) and their corresponding parental cell lines (KB-3-1, NCI-H460, and HEK293/pcDNA3.1) were used to perform the cytotoxicity assay. As shown in Tables 1–3, the IC50 values of KB-C2 and KB-CV60 cell lines were much higher than those of the corresponding parental cell lines. On the other hand, the result in the NCI-H460/MX20 cell line was the opposite. As compared with the NCI-H460 and HEK293/pcDNA3.1 cell lines, olmutinib significantly decreased the IC50 values of MX and SN-38 in the NCI-H460/MX20 and HEK293/ABCG2 cell lines, but it did not affect the values of paclitaxel and vincristine in the KB-C2 and HEK293/ABCB1 cell lines, compared to parental KB-3-1 and HEK293/pcDNA3.1 cell lines. It also did not affect the IC50 values of vinblastine and vincristine in KB-CV60 and HEK293/MRP1 cell lines, compared to parental KB-3-1 and HEK293/pcDNA3.1 cell lines. Cisplatin is not a substrate for ABCB1 and ABCG2. It has no reversal effect on ABCB1-mediated and ABCG2-mediated MDR. So there was no significant change in the IC50 values of cisplatin in the human cancer cell lines (KB-C2, NCI-H460/MX20, and KB-CV60) or transfected cell lines (HEK293/ABCB1, HEK293/G2, and HEK293/MRP1) compared with the corresponding parental cells (Tables 1–3). These results indicate that olmutinib could selectively reverse MDR mediated by ABCG2-overexpression but could not reverse ABCB1- and ABCC1-overexpressing mediated MDR.

TABLE 1. The effect of olmutinib on drug resistance to paclitaxel, vincristine, and cisplatin in ABCB1-overexpressing cell lines (KB-3-1 and KB-C2, HEK293/pcDNA3.1, and HEK293/ABCB1).
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TABLE 2. The effect of olmutinib on drug resistance to MX, SN38, and cisplatin in ABCG2-overexpressing cell lines (NCI-H460 and NCI-H460/MX20, and HEK293/pcDNA3.1 and HEK293/ABCG2).

[image: image]

TABLE 3. The effect of olmutinib on drug resistance to vincristine, vinblastine, and cisplatin in ABCC1-overexpressing cell lines (KB-3-1and KB-CV60, HEK293/pcDNA3.1, and HEK293/ABCC1).
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Effect of Olmutinib on the Protein Expression of ABCG2 Transporters

Western blot analysis was performed to confirm whether olmutinib could affect the protein expression of ABCG2 transporters in cell lysates. As shown in Figures 3A,C, different concentrations (1, 3, and 6 μM) of olmutinib treatment did not significantly alter the expression of the ABCG2 protein (72 kDa) in ABCG2-overexpressing NCI-H460/MX20 cell line compared to control. Figures 3B,D indicated that the protein expression level of ABCG2 was quite low in the parental NCI-H460 cell line, and the treatment of olmutinib (3 μM) for 0, 24, 48, and 72 h did not significantly alter expression of the ABCG2 protein (72 kDa) in the ABCG2-overexpressing NCI-H460/MX20 cell line.
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FIGURE 3. Western blotting to detect ABCG2 expression in ABCG2-over-expressing cell lines. (A) The effect of olmutinib at 1, 3, and 6 μM on the expression levels of ABCG2 in NCI-H460 and NCI-H460/MX20 cells at 72 h. (B) The effect of olmutinib at 3 μM on the expression levels of ABCG2 in NCI-H460 and NCI-H460/MX20 cells at 0, 24, 48, and 72 h. (C) The effect of olmutinib at 0, 1, 3, and 6 μM on the expression levels of ABCG2 in NCI-H460 and NCI-H460/MX20 cells at 72 h. (D) The effect of olmutinib at 3 μM on the expression levels of ABCB1 in NCI-H460 and NCI-H460/MX20 cells at 0, 24, 48, and 72 h. Equal amounts of total cell lysate were used for each sample. ∗P < 0.05 versus the control group (B,D versus NCI-H460).



Effect of Olmutinib on the Expression and Intracellular Localization of ABCG2

To further confirm whether olmutinib altered the expression and cellular localization of the ABCG2 protein, immunofluorescence staining was performed after cells were processed with different time of incubation or with different concentrations of olmutinib. As shown in Figure 4, the ABCG2 transporters are located on the membrane of NCI-H460/MX20 cells. Figure 4A showed that incubation of cells with 3 μM of olmutinib did not significantly alter the subcellular distribution of ABCG2 in NCI-H460/MX20 cells when compared at 0, 24, 48, and 72 h. Similarly, Figure 4B showed that incubation of cells after 72 h with 0, 1, 3, and 6 μM of olmutinib did not significantly alter the subcellular distribution of ABCG2 in NCI-H460/MX20 cells.
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FIGURE 4. Effect of olmutinib on the expression and cell localization of ABCG2. (A) Micrographs are representatives of immunostaining of NCI-H460/MX20 cells incubated with 3 mM olmutinib after 0, 24, 48, and 72 h. (B) The effect of olmutinib at 0, 1, 3, and 6 mM on NCI-H460/MX20 cells after being processed for 72 h.



Effect of Olmutinib on [3H]-MX Accumulation and Efflux

The accumulation and efflux effects of the olmutinib were investigated by comparing the quantity of [3H]-MX in NCI-H460 and ABCG2-mediated NCI-H460/MX20 cells. As shown in Figure 5A, intracellular [3H]-MX level in NCI-H460/MX20 cells was approximately 2.5-fold lower than that in NCI-H460 cells after 2 h incubation without an inhibitor. Compared with the control group, the accumulation of [3H]-MX in NCI-H460/MX20 cells was significantly increased in the olmutinib (3 μM) group. The accumulation effect of olmutinib (3 μM) is comparable to that of Ko 143 (3 μM), which is a positive inhibitor of ABCG2. Figure 5B indicated that the intracellular [3H]-MX level in NCI-H460 cells did not significantly change after 120 min, and treatment with inhibitors did not alter the efflux function in NCI-H460 cells. However, the intracellular [3H]-MX level in NCI-H460/MX20 cells decreased dramatically by about 60% without the treatment of inhibitors (Figure 5C). With the treatment of olmutinib (3 μM), the efflux function of NCI-H460/MX20 cells could be effectively inhibited; this inhibition of efflux function would increase with olmutinib at 6 μM.
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FIGURE 5. Effects of olmutinib on intracellular accumulation and efflux of [3H]-MX in NCI-H460 and NCI-H460/MX20 cells. (A) The effects of olmutinib on the accumulation of [3H]-MX in NCI-H460 and NCI-H460/MX20 cells. (B) The effects of olmutinib on the efflux function of NCI-H460 cells. (C) The effects of olmutinib on the efflux function of NCI-H460/MX20 cells. Error bars represent the SD value. Ko 143 (3 μM) is used as positive control for ABCG2-overexpressing cells. ∗P < 0.05 versus control group, two-way ANOVA.



Effect of Olmutinib on ATPase Activity of ABCG2 Transporters

ABCG2-mediated ATP hydrolysis, in the presence of olmutinib at various concentrations from 0 to 40 μM, was measured to assess the effect of olmutinib on the ATPase activity of ABCG2. Olmutinib stimulated the ATPase activity of ABCG2 in a concentration-dependent manner, with a maximal stimulation of 3.5-fold of the basal activity as shown in Figure 6. The concentration of olmutinib required to obtain 50% stimulation is 2.2 μM. This result indicated that olmutinib interacts at the drug-substrate binding site and affects the ATPase activity of ABCG2.
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FIGURE 6. ABCG2 transporter specific ATPase activity was stimulated by olmutinib. The effect of olmutinib on the subcellular localization of BCRP in NCI-H460/MX20 cells. The graph shows that ATPase activity was plotted with SD as a function of concentration of olmutinib. The inset shows stimulation of ATP hydrolysis at lower (0–10 μM) concentration of olmutinib.



Docking Analysis of the Binding of Olmutinib With Human Wild-Type ABCG2 Model

The best-scored docked (-10.902 kcal/mol) position of olmutinib within the binding pocket of human ABCG2 (5NJ3) is shown in Figure 7. Figure 7A showed that there were two hydrogen bonds and one π – π interaction between olmutinib and human ABCG2. Interestingly, the nitrogen in piperazine group of olmutinib was ionized and formed a hydrogen bond with Asn436 in the A chain. It was reported that acidic microenvironment is a major feature of tumor (Kato et al., 2013). Acidic extracellular pH could facilitate the ionization of olmutinib and generate the hydrogen bonding with ABCG2. The nitrogen in the enamide group of olmutinib could have another hydrogen bonding with Asn436 in the B chain of ABCG2. Besides the interactions mentioned above, olmutinib could be stabilized in the hydrophobic pocket of ABCG2 by the hydrophobic interactions with residues such as Met431, Phe432, Ile543, Phe549, and Leu555.
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FIGURE 7. The docking simulation of olmutinib with human ABCG2. (A) The two-dimensional ligand–receptor interaction diagram of olmutinib and human ABCG2. The amino acids within 4 Å are shown as colored bubbles, cyan indicates polar residues, and green indicates hydrophobic residues. Hydrogen bonds are shown by the purple dotted arrow. (B) Docked position of olmutinib within the binding site of human ABCG2. Olmutinib is shown as ball and stick mode with the atoms colored: carbon – cyan, hydrogen – white, nitrogen – blue, oxygen – red, and sulfur – yellow. Important residues are shown as sticks with the same color mode as above except that carbons are colored in gray.





DISCUSSION

According to previous studies, small molecule cell signaling inhibitors, such as TK inhibitors, are of crucial importance in chemotherapeutic drug resistance (Wu et al., 2014). ABC transporters are known as mediators of MDR, which is significantly reversed by many clinically used TKIs. Cancer cells acquire MDR via various types of ABC transporters; for example NSCLC cells obtain MDR due to overexpression of ABCG2. ABC transporter-mediated MDR has been found partially or completely reversed by other TKIs such as fumitremorgin C (FTC) (Kim, 2016). As a third-generation EGFR TKI, olmutinib has been approved for the treatment of locally advanced or metastatic EGFR T790M mutation-positive NSCLC (Ni et al., 2010). Therefore, in this study, we aimed to further explore whether olmutinib has potential reversal effects in different types of ABC transporter-mediated MDR. The results indicated that olmutinib greatly reversed ABCG2-mediated MDR, while ABCB1- and ABCC1-mediated MDR were not significantly influenced.

According to our MTT assay, MX-selected NCI-H460/MX20 cells also acquired resistance to SN-38 and were sensitized to both MX and SN-38 by incubation with olmutinib. IC50 of cisplatin, which is not a substrate of ABCG2, did not vary significantly with or without pre-incubation with olmutinib. To further explore the specificity of its reversal effects, we also determined the effects of olmutinib on ABCB1-overexprssing cells. Both ABCB1-transfected HEK293 cell and colchicine-selected ABCB1-overexpressing KB-C2 cells had shown drug resistance toward paclitaxel and vincristine. After olmutinib incubation, the results showed that ABCB1-overexpressing cells were not significantly sensitized. Similarly, olmutinib did not show statistically significant reversal effects in ABCC1-overexpressing KB-CV60 and HEK293/ABCC1 cells.

Moreover, to explore the possible mechanism of olmutinib, its effect on ABCG2 expression was tested. Based on the result, ABCG2 expression was not significantly altered with different incubation time or olmutinib concentration. Additionally, intracellular localization of ABCG2 did not vary after 72 h of treatment, as demonstrated by the immunofluorescence results. Based on these findings, we can conclude that the reversal of drug resistance by olmutinib is not related to down-regulated ABCG2 protein expression or altered intracellular location. Instead, the reversal function of olmutinib may be generated by interacting with the ABCG2 protein.

To further determine the interaction between olmutinib and ABCG2, we investigated the accumulation/efflux effect of olmutinib. The results indicated a significant increase in [3H]-MX accumulation in NCI-H460MX20 cells when incubated with 3 μM olmutinib. The accumulation effect of olmutinib was comparable to that of a positive ABCG2 inhibitor Ko 143. In addition, according to the efflux time-course, MDR cells showed an inhibited MX efflux when treated with olmutinib compared with control group. In conclusion, olmutinib reversed ABCG2-mediated MDR due to inhibited drug efflux, leading to an increased intracellular drug accumulation. A large proportion of TKIs that are involved in ABC transporter-mediated MDR reversal stimulate ATP hydrolysis (Anreddy et al., 2014); we saw consistent results in the ATPase assay that olmutinib stimulated ATPase activity of ABCG2 up to 3.5-fold. Additionally, the molecular interaction between olmutinib and ABCG2 was identified by a docking simulation. The best-score (-10.902 kcal/mol) docking position of olmutinib within human ABCG2 implied direct interaction with π – π bonds and hydrogen bonds, which stabilized olmutinib in the hydrophobic pocket of ABCG2. The results showed that olmutinib not only interacts directly with ABCG2 but also works as a competitive inhibitor of the transport protein. In conclusion, the reversal effect of olmutinib on ABCG2 in MDR cells is not due to ABCG2 expression or intracellular localization, but is related to its interaction with the ABCG2 protein including drug efflux inhibition and ATPase stimulation.

The mechanism involved in resistance of olmutinib is very complex. In recent years, some studies have shown that the nucleotide polymorphism of ABCG2 gene may play a role in the expression level and function of ABCG2 (Tanaka et al., 2011; Chen et al., 2015; Tang et al., 2018). In addition, the nucleotide polymorphism of ABCG2 gene is also associated with drug resistance. Therefore, the effect of ABCG2 single nucleotide polymorphism on ABCG2 function, pharmacokinetics and the mechanism of ABCG2 effect on tumor will be the focus of our future research.



CONCLUSION

Overall, in this study we reported that a newly approved TKI olmutinib reversed ABCG2-mediated MDR by inhibiting chemotherapeutic drug efflux and increasing intracellular drug accumulation. Collectively, our study suggested that ABCG2-mediated drug resistance to conventional chemotherapeutic drugs could be reversed by a combination regimen of olmutinib with other chemotherapeutic drugs.
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Overexpression of ATP-binding cassette (ABC) transporters is one of the most important mechanisms responsible for multi-drug resistance (MDR). VS-4718, a tyrosine kinase inhibitor targeting focal adhesion kinase (FAK) with a potential anticancer effect, is currently evaluated in clinical trials. In this study, we investigated whether VS-4718 could reverse MDR mediated by ABC transporters, including ABCB1, ABCG2, and ABCC1. The results showed that VS-4718 significantly reversed ABCB1- and ABCG2-mediated MDR, but not MDR mediated by ABCC1. Treatment of VS-4718 did not alter the protein level and subcellular localization of ABCB1 or ABCG2. Mechanism studies indicated that the reversal effects of VS-4718 were related to attenuation of the efflux activity of ABCB1 and ABCG2 transporters. ATPase analysis indicated that VS-4718 stimulated the ATPase activity of ABCB1 and ABCG2. Docking study showed that VS-4718 interacted with the substrate-binding sites of both ABCB1 and ABCG2, suggesting that VS-4718 may affect the activity of ABCB1 and ABCG2 competitively. This study provided a novel insight for MDR cancer treatment. It indicated that combination of VS-4718 with antineoplastic drugs could attenuate MDR mediated by ABCB1 or ABCG2 in ABCB1- or ABCG2-overexpressing cancer cells.

Keywords: VS-4718, multidrug resistance (MDR), ATP-binding cassette (ABC) transporter, P-glycoprotein (P-gp/ABCB1), breast cancer resistance protein (BCRP/ABCG2)


INTRODUCTION

Multidrug resistance (MDR) remains a major challenge that contributes to the failure of cancer chemotherapy (Szakács et al., 2006; Kartal-Yandim et al., 2016). MDR in cancer leads to synchronous resistance of cancer cells to structurally unrelated anticancer drugs. Several mechanisms contribute to cancer MDR, including reduced apoptosis, advanced DNA damage repair mechanisms, or altered drug metabolism. However, ATP binding cassette (ABC) transporters play a critical role in inducing MDR in cancer cells (Gottesman et al., 2002; Eckford and Sharom, 2009).

The ABC transporters contain diverse groups of active membrane transporters with important physiological and pharmacological roles (Dassa and Bouige, 2001). Divided into 7 subfamilies from ABCA to ABCG, the human ABC protein family has 49 ABC proteins and 48 of them have functions (Stavrovskaya and Stromskaya, 2008; Eckford and Sharom, 2009). Collectively, they are widely expressed in the placenta, blood brain barrier (BBB), intestines, liver, and kidneys to restrict the bioavailability of administered drugs (Linton, 2007; Linton and Higgins, 2007), transporting and regulating levels of physiological substrates such as lipids, porphyrins, and sterols (Wu and Ambudkar, 2014). The ABC transporters also play an important role in MDR, especially the ABC transporter subfamily B member 1 (ABCB1/P-glycoprotein, P-gp) and-subfamily G member 2 (ABCG2/breast cancer resistance protein, BCRP). The ABC transporters significantly decrease the intracellular concentration of certain anticancer drugs by pumping substrate drugs out of cancer cells, which becomes a major impediment to chemotherapy. It is well documented that the expression of ABC transporters are associated with the level of response of chemotherapy and the progression of malignancy (Liu et al., 2013, 2014; Ali and Elsalakawy, 2014; Xie et al., 2014; Yang et al., 2015). Thus, inhibiting the efflux function of ABC transporters is of great importance to enhance the efficacy of chemotherapy (Shukla et al., 2008).

Previously, we found that some tyrosine kinase inhibitors (TKIs) could attenuate ABC transporter-mediated MDR. For example, dacomitinib, an epidermal growth factor receptor (EGFR) inhibitor, directly inhibits the efflux activity of ABCB1 and ABCG2, thereby decreasing the efflux of certain anticancer drugs and subsequently increases their intracellular accumulation, finally reversing the MDR (Zhang et al., 2018).

VS-4718 (PND-1186) is a selective focal adhesion kinase (FAK) inhibitor with potential anti-cancer activity in breast cancer and ovarian cancer (Tanjoni et al., 2010; Tancioni et al., 2014). It is currently evaluated in clinical trials (NCT02215629, NCT01849744, and NCT02651727). Recent studies have shown that VS-4718 could drive depletion of regulatory T cells (Tregs) and promotes CD8+ T cell-mediated anti-tumor response (Serrels et al., 2015). However, there is hardly any research indicating the sensitizing effects of VS-4718 in ABC transporter-overexpressing cancer cells. Here we report for the first time that VS-4718 shows a significant effect on reversing ABCB1- and ABCG2-mediated MDR at non-toxic concentrations.



MATERIALS AND METHODS


Chemicals

VS-4718 (PND-1186) was a gift from Chemie Tek (Indianapolis, IN). Bovine serum albumin (BSA), fetal bovine serum (FBS), Dulbecco's modified Eagle's Medium (DMEM), penicillin/streptomycin and 0.25% trypsin were purchased from Corning Incorporated (Corning, NY). The monoclonal antibodies for ABCG2 (catalog number MAB4146, Lot number 3026758, clone BXP-21) were purchased from Millipore (Billerica, MA). Paclitaxel, doxorubicin, cisplatin, vincristine, mitoxantrone, verapamil, the monoclonal antibodies for ABCB1 (catalog number P7965, Lot number 067M4761V, clone F4), dimethylsulfoxide (DMSO), 3-(4,5-dimethylthiazol-yl)-2,5-diphenyltetrazolium bromide (MTT), Triton X-100, 4',6-diamidino-2-phenylindole (DAPI), and paraformaldehyde, were purchased from Sigma-Aldrich (St. Louis, MO). The monoclonal antibody for GAPDH (catalog number MA5-15738, Lot number SA247966, clone GA1R), Alexa Fluor 488 conjugated goat anti-mouse IgG secondary antibody, SN-38 and MK571, were purchased from Thermo Fisher Scientific Inc (Rockford, IL). HRP-conjugated rabbit anti-mouse IgG secondary antibody (catalog number 7076S, Lot number 32) were purchased from Cell Signaling Technology Inc (Danvers, MA). Ko143 was a product from Enzo Life Sciences (Farmingdale, NY). [3H]-paclitaxel (15 Ci/mmol) and [3H]-mitoxantrone (2.5 Ci/mmol) were purchased from Moravek Biochemicals, Inc., (Brea, CA). All other chemicals were purchased from Sigma Chemical Co (St. Louis, MO).



Cell Lines and Cell Culture

The ABCB1-overexpressing resistant KB-C2 cells were established by step-wise increased concentration of colchicine to parental human epidermoid carcinoma KB-3-1 cells and were cultured in medium with 2 μg/mL colchicine (Akiyama et al., 1985). The ABCC1-overexpressing KB-CV60 cells were cloned from KB-3-1 cells and were maintained in medium with 1 μg/mL cepharanthine and 60 ng/mL vincristine (Taguchi et al., 1997). Both KB-C2 and KB-CV60 and their parental KB-3-1 cells were kindly provided by Dr. Shin-ichi Akiyama (Kagoshima University, Kagoshima, Japan). The human colon cancer SW620 cells and the doxorubicin-selected ABCB1-overexpressing resistant subline SW620/Ad300 were used for ABCB1 reversal study and the SW620/Ad300 cells were cultured in medium with 300 ng/mL doxorubicin (Bates et al., 1993). The human non-small cell lung cancer (NSCLC) NCI-H460 cells and the mitoxantrone-selected subline ABCG2-overexpressing NCI-H460/MX20 cells were used for ABCG2 reversal study and the NCI-H460/MX20 cells were maintained in medium with 20 ng/mL mitoxantrone (Robey et al., 2001). The human colon carcinoma cell line S1 and its mitoxantrone-selected derivative ABCG2 overexpressing S1-M1-80 cells were used for ABCG2 reversal study and the S1-M1-80 cells were maintained in the medium with 80 μM mitoxantrone (Miyake et al., 1999). HEK293/pcDNA3.1 and HEK293/ABCB1 were established by transfecting the human embryonic kidney HEK293 cells with empty and ABCB1 expressing vector respectively (Fung et al., 2014). HEK293/pcDNA3.1 and HEK293/ABCG2 were transfected with either an empty vector pcDNA3.1 or a pcDNA3.1 vector containing a full length ABCG2. Transfected cells were selected with complete culture medium containing G418 (2 mg/ml). SW620 and SW620/Ad300, NCI-H460 and NCI-H460/MX20,S1 and S1-M1-80, HEK293/ABCG2 were kindly provided by Drs. Susan Bates and Robert Robey (NCI, NIH, Bethesda, MD). HEK293/ABCB1 were kindly provided by Dr. Suresh V. Ambudkar (NCI, NIH, Bethesda, MD). Each aforementioned cell line was cultured in DMEM medium containing 10% fetal bovine serum and 1% penicillin/streptomycin at 37°C in a humidified atmosphere containing 5% CO2. All cells were grown as an adherent monolayer and drug-resistant cells were grown in drug-free culture media for more than 2 weeks before assay. All cells were tested by DAPI staining and found free of mycoplasma contamination before being used for experiments.



Cell Viability and Reversal Experiments

Cell viability and reversal fold were determined using MTT assay as previously described (Zhang X. Y. et al., 2016). Briefly, for the reversal study, each type of cells were harvested and resuspended, and seeded evenly onto a 96-well plate at a final concentration of 5 × 103 cells per well in 160 μl medium. After incubating for 24 h, VS-4718 (1 and 3 μM) was added 2 h prior to incubation with anticancer drugs. After 72 h of incubation, MTT solution (4 mg/ml) was added to each well and the cells were further incubated for 4 h. Then, the supernatant was discarded and 100 μL of DMSO was used to dissolve the formazan crystals. An accuSkanTM GO UV/Vis Microplate Spectrophotometer (Fisher Sci., Fair Lawn, NJ) was used to determine the absorbance at 570 nm. The concentration for 50% inhibition of cell viability (IC50) of the anticancer drug was calculated as previously described (Zhang et al., 2015). Verapamil (3 μM), Ko 143 (3 μM), and MK 571 (25 μM) were used to reverse ABCB1-, ABCG2- and ABCC1-mediated MDR, respectively, as positive controls. Cisplatin, known as a non-substrate of ABCB1, ABCG2, or ABCC1, was used as a negative control of anticancer drug.



Western Blotting Analysis

Western blotting analysis was carried out as previously described (Zhang X. Y. et al., 2016). Briefly, cells were incubated with or without VS-4718 for varying amounts of time (0, 24, 48, 72 h) before being lysed. Protein concentrations were determined with BCA Protein Assay Kit (Pierce, Rockford, IL). Equal amounts (20 μg) of proteins were subjected to 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to PVDF membranes (Millipore, Billerica, MA). The presence of ABCB1 and ABCG2 was determined using monoclonal antibody F4 (dilution 1:500) and BXP-21 (dilution 1:1,000), respectively. GAPDH was used as a loading control. The resulting protein bands were analyzed using Image J software.



Immunofluorescence Assay

The immunofluorescence assay was performed as previously described (Zhang X. Y. et al., 2016). After being cultured overnight in 24-well plates, the cells (2 × 104) were treated with VS-4718 for 0, 24, 48, and 72 h. Then cells were fixed in 4% paraformaldehyde for 10 min and permeabilized by 0.1% Triton X-100 for 10 min before blocking with 6% BSA for 1 h. Cells were incubated with monoclonal antibodies ABCB1 (F4, dilution 1:100) and ABCG2 (BXP-21, dilution 1:150) at 4 °C overnight. Alexa Fluor 488 conjugated secondary antibody (1:1,000) was used after washing with iced PBS. DAPI was used to counterstain the nuclei. Immunofluorescence images were collected using an EVOS FL Auto fluorescence microscope (Life Technologies Corporation, Gaithersburg, MD).



ATPase Assay

The ABCB1- and ABCG2-associated ATPase activities were measured using PREDEASY ATPase Kits (TEBU-BIO nv, Boechout, Belgium) with modified protocols. In short, cell membranes that overexpressed ABCB1 or ABCG2 were thawed and diluted before used. Sodium orthovanadate (Na3VO4) was used as an ATPase inhibitor. Various concentrations of VS-4718 were incubated with membranes for 5 min. The ATPase reactions were initiated by adding 5 mM Mg2+ ATP. Luminescence signals of Pi were initiated and measured after incubation at 37°C for 40 min with brief mixing. The changes of relative light units were determined by comparing Na3VO4-treated samples with VS-4718 treated groups.



[3H]-Paclitaxel and [3H]-mitoxantrone Accumulation Assay

For the [3H]-paclitaxel accumulation assay, KB-3-1 and its drug resistant subline KB-C2 were used. Briefly, 5 × 105 cells were cultured in 24-well plates overnight before the assay, and VS-4718 was added 2 h prior to the addition of [3H]-paclitaxel. After incubating with [3H]-paclitaxel with or without VS-4718 for 2 h at 37°C, cells were washed twice with iced PBS, and lysed with 0.25% trypsin before being placed in 5 mL scintillation fluid. Radioactivity of cells was measured in the Packard TRI-CARB 1900CA liquid scintillation analyzer (Packard Instrument, Downers Grove, IL). NCI-H460, NCI-H46/MX20, were used for [3H]-mitoxantrone accumulation assay as previously described (Sun et al., 2012).



[3H]-Paclitaxel and [3H]-mitoxantrone Efflux Assay

For the efflux assay, cells were incubated with VS-4718 for 2 h followed by incubation with [3H]-paclitaxel or [3H]-mitoxantrone with or without VS-4718 for 2 h at 37°C. The cells were washed with iced PBS twice and then lysed at various time points (0, 30, 60, and 120 min) with trypsin. Subsequently, cells were placed in 5 mL of scintillation fluid, and radioactivity was measured in the Packard TRI-CARB 1900CA liquid scintillation analyzer (Packard Instrument, Downers Grove, IL). KB-3-1 and KB-C2 were used for [3H]-paclitaxel efflux assay. NCI-H460, NCI-H46/MX20 were used for [3H]-mitoxantrone efflux assay (Sun et al., 2012).



Molecular Modeling of Human ABCB1 Homology Model and Wild-Type Human ABCG2 Model

All docking experiments were performed with software Schrodinger 2018–1 (Schrödinger, LLC, New York, NY, 2018) as described previously (Zhang Y. K. et al., 2016; Fan et al., 2018). Ligand preparation and protein preparation were essentially performed. Human ABCB1 homology model was established based on refined mouse ABCB1 (PDB ID: 4M1M), and the docking grid at drug-binding pocket was generated (Li et al., 2014). The grid of ABCG2 was generated by selecting residues at a substrate-binding pocket of ABCG2 (PDB ID: 5NJ3, selected residues: Phe432, Phe-439, Leu539, Ile543, Val546, and Met549) (Taylor et al., 2017). Glide XP docking was performed and the receptor grid for induced-fit docking (IFD) was generated by selecting the best scoring ligand. The Induced-fit docking was performed with the default protocol.



Statistical Analysis

All data are expressed as the mean ± SD and analyzed using one-way ANOVA. All experiments were repeated at least three times. Differences were considered significant when P < 0.05.




RESULTS


The Effect of VS-4718 on the Efficacy of Anticancer Drugs in Cells Overexpressing ABCB1 and ABCG2 Transporters

We first determined the toxicity of VS-4718 in the cells we would use to choose concentrations of VS-4718 that would not significantly alter cell survival rate. Concentrations of VS-4718 below IC20 upon 72 h-incubation with cells were selected. Based on the results (Figures 1, 2), we conducted the following assays with VS-4718 at concentrations of 1 and 3 μM.
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FIGURE 1. Chemical structure of VS-4718 and concentration-dependent viability curves for parental and ABCB1-overexpressing cells incubated with VS-4718. (A) Chemical structure of VS-4718. (B) Concentration-viability curves for KB-3-1 and KB-C2 cells incubated with VS-4718 for 72 h. (C) Concentration-viability curves for SW620 and SW620/Ad300 cells incubated with VS-4718 for 72 h. (D) Concentration-viability curves for HEK293/pcDNA3.1 and HEK293/ABCB1 cells incubated with VS-4718 for 72 h. The cell viability was determined by MTT assay. Data are expressed as mean ± SD, and representative of three independent experiments in triplicate are shown.
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FIGURE 2. Concentration-viability curves for parental and ABCG2- and ABCC1-overexpressing cells incubated with VS-4718. (A) Concentration-viability curves for NCI-H460 and NCI-H460/MX20 cells incubated with VS-4718 for 72 h. (B) Concentration-viability curves for S1 and S1-M1-80 cells incubated with VS-4718 for 72 h. (C) Concentration-viability curves for HEK293/pcDNA3.1 and HEK293/ABCG2 cells incubated with VS-4718 for 72 h. (D) Concentration-viability curves for KB-3-1 and KB-CV60 cells incubated with VS-4718 for 72 h. The cell viability was determined by MTT assay. Data are expressed as mean ±SD, representative of three independent experiments in triplicate.



VS-4718 significantly reduced the IC50 values of KB-C2 and SW620/Ad300 cells to doxorubicin and paclitaxel compared to their control cells in a dose-dependent manner (Table 1). After treatment with VS-4718, the IC50 values of mitoxantrone, topotecan, and SN-38 to NCI-H460/MX20 and S1-M1-80 cells were much lower than those in their control resistant cells (Table 3). Similarly, VS-4718 significantly increased the efficacy of doxorubicin and paclitaxel in the HEK293/ABCB1 cells compared with that in the control resistant cells (Table 2). Furthermore, after treatment with VS-4718, the ABCG2-transfected cells were much more sensitive to mitoxantrone, topotecan, and SN-38 compared with the control group (Table 4). VS-4718 did not alter the sensitivity of KB-CV60 to vincristine (Tables 5). In addition, VS-4718 did not significantly alter the cytotoxic effect of cisplatin, a drug that is neither a substrate of ABCB1 nor ABCG2 (Tables 1–5). These results suggested that VS-4718 could reverse ABCB1- and ABCG2-mediated MDR, but not MDR mediated by ABCC1.



Table 1. VS-4718 sensitized ABCB1-substrate-selected resistant cells to ABCB1 substrates.
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Table 2. VS-4718 sensitized ABCB1-gene-transfected cells to ABCB1 substrates.
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Table 3. VS-4718 sensitized ABCG2-substrate-selected resistant cells to ABCG2 substrates.
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Table 4. VS-4718 sensitized ABCG2-gene-transfected cells to ABCG2 substrates.
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Table 5. VS-4718 did not affect ABCC1-mediated MDR.
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The Effect of VS-4718 on the Protein Expression and Subcellular Localization of ABCB1 and ABCG2 Transporters

Since VS-4718 antagonized ABCB1- and ABCG2-mediated MDR, the mechanisms may result from down-regulation of the protein level and/or change of the subcellular localization of the ABC transporters. Thus, we performed Western blotting and immunofluorescence assay to determine whether VS-4718 could alter the expression level and/or the subcellular localization of ABCB1 and ABCG2 transporters. As shown in Figures 3A,B, after incubating for 24, 48, and 72 h, VS-4718 did not significantly alter the expression of ABCB1 protein (170 kDa) in ABCB1-overexpressing KB-C2 and SW620/Ad300 cells. Similarly, the expression of ABCG2 protein (72 kDa) in ABCG2-overexpressing cells NCI-H460/MX20 and S1-M1-80 was not altered significantly after treatment with VS-4718 for up to 72 h (Figures 3C,D). As shown in Figures 3E,F, ABCB1 and ABCG2 transporters were located on the membrane of KB-C2 and NCI-H460/MX20 cells separately after being treated with VS-4718 for 24 to 72 h, indicating that VS-4718 did not alter subcellular localization of the ABCB1 and ABCG2 transporters. In this study, KB-3-1 and SW620, and NCI-H460 and S1 that did not express ABCB1 and ABCG2 transporters were used as negative controls (Figure 3).
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FIGURE 3. The effect of VS-4718 on the protein expression and subcellular localization of ABCB1 and ABCG2 transporters. (A) Detection of ABCB1 expression in KB-C2 cells incubated with 3 μM of VS-4718 for 0, 24, 48 and 72 h. (B) Detection and relative intensity of ABCB1 expression in SW620/Ad300 cells incubated with 3 μM of VS-4718 for 0, 24, 48, and 72 h. (C) Detection of ABCG2 expression in NCI-H460/MX20 cells incubated with 3 μM of VS-4718 for 0, 24, 48, and 72 h. (D) Detection of ABCG2 expression in S1-M1-80 cells incubated with 3 μM of VS-4718 for 0, 24, 48 and 72 h. (E) Sub-cellular localization of ABCB1 expression in KB-C2 cells incubated with 3 μM of VS-4718 for 0, 24, 48 and 72 h. (F) Data are mean ± SD, representative of three independent experiments. Sub-cellular localization of ABCB1 expression in NCI-H460/MX20 cells incubated with 3 μM of VS-4718 for 0, 24, 48, and 72 h. Green: ABCB1 and ABCG2. Blue: DAPI counterstains the nuclei. KB-3-1 and NCI-H460 represented the control group; Scale bar: 200 μM.





The Effect of VS-4718 on the Intracellular Accumulation of Antineoplastic Drugs in Cancer Cells Overexpressing ABCB1 and ABCG2 Transporters

The above results indicated that VS-4718 significantly weakened ABCB1- and ABCG2-mediated MDR. However, VS-4718 did not significantly alter ABCB1 and ABCG2 protein expression or subcellular localization. To gain insight into the mechanisms of VS-4718 in reversing MDR, an accumulation assay was performed. The intracellular levels of [3H]-paclitaxel and [3H]-mitoxantrone were measured respectively in cells that overexpress ABCB1 and ABCG2 transporters in the presence or absence of VS-4718. As shown in Figure 4A, VS-4718 significantly increased the intracellular level of [3H]-paclitaxel in KB-C2 cells, that overexpress ABCB1 transporters, but not in its parental cell line KB-3-1 cells. Similarly, the intracellular level of [3H]-mitoxantrone in ABCG2-overexpressing NCI-H460/MX20 cells significantly increased after treatment with VS-4718, compared to its parental NCI-H460 cells (Figure 4B). These results suggested that VS-4718 may increase the intracellular accumulation of antineoplastic drugs by inhibiting the function of ABCB1 and ABCG2 transporters.
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FIGURE 4. VS-4718 increased the intracellular [3H]-drug accumulation in cancer cells overexpressing ABCB1 and ABCG2. (A) The effect of VS-4718 on the accumulation of [3H]-paclitaxel in KB-3-1 and KB-C2 cells. (B) The effect of VS-4718 on the accumulation of [3H]-mitoxantrone in NCI-H460 and NCI-H460/MX20 cells. Verapamil (3 μM) and Ko 143 (3 μM) were used as positive controls for ABCB1 or ABCG2 overexpressing cells respectively. Data are mean, representative of three independent experiments. *p < 0.05, compared with control group.





The Effect of VS-4718 on the Efflux Activity in Cancer Cells Overexpressing ABCB1 and ABCG2 Transporters

In order to further understand the mechanism of VS-4718 in antagonizing ABCB1- and ABCG2-mediated MDR, we performed the efflux assay to determine the effect of VS-4718 on the efflux function of ABCB1 and ABCG2 transporters. As shown in Figures 5B,D, VS-4718 significantly reduced the efflux of [3H]-paclitaxel in ABCB1-overexpressing KB-C2 cells, and [3H]-mitoxantrone efflux in ABCG2-overexpressing NCI-H460/MX20 cells. Nevertheless, VS-4718 did not significantly alter the efflux of [3H]-paclitaxel or [3H]-mitoxantrone in their parental KB-3-1 or NCI-H460 cells (Figures 5A,C). These results suggested that VS-4718 could increase the accumulation of anticancer drugs by impeding the efflux function mediated by ABCB1 and ABCG2.
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FIGURE 5. VS-4718 inhibited the efflux function of ABCB1 and ABCG2 transporters. (A,B) The effects of VS-4718 on efflux of [3H]-paclitaxel in KB-3-1 and KB-C2 cells. (C,D) The effects of VS-4718 on efflux of [3H]-mitoxantrone in NCI-H460 and NCI-H460/MX20 cells. Data are mean ±SD, representative of three independent experiments. *p < 0.05, compared with control group.





VS-4718 Stimulated the ATPase Activity of ABCB1 and ABCG2

As the above results showed that VS-4718 significantly antagonized ABCB1- and ABCG2-mediated MDR by inhibiting the efflux function of ABCB1 and ABCG2 transporters, it is likely that VS-4718 could affect the ATPase activity of ABCB1 and ABCG2 transporters. Hence, we measured ABCB1- or ABCG2-mediated ATP hydrolysis in the presence or absence of VS-4718 at various concentration from 0 to 40 μM to verify this hypothesis. As shown in Figure 6A, VS-4718 stimulated the ATPase activity of ABCB1 transporters in a dose-dependent manner with a maximal stimulation of 4.89-fold of the basal activity, and the concentration of VS-4718 required to obtain 50% of maximal stimulation is 1.72 μM. Similarly, VS-4718 stimulated the ATPase activity of ABCG2 transporters (Figure 6B), the concentration of VS-4718 required to obtain 50% of maximal stimulation is 9.60 μM, with 3.01-fold of maximum stimulation. These results suggested that VS-4718 may interact with the drug-substrate-binding site and affect the ATPase activity of ABCB1 and ABCG2 thereby restraining their efflux functions.
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FIGURE 6. VS-4718 stimulated the ATPase activity of ABCB1 and ABCG2. (A) Effect of VS-4718 on the ATPase activity of ABCB1. (B) Effect of VS-4718 on the ATPase activity of ABCG2. The inset graphs illustrate the effect of 0–10 μM VS-4718 on the ATPase activity of ABCB1 (A) or ABCG2 (B). Data are mean± SD, representative of three independent experiments.





Docking Analysis of the Binding of VS-4718 With Human ABCB1 Homology Model and ABCG2 Model

The best-scored docked position of VS-4718 within the binding pocket of human homology modeled ABCB1 and ABCG2 (5NJ3) are shown in Figure 7. The docking score of the binding of VS-4718 and ABCB1 is −10.782 kcal/mol and that of the binding of VS-4718 and human ABCG2 is −10.767 kcal/mol. There are two π-π interactions between VS-4718 and human homology ABCB1 (Figure 7A). The pyridine ring of VS-4718 has π-π interaction with both Phe732 and Phe983 of ABCB1. The oxygen in the amide group and the morpholinyl have hydrogen binding with Tyr307 and Tyr118 in chain A, respectively. Moreover, VS-4718 could be stabilized in the pocket of ABCB1 by hydrophobic interaction with residues such as Phe72, Phe303, Tyr310, Phe336, Phe953, Phe978, Met986, and Ala987 (Figure 7C). As shown in Figure 7B, the binding of VS-4718 and ABCG2 include hydrogen bonding interaction and π-π interaction. The phenyl ring in the benzamide group of VS-4718 has π-π interaction with Phe439 in the A chain. The amino group in VS-4718 as hydrogen bond (NH2⋯ NH2-Asn436) has hydrogen bonding interaction with residue Asn436 in the A chain. Besides, VS-4718 could also have hydrophilic interaction with the residues (Thr435, Asn436, Ser440, Ser443, Thr542) in the drug-binding pocket of ABCG2 (Figure 7D).
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FIGURE 7. The molecular modeling study of VS-4718 with human homology ABCB1 and human ABCG2. (A) Docked position of VS-4718 within the drug-binding site of human ABCB1 homology model. (B) Docked position of VS-4718 within the binding site of ABCG2. VS-4718 is shown as ball and stick mode with the atoms colored: carbon-cyan, hydrogen-white, nitrogen-blue, oxygen-red, fluorine-green, hydrogen-white. Important residues are shown as sticks with gray color. π-π stacking interactions are indicated with cyan dotted short line. Hydrogen bonds are shown by the yellow dotted line. (C) The two-dimensional ligand-receptor interaction diagram of VS-4718 and human homology ABCB1. (D) The two-dimensional ligand-receptor interaction diagram of VS-4718 and human ABCG2. The amino acids within 3 Å are shown as colored bubbles, cyan indicates polar residues, and green indicates hydrophobic residues. The purple arrow indicates hydrogen bond and green short line shows π-π stacking interaction.






DISCUSSION

It is well documented that the ABC transporters expressed on cancer cell membrane are responsible for MDR, which finally leads to the failure of chemotherapy (Dassa and Bouige, 2001; Szakács et al., 2006; Shukla et al., 2008; Stavrovskaya and Stromskaya, 2008; Eckford and Sharom, 2009; Kartal-Yandim et al., 2016). In decades, studies have shown that a series of small-molecule inhibitors have the capacity to reverse ABC transporter-mediated MDR, including EGFR inhibitor gefitinib, erlotinib, AG1478, PD153035, and dacomitinib, an EGFR and HER-2 inhibitor lapatinib, a pan-HER inhibitor canertinib, a BCR-ABL inhibitor imatinib, a Bruton tyrosine kinase (BTK) inhibitor ibrutinib, and certain multi-kinase inhibitors such as sunitinib (Erlichman et al., 2001; Ozvegy-Laczka et al., 2005; Dai et al., 2008; Shukla et al., 2009; Tiwari et al., 2009; Fan et al., 2018; Zhang et al., 2018). Reversing MDR by a combination of a chemotherapeutic drug with a reversal agent against the function of ABC transporters is a potential pharmacological approach to cancer treatments.

In this study, we found that VS-4718, at non-toxic concentrations, significantly sensitized ABCB1- and ABCG2-overexpressing cancer cells to their substrates in a dose-dependent manner. However, the re-sensitizing effects were not shown in ABCC1-overexpressing cells. First of all, an MTT assay was performed to obtain non-toxic concentrations of VS-4718 in the cells that we would use to avoid possible bias of VS-4718-induced cytotoxicity in evaluating its reversal effects. Based on the MTT results, 1 and 3 μM of VS-4718 were adopted for reversal studies. Our results indicated that VS-4718 significantly increased the efficacy of doxorubicin and paclitaxel on the ABCB1-overexpressing KB-C2 and SW620/Ad300 cells compared to their control resistant cells in a dose-dependent manner. Similarly, VS-4718 significantly reduced the IC50 values of substrate drugs in HEK293/ABCB1 cells dose dependently. In addition, VS-4718 sensitized ABCG2-overexpressing cells, NCI-H460/MX20 and S1-MI-80, and the ABCG2-transfected HEK293 cells to mitoxantrone, topotecan, and SN-38 in a dose-dependent manner. However, VS-4718, up to 3 μM, did not significantly sensitize the parental cells such as KB-3-1, SW620, NCI-H460, S1, and HEK293/pcDNA3.1 cells. Moreover, there was no significant alteration of insensitivity of cancer cells to cisplatin, which was neither an ABCB1 nor ABCG2 substrate. Furthermore, at 1 and 3 μM, VS-4718 did not significantly alter the IC50 value of ABCC1-overexpressing KB-CV60 cells. These findings suggested that the reversal effect of VS-4718 is specific to ABCB1- and ABCG2-mediated MDR.

The reversal of ABC transporter-mediated MDR may due to the down-regulation of ABC protein expression or change of subcellular localization. We performed Western blotting and immunofluorescence assay to investigate the potential mechanisms. We found that there was no significant decrease in the protein level of ABCB1 or ABCG2 transporters after treatment with VS-4718 (3 μM) up to 72 h. Likewise, VS-4718 at 3 μM did not significantly change the ABCB1 and ABCG2 transporters subcellular localization after incubating for up to 72 h, suggesting that the reversal effects of VS-4718 on MDR were not related to alteration of the protein level or subcellular localization of ABC transporters. However, further studies should determine the indirect effect of VS-4718 on the expression of ABCB1 and ABCG2 at a higher concentration and a longer incubation time. Moreover, we could not exclude the possibility that part of the reversal effect of VS-4718 could involve its effect on some proteins and/or cross-talk with other proteins, which may affect the function of ABCB1 and ABCG2. This needs to be studied further to exclude this possibility. Furthermore, we could not fully exclude the possible effect of VS-4718 on ABCC1 transporter, though this kind of effect may not result in reversing ABCC1-mediated MDR, further study should be performed in the future to determine the effect of VS-4718 on protein level and/or subcellular localization of ABCC1 transporter.

In accumulation and efflux assays, we found that VS-4718 significantly increased the intracellular [3H]-paclitaxel concentration in ABCB1-overexpressing KB-C2 cells, and [3H]-mitoxantrone in ABCG2-overexpressing NCI-H460/MX20 cells, in a dose-dependent manner, while no significant [3H]-drug alteration was found in their corresponding parental cells. Furthermore, VS-4718 significantly prevented [3H]-drugs being pumped out of ABCB1- and ABCG2-overexpressing cells in a dose-dependent manner, while no significant change of efflux was observed in their corresponding parental cells. The results of the accumulation and efflux experiments were congruent with the reversal effects of VS-4718 shown in anti-cancer efficacy testing when co-administered with substrate-drugs, suggesting that VS-4718 may increase the accumulation of substrate-drugs in ABCB1- and ABCG2-overexpressing cancer cells by inhibiting the ABCB1- and ABCG2-mediated efflux activity, which led to the decline of IC50 of substrate-drugs and finally attenuated the ABC transporter-mediated MDR. The results are also consistent with studies of our other small-molecule reversal reagents (Zhang et al., 2017, 2018; Gupta et al., 2018).

It is known that the function of ABC transporters relies on the energy from the hydrolysis of ATP by the enzyme ATPase, which can be modulated by the presence of substrates or inhibitors (Gottesman and Ambudkar, 2001; Wilkens, 2015). Our results indicated that VS-4718 stimulated the ATPase activity of both ABCB1 and ABCG2, with a 4.89-fold in ABCB1 and a 3.01-fold in ABCG2. The results suggested that VS-4718 probably acts as a substrate of ABCB1 and ABCG2, which may competitively occupy the drug binding site of both ABCB1 and ABCG2 transporters.

Although VS-4718 presents similar up-regulated ATPase activity of ABCB1 and ABCG2, the accurate binding site still remain unclear, so molecular docking simulations of VS-4718 with substrate-binding sites of ABCB1 and ABCG2 was performed. Modeling study suggested that VS-4718 could interact with the TMD of both ABCB1 and ABCG2 with docking scores of −10.782 kcal/mol and −10.767 kcal/mol, respectively, and hydrogen bonding interactions and π-π interactions were predicted between VS-4718 and lining residues of drug-binding cavities from ABCB1 and ABCG2. In conclusion, this suggested, along with our other results, that VS-4718 acts as a potential competitive substrate that increases the ATPase activity and displaces chemotherapy drugs from ABCB1 and ABCG2 transporters, thereby inhibiting the efflux function of ABCB1 and ABCG2, and increasing the intracellular accumulation of certain substrate drugs into the MDR cells, and finally reversing MDR.

In recent years, research has shown that a series of small-molecule targeted drugs have the capacity to reverse ABC transporter-mediated MDR. However, strategies to develop ABC transporters as a therapeutic target to overcome drug resistance have, to date, failed in the clinic, due to the unpredictable fate of the co-administrated reversal reagents with anticancer drugs. Nonetheless, it has been reported that clinical resistance to chemotherapy in a series of cancers is strongly associated with the overexpression of the ABC transporters, and overexpression of ABCB1 and ABCG2 in cancers may come with poor prognosis and high risk of death (Marsh et al., 2007; Campa et al., 2012; Hlavata et al., 2012; Litviakov et al., 2013; Bartholomae et al., 2016). Our study provides a clue that the combination of VS-4718 with ABCB1 or ABCG2 substrate-drugs, like doxorubicin or topotecan, as well as SN-38, could be a novel treatment strategy to antagonize resistance in cancer patients. Furthermore, in this study, though VS-4718 (1 and 3 μM) showed relative non-toxic and significant reversal effect in the cells we used, we could not conclude that VS-4718 would work in a in vivo model at a non-toxic dose. Therefore, in vivo study should be performed in the future to support the current findings.

In conclusion, this study indicates that VS-4718 could reverse ABCB1- and ABCG2-mediated MDR by competitively inhibiting the anticancer drugs being pumped out by ABC transporters. The combination of VS-4718 with substrate drugs of ABCB1 and ABCG2 transporters might be used for cancer clinical treatment to elude MDR if it could be validated in in vivo models.
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Non-coding RNAs (ncRNAs) are defined as RNA molecules that do not encode proteins, but recent evidence has proven that peptides/proteins encoded by ncRNAs do indeed exist and usually contain less than 100 amino acids. These peptides/proteins play an important role in regulating tumor energy metabolism, epithelial to mesenchymal transition of cancer cells, the stability of the c-Myc oncoprotein, and the ubiquitination and degradation of proliferating cell nuclear antigen (PCNA). These peptides/proteins represent promising drug targets for fighting against tumor growth or biomarkers for predicting the prognosis of cancer patients. In this review, we summarize the characteristics of peptides/proteins that have recently been identified as putative ncRNA translation products and their outlook for small molecule peptide drugs, drug targets, and biomarkers.
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INTRODUCTION

Non-coding RNAs (ncRNAs) comprise a class of RNA nucleic acid molecules that are transcribed from DNA but do not encode proteins (Guttman et al., 2013). However, ncRNAs are involved in many diseases (Cho, 2011; Esteller, 2011; Hu et al., 2015; Zhou et al., 2016; Nan et al., 2017; Luo et al., 2018) and utilize a variety of mechanisms to participate in gene regulation, including DNA methylation, chromatin modifications, transcriptional regulation, mRNA splicing, translation control, RNA stability, and so on (Muro et al., 2011; Pelechano and Steinmetz, 2013; Xing et al., 2014; Huang and Shan, 2015).

For a long time, there has been widespread recognition that ncRNA are unable to encode proteins (Guttman et al., 2013). However, with the development of deep ribosome profiling sequencing (Ribo-Seq) technology, mass spectrometry and algorithms including fragment length organization similarity score (FLOSS; Ingolia et al., 2014), ORF-RATER (Fields et al., 2015), and Ribo taper (Calviello et al., 2016), a subset of ncRNA have been identified to be able to encode peptides (<100 amino acids) or proteins, such as HOXB-AS3 (Huang et al., 2017), SPAR (Matsumoto et al., 2017), FBXW7-185aa (Yang et al., 2018), SHPRH-146aa (Zhang et al., 2018), miPEP-200a, and miPEP-200b (Fang et al., 2017; Figure 1). HOXB-AS3 and SPAR are encoded by long non-coding RNA (lncRNA). HOXB-AS3 plays an important role in regulating tumor energy metabolism, and SPAR interacts with the lysosomal v-ATPase to negatively regulate mTORC1 activation. FBXW7-185aa and SHPRH-146aa are encoded by circular RNA (circRNA), regulating the stability of the c-Myc oncoprotein and mediating ubiquitination and degradation of proliferating cell nuclear antigen (PCNA). miPEP-200a and miPEP-200b are encoded by primary miRNA (pri-miRNA). miPEP-200a and miPEP-200b affect epithelial to mesenchymal transition of cancer cells. We describe a bank of biologically functional peptides/proteins encoded by lncRNA, circRNA, and pri-miRNA. The biological activity of ncRNA encoded peptides/proteins may provide possibilities for developing new therapies for current refractory and other diseases.
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FIGURE 1. Cancer-related peptides/proteins encoded by ncRNAs. (A) Cancer-related peptides encoded by lncRNA. HOXB-AS3 is encoded by the lncRNA HOXB-AS3. HOXB-AS3 regulates tumor energy metabolism by antagonizing hnRNP A1, mediating PKM splicing. SPAR is encoded by LINC00961. SPAR interacts with the lysosomal v-ATPase to negatively regulate mTORC1 activation. (B) Cancer-related proteins encoded by circRNA. FBXW7-185aa is encoded by circ-FBXW7. FBXW7-185aa regulates the stability of the c-Myc oncoprotein. SHPRH-146aa is encoded by circ-SHPRH. SHPRH-146aa mediates the ubiquitination and degradation of PCNA. (C) Cancer-related proteins encoded by pri-miRNA. miPEP-200a and miPEP-200b are encoded by pri-miRNA (miR-200a and miR-200b). miPEP-200a and miPEP-200b affect the epithelial to mesenchymal transition of prostate cancer cells.



Peptides/proteins encoded by ncRNAs represent promising drug targets for fighting against tumor growth or biomarkers for predicting the prognosis of cancer patients. In this review, we summarize the characteristics of peptides/proteins encoded by ncRNA and their outlook for small molecule peptide drugs, drug targets, and biomarkers.



PEPTIDES/SMALL PROTEINS ENCODED BY NCRNA AS PROMISING CANDIDATES IN ANTITUMOR DRUGS

Advantages and Development Status of Anti-tumor Peptide/Small Protein Drugs

It is generally known that some peptide/protein drugs (such as antibacterial peptides) have been widely used in the field of animal medicine and have achieved good results (Brogden et al., 2003). In addition, the use of peptides/small protein drugs has a long successful history in the treatment of human disease, for instance, insulin for the treatment of diabetes (Kaur et al., 2018). Some anti-tumor peptides/small proteins such as mifamurtide (Brosa et al., 2014), interferon-γ (INF-γ; Berek, 2000), and interleukin-2 (IL-2; Liang et al., 2012), have been used in clinics and achieved a certain curative efficacy. Although chemotherapy is the major treatment method for cancer, it has fierce side effects, including the insufficient uptake of drugs in tumor cells, non-specific cytotoxicity of chemotherapeutic drugs and the rapid emergence of drug resistance, which largely limit clinical application (Gandhi et al., 2014; He et al., 2016). Compared with traditional chemotherapy agents, peptide and protein drugs possess unique advantages, including high specificity and activity, low immunogenicity and less cytotoxicity to normal tissues (Leader et al., 2008). Therefore, peptide and protein therapeutics have emerged as crucial approaches in recent clinical cancer treatment. The anti-cancer mechanisms of peptides and proteins are mainly divided into two types: one is usually related to direct induction of apoptosis in tumor cells via specific pathways, and the other is related to direct inhibition of tumor cell growth through targeting tumor angiogenesis or stimulating an immune response (Vaishya et al., 2015; Redington et al., 2017). Some protein drugs, such as tumor necrosis factor alpha (TNF-α), INF-γ, and IL-2, have been widely used in clinical cancer treatment (Berek, 2000; Calzascia et al., 2007; Liang et al., 2012). Nevertheless, despite TNF-α, INF-γ, and IL-2 possessing anti-tumor potency, the systemic clinical applications of high doses of these drugs are severely limited due to their systemic toxicities, for instance, inflammatory response, and underlying cardiotoxicity (Ashkenazi et al., 1999; Berek, 2000; Liang et al., 2012). Therefore, it is necessary and urgent to continue looking for higher efficiency and lower toxicity anti-tumor drugs.

Application Prospect of Peptides/Small Proteins Encoded by lncRNAs in the Treatment of Tumors

Only 2% of the human genome is able to code for proteins or peptides, and the rest is actively transcribed into ncRNAs (Fang et al., 2017). Surprisingly, a limited number of “ncRNAs” have recently shown the ability to encode proteins or peptides. HOXB-AS3 was annotated as lncRNA in the NCBI and lncRNA databases. Our research team has recently discovered that the lncRNA HOXB-AS3 could actually encode a conserved 53-aa peptide, called HOXB-AS3 peptide (Huang et al., 2017). In vitro studies showed that HOXB-AS3, rather than its lncRNA, inhibited proliferation, migration, invasion, and colony formation of colon cancer cells (CRC) via antagonizing hnRNP A1 protein (Huang et al., 2017). More importantly, the HOXB-AS3 peptide clearly impaired the in vivo growth of CRC xenografts and decreased the number and size of lung metastatic nodules (Huang et al., 2017). Therefore, HOXB-AS3 has great potential for the treatment of colon cancer via antagonizing hnRNP A1. Moreover, a conserved lncRNA LINC00961, encodes a novel peptide, called “small regulatory peptide of amino acid response” (SPAR). SPAR locates at the late endosome/lysosome and interacts with the lysosomal v-ATPase to negatively regulate mTORC1 activation (Matsumoto et al., 2017).

Application Prospect of Peptides/Small Proteins Encoded by circRNAs in the Treatment of Tumors

Very few circRNAs have been shown to encode small proteins with antitumor activity based on small-ORFs. Zhang et al. (2018) reported that a novel antitumor protein, SHPRH-146aa, was encoded by the circular RNA SHPRH and was driven by internal ribosome entry site (IRES) elements. SHPRH-146aa was able to protect full-length SHPRH from degradation by the ubiquitin-proteasome. Stabilized SHPRH inhibited glioblastoma cell proliferation and tumorigenicity via sequentially ubiquitinating PCNA as an E3 ligase (Zhang et al., 2018). In addition, Yang et al. (2018) also found that a novel 21-kDa protein, named FBXW7-185aa, was encoded by the circular RNA FBXW7. The FBXW7-185aa protein can reduce the half-life of the c-Myc oncoprotein, which is known to regulate the transcription of numerous genes and pathways, via antagonizing ubiquitin carboxyl-terminal hydrolase 28 (USP28) induced c-Myc stabilization in glioma cells (Yang et al., 2018). Therefore, the FBXW7-185aa protein can inhibit the proliferation and cell cycle acceleration of malignant glioma cells by downregulating the protein expression of c-Myc (Yang et al., 2018).

Application Prospect of Peptides/Small Proteins Encoded by pri-miRNAs in the Treatment of Tumors

Impressively, Fang et al. (2017) found that two proteins (miPEP-200a and miPEP-200b) were encoded by miR-200a and miR-200b, respectively. The experiment results indicated that miPEP-200a and miPEP-200b suppressed the migration of prostate cancer cells through regulating the epithelial to mesenchymal transition of tumor cells.

Application of Peptide/Small Protein Drugs Encoded by ncRNA

The ideal drug not only has specificity and pharmacological activity, but can also reach the target site to play a role. Whether these cancer-suppressive peptides/small proteins (SPAR, HOXB-AS3, FBXW7-185aa, SHPRH-146aa, miPEP-200a, and miPEP-200b) encoded by ncRNAs, are secreted into human serum remains unknown. Whether they can enter tumor cells through transporters on the cell membrane and play an inhibitory role remains unknown. Due to the potential developmental value and clinical applications, these problems will become a hot topic of research. In the past few decades, nanoscale carriers have become one of the key strategies for enhancing cancer treatment, which is attributed to the markedly enhanced tumor accumulation of drugs, prolonged blood circulation of the drug-loaded nanoparticles, and improved intracellular delivery efficiency (Elsabahy and Wooley, 2012; He et al., 2016). Therefore, if these peptides/small proteins have a very short half-life in vivo and are difficult to pass the biofilm barrier, they could be wrapped in nanomaterials to avoid being quickly metabolized and be delivered to tumor cells through nanoparticles to play an anti-cancer role. Moreover, these peptides/small proteins could interact with chemical drugs to treat tumors through nanoscale codelivery systems. Recombinant human adenovirus-p53 injection has become a new method for the clinical treatment of cancer. After the coding sequence of these peptides/small proteins is recombined with adenovirus, it could be injected into patients to treat tumors.



PEPTIDES/SMALL PROTEINS ENCODED BY NCRNA AS PROMISING CANCER DRUG TARGETS

Targeted Therapy

Targeted therapy refers to a type of treatment that uses drugs or other substances to attack specific targeted molecules (e.g., certain enzymes, proteins, DNA, RNA or other molecules), thereby maximizing efficacy and minimizing toxicity (Sawyers, 2008). This is also called “molecularly targeted therapy” and “precision medicine.” The purpose of targeted therapy in cancer is to restrict the growth and survival of cancer cells without injury to normal cells. In view of tumor heterogeneity, several types of targeted therapies, including monoclonal antibodies (e.g., Rituximab and Infliximab) (Maifrede et al., 2018), angiogenesis inhibitors (e.g., Pemetrexed and FGFR inhibitors) (Rojas et al., 2016), hormone therapies (e.g., Palbociclib) (Lynce et al., 2018), immune therapies (e.g., Durvalumab) (Raja et al., 2018), and rapamycin target inhibitor (e.g., Everolimus) (Kornblum et al., 2018), have been approved for cancer treatment. Additionally, tumor suppressor have also been studied as targets for targeted therapies in cancer. An example is the most important tumor suppressor protein, p53, which is associated with carcinogenesis by missense mutation (Brosh and Rotter, 2009). It was reported that 96.7% of high-grade serous ovarian carcinoma (HGSOC) cases contain pathogenic TP53 mutations (Ahmed et al., 2010). More recently, Soragni et al. (2016) designed a peptide inhibitor of p53 amyloid aggregation, ReACp53, which penetrated cells and restored the p53 function of tumor suppression in HGSOCs.

Application of ncRNA Encoded Peptides/Proteins as Promising Therapy Targets

ncRNA encoded peptides/proteins (HOXB-AS3, FBXW7-185aa, SHPRH-146aa, miPEP-200a, and miPEP-200b) have been proved to suppress tumorigenesis, which has enriched the research of ncRNAs in cancer development. Whether or not these tumor suppressor ncRNAs present mutations, like TP53 does, in tumors is still unknown. Strategies for rescuing or strengthening the function of tumor suppressor peptides/proteins, including vaccination with synthesized peptides or viral vector vaccines that encode relevant peptides sequences for cancer therapies, are now in development (Efremova et al., 2017; Radvanyi, 2018). Meanwhile, in the human genome, increasing evidence suggests that numerous ncRNAs are functional and play pivotal roles in many aspects of biology (Esteller, 2011). Maybe there are some hidden oncopeptides/oncoproteins encoded by ncRNAs that need to be identified; these hidden oncopeptides/oncoproteins may be exploited as novel targets for targeted therapies in cancer.



PEPTIDES/PROTEINS ENCODED BY NCRNA AS PROMISING CANCER BIOMARKERS

Biomarkers in Clinical Detection

With the advancement of treatment modalities, the survival rate and quality of life for early-stage cancer patients have been improved. However, due to the lack of specific symptoms and signs of early-stage cancer, and limited by cancer heterogeneity, only a portion of cancer patients are diagnosed early. Most cancer patients experience tumor recurrence and metastasis at regional or distant sites, which seriously shortens their survival time and greatly diminished quality of life. It is obvious that cancer bring devastating effects on patients and their families, which is a tremendous burden on society. Bray estimated there would be 22.2 million new cancer cases in 184 countries by 2030 (Bray et al., 2012). Cancer has been a severe challenge to society, and the early detection of cancer is highly important for clinical work.

It has been widely recognized that cancer is a very heterogeneous disease, and implementing precision medicine for patients is widely accepted. The molecular subtype of cancer provides us a new perspective: for different molecular subtypes, we can develop different, appropriate therapies and monitor the disease progression in the most suitable way. For instance, patients with triple-negative breast cancer (TNBC) have an increased risk of death compared with women with other types of breast cancer (Mayer et al., 2014). Gene expression analyses recently showed that TNBC has six distinct subtypes, each displaying a unique biology and showing distinct responses to standard treatment (Lehmann et al., 2011; Masuda et al., 2013). It is urgent to develop more biology-specific cancer biomarkers so that patients can receive the most appropriate therapy. Developing more suitable biomarkers for different molecular typing of tumors will be an inevitable biological challenge for cancer treatment. Therefore, biology-specific cancer biomarkers urgently need to be discovered and developed.

Peptides/Proteins Encoded by ncRNA as Promising Cancer Biomarkers

HOXB-AS3 Encoded by lncRNA Is a Potential Prognostic Biomarker

Our research team reported that the HOXB-AS3, encoded by the lncRNA HOXB-AS3, has been proven to play an important role in the development of cancer metabolism reprogramming. In mice, the in vivo growth of CRC xenografts with HOXB-AS3 ORF and 5′ UTR-ORF stably transfected cells was clearly impaired, including inhibition of tumor growth and lung metastasis. The HOXB-AS3 levels were decreased in primary CRC tissues compared with their paired non-tumoral tissues. Comparing the correlations between the level of HOXB-AS3 and clinic pathological features in 90 CRC cases, we found that patients with the clinical stage between IIB to IV have significantly lower levels of HOXB-AS3. The mean overall survival time for CRC patients with high levels of HOXB-AS3 was 1.6 times that of CRC patients with low levels of HOXB-AS3. Kaplan-Meier survival analyses revealed that patients with lower HOXB-AS3 levels were at increased risk of CRC-related death. Therefore, the low level of the HOXB-AS3 was correlated with a poor prognosis in CRC patients (Huang et al., 2017).

