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Purpose: This study aimed to investigate the biological roles of fibronectin 1 (FN1) in head and neck squamous cell carcinoma
(HNSCC) and its effects on macrophage M2 polarization.
Methods:We analyzed FN1 expression pattern and examined its clinical relevance in HNSCC progression by bioinformatic analysis.
Small interfering RNA (siRNA) was utilized to silence FN1 in HNSCC cells. Cell counting kit-8 (CCK-8) assay, colony formation
assay, Transwell assay and wound healing assay were performed to reveal the effect of FN1 on malignant behaviors of HNSCC cells.
Moreover, a co-culture model of macrophages and HNSCC cells was established to investigate whether FN1 induce macrophage M2
polarization. Finally, we used bioinformatic methods to explore the possible FN1-related pathways in HNSCC.
Results: FN1 is significantly overexpressed in HNSCC patients and has been obviously correlated with higher pathological stage and
poor prognosis. Downregulation of FN1 suppressed the proliferation, migration and invasion of HNSCC cells, and inhibited
macrophage M2 polarization in vitro. In addition, “PI3K-Akt” and “MAPK” signaling pathways may be involved in the malignant
process of FN1 in HNSCC.
Conclusion: The overexpression of FN1 promotes HNSCC progression and induces macrophages M2 polarization. FN1 may serve as
a promising prognostic biomarker and therapeutic target in HNSCC.
Keywords: fibronectin 1, head and neck squamous cell carcinoma, prognosis, macrophages, tumorigenesis

Introduction
As the sixth most commonly occurred cancer all over the world, head and neck squamous cell carcinoma (HNSCC) is
responsible for around half a million deaths annually, and remains to be a major health issue globally.1 In the United
States, HNSCC accounts for approximately 4% of all cancers.2 Classical risk factors of HNSCC are smoking and
excessive alcohol consumption, causing at least 75% cases.3 Despite substantial improvements have been made in
screening, diagnosis and multidisciplinary therapy of HNSCC over the past few decades, approximately 50% of patients
still die of this disease.4 The molecular mechanism underlying the pathogenesis of HNSCC is not well explicated so far.
Aberrantly expressed genes in HNSCC may participate in tumorigenesis and cancer progression and lead to unfavorable
outcomes.5 In this context, exploration of novel biomarkers for the precise diagnosis and personalized treatment of
HNSCC is urgently needed.
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Fibronectin 1 (FN1) is one crucial member of the extracellular matrix glycoprotein family and has been found to be
widely expressed by a variety of cell types. It mediates the interaction between cells and the extracellular matrix, and is
irreplaceable in a number of developmental contexts like cell adhesion, migration, growth and differentiation.6,7

Recently, FN1 is increasingly attracting attention for its association between tumor progression and potential value as
a therapeutic target in cancer immunotherapy.8,9 Glasner et al10 demonstrated that natural killer cells increased FN1 to
alter tumor architecture and control metastasis, and proposed FN1 may help develop NK cell-dependent cancer therapies.
Extensive studies have also been widely published in recent years, showing that FN1 is abnormally expressed in multiple
cancers and contributes to tumor occurrence.11–15 Nevertheless, the biologic link between FN1 and HNSCC has not been
well recognized so far. The clinical significance of FN1 in HNSCC remains undetermined. There is, therefore, an
imperative need to systematically assess this important topic.

Developed from monocytes, macrophages could be divided into two different subgroups: the M1-type which exhibits
pro-inflammatory functions, and the M2-type which suppresses the immune response.16 Macrophages recruited to the
tumor tissue are known as tumor-associated macrophages (TAM). TAM can produce immunosuppressive molecules such
as interleukin (IL) −10 and TGF-β (transforming growth factor-β, TGF-β) to block antitumor immunity, induce immune
tolerance and thus favor an immunosuppressive tumor microenvironment (TME).17 It has been considered that TAMs are
crucial for tumor progression and therapeutic effect,18,19 and is also an important determinant of inferior prognosis in
HNSCC patients.20,21 However, very little is known about the essential role of FN1 in mediating M2-like macrophage
polarization in HNSCC. In this study, we examined the expression pattern and the molecular function of FN1 in HNSCC,
and provided evidence that FN1 promoted HNSCC cell proliferation, migration, invasion, and macrophages M2
polarization in vitro. Moreover, the potential underlying pathophysiologic mechanism was investigated.

