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Upregulated MELK Leads to Doxorubicin Chemoresistance and M2 Macrophage Polarization via the miR-34a/JAK2/STAT3 Pathway in Uterine Leiomyosarcoma
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Uterine leiomyosarcoma (ULMS) is the most lethal gynecologic malignancy with few therapeutic options. Chemoresistance prevails as a major hurdle in treating this malignancy, yet the mechanism of chemoresistance remains largely unclear. In this study, we certified MELK as a poor prognostic marker through bioinformatic analysis of the GEO database. Cellular experiments in vitro revealed that MELK played an essential role in ULMS cells' chemoresistance and that a high expression of MELK could lead to doxorubicin resistance. mRNA profiling uncovered the pathways that MELK was involved in which led to doxorubicin resistance. MELK was found to affect ULMS cells' chemoresistance through an anti-apoptotic mechanism via the JAK2/STAT3 pathway. miRNA profiling also revealed that upregulated MELK could induce the decrease of miRNA-34a (regulated by JAK2/STAT3 pathway). We detected that MELK overexpression could induce M2 macrophage polarization via the miR-34a/JAK2/STAT3 pathway, contributing to doxorubicin chemoresistance in the tumor microenvironment. OTSSP167, a MELK inhibitor, may increase ULMS sensitivity to doxorubicin. Our investigation could propose novel targets for early diagnosis and precision therapy in ULMS patients.
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INTRODUCTION

Uterine leiomyosarcoma (ULMS) is a scarce tumor subtype, with its incidence being nearly 1% of all uterine malignancies. It comprises ~70% of all uterine sarcomas and contributes to a large proportion of uterine cancer deaths (1). The 5-year survival rate of ULMS patients ranges 15–25% overall and 40–70% for stage I and stage II diseases (2). Primary surgical resection is the mainstay of therapy and confers a prognosis advantage (3). ULMS is also commonly insensitive to chemotherapy. In the National Comprehensive Cancer Network, 2019 treatment guidelines for uterine neoplasms, doxorubicin, and gemcitabine/docetaxel remain the most effective regimens in treating a recurrent or advanced disease. However, presently, cytotoxic regimens remain deficient and the 5-year disease-specific survival is <30%. In a phase III trial including women who had ULMS, carcinosarcoma, or other kinds of sarcoma, administering doxorubicin at the concentration of 60 mg/m2 showed an objective response among 16% of all enrolled women and in 25% in those who had ULMS. In the same study, the addition of dimethyl triazenoimidazole carboxamide did not significantly improve the treatment response rates (4). Moreover, the objective response rate of gemcitabine/docetaxel did not even reach 25% in other investigations (5–11). The response rates of the present regimens are dismal, with the partial response rate changing from 0 to 33% and the complete response rate varying from 0 to 8% (12). Other therapeutic options have not seemed to yield promising results. Two phase II clinical trials revealed that ULMS patients had no objective response to nivolumab and pembrolizumab, two kinds of selective PD-1 receptor blockers (13, 14). Most retrospective studies of adjuvant radiotherapy (RT) also suggested no appreciable or consistent improvement in the overall survival of ULMS patients (15).

MELK, a well-known oncogenic gene, was first depicted by exploring the gene landscape of progenitor cells in pediatric brain tumors (16). The upregulation of MELK has been detected in many kinds of tumors consisting of gastric cancer, breast cancer, glioblastomas, colorectal cancer, prostate cancer, and melanoma (17–19). In addition, high MELK expression level is related to poor prognosis in breast cancer patients (18). Previous researches have investigated that MELK may affect cell cycle regulation, cell proliferation, apoptosis, and metastasis (20–23).

Tumor-associated macrophages (TAMs), a crucial element of tumor microenvironments (TMEs), play an important role in tumor promotion including tumor growth, immune suppression, angiogenesis, chemoresistance, and metastasis. Tumor cells or microenvironmental cells can secrete factors which can polarize TAMs into M1 or M2 macrophages (24). M1-type macrophages have been characterized by inducible nitric oxide synthase (iNOS), TNF-α, and IL-12, which potentially inhibit tumor progression. M2-type macrophages are featured by arginase 1 (Arg1), CD206, IL-10, and TGF-β, which may facilitate tumor progression (25–27). Prior works illustrate that TAMs have a significant impact on tumor chemotherapy and radiotherapy (28, 29). Moreover, recent studies have shown that M2 macrophages could affect cancer stem cells in both drug resistance and self-renewal through a complex network of growth factors, chemokines, cytokines, and extracellular matrix molecules (29).

Through a bioinformatics analysis of the Gene Expression Omnibus (GEO) database, we first confirmed MELK to be a poor prognostic marker and then aimed to determine its role in ULMS. Our current study specifically investigates the relationship between MELK expression, ULMS TMEs, and doxorubicin resistance. Our findings could propose novel targets for early diagnosis and precision therapy in ULMS patients.



MATERIALS AND METHODS


Patients and Tissue Samples

With institutional review board approval, a total of 27 tumor specimens were collected at Qilu Hospital from patients who had been diagnosed with ULMS according to the World Health Organization criteria. A total of 27 ULMS, 24 myometrium (MM), and 40 uterine leiomyoma (ULM) cases were included in the study. The tissues were evaluated by two pathologists blinded to clinical data. The International Federation of Gynecology and Obstetrics (FIGO) 2014 staging system was used to categorize the histological grade and the tumor stage. The clinical information and pathological data are shown in Supplementary Table 1.



Tissue Microarrays and Immunohistochemistry Staining

The LMS TMAs were established by acquiring a 1-mm-diameter core at a representative area in each tumor. The TMA block was built on a semiautomatic tissue arrayer (MiniCore, UK).

Immunohistochemistry was conducted on histological sections of formalin-fixed, paraffin-embedded LMS tissue samples in TMAs. The sections were deparaffinized and rehydrated by xylene and ethanol. Antigen was retrieved with EDTA buffer (pH = 8.0) at 98°C for 15 min. Then, 3% hydrogen peroxide was used to block the endogenous peroxidase, and nonspecific binding was obstructed with goat serum. The primary antibody anti-MELK (1:500 dilution, HPA017214, Sigma Aldrich) was incubated overnight in a humid chamber at 4°C. Expression was visualized by I-View 3,3amberilution, HPA0 staining detection.



RNA Extraction and Real-Time Quantitative PCR

TRIzol reagent (Invitrogen, USA) was used to extract total RNA. MicroRNAs (miRNA) was synthesized using the One Step PrimeScript miRNA cDNA Synthesis Kit (Takara, JAPAN). SYBR green Premix Ex Taq II (Takara, Japan) was used to conduct RT-qPCR. U6 was used as the endogenous standard reference gene. The primer sequence used for miR-34a was TGGCAGTGTCTTAGCTGGTTGT.



Protein Isolation and Western Blotting

RIPA buffer consisting of PMSF, NaF, and Na3VO4 was used to lyse cells. A BCA Protein Assay kit (Thermo Scientific, USA) was used to quantify the concentration of protein in the cell lysates. The protein samples were divided on 10% SDS-PAGE gels and transferred on 0.22-μm polyvinylidene fluoride membranes (Merck Millipore, USA). Then, 5% skimmed milk was used to block the membranes for 1–2 h. The membranes were incubated overnight with primary antibodies at 4°C. On the following day, horseradish peroxidase-labeled secondary antibodies were used to incubate the membranes for 1.5 h at room temperature. The reactive proteins were then detected with an enhanced chemiluminescence system (GE, USA). GAPDH was used as the endogenous control.



Cell Lines and Cell Culture

The SK-UT-1 cells and SK-UT-1B cells were of ULMS cell lines. They were acquired from the American Type Culture Collection (ATCC). The HEK293T cells were purchased from the Chinese Academy of Sciences (Shanghai, China). Eagle's Minimum Essential Medium and Dulbecco's Modified Eagle Medium were used to culture ULMS cells and HEK293T cells, respectively. The THP1 cells received from ATCC were cultured in RPMI-1640 medium. Then, 100 ng/mL phorbol myristate acetate (PMA; Sigma-Aldrich, USA) was used to incubate the THP1 cells for 24 h to induce macrophage differentiation. All the cells were maintained at 37°C with 5% CO2 in a humidified incubator.