The Potential of Peptides/Proteins Encoded by circRNAs as Cancer Biomarkers

Nu Zhang’s research team reported that circ-FBXW7 can encode a 21-kDa protein, called FBXW7-185aa, which is assumed as a prognostic marker for glioblastoma. The mice injected with glioblastoma multiforme cells that stably overexpressed circ-FBXW7 had longer survival times and exhibited a much lower tumorigenicity than mice injected with the corresponding control cells. In 38 pairs of glioblastoma samples compared with their paired tumor-adjacent tissues, the expression of FBXW7-185aa was obviously decreased. The protein expression was investigated to demonstrate that glioblastoma patients with higher FBXW7-185aa expression had an increased total survival time (Yang et al., 2018).

Another study focused on SHPRH-146aa, which is encoded by circ-SHPRH, and showed that the SHPRH-146aa expression was significantly downregulated in 60 glioblastoma samples compared with their adjacent normal tissues. The subcutaneous injection with SHPRH-146aa stably overexpressing cells resulted in substantially lower tumorigenicity compared with the injection of the corresponding control cells in mice. Cancer patients with higher SHPRH-146aa expression had a longer survival time than those with lower SHPRH-146aa expression in glioblastoma patient samples. The result suggested SHPRH-146aa is a prognostic marker for glioblastoma in clinics (Zhang et al., 2018).

The Potential of Peptides/Proteins Encoded by pri-miRNAs as Cancer Biomarkers

The primary microRNA, miR-200a and miR-200b, that encode proteins (miPEP-200a and miPEP-200b) can inhibit the migration of prostate cancer cells, and it was observed that low-level expression of miPEP-200a and miPEP-200b were associated with poor survival outcome in cancer patients. This evidence indicated that miPEP-200a and miPEP-200b have the potential to be used as diagnostic and prognostic markers (Fang et al., 2017).

The Expectation of Peptides/Proteins Encoded by ncRNA Used as the Cancer Biomarkers

Accumulating evidence has shown that peptides/proteins encoded by ncRNA represent a promising source for prognostic biomarkers. Although the differential expression and prognostic correlation of the five peptides/proteins HOXB-AS3, SHPRH-146aa, FBXW7-185aa, miPEP-200a and miPEP-200b in cancer have been confirmed by the IHC analysis of paraffin sections of tumor tissues and western blot analysis of protein samples, we do not see a clear report that the peptides/proteins encoded by ncRNA are detected in body fluid (including blood, serum, urine, chest fluid, etc.). If these biology-specific peptides/proteins can be found in body fluid, the widespread progress of using them as cancer biomarkers in clinical applications will be greatly promoted. The tremendous research space of peptides/proteins encoded by ncRNAs used as cancer biomarkers will encourage researchers to continuously devote great effort in this field so that they can meet the requirements of being reliable, cost-effective, and capable of precise detection and monitoring.



CONCLUSION

ncRNA-encoded peptides/proteins open up a new field. The peptides/proteins mentioned in this review affect multiple steps in the development of tumorigenesis. These peptides/proteins regulate tumor energy metabolism, the stability of oncoproteins and the epithelial to mesenchymal transition of cancer cells. They are the new stars of the future drug targets for fighting against tumor growth or may be used as biomarkers for predicting the prognosis of cancer patients.

However, the ncRNA-encoded peptides/proteins that have been discovered so far are only the beginning, and those that are undiscovered will provide a wealth of opportunities for small molecule peptide drugs, drug targets, and biomarkers. Currently, whether these ncRNA-encoded peptides/proteins can be used in clinical practice requires a large sample of clinical studies. Follow-up treatment effects of ncRNA-encoded peptides/proteins and detecting these as biomarkers in more samples will be needed.
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ORY-1001, an inhibitor of covalent lysine (K)-specific demethylase 1A (KDM1A), has been used as a therapy for the treatment of acute leukemia. However, the underlying mechanisms of anticancer are still not fully elucidated. Here, we report that KDM1A is highly expressed in lung cancers, where it appears to drive aggressive growth. Furthermore, lung cancer patients with higher KDM1A levels have worse survival outcomes than patients with lower KDM1A levels. Interestingly, ORY-1001significantly inhibited the cell proliferation, colony formation, cell cycle, and induced apoptosis, by regulating the Warburg effect through controlling Hexokinases 2 (HK2) expression. In summary, these results indicate that ORY-1001 could inhibit the growth of lung cancer cells via regulating the Warburg effect by controlling HK2.

Keywords: lysine (K)-specific demethylase 1A, Warburg effect, Hexokinases 2, cell proliferation, lung cancer


INTRODUCTION

Energy metabolism reprogramming is a hallmark of cancer. Cancer cells increase glucose uptake, which then leads to an increase in the aerobic glycolysis rate and enhances lactate and energy production, known as the Warburg effect (Cairns et al., 2011; Fan et al., 2014). Mounting evidence supports that deregulated energy metabolism reprogramming is closely related to drug resistance in cancer therapy (Liu et al., 2008; Wang et al., 2010; Zhou et al., 2010; Zhao et al., 2011, 2013; Zheng et al., 2017). The enzymes involved in energy metabolism reprogramming can be regulated at the gene expression and post-translation modification level, in response to extracellular and intracellular signaling, to cope with the adaptive metabolic remodeling, in response to severe environmental conditions. Blocking the epigenetic regulation of metabolic enzymes is not only an intellectual pursuit, but also provides a way to help diagnose and treat cancers.

Lysine (K)-specific demethylase 1A (KDM1A), also known as Lysine-specific demethylase-1 (LSD1), is the first reported histone demethylase, that can remove histone H3 Lys 4 and Lys 9′s mono- and di-methylation modification (Sehrawat et al., 2018). KDM1A has been characterized as a potential oncogene and a therapeutic target in various cancers (Hayami et al., 2011; Schildhaus et al., 2011; Yu et al., 2013). Several studies showed that various cancers with higher KDM1A expression correction, have high cell proliferation rates (Lv et al., 2012; Zhao et al., 2012; Jie et al., 2013; Yu et al., 2013). In acute myeloid leukemia (AML), KDM1A overexpression blocks differentiation and results in a poor prognosis (Fang et al., 2017; Fiskus et al., 2017). Sakamoto et al. (2015) recently found that KDM1A suppresses murine adipocytes mitochondrial respiration and maintains energy storage under obese conditions (Sakamoto et al., 2015). Targeting KDM1A by small molecule inhibitors, blocks cell proliferation in leukemia (Magliulo et al., 2018). It is therefore interesting to test whether targeting KDM1A, would block metabolic reprogramming in cancer cells driven by KDM1A. To better understand tumorigenesis, we must understand the metabolic reprogramming of cancerous cells. For this reason, the cancer metabolic reprogramming driven by KDM1A, has attracted much attention. Nevertheless, the precise contribution of KDM1A to cancer metabolism remains unclear.

Maes et al. have developed ORY-1001, a potent and selective inhibitor of KDM1A, for the inhibition of acute leukemia cell growth (Maes et al., 2018). But, the anti-cancer activity of ORY-1001 in lung cancer is unknown. In this study, we reported that KDM1A is highly expressed in lung cancer tissues and lung cancer cells and regulated cell proliferation. Furthermore, we found that ORY-1001 inhibited lung cancer cell proliferation, cell cycle and induced apoptosis by triggering the Warburg effect, by regulating HK2 expression. These results suggest the hypothesis that cancer cells are transmitted more on the glycolytic pathway than normal cells and targeting KDM1A may represent a promising approach for selectively causing cell proliferation in cancer cells.



MATERIALS AND METHODS


Cell Lines

H1299, H157, H1944, H226, and H460 cells were cultured in a RPMI 1,640 medium with 10% FBS at 37°C and 5% CO2. The human lung adenocarcinoma epithelial cells A549, were gifted by Dr. Zhi Shi (Jinan University, Guangdong, China). The A549 cells were cultured in a Dulbecco Modified Eagle Medium (DMEM) with 10% FBS. Normal proliferating Human Bronchial Epithelial Cell Line (BEAS-2B) was gifted by Dr. Chenglai Xia (Guangzhou Medical University, Guangdong, China) and were cultured in a RPMI 1,640 medium with 10% FBS at 37°C and 5% CO2.



Cell Proliferation Assay

For cell proliferation assay, 5 × 104 cells were seeded into 6-well plates and cultured at 37°C and 5% CO2 for 12 h. The cells were then treated with ORY1001, with an increased concentration (80 and 160 μM) or vehicle alone for 1, 2, 3, and 4 days, and the cell number was counted.



Colony Formation Assay

Eight hundred cells (H1299 and A549) were plated into 6-well plates and were cultured in a RPMI 1,640 or DMEM medium at 37°C and 5% CO2, in a humidified incubator. The cells were then replenished with a fresh RPMI 1,640 or DMEM medium containing ORY1001 (80 and 160 μM) after 10 days and incubated for another 5 days. The treated cells were washed with pre-warmed PBS three times, fixed with methanol for 20 min, and stained with crystal violet for 15 min. The residual crystal violet was then removed using double distilled H2O, and the plates were then air-dried. The colony numbers were counted using Image plus software. Each experiment was assayed in triplicate with three independent experiments.



Apoptosis Assay

Cell apoptosis was determined by flow cytometry. Firstly, the cells were harvested and washed with PBS. Subsequently, an Annexin V fluorescein (FITC)/propidium iodide (PI) double staining solution was used on the cell sample, to detect apoptosis following the manufacturer's protocol. The samples were analyzed using the BD FACScalibur flow cytometer (BD Biosciences), and subsequent analyses were performed with FlowJo software. All assays were performed in triplicate.



Cell Cycle Assay

H1299 and A549 cells were seeded into 6-well plates and treated with 80 and 160 μM ORY1001 for 48 h. The cells were then harvested, washed with PBS, centrifuged and fixed in cold 70% ethanol at 4°C for 12 h. The samples were washed with PBS after fixation to remove the ethanol. Subsequently, PBS containing 10 mg/mL propidium iodide (PI; Sigma-Aldrich) and RNase A (100 mg/mL, Solarbio) was added to the cell sample, at room temperature for 10 min under darkness. Finally, the samples were analyzed using the BD FACScalibur flow cytometer (BD Biosciences).



Western Blotting

Cells were lysed with lysis buffer [1.5 M NaCl, 1 M HEPES[pH = 7.0], 1%NP40, 0.1 M Na4P2O7, 0.1 M NaF, 0.1 M Na3VO4, protease inhibitor] on ice for 30 min and then centrifuged at 12,000 rpm for 15 min at 4°C. Protein samples were loaded into 12% SDS-PAGE, then separated by running different Voltages, and transferred onto PVDF membranes (Millipore). The membranes were blocked with 5% non-fat milk for 2 h and then incubated overnight at 4°C, or at room temperature for 2 h with the primary antibody and for 1 h at room temperature with the secondary antibody. Signals were detected using a Luminol substrate solution.



Small Interference RNA Transfection

H1299 and A549 cells (2 × 105) were seeded into 6-well plates and cultured in a humidified incubator at 37°C and 5% CO2 for 12 h. Cells were transfected with a siRNA control and three independent siRNA targeting KDM1A by TransIT LT1(Mirus corporation-). Transfected cells were cultured for 48 h before being used for further experiments. The KDM1A siRNA target sequences were as follows: KDM1A siRNA-1: GCTCGACAGTTACAAAGTT; KDM1A siRNA-2: GTTGGATAATCCAAAGATT; KDM1A siRNA-3: GAAGCTACATCTTACCTTA, and all siRNA sequences were purchased from the Ribobio corporation of Guangzhou.



Cell Metabolism Determination

The extracellular acidification rate (ECAR), was determined by the Seahorse XF96 Extracellular Flux Analyzer (Agilent Technologies, Santa Clara, CA, USA) according to the manufacturer's protocol. Briefly, H1299 and A549 cells were seeded into 6-well plates and cultured in a humidified incubator at 37°C and 5% CO2 for 12 h. Cells treated with ORY1001 (80 and 160 μM) or vehicle alone for 24 h, were then seeded into 96-well cell plates. At the same time, the calibration plate was incubated at 37°C, in a non-CO2 incubator for 12 h. To determine the cellular aerobic glycolysis profile, ECAR was estimated after sequential injections of glucose (10 mM), oligomycin (1 μM), and 2-DG (100 mM). Protein concentration was quantified using the BCA kit to normalize the data and plotted as the mean ± SD.



Bioinformatics Analysis

The public Gene Expression Omnibus datasets (GSE19804) and the human protein atlas (https://www.proteinatlas.org) dataset were used for bioinformatics analysis. Kaplan-Meier Plotter (http://kmplot.com/analysis/) was used for overall survival.



Statistical Analysis

Statistical analyses were performed using the Student's t-test. All data were obtained from three independent experiments performed in triplicate and were presented as the mean ± SD. Statistical analyses of the KM curve were performed using the Log-Rank test. We considered a P < 0.05, to indicate a statistically significant difference.




RESULTS


KDM1A Expression Is Elevated in Lung Cancer and Regulates Cell Proliferation

In an effort to explore the role of KDM1A in lung cancer, we analyzed the correlation between KDM1A expression levels and the outcomes of lung cancer patients. We first examined the expression of KDM1A in lung cancer tissues using Oncomine data. Figure 1A shows that KDM1A was increased in non-small cell lung cancer (NSCLC) tissue (19) compared with lung tissue (65) (Hou et al., 2010). We also used Gene Expression Omnibus (GEO) profiles (GSE19804) to analyze KDM1A expression and confirmed that the expression of KDM1A was higher in cancer tissues than in non-tumors (Figure 1B). To further substantiate the importance of KDM1A expression in lung cancer progression, we also used the Kaplan-Meier survival analysis in lung cancer patients, based on the publicly available Kaplan-Meier Plotter (http://kmplot.com/analysis/(KDM1A: accession number 212348_s_at). Higher levels of KDM1A (red) are significantly correlated with reduced overall survival compared to low KDM1A levels (black) (Figure 1C). To validate our findings using the publish data, we also checked the expression of KDM1A in the various human lung cancer cells, including H1944, H460, H1299, H157, and H226 cells, compared to the normal proliferating Human Bronchial Epithelial Cell Line (BEAS-2B), but there were not significant differences (Figure 1D).


[image: image]

FIGURE 1. KDM1A expression is evaluated in lung cancer and is important for cancer cell proliferation and tumor growth. (A) Oncomine data for the expression of KDM1A in lung and non-small cell lung cancer (NSCLC). (B) Expression of KDM1A in lung cancer tissues and matched non-cancerous, calculated from GEO profiles (GSE19804, n = 60). (C) Kaplan–Meier curves of overall survival in lung cancer patients with high and low expression of KDM1A, calculated from (http://kmplot.com/analysis). (D) KDM1A protein levels were analyzed in the majority of a spectrum of diverse human lung cancer cells, including H1944, H460, H1299, H157, H226, A549 cells, and normal proliferating Human Bronchial Epithelial Cell Line (BEAS-2B). (E,F) Cell proliferation rates determined by cell counting in human lung cancer H1299 and A549 cells with knockdown of KDM1A. The error bars represent mean values ± SD from three replicates of each sample (*: 0.01 < p < 0.05; **: 0.001 < p < 0.01; ***p < 0.001).



To determine the role of KDM1A in lung cancer cell proliferation, we found that knockdown of KDM1A by siRNA transient transfection, resulted in decreased cell proliferation in the human lung cancer H1299 and A549 cells (Figures 1E,F). Together these data demonstrated that KDM1A was highly expressed in lung cancer and correlated with overall survival, and that KDM1A plays an important role in cancer cell proliferation, suggesting that KDM1A is a promising anti-cancer target.



Targeting KDM1A Inhibit Lung Cancer Cell Proliferation and Cell Cycle

ORY-1001 was identified as a potent and selective covalent inhibitor of KDM1A for the inhibition cell proliferation of acute leukemia. In this study, we explored the role of ORY-1001 in lung cancer. Firstly, ORY-1001 treatment resulted in a decreased cell proliferation of lung cancer cells including H1299 and A549 cells, in a time and dose-dependent manner, but did not significantly affect normal BEAS-2B cell proliferation (Figure 2A). Secondly, the colony formation assays revealed that the inhibition of KDM1A by ORY-1001 reduced the colony formation of H1299 and A549 cells (Figure 2B). Thirdly, ORY-1001 treatment resulted in the decreased cell cycle of H1299 and A549 cells (Figures 2C,D). Together these data demonstrated that ORY-1001 treatment suppressed lung cancer cell proliferation, colony formation and the cell cycle. To evaluate the anti-survival effect of KDM1A inhibition by ORY-1001, H1299, and A549 cells were treated with ORY-1001 at different concentrations, and apoptosis of the cells were analyzed by flow cytometry. The results revealed that ORY-1001 induced robust apoptosis in H1299 and A549 cells in a dose-dependent manner (Figures 2E,F). Together these results demonstrated that ORY-1001 inhibited lung cancer cell growth and induced apoptosis.
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FIGURE 2. Targeting KDM1A inhibit lung cancer cell proliferation and cell cycle. (A) Cell proliferation was determined in H1299, A549, and BEAS-2B cells in the presence of increasing concentrations of ORY-1001. (B) Colony formation was determined in H1299 and A549 cells in the presence of increasing concentrations of ORY-1001. (C,D) H1299 and A549 cells were treated with increasing concentrations of ORY-1001 for 48 h and stained with propidium iodide (PI) for flow cytometer analysis. (C) Bar charts of the cell cycle phases from three independent experiments were shown. (D) Cell proliferation index (PI) was calculated based on the indicated equation and is shown. (E) H1299 cells were treated with ORY-1001 at the indicating concentrations for 48 h, and then labeled with annexin V-FITC and PI for flow cytometer analysis. A set of representative dot plots of H1299 flow cytometer analysis were shown, and the bar charts show total apoptotic cells from three independent experiments. (F) A549 cells were treated with ORY-1001 at the indicating concentrations for 48 h, and then labeled with annexin V-FITC and PI for flow cytometer analysis. A set of representative dot plots of A549 flow cytometer analysis were shown, and the bar charts show total apoptotic cells from three independent experiments. The error bars represent mean values ± SD from three replicates of each sample (*: 0.01 < p < 0.05; **: 0.001 < p < 0.01; ***p < 0.001).





KDM1A Inhibition by ORY-1001 Affects the Warburg Effect in Lung Cancer Cells

Next, we attempted to verify whether the effect of KDM1A inhibition by ORY-1001 on the Warburg effect, involved lung cancer cell proliferation and apoptosis. KDM1A inhibition by ORY-1001 decreased glycolysis in H1299 and A549 cells (Figures 3A,B). We further assessed the various parameters of the glycolysis function by analyzing ECAR data at each time point. Our results showed that glycolysis, glycolytic capacity and the glycolytic reserve were markedly decreased in H1299 and A549 cells treated with ORY-1001 (Figures 3A,B). In addition, the protein levels of HK2, were decreased in the ORY-1001 treated cells (Figure 3C). These results suggest that ORY-1001 decreased glycolysis in lung cancer cells by decreasing HK2 expression.
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FIGURE 3. KDM1A inhibition by ORY-1001 affects the Warburg effect in lung cancer cells. (A,B) ECAR rate (a proxy for the rate of glycolysis) was used to assess the glycolysis using a Seahorse 96XF extracellular flux analyzer following sequential addition of glucose (10 mM), oligomycin (1.0 μM), and 2-DG (100 mM) as arrows indicated in H1299 and A549 cells in the presence of increasing concentrations of ORY-1001. (C) Western blotting assay for the expression of glycolytic enzymes in H1299 and A549 cells in the presence of ORY-1001. (D) Expression of HK2 in lung cancer tissues and matched non-cancerous, calculated from GEO profiles (GSE19804, n = 60). (E) Kaplan–Meier curves of overall survival in lung cancer patients with high and low expression of HK2, calculated from (http://kmplot.com/analysis/). The error bars represent mean values ± SD from three replicates of each sample (*: 0.01 < p < 0.05; **: 0.001 < p < 0.01; ns, not significant).



In an effort to determine the role of HK2 in lung cancer mediated by KDM1A, we analyzed the correlation between HK2 expression levels and the outcomes of lung cancer patients. We also analyzed HK2 expression utilizing Gene Expression Omnibus (GEO) profiles (GSE19804) (Figure 3D). To further substantiate the importance of HK2 expression in lung cancer progression, we also used the Kaplan-Meier survival analysis in lung cancer patients based on the publicly available Kaplan-Meier Plotter (http://kmplot.com/analysis/) (HK2: accession number 202934_at). Patients with higher HK2 levels (red) were significantly correlated with reduced overall survival compared to patients with lower HK2 levels (black) (Figure 3E). Together, these data suggest that ORY-1001 affects the Warburg effect in lung cancer cells by targeting KDM1A, leading to the regulation of HK2 expression.



ORY-1001 Affects Lung Cancer Cell Proliferation and Apoptosis Through Regulating HK2 Expression

We wanted to explore the mechanism of how ORY-1001 inhibits lung cancer cell proliferation and induces apoptosis. Firstly, ORY-1001 treatment resulted in decreased cell proliferation of lung cancer cells, including H1299 and A549 cells, in a time and dose-dependent manner, but this effect was rescued in H1299 and A549 cells, when HK2 was over expressed (Figure 4A). At the same time, the decreased cell cycle of lung cancer cells was also rescued by the overexpression of HK2 (Figures 4B,C). Thirdly, ORY-1001 induced robust apoptosis in H1299 and A549 cells, in a dose-dependent manner and was also rescued by the overexpression of HK2 (Figures 4D,E). Together, these results suggest that ORY-1001 affects lung cancer cell proliferation and apoptosis through regulating HK2 expression.
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FIGURE 4. Overexpress HK2 would rescue the effect of ORY-1001 on cells proliferation, cell cycle and apoptosis. (A) Cell proliferation was determined in H1299 and A549 cells in the presence of increasing concentrations of ORY-1001 when overexpress HK2. (B,C) HK2 overexpress A549 cells were treated with increasing concentrations of ORY-1001 for 48 h and stained with propidium iodide (PI) for flow cytometer analysis. (B) Bar charts of the cell cycle phases from three independent experiments were shown. (C) Cell proliferation index (PI) was calculated based on the indicated equation and is shown. (D,E) HK2 overexpress A549 cells were treated with ORY-1001 at the indicating concentrations for 48 h, and then labeled with annexin V-FITC and PI for flow cytometer analysis. (D) A set of representative dot plots of A549 flow cytometer analysis were shown, (E) The apoptosis bar charts from three independent experiments were shown. The error bars represent mean values ± SD from three replicates of each sample (*: 0.01 < p < 0.05; **: 0.001 < p < 0.01; ***: p < 0.001).






DISCUSSION

The Warburg effect describes cancer cells with high rates of aerobic glycolysis and increased glucose uptake, which are hallmarks of cancer (Cairns et al., 2011; Zheng et al., 2017; Zhong et al., 2018). The increased aerobic glycolysis rate gives cancer cells a growth advantage, which provides energy and intermediates the rapid growth of a cancer cell. In this study, we established the KDM1A-HK2 axis as a critical regulatory pathway in regulating the Warburg effect. KDM1A directly promotes the expression of key glycolytic genes that facilitate the Warburg effect, which involves the regulation of cell proliferation, cell cycle and apoptosis. Our data indicated that KDM1A is a key factor in the regulation of the Warburg effect and also indicated the causal role of KDM1A in glycolysis regulation mediated by HK2 expression (Figure 5).
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FIGURE 5. Proposed working model. Schematic model shows that the role and mechanism of ORY-1001 in cancer cell metabolism.



Cancer metabolism has been extensively studied, and recent studies have suggested that targeting the enzymes in the metabolic pathways for cancer therapy, seems appealing at first glance. Regulation of cell metabolism to support all fundamental cellular activities is essential for the maintenance of cellular redox homeostasis, reactive oxygen species, growth, proliferation and migration. In the current study, we demonstrated that KDM1A is commonly upregulated in lung cancer and is important for cell proliferation. Using different lung cancer cell lines, we showed that targeting KDM1A by ORY-1001 can facilitate cell proliferation, cell cycle and apoptosis. For the first time we revealed the role that targeting KDM1A plays in controlling cell proliferation, the cell cycle and the role it place in inducing apoptosis, through the promotion of the Warburg effect by regulating the expression of the key enzyme HK2, which is necessary for cell proliferation and rapidly growing tumors. However, we did not exclude the possibility that KDM1A directly demethylates the enzymes in the glycolysis pathway, regulating the Warburg effect by controlling their enzyme activity.

From a translational point of view, therapeutic targeting of KDM1A might be an effective therapeutic option for the advanced growth of lung cancer, as it is sufficient to block the glycolysis signaling pathway. Taken together, our data clearly indicated that targeting the KDM1A would rewire the Warburg effect and inhibit cancer cell proliferation, by regulating the key enzyme HK2 expression.
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Gastric cancer, a group of common malignancies, results in the most cancer mortality worldwide after only lung and colorectal cancer. Although familial gastric cancers have long been recognized, it was not until recently that they were discovered to be associated with mutations of specific genes. Mutations of CDH1, the gene encoding E-cadherin, are the most common germline mutations detected in gastric cancer and underlie hereditary diffuse gastric cancer (HDGC) syndrome. All reported HDGCs are the pure diffuse type by Lauren classification and are associated with dismal prognosis once the tumor invades the submucosa. Because CDH1 germline mutations are inherited in an autosomal-dominant fashion and have high penetrance, the International Gastric Cancer Linkage Consortium (IGCLC) developed criteria to facilitate the screening of CDH1 mutation carriers; these criteria have been proven to have excellent sensitivity and specificity. Recent histologic studies suggest that HDGC progresses through several stages. Even when the tumor becomes “invasive” in lamina propria, it may stay indolent for a long time. However, the molecular mechanisms that induce the transitions between stages and determine the length of the indolent phase remain to be determined. Although the standard management for CDH1 mutation carriers is prophylactic total gastrectomy, many questions must be answered before the surgery can be done. These include the optimal surveillance strategy, the best strategy to choose surgical candidates, and the ideal time to perform surgery. In addition to increasing the risk of gastric cancer, CDH1 germline mutations also increase the risk of invasive lobular carcinoma of the breast, and possibly colorectal adenocarcinoma, and are associated with blepharocheilodontic syndrome (a congenital development disorder). However, the optimal management of these conditions is less established owing to insufficient data regarding the risk of cancer development. This review focuses on molecular and histological findings in HDGC, as opposed to sporadic diffuse gastric cancer, and their implications for the management of CDH1 mutation carriers and the diagnosis and treatment of HDGC. Other conditions associated with CDH1 germline mutations and future research directions are also discussed.
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OVERVIEW OF HEREDITARY DIFFUSE GASTRIC CANCER

Gastric cancer is the fifth most common malignancy in the world and the third leading cause of cancer death in both sexes worldwide after lung cancer and colorectal cancer (Ferlay et al., 2013). Although the overall incidence and mortality of non-cardia gastric cancer has declined over the past four decades, the rates are increasing among persons younger than 50 years (Wang et al., 2018); these increases are associated with the rapidly increased recognition of diffuse gastric cancer from 1978 to 2000, after this recognition decreased slightly from 2001 to 2005 (Wu et al., 2009). Gastric cancer in the young is associated with a high incidence of poorly-differentiated and signet ring cell morphology and demonstrates advanced stage at presentation and poor survival even with surgical intervention (Rona et al., 2017).

Familial clustering of gastric cancer has long been noticed (Maimon and Zinninger, 1953). Approximately 8–30% of gastric cancer patients have a positive family history (van der Post et al., 2015a). However, not all these cancers are hereditary. Countries with a high incidence of sporadic gastric cancer, such as Japan and Korea, have a lower frequency of germline mutations in familial gastric cancers than low-incidence countries do (Lee et al., 2014). The cause of familial clustering in high-incidence countries is more likely environmental than hereditary.

Approximately 1–3% of gastric cancers are truly hereditary (Fitzgerald et al., 2010). The underlying genetic alteration in 60% of cases remains unknown (Gaston et al., 2014). Gastric cancer predisposition has been linked to familial cancer syndromes, including Lynch syndrome (Capelle et al., 2010), Peutz-Jeghers syndrome (van Lier et al., 2010), Li-Fraumeni syndrome (Masciari et al., 2011), familial adenomatous polyposis syndrome (Fornasarig et al., 2018) and recently described gastric adenocarcinoma and proximal polyposis syndrome of the stomach (Worthley et al., 2012). Similar to sporadic gastric cancer, gastric cancer in these syndromic patients can be either intestinal or diffuse type. Diffuse type gastric cancer does not appear to be overrepresented in these syndromes (Fewings et al., 2018). A higher frequency of deleterious germline ATM mutations has been detected in gastric cancer patients; however, the histologic types have not been studied (Huang et al., 2015). Gastric cancer containing a significant diffuse component can occur in patients bearing certain germline mutations. For example, MAP3K6 germline mutations have also been associated with familial gastric cancer, and the gastric cancers associated with MAP3K6 predominantly have a signet ring cell morphology, although a minor glandular component has been described (Gaston et al., 2014). Some syndromic patients develop pure diffuse type gastric cancer, referred to as hereditary diffuse gastric carcinoma (HDGC). In addition to CDH1, the gene encoding E-cadherin, germline pathogenic variants in PALB2 and other cancer-predisposing genes have been identified by whole-exome sequencing of HDGC families (Fewings et al., 2018). The clinical implications of these genes remain to be elucidated.

HDGC accounts for 1–3% of gastric cancers (Guilford et al., 1998). Although CDH1 somatic mutations are present in up to 50% of sporadic diffuse gastric carcinoma (SDGC) (Becker et al., 1994) and epigenetic inactivation of CDH1 had been detected in several tumor types (Yoshiura et al., 1995), it was not until 1998 that Guilford (Guilford et al., 1998) reported the presence of a CDH1 mutation in a large kindred from New Zealand with early-onset diffuse gastric cancer. This seminal study, for the first time, established the pathogenic role of CDH1 mutations in HDGC. CDH1 germline mutations are detected in approximately 25% of HDGC patients and are inherited in an autosomal-dominant fashion (Caldas et al., 1999). The estimated cumulative incidence of gastric cancer by age 80 years is 70% in male carriers and 56% in female carriers. In addition to having an increased risk of gastric cancer, CDH1 mutation carriers also have an increased risk of lobular breast carcinoma. The estimated cumulative incidence of lobular breast cancer in female carriers is as high as 60% (Fitzgerald et al., 2010; Guilford et al., 2010; Hansford et al., 2015). HDGC patients with germline CDH1 mutations have lower 1 and 5 years survival rates (36 and 4%, respectively) than HDGC patients without germline CDH1 mutations do (48 and 13%, respectively) (van der Post et al., 2015a), emphasizing the importance of screening for CDH1 germline mutations (Benusiglio et al., 2015).

The International Gastric Cancer Linkage Consortium (IGCLC) defined the clinical criteria to select patients eligible for CDH1 germline mutations: (1) two or more documented cases of gastric cancer in first- or second-degree relatives regardless of age, with at least one confirmed diffuse gastric cancer; (2) diffuse gastric cancer before age 40 years without a family history; or (3) families with diagnoses of both diffuse gastric cancer and lobular breast carcinoma, at least one before age 50 years (van der Post et al., 2015b). These criteria have a sensitivity of 0.79–0.89, specificity of 0.70, positive predictive value of 0.14–0.19, and negative predicative value of 0.97 (Benusiglio et al., 2015; van der Post et al., 2015a). One study showed that HDGC patients without a known CDH1 mutation diagnosed by multigene cancer panel before surgery were more likely to have metastatic disease and die of their disease than were patients with known CDH1 mutation status (Moslim et al., 2018), suggesting that genetic counseling and detection of CDH1 mutations in asymptomatic carriers improves HDGC patient survival.

This review will discuss current molecular and histological findings in HDGC, as opposed to SDGC, and their implications for the management of CDH1 mutation carriers and the diagnosis and treatment of HDGC. Other conditions associated with CDH1 germline mutations and future research directions will also be discussed briefly.



MOLECULAR PATHOGENESIS, CELLULAR ORIGIN, AND INITIATION

The gene CDH1, the coding gene for E-cadherin, is located on chromosome 16q22.1 and consists of 16 exons (Berx et al., 1995). More than 100 CDH1 pathogenic germline variants have been described in HDGC families (Hansford et al., 2015), and they are scattered across the entire gene, including introns and each of 16 exons (Corso et al., 2012; Melo et al., 2017; Li et al., 2018). A minority (27%) of the reported pathogenic mutations have been reported in multiple families, likely owing to a common ancestor or mutation in hot spots (Hansford et al., 2015; Li et al., 2018). Cases of sporadic gastric cancer with pathologic germline mutations have also been reported (Garziera et al., 2013). Overall, the most common mutations are small insertions and deletions (35%). Other mutations include nonsense mutations (16%), splice site mutations (16%), and large exon deletions and missense mutations (28%) (Guilford et al., 2010). Phenotype is not correlated with the location or type of germline CDH1 mutation (Guilford et al., 2010). In particular, genotype is not correlated with the presence of lobular breast cancer in HDGC families (Schrader et al., 2008).

E-cadherin is a member of the cadherin family, which consists of a group of glycoproteins that mediate cell-cell adhesion in a calcium-dependent manner (Takeichi, 1991). Mature E-cadherin has an ectodomain consisting of five tandem repeats, a transmembrane domain, a single transmembrane domain, and a cytoplasmic domain (Takeichi, 1995). The extracellular domain is critical for cell-cell adhesion, correct folding, and dimerization (Shapiro et al., 1995; Nagar et al., 1996). The cytoplasmic domain of E-cadherin interacts with β-, p120-, and α-catenins anchored to the actin cytoskeleton (Blaschuk et al., 1990). The interaction with actin is required for membrane deformation processes such as endocytosis, exocytosis, autophagy and receptor/channel recycling, and is involved in cell membrane maintenance, tension, ion channel activity among others (Gumbiner, 1996; Godwin et al., 2018). E-cadherin deficiency undermines the efficiency of these different processes and potentially cell survivability (Godwin et al., 2018). E-cadherin plays an important role in blastomere adhesion during development, which polarizes the cells and allows differentiation to occur (Fleming et al., 1992). In normal adult tissue, E-cadherin is involved in the maintenance and homeostasis of the epithelium (Gumbiner, 1996). In addition to its structural role, E-cadherin can also transduce signals from the extracellular domain through the cytoplasmic tail into the nucleus to alter gene expression (Bershadsky, 2004). The reduction or complete absence of E-cadherin, which has been detected in many cancer types, is associated with loss of epithelial morphology and increased invasiveness through epithelial-mesenchymal transition (Berx et al., 1998; Machado et al., 1999) and is correlated with high grade, advanced stage, and poor prognosis (Guilford, 1999).

Reduced or absent E-cadherin expression is seen in both the in situ and invasive components of HDGC, suggesting that inactivation of E-cadherin is an early event (Carneiro et al., 2004). E-cadherin loss generally correlates with the identification of an alteration of the second CDH1 allele (i.e., a second hit) (Barber et al., 2008a). The most frequent second hit inactivation mechanism is CDH1 promoter hypermethylation, which occurs in approximately 50% of primary tumors, whereas a second mutation or loss of heterozygosity is less frequently identified (Grady et al., 2000; Oliveira et al., 2009). The methylation is allele-specific and is uncommon in HDGC patients without CDH1 germline mutations (Barber et al., 2008a). In patients with CDH1 germline mutations, methylation occurs only when the wild-type allele is methylated (Grady et al., 2000). The trigger of the second hit remains unclear. The normal expression of E-cadherin in tissue between tumor foci and the variable expression levels of E-cadherin between HDGC tumor foci suggest that these tumor foci are multiclonal and develop independently (Charlton et al., 2004). Therefore, certain environmental factors affecting the entire gastric mucosa may be present as a trigger. However, the well-characterized risk factor for sporadic gastric cancer, Helicobacter pylori, together with other lesions commonly seen in the background of sporadic gastric cancer, are rarely detected in the total gastrectomy specimens from asymptomatic HDGC patients (Carneiro et al., 2004; Humar and Guilford, 2009; Rocha et al., 2018).

Different from other tumor repressors, complete loss of CDH1 expression is not sufficient for the development of invasive carcinoma, as has been demonstrated in transgenic animal models. Conditional knockout of CDH1 in mouse stomach induces signet ring–like cells in stroma (analogous to intramucosal signet ring cell carcinoma) but not the development of carcinoma invading into submucosa (Mimata et al., 2011). Other modifying genes, such as Smad4 and p53, are required for aggressive diffuse gastric cancer or metastasis to occur in mice (Pereira et al., 2006; Park et al., 2014, 2018). Similar findings were also reported in lobular mammary carcinoma (Derksen et al., 2006). These findings recapitulated those in humans, in which lesions of various morphologies are seen, with some confined within basement membrane (meeting the conventional definition of carcinoma in situ), some existing in the lamina propria, and others invading into submucosa. Intramucosal carcinoma can remain indolent for a long time before submucosal invasion and lymph node metastasis ensue (van der Post et al., 2016). Therefore, the progression of HDGC is most likely a multi-stage process, with the initial loss of E-cadherin enabling tumor cells to detach from basement membrane and the subsequent loss of other modifying genes rendering the cells truly invasive. In humans, different or additional molecular mechanisms might be involved. C-Src kinase, a well-characterized inducer of epithelium mesenchymal transition, was found to be differentially expressed and activated in signet ring cells at different stages: C-Src was strongly expressed in poorly-differentiated and dedifferentiated cells in the mucosal layer and in the cells invading the muscularis mucosae but was not expressed in intramucosal signet ring cells. Consistent with this, downstream targets of c-Src, such as fibronectin, Fak, and Stat3, were differentially activated (Humar et al., 2007).

The upregulation of c-Src in HDGC has been linked to the loss of inhibition of epidermal growth factor receptor (EGFR), the upstream tyrosine receptor kinase of c-Src. E-cadherin has an inhibitory effect on EGFR, and the effect relies on the integrity of the extracellular domains of E-cadherin (Qian et al., 2004). Cell lines derived from HDGC patients with impaired extracellular domains of E-cadherin were less able to suppress EGFR signaling than cell lines with wild type E-cadherin were (Mateus et al., 2007). Loss of EGFR inhibition increases the activation of EGFR and its downstream components, such as phosphoinositide 3-kinase and c-Src. This theory is supported by the finding that some HDGC-derived cell lines demonstrate sensitivity to EGFR inhibition (Li et al., 2018).

Interestingly, studies also support a functional interaction between HER2 and the E-cadherin through interactions with β-, p120-, and α-catenins which leads to a decrease of the E-cadherin-mediated cell adhesion and facilitates tumor cell invasion and migration. Association between specific CDH1 polymorphisms with a subset of HER2-positive gastric cancer and possibly favorable prognosis has been described (Caggiari et al., 2017).

There are multiple theories regarding the cell of origin of signet ring cell carcinoma in HDGC patients. Gastric stem cells are candidates because they reside in the upper neck region (Karam et al., 2003), where HDGC seems to originate (Humar et al., 2007). An epithelial origin has also been suggested, and direct conversion from gastric epithelium to mucous containing signet ring cells is believed to be the first step of carcinogenesis (Charlton et al., 2004). A neuroendocrine cell of origin has also been proposed because normal neuroendocrine cells of the upper gastrointestinal tract lack E-cadherin expression (Waldum et al., 2014). This proposal explains the discrepancy between the lack of atypia and malignant biological behavior. Studies in a CDH1 knock-out animal model showed that parietal cells can “float” in the lamina propria, mimicking signet ring cell carcinoma, suggesting that parietal cells are possible cell of origin for signet ring cell carcinoma (Mimata et al., 2011).



HISTOPATHOLOGY AND PROGRESSION MODEL

No gross lesion can be detected in the early stages of disease (Rogers et al., 2008). Advanced HDGC demonstrates linitis plastica (Guilford et al., 2010). Owing to the lack of a gross lesion, histologic examination of the entire grossly normal gastric mucosa of the prophylactic gastrectomy specimen is still the standard practice for asymptomatic CDH1 mutation carriers (Corso et al., 2014). Careful examination can identify signet ring cell carcinoma (mostly multifocal and intramucosal) as well as signet ring carcinoma in situ in over 90% of these specimens (Corso et al., 2014).

Between 0 and 200 cancer foci have been detected in prophylactic gastrectomy specimens. The sizes of the foci vary from 0 to 14 mm. No correlations between the number or location of foci identified and the age or sex of the patients or their specific germline mutations have been identified (Barber et al., 2008b). The topological mapping of tumor foci in gastrectomy specimens to assess the feasibility of targeted biopsies has yielded mixed results. Two studies showed that most cancer foci were concentrated in the proximal stomach (Rogers et al., 2008; Black et al., 2014). Similarly, in another study of seven patients, the majority of foci were identified in the fundus (44.7% of all foci) and body (40.2%), and all patients had lesions in these two areas (Barber et al., 2008b). Another study based on 6 fully mapped cases revealed predominant localization of tumor foci in the distal stomach body-antral transitional zone (Charlton et al., 2004). No topographic association was found in a different study (Huntsman et al., 2001).

Because of the considerable time commitment, researchers have sought methods to facilitate the detection of foci of signet ring cell carcinoma. Periodic acid-Schiff (PAS) staining is superior to hematoxylin and eosin (HE) staining for screening prophylactic gastrectomy specimens from CDH1 mutation carriers (Lee et al., 2010). In contrast to HE staining, PAS staining increases the contrast between signet ring cells (which show magenta cytoplasm in PAS staining) and lamina propria (PAS-negative) and therefore significantly reduces the screening time and number of missed foci.

All reported gastric cancers identified in HDGC families are the pure diffuse type by Lauren classification. No pathogenic germline mutations have been found in families with the intestinal, medullary, or mixed types (van der Post et al., 2015a). Although signet ring cell morphology is common, especially if the tumor is intramucosal, poorly-differentiated carcinomas without signet ring cell features are also seen (Guilford et al., 2007; Humar et al., 2007). Various histological morphologies have been observed in lesions containing signet ring cells, including signet ring cell carcinoma in situ, in which the signet ring cells are confined within the epithelium by basement membrane; pagetoid spread, in which the signet ring cells spread below the preserved epithelium of glands/foveolae without breaking the basement membrane (essentially another form of signet ring cell carcinoma in situ); and invasive carcinoma (Huntsman et al., 2001; Carneiro et al., 2004).

Because it frequently occurs distant from the intramucosal carcinoma, signet ring cell carcinoma is probably a distinctive lesion instead of colonization of the epithelium by invasive carcinoma (Carneiro et al., 2004). Many intramucosal signet ring cell carcinoma foci in preventive gastrectomy specimens do not have an adjacent in situ component. The discrepancy between the numerous invasive carcinoma foci and the low number of in situ carcinoma lesions suggests that signet ring cell carcinoma in situ is not an obligated precursor of invasive carcinoma in HDGC (Milne et al., 2007). The process of basement membrane breakthrough, which is still hypothetical, may be induced by the expression of type IV collagenases, which have been found to be upregulated when E-cadherin is downregulated through the inactivation of the other copy of CDH1 gene (Margulis et al., 2005). Although the secretion of these enzymes is limited, it is sufficient for cells to penetrate the basement membrane in the absence of adhesion and polarity (Humar and Guilford, 2009).

Several morphologies are seen in tumor cells outside the basement membrane. Two morphological populations of signet ring cells are present in the intramucosal carcinoma. “Well-differentiated large cells” are signet ring cells with abundant mucin and eccentrically located flattened nuclei with mild atypia. They are positive for mucicarmine and pCEA and mostly located beneath the surface epithelium. “Small cells” are signet ring cells with less mucin and have hyperchromatic and atypical nuclei. They are located in the neck region and are rarely positive for mucicarmine or pCEA (Lee et al., 2018). The small cells have the highest proliferative index, which is similar to that of normal gastric cells in the upper neck region. Immunofluorescence studies have also demonstrated that the base of the intramucosal carcinoma in HDGC has a proliferative index and a differentiation marker expression profile similar to those of the upper neck region of normal gastric units which is therefore the likely origin of the disease (Humar et al., 2007). The locations of large and small cells and their differences in proliferation suggest an initial upper migration stage when maturation occurs.

The small cells can be further classified as well-differentiated or poorly-differentiated, with the latter showing nuclear and cytoplasmic reactivity to p16 immunohistochemical staining and displaying more aggressive behavior. Most of the foci studied have demonstrated combined morphology (Lee et al., 2018). Despite the seemingly different differentiation, both large and small cells express the epithelial markers cytokeratin 8 and 18 but not markers of epithelial-mesenchymal transition such as vimentin, high Ki67 (Barber et al., 2008b), and c-Src (Humar et al., 2007). Conversely, epithelial-mesenchymal transition, the hallmark feature once the tumor invades the submucosa, is associated with poor differentiation and increased proliferation. This is achieved by increased activation of c-Src kinase and its downstream targets fibronectin, Fak, and Stat3 (Humar et al., 2007). The long and asymptomatic presence of intramucosal carcinoma in CDH1 mutation carriers and the low proliferative index suggest that intramucosal carcinoma has an indolent nature. However, the trigger of the progression from well-differentiated cells to poorly-differentiated cells and further to submucosal invasion is still unknown. The small cells, particularly the poorly-differentiated small cells, are morphologically similar to metastatic lobular carcinoma of the breast. When breast carcinoma is a diagnostic possibility, immunohistochemical staining for estrogen receptor, progesterone receptor, GATA3 and gross cystic disease fluid protein-15, among others, may be used to aid in the differential diagnosis. The mentioned immunohistochemical stains are most commonly positive in metastatic lobular carcinoma of the breast (Kim et al., 2018), however a panel approach is preferred.

Several patterns of E-cadherin have been detected immunohistochemically, including complete loss of staining, attenuated staining, and aberrant staining. However, screening by E-cadherin immunohistochemical staining is not feasible, because 60% of gastric cancers without E-cadherin expression and 70% of gastric cancers with aberrant expression are negative for CDH1 alterations (Corso et al., 2013).

Although morphologically similar, HDGC and SDGC are different histologically and immunohistochemically. Signet ring cell carcinoma in situ, including pagetoid spread of signet ring cells, appears specific to HDGC with CDH1 mutations, as it has not been reported in SDGC (Carneiro et al., 2004; Fitzgerald et al., 2010) or HDGC without germline CDH1 mutations (van der Post et al., 2015b). The presence of signet ring carcinoma in situ cells should trigger genetic testing for possible HDGC. The tumor cells in HDGC patients are negative for CDX2, whereas most SDGC cases (with one exception), have shown positive CDX2 expression (Lee et al., 2018), implying that HDGC and SDGC have different pathogeneses. Accordingly, the absence of CDX2 in signet ring cell carcinomas in patients without a family history may prompt genetic screening for HDGC.

Background alterations in the gastric mucosa of HDGC include infrequent Helicobacter pylori and intestinal metaplasia. Other changes include mild chronic gastritis, foveolar hyperplasia, tufting, vacuolization of superficial epithelium, and fundic and hyperplastic polyps (Carneiro et al., 2004; Rocha et al., 2018). Mimickers of signet ring cell carcinoma, including clear changes, globoid changes, xanthomatous cells, and pseudo–signet ring cells associated with lymphoid aggregates, are also seen (Rocha et al., 2018).



OTHER DISEASE ASSOCIATION

Female kindreds of an HDGC family have increased risk of invasive lobular carcinoma, with a lifetime risk of 50–60% (Fitzgerald et al., 2010; Guilford et al., 2010; Hansford et al., 2015). Invasive lobular carcinoma may be the first manifestation of HDGC (Benusiglio et al., 2013). Invasive lobular carcinoma was also recently discovered in CDH1 germline mutation carriers who never developed HDGC (Corso et al., 2016). The hallmark molecular alterations of all lobular neoplasia (atypical lobular hyperplasia, lobular carcinoma in situ, and invasive lobular carcinoma) are loss of cellular adhesion and loss or decreased expression of E-cadherin (Zou et al., 2009). Although atypical lobular hyperplasia and lobular carcinoma in situ are considered markers of increased risk of sporadic invasive lobular carcinoma, their roles and characteristics in invasive lobular carcinoma in CDH1 germline mutation carriers have rarely been studied. One recent study showed that up to 8% of patients with bilateral LCIS have germline mutations in CDH1 (Petridis et al., 2014). Earlier studies showed a lower prevalence of CDH1 germline mutations in patients with no history of gastric carcinoma (Rahman et al., 2000; Masciari et al., 2007).

HDGC syndrome is also possibly associated with colorectal carcinoma because colorectal carcinoma has been observed in HDGC families, and loss of E-cadherin has been detected in both the tumor and adjacent normal colonic tissue. In one study, a CDH1 missense germline mutation co-segregated with colorectal carcinoma; however, the same mutation was also present in the normal population. Interestingly, the colorectal adenocarcinoma associated with HDGC syndrome is not necessarily signet ring cell carcinoma; instead, it can be intestinal adenocarcinoma (Salahshor et al., 2001). One case of an appendiceal signet ring cell carcinoma occurring with a gastric intramucosal signet ring cell carcinoma has been reported (Hamilton et al., 2013).

CDH1 mutations have also been identified in patients with blepharocheilodontic syndrome, a congenital development disorder causing dysmorphic features, which can be accompanied by imperforate anus, hypothyroidism, and neural tube defect. However, the mutations identified in blepharocheilodontic syndrome all occur in extracellular calcium binding repeats and are functionally distinct from those identified in HDGC (Kievit et al., 2018).



CLINICAL MANAGEMENT

Guidelines recommend genetic screening offered from the age of consent (16–18 years) (van der Post et al., 2015b). Factors such as the emotional and physical health of the individual and the earliest age of gastric cancer in the family should be considered (Guilford et al., 2010). With newer technologies, screening of HDGC carriers is becoming more efficient. A next-generation sequencing panel covering all 16 exons has been developed and validated (El-Husny et al., 2016). Liquid biopsies based on cell-free circulating DNA have been used to detect CDH1 promoter methylation in the plasma/serum of gastric cancer patients (Tsujiura et al., 2014).

CDH1 mutation types are important in determining the management of patients at risk. Truncating germline mutations are deleterious, and a total prophylactic gastrectomy should be offered. However, the management of carriers of missense mutations is not straightforward, and the burden is to prove or disprove pathogenic relevance. In contrast to SDGCs, which have mutations clustered in exons 7 and 9, HDGC has no hotspot for germline mutations. Only 17% of germline mutations are shared by more than one family or isolated individual (Suriano et al., 2006). Therefore, the pathogenic relevance of most missense mutations has to be individually validated. This can be achieved using computational methods including frequency in normal controls, co-segregation, recurrence, and in silico tools such as structural modeling and SIFT software in combination with databases containing CDH1 sequencing data, such as The Exome Variant Server of the University of Washington and the variant database http://www.LOVD.nl/CDH1 (Suriano et al., 2006; van der Post et al., 2015a). For difficult cases, functional assessment, such as in vitro evaluation of an E-cadherin–induced cell adhesion and invasion assay, may be ultimately needed to ascertain the role of CDH1 missense mutations (Suriano et al., 2006; Barber et al., 2008b; Corso et al., 2011). A functional cell model (Suriano et al., 2003) and several animal models (Pereira et al., 2006; Caldeira et al., 2009) have been established for this purpose.

The recommended management for HDGC patients is prophylactic total gastrectomy (van der Post et al., 2015b). Prophylactic gastrectomy carries a 3–6% mortality rate and a 100% morbidity rate owing to eating habit changes, dumping syndrome, diarrhea, and weight loss (Lewis et al., 2001). Although guidelines recommend prophylactic gastrectomy for germline CDH1 mutation carriers in their 20 or 30 s, the optimal time for gastrectomy is debatable and should be individualized. Carriers can develop advanced gastric carcinoma as early as age 14 years or may never develop cancer owing to incomplete penetrance, which occurs in 20–30% of CDH1 germline mutation carriers. The onset age among families varies widely; this variation may be caused by different types of mutations, with missense mutations having less penetrance. Even within the same family, cancer develops at different ages, probably owing to when and how the second allele is inactivated. It has been recommended that prophylactic gastrectomy may be considered at an age younger than that of the youngest affected person in the family but should not be considered for family members in whom a causative mutation has not been identified or who have less penetrant forms of susceptibility to gastric cancer (Huntsman et al., 2001).

Endoscopic surveillance is needed if gastrectomy is contraindicated owing to comorbidity, if the patient is younger than the age recommended for surgery, or if the patient refuses surgery. The probability of detecting intramucosal carcinoma depends on the total number of lesions for a given total area of abnormal mucosa. The probability is higher for a large number of small lesions. The probability of detecting intramucosal carcinomas by five blind random biopsies has been estimated to be lower than 5% in cases with small numbers of lesions (Carneiro et al., 2004). In one theoretical estimation, 1,768 biopsies are needed to assure a 90% rate of detecting at least 1 cancer focus (Fujita et al., 2012). Current guidelines recommended that individuals be offered annual high-definition white light endoscopy (van der Post et al., 2015b). Chromoendoscopy with Congo red/methylene blue, which had been used successfully to detect lesions harboring tumor foci, has been discontinued owing to concerns about Congo red toxicity (Shaw et al., 2005). In addition to sampling endoscopically visible lesions, random sampling covering the pre-pyloric area, antrum, transitional zone, body, fundus, and cardia is also recommended (van der Post et al., 2015b). A minimum of 30 biopsies is recommended, as described in the Cambridge protocol (Fitzgerald et al., 2010). It is possible to increase the yield of signet ring cell carcinoma by adhering strictly to the Cambridge protocol. Using careful white-light examination with targeted biopsies and 24 random biopsies (4 each of the prepylorus, antrum, T zone, body, fundus, and cardia) combined with detailed histopathology, Lim et al (van der Post et al., 2015a) found signet ring cell carcinomas in 14 of 22 patients with, and 2 of 7 patients without, CDH1 mutations fulfilling the 2010 HDGC criteria.

Surgical intervention for HDGC is no different from that for sporadic gastric cancer. Current guidelines recommend a total gastrectomy with Roux-en-Y reconstruction (van der Post et al., 2015a). A D1 lymph node dissection can be considered because most tumors in HDGC patients are at least T1a, and the presence of T1b lesions cannot be ruled out preoperatively (van der Post et al., 2015a). The management of gastric heterotopia has been controversial. Theoretically, signet ring cell carcinoma can arise from any gastric mucosa, including ectopic gastric mucosa and this forms the basis of the recommendation that all gastric mucosa should be removed during surgery (van der Post et al., 2015b). In some institutions, including MD Anderson Cancer Center, absence of gastric mucosa (including ectopic gastric mucosa) at the margins is required and can be confirmed by frozen section (van der Post et al., 2015a).

Because of the high lifetime risk of invasive lobular carcinoma, women with CDH1 mutations should undergo annual radiologic surveillance, with bilateral breast magnetic resonance imaging being the preferred modality, along with annual clinical breast examination (van der Post et al., 2015b). The suggested age at which breast surveillance should start varies from 25 to 35 years, whereas the role of chemoprevention remains unclear (Cisco and Norton, 2008; van der Post et al., 2015b; Corso et al., 2016; Wright et al., 2018). On the other hand, prophylactic bilateral mastectomy is not routinely recommended, and breast surveillance is preferred (Corso et al., 2014). Contralateral mastectomy for CDH1 mutation carriers diagnosed with invasive lobular carcinoma may be considered on an individual basis (Wright et al., 2018).
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DT-13, a saponin monomer 13 from the dwarf lilyturf tuber, was reported to exhibit anti-inflammatory, hepatoprotective, cardioprotective as well as antitumor activities in a number of tumor cells. Prostate cancer is the second leading cause of cancer death in males, discovery of novel antitumor drug for therapy of prostate cancer is expected. Aiming to evaluate whether DT-13 could become a candidate to treat prostate cancer, we recently investigated the antitumor effect of DT-13 on human prostate cancer cells and the underlying mechanism. DT-13 was found to effectively inhibit proliferation and metastasis of prostate cancer PC3 and DU145 cell lines in a dose-dependent manner. Treatment by DT-13 resulted in a mitochondria-mediated apoptosis, which was accompanied by the chromatin condensation and nuclear shrinkage in the prostate cancer cells. Moreover, DT-13 caused remarkable upregulation of Bax, Bad, Cytochrome C, cleaved -caspase 3, -caspase 9 and -PARP, in contrast to the downregulation of Bcl-2. Nevertheless, no obvious change in intracellular ROS level was observed after DT-13 treatment. We further demonstrated that DT-13 could inhibit PC3 cell metastasis in which suppression of Integrinβ1 and MMP2/9 might be involved. Western blot analysis indicated DT-13 significantly decreased the phosphorylation of PDK1, Akt, mTOR as well as p70S6K, suggesting the pro-apoptotic and anti-metastatic effects of DT-13 on prostate cancer cells might be attributed to the blockade of PI3K/Akt pathway. Collectively, our findings suggest DT-13 is worthy of further investigation as a drug candidate for the treatment of prostate cancer.

Keywords: DT-13, prostate cancer, anti-proliferation, anti-metastasis, apoptosis, PI3K/Akt pathway


INTRODUCTION

Prostate cancer is the most commonly diagnosed cancer and the second leading lethal disease in males (Siegel et al., 2018). In worldwide, about 300,000 men die from prostate cancer each year (Center et al., 2012). Some types of prostate cancer grow slowly or even they would stay that way, other types are aggressive and move fast in the body. According to recent statistics, between the year of 2005 and 2011, patients with non-metastatic prostate cancer had a 98.9% five-year survival rate, but that for patients with metastatic prostate cancer is only 28.2%, suggesting most patients eventually die from cancer metastasis (Siegel et al., 2018; Wade and Kyprianou, 2018). Chemotherapeutic drugs and surgeries are common options applied in treating prostate cancer, but chemotherapy produces a series of side-effects (Perez-Gracia et al., 2018).These situations urgently require innovative pharmacotherapies to implement the control of prostate cancer development and metastasis. Recently, a number of compounds from natural products were evaluated for their chemopreventive potential against various tumors, providing new opportunity for alternative treatment of prostate cancer (Lawania and Mishra, 2013).

The steroidal saponin DT-13, [25(R,S)-ruscogenin-1-O-[β-d-glucopyranosyl-(1→2)][β-d-xylopyranosyl-(1→3)]-β-d-fucopyranoside], one of the major active compounds derived from Dwarf lillytruf tuber, has been widely studied and demonstrated to possess multiple pharmacological activities (Khan et al., 2018). This compound has shown anti-inflammatory, hepatoprotective, cardioprotective as well as immunomodulating effects with little toxicities (Khan et al., 2018). Besides, it is highlighted that DT-13 exhibited great potential in combating cancer against a variety of cancer cell lines such as lung, breast and gastric cancer, which might be attributed to its pro-apoptotic effect on cancer cells (Zhang et al., 2012; Ren-Ping et al., 2014; Li et al., 2016, 2017b; Wei et al., 2016; Yu et al., 2016; Du et al., 2018; Khan et al., 2018). It was also found that DT-13 could inhibit tissue factors and angiogenesis to suppress tumor metastasis (Zhang et al., 2012; Zhao R. et al., 2013).

Phosphatidylinositol-3 kinases (PI3Ks) are a family of phosphokinase that plays vital roles in multiple cellular processes, such as cell growth, differentiation, apoptosis, transcription and cell migration. PI3Ks transmit signals from various cytokines, growth factors and chemotherapeutic agents into intracellular messages by generating phospholipid PI(3,4,5)P3, which in turn activate protein kinase B (Akt) and other downstream effectors (Kong and Yamori, 2009). It is well known the PI 3-kinaseis often mutationally activated or over expressed in many cancers, which results in the development of cancer. Hence, many pharmaceutical researchers are actively developing inhibitors targeting PI3K and other key components in the pathway (Yap et al., 2015). At present, great efforts have been made to discover inhibitors of PI3K/Akt pathway for the treatment of cancer and a number of these inhibitors have been approved or are evaluated in clinical trials, such as Idelalisib, BEZ-235, ZSTK474, PI-103, XL-765, BYL-719, and PX-866 (Cohen, 2014; Kumar et al., 2015; Massacesi et al., 2016; Zhao et al., 2017).

In the present study, we set out to investigate the inhibitory effects of DT-13 on human hormone-refractory prostate cancer cells and to elucidate the molecular mechanisms that account for the therapeutic effect. We have demonstrated that DT-13 inhibited proliferation and induced apoptosis in the path of mitochondrion in PC3 and DU145 cells. We have also found DT-13 could inhibit PC3 cells migration and invasion at low concentrations. Moreover, PI3K/Akt signaling pathway was proved to play an important role in the anticancer effect of DT-13 on prostate cancer.



MATERIALS AND METHODS

Reagents

DT-13 was purchased from Chengdu Push Bio-technology Co., Ltd. (Chengdu, China). MTT [3-(4,5-dimethyl-2-thiazolyl)-2,5-dipheny-2-H-tetrazoliumbromide] was obtained from Amresco (Solon, OH, United States). Adriamycin (ADR) and z-VAD-FMK were from Selleck (London, ON, Canada). Hoechst 33342 and propidium iodide (PI) were purchased from Sigma-Aldrich (St. Louis, MO, United States). Antibodies against Akt, phospho-Akt (T308), phospho-PDK1 (Ser241), phospho-mTOR (Ser2448), phospho-p70S6k (Thr389), PI3K-p110α, PI3K-p110β, PARP, phospho-p38 (Thr180/Thr182), phospho-ERK1/2 (Thr202/Thr204), phospho-JNK (Thr183/Thr185), Cytc, caspase-3, caspase-8, caspase-9,Integrinβ1, phospho-Integrinβ1 and β-actin were obtained from Cell Signaling Technology (Danvers, MA, United States). FITC Annexin-V apoptosis detection kit was obtained from BD Bioscience (San Jose, CA, United States). Mitochondrial membrane potential detection kit, mitochondrial isolation kit and 2′-7′-Dichlorodihydrofluorescein diacetate (DCFH-DA) were purchased from Beyontime Biotech (Nantong, China).

Cell Culture

Human prostate cancer cell lines PC3 and DU145 were obtained from the cell bank of Chinese academy of sciences (Shanghai, China). All cells were cultured in RPMI 1640medium supplemented with 10% fetal bovine serum (Biological Industries, Kibbutz Beit-Haemek, Israel), 10 μg/ml streptomycin and 100 U/ml penicillin at 37°C in a humidified atmosphere containing 5% CO2.

Cell Viability Assay

The effect of DT-13 on cell viability was determined by MTT assay as mentioned in our previous study (Zhou et al., 2016). In brief, PC3 and DU145 cells were seeded into 96-well plates separately at a density of 4 × 103 cells/200 μl per well. Human peripheral blood mononuclear cells (PBMCs) were isolated from 15 ml of peripheral blood through density gradient centrifugation using Lymphoprep (DAKEWE, Shenzhen, China) and the suspensions of PBMCs were seeded into 96-well plate at the density of 8 × 103 cells/200 μl per well. On the following day, different concentrations of DT-13 were added to each cell line. After 48 h treatment, 20 μl MTT reagent was added to each well for additional 4 h incubation. Then the supernatant was removed and 150 μl DMSO was added to dissolve the formazan crystals. The resulting absorbance at 490 nm was measured by using microplate reader iMark (Bio Rad, Hercules, CA, United States). IC50 values were calculated based on the data generated from downward sloping dose-response curve by GraphPad Prism 5 Software (GraphPad Software, San Diego, CA, United States).

Flat Plate Colony Formation Assay

Flat plate colony formation assay was performed as we previously described, with a small modification (Chen et al., 2017). After treated with DT-13 (0, 2.5, 5, and 10 μM) for 48 h, PC3 and DU145 cells were harvested and pipetted well to become single-cell suspension. After that, 4 ml of 10% FBS RPMI-1640 containing 0.6% agarose was injected into 60-mm dishes as the bottom layer, and 1 × 104 cells in 2 ml of 10% FBS RPMI-1640 and 0.3% agarose was put on the top. After incubation for 14 days, the colonies were fixed with 4% paraformaldehyde, and subsequently stained with crystal violet (0.5%) for 30 min. Colonies larger than 0.1 mm in diameter were counted using Image J software.

Cell Cycle Distribution Analysis

Cell cycle distribution was analyzed by PI labeling after the cells were treated with DT-13 as we previously described (Wang R. et al., 2016). Briefly, PC3 and DU145 cells were seeded into 6-well plates separately at a density of 4 × 105 cells/2 ml per well and treated with indicated concentrations of DT-13 (2.5, 5, and 10 μM) for 48 h. Subsequently, both floating and adherent cells were collected, washed with cold PBS, fixed in ethanol (70%), and finally suspended in 50 μg/ml of PI solution containing 0.5% Triton X-100 and 2% RNase A. Then the cells were placed in dark area for 30 min at 4°C and subjected to cell cycle analysis using BD FACS Verse flow cytometer (Becton Dickinson, Germany).

Annexin V/PI Staining Assay

Detection of cellular apoptosis was carried out by using the FITC Annexin-V apoptosis detection assay as reported by us previously (Wang Y. et al., 2016). Briefly, PC3 and DU145 cells were seeded into 6-well plates separately (4 × 105 cells/2 ml per well) and treated with DT-13 at indicated concentrations (2.5, 5, and 10 μM). After incubation, cells were trypsinized, washed with ice-cold PBS, suspended in 50 μl of 1 × binding buffer, and stained with 2.5 μl of FITC Annexin V and 2.5 μl of PI for 15 min at 4°C in the dark. After a final dilution with 200 μl of Annexin binding buffer, the samples were analyzed with BD FACS Verse flow cytometer (Becton Dickinson, Germany).

