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Deregulation of cellular metabolism through metabolic rewiring and translational reprogramming are considered hallmark traits of tumor development and malignant progression. The transcription factor YY1 is a master regulator of metabolism that we have previously shown to orchestrate a metabolic program required for melanoma formation. In this study, we demonstrate that YY1, while being essential for primary melanoma formation, suppresses metastatic spreading. Its downregulation or loss resulted in the induction of an invasiveness gene program and sensitized melanoma cells for pro-invasive signaling molecules, such as TGF-β. In addition, NGFR, a key effector in melanoma invasion and phenotype switching, was among the most upregulated genes after YY1 knockdown. High levels of NGFR were also associated with other metabolic stress inducers, further indicating that YY1 knockdown mimics a metabolic stress program associated with an increased invasion potential in melanoma. Accordingly, while counteracting tumor growth, loss of YY1 strongly promoted melanoma cell invasiveness in vitro and metastasis formation in melanoma mouse models in vivo. Thus, our findings show that the metabolic regulator YY1 controls phenotype switching in melanoma.
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INTRODUCTION
For many years, it has been known that cancer cells adapt their metabolism to acquire necessary nutrients from a nutrient-poor tumor microenvironment to fulfill their altered energy expenditure (Pavlova and Thompson, 2016). Today, metabolic rewiring and translational reprogramming are considered important hallmarks of cancer not only for tumor establishment but also tumor progression and metastasis formation (Hanahan and Weinberg, 2011; Wei et al., 2020). In melanoma, the most aggressive type of skin cancer, metabolic and translational reprogramming has been postulated to be a conserved cellular stress response that can be induced by various tumor microenvironmental triggers, such as glutamine limitation, hypoxia or inflammation to drive invasion and determine therapeutic outcome (Falletta et al., 2017; Ratnikov et al., 2017; Wei et al., 2020). Besides, extrinsic triggers of metabolic reprogramming, cell-intrinsic oncogene-driven alterations can also influence metabolic rewiring in cancer (Min and Lee, 2018).
The ubiquitously expressed transcription factor Yin Yang 1 (YY1) plays a crucial role during development and tissue homeostasis regulating numerous cellular processes, such as proliferation, apoptosis, DNA repair and cell differentiation (Gordon et al., 2005). Several studies have identified a role for YY1 in diseases including cancer (Khachigian, 2018; Sarvagalla et al., 2019; Verheul et al., 2020). Similar to the diverging roles of YY1 during healthy tissue development, also in cancer YY1 has been found to act as either transcriptional activator or inhibitor and its overall impact on malignant tissues can be pro-as well as anti-tumorigenic (Sarvagalla et al., 2019). For instance, in pancreatic cancer, high YY1 expression levels are associated with better clinical outcome for patients (Chen et al., 2019), while in colon cancer YY1 was found to promote tumorigenesis (Fang et al., 2019). In melanoma, proper YY1 expression was found to be crucial for tumor initiation and formation in a transgenic melanoma mouse model (Varum et al., 2019). Thus, the cell type- and stage-dependent context of YY1 expression, i.e., the presence or absence of YY1 co-factors and interacting signaling pathways, seems to play a crucial role in the fine tuning of YY1’s function (Gordon et al., 2005; Zhang et al., 2011; Sarvagalla et al., 2019).
Recent studies have also implicated YY1 in regulating cell metabolism in cancer. In human hepatocarcinoma and cervical carcinoma, YY1 activated the rate-limiting enzyme in the pentose phosphate pathway hence promoting cancer cell proliferation (Wu et al., 2018). In melanoma, YY1 was identified to orchestrate metabolic pathways and protein synthesis crucial for cell survival and proliferation (Varum et al., 2019). Interestingly, the YY1-controlled transcriptional program observed in malignant melanoma cells resembled that of a YY1 program active in neural crest (NC) stem cells–the developmental origin of melanocytes and melanoma. In line with this, aberrant re-expression of markers reminiscent of NC stem cells in melanoma has been associated with tumor initiation, invasiveness and drug response (Restivo et al., 2017; Diener et al., 2021; Diener and Sommer, 2021).
However, while YY1 was found to be essential for primary melanoma establishment by direct regulation of metabolically relevant genes, it remains unclear what the functional outputs of these metabolic changes are with regard to tumor progression and metastatic spreading in already established melanoma.
MATERIALS AND METHODS
Transgenic Melanoma Mouse Model
Lungs of Tyr::N-RasQ61K Cdnk2a−/− Tyr::CreERT2 R26R::Stop:EGFP Yy1lox/lox mice were isolated in the frame of the study of Varum et al. (2019), who also generated the transgenic mouse model.
In brief, Tyr::N-RasQ61K Cdnk2a−/− Tyr::CreERT2 R26R::Stop:EGFP Yy1lox/lox mice were obtained by crossing the Tyr::NRasQ61K and the Cdnk2a−/− mouse line (Serrano et al., 1996; Ackermann et al., 2005) with mice derived from Jackson laboratories that carried the transgenic alleles: Tyr::CreERT2, R26R::Stop:EGFP, Yy1lox/lox. Mice were crossed and bred in-house and mixed genders were used for this work. Genotyping was performed on toe clips. All animal breeding, housing and experimentation was conducted according to the guidelines of the veterinary office of the Canton of Zurich, Switzerland. More specifically, animals were housed in a controlled environment with a 12- h light/dark cycle, with free access to water and food.
