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ARTICLE INFO ABSTRACT

Keywords: Background: Previous studies found that FAT1 was recurrently mutated and aberrantly expressed
FAT1 in multiple cancers, and the loss function of FATI promoted the formation of cancer-initiating
SERPINE1

cells in several cancers. However, in some types of cancer, FATI upregulation could lead to
epithelial-mesenchymal transition (EMT). The role of FATI in cancer progression, which appears
to be cancer-type-specific, is largely unknown.

Methods: QRT-PCR and immunochemistry were used to verify the expression of FATI in non-small
cell lung cancer (NSCLC). QRT-PCR and Western blot were used to detect the influence of siFAT1
knockdown on the expression of potential targets of FATI in NSCLC cell lines. GEPIA, KM-plotter,
CAMOIP, and ROC-Plotter were used to evaluate the association between FATI and clinical
outcomes based on expression and clinical data from TCGA and immune checkpoint inhibitors
(ICI) treated cohorts.

Results: We found that FATI upregulation was associated with the activation of TGF-f and EMT
signaling pathways in NSCLC. Patients with a high FATI expression level tend to have a poor
prognosis and hard to benefit from ICI therapy. Genes involved in TGF-f/EMT signaling pathways
(SERPINE1, TGFB1/2, and POSTN) were downregulated upon knockdown of FAT1. Genomic and
immunologic analysis showed that high cancer-associated fibroblast (CAF) abundance, decreased
CD8™ T cells infiltration, and low TMB/TNB were correlated with the upregulation of FATI, thus
promoting an immunosuppressive tumor microenvironment (TME) which influence the effect of
ICI-therapy.

Conclusion: Our findings revealed the pattern of FATI upregulation in the TME of patients with
NSCLC, and demonstrated its utility as a biomarker for unfavorable clinical outcomes, thereby
providing a potential therapeutic target for NSCLC treatment.
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1. Introduction

FAT atypical cadherin 1 (FATI) encodes a transmembrane protein involved in cell proliferation, adhesion, and migration [1].
Recent studies have shown that FAT1 was frequently mutated in multiple cancers [2]. The loss function of FAT1 leads to the activation
of MAPK/ERK signaling, Hippo, and Wnt/f-catenin signaling pathways which are involved in the development of several cancers
[3-7]. For example, FATI mutations and deletions are associated with tumor progression in melanoma, head and neck squamous cell
carcinoma (HNSCC), esophageal squamous cell carcinoma (ESCC), and oral cancer, suggesting a tumor suppressor role in these cancers
[3-5]. However, it should be noted that FAT1 has been found to promote tumor progression in breast cancer (BRCA), colorectal cancer
(CRCQ), hepatocellular carcinoma (HCC), cervical cancer (CESC), and glioma [6,7]. For instance, FATI is involved in regulating the
production of inflammatory cytokines, promoting glioma progression [7,8]. These studies suggest that FATI1 may exhibit different or
even opposite functions in a cancer-specific manner.

Over the past decade, immunotherapy technologies, particularly immune checkpoint inhibitors (ICI), have made substantial
progress in treating cancer [9-12]. To screen patients with the potential benefits of ICI therapy, many studies have been devoted to
finding molecular markers in response to ICI therapy [12-14]. Several genomic markers were found to be associated with ICI efficacy,
such as PD-L1, mismatch repair defects (AMMR), tumor mutation burden (TMB), and tumor neoantigen burden (TNB) [15-17].
However, these molecular markers still cannot fully explain the mechanism of ICI response. For example, patients with PD-L1 positive
or TMB-high still failed to benefit from ICI therapy [18,19]. Thus, it was urgent to elucidate the response mechanism and molecular
markers of ICI treatment [20]. Wenjing Zhang and colleagues found that FAT1 mutant melanoma/NSCLC patients could be sensitive to
ICI therapy [21]. Immunogenicity analysis suggested that FATI mutant tumors had a higher TMB and immune cell infiltration [21].

In addition to PD-L1, MSI, and TMB, the tumor microenvironment (TME) is also associated with ICI response. An important
determinant of the response to ICI is the presence of CD8" T cells in the TME [22,23]. In addition, the aggregation of cancer-associated
fibroblasts (CAFs) in tumor nests can prevent the infiltration of T cells, thus affecting the prognosis of immunotherapy [24,25].
Interestingly, Khushboo Irshad discovered that FATI can stimulate the expression of TGFB1/TGFB2 and the formation of an immu-
nosuppressive TME in glioma [26]. This indicates that the upregulation of FATI may play a role in TME regulation, potentially
affecting the effectiveness of immunotherapy.

