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Cutaneous melanoma (CMM) is a skin tumor with a high degree of malignancy. BRAF resistance imposes great difficulty to the treatment of CMM, and partially contributes to the poor prognosis of CMM. YAP is involved in the growth and drug resistance of a variety of tumors, and mechanical signals may affect the activation of YAP1. As a novel ultrasound treatment technology, ultrasound-mediated microbubble destruction (UMMD) has been reported to have a killing effect on isolated CMM cells. In this study, the tumor tissue samples were collected from 64 CMM patients. We found that YAP1 mRNA expression was irrelevant to the clinicopathological characteristics and prognostic survival of the CMM patients. The drug-resistant cell line was constructed and subcutaneously implanted into nude mice, which were further separately treated with UMMD, ultrasound (US), and microbubbles (MB). The result showed that UMMD significantly inhibited the growth of tumor tissues. Ribosome imprinting sequencing (Ribo-seq) is a genetic technology for studying protein translation at genetic level. Ribo-seq, RNA-seq, and RT-qPCR were applied to detect YAP1 expression in CMM mouse tumor tissues. Ribo-seq data revealed that UMMD greatly up-regulated the expression of YAP1, interestingly, the up-regulated YAP1 was found to be negatively correlated with the weight of tumor tissues, while no significant change in YAP1 expression was detected by RNA-seq or RT-qPCR assay. These results indicated that UMMD could inhibit the tumor growth of drug-resistant CMM by affecting the translation efficiency of YAP1, providing a strong basis for the clinical treatment of UMMD in CMM.
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Introduction

Cutaneous melanoma (CMM) is a skin tumor with a high degree of malignancy and rising incidence (1, 2), with a larger tumor volume positively correlating with an increased prognostic risk of patients (3). Thus, in the related field, exploring the mechanisms underlying the occurrence and development CMM have become a main research direction for improve CMM patients’ prognosis. The discovery of missense mutation of the BRAF gene is one of the most influential developments in the study of CMM, as inn more than half of CMM cases, the valine at position 600 of the BRAF protein is replaced by glutamic acid (BRAFV600E) (4, 5). Studies found that BRAFV600E mutation is related to a higher chance of developing tumor metastasis and lower survival rate of CMM patients (5, 6). As a potent kinase inhibitor selectively targeting BRAFV600E mutation in tumor cells, Verofini (PLX 4032) has a therapeutic effect on patients with metastatic melanoma with BRAFV600E mutations and could improve the overall survival of CMM patients (7). However, PLX 4032 is prone to develop drug resistance within 6-8 months of treatment, greatly imposing the difficulty of clinical treatment of CMM patients (8).

Recent studies have demonstrated that the activation and promotion of the core transcription factor YAP in the hippo signaling pathway (9) enhance drug resistance in anti-cancer treatments. Under PLX 4032 treatment, drug-resistant melanoma cells shows a higher level of YAP nuclear localization and transcription activity (10). Co-treatment of inhibition of YAP1 activity and PLX 4032 has been confirmed as a feasible treatment for BRAF-resistant melanoma derived from cancer stem cells (11). Previous study also points out that the increase of YAP1 in tumors with BRAFV600E mutation is a biomarker indicative of poor early response of patients (12), suggesting the potential of the expression of YAP1 in PLX 4032 drug-resistant melanoma as a novel research direction.

Ultrasound-mediated microbubble destruction (UMMD) is an effective technology with minimal invasiveness. By combining low-frequency ultrasound with microbubbles, cavitation, that is, pushing and pulling or shock waves, will be generated in the body. Cavitation is expected to provide a safe and effective new anti-cancer therapy for the clinical practice, because it can produce a biological barrier penetration, improve the efficiency of drug or gene delivery into tumor tissues, and activate the anti-tumor immune response (13, 14). It is well-known that YAP1 is the hub for integrating multiple mechanical signals, which can then affect cell fate by mediating YAP1 (15). We suspected that UMMD may affect CMM growth by changing YAP cell activity.

This experiment was the first to explore the clinical significance of YAP1 in CMM. The tumor tissue samples were collected from CMM patients, and we constructed a CMM animal model with PLX 4032 resistance to analyze the effect of UMMD treatment on YAP1 expression in vivo. Noticeably, in addition to conventional RNA-seq and QPCR, this study also performed ribosomal blot sequencing (Ribo-seq), which directly detects protein translation at the gene level (16) for better demonstrating the effect of UMMD on YAP1 activity.



