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Supplementary Fig. S1. Distribution of sgRNA raw counts for the puromycin-resistant CRISPR
library infected MDA-MB-231 cells. MDA-MB-231 cells were infected with the Human GeCKOv2
lentivirus library with MOI of 0.3-0.5 for 24 h and selected by puromycin treatment (1 ug/mL) for 3 days.
The sgRNA distribution in the puromycin-resistant cells was analyzed by amplicon sequencing and

demonstrated by histogram for sgRNA raw counts.
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Supplementary Fig. S2. Gating strategy operated in flow cytometry analysis to identify various cell types .
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Supplementary Fig. S3. Rank distribution diagram of sgRNAs targeting 22 genes with multiple
depleted sgRNAs in in vivo genome-wide CRISPR/Cas9 knockout screening for anti-PD1

responsiveness.
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Supplementary Fig. S4. Pathway analyses of genes from in vivo genome-wide CRISPR/Cas9 knockout
screening. a, KEGG pathway analysis of 777 genes, sgRNAs of which were enriched in anti-PD1-treated
tumors. The KEGG pathways that were significantly enriched in the 777 genes (P < 0.2) are shown. b, Rank
distribution diagram of sgRNAs targeting genes associated with Jak-STAT signaling pathway from 777
genes. ¢, STRING network analysis with genes with multiple enriched sgRNAs in anti-PD1-treated mice.

Genes involved in each pathway are marked with the corresponding color.
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Supplementary Fig. S5. Effect of TPST2 on the IFNy signaling pathway in breast cancer cells. a, Rank
distribution diagram of sgRNAs targeting TPST2 in in vivo genome-wide CRISPR/Cas9 knockout screening
for anti-PD1 responsiveness. b, TPST2 mRNA expressions in anti-PD1-treated melanoma patients according
to treatment responsiveness. TPST2 expressions levels were estimated as fragments per kilobase of
transcript per million (FPKM) values from RNA sequencing data of melanoma biopsies (GSE78220 from
Gene expression omnibus (GEO)). PD: progressive disease, PR: partial response, CR: complete response. c,
TPST2 mRNA expressions in anti-PD-L1-treated urothelial cancer patients according to treatment
responsiveness. TPST2 expressions levels were estimated as FPKM values from RNA sequencing data of
urothelial cancer patient tissues. PD: progressive disease, SD: stable disease, PR: partial response, CR:
complete response. d, Reduced expression of TPST2 in TPST2 knock-down MDA-MB-231 cells. The
expression levels of TPST2 were estimated by real-time PCR. e, Enhanced expression of IFNy-responsive
genes in TPST2-depleted breast cancer cells. TPST2 was knocked down using CRISPR/Cas9 and second
single guide RNA in MDA-MB-231 cells. After serum starvation for 24 h, cells were treated with 10 ng/ml
IFNy and the expression levels of IFNy-responsive genes were estimated by real-time PCR at indicated time
points. f, Effect of TPST2 knock-down in cell proliferation. Cell numbers of control and TPST2 knock-down
cells were estimated by trypan blue staining assay at indicated time points. g, Reduced phosphorylation of
STAT1 in TPST2-overexpressed breast cancer cells. After serum starvation for 24 h, cells were treated with
IFNy at indicated concentration for 24 h. The phosphorylation levels of STAT1 were evaluated by western
blotting. h, Reduced expression of human leukocyte antigen (HLA) by IFNy treatment in TPST2-
overexpressed breast cancer cells. After serum starvation for 24 h, cells were treated with 10 ng/ml IFNy for
24 h and the expression levels of IFNy-responsive HLA were estimated by flow cytometry. i, Effect of active
site mutant of TPST2 in IFNy-induced phosphorylation of STAT1. Wild type and active site mutant TPST2
were transfected to MDA-MB-231 cells for 24 h. After serum starvation for 24 h, cells were treated with
IFNy at indicated concentration for 24 h. The phosphorylation levels of STAT1 were evaluated by western

