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Backgrounds

Natural killer (NK) cell mediated cytotoxicity is a crucial form of anti-cancer immune response. Natural killer group 2 member D (NKG2D) is a prominent activating receptor of NK cell. UL16-binding protein 2 (ULBP2), always expressed or elevated on cancer cells, functions as a key NKG2D ligand. ULBP2-NKG2D ligation initiates NK cell activation and subsequent targeted elimination of cancer cells. Enhanced expression of ULBP2 on cancer cells leads to more efficient elimination of these cells by NK cells. Resveratrol (RES) is known for its multiple health benefits, while current understanding of its role in regulating cancer immunogenicity remains limited. This study aims to investigate how RES affects the expression of ULBP2 and the sensitivity of breast cancer (BC) cells to NK cell cytotoxicity, along with the underlying mechanisms.





Methods

The effects of RES on ULBP2 expression were detected with qRT-PCR, western blot, flow cytometry analysis and immunohistochemistry. The effects of RES on sensitivity of BC cells to NK cell cytotoxicity were evaluated in vitro and in vivo. The target gene of miR-17-5p were predicted with different algorithms from five databases and further confirmed with dual-luciferase reporter assay. Overexpression and knockdown experiments of miR-17-5p and MINK1 were conducted to investigate their roles in regulating ULBP2 expression and subsequent JNK/c-Jun activation. The JNK inhibitor sp600125 was utilized to elucidate the specific role of JNK in modulating ULBP2 expression.





Results

RES increased ULBP2 expression on BC cells, thereby augmenting their vulnerability to NK cell-mediated cytotoxicity both in vitro and in vivo. RES administration led to a reduction in cellular miR-17-5p level. MiR-17-5p negatively regulated ULBP2 expression. Specifically, miR-17-5p directly targeted MINK1, leading to its suppression. MINK1 played a role in facilitating the activation of JNK and its downstream effector, c-Jun. Furthermore, treatment with sp600125, a JNK inhibitor, resulted in the suppression of ULBP2 expression.





Conclusions：

RES potentiates ULBP2-mediated immune eradication of BC cells by NK cells through the downregulation of miR-17-5p and concurrent activation of the MINK1/JNK/c-Jun cascade. This finding identifies RES as a potentially effective therapeutic agent for inhibiting BC progression and optimizing NK cell-based cancer immunotherapy.
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1 Introduction

Resveratrol (RES), a naturally occurring polyphenol compound, is present in over 70 widely distributed dietary and medical plants species such as peanuts, grapes, berries and white hellebore (1). In recent decades, RES has garnered significant attention for its wide array of well-documented health benefits, including antioxidant, anti-aging, anti-inflammatory, and anticancer properties (2). The potential of RES as an anticancer agent is well-established through an extensive array of preclinical studies (3–5). Breast cancer, one of the most prevalent cancers among women globally, can potentially be prevented through RES by mechanisms that include inhibiting cell proliferation, inducing cell cycle arrest and apoptosis, reducing inflammatory responses, suppressing angiogenesis, and facilitating epigenetic modifications (6–8). Of particular interest, RES has demonstrated its ability to strengthen the immune system, thereby enhancing antitumor immunity. This is achieved through several mechanisms such as attenuating resistance in cancer stem cells, inhibiting the production of immunosuppressive cytokines, and alleviating immunosuppression within the tumor microenvironment (9, 10). However, the mechanism underlying cancer immunomodulation by RES remains fragmentary and deserves more studies.

Natural killer group 2 member D ligands (NKG2DLs) are important targets in cancer immunomodulation. They consist of eight surface glycoproteins, namely MICA and MICB (major histocompatibility complex class I chain-related proteins A and B), and ULBP1-6 (UL16-binding proteins 1-6) (11). NKG2DLs are the specific ligands of natural killer group 2 member D (NKG2D) receptor, a key activating receptor prominently featured on natural killer (NK) cells (12). NKG2DLs, typically either undetectable or low expressed on healthy cells, can be induced in the progression of cellular malignant transformation (11). The ligation of NKG2DL and NKG2D leads to NK cell activation, subsequently enabling the killing of cancer cells. This process is a pivotal mechanism of immunosurveillance and immune clearance. In breast cancer, the upregulation of NKG2DLs was shown to be associate with cancer suppression (13–15).

NKG2D initiates cytotoxicity against cancer cells that display NKG2DLs on their surface. However, malignantly transformed cells often reduce or downregulate the expression of surface NKG2DLs to evade the immune clearance. Cancer cells manipulate the expression of these ligands at both transcriptional and post-transcriptional levels. Several transcription factors, including krüppel-like factor 4 (KLF4), nuclear factor kappa-B (NF-κB) and c-Myc, are documented to function in NKG2DL transcription (16–18). The growth and metastasis of breast cancer in mice were enhanced by the downregulation of NKG2DL expression, with glycogen synthase kinase-3β (GSK-3β) contributing to these processes (14). Our earlier investigation has demonstrated that the downregulation of MICA/B and ULBP2 by some NKG2D ligand-targeting microRNAs (miRNAs) resulted in a diminished NK cell-mediated cytotoxic response against breast cancer cells (15). And shedding or internalization is also involved in the reduction of the surface ligands (19). Given the significant role that NKG2DLs play in tumoricidal activity, they have attracted considerable interest as promising candidates for designing innovative cancer preventive and immunotherapeutic strategies. Pharmacological interventions, such as metformin, decitabine, and valproic acid, have been shown to effectively increase NKG2DL levels, thereby enhancing the immune clearance of cancer cells (15, 20, 21).

Herein, RES was found to effectively upregulate the expression of ULBP2, a pivotal component of NKG2DLs, thereby augmenting the cytolytic activity of NK cells against breast cancer cells both in vitro and in vivo. Mechanistically, RES suppressed the oncogenic miR-17-5p, which directly targets misshapen like kinase 1 (MINK1). MINK1 activates ULBP2 through its downstream JNK/c-Jun signaling cascade. A high surface expression level of ULBP2 significantly facilitates the recognition and subsequent elimination of breast cancer cells by NK cells.




