An in vivo genome-wide CRISPR–Cas9 screen identifies FER as a tumor suppressor inhibiting the oncogenic transformation 
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Supplementary Materials and Methods
Plasmid construction
The targeting sequences of single-guide RNAs (sgRNAs) and short hairpin RNAs (shRNAs) are presented in Supplementary Tables 2 and 3. Primers (Supplementary Table 4) were designed and BLASTed to ensure specificity. sgRNAs were cloned into the pLentiCRISPR v2 vector (Addgene, plasmid #52961). shRNAs were cloned into the pLL3.7 vector (Addgene, plasmid #11795)(1). LentiCas9-Blast was a gift from Feng Zhang (Addgene, plasmid #52962)(1), and the Brunello pooled library was a gift from David Root and John Doench (Addgene, plasmid #73178)(2).

Lentiviral production
Lentiviruses were produced using a previously described method(3). 

Generation of Cas9-expressing cells
Stable Cas9-expressing BEAS-2B and MCF10A cells (Cas9-BEAS2B and Cas9-MCF10A) were generated by infecting the cells with lentiviral vectors containing lentiCas9-Blast. Cells were selected using blasticidin (4 µg/mL) for seven days. The resistant colonies were pooled and expanded for subsequent experiments.

Functional screen using the Brunello library
As shown in Fig. 1A, for each experimental replicate of the pooled screen, 8 × 107 cells were infected at a multiplicity of infection (MOI) of approximately 0.5, with at least 400-fold representation (cells per construct), and selected using 2 µg/mL puromycin for two days. The infected cells were expanded under puromycin selection for one passage. After one passage, 4 × 107 cells were centrifuged and frozen for genomic DNA extraction (Input_0d). Simultaneously, 4 × 107 cells were washed two times with sterile PBS and resuspended in PBS for transplantation.
Control and Brunello-transduced Cas9-BEAS2B cells (4 × 107 cells) were subcutaneously injected into the double sides flank of four nude mice with eight spots at a density of 5 × 106 cells/spot. At two weeks after transplantation, mice were sacrificed, and tumors were dissected for further genomic DNA extraction and sequencing (Tumor_14d).

Genomic DNA extraction from cells and tumors
Genomic DNA was extracted from cells (Input_0d) and tumors (Tumor_14d) using a previously described method(4). The extracted DNA and plasmid library were amplified as previously described(5). For each DNA sample from cells, 30 separate 100-µL reactions with 7 µg of genomic DNA in each reaction were performed using KOD FX DNA Polymerase (TOYOBO, USA). Then, the resulting amplicons were combined. The primer sequences used to amplify the sgRNAs were Crispr seqF: 5′-TTGTGGAAAGGACGAAACACCG-3′ and Crispr seqR: 5′-TCTACTATTCTTTCCCCTGCACTGT-3′. The PCR products were purified using a gel extraction kit (Omega, USA). Samples were sequenced using the NextSeq machine (Illumina, USA) at BIOZERON Co. Ltd. (Shanghai, China). Reads were counted by first locating the CACCG sequence that appears in the vector 5’ in all gRNA inserts. The next 20 bases were the gRNA insert, which was then mapped to a reference file of all possible gRNAs present in the library using MAGeCK(6). 

Establishment of the candidate gene KO/KD cell lines
Two shRNAs and one sgRNA were designed for FER. BEAS2B-Cas9 and MCF10A-Cas9 cells were infected by the corresponding lentivirus and followed by puromycin selection.
In detail, cells were trypsinized, plated at a density of 5 × 104 cells into 48-well plates, and infected with the corresponding lentiviruses in the presence of polybrene. After 48 h, cells were trypsinized and replated at a density of 1 × 105 cells into 6-well plates and cultured with the corresponding medium supplemented with puromycin. The resulting colonies were pooled, expanded, and identified using qRT-PCR and agarose gel electrophoresis. Nontargeting sgRNAs and shRNAs were used as negative controls.

CRISPR screen data processing
Differential expression of the sgRNAs between Tumor_14d and Input_0d in each replicate were calculated (Tumor_14d_r1 vs. Input_0d_r1; Tumor_14d_r2 vs. Input_0d_r2) using MAGeCK software(6). The results are summarized in Supplementary Table 5. The enriched sgRNAs were chosen using the following criteria for each replicate: log2 fold change (LFC) > 0 and FDR < 0.05 (Supplementary Table 6). At least one enriched sgRNA-targeting gene was subjected to functional enrichment analysis using Metascape. The results were visualized as network plots.