Hoechst Nuclear Staining

Hoechst 33342 has been used as a fluorescent nuclear staining reagent to identify apoptotic cells. PC3 and DU145 cells were placed on cover slips in 6-well plates at a density 4 × 105 cells/2 ml per well, followed by treatment with various concentration of DT-13 (0, 2.5, 5, and 10 μM) and adriamycin (5 μM) for 48 h. Afterward, the supernatant was removed and the cells were washed, fixed with formaldehyde, and incubated with pre-warmed cell culture medium containing Hoechst 33342 solution (1 μg/ml) for 15 min. Fluorescent images were visualized and captured by a DMI3000B fluorescent microscope (Leica, Germany).

Assessment of Mitochondrial Membrane Potential (MMP)

The changes of MMP were estimated by using [5,5,6,6-Tetrachloro-1,1,3,3-tetraethylbenzimidazolylcarbocyanine iodide] (JC-1) probe as we previously described (Chen et al., 2017). PC3 and DU145 cells were seeded into 6-well plates at a density of 4 × 105 cells/2 ml per well and incubated with 0, 2.5, 5, and 10 μM of DT-13 for 48 h. Then the cells were collected and washed by cold PBS, followed by another 15 min exposure to 2 μM of JC-1 at 37°C in darkness. The samples were suspended with 500 μl of JC-1 staining buffer and the changes of MMP were analyzed by a FACS Verse flow cytometer (Becton Dickinson, Germany).

Measurement of Intracellular Reactive Oxygen Species (ROS) Levels

The fluorescent probe 2′-7′-Dichlorodihydrofluorescein diacetate (DCFH-DA) was utilized to measure the changes of intracellular ROS levels as described by us previously (Wang R. et al., 2016). Briefly, PC3 and DU145 cells were seeded into 6-well plates separately at a density of 4 × 105 cells/ 2 ml per well, after incubation with indicated compounds for 24 h, cells were collected, washed with PBS for three times and incubated with 10 μM of DCFH-DA in serum free medium for 20 min. Rosup, a reactive oxygen activator, was used as a positive control. After washing with PBS to remove the unconjugated probe, the samples were dispersed in 500 μl of PBS and analyzed by flow cytometer (Becton Dickinson, Germany).

Wound Healing Assay

Wound healing assay was carried out to analyze the effect of DT-13 on cell migration as we reported previously, with a little modification (Zhao W. et al., 2013). Briefly, PC3 and DU145 cells were, respectively seeded into 12-well plates at a density of 2.5 × 105 cells/1 ml per well. After the cells reached 70–80% confluence, a 10 μl pipette tip was used to scratch across the center of the monolayer cells. Then the cells was washed with PBS to remove the detached cells and replenished with fresh medium contained lower concentrations of DT-13 (0, 1, 2, and 4 μM). After additional 24 h incubation, the migrated cells was monitored and imaged under the Olympus CKX41 microscope (Tokyo, Japan). Three images from three independent experiments were taken for quantitation.

Transwell Migration Assay

Transwell migration assay was conducted by using a Transwell Boyden Chamber (Corning, Corning, NY, United States), fitted with a polycarbonate membrane with pore size of 8 μm as previously reported (Zhao W. et al., 2013). PC3 and DU145 cells were suspended in serum-free RPMI-1640 medium and plated into the upper chamber (5 × 105 cells/2 ml per well), while the lower chamber was filled with RPMI-1640 supplemented with 10% FBS. The same concentrations of DT-13 were added to both upper and lower compartments. Following 24 h incubation at 37°C, the cells that had migrated through the membrane were fixed with ethanol, stained with 0.5% eosin. Cells from the top side were removed with a cotton swab. The migrated cells were examined and counted by using the Olympus CKX41 microscope (Tokyo, Japan) at high power. Three images from three independent experiments were taken for quantitation.

Transwell Invasion Assay

Transwell invasion assay was used to examine the effect of DT-13 on invasive ability of PC3 cells as reported by us previously (Zhao W. et al., 2013). The transwell chamber was pretreated with matrigel (BD Biosciences, San Jose, MA, United States) and dried at room temperature. Other procedures are the same as for transwell migration assay, transwell invasion data were also obtained from the number of cells that had invaded across the membrane.

Gelatin Zymography Assay

The gelatin zymography was performed to detect MMP-2 and MMP-9 levels in PC3 cells. The cells (4 × 105 cells/2 ml per well) were seeded into 6-well plate, incubated with DT-13 (0, 1, 2, and 4 μM) for 24 h, and then concentrated by Amicon Ultra-4 as we reported previously (Zhao W. et al., 2013). The protein samples were separated on 10% SDS-PAGE containing 0.1% gelatin by electrophoresis. Afterward, the gel was washed with 2.5% Triton X-100 and then incubated for 24 h at 37°C in reaction buffer (50 mM Tris-HCl, pH 7.5, 10 mM CaCl2, 0.01% NaN3). Then the gel was stained with Coomassie Brilliant Blue R-250 (Merck, Darmstadt, Germany) in 10% acetic acid and 50% methanol and photographed by Bio-rad imager (Bio-rad ChemiDoc MP, United States).

Western Blot Analysis

PC3 and DU145 cells were seeded into 6-well plates separately at a density of 4 × 105 cells/2 ml per well. Cells were then treated with indicated concentrations of DT-13 and lysed in RIPA buffer for preparation of the whole cell lysate as we previously described (Wang R. et al., 2016). Equal amounts of protein were separated by 10–12% SDS-PAGE gels and then transferred electrophoretically to PVDF membranes. The blots were combined with primary antibodies (Akt, p-Akt, p-PDK1, p-mTOR, p-p70S6k, PI3K-p110α, PI3K-p110β, PARP, p-p38, p-ERK1/2, p-JNK, Cytc, caspase-3, caspase-8, caspase-9, Integrinβ1, p-integrinβ1, and β-actin) followed by incubation with horseradish peroxidase-conjugated secondary antibodies. Immunoreactive bands were detected with ECL solution and digitalized by scanning.

Statistical Analysis

Data are presented as mean ± standard deviation (SD) of three independent experiments. Student’s t-test was carried out to determine significant differences among groups. The p-value < 0.05 was considered statistically significant. All of the statistical analysis was performed with GraphPad Prism 5 software.



RESULTS

DT-13 Inhibited Prostate Cancer Cells Proliferation in vitro

To investigate the in vitro anticancer activity of DT-13, we examined the effect of DT-13 on the proliferation of PC3 and DU145 cell lines with MTT assay. After 48 h treatment, DT-13 inhibited PC3 and DU145 cell lines growth in a dose-dependent manner, with the IC50 values of 4.825 μM and 5.102 μM, respectively (Figure 1A). Besides, DT-13 showed far lower cytotoxic effect on human normal peripheral blood mononuclear cells (PBMC), with IC50 value of 127.8 μM (Figure 1B). Next, soft agar colony formation assay was conducted to further evaluate the tumor growth inhibitory effect of DT-13. As shown in Figure 2, both number and size of the cell colonies were decreased after DT-13 treatment, indicating that DT-13 could inhibit the colony forming abilities of PC3 and DU145 cells. Together, these results suggested DT-13 had inhibiting potential of prostate cancer cells in vitro.
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FIGURE 1. Antiproliferative activities of DT-13 on prostate cancer cells and PBMC. Antiproliferative activities of indicated concentrations of DT-13 (0.01, 0.1, 1, 5, and 10 μM) toward (A) PC3, DU145, and (B) PBMC were determined by MTT assay. Data are presented as mean ± SD, representative of three independent experiments.
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FIGURE 2. Effect of DT-13 on colony formation capability of prostate cancer cells. (A) Clonogenic assay was carried out to assess the effect of DT-13 on the colony formation capability of PC3 and DU145 cells. After treatment with 0, 2.5, 5, and 10 μM of DT-13 for 48 h, cells were incubated in agarose plates for 14 days and then stained with crystal violet. (B) The histograms represent the number of colonies of PC3 and DU145 cells following treatment with DT-13, compared to those of control cells. Data are mean ± SD (n = 3), representative of three independent experiments.∗P < 0.05, ∗∗P < 0.01, compared with control.



DT-13 Induced Apoptosis in Prostate Cancer Cells

To evaluate whether DT-13 inhibited cell proliferation by inducing apoptosis in PC3 and DU145 cells, Annexin V-FITC/PI staining assay was used to measure the population of apoptotic cells. As shown in Figures 3A,B, increase of apoptotic cells was observed following DT-13 treatment. The proportions of Annexin V staining cells in 0, 2.5, 5, and 10 μM of DT-13 groups were 6.15, 6.26, 8.47, and 27.0 in PC3 cells and 1.74, 2.45, 10.8, and 18.2% in DU145 cells, indicating DT-13 induced early-phase apoptosis in both prostate cancer cell lines. More importantly, pretreatment with z-VAD-FMK, a Pan-caspase inhibitor, effectively blocked the effect of DT-13-induced apoptosis (Supplementary Figure S1A). Meanwhile, z-VAD-FMK treatment also significantly rescued cells viability after DT-13 treatment (Supplementary Figure S1B). Apoptosis is characterized by cellular shrinkage, nuclear condensation and fragmentation (Wang R. et al., 2016). Morphological assessment by Hoechst staining exhibited that chromatin condensation and nuclear shrinkage occurred in both DT-13 and ADR treated cells (Figure 3C), demonstrated the pro-apoptotic effect of DT-13 on PC3 and DU145 cells. In addition, to determine whether DT-13 can induce DNA damage, we measured the change of γH2AX, the marker for DNA double strand breaks. As shown in Supplementary Figure S2, after expose to 10 μM DT-13, the level of γH2AX had no obvious change, suggesting DT-13 couldn’t induce DNA damage in prostate cancer cells (Supplementary Figure S2). Taken together, these results indicated that DT-13 inhibited prostate cancer cells growth by inducing apoptosis.
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FIGURE 3. DT-13 induced apoptosis in prostate cancer cells. (A) PC3 and DU145 cells were treated with DT-13 at 0, 2.5, 5, and 10 μM for 48 h, stained with AnnexinV-FITC and PI, and then measured by flow cytometer. (B) The histograms show the percentage of apoptotic cells in PC3 and DU145 cells treated with indicated concentrations of DT-13 for 24 h. Data are mean ± SD (n = 3), representative of three independent experiments.∗P < 0.05, ∗∗P < 0.01, compared with control. (C) PC3 and DU145 cells treated with different concentrations of DT-13 or 5 μM Adriamycin (ADR) for 48 h, followed by staining with Hoechst 33342. Cytoplasmic shrinkage and nuclear fragmentation were observed under the fluorescence microscopy. Scale bar = 20 μm.



DT-13 Did Not Cause Obvious Change in Cell Cycle Distribution

It is well established that cell cycle progress is crucial for cell proliferation, and treatment with chemical substances might cause cell senescence or apoptosis (Malumbres and Barbacid, 2009). The effect of DT-13 on cell cycle distribution was assessed by flow cytometry. DT-13 did not cause obvious change in cell cycle distribution. In PC3 cells, after treatment with 10 μM DT-13, the cell population in G1, S and G2/M phases was 87.2, 3.90, and 8.53% respectively, while that for untreated cells was 82.5, 7.1, and 9.81%. In 10 μM DT-13 treated DU145 cells, the cell population in G1, S and G2/M phases was 65.7, 4.91, and 24.8% respectively, while that for untreated cells was 64.5, 7.82, and 25.7%. The above results suggested DT-13 did not induce obvious growth arrest in PC3 and DU145 cells (Figures 4A,B).
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FIGURE 4. DT-13 did not affect cell cycle distribution obviously. (A) PC3 and DU145 cells were incubated with various concentrations of DT-13 (2.5, 5, and 10 μM) for 48 h, and the cell cycle distribution was determined by flow cytometry followed by PI staining. (B) Bar graphs show the percentages of PC3 and DU145 cells in G1, S, and G2/M phases. Data are presented as mean ± SD, representative of three independent experiments.



DT-13 Promoted Apoptosis Through Mitochondrial Pathway

Mitochondria play an important role in keeping cells alive, and interruption of mitochondrial function will trigger apoptosis. Therein, the loss of MMP is an early sign of apoptosis occurrence (Kroemer et al., 1998). We explored the changes in MMP after DT-13 treatment using the membrane permeable fluorescent probe, JC-1. As shown in Figure 5, cells in green color indicated a decrease in mitochondrial membrane potential, while those in red color indicated the higher mitochondrial membrane potential. Accordingly, red/green rate decreased in a dose-dependent way in PC3 and DU145 cells after treatment with DT-13, suggesting DT-13 could reduce mitochondrial membrane potential in prostate cancer cells. The Bcl-2 family protein was known to affect cell apoptosis by activation or inactivation of mitochondrial outer membrane permeabilization pore, which is involved in regulation of Cytochrome c (Cyto c) release into cytosol to activate caspase cascades (Slee et al., 1999; Danial, 2007). Western blot analysis demonstrated that DT-13 increased the expressions of pro-apoptotic proteins Bax and Bad, and decreased the levels of anti-apoptotic protein Bcl-2 in PC3 and DU145 cells dose-dependently (Figure 6A). And the Bcl-2/Bax radio apparently reduced after DT-13 treatment (Figure 6B). The expression level of Cyto c in mitochondria was down-regulated and that in the cytoplasm was up-regulated, suggesting DT-13 promoted Cyto c to release from mitochondria into cytosol (Figure 6A). Given that pro-caspase must undergo proteolytic activation to convert its active form to trigger apoptosis, we examined the effect of DT-13 on several key caspases and their cleaved form. As a result, the amount of cleaved caspase-9 and caspase-3 was increased in DT-13 treated cells, while that of the active caspase-8 was not detected, suggesting DT-13 might induce apoptosis through a mitochondrial-mediated intrinsic pathway. In addition, the cleavage of PARP as another sign of apoptosis was elevated after DT-13 treatment (Figure 6A). These results suggested that the apoptosis of PC3 and DU145 cells induced by DT-13 might be associated with the mitochondrial pathway.
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FIGURE 5. DT-13 reduced mitochondrial membrane potential (Δψm). (A) Cells were treated with different concentrations of DT-13 for 48 h. The Δψm was evaluated by staining with the potential sensor JC-1 and analyzed with flow cytometry. Representative dot plot (JC-1 aggregated red fluorescence and monomer green fluorescence) out of four is shown. (B) Statistical analysis of the relative ratio of geometric red/green fluorescence. The results represent mean ± SD of three independent experiments, ∗∗P < 0.01, ∗∗∗P < 0.001, compared with control.
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FIGURE 6. Effect of DT-13 on the expression of apoptosis-related molecules in prostate cancer cells. (A) Western blot analysis of the expression of cell apoptosis-related proteins after DT-13 treatment. PC3 and DU145 cells were treated with 0, 2.5, 5, and 10 μM of DT-13 for 48 h. The expression levels of Bax, Bad, Bcl-2, cytochrome c (CytC), Casapse-3, -8, -9, PARP, and cleaved Caspase-3, -8, -9, PARP were determined by western blot in both cell lines. (B) Bar graphs show the Bcl-2/Bax ratio in PC3 and DU145 cells. Data are mean ± SD, representative of three independent experiments (n = 3), ∗∗P < 0.01, ∗∗∗P < 0.001, compared with control.



DT-13 Had No Obvious Effect on ROS Production

It is well known that ROS plays important roles in modulation of cell apoptosis by changing the intracellular environment (Wu, 2006). We have investigated the effect of DT-13 on ROS level and found that compared with positive control, no obvious increase of ROS was detected in DT-13 treated cells (Supplementary Figure S3), indicating that DT-13 induced mitochondrial-initiated apoptosis might not be related to oxidative stress.

DT-13 Inhibited PC3 Cells Migration and Invasion

To explore the effect of DT-13 on cells migration and invasion, we performed a series of assays with DT-13 at non-cytotoxic concentrations. In wound healing assay, 1, 2 and 4 μM of DT-13 treatment for 24 h inhibited the migration of PC3 cells by 14.6, 33.5, and 52.6% respectively, compared to that for control cells, indicating that DT-13 inhibited PC3 cells migration in a dose-dependent manner (Figures 7A,B and Supplementary Figure S4). Nevertheless, DT-13 did not affect DU145 cells migration. We next used Transwell migration assay to further assess the anti-migration activity of DT-13. In accordance with the result in wound healing assay, DT-13 significantly inhibited the migration of PC3 rather than that of DU145 cells (Figures 7C,D). Subsequently, Transwell invasion assay was employed to investigate the effect of DT-13 on PC3 cells invasion capability. It was observed that following treatment with 1, 2 and 4 μM of DT-13, the number of PC3 cells that had invaded through the membrane decreased to 80.1, 70.2, and 49.3%, respectively compared to that for control cells, indicating DT-13 was capable of blocking PC3 cells invasion (Figures 7E,F). In addition, we used z-VAD-FMK to assess if the inhibition of invasion/migration is independent of cell apoptosis in PC3 cells. As shown in Supplementary Figures S5A–C, pretreatment with z-VAD-FMK did not weaken the inhibitory effect of DT-13 on cell invasion and migration. Integrinβ1 as the downstream effecter of PI3K, was reported to play a vital role in tumor migration and adhesion (Somanath et al., 2007). We have found that DT-13 inhibited the phosphorylation of Integrin β1 in a dose-dependent manner (Figure 7G). Also, z-VAD-FMK treatment couldn’t affect the reduction in phosphorylation of Integrin β1 by DT-13 (Supplementary Figure S5D). The proteolytic activities of MMP-2 and MMP-9, which reflect the ability to degrade the components of extracellular matrix, were also decreased significantly after DT-13 treatment for 24 h (Figure 7H), further proving the anti-metastatic activity of DT-13 on PC3 cells. To investigate the effect of DT-13 on EMT process in PC3 cells, we detected the protein expression of two EMT markers: Vimentin and E-cadherin in PC3 cells with or without DT-13 treatment. As expected, DT-13 treatment decreased expression of Vimentin and increased the expression of E-cadherin, suggesting DT-13 inhibited EMT process in PC3 cells (Supplementary Figure S6). Collectively, these results demonstrated that DT-13 could inhibit PC3 cell metastasis independent of cell apoptosis.
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FIGURE 7. DT-13 inhibited migration and invasion of prostate cancer PC3 cells. (A) Migration of prostate cancer cells with or without DT-13 treatment was determined using wound healing assay. Cells migrated to the wound area were photographed and counted by inverted microcopy. (B) Percentages of PC3 and DU145 cells migrated to the wound area following treatment with DT-13 relative to those of the control cells. Data are mean ± SD, representative of three independent experiments (n = 3). ∗p < 0.05, ∗∗p < 0.01, compared with control. (C) Cells migration potential was assessed by Transwell migration assay. After treatment with DT-13 for 24 h, the cells migrated through the Transwell chamber membrane were measured. (D) Percentage of cells migrated after DT-13 treatment compared to those of control cells. Data are mean ± SD, representative of three independent experiments (n = 3). ∗p < 0.05, ∗∗p < 0.01, compared with control. (E) PC3 cells were subjected to a matrigel invasion assay with DT-13 treatment as indicated. PC3 cells invasion through the matrigel-coated chamber membrane were photographed and counted. (F) Percentage of PC3 cells invaded through the invasion chamber membrane after DT-13 treatment compared to those of control cells. Data are mean ± SD, representative of three independent experiments (n = 3). ∗p < 0.05, ∗∗p < 0.01, compared with control. (G) PC3 cells were exposed to the indicated concentrations of DT-13 for 24 h, then the expression level and phosphorylation level of Integrin β1 was detected by Western blot. (H) PC3 cells were treated with the indicated concentrations of DT-13, and the MMP2/9 activity was determined by gelatin zymography assay.



DT-13 Stimulated Apoptosis and Inhibited Metastasis Through Blocking PI3K/Akt Signaling Pathway

Several important cellular signaling pathways, such as PI3K/Akt pathway and MAPK pathway, are essential in regulating cell growth, motility, apoptosis and metastasis (Kong and Yamori, 2009; Cargnello and Roux, 2011). Therefore, we investigated whether the effects of DT-13 on PC3 and DU145 cells were related to these two pathways. Firstly, we examined the activity of DT-13 on the key signaling molecules in PI3K/Akt pathway, and the results showed that DT-13 reduced the phosphorylation of Akt, mTOR, and p70S6K in a dose-dependent manner (Figure 8). Moreover, phosphorylation of PDK1, which is the effecter of PI3K and the upstream activator of Akt was decreased. Meanwhile, there was no obvious change in the protein expression of PI3K-P110α and PI3K-P110β following DT-13 treatment. Additionally, ZSTK474, a specific PI3K inhibitor, was used as positive control to evaluate the effect of DT-13 on ROS production and ROS-activated proteins. As shown in Supplementary Figure S7A, no obvious increase of ROS was detected in either DT-13 or ZSTK474 treated prostate cancer cells. Also, the two compounds did not obviously decrease the phosphorylation of ROS activated proteins-ERK and p38 (Supplementary Figure S7B). Therefore, we can postulate that blockade of PI3K/Akt pathway might underlie the effect of DT-13 on apoptosis and migration in prostate cancer cells. There are at least three distinct MAPK signaling molecules which mediate extracellular signals into the nucleus to turn on the responsive genes in mammalian cells, including ERK, JNK and p38 kinase (Cargnello and Roux, 2011). Here, we found the phosphorylation of p38, ERK and JNK in PC3 and DU145 cells was not affected by DT-13 (Supplementary Figure S8), suggesting the anticancer effect of DT-13 was not regulated by MAPK pathway. Taken together, DT-13 promoted apoptosis and suppressed metastasis in prostate cancer cells through down-regulating the PI3K/Akt signaling axis (Figure 9).
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FIGURE 8. Effect of DT-13 on PI3K/Akt pathway in prostate cancer cells. PC3 and DU145 cells were treated with 0, 2.5, 5, and 10 μM of DT-13 for 48 h, then the cells were harvested, and the cell lysates were prepared to be available for western blot analysis for PI3K-p110α, PI3K-p110β, p-PDK1, p-Akt, Akt, p-mTOR and p-p70S6K.
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FIGURE 9. DT-13 promoted mitochondrial apoptosis and inhibited metastasis via suppressing PI3K/Akt pathway.





DISCUSSION

Natural products have been a rich source of lead compounds in drug discovery. More than half of commercialized anticancer drugs have been identified directly from natural sources, or indirectly by structural modification based on the natural lead compound (Gordaliza, 2007). Although a lot of anticancer agents have been successfully used in the control and treatment of cancer progression, novel compounds are still needed. In this study, we have investigated the anti-cancer potential of the steroidal saponin DT-13 from Liriope muscari on prostate cancer cells. Previous study had shown the pro-apoptotic and anti-migration effect of DT-13 on lung cancer cells and gastric cancer cells. Also, Combination use of DT-13 and vinorelbine induced mitotic arrest in lung cancer NCI-H1299 cells (Zhang et al., 2012; Lin et al., 2014; Li et al., 2016, 2017a; Wei et al., 2016). However, the effect of DT-13 on prostate cancer and the underlying mechanism remain unexplored. Here, we report for the first time that DT-13 markedly inhibited proliferation and metastasis of human prostate cancer cells. We also demonstrated the potential antitumor mechanism of DT-13 involving apoptosis, migration, invasion, and PI3K/Akt pathway.

Apoptosis is an autonomic ordered programmed cell death that plays a critical role in the development and maintenance of homeostasis by eliminating damaged, aged or unnecessary cells. Impairment of this programmed cell death can result in tumorigenesis (Plati et al., 2011). Induction of apoptosis in cancer cells is known to be a key mechanism for many chemotherapeutic agents (Grutter, 2000). In this study, we observed DT-13 suppressed PC3 and DU145 cells proliferation through inducing apoptosis. To date, two major apoptotic pathways have been reported: intrinsic and extrinsic pathway (Hassan et al., 2014). Within the intrinsic apoptotic pathway, the Bcl-2 protein family plays an important role in initiating apoptosis. As one family member, Bax is considered as a pro-apoptotic protein that can form a pore in the mitochondrial membrane to allow cytochrome C release from mitochondria into the cytoplasm to activate apoptosis. The anti-apoptotic Bcl-2 prevents the release of cytochrome C, and Bad could inactivate Bcl-2 via forming a heterodimer with it, thus allowing Bax-triggered apoptosis (Giam et al., 2008). In cytoplasm, cytochrome C binds to Apaf-1 and ATP, thus activates procaspase-9, and caspase-3, -6, and -7 to trigger cell death. Activation of caspase-3 also leads to the cleavage and inactivation of PARP, which is important in keeping cell stability and survival (Slee et al., 1999; Yu et al., 2006). Our results showed after DT-13 treatment, the expression of Bax, Bad, Cyto C (cytosolic), cleaved caspase-3, -9, PARP was up-regulated, the expression of Bcl-2 and Cyto C (mitochondrial) was down-regulated, and the active caspase-8 (a sign of extrinsic pathway) was not detected, suggesting that intrinsic mitochondrial signaling pathway might be involved in DT-13-mediated cell death.

As prostate cancer cells commonly spread to lymph nodes and bones in the body, and the prognosis for patients with metastatic prostate cancer is very bad (Yu et al., 2006). So we next explored whether DT-13 had anti-metastasis activity on PC3 and DU145 cells. The results revealed that DT-13 obviously inhibited PC3 cells migration and invasion. Interestingly, DT-13 did not affect the metastasis of DU145 cells. It was reported that DU145 cells exhibits the characteristics of mesenchymal cells, and has stronger invasive potential than PC3 cells (van Bokhoven et al., 2003). We postulate that more powerful agent is required to suppress the metastasis of DU145 cells. To further explore the anti-metastasis mechanism of DT-13, we detected the effect of DT-13 on the phosphorylation of Integrin β1and the proteolytic capability of MMP-2/9. Enhanced expression of Integrin β1 was observed in prostate tumor cells, which is correlated with worse outcomes of patients (Lee et al., 2013). Downregulation of Integrin β1 could attenuate cell growth, migration, adhesion as well as angiogenesis (Howe and Addison, 2012). MMP-2/9 degrades extracellular matrix, which plays a critical role in cancer metastasis (Alaseem et al., 2017). Our result showed DT-13 could reduce the phosphorylation of Integrin β1 and inhibit the proteolytic activities of MMP-2/9, which might in turn block the migration and invasion of PC3 cells.

At last, we investigated the molecular mechanism which might correlate with the above effects of DT-13. Previously reports showed DT-13 inhibited MDA-MB-435 cell adhesion and invasion by suppressing p38MAPK, and induced apoptosis through PI3K/Akt pathway in HUVEC (Zhang et al., 2012; Qiu et al., 2014). Therefore, the effect of DT-13 on PI3K/Akt and MAPK pathways was examined in PC3 and DU145 cells. The results showed the phosphorylation of PI3K downstream effectors including PDK-1, Akt, mTOR and p70S6K was inhibited in a dose-dependent manner, while the expression of PI3K-p110αand -p110β was not changed. Akt is known to phosphorylate CREB, which could promote the expression of Bcl-2. The pro-apoptotic proteins, such as Bad and Bax, were negatively regulated by Akt through direct phosphorylation (Du and Montminy, 1998). Akt also prevents cell death by phosphorylation inactivation of Caspase-9 (Manning and Cantley, 2007). Therefore, the apoptosis induced by DT-13 might be attributed to the inhibition of Akt phosphorylation. On the aspect of cancer metastasis, it is well known that PI3K/Akt pathway plays a key role in cancer migration, invasion, and adhesion. Down-regulation of the phosphorylated Akt inhibits the proteolytic activity of MMP2/9 (Zhao W. et al., 2013). Akt phosphorylates Integrinβ1, which promotes tumor metastasis though intervention of extracellular matrix and the activity of MMPs (Somanath et al., 2007). Therefore, the anti-metastasis effect of DT-13 might be attributed to the inhibition of PI3K/Akt pathway. Moreover, DT-13 showed no effect on p38, ERK and JNK in PC3 and DU145 cells, suggesting the anticancer effect might not be related with MAPK pathway.

In summary, our findings demonstrate DT-13 can effectively induce apoptosis and inhibit metastasis in prostate cancer cells, the mechanism of which might be attributed to the blockade of PI3K/Akt signaling pathway. Since DT-13 showed weak cytotoxicity on normal cells, it is worthwhile to be further evaluated as an anticancer drug candidate for prostate cancer therapy.
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This study investigated the role of miR-3188 on the proliferation of non-small cell lung cancer cells and its relationship to FOXO1-modulated feedback loop. Two non-small cell lung cancer (NSCLC) cell lines A549 and H1299 were used. RNA silencing was achieved by lentiviral transfection. Cell proliferation was assessed by immunohistochemical staining of Ki67 and PCNA, Edu incorporation, and colony formation assay. Western blotting was used to examine expression of FOXO1, mTOR, p-mTOR, CCND1, p21, c-JUN, AKT, pAKT, PI3K, p-PI3K, and p27 proteins. It was found that miR-3188 reduced cell proliferation in NSCLC cells. Molecular analyses indicated that the effect of mammalian target of rapamycin (mTOR) was directly mediated by miR-3188, leading to p-PI3K/p-AKT/c-JUN inactivation. The inhibition of this signaling pathway further caused cell-cycle suppression. Moreover, FOXO1 was found to be involved in regulating the interaction of miR-3188 and mTOR through p-PI3K/p-AKT/c-JUN signaling pathway. Taken together, our study demonstrated that miR-3188 interacts with mTOR and FOXO1 to inhibit NSCLC cell proliferation through a mTOR-p-PI3K/AKT-c-JUN signaling pathway. Therefore, miR-3188 might be a potential target for the treatment of NSCLC.
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INTRODUCTION

MicroRNAs (miRNAs or miRs) play important roles in development, cellular differentiation, proliferation, cell cycle control, and cell death (Bhaskaran and Mohan, 2014). They are critical in development and progression of various kinds of diseases including cancer (Hayes et al., 2014; Rupaimoole and Slack, 2017). Since it was found that the miRNA was involved in chronic lymphocytic leukemia, more and more miRNAs were identified to link with development and progression of cancers (Musilova and Mraz, 2015). It has been reported that miRNAs can regulate chemotherapeutic efficacy in multiple cancers (Magee et al., 2015; Mognato and Celotti, 2015). Hui-Ming Lin et al have discovered that miR-217 and miR-181b-5p significantly enhanced apoptosis in PC3 cells, indicating their therapeutic potential to improve taxane response in castration-resistant prostate cancer (CRPC) (Lin et al., 2018). Moreover, Bone marrow-derived mesenchymal stem/stromal cells (BM-MSCs)-derived exosomes promote colon cancer stem cell-like traits via miR-142-3p, suggesting multiple ways of miRNAs in regulatiing cancer progression (Li and Li, 2018). As one of the original miRNAs discovered, the biological role of miR-3188 and its molecular mechanisms underlying cancer initiation and progression has been reported in nasopharyngeal carcinoma (Zhao et al., 2016). Additionally, miR-3188 suppression could inhibit proliferation of breast cancer cells through regulating p27 expression. However, how it works in non-small cell lung cancer remains unclear.

Forkhead box protein O1 (FOXO1) is a protein encoded by the FOXO1 gene. FOXO1 shuttles between nucleus and cytoplasm back and forth. AKT phosphorylates FOXO1 and leads to FOXO1 translocate from nucleus to cytoplasm (Hay, 2011; Tzivion et al., 2011). Phosphorylated FOXO1 induces cell proliferation, inhibits cell apoptosis, and increases cell invasion and metastasis. Moreover, it also promotes angiogenesis and reduces cell apoptosis in chemotherapy and radiotherapy (Dansen and Burgering, 2008; Zhang B. et al., 2015). AKT phosphorylation was induced by phospho-FOXO1 in NSCLC (Maekawa et al., 2009). However, the involvement of FOXO1 in inhibiting NSCLC cell proliferation is unrevealed.

PI3K/Akt/mTOR signaling pathway has been well characterized and recognized to play essential roles in lung cancer cell proliferation and survival. c-JUN was frequently overexpressed in NSCLC cells. miR-3188 was reported to suppress nasopharyngeal carcinoma cell growth through FOXO1-mediated mTOR-p-PI3K/AKT-c-JUN pathway. In this study, we investigated the interaction of miR-3188, mTOR, and FOXO1 in NSCLC cells. We hypothesized that miR-3188 also inhibit NSCLC cell proliferation via the same mTOR-p-PI3K/AKT-c-JUN signaling pathway. Indeed, we found miR-3188 expression was significantly higher in BEAS-2B cells than in NSCLC cells. miR-3188 mimics inhibited NSCLC cell growth both in vitro and in vivo. Overexpression of miR-3188 downregulated protein expression of mTOR and p-mTOR in NSCLC cells. And mTOR overexpression reverses inhibition of cell proliferation by miR-3188. More importantly, miR-3188 coordinates with FOXO1 through PI3K/AKT/c-JUN pathway. As such, miR-3188 may negatively modulate NSCLC cell growth by a FOXO1-modulating mTOR-p-PI3K/AKT-c-JUN signaling pathway. Our results suggested that miR3188 might be a potential therapeutic target for NSCLC treatment.



MATERIALS AND METHODS

Cell Culture and Synchronization

Two NSCLC cell lines (A549 and H1299) and a human lung epithelial BEAS-2B cell line were obtained from Shanghai Cell Bank of the Chinese Academy of Sciences. NSCLC cell lines were cultured in RPMI-1640 (Invitrogen, Carlsbad, United States) supplemented with 10% fetal calf serum (FCS; Hyclone, Invitrogen, Carlsbad, United States). BEAS-2B was cultured in defined Keratinocyte serum free medium (KSFM, Invitrogen Carlsbad, United States) supplemented with epidermal growth factor (Invitrogen, Carlsbad, United States). The cells were maintained at 37°C with 10% CO2 in a humidified atmosphere.

In order to synchronize cells into G0 phase, NSCLC cells were starved with 0.1% FCS RPMI-1640 for 24–48 h. Cells were then further starved in serum free medium for another 48 h.

Cell Transfection

FOXO1, c-JUN and mTOR siRNA or miR-3188 mimics and related inhibitor were obtained from RiboBio Inc. (Guangzhou, China). The sequences of primers used for miR-3188 mimics were: Sense 5′AGAGGCUUUGUGCGGAUACGGGG3′, Antisense 3′UCUCCGAAACACGCCUAUGCCCC5′. The sequences used for miR-3188 inhibitor was: 5′CCCCGUAUCCGCACAAAGCCUCU3′. mTOR and c-JUN plasmids were obtained from Biosense Technologies (Guangzhou, China). PI3K inhibitor Ly294002 was purchased from Sigma (St. Louis, United States). NSCLC cells were seeded onto a 6- or 96-well plate at 30–50% confluence before indicated transfection. Cells were transfected with plasmid, siRNA or miRNAs by using TurboFect siRNA Transfection Reagent (Fermentas, Vilnius, Lithuania) following the manufacturer’s protocol. Cells were harvested 48–72 h later for further experiments.

Western Blotting

Cells were seeded into a 6-well plate and harvested when they reached 90–100% confluence. The detailed method was based on a previous publication (Zhang L. et al., 2015). Antibodies included anti-FOXO1 (2880, 1:1000, CST), mTOR (04-385, 1:1000, millipore), p-mTOR (2971, 1:1000, CST), CCND1 (ab134175, 1:1000, Abcam), p21 (ab109199, 1:1000, Abcam), c-JUN (9165, 1:500, CST), AKT (9272, 1:1000, CST), pAKT (Ser473, 9271, 1:1000, CST), PI3K (4292, 1:1000, CST), p-PI3K (Tyr458, 4228, 1:1000, CST), p27 (2552, 1:1000, CST), and β-actin (ab8227, 1:1000, Abcam). The signal was visualized by using the Western Lightning® ECL Pro Enhanced Chemiluminescence Substrate (PerkinElmer, United States) and exposed to X-ray film (Fujifilm, Japan).

Colony Formation Assay

For colony formation assay, 100 cells/well NSCLC cells were cultured in 6-well culture plates. Cells were incubated at 37°C for 2 weeks. Colonies were stained with hematoxylin solution after 2 times washing with PBS. Cell clusters include more than 50 cells were identified as colonies. Colony counting was performed using a microscope (IX83; Olympus).

EdU Incorporation Assay

EdU incorporation assay was performed as previously described (da Silva et al., 2013). Proliferating NSCLC cells were determined through the Cell-Light EdU Apollo 488 or 567 in vitro Imaging Kit (RiboBio, Guangzhou, China) based on the manufacturer’s instruction. Briefly, NSCLC cells were incubated with 10 mM EdU for 2 h and then fixed with 4% paraformaldehyde. The fixed cells were permeabilized in 0.3% Triton X-100 for 5 min and stained with dyes accordingly. Cell nuclei were stained with DAPI (5 mg/ml) for 10 min. The number of EdU-positive cells was observed using a fluorescent Nikon microscope.

In vivo Tumorigenesis in Nude Mice

Mice (BALB/C, nu/nu, 6–weeks-old, female) were subcutaneously injected with A549 and H1299 cells (5 × 106/100 μl) transfected with miR-3188, FOXO1 or the control (n = 5 per group). All mice were housed in a pathogen-free conditions with controlled temperature (21 ± 2°C) and 12 h light-dark cycle. Food and water were available freely for mice. Three weeks later, the mice were sacrificed and tumor tissues collected for immnunohistochemical analysis.

Immunohistochemical Staining

Paraffin sections obtained from animal model were used for immunohistochemical staining for FOXO1, mTOR, Ki67, PCNA, or c-JUN expression. The results of immunohistochemical staining tissue sections were evaluated by two pathologists independently. The antibodies used were as follows: rabbit anti-FOXO1 (ab39670, 1:200, Abcam), anti-mTOR (04-385, 1:200, millipore), anti-PCNA (10205-2-AP, 1:50, PTG), anti-Ki67 (Ab16667, 1:50, Abcam), and anti-JUN (24909-1-AP, 1:200, PTG).

Statistical Analysis

Statistical analysis was performed using SPSS 21.0 software. Data are presented as mean ± SD. Student’s t-test was used to compare between two groups and one-way ANOVA (analysis of variance) analysis for multiple groups. All statistical tests were two-sided, and single, double and triple asterisks indicate statistical significance, ∗P < 0.05, ∗∗P < 0.01, and ∗∗∗P < 0.001.



RESULTS

miR-3188 Suppresses NSCLC Cell Growth

To investigate the involvement of miR-3188 in NSCLC development, we first detected its expression in human lung epithelial BEAS-2B cells and NSCLC A549 and H1299 cells. It was found that miR-3188 is overexpressed in NSCLC cells but its expression is low in BEAS-2B cells (Figure 1A). To further identify its biological function in NSCLC, miR-3188 mimics or inhibitors were, respectively introduced into A549 and H1299, or BEAS-2B cells. More than twofold increase in miR-3188 expression was observed in A549 and H1299 cells treated with miR-3188 mimics compared with the control group by qRT-PCR analysis (Student’s t-test, with P < 0.05 for both, Figure 1F). To examine the effect of miR-3188 expression on NSCLC cell growth in vitro, colony formation and Edu incorporation assay were performed. As expected, both A549 and H1299 cells transfected with miR-3188 mimics formed significantly less colonies (Figure 1B). Furthermore, the result of Edu incorporation assay shows that miR-3188 mimics efficiently decreased the number of cells in S phase, and this reduction was rescued by treating cells with miR-3188 inhibitor (Figure 1C). These results indicate that miR-3188 is capable of inhibiting cell proliferation and inducing G1/S transition in NSCLC cells.
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FIGURE 1. miR-3188 inhibits NSCLC cells proliferation through PI3K/AKT inactivation. (A) RT-PCR on miR-3188 expression in NSCLC cells and normal lung epithelial BEAS-2B cells. Mean ± SD, ∗∗P < 0.01. (B) Colony formation, and (C) EdU incorporation assays on NSCLC cells performed after transfection with control (ctrl.), miR-3188 mimics, or inhibitor as indicated. Scale bar: 15 μm. (D) Tumorigenesis of NSCLC cells before and after transfection with miR-3188 mimics; n = 5/group. (E) Representative Ki67 and PCNA immunohistochemical staining of A549 and H1299 primary cancer tissues. Scale bar: 20 μm. (F) RT-PCR on relative mRNA expression of miR-3188. Student’s t-test, mean ± SD, ∗P < 0.05. (G,H) Western blotting on expression of PI3K, AKT, p-PI3K, p-AKT, c-JUN, CCND1, p27 and p21 following transfection of miR-3188 inhibitor or mimics in A549, H1299, and BEAS-2B cells. β-actin was used as a loading control.



Next, an in vivo tumor formation experiment was performed through subcutaneous injection of A549-miR-3188 and H1299-miR-3188 or control cells into nude mice. Three weeks later, it was found that tumor size of the mice injected with A549-miR-3188 and H1299-miR-3188 cells was smaller than that of control cells (Figure 1D). Moreover, Ki67 and proliferating cell nuclear antigen (PCNA) expression were also lower in tumor tissues compared to that of control group (Figure 1E). These results suggest that miR-3188 inhibit tumorigenesis both in vitro and in vivo.

To investigate the mechanisms on how miR-3188 inhibits NSCLC cell proliferation, we performed Western blotting analysis on several biomarkers that regulate cell proliferation. It was found that miR-3188 overexpression reduced c-JUN and CCND1 expression, but increased expression of p27 and p21. miR-3188 inhibitors reverse the expression of these proteins (Figure 1G). Furthermore, p-PI3K and p-AKT expression reduced in miR-3188-overexpressing NSCLC cells (Figure 1H). These results indicate that phosphoinositide-3-kinase (PI3K)/AKT inactivation and c-JUN downregulation might be the mechanisms by which miR-3188 suppresses cell growth.

miR-3188 Targets mTOR

It has been reported that mTOR is a direct target of miR-3188 (Zhao et al., 2016). We found that overexpression of miR-3188 downregulated protein expression of mTOR and p-mTOR in NSCLC cells. In contrast, miR-3188 downregulation decreased mTOR and p-mTOR levels in BEAS-2B cells (Figure 2A). In mouse xenografts, immunohistochemistry in tumors from A549- and H1299-miR-3188 cells showed that mTOR expression was significantly downregulated (Figure 2B). Collectively, these data suggest that miR-3188 might directly target mTOR and reduce its expression, leading to inhibition of proliferation and tumorigenesis of NSCLC cells.
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FIGURE 2. miR-3188 regulates mTOR expression. (A) Western blotting on expression of mTOR and p-mTOR in miR-3188-overexpressing or miR-3188-inhibited A549, H1299 and BEAS-2B cells. β-actin was used as a loading control. (B) immunohistochemistry on mTOR expression in tumor tissue derived from A549 and H1299 cells. Scale bar: 20 μm.



mTOR Overexpression Reverses Inhibition of Cell Proliferation by miR-3188

EdU incorporation assay indicated that mTOR overexpression in transfected miR-3188-overexpressing NSCLC cells resulted in increasing cell growth (Figure 3A). In mTOR overexpression groups, more cells in phase S were observed in both A549- and H1299-miR-3188 cells, suggesting that mTOR overexpression can restore NSCLC cell proliferation which was inhibited by miR-3188. Also, we observed that mTOR knockdown by siRNA remarkably reduced the expression of mTOR, p-mTOR, p-PI3K, p-AKT, CCND1 and c-JUN, and enhanced expression of p27 and p21 (Figure 3B). These results further confirmed that miR-3188 suppresses cell growth by directly targeting mTOR.
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FIGURE 3. mTOR expression restores miR-3188-mediated inhibition of cell proliferation. (A) EdU incorporation assay on cells transfected with control, ectopic mTOR or miR-3188 as indicated. Scale bar: 15 μm. (B) Western blotting on mTOR, p-mTOR, PI3K, P-PI3K, AKT, P-AKT, CCND1 and c-JUN expression in A549, H1299 and BEAS-2B cells. β-actin served as a loading control.



FOXO1 Suppresses Cell Growth

It has been reported that FOXO1 induced PI3K/AKT signaling in gastric cancer. To evaluate the role of FOXO1 on NSCLC cell proliferation, we transfected a FOXO1 overexpressed lentiviral vector into NSCLC cells. FOXO1 markedly inhibited cell-cycle G1/S transition in NSCLC cells documented by EdU incorporation assay (Figure 4A). To further confirm that FOXO1 suppress NSCLC cell growth, in vivo tumorigenesis experiment was performed in nude mice. Successful overexpression of FOXO1 was confirmed by immunohistochemistry in A549 and H1299 tumors (Figure 4B). Tumor volumes were significantly smaller in tumors of FOXO1-overexpressing A549 and H1299 cells compared to control cells (Figure 4C). Ki67 expression in these tumors was also lower than that in controls (Figure 4D). These results indicate that FOXO1 negatively regulates tumor growth in vivo.
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FIGURE 4. FOXO1 inhibits NSCLC cells proliferation through PI3K/AKT pathway. (A) EdU incorporation assay on A549 and H1299 cells transfected with mock and/or FOXO1, siRNA as indicated. Scale bar: 15 μm. (B) Immunohistochemical staining of FOXO1 in xenograft tumors. Scale bar: 15 μm. (C) Reduced tumorigenicity in FOXO1 overexpressing A549 and H1299 cells; n = 5/group. (D) Immunohistochemistry of Ki67 in xenograft tumors. Scale bar: 20 μm. (E) Western blotting on PI3K, p-PI3K, AKT, p-AKT mTOR, p-mTOR, c-JUN, CCND1, p27 and p21 expression in NSCLC cells transfected with control and FOXO1, siFOXO1 or Ly294002 as indicated. β-actin served as a loading control. (F) Immunohistochemical staining of c-JUN in FOXO1 overexpressing xenograft tumors. Scale bar: 20 μm.



FOXO1 overexpression reduced the expression of p-PI3K, p-AKT, mTOR and p-mTOR. Moreover, we observed that overexpression of FOXO1 also downregulated expression of c-JUN and CCND1 and upregulated expression of p21 and p27. Indeed, FOXO1 knockdown by siRNA exhibited the opposite results as shown in Figure 4E. Additionally, the effect of FOXO1 on the expression of p-PI3K, p-AKT, mTOR, p-mTOR, c-JUN, CCND1, p21 and p27 was significantly reduced in cells treated with Ly294002, the specific PI3K inhibitor (Figure 4E).

It has been reported that miR-3188 expression was downregulated by c-JUN, which is a downstream regulator of the PI3K/AKT pathway. Immunohistochemical staining result in FOXO1-overexpressing tumor tissues of mice showed decreased expression of c-JUN (Figure 4F). These results indicate that FOXO1 may mediate NSCLC cell growth and cell-cycle progression through the PI3K/AKT/c-JUN signaling pathway.

miR-3188 Coordinates With FOXO1 Through PI3K/AKT/c-JUN Pathway

A previous study showed that miR-3188 is a positive modulator of FOXO1 (Zhao et al., 2016). miR-3188 inhibitor significantly rescue cell proliferation in Edu assay (Figure 4A). Expression of p-PI3K, p-AKT, c-JUN and CCND1 was enhanced, while expression of p27 and p21 were decreased in FOXO1-overexpressing NSCLC cells with miR-3188 inhibitor treatment, (Figure 5). These results indicate that miR-3188 coordinates with FOXO1 in suppressing NSCLC cell growth and support that the interaction of miR-3188 and FOXO1is through PI3K/AKT/c-JUN signaling pathway (Figure 6).
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FIGURE 5. FOXO1 and miR-3188 modulates expression of signaling molecules in A549 and H1299 cells. Western blotting on expression of p-PI3K, p-AKT, c-JUN, CCND1, p21 and p27 in FOXO1 overexpression and miR-3188 inhibition cells. β-actin served as a loading control.
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FIGURE 6. A schematic diagram of FOXO1-mediated miR-3188-mTOR-p-PI3K/AKT-c-Jun signaling feedback loop in NSCLC.





DISCUSSION

miRNAs have been reported to be associated with various types of cancers (Liu and Gao, 2016; Zheng et al., 2017). However, the role of miR-3188 in NSCLC development has not been reported. In this study, we demonstrated that miR-3188 significantly suppressed proliferation and G1/S cell-cycle transition in NSCLC cells as well as growth of tumor xenografts, indicating that miR-3188 might be a tumor suppressor in NSCLC.

It is well known that tumor cell proliferation is associated with cell-cycle progression (Collins et al., 1997). We found that miR-3188 regulate NSCLC tumorigenesis by affecting cell cycle. We also identified that the role of miR-3188 is associated with other key signaling molecules including mTOR, PI3K/AKT and c-JUN, that suppress cell cycle transition, thus inhibiting cell growth.

mTOR is an oncogene and constitutively activated PI3K/Akt signaling pathway was observed in almost every types of tumors (Populo et al., 2012; Xie et al., 2016; Wang et al., 2017) including NSCLC (Gridelli et al., 2008). It is well known that PI3K/Akt is involved in cell survival, growth, proliferation, repair, migration and angiogenesis (Lucas et al., 2010; Liu et al., 2014; Henderson et al., 2015). In cancer cells, activation of signaling pathway could be realized by gene mutation or upstream signaling molecules (Porta et al., 2014; Lien et al., 2016). It has been well documented that mTOR could form a negative feedback loop with PI3K/AKT (Efeyan and Sabatini, 2010; Rozengurt et al., 2014; Carneiro et al., 2015). In this study, we found that mTOR is one of the direct targets of miR-3188 and PI3K/AKT signaling was inhibited by miR-3188 overexpression. However, PI3K/AKT signaling activation was inhibited by mTOR in breast cancer (Khan et al., 2013; Paplomata and O’Regan, 2014), indicating differential effect of mTOR in different type of cancers. As such, c-JUN and p-mTOR that are PI3K/AKT downstream molecules increased in mTOR knockdown NSCLC cells, that was consistent with in miR-3188 overexpression cells. Furthermore, mTOR overexpression enhanced NSCLC cell proliferation suppressed by miR-3188. These results confirm that miR-3188 inhibits PI3K/AKT pathway by suppressing mTOR, leading to downregulation of c-JUN and p-mTOR.

c-JUN has been well known as a key player of cell proliferation (Shaulian and Karin, 2001), invasiveness and metastasis (Peng et al., 2016), and is one of the PI3K/AKT pathway downstream components (Cai et al., 2010; Zhang et al., 2014). Subsequent experiments confirmed that c-JUN negatively mediates miR-3188 expression indicating the formation of a complex miR-3188-mTOR–pPI3K/AKT-c-JUN loop in NSCLC.

It was reported that FOXO1 is a negative regulator in various types of cancers (Zhang et al., 2012; Hou et al., 2016). Consistent with previous reports, NSCLC cells in G1/S cell cycle transition and cell growth was significantly suppressed by FOXO1. In this study, FOXO1 overexpression inhibited PI3K/AKT signaling pathway mediated cell-cycle process in NSCLC cells. However, this finding is not consistent with that in gastric cancer (Park et al., 2014). In NSCLC cells, c-JUN, p-mTOR and total mTOR expression were downregulated. Similar to miR-3188, FOXO1 also inhibits NSCLC cell proliferation through suppressing PI3K/AKT mediated cell-cycle process.

We also found that miR-3188 failed to promote the expression of FOXO1, indicating that miR-3188 might be a downstream molecule of FOXO1. Through blocking mTOR-mediated p-PI3K/AKT/p-mTOR signaling activation, effect of miR-3188 was suppressed. In this case, FOXO1 lost its inhibitory effects on c-JUN and cell cycle and subsequently induced cell growth in NSCLC cells. Taken together, miR-3188 could be a downstream component of FOXO1 signaling.

In summary, our study supports that miR-3188 could form a negative feedback loop through mTOR/PI3K/AKT/c-JUN pathway. This pathway was regulated by FOXO1 which results in suppression of cell proliferation in NSCLC cells.
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Correlation Between C-MYC, BCL-2, and BCL-6 Protein Expression and Gene Translocation as Biomarkers in Diagnosis and Prognosis of Diffuse Large B-cell Lymphoma
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This study investigates the protein expression of C-MYC, BCL-2, and BCL-6 in diffuse large B-cell lymphoma (DLBCL) and their relationship with genetic abnormalities. A retrospective study of 42 cases on paraffin-embedded tissue specimens diagnosed with DLBCL was performed using immunohistochemistry (IHC) and fluorescence in situ hybridization (FISH). The expression of C-MYC, BCL-2, BCL-6 protein, and gene abnormalities in these tissue samples was analyzed. The relationship in genetic abnormalities and Ki-67, Hans classification, gender, and age was also evaluated. It was found that the positive rate of C-MYC expression was 47.6% (20/42), the rate of C-MYC gene abnormality was 26.2% (11/42), in which gene translocation accounted for 23.8% (10/42) and gene amplification 2.4% (1/42); C-MYC protein expression was positively correlated with C-MYC gene translocation (χ2 = 11.813; P = 0.001); C-MYC gene translocation was mainly found in germinal center B cell type (χ2 = 4.029; P = 0.045). The positive rate of BCL-2 protein expression was 85.71% (36/42), the positive rate of translocation was 42.86% (18/42) and the amplification rate was 26.19% (11/42); the overexpression of BCL-2 protein was correlated with the BCL-2 translocation (χ2 = 3.407; P = 0.029). The positive rate of BCL-6 protein expression was 45.24% (19/42), the positive rate of BCL-6 translocation was 14.29% (6/42) and the positive rate of BCL-6 amplification was 7.14% (3/42); the overexpression of BCL-6 protein was significantly correlated with BCL-6 translocation (χ2 = 6.091; P = 0.014). The Ki-67 index was significantly higher in C-MYC translocation cases than in non-C-MYC translocation cases (χ2 = 4.492; P = 0.034). Taken together, our results suggest that the protein expression of C-MYC, BCL-2, and BCL-6 are positively correlated with their gene translocation. Overexpression of C-MYC, BCL-2, BCL-6 protein suggests the possibility of translocation. Therefore, immunohistochemical detection of C-MYC, BCL-2, and BCL-6 are useful in diagnosis and prognosis of DLBCL.
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INTRODUCTION

Diffuse large B-cell lymphoma (DLBCL) is a highly heterogeneous lymphoid hematopoietic malignancy which is one of the most common types of adult non-Hodgkin's lymphoma (NHL). The incidence of DLBCL is about 30% in Europe and the United States (Chung and Levens, 2005), while in China, it is as high as 40% of all lymphomas (Li et al., 2012). DLBCL can be divided into germinal center B cell type (GCB type) and non-germinal center B cell type (non-GCB type) based on Hans analysis (Hans et al., 2004). Hans criteria is based on the presence or absence of three biomarkers, CD10, BCL-6, and MUM-1in immunohistochemical staining using antibodies against CD10, IRF4/MUM1, and BCL6. Those with the number of CD10 positive cells greater than 30%, as well as BCL6 positive belong to the germinal center B cell subtype, and the rest are judged as non-germinal center B cell subtype (Hans et al., 2004). Different types of lymphoma have differences in cell morphology, protein expression, genetic changes, and therapeutic responsiveness. Therefore, understanding the molecular characteristics of lymphoma are critical for individualized patient care.

In patients with DLBCL, anthracycline chemotherapy can achieve 70% of remission. However, only 50–60% of patients achieve long-term disease-free survival. Most of the unresolved patients are highly aggressive and have chemotherapy resistance to first-line regimens. The combination of rituximab and other chemotherapeutic drugs has greatly improved the response rate and prognosis of DLBCL patients. It would be greatly helpful to subgrouping DLBCL, to understand its pathogenesis and to guide clinical drug use.

In recent years, with the progress of molecular genetic research, it was understood that abnormal expression of some genes is directly correlated with the occurrence, development, treatment response and prognosis of DLBCL. Previous study indicated that some lymphoma is highly aggressive when it expressed C-MYC gene accompanied by expression of BCL-2 or BCL-6 genes (Valera et al., 2013). In 2016, the guidelines of the National Comprehensive Cancer Network (NCCN) recommended using FISH to detect gene abnormality, such as translocation in lymphoma cells.

A B-cell lymphoma with a combination of C-MYC and BCL-2 or BCL-6 translocations is called a Double-Hit lymphoma (DHL), and the one with three gene translocations is called a Triple-Hit lymphoma (THL) (Campo et al., 2011). In other words, DHL/THL refers to a B cell lymphoma with multiple activated oncogenes. C-MYC gene is the most common mutated gene in lymphomas. C-MYC and BCL-2 simultaneous translocation is the most common DHL, while C-MYC/BCL-6 DHL and C-MYC/BCL-2/BCL-6 THL are rare. The 2016 version of the WHO lymphoma classification suggests that C-MYC genetic alteration is one of the important diagnostic indicators of DLBCL, and defines DHL and THL as high-grade B-cell lymphoma (Arber et al., 2016). The understanding of DHL and THL is important because it may change the clinical management and prognosis of lymphomas. Therefore, further identifying the genetic abnormalities of C-MYC, BCL-2, and BCL-6 in DLBCL is of great significance to guide clinical diagnosis and treatment of DLBCL.

In the present study, we use immunohistochemistry (IHC) and fluorescence in situ hybridization (FISH) to detect the expression and genetic abnormalities, particularly gene translocation and amplification of C-MYC, BCL-2, and BCL-6 genes in patients with DLBCL. We further analyze their correlation with clinical characteristics, to provide guidelines for using these biomarkers for diagnosing, guiding treatment and assessing prognosis of DLBCL.



MATERIALS AND METHODS


Patients and Specimens

This study was approved by the Ethics Committee of Weifang People's Hospital. A total of 67 cases of paraffin-embedded tissue specimens from patients who were diagnosed with DLBCL for the first time in the Department of Pathology, Weifang People's Hospital from January 2015 to October 2016 were collected. According to the diagnostic criteria of 2016 WHO classification of hematopoietic and lymphoid tissue tumors (Arber et al., 2016), two senior pathologists in the Department of Pathology of Weifang People's Hospital reviewed the cases, and 42 cases were eventually included in the study (25 patients were excluded due to incomplete clinical data and inaccurate classification). Complete pathological data and patients' informed consent were obtained. There were 26 males and 16 females with an average age of 58.9 ± 12.3 years old (range 43–80 years old). Specimens were from various sources: 27 cases of superficial lymph nodes, 6 cases of subcutaneous soft tissue, 6 cases of gastrointestinal tract, 1 case of mesentery and spleen, and 1 case of tonsil. Among these specimens, 16 cases were of GCB type and 26 cases of non-GCB type, Another 20 patients with reactive hyperplastic superficial lymph nodes were used as negative controls, including 12 males and 8 females, with an average age of 58.0 ± 10.5 (range 41–77 years). All specimens were fixed in 10% neutral formalin. Conventional paraffin embedding was performed. These specimens were assembled into a tissue microarray with the core diameter of 3 mm.



Immunohistochemistry

Immunohistochemistry was performed using Roche Benchmark XT Ventana automatic immunohistochemical staining instrument. The staining procedure was set up strictly according to the instructions for automatic immunohistochemical detection. A pair of positive and negative tissues was placed in each tissue microarray as required. BCL-2 and C-MYC rabbit anti-human monoclonal antibody (clone number EP36, and EP121), and BCL-6 mouse anti-human monoclonal antibody (clone number LN22) were purchased from Beijing Zhongshan Jinqiao Biotechnology Co., Ltd.



Fluorescence in situ Hybridization (FISH)

FISH detection was performed using 3 μm paraffin tissue sections. C-MYC, BCL-2, and BCL-6 probes were purchased from Beijing Jinpujia Company. The C-MYC normal signal is a yellow signal from fused red and green. The C-MYC gene translocation is considered as positive when a yellow signal, a green signal, and a red signal, or two red signals or two green signals appear in the nucleus. The C-MYC gene amplification is interpreted as positive when three or more red-green fusions appeared as yellow signals were observed.

Analysis and determination of BCL-2 and BCL-6 test results: The BCL-2 and BCL-6 probes are a two-color fusion probe, and normally two red and two green signals are separated from each other. When a red signal, a green signal, and a red-green fused yellow signal or two yellow signals appear, it was interpreted as a positive BCL-2 or BCL-6 gene translocation. When three or more red or green signals appear in the nucleus, it was considered as positive BCL-2 or BCL-6 gene amplification.



Establishing the Staining Analyzing Threshold

Twenty non-lymphoma (reactive hyperplastic lymph nodes) tissue specimens were randomly selected as the control group. FISH detection of BCL-2, BCL-6, and C-MYC genes was performed. 200 cells per sample were analyzed and the number of cells, the mean percentage value and standard deviation of abnormal signals were calculated. The positive threshold was determined to be mean percentage ± 3 standard deviation. The results were analyzed based on the threshold. The number of translocation and the number of abnormal amplified signal of cells in the lymphoma and non-lymphoma specimens were counted, and the average value was taken. The abnormality threshold was used to judge the detection result: the result was judged as negative if the percentage of abnormal signal cells was less than the threshold; the result was judged as positive if the percentage of abnormal signal cells was greater than the threshold. If the percentage of abnormal signal cells was equal to the threshold value, then the number of cells of the test sample was increased to obtain a final result.



Statistical Analysis

SPSS 20.0 software was applied for statistical analysis. The differences between the factors were analyzed by chi-square test. When the conditions of chi-square test cannot be met, Fisher's exact probability method was used. P < 0.05 was considered statistically significant.




RESULTS


The Morphology of DLBCL

Under the light microscope, DLBCL tumor tissue was seen as diffuse hyperplasia of large B lymphocytes that replaced normal lymph node structure. The morphology of these lymphocytes was atypical. The cell volume is more than twice as that of conventional cells, and nucleus of the tumor cells is mostly larger than that of normal lymphocytes (Figure 1).
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FIGURE 1. HE staining on the structure of lymph nodes of DLBCL. (A) Diffuse hyperplasia of lymphocytes. (B) Higher magnification showing the morphology of atypical and blast DLBCL cells.





Immunohistochemical Staining

BCL-6 and C-MYC positive staining were located in the nucleus, while BCL-2 positive staining was in the cytoplasm (Figure 2). According to previous reports, the staining could be judged as positive if the number of tumor cells positive for C-MYC ≥ 40%, BCL-2 ≥ 50%, or BCL-6 ≥ 30% of tumor tissues (Hans et al., 2004; Horn et al., 2013). In our study, the positive rate of immunohistochemical staining of C-MYC, BCL-2, and BCL-6 protein was 47.6% (20/42), 85.71% (36/42), and 45.24% (19/42), respectively. Based on the Hans classification, the ratio of non-GCB type was 61.9% (26/42), which was higher than that of GCB type (38.1%, 16/42) in these 42 cases. The difference between GCB and non- GCB types was not statistically significant (P > 0.05). Similarly, there was no significant difference in the distribution of C-MYC, BCL-2, and BCL-6 protein expression in Hans classification, gender, and age (Table 1).
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FIGURE 2. (A) Positive C-MYC protein expression (×400). (B) Negative C-MYC protein expression (×400). (C) Positive BCL-2 protein expression (×400). (D) Negative BCL-2 protein expression (×400). (E) Positive BCL-6 protein expression (×400). (F) Negative BCL-6 protein expression (×400).





Table 1. Association of C-MYC, BCL-2, and BCL-6 protein expression and clinical characteristics.
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Among these 42 cases of DLBCL, 15 cases (35.71%, 15/42) were co-expressed with C-MYC and BCL-2 or BCL-6, 8 cases (19.05%, 8/42) were C-MYC and BCL-2 double positive expression, 7 patients (16.67%, 7/42) had C-MYC, BCL-2, and BCL-6 triple positive expression, and no cases of C-MYC and BCL-6 double expression were found. Although among these 15 cases of C-MYC, BCL-2, and BCL-6 protein co-expression, there were 10 cases of non-GCB type (38.46%, 10/26), 11 cases of men (42.31%, 11/26), 12 cases are ≥50 years old (36.36%, 12/33), which made up a high proportion of Hans classification, gender, and age grouping, but these differences were not statistically significant (Table 1).



FISH Test

C-MYC Gene Abnormality

Among the 42 cases of DLBCL, C-MYC translocation was detected in 10 cases (23.8%) (Figure 3A). All of these cases were positive for C-MYC protein expression. No case of C-MYC translocation was found in negative C-MYC protein expression group. The difference between the positive and negative C-MYC translocation was statistically significant (P = 0.001, Table 2). There were 43.8% (7/16) of GCB type and 11.5% (3/26) of non-GCB type had C-MYC translocation, and the difference between the two groups had statistical significance (P = 0.045). Among the C-MYC translocation cases, 8 were male (8/26, 30.8%) and 2 were female (2/16); 10 patients with C-MYC translocation were ≥50 years old (10/33, 30.30%). The difference of C-MYC translocation in different age and gender groups were not statistically significant (P > 0.05) (Table 2). These results suggested that C-MYC translocation was associated with C-MYC protein expression and GCB type, but not associated with age and gender.
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FIGURE 3. (A) Positive C-MYC gene translocation showed 1 red signal, 1 green signal, and 1 red-green-fused yellow signal in the nucleus (FISH×1000). (B) Positive C-MYC gene amplification showed ≥3 red-green fused yellow signals in the nucleus (FISH×1000). (C) Positive BCL-2 gene translocation showed 1 red signal, 1 green signal and 1 red-green-fused yellow signal in the nucleus (FISH×1000). (D) Positive BCL-2 gene amplification showed ≥3 red or green signals in the nucleus (FISH×1000). (E) Positive BCL-6 gene translocation showed 1 red signal, 1 green signal and 1 red-green-fused yellow signal in the nucleus (FISH×1000). (F) Positive BCL-6 gene amplification showed ≥3 red-green-fused yellow signals in the nucleus (FISH×1000).





Table 2. Association of C-MYC protein expression and gene translocation, amplification, and clinical characteristics.
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Among the 42 cases of DLBCL, only one case (2.4%) of C-MYC amplification was detected (Figure 3B). There was no statistical significance concerning the differences in C-MYC amplification among C-MYC protein expression, Hans classification, gender, and age (P > 0.05, Table 2).