2 Materials and methods



2.1 Cell culture and reagents

The cell lines (MDA-MB-231, BCap37, MCF7, MDA-MB-468 and HeLa) were obtained from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China). MDA-MB-231 and MDA-MB-468 are triple-negative breast cancer cell lines, whereas BCap37 and MCF7 are estrogen receptor-positive breast cancer cell lines. MDA-MB-231, MDA-MB-468 and HeLa cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM, Gibco, Life technologies, Carlsbad, CA, USA). BCap37and MCF-7 cells were cultured in Roswell Park Memorial Institute 1640 medium (Gibco, USA). The media were supplemented with 10% fetal bovine serum (Gibco, USA) and 1% streptomycin/penicillin antibiotics, and the cultures were incubated at 37°C under a 5% CO2 atmosphere. RES (Selleck Chemicals, Houston, TX, USA) was solubilized in dimethyl sulfoxide (DMSO) to yield a 109.5 mmol/L stock solution, which was then stored at -20°C. The cells were exposed to various concentrations of RES (6.25, 12.5, or 25 μmol/L) for a duration of 48 hours.




2.2 Plasmids and cell transfection

The overexpression plasmid of MINK1(pcDNA3.1-MINK1), pcDNA3.1 control and siRNAs of MINK1 (si-MINK1-1, si-MINK1-2), SQSTM1 (si-SQSTM1-1, si-SQSTM1-2), CDKN1A (si-CDKN1A-1, si-CDKN1A-2) were obtained from Repbio (Hangzhou, China). The mimic, inhibitor and negative controls (NC) of miR-17-5p were bought from Ribobio (Guangzhou, China). The siRNA sequences were listed in Table 1. The aforementioned siRNA, plasmids and miRNA mimics/inhibitors were introduced into their respective target cells using Lipofectamine 3000, following the previously described transfection protocol (22).


Table 1 | Sequence of siRNA.






2.3 RNA extraction and quantitative reverse transcription-polymerase chain reaction

Total RNA was isolated from cells using RNAiso Plus (TaKaRa, Kusatsu, Japan) and then subjected to reverse transcription into complementary DNA (cDNA) utilizing the PrimeScriptTM RT Reagent Kit (#RR037A, TaKaRa). For conventional RNA RT-PCR, random hexamer primers were employed, whereas specific primers (Ribobio) were utilized for miRNA RT-PCR. The expressions of ULBP2, MINK1, CDKN1A and SQSTM1 were quantified using qRT-PCR with GAPDH as internal control. The sequences of specific primers were provided in Table 2. Expression level of miR-17-5p was quantified using a BulgeLoop miRNA qRT-PCR primer set (Ribobio), with U6 serving as an endogenous reference for normalization. The qRT-PCR assays were carried out on a LightCycler 480II system (Roche Diagnostics, Basel, Switzerland), employing the SYBR Premix EX Tag Kit (#RR420A, TaKaRa). Relative expression levels of both miRNA and RNA were determined using the 2-ΔCt method, following normalization to a reference control.


Table 2 | Primers for quantitative RT-PCR.






2.4 Western blot

The cells subjected to pretreatment were lysed in radioimmunoprecipitation assay buffer for total protein extraction. The protein concentrations were subsequently measured with a bicinchoninic acid (BCA) protein assay kit (Beyotime Biotec, China). Equivalent quantities of denatured protein samples (40 μg) were subjected to separation via 4%–20% SDS-polyacrylamide gel electrophoresis and then transferred onto polyvinylidene fluoride membranes. Following a 1-hour blocking step at room temperature with 5% skim milk (Yili, Hohhot, China) in tris-buffered saline containing 0.1% Tween-20, the membranes were incubated with the specific primary antibodies detailed in Table 3 at 4°C overnight. GAPDH served as an internal control for normalization purposes. The membranes were subsequently incubated with an optimally diluted solution of the corresponding secondary antibodies conjugated to horseradish peroxidase for a duration of 2 hours at room temperature. Finally, the immunoreactive bands were visualized utilizing an enhanced chemiluminescence detection system (Thermo Scientific, Darmstadt, Germany).


Table 3 | Antibodies for western blot and flow cytometry analysis.






2.5 Flow cytometry analysis

After pretreatment, the cells were rinsed with phosphate-buffered saline (PBS) and then incubated with the antibodies specified in Table 3 for 25 minutes at 4°C in the dark. The flow cytometry assays were conducted using a BD FACSCalibur flow cytometer (BD Biosciences, San Jose, California, USA), with data acquisition and interpretation carried out utilizing the CellQuest software. The cells were gated based on their higher forward scatter and lower side scatter; characteristics typically indicative of live cells. No additional specific protocols were implemented to explicitly exclude dead cells. The mean fluorescence intensity (MFI) change (denoted as ΔMFI) was determined using the following formula: ΔMFI= (MFIwith specific mAb​−MFIwith isotype control​) ÷MFIwith isotype control​. To further facilitate comparison between the ΔMFI observed for a specific experimental treatment and that of a control treatment, the relative MFI (rMFI) was computed as follows: rMFI=ΔMFIspecific treatment/​ΔMFIcontrol treatment​​×100% (23).




2.6 Dual-luciferase reporter assay

The wild-type (WT) and mutant (MUT) 3′-UTR sequences of ULBP2 were individually cloned into the pmirGLO vector (Repbio). HEK-293 T cells were cultured into 96-well plates. After 24 hours, the cells were co-transfected with 100 ng of either wild-type or mutant reporter plasmids, along with 100 nmol of miR-17-5p mimics or NC, for a duration of 6 hours. Forty-eight hours later, the Firefly/Renilla luciferase activities were quantified using the Dual Luciferase Reporter Assay Kit as described in the manufacturer’s instructions (Promega, Madison, WI, USA).