Plasmid Construction and Lentivirus Production

MELK shRNA in pLKO-puro was obtained from Sigma-Aldrich. PCR was used to expend the coding sequence of MELK, which was then inserted into a pLenti-C-Myc-DDK-IRES-Puro (PCMV) vector (Origene, USA). Then, the HEK293T cells were used to produce lentivirus by transfecting pMD2.G, psPAX2, and constructive vectors. The lentivirus was used to infect the LMS cells for 24 h, and then the cells were chosen for 1 week in a medium including 2 μg/mL puromycin (Merck Millipore, USA). The alive cells were stable-expression cells.



Cell Proliferation Assay

3-[4,5-Dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT) assay was used to measure cell proliferation. The cells were planted in 96-well-plates at densities of 1,000 cells per well in quintuplicate. Then, the cells were incubated with doxorubicin at a concentration of 8 nM. At assigned monitoring times, we added 20 μL 0.5 mg/mL MTT (Sigma-Aldrich, USA) to each well and incubated the cells with MTT for 4 h. Later, the supernatants were carefully discarded and 100 μL of dimethyl sulfoxide (Sangon Biotech, China) was added to each well. The absorbance value at 490 nm was evaluated by a microplate reader (Thermo Scientific, USA).



Cytotoxic Assay

The MTT method was also used in the cytotoxic assay. The cells were seeded in 96-well-plates at densities of 3,000 cells per well in quintuplicate and exposed to doxorubicin (S1208, Selleckchem, USA) at various final concentrations (0, 16, 32, 64, 128, and 256 nM) for 72 h. The MTT reagent was used to estimate the final cell viability, and then we calculated the surviving fractions.



Clonogenic Assay

SK-UT-1 and SK-UT-1B cells with MELK knockdown or overexpression were seeded in six-well-plates at densities of 1,000 cells per well of SK-UT-1 and 1,500 cells per well of SK-UT-1B, treated with various concentrations of doxorubicin (0, 30, and 60 nM, respectively), and cultured for 2 weeks. Methanol was used to fix the colonies, and 0.1% crystal violet was used to stain the colonies. We took the colonies with more than 50 cells into account.



Apoptosis Assay

To evaluate the extent of apoptosis, MELK overexpressing or suppressing ULMS cells were first incubated with doxorubicin at a concentration of 20 nM for 48 h. Then, the cells were collected. Propidium iodide and annexin V-FITC (BD Biosciences, USA) were used to stain the collected cells.



Luciferase Reporter Assay

IL6R is a latent target gene of miR-34a. For wild-type vectors, the 3′ untranslated regions (3′UTR) of IL6R including the binding site were compounded by GenePharma (Shanghai, China) and cloned into pmirGLO vector (Promega Madison, USA). Overlap extension PCR was used to generate mutant constructs. The HEK293T cells were planted in 96-well-plates at densities of 30,000 cells per well, and then the constructive vectors and miR-34a mimics or negative control were co-transfected into the HEK293T cells. At 36 h later, Dual-Glo Luciferase Assay System (Promega Madison, USA) was used to measure the luciferase activity.



Enzyme-Linked Immunosorbent Assay

A human IL-6 quantikine enzyme-linked immunosorbent assay (ELISA) kit (R&D Systems, USA) was used to measure the concentrations of IL-6 in the cultured media of macrophage cells according to the manufacturer's instructions.



mRNA and miRNA Sequencing

Both the SK-UT-1 cells overexpressing MELK and the negative control cells were treated with 20 nM doxorubicin for 4 weeks. Then, mRNA and miRNA profiling was conducted both in cells treated with doxorubicin and in cells without treatment.

Each sample's total RNA was used as input material for the small RNA library. The NEBNext® Multiplex Small RNA (SR) Library Prep Set for Illumina® [New England Biolabs (NEB), USA] was used to generate the sequencing libraries following the manufacturer's recommendations. In order to ascribe sequences to each sample, index codes were then added. Briefly, the NEB 3′ SR Adaptor was directly, and specifically, ligated to the 3′ ends of miRNA, siRNA, and piRNA. After the 3′ ligation reaction, the SR RT Primer was crossbred to any excess 3′ SR Adaptor that remained free after the 3′ ligation reaction, ultimately transforming the single-stranded DNA adaptor into a double-stranded DNA molecule. Next, the 5′ ends adapter was ligated to the 5′ ends of miRNAs, siRNA, and piRNA. M-MuLV Reverse Transcriptase (RNase H-) was used to synthesize the initial cDNA strands. LongAmp Taq 2X Master Mix, SR Primer for Illumina, and index (X) primer were used subsequently to perform the PCR amplification. Then, the PCR products were purified. DNA fragments consisting 140–160 bp (the length of small noncoding RNA plus the 3′ and 5′ adaptors) were recovered and dissolved in 8 μL elution buffer. Finally, DNA High Sensitivity Chips was used to assess library quality on the Agilent Bioanalyzer 2100 system. TruSeq SR Cluster Kit v3-cBot-HS (Illumina) was used to conduct the collection of index-coded samples on a cBot Cluster Generation System following the manufacturer's instructions. After cluster generation, the library preparations were sequenced on an Illumina Hiseq 2500/2000 platform, and 50-bp single-end reads were generated.



Subcutaneous Implanted Tumor and Drug Resistance Assay In vivo

The previously cultured SK-UT-1B cells (at a volume of 1 × 107 cells) were resuspended in 200 μL of phosphate-buffered saline and injected subcutaneously into 4- to 5-week-old female NOD.SCID Il2rγ (NSG) mice (NBRI of Nanjing University) on either side of the axilla. After 2 weeks, the tumor-bearing mice were separated randomly into three groups. For the two treatment groups, the first group was treated with only doxorubicin (3 mg/kg/day) injected intraperitoneally, while the other group was treated with both orally fed OTSSP167 (10 mg/kg/day) and doxorubicin (3 mg/kg/day) injected intraperitoneally. The third control group was untreated with any drug. At 4 weeks after the injection, these mice were sacrificed and inspected for growth of subcutaneous tumors.



Antibodies

The antibodies used include the following: MELK (SIGMA: HPA017214), P53 (Cell Signaling Technology: 48818), phospho-JAK2 (Y1007 + Y1008) (Abcam: ab32101), phosphor-STAT3 (Y705) (Abcam: b76315), STAT3 (Cell Signaling Technology: 30835), IL6 (Proteintech: 21865), IL6R (Proteintech: 23457), BCL2 (Proteintech: 12789), and GAPDH (Cell Signaling Technology: 2118).



Statistical Analysis

SPSS Statistics 20 software was utilized to perform data analysis. We assessed statistically significant differences between the experimental and the control groups by the use of Student's t-test and chi-square test. P < 0.05 was regarded as threshold for statistically significant difference (*P < 0.05, **P < 0.01).




RESULTS


MELK Is Overexpressed in ULMS and Is a Poor Prognosis Marker of Aggressive ULMS

According to the data obtained from GEO regarding 15 ULMS samples, seven uterine leiomyoma (ULM), and four myometrium (MM), we detected that MELK expression was significantly overexpressed in ULMS compared to those in ULM and in MM (P < 0.01, Figure 1A). Moreover, MELK expression in extreme ULMS was much higher than that in ULMS (P < 0.05). We then analyzed MELK protein levels in human ULMS (n = 27), ULM (n = 40), and MM (n = 24). Immunohistochemistry was performed on TMAs. A significantly higher positive rate of MELK expression was seen in ULMS (77.8%, 22/27) than in MM (20.8%, 5/24) and in ULM (20%, 8/40; P < 0.01; Figure 1B). Representative staining patterns are displayed in Figure 1C. Furthermore, the survival curves indicated that high MELK expressed in ULMS patients exhibited a significantly shorter overall survival than low MELK expressed in patients (P = 0.0368), suggesting that MELK played an important prognostic role in ULMS (Figure 1D). A clinicopathologic feature analysis revealed that MELK expression had no obvious correlation with age, FIGO stage, grade, and tumor size (Table 1). These results suggest that MELK protein is expressed in ULMS and may be expressed at higher levels in some more severe cases.