To investigate the role of Yy1 in metastasis formation, Yy1 was conditionally depleted within the melanocytic lineage at 1 month of age by five consecutive intraperitoneal Tamoxifen (Cat#T5648, Sigma-Aldrich) injections (2 mg Tamoxifen diluted in ethanol and sunflower oil per injection). Animals were sacrificed at 5–6 months of age, when spontaneously developing tumors reached a tumor size of >2 mm or adverse clinical symptoms occurred including weight loss >15%, hunched back or any abnormal behavior. TM-injected Tyr::N-RasQ61K Cdnk2a−/− Tyr::CreERT2 R26R::Stop:EGFP Yy1lox/lox animals were used as experimental group and non-injected animals with the same genetic background were used as control group. To determine the number of lung metastases, lungs were dissected and immunohistochemically stained for the melanocytic marker DCT.
Xenografts in Immunocompromised Mice
300, 000 human melanoma cells, lentivirally transduced with either an inducible shYY1 or shCtrl vector, were re-suspended in 100 µl of complete RPMI-1640 medium, mixed 1:1 with Matrigel matrix (356,234, BD Biosciences) and subcutaneously injected into the flanks of 10–14-week old female NUDE (Hsd:Athymic Nude-Foxn1nu/nu; Envigo) using a 1 ml syringe and 25-gauge hypodermic needle. Tumors were grown to a maximum volume of 1 cm3, which was determined by tumor size measurements and the following formula: V = 2/3 × π × ((a+b)/4))3 with a representing tumor width and b representing tumor length, respectively.
For induction of the inducible YY1 knockdown in vivo, the drinking water of the mice was supplemented with 2 mg/ml doxycycline (D9891, Sigma-Aldrich) and 5% sucrose until the end point of the experiment was reached.
Tissue Isolation of Lungs and Tumors From Xenografted Mice
At experimental end-point, tumors and lungs from immunocompromised mice were surgically removed, mechanically dissected into small pieces and digested using RPMI 1640 medium supplemented with 0.25 mg/ml Liberase DH Research Grade (05401054001, Roche). Following a 45 min incubation at 37°C, samples were treated with 0.2 mg/ml DNase I (10104159001, Roche) for 15 min at 37°C to generate a single cell suspension. Next, samples were filtered through 40 µm Falcon Cell Strainers (352,340, Thermo Fisher Scientific) to remove remaining tissue. Cell suspensions were washed with PBS, re-suspended in PBS containing 2 mM EDTA and RFP-positive cells were quantified by flow cytometry (lung tissue) or FACS sorted (tumor tissue). RFP-positive tumor cells were next submitted to RNA or protein isolation.
Immunohistochemistry
Mouse lungs were fixed in ROTI®Histofix 4% (P087.1, Roth) overnight at 4°C and embedded in paraffin. The samples were processed into 5 µm thick sections and deparaffinization was performed as previously described (Zingg et al., 2015). Next, sections were subjected to heat-induced epitope retrieval in Citrate buffer (S2369, Agilent Dako) and rinsed with PBS. For blocking, in-house-blocking buffer (0.2% Triton X-100, 0.2% Bovine Serum Albumin, 0.2% Gelatin type A from porcine skin, 0.2% Casein, 0.001% Sodium azide, 1X TBS) was applied for 15 min. After washing with PBS, sections were stained with primary antibodies (Supplementary Table S1) diluted in Antibody Diluent (S0809, Agilent Dako) at 4°C overnight. The next day, samples were washed again with PBS and stained with secondary antibodies diluted in PBS (Supplementary Table S1) for 1 h at room temperature. Finally, samples were washed with PBS and mounted using Fluorescent Mounting Medium (S3023, Agilent Dako) containing Hoechst 33,342 (14,533, Sigma-Aldrich). Slides were imaged with the Mirax Slide Scanner (Zeiss).
Protein Isolation and Western Blotting
For protein isolation, total cell lysates were prepared using RIPA buffer (89,900, Thermo Fisher Scientific) containing Halt Protease and Phosphatase Inhibitor Cocktail (78,440, Thermo Fisher Scientific). To determine protein concentrations, Bicinchoninic acid (BCA) Protein Assay (23,227, Thermo Fisher Scientific) was performed and absorbance measured at 562 nm wavelength using a BioTek Cytation five plate reader (Agilent). Protein samples were denatured for 5 min at 95°C with Laemmli Sample Buffer (1610747, Bio-Rad) containing 10% 2-mercaptoethanol. For SDS-PAGE, 20 µg of protein was loaded on a 4%–20% Mini-Protean TGX gel (456–1,094, Bio-Rad). Samples were transferred onto nitrocellulose membranes (1704158, BioRad) using a TransBlot turbo system (BioRad) and blocked for 1 h at room temperature (RT) with Odyssey blocking buffer (927–40,000, LI-COR Biosciences). Primary antibodies (Supplementary Table S1) were applied in Odyssey blocking buffer overnight at 4°C. Membranes were washed with PBS containing 0.1% TWEEN 20 (P1379, Sigma-Aldrich) before secondary antibodies (Supplementary Table S1) diluted in Odyssey blocking buffer were applied for 1 h at RT. Blots were scanned using the Odyssey imaging system (LI-COR Biosciences) and quantified in ImageJ.
