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Objective: Previous studies have revealed that FAT atypical cadherin 1 (FAT1) plays a
tumor-suppressive or oncogenic role in a context-dependent manner in various cancers.
However, the functions of FAT1 are ambiguous in tumorigenesis owing to inconsistent
research in oral squamous cell carcinoma (OSCC). The present study aimed at gaining an
insight into the role of FAT1 in the tumor genesis and development.

Methods: The expression, mutant, and survival data analyses were done using data from
The Cancer Genome Atlas (TCGA), the Gene Expression Omnibus (GEO), and the Clinical
Proteomic Tumor Analysis Consortium (CPTAC) database, verified with clinical samples
via real-time polymerase chain reaction (qRT-PCR), Western blot (WB), and
immunohistochemical (IHC) staining. OSCC cells transfected with siRNA were
employed for in vitro assessment in cell proliferation, apoptosis, and migration ability in
appropriate ways. The underlying mechanism was explored by RNA sequencing after
FAT1 silencing.

Results: Overall, FAT1 significantly increased in OSCC with a poor prognosis outcome.
The in vitro experiment showed the promoting effect of FAT1 in the proliferation and
migration of OSCC cells. FAT1 can also inhibit both the early and late apoptosis of OSCC
cells. RNA-sequencing analysis of FAT1 silencing revealed that the cell cycle, DNA
replication, and some core genes (MCM2, MCM5, CCNE1 SPC24, MYBL2, KIF2C)
may be the potential mechanism in OSCC.

Conclusions: FAT1 may act as an oncogene in OSCC with potential mechanism
influencing the cell cycle and DNA repair.
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INTRODUCTION

Oral squamous cell carcinoma (OSCC), a subset of head and
neck squamous cell carcinoma (HNSC), is always lethal. Mainly
based on stage and anatomic location, the current standard
therapy for OSCC consists of surgery and radiation therapy,
which are generally recommended for the approximately 30% to
40% of individuals in the early-stage disease (stage I or II) (1).
Like all solid tumors, OSCCs are thought to be initiated through
a series of genetic alterations (2). Integrated genomic analysis has
identified FAT1 as an additional driver gene, which has been
detected mutant in several large-scale exome sequencing
projects, frequently in esophageal squamous cell carcinoma
(ESCC) and OSCC (3, 4). FAT1 (FAT atypical cadherin 1) is a
member of the vertebrate Fat cadherin family, which comprised
FAT1, FAT2, FAT3, and FAT4 genes (5). First isolated from the
T-leukemia cell line J6, FAT1 is located on human chromosome
4q35.2, consists of 27 exons, and encodes proteins with a single
transmembrane domain, 34 extracellular cadherin repeats, and
laminin G-like and epidermal growth factor (EGF)-like domains
(5, 6). FAT1 is widely expressed in many fetal tissues whereas it is
downregulated or disappears in most adult tissues, indicating
that FAT1 may play a role in development (7).

However, compared to the ample studies and information
available of FAT1 over the past two decades, the role of FAT1 in
tumor initiation and progression has been conflicting. Morris
et al. identified FAT1 as a candidate tumor-suppressor gene
which is able to suppress cancer cell growth by binding b-catenin
and antagonizing its nuclear localization in glioblastoma (GBM)
(8). Similarly, in breast cancer, it has been reported that the loss
of FAT1 was associated with progression, aggressive behavior,
poor prognosis, and cyclin-dependent kinase (CDK) 4/6
inhibitor resistance through the Hippo signaling pathway
(9, 10). The expression of FAT1, as the transcriptional target of
E2F1, was frequently downregulated in ESCC tissues and
inhibited proliferation, adhesion, and invasion through the
MAPK signaling pathway (11, 12). Yu et al. suggested that a
low FAT1 expression was associated with poor prognosis in
children with medulloblastoma and acted on the WNT signaling
pathway to inhibit cell proliferation (13). On the other hand,
FAT1 functions as an oncogene in many other cancers. FAT1
was shown to be aberrantly expressed in pediatric patients with
acute leukemia, whereas hematopoietic progenitors from healthy
donors lacked the FAT1 expression. FAT1 expression was also
correlated with a more mature leukemic immunophenotype
(14, 15). Furthermore, FAT1, reported as a new glypican-3
(GPC3)-interacting protein, appeared as a relevant mediator of
hypoxia and growth receptor signaling to critical tumorigenic
pathways with a higher expression in HCC (16, 17).

In regard to head and neck cancers, Lin et al. reported that a
lower FAT1 expression was correlated with poor disease-free
survival, and they proved that FAT1 suppressed the migration
and invasion capability of the SCC25, FaDu, HSC3, OECM-1, and
OC4 HNSC cell lines, not changing the cell proliferation (18).
Martin et al. supported that the FAT1 intracellular domain (ICD)
interacted with and facilitated the assembly of the core Hippo
signaling complex as upstream of Yes-associated protein 1
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(YAP1). Inactivation mutations and genomic alterations in
FAT1 resulted in HNSC by activating YAP1 to suppress the
HIPPO signaling pathway and promoted the proliferation (19).
Interestingly, Hsu et al.’s findings contradicted those of Lin et al.,
and they cautiously attributed to tumor heterogeneity and/or
cohort constitution, similar to the studies of GBM in which the
expression level depended on the grade of cancerous cells (20–22).

In this study, we aimed to comprehensively analyze the
expression of FAT1 and its effect on OSCC as well as some
exploration of mutations which may cause gene expression
changes. In addition, we silenced FAT1 to evaluate the effects
on cell death and survival, proliferation, and migration in two
OSCC cells. Finally, RNA sequencing (RNA-seq) was performed
to investigate the gene expression profile upon FAT1
knockdown. FAT1 was thus considered to be a potential target
for the development of molecular therapeutic strategies to
improve the prognosis of OSCC.
MATERIALS AND METHODS

Data Preparation From Public Database
and Statistical Analysis
RNA-seq (HTSeq-FPKM), mutation, and corresponding clinical
data were downloaded from The Cancer Genome Atlas (TCGA)
HNSC project in March 2020 using the R package TCGAbiolinks
(23). The transcriptome data were log10-transformed for
comparison. The R package maftools was utilized to analyze and
visualize the somatic condition of HNSC patients from TCGA
(24). The GSE6631, GSE37991, GSE30784, and GSE10300 datasets
were retrieved from the Gene Expression Omnibus (GEO)
database (https://www.ncbi.nlm.nih.gov/geo/). Raw data were
examined within normalization and log2 transformation, and
then the gene probes were annotated to explore the FAT1
expression level. Kaplan–Meier (KM) survival analysis was
undertaken to compare the overall survival of different groups of
patients via the R package survival and survminer (determined the
optimal cutpoint), and P-values were calculated using the log-rank
test. The COSMIC database (https://cancer.sanger.ac.uk/cosmic)
was used to determine the occurrence of FAT1 mutation variants.