[image: Figure 1]
FIGURE 1. MELK is overexpressed in uterine leiomyosarcoma (ULMS), and its high expression predicts poor prognosis. (A) Differential expression of MELK in 15 ULMS samples and seven uterine leiomyoma (ULM) and four myometrium (MM) from GEO data; *P < 0.05. (B) The positive rate of MELK expression in ULMS is higher than that in MM and ULM by immunohistochemistry staining; **P < 0.01. (C) Representative staining in MM, ULM, and ULMS. (D) Overall survival analysis based on MELK expression (high-expression group vs. low-expression group) in our cohort.



Table 1. Correlation between MELK expression and clinicopathological characteristics in uterine LMS.
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MELK Can Lead to Doxorubicin Chemoresistance in ULMS Cells

Stably transfected ULMS cells overexpressing MELK, those suppressing MELK, and corresponding negative control (NC) cells, respectively, were incubated with doxorubicin at different concentrations (0, 16, 32, 64, 128, and 256 nM) for 72 h. An MTT assay indicated that the ULMS cells' viability could be injured by doxorubicin treatment in a concentration-dependent manner. The relative cell viability of MELK-suppressing cells declined much more rapidly than that of the negative control cells, and the relative viability of MELK-overexpressing cells declined much more slowly than that of the negative control cells at various final concentrations (Figure 2A). Moreover, in the proliferation assay, the relative viability of the ULMS cells with MELK overexpression was significantly higher than that of the negative control cells, especially in the last 2 days (Figure 2B). Analogously, MELK expression remarkably increased colony formation in ULMS cell lines (P < 0.05; Figure 2D), and conversely MELK suppression decreased colony formation (P < 0.05; Figure 2E). Also, a significantly increased MELK expression in SK-UT-1 cells was seen simultaneously with increasing doxorubicin concentrations (Figure 2C).


[image: Figure 2]
FIGURE 2. MELK can lead to doxorubicin chemoresistance in uterine leiomyosarcoma (ULMS) cells. (A) Cytotoxic assay of SK-UT-1 and SK-UT-1B cells with MELK knockdown or overexpression incubated with different concentrations of doxorubicin (0, 16, 32, 64, 128, or 256 nM) for 72 h; *P < 0.05, **P < 0.01. (B) When cells were incubated with doxorubicin at the concentration of 8 nM, the relative viabilities of SK-UT-1 and SK-UT-1B cells overexpressing MELK were significantly higher than that of the negative control group; *P < 0.05, **P < 0.01. (C) MELK protein expression was assessed by western blot after 0, 30, or 60 nM doxorubicin was added to the SK-UT-1 cells for 72 h. (D) Approximately 1,000 cells/well of SK-UT-1 and 1,500 cells/well of SK-UT-1B were seeded in six-well plates, treated with 0, 30, and 60 nM of doxorubicin, respectively, and cultured for 14 days; **P < 0.01. The results showed that MELK remarkably increased the colony formation in SK-UT-1 and SK-UT-1B cell lines. (E) Clonogenic assay of MELK suppressing the ULMS cells showed that MELK suppression apparently decreased the colony formation; **P < 0.01.




The Effect of MELK on Chemoresistance in ULMS Cells Was Anti-apoptosis via the JAK2/STAT3 Pathway and the Decline of miR-34a

To further investigate the mechanism that MELK undertakes in ULMS chemoresistance, SK-UT-1 cells overexpressing MELK and NC cells were treated with 20 nM of doxorubicin for 4 weeks. Next, mRNA and miRNA profiling was conducted in cells both treated with doxorubicin and those without treatment. The results revealed that the upregulated genes in both the MELK-overexpressing cells and the doxorubicin-treated cells were concentrated in pathways such as transcriptional regulation by TP53, signaling by interleukins, interleukins-4 and−13 signaling, and so on. Detailed Gene Ontology (GO) enrichment analysis data of the pathways in mRNA profiling comparing SK-UT-1 PCMV-MELK (MELK) vs. SK-UT-1 PCMV-NC (PCMV) and SK-UT-1 PCMV-MELK treated with doxorubicin (MELK-ADR) vs. untreated SK-UT-1 PCMV-MELK are shown in Figure 3A. Moreover, the miRNA profiling heatmap showed that miR-19a-3p, miR-34a-5p, miR-449a, miR-33a-5p, and miR-29b-3p were suppressed in MELK-overexpressing cells both with and without doxorubicin treatment (Figure 3B). The miRNA profiling results were verified by RT-qPCR. We found that miR-34a level alteration met our expectation. Data revealed not only that MELK could significantly down-regulate miRNA-34a expression in ULMS cells but also that suppressing MELK could apparently upregulate miRNA-34a expression (P < 0.05; Figure 3C). It is understood that the JAK2/STAT3 pathway can resist apoptosis and is important in chemoresistance and that STAT3 specifically can decrease the miRNA-34a expression level. Considering this knowledge and our data's findings together, we examined if MELK could promote chemoresistance through the JAK2/STAT3 pathway. Western blot showed that MELK overexpression promoted higher levels of phosphor-JAK2 (Y1007 + Y1008) and phosphor-STAT3 (Y705) (i.e., increased p-JAK2 and the ratio of p-STAT3:STAT3). Conversely, MELK inhibition reduced JAK2 and STAT3 phosphorylation (i.e., decreased p-JAK2 and the ratio of p-STAT3:STAT3). Additionally, the results showed an increase of BCL2 in MELK-overexpressing cells and a decrease of BCL2 in MELK-suppressed cells (Figure 3D). A statistical analysis of the gray values of the western blot images is depicted in Figure 3E. Finally, the apoptosis assay was conducted, and the results indicated that MELK could restrain the apoptosis that is usually induced by doxorubicin treatment (P < 0.01; Figure 3F). On account of these results in total, we speculated that MELK regulated the chemoresistance of ULMS cells via the JAK2/STAT3 pathway.
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FIGURE 3. The effect of MELK on uterine leiomyosarcoma (ULMS) cells' chemoresistance was anti-apoptosis via the JAK2/STAT3 pathway and decline of miR-34a. (A) Detailed GO enrichment analysis of the pathways in mRNA profiling of SK-UT-1 PCMV-MELK (MELK) vs. SK-UT-1 PCMV-NC (PCMV) and SK-UT-1 PCMV-MELK treated with doxorubicin (MELK-ADR) vs. SK-UT-1 PCMV-MELK untreated (MELK). (B) Heatmap of miRNA profiling of SK-UT-1 PCMV-MELK (MELK) vs. SK-UT-1 PCMV-NC (PCMV) and SK-UT-1 PCMV-MELK treated with doxorubicin (MELK-ADR) vs. SK-UT-1 PCMV-NC treated with doxorubicin (PCMV-ADR). (C) miRNA-34a expression levels in MELK overexpressing SK-UT-1 and SK-UT-1B cells, MELK suppressed SK-UT-1 and SK-UT-1B cells, and negative control (NC) cells were each assessed by RT-qPCR; *P < 0.05, **P < 0.01. (D) JAK/STAT3 pathway markers and BCL2 were evaluated by western blot in SK-UT-1 and SK-UT-1B cells with MELK knockdown or overexpression. [The amino acid positions of phosphorylation were as follows: p-JAK2 (Y1007 + Y1008) and p-STAT3 (Y705)]. (E) Statistical analysis of the gray values of the western blot images of each detected protein; *P < 0.05, **P < 0.01. (F) Flow cytometric apoptosis assay was evaluated in ULMS cells with MELK knockdown or overexpression treated with doxorubicin at the concentration of 20 nM for 48 h. MELK overexpression inhibited doxorubicin-induced cell apoptosis and MELK knockdown led to more sensitivity to doxorubicin treatment in ULMS cells compared with NC cells; *P < 0.05, **P < 0.01.