2.7 NK cell cytotoxicity assay in vitro

MDA-MB-231 cells were subjected to treatment with either 12.5 μM or 25 μM RES for a duration of 48 hours and subsequently seeded into a round-bottom 96-well plate. Before the cytotoxicity assay, the NK-92MI cell line was exposed to either PBS or anti-NKG2D antibody (50 mg/mL, Novus Biologicals, Littleton, CO, USA) for a period of 1 hour. Next, the effector NK-92MI cells were added to the respective wells at varying effector-to-target cell ratios of 10:1, 5:1, and 2.5:1. Following co-incubation at 37°C under an atmosphere containing 5% CO2 for a period of 4 hours, the supernatant was collected and subjected to analysis utilizing the CytoTox 96 NonRadioactive Cytotoxicity Kit (Promega). According to the protocols provided in the instruction manual for the Kit, damaged cells release intracellular lactate dehydrogenase (LDH), so the level of LDH is proportional to the number of the damaged cells. The LDH release is quantified by measuring the absorbance at 490 nm. The cytotoxic potential of the effector cells towards the target cells was quantified using the following formula: Cytotoxicity (%) = (LDH Release Experimental - LDH Release Effector spontaneous - LDH Release Target spontaneous)/(LDH Release Target maximum - LDH Release Target spontaneous) ×100. The spontaneous LDH release from effector cells and target cells was assessed to mitigate any potential influence of LDH spontaneously released by NK cells and breast cancer cells on the experimental outcomes. The difference “LDH Release Target maximum - LDH Release Target spontaneous” corresponds to the LDH release resulting from 100% lysis of all breast cancer cells, indicating the amount of LDH released when all breast cancer cells are completely damaged or killed.




2.8 Acute lung clearance assay

C57BL/6 male mice, aged 8 to 9 weeks, were allocated into three distinct groups and intraperitoneally administered one of the following treatments: anti-NK1.1 antibodies (dose: 300 μg per mouse, Clone PK136, 108759, Biolegend, San Diego, CA, USA), anti-mouse NKG2D monoclonal antibodies (dose: 300 μg per mouse, Clone 191004, MAB1547, Novus Biologicals), or IgG isotype control (dose: 300 μg per mouse, Clone 20116, MAB004, Novus Biologicals). Twenty-four hours later, the pretreated MDA-MB-231 cells were labeled with CFSE (Invitrogen). HeLa cells, which served as an internal control due to their relative insensitivity to killing by mouse NK cells, were labeled with PKH26 (Invitrogen). A suspension of the labeled cells (5×106 cells of each population) was prepared by mixing them in 1 mL of PBS. Subsequently, 0.4 mL of this cell mixture was intravenously injected into the tail vein of each mouse. Five hours later, the lungs were excised and processed to generate single-cell suspensions suitable for flow cytometric analysis. The ratio of the tested target MDA-MB-231 cells to the control HeLa cells within these lung suspensions was then calculated. All animal experiments were conducted in strict compliance with the ethical guidelines set forth by the Ethics Committee for the Use of Experimental Animals in Hangzhou Medical College and adhered to the principles outlined in the Guide for the Care and Use of Laboratory Animals published by the US NIH (the 8th Edition, NRC 2011).




2.9 Immunohistochemistry in a xenograft model

MDA-MB-231 cells were subcutaneously inoculated into the right hind flanks of female BALB/c (nu/nu) immunodeficient mice. Once the tumors attained an approximate volume of 40 mm³, the mice were randomly allocated into three distinct groups. RES was dissolved in a vehicle solution composed of DMSO, polyethylene glycol 400, and distilled deionized water at a ratio of 1:1:3. The RES solution was administered intraperitoneally at daily dosages of either 25 mg/kg or 100 mg/kg for a continuous four-week period. The control group received an equivalent volume of the vehicle alone. At last, the mice were euthanized. The tumors were promptly fixed in 4% paraformaldehyde obtained from Sinopharm Chemical Reagent Co. (Shanghai, China), followed by tissue processing and sectioning. Paraffin-embedded sections of the xenograft tumor tissues, with a thickness of 4 μm, were prepared and utilized for immunohistochemical (IHC) staining. The slides were subjected to IHC using an anti-ULBP2 antibody (MA5-29636, Invitrogen, Carlsbad, CA, USA). Staining was visualized under an Olympus optical microscope.




2.10 Bioinformatic analysis

The target genes of miR-17-5p were computationally predicted using distinct algorithms from five databases: miRanda(http://www.microrna.org/microrna/home.do), TargetScan(http://www.targetscan.org), miRmap(https://mirmap.ezlab.org), PITA (http://genie.weizmann.ac.il/pubs/mir07/mir07_data.html) and picTar(https://pictar.mdc-berlin.de). The results of Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis for the shared predicted target genes were visualized utilizing the R package clusterProfiler from the Bioconductor project. Statistical significance was set at an adjusted p-value threshold of <0.05. mRNA and miRNA expression data for breast cancer samples (N=1104; Subtype: Luminal A 43.03%, Luminal B 19.11%, Triple negative 16.49%, Her2(+) 8.24%, NA 13.13%; Sex: Female 98.82%, Male 1.18%) were obtained from The Cancer Genome Atlas (TCGA) database (https://cancergenome.nih.gov/). Patient characteristics of breast cancer samples were shown in Supplementary Figure 1. According to the information provided by TCGA, mRNA and miRNA expressions were measured using IIIumina HiSeq 2000 Sequencing. Differential expression and correlation analyses were performed using the R package edgeR.




2.11 Statistical analysis

Statistical tests were performed and analyzed using Microsoft Excel and GraphPad Prism 9.0 software (San Diego, CA, USA). All data from a minimum of three independent experiments were expressed as mean ± standard deviation (SD). In the statistical analysis comparing two groups, the Shapiro-Wilk test was first used to assess the normality of the data. For non-normally distributed data, the non-parametric Mann-Whitney U test was employed to compare the two groups. For normally distributed data, an F test was conducted to compare variances between the groups. When both normality and equal variances were confirmed, an unpaired two-tailed Student’s t-test was used to determine statistical significance. If the variances were found to be unequal, the Welch’s t-test (t-test with Welch’s correction) was applied instead. A p-value threshold of <0.05 was adopted to denote statistical significance, represented graphically as* for p<0.05, ** for p<0.01, and *** for p<0.001.