Materials and Methods


Research Object

A total of 64 patients aged 16-68 years old who underwent CMM surgery at XIANGYA HOSPITAL CENTRAL SOUTH UNIVERSITY hospital between January 2014 and August 2015 were selected as research subjects. All the patients were clinically and pathologically diagnosed as having CMM. Patients’ complete case data and tissue samples were collected. Treatment and follow-up were all conducted according to the research guidelines, and patients’ survival was closely recorded. The general information of patients is shown in Table 1. This study has been approved by the Medical Ethics Committee of our hospital.


Table 1 | Clinicopathological characteristics of patients.





RT-qPCR

RNA extraction kit (GBCBIO, R3105) was used to separate and purify RNA in the CMM tissues collected. M-MLV 4 reverse transcription kit (Biomed, MT403) was applied to synthesize first strand cDNA from RNA templates. TransScript® Green Two-Step Kit (Trans, AQ201) was employed for QPCR amplification. GAPDH served as an internal reference. See Table 2 for the specific primer sequences used in the experiment.


Table 2 | Primer sequence.





Construction of Drug-Resistant Cell Lines

The human CMM cell A375 was commercially purchased from the Cell Bank of the Chinese Academy of Sciences. Fenghui was entrusted to establish PLX 4032 drug-resistant A375 cells, which successfully survived as a drug-resistant strain (PLX4032-DR) in 1μM PLX4032 (11).



CCK-8

CCK-8 kit (Beyotime, C0037) was employed for examining the survival of PLX4032-DR. Specifically, the cells were inoculated into 96-well plates at 5*104/well. After culturing for 24h, 48h, 72h, 96h, 10μL CCK-8 reagent was added to each well. After 1-h incubation, the absorbance was measured at 450nm with a microplate reader.



Animal Model Construction and In Vivo UMMD Treatment

PLX4032-DR and Matrigel glue were mixed at a ratio of 1:1 and then subcutaneously injected into the left and right sides of 20 nude mice. When the tumor grew to a size large enough for further experiment, the mice were divided into 4 groups, namely, UMMD group, ultrasound group (US), micro Bubble group (MB) and control group (CON), with 5 mice in each group. According to a previous study (17), MBS was prepared, except for those in the US group and the CON group, each mouse was injected with MB suspension directly into the tumor, while the mice in the US group and the CON group were injected with the same amount of normal saline. Ultrasound treatment (1 mhz, 100% DC, 2.3W/cm2, 10s) in US group and UMMD group was performed on day 7, 8, 9, 11 and 13 after the MB perfusion. Tumor volume was measured and recorded once every 4 days after ultrasound treatment (V=0.5*longest axis*shortest axis2, mm). The mice were sacrificed 25 days after the perfusion, and the tumor volume and weight were carefully measured and calculated. The animal experiment was conducted strictly in accordance with the guidelines for the Care and Use of Laboratory Animals of the National Institutes of Health and was approved by the Ethics Committee of our hospital.



RNA-Seq

Pooled sequencing of engrafted tumors from the CON and UMMD group were performed., and the library was constructed using the Illumina Truseq™ RNA sample prep Kit. The samples were sequenced on Illumina Hiseq 2000. Sequencing raw data have been uploaded to the Sequence Read Archive database (PRJNA706468).



Ribo-Seq

Liquid nitrogen was used to freeze the mouse tumor tissues. By referring to a previous study (18), ribosomes were recovered after nuclease treatment, and we obtained the ribosome profiles on Ilumina NextSeq CN500% with a sequencing depth of 40M.



Statistical Methods

Graphpad Prism 8.0 was applied for the analysis of experimental data. The count data were presented by percentage, and the chi-square test was used for the component comparison. Measurement data were expressed as mean ± standard deviation, t test was used for component comparison. Survival curve was drawn using Kaplan-Meier method, and survival difference was analyzed by log-rank test. Spearman test was employed to analyze the correlation between YAP1 expression and tumor weight. A p<0.05 was regarded as a statistically significant difference.




Results


Clinicopathological Characteristics of CMM Patients Was Irrelevant to YAP1 mRNA Expression

The YAP1 mRNA expression level in the tumor tissues of 64 CMM patients was determined to be 1.264 ± 0.105. According to the median expression level, the 64 patients were accordingly divided into high and low YAP1 mRNA expression groups. By comparing the relationship between mRNA expression of YAP1 and clinical pathological characteristics of the patients, we observed that YAP1 mRNA expression was irrelevant to the age, gender, lesion site, or cell subtype, etc. of CMM patients (p>0.05) (Table 3).


Table 3 | Relationship between YAP1 mRNA and clinicopathological characteristics of CMM patients.