blotting.
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Supplementary Fig. S6. TPST2-mediated suppression of IFNy signaling pathway in MDA-MB-468
breast cancer cells. a, Reduced expression of TPST2 in TPST2 knock-down MDA-MB-468 cells. The
expression levels of TPST2 were estimated by real-time PCR. b, Enhanced expression of IFNy-responsive
genes in TPST2-depleted breast cancer cells. TPST2 was knocked down using CRISPR/Cas9 in MDA-MB-
468 cells. After serum starvation for 24 h, cells were treated with 1 ng/ml IFNy and the expression levels of
IFNy-responsive genes were estimated by real-time PCR at indicated time points. ¢, Enhanced
phosphorylation of STAT1 in TPST2-depleted MDA-MB-468 cells. After serum starvation for 24 h, cells
were treated with 0.1 ng/ml IFNy for indicated time. The phosphorylation levels of STAT1 were evaluated
by western blotting. d, Enhanced expression of human leukocyte antigen (HLA) by IFNy treatment in
TPST2-depleted MDA-MB-468 cells. After serum starvation for 24 h, cells were treated with 1 ng/ml IFNy
for 24 h and the expression levels of IFNy-responsive HLA were estimated by flow cytometry. e, Enhanced
suppression of cell proliferation by IFNy treatment in TPST2-depleted MDA-MB-468 cells. After serum
starvation for 24 h, cells were treated with 1 or 10 ng/ml IFNy for indicated time points and the cell numbers

were estimated by trypan blue staining assay.
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Supplementary Fig. S7. Effect of TPST1 knock-down on IFNy signaling pathway in breast cancer cells.
a, Reduced expression of TPST1 in TPST1 knock-down MDA-MB-231 cells. After treatment of IFNy (10
ng/ml), the expression levels of TPST1 were estimated by real-time PCR. b, Expression of IFNy-responsive
genes in TPST1-depleted breast cancer cells. TPST1 was knocked down using CRISPR/Cas9 in MDA-MB-
231 cells. After serum starvation for 24 h, cells were treated with 10 ng/ml IFNy and the expression levels of
IFNy-responsive genes were estimated by real-time PCR at indicated time points. ¢, Phosphorylation of
STAT1 in TPST1-depleted MDA-MB-231 cells. After serum starvation for 24 h, cells were treated with 1
ng/ml IFNy for indicated time. The phosphorylation levels of STAT1 were evaluated by western blotting. d,
Expression of human leukocyte antigen (HLA) by IFNy treatment in TPST1-depleted MDA-MB-231 cells.
After serum starvation for 24 h, cells were treated with 10 ng/ml IFNy for 24 h and the expression levels of
IFNy-responsive HLA were estimated by flow cytometry. e, Suppression of cell proliferation by IFNy
treatment in TPST1-depleted MDA-MB-231 cells. After serum starvation for 24 h, cells were treated with 1