MELK Can Induce M2 Macrophage Polarization

To determine if MELK could induce M2 macrophage polarization, PMA was used to incubate THP-1 cells for 24 h and then the conditioned media of stably transfected ULMS cells with MELK overexpression, ULMS cells with MELK knockdown, and NC cells each in vitro. The expression of CD206, Arg1, and INOS (M1 or M2 macrophage markers) was examined by western blot. Compared to NC cells, MELK-overexpressing SK-UT-1 and SK-UT-1B cells showed a significantly increased expression of CD206 and Arg1 as well as a markedly decreased expression of INOS. On the other hand, MELK knockdown SK-UT-1 and SK-UT-1B showed a decreased expression of CD206 and Arg1 as well as an increased expression of INOS (Figure 4G).
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FIGURE 4. MELK-induced M2 macrophage polarization via the miR-34a/JAK2/STAT3 pathway, and M2 macrophages can secrete IL-6, promoting uterine leiomyosarcoma cells' chemoresistance to doxorubicin. (A) SK-UT-1-suppressing MELK and negative control cells were transfected with miRNA-34a mimics with GFP and miRNA-NC. Then, the medium of each cell was used to incubate macrophages. MiR-34a (red dots) was elevated in these macrophages. (B) Number of red dots in macrophages that were treated with the conditioned medium of SK-UT-1-suppressing MELK and negative control SK-UT-1 cells; **P < 0.01. (C) RT-qPCR of miRNA-34a in exosomes showed that miRNA-34a was significantly higher in the exosome of MELK suppressing SK-UT-1 cells than that of negative control cells; **P < 0.01. (D) THP-1 cells were treated with PMA for 24 h and transfected with miR-NC and miR-34a mimics. M2 marker CD206 was significantly increased in miR-34a-transfected macrophages. (E) Putative miR-34a binding sequence in the IL6R 3′UTR. The binding sequence of miR-34a in the IL6R 3′UTR sequence was deleted as mutated type. (F) Analysis of the luciferase activity of the luciferase reporter plasmid containing either wild-type or mutant IL6R 3′UTR in the HEK 293T cell line which proved that IL6R is the downstream target of miR-34a; **P < 0.01. (G) Macrophages were incubated with the conditional media of MELK knockdown, overexpressing or suppressing SK-UT-1 and SK-UT-1B cells and NC cells for 48 h each. Then, macrophage polarization markers and JAK/STAT3 pathway markers were evaluated by western blot in these macrophages. [The amino acid positions of phosphorylation were as follows: p-JAK2 (Y1007 + Y1008) and p-STAT3 (Y705)]. (H) Statistical analysis of gray values of western blot images of each detected protein; *P < 0.05, **P < 0.01. (I) The macrophages were cultured with IL-4 to promote M2 polarization. Enzyme-linked immunosorbent assay (ELISA) showed that the secreted IL-6 was significantly higher in M2 macrophages (treated with IL-4) than in the normal untreated macrophages; **P < 0.01. (J) SK-UT-1 cells were incubated with IL6 (20 ng/mL) and then the treated and untreated cells were measured in cytotoxic assay. The relative cell viability of SK-UT-1 cells treated with IL-6 declined much more slowly than that of the untreated cells; *P < 0.05. (K) The macrophages were cultured with a conditioned medium of MELK-overexpressing SK-UT-1 cells and negative control cells for 48 h, respectively. ELISA showed that secreted IL-6 was significantly higher in macrophages treated with a conditioned medium of MELK-overexpressing SK-UT-1 cells than in macrophages treated with a conditioned medium of NC cells; *P < 0.05, **P < 0.01. (L) SK-UT-1 cells were cultured with conditioned media of M2 macrophages (treated with IL-4) and normal macrophages. The relative cell viability of SK-UT-1 cells treated with a conditioned medium of M2 macrophages declined much more slowly than that of cells treated with a conditioned medium of normal macrophages; **P < 0.01.




MELK-Induced M2 Macrophage Polarization via miR-34a/JAK2/STAT3 Pathway and M2 Macrophages Can Secrete IL6 Promoting ULMS Chemoresistance to Doxorubicin

Next, we investigated if miR-34a could be transferred to regulate the tumor microenvironment. SK-UT-1 cells with MELK suppression and NC cells were transfected with miRNA-34a mimics with red fluorescent protein and miRNA-NC. Next, the conditioned media from each cell type were used to incubate the macrophages. As displayed in Figures 4A,B, we found that miR-34a was elevated in the macrophages treated with the conditioned medium of SK-UT-1 cells with MELK suppression (P < 0.01). We also explored the result of overexpressing miR-34a on macrophage phenotypes. The results of the RT-PCR performed on exosome contents showed that miRNA-34a was significantly higher in the exosomes of SK-UT-1 cells with MELK suppression than in the exosomes of NC cells (P < 0.01; Figure 4C). Moreover, PMA was used to incubate THP-1 cells for 24 h, and then the cells were transfected with miRNA-34a mimics and miRNA-NC. Protein level detection showed that the M2 marker CD206 was significantly increased in miR-34a-transfected cells (Figure 4D). A potential miR-34a binding site was identified in the 3′UTR of IL6R (Figure 4E). The 3′UTR segment, including the binding site and its corresponding mutant counterpart, was cloned into pmirGLO vectors, respectively. Then, the vectors were transfected into HEK 293T cells, and the luciferase value differences of the clones were detected ultimately. We confirmed that miR-34a over-expression markedly reduced the luciferase activity in cells transfected with the wild-type 3′UTR binding site but not in cells transfected with the corresponding mutant site, which suggested that miR-34a could bind to IL6R's 3′UTR directly (P < 0.01; Figure 4F). Furthermore, we measured the expression of phospho-JAK2 (Y1007 + Y1008) and phospho-STAT3 (Y705) in macrophages treated with the respective conditioned media of stably transfected ULMS cells overexpressing MELK, those suppressing MELK, and corresponding NC cells. Western blots showed a remarkably higher phosphorylation of JAK2 and STAT3 in macrophages cultured with the conditioned medium of ULMS cells overexpressing MELK and a significantly lower phosphorylation of JAK2 and STAT3 in the macrophages cultured with the conditioned medium of ULMS cells suppressing MELK, each compared to the phosphorylation levels in the macrophages conditioned with a medium of NC cells (Figure 4G). A statistical analysis of the gray values of western blot images is depicted in Figure 4H. These results in combination indicated that MELK can induce M2 macrophage polarization via the miR-34a/JAK2/STAT3 pathway.

To investigate how M2 macrophages could promote doxorubicin chemoresistance, macrophages were cultured with IL-4 to promote M2 polarization. The ELISA assessment of IL-6 concentrations revealed that the IL-6 was meaningfully higher in the cultured medium of M2 macrophages treated with IL-4 than in the cultured medium of untreated macrophages (P < 0.01; Figure 4I). For the cytotoxic assay, SK-UT-1 cells were treated with IL-6 (20 ng/mL), and the relative viability of both the cells treated with doxorubicin and the untreated cells was measured. The results indicated that the relative cell viability of the SK-UT-1 cells treated with IL-6 declined much more slowly than that of the untreated cells (Figure 4J). To demonstrate that MELK overexpression in ULMS could induce M2 macrophage IL-6 secretion, macrophages were cultured with conditioned media each of MELK-overexpressing SK-UT-1 cells and NC cells for 48 h. Again, ELISA was utilized to measure the IL-6 concentrations. The results showed that IL-6 concentration was expressively higher in macrophages treated with a conditioned medium of SK-UT-1 cells overexpressing MELK than in macrophages treated with a conditioned medium of NC cells (Figure 4K). Additionally, the cytotoxic assay was also conducted on SK-UT-1 cells cultured with a conditioned medium of M2 macrophages (treated with IL-4) and normal macrophages. Relative cell viability was detected, and the results showed that the viability of SK-UT-1 cells treated with conditioned medium of M2 macrophages declined much more slowly than that of the cells treated with the conditioned medium of normal macrophages. Our data suggest that M2 macrophage could contribute to doxorubicin chemoresistance in ULMS cells (Figure 4L).



