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Abstract: Long non-coding RNAs have proven to be important molecules in carcinogenesis. Due to
little knowledge about them, the molecular mechanisms of tumorigenesis are still being explored.
The aim of this work was to study the effect of ionizing radiation on the expression of lncRNAs in
head and neck squamous cell carcinoma (HNSCC) in patients responding and non-responding to
radiotherapy. The experimental model was created using a group of patients with response (RG,
n = 75) and no response (NRG, n = 75) to radiotherapy based on the cancer genome atlas (TCGA) data.
Using the in silico model, statistically significant lncRNAs were defined and further validated on six
HNSCC cell lines irradiated at three different doses. Based on the TCGA model, C10orf55, C3orf35,
C5orf38, CASC2, MEG3, MYCNOS, SFTA1P, SNHG3, and TMEM105, with the altered expression
between the RG and NRG were observed. Analysis of pathways and immune profile indicated
that these lncRNAs were associated with changes in processes, such as epithelial-to-mesenchymal
transition, regulation of spindle division, and the p53 pathway, and differences in immune cells score
and lymphocyte infiltration signature score. However, only C10orf55, CASC2, and SFTA1P presented
statistically altered expression after irradiation in the in vitro model. In conclusion, the expression
of lncRNAs is affected by ionization radiation in HNSCC, and these lncRNAs are associated with
pathways, which are important for radiation response and immune response. Potentially presented
lncRNAs could be used as biomarkers for personalized radiotherapy in the future. However, these
results need to be verified based on an in vitro experimental model to show a direct net of interactions.

Keywords: C10orf55; CASC2; SFTA1P; lncRNA; ncRNA; HNSCC; biomarker; radiotherapy; TCGA

1. Introduction

Head and neck squamous cell carcinomas (HNSCC) are the sixth most common among
all cancers worldwide. The mortality rate of HNSCC patients can be as high as 50% [1]. On
this basis, two groups were distinguished among HNSCC: cancers caused by carcinogens,
such as alcohol and smoking, which account for up to 75% of the incidence of HNSCC,
and those associated with a viral infection, such as HPV [2–5]. A patient’s treatment is
determined after evaluating factors, such as the size of the tumor, the presence and number
of metastases, and their location. Despite medical advances, the mortality rate among
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HNSCC patients is still high [6]. Due to the low clinically apparent precancerous changes,
in most cases, cancer is diagnosed at a late stage, which reduces the chances of recovery [7].
Current strategies for treating HNSCC include surgical and non-surgical approaches, such
as radiation therapy. For patients with head and neck cancers, conventional radiation
therapy is used, during which patients are subjected to radiation at a fraction of 2 Gy once
a day until the total radiation dose received is 70 Gy [8]. Molecular mechanisms of HNSCC
pathogenesis, however, have still not been fully clarified, so it is crucial to investigate their
genetic basis and to improve diagnostic methods and treatment [9].

Among HNSCC patients, radiation therapy is a widely used treatment method. As
studies have shown; however, it has proven to be more effective in HPV-positive patients
than in HPV-negative patients [10–12]. The susceptibility of this group of patients is due
to abnormalities in signaling and repair mechanisms within DNA strands. On this basis,
much of the current research focuses on the protein-coding genes and proteins themselves,
which are responsible for repair mechanisms and inhibitors associated with cell cycle
regulation. One of the consequences of ionizing radiation, with a profound impact on cell
function, is DNA damage, and consequently a whole cascade of repair systems. Following
irradiation, signaling pathways are activated to repair the damage or apoptotic mechanisms
are triggered [13]. DNA damage can affect one or both DNA strands, and thus single-strand
breaks (SSBs) and double-strand breaks (DSBs) are distinguished. DSBs are characterized
by impaired DNA repair kinetics and numerous oxidative base impairment, resulting in
genome destabilization. Additionally, an important effect of radiation on the cell is water
ionization, which causes the formation of free radicals in the cell, which are harmful to
the genetic material of the cell and can lead to cell death [14]. However, it is possible that
after a dose of infrared radiation, DNA repair cascade effectively and largely restores the
functionality of cancer cells, and as a result, these cells can acquire radioresistance [15,16]. It
was shown that under the influence of ionizing radiation and chemotherapeutics expression
not only of protein-coding genes but also of non-coding RNAs is changed as a natural
response and leading to molecular changes, which can overcome harmful factors [17].

Although long non-coding RNAs (lncRNAs) do not encode proteins, they have been
recognized as valuable and significant molecules over time. Their sequence consists of more
than 200 nucleotides and very often contains elements typical of mRNA, namely poly-A
tails and regulatory elements, such as miRNAs binding sites. The process of lncRNA
biogenesis is regulated by RNA polymerase II and is similar to mRNA formation [18].
The activity of lncRNAs is characterized not only by interaction with proteins and other
RNAs but also by regulation of transcription and expression of genes through changes in
chromatin structure [19,20].

lncRNAs appear to be important in functions related to the regulation of gene transcrip-
tion in the nucleus or subsequent post-transcriptional modifications in the cytoplasm [21].
Abnormalities in the activity or biogenesis mechanisms of lncRNAs can appear in states of
pathological conditions and indicate cancer progression by affecting not only the structure
of the chromatin but also several transcription factors [22]. It has been demonstrated that
lncRNAs play a key role in cancer biology. Although the function and activity of lncRNAs
are still under investigation, in the future they may become important tools for predicting
the development and possible treatment of cancer [23]. Moreover, dysregulated lncRNAs
are closely associated with the regulation of a cellular pathway associated with the response
to irradiation [16]. A better understanding of the mechanisms of tumor cell response to
radiation therapy, and characterization of the genes, including lncRNAs, which can be used
as irradiation markers, gives the possibility of more effective treatment.