or 10 ng/ml IFNy for indicated time points and the cell numbers were estimated by trypan blue staining assay.
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Supplementary Fig. S8. Transcriptomic analysis of TPST2-depleted breast cancer cells in the presence
of IFNy treatment. a, Volcano plot illustrating the relative mRNA expression levels of genes in RNA
sequencing analysis of wild-type and TPST2 knock-down MBA-MD-231 cells. After treatment of 1 pg/ml
IFNy for 8 h, transcriptomic analysis was performed using RNA sequencing. Knock-down of TPST2
significantly up- and down-regulated 313 genes (red dots) and 225 genes (blue dots) compared with control
cells, respectively (P < 0.05 and Log,[fold change] > 1). b, Hallmark gene set analysis of genes that were
significantly increased by knock-down of TPST2. The hallmark gene sets that were significantly enriched in
the 313 genes that were up-regulated by TPST2 knock-down in RNA sequencing are shown (Q < 0.05). c,
KEGG pathway analysis of genes that were significantly increased by knock-down of TPST2. KEGG
pathway gene sets that were significantly enriched in the 313 genes that were up-regulated by TPST2 knock-
down in RNA sequencing are shown (P < 0.05). d, Gene set enrichment analysis (GSEA) for RNA
sequencing from wild-type and TPST2 knock-down MBA-MD-231 cells in the presence of IFNy. The upper
table shows the significantly enriched gene sets in TPST2 knock-down cells (P < 0.05). ES: enrichment
score, NES: normalized enrichment score, NOM p-val: nominal P-value, FDR g-val: false discovery rate Q-
value, FWER g-val: family-wise error rate Q-value. The lower graphs show the enrichment plots of
representative gene sets that were significantly enriched in TPST2-depleted cells (P < 0.05). On the x-axis,
genes are ranked from the most upregulated to the most downregulated between TPST2 knock-down (left
end; positively correlated) and control (right end; negatively correlated) cells. The y-axis shows a running
enrichment score for TPST2 knock-down. e, Gene set enrichment analysis (GSEA) for RNA sequencing
from wild-type and TPST2 knock-down MBA-MD-231 cells in the presence of IFNy. The upper table shows
the significantly enriched gene sets in TPST2 wild-type cells compared to TPST2 knock-down cells. The
lower graphs show the enrichment plots of representative gene sets that were significantly enriched in
TPST2 wild-type cells compared to TPST2 knock-down cells. On the x-axis, genes are ranked from the most
upregulated to the most downregulated between TPST2 knock-down (left end; positively correlated) and
control (right end; negatively correlated) cells. The y-axis shows a running enrichment score for TPST2
knock-down. f, Expression levels of major histocompatibility complex (MHC) class | genes in TPST2
knock-down MBA-MD-231 cells in the presence of IFNy. The mRNA expressions levels were estimated as
fragments per kilobase of transcript per million (FPKM) values from RNA sequencing data. Asterisks

indicate significant differences (**, P <0.01; *, P < 0.05).
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Supplementary Fig. S9. Prediction of tyrosine sulfation sites in interferon gamma receptor 1 (IFNGR1)
protein. a, b, Database search results of tyrosine sulfation of IFNGR1 protein from Sufinator

(https://web.expasy.org/sulfinator/, a) and SulfoSite (http://sulfosite.mbc.nctu.edu.tw/, b).
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Supplementary Fig. S10. Identification of tyrosine sulfation sites in IFNGR1 protein. a, b,
Determination of tyrosine sulfation sites in IFNGR1 protein by mass spectrometry. Mass spectrum of
IFNGR1 peptides containing a tyrosine sulfation site in tyrosine-modified (a) and unmodified (b) protein
were demonstrated. ¢, Amino acid sequence of IFNGR1 protein. Peptides detected by mass spectrometry
were marked in green color. Phosphorylation and sulfation sites detected by mass spectrometry were marked
as ‘P’ and ‘S’, respectively. d, Overexpression of wild-type and Y397F mutant IFNGR1 in IFNGR1 knock-
out MBA-MD-231 cells. IFNGR1 knock-out cells were generated using CRISPR/Cas9. Wild-type and
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Supplementary Fig. S11. Tpst2 knock-down suppresses tumor growth through immune-mediated
mechanism. a, Representative control MC38 or Tpst2 knock-down MC38 cell growth in vitro. b, Enhanced
expression of IFNy-responsive genes in Tpst2 knock-down MC38 cells. After serum starvation for 24 h, cells
were treated with 10 ng/ml mouse IFNy and the expression levels of IFNy-responsive genes were estimated
by real-time PCR at indicated time points. ¢, Enhanced phosphorylation of Statl in Tpst2 knock-down
MC38 cells. After serum starvation for 24 h, cells were treated with 1 ng/ml IFNy for indicated time. The
phosphorylation levels of Statl were evaluated by western blotting. d, Enhanced expression of IFNy-
responsive genes in Tpst2 knock-down 4T1 cells. After serum starvation for 24 h, cells were treated with 10
ng/ml mouse IFNy and the expression levels of IFNy-responsive genes were estimated by real-time PCR at
indicated time points. e, Enhanced phosphorylation of Statl in Tpst2 knock-down 4T1 cells. After serum
starvation for 24 h, cells were treated with 1 ng/ml IFNy for indicated time. The phosphorylation levels of
Statl were evaluated by western blotting. f, Representative control MC38 or Tpst2 knock-down MC38
tumor growth curves with or without anti-PD1 in nude mice (CD8-depletion condition); n = 4-5 mice per