BCL-2 Gene Abnormality

In the FISH test, 18 cases of BCL-2 translocation were found (Figure 3C), all of which had positive BCL-2 protein expression, while no cases of BCL-2 translocation occurred in negative BCL-2 protein expression group. The difference in BCL-2 translocation between BCL-2 protein expression and non-BCL-2 protein expression groups was statistically significant (P = 0.029, Table 3). Among the cases of positive BCL-2 translocation, 7 cases (7/16, 43.75%) were GCB and 11 cases (11/26, 42.31%) were non-GCB type. There was no significant difference between the two groups (P = 0.927, Table 3). There were 10 males (10/26, 38.46%) and 8 females (8/16, 50%); 13 cases (13/33, 39.39%) were ≥ 50 years old, and 5 cases were < 50 years old (5/9, 55.56%). There was no significant difference in either age or gender for BCL-2 gene translocation (P > 0.05, Table 3). These results suggested that BCL-2 translocation was associated with BCL-2 protein expression, but not associated with GCB type, age, and gender.



Table 3. Association of BCL-2 protein expression, gene translocation, and amplification and clinical characteristics.
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BCL-2 amplification was detected in 11 cases (26.19%) (Figure 3D). These cases were positive for BCL-2 protein expression. However, there was no correlation between BCL-2 protein expression and BCL-2 gene amplification (P = 0.283, Table 3), neither was there significant difference in BCL-2 amplification in Hans classification, gender, and age by statistical analysis (P > 0.05, Table 3).

BCL-6 Gene Abnormalities

Among these 42 cases of DLBCL, BCL-6 translocation was detected in 6 cases (14.29%) (Figure 3E), all of which were positive for BCL-6 protein expression, and BCL-6 translocation did not occur in negative BCL-6 protein expression group. The difference in BCL-6 translocation between positive and negative BCL-6 protein expression groups was statistically significant (P = 0.014, Table 4). BCL-6 translocation was found in 12.50% (2/16) GCB type and 15.38% (4/26) non-GCB type, and the difference between the two groups was not statistically significant (P = 1.000, Table 4). Although 6 patients with BCL-6 translocation were men and aged 50 years or older, there was no significant difference in either age or gender for BCL-6 translocation (P > 0.05, Table 4). These results suggested that BCL-6 translocation was associated with BCL-6 protein expression, but not associated with GCB type, age, or gender.



Table 4. Association of BCL-6 protein expression, gene translocation and amplification, and clinical characteristics.
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BCL-6 amplification was detected in 3 cases (7.14%) (Figure 3F), of which 1 case was positive for BCL-6 protein (5.26%, 1/19), and the other 2 cases were negative for BCL-6 protein (8.70%, 2/23). There was 1 case of GCB type (6.25%, 1/16) and 2 cases of non-GCB type (7.69%, 2/26); 1 case of male (3.85%, 1/26), 2 cases of female (12.50%, 2/16); 1 patient (3.03 %, 1/33) with age ≥ 50 years and 2 patients (22.22%, 2/9) with age < 50 years. There was no significant difference in BCL-6 amplification among BCL-6 protein expression, Hans classification, gender, or age (P > 0.05, Table 4).

Double-Hit Lymphomas (DHL)

Among these 42 cases of DLBCL, only 2 cases (4.76%) of DHL were detected, one had both C-MYC and BCL-2 translocation and is non-GCB type; the other was both C-MYC gene and BCL-6 gene translocation, and is GCB type. Although both cases of DHL are older than 50 years old with double expression of C-MYC and BCL-2 protein, meaning that they were dual expressor of lymphomas (DEL), analysis had suggested that there was no significant correlation between DHL and DEL, Hans classification, gender or age (P > 0.05, Table 5).



Table 5. The relationship between DHL and clinical characteristics.
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Ki-67 Proliferation Index and C-MYC, BCL-2, BCL-6 Gene Abnormalities

Ki-67 immunohistochemical staining was used to examine the proliferative ability of lymphoma tissues. The overexpression of Ki-67 in DLBCL indicates that the tumor is invasive, rapidly progress, and has poor clinical prognosis. The Ki-67 immunohistochemical staining was performed and intensity was quantified in all specimens (Figure 4). The cut-off value of Ki-67 positivity was set to 80 and 90%. According to group statistical analysis, 12 cases (28.57%, 12/42) had positive Ki-67 ≥ 90%, 25 cases (28.57%, 25/42) were Ki-67 ≥ 80% in 42 cases of DLBCL. Six of Ten cases of C-MYC translocation cases were Ki-67 ≥ 90, 60, and 18.75% (6/32) of non-C-MYC translocation cases were Ki-67 ≥ 90%. There were significant differences of Ki-67 positivity in C-MYC and non-C-MYC translocation cases (P < 0.05, Table 6). Ki-67 was 90 and 70% in 2 cases of DHL, and 90% in 1 case of C-MYC amplification. BCL-2 and BCL-6 translocation or amplification with overexpression of Ki-67 were analyzed, and it was found that there was no significant correlation in Ki-67 overexpression and C-MYC amplification (P > 0.05, Table 6). This result indicated that C-MYC translocation is more useful than C-MYC amplification in terms of diagnosis and prognosis of DLBCL.
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FIGURE 4. (A) 90% Ki-67 protein expression (×400). (B) 35% Ki-67 protein expression (×400).





Table 6. The relationship between Ki-67 and C-MYC BCL-2, and BCL-6 gene abnormalities.
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DISCUSSION


Characteristics of Diffuse Large B-Cell Lymphoma

DLBCL is a highly heterogeneous and invasive lymphoma with various disease sites, immune-phenotypes, and clinical prognosis. Under a microscope, abnormal large B lymphocytes can be found and the widely distributed. The cell body of abnormal B lymphocytes was usually more than twice that of normal lymphocytes (Chinese and Society of Hematology et al., 2013).

FISH is a gold standard for detecting DHL. However, FISH is difficult to perform and takes long time to operate. Besides, the reagents are expensive. In contrast, it is convenient, rapid and low cost to detect the protein expression of corresponding genes by IHC. Therefore, IHC is commonly used in clinics to detect C-MYC, BCL-2, and BCL-6 protein expression in DLBCL. Green et al. (2012b) reported that in DLBCL, there was no significant difference in survival rate between DEL and DHL, suggesting that DEL has similar biological behaviors as DHL, and that “double expression” is also associated with poor prognosis of lymphoma. Swerdlow (2014) believe that although 70–80% of DHL or THL also shows “double expression,” DEL is not equivalent to and is more common than DHL, accounting for 18–33% of DLBCL (Green et al., 2012b; Valera et al., 2013), and only < 20% of patients in DEL showed DHL (Green et al., 2012b).

The positive rate of C-MYC protein expression in this study was 47.6% (20/42), among which GCB type was 50% (8/16) and non-GCB type was 46.15% (12/26) according to the Hans typing method, and there was no significant difference between these two types. Among the 20 cases with positive C-MYC protein expression, males were 59.69% (15/26) and females were 31.25% (5/16); 51.52% (17/33) of patients were ≥50 years old and 33.33% (3/9) were < 50 years old. Statistical analysis showed that, there was no significant difference in the expression of C-MYC protein related to age or gender of patients. These results were consistent with previous studies, in which the detection rate of C-MYC gene translocation in DLBCL is 2–16% (Smith et al., 2010; Aukema et al., 2011; Gouveia et al., 2012). In DLBCL, abnormalities in the C-MYC gene mainly include translocation and amplification, often occurred in the context of complex karyotypes, and have aggressive clinical behavior.



Biological Characteristics of C-MYC Gene Abnormality in DLBCL

Although immunohistochemical detection of C-MYC expression is not equivalent to C-MYC translocation, studies have shown that the expression of C-MYC in invasive B-cell lymphoma is associated with genetic abnormalities (Chisholm et al., 2015). Kluk et al. (2012) have shown that, when C-MYC protein expression ≥50%, the DLBCL can be identified as having the rearrangement of C-MYC gene. Green et al. proposed that if C-MYC protein expression ≥70%, the DLBCL is predicted to have translocation of C-MYC gene (Green et al., 2012a).

In addition to translocation, C-MYC gene abnormalities include amplification and mutation (Gurel et al., 2008; Leucci et al., 2008; Ruzinova et al., 2010). In the 42 cases of DLBCL in this study, only one case of C-MYC amplification (2.38%) was detected. At present, there are few reports on C-MYC amplification. Previous studies had suggested that DLBCL patients with C-MYC amplification have a relatively poor prognosis (Mossafa et al., 2006; Yoon et al., 2008; Stasik et al., 2010). The amplification rate of C-MYC gene by Stasik et al. (2010) was 38% (18/47), and C-MYC amplification was correlated with its mRNA expression. However, a report from South Korea (Yoon et al., 2008) showed a C-MYC amplification rate of 7.1% (11/156), and multiple factors have suggested that C-MYC amplification is an independent prognostic factor for poor prognosis of DLBCL.



Biological Characteristics of BCL-2 Gene Abnormality in DLBCL

BCL-2 is detectable in approximately 50% of DLBCL and 75% of high-grade B-cell lymphomas, whose effect is to inhibit cell apoptosis and promote cell proliferation, which interacts with the action of C-MYC. BCL-2 also enhances the role of other oncogenes and induces lymphoma. BCL-2 protein accelerates the growth of lymphoma and promotes the resistance of tumor cells to chemical drugs.

The positive rate of BCL-2 protein expression in this study was 85.71% (36/42), and according to Hans typing method, 75% (12/16) of the cases were GCB and 92.31% (24/26) were non-GCB type. There was no significant difference between the types. Among the 36 cases with positive BCL-2 protein expression, males were 80.77% (21/26) and females were 93.75% (15/16), ≥50 years old were 81.82% (27/33); and < 50 years old were 100% (9/9). Statistically, there was no significant difference in the distribution of BCL-2 protein expression in age and gender.

Previous studies (Iqbal et al., 2004, 2006) reported that the incidence of BCL-2 translocation was 20–30%, and in the 42 cases of DLBCL in this study, 18 cases (42.86%) of BCL-2 were detected. One studies (Chen et al., 2010) showed that BCL-2 translocation mainly occurred in GCB type. Among the 18 cases of BCL-2 translocation that we have obtained, 7 cases were GCB type (7/16, 43.75%) and 11 cases were non-GCB type (11/26, 42.31%). Eighteen cases of BCL-2 translocation were positive for BCL-2 protein expression, while BCL-2 translocation did not occur in BCL-2 protein negative cases, suggesting that BCL-2 protein expression is prominently correlated with BCL-2 translocation.



Biological Characteristics of BCL-6 Gene Abnormality in DLBCL

BCL-6 is a nuclear transcriptional repressor. It was reported that BCL-6 gene mutation and chromosomal translocation are the basis of tumorigenesis. Abnormal expression of BCL-6 can directly regulate cell differentiation, proliferation and apoptosis to promote tumor growth and differentiation (Ci et al., 2008). BCL-6 can affect DLBCL by regulating B cell activation, differentiation, cell cycle, and apoptosis (Polo et al., 2004). In the study of Basso and Dalla Favera (Basso and Dalla-Favera, 2012), BCL-6 regulates the follicular germinal center response and inhibits C-MYC protein and BCL-2 protein expression in normal GCB cells. In addition, BCL-6 gene also regulates tumor growth by regulating the expression of other genes, such as signal transducers and activators of transcription (STAT) and B lymphocyte induced maturation protein-1 (Blimp-1) and others (Kusam et al., 2004).

The positive rate of BCL-6 protein expression in this study was 85.71% (19/42), among which, GCB type was 43.75% (7/16), non-GCB type was 46.15% (12/26), and the detection rate of BCL-6 translocation was 14.29% (6/42). All 6 cases of BCL-6 translocation DLBCL have shown positive expression of BCL-6 protein. There was a correlation between BCL-6 gene translocation and protein expression in patients. In patients with negative BCL-6 protein expression, there was no BCL-6 translocation found. In this study, 6 DLBCL patients with BCL-6 translocation were males ≥50 years old, suggesting that DLBCL patients in middle-aged men have a relatively high BCL-6 translocation rate. Therefore, for patients with positive BCL-6 protein expression, there is a high probability of BCL-6 translocation.



The Proliferation Index Ki-67 and Abnormalities of C-MYC, BCL-2, and BCL-6 Genes

Studies (Mationg-Kalaw et al., 2012) have reported that when the proliferation index Ki-67 is ≥90%, the sensitivity of detecting DHL/THL in invasive B-cell lymphoma was 0.54; when Ki-67≥75%, it was 77%. Another study (Landsburg et al., 2014) set the cutoff value of Ki-67 to 80% and found no difference between DHL and non-DHL. In this study, we set Ki-67 with two cut-off values: ≥80 and ≥90%, and perform statistical analysis with C-MYC, BCL-2, BCL-6 translocation, and amplification. We found similar results with the previous studies (Mationg-Kalaw et al., 2012; Landsburg et al., 2014). Therefore, high Ki-67 proliferative index indicated a higher degree of malignancy in patients with C-MYC translocation in DLBCL.



DHL/THL and DEL/TEL

The poor prognosis caused by C-MYC translocation is mainly due to parallel BCL-2 or BCL-6 translocation (Johnson et al., 2009; Pedersen et al., 2012; Pillai et al., 2013). Studies have shown that the presence of C-MYC, BCL-2, or BCL-6 and TP53 gene alterations in DHL is important for pathogenesis and a poor prognosis of DHL (Aukema et al., 2011). Further studies (Gebauer et al., 2015) showed that there is a difference between C-MYC/BCL-2 translocation and C-MYC/BCL-6 translocation in DHL, and DHL of C-MYC/BCL-2 translocation shows frequent TP53 mutation, which rarely occurs in DHL of C-MYC/BCL-6 translocation.

Taken together, our results suggest that C-MYC, BCL-2, and BCL-6 gene translocations are correlated with their protein expression in DLBCL. Therefore, immunohistochemical staining of C-MYC, BCL-2, and BCL-6 proteins could be used for helping diagnosis and prognosis of DLBCL.

Because our sample sizes were small and our methods did not encompasses all gene abnormalities, future study with a big sample size will be merited.
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The immunotherapy agent pembrolizumab has been approved for gastric cancer (GC) patients with recurrent or advanced disease who are PD-L1 positive. Mutations in the primary lesion may drive the expression of immune targets thereby priming the tumor to therapeutic sensitivity. In this study, we aimed to uncover mutations associated with elevated PD-L1 expression in GC patients. Data from 410 GC patients were available, including the mutational spectrum of 39,916 genes and expression values of 20,500 genes. PD-L1 gene expression was compared to the mutational status of each gene separately by using a Mann-Whitney U-test and a Receiver Operating Characteristic test. Only mutations with a prevalence over 5% were considered. Significance was accepted in cases of p < 1E-05 and a fold change over 1.44. Mutations in 209 genes were associated with increased PD-L1 expression. These mutations were enriched in genes related to microtubule-based movement (p = 3.4E-4), cell adhesion (p = 4.9E-4), response to DNA-damage (p = 6.9E-4), and double-strand break-repair (p = 1.6E-3). Mutations in TTK (p = 8.8E-10, AUC = 0.77), COL7A1 (p = 2.0E-9, AUC = 0.74), KIF15 (p = 2.5E-9, AUC = 0.75), and BDP1 (p = 3.3E-9, AUC = 0.74) had the strongest link to elevated PD-L1 expression. Finally, we established a decision tree based on mutations in PIK3CA, MEF2C, SLC11A1, and KIF15 capable to separate patient sub-cohorts with elevated PD-L1 expression. In summary, we identified mutations associated with elevated PD-L1 expression that facilitate the development of better prognostic biomarkers for GC, and might offer insight into the underlying tumor biology.
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INTRODUCTION

Gastric cancer (GC) is the fifth most common cancer and the third leading cause of cancer-related mortality in both sexes worldwide with the highest mortality being observed in Eastern Asia, Central and Eastern Europe (Ferlay et al., 2015). Moreover, despite a steady decline in gastric cancer related mortality in the Western hemisphere (Malvezzi et al., 2010), population aging, a distinctive feature of developed countries, contributes once again to increasing trends (Menyhart et al., 2018). Early diagnosis is difficult due to lack of symptoms, particularly in countries without active screening programs, while detection in an advanced stage limits survival prospects (Seeruttun et al., 2017). For advanced patients, standard treatment options based on combined chemotherapy regimens provide limited benefits, and the median overall survival is <12 months (Cunningham et al., 2010). In recent years, immune checkpoint inhibitors (ICI) have rapidly gained momentum in the treatment of advanced GCs and gastroesophageal junction cancers (GEJC) (Taieb et al., 2018).

The immune checkpoint receptor programmed cell death-1 (PD-1) is expressed on activated T cells and prevents overstimulation of immune responses (Francisco et al., 2010), while its ligand, PD-L1, is expressed on tumor infiltrating immune cells and tumor cells. The PD-1/PD-L1 pathway plays an active role in tumor immune evasion (Henick et al., 2014). Blocking their interaction resurrects T-cell-mediated anti-tumor immunity, providing a survival benefit in various advanced, refractory malignancies (Alsaab et al., 2017). The FDA granted accelerated approval to the anti-PD-1 monoclonal antibody pembrolizumab in 2017 as third line treatment for patients with recurrent, locally advanced or metastatic PD-L1-positive GC/GEJC (Fuchs et al., 2018). The anti-PD-1 agent nivolumab demonstrated survival benefits in refractory unresectable advanced or recurrent GC/GEJC, irrespective of PD-L1 expression status, leading to regulatory approval in Japan (Kang et al., 2017).

PD-1 and PD-L1 are expressed in up to 50% of GC/GEJC tumors and are usually associated with the poorest prognosis (Wu et al., 2015). PD-L1 expression is a potential predictive biomarker for the effectiveness of anti-PD-1 therapy: the objective response rate (ORR) to pembrolizumab monotherapy was 16% in PD-L1-positive vs. 6% in PD-L1-negative GC/GEJC patients. Responses were remarkably better when ICIs were administered as a first-line treatment: the ORR reached 36% in PD-L1-positive patients treated with pembrolizumab monotherapy (Fuchs et al., 2018).

PD-L1 status is typically detected by immunohistochemistry. Scoring methods, antibodies and cut-off values are different across clinical studies, making comparison difficult (Teng et al., 2018). Thus, additional biomarkers capable of identifying a subset of patients with elevated PD-L1 (CD274) expression as potential candidates for anti-PD-1 therapy are highly in demand.

Genetic alterations within tumors may influence immune system engagement eventually also impacting therapy response; in non-small cell lung cancer (NSCLC) cell lines EGFR mutations or EML4-ALK fusions activate the PD-1/PD-L1 pathway via PD-L1 upregulation, inducing immune escape (Akbay et al., 2013; Ota et al., 2015). Accordingly, anti-PD-L1 therapy induced higher ORRs in PD-L1-positive EGFR mutant patients (31%) compared to EGFR wild-type (22%) NSCLC patients (Peters et al., 2017). KRAS mutant advanced NSCLC patients with simultaneous KEAP1/NFE2L2 mutations have reduced PD-L1 expression levels (Skoulidis et al., 2015), which eventually lead to decreased overall survival after the initiation of immune therapy (Arbour et al., 2018). In this study, our aim was to identify genetic alterations in GC that are associated with PD-L1 upregulation. These genes might serve as positive biomarkers capable of identifying responsive tumors. We also combined multiple genes with the goal of creating a decision tree to assist the selection of potentially eligible candidates for early anti-PD-1 therapy.



METHODS


Sequencing and Expression Database

Mutation and expression data were obtained from the TCGA repository (https://portal.gdc.cancer.gov/). Mutations identified with the mutect2 algorithm were downloaded in VCF format. Variants were selected based on the mutect2 “PASS” status and filtered for mutations with at least 50× overall coverage and a minimum of 5 reads supporting the alteration. The remaining mutations were annotated using the snpEff (Cingolani et al., 2012) program using the GRCh38 human genome version. Only the canonical isoforms were selected in the database construction. The expression database was normalized using the DESeq2 (Varet et al., 2016) algorithm.



Classification Algorithm

Gene expression for PD-L1 was compared to the mutational status of each gene separately using a non-parametric Mann-Whitney U-test and a Receiver Operating Characteristic analysis. Only mutations with a prevalence over 5% were considered. Because of the high number of genes evaluated, statistical significance was only accepted in case of p < 1e-05 and a fold change (FC) difference over 1.44. In addition, sensitivity, specificity, and area under the curve (AUC) values were computed for each gene.

Gene ontology analysis for the frequently mutated genes was performed using the Database for Annotation, Visualization and Integrated Discovery (DAVID) Bioinformatics Resource 6.8 to determine the biological meanings of functionally related gene groups (Huang Da et al., 2009). Step-up multiple testing correction was executed for multiple hypothesis testing (Gyorffy et al., 2005).



Decision Tree

A decision tree was calculated using the conditional inference tree method (Hothorn et al., 2006; Hothorn and Zeileis, 2015). The algorithm uses statistics measuring the association between responses and covariates. In the analysis, we used the univariate distribution to determine the significance. We set the maximum depth to 3 for the tree, and at least 5% of the samples were needed to establish a terminal node during the tree generation. The displayed tree includes the branched decision pipeline and the expression range of PD-L1 in the designated patient cohorts.




RESULTS


Database Setup

Data from 438 patients diagnosed with gastric cancer were available from the TCGA repository (https://cancergenome.nih.gov/). Most patients were diagnosed in clinical stage III and with grade 3 disease. 64% of the patients were male and 69% of patients were 60 years of age or older, with a median age of 67 years. The average follow-up time was 9.86 months, and 20% of patients died during this period. Over 8% of the patients were identified with residual disease, while pathological complete response (pCR) following adjuvant therapy occurred in 32.4% of the patients (for details see Supplemental Table 1).



Mutations Associated With PD-L1 Expression

On average, 873 mutation events were identified per patient in our population based on the mutational profile of 39,916 genes. The most frequently mutated genes, PCDHA1-PCDHA4 and the tumor suppressor TP53, were mutated on average in every second patient.

The expression levels of 20,500 genes were investigated in our patient population. Data consisting of both the mutational spectrum and expression values for all genes were available for 410 GC patients. Mutations in 209 genes were associated with significantly increased PD-L1 expression (Supplemental Table 2). Mutations in TTK (p = 8.83E-10, AUC = 0.77), COL7A1 (p = 2E-9, AUC = 0.74), KIF15 (p = 2.49E-9, AUC = 0.75), and BDP1 (p = 3.26E-9, AUC = 0.75) presented the strongest link to elevated PD-L1 expression (Figure 1).
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FIGURE 1. Gene mutations defining higher PD-L1 expression. mRNA levels of PD-L1 (CD274) are significantly higher in TTK (p = 8.8E-10) and PIK3CA (p = 1.7E-08) mutant patients. The plots show Q1/Q2/Q3 within min–max range.



We performed gene enrichment analysis to determine the biological functions of the most frequent mutations. According to the GO analysis, the significantly mutated genes were involved in microtubule-based movement (p = 3.4E-4), cell adhesion (p = 4.9E-4), response to DNA-damage (p = 6.9E-4), regulation of gene expression (p = 1.5E-4), and homologous recombination-dependent double-strand break repair (p = 1.6E-3) (Supplemental Table 3).



Mutation-Based Hierarchical Clustering

The mutational status of multiple critical genes may assist in the selection of even stronger candidates for ICI therapy. Based on hierarchical clustering of all significant genes with mutational prevalence >5% (when considering the mutation as a terminal node) and FC of at least 1.44, we constructed a decision tree to stratify patients with differential PD-L1 expression (Figure 2). The mutational status of PIK3CA was the best performing root node dividing patients into major subclasses. Both PIK3CA wild-type and mutant populations could be subdivided using additional mutations. Approximately 73% of all patients harbored wild-type alleles of both PIK3CA and KIF15 that are associated with significantly lower overall PD-L1 expression, while PIK3CA wild-type patients with KIF15 mutations (6%) showed significantly elevated PD-L1 expression (p < 1e-03). Patients with PIK3CA mutations (21%) could be stratified by two further genes. The presence of MEF2C (p = 0.002) or SLC11A1 (p < 0.001) mutations (4%) was linked to PD-L1 upregulation, while PD-L1 expression was lower in subjects with the wild-type alleles of SLC11A1 (17%). Altogether 10% of all patients harbored mutations associated with PD-L1 overexpression.
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FIGURE 2. Mutations in the PIK3CA, MEF2C, SLC11A1, and KIF15 genes help to stratify patients into subcohorts with dissimilar PD-L1 (CD274) expression. The decision tree was generated by analyzing the mutational status of all genes simultaneously with a minimal threshold of having at least 5% of the patients in each node. The plots show Q1/Q2/Q3 within min–max range.






DISCUSSION

Genetic aberrations within tumors may alter PD-1/PD-L1 interactions by modulating the expression of immune markers (Skoulidis et al., 2015) potentially affecting therapy response (Arbour et al., 2018). We identified mutations of 209 genes associated with PD-L1 upregulation in GC that are involved in functions, such as microtubule-based movement, cell adhesion, gene expression regulation, response to DNA damage and double-strand break repair. Mutations in the TTK, COL7A1, KIF15, and BDP1 genes present the strongest association with elevated PD-L1 expression. TTK frameshift mutations appear in microsatellite instability-high (MSI-H) subtypes of GC that may alter cell cycle regulation (Ahn et al., 2009). Nonetheless, understanding the exact role of these genes in PD-L1 regulation requires further investigations.

To promote patient stratification, we created a decision tree capable of hypothetically prioritizing candidates for ICI therapy. The root node is set up by PIK3CA, while mutations involving MEF2C, SLC11A1, and KIF15 provide additional sorting, all known to modulate various aspects of the immune system. MEF2C plays a role in immunity and leukemia development (Schuler et al., 2008), and was implicated as an oncogene in various hematological and solid cancers (Pon and Marra, 2016). SLC11A1 encodes a transmembrane proton/divalent cation symporter, and participates in innate defense against pathogens by influencing macrophage activation (Archer et al., 2015). KIF15 is involved in the maintenance of the mitotic spindle, and is upregulated in multiple solid malignancies (Scanlan et al., 2001; Wang et al., 2017). KIF15 also inhibits the endocytic trafficking of α2 integrin, implicated in various immune diseases (De Fougerolles et al., 2000). Except for PIK3CA, the functional relationship between the described mutations, PD-L1 upregulation and GC outcome is yet unexplored.

Our findings are in keeping with previous reports showing that gastric tumors with high PD-L1 expression levels frequently harbor PIK3CA mutations (Cancer Genome Atlas Research Network, 2014). In fact, PIK3CA is among the most frequently mutated genes in GC, present in ~32% of hypermutated and 12% of non-hypermutated tumors (Cancer Genome Atlas Research Network, 2014; Cristescu et al., 2015). PIK3CA mutations are associated with more aggressive features, such as advanced T stage, poor differentiation and vascular invasion, especially in locoregional disease (Kim et al., 2017), and higher CD8+ T cell infiltration (Siemers et al., 2017). At the same time, PIK3CA mutations have not been directly linked to patient prognosis (Harada et al., 2016; Kim et al., 2017). In this study, we found diversity within the PIK3CA mutant population, as additional genes were required to stratify patients based on differential PD-L1 expression.

The PI3K/Akt-pathway is involved in the immune response against malignant cells (Dituri et al., 2011), and increases the expression of immune markers. Inhibiting PI3K in melanoma cells reduced (Jiang et al., 2013), and knockdown of PTEN in colorectal cancer cell lines increased the expression of PD-L1 (Song et al., 2013). The PI3K/Akt-pathway regulates PD-L1 expression on a cell- and tissue-dependent manner by either transcriptional or post-transcriptional mechanisms (Song et al., 2013).

PIK3CA mutations appear with high frequency in Epstein-Barr virus positive and MSI-high subtypes of GC (Cancer Genome Atlas Research Network, 2014; Cristescu et al., 2015), and TTK frameshift mutations are also relatively frequent in the latter (Ahn et al., 2009). These particular GC subtypes have been suggested to be the most promising candidates for immunotherapy (Cancer Genome Atlas Research Network, 2014; Cristescu et al., 2015). In a recent clinical trial, MSI-high patients treated with ICI reached higher ORRs compared to patients with non-MSI-high tumors. However, the prevalence of MSI-high cases reached only 4% in the study population (Fuchs et al., 2018). Future trials will be required to clarify the subgroup specific responses to anti-PD-1 therapy.

In summary, we present an approach to narrow the list of potentially eligible patients for early anti-PD-1 therapy, and provide a foundation for future studies to reveal functional implications of key mutations on PD-L1 regulation. Nevertheless, the observed associations do not infer functional relationships. Our results facilitate the development of prognostic biomarkers for GC, and offer insight into the underlying tumor biology.
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Non-small cell lung cancer (NSCLC) is one of the causes of cancer mortality worldwide. The role of miR-26 in the development and progression of NSCLC remains largely unknown. In this study we found an abnormal expression of miR-26 in human NSCLC tissues. It was found that miR-26 mimics induced cell apoptosis and promoted caspase-3, 9 activities in human NSCLC cells. The miR-26 inhibitor enhanced the expression of the light chain 3 (LC3) protein and the autophagy related genes in NSCLC cells. Moreover, miR-26 regulated apoptosis and autophagy by inhibiting TGF-β expression in a JNK dependent manner. In addition, miR-26 mimics induced cell apoptosis, was involved in the endoplasmic reticulum stress (ERS) signaling pathway. Down-regulation of the ERS, inhibited apoptosis which was induced by miR-26 mimics in NSCLC cells. In in vivo studies, TUNEL staining revealed that the number of TUNEL positive cells of the tumor tissue in the miR-26 treatment group, were significantly increased in comparison with the control group, while the number of TUNEL positive cells in the tumor tissue were remarkably decreased in the groups treated with miR-26, combined with the TGF-β1 inhibitor or JNK inhibitor. Additionally, the immunoreactivity of TGF-β1 in the cells treated with the miR-26 inhibitor, decreased in comparison to the control group. Our results indicated that miR-26 induced apoptosis and inhibited autophagy in human NSCLC cells through the TGF-β1-JNK signaling pathway, suggesting that miR-26 could be a potential novel target for the treatment of NSCLC.

Keywords: NSCLC, miR-26, TGF-β, JNK, apoptosis, autophagy


INTRODUCTION

Lung cancer is the leading cause of cancer mortality in China (Hong et al., 2015; Zhang et al., 2017). Non-small cell lung cancer (NSCLC) accounts for nearly 85% of all types of lung cancers (Hutchinson, 2017). Currently, surgical resection is an effective treatment for NSCLC and can promotes a 5-year survival rate for NSCLC patients (Wu et al., 2017). However, because of distant metastasis as well as a shortage of effective chemotherapeutics, there is only a 10–15% 5-year survival rate for stage IIIA NSCLC (Ripley et al., 2016; Palka et al., 2017). Therefore, understanding the underlying mechanisms of the progression of NSCLC, as well as novel therapeutic strategies, is critical in order to improve patients’ survival time.

MicroRNA (miRNA) is a class of small non-coding RNAs, which regulates gene expression by binding to mRNA (Williams et al., 2016). It is well known that miRNA participates in numerous biological processes of various human diseases, including cancer (Jing et al., 2015; Singh and Sen, 2017). miR-26, a functional miRNA, has been investigated in various human cancers (Kwon et al., 2015; Deng et al., 2017; Jin et al., 2017; Li et al., 2017). A previous study reported that the expression of miR-26 was down-regulated in bladder cancer (Lin et al., 2013). In addition, miR-26 was found to be down-regulated in breast cancer tissues and cell lines. Up-regulation of miR-26 expression mediated apoptosis through endogenous and exogenous pathways by directly binding to the 3′-UTR of MTDH and EZH2 (Zhang et al., 2011). However, the expression and effect of miR-26 in NSCLC is still obscure. A transforming growth factor (TGF-β), a multifunctional cytokine, can induce cell apoptosis and autophagy in various human diseases (Jiang et al., 2016). A previous study showed that the TGF-β induced autophagy and apoptosis by regulating the expression of Disabled-2 (Xu et al., 2012). JNK, a protein kinase of the MAPK family, plays a critical role in the biological process of the apoptosis and autophagy of cancer cells (Díaz et al., 2017; Lu et al., 2017). A recent study has demonstrated that the TGF-β induced autophagy and apoptosis in hepatocellular carcinoma and mammary carcinoma cells, through mediating the JNK pathways (Kiyono et al., 2009). However, the role of the TGF-β on NSCLC and whether there is a crosstalk between the TGF-β and JNK in NSCLC, remains unknown. ERS, a fundamental property of all cells, is critical in regulating cell growth and apoptosis (Liu et al., 2017; Song et al., 2017). A previous study revealed that ERS induced cell apoptosis, by arresting cells at the G1 phase (Thinon et al., 2016). Additionally, ERS could re-establish cellular homeostasis by serving as a checkpoint molecule (Verfaillie et al., 2013). ER stress-inducing agents exhibited increased cell apoptosis in Perk-/- mouse embryonic fibroblasts (Gupta et al., 2012).

In this study, we explored the role and molecular mechanism of miR-26 on the development and progression of NSCLC. We examined how miR-26 mimics or inhibitors, regulate cell apoptosis and autophagy, and related signaling pathways in NSCLC both in vitro and in vivo. We found that miR-26 induced cell apoptosis and inhibited autophagy by targeting the TGF-β expression in a JNK dependent manner in human NSCLC cells. Moreover, miR-26 regulated cell apoptosis was involved in ER stress in human NSCLC cells. Down-regulation of ERS inhibited cell apoptosis, regulated by miR-26 mimics. Our results provided a potential therapeutic strategy for improving NSCLC treatment.



MATERIALS AND METHODS

Patients and Tissue Samples

This study was approved by the Human Research Ethics Committee of Xin Hua Hospital (NO: 2015-035). The NSCLC tissues and adjacent non-tumor lung tissues were obtained from six patients who underwent the primary surgical resection of NSCLC at the Xin Hua Hospital (Shanghai). All participants provided written informed consent. The samples contained well-documented clinicopathological information, including age, gender, tumor size and location, tumor differentiation, invasion depth, lymph node metastasis, distant metastasis, tumor stage, and follow-up data. Tissues were immediately frozen in liquid nitrogen after resection and stored at -80°C. Both NSCLC tissues and the adjacent non-tumor lung tissues were confirmed by a pathological examination.

Regents

The synthetic miR-26 mimics, miR-26 inhibitor oligonucleotides, as well as the control inhibitor oligonucleotides, were purchased from Sangon Biotech (Shanghai, China). The TGF-β1 inhibitor was purchased from Sigma (St. Louis, MO, United States). The TGF-β1 was obtained from R&D Systems (Minneapolis, MN, United States). The JNK inhibitor and Lipofectamine 2000, were purchased from Invitrogen (Carlsbad, CA, United States). The Apoptosis Detection Kit was acquired from BioLegend (San Diego, CA, United States).

Cell Culture

The NSCLC cell lines A549, H1703, and 801D were purchased from the Shanghai Institute of Chinese Academy of Sciences (Shanghai, China). All cells were maintained in RPMI-1640 and supplemented with a 10% inactivated fetal bovine serum (Gibco, Grand Island, NY, United States), 100 U/mL penicillin and 100 μg/mL streptomycin (Gibco) in a humid environment at 37°C with 95% air and 5% CO2.

Plasmid Construction and Transfection

The sequence of the JNK was designed to be amplified and cloned into a pCDNA3.1 expression vector (Invitrogen). Transfection was performed using the Lipofectamine 2000 reagent. Briefly, cells were inoculated into 6-well plates and a plasmid and liposomal transfection reagent was added to the cells.

Lentivirus-Mediated siRNA Knockdown

The lentiviral expression systems were purchased from System Biosciences (SBI, Mountain View, CA, United States). Oligonucleotides of siRNA for Chop, ATF-4, Bip, XBP-1, and the control were obtained from Sangon Biotech (Shanghai). After co-transfection, the virus media was harvested. Cells were infected for 72 h with a lentivirus containing Chop, ATF-4, Bip, XBP-1, and control siRNA.

Caspase Activity

The activation of caspase-3, 9 was detected with a caspase activity assay. Briefly, cells in 96-well plates were treated with the miR-26 inhibitor or the control inhibitor. After incubation for 24 h, 20 μL of lysis buffer was added to each well. The cell lysate was incubated with 5 μL of a chromogenic substrate at room temperature in the dark for 20 min. The results were measured with a plate reader at 560 nm light length.

Quantitative Real-Time PCR

A TRIzol reagent (Invitrogen, Carlsbad, CA, United States) was used to extract the total RNA. The complementary DNA samples were subjected to denaturing at 95°C for 10 s, annealing at 55°C for 15 s, and extension at 72°C for 30 s, for 45 cycles using a High Capacity cDNA Reverse Transcription Kit (Applied Biosystems Inc.). The following primer pairs were used (Table 1): Chop, ATF-4, Bip, XBP-1, DR5, BECLIN1, ATG5, ATG7, DAPK, and GAPDH. Relative gene expressions were quantified by real-time PCR, using the SYBR Premix Ex TaqTM II (TaKaRa Bio, Dalian, China) on a Lightcycler 480 RealTime PCR System (Roche Diagnostics, Meylan, France).

TABLE 1. Primers used for PCR amplification.
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Western Blotting

Protein was resolved by an SDS-PAGE. Subsequently, gel-separated proteins were blotted. The membranes were probed with primary antibodies LC3, TGF-β1 (Abcam, Cambridge, MA, United States) and Bcl, Bax, BECLIN1, ATG5, ATG7, DAPK, JNK, Chop, ATF-4, Bip, and XBP-1 antibodies (Cell Signaling Technology, Beverly, MA, United States) were diluted according to the manufacturer’s instructions. The membranes were then probed with horseradish peroxidase-conjugating (HRP) secondary antibody (1:10000; GE Healthcare, Tokyo, Japan). The proteins in the blots were visualized using the ECL plus system (Amersham Pharmacia Biotech, Buckinghamshire, United Kingdom) to capture the images.

In situ Hybridization (ISH) Staining

The slides were cut from paraffin-embedded tissue to evaluate the miRNA-26 expression by ISH. In brief, the slides were incubated at 60°C for 1 h, deparaffinized in xylene, and rehydrated with graded alcohol washes. Slides were washed and digested, then hybridized at 55°C for 2 h with 50 nmol/L locked nucleic acid -modified digoxigenin-labeled probes for miRNA-26 (Boster, Wuhan, China). Slides were placed in a blocking solution for 1 h at room temperature. An antibody signal was detected with a 4-nitro-blue tetrazolium and 5-bromo-4-chloro-3′-indolylphosphate substrate (Roche, Mannheim, Germany).

Flow Cytometry

To detect cell apoptosis, transfected or treated cells were double stained with an annexin V-FITC/7-amino-actinomycin D (7-AAD) kit (Beckman Coulter) according to the manufacturer’s protocol. The stained cells were immediately analyzed by flow cytometry on the FACS calibur (BD Biosciences, CA, United States).

Cell Cycle Analysis

The cell cycle was assessed using the GENMED Universal periodic flow cytometry kit (Genmed Scientifics Inc., United States). Cells were seeded in 6-well plates and incubated with the miR-26 mimics at 37°C for 48 h in a humidified chamber containing 5% CO2.

Luciferase Reporter Assays

The promoter of the TGF-β1 was amplified and cloned into a pGL 3.0 luciferase reporter plasmid. Cells were then transfected with the pRL-CMV renilla luciferase reporter and the pGL 3.0 luciferase reporter plasmid. The activities of the luciferases were detected using a dual luciferase reporter assay system (Promega).

Xenograft Nude Mouse Model

The Specific-pathogen-free (SPF)-grade nude mice (4–6 weeks of age) were obtained from the Model Animal Research Center of Nanjing University (Nanjing, Jiangsu, China), and housed with a pathogen-free fodder, equipment, and environment. The control, miR-26 inhibitor, miR-26 inhibitor + TGF-β1 inhibitor, miR-26 inhibitor + JNK inhibitor treated A549 cells were subcutaneously injected at the inguinal region of the nude mice, in a SPF-grade ultraclean work station. Using the vernier calipers, tumor diameters were measured every 2 days after 2 weeks to calculate the tumor volume: TV (mm3) = d2 × D/2, where d and D represent the shortest and the longest diameters, respectively. The mice were sacrificed 30 days after the cell implantation, and the tumors were extracted.

Histopathological Analyses

Lungs cancer tissues were obtained from the sacrificed mice. The tissues were embedded in paraffin and sets of different consecutive 5-um-thick sections were acquired using an automatic microtome (SLEE Medical GmbH, Germany). The set of slides were processed for immunohistochemical staining using an anti-TGF-β1 antibody (1:100, Abcam).

TUNEL Staining

After the mice were sacrificed, the lung cancer tissues were embedded, sectioned, and deparaffinized. The sections were incubated with proteinase K for 1 h at room temperature. Sections were then treated with 2% H2O2 in distilled water for 30 min at room temperature. After the enzymatic reaction, sections were washed with PBS and incubated with anti-digoxigenin peroxidase conjugate for 30 min at room temperature in a humidified chamber. Sections were stained with diaminobenzine and counterstained with hematoxylin and observed under a light microscope.

Statistical Analysis

The data were analyzed using the SPSS 17.0 software (SPSS Inc., Chicago, IL, United States). The comparison between the two groups was analyzed by an unpaired Student’s t-test and multiple comparisons were compared by a one-way ANOVA analysis of variance followed by a Dunnett’s test. Statistical significance was defined as P < 0.05.



RESULTS

miR-26 Induced Apoptosis in NSCLC Cells

The in situ hybridization of miR-26 in adjacent non-tumor lung or NSCLC tissues was performed and the representative result is shown in Figures 1A,B. The expression level of miR-26 in NSCLC patients was relatively lower than the expression in adjacent non-tumor lung tissues (Figure 1C). In order to examine the effect of miR-26 on apoptosis in NSCLC cells, flow cytometry was performed in A549 cells after treatment with miR-26 mimics at a final concentration of 20 nM. In comparison with the non-treatment counterparts, miR-26 mimics treatment significantly increased the number of apoptotic cells (Figures 2A,B). Furthermore, we examined the activities of caspase-3 and caspase-9 in A549 cells. The results revealed that miR-26 mimics treatment significantly increased the activities of caspase-3 and caspase-9 in A549 cells, compared with the non-treatment counterparts (Figures 2C–E). The expression apoptosis related proteins was also examined and the results showed that Bcl was obviously decreased, while Bax was obviously increased following miR-26 mimics treatment in A549 cells (Figure 2F). In addition, to examine whether miR-26 mimics induces cell cycle arrest, we performed a flow cytometry analysis to investigate the cell cycle distribution after miR-26 mimics treatment. The result showed that the proportion of the cell cycle arrest in the G0/G1 phase and G2/M phase, obviously increased when treated with miR-26 mimics (Figure 2G). These results suggest that miR-26 induced apoptosis and the cell cycle arrest in NSCLC cells.
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FIGURE 1. The expression of miR-26 in non-small cell lung cancer. (A) The representative results of ISH staining in normal tissues and lung cancer tissues. (B) The miR-26 expression was detected in normal tissues and lung cancer tissues. Arrows represented the positive cells.
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FIGURE 2. miR-26 induced cell apoptosis in non-small cell lung cancer cells. (A,B) Flow cytometry showed that miR-26 increased cell apoptosis in A549 cells. (C–E) Caspase activity assay showed increased Caspase-3 and caspase-9 activities after treatment with miR-26 in A549 cells. (F) Western blot showed a decreased expression of the Bcl protein and an increased expression of the Bax protein following miR-26 treatment in A549 cells. (G) miR-26 caused cell cycle arrest in A549 cells. ∗P < 0.05 vs. Blank, ∗∗P < 0.01 vs. Blank.



miR-26 Down-Regulation Induced Autophagy in NSCLC Cells

To understand the effect of miR-26 on the autophagy of NSCLC cells, we examined the expression of autophagy related molecules using Western blotting and RT-PCR in A549 cells. In comparison with the non-treatment counterparts, 50 nM of miR-26 inhibitor treatment significantly increased the protein expression of LC3 (Figure 3A). In addition, miR-26 inhibitor treatment also increased the protein expression of BECLIN1, ATG5, ATG7, and DAPK compared with the non-treatment counterparts (Figure 3B). Moreover, the mRNA expression of BECLIN1, ATG5, ATG7, and DAPK increased in the miR-26 inhibitor treatment group compared with the non-treatment counterparts in A549 cells (Figure 3C).
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FIGURE 3. miR-26 inhibitor induced autophagy in non-small cell lung cancer cells. (A) Western blotting showed an increased expression of the LC3 protein following miR-26 inhibitor treatment in NSCLC cells. (B,C) Western blot and RT-PCR showed an increased expression of autophagy related protein molecules and mRNA of BECLIN1, ATG5, ATG7, and DAPK following miR-26 inhibitor treatment in A549 cells. ∗P < 0.05 vs. Blank, ∗∗P < 0.01 vs. Blank.



TGF-β1 Was a Direct Target of miR-26 in A549 Cells

To verify whether miR-26 directly targets TGF-β1, we constructed luciferase-reporter plasmids containing the wt or mutant 3′-UTR segments of TGF-β1. The wt or mutant reporter plasmid was co-transfected into A549 cells along with the miR-26 or control. miR-26 significantly decreased the relative luciferase activity when co-transfected with the wt reporter plasmid. However, the mutant reporter plasmid reversed the miR-26 mediated decrease in luciferase activity (Figure 4B). The protein expression of TGF-β1 was significantly decreased following miR-26 treatment in A549 cells (Figure 4A), consistently. These findings suggest that miR-26 suppressed TGF-β1 by directly binding to the 3′-UTR of TGF-β1.


[image: image]

FIGURE 4. miR-26 inhibited TGF-β1 in non-small cell lung cancer cells. (A) Western blotting showed a decreased expression of the TGF-β1 protein following miR-26 treatment in A549 cells. (B) luciferase reporter assay revealed increased ASPP2 3’UTR luciferase activity in mutant A549 cells. ∗∗P < 0.01 VS Con.



miR-26 Down-Regulation Regulated the TGF-β1 Signaling Pathway in a JNK-Dependent Manner in A549 Cells

We assessed whether down-regulation of miR-26 affected JNK protein expression in A549 cells. Cells were treated with the miR-26 inhibitor, the TGF-β1 or TGF-β1 inhibitor. The increased JNK protein expression was detected in the miR-26 inhibitor treatment, which was further enhanced with TGF-β1 transfection. However, the TGF-β1 inhibitor notably reversed the increase of JNK protein expression induced by the miR-26 inhibitor (Figure 5A). We further tested the apoptosis in cells treated by miR-26 mimics and TGF-β1, JNK, or TGF-β1 inhibitor and JNK inhibitor. The results revealed that TGF-β1 or JNK treatment significantly decreased cell apoptosis induced by miR-26 mimics. Whereas, TGF-β1 inhibitor or the JNK inhibitor combined with miR-26 mimics treatment significantly increased apoptosis of A549 cells compared with the miR-26 mimics treatment alone (Figures 5B,D). Moreover, the protein expression of LC3 was notably increased in the TGF-β1 or JNK combined miR-26 inhibitor, while decreased in the TGF-β1 inhibitor or JNK inhibitor combined with the miR-26 inhibitor, compared with the miR-26 inhibitor treatment alone (Figures 5C,E).
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FIGURE 5. miR-26 inhibitor induced autophagy and apoptosis by targeting TGF-β1 in a JNK-dependent manner. (A) Western blot on the protein expression of JNK following treatment with the miR-26 inhibitor combined with the TGF-β1 or TGF-β1 inhibitor in A549 cells. (B) Flow cytometry on cell apoptosis in A549 cells treated with miR-26 followed by treatment with the TGF-β1 or TGF-β1 inhibitor. (C) Western blot on the protein expression of LC3 following treatment with the iR-26 inhibitor combined with the TGF-β1 or TGF-β1 inhibitor in A549 cells. (D) Flow cytometry on cell apoptosis in A549 cells treated with the miR-26 and the JNK or JNK inhibitor. (E) Western blot on the protein expression of LC3 following treatment with the miR-26 inhibitor combined with the JNK or JNK inhibitor in A549 cells. ∗P < 0.05 VS miR-26 group, ∗∗P < 0.01 VS miR-26 group.



miR-26 Regulated Autophagy and Apoptosis Were Related to ERS Signaling

We examined whether ERS signaling was involved in miR-26 regulated autophagy and apoptosis in NSCLC cells. It was found that the protein expression of Chop, ATF-4, Bip, and XBP-1 were up-regulated after treatment with miR-26 mimics (Figure 6A). We down-regulated Chop, ATF-4, Bip, and XBP-1 with siRNA transfection and the efficiency of the transfection was confirmed by a real-time PCR (Figure 6B). Furthermore, the apoptosis in cells treated with miR-26 mimics and Chop, ATF-4, Bip, and XBP-1 siRNA was detected. The results showed that miR-26 mimics combined with Bip, XBP-1, and Chop siRNA significantly decreased apoptosis of A549 cells (Figure 6E). The mRNA expression of DR5 was significantly decreased following siRNA of Chop, Bip, and XBP-1 combined with the miR-26 mimics treatment (Figure 6C). Consistently, the protein expression of Bcl was notably increased, while the Bax expression decreased following siRNA of Chop, Bip, and XBP-1 combined with the miR-26 mimics treatment (Figure 6D). However, the protein expression of LC3 was not obviously changed following siRNA of Bip, ATF-4, and XBP-1 combined with the miR-26 inhibitor treatment, except for the Chop siRNA treatment (Figure 6G). In addition, the mRNA expression of BECLIN1 did not change following siRNA of Bip, ATF-4, and XBP-1 combined with the miR-26 inhibitor treatment except for the Chop siRNA treatment (Figure 6F).
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FIGURE 6. miR-26 regulated autophagy and apoptosis were correlated with ERS signaling. (A) Western blot on the protein expression of Chop, ATF-4, Bip, and XBP-1 following miR-26 treatment in A549 cells. (B) RT-PCR on the mRNA expression of Chop, ATF-4, Bip, and XBP-1 following treatment with a siRNA of Chop, ATF-4, Bip, and XBP-1. (C) The mRNA expression of DR5 following a siRNA of Chop, ATF-4, Bip, and XBP-1 combined with the miR-26 treatment. (D) Western blot on the protein expression of Bcl and Bax following a siRNA of Chop, ATF-4, Bip, and XBP-1 combined with the miR-26 treatment. (E) Flow cytometry on cell apoptosis detected following a siRNA of Chop, ATF-4, Bip and XBP-1 combined with miR-26 treatment. (F) RT-PCR on the mRNA expression of BECLIN detected following a siRNA of Chop, ATF-4, Bip, and XBP-1 combined with miR-26 inhibitor treatment. (G) Western blot on the protein expression of LC3 detected following a siRNA of Chop, ATF-4, Bip, and XBP-1 combined with the miR-26 inhibitor treatment. ∗P < 0.05 VS Con., ∗∗P < 0.01 VS Con., ∗∗∗P < 0.001 VS Con.



miR-26 Inhibited NSCLC Growth in vivo

The effect of miR-26 on NSCLC growth was investigated in vivo. The tumor volume was measured in mouse xenografts treated with miR-26 combined with the TGF-β1 inhibitor or JNK inhibitor. The results showed that miR-26 significantly decreased the tumor volume compared with the control (Figure 7A). The protein expression of JNK, LC3 increased following the miR-26 inhibitor treatment, while treatment with the miR-26 inhibitor combined with the TGF-β1 inhibitor or JNK inhibitor reversed the protein expression of JNK and LC3 compared with the miR-26 inhibitor treatment alone (Figure 7B). To determine the role of miR-26 in cell apoptosis in vivo, a TUNEL assay was performed on tumor xenograft tissues. The results showed that TUNEL positive cells of the tumor tissue in the miR-26 treatment group, significantly increased in comparison with the control group, while the number of TUNEL positive cells of the tumor tissue remarkably decreased in the groups of the miR-26 combined with the TGF-β1 inhibitor or JNK inhibitor (Figure 7D). In addition, representative results of the immunohistochemical staining of TGF-β1 in the lung cancer tissues are shown in Figure 7C. The results showed that the immunoreactivity of TGF-β1 in the miR-26 inhibitor group decreased in comparison to the control group. Moreover, TGF-β1 intensity significantly attenuated after treatment with the miR-26 inhibitor combined with the TGF-β1 inhibitor in the lung cancer tissues.
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FIGURE 7. miR-26 inhibited NSCLC growth in vivo. (A) The tumor volume of mouse xenografts treated with the miR-26 and/or the TGF-β1 inhibitor or JNK inhibitor. (B) The protein expression of JNK and LC3 in tumors treated with the miR-26 inhibitor and/or the TGF-β1 inhibitor or JNK inhibitor. (C) Immunohistochemistry of TGF-β1 in the lung cancer tissues with different treatments. (D) TUNEL staining on cell apoptosis in the lung cancer xenograft tissues with different treatments. Arrows represented the positive cells.





DISCUSSION

This study showed that TGF-β was negatively regulated by miR-26 at the post-transcriptional level in human NSCLC cells. miR-26 induced cell apoptosis and inhibited cell autophagy through the down-regulation of TGF-β in a JNK dependent manner in human NSCLC cells. In addition, miR-26 mimics induced cell apoptosis was associated with ER stress signaling in human NSCLC cells. Down-regulation of ERS led to the inhibition of apoptosis induced by miR-26 mimics.

miR-26 is one of the most significant miRNAs involved in human malignancy. Aberrant expression of miR-26 was found in various types of cancers including esophageal squamous cancer, colorectal cancer and breast cancer (Liu et al., 2015; Li et al., 2017; López-Urrutia et al., 2017). Our study demonstrated that miR-26 expression was lower in NSCLC tissues than in non-tumor tissues. A previous study demonstrated that miR-26 promoted apoptosis of the hepatocellular carcinoma cells through inhibiting autophagy (Johnston et al., 2016). Our study showed that miR-26 mimics induced cell apoptosis in NSCLC cells and promoted caspase-3, 9 activities in NSCLC cells. Interestingly, the miR-26 inhibitor enhanced the protein expression of LC3 and autophagy related genes in NSCLC cells.

TGF-β, a multifunctional cytokine, was involved in various biological processes, including development, cell apoptosis, proliferation, and autophagy through the interaction with several signaling pathways (Katz et al., 2013; Chen et al., 2016; Gratchev, 2017; Ramu et al., 2017). A previous study showed that gramine treatment diminished angiogenesis and induced cell apoptosis by modulating TGF-β signals in hamster buccal pouch (HBP) carcinogenesis (Liu et al., 2016). Many studies have demonstrated that TGF-β induced autophagy in hepatocellular carcinoma cells and mammary carcinoma cells (Sureshbabu et al., 2016; Ren et al., 2017). In this study, we found that miR-26 significantly suppressed TGF-β protein expression and TGF-β activation. TGF-β could down-regulate apolipoprotein M expression through a JNK pathway in the HepG2 cells (Song et al., 2017). In this study, we observed that the miR-26 inhibitor induced autophagy, while the miR-26 induced cell apoptosis by inhibiting TGF-β expression in a JNK-dependent manner. A recent study revealed that the crosstalk of autophagy and apoptosis was involved in the dual role of autophagy under ER Stress (Li et al., 2016). Our results identified that miR-26 mimics enhanced expression of ERS related proteins. Down-regulation of ERS inhibited the apoptosis induced by miR-26 mimics in A549 cells. Interestingly, Down-regulation of ERS failed to affect cell autophagy induced by the miR-26 inhibitor. These results demonstrated that the ERS signaling pathway was associated with miR-26 regulated apoptosis in NSCLC cells.

In conclusion, this study demonstrated that miR-26 induced cell apoptosis and inhibited cell autophagy of NSCLC, through inhibiting TGF-β expression in a JNK dependent manner, both in vitro and in vivo. Moreover, miR-26 mimics induced cell apoptosis was associated with ER stress in human NSCLC cells. Down-regulation of ERS could reverse the apoptosis induced by miR-26 mimics. Our results provided a novel potential therapeutic target for treatment of NSCLC.
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Glioma is the most common type of primary brain tumors. After standard treatment regimen (surgical section, radiotherapy and chemotherapy), the average survival time remains merely around 14 months for glioblastoma (grade IV glioma). Recent immune therapy targeting to the immune inhibitory checkpoint axis, i.e., programmed cell death protein 1 (PD-1) and its ligand PD-L1 (i.e., CD274 or B7-H1), has achieved breakthrough in many cancers but still not in glioma. PD-L1 is considered a major prognostic biomarker for immune therapy in many cancers, with anti-PD-1 or anti-PD-L1 antibodies being used. However, the expression and subcellular distribution of PD-L1 in glioma cells exhibits great variance in different studies, severely impairing PD-L1's value as therapeutic and prognostic biomarker in glioma. The role of PD-L1 in modulating immune therapy is complicated. In addition, endogenous PD-L1 plays tumorigenic roles in glioma development. In this review, we summarize PD-L1 mRNA expression and protein levels detected by using different methods and antibodies in human glioma tissues in all literatures, and we evaluate the prognostic value of PD-L1 in glioma. We also summarize the relationships between PD-L1 and immune cell infiltration in glioma. The mechanisms regulating PD-L1 expression and the oncogenic roles of endogenous PD-L1 are discussed. Further, the therapeutic results of using anti-PD-1/PD-L1 antibodies or PD-L1 knockdown are summarized and evaluated. In summary, current results support that PD-L1 is not only a prognostic biomarker of immune therapy, but also a potential therapeutic target for glioma.
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INTRODUCTION

Glioma, predominantly derived from glial cells, is the most common type of primary tumors in the human brain. Pathologically, glioma is categorized into grade I-IV according to World Health Organization (WHO) criteria, in which grade I-II are considered low-grade glioma (LGG) while grade III-IV are high-grade glioma (HGG). WHO grade IV glioma, also called glioblastoma or glioblastoma multiforme (GBM), is characterized by its tissue ischemic necrosis, strong invasiveness and microvascular proliferation. After conventional surgery, radiation therapy and chemotherapy, GBM patients have a 5-year survival rate of around 9.8% and a median survival time of 14 months (Stupp et al., 2005, 2009; Tran and Rosenthal, 2010). Currently, there is still no effective clinical therapy for primary or recurrent GBM. Recently, immune therapies targeting to the inhibitory immune checkpoint axis signaling, mainly PD-1/PD-L1 pairs, are revolutionary. Blocking PD-1/PD-L1 pathway by antibodies achieved clinical cure in advanced melanoma including its brain metastasis (Wolchok et al., 2017; Long et al., 2018), opening a new era of cancer therapies. Pembrolizumab and Nivolumb, the most commonly used monoclonal PD-1 antibodies approved by USFDA, have been widely used for melanoma as well as non-small cell lung cancer (Robert et al., 2015; Reck et al., 2016). Currently, many other cancers such as renal carcinoma, colorectal cancer, lymphoma, head and neck carcinoma, bladder cancer, hepatocellular carcinoma and metastatic colorectal cancer are also approved for PD-1/PD-L1-targeting therapy (Ansell et al., 2015; Le et al., 2015; Ferris et al., 2016; Bellmunt et al., 2017; Motzer et al., 2018; Overman et al., 2018). The predictive markers in PD-1/PD-L1 antibody therapy are mainly the number of cytotoxic T-lymphocytes inside tumor tissues and the expression level of PD-L1 in cancer cells (Chen et al., 2016). Clinical trials of PD-1/PD-L1 antibody immunotherapy for glioma are relatively delayed, largely remaining on phase II (e.g., NCT01952769, Pidilizumab) and phase III (e.g., NCT02017717, Nivolumab) (Filley et al., 2017; Maxwell et al., 2017). Till now, there is still no reliable predicative marker for targeting inhibitory immune checkpoint in glioma. Meanwhile, unlike other solid tumors, the relationship between PD-L1 and T-lymphocyte infiltration in glioma, as well as therapeutic effects of PD-1/PD-L1 antibodies remains largely elusive, which probably reflect the specificities of cellular and structural microenvironment in the brain (Huang et al., 2017). Here, we summarize major recent results: (1) PD-L1 expression/subcellular distribution in glioma tissues; (2) The correlation between PD-L1 level and survival time of glioma patients; (3) The relationship between PD-L1 and immune cell infiltration; (4) The mechanism controlling PD-L1 expression and its intracellular oncogenic role; (5) The therapeutic effects of PD-1 antibodies in patients and PD-L1 antibodies in animals.



THE EXPRESSION AND SUBCELLULAR DISTRIBUTION OF PD-L1 IN HUMAN GLIOMA TISSUES

PD-1 and PD-L1 are two major negative regulatory molecules at the immune checkpoint axis. PD-1 (i.e., CD279), a cell surface receptor belonging to the extended CD28/cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) family of T cell regulators (Shinohara et al., 1994), is predominantly expressed on activated T cells, B cells, and macrophages (Agata et al., 1996). PD-L1 and PD-L2, both PD-1 ligands, belongs to the B7 family. PD-L1 protein is widely expressed in almost all tumor cells as well as many normal cells, while PD-L2 is mainly expressed in dendritic cells and a few tumor cell lines. Crucially, PD-L1 can be upregulated in cancer cells upon interferon-γ (IFN-γ) stimulation and some activated immune cells (e.g., macrophages, dendritic cells) (Dong et al., 1999), indicating the major regulator role of PD-L1 in cancer tissues. PD-L1 binds not only to PD-1 but also other costimulatory molecules such as CD28, CD80, and CTLA-4, whereas PD-L2 binds mainly to PD-1 (Said et al., 2010), suggesting that PD-L1 has wider and more complicated mechinisms for regulating immune responses. The binding of PD-L1 to PD-1 delivers strong inhibitory signals to suppress the proliferation, activation and infiltration of cytotoxic T-lymphocytes (CTL) (Dong et al., 2002), which was proved to be the major negative regulation of CTL in cancer microenvironment (Dong et al., 2002; Alsaab et al., 2017; Wang et al., 2018). Since PD-L1 level in cancer cells is considered to be a major predictive marker of PD-1/PD-L1 antibody response (Sanmamed and Chen, 2018), it is of primary importance to analyze the expression and subcellular distribution of PD-L1 in glioma tissues.

In previous studies, flow cytometry (FCM) detected PD-L1 expression in 12 glioma cell lines (Wintterle et al., 2003), most primary cultures of glioma cells (6/8) (Wilmotte et al., 2005) and glioma cells from a great number of human glioma specimens (Berghoff et al., 2015), demonstrating the presence of PD-L1 on cell surface of most glioma cells. In addition, many results of immunohistochemistry (IHC) show much higher PD-L1 protein expression in human glioma tissues than that in their surrounding or distant normal tissues (Berghoff et al., 2015; Wang and Wang, 2017). However, PD-L1 levels in human glioma tissues detected by different laboratories vary greatly (Table 1). It is worth noting that 11 different PD-L1 antibodies have been utilized in IHC, and each PD-L1 antibody showed distinct PD-L1 expression and subcellular distribution pattern in glioma cells, indicating the intriguing role of PD-L1 in glioma.



Table 1. The expression of PD-L1 in human glioma tissues.
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First of all, the most widely used PD-L1 antibody Clone 5H1 can detect both diffuse/fibrillary PD-L1 intracellularly and on cell surface (Wintterle et al., 2003; Berghoff et al., 2015; Bellmunt et al., 2017). In two experiments involving 9 GBM and 1 grade III mixed glioma specimens, PD-L1 protein was detected in all glioma samples and areas with PD-L1+-cells accounted for 50–90% of the specimens (Wintterle et al., 2003). In another study containing 174 human glioma specimens, Clone 5H1 showed that 70.1% of all specimens was diffuse/fibrillary PD-L1-positive (>25% of the tumor cells was PD-L1+), and 40.8% of all specimens was PD-L1+ on cell membranes (Berghoff et al., 2017). Whereas, in a study containing 135 glioma specimens, only 34.8% of all glioma specimens were PD-L1+ (Berghoff et al., 2015). Moreover, most glioma specimens (82.9%) exhibited a diffuse/fibrillary distribution pattern of PD-L1, while membranous distribution of PD-L1 in tumor cells covered >5% merely (Berghoff et al., 2015). In short, the employment of Clone 5H1 receives high positive rates of PD-L1 in human glioma tissues (>30%).

When using PD-L1 antibody SP142, the percentage of PD-L1+ samples decreases greatly. In all three studies involving large numbers of specimens, the detected rates of PD-L1 were <20%: 1. PD-L1 was positive in 19% of all 1035 GBM specimens (≥2+ and ≥5%) (Xiu et al., 2016); 2. PD-L1 was positive in only 6.1% of all 347 glioma specimens (staining of PD-L1 on tumor cell membranes >1+) (Garber et al., 2016); 3. PD-L1 was positive in only 8.1% of all 327 glioma specimens (staining of PD-L1 on tumor cell membranes >1+) (Hodges et al., 2017).

Furthermore, Nduom et al. (2016) compared several PD-L1 antibodies including Abcam ab58810, Abcam clone EPR1161, Clone 7G11, and Clone 5H1 antibodies. They found that PD-L1 antibody EPR1161 showed relatively satisfying results of membranous PD-L1. The specificity of EPR1161 antibody to PD-L1 was confirmed by several positive controls (e.g., human placenta, tonsil tissues and PD-L1-overexpressed HEK 293 cells). EPR1161 antibody detection was used to analyze PD-L1 expression on a tissue microarray containing 99 GBM specimens. Only tumor cells showed positive PD-L1 signals on cell membranes: 60.6% of all specimens contained >1% PD-L1+-glioma cells, 38.3% contained >5% PD-L1+-glioma cells, 17% contained >25% PD-L1+-glioma cells and 5.32% contained >50% PD-L1+-glioma cells. These results indicate that a more comprehensive evaluation of PD-L1 expression in glioma is desirable.

Importantly, several recent studies reported that expression levels of PD-L1 are positively correlated with glioma grades (Garber et al., 2016; Wang et al., 2016; Xue et al., 2017a; Zhang et al., 2017). Xue et al. (2017a) reported that the PD-L1 expression levels positively correlated with the grades of gliomas. Wang et al. (2016) and Zhang et al. (2017) reported that PD-L1 expression was much higher in GBM compared to grade II and III gliomas. Garber et al. (2016) found that the high expression level of PD-L1 (IHC) was positively associated with only grade IV gliomas, though high PD-L1 expression could also be detected in other grades of gliomas.

