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Abstract: Background: Fibroblast activation protein (FAP), a cell surface serine protease, plays roles in tumor invasion
and immune regulation. However, there is currently no pan-cancer analysis of FAP. Objective: We aimed to assess the
pan-cancer expression profile of FAP, its molecular function, and its potential role in head and neck squamous cell
carcinoma (HNSC). Methods: We analyzed gene expression, survival status, immune infiltration, and molecular
functional pathways of FAP in The Cancer Genome Atlas (TCGA) and Genotype Tissue Expression (GTEx) tumors.
Furthermore, to elucidate the role of FAP in HNSC, we performed proliferation, migration, and invasion assays post-
FAP overexpression or knock-down. Results: FAP expression was elevated in nine tumor types and was associated
with poor survival in eight of them. In the context of immune infiltration, FAP expression negatively correlated with
CD8+ T-cell infiltration in five tumor types and positively with regulatory T-cell infiltration in four tumor types. Our
enrichment analysis highlighted FAP’s involvement in the PI3K-Akt signaling pathway. In HNSC cells, FAP
overexpression activated the PI3K-Akt pathway, promoting tumor proliferation, migration, and invasion. Conversely,

FAP knockdown showed inhibitory effects. Conclusion: Our study unveils the association of FAP with poor tumor

prognosis across multiple cancers and highlights its potential as a therapeutic target in HNSC.

Introduction

Cancer represents a major public health concern worldwide,
with its intricate etiology stemming from various genetic
and environmental factors. Given the complexity of
tumorigenesis and tumor microenvironment, pan-cancer
analysis of any potentially oncogenic gene is necessary.
Tumorigenesis is influenced by many factors, including
oncogene activation, immune escape, and abnormal
signaling pathway activation [1,2]. It is worth noting that
most well-known oncogenes are abnormally expressed and
play an essential role in many types of tumors [3].
Therefore, pan-carcinoma analysis is more effective in
scientifically assessing a crucial oncogene in tumor
progression. The clinicopathological data in common
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databases (TCGA and GTEx) are available, and it is
essential to use them to evaluate the potential oncogene.
FAP is a type II transmembrane serine protease, almost
exclusively expressed in pathological conditions such as
fibrosis, arthritis, and cancer, which was first identified in
cultured fibroblasts by Wolfgang Rettig in 1986 and
described as a cell surface antigen. In 1990, FAP was proved
to be a cell surface serine protease and could be shed from
the plasma membrane forming a soluble FAP [4,5]. The
expression of FAP is upregulated in more than 90% of
epithelial malignant tumor cells but not in normal tissues of
adults [6]. Evidence suggests that FAP is involved in cancer
development through its enzymatic or non-enzymatic
activity [7]. The substrates of FAP protein mainly are type I
and type III collagen [8]. The non-enzymatic function of
FAP was found in a breast cancer study, transfection with
catalytically inactive FAP in breast cancer cell lines
enhanced cell proliferation, migration, and invasion abilities,
suggesting that the non-enzymatic activity of FAP also was
involved in tumor progression [9]. Recent studies highlight
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that the overexpression of FAP in the stomach, colorectal, and
breast cancer was associated with tumor growth and
metastasis [10-12]. Whether FAP plays the same role in
other tumors is worth further investigating. Therefore, we
performed a pan-cancer analysis and verified the potential
carcinogenic effects of FAP in HNSC.

Our study first uses the common databases for a pan-
carcinomatological analysis of FAP, including gene expression,
survival status, immune infiltration, and FAP-related molecular
functions. In addition, we focused on analyzing the clinical
significance of FAP in HNSC patients and its effects on the
proliferation, migration, and invasion of HNSC cells.

Materials and Methods

Gene expression analysis and survival prognosis analysis

The data on FAP gene expression was obtained from the Gene
Expression Profiling Interactive Analysis (GEPIA) web to get
the expression difference between the TCGA cancer types and
their corresponding normal tissues [13]. Additionally, we
accessed the FAP expression of different pathological stages
in TCGA tumors via the GEPIA2 web.

Subsequently, using the The University of ALabama at
Birmingham CANcer data analysis Portal (UALCAN) web
to validate the differential expression of FAP protein
between tumor and paired normal tissues [14].

The GEPIA2 was also used to analyze the correlation
between Overall survival (OS) and expression of FAP from
all TCGA tumors. Based on the TCGA database, the
receiver operator characteristic curve (ROC) was used to
calculate the predictive efficacy of FAP expression for the
overall survival of HNSC patients.