RNA Isolation and Quantitative Real-Time PCR
Total RNA was isolated using the RNAeasy mini kit (74,106, QIAGEN) following manufacturer’s instructions. Isolated and purified RNA was quantified using NanoDrop ND-2000 Spectrophotometer (Thermo Fisher Scientific). For cDNA synthesis, Maxima First Strand cDNA Synthesis kit (K1641, Thermo Fisher Scientific) was used according to manufacturer’s protocol. Quantitative real-time PCR (qPCR) was performed on a LightCycler 480 System (Roche) using LightCycler 480 SYBR Green I Master Mix (4707516001, Roche) and specific primers for the genes of interests (Supplementary Table S2). For quantification purposes, RNA expression was normalized to housekeeping gene transcripts indicated in the respective figures.
siRNA Transfections
For transient YY1 knockdown, melanoma cells were transfected with Stealth siRNA YY1HSS111432 (Invitrogen) with the following sequence: CAU​CUU​AAC​ACA​UGC​UAA​GGC​CAA​A. As a control, scrambled siRNA (12,935, Thermo Fisher Scientific) was applied. JetPRIME (101000046, Polyplus) was used for all transfection experiments, following the manufacturer’s recommendations.
Cell Lines and Cell Culture
The following cell lines have been used for this study: M010817 (established and genotyped by the URPP Live cell Biobank, University of Zurich), Skmel28 (HBT-72, ATCC), Mel888 (Rubinfeld et al., 1997) and HEK-293T (CRL-3216, ATCC). Human melanoma cells were grown in RPMI 1640 (42,401, Thermo Fisher Scientific) containing 10% fetal bovine serum (FBS, 16,140, Thermo Fisher Scientific), 4 mM L-Glutamine (25,030, Thermo Fisher Scientific) and Penicillin-Streptomycin (15,070, Thermo Fisher Scientific). HEK-293T cells were grown in DMEM/F12 (11320033, Thermo Fisher Scientific) supplemented with 10% FBS and Penicillin-Streptomycin. All cells were cultured in cell culture incubators (Binder) at 37°C with 5% CO2.
Metabolic stress experiments were performed as follows. For Glutamine starvation, cells were cultured in RPMI 1640 (42,401, Thermo Fisher Scientific) containing 10% fetal bovine serum (FBS, 16,140, Thermo Fisher Scientific) and Penicillin-Streptomycin (15,070, Thermo Fisher Scientific). For cycloheximide and oligomycin treatment, cells were grown in complete medium (RPMI 1640) and treated with 500 ng/ml of cycloheximide (C1988-5G, Merck) or 1 µM of oligomycin (103,010–100, Agilent), respectively. All treatments were performed for the time points indicated.
Inducible shRNA Vector
Three doxycycline inducible shYY1 lentiviral vector plasmids were purchased from Cellecta together with a non-targeting shRNA in the same backbone, which was used as control. In vitro, YY1 knockdown was induced by supplementing media with 1 µg/ml of doxycycline for 48 h followed. In vivo, drinking water of the mice was supplemented with 2 mg/ml of doxycycline for the indicated time courses. Confirmation of YY1 knockdown was conducted by qRT-PCR and western blotting.
Lentivirus Production and Transduction
For virus production, HEK-293T cells were transfected with the lentiviral packaging vector psPAX2 (12,260, Addgene), the lentiviral envelope vector pMD2.G (12,259, Addgene) as well as either the inducible shYY1 or shCtrl vector using the JetPRIME transfection kit (114–-15, Polyplus) according to manufacturer’s instructions. 48 and 72 h post-transfection, supernatants containing the lentiviral particles were collected and filtered through a 0.22 µm filter (83.1826, Sarstedt). Lentiviral transduction of melanoma cells was performed with the help of 8 µg/ml polybrene (H9268, Sigma-Aldrich). Melanoma cells were infected with lentiviral particle containing media for 24 h before media was replaced by complete growth media.
Corning®Matrigel® Invasion and Migration Assay
Migration and invasion assays were performed similar to the manufacturer’s guidelines. More specifically, for invasion assays, TranswellTM inserts (3,464, Corning) were coated with Corning® Matrigel® Matrix (354,234, Corning), which was diluted 1:35 with empty RPMI 1640 media (0% FBS, 4 mM L-Glutamine, Penicillin- Streptomycin). The coating was performed as follows. 50 µl of diluted Corning Matrigel Matrix was applied to each insert and incubated for 3 h at 37°C. Next, 200′000 human melanoma cells were resuspended in empty RPMI 1640 medium were transferred to each well on top of the Matrigel Matrix layer. Complete growth media, containing 10% FBS, was used as chemoattractant in the bottom wells of the assay. After 24 h, all cells that migrated/invaded through the membrane were collected and quantified using a Neubauer counting chamber. The migration assay was performed in a similar way except Transwell Inserts were not coated with Matrigel before cells were transferred to the assay.