OTSSP167 Could Contribute to Doxorubicin's Therapeutic Effect

The results of the subcutaneous implanted tumors and drug resistance assay in vivo are shown in Figure 5. Our experiment in vivo (Figure 5A) affirmed that both doxorubicin alone and the combination of doxorubicin and OTSSP167 could significantly suppress tumor growth, whereas the combination treatment produced the lowest tumor weight (mean tumor weight of the three subgroups: 0.4897 ± 0.03658, 0.2900 ± 0.02153, and 0.1618 ± 0.01732; P < 0.01) and tumor size (mean tumor size of the three subgroups: 1.200 ± 0.05701, 0.9100 ± 0.05788, and 0.6800 ± 0.04062; P < 0.01; Figures 5B,C). H&E and MELK immunohistochemical staining were performed in each group of tumors and are displayed in Figure 5D.


[image: Figure 5]
FIGURE 5. MELK inhibitor OTSSP167 could contribute to the therapeutic effect of doxorubicin. (A) The SK-UT-1B cells were injected subcutaneously. Tumor-bearing mice were separated randomly into three groups. One group was treated with doxorubicin only (3 mg/kg/day) intraperitoneally and the other treated group was given both orally fed OTSSP167 (10 mg/kg/day) and doxorubicin (3 mg/kg/day) injected intraperitoneally. The subcutaneous implanted uterine leiomyosarcoma (ULMS) tumors of each group of NCG mice. (B) The graphical representation of the tumor weights of each group of NCG mice; **P < 0.01. (C) The graphical representation of the tumor size of each group of NCG mice; *P < 0.05, **P < 0.01. (D) H&E and MELK immunohistochemical staining were performed in each group of tumors. (E) MELK not only affects the chemoresistance of ULMS cells through an anti-apoptotic mechanism via the JAK2/STAT3 pathway but also promotes M2 macrophages' polarization via the same pathway, ultimately contributing to the ULMS cells' chemoresistant ability.





DISCUSSION

MELK is a strong oncogenic gene which plays a crucial role in cell proliferation, cell cycle regulation, apoptosis, and metastasis (20–23). Choi and Ku (30) reported that with the treatment of 5-fluorouracil or radiation, the level of MELK expression in rectal cancer cell lines was significantly increased, and their data also suggested that MELK participated in cell cycle, which indicated that MELK potentially acted to mitigate chemotherapy and radiation. Park et al. (31) investigated that FOXM1, an oncogenic transcription factor, and putative substrate of MELK, may sensitize resistant triple negative breast cancer cells to doxorubicin treatment by regulating the DNA damage repair genes. In addition, a study about high-grade gliomas showed that MELK could inhibit radiation-induced apoptosis in glioma stem cells. Additionally, in recurrent high-grade gliomas, cells where MELK is highly expressed accumulated, and they were incapable of response to conventional treatments (23). Moreover, many studies have shown that MELK's phosphorylation of target molecules is an important mechanism of action. Seong and Ha (32) demonstrated that MELK could regulate the stability of p53 by phosphorylating Ser15 in its N-terminal transactivation region, thereby promoting p53-dependent cell cycle arrest and apoptosis. Among the author's studies, another study revealed that MELK binds to and phosphorylates Smad protein and positively regulates TGF-β transcription, thus overall influencing TGF-β mediated apoptosis, growth retardation, and other functions (33).

In the current investigation, the GEO database analysis and immunohistochemistry staining indicated that MELK was a poor prognosis marker of aggressive ULMS and even promoted cellular resistance to doxorubicin. Moreover, the overexpression of MELK induces an increased expression of IL-6 and BCL2. MELK also increases the phosphorylation of JAK2 and STAT3 in ULMS. In previous studies, IL-6 or IL-6R downstream signaling conferred chemoresistance by activating the JAK1/STAT3, MAPK/ERK, or PI3K/AKT pathways (34–36). Supported by knowledge from the literature, our findings indicate that MELK may promote resistance to doxorubicin by triggering the IL-6/JAK2/STAT3 signaling pathway. In solid tumors, including prostate cancer and breast cancer, STAT3 activation which was mediated by IL-6 could enhance the expression of anti-apoptotic proteins, such as BCL2 or survivin which has constantly been regarded as a protective mechanism from chemotherapy-induced cell death (37–39). In our work, BCL2 was increased in cells with MELK overexpression, which strongly suggested that MELK upregulated BCL2 via the JAK2/STAT3 pathway to restrain the apoptosis caused by chemotherapy's cytotoxic effects.

miRNAs are developmental extremely conservative noncoding RNA molecules. Owing to its context-dependent and specific mechanisms, miRNA plays essential roles in large-scale physiological processes, especially in both anti-neoplasia and pro-neoplasia effects in cancer (40). Since tumor cells connect with their microenvironment partially by miRNAs, miRNAs are identified as a method of antineoplastic therapy (41). The exosome is a sort of a small vesicle. Both malignant and normal cells can secrete exosome into their microenvironment (42). The proteins and genetic materials can be transmitted by exosomes so that the phenotype of immune cells, endothelial cells, and recipient stromal cells can be transformed in both the remote and the local areas (43, 44). Since miR-34a was frequently disordered in many kinds of cancer tissues, it was regarded as a potential tumor suppressor miRNA (45, 46). Additionally, numerous targets of expressions which were observed in carcinogenesis and tumor progression were reported to be regulated by miR-34a, such as CD44, BCL2, NOTCH1, CDK4/6, MET, MYC, and many other molecules (47, 48). In our study, the expression level of miR-34a was discovered to be negatively correlated with the MELK expression level in ULMS cells. Confirmatory similar results were obtained in the exosomes of ULMS cells with MELK overexpression. Furthermore, the result of the luciferase assay indicated that IL6R is the target gene of miRNA-34a. In addition, in p53 mutated colorectal cancer cells, a conservative STAT3 binding site directly repressed miR-34a, which was suggested as a p53-independent expression of miR-34a in IL-6-induced epithelial-mesenchymal transition and invasion (49). However, the p53-dependent mechanism of miR-34a regulation was considerable for the restriction of tumor progression by restraining the IL-6R/STAT3/miR-34a feedback loop (49). In the current study, MELK overexpression was shown to induce increased p-JAK2 and p-STAT3 and then to decrease miRNA-34a expression, as seen in decreased miRNA-34a in the exosomes of ULMS cells with MELK overexpression. Similarly, p-JAK2 and p-STAT3 in macrophages were also increased when the macrophages were treated in the conditional medium of ULMS cells with MELK overexpression. Our results indicate that MELK reduces miRNA-34a expression so that miRNA-34a is also decreased in the exosomes absorbed by the macrophages.