group.
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Supplementary Fig. S12. Immune cell profiling of tumor tissues from syngeneic mouse model. a,
Percentage of total T cell in tumor tissues by flow cytometry analysis from control MC38 or TPST2 knock-
down MC38-bearing mice with or without anti-PD1; n = 8 mice per group (left). The dot-plot represents
population of total T cell (CD45* CD3*) through CD45 and CD3 expression in each group (right). Gray
background represents total immune cells and red dot represents T cell, and the above-attached and right-
attached histograms represent CD45 expression and CD3 expression of each group, respectively. b, c,
Percentage of total CD4* T cell (b) and CD8* T cell (c) in tumor tissues by flow cytometry analysis from
control MC38 or TPST2 knock-down MC38-bearing mice with or without anti-PD1; n = 8 mice per group. d,
The dot-plot represents population of CD4* T cells and CD8* T cells through CD4 and CD8 expression in
each group. Gray background represents total immune cells, green dot represents CD4* T cell and blue dot
represents CD8* T cell. The above-attached and right-attached histograms represent CD4 expression and

CD8 expression of each group, respectively.
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Supplementary Fig. S13. Synergistic enhancement of tumor reduction and immunity by TPST2
inhibition and anti-PD1 therapy. a, Growth curves of control MC38 and TPST2 knock-down MC38
tumors in mice treated with anti-PD1; n = 7 mice per group. b, Tumor weights at 18 days post-injection in a
syngeneic mouse model; n = 7 mice per group. ¢, Flow cytometry analysis of the percentage of total CD4* T
cells in tumor-draining lymph nodes from control and TPST2 knock-down MC38-bearing mice treated with
anti-PD1; n = 8 mice per group (left). Dot plots show CD4* (green dots) and CD8* (blue dots) T cell
populations, with histograms detailing CD4 and CD8 expression (right). The gray background indicates total
lymphocytes. d, Percentage of total T cells (CD45* CD3*) in tumor tissues analyzed by flow cytometry; n =
8 mice per group (left). Dot plots with red dots represent T cell populations, accompanied by histograms for
CD45 and CD3 expression (right), against a gray background of total immune cells. e, Analysis of CD4* (left)
and CD8* T cells (middle) percentages in tumor tissues; n = 8 mice per group. Right panel dot plots detail
CD4* (green) and CD8* (blue) populations, with corresponding CD4 and CD8 expression histograms. f, g,
Flow cytometry analysis of effector CD4* T cells (f) and CD8* T cells (g) percentages in tumor tissues; n = 8
mice per group (left). Dot plots illustrate effector CD4* (f) and CD8* (g) populations (green dots), with
histograms for CD4 or CD8 and CD44 expression (right), set against a gray background of total lymphocytes.
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Supplementary Fig. S14. Myeloid immune cell profiling in tumor tissues. a, Percentage of cDCL1 in
tumor tissues by flow cytometry analysis from control MC38 or TPST2 knock-down MC38-bearing mice
with or without anti-PD1 (4 groups); n = 8 mice per group (left). The histogram represents CD11b
expression in cDC1 population in each group (right). Gray background represents CD11b expression of total
immune cells and brown histogram represents CD11b expression of cDCL1. b, Percentage of cDC1 tumor
tissues by flow cytometry analysis from control MC38 + anti-PD1 versus TPST2 knock-down MC38 + anti-
PD1 (2 groups); n = 8 mice per group (left). The histogram represents CD11b expression in cDC1 population
in each group (right). Gray background represents CD11b expression of total immune cells and brown
histogram represents CD11b expression of cDC1. ¢, Percentage of pDC in tumor tissues by flow cytometry
analysis from control MC38 or TPST2 knock-down MC38-bearing mice with or without anti-PD1; n = 8
mice per group (right). The histogram represents B220 expression in pDC population in each group (left).
Gray background represents B220 expression of total immune cells and violet histogram represents B220
expression of pDC. d, Percentage of macrophage with M1 properties in tumor tissues by flow cytometry
analysis from control MC38 or TPST2 knock-down MC38-bearing mice with or without anti-PD1 (4 groups);
n = 8 mice per group (right). The histograms represent ratio of M1-like and M2-like macrophages in each
group (left). Orange histogram represents iINOS expression of M1-like macrophages and purple histogram
represents CD206 expression of M2-like macrophages. e, Percentage of macrophage with M1 properties and
macrophage with M2 properties in tumor tissues by flow cytometry analysis from control MC38 + anti-PD1
versus TPST2 knock-down MC38 + anti-PD1 (2 groups); n = 8 mice per group (right). The histograms
represent ratio of M1-like and M2-like macrophages in each group (left). Orange histogram represents iNOS
expression of M1-like macrophages and purple histogram represents CD206 expression of M2-like

