Linc01060 suppresses ferroptosis by downregulating SPOP-mediated c-Myc degradation in glioma
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Supplementary Methods
[bookmark: OLE_LINK2][bookmark: OLE_LINK1]Clinical samples 
Normal brain tissues were obtained from automobile accident patients without glioma. Informed consent was provided by all patients, and the Ethics Committee of Tongji Medical College of Huazhong University of Science and Technology (S156) approved all aspects of this study. Each specimen was divided into three samples for: (i) formalin fixation and paraffin embedding, (ii) protein and RNA extraction, and (iii) primary glioma cell culture. 
Cell culture and treatment 
The glioma cell lines U-87MG (HTB-14) were obtained from the American Type Culture Collection (Manassas, VA, USA), U251 (TCHu 58) were obtained from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China), and cultured in Dulbecco’s modified Eagle’s medium (Gibco, Waltham, MA, USA) supplemented with 10% fetal bovine serum (Gibco), glutamine (Gibco), and 1% penicillin-streptomycin (Gibco) in 5% CO2 at 37 °C. Two primary glioma cell cultures (P1 and P2) were established as described previously [1-2]. Briefly, tumor tissue was retrieved intraoperatively, suspended as single cells, which were cultured in Iscove’s modified Dulbecco’s medium supplemented with 20% fetal bovine serum (Gibco, Waltham, MA, USA), 1% penicillin-streptomycin (Gibco), and 1% sodium pyruvate in Iscove’s modified Dulbecco’s medium. Short tandem repeat (STR) analysis was done on all cells and they were regularly tested for mycoplasma contamination. For erastin treatment, cells were treated with 10 μM erastin for 24 h [3].
Plasmids, small interfering RNA (siRNA), and transfection
Glioma cells were transfected with siRNAs targeting hypoxia-inducible factor 1-alpha (HIF-1α), Linc01060, and c-Myc using Lipofectamine 3000 (Invitrogen, Waltham, MA, USA) as per the manufacturer’s instructions. The full-length cDNA of HIF-1α, Linc01060, SPOP, and c-Myc were cloned from template-strand cDNA by PCR. HIF-1α, Linc01060, SPOP, c-Myc, mutant Linc01060, and mutant SPOP expression vectors were constructed by cloning full-length or mutant cDNA into pcDNA3.1 vectors (Sigma-Aldrich, St Louis, MO, USA).
Real-time quantitative RT-PCR (qRT-PCR)
Total RNA was extracted from tissue samples using TRIzol (Invitrogen). cDNA was synthesized using the HiScript III 1st Strand cDNA Synthesis Kit (R312-01; Vazyme, Nanjing, China) according to the manufacturer’s instructions. RT-qPCR analysis was performed on a 7500 Fast Real-Time PCR system (Applied Biosystems, Foster City, CA, USA) using the AceQ qPCR SYBR Green Master Mix (Q111-C1; Vazyme). The primers used in the present study were chemically synthesized by GeneCreate (Wuhan, China).
Bioinformatic analysis
The fragments per kilobase of transcript per million mapped reads (FPKM) transcriptome RNA-sequencing data and clinical features of patients with glioma were extracted from The Cancer Genome Atlas (TCGA) (https://cancergenome.nih.gov/). FPKM transcriptome RNA-sequencing data of normal brain tissue were downloaded from the Genotype Tissue Expression (GTEx) database [4]. Survival curves were constructed using the Kaplan–Meier method and differences between groups were compared using the log-rank test. The results of the independent sample t-tests comparing the two groups were expressed as t-test values. P value < 0.05 was considered significant (ns: p 0.05, *: p ≤ 0.05, **: p ≤ 0.01, ***: p ≤ 0.001). Correlation analyses were performed using Pearson correlation. 
Iron detection assay
An iron assay kit (ab83366, Abcam, Cambridge, UK) was used to detect intracellular ferrous iron (Fe2+) levels. Cells were seeded at a density of 3 × 105/well in 96-well plates, and cultured for 24 h. Cells were then collected, washed thrice with PBS, and homogenized in iron assay buffer on ice for 10 min, and centrifuged at 12,000 ×g for 15 min at 4 °C. The supernatant was collected, iron reducer was added, the solution was mixed, and incubated at 27 °C for 30 min. Finally, iron probe was added and the solution was incubated for 1 h at 25 °C in the dark.
Lipid peroxidation
A fluorescent dye, BODIPY 581/ 591 C11 (lipid peroxidation sensor, Thermo Fisher), was added to cells. This dye allowed the assessment of oxidized versus non-oxidized lipids by fluorescing green in the presence of oxidized lipids. Prior to different treatment, cells were stained for 30 minutes with a 10 m solution of BODIPY-C11. Using the manufacturer's instructions, we extracted lipids. Extractions were followed by the addition of 0.9% NaCl solution and the collection of chloroform-containing phase. The spectrafluorometric measurements were conducted using SpectraMax Gemini XS microplate spectrofluorometer (Molecular Devices Corporation, USA) as soon as the chloroform and lipids were evaporated and the lipids dissolved in isopropanol, respectively. Data were analyzed with SPSS software (version 22, IBM, SPSS, Chicago, IL). The values are expressed as means ± SEM relative to the respective serum-free control (taken as 100%).
Coimmunoprecipitation (Co-IP)
Briefly, proteins were first immunoprecipitated with targeted antibodies for 2 h at 4 °C and then incubated with protein A/G-agarose beads overnight at 4 °C. Protein A/G-agarose-antigen-antibody complexes were pelleted by centrifugation at 8,000 rpm for 5 min at 4 °C. The samples were resuspended in SDS loading buffer and denatured at 95–100 °C for 5 min before western blot analysis.
RNA immunoprecipitation (RIP)
Briefly, cells were seeded at a density of 8 × 106/well in 6-well plates, and cultured for 48 h. Cells were then collected, lysed, sonicated, and centrifuged at 12,000 × g at 4 °C for 1 min. The supernatants were incubated with RIP buffer containing magnetic beads conjugated with human anti-SPOP (Ab168619, Abcam, Cambridge, USA) or IgG (ab172730, Abcam, Cambridge, USA) antibodies. To quantify RNA, the immunocomplexes was extracted with TRIzol and measured using qRT-PCR after washing with proteinase K.
Fluorescence in situ hybridization (FISH), immunofluorescence (IF) and immunohistochemistry (IHC)
For IF, cells (2 × 104) were cultured on coverslips for 24 h and then fixed with 4% paraformaldehyde. Cells were permeabilized with 95% cold methanol and blocked overnight at 4 °C in 15% goat serum. After blocking, the cover slips were incubated with the primary antibody at room temperature for 2 h, washed thrice with PBS for 5 min, and incubated with the fluorescent secondary antibody for 1 h. Cells were then washed thrice with PBS for 5 min and mounted onto glass slides using a mounting medium with DAPI. 
Statistical analysis
Data are presented as the mean ± standard deviation from multiple independent experiments, which were performed in triplicate. Student’s t-test was used to compare statistically significant differences between several pairs of subgroups based on clinical characteristics. P-value < 0.05 was considered statistically significant.