Materials and Methods
Gene Expression Analysis
The mRNA expression levels of FN1 in diverse human tumors were first compared with their matched normal tissues via
Tumor Immune Estimation Source 2.0 (TIMER2.0).22 The full names of the cancer genome atlas (TCGA) tumor
abbreviations were supplied in Supplementary Table S1. We also extracted FN1 expression data from Oncomine
database, a major cancer microarray repository and web-based data-mining platform,23 to systematically assess the
abundance of FN1 based on diverse malignant tumor types. We explore the FN1 expression and analyze the association
between FN1 and the clinicopathological parameters of HNSCC by level 3 RNA-sequencing data of HNSCC retrieved
from TCGA. We also selected 5 datasets (GSE13397, GSE25099, GSE74530, GSE142083 and GSE65858) from the
Gene expression omnibus (GEO) database24 to verify FN1 expression in HNSCC. Differences in FN1 expression and
distribution at the protein level were evaluated in the Human Protein Atlas (HPA) database25 utilizing immunohisto-
chemistry staining data of two patients (IDs: 1130 and 623). The FN1 antibodies used for immunohistochemistry were
from Agilent (CAB000126).

Diagnosis and Survival Prognosis Analysis
To gauge the diagnostic value of FN1 in HNSCC, TCGA-HNSCC dataset was used to conduct receiver operating
characteristic (ROC) curve analysis. The effect of FN1 mRNA expression on survival in HNSCC was assessed using
TCGA data and GSE65858 dataset. Overall survival (OS) was employed as the end point. The median was set up as a
cut-off value to split patients into high FN1 (upper 50%) and low FN1 expression (lower 50%) groups. The hazard ratio
(HRs), 95% confidence intervals (CIs) and log-rank P-values were calculated. Ultimately, independent prognostic factors
were identified by univariate and multivariate Cox regression analyses.

Cell Lines and Culture Conditions
Human acute monocytic leukemia cell-line THP-1 was purchased from the Cell Bank/Stem Cell Bank, Chinese Academy
of Sciences (Shanghai, China). PCI-37B, which is a well-characterized HNSCC cell line derived from the metastatic
lymph node of an oral squamous cell carcinoma (OSCC) patient, was a kind gift donated by the University of Pittsburgh

https://doi.org/10.2147/IJGM.S364708

DovePress

International Journal of General Medicine 2022:155028

Zhou et al Dovepress

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com/get_supplementary_file.php?f=364708.pdf
https://www.dovepress.com
https://www.dovepress.com


Cancer Institute (Pittsburgh, PA, USA).26 THP-1 monocytes were cultured in Roswell Park Memorial Institute medium
(RPMI-1640), complemented with additional 0.05mM β-mercaptoethanol (Gibco, Carlsbad, CA, USA). PCI-37B cell
was maintained in Dulbecco’s modified Eagle’s medium (DMEM). All the cells were incubated in a humidified
atmosphere with 5% CO2 at 37°C, supplemented with 10% fetal bovine serum (FBS), 100 U/mL penicillin and 100
µg/mL streptomycin (Gibco, CA, USA). The medium was changed three times a week, and cells passaged when 80%
confluence was reached.

Cell Transfection
Three pairs of small interfering RNAs (siRNAs) and negative control siRNA (si-NC) purchased from Ribobio
(Guangzhou, China) were transiently transfected to silence human FN1. The sequences were listed in Supplementary
Table S2. According to the manufacturer’s instructions, HNSCC cells were seeded the day before transfection. siRNA
duplexes were diluted into serum-free media Opti-MEM® (Gibco, Carlsbad, CA, USA). Then, transfection reagent
INTERFERin® (Polyplus, SA, France) was added into the siRNA solution and incubated for 10 min at room temperature
after vortex-mixed. Finally, INTERFERin®-siRNA complexes were added in a fresh complete medium to incubate cells
at 37°Cfor 24 h. The knockdown efficiency of different siRNAs was tested using a quantitative real-time PCR assay.

RNA Extraction and Quantitative Real-Time PCR
Quantitative real-time PCR (qRT-PCR) was carried out to evaluate the mRNA expression levels of FN1 and macrophage-
related genes. Total RNA was extracted from cultured cells and reversely transcribed into cDNA using TRIzol Reagent
(TaKaRa, Kyoto, Japan) and PrimeScript RT reagent Kit (TaKaRa, Kyoto, Japan) according to the protocols recom-
mended by the manufacturer. Subsequently, one-fifth of the cDNA was used as a template for qRT-PCR using a TB
Green® Premix Ex Taq™ II reagent Kit (TaKaRa, Kyoto, Japan) via an ABI QuantStudio3 Real-Time PCR System
(Applied Biosystems, Foster City, CA). The relative gene expression was calculated using the 2−ΔΔCT method.
Housekeeping gene GAPDH was used as internal standard control. The primer sequences designed by Sangon Biotech
(Shanghai, China) are presented in Table 1.

Cell Counting Kit-8 (CCK-8) Assay
Transfected cells were plated into 96-well plates at a density of 5000 cells per well in 100 µL medium. After culturing for
24, 48 72 and 96 h, the supernatant was replaced with 100 µL fresh medium containing 10 µL CCK-8 solution
(Beyotime, Shanghai, China). The cells were incubated at 37°Cin the dark for an additional h. Subsequently, the optical
density (OD) value of each well at wavelength 450 nm was measured by a microplate reader (Tecan infinite M200). Each
group had five wells, and the experiment was repeated three times.

