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Background: Cancer metastasis and recurrence after radiotherapy are the significant
causes of poor prognosis in head-neck cancer (HNC). Clinically, it is commonly found that
patients with either condition may accompany the outcome of the other. We hypothesized
that HNC cells might exhibit a cross-phenotypic attribute between cell invasion and
radioresistance. To discover effective biomarkers for the intervention of aggressive cancer
at one time, the potential molecules that interplay between these two phenotypes
were investigated.

Materials and Methods: Three isogenic HNC cell sublines with high invasion or
radioresistance properties were established. Transcriptomic and bioinformatic methods
were used to globally assess the phenotypic-specific genes, functional pathways, and co-
regulatory hub molecules. The associations of gene expressions with patient survival were
analyzed by Kaplan-Meier plotter, a web-based tool, using the HNSCC dataset (n=500).
The molecular and cellular techniques, including RT-qPCR, flow cytometry, cell invasion
assay, and clonogenic survival assay, were applied.

Results: The phenotypic crosstalk between cell invasion and radioresistance was
validated, as shown by the existence of mutual properties in each HNC subline. A total
of 695 genes was identified in associations with these two phenotypes, including 349
upregulated and 346 downregulated in HNC cells. The focal adhesion mechanism
showed the most significant pathway to co-regulate these functions. In the analysis of
20 up-regulatory genes, a general portrait of correlative expression was found between
these phenotypic cells (r=0.513, p=0.021), and nine molecules exhibited significant
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associations with poor prognosis in HNC patients (HR>1, p<0.050). Three hub genes
were identified (ITGA6, TGFB1, and NDRG1) that represented a signature of interplayed
molecules contributing to cell invasion, radioresistance and leading to poor prognosis. The
ITGA6 was demonstrated as a prominent biomarker. The expression of ITGA6 correlated
with the levels of several extracellular and apoptotic/anti-apoptotic molecules.
Functionally, silencing ITGA6 suppressed cell migration, invasion, and attenuated
radioresistance in HNC cells.

Conclusions: A panel of interplay molecules was identified that contribute to cell invasion
and radioresistance, leading to poor prognosis. These panel molecules, such as ITGA6,
may serve as predictive markers of radioresistance, prognostic markers of metastasis,
and molecular therapeutic targets for refractory HNC.
Keywords: head-neck cancer, radioresistance, cell invasion, prognosis, signaling pathway, ITGA6 molecule
INTRODUCTION

Head and neck cancer (HNC), including the oral cavity and
oropharynx squamous cell carcinomas, is one of the ten leading
cancers worldwide (1–3). This cancer usually occurs in the
middle age male, at the high peak of life responsibility; it has a
tremendous impact on family and society. The head and neck
area is rich with lymphatic tissue; therefore, the bulky invasive
tumors or lymph node metastases are often found in HNC (4, 5).
In this context, gene products supporting invasion may be novel
targets for manipulating the cancer behavior with consequences
on treatment outcome. Several experimental approaches have
been used to identify invasion-related genes in HNC, including
comparing two sets of samples with different invasion
capabilities (6) or comparing cancer cell lines with normal
keratinocytes (7). However, a significant disadvantage of these
approaches lies in the heterogeneity between samples. To reduce
heterogeneity and obtain specific data on the gene expressions
related to cancer invasiveness, we previously established several
isogenic cancer cell sublines with highly invasive features derived
from HNC cell lines (8, 9). The cDNA microarrays were
performed to compare the differential transcriptome profile
between invasive sublines and the parental cells. Heretical
clustering analysis revealed 461 genes associated with cancer
invasion, including 210 up-regulated and 251 down-regulated
genes in the invasion sublines.

Radiation therapy is an indispensable part of the treatment of
HNC. The identification of radioresistant molecules for further
applications should contribute to a great improvement in
treatment outcomes. Previously, microarrays have been used to
compare gene expression profiles between parental and
radiation-treated cancer cell lines in few cancers (10, 11).
However, these cells were examined after a few hours or days
of irradiation. The results of these gene alterations thus may
represent the radiation response or induction molecules. To
obtain a more thorough profile of molecules that may
represent the intrinsic factor of radioresistance in HNC, we
previously established several isogenic radioresistant sublines
derived from HNC cancer cell lines (12, 13). The cDNA
2

microarray database was established by comparing the gene
expression profiles between radioresistant sublines and the
parental cells. The heretical clustering analysis revealed 255
genes associated with radioresistance, including 155 up-
regulated and 100 down-regulated in the radioresistant cells.