macrophages.
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Supplementary Fig. S15. Tumor RNA sequencing analysis using syngeneic mouse model. a, b, Gene Set
Enrichment Analysis (GSEA) outcomes based on Gene Ontology Biological Process. The tables show
pathways enriched in TPST2 knock-down tumors compared to NT controls, detailing NES (Normalized
Enrichment Score), NOM p-val (Nominal p-value), FDR g-val (False Discovery Rate g-value), and FWER
p-val (Family-Wise Error Rate p-value). Panel (a) delineates comparisons between NT + IgG and TPST2
knock-down + IgG groups, while Panel (b) focuses on NT + anti-PD1 versus TPST2 knock-down + anti-
PD1 groups, highlighting pathways with FDR g-val less than 0.05. ¢, Heatmap of antigen processing and
presentation gene expression. Showcases expression levels of 11 genes associated with the antigen
processing and presentation pathway, identified in the GSEA from Figure 6A. Expression levels, quantified

in TPM, are normalized to z-scores to enable comparative analysis across genes.
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Supplementary Fig. S16. Tumor RNA sequencing of syngeneic mouse model and single-cell analysis of
TPST2 expression of human lung adenocarcinoma. a, Volcano plots of differential gene expression
between the NT + anti-PD1 group and the TPST2 knock-down + anti-PD1 group. DEGs were identified
using a threshold of absolute |Log2FoldChange| > 0.5 and Padj < 0.05. b, The STRING analysis, focused on
genes upregulated in the TPST2 knock-down + anti-PD1 group compared to the NT + anti-PD1 group, is
illustrated. The top panel displays the protein-protein interaction network within main cluster 2, while the
bottom panel outlines the pathways predominantly formed by these interactions. The x-axis signifies the
strength of interaction, and the dot size reflects the -logl0FDR values. ¢, Cellular profiling via UMAP in 12
lung adenocarcinoma patients. UMAP analysis illustrates the segregation of 74,888 cells into 13 unique
clusters via unsupervised clustering. d, Annotation of unsupervised clusters based on the most distinct
markers for each cluster. e, The distribution of TPST2 expression within all clusters. f. Gene scoring for
tumor and non-tumor cells in TPST2-negative non-immune cells. It was performed using representative
tumor markers (EPCAM, KRT8, KRT18, MUCL1, TP53, CEACAMS5, SOX2) and lung cancer-specific
markers (TTF1, NAPSA, CDH1). Cells with a score above 0 were classified as tumor cells, while those with
a score below 0 were classified as non-tumor cells. g, Proportion of tumor and non-tumor cells within the
TPST2-negative non-immune cell population. TPST2-negative non-immune cells consist of 6,743 (46.86%)
tumor cells and 7,648 (53.14%) non-tumor cells. h. Significant interactions between tumor and non-tumor
cells in the TPST2-negative non-immune cell population analyzed using CellChat, highlighting