Bulk RNA-Sequencing Analysis
RNA sequencing of human melanoma cells was performed at the Functional Genomic Center Zurich, Switzerland. Total RNA of three experimental replicates per condition was isolated as described above. Quality control of the purified RNA was conducted on the Agilent RNA ScreenTape and Agilent 4,200 TapeStation. For poly-A mRNA enrichment, magnetic beads were used (TruSeq RNA Library Prep Kit v2) prior to cDNA synthesis and library preparation. RNA sequencing was performed with Illumina HiSeq4000. Quantification was achieved from single-end reads using STAR aligner and mapped to the Homo sapiens reference genome hg38. The bioinformatic analysis of differentially expressed (DE) genes was run with DeSeq2. All Gene Set Enrichment Analysis were performed with MetaCore™ (Thomson Reuters).
Statistical Analysis
Information about number of animals used or n as well as statistical tests used are indicated and described in each figure. Statistics were carried out with GraphPad Prism6 and Excel. All experiment performed with cell lines were done at least in three independent biological replicates as well as with three technical replicates in each experiment. The error bars depicted in the graphs represent the mean ± SD. Significant differences between two groups were marked with asterisks (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001).
RESULTS
YY1 Suppresses a Subset of Genes Involved in Invasion and Promotes Expression of Genes Involved in Proliferation and Differentiation
To investigate the role of YY1 in human melanoma cells, we performed siRNA-mediated YY1 knockdown experiments in three human melanoma cell lines with different mutational backgrounds, namely M010817 (NRASQ61K-mutated), Mel888 (BRAFV600E-mutated) and Skmel28 (BRAFV600E-mutated). The molecular phenotype of all three human melanoma cell lines was determined as “proliferative” according to the previously published classification of melanoma cell lines by Widmer et al. (2012). After assessing the knockdown efficiency on mRNA and protein level (Figure 1A, Supplementary Figures S1A,B), we performed RNA-seq on siCtrl and siYY1-treated cells followed by differential gene expression analysis. 1730 genes were significantly downregulated and 1,564 genes significantly upregulated in siYY1-transfected cells compared to siCtrl cells (Figure 1B). Metacore™ process network analysis for downregulated genes indicated that YY1 positively regulates genes involved in cell cycle regulation (Figure 1C) in agreement with the previously reported role of YY1 in melanoma cell proliferation (Varum et al., 2019). Analysis of the upregulated genes revealed that YY1 negatively regulates genes involved in cell adhesion, TGF-β signal transduction and Epithelial-to-Mesenchymal transition (EMT) among others (Figure 1D). Thus, YY1 knockdown in human melanoma cells appeared to induce changes in gene expression reminiscent of a process referred to as “phenotype switching,” by which melanoma cells switch from a proliferative to an invasive state (Restivo et al., 2017; Rambow, Marine and Goding, 2019).
[image: Figure 1]FIGURE 1 | RNA sequencing of YY1 knockdown uncovers invasive gene signature. (A) YY1 expression after 48 h siRNA-mediated knockdown in M010817 cells. Top panel: western blot. Bottom panel left: Quantification of qRT-PCR. Bottom panel right: Quantification of western blot from top panel. All experiments have been performed in independent biological triplicates. Data is shown in fold change (FC) relative to control. p value was determined with unpaired Student’s t-test with p-values: *< 0.05; **<0.01; ***<0.001; ****<0.0001. Error bars represent mean ± SD. (B) Heatmap of differentially expressed genes of the human cell lines M010817, Mel888 and Skmel28 48 h after siRNA-mediated YY1 knockdown. 1730 genes were significantly downregulated, 1,564 genes were significantly upregulated. (C) Top 10 Metacore™ process networks of downregulated genes. Top 10 downregulated genes of each process are depicted next to them. (D) Top 10 Metacore™ process networks of upregulated genes. Top 10 upregulated genes of each process are depicted next to them. (E–G) Gene Set Enrichment Analysis (GSEA) of differentially expressed genes after YY1 knockdown (log2 ratio-ranked) with published gene signatures representing an “invasive,” a “proliferative,” an “AXL” and a “MITF” program. Cutoffs for B-G were set at Log2 ratio ≥0.58 or ≤ −0.58, p value < 0.05 and FDR <0.05. (H) Heat map representing genes selected from the RNA-seq data of three human melanoma cell lines.
To verify whether there was a significant correlation of the siYY1-induced gene signature with published phenotype switching profiles, we performed gene set enrichment analysis (GSEA) of our RNA-seq data finding that it mostly positively correlated with invasiveness signatures and anti-correlated with proliferation signatures, respectively (Hoek et al., 2008; Verfaillie et al., 2015; Tirosh et al., 2016) (Figures 1E–G). Of note, among the differentially expressed genes most upregulated after YY1 knockdown were NGFR and TGFB1, two well-known inducers of EMT and EMT-like phenotype switching (Xu, Lamouille and Derynck, 2009; Restivo et al., 2017). On the opposite, we observed a strong downregulation of the melanocyte differentiation marker MITF and its downstream targets, DCT, TRPM1 and MLANA (Figure 1H). MITF has also been reported to be involved in melanoma phenotype switching, in that low levels of MITF promote a more invasive/less proliferative melanoma cell phenotype (Goding, 2011). Together, these findings suggest that YY1 is involved in melanoma invasion and phenotype switching.