Clinically, the worse prognosis of HNC patients was often
resulted from cancer metastasis or therapeutic resistance.
Interesting, highly invasive cancers with nodal metastasis often
accompany poor radiotherapeutic response (14, 15). Similarly,
recurrent HNC patients with radioresistant cancers often have a
higher metastasis rate (16, 17). From these clinical insights, we
hypothesized that HNC cells might exhibit a cross-phenotypic
attribute between cell invasion and radioresistance. We,
therefore, employed the invasion- and radioresistant sublines
as study models to examine the potential cross-regulatory
mechanism. We determined a molecular panel and core
pathways that may participate in the interplay of these two
phenotypes through integrative analysis of the transcriptomic
datasets. We further assessed the prognostic significance of these
cross-regulatory molecules in HNC patients and concluded a
panel of molecules facilitating worse survival. The cellular and
molecular examinations demonstrated a hub gene, ITGA6, that
played prominent roles in cellular invasion and radioresistance,
leading to refractory cancer. Our study provides prognostic
information, which may be further applied as molecular
biomarkers and therapeutic targets for the treatment of
refractory HNC.
MATERIALS AND METHODS

Cell Lines and the Isogenic Sublines With
Highly Invasive or Radioresistant
Phenotypes
The HNC cell lines, OECM1, Detroit, Fadu and SAS were used in
this study (8, 9). These cells were grown in MEM or RPMI 1640
medium supplemented with 10% fetal bovine serum. For
establishment of highly invasive sublines, the Matrigel-invasion
protocol was employed, and the selection cells were designed as
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the specific sublines (OECM-Inv, Detroit-Inv, Fadu-Inv) (8, 9).
For establishment of radioresistant sublines, the serial irradiation
method was used, and the survival cells were designated as RR
sublines (OECM1-RR, FaDu-RR, Detroit-RR) (12, 13).

Transcriptomic Profiling and Functional
Pathways Associated With Cell Invasion
and Radioresistance
The differential transcriptomes between HNC parental cells and
the specific cell sublines were examined by using Affymetrix
cDNA microarray (GeneChip Human Genome HG-U133A).
The differentially expressed gene (DEG) was selected via
ANOVA analytical method based on the criteria of average
fold-change > 1.5 and P-value < 0.05 between parental and the
subline cells. Hierarchical cluster analysis was applied to assess
the similarity between sample groups. To determine the
functional pathways associated with radioresistance and cell
invasion, the DEGs identified in the microarrays were analyzed
by using computational methods, the DAVID and the KEGG
bioinformatic tools (https://david.ncifcrf.gov/) (13). Pathway
enrichment analysis was applied to identify molecular
pathways according to the KEGG database. Significantly
enriched functional terms (adjusted p-values <0.05) for up- or
down-regulated genes were reported.

Clinical Assessment of Prognostic
Significance in HNC Patients
The KM-Plotter online tool (http://kmplot.com/analysis) was
also used to assess the prognostic significance of the cross-
regulatory genes in HNC patients. The cohort of the TCGA-
HNSC dataset was analyzed. This dataset contained 500 patients
with head and neck squamous cell carcinoma and with
prognostic information (18). High- and low-risk groups were
classified using an optimization algorithm according to each
gene expression level. The Kaplan-Meier analysis was performed
to evaluate overall survival, and the log-rank test was used
to calculate hazard ratios (HRs) and their 95% confidence
intervals (CIs).

Evaluation of the Differential Expression
Genes by RT-qPCR Method
The differentially expressed levels of the genes between HNC
parental cell lines, the RR sublines, and the Invasion sublines were
evaluated using RT-qPCR method (9, 19). Briefly, the cDNA
synthesis and qPCR were performed using the MiniOpticon™

real-time PCR detection system and SYBR Green Supermix
reagents. Total of 20 genes were examined. The primers used in
this study were listed in Supplementary Table S3.

Construction of sh-ITGA6 Plasmid and
Cellular Transfection
Construction of the short hairpin (sh)-ITGA6 plasmid, and the
following transfection experiments were performed similarly as
previously described (8, 20). The sense and antisense hairpin
nucleotides complementary to ITGA6 mRNA were also
generated and cloned into the pLKO.1 vector plasmid.
Frontiers in Oncology | www.frontiersin.org 3
The sequence for sh-ITGA6 is 5’-ATT- AAT- CTG- AAG- TTA-
GAA- CA- CCT- TCT- TCT-AAC-TTC- AGA- TTA- AT-3’. The
plasmids were transfected into cells using Lipofectamine 2000
reagent with Opti-MEM medium (Invitrogen, USA) according to
the manufacturer’s instructions. After transfection, the Opti-MEM
medium were replaced with fresh complete medium. Cellular
clones that were stably transfected with sh-ITGA6 plasmid were
selected using the neomycin antibiotic G418.

Determination of Radiosensitivity by
Clonogenic Survival Assay
Radiosensitivity was determined by clonogenic survival assay as
previously described (12, 20). Briefly, cells were seeded into a 6-
well cell culture plate for 8 hours. The cells were exposed to
various dose of radiation (0 to 6 Gy) and then continuously
cultured for 7-14 days to allow cell colony formation. The
survival fraction was calculated as the number of colonies
divided by the number of seeded cells times the plating efficiency.