In this study, we used The Cancer Genome Atlas (TCGA) data of HNSCC patients
to define the lncRNAs’ panel with a high ability to distinguish patients in response to
implemented radiotherapy during the treatment. Based on this, nine selected lncRNAs
were validated using HNSCC cell lines and different doses of irradiation. The overview of
the experimental approach with analysis steps used in this study is presented in Figure 1.
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Figure 1. Overview of main experimental steps divided into in silico (based on The Cancer Genome
Atlas (TCGA) analysis) and in vivo (cell lines analysis) used in this study.

2. Materials and Methods
2.1. Databases

Publicly available data from the TCGA was downloaded from the website of the
University of Santa Cruz in California (https://xenabrowser.net/datapages/, accessed on
12 March 2022). Files included gene expression and clinical presentation of patients with
head and neck cancers: TCGA.HNSC.sampleMap/HiSeqV2 was used (with expression
unit: estimated gene level transcription, log2(x + 1) transformed RSEM normalized count,

https://xenabrowser.net/datapages/
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number of patients: 566). lncRNAs of interest were selected using the tool BioMart available
at: https://www.ensembl.org/index.html, European Bioinformatics Institute (EMBL-EBI),
Wellcome Genome Campus, Hinxton, Cambridgeshire, United Kingdom, accessed on 12
March 2022.

ESTIMATE (Estimation of STromal and Immune cells in MAlignant Tumor tissues
using Expression data) data for immune cell analysis were downloaded from https://
bioinformatics.mdanderson.org/estimate/disease.html (University of Texas MD Anderson
Cancer Center Houston, Texas, United States of America, accessed on 25 August 2022),
platform RNA-Seq-V2 [24]. Data presented by Thorsson et al. [25] (accessed on 25 August
2022) was used for the analysis of lymphocyte infiltration signature score.

All the data are available online with unrestricted access and do not require the
patients’ consent or other permissions. The use of the data does not violate the right of any
person or any institution.

2.2. Obtaining the Model and Its Characterization

To build the model, 297 patients with radiation treatment were selected to obtain
two groups of patients who were separated based on their overall survival (OS). These
two marginal groups of patients were named further as the responding group with OS
longer than 1049 days (RG) and the non-responding group with OS shorter than 854 days
(NRG). The rest of the 147 patients with OS time less than 1049 days and higher with
854 were excluded (percentile 25–50% and 50–75%). Information about patients included
in RG and NRG groups is enclosed in Supplementary Table S1. The obtained model of
150 patients (RG with n = 75 and NRG with n = 75) was characterized based on the clinical
and pathological information in terms of criteria, such as location: oral cavity vs. pharynx
vs. larynx; tumor cell differentiation grade: G1 vs. G2 vs. G3; tumor size: T1 vs. T2 vs.
T3 vs. T4; HPV p16 status: positive vs. negative; alcohol consumption history: yes vs. no;
smoking tobacco products history: yes vs. no, as described in the statistical section.

2.3. Pathways and Cellular Processes Analysis

Gene set enrichment analysis (GSEA) of a group of genes was conducted using soft-
ware from www.gsea-msigdb.org, accessed on 10 May 2022. The tested 150 patients were
divided into two groups with low and high expression of a particular lncRNA with the
median expression used as a cutoff. The analysis took into account the expression profile of
all genes for a given patient. Analysis of oncogenic signatures (C) from MSigDB collection
with 1000 gene set permutations and with nominal p-value ≤ 0.05 and FDR q-value ≤ 0.27
were considered significant.

Next, the enriched gene sets for all significant results from GSEA were analyzed
using the GeneMANIA online tool (https://genemania.org, accessed on 20 August 2022)
for deeper prediction of their biological network integration for gene prioritization and
function and visualization of possible interactions [26].

2.4. Immune Analysis

Infiltration of immune cells into tumor tissues and inference of the tumor purity in
patients’ groups depending on the high and low lncRNA expression level (cut off based on
the median expression of a specific gene) was analyzed using the dataset ESTIMATE [24].
Next, lymphocyte infiltration signature scores were estimated depending on the high and
low expression levels of specified lncRNA in the whole (RG and NRG) group of patients
using deconvolution data about specific immune cells presented by Thorsson et al. [25] as
described in the statistical method section.

2.5. Irradiation of HNSCC Cell Lines

Commercially available head and neck squamous cell lines DOK, SCC-25, SCC-040,
FaDu, CAL-27, and Detroit 562 were used for the analysis of changes in the expression level
of specified lncRNAs selected based on the TCGA analysis. All cell lines were cultured

https://www.ensembl.org/index.html
https://bioinformatics.mdanderson.org/estimate/disease.html
https://bioinformatics.mdanderson.org/estimate/disease.html
www.gsea-msigdb.org
https://genemania.org


J. Pers. Med. 2022, 12, 1696 5 of 18

in DMEM (BioWest, Nuaille, France) supplemented with 10% FBS (BioWest) and 4.5 g/L
gentamicin antibiotic (Krka, Poland) in culture bottles and incubated in a 37 ◦C and 5%
CO2 atmosphere.