Processed mass spectrometry data of HNSC were
downloaded from the Clinical Proteomic Tumor Analysis
Consortium (CPTAC) Data Portal (https://cptac-data-portal.
georgetown.edu/), a 108 human papilloma virus (HPV)-
negative HNSC cohort. After plus 10, raw data were converted
into log10. Data used in this publication were generated by the
Clinical Proteomic Tumor Analysis Consortium (NCI/NIH).

All statistical analyses and visualizations were performed
using R (version 4.0.1) or GraphPad Prism (version 6.01). For
comparisons, Student’s t-test, Mann–Whitney U-test, Fisher’s
exact test, or chi-square test was used when appropriate and P <
0.05 was considered statistically significant for all tests.

Clinical HNSC Specimens
This study was approved by the Institutional Review Board of
Fujian Medical University School and Hospital of Stomatology
May 2022 | Volume 12 | Article 870055
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(Approval Number: FMUSS-18-004). Samples and clinical
information were collected as described (25). The patient
clinicopathologic characteristics included age, sex, tumor stage,
differentiation degree, metastasis status, depth of invasion, extra
extension, and perineural invasion. Patient death was mainly
caused by carcinoma recurrence or metastasis. Another 33 paired
fresh samples were collected to quantify the FAT1 mRNA
expression, and we confirmed 8 pairs at the protein level.

Total RNA Isolation and Quantitative
Reverse Transcription Polymerase
Chain Reaction
Total RNA was extracted from tissue samples using NucleoZOL
Reagent (Takara, Dalian, China) according to the manufacturer’s
protocol, and cDNA was synthesized from 1 µg of total RNA
using a PrimeScript® 1st strand cDNA Synthesis Kit (Takara,
Dalian, China) in a final reaction volume of 20 µl. Quantitative
RT-PCR was performed using SYBR Premix Ex Taq (Takara,
Dalian, China) with primers listed in Table 1. The expression
levels were normalized to the GAPDH mRNA level for each
sample obtained from parallel assays, and the data were analyzed
according to the relative 2^ (-DDCt) method.

IHC Staining
The tissue microarrays and immunohistochemistry were
performed as previously described (25). Antigen retrieval was
performed with EDTA buffer (pH 8.0) using a high-temperature
and high-pressure antigen repair method. The slides were
incubated with a primary antibody, polyclonal rabbit anti-
human FAT1 (1:500; ab190242, Abcam, Cambridge, MA, USA),
for 3 h at 25°C. Secondary antibodies were applied for 20 min at
25°C. All cases were reviewed and scored independently by two
senior pathologists without knowledge of the clinical
characteristics. The immunoreactivity intensity was scored in the
following four categories: 0 (no staining), 1+ (weak staining), 2+
(moderate staining), and 3+ (strong staining). The immunoscore
was obtained bymultiplying (3*x% + 2*x% + 1*x% = total score) the
percentage of positively stained tumor cells (0%–100%) by the
corresponding immunostaining intensity (0 to 3+) to obtain a
Frontiers in Oncology | www.frontiersin.org 3
value ranging from 0 to 300. An immunoscore of 150 was set as
the cutoff point for negative or positive expression (26), while
another cutoff value was used in subsequent survival analyses
determined by the R package survminer.

Western Blot Assay
Using RIPA (Beyotime, China), after specific treatments, HN6 and
HN30 cells were collected and lysed. After the protein
concentrations was determined by the BCA method (Beyotime,
Shanghai, China), the lysates were diluted into 5× SDS buffer to a
1× SDS final concentration and then heated for 10 min at 100°C.
Proteins were separated on 4%–12% SDS-PAGE gels and
electrophoresed at 30-V constant voltage overnight to
polyvinylidene fluoride (PVDF) membranes. Blots were blocked
with 5% BSA in TBST at room temperature for 1 h and then
incubated overnight at 4°C with a primary antibody against FAT1
(1:1,000; ab190242, Abcam) and actin (1:1,000; ab179467,
Abcam), followed by a horseradish peroxidase–conjugated
secondary antibody for 1 h at room temperature. The
membranes were washed thrice with TBST. Finally, they were
visualized with Pierce™ Enhanced Chemiluminescence (ECL)
Western Blotting Substrate (Beyotime, China) and imaged with
a densitometer for semi-quantification of the signal intensity and
later analyzed with the NIH ImageJ software (https://imagej.nih.
gov/ij/download.html). The experiment was repeated three times.

Cell Lines and Culture
The HN6 and HN30 cell lines were bought from the Cell Bank of
the Institute of Biochemistry and Cell Biology, Chinese Academy
of Sciences (Shanghai, China). Cells were cultured under the
conditions provided by the supplier.

Small Interfering RNA Transfection
Small interfering RNA (siRNA) logos against human FAT1 (siFAT1-1,
synthesized as follows: sense: 5′-GCACCACAAUUUCGAGCAATT-
3′, antisense: 5′-UUGCUCGAAAUUGUGGUGCTT-3′; siFAT1-2,
synthesized as follows: 5′-GCACGUGUGUUGUCGACAATT-3′,
antisense: 5′-UUGUCGACAACACACGUGCTT-3′) and a
scrambled siRNA used as negative control (NC, synthesized as
TABLE 1 | The primers for qRT-PCR in the current study.