3 Results



3.1 Resveratrol upregulates the expression of ULBP2 in breast cancer

To investigate the effect of RES on NKG2DL expression in breast cancer, four distinct cell lines—MDA-MB-231, Bcap37, MCF7, and MDA-MB-468—were exposed to RES at concentrations of 6.25 μM, 12.5 μM, or 25 μM, as well as to a vehicle control, for a period of 48 hours. Our flow cytometric analysis demonstrated a dose-dependent increase in the MFI due to an antibody specific for ULBP2, ULBP5, and ULBP6 in cells treated with RES. This suggests that the expression of one or more of these ligands was upregulated in response to RES treatment (Figures 1A–E). To precisely determine which ligands are modulated by RES, we quantified mRNA expression levels in RES-treated and control cells using qRT-PCR with primers specific to each ULBP. Among all the ULBP genes analyzed, it was revealed that ULBP2 exhibited a consistent, pronounced, and dose-dependent increase in mRNA expression following RES treatment (Figures 1F–I). Moreover, the results from western blot assays demonstrated that exposure to RES led to a significant elevation in ULBP2 protein levels in both the MDA-MB-231 and MCF7 cell lines (Figures 1J, K). This finding corroborates the observed increase in ULBP2 mRNA expression, indicating that RES increases ULBP2 expression at both the transcriptional and translational levels in these cell lines.




Figure 1 | Resveratrol (RES) upregulates the expression of ULBP2 in breast cancer cells. Breast cancer cell lines (BCap37, MDA-MB-231, MCF-7 and MDA-MB-468) were treated with various concentrations of RES or control for 48 hours. (A-E) The surface protein levels of ULBP2/5/6 on BCap37, MDA-MB-231, MCF-7 and MDA-MB-468 cells were detected by flow cytometry. (A) are the depicted representative results from (B-E). (F-I) The mRNA expression levels of ULBP2, ULBP5 and ULBP6 were detected in RES pretreated BCap37, MDA-MB-231, MCF-7 and MDA-MB-468 cells by qRT-PCR, with GAPDH as a reference. (J, K) The expression of ULBP2 protein was determined in RES pretreated MDA-MB-231and MCF-7 cells by Western blot (left) and the blots were further quantified with ImageJ (right). GAPDH was used as a loading control. (L) The differential expression of ULBP2 between breast cancer samples (n=1104) and adjacent normal breast tissue samples (n=113) from The Cancer Genome Atlas dataset was analyzed using Welch’s t-test. The unpaired two-tailed Student’s t-test was used to determine statistical significance in (B-K), *p<0.05, **p<0.01, ***p<0.001 versus Control.



ULBP2 is always undetectable or low-expressed on healthy cells, while it can be induced at the onset of malignant transformation. To assess the differential expression of ULBP2 between normal and neoplastic breast tissues, we conducted an analysis of data obtained from TCGA. Our findings revealed that the mean value of ULBP2 expression was significantly elevated in breast cancer specimens (n=1104) compared to a cohort of adjacent normal breast tissue samples (n=113) (Figure 1L).




3.2 MiR-17-5p which is suppressed in RES treated breast cancer cells inhibits ULBP2 expression

To elucidate the molecular mechanism underlying ULBP2 regulation by RES, level of miR-17-5p was determined in RES treated breast cancer cells. When MDA-MB-231 and MCF7 cells were exposed to RES at concentrations of either 12.5 μM or 25 μM for 48 hours, a dose-dependent decrease in miR-17-5p levels was observed (Figures 2A, B), which substantiated the suppressive influence of RES on miR-17-5p expression.




Figure 2 | MiR-17-5p which is suppressed in RES treated breast cancer cells inhibits ULBP2 expression. (A, B) The breast cancer cells were treated with RES or control medium for 48 hours. The level of miR-17-5p was assessed with qRT-PCR, with U6 as a reference. (C-G) The breast cancer cells were transfected with miR-17-5p mimic, inhibitor or negative control (NC), respectively. (C-E) The expression of ULBP2/5/6 was determined by flow cytometry. (C) are depicted representative results from (D, E). (F, G) The level of ULBP2 protein was detected by Western blot (left) and the blots were further quantified with ImageJ (right). GAPDH was used as a loading control. The unpaired two-tailed Student’s t-test was used to determine statistical significance. *p<0.05, **p<0.01, ***p<0.001 versus Control or NC.



To determine the regulatory role of miR-17-5p on ULBP2 expression, we transiently transfected MDA-MB-231 and MCF7 cells with either a miR-17-5p mimic, a miR-17-5p inhibitor, or a negative control (NC) oligonucleotide. With flow cytometry assays, the surface ULBP2/5/6 proteins were shown to be increased on miR-17-5p inhibitor-transfected MDA-MB-231 cells, while decreased on mimic-transfected cells. A similar pattern of observation was noted in MCF7 cells as well (Figure 2C–E). Western blot analysis revealed that the protein level of ULBP2 was consistently downregulated upon transfection with miR-17-5p mimics, while correspondingly upregulated following miR-17-5p inhibitor transfection in both MDA-MB-231 and MCF7 cell lines (Figures 2F, G). Thus, these observations indicate that RES suppresses the expression of miR-17-5p, and miR-17-5p negatively regulates the expression of ULBP2 in breast cancer.