Immune infiltration analysis of FAP

The TIMER2 website explored the association between FAP
expression and immune infiltrates in 33 cancer types [15]. The
CD8+ T cells and T regulatory cells were selected. Estimating
the Proportion of Immune and Cancer cells (EPIC, Based on
gene expression data, the proportion of immune cells and
tumor cells present in the tumor sample is inferred),
Microenvironment Cell Populations counter (MCPcounter/
MCPCOUNTER, Estimating the population abundance of
tissue-infiltrating immune and stromal cell populations using
gene expression), quantification of the Tumor Immune
contexture from human RNA-seq data (quanTIseq/
QUANTISEQ, Based on human RNA-seq data, the proportion
of ten different immune cell types present in the sample and
the proportion of other uncharacterized cells were quantified
by deconvolution), CIBERSORT (A deconvolution algorithm
was used to estimate the composition and abundance of
immune cells in the mixed cells based on transcriptome data),
and XCELL (The expression characteristics of immune cells
were enriched and analyzed, and converted into scores of
corresponding cell types) were used to analyze immune
infiltration. Most algorithms determined the final correlation
between FAP expression and immune infiltrates with a
significant correlation (p < 0.05).
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FAP-related gene enrichment analysis
This study first used the STRING website to analyze the
interactional proteins of FAP in the organism of “Homo
sapiens” [16]. The network diagram showed the relationship
between FAP and its interacted proteins.

Subsequently, the top 100 FAP co-expressed upregulated
and down-regulated genes based on TCGA datasets of 33
cancer types were collected for enrichment analysis. This
study combined FAP co-expressed and FAP-interacted
genes to perform KEGG pathway analysis via the Database
for Annotation, Visualization and Integrated Discovery
(DAVID) website [17,18]. Bubble diagrams of KEGG
pathways were generated using R software, with thresholds
set at ‘gene count greater than or equal to five’.

Cell lines, cell culture conditions, and transfection

The Human oral keratinocytes (HOK) and HNSC cell lines
SCC9, SCC15, HN4, SCC25, and CAL27 were provided by
the CCTCC. All these cells were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM) (Biological Industries,
Kibbutz Beit Haymaker, Israel) with 4500 mg/L glucose
containing 10% heat-inactivated FBS (Biological Industries,
Kibbutz Beit Haymaker, Israel), 100 ug/ml streptomycin
(NCM Biotech, Suzhou, China) and 100 U/ml penicillin
(NCM Biotech, Suzhou, China), cultured in a cell incubator
(Reward Life Technology, Shenzhen, China) containing 5%
carbon dioxide at 37°C. The overexpression and RNAi
plasmid was constructed according to the reference
sequence of FAP (NM_001291807.3) in the National Center
for Biotechnology Information (NCBI) database. The
overexpression plasmid was established on the vector of
GV272. The RNAi plasmid was shown on the vector of
GV248. Transient transfection was completed by
Lipofectamine 3000 (Invitrogen, California, USA).

RNA extraction and real-time PCR analysis

Cells or tissues were lysed using TRIzol reagent (Bioss, Beijing,
China) and the lysate was transferred to centrifuge tubes
(Corning, New York, USA). Then, trichloromethane and
isopropanol (Bioss, Beijing, China) were used to separate
and purify the extracts. Finally, the precipitated RNA was
washed with absolute ethanol. cDNA was synthesized using
the HiScript II QRT SuperMix for qPCR reagent Kit
(Vazyme, Nanjing, China). All qPCR reactions were
performed using ChamQ Universal SYBR qPCR Master Mix
(Vazyme, Nanjing, China). The amplified ¢cDNA was
produced with reaction conditions of 95°C, 30 s; 95°C, 10 s;
60°C, 30 s; a total of 40 cycles—the quantified and
normalized results using GAPDH as a control. The primer
sequence of the FAP gene was 5-GAAAGACGGGGGAC
TGACTT-3' (Forward) and 5-GCTGCAAGGACCAT
ACA-3" (Reverse). The source and use of the samples
involved in this assay have been approved by the Ethics
Committee of Xiangya Stomatology Hospital of Central
South University (20200092). All samples collection and
processing were carried out respecting the Declaration of
Helsinki. All patients signed informed consent prior to
tumor tissues collection treatment.
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FIGURE 1. Expression level of FAP in different tumors. (a) The expression status of the FAP gene in different cancers was analyzed through
GEPIA. (b) Expression level of FAP gene in different pathological stages of BLCA, COAD, ESCA, KICH, KIRC, KIRP, OV, and TGCT were
analyzed. (c) Based on the CPTAC dataset, the expression level of FAP total protein between normal tissue and tumor tissue of COAD, KIRC,

LUAD, and breast cancer were analyzed. ***p < 0.001.

Protein extraction and western blot analysis

When the cell density reached 85%-95%, 120 pL of cell lysis
buffer (Bioss, Beijing, China) containing protease inhibitor
was added. Protein samples (30 ug) were resolved on 6% or
8% polyacrylamide gels (Vazyme, Nanjing, China) and
transferred to 0.45 pum Polyvinylidene Fluoride (PVDF)
membranes (Bitai Biotechnology, Shanghai, China) by
electroblotting. The membranes were blocked with 4%

bovine serum albumin (Vazyme, Nanjing, China) for 12 h
at 4°C temperature and incubated with primary antibodies.
The primary antibodies used in this western blot assay
were Anti-FAP (Abcam, Cambridge, UK, 1:1000), Anti-
PI3K (Abcam, Cambridge, UK, 1:1000), Anti-p-PI3K
(Abcam, Cambridge, UK, 1:1000), Anti-Aktl+Akt2+Akt3
(Abcam, Cambridge, UK, 1:1000), Anti-p-Aktl+Akt2
+Akt3 (Abcam, Cambridge, UK, 1:1000), and GAPDH