Colony Formation Assay
The transfected cells were plated into 6-well dishes at a density of 1000 cells/well and cultured for successive 14 days at
37°C. The culture medium was replaced every 5 days. Colonies were then fixed with cold 4% paraformaldehyde (PFA,
Sigma-Aldrich, St. Louis, USA) for 15 min, stained with 0.1% crystal violet for 10 min (Sigma-Aldrich, St. Louis, USA)
and washed with PBS. The number of colonies within the area of each well was calculated.

Table 1 Primers Used for qRT-PCR

Gene Forward (5’-3’) Reverse (5’-3’)

GAPDH ATCCCATCACCATCTTCC GAGTCCTTCCACGATACCA

FN1 AGAGGCATAAGGTTCGGGAAGAGG CGAGTCATCCGTAGGTTGGTTCAAG

CD206 GACGTGGCTGTGGATAAATAAC CAGAAGACGCATGTAAAGCTAC
CD163 CCTTGGGGTTGTTCTGTTGG CATGGGAATTTTCTGCAAGCC

TGF-β1 CAAGTGGACATCAACGGGTTC GCCATGAGAAGCAGGAAAGG

Abbreviations: GAPDH, glyceraldehyde 3- phosphate dehydrogenase; FN1, fibronectin 1; TGF-β1, tumor growth factor β1.
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Transwell Cell Migration and Invasion Assay
Transwell assay was conducted to evaluate the tumor cells migration and invasion. HNSCC cells were cultured with
200μL fresh serum-free DMEM medium in the upper compartment of a 24-well Transwell chamber (8-um pore diameter;
Corning, NY, USA) at a density of 4 × 105 cells/mL. Matrigel matrix was diluted to 200μg/mL and applied to the top side
of Transwell chamber in cell invasion assays, whereas in cell migration assays, the filter was not coated. Meanwhile,
800μL fresh DMEM medium containing 20% FBS was added to the lower chamber. After 24 h (48 h for invasion assay),
the migrated and invaded cells were washed with PBS, fixed with 4% PFA for 30 min and stained with 10% crystal violet
for 20 min at room temperature. The cells on the upper surface of the membrane were carefully wiped off by a cotton
swab. The cells of each membrane were then photographed by Nikon Eclipse Ts2R inverted fluorescence microscope
(Nikon, Tokyo, Japan) and counted in 3 random fields to quantify cell movement.

Would Healing Assays
HNSCC cells (1×106/well) were plated in 6-well plates and grown to 80–90% confluence. Then, the monolayer of cells
was scraped with a standard 200μL sterile micropipette tip to create a denuded gap of constant width. The cells were
subsequently washed with PBS and then exposed to a serum-free medium for 12 h and 24 h. At the end of the exposure,
the migrated gap was photographed under an inverted fluorescence microscope (Nikon, Tokyo, Japan). The wound
healing rate was measured using Adobe Photoshop (Adobe, San Jose, USA).

The wound healing rate ¼
initial width � width at 12h or 24h

initial width
� 100%

Immune Infiltration Analysis
We first analyse the correlation of FN1 expression with overall immune infiltration degree in TCGA-HNSCC patients by
generating immunescore using ESTIMATE (Estimation of STromal and Immune cells in MAlignant Tumor tissues using
Expression data) algorithm.27 Then, the association between FN1 and some tumor-infiltrating immune cells (TIICs) in
TCGA-HNSCC patients was evaluated using “Gene” module of the TIMER web server.28 Scatterplots containing the
partial Spearman correlation (Cor) and purity-adjusted P-value were generated. The CIBERSORT method,29 a deconvo-
lution algorithm to evaluate the changes in the expression of one set of genes relative to all other genes in the sample, and
LM22 gene signature including 22 types of TIICs were used to further quantify the proportion of TIICs in HNSCC
patients. In brief, the expression data of HNSCC patients from the TCGA database were divided into 2 groups according
to the median expression value of FN1. CIBERSORT algorithm is run with a default signature matrix at one thousand
permutations and estimated as a P-value for deconvolution via Monte Carlo sampling, establishing a measure of
confidence in the results. The analysis was implemented by R packages “immuneeconv”. Finally, the association between
FN1 expression and macrophage was explored by extracting data from TIMER2 web server.

Preparation of Conditioned Medium and Macrophage Differentiation
To obtain conditioned media (CM), HNSCC cells, with up to 80% confluence, were washed by PBS thrice and cultured
for an additional 48 h with fresh RPMI-1640 medium without serum. Then, the cell-free supernatants were harvested,
centrifuged at 1000 rpm for 5 min and collected after filtered using 0.22-μm polyvinylidene difluoride membrane filters.
CM was stored at −80°C before future experiments.

