Supplementary Methods

Plasmid vectors
pCMV6 encoding GFP-fused TM4SF1 was purchased from OriGene Technologies (Rockville, MD, USA). pIDTSMART-AMP encoding TM4SF1-AS1 (ENST496491.1) was purchased from Codex DNA Inc. (San Diego, CA, USA). Fragments of TM4SF1-AS1 and neomycin resistance cassette were cloned into pBI-CMV2 (Takara Bio Inc., Kusatsu, Japan). Full-length cDNAs encoding Pur-α and YB-1 were amplified with PCR using cDNA derived from HSC-45 cells as a template and then cloned into pCMV6-Entry with a C-terminal Myc tag or FLAG tag (OriGene Technologies) or into pCMV6-AC GFP (OriGene Technologies). shRNAs targeting TM4SF1-AS1 were designed with the siDirect algorithm (http://sidirect2.rnai.jp/) and were cloned into Tet-pLKO-puro (a gift from Dr. Dimitri Wiederschain, plasmid #21915, Addgene, Watertown, MA, USA). TM4SF1-AS1 and 12×MS2 were amplified by PCR using pBI-CMV2 NeoR TM4SF1-AS1 plasmid and CFP betaGlobin 24×PP7 24×MS2 splicing reporter (a gift from Dr. Daniel Larson; Addgene plasmid #61762), respectively, as templates. The fragments were cloned into pCW57.1 (a gift from Dr. David Root, plasmid #41393, Addgene). ptagRFP-MS2coatProtein plasmid was a gift from Dr. Karsten Rippe (plasmid #103831, Addgene). Primer sequences are listed in Supplementary Table S1.

Transfection of plasmids and siRNAs
Plasmid vectors were transfected using Lipofectamine 3000 (Thermo Fisher Scientific, Waltham, MA). To establish GC cells with or without stable TM4SF1-AS1 expression, SNU638 cells were transfected with pBI-CMV2-NeoR-GFP-TM4SF1-AS1 or pBI-CMV2-NeoR-GFP and then selected in culture medium containing 500 μg/ml neomycin (G418) for 2 weeks, after which GFP-positive cells were sorted using BD FACS Aria II (BD Biosciences, Franklin Lakes, NJ, USA). siRNAs targeting TM4SF1, TM4SF1‑AS1, purine-rich element-binding protein α (Pur-α) or Y-box binding protein 1 (YB-1) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Silencer Select siRNA targeting siDDX58 (s223614) was purchased from Thermo Fisher Scientific. siRNAs targeting other genes were designed using the siDirect algorithm (http://sidirect2.rnai.jp/) and manufactured by RNAi (Tokyo, Japan). The siRNAs were transfected using Lipofectamine RNAiMax (Thermo Fisher Scientific). The siRNA sequences are listed in Supplementary Table S8. 

Inducible knockdown or expression of TM4SF1-AS1
Lentiviral particles expressing small hairpin RNA (shRNA) or MS2-tagged TM4SF1-AS1 were produced using a Lenti‑PacTM HIV Expression Packaging Kit (GeneCopoeia, Rockville, MD, USA) according to the manufacturer’s instructions. After infection, cells were selected in a culture medium containing 1 μg/mL puromycin for a week. Cells transfected with the Tet-on inducible system were cultured in RPMI1640 supplemented with 10% Tet-approved fetal bovine serum (Takara Bio Inc.). shRNA or TM4SF1-AS1 expression was induced by culturing the cells in the presence of 2.5 μg/ml doxycycline (Dox, Sigma-Aldrich). The shRNA sequences are listed in Supplementary Table S8.

Cell viability and colony formation assay
For cell viability assays, 2000 to 5000 cells per well in 96-well plates were transfected with siRNAs as described above. Cell viabilities were then measured using a Cell Counting kit-8 (Dojindo, Kumamoto, Japan). For colony formation assays, cells transfected with inducible shRNA vectors (10,000 cells per well in 6-well plates) were cultured with or without 2 μg/ml DOX for 8 days. Colonies were then stained with Giemsa and measured using ImageJ software (NIH, Bethesda, MD, USA).