The culture bottles were filled with PBS and the cells were exposed to ionizing radiation
at doses of 2, 4, and 8 Gy, similar to those described previously by Lindell Jonsson E et al. [27],
using Gammacell® 3000 Elite (Theratronics, Canada) with the Cesium-137 isotope as the
radiation source with the emission of α, β+ and β−, and gamma-penetrating radiation. As
controls, cell lines that were identically grown but not subjected to ionizing radiation (0 Gy)
were used. All irradiation experiments were made with a minimum of three independent bi-
ological replicates. After irradiation, the PBS was removed, and cells were cultured for 24 h
as described above. After that, total RNA was isolated using TRI Reagent® (Sigma-Aldrich,
Munich, Germany) according to the manufacturer’s protocol. The quality and quantity
of RNA were estimated by observation of 28S and 18S rRNA bands using electrophoresis
in 1% agarose with TEA (Tris-acetate-EDTA (Ethylenediaminetetraacetic acid)) buffer and
NanoDrop 2000 spectrophotometer (Thermo Scientific, Waltham, MA, USA).

2.6. lncRNA Expression Analysis

Reverse transcription was performed using EvoScript cDNA synthesis reaction kit
(Roche, Basel, Switzerland) according to the manufacturer’s protocol and using 1 µg of total
RNA. Obtained cDNA was diluted (10×) and used for a quantitative reverse transcription-
polymerase chain reaction (qRT-PCR) using LightCycler 96 (Roche) and SYBR Green I
Master buffer (Roche) as described previously [28].

The primers for quantification of C10orf55, C3orf35, C5orf38, CASC2, MEG3, MYC-
NOS, SFTA1P, SNHG3, and TMEM105 were described previously [28–34] and are presented
in Table 1. The compatibility of all primers and their complementarity to the target sequence
was checked using the Basic Local Alignment Search Tool (BLAST), National Center for
Biotechnology Information (NCBI), Bethesda, Maryland, United States of America, avail-
able at: https://blast.ncbi.nlm.nih.gov/Blast.cgi, accessed on 15 May 2022. All real-time
PCR data were analyzed by calculating the 2−∆Ct method and normalized against the
GAPDH expression as described previously [29–35].

Table 1. Primer sequences used in the qRT-PCR reaction.

lncRNA Forward Primer (5′-3′) Right Primer (5′-3′) Ref:

C10orf55 ATTCGGGAGGAGGCTTCATCA TGAGAACTAGATACGAACAGGGT [29]

C3orf35 AAGAGGTTATTGTGCGCCCG ATTAGCCCGCCTTCCTCTGT [30]

C5orf38 CTGCTGCCTGTTACTAAT CAATGACGAGTGTTAAGTT [31]

CASC2 GGCTCACAAAGCCTAGGTTA CCTTGGATATTTCCAAGAGC [32]

MEG3 CTGCCCATCTACACCTCACG CTCTCCGCCGTCTGCGCTAGGGGCT [33]

MYCNOS TCCGACAGCTCAAACACAGAC CCAGCTTTGCAGCCTTCTC [34]

SFTA1P CATTCCAGGTGGGCTTTCA TCCCTTGTTTGGCTTACTCG [35]

SNHG3 AATCCAGTCTCATTCAGTAA GCGTCCTAATCATTCAATC [31]

TMEM105 TGGCAGCAGGGATAACAG TGAGCAACAGAGCAAGACT [31]

GAPDH CCACTCCTCCACCTTTGACG CCACCACCCTGTTGCTGTAG [31]

2.7. Statistical Methods

All statistical analyses of the data extracted from TCGA-based databases were per-
formed using the GraphPad Prism 5 software. For each of the analyzed groups, the
distribution was checked using the Shapiro–Wilk test. Analysis of differences between
groups was performed using the Student’s t-test or Mann–Whitney U test, depending
on the distribution. Differences in clinical and pathological parameters in the groups of
patients responding and non-responding to ionizing radiation were analyzed using the

https://blast.ncbi.nlm.nih.gov/Blast.cgi
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Chi-square test. Differences in the expression levels for individual lncRNAs in cell lines
undergoing irradiation were analyzed using the ANOVA test. Previously, it was checked
whether the normal distribution was present in each group. For the primary analysis, the
Kruskal-Wallis ANOVA test was used, and for the post hoc analysis, the Dunn’s test. For
all analyses, the test probability value (p-value) was assumed to be statistically significant,
when it is less than 0.05.

For each analysis, it was assumed that the value of the test probability (p-value) is
statistically significant when it is less than 0.05.

3. Results
3.1. Obtaining an In Silico Experimental Model Based on TCGA Data

First, using the data available from the TCGA project the overall survival (OS) time of
HNSCC patients with radiation therapy and without this treatment was assessed. It was
observed that patients who received radiation therapy displayed prolonged OS time with a
median survival of 2570 days in comparison to the group without this treatment with a
median survival assessed at 1134 days (p = 0.0006 and p < 0.0001) (Figure 2A).