Here, we found that FATI upregulation was associated with an immunosuppressive TME via promoting the secretion of proteins in
the TGF-p/EMT signaling pathway in non-small cell lung cancer (NSCLC). The upregulation of FATI was associated with poor
prognosis of NSCLC and can affect the ICI therapy efficacy. In immunogenicity analyses and in vitro experiments, FAT1 was associated
with an increase in CAF abundance and reduced infiltration of CD8™ T cells. Our results indicate that FATI may have a role in pro-
moting immunosuppressive microenvironments via activating TGF-p/EMT signaling in NSCLC, which may also extend to other cancer
types.

2. Materials and methods
2.1. Samples and data collection

The expression matrix for lung adenocarcinoma (LUAD) and lung squamous cell carcinoma (LUSC) in TCGA was downloaded from
the UCSC Xena database (https://toil-xena-hub.s3.us-east-1.amazonaws.com/download/tcga RSEM_gene_tpm.gz). Based on the
tumor type, the TPM expression matrix was extracted from 509 LUAD and 479 LUSC samples.

In the study, BEAS-2B, a human normal lung epithelial cell line, and four lung adenocarcinoma cell lines (A549, H1299, H838,
H1975) were obtained from the American Type Culture Collection (ATCC) and used for in vitro validation.

2.2. Differentially expressed genes (DEGs) analysis

The comparison of the expression level of FAT1 between tumor and normal samples of the TCGA cohort was conducted using the
GEPIA2 tool (http://gepia2.cancer-pku.cn) which used the expression data from the UCSC Xena database. The samples with ex-
pressions higher than the median value in the LUAD (255 samples) or LUSC (240 samples) cohort were defined as the FAT1-high
subgroups. The limma package (version 3.52.3) was used to detect the DEGs between the FAT1-high subgroup and the FAT1-low
subgroup in LUAD and LUSC. The parameter 'decide Tests DGE (adjust.method = "fdr", p.value = 0.01, Ifc = 0.25)’ was used to
identify the DEGs. The visualization was performed using ggplot2 (version 3.3.6).

2.3. GSEA enrichment analysis of DEGs

The TPM expression matrix of LUAD (509 samples) and LUSC (479 samples) was used for GSEA enrichment analysis. For GSEA
analysis in LUAD, 255 samples in the FAT1-high subgroup were compared to 254 samples in the FAT1-low subgroup; for GSEA analysis
in LUSC, 240 samples in the FAT1-high subgroup were compared to 239 samples in the FAT1-low subgroup. ‘h.all.v2022.1.Hs.symbols.
gmt’ were used as gene sets database when running enrichment tests.

2.4. Quantitative RT-PCR (qRT-PCR)

The expression of FAT1 was detected using the Absolute Blue qRT-PCR SYBR green mix, following the manufacturer’s instructions.
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The comparative Ct method was used to examine double-stranded DNA-specific expression with 2 AAC primers used for FATI were
forward: 5 AAAATAGGTGAAGAGACAGGTGT 3’ and reverse: 5 TCTGTGGTGCATTGTCATTGA 3°.

2.5. RNA interference

Short interfering RNAs (siRNAs) for human FATI (FAT1 Stealth siRNA #HSS103568) and the siRNA negative control (Stealth
RNAi™ siRNA Negative Control Med GC Duplex #3 Cat #12935113) were purchased from ThermoFisher. Cells were transfected with
siRNA using Lipofectamine 3000 and collected for further experiments 72 h after transfection.

2.6. Immunochemistry (IHC)

Formalin-fixed paraffin-embedded (FFPE) tumors and paired normal tissues were retrospectively collected from 10 NSCLC patients
at the Department of Thoracic Surgery, Peking University Shenzhen Hospital. In this study, all patients provided informed consent
prior to participation. Immunohistochemistry staining was performed following the previously described protocol [20]. The immu-
nostaining scores of FAT1 were assessed in five randomly selected regions of each sample using a scoring system that considers staining
intensity (0 = none, 1 = weak, 2 = moderate, 3 = strong) and positivity percentage (0 = 0-5%, 1 = 6-25%, 2 = 26-50%, 3 = 51-75%,
4 = 76-100%). The two values were multiplied to obtain a final score. The final score ranged from 0 to 12.