1.0 FAP 1.00 4 FAP
Low Low
— High — High|
£ sl £ 075
£y el
g g
® o
& a
T T 0.50 1
> 2
s 0.6 g
@ @
Overall Survivi 0.25 4 Overall Survival >
HR = 3.58 (1.60 -|8.01) HR = 1.38 (1.03 - 1.86)
04 p=0.002 p=0.031 L
T T T T T T T T T T T
0 1000 2000 3000 4000 0 1000 2000 3000 4000 5000
Time (days) Time (days)
10 FAP 1.0 FAP
Low qu
0.9 — High| 0.94 — High
2 2
E 08 E 0.8 4
s °
So7 02
§ 06 % 06
0.5 4 Overall Survival Overall Survival
HR =1.38 (1.03 - 1. 0.51HR =242(1.29- 4.
Pp=0.033 1 1 p =0.006
0.4+ T T T T T T T T T T T
0 1000 2000 3000 4000 0 1000 2000 3000 4000 5000 6000
Time (days) Time (days)

RUIFANG LI et al.

1.04 FAP 1.00 FAP
Low Low
— High| — High|
2 2 0.75 4
§ 0.84 3
8 8
[ 2
a 4. 0.50 4
g g
s 0.6 4 s
> > —+
(2] @ 0.254
Overall Survival Overall Survival '
0.4 JHR=164(1.03- 2.64) HR = 1.50 (1.15- 1.97)
1 p=0.039 0.00 »=0.003
T T T T T T T T
0 2000 4000 6000 0 2000 4000 6000
Time (days) Time (days)
1.00 FAP 1.0 -lx FAP
- Low % Low
— High| — High
20754 2 08+
] 3
Q Q
s s
a Q. 0.6 4
= 0.50 4 =
g g
”n - 9N 04
025 9 overall Survival Overall Surviva
HR =1.81(1.28 - 2.56) HR =1.50 (1.08 - R.
< =0.0,
p <0.001 024 P 16
T T T T T T T T
[} 2000 4000 6000 0 1000 2000 3000
Time (days) Time (days)

FIGURE 2. Relationships between FAP gene expression and overall survival prognosis of cancers in TCGA.

(Bioss, Beijing, China, 1:1000). After overnight culture, the
primary antibody was washed three times with Ttris
Buffered saline with Tween-20 (TBST, Vazyme, Nanjing,
China, 1x) for 10 min each time, and then the secondary
antibodies labeled with HRP (Bioss, Beijing, China;
1:10,000) were added and cultured for 1 h at room
temperature.

Cell proliferation analysis

After successful transfection of FAP overexpressing or knock-
down plasmid (Jikai Gene, Shanghai, China), tumor cells were
cultured in 96-well plates with 1000 cells per well and 100 uL
complete medium per well. Cell Counting Kit-8 (Dojindo,
Shanghai, China) was used to detect the optical density
value of each well of the culture plate at each time point.
Each detection was performed with 100 pL premixed
solution (90 uL complete medium and 10 puL CCK-8
reagent). The growth velocity of tumor cells was seen by a
Microplate Reader System (Tanon, Minnesota, USA) with 0,
12, 24, 48, 72, and 96 h.

Wound-healing assay

The experimental procedure refers to our previous research
[19]. Tumor cells were evenly spread on 6-well plates
(Corning, New York, USA) and cultured until confluent.
After starvation treatment with serum-free DMEM medium
for six hour, cells were scraped with a 10 pL pipetting tip
(time 0), washed with PBS, and incubated with serum-free
DMEM. Five non-overlapping field photos were randomly
taken at 24 h.

Transwell migration and invasion assay

Transwell chambers (Corning, New York, USA), each with a
pore size of 0.8 pum, were added to 24-well plates, and the
upper surface of the bottom of the chamber was coated with

Matrigel (Becton, Dickinson and Company, New York,
USA) gum for cell invasion assay. After tumor cells were
routinely digested and counted, they were prepared into
single-cell suspension with serum-free DMEM and the
concentration was adjusted to 1 x 105/mL. 300 pL single-
cell suspension was placed above the Transwell chamber
and 700 puL DMEM medium containing 20% serum was
placed below Transwell chamber. After 24 h, cells passing
through the bottom of the chamber were fixed with
paraformaldehyde (Vazyme, Nanjing, China), stained with
crystal violet (Vazyme, Nanjing, China), and counted.