Figure 2. Characteristics of an in silico model obtained based on the TCGA head and neck squamous
cell carcinomas (HNSCC) patients: (A) overall survival (OS) time of HNSCC patients depending on
radiotherapy (IR, dark red) and no radiotherapy (No IR, dark blue) treatment with 95% CI marked
as lighter lines; (B) OS time in responders group (RG, green) and non-responders group (NRG, red)
of patients to radiotherapy; (C) percent of the patients who underwent targeted molecular therapy;
(D) localization of tumors depending on the RG and NRG groups; and (E) main clinical and patho-
logical parameters describing RG and NRG groups; p < 0.05 considered as statistically significant.

Next, from 297 patients who received radiation therapy, two distinct groups named
responders’ (RG) and non-responders’ groups (NRG) were separated based on OS. The
responding group was the group of patients with the longest survival time (5480 days, with
undefined median survival) after the procedure was performed and consisted of 75 patients.
The non-responders’ group was the group of patients with the shortest survival time
(69 days with median survival assessed of 379 days) after the procedure was performed
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and included 75 patients (Figure 2B). None of the 150 patients had a history of neoadjuvant
treatment. Moreover, information about additional pharmaceutical therapy (unknown
type) was presented only for 9 patients from RG (3 patients received therapy and 6 patients
without therapy) and 31 from NRG groups (14 patients received therapy and 17 patients
without therapy). Based on Chi-square analysis, no differences between groups were
observed (p = 0.5274). The lack of information about additional pharmaceutical therapy is
for 94% of RG and 79% of NRG patients in the TCGA data. Moreover, no differences in the
number of patients undergoing targeted molecular therapy among RG and NRG patients
were observed (p = 0.3813); see Figure 2C. Additionally, no differences in tumor localization
sites in the RG and NRG group of patients were noticed (p = 0.1231); see Figure 2D.

The differences between the responding and non-responding groups to radiotherapy
were examined based on selected clinical and pathological parameters. It was observed
that there were no differences in several parameters: gender (female vs. male, p = 0.3344),
alcohol consumption (yes vs. no, p = 0.4253), smoking of tobacco products (yes vs. no,
p = 0.2424), stage of tumor (I + II vs. III + IV, p = 0.4142), tumor cell differentiation stage
(G1 + G2 vs. G3 + G4, p = 0.1241), tumor size (T1 + T2 vs. T3 + T4, p = 0.0761), the presence
of tumor cells in lymph nodes (N0 vs. N1 + N2 + N3, p = 0.8621), invasion of the perineural
space (yes vs. no, p = 0.0816), degree of spread of tumor cells (I + II vs. III + IV, p = 0.1241),
excision of cervical lymph nodes (yes vs. no, p = 0.4253), and HPV infection status (positive
vs. negative, p = 0.1982). All results are shown in Figure 2E and Supplementary Table S2.

3.2. lncRNA Expression Profile Differs between RG and NRG Patients

Significantly different (p < 0.05) expression between RG and NRG patients was ob-
served for twenty lncRNA. Next, C10orf55, C3orf35, C5orf38, CASC2, MEG3, MYCNOS,
SFTA1P, SNHG3, and TMEM105 were selected for further analysis as the most changed
between the group of RG and NRG patients. Increased expression in the NRG was observed
for C10orf55 (p = 0.0002), C3orf35 (p = 0.0054), C5orf38 (p = 0.0002), TMEM105 (p = 0.0005),
MEG3 (p = 0.0043), SFTA1P (p = 0.001), and SNHG3 (p = 0.0039), and lower expression in the
case of MYCNOS (p = 0.0001), as well as CASC2 (p = 0.01). (Figure 3A and Supplementary
Table S3).

Analysis of the receiver-operating characteristic (ROC) curve was performed to de-
scribe lncRNAs’ ability to differentiate groups of patients (RG vs. NRG). It was observed
that 17 lncRNAs displayed AUC higher than 0.6 and in this group MYCNOS (AUC = 0.6544;
p = 0.0013), SFTA1P (AUC = 0.6577; p = 0.001), TMEM105 (AUC = 0.672; p = 0.0003), C5orf38
(AUC = 0.6777; p = 0.0002), and C10orf55 (AUC = 0.6784; p = 0.0002) had the higher ability
to differentiate patients with the response to radiotherapy (Figure 3B and Supplementary
Table S4).

Moreover, the expression levels of these twenty lncRNAs were compared between
tumor (n = 522) and healthy samples (n = 44) using all HNSCC data taken from the
TCGA. It was indicated that expression levels were up-regulated for SNHG3, C10orf55,
C2orf27A, C5orf38, HCP5, SFTA1P, SNHG10 (for all p < 0.0001), C5orf60 (p = 0.0002), PVT1
(p = 0.0013), C6orf223 (p = 0.0135), and TMEM105 (p = 0.0357) and downregulated for
MYCNOS (p = 0.0472) in tumor compared to healthy samples. No differences were observed
for NEAT1 (p = 0.0841), MEG3 (p = 0.1824), SMCR5 (p = 0.5756), SNHG7 (p = 0.5826), C3orf35
(p = 0.6029), CASC2 (p = 0.7752), HHLA3 (p = 0.8326), and RFPL1S (p = 0.9121); see Figure 3C
and Supplementary Table S5.
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Figure 3. lncRNA expression profile (A) in responders’ group (RG) and non-responders’ group (NRG)
of patients to radiotherapy and (B) assessment of the parameter AUC (Area under the ROC Curve)
to discriminate the RG and NRG groups. (C) Comparison of expression levels of twenty lncRNAs
between tumor (n = 522) and healthy (n = 44) using all HNSCC data taken from the TCGA; Student
t-test or Mann-Whitney U test, p < 0.05 considered statistically significant.