Gene Forward Reverse

GAPDH 5′-GGTGTGAACCATGAGAAGTATGA-3′ 5′-GAGTCCTTCCACGATACCAAAG-3′
FAT1 5′-GCACCTGTTGGTTCATTGGTAA-3′ 5′-AATAATGGGAGGTCGATTCACG-3′
MCM2 5′-ACCCGAAGCTCAACCAGATG-3′ 5′-ATAGTCCCGCAGATGGATGC-3′
MCM5 5′-TCGTCAAGGATGAGCACAATG-3′ 5′-TCACTCGGCAGTAGGCAATA-3′
CCNE1 5′-CTGGATGTTGACTGCCTTGAAT-3′ 5′-TCTCTATGTCGCACCACTGAT-3′
CD83 5′-CTGCTGCTGGCTCTGGTTAT-3′ 5′-CAGTTCTGTCTTGTGAGGAGTCA-3′
SPC24 5′-GCTGCGAGAGATCCTCACCAT-3′ 5′-TGGCCTTCAGACGGGTGT-3′
MYBL2 5′-GCTGGCATCGAACTCATCAT-3′ 5′-GCTTCACATCCTCATCCACAAT-3′
KIF2C 5′-GATGGAAGCCTGCTCTAACG-3′ 5′-AGTCTGGTCCTTGCTGTATGA-3′
SUV39H1 5′-GTGGATGCCGCCTACTATGG-3′ 5′-CGCTCGTCAAGGTTGTCTATG-3′
UHRF1 5′-CCAACCACTACGGACCCATC-3′ 5′-ACTAGGGAGTACGCTCCGTC-3′
PERP 5′-TACTCAGCGCCATCGCCTTC-3′ 5′-TCTTGGGAGCATTTCCACCAC-3′
TPM4 5′-GGAAGAGGCTGACCGCAAAT-3′ 5′-TTAGTTCAGACACCTCCGCAC-3′
GANAB 5′-CGGCGGTCTTCAGAATGTATG-3′ 5′-TGTTGCCAGAGAATGAGAATCG-3′
EMC6 5′-CCTGGATTATTGCCGGACCTC-3′ 5′-AGGCGAGCAGGTAGAAGATG-3′
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https://imagej.nih.gov/ij/download.html
https://imagej.nih.gov/ij/download.html
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Lan et al. Oncogenic Role of FAT1 in OSCC
follows: sense: 5′-UUCUCCGAACGUGUCACGUTT-3′, antisense:
5′-ACGUGACACGUUCGGAGAATT-3′) were purchased from
GenePharma (GenePharma, Shanghai, China). Cells were transfected
with siRNAs with Lipofectamine RNAiMAX (Cat. 13778075,
Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s
instructions. On the following day, cells were harvested for
quantitative reverse transcription polymerase chain reaction (qRT-
PCR), Western blot analysis, and other assays.

Cell Proliferation Analysis
After transfection for 24 h, cells were collected from the
interference group and NC group and then reseeded in 96-well
plates at a density of 4,000 cells/well with 3 replicate wells per
group. Cell Counting Kit-8 (Dojindo, Kumamoto, Japan) was
employed to quantitatively evaluate cell viability every 24 h for
6 days. The absorbance was measured at 450 nm in a microplate
reader (Pharmacia Biotech, Piscataway, NJ, USA). The
experiment was performed in triplicate and repeated three times.

Clone Formation Assay
After transfection for 24 h, cells were collected from the
interference group and NC group and then reseeded in 6-well
plates with 4,000 cells per well. Three duplicate wells were
performed for each group. The plates were incubated at 37°C
for 14 days and stained with crystal violet. They were then air-
dried, and the numbers of clones were calculated. The
experiment was performed in triplicate and repeated three times.

Cell Cycle Assay
After transfection for 48 h, cells from the gene silencing group
and NC group were harvested and washed three times with
precooled PBS and then treated with 70% ethanol for at 4°C at
least overnight. Then the cells were washed three times with PBS
and resuspended in 500 µl PI/RNase Staining Buffer (550825, BD
Biosciences, Franklin Lakes, NJ, USA) according to the
manufacturer’s instructions. Cell cycle status was tested using a
BD Accuri C6 flow cytometer (BD Biosciences) and analyzed by
FlowJo software. The experiment was repeated three times.

Cell Apoptosis Analysis With Annexin
V-FITC/PI
After transfection for 48 h, cells were collected by trypsinization
and centrifuged with supernatant at 1,500×g for 5 min. After
being resuspended and incubated at 37°C for 30 min, the cells
were washed three times with 4°C PBS and resuspended in 100 µl
1× binding buffer. 5 µl Annexin V-FITC and 5 µl propidium
iodide (PI) solution (YF® 488 Annexin V and PI Apoptosis Kit,
US Everbright, Suzhou, China) were then added to stain the cells
under darkness for 15 min. The apoptosis rate was measured by a
BD Accuri C6 flow cytometer (BD Biosciences). Single-stained
and unstained cells were used as a control. The experiment was
repeated three times.

The Sphere-Forming Assay
After transfection for 24 h, cells were dissociated to produce
single-cell suspensions and were seeded in 96-well ultralow-
attachment plates (Corning, Tewksbury, MA, USA) at a
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density of 800 cells/well. They were cultured in mTeSR
medium (STEMCELL Technologies, Vancouver, Canada).
After incubation for 1–2 weeks, tumorspheres were
photographed under a microscope (×50 magnification) and the
number was determined. The experiment was performed in
triplicate and repeated three times.

Migration Assay
After transfection for 24 h, using a 24-well plate, we seeded 5 ×
104 cells for HN6 and 3 × 105 cells for HN30 into the upper
chamber of the insert (8-mm pore size, BD Biosciences, USA)
containing FBS-free media, while the lower chamber contained
10% FBS-supplemented media. After incubation for 24 h for
HN6 and 48 h for HN30, the chambers were stained with crystal
violet and non-invaded cells in the upper surface were removed
with sterile cotton swipes. Then, the average number of invaded
cells was determined and photographed under a microscope
(×200 magnification), from at least five non-overlapping visual
fields selected randomly. The experiment was repeated
three times.

Wound Healing Assay
After transfection for 24 h, cells were reseeded in 12-well plates
and until cell monolayers were cultured, scratched by manually
scraping off cells with a sterile yellow pipette tip. All the wound
sizes were verified to be of similar width in the beginning. The
images of cell migration were observed and captured at the 18-
and 32-h time-points afterward under a ×50 microscope
magnification (Olympus, Tokyo, Japan) and later analyzed
with the NIH ImageJ software (https://imagej.nih.gov/ij/
download.html). The experiment was repeated three times.