2.7. Western blot

Cell samples were lysed with cold RIPA lytic buffer (PLO01-2A). The extracted protein was quantified using the Pierce BCA Protein
Assay Kit (ThermoFisher, #23228). After electrophoresis on a sodium dodecyl sulfate-polyacrylamide gel (SDS-PAGE), the blots were
transferred to a polyvinylidene difluoride (PVDF) membrane and incubated with 3% bovine serum albumin (BSA) for 2 h. The
membranes were incubated with diluted primary antibodies FAT1 (#0905-4, 1:5000, HuaBio), SERPINE1 (A19096, 1:1000, ABclo-
nal), NOX4 (A3656, 1:1000, ABclonal), and periostin (HPA012306, 1:500, Sigma) at 4 °C overnight, then the second antibody was
added and incubated for 1 h at room temperature. The protein bands were detected on a chemiluminescence instrument.

2.8. Survival analysis

Several online databases, including the GEPIA2 (http://gepia2.cancer-pku.cn), KM-plotter (http://kmplot.com/analysis/index.
php?p=service), CAMOIP (https://www.camoip.net), and ROC-Plotter (https://www.rocplot.org) were used to explore the prog-
nostic value of FATI expression in human cancers [27-29]. The expression value in the GEPIA2 database was collected from the TCGA
cohort. We used GEPIA2 to investigate the correlations between the expression of FAT1 and the overall survival (OS) and the
disease-free survival (DFS) in LUAD and LUSC. In the GEPIA2 database, the median FATI expression was used as a cutoff value to
classify FAT1-hign and FAT1-low subgroups. KM-plotter was used to explore the prognostic value of FATI in the ICI-treated cohorts.
The prognostic difference between the FAT1-high and FAT1-low subgroups was calculated using the *Auto select best cutoff” option.
ROC-Plotter was used to compare FATI expression between responders and non-responders.

2.9. Acquisition of TMB and TNB

The mutation data of the TCGA NSCLC cohort was downloaded from the Genomic Data Commons (GDC) database (https://gdc.
cancer.gov/about-data/publications/pancanatlas). TMB was defined as the number of non-silent mutations (missense, nonsense,
indel, splice-site) per sample in the TCGA NSCLC cohort. TNB was defined as the number of neoantigens per sample in The Cancer
Immunome Atlas (TCIA) database (https://www.tcia.at/home).

2.10. The correlation between FAT1 and CAFs/CD8" T cells abundance

The Tumor Immune Estimation Resource (TIMER2.0) database (http://timer.cistrome.org) was used to evaluate the correlation
between FAT1 expression level and the abundance of CAFs and CD8" T cells in the TCGA cohort. TIMER2.0 provides a gene module
that allows users to interactively explore the associations between TME composition (immune infiltrates, CAF abundance, etc.) and
genetic (gene expression, etc.) or clinical features.

2.11. Statistical analysis

Statistical analyses were conducted using RStudio (version 2022.07.1) and R software (version 4.2.1). The correlation between
FATI1 and other genes was calculated using the *cor.test’ function with Spearman’s method. A significance level of P < 0.05 was used,
unless otherwise specified.
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Fig. 1. Expression of FATI in NSCLC. A. FATI was upregulated in tumor samples compared to normal samples in LUAD and LUSC of the TCGA
cohort. B. IHC score of FAT1 between tumor and normal samples from patients with NSCLC. C. Representative IHC images showed higher FAT1
protein level expression in tumors than in paired normal samples. D. The protein level expression of FAT1 in tumors compared to normal samples in
the Human Protein Altas (HPA) database. Normal samples have a low protein level expression (top), while tumor samples have a high protein level
expression (below), three normal samples and tumor samples were selected from the HPA database. E. FAT1 was differentially expressed between
early-stage tumor samples (stage I) and advanced-stage tumor samples (stage II-IV). F. FAT1 was differentially expressed between normal, tumor,
and metastatic samples in lung cancer using the online web tool: https://tnmplot.com/analysis, the ‘gene chip data’ was selected for analysis. *, P <
9.05, *x% P < 0.001, Wilcoxon rank sum test.