Moreover, PD-L1 expression is associated with glioma genotypes. For instance, in different grades of gliomas, all PD-L1 expression in isocitrate dehydrogenase (IDH)-mutant gliomas was significantly lower than that in IDH-wild type (Wang et al., 2016). In fact, the methylation level of PD-L1 promoter in IDH-mutant glioma was higher than that in IDH-wild type glioma, and PD-L1 expression negatively correlated with PD-L1 promoter methylation level (Berghoff et al., 2017; Röver et al., 2018). Additionally, low PD-L1 levels (IHC) were observed in proneural and glioma CpG island methylator phenotype (G-CIMP) subtypes, while high PD-L1 expression was detected in mesenchymal subtype (Berghoff et al., 2015).

In brief, the expression patterns of PD-L1 in specimens are mainly influenced by the following factors: (1) The selected PD-L1 antibodies: if the antibody can detect both membranous and cytoplasmic PD-L1, the percentage of PD-L1-positive specimens rises remarkably [e.g., Clone 5H1 (Wintterle et al., 2003; Berghoff et al., 2015, 2017), Clone MIH1 eBioscience (Wilmotte et al., 2005), ab58810 Abcam (Xue et al., 2017a), E1LRN Cell Signaling (Heynckes et al., 2017), ab205921 Abcam (Zhang et al., 2017), and E1L3N Cell Signaling (Lee et al., 2018)]; if the antibody detects only membranous PD-L1, the percentage of PD-L1-positive specimens is low (e.g., SP142,EPR1161) (Garber et al., 2016; Nduom et al., 2016). (2) The PD-L1-positive criteria: if membranous PD-L1 is used as criteria, low PD-L1-positive percentage appears; while if cytoplasmic PD-L1 (either diffuse or fibrillary pattern) serves as criteria, much higher PD-L1-positive percentage can be obtained. (3) The constitution of illness cases: the expression of PD-L1 is considerably increased in GBM specimens, but decreased in recurrent glioma specimens (Berghoff et al., 2015) as well as IDH-mutant glioma specimens. (4) The stability of PD-L1 on glioma cell membranes: PD-L1 can be detected at various cellular components such as cell membrane, cytoplasm or vesicles. It is conceivable that the recycling pattern and turnover rate of PD-L1 in glioma cells can affect PD-L1 detection.



THE PROGNOSTIC VALUE OF PD-L1 IN GLIOMA PATIENTS

Many studies investigated the correlation between PD-L1 expression levels and prognosis of glioma patients. In brief, more than half of literatures reported a negative correlation between PD-L1 and the prognosis of glioma patients. However, others reported that PD-L1 was not correlated with the prognosis of glioma (Table 2). Basing on The Cancer Genome Atlas (TCGA) and Chinese Glioma Genome Atlas (CGGA) database analysis and meta-analysis, in two studies involving 976 and 1,052 glioma patients respectively, high PD-L1 mRNA expression level was found to be associated with significantly shorter overall survival (OS) of glioma patients (Wang et al., 2016; Xue et al., 2017b). Various other studies basing on IHC results reported similar relationship (Liu et al., 2013; Nduom et al., 2016; Han et al., 2017; Lee et al., 2018; Pratt et al., 2018). Whereas in several other IHC analyses as well as a TCGA database analysis involving 444 GBM patients, no significant relationship was found between PD-L1 expression and glioma patients' OS (Berghoff et al., 2015; Zeng et al., 2016; Miyazaki et al., 2017). This is probably due to their relatively small scale of glioma samples.



Table 2. The relationship between PD-L1 expression and prognosis of glioma patients.
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In addition to case number, PD-L1+-cellular components in glioma microenvironment may also be an important factor affecting the prognostic value of PD-L1. Several studies reported that PD-L1 in glioma microenvironment is contributed mainly by tumor-infiltrating myeloid cells (TIM, including macrophages and T-regulatory cells) rather than tumor cells themselves (Mirghorbani et al., 2013; Antonios et al., 2017). The increase of PD-L1+ TIM surrounding glioma cells is associated with strong immune inhibition (Liu et al., 2008; Mirghorbani et al., 2013; Hosseini et al., 2015). Jan et al. (2018) found that lower PD-L1 level in glioma cells is associated with neither abating immune inhibition nor better prognosis of glioma, which is probably linked with elevated PD-L1+ TIM in glioma microenvironment.

Constitution of illness cases and limited human glioma tissue may also influence the evaluation of PD-L1 as a prognostic marker. For instance, the following factors can be taken into account: (1) The glioma type. Pratt et al. (2018) reported that there was no significant correlation between PD-L1 expression and OS (P = 0.135) of all glioma patients, while among recurrent, non–G-CIMP (IDH-wild type) patients, the PD-L1 expression was negatively associated with the OS (P = 0.023). This evidence suggests that PD-L1 expression may have prognostic values in specific subtypes of gliomas. Future studies may focus on analyzing the relationships between PD-1 and other molecular markers of glioma. (2) The way of resection. In a study involving initial and secondary resected glioma specimens from 16 GBM patients, PD-1 but not PD-L1 expression was positively associated with long progression-free survival (PFS) (P = 0.029) in initial resected specimens. After secondary surgery, PD-1 expression was negatively associated with survival time following recurrence (P = 0.030) (Miyazaki et al., 2017). (3) The time of patients' survival. In Zeng's study (Zeng et al., 2016) involving 229 glioma specimens of grade I-IV, no significant correlation between PD-L1 and OS was found in all gliomas, but further analysis revealed a negative correlation between PD-L1 and OS (P = 0.018) if OS > 12 months is set a criterion in grade IV glioma only. While for those whose OS are <12 months, PD-L1 expression was not significantly associated with patients' OS, suggesting that PD-L1 is more favorable for the prediction of long-time survival patients (Zeng et al., 2016).

Although less studied, PD-1 expression level was also reported to be inversely associated with prognosis of GBM patients (Wang et al., 2016). In addition, PD-1 but not PD-L1 methylation was found to be positively associated with the OS of LGG patients (Röver et al., 2018). What is more, Bloch et al. (2017) reported that lower PD-L1 expression on peripheral myeloid cells is a primary independent predictor of survival in GBM patients (n = 46) receiving autologous heat-shock protein vaccine (Prophage) after surgical resection followed by standard radiation and chemotherapy. The evaluation of PD-L1 expression on peripheral blood cells has great practical applications in predicting patients' survival time and their responses to PD-1/PD-1 antibody therapy. Clearly, the predicting value of PD-L1 or PD-1 in glioma will be increased with accumulating data. In addition, the search of other biomarkers is also important (Xue et al., 2017c).



PD-L1 MODULATING IMMUNE CELL INFILTRATION IN GLIOMA MICROENVIRONMENT

As is well-known, the engagement of PD-1 and PD-L1 promotes apoptosis of PD-1+ CTL. In various types of cancers including glioma, PD-L1 plays a major inhibitory role in modulating infiltration of immune cells, such as CTL, tumor infiltrating lymphocytes (TIL) and regulatory T-lymphocytes (Treg) (Taube et al., 2012; Dong et al., 2017). Thus it is the rationale to hypothesize that inhibiting PD-1/PD-L1 signaling promotes the antitumoral activity of TIL. Indeed, this hypothesis has been widely demonstrated in various cancer models including glioma (Taube et al., 2012; Antonios et al., 2016; Dong et al., 2017) and proved to be clinically effective in several cancers such as melanoma and non-small cell lung cancer. In fact, the relationships between PD-L1+ cancer cells and PD-1+ immune cells (mainly TIL) in tumor environment are complicated. For example, TIL secrete large amounts of cytokines (e.g., IFN-γ) to strongly upregulate PD-L1 expression in melanoma cells, which in turn triggers TIL themselves' inhibition (Taube et al., 2012). In most cancers, the upregulation of PD-L1 in tumor cells appears to be associated with increased TIL (Antonios et al., 2016).

PD-L1 plays opposite regulatory roles in functions of CTL and Treg in various cancers. Early studies considered that the interaction of PD-L1/tumor cells and PD-1/CTL may form a temporal “PD-L1/PD-1 shield” to prevent CTL-mediated tumor cell lysis (Hirano et al., 2005). In this model, it is supposed that CTL lose their ability to control tumor growth but remain intact. Later, it was discovered that the PD-1/PD-L1 interaction increases indoleamine 2,3-dioxygenase (IDO) in melanoma microenvironment, which exhausts T cells of essential tryptophan and suppresses their metabolites, thus leading to CTL inhibition and Treg elevation (Dong et al., 2017). Moreover, PD-L1 inhibits chemokine production (e.g., CCL2-5 and CXCL9-10) that is crucial for recruitment of CTL, preventing the influx of CTL into tumor microenvironment (Gajewski et al., 2013). The roles of PD-1/PD-L1 pathway in inducing CTL exhaustion and Treg augment in tumor microenvironment have been verified in various cancer models (Dong et al., 2017; Jan et al., 2018).

PD-L1 in gliomas shows similar effects on CTL and Treg as in other cancers. Early studies demonstrated that PD-L1 expressed by glioma cells inhibits T-lymphocyte functions and induces apoptosis of tumor-specific T-lymphocytes mainly via decreasing cytokines production (e.g., IFN-γ, IL-2 and IL-10) (Wintterle et al., 2003; Ahn et al., 2013). However, more recent studies revealed that PD-L1/PD-1 pathway inhibits CTL functions primarily via TIMs in glioma microenvironment (Antonios et al., 2017). The upregulation of PD-L1 in circulating monocytes and tumor-infiltrative macrophages in gliomas is associated with its cytotoxicity to T cells (Bloch et al., 2013). What is more, PD-L1 induces and maintains Treg in glioma. The elevation of PD-L1+ peripheral blood cells was associated with an increased Treg fraction in GBM patients (DiDomenico et al., 2018). Moreover, PD-L1 co-stimulation resulted in greater Treg expansion and improved preservation of the Treg phenotype, indicating that PD-L1 may expand and maintain immunosuppressive Treg. The increase of Treg is associated with decreased survival in glioma patients (DiDomenico et al., 2018). Until now, the exact relationships among PD-L1 and infiltrating immune cells in gliomas are far from clear. A major difficulty may be the very limited brain tissues obtained from glioma patients. Accurate information requires data accumulation from large quantity of human glioma samples.



THE REGULATORY MECHANISMS OF PD-L1 EXPRESSION AND SECRETION

In gliomas, the tumor suppressor phosphate and tension homology deleted on chromsome 10 (PTEN), a major negative regulator of Akt activation, plays a vital role in regulating PD-L1 protein expression. PTEN mutation or homozygous deletion (in 36% of glioma) is highly associated with PD-L1 expression in gliomas. Activation of PI3K-Akt-mTOR-S6K1 cascade facilitates PD-L1 transcript into polysome so that PD-L1 translation increases (Parsa et al., 2007). Co-activation of Ras and Akt in glioma cells further elevated PD-L1 translation by recruiting polysome. PTEN loss in glioma causes Akt activation, thus induces PD-L1 protein via its translational regulatory mechanisms. On the contrary, the restoration of PTEN function reduces PD-L1 expression in gliomas. In addition to PTEN mutation, cytokines such as interferons may also induce PD-L1 via PI3K-Akt-mTOR-S6K1-mediated translational regulation (D'Arrigo et al., 2017).

Recently, microRNA-34a (miR-34a) and the PD-L1 co-chaperone FK506 binding protein 5 (spliced FKBP51) are also reported to be associated with PD-L1 expression in gliomas. MiR-34a functions as a tumor suppressor via modulating epidermal growth factor receptor (EGFR) or PD-L1 translation directly in glioma. miR-34a overexpression attenuated PD-L1-induced chemoresistance in glioma cells, supporting that miR-34a is a negative regulator of PD-L1 signaling (Wang and Wang, 2017). FKBP51s works as a co-chaperone with isomerase activity. FKBP51s abundantly exists in glioma and increases membranous PD-L1 by catalyzing the protein folding required for subsequent glycosylation. FKBP51s silencing significantly decreases PD-L1 on U251 cell surface. Moreover, FKBP51s is required for PD-L1 maturation in endoplasmic reticulum (ER), supporting that the FKBP51s functions as an important PD-L1 molecular chaperone (D'Arrigo et al., 2017).

IFN-γ is likely to be the strongest PD-L1 inducer in various cancers. It is reported that PD-L1 upregulation in melanoma tumor microenvironment depends on CTL-secreted IFN-γ rather than cancer cells themselves (Gajewski et al., 2013; Spranger et al., 2013; Dong et al., 2017). Some immunogenic tumors (e.g., metastatic colorectal cancer with high-level microsatellite instability, MSI-H-CRC) attract TIL, which produce IFN-γ and upregulate PD-L1 in tumor epithelial cells (Gatalica et al., 2014). In this way TIL can actually trigger their own inhibition by secreting cytokines that drive tumor PD-L1 expression (Taube et al., 2012). In gliomas, both monocytic and granulocytic myeloid-derived suppressor cells may contribute largely to PD-L1 upregulation inside the tumors, as infiltrated CTL were few (Dubinski et al., 2016).

IFN-γ relies on the activation of cyclin-dependent kinase 5 (Cdk5) to induce PD-L1 expression (Dorand et al., 2016). Loss of Cdk5 activity in many cancers results in persistent overexpression of the interferon regulatory factors IRF2 and IRF2BP2, two PD-L1 transcriptional repressors that negatively regulate PD-L1 expression in tumor cells. The persistent interferon regulatory factor 2 (IRF2) and IRF2-binding protein 2 (IRF2BP2) overexpression lasts for up to 48 hours after IFN-γ exposure in Cdk5-deficient medulloblastoma cells. Furthermore, disrupting Cdk5 in rhabdomyosarcoma also led to IFN-γ-induced PD-L1 ineffectiveness, supporting a general role of Cdk5 in PD-L1 regulation in cancer cells. Thus, Cdk5 is a key enzyme linked to IFN-γ and PD-L1 upregulation (Dorand et al., 2016).

IL-10 may serve as a vital cytokine upregulating PD-L1 expression in circulating monocytes and tumor-infiltrative macrophages in an autocrine/paracrine pattern in gliomas. Previous studies reported that glioma cells could stimulate monocytes and glioma-associated macrophages to produce IL-10, which in turn significantly increases PD-L1 expression in monocytes and tumor-infiltrative macrophages (Bloch et al., 2013).

Most recently, a novel mechanism of PD-L1-induced immune suppression is discovered, i.e., the interaction between interferon-γ-induced exosomal PD-L1 and PD-1 on peripheral T-cells (Chen et al., 2018). In metastatic melanomas cells, extracellular vesicles (mainly exosomes) with PD-L1 on exosome surface are secreted into tumor microenvironment and body circulation. IFN-γ exacerbates PD-L1's release in melanoma exosomes, suppressing nearby and remote CD8+-T cell functions and facilitating tumor growth. Such evidence suggests that circulating exosomal PD-L1 may be a more practical and dynamic monitoring-marker for predicting host responses to immune therapy. The regulatory mechanisms of PD-L1 expression and secretion are summarized in Figure 1. The precise understanding of detailed PD-L1 regulatory mechanisms may provide insight in developing novel immunotherapeutic strategy for glioma.
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FIGURE 1. The regulation of PD-L1 expression in glioma cells. Red line indicates RNAs. PTEN-mu, PTEN-mutant; ER, endoplasmic reticulum.





THE ONCOGENIC ROLES OF ENDOGENOUS PD-L1 AS A SIGNALING PROTEIN

PD-L1 contains an extracellular immunoglobulin domain, a transmembrane domain (TM), and a short intracellular/cytoplasmic domain (30 aa), indicating its probability in controlling cell-intrinsic signaling (Figure 2). Earliest evidence of its intrinsic signaling activities was reported (Azuma et al., 2008). PD-L1 confers tumor resistance to CTL lysis, depending on its intracellular domain (Azuma et al., 2008). Similarly, Gato-Cañas et al. (2017) discovered that PD-L1 cell-intrinsic signaling protects cancer cells from IFN-induced cytotoxicity and accelerates tumor progression. They further identified three conserved motifs (i.e., RMLDVEKC, DTSSK and QFEET) in the intracellular domain of PD-L1 after aligning it in 10 mammalian species, revealing the functions of these motifs. By inhibiting signal transducers and activators of transcription 3 (STAT3) phosphorylation, RMLDVEKC motif of PD-L1 was required for cancer cells to withstand the IFN-induced apoptosis, while DTSSK motif counteracts the RMLDVEKC motif's function (Gato-Cañas et al., 2017). The evidence together demonstrates that PD-L1 confers resistance toward pro-apoptotic stimuli, such as IFN and CTL lysis, depending on its intracellular domain.
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FIGURE 2. The structure of PD-L1 protein molecule. The numbers represent the amino acid. Sig P, signal peptide; it directs PD-L1 toward cell membrane; TM, transmembrane domain; Cytoplasmic: the cytoplasmic or intracellular domain of PD-L1. The intracellular domain contains several conserved motifs: RMLDVEKC, DTSSK and QFEET.



More direct evidence was provided by Chang et al. (2015). Tumor cells and T cells compete for nutrient such as glucose in tumor microenvironment, and predominant glucose consumption by tumors metabolically restricts T cell functions (e.g., reduction of mTOR activity/glycolytic capacity/IFN-γ production). In vitro and in vivo studies demonstrated that checkpoint blockade antibodies against PD-L1 restore glucose in tumor microenvironment, permitting T cell glycolysis and IFN-γ production. Further, in vitro studies showed that both PD-L1 antibodies and PD-L1 knockdown in tumor cells impaired sarcoma cell glycolysis and inhibited intracellular Akt/mTOR signaling, indicating the role of PD-L1 in modulating intracellular signaling pathway. Moreover, PD-L1 antibody treatment induces membranous PD-L1 internalization, implying that it is membranous PD-L1 rather than cytoplasmic PD-L1 that is involved in Akt/mTOR signaling in tumor cells (Chang et al., 2015). PD-L1 knockdown significantly decreases tumor volume of ovarian cancer and melanoma in immune-competent mice (Clark et al., 2016). PD-L1 knockout in murine medulloblastoma cells significantly reduced tumor incidence (30% of the mice inoculated with medulloblastoma cells remained tumor-free for more than 4 weeks) (Dorand et al., 2016). Recently, several teams reported that independent of immune function, PD-L1 regulated cell growth, proliferation, apoptosis, autophagy, migration and invasion in various cancers including ovarian cancer, melanoma, and pancreatic cancer via modulating PI3K/Akt/mTOR signaling pathway (Clark et al., 2016; Zhao et al., 2017). Additionally, PD-L1 promotes self-renewal and tumorigenicity of malignant melanoma initiating cells (Zheng et al., 2017), as well as embryonic stem cell transcriptional factors octamer-binding transcription factor 4 (OCT4) and Nanog expression dependent on PI3K/Akt activation and B lymphoma Mo-MLV insertion region 1 homolog (BMI1) expression in PI3K/Akt independent manner in breast cancer stem cells (Almozyan et al., 2017). Both evidence suggest the tumor-intrinsic role of PD-L1 in modulating signal transduction and the PD-L1's oncogenic/ tumorigenic role in certain cancers.

Specifically, in gliomas, PD-L1 expression was reported to be significant positively correlated to vascular endothelial growth factor (VEGF) and Ki-67 levels, detected by IHC with 64 patient specimens (Xue et al., 2017a). Our recent research reported that PD-L1 overexpression promoted and PD-L1 knockout/knockdown dampened glioma growth both in vitro and in vivo (Qiu et al., 2018). Further, transcriptome sequencing demonstrated that PD-L1 overexpression in glioma cell line significantly altered gene expression panel, suggesting PD-L1's cell-intrinsic roles. We have identified the intracellular interactions between PD-L1 and H-Ras, which further led to Ras/Erk activation, resulting in promoted glioma cell epithelial mesenchymal transition (EMT), migration and invasion. It is worth mentioning that PD-L1 knockdown almost abrogated the glioma xenografts formation in nude mice. This result suggests that the reduction of endogenous PD-L1 may be more effective than the employment of PD-L1 antibody, as the former inhibits both PD-1/PD-L1 axis signaling and oncogenic effects of PD-L1 (Qiu et al., 2018). It may also suggest an important glioma therapeutic strategy by drugs. Indeed, in glioma cells from the C57/GL261 orthotopic glioma model, we found that repaglinide significantly reduced PD-L1 expression, which correlates with the increase of TIL and the increase of survival time of mice (Xiao et al., 2017). These evidence suggest that targeting glioma PD-L1 directly by drugs or RNA interference might be an effective therapy for glioma. The functional roles of intrinsic PD-L1 as an oncogenic signaling molecule are summarized in Figure 3.
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FIGURE 3. The role of cell-intrinsic PD-L1 in modulating signaling pathway. Dashed lines: unknown mechanisms. →, induction or activation; →, binding.





THE EFFECTS OF PD-1/PD-L1 TARGETING-THERAPY IN GLIOMA

Most clinical studies of PD-1/PD-L1 inhibition remain recruiting and inconclusive (Filley et al., 2017; Maxwell et al., 2017; Shergalis et al., 2018). Several studies reported that glioma or GBM patients may benefit from PD-1 antibody therapy. Reiss et al. reported that 24 HGG patients receiving pembrolizumab had a median PFS of 1.4 months and a median OS of 4 months with few serious toxicities (Reiss et al., 2017). Omuro et al. reported that nivolumab treatment on 3 in all 30 patients achieved partial responses, and 8 in all 40 patients with nivolumab treatment stayed stable for over 12 weeks (Omuro et al., 2018). Recently, Kline et al. reported that nivolumab in combination with reirradiation (n = 8) slightly prolonged OS of recurrent diffuse intrinsic pontine glioma in children compared to reirradiation alone (n = 4) (22.9 vs. 20.4 months since diagnosis; 6.8 vs. 6.0 months since reirradiation) in a retrospective study (Kline et al., 2018). All patients receiving reirradiation with or without nivolumab tolerated the therapy without severe acute or late toxicity. In a retrospective study of recurrent HGG among adult patients (n = 31), Kurz et al. reported that the median PFS showed no difference between patients receiving nivolumab (3.8 months) and pembrolizumab (2.3 months). The median survival time from date of first anti-PD-1 dose was 6.6 months (n = 31) (Kurz et al., 2018). In another retrospective study of recurrent HGG (n = 50), Mantica et al. reported a median PFS of 4.3 months and a median OS of 6.5 months after receiving nivolumab alone or in combination with bevacizumab (n = 43). In a subset of patients, disease stabilization appeared in heavily pre-treated recurrent HGG (Mantica et al., 2018).

There are case reports showing that PD-1 antibody therapy have evident therapeutic effects on GBM patients. Patrick et al. reported a 60-year-old GBM patient receiving nivolumab treatment for almost 2 years after standard radiotherapy and temozolomide therapy, and magnetic resonance imaging (MRI) revealed a continuous shrinking of the tumor (Roth et al., 2017). Bouffet et al. also reported that 2 young recurrent GBM patients receiving nivolumab treatment achieved 5 and 9 month-relieve with a MRI-detected shrinkage of GBM lesions (Bouffet et al., 2016). In addition, pembrolizumab treatment increases lymphocyte infiltration in resected metastatic spinal lesion, indicating that checkpoint PD1/PD-L1 blockade may result in immune activation in central nervous system (Johanns et al., 2016). In another case of an adult GBM patient, a severe hepatitis was found to be associated with nivolumab therapy, which may impair its therapeutic effect (Simonelli et al., 2016). The therapeutic effects of PD-1 antibody in glioma are summarized in Table 3.



Table 3. The therapeutic effects of PD-1 antibody in glioma patients.
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Until now, there has been no report of PD-L1 antibody therapy in glioma, however, animal studies support that PD-L1 antibody may also be effective in treatments of gliomas. Wainwright et al. reported that administration of PD-L1 antibody (clone 10F.9G2) had a long-term survival effect on mice/GL261 glioma model (60%, n = 10) (Wainwright et al., 2014). This effect was completely abolished in Rag1−/− mice (lack functional T and B cells), implying that the therapeutic effect of PD-L1 antibody depends on immune response of glioma. However, PD-L1 antibody is unable to enhance animal survival time in a more aggressive B16-F10-derived intracranial melanoma, indicating a selective function of PD-L1 antibody in brain tumors. Reardon et al. also reported that PD-L1 antibody (339.6A2) had a long-term survival effect (25%, n = 8) in mice/GL261 glioma model, although slightly less potent compared to that of PD-1 antibody (Reardon et al., 2016). What is more, Saha et al. reported that administration of PD-L1 antibody (rat clone 10F.9G2) alone showed better therapeutic effects than PD-1 antibody alone, and it significantly increased mean survival time (42 days, n = 7; 25% increase) as compared to its mock (33.5 days, n = 6) in a glioma stem cell-derived glioma model (Saha et al., 2017).

PD-L1 antibody had cumulative therapeutic effects on C57 mice/GL261 orthotopic glioma when in combination with other drugs or CTLA4 antibody. Earlier supplement of methyltryptophan but not temozolomide together with PD-L1 antibody greatly enhances the long-term survival of mice bearing GL261-orthtopic glioma (Wainwright et al., 2014). Zhai et al. reported that PD-L1 in combination with CTLA4 antibodies significantly increased survival time of mice/GL261 intracranial glioma model (Zhai et al., 2017). Jiang et al. reported that intratumoral injection of oncolytic adenovirus (Delta-24-RGD expressing the immune costimulator OX40 ligand) followed by PD-L1 antibody (Bio X Cell) injection greatly improved the long-term survival rate of C57/Gl261 model mice (85%), compared to viruses (28%) or antibodies (15%) injection alone (Jiang et al., 2017). Moreover, most of the survived mice (n = 5/6) were long-term survived after re-implantation Gl261 cells in their contralateral hemispheres (rechallenge), indicating that the combination treatment induced developments of an immune memory which prevented tumor growth at a distant site. The actual therapeutic effect of PD-L1 antibody in glioma patients remains to be verified by clinical studies.

In summary, present data of clinical studies suggest that the overall effect of PD-1 antibody therapy in glioma is limited. However, its efficacy is much improved in some subtypes of glioma. The combination of immune therapy including PD-1/PD-L1 antibodies and molecular targeted anti-tumor drugs may be a future direction of glioma therapy.



CONCLUSION

The positive rate and subcellular distribution of PD-L1 in glioma cells depend on the antibody that is used. The selection of a proper PD-L1 antibody is important in order to obtain positive results. PD-L1 is mainly upregulated in HGG and negatively correlated with the survival time of patients. Further analysis of the relationships between PD-L1 expression and other glioma molecular markers is worthy. Both positive (e.g., IFN-γ, IL-10) and negative (e.g., miR-34a, PTEN) signals are involved in the regulation of PD-L1 expression in gliomas. Comprehensive understanding of those regulatory mechanisms is beneficial for the modification of immunotherapy strategy. PD-L1 is not only associated with decreased CTL and increased Treg in glioma lesions, but also has intrinsic oncogenic roles by interacting with Ras. Intrinsic PD-L1 as well as its related signaling pathways may be also served as therapeutic targets. PD-1 antibody has limited therapeutic effects on glioma patients, while PD-L1 experimentally shows therapeutic effects in animal glioma-models. The improvement of PD-1/PD-L1 antibody-based immunotherapy relies largely on increasing clinical data. The combination of PD-1/PD-L1 antibodies with other molecule-targeted anti-cancer drugs is prospective.
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Multidrug resistance is reported to be related to the transmembrane transportation of chemotherapeutic drugs by adenosine triphosphate-binding cassette (ABC) transporters. ABC subfamily G member 2 (ABCG2) is a member of the ABC transporter superfamily proteins, which have been implicated as a key contributor to the development of multidrug resistance in cancers. A new epigallocatechin gallate derivative, Y6 was synthesized in our group. Our previous study revealed that Y6 increased the sensitivity of drug-resistant cells to doxorubicin, which was associated with down-regulation of P-glycoprotein expression. In this study, we further determine whether Y6 could reverse ABCG2-mediated multidrug resistance. Results showed that, at non-toxic concentrations, Y6 significantly sensitized drug-selected non-small cell lung cancer cell line NCI-H460/MX20 to substrate anticancer drugs mitoxantrone, SN-38, and topotecan, and also sensitized ABCG2-transfected cell line HEK293/ABCG2-482-R2 to mitoxantrone and SN-38. Further study demonstrated that Y6 significantly increased the accumulation of [3H]-mitoxantrone in NCI-H460/MX20 cells by inhibiting the transport activity of ABCG2, without altering the expression levels and the subcellular localization of ABCG2. Furthermore, Y6 stimulated the adenosine triphosphatase activity with a concentration-dependent pattern under 20 μM in membranes overexpressing ABCG2. In addition, Y6 exhibited a strong interaction with the human ABCG2 transporter protein. Our findings indicate that Y6 may potentially be a novel reversal agent in ABCG2-positive drug-resistant cancers.

Keywords: epigallocatechin gallate (EGCG), 5, 3′, 4′, 3″, 4″, 5″-6-O-ethyl-EGCG (Y6), ABC transporter, ABCG2, multidrug resistance


INTRODUCTION

Multidrug resistance (MDR) to chemotherapeutic drugs could be found in various types of cancer cells (Fletcher et al., 2010). A wide range of structurally different chemotherapeutic drugs have been shown to be substrates of ATP-binding cassette (ABC) transporter proteins. Powered by the energy from ATP hydrolysis, ABC-transporters have become a significant impediment in cancer therapy. In total, 48 different ABC transporters were identified in the human genome, divided to seven subfamilies (ABCA-ABCG) due to structural similarities. Among all subfamilies, P-glycoprotein (P-gp/ABCB1) and breast cancer resistance protein (BCRP/ABCG2) are major transporters in MDR (Sodani et al., 2012).

ABCG2 is also known as mitoxantrone resistance-associated protein (MXR) or placenta-specific ATP-binding cassette transporter (ABCP) (Miyake et al., 1999; Dean and Allikmets, 2001). The ABCG2 protein has a molecular weight of 72-kDa. It is a half transporter with one nucleotide binding domain (NBD) and one transmembrane domain (TMD) and functions in the form of homodimer or an oligomer (Taylor et al., 2017). ABCG2 transporter is specifically distributed in the plasma membrane. Normally, it is highly expressed in the colon epithelium, the apical surface of small intestines, the canalicular membrane of liver and bile duct, cortical tubules of the kidney and prostate epithelium, and at the luminal surfaces of microvessel endothelium of human brain (Maliepaard et al., 2001; Fetsch et al., 2006). Such distribution results in alteration of the absorption, distribution, metabolism, and elimination of drugs since ABCG2 performs compound transmembrane transport on secretory surfaces of organs. ABCG2 could transport a variety of anti-neoplastic drugs such as mitoxantrone, topotecan, irinotecan, doxorubicin, daunorubicin, 9-aminocamptothecin, and epirubicin as its substrates (Doyle and Ross, 2003).

A mutation at position 482 (Arg or R) of ABCG2 produces a distinct substrate preference (Chen et al., 2003), which results in different drug-binding and drug-efflux capacity of the transporter (Honjo et al., 2001; Pozza et al., 2006; Dai et al., 2009). For example, after Arg at position 482 was replaced by threonine (Thr or T) or glycine (Gly or G), the substrate specificity was changed in both mutant and wild-type variants. Mitoxantrone and major nucleoside inhibitors are common substrates of wild-type and mutant ABCG2, while daunorubicin is the substrate of mutant Gly and Thr variants and is not a substrate of the wild-type ABCG2 (Ejendal and Hrycyna, 2002; Mao and Unadkat, 2005; Ejendal et al., 2006).

Multidrug resistance in acute myeloid leukemia (AML), non-small cell lung cancer (NSCLC), colon carcinoma and breast cancer were also reported to be strongly correlated with the overexpression of ABCG2 (Steinbach et al., 2002; van den Heuvel-Eibrink et al., 2002; Nakanishi and Ross, 2012). Notably, ABCG2 is overexpressed only in subpopulations of AML specimens (Abbott et al., 2002; Suvannasankha et al., 2004). The overexpression of ABCG2 in these subpopulations of stem cells was also reported among other tumors such as neuroblastomas, Ewing sarcomas, breast cancer, small cell lung cancer, and glioblastomas (Hirschmann-Jax et al., 2004). These stem cells with overexpression of ABCG2 may play an important role in resistance to chemotherapeutic drugs.

As one of the MDR reversal modulators, epigallocatechin gallate (EGCG) was revealed to down-regulate P-gp and BCRP in a tamoxifen resistant cancer cell line (Farabegoli et al., 2010). Furthermore, EGCG (Figure 1A) was reported to significantly inhibit proliferation of a drug-resistant cancer cell line, BEL-7404/DOX, in vitro when co-administered with doxorubicin (Liang et al., 2010). However, the application of EGCG was limited due to an unstable chemical profile that could be subjected to rapid oxidation and short duration of action because of multiple phenolic hydroxyl groups (Lee et al., 2002). Inspired by the structure of EGCG, we synthesized Y6 (Figure 1B), an ethylation product of EGCG. Y6 has been evaluated as a reversal agent that specifically reverses ABC transporter-mediated MDR in vitro (Wen et al., 2017). In this study, we determined the potential effect of Y6 as a reversal agent that re-sensitizes ABCG2-mediated MDR in vitro.
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FIGURE 1. Chemical structures of (A) EGCG and (B) Y6.





MATERIALS AND METHODS

Reagents

Y6 (purity 96.87%) was synthesized in our research group and was made in a 10 mM stock solution in dimethylsulfoxide (DMSO). Dulbecco’s modified Eagle’s medium (DMEM), penicillin/streptomycin, trypsin 0.25%, fetal bovine serum (FBS) and bovine calf serum were purchased from Hyclone (GE Healthcare Life Science, Pittsburgh, PA, United States). Mitoxantrone, SN-38, topotecan, and cisplatin were products from Sigma-Aldrich (St. Louis, MO, United States). Fumitremorgin C (FTC) was provided by Dr. Susan E. Bates from NIH (Bethesda, MD, United States). [3H]-Mitoxantrone was purchased from Moravek Biochemicals, Inc. (Brea, CA, United States). Mouse monoclonal ABCG2 antibody and mouse monoclonal β-actin antibody were purchased from Gene Tex, Inc. (Irvine, CA, United States). Goat anti-mouse IgG secondary antibody conjugated with Alexa Fluor 488 and 4′,6-diamidino-2-phenylindole (DAPI) were purchased from Thermo Fisher Scientific, Inc. (Rockford, IL, United States). The ATPase assay kit and membrane vesicles were purchased from BD Biosciences (San Jose, CA, United States). PBS and trypsin were purchased from Bosterbio (Pleasanton, CA, United States). RIPA lysis buffer, protein loading buffer, BCA protein assay kit, SDS-PAGE gel preparation kit, protein marker, western transfer buffer, SDS-PAGE running buffer, primary/secondary antibody dilution buffer were purchased from Sigma-Aldrich (St. Louis, MO, United States).

Cell Lines and Cell Culture

Non-small cell lung cancer cell line NCI-H460 and its mitoxantrone-selected ABCG2-overexpressing NCI-H460/MX20 cells were used in the ABCG2 reversal study. NCI-H460/MX20 cells were cultured in a medium containing 20 nM of mitoxantrone. HEK293/pcDNA3.1 and wild-type HEK293/ABCG2-482-R2 were established by transfecting HEK293 cells with either an empty pcDNA3.1 vector or a vector containing full length ABCG2 with Arg at position 482. HEK293/ABCG2-482-R2 cells were cultured in a medium containing 2 mg/mL of G418. All the cell lines were maintained in DMEM containing 10% (v/v) FBS and 1% (v/v) penicillin/streptomycin in a constant temperature incubator containing 5% CO2 at 37°C.

Cytotoxicity by MTT Assay

The viability of NCI-H460 and NCI-H460/MX20 cells or HEK293/pcDNA3.1 and HEK293/ABCG2-482-R2 cells to chemotherapeutic drugs was measured for the ABCG2 reversal study using the MTT assay. Cells (5000 cells per well) were seeded into 96-well microplates with 160 μL per well and cultured overnight. Mitoxantrone, SN-38, topotecan, and cisplatin were diluted with PBS to a series of various concentrations and added to designated wells (20 μL per well) with or without the reversal agents (Y6 and FTC) (20 μL per well). Cells were incubated for 72 h at 37°C. Then, 20 μl of MTT solution (4 mg/mL, in PBS) was added into each well and incubated for 4 h at 37°C in dark. Then the supernatant medium was discarded and 100 μl of DMSO was added to each well for formazan dissolution. Finally, the light absorbance at 490 nm was measured using the OPSYS microplate reader (Dynex Technology, Chantilly, VA, United States). FTC was used as positive reversal agent of ABCG2.

Western Blotting Analysis

NCI-H460/MX20 cells were treated with or without Y6 for 72 h with different drug concentrations (5, 10, 15 μM). In addition, NCI-H460/MX20 cells were also treated with or without 10 μM of Y6 for different time periods (24, 48, 72 h). Then cells were collected and lysed in ice-cold lysis buffer containing 50 mM Tris (pH 7.4), 150 mM NaCl, 1% Triton X-100, 0.1% SDS, 1 mM EDTA, and 1× phosphatase inhibitor cocktail on ice for 20 min. Cell lysates were centrifuged at 4°C at 13,000 rpm/min for 10 min. Subsequently, the supernatant was collected in Eppendorf tubes and protein concentrations were determined by bicinchoninic acid (BCATM)-based protein assay (Thermo Scientific, Rockford, IL, United States). Equal amount of protein was loaded and separated by SDS-polyacrylamide gel electrophoresis and transferred to a polyvinylidene fluoride (PVDF) membrane through electrophoresis. The PVDF membrane was submerged in 5% skim milk for 1 h, and then was incubated with primary monoclonal antibodies (ABCG2 at 1:500 dilution or β-actin at 1:1000 dilution) overnight at 4°C. After the membrane was washed with the TBST buffer, the membrane was incubated with HRP (horseradish peroxidase)-conjugated secondary antibody (1:1000 dilution) at room temperature for 2 h. The washing with TBST buffer, the membrane was exposed to Infrared Imaging System to visualize the bands.

Immunofluorescence of ABCG2

Equal amounts of NCI-H460 and NCI-H460/MX20 cells were seeded in sterile coated 24-well plates and were cultured overnight. NCI-H460/MX20 cells were treated with or without 10 μM of Y6 for different time periods (24, 48, 72 h). Then the cells were fixed in 4% paraformaldehyde for 15 min, permeabilized by 0.25% Triton X-100 for 15 min and then blocked with 6% BSA for 1 h. Cells were further incubated with mouse monoclonal antibody against ABCG2 (1:200) overnight, and then were submerged in Alexa Fluor 488 conjugated secondary antibody (1:2000) solution in the dark for 2 h to localize ABCG2. 2-(4-amidinophenyl)-6-indolecarbamidene dihydrochloride (DAPI) solution was used to counterstain the nuclei in dark. Images were taken with an inverted IX70 microscope (Olympus, Center Valley, PA, United States) following our previous protocol (Guo et al., 2014).

[3H]-Mitoxantrone Accumulation Assay

The accumulation of [3H]-mitoxantrone in NCI-H460 and NCI-H460/MX20 was measured in the presence or absence of inhibitors (FTC or Y6). The cells (5 × 106) in each centrifuge tube were trypsinized, resuspended, and pre-incubated with PBS, Y6 (5 and 10 μM), or FTC (5 μM) for 2 h at 37°C. After the cell suspension was centrifuged at 1500 rpm/min for 5 min, the supernatant was discarded. Subsequently, cells were resuspended in medium containing 0.1 μM [3H]-mitoxantrone at 37°C for 2 h in the presence or absence of inhibitors following above treatment. Cells were washed three times with ice-cold PBS. Then, cells were placed in 5 ml scintillation liquid and their radioactivity was measured in the Packard TRI-CARB 1900CA liquid scintillation analyzer (Packard Instrument, Downers Grove, IL, United States) (Sun et al., 2012; Patel et al., 2013). FTC was used as the positive reversal agent of ABCG2.

[3H]-Mitoxantrone Efflux Assay

Mitoxantrone drug efflux in NCI-H460 or NCI-H460/MX20 was measured. The cells were pretreated with PBS, Y6 (5 and 10 μM) or FTC (5 μM) for 2 h at 37°C. Then radioactive substrate [3H]-mitoxantrone was added and the cells were further incubated for 2 h. Cell suspension was centrifuged at 1500 rpm/min for 5 min and the supernatant was discarded. The cells were re-supplemented with fresh medium with or without a reversal agent. After 0, 30, 60, and 120 min, the aliquots of cells were removed and washed three times with ice-cold PBS immediately. Radioactivity was then measured as described in the accumulation assay above.

ABCG2 ATPase Assay

The vanadate-sensitive ATPase activity of ABCG2 was performed by an ATPase assay kit from BD Biosciences (San Jose, CA, United States) as previously described (Zhang et al., 2016). Briefly, the ABCG2 membrane vesicles were incubated in ATPase buffer with or without vanadate for 5 min at 37°C. Y6 was then added to the assay buffer in concentration gradient (0–40 μM). The mixtures were incubated for 5 min at 37°C. Then Mg-ATP solution was added to assay buffer and was incubated for 20 min at 37°C. The mixture was added with 100 μL of 5% SDS solution and then its light absorption was detected at 880 nm using a spectrophotometer.

Molecular Docking of Y6 With ABCG2 Model

Molecular modeling was performed with Maestro v11.1 (Schroñdinger, LLC, New York, NY, United States 2017) software (Zhang et al., 2017). The protein preparation of wild-type human ABCG2 (PDB ID: 6FFC) (Jackson et al., 2018) was essentially performed and the grid (30 Å) was generated by selecting the same binding pocket as the two substrates (MZ29) in TMD. After that, the structure of Y6 was built and prepared. Compound Y6 with best-scored conformation was obtained through Glide XP docking then was used to generate receptor grid for induced-fit docking (IFD). The IFD protocol with default parameters was performed and the docking score (kcal/mol) was obtained.

Statistical Analysis

The data were analyzed using a t-test method. All values represent the mean ± standard deviation SD of three independent experiments performed in triplicate. The priori p-value for significance was p < 0.05.



RESULTS

Y6 Sensitized ABCG2-Overexpressing Cells to Chemotherapeutic Drugs

In order to investigate the reversal effects of Y6 on drug-resistant cells, we first examined the sensitivity of ABCG2-overexpressing cells to Y6. Based on the results from the cytotoxicity assay, two non-toxic concentrations of Y6 (5.0 and 10.0 μM) were selected for further experimentation (Figures 2A,B).
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FIGURE 2. The cytotoxicity of Y6 in parental and ABCG2-overexpressing cells. (A) Cytotoxicity of Y6 was evaluated in parental NCI-H460 and ABCG2-overexpressing NCI-H460/MX20 cells. (B) Cytotoxicity of Y6 was evaluated in transfected HEK293/pcDNA3.1 and ABCG2-overexpressing HEK293/ABCG2-482-R2 cells. Cells were incubated with different concentration of Y6 for 72 h. Survival rate was determined by MTT assay. Representative curves were shown as cell survival rate verses concentration of compounds. Points and error bars display the mean and SD.



In the sensitization experiment, mitoxantrone-selected NCI-H460/MX20 cells showed a much higher IC50 value to ABCG2 substrates (mitoxantrone, SN-38, and topotecan) than that in parental NCI-H460 cells. Y6 at both 5.0 and 10.0 μM were able to significantly increase the sensitivity of NCI-H460/MX20 cells to mitoxantrone, SN-38, and topotecan. A significant reduction in IC50 values was observed with the treatment of Y6 in NCI-H460/MX20 cells as shown in Table 1. Meanwhile, no significant changes in IC50 values were observed in parental NCI-H460 cells. Similarly, Y6 also increased the sensitivity of transfected HEK293/ABCG2-482-R2 cells, which had a much higher IC50 value to ABCG2 substrates than that in parental HEK293/pcDNA3.1 cells. Significant decrease in IC50 values of mitoxantrone and SN-38 was observed in Y6-present treatment of transfected HEK293/ABCG2-482-R2 cells as compared to Y6-absent treatment, and no significant change was observed in HEK293/pcDNA3.1 cells as shown in Table 2. Uniformly, the efficacy of Y6 showed a concentration-dependent pattern. Cisplatin, which is not a substrate of ABCG2, was used as a negative control. FTC at 5.0 μM was used as a positive control to evaluate the effects of Y6.

TABLE 1. Reversal effects of Y6 to NCI-H460 and NCI-H460/MX20 cell lines.
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TABLE 2. Reversal effects of Y6 to HEK293/pcDNA3.1 and HEK293/ ABCG2-482-R2 cell lines.
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Based on the above results, it appeared that Y6 could significantly reverse ABCG2-mediated MDR in both NCI-H460/MX20 and HEK293/ABCG2-482-R2 cells.

Y6 Had No Effect on the Protein Expression of ABCG2 in NCI-H460/MX20 Cells

To determine the reversal mechanism of Y6 on ABCG2-mediated MDR in cancer cells, Western blot analysis was performed using the parental NCI-H460 cells and the drug-selective NCI-H460/MX20 cells. NCI-H460/MX20 cells were incubated with either different concentrations of Y6 (0, 5, 10, 15 μM for 72 h) or different incubation time (0, 24, 48, 72 h at 10 μM). No significant changes were observed in the expression level of ABCG2 protein in NCI-H460/MX20 cells treated with Y6 compared to Y6-absent treatment group (Figures 3A,B). The results indicated that the MDR reversal mechanism of Y6 was not relative to the expression level of ABCG2.
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FIGURE 3. (A) The expression of ABCG2 in NCI-H460 and NCI-H460/MX20 cells with different treatments. Effect of Y6 at 10 μM on expression levels of ABCG2 in NCI-H460 and NCI-H460/MX20 cells at 0, 24, 48, and 72 h; or 0, 5, 10, 15 μM of Y6 after incubation for 72 h. (B) Quantified ABCG2 expression in NCI-H460 and NCI-H460/MX20 cells with different treatments. Values represent means ± SDs of at least three independent experiments performed in triplicate; ∗p > 0.05 vs. the NCI-H460/MX20 cells without treatment on the ABCG2 protein; #p < 0.05 vs. the NCI-H460/MX20 cells without treatment on the ABCG2 protein.



Y6 Did Not Alter the Subcellular Localization of ABCG2 in NCI-H460/MX20 Cells

As a transmembrane protein, ABCG2 could also be affected by protein localization. Thus, effect of Y6 on ABCG2 protein cellular localization was determined with immunofluorescence assay. As is shown in Figure 4, Y6 did not trigger the internalization of ABCG2 in NCI-H460/MX20 cells after incubating with 10 μM of Y6 for 0, 24, 48, and 72 h. The results indicated that the MDR reversal mechanism of Y6 was not induced by altering the localization of ABCG2.
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FIGURE 4. Effect of Y6 at 10 μM and different times on the subcellular localization of ABCG2. Scale bar: 10 μM, DAPI (blue) counterstains the nuclei. ABCG2 staining is shown in green.



Effect of Y6 on the Intracellular Accumulation of [3H]-Mitoxantrone

To further investigate the mechanism of reversal effect, we studied the intracellular accumulation of [3H]-mitoxantrone in NCI-H460/MX20 cells treated by Y6. We found that the intracellular accumulation of [3H]-mitoxantrone was significantly increased in NCI-H460/MX20 cells treated with 5.0 and 10 μM of Y6 (Figure 5A). The accumulation increased with increasing concentrations of Y6. However, Y6 did not show a significant effect on the intracellular accumulation of [3H]-mitoxantrone in parental NCI-H460 cells. The results showed that Y6 has comparable effects to FTC (5 μM). It could be concluded that Y6 significantly increased intracellular concentrations of chemotherapeutic drugs in NCI-H460/MX20 cells and increased cytotoxicity in ABCG2-overexpressing cells.
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FIGURE 5. (A) Effect of Y6 on the accumulation of [3H]-mitoxantrone in NCI-H460 and NCI-H460/MX20 cells. ∗p < 0.05 vs. the control group. FTC at 5 μM is used as positive control for ABCG2-overexpressing cells. (B,C) Effect of Y6 on the efflux of [3H]-mitoxantrone in different times. After 0, 30, 60, or 120 min, the same numbers of NCI-H460 (B) and NCI-H460/MX20 (C) were placed in the scintillation fluid to measure the radioactivity. Data points represent the means ± SD of triplicate determinations. Experiments were performed at least three independent times. ∗p < 0.05 vs. control group. FTC at 5 μM was used as a positive control for ABCG2-overexpressing cells.



Effect of Y6 on the [3H]-Mitoxantrone Efflux Time-Course

The ABCG2 transporter is known to induce antitumor drug resistance by pumping out drugs and lowering their intracellular concentration. To further measure if the drug accumulation was relative with Y6 inhibiting ABCG2-mediated drug efflux, we performed a time-course efflux of [3H]-mitoxantrone with or without Y6 at different time points. After removing [3H]-mitoxantrone from the culture medium, efflux occurred in NCI-H460 and NCI-H460/MX20 cells as shown in Figures 5B,C. After NCI-H460/MX20 cells were incubated for 30 min, about 50, 38, and 62% normalized loss of [3H]-mitoxantrone occurred in Y6-treated (5, 10 μM) groups and the control group, respectively. About 65, 58, and 73% normalized loss of [3H]-mitoxantrone, respectively, occurred with or without Y6 after incubating for 60 min; furthermore, NCI-H460/MX20 cells lost about 86, 76, and 94% normalized [3H]-mitoxantrone, respectively, after incubating for 120 min. Meanwhile, 10 μM of Y6 retained more [3H]-mitoxantrone in NCI-H460/MX20 cells than 5 μM of Y6 (Figure 5C). Efflux pattern of NCI-H460 cells were not significantly altered by Y6 (Figure 5B). The results showed that Y6 inhibited the efflux of [3H]-mitoxantrone in NCI-H460/MX20 cells and the retention amount in cells followed a Y6-concentration-dependent pattern.

Effect of Y6 on the ABCG2 ATP Hydrolysis

The ABCG2 transporter could transport substrates across the membrane by utilizing energy derived from ATP hydrolysis. To evaluate the effect of Y6 on the ABCG2 ATP hydrolysis, we measured ATPase activity in the presence of Y6 at a series of concentrations ranging from 0 to 40 μM. Results showed that Y6 stimulated the ATPase activity of ABCG2 at concentrations ranging from 0 to 20 μM. No further increase in ATPase activity occurred when the concentration of Y6 was above 20 μM (Figure 6), which could indicate that Y6 stimulates the ATPase activity of ABCG2 by acting on the drug-substrate-binding site.
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FIGURE 6. Effect of Y6 on the ABCG2 ATPase activity. The Vi-sensitive ATPase activities of ABCG2 in membrane vesicles were determined with different concentrations of Y6 (0–40 μM). Experiments were repeated three times.



Docking Analysis of Y6 With Human ABCG2 Model

To further learn if Y6 have direct interactions with the ABCG2 transporter, we performed a molecular docking simulation. A two-dimensional ligand-receptor interaction diagram of the best-scored induced-fit docked position of Y6 within the drug-binding cavity of human ABCG2 is shown in Figure 7A, while the three-dimensional ligand-receptor interaction diagram is shown in Figure 7B. The 7-hydroxy group in the chroman ring of compound Y6 forms a hydrogen bonding with Asn436 (-OH…O=C-Asn436), while the hydroxy group in the 3,4-diethoxy-5-hydroxyphenyl group forms a hydrogen bonding with Thr542 (-OH…OH-Thr542). Moreover, compounds Y6 was stabilized into a hydrophilic pocket formed by residues Phe432, Phe439, Val442, Leu539, Ile543, Val546, and Met549 of the ABCG2 protein. From the results, compound Y6 had a strong interaction (-11.448 kcal/mol) with the human ABCG2 transporter protein.
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FIGURE 7. Predicted binding positions of compound Y6 with the human ABCG2 transporter protein. (A) A two-dimensional ligand–receptor interaction diagram shows the important interactions of compound Y6 with the binding site residues of human ABCG2. The amino acids are shown as colored bubbles, cyan indicates polar residues and green indicates hydrophobic residues. Hydrogen bonds are indicated by the purple arrow. (B) Docked position of compound Y6 within the binding site of the human ABCG2 transporter protein. Compound Y6 is shown as a ball and stick model, with the atoms colored as follows: carbon = cyan, hydrogen = white, and oxygen = red. The carbons of the important residues are indicated by the gray color while the other atoms are depicted as sticks with the same color scheme as above and nitrogen is indicated by the blue color. Hydrogen bonds are indicated by dotted yellow lines.





DISCUSSION

In recent years, the studied reversal agents which acted on ABC transporter family mostly targeted ABCB1, and very few targeted ABCG2. FTC was one of the ABCG2 reversal agents that was widely used in ABCG2-mediated MDR research. FTC was a toxin obtained from Aspergillus fumigatus, which could inhibit ABCG2 activity at a low concentration without much effect on the functions of ABCB1 and ABCC1. However, its use was limited in clinical patients because of its central nervous system neurotoxicity, although FTC was a classic ABCG2 reversal agent in experiments (Rabindran et al., 1998). Therefore, to look for more safe and effective ABCG2 reversal agents, we performed research on Y6 and evaluated its reversal effect on ABCG2-overexpressing cells. Our previously published study indicated that Y6 could reverse ABCB1-mediated multidrug resistance by down-regulating ABCB1 protein expression level and changing its function in ABCB1-overexpressing cells (Wen et al., 2017). In this study, we performed the experiments on ABCG2-overexpressing cells and found that Y6 was also effective in inhibiting ABCG2-mediated drug resistance at non-toxic concentrations.

In our experiments, mitoxantrone-selected MDR cells, NCI-H460/MX20, and their parental cells, as well as ABCG2-overexpressing transfected cells, HEK293/ABCG2-482-R2, and their parental cells were used to determine cytotoxicity and reversal effect of Y6. Results showed that Y6 significantly sensitized NCI-H460/MX20 and HEK293/ABCG2-482-R2 to mitoxantrone, SN-38, or topotecan (Tables 1, 2). However, Y6 did not increase the cytotoxic effect of cisplatin, which is not a substrate for the ABCG2 transporter. The results implied that Y6 could reverse ABCG2-mediated drug resistance in ABCG2-overexpressed cells.

ABCG2 played an important role in protecting tumor cells from cytotoxic damage of antineoplastic drugs (Polgar et al., 2008). One of the most prominent MDR mechanisms is ABCG2 overexpression. The overexpression of ABCG2 can produce MDR to antineoplastic drugs as shown in many studies (Sargent et al., 2001; Ho et al., 2008). Susceptibility to drugs could be increased with absence of ABCG2 as shown in the bcrp1 (-/-) knockout mice studies (Kanzaki et al., 2001; Jonker et al., 2002). Increased ABCG2 expression was also correlated with complete remission, overall survival, relapse-free survival and disease-free survival (Suvannasankha et al., 2004; Damiani et al., 2006; van den Heuvel-Eibrink et al., 2007). To find out the possible mechanism of Y6 in reversing ABCG2-mediated drug resistance, we measured its effect on the expression of ABCG2. In our previous study, Y6 could down-regulate the expression of ABCB1 transporter in the reverse resistance experiment (Wen et al., 2017). In this study, the expression of ABCG2 transporter was not changed by Y6 with different concentrations and incubated time (Figure 3). Y6 also did not alter the subcellular localization of ABCG2 in NCI-H460/MX20 cells with different incubated times compared to untreated control (Figure 4). The results indicated that the MDR reversal mechanism of Y6 was not relative with the expression level and subcellular localization of ABCG2.

A decreased concentration of intracellular chemotherapeutic drug was a major cause of MDR in cancer cells. In order to further understand the reversal mechanism of Y6, we conducted a radiolabeled [3H]-mitoxantrone accumulation and efflux study to evaluate the intracellular drug level. ABCG2 is characterized as a part of self-defense systems and function as an efflux pump to transfer the toxic endogenous molecules and xenobiotics, including many cancer chemotherapies, out of the cell (Nakanishi and Ross, 2012). Mitoxantrone is one of ABCG2 substrates as confirmed in studies (Ozvegy et al., 2001; Nakanishi et al., 2003). Cellular resistance to mitoxantrone conferred by ABCG2 could lead to increased efflux and a low level intracellular accumulation of mitoxantrone (Doyle et al., 1998; Miyake et al., 1999; Nakanishi et al., 2003; Robey et al., 2003). Our results showed that NCI-H460/MX20 cells had lower level intracellular accumulation of [3H]-mitoxantrone than parental NCI-H460 cells. Y6 could increase the accumulation of [3H]-mitoxantrone compared to untreated control in the NCI-H460/MX20 cells, and the accumulation followed a Y6-concentration-dependent pattern (Figure 5A). Subsequently, an efflux assay was performed to determine whether the accumulation increase was relative to the inhibition of ABCG2 function by Y6. The results showed that ABCG2-mediated [3H]-mitoxantrone efflux was suppressed by Y6 and the efflux amount showed a negative correlation with the concentration of Y6 (Figures 5B,C). ABCG2 transfer function was inhibited by Y6.

To further understand the interaction of Y6 with ABCG2, an ATPase assay using ABCG2 overexpressed membranes and molecular docking simulation using human ABCG2 model were performed. ABC transporters could use energy from the hydrolysis of ATP to transport their substrates across the membrane (Borths et al., 2002; Locher, 2004; Locher and Borths, 2004). It was observed in the study that Y6 could stimulate ATPase ability of ABCG2 in a dose-dependent pattern at concentrations ranging from 0 to 20 μM, and then leveled off when Y6 concentration was above 20 μM (Figure 6). Moreover, the docking analysis of Y6 to human ABCG2 model further revealed that Y6 had a strong direct interaction with ABCG2 (Figure 7). Thus, we can confer that Y6 stimulates the ATPase ability of ABCG2 by acting on the drug-substrate-binding site.



CONCLUSION

The study demonstrated that Y6 could reverse ABCG2-mediated MDR in vitro. The mechanisms of Y6 in reversing MDR is related with the inhibition efflux function of ABCG2 by being a typical competitive substrate of ABCG2, while not relative to down-regulating the ABCG2 expression or altering subcellular localization of ABCG2. Thus, Y6 is expected to be a potential ABCG2-mediated resistance reversal agent with multiple targets.
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MicroRNA-181a Functions as an Oncogene in Gastric Cancer by Targeting Caprin-1
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MicroRNA-181a (miRNA-181a) is a multifaceted miRNA implicated in various cellular processes, particularly in cell fate determination and cellular invasion. It is frequently expressed aberrantly in human tumors and shows opposing functions in different types of cancers. In this study, we found that miRNA-181a is overexpressed in Gastric cancer (GC) tissues. Clinical and pathological analyses revealed that the expression of miRNA-181a is correlated with tumor size, lymph node metastasis, distant metastasis, and TNM stage. Kaplan-Meier analysis indicated that overexpression of miRNA-181a is associated with poor overall survival of patients with GC. Moreover, miRNA-181a is overexpressed in GC cells, and downregulation of miRNA-181a induced cell apoptosis and suppressed the proliferation, invasion, and metastasis of GC cells both in vitro and in vivo. Target prediction and luciferase reporter assay showed that caprin-1 was a direct target of miRNA-181a. Downregulation of caprin-1 expression resulted in a converse change with miRNA-181a in GC. Spearman’s correlation test confirmed that the expression of miRNA-181a expression was inversely correlated with that of caprin-1 in GC cells. Furthermore, the expression of caprin-1 increased after downregulation of miRNA-181a in the GC cells. Caprin-1 siRNA can rescue the oncogenic effect of miRNA-181a on GC cell proliferation, apoptosis, migration, and invasion. These findings suggest that miRNA-181a directly inhibits caprin-1 and promotes GC development. miRNA-181a could be a target for anticancer drug development.

Keywords: miRNA-181a, oncogene, gastric cancer, caprin-1, metastasis


INTRODUCTION

Gastric cancer (GC) is the fifth cause of cancer incidence and the third cause of cancer-related death worldwide (Kim et al., 2018). Although surgery and chemotherapy have improved considerably in the past few decades, the 5-year survival rates of patients with advanced or metastatic GC have remained low, usually ranging from 5 to 20%, and the median overall survival of the patients is less than 1 year (Docrat et al., 2018). A better understanding of the molecular mechanism underlying tumor progression and metastasis may contribute to the design of novel therapeutic target of GC.

MicroRNAs (miRNAs) are a novel class of 20–22 nt-long small non-coding RNAs that control the stability and translation of target genes (Bellazzo et al., 2018). Thus far, more than 1800 human miRNAs have been identified, and most of them are involved in the regulation of virtually all biological processes (Xia et al., 2015). In tumors, miRNAs affect every step of carcinogenesis, including proliferation, apoptosis, migration, and metastasis (Bracken et al., 2016). Emerging evidence has shown that various miRNAs contribute to the tumorigenesis and progression of GC. For instance, miR-506 suppresses GC angiogenesis and epithelial-to-mesenchymal transition (EMT) by targeting ETS1 (Li et al., 2015). MiR-616-3p promotes angiogenesis and EMT in GC through the PTEN/AKT/mTOR pathway (Wu et al., 2018). MiR-422a expression is downregulated and involved in metabolic reprogramming by PDK2 in GC (He et al., 2018). However, the function of miRNA-181a in GC remains to be validated.

In the present study, we demonstrated that miRNA-181a expression is upregulated and caprin-1 expression is downregulated in GC tissues and cell lines. The ectopic expression of miRNA-181a promoted the proliferation, invasion, and migration of GC cells and inhibited apoptosis in vitro and in vivo. Furthermore, we identified caprin-1 as the direct target gene of miRNA-181a in GC.



MATERIALS AND METHODS

Patient Samples and Cell Culture

Ninety human GC and thirty adjacent non-tumor tissue samples were obtained from the Affiliated Hospital of Weifang Medical University. The samples were obtained through surgical resection. Pathological diagnosis was evaluated according to the World Health Organization classification system. The samples were classified as adenocarcinoma (n = 90). The experiments were approved by the Ethics Committee of the Affiliated Hospital of Weifang Medical University, and all the patients gave written informed consent. The samples were collected in accordance with the approved guidelines. None of the patients received chemotherapy or radiotherapy before sample collection. Four GC cell lines (MKN45, SGC-7901, MGC803, and BGC-823), normal gastric epithelial cell line GES-1, and 293T cells were obtained from the American Type Culture Collection and cultured at 37 °C in DMEM supplemented with 10% fetal bovine serum (Hyclone, United States) in an atmosphere containing 5% CO2.

Quantitative RT-PCR

Total RNA was isolated from the tissue and cell samples with TRIzol reagent (Life Technologies, Carlsbad, CA, United States). The amount of RNA was quantified with an ND-1000 spectrophotometer (Nano-drop 3000c, Thermo Scientific, MA, United States). To detect the mRNA levels of miRNA-181a and caprin-1, we performed qRT-PCR according to the manufacturer’s instructions as previously described (Zhou et al., 2013, 2018). The following primers (Sangon Biotech, China) were used in reverse transcription: (miRNA-181a), 5′-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACACTCAC-3′, (U6), 5′-CGCTTCACGAATTTGCGTGTCAT-3′. The following primers (Sangon Biotech, China) were used for PCR: miRNA-181a sense, 5′-GCGGCGGAACATTCAACGCTGTC-3′, miRNA-181a antisense, 5′-ATCCAGTGCAGGGTCCGAGG-3′; U6 sense, 5′-GCTTCGGCAGCACATATACTAAAAT-3′, U6 antisense, 5′-CGCTTCACGAATTTGCGTGTCAT-3′. Caprin-1 sense, 5′-AGGCTGGGACAAGTAAACCTT-3′, Caprin-1 antisense, 5′-TCATTAGCAGGAGGGACTGG-3′; β-actin sense, 5′-TGACGTGGACATCCGCAAAG-3′, β-actin antisense, 5′-CTGGAAGGTGGACAGCGAGG-3′. Endogenous U6 expression was used as the control for miRNA-181a, whereas endogenous β-actin expression served as the control for caprin-1. The differences in the relative expression levels of miRNA-181a and caprin-1 were calculated using the 2-ΔΔCt method.

Immunohistochemistry and Evaluation Criteria

The expression of caprin-1 in the human GC samples and adjacent non-tumor tissues were determined by immunohistochemistry (IHC). The tissues were fixed in 4% paraformaldehyde, embedded in paraffin, and sliced into consecutive tissue sections. Then, the tissue sections were deparaffinized, dehydrated, and heated in citrate buffer (pH 6.0) for antigen retrieval. To block the non-specific bindings of the first antibody, we added 1% bovine serum onto the slides for 20 min at 37°C. The tissue sections were then incubated with caprin-1 polyclonal antibody (1:100; Fitzgerald, United Kingdom). Finally, the sections were visualized with a DAB kit (ZSGB-bio, China) and counterstained with hematoxylin (ZSGB-bio, Beijing, China). We omitted primary antibody and added phosphate buffered saline (PBS) to the sections as negative controls. The sections were photographed with an optical microscope (Olympus, Tokyo, Japan) and then analyzed with the Image-ProPlus6.0 analytic system (IPP6.0).

Western Blot Analysis

Western blot analysis was performed according to a standard method described previously. A polyclonal caprin-1 antibody (1:1000; Fitzgerald) was used. Mouse monoclonal antibody GAPDH (1:2000; Proteintech Group, Chicago) was used as loading control. The density of the caprin-1 protein band was quantified after it was normalized to the density of the GAPDH band in the same sample during Western blot analysis. The procedures were performed in decuplicate.