RNA Sequencing and Analysis
After transfection for 24 h, cells were harvested and the total
RNA extracted using NucleoZOL Reagent (Takara, Dalian,
China) according to the manufacturer’s protocol. RNA-
sequencing libraries were constructed with FAT1 knockdown
(siFAT1-1 and siFAT1-2) and the control group in two HN6 and
HN30, repeated two biological times. RNA-seq was performed
by Berry Genomics company. Briefly, RNA integrity was
evaluated using NanoDrop 2000 or an Agilent 2100
Bioanalyzer. All included samples had RNA concentrations
>40 ng/µl, and a total amount of >2 µg with an RNA integrity
number (RIN) ≥6.5 was subjected to subsequent analyses. The
library preparations were sequenced on an Illumina NovaSeq
6000 platform, and 150-bp paired-end reads were generated.
Raw reads were processed using custom scripts, and ploy-N-
containing reads, PCR duplications, and low-quality reads were
removed to obtain clean reads, which were then mapped to the
hg38 genome. R package Limma-voom was used for the
differential expression analysis. Abs (log2 fold change) >1.00
and P-value <0.05 were used as criteria to classify differentially
expressed genes (DEGs) (27). Gene Set Enrichment Analysis
(GSEA) based on the ordered list of all genes according to the
log2 fold change (log2FC) value, Gene Ontology (GO) functional
enrichment analyses, and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway analyses were performed by the R
May 2022 | Volume 12 | Article 870055
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package clusterProfiler (28). Cancer hallmark definitions were
downloaded from GSEA/MSigDB 6.2 (http : / /www.
broadinstitute.org/gsea/msigdb). The STRING database
(https://string-db.org/) was used to produce protein–protein
interaction networks (PPI) and the enrichment analyses based
on DEGs, and the networks was visualized via Cytoscape 3.9.
P-value < 0.05 was set as a significant enrichment criterion.
RESULTS

High FAT1 mRNA Expression Level in
OSCC Correlates With Poor Prognosis
Because of the controversial roles of FAT1 reported in different
malignancies also in HNSC, we first evaluated in TCGA database
to figure out its expression pattern. Data from HNSC samples (n =
502) revealed a significantly higher expression level of FAT1 in
comparison with the adjacent normal tissues (n = 44; P < 0.0001).
According to the Kaplan–Meier survival analysis, the survival rate
was dramatically lower in FAT1 high expression group patients (P =
0.003). The results between OSCC samples (n = 330, the main
subtype of HNSC) and adjacent normal tissues (n = 32) showed the
same trend. Furthermore, FAT1 exhibited moderate classification
ability between the tumor tissues and normal tissues lesion types
with an AUC = 0.78 in HNSC and an AUC = 0.804 in OSCC
(Figures 1A, B). Together, these results provided important insights
into the potential capacity of FAT1 as a biomarker. Then, we
analyzed further data from more than one region derived from the
GEO database. Also, FAT1 was upregulated in tumor samples from
two independent tumor and non-tumor pair-wise data sources
(GSE6631 with HNSCs and GSE37991 with OSCCs; P < 0.0001, P <
0.001) and another set with 167 OSCCs and 45 normal oral tissues
(GSE30784; P < 0.0001). Through the GEO cohort (GSE10300 with
HNSC) with clinical data (recurrence-free survival), we could see
that a higher expression of FAT1 based on the median was
associated with a poor overall survival (P = 0.042 in RFS,
Figure 1C). We also validated the FAT1 expression level with
RNAs extracted from OSCC tissues and their matched normal
tissues by quantitative real-time PCR (Figure 1D). Consistently,
they showed statistically higher expression levels of FAT1 (P <
0.0001). Taken together, our findings demonstrated that a high
FAT1 expression occurred in HNSC and OSCC, which was
associated with poor patient survival and may play an oncogenic
role in OSCC.

High FAT1 Protein Expression Level in
OSCC Associated With Adverse
Clinicopathological Features
To study the clinical significance and protein expression level of
FAT1 in OSCC, we next examined 122 tissues by IHC.
The expression levels of FAT1 were evaluated independently at
the tumor center and the invasion front, which was defined as the
tumoral advancing edge. FAT1 gave a positive staining in
62.6% (67/107) tumor front samples, 55.1% (65/118) tumor
center samples, and 0.3% (3/116) normal tissues. FAT1 was
detected mainly in the cytoplasm of squamous carcinoma cell
Frontiers in Oncology | www.frontiersin.org 5
(weak staining in the region of squamous pearl formation), and
normal oral mucosa specimens displayed positivity mainly in
sporadic cells of basal layers. The proportion of FAT1-positive
tumor front and tumor center samples was significantly higher
than that in non-cancerous samples (P < 0.0001). Kaplan–Meier
survival analysis demonstrated that a high expression of FAT1
indicated a poor prognosis of OSCC, but the differences did not
reach statistical significance (P = 0.33 in tumor center, P = 0.51 in
tumor front; Figure 2A). The FAT1 expression of tumor front
was significantly or nearly related with age (P = 0.0379),
metastasis (P = 0.0063), tumor bunding (P = 0.0168), and
perineural invasion (P = 0.0535) while the FAT1 expression of
tumor center was significantly or nearly related with age (P =
0.0114) and differentiation (P = 0.0203) and metastasis (P =
0.0532). Statistical significance was not found in gender, tumor
stage, depth of invasion (DOI), or extranodal extension (ENE)
(Table 2). What emerged from the IHC results here was that
FAT1 exhibited a high expression localized in the cytoplasm and
was associated with the adverse clinicopathological features in
OSCC. In addition, protein expression levels of FAT1 were
determined in a cohort of 109 head and neck tumors and 70
normal head and neck tissue samples in the CPTAC database,
consistently, which was upregulated in HNSC tissues (P <
0.0001). Moreover, we observed the FAT1 expression
presenting an elevated trend in progressing tumor stages but
not significantly. Interestingly, the FAT1 expression significantly
increased in stage IV compared with that in low disease stages
(P < 0.05). The results between OSCC samples (including lips
and oral cavity, n = 53, a main subtype of HNSC) and adjacent
normal tissues (n = 25) showed the same trend. The FAT1
expression increased in stage III and stage IV with a trend that
approached statistical significance with P = 0.069 and P = 0.053.
Likewise, we attempted AUC analysis at the protein level, also
confirming a prominence in its diagnostic value (AUC = 0.79 in
HNSC and AUC = 0.829 in OSCC) (Figures 2B, C). The protein
expression level of FAT1 in 8 paired OSCC tissues was further
verified via Western blotting (P < 0.001; Figure 2D).