3.3. Selected lncRNAs Are Connected with Pathways and Cellular Processes Important for
Response to Irradiation

Next, pathways and cellular processes analysis for the nine lncRNAs showing the
greatest differences in the RG and NRG groups was carried out. Gene set enrichment
analysis (GSEA) was performed depending on the high and low expression levels of
specified lncRNA using the set of 150 patients (RG and NRG groups).

Based on the GSEA analysis altered peroxisome-associated pathways were observed
for lncRNA CASC2 associated with the P53 pathway (190 genes, FDR = 0.030, p < 0.0001);
for C3orf35 associated with response to androgen hormones (96 genes, FDR = 0.254,
p = 0.019), UV response (137 genes, FDR = 0.264, p = 0.016), and the mitotic spindle
(196 genes, FDR = 0.088, p = 0.018); for SFTA1P associated with coagulation (136 genes,
FDR = 0.251, p = 0.008), epithelial-to-mesenchymal transition (194 genes, FDR = 0.122,
p < 0.0001), and angiogenesis (36 genes, FDR = 0.226, p = 0.002); for MEG3 associated
with the G2M checkpoint (184 genes, FDR = 0.108, p = 0.0367), mitotic spindle (196 genes,
FDR = 0.030, p = 0.004); for SNHG3 associated with DNA repair (139 genes, FDR = 0.144,
p = 0.041). All results are shown in Figure 4A and Supplementary Table S6.
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Figure 4. Pathways and cellular processes associated with expression level of C3orf35, CASC2, MEG3,
SFTA1P, and SNHG3 lncRNAs: (A) Gene set enrichment analysis (GSEA) analysis of genes enriched
in the set of 150 HNSCC patients (RG and NRG groups) depending on expression level of specified
lncRNA (high or low groups divided based on the median expression of lncRNA); only the gene
sets with nominal p < 0.05 were presented; NES-normalized enrichment score, FDR q-value-false
discovery rate, SIZE-number of enriched genes in a specified process; and further analysis of genes
included in GSEA results (FDR < 0.27 and p < 0.05) for (B) genes enriched in the group of patients
with higher level of SFTA1 and SNHG3 lncRNAs, and (C) lower level of C3orf35, CASC2, and
MEG3, and connected with ionization radiation response; GeneMANIA tool; p < 0.05 considered as
statistically significant.

Next, using the GeneMANIA tool, further analysis of genes included in GSEA results
(FDR < 0.27 and p < 0.05) was performed and included the following processes: epithelial-
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to-mesenchymal transition process and angiogenesis for SFTA1 and DNA repair for SNHG3
observed in the group of patients with higher levels of these lncRNAs. The same analysis
was conducted for enriched processes in the patients with lower expression of C3orf35
(mitotic spindle, UV response DN), CASC2 (TP53 pathway), and MEG3 (mitotic spindle and
G2M checkpoint). For SFTA1, additional detected processes included: extracellular matrix
organization, angiogenesis, cellular migration, response to UV, apoptosis, and connection
with leukocyte migration, extracellular matrix organization, angiogenesis, response to
UV, or regulation of cell proliferation. In the case of SNHG3 were noticed processes
associated with DNA repair (e.g., nucleotide-excision repair, telomere maintenance, DNA
synthesis involved in DNA repair) as well as gene silencing by miRNA. Analysis for lower
expression of C3orf35 indicated changes in processes associated with Golgi apparatus
and vesicle transport. Moreover, with this lncRNA processes strictly connected with
division, cytoskeleton, and cell cycle were observed. These processes were also noticed
with MEG3 and additional processes associated with DNA damage response and signal
transduction caused by changes in DNA, cell–cell junction, as well as processes linked with
antigen processing and presentation were also noticed. Patients with lower levels of MEG3
displayed also changes in processes, such as a mitotic spindle, cell cycle regulation, signal
transduction in response to DNA damage, DNA damage checkpoint, and double-strand
break repair via homologous recombination. The last lncRNA, CASC2, was connected with
the regulation of proliferation, signal transduction, apoptosis, cell cycle arrest, response to
external stimulus, signal transduction involved in mitotic DNA damage checkpoint, as well
as response to oxygen levels. All results are presented in Figure 4B,C, and Supplementary
Table S7.