Cell Transfection

SGC-7901 cells, which presented the highest miRNA-181a expression level in the four GC cell lines, were transfected with RFP-miRNA-181a (control-miRNA-181a-down or miRNA-181a-down) plasmid (GenechemBiotech, Shanghai, China) or cotransfected with RFP-miRNA-181a plasmid and siRNA-caprin-1 (RIBOBIO, China). The transfection was performed with Lipofectamine 3000 (Life Technologies, Carlsbad, CA, United States) according to the manufacturer’s instructions. Stable transfectants were selected, incubated with 600 μg/mL of G418 after 48 h of transfection. All the procedures were performed in triplicate.

Reporter Vector Construction and Luciferase Reporter Assay

HEK293T cells were used in the luciferase reporter assay. The putative miRNA-181a binding sites in the 3′UTR of caprin-1 were subcloned into a pMIR-report vector (Ambion, Austin, TX, United States), named caprin-1-WT. The primer sequences used for the amplification of caprin-1 3′-UTR were 5′-GAGGAGTTGTGTTTGTGGAC-3′ (forward) and 5′-GCGAGGTCCGAAGACTCATTT-3′ (reverse). Efficient insertion was confirmed by sequencing. Mutant caprin-1 3′-UTR bearing a substitution of six nucleotides (GAAUGU to CTTTAT) in the miRNA-181a target sequence was named caprin-1-Mut. The MiRNA-181a precursor and negative control (miR-con) were purchased from GenechemBiotech (Shanghai, China). Luciferase activities were determined with Promega dual-luciferase reporter system. All the assays were performed in triplicate.

Cell Proliferation Assay

Human GC cell proliferation index was measured with Cell Counting Kit-8 (CCK-8) assay (Beyotime Institute of Biotechnology, Jiangsu, China) and 5-ethynyl-2-deoxyuridine (EdU) incorporation assay (RIBOBIO, China) kits according to the manufacturers’ instructions. In the CCK-8 assay, the cells were cultured in a 96-well plate. CCK-8 was added into the medium and incubated at 37°C for 4 h. Absorbance (OD) was measured at 450 nm at 24, 48, 72, and 96 h after transfection. EdU incorporation assay was performed as previously described (Wang et al., 2017). The percentage of EdU-positive cells was calculated from five random fields, and all experiments were repeated five times.

Cell Apoptosis Assays

The apoptosis of cells was measured with a Cell-LightTM EdUTP Apollo®488 TUNEL cell detection kit (RIBOBIO, China). Approximately 5 × 104 cells were seeded into each well of the 96-well plates and was examined 48 h after transfection. Cells were fixed with 4% paraformaldehyde (pH 7.4) for 20 min. After being washed with PBS solution for three times, the samples were incubated with 50 μL of reaction buffer (TdT Enzyme 5 μL+Labeling Safe Buffer 45 μL) for 60 min at 37°C. The labeling procedure was stopped by washing the samples with 2% BSA solution three times. The TUNEL incorporation rate was expressed as the ratio between the EdUTP-positive and total Hoechst 33342-positive cells. The percentage of the EdUTP-positive cells was calculated from five random fields, and all the experiments were repeated five times.

Transwell Migration and Invasion Assays

Transwell migration and invasion assays were performed according to a standard method (Wang et al., 2017). The images of the invaded or migrated cells were photographed, and the cells were counted in five random fields. The average number of cells were obtained from three independent experiments and quantified by the PPI software (Media Cybernetics, United States).

In vivo Proliferation and Metastasis Assays

A mouse xenograft model was established in 4-week-old male NU/NU nude mice (Beijing HFK Bioscience Co., Ltd, Beijing, China) in accordance with the institutional guidelines. The mice were manipulated and housed according to the protocols approved by the Ethics Committee of Weifang Medical University.

The miRNA-181a-silenced SGC-7901 cells and their parallel control cells were used for the in vivo proliferation and metastasis assay. For the cell proliferation assay, 1 × 106 SGC-7901 cells were suspended in 200 μL of PBS and then injected subcutaneously of each nude mice (three mice per group). The tumors were observed every 7 days. The mice were euthanized after 5 weeks, and the subcutaneous tumors were isolated, measured, and calculated with the following formula: length × (width)2 × 1/2. The tumors were collected for the detection of miRNA-181a and caprin-1 by qRT-PCR and Western blot analysis. For tumor metastasis assay, 5 × 106 SGC-7901 cells in 200 μL of PBS were injected into the tail veins of the NU/NU nude mice (four for each group). The mice were euthanized after 12 weeks, and the entire lung tissues were isolated. The tissue was cut into sections and then stained with hematoxylin and eosin for micrometastasis detection.

Statistical Analysis

All the data were presented as means ± standard deviation. Statistical analyses were performed with GraphPad Prism5 (San Diego, CA, United States). The differences in the expression of miRNA-181a and caprin-1 in the GC tissues and GC cell lines were assessed by Student’s t-test and analysis of variance. The association of miRNA-181a expression with clinicopathological parameters was analyzed with Chi-squared and Fisher’s exact tests. The correlation between the miRNA-181a and caprin-1 expression was tested by Spearman’s correlation. The Kaplan–Meier method was used for the analysis of the survival curve, and the differences were determined by the log-rank test. P < 0.05 was considered statistically significant.



RESULTS

Overexpression of miRNA-181a in GC Tissues Was Associated With Poor Patient Survival

To define the role of miRNA-181a in GC, we evaluated the expression of miRNA-181a in the GC tissues through qRT-PCR. The expression of miRNA-181a was significantly higher in the GC tissues in contrast to that in the adjacent non-tumor tissues (Figure 1A; P < 0.01). To determine the relationship between expression of miRNA-181a and clinicopathological features, we divided the 90 patients with GC into two groups according to their median miRNA-181a level, namely, the high miRNA-181a expression group (above the median level) and low miRNA-181a expression group (below the median level). Clinicopathological analysis revealed that the high expression of miRNA-181a correlates with larger tumor size, more lymph node and distant metastasis, and high TNM stage (Table 1). To further determine the role of miRNA-181a in GC development, we performed follow-ups on all the patients and determined their overall survival after surgery. Kaplan–Meier survival indicated that the overall survival of patients with high miRNA-181a expression was significantly lower than that of low miRNA-181a expression (P = 0.0206; Figure 1B).
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FIGURE 1. Expression of MicroRNA-181a (miRNA-181a) in human GC tissues and its association with patient survival. (A) qRT-PCR on the expression of miRNA-181a in the GC tissues; (B) Correlation between miRNA-181a expression and overall survival in patients with GC. P-values for Kaplan–Meier curves were calculated with a log-rank test; ∗ P < 0.05 and ∗∗P < 0.01.



TABLE 1. Clinicopathologic characteristics of GC associated with miRNA-181a expression.
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Down-Regulation of miRNA-181a Inhibited the Proliferation, Migration, Invasion and Enhanced Apoptosis of SGC7901 Cells

To confirm the results of the human GC samples, we assessed the miRNA-181a level in GC cells using qRT-PCR. Results showed that miRNA-181a level was higher in the GC cells than in the normal gastric epithelial GES-1 cell. The metastatic GC SGC7901 cell had the highest level of miRNA-181a (Figure 2A). To examine whether miRNA-181a can affect the biological characteristics of GC, we down-regulated the expression of miRNA-181a in the SGC7901 by miRNA-181a-down plasmid transfection. qRT-PCR was performed to assess the transfection efficiency. It was found that the relative expression of miRNA-181a was significantly lower in the miRNA-181a-down plasmid transfected SGC7901 cells than in the negative control group (Figure 2B). The effects of miRNA-181a on cell proliferation and apoptosis were assessed through CCK-8, EDU, and TUNEL incorporation assays. The result indicated that downregulation of miRNA-181a inhibited proliferation and enhanced apoptosis of the SGC7901 cells (Figures 2C–E). To investigate the role of miRNA-181a on the migration and invasion of SGC7901 cells, we performed transwell invasion and migration assays 48 h after transfection with miRNA-181a or negative control. The results showed that downregulation of miRNA-181a inhibited migration and invasion of the SGC7901 cells (Figures 2F,G).
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FIGURE 2. Downregulation of miRNA-181a inhibited the proliferation, invasion, and metastasis, as well as enhanced the apoptosis of the SGC7901 cells. (A) MiRNA-181a expression increased in the GC cell lines as detected by qRT-PCR; (B) Relative miRNA-181a expression decreased in the SGC7901 cells transfected with siRNA miRNA-181a; (C–D) Cell proliferation was inhibited in the miRNA-181a downregulated SGC7901 cells, as indicated by the CCK-8 (24, 48, 72, and 96 h) and EDU (48 h) assay, bar = 100 μm; (E) Cell apoptosis was enhanced by EdUTP TUNEL Cell Detection Kit in the SGC7901 cells (48 h), bar = 100 μm; (F–G) Transwell migration and invasion were inhibited in the SGC7901 cells (48 h), bar = 50 μm; ∗ P < 0.05 and ∗∗P < 0.01.



Downregulation of miRNA-181a Suppressed GC Growth and Lung Metastasis in vivo

To determine whether miRNA-181a inhibits growth and metastasis in vivo, SGC7901 cells expressing ectopic miRNA-181a were injected subcutaneously or into tail veins of the nude mice. As shown in Figure 3A, tumors of different sizes formed in the left abdominal subcutaneous tissues after 5 weeks. The average size of the tumors decreased, and miRNA-181a expression markedly decreased, as shown by qRT-PCR, in the miRNA-181a downregulated group, in contrast to those in the NC group (Figures 3A,B). Furthermore, tumor metastasis to the lungs was found in two of the four injected mice in the NC group, whereas no metastatic locus was observed in the miRNA-181a downregulated group after 12 weeks (Figure 3C). Overall, downregulation of miRNA-181a significantly inhibited tumor growth and metastasis in the mouse xenografts.
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FIGURE 3. Downregulation of miRNA-181a suppressed GC growth and lung metastasis in vivo. (A) qRT-PCR on the expression of miRNA-181a; (B) The average size of subcutaneous tumors decreased in miRNA-181a downregulated group; (C) Metastasis to the lungs observed in the NC group, whereas no metastatic locus was found in the miRNA-181a downregulated group after 12 weeks, bar = 100 μm; ∗P < 0.05 and ∗∗P < 0.01.



Caprin-1 Was Downregulated in the GC Tissue and Was a Target of miRNA-181a in GC

To explore the molecular mechanism underlying miRNA-181a in GC, caprin-1 was predicted bioinformatically as a putative target of miRNA-181a through TargetScan database (Figure 4A). To explore whether miRNA-181a targets caprin-1, dual luciferase assay was performed to determine the 3′-UTR of caprin-1 mRNA. The HEK293T cells transfected with miRNA-181a precursor and caprin-1-WT plasmid showed reduced luciferase activity in contrast to those transfected with the miRNA-181a precursor or caprin-1-Mut plasmid (Figure 4B). Furthermore, the caprin-1 mRNA and protein levels in the GC tissues were examined through qRT-PCR and Western blot analysis. As shown in Figures 4C,D, caprin-1 mRNA and protein levels were significantly lower in the GC tissues than in those in the adjacent non-tumor tissues (P < 0.01). IHC analysis of paraffin-embedded tissues revealed that the positive expression of caprin-1 was significantly lower in GC tissues compared with that in the adjacent non-tumor tissues [23.33% (21/90) vs. 66.67% (20/30)] (Figure 4E). We further verified the expression of miRNA-181a was inversely correlated with the expression of caprin-1 with Spearman’s correlation test (n = 90, r = -0.7284). The mRNA and protein levels of caprin-1 were determined after knocking down of miRNA-181a expression in the SGC7901 cells. We found that the protein level of caprin-1 increased, whereas the mRNA level of caprin-1 remained unchanged in the SGC7901 cells (Figures 4F,G). The caprin-1 protein level increased in the subcutaneous tumors of the xenografts (Figure 4H). These results demonstrated that miRNA-181a downregulates caprin-1 expression by binding to the caprin-1 3’-UTR.
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FIGURE 4. Caprin-1 was downregulated in the GC tissue and was a target of miRNA-181a in GC. (A) Binding sites of miRNA-181a to 3′-UTR and mut-3′-UTR of caprin-1 mRNA; (B) Luciferase activity of HEK293T cells transfected with miRNA-181a precursor and caprin-1-WT plasmid; (C) Caprin-1 mRNA decreased in the GC tissues; (D) Caprin-1 protein decreased in the GC tissues; (E) IHC analysis on expression of caprin-1, bar = 50 μm; (F) Protein of Caprin-1 in the SGC7901 cells after transfection with miRNA-181a downregulated plasmid; (G) mRNA level of caprin-1 in the SGC7901 cells after transfection with miRNA-181a downregulated plasmid; (H) Caprin-1 protein level increased in the subcutaneous tumors in xenografts; ∗P < 0.05 and ∗∗P < 0.01.



Caprin-1 siRNA Rescued miRNA-181a Oncogenic Effects in GC Cells

To determine the role of caprin-1 in the oncogenic effects of miRNA-181a in GC, we performed rescue experiment. SGC7901 cells were co-transfected with miRNA-181a-knock-down plasmid or miRNA-181a-control plasmid and siRNA-caprin-1. It was found that the upregulation of Caprin-1 by miRNA-181a was counteracted by caprin-1 siRNA in GC cell as verified by Western blot analysis (Figure 5A). Cell proliferation, apoptosis, migration, and invasion assays were performed after cotransfection. As expected, caprin-1 siRNA reversed the oncogenic effects of miRNA-181a on GC cells (Figures 5B–F). These results demonstrated that the oncogenic effect of miRNA-181a was achieved at least in part by targeting caprin-1 in GC.
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FIGURE 5. Caprin-1 silence rescues the oncogenic effect of miRNA-181a on GC cell (A) Caprin-1 expression decreased in the SGC7901 cells cotransfected with siRNA caprin-1 and miRNA-181a downregulated plasmid detected by Western blot analysis; (B–C) Cell proliferation was reversed in the co-transfected SGC7901 cells, as indicated by the CCK-8 (24, 48, 72, and 96 h) and EDU (48 h) assays, bar = 100 μm; (D) Cell apoptosis inhibited by EdUTP TUNEL Cell Detection in the co-transfected SGC7901 cells (48 h), bar = 100 μm; (E–F) Transwell migration and invasion detected in the co-transfected SGC7901 cells (48 h); ∗P < 0.05 and ∗∗P < 0.01.





DISCUSSION

MiRNAs are involved in tumor initiation and metastasis (Chowdhury et al., 2018; Lin et al., 2018; Wang et al., 2018). MiRNA-181a has been identified as a multifaceted molecular regulator in different human tumors, and it may be a useful target for treatments of tumors (Wei et al., 2014; Zhang et al., 2014; Brockhausen et al., 2015; Zhu et al., 2016). Although miRNA-181a acts as a tumor suppressor in glioma (Shi et al., 2008), it is often regarded as an oncogene in other tumors, including neuroblastoma, hepatocellular carcinoma, breast cancer, and colorectal cancer (Schulte et al., 2010; Pichler et al., 2014).

In this study, we found that miRNA-181a was upregulated in GC tissues and in patients with lymph node metastasis, and the expression of miRNA-181a was correlated with tumor size, lymph node involvement, distant metastasis, and TNM stage. The cumulative survival rate of patients with high miRNA-181a expression was significantly lower than those with low miRNA-181a expression. These results showed that miRNA-181a was associated with the development and progression of human GC. Moreover, the expression of miRNA-181a was higher in a panel of GC cells compared to that of normal gastric epithelial cells. The highest expression of miRNA-181a was observed in the metastatic GC SGC7901 cells. Downregulation of miRNA-181a inhibited the growth, invasion, and migration but enhanced the apoptosis of the SGC7901 cells. Downregulation of miRNA-181a considerably inhibited tumor growth and metastasis in the mouse xenografts in vivo. These results suggested that miRNA-181a contributed to the development and progression of GC both in vivo and in vitro.

Caprin-1 is an RNA-binding protein that plays critical roles in human cancers. It promotes osteosarcoma tumor growth and lung metastasis in mice (Sabile et al., 2013) and regulates the proliferation and invasion of human breast cancer cells (Gong et al., 2013). Upregulation of caprin-1 is associated with poor prognosis in hepatocellular carcinoma (Tan et al., 2017). However, the expression patterns and biological functions of caprin-1 in GC have not been established.

MiRNAs control gene expression at the post-transcriptional and translational levels by binding to complementary sequences in the 3′-UTRs of target mRNAs (Li et al., 2018). We explored the underlying mechanisms and the correlations between miRNA-181a and caprin-1 in GC cells. Caprin-1 was predicted bioinformatically as a putative target of miRNA-181a. Dual luciferase assay demonstrated that miRNA-181a targets caprin-1 by binding to the 3′-UTRR of caprin-1 mRNA. MiRNA-181a expression was negatively correlated with caprin-1 expression in the GC tissues. Furthermore, the protein level of caprin-1 after knocking down of miRNA-181a in the SGC7901 cells showed a converse change with miRNA-181a, and caprin-1 knockdown reversed the oncogenic effect of miRNA-181a on GC cell proliferation, apoptosis, migration, and invasion. These results indicated that miRNA-181a functions as an oncogene in gastric tumorigenesis at least in part by targeting caprin-1 in GC.

Taken together, our data showed an interesting correlation between miRNA-181a and caprin-1 in GC. The upregulation of miRNA-181a and downregulation of caprin-1 were observed in the GC tissues and GC cell lines. MiRNA-181a enhanced the proliferation, migration, and invasion of GC cells and suppressed apoptosis by downregulating caprin-1, particularly by binding to the 3′UTR mRNA. MiRNA therapeutics is a growing field and has potential application in GC treatment. We highlighted the interaction between miRNA-181a and caprin-1 in GC development, which may provide a target for the exploration of novel therapeutic strategies for GC treatment.
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Evaluating ZNF217 mRNA Expression Levels as a Predictor of Response to Endocrine Therapy in ER+ Breast Cancer
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ZNF217 is a candidate oncogene with a wide variety of deleterious functions in breast cancer. Here, we aimed at investigating in a pilot prospective study the association between ZNF217 mRNA expression levels and the clinical response to neoadjuvant endocrine therapy (ET) in postmenopausal ER-positive (ER+) breast cancer patients. Core surgical biopsy samples before treatment initiation and post-treatment were obtained from 68 patients, and Ki-67 values measured by immunohistochemistry (IHC) were used to identify responders (n = 59) and non-responders (n = 9) after 4 months of ET. We report for the first time that high ZNF217 mRNA expression level measured by RT-qPCR in the initial tumor samples (pre-treatment) is associated with poor response to neoadjuvant ET. Indeed, the clinical positive response rate in patients with low ZNF217 expression levels was significantly higher than that in those with high ZNF217 expression levels (P = 0.027). Additionally, a retrospective analysis evaluating ZNF217 expression levels in primary breast tumor of ER+/HER2-/LN0 breast cancer patients treated with adjuvant ET enabled the identification of poorer responders prone to earlier relapse (P = 0.013), while ZNF217 did not retain any prognostic value in the ER+/HER2-/LN0 breast cancer patients who did not receive any treatment. Altogether, these data suggest that ZNF217 expression might be predictive of clinical response to ET.

Keywords: breast cancer, ZNF217, endocrine therapy, clinical response, predictive biomarker


INTRODUCTION

In recent years, studies investigating neoadjuvant therapies have emerged improving both patient management by providing a means of performing less extensive surgery and our understanding of tumor biology and response to treatment (for review, Charehbili et al., 2014). Neoadjuvant ET is administered to HR-positive postmenopausal patients, as recommended by the 15th St. Gallen International Breast Cancer Conference (Morigi, 2017). The main advantage of such a preoperative systemic ET is the prospect of downsizing and down-staging large tumors, thus facilitating breast-conserving surgical interventions. Despite the use of standard biomarkers, the heterogeneity of response to therapy still represents a challenge to clinicians in terms of selecting the most suitable neoadjuvant therapy. Thus, there is an urgent need to discover predictive biomarkers capable to identify patients who will respond to neoadjuvant ET.

We previously described that high expression levels of ZNF217, a candidate oncogene, are associated with poor prognosis, shorter RFS in breast cancer (Vendrell et al., 2012; Bellanger et al., 2017). A functional crosstalk exists between ZNF217 and ER signaling (Nguyen et al., 2014), representing a potential mechanism to escape ET. Most interestingly, high ZNF217 expression levels confer resistance to ET in ER+ breast cancer cell lines, and ZNF217 expression silencing is associated with reversion of such resistance (Nguyen et al., 2014). Furthermore, a decrease in Ki-67 levels during neoadjuvant ET (considered alone or as part of a Preoperative Endocrine Prognostic Index) was shown to predict response to ET (Dowsett et al., 2005, 2007; Ellis et al., 2011, 2017; Iwamoto et al., 2017). The aim of this pilot study is to investigate the predictive value of ZNF217 mRNA levels for response to neoadjuvant ET in patients with ER+ breast cancer.



MATERIALS AND METHODS

Study Design

This was a prospective neoadjuvant ET study on breast cancers expressing the estrogen receptor (ER+) and having a clinical size exceeding 2 cm (T2). This study has been approved by the local ethics committee (Institut du Cancer de Montpellier, France). Patients were informed that their data could be used for research; all the patients signed an informed consent form and the study was conducted in accordance with the Declaration of Helsinki principles. A total of 111 patients were treated for 4 months with neoadjuvant ET (letrozole 2.5 mg/day or tamoxifen 20 mg/day), before being subjected to resection surgery (see Supplementary Material). The response to treatment was evaluated by monitoring the evolution of a biological marker of proliferation (Ki-67) before (initial tumor) and after 4 months of ET. Investigation of ZNF217 mRNA expression levels was also conducted in the initial breast tumor and in the post-treatment tumor samples.

Sample Collection

Three micro-biopsies were collected per patient: one for histopathological diagnosis and the other two were frozen in liquid nitrogen until further use. These tissues were later used for RNA extraction and ZNF217 mRNA expression analysis, respecting post-therapeutic medical diagnostic requirements. Moreover, IHC examination was carried out to assess the statuses of ER, PR, HER2, and Ki-67. Ki-67 IHC values were measured pre- and post-treatment for each patient and used to discriminate between responders and non-responders (Dowsett et al., 2007). Patients displaying a ΔKi-67 (Ki-67 IHC value post-treatment – Ki-67 IHC value pre-treatment) ≤0 were designated to be responders, while patients with ΔKi-67 >0 were non-responders.

RNA Extraction and Real-Time Quantitative PCR (RT-qPCR)

Total RNA was extracted from frozen biopsies using the RNeasy Mini Kit (Qiagen, Hilden, Germany). After checking RNA quality, 68 tumor samples were deemed suitable for expression analysis (59 responders and nine non-responders) (Supplementary Table 1). Reverse-transcription and RT-qPCR measurements were performed as described in the Supplementary Material. A P-value of ≤0.05 was considered to be statistically significant (StatgraphicsTM Software). ROC-AUC was investigated using the SPSSTM Software.

The Kaplan-Meier Plotter (KMP) Breast Cancer Cohort

The KMP cohort investigation resulted from a meta-analysis of gene-expression profiles from 2,978 primary breast cancer specimens who had not received any therapy before surgery and with known adjuvant therapy and clinical follow-up (Gyorffy and Schafer, 2009). The SPSSTM Software was used to assess the prognostic value of ZNF217 or Ki-67 mRNA expression (univariate analysis). Data were divided into two groups with either high or low expression values according to the median value. Candidate prognostic factors for RFS with a 0.1 significance level in univariate analysis were entered in a multivariate Cox model, and a backward selection procedure was used to determine independent prognostic markers.



RESULTS

ZNF217 mRNA expression levels were not correlated with Ki-67 values, neither in the initial breast tumor (pre-treatment) (r = -0.169, P = 0.17), nor in the post-treatment samples (r = -0.026, P = 0.83), nor with the ΔKi-67 values (r = -0.136, P = 0.26), thus ruling out that investigating ZNF217 expression levels was merely a surrogate markers of Ki-67 expression (Spearman test).

In responders (n = 59) and in non-responders (n = 9), ZNF217 expression was associated with response to neoadjuvant ET, since ZNF217 mRNA expression levels tended to be significantly higher (P = 0.05) in the initial breast tumor in patients who did not respond to neoadjuvant ET (median = 5.98) than those who did (median = 3.01) (Figure 1A).
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FIGURE 1. High ZNF217 mRNA expression levels are associated with poor neoadjuvant ET response. (A) Dot plot representing ZNF217 mRNA expression levels in the initial breast tumors of responders or non-responders. Medians and 95% confidence intervals are shown for each group. (B) Changes in the Ki-67 expression for patients in the initial tumor and post-treatment tumor according to the mRNA expression levels of ZNF217. Red lines correspond to the non-responders (displaying increased ΔKi-67). (C) Receiver operating characteristic (ROC) curve for ZNF217 mRNA expression levels. AUC, area under curve.



Fisher’s exact test was used to investigate the association between the dichotomized clinical response measures and the ZNF217 molecular marker. The 68 patients were separated in two groups, based on the median ZNF217 expression value. The positive clinical response rate in the low ZNF217 expression level group was significantly higher (P = 0.027) than that in the high ZNF217 expression level group, with high ZNF217 expression levels being associated with the absence of response to neoadjuvant ET (Supplementary Table 2).

The ZNF217 low and high expression level groups were comparable in terms of Ki-67 values in the initial tumor (pre-treatment) (P = 0.20, data not shown). Changes in Ki-67 for individual patients before and after neoadjuvant ET response are shown in Figure 1B. In the ZNF217 low expression levels group (Wilcoxon signed-rank test, P < 0.00004), only one patient was ET-resistant (displaying increased Ki-67 level), while 33/34 patients were responders (Figure 1B). In the ZNF217 high expression level group (Wilcoxon signed-rank test, P < 0.0025), eight patients displayed an increase in Ki-67 (ET-resistant patients), whereas 26 patients were responders (Figure 1B).

Although our study is exploratory with a limited sample size (n = 68) and with limited relapse events (n = 9), we assessed the predictive power of ZNF217 expression level for response to ET. The AUC was 0.701 (95% confidence interval: 0.563–0.838, P = 0.05), which represents a good/moderate discriminatory accuracy for a model including few events (n = 9) (Figure 1C). Based on the ROC curve, the discriminating sensitivity and specificity were 100 and 51%, respectively.

A number of studies have suggested that post-treatment biomarkers (such as Ki-67 and ER) could have a better prognostic value than pre-treatment biomarkers, and investigating biomarkers in post-treatment samples is thus of interest (Dowsett et al., 2007; Ellis et al., 2008; Chia et al., 2010). In post-treatment tumor samples, no differences in ZNF217 expression levels were observed between responders and non-responders (P = 0.4, Mann-Whitney test, data not shown), suggesting that assessing ZNF217 expression levels in the initial tumor before ET is the most informative.

To support our finding, we then hypothesized that if ZNF217 expression retains any predictive value for ET response in the neoadjuvant setting, then, the biomarker value of ZNF217 would be different between ER+ breast cancer patients treated with adjuvant ET only and patients who did not received any treatment. We thus performed a retrospective analysis of gene-expression array data from 2,978 breast cancer patients (KMP cohort). In this cohort, we have previously demonstrated that high levels of ZNF217 mRNA expression levels were strongly and significantly associated with shorter RFS (P < 10-9, Nguyen et al., 2014). Strikingly, when considering the ER+/HER2-/LN0 patients, high ZNF217 mRNA levels were predictive of earlier relapse for patients treated with adjuvant ET only (n = 399, P = 0.018, univariate analysis), but not for non-treated patients (n = 639, P = 0.74, univariate analysis) (Figure 2). In ER+/HER2–/LN0 patients, ZNF217, and Ki-67 mRNA expression levels were not correlated (r = -0.07, P = 0.14, Spearman test). Since Ki-67 mRNA levels were almost significantly correlated with RFS in this cohort (P = 0.094, univariate analysis), the two factors were entered in a multivariate Cox model, and both persisted in the model showing that they are independent biomarkers (P < 0.1). A signature associating ZNF217 and Ki-67 mRNA levels displayed a prognostic value with regards to RFS (P = 0.01, univariate analysis). Interestingly, this signature was identified as the best fit for predicting clinical outcome of ET-treated patients (likelihood = 741.46), compared to the models integrating ZNF217 mRNA levels (likelihood = 746.65, P = 0.023) or Ki-67 mRNA levels (likelihood = 749.24, P = 0.005) only. Our data support that ZNF217 is a predictive biomarker for response to ET, and that, in the ER+/HER2-/LN0 cohort, the signature including both ZNF217/Ki-67 mRNA levels had the best predictive value.
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FIGURE 2. High ZNF217 mRNA expression levels are associated with earlier relapse for patients treated with ET only. Kaplan-Meier analyses for relapse-free survival (RFS) are shown for ER+/HER2–/LN0 breast cancer patients (A) treated with adjuvant ET only and (B) who did not receive any treatment.





DISCUSSION

Short-term pre-operative trials with specific groups of patients have proven to be highly promising in identifying biomarkers predictive for the efficacy of targeted anti-cancer therapies (Marous et al., 2015). Early evidence of endocrine drug effectiveness can be obtained in the pre-operative (neoadjuvant) setting by profiling baseline and on-treatment biopsy samples using the window-of-opportunity. This predictive evidence acquired during short-term neoadjuvant therapy can help in identifying individual patients who will potentially benefit from long-term adjuvant treatment enabling personalized approaches. Short-term reduction in Ki-67 is predictive of clinical response to ET (Dowsett et al., 2005, 2007; Ellis et al., 2011, 2017; Iwamoto et al., 2017). However, controversy remains regarding the reproducibility of Ki-67 measurements and international efforts are ongoing to standardize and validate Ki-67 by IHC (Polley et al., 2015; Rimm et al., 2018). An additional obstacle derives from intra-tumor heterogeneity of Ki-67 (Focke et al., 2016). Altogether, there is an urgent need for further biomarkers that might increase the accuracy of prediction of response to ET.

In a previous study, proliferation-associated genes, including cyclins, mini chromosome maintenance genes and mitotic spindle-associated genes were shown to be predictive of response to ET after 2 weeks but not before treatment (Turnbull et al., 2015). A four-gene signature measuring two genes pre-treatment and two genes after 2 weeks of treatment was shown to predict response to neoadjuvant ET in ER+ patients (Turnbull et al., 2015). The genes that predicted response to ET included two pre-treatment genes associated with immune response and apoptosis and two genes measured after 2 weeks of treatment, which were associated with proliferation. Altogether, these data suggest that transcriptomic changes that develop during treatment are representative of the drug’s mechanism of action, suggesting that suppression of proliferation is the main driver of response.

In the present pilot study, the clinical sample size used is small and included only nine non-responders. Nevertheless, we found that ZNF217 expression levels are predictive of neoadjuvant ET response in ER+ breast cancer. ZNF217 expression levels are not associated with Ki-67 values, neither in the initial nor in the treated tumor, ruling out that ZNF217 could only be a surrogate marker of cell proliferation. Of utmost interest is that the predictive value of ZNF217 expression levels seems to reside in the initial tumor and is not the reflection of transcriptional changes following ET in the treated tumors. This is the first pilot prospective study conducted in the neoadjuvant setting to relate ZNF217 expression levels with treatment efficacy, thus suggesting that aside from its prognostic value in luminal breast cancers (Vendrell et al., 2012; Nguyen et al., 2014), ZNF217 expression may also be predictive of response to ET. In this exploratory study, it is difficult to estimate the accuracy of ZNF217 mRNA levels for predicting response to ET, due to the low numbers of non-responders (9 out of 68). However, while obtained in a small cohort, our preliminary data are encouraging and need to be extended to a larger cohort for validation.

Interestingly, evaluating ZNF217 expression levels in the primary breast tumor of ER+/HER2-/LN0 breast cancer patients treated by adjuvant ET led to the identification of poorer responders prone to earlier relapse, while in ER+/HER2-/LN0 breast cancer patients who did not receive any treatment the association between ZNF217 expression and RFS was not significant. Previous studies reported multi-gene genomic assays predicting response to neoadjuvant ET (Turnbull et al., 2015; Iwata et al., 2018), and we speculate that these coupling with the ZNF217 biomarker might improve their predictive performance. Indeed, we herein demonstrated in the ER+/HER2–/LN0 cohort that combining ZNF217 and Ki-67 expression levels was more performant at predicting relapse under ET, than each of these biomarkers taken individually.

Altogether, these data support the idea that in the luminal breast cancer subclass, ZNF217 expression levels relate to ET response and provide a novel candidate biomarker. Finally, there are several ongoing trials investigating the combination of ET and other targeted therapies to prevent/reverse endocrine resistance. The PI3K/mTOR pathway, CDK4/6, HDAC, and immune checkpoints are the most promising and widely investigated targets (Rugo et al., 2016). Further studies are needed to delineate whether the ER+/ZNF217high breast cancer subpopulation might benefit from combining ET with another therapy.
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Aim: To investigate the prognostic value of lncRNA NR_046683 in multiple myeloma (MM).

Methods: High-throughput lncRNA array was combined with bioinformatics techniques to screen differentially expressed lncRNA in MM. qRT-PCR was adopted to determine the expression of target lncRNAs in MM patients and controls.

Results: It was found for the first time that lncRNA NR_046683 is closely related to the prognosis of MM. It was also detected in tumor cell lines KM3, U266, especially in drug-resistant cell lines KM3/BTZ and MM1R. The NR_046683 expression differed significantly in patients of different MM subtypes and staging. Moreover, the overexpression of NR-046683 is closely related to β2-microglobulin. We also found that the overexpression of NR-046683 correlates to chromosomal aberrations, such as del(13q14), gain 1q21, and t(4;14).

Conclusion: lncRNA NR_046683 can serve as a novel biomarker for potential drug target and prognostic prediction in MM.
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INTRODUCTION

Multiple myeloma (MM) is a hematologic malignancy caused by the proliferation of plasma cells in bone marrows. MM is the second most common cancer of blood system after non-Hodgkin lymphoma, and is associated with the signs and symptoms of bone pain, pathologic fractures, hypercalcemia, anemia, and renal failure (Chen W. C. et al., 2017; Cowan et al., 2018). MM usually develops from monoclonal gammopathy of under determined significance (MGUS) (Weiss et al., 2009; Kyle and Rajkumar, 2010). The development from MGUS to MM is accompanied by genetic variations such as cytogenetic aberrations, primary or secondary chromosomal translocation and oncogene activation. Understanding these genetic variations is of high importance for prognostic and response prediction.

Non-coding RNAs (ncRNAs) are defined as RNA molecules that do not encode proteins, but recent evidence has proven that peptides/proteins encoded by ncRNAs do indeed exist and may have an important role in regulating tumor energy metabolism, epithelial to mesenchymal transition of cancer cells (Zhu et al., 2018). These peptides/proteins represent promising drug targets for fighting against tumor growth or biomarkers for predicting the prognosis of cancer patients. Depending on length, ncRNAs are divided into short and long ncRNAs (lncRNAs). lncRNAs are usually longer than 200 nt and highly conservative during mammal evolution (including human). lncRNAs are involved in many biological processes, such as gene transcription regulation, maintenance of genomic integrity, X-chromosome inactivation, genomic imprinting, cell differentiation and development. lncRNAs are known to be abnormally expressed in cancer tissues and involved in carcinogenesis or tumor suppression (Poliseno et al., 2010; Hung and Chang, 2014). The human lncRNA catalog has been constantly expanding in recent years. The largest database of lncRNAs transcripts contains over 90,000 human lncRNA genes (e.g., 51, 382 LNCipedia v5.0; 96, 308 Noncode v5.0) (Volders et al., 2015; Fang et al., 2018). Although, the working mechanism of most lncRNAs remains unclear, the dysregulation of different lncRNAs contributes to the development and metastasis of different tumors, such as breast cancer, gastric cancer, hematologic cancer, and lung cancer (Chen J. S. et al., 2016; Rodriguez-Malave and Rao, 2016; Alvarez-Dominguez and Lodish, 2017; Cai et al., 2017; Fu et al., 2018).

The latest bioinformatics technique was used in combination with high-throughput lncRNA database of a small sample size to identify lncRNAs. These lncRNAs influenced the therapeutic response and efficacy of MM. Real-time quantitative polymerase chain reaction (qRT-PCR) was adopted to determine the expression of target lncRNAs in plasma cells from the bone marrows of MM patients and controls. lncRNA-mRNA co-expression network was established by combining with medical history of patients. It was then analyzed whether or not the expression of target lncRNAs could be used to predict the prognosis of MM. This was of high clinical significance to identify effective biomarkers and new treatment targets for MM.



MATERIALS AND METHODS

Clinical Data

From January 2012 to January 2018, 86 cases (53 males and 33 females) with MM treated at the Third Xiangya Hospital of Central South University were recruited. Their bone marrow samples and clinical data were collected. The median age of MM onset was 55 years old (44–78 years). All included cases had complete clinical and pathological data (Table 1). All MM cases were diagnosed according to the diagnostic criteria developed by International Myeloma Working Group (IMWG) (Rajkumar et al., 2011). Given the lack of bone marrow samples from normal donors, the sample variation was reduced by selecting 30 cases with iron deficiency anemia (IDA) as controls, and their bone marrow samples were collected. The sample collection was approved by the hospital’s ethics committee (approval number: 2016121) and the informed consents were signed by all cases.

TABLE 1. Characteristics of study population.
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RNA Extraction

Total RNA extraction was performed from bone marrow samples of MM and IDA patients. Prior to use, RNA samples were stored at -80°C. NanoDrop ND-1000 was used to determine RNA concentration and activity. RNA integrity was assessed by denaturing gel electrophoresis.

Result Analysis of High-Throughput lncRNA Array and Differential Expression

Labeling and array hybridization were performed suing Agilent One-Color Microarray-Based Gene Expression Protocol (Agilent Technology). rRNA was removed from total RNA using mRNA-ONLY TM, Eukaryotic mRNA Isolation Kit (Epicenter). Each sample was amplified and transcribed into fluorescent-labeled cRNA. The labeled cRNAs were purified using RNeasy Mini Kit (Qiagen), and NanoDrop ND-1000 was used to determine its concentration and activity. Microarray hybridization was performed (Arraystar Human LncRNA Array V4.0). Microarray images were generated using Agilent Feature Extraction (v11.0.1.1), and the original data were read. Quantile normalization was performed on the original data using GeneSpring GX v12.1 (Agilent Technologies) with data processing. Differentially expressed lncRNA were identified based on fold change and p value. The fold-change threshold for upregulated and downregulated genes was >2.0 with p < 0.05.

Verification by Quantitative RT-PCR

RNA was reversely transcribed into cDNA using SuperScript III Reverse Transcriptase (Invitrogen, Grand Island, NY, United States). qRT-PCR (Arraystar) was performed using ViiA 7 Real-time PCR System (Applied Biosystems) and 2 × PCR Master Mix. The reaction conditions were as follows: incubation at 95°C for 10 min, 95°C 10 s and 60°C 1 min, a total of 40 cycles. β-actin was taken as internal reference and the expression of target lncRNAs was normalized based on β-actin. ΔCt value indicated the lncRNA expression level. Primers for each gene are shown in Table 2.

TABLE 2. Primers designed for qRT-PCR validation of candidate lncRNAs.

[image: image]

Functional Analysis of lncRNA

The correlations between differentially expressed lncRNAs and mRNAs were determined. The lncRNA-mRNA co-expression network was established based on the normalized signal intensity of lncRNAs and mRNA. Using Pearson’s correlation coefficient ≥ 0.7,mRNA and encoding genes were determined. Then the lncRNA-mRNA co-expression network was established according to mRNA/lncRNA expression correlation using Cytoscape (The Cytoscape Consortium, San Diego, CA, United States) (Pujana et al., 2007). GO analysis was conducted using Kyoto Encyclopedia of Genes and Genomes (Zhao et al., 2015; Chen R. et al., 2016). GO analysis was also used to determine the biological functions of the adjacent protein-coding genes of the target lncRNAs.

Statistical Analysis

Statistical analyses were performed using SPSS 20.0 software. The relative expression of target lncRNAs in bone marrow samples from MM and IDA patients was compared by using the Mann-Whitney test. Multiple intergroup comparisons were performed using Kruskal-Wallis H test. Kaplan-Meier survival curve was plotted, and log-rank test was used to detect significant difference in the survival of two groups. The Chi-square test was adopted to analyze the relationship between upregulated and downregulated lncRNAs and chromosomal aberrations. p < 0.05 indicated significant difference.



RESULTS

Differentially Expressed lncRNAs in the Bone Marrow of MM Patients

From 3 cases of MM and 3 cases of IDA diagnosed preliminarily, high-throughput lncRNA array was used and thousands of differentially expressed lncRNAs were detected. There were 1489 upregulated lncRNAs and 1661 downregulated lncRNAs (Figure 1A). qRT-PCR was performed to verify the 4 most significantly upregulated lncRNAs in 20 MM cases and 10 IDA cases. NR_046683 was most significantly upregulated (Figure 1B), so the expression of lncRNA NR_046683 was further detected in 66 MM patients (Figure 1C). At the same time, we detected its expression in cell lines KM3, U266, KM3/BTZ, and MM1R. The results showed that it was highly expressed in drug-resistant strains (Figure 1D). The results indicated that lncRNA NR_046683 is a reliable biomarker and potential drug target for MM diagnosis.


[image: image]

FIGURE 1. Differentially expressed lncRNAs in the bone marrow of MM patients. (A) Cluster analysis diagram of differentially expressed lncRNAs. (B) qRT-PCR verification of four lncRNAs in MM patients and controls. (C) Expression of lncRNA NR_046683 in the bone marrow of 86 MM patients and 30 controls. (D) Expression of lncRNA NR_046683 in MM patients,KM3 cell line, U266 cell line, KM3/BTZ cell line, MM1R cell line and controls. ∗∗p < 0.005; ∗∗∗ p < 0.0001. MM, multiple myeloma; qRT-PCR, Real-time quantitative polymerase chain reaction.



Relationship Between lncRNA NR_104063 Expression and Clinicopathological Features of MM Patients

The correlation between lncRNA expression and clinicopathological factors (e.g., age, gender, subtype, and staging) was determined (Table 3). The results showed that lncRNA NR_046683 correlated to the subtype (H = 18.2, p < 0.001) and ISS staging of MM (H = 12.982, p = 0.002), but not to age, gender or DS staging.

TABLE 3. Correlations between the relative expression of lncRNA NR_046683 and clinicopathologic features in 86 MM patients.
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Clinical Significance of lncRNA Expression of MM Patients

Based on the above results, the correlation between lncRNA NR_046683 expression in bone marrow and serum β2M, albumin, λ light chain and κ light chain levels was determined in 86 MM patients. The relative expression of NR_046683 correlated positively to β2M levels (r = 0.497, p < 0.001), but not to albumin, λ light chain or κ light chain levels (r = -0.156, p = 0.152; r = -0.062, p = 0.562; r = 0.029, p = 0.789) (Figures 2A–D). The estimated ROC curves were compared between the MM group and control group (Figure 2E), and the sensitivity and specificity on NR_046683 were evaluated. The AUC value was 0.9376 (95%CI 0.8899–0.9853). The correlation between lncRNA and prognosis of MM patients was analyzed (Figure 2F). None of the 86 MM patients dropped out during the follow-up. Using the median expression of NR_046683 in the bone marrows of MM patients, the patients were divided into high and low lncRNA expression groups. The prognostic value of lncRNA for MM was determined based on progression-free survival (PFS).
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FIGURE 2. Clinical significance of lncRNA expression in bone marrow of MM patients. (A) Correlation between lncRNA expression in bone marrow and serum β2M. (B) Correlation between lncRNA expression in bone marrow and serum albumin. (C) Correlation between lncRNA expression in bone marrow and serum λ light chain. (D) Correlation between lncRNA expression in bone marrow and serum κ light chain. (E) ROC curve for lncRNA NR_046683, and (F) Kaplan-Meier survival curve for low and high expression of lncRNA NR_046683 in MM patients. MM, multiple myeloma; ROC curve, receiver operating characteristic curve; β2-MG, β2-microglobulin.



Correlation Between lncRNA Expression and Cytogenetic Variation

Using the median expression of lncRNA NR_046683, the patients were divided into low and high expression groups, and the correlation to chromosomal aberrations was assessed using the chi-square test. The over expression of lncRNA NR_046683 was found to be correlated to chromosomal aberrations, such as gain 1q2 (p = 0.0096), del. 13q14 (P = 0.0288) and t(4; 14) (p = 0.0266), but not to hyperdiploid (p = 0.3722) (Table 4).

TABLE 4. Cytogenetic aberration status distribution between low/high NR_046683 expression groups of MM patients.
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Functional Analysis of lncRNA

lncRNAs targeted by miRNAs were used for the prediction of target genes and the subsequent functional analysis. lncRNA NR_046683 was selected to establish the lncRNA-mRNA co-expression network (Figure 3A). A total of 76 mRNAs was correlated to lncRNA NR_046683, including ROR2, MTBP and ATP2C2, which are tumor-related protein-coding genes. GO analysis indicated that the genes of lncRNA NR_046683 were mainly involved in the activation of leukocyte activation, bone marrow white blood cells, bone marrow cell activation and immune response (Figure 3B).
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FIGURE 3. Functional analysis of IncRNA. (A) lncRNA-mRNA co-expression network established using lncRNA NR_046683. (B) The top ten Enrichment Score value of the significant enrichment terms.





DISCUSSION

MM is a highly heterogenous clonal disease with complex molecular biological characteristics that leads to renal injury, anemia and bone destruction. Along with microenvironmental changes, abnormalities in biomarkers and cytogenetics may already be present before the presentation of symptoms appear (Chen R. et al., 2017; Cowan et al., 2018). Therefore, the search for new indicators for early clinical diagnosis, therapeutic response and prognostic prediction is an urgent issue.

Recent evidences have demonstrated that lncRNA has a key role in the pathogenesis of tumors. lncRNAs can be used for cancer diagnosis, classification, and prognostic evaluation, along with acting as a potential drug target (Huarte, 2015). Previous studies mainly focus on the effect of known lncRNAs on MM. For example, metastasis-associated lung adenocarcinoma transcript 1 (MALAT-1) is overexpressed in some solid tumors (Tripathi et al., 2010; Yang et al., 2013). Cho, S. F. et al. proved the overexpression of MALAT1 of newly diagnosed MM, suggesting that MALAT1 was an eligible biomarker for early progression. lncRNA PDIA3P is found to play an important role in oral squamous cell carcinoma and hepatocellular carcinoma (Kong et al., 2017; Sun et al., 2017). Yang et al. (2018) clarified the potential regulatory mechanism of lncRNA PDIA3P in the pentose phosphate pathway in MM. Moreover, potential targets of metabolic regulation and drug resistance were identified for MM.

For the first time, we combined high-throughput lncRNA array with bioinformatics technique and found an overexpression of lncRNA NR-046683 in bone marrows of MM patients. This result was then verified by using qRT-PCR in large samples (n = 86). Combining with the clinicopathological features of MM patients, we found that the NR-046683 expression differed significantly in patients with different MM subtypes and staging. In addition, the overexpression of NR-046683 was closely related to the concentration of β2-microglobulin. β2-microglobulin has been clinically validated and recognized by most doctors. It is a meaningful indicator closely related to multiple myeloma (Avet-Loiseau et al., 2007). By verifying the relationship between our newly discovered molecules and these indicators, lnc NR-046683 can be used as a biomarker for diagnosis and prognostic prediction in MM.

Chromosomal aberrations are considered relevant to the diagnosis, progression and prognostic prediction of MM (Kumar et al., 2012). In the present study, an overexpression of NR-046683 correlated to the gain 1q21, del. 13q14, and t(4; 14), all of which are associated with a poor prognosis of MM (Nemec et al., 2012). To some extent, an overexpression of NR-046683 is correlated to disease progression and predicted poor prognosis. In addition, an analysis of lncRNA-mRNA co-expression indicated that lncRNA is related to ROR2 and MTBP genes (Bi et al., 2015; Debebe and Rathmell, 2015; Lu et al., 2015), which are tumor-associated protein-coding genes. It is implied that lncRNA NR_046683 is possibly involved in the regulation of biological behaviors of tumor cells. Using GO analysis, lncRNA NR_046683-associated mRNA was involved in the activation of bone marrow white blood cells and immune response. This implied that lncRNA NR_046683 may potentially promote MM development and progression by regulating proliferation and apoptosis of bone marrow white blood cells.

The accuracy of bioinformatics technique was verified based on big sample data, indicating that NR-046683 is a candidate target for the treatment of MM. However, the present study is a single-center small-sample-size experiment, from which the results had limitations in guiding clinical treatment (Luo et al., 2018). In the future, the sample size should be enlarged. Understanding the biological features of lncRNA NR-046683 and its involvement in the pathophysiological process of MM is crucial for treatment.

Analysis on lncRNA-mRNA co-expression and GO analysis provides theoretical basis for further investigation. Linkage of lncRNA NR-046683 to mRNA suggests that the lncRNA might provide a potential drug target for small molecule or antibody approaches in controlling the activity of the gene product. As lncRNAs are novel targets with often undefined mechanisms, it is critical to find therapeutic targets for drug discovery during disease progression.

To conclude, lncRNA NR-046683 can serve as a novel biomarker for potential drug target and prognostic prediction in MM.
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Poly-adenosine diphosphate-ribose polymerase (PARP) implements posttranslational mono- or poly-ADP-ribosylation modification of target proteins. Among the known 18 members in the enormous family of PARP enzymes, several investigations about PARP1, PARP2, and PARP5a/5b have been launched in the past few decades; more specifically, PARP14 is gradually emerging as a promising drug target. An intact PARP14 (also named ARTD8 or BAL2) is constructed by macro1, macro2, macro3, WWE, and the catalytic domain. PARP14 takes advantage of nicotinamide adenine dinucleotide (NAD+) as a metabolic substrate to conduct mono-ADP-ribosylation modification on target proteins, taking part in cellular responses and signaling pathways in the immune system. Therefore, PARP14 has been considered a fascinating target for treatment of tumors and allergic inflammation. More importantly, PARP14 could be a potential target for a chemosensitizer based on the theory of synthetic lethality and its unique role in homologous recombination DNA repair. This review first gives a brief introduction on several representative PARP members. Subsequently, current literatures are presented to reveal the molecular mechanisms of PARP14 as a novel drug target for cancers (e.g., diffuse large B-cell lymphoma, multiple myeloma, prostate cancer, and hepatocellular carcinoma) and allergic inflammatory. Finally, potential PARP inhibitor-associated adverse effects are discussed. The review could be a meaningful reference for innovative drug or chemosensitizer discovery targeting to PARP14.
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INTRODUCTION

The poly-adenosine diphosphate-ribose polymerase (PARP) enzyme family catalyzes protein posttranslational ribosylation modification and utilizes nicotinamide adenine dinucleotide (NAD+) as a substrate to perform mono- or poly-ADP-ribosylation modification on target proteins (Amé et al., 2004; Vyas et al., 2014). Notably, the PARP family is also known as the ADP-ribosyltransferase Diphtheria-toxin like (ARTD) family, which is based on its enzymatic reaction and structural features (Hottiger et al., 2010). Another alias that describes some of its members is B-Aggressive lymphoma (BAL) proteins, in that some of PARP candidates are homologous with BAL proteins that were encoded by genes that were first discovered in diffuse large B-cell lymphoma (DLBCL) (Aguiar et al., 2005). For simplicity, this review will refer to the traditional name of PARP family.

PARP was first identified in 1963 (Chambon et al., 1963) and currently there are 18 members classified in different subgroups of the PARP family (Vyas et al., 2013). Interestingly, there is low amino acid sequence homology among its family members. Their N-termini have obvious variability in their domains and functional motifs, including regulatory motifs, the zinc finger, and ubiquitin-binding domains. However, most candidates have a similar conserved C-terminal catalytic domain. Representative members such as PARP1, PARP2, and PARP5a/5b have been investigated intensively, whereas studies on PARP14 are currently rare. As a mono-ADP-ribosyltransferase, PARP14 (ARTD8/BAL2) includes 1,801 amino acids and it mainly consists of macro1-3, WWE and the catalytic domain. Except the self-evident importance of the catalytic domain, the unique macro domains can engage in biological metabolism through binding mono (ADP-ribose). PARP14 can modify mono-ADP-ribosylation on target proteins, and thus elicit cellular responses. In fact, interest in PARP14 has grown in recent years as a potential drug target for tumors and allergic inflammation.

Because of its functions in ADP-ribosylation, PARP plays a key role in different processes of metabolism, such as DNA repair, transcription regulation and even pathogenesis of diseases. Remarkably, in tumor cells, PARP inhibitors can treat cancer by aggravating DNA damage from error-prone repair, inducing unstable genome that leads to the programmed death of cancer cells. Therefore, PARP has been a promising anticancer drug target for breast, ovarian, and prostate cancers. Many inhibitors in preclinical and clinical trails target both PARP1 and PARP2. In the Protein Data Bank (PDB), there are now 43 PARP1 or PARP1/2 inhibitors being released (http://www.rcsb.org/pdb/, 2019.01.31). Among them, a dozen PARP1/2 inhibitors are in clinical trials and four inhibitors (olaparib, rucaparib, niraparib, and talazoparib) have been approved by the US food and drug administration (FDA) for the treatment of breast cancer and ovarian cancer with breast cancer susceptibility gene 1/2 (BRCA1/2) genetic deficiency, fallopian tube carcinoma and peritoneal carcinoma (Gunderson and Moore, 2015; Dockery et al., 2017; Scott, 2017; Hoy, 2018).

Although more and more novel inhibitors are being evaluated in preclinical and clinical trials, there are two possible issues of vital concern in the application of PARP as a drug target. The first is the possibility of these inhibitors to function while bypassing PARP. For instance, minocycline, a potent PARP1 inhibitor, can protect against allergen-induced asthma by the means of controlling the T cell receptor (TCR)-nuclear factor κB (NF-κB)-trans-acting T-cell-specific transcription factor (GATA3)-interleukin-4 (IL-4) axis, without a direct modulation of PARP1 activity (Naura et al., 2013). Another thought-provoking proposal is the repurposing of PARP inhibitor such as olaparib for the treatment of other kinds of tumors beyond BRCA-deficient cancers. There is evidence that PARP1 regulates estrogen-dependent breast cancer cell growth through the modulation of the estrogen receptor (ER)-insulin-like growth factor 1 receptor (IGF-1R)-Na(+)/H(+) exchange regulatory cofactor NHE-RF3 (PDZK1) axis. Thus, PARP inhibitors may be powerful weapons for the therapy of ER-positive cancers (Kim et al., 2015).

As we briefly introduce the PARP family, highlight the number of recent literatures that elucidate the molecular mechanisms of PARP14 as a drug target for cancers and immunological diseases, and detail the potential toxicity for consideration, we hope this review becomes a significant reference in the development of a new drug or a chemosensitizer and further research concerning PARP14.



STRUCTURE AND FUNCTION OF THE PARP MEMBERS

PARPs perform posttranslational mono-/poly-ADP-ribosylation modification on target proteins, which include PARPs themselves (Amé et al., 2004). The negatively charged linear or branched chains of poly (ADP-ribose) on target proteins change the biochemical properties of these macromolecules, leading to the alteration of their structures and functions (Gagne et al., 2008). Activated PARP breaks down NAD+ into nicotinamide and ADP-ribose, and connects 50–200 ADP-ribose units to the target proteins via covalent bonds (Altmeyer et al., 2009). At sites of DNA damage, poly-ADP ribosylation PARP recruits various enzymes to initiate DNA repair, and to promote the growth and proliferation of cells (Satoh and Lindahl, 1992). Notably, the continuous activities of poly-ADP ribosylation may block rebinding of PARP to damaged DNA fragments, resulting in a pause of the repair process. To eliminate unintended effects, poly (ADP-ribose) glycohydrolase (PARG) cleaves the long poly (ADP-ribose) chains into short chains to recover the DNA damage repair activity of PARP (Satoh et al., 1994).

PARP1 and PARP2 have been amply studied for many years. PARP1 consists of three domains, including a DNA-binding domain, an auto-modification domain and a catalytic domain (Kameshita et al., 1984; Thomas and Tulin, 2013). The DNA-binding domain is composed of three zinc finger motifs involved in the recognition of damaged DNA regions. In addition, it contains a signal to facilitate PARP1 localization in the nucleus (Decker et al., 2000). When a catalytic process is completed, the auto-modification domain is responsible for protein dissociation from DNA substrate via the posttranslational modification on PARP1 (Altmeyer et al., 2009). Furthermore, a specific region within this domain, called the breast cancer-associated 1 C-terminal domain (BRCT), may mediate the binding activity between PARP1 and other partner molecules (Masson et al., 1998). The catalytic domain binds NAD+ to achieve poly-ADP ribosylation on target proteins, which is also the target of drug design (Langelier et al., 2011). PARP2 and PARP1 have similar structures, with 69% homology. The main difference is that PARP2 lacks an N-terminal DNA-binding domain. It has been speculated that several residues in the N-terminal domain of PARP2 may be capable of binding target DNA fragments and are involved in nuclear localization activity (Oliver et al., 2004). Due to their indispensable role in DNA repair and cellular metabolism, PARP1 and PARP2 are attractive anticancer targets. For instance, as the first PARP inhibitor, olaparib (Lynparza) was approved by the US FDA in 2014 as monotherapy for BRCA-mutant advanced ovarian cancer. In December 2016, the US FDA granted accelerated approval of rucaparib (Rubraca) for the therapy of previously treated BRCA-deficient ovarian cancer. Only 1 year later, niraparib (Zejula) was approved by the US FDA for the treatment of epithelial ovarian, fallopian tube, and primary peritoneal cancer. In October 2018, talazoparib (Talzenna) was approved for use as an oral PARP inhibitor by the US FDA for the treatment of BRCA-deficient, human epidermal growth factor receptor 2 (HER2)-negative, locally advanced or metastatic breast cancer (Gunderson and Moore, 2015; Dockery et al., 2017; Scott, 2017; Hoy, 2018).

PARP5a and PARP5b, also known as tankyrase 1 and tankyrase 2, may be other potential drug targets. There is a high level of homology between PARP5b and PARP5a (~85%), with the notable discrepancy being that there is no His-Pro-Ser motif in PARP5b. PARP5a/5b comprises of an ankyrin repeat domain, an oligomerization domain, and a catalytic domain (Morrone et al., 2012). The N-terminal of PARP5a contains a His-Pro-Ser motif, which has functional similarity to mitogen-activated protein kinase (MAPK). The enzymatic activity of PARP5a is markedly enhanced by the phosphorylation of this motif, activated by insulin stimulation, which indicates that PARP5a is a potential target in insulin signal transduction (De Rycker et al., 2003). Moreover, in the C-terminal region of PARP5a, the oligomerization domain (known as the sterile alpha motif, SAM) plays a crucial role during the process of PARP oligomerization and interaction with other target proteins (DaRosa et al., 2016).

Compared with PARP1, the domains of PARP14 are relatively simple. Full-length PARP14 is composed of five primary domains: macro1 (791–978), macro2 (1003–1190), macro3 (1216–1387), WWE (1523–1601), and a catalytic domain (1605–1801) (Forst et al., 2013). There are two contiguous RNA recognition motif (RRM) domains in front of the N-terminus, required for RNA recognition (Schweiker et al., 2018). From the determined crystal structures and solution structure (WWE) of these domains, it has been found that all three macro domains are very similar to some extent, with several β-sheets and 2-3 α-helixes on each side (Figure 1). More importantly, three consecutive macro domains (containing 180 amino acids) are engaged in ADP-ribose binding on the N-terminus, which can specifically recognize mono (ADP-ribose) rather than poly (ADP-ribose) (Feijs et al., 2013; Forst et al., 2013). Based on this function of macro domains, cofactor proteins might be linked by this bridge to form complicated functional complexes in biological metabolism. The WWE domain is particularly involved in protein-protein interactions in ubiquitination and is composed of three conserved residues (Trp-Trp-Glu) between the macro domains and the C-terminal catalytic domain (Aravind, 2001). The catalytic domain is involved in the mono-ADP-ribosylation modification of target proteins, which include PARP14 itself. Intriguingly, on account of special macro and catalytic domains, PARP14 is integrated with an executor, as well as a reader of ADP-ribosylation at the same time. In 2012, the first complex crystal structure of the catalytic domain and its inhibitor, 3-aminobenzamide (3AB), was determined, which laid the structural basis for drug discovery associated with this domain (Wahlberg et al., 2012). Plenty of literature indicated that PARP14 is not only related to cancers but also to other diseases, such as atherosclerosis and allergic inflammation. As a result, PARP14 has great potential as a new drug target for the treatment of diverse diseases.
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FIGURE 1. The determined domain structures of PARP14. (A) Crystal structure of macro domain 1 (PDB ID: 3Q6Z). (B) Crystal structure of macro domain 2 (PDB ID: 5O2D). (C) Crystal structure of macro domain 3 (PDB ID: 4ABL). (D) Solution structure of WWE domain (PDB ID: 1X4R). (E) Crystal structure of catalytic domain (PDB ID: 3SMJ).





THE CLASSICAL MECHANISM OF PARP14 AS A DRUG TARGET

PARP14 can cleave one NAD+ molecule into one ADP ribose and nicotinamide, and then transfer the mono (ADP-ribose) unit onto target proteins. Based on this particular biochemical reaction in cells, PARP14 has been regarded as an arrestive drug target for anticancer and anti-inflammatory therapy. But questions remain on how to achieve this intention and regarding the exact molecular mechanism behind this hypothesis. Until recent years, only one convincing mechanism has been discovered to illustrate the critical role of PARP14 in cellular signal pathway.

Signal transducer and activator of transcription 6 (STAT6) plays a key positive role in the regulation of IL-4-dependent gene activation. PARP14 acts as a molecular switch that controls gene transcription, beginning with STAT6-mediated IL-4 dependent gene transcription activation (Goenka et al., 2007; Mehrotra et al., 2011). At first, PARP14 was deemed a collaborator to STAT6 (CoaSt6) because of its ability to facilitate IL-4-dependent transcription, and the macro domains of PARP14 could enhance IL-4-induced gene expression by cooperation with STAT6 (Goenka and Boothby, 2006). In the absence of IL-4, PARP14 initially binds histone deacetylases 2 and 3 (HDAC2 and HDAC3), as well as IL-4 responsive promoters, to maintain gene silence. Upon IL-4 stimulation, STAT6 is activated to bind its target genes, which induces the catalytic activation of PARP14. Active PARP14 accomplishes mono-ADP-ribosylation on HDAC2, HDAC3 and itself, which allows PARP14 and HDACs to dissociate from IL-4-responsive promoters, in order to recruit nuclear receptor coactivator 1 and 3 (NCoA1 and NCoA3) and p300 to bind IL-4-responsive promoters. Next, histones are acetylated, and this starts a specific downstream gene transcription (Goenka and Boothby, 2006; Goenka et al., 2007; Mehrotra et al., 2011), as shown in Figure 2. Both the inactive mutant of PARP14 and inhibition of its activity using inhibitor 3AB block IL-4-dependent transcription from target promoters in vivo (Goenka et al., 2007).
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FIGURE 2. Diagram of classic molecular mechanism of PARP14 as a drug target. PARP14 acts as the molecular switch that controls IL-4 dependent gene transcription. In the absence of IL-4, PARP14, with HDAC2 and HDAC3 complex, binds the gene promoter to silence the gene. Subsequently, with IL-4 occurrence, STAT6 is activated and binds the specific promoter, leading to the mono-ADP ribosylation of PARP14, HDAC2, and HDAC3. This facilitates the dissociation of PARP14 and HDACs complex from the promoter, activating transcription co-factors such as p300, NCoA-1 and NCoA-3 to bind to the promoter, effectively initiating gene transcription (Mehrotra et al., 2011).



In some tumor cells, cytokine IL-4 can act as a pro-survival signal factor and activate downstream STAT6 to begin responsive gene transcription for anti-apoptotic activity. Beyond the IL-4-STAT6 signaling pathway, there are some distinct and more complicated modes of communication among PARP14 and other cell factors implicated in physiological metabolism, exemplifying the complexity of disease pathogenesis. PARP14 could be a profound drug target as more knowledge beyond its classical mechanism is revealed.



NEW DRUG TARGET PARP14


New Drug Target for Cancer

According to the classical mechanism mentioned above, as the transcriptional switch for STAT6-dependent gene expression, PARP14 takes advantage of mono-ADP-ribosyltransferase activity to mediate transcription of target genes involved in growth and proliferation of tumor cells (Goenka and Boothby, 2006; Goenka et al., 2007; Mehrotra et al., 2011). PARP14 could be a possible therapeutic target for cancers such as DLBCL. However, the pathogenesis of other types of cancers including multiple myeloma (MM), prostate cancer (PCa) and hepatocellular carcinoma (HCC) are not consistent with the classical mechanism. PARP14 would perform intricate roles in the development and progression of these tumors.

New Drug Target for Diffuse Large B-Cell Lymphoma (DLBCL)

DLBCL is a lymphoid malignancy of B cells, which are responsible for producing antibodies. As an aggressive tumor, DLBCL can arise in any part of the body, with typical symptoms including rapidly growing masses located in multiple lymph nodes. It was indicated that PARP14 is overexpressed in some subtypes of DLBCL cell lines (Camicia et al., 2013). PARP14, as a coregulator of STAT6, regulates STAT6-dependent gene expression in B cells to facilitate B-cell survival and proliferation against the adverse conditions of irradiation and growth factor deficiency, in order to avoid apoptosis (Goenka et al., 2007; Cho et al., 2009). Based on the aforementioned, classical mechanism, PARP14 can modulate the IL-4-STAT6 signaling pathway to enhance several downstream gene expressions, allowing DLBCL tumor cell survival. There are two remarkable factors (Pim-1 and Mcl-1) induced in the process of regulation to protect DLBCL against apoptosis. Moreover, as a cofactor of transcription, PARP14 can prevent cell death by inhibiting the activity of caspase-3 in the context of IL-4 induction (Cho et al., 2009).