Analysis of FAT1 Mutations in Combined
With TCGA HNSC and OSCC Tissues
Mutations of oncogenes or tumor-suppressor genes often result
in deregulation of the expression of these genes themselves, such
as TP53. For illustrative purposes, bioinformatics analysis of the
FAT1 mutational profile in TCGA HNSC cohort (n = 508) were
performed, and the results generated that the most mutated
driver genes in HNSC included TP53, TTN, FAT1, CDKN2A,
and MUC16 (Figure 3A). The 22% (114/508) alterations of
FAT1 in HNSC were investigated, and most of those were
missense or nonsense mutation, frameshift, or splice site,
occurring mostly in the cadherin domains (Figure 3B). We
evaluated the effect of altered FAT1 mutants and demonstrated
that compared to the FAT1 wild-type group, the FAT1 mutant
group conferred a significantly lower FAT1 expression level but
not a specific survival correlation (P < 0.0001; Figure 3C). The
results between wild-type samples (n = 235) and FAT1 mutant
samples (n = 86) showed the same trend in OSCC (Figure 3D).
May 2022 | Volume 12 | Article 870055
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Then, the next section of the survey was concerned with FAT1
mutation in OSCC tissues. Simultaneously, based on the
COSMIC mutation database, no hotspot region was observed
for FAT1 mutations in HNSC, so we selected 4 most frequent
mutation sites (404, 614, 1,662, 3,554) detected in multiple
cancers, which may have implications for protein function, to
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be validated by Sanger sequencing (Figures 3E, F). However, we
inspected a high FAT1 mutation ratio in OSCC tissues but also in
matched adjacent normal tissues and leukocyte DNA of normal
individuals (Table 3). What is more, no significant association
was detected between the candidate variants and FAT1
expression level in OSCC tissues (P > 0.05), but we could
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FIGURE 1 | The FAT1 mRNA level is upregulated in HNSC and OSCC, and a higher FAT1 expression level is associated with shorter overall survival. (A) FAT1 mRNA
expression status between normal tissues and tumor tissues in HNSC from TCGA (boxplot and violin plot); Kaplan–Meier survival curve of overall survival time in HNSC
from TCGA; areas under the curve (AUCs) of the ability to discriminate normal tissues and tumor tissues by the FAT1 mRNA level in HNSC from TCGA. (B) FAT1
mRNA expression status between normal tissues and tumor tissues in OSCC from TCGA (boxplot and violin plot); Kaplan–Meier survival curve of overall survival time in
OSCC from TCGA; areas under the curve (AUCs) of the ability to discriminate normal tissues and tumor tissues by FAT1 mRNA level in OSCC from TCGA. OSCC is
the main subtype of HNSC (including the sites of mouth, cheek mucosa, tongue, hard plate, lip, and gum). (C) FAT1 mRNA expression status in paired tumor and non-
tumor pair-wise data sources (GSE6631 and GSE37991) and another GSE30784 set (boxplot). Kaplan–Meier survival curve of recurrence-free survival time in HNSC
from GSE10300. (D) FAT1 mRNA expression status in clinical samples (boxplot). ***P < 0.001; ****P < 0.0001.
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FIGURE 2 | FAT1 protein levels are upregulated in HNSC and OSCC tissues. (A) Left: Representative immunohistochemical staining images of normal and tumor
tissues (magnification at ×100, ×200, ×400). FAT1 localization appears as brown staining in the cytoplasm. Right: histogram of the proportion of the FAT4 staining
levels among the tumor front, tumor center, and adjacent normal samples and Kaplan–Meier survival analysis of patients with high and low levels of FAT1 protein
expression by immunohistochemical staining levels. A high FAT1 expression exhibited poor survival but not significantly (P > 0.05). (B) FAT1 protein expression
status between normal tissues and tumor tissues in HNSC from CPTAC (boxplot); FAT1 protein expression status among high stage and stage I tumor tissues in
HNSC from CPTAC (boxplot); areas under the curve (AUCs) of the ability to discriminate normal tissues and tumor tissues by the FAT1 protein level in HNSC from
CPTAC. (C) FAT1 protein expression status between normal tissues and tumor tissues in OSCC from CPTAC (boxplot); FAT1 protein expression status among high
stage and stage I tumor tissues in OSCC from CPTAC (boxplot); areas under the curve (AUCs) of the ability to discriminate normal tissues and tumor tissues by the
FAT1 protein level in OSCC from CPTAC. (D) FAT1 protein expression status in clinical samples (bar plot). ***P < 0.001; ****P < 0.0001.
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observe a decreasing FAT1 level trend in the FAT1 404, 614, and
1,662 mutated group (Figure 3G). Our results of mutation failed
to identify the association between candidate sites and FAT1
expression level. They may be four SNP loci.

Downregulation of FAT1 Suppresses
Proliferation, Stemness and Cell Cycle,
and Promoted Cell Apoptosis in
OSCC Cells
To explore potential FAT1 functions in OSCC, we conducted a
loss-of-function study using two small interfering RNAs to
knock down FAT1 in the HN6 and HN30 cell lines in vitro.
Compared with the negative control siRNA group, RT-qPCR
and Western blots determined the downregulated FAT1
expression in both mRNA and protein levels in the two-siRNA
group (siFAT1-1 and siFAT1-2) (Figures 4A, B). First, we
applied CCK-8 and colony formation assays to evaluate the
functional effects of FAT1 alterations on cell growth. The
results revealed that cell proliferation was suppressed after
FAT1 silencing in both cell lines (Figures 4C, D). Meanwhile,
the downregulation of FAT1 promoted OSCC cell apoptosis,
including early apoptosis and late apoptosis (Figure 4E), and an
Frontiers in Oncology | www.frontiersin.org 8
increase in proportion in the G0/G1 phase accompanied by a
decrease in proportion in the S phase was observed, hindering
G1/S progression (Figure 4F). Due to the observation of the
trend of significant inhibition of growth, we hypothesize that
FAT1 expression contributes to the maintenance of OSCC CSCs.
With tumorsphere assay, the self-renewal capability of HN30
was found to be suppressed after the knockdown of FAT1
(Figure 4G) while HN6 itself lacked the sphere-forming
ability. Taken together, these results demonstrated that FAT1
may act as a tumor suppressor in OSCC.