3. Results
3.1. In vitro validation of FAT1 expression in NSCLC

We initially compared the expression of FATI in tumor and normal samples from the TCGA cohort using GEPIA2. Results showed
that the expression of FAT1 was significantly higher in the tumor samples compared to the normal samples in both LUAD and LUSC (P
< 0.05, Fig. 1A). We further validated the expression of FATI using IHC in ten tumors and paired normal samples from patients with
NSCLC. FAT1 protein levels were higher in tumor samples compared to normal samples (Fig. 1B-C). In the Human Protein Atlas (HPA)
database, the protein level of FAT1 was also found to be higher in tumors than in normal samples (Fig. 1D). Furthermore, according to
the HPA database, FAT1 expression was predominantly observed in epithelial cells, alveolar cells, smooth muscle cells, and fibroblasts,
with minimal expression in other cell types in lung tissues (Supplementary Fig. 1). Furthermore, by analyzing the FAT1 expression and
copy number alterations (CNAs) in the TCGA database, we found that the upregulation of FAT1 was associated with copy number gains
in LUAD, and there was no significant association between copy number gain/amplification with FATI expression in LUSC (Sup-
plementary Fig. 2), indicating the existence of other mechanisms.

Interestingly, when comparing the expression of FAT1 between different tumor stages in the TCGA NSCLC cohort, it was found that
FAT1 expression was higher in advanced tumors (stage II-IV) compared to early-stage tumors (stage I). This suggests a potential as-
sociation between FATI and tumor progression in NSCLC, particularly in patients with LUAD (P = 0.016; Wilcoxon rank sum test,
Fig. 1E). Furthermore, we utilized TNMplot (https://tnmplot.com/analysis/) to compare the expression of FATI in normal, tumor, and
metastatic lung tissues. The results indicate that FAT1 expression is higher in metastatic tissue than in primary tumor tissue and normal
tissue (Fig. 1F), providing further evidence of the association between FATI and the progression and metastasis of lung cancer.

3.2. High expression of FAT1 was associated with a poorer prognosis for NSCLC patients

We further investigated the relationship between FAT1 expression and the prognosis of NSCLC using the GEPIA2 database. It was
found that high FAT1 expression (expressions higher than the median value) was significantly associated with unfavorable disease-free
survival (DFS) of LUAD (P = 0.014, HR = 1.8; Fig. 2A) and LUSC (P = 0.015, HR = 1.9; Fig. 2B). Similarly, high FATI expression was
associated with unfavorable overall survival (OS) of NSCLC (Fig. 2D-E), especially in LUAD (P = 0.0023, HR = 1.9; Fig. 2D). If we
consider LUAD and LUSC together as NSCLC, the FAT1 expression was negatively associated with OS and DFS of patients with NSCLC
(P =0.0061, HR = 1.6; P = 0.00045, HR = 1.6, separately; Fig. 2C-F). Furthermore, multivariate Cox regression analysis showed that
FAT1 was an independent risk of OS for patients with LUAD (P = 0.04, HR = 1.413; Fig. 2G-H). The same trend was observed in LUSC,
although not significant (P = 0.128, HR = 1.23; Supplementary Fig. 3). A nomogram prognostic model was constructed for LUAD using
statistically significant factors from the multivariate Cox regression analysis. Based on the multivariate Cox analysis, these variables
were assigned to the nomogram model. The number of points for each variable was determined using a straight line, and then
recalibrated within the range of 0-100. The locations of the variables were calculated and recorded as the overall score. The prob-
ability of patients with LUAD surviving 1, 3, and 5 years can be determined by drawing vertical lines from the total-point axis down to
the outcome axis (Supplementary Fig. 4).