Survival of CMM Patients Was Irrelevant to YAP1 mRNA Expression

Further analysis of the relationship between the survival of CMM patients and YAP1 mRNA expression showed that although the 5-year survival rate of patients with high mRNA expression of YAP1 was slightly lower than that of those with low YAP1 mRNA expression, there was no statistical difference (Hazard Ratio (HR)=1.422, 95%) CI of ratio: 0.6043 to 3.347, p=0.422), indicating that the survival of CMM patients is irrelevant to the level of YAP1 mRNA expression (Figure 1).




Figure 1 | Survival curve of CMM patients in YAP1 mRNA high and low expression groups.





UMMD Treatment In Vivo Inhibited the Growth of Drug-Resistant CMM Tumors

CCK-8 method was applied to detect the tumor cell growth, and the results showed that 1μM PLX4032 did not affect the cell viability of PLX4032-DR A375 (p>0.05), indicating a successful establishment of the drug-resistant CMM cell line, which was then adequately mixed with Matrigel and injected into the skin of the nude mice. Subsequently, the corresponding treatment was carried out. The data revealed that compared with the CON group, the MB group showed limited effect on the volume and weight of tumors (p>0.05). However, the tumor volume and weight of the US and UMMB groups were significantly lower than those of the MB and CON groups (p<0.05), noticeably, the tumor growth of the mice in the UMMB group was significantly inhibited (p<0.05) (Figure 2).




Figure 2 | In vivo UMMD treatment inhibited the growth of drug-resistant CMM tumors. (A) CCK-8 assay was used to test the construction of drug-resistant CMM cell lines; (B) Changes in tumor volume; (C) The mice were sacrificed after 25 days of perfusion and weighed. *p < 0.05.





UMMD Treatment In Vivo Promoted the Translation Efficiency of YAP1

RNA-seq was performed on the tumor tissue samples from all the CMM mice after corresponding treatment for determining the expression of YAP1, and it was found that the expression of YAP1 in the tumor tissues of each group of CMM mice did not change significantly (p>0.05), moreover, the results of RT-qPCR were consistent with those of RNA-seq (p>0.05). Ribo-seq was performed subsequently to further examine the effect of UMMD on YAP1 activity. Surprisingly, the results of Ribo-seq demonstrated that UMMD treatment can significantly up-regulate the expression of YAP1, especially UMMD, which has been found to have the most significant effect (p<0.05) (Figure 3). Spearman test results indicated that YAP1 expression in Ribo-seq was negatively correlated with the weight of CMM mice after treatment (r = -0.735, p<0.05), while YAP1 expression in RNA-seq and RT-qPCR was irrelevant to tumor tissue weight (r=-0.347, p>0.05; r = -0.299, p>0.05). However, as another important gene member on the Hippo signaling pathway, TAZ, we did not find obvious changes in its expression by UMMD treatment in the results of Ribo-seq(P > 0.05), as did RT qPCR with RNA SEQ (P > 0.05) (Figure 4).




Figure 3 | UMMD treatment in vivo promotes YAP1 translation efficiency. (A) RNA-seq detection of YAP1 expression in CMM mouse tumor tissues; (B) RT-qPCR detection of YAP1 mRNA expression in CMM mouse tumor tissues; (C) Ribo-seq detection of YAP1 expression in CMM mouse tumor tissues. *p < 0.05.






Figure 4 | UMMD treatment in vivo does not affect TAZ expression. (A) RNA-seq detection of TAZ expression in CMM mouse tumor tissues; (B) RT-qPCR detection of TAZ mRNA expression in CMM mouse tumor tissues; (C) Ribo-seq detection of TAZ expression in CMM mouse tumor tissues.






Discussion

Ultrasound and contrast agent technologies have made significant progress. Ultrasound technologies such as tumor ultrasound imaging and UMMD witnessed an increasing application in disease monitoring, diagnosis and treatment (19). US promotes pressure and temperature through cavitation, sonoporation, or thermal effects, which further enhances self-generated or exogenously introduced MB to rupture after expansion in the target area, resulting in changes in the permeability of tissues and cells (19, 20). In the past, UMMD was often used to mechanically dissolve thrombus substances in cardiovascular diseases such as ischemia/reperfusion injury, myocardial infarction, and hypertension, in addition, as a carrier of drugs and nucleic acids, it is expected to become an adjuvant therapy for the treatment of patients with heart disease (21, 22). Latest advances showed that UMMD, which focuses on the target area with high precision and non-invasiveness, can significantly reduce the dose and toxicity of drugs, improve the efficiency of drug and gene delivery, showing a high effectiveness in treating specific cancers such as hepatocellular carcinoma (23, 24). Study found that the implantation of MB into both the tumor tissues of melanoma cell line B16 and in vivo animal model followed by ultrasound treatment can hinder tumor growth and improve the survival rate of mice (17), and such findings are in line with the results of our current study. Consistently, we also found that UMMD treatment can inhibit CMM tumor growth.