FAT1 Increases Cell Migration In Vitro
We next examined whether FAT1 could impact the migration of
OSCC cells. Taking advantage of the transwell assay, the results
showed that FAT1 knockdown decreased the migrated cell
numbers (Figure 5A). The results of the wound-healing assay
displayed that, 18 h after scratching, the blank areas in the
negative control were wider than in the interfering group and
after 32 h, the negative control cells almost healed, while there
were wide areas in the interfering group (Figure 5B). Thus, we
validated that knockdown of FAT1 prevented OSCC
cell migration.
TABLE 2 | Expression levels of FAT1 in OSCC samples with different clinical and pathological characteristics.

Characteristics Tumor center Tumor front

Cases FAT1+ FAT1- P value cases FAT1+ FAT1- P value

Tumor 118 65 53 <0.0001 107 67 40 <0.0001
Normal 116 3 113 **** 116 3 113 ****
Gender 117 106
Female 37 20 17 0.8245 32 20 12 0.9209
Male 80 45 35 74 47 27
Age 117 106
Less than 55 53 35 18 0.0379 44 34 10 0.0114
55 and up 64 30 34 * 62 33 29 *
Tumor stage 116 105
T1 16 7 9 0.7127 17 9 8 0.1758
T2 34 18 16 31 16 15
T3 21 12 9 17 11 6
T4 45 27 18 40 30 10
Differentiation 117 106
Poorly 11 9 2 0.1914 11 10 1 0.0203
Moderately 70 36 34 64 34 30 *
Highly 36 20 16 31 23 8
Metastasis 117 106
Yes 76 35 41 0.0063 71 40 31 0.0532
No 41 30 11 ** 35 27 8
Depth of invasion 100 90
above median 50 30 20 0.4214 44 30 14 0.124
less than median 50 25 25 46 23 23
Extranodal extension 96 86
Negative 78 41 37 0.2106 71 42 29 0.8025
Positive 18 13 5 15 10 5
Perineural invasion 102 92
Negative 63 30 33 0.0535 57 30 27 0.1173
Positive 39 27 12 35 25 10
Tumor budding 102 92
Negative 78 38 40 0.0168 72 40 32 0.1898
Positive 24 19 5 * 20 15 5
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FIGURE 3 | FAT1 exhibits high genetic alterations in HNSC and FAT1 mutation status and the affection of the FAT1 expression. (A) FAT1 was a highly mutated gene
(22%) in HNSC. (B) Frequency of FAT1 mutation sites in HNSC. (C) FAT1 mRNA expression status between FAT1 wild-type and FAT1 mutation tumor tissues in HNSC
from TCGA (boxplot and violin plot); Kaplan–Meier survival curve of OS time between in HNSC FAT1 wild-type and FAT1 mutation tumor tissues from TCGA. (D) FAT1
mRNA expression status between FAT1 wild-type and FAT1 mutation tumor tissues in OSCC from TCGA (boxplot and violin plot); Kaplan–Meier survival curve of OS time
between in OSCC FAT1 wild-type and FAT1 mutation tumor tissues from TCGA. (E) Four chosen sites of the FAT1 from all types of cancers in COSMIC online. (F)
Representative image of Sanger confirmation of four variant sites. (G) Relative FAT1 mRNA expression status between FAT1 wild-type and FAT1 variants tumor tissues in
clinical samples according to four variants sites (boxplot). ns, P > 0.05; ****P < 0.0001.
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FIGURE 4 | Downregulation of FAT1 impairs OSCC proliferation, cell cycle, and stemness, and promoted cell apoptosis. FAT1 knockdown by siFAT1-1 and
siFAT1-2 in both HN6 and HN30 was confirmed by qPCR (A) and Western blot (B). FAT1 knockdown by siFAT1-1 and siFAT1-2 inhibited HN6 and HN30 cell
proliferation via CCK8 analysis (C) and clone formation (D), facilitated cell both early and late apoptosis (E), promoted cell cycle arrest (F), and suppressed the
tumorsphere formation of HN30 (G). *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; ns, not significant.
TABLE 3 | FAT1 mutation status among OSCC tissues, matched adjacent normal tissues, and leukocyte DNA of normal individuals.

Sample Case FAT1-404 FAT1-614 FAT1-1662 FAT1-3554

UCSC ACT(-) GAA(-) GTT(-) AGA(-)
Mutant CCT(-) CAA(-) GCT(-) AGC(-)
Mutant(aa) S404R F614L N1662S S3554A

A/A A/C C/C G/G G/C C/C T/T T/C C/C A/A A/C C/C
Tumor 58 32 24 2 10 32 16 18 29 11 10 22 25
Adjacent normal 58 31 25 2 10 32 16 18 31 8 10 23 25
Healthy control 26 17 7 2 7 14 5 5 16 5 2 9 16
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RNA Sequencing Indicates That FAT1
Plays an Important Role in Cell
Proliferation and Activated Pathways
To delineate transcriptomic changes after suppression of FAT1
in OSCC oncogenesis, RNA sequencing was performed after
FAT1 knockdown (siFAT1-1 and siFAT1-2) compared to the
control group (NC) in two OSCC cells; the raw data have been
Frontiers in Oncology | www.frontiersin.org 11
deposited in the NCBI gene expression omnibus (GEO) under
accession no. GSE196138 (https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE196138). After bioinformatic analysis,
volcano plots were used to assess the variation in gene
expression (Figure 6A). Totally, 472 differentially expressed
genes were confirmed, comprising 289 upregulated and 183
downregulated using the thresholds P < 0.05 and abs (log2 fold
A