Cell migration and invasion assays
Cell migration and invasion assays were performed using transwell chambers as described previously [1]. Briefly, cells were transfected with siRNA as described above and incubated for 24 h, after which 5×104 cells were added to the upper chamber. RPMI1640 medium supplemented with 10% fetal bovine serum was added to the lower chamber. After incubation for 22 h, migrating or invading cells were stained using a Diff quick stain kit (Sysmex, Tokyo, Japan).

Xenograft studies
HSC-45 cells with inducible shRNA (1.5×106 cells) or SUN638 cells stably expressing TM4SF1-AS1 or GFP (1.0×107 cells) were resuspended in 100 μl of phosphate-buffered saline (PBS). Cells mixed with 100 μl of Matrigel basement matrix (Corning Inc. Corning, NY, USA) were injected subcutaneously into the bilateral thighs of 6-week-old female BALB/cAJcl-nu mice (four mice per group). Mice in the inducible shRNA group were fed either a diet containing 200 ppm Dox or a regular diet. Tumor size was measured every 4 days using digital calipers, and tumor volume was calculated using the formula: length × width2/2. All animal experiments were approved by the Institutional Animal Ethical Committee of Sapporo Medical University (No. 19-028).

Mutation analysis
A custom panel was designed for targeted sequencing of lncRNA- and GC-related genes using Ion AmpliSeq designer (Thermo Fisher Scientific; Supplementary Table S9). Libraries were prepared using the Ion AmpliSeq custom Panel and the Ion AmpliSeq Library Kit 2.0 (Thermo Fisher Scientific). Sequencing was carried out using an Ion Proton System (Thermo Fisher Scientific). The data were analyzed using Torrent Suite v.5.0.4 software (Thermo Fisher Scientific), and the variant call was performed using VarScan2. Targeted sequencing data are available in the National Bioscience Database Centre (NBDC) under the dataset accession ID JGAS000353.

Flow cytometry analysis
Cells were transfected with siRNA as described above and incubated for 96 h. HSC-45 cells with inducible shRNAs were incubated for 8 days with or without 2 μg/ml Dox. Apoptosis was analyzed using an ApoScreen Annexin V Apoptosis Kit (SouthernBiotech, Birmingham, AL, USA). Cells were stained with annexin V-FITC and propidium iodide (PI) according to the manufacturer’s manual. To analyze cell cycle, the cells were stained with PI. Cells were subjected to FACS analysis using a BD FACSCanto II (BD Biosciences) with BD FACSDiva software (BD Biosciences). Data were analyzed using FlowJo software version 10 (FlowJo LLC, Ashland, OR, USA).

Gene expression microarray analysis
Cells were transfected with siRNAs as described above and incubated for 72 h. Gene expression microarray analysis was performed using a SurePrint G3 Human GE 8x60K v2 microarray (Agilent Technologies, Santa Clara, CA, USA) as described previously [1]. Data were analyzed using GeneSpring GX version 13 (Agilent Technologies). GO analysis was performed using DAVID (https://david.ncifcrf.gov/). GSEA was performed using gene sets that included hallmark gene sets, ISGs and IRDS [2, 3]. The Gene Expression Omnibus accession number for the microarray data is GSE209814.

In vitro transcription
DNA templates for TM4SF1-AS1 and its antisense for in vitro transcription were PCR amplified from a plasmid vector. RNAs labeled with 5-Bromo-UTP (BrU) or biotin were synthesized using a CUGA in vitro Transcription Kit ver. 7 (NIPPON GENETEC, Tokyo, Japan). Briefly, 1.25 pmol of template DNA were added to a reaction mixture containing T7 polymerase and BrU mix (3.75 mM BrU and 3.75 mM UTP) or biotin-UTP mix (1.5 mM biotin-UTP and 3.5 mM UTP). RNA products were heated in structure buffer (10 mM Tris-HCl [pH 7.0], 0.1 M KCl, 10 mM MgCl2 and 40 U RNaseOUT (Thermo Fisher Scientific)) for 2 min at 90°C, followed by incubation on ice for 2 min and at room temperature for 20 min. The primer sequences are listed in Supplementary Table S1.