Determination of Cell Migration and
Invasion Abilities
The cell migration ability was determined by using the in vitro
wound-healing assay (8, 9). Briefly, cells were seeded in an ibidi®

culture insert (Applied BioPhysics, Inc. NY) on top of a 6-well
plate. After 8 hr of incubation, the culture insert was detached to
form a cell-free gap in a monolayer of cells. After changing to
culture medium with 1% FCS, the cell migration status toward the
gap area were photographed with a specific period time point. The
cell invasion ability was evaluated by using the BioCoat Matrigel
(Becton Dickinson Biosciences, Bedford, MA) and Millicell
invasion chamber (Millipore Corporation, Bedford, MA) (8, 9).
The Matrigel were fist coated onto the membrane of the Millicell
upper chamber with a pore size of 8 mm in a 24-well plate. Cells in
1% FBS medium were seeded into the upper chamber. The lower
chamber will contain 10% FBS in medium to trap invading cells.
After a specific time point, the cells invading to the reverse side of
the membrane were fixed, stained, and photographed.

Evaluation of Cell Cycle Status by
Flow Cytometry
The cell cycle status was determined by flow cytometry analysis,
similarly as previously described (9, 19). Briefly, the cells were
first synchronized to G0 phase by replacing the culture medium
with serum-free medium. After 24 hr, cells in the exponential
phase were collected and fixed with ice-cold 70% ethyl alcohol in
PBS. Cells were then permeabilization with Triton X-100
solution, stained with propidium iodide solution, and analyzed
by a FACScan flow cytometry (Becton Dickinson). The
distribution of cell cycle phases was determined using Cell
Quest Pro and ModiFit software.

Measurement of Cellular Reactive Oxygen
Species (ROS) Level
Intracellular ROS level were measured by the H2DCF-DA
oxidation method (Invitrogen, Carlsbad, CA, USA) similarly as
previously described (12, 20). Briefly, cells were grown on coverslip
July 2021 | Volume 11 | Article 681717
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plates in HEPES buffer supplemented with H2DCF-DA reagent.
The H2DCF-DA is a cell-permeable probe that is oxidized by
intracellular ROS to generate fluorescent DCF. The green
fluorescence of DCF was monitored by flow cytometric analysis
(FACSCalibur, BD Biosciences, Franklin Lakes, NJ, USA).

Statistical Analysis
The two-tailed unpaired Student’s t-test was used for the
comparison of two variables between the means. All statistical
analyses were conducted using a significance level of P < 0.05.
RESULTS

Phenotypic Cross-Talk Between Cell
Invasion and Radioresistance in HNC
Previously, we have established several high invasion sublines
and radioresistance sublines derived from HNC cancer cell lines
(8, 9, 12, 13). In this study, we determined whether these two
phenotypes may possess a phenotypic cross-regulatory attribute.
The cell invasion and radiosensitivity were determined by
Matrigel invasion and clonogenic survival methods. First, we
assessed the invasion ability in HNC parental cells and the
radioresistant sublines (OEC-RR, Det-RR, and Fadu-RR) after
confirming higher radioresistance in the RR cells. As shown in
Figure 1A, the RR sublines possessed higher invasion ability
than their parental cells, with the 2.1- to 2.9-fold increase in three
RR sublines. We next examined the radiosensitivity in parental
cells and the invasion sublines (OEC-Inv, Det-Inv, Fadu-Inv). As
shown in Figure 1B, these invasion sublines exhibited higher
resistance to irradiation by increasing 1.3- to 1.8-fold in these
invasive sublines compared to the parental cells.

It hasbeenreported that the cell cycle lying at theG1/Sphasewas
more resistant to irradiation while G2/M is more sensitive (12, 21).
We examined whether the RR- and invasion sublines may have the
favorable cellular phase of G1/S in common when responsive to
irradiation. The flow cytometry was performed to analyze the
distribution of cell cycle status after 24 hr of radiation treatment.
The results were shown in Figure 1C. Without irradiation, the
cellular fractions at the G1/S phase were at a similar level as in
parental cells, the RR sublines, or the invasion sublines (73%, 82%,
and 79%, respectively). Upon irradiation, cells were transited from
G1/S to the G2/M phase in general. However, the RR and invasion
sublines exhibited more reluctance to this transition, as shown by
higher G1/S fraction than the parental cells (15%, 67%, and 48%,
respectively). The ratio of cellular fraction in G1/S verse G2/M
increased approximately 3- and 2-folds respectively in the RR and
invasion sublines. Thus, the RR and invasion sublines possessed a
similar characteristic that being less sensitive to irradiation. These
results suggested that HNC cells exhibited an attribute of
phenotypic cross-talk between cell invasion and radioresistance.

Functional Pathways in Cross-Regulation of
Cell Invasion and Radioresistance in HNC
The functional pathways that may crossly regulate cell invasion
and radioresistance were investigated. We integrated the
Frontiers in Oncology | www.frontiersin.org 4
A