Metabolic Stress Associated With Loss of YY1 in Human Melanoma Cells Induces Expression Changes in Phenotype Switching Genes
Re-analysis of published ChIP-seq data did not reveal a direct regulatory effect of YY1 on invasiveness and phenotype switching genes in melanoma (Varum et al., 2019). However, YY1 has been shown to directly bind and regulate a large subset of genes involved in metabolism and protein synthesis (Varum et al., 2019). Its knockdown was found to induce metabolic stress by disturbing numerous cellular metabolic processes leading to metabolic and translational reprogramming in human melanoma cells and interfering with their proliferative capacity (Varum et al., 2019). As metabolic and translational reprogramming can drive melanoma invasion (Falletta et al., 2017) and no evidence for direct binding and suppression of invasiveness genes by YY1 was found, we postulated that metabolic stress caused by YY1 knockdown might mediate siYY1-induced changes in the expression of phenotype switching genes. To support this idea, we exposed human melanoma cells to different metabolic stressors that we have previously found to be associated with loss of YY1 (Varum et al., 2019). Indeed, M010817 cells starved for glutamine upregulated the expression of NGFR and TGFB1 and, at the same time downregulated MITF (Figure 2A). Likewise, interference with oxidative phosphorylation by administration of the drug oligomycin as well as disturbing protein biosynthesis by treating the cells with low doses of cycloheximide led to upregulation of NGFR and TGFB1 accompanied by downregulation of MITF (Figures 2B,C) similar to what has been observed in YY1-knockdown human melanoma cells (Figure 1H). Interestingly, YY1 expression itself was not altered on mRNA levels when cells were starved or drug treated for up to 72 h indicating that YY1 is upstream of these cellular stress responses and is not per se affected by metabolic stress (Figures 2A–C). As NGFR is known to be translationally regulated (Huang et al., 2021), we further confirmed changes in NGFR expression on the protein level by FACS analysis and found that all metabolic stress conditions tested resulted in a strong increase in the percentage of NGFR-positive cells over the course of the experiment (Figure 2D). These data demonstrate that, similar to YY1 knockdown itself, interference with YY1-controlled metabolic processes, such as glutamine metabolism, oxidative phosphorylation, and protein biosynthesis, alters the expression of key players in phenotype switching and melanoma invasion. It is therefore conceivable that YY1 knockdown induces an invasiveness gene signature in melanoma cells by activation of a metabolic stress program.
[image: Figure 2]FIGURE 2 | Metabolic stress mimics the invasive gene signature found after YY1 knockdown in melanoma cells. Quantification of mRNA by qRT-PCR for YY1 as well as selected genes involved in EMT and invasion that were found to be altered upon YY1 knockdown in human melanoma cells. Metabolic stress was induced by (A) glutamine starvation, (B) cycloheximide treatment, (C) or oligomycin treatment for 24, 48 and 72 h. Data is shown in fold change relative to control. (D) Quantification of NGFR expression by FACS analysis after glutamine starvation, cycloheximide treatment or oligomycin treatment, respectively. All experiments were conducted in independent biological triplicates. p value was determined by one-way ANOVA followed by Benjamini, Krieger and Yekutieli for multiple comparison correction with p-values: *< 0.05; **<0.01; ***<0.001; ****<0.0001. Not significant is not depicted. Error bars represent mean ± SD.
YY1 Knockdown Sensitizes Melanoma Cells to TGF-β Stimulation and Increases the Expression of Genes Related to TGF-β-Mediated EMT and Invasiveness
Our GSEA of siYY1-treated human melanoma cells revealed members of the TGF-β family, in particular TGFB1, among the most upregulated differentially expressed genes (Figure 1H). Consistently, Signal Transduction_TGF-beta, GDF and Activin signaling was one of the top pathways upregulated after YY1 knockdown (Figure 1D). TGF-β signaling is a known inducer of EMT and metastasis in cancer, including melanoma (Hao, Baker and Dijke, 2019; Tuncer et al., 2019; Kim et al., 2020) and has been associated with a cellular stress response and metabolic reprogramming (Jiang et al., 2014; Krstić et al., 2015).