3.3 MINK1 is predicted as the target gene of miR-17-5p in ULBP2 regulation

Despite evidence suggesting that miR-17-5p can suppress ULBP2 expression, bioinformatics analysis indicates that ULBP2 is not a direct target of miR-17-5p. This implies the existence of a more intricate and indirect regulatory mechanism governing ULBP2 expression by miR-17-5p. To elucidate the connection between miR-17-5p and ULBP2, we initially identified 428 commonly predicted target genes of miR-17-5p across five online databases: PITA, miRmap, miRanda, picTar, and TargetScan (Figure 3A). For better understanding the biological features of these genes, we performed KEGG pathway enrichment analysis. The results, presented in Figure 3B, revealed that these genes are predominantly associated with several key pathways. Among these pathways, three are particularly relevant to breast cancer and ULBP2 regulation: mammary gland, invasive breast cancer, and cellular responses to stress. As shown in the Venn diagram, three genes (CDKN1A, MINK1 and SQSTM1) were overlapped in the three pathways (Figure 3C). Then, differential expression analysis of the three predicted genes were performed between breast cancer (BC) tissues and adjacent normal breast tissues using data from TCGA. The analysis revealed differential expression patterns of the three predicted genes between BC tissues and adjacent normal breast tissues. CDKN1A and MINK1 were both downregulated in BC, with median TPM (Transcripts Per Million) values decreasing from 5925.963 in normal tissue to 4547.018 in BC tissue for CDKN1A, and from 5896.905 in normal tissue to 4666.032 in BC tissue for MINK1. Conversely, SQSTM1 exhibited an opposite expression pattern, with its median TPM value increasing from 11834.51 in normal tissue to 14738.95 in BC tissue (Figures 3D–F). This indicates that CDKN1A and MINK1 are downregulated in breast cancer relative to normal tissue, while SQSTM1 shows upregulation in the same comparison. MDA-MB-231 cells were transfected with miR-17-5p mimics or inhibitors, after which the expression levels of the three genes were assessed using qRT-PCR. As shown in Figures 3G–H, the expression levels of these genes were found to be inversely correlated with miR-17-5p levels.




Figure 3 | The target gene screening of miR-17-5p in ULBP2 regulation. (A) 428 genes were predicted as direct targets for miR-17-5p using PITA, miRmap, miRanda, picTar and TargetScan database. (B) The enrichment analysis of KEGG pathways was performed in the 428 genes. (C) Three genes (CDKN1A, MINK1 and SQSTM1) were overlapped among the three relevant pathways (Mammary gland, Invasive breast cancer and Cellular responses to stress). (D-F) The levels of CDKN1A, MINK1 and SQSTM1 were analyzed in breast cancer (n=1096) and adjacent normal breast tissue (n=111) cohorts from The Cancer Genome Atlas. Statistical significance was determined by the non-parametric Mann-Whitney U test. (G, H) The mRNA expressions of CDKN1A, MINK1 and SQSTM1 were detected using qRT-PCR in MDA-MB-231 cells transfected with miR-17-5p mimic, inhibitor or negative control (NC), with GAPDH as a reference. (I, J) The mRNA expression of ULBP2 was determined by qRT-PCR in CDKN1A, MINK1 or SQSTM1 knocked-down breast cancer cells, with GAPDH as a reference. The unpaired two-tailed Student’s t-test was used to determine statistical significance in (G-J). *p<0.05, **p<0.01, ***p<0.001 versus NC or si-NC.



To explore the roles the three predicted genes played in ULBP2 regulation, their corresponding siRNAs were constructed and respectively transfected into breast cancer cells. Knockdown of CDKN1A, MINK1 or SQSTM1 in MDA-MB-231 cells led to reduced expression of ULBP2 (Figure 3I). For MCF7 cells, ULBP2 expression was downregulated in the MINK1 siRNA-transfected group but upregulated in the CDKN1A and SQSTM1 siRNA-transfected groups. This pattern of ULBP2 expression modulation was not consistent with that observed in MDA-MB-231 cells (Figure 3J). The findings demonstrate that the regulation of ULBP2 expression by CDKN1A and SQSTM1 may be cell-specific. In both MDA-MB-231 and MCF7 cells, MINK1 knockdown resulted in the inhibition of ULBP2 expression, leading to its selection for further study. Si-MINK1-2, exhibiting superior efficacy in ULBP2 inhibition compared to si-MINK1-1, was hence chosen for further investigations.




3.4 MiR-17-5p downregulates ULBP2 expression by directly binding to 3’-UTR of MINK1

Further analyses and studies were conducted to more comprehensively elucidate the regulation of MINK1 by miR-17-5p. An inverse correlation between endogenous miR-17-5p and MINK1 was demonstrated in breast cancer specimens using StarBase analysis (https://starbase.sysu.edu.cn/), suggesting a potential role for miR-17-5p in modulating MINK1 expression in breast cancer patients (Figure 4A). To validate the direct binding of miR-17-5p to 3′-UTRs of MINK1, a dual-luciferase reporter assay was conducted. The assay showed that miR-17-5p significantly suppressed the luciferase activity of constructs harboring the wild-type MINK1 3′-UTR, whereas transfection with miR-17-5p mimic did not produce any appreciable alteration in the luciferase activity of reporters containing mutated MINK1 3′-UTR sequences (Figures 4B, C). These findings confirm that miR-17-5p suppresses MINK1 expression by directly binding to its 3′-UTR. Overexpression of miR-17-5p caused a marked downregulation of MINK1 protein levels in MDA-MB-231 cells, whereas suppression of miR-17-5p led to a significant upregulation of MINK1 protein levels (Figure 4D).




Figure 4 | MINK1 is the target gene of miR-17-5p and promotes ULBP2 expression. (A) The correlation between miR-17-5p and MINK1 in 1085 breast tissue samples from TCGA. Linear regression analysis was used to assess the relationship between miR-17-5p and MINK1 expression. (B) Schematic representation of predicted miR-17-5p binding sites in the 3’-UTR of MINK1 and 3’-UTR mutated alignment. (C) The dual luciferase assays were performed in HEK-293 T cells. (D) MDA-MB-231 cells were transfected with 50 nM of miR-17-5p inhibitor, mimic or negative control (NC) for 24 hours. The MINK1 protein levels were detected by western blot. (E) The efficiency of MINK1 knockdown and overexpression was confirmed by western blot. (F) The effects of MINKI on ULBP2 expression were assessed using western blot in miR-17-5p exogenously expressed or suppressed MDA-MB-231 cells. (D-F) GAPDH was used as a reference in western blot assays and the blots were further quantified with ImageJ (right). The unpaired two-tailed Student’s t-test was used to determine statistical significance. *p<0.05, **p<0.01, ***p<0.001.