3.3. High FAT1 expression was associated with the activation of TGF-f and EMT signaling

Since FAT] is highly expressed in NSCLC, we aimed to identify the genes and pathways associated with its upregulation. To achieve
this, we downloaded expression data for LUAD (N = 509) and LUSC (N = 479) from the UCSC Xena database. The LUAD and LUSC
cohorts were divided into FAT1-high and FAT1-low subgroups based on the median expression of FAT1 in each cohort, separately. The
limma method was used to identify DEGs between the FAT1-high and FAT1-low subgroups (Fig. 3A-B). In LUAD, the FAT1-high
subgroup had 1475 up-regulated and 2314 down-regulated genes (Fig. 3C-Supplementary Table S1). Interestingly, many collagen-
coding genes were upregulated, such as COL1A1, COL1A2, COL3A1, COL4A1, COL10A1, COL11A1, and COL17A1. In addition,
several CAF-related genes were upregulated in the FAT1-high group, such as POSTN, INHBA, NOX4, and THBS2 (Fig. 3A). On the other
hand, several T cell marker genes (such as CD3D, CD3E, CD8A, CD69) and lots of MHC molecules (HLA-E, CD74, HLA-DOA, HLA-DOB,
HLA-DPA, HLA-DRA et al.) were found to be downregulated (Fig. 3A). In LUSC, there were 1393 up-regulated and 2886 downregulated
genes (Fig. 3C-Supplementary Table S2). Similarly, collagen-coding genes, such as COL1IAI1, COL1A2, COL5A1, COL5A2, and
COL11A1, as well as CAF-related genes, such as TGFB1, NOX4, POSTN, INHBA, and THBS2, were up-regulated. Several T cell marker
genes (CD3E, CD3G, CD8A, CD8B, CD69 et al.) and many MHC molecules (HLA-C, HLA-E, HLA-G, HLA-DOA, HLA-DMB et al.) were
downregulated in the FAT1-high subgroup (Fig. 3B).
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Fig. 2. FATI1 was associated with the prognosis of patients with NSCLC. A-C. The difference in progression-free survival (PFS) compared
between patients with LUAD (A), LUSC (B), and NSCLC (C) in FAT1-high and FAT1-low subgroups of the TCGA cohort. D-F. The difference in overall
survival (OS) compared between patients with LUAD (D), LUSC (E), and NSCLC (F) in FAT1-high and FAT1-low subgroups of the TCGA cohort. The
median expression of FATI across samples in TCGA-LUAD cohort, TCGA-LUSC cohort, and TCGA-NSCLC cohort was defined as the cutoff value for
each cohort. G-H. Univariate (G) and multivariate (H) Cox regression analysis between FATI expression level and prognosis of LUAD with age,
gender, TNM stage, EGFR mutation, and smoking considered. In multivariate analysis, only variables with a P value less than 0.05 in univariate Cox
regression were considered. Blue box: hazard ratio (HR); black scale bar, 95% confidence interval of HR.

When comparing the DEGs between LUAD and LUSC cohorts, 1760 DEGs overlapped (Fig. 3D), consisting of 46.7% and 41.1%
DEGs of LUAD and LUSC, separately. We performed functional enrichment analysis using GSEA to further investigate the function of
these DEGs [30]. As expected, the TGF-p signaling pathway, epithelial-mesenchymal-transition (EMT), and hallmark_G2M_Checkpoint
were found to be activated in the FAT1-high subgroup both in LUAD and LUSC (all with FDR<0.05, Fig. 3E-F). These findings suggest
that FAT1 may play a role in regulating the generation of CAFs and the progression/metastasis of NSCLC.
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Fig. 3. Differential expressed genes (DEGs) and functional enrichment analysis between FAT1-high and FAT1-low subgroups in NSCLC. A.
The volcano plot of DEGs between FATI-high and FATI-low samples in LUAD. B. The volcano plot of DEGs between FATI-high and FATI-low
samples in LUSC. C. DEGs number in LUAD and LUSC samples. D. the Venn plot of the DEGs between LUAD and LUSC. E-F. The representative
s‘igniﬁcantly enriched pathways of DEGs in LUAD (E) and LUSC (F) between FATI-high and FATI1-low subgroups.

3.4. Knockdown of FATI leads to decreased expression of SERPINE1

It has been reported that FATI can regulate genes involved in the TGF-p signaling pathway, such as TGF$1/2 and SERPINE], in
glioblastoma [26]. To investigate the potential targets of FATI in lung cancer, we conducted in vitro knockdown experiments. We first
explored the expression of FATI in four LUAD cell lines using qRT-PCR and Western blot. FATI was found to be significantly upre-
gulated in mRNA and protein levels in two cell lines (A549 and H1299, P < 0.05; Fig. 4A-B). Then, we investigated the impact of FATI
knockdown on the expression of genes involved in TGF-f signaling, including TGFB1, TGFB2, SERPINE1, and POSTN. Interestingly, it
was discovered that these genes were downregulated in both the A549 and H1299 cell lines after the knockdown of FATI (Fig. 4C-D).