communication probabilities.
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Supplementary Fig. S17. Single-cell analysis of TPST2 expression in human glioma. a, Non-immune
cellular profiling via UMAP in 18 glioma patients. UMAP analysis illustrates the segregation of 94,261 non-
immune cells into 14 unique clusters via unsupervised clustering. b, The expression of TPST2 across 14
distinct clusters. ¢, A violin plot compares the TPST2 expression between TPST2-negative and TPST2-
positive non-immune cells. d, GSEA of TPST2-associated genomic alterations. GSEA, conducted with the
WebGestalt tool, identifies significant pathways among 53 upregulated and 81 downregulated genes in
TPST2-negative non-immune cells compared to TPST2-positive non-immune cells. e, A specific GSEA plot
highlights the enrichment of antigen processing and presentation pathway in TPST2-negative cells. f,
Comparative gene expression related to antigen processing and presentation pathway. This analysis
compares the expression of genes, as identified in panel (e), between TPST2-positive and TPST2-negative
non-immune cells. Dot size represents the percentage of cells expressing each gene, while dot color indicates
the average expression level. g, Single-cell violin plots for antigen processing and presentation-related genes.
Violin plots compare the expression of genes, as identified in panel (e), between TPST2-positive and
TPST2-negative non-immune cells. Each dot within the plots represents an individual cell. h, Over-
representation analysis for TPST2-negative non-immune cells compared to TPST2-positive non-immune

cells.
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Supplementary Fig. S18. Enriched gene sets in breast cancer samples with low TPST2 expression. a,
The proportion of patients with up-regulation of TPST2 mRNA (z-score threshold of 2) in tumor samples
across the cancer types. Data were extracted from RNA seq V2 RSEM of The Cancer Genome Atlas (TCGA)
PanCancer Atlas studies in cBioPortal (https://www.cbioportal.org/). b, Hallmark gene set analysis of genes
with negative expression correlation with TPST2 in breast cancer. Hallmark gene set analysis was performed
using 323 genes, of which expressions were negatively correlated with TPST2 expression (Spearman's
correlation coefficient p < -0.3), and enriched gene sets are demonstrated (Q < 0.001). c, Gene set
enrichment analysis (GSEA) for breast cancer tissue microarray data according to the TPST2 expression.
Microarray data of 238 triple-negative breast cancer patients (GSE103091) were downloaded from the Gene
Expression Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/geo). GSEA was performed between 20
samples with highest expression levels of TPST2 (TPST2_H) and 20 samples with lowest expression levels
of TPST2 (TPST2_L). The significantly enriched gene sets in TPST2_L (Q < 0.001) were listed. ES:
enrichment score, NES: normalized enrichment score, NOM p-val: nominal P-value, FDR g-val: false
discovery rate Q-value. d, Enrichment plots of representative gene sets that were significantly enriched in
TPST2_L group. On the x-axis, genes are ranked from the most upregulated to the most downregulated
between TPST2_H (left end) and TPST2_L (right end) groups. The y-axis shows a running enrichment score
for TPST2 expression.



Supplementary Figure S19
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Supplementary Fig. S19. Expression of genes in the IFN-y receptor-mediated pathway in human breast
cancer cell lines. The expression levels of IFNGR1, IFNGR2, STAT1, and IRF1 in human breast cancer cell
lines, MDA-MB-231 and MDA-MB-468, were estimated using log,(TPM+1) values derived from RNA
sequencing data in DepMap cell line database (https://depmap.org/portal/).
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