To investigate the effect of MINK1 on ULBP2, we first constructed siRNA (si-MINK1) for MINK1 knockdown and an overexpression vector (pcDNA3.1-MINK1) for MINK1 upregulation. The efficiencies of these constructs were confirmed by Western blot analysis (Figure 4E). Then, MDA-MB-231 cells were co-transfected with si-MINK1, pcDNA3.1-MINK1, miR-17-5p mimics, inhibitors or respective controls. As shown in Figure 4F, si-MINK1 abrogated the increase in ULBP2 expression induced by miR-17-5p inhibitors, whereas pcDNA3.1-MINK1 plasmids effectively counteracted the suppressive impact of miR-17-5p mimics on ULBP2. Taken together, the results indicate the key role MINK1 plays within the pathway through which miR-17-5p downregulates ULBP2.




3.5 JNK/c-Jun is involved in ULBP2 regulation mediated by the miR-17-5p/MINK1 axis

MINK1, also known as MAP4K6 (Mitogen-activated protein kinase kinase kinase kinase 6), is a serine/threonine kinase that functions as a mitogen-activated protein kinase (MAPK) kinase within the MAPK signaling cascade. Notably, c-Jun N-terminal kinase (JNK) is a prototypical member of the MAPK family. Herein, we explored the involvement of JNK and its downstream target, c-Jun, within the regulation of ULBP2. Western blot analysis demonstrated a significant reduction in the expression levels of phosphorylated JNK (p-JNK, at Thr183/Tyr185) and phosphorylated c-Jun (p-c-Jun, at Ser63) in breast cancer cells that overexpressed miR-17-5p. Conversely, cells transfected with miR-17-5p inhibitors exhibited a notable increase in the levels of these phosphorylated proteins (Figure 5A). Knockdown of MINK1 resulted in decreased expression of p-JNK and p-c-Jun, whereas overexpression of MINK1 led to increased levels of these phosphorylated proteins (Figure 5B). Furthermore, treatment with sp600125, a specific JNK inhibitor, potentiated the suppressive influence of miR-17-5p on ULBP2 expression (Figure 5C). Altogether, the data demonstrate that the JNK/c-Jun pathway contributes to the promotion of ULBP2 expression in breast cancer cells and, to a certain extent, is involved in the mechanism by which miR-17-5p modulates ULBP2.




Figure 5 | JNK/c-Jun is involved in ULBP2 regulation mediated by the miR-17-5p/MINK1 axis. (A) MDA-MB-231 cells were transfected with miR-17-5p inhibitors, mimics or the corresponding controls (NC) for 24 hours. The levels of JNK, p-JNK, c-Jun and p-c-Jun were detected by western blot. (B)  The expressions of JNK, p-JNK, c-Jun and p-c-Jun were determined in MINK1 knocked-down or overexpressed MDA-MB-231 cells by western blot. (C) MDA-MB-231 cells exogenously expressing miR-17-5p were treated with 10 μM of sp600125, a JNK inhibitor, or dimethyl sulfoxide (DMSO, as a vehicle control) for 24 hours. Subsequently, ULBP2 expression was evaluated by Western blot. GAPDH was used as a reference. All the blots were quantified with ImageJ. The unpaired two-tailed Student’s t-test was used to determine statistical significance. *p<0.05, **p<0.01, ***p<0.001.






3.6 Resveratrol treatment increases the sensitivity of breast cancer cells to NK cell-mediated lysis both in vitro and in vivo

To assess the effects of RES on the susceptibility of breast cancer cells to clearance by NK cells, MDA-MB-231 cells were exposed to different concentrations of RES for 48 hours. Results from in vitro NK cytotoxicity assays at different effector-to-target ratios demonstrated that the lysis of MDA-MB-231 cells by NK cells increased with the concentration of RES pre-treated on the target cells (Figure 6A). However, when the NK cells were preconditioned by incubation with an anti-NKG2D blocking antibody, RES exposure induced increase in cancer cell lysis by NK cell would be effectively abolished (Figure 6B). This observation points to the critical role of NKG2D receptor recognition and activation in the process.




Figure 6 | RES contributes to NK mediated cytolysis against breast cancer cells in vitro and in vivo. (A, B) MDA-MB-231 cells were exposed to different concentrations of RES for 48 hours. The NK cell line NK-92MI cells were pretreated with phosphate buffered saline (PBS) (A) or anti-NKG2D antibodies (B) for 1 hour before the cytotoxicity assay. Cytotoxicity assays were performed with NK-92MI cells as effector cells at different effector-to-target ratios. (C) Schematic representation of the in vivo experimental procedures. Male C57BL/6 mice were intraperitoneally (IP) injected with 300 μg per mouse of IgG, anti-NKG2D antibody, or anti-NK1.1 antibody. 24 hours later, the mice received an intravenous (IV) injection of a mixture containing [2×106] MDA-MB-231 cells and [2×106] HeLa cells. After 5 hours, the mice were sacrificed, and their lungs were excised and processed to generate single-cell suspensions. (D-G) MDA-MB-231 cells were pretreated with different concentrations of RES for 48 hours. Flow cytometry assays were used to analyze the ratios of MDA-MB-231 cells to HeLa cells in lung single-cell suspensions. (D) depicts representative results from IgG pretreated groups. (H-J) MDA-MB-231 cells were transfected with 50 nM of miR-17-5p mimic, inhibitor or negative control (NC), respectively. Flow cytometry assays were used to analyze the ratios of MDA-MB-231 cells to HeLa cells in lung single-cell suspensions. (H) depicts representative results from IgG pretreated groups. Statistical significance was determined by the unpaired two-tailed Student’s t-test. *p<0.05, **p<0.01, ***p<0.001 versus Control.