THP-1 monocytes were differentiated into macrophages as previously described.30,31 In brief, the THP-1 cells were
induced in the presence of 100 ng/mL phorbol-12-myristate-13 acetate (PMA, Sigma-Aldrich, USA) for 24 h to obtain
resting macrophages (M0). Subsequently, when the medium was removed, M0 cells were cultured with fresh RPMI-1640
medium for another 48 h. Finally, the M0 cells were cultured in the CM of HNSCC cell lines for 72 h to establish a co-
culture system.
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Co-Expression Analysis
The co-expression analysis was conducted at gene and protein level. The co-expressed gene patterns of FN1 in HNSCC
were screened through the LinkedOmics database.32 The correlation of results was tested by the Pearson correlation
coefficient and presented, respectively, in volcano plot and heat maps. We also explored FN1-related proteins, construct a
protein–protein interaction (PPI) network and predicted their functions via GeneMANIA,33 using FN1 as the query.

Functional Enrichment Analysis
Co-expressed genes of FN1 with a correlation coefficient greater than 0.3 were selected for GO (Gene Ontology) analysis
and KEGG (Kyoto Encyclopedia of Genes and Genomes) enrichment analysis to identify the FN1-related signaling
pathways in HNSCC. GO analysis includes 3 aspects: biological process (BP), cellular component (CC) and molecular
function (MF). Enrichment analysis was performed using R packages “clusterProfiler”, “org.Hs.eg.db”, “enrichplot”, and
“ggplot2”. The results were visualized as bar plots and bubble plots. Gene Set Enrichment Analysis (GSEA)34 was also
performed using online tool Xiantao Academic (www.xiantao.love) by dividing TCGA-HNSCC patients into 2 groups
according to the median expression value of FN1 to further define the possible FN1-related molecular mechanisms in
HNSCC tumorigenesis. The gene set c2.cp.v7.2.symbols.gmt was selected for analysis. For each analysis, the number of
gene set permutations was set to 1000. | Normalized enrichment score (NES) | > 3, the nominal (NOM) P value <0.05 and
the false discovery rate (FDR) <0.1 were considered statistically significant.

Statistical Analyses
All statistical analyses were conducted using GraphPad Prism 9 (GraphPad Software, Inc., CA, USA). All experiments
were repeated at least three times independently, and data are presented as the mean ± standard deviation (SD). The
significant difference between the two groups was determined by Student’s t-test. The one-way ANOVA test was
employed for comparison of more than two groups. Spearman correlation and Pearson Chi-squared tests were performed
to assess the statistical significance of correlations between two variables. ROC curve was generated using the pROC
package in R software. Kaplan–Meier method was used to estimate the survival curve and tested by the Log rank test to
calculate the HR and log-rank P-value. Univariate and multivariate analyses were carried out using Cox proportional
hazards regression model to identify risk factors and their HRs and 95% confidence intervals (CIs) related to HNSCC
patient death. A two-tailed P<0.05 was considered statistically significant.

Results
FN1 is Overexpressed in HNSCC
The differential FN1 expression data were first extracted from TIMER2.0 to have a general overview of FN1 expression
at the pan-cancer scale. FN1 was found to be significantly elevated in BRCA, GBM, HNSCC (red box), KIRC, LIHC,
STAD, THCA, COAD, LIHC and PCPG (Figure 1A). Similarly, the results of Oncomine revealed that FN1 was
overexpressed in 16 different tumors (Figure 1B). It is worthy mentioned that 7 datasets from 8 different analyses in
Oncomine showed that FN1 was highly expressed in HNSCC compared to nontumor tissue. The detailed results of FN1
expression in HNSCC from Oncomine are summarized in Supplementary Figure S1.

To better evaluate the FN1 expression in HNSCC, GEO data was applied. We found that FN1 mRNA expression level
was higher in HNSCC tissue compared to nontumor tissue (Figure 1C). Interestingly, both TCGA and GEO data showed
that the expression level of FN1 was significantly higher in human papilloma virus (HPV) negative HNSCC patients than
HPV positive group, implying a potential association with HPV infection (Figure 1A and D). Similarly, the immuno-
histochemical data from HPA database showed that FN1 was almost not expressed in normal oral epithelial tissue, while
HNSCC tissue had a moderate-to-strong staining (Figure 1E). Taken together, the results from multiple databases
demonstrated that FN1 is elevated in HNSCC at both mRNA level and protein level.
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High Expression of FN1 Predicted Advanced Malignancy and Poor Prognosis in
Patients with HNSCC
Clinical information from TCGA-HNSCC dataset was utilized to examine the correlation between FN1 expression and
clinicopathological features of HNSCC cases. As shown in Figure 2A–F, although no significant correlation was
observed between FN1 expression and age, gender and T stage, patients with advanced histologic grades, clinical stages
and N stages were more likely to overexpress FN1. Next, we evaluated the diagnostic value of FN1 using the ROC curve.