B
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FIGURE 1 | Phenotypic cross-talk between cell invasion and radioresistance
in HNC. (A) Radioresistant sublines exhibited higher cell invasion ability
compared to the parental cells, as determined by Matrigel invasion assay.
Total of 3 HNC parental cell lines (OECM1, Detroit, and Fadu) and their
radioresistance sublines (RR sublines) were examined. The numbers of cells
that had invaded through the Matrigel to the reverse side were stained,
photographed and quantified. (B) The invasion sublines showed statistically
more resistant to irradiation compared to their parental cells, as determined
by clonogenic survival assay. Total of 3 HNC parental cell lines (OECM1,
Detroit, and Fadu) and their invasion sublines were examined. The colony
survival fractions were determined after the cells were irradiated with 2 or 4
Gy. The experiments were performed for three times, and the similar results
were obtained. The error bars shown in the relevant figures indicated the
standard deviation of the three independent experiments. (*p < 0.05, **p <
0.01, ***p < 0.001, t-test). (C) Both Invasion and radioresistant sublines
enrich cells at G1/S phase in response to irradiation. The OECM1 parental
cell, the RR subline or the invasion subline were examined. Cells were then
synchronized to the G0 phase by replacing the culture medium with serum-
free medium. The cells were treated with a single dose of 6 Gy of irradiation
and continuously cultured for 24 hours. In each sample, cell cycle distribution
was determined by flow cytometry analysis.
July 2021 | Volume 11 | Article 681717
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transcriptomic datasets of the DEG profiles from three HNC cell
lines and their respective sublines to obtain more comprehensive
information. Figure 2A showed the conceptional design of this
analytical strategy. We applied the bioinformatics software to
identify common hub genes between multiple cell lines to
comprise heterogeneous cancers. After combinational analysis
of these datasets, there were only 21 genes differentially expressed
in both phenotypes of the three HNC cell lines (Supplementary
Table S1). The limited number of molecules may be due to
intrinsic heterogeneity of genetic background within multiple
cell lines. The DEGs in either phenotype of these three sublines
were recruited to increase the dataset of potential cross-
regulatory genes. A total of 695 genes were obtained, with 349
up-regulated and 346 down-regulated compared to the
parental cells.

The up-regulated (349) or down-regulated (346) genes were
imported to the KEGG suite for molecular network analysis. The
top 10 pathways with either up or down-regulation were shown
in Figures 2B, C. In the up-regulatory pathways, these molecules
were enriched related to oncogenic function in general. The cell
motility mechanism was most significant, as the regulation of
focal adhesion, the association with extracellular matrix (ECM)-
receptor interaction, and actin cytoskeleton regulation. The other
molecular mechanisms participating in oncogenic signaling
pathways were also apparent, as the PI3K-Akt, the Rap1
signaling, and the MAPK signaling (Figure 2B). In the down-
regulatory pathways, these molecules were enriched most related
to infectious diseases or immune/stress responses (Figure 2C).
These included the conditions of legionellosis, the signaling
pathways of TNF-regulatory, NF-kB, or NOD-like signaling. In
all, these results indicate that the functional process participating
in the interplay of cell invasion and radioresistance involves a
wide range of molecular mechanisms, which may be required to
maintain homeostasis in HNC cells. Note that focal adhesion
regulation showed at the top-ranking among all pathways (P=
8.29E-27), indicating this mechanism’s prominence in the cross-
regulatory function of cell invasion and radioresistance.

Panel Molecules Correlative Up-
Regulation in the Invasion and
Radioresistant Cells
We next parallelly investigated the gene expression levels in both
sublines and their parental cells of the two HNC cell lines to
validate the potential molecules that may crossly regulate cell
invasion and radioresistance. A total of 20 genes were selected
and subjected to RT-qPCR examination. These genes included
the 16 up-regulations in the transcriptomic study’s phenotypes
and the four related to the focal adhesion functional pathway.
Figure 3A showed examples of the results, and Supplementary
Table S2 summarized all the data. Although various levels in
differential cell sublines, many genes were elevated in both
invasion and RR cells, including ITGA6, TGFB1, NDRG1, and
IL6. The over-expression levels in these two phenotypic cells
were plotted for each gene to assess a typical set of hub genes that
may co-regulate cell invasion and radioresistance. We averaged
the gene expression levels in two HNC cell lines to comprise
Frontiers in Oncology | www.frontiersin.org 5
heterogeneity between different cell lines. As shown in
Figure 3B, these genes were correlatively expressed in the
invasion and RR sublines (r=0.5128, p=0.0208). These results
suggested a panel of genes that contribute to both phenotypes.

Molecular Interplays Between Cell
Invasion and Radioresistance That Led
to Poor Prognosis in HNC Patients
From the insight of the clinical findings that cancer patients with
metastasis or therapeutic resistance often led to poor prognosis,
we examined the potential significance of the 20 co-regulatory
molecules on HNC patients’ prognostic effects. We applied the
KM-Plotter suit to analyze the association of gene expression
levels and patients’ survival using the TCGA-HNSC cohort
(n=500) (18). The patient characteristics of this cohort were
summarized in Supplementary Table S4. Figure 4A showed few
examples of the highly significant results. For each gene, the
hazard ratio (HR) and P-value of the prognostic association were
summarized in Supplementary Table S2 and Figure 4B. As
shown, many molecules exhibited good prediction power to
worse prognosis, including ITGA6 (P=2.8E-05), ITGB1
(P=2.1E-04), IL6 (P=0.0029), and LAMC2 (P=0.0031), UBEL3
(P=0.0042), and NDRG1 (P=0.034).