To find out whether YY1 knockdown influences TGF-β signaling, we analyzed the levels of phosphorylated (p)-Smad2—one of the downstream targets of TGF-β–in YY1-knockdown cells stimulated with TGF-β1. Interestingly, in the presence of TGF-β1, YY1 loss increased Smad2 phosphorylation, indicating that melanoma cells display enhanced sensitivity to TGF-β1 when YY1 levels are low (Figure 3A). TGF-β signaling induces EMT and invasiveness by regulating the expression of several EMT genes (Xu, Lamouille and Derynck, 2009). Intriguingly, YY1 knockdown in combination with TGF-β1 led to increased expression of the EMT genes FN1, SNAI1, VIM, CDH2 and ZEB1 compared to the control group treated with siCtrl and TGF- β1 (Figures 3B–F). TGF-β signaling can function in an autocrine and paracrine manner in melanoma to drive invasiveness and metastasis formation (Daroqui et al., 2012; Tuncer et al., 2019) and TGF-β ligands were described to initiate and regulate their own expression through a positive feedback loop (Perrot, Javelaud and Mauviel, 2013). Consequently, TGF-β1 stimulation increased the expression of TGFB1 and its associated genes TGFBRII and TGFBI, and this effect was even more pronounced upon concomitant knockdown of YY1 (Figures 3G–I). Additionally, a synergistic effect of TGF-β1 treatment and YY1-knockdown was observed for the phenotype switching gene NGFR (Figure 3J). On the opposite, MITF levels were significantly downregulated after TGF-β1 treatment although this effect was not further boosted by siYY1 treatment (Figure 3K). Of note, however, TGF-β1 stimulation did not alter YY1 expression, indicating that YY1 acts upstream of TGF-β (Figure 3L). The combined data suggests that TGF-β signal activation contributes to the enhanced invasiveness program observed upon YY1 knockdown by synergistically boosting the expression of classical EMT genes and influencing other important players in melanoma phenotype switching.
[image: Figure 3]FIGURE 3 | YY1 knockdown in melanoma cell lines increases sensitivity to TGF-β stimulation. (A) Western blot to assess TGF-β signaling via phosphorylation of Smad2. Cells were treated with siYY1 and siCtrl for 48 h before stimulation for 30 min with indicated TGF-β1 concentrations. (B–L) Quantification of mRNA by qRT-PCR for YY1 as well as for genes involved in EMT and invasion. Cells were either treated with siYY1 or siCtrl and stimulated with 5 ng/µl of TGF-β1 for the specified times. Data is shown in log2 fold change (FC) relative to control. p value was determined with two-way ANOVA (B–L) with p-values: *< 0.05; **<0.01; ***<0.001; ****<0.0001. Not significant is not depicted. Error bars represent mean ± SD.
Knockdown of YY1 in Human Melanoma Cells Leads to Increased Migration and Invasion In Vitro and In Vivo
To functionally assess whether YY1 alters the melanoma cell migration and invasion potential, we performed siRNA-mediated YY1 knockdown in three human melanoma cell lines and first subjected them to Corning Transwell ® migration assay chambers (Figure 4A). In all three human melanoma cell lines tested, YY1 knockdown significantly promoted the migration capacity of the cells (Figures 4B–D). Next, to assess the invasiveness of YY1-knockdown cells, siCtrl or siYY1-treated cells were transferred to Corning Transwell® chambers coated with a thin layer of Matrigel (Figure 4E). Again, we observed that siYY1-transfected cells could invade and pass through the Matrigel in higher numbers than siCtrl-transfected cells (Figures 4F–H).
[image: Figure 4]FIGURE 4 | YY1 knockdown leads to increased migration and invasion of human melanoma cells in vitro and in vivo.. (A) Top: Scheme of Corning Transwell ® migration assay. Bottom: Representative pictures of migrated cells after 24 h. Scale bar 250 µm. (B–D) Quantification of M010817, Mel888 and Skmel28 cells that migrated through the porous membrane after 24 h. Prior to seeding, cells were treated either with siYY1 or siCtrl for 72 h. Data is shown in fold change relative to control. (E) Top: Scheme of Corning Transwell® invasion assay. Bottom: Representative pictures of invading cells after 24 h. Scale bar 250 µm. (F–H) Quantification of M010817, Mel888 and Skmel28 cells that invaded through the Matrigel layer and the porous membrane after 24 h. Prior to seeding, cells were treated either with siYY1 or siCtrl for 72 h. (I) Left: Scheme of the doxycycline inducible shRNA constructs containing a stably expressed RFP reporter. Right: Scheme of viral transduction. (J) Experimental set up of the xenograft in vivo metastasis assay. (K) Quantification of YY1 mRNA levels via qRT-PCR from isolated tumors tissue at experimental end point. (L) Western blot confirming YY1 knockdown in tumors at experimental end point. (M) Tumor growth curve over the course of the experiment in mm3. (N) Top panel: Scheme of the FACS analysis and, bottom panel, representative picture of gating strategy to identify RFP-positive cells from the lungs. (O) Quantification of RFP + cells in absolute numbers per 100,000 recorded cells. (P) Number of RFP + cells presented as fold change relative to control group. p value was determined with unpaired Student’s t test with p-values: *< 0.05; **<0.01; ***<0.001; ****<0.0001. Error bars represent mean ± SD.
To validate the observed increased invasion potential of human melanoma cells after YY1 knockdown in an in vivo model, we generated a human melanoma cell line carrying a tracer (red fluorescent protein, RFP) and a doxycycline-inducible shRNA construct targeting YY1 to be used for grafting into immunocompromised mice (Figure 4I). Next, we injected those cells into the flanks of immunocompromised mice and after tumor establishment at around day 7, treated the animals for 4 weeks with doxycycline in the drinking water to stably knockdown YY1 (Figure 4J). At experimental endpoint, tumors from cells carrying the shYY1 construct showed reduced mRNA and protein levels of YY1 compared to control, confirming the stable knockdown of YY1 upon grafting in vivo (Figures 4K,L). Of note, we could not detect a significant difference in tumor growth between YY1 knockdown tumors and control group (Figure 4M) unlike previously reported after complete YY1 depletion (Varum et al., 2019), indicating that the levels of YY1 reduction are relevant for proliferation control of melanoma cells.