Figure 1 FN1 mRNA and protein levels were elevated in HNSCC. (A) FN1 expression patterns across different tumor types in TIMER. The red box represents HNSCC.
(B) FN1 expression patterns across different tumor types in Oncomine. The red box represents HNSCC. The number in each cell present the number of datasets. (C) FN1
expression levels in HNSCC and normal tissues in GSE13397, GSE25099, GSE74530 and GSE142083 dataset. (D) FN1 expression levels in HPV+ and HPV- HNSCC in
GSE65858. (E) FN1 protein expression levels in HNSCC and normal tissues, determined by immunohistochemistry staining from HPA website. The results are presented as
the mean ± SD, *P < 0.05, **P < 0.01, ***P < 0.001.
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The results showed that the area under the curve (AUC) of FN1 was 0.869 (Figure 2G), indicating a satisfactory
diagnostic performance of FN1 in HNSCC. By dividing patients into high FN1 expression and low FN1 expression
groups, we analyzed the prognostic value of FN1 in HNSCC. According to the survival plots generated using TCGA and
GEO dataset (GSE65858), higher FN1 expression was significantly associated with unfortunate prognosis in HNSCC
cases (TCGA OS: HR = 1.330, 95% CI = 1.020–1.735, P = 0.036; GSE65858 OS: HR = 1.513, 95% CI = 1.010–2.267,
P=0.045) (Figure 2H and I). In addition, the expression level of FN1 differs according to HPV status as mentioned above.
We thus investigate its effect on the prognosis in HPV positive and HPV negative HNSCC patients, respectively. By
analyzing one of the largest HNSCC datasets in GEO (GSE65858), we found that FN1 was correlated with poor

Figure 2 High expression of FN1 predicted advanced malignancy and poor prognosis in patients with HNSCC. (A–F) Relationship between FN1 expression and age,
gender, T stage, histologic grade, clinical stage, and N stage of HNSCC patients. (G) Diagnostic value of FN1 in HNSCC. (H) OS of FN1 in HNSCC patients from TCGA. (I)
OS of FN1 in HNSCC patients from GSE65858. (J) OS of FN1 in HPV+ HNSCC patients from GSE65858. (K) OS of FN1 in HPV- HNSCC patients from GSE65858. The
results are presented as the mean ± SD. *P < 0.05, ***P < 0.001.
Abbreviation: ns, not significant.
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prognosis of HPV-HNSCC patients, while such association was not observed in HPV+ group (Figure 2J and K). Hence,
we speculated that FN1 was inversely related to HPV infection in HNSCC patients.

As we have discovered that upregulated FN1 is related to worse prognosis in HNSCC, we tried to figure out whether
FN1 is an independent prognostic factor of HNSCC. Cox univariate survival analysis indicated that N stage (P = 0.026),
lymphovascular invasion (P = 0.002) and FN1 expression (P = 0.037) were significant characteristics affecting the OS of
HNSCC patients (Table 2). The results of multivariate Cox regression analysis revealed that all 3 characteristics were
independent predictors of poor survival in HNSCC patients (all P<0.05). Consequently, our study suggested that FN1
expression positively correlates with increased malignancy and poor prognosis of HNSCC patients.

Knockdown of FN1 Inhibits Proliferation, Migration and Invasion of HNSCC Cells
To investigate the potential biological function of FN1 in HNSCC, we used three independent siRNAs to knock down
FN1 in HNSCC cells. After 24 h transfection, si-FN1#3 was found to most effectively reduce the FN1 expression at
mRNA level (Figure 3A, all P < 0.001). As a result, si-FN1#3 was selected for the following experiments.

CCK-8 and colony formation assays were performed to examine the effects of FN1 on cell vitality. As shown in
Figure 3B, compared with si-NC group, HNSCC cell viability was decreased with FN1 silencing (48 h P = 0.03, 72 h P =
0.02, 96 h P = 0.002). Consistent with the CCK-8 results, the number of cell colonies in the si-FN1 group were
remarkably less than those in the si-NC group (Figure 3C, P = 0.01).

Then, we measured cell migration and invasion ability of transfected HNSCC cells via Transwell and wound healing
assays. The results of the Transwell assays showed that FN1 downregulation could result in a significant reduction in the
number of migrated or invaded HNSCC cells (Figure 3D, both P < 0.001). Additionally, the wound healing rates were
significantly decreased with FN1 knockdown at both 12 h and 24 h in comparison with negative control group
(Figure 3E, 12 h P = 0.005, 24 h P < 0.001). Thus, it is indicated that FN1 knockdown could dramatically inhibit the
proliferation, migration and invasion of HNSCC cells to mitigate cancer progression.

FN1 Contributes to Immune Infiltration and Facilitates Macrophage M2 Polarization in
HNSCC
We first applied the ESTIMATE algorithm to analyze whether FN1 expression linked to the immune infiltration level in
HNSCC. Figure 4A shows an obvious positive association between FN1 and Immunescore in HNSCC patients (P =
5.34e-05). Through TIMER2.0, we then discovered that high FN1 expression in HNSCC had the most significant
correlation with infiltrating level of macrophage (Cor = 0.457, P = 2.35E−26). CD8+ T cell, however, seemed to have no
relation with the expression level of FN1 (Cor = 0.017, P = 7.07E−01) (Figure 4B). Data from CIBERSORT analysis
yielded a similar result, showing that various TIICs are increased in the high FN1 expression group (Figure 4C).