RNA pull-down and mass spectrometry
RNA pull-down assays were performed using a RiboCluster Profiler RiboTrap Kit (MBL, Tokyo, Japan). Briefly, BrU or biotin-labeled RNAs (100 pmol) were mixed with cellular extracts, after which RNA-protein complexes were immunoprecipitated with BrdU antibody-immobilized Protein G Dynabeads (Thermo Fisher Scientific) or Dynabeads MyOne streptavidin T1 beads (Thermo Fisher Scientific). Alternatively, the pulled-down proteins were treated with 10 μg/ml RNaseA (NIPPON GENE, Tokyo, Japan) and 50 U/mg protein for 30 min in 37°C. Precipitates were separated with SDS-PAGE and stained using GelCode Blue Stain Reagent (Thermo Fisher Scientific). 
    Bands specific for TM4SF1-AS1, a negative control or mock were excised and subjected to in‑gel trypsin digestion. The gel containing proteins was reduced with 10 mM dithiothreitol for 60 min at 56°C, followed by alkylation with 54 mM iodoacetamide in the dark at room temperature for 45 min. In-gel digestion was executed using trypsin overnight at 37°C, as described previously [4].
Liquid chromatography and peptide spotting were performed using direct nano-LC and a MALDI fraction system DiNa-MaP (KYA Technology, Tokyo, Japan) with partially modified methods, as described previously [5, 6]. Elution solvent A was 0.1% trifluoroacetic acid (TFA), and solvent B was 0.1% TFA in 70% acetonitrile (ACN). The peptides were separated on a HiQsilC18W‑3 column (100 μm ID×100 mm; KYA Technology) with a gradient program (0-12 min, 0-5% solvent B; 12-20 min, 5-50% solvent B; 20-25 min, 50-100% solvent B; 25-30 min, 100-5% solvent B; 30-40 min, 5% solvent B) at a flow rate of 300 nL/min. Separated peptides were mixed with matrix solution (4 mg/mL α-cyano-4-hydroxycinnamic acid, 70% ACN, 0.1% TFA, 80 μg/mL diammonium hydrogen citrate) and spotted onto a 384-well AB OptiTOF MALDI Plate Insert (AB SCIEX, Framingham, MA). Mass spectrometry was performed using a 4800 Plus MALDI-TOF/TOF Analyzer (AB Sciex) with 4000 Series Explorer version 3.5 software (AB Sciex). Mass accuracy was calibrated using a 6-peptide mixture (AB Sciex). MS spectra were obtained in positive ion mode from m/z 800 to 4000 and accumulated from 1000 laser shots in a randomized raster. MS/MS spectra with S/N ≥100 were acquired using air as the collision gas with a collision energy of 1 kV and the following parameters: acquisition order/fraction, strongest precursors first; maximum precursors/fraction, 10. MS/MS data were searched against the human International Protein Index (IPI) database version 3.63 (European Bioinformatics Institute, Cambridgeshire, UK) using Protein Pilot version 2.0 (AB Sciex) equipped with the Paragon search algorithm [7]. Proteins with an unused ProtScore > 1.3 (corresponding to 95% confidence) were selected. 