B

FIGURE 5 | Downregulation of FAT1 impairs migration ability of OSCC. Knockdown by siFAT1-1 and siFAT1-2 inhibited HN6 and HN30 cells migration via transwell
chambers without Matrigel (A) and wound healing migration assays (B). **P < 0.01; ***P < 0.001; ****P < 0.0001.
May 2022 | Volume 12 | Article 870055

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE196138
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE196138
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Lan et al. Oncogenic Role of FAT1 in OSCC
change)> 1 via Limma-voom methods. The heat map consisted
of DEGs revealed tight clustering, separating the FAT1 KD group
and the normal control group in both two cell lines into two
distinct clusters (Figure 6B). We then performed gene-set
enrichment analysis in an order of decreasing log2 fold change
as a ranked gene list of all genes. Consistent with our
observations in vitro, GO analysis reflected that the affected
genes by FAT1 knockdown were involved most significantly in
cell death, survival, and proliferation. We showed 5 most
significantly enriched terms (according to q values or NES)
from the cellular component (CC), biological process (BP), and
molecular function (MF; Figure 6C). Kyoto Encyclopedia of
Genes and Genomes analysis revealed that in addition to the
signaling pathways associated with cell growth similar to the
above, FAT1 KD suppressed the TNF, NF-kappa B, and IL-17
signaling pathway (Figure 6D). Moreover, we conducted a GSEA
analysis using the hallmark gene set from the Molecular
Signatures Database (mSigDB, http://software.broadinstitute.
org/gsea/index.jsp) and observed that E2F targets, G2M
checkpoint, TNFA signaling up NFKB, DNA repair, mitotic
spindle, IL6 JAK STAT3 signaling, IL2 STAT5 signaling, and
MYC targets V1 were negatively correlated with FAT1 expression
(Figure 6E), corroborating our above findings. To validate the
RNA-seq data, 13 DEGs, including 8 genes (MCM2, MCM5,
CCNE1, CD83, SPC24, MYBL2, KIF2C, SUV39H1) involved in
E2F targets, G2M checkpoint, TNFA signaling up NFKB, IL2
STAT5 signaling, and MYC targets V1 as core enrichment and
other 5 randomly selected genes (UHRF1, PERP, TPM4, GANAB,
EMC6),were determined viaqRT-PCRanalysis. The change trends
were consistent with those detected via transcriptome sequencing
(Figure 6F). PPI network constriction was serviced to visualize
DEG protein–protein interactions. The different sizes of the nodes
represented the degree of the node in the PPI network. In the
network,we visualized themwithdifferent sizesof thenodes and the
label represents the degree of the node of the top 30 genes which
contain at least 19 nodes with related interaction genes. Blue nodes
mean downregulation level while red nodes represent upregulation
level (Figure 7A). Similarly, the enriched terms in the Gene
Ontology were mainly related to the cell cycle and replication
(Figure 7B). We focused on six hub DEGs with more than 19
nodes also involved in the pathway signalingmentioned above and
determined via qRT-PCR analysis. The expression of MCM2,
MCM5, CCNE1 SPC24, MYBL2, and KIF2C was significantly
upregulated in OSCC samples (Figure 7C). These results
implicated FAT1 as a factor mediating the growth characteristics
of OSCC cells.
DISCUSSION

Oral squamous cell carcinoma is a major subset of head and neck
squamous cell carcinoma, which is one of the most common
malignant tumors globally with a high rate of genetic
heterogeneity, resulting in loss-of-function mutations in tumor-
suppressor genes and activation of oncogenes (29, 30). The studies
from Morris et al. showed that the recurrent somatic mutation of
Frontiers in Oncology | www.frontiersin.org 12
FAT1 was detected in several cancer types and FAT1 mutation
could result in promotion of WNT signaling in GBM pointing
FAT1 to act as a tumor suppressor. There were 6 heterozygous
mutations in head and neck squamous cell carcinoma (4 of 60;
6.7%), but they did not evaluate the function in OSCC cells (8).
Nakaya et al. reported that FAT1was homozygously deleted in 80%
of primary oral cancer cases and FAT1 mRNA expression was
repressed because of homozygous deletion and/or promoter CpG
hypermethylation (31, 32). Non-synonymous FAT1 mutations
have been linked to better prognosis in HPV-negative HNSC
patients (33). Lin et al. reported that FAT1 mRNA and protein
expression was downregulated or absent compared with that in
normal oral mucosal epithelial cells in HNSC cell lines (SCC25,
OECM1, FaDu, HSC3, SAS, and OC3) (18). However, research
results fromHsu et al. demonstrated that FAT1 could promote the
process of the tumor (22). Hence, in the present research, we first
checked the expression levels of FAT1 comprehensively. Both the
data from clinical specimens and the data from the public database
(TCGA, GEO, and CPTAC) indicated that the expression of FAT1
was upregulated in HNSC and OSCC in both mRNA and protein
levels and a high FAT1 expression level correlated with poor
prognosis. In the IHC assay, we observed an upregulation of
FAT1 in tumor tissues, but the survival difference did not reach
statistical significance. The positive FAT1 staining which resulted
for these parameters was associated with age, differentiation,
metastasis, and tumor budding, indicating that FAT1 has
potential for clinical pathologic diagnosis. Through AUC, both
FAT1 mRNA and protein levels performed well in distinguishing
tumor and normal tissues (AUC= 0.78). These results indicate that
FAT1 is closely related with the neoplasia and development of
HNSC and OSCC.

To advance the understanding of HNSC, the CPTAC program,
which has been publicly available in 2020, has performed a
comprehensive integrated proteogenomic characterization of a
109 human papilloma virus (HPV)-negative HNSC cohort (34).
FAT1 is one of the most frequently mutated genes in this cohort, in
which truncating mutations account for >70% of all FAT1
mutations, in sharp contrast to other cancer types. However,
none of the previous studies, which have linked FAT1 mutations
to the WNT and HIPPO pathways, were supported by this cohort
(8, 19). Instead, an investigation of the mutually exclusive
relationship between FAT1 truncating mutations and 11q13.3
amplifications revealed their functional convergence on
dysregulated actin dynamics, underlying poor prognosis of
tumors with these genetic aberrations (35). We also explored
FAT1 protein expression levels in this cohort. FAT1 was
expressed remarkably high in tumor tissues compared to normal
tissues and in stage IV compared to stage I tumor tissues in the
whole cohort (P < 0.01). Focusing on OSCCs (53/109), FAT1
protein expression was upregulated remarkably and increased in
stage III and stage IV with a trend that approached statistical
significance with P = 0.069 and P = 0.053. The FAT1 protein level
also performed well in distinguishing tumor and normal tissues in
HNSC and OSCC (AUC = 0.79 and 0.829).