Infiltration of immune cells into tumor tissues and infer tumor purity depending on
the lncRNA expression level was analyzed using the dataset ESTIMATE because immune
processes were observed for some of the pathways associated with selected lncRNAs. No
changes between high and low expression levels of C3orf35, MEG3, MYCNOS, TMEM105,
CASC2, C10orf55, and SFTA1P (p > 0.05) were observed. However, for C5orf38 and
SNHG3, differences in tumor purity between patients with low and high levels of these two
lncRNAs were indicated (p = 0.0005 and p = 0.0013, respectively). Only in the case of MEG3
differences in stromal cells were noticed (p = 0.0122). Lower levels of immune score and
lower levels of lymphocyte infiltration signature score in the group of patients with higher
levels of C5orf38 (p < 0.0001 and p < 0.0001, respectively), SNHG3 (p = 0.0093 and p = 0.0243,
respectively) as well as TMEM105 (p = 0.0268 and p = 0.0002, respectively) in comparison
to patients with lower levels of these lncRNAs were observed. Moreover, in the case of
patients with lower levels of MEG3 and higher levels of MYCNOS, a higher lymphocyte
infiltration signature score was observed (p = 0.0334 and p = 0.0475, respectively). All
results are shown in Figure 5 and Supplementary Table S8.

3.4. Expression Level of lncRNAs Selected Based on TCGA Data WasChanged after Ionization
Radiation in Cell Line Models

Finally, the C10orf55, C3orf35, C5orf38, CASC2, MEG3, MYCNOS, SFTA1P, SNHG3,
and TMEM105 lncRNAs, were validated using HNSCC cell line models, which were
irradiated using 2, 4, and 8 Gy of doses and compared to the non-irradiated controls (0 Gy).
Changes in the expression were assessed using the 2−∆Ct method and normalized to the
GAPDH reference gene [28–34].

We observed that the expression level of C10orf55 was downregulated in SCC-25 cells
after irradiation (p = 0.0146). In the case of CASC2 lncRNA in Detroit 562 cells down-
regulation of this lncRNA was observed (p = 0.0482). Opposite results were determined
for SFTA1P, whose expression levels were up-regulated in CAL-27 (p = 0.0057) and FaDu
cells (p = 0.0043) after irradiation. For the rest of the cell lines and specified lncRNAs, no
significant differences were noticed (p > 0.05). All results are presented in Figure 6.
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Figure 5. Analysis of infiltration of immune cells into tumor tissues and inference of the tumor purity
depending on the expression level of CASC2, C10orf55, and SFTA1P; Student t-test or Mann-Whitney
U test, p < 0.05 considered significant, ns-no significant; * p < 0.05; ** p < 0.01; *** p < 0.001.

Figure 6. Cont.
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Figure 6. Relative expression of C10orf55, C3orf35, C5orf38, CASC2, MEG3, MYCNOS, SFTA1P,
SNHG3, and TMEM105 lncRNAs after irradiation of HNSCC cell lines using doses of 0 Gy, 2 Gy,
4 Gy, and 8 Gy: (A) heat maps representing expression of specified lncRNAs and (B) expression
of C10orf55, CASC2, and SFTA1P in selected cell lines; p < 0.05 considered significant, * p < 0.05;
** p < 0.01.

4. Discussion

Because the survival rate of the HNSCC patient group is still poor, understanding
the genetic basis is crucial to finding personalized treatment and potential biomarkers for
HNSCC. The present work focuses on investigating the relevance of specific lncRNAs in
the pathomechanisms of head and neck cancers after ionizing radiation. In the context of
tumorigenesis, the literature data on the role of lncRNAs in head and neck area cancers are
limited. It should be mentioned that none of the genes identified in this work are described
in the context of the effects of ionizing radiation on the HNSCC.

This study used available data from the TCGA database of both transcriptome and
clinical parameters to create a research model to identify potential lncRNAs. In silico
analyses showed significant differences in the expression of twenty genes between the
groups of patients responding and non-responding to ionizing radiation. The model
consisted of patients who received radiation therapy during treatment, and among these
patients, a responding and non-responding group was separated based on survival length.
Based on comparative analysis, differences were shown for lncRNAs; for the responding
group versus the non-responding group, increased expression was observed for C5orf60,
C6orf223, MYCNOS, RFPL1S, CASC2, as well as SMCR5 and decreased expression for
C10orf55, C2orf27A, C3orf35, C5orf38, TMEM105, HCP5, HHLA3, MEG3, NEAT1, PVT1,
SFTA1P, SNHG10, SNHG3, and SNHG7.

In order to verify that the model itself did not affect the results obtained, i.e., specific
clinical and pathological parameters, a comparative analysis was performed for the two
groups compared. No statistically significant differences in clinical and pathological param-
eters were observed except for differences in the presence of tumor cells in lymph nodes.
This indicates that the established research model appears to be correct. The results were
not affected by variables, such as gender, age, tumor stage, and tumor size. It should be
noted that TCGA data are often used to create a research model, which is then validated
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against another database, such as the Gene Expression Omnibus (GEO), patient samples
collected at a given center, or cell lines [3,36]. It has been shown that for the genes C10orf55,
C3orf35, C5orf38, CASC2, MEG3, MYCNOS, SFTA1P, SNHG3, and TMEM105, there are the
greatest differences in expression levels between the group responding and non-responding
to radiotherapy. Verification of these data on samples derived from cell lines confirmed
this relationship only for genes C10orf55, CASC2, and SFTA1P.