To assess the metastatic potential of shYY1 and shCtrl human melanoma cells, we dissected the lungs of the animals at experimental endpoint and performed FACS analysis to isolate RFP-traced melanoma cells from the dissociated tissue (Figure 4N) as described before (Zingg et al., 2018; Diener et al., 2021). Quantification of RFP positive cells within the lungs revealed a significant increase of metastatic cells in animals injected with shYY1 cells compared to control cells (Figures 4O,P).
Conditional Depletion of YY1 in the Melanocytic Lineage of a Transgenic Murine Melanoma Model Increases Metastasis Formation
Tyr::N-RasQ61K Cdnk2a−/− Tyr::CreERT2 R26R::Stop:EGFP Yy1lox/lox mice represent a genetically engineered mouse model, in which metastatic melanoma develops spontaneously (Ackermann et al., 2005; Shakhova et al., 2012). Previously, we conditionally ablated Yy1 in the melanocytic lineage of this model (Figure 5A) to reveal a crucial role of Yy1 in melanoma formation and growth (Varum et al., 2019). To address the question whether Yy1 also plays a role in melanoma cell dissemination and metastasis formation, we analyzed lungs of non-injected Tyr::N-RasQ61K Cdnk2a−/− Tyr::CreERT2 R26R::Stop:EGFP Yy1lox/lox control mice and tamoxifen-injected Tyr::N-RasQ61K Cdnk2a−/− Tyr::CreERT2 R26R::Stop:EGFP Yy1lox/lox (Yy1 knockout) mice for metastatic lesions (Figure 5B). Specifically, we performed immunohistochemical staining for the melanocyte and melanoma-specific marker DCT to identify metastatic lesions (Figure 5C). The validation that the GFP tracer was indeed expressed in cells of the melanocytic lineage and the recombination efficiency after tamoxifen administration were previously reported (Varum et al., 2019). Also, a staining confirming the colocalization of DCT with YY1-recombined GFP-positive cells is shown in the supplemental material (Supplementary Figure S1E). Next, we quantified DCT-positive melanoma cells in both, the lungs of Yy1 knockout and control animals (Figure 5D). Strikingly, compared to the control, we found a significant increase in DCT-positive cells in tamoxifen-injected Yy1 knock out animals demonstrating that Yy1 negatively regulates metastatic spreading in vivo.
[image: Figure 5]FIGURE 5 | Loss of YY1 in the melanocytic lineage leads to increased metastasis formation in the lung. (A) Scheme of the transgenic mouse model. (B) Experimental strategy to assess Yy1 loss in tumors and metastasis formation. (C) Representative immunohistochemical stainings of lung sections for DCT. Pictures were inverted and set to greyscale except zoomed-in images. Scale bar for greyscale pictures 250 μm; for zoomed-in images 20 µm. (D) Quantification of DCT + cells representing lung micrometastases. Number of animals per group n = 4. Each dot represents average count of five sections per lung. p value was determined with unpaired Student’s t test with p-values: *< 0.05; **<0.01; ***<0.001; ****<0.0001. Error bars represent mean ± SD.
DISCUSSION
The transcription factor YY1 exhibits numerous roles in tissue homeostasis and development (Verheul et al., 2020). Recently, it has been identified as a master regulator of a NC transcriptional program important for proper NC development (Varum et al., 2019). YY1 also fulfills important functions in cancer, where it can act either as a tumor promoter or tumor suppressor depending on the cancer type (Zhang et al., 2011; Sarvagalla et al., 2019). In the present study we show that, in melanoma, YY1 elicits a dual role: On the one hand, reduced YY1 levels were previously reported to prevent melanoma formation, revealing a role of YY1 in promoting tumor initiation and growth (Varum et al., 2019); on the other hand, we show here that downregulation of YY1 results in increased invasion and micrometastasis formation of melanoma cells in vitro and in vivo, highlighting a role of YY1 in suppressing melanoma cell invasiveness. Thus, YY1 emerges as a novel regulator of phenotype switching in melanoma, reminiscent of other regulators of NC development that also antagonistically control proliferation vs. invasiveness in melanoma cells (Diener et al., 2021; Diener and Sommer, 2021).