The transcription of YAP1 and TAZ in the Hippo signaling pathway plays a critical role in mediating the resistance of major cancer treatment drugs, and is considered to play a major driving role in the development of resistance of BRAF- and KRAS- mutant cancer cells (12, 25, 26). Studies revealed that in highly invasive CMM cell lines, although TAZ expression is higher than YAP1 expression, both YAP1 and TAZ knockout can reduce the invasion and metastasis ability of CMM cells (27). However, in this study, the mRNA expression of YAP1 in tumor tissues was irrelevant to the clinicopathological characteristics or the survival of CMM patients. To explain such results, we speculated that on one hand, mRNA expression YAP1 cannot accurately reflect the transcriptional activity of YAP1, on the other hand, the specific role of YAP1 in CMM still remains unclear. Kim et al. (28) analyzed the clinical data of 88 local patients with uveal melanoma on The Cancer Genome Atlas (TCGA), and discovered that YAP1 activity is irrelevant to tumor size, tumor stage, gene mutation or other clinicopathological characteristics. The YAP1 nuclear-positive patients did not show a lower survival rate, which also supports our speculation that YAP1 activity was not a carcinogene as strong as described in other studies. A recent study also found (29) that targeted therapies of YAP1 and TAZ show anti-cancer effects on untreated human CMM cell lines, but such an effect was not observed in all patient-derived ectopic implant experiments.

Moreover, the activity of YAP1 in the epidermis may be independent of the Hippo signaling pathway, and is mainly controlled by adhesion junctions and downstream signal transduction of integrins as well as by the mechanical force transmitted and applied by the associated actin cytoskeleton. The mechanical signal, which affects the activity of YAP1 in the epidermis, plays a major role in the regulation of YAP/TAZ in fibroblasts (30). To further determine the expression of YAP1 in drug-resistant CMM and the effect of mechanical signals of UMMD on its expression, this research further applied RNA-seq, Ribo-seq and QPCR to explore the effects of UMMD treatment on CMM mouse tumor tissues in vivo. The results showed that only Ribo-seq UMMD and US showed the up-regulated YAP1 expression, with the expression of YAP1 in Ribo-seq inversely proportional to tumor growth, noticeably, the effect of UMMD treatment on YAP1 expression was the most obvious. Ribo-seq greatly facilitates the acquirement of ribosome distribution by sequencing “ribosome protected fragments”, and can analyze the translation efficiency and translation mode of genes on ribosomes (31). Ribo-seq serves as an indicator of instantaneous protein synthesis efficiency and stable transcription level. The core of this method is that translated ribosome protects a short fragment of mRNA from nuclease activation, thereby accurately recording the position in which translation takes place. Thus, Ribo-seq could sensitively and effectively detect protein changes in cells (32). The results of this experiment indicated that UMMD could affect the expression of YAP1 at a translation level.

Cavitation is a common mechanisms resulting in MB rupture in UMMD (19). At present, studies have found that the cavitation effect of UMMD can significantly reduce the survival of melanoma cells and improve the therapeutic effect of tumors (33). During the process of cavitation, when the oscillating MB gathers on the surface of cells or tissues, shear stress will be generated, leading to the deformation of MB or even rupture, and enhancing the temporary permeability of the cell membrane (34). When cells receive mechanical stress such as shear stress, they can regulate F-actin and AMOT in the cell to promote YAP1 dephosphorylation, successfully entering the nucleus and activating transcription (35, 36). On the other hand, it has been demonstrated that in EMT or metastatic cancer cells, the activation of YAP1 will up-regulate a variety of irons including acyl-CoA synthase long-chain family member 4 (ACSL 4) and transferrin receptor. Death regulators increase the sensitivity of cells to iron death (37). Affected by cell density, YAP1 could act as a new determinant of iron ptosis, while by promoting cell resistance to apoptosis, YAP1 will greatly increase the sensitivity of cancer cells to iron death and may be resistant to YAP1 activated drug-resistant metastatic tumors, thus showing a therapeutic potential in cancers (38, 39).

In summary, our research showed that the expression of YAP1 may not significantly promote the growth of CMM tumors. However, UMMD can greatly inhibit the growth of CMM tumors, and such an effect seems to be highly related to the expression of YAP1 in Ribo-seq. UMMD could promote YAP1 to enter the nucleus and increase the sensitivity of cells to iron death, thereby exerting a therapeutic effect, but the specific mechanism still requires further investigation in depth.
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