As illustrated in Figure 6C, the in vivo cytotoxicity experiments were performed in C57BL/6 mice with HeLa cells as internal control. The survival rate of MDA-MB-231 cells, as determined by the ratio of CFSE-positive cells to PKH26-positive cells, inversely correlated with the concentration of RES used in treatment (Figures 6D, E). The anti-NKG2D or anti-NK1.1 antibodies were intraperitoneally injected into mice in the respective groups to block NKG2D receptors or deplete NK cells. In mice pretreated with anti-NKG2D antibodies, the stimulatory effect of RES on the clearance of breast cancer cells by NK cells was abolished (Figure 6F). This finding implies that the process is mediated by NKG2D. And similar observations were made in the anti-NK1.1 group, suggesting that NK cells are the primary effectors responsible for the clearance (Figure 6G).

Moreover, we investigated the influence of miR-17-5p on tumor cell eradication within an in vivo context. MDA-MB-231 cells transfected with miR-17-5p mimics exhibited reduced susceptibility to lysis by immune effector cells. As a result, a lower proportion of cancer cells were eliminated, leading to a higher number of CFSE-labeled cells in the single cell suspension compared to the control group. In contrast, the group transfected with miR-17-5p inhibitors exhibited a lower number of CFSE-labeled cells, indicative of increased elimination of cancer cells. Importantly, all these differences between the groups were completely abolished in mice pretreated with anti-NKG2D and antiNK1.1 antibodies (Figures 6H–J).

These results confirm that RES enhances the vulnerability of breast cancer cells to NK cell-mediated cytotoxicity, whereas miR-17-5p functions as a negative regulator of this sensitivity.




3.7 Resveratrol increases the level of ULBP2 in xenograft tumors and meanwhile suppresses tumor growth

To further investigate the in vivo effects of RES on breast cancer growth and ULBP2 expression, female BALB/c (nu/nu) mice were subjected to subcutaneous implantation of MDA-MB-231 cells to establish xenograft tumors. Thereafter, RES was administered intraperitoneally at doses of 0, 25, or 100 mg/kg per day. At the conclusion of a 28-day treatment period, the mice were euthanized, and their tumors were excised and weighed. A marked, dose-dependent reduction in both tumor volume and weight was observed in the RES-treated groups compared to the control group (Figures 7A–C). Moreover, IHC and western blot analyses confirmed RES promoted ULBP2 expression in xenograft tumors, consistent with the findings obtained from breast cancer cell lines in vitro (Figures 7D, E). The data indicate that RES upregulates ULBP2 expression in breast cancer cells and concurrently suppresses tumor growth in an in vivo setting.




Figure 7 | RES suppresses tumor growth and increases ULBP2 expression in xenograft tumors. MDA-MB-231 cells were subcutaneously implanted into female BALB/c (nu/nu) mice. RES or vehicle control was administrated intraperitoneally every day for 28 days. (A) The mice were sacrificed for xenograft tumor tissues. (B) Tumor volumes were measured every 7 days. (C) Tumor weights were measured at the endpoint of the experiment. (D) Representative images from immunohistochemistry assay for ULBP2 expression (magnification ×400). (E) Levels of ULBP2 protein were examined by western blot with GAPDH as a reference and the blots were quantified with ImageJ. Statistical significance was determined by the unpaired two-tailed Student’s t-test. *p<0.05, **p<0.01 versus Vehicle.







4 Discussion

The study of natural compounds as disease preventive agents or alternatives to synthetic molecules for therapeutic use has become an important subject of interest in recent decades. RES, one of the most representative compounds, has gained the focus of a variety of researches in chemistry and medicine (24). RES exhibits excellent tolerability in both experimental animals and humans. No obvious adverse effects were observed in dogs administered RES orally at a dose of 600 mg/kg/day for 90 days (25). In a subset of healthy volunteers administered oral RES at a high dose of 2000 mg twice daily, only mild-to-moderate gastrointestinal disturbances were reported (26). RES performs multiple health-promoting activities, including anticancer. Breast cancer, the most prevalent malignancy among females globally, threatens human health seriously and imposes a heavy burden on patients, their families and society (27, 28). A growing body of research increasingly substantiates RES’s potential in breast cancer prophylaxis and therapy. This includes mechanisms such as the inhibition of angiogenesis, suppression of cell migration and metastasis, induction of cell cycle arrest and apoptosis, as well as modulation of epigenetic processes (7, 29–31). Consistently, the present study revealed that administering RES to mice at doses of either 25 mg/kg/day or 100 mg/kg/day for a 28-day period was well-tolerated and effectively inhibited cancer growth.

Considering the critical role that ULBP2 plays in facilitating cancer cell elimination by NK cells and the immune-modulatory effects exerted by RES, the current research aimed to elucidate the impact of RES on ULBP2 expression and the underlying molecular mechanisms involved. RES was demonstrated to augment ULBP2 expression in four breast cancer cell lines. It heightened the susceptibility of MDA-MB-231 cells to NK cell-mediated cytotoxicity in vitro. However, the increased susceptibility was diminished when cytolysis was performed with NK cells whose NKG2D receptors were blocked, suggesting that NKG2D plays a crucial role in this process. Furthermore, in vivo experiments demonstrated that RES dose-dependently enhanced the killing of intravenously injected MDA-MB-231 cells in C57BL/6 mice. This effect was eliminated in mice pre-treated with anti-NKG2D and anti-NK1.1 antibodies, suggesting that the in vivo cytotoxicity against MDA-MB-231 cells was primarily executed by NKG2D-activated NK cells. These results point to the potential that RES may serve as an enhancer of ULBP2-mediated cancer cell clearance by NK cells. Subsequently, the mechanism by which RES upregulates the expression of ULBP2 was intensively investigated.