Statistical analysis

All statistical analyses were performed using SPSS 22.0
software unless otherwise stated. Kaplan-Meier analysis was
used to evaluate survival outcomes of patients with differing
FAP expression levels, with significance tested using the log-
rank test. Paired sample t-test was employed to compare the
means of two related groups. Univariate and multivariate
Cox regression analyses were performed to investigate the
association between FAP  expression and various
clinicopathological factors of HNSC patients in the TCGA
database. The hazard ratio (HR) with a 95% confidence
interval (CI) was measured to estimate the hazard risk of
individual factors. A nomogram, a graphical representation
of the prediction model, was constructed using the R
language to evaluate the prognostic significance of FAP
expression. A p-value less than 0.05 was considered
statistically significant. All p-values reported were two-tailed.

Results
The gene expression and survival analysis of FAP

We investigated the differential expression of FAP in various
tumor types and its correlation with survival. FAP was
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upregulated in several cancer types such as Bladder urothelial
carcinoma (BLCA), Breast invasive carcinoma (BRCA), and
Colon adenocarcinoma (COAD), Lymphoid neoplasm
diffuse large B-cell lymphoma (DLBC), Esophageal
carcinoma (ESCA), HNSC, Kidney renal clear cell
carcinoma (KIRC), Pancreatio adenocarcinoma (PAAD),
and Stomach adenocarcinoma (STAD) compared to match
normal tissues (Fig. 1la). However, in Uterine corpus
endometrial carcinoma (UCEC) and Uterine
carcinosarcoma (UCS), FAP expression was reduced
(Fig. 1a). The pathological stages of specific tumor types,

including BLCA, COAD, ESCA, Kidney chromophobe
(KICH), KIRC, Kidney papillary cell carcinoma (KIRP),
Ovarian serous cystadenocarcinoma (OV), and STAD,
correlated significantly with FAP expression (Fig. 1b). We
verified FAP protein expression in select cancers through
the UALCAN platform, observing elevated levels in tumors
like COAD, KIRC, Lung adenocarcinoma (LUAD), and
Breast cancer (Fig. 1c).

Increased FAP expression was associated with poor
prognosis in cancers such as Adrenocortical carcinoma
(ACC), BLCA, Cervical squamous cell carcinoma and
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FIGURE 3. Different algorithms were used to explore the correlation analysis between FAP expression and immune infiltration. (a) Potential
correlation between the expression level of FAP gene and the infiltration level of T CD8+ T cells from all types of cancer in TCGA. (b) The
correlation between the expression level of the FAP gene and the infiltration level of regulatory T cells from TCGA cancers.

endocervical adenocarcinoma (CESC), HNSC, KIRC, KIRP,
Brain Lower Grade Glioma (LGG), and STAD (Fig. 2).

Immune infiltration analysis of FAP

Given the pivotal role of immune infiltration in tumorigenesis
[20], we examined the relationship between FAP expression
and immune cell infiltration. High FAP expression
negatively correlated with CD8+ T cell infiltration in tumors
including BRCA, CESC, HNSC, and SKCM (Fig. 3a) but

positively correlated with regulatory T cells in cancers such
as LIHC, PCPG, PRAD, and THCA (Fig. 3b).

FAP may involve the PI3K-Akt signaling pathway in HNSC
Utilizing the STRING tool, we identified 50 FAP-binding
proteins (Fig. 4a). GEPIA2 web further revealed the top 20
FAP co-expressed genes (Fig. 4b). Enrichment analysis
indicated FAP’s significant involvement in the PI3K-Akt
signaling pathway (Fig. 4c).
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Relationship between FAP expression, clinicopathological
factors and survival prognosis in HNSC patients

We evaluated FAP expression in 40 HNSC pairs, observing an
upregulation in HNSC tissues (Fig. 5a). Subsequent analyses
from TCGA revealed FAP expression, among other factors,
as an independent prognostic indicator for HNSC patients
(Figs. 5b and 5c). We developed a prognostic nomogram

incorporating these factors to forecast patient survival
(Fig. 5d), achieving an ROC value of 0.888 (Fig. 5e¢).

FAP mediated the PI3K-Akt signaling pathway in HNSC

Comparing HNSC cell lines with normal oral epithelial
cells, both FAP gene and protein levels were higher in
HNSC cells (Figs. 6a and 6b). Furthermore, FAP
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FIGURE 5. Overexpression of FAP was associated with poorer
prognosis in HNSC patients. (a) The expression of FAP mRNA in
40 pairs of HNSC tissues and adjacent normal tissues. (b)
Univariate analysis of FAP expression and also clinicopathological
factors in TCGA patients with HNSC. (c) Multifactorial analysis of
FAP expression and clinicopathological factors in TCGA patients
with HNSC. (d) Nomogram for prognostic prediction. (e) The
ROC curve of the nomogram predicting survival prognosis.

overexpression upregulated PI3K-Akt pathway-related
proteins in select cell lines, underscoring FAP’s role in this
signaling pathway (Fig. 6¢).
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FIGURE 6. FAP mediated the PI3K-Akt signal pathway in HNSC
cells. (a) The expression of FAP mRNA in HOK cell line and
HNSCs cell lines (SCC15, CAL27, SCC9, HN4, and SCC25). (b)
Western blotting was used to detect the expression of FAP protein
in HOK and HNSC cells. (c) Western blot analysis of the expression
of FAP and PI3K-Akt-related molecules with FAP overexpression
or knock-down in HNSC cells. ***p < 0.001.