Supplementary Tables 1: Correlation of the expression levels of Linc01060 in glioma tissues with clinicopathologic features.
	Characteristics
	No. of cases (%)
	Linc01060
	P-value

	
	
	Low
	High
	

	Age (y)
	
	
	
	

	＜50
	27 (38.6%)
	15
	12
	0.258

	≥50
	43 (61.4%)
	18
	25
	

	Gender
	
	
	
	

	Male
	38 (54.3%)
	20
	18
	0.313

	Female
	32 (45.7%)
	13
	19
	

	Tumor size (cm)
	
	
	
	

	＜2
	40 (57.1%)
	25
	15
	0.003**

	≥2
	30 (42.9%)
	8
	22
	

	Tumor location
	
	
	
	

	Supratentorial
	45 (64.3%)
	20
	25
	0.549

	Subtentorial
	25 (35.7%)
	13
	12
	

	Karnofsky performance scale
	
	
	
	

	＜90
	30# (44.1%)
	9
	21#
	0.006**

	≥90
	38 (55.9%)
	24
	14
	

	WHO grade
	
	
	
	

	I
	6 (8.6%)
	5
	1
	0.017*

	II
	27 (38.6%)
	6
	21
	

	III
	18 (25.7%)
	10
	8
	

	IV
	19 (27.1%)
	2
	17
	

	Tumor recurrence
	
	
	
	

	No
	42 (60.0%)
	28
	14
	<0.001***

	Yes
	28 (40.0%)
	5
	23
	


# Partial data not available; statistics based on available data. *<0.05, **<0.01 and ***<0.001. Linc01060 high expression: score 8-16; low expression: score 0-7.