Lin et al. performed multiplex polymerase chain reaction-
based next-generation sequencing to indicate that approximately
May 2022 | Volume 12 | Article 870055
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FIGURE 6 | Results of the RNA sequencing analysis and validation of DEGs. (A) Volcano plots of the data from RNA-seq analysis by the Limma-voom R package,
presenting the differences between NC and FAT1-KD groups and plotting the log2(fold change) versus the –log10(adjusted P-value). 472 differentially expressed
genes (DEGs) were confirmed, comprising 289 upregulated (red dots) and 183 downregulated (blue dots) using the thresholds P<0.05 and abs (log2 fold change)> 1. (B)
Heat map of the DEGs. (C) Suppressed enriched GO terms (BP, CC, and MF). (D) Suppressed enriched KEGG terms. (E) Gene set enrichment analysis (GSEA) plots of the
major enriched hallmark pathway. (F) Validation of DEGs of RNA-seq results through quantitative PCR. *P < 0.05; **P < 0.01.
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29% of HNSC patients harbored damaging non-synonymous
FAT1 mutations, which could be prognostic indicators (18).
Martin et al. conducted a pan-cancer analysis and recognized
only FAT1 to be significantly mutated (19). Moreover, in a
recent newly genomic analysis, FAT1 has also been identified
(an early-onset OTSCC cohort, which was diagnosed before the
age of 50 years, and a novel buccal mucosal cancer cell line
“GBC035” derived from non-tobacco users) (36, 37). We
explored FAT1 mutation status in TCGA HNSC and OSCC
and demonstrated that FAT1 mutation did correlate with
reduced mRNA levels but not survival outcomes in both
HPV+ and HPV- patients. For 404, 614, 1,662, and 3,554, the
four FAT1 hot mutation sites in all types of cancers in the
COSMIC database, we observed a high mutation ratio in clinical
OSCC tissues but also in matched adjacent normal tissues and
leukocyte DNA of normal individuals.
Frontiers in Oncology | www.frontiersin.org 14
Next, knocking down the FAT1 expression showed that
downregulated FAT1 could inhibit tumor formation and
progression by inhibiting cell proliferation, stemness, and cell
cycle and promoting the apoptosis. Furthermore, the ability of
migration was suppressed by FAT1 silencing. The analysis of RNA-
seq constructed by FAT1 knockdown (siFAT1-1 and siFAT1-2)
compared to the control group supported FAT1 as a factor
mediating the growth characteristics of OSCC cells through DNA
repair, cell cycle, DNA repair, and other signaling pathways, which
were pivotal mechanisms influencing cell proliferation, cycle,
apoptosis, and migration. GSEA analyses reflect processes or
pathways affected by FAT1 downregulation, e.g., those related to
cellular proliferation (E2F targets, G2M checkpoint, TNFA
signaling up NFKB, mitotic spindle, IL6 JAK STAT3 signaling,
IL2 STAT5 signaling, and MYC targets) and the DNA damage
responses. We further focused on six of the most important DEGs
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FIGURE 7 | Results of the RNA sequencing analysis and validation of DEGs. (A) Protein–protein interactive network of DEGs with nodes >19 and their related
proteins. The different sizes of the nodes represented the degree of the node specific in the PPI network. Blue nodes mean downregulation level while red nodes
represent upregulation level. (B) Enriched GO terms of DEGs (BP, CC, and MF). (C) MCM2, MCM5, CCNE1 SPC24, MYBL2, and KIF2C mRNA expression status
between normal tissues and tumor tissues in OSCC from TCGA (boxplot and violin plot). ****P < 0.0001.
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(MCM2, MCM5, CCNE1 SPC24, MYBL2, KIF2C), which were
involved in the above pathway that may exert a regulatory function
in OSCC with a significant upregulation expression level in TCGA
as well as the hub genes in the PPI network with DEGs. Their
downregulation with FAT1 silencing was proved by qPCR. As a
result, additional focus on the molecular mechanism of the six hub
genes in OSCC is warranted. However, it still lacked experimental
exploration of assumed FAT1-related genes to validate our
speculations. The study of Lin et al. disagreed with ours, and we
carefully attributed this to the genetic heterogeneity that reflected
the complicated constitution of different HNSC cells (18).
Otherwise, our findings of FAT1, partly corroborated by data of
HSC-3 and SAS of Hsu et al., showed two human squamous
carcinomas of the tongue cells which exhibited high lymph node
metastasis potential and poor differentiation status (38). Hsu et al.
found that FAT1 played a role in the regulation of oral
carcinogenesis and cisplatin resistance through deregulation of the
LRP5/WNT2/GSS signaling axis (22). Therefore, our current study
provided a reason for FAT1 to jump out of its classic role as a tumor
suppressor by featuring its oncogenic properties mainly via cellular
proliferation and repair.
CONCLUSIONS

In summary, we illuminated that FAT1 was upregulated in
OSCC and correlated with a poor survival and disease
progression. No relationship was observed between the
variants of these loci (404, 614, 1,662, and 3,554) and
tumorigenesis or FAT1 expression. We found that FAT1 could
promote OSCC cell proliferation, cell cycle, and migration and
inhibit cell apoptosis in an in vitro experiment. RNA-seq analysis
of FAT1 silencing revealed that the cell cycle, DNA replication,
and some core genes (MCM2, MCM5, CCNE1 SPC24, MYBL2,
KIF2C) may be the potential mechanisms in OSCC, which was
consistent with the in vitro phenotype experiments. Therefore,
these findings provided new insight into the role of FAT1 as an
oncogene and its more potential mechanisms.
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