Decreased miRNA-34a can also induce the activation of JAK2/STAT3 pathway, which promotes M2 macrophage polarization. Our data show that IL-6 expression was increased in M2 macrophages. IL-6 is a multifaceted cytokine. IL-6 not only regulates reaction to infection or injury but also relates to immune disorders and cancers (50–52). The function of IL-6 has been explored in facilitating chemoresistance in various cancers in previous studies (50, 53, 54). We found that IL-6 could also promote chemoresistance to doxorubicin in ULMS cells. Additionally, M2 macrophages are important inflammatory cells in a tumor microenvironment. A major pathogenic activity of M2 macrophages is the immunosuppressive response. Tumor cells prevented from immunosurveillance is critical in tumor metastasis, survival, and growth. M2 macrophages could secrete immunosuppressive factors in a tumor microenvironment so that they could inhibit the immune response of T cells and manage the weak antigen-presenting capability. Prostaglandin E2 (PGE2), IL-10, TGF-β, and other immunosuppressive factors are also released by M2 macrophages. These factors recruit TReg cells, a cluster of immunodepressive T cells that can inhibit antitumor immune responses (55, 56). Moreover, TGF-β, as a momentous immunosuppressive factor, participates not only in innate immune response but also in adaptive immune response (57). The expression of several cytolytic genes in cytotoxic T lymphocytes (CTLs) could be suppressed by TGF-β, consisting of FAS ligand, IFN-γ, and genes encoding granzyme A and granzyme B, so that TGF-β could directly depress the function of CTL (58). NF-κB activation was suppressed by TGF-β, which also favors M2 macrophage polarization. Additionally, M2 macrophages engaged to the tumor by TGF-β may also secrete amounts of TGF-β in a vicious cycle. Furthermore, IL-10, a multifaceted cytokine secreted by M2 macrophages, could also induce immune depression. TAMs have been confirmed to produce a mass of IL-10 which can inhibit not only TH1 cell activity with a resultant suppression of CTL generation and activity but also NK and lymphokine-activated killer cell cytotoxicity (59). Moreover, antigen presentation and dendritic cell (DC) activity were also mediated by IL-10, which was also identified as another major approach by which IL-10 participated in preventing anti-tumor responses in the TME. The study also indicated that DC recruitment at the position of tumor cell inoculation could be depressed by IL-10, thus preventing DCs' exposure to tumor antigens (60). All in all, TAMs are appreciated to release mediators which are pivotal in immunosuppression. These mediators, combined with other immunosuppressive inflammatory cytokines released by tumor cells, engender immune damnification in the TME, which is the eventual result. This phenomenon could easily contribute to tumor cell survival and, ultimately, chemoresistance to cytotoxic drug effects.

This study represents a comprehensive analysis of MELK in ULMS chemoresistance. Our findings convey insights into the molecular mechanism wherein MELK induces chemoresistance via the JAK2/STAT3 pathway in ULMS cells. Our work also reveals that MELK can promote M2 macrophage polarization though the same pathway, which can then contribute to the chemoresistant property of ULMS cells (Figure 5E). Finally, considering ongoing or completed clinical trials on the effectiveness of the MELK inhibitor OTSSP167 in multiple tumors (NCT02926690, NCT01910545, and NCT02795520), the authors of this study suggest that a MELK inhibitor may contribute to doxorubicin's therapeutic effect when treatment is comprised of doxorubicin combined with OTSSP167. This concept warrants further investigation.



DATA AVAILABILITY STATEMENT

The mRNA/miRNA sequencing data analyzed in this manuscript has been uploaded to Sequence Read Archive (SRA). The accession number is SRR11249953, SRR11249952, SRR11249951, SRR11249950, SRR11249949, SRR11249948, SRR11249947, SRR11249946.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by Ethics Committee of Shandong University. The patients/participants provided their written informed consent to participate in this study. The animal study was reviewed and approved by Shandong University Animal Care and Use Committee. Written informed consent was obtained from the individual(s) for the publication of any potentially identifiable images or data included in this article.



AUTHOR CONTRIBUTIONS

This study was conceived, designed, and interpreted by QZ and BK. ZZ, CS, and XJ undertook the data acquisition, analysis, and interpretation. XY and RD were responsible for the comprehensive technical support. ZZ, QZ, and SD were major contributors in writing the manuscript. XY and WC provided the ULMS samples. HW, CL, and CZ contributed to the inspection of data and final manuscript. BG contributed to the final manuscript. All authors read and approved the final manuscript.



FUNDING

This work was supported by National Clinical Research Center for Gynecological Oncology (2015BAI13B05).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2020.00453/full#supplementary-material

Supplementary Table 1. Clinicopathological characteristics in uterine LMS patients.



REFERENCES

 1. Abeler VM, Royne O, Thoresen S, Danielsen HE, Nesland JM, Kristensen GB. Uterine sarcomas in Norway. A histopathological and prognostic survey of a total population from 1970 to 2000 including 419 patients. Histopathology. (2009) 54:355–64. doi: 10.1111/j.1365-2559.2009.03231.x

 2. Major FJ, Blessing JA, Silverberg SG, Morrow CP, Creasman WT, Currie JL, et al. Prognostic factors in early-stage uterine sarcoma. A Gynecologic Oncology Group study. Cancer. (1993) 71(4 Suppl):1702–9. doi: 10.1002/cncr.2820710440

 3. Hensley ML. Role of chemotherapy and biomolecular therapy in the treatment of uterine sarcomas. Best Pract Res Clin Obstet Gynaecol. (2011) 25:773–82. doi: 10.1016/j.bpobgyn.2011.06.003

 4. Tominaga T, Abe O, Enomoto K, Abe R, Iino Y, Koyama H, et al. A randomized controlled study of (2"R)-4'-O-tetrahydropyranyladriamycin and adriamycin in combination with cyclophosphamide and 5-fluorouracil in the treatment of advanced and recurrent breast cancer. Clinical Study Group of THP for breast cancer in Japan. Biomed Pharmacother. (1989) 43:271–8. doi: 10.1016/0753-3322(89)90008-5

 5. Pautier P, Floquet A, Penel N, Piperno-Neumann S, Isambert N, Rey A, et al. Randomized multicenter and stratified phase II study of gemcitabine alone versus gemcitabine and docetaxel in patients with metastatic or relapsed leiomyosarcomas: a Federation Nationale des Centres de Lutte Contre le Cancer (FNCLCC) French Sarcoma Group Study (TAXOGEM study). Oncologist. (2012) 17:1213–20. doi: 10.1634/theoncologist.2011-0467

 6. Hensley ML, Ishill N, Soslow R, Larkin J, Abu-Rustum N, Sabbatini P, et al. Adjuvant gemcitabine plus docetaxel for completely resected stages I-IV high grade uterine leiomyosarcoma: results of a prospective study. Gynecol Oncol. (2009) 112:563–7. doi: 10.1016/j.ygyno.2008.11.027

 7. Hensley ML, Blessing JA, Mannel R, Rose PG. Fixed-dose rate gemcitabine plus docetaxel as first-line therapy for metastatic uterine leiomyosarcoma: a Gynecologic Oncology Group phase II trial. Gynecol Oncol. (2008) 109:329–34. doi: 10.1016/j.ygyno.2008.03.010

 8. Hensley ML, Wathen JK, Maki RG, Araujo DM, Sutton G, Priebat DA, et al. Adjuvant therapy for high-grade, uterus-limited leiomyosarcoma: results of a phase 2 trial (SARC 005). Cancer. (2013) 119:1555–61. doi: 10.1002/cncr.27942

 9. Maki RG, Wathen JK, Patel SR, Priebat DA, Okuno SH, Samuels B, et al. Randomized phase II study of gemcitabine and docetaxel compared with gemcitabine alone in patients with metastatic soft tissue sarcomas: results of sarcoma alliance for research through collaboration study 002 [corrected]. J Clin Oncol. (2007) 25:2755–63. doi: 10.1200/JCO.2006.10.4117

 10. Davis EJ, Chugh R, Zhao L, Lucas DR, Biermann JS, Zalupski MM, et al. A randomised, open-label, phase II study of neo/adjuvant doxorubicin and ifosfamide versus gemcitabine and docetaxel in patients with localised, high-risk, soft tissue sarcoma. Eur J Cancer. (2015) 51:1794–802. doi: 10.1016/j.ejca.2015.05.010

 11. Hensley ML, Miller A, O'Malley DM, Mannel RS, Behbakht K, Bakkum-Gamez JN, et al. Randomized phase III trial of gemcitabine plus docetaxel plus bevacizumab or placebo as first-line treatment for metastatic uterine leiomyosarcoma: an NRG Oncology/Gynecologic Oncology Group study. J Clin Oncol. (2015) 33:1180–5. doi: 10.1200/JCO.2014.58.3781

 12. Momtahen S, Curtin J, Mittal K. Current chemotherapy and potential new targets in uterine leiomyosarcoma. J Clin Med Res. (2016) 8:181–9. doi: 10.14740/jocmr2419w