FAP knock-down inhibited the proliferation, migration and
invasion of HNSC cells
Reducing FAP expression in HN4 cells resulted in an
approximate 75% decrease in its mRNA levels (Fig. 7a),
accompanied by reduced cell proliferation, migration, and
invasion (Figs. 7b-7d).

FAP overexpression accelerated the proliferation, migration
and invasion of HNSC cells

Elevating FAP expression in CAL27 cells led to a more than 200-
fold mRNA increase (Fig. 8a). Such overexpression enhanced cell
proliferation, migration, and invasion (Figs. 8b-8d).
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FIGURE 7. FAP overexpression promote the proliferation, migration and invasion of HNSC cells. (a) The results of real-time PCR showing
FAP mRNA expression in HN4 cell after transfection of FAP knock-down vector for 48 h (***p < 0.001). (b) FAP knockdown in HN4 cells
inhibited the the proliferative ability of tumor cells (**p < 0.01). (c) FAP knockdown in HN4 cells inhibited the migration and invasion of
tumor cells (**p < 0.001). (d) FAP knockdown in HN4 cells inhibited the migration of tumor cells (***p < 0.001).

Discussion

It has been reported that the simple concept of FAP as an
extracellular matrix degradation machine is no longer
sufficient [21-23]. Oncogenes often have high expression
and pro-cancer function in many types of tumors. Whether

FAP could promote tumor progression through some
specific molecular mechanisms remains to be further
explored. According to the existing literature review, we
could not find any literature on a pan-cancer analysis of
FAP from a whole-tumor perspective. Thus, we analyzed
the relationship between FAP expression and tumor
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FIGURE 8. FAP knock-down inhibite the proliferation, migration and invasion of HNSC cells. (a) The expression of FAP mRNA in CAL27
cell after transfection of overexpression vector of FAP for 48 h (***p < 0.001). (b) Overexpression of FAP in CAL27 cells facilitated the
proliferation were detected in tumor cells. (**p < 0.01). (c) Overexpression of FAP in CAL27 cells promoted the migration and invasion of
tumor cells (**p < 0.001). (d) Overexpression of FAP in CAL27 cells facilitated the migration of tumor cells (***p < 0.001).

staging, immune infiltration, and biological function of 33
tumors.

In this study, we found FAP was highly expressed in nine
tumors in common databases, and overexpression of FAP was
related to poor OS for ACC, BLCA, CESC, HNSC, KIRC,
KIRP, LGG, and STAD. Recent studies suggest that

FAP-targeted therapy can inhibit the proliferation of
pancreatic tumor cells [24,25]. In gastric cancer,
glioblastoma, and ovarian cancer, overexpression FAP is
correlated with poor survival prognosis [26-28]. This study
showed that FAP did not associate with the clinical
prognosis of SKCM in TCGA database. Although the
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earliest survey of FAP came from melanoma, the expression
and function of FAP in tumor progression remain unclear
[29]. Furthermore, we analyzed the relationship between
FAP expression and immune infiltration in all types of
cancer. We found that FAP expression was negatively
correlated with CD8+ T cell infiltration in BRCA, CESC,
HNSC, and SKCM, positively correlated with regulatory T
cells in LIHC, PCPG, PRAD, and THCA, which suggested
that FAP may contribute to the inhibitory immune
microenvironment in these cancers. The effects of FAP on
immune infiltration began to be analyzed in recent years.
Feig et al. [30] found that FAP could reduce tumor growth
via CD4+/CD8+ T cell activity in PDAC. Yang et al. [31]
also found that FAP+ cancer-associated fibroblasts (CAF)
inhibited the differentiation of IFNy+ CD8+ T cells
compared with FAP-CAF cells. Our findings first presented
the positive correlation between FAP expression and the
immune infiltration level of regulatory T cells in LIHC,
PCPG, PRAD, and THCA.

Finally, to clarify the molecular role of FAP in cancer
progression, this study first integrated the information on
FAP-binding and FAP co-expressed genes across all tumors
for a series of enrichment analyses and identified the
potential carcinogenic mechanism of FAP. We found that
FAP may promote tumor progression via the “PI3K-Akt”
signal pathway. We further verified these bioinformatics
results in HNSC. We found that FAP was one of the
independent predictors of survival prognosis in HNSC
patients and could promote proliferation, migration, and
invasion of HNSC cells via the PI3K-Akt pathway. Wen
et al. [22] also found that pancreatic stellate cells with FAP
overexpression could promote the migration and invasion of
pancreatic cancer via Akt phosphorylation. In addition, Jia
et al. [32] found that FAP could promote the proliferation
and migration of lung cancer cells via the PI3K-Akt signal
pathway. In oral submucosal fibrosis (OSF), FAP promotes
the proliferation, migration, and activation of oral
fibroblasts via the PI3K-Akt signaling pathway [33]. There
are some limitations in our study. The carcinogenic
mechanism of FAP has not been validated in multiple
TCGA tumors and has not been further confirmed in vivo.