Supplementary Tables 2: Univariate and multivariate for clinicopathological features associated with various prognostic parameters of 70 glioma patients by Cox-regression analysis.
	Variables
	Univariate analysis
	Multivariate analysis 

	
	HR (95%CI) 
	P-value
	HR (95%CI)
	P-value

	Age (≥50 vs ＜50) 
	1.359 (0.957-2.276)
	0.526
	1.682 (1.125-3.416)
	0.354

	Gender ( Male vs Female) 
	1.637 (0.865-2.573)
	0.273
	1.395 (0.759-2.658)
	0.320

	Tumor size (≥2 vs ＜2)
	1.862 (1.076-3.153)
	0.026*
	1.218 (0.962-2.865)
	0.137

	Tumor location (Sup vs Sub)
	1.472 (1.185-3.416)
	0.628
	1.251 (0.958-2.853)
	0.765

	KPS (≥90 vs ＜90)
	2.637 (1.846-4.537)
	0.008**
	1.975 (1.265-3.627)
	0.036*

	WHO grade (HGG vs LGG)
	3.183 (1.658-5.738)
	0.020*
	3.528 (1.524-6.386)
	0.031*

	Tumor recurrence (Yes vs No)
	0.693 (0.217-1.526)
	0.004**
	0.863 (0.376-2.372)
	0.012*

	Linc01060 (Low vs High)
	2.375 (1.492-4.638)
	0.009**
	2.536 (1.264-4.372)
	0.018*



Supplementary Tables 3:
	Gene
	Primer
	Sequence(5′-3′)

	si-1060#1
	forward
	GTGCATUGTGAAGCAGCACACTCAGUGG

	
	reverse
	CACGTAACACUTCGTCGTGTGAGTCUUC

	si-1060#2
	forward
	AATGTTCAACGTCCTCCTGGGATACGGA

	
	reverse
	TTACAAGUTGCAGGAGGACUCTATGCCT

	si-c-Myc#1
	forward
	CTTCTACCAGCAGCAGCA

	
	reverse
	GAAGATGGTCGTCGTCGT

	si-c-Myc#2
	forward
	GGTCAGAGTCTGGATCAC

	
	reverse
	CCAGTCTCAGACCTAGTG

	si-HIF-1A#1
	forward
	CCUAUAUCCCAAUGGAUGAUGTT

	
	reverse
	CAUCAUCCAUUGGGAUAUAGGTT

	si-HIF-1A#2
	forward
	GUGAUGAAAGAAUUACCGAAUTT

	
	reverse
	AUUCGGUAAUUCUUUCAUCACTT



Supplementary Tables 4:
	Name
	Description

	Anti-SPOP antibody
	Ab168619 (Abcam, Cambridge, USA)

	Anti-c-Myc antibody
	ab32072 (Abcam, Cambridge, USA)

	Anti-HIF-1A antibody
	ab243860 (Abcam, Cambridge, USA)

	Anti-PTGS2 antibody
	66351-1-Ig (Proteintech, Wuhan, China )

	Anti-NOX2 antibody
	19013-1-AP (Proteintech, Wuhan, China )

	Anti-FTH1 antibody
	10727-1-AP (Proteintech, Wuhan, China )

	Anti-GPX4 antibody
	67763-1-AP (Proteintech, Wuhan, China )

	Anti-ASCL4 antibody
	A14439 (ABclonal, Wuhan, China )

	Anti-HA antibody
	901503 (Biolegend, San Diego, California, USA)

	Anti-flag antibody 
	20543-1-AP (Proteintech, Wuhan, China )

	Anti-myc tag antibody
	16286-1-AP (Proteintech, Wuhan, China )

	Anti-β-actin antibody
	#4970 (Cell Signaling Technology, Beverly, MA, USA)