Similar studies have already been conducted, but different results were observed
than those presented here [37,38]. Guglas et al. analyzed lncRNA expression in SCC-040,
SCC-25, FaDu, and Cal27 cell lines treated with radiation doses of 5, 10, and 20 Gy. It was
observed that lncRNA expression is dose-dependant and for a dose of 5 Gy the expression
level of HOTAIR, HOXA3as SNHG5, and Zfhx2as were changed; for a dose of 10 Gy,
CAR Intergenic 10, Dio3os, HAR1A, Zfhx2as, and HAR1B were changed, and HOXA6as,
Zfhx2as, and PTENP1 lncRNAs were changed after a dose of 20 Gy. However, in that
study, a defined set of lncRNAs were used for qRT-PCR analysis [37]. In this study, from
all available lncRNA transcripts indicated in the RNAseq data, we selected those with the
highest differences in expression level between RG and NRG group. Moreover, it should be
noted that the radiosensitivity of HNSCC depends on the clinical-pathological features of
this heterogeneous group of cancer. For example, ncRNAs encoded by viral particles have
modulating ability on the radio-susceptibility in the case of nasopharyngeal carcinoma
(NPC) connected with Epstein-Barr virus (EBV) infection [38].

In our opinion, the selection of potential genetic biomarkers based on the TCGA data
is a better methodological approach than studies based on cell lines [39]. However, in both
cases, this data should be validated in a large number of patients, what is our future goal.

The first indicated lncRNA is C10orf55 (chromosome 10 putative open reading frame 55).
The importance of this lncRNA in HNSCC has been demonstrated. Studies have confirmed
the close association of C10orf55 with plasminogen activator (PLAU), higher levels of which
were unequivocally associated with a worse prognosis of HNSCC. The in vivo and in vitro
results suggest an involvement of C10orf55 in tumor cell proliferation and migration [40].
It has also been investigated in acute myeloid leukemia and in complete remission of the
disease, following treatment with chemotherapeutics [41]. Dysregulation of this lncRNA
after successful treatment with both chemotherapy and radiotherapy offers hope for new
diagnostic methods and creates room for more accurate studies. Another cancer in which
C10orf55 plays an important role is esophageal adenocarcinoma. A group of researchers
has created a compilation of four genes that are targeted by miR-3648 and whose expression
closely correlates with the OS time of patients [42]. Unfortunately, based on GSEA analysis,
no signaling pathways have been related to the response to ionizing radiation.

The next lncRNA identified in this work is CASC2 (cancer susceptibility 2). Present
studies do not indicate an association of CASC2 expression with radiation, although its
importance in HNSCC has already been noted. Oral squamous cell carcinoma (OSCC) owes
its resistance to chemotherapy to CASC2 [43]. As reported in the literature, the role of this
lncRNA in the defense response to tumorigenesis is already known, and its involvement
in the apoptotic process has also been noted [44]. CASC2 is also revealed in other cancers,
such as gastric, colorectal, and endometrial, always with reduced expression [45].

It should be mentioned that the effect of cisplatin on cells with reduced CASC2
expression in esophageal squamous cell carcinoma was analyzed. It was shown that
CASC2 promotes the anti-tumor effect of cisplatin in cancer cells [46]. Based on the results
of this study, which also noted CASC2 dysregulation in cells derived from the oral cavity
and pharynx, it is suggested that this lncRNA may represent a future biomarker in response
to both chemotherapy and radiotherapy. The analysis of changes in signaling pathways
performed indicates that patients with low CASC2 expression have increased expression of
genes related to the p53 pathway. It was also observed that HNSCC patients responding
to radiotherapy have an increased expression of this lncRNA. DNA damage is known to
stabilize p53 in part through the DNA damage signaling pathway, which involves sensory
kinases, including ATM and ATR, and effector kinases, such as Chk1/2 and Wee1, which
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lead to post-transcriptional regulation of various genes involved in DNA repair, cell cycle
control, apoptosis, and aging [47]. The results obtained and the literature data indicate
a role for lncRNA CASC2 in the radiation response and its likely importance in the p53
pathway, which should be further analyzed.

The last lncRNA whose expression changes under the influence of ionizing radiation is
SFTA1P (surfactant associated 1 pseudogene). As numerous studies have shown, SFTA1P
is closely associated with lung diseases [48]. In cell lines of non-small cell lung cancer, it
is transcriptionally activated, which is responsible for the inhibition of cell proliferation
or induction of apoptosis [48]. However, in 2020 and 2021, two studies were conducted,
demonstrating its importance also in HNSCC [49,50]. SFTA1P has potential prognostic
significance and can be used to assess survival outcomes [50]. Based on an in vitro model,
a change in the expression of SFTA1P after treatment of lung squamous cell carcinoma cells
with cisplatin. It was found that SFTA1P, due to its correlation with the response to cisplatin,
would be in the future a good biomarker in predicting response to chemotherapy [50].
Analysis of signaling pathways showed that in a group of patients with high lncRNA
expression SFTA1P showed enhanced expression of genes related to the epithelial-to-
mesenchymal transition. It should be noted that the expression level of this lncRNA is also
high in the group of patients undergoing radiotherapy and with a short survival period
(non-responders). It is known that cells that undergo a change in phenotype from epithelial
to mesenchymal are characterized by greater aggressiveness, ability to metastasize, and
resistance to both ionizing radiation and exposure to chemotherapeutics. This resistance is
closely related to the alteration of the cellular program [51]. SFTA1P appears to be one of
the lncRNAs associated with acquiring a more malignant cellular phenotype.