Taken together, our first designed a pan-cancer analysis
of FAP with clinical prognosis, immune cell infiltration,
genetic mutation, and molecular function in 33 types of
cancer. Then, we demonstrated that FAP might contribute
to tumor progression of HNSC through the PI3K-Akt
signaling pathway, which provided the reference for
understanding the role of FAP in tumor progression and its
value in targeted therapy.

Acknowledgement: Thanks for the technical guidance
provided by Xiangya School of Stomatology, Central South
University, Hunan.

Funding Statement: This study was supported in part by
grants from the National Natural Science Foundation of
China (No. 82170972).

Author
draft;

Contributions:
Data curation;

Ruifang Li: Writing-original
Methodology. Xinrong Nan:

Investigation; Supervision; Formal analysis; Software. Ming
Li: Supervision; Data curation; Methodology; Writing-review
& editing. Omar Rahhal: Writing-review & editing.

Availability of Data and Materials: The datasets used and/or
analyzed during the current study are available from the
corresponding author on reasonable request.

Ethics Approval: The source and use of the samples involved
in this assay have been approved by the Ethics Committee of
Xiangya Stomatology Hospital of Central South University
(20200092). All samples collection and processing were
carried out respecting the Declaration of Helsinki. All
patients signed informed consent prior to tumor tissues
collection treatment.

Conflicts of Interest: The authors declare that they have no
conflicts of interest to report regarding the present study.

References

1. Chatterjee, A., Rodger, E. J., Eccles, M. R. (2018). Epigenetic
drivers of tumourigenesis and cancer metastasis. Seminars in
Cancer Biology, 51, 149-159. https://doi.org/10.1016/j.semcancer.
2017.08.004

2. Chicco, D. (2022). Gene expression from GEO: An R package to
facilitate data reading from gene expression omnibus (GEO).
Methods in Molecular Biology, 2401, 187-194. https://doi.org/
10.1007/978-1-0716-1839-4_12

3. Huang, R., Zhou, P. K. (2021). DNA damage repair: Historical
perspectives, mechanistic pathways and clinical translation for
targeted cancer therapy. Signal Transduction and Targeted
Therapy, 6(1), 254. https://doi.org/10.1038/s41392-021-00648-7

4. Aoyama, A., Chen, W. T. (1990). A 170-kDa membrane-bound
protease is associated with the expression of invasiveness by
human malignant melanoma cells. Proceedings of the National
Academy of Sciences of the United States of America, 87(21),
8296-8300. https://doi.org/10.1073/pnas.87.21.8296

5. Santos, A. M., Jung, J., Aziz, N, Kissil, J. L., Puré, E. (2009).
Targeting fibroblast activation protein inhibits tumor
stromagenesis and growth in mice. The Journal of Clinical
Investigation, 119(12), 3613-3625. https://doi.org/10.1172/
JCI38988

6. Xin, L., Gao, J., Zheng, Z., Chen, Y., Lv, S. et al. (2021). Fibroblast
activation protein-a as a target in the bench-to-bedside diagnosis
and treatment of tumors: A narrative review. Frontiers in
Oncology, 19(11), 648187. https://doi.org/10.3389/fonc.2021.
648187

7. Busek, P., Mateu, R., Zubal, M., Kotackova, L., Sedo, A. (2018).
Targeting fibroblast activation protein in cancer-Prospects and
caveats. Frontiers in Bioscience, 23(10), 1933-1968. https://doi.
org/10.2741/4682

8. Aertgeerts, K., Levin, L, Shi, L., Snell, G. P., Tennant, M. G. et al.
(2005). Structural and kinetic analysis of the substrate specificity
of human fibroblast activation protein alpha. The Journal of
Biological Chemistry, 280(20), 19441-19444. https://doi.org/10.
1074/ibc.C500092200

9. Huang, Y., Simms, A. E., Mazur, A.,, Wang, S., Leén, N. R. et al.
(2011). Fibroblast activation protein-a promotes tumor growth
and invasion of breast cancer cells through non-enzymatic
functions. Clinical & Experimental Metastasis, 28(6), 567-579.
https://doi.org/10.1007/s10585-011-9392-x



https://doi.org/10.1016/j.semcancer.2017.08.004
https://doi.org/10.1016/j.semcancer.2017.08.004
https://doi.org/10.1007/978-1-0716-1839-4_12
https://doi.org/10.1007/978-1-0716-1839-4_12
https://doi.org/10.1038/s41392-021-00648-7
https://doi.org/10.1073/pnas.87.21.8296
https://doi.org/10.1172/JCI38988
https://doi.org/10.1172/JCI38988
https://doi.org/10.3389/fonc.2021.648187
https://doi.org/10.3389/fonc.2021.648187
https://doi.org/10.2741/4682
https://doi.org/10.2741/4682
https://doi.org/10.1074/jbc.C500092200
https://doi.org/10.1074/jbc.C500092200
https://doi.org/10.1007/s10585-011-9392-x