	Anti-GAPDH antibody 
	60004-1-lg (Proteintech, Wuhan, China )



Supplementary Tables 5:
	Gene
	Primer
	Sequence (5′-3′)

	Linc01060
	forward
	GCAAGTCAACAGGAAGGGT

	
	reverse
	TACFFAFFAAFFTAACAG

	SPOP
	forward
	GCCCCGTAGCTGAGAGTTG

	
	reverse
	ACTCGCAAACACCATTTCAGT

	c-Myc
	forward
	GTCAAGAGGCGAACACACAAC

	
	reverse
	TTGGACGGACAGGATGTATGC

	HIF-1α
	forward
	CACCACAGGACAGTACAGGAT

	
	reverse
	CGTGCTGAATAATACCACTCACA

	GAPDH
	forward
	GAGTCAACGGATTTGGTCGT

	
	reverse
	TTGATTTTGGAGGGATCTCG

























Supplementary Figure Legends
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Fig. S1 a–b The relationship between Linc01060 expression levels and poor prognoses based on sequencing data from TCGA and GTEx databases. c Expression of Linc01060 in normal brain tissues and glioma tissues by FISH analysis. d ROC analysis of Linc01060-based, WHO grade-based and the combination model in predicting clinical outcome. e The heatmap illustrates the association of different clinical characters with Linc01060 high and low-expression tumors. Data shown are mean±SD (n = 3). (***P < 0.001).
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Fig. S2 a–c The relative expression levels of lipid peroxidation in different treatment groups. d-f Survival curves for the different treatment groups. (*P < 0.05 and **P < 0.01).
 [image: ]
Fig. S3 a Cell proliferation assay, b colony formation assay, c and in vivo experiments demonstrated that overexpression of Linc01060 in U87MG and U251 cells inhibits erastin-induced ferroptosis. (*P < 0.05, **P < 0.01 and ***P < 0.001).
[image: ]
Fig. S4 a Top: Graphic illustration of the predicted secondary structure of Linc01060; Middle: Diagrams depicting full-length (FL) and domain-truncated fragments of Linc01060; bottom: RNA pull-down assays for FL and domain-truncated fragments of Linc01060. b Top: Diagrams depicting of FL and domain-truncated fragments of SPOP; bottom: detection of Linc01060 by RNA immunoprecipitation (IP) assay as retrieved by FLAG-tagged FL or domain-truncated SPOP using a FLAG antibody; 4-TO Flag group was used as the negative control. c Co-IP assays showed that SPOP increased c-Myc ubiquitination, which could not be reversed by overexpression of mutant Linc01060. d Top: The amount of SPOP bound to c-Myc decreased with Linc01060 overexpression in a dose-dependent manner in U87MG cells; Bottom: The mount of SPOP bound to c-Myc in Linc01060-overexpressed (OE) and Linc01060-siRNA U251 cells.
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Fig. S5 a Ubiquitination assays of U87 (left) and U251 (right) cells suggested that mutant Linc01060 cannot downregulate c-Myc ubiquitination. b Co-IP assays showed that SPOP increased c-Myc ubiquitination, which could not be reversed by overexpression of mutant Linc01060.
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Fig. S6 a Cell proliferation was measured in U87 and U251 co-transfected with control or c-Myc siRNA with mutant Linc01060-OE plasmid by CCK8 assay. b Colony formation assays suggested that mutant Linc01060 promoted proliferation in U87 and U251 cells co-transfected with control or c-Myc siRNA with mutant Linc01060-OE plasmid c Representative pictures of bioluminescence imaging and specimen slice with Ki67+ IF staining revealed that mutant Linc01060 showing the proliferation of tumors measured on 4 weeks. NS: no significance.
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Fig. S7 a Amount of SPOP bound to c-Myc in mutant Linc01060-OE and -siRNA U87MG and U251 cells. b WB analysis evaluated the expression of SPOP and c-Myc in low-grade and high-grade glioma. c The relationship between expression of SPOP and c-Myc and immunohistochemistry (IHC) scores. d Fluorescence in situ hybridization and IHC analysis of normal brain and glioma tissues sections was used to analyze the expression of Linc01060, HIF-1α, SPOP, and c-Myc.
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