Table 2 Univariate and Multivariate Cox Regression Analysis of Overall Survival for HNSCC Patients

Characteristics Univariate Analysis Multivariate Analysis

Hazard Ratio (95% CI) P Hazard Ratio (95% CI) P

Age (>60 vs ≤60) 1.252 (0.956–1.639) 0.102
Gender (Male vs Female) 0.764 (0.574–1.018) 0.066

Clinical stage (III&IV vs I&II) 1.217 (0.878–1.688) 0.238

Histologic grade (G3&G4 vs G1&G2) 0.939 (0.688–1.282) 0.692
T stage (T3&T4 vs T1&T2) 1.245 (0.932–1.661) 0.137

N stage (N2&N3 vs N0&N1) 1.384 (1.040–1.842) 0.026 1.508 (1.049–2.166) 0.026

Lymphovascular invasion (Yes vs No) 1.699 (1.211–2.384) 0.002 1.605 (1.135–2.271) 0.007
FN1 (High vs Low) 1.333 (1.018–1.746) 0.037 1.497 (1.051–2.132) 0.025

Note: Variables with P<0.05 on univariate analysis were included in multivariate analysis.
Abbreviations: CI, confidence interval; FN1, fibronectin 1.
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As shown in Figure 4B and C, in HNSCC, macrophage seems to be the cell type most effected by FN1 expression.
Therefore, we further studied the association between FN1 and macrophage in TIMER2.0. Notably, the data obtained
using three different algorithms (CIBERSOFT, CIBERSOFT-ABS and QUANTISEQ) suggested that FN1 is strongly
correlated with M2 macrophage infiltration level while exhibiting no relationship with M1 macrophage in HNSCC.
Furthermore, a positive correlation between two widely accepted M2 macrophage markers and FN1 expression in
HNSCC was identified in TIMER2.0 database (CD163: spearman’s rho = 0.497, P = 5.05E−32; spearman’s rho =
0.557, P = 2.39E−19) (Figure 4D).

Next, we verify the correlation through an in vitro study. A sketch for the o-culture system is shown in Figure 4E.
PMAwas utilized to differentiate monocytic THP-1 into resting macrophage (M0). The upregulated mRNA levels of M0
macrophage marker CD68 were examined using qRT-PCR (Figure 4F, P = 0.005). To explore whether the knockdown of
FN1 in HNSCC cells contributes to the process of M2 macrophage polarization, CM of transfected HNSCC cells was
used to incubate M0 macrophages for 72 h. Untreated M0 macrophages were used as the negative control group. The
mRNA levels of several M2 macrophage markers (CD163, CD206 and TGF-β) were markedly upregulated after

Figure 3 Effects of FN1 on the proliferation, migration and invasion of HNSCC cells. (A) qRT-PCR examining FN1 knockout efficiency in HNSCC cells; (B) cell proliferation
of transfected HNSCC cells quantified by CCK-8 assays; (C) cell proliferation of transfected HNSCC cells quantified by colony formation assays; (D) cell migration and
invasion of transfected HNSCC cells quantified by Transwell assays; (E) cell migration and invasion of transfected HNSCC cells quantified by wound healing assay assays; The
results are presented as the mean ± SD, *P < 0.05 compared with the NC group, **P < 0.01 compared with the NC group, ***P < 0.001 compared with the NC group.
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treatment with CM of si-NC transfected HNSCC cells, while significantly downregulated in the si-FN1 group
(Figure 4G, all P < 0.05). Altogether, these results imply that FN1 may be an inducer of macrophage M2 polarization
in HNSCC.

FN1 Co-Expression Network in HNSCC
FN1 co-expression network in HNSCC was analyzed using LinkedOmics database. The heat maps of the top 50 genes
co-expressed with FN1 in HNSCC are displayed as Figure 5A and B, respectively. As plotted in Figure 5C, a total of
20,163 positively correlated genes (shown as dark red dots) and 9518 negatively correlated genes (shown as dark green
dots) were yielded. The full list of FN1 co-expressed genes in HNSCC is attached to the Supplementary Table S4. We