 13. Tawbi HA, Burgess M, Bolejack V, Van Tine BA, Schuetze SM, Hu J, et al. Pembrolizumab in advanced soft-tissue sarcoma and bone sarcoma (SARC028): a multicentre, two-cohort, single-arm, open-label, phase 2 trial. Lancet Oncol. (2017) 18:1493–501. doi: 10.1016/S1470-2045(17)30624-1

 14. Ben-Ami E, Barysauskas CM, Solomon S, Tahlil K, Malley R, Hohos M, et al. Immunotherapy with single agent nivolumab for advanced leiomyosarcoma of the uterus: results of a phase 2 study. Cancer. (2017) 123:3285–90. doi: 10.1002/cncr.30738

 15. Sampath S, Schultheiss TE, Ryu JK, Wong JY. The role of adjuvant radiation in uterine sarcomas. Int J Radiat Oncol Biol Phys. (2010) 76:728–34. doi: 10.1016/j.ijrobp.2009.02.077

 16. Hemmati HD, Nakano I, Lazareff JA, Masterman-Smith M, Geschwind DH, Bronner-Fraser M, et al. Cancerous stem cells can arise from pediatric brain tumors. Proc Natl Acad Sci U S A. (2003) 100:15178–83. doi: 10.1073/pnas.2036535100

 17. Gray D, Jubb AM, Hogue D, Dowd P, Kljavin N, Yi S, et al. Maternal embryonic leucine zipper kinase/murine protein serine-threonine kinase 38 is a promising therapeutic target for multiple cancers. Cancer Res. (2005) 65:9751–61. doi: 10.1158/0008-5472.CAN-04-4531

 18. Pickard MR, Green AR, Ellis IO, Caldas C, Hedge VL, Mourtada-Maarabouni M, et al. Dysregulated expression of Fau and MELK is associated with poor prognosis in breast cancer. Breast Cancer Res. (2009) 11:R60. doi: 10.1186/bcr2350

 19. Marie SK, Okamoto OK, Uno M, Hasegawa AP, Oba-Shinjo SM, Cohen T, et al. Maternal embryonic leucine zipper kinase transcript abundance correlates with malignancy grade in human astrocytomas. Int J Cancer. (2008) 122:807–15. doi: 10.1002/ijc.23189

 20. Zhang Y, Zhou X, Li Y, Xu Y, Lu K, Li P, et al. Inhibition of maternal embryonic leucine zipper kinase with OTSSP167 displays potent anti-leukemic effects in chronic lymphocytic leukemia. Oncogene. (2018) 37:5520–33. doi: 10.1038/s41388-018-0333-x

 21. Wang Y, Begley M, Li Q, Huang HT, Lako A, Eck MJ, et al. Mitotic MELK-eIF4B signaling controls protein synthesis and tumor cell survival. Proc Natl Acad Sci U S A. (2016) 113:9810–5. doi: 10.1073/pnas.1606862113

 22. Speers C, Zhao SG, Kothari V, Santola A, Liu M, Wilder-Romans K, et al. Maternal embryonic leucine zipper kinase (MELK) as a novel mediator and biomarker of radioresistance in human breast cancer. Clin Cancer Res. (2016) 22:5864–75. doi: 10.1158/1078-0432.CCR-15-2711

 23. Gu C, Banasavadi-Siddegowda YK, Joshi K, Nakamura Y, Kurt H, Gupta S, et al. Tumor-specific activation of the C-JUN/MELK pathway regulates glioma stem cell growth in a p53-dependent manner. Stem Cells. (2013) 31:870–81. doi: 10.1002/stem.1322

 24. Solinas G, Schiarea S, Liguori M, Fabbri M, Pesce S, Zammataro L, et al. Tumor-conditioned macrophages secrete migration-stimulating factor: a new marker for M2-polarization, influencing tumor cell motility. J Immunol. (2010) 185:642–52. doi: 10.4049/jimmunol.1000413

 25. Mantovani A, Sozzani S, Locati M, Allavena P, Sica A. Macrophage polarization: tumor-associated macrophages as a paradigm for polarized M2 mononuclear phagocytes. Trends Immunol. (2002) 23:549–55. doi: 10.1016/S1471-4906(02)02302-5

 26. Goswami KK, Ghosh T, Ghosh S, Sarkar M, Bose A, Baral R. Tumor promoting role of anti-tumor macrophages in tumor microenvironment. Cell Immunol. (2017) 316:1–10. doi: 10.1016/j.cellimm.2017.04.005

 27. Solinas G, Germano G, Mantovani A, Allavena P. Tumor-associated macrophages (TAM) as major players of the cancer-related inflammation. J Leukoc Biol. (2009) 86:1065–73. doi: 10.1189/jlb.0609385

 28. De Palma M, Lewis CE. Macrophage regulation of tumor responses to anticancer therapies. Cancer Cell. (2013) 23:277–86. doi: 10.1016/j.ccr.2013.02.013

 29. Ruffell B, Coussens LM. Macrophages and therapeutic resistance in cancer. Cancer Cell. (2015) 27:462–72. doi: 10.1016/j.ccell.2015.02.015

 30. Choi S, Ku JL. Resistance of colorectal cancer cells to radiation and 5-FU is associated with MELK expression. Biochem Biophys Res Commun. (2011) 412:207–13. doi: 10.1016/j.bbrc.2011.07.060

 31. Park YY, Jung SY, Jennings NB, Rodriguez-Aguayo C, Peng G, Lee SR, et al. FOXM1 mediates Dox resistance in breast cancer by enhancing DNA repair. Carcinogenesis. (2012) 33:1843–53. doi: 10.1093/carcin/bgs167

 32. Seong HA, Ha H. Murine protein serine-threonine kinase 38 activates p53 function through Ser15 phosphorylation. J Biol Chem. (2012) 287:20797–810. doi: 10.1074/jbc.M112.347757

 33. Seong HA, Jung H, Ha H. Murine protein serine/threonine kinase 38 stimulates TGF-β signaling in a kinase-dependent manner via direct phosphorylation of Smad proteins. J Biol Chem. (2010) 285:30959–70. doi: 10.1074/jbc.M110.138370

 34. Wegiel B, Bjartell A, Culig Z, Persson JL. Interleukin-6 activates PI3K/Akt pathway and regulates cyclin A1 to promote prostate cancer cell survival. Int J Cancer. (2008) 122:1521–9. doi: 10.1002/ijc.23261

 35. Conze D, Weiss L, Regen PS, Bhushan A, Weaver D, Johnson P, et al. Autocrine production of interleukin 6 causes multidrug resistance in breast cancer cells. Cancer Res. (2001) 61:8851–8. Available online at: https://cancerres.aacrjournals.org/content/61/24/8851.long

 36. Hsu JH, Shi Y, Frost P, Yan H, Hoang B, Sharma S, et al. Interleukin-6 activates phosphoinositol-3' kinase in multiple myeloma tumor cells by signaling through RAS-dependent and, separately, through p85-dependent pathways. Oncogene. (2004) 23:3368–75. doi: 10.1038/sj.onc.1207459

 37. Borsellino N, Belldegrun A, Bonavida B. Endogenous interleukin 6 is a resistance factor for cis-diamminedichloroplatinum and etoposide-mediated cytotoxicity of human prostate carcinoma cell lines. Cancer Res. (1995) 55:4633–9.