To determine the association of clinical prognosis and gene
expressions in the phenotypes of cell invasion or radioresistance,
Figures 4C, D were plotted to show the associations of each
gene. Although various clinically relevant genes were found
between these two panels, several common molecules were
found. Figure 4E summarized the molecules that were 2-fold
over-expressed in the invasion or radioresistant cells and related
to poor prognosis in HNC patients (P<0.05, HR>1.0). As shown,
three molecules were distinguished out, as ITGA6, TGFB1, and
NDRG1. These results represented a signature of functionally
interplayed molecules between cell invasion and radioresistance
and led to poor prognosis in HNC patients.

To further assess these three genes’ carcinogenic effect, we
also examined the differential expression levels of these
molecules between normal and tumor tissues using two
microarray datasets, the GSE25099 and TCGA-HNSC (18, 22).
The GSE25099 dataset contains a transcriptomic profile of 57
carcinoma tissues from oral cancer patients and 22 normal oral
mucosa tissues from healthy individuals. The TCGA-HNSC
dataset comprised 519 patients with head-neck squamous cell
carcinoma and 44 normal tissues. Figures 4F, G showed the
results. As shown, all these molecules were significantly over-
expressed in the cancer patients in both assay cohorts. These
results suggest that the molecules ITGA6, TGFB1, and NDRG1
contribute to cancer aggressiveness and participate in the
malignant transformation from normal cells.

ITGA6 Promoted Cell Invasion via
Regulating the Integrity of Extracellular
Matrix (ECM)
ITGA6 showed at the authoritative place of cellular molecules in
the aggressive phenotypes and worse clinical presentations; this
molecule was selected for further mechanistic investigation.
July 2021 | Volume 11 | Article 681717
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ITGA6 (Integrin alpha-6) is a heterodimeric component of the
integrin receptor protein in epithelial cells, plays a critical role in
maintaining the mechanical integrity of cell membrane for tissue
architecture (23, 24). The cellular functions of ITGA6 related to
cell invasion and radiosensitivity were assessed using shRNA
Frontiers in Oncology | www.frontiersin.org 6
stably knockdown experiments. The effects of cell migration and
invasion were evaluated by in vitro wound healing and Matrigel
invasion assays. As shown in Figure 5A, silencing ITGA6
resulted in a slower migration toward the gap area in two
HNC cell lines by decreasing approximately to 40% and 60%
A

B

C

FIGURE 2 | Transcriptomic profile and molecular pathways associated with cross-regulating function on cell invasion and radioresistance. (A) Conceptional design
of the analytical strategy to investigate cross-regulatory genes for cell invasion and radioresistance. The profiles of differentially expressed genes (DEGs) were
established after comparison of the transcriptomic datasets from three HNC cell lines (OECM1, Detroid, Fadu) and their sublines. (B) A list of the top 10 significant
molecular pathways determined by DAVID enrichment analysis of the 349 up-regulatory genes. (C) A list of the top 10 significant molecular pathways determined by
DAVID enrichment analysis of the 346 down-regulatory genes. Bar chart representing the classification of KEGG network. The enriched significance (p-value) values
were negative base-2 log-transformed.
July 2021 | Volume 11 | Article 681717
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in OECM1 and SAS cells at 24 hr. More apparently, ITGA6-
silencing reduced cell invasion, with down to 10% and 8% in
OECM1 and SAS cells (Figure 5B). These results suggested that
ITGA6 functioned in promoting cell migration and invasion;
silencing this molecule may inhibit cancer metastasis.

To examine whether ITGA6 function may relate to molecular
presentation in clinical cancers, we further examined the
association of ITGA6 expression level and motility-related
molecules using an HNC microarray dataset GSE25099 (22).
Several extracellular matrix (ECM) molecules were determined,
including ITGB4, LAMC2, FSCN1, and PXN. The expression
levels of these molecules were shown in Figure 5C. As shown, all
these genes were significantly over-expressed in the cancer
tissues compared to the normal tissues from healthy
individuals (P<0.001 in all molecules). Furthermore, in the
cancer tissues, these genes were all statistically correlated with
the expression of ITGA6 (Figure 5D). These results suggest that
ITGA6 promoted cell invasion via regulation of ECM integrity
in HNC.

ITGA6 Facilitated Radioresistance
Through Regulation of the Apoptotic
Related Mechanism
The potential effect of ITGA6 on radiosensitivity was determined
by clonogenic survival assay. As shown in Figure 6A, ITGA6-
silencing reduced radioresistance by decreasing colony survival to
42% and 61%, respectively, at 6 Gy in OECM1 and 4 Gy in SAS
cells. It is well established that ionizing radiation can induce ROS
in the cell resulting in apoptosis (20). We further determined
whether ITGA6 contributing to radioresistance may relate to ROS
regulation. The intracellular ROS was measured using the
H2DCF-DA oxidation method, and the green fluorescence DCF
product was analyzed by flow cytometry (20). Results were shown
in Figure 6B. Without irradiation, ITGA6-silencing had minimal
Frontiers in Oncology | www.frontiersin.org 7
effect on intracellular ROS level. Irradiation significantly induced
ROS production in either vector- or sh-ITGA6 transfected cells.
However, the ITGA6-silencing cells increased more considerably
than the controls, by 1.7- and 1.3-fold higher in the OECM1 and
SAS cell lines. These results suggested that ITGA6 contributed to
radioresistance via inhibition of the ROS generation pathway.
Silencing ITGA6 may reverse radioresistance by sensitizing
cancer cells to radiotherapy.