Figure 4 FN1 contributes to immune infiltration and facilitates macrophage M2 polarization in HNSCC. (A) The association between FN1 expression and the Immunescore
of HNSCC patients using ESTIMATE algorithm. (B) Correlation between FN1 expression level and immune infiltrating levels based on TIMER database. (C) Immune cell
infiltration level in high FN1 expression group and low FN1 expression group using CIBERSORTalgorithm. (D) Correlation between FN1 expression and macrophage. (E) A
sketch for the PMA-induced THP-1 cells and HNSCC cells coculture system. (F) CD68 was upregulated in M0 macrophages compared with THP-1 cells. (G) Knockdown of
FN1 in HNSCC cells inhibits macrophage M2 polarization. The results are presented as the mean ± SD, *P < 0.05, **P < 0.01, ***P < 0.001.
Abbreviation: ns, not significant.
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also explored FN1-interacted proteins via GeneMANIA and constructed a PPI network of FN1 based on the top 20
significant proteins. Proteins co-expressed with FN1 include HGF (hepatocyte growth factor), COL1A1, TGM2 (trans-
glutaminase 2), KLK3 (kallikrein-related peptidase 3) and COL8A1 (Collagen Type VIII Alpha 1 Chain). The PPI
network also showed that various crucial biological functions, such as extracellular matrix organization, secretory
granule, extracellular matrix disassembly and platelet activation, were intimately associated with FN1 (Figure 5D).

FN1 is Involved in Cell Adhesion, Tumorigenesis and HPV Infection in HNSCC
By only including genes with a correlation coefficient of greater than 0.3, a total of 2843 co-expressed genes were
obtained. The GO&KEGG pathway analysis was performed to identify the functions and pathways of FN1-coexpressed
genes involved in HNSCC. The first 10 items in each group of GO enrichment and the first 30 items in KEGG pathway
were presented by bar plots and bubble plots, respectively (Figure 6A and B, Supplementary Figure S2). We found that
functions and pathways related to cell adhesion were significantly enriched, including “extracellular matrix organiza-
tion”, “collagen-containing extracellular matrix”, “extracellular matrix structural constituent”, “cell−matrix adhesion”,
“focal adhesion”, “cell adhesion molecules” and “ECM−receptor interaction”. Meanwhile, the most enriched KEGG
pathway includes two widely acknowledged oncogenic pathways, “PI3K-Akt signaling pathway” and “MAPK signaling

Figure 5 FN1 co-expression network in HNSCC. (A) Heatmap of top 50 genes positively related to FN1 in HNSCC. (B) Heatmap of top 50 genes negatively related to
FN1 in HNSCC. (C) Volcano plot of whole significantly associated genes with FN1 distinguished by Pearson test in HNSCC. (D) PPI network of FN1 using GeneMANIA.
Different colors of the network edge indicate the bioinformatics methods applied. Different colors for the network nodes indicate the biological functions of the set of
enrichment genes. The top 7 most significant functions were displayed.
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pathway”. KEGG also shows a strong correlation between FN1 and HPV infection, which is in line with our results
above.

Furthermore, GSEA was conducted between samples with low and high FN1 expression to further define the FN1-
associated signaling pathways in HNSCC. A total of 26 terms were significantly enriched in the high FN1 expression
phenotype under the conditions of NOM P < 0.05, FDR q < 0.1 and |NES| > 3. Figure 6C–J exhibited the top 8
significantly terms. A summary of GSEA enrichment results is shown in Supplementary Table S3. Overall, the
enrichment analysis data revealed that FN1 and its co-expressed genes may be involved in cell adhesion processes,
oncogenic signaling pathways and HPV infection in HNSCC.

Discussion
As one of the most morbid and frequently lethal malignancy problems,35 HNSCC remains a major medical challenge
worldwide, which highlights the importance of an improved understanding of HNSCC development. FN1, a high
molecular weight extracellular matrix glycoprotein, is reported to mediate a variety of cell biological events like cell
proliferation, cell attachment, cell motility, embryogenesis and extracellular matrix (ECM) assembly.9 Despite many
studies discussing the relationship between FN1 and malignant tumors,36–38 its clear roles in HNSCC progression are yet
to be elucidated. The present study was thus undertaken to comprehensively illustrate the biological effect of FN1 on

Figure 6 FN1 is involved in cell adhesion, immune activities and tumorigenesis in HNSCC. (A) GO enrichment bubble plot of FN1 and related genes. BP: biological process;
CC: cellular component; MF: molecular function. (B) KEGG pathway bubble plot of FN1 and related genes. (C-J) GSEA results of FN1. The terms “core matrisome”,
“extracellular matrix organization”, “ECM glycoproteins”, “collagen formation”, “focal adhesion”, “ECM receptor interaction”, “ECM proteoglycans” and “degradation of the
extracellular matrix” were enriched in the FN1 high expression group in HNSCC patients.
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HNSCC. Collectively, the results of our study seem to indicate that FN1 promotes cancer progression and is associated
with M2 macrophage infiltration in HNSCC.