There is no literature data in relation to changes in the expression of this lncRNA
under the influence of ionizing radiation, and the demonstrated potential importance of this
lncRNA in the presented results of this work provides new opportunities for understanding
the role of this lncRNA in HNSCC.

We also checked the immune profile of HNSCC patients depending on the expres-
sion levels of C10orf55, C3orf35, C5orf38, CASC2, MEG3, MYCNOS, SFTA1P, SNHG3,
and TMEM105 lncRNAs. We indicated that with higher levels of C5orf38, SNHG3 and
TMEM105 patients displayed lower levels of immune score and lymphocyte infiltration
signature score. Moreover, higher levels of C5orf38, SNHG3, and TMEM105 were charac-
teristic for patients from non-responders’ groups (NRG), which displayed shorter OS time.
Chen et al., based on the analysis of lncRNAs in glioma patients, indicated that C5orf38
(chromosome 5 open reading frame 38) is one of the necroptosis-related lncRNAs and was
one of the protective factors [52]. It is known that SNHG3 (small nucleolar RNA host gene 3)
regulates EZH2, which in turn influences the promoter methylation of KLF2 (Krüppel-like
Factor 2) and p21 genes. KLF2 is a zinc-finger transcription factor responsible for activation
of CD4+ T cells [53]. Unfortunately, there is no literature information about the potential
role and significance of TMEM105 lncRNA (TMEM105 long non-coding RNA) in cancer
immunology, and it is difficult to discuss the observed results for HNSCC patients.

Similar results were in the case of MEG3 and MYCNOS. MEG3 is downregulated
in patients responding to radiotherapy, and in these patients, a lower level of MEG3
is associated with a higher level of lymphocyte infiltration signature score. Xu et al.
investigated the role of MEG3 (maternally expressed gene 3) as a prognostic factor and its
immune-related role in gliomas. They observed that lower levels of MEG3 were associated
with shorter patients’ survival. In low-grade glioma, MEG3 was negatively correlated with
infiltrating B cells, CD8+ T cells, CD4+ T cells, macrophages, neutrophils, and dendritic
cells, but in the case of glioblastoma multiforme, MEG3 was positively correlated with
infiltrating CD8+ T cells and negatively correlated with infiltrating dendritic cells [54]. The
immunomodulatory role of MEG3 was also observed by Wang et al., and they showed that
MEG3 was downregulated in CD4+ T cells derived from aplastic anemia patients. They
proposed that regulation of CD4+ T cell activation depended on MEG3, which in turn
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regulated miR-23a expression level and finally influenced TIGIT (T cell immunoreceptor
with Ig and ITIM domains) [55].

The last lncRNA associated with the immune profile was MYCNOS (MYCN opposite
strand). Higher levels of lymphocytes were associated with MYCNOS lncRNAs, which
are upregulated in the responding group (RG) and display longer survival in comparison
to the non-responders’ group (NRG). It is known that MYCNOS lncRNA regulates the
expression of MYCN by binding to its promoter and influencing cancer cell phenotype [56],
but its role in the regulation of immune cells has not been indicated.

C5orf38, SNHG3, TMEM105, MEG3, and MYCNOS lncRNAs seem to be potential
biomarkers describing the immune profile of HNSCC patients in response to radiotherapy.
However, it should be verified based on more data from in vitro and in vivo models.

In conclusion, ionizing radiation is certainly an important factor affecting the expres-
sion of long non-coding RNAs in head and neck cancers. For their full understanding,
however, more extensive analyses need to be conducted using more samples tested, both
in vitro and in vivo. The small number of relevant genes obtained in this study may be due
to the juxtaposition of results derived from only six cell lines with results from one hundred
and fifty patients. It is also worth noting that cell lines do not always reflect the cellular
phenotype of cancer patients, which is why it is important to conduct further research.

In light of the above evidence, it can be suggested that the expression levels of C10orf55,
CASC2, and SFTA1P in the future may be a prognostic factor in assessing the patient’s
response to radiotherapy.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10.3
390/jpm12101696/s1, Table S1: Patients included in the study with division to responders group (RG)
and non-responders group (NRG); Table S2: Main clinical and pathological parameters describing
RG and NRG groups; p < 0.05 considered as statistically significant; Table S3: lncRNA expression
profile in responders group (RG) and non-responders group (NRG) of patients to radiotherapy;
Table S4: The area under the ROC Curve (AUC) to discriminate between the RG and NRG groups;
p < 0.05 considered as statistically significant; Table S5: Mean expression level of lncRNAs in healthy
and HNSCC patients; p < 0.05 considered as statistically significant; Table S6: GSEA analysis of genes
enriched in the set of 150 HNSCC patients (RG and NRG groups) depending on expression level of
specified lncRNA (high or low groups divided based on median expression of lncRNA); only the
gene sets with nominal p < 0.05 were presented; NES-normalized enrichment score, FDR q-value-false
discovery rate, SIZE-number of enriched genes in a specified process; and further analysis of genes
included in GSEA results (FDR < 0.27 and p < 0.05); Table S7: Genes enriched in the group of patients
with higher levels of SFTA1 and SNHG3 lncRNAs and lower levels of C3orf35, CASC2, and MEG3,
and connected with ionization radiation response; Table S8: Analysis of infiltration of immune
cells into tumor tissues and infer tumor purity depending on the lncRNA expression level; p < 0.05
considered significant.
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