We also assessed the potential association of ITGA6 with the
clinical presentation of survival-related molecules using a
microarray dataset GSE25099 (22). These molecules included
BIRC5, MCL1, XIAP, and apoptotic gene CAS9. The expression
levels of these molecules were shown in Figure 6C. As shown,
these survival genes (BIRC5, MCL1, XIAP) were significantly
increased expressions in the cancer tissues, while the apoptotic
gene (CAS9) was reduced compared to the normal tissues from
healthy individuals. Furthermore, in the cancer tissues, these
genes were all statistically correlated with the expression of
ITGA6 (Figure 6D). These results suggest that ITGA6
facilitated radioresistance by reducing cellular ROS level
leading to anti-apoptotic or survival advantage in HNC.
DISCUSSION

Cancer metastasis and recurrence after radiotherapy are the major
causes of treatment failure in HNC. It is commonly found that
patients with either condition may accompany the outcome of the
other. In this study, we revealed the molecular interplays of cell
invasion and radioresistance in HNC, aiming to discover effective
biomarkers for the intervention of aggressive cancer at one time.
Our works presented in this study can be highlighted by few
points (Figure 7). (1) The phenotypic crosstalk between cell
invasion and radioresistance was confirmed in HNC cells.
A B

FIGURE 3 | Panel molecules correlative up-regulation in the invasion and radioresistant cells. (A) Relative levels of gene expressions among the parental (Pt) cells,
radioresistant (RR) subline, and invasion (Inv) subline of the OECM1 and Detroit cell lines, by using RT-qPCR method. The expression levels are shown by bars.
(B) Correlative expressions of 20 genes between RR subline and Inv subline of HNC cells. For each gene, the average level of the fold changes compared to the
parental cells from two cell lines (OECM1 and Detroit) was used.
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FIGURE 4 | Molecular interplays between cell invasion and radioresistance that led to poor prognosis in HNC patients. (A) Prognostic significance of represent
genes in HNC patients, as determined by Kaplan-Meier Plotter online tool using the head-neck squamous cell carcinoma dataset (n = 500). (B) The overall view of
the prognostic vales of 20 genes as shown by the Hazard ratio with 95% confidence interval (CI), as determined by Kaplan-Meier Plotter using head-neck squamous
cell carcinoma dataset (n = 500). (C) The overall view of 20 gene over-expressions (x-axis) in the invasion sublines and the prognostic significance (y-axis) in HNC
patients of each gene. Value further to the right are signified higher levels of over-expression, and those toward to the top represent more significance with poor
prognosis. (D) The overall view of 20 gene over-expressions (x-axis) in the radioresistant sublines and the prognostic significance (y-axis) in HNC patients of each
gene. Value further to the right are signified higher levels of over-expression, and those toward to the top represent more significance with poor prognosis. (E) The
diagram showing the overall and overlap genes that were over-expressed in the invasion subline, in the radioresistant subline, and associated with poor prognosis in
HNC patients. Note that three molecules, ITGA6, TGFB1, and NDRG1, were recruited in these three parameters. (F, G) Relative levels of the gene expressions
between oral mucosa specimens from healthy individuals (Normal) and oral cancer tissues from HNC patients (Cancer). The gene expression data, including ITGA6,
TGFB1, and NDRG1 was retrieved from GEO Dataset GSE25099 (F) and TCGA-HNSC dataset (G). (***p<0.001, *p<0.05, t-test).
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(2) The functional pathways co-regulate between these two
phenotypes were established. The focal adhesion was revealed to
play a significant role in contributing to these attributes. (3) The
molecular interplays between cell invasion and radioresistance
were identified, as ITGA6, TGFB1, and NDRG1, further leading
to poor prognosis in HNC. (4) ITGA6 was demonstrated to play
an imperative role in these aggressive cancer phenotypes. It may
occur through modulation of ECM or anti-apoptotic mechanism
to achieve cell invasion and radioresistance. Silencing this
Frontiers in Oncology | www.frontiersin.org 9
molecule suppressed cell migration, invasion, and attenuated
radioresistance; this molecule may be used as a molecular target
for refractory HNC treatment. In the future, further validation
studies with protein expression levels in clinical subjects are highly
recommended to confirm these results.