By analyzing the TCGA database and multiple GEO datasets, we firstly demonstrated that FN1 was overexpressed in
HNSCC. This agrees with the FN1 protein expression in HNSCC tissues from The HPA website based on IHC analysis.
Moreover, we found that upregulation of FN1 was positively associated with more advanced malignancy of HNSCC
patients and led to poor prognosis. Importantly, multivariate Cox regression analysis further determined FN1 as an
independent risk factor for HNSCC, predicting unfavorable overall survival for HNSCC patients. Hence, it is reasonable
to consider that FN1 is involved in the malignant biological behaviors of HNSCC. As a result, we explored the effect of
FN1 on HNSCC cells by suppressing FN1 expression in vitro. Our data revealed that FN1 depletion resulted in decreased
proliferation, migration and invasion of HNSCC cells. Similar effects of FN1 had also been found in some previous
studies on different tumors.39,40 In summary, the overexpression of FN1 promotes cancer development and could serve as
a potential biomarker in HNSCC patients.

TME is a complex milieu and ecosystem where cancer cells depend on for sustained growth, invasion and
metastasis.41 Accumulation of data has revealed that the immune status of TME is a key factor affecting cancer initiation
and progression, and acts as a potential efficient prognosticator for HNSCC patients.42,43 TAMs are the most abundant
immune cell types in the TME44 and are mostly displayed as M2 phenotypes in HNSCC.45 Compelling evidence has
shown that TAM participates in multiple biological events including epithelial–mesenchymal transition, immune escape,
tumor angiogenesis and cancer metastases.46–50 Moreover, recent studies have presented convincing evidence that
copious M2 macrophages in TME are significantly associated with deteriorated OS in HNSCC patients.51–55 Through
establishing a co-culture system using CM of FN1-deficient HNSCC cells, we observed an obvious decrease in the
expression of M2 macrophage markers. These results suggest that FN1 may induce macrophage M2 polarization in
HNSCC. This may partially explain why higher FN1 expression contributes to a worsened outcome in HNSCC patients.
In thyroid cancer, overexpression of FN1 is found to be strongly correlated with the infiltration levels of M2
macrophages.56 Similar results were also acquired from a study in Switzerland, showing that FN1 was linked to the
M2 TAM phenotype in renal carcinoma, associated with poor survival and increased tumor stage.57 Consistently, Yoshida
et al58 revealed that cellular FN1 promoted the secretion level of M2 marker (interleukin-10, IL-10) and reduced M1
marker (tumor necrosis factor-alpha, TNF-α) in macrophages in a concentration-dependent manner. In fact, FN1 has been
identified as a novel M2 marker in several studies.59,60 Taken together, our analysis clearly shows that the increased
expression of FN1 has potential involvement in macrophage polarization, and might be a promising immunotherapy
target.

Further exploration is needed for the precise mechanism underlying the molecular functions of FN1 in HNSCC.
Through LinkedOmics database, nearly 30,000 genes correlate with FN1 in HNSCC were selected. Functional enrich-
ment analysis based on co-expressed genes showed that FN1 was involved in cell adhesion in HNSCC patients. Cell
adhesion is of vital importance for controlling tissue integrity and is also one of the vital mechanisms underlying cancer
invasion and metastasis. Distant metastasis remains a major determinant when it comes to the prognosis of HNSCC
patients.61 Our findings support the hypothesis that FN1 may promote metastases in HNSCC by regulating adhesion
between the ECM and tumor cells. Our results were corroborated by an in vivo study in which ovarian cancer cells
displayed decreased metastasis in mice bearing a tissue-specific deletion of FN1 in the lining of the peritoneal cavity.9

Although we were unable to confirm the relationship between FN1 and metastases in HNSCC by now, additional
investigations are warranted to explore this essential topic in the future. On the other hand, signaling pathways including
“PI3K-Akt”, “MAPK” and “Rap1” have been proved to promote cancer progression in HNSCC.62–64 In this study, we
found that these signaling pathways were remarkably enriched by FN1. Thus, it is possible that FN1 participates in the
carcinogenic process of HNSCC by affecting signaling pathways like “PI3K-Akt” and “MAPK”. One finding of great
interest in the current study was the relationship between FN1 and HPV infection. In gene expression analysis and
survival analysis, we discovered that FN1 was higher expressed in HPV-patients and had greater impact on their
prognosis. On the other hand, no substantial correlation was observed between FN1 and the survival of HPV+ patients,
which allows us to speculate that FN1 may be a protective factor of HPV infection. Although we were unable to
determine the underlying mechanism by now, we plan to explore this essential topic in future studies.
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Nevertheless, it is undeniable that there are several potential limitations that should be taken into consideration when
interpreting the results of the current analysis. First, although bioinformatics analysis revealed that FN1 was highly
expressed in HNSCC, additional prospective clinical trials with large population are still warranted to validate our results.
Secondly, we have only predicted the FN1-related signaling pathways based on online databases. In addition, animal
study is not performed due to limited money and time.

Conclusion
Within the limitations of the present study, we provide evidence that overexpression of FN1 contributes to tumor
progression by directly promoting malignant behaviors of HNSCC cells. In addition, it was indicated that FN1 could also
regulate macrophage M2 polarization. Our work highlighted the clinical significance of upregulated FN1 in the
progression of HNSCC, and laid a theoretical basis for further exploring novel FN1-based cancer strategies for
HNSCC patients.
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