12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Liu, J., Huang, C., Peng, C, Xu, F,, Li, Y. et al. (2018). Stromal
fibroblast activation protein alpha promotes gastric cancer
progression via epithelial-mesenchymal transition through
Wnt/B-catenin pathway. BMC Cancer, 18(1), 1099. https://doi.
org/10.1186/s12885-018-5035-9

Cao, F., Wang, S., Wang, H.,, Tang, W. (2018). Fibroblast
activation protein-a in tumor cells promotes colorectal cancer
angiogenesis via the Akt and ERK signaling pathways.
Molecular Medicine Reports, 17(2), 2593-2599. https://doi.org/
10.3892/mmr.2017.8155

Huang, M., Fu, M., Wang, J.,, Xia, C., Zhang, H. et al. (2021).
TGF-pBl-activated cancer-associated fibroblasts promote breast
cancer invasion, metastasis and epithelial-mesenchymal
transition by autophagy or overexpression of FAP-a.
Biochemical Pharmacology, 188, 114527. https://doi.org/10.
1016/j.bcp.2021.114527

Tang, Z., Kang, B, Li, C,, Chen, T., Zhang, Z. (2019). GEPIA2:
An enhanced web server for large-scale expression profiling
and interactive analysis. Nucleic Acids Research, 47(W1),
W556-W560. https://doi.org/10.1093/nar/gkz430

Chandrashekar, D. S., Bashel, B., Balasubramanya, S. A. H,
Creighton, C. J., Ponce-Rodriguez, I. et al. (2017). UALCAN: A
portal for facilitating tumor subgroup gene expression and
survival analyses. Neoplasia, 19(8), 649-658. https://doi.org/10.
1016/j.ne0.2017.05.002

Li, T., Fu, J., Zeng, Z., Cohen, D., Li, J. et al. (2020). TIMER2.0 for
analysis of tumor-infiltrating immune cells. Nucleic Acids
Research, 48(W1), W509-W514. https://doi.org/10.1093/nar/
gkaa407

von Mering, C., Huynen, M., Jaeggi, D., Schmidt, S., Bork, P. et al.
(2003). STRING: A database of predicted functional associations
between proteins. Nucleic Acids Research, 31(1), 258-261. https://
doi.org/10.1093/nar/gkg034

Huang, D. W., Sherman, B. T., Tan, Q., Kir, J., Liu, D. et al.
(2007). DAVID bioinformatics resources: Expanded annotation
database and novel algorithms to better extract biology from
large gene lists. Nucleic acids research, 35(suppl_2), W169-
W175. https://doi.org/10.1093/nar/gkm415

Cui, X, Zhang, X,, Liu, M., Zhao, C., Zhang, N. et al. (2020). A
pan-cancer analysis of the oncogenic role of staphylococcal
nuclease domain-containing protein 1 (SND1) in human
tumors. Genomics, 112(6), 3958-3967. https://doi.org/10.1016/j.

ygeno.2020.06.044

Li, M., Yuan, Z., Tang, Z. (2024). ADAMTSI2, a novel
prognostic predictor, promotes cell proliferation, migration,
and invasion in head and neck squamous cell carcinoma. Oral
Diseases, 30(2), 235-246. https://doi.org/10.1111/0di.14403

Fridman, W. H., Galon, J., Dieu-Nosjean, M. C., Cremer, I,
Fisson, S. et al. (2011). Immune infiltration in human cancer:
Prognostic significance and disease control. Current Topics in
Microbiology and Immunology, 344, 1-24. https://doi.org/10.
1007/82_2010_46

Fitzgerald, A. A., Weiner, L. M. (2020). The role of fibroblast
activation protein in health and malignancy. Cancer
Metastasis Reviews, 39(3), 783-803. https://doi.org/10.1007/
$10555-020-09909-3

Wen, Z, Liu, Q., Wu, J., Xu, B., Wang, J. et al. (2019). Fibroblast
activation protein a-positive pancreatic stellate cells promote the

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

RUIFANG LI et al.

migration and invasion of pancreatic cancer by CXCL1-mediated
Akt phosphorylation. Annals of Translational Medicine, 7(19),
532. https://doi.org/10.21037/atm.2019.09.164

Liew, D. P., R6hrich, M., Loi, L., Adeberg, S., Syed, M. et al. (2022).
FAP-specific signalling is an independent diagnostic approach in
ACC and not a surrogate marker of MRI sequences. Cancers,
14, 4253. https://doi.org/10.3390/cancers14174253

Liu, Y., Sun, Y., Wang, P, Li, S,, Dong, Y. et al. (2023). FAP-
targeted CAR-T suppresses MDSCs recruitment to improve the
antitumor efficacy of claudinl8.2-targeted CAR-T against
pancreatic cancer. Journal of Translational Medicine, 21(1),
255. https://doi.org/10.1186/s12967-023-04080-z

Kawase, T., Yasui, Y., Nishina, S., Hara, Y., Yanatori, I. et al.
(2015). Fibroblast activation protein-a-expressing fibroblasts
promote the progression of pancreatic ductal adenocarcinoma.
15, 109. https://doi.org/10.1186/