Another typical example of the role of PARP14 in B lymphomagenesis is that IL-4 enhances glycolysis and glucose oxidation to promote the growth and proliferation of B cells. Furthermore, PARP14 accelerates lymphoma growth and, conversely, PARP14 deficiency prohibits c-Myc-induced B-lymphoid oncogenesis in a mice model. The results showed that PARP14 (mediated by IL-4) is a key component of the pro-survival signaling pathway for lymphoma (Cho et al., 2011). Therefore, PARP14 has garnered more attention as a drug target for anti-DLBCL therapy.

New Drug Target for Multiple Myeloma (MM)

MM, as the second most common hematologic malignancy, is characterized by the abnormal cloning and proliferation of plasma cells. Unfortunately, MM currently remains incurable (Raab et al., 2009; Rajkumar, 2011). There are no obvious initial symptoms. However, symptoms such as bone pain, frequent infections, and anemia may occur with disease progression. There are several signaling pathways involved in the occurrence and progression of human cancers. An important pathway is MAPK, which participates in the regulation of cell survival (Geest and Coffer, 2009). As a key part of this signaling pathway, the Jun N-terminal kinase (JNK) signaling pathway plays an important role in cell proliferation and apoptosis via the phosphorylation of target proteins, which is involved in tumorigenesis (Bogoyevitch and Kobe, 2006).

The JNK2-PARP14-JNK1 axis is extraordinarily vital to the fate of malignant MM cells (Barbarulo et al., 2013). JNK1 and JNK2 are two crucial members from among the JNK proteins, and the nuclear activity of JNK2 is continuously active, resulting in the protective effect and prolonged life span of MM cells, which mainly rely on the blockade of JNK1-associated apoptosis. Recent findings demonstrated that PARP14 is overexpressed in over 80% of MM cell lines. Intriguingly, JNK2 may regulate PARP14 expression in an indirect manner at the transcriptional or post-transcriptional level, which is beneficial to the survival of myeloma cells. This pro-survival function is extremely dependent on PARP14 as a mediator. As a novel downstream target of JNK2, PARP14 can facilitate MM cell survival by binding and inhibiting the kinase activity of JNK1. The suppression of JNK1 catalytic activity is achieved through the binding of JNK1 and PARP14, with the assistance of the C-terminal region of PARP14, which impedes JNK1-dependent apoptosis. One reasonable hypothesis is that the WWE domain of PARP14 related to the protein-protein interactions may be engaged in this binding process. Nevertheless, whether the PARP14 catalytic activity is indispensable in blocking JNK1 kinase activity remains unknown. Additionally, inhibition of PARP14, using the chemical inhibitor PJ34, makes MM cells much more sensitive to antimyeloma drugs (Barbarulo et al., 2013). The results may shed new light on PARP14 as an anti-MM drug target.

New Drug Target for Prostate Cancer (PCa)

Recent studies provide new clues about the fascinating functions of PARP14 in PCa progression (Bachmann et al., 2014). PCa is a common malignancy in men worldwide, with the tendency to metastasize from the prostate to other parts of the body. Investigations on metastatic PCa (mPCa) cell lines have revealed that PARP14, together with deltex-3-like E3 ubiquitin ligase (DTX3L) and PARP9, promoted mPCa cell survival and proliferation by forming complexes, which implies that the catalytic activity of PARP14 is indispensable for the survival of mPCa cells. To be specific, in mPCa cells, overexpression of DTX3L, PARP14, and PARP9 are constitutive in the context of interferon γ (IFNγ)-STAT1 signaling increasing. DTX3L binds to the catalytic domain of PARP9 (Takeyama et al., 2003). In mPCa cells, DTX3L can form a strong endogenous complex with PARP14 and PARP9. Interestingly, both DTX3L and PARP9 can interact with PARP14 tightly, which means that DTX3L, PARP9, and PARP14 can form complexes with each other. However, the mechanisms behind these interactions are quite distinct. Particularly, the formation of complexes between DTX3L and PARP9 or PARP14 are independent from ADP-ribosylation. On the contrary, the interaction between PARP9 and PARP14 strongly relies on mono-ADP-ribosylation. Whether the interaction between PARP9 and PARP14 is regulated by their macro domains, requires further investigation. The study indicated that the interaction between PARP10 and PARP14 is regulated by the macro domains, which would give some inspiring clues (Feijs et al., 2013; Forst et al., 2013).

Furthermore, studies also indicated that DTX3L and PARP9 regulate proliferation of mPCa cells in a STAT1-dependent manner by the inhibition of interferon regulatory factor 1 (IRF1) expression. More importantly, there is crosstalk between PARP14-STAT6 and DTX3L/PARP9-STAT1 signaling pathways to achieve the goal of mPCa cell survival (Bachmann et al., 2014). Thus, the combined inhibition of PARP14 together with other protein factors may provide an effective strategy to improve the traditional treatment of PCa.

New Drug Target for Hepatocellular Carcinoma (HCC)

A study concerning aerobic glycolysis (the Warburg effect) in HCC showed an amazing connection between cell survival and apoptosis (Iansante et al., 2015). HCC is not only the most common type of primary liver cancer but is also the most common cause of death from liver cirrhosis in adults. It is well-known that the rapid proliferation of cancer cells (including HCC cells) always utilizes aerobic glycolysis to provide energy for growth. In HCC and cirrhotic livers, there is an obvious up-regulation of PARP14 expression correlated with glycolytic gene expression, which clearly predicts the vital role of PARP14 in HCC cell growth and survival. Not surprisingly, the Warbrug effect is severely hampered with the knockdown of PARP14. So, what is the molecular mechanism behind this shadow?

Generally, PARP14 causes impairment of the JNK1-dependent phosphorylation of pyruvate kinase M2 (PKM2) in HCC cells. As a mediator of aerobic glycolysis in tumor cells, PKM2 can translocate to the nucleus, interacting with transcription factors such as hypoxia-inducible factor (HIF) 1α and Myc to enhance glycolytic gene expression (Yang et al., 2012). Moreover, Tyr105 residue of PKM2 can be directly phosphorylated by the tyrosine kinase fibroblast growth factor receptor-1 (FGFR1) to inactivate PKM2, resulting in a transfer of glycolytic intermediates in biosynthetic pathways (Hitosugi et al., 2009).

In HCC cells, PARP14 being a pro-survival protein can firstly impede the serine/threonine kinase activity of pro-apoptosis protein JNK1, which is an upstream regulator of PKM2. This leads to the subsequent inhibition of the nuclear function of downstream PKM2, which promotes tumor cell survival. Notably, JNK1 can directly activate PKM2 by phosphorylating at the Thr365 residue, which is crucial for the catalytic activity of PKM2. In other words, the low activity of PKM2 is suitable for the aerobic glycolysis that promotes HCC cell survival by accumulating antioxidants. In contrast, in the absence of PARP14, PKM2 is phosphorylated by active JNK1, leading to the conversion of glucose to pyruvate, which enhances cell apoptosis. In addition, the inhibition of PARP14 via inhibitor PJ34 can make HCC cells sensitive to anti-HCC drugs (Iansante et al., 2015). However, whether phosphorylation of PKM2 could cause conformational changes of the binding site for its substrates (phosphoenolpyruvate and ADP) or alteration of enzymatic function requires further investigation. The study revealed that the PARP14-JNK1-PKM2 regulatory axis plays a significant role in the aerobic glycolysis and cellular metabolism of HCC cells. Hence, the development of PARP14 inhibitors may be an effective strategy for HCC treatment.

PARP14 Could Be a New Drug Target for Chemosensitizer

As a traditional pharmacological theory, synthetic lethality means that an expression defect of only one gene cannot lead to cell death, but the combined expression defects of two or more genes could cause cell death. This theory has been successfully applied to molecular targeted cancer therapy.

For instance, BRCA1 and BRCA2 are crucial for the repair of double-stranded DNA (dsDNA) damage in homologous recombination repair pathway. Thus, BRCA1 or BRCA2 deficiency could lead to serious mistakes in the DNA repair process, which results in breast cancer. PARP1 performs a key role in repairing single-stranded DNA (ssDNA) damage. The application of PARP1 inhibitors to block the activity of this enzyme would cause double strand DNA breaks. In breast cancer cells with BRCA1/2 mutations, the administration of PARP1 inhibitors would largely destroy the repair of damaged DNA by blocking the homologous recombination repair pathway, eventually leading to cell death. Thus far, the US FDA has approved four PARP inhibitors, olaparib, rucaparib, niraparib, and talazoparib. These PARP inhibitors are outstanding examples of clinically approved chemosensitizers that utilize the synthetic lethality concept (Lord and Ashworth, 2017).

Furthermore, there is evidence showing a novel role for PARP14 in homologous recombination DNA repair. Through interaction with proliferating cell nuclear antigen (PCNA), PARP14 promoted the replication of DNA even through damaged sites to maintain genomic stability. This study indicates that PARP14 inhibition and other undiscovered gene mutations beyond BRCA1/2 deficiency might hamper the homologous recombination repair pathway, making cancer cells more susceptible to DNA lesions (Nicolae et al., 2015). In fact, the inhibition of PARP14 using inhibitor PJ34 made MM and HCC cells much more sensitive to anti-MM or anti-HCC drugs (Barbarulo et al., 2013; Iansante et al., 2015). The synthetic lethality of PARP14 inhibitors along with an identified genetic defect in the DNA repair process would make PARP14 a remarkable target for chemosensitizer design, which means the combination of PARP14 inhibitors and anticancer drugs causing DNA damage activity can amplify the cancer cell killing effect. Consequently, PARP14 could be a momentous drug target not only as an anticancer drug but also as a chemosensitizer.



New Drug Target For Atherosclerosis

Atherosclerosis (AS), as an independent risk factor for cardiovascular diseases, is a disease characterized by the narrowing of arteries due to plaque accumulation. AS progression over time results in coronary artery disease, stroke, or kidney problems. AS is an autoimmune disease in which an immune response plays a crucial role in its occurrence and development. Studies indicated that PARP14 might regulate post-transcription in macrophages to influence the expression of tissue factor, which plays a pivotal role in AS development (Iqbal et al., 2014). AS plaques are infiltrated by a large number of T helper (Th) cells, among which Th17 cells and its cytokine IL-17 play an important role in AS formation. IL-17 promotes macrophage accumulation in plaques and the release of cytokines such as tumor necrosis factor α (TNF-α), IL-6, vascular cell adhesion molecule 1 (VCAM-1) and chemokine C-C motif ligand 5 (CCL5) (Erbel et al., 2011). Furthermore, the cytokine-activated vascular endothelial cells induce their apoptosis, which exacerbates inflammation in the vessel and promotes plaque formation (Zhu et al., 2011). Astonishingly, in vitro, PARP14 can regulate Th17 cell growth and differentiation as well as IL-17 secretion, to affect AS progression (Mehrotra et al., 2015). However, one recent literature illustrated that inactive PARP14 induced pro-inflammatory genes and suppressed anti-inflammatory gene expression. Moreover, a deficiency of PARP14 in hematopoietic cells worsened the inflammatory response of acute and chronic arterial damage in mice (Iwata et al., 2016). Thus, the accurate role of PARP14 in relation to AS progression is unknown and remains an urgent question to answer before taking advantage of PARP14 as a newborn drug target for AS therapy.



New Drug Target for Allergic Inflammation

Epithelial cells of the airways and the esophagus, and keratinocytes secrete numerous cytokines in response to environmental allergens, leading to the activation of immune processes. This long-term and repeated physiological reaction causes allergic inflammatory diseases such as asthma and eosinophilic esophagitis (EoE).

Asthma is a common chronic inflammatory disease of the airways. Symptoms include wheezing, shortness of breath and coughing, which are a consequence of airway obstruction and airway hyperresponsiveness (AHR). The occurrence and progression of allergic airway diseases (AAD) is closely related to many components of the immune system, including T cells and cytokines (Broide et al., 2011). Studies on a murine model of AAD showed that Parp14−/− mice had improved lung pathology, and the inhibition of PARP14 catalytic activity using inhibitor PJ34 attenuated the severity of lung inflammation and AHR. In addition, PARP14 promoted Th2 differentiation in vitro by controlling the process of STAT6 binding to Gata3 promoter (Mehrotra et al., 2013). It was also shown that PARP14 influences the induction of IL-21, which promotes Th17 differentiation through binding target DNA (Riley et al., 2013). Cytokine IL-17A, produced by Th17, is positively correlated with airway resistance in the progression of asthma (Alcorn et al., 2010). PARP14 deficiency and inhibition of its activity by PJ34 decreased Th17 cell numbers in a model of allergic airway inflammation. Moreover, the deficiency of PARP14 in mice impaired T follicular helper (Tfh) development, which plays a key role in allergic responses (Crotty, 2014). All of these changes in Th17 and Tfh development were regulated by PARP14 through controlling the activation of STAT3 via phosphorylation (Mehrotra et al., 2015).

EoE, also known as allergic esophagitis, is an allergic inflammatory condition of the esophagus that is characterized by difficulty swallowing, food impaction, and vomiting (Blanchard et al., 2005). STAT6 regulates the expression of eotaxin-3/CCL26 to produce the accumulation of eosinophil in EoE patients (Kagami et al., 2005; Blanchard et al., 2006; Niranjan et al., 2013). Remarkably, there is an obvious increase in both PARP14 and eotaxin-3 expression, due to the binding of STAT6 with eotaxin-3 promoter in esophageal biopsies from children. The blockade of PARP14 catalytic activity, to a large extent, diminishes eotaxin-3 expression in human esophageal epithelial cells (Krishnamurthy et al., 2014).




INHIBITORS OF PARP14 DOMAINS

Currently, twenty-two structures concerning PARP14 have been released in the PDB. Among them, there are three single domain structures and nineteen complex crystal structures of PARP14 domains binding to ligands. The single domain structures include two solution structures, WWE domain (PDB ID, 1X4R) and RRM domain (PDB ID, 1X5P), and one crystal structure, macro domain 3 (PDB ID, 4ABL). Among nineteen complex crystal structures, there are five endogenous ligands such as ADP and ADP-ribose: one structure for macro domain 1 (PDB ID, 3Q6Z), one structure for macro domain 2 (PDB ID, 3Q71), two structures for macro domain 1/2 (PDB ID, 3VFQ, 4D86) and one structure for macro domain 3 (PDB ID, 4ABK). The ligands of other fourteen structures are small molecular inhibitors: one structure for macro domain 2 (PDB ID, 5O2D) and thirteen structures for the catalytic domain (PDB ID, 3GOY, 3SE2, 3SMI, 3SMJ, 4F1L, 4F1Q, 4PY4, 5LXP, 5LYH, 5NQE, 5V7T, 5V7W, 6G0W) (http://www.rcsb.org/, 2019.01.31) (Andersson et al., 2012; Wahlberg et al., 2012; Forst et al., 2013; Peng et al., 2017; Schuller et al., 2017; Upton et al., 2017; Yoneyama-Hirozane et al., 2017; Holechek et al., 2018; Moustakim et al., 2018). All the PARP14 ligands released in the PDB are summarized in Table 1. There is only one inhibitor aimed at macro domain 2 of PARP14, while thirteen inhibitors are designed to target the catalytic domain of this enzyme (Table 1). Among the released inhibitors, there are several potent candidates showing remarkable water solubility or favorable selectivity for PARP14 as sub-micromolar inhibitors (Andersson et al., 2012; Peng et al., 2017; Upton et al., 2017). In addition, the macro domains 2 and 3 of PARP14 has been proven to possess outstanding selectivity for ADP-ribose binding function, which indicates that these domains might be potential therapeutic targets for selective inhibition (Forst et al., 2013; Schuller et al., 2017; Moustakim et al., 2018; Schweiker et al., 2018). By taking advantage of the information, researchers could design novel, highly selective inhibitors targeting to the catalytic domain or macro domains of PARP14 to block its enzymatic activities. An obstacle to be aware of is the high conservation of the catalytic domain across PARP family members, which may interfere with designing selective PARP14 inhibitors that do not impact other PARP candidates. In this context, choosing macro or even WWE domains as targets can shed a new light on a possible solution (Schweiker et al., 2018).



Table 1. PARP14 ligands and their crystal structures available in PDB.

[image: image]




Another problem arising in treatment of diseases is the related toxicities of PARP inhibitors. Firstly, many in vitro studies illustrated that PARP inhibitors could severely influence chromosomal stability, thereby causing DNA injury and damage of chromosomal integrity, which can manifest dramatic genotoxicity in different cell lines (Berger et al., 2018). Therefore, one must consider the potential genotoxic effects when utilizing PARP inhibitors such as olaparib or veliparib for non-cancer indications.

Albeit no clinical trial data of PARP14 inhibitors has been reported yet, the available evidence from tests of PARP1/2 inhibitors could be reference for consideration. For instance, the associated toxicities of olaparib, niraparib, and rucaparib manifested in distinct physiological reactions in the phase III clinical trials. The typical toxic effects include hematological toxicities (anemia, neutropenia, and thrombocytopenia), gastrointestinal toxicities (nausea, constipation, vomiting, diarrhea, abdominal pain, dyspepsia, and dysgeusia), renal adverse events and fatigue. Additional unique and severe side effects pertaining to this class of drugs include neurological toxicities (headache and insomnia), respiratory toxicities (dyspnea, cough, nasopharyngitis, and upper respiratory tract infection), musculoskeletal toxicities (arthralgia and back pain), cutaneous toxicities (photosensitivity reactions, pruritus, rash, peripheral edema, and urticaria), cardiovascular toxicities (hypertension, tachycardia, and palpitations) and secondary malignancies (myelodysplastic syndrome and acute myeloid leukemia) (LaFargue et al., 2019). There is also a large amount of overlapping toxicities when PARP inhibitors are studied in doublet and triplet combination trials with antiangiogenic drugs, PI3K drugs, immunotherapy, and chemotherapy. As a result, the adverse effects of PARP inhibitors should be treated cautiously with relevant management strategies to attain maximal clinical benefit for patients (LaFargue et al., 2019).

As demonstrated by the associated adverse effects of currently approved PARP inhibitors, selectivity of inhibitors targeting PARP14 becomes more important in avoiding toxicity. This should be carefully considered in the process of designing new drugs or clinical trials concerning PARP14.
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Sphingolipid (SL) metabolism alterations have been frequently reported in cancer including in melanoma, a bad-prognosis skin cancer. In normal cells, de novo synthesized ceramide is mainly converted to sphingomyelin (SM), the most abundant SL, by sphingomyelin synthase 1 (SMS1) and, albeit to a lesser extent, SMS2, encoded by the SGMS1 and SGMS2 genes, respectively. Alternatively, ceramide can be converted to glucosylceramide (GlcCer) by the GlcCer synthase (GCS), encoded by the UGCG gene. Herein, we provide evidence for the first time that SMS1 is frequently downregulated in various solid cancers, more particularly in melanoma. Accordingly, various human melanoma cells displayed a SL metabolism signature associated with (i) a robust and a low expression of UGCG and SGMS1/2, respectively, (ii) higher in situ enzyme activity of GCS than SMS, and (iii) higher intracellular levels of GlcCer than SM. SMS1 was expressed at low levels in most of the human melanoma biopsies. In addition, several mutations and increased CpG island methylation in the SGMS1 gene were identified that likely affect SMS1 expression. Finally, low SMS1 expression was associated with a worse prognosis in metastatic melanoma patients. Collectively, our study indicates that SMS1 downregulation in melanoma enhances GlcCer synthesis, triggering an imbalance in the SM/GlcCer homeostasis, which likely contributes to melanoma progression. Evaluating SMS1 expression level in tumor samples might serve as a biomarker to predict clinical outcome in advanced melanoma patients.

Keywords: sphingolipids, ceramide, glucosylceramide, prognosis biomarker, cancer


INTRODUCTION

Melanoma is the most dangerous and deadliest form of skin cancers. Despite emerging targeted therapies and immunotherapies, most of the patients do not respond optimally, and/or develop acquired resistance (Eroglu and Ribas, 2016; Sharma et al., 2017).

Sphingolipids (SL) are bioactive molecules that play key roles in plasma membrane homeostasis and dynamics as well as in many cellular processes including cell death and proliferation as well as cancer progression (Hannun, 1996; Hannun and Obeid, 2002; Ogretmen and Hannun, 2004; Segui et al., 2006). In melanoma, numerous studies have documented alterations in SL metabolism (Colie et al., 2009; Sorli et al., 2013; Albinet et al., 2014; Mrad et al., 2016; Leclerc et al., 2018). Glucosylceramide synthase (GCS), which converts ceramide to glucosylceramide (GlcCer), is involved in melanoma progression in mice (Deng et al., 2002; Weiss et al., 2003). To the best of our knowledge, sphingomyelin synthases SMS1 and SMS2 (encoded by the SGMS1 and SGMS2 genes), which metabolize ceramide into sphingomyelin (SM) (Huitema et al., 2004; Yamaoka et al., 2004), the most abundant SL in mammalian cells (Lafont et al., 2010), have not been analyzed in melanoma.

Herein, we show that SMS1 downregulation (i) occurs frequently in melanoma, (ii) is associated with SL reprogramming, and (iii) constitutes a worse prognosis biomarker in metastatic melanoma.



MATERIALS AND METHODS

Macroarray Experiment

Cancer Profiling array II (#631777) including patient-derived cDNA tumor and non-tumor samples was purchased from BD Biosciences Clontech. Human samples were collected in accordance with all applicable laws and regulations in an ethical manner. Membrane was successively hybridized according to the manufacturer’s instructions with SMS1 and ubiquitin 32P-labeled probes generated using a random nonamer primer labeling procedure (# RPN1604, Amersham Biosciences). The membrane was exposed to an intensifying screen that was developed using PhosphorImager and Image Quant software.

SGMS1, SGMS2, and UGCG Expression and Mutations in Human Melanoma

SGMS1, SGMS2, and UGCG expression was evaluated from Oncomine database (Haqq et al., 2005; Talantov et al., 2005; Riker et al., 2008) and the cancer genome atlas (TCGA) melanoma (Cancer Genome Atlas Network, 2015). TCGA genomic and clinical data were downloaded from the UCSC cancer genome browser project1. The analysis population consisted of 342 patients with distant metastasis for whom RNAseq and clinical data overlap. All survival times were calculated from the date of specimen procurement and were estimated by the Kaplan Meier method with 95% confidence intervals (CI). Univariates analyses were performed using Cox proportional hazards model. Alternatively, SGMS1, SGMS2, and UGCG mutation analyses in human melanoma were assessed on cBioportal2 (Cerami et al., 2012; Gao et al., 2013).

SGMS1 Methylation Analysis

The correlation between SGMS1 expression and methylation status of SGMS1 CpGs in metastatic patient samples was analyzed using the TCGA melanoma RNA-seq and DNA methylation Illumina datasets. For each analyzed CpG, the rho values, indicating the Spearman’s rank correlation coefficients between the CpG methylation and the SGMS1 expression, are reported. The organization of the SGMS1 locus is depicted in Figure 2A as previously described (Vladychenskaya et al., 2004).

Melanoma Cell Lines

Human melanoma cell lines (M249, SKMEL28, A375, WM9, WM35, WM115, WM266, WM793, WM1346, COLO829, and G361) were from ATCC or Wistar institute.

Determination of in situ SMS and GCS Activities

1 × 106 melanoma cells were incubated with 2.5 μM C6-NBD-ceramide (Sigma) solubilized in ethanol and SMS and GCS activities were measured as previously described (Lafont et al., 2010; Bilal et al., 2017a).

Analysis of Sphingolipids

Sphingolipids were analyzed from 1.106 melanoma cells by liquid chromatography/mass spectrometry (LC/MS) as previously described (Bilal et al., 2017b).

qRT-PCR Analysis

Total RNA was reverse-transcribed using 1 μg of input RNA and random primers (SuperScript II, Invitrogen). qRT-PCR reactions were performed in duplicate on StepOne apparatus (Applied Biosystems) using SYBR Green (QuantiTect, Qiagen) as fluorescent detection dye. Results were quantified and mRNA expression for each target gene (UGCG, SGMS1, or SGMS2) was determined by normalization to reference genes (β-actin and GAPDH) using the ΔCt method. Primers for UGCG and reference genes were from Qiagen. Primers for SGMS1 and SGMS2 were from Sigma (Lafont et al., 2010).

Statistics and Reproducibility

Statistical significance of differences between groups was evaluated using the Graph-Pad Prism 7 software. For multiple comparisons, an Anova test was used. Wilcoxon test was used in Figure 1B. Differences were considered to be statistically significant when p < 0.05 (∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001).
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FIGURE 1. Sphingomyelin synthase 1 (SMS1) is frequently downregulated in melanoma. (A) cDNA samples isolated from normal (N) and tumor (T) tissues from the same patient were compared. Expression of SGMS1 (left panel) and ubiquitin (right panel). (B) The SGMS1 expression was normalized to ubiquitin and expressed for each pair in normal skin and melanoma samples. (C) SGMS1 expression was analyzed in 3 different cohorts from Oncomine in normal Skin (n = 4), primary (PM; n = 14), and metastatic (MM; n = 39) melanoma (Ricker’s cohort) (left panel); in nevus (n = 9), primary (PM; n = 6), and metastatic (MM; n = 19) melanoma (Haqq’s cohort) (middle panel); in nevus (n = 18) and primary melanoma (PM; n = 45) (Talantov’s cohort) (right panel). (D) The expression of SGMS1 was analyzed in various cancer type cohorts from cbioportal. (E) The expression of UGCG, SGMS1, and SGMS2 was analyzed in melanoma samples from the TCGA metastatic melanoma patients (n = 342). (F) A set of melanoma cell lines (n = 10) was analyzed for the expression of UGCG, SGMS1, and SGMS2 by RT-qPCR (n = 10). Data from at least two independent experiments are means ± SEM. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, and ∗∗∗p < 0.0001.





RESULTS

SMS1 Downregulation in Melanoma Is Associated With SL Metabolism Reprogramming

We initially performed a macroarray to evaluate the expression of SMS1 in matched tumor and non-tumor samples from the same patients (Figure 1A). The data analysis with a threshold of 1.5 showed that, whereas SMS1 was up-regulated in 11% of tumor samples, it was down-regulated in 46% of tumor samples (Supplementary Table 1). As a matter of fact, SMS1 was most frequently down-regulated in vulva (5 out of 5), testis (9 out of 10), and skin (9 out of 10) cancers, including melanoma (6 out of 7) (Figure 1B and Supplementary Table 1). Accordingly, our transcriptomic analysis in 3 different cohorts from published database indicates that SGMS1 was downregulated in primary and metastatic human melanoma as compared to normal skin and nevus (Figure 1C; Haqq et al., 2005; Talantov et al., 2005; Riker et al., 2008). In contrast, the expression of SGMS2 and UGCG, encoding SMS2 and GCS, respectively, remained unchanged (Supplementary Figure 1A). We next evaluated the expression of SGMS1 in various cancer types from the TCGA database. Strikingly, melanoma exhibited the lowest expression of SGMS1 (Figure 1D). Moreover, melanoma expressed SGMS2 at rather low levels, while expressing UGCG at high levels (Supplementary Figure 1B). In metastatic melanoma from the TCGA, the expression of UGCG was significantly higher than that of SGMS1 and SGMS2 (Figure 1E). Accordingly, melanoma cells exhibited low SGMS1 and SGMS2 expression, while they expressed UGCG at higher levels (Figure 1F).

We next evaluated the SL metabolism signature in human melanoma cell lines. Whereas four melanoma cell lines exhibited a higher proportion of SM, six were enriched in GlcCer (Figure 2A). Accordingly, in situ enzyme activity was significantly higher for GCS than for SMS in the cell lines with high GlcCer proportion only (Figure 2B). Consequently, endogenous intracellular levels of GlcCer were greater than SM and other SL species as evaluated by mass spectrometry for those six melanoma cell lines (Figure 2A and Supplementary Table 2). Of note, neither the mutation status (Bairoch, 2018) nor the origin of the melanoma cell lines (i.e., from radial or vertical growth phase or metastasis) were associated with a specific SL signature (Supplementary Table 3).
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FIGURE 2. Sphingomyelin synthase 1 downregulation is associated with a worse prognosis in advanced melanoma patients. (A,B) A set of melanoma cell lines (n = 10) was analyzed for SLs by mass spectrometry (A) and GCS and SMS enzyme activities (B). Data from one experiment representative of three independent experiments are means ± SEM. (C) SGMS1 expression in melanoma samples from the TCGA melanoma cohort (n = 342) (left panel) and overall survival of patients exhibiting low (n = 68), medium (n = 206), and high (n = 68) SGMS1 expression (right panel). Cox model: SGMS1low (Reference), SGMS1medium: HR = 0.62 [95% CI = 0.44; 0.88] p = 0.007; SGMS1high: HR = 0.48 [95% CI 0.31; 0.76] p = 0.002. ∗p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001.



SMS1 Downregulation in Human Melanoma Is Associated With a Worse Prognosis

To get insight into the molecular mechanisms that may account for SMS1 downregulation and/or inhibition of enzyme activity, we evaluated SGMS1 mutation and methylation status in the public databases of melanoma. Whereas SGMS2 and UGCG were mutated with low frequency, SGMS1 exhibited a higher mutation rate in the coding sequence (Supplementary Figure 2). Most of the mutations were missense mutations and some of them affected residues in the catalytic domain (Supplementary Figure 2 and Supplementary Table 4). In the TCGA melanoma cohort, 7.7% of the 287 sequenced samples were mutated (16 missense mutations, 2 non-sense mutations and 4 deep deletions). One of the non-sense mutations (W309∗) was also found in one specimen from another melanoma cohort (Supplementary Table 4). The other non-sense mutation (R387∗) was also found in colorectal carcinoma, sarcoma and uterus carcinoma (data not shown).

To delineate the effect of DNA methylation on the regulation of SGMS1 expression, we analyzed the TCGA metastatic melanomas. Among the 50 SGMS1 Illumina 450K probes with workable data, the DNA methylation level of 33 probes displayed a significant correlation with expression. Ten probes out of the 14 located in the CpG island 1 and its shores, as well as 3 out of the 3 in the CpG island 2 and its shores, both containing putative promoter sequences, were inversely correlated with the expression level. In contrast, 13 CpG out of the 16 located outside CpG islands and shores were positively correlated with the expression (Supplementary Figures 3A,B). Thus, hypermethylation of CpG islands and hypomethylation events in open sea were significantly associated with the decrease in SGMS1 expression, indicating the regulation of SMS1 expression in metastatic melanoma might rely, at least partly, on DNA methylation of the SGMS1 locus.

Finally, the clinical outcome in metastatic melanoma patients exhibiting low (20th percentile, medium (between the 20th and 80th percentile), high (80th percentile) SGMS1, SGMS2, and UGCG expression was analyzed in the TCGA cohort. Whereas UGCG and SGMS2 expression did not impact on overall survival (Supplementary Figure 4), low SGMS1 expression was statistically associated with shortened overall survival (Figure 2C).

Collectively, our data indicate that melanoma exhibit a SL metabolism reprogramming associated with SMS1 downregulation, which constitutes a worse-prognosis biomarker.



DISCUSSION

Herein, we provide evidence for the first time that melanoma exhibit SL metabolism changes associated with SMS1 down-regulation, not only decreasing SM synthesis but also promoting the synthesis of GlcCer, which facilitates tumor progression in mouse melanoma models (Deng et al., 2002; Weiss et al., 2003). Interestingly, a recent study indicates the formation of an heterocomplex between SMS1 and GCS in mammalian cells, which enhances and reduces SM, and GlcCer synthesis, respectively (Hayashi et al., 2018). SMS1 downregulation may limit the formation of such a complex, promoting GlcCer synthesis in melanoma. Since de novo synthesized ceramide is the substrate of both SMS1 and GCS in the Golgi, downregulation of SMS1 likely increases the ceramide pool available for GCS to produce GlcCer.

Strikingly, low SMS1 expression is associated with a worse prognosis in metastatic melanoma, suggesting that reduced SM synthesis likely contributes to melanoma progression. SMS1 down-regulation, which occurs in primary melanoma, is likely an early event in melanomagenesis. Several mutations affecting the coding sequence of SGMS1 probably contribute to the decreased SMS1 expression. In the TCGA melanoma cohort, 5 out of 16 missense mutations and 1 non-sense mutation were associated with shallow deletions. Moreover, 4 deep deletions were identified as well as 17 CpG located on the two CpG islands and their shores, the methylation of which was correlated with SGMS1 downregulation in metastatic melanoma. SMS1 expression and activity are likely regulated by translational and post-translational mechanisms such as recently described in Bcr-Abl-expressing leukemia cells (Moorthi et al., 2018). Whereas key driver mutations have been identified in melanoma (Hodis et al., 2012), we found no correlation between mutation status and SL signature.

Ceramide clearance catalysed by GCS plays a role in multidrug resistance of cancer cell lines (Lavie et al., 1997; Liu et al., 2004; Sun et al., 2006; Liu et al., 2010). However, our team provided genetic evidence that GCS is unlikely a critical enzyme to confer melanoma resistance to chemotherapy in a mouse melanoma model (Veldman et al., 2003). Because SLs are key components of the plasma membrane, modulating various signaling pathways (Hannun, 1996; Hannun and Obeid, 2002), future experiments will address whether or not SM/GlcCer homeostasis alterations in melanoma impair the efficacy of emerging therapies such as targeted therapies and immunotherapies. Finally, it remains to evaluate whether low SMS1 expression in melanoma samples is a valuable biomarker to predict the resistance of patients to emerging therapies.
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Type I collagen is the major adhesive component in breast interstitial stroma, which represents the first barrier against tumor cell invasion after basement-membrane degradation. Among cellular receptors, type I collagen is able to activate discoidin domain receptors DDR1 and DDR2. We have previously shown that in 3D collagen matrix, DDR1 plays a key role as it promotes cell growth suppression and apoptosis through the upregulation of the pro-apoptotic mediator BIK in noninvasive luminal-like breast carcinoma cells. We have also shown that MT1-MMP is able to rescue these cells and protect them against the effects induced by collagen/DDR1/BIK axis. Our data suggested that the protective effect of MT1-MMP might be mediated through the degradation of type I collagen and/or DDR1 cleavage. Decreased DDR1 expression has been associated with the epithelial to mesenchymal transition process in breast cancer, and its overexpression in aggressive basal-like breast cancer cells reduces their invasiveness in 3D cultures and in vivo. In the present work, we propose to study the role of MT1-MMP in the resistance against collagen-induced apoptosis in basal-like breast carcinoma MDA-MB-231 cells. We aimed to investigate whether MT1-MMP depletion is able to restore apoptosis mediated by collagen/DDR1/BIK axis and to verify if such depletion is able to restore full-length DDR1 expression and phosphorylation. ShRNA strategy against MT1-MMP mRNA was able to partially restore full length DDR1 expression and phosphorylation. This was accompanied by a decrease in cell growth and an upregulation of BIK expression. This suggested that MT1-MMP expression in basal-like breast carcinoma cells, in addition to a low basal level of DDR1 expression, protects these cells against collagen-induced apoptosis via DDR1 cleavage. Since DDR1 was moderately expressed in MDA-MB-231 cells, we then investigated whether overexpression of DDR1 could be able to increase its ability to suppress cell growth and to induce apoptosis. Data showed that overexpression of DDR1 induced a decrease in cell growth and an increase in BIK expression, suggesting that moderate expression level of full length DDR1 in basal-like breast carcinoma provides them with a capacity to resist to collagen-induced cell growth suppression and apoptosis. Finally, the combined overexpression of DDR1 and depletion of MT1-MMP in MDA-MB-231 cells synergistically increased collagen-induced cell growth suppression and apoptosis to a level similar to that observed in luminal breast carcinoma. Taken together, our data suggest that during the acquisition of mesenchymal features, the low level of DDR1 expression should be considered as an important biomarker in the prognosis of basal-like breast carcinoma, conferring them a high rate of cell growth and resistance to BIK-mediated apoptosis induced by the stromal collagen.

Keywords: type I collagen, MT1-MMP, DDR1, apoptosis, breast carcinoma


INTRODUCTION

The extracellular matrix plays an important role in the regulation of tumor progression (Pickup et al., 2014). Type I collagen is the major adhesive component in breast tumors and represents the first barrier against tumor cells after basement-membrane degradation (Mouw et al., 2014). Among cellular receptors, type I collagen is able to activate integrins (α1β1, α2β1, α10β1, and α11β1) (Humphries et al., 2006; Leitinger, 2011) and discoidin domain receptors DDR1 and DDR2 (Vogel et al., 1997; Leitinger, 2011; Carafoli and Hohenester, 2013; Fu et al., 2013b). DDRs belong to the receptor tyrosine kinase family and play important roles in physiological and pathological conditions (Borza and Pozzi, 2013; Leitinger, 2014).

DDR1 and DDR2 have been demonstrated to predominantly regulate tumor progression (Valiathan et al., 2012). In addition to their oncogenic function, it has also been reported that these receptors can play a role of tumor suppressor (Rammal et al., 2016; Henriet et al., 2018). For example, in 3D collagen matrix, DDR2 is able to suppress tumor cell growth (Wall et al., 2005; Iwai et al., 2013; Saby et al., 2016; Terashima et al., 2016). DDR1 is also a key factor in collagen-induced apoptosis in noninvasive luminal-like breast carcinoma cells. In this case, apoptosis is mostly characterized by the expression of the pro-apoptotic mediator BIK (Assent et al., 2015; Saby et al., 2018). In addition to a high level of DDR1 expression, the luminal-like breast carcinoma cells are characterized by a low expression level of MT1-MMP (Maquoi et al., 2012). However, in invasive basal-like breast carcinoma cells, DDR1 has been described to promote linear invadosomes and tumor invasion (Juin et al., 2014). At the opposite of the luminal-like breast carcinoma cells, the basal-like ones express low levels of DDR1 and a high level of MT1-MMP (Maquoi et al., 2012; Croissant et al., 2018). In some of the basal-like breast carcinoma cells, it has been reported that the low level of DDR1 expression could be compensated by an increase in DDR2 expression (Toy et al., 2015). This low level of DDR1 is yet sufficient to promote tumor invasion in a kinase-independent manner (Juin et al., 2014). Interestingly, studies have shown that a low DDR1 expression is correlated with poor relapse-free survival, confirming its controversial role in tumor progression (Ford et al., 2007; Takai et al., 2018). Concerning the role of MT1-MMP in the regulation of collagen-induced apoptosis, we and others have previously shown that when expressed by luminal-like breast carcinoma, this metalloproteinase protects cells against collagen-induced apoptosis (Maquoi et al., 2012; Albrechtsen et al., 2013; Saby et al., 2018). These studies supported a model in which MT1-MMP inactivates the collagen/DDR1/BIK apoptosis signaling pathway through the degradation of collagen (Amar et al., 2017) and/or the cleavage of DDR1 (Fu et al., 2013a).

Basal-like breast cancers are among the most aggressive and deadly breast cancer subtypes, displaying a high metastatic ability associated with mesenchymal features. These mesenchymal features are acquired as a consequence of an epithelial to mesenchymal transition (EMT). This process is classically characterized by the dedifferentiation from an epithelial to mesenchymal phenotype, marked by the decreased expression of E-cadherin and increased expression of vimentin, as well as expression of cellular proteases such as MT1-MMP. Decreased DDR1 expression has been associated with the EMT process in breast cancer, and its overexpression in aggressive basal-like breast cancer cells reduces their invasiveness in 3D cultures and in vivo, supporting an anti-migratory function of DDR1 in this cancer (Koh et al., 2015). In a previous study, we have examined this correlation in multiple breast cancer cell lines, by analyzing expression levels of E-cadherin, vimentin, DDR1, DDR2, MT1-MMP, and BIK mRNAs in 58 breast cancer cell lines (Saby et al., 2018). High DDR1 expression was clearly observed in the E-cadherin-high and vimentin-low epithelial cell lines. In contrast, the more mesenchymal breast cancer cell lines (E-cadherin-low and vimentin-high) were characterized by a weak DDR1 level, a high MT1-MMP, and a low BIK expression (Saby et al., 2018). We have then suggested that the acquisition of mesenchymal features including the downregulation of DDR1 and the overexpression of collagenolytic proteinases such as MT1-MMP provide breast carcinoma cells with an increased capacity to resist to apoptosis induced by 3D collagen matrix. More recently, DDR1 ablation in vivo was reported to confer a basal-like phenotype to luminal-like breast carcinoma population and to increase their metastatic potential (Takai et al., 2018).

Treatment of the basal-like breast carcinoma MDA-MB-231 cells with BB-94, a synthetic broad spectrum MMP inhibitor, was shown to restore a collagen-induced apoptosis (Maquoi et al., 2012). Likewise, a specific depletion of MT1-MMP using a siRNA strategy increased the number of apoptotic bodies in these cells. However, the potential contribution of the collagen/DDR1/BIK axis was not investigated (Albrechtsen et al., 2013).

In the present work, we aim at studying the contribution of MT1-MMP in the resistance of basal-like breast carcinoma cells against collagen-induced apoptosis. Whether MT1-MMP silencing is able to restore apoptosis induced through the collagen/DDR1/BIK axis, as well as to restore full length DDR1 expression and phosphorylation, will be investigated. Since DDR1 is moderately expressed in basal-like breast carcinoma cells, we propose to explore whether overexpression of DDR1 could restore apoptosis. Finally, we will test whether the simultaneous silencing of MT1-MMP and overexpression of DDR1 in basal-like breast carcinoma cells are able to restore apoptosis to a level similar to that observed in luminal-like breast carcinoma cells. Our data suggest that, in addition to the known markers related to mesenchymal features (basal-like), the concomitant overexpression of MT1-MMP and downregulation of DDR1 expression should be considered as important biomarkers in the prognosis of breast carcinomas.



MATERIALS AND METHODS


Cell Culture

The human breast adenocarcinoma cell lines MCF-7 (HTB-22) and MDA-MB-231 (HTB-26) were purchased from the American Type Culture Collection (ATCC). MCF-7 cells stably transfected with the full-length MT1-MMP vector (MCF-7 MT1-MMP) and MCF-7 cells transfected with the empty vector (MCF-7 VEC) were obtained as previously described (Maquoi et al., 2012). MCF-7 and MDA-MB-231 cell lines were cultured in DMEM (4,5 g/l glucose) with Glutamax I (PAN-Biotech, p04-04500) supplemented with 10% fetal bovine serum (Dominique Dutscher, S1810-500) and 1% penicillin-streptomycin (Invitrogen, 15140). Cultures were maintained at 37°C in a humidified atmosphere containing 5% CO2 (v/v). Cells were routinely passaged at preconfluency using 0.05% trypsin, 0.53 mM EDTA (Invitrogen, 25300) and screened for the absence of mycoplasma using PCR methods.



Preparation and Characterization of Type I Collagen

Fibrillar native type I collagen was extracted from tail tendons of 2-month-old rats and prepared as already described (Garnotel et al., 2000). Briefly, type I collagen was extracted from tail tendons of Wistar rats (Janvier) using 0.5-M acetic acid at 4°C, in the presence of protease inhibitors. Then, type I collagen was specifically precipitated with NaCl 0.7 M and centrifuged. The precipitate was then re-suspended in 18 mM acetic acid, and salts used during the precipitation step were eliminated by dialysis against distilled water for 1 week at 4°C. Finally, the collagen was characterized as described in our previous work, before use (Saby et al., 2016, 2018).



Plastic and 3D Cell Culture

Type I collagen effect on breast adenocarcinoma cells growth was studied in 24-well plates. For plastic condition, cells were seeded at a density of 3 × 104 cells/well (1 ml/well). For 3D cell culture, 3 × 104 cells were resuspended in 100-μl fetal bovine serum and mixed with a solution containing 100 μl of 10X culture medium DMEM (Gibco, 52100), 100 μl NaHCO3 (0.44 M), 100 μl H2O, 90 μl NaOH 0.1 M, 10 μl glutamine 200 mM and 500 μl collagen 3 mg/ml. Then, 1 ml/well of this solution was deposited in 24-well plates, and gels were polymerized at 37°C during 30 min. Finally, 1 ml of complete culture medium was added on top of each gel and the plates were incubated at 37°C. After 5 days, the covering medium was removed, and cell populated gels were digested with collagenase P (2 mg/ml – Roche, 11213873001). Viability and cellular density of this suspension were determined by phase contrast microscopy using Kova® Glasstic® Slides (Kova International Inc, 87144). In some 3D culture experiments, cells were treated with DDR1 pharmacological inhibitors nilotinib (Selleckchem, No.S1033), at 100 nM.



Vectors, Transfection, and Infection

DDR1-GFP overexpression was performed with pLVX-CMV-DDR1-GFP. DDR1-GFP lentiviral particles were generated through co-transfection of 293 T cells with pCMV ΔR8.91 (gag-pol) and phCMVG-VSVG (env) expression constructs using the FuGene 6 transfection reagent (Promega) according to the manufacturer’s recommendations. Three days after transfection, the viral supernatant mixed with fresh medium (1 of 4) and hexadimethrine bromide at 8μg/ml (Sigma) was used to infect MDA-MB-231 cells. Infected cells were selected using puromycin (Invivogen) at 1 μg/ml.

MT1-MMP knock-down was achieved with MMP-14-specific shRNAs (Buache et al., 2014). shRNA MMP-14 retroviral particles were generated through co-transfection of 293 T cells with pCL-Ampho expression constructs using the FuGene 6 transfection reagent (Promega) according to the manufacturer’s recommendations. Three days after transfection, the viral supernatant mixed with fresh medium (1 of 4) and hexadimethrine bromide at 8μg/ml (Sigma) was used to infect MDA-MB-231 cells. Infected cells were selected using puromycin (Invivogen) at 1 μg/ml.



Reverse Transcription and Real-Time Quantitative PCR

Total RNA was isolated with a phenol-chloroform extraction method, using RNA Extracol (EURx). Then, 1 μg of total RNA was converted to cDNA by reverse transcription using the Maxima First Strand cDNA Synthesis kit (Thermo Fisher Scientific) according to the manufacturer’s recommendations. Real-time PCR was performed using a Maxima SYBR GREEN/ROX qPCR Master Mix (Thermo Fisher Scientific, #KO222) on the Stratagene Mx3005P qPCR detection system (Agilent Technologies). Polymerase chain reaction conditions were 15min at +95°C, followed by 35 cycles each consisting of 15s at +95°C (denaturation) and 30s at +60°C (annealing/extension). Results were standardized to the eEF1a1 gene expression by calculating ΔCt using the formula ΔCt = (Ct gene of interest – Ct eEF1A). Gene expression was represented as 2-ΔCt. The following primers were used: BIK forward primer: 5′-aggacctggaccctatggag-3′ and reverse primer: 5′-ccctgatgtcctcagttggg-3′; eEF1A1 forward primer: 5′-ctggagccaagtgctaacatgcc-3′ and reverse primer: 5′-ccgggtttgagaacaccagtc-3′.



Quantification of Annexin V Positive Cells

Cells were cultured in type I collagen 3D matrices as described in “plastic and 3D cell culture”. After 36 hours, 1 × 105 cells were harvested for each condition using collagenase P at 2 mg/ml, washed twice with PBS and analyzed using the Muse® Annexin V and Dead Cell Assay Kit, Millipore, MCH100105, according to the manufacturer’s instructions.



Western Blotting

Cells were cultured in type I collagen 3D matrices or plastic as described in the “plastic and 3D cell culture”. After 5 days, cells were harvested using collagenase P at 2 mg/ml for 3D matrices, washed twice with PBS, and lysed with RadioImmuno Precipitation Assay (RIPA) buffer (Thermo Fisher Scientific, 89900), supplemented with Halt™ Protease and Phosphatase Inhibitor Cocktail 1X (Thermo Scientific, 78442). For plastic conditions, cells were directly washed and lysed without the use of collagenase P. Cell lysates were sonicated and clarified by centrifugation at 14 000 × g at 4°C for 15 min. Then, total protein content was estimated by bicinchoninic acid (BCA) assay method (Thermo Scientific, 23227), and proteins were separated by SDS-PAGE and transferred to a nitrocellulose membrane. Membranes were blocked with Tris Buffered Saline (TBS) (0.02 M Tris–HCl, 0.137 M NaCl, pH 7.6) containing 0.1% Tween (TBS-T) and 5% Bovine Serum Albumin (BSA) at room temperature during 1 hour and incubated overnight at 4°C with anti-DDR1 (Cell Signaling Technology, #5583), anti-phospho DDR1 (Tyr 792) (Cell Signaling Technology, #11994), anti-GAPDH antibodies (Cell Signaling Technology, #5174), and anti-MT1-MMP, obtained from Dr. Tomasetto C. L (IGBMC, Illkirch, France) (Buache et al., 2014). Membranes were washed with TBS-T and incubated with peroxidase conjugated anti-rabbit secondary antibody (Cell Signaling Technology, #7074) at room temperature for 1 h. Chemiluminescent detection was performed by using an ECL Prime Kit (GE Healthcare, RPN2236). Electrophoretic images were analyzed with ImageJ software.



Expression Level of EMT Marker in Breast Cancer Cell Lines

The expression levels of E-cadherin, vimentin, DDR1, DDR2, α2 integrin, α11 integrin, COL1A1, MT1-MMP, BIK, estrogen receptor α, progesterone receptor, and HER2 mRNAs in 58 breast cancer cell lines were obtained by interrogating the Broad-Novartis Cancer Cell Line Encyclopedia (CCLE) database.



Correlation Analyses Between DDR1 and BIK mRNA Levels in Breast Cancer

Correlations analysis between DDR1 and BIK mRNA levels were performed by interrogating gene expression data sets contained at cBioPortal1 and Breast Cancer Gene-Expression Miner (bc-GenExMiner)2. bc-GenExMiner contains 36 datasets including 5861 breast cancer patients (Jézéquel et al., 2012). cBioPortal was used to explore the TCGA breast cohort (Ciriello et al., 2015).



KM Plotter Database Analysis

Kaplan–Meier curves were generated with the Kaplan–Meier plotter website (http://kmplot.com), using a database of public microarray datasets (Györffy et al., 2010). Automatic cut-off scores were selected during queries, and relapse-free survival (RFS) was selected. Number of cases, hazard ratios (HRs), 95% confidence intervals, and p-values were extracted from the KM plotter webpage. The analyses were performed with the mean expression of the 4 DDR1 Affymetrix probes (1007_s_at, 207169_x_at, 208779_x_at, and 210749_x_at).



Statistical Analyses

Data are presented as mean ± standard error of the mean (SEM) from three independent experiments. Statistical significance was assessed with Student’s t test, or with one-way ANOVA, followed by Tukey’s multiple comparison test. p < 0.05 was considered as significant (*p < 0.05; **p < 0.01; ***p < 0.001).




RESULTS


MCF-7 and MDA-MB-231 Cells Present Different Expression Profiles for EMT Markers

The human breast adenocarcinoma cell lines MCF-7 and MDA-MB-231 cells display different phenotypes. While the noninvasive luminal-like MCF-7 cells present typical epithelial features, the invasive basal-like MDA-MB-231 cells present a more mesenchymal phenotype (Maquoi et al., 2012). The expression levels of E-cadherin, vimentin, DDR1, DDR2, α2 integrin, α11 integrin, COL1A1, MT1-MMP, BIK, estrogen receptor α, progesterone receptor, and HER2 mRNAs in 58 breast cancer cell lines were analyzed in silico, by using the Broad-Novartis Cancer Cell Line Encyclopedia (CCLE) database. As shown in Figure 1, the 58 breast cancer cell lines segregate into two distinct groups. The first one includes cells with a relatively high level of E-cadherin, DDR1, BIK, and a low level of MT1-MMP, vimentin, DDR2, α2 integrin, α11 integrin, and COL1A1 and is essentially composed of cells with an epithelial phenotype like the MCF-7 cells, which are estrogen receptor α and progesterone receptor positive. The second group is represented by cells with a low level of E-cadherin, DDR1, and BIK and a high level of MT1-MMP, vimentin, and other markers. This group is composed by cells with mesenchymal features like the MDA-MB-231 triple negative cells. These data show that in addition to the switch of classical EMT markers expression, there is a concomitant switch of DDR1 and BIK expression between the epithelial and mesenchymal breast cancer cells.


[image: image]

FIGURE 1. Expression of DDR1, BIK and MT1-MMP in basal and luminal breast cancer cell lines. Heat map depicting the relative expression of E-cadherin (CDH1, luminal marker), vimentin (VIM, basal marker), DDR1, DDR2, α2 integrin, α11 integrin, αv integrin, COL1A1, MT1-MMP, and BIK in 58 breast cancer cell lines.
 



DDR1 Is More Expressed in Luminal Breast Adenocarcinomas Than in the Basal Ones

DDR1 expression level was analyzed in a cohort of TCGA breast cancer patients. As shown in Figure 2A, basal-like breast tumors express significantly lower levels of DDR1 mRNA when compared to luminal A and B tumors. DDR1 expression was then studied in a cohort of 3,951 breast tumors from patients where relapse free survival (RFS) was assessed. As shown in Figure 2B, high DDR1 expression is associated with a better RFS probability in the total patient population (HR = 0.69, p = 0.00014) and in estrogen receptor negative tumors (HR = 0.78, p = 0.031) but not in the estrogen receptor positive tumors (HR = 1.07, p = 0.33). In contrast, DDR1 expression level was not associated with an altered RFS probability when patients were stratified according to the expression of progesterone receptor, HER2, tumor grades, or intrinsic subtypes (data not shown).
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FIGURE 2. DDR1 expression in breast cancer and the associated correlation with prognosis in ER negative tumors. (A) Box-and-whisker plots comparing the expression level of DDR1 among normal, luminal A, luminal B, and basal subtypes. Shaded rectangles represent interquartile range; line in the middle of each rectangle represents median value. Lines extending from the interquartile range mark the 5th and 95th percentile values, and the individual open circles represent values that are either above the 95th percentile or below the 5th percentile for each distribution. **, p < 0.01; ****, p < 0.0001. (B) Kaplan–Meier representation of relapse-free survival (RFS) probability over time for breast cancer patients irrespective of the ER status, ER positive and ER negative patients with high or low DDR1 expression.
 



BIK and DDR1 mRNA Levels Are Positively Correlated in Basal-Like Breast Tumors

Correlation between BIK and DDR1 mRNA expression levels was analyzed using published genomic data from two dataset of breast cancer patients, the TCGA and the bc-GenExMiner (Jézéquel et al., 2012). As shown in Figure 3A, the expression level of apoptosis marker BIK was positively correlated to that of DDR1 in basal-like breast tumors (r = 0.2251, p = 0.0258). The same results were obtained with the bc-GenExMiner dataset that shows a positive correlation between BIK and DDR1 mRNA expression (r = 0.19, p < 0.0001; Figure 3B).
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FIGURE 3. Correlation between BIK and DDR1 mRNA expression levels in breast cancer patients. (A) from the TCGA dataset; and (B) from the bc-GenExMiner dataset.
 



MCF-7 and MDA-MB-231 Cells Express Different Levels of DDR1 and MT1-MMP

DDR1 has the unique ability among the tyrosine kinase receptors to be activated only by type I collagen in its fibrillary state. We have previously shown that DDR1 was able to initiate apoptosis in luminal-like breast carcinoma MCF-7 cells embedded in 3D type I collagen matrices (Assent et al., 2015; Saby et al., 2018). We have also shown that MT1-MMP, the primary enzyme used by stromal and cancer cells to cleave and migrate through fibrillar collagen, plays a crucial role in the regulation of cell growth and survival in 3D type I collagen matrices. Here, DDR1 and MT1-MMP protein expression levels were compared by western blot analysis in MDA-MB-231 and MCF-7 cells. In agreement with in silico transcriptomic data (Figure 1), MCF-7 cells express a high level of DDR1 and a low level of MT1-MMP, whereas an opposite expression profile was observed in MDA-MB-231 cells (Figures 4A,B).
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FIGURE 4. Effect of type I collagen on the growth of MCF-7 luminal breast cancer cells and MDA-MB-231 basal-like breast cancer cells. (A) DDR1 protein expression was evaluated using Western Blotting. GAPDH was used as a loading control. (B) MT1-MMP protein expression was evaluated using Western Blotting. GAPDH was used as a loading control. (C,D) MCF7 (left panel) and MDA-MB-231 (right panel) cells were seeded on plastic or in 3D type I collagen matrices. After 5 days of culture, viable cell density was evaluated by phase contrast microscopy (C) and after 36 h of culture, apoptosis was quantified using the Muse® annexin V and dead cell assay kit (D). Values represent the mean ± S.D. of three independent experiments (***p < 0.001, N.S. = not significant).
 



3D Type I Collagen Matrices Promote Apoptosis in MCF-7 Cells

Since 3D type I collagen matrices are known to induce apoptosis in luminal-like breast carcinoma cell lines, thus regulating tumor cell growth, we first compared the growth of MCF-7 and MDA-MB-231 cell lines, cultivated for 5 days in two different experimental settings: (i) plated on plastic (used as a control) or (ii) suspended within a 3D native type I collagen gel. MCF-7 cells exhibited a significantly lower cell growth in 3D collagen when compared to 2D plastic condition, whereas MDA-MB-231 cells showed a similar cell growth in the two culture conditions (Figure 4C). Since it has been shown that type I collagen/DDR1 axis was able to induce apoptosis in MCF-7 cells (Assent et al., 2015; Saby et al., 2018), we then compared apoptosis between MCF-7 and MDA-MB-231 cells. As shown in Figure 4D, 3D collagen strongly increased apoptosis in MCF-7 cells as evidenced by annexin V staining, whereas it failed to modulate apoptosis in MDA-MB-231 cells. These data demonstrate that the luminal and basal-like breast carcinoma cell lines exhibit a different behavior in a 3D type I collagen environment.



MT1-MMP Overexpression in MCF-7 Cells Induces a Cleavage of DDR1 and Promotes Cell Growth

Previous works have shown that MT1-MMP was able to cleave DDR1 (Fu et al., 2013a; Assent et al., 2015), and that depletion of MT1-MMP was able to increase apoptosis in basal-like breast cancer cells (Albrechtsen et al., 2013). Here, we investigated whether MT1-MMP is involved in the cleavage of DDR1 providing cell protection against the cell growth suppressor and pro-apoptotic effects of type I collagen/DDR1/BIK signaling pathways. To this end, MCF-7 cells that are lacking endogenous MT1-MMP were transfected with a full-length MT1-MMP expression vector (MCF-7 MT1-MMP) or an empty vector (MCF-7 VEC), as already described (Maquoi et al., 2012; Saby et al., 2018). In MCF-7 MT1-MMP cells, MT1-MMP is expressed as a 60-kDa mature form and a 43-kDa autoproteolytic degradation product (Figure 5A). In those cells, DDR1 expression was analyzed by western blotting. As shown in Figure 5B, MCF-7 MT1-MMP cells present both the full length DDR1 and a lower molecular weight form which corresponds to a cleaved membrane-anchored c-terminal fragment (Fu et al., 2013a), whereas MCF-7 VEC cells present only the full length DDR1. These data confirmed the previously reported efficient cleavage of DDR1 by MT1-MMP (Fu et al., 2013a; Assent et al., 2015). We then studied the effect of MT1-MMP overexpression on MCF-7 cells growth and apoptosis. As shown in Figures 5C,D, MCF-7 MT1-MMP exhibited a higher cell growth and a lower apoptosis rate.
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FIGURE 5. Effect of MT1-MMP expression on type I collagen-induced growth reduction and apoptosis in MCF-7. (A) Western blot analysis of ectopically expressed MT1-MMP in MCF-7. GAPDH was used as a loading control. (B) Western blot analysis showing the cleavage of DDR1 in MCF7 ectopically expressing MT1-MMP. GAPDH was used as a loading control. (C,D) MCF-7 VEC (empty vector) and MCF-7 MT1-MMP (full length MT1-MMP expression vector) cells were seeded in type I collagen 3D matrices. After 5 days of culture, viable cell density was evaluated by phase contrast microscopy (C) and after 36 h of culture, apoptosis was quantified using the Muse® annexin V and dead cell assay kit (D). Values represent the mean ± S.D. of three independent experiments (*p < 0.05, **p < 0.01).
 



MT1-MMP Depletion in MDA-MB-231 Cells Induces an Increase in Full Length DDR1 Expression and Promotes Cell Apoptosis

Since MT1-MMP is involved in DDR1 cleavage, partially protecting cells from the type I collagen induced apoptosis observed in the luminal breast cancer cell line MCF-7, we then investigated the effect of MT1-MMP depletion on DDR1 expression profile in the basal-like cell line MDA-MB-231. Albrechtsen et al. showed that the depletion of MT1-MMP using a siRNA strategy in MDA-MB-231 cells was able to increase the number of apoptotic bodies. However, the potential implication of the collagen/DDR1/BIK axis in this apoptotic process was not characterized (Albrechtsen et al., 2013). To that purpose, MDA-MB-231 cells were stably transfected with a shRNA directed against MT1-MMP. As shown in Figure 6A, MDA-MB-231 shMT1-MMP cells exhibit a lower level of MT1-MMP when compared to shCtrl transfected cells. By using western blotting, we then compared DDR1 expression and phosphorylation in shCtrl and shMT1-MMP MDA-MB-231 cells. Figure 6B shows that the full length DDR1 is more expressed in MDA-MB-231 shMT1-MMP cells than in MDA-MB-231 shCtrl cells. Also, the analysis of DDR1 phosphorylation in both conditions shows a 1.34-fold increase in pDDR1/DDR1 ratio in MDA-MB-231 shMT1-MMP cells compared to shCtrl cells. We then analyzed cell growth and apoptosis in both cell lines. As shown in Figure 6C, MDA-MB-231 shMT1-MMP cells exhibit a lower cell growth after 5 days in 3D collagen matrices than shCtrl cells. This is linked with a higher apoptosis rate in cells silenced for MT1-MMP, as revealed in Figures 6D,E, which show an increase in both the number of annexin V positive cells and the mRNA level of the pro-apoptotic mediator BIK.
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FIGURE 6. Effect of MT1-MMP silencing in MDA-MB-231 on cell growth and survival in 3D type I collagen matrices. (A) Western blot analysis confirming efficient knock down of MT1-MMP in MDA-MB-231 shMT1-MMP. GAPDH was used as a loading control. (B–E) MDA-MB-231 shCtrl and MDA-MB-231 shMT1-MMP cells were embedded in 3D type I collagen matrices. After 36 h of culture, cell extracts were analyzed for tyrosine phosphorylation of DDR1 and total DDR1 by Western blotting. GAPDH was used as a loading control (B). After 5 days of culture, viable cell density was evaluated by phase contrast microscopy (C). After 36 h of culture, apoptosis was quantified using the Muse® annexin V and dead cell assay kit (D) and BIK expression was measured by RT-PCR (E). Values represent the mean ± S.D. of three independent experiments (*p < 0.05; **p < 0.01; ***p < 0.001).
 



DDR1 Overexpression in MDA-MB-231 Cells Increases Apoptosis

We have previously shown that in MCF-7 cells, the decreased growth was induced by 3D type I collagen and was dependent on DDR1-induced apoptosis (Assent et al., 2015; Saby et al., 2018). Since MDA-MB-231 cells slightly express DDR1, we assume that the weak expression of this receptor is a key parameter explaining why type I collagen fails to impair growth and survival of these basal-like breast carcinoma cells. To address this hypothesis, MDA-MB-231 cells were transfected with a full-length DDR1-GFP expression vector (MDA-MB-231 DDR1-GFP) or an empty vector (MDA-MB-231 VEC-GFP), and cell growth and apoptosis were evaluated. As shown in Figure 7A, MDA-MB-231 DDR1-GFP expressed a high level of both full-length (140 kDa) and cleaved (70 kDa) DDR1-GFP, whereas MDA-MB-231 VEC-GFP only expresses low level of wild-type full length DDR1 (110 kDa). MDA-MB-231 DDR1-GFP and VEC-GFP were then seeded in 3D type I collagen matrices, and cell growth was quantified after 5 days. As shown in Figure 7B, DDR1 overexpression decreases MDA-MB-231 cell growth. Apoptosis was also evaluated by quantifying the expression of the proapoptotic BIK mRNA. As observed in Figure 7C, BIK is more expressed in MDA-MB-231 DDR1-GFP cells than in MDA-MB-231 VEC-GFP. Since DDR1 phosphorylation was affected by MT1-MMP expression status (Figure 6B), we measured the impact of nilotinib (100 nM), a receptor tyrosine kinase inhibitor with high potency against DDR1, on BIK expression. Figure 7C shows that nilotinib was able to significantly decrease BIK expression in both MDA-MB-231 VEC-GFP and MDA-MB-231 DDR1-GFP cells. Taken together, these data suggest that collagen-induced apoptosis is BIK dependent and relies on DDR1 phosphorylation.
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FIGURE 7. Effect of DDR1 expression in MDA-MB-231 on cell growth and survival in 3D type I collagen matrices. (A) Western blot analysis of ectopically expressed DDR1-GFP in MDA-MB-231. *: full-length endogenous DDR1. GAPDH was used as a loading control. (B) MDA-MB-231 VEC GFP (control GFP) and MDA-MB-231 DDR1-GFP cells were embedded in type I collagen 3D matrices. After 5 days of culture, viable cell density was evaluated by phase contrast microscopy. (C) MDA-MB-231 VEC GFP (control GFP) and MDA-MB-231 DDR1-GFP cells were embedded in 3D type I collagen matrices in absence (Ctrl) or in presence of nilotinib (100 nM). After 36 h of culture, BIK expression was measured by RT-PCR. Values represent the mean ± S.D. of three independent experiments (***p < 0.001).
 