MiR-17-5p is upregulated in various types of cancer and is known for its oncogenic properties (32, 33). It drives cancer initiation, progression, and metastasis by promoting cancer cell motility, proliferation, invasiveness, angiogenesis and chemoresistance (34–37). Accordantly, findings from our previous research indicated that miR-17-5p plays a pivotal role in promoting the epithelial-mesenchymal transition, thereby enhancing the migratory and invasive capabilities of breast cancer cells (22). In the current study, the exposure to RES led to a dose-dependent reduction in miR-17-5p levels in breast cancer cells. MiR-17-5p has been documented to suppress the expression of MICA and MICB, two other important NKG2DLs, in hepatocellular and colorectal cancers (38, 39). However, the potential regulatory role of miR-17-5p in modulating ULBP2 expression has not yet been reported. Herein, miR-17-5p was demonstrated to suppress ULBP2 expression in breast cancer line MDA-MB-231 and MCF7 cells. And its effect on the susceptibility of MDA-MB-231 cells to NK cell-mediated cytolysis was evaluated in mouse model. MDA-MB-231 cells transfected with miR-17-5p mimics exhibited reduced susceptibility to lysis by murine NK cells, while the cells transfected with miR-17-5p inhibitors showed higher sensitivity to NK cell killing in vivo. However, these changes in susceptibility induced by miR-17-5p upregulation or downregulation were abolished in mice pretreated with anti-NKG2D and anti-NK1.1 antibodies. Anti-NKG2D antibodies block NKG2D receptors, while anti-NK1.1 antibodies deplete NK cells. These findings suggest that both NK cells and their activating receptor NKG2D play a critical role in mediating cytotoxicity against breast cancer cells in mice. Additionally, the regulatory role of miR-17-5p in modulating ULBP2 expression, a ligand for NKG2D, was confirmed. This further indicates that miR-17-5p influences the recognition and killing of breast cancer cells by NK cells through its effect on ULBP2 expression.

But bioinformatic analysis did not identify any predicted miR-17-5p binding sites within the 3′-UTR of ULBP2, indicating that ULBP2 was not a direct target gene of miR-17-5p. Consequently, we focused on screening potential target genes of miR-17-5p in the context of ULBP2 regulation. Our efforts led to the prediction that MINK1 is the most probable target gene. An inverse correlation between MINK1 expression and miR-17-5p levels was observed across 1085 breast cancer specimens in the TCGA dataset. Cellular MINK1 levels were diminished upon transfection with miR-17-5p mimics and augmented following treatment with miR-17-5p inhibitors, respectively. using a dual-luciferase reporter assay, we demonstrated that miR-17-5p inhibited MINK1 expression by directly interacting with its 3′-UTR, thereby validating their direct targeting relationship. The exogenous expression of MINK1 effectively counteracted the decrease in ULBP2 protein levels induced by miR-17-5p overexpression, thus demonstrating the positive regulatory role of MINK1 on ULBP2 expression.

MINK1, an integral member of the mammalian Ste20-like serine/threonine kinase family, functions as a MAPK kinase in regulating diverse cellular processes such as senescence, motility, and chemoresistance (40–42). The MAPK pathway is a well characterized signaling pathway which controls a multitude of fundamental cellular processes, including inflammation, differentiation, apoptosis, proliferation, and others (43). But its role in NKG2DL regulation has not yet been well defined. Extracellular signal regulated kinase (ERK), a component of MAPK signaling cascade, was verified to promote ULBP2 expression in breast cancer in our previous research, which indicated the involvement of MAPK signaling in NKG2DL regulation (15). The JNK/c-Jun pathway is one of the classical MAPK pathways (44). In this work, the activation of JNK and its downstream effector molecule c-Jun was attenuated in breast cancer cells overexpressing miR-17-5p or subjected to MINK1 knockdown, whereas miR-17-5p downregulation or MINK1 upregulation led to opposing outcomes. Moreover, the JNK inhibitor sp600125 potentiated the suppressive effect of miR-17-5p on ULBP2 expression. These findings confirmed the involvement of JNK/c-Jun MAPK signaling cascade in ULBP2 regulation. It is reasonable to ask how the JNK/c-Jun pathway contributes to ULBP2 expression. C-Jun, a well-characterized transcription factor primarily activated by the JNK pathway, plays a crucial role in multiple biological processes by binding to specific DNA sequences to initiate transcriptional activity (45, 46). Due to this, ULBP2 expression might be regulated by c-Jun directly or indirectly. However, this possibility requires further exploration. Moreover, RES exhibited suppression of xenograft tumor growth in mice. Although the underlying mechanisms warrant further exploration, it is speculated that the downregulation of miR-17-5p, given its oncogenic properties, may contribute, at least in part, to the inhibitory effect of RES on breast cancer growth in murine models.

Considering the established capacity of RES to enhance NK cell-mediated cytotoxicity against breast cancer cells, further preclinical investigations are warranted to evaluate the administration route, optimal dosage, and treatment duration to maximize therapeutic efficacy while minimizing potential toxicity. Whether RES impacts ULBP2 expression in normal cells warrants further investigation. Additionally, methods to improve the bioavailability of RES should be developed. Moreover, integrating RES with conventional breast cancer treatment regimens deserves further exploration to leverage potential synergistic benefits.




5 Conclusion

RES induces ULBP2 expression and consequently enhances breast cancer cell elimination by NK cells through the suppression of miR-17-5p and activation of the MINK1/JNK/c-Jun cascade. This represents a novel biological mechanism in ULBP2 regulation (Figure 8). Our work suggests that RES has the potential to be an effective therapeutic agent for inhibiting breast cancer progression and enhancing NK cell-based cancer immunotherapy.




Figure 8 | A proposed model for RES induced immune elimination of breast cancer cells by NK cells via miR-17-5p/MINK1/JNK/c-Jun/ULBP2 cascade.
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