BMC  Gastroenterology,
$12876-015-0340-0

Hu, M., Qian, C., Hu, Z., Fei, B., Zhou, H. (2017). Biomarkers in
tumor microenvironment? Upregulation of fibroblast activation
protein-a correlates with gastric cancer progression and poor
prognosis. Omics, 21, 38-44. https://doi.org/10.1089/0mi.2016.
0159

Busek, P., Balaziova, E., Matrasova, L., Hilser, M., Tomas, R. et al.
(2016). Fibroblast activation protein alpha is expressed by
transformed and stromal cells and is associated with
mesenchymal features in glioblastoma. Tumour Biology, 37,
13961-13971. https://doi.org/10.1007/s13277-016-5274-9

Wu, Q., He, X, Liu, ], Ou, C, Li, Y. et al. (2023). Integrative
evaluation and experimental validation of the immune-
modulating potential of dysregulated extracellular matrix genes
in high-grade serous ovarian cancer prognosis. Cancer Cell
International, 23, 223. https://doi.org/10.1186/s12935-023-03061-y
Dend], K., Koerber, S. A., Watabe, T., Haberkorn, U., Giesel, F. L.
(2023). Current status of fibroblast activation protein imaging in
gynecologic malignancy and breast cancer. PET Clinics, 18, 345-
351. https://doi.org/10.1016/j.cpet.2023.03.005

Feig, C., Jones, ]. O., Kraman, M., Wells, R. J., Deonarine, A.
et al. (2013). Targeting CXCL12 from FAP-expressing
carcinoma-associated fibroblasts synergizes with anti-PD-L1
immunotherapy in pancreatic cancer. Proceedings of the
National Academy of Sciences of the United States of America,
110, 20212-20217. https://doi.org/10.1073/pnas.1320318110
Yang, X,, Lin, Y., Shi, Y., Li, B,, Liu, W. et al. (2016). FAP
promotes immunosuppression by cancer-associated fibroblasts
in the tumor microenvironment via STAT3-CCL2 signaling.
Cancer Research, 76, 4124-4135. https://doi.org/10.1158/
0008-5472.CAN-15-2973

Jia, J., Martin, T. A., Ye, L., Meng, L., Xia, N. et al. (2018).
Fibroblast activation protein-a promotes the growth and
migration of lung cancer cells via the PI3K and sonic hedgehog
pathways. International Journal of Molecular Medicine, 41,
275-283. https://doi.org/10.3892/ijmm.2017.3224

Li, M., Deng, Z., Xie, C., Chen, J., Yuan, Z. et al. (2023).
Fibroblast activating protein promotes the proliferation,
migration, and activation of fibroblasts in oral submucous
fibrosis. Oral Diseases. https://doi.org/10.1111/0di.14602



https://doi.org/10.1186/s12885-018-5035-9
https://doi.org/10.1186/s12885-018-5035-9
https://doi.org/10.3892/mmr.2017.8155
https://doi.org/10.3892/mmr.2017.8155
https://doi.org/10.1016/j.bcp.2021.114527
https://doi.org/10.1016/j.bcp.2021.114527
https://doi.org/10.1093/nar/gkz430
https://doi.org/10.1016/j.neo.2017.05.002
https://doi.org/10.1016/j.neo.2017.05.002
https://doi.org/10.1093/nar/gkaa407
https://doi.org/10.1093/nar/gkaa407
https://doi.org/10.1093/nar/gkg034
https://doi.org/10.1093/nar/gkg034
https://doi.org/10.1093/nar/gkm415
https://doi.org/10.1016/j.ygeno.2020.06.044
https://doi.org/10.1016/j.ygeno.2020.06.044
https://doi.org/10.1111/odi.14403
https://doi.org/10.1007/82_2010_46
https://doi.org/10.1007/82_2010_46
https://doi.org/10.1007/s10555-020-09909-3
https://doi.org/10.1007/s10555-020-09909-3
https://doi.org/10.21037/atm.2019.09.164
https://doi.org/10.3390/cancers14174253
https://doi.org/10.1186/s12967-023-04080-z
https://doi.org/10.1186/s12876-015-0340-0
https://doi.org/10.1186/s12876-015-0340-0
https://doi.org/10.1089/omi.2016.0159
https://doi.org/10.1089/omi.2016.0159
https://doi.org/10.1007/s13277-016-5274-9
https://doi.org/10.1186/s12935-023-03061-y
https://doi.org/10.1016/j.cpet.2023.03.005
https://doi.org/10.1073/pnas.1320318110
https://doi.org/10.1158/0008-5472.CAN-15-2973
https://doi.org/10.1158/0008-5472.CAN-15-2973
https://doi.org/10.3892/ijmm.2017.3224
https://doi.org/10.1111/odi.14602

	Fibroblast activation protein (FAP) as a prognostic biomarker in multiple tumors and its therapeutic potential in head and neck squamous cell carcinoma

	Introduction
	Materials and Methods
	Results
	Discussion
	References