 38. Garcia-Tunon I, Ricote M, Ruiz A, Fraile B, Paniagua R, Royuela M. IL-6, its receptors and its relationship with bcl-2 and bax proteins in infiltrating and in situ human breast carcinoma. Histopathology. (2005) 47:82–9. doi: 10.1111/j.1365-2559.2005.02178.x

 39. Gritsko T, Williams A, Turkson J, Kaneko S, Bowman T, Huang M, et al. Persistent activation of stat3 signaling induces survivin gene expression and confers resistance to apoptosis in human breast cancer cells. Clin Cancer Res. (2006) 12:11–9. doi: 10.1158/1078-0432.CCR-04-1752

 40. Svoronos AA, Engelman DM, Slack FJ. OncomiR or tumor suppressor? The duplicity of microRNAs in cancer. Cancer Res. (2016) 76:3666–70. doi: 10.1158/0008-5472.CAN-16-0359

 41. Rupaimoole R, Slack FJ. MicroRNA therapeutics: towards a new era for the management of cancer and other diseases. Nat Rev Drug Discov. (2017) 16:203–22. doi: 10.1038/nrd.2016.246

 42. Raposo G, Stoorvogel W. Extracellular vesicles: exosomes, microvesicles, and friends. J Cell Biol. (2013) 200:373–83. doi: 10.1083/jcb.201211138

 43. Steinbichler TB, Dudas J, Riechelmann H, Skvortsova II. The role of exosomes in cancer metastasis. Semin Cancer Biol. (2017) 44:170–81. doi: 10.1016/j.semcancer.2017.02.006

 44. Fang T, Lv H, Lv G, Li T, Wang C, Han Q, et al. Tumor-derived exosomal miR-1247-3p induces cancer-associated fibroblast activation to foster lung metastasis of liver cancer. Nat Commun. (2018) 9:191. doi: 10.1038/s41467-017-02583-0

 45. Watihayati MS, Zabidi AM, Tang TH, Nishio H, Zilfalil BA. NAIP-deletion analysis in Malaysian patients with spinal muscular atrophy. Kobe J Med Sci. (2007) 53:171–5. Available online at: https://www.med.kobe-u.ac.jp/journal/contents/53/171.pdf

 46. Liang Y, Ridzon D, Wong L, Chen C. Characterization of microRNA expression profiles in normal human tissues. BMC Genomics. (2007) 8:166. doi: 10.1186/1471-2164-8-166

 47. Misso G, Di Martino MT, De Rosa G, Farooqi AA, Lombardi A, Campani V, et al. Mir-34: a new weapon against cancer? Mol Ther Nucleic Acids. (2014) 3:e194. doi: 10.1038/mtna.2014.47

 48. Rokavec M, Li H, Jiang L, Hermeking H. The p53/miR-34 axis in development and disease. J Mol Cell Biol. (2014) 6:214–30. doi: 10.1093/jmcb/mju003

 49. Rokavec M, Oner MG, Li H, Jackstadt R, Jiang L, Lodygin D, et al. IL-6R/STAT3/miR-34a feedback loop promotes EMT-mediated colorectal cancer invasion and metastasis. J Clin Invest. (2014) 124:1853–67. doi: 10.1172/JCI73531

 50. Kumari N, Dwarakanath BS, Das A, Bhatt AN. Role of interleukin-6 in cancer progression and therapeutic resistance. Tumour Biol. (2016) 37:11553–72. doi: 10.1007/s13277-016-5098-7

 51. Tanaka T, Kishimoto T. The biology and medical implications of interleukin-6. Cancer Immunol Res. (2014) 2:288–94. doi: 10.1158/2326-6066.CIR-14-0022

 52. Kampan NC, Xiang SD, McNally OM, Stephens AN, Quinn MA, Plebanski M. Immunotherapeutic interleukin-6 or interleukin-6 receptor blockade in cancer: challenges and opportunities. Curr Med Chem. (2018) 25:4785–806. doi: 10.2174/0929867324666170712160621

 53. Jiang XP, Yang DC, Elliott RL, Head JF. Down-regulation of expression of interleukin-6 and its receptor results in growth inhibition of MCF-7 breast cancer cells. Anticancer Res. (2011) 31:2899–906. Available online at: http://ar.iiarjournals.org/content/31/9/2899.long

 54. So KA, Min KJ, Hong JH, Lee JK. Interleukin-6 expression by interactions between gynecologic cancer cells and human mesenchymal stem cells promotes epithelial-mesenchymal transition. Int J Oncol. (2015) 47:1451–9. doi: 10.3892/ijo.2015.3122

 55. Curotto de Lafaille MA, Lafaille JJ. Natural and adaptive foxp3+ regulatory T cells: more of the same or a division of labor? Immunity. (2009) 30:626–35. doi: 10.1016/j.immuni.2009.05.002

 56. Ahmadzadeh M, Rosenberg SA. TGF-β 1 attenuates the acquisition and expression of effector function by tumor antigen-specific human memory CD8 T cells. J Immunol. (2005) 174:5215–23. doi: 10.4049/jimmunol.174.9.5215

 57. Maeda H, Shiraishi A. TGF-beta contributes to the shift toward Th2-type responses through direct and IL-10-mediated pathways in tumor-bearing mice. J Immunol. (1996) 156:73–8.

 58. Thomas DA, Massague J. TGF-beta directly targets cytotoxic T cell functions during tumor evasion of immune surveillance. Cancer Cell. (2005) 8:369–80. doi: 10.1016/j.ccr.2005.10.012

 59. Sica A, Saccani A, Bottazzi B, Polentarutti N, Vecchi A, van Damme J, et al. Autocrine production of IL-10 mediates defective IL-12 production and NF-κB activation in tumor-associated macrophages. J Immunol. (2000) 164:762–7. doi: 10.4049/jimmunol.164.2.762

 60. Ben-Baruch A. Inflammation-associated immune suppression in cancer: the roles played by cytokines, chemokines and additional mediators. Semin Cancer Biol. (2006) 16:38–52. doi: 10.1016/j.semcancer.2005.07.006

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Zhang, Sun, Li, Jiao, Griffin, Dongol, Wu, Zhang, Cao, Dong, Yang, Zhang and Kong. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fonc-10-00453-g004.gif





OPS/images/fonc-10-00453-g005.gif





OPS/images/fonc-10-00453-g002.gif





OPS/images/fonc-10-00453-g003.gif





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Upregulated MELK Leads to Doxorubicin Chemoresistance and M2 Macrophage Polarization via the miR-34a/JAK2/STAT3 Pathway in Uterine Leiomyosarcoma



		Introduction



		Materials and Methods



		Patients and Tissue Samples



		Tissue Microarrays and Immunohistochemistry Staining



		RNA Extraction and Real-Time Quantitative PCR



		Protein Isolation and Western Blotting



		Cell Lines and Cell Culture



		Plasmid Construction and Lentivirus Production



		Cell Proliferation Assay



		Cytotoxic Assay



		Clonogenic Assay



		Apoptosis Assay



		Luciferase Reporter Assay



		Enzyme-Linked Immunosorbent Assay



		mRNA and miRNA Sequencing



		Subcutaneous Implanted Tumor and Drug Resistance Assay In vivo



		Antibodies



		Statistical Analysis







		Results



		MELK Is Overexpressed in ULMS and Is a Poor Prognosis Marker of Aggressive ULMS



		MELK Can Lead to Doxorubicin Chemoresistance in ULMS Cells



		The Effect of MELK on Chemoresistance in ULMS Cells Was Anti-apoptosis via the JAK2/STAT3 Pathway and the Decline of miR-34a



		MELK Can Induce M2 Macrophage Polarization



		MELK-Induced M2 Macrophage Polarization via miR-34a/JAK2/STAT3 Pathway and M2 Macrophages Can Secrete IL6 Promoting ULMS Chemoresistance to Doxorubicin



		OTSSP167 Could Contribute to Doxorubicin's Therapeutic Effect







		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Supplementary Material



		References

















OPS/images/cover.jpg
, frontiers
in Oncology

Upregulated MELK Leads to
Doxorubicin Chemoresistance and
M2 Macrophage Polarization via the
miR-34a/JAK2/STAT3 Pathway in
Uterine Leiomyosarcoma





OPS/images/fonc-10-00453-t001.jpg
Clinicopathological
features

Age (years)

FIGO stage

Grade

Tumor size (cm)

<45
=45
141
I+ v
Low
High
<5
>5

Low
expression

-l CRRC -

© »

High
expression

P-value

0.547

0.816

0.496

0.303





OPS/images/fonc-10-00453-g001.gif
P
H
i
BEEEEES
© "™ um s
P e P -
e e s
I
§m P00k - HGH
i
:









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Oncology