In this study, several functional pathways were identified
cross-regulating cell invasion and radioresistance in HNC.
Interesting, the functional mechanisms related to motility
comprised the most, as focal adhesion, proteoglycans in cancer,
A B

D

C

FIGURE 5 | ITGA6 promoted cell motility via regulating the integrity of extracellular matrix (ECM). (A) ITGA6 silencing decreased cell migration. After transfection of
ITGA6-shRNA plasmids, the HNC cells (OECM1, SAS) were subjected to in vitro wound healing assay. Cell migration toward the gap was observed, photographed,
and quantified at the indicated times. (B) ITGA6 silencing attenuated cell invasion. After transfection of ITGA6-shRNA plasmids, the HNC cells (OECM1, SAS) were
subjected to Matrigel invasion assay. The cells that invaded through the Matrigel-coated membranes to the reverse side were stained, photographed, and quantified.
(C) Significant increases of ECM-associated gene expressions in the oral cancer tissues from HNC patients (Cancer) compared to the oral mucosa specimens from
healthy individuals (Normal). The gene expression data, including ITGB4, LAMC2, FSCN1, and PXN, was retrieved from GEO Datasets GSE25099. (D) Correlative
expressions between ITGA6 and ECM associated molecules ITGB4, LAMC2, FSCN1, and PXN, in the oral cancer tissues from HNC patients. The gene expression
data was retrieved from GEO Datasets GSE25099. (**p < 0.01, ***P < 0.001, t-test).
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ECM-receptor interaction, and actin cytoskeleton regulation
(Figure 2B). Although these motility-related mechanisms were
well accepted to regulate cell invasion, they were noted to
modulate radioresistance in the present study. The integrity of
ECM and focal adhesion mechanism were important in response
to radiation stress for cellular survival. Three signaling pathways
were identified for the network molecules to critically co-regulate
these two phenotypes, PI3-AKT, Rap1, and MAPK (Figure 2B).
PI3K-Akt is an intracellular signaling pathway that mediator of
several membrane-bound receptor tyrosine kinases (25). In
response to extracellular stimuli, its activation may induce
downstream oncogenic pathways to promote cancer
aggressiveness. Consistent with our findings, this pathway has
been reported to participate in cell invasion, cell proliferation,
and therapeutic resistance (26, 27). The MAPK family proteins
include three major signaling molecules, ERK, p38 kinase, and
JNK, that transduce extracellular signaling into nuclei following
turn-on gene expression (28). Since MAPK may induce multiple
downstream signals, it regulates a wide range of cellular
functions, including cell proliferation, differentiation, apoptosis,
and stress response (28, 29). Our finding of MAPK signaling
pathway in co-regulation of two aggressive cancer phenotypes
agreed with these reports. The Rap1 protein is a small GTPase
protein belonging to the RAS oncogene family. It acts as
molecular switches between an inactive GDP-bound and an
active GTP-bound conformation to turn on signal transduction
(30). Rap1 is important for molecular junction and cell adhesion,
which is significantly associated with cell invasion and cancer
metastasis (30, 31). Furthermore, the Ras family has also been
reported regulating cell proliferation and survival (30, 31). This
growth supportive function may explain the radioresistant
mechanism of the Rap1 pathway noted in this study. Thus,
activation of these pathways may contribute to a more aggressive
cancer, which is correlated with our findings related to cell
invasion and radioresistant phenotypes of HNC.

In searching panel molecules co-regulating cell invasion and
radioresistance and contributing to poor prognosis in HNC,
three molecules were prominent, as ITGA6, TGFB1, and
NDRG1 (Figure 4E). NDRG1 is a multifunctional protein that
participates in several cellular processes, including cellular
differentiation, stress response, and apoptosis (32, 33). Reports
of NDRG1 in modulating tumor development are inconsistent.
NDRG1 may act as an oncogene, for it has been reported to be
overexpressed in many types of cancers, including bladder, liver,
lung, and colorectal cancers (34–37). The oncogenic function of
NDRG1 includes promoting cellular motility, tumorigenesis, and
therapeutic resistance (36–41). Paradoxically, NDRG1 is also a
putative tumor suppressor since it has been found
downregulated in several types of cancers, such as prostate,
pancreatic, and endometrial cancers (42–44). The reported
tumor-suppressive functions were on the suppression of cell
growth and motility (43–45). The opposite effects of NDRG1 in
modulating malignancy may depend on the cells under certain
conditions or the specific types of tissues. In the present study, we
found that NDRG1 was upregulated in the invasive and
radioresistant sublines (Figure 3), over-expressed in the cancer
A

B

D

C

FIGURE 6 | ITGA6 facilitated radioresistance through regulation of the
apoptotic related mechanism. (A) ITGA6 silencing increased radiosensitivity.
After transfection of ITGA6-shRNA plasmids, the HNC cells (OECM1, SAS)
were subjected to clonogenic survival assay. The colony survival fractions
were determined after the cells were irradiated with various doses (0 to 6 Gy).
(B) ITGA6 silencing increased ROS production in HNC cells. After transfection
ITGA6-shRNA plasmids, the HNC cells (OECM1, SAS) were subjected to
irradiation. The ROS level was determined using H2DCF-DA oxidation method
and analyzed by flow cytometry. (C) Significantly higher expressions of
survival related genes (BIRC5, MCL1, XIAP) and lower expression of
apoptotic gene (CAS9) in the oral cancer tissues from HNC patients (Cancer)
compared to the oral mucosa specimens from healthy individuals (Normal).
The gene expression data was retrieved from GEO Datasets GSE25099.
(***p < 0.001, **p < 0.01, *p < 0.05, t-test). (D) Correlative expressions
between ITGA6 and survival or apoptotic associated molecules BIRC5, MCL1,
XIAP, and CAS9, in the oral cancer tissues from HNC patients. The gene
expression data was retrieved from GEO Datasets GSE25099.
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tissues (Figure 4F), and associated with poor prognosis in HNC
patients (Figure 4A). Our results, in agreement with the
oncogenic reports, suggested that this molecule modulates
multiple malignant functions in HNC.