We further investigated whether knockdown of FATI affects the secretion levels of proteins involved in the TGF-p signaling
pathway, including Serpinel, Periostin, TGF-f1, and NOX4. It was found that TGF-p1, Serpinel, NOX4, and Periostin reduced in A549
cell lines after FAT1 knockdown (Fig. 4E), Serpinel and NOX4 were also reduced in H1299 cell lines after FAT1 knockdown (Fig. 4E).
Notably, SERPINE] is a member of the TGF-f signaling pathway and plays important roles in the regulation of EMT and metastasis in
several cancers [31,32]. By conducting survival analysis using the GEPIA2 tool (http://gepia2.cancer-pku.cn), we found that a high
expression level of SERPINE] (the expression higher than the median value across samples) was associated with unfavorable survival
of patients with LUAD or LUSC (Fig. 4F-G).

3.5. High FATI expression was correlated with increased CAF abundance and decreased CD8" T cell infiltration in NSCLC

As FAT1 upregulation was associated with the activation of TGF-p and EMT signaling, and FAT1 upregulation could influence the
expression of SERPINE1 and NOX4, we hypothesized that FATI upregulation might influence the formation of CAFs in NSCLC.
Immunologic analyses were conducted to investigate the potential influence of FAT1 elevation. In both LUAD and LUSC, we observed a
significant correlation between the expression level of FAT1 and the abundance of CAF (Fig. 5A-B). In addition, FATI was positively
correlated with multiple CAF-related genes and collagen-coding genes in LUAD and LUSC, such as POSTN, NOX4, SERPINE1, THBS2,
COL1A1, COL1A2, COL4A1 and COL11A1 (Supplementary Fig. 7). Interestingly, it was found that FATI expression was negatively
correlated with the abundance of CD8™ T cells in both LUAD and LUSG, as determined by various methods (EPIC, MCPCOUNTER, and
QUENTISEQ, all with R < —0.1 and P < 0.01; Fig. 5G-D). CIBERSORT algorithm further confirmed decreased CD8" T cells abundance
in the FAT1-high subgroups in LUAD and LUSC compared to FAT1-low subgroups (both P < 0.05; Fig. 5E-F), indicating a negative
factor for ICI therapy [14,33]. Finally, we want to know the potential association of FAT1 with CAF composition and CD8" T cells in
other cancer types. Consistently, a significant correlation between FAT1 expression level and CAF abundance was observed in multiple
cancers, such as adrenocortical cancer (ACC), BRCA, CESC, and diffuse large B-cell lymphoma (DLBC) (Supplementary Fig. 8A). In
addition, the CAF marker genes, including COL1A1, COL11A1, POSTN, NOX4, and THBS2, were consistently positively correlated with
FATI1 (Supplementary Fig. 8B), while CD8" T cell marker genes were negatively correlated with FATI (Supplementary Fig. 8B). The
data indicate that FATI expression is linked to increased CAF levels and reduced infiltration of CD8" T cells in various types of cancer.

Interestingly, we also found that the expression of FATI was associated with decreased TMB and TNB in patients with LUAD (R =
—0.17, P = 0.00012, and R = —0.16, P = 0.00059, respectively; Supplementary Figs. 9A-B), indicating its association with tumor
immunogenicity. Similar results were detected in the LUSC cohort (R = —0.11, P = 0.016, and R = —0.12, P = 0.1, respectively;
Supplementary Figs. 9C-D).

3.6. FAT1 upregulation was correlated with unfavorable clinical outcomes of ICI therapy in patients with NSCLC

Considering the potential roles of FATI in regulating TME and tumor immunogenicity, we investigated the correlation between
FATI upregulation and clinical outcomes in patients treated with ICI. Our analysis of the CAMOIP database revealed a negative as-
sociation between FAT1 expression and the effectiveness of ICI treatment in NSCLC (HR = 2.36, 95% CI 0.97-5.75, P = 0.041; Fig. 6A).
When considering age and gender, the high expression of FATI remains an independent predictor for the benefit of ICI therapy (HR =
3.05, 95% CI 1.15-8.06, P = 0.025; Fig. 6B).