As we did not find YY1 to directly bind and regulate genes involved in invasion, EMT and metastasis formation, it is likely that YY1 exerts its function via indirect regulation of known melanoma invasiveness and EMT genes. To cope with cellular stress–induced by various factors–cancer cells undergo metabolic rewiring affecting pathways, such as glucose and glutamine utilization, mitochondrial and oxidative metabolisms, and reprogramming of protein translation. These metabolic changes are associated with an increased cellular invasion potential (Chiang, Wu and Lee, 2017; García-Jiménez and Goding, 2019). Similarly, cell-intrinsic events, such as oncogene activation or loss of tumor suppressor function, can induce a pseudo-starvation state within melanoma cells leading to a nutrient limitation response in the cell changing the cellular phenotype towards invasion and ultimately driving melanoma metastasis formation (García-Jiménez and Goding, 2019). Since YY1 has been shown to bind and regulate a plethora of genes involved in metabolism and protein biosynthesis and knockdown of YY1 induced metabolic changes in glucose and lipid metabolism, TCA cycle, amino acid and nucleotide metabolism and protein translation (Varum et al., 2019), we hypothesize that YY1 knockdown resembles a state of pseudo-starvation triggering cells to become more invasive. At the same time, metabolic reprogramming by YY1 was shown to interfere with melanoma cell proliferation (Varum et al., 2019) indicating that YY1 exerts its two functions in phenotype switching–promoting proliferation and suppressing invasion–via its role as metabolic regulator.
One of the key factors to be downregulated upon YY1 knockdown was MITF–the known master regulator of melanocyte development and differentiation (García-Jiménez and Goding, 2019)—and its target genes DCT, TYRP1 and MLANA, which are involved in pigmentation and pigment cell differentiation (Seberg, Van Otterloo and Cornell, 2017). Goding and colleagues have introduced a rheostat model, according to which MITF expression levels determine the phenotypic state of melanoma cells within the phenotype switching process (Carreira et al., 2006; Tang et al., 2020). Hoek et al. (2008) had postulated that low levels of MITF generate a more invasive/less proliferative melanoma cell phenotype (Hoek and Goding, 2010) and, indeed, inhibition of MITF was shown to increase the metastatic potential of melanoma (Cheli et al., 2011), which is in line with our observations. However, YY1 does not directly regulate MITF expression (Varum et al., 2019). Interestingly, translational reprogramming as a cellular response to stress is associated with MITF downregulation (Falletta et al., 2017). Likewise, MITF is downregulated in response to metabolic stress caused by glutamine and glucose shortage (Falletta et al., 2017; Ferguson et al., 2017). Accordingly, in all our metabolic stress experiments, MITF was downregulated, strengthening the hypothesis that phenotype switching induced by loss of YY1 is mediated by metabolic stress affecting, among others, MITF expression levels.
We also observed NGFR to be upregulated both after YY1 knockdown and in our metabolic stress experiments. This is in agreement with previous reports linking NGFR expression to cellular responses to stress, such as therapeutic intervention (Lehraiki et al., 2015), hypoxia (Tong et al., 2018), inflammation (Landsberg et al., 2012) and nutrient starvation (Menon et al., 2014). Since so far, no direct regulatory link between YY1 and NGFR has been reported, the NGFR expression changes observed after YY1 knockdown might be due to metabolic changes induced by YY1 loss. Hence, NGFR upregulation likely reflects a cellular response to metabolic stress, similar to the downregulation of MITF in response to YY1 downregulation. Several studies have shown that NGFR is involved in melanoma cell migration and invasion, establishing it as a mediator of phenotype switching by suppressing melanoma proliferation and simultaneously promoting invasion (Truzzi et al., 2008; Restivo et al., 2017). This was further supported by data from head and neck squamous cell carcinoma (HNSCC) strengthening the link between NGFR expression and increased metastasis (Chung et al., 2018; Lin et al., 2020). Hence, regulation of NGFR by YY1-controlled metabolic programs appears to contribute to increased invasiveness and metastasis formation observed upon reduction of YY1 expression levels in melanoma cells.
In many tumors, upregulation of TGF-β is considered to be pro-oncogenic and pro-metastatic (Massagué, 2008). Also in melanoma, TGF-β signal activation was shown to promote metastasis formation and malignancy in a genetically engineered mouse model (Tuncer et al., 2019). Gene set enrichment analysis of YY1 knockdown melanoma cells revealed Signal Transduction_TGF-beta, GDF and Activin signaling, as one of the top upregulated pathways, which encompassed the genes TGFB1, TGFBRI and TGFBRII. This upregulation of TGFB1 after YY1 knockdown is in line with previous reports, where it has been shown that YY1 transcriptionally represses TGFB1 in human renal mesangial cells (Gao et al., 2019). We found that YY1-knockdown melanoma cells were more sensitive to TGF-β1 stimulation, in that YY1 knockdown cells treated with TGF-β1, boosted the expression of the EMT genes FN1, CDH2, ZEB1, SNAI1 and VIM, among others. This synergistic effect of TGF-β1 on YY1 knockdown cells could be explained due to increased expression of the TGF-β1 receptors TGFBR1 and TGFBR2 after YY1 loss and by the repressive function of YY1 on the transcriptional activity of SMADs (Kurisaki et al., 2003), which are crucial intracellular signaling molecules involved in the canonical TGF-β pathway. Of note, TGF-β stimulation has also been reported to induce the expression of NGFR (Restivo et al., 2017) and to repress MITF levels (Nishimura et al., 2010), similarly to what we observed in our YY1 knockdown cells.
In sum, our findings support a model, in which enhanced expression of an invasiveness gene signature in melanoma and, consequently, increased invasiveness and metastasis formation observed upon YY1 knockdown reflects a melanoma cell-specific defense response to metabolic stress–induced by perturbance of multiple YY1-dependent metabolic pathways.
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