RNA immunoprecipitation
RNA immunoprecipitation (RIP) was performed using modified methods, as described previously [8]. HSC-45 cells (3×107) were resuspended in 400 μl of ice-cold PBS and incubated for 20 min on ice, after which 400 μl of nuclear isolation buffer (1.28 M sucrose, 40 mM Tris-HCl [pH 7.4], 20 mM MgCl2, 4% Triton X-100) were added to the cells and incubated for 20 min on ice. Thereafter, 1.2 ml of cold Mili Q water with 200 U/ml RNaseOUT were added to the resuspended cells and incubated for 20 min on ice. The resuspension was centrifuged at 2,500×g for 15 min at 4°C and then resuspended in 2 ml of RIP buffer (150 mM KCl, 25 mM Tris-HCl [pH 7.4], 5 mM EDTA, 0.5 mM DTT, 50% NP40, 200 U/mL RNaseOUT, a protease inhibitor cocktail) and crushed using a dounce homogenizer. The lysate was centrifuged at 13,000 rpm for 10 min at 4°C. Ten μl of the supernatant were stocked as an input sample, and the remaining portion was subjected to immunoprecipitation. Aliquots of the lysate were immunoprecipitated using rabbit anti-Pur-α pAb (ab125200, Abcam, Cambridge, UK), rabbit anti-YB-1 pAb (RN015P, MBL), rabbit anti-G3BP1 pAb (13057-2-AP, Proteintech, Rosemont, IL, USA), rabbit anti-G3BP2 pAb (16276-1-AP, Proteintech), rabbit anti‑RACK1 pAb (A302-545A-1, Bethyl laboratories, Waltham, MA, USA), rabbit anti-KHSRP mAb (ab150393, Abcam), rabbit anti-DDX3X pAb (11115-1-AP, Proteintech) or anti-rabbit IgG antibody (#3900S, Cell Signaling Technology, Danvers, MA, USA). Immunoprecipitants were incubated with protein G Dynabeads for 2 h at 4°C. The beads were then washed three times in RIP buffer. RNA was extracted from the beads as described above. Co-precipitating TM4SF1-AS1 was detected using qRT‑PCR.

Chromatin isolation by RNA purification-mass spectrometry
Chromatin Isolation by RNA Purification (ChIRP) was performed using a modified method as described previously [9, 10, 11]. Probes for TM4SF1-AS1 and LacZ were designed using the ChIRP probe designer (https://www.biosearchtech.com/support/tools/design-software/chirp-probe-designer). The seven synthesized probes were divided into odd-numbered (#1, #3, #5, #7) and even-numbered (#2, #4, #6) sets. Sequences of the probes are listed in Supplementary Table S10. SNU638-TM4SF1-AS1 cells (3×107 cells for each probe) were crosslinked with 3% formaldehyde for 30 min at room temperature, then quenched with 1.25 M glycine for 5 min. Crosslinked cells were pelleted by centrifugation at 2000 g and rinsed twice with ice-cold PBS. The cells were then suspended in lysis buffer (50 mM Tris-HCl [pH 7.0], 10 mM EDTA, 1% SDS, 1 mM AEBSF, protease inhibitor cocktail (Roche Diagnostics, Mannheim, Germany), 200 U/ml RNaseOUT) and incubated for 10 min on ice. The resultant cell lysates were sonicated using a Covaris S2 system (Covaris, Inc.) at the following settings: Duty cycle 5%, Intensity 2, cycle per burst 200, time 30 min, and bath temperature 4°C. The lysates were centrifuged at 15,000 rpm for 10 min at 4°C. Ten μl of the supernatant were stocked as an input sample, and the remaining portion was subjected to ChIRP assays. The lysate was diluted three times with hybridization buffer (750 mM NaCl, 50 mM Tris-HCl [pH 7.0], 1 mM EDTA, 1% SDS, 1 mM AEBSF, protease inhibitor cocktail, 200 U/ml RNaseOUT), and each 100 pmol probe set was added to three aliquots of the diluted lysates. The lysates were then incubated with rotation for 4 h at 37°C. A 1:1 mixture of Dynabeads MyOne streptavidin beads C1 (Cat no. 65001, Thermo Fisher Scientific) and T1 (Cat no. 65601, Thermo Fisher Scientific) was added to the lysates, which were then incubated with rotation for 30 min at 37°C. The beads were washed four times with rotation in a wash buffer (2×SSC, 0.5% SDS, 1 1M AEBSF) for 5 min at 37°C. For elution by reverse crosslinking, the beads were resuspended with 8 M guanidine-HCl and incubated for 16 h at 65°C, then incubated for 3 h at 95°C. 
The eluate was diluted with 0.2 M ammonium bicarbonate to reduce the concentration of guanidine-HCl buffer (final concentration of 6 M) and was concentrated using an Amicon Ultra-0.5 (Merck). Subsequent sample preparation (alkylation, trypsin digestion and desalting) were performed as described previously, with some modification [6]. Briefly, samples were reduced with 10 mM dithiothreitol and alkylated with 20 mM iodoacetamide. For tryptic digestion, samples were diluted (1:4) with 50 mM ammonium bicarbonate to further reduce the concentration of guanidine-HCl buffer (final concentration of 1.5 mol/L) and digested with trypsin overnight. After digestion, the mixture was acidified with TFA (final concentration of 0.1%). To remove interfering substances before mass spectrometry, the mixture was desalted with MonoSpin C18 (GL Sciences, Tokyo, Japan) according to the manufacturer’s instructions. Proteome analysis was performed using an Orbitrap mass spectrometer (Q-Exactive Plus, Thermo Fisher Scientific) as described previously [12]. Proteomic data were deposited in jPOST (accession ID, JPST001842; ProteomeXchange accession ID, PXD036766).