Furthermore, FAT1 was also associated with worse prognosis in ICI-treated patients with several other tumor types, such as glioma
(HR = 3.57,95% CI 1.04-12.33; P = 0.032; Fig. 6C), urothelial cancer (HR = 1.65, 95% CI 1.2-2.28; P = 0.0021; Fig. 6D), and bladder
cancer (HR = 1.74, 95% CI 0.94-3.21; P = 0.074; Fig. 6E). In addition, KM-plotter [27] analysis showed that patients in FAT1-high
subgroups had a shorter OS compared to the FAT1-low group (HR = 1.6, 95% CI 1.35-1.9, P < 3.9e-8; Fig. 6F) in 933 pan-cancer
patients treated with ICI. ROC-Plotter [29] analysis consistently showed that FATI expression was significantly higher in
non-responders compared to responders (P = 0.038, Fig. 6G).

Finally, we want to know which drugs can affect FAT1 expression. Comparative Toxicogenomics Database (CTD, http://ctdbase.
org) was used to establish a FAT1-drug interaction network, illustrating the impact of various anticancer drugs on FATI expression.
The interaction network was visualized using Cytoscape (ver.3.8.2). The findings indicate that several drugs (cyclosporine, temozo-
lomide, etc.) can potentially influence the expression of FAT1 (Supplementary Fig. 10).
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Fig. 4. Knockdown of FATI inhibits the expression of TGF-f§/EMT-related genes in NSCLC cell lines. A. FATI was upregulated in two NSCLC
cell lines (H1299 and A549) compared to normal cell lines BEAS-2B. B. The protein expression level of FAT1 in NSCLC cell lines compared to BEAS-
2B, full-length gels and blots were shown in Supplementary Fig. 5. C-D. The expression of POSTN, SERPINE1, TGFB1, and TGFB2 after knockdown of
FAT1 in A549 (C) and H1299 (D) cell lines. E. Western blot showed the influence of FATI knockdown on the secretion of TGF-p/EMT-related
proteins (NOX4, Periostin, Serpinel, and TGF-p1), full-length gels and blots were shown in Supplementary Fig. 6. F-G. The difference in OS
compared between patients with LUAD (F), and LUSC (G) in SERPINE1-high and SERPINE1-low subgroups of the TCGA cohort. The samples with
expressions higher than the median value in the TCGA cohort were defined as the SERPINE1-high subgroups. Data were shown as the mean + SD (n
= 3). *p < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Fig. 5. Immunologic analyses between FAT1-high and FATI-low subgroups in NSCLC. The significant positive correlation between FAT1
expression and abundance of CAFs was confirmed in LUAD (A) and LUSC (B) by three different methods (EPIC, MCPCOUNTER, and TIDE). The
significant negative correlation of FATI expression and abundance of CD8™ T cells was confirmed in LUAD (C) and LUSC (D) by three different
methods (EPIC, MCPCOUNTER, and QUANTISEQ). The abundance of immune infiltration cells in LUAD (E) and LUSC (F) was calculated with
CIBERSORT, separately. Significantly differentially infiltrated CD8" T cells between two subgroups were highlighted with red. The abundance of
cell proportions in A-D was estimated by TIMER2.0 (http://timer.cistrome.org).

4. Discussions and conclusion

The role of FAT1 in the development of tumors remains under investigation. At present, it is believed that FAT1 may act either as a
tumor suppressor or as a tumor oncogene, according to the type of cancer [1,34]. In HNSCC [5], ESCC [35], BRCA [36,37], and cervical
cancer [38], FATI1 expression was downregulated, which promotes the activation of MAPK/ERK signaling pathway and Hippo and
Wnt/p-catenin signaling pathways. On the other hand, FATI expression was upregulated in gastric cancer [39], glioma [7], and HCC
[40], which promotes tumor proliferation, migration, invasion, and EMT. However, the large size of the FATI coding sequence (13,
767bp) imposed significant restrictions on molecular manipulation, resulting in limited understanding of FATI. Many questions are
still unanswered, such as the upstream signals of FATI, the molecular mechanism of how FAT] is dysregulated, and whether FAT1 is an
adhesion molecule or a signaling protein.