DDR1 Overexpression Coupled With MT1-MMP Depletion in MDA-MB-231 Cells Increases Cell Apoptosis

Since both DDR1 overexpression and MT1-MMP depletion were able individually to increase apoptosis in MDA-MB-231 cells, we hypothesized that the double transfection of DDR1 and shMT1-MMP in these cells could synergize to decrease cell growth and increase collagen-induced apoptosis to a level similar to that observed in luminal-like breast carcinoma cells. To this end, MDA-MB-231 cells overexpressing DDR1-GFP (MDA-MB-231 DDR1-GFP) were transfected with shRNA against MT1-MMP. As shown in Figure 8A, MT1-MMP depletion in these cells increases by 1.44-fold the expression of full length DDR1, when compared with MDA-MB-231 DDR1-GFP shCtrl cells. Then, cell growth and apoptosis in 3D collagen matrix were studied. As shown in Figure 8B, MDA-MB-231 DDR1-GFP exhibits a lower cell growth when MT1-MMP is depleted (MT1-MMP shRNA). This reduction is associated with a concomitant increase in apoptosis, as reflected by the increased number of annexin V positive cells (Figure 8C). We then studied the expression of the pro-apoptotic mediator BIK in those cells (Figure 8D). The data confirmed the previous results, with an increase in BIK mRNA expression in MDA-MB-231 DDR1-GFP treated with MT1-MMP shRNA compared to shCtrl. More importantly, Figure 8D showed that compared to MDA-MB-231 VEC-GFP, MDA-MB-231 DDR1-GFP cells exhibit about 6-fold increase in BIK mRNA level when MT1-MMP is depleted. Taken together, these data suggest that in basal-like breast carcinoma MDA-MB-231 cells, DDR1 activity and shMT1-MMP are able to synergize and increase collagen-induced apoptosis.
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FIGURE 8. Effect of MT1-MMP silencing in MDA-MB-231 DDR1-GFP on cell growth and survival in 3D type I collagen matrices. (A) Western blot analysis confirming efficient knock down of MT1-MMP in MDA-MB-231 DDR1-GFP. GAPDH was used as a loading control. (B,C) MDA-MB-231 DDR1-GFP shCtrl and MDA-MB-231 DDR1-GFP shMT1-MMP cells were seeded in 3D type I collagen matrices. After 5 days of culture, viable cell density was evaluated by phase contrast microscopy (B). After 36 h of culture, apoptosis was quantified using the Muse® annexin V and dead cell assay kit (C). (D) MDA-MB-231 DDR1-GFP shCtrl and MDA-MB-231 DDR1-GFP shMT1-MMP cells were embedded in 3D type I collagen matrices in absence (Ctrl) or in presence of nilotinib (100 nM). After 36 h of culture, BIK expression was measured by RT-PCR. Values represent the mean ± S.D. of three independent experiments (*p < 0.05, **p < 0.01, ***p < 0.001).
 




DISCUSSION

The extracellular matrix (ECM) represents an important component of the stromal microenvironment and functions as a master regulator of tumor behavior. In fact, the ECM plays key roles in major steps of cancer progression including cell proliferation, plasticity, survival and metastasis (Quail and Joyce, 2013; Pickup et al., 2014). Among ECM components, a complex network of adhesive proteins, including collagens, proteoglycans and glycoproteins, is able to regulate these different functions. These macromolecules are secreted by stromal cells and can be cleaved by several proteases including matrix metalloproteinases (MMPs), leading to the remodeling of the ECM (Bonnans et al., 2014).

The collagen superfamily is the major component of this ECM, particularly type I collagen which is the most abundant in several organs such as breast, lung, and skin (Mouw et al., 2014). In addition to its contribution to the architectural properties of the tissues, type I collagen is able to induce different cellular signaling pathways, which regulate several functions of tumor cells (Leitinger, 2011). Among type I collagen receptors, integrin heterodimers α1β1, α2β1, α10β1, and α11β1 are the most well known (Humphries et al., 2006). Recently, discoidin domain receptors have drawn special attention in the cross-talk between members of the collagen family, especially type I collagen and tumor cells. The particularity of these receptors is to be the only collagen receptors that possess a tyrosine kinase (RTK) activity. In addition, these receptors are characterized by a delayed and relatively long activation period (2 and 18 h, respectively) (Vogel et al., 1997; Fu et al., 2013b; Leitinger, 2014).

During tumor progression, especially after the degradation of the basement membrane, type I collagen is the major adhesive ECM protein encountered by invasive cancer cells, especially in breast carcinoma (Egeblad et al., 2010). We have previously shown that in 3D type I collagen matrix, DDR1 triggers a BIK-mediated apoptosis in poorly invasive luminal-like breast carcinomas cell lines (Assent et al., 2015; Saby et al., 2018). However, type I collagen failed to do so in the invasive basal-like MDA-MB-231 breast carcinoma cell line (Maquoi et al., 2012). This cell line is representative of aggressive breast cancer models, displaying a high metastatic ability associated with mesenchymal features. The expression of the membrane-anchored MT1-MMP, a major collagenolytic MMP, by the basal-like cancer cells has been largely described as a crucial step to promote the invasion process (Poincloux et al., 2009; Castro-Castro et al., 2016). Since the fibrillar organization of type I collagen is crucial for DDR1 activation (Vogel et al., 1997), the MT1-MMP-mediated degradation of type I collagen has been hypothesized to protect cancer cells from type I collagen-induced apoptosis. In accordance with this hypothesis, the enforced expression of MT1-MMP in luminal-like breast carcinoma cells abrogates the BIK-mediated apoptosis, suggesting that the degradation of type I collagen could be responsible of a lower DDR1 activation and thus a decreased apoptosis (Assent et al., 2015). A similar impairment of BIK-mediated apoptosis was also observed when these cells were exposed to aged type I collagen (Saby et al., 2018), which is characterized by an altered fibrillar organization (Aït-Belkacem et al., 2012).

However, MT1-MMP is also known to cleave DDR1, thereby reducing its activation (Fu et al., 2013a; Assent et al., 2015). As a consequence, MT1-MMP might also abrogate BIK-mediated apoptosis by negatively regulating the level of activated DDR1. To address this point and in order to study tumor cells harboring endogenous MT1-MMP, we investigated whether basal-like MDA-MB-231 breast carcinoma cells present a low level of DDR1 expression. As expected and at the opposite of the luminal-like MCF-7 breast cancer cells, MDA-MB-231 cells expressed MT1-MMP at a high level and DDR1 at a very low level (Figures 4A,B). Interestingly, we show that for Estrogen Receptor (ER) negative breast cancer patients, a low DDR1 expression is associated with a worse relapse-free survival (Figure 2B). It is worth noting that the mRNA level of the pro-apoptotic mediator BIK was positively correlated to that of DDR1 in human basal-like breast tumors (Figure 3). This suggests that tumors with high levels of DDR1 might be more sensitive to the BIK-mediated apoptotic pathway triggered by fibrillar type I collagen. It is important to state that the low level of DDR1 expression observed in most basal-like breast cancer cell lines is compensated by an upregulation of DDR2, with the noticeable exception of the MDA-MB-231 cells (Figure 1; Saby et al., 2018). This compensatory mechanism has been previously reported in invasive breast carcinoma from patients in which DDR1 and DDR2 were coordinately and inversely deregulated. In these patients, a DDR1 (Low)/DDR2 (High) expression profile has been associated with a significantly worse overall survival (Toy et al., 2015).

As shown in Figures 1, 4, DDR1 and MT1-MMP exhibit opposite expression patterns in MCF-7 and MDA-MB-231 cells. Previous works have reported that the DDR1 promoter region contains a p53 regulatory element and that wild-type p53 is able to induce DDR1 expression (Sakuma et al., 1996; Ongusaha et al., 2003). Interestingly, several studies that have investigated the mutational status of p53 in breast carcinoma have reported a wild type and mutated forms of p53 in MCF-7 and MDA-MB-231 cells, respectively (Lacroix et al., 2006; Muller and Vousden, 2014). Another possibility to explain this differential expression pattern of DDR1 between these two types of breast carcinoma could be related to a CpG methylation of the DDR1 promoter during epithelial-mesenchymal transition (Chung et al., 2017).

Analysis of cell growth and apoptosis in MCF-7 cells showed that 3D collagen decreases cell growth by inducing apoptosis, whereas it failed to induce the same effects in MDA-MB-231 cells (Figures 4C,D). We then proposed to first verify whether enforced expression of MT1-MMP in MCF-7 cells was able to induce a protection against DDR1-mediated cell growth suppression and apoptosis. Accordingly, the enforced expression of MT1-MMP induced the cleavage of DDR1, thereby decreasing the abundance of the full length form of this receptor (Figures 5A,B). Interestingly, this cleavage was associated with an increase in cell growth and a decrease in apoptosis (Figures 5C,D).

We then investigated whether an endogenously expressed MT1-MMP is able to protect the basal-like MDA-MB-231 cells against BIK-mediated apoptosis and to regulate the level of DDR1. As shown in Figure 6, MT1-MMP depletion increased both full-length DDR1 expression and activation. As a direct consequence of this activation, the ability of type I collagen to suppress cell growth and to increase apoptosis was restored as evidenced by the increase in both annexin V staining and BIK expression (Figures 6C–E). This agrees with the positive correlation observed between DDR1 and BIK expression in human basal-like breast tumors (Figure 3). These results suggest that in MDA-MB-231 cells, the ability of type I collagen to suppress cell growth and to increase apoptosis is prevented by the conjunction of an intrinsically low level of DDR1 expression and a high MT1-MMP-dependent capacity to shed the extracellular domain of this receptor. Nevertheless, an association between a low or absent DDR1 expression with basal-like phenotype and worse relapse-free survival remains controversial. Recently, DDR1 knock-down in luminal-type MMTV-PyMT mammary tumor mouse model was shown to give rise to tumors displaying basal-type characteristics, a faster growth, and enhanced lung metastasis (Takai et al., 2018). This work suggested that DDR1 loss, by compromising cell adhesion and providing a cell growth advantage, contributes to the basal-like phenotype and consequently increases both the aggressiveness and metastatic potential of breast carcinomas. However, despite its low expression level in MDA-MB-231 cells, DDR1 was reported recently to induce the formation of linear invadosomes and to play an important role in proteolysis-based cell invasion in a collagen-rich environment (Juin et al., 2014; Moreau and Saltel, 2015; Di Martino et al., 2016). In this model, DDR1 depletion blocked cell invasion and, unexpectedly, its kinase activity was not required for invadosome formation (Juin et al., 2014).

We then investigated whether an increased DDR1 expression could sensitize the MDA-MB-231 cells toward the type I collagen-induced and BIK-mediated apoptosis. As shown in Figure 7C, enforced DDR1 expression significantly increased BIK expression in cells exposed to 3D collagen. This is in agreement with the positive correlation observed between DDR1 and BIK expression in basal-like tumors (Figure 3). To determine whether DDR1 kinase activity was required for this process, we treated MDA-MB-231 cells with its kinase function inhibitor nilotinib at a sub-toxic concentration. By using DDR1 and DDR2 gatekeeper mutations, we and others have previously demonstrated that nilotinib was able to inhibit specifically DDR1 and DDR2 (Beauchamp et al., 2014; Saby et al., 2016; Jeitany et al., 2018). By inhibiting DDR1 kinase function in MDA-MB-231 cells overexpressing DDR1, nilotinib was able to clearly prevent the upregulation of BIK mRNA (Figure 7C). Finally, in order to obtain expression levels of both DDR1 and MT1-MMP close to those observed in the luminal-like cell lines, DDR1 was overexpressed, and MT1-MMP was depleted in MDA-MB-231 cells. Under these settings, MT1-MMP depletion was able to further increase the expression of the full-length form of DDR1 (Figure 8A). This led to a decrease in cell growth that was associated with a significant increase in BIK-mediated apoptosis (Figures 8B,D). Collectively, these data reveal that both DDR1 and MT1-MMP represent key factors, in addition to the other mesenchymal markers, contributing to the aggressive phenotype in invasive breast carcinoma tumors.

In conclusion, and in agreement with the other studies (Ford et al., 2007; Koh et al., 2015; Toy et al., 2015; Takai et al., 2018), our data suggest that during the acquisition of mesenchymal features, the level of full-length DDR1 expression should be considered, in addition to the other markers, as an important biomarker in the prognosis of aggressive breast carcinomas. As summarized in Figure 9, the regulation of cell proliferation and apoptosis by the collagen/DDR1 axis involves a differential activation of DDR1 signaling pathway and thus BIK expression. In the case of the basal-like breast carcinoma cells, collagen proteolysis by MT1-MMP, the low expression of DDR1, and its cleavage by MT1-MMP could contribute to cell survival in the interstitial microenvironment. However, although our in vitro data suggest that low level of DDR1 expression should be considered as an additional important biomarker in the prognosis of breast carcinoma, these data need to be confirmed in future animal studies.
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FIGURE 9. Proposed model highlighting the importance of MT1-MMP and DDR1 expression balance in the regulation of cell growth and survival in breast cancer cells cultivated in 3D type I collagen matrix.
 

Finally, it is important to keep in mind that despite its low expression level in the aggressive breast carcinomas, DDR1 plays also a crucial role in the proteolysis-based cell invasion of a collagen-rich stroma (Juin et al., 2014).
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We assessed mRNA and protein expression levels of the ZN217 oncogene in 17 clinical FFPE ER-positive invasive breast cancer specimens with known (low or high) Oncotype DX® Recurrence Scores. This study shows that mRNA or nuclear protein levels of the ZNF217 significantly correlate with Oncotype DX® Recurrence Score.
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REPORT

Breast cancer (BC) is the most frequent cancer among women. Expression of Estrogen Receptor α (ERα) is found in 60–80% of BC patients, and allows an accurate prediction of response to endocrine therapy (ET). However, between 10 and 50% of ER+ BC treated patients will later relapse. Thus, a more precise method for stratifying patients based on their prognosis and for predicting their response to therapy remains needed.

The Oncotype DX® (ODX) genomic assay tests for the expression of 21 genes and calculates a Recurrence Score (RS), which predicts the risk of distant disease recurrence in ER+ BC. A high RS value indicates a poor prognosis and a higher probability of distant recurrence at 10 years in patients treated with adjuvant ET (Paik et al., 2004). We have shown that high expression levels of the ZNF217 oncogenic transcription factor are associated with poor prognosis, recurrent distant metastases and can predict response to ET in ER+ BC (Vendrell et al., 2012; Nguyen et al., 2014). This novel snapshot report investigates the correlation between ZNF217 expression levels (protein or mRNA) and ODX RS.

After approval by the Institutional Review Board, the pathology database of the Montefiore Medical Center (NY, USA) was searched to identify ER+ BC cases with: (i) low-risk (<18) or high-risk (>31) ODX RS; (ii) sufficient tissue for both ZNF217 immunohistochemistry (IHC) (Nguyen et al., 2014) and ZNF217 RTQ-PCR (Loudig et al., 2007; Kotorashvili et al., 2012; Vendrell et al., 2012) investigations. Seventeen FFPE clinical specimens were selected (Figure 1A). After ZNF217 IHC analysis, the percentage of positive staining of tumor nuclei was estimated (range: 0–80%). ZNF217 mRNA levels ranged from 0.5 to 22.5 (arbitrary units) and the mean value was used as a cutoff. Figure 1 illustrates that: (i) all the clinical specimens with low-risk ODX RS displayed low ZNF217 mRNA levels (<4) or low percentage of IHC stained nuclei (<5%); (ii) ZNF217 nuclear staining and ZNF217 mRNA levels were significantly associated with ODX RS; (iii) combining both IHC analysis and ZNF217 mRNA levels allowed the stratification of the samples with a better accuracy, with 100 and 80%, respectively, of low-risk ODX RS and high-risk ODX RS correctly classified and significantly association with ZNF217 expression levels (P = 0.002). Strikingly, two high ODX RS specimens displaying the highest ZNF217 mRNA levels (9.2 and 22.5) also displayed the highest ZNF217 IHC staining (70–80%) and pejorative clinical record (T2 with invaded nodes and recurrent breast cancer, respectively).


[image: image]

FIGURE 1. (A) ZNF217 predicts low- and high-risk Oncotype DX® Recurrence Score. (B) Illustrative examples of ZNF217 IHC staining in two representative ER+ invasive breast carcinoma tumor samples with high-risk Oncotype DX® Recurrence Score with positive nuclear staining (specimen A) or low-risk Oncotype DX® Recurrence Score without nuclear staining (specimen B). (C) RTQ-PCR assessment of ZNF217 mRNA levels (arbitrary units) in specimen A and specimen B.



Altogether, while these exploratory results were obtained in a small cohort, our preliminary data indicate a correlation between ZNF217 expression levels and ODX RS. This is in agreement with previous observations that both ZNF217 expression levels and the ODX RS are prognostic and predictive of ET response in ER+ BC. Supporting recent observations indicate that ZNF217 expression levels also predict neoadjuvant ET response in these patients (Vendrell et al., 2018). However, it is necessary to extend our study to a larger cohort including low-, high- but also intermediate- ODX RS specimens to investigate whether assessing ZNF217 levels (alone or in combination with ODX) could provide additional information to the current well-established ODX genomic assay.
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Breast cancer with bone metastasis is essentially incurable with current anticancer therapies. The bone morphogenetic protein (BMP) pathway is an attractive therapeutic candidate, as it is involved in the bone turnover and in cancer cell formation and their colonization of distant organs such as the bone. We previously reported that in breast cancer cells, the ZNF217 oncogene drives BMP pathway activation, increases the metastatic growth rate in the bone, and accelerates the development of severe osteolytic lesions in mice. In the present study, we aimed at investigating the impact of the LDN-193189 compound, a potent inhibitor of the BMP type I receptor, on metastasis development in vivo. ZNF217-revLuc cells were injected into the left ventricle of nude mice (n = 16) while control mice (n = 13) were inoculated with control pcDNA6-revLuc cells. Mice from each group were treated or not with LDN-193189 for 35 days. We found that systemic LDN-193189 treatment of mice significantly enhanced metastasis development, by increasing both the number and the size of metastases. In pcDNA6-revLuc-injected mice, LDN-193189 also affected the kinetics of metastasis emergence. Altogether, these data suggest that in vivo, LDN-193189 might affect the interaction between breast cancer cells and the bone environment, favoring the emergence and development of multiple metastases. Hence, our report highlights the importance of the choice of drugs and therapeutic strategies used in the management of bone metastases.

Keywords: breast cancer, ZNF217, bone metastasis, bone morphogenetic protein pathway inhibitor, LDN-193189

Introduction

Breast cancer is the most frequent cancer among women (Ferlay et al., 2015). More than two-thirds of breast cancer patients are expected to die after the development of bone metastases (BM), primarily osteolytic lesions (Coleman, 2006). Breast cancers with BM are currently mostly incurable; therefore, the identification of suitable therapeutic candidates is of utmost importance.

Previous data strongly suggest that the bone morphogenetic protein (BMP) pathway, a critical regulator of bone homeostasis, may be a promising therapeutic target in tumorigenesis and BM (Bach et al., 2018). Indeed, this pathway is involved in cell-autonomous functions in tumor cells, as well as tumor–stroma interactions in the bone environment (Keller et al., 2001; Barnes et al., 2004; Javed et al., 2005; Alarmo and Kallioniemi, 2010; Sethi and Kang, 2011). The BMP pathway has been ascribed both tumor-promoting or -suppressing activities, according to the context (Bach et al., 2018), though its activation is mainly associated with tumor progression and metastasis development. For instance, in human breast cancer cells, BMP-Smad signaling stimulates development of BM (Katsuno et al., 2008). BMP inhibitors (Jiramongkolchai et al., 2016) thus constitute a promising approach for managing tumorigenesis and breast cancer-derived BM.

We previously reported that ectopic expression of the ZNF217 oncogene in MDA-MB-231 breast cancer cells leads to the constitutive activation of the BMP pathway, indicating that ZNF217 is a novel upstream BMP signaling activator (Bellanger et al., 2017). A series of in vitro experiments showed that BMP signaling is strongly involved in ZNF217-mediated breast cancer cell aggressiveness. Indeed, treatment of MDA-MB-231 breast cancer cells overexpressing ZNF217 with specific BMP inhibitors (one of which being LDN-193189) led to impaired ZNF217-dependent cell migration and cell invasion and impeded chemotaxis to the bone (Bellanger et al., 2017). In mice, experiments conducted by intracardiac injection of ZNF217-positive breast cancer cells revealed that these latter rapidly colonize the bone, leading to the development of severe multiple BM detectable as early as 7 days post-injection (Bellanger et al., 2017). In this well-described and well-characterized in vivo model, mice injected with ZNF217-positive breast cancer cells developed osteolytic lesions validated by microCT, and only in extremely rare cases were concomitant metastases at other locations observed (Bellanger et al., 2017). This novel in vivo model of BM thus represents an attractive model for testing candidate drugs.

LDN-193189 is a potent inhibitor of the BMP type I receptor (Cuny et al., 2008) and was chosen in our study as its efficacy and toxicity in mice are well characterized (Yu et al., 2008; Boergermann et al., 2010; Lee et al., 2011; Balboni et al., 2013). Furthermore, among the different BMP inhibitors, LDN-193189 has scarcely been tested in the prevention of metastasis development. To our knowledge, only one in vivo study reported that LDN-193189 prevents prostate tumor growth rate in the bone and development of osteoblastic lesions (Lee et al., 2011). Based on our novel in vivo murine model of osteolytic lesions (Bellanger et al., 2017), we aimed at investigating whether systemic inhibition of the BMP pathway by LDN-193189 could influence metastasis development.

Materials and Methods

Cell Culture and Treatments

MDA-MB-231-pcDNA6, MDA-MB-231-ZNF217, and their stable luciferase-transfected derived cell lines pcDNA6-revLuc and ZNF217-revLuc were previously established and described (Thollet et al., 2010; Vendrell et al., 2012). We previously validated in our cell lines the inhibitory action of 10−7 M LDN-193189 (Sigma, France) on the BMP pathway (Bellanger et al., 2017). Before injection into mice, pcDNA6-revLuc and ZNF217-revLuc cells were treated for 4 h with 10−7 M of LDN-193189 or vehicle (distilled water).

Animal Models

Experiments were conducted following the European Union guidelines and approved by the ethics committee of Grenoble, France (C2EA-12 ComEth Grenoble). As previously described (Bellanger et al., 2017), pcDNA6-revLuc or ZNF217-revLuc cells (2.5 × 105) were injected into the cardiac left ventricle of n = 18 or n = 20 6-week-old athymic NMRI nude female mice (Janvier Labs, France), respectively. Cell implantation was immediately controlled by in vivo bioluminescence imaging (IVIS Kinetic, PerkinElmer). Only mice, the bioluminescent signal of which was diffused throughout the whole body, were considered to be correctly implanted (13/18 and 16/20, respectively, Supplementary Figure 1A) and were included in the following experimental groups: pcDNA6-revLuc (n = 5), pcDNA6-revLuc + LDN-193189 (n = 8), ZNF217-revLuc (n = 8), and ZNF217-revLuc + LDN-193189 (n = 8). Subsequently, from day 0 to day 35, pcDNA6-revLuc mice or ZNF217-revLuc mice received daily intra-peritoneal (IP) injections of LDN-193189 (3 mg/kg body weight in distilled water) or vehicle (distilled water). The LDN-193189 experimental setup was based on previous in vivo studies (Yu et al., 2008; Lee et al., 2011; Balboni et al., 2013). LDN-193189-treated mice did not exhibit any loss in their body weight, demonstrating that the inhibitor had no severe toxic side effects. Bioluminescence imaging (IVIS Kinetic, Caliper), was performed weekly as previously described (Bellanger et al., 2017). A p value of <0.05 was considered statistically significant (Mann–Whitney, StatView™ Software).

Whole-Body Bioluminescence and X-Ray Microtomography (microCT) Imaging

Five minutes before imaging, vigil mice received an IP injection of 150 µg/g of D-luciferin (Promega) and were then anesthetized (isoflurane 4% for induction and 1.5% thereafter) and placed in the IVIS Kinetic imaging system (PerkinElmer). MicroCT was then performed using the vivaCT40 (ScancoMedical) at 45 keV with a 177-mA intensity, a 200-ms integration time, and an 80-mm isotropic voxel size.

Histology

Hind limbs and spines from animals were fixed, decalcified in 16% EDTA, and embedded in paraffin. Five-micrometer tissue sections were stained with Goldner’s Trichrome and processed for histological analysis.

Results

Figure 1A and B illustrates the kinetics and amplitude of metastasis development in mice implanted with pcDNA6-revLuc or ZNF217-revLuc cells, treated or not with LDN-193189. The pattern of metastases distribution observed in ZNF217-revLuc cell-injected mice, treated or not with LDN-193189, was totally superimposed with those previously observed in our well-characterized in vivo model of osteolytic lesions (Bellanger et al., 2017) (Supplementary Figure 1B). MicroCT images are capable of highlighting osteolytic lesions following a longer bone remodeling period, i.e., once the cells had sufficiently colonized the tissue (Sanches et al., 2015). Figure 1C illustrates representative microCT images, highlighting osteolytic bone lesions following intracardiac injection of ZNF217-revLuc cells. Histological investigations validated osteolytic lesions and the presence of breast metastatic tumor cells inside and in close contact with bone (Figure 1D).
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Figure 1 | Kinetics and development of metastases in vivo. The kinetics of metastases development were followed by bioluminescence in mice injected with (A) ZNF217-revLuc cells or (B) pcDNA6-revLuc cells, and treated or not with LDN-193189 (representation of one mouse per group representative of the entire group). (C) Whole-body bioluminescence and microCT imaging between 35 and 42 days after intracardiac injection of ZNF217-revLuc cells. (D) Representative bioluminescence image of an entire mouse exhibiting multiple metastasis foci including an osteolytic BM detected by microCT scan at the left tibia and by histological examination both at the vertebrae and the tibia from bone tissue sections stained with Goldner’s trichrome. Mineralized bone is stained in green and cells are stained in dark red. White stars identify metastasis foci. Histological examination of similar areas from a metastasis-free mouse is also shown in vertebrae and tibia. Scale bars: 100 μm.



Intracardiac injection of ZNF217-revLuc cells into mice (n = 16) led to the rapid development of multiple bioluminescent metastases (Figure 2A). After 7 and 21 days post-injection, 38% and 100% of the untreated injected mice (n = 8) developed metastases, respectively, corroborating our previous observation (Bellanger et al., 2017). In the group of ZNF217-revLuc-injected mice treated with LDN-193189 (n = 8), the kinetics of metastasis development was very rapid, similarly to that observed in the ZNF217-revLuc-injected mice (n = 8) (Figure 2A). Strikingly, the total metastases load and the average number of metastases per mouse were higher in the LDN-193189-treated group compared to the non-treated group, and this increase reached significance (P = 0.017) at days 28 and 35 post-implantation (Figure 2B and C).
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Figure 2 | The LDN-193189 BMP inhibitor enhances metastases development in vivo. ZNF217-revLuc or pcDNA6-revLuc cells were delivered via intracardiac injection into the bloodstream of nude mice. (A) Kaplan–Meier analysis of metastasis-free mice in LDN-193189-treated (n = 8) and non-treated (n = 8) ZNF217-revLuc-injected mice. (B) Total metastases load measured by in vivo bioluminescence imaging in LDN-193189-treated (n = 8) and non-treated (n = 8) ZNF217-revLuc-injected mice. (C) Average number of metastases per ZNF217-revLuc-injected mouse. (D) Total bioluminescent signal per metastasis in LDN-193189-treated and non-treated ZNF217-revLuc-injected mice. (E) Kaplan–Meier analysis of metastasis-free mice in LDN-193189-treated (n = 8) and non-treated (n = 5) pcDNA6-revLuc-injected mice. (F) Total metastases load measured by in vivo bioluminescence imaging in LDN-193189-treated (n = 8) and non-treated (n = 5) pcDNA6-revLuc-injected mice. (G) Average number of metastases per pcDNA6-revLuc-injected mouse. Results are presented as mean ± standard error of the mean (SEM) in (B), (C), (D), (F), and (G). *P < 0.05 (Mann–Whitney test). (H) Distribution of the number of metastases developed by each group of mice.



All ZNF217-revLuc-injected mice developed multiple metastases, but those who were treated with LDN-193189 displayed much more metastases per mouse compared to the non-treated group (11.0 ± 5.0 vs. 6.1 ± 2.5) at 28 days post-injection (Figure 2C). Furthermore, the average bioluminescent signal per metastasis tended to be higher in the LDN-193189-treated group compared to the non-treated group, suggesting that in the presence of this BMP inhibitor, individual metastases are larger (Figure 2D).

Unlike ZNF217-revLuc-injected mice, and consistent with our previous report (Bellanger et al., 2017), only 1 out of 5 non-treated pcDNA6-revLuc-injected mice developed a single metastasis, detectable only at 35 days post-injection (Figure 2E). The LDN-193189 treatment of pcDNA6-revLuc-injected mice (n = 8) affected both the incidence of metastases development (Figure 2E), the total metastases load (Figure 2F), and the average number of metastases per mouse (Figure 2G). Indeed, 50% of LDN-193189-treated pcDNA6-revLuc-injected mice (4 of 8 mice) developed one to four metastases detectable as early as day 28 post-injection, while none were detectable in the non-treated group (Figure 2E). Additionally, the bioluminescent signal observed in the LDN-193189-treated pcDNA6-revLuc-injected group, though weaker than ZNF217-induced metastases, was significantly higher than that in the non-treated group at day 35 post-injection (Figure 2F, P = 0.029). Figure 2H illustrates and summarizes the number of bioluminescent metastases in mice injected with pcDNA6-revLuc or ZNF217-revLuc cells, and treated or not with LDN-193189.

Discussion

Therapeutic BM strategies aiming at targeting the BMP pathway are very attractive, firstly because the latter is involved in the physiology and pathology of bone turnover (Rosen, 2006) and secondly because it might be dysregulated in cancer cells leading to metastases, in particular to the bone (Katsuno et al., 2008). Previous studies reported that i) the DMH1 BMP inhibitor prevents tumor burden in breast cancer and lung metastatic growth (Owens et al., 2015); ii) halofuginone, a dual BMP and TGFβ inhibitor, reduces breast cancer osteolytic lesions (Juarez et al., 2017); and iii) the BMP antagonist noggin prevents development of osteolytic lesions of prostate cancer cells (Feeley et al., 2006).

However, the BMP pathway has paradoxical effects in tumorigenesis and metastasis development, owing possibly to the fine balance between members belonging to this pathway, or between BMP signaling and other pathways, in specific cellular contexts or genetic backgrounds (Jiramongkolchai et al., 2016; Bach et al., 2018). Such complexity is highlighted by apparently conflicting data using BMP inhibitors. Indeed, the BMP antagonist noggin has also been described to contribute to the development of osteolytic BM (Secondini et al., 2011). Moreover, LDN-193189, while inducing decreased tumor burden of colorectal cancer cells (Yokoyama et al., 2017), preventing the growth of pancreatic or breast cancer cells in vivo, and increasing survival of mice with ovarian cancer (Lee et al., 2011; Balboni et al., 2013; Ali et al., 2015), was also shown to increase the risk of intestinal carcinogenesis (Whissell et al., 2014).

Using a well-described in vivo model of BM metastases in breast cancer (Bellanger et al., 2017), the present report originally investigates the impact of LDN-193189 on metastasis development. Our unexpected and major finding is that systemic treatment with the LDN-193189 molecule has a pro-metastatic effect and stimulates the development of metastases, both in pcDNA6-revLuc-injected mice and in ZNF217-revLuc-injected mice. The impact was significantly greater with ZNF217-positive breast cancer cells displaying aggressiveness and with the ability to develop severe osteolytic lesions. This unexpected result might reflect the impact of this BMP inhibitor on the soil (the bone microenvironment) and/or on the seed (MDA-MB-231 breast cancer cells). Consistently, previous studies suggested that LDN-193189 facilitates bone resorption, represses bone formation, or reduces heterotopic ossification (Yu et al., 2008; Lee et al., 2011; Inubushi et al., 2017). Alternatively, LDN-193189 treatment may induce in both control and ZNF217-postive MDA-MB-231 cells yet uncharacterized molecular events favoring their in vivo interaction with the bone environment for osteolytic BM development. Consistently, LDN-193189 displays BMP signaling inhibitory activities on both ZNF217-overexpressing cells and control cells, suggesting that this compound is able to block the activation of both ZNF217-dependent and -independent BMP signaling (Bellanger et al., 2017). Regardless of the context, LDN-193189 treatment seems to accelerate BM development, independently of the level of activation of BMP signaling in breast cancer cells. The concomitant development of metastases to locations other than bone is very rarely obtained in the in vivo model used in this study (Bellanger et al., 2017). However, future work investigating whether LDN-193189 treatment impacts metastases development other than in the BM is much needed. Finally, one cannot preclude possible off-target effects of LDN-193189, destabilizing the balance between this pathway and other signaling pathways in the environment or in breast cancer cells (Yu et al., 2008; Vogt et al., 2011).

In conclusion, using an in vivo model of breast cancer BM, we found that the LDN-193189 BMP inhibitor displays pro-metastatic properties. Although this study does not refute the use of BMP inhibitors in oncology and in the prevention of metastases, it highlights the necessity to gain further insight into the fine balance governed by the BMP signaling pathway between tumor cells and the environment to improve the development of future drugs.
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Treatment

Doxorubicin
HVS-4T18 (1 uM)
+VS-4718 (BuM)
+Verapamil (3 M)
Paciitaxel
+VS-4T18 (1 M)
+VS-4718 (BuM)
+Verapamil 3 M)
Cisplatin
+VS-4718 (1 M)
+VS-4718 BpM)
+Verapamil (3 M)

ICsg + SD? (RF?)

HEK293/pcDNA3.1 (M)

0.065 = 0.008 (1.00)
0.066  0.009 (1.01)
0.05 +0.013 (0.84)
0.064 + 0.007 (0.99)
0.043  0.001 (1.00)
0.047 4 0.004 (1.11)
0.087  0.005 (0.86)
0,082 0.009 (0.74)
1.071 £0.144 (1.00)
1.186 +0.443 (1.11)
1.105 £ 0.371 (1.08)
0971 4 0.206 (0.91)

HEK293/ABCB1 (M)

1.375 % 0079 (21.15)
0.491 £ 0,049 (7.56)"
0220 0,034 (3.39)"
0.121 £ 0.017 (1.85)"
1.054  0.200 (24.80)
0.498  0.062 (11.79)"
0313+ 0,053 (7.37)"
0297 + 0,055 (6.99)"
1.259 & 0.425 (1.18)
1.260 & 0.563 (1.18)
1.272 0217 (1.19)
1,203  0.368 (1.21)

#(Cso values were determined by MIT assay as described in “Materials and Methods,”
and were obtained from three independent experiments in trplicate.

bResistance fold (RF) was calculated from divicing the ICso values of resistance cells
(HEK293/ABCB1) by the Cso of parental cells (HEK293/pcDNA3. 1) in the presence or
absence of VS-4718 or positive control inhibitor. “indicates p < 0.05 vs. group treated
with antineoplastic drug only.
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Characteristics (n) WEET1 protein level? pP

Age 0.5880
<56 (22) 0.5436 + 0.1482

>56 (22) 0.5155 £ 0.1915

T classification 0.0103
T1-2 (17) 0.4529 + 0.1807

13-4 (27) 0.5778 + 0.1461

Differentiation 0.5053
Well (16) 0.5479 £ 0.1970

Moderately (21) 0.5082 + 0.1179

Poorly (7) 0.4728 + 0.0858

Primary location 0.3766
Supraglottis (15) 0.5793 + 0.1680

Glottis (26) 0.5015 £ 0.1734

Subglottis (3) 0.5233 + 0.1332

Lymph node metastasis 0.0008
Negative (26) 0.4650 + 0.1378

Positive (18) 0.6228 +£ 0.1716

Clinical stage <0.0001
I+11(12) 0.3650 + 0.1267

l+1V (32) 0.5913 £ 0.1411

aScores determined by Western blot in mean + SD. ®Student’s t-test (for two

groups) or one-way ANOVA (for >2 groups).
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Treatment ICso + SD® (RF®)

KB-3-1 (nM) KB-CV60 (nM) HEK293/pcDNA3.1 (nM) HEK293/ABCC1 (nM)
Vincristine 18.424 % 1.783(1.00) 253.243 + 11.45(13.75) 13.254 + 1.884(1.00) 258.344 = 16.76(19.49)
+ Olmutinib (1 M) 17.019 + 2.354(0.92) 230565 + 14.081(12.51) 13.136 & 2.372(0.99) 221.357 + 20.731(16.70)
+ Olmutinib (3 jtM) 16.564 & 2.165(0.90) 224,363 + 13.47(12.18) 12.136 & 2.565(0.92) 218,564 + 18.672(16.11)
+ MK 571 (25 M) 17.434 £ 1.624(0.95) 22,467 +9.744(1.22)"* 11.457 + 1.343(0.86) 45.348 + 7.238(3.42)"*
Vinblastine 56.514 £ 9.584(1.00) 275.345 + 13.545(4.87) 8.864 & 0.843(1.00) 58.462 + 6.453(6.60)

+ Olmutinib (1 LM) 56.235 + 7.956(1.00) 234,864 + 18.452(4.16) 8.233 % 0.571(0.93) 46.892 + 7.563(5.29)

+ Olmutinib (3 M) 56.184 + 4.763(0.99) 213585 + 10.842(3.80) 8.164 £ 0.263(0.92) 45.364 + 6.837(5.12)

+ MK 571 (25 M) 45.527 + 6.254(0.81) 75.613 + 8.124(1.34)" 7.852 + 0.144(0.89) 9.823 + 0.453(1.11)*

ICso + SD (M) (RF®)

Cisplatin 1.683 + 0.562(1.00) 1.896 + 0.323(1.13) 1.644 + 0.253(1.00) 1.864 + 0.362(1.13)
+ Olmutinib (3 uM) 1.724 £ 0.233(1.02) 1.657 + 0.546(0.98) 1.775 + 0.265(1.08) 1.626 + 0.164(0.99)
+MK 571 (25 M) 1.326 + 0.364(0.79) 1.469 + 0.328(0.87) 1.527 + 0.263(0.93) 1.454 + 0.246(0.88)

4ICs values represent the mean + SD of three independent experiments which were performed in triplicate. ®Resistance Fold (RF) was calculated by dividing the ICso
values of substrates in the presence or absence of an inhibitor by the ICso values of parental cells without an inhibitor. **P < 0.01 versus no inhibitor group.
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Treatment

Paclitaxel
+ Olmutinib (1 M)
+ Olmutinib (3 M)
+ Verapamil (3 M)
Vincristine

+ Omutinib (1 M)
+ Olmutinib (3 M)
+ Verapamil (3 M)
Cisplatin

+ Olmutinib (3 M)
+ Verapamil (3 M)

KB-3-1 (WM)

0.034 + 0.007(1.00)
0.038 + 0.009(1.12)
0.036 + 0.007(1.06)
0.054 + 0.016(1.59)
0.028  0.006(1.00)
0.024  0.006(0.86)
0.021 £ 0.007(0.75)
0032 + 0.015(1.14)
1.194 + 0.876(1.00)
1.123 % 0.473(0.94)
1.744 + 0.452(1.46)

ICso + SD? (RF?)
KB-C2 (uM)

2.389 & 0.541(70.26)
2.237 4 0.487(65.79)
2.174 % 0.641(63.94)
0.495 & 0.144(14.56)"
1.299 4 0.361(46.39)
1.217 + 0.389(43.46)
1.132 + 0.238(40.43)
0.056 £ 0.011(2.00)**
1.863 + 0.428(1.56)
1.346 + 0.283(1.13)
1.643 + 0.233(1.38)

HEK293/pcDNA3.1 (M)

0.173 £ 0.072(1.00)
0.158 = 0.025(0.91)
0.134 £ 0.074(0.77)
0.153 + 0.146(0.88)
0.086 = 0.221(1.00)
0.071 £ 0.016(0.83)
0.063 + 0.017(0.73)
0.077  0.013(0.90)
1.523 & 0.285(1.00)
1.433 + 0.465(0.94)
1.245 4 0.337(0.82)

HEK293/ABCB1 (1M)

4.464 + 0.466(25.80)
3.653 + 1.096(21.12)
3.462 + 0.981(20.01)
0.263 + 0.034(1.62)**
0.763 + 0.647(8.87)
0.733 £ 0.068(8.52)
0.651 & 0.692(7.57)
0.126 £ 0.051(1.47)
1.945 + 0.876(1.28)
1.683 £ 0.464(1.11)
1.634 + 0.344(1.01)

4ICso values represent the mean + SD of three independent experiments which were performed in triplicate. ®Resistance Fold (RF) was calculated by dividing the ICso
values of substrates in the presence or absence of an inhibitor by the ICs values of parental cells without an inhibitor. **P < 0.01 versus no inhibitor group.
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Treatment

MX
+ Olmutinib (1 uM)
+ Olmutinib (3 M)
+Ko 143 (3 uM)
SN-38

+ Olmutinib (1 M)
+ Olmutinib (3 M)
+Ko 143 (3 uM)

Cisplatin
+ Olmutinib (3 M)
+Ko 143 (3 uM)

NCI-H460 (nM)

22.987 + 4.145(1.00)
18.642 & 4.101(0.81)
17.067 & 2.241(0.74)
16.947 & 2.643(0.74)
13.454 % 1.156(1.00)
12.592 & 2.392(0.94)
12.346 + 3.243(0.92)
12.456 & 4.024(0.93)

1.426 + 0.543(1.00)
1.313 £ 0.512(092)
1.226  0.861(0.86)

ICso + SD? (RF?)
NCI-H460/MX20 (M)

2.327 + 0.642(101.23)
0.039 + 0.009(1.70)*
0.027 +0.017(1.17)*
0.022 + 0.012(0.96)"
2197 + 0.342(163.30)
0.033 +0.012(2.45)"
0.019 +0.034(1.41)*
0.021 + 0.032(1.56)"

HEK293/pcDNA3.1 (nM)

72.245 + 10.834(1.00)
70.563 + 20.169(0.98)
68.125 + 14.824(0.94)
62.234 + 11.216(0.86)
56.462 + 9.243(1.00)
56.427 =+ 10.421(1.00)
54.364 + 5.826(0.96)
57.522 + 8.024(1.02)

ICs + SD? (M) (RF®)

1.745 + 0.224(1.22)
1.654 + 0.443(1.16)
1.494 + 0.268(1.05)

1.628 + 0.252(1.00)
1.214 £ 0.478(0.75)
1.354 + 0.368(0.83)

HEK293/ABCG2 (1:M)

1.974 £ 0.846(27.32)
0.261 £ 0.052(3.61)*
0.146 + 0.038(2.02)*
0.183 + 0.022(2.53)*
2.389 £ 0.279(42.31)
0.288 + 0.038(5.10)**
0.176 + 0.029(3.12)**
0.164 + 0.027(2.90)**

1.463 + 0.663(0.90)
1.126 + 0.275(0.69)
1.425 + 0.264(0.88)

4[Cs values represent the mean + SD of three independent experiments which were performed in triplicate. ®Resistance Fold (RF) was calculated by dividing the ICso
values of substrates in the presence or absence of an inhibitor by the ICso values of parental cells without an inhibitor. *P < 0.05, **P < 0.01 versus no inhibitor group.
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Gene symbol Gene names. Chromosome loci

INTI

TINAL-TY/

UBE2C Upiqitin-conjugating enzyme E2C 20q13.12
CDH1 Cadherin 1, type 1, E-cadherin (epithelial 16622.1
EROTL. ERO-lke (S. cerevisiae) 14q22.1
sco Stearoyl-CoA desaturase (delta-9-desaturase) 1002431
sox9 SRY (sex determining region Y)-box 9 17624.3-625.1
CKs1B CDC28 protein kinase regulatory subunit 1Apseudogene 8q21.13
SPP1 Osteopontin 4021625
MMP11 Matrix metaliopeptidase 11 (stromelysin 3) 22q11.222q11.23
CENPF Centromere protein F, 350/400 ka (mitosin) 1932-g41
ANLN Anillin, actin binding protein 7p15-p14
FATA FAT tumor suppressor homolog 4 (Drosophila) 4028.1
SiPA1L2 Signal-induced prolferation-associated 1 fike 2 1942.2
RAB23 RAB23, member RAS ancogene family 6t
FBLNT Fibuiin 1 22q13.31
ADH1B Alcohol dehydrogenase 18 (class I, beta polypeptide 4021-023
ANXATO Annexin A0 4q33
Vel Matrix Gla protein 12p13.1-p12.3
MUCSAC Mucin AC, oligomeric mucus/gel-forming 11p155
FXYD1 FXYD domain containing ion transport regulator 1 19q13.1

MMP15. Matrix metallopeptidase 15 (membrane-inserted) 16913-q21
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Glioma type Antibody Time to progression survival References
Months P-value Months P-value

HGG Pembrolizumab (n = 24) 1.4 range 0.2-9.4 4 range 0.5-13.8 Reiss et al., 2017

DIPG reRT with Nivolumab vs. reRT 4.2vs. 41 0.90 229vs. 20.4 0.44 Kiine et al., 2018
(=31

HGG Nivolumab with 43 95% Cl (3.5-5.3) 65 95% Cl (6.0-8.8) Mantica et al., 2018
Bevacizumab
(n=50)

GBM Nivolumab (n = 11) vs. 38vs.23 0.08 109vs. 5.3 0.2 Kurz et al., 2018
Permbrolizumab (n = 19)

GBM Nivo3 (1 = 10) vs. Nivol +pi3 19vs. 15 95% Cl 104vs.92vs.  95%CI(4.1-228:  Omuroetal, 2018
(0= 10) vs. NivoB+Ipit (1 = 20) vs.2.1 (1.3-4.6)0.5-2.8): 73 3.9-12.7: 4.7:12.9)

(1.4-28)
GBM Pembrolizumab (n = 10) 26MediaOSfrom  range 0.4-11.6  Blumenthal et al.,
start of PBZ 2016
GBM (6MMRD) Nivolumab (n = 2) >9 Bouffet et al,, 2016
GBM Nivolumab (1 = 1) >24 Roth et al,, 2017

reRT, reirradiation; Nivo3, nivolumab 3 mg/kg every 2 weeks; Nivo1-+pi3, nivolumab 1 mg/kg + ipiimumab 3 mg/kg every 3 weeks for 4 doses, then nivolumab 3 mg/kg every 2 weeks;
Nivo3+Ipil, nivolumab 3 mg/kg + ipilimumab 1 mg/kg every 3 weeks for 4 doses, then nivolumab 3 mg/kg Q2W every 2 weeks.
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Materials

Data of 149 GBM patients from TCGA

976 glioma specimens’ data from
CGGA and TCGA

TMA: 220 glioma specimens (grade
V)

117 newly diagnosed glioma
specimens, 18 recurrent glioma
specimens

Initial and secondary resected glioma
specimens from 16 GBM patients
(time of resection within 2 years after
the first operation)

TMA: 54 GBM specimens

TMA: 115 GBM specimens

TMA: 99 GBM specimens

Gene methylation data of 419 LGG
patients from TCGA

Data of 1,052 glioma patients from 4
previous studies

Specimens from 17 GBM patients

TMA: 183 tumor patient tissues (102
IDH-wild type diffuse gliomas);

Data of 444 GBM and 12 recurrent,
non-G-CIMP (IDH-wild type) samples.
from TCGA

Data of 47 GBM patient samples from
a previous clinical study

PD-L1 antibody

Rabbit polyclonal antibody

Clone 5H1

28-8, Abcam

Cell Marque, Rocklin, CA,
USA

E1L3N, Cel
signaling

EPR1161

MIHE

TABT, tumor-adjacent brain tissue; LGG, low-grade glioma.

Correlation with prognosis

TCGA database analysis: for PD-L1 and PD-1, high
expression associated with significantly shorter survival
(Kaplan-Meier, P = 0,023 and P = 0,028, respectively); high
expression of both PD-Liand PD-1 negatively correlates with
prognosis of patients (P = 0.0031)

CGGA database analysis: negative correlation between
PD-L1 expression and the OS of glioma patients (P<0.001)
or GBM patients (P = 0.0253); TOGA database analysis:
negative correlation between PD-L1 expression and the OS
of glioma patients (P<0.001) or GBM patients (P = 0.043)
No significant correlation between PD-L1 expression and
patients’ OS; univariate analysis: negative correlation between
PD-L1 expression and prognosis of patients whose OS > 12
months (P = 0.018); multivariate analysis: no significant
relation between PD-L1 expression and poor OS, but a
strong tendency toward significance.

No significant correlation between PD-L1 expression and
patients’ OS (P =0.724)

No significant correlation between PD-L1/PD-1 expression
and patients’ PFS or OS in initial resected specimens; PD-1
high expression significantly associated with long
progression-free sunvival (P = 0.029) and short survival after
recurrence (P = 0.030) in secondary resected specimens
Negative correlation between PD-L1 expression and patients
08 (muttivariate analysis: P = 0.007; univariate analysis:

P = 0.024; Kaplan-Meier survival analysis: P = 0.017); no
significant correlation between PD-L1 expression and
pationts’ PFS (P = 0.14)

Kaplan-Meier analysis: PD-L1 expression in tumor cells
significantly associated with poor overall survival (OS)
(P=0017)

Significant negative correlation between PD-L1 expression
and patients’ OS (P = 0.086)

Positive correlation between PD-1 methylation and patients’
08 (P = 0.001); no significant correlation between PD-L1
methylation and the prognosis of patients

Meta analysis: pooled result: high PD-L1 expression
associated with worse OS in glioma patients (P = 0.032);
subgroup analysis: high PD-L1 expression in glicblastoma
(GBM) associated with worse OS (P = 0.030); index
subgroup analysis: neither PD-L1 protein (P = 0.068) nor
gene (P = 0.322) significantly associated with OS

PD-L1 expression in tumors negatively associated with GBM
patient survival (P = 0.001)

NIH cohort glioblastoma and NIH cohort recurrent
glioblastoma (IDH-wildtype): PD-L1 negatively associated
with patients’ OS (P < 0.001 and P = 0.015, respectively);
TCGA database analysis: in all glioblastoma, no significant
cortelation between PD-L1 expression and patients’ OS

(P = 0.135);in recurrent, non-G-CIMP (IDH-wild type), PD-L1
expression negatively associated with patients’ OS

(P= 0023

GBM tumor cells expressing PD-L1 nor not does not affect
the OS and PFS of ADCTA group or reference group patients.
(ADCTA group OS P = 0.086 and PFS P = 0.239; reference
group OS P = 0.376 and PFS P = 0.421)

Reference

Nduom et al., 2016

Wang et al., 2016

Zeng etal., 2016

Berghoff et al., 2015

Miyazaki et al., 2017

Hanetal., 2017

etal, 2018

Nduom et al., 2016

Rover et al., 2018

Xue etal, 2017b

Liuetal,, 2013

Pratt et al., 2018

Jan etal., 2018
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Materials PD-L1 antibody Criteria for IHC positive Expression rate of PD-L1 Other results Reference
TMA1085 sP142 <5% or <2+ or 22+ and 25% PD-L1 positive in 19% of al Xiu et al,, 2016
GBM specimens (grade IV tumors. specimens.
with gliosarcoma were not included)
233 GBM specimens; WHO U, SP142 PD-L1 expression detected oncell  PD-L1 positive in 6.1% (21/345) of all  High expression of PD-L1inWHO IV Garber et al,, 2016
16.6%; WHO lll 13.6%; gliosarcomas membranes glioma specimens, and in 35.0% GBM specimens, while low
37% (57/163) of all GBM specimens expression in IDH-mutant gioma
specimens
327 gloma specimens (grade V), SP142 PD-L1 expression detected on cell  PD-L1 positive in 8.1% (24/295) of all - Low expression of PD-L1 in Hodges et al., 2017
198 GBM specimens membranes glioma specimens, and in IDH-mutant gioma specimens.
10.1%(19/189) of all GBM specimens
117 newly diagnose glioblastoma  Clone 5H1 Membranous PD-L1 expression: PD-L1 positive in 37.6% (44/117) of Berghoff et al., 2015
specimens, 18 recurrent glioblastoma PD-L1 detected on >5% of the tumor ~ newly diagnosed glioblastoma
specimens cell membranes; specimens and 16.7%(3/18) of
recurrent glioblastoma specimens;
Diffuse/fibrilary PD-L1 expression:  PD-L1 expression in 84.6% (99/117)
PD-L1 detected in non-necrotic areas  of newly diagnosed glioblastoma
specimens and 72.2% (18/18) of
recurrent glioblastoma specimens.
43 WHO I/l (39 IDH-mutant, 4 Clone 5H1 Membranous PD-L1 expression: Positive expression in 56.2% (68/121) ~ A significant negative correlation Berghoff et al., 2017
IDH-wild type) glioma specimens; 14 PD-L1 detected on >1% of the tumor  of IDH-wid type glioma and 5.7%  between PD-L1 expression and
GBM with IDH-mutant specimen; 117 cell membranes; (8/53) of IDH-mutant glioma; IDH-mutant status (P<0.001)
GBM with IDH-wild type specimens
Diffuse/fibrilary PD-L1 expression: ~ Positive expression in 84.3%
PD-L1 detected in >25% of all (102/121) of IDH-wild type glioma and
non-necrotic areas 37.3%(20/53) of IDH-mutant gioma.
9 GBM specimens; 1 mixed gioma  Clone 5H1 PD-L1 expression was divided into 4 PD-L1 expression in all 10 specimens Wintterle et al., 2003
(WHO II) specimen levels: <256%; 25-50%; 50-75% and  (with a positive rate of 50~90%)
>75%
TMA: 99 GBM specimens EPR1161 Compact brown particles shown on  60.6% of the specimens with >1% Nduom et al., 2016
cell membranes PD-L1 expression; 38.3% of the
specimens with >5% PD-L1
expression
TMA: 229 glioma specimens (WHO Rabbit polyclonal >5% of tumor cell with membrane or ~ 49.2, 53.7, and 68.6% of grade II, lll No significant correlation between Zeng etal., 2016

V)

54 brain tumor specimens, 1 epilepsy
specimen

64 gioma specimens (grade 1)

Initial and secondary resected tumor
specimens from 16 GBM patients.
(excision time within 2 years after the
first operation)

TMA: 54 GBM specimens

Initial and secondary resected tumor
specimens from 64 GBM

62 malignant brainstem gioma
specimens

TMA: 115 GBM specimens

antibody anti-PD-L1

clone MIH1
eBioscience

ab58810, Abcam

28-8, Abcam

Cell Marque, Rockiin,
CA, USA

EALRN,

Cell Signaiing

ab205921, Abcam,
Cambridge, UK
E1L3N, Cell
Signaling

cytoplasm PD-L1 expression

Positive signals detected in glioma
cells

Positive signals detected in>5% of all
tumor cells (membrane or cytoplasm)

PD-L1 in tumor cells was graded as
“ (absence of staining), “+” (up to
25% of cells stained), “++" (25-50%
of cells stained) or *+ + +” (more
than 50% of cells stained)

PD-L1 expression detected in >5%
of all tumor cell membranes
Diffuse/fibrilary PD-L1 expression in
75% of all specimens; Cytoplasmic
PD-L1 expression in 20% of all
specimens; membranous
PD-L1expression in 5% of all
specimens

Unknown

Positive signals detected in >5% of
tumor cells (either membrane or
cytoplasm)

TMA, tissue microarray; GBM, glioblastoma multiforme; IDH-mutant, isocitrate dehydrogenase-mutant.

and IV gliomas with positive PD-L1
expression respectively

Positive expression of PD-L1 in
85.2%(46/54) of al brain tumor
specimens and 19/19 GBM
specimens

PD-L1 positive in 78.12% (50/64) of
all specimens, 60.87% (14/23) of the
LGG specimens and 87.80%(36/41)
of the HGG specimens

Initial resected tumor specimens
median: ++; secondary resected
tumor specimens median:+ + +

PD-L1positive in 31.5% of all GBM
specimens

PD-L1 expression level in secondary
resected GBM specimens reduced
66.71% compared to that in inital
resected GBM specimens

(o =0.0045)

PD-L1 expression in 59.7% (37/62) of
all specimens

PD-L1 positive in 32.2% (37/115) of
all GBM specimens

PD-L1 expression and WHO levels
(P=0327)

The positive expression rate of PD-L1
in GBM specimens higher than that in
other brain tumor specimens

A significant positive correlation
between PD-L1 expression and WHO
levels (P = 0.013)

No difference between the expression
of PD-L1 in initial and secondary
resected tumor (P = 0.187)

PD-L1 expression was significantly
associated with IDH-mutant status
(P=0008)

Wilmotte et al., 2005

Xueetal.,, 2017a

Miyazaki et al., 2017

Han etal., 2017

Heynckes et al., 2017

Zhang et al., 2017

Lee et al., 2018
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Characteristics Classification ER positive, ER negative,
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Age Average 52 57
FIGO staging A 0O 00
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C 2(18) 2 (25)
IA 19 00
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/A 19 00
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Metastasis lymph nodes Yes 0 3(37.5)
No 11 (100) 5 (62.5)
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CHOP Forward primer, 5'-GAACCTGAGGAGAAGAGTGTTCCA-3'
Reverse primer, 5'-AGTGACTCAGCTGCCATCTCTGT-3

ATF-4 Forward primer, 5'-CTGGAGAGAAGATGGTAGCAGCAA -3
Reverse primer, 5'-GCCCTCTTCTTCTGGCGGTA-3

Bip Forward primer, 5’-CCAACTGTTACAATCAAGGTC-3'
Reverse primer, 5'-ACGAGGAGCAGGAGGAAT-3'

XBP-1 Forward primer, 5'-TGCTGAGTCCGCAGCAGGTG-3'
Reverse primer, 5'-GCTGGCAGGCTCTGGGGAAG-3

DR5 Forward primer, 5'-TCAAAGGACACGGCAGAGCCTGTGCCA-3’
Reverse primer, 5'-GGGAGCCGCTCATGAGGAAGTTGG-3'

BECLINA Forward primer, 5'-ACCGTGTCACCATCCAGGAA-3
Reverse primer, 5’-GAAGCTGTTGGCACTTTCTGT-8

ATG5 Forward primer, 5'-AGCAACTCTGGATGGGATTG-3
Reverse primer, 5'-CACTGCAGAGGTGTTTCCAA-3

ATG7 Forward primer, 5'-ACCCAGAAGAAGCTGAACGA-3
Reverse primer, 5-AGACAGAGGGCAGGATAGCA-3

DAPK Forward primer, 5'-TCTACCAGCCACGGGACTTC-3
Reverse primer, 5'-GCTGGCCTGTGAGTAGACGT-3

GAPDH Forward primer, 5'-TGGAAGGACTCATGACCACA-3
Reverse primer, 5-TTCAGCTCAGGGATGACCTT-3&
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Clinical characteristics MM patients Value

Sex
Male 53 (62%)
Female 33 (38%)
Age (yr) Median 55 (range: 44-78)
International staging system
Stage 1 16 (19%
Stage 2 33 (38%,
Stage 3 37 (43%
Durie-Salmon stage
Stage 1 40 (47%
Stage 2 20 (23%,
Stage 3 26 (30%,
Isotype
IgG 43 (50%
IgA 22 (26%
Light chain 12 (14%
Unclassified 9 (10%)
Percentage of myeloma cells in BM
<40% 57 (66%)
> 40% 29 (34%)
Bone disease
No 7 (8%)
Yes 79 (92%
Renal insufficiency
No 67 (78%
Yes 19 (22%
Cytogenetic abnormality
No 29 (34%
Yes 57 (66%,
Hemoglobin (g/dl) 101.18 £ 26.11
Platelet count (x 10°/L) 169.29 + 88.43
Neutrophil (x10%/L) 2.81+£1.96
Albumin (g/L) 34.21 + 6.46
Globulin (g/L) 32.90 &+ 22.40
LDH (UL 265.23 + 161.23
Bo-MG (pg/mi) 5.35 + 3.88
Creatinine (wmol/L) 106.18 £ 122.22
Serum Calcium (mmol/L) 2.21+0.20

MM, multiple myeloma; BM, bone marrow; LDH, lactate dehydrogenase; f2-MG,
Po-microglobulin.
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cyte activation involved in immu... [GO:0002366] [17 genes]
activation involved in immune re... [GO:0002263] [17 genes]
Myeloid leukocyte activation [GO:0002274] [16 genes]
reloid cell activation involved in i... [GO:0002275] [15 genes]
Leukocyte degranulation [GO:0043299] [14 genes]
*loid leukocyte mediated immunity [GO:0002444] [14 genes]

Neutrophil degranulation [GO:0043312]
“ophil activation involved in imm... [GO:0002283]
Neutrophil activation [GO:0042119]

Neutrophil mediated immunity [GO:0002446]
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Characteristics

Age(years)

>60

<60

Gender

male

female

Tumor size(cm)

<5

>5

Differentiation status
well

moderate

poor

TNM stage

[+

41V

Lauren’s classification
Intestinal

Diffuse

Distant metastasis
Negative

Positive

Lymph node metastasis
negative

positive

*P < 0.05.

MiRNA-181a expression

High (Number) Low (Number)

18 34
i 27
19 35
10 26
9 34
20 27
4 1
15 30
10 20
8 34
21 27
18 32
ih 29
22 56
7 5
8 34
21 27

Median p-value

0.5250 0.2849
0.5485
0.55  0.4613
0.56215
0.474 0.0283*
0.631
0.474  0.8806
0.575
0.525
0.399 0.0141*
0.651
0.554 0.3912
0.56345
0.512 0.0376*
0.762

0.3745 0.0124*
0.637
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Overall

Sex

Man 14
Woman 14

Age at treatment initiation (years)

<45 11
45-59 10
>60 7
Melanoma type

S.PL 6
Cutaneous 22
Stage

Mia 7
M1b 4
Mic 16
Therapy

Monotherapy 15
Combo 13
LDH

<480 17
>480 11
BRAFV600E
Undetectable 15
Detectable 1

MMP-9 (ng/mL)

Median

684

684
662

601
870
670

1204
636

601
614
872

697
670

671
686

557
873

Interquartile

range

427-1118

417-1108
437-1128

482-1148
352-882
354-1108

417-1930
437-873

482-723
470-1801
427-1159

437-1108
362-1128

482-882
354-1238

364-722
437-1238

Mann-
Whitney
test

p =0.927

p = 0.807

o =0.131

o =0.624

p =0.596

p=0.796

p =0.058
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Patients  Progressions
Overall 28 23
BRAFV600E

Undetectable 15 10
Detectable 1" 1"

MMP-9 at treatment initiation (ng/mL)
<680 14 11
=680 14 12

BRAFYS2E and MMP-9 at treatment initiation (ng/mL)

Undetectable and <680 10 7
Undetectable and =680 5 3
Detectable and <680 4 4
Detectable and =680 7 7
Therapy

Monotherapy 15 14
Combo 18 9

Median TTP (days)

219

280
219
p=0.398

240
195
p =0.450

353
153
205
219
p=0.153

206
240
p=0.705

PFS

6 mos 12 mos 24 mos
67.9% 39.3% 17.9%
80.0% 60.0% 33.3%
54.6% 9.1% 0.0%

Log-rank test: p = 0.004

786%  42.9%  214%
57.1% 36.7% 14.3%
Log-rank test: p = 0.415

90.0% 60.0% 30.0%
60.0% 60.0% 40.0%
50.0% 0.0% 0.0%
57.1% 14.3% 0.0%

Log-rank test: p = 0.037

60.0% 267%  0.0%
769%  539%  30.8%
Log-rank test: p = 0.102

Deaths

o wn e ©

©

0os

6 mos 12 mos 24 mos
92.9% 71.4% 46.4%
93.3% 93.3% 66.7%
90.9% 45.5% 18.2%

Log-rank test: p = 0.007

100% 85.7% 57.1%
86.7% 57.1% 36.7%
Log-rank test: p = 0.219

100% 100% 70.0%
80.0% 80.0% 60.0%
100% 50.0% 25.0%
86.7% 42.9% 14.3%

Log-rank test: p = 0.056

100%  60.0%  40.0%
846%  846%  53.9%
Log-rank test: p = 0.496
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Al Cancer progression Vital status

No Yes Alive Dead

n (%) n (%) n (%) n (%) n (%)
Sex
Man 14 (50.0) 2 (40.0) 12 (52.2) 4 (44.4) 10 (52.6)
Woman 14 (50.0) 3 (60.0) 11 47.8) 5 (55.6) 9 (47.4)
Fisher test p=1.000 p=1.000
Age at treatment initiation (years)
<45 1 (39.3) 2 (40.0) 9 (39.1) 5 (55.6) 6 (31.6)
45-59 10 (35.7) 1 (20.0) 9 (39.1) 1 (11.1) 9 (47.4)
=60 7 (25.0) 2 (40.0) 5 1.7) 3 (333 4 1.1)
Fisher test p=0824 p=0.195
Melanoma type
SPI 6 ©1.4) 1 (20.0) 5 @1.7) 2 ©2.2) P @11
Cutaneous 22 (78.6) 4 (80.0) 18 (78.3) 7 (77.8) 15 (79.0)
Fisher test p=1.000 p=1.000
Stage
Mia 7 (25.9) 2 (20.0) 5 (©2.7) 2 (22.2) 5 (©7.8)
Mib 4 (14.8) 1 (10.0) 3 (13.6) 2 (22.2) 2 (11.1)
Mic 16 (59.3) 2 (20.0) 14 (63.6) 5 (55.6) 1 61.1)
Fisher test p=0502 p=0726
Therapy
Monotherapy 15 (57.7) 1 (20.0) 14 (60.9) 4 (44.4) 1 (57.9)
Combo 13 (42.9 4 (80.0) 9 (39.1) 5 (55.6) 8 (42.1)
Fisher test p=0.153 p=0.689
LDH
<480 17 (80.0) 4 (80.0) 13 (66.5) 6 (66.7) 1" (57.9)
>480 1 (20.0) 1 (20.0) 10 (43.5) 3 (33.3) 8 (2.1

Fisher test p=0.620 p=1.000
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NUGC4 10.21848 ERBB2-H 5.721415 RARA-L 3.852881 NRG2-H Group 3 0.171543315
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MKN74 8.119466 ERBB2-L 6.73371 RARA-H 3.257784 NRG2-L Group 2 4.689732791
IM95 9.108876 ERBB2-H 5.806562 RARA-L 3.74757 NRG2-L Group 2 8
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