In vitro RNA pull-down assays
HEK293 cells were transfected with pCMV6 Pur-α-myc or pCMV6 YB-1-myc vector and incubated for 48 h, after which they were lysed in 500 μl of M-PER Mammalian Protein Extraction Reagent (Thermo Fisher Scientific) containing 1 mM AEBSF and a protease inhibitor cocktail, then incubated for 10 min at 4°C. The lysates were centrifuged at 14,000×g for 10 min at 4°C, and Myc-tagged Pur-α and YB-1 were purified from the supernantnt using c-Myc-tagged Protein Mild Purification Kit version 2 (MBL). The concentrations of purified Myc-tagged Pur-α and YB-1 proteins were determined using a Bradford microassay (Bio-Rad, Hercules, CA, USA). Two hundred ng of Myc‑tagged Pur-α or YB-1 were incubated with 5 pmol of biotinylated RNAs in 300 μl of binding buffer (50 mM Tris-HCl [pH 8.0], 100 mM KCl, 5 mM MgCl2, 0.1% NP40, 5% glycerol, β‑mercaptoethanol, 200 U/mL RNaseOUT, 1 mM AEBSF and a protease inhibitor cocktail) for 2 h at 4°C with agitation. Dynabeads MyOne streptavidin T1 beads (Thermo Fisher Scientific) were then added to samples and incubated with rotation for 1 h at 4°C, after which the beads were washed three times with NT2 buffer (50 mM Tris-HCl [pH 7.4], 150 mM NaCl, 1 mM MgCl2, 0.05% NP40). The beads were then incubated with 20 μl SDS sample buffer (122.5 mM Tris-HCl [pH 6.8], 2% SDS, 10% glycerol, 0.004% bromophenol blue, 1% 2-mercaptoethanol) for 5 min at 95°C. After removal of the beads, supernatants were subjected to western blot analysis.

Western blot analysis
Western blot analysis was performed as described previously [1]. A rabbit anti-RBMX mAb (1:1000 dilution, #14794, Cell Signaling Technology), rabbit anti-Pur-α pAb (1 μg/mL, ab79936, Abcam), rabbit anti-Pur-β pAb (1:500 dilution, ab111112, Abcam), rabbit anti-YB-1 mAb (1:1000 dilution, #9744, Cell Signaling Technology), rabbit anti-Phospho-Stat1 (Tyr701) mAb (1:1000 dilution, #9167, Cell Signaling Technology), rabbit anti-Stat1 mAb (1:1000 dilution, #14994, Cell Signaling Technology), rabbit anti-G3BP1 pAb (1:1000 dilution, 13057-2-AP, Proteintech), rabbit anti-G3BP2 pAb (1:1000 dilution, 16276-1-AP, Proteintech), rabbit anti-PARP pAb (1:1000 dilution, GTX100573, GeneTex), rabbit anti-Cleaved Caspase-3 mAb (1:1000 dilution, #9664, Cell Signaling Technology), rabbit anti-p38 MAPK (phospho Thr180/Tyr182) pAb (1:1000 dilution, GTX133460, GeneTex) and rabbit anti-p38 pAb (1:1000 dilution, GTX110720, GeneTex) were used. An anti‑mouse IgG antibody (1:5000 dilution, #7076, Cell Signaling Technology) or anti-rabbit IgG antibody conjugated with horseradish peroxidase (1:5000 dilution, #7074, Cell Signaling Technology) was used as the secondary antibody. Proteins were reacted with Clarity Western ECL substrate (Bio-Rad, Hercules, CA, USA) and were detected using ImageQuant LAS4000 mini (GE Healthcare Japan, Hino, Japan).