In NSCLC, it was found that the deletion of FAT1 led to the transformation of the hybrid EMT phenotype in mouse models of LUSC,
the hybrid EMT phenotype had also been observed in human LUSC [4]. Furthermore, cutaneous squamous cell carcinoma cells
knocked out for FAT1 showed resistance to both afatinib (an EGFR inhibitor) and trametinib (a MEK inhibitor) [4]. Therefore, the
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Fig. 6. FAT1 expression was associated with a worse prognosis in cancer patients who received ICI therapy. A. Patients in the FAT1-high
subgroup (higher than the median value across samples) have an unfavorable clinical outcome compared to the FAT1-low subgroup in the NSCLC
cohort (N = 27, Yeon Kim et al.) who received ICI therapy. B. High FAT1 expression was an independent risk factor for NSCLC patients who received
ICI therapy. Univariable and multivariable Cox regression models between FATI expression and prognosis of NSCLC were performed. C-E. High
FATI1 expression was associated with unfavorable clinical outcomes in patients with glioma (C, HR = 3.57, 95% CI 1.04-12.33, P = 0.032), uro-
thelial cancer (D, HR = 1.65, 95% CI 1.2-2.28, P = 0.0021), and bladder cancer (E, HR = 1.74, 95% CI 0.94-3.21, P = 0.074). F. High FAT1
expression was associated with unfavorable clinical outcomes in pan-cancer patients (HR = 1.6, 95% CI 1.35-1.9, P = 3.9e-8). G. Patients have a
higher expression of FATI in the non-responder subgroup than the responder subgroup who received ICI therapy (Mann-Whitney test, P = 0.038).
KM-plotter was used to explore the prognostic value of FAT1 expression in human cancers that received ICI therapy. ROC-Plotter (https://www.
rocplot.org) was used to compare the FATI expression between patients in responder and non-responder subgroups.

identification of the role of FATI in EMT could have a significant impact on the treatment of cancer. Interestingly, we observed the
upregulation of FAT1 expression in patients with LUAD and LUSC. Additionally, we also found that the upregulation of FATI may
promote the progression of NSCLC through the activation of TGF-p and EMT signaling pathway (Figs. 3 and 4), which was consistent
with those in hepatocellular carcinoma and glioma [26,40]. These results indicate that loss of function (deletion or mutation) and
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overexpression of FAT1 may both contribute to tumor progression, so it was required to maintain an equilibrium of FATI function in
vivo.

The tumor immune microenvironment was critical to the efficacy of ICI therapy [22,41-44]. Wenjing Zhang et al. found that
patients with melanoma and NSCLC carrying FATI mutations were more likely to benefit from ICI therapy [21]. In addition, the FAT1
variant was associated with higher TMB and proinflammatory immune cell (e.g., activated CD47/CD8" T cells, M1 macrophages)
infiltration, suggesting that FAT1 may be involved in the regulation of the TME. Khushboo Irshad et al. found that the upregulation of
FATI could lead to the formation of a suppressive immune microenvironment by promoting the TGF-p signaling pathway [26]. In this
study, we found that FAT1 upregulation was associated with CAF abundance in NSCLC. In addition, a significant negative correlation
of FAT1 expression with CD8™ T cell abundance was observed through digital cytometry [45]. Previous studies have shown that CD8"
T cell infiltration could predict the effect of ICI [46], while CAFs can prevent the infiltration of T cells and thus prevent the curative
effect of ICI therapy [25,47,48]. Collectively, we speculate that the up-regulation of FATI promotes the formation of CAFs through
elevation of TGF-p signaling and then blocks the infiltration of T cells, thus forming a suppressive TME that was not conducive to ICI
treatment.

There are a few limitations in our study that need to be taken into considerations. Firstly, this work provided a detailed in silico
analysis of the correlation between FATI expression and high CAF, reduced CD8" infiltration, and low TMB/TNB, whereas the
mechanism needs to be clarified in experiments in subsequent studies. Secondly, we verified the correlation between FAT1 expression
and TGF-B/EMT signaling genes (SERPINE1, TGFB1/2, and POSTN), however, the gene interaction network also remains to be
explored in future.

In summary, we found that the upregulation of FAT1 was associated with the activation of TGF-B/EMT pathways. Furthermore,
high FATI expression was found to be associated with increased CAF abundance, decreased CD8" T cells infiltration, and low TMB/
TNB, thus promoting an immunosuppressive TME, which influence the efficiency of ICI-therapy. Therefore, continuing to study FAT1
may be critical in helping to predict and treat NSCLC patients.
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