TGFB1 is a polypeptide member of the transforming growth
factor-beta (TGFB) superfamily, a cytokine that predominantly
exists in the tumor microenvironment (46). This molecule is
mostly considered an oncogene because it was overexpressed in
several cancers and associated with a poor prognosis (47–49).
Mechanically, TGFB1 was presumably modulating malignant
function via suppression of immunosurveillance (50). Recently,
this molecule has been reported contributing to malignancy via
induction of cellular motility through multiple mechanisms.
These include the activation of epithelial-mesenchymal
transition (51), modulating focal adhesion structure via
interacting with laminin family molecules (52) or interacting
with tyrosine kinase receptor to induce oncogenic signaling (53).
Consistently with these reports, we found that TGFB1 was
markedly upregulated in the invasive sublines (Figure 3),
overexpressed in the cancer tissues (Figure 4F), and associated
with poor prognosis in HNC patients (Figure 4A). We further
noted that TGFB1 facilitated radioresistant in HNC cells, and
which was not previously reported in our knowledge (Figure 3).
Thus, our results supported previous findings and provided a
novel functional mechanism of TGFB1 in cancer aggressiveness.
Science ITGB1 is a secretory protein; this molecule may be used
as a circulating tumor marker for prognostic application.

ITGA6 (Integrin alpha-6), also named VLA-6 and CD49f,
encodes a member of the integrin alpha-6 subunit protein (23,
24). Integrins are heterodimeric receptors that comprise paired a
and b subunits. There are 18 a and 8 b subunits in the human
Frontiers in Oncology | www.frontiersin.org 11
genome that combine to provide 24 integrin receptors, each with
its specificity for selected extracellular matrix (24). Integrin a6b4
is a cellular adhesion molecule that binds to its ligand laminins
in epithelial cells and plays a critical structural role in the
hemidesmosome (24, 54). Although integrin’s primary
function is to maintain cell membranes’ mechanical integrity
to maintain tissue architecture, recent studies have shown many
more biological roles than what was initially thought. Through
interaction with ligand laminin or cell-surface receptor protein,
integrin may induce several downstream signal pathways,
including FAK, EGFR, and AKT oncogenic mechanisms (54–
56). Clinically, ITGA6 has been reported altered expression in
several cancers. Over-expression of this molecule was found in
several types of cancers, and this up-regulation was associated
with poor prognosis (56, 57). Mechanistically, this molecule has
been reported to participate in several malignant functions,
including cell proliferation, cell motility, and drug resistance
(58–60). All these reports were consistent with our findings in
HNC. We showed that a high level of ITGA6 was overexpressed
in cancer tissues (Figure 4F) and associated with a worse
prognosis in HNC patients (Figure 4A). Although ITGA6 was
expected to promote cell invasion, we also revealed its function in
facilitating radioresistance (Figure 6A). This result was
supported by the previous finding in breast cancer that ITGA6
plays a critical role in radioresistance via regulating Akt/Erk
signaling pathway (61). We also showed that this function could
be achieved via modulation of intracellular ROS levels
(Figure 6B) and leading to anti-apoptotic advantage
(Figure 6D). At the molecular level, we demonstrated that
ITGA6 facilitated radioresistance via regulating the apoptotic-
related mechanism. This finding was shown by the correlative
FIGURE 7 | A model of molecular crosstalk between cell invasion and radioresistance in HNC.
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expressions of ITGA6 with a panel of survival genes, including
BIRC5, MCL1, XIAP (Figure 6D). Note that BIRC5 has been
reported regulating radioresistance and metastasis (62, 63), thus
further supporting our finding of this molecule on the cross
regulatory function in these two phenotypes. Silencing this
molecule reversed malignant presentation significantly, as
attenuation of invasion ability (Figure 5) and induction of
radio-sensitization in HNC (Figure 6). Thus, ITGA6 may
serve as a predictive marker of radioresistance, a prognostic
marker of metastasis, and a molecular target for developing a
therapeutic modality for the treatment of refractory cancers.

In conclusion, the poor prognosis of HNC patients was often
resulted from cancer metastasis or therapeutic resistance. In this
study, we have employed a systemic approach by elucidation of the
molecular interplays between cell invasion and radioresistance,
aiming to identify prominent molecules contributing to the
prognosis of HNC. We revealed phenotypic crosstalk between
cell invasion and radioresistance, determined the functional
pathways (such as focal adhesion) co-regulating these two
phenotypes, and identified a panel of interplay molecules
leading to poor prognosis (ITGA6, TGFB1, and NDRG1). A
hub molecule ITGA6 was demonstrated to play an imperative
role contributing to the aggressive phenotypes. Silencing this
molecule suppressed cell migration, invasion, and attenuated
radioresistance. These panel molecules, such as ITGA6, may
serve as prognostic markers of metastasis, predictive markers of
radioresistance, and molecular therapeutic targets to treat
refractory HNC.
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