Co-immunoprecipitation
HSC-45 cells were lysed in 700 μl of lysis buffer (500 mM Tris-HCl [pH 7.4], 2% NP40, 150 mM NaCl, 200 U/ml RNaseOUT and a protease inhibitor cocktail) and then incubated for 30 min on ice. After centrifugation, the supernatants were incubated with Protein G Dynabeads for 10 min at 4°C. After removing the beads, the supernatants were incubated with 10 μg of rabbit anti-Pur-α pAb (ab125200, Abcam), 7.5 μg of rabbit anti-YB-1 pAb (RN015P, MBL) or mock for 2 h at 4°C. This was followed by incubation with Protein G Dynabeads for 2 h at 4°C. The beads were then washed three times with ice-cold wash buffer (500 mM Tris-HCl [pH 7.4], 2% NP40, 150 mM NaCl) and incubated with 20 μl SDS sample buffer for 5 min at 95°C, after which the supernatants were subjected to western blot analysis.

Immunofluorescent staining
Cells were fixed with 4% formaldehyde, permeabilized with 0.2% Triton X-100 in PBS, and then incubated in blocking buffer (0.3 M glycine, 1% BSA in PBS) for 30 min. After blocking, the cells were incubated with a rabbit anti-G3BP2 pAb (1:200 dilution, 16276-1-AP, Proteintech), mouse anti-TIA-1 mAb (1:100 dilution, sc166247, Santa Cruz Biotechnology, Santa Cruz, CA, USA), rabbit anti-G3BP1 pAb (1:200 dilution, 13057-2-AP, Proteintech), mouse anti-RACK1 mAb (1:200 dilution, #610177, BD Biosciences), rabbit anti-Pur-α pAb (5 μg/mL, ab79936, Abcam) or rabbit anti-YB-1 pAb (1:100, #4202, Cell Signaling Technology) for 30 min at room temperature. This was followed by incubation with goat anti-rabbit Alexa Fluor 488 (1:500 dilution, A11008, Thermo Fisher Scientific), goat anti-rabbit Alexa Fluor 555 (1:500 dilution, A21428, Thermo Fisher Scientific), goat anti-rabbit Alexa Fluor 647 (1:500 dilution, A21244, Thermo Fisher Scientific), goat anti-mouse Alexa Fluor 488 (1:500 dilution, A11001, Thermo Fisher Scientific) or goat anti-mouse Alexa Fluor 647 (1:500 dilution, A21235, Thermo Fisher Scientific) for 30 min at room temperature. The cells were then mounted with Prolong Glass Antifade Mountant with NucBlue (Thermo Fisher Scientific). Images were acquired using a Zeiss LSM780 confocal microscope system (Carl Zeiss AG, Oberkochen, Germany).

Data analysis
RNA sequencing (RNA-seq) data for primary GCs in TCGA datasets were obtained from UCSC Xena (http://xena.ucsc.edu/). Quantitative variables were analyzed using Student’s t tests (two-sided) or ANOVA with post hoc Tukey’s tests. Values of P < 0.05 (two-sided) were considered statistically significant. Statistical analyses were carried out using EZR version 1.32 (Saitama Medical Center, Saitama, Japan) [13]. The protein-protein interaction (PPI) network was reconstructed using the BIND, BioGRID and HPRD databases and was visualized using Cytoscape version 3.9.1 (Institute for Systems Biology, Seattle, WA, USA) [14, 15, 16, 17]. All data were obtained from at least three independent experiments
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