Mutation landscape analysis
We downloaded the clinical information of Pan-Cancer patients, and the mutation information of 20 candidate genes, and the top 20 frequently mutated genes in Pan-Cancer from cBioPortal website. tumor mutation burden (TMB), neoantigen, and intratumor heterogeneity were obtained from Thorsson et al.(7). Patients were divided into the altered group and non-altered groups based on the mutations in the 20 candidate genes. The difference in the mutation frequencies of the top 20 frequently mutated genes between the two groups was calculated using Pearson’s chi-squared test. Differences in tumor mutational burden and neoantigen between the two groups were determined using the Wilcoxon rank-sum test. The visualizations were rendered using the ComplexHeatmap R package.

Analysis of the role of FER in tumorigenesis
Expression analysis and genetic alteration frequency analysis. RNA expression analysis of FER in Pan-Cancer was performed using the GEPIA web server(8). The protein levels of FER were analyzed using the Human Protein Atlas (HPA) database. Genetic alteration frequency analysis of FER in Pan-Cancer was performed using cBioportal.
scRNA-seq data processing. The expression matrix from three healthy donors (GSE157996) was imported to create an object using the Seurat package (v4.0.3) and was standardized using the SCTransform algorithm (Seruat). We selected the first 12 principal components as the features and clustered cells with a resolution of 0.5 using the FindCluster function (Seruat). The dimension of the data was decreased using the RunUMAP function. Based on FER expression, the cell population with a FER expression value of >0 was defined as the FERPos group, whereas the cell population with a FER expression value of 0 was defined as the FERNeg group. Differential analysis of the two cell groups was performed using the FindMarkers function. Differentially expressed genes (DEGs) with thresholds of LFC > 0 and P-value < 0.05 and LFC < −0.05 and P-value < 0.05 were chosen. The expression of the PRC module in FERNeg cells relative to FERPos cells was analyzed using gene set enrichment analysis (GSEA) software.

Analysis of the role of FER in Pan-Cancer
FERHi, FERInt., and FERLow samples were chosen in the The Cancer Genome Atlas (TCGA)-Pan Cancer using the UCSC Xena website (https://xenabrowser.net). Survival analysis was performed among the three samples using the UCSC Xena website. The principle component analysis plot for the FERHi_1000 and FERLo_1000 samples was constructed using 10 000 genes having the highest expression. Each point represents a sample. Samples with similar gene expression profiles were closer in the 3D space. Differential analysis between FERLo_1000 and FERHi_1000 samples was performed using the UCSC Xena website. DEGs with thresholds of LFC > 1.5 and P-value < 0.05 and LFC < −2 and P-value < 0.05 were chosen. Functional enrichment analysis was performed using Metascape. The results were visualized as a bubble plot. The expression of the MYC and PRC modules in FERLo_1000 samples relative to that in the FERHi_1000 samples was analyzed using GSEA software. Stemness score and immune subtypes were previously calculated(7, 9). The stemness score and proportion of each immune subtype was calculated for the FERHi, FERInt, and FERLow groups.

Apoptosis analysis
The cells were grown in a suspension in 60-mm plates for the indicated time points (BEAS-2B, six days and MCF10A, four days). Cells were then harvested and stained with the Annexin V–FITC/PI–PE Apoptosis Detection Kit (BD Bioscience, NJ, USA) according to the manufacturer’s instructions. In total, 20 000 cells/sample were analyzed via flow cytometry using NovoExpress software (ACEA bioscience, San Diego, California, USA).

RNA-Seq and data analysis
RNA extraction and sequencing were performed according to a previously described protocol(10). Differential gene expression analysis was performed using the DESeq2 (v1.14.1) package in R statistical programming software(11). The threshold for DEGs was set to a P-value of <0.05 and an absolute LFC of > 0.5. The DEGs have been listed in Supplementary Table 7. Enrichment analysis of the DEGs was performed using Metascape website; the results are presented in Supplementary Table 8.

GSEA analysis
The gene set collections 2 and 5 were downloaded from MSigDB. Pluripotency regulatory gene sets were obtained from Ruan et al.(12). All transcripts were ranked based on their LFC between FER KD and CTL cells. Each run was performed with 1 000 permutations. Enrichment results with significant associations (NOM P-value of <0.05) were presented. GSEA results are listed in